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Abstract 

Firstly, the effect of pectin on acid milk gels in concentrated, quiescent systems was 

investigated by passive microrheology using two complementary techniques: diffusive 

wave spectroscopy (DWS) and multiple particle tracking (MPT). DWS, by allowing 

probing the mechanical properties of the network at high frequency, gave information 

on its microstructure. The addition of high methoxyl pectins was shown to change the 

network structure which has been explained by bridging of the casein micelles by the 

polymer as the system was undergoing acidification. On the other hand, the presence of 

low methoxyl pectin in the acid milk gel was shown to have no effect on the 

microstructure of the network at low concentration of polymer (0.1%w/w) which has 

been attributed to the sensitivity of this low DM pectin to calcium: LM pectin are 

trapped by calcium and not able to interact with casein micelles anymore. Multiple 

particle tracking was used to probe the effect of pectin on the heterogeneity of the 

system by following the distribution of the displacements of added micro beads at a 

given time lag during the gelation using the Van Hove distribution. Furthermore, the 

surface chemistry of the probes was modified in an attempt to control their location in 

the system. Finally, the mean square displacements of the casein micelles obtained by 

DWS and, of κ-casein coated particles obtained by MPT were shown to give good 

agreement for the same acid milk system.  

Having established that the interaction between casein micelles and low methoxyl 

pectin is prevented by the pectin sensitivity to calcium, the effect of the pectin fine 

structure was investigated on the interaction between κ-casein and pectin by surface 

plasmon resonance (SPR). The amount of pectin binding on a κ-casein coated gold 

surface was shown to be strongly dependant on the pectin fine structure. It was 

concluded that small negative patches on the pectin backbone, likely to comprise of 

around two consecutive unmethylesterified galacturonic acid, are the most effective for 

pectin binding to κ-casein. The effect of the direct interaction between pectin and κ-

casein on ‘calcium-free casein micelle mimics’ in pectin solution was then investigated 

using coated latex beads. A pectin structure with a limited number of negative patches 

on its backbone was also shown to limit the potential for destabilization via bridging.
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1 Pectin 

Pectin is a structural carbohydrate rich in galacturonic acid. An important 

component of the primary cell walls of plants, pectin plays a major role as a 

cementing material in the middle lamella through its interaction with cellulose 

and hemicelluloses (Marry et al., 2006, Willats et al., 2001) as well as 

contributing to pH and ionic strength control in the plant cell (Nussinovitch, 

1997, Limberg et al., 2000). Pectin is also determinant for the mechanical 

properties of the plant cell through its interaction with calcium and its ability to 

form a network. Pectin biosynthesis requires the action of at least 53 different 

enzymes (Mohnen, 1999) while other enzymes modify and regulate the pectin 

fine structure in location and time (Ström and Williams, 2004). Pectins are 

secreted into the wall as highly methylesterified forms. They can be 

subsequently modified by pectin methylesterase (PME) which deesterifies the 

pectin into pectic acid and methanol (Micheli, 2001). Pectin is arguably the 

most complex polymer of the plant cell polysaccharides. 

In a normal western diet around 4-5g of pectin are consumed each day. 

Worldwide annual consumption is estimated at around 45 million kilograms 

(Willats et al., 2006). Indeed pectin is used in the food industry for jam 

production (Pilgrim et al., 1991), but also to stabilise cloudiness in beverages 

and to stabilise proteins in acid milk products (Nussinovitch, 1997, Glahn, 

1982). There are not any specific limitations or guidelines for the use of pectin 

in food product (Food and Drug Administration) (Nussinovitch, 1997), and the 

recommended daily intake of soluble dietary fibre which includes pectin is 35g 

per day (Thebaudin et al., 1997). Pectin has been shown to have health 

benefits, as it has a positive effect on cholesterol regulation (Keys et al., 1961), 

hypoglycaemic control (Marles, 1995), immunostimulation (Inngjerdingen et 

al., 2007) and induces apoptosis of prostate cancer cell (Jackson et al., 2007).  

Pectins are polymolecular and polydispersed, exhibiting significant 

heterogeneity with respect to both chemical structure and molecular mass 

(Perez et al., 2000). The composition of pectin varies with sources, extraction 

process and location (Braccini and Perez, 2001).  
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1.1 Pectin structure 

Pectin describes a family of oligosaccharides and polysaccharides that 

have common features, but are extremely diverse in their fine structure. The 

Food and Agriculture Organization of the United Nations (FAO) definition of 

pectin is given by its galacturonic acid content which should be superior to 

65% (Willats et al., 2006). 

At first sight, pectin is essentially a linear heteropolysaccharide consisting 

mainly of polymerized, partly methanol-esterified (1-4)-linked α-D-

galacturonic acid with a small fraction of rhamnose and small side chains 

formed by other sugars (Capel et al., 2005, Morris et al., 1982). The chemical 

structures of (1-4)-linked α-D-galacturonic acid and [→4)- α-D-GalA-(1→2)- 

α-L- rha-(1→] are shown in figure 1. The pectin pKa depends of the 

dissociation degree, the degree of methylesterifiaction and the intramolecular 

distribution of the methylester group along the pectin chain. But at a degree of 

dissociation equal to 0, the pKa is about 2.9 whatever the degree of 

methylesterification (DM) and the charge distribution along the pectin chain 

(Ralet et al., 2001). 

Pectin is characterized by its degree of methylesterification (DM) and in 

some cases, when the pectin backbone has been amidated in vitro, by its degree 

of amidation (DA) (Capel et al., 2005). However, pectin methylester 

intramolecular distribution is difficult to characterise. Two approaches have 

been investigated. The calculation of the degree of blockiness (DB), 

determined by Daas and co-worker (Daas et al., 1999) is obtained by analysis 

of the digest of pectin by a degrading enzyme. DB is the percentage of the 

unesterified GalA residues released from pectin samples that are fully digested 

by the endoPG enzyme (Ström, 2006). Another more direct method has been 

pursued by Nuclear Magnetic Resonance (NMR) where the frequencies of the 

possible triad sequences of residues within the chain are measured (Kim et al., 

2005).  
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Figure 1a: (1-4)-linked α-D-galacturonic acid  

 

 

 Figure 1b: [→4)- α-D-GalA-(1→2)- α-L- rha-(1→] 

In more details, pectin contains 3 pectic polysaccharides (Willats et al., 

2006, Ström, 2006): 

� Homogalacturonan (HG): linear polymer of (1-4)-linked α-D-galacturonic 

acid 

� Rhamnogalacturonan I (RGI): repeating disaccharide [→4)- α-D-GalA-

(1→2)- α-L- rha-(1→] backbone with glycan (principally arabinan, 

arabinogalactan and galactan) side chains attached to the Rha residues at C-

4. The side chains have a length of 1-20 residues. 

� Rhamnogalacturonan II (RGII): backbone of HG (1,4-linked α-D-GalA), 

with complex sugars side chains attached to the GalA residues. The side 

chains are composed of sugar as xylose, galactose, rhamnose and unusually 

fucose and apiose. 
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The region of the backbone consisting of homogalacturonan is often 

considered as the ‘smooth’ area, whereas the ones containing 

rhamnogalacturonan are ‘hairy’: sugar side chains are attached to the 

rhamnosyl residues of the backbone (Limberg et al., 2000, Schmelter et al., 

2002). Two models are proposed for the pectin fine structure. In the 

conventional one (figure 2A), rhamnogalacturonan and galacturonan domains 

form the ‘backbone’ of pectic polymer. In the recently proposed one, the 

backbone is a long chain of rhamnogalacturonan I (figure 2B) (Willats et al., 

2006). The extraction process modifies the pectin fine structure, notably 

decreasing the number of side chains. Indeed, commercially extracted pectins 

consist mainly of homogalacturonan and 5-10% of neutral sugar (Ridley et al., 

2001, Willats et al., 2006). 

 

 

Figure 2: Schematic representations of the conventional (A) and recently proposed alternative 

(B) structures of pectin (Willats et al., 2006). 
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1.2 Pectin fine structure modification 

Pectin can be deesterified by the action of enzymes: pectin methylesterase 

(PME) or chemically by the addition of alkali or acid. In presence of ammonia, 

the de-esterification is a way to convert some of the methyl-ester groups to 

amide groups (Ström, 2006). Designing pectins with amide groups on their 

backbone is an effective way to reduce the kinetics of gelation as it introduces 

positive charges on the polymer.  

1.3 Enzymatic deesterification: pectinesterase 

Pectinesterase follows the catalysis reaction: 

 RCOOCH3 + H2O → RCOOH + CH3OH 

1.3.1 Plant Pectinesterase  

Enzymatic deesterification in planta is in general a sequential process 

(Taylor, 1982). Pectinesterase initiates its action adjacently to a free carboxyl 

group or at the free reducing end, and proceeds along the chain in a stepwise 

fashion, producing blocks of free carboxyl groups (Morris et al., 1982). The 

PME mechanisms result in the consecutive removal of a number of 

neighbouring methyl ester groups and the formation of ‘blocky pectin’ 

(Hotchkiss et al., 2002). PME treatment increases rapidly the calcium 

sensitivity of the polymer (Hotchkiss et al., 2002, Ralet et al., 2001). Pectin 

samples treated with plant PME have also a broader DM distribution than those 

produced with fungal PME or alkali treatment (Ström, 2005). 

Pectinesterase generally follows Michaelis-Menton kinetics, but it has 

isozymes with different pH optima and kinetic properties (Sajjaanatakul and 

Pitifer, 1991). The enzyme activity is dependant on pH, cations and 

temperature (Sajjaanatakul and Pitifer, 1991). Monovalent and divalent cations 

enhance the enzyme activity with an optimal cation concentration under 

specific condition for an optimal activity. PME activity is inhibited by a block 

of free carboxyl groups in the pectin chain. The optimal pH for PME activity 
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depends on its origin. Plant PMEs show a broad optimum between pH 6.5 and 

9.5 (Sajjaanatakul and Pitifer, 1991). Commercial orange peel enzyme 

(Sigma), the most commonly used in research, has a broad range of activity 

and a maximum activity at pH 9 in absence of salt and pH 6 in presence of 

1.2% NaCl (Savary et al., 2002). 

1.3.2 Fungal pectinesterase  

Fungal pectinesterase (F-PME) is believed to act with a multiple chain 

mechanism which leads to a random removal of methyl ester groups. If the DM 

stays above 50%, the calcium sensitivity is not improved by f-PME treatment 

(Limberg et al., 2000). The optimal pH for F-PME activity is 4.0-5.2 

(Sajjaanatakul and Pitifer, 1991). 

1.4 Alkaline deesterification 

Chemical de-esterification uses base catalysis. Alkaline deesterification is 

believed to produce random esterified pectin as f-PME (Limberg et al., 2000). 

In alkaline condition (pH10-11), the reaction of de-esterification by 

saponification is in competition with the β-elimination which digests the pectin 

chain. The reaction of saponification is favoured by increasing the pH and the 

reaction of β-elimination by increasing the temperature (Renard and Thibault, 

1996). 

1.5 Backbone degradation by polygalacturonase (PG)  

 Polygalacturonases catalyse the hydrolysis of glycosidic bonds between 

de-esterified galacturonide residues in pectin (Nussinovitch, 1997). The 

different esterification patterns influence the way hydrolytic enzymes like PGI 

or PGII cleave the HG backbone (Limberg et al., 2000) and hence they have 

been used to determine pectin intramolecular structure (Hunt et al., 2006, 

Williams et al., 2001). 
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The substrate binding site of PGII (the PG commonly used in this thesis), 

is made up of seven subsists. The enzyme is believed to tolerate some esterified 

residues in the subsite and to be able to “chop-up” a polymer shorter than the 

subsite length. The subsite size is believed to be 7, from -5 to +2. Subsite -1 

and +1 must be unesterified for enzymatic action to occur. But PGII is able to 

bind a methylgalacturonate at the subsite -2 even if the hydrolysis rate is above 

5 times higher for the unesterified oligomers (Kester et al., 1999, Singh and 

Rao, 2002). 

PGII (from Aspergillus Niger) has an optimum pH of 3.8-4.3 and a 

maximal activity at a temperature between 45 and 51 ˚C. The enzyme follows 

Michaelis–Menton kinetics (Singh and Rao, 2002). 

1.6 Pectin gels 

A pectin gel is formed when portions of homogalacturonan are cross-

linked to form a 3D network in which water and solutes are restricted (Willats 

et al., 2006). The methyl ester content and the distribution of the methylester 

group on the pectin backbone are the main parameters determining under 

which conditions a pectin network is formed (Ström, 2007). Gelation of low 

methoxyl pectin with DM<50% and blocky pectin with higher DM is induced 

by presence of calcium ions often by controlled calcium release methods 

(Ström, 2003, Stokke et al., 2000). In this case, the pectin junction zones are 

formed by calcium cross-linking between free carboxyl groups (Willats et al., 

2006). Pectin can form gels at low pH in the absence of calcium. LM pectins 

with a blocky pattern (Morris et al., 1982, Vincent et al., 2008) are able to gel 

without added sugar and HM pectin requires the addition of a sufficient amount 

of sugar (Thebaudin et al., 1997). The junction zones are formed by the cross-

linking of homogalacturonan by hydrogen bridges and hydrophobic forces 

between methoxyl groups.  
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1.6.1 Calcium gels 

Pectin-Ca2+ networks are formed in two stages: a formation of strongly 

linked and specific dimer associations followed by the formation of weak 

interdimer aggregation exerted by less-specific non-ionic intermolecular 

interactions, hydrophobic interactions and hydrogen bonds (Cardoso et al., 

2003, Braccini and Perez, 2001). This interdimer association leads to the 

approximate doubling in the amount of Ca2+ that is bound co-operatively 

(Morris et al., 1982). The ‘egg box’ conformation has been attributed to this 

specific dimer association (figure 3): the calcium chelating with two acid 

functions from different pectic chains, is a bridge between two adjacent chains, 

zipping galacturonate unit together (Morris et al., 1982, Flutti, 2003, Rees et 

al., 1975). However this conformational model hasn’t been validated by 

structural information and molecular dynamics simulations have shown that the 

egg box model is not the most energetically favourable (Braccini, 2001). 

Indeed a shift between the two chains leads to an efficient association with 

numerous van der Waals interactions (Braccini, 2001). Nevertheless, the egg 

box model is a good starting point to better understand the network 

microstructure for calcium pectin gels. 

 

Figure 3: The egg box model (Flutti, 2003) 

A minimum number of consecutive charges are believed to be required for 

a stable calcium-junction. This number has been estimated from 9 to 16 

residues (Kohn, 1975, Powell et al., 1982, Liners et al., 1992). One could 

presume then that the number of charges present on the backbone (DM) and 

their intermolecular and intramolecular distribution will play an important role 

in the polymer affinity to calcium and the gel formation. Indeed, the pectin 
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chain affinity towards calcium increases with the decreasing degree of 

methylesterification (Cardoso et al., 2003). Ström et al. (2006 & 2007) found a 

good correlation between the small deformation rheological response and the 

absolute degree of blockiness for enzymatically and alkali modified pectin. The 

DBabs is defined as the amount of monomer, dimer and trimer obtained by PGII 

digestion divided by the total amount of galacturonate (Guillotin et al., 2005). 

The pectin chain affinity towards calcium also increases with decreasing the 

ionic strength, and with increasing the polymer concentration (Cardoso et al., 

2003). 

The rheological properties of calcium induced gels have been extensively 

studied. The gelation kinetics of the storage modulus as a function of curing 

time (at 1Hz, at temperature constant within 5-20˚C) is typical of that of other 

gelling biopolymers. G’ and G” increase first rapidly and subsequently more 

slowly approaching pseudo-equilibrium, whereas the loss modulus G” is 

always lower than G’ (Cardoso et al., 2003).  

Recently, microrheology studies of pectin gel have given insight into the 

microstructure of the network with measurements at high frequency (104-

106Hz) (Vincent et al., 2007 & 2009, Williams et al., 2008). Calcium gels 

made with high methoxyl pectin (blocky pattern, DM62%) exhibited behaviour 

indicative of semi-flexible polymer network as observed for actin solutions (Xu 

et al., 1998). Subsequently by varying polymer and calcium concentration, gels 

were formed from the same pectin that showed the signatures of chemically 

cross-linked network of flexible polymer with short ion-binding blocks. 

1.6.2 Acid gels 

At low pH and decreased water activity, the intermolecular electrostatic 

repulsions are minimized and chain-chain interactions are more favourable 

than chain-solvent interaction. The methoxyl groups are stacked together 

through hydrophobic interactions and hydrogen bonding between protonated 

carboxyl groups. This promotes the gel formation without the addition of 

calcium. This type of interaction is favoured by a high degree of esterification 

in presence of sugar because the ester groups contribute to the stability of the 
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interchain junctions and decrease the charge density. In absence of sugar, only 

the LM pectins are able to form gel at low pH. In this case, the gel is formed 

predominantly through hydrogen bonding (Morris et al., 1980, Walkinshaw 

and Arnott, 1981). 

2 Milk protein 

2.1 Milk composition 

2.1.1 General 

Milk contains an oil-in water emulsion with fat as the dispersed phase, a 

colloidal suspension of casein micelles, globular proteins and lipoprotein 

particles and a solution of lactose, soluble proteins, minerals, vitamins and 

other components in the aqueous phase (Swaisgood, 1996). 

The general composition of milk of western cows (in weight %) is (Corbin 

and Whittier, 1965) :  

Water 86.6 %  

Milk fat 4.1 %  

Protein 3.6% 

Lactose 5% 

Minerals (Ca, P, citrate, Mg, K, Na, Zn, Cl, Fe) 0.65% 

Acids (citrate, formate, acetate, lactate, oxalate) 0.18%  

Enzymes- peroxidase, catalase, phosphatase, lipase  

Gases: oxygen, nitrogen 

Vitamins: A, D, E,  
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2.1.2 Milk lipids 

The main milk lipids are triglycerides (93.8%). Milk contains also small 

amounts of di- and monoacylglycerols, free fatty acid, phospholipids (0.8%) 

and cholesterol (0.3%) (Varnam and Sutherland, 1994). 

Milk lipids are in the form of globules which are fat droplets covered by a 

thin membrane (8 to 10 nm). The globule size is in the range of 0.1-15 µm, and 

the major components of the thin membrane are proteins and phospholipids. 

The thin membrane decreases the lipid-water phase interfacial tension and 

limits the flocculation and coalescence between the fat globules (Varnam, 

1994, Swaisgood, 1996).  

2.2 Milk protein composition and structure 

The nitrogen content of milk is distributed among caseins (76%), whey 

protein (18%), and non-protein nitrogen (6%). The caseins can be separated 

from the other proteins by precipitation at pH 4.6 (Swaisgood, 1996). 

2.2.1 Caseins 

Casein molecules are small proteins (molecular mass between 20-25kDa). 

They behave like heterogeneous copolymers, with a strong tendency for self 

assembly and for adsorbing strongly to hydrophobic surfaces (Jenness et al., 

2001, Dickinson, 2006).  

Individual caseins  

The casein proteins are phosphoproteins. There are 4 different forms of 

casein: αs1-casein, αs2-casein and β-casein which are calcium sensitive, and κ-

casein which is calcium insensitive. The κ-caseins in solution stabilise the 

presence of calcium-sensitive group of the other caseins avoiding the 

precipitation with calcium (Swaisgood, 1996, Horne, 2006). Calcium sensitive 

caseins, which are highly phosphorylated, are able to bind calcium by their 

phosphate group. The phosphate group is on the hydroxyl groups of serine. 
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Phosphoserine residues are concentrated in cluster of 2, 3, or 4 of such residues 

and are responsible for the existence of hydrophilic areas with strong negative 

charge (Swaisgood, 1996, Jenness et al., 2001, Horne, 2006).  

Caseins are flexible and disordered due to the presence of proline which 

inhibits the formation of α-helices, β-sheets and β-turns. Without a tertiary 

structure, the hydrophobic residues are exposed which gives a strong 

association reaction and a low solubility in water (Swaisgood, 1996, 

Dickinson, 2006). 

The charge characteristics and the phosphate content of the different casein 

forms are presented in the following table (Swaisgood, 1996): 

 
Protein Isoionic pH Charge density at 

pH 6.6 
(mC.m-2) 

Number of 
phosphate 

group 

α(s1)-casein 4.94 -21.9 8-9 

α(s2) casein 5.37 -13.8 10-13 

β-casein 5.14 -13.3 5 

κ-casein 5.90 -2.0 1  
Table 1: Charge characteristics of the caseins (Swaisgood, 1996) 

Casein forms are differentiated by their calcium sensitivity and their 

charge distribution (Varnam, 1994, Jenness et al., 2001, Fox and Kelly, 2004, 

Dickinson, 2006):  

� αs1-casein contains two hydrophobic regions separated by a polar region, 

large numbers of proline residues inhibit the formation of secondary 

structure and promote the exposition of nonpolar groups at the surface. 

They associate into long chain-like aggregates by electrostatic and 

hydrophobic interactions. 

� αs2-casein: The negative charges are concentrated near the N-terminus and 

positive charges near the C-terminus. It is the most hydrophilic of the 

caseins and contains three anionic clusters.  

� β-casein, a very amphiphilic protein, includes a highly charged N-terminal 

region which is mainly hydrophilic, and a hydrophobic C-terminal region. 

There are a large number of β-turns leading to the exposure of a 

considerable number of the nonpolar groups. The β-casein self-assembles 

into surfactant like micelles above a certain critical concentration.  
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� κ-casein is a heterogeneous mixture of polymers linked together by 

intermolecular disulfide bonds with mean molecular weights of 88,000 to 

118,000. The N-terminal portion is hydrophobic and the C-terminal portion 

is hydrophilic. It is the only glycosylated casein. It contains only one 

proline residues and a charged oligosaccharide. The protein includes both 

α-helical and β-sheet motifs.  

Casein micelles 

The amphiphilic nature of caseins and their phosphorylation facilitate 

interactions with each other and with calcium phosphate to form highly 

hydrated spherical complexes known as micelles. The diameter is around 200 

nm on average (Hansen et al., 1996). The protein content of the casein micelles 

is 92%, composed of αs1-, αs2-, β- and κ-caseins in an average ratio of 3:1:3:1. 

The remaining 8% is made of inorganic constituents, primarily colloidal 

calcium phosphate (CCP) (Dickinson, 2006), which is considered as the 

cementing material holding together the micelle (Varnam, 1994, Horne, 2006). 

The detailed internal structure of the native casein micelle is still a source of 

controversy (Dickinson, 2006). It seems accepted that the κ-casein forms a 

hairy layer on the exterior of the assembly ensuring the stability of the casein 

micelle through a steric stabilisation mechanism (Swaisgood, 1996). Indeed, κ-

casein can stabilize about 10 times its own mass of Ca-sensitive caseins (Fox 

and Kelly, 2004). 

The prominent models for the casein micelle are the submicelle model and 

the dual binding model. In the submicelle model first proposed by Waugh 

(Waugh, 1971), the casein micelle is composed of small aggregates of whole 

casein, containing 15 to 20 casein molecules and with a diameter of 10-15 nm, 

called submicelles. The calcium phosphate and αs-, β-caseins are linked by the 

intermediary of the phosphoserine residues in the structure of the calcium 

phosphate. The CCP acts as cement between the hundreds or even thousands of 

submicelles that form the casein micelle. The κ-casein is positioned at the 

surface of the micelle, with its hydrophobic part bound to the core of the 

micelle, while the hydrophilic macropeptide forms a hairy layer, at least 7 nm 
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thick and protruding into the aqueous phase. This hairy layer limits the micelle 

aggregation by increasing the steric repulsion between micelles. Although 

explaining the principal features of the casein micelle, the main limitation of 

this model is the non explanation of the κ-casein segregation at the surface of 

the micelle (Horne, 2002 & 2006). Furthermore, recent electron microscopy 

studies didn’t confirm the presence of sub-micelles (Dalgleish et al., 2004). 

Holt and co-workers (Holt, 1992) proposed a more open and fluid 

structure, perhaps a ‘bowl of spaghetti’ type model. Polypeptide chains in the 

core are partly cross-linked by nanometer sized clusters of Ca-phosphate, the 

interaction sites on the caseins are the phosphoseryl clusters of the calcium-

sensitive caseins (Holt, 1994, Horne, 2002 & 2006, Fox and Kelly 2004). The 

casein micelle in this model is a tangled web of flexible casein molecules 

forming a gel-like structure (Swaisgood H.E., 1996). The main limit of this 

model is the non existence of a mechanism for limiting gel growth and there is 

no substantial role for the κ-casein (Horne, 2002).  

In the dual binding model proposed by Horne (Horne, 1998 & 2002); the 

micelle growth involved two types of bonding: cross linking through 

hydrophobic regions of the caseins and bridging with calcium phosphate 

clusters. In this model, αs1-casein has two hydrophobic regions and one 

hydrophilic region including the cluster. αs2-casein has two hydrophobic 

regions and two clusters, and β-casein has only one hydrophobic group and one 

phosphoseryl group. The caseins form a network by the combination of the 2 

interaction types: between 2 hydrophobic regions and between 2 hydrophilic 

regions. The growth of the casein micelle is limited by the κ-casein which can 

interact with the other casein with its hydrophobic terminal region but has no 

phosphoseryl cluster, thus no other possibility to interact a second time. 

Therefore the κ-casein is on the surface of the micelle and plays its role of 

providing a hairy stabilizing layer (Fox and Kelly, 2004, Horne, 2002).  

2.2.2 Whey protein 

The whey proteins are the proteins present in the supernatant (serum) of 

milk after precipitation of the caseins at pH 4.6. They are typical compact 
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globular proteins, more water soluble than caseins and heat sensitive. They 

have a reasonably uniform sequence distribution of nonpolar, polar and 

charged residues. The formation of disulphide bond between the cystein 

residues buries most of the hydrophobic residues in the interior of the 

molecules which limits their aggregation. The whey proteins are composed of 

mainly of β-lactoglobulin and alpha-lactalbumin but also bovine serum 

albumin (BSA) and immunoglobulins (Ig) (Varnam, 1994, Swaisgood, 1996). 

The main whey protein is lactoglobulin which exists as two main forms: α 

and β lactoglobulin and self associate to monomer, dimer or octomer as a 

function of the pH (Swaisgood., 1996, Jenness et al., 2001). It has a molecular 

weight of 18,350 Da (Girard, 2002). The tertiary structure of β-lactoglobulin 

contains a β-barrel structural motif and a single short α-helix lying on its 

surface. The centre of the β-barrel forms a hydrophobic pocket which enables 

the binding of many small hydrophobic molecules with varying affinities. 

Another hydrophobic pocket may also exist between the β-barrel and the α-

helix. The presence of two disulfide bonds and a partially buried sulfhydryl 

group is also important for the protein functionality and its structure. 

Furthermore, it enables sulfhydryl-disulfide interchange reaction with itself or 

with other protein such as κ-casein (Swaisgood, 1996, Girard, 2002). 

Alpha-lactalbumin exists primarily as a nearly spherical, compact globular 

monomer in neutral and alkaline media. At pH values below the isoionic point, 

alpha-lactalbumin associates to form dimers and trimers and can become 

aggregated into polymers (Jenness et al., 2001). 

3 Acid milk gels 

3.1 General 

As reported above, casein micelles in milk are sterically stabilized by a 

hairy layer of κ-casein present at their surface. Milk gels are formed by the 

destabilisation of this steric barrier which initiates the colloidal aggregation and 

the formation of a network consisting primarily of aggregated micelles. Thus, 
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milk gels are built of a three dimensional network of chains and clusters of 

milk proteins, which at a smaller scale retain some of the integrity of the 

particulate micellar form (Kalab et al., 1983).  

Two main mechanisms are used to disturb the κ-casein hairy brush:  

� An acidification of the system below pH 5 induces an electrostatic collapse 

of the κ-casein (Tuinier et al., 2002).  

� The cleavage of the κ-casein by ‘chymosin’, an enzyme present in rennet, 

which removes the hydrophilic part of the κ-casein and thus reduces the net 

negative charge and steric repulsion (Lucey, 2002) 

Industrially, acid milk gels are produced by fermentation of milk with 

lactic acid bacteria; Lactobacillus bulgaricus and Streptococcus thermophilus 

which transform lactose into lactic acid. Glucono-δ-lactone (GDL) which 

slowly produces gluconic acid has been used to mimic the gradual pH decrease 

observed with bacteria culture. The acidification rate is faster at the beginning 

of the reaction with GDL which is rapidly hydrolyzed. In contrast, when the 

bacteria starter is added the pH doesn’t evolve much at the beginning (Amice-

Quemeneur et al., 1995, Lucey et al., 1998). Acid milk gels acidified with 

GDL and lactic acid bacteria have been compared (Amice-Quemeneur et al., 

1995, Lucey 1999). Amice-Quemeneur (1995) observed similar rheological 

properties for both methods of acidification, while Lucey et al. (1998) 

concluded that there are differences in the rheological and physical properties 

of these acid gels. 

A high temperature treatment (90 °C, 10 min) of milk before acidification 

increases the pH of gelation and the gel strength of the final gel system (Horne 

and Davidson, 1993). Horne and Davidson (1993) showed that during the 

preheating of milk above 75 °C, the whey proteins are denatured and form a 

whey protein/casein complex on the casein micelles surface (Horne and 

Davidson, 1993). The denaturation of whey protein exposes their hydrophobic 

domains enhancing the protein-protein interaction near their isoelectric pH and 

including them in the protein network (Lucey et al., 1997). Without heat 

treatment at high temperature, the gel networks could be considered as mainly 

made of caseins. 
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3.2 Effect of acidification on micellar state 

At its physiological pH (6.7), milk is a stable dispersion of casein micelles 

which have an average diameter of ~200 nm (Hansen et al., 1996). 70% of the 

calcium present is in the micellar fraction. As the pH decreases to pH 5, the 

casein micelles undergo important changes in their composition, size and 

stability (Lucey et al., 1997). Gastaldi et al. (1996) studied the effect of 

acidification (at slow rate to allow equilibrium) by GDL at 20°C on the 

micellar state of unheated skim milk. Between pH 6.7 and 5.8, the micellar 

calcium phosphate is slowly released into the serum but the casein micelles 

retain their shape and individuality (Gastaldi et al., 1996). A slight size 

decrease in the average diameter of 10 nm has also been observed by light 

scattering measurement (De Kruif et al., 1996) which corresponds to the 

collapse of the κ-casein brush on the surface of the micelle. At pH 5.8 the 

micelles start to be closer and aggregate, while retaining their shape. Between 

pH 5.8 and 5.1, the release of calcium phosphate in the serum is intensified, 

and at pH 5.1 only 20% of the calcium remain in the micellar fraction. A small 

fraction of caseins from the micelles migrates to the serum with a maximum 

release of caseins to the serum occurring at pH 5.4. Indeed the soluble fraction 

for the 3 caseins is around 5% at pH 6.7. At pH 5.4, it reaches 9-10% for  α- 

and κ-casein and 20% for β-casein. At pH 5, almost all caseins reintegrate into 

the global network (only around 1% remains soluble). Between pH 5.5 and 5.3 

casein micelles appeared deformed and stretched as the pH decreases further. 

Around pH 4.8, the caseins seemed to reassume a more spherical shape and 

form a three dimensional network of chains and clusters (Gastaldi et al., 1996).  

The casein micelle undergoes similar changes at higher and lower temperature 

of acidification but the extent of casein release into the serum is greatly 

influenced by the gelation temperature: at 30˚C the liberation of caseins in the 

serum is negligible, at 4˚C, 40% of the caseins are in the serum at around pH 

5.5 (Lucey et al., 1997). The pH of gelation isn’t however influenced by the 

temperature of acidification between 20 and 40˚C (Lucey et al., 1997). The 

liberation of calcium phosphate into the serum is also not temperature 

dependent in the range of 4-30˚C (Dalgleish and Law 1989). 
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Light scattering methods (DLS, DWS) have been used to follow the micellar 

state during acid milk gelation (Hemar et al., 2004, Alexander and Dalgleish, 

2004, Donato et al., 2007, Dalgleish and Horne, 1991, Dalgleish et al. 

2004). Alexander and Dalgleish (2004) recorded the evolution of the apparent 

radius of the casein micelle/aggregate during the acid gelation of unheated milk 

at 30 ˚C. Between 6.7 and 5.6 they observed a slight decrease of 10-15 nm 

corresponding to the collapse of the κ-casein brush on the casein micelle. 

Between pH 5.6 and 5.1, the size of the casein micelle increases slowly, at pH 

5 a marked growth was observed and was attributed to the gel point (Alexander 

and Dalgleish, 2004). 

3.3 Rheology and microstructure of acid milk gels 

Acid milk gels are irreversible, particulate gels formed by the aggregation 

of protein particles (Lucey, 2002). The strength of the network is dependent on 

the number and nature of bonds between the casein particles, on their structure 

and on their spatial distribution (Roefs and van Vliet, 1990). At low 

acidification rates for skim milk (1-2% GDL), it has been reported that G’ 

increases rapidly after the gelation point and reaches a plateau of a few Pa 

characteristic of a weak gel (Lucey et al., 1997). Microscopic observation of 

acid milk gels highlights the heterogeneity of the system including a coarse 

particulate network and voids where the aqueous phase is confined (Lucey et 

al., 1997). The size of these pores varies from 1 to 30 µm, and increases with 

the gelation temperature.  

Varying the gelation temperature between 20 and 40°C has an important 

effect on the final gel (Lucey et al., 1997) for sodium caseinate gels at low 

acidification rate (1.3% GDL). Higher values of the storage modulus are 

observed for gels formed at lower temperature (Lucey et al., 1997). At 20°C, 

microscopy observation revealed a homogeneous network with small pores. At 

40°C, the gel was coarser with bigger pores. (Lucey et al., 1997). At high 

temperature more hydrophobic bonds caused the particles to shrink and leaded 

to smaller contact zones and then weaker interactions. The protein particles 

might undergo more rearrangement as the interactions are weaker (Lucey, 
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1997). It has been reported that the acidification rate (in the GDL range 3-6 % 

at 30ºC) also plays a role on the final gel strength (Horne, 2003): at higher 

acidification rate, higher maximum complex moduli are observed for acid milk 

gels which has been explained by a kinetic competition between the calcium, 

and to some extent, casein protein leaking out of the casein micelle and the 

network formation (Horne, 2003). 

3.4 Rearrangement 

Acid milk gels are dynamic; they undergo important rearrangements after 

the gel point. The mechanism of acid milk gelation as the κ-casein brush 

collapsing at a critical pH, aggregation and gelation is a simplified version of a 

complex mechanism (Horne, 2001). Syneresis observed in acid gels formed at 

high temperature (above 40°C) is related to the rearrangement of the casein 

particles (van Vliet et al., 1997). The existence of one maximum (at high 

acidification rate) at low temperature (20°C) and 2 maxima at high temperature 

(45°C) in the complex modulus G* profile during the gelation also shows than 

the system undergoes rearrangement after the gel point. The profile of G* has 

been explained by Horne (1993). During the acidification, the calcium 

phosphate migrates to the serum leaving the casein micelle among other things 

more negatively charged. If the micellar aggregation is initiated when the 

release of the calcium phosphate is not complete, calcium phosphate will 

continue to migrate to the serum decreasing the micellar integrity and thus 

weakening the gel network. But as the pH is going through the pI, more bonds 

are formed and the gel stiffness increases (Horne, 2001). 

The degree of the rearrangement in acid milk gels is strongly linked to the 

gelation temperature. Syneresis is much stronger at 40°C than 20°C. Van Vliet 

et al. (1997) showed that there is no extensive rearrangement during gel 

formation at 20°C which could be explained by the formation of dense 

aggregates or by the fusion of particles. (van Vliet et al., 1997). 
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Four levels of rearrangement have been proposed by Mellema et al. 

(2002): 

� Subparticle or intraparticle rearrangements: fusion of particles 

� Interparticle rearrangement:  change in the mutual position of particles 

� Cluster rearrangement leading to denser aggregates and larger pores 

� Syneresis at the macroscopic level of the gel 

3.5 Models applied to acid milk gels and gelation 

Two main theoretical models have been applied to acid milk gels: the 

adhesive sphere model (De Kruif et al., 1992, De Kruif, 1997) and the fractal 

model (Bremer et al., 1989). 

3.5.1 Adhesive sphere model 

In the adhesive sphere model, casein micelles behave as hard spheres 

stabilized by a hairy layer of κ-casein (Holt, 1975). This brush has been 

described as ‘salted brush’ as it is screened by salt ions (Israels et al., 1994). 

This brush collapses at a low charge density (at the critical pH: pC) which is 

related to the pKa value along the hairy brush (de Kruif, 1999). If the distance 

is large between the micelles there is no interaction and if it is very short, there 

is a strong repulsion. But in between there is short range with a pair attractive 

potential which is modulated by the state of the brush related to the pH in acid 

milk gelation (de Kruif, 1997, 1999): 

pHpCkT −
=

1ε
                                                                                        (1) 

with ε, the strength of the interaction between the micelles, k, the Boltzmann 

constant and T, the absolute temperature, pC, the critical pH value at which the 

hairy layer collapses. 

The hard sphere model is a thermodynamic model and doesn’t give any 

information on the kinetics of the gelation. It is applicable only if the 

attractions are weak between the particles, which means that it could be most 
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applicable to describe the approach to gelation at the critical point (Horne 1999 

& 2003). 

3.5.2 Fractal models 

Fractals models describe the geometry of the gel network and predict gel 

properties from the composition of the gel (Horne, 1999). In the fractal model 

applied by Bremer to acid milk gel (Bremer et al., 1989 & 1990), the 

aggregation of particles follows the scaling relation:  

D

p aRN )/(=                                                                                              (2) 

with Np, the number of particles in an aggregate of radius R, a, the radius of the 

particles and D, the fractal dimension (constant). The number of sites for 

particles in an aggregate is equal to (R/a)3 which allows the calculation of the 

volume fraction of particle aggregates (Φa) as follows: 

3)/( −==Φ D

s

p

a aR
N

N
    with D<3                                                            (3) 

As the aggregation proceeds Φa will increase to be equal to the volume fraction 

Φ at the gelation point (Bremer et al., 1989). The radius of the aggregates Rg at 

the gelation point is defined as: 

)3(1 −
Φ=

D

g aR                                                                                         (4) 

For acid milk gels, the fractal dimension has been found to be ≈2.3 (Bremer et 

al., 1989). At high frequency, for a fractal system the mean square 

displacement of the aggregates is predicted to follow a power law with an 

exponent of 0.7. This behaviour has indeed been observed for acid milk gel 

(gelation temperature 30°C, unheated milk) by diffusing wave spectroscopy 

(DWS) (Schurtenberger et al., 2001, Mezzenga et al., 2005). 

Horne (1999) highlights 2 limits of the fractal model as applied to acid milk 

gel. A fractal cluster decreases in density as it grows, which means holes are 

observable in the cluster which is not the case for acid milk gel experimentally. 
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Furthermore, the definition of the gel point as volume aggregates equal to the 

volume fraction is in disagreement with rheology. Indeed, if the gel point is 

also defined as the cross over of G’ and G’’ by bulk rheology, G’ still increases 

after the gel point which implied rearrangement occurs or more particles are 

integrated in the network (Horne, 1999). 

4 Pectin-casein micelle interaction 

Pectin is commonly used in the food industry and has been nominally 

attributed two distinct functions: a ‘stabilizer’ (Glahn, 1982, Glahn and Rollin, 

1994), inhibiting gel formation in acid milk drinks or a ‘thickener’, forming a 

serum gel in other dairy desserts (Matia-Merino et al., 2004). The interaction 

between pectin and casein micelles has been the subject of many works that are 

reported in this section and is believed to be largely of electrostatic nature. The 

isoelectric point of the casein micelle is 4.6 (Swaisgood, 1996), 5.9 for κ-

casein and the pKa of the pectin carboxylic group is between 2.9 and 4.5 

(Zhong et al., 1997). As pectin is polyelectrolyte, its pKa depends of the 

dissociation degree, the degree of methylesterification and the intramolecular 

distribution of the methylester group along the pectin chain. 

4.1 The Effect of pectin on the properties of acid milk gels 

and rennet induced gels 

The effect of pectin on milk gel properties has been mostly studied by 

rheology and microscopy. It has been found to be strongly dependant on the 

pectin concentration (Lucey et al., 1999), and the amount of charge on the 

pectin backbone (evaluated by the degree of methylesterification and the pH of 

the system). 
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4.1.1 Rennet gels 

Rennet induced gels are formed at the natural pH of milk: 6.7. At this pH, 

pectin and casein micelles are both substantially negatively charged. 

Depending on the position of a system relative to the phase diagram, there is a 

kinetic competition between phase separation due to the presence of the 

polysaccharide, and gelation induced by the enzyme (Corredig et al., 2008). 

For low concentrations of HM pectin (equal to ~ 0.1%w/w or below, for 

~10%w/w skim milk powder), the syneresis in gels is decreased and the gel 

strength increased (higher G’) by the polysaccharide addition. However, 

confocal pictures have shown that the microstructure of this gel is similar with 

or without the polysaccharide (Tan et al., 2007). Furthermore, the spatial 

correlation of casein micelles recorded with ultrasound spectroscopy on a 

similar low pectin concentration system (0.04% pectin, skim milk) is 

unchanged by the presence of pectin as well as the kinetics of the gel formation 

followed by DWS (Corredig et al., 2008). At higher concentration (0.15%w/w, 

skim milk) of HM pectin, the casein micelles can be subject to depletion 

flocculation induced by the polymer present in solution and are not distributed 

uniformly in the sample but in pockets of high density. In such circumstances, 

the polysaccharide can inhibit the formation of a continuous network (Corredig 

et al., 2008). This open network with less interconnectivity and with large 

voids for similar HM pectin concentration (0.2%w/w pectin, skim milk) has 

been observed by confocal microscopy (Fagan et al., 2006). Above 0.2% w/w, 

the network is further reduced: only localised clusters are observed and 

segregative phase separation may occur before significant viscoelastic 

evolution can restrict it. Under these conditions, the final gels were weaker 

than the control gels without the polysaccharide (Fagan et al., 2006). 

4.1.2  Acid milk gels 

The effect of pectin on acid milk gels has mostly been studied on 

‘secondary gels’ obtained by shearing of a primary gel, i.e. stirred yoghurt type 

acid milk gel. This secondary gel is weaker than the primary one. The standard 

procedure in the food industry is formation of an acid milk gel, homogenisation 
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in presence of pectin or homogenisation followed by mixing with pectin. The 

polysaccharide is then used as a stabilizer which limits the reformation of a 

‘secondary gel’ with a self supporting network. The final system is composed 

of casein aggregates (or fragments from the primary casein gel) stabilized in a 

pectin matrices. Confocal microscopy has shown that pectin can have an 

important effect on the development of the secondary gel but that this effect is 

dependant on the concentration of the polysaccharide (Lucey et al., 1999). 

Indeed, HM pectin at low concentration (0.1%w/w and below) in a 

concentrated milk protein system (6.5%wt/wt milk solid) has little influence on 

the microstructure of the final system (pH 4.0) where a ‘secondary gel 

network’ is formed. At higher concentration (0.2%), some large aggregates are 

observed but not a self supporting network. When the polysaccharide 

concentration is increased further (above 0.3%) only small protein particles 

were observed (Lucey et al., 1999). Particle size measurements by dynamic 

light scattering have also shown the ability of pectin to decrease the size of the 

aggregates resulting from the breaking of the primary gel (Nakumara, 2006, 

Liu et al., 2006). Such efficiency of pectin is dependant of the pH: at pH 4.2 

the size distribution of casein particles is monomodal, but bimodal below this 

pH with the appearance of a population with a larger size, which increased as 

the pH decreases. This indicates that the interaction between the caseins and 

the HMP are weaker at pH below 4.2 (Nakumara, 2006). HM pectin also has 

an influence on the whey separation. At high concentration of pectin (at 0.3% 

or above for 6.5%w/w non fat milk solid), whey separation is considerably 

decreased. Furthermore, the polysaccharide affects the rheology of the sample 

depending on its concentration. For a similar concentrated system (8.5% w/w 

non fat milk solid), by adding HM pectin at increasing concentration, the 

viscosity of the system first decreased following a pseudoplastic (up to a 

concentration of 0.1%) and then a Newtonian behaviour (0.1%-0.125%); and 

then increased following a pseudo-plastic behaviour (above 0.125%) 

(Boulenguer and Laurent, 2003, Parker et al., 1994). 
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4.2 Interaction of pectin with casein micelles & casein 

micelle ‘aggregates’ and the localisation of pectin in acid 

milk systems 

The interaction of casein micelles with pectin has mostly been investigated 

in diluted systems by dynamic light scattering. The size of the casein micelle or 

micelle aggregates has usually been probed against pH, and small increases in 

size in the presence of the polysaccharide have been explained by the presence 

of a pectin layer absorbed on the casein aggregates. 

4.2.1 Interaction with casein micelle 

At the natural pH of milk: 6.7, pectin and casein micelles are both 

significantly negatively charged. The apparent particle size of casein micelles 

dispersion has been found not to change on adding pectins of different fine 

pectin structure (LM, HM and LMA). The polymer does not absorb onto casein 

micelles and above a certain concentration (HM and LMA 0.2% pectin, LM 

0.1% for skim milk), depletion flocculation, which leads to phase separation, is 

observed (Maroziene and de Kuif, 2000). At pH values close to 5, above but 

close to the isoelectric point of the casein micelles, but below the pI of the κ-

casein (5.9), pectin molecules (still strongly negatively charged) adsorb onto 

the casein micelles, before protein aggregation, by electrostatic interactions 

(Leskauskaité et al., 1998, Tuinier et al., 2002). Indeed, caseins as unfolded 

proteins tend to form a maximum number of contacts with oppositely charged 

polysaccharide (Tolstuguzov, 2001). This adsorption can cause bridging 

flocculation if the polymer concentration is below full coverage. A maximum 

size of aggregate is observed for a concentration of pectin which corresponds 

to the half coverage of the protein hydrocolloid (Maroziene and de Kruif, 2000, 

Tuinier et al., 2002). At full coverage the particles can be stericly stabilised 

with some measurements probing the increase in diameter of the micelles 

generated by HM pectin addition at some 60 nm. The full coverage of casein 

micelles by pectin occurs at lower concentrations for HMP (1mg/m2 of casein 

micelle) than LMP. The absorbed amount of pectin for a given pH depends on 

its degree of methyl esterification. However the role of calcium is not clear 
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here and will form part of our investigation in this thesis. Furthermore, 

adsorption of pectin is a reversible process: if the pH is increased back to 6.8, 

pectin slowly desorbs from the casein micelle (Maroziene and de Kruif, 2000). 

By lowering the pH from 5 to 3.5, the pectin layer on the casein micelle 

increases: multilayers of pectin on the casein micelle are observed and aid 

stabilization (Tuinier et al., 2002). At low pH (below 5), pectin once adsorbed 

can prevent the flocculation of the casein by steric hindrance: the 

polysaccharide absorbed on the casein micelle via its charged blocks, the other 

part of the molecule will protrude in solution as loops and tails (de Kruif and 

Tromp, 2008). At higher pectin concentration, phase separation results from 

depletion flocculation by the non adsorbed pectin (Einhorn-Stoll et al., 2001).  

4.2.2 Interaction with casein aggregates 

In standard acid milk preparation, the primary acid milk gel is broken and 

pectin is then added to the system. The polysaccharide is thus interacting with 

fragments of protein network or casein micelles aggregates which have already 

been subjected to an acidification process (to pH 3.7-4.6). The casein micelles 

have by then undergone important changes (Gastaldi et al., 1996): most of the 

micelle calcium has leaked in the serum and the κ-casein hairy layer has 

collapsed on the surface of the micelles. However, pectin absorbs on the casein 

aggregates as on casein micelle by electrostatic interactions at low pH at which 

the primary acid milk gel has been acidified (around pH 4). Indeed, the zeta 

potential of casein aggregates in acid milk drink changed from positive to 

negative at pH 4 with addition of HM pectin, due to electrosorption of the 

pectin (Sejersen et al., 2006). Furthermore, the zeta potential become more 

negative with increasing pectin concentration which supports the theory of 

multilayer adsorption of pectin on the casein aggregate as observed with pectin 

and casein micelle (Tuinier et al., 2002). However, it was shown that the zeta 

potential of casein aggregates coated by HM pectin (0.2% in skim milk) can 

not be at the origin of the required repulsion force for the hydrocolloid 

stabilization (Parker et al., 1994). One should also consider the decrease of the 

charge strength on carboxyl group of pectin at low pH (pKa~3.5). Pectin 

stabilizes the casein aggregates by steric repulsion: it is the same mechanism, 
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when the polymer is in presence of the casein micelle during the acidification 

process. A thick layer of pectin on the casein aggregates will hold the casein 

particles at a distance far enough to inhibit aggregation by van der Waals 

attraction (Kravtchenko et al., 1994). Arltoft et al. (2007) have probed the 

location of pectin in acid milk system and observed pectin as small entities in 

the vicinity of the protein networks in acid milk drink (AMD) with monoclonal 

pectin antibodies (Arltoft et al., 2007 & 2008). 

4.2.3 Casein micelle / aggregates sterically stabilized by a 

pectin layer supported by serum pectin or pectin / casein 

mixed gel 

Boulenguer and Laurent (2003) recently suggested a more complex 

mechanism as the origin of the stabilization of acid milk drink by pectin. 

Indeed, they found that not all the pectin was active, e.g. interacting with the 

casein aggregates, and that removing the non-absorbed serum pectin of the 

final system didn’t alter its stability (Boulenguer and Laurent, 2003, Tromp et 

al., 2004). Nonetheless, the presence of this inactive pectin during the process 

was found to be necessary to obtain a stable system. It was suggested that a 

weak gel inhibits the sedimentation of the casein aggregates (Boulenguer and 

Laurent, 2003). The nature of this weak gel is still controversial. Boulenguer 

and Laurent (2003) proposed that the weak gel was made by a pectin network 

(Boulenguer and Laurent, 2003) and Tromp et al. (2004), the existence of a 

self-supporting mixed network of pectin-coated casein aggregates which 

doesn’t requires the serum pectin for stability. However, all pectins seem to be 

incorporated in a network, despite the removal of some not being a determining 

factor, by investigating the degree of mobility of pectin in AMD using a 

fluorescence recovery after photobleaching (Tromp et al., 2004).  
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4.3 The interaction of pectin with casein molecules in the 

absence of calcium 

Certain pectin structures (LM or HM blocky pectin) are highly sensitive to 

calcium and it has recently been shown that low DM pectins can be gelled with 

serum extracted from milk at increasing stages of acidification (Harte et al., 

2007). In the literature, there are different milk protein systems in which the 

interaction of pectin with calcium has been eliminated as a complicating factor, 

allowing the investigation of the interaction of pectin and casein directly: these 

are using (1) acid sodium caseinate gel in presence of pectin, (2) oil in water 

emulsions stabilized by sodium caseinate and (3) pectin-casein mixtures.  

4.3.1 Acidified sodium caseinate gels with pectin 

In the presence of LM and HM pectin (1% for 2.5% sodium caseinate), 

proteins aggregates, obtained by breaking and homogenizing the primary acid 

sodium caseinate gel, are smaller; both LM and HM pectin fine structures are 

thus inhibiting the re-association of the protein network. However, 

sedimentation is observed after centrifugation for LM pectin and not HM 

pectin at low pH (3.8 and 4.8): HM pectin stabilized more effectively sodium 

caseinate dispersion. But it is worth mentioning that both, the degree of 

esterification and molecular weight were different for the two pectins 

investigated (Pereyra et al., 1997).  

The addition of LMA pectin (0-1%w/v) to sodium caseinate (2%w/v) 

before acidification changed the evolution of the gel strength with pH (Matia-

Merino et al., 2004). Indeed, without pectin, G’ during acidification reaches a 

maximum and decreased to a lower plateau: below pH 4.6, the proteins are 

negatively charged and the repulsive interactions weaken the network. When 

pectin is added (at 0.05% w/v or above), the maximum after the gelation point 

(taken as time at which G’ equal G’’) is not observed anymore: the repulsive 

interactions seem to be reduced. Furthermore, as the pectin concentration is 

increased, the final gel strength decreased and above 0.8%, the system doesn’t 

gel anymore. Calcium has been added to the same system with the effect that at 

low pectin concentration (below 0.2% w/v), caseinate gel with and without 
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calcium have similar rheological profile but at higher polymer concentration 

(0.2%w/v and above), syneresis with gel shrinkage is observed in the presence 

of calcium. 

4.3.2 Thermodynamic compatibility of pectin / casein 

mixtures 

Four different regimes are observed on mixing protein with an anionic 

polysaccharide as a function of the pH and ionic strength (Weinbreck et al., 

2003, de Kruif et al., 2004): 

� At pH above the isoelectric point of the protein and the polysaccharide and 

at low ionic strength, protein and polysaccharides are both negatively 

charged and cosoluble. 

� At pH close or below the isoelectric point of the protein and above the 

isoelectric point of the polysaccharide, the formation of soluble 

protein/polysaccharides complexes occurred. 

� By lowering the pH, the amount of positive net charge on the protein and 

negative charge on the polysaccharide are becoming similar. The soluble 

complexes could aggregate and form complex coacervates. 

� At pH values below the pKa of the polysaccharide, the acidic groups on the 

polysaccharides are less charged and the complexes can be dissolved. 

 

However, pectin-caseinate mixtures as polysaccharide-protein mixtures are 

unstable and phase separation occurs above a certain polymer concentration. 

Depending on the pH, two different interactions lead to phase separation: 

repulsive (segregative) or attractive (associative) interactions (Tolztoguzov, 

1991, Schmitt et al., 1998, Turgeon et al., 2003, Redigueri, 2007). At pH 6.8, 

pectin and caseinate charges are of opposite sign. Pectin doesn’t adsorb to the 

caseinate, and the non-absorbing polymer is depleted from the surrounding of 

the colloids. This depletion by segregation leads to phase separation 

(Rediguieri et al., 2007). The thermodynamic compatibility increases with 

increasing the pH from 6 to 8 (Einhorn-Stoll et al., 2001). This has been 

explained by an increasing of the repulsion force between the proteins 
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themselves and unfolding of these proteins which give more sites for weak 

interaction between pectin and caseinate involving opposites charged patches 

(Einhron-Stroll, 2001). Below pH 5.5, pectin and caseinate concentrate in a 

single phase which is characteristic for complexation (Redigueri, 2007). This 

complexation is reversible with pH but is resistant to high ionic strength 

(Redigueri, 2007). At low concentration of polymer and protein (0.9% each), 

the pectin caseinate system is phase separating but only at the microscopic 

scale (de Kruif and Tromp, 2008). Depending on the pH and the respective 

phase diagrams, caseinate droplets in pectin solution (at pH 5.38 and above) or 

droplets of pectin-caseinate complexes (at pH 5.22 and below) are observed (de 

Kruif and Tromp, 2008). 

4.3.3 Oil in water emulsions stabilized by sodium 

caseinate containing pectin 

Pectin inhibits the aggregation of sodium caseinate-coated droplets at pH 5 

and below (Dalgleish and Hollocou, 1997). At pH 7, pectin doesn’t adsorb onto 

the caseinate layer covering the oil droplet and at a certain concentration of 

polymer, flocculation and coalescence is observed resulting from depletion 

exerted by pectin (Dickinson et al., 1998, Surh et al., 2006). At pH 5.5, the zeta 

potential which was positive with only casein is negative in the presence of 

pectin: the polymer adsorbs to the surface of the oil droplets (Dickinson et al., 

1998). The interaction of pectin with the caseinate covered oil droplet involves 

relatively weak and reversible interactions (Dickinson et al., 1998). Pectin 

reduces droplet aggregation but doesn’t eliminate it: unabsorbed polymer is 

still reported to induce destabilization by depletion. At pH 4 and below, 

extensive droplet flocculation is observed in presence of pectin, due to 

adsorption, which might reduce the magnitude of the zeta-potential and thus 

the electrostatic repulsion between the droplets and/or the polymer might 

bridge the droplets (Surh et al., 2006). For the stabilization of caseinate coated 

oil droplet by pectin, there seems to be little effect of the pectin fine structure 

(LM or HM). 



Chapter 1 Background 

 

 

44 

5 Instrumentation 

This section briefly reviews the techniques and instrumentation which will 

be used in this thesis. Further details of the different experimental 

methodologies are reported in the relevant chapters. 

5.1 Method to study pectin fine structure: capillary 

electrophoresis (CE) 

The first method commonly used to determine pectin degree of 

methylesterification (DM) was a classical titration method. Since then, many 

techniques have been developed: chromatography, nuclear magnetic resonance 

and FTIR to name a few (more details are described in chapter 2). 

The main advantage of capillary electrophoresis (CE), as an inherent 

separation method, is that the intermolecular methylester distribution is 

systematically measured. The intramolecular distribution is still not literally 

resolved; but an indirect assessment of this intramolecular distribution can be 

made by determinating the ‘degree of blockiness’ (Goubet et al., 2005). Two 

approaches have been taken: fragmentation of the pectin backbone by an 

enzyme or NMR on the intact polymer (Kim et al., 2005). Fragmentation relies 

on the enzymatic cleavage being dependant of the methylester sequence and on 

the ability to resolve the released oligomers (which CE can also do). 

5.1.1 CE general 

Capillary electrophoresis describes a family of techniques used to separate 

a variety of compounds. The separation is driven in narrow tubes (25-100 µm) 

by an electric field. The mobility results from its attraction to the electrode of 

opposite charge, electroosmotic flow and frictional forces. Bare silica 

capillaries generate an electroosmotic flow upon the application of a voltage so 

that all analytes are dragged one way in the capillary. 

The CE instrumentation consists of a high voltage power supply, 

electrolyte reservoir, a DAD ultraviolet detector and a capillary (figure 3). 
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Figure 3: CE instrumentation (http://www.ceandcec.com/ce_theory.htm) 

The mobility µ is determined from the migration time t of the molecule 

analysed and the migration time t0 of a neutral maker, using the equation: 

µ= µobs - µeo = (lL/V) (1/t – 1/t0)                                                               (5) 

with L: total length of the capillary, l: the distance from the inlet to detector 

µobs: observed mobility, µeo= electroosmotic mobility (Zhong et al., 1998 & 

1997). 

5.1.2 Capillary electrophoresis studies of pectins 

Pectin was analysed by CE first in 1997 by H-J Zhong et al. While most 

carbohydrates lack chromophores, the carboxylate group of the galacturonic 

acid unit is a UV chromophore which can be used for the CE analysis. 

Furthermore, pectin is a charged molecule with a pKa between 2.9 and 4.5 

depending on its degree of ionisation and methylesterification. Its charge 

density depends of the degree of methylesterification (DM) (Zhong et al., 

1997).  

When the degree of polymerisation (DP) is smaller than 10-20, the 

electrophoretic mobility depends on both the DP and DM of the pectin chain 

allowing resolution of oligomers released for example from pectin digestion. 

The quantification is complicated by the fact that the methylesterified residues 
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have a significantly lower absorbance than their unmethylesterified 

counterparts. However, taking this into account samples of mixed DPs and 

DMs can be quantitatively analyzed. The DP and DM of the different 

fragments of the sample analysed can be calculated by reference to standard 

samples (Ström and Williams, 2004). 

Under the same CE experimental conditions, when the DP is higher than 

~25, the electrophoretic mobility does not depend anymore on the DP but only 

on the pectin DM. The pectin DM can thus be determined by CE. The DM has 

been calculated by comparison with standard samples of known DM. A linear 

fit between the DM and the reduced electromobility (1/t – 1/t0) has been used 

to determine the pectin DM. The use of standards is obviously valid if the 

pectins tested have the same galacturonic content than the standards but Zhong 

et al. (1997) also found that the neutral sugars content did not significantly 

alter the hydrodynamic properties of the molecules and thus didn’t affect the 

electrophoretic mobility. One of the main advantages of CE over the 

conventional methods is the possibility to access the DM distribution by direct 

measurement; indeed the peak shape reflects the intermolecular methylester 

distribution of the sample (Zhong et al., 1998&1997, Ström et al., 2005).  

The electrophoretic mobility of pectin has been reported to be not 

significantly influenced by the methylester intramolecular distribution in 

typical running conditions: little difference has been observed between pectins 

with random and blockwise distribution (Zhong et al., 1997, Ström et al., 

2005).  

In addition, CE is an efficient tool to determine the intramolecular 

distribution of methylesterified residues in pectic substrates by analysing the 

endo-polygalacturonase digest pattern. Indeed, the high enzyme-substrate 

specificity allows indirect but useful information about the pectin fine structure 

to be obtained by analysing the PG digest pattern (Ström and Williams, 2004).  

CE has recently also proved to be an alternative method to determine the 

degree of amidation of pectin (a commercial modification previously described 

in the introduction) by Guillotin et al. (2006). Indeed the methyl ester group 

and the amide group have the opposite effect on the electrophoretic mobility. 
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Therefore the degree of amidation can be determined by measuring the 

electromobility of the pectin sample before and after saponification which 

remove all the methylester groups. The comparison between the two obtained 

electromobility gives the DAm (Guillotin et al., 2006). 

5.2 Microrheology 

Microrheology is the study of the mechanical properties of materials at 

small length scales: in the micrometer range (Gardel et al., 2005). Micron size 

probes, usually added to the system, locally deform the sample. Microrheology 

allows probing the system with a small volume of sample (around 100 µl). 

Microrheology techniques can either be passive or active. In active techniques, 

the probes are subjected to external and local applied forces using magnetic 

fields, electric fields, or micromechanical forces. The advantage is the 

possibility to apply larges stresses to stiff materials. Passive microrheology 

consists of recording the passive motion of particles undergoing Brownian 

motion where the local deformation is simply induced by the mobility of the 

particle due to thermal fluctuations. Thus, passive methods are non-invasive. 

Brownian motion first observed by Brown in 1827 has been linked to the 

mechanical properties of the system (viscosity) by Einstein in 1905. The 

diffusion coefficient D is related to the mean square displacement (MSD) in 2D 

by the following equation (Berg, 1993): 

Dtr 42 =
                                                                                                 (6) 

with 
222

yx rrr +=
 mean square displacement in 2 dimensions (m2), t, 

time lag (s) and D, the diffusion coefficient for purely viscous system. The 

Stokes Einstein equation links the mechanical properties of the system to the 

diffusion coefficient and the thermal energy through: 
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                                                                                                 (7) 
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with kT, thermal energy, η, viscosity of the system and rh, the hydrodynamic 

radius. For viscoelastic materials, a frequency dependant modification is used 

(Weitz et al., 1993). 

Tracking particles undergoing Brownian motion is typically done by light 

scattering or microscopic or laser interferometric methods. In this thesis, two 

passive microrheological methods will be used and compared. These methods 

are multiple particle tracking (MPT) and diffusive wave spectrometry (DWS). 

5.2.1 MPT 

Multiple particles tracking (MPT) consists of recording the Brownian 

motion of fluorescent latex beads, added to samples as tracer particles. The 

trajectories of the probes are obtained by visualising them by fluorescence 

microscopy and by analysing the recorded images with a tracking analysis 

software (figure 4). The motions of single probes are obtained in this way and 

can be used to calculate the ensemble average mean square displacement for a 

group of probes. Indeed, as MPT enables the study of the motion of single 

probe particles, it allows monitoring the heterogeneity of the system. Analysing 

the tracking data using the Van Hove correlation function, which is the 

probability distribution of particle displacement for a given time lag gives 

information on the spread of the MSD and thus on the heterogeneity of the 

system (Wong et al., 2004, Oppong et al., 2006). 

The frequency at which the system is studied by MPT is limited by the 

speed at which the camera can take pictures of the system: around 45Hz for  

CCD camera used in this work.  

In MPT well defined probes are added to the system, but their location in a 

complex system requires further analysis with microscopy techniques 

(Confocal microscopy) (Moschakis et al., 2006). In some cases the location of 

the probe has been controlled by modifying their surface chemistry by binding 

of molecules of interest at their surface (Valentine et al., 2004).  
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Figure 4: (i) 500 nm latex beads in solution (ii) MPT principle 

5.2.2 DWS 

Diffusive wave spectroscopy (DWS) is a light scattering based method. 

The light is multiple scattered to such an extent that the path of each photon is 

considered random. This method can be applied to turbid and concentrated 

systems. The light is typically scattered by probes (e.g. latex beads) added to 

the sample. However in this thesis casein micelles/casein aggregates 

themselves were, in some cases, used as probes.  

Figure 5 shows a schematic of the method. A laser beam is shone through 

the sample, the light is multiple scattered by the probes naturally present or 

added to the system and the intensity versus time is recorded by a detector: an 

optic fiber fed to a photodiode and then a correlator. As the particles diffuse 

and rearrange in the sample, the intensity of light that reaches the detector 

fluctuates in time. These intensity fluctuations as a function of time, I(t), allow 

calculating the correlation function, g1 (τ): 
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where β is a constant, characteristic of the optics, and I(0) and I(t) the intensity 

of the detected light at the time zero and t. As the correlation function can also 

be expressed as a function of  the mean square displacement (Weitz et al., 
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1993), the experimentally determined correlation function (equation 8) can lead 

to the plot of MSD versus lag time (as discussed in chapter 4). 

DWS allows studying the mechanical properties of the system at high 

frequency (limit 1-10 MHz) which gives insight to the microstructure of the 

network. The high frequency limit is governed by the condition that the inertia 

of the probes is negligible.  

Since DWS intrinsically gives an ensemble average, it doesn’t allow 

probing the heterogeneity of the system. 

 

Figure 5: Schematic of the experimental set up for DWS 

5.3 Surface Plasmon Resonance 

Surface plasmon resonance (SPR) is an optical method which allows the 

study in real time of interactions between a flowing analyte and an ligand 

immobilized on a metal surface. Surface plasmons are surface electromagnetic 

waves with a parallel propagation to the metal interface. These waves are 

sensitive to any change in the refractive index on the metal surface. Molecule 

absorption will produce such a refractive index change. Surface plasmons are 

excited by a light beam (figure 6). The light is almost totally reflected but the 

evanescent wave penetrates a distance of the order of one wavelength into the 

buffer and is able to interact with free-oscillating electrons (plasmons) present 

in the metal film surface and generates SPR. A photodetector is used to 

monitor the reflected light intensity which provides the resonance angle and 

then the refractive index of the solution close to the metal film. The change in 

the refractive index gives information on the number of molecules bounds to 
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the ligand on the coated surface but also on the state of the ligand e.g. 

conformation, as the analyte is flown over. 

 

 

Figure 6: Schematic of the experimental set up for  SPR (GE Healthcare, Biacore manual) 

6 Aims of the thesis 

The interaction between pectin and κ−casein is crucial for the food 

industry in dairy products where it has found wide utility; low methoxypectin 

as a ‘thickener’ and high methoxyl pectin as a ‘stabilizer’. As one would 

expect, the study of this interaction has been the topic of many previous papers 

and as such it is not a novel system per-se. However, the methods that are used 

in this thesis haven’t been applied to study the interaction previously, which 

has mainly been studied on diluted systems using dynamic light scattering 

(DLS) or in concentrated systems using microscopy and bulk rheology. In this 

work, the two main methods used to probe the interaction are microrheology 

and surface plasmon resonance (SPR), which can offer new insights into the 

microscopic interactions in these systems.  

A further strategy to gain a better understanding of the interaction was to 

investigate the effect of the pectin fine structure. In chapter 2, we first aimed to 

study the degree of methylesterification and its pattern (random or blockwise) 

on a number of selected pectins. Furthermore, the intermolecular distribution 

for DM pectins with either a random or blocky intramolecular distribution of 
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charges was investigated. We characterized the pectin fine structures, designed 

for their interaction with milk protein, by intermolecular and intramolecular 

distributions of the methylester group using capillary electrophoresis (coupled 

with digestion of the pectin backbone with endoPGII). We also further 

investigated the intermolecular distribution as bearer of information on the 

intramolecular distribution. 

Microrheology allowed us to study the effect of pectin on acid milk gels in 

concentrated and undisturbed systems. In chapter 3, using DWS, the system 

was probed at high frequency, allowing to investigate the effect of the polymer 

on the microstructure of the network. This was complemented by the use of  

multiple particle tracking studies, which allowed probing the mechanical 

heterogeneity of the system (chapter 4). On the other hand, surface plasmon 

resonance which is the object of chapter 5, gave us insight into the interfacial 

interaction between κ-casein and pectin. Finally, the study of the motion of 

model ‘calcium-free casein micelles’ (κ-casein coated latex particles) in pectin 

solutions is investigated in chapter 5. To summarize, the aim of this thesis is to 

study the interaction of pectin and casein micelles at different levels and by 

linking the results obtained, gain a better understanding of the effect of pectin 

addition to milk.  
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 Pectin fine structure: measurements 

of the intermolecular charge 

distributions for pectin with random 

and blocky patterns of 

methylesterification 

 

 

 

Results on intermolecular distributions for randomly demethylesterified and 

monodisperse homogalacturonans are in press in Biomacromolecules: 

‘Electrophoretic behaviour of co-polymeric galacturonans including 

comments on the information content of the intermolecular charge 
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distribution’ Martin A.K. Williams, Aurélie Cucheval, Anna Ström, Marie-

Christine Ralet 

 

1 Introduction 

Pectin, a ubiquitous polysaccharide in the cell walls of all land plants plays a 

major role both in plant physiology and in controlling mechanical properties in-

vivo. The polymers by interacting with calcium can form networks with different 

mechanical behaviours and strengths (Vincent et al., 2007 & 2009). Pectins are 

polymolecular and polydispersed, exhibiting significant heterogeneity with 

respect to both chemical structure and molecular mass (Perez et al., 2000). Their 

structure is, in vivo and in vitro, complex but simplified by the extraction process. 

Indeed commercial pectin samples are essentially composed of a linear 

heteropolysaccharide consisting mainly of polymerized, partly methyl-esterified 

(1-4)-linked α-D-galacturonic acid with a small fraction of rhamnose (→4)- α-D-

GalA-(1→2)- α-L- rha-(1→) and small side chains formed by other sugars 

(Morris et al., 1982, Willats et al., 2006).  

The interaction of the polymer with other molecules, its affinity to calcium 

(Ralet et al., 2001) and thus its ability to form a network is strongly dependent on 

the number of negative charges on its backbone (or number of unmethylesterified 

galacturonic acid residues), and of the intermolecular and intramolecular 

distribution of these charges (Vincent et al., 2007).  

While the degree of methylesterification has been determined by diverse 

methods (Maness et al., 1990, Massiot et al., 1997, Synytsya et al., 2003, 

Rosenbohm et al., 2003) including capillary electrophoresis (CE), the 

intermolecular methylester distribution however can only be obtained by ion 

exchange chromatography (Daas et al., 1998 & 1999) and CE (Zhong et al., 1997 

& 1998, Williams et al., 2003, Ström and Williams, 2004, Ström et al., 2005). 

The intramolecular distribution is still not literally resolved (Goubet et al., 2005). 

Two main approaches have been pursued to determine this intramolecular 

distribution. By Nuclear Magnetic Resonance (NMR), the frequencies of the 
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possible triad sequences of residues within the chain are measured (Neiss et al., 

1999, Lee et al., 2008). The other pathway is to fragment the polymer with an 

enzyme e.g. endo-polygalacturonase II (endoPGII) which has high substrate 

specificity and to examine the liberated fragments (Ström and Williams, 2004). 

Capillary electrophoresis allows analyzing the digest pattern of pectin by 

endoPGII as well as the intermolecular charge distribution. Indeed, if the degree 

of polymerisation (DP) is smaller than ¬25, the electrophoretic mobility depends 

on the DP and DM of the pectin chain. The DP and DM of the different fragments 

of the sample analysed are calculated by reference to standard samples (Ström and 

Williams, 2004). If the DP is higher than ~25, the electrophoretic mobility doesn’t 

depend anymore on the DP but only on the pectin DM in same CE experimental 

conditions. Traditionally, the pectin DM can be then determined by CE by 

comparison with standard samples which have a known DM.  

Pectin with different and controlled degrees of methylesterification can be 

designed by the action of an enzyme, pectin methylesterase (PME) or chemically 

by the addition of alkali or acid. These treatments allow tailoring the charge 

distribution on the pectin backbone. Indeed, chemical treatment leads to a random 

distribution of the unmethylesterified group on the backbone and PME (from 

plant origin) to a blocky distribution. Recently, it has been shown that it is 

possible to play on the length of these blocks by modifying the polymer in 

presence of calcium (Vincent et al., 2009).  

A signature of this deesterifying treatment (alkali or plant PME) seems to be 

observed in the intermolecular charge distribution measured by capillary 

electrophoresis. The pectin samples treated with plant PME have shown broader 

DM distributions than those produced with fungal PME or alkali treatment (Ström 

et al., 2005). However, the link between the intermolecular distribution and the 

intramolecular distribution hasn’t been explicitly investigated and, thus they have 

been treated rather separately. Furthermore, the evolution of the intermolecular 

and intramolecular distributions during the time course of such 

demethylesterification processes hasn’t been investigated. 

In this chapter, pectin fine structure is investigated; especially the 

intermolecular charge distribution is studied using measurements of the 

electrophoretic behaviour of the polymer by capillary electrophoresis. First, the 
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methodology applied to the determination of the intermolecular charge 

distribution is assessed. Then, with co-polymeric galacturonan chains, the 

intermolecular distribution is shown to match theory for random processes. 

Therefore the intramolecular distribution, for these homogalacturonan with a 

random distribution of charge, is fully determined. The intermolecular distribution 

thus contains information about the intramolecular charge distribution. Having 

obtained confidence that the intermolecular charge distribution is as predicted for 

randomly deesterified substrates, the intermolecular and intramolecular 

distributions of pectin samples with blocky charge distributions were also 

investigated. 

2 Experimental Section 

2.1 Samples  

Homogalacturonans (HG) were isolated from commercial citrus pectin and 

analysed by High Performance Size-exclusion Chromatography combined with 

multiple-angle laser light-scattering detection by Dr MC Ralet. 

Rhamnoglacturonan from Arabidopsis thaliana seeds was a gift from Dr MC 

Ralet. The chemical and macromolecular characteristics of the HG and RGI 

samples used in this study are given in table 1. 

All pectin samples used in the section 3.3 of this study were obtained by 

demethylesterification of the same high methoxyl pectin (apple pectin from Fluka, 

DM78%, galacturonic content of ∼ 90% and molecular weight 30-100 000 g.mol-

1). The mother pectin (concentration 1%w/w) was demethylesterified with plant 

pectin methylesterase (PME, 0.5 mg per gram of pectin) purchased from Sigma 

Aldrich at pH 7 and 30ºC. The pH was maintained constant during the enzyme 

action by addition of NaOH (0.1M). This allowed the control of the final degree 

of methylesterification by quenching the reaction after the addition of known 

amount of NaOH. The reaction was stopped by addition of HCl (in order to have 

final pH of 4) and by a temperature treatment (90ºC, 3min). 
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 The digestion of pectin samples was catalyzed by a polygalacturonase, 

endoPGII provided by Jacques Benen from the University of Wageningen. It is a 

pure endo-PG II isoform from Aspergillus niger (Ström and Williams, 2003) 

which required unesterified sugar residues in the active site to catalyze the 

reaction. The degradation pattern on the methylester-sequence is thus dependent 

on the pectin fine structure. The digestion was carried out in 50mM acetate buffer 

(pH 4.2) at 30ºC for 12 hours with 20 µL of enzyme solution (0.094mg/ml 

protein) for 1 mL of pectin substrate (concentration 0.5%w/w). The reaction was 

stopped by denaturation of the enzyme by a temperature treatment: 90 ◦C for 

3min. 

In addition to collecting data on pectin samples from the literature a number 

of samples were also run in this work; and in addition previously unpublished data 

from PhD thesis work of Dr Anna Ström and experiments carried out at Unilever 

research have also been included. These samples are detailed in Table 2. While 

some of these samples may have formed part of previously reported studies re-

running some of these samples and including further experimental data permits a 

better assessment of the reproducibility across laboratories. “Homemade” refers to 

standard base-catalysed demethylesterification as amply described in literature 

cited herein. With the exception of two calcium-sensitive samples, all the pectins 

in Table 2 are believed to have close to random distributions of 

methylesterification, being generated either by a fungal pectinmethylesterase (f-

PME) or by base saponification. Molecular weights of all these samples are 

between 40 and 120 kDa. 

 

 
HG 

93 

HG-

B82 

HG-

B69 

HG-

B57 

HG-

B40 

HG-

B20 
RGI 

GalA 

(mol%) 
> 99 > 99 > 99 > 99 > 99 > 99 51 

Rha (mol%) <1 <1 <1 <1 <1 <1 49 

DM (%) 93 82 69 57 40 20 0 
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DPw 
122 

## 
80 82 85 87 93 ## 3740 

# Main population; values from Macquet et al., 2007, ## over-estimated: 

aggregates 

Table 1: The chemical and macromolecular characteristics of the HG and RGI samples used in this 

study 

This Work - Commercial Samples  

Source DM AGU Treatment 

Sigma 90 >75% - 

Fluka Biochimica 78 - - 

Copenhagen Pectin 55.8 89.0 f-PME 

Copenhagen Pectin 31.1 85.2 f-PME 

This Work - Homemade Samples 

Source DM AGU Treatment 

60 ~85% Base 

40 ~85% Base 
CP-Kelco 

(Initial DM 83%) 
30 ~85% Base 

A Ström Thesis, University of Cork, 2006 

Source DM AGU Treatment 

Copenhagen Pectin 77.8 84.5 f-PME 

Copenhagen Pectin 65 81.5 f-PME 

Copenhagen Pectin 55.8 89.0 f-PME 

Copenhagen Pectin 31.1 85.2 f-PME 

25 ~85% Base 

20 ~85% Base 

15 ~85% Base 

10 ~85% Base 

CP-Kelco 

(Initial DM 83%) 

5 ~85% Base 

Unilever Research 

Source DM AGU Treatment 
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Copenhagen Pectin 77.8 84.5 f-PME 

Copenhagen Pectin 70.3 85.1 f-PME 

Copenhagen Pectin 65.0 81.5 f-PME 

Copenhagen Pectin 62.2 83.9 
f-PME (Ca-sensitive 

fraction) 

Copenhagen Pectin 55.8 89.0 f-PME 

Copenhagen Pectin 42.6 85.7 
f-PME (Ca-sensitive 

fraction) 

CP-Kelco (LM-12) 35.0 ~85% Base 

Copenhagen Pectin 31.1 85.2 f-PME 

Table 2: The characteristics of the pectin samples for which previously unreported experimental 

data is reported. 

2.2 Capillary electrophoresis  

Experiments carried out in this work used an automated CE system (HP 3D), 

equipped with a diode array detector. Electrophoresis was carried out in a fused 

silica capillary of internal diameter 50 µm and a total length of 46.5 cm (40 cm 

from inlet to detector). The capillary incorporated an extended light-path detection 

window (150 µm) and was thermostatically controlled at 25 °C, although in 

reality it is possible that the temperature in the capillary during electrophoresis 

could exceed this value by several degrees (Levigne et al., 2002). Phosphate 

buffer at pH 7.0 was used as a CE background electrolyte (BGE) and was 

prepared by mixing 0.2M Na2HPO4 and 0.2M NaH2PO4 in appropriate ratios and 

subsequently reducing the ionic strength to 50 or 90 mM. At pH 7.0 the 

unmethylated GalA residues are fully charged and while the oligomers are 

susceptible to base-catalyse β-elimination above pH 4.5, no problems were 

encountered during the CE runs of some 20 minutes at room temperature. All new 

capillaries were conditioned by rinsing for 30 minutes with 1 M NaOH, 30 

minutes with a 0.1 M NaOH solution, 15 minutes with water and 30 minutes with 

BGE. Between runs the capillary was washed for 2 minutes with 1 M NaOH, 2 

minutes with 0.1 M NaOH, 1 minute with water and 2 minutes with BGE. 

Detection was carried out using UV absorbance at 191 nm with a bandwidth of 2 
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nm. Samples were loaded hydrodynamically (various injection times at 5000 Pa, 

typically giving injection volumes of the order of 10 nL), and typically 

electrophoresed across a potential difference of 20 kV. All experiments were 

carried out at normal polarity (inlet anodic) unless otherwise stated. 

Electrophoretic mobilities, µ, are related to the migration times of the injected 

samples relative to a neutral marker, t and t0 respectively, by the equation: 

µ = µobs- µeo = (l L /V) (1/t –1/t0)                                                             (1) 

where L is the total length of the capillary, l is the distance from the inlet to 

detector, V is the applied voltage, µobs is the observed mobility and µ eo is the 

mobility of the electroosmotic flow (EOF) (Weinberger, 2000). 

 

3 Results and Discussion 

3.1 Electrophoretic mobility measurement 

Figure 1 shows the electrophoretic mobilities measured in this work for HGs, 

RGI, and a series of pectin samples in 50 mM BGE at 298 K. The fractional 

charges against which these values are plotted have been measured by at least one 

other independent (not electrophoretic) method; typically titration, 

chromatographic assessment of released methanol, or FT-IR, and are estimated to 

be known to the order of ± 3 %. The mobilities have been calculated as number 

averages over the CE peaks (after normalization to account for the different 

lengths of time that species with different electrophoretic velocities spend passing 

the detection window (Goodall et al., 1991)). The error bars show what are 

considered as the largest realistic uncertainties. Typical reproducibility is around 

2-3%, with the largest uncertainties arising from the estimation of the EOF, 

typically signalled by a drop in the absorbance signal originating from the 

refractive index change concurrent with the passage of water from the sample 

plug moving past the detection window. The occasional use of a UV-absorbing 

neutral marker did improve the situation somewhat when running experiments 

with very low charge density samples, where elution was in close proximity to 
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neutral species. Other uncertainties caused by electromigration dispersion were 

exacerbated at high charge densities, but could be ameliorated up to a point by 

modifying the sample concentration and the ionic strength of the BGE. 
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Figure 1: Electrophoretic mobilities, µ, for HGs, RGI, and a number of pectin samples, measured 

herein or gathered from the literature, as a function of the fraction of the sugar rings charged, z, 

(50 mM BGE, 298 K, existing data originally measured at different I and/or T has been scaled as 

described in the main text). 

3.1.1 Comparison of mobility measurements with literature 

It can be seen that there is, on the whole, excellent agreement in figure 1, not 

only between the data reported herein, but also when compared with a large 

amount of further data taken from the existing literature. It should be noted that in 

the literature data, a small number of the experiments had been carried out in 

different ionic strength BGE or at a different temperature (i.e. not at 50 mM BGE 

or at 298 K), and these data have been scaled according to the predictions of 

theoretical calculations. There is also a data point from the literature for 
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polygalacturonic acid which it should be noted was made using an alternative 

experimental set-up to CE, and using sodium chloride as an electrolyte (Tuffile 

and Ander, 1975).  

3.1.2 Mobility of RGI compared with HG  

It is also noteworthy that the RGI mobility agrees well with that of a 50 % 

methylesterified HG; suggesting that, at least in the regime where mobilities are 

not dependent on DP, that the nature of the linkage between the sugar rings does 

not have a large impact on the electrophoretic mobility. It also suggests that the 

overall charge density of the chain is significantly more important than the 

intramolecular arrangement of the charged groups, as the RGI polymeric 

backbone consists of the strictly alternating dimer: Rha-GalA as described above; 

while the HG sample has a random placement of the charged groups along the 

chain. Such an independence of the electrophoretic mobility on intramolecular 

sequence has also previously been found when comparing results obtained from 

sister pectin samples that had been demethylesterified chemically or by processive 

enzymes (Williams et al., 2003).  

3.1.3 Mobility of HGs compared with pectins  

It is also worthy of comment that the data from the pectin samples have had 

their charge densities calculated from measured DM values without taking 

account of any neutral sugars that might be present in the molecule. The first 

study carried out on the CE of pectins also found that the proportion of the pectin 

sample that was claimed to be GalA didn’t seem to be overly important in 

determining the electrophoretic mobility (Zhong et al., 1997), despite the fact that 

the addition of neutral sugars attached to the polymeric backbone would be 

expected to increase the frictional forces acting on the molecule. Certainly it 

would be expected that the pectin samples would, at the very least, contain a small 

amount of Rha in the RGI regions that are hypothesized to connect the otherwise 

fairly monodisperse HG regions (of around DP 100) (Thibault et al., 1993). 

Despite this approximation the pectin and HG mobilities shown in figure 1 

don’t appear different by more than a few percent at most. This effectively limits 
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the RGI content of the pectins studied to less than around 10%. For example, a 

pectin consisting of 10% RGI and 90% HG (DM 50) has 95% GalA groups, of 

which 45% are methylesterified, a DM of 47.4%. Taking this DM value, which 

might be obtained by say titrametry, neglecting the RGI regions and naively 

calculating the % of charged residues as 100-%DM, gives 52.6% compared to the 

real 50%. Even if the RGI backbone carries an equal weight of neutral sugar side 

chains, then a pectin consisting of 5% RGI in the backbone carrying a further 5% 

Gal and Ara substituents, and 90% HG (DM 50) has 92.5 % GalA groups, of 

which 45% are methylesterified, giving a measured DM of 48.6% and a naïve 

51.4% charged residues. From these simple considerations it is clear that for 

typical RGI and neutral sugar contents of extracted pectin samples, the 

electrophoretic mobility is consistent within experimental uncertainty (a few %) 

with that predicted simply using the measured DM value in order to calculate the 

fractional charge; thus explaining the good agreement observed in figure 1. This is 

certainly reasonable, but does suggest that in commercial samples (typically 

quoted GalA contents are of the order of 85 % by weight) the weight that is not 

GalA is not all likely to be sugars covalently attached to the pectic polymer, and 

does not in fact play a significant role in influencing its electromigration (water, 

ions and possibly free sugars could account for a large amount of this ~15 %). 

3.1.4 Calculation of the dependence of mobility on charge 

density  

It is clear that in the region in which previous work has been carried out, 

corresponding to z~0.2 to 0.7, there is a well defined consistent relationship 

wherein simple linear regression analysis based on the mobility of surrounding 

standards can yield a reasonable estimate of the DM of an unknown sample from 

its electrophoretic mobility. Indeed, in the region 0<z<0.6 a single linear 

regression is a reasonable description of the data. However, it is also abundantly 

clear from data presented in figure 1 that at lower DM the dependence of 

electrophoretic mobility on fractional charge is modified. Indeed, above around 

z=0.8 it is not possible within our experimental uncertainties to confidently assert 

whether there is any dependence on DM at all, or whether the electrophoretic 

mobility is constant. With figure 1 in hand, an empirical fit to the data (figure 2) 
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was carried out in order to obtain an electrophoretic mobility versus fractional 

charge relationship; yielding:  

 ))exp(1( CzBA −−+=µ                                                                                (2) 

where A=-0.9179x10-10, B=4.6101x10-8, and C=1.719. 
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Figure 2: The data from figure 1 compared empirical fit to the data  

While this relationship can be confidently used when 0<z<0.8, at higher 

charge densities caution should be exercised as the current dataset is unable, 

within experimental uncertainties, to determine whether there is any variation in 

this regime. Using such a µ to z mapping it has previously been discussed in some 

detail how to convert measured electrophoregram into intermolecular distributions 

of DM. To date, the relationship used to perform this task was a locally linear one, 

obtained from a calibration run containing three standard samples. By expanding 

the range of samples previously reported and amalgamating measurements across 

different laboratories and instruments, a universal electrophoretic mobility versus 

charge relationship has been derived that might be used without recourse to 

standards and can be confidently used to generate intermolecular DM 

distributions.  
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3.2 Intermolecular Distributions for Randomly 

Demethylesterified Monodisperse Homogalacturonans 

Having confidently measured a relationship between electrophoretic mobility 

and charge (or for HGs equivalently DM), it is trivial, at least for chains with 

DMs above 25-30 %, to convert an experimentally measured electrophoregram 

into a full intermolecular DM distribution. With this in mind the expected nature 

of such a distribution for randomly demethylesterified HG samples was 

considered. Under the assumption that the charged residues are indeed distributed 

randomly along the backbone of the polysaccharide then the binomial theorem 

predicts that the distribution of the number of chains containing different numbers 

of charged residues is Gaussian. Furthermore, the full width at half height of these 

distributions (in DM %) can be calculated as 235.5×√((1-p) p / n), where p is the 

probability of the residue being methylesterified and n is the DP of the chain. (Just 

as the likelihood of achieving an equal number of heads or tails in classical coin-

tossing depends on the number of trials, so the chances that an individual chain 

will have the sample average DM depends on its DP). This demonstrates that far 

from simply being a complicating factor to be taken into account in interpreting 

results from other experimental methodologies designed to infer the 

intramolecular distribution of charges, the intermolecular distribution itself 

contains information regarding the statistical properties of the process that 

generated charged residues. Furthermore it is our contention that, on the whole, 

the intermolecular DM distribution is easier to measure experimentally. In 

particular, as described above, if the process that generated the charged sites is 

entirely random then the resultant intermolecular charge distributions should be 

Gaussian. Figure 4 (a) shows the predicted full width at half height of a 50% 

methylesterified sample as a function of its DP and figure 4 (b) the fraction by 

which this width would be reduced as DM increases or decreases either side of 

50%. 
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Figure 4: (a) The predicted full width at half height of the intermolecular DM distribution of a 50% 

methylesterified sample as a function of its degree of polymerization (DP); (b) the fraction by 

which the width given in (a) will be reduced as degree of methylesterification increases or 

decreases either side of 50%. 

It is clear from figure 4 (b) why most experimentally measured distributions 

(of pectins with random methylester distributions) look similar; samples with DM 
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values between 30 and 70 % are predicted to have widths less than 10% different 

from one another. Unfortunately the nature of the relationship between 

electrophoretic mobility and charge density at high fractional charge, as discussed 

above, means that for samples below around 25% DM, the interpretation becomes 

more complex and precludes us from confidently measuring the widths in this 

region. The electropherograms of these samples clearly show that the observed 

peaks are narrower but at present a sufficiently precise relationship does not exist 

in this area to tease out how much of that reduction is due to the fact that the 

resolution itself is decreasing rather than originating from actual changes in the 

statistical width. These low DM samples reach a width of a couple of DM units, 

similar to that found for RGI, and represents the chromatographically obtainable 

limit. 

At the high DM limit where the DM distributions are again predicted to 

become substantially narrower, experiments are limited by the number of 

available samples in this region (methylesterifying samples to close to 100% is 

potentially possible but not trivial); and the fact that (for pectins) the effects of 

charged residues in the RGI regions becomes more important. However, using 

reasonably monodisperse, well-characterized HG samples of known DP and DM, 

as described in this work, provides an excellent test for the proposed hypotheses. 

Figure 5 (a) shows the comparisons of the calculated (Gaussian distributions 

with FWHH values given by the theory displayed in figures 4 (a) and (b), 

assuming DP=80) and the experimentally measured distributions for a set of HG 

samples obtained as described in the experimental section, and the agreement can 

be seen to be good.  
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Figure 5(a): Calculated (Gaussian distributions with FWHH values given by the theory displayed 

in figures 4 (a) and (b), assuming DP=80) and the experimentally measured distributions for a set 

of HG samples. (b) the calculation obtained for a variety of degrees of polymerization for the DM 

69 % sample compared with the experimental data. 

It is particularly noteworthy that the sample with the highest DM does indeed 

possess a narrower intermolecular DM distribution as predicted. For reasonably 
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monodisperse samples with a fairly low DP figure 4 (a) suggests that the DP 

dependence of the width of the intermolecular distribution should be strong 

enough to give a reasonable estimate of the molecular weight of the sample. In 

figure 5 (b) we explicitly demonstrate the sensitivity in this region by plotting the 

experimental distribution obtained versus the calculation obtained for a variety of 

DP for the DM 69 % sample, and the agreement with the prediction based on the 

independently measured DP=80 can indeed be seen to be reasonable. Simply 

taking the experimentally measured width and using figure 4 to obtain a DP gives 

around (120±10).  

For real pectin samples the DPs are likely to be higher than those of the HGs, 

so that the sensitivity of the intermolecular DM distribution width to molecular 

weight will be reduced somewhat (figure 4(a)), and additionally there is likely to 

be a degree of polydispersity. However, such measurements might still provide a 

reasonable average molecular weight estimate for pectin samples that could be of 

interest. Although techniques such as HPSEC-MALLS are routinely exploited to 

obtain molecular weight distributions for biopolymers these experiments are by no 

means trivial (Berth et al., 2008) and having a secondary independent estimate 

could be advantageous. 

Having established the link between the intermolecular and intramolecular 

distribution and shown it for homogalacturonan polymers with a controlled degree 

of polymerisation and random distribution of charge, the next part will focus on 

the fine structure of pectin made by enzymatic processes in particular polymers 

with a blocky repartition of charges. It is of interest to observe how similar or 

otherwise the intermolecular distribution is if the pattern of charges is not random. 

3.3 Intermolecular and intramolecular distributions for blocky 

pectin  

The deesterification of pectin by plant PME is one way to design polymers 

with longer blocks of free carboxyl groups and thereby to obtain blocky charges 

distributions. As previously noted, another effect of modifying pectin by plant 

PME is the increase of the broadness and the change of shape of the 

intermolecular methylester distribution (Ström, 2006). It makes sense in the 
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context that it is the average DM which is monitored during enzymatic processing 

and determines when the reaction is stopped, but when an average DM is reached 

it doesn’t necessary mean that every pectin chain as been modified similarly. It is 

worth mentioning at the outset that these DM distributions are not Gaussian which 

provides good evidence that the pattern is not random, referring to the previous 

section on homogalacturonan. 

However, even if these enzymatically modified pectins are expected to have a 

blocky pattern and a broader charge distribution than the mother pectin, the 

evolution of the intermolecular and intramolecular distributions as the enzyme is 

processing hasn’t been assessed yet and will be the object of this work. 

Furthermore, the effect of the fine structure of the mother or substrate pectin on 

the final blockiness of the PME treated pectin will be studied. 

3.3.1 Influence of the DM decrease on the methylester 

group intermolecular distribution 

In this part, we studied the influence of the DM decrease on the shape of the 

DM distribution to obtain information on the enzyme mechanism and thereby on 

the intramolecular distribution. Figure 6 shows the DM distribution for pectins 

modified by PME treatment from the same mother pectin (apple pectin DM 78%). 

It is clear from this figure that the methylester intermolecular distribution gets 

broader as PME action proceeds up to a DM of 62%, however by further 

processing (DM53%), the distribution became narrower. Furthermore, it appears 

that it is not just the width which is affected but the form of the distribution is 

evolving as PME action proceeds. Indeed, the shape seems to rapidly (after a 

deesterification of around 4%) diverge from a Gaussian which indicates the loss 

of the random distribution, if we refer to what we have shown previously using 

homogalacturonan in this chapter. This trend is reinforced as the enzyme proceeds 

until the DM reaches 53% for which the DM distribution looks to start to diverge 

less from a Gaussian shape once more. It is also worth noting that as the enzyme 

proceeds, the DM distribution seems to be comprised of not only one 

‘population’. When the DM decreases between 79% and 71%, the ‘peak summit’ 

shifts to lower DM: from 79% to 71%, the peak loses its symmetrical shape by 

creation of a small population of pectin between 40-60% DM. This population 
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becomes more important when the DM decreases to 62% and gets predominant at 

a DE of 53%. 

To highlight the effect of the PME action on the broadness of the DM distribution, 

the width at half height of the DM distribution peak is plotted versus the average 

DM distribution in figure 7. By decreasing the DM by about 17% (from 78% to 

62%), the peak width at half height is almost multiplied by two. But by decreasing 

the DM further to 51%, the width at half height decreases from 21% to 15%. This 

evolution of the DM broadness could be explained by the PME mechanism. All 

the pectin chains are not modified at the same speed and at the same moment. 

Some pectin chains seem ‘left behind’ at the beginning. It would be interesting to 

do a pectin modification with a higher enzyme concentration to see if the 

broadness evolution would be less important. This evolution of the DM 

distribution with PME modification is really different of the random modification 

obtained by alkali deesterification in which the peak distribution was staying 

symmetrical and Gaussian and the evolution of the broadness of the distribution 

was restricted (see section 3.2 of this chapter). The fact that they clearly are 

different suggests modeling these distributions should form part of future work, as 

discussed at the end of the thesis 

0

1

2

3

4

5

6

20 40 60 80

DM (%)

R
e

la
ti

v
e

 a
b

s
o

rb
a

n
c

e

78

76

74

71

62

51

 

DM (%)

 

Figure 6: Methylester intermolecular distribution of pectin made by enzymatic (PME) treatment of 

the same mother pectin (apple pectin DM 77.8%) 
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Figure 7: Effect of the PME action on the broadness of the DM distribution 

3.3.2 Digest pattern by PGII 

The digest pattern of the PME deesterified substrates obtained by PGII 

digestion for each DM distribution analysed in 3.3.1 is shown in figure 8. Four 

main peaks are observed in every electrophoregram. As peak identification has 

been previously achieved on electrophoregrams of pectin having undergone the 

same type of treatment (Ström, 2006), these 4 peaks were identifiable by 

analogies. The peak at ~3.5 min corresponds to the pectin residues that were not 

digestible by PME, the 3 other ones are the oligomers, (by time of migration): 

mono-, di- and tri-galacturonic acid (10, 20, 30). This digest pattern, in particular 

the lack of partially oligomers liberated, suggests the presence of 

unmethylesterified blocks, long enough for undisturbed PGII action and thus is 

characteristic of blocky pectins (Ström, 2006), which is what it is expected for a 

PME treatment.  

When the DM decreases, the proportion of the non-digestible pectin residues 

versus the amount of 10, 20, 30 decreases. This shows that the pectin becomes 
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more blocky when the DM decreases which again could be explained by a 

stepwise mechanism of the PME enzyme. 
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Figure 8: Electrophoregram of the pectin digest by PGII 

3.3.3 PGII digestibility of the substrates as a    function of the 

DM decrease induced by PME 

In this part, the DM distribution of pectin made by PME treatment (which 

will be referred to as treatment 1 or T1 ) is compared with the distribution of any 

remaining non-digestible polymeric chains after PGII digestion (which will be 

referred to as treatment 2 or T2) (Schematic 1).  
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Schematic 1: Principle for the comparison of the distribution of the pectin modified by PME and 

the remaining non-digestible pectin fraction after PGII treatment. T1 and T2 stand for treatment 1 

and 2.  

It is the breaking of the scaling symmetry between charge and hydrodynamic 

friction as described previously in chapter 1 (section 4.1) that allows both 

products of T2: enzyme liberated fragments (oligomers) and remaining undigested 

substrate to be visualised in the same technique, unique to CE.  

Figure 9 shows the DM distribution before (starting pectin) and after PGII 

digestion (indigestible pectin fraction) of a pectin having a DM 53% after PME 

treatment (T1) from the mother pectin (DM 78%). The DM distribution of the 

pectin chains remaining after PGII treatment is narrow and symmetrical with a 

shape approximately Gaussian i.e. a distribution characteristic of a random 

distribution and could be only be explained if the action of PME during T1 has 

been limited or non existent on this fraction. Furthermore, the distribution of the 

indigestible pectin after PGII digestion (T2) is similar to the distribution of the 

mother pectin consistent with this idea. This suggests all regions introduced by 

PME during T1 seem to be fully digestible and hence the indigestible regions still 

reflect the mother substrate- see schematic 2. 
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Figure 9: DM distribution before and after digestion by PGII for pectin with different initial DM  

Table 3 shows the average DM for a set of pectins which have been 

deesterified by PME (T1) to different degrees compared to the DM of the 

corresponding residual fraction after PGII digestion (T2). The DM of residual 

indigestible portions after treatment with PGII (T2) is found in all cases to be 

similar (between 75 and 80%) for every fine pectin structure digested. Thus shows 

that the non-digestible fragment DM is not dependant on the DM of the PME 

deesterified but on the starting DM of the mother pectin substrate in the range 

tested.  

 

DM after modification with 

PME 

Pectin (%, +/- 3) 

DM of residual indigestible portions after 

digestion by PGII 

Pectin (%,+/- 3 ) 

76 80 

68 75 

62 78 

51 77 

Table 3: Comparison of the DM of pectin (after T1) and indigestible pectin (after T2) 
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It is also worth noting that what was previously observed for pectin T1 with a 

DM 51% is applicable to all the pectins in the DM range tested: the indigestible 

fraction has a DM distribution similar to the mother pectin, giving further 

evidences of the blockiness of the pectin after PME treatment and showing that 

the action of PME seems to be extremely blockwise on part of the chain while 

other parts seem to be untouched as shown in schematic 2. 

 

 

Schematic 2: The action of PME on the pectin fine structure ( red circle: acid galacturonic, green 

circle: methylester acid galacturonic, DM: degree of methylesterification, PME: pectin 

methylesterase, PGII: polygalacturonase II, T1 and T2: treatment 1 and 2) 

To obtain further evidence of the blocky action of PME on parts of the chain 

while other parts are more or less untouched, the DM of the mother pectin (before 

PME treatment) was modified prior to action of the PME by alkali treatment (T0) 

which leads to random pectin with a lower DM: 69%. The process is described in 

the following schematic. 
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Schematic 3: Principle for the comparison of the distribution of the pectin modified by alkali and 

PME treatment and the remaining non-digestible pectin after PGII treatment. T0, T1 and T2 stand 

for treatment 0, 1 and 2. 

DM after modification with 

PME 

Pectin (%, +/- 3) 

DM of residual indigestible portions after 

digestion by PGII 

Pectin (%,+/- 3) 

63 70 

60 68 

56 66 

52 65 

Table 4: Comparison of the DM of pectin after T1 and T0 and indigestible pectin after T2 

Table 4 shows the average DM for the pectins which have been deesterified 

by alkali treatment to DM 69% (T0) and then by PME (T1) treatment to different 

degrees compared to the corresponding residual fraction after PGII digestion (T2). 

As observed previously when the PME treatment was carried out on a pectin with 

a higher DM (78%), the DM of residual indigestible pectin portions after PGII 

treatment (T2) is not influenced by the DM of the PME generated pectin substrate 

and has a value (between 65% and 70%), close to the alkali modified pectin (T0, 

DM 69%) that formed the starting point of the PME processing instead. Thus, if 

the PME pectin substrate is deesterified by alkali treatment (leading to a random 

charge distribution) by 10%, the action of PME is not significantly influenced: 

relatively long blocks on the chains are almost completely deesterified while other 
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regions are untouched. This provides further evidence of a stepwise action of 

PME on the pectin backbone leading to blocky repartition of the charges. 

4 Conclusion 

In conclusion, by comparison of data taken from the literature and measured 

in this work, the reliability and accuracy of the CE method has been further 

increased and a relation between electrophoretic mobility and DM has been 

etablished. 

The intermolecular charge distribution of alkali demethylesterified 

homogalacturonan has been shown to be as expected for a random processes using 

calculations based on the binomial theorem and thus to contain information on the 

intramolecular distribution described by the same statistical process.  

The action of PME changes the width and the shape of the intermolecular 

charge distribution which seems to be linked to the stepwise action of the enzyme: 

parts of chains are modified while other sections remain almost untouched. 

Furthermore, the indigestible pectin fractions after successive PME and PGII 

treatments have a DM values and distributions similar to the starting pectin 

substrates highlighting the blockiness of the PME modified pectin, as shown in 

Schematic 3.  

Pectin deesterified by the enzyme clearly has a distribution which diverges 

from a Gaussian, characteristic of a random pattern, and thus modelling on this 

distribution would be able to give further information on their fine structure and 

the PME mechanism.  
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Abstract 

The influence of the polysaccharide pectin on the gelation of acidified milk is 

studied in concentrated, undiluted, quiescent systems, primarily using Diffusing 

Wave Spectroscopy (DWS). For pectins with a low degree of methylesterification 

(DM), interactions with milk-serum calcium yielded precipitated polysaccharide 

aggregates, even without acidification, that subsequently did not interact with 

casein micelles. However, high DM fine structures do not interact significantly 

with serum-calcium and absorb onto casein micelles as the pH is reduced below 5. 

A limited surface coverage of high DM pectin facilitates efficient bridging which 

enhances the rate of micelle aggregation and subsequent gelation, and produces a 

clear signature in the shape of the measured MSD. The work highlights the fact 

that the behaviour of pectin in milk systems depends not only on the interaction of 

different polymeric fine structures with casein micelles, but also to a large extent 

on the interactions with calcium.  

 

Keywords: milk, casein micelles, pectin, diffusing wave spectroscopy 

1 Introduction 

Casein moieties in milk are assembled into micelles during biosynthesis and 

despite the fact that the detailed arrangement of the protein variants is complex, it 

is well established that these entities are stabilised in solution by κ-casein 

molecules forming an entropy rich steric barrier at their surface (de Kruif and 

Zhulina, 1996). Enzymatic cleavage or electrostatic collapse of this barrier 

destabilises the micelles and triggers assembly, yielding the formation of 

networks that consist primarily of aggregated casein micelles. While the micellar 

integrity depends in detail upon the nature of the environmental conditions 

employed in destabilisation, these systems nevertheless tend to exhibit the 

microstructural appearance of particulate networks - a fact that has not escaped 

the attention of physicists interested in colloidal assembly per-se (Schurtenberger 

et al., 2001, Mezzenga et al., 2005). Thus, acid milk gels (those triggered by the 
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collapse of the stabilising protein layer owing to changes in the polymeric charge 

brought about by lowering the pH) are built of a three dimensional network of 

chains and clusters of milk proteins, that at a smaller scale retain some of the 

integrity of the particulate micellar form (Kaláb et al., 1983). They do however 

form a heterogeneous and complex system. The heterogeneity manifests at two 

levels: in the network itself and in the presence of voids in the colloidal system. 

Acid milk gels have been extensively studied by bulk rheology (Lucey and Singh, 

1998) and more recently by microrheological techniques (Schurtenberger et al., 

2001, Hemar et al., 2004, Alexander and Dalgleish, 2004, Alexander et al. 2008, 

Donato et al., 2007). In particular Diffusing Wave Spectroscopy (DWS), a non-

invasive multiple scattering technique, has found considerable utility in studying 

the underlying dynamics of these systems. Here, autocorrelation functions 

resulting from the intensity fluctuations of light that has been multiply scattered 

by the sample are analysed and information on the dynamics of the scatterers is 

thus extrated.In these systems, the scattering are dominated by casein micelles and 

protein aggregates, so that the introduction of probe particles, common in such 

microrheology experiments is not required. Via DWS, rheological behaviours at 

high frequency can be obtained, that contain information additional to that 

obtainable with conventional rheology, with the potential to give insights into the 

network structure.  

Pectin, an ionic polysaccharide extracted from the plant cell wall, is 

commonly added to acid milk preparations in order to stabilize them as the pH is 

reduced. Indeed for acid milk drinks, which have low solids content (2-5% w/w), 

pectin is able to inhibit casein micelles coagulation, yielding a macroscopically-

homogeneous viscous solution at pH values below 5, in contrast to the 

precipitation of milk proteins that is observed in its absence. Pectin is composed 

of 3 pectic polysaccharides (Willats et al., 2006): homogalacturonan (HG), 

rhamnogalacturonan I (RGI) and rhamnogalacturonan II (RGII). HG is a linear 

polymer of (1-4)-linked α-D-galacturonic acid and its methylesterified counterpart 

with the ratio of uncharged methylesterified residues to the total galacturonic acid 

content (the degree of methylesterification or DM) playing a major role in 

determining the polymers functionality. RGI has a backbone consisting of the 

repeating disaccharide rhamnose-galacturonic acid, where the rhamnose residues 
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provide potential sites for the attachment of glycan side-chains. RGII has a 

backbone of (1-4)-linked α-D-galacturonic acid but with many conserved complex 

sugar side chains. Typical extraction processes modify the in-vivo pectin fine 

structure, (which is still a matter of debate to some extent), notably by decreasing 

the number of side-chains, and commercially available pectins are routinely found 

to consist of primarily linear chain homogalacturonan (around 90%).  

The interaction between pectin and casein micelles has been widely studied 

by dynamic light scattering (DLS) in diluted systems (Maroziene and de Kruif, 

2000, Liu et al., 2006, Nakamura et al., 2006), and by rheology and microscopy 

(Matia-Merino et al., 2004, Matia-Merino and Singh 2007, Fagan et al., 2006). It 

has been suggested that, at sufficient concentrations, pectin can interfere with the 

aggregation of milk upon acidification by two mechanisms. Firstly, DLS studies 

have shown that below pH 5, certain pectin fine structures can adsorb onto casein 

micelles via electrostatic interactions (Tuinier et al., 2002). These pectin layers 

increase the steric repulsion between casein micelles (Kravtchenko et al., 1995), 

replacing the stabilizing effect that was produced by the κ-casein at higher pH, 

and limiting their sedimentation at low protein concentration e.g. in acid milk 

drink. It has also been suggested that pectin may play a role in forming a weak gel 

in the voids of the micellar particulate network (Boulenguer and Laurent, 2003) 

and indeed confocal microscopy studies using Fluorescence Recovery After 

photobleaching (FRAP) have provided evidence for a reduced pectin mobility in 

these systems, although the removal of the “serum pectin” by centrifugation did 

not affect the stability of the system (Tromp et al., 2004). Other studies with 

systems of lower pectin concentration (0.12 %w/w) located pectin in stabilised 

systems by using a monoclonal pectin antibody (Arltoft et al., 2007) and found it 

to be present predominantly in, or at the surface of, the protein aggregates - rather 

than in the voids of the network. Pectin fine structure, notably the DM (and also 

the distribution of the methylester group on the backbone) will strongly influence 

not only the polymers interaction with calcium, as it is well-known, but also with 

casein. Indeed, high DM pectins have been shown to stabilize casein dispersions 

more effectively than those of low DM (Pereyra et al., 1997, Laurent and 

Boulenguer, 2003, Liu et al., 2006). 
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In this work we were interested in the following questions: 1) if indeed, in the 

course of acidification, pectin adsorbs around the casein micelles prior to 

significant micellar aggregation even in more highly concentrated quiescent 

systems, then how would such a polymer coating effect the mechanical properties 

of the resultant gel? 2) would such a structural modification to the network 

composition reveal a characteristic microrheological signature of the polymer 

adsorption that could be used as an indication of the extent of interaction in the 

concentrated state, circumventing the current requirements of dilution and 3) what 

understanding of the interaction might be gained by carrying out these 

experiments with a judicious choice of polysaccharide fine structures?  

2 Materials and methods 

2.1  Materials 

2.1.1 Acid milk gel preparation 

Low heat skim milk powder (NZMP, New Zealand) was used to prepare 

reconstituted skim milk with 20% w/w milk solids. Sodium azide (0.02% w/v) 

was added to the reconstituted skim milk to avoid bacterial growth. With a low 

heat milk powder, only the caseins will be part of the network (in contrast to that 

which has undergone a more severe heat treatment in which the whey proteins can 

also play a significant role). A 0.2 % w/w pectin solution was prepared in parallel. 

Pectins with different fine structures were used, the degree of methylesterification, 

molecular weight and origin of which are reported in table 1. 
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 DM / % Mw / 

g.mol
-1 

Origin and treatment 

R77.8 77.8 120 000 Copenhagen Pectin fungal PME 

R78 78 30000-100000 Fluka Biochemica, Switzerland 

R31.1 31.1 120 000 Copenhagen Pectin fungal PME 

R30 30 44 000 Homemade by alkali treatment * 

E30 30 44 000 Homemade by treatment with a processive enzyme (PME) * 

Table 1: Characteristics of pectin samples used in this study.  

*:  Williams M A K, Foster T J, Schols H A (2003) Elucidation of Pectin Methylester 

Distributions by Capillary Electrophoresis. J Agric Food chem 51:1777-1781 

The two dispersions were stirred overnight at 4 °C to ensure full hydration. 

Subsequently, pectin and skim milk powder solutions were mixed in equal 

quantities to obtain a system with a final concentration of 10% w/w milks solids 

and 0.005-0.1% w/w pectin and sheared for one hour with a magnetic stirrer 

before any analysis. Acidification of the final sample was achieved by the 

addition of between 1 - 2.3 %w/w glucono-δ-lactone (GDL) at 20 °C. For all 

samples studied, the pH was measured every 5 minutes during the acidification 

process.  

2.2  Methods 

2.2.1 Diffusing wave spectroscopy 

Diffusing wave spectroscopy (DWS) is a light scattering method that is 

designed to be used with turbid samples, where each photon encounters multiple 

scattering events between entering the sample cell and being detected. In such 

systems the photons path can be considered a random walk and, as such, the decay 

of the autocorrelation function of the scattered light owing to the motion of the 

scatterers can be calculated from the solution to a well-known diffusion problem. 

Owing to the multiple scattering nature of the technique each individual scattering 

particle need only move a small amount in order to generate significant de-
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phasing effects when summed over the entire photon trajectory. Thus DWS can 

measure motions at high frequency, and the technique has found great utility in 

studying the motion of tracer particles added to systems to probe their 

microrheological properties over a broad frequency range. In this work the casein 

micelles themselves act as the probes with the evolution of the correlation 

function during gelation primarily reflecting changes in their dynamics. The 

measured temporal autocorrelation of intensity fluctuations of the scattered light 

was measured as: 
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where β is a constant, characteristic of the optics, and I(0) and I(t) the intensity of 

the detected light at the time zero and t. While DWS can be carried out in 

transmission or backscattering modes, transmission is preferred here owing to the 

increased simplicity of the boundary conditions: each detected photon has clearly 

traversed a distance equivalent to the width of the sample cell. Under these 

conditions the calculated temporal autocorrelation function for the transmitted 

light can be written as (Weitz et al., 1993): 
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where l* is the transport mean free path, z0 the penetration depth (considered equal 

at l* in these experiments), L thickness of the sample (4 mm), ko= 2πn/λ, the wave 

vector of the light and <∆r
2 (t)> is the mean square displacement (MSD) of the 

particle. Hence, when l* is known, the experimentally determined correlation 

function can be turned into a plot of MSD versus lag time, by inverting equation 2 

with a zero-crossing routine. 

*
l is obtained by performing an experiment on a water sample using latex 

beads, and fitting *
l using the accepted viscosity. Subsequently *

l for future 

samples is obtained by scaling the value obtained for water, based on the change 

in transmitted intensity when the sample is introduced, compared to the water 

experiment. It is known that for non-absorbing slabs of thickness L, the 
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transmitted intensity is directly proportional to (5 *
l / 3L)/(1+ 4 *

l / 3L), so that by 

measuring the change in transmittance, the change in *
l can be calculated. 

The experimental set up has been fully described elsewhere (Hemar and 

Pinder, 2006, Williams et al., 2008). Briefly, laser light with a wavelength of 633 

nm (35 mW He Ne Melles Griot laser) diffused through the sample, contained in a 

plastic cuvette of 10 mm width, 50 mm height and 4 mm path length. The 

transmitted scattered light was collected using a single optical fibre (P1-3223-PC-

5, Thorlabs Inc., Germany) and was detected with a photomultiplier tube module 

(Hamamatsu HC120-08). The auto-correlation analysis was performed using a 

Malvern 7132 correlator. Tests were run for 3 minutes to ensure low noise 

intensity autocorrelation functions.  

2.2.2 Bulk rheology 

The viscoelasticity of the systems was analysed by dynamic oscillatory 

rheometry using a Paar Physica UDS 200 instrument in the stress-controlled 

manner. Immediately after the addition of GDL and stirring for 1 minute, the 

sample was loaded into a measurement cell with a cone geometry. The storage 

(G’) and loss moduli (G’’) were recorded during 3 hours at a constant frequency 

of 1 Hz and a strain of 0.5%. The sample was maintained at 20 °C during all 

measurements. 

2.2.3 Confocal microscopy 

A Leica confocal laser scanning microscope (TCS SP5 DM6000B) was used 

in fluorescence mode with a DPSS 561 laser (excitation wavelength of 561 nm, 

emission spectrum 565-659 nm) and an oil-immersion objective (×100). The 

number of pixels per image was 2048×2048. The protein network was dyed with 

Fast-green prior to acidification by addition of 6µl of dye, from a 0.2 %w/w 

mother solution, to 1 ml of sample.  
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2.2.4 31
P NMR 

31P NMR experiments were carried on a Bruker 400 Ultrashield spectrometer 

(31P operating frequency 161.97 MHz) at a temperature of 20 ˚C. Samples were 

measured in a 5 mm diameter thin wall tube (Wilmad LabGlass, USA). A 1 mm 

diameter capillary containing phosphoric acid (10 mM) was first inserted into the 

NMR tube to provide a chemical shift reference (the phosphoric acid peak was set 

to 0 ppm). The capillary was then removed and spectra (256 scans, 65 000 data 

points) were recorded for each sample. The glycerophosphoycoline peak which 

was not affected by the presence of pectin was used as a concentration reference.  

 

3 Results and discussion 

3.1  Acid milk gel 

Systems containing 10% w/w milk solids non-fat (MSNF), corresponding to 

around 13% volume fraction of casein micelles (Jeurnink and de Kruif, 1993, 

Tuinier and de Kruif., 2002) were reconstituted and were acidified at 20° C, using 

GDL. DWS was used to record the evolution of the correlation function of 

transmitted multiply-scattered light as described in the experimental section and 

thereby report on the dynamics of the scatterers; the casein micelles and 

aggregates thereof formed during gelation. Figure 1(a) shows the light 

autocorrelation function g1(τ) as a function of the time lag τ, as measured by 

DWS, during the acidification process. The sol-gel transition is clearly reflected in 

the dynamics of the scatterers. While initially g1(τ) is characteristic of a 

Newtonian fluid, i.e. goes to zero at long times, as acidification proceeds the 

correlation function does not decay to zero, showing that a high viscosity fluid or 

visco-elastic gel is formed. At long times, and at low pH values, g1(τ) tends to be 

quite flat corresponding to the presence of a quasi-elastic material. Typically in 

microrheological studies of soft materials stable scatterers are artificially 

introduced into the system, l* is measured, and hence the mean square 
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displacement of the particles can be obtained by simple inversion of equation 2, 

with a zero-crossing routine. Such a numerical approach to the extraction of the 

MSD dispenses with the assumption that MSD=6Dt, i.e. that the medium is purely 

viscous; although in cases where this is known to be the case the substitution of 

this expression into equation 2 yields an expression to which data can be directly 

fitted using standard non-linear least squares algorithms. The data in figure 1(a) 

are analyzed by inversion, although it should be stressed that the integrity and size 

of these omnipresent scatterers are possible functions of pH. 
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 Figure 1(a): Temporal autocorrelation function evolution for milk (10 % w/w MSNF) during 

acidification and (b) the corresponding evolution of the measured MSDs 
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Although l* is re-measured along with each corresponding correlation 

function this means that the actual MSD values measured after the gelation point 

should be taken as estimates whose accuracy depends upon the extent of these 

scatterers modifications. Nevertheless, microscopy evidence suggests that 

micelles are not completely dissociated and an intact particulate gel is a 

reasonable model of the system (Kaláb et al., 1983, van Vliet et al., 2004). 

Furthermore, we still expect the variation of MSD with time lag to capture the 

essential physics of the gel properties. 

Micelle mean square displacements as a function of lag time obtained by 

inversion of the correlation functions recorded during the acidification process are 

shown in Figure 1(b). Results from the starting solution yielded a linear 

dependence of the MSD with time, with a slope of 1 evident from a double 

logarithmic plot, indicative of a viscous medium. Upon acidification, the slope of 

the mean square displacement versus time plot retained its power law dependence 

at high frequency, but the relevant exponent decreased with decreasing pH. As the 

high frequency behaviour corresponds to small displacements, of the order of 1-10 

nm, it predominantly probes the nature of the network’s constituent elements. In 

order to get some information about the nature and the density of the cross-links, 

the study of the long time behaviour is essential, giving access to the state where 

large displacements of the beads can significantly strain the network, and indeed 

the acidification-induced evolution of a gel is clearly reflected at lower 

frequencies. 

As the high frequency behaviour contains fundamental information about the 

network constitution and had received considerable attention previously focussed 

on the comparison of the acidified-milk system with other colloidal gels and 

physical models (Romer et al., 2000, Schurtenberger et al., 2001, Mezzenga et al., 

2005, Donato et al., 2007), we initially concentrated on this region. Figure 2 (a) 

shows the high frequency exponent revealed by the slope of the double 

logarithmic MSD versus lag time plot, as a function of time during acidification, 

carried out at different rates as a consequence of different added GDL 

concentrations.  
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 Figure 2(a): High frequency exponent revealed by the slope of double logarithmic MSD versus 

lag time plot, as a function of time during acidification (carried out at different rates as a 

consequence of different GDL concentrations) and (b) the data mapped onto pH instead of time, 

using the varying rates of GDL hydrolysis 

By adjusting the concentration of added GDL it was possible to obtain a 

stable weakly gelled system that exhibited an exponent close to 0.7 at high 

frequency, as has been found previously (Mezzenga et al., 2005), and attributed to 
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the percolation of a fractal network. However, in order to achieve this result the 

terminal pH in this system had to be such that the micelles were just able to 

interact and percolate without their significant disruption. In general when the pH 

continued to decrease below this value (around 4.8) the slope in the logarithmic 

MSD plot continued evolving and ultimately achieved a value of around 0.4-0.5; 

indicating that while the physics of the colloidal fractal network is captured at the 

point of percolation further evolution of the micellar structure results in a structure 

that perhaps is more suggestive of the mechanical properties being dominated by a 

continuous flexible polymer network. While the detailed analysis is complicated 

by the fact that it is the scatterers themselves that are losing their integrity it is 

clear at least that, at this temperature, the widely described 0.7 exponent is, in 

general, fleeting and reports the contact of largely intact micelles beginning to 

interact, while further changes reflect the loss of micelle integrity. It is possible 

that in previous work (Donato et al., 2007) such a regime has been more prevalent 

owing to the fact that many of the prior studies where carried out at 30 °C; where 

the micelle is known to retain more integrity to lower pH values (Lucey et al., 

1997). 

In order to achieve a high enough pH in the system at 20 °C so as to capture 

the fractal regime it was necessary to use a GDL concentration that meant that the 

actual time-course of acidification was extremely slow; on the order of 48 hours. 

Using other GDL concentrations ensured different end pH values but also 

generated different rates of acidification. Nevertheless, when the data were 

mapped onto a plot showing the slope of the logarithmic MSD plot versus pH, all 

experiments fell onto the same curve; within experimental uncertainties, as shown 

in Figure 2 (b). This clearly indicates that our hypothesis is not complicated by 

kinetic issues and that the same percolated fractal structure (indicated by the 0.7 

signature) is reached transiently by systems acidified at all rates used in this study 

- if the pH is held at around 4.8 then this state persists, but on reducing it further 

changes to the structure of the micelles are facilitated, and accordingly the high-

frequency mechanical properties are modified.  
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3.2  Addition of pectin 

It has previously been clearly shown in systems containing low micelle 

concentrations compared to those reported here that upon the reduction of pH to 

around 5, in the presence of the anionic plant polysaccharide pectin, polymers 

with certain fine structures are able to interact with casein micelles, and that such 

an adsorption can help to stabilise acidified milk against precipitation of the 

micelles upon subsequent reduction of pH (Nakamura et al., 2006, Tuinier et al., 

2002, Kravtchenko et al., 1995).  

Here, two highly methylesterified pectins with random distributions of 

esterified groups and the same high DM (78%), but different molecular weights, 

were added at a variety of concentrations to the studied acid-milk system, and the 

behaviour compared with that found when a pectin containing only (randomly 

distributed) 31% esterification was used. This low DM sample was of similar 

molecular weight to one of the high DM pectins used, and indeed was generated 

from the same mother pectin. In addition, two further pectins with the same low 

DM value were investigated, both with an identical DM but lower molecular 

weight; one with a random charge distribution and one with a more blockwise 

intramolecular charge distribution, generated by the action of a processive 

demethylating enzyme. 

Figure 3 (a) and (b) shows the scatterers mean square displacements as a 

function of lag time, obtained as described previously, by inversion of the 

correlation functions, recorded at (a) pH 5.10 and (b) pH 4.40; during the 

acidification with 1.5 %w/w GDL; of 10 %w/w MSNF systems containing 0.1 

%w/w of the examined pectin samples. These samples were all homogeneous one-

phase at the starting pH.  
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 Figure 3: Scatterer mean square displacements as a function of lag time, obtained as described 

previously, by inversion of the correlation functions, recorded at (a) pH 5.10 and (b) pH 4.40; 

during the acidification with 1.5 % w/w GDL; of 10% MSNF systems containing 0.1 % w/w of the 

examined pectin samples 

The high DM (78%) pectins both clearly influenced the shape of the 

correlation function after acidification, compared with all the other pectins 

investigated (including a low DM pectin which was produced from the same 

mother pectin as one of the 78% samples and had an equivalent molecular 

weight). We hypothesise then that this change reflects the interaction of this fine 

structure with the micelles. Exploratory experiments were carried out at 3% 
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MSNF and indeed only the structures that caused the change of MSD shape in the 

more concentrated systems studied here were found to stabilise those systems 

against precipitation upon acidification. For all other samples the MSD versus 

time followed roughly the same shape as the data recorded during the acid-

induced gelation of milk alone. Indeed, taking the high frequency slope of the 

MSD in a double logarithmic plot and plotting this against pH, the data is 

indistinguishable (within experimental uncertainties established from three repeat 

experiments) from the results obtained from milk alone, for all but the 78% 

samples, as shown in Figure 4. 
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 Figure 4: The high frequency exponent revealed by the slope of double logarithmic MSD versus 

lag time plot, as a function of pH with different pectic polymers added  

Figure 4 also shows that for the 78% DM samples, not only is the end slope 

different in the high frequency region, but additionally an enhanced rate of 

slowing of the dynamics is observed in time, that persists when the data is mapped 

onto the variation with pH. Bulk rheological measurements of the gelation of the 

acidified-milk system with and without 0.1 %w/w 78% DM pectin also 

demonstrates the rate enhancement in the system with the added pectin, as shown 

in Figure 5. This suggests that the polymer adsorption, that we suggest is 

indicated by change of shape of the MSD, also enhances the rate of micellar 
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aggregation, consistent with the idea of bridging. (Depletion can be ruled out on 

the basis that; firstly, the adsorption has been shown to be active at pH values 

above the unperturbed aggregation of the milk so there isn’t likely to be 

significant polymer concentration in solution at the relevant pH, and secondly, 

that lower DM pectins of the same molecular weight as a DM 78% sample, had no 

measurable effect). This, in turn, suggests that the surface coverage is incomplete.  
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 Figure 5: Bulk rheological measurement showing the formation of an acidified milk gel and the 

repeat experiment in the presence of 0.1 % w/w DM 78 % pectin; i.e. the bulk rheological 

properties measured at 1 Hz, carried out on the equivalent systems of interest examined by the 

microrheological analysis. 

Taking an approximate radius of 100 nm for a casein micelle and considering 

a volume fraction of 13 % of casein micelles, we can estimate that one litre of 

milk contains around 3.1*1016 casein micelles. The addition of 0.1 %w/w of 

pectin (R77.8 with a Mw of 120 000 mol.g-1) represents therefore around 160 

molecules of pectin per micelle or 1 molecule of pectin per 7.8*10-16 m2 of the 

surface of the casein micelle; giving an average pectin molecule an area of around 

28 nm by 28 nm of surface to occupy. Since a fully extended pectin molecule is 

around 350 nm in length and 1 nm diameter, and the most probable conformation 

has a radius of gyration of the order of 10 nm, the hypothesis of incomplete 
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coverage certainly seems reasonable. Furthermore, the current estimate of full 

coverage (Fleer et al., 1993) is 1mg of pectin per m2 of casein micelle which 

corresponds to more than twice the pectin concentration used in this study. 

In previous work the estimation of the relevant surface coverage of adsorbed 

polymer has been complicated by the fact that if pectin is added to casein micelles 

in sufficient concentrations then even prior to acidification depletion flocculation 

drives the system to phase separate (Einhorn-Stoll et al., 2001). In order to 

circumvent this problem systems are generally homogenised by shearing devices 

during acidification (Liu et al., 2006, Kravtchenko et al., 1995) until the evolved 

visco-elasticity of the system is capable of arresting the demixing (stirred 

yoghurts). However, in such systems the particulates being stabilised are protein 

aggregates whose size is determined by the homogenisation process, leaving 

surface coverage estimates difficult. In addition there is some evidence (Tromp et 

al., 2004) that suggests that the added polymer has some functionality during this 

period that does not rely on it being absorbed in the stabilised system (at least not 

tightly enough that it cannot be removed by centrifugation). In order to avoid the 

inherent complications in studying such homogenised systems we chose to work 

at pectin concentrations that were miscible with our chosen micelle concentration. 

While this limited the concentration range examined it meant that neither 

demixing nor the role of shear forces had to be considered in the interpretation of 

the results.  

Returning to the fact that the addition of all polysaccharide samples, with the 

exception of the high DM samples, had a negligible effect on the acidified milk 

system (Figure 4), we report a crucial observation. It should be noted that on 

addition of the low DM pectins to the milk systems aggregate / microgel 

formation was visually apparent in these quiescent systems to varying extents 

even prior to acidification (being most severe for the PME generated structure).  

While it has been clearly demonstrated that the pectin-micelle interaction is 

largely electrostatic in nature (Pedersen and Jorgensen, 1991, Sejersen et al., 

2006), the details of how the polymer charge distribution might influence its 

adsorption have received relatively scant attention. In the absence of a detailed 

molecular model of the interaction that could potentially reveal the pectin epitope 

with the largest binding energy it has tacitly been assumed that unesterified blocks 
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would fulfil this role more efficiently than those punctuated with methyl groups, 

although there seems to be minimal experimental evidence of this. It is also worth 

noting that in terms of the functionality of the adsorbed polymer as a steric barrier 

the problem is significantly more complex than selection of the polymer with the 

highest binding, as it is after all the distribution of loops and trains that ultimately 

generates stabilisation, even if the binding is possibly multilayered. Assuming that 

the preferential binding epitope is completely unesterified it would seem to be a 

reasonable hypothesis that indeed a pectin of as high as possible DM interspersed 

with unesterifed blocks of sufficient length to bind the micelle would provide the 

idealised fine structure. Unfortunately the value of such a sufficient length is 

unknown and, although it might possibly be approximated by studying the effect 

of pectins of very high DM, the only way presently that one might in any case 

introduce more than the random compliment of a certain blocklength into the 

chain would be to use enzymatic processing. Such processing may well yield 

pectins with a greater propensity to bind the micelle but such polymers would also 

possess a greatly enhanced calcium sensitivity. While a recent study (Harte et al., 

2007) has shown that low DM pectins can be gelled with serum extracted from 

milk at increasing stages of acidification, and hence containing increasing 

amounts of calcium ions, the possibility of pectins modifying the calcium 

phosphate equilibrium when present, in an analogous way to EDTA, has not been 

addressed. In fact we have found in the current study that, even without 

acidification, calcium induced microgel formation of low DM (or otherwise 

calcium sensitive) pectins could be observed.  

In order to gather further evidence of this phenomena we carried out 31P 

NMR experiments. High-resolution liquid-state 31P NMR spectroscopy is a non-

invasive technique, which has been extensively used to study dairy systems 

(Belloque and Ramos, 1999). It allows the detection of the resonances from the 

mobile 31P atoms, such as those of the inorganic phosphorus and the individual 

phosphoproteins, but not the CCP or the aggregated casein molecules which are 

not detected due to their low mobility. It is this NMR technique which is used in 

this work to investigate quantitatively the effects of pectin different fine structures 

on the inorganic phosphorus and phosphoproteins in milk. 
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The measured 31P NMR spectra of 10% milk solutions with or without the 

addition of pectins are reported in figure 6. The spectra show four main peaks, 

which are assigned in the literature (Belton et al., 1985) as inorganic phosphate 

(Pi; peak 1), phosphoproteins (SerP; peak 2), glycerophosphoylcoline (Peak 3), 

glycerophosphorylethanoline (Peak 4). When high DM pectin is added there is no 

discernable change in the spectrum while with the addition of the low DM sample, 

the Pi peak increases noticeably, and is slightly shifted. This behaviour is entirely 

consistent with that observed on the addition of EDTA (Hemar et al., 2008) and is 

an indication that the low DM pectin indeed removes calcium from the micelle.  

0 1 2 3 4 5

Peak 3

Peak 1

Peak 2

 Chemical shift (ppm)

  

 

 Milk Alone

 +R31.1

 +R78

Peak 4

 

 Figure 6: 31P NMR spectra of 10% milk solutions, and with the addition of high (77.8) and low 

(31.1) DM pectin samples. 

To summarise, we suggest our results can be explained in the following way: 

The ineffective lower DM fine structures (regardless of molecular weights and 

intramolecular distribution), interact with, and even enhance the concentration of, 

serum calcium (through the dissociation of the colloidal calcium phosphate 

present inside the casein micelle), effectively precipitating a substantial fraction of 

them. Potentially functional residual chains may bind the micelles but at a largely 

diminished concentration. Indeed, repeat experiments carried out using a reduced 

amount of even the effective 78% DM polymer, shown in Figure 7, indicate that 
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any influence on the systems behaviour at this concentration of micelles is 

negligible below around 0.025%. 
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 Figure 7: Scatterer mean square displacements as a function of lag time, obtained as described 

previously, by inversion of the correlation functions, recorded at pH 4.62 as a function of pectin 

concentration; for high a 78% DM pectin sample and 10% w/w skim milk powder. 

In any case, the binding of any residual low DM pectin chains would result in 

only a small amount of lengthy loops and trains, simply owing to the polymeric 

fine structure. In contrast, the high DM (random intermolecular distribution) fine 

structures do not interact significantly with the serum calcium and are more likely 

to absorb onto the micelles as the pH is reduced below 5. Their limited surface 

coverage (dictated in this study by the desire to start acidification from a one 

phase system) leads to efficient bridging which enhances the rate of micelle 

aggregation and subsequent gelation. While the network appears similar upon 

visualisation of the resultant milk protein network, as shown in the images 

displayed in Figure 8, the small amount of absorbed pectin contributes to the high 

frequency microrheology is a complex manner; providing a change of high 

frequency slope as a consequence of an observed shape change in the MSD. It is 

worth noting that similar exponents at high frequency and hints of such a 

sigmoidal shape have been found previously in studies of colloidal gels embedded 
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in polymer solutions of varying visco-elasticity (Pashkovski et al., 2003). While 

these previous studies were carried out at considerably higher polymeric 

concentrations and focussed on the consideration of how the network and the 

surrounding medium each contributed to the elastic and viscous components of 

the system, it could be that in the system studied here the local concentration of 

the bridging pectin around the micelles is sufficient, even below full coverage, to 

influence the relaxation modes of the network in a similar manner. It must 

however be remembered that the colloidal network in our system is itself evolving 

as the pH is reduced. 

 

 

 

 

 Figure 8: Micrographs showing an acidified milk gel and a gel made in the presence of 0 (figure 

8a) and 0.1 % (figure 8b) DM 78 % pectin; i.e. the microstructures pertaining to the systems 

examined with the bulk rheological measurements in Figure 5.  
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Thus, for pectic polymers to exhibit in-situ stabilising functionality in acid-

milk systems they must be able to adsorb to the micelle surface in a manner 

providing steric stabilisation upon acidification and be molecularly available to do 

so. For these requirements to be fulfilled at least three factors are crucial: i) at 

least one micelle binding epitope is available per chain, ii) a significant portion of 

the chain does not adsorb to the surface of the micelle and iii) the polymer should 

be sufficiently calcium insensitive not to form microgels pre-acidification. The 

reasons for the preponderance of high DM and amidated pectins in the industrial 

stabilisation of acid-milk drinks are then clear. The investigation of whether a 

more efficient pectin fine structure exists awaits a better molecular model of the 

adsorption of anionic polysaccharides onto casein micelles that will, among other 

things, allow the surface coverage to be estimated in a more realistic way, 

considering the orientation of molecules at the surface. At present all estimates 

(Tuinier et al., 2002) are order of magnitude estimates based on standard polymer 

texts (Sejersen et al., 2006).  

4 Conclusions 

Upon acidification of sufficiently concentrated milk systems a percolated 

stress -bearing fractal structure, based on associated casein micelles, is transiently 

established. This state has a high frequency microrheological signature; 

specifically that the slope of the MSD with lag time follows a power law with an 

exponent of 0.7; that has been observed in other colloidal systems and discussed 

theoretically (Mezzenga et al., 2005, Romer et al., 2000). If the pH of this system 

does not fall significantly below 4.8 then this state is long-lived. However, on 

reducing the pH further subsequent changes to the structure of the elementary 

building blocks are facilitated, and accordingly the slope in the logarithmic MSD 

plot evolves, ultimately achieving a value of around 0.4-0.5; indicating that while 

the physics of the colloidal fractal network is captured at the point of percolation 

further evolution of the micellar structure results in a structure in which the 

mechanical properties are more suggestive of a continuous flexible polymer 

network. 



Chapter 3 DWS on acid milk gels containing pectin 

 

 

120 

When pectin was added to such milk systems, at concentrations nominally 

corresponding to approximately half coverage of the micelles, an interaction of 

the added anionic polymers with serum calcium was observed visually for all low 

DM (or otherwise calcium sensitive) pectin fine structures, even without 

acidification. Further evidence that the appearance of precipitated polysaccharide 

aggregates was directly linked to interactions with calcium was obtained from 

phosphorous NMR studies, which clearly showed that changes in the colloidal 

calcium balance occurred on the addition of such polymers. We hypothesise that 

this effective precipitation is the reason that the calcium sensitive polymers are 

found to be ineffectual in interacting with the casein micelles and therefore that 

the effect of fine structure on the polysaccharide-protein interaction per-se is not 

accessible in experiments of this type. However, high DM (random intermolecular 

distribution) fine structures do not interact significantly with the serum calcium 

and absorb onto casein micelles as the pH is reduced below 5. At low casein 

micelles concentrations such adsorption generates steric stabilisation of the 

micelles, as the κ−casein brush collapses, and protects the system against 

precipitation. At higher casein micelles concentrations, but still in 

thermodynamically compatible systems, the limited surface coverage of the high 

DM pectins leads to efficient bridging which enhances the rate of micelle 

aggregation and subsequent gelation, and produces clear signatures in the shape of 

the measured MSD.  
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Abstract 

Multiple Particle Tracking (MPT) is used in an attempt to probe the 

heterogeneity of acid milk gels, with and without added pectin, by following the 

distribution of the displacement of added tracer beads, during and after gelation, 

using the Van Hove distribution. Furthermore, the surface chemistry of the latex 

beads was modified in an attempt to control their location in the system and probe 

the rheological properties of the protein network and aqueous phase voids 

independently. In addition, the mean square displacement (MSD) of the casein 

micelles / casein aggregates obtained by DWS are compared to the ensemble-

averaged MSD calculated from the data obtained by tracking the movement of the 

added tracer particles, with and without a κ-casein coating.  

For the κ-casein coated tracer particles, upon acidification and subsequent gel 

formation, the MSDs obtained by MPT superimpose well with the MSDs obtained 

by DWS, despite the fact that one is obtained by tracking the movement of the 

particle network elements themselves, and the other from directly tracking added 

tracers. This result has important implications; i) it demonstrates that, although the 

DWS measurement is intrinsically ensemble-averaged, it really gives insight into 

the dynamics of the colloidal gel network; ii) it confirms that the κ-casein coated 

probes used in this MPT experiment are well incorporated throughout the gel 

network (not just at the void / network interface as was seen with bare latex); and 

hence iii) that at least in gelled systems κ-casein coated latex probes are an 

excellent probes which reveal the dynamics of the casein network.  

 

Keywords: Acid milk gels, Pectin, Microrheology, MPT, DWS, Surface-

modified tracers.  
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1 Introduction 

Casein micelles in milk are sterically stabilized by a hairy layer of κ-casein 

present at their surface. Milk gels are formed by the destabilisation of this steric 

barrier resulting in colloidal aggregation and the formation of a network 

consisting primarily of aggregated casein micelles. Thus, milk gels are made of a 

three dimensional network of chains and clusters of milk proteins that retain, at a 

smaller scale, some of the integrity of the particulate micellar form (Kalab et al., 

1983). These milk gels form a heterogeneous and complex system. Heterogeneity 

can exist at two levels: in the presence of a coarse particulate network within 

which voids of aqueous phase reside, and in the network itself. Acid milk gels 

have been extensively studied by microscopy (Kalab et al., 1983), bulk rheology 

(Lucey and Singh, 1998) and more recently by microrheology using Diffusing 

Wave Spectroscopy (Hemar et al., 2004, Alexander and Dalgleish, 2004, 

Mezzenga et al., 2005).  

Diffusing Wave Spectroscopy (DWS) is a multiple scattering technique 

which can be applied to concentrated, turbid samples, in order to measure the 

dynamics of the scattering entities. These dynamics in turn reflect the 

viscoelasticity of the surrounding medium and thus, microrheological studies of 

many soft-matter systems have been carried out with DWS using the addition of 

tracer particles. The main advantage of DWS is that it allows the measurement of 

mechanical properties at high frequency, which provides insight into the nature of 

constituent network elements (Weitz et al., 1993). In the case of acid milk gels, 

the casein micelles and / or protein aggregates themselves provide the required 

multiple scattering and the addition of tracer particles is unnecessary. While 

probing the system at high frequency has proved informative (Mezzenga et al., 

2005, Cucheval, in press), DWS clearly only obtains information on the 

ensemble-averaged motion of the scatterers. Therefore it doesn’t allow 

heterogeneity within the protein network to be probed, or perhaps more 

importantly report any information regarding the local mechanical properties of 

the aqueous phase within the voids. Certainly by recording the motion of the 

casein micelles themselves, there are no complications about how to incorporate 

added probes into the network and it is clear that it is the rheological properties of 
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the protein network itself that are being investigated, but the state of the probe is 

not as well known as that of an added inert particle, with the detailed properties of 

the casein micelles able to change according to environmental conditions such as 

pH.  

Multiple Particle Tracking (MPT) is a complementary microrheological 

technique in which the Brownian motion of tracer particles added to the sample 

(usually fluorescent latex beads), is recorded directly in real space, from which 

information on the rheological properties of the medium can be obtained. As MPT 

enables the study the distribution of the motion of single probe particles, it does 

potentially allow information regarding the heterogeneity of systems to be 

obtained. For example, Moschakis et al. (2006) have used Particle Tracking to 

probe the microrheology of oil in water emulsion containing a non-absorbing 

polysaccharide and successfully probed the viscosity of polysaccharide rich 

regions and that of the oil droplet rich phase independently (Moschakis et al., 

2006). Polysaccharides such as pectin can be commonly added to milk gel 

systems and such an approach using MPT might be promising to measure directly 

how their presence might modify the rheological properties of aqueous phase 

voids.  

Pectin, an anionic polysaccharide extracted from plants, is widely used in the 

food industry. Pectin is composed of 3 pectic polysaccharides (Willats et al., 

2006): homogalacturonan (HG), rhamnogalacturonan I (RGI) and 

rhamnogalacturonan II (RGII). HG is a linear polymer of (1-4)-linked α-D-

galacturonic acid and its methylesterified counterpart. It is the major (∼90%) 

constituent of commercially available pectins. The ratio of uncharged 

methylesterified residues to the total galacturonic acid content is the degree of 

methylesterification (DM). In acid milk drinks, low DM pectin is commonly 

added and assumed to have the functionality of a thickener, while high DM pectin 

has been primarily described as a stabilizer (Matia-Merino et al., 2004). Pectin 

can influence acid milk-gel structure through two mechanisms. Firstly, below pH 

5.3 pectin absorbs onto casein micelles through electrostatic interactions (Tuinier 

et al., 2002) and stericly stabilizes the casein micelles (Kravtchenko et al., 1995) 

replacing the role of κ-casein, which collapses as the pH is reduced further. It has 

also been suggested that pectin itself can form a weak gel in the voids of the 
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micellar network (Boulenguer and Laurent, 2003, Tromp et al., 2004). However, 

while FRAP measurements indeed seem to show reduced pectin mobility in these 

regions, there are no direct rheological measurements of the properties of this gel, 

owing to the difficulty of making spatially resolved measurements.  

In this paper, Multiple Particle Tracking is used in an attempt to probe the 

heterogeneity of the acid milk gels, with and without added pectin, by following 

the distribution of the displacement of added tracer beads, during and after 

gelation, using the Van Hove distribution (Wong et al., 2004); described in further 

detail in the experimental section. Furthermore, the surface chemistry of the latex 

beads was modified in an attempt to control their location in the system 

(Valentine et al., 2004) and probe the rheological properties of the protein 

network and the voids independently. In addition, the mean square displacement 

(MSD) of the casein micelles / casein aggregates obtained by DWS are compared 

to the ensemble-averaged MSD calculated from the data obtained by tracking the 

movement of the added tracer particles, with and without a κ-casein coating.  

2 Materials and methods 

2.1  Acid milk gel preparation 

Low heat skim milk powder (NZMP, New Zealand) was used. The milk 

powder was dispersed in MilliQ water using a magnetic stirrer, to obtain skim 

milk solutions of the required concentration (20% w/w). Sodium azide (0.02% 

w/v) was added to the reconstituted skim milk to avoid bacterial growth. 

Acidification was achieved by the addition of 2.3 wt% of glucono-δ-lactone 

(GDL) at 20°C. The pH of each sample was measured every 5 minutes during the 

acidification process. For the preparation of skim milk and pectin mixtures, a 

0.2%w/w stock HM pectin (degree of esterification 78%, Fluka Biochemika, 

Switzerland) solution was made by dissolving the pectin in water using a 

magnetic stirrer. The two stock solutions were stirred overnight at 4°C to ensure 

full hydratation. Pectin and skim milk powder solutions were mixed in equal 

quantities for one hour with a magnetic stirrer before further analysis to obtain a 

system with a final concentration of 10% w/w milks solids and 0.1% w/w pectin. 
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Note that for the MPT experiments, 0.04%w/w of fluorescent latex particles 

(diameter: 465 nm, Fluoresbrite plain YG, Polyscience Inc., Warrington, PA) or 

there home-coated versions (2.2.1) were added to the sample prior to acidification. 

2.2 Modification of the beads surface chemistry 

The latex beads used as tracer particles were used either i) without 

modification; or with coatings of ii) passively absorbed kappa-casein (Sigma 

Aldrich, Germany) or iii) amine-terminated methoxyl-poly(ethylene glycol) 

(n=16, Rapp Polymer, Germany), attached using standard carbodiimide coupling 

chemistry onto carboxylated beads. 

2.2.1 Coatings 

(ii)To prepare kappa-coated particles, 1.5 mg of κ-casein was added to 1 mL 

of mother beads suspension (2.64 %w/w); in the range needed for full surface 

coverage (3.5 to 5mg/m2) (Leaver and Horne 1997, Anema, 1997). The excess of 

κ-casein was removed by discarding the supernatant containing the unbound 

protein after centrifugation of the κ-casein coated latex dispersion at 13 000 g for 

10 min.  The centrifuged pellet made of the κ-casein coated latex beads, was 

redispersed in MilliQ water to the original concentration. Using DWS 

measurements carried out on the bare starting beads and those κ-casein coated, a 

size increase of around 10 nm radius was found, suggesting that indeed the κ-

casein had absorbed to latex beads. This coating was selected in an attempt to 

produce beads that would mimic micelles and be incorporated in the interior of 

the particulate network. 

(iii) PEG coated particles were prepared following the protocol proposed by 

Valentine et al. (2004). Carboxylated YG beads (Fluoresbrite Carboxyl YG, 

Polyscience Inc., Warrington, PA) were used as the starting material. N-

hydroxysuccinimide (NHS) and 1-[3-(dimethylamino)propyl]-3-

ethylcarbodiimide (EDC) were obtained from Sigma Aldrich (St Louis, MO). 

While post-coupling size measurement by DLS was suggestive of the beads being 

coated, it was difficult to determine the size increase for the PEG coated beads 
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with precision; as the length of the attached molecule was much smaller than that 

of the κ-casein. Therefore, the success of the coating procedure was also tested 

indirectly by investigating whether the PEG coated latex beads prevent protein 

(e.g. BSA) phisisorption (Valentine et al., 2004). To do so, 2 mg of BSA (Sigma 

Aldrich, St Louis, MO) was added to 1 mL of beads (2.64%w/w) that (a) had 

undergone the PEG coupling procedure and (b) had not. The mixtures were stirred 

at around 600 rpm using a magnetic stirrer for 2 h and stored overnight. 

Subsequently the samples were successively centrifuged (3 times, 13 000 g, 10 

min), and after each stage the supernatant, containing unbound protein, was 

extracted and the beads redispersed in MilliQ water. After the third centrifugation, 

the beads were then resuspended in SDS (2%w/w) and heated at 95C for 5 

minutes, in order to break non-specific interaction between the beads and BSA 

that was adhered to the latex particles. The sample was then centrifuged at 13 

000g for 10 min and the supernatant, containing any protein that had been 

adsorbed to the beads and subsequently been released by SDS, was extracted and 

analysed by standard methods. In particular, reducing sodium dodecylsulfate - 

polyacrylamide gel electrophoresis (SDS-PAGE) with Comassie Blue (CB) 

detection was carried out on the supernatants, according to the method of 

Laemmli (1970) (Figure 1).  
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 Figure 1: Sodium dodecylsulfate - polyacrylamide gel electrophoresis (SDS-PAGE) with 

Comassie Blue staining carried out in order to assess the success of the PEG coating of the beads, 

as described in the text. 

The detection of a significant concentration of protein in the supernatant 

obtained after the SDS treatment for the uncoated beads but not in that obtained 

from the equivalent beads that had subsequently undergone the PEG coating 

procedure clearly indicates that the treated particles were indeed well coated and 

thereby, were able to prevent protein physisorption. This PEG coating was 

selected in an attempt to produce beads that would have an increased chance of 

residing in the voids of the colloidal networks. 

2.3  Methods 

Two methods based on the study of Brownian motion were used to probe the 

casein and casein / pectin networks. With DWS the casein micelle/ micelle 

aggregates were the predominant scatterers of light and hence their dynamics was 

directly studied during the gelation process. In contrast with MPT the motions of 

added latex beads particles with various surface chemistries were recorded.  
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2.3.1 DWS 

Diffusing wave spectroscopy (DWS) is a light scattering method that is 

designed to be used with turbid samples, where each photon encounters multiple 

scattering events between entering the sample cell and being detected. In such 

systems the photons path can be considered a random walk and, as such, the decay 

of the autocorrelation function of the scattered light owing to the motion of the 

scatterers can be calculated from the solution to a well-known diffusion problem 

(Weitz et al., 1993). Owing to the multiple scattering nature of the technique each 

individual scattering particle need only move a small amount in order to generate 

significant de-phasing effects when summed over the entire photon trajectory. 

Thus DWS can measure motions at high frequency, and the technique has found 

great utility in studying the motion of tracer particles added to systems to probe 

their microrheological properties over a broad frequency range. In this work the 

casein micelles/casein aggregates themselves act as the probes with the evolution 

of the correlation function during gelation primarily reflecting changes in their 

dynamics. The measured temporal autocorrelation of intensity fluctuations of the 

scattered light was measured as: 
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where β is a constant, characteristic of the optics, and I(0) and I(t) the intensity of 

the detected light at the time zero and t. While DWS can be carried out in 

transmission or backscattering modes, transmission is preferred here owing to the 

increased simplicity of the boundary conditions: each detected photon has clearly 

traversed a distance equivalent to the width of the sample cell. Under these 

conditions the calculated temporal autocorrelation function for the transmitted 

light can be written as (Weitz et al., 1993): 
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where l* is the transport mean free path, z0 the penetration depth (considered equal 

at l* in these experiments), L thickness of the sample (4 mm), ko= 2πn/λ, the wave 
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vector of the light and <∆r
2 (t)> is the mean square displacement (MSD) of the 

particle. Hence, when l* is known, the experimentally determined correlation 

function can lead to the plot of MSD versus lag time, by inverting equation (2) 

with a zero-crossing routine. 

Experimentally, l* is obtained by performing an experiment on a water 

sample using latex beads, and fitting l* using the accepted water viscosity. 

Subsequently l* for future samples is obtained by scaling the value obtained for 

water, based on the change in transmitted intensity when the sample is introduced, 

compared to the water experiment. It is known that for non-absorbing slabs of 

thickness L, the transmitted intensity is directly proportional to (5l*/ 3L)/(1+ 4l*/ 

3L), so that by measuring the change in transmittance, the change in l* can be 

calculated. 

The experimental set-up used in this study has been fully described elsewhere 

(Hemar and Pinder, 2006, Williams et al., 2008). Briefly, laser light with a 

wavelength of 633 nm (35 mW He Ne Melles Griot laser) diffused through the 

sample, contained in a plastic cuvette of 10 mm width, 50 mm height and 4 mm 

path length. The transmitted scattered light was collected using a single optical 

fibre (P1-3223-PC-5, Thorlabs Inc., Germany) and was detected with a 

photomultiplier tube module (Hamamatsu HC120-08). The auto-correlation 

analysis was performed using a Malvern 7132 correlator. Tests were run for 3 

minutes to ensure low noise intensity autocorrelation functions.  

2.3.2  MPT 

Trajectories of fluorescent latex beads driven by Brownian motion were 

recorded using a fluorescence microscope (Olympus OH2) linked to a UP800 

CCD camera (Uniqvision, USA). The sample containing 0.04% of fluorescent 

latex beads was loaded onto a 1cm× 3cm welled microscope slide, with a circular 

concavity of 1.2-1.3 mm deep, and the objective used was ×100 oil immersion 

lens. The camera has 1024×772 pixels which allowed recording the motion of 

beads in a sample area of 102.4 µm × 77.2 µm at a time. Video frames were taken 

at 45 fps for 20 s. A frame grabber (PCDIG L, Dalsa Coreco, CA) was used to 

digitize the images and the frames were analysed with tracking software (Image-
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Pro Plus, Media-Cybernetics, USA). For each sample, around 30 particle tracks 

were obtained from at least 300 frames.  

The ensemble mean square displacement in two dimensions can be calculated 

with the following equation: 

( ) ( ) ( )[ ]
α

αα ττ
,

22

t
trtrr −+=∆                                                                      (3) 

where the subscript alpha labels the individual particles, and tau, the lag time. The 

squared displacements are summed over all starting times and all probes. In 

addition, the probability distribution of particle displacements for a particular time 

lag can be formed; known as the Van Hove correlation function. The form of this 

function gives information on the heterogeneity of the system (Wong et al., 2004, 

Oppong et al., 2006). 

2.3.3 Confocal microscopy 

A Leica confocal laser scanning microscope (TCS SP5 DM6000B) was used 

in fluorescence mode with a DPSS 561 laser (excitation wavelength of 561 nm, 

emission spectrum 565-659 nm) and an oil-immersion objective (×100). The 

number of pixels per image was 2048×2048. The protein network was dyed with 

Fast-green prior to acidification by addition of 6µl of dye, from a 0.2 %w/w 

mother solution, to 1 ml of sample. 

3 Results 

As mentioned above, MPT has the potential to probe the spatial heterogeneity 

of the mechanical properties of the system under study; and to follow how this 

heterogeneity evolves with time, providing, among other things, insights into the 

kinetics of the gelation. First, the Brownian motions of bare 465 nm fluorescent 

latex beads added to a sample of milk that was subsequently gelled by 

acidification were studied. 
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3.1  MPT carried out in an acid milk gel with uncoated probes 

Figure 2 shows the Van Hove correlation function for a lag time of 1s, where 

the number of occurrences of a particular value of a particles displacement being 

reached in 1s, is plotted against the displacement. At pH 5.03, the distribution of 

the beads displacement is approximately Gaussian with large displacements, as is 

expected for a system that is a homogenous viscous fluid. As the pH decreases 

further (pH 4.89 and 4.86), the displacement distribution loses its Gaussian shape 

and appears more like function with two populations manifest as a sharper peak, 

with broader shoulders, most likely reflecting the presence of at least two 

populations of probes in the system. The simplest explanation is that the sub-

population which has low amplitude motion is probe particles that are entrapped 

within the forming protein network while the other, large displacement 

population, represents probe particles that are not yet entrapped in the network. At 

very low pHs (4.83 & 4), when the acid milk gel has formed, a roughly Gaussian 

distribution is recovered, corresponding to all probe particles experiencing the 

identical viscoelastic properties of the gel, with the narrower distribution 

reflecting the confinement of the tracers within the material. 
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 Figure 2: Van Hove distribution of the x-displacement of bare latex tracer particles, at time lag 1s, 

during acid gelation of milk (10% w/w skim milk powder) at different pHs: 5.03 (�); 4.89 (dark 

grey line) 4.86, (grey line), 4.83 (dotted line), 4 (�); shown with Gaussian fits to the data at the 

extreme pHs. 
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To aid the interpretation and pinpoint the position of the probe particles 

relative to the protein micellar network, laser scanning confocal microscopy was 

carried out so that in contrast to our tracking systems, that only observes the 

florescent tracers, the protein network can be visualised simultaneously, and in 

addition something of the variation in 3-D could be obtained. The microscopy 

observation showed that at low pHs, in the formed acid-milk gels, the added bare 

latex beads were not integrated in the interior of the protein network, nor observed 

in the voids of the particulate network, but instead all appeared located at the void 

/ protein-network interface (Figure 3). It is possible that these probe particles are 

driven to the void / protein network interface through a combination of effects. 

Firstly, the latex beads will be attracted to the void / protein-network interface to a 

degree through hydrophobic interactions, since the latex particles used are slightly 

hydrophobic. Secondly it is possible that depletion forces are active, owing to 

some solubilised proteins being present in the serum, or lastly that that the 

absorption of the particles at the interface minimizes the interfacial tension in a 

Pickering type mechanism. These microscopic observations clearly have 

consequences for the measurement of the micro-rheological behaviour of the 

system at low pH by MPT, as the recorded dynamics reflect the mobility of the 

tracers at the interface of the void / protein network. 

 

 

 Figure 3: Confocal micrograph of an acid milk gel (10% w/w skim milk protein, 2.3% GDL). The 

image was captured at the end of the gelation process, as described in the text. 
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3.2 MPT carried out in an acid milk gel with κ-casein coated 

probes 

Surface modification of the probe particles was performed in an attempt to 

direct them to be either fully entrapped in the protein network, or, present in the 

voids, allowing microrheological measurements of these two regions of the 

acidified milk gels. First, the same acidified-milk-gel system as described in 

section 3.1 was investigated, once again by MPT, but this time using κ-casein 

coated latex beads.  

Figure 4 shows a confocal micrograph of the fully formed acid milk gel 

containing the κ-casein coated latex beads (0.04% w/w). Contrary to the non-

coated beads (Figure 3), the coated latex beads here seem to be more uniformly 

entrapped in the network. This can be more clearly seen through 3D confocal 

microscopy imaging (result not shown).  

 

 

 Figure 4: Confocal micrograph of an acid milk gel (10% w/w skim milk protein, 2.3% GDL) with 

κcasein coated latex beads. The image was captured at the end of the gelation process, as 

described in the text. 

As the latex beads coated by κ- casein are more entrapped within the protein 

network than their unmodified counterparts, it is possible to assert that the 

measured microrheological properties should relate more closely to the casein 
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network. Figure 5 shows the Van Hove distributions, again for the time lag of 1s, 

probed with κ-casein coated beads. At pH 5.03, the particles displacement 

distribution is broad and close to Gaussian, confirming a homogenous and viscous 

system as previously observed when uncoated beads were used (Figure 2). 

However, as the pH is lowered during gelation, at pH 4.82 and pH 4.89, the 

distributions show shoulders to a considerably less extent, compared to the case of 

non-coated latex beads, where different populations of probe particles were 

clearly observed during the acidification process. This is further evidence that the 

κ-casein coated beads are homogeneously and fully entrapped within the growing 

network, as implied by the confocal microscopy. Furthermore at these 

intermediate pHs, the width at half height of the distribution is considerably 

narrower than at pH 5.03, indicating that the motion of the probe beads is 

restricted as the protein network forms, as expected. At pH 4.80, the Gaussian 

Van Hove distribution become narrower still as the latex bead motions are further 

restricted. The Gaussian shape of the Van Hove distributions observed at all the 

different pHs, indicates that at their scale the latex beads actually probe a 

mechanically homogenous protein network. 
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 Figure 5: Van Hove distribution of the x-displacement of κcasein coated latex tracer particles, at 

time lag 1s, during acid gelation of milk (10% w/w skilm milk powder) at different pHs: 5.03 (�); 

4.89 (dark grey line) 4.82 (grey line), 4.80 (light grey line), 4.63 (�); shown with Gaussian fits to 

the data at the extreme pHs. 
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3.3 Comparison of the MPT measured ensemble-MSDs for 

bare and κ-casein coated probes  

In addition to the differences observed in the confocal micrographs and the 

Van Hove correlation functions for the system containing κ-casein coated 

particles versus bare latex; the ensemble mean square displacements of the tracked 

particles was also calculated directly at all time lags, according to equation 3. 

These mean square displacements (MSDs) obtained by MPT measurements on a 

10 wt% skim milk undergoing acid gelation, and containing κ-casein coated latex 

beads or non-coated latex particles are reported in Figure 6. 

 

0.01 0.1 1
1E-16

1E-14

1E-12

1E-10

 

 

M
S

D
 (

m
2
)

τ (s)

 

 Figure 6: Comparison of the ensemble-averaged MSDs obtained from the κ-casein coated beads 

(filled symbols) and naked latex probes (unfilled symbols) for the same acid milk gel sample: pH 

5.03 (circles); pH 4.80 (triangles); pH 4.63 (squares). 

At pH 5.03, prior to network assembly, the MSD displacements of the coated 

and uncoated beads have very similar values as expected, with a slope of 1 on a 

double logarithmic plot, demonstrating that the MSD is proportional to time and 

the system is a Newtonian fluid. However, at pH 4.8 and below, as gel formation 

proceeds the MSDs of both sets of particles exhibit a substantially smaller 

dependence on lag time, in particular at low frequencies, characteristic of a 

viscoelastic system. For the κ-casein coated beads at this pH and below, it is the 
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microrheology of the protein network that is being probed as demonstrated above. 

However, for the uncoated probes, the Van Hove distributions and confocal 

micrographs have argued that the probes are localized at the void / network 

interface. Correspondingly the MSD of the bare beads at pH 4.8 is found to be 

some six times higher than found for the κ-casein coated beads for the same 

system, indicating increased mobility of the probes at the interface in comparison 

with those embedded in the particulate network. The same trend was observed at 

pH 4.6, but accentuated further. The difference observed in mobilities could be 

explained by uncoated probes, trapped at the void / network interface, being in 

more open and weaker traps in which they are still able to exhibit a larger degree 

of motion. 

3.4  MPT carried out in an acid milk gel with PEG coated 

probes 

In an attempt to probe the microrheological behaviour of the acid milk gel 

voids independently (with a view in particular to applying such a methodology in 

the presence of polymeric additives) a set of latex beads were coated with PEG 

(Valentine et al., 2004), which indeed promisingly was shown in the experimental 

section of the paper to limit protein adsorption from solution. Unfortunately, upon 

repeating the acidified milk gel experiment described in sections 3.1 and 3.2 with 

these beads, it was clearly shown by confocal microscopy (Figure 7) that the 

PEG-coated latex beads still adsorbed at the void / protein network interface. It 

did not appear that any of these probe particles could be located in the interstitial 

voids of the particulate network simply by the application of this probe coating. 

Although this result indicates that spatially resolved microrheological 

measurements of the void properties wasn’t possible, it provides valuable 

information regarding the incorporation of probe particles into the system and 

what strategies might prove more successful in the future.  
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 Figure 7: Confocal micrograph of an acid milk gel (10% w/w skim milk protein, 2.3% GDL) 

containing PEG-coated latex beads. The image was captured at the end of the gelation process. 

3.5  Comparison between MPT and DWS methodologies 

As stated in the introduction, the use of MPT and DWS in combination 

presents certain advantages. In particular, DWS allows probing the scatterers 

dynamics at short times, typically down to (∼10-6), while MPT allows probing the 

spatial heterogeneity of the system, albeit at longer times (>0.01s). Interestingly, 

in the system at hand, MPT monitors the motion of added fluorescent probe 

particles, while DWS studies the scattering from the casein micelles themselves 

and their aggregates, in the absence of added particles (which in these 

experiments would severely complicate interpretation). In figure 8, the MSDs 

from DWS (open symbols) and MPT (solid symbols) measurements performed on 

acidified milk gels are compared, using the κ-casein coated latex particles as 

probes in the MPT experiment. The data are presented at three characteristic pH 

values; pH 5.03, prior to gelation, and pH 4.80 and pH 4.63, at and below the 

onset of gelation.  
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 Figure 8: The MSDs obtained by MPT with κ−casein coated latex beads (filled symbols) 

compared with DWS results (unfilled symbol), obtained on the same acid milk gel before and after 

gelation, at different pH values pH 5.03 (circles), pH 4.80 (triangles), pH 4.63 (squares). 

It can clearly be seen that for the initial milk samples the same exponent in 

the MSD (MSD∼t1) is found with both techniques, as expected for a Newtonian 

fluid. However, even upon acidification and subsequent gel formation it is 

extremely interesting to note that the MSDs obtained by MPT superpose well with 

the MSDs obtained by DWS, as confirmed by the data where overlap in 

timescales exists; despite the fact that one is obtained by tracking the movement 

of the particle network elements themselves, and the other from directly tracking 

added tracers. This result has important implications; i) it demonstrates that, 

although the DWS measurement is intrinsically ensemble- averaged, it really 

gives insight into the dynamics of the colloidal gel network; ii) it confirms that the 

κ-casein coated probes used in this MPT experiment are well incorporated 

throughout the gel network (not just at the void / network interface as was seen 

with bare latex); and hence iii) that at least in gelled systems κ-casein coated latex 

probes are an excellent dynamical model of the existing casein aggregates.  

It is noteworthy that the MSDs for the acidified milk gel at the percolation 

point, obtained by the combination of DWS and MPT, are typical of that of 

colloidal gels (Mezzenga et al., 2005, Cucheval, in press). In particular, at pH 4.8, 
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MSD ∼t0.7 at very short times and at long time, a “plateau” is observed, 

characteristic of gel formation. 

3.6  Effect of pectin on the casein network 

As reported, to-date finding a probe surface coating that ensures the probe 

particles are localized in the voids of the acid-milk-gel protein network has proved 

elusive, and as such obtaining unique microrheological information on void 

aqueous phase mechanical properties has not been possible. Nevertheless, finally, 

the effect of high methoxyl pectin addition on the microrheological behaviour of 

acid milk gels is investigated by MPT, using the κ−casein coated beads. Figure 9 

shows the Van Hove distribution, for the time lag of 1s, for a system made of 

acidified 10 wt% skim milk containing 0.1 wt% pectin, prepared as described in 

detail in the experimental section. Compared to skim milk without pectin addition, 

at pH 5.00 the beads displacement distribution is slightly less broad in presence of 

pectin. This is due to the increase in viscosity of the system, and to the adsorption 

of the pectin to the latex particle through pectin / κ−casein electrostatic 

interaction, resulting in the decrease in the probe particle motion. (Indeed, 

microscopy showed, that κ-casein coated latex in higher concentrations of pectin 

(0.4%) do aggregate due to these pectin-κ-casein interactions – Manuscript in 

Preparation).  

As the pH is reduced below 4.93 the Van Hove distributions remain close to 

Gaussian, indicating that similarly to the acidified milk without pectin, the 

particles probe a homogenous system. In the presence of pectin, restrictions to the 

beads motions occurred at slightly higher pH values than those measured for the 

milk without pectin, in agreement with a previous study by bulk rheology and 

DWS on the acid gelation of milk containing pectins, which suggested at these 

low concentrations a major effect of the addition of pectin is in increasing the rate 

of gelation (Cucheval, in press). 
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 Figure 9: Van Hove distribution of the x-displacement of κcasein coated latex tracer particles, at 

time lag 1s, during acid gelation of milk (10% w/w skilm milk powder), in presence of pectin 

(0.1%), at different pHs: 5.00 (�); 4.93 (dark grey line) 4.89 (light grey line), 4 �); shown with 

Gaussian fits to the data at the extreme pHs. 

Finally, the ensemble averaged MSDs of the κ-casein coated latex particles 

obtained from equation 3, for all lag times, are shown in figure 10 for acid milk 

gels with and without pectin addition. Before gelation, as observed with the Van 

Hove function correlation, the MSD of the probes in the system with pectin is 

slightly lower than in the milk sample, due as mentioned above to the increase in 

viscosity and to the adsorption of pectin to the κ-casein coated latex particle. 

Below pH 4.8, the MSDs of both samples are similar within the experimental 

uncertainties, since, at these concentrations, the structure and the dynamics of the 

acidified milk gel with pectin present and absent are expected to be similar 

(Cucheval, in press).  
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 Figure 10: Comparison of the MSDs obtained with κcasein coated latex probe particles, in 

presence (filled symbol) and absence (unfilled symbol) of 0.1% w/w pectin, for the same acid milk 

gel sample at different pH values pH 5.03 (circles), pH 4.80 (triangles), pH 4.63 (squares). 

4 Conclusions 

Multiple Particle Tracking has been used to probe acid milk gels, formed with 

and without the addition of the polysaccharide pectin, by following the 

distribution of the displacement of added tracer beads, during and after gelation, 

using the Van Hove distribution (Wong et al., 2004) and the ensemble-averaged 

MSD; which was compared with results from DWS. Furthermore, the surface 

chemistry of the latex beads was modified in an attempt to control their location in 

the system. The success of the application of these coatings was experimentally 

validated. 

 Firstly, a κ-casein coating was selected in an attempt to produce beads that 

would mimic micelles and be incorporated in the interior of the colloidal 

proteinaceous network. The study of Van Hove distributions, confocal 

micrographs and tracer MSDs showed that indeed, in contrast to uncoated probes, 

which were found to be localized at the void / particulate network interface, these 

κ-casein coated tracer particles were embedded in the network and reported 

directly on its microrheology.  
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Secondly, a PEG coating was selected in an attempt to produce beads that 

would have an increased chance of residing in the voids of the colloidal network. 

Unfortunately, it did not appear that any of these probe particles were located in 

the interstitial voids of the particulate network simply by the application of this 

probe coating; they were instead localized at the void / network interface, as the 

uncoated beads. 

For the κ-casein coated tracer particles upon acidification and subsequent gel 

formation, the MSDs obtained by MPT superimpose well with the MSDs obtained 

by DWS, despite the fact that one is obtained by tracking the movement of the 

particle network elements themselves, and the other from directly tracking added 

tracers. This result has important implications; i) it demonstrates that, although the 

DWS measurement is intrinsically ensemble-averaged, it really gives insight into 

the dynamics of the colloidal gel network; ii) it confirms that the κ-casein coated 

probes used in this MPT experiment are well incorporated throughout the gel 

network (not just at the void / network interface as was seen with bare latex); and 

hence iii) that at least in gelled systems κ-casein coated latex probes are an 

excellent probe to reveal the dynamics of the casein network.  
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Abstract 

Firstly, the effect of the fine structure of the anionic polysaccharide pectin on 

its interfacial interaction with a κ-casein coated gold surface was investigated, in 

the pH range 3.5-6.8, by surface plasmon resonance (SPR). The amount of pectin 

binding onto the κ-casein coated SPR chip was found to be strongly dependant on 

the pectin fine structure, with the highest SPR signal being observed for pectin 

with the lowest charge density tested (a degree of methylesterification (DM) 

around 90%). It is hypothesised that minimising the amount of binding regions 

available on each pectin chain maximises the amount of possible polymer bound; 

optimising the efficiency with which the protein-pectin layer can create an entropy 

rich brush. Secondly, the behaviour of κ-casein-coated latex particles was 

investigated. These were used in order to provide calcium-free ‘model casein 

micelles’. The Brownian motions of these κ-casein coated particles in pectin 

solutions were studied using Diffusing Wave Spectroscopy (DWS) and 

microscopy, and were compared with measurements made on naked latex beads. 

At every pH value studied (with the exception of 3.5), bridging of the protein-

covered probe particles was observed for pectins of both DM 28 and DM 78. 

However, no aggregated complexes were found in these model casein micelle 

systems when pectin of an unusually high DM was used, (90%). It was 

hypothesised that having a limed number of binding regions of a spatially limited 

extent maximises the number of chains binding to the protein layer, (as found with 

the SPR measurement), encourages the formation of loops and trains, and 

additionally limits the potential for destabilisation via bridging. 

 

Keywords: κ-casein, pectin, SPR, DWS, κ-casein coated latex particles, 

interfacial interaction. 
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1 Introduction 

While the detailed internal structure of the native casein micelle is still a 

source of controversy to some extent (Horne, 2006), it is well known that κ-casein 

molecules form an entropy-rich brush at their surface, ensuring the steric 

stabilisation of these bio-colloids (de Kruif and Zhulina, 1996). The 

destabilisation of this steric barrier initiates aggregation and depending on the 

phase volume can cause precipitation or the formation of colloidal-networks 

consisting primarily of aggregated micelles. Pectin, an anionic polysaccharide 

extracted from plants is commonly used as a ‘stabilizer’ in acid milk drinks where 

it inhibits this precipitation; and as a ‘thickener’ in other dairy desserts, where it is 

assumed to form a gel in the serum aqueous phase (Matia-Merino et al., 2004). 

Pectin is composed of 3 pectic polysaccharides (Willats et al., 2006): 

homogalacturonan (HG), rhamnogalacturonan I (RGI) and rhamnogalacturonan II 

(RGII). HG is a linear polymer of (1-4)-linked α-D-galacturonic acid and its 

methylesterified counterpart. The ratio of methylesterified galacturonic acid units 

to the total galacturonic acid content is given by the degree of methylesterification 

(DM) and determines how the polymer interacts with other molecules. RGI has a 

backbone consisting of the repeating disaccharide rhamnose-galacturonic acid and 

carries glycan side chains. RGII has a backbone of (1-4)-linked α-D-galacturonic 

acid and has many conserved complex sugar side chains. Typical extraction 

processes modify the in-vivo fine structure of pectin and commercially available 

samples are routinely found to consist of primarily linear homogalacturonan 

chains (around 90%). 

There is good evidence that in acidified milk systems pectin derives its 

functionality by absorbing onto casein micelles via electrostatic interactions at pH 

values less than around 5.3 (Maroziene and de Kruif, 2000), preventing the 

flocculation that would otherwise be initiated by the pH-induced collapse of the κ-

casein layer (Tuinier et al., 2002). In such a scenario, the polysaccharide adsorbs 

onto the casein micelle via its charged regions, while the other parts of the 

molecule protrude into solution as loop and tails (Tromp et al., 2004). Knowing 

more about the details of this interaction might allow pectins with particular DMs 

and charge distributions to be identified as offering maximal functionality. 
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In commercial systems, high methoxyl (HM) pectins have empirically been 

shown to stabilize acid milk drinks more efficiently than those of low DM (Liu et 

al., 2006, Pereyra et al., 1997). However, the ability of pectin to stabilize a casein 

micelle dispersion is clearly strongly dependant on its molecular availability, 

which can be severely compromised by its binding with calcium (Cucheval et al., 

2009). Indeed, it has been recently shown that i) the serum calcium liberated in 

milk systems as they are acidified (Harte et al., 2007) is sufficient to gel low DM 

pectins; and ii) that simply the presence of low DM pectin in samples of milk at 

natural pH (6.8) modifies the calcium mineral balance. Susceptible pectin fine 

structures can then be trapped by calcium and are thus not able to interact with 

caseins (Cucheval et al., 2009). In other words, the interaction between pectin and 

the calcium in the serum forbids the direct assessment of the effect of pectin fine 

structure on the direct interaction of pectin with casein micelles. One of the 

pathways available to study the interaction in absence of calcium is to use sodium 

caseinate (Pereyra et al., 1997; Matia-Merino et al., 2004) instead of native 

micelles. Pereyra et al. (1997) compared the efficiency of LM and HM pectin in 

stabilizing an acidified sodium caseinate dispersion and concluded that, at low 

pH, higher DM pectins were more effective. However, sodium caseinate exists as 

small self-assembled protein particles of casein aggregates in equilibrium with 

free casein molecules (Creamer and Berry, 1975; Chu et al., 1995) and is not 

found in a form akin to the native casein micelles with a κ-casein layer at its 

surface.  

In this work, the direct interfacial interaction of pectin with κ−casein has 

been investigated in the absence of calcium. Firstly, the effect of the pectin fine 

structure on the amount of binding onto a κ-casein layer was studied by surface 

plasmon resonance (SPR) as a function of pH. κ-casein was covalently attached to 

the gold surface of an SPR chip by a standard coupling procedure and changes in 

the resonance angle were monitored while pectin solutions were flowed over the 

immobilized κ-casein. Three different pectins with distinct degrees of 

methylesterification (DM 90, 78, 28) were tested. Secondly, we then investigated 

the interaction of pectin with κ-casein in a system that more closely mimics the 

casein micelle, but without calcium present. More specifically, κ-casein coated 

latex particles were used as ‘synthetic casein micelles’ which were mixed into 
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pectin solutions at low phase volumes. The mean square displacements of the κ-

casein coated particles were obtained with Diffusing Wave Spectroscopy (DWS) 

and compared to those found with naked beads. Additionally, the systems were 

visualised by microscopy and the results obtained were interpreted within a 

coherent framework incorporating the results from the SPR study.  

2 Materials and methods 

2.1 Materials 

2.1.1 Control of surface chemistry 

Covalent immobilization of κ-casein onto an SPR sensor chip  

κ-casein (Sigma, St Louis, USA) was covalently immobilized on the surface 

of one cell of a CM5 sensor chip by a standard amine coupling procedure 

(Pharmacia Biosensor, 1994). Such chips contain two cells and are pre-coated by 

carboxylmethyl dextran. The immobilization reaction involved an amide group of 

κ-casein, which can be from the N-terminal amino acid or from the side chains of 

the amino acids lysine, glutamine, aspartame or arginine. 

Prior to covalent immobilization, a pH scouting exercise (carried out in 

acetate buffer 10mM pH 4, 4.5, 5 and 5.5) determined pH 4 as the optimum pH 

for the immobilization procedure. The dextran surface was first activated with N-

hydroxysuccinimide (NHS, Biacore AB) and N-ethyl-N′-(dimethylaminopropyl)-

carbodiimide (EDC, Biacore AB) and then κ-casein was flowed over the cell. The 

binding level was 3000 Resonance Unit (RU). The second cell incorporated on the 

chip was used as a control, and was activated with the same procedure (NHS and 

EDC) but subsequently blocked with ethanolamine (Biacore AB). The binding 

response was calculated by the subtraction of the signal obtained from the sample 

cell minus that from blocked control cell, in order to correct the response for 

nonspecific binding. The running buffer used for the immobilization procedure 

was HBS buffer (10 mM HEPES buffer at pH 7.4 containing 150 mM NaCl, 3 
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mM EDTA, and 0.005% of the nonionic surfactant polyoxyethylenesorbitan 

(P20)) (Biacore AB). 

Once immobilized on the sensor chip the state of the bound κ-casein was 

qualitatively compared to that of micellar κ-casein by investigating the action of 

the enzyme chymosin (a κ-casein cleaving enzyme). Chymosin (at a concentration 

of 84 Unit, in HEPES buffer pH 6.8 10mM) was flowed, at 25 ºC, over the CM5 

chip covered with κ-casein, twice for 540 s at a 1 µl / min, and changes in the 

baseline were recorded. The availability of the immobilized κ-casein to chymosin 

provided some insight into the potential effect of the covalent immobilization 

procedure on the state of the protein itself. 

Passive absorption of κ-casein onto the surface of latex beads 

Latex beads of diameter 465 nm (2.62% w/v stock solutions) purchased from 

Polyscience Inc. (Warrington, PA) were used without modification or with a 

coating of κ-casein (Sigma Aldrich, Germany) produced by passive absorption. 

More specifically, to create κ-casein coated particles, 1.5 mg of κ-casein was 

added to 1 mL of the mother beads solution in the range 3.5-5 mg / m2 needed for 

full surface coverage (Anema, 1997, Leaver, 1999). The efficiency of the coating 

was tested by particle size measurements with DWS. The diameter of the treated 

latex particles increased, by ~20 nm consistent with previous observations. 

2.1.2 Sample preparation and interaction study 

Pectins with different fine structures were used in this study, the degree of 

methylesterification, molecular weight and origin of which are reported in Table 

1.  

For the sample studied by SPR, 0.1% w/w pectin solutions were prepared by 

stirring overnight at room temperature to insure good dissolution, in 10 mM 

acetate buffer, at pH 3.5, 4.5 or 5.3 and additionally in HEPES buffer (Sigma, 

USA) at pH 6.8. The running buffer for the SPR analysis was 10 mM HEPES, pH 

7.4 (Sigma, USA). All buffers were filtered and degassed. The temperature was 

maintained at 25 °C. A large range of pectin concentration (0.001-0.5 %w/w) was 

tested at pH 4.5 with a high DM pectin (which according to the literature should 
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present the most favourable conditions for the interaction) in order to determine 

the most suitable pectin concentration to investigate the effect of pH and pectin 

fine structure. A pectin concentration of 0.1% w/w was judged optimal in the 

range tested and was used to study the interaction of pectin with κ−casein using 

SPR. The experiment was performed with the analyte first being injected (60 s, 10 

µl / min), followed by a dissociation phase (30 s) in running buffer and finally a 

regeneration step (120 s) with glycine pH 2.5 (10 mM). Each experiment was 

repeated three times, and the mean value recorded (the standard deviation of 

which was always less than 5%). 

 

 DM /  

% 

Mw / 

g.mol
-1 

Origin and treatment 

DM 90 90 31 000 Sigma Aldrich, St Louis, USA 

DM 78 78 30 000-100 000 Fluka Biochemica, Switzerland 

DM 28 31.1 30 000-100 000 Homemade by alkali deesterification  

with DM 78 Fluka Biochemica, Switzerland 

as starting material 

Table 1: Characteristics of pectin samples used in this study.  

For the sample studied by DWS, 1 or 1.5 % w/w mother pectin solution was 

prepared by stirring overnight at room temperature to ensure complete dissolution. 

The pH values of the mother solutions were then adjusted using NaOH (1 and 

0.1M) and HCl (1 and 0.1M). Appropriate amounts of pectin and κ-casein coated 

or bare latex particles were subsequently mixed at ~700 rpm so that the final 

concentration achieved was 0.8% w/w of latex particles and 0.4 % w/w pectin. 

The pH was then checked and the sample stored at 20 °C for 30 min before the 

measurements were taken to allow the temperature to equilibrate. 
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2.2 Methods 

2.2.1 SPR 

Surface plasmon resonance is an optical method which allows the 

visualization of interactions of a flowing analyte with an immobilized ligand in 

real time. The ligands are bound to a metal surface where surface plasmons 

(surface electromagnetic waves with a parallel propagation to the metal / solvent 

interface) are highly sensitive to any change in the refractive index at the metal 

surface interface which could result, for example, from molecular absorption. 

While the majority of incident light is totally reflected, an evanescent wave 

penetrates a distance of the order of one wavelength into the buffer and is able to 

interact with freely-oscillating electrons at the metal film surface. A photon 

detector is used to monitor the reflected light intensity as a function of angle, and 

hence the refractive index of the solution close to the bound ligand.  

The SPR analyses were done on a Biacore X100 (Biacore AB, Uppsala, 

Sweden) with a CM5 sensor chip (Biacore AB, Uppsala, Sweden) which has a 

gold surface coated with carboxyl methyl dextran. The interaction of κ-casein 

with pectin was investigated by first immobilizing covalently κ-casein (the ligand) 

on the sensor chip, as described in section 2.1.1 A pectin sample (the analyte) is 

then flowed over the κ-casein coated surface in a controlled manner. Any change 

in the surface properties resulting from the interaction is detected in the reflected 

light intensity by the photodetector and expressed in resonance units (RU). The 

change in the resonance angle versus time (the so-called Sensorgramm) gives 

insight into the interaction of the ligand and analyte, and can be separated into an 

association and dissociation phase. The surface is regenerated after each 

interaction analysis with an appropriate solution (glycine, pH 2.5) which doesn’t 

affect the immobilized ligand but strips off all the absorbed species. 

2.2.2 DWS 

Diffusing Wave Spectroscopy (DWS) is a light scattering method which can 

be applied to turbid samples. Each photon going through the sample encounters 

multiple scattering events, such that the photons path can be considered as a 
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random walk. In this study, the light is scattered by bare latex particles (or κ-

casein coated latex beads). The autocorrelation function of the scattered light 

owing to the motion of the scatters can be calculated from the temporal intensity 

fluctuation: 
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where β is a constant characteristic of the optical set-up, I(t) the intensity of the 

detected light at the time t. DWS has been carried out in transmission mode which 

allows writing the temporal autocorrelation function as follows (Weitz et al., 

1993): 
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where l* is the transport mean path, z0 the penetration depth (considered equal to 

l* in these experiments), L is the thickness of the sample (4mm), ko= 2πn/λ the 

wave vector of the light and <∆r2 (t)> is the mean square displacement (MSD) of 

the particle. Hence, when l* is known, the experimentally determined correlation 

function can be turned into a plot of MSD versus lag time, by inverting equation 2 

with a zero-crossing routine. l* can be calculated by fitting the autocorrelation for 

a reference sample of known viscosity (water) with the viscous Stokes-Einstein 

substitution (Weitz et al., 1993). Subsequently *
l for future samples is obtained by 

scaling the value obtained for water, based on the change in transmitted intensity 

when the sample is introduced, compared to the water experiment. It is known 

that for non-absorbing slabs of thickness L, the transmitted intensity is directly 

proportional to (5 *
l / 3L)/(1+ 4 *

l / 3L), so that by measuring the change in 

transmittance, the change in *
l can be calculated. 

The experimental set up has been fully described elsewhere (Hemar and 

Pinder, 2006, Williams et al., 2008). Briefly, a laser light source with a 

wavelength of 633 nm (35 mW He Ne Melles Griot laser) diffused through the 

sample, contained in a plastic cuvette of 10 mm width, 50 mm height and 4 mm 

path length. The transmitted scattered light was collected using a single optical 
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fibre (P1-3223-PC-5, Thorlabs Inc., Germany) and was detected with a 

photomultiplier tube module (Hamamatsu HC120-08). The auto-correlation 

analysis was performed using a Malvern 7132 correlator. Tests were run for 3 

minutes to ensure low noise intensity autocorrelation functions. The comparison 

of the motion of the κ-casein coated particles and the bare particles motion in 

pectin solutions provided information on interactions between biopolymeric 

components. Indeed, while the Brownian motion of the particles reflects the 

rheological properties of the surrounding system for both the bare and coated 

beads; it is also affected for the coated beads by the interaction between the κ-

casein coating and the pectic polymers. 

2.2.3  Microscopy 

Photomicrographs of the κ-casein coated and bare beads in water or pectin 

solution were obtained in brightfield using a Leica microscope (Leica 

Microsystems AG, Wetzler, Germany) using a x60 water-immersion objective. 

3 Results and discussion 

3.1 Interaction of κ-casein with pectin studied by SPR 

3.1.1 State of the immobilized κκκκ-casein on the sensor chip 

surface 

Comparison with the conformation on the casein micelle surface 

κ-casein was covalently bound to the carboxylmethyl dextran coating of the gold 

surface of the sensor chip as previously described. The covalent binding involved 

at least one amide group of the κ-casein from the N-terminal or an amino acid side 

chain. Being mindful that covalent binding may not be without repercussions on 

the orientation of the protein on the surface, and thus its interaction with pectin, 

we aimed to qualitatively compare the state of κ-casein immobilized on the SPR 

chip to the same molecule as it is manifest on the surface of a casein micelle. Are 
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the orientation and the conformation of the protein similar? Looking at the amino 

acid sequence for κ-casein, the amino acids with amid groups in their side chains 

(glutamine, lysine, aspartame, and arginine) are mostly grouped in the first 100 

amino acids but there are also a few in the region, close to the C terminus, which 

constitute the “hairy” portion sticking out from the casein micelle. To have more 

insight into the effect of covalent bonding on the state and conformation of κ-

casein, we studied the ability of chymosin to hydrolyse the covalently 

immobilized κ-casein. Chymosin was flowed, in two successive injections; at pH 

6.8 over the κ-casein coated and reference cells. The baseline levels were 

recorded before the first chymosin injection and after the end of each injection. 

Figure 1 shows the resonance angle (RU) versus time for the signal from the κ-

casein cell, once the reference cell data have been subtracted.  
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Figure 1: Effect of chymosin on κ-casein immobilized on the SPR chip. Injection of chymosin (84 

units) at 1µl/min during 540 s. 

The baseline level decreases after each chymosin injection. The enzyme is 

thus able to interact at least with part of the covalently immobilized protein and to 

hydrolyse it, reducing the density of polymer in the vicinity of the surface and 

hence its refractive index. The part of the κ-casein available for hydrolysis was 

found to be important enough that after the injection of chymosin and 

regeneration of the surface, the refractive index of the surface had changed. The 
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decrease of the baseline level was found to be more pronounced following the 

first injection compared with the second. It seems then, that almost all ‘available’ 

κ-casein was hydrolyzed during the first injection. In conclusion, this accessibility 

of the bound ligand to chymosin is an indication that conformation and orientation 

of the κ-casein on the sensor chip is likely not significantly different from that 

found on the surface of the casein micelle.  

Effect of pH on the immobilized κκκκ-casein conformation  

As the interaction between κ-casein and pectin was studied as a function of 

pH, the effect of pH on the immobilized ligand itself was first investigated. As 

reported in the introduction, κ-casein forms a hairy brush layer on the casein 

micelle surface. Indeed at pH 6.8, it has been reported that the protein protrudes 

into solution by around 12 nm (Dalgleish et al., 1985); and as expected for a 

polyelectrolyte, this size has been reported to be pH sensitive. Between pH 6.7 

and 5.8, a slight size decrease in the average diameter of around 10 nm has 

previously been observed by light scattering measurements (De Kruif and 

Zhulina, 1996, Alexander and Dalgleish, 2004), while an acidification of the 

system to below pH 5 induces an electrostatic collapse of the κ−casein (Tuinier et 

al., 2002). One might expect then changes of a similar type in the covalently 

immobilized κ−casein with pH, and the extent of these was investigated as a 

prelude to studying the effects of the addition of pectin. 

The effect of pH on the immobilized κ-casein conformation was investigated 

by flowing buffer (10 mM) with different pH values (3.5, 4.5, 5.3 and 6.8) over 

both the κ-casein coated and reference cells. Changes in the refractive index of the 

surface close to the sensor chip were recorded via monitoring the resonance angle 

with SPR. Figure 2 shows the response (RU) as the resonance signal recorded for 

the κ-casein coated cell after subtraction of the reference cell data, versus pH. A 

positive response was recorded for every pH change; from the running buffer at 

pH 7.4, to each pH in the range tested: 3.5-6.8. The response increases as the pH 

decreases although clearly not linearly: the value measured for pH values of 6.8 

and 5.3 are in the same range, whereas further acidification of the κ-casein coated 

surface to pH values of 4.5 and 3.5 induced significant increases in the recorded 
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response. We thus observed a net effect of pH on the refractive index of the 

molecular layer covalently linked to the gold surface that tentatively might be 

interpreted as the result of the collapse of the κ-casein layer, indeed akin to that 

which causes micelle destabilisation in milk. 
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Figure 2: The change in the κ-casein state (response in RU) versus pH. 

However, it should be considered that the polymer layer includes the 

carboxymethyl dextran coating on the gold surface of the CM5 chip which has 

been used for the coupling reaction in addition of the κ-casein covalently bound 

by reaction of its amine group to the dextran carboxyl group. The effect of pH on 

the resonance angle for proteins covalently bonded onto carboxymethyl dextran 

coated CM5 sensor chips has previously been investigated for dihydrofolate 

reductase (Sota et al., 1998), myoglobin (Mannen, 2000), and for cytochrome c, 

concanavalin A, and poly-L-lysine (Paynter and Russell, 2002). Sota et al. (1998), 

by comparison of their SPR data to circular dichroism spectra, concluded that the 

changes in the SPR signal corresponded to conformational changes of the 

reductase during acid denaturation. On the other hand, Paynter and Russell (2002) 

did not observe concurrent changes in dichroism spectra accompanying SPR 

manifest changes, and suggested that the SPR data might be explained by 

electrostatic interactions between the immobilized biomolecules and the 
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carboxylmethyl dextran. Indeed, higher SPR signals were recorded when the 

immobilized ligand and the carboxylmethyl dextran were of opposite sign. 

However, in our experiments with immobilized κ-casein the highest SPR signal 

was obtained at pH 3.5 where κ-casein and carboxylmethyl dextran are both net 

negatively charged. The simplest explanation would seem to be that changes in 

the SPR signal versus pH obtained for covalently immobilized κ-casein reflects 

modifications in the conformation of the ligand itself. As the pH decreases below 

pH 5.3, the κ-casein layer coils closer to the gold surface increasing the density 

and the local refractive index. As the pH moves below 4.5, the SPR signal 

increases significantly as the κ-casein layer collapses further. This interpretation is 

consistent with what is known about the pH sensitivity of κ-casein as part of a 

casein micelle; as the pH is lowered, the κ-casein brush collapses on the surface of 

the micelle. Furthermore, this provides further evidence, in addition to the 

chymosin sensitivity, that the behaviour of the immobilised κ-casein layer used 

should not be too far removed from that of the bio-assembled casein micelle 

coating. 

3.1.2 Effect of pectin fine structure on the interaction  

As the pH dependant conformation of the ligand is clearly reflected in the SPR 

signal, as described above, care must be taken to take this into account when 

interpreting the results of experiments carried out to investigate the interaction of 

pectin and κ-casein. It has been clearly shown that in acidified milk systems 

pectin absorbs onto casein micelles by electrostatic interactions (Tuinier et al., 

2002, Maroziene and de Kruif, 2000). However, the effect of the amount and 

distribution of negative charges on the polysaccharide backbone on the interaction 

with the κ-casein layer on the surface of the casein micelle is still unclear. 

(Recently such considerations have been addressed regarding the interaction of 

pectin with β-lactoglobulin (Sperber et al., 2009)). While high methoxyl pectins 

are generally reported to be more efficient in stabilizing acid milk drinks (Liu et 

al., 2006) when calcium is present (in serum and additionally leaking from casein 

micelles), calcium sensitive pectins are trapped preventing a direct assessment of 

the interaction with the casein protein itself (Cucheval et al., 2009). Here, the 
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direct interaction of the main casein on the surface of the micelle, κ-casein, and 

the polysaccharide, was tested, in absence of calcium. Although it might be 

argued that this is not as directly relevant for milk, it does help in the fundamental 

understanding of the interaction, particularly in relation to the pectin fine 

structure. The investigation was carried out using three pectin fine structures: 

common low (DM 28), and high methoxy pectins (DM 78); and a more unusually 

high DM sample (DM 90). These were flowed over a κ-casein coated surface in 

turn and changes in the refractive index of the surface were recorded versus pH by 

measuring the resonance angle by SPR as described previously herein. 

Figure 3 shows the SPR signal at a given pH obtained by subtracting the 

response recorded when just the buffer was used (3.1.1) from the one recorded 

with the pectin analytes present. Pectin samples dissolved in buffers (0.1% w/w) 

at different pH values (6.8, 5.3, 4.5, and 3.5) were flowed over the cell at a low 

flow rate (10 µl / min) for 60 s, as previously described in the experimental 

section, and the SPR signal (taken 10 s before the end of the injection) was taken 

as the binding response.  
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Figure 3: Effect of pectin structure on pectin- κ casein interfacial interaction versus pH: ■ DM 78 

□ DM 90 ▲DM 28. Relative response (RU) obtained by subtraction of the response obtained at 

the same pH for κ-casein alone (figure 2). 
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At pH 6.8, a small positive SPR response was recorded for every pectin fine 

structure. This indicates that the presence of the polysaccharide changes the 

refractive index of the layer on the gold surface, which is most simply explained 

by the interaction of pectin with the κ-casein immobilized on the sensor chip and 

by the binding of some of the pectin molecules. At this pH, the net charge for both 

molecules is negative but at around one pH unit higher than the isoelectric point 

of κ-casein (5.9), around 10% of the charges on the protein are still positive and 

pectin seems to be able to bind κ-casein through these positive patches. It should 

be noted however that it has been clearly shown that at this pH, pectin doesn’t 

adsorb onto casein micelles (Maroziene and de Kruif, 2000). This divergence at 

pH 6.8 between the interaction with κ-casein on a gold surface or on the outer of a 

casein micelle could be explained by the lower pI (4.6) of the micelle, resulting 

from the other proteins present in the interior of the assembled biocolloid. 

At pH 6.8, pectins presented a higher binding response in the order DM 90 > 

DM 78 > DM 28. Higher SPR values are recorded for pectin with more 

methylesterified backbone e.g. those less negatively charged. By SPR, the 

variation of refractive index of the layer next to the surface is followed; it is not 

the strength of the interaction per-se but the amount of polysaccharide binding on 

the κ-casein coated surface (and in detail the effect of this interaction on the 

protein conformation) and hence density of material close to the surface which is 

being probed. At pH 6.8, a pectin molecule with a higher DM has less charged 

binding sites that can interact with the relatively small number of positive patches 

on κ-casein, thus leaving more available sites for other chains to bind to. In 

contrast, in the sample of lower DM, each individual molecule can bind more 

patches on the protein, essentially saturating the surface at a fewer number of 

pectin molecules bound. When the pH is decreased to 5.3, the SPR signal for all 

three pectins decreases; slightly for the HM pectins and in a more pronounced 

manner for the LM pectin. At this pH, the net charge of the κ-casein is positive, 

while pectin is still highly negatively charged. Under these conditions, there are 

more available binding sites on the protein so that one pectin molecule is more 

likely to bind to multiple sites, restricting the number of chains that might interact 

with the κ-casein layer. This pH decrease has the greatest effect on the binding of 

the low DM pectin, which with a large number of negative blocks on the pectin 
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backbone are most likely to ‘lie down’ on the surface, essentially blocking many 

positives sites on the protein and limiting the number of adsorbed chains. 

As the pH is reduced further to 4.5, the binding level becomes even more 

dependent on the pectin DM. Higher SPR responses are registered for pectin with 

higher DM and the signal for low methoxyl pectin is weak. At this pH, the 

interaction is likely to be the strongest, as more of 90% of the charges are of 

opposite sign between the two biopolymers. More positive sites are available on 

the protein to bind pectin than at pH 5.3 and around the same percentage of 

negative charges are present on the pectin backbone. It makes sense then that the 

difference between the amount of polysaccharide chains containing differing 

amounts of potential binding sites for the same number of binding sites on the 

protein will be more pronounced. The weak signal observed with LM pectin likely 

results from a strong interaction of the polysaccharide with the κ-casein on 

multiple sites of its backbone driving each molecule to ‘lay flat’ on the κ-casein 

layer with limited formation of loops and tails; and limiting available sites for 

further molecules to bind.  

Finally at pH 3.5, the binding level is still influenced by the pectin structure. 

The SPR signal is similar for DM 78 but an important decrease is observed for the 

DM 90 and DM 28. By decreasing the pH by one unit further, it is the amount of 

binding sites on the polysaccharide that is primarily affected (as the pKa of the 

carboxylic group is traversed, while the number of positive sites on the protein 

increases only slightly). At this pH, considerably less than 50% of the 

unmethylesterified acid galacturonic residues will be charged and presumably for 

the DM 90 sample, this only leaves a few percent of the galacturonic acid residues 

charged which may not be in runs of sufficiently charged patches to take part in 

binding. For the DM 78 sample, the binding response is similar to that at pH 4.5, 

showing that this polysaccharide still has enough charged patches to bind 

successfully. In contrast, a negative signal is observed for the low methoxyl pectin 

(DM 28). This change in the SPR signal when the pectin is flowed over the 

protein layer, despite its negative nature, can only be explained by interaction 

between the polymer and the κ-casein, as the effect of pH on the protein is 

eliminated by taking it as a reference. Its decreasing nature indicates that the 

biopolymer layer next to the gold surface is less dense when the low methoxyl 
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pectin is present than it is for the protein on its own, suggesting that its presence 

lessens the collapse of the protein at low pHs, as measured in the control 

experiments described in 3.1.1. 

While, to date, the effect of pectin DM on the efficiency of the 

polysaccharide to stabilize acidified casein micelle systems has mostly been 

studied with high (DM 60-80) and low methoxyl pectin, our results indicate that 

‘unusually high’ DM pectin should be of particular interest in stabilisation, 

especially at pH values around 4.5 where the highest pectin binding is observed 

with this structure. The relatively small percentage of charge on such a highly 

methylesterified structure implies that for potential binding sites to the protein to 

be formed small charged regions suffice. The effectiveness of this fine pectin 

structure give hints about the size of such ‘epitopes’ needed on the pectin 

backbone for the interaction. Indeed, even if we consider the pKa of the 

unmethylesterified groups to be approximately that of galacturonic acid 

monomers so that more than 90% of the unmethylesterified residues are charged, 

then for the average degree of polymerisation of the DM 90 sample used herein, 

each chain would have around 13 occurrences of single negatively charged 

galacturonic acid residues, one occurrence of a site with 2 consecutive charged 

residues, and a negligible probability of any runs of three consecutive charges. 

The effective ‘epitope’ on the pectin backbone is thus likely to consist of 2 

charged residues next to each other.  

3.2 Interaction of “model casein micelles” with pectin  

Having elucidated the effect of pectin fine structure on the binding of pectin 

to a κ-casein layer at different pH values in the absence of calcium, the interaction 

was investigated on an intermediate model system: a ‘synthetic casein micelle’ 

without calcium. It might be argued that this model is far from a native casein 

micelle; however it is an interesting tool to get better understanding of the role of 

the interfacial interaction. The Brownian motion of these models ‘synthetic casein 

micelles’ was recorded by DWS in pectin solutions, and by comparison with their 

motion in water, the interfacial interaction between the surrounding polymer 

matrices and the κ-casein coated beads was studied. The state of these model 
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synthetic micelles was also followed by light microscopy. Specifically, calcium-

free model casein micelles were synthesised by surface modification of latex 

particles, as described in the experimental section. κ-caseins were bound by 

physisorption to the latex surface, mainly through their hydrophobic residues 

leaving the hydrophilic residues exposed in the solution (Dalgleish et al., 1985). 

The coating by κ-casein led to an increase of 20 nm in diameter (measured by 

DWS) which agrees well with measurement reported previously (Leaver et al., 

1994, Anema, 1997). This layer thickness suggests that the κ-casein must form 

loops and tails on the latex surface (Leaver et al., 1994). In similar experiments to 

those carried out herein with protein layers, the action of chymosin on κ-casein 

coated latex particles has been reported previously and was found to be similar to 

its action on the casein micelle, highlighting that the conformation and orientation 

of κ-casein in these model systems may not be too dissimilar to when it forms part 

of the native casein micelle (Anema, 1997, Leaver, 1999). Furthermore, it has 

been recently shown by the comparison of the motion of casein micelles with κ-

casein coated latex beads in acid milk systems that κ-casein coated latex probes 

can be excellent casein micelle models (Cucheval et al., 2009). 

3.2.1 κκκκ-casein coated probes versus naked particles in water 

The effect of the κ-casein coating on the Brownian motion of latex beads was 

first investigated in water. These preliminary experiments serve as controls in the 

study of the effect of pectin on the motion of coated and naked particles. The 

behaviour of bare and κ-casein coated latex particles (0.8% w/w) in a low 

concentration buffer (10 mM) were analyzed versus pH. DWS was used to record 

the evolution of the autocorrelation function of the transmitted light scattered by 

the coated and uncoated latex particles respectively. Figure 4 shows the 

autocorrelation functions, g1(τ) as a function of the time lag τ, as measured by 

DWS at different pHs. For every pH, they decrease to zero at long times for both 

the bare and the κ-casein coated beads, characteristic of a diffusive motion in a 

Newtonian fluid. The correlation functions of the bare beads at all pHs between 

3.5 to 6.8 (figure 4a) are similar which was expected as the size of the scatterers is 

constant and there is no significant change in viscosity of water with pH. 
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Figure 4a: Temporal autocorrelation function measured by DWS for (a) bare latex beads in 10mM 

buffer at different pHs (� 3.5,� 4.6,� 5.3, � 6.8)  

However, for the κ-casein coated beads (figure 4b), the autocorrelation 

function was not measurable for every pH. Indeed at pH 4.6, the system with κ-

casein coated beads in water forms macroscopic precipitates, and an analysis of 

this bulk phase separated and heterogeneous system with DWS is not relevant. 

The difference of behaviour for the coated and bare beads at pH 4.6 could be 

explained by the fact that the layer of κ-casein on the latex beads doesn’t only 

change the size of the particles but also gives the surface a hydrophobic character 

not possessed by the naked beads. Subsequently when the pH drops and the κ-

casein layer collapses (as seen in the SPR experiment) aggregation is induced; the 

same phenomenology as observed with casein micelles themselves. For the other 

pH values, where the polymer layer is still able to sterically stabilise the particles 

(figure 4b), the autocorrelation function was observed to move slightly to higher 

correlation time when compared with the naked beads, corresponding well with 

the change in size induced by the coating.  
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Figure 4b: Temporal autocorrelation function measured by DWS for (b) κ -coated beads, in 10mM 

buffer at different pHs (� 3.5, � 5.3, � 6.8)  

Subsequently, the mean square displacements of the scatterers were obtained 

from the autocorrelation functions by inversion of equation 2, with a zero-crossing 

routine as previously described in the experimental section and elsewhere (Weitz 

et al., 1993). Figure 5 shows the corresponding mean square displacements 

(MSD) for bare and coated latex particles as a function of time lagτ, as measured 

by DWS at pH: 3.5 (A), 4.6 (B), 5.3 (C) and 6.8 (D) derived from the data shown 

in figure 4.  

The slope of the MSD versus time lag follows the same power law 

dependency with a slope close to 1, characteristic to diffusive motion in a viscous 

medium, as expected. The fact that the κ-casein coated particles move slightly less 

than the bare ones in the same time at each pH and that the intensities observed 

for both types of particles were similar, is again evident, consistent with the size 

increase of the coated scatterers. 
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Figure 5: Scatterers mean square displacements as a function of lag time for κ-casein coated and 

bare latex beads in water, calculated form the data presented in figure 4. ■ κ -casein coated latex 

beads □ bare latex beads. 

3.2.2 κ-casein coated probes versus naked particles in HM 

pectin solutions 

The motion of the same bare and coated particles was probed and compared 

in HM pectin solution in order to investigate the interaction of pectin with 

synthetic ‘model casein micelles’ (without the complication of calcium). While in 

the system with bare latex particles the dynamics of the scatterers reflects the 

viscoelastic properties of the medium: i.e. the pectin solution (as in conventional 

microrheology), in systems containing κ-casein coated particles, the displacement 

of the probes can also reflect interactions between the particle surface and the 

surrounding pectin polymers.  
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Systems containing 0.4 %w/w high methoxypectin (DM 78) and 0.8% w/w κ-

casein coated, or, bare latex, particles were adjusted to different pHs between 6.8 

and 3.5 and DWS was used to record the fluctuation of the transmitted intensity 

scattered by the coated or uncoated latex beads. Figure 6 shows the 

autocorrelation functions, g1(τ), as a function of the time lagτ, measured by DWS 

at different pHs. For the bare beads system (figure 6a), the g1(τ) values decrease 

to zero at long times and are extremely similar for every pH, characteristic of 

Newtonian fluids of similar viscosity. This is expected as the size of these 

scatterers doesn’t change with pH, and pH-induced changes in the viscosity for 

high DM pectin solutions are limited (owing to the low concentration and limited 

number of ionizable groups on the polymer). No pectin-induced depletion 

flocculation was observed either in the DWS experiments or by microscopy, over 

long time scales (>12 hrs).  
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Figure 6a: Temporal autocorrelation functions measured by DWS for (a) bare latex beads at 

different pH values at different pHs (� 3.5,� 5.3, � 6.8) 

Interestingly, κ-casein coated beads in pectin solution (figure 6b) did not 

show any bulk precipitation at any pH, including 4.6; whereas in water, bulk 

phase separation has been evident (3.2.1). It was however evident from the 

autocorrelation functions of the κ-casein coated beads in pectin solution that the 



Chapter 5 Interaction between κ-casein and pectin 

 

 

174 

functional forms had changed in comparison to the experiments with bare beads, 

especially at pHs 4.6, 5.3, and 6.8. This change in the shape of the autocorrelation 

function could be explained by the local aggregation of the scatterers themselves, 

which fits well with the higher intensity observed for the κ-casein coated bead 

system compared with the naked one for these three pHs. 
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Figure 6b: Temporal autocorrelation functions measured by DWS for κ -coated beads in 0.4 %HM 

pectin solution, at different pH values at different pHs (� 3.5,� 4.6,� 5.3, � 6.8) 

This hypothesis was confirmed by microscopy of these systems in a large 

range of pectin concentration (Figure 7)- (small aggregates of κ-casein coated 

particles can be visualized at all pH values examined with the exception of 3.5). 

This limited local aggregation is the result of the presence of pectin in the system: 

it was not observed at these pH values for the same κ-casein coated beads in 

water, nor, importantly, did it occur for bare beads in pectin solution: both the 

protein coating and the polysaccharide solution are required. As such, the bridging 

of the κ-casein coated micelles by the polysaccharide would seem to offer a 

natural explanation for the observed phenomena.  
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Figure 7: Micrographs showing the system κ-casein coated latex beads and DM 78 pectin (1 % 

w/w) at different pH values: (a) 3.5, (b) 4.6, (c) 5.3, (d) 6.8.  

The MSDs obtained by inversion of the correlation functions were analyzed. 

Figure 8 shows the MSD versus time lag for the bare beads and their κ-casein 

coated counterparts in 0.4 % pectin solution for different pH values.  

At pH 3.5, the MSD for the κ-casein coated and bare particles are almost 

identical, as expected where no aggregates were visualized by microscopy. 

Although pectin and κ-casein do carry opposite charges at this pH, the negative 

charge on the pectin backbone is low. Even though SPR measurements did show 

(section 3.1.2) that at this pH, some pectin was binding on the κ-casein (when 

immobilized on a gold rather than latex surface) it is possible that the rarity of 

charged binding regions on the high DM polymers at low pH values make 

bridging less likely and stabilization a more common outcome. 
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Figure 8: Scatterers mean square displacements as a function of lag time for κ-casein coated and 

bare latex beads in HM pectin (0.4 %), calculated form the data presented in figure 6. ■ κ -casein 

coated latex beads □ bare latex beads. 
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At higher pHs (at pH 3.5 and above) different slopes at high frequency and 

subtle but distinct differences in the shapes of the MSD are observed, with a 

change of slope at time lag around 0.1 ms, for the κ-casein coated scatterers. Once 

again it is important to emphasize that this change of slope has not been observed 

in any systems investigated without the presence of pectin, or in pectin solution 

with bare beads. Such MSD shape changes have previously been observed 

however in acidified skim milk systems (10% w/w solid content) with high 

methoxypectin (0.1% w/w), and was suggested to provide a signature of the 

bridging of the casein micelles by pectin (Cucheval et al., 2009). Further, hints of 

such a sigmoidal shapes have also been found previously in studies of colloidal 

gels embedded in polymer solutions of varying visco-elasticity (Pashkovski et al., 

2003). We hypothesize then that the change of slope and shape in the MSD 

reflects the same phenomena previously observed with casein micelles: model κ-

casein coated micelles are bridged by pectin and the aggregates observed by 

microscopy are complexes of the synthetic micelles, stabilized by pectin, 

sterically by non-bridging chains, possibly aided by the viscosity of the solution. 

3.2.3 Effect of pectin fine structure on the interaction 

In addition to the DM 78% pectin data previously reported (3.2.2), the effect 

of pectin fine structure on the interaction with synthetic casein micelles was 

studied. Two other pectin fine structures previously used in the SPR experiments 

were tested and compared: low methoxypectin (DM 28) and higher 

methoxypectin (DM 90). Systems with the same concentration of pectin (0.4 

%w/w) and κ-casein-coated or bare latex particles (0.8 %w/w) were adjusted to 

pHs between 6.8 and 3.5. DWS was used to record the fluctuations of the 

transmitted intensity scattered by the coated or uncoated latex beads. Figure 9 (A, 

B) shows the MSD versus time lag for bare beads and their κ-casein coated 

counterparts in 0.4 % LM pectin, and in the previously reported DM 78 pectin, for 

comparison at different pHs.  
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Figure 9: Scatterer mean square displacements as a function of lag time for κ-casein coated and 

bare latex beads in 0.4%w/w pectin solution A: HM pectin (DM 78%), B: LM (DM 28%) pectin, 

at different pH. ■ κ -casein coated latex beads □ bare latex beads. 
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At pH 3.5, the MSDs for the κ-casein coated and bare particles are almost 

identical for the LM pectin as was observed for the DM 78 pectin while, SPR 

measurements have shown different behaviour, in terms of the bound density on a 

gold surface, for these two pectin fine structures. The negative SPR response 

recorded at this pH for LM pectin was interpreted as a higher effectiveness of the 

polysaccharide in inhibiting the collapse of the κ-casein layer which might explain 

the reluctance to induce bridging and stabilization a favoured outcome.  

At pH 4.6 and above, the MSDs measured for the κ-casein coated and bare 

particles are similar for the LM pectin to the corresponding responses observed 

for the DM 78 sample. Once again the slope at high frequency is slightly different 

for κ-casein coated and bare particles and the same sigmoid shape reported for the 

DM 78 pectin solution is observed (3.2). To this extent, it appears that the DM 28 

and DM 78 samples both form similar soluble complexes with κ-casein coated 

particles formed by bridging of the synthetic casein micelles by the 

polysaccharide that are sterically stabilised by non-bridging chains, possibly aided 

by the viscosity of the solution.  

Finally, the MSDs of κ-casein coated particles and their naked forbears, 

moving in a solution of 0.4 %w/w of an unusually high, DM 90, pectin sample are 

shown in figure 10 as well as the micrographs for the coated particles, once more 

as a function of pH. In stark contrast to the behaviour observed for the other fine 

structures, here the MSDs measured for the κ-casein coated particles are almost 

identical to those of their naked counterparts, for every pH. This pectin and the κ-

casein coated particles did not aggregate in the pH range tested, which was 

confirmed with microscopy (figure 10).  

While pectin with a DM of 90% is only ever going to be weakly negatively 

charged regardless of the pH, the SPR measurements carried out herein 

conclusively showed that i) DM 90 does bind onto a κ-casein immobilized layer at 

every pH tested and ii) owing to its sparing attachment to multiple sites on the 

protein, the actual amount of bound polymer is higher than for the other fine 

structures.  
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Figure 10: Scatterers mean square displacements as a function of lag time for κ-casein coated and 

bare latex beads in 0.4%w/w DM 90 pectin solution at different pH. ■ κ -casein coated latex beads 

□ bare latex beads. Right hand side: micrographs showing the system κ -casein latex beads. 

pH 6.8 

pH 3.5 

pH 4.6 

 pH 5.3 
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The effectiveness of DM 90 in stabilising the micelle mimics over the pH 

range tested, while simultaneously avoiding not only macroscopic precipitation, 

but also local bridging-mediated aggregation, reinforces the hypothesis that 

ideally stabilising fine structures would be those containing the minimal amount 

of binding regions per chain. 

4 Conclusion 

Utilising model casein micelles (in order to avoid the complications of 

calcium binding) LM and HM pectin samples have been shown to produce similar 

phenomenology when added to the system at different pHs (6.8-3.5). This 

includes (i) the stabilisation of κ-casein coated particles at pH 3.5. This is 

consistent either (for HM samples) with the binding observed in SPR coupled 

with a lack of multiple binding patches on each chain owing to the low charge, or 

with the stabilisation of the protein collapse also seen in SPR at low DM. (ii) The 

formation of bridged soluble complexes at higher pH values, confirmed by 

microscopy, and reminiscent in their DWS signature of the findings of previous 

work on bridged micelles in acid milk gels.  

Additionally it has been shown that unusually HM pectins (DM 90) do not 

exhibit the formation of such synthetic casein micelle-pectin complexes over a 

considerably broader pH range, instead stabilising the dispersion to aggregation. 

This is corroborated by the SPR study that clearly shows the largest polymer 

density bound to the κ-casein coated SPR chip for this fine structure; supporting 

the hypothesis that having a minimal number of binding regions per polymer 

chain is beneficial; both allowing the protein binding sites to be used more 

efficiently in harvesting the solution for more stabilising chains, and ensuring that 

where multiple sites exist large loops, trains and tails can be formed. Figure 11 

shows a schematic diagram summarising the proposed interpretation of the 

experiments reported herein. 
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herein. 
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Figure 11: Schematic diagram summarising the proposed interpretation of the experiments 

reported herein. LM: low methoxy pectin; HM: high methoxy pectin; HHM: unusually high 

methoxy pectin. 
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Conclusion and further work 

1 Summary 

The aim of this thesis was to understand better the interaction between casein 

micelles and pectin. The behaviour of pectin was investigated in different casein 

micelle systems and analogues, and using different pectin fine structures and the 

distribution of the methylester groups. As a prelude to the study of the interaction, 

the degree of methylation on the pectin fine structure was investigated for pectins 

with random and blocky distribution of charges. Furthermore, in this work, 

intermolecular and intramolecular charges distributions were envisaged as two 

characteristics resulting from the same process and thus intimately linked. 

Having thoroughly investigated the fine structure of the polymers, the focus 

was turned to investigating the interaction between pectin and casein micelles. 

Firstly, the effect of pectin on acid milk gels for concentrated, quiescent systems 

was investigated by passive microrheology using two complementary techniques: 

diffusive wave spectroscopy (DWS) and multiple particles tracking (MPT). DWS, 

by allowing probing the mechanical properties of the network at high frequency, 

gave information on its microstructure. Furthermore, the motion of the casein 

micelles/micelle aggregates themselves (thus the protein network) is probed. 

However, by scattering, the average motion of a high number of scatterers was 

obtained, which means that the heterogeneity of the system e.g. the properties of 

the void and any distributions of the casein micelles, were not investigated. 

Multiple particle tracking was used to probe this heterogeneity by following the 

distribution of the displacements of beads (added to the system) at a given time 

lag during the gelation using the Van Hove distribution. Furthermore, the surface 

chemistry of the probes was modified in an attempt to control their location in the 

system. Finally, the mean square displacements of the casein micelles obtained by 

DWS and, of κ-casein coated particles obtained by MPT were compared for the 

same acid milk system.  



Conclusion and further work 

 

 

188 

Secondly, we aimed to gain understanding of the interaction between pectin 

and casein micelles by investigating the interfacial interaction between κ-casein 

and pectin (avoiding the complication of the presence of calcium). Two 

approaches were envisaged: the direct study of the interaction by surface plasmon 

resonance and indirectly by probing the motion of ‘calcium-free casein micelles’ 

in pectin solutions. With SPR, pectins with different fine structures were flown 

over κ-casein coated gold surface and the resonance angle, reflecting changes in 

the refractive index, was recorded versus time. It is thus the relative number of 

polymers binding to the surface and the effect of this binding on the state of the κ-

casein layer that is reported rather than directly the strength of the interaction. 

With the ‘calcium-free casein micelles’, the interaction is not probed directly but 

is inferred from the way a κ-casein coating affects the motion of latex beads in 

pectin solutions.  

2 Main conclusions and further suggested work 

Firstly, the determination of the degree of methylesterification using capillary 

electrophoresis has been improved. The reliability and repeatability of the CE 

methods have been reinforced. Furthermore, an empirical fit of the experimentally 

measured electromobility versus ratio of charges gave a more precise relation 

between electromobility and degree of methylesterification (DM) valid for a 

bigger range of DM. Using this the pectin fine structure of homogalacturonan 

modified by alkali treatment was then investigated. For homogalacturonan, the 

intermolecular charge distribution was shown to contain information on the 

intramolecular distribution as they result from the same process and their random 

distribution was confirmed by comparison with the predicted distribution based on 

the binomial theorem. The intermolecular charge distribution of PME modified 

pectins versus degree of methylesterification during the enzymatic processing 

showed that at first only selected regions of the sample are modified while others 

remain intact. The rate of modification is not uniform for each pectin chain in the 

sample which is reflected by the increase of the broadness of the charge 

distribution with the enzymatic action at the beginning of the process. 

Furthermore, the charge distribution of the non-digestible fraction by endoPGII 
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was found to be similar to the mother pectin (before modification by PME). It 

means that the area on the backbone de-methylesterified by PME is accessible to 

endo-PGII which is fitting well with a pectin chain having a highly blocky 

distribution. The pectin chain parts on which PME has acted seems to be almost if 

not completely de-esterified and the other parts of the chain seem in contrast 

intact. It showed that PME has a really stepwise action pattern. However, to draw 

a more precise pattern of the distribution of the charges on the backbone, apart 

from saying that its not random and inferring that it is indeed blocky would 

require computer modelling on the PME action and comparison of the model with 

the experimental data.  

Secondly, the study of the effect of pectin on acid milk gels showed that the 

interaction between pectin and casein micelles is strongly dependant on pectin’s 

availability e.g. whether it was trapped by binding with calcium. For acid milk 

systems without pectin, a fractal signature is transiently observed at pH 4.8 which 

corresponds to the percolation point, using DWS. The effect of pectin on the 

behaviour at high frequency was dependant on the pectin fine structure. In the 

presence of high methoxyl pectin, insensitive to calcium, a characteristic modified 

shape of the mean square displacement was observed at high frequency using 

DWS and interpreted as a signature of bridging of the casein aggregates by pectin. 

In presence of low methoxyl pectin, the MSD shape at high frequency was not 

distinguishable from the shape obtained for a sample without pectin. LM pectins 

sensitive to calcium, were hypothesised to be trapped and were not able to interact 

with the casein micelles. These findings were supported by the study of the 

calcium balance by phosphorus NMR in milk systems at pH 6.8: LM pectin shifts 

the serum/micelle calcium balance and more calcium is leaking from the casein 

micelles in presence of LM pectin.  

With multiple particle tracking and controlling the position of the probes by 

modifying their surface to include them in the network, the network formation 

was shown to be a homogeneous process and the final gel network, homogeneous. 

However, probing the mechanical properties of the voids by modifying the probes 

surfaces with PEG (which has shown to inhibit protein absorption from solution) 

wasn’t successful. In further works, it could be considered to use an active 

strategy to drag the probes in the voids by optical tweezers for example or to 
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maintain the particle at a fixed position during the gelation considering that some 

of the held particles might be located in the void at the end of the gelation. 

Furthermore, by modulating the force used to hold the beads in the optical traps, 

information could be gained on the strength of the force acting on the beads at the 

void/protein network interface. 

The comparison of the mean square displacements obtained by DWS and 

MPT with κ-casein coated probes gave good agreement. Furthermore, the 

comparison allowed us insight on the state of the casein micelle during acid milk 

gelation and justified their use as probes for the DWS experiment. It also 

evaluated the validity of κ-casein coated particles as a synthetic casein model.  

Thirdly, the interfacial interaction between pectin and κ-casein, studied by 

SPR has shown that the amount of pectin binding on a κ-casein coated gold 

surface is strongly dependant on the pectin fine structure. The highest SPR signal 

was observed for an unusually high methoxyl pectin with a degree of 

methylesterifiaction of 90%, which gave information on the size of the ‘epitopes’ 

on the polymer backbone needed for the interaction. Indeed, a small negative 

patch on the pectin backbone likely to comprise of around two consecutive 

unmethylesterified acid galacturonics seems effective for the pectin binding on the 

κ-casein. The lower amount of bound pectin for the less methylesterified polymer 

at pH 4.5 has been explained by a multiple patch binding on the κ-casein layer. 

Finally, the study of the motion of calcium-free model casein micelles in 

pectin solutions with different fine structures have shown that high methoxyl (DM 

78) and low methoxyl (DM 28) pectin are bridging the casein micelles at every 

pH except pH 3.5. However, bridging was not observed for less charged HM 

(DM90%) even though SPR measurements have shown that this pectin structure 

was binding heavily on the κ-casein coated surface. This pectin structure with a 

limited number of negative patches on its backbone limits the potential for 

destabilization via bridging (and maximises the number of chains stuck to the 

surface). 

In this thesis, the interaction between pectin and casein micelles has been 

studied directly and indirectly using different casein micelles systems and 

analogues. However, the strength of the interaction hasn’t been investigated 
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directly. Indeed by SPR, even if it is a direct method, the result obtained is the 

amount of polymer bound to the κ-casein coated surface and changes in the state 

of this surface. Further works could study the direct interaction using atomic force 

measurement (AFM) by coating the surface with κ-casein or casein micelles, and 

the cantilever with pectin. 

Another interesting route would be to gain further information on the 

‘epitope’ on the pectin backbone needed for the interaction. The SPR data could 

be further analyzed using more modelling and comparing the relative amount of 

polymer bound for the different fine pectin structures. 

In this thesis we have shown that an unusually highly methylesterified pectins 

seems the best candidates to stabilize casein micelles in an acid milk system. It 

will be interesting to give further details on this optimal structure by further 

controlling the pectin pattern and test the designed structures by combining 

calcium sensitivity measurements and binding ability. We could for example 

answer if all the negative charges on the backbone of the pectin with a DM 90 are 

important for the interaction or if it is only one ‘epitope’ composed of two 

consecutive negative charges which is determinant for the interaction. 

 


