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Abstract	

The major focus of this thesis is to investigate the macromolecular interactions between 

model protein βLgA and model polysaccharide pectin when they were oppositely charged 

and the microstructures of the complexes formed between the two biopolymers.  

Firstly, interactions between βLgA and pectins were studied in solution. We found that 

βLgA only interacted with pectins with an adequate amount of charge, and that the 

complexation between βLgA and pectin was a two-step process that lead to the formation 

βLgA-pectin complexes with two different structures. It was also revealed that the 

complex coacervates were made by the compact primary particles comprising overlapped 

pectin chains and βLgA-rich clusters that brought individual protein-binding pectin 

chains together. Both the overall the local charge densities of pectin have impacts on the 

distribution or orientation of βLgA-rich clusters within the primary particles.  

We then simplified the structural heterogeneity of the protein-polysaccharide system by 

investigating βLgA binding to the oligo-galacturonic acids (OGA). We found that βLgA-

OGA interaction was critically dependent on the length of the OGA, a minimum length 

of 7 or 8 sugar residues was required in order to exhibit appreciable exothermic 

interactions with βLgA. Two structural regimes were identified during βLgA to OGA 

titration. 

The interactions between βLgA and pectins with various charge properties were also 

investigated at the solid-liquid interface by building layer-by-layered (LbL) structures on 

hydrophilic silica surface in a ‘protein-polysaccharide-protein’ fashion. We found that 

the βLgA/pectin LbL assembly was structurally homogeneous with individual βLgA and 
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pectin layers interpenetrated one and another. The compactness or density of the multi-

layered film were controlled by the charge properties of the pectin.  

Finally, different from the previous studies on the characterisation of protein and 

polysaccharide interactions, covalently linked protein-polysaccharide conjugates were 

synthesized as potential scaffolds for drug delivery systems. In this study, we conjugated 

hydrophobic protein zein with hydrophilic pectin polysaccharide through a specific 

covalent linkage between the reducing end of pectin and the amine groups of zein. It was 

anticipated that the conjugates could be used for developing dual-delivery system for both 

hydrophobic and hydrophilic bioactives.  
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1                                         

Introduction 

1.1 Proteins	and	polysaccharides	in	living	organisms	
Proteins and polysaccharides are two important classes of biological polymers that form 

the basic building blocks of life. Proteins are made up of amino acids that are joined 

through amide bonds into long chains, and the specific properties of proteins stem from 

both the composition of these amino acids and their sequence1. Similarly, 

polysaccharides are composed of repeating units, in this case  monosaccharides or small 

oligosaccharides which form the basis for the classification of polysaccharides by 

structure2.  

Proteins found in living organisms are immensely diverse in structure and function, 

and are involved in many significant biological functions including catalysis, defence, 

transport of substances, motion and regulation of cell and body functions3. 

Polysaccharides on the other hand act as energy-storage molecules and structural 

elements3 in most living organisms. Proteins and polysaccharides can spontaneously 

associate and their association is essential for facilitating many biological functions 

such as cell division and migration4, blood coagulation and responses to injury5. 

Therefore, a greater understanding of the interactions between proteins and 

polysaccharides will expand our knowledge of complicated biological systems.  
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1.2 Industrial	use	of	protein-polysaccharide	complexes	
Owing to their inherent mechanical property, degradability, biocompatibility and 

structural diversity, proteins, polysaccharides and their complexes have been actively 

used in developing new materials for a wide range of industrial applications. For 

example, protein and polysaccharide complexes have shown great potential in 

developing emulsion formulations with improved stability over irritating synthetic 

surfactants6. These emulsion formulations are widely used as drug delivery systems to 

suit various administrative routes and to provide controlled release and protection 

against environmental stress and degradation6. Besides their pharmaceutical use, protein 

and polysaccharide complexes are also used by material scientists for developing 

functional materials for tissue engineering. For example, collagen and hyaluronic acid 

complexes are prepared through cross-linking and these complexes are then used as raw 

materials for making highly porous scaffolds with uniform interconnected pore 

structures that significantly promotes the in vitro growth of seeding mammary stromal 

cells7.   

Besides their potential in developing new nanomaterials, proteins and 

polysaccharides can also be found in many food systems. The two natural biopolymers 

contribute to the structure, texture and stability of food through their thickening or 

gelling behaviour and surface properties8. The functional properties of proteins and 

polysaccharides, such as their solubility and conformational stability, can be affected by 

their association with each other. Moreover, the emulsifying properties of proteins 

could be significantly modified through the interactions with polysaccharides, while the 

ability of polysaccharides to thicken solutions, form gels or stabilize emulsions is 

critically influenced by the presence of proteins9.  Therefore, a better understanding of 

the basic science behind the macromolecular interactions between the proteins and 
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polysaccharides under different conditions will lead to control of complex formations, 

which in turn would facilitate the development of new functional materials for 

biomedical applications and improved control of the microstructure of food systems for 

processing and product properties10.  

1.3 Protein	and	polysaccharide	interactions	
When mixing proteins with polysaccharides, the interactions between the two 

macromolecules could be segregative or associative in nature. The nature of interactions 

varies significantly depending on the types of polymer, molar ratio of 

protein/polysaccharide as well as environmental conditions of the solution such as pH, 

ionic strength and temperature4. If the interactions are segregative, proteins and 

polysaccharides are either: co-solubilized, where the resulting solution is stable with 

proteins and polysaccharides co-existing in the solution; or thermodynamically 

incompatible, where the solution separates into two phases with one phase rich in 

proteins and the other rich in polysaccharides8, 11. If the interactions are of associative 

nature, then protein and polysaccharide complexes are formed. Such complexes could 

either remain soluble and be distributed uniformly in the solution, or they could 

aggregate and lead to associative phase separation. Oppositely charged proteins and 

polysaccharides commonly exhibit associative phase separation into two phases: one 

that is rich in protein-polysaccharide complexes and the other is poor in the complexes12.  

Therefore, when mixing proteins with polysaccharides, different phase behaviours are 

observed depending on the nature of interactions between the two biological polymers, 

and this is briefly summarised and illustrated in Figure 1-1. 
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Figure	 1-1	 –	 When	 mixing	 proteins	 with	 polysaccharides,	 the	 mixture	 exhibits	 different	 phase	
behaviours	depending	on	the	interactions	between	the	two	macromolecules.	In	this	graph,	protein	is	
illustrated	with	orange	circle	while	the	polysaccharide	is	represented	by	green	curly	lines.		

Both segregative and associative interactions between proteins and polysaccharides 

can lead to phase separation.  Segregative phase separation happens when proteins and 

polysaccharides are sterically repulsive or carry similar net charges and therefore 

undergo electrostatic repulsion13. Segregative phase separation leads to the enrichment 

of proteins and polysaccharides in separated phases. This separation behaviour has been 

used in to design the microstructure, texture and mechanical properties of food 

products14.  In contrast, the associative phase separation occurs when proteins and 

polysaccharides are oppositely charged, protein-polysaccharide complexes are formed 

mainly through electrostatic interactions (other interactions such as H-bonding, 

hydrophobic, as well as steric interactions11 can also be involved), leading to the 

separation into solvent-rich and complexes-rich phases. When proteins and 

polysaccharides undergo associative phase separation, depending on the nature of the 
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complexes-rich phase, either complex coacervation (liquid complexes) or precipitation 

(solid complexes) takes place (Figure 1-2).  

 

Figure	1-2	 –	 Comparison	of	 complex	 coacervation	 (left)	 	 and	precipitation	 (right).	 Both	 samples	 are	
gently	shaken	before	taking	the	picture.		

1.4 Complex	coacervation		
Complex coacervation describes the spontaneous liquid-liquid phase separation that 

occurs when mixing oppositely charged polymers15. Ever since the pioneering work 

done on gelatin-gum arabic complex coacervates early in the 1930s16, a wide range of 

complex coacervate systems have been discovered and reported by many other 

researchers around the world. These include complex coacervates formed  with: protein-

protein17, protein-polyelectrolyte18, protein-polysaccharide19, nucleic acid-

polysaccharide20 and  block co-polymers21.  

1.4.1 Theories	of	complex	coacervation	
Complex coacervation can occur in a wide range of systems, whose physical and 

chemical properties are very different. Hence it is challenging to produce a unified 
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model for all complex coacervation systems. The mechanism of complex coacervation 

has been investigated by numerous researchers, and various theories have been 

proposed. Overbeek and Voorn suggested that complex coacervation resulted from the 

competition between two types of forces: the electrostatic attractions that tend to 

accumulate the oppositely charge molecules and the configurational or translational 

entropy which tends to disperse them22, 23. Veis and Aranyi then proposed that rather 

than a spontaneous 1-step process, coacervation happens in two steps: 1) soluble 

complexes are formed through electrostatic interactions prior to coacervation; 2) the 

soluble complexes then rearrange and form the coacervates in equilibrium of the dilute 

solution phase24. Later, Tainaka adopted the formation of polyanion-polycation 

complexes prior coacervation as proposed by the Veis-Aranyi, however, the formation 

of these complexes does not require specific charge pairing25, 26. The complexes present 

in the dilute phase then aggregate and condense to form the coacervates25, 26.  

The general area of complex coacervation is showing explosive growth not only due 

to its traditional use in a wide range of industrial applications, but also due to the recent 

work in biological systems, such as the development of ‘proto-cells’ that takes 

advantage of the biology-like environment of complex coacervates27-29 (the ability to 

phase separate). Therefore, despite the historic theories mentioned above, new theories 

have been developed in order to address specific challenges not covered by Overbeek-

Voorn or Veis-Aranyi theories30, 31. Modern approaches to complex coacervation 

include the complexation approach30, field theory approach32 as well as the  computer-

aided simulation approach30. In particular, complex coacervation of proteins and 

polysaccharides has been considered from the perspective of colloid clustering 

recently15, 23. In this hypothesis, proteins and polysaccharides first interact with each 

other to form soluble complexes in solution that can be viewed as new colloidal 
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entities23, and complex coacervates are then formed through clustering of these 

complexes. The size and structure of the coacervates are controlled by the balance of the 

long-range electrostatic repulsion that arises from the weakly screened charges carried 

by the complexes and the short-range attraction from depletion forces18, 33, 34. 

1.4.2 Factors	that	influence	the	formation	of	complex	coacervation	
The formation of protein-polysaccharide complex coacervates can be influenced by 

many factors, ranging from environment conditions (for example the pH, ionic strength 

and temperature of the solution), mixing molar ratio, total protein/polysaccharide 

concentration to the structural features of the individual macromolecules (e.g., 

molecular weight, charge density)35.   

1.4.2.1 pH	and	ionic	strength	
The value of pH has significant impact on the ionization degree of the functional groups 

carried by proteins and polysaccharides (e.g. the amine and carboxyl groups), therefore, 

pH plays a very important role in controlling the electrostatically mediated interactions 

between proteins and polysaccharides36. It has been proposed that a maximum 

coacervation yield could be achieved at the electrical equivalent pH (EEP), at which the 

number of opposite charges carried by proteins and polysaccharides is maximum, and 

of equivalent amount36, 37. Again, since the major driving force for complex 

coacervation is of electrostatic nature, high ionic strength tends to screen the charges 

carried by the macromolecules due to small ion-pairing, therefore, complex 

coacervation is suppressed under such condition36, 37. While high ionic strength 

discourages the formation of complex coacervates, maximum coacervation is not 

achieved when there is no salt present in the solution but with the presence with low 

salt38, 39.  It is believed that the addition of a small amount of salt could promote the 
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exposure of new regions on the protein surface, therefore new electrostatic interactions 

are established and the complex coacervation is enhanced36.  

1.4.2.2 Mixing	molar	ratio	and	total	biopolymer	concentration	
It has been shown by many studies that the mixing molar ratio (r) between protein and 

polysaccharide has major impact on the behaviour of protein-polysaccharide complexes 

(e.g., size, composition and viscoelasticity) since the molar ratio influences the charge 

balance of the complexes37, 40.  At a fixed pH and ionic strength, complex coacervation 

is maximized when the optimum protein to polysaccharide molar ratio is reached. This 

optimum molar ratio represents the molar ratio at which EEP is achieved, therefore, the 

electrophoretic mobility of the protein-polysaccharide complexes prepared at such 

molar ratio approaches zero36. Normally, during a protein to polysaccharide titration at 

constant pH and ionic strength, maximum turbidity of the sample is achieved when the 

optimal molar ratio is reached36. When one of the components is in excess soluble 

complexes are formed due to the presence of non-neutralized charges37.  Complex 

coacervation occurs with a wide range of total biopolymer concentrations, including at 

low biopolymer concentrations if the ionic strength is sufficiently low. However, if the 

biopolymer concentration is too high, complex coacervation is suppressed since more 

counterions are released into the solution and the charges carried by proteins and 

polysaccharides are screened by these counterions37. Moreover, the entropic advantage 

of forming electrostatic complexes to release counterions disappears as counterions 

would be equally concentrated in the dilute and in the coacervate phases36, 40.  

1.4.2.3 Charge	densities	and	molecular	weights	of	biopolymers	
Besides the external factors (pH, ionic strength and polymer concentration) mentioned 

above, the intrinsic properties of the protein and polysaccharide also have significant 

impact on the complex coacervation. For example, the number of charges carried by the 
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biopolymer per unit length, which defines the charge density of the biopolymer, has 

great impact on the type of protein-polysaccharide complexes. Higher charge density 

generally leads to precipitation rather than coacervation36. Therefore, complex 

coacervation is usually observed with poorly charged systems (e.g., gum arabic/gelatin 

system41, 42) and precipitation with highly charged systems (e.g., chitosan/carrageenan 

system 43). For a given type of charged group, the distribution pattern of the charged 

groups along the biopolymer long chain determines the local charge density of the 

biopolymer. When the charged groups are distributed consecutively along the chain in 

blocks, regions with high local charge density are formed sometimes referred to as 

charged patches or blockiness. The presence of these charged patches can be used to 

explain the formation of electrostatic complexes even when protein and polysaccharide 

carry charges with same sign44, 45.  For example, bovine serum albumin (BSA) interacts 

with polyanions at a pH where the net protein charge is negative44. This could be 

explained by the non-uniform charge distribution across the surface of BSA, in this case, 

regions rich in positive charges interact strongly with polyanions regardless of the net 

negative charge of the protein44.   As well as the charge densities, the molecular weights 

of biopolymers also influence the formation of complex coacervates, that is complex 

coacervation is encouraged with an increase in the molecular weight of the 

biopolymer36, 37.  

1.5 Techniques	used	to	characterise	complex	coacervates	
formed	in	solution	

Complex coacervation is complicated by the multi-length scale structures that determine 

the behaviour and properties of the coacervates as they form. Therefore, a variety of 

different experimental techniques are employed to probe these multi-scale structures of 

coacervates from the molecular structure of individual biopolymer up to the supra-
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molecular assemblies that contribute to phase separation. Commonly used techniques 

are listed in Table 1-1.  
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Table	1-1	–	Commonly	used	techniques	to	study	protein-polysaccharide	complexes	at	various	length	scales	

Molecular Level Characterisation 

Techniques Usage Comments References 

Circular Dichroism (CD) 

Far-UV CD (180-240 nm) is used to monitor 

the secondary structure of the protein, while 

near-UV CD (260-320 nm) is used to monitor 

the tertiary structure of the protein 

CD is often used to study the conformational changes of protein when it 

binds to polysaccharide. Such information could be used to facilitate the 

understanding of the complex interactions between them.  

Mekhloufi et. al.46; 

Pathak et. al.47 

Fourier Transform 

Infrared Spectroscopy 

(FTIR) 

Similar to CD, FTIR can be used to study the 

secondary structure changes of protein upon 

interaction with polysaccharide 

Similar to CD, binding induced conformational change of proteins could be 

probed with FTIR. 

Secondo et. al.48; 

Weert et. al.49 

Nuclear Magnetic 

Resonance (NMR) 

To identify the binding sites and their 

distribution 

NMR is generally not very useful for protein-polysaccharide system due to 

their high complexity, however, it is useful for detecting binding sites and 

structural transformation for simpler protein/oligosaccharide systems. 

Bush et. al.50 

Fluorescence Assay To probe the conformational changes of Information from appropriate fluorophores includes protein Chen et. al.51; Shi et. 
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protein with both intrinsic and extrinsic 

fluorophores 

aggregation/fibrillation (Thioflavin T), local environment of protein 

(tryptophan) and ligand induced conformational changes of protein (1-

anilino-8-naphthalenesulfonate).  

al.52 

Small Angle X-ray or 

Neutron  Scattering 

(SAXS/SANS) 

To probe the shape and size of protein and 

polysaccharide molecules 

Structural information such as the overall shape, size and contour length can 

be obtained by SAXS/SANS. Low resolution models of protein structure 

can be constructed. 

Khan et. al.53; Zhang 

et. al.54  

Mesoscopic and Macroscopic Level Characterisation 

Turbidity Measurement 
Measures the optical density of protein-

polysaccharide solution 

Turbidity is related to the extent of aggregation and the size of aggregates in 

solution. Turbidity measurement is simple, and it can be used to construct 

the phase diagram for a particular system 

Jeon et. al.55; Perry 

et. al.56; Shinde et. 

al.57 

Rheology/Microrheology 
Measures the bulk/local viscosity of the 

complex coacervate 

Traditional rheology measurements can be used to characterise the general 

viscoelastic properties of complex coacervates. Microrheology provides 

information on the internal structure and local diffusivity. 

Haug et. al.58; 

Kayitmazer et. al.59  

Microscopy Provides direct images of complex Techniques include optical microscopy, confocal scanning laser Sanchez et. al.60; 
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coacervates microscopy, scanning/transmission electron microscopy, atomic force 

microscopy. Images of the complex coacervates can be captured in a wide 

range of length-scales. However, sample preparation and possible artefacts 

can limit the use of these techniques. 

Schmitt et. al.61  

Small Angle X-ray or 

Neutron Scattering 

(SAXS/SANS) 

Provides in situ measurement of conformation 

and size of a wide range of structural entities 

ranging from ~1 nm to ~100 nm. 

SAXS and SANS can be used to probe a wide range of structures as well as 

the spatial arrangement of the complex coacervates. Also, with contrast 

matching methods in SANS, the distribution and organisation of individual 

biopolymer can be identified. 

Spruijt et. al.62; 

Krogstad et. al.21; 

Schmidt et. al.19 

Dynamic Light Scattering 
Measures the hydrodynamic radius of 

dispersed complexes 

DLS have been widely used to measure the size distribution of various 

complexes in solution. However, the presence of dust particles and large 

aggregates in the solution may have significant impact on the 

measurements. 

Boeris et. al.63; 

Harnsilawat et. al.9; 

Tan et. al.64 

Others 

Isothermal Titration 

Calorimetry 

Measures the energy change during a binding 

event, thermodynamic parameters can be 

ITC provides quantitative measurements of the thermodynamics associated 

with interactions between proteins and polysaccharides. The measured 

Ball et. al.65 ; Tan et. 

al.64 
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obtained with proper modelling binding isotherm has implications for complex structures and analysis of the 

calculated thermodynamic parameters can be used to evaluate the possible 

driving forces of protein-polysaccharide complex coacervation 

Zeta Potential 
Measures the overall surface charge of 

complexes 

Zeta potential analysis is often used to follow the charge neutralization 

during protein and polysaccharide interaction. Charges carried by 

complexes provide information on the magnitude of electrostatic repulsion 

between complexes.  

Hosseini et. al.66; 

Singh et. al.67 
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1.6 Protein	and	polysaccharide	interactions	at	interfaces	
Although the sections above focus on the interactions between proteins and 

polysaccharides in solution their interactions at various interfaces are also important. 

For example, surface active proteins and polysaccharides are often used together to 

enhance the stability of dispersed systems (where they act at air-water and oil-water 

interfaces)68. Moreover, due to their electrostatic interactions, proteins and 

polysaccharides are useful candidates for making self-assembled layer-by-layer (LbL) 

films that can be used to engineer the surface of metal implants (solid-liquid interface)69.  

Commonly used techniques for characterising the protein-polysaccharide interactions at 

various interfaces include: contact angle measurement70, atomic force microscopy 

(AFM)71, quartz crystal microbalance with dissipation (QCM-D)72, X-ray/neutron 

reflectometry73, ellipsometry74 and  small angle X-ray or neutron scattering 

(SAXS/SANS)75.  These techniques can be used by themselves or together in order to 

obtain a more systemic understanding of the protein-polysaccharide interactions from 

different aspects. For example, for protein-polysaccharide multi-layered films, QCM-D 

can be used to monitor the rate of assembly of the multilayered structures and the 

viscoelastic properties of the film, while neutron reflectometry provides in situ 

characterisation of film thickness and composition, and finally AFM is used to 

characterise the topological features of the film73, 76.   

1.7 Model	proteins		

1.7.1 Bovine	β-lactoglobulin	variant	A	
β-Lactoglobulin (βLg) is the major whey protein that can be found in the milk of many 

ruminant species such as cow and sheep77.  The protein βLg is absent from human milk, 

and together with caseins, they are considered to be the major allergens in cow’s milk78, 
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79. The biological function of βLg still remains uncertain80, although it has been found 

that βLg may function as a transport protein for fatty acids and retinoid species, such as 

vitamin A81, 82.  

βLg belongs to the lipocalin superfamily83.  The common structure shared by 

lipocalin proteins constitutes a well conserved eight-stranded anti-parallel β-barrel, a 310 

helix and an α-helix84, 85 (Figure 1-3). There are three short structurally conserved 

regions (SCR) for lipocalins: 1) strand-A and 310 helix linked to it; 2) strand-F and 

strand-G; 3) strand H and adjoining residues86. These SCRs often serve as diagnostic 

features for lipocalins87.  

 

Figure	1-3	–	Illustration	of	typical	lipocalin	structure.	The	α-helices	and	β-strands	are	represented	in	
yellow	 cylinders	 and	 blue	 arrows	 respectively.	 The	 loops	 connecting	 the	 anti-parallel	 β-sheets	 are	
labelled	 as	 L1-L7.	 The	 two	 terminals	 of	 the	 protein	 are	 labelled	 as	 N	 and	 C	 respectively.	 The	 three	
structurally	conserved	regions	(SCR)	are	highlighted	in	purple	boxes.	Graph	adapted	from	Ref87.		
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Among many βLg proteins originating from different species, bovine βLg is the 

most intensively studied. Monomeric bovine βLg is a small globular protein consisting 

of 162 amino acid residues and a molecular weight of 18.3 kDa82, 88, 89. Similar to all 

other lipocalins, the tertiary structure of bovine βLg consists of a β-barrel (also known 

as the calyx) made from 8 anti-parallel β-strands and a 3-turn α-helix is located on the 

outer surface of the  β-barrel (Figure 1-4a). For bovine βLg, the accessibility to the 

calyx is pH-dependent, and is mediated by the mobile loop connecting strands E and F90.   

Bovine βLg is found predominantly as a dimer under physiological conditions91, 

where the dimeric structure of bovine βLg is stabilized by a set of interactions across 

the interface, characterised by the formation of an anti-parallel two-stranded β-sheet 

structure from the I-strands of the two monomeric subunits88 (Figure 1-4b). However, 

the monomer-dimer equilibrium of βLg is affected by the pH92, ionic strength, 

temperature and protein concentration93. It has been reported that the monomer-dimer 

equilibrium is determined by the subtle balance between the hydrophobic interactions at 

the dimer interface which favour the dimer formation and the electrostatic repulsions 

between the similarly charged monomers, which favour the monomer formation94. For 

example, under conditions with high ionic strength, the surface charges of βLg  

monomers are screened by ion pairing, therefore, electrostatic repulsions between βLg  

monomers are reduced, resulting in stabilization of βLg dimers. The dissociation of βLg 

dimer into monomers is favoured below pH 3.5, and such dissociation is enhanced by a 

low protein concentration, a low ionic strength and a decreasing pH93.  Higher order 

aggregates are also observed above the isoelectric point (pI = 5.295) of bovine βLg and 

depends on the temperature and protein concentration93. 
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Figure	1-4	–	a)	Three	dimensional	structure	of	monomeric	bovine	βLg	(PDB	entry:	1CJ589),	secondary	
structures	 are	 highlighted	 in	 different	 colours:	 helices	 (red),	 strands	 (yellow)	 and	 turns	 (green);	 b)	
three	 dimensional	 structure	 of	 dimeric	 bovine	 βLg	 (PDB	 entry:	 1BEB88).	 Both	 graphs	 are	 generated	
using	software	package	PyMOL96.		

It is commonly accepted that the electrostatic interactions dominate the association 

and phase behaviour of the protein-polysaccharide complex, therefore, the size and 

distribution of charges on the protein surface, i.e. protein charge anisotropy has 

significant impacts on the interactions between protein and polysaccharide97.  The 

anisotropic distribution of surface charges of βLg can also be influenced by the pH and 

ionic strength of the experimental conditions97-99. For example, the distribution of local 
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charge densities on the surface of βLg varies significantly among different pH 

conditions (Figure 1-5).  

 

Figure	 1-5	 –	 Illustration	 of	 anisotropic	 charge	 distribution	 along	 dimeric	 βLg	 (PDB	 entry:	 1BEB88)	
surface	under	different	pH	conditions.	 In	 this	graph,	blue	represents	positive	charge	potential	while	
red	 colour	 represents	 negative	 charge	 potentials.	 The	 surface	 charge	 of	 βLgA	 is	 calculated	 using	
Adaptive	Poisson-Boltzmann	Solver	(APBS)100.	

 There are ten known genetic variants of bovine βLg81. The most abundant variants 

are known as bovine βLg variant A and variant B101 respectively, and differ from each 

other by two amino acid substitutions: Asp64-Gly64 and Val118-Ala118 respectively. Even 

though the two genetic variants differ in only two sites of the polypeptide chain, this 

difference has a significant impact on the thermal denaturation102, solubility 

behaviour103, self-association95, surface charge anisotropy97 as well as ligand binding 

properties of the proteins104, 105. Therefore, in order to achieve a more conclusive 

understanding of the interactions between protein and polysaccharide, purified bovine 

β-lactoglobulin variant A (βLgA) has been chosen as the model protein.   

1.7.2 Zein	protein	
Zein is the major storage protein of corn106 and it is mainly present in the endosperm of 

the corn kernel107. Unlike most other commonly known proteins, zein is insoluble in 

water but can be solubilized in the presence of alcohol, high concentrations of urea, 

high concentrations of alkali, or anionic detergents107, 108. Zein is rich in glutamic acid 
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(21-26%),  as well as the non-polar residues leucine (20%), proline (10%) and alanine 

(10%)107 which give rise to its high hydrophobicity107.  However, since zein is deficient 

in essential amino acids such as lysine and tryptophan, its nutritional value is low107.  

Zein is classified into three fractions, α-, β- and γ-zein, which are differentiated by 

solubility and molar mass109, 110. Among the three fractions, α-zein fraction is obtained 

in greater quantities in the commercial extraction process (more than 70%), the 

molecular weight of α-zein is identified within the range of 21-25 kDa111.  Circular 

dichroism results show that on dissolving in 70% methanol, the secondary structure of 

zein consists 50-60% α-helices and the remaining structure comprises turns or random 

coils112. The three dimensional structure of zein is considered to be an elongated 

rectangular prism-like shape that is linearly stacked with 9-10 topologically antiparallel 

and homologous repeating α–helical units (Figure 1-6)111-113. In this arrangement, the 

top and bottom surfaces of the protein containing glutamine loops are hydrophilic, 

while the other surfaces of the prism shape containing the α-helices are hydrophobic113.  

 

Figure	 1-6	 –	 Illustration	 of	 the	 tertiary	 structure	 of	 zein.	 Purple	 cylinders	 represent	 the	 linearly	
stacking	anti-parallel	helical	segments.	The	structure	is	constructed	based	on	ref114.	
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Consequently, zein is an amphiphilic protein and can self-assemble into a wide 

variety of mesostructures. For example, zein is able to form micro115 or nanoparticles116, 

117 that can be used to encapsulate bioactive materials for oral-drug delivery systems. In 

addition, zein can adhere to or coat other surfaces to form tough, glossy, hydrophobic 

coatings that exhibit anti-bacterial activities106. Films prepared with zein protein are 

biodegradable and water-proof, and increased tensile strength can be achieved by 

incorporating cross-linking agents such as citric acid or formaldehyde107. Therefore, due 

to its abundance and unique physicochemical characteristics, zein protein is considered 

to be a bio-renewable source that can be used in biomedical, pharmaceutical and food 

industries118.  

1.8 Model	polysaccharide	-	Pectin	
Pectin is a family of galacturonic acid (GalA)-rich polysaccharides presents in the cell 

walls of terrestrial plants and constitutes one third to half of the cell wall dry mass of 

higher plants119, 120. Pectin is involved in many important biological functions such as 

plant growth, development, morphogenesis, wall structure, signalling and cell 

adhesion121.  Besides its biological significance, pectin is also widely used as a gelling 

and stabilizing agent in the food industry, and is involved in the production of a range 

of specialty products such edible films, foams and plasticizers, and drug delivery 

systems121. Pectins are the most complex plant cell wall polysaccharides122.  

1.8.1 		Structure	and	composition	of	pectin	
The structural classes of pectins are categorised as homogalacturonan (HG), 

xylogalacturonan (XGA), apioalacturonan (AGA), rhamnogalacturonan II (RG-II), and 

rhamnogalacturonan I (RG-I), depending on the substitution of the sugar backbone (see 

the structures of the major pectic polysaccharides illustrated in Figure 1-7).  
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Figure	1-7	–	Illustration	of	major	pectin	structural	classes	including	HG,	XGA,	RG-II	and	RG-I.	Figure	is	
cited	from	reference123.		

Although the percentage of each structural class varies depending on environment, 

tissue and species124, HG is typically the most abundant pectic polysaccharide and 

constitutes approximately 65% of pectins123. The structure of HG is considerably 

simpler than the structures of other pectic polysaccharides. HG is a linear polymer 

consisting of a backbone of α-(1,4)-linked D-galacturonic acid (GalA) residues125.  The 

backbone GalA units can be methylesterified at the C-6 carboxyl position or acetylated 

at the O-2 or O-3 positions125 (Figure 1-8) with the pattern and degree of 

methylesterification and acetylation varies from source to source125.  
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Figure	1-8	–	Structure	of	galacturonic	acid,	and	its	methyl-esterified	and		acetylated	forms.	Structures	
of	the	molecules	are	adapted	from	ref126.		

The GalA backbone can be substituted with other sugar moieties including xylose 

and apiofuranose at various chain positions to form XGA and AGA respectively123.  

Similar to HG, XGA and AGA, the structure of RG-II also consists of a 

homogalacturonan skeleton, with clusters of complex side chains attached onto the 

galacturonan backbone at the O-2 or O-3 positions123.  In contrast to the other pectic 

polysaccharides, RG-I have a backbone composed of alternating α-(1,4)-linked-D-

galacturonic acid and α-(1,2)-linked-L-rhamnosyl residues, and the rhamnosyl residues 

can be substituted with a variety of glucan chains (mainly arabinan and galactan)127.  

1.8.2 Physical	and	chemical	properties	of	pectin	
Pectins are generally soluble in water, however, their solubility is inhibited with 

increasing molecular weight and ionic strength and decreasing degree of methyl-

esterification122.  X-ray diffraction results suggest that the backbone of pectin exhibits 

right-handed helical conformation when the pectins are in the solid states (as dried 

fibres), stabilized by intra and inter-molecular hydrogen bonds122, 128, 129.  When 
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dissolved in aqueous solutions, pectin chains adopt random coil conformation with 

some degree of rigidity122. Due to their polyelectrolyte properties, the physical 

properties of pectin are influenced by their charge properties, or more precisely the 

number of un-methylesterified backbone GalA units and their distribution patterns 

along the chain130.  

The backbone GalA units of pectin can be methylesterified, and the ratio between 

the methylesterified GalA residues to total GalA residues defines the degree of methyl-

esterification (DM) of the pectin.  Depending on the DM, pectins can be classified as 

high methoxyl (HM) pectins with DM greater than 50% and low methoxyl (LM) pectins 

with DM less than 50%131. The most pronounced difference between LM and HM 

pectins is their gelling properties, namely LM pectins are able to form gels in the 

presence of calcium or other divalent cations, while HM pectins require high 

concentrations of sugars (e.g., glucose) or other co-solutes to form gels122.   

As well as the DM, the distribution pattern of the non-methylesterified GalA 

residues along the pectin backbone is also very important in determining the physical 

behaviour of individual pectin chains. It is believed that the cells secrete highly methyl-

esterified (HM) pectin molecules into the cell wall, where the pectin molecules deposit 

into the cellulose-rich framework132.  The HM pectins are then de-methylesterified to 

various extents by wall-localized pectin methylesterases (PME)133 –  this de-

methylesterification process is of great importance as it is associated with growth and 

development of plants133. PMEs from different origins have distinctly different modes 

of action, the commonly accepted hypothesis is that the PMEs can either de-

methylesterify the pectin molecules randomly (such as those found in fungi, e.g., PME 

from Aspergillus niger134), or they can act linearly along the pectin chain and lead to the 
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formation of long blocks of non-methylesterified GalA residues (as those found in 

plants or bacteria, e.g., PME from carrots135)136 These non-methylesterified GalA 

residues are thus either distributed in blocks or randomly along the chain, and the term 

degree of blockiness (DB) is introduced to describe the size of the continuous non-

methylesterified segments (see Figure 1-9).   

 

Figure	 1-9	 –	 Illustration	 of	 pectins	 with	 various	 DM	 and	 DB.	 The	 methyl-esterified	 GalA	 units	 are	
illustrated	in	pink	circles,	while	the	green	ones	represent	the	non-methyl-esterified	GalA	units.		

When the pH is sufficiently high (above the pKa of pectin), the non-methylesterified 

GalA residues are negatively charged; therefore, the degree of methyl-esterification 

(DM) and the distribution pattern of the non-methylesterified GalA residues (DB) 

determine the overall and local charge densities of the pectin137. The higher the DM, the 

lower the overall charge density of the pectin; whereas the higher the DB, the higher the 

local charge density of the pectin . Therefore, the DM and DB directly influence the 

protein or ion binding properties of pectin.   
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1.9 Aim	of	the	thesis	
The interactions between proteins and polysaccharides can be influenced by a range of 

factors and vary between different protein-polysaccharide systems. The major object of 

this project is to acquire a more comprehensive understanding of the complex 

interactions between model proteins, particularly βLgA, and a model polysaccharide 

pectin, at a pH and ionic strength that maximises their interactions.  At pH 4, βLgA and 

pectin are oppositely charged and the electrostatic attractions between them are 

maximized by using a low salt concentration. By using a range of pectins with different 

DM and DB, the effects of charge properties on pectin’s interactions with βLgA are also 

addressed in this study.  The resulting structures of βLgA-pectin complexes formed in 

solution and at solid-liquid interface are characterised with various experimental 

techniques. With the aim of developing novel biomaterials that can be used in drug 

delivery systems and tissue engineering, the other object of this research is to develop 

covalently conjugated protein and polysaccharide complexes that have the ability to 

self-assemble into desired structures. For this part of research, zein protein and pectin 

are used as model protein and polysaccharide due to their vastly different 

hydrophobicity.    
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2                                        

Experimental Theory 

2.1 Isothermal	Titration	Calorimetry	(ITC)	
Isothermal titration calorimetry (ITC) was first applied to study protein-ligand 

interactions in 19781. ITC is now a powerful biophysical technique that is widely used 

to obtain the thermodynamic parameters in biochemical reactions or molecular 

interactions2.   

An essential part of the ITC instrument is a matching pair of sample and reference 

cells contained within a thermostatic environment3. The sample cell is where host-

ligand interaction takes place and the reference cell contains water or buffer. When two 

molecules interact with each other, heat is either released or absorbed. Therefore, when 

the titration starts, the temperature in the sample cell changes since the heat is either 

released or used in the binding event.  Such temperature differences between the sample 

cell and the reference cell are measured and compensated, calibrated to power units and 

saved4. By monitoring the changes in the differential power (DP) applied to the sample 

cell as compared to the reference cell as a function of time, an ITC curve can be plotted 

by the software4 as shown in Figure 2-1 (top panel).  
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Figure	2-1	–	Top	panel:		raw	ITC	curve	obtained	from	an	exothermic	binding	event.	In	this	graph,	data	
points	are	shown	in	terms	of	μcal/sec	plotted	against	time	in	minutes.	Each	peak	corresponds	to	one	
single	 injection,	 and	 the	 area	 under	 each	 peak	 is	 proportional	 to	 the	 energy	 released	 during	 the	
binding	event.		Bottom	panel:		the	normalized	integration	data	in	terms	of	kcal/mol	of	injectant	plotted	
against	molar	ratio.	Image	is	taken	from	the	MicroCal	user	mannual5.	

The raw ITC curve is actually a power versus time plot, in which each peak 

corresponds to the addition of an aliquot of titrant. The direction of the peaks depends 

on whether the process occurring in the cell is exothermic or endothermic in nature.  In 

the raw ITC curve, the area under the injection peak is proportional to the energy 
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absorbed or released during the binding event, therefore, after calibration the raw ITC 

curve can be integrated and the heat values plotted against the molar ratio of added 

titrant to the species in the cell (as shown in Figure 2-1 bottom panel).  

In an ITC experiment, one can determine the thermodynamic parameters associated 

with the binding event by measuring stepwise changes in the enthalpy of interaction 

during the course of a titration experiment6. The successful extraction of 

thermodynamic parameters requires the use of non-linear least square curve fitting as 

well as a mathematical model that correctly describes the nature of the studied 

interaction7. This fitting process has typically been undertaken using the Wiseman 

isotherm7, 8. Imagine if we have a binding event where ligand (L) binds to a protein (P) 

that has only one binding site: 

𝑃 + 𝐿 ⇆ 𝑃𝐿 

In this binding process, the affinity constant (Ka) and dissociation constant (Kd) can be 

expressed as: 

 𝐾& =
[𝑃𝐿]
𝑃 [𝐿] =

1
𝐾+

 
(1) 

where [P] and [L] represent the concentration of free protein and ligand respectively, 

and [PL] represents the concentration of the protein-ligand complex. In the ITC 

experiment, the heat qi associated with each change of state after each injection is 

measured, and this is proportional to the increment in the concentration of complex in 

the calorimetric cell after the ith injection: 

 𝑞i = 𝑉∆𝐻& 𝑃𝐿 0 − 𝑃𝐿 023  (2) 
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where V is the volume of calorimetric cell, ΔHa is the enthalpy of binding, [PL]i is the 

concentration of protein-ligand complex after the ith injection, [PL]i-1 is the 

concentration of protein-ligand complex before the ith injection. In particular, the 

concentration of protein-ligand complex after the ith injection can be calculated as: 

 

𝑃𝐿 0 =
1 + 𝑃 0𝐾& + 𝐿 0𝐾& − 1 + 𝑃 0𝐾& + 𝐿 0𝐾& 4 − 4 𝑃 0 𝐿 0𝐾&4

2𝐾&
 

(3) 

where [P]i and [L]i are the total concentrations of protein and ligand in the cell after the 

ith injection9. When the titration is completed, no significant heat change is detected 

after each injection, at this point, the molecule in the cell is saturated and the 

concentration of the complex reaches to its maximum. Throughout the ITC experiment, 

the total concentrations of [P] and [L] are the known independent variables. Non-linear 

regression analysis of the dependent variable qi allows the estimation of other 

thermodynamic parameters: the affinity constant (Ka) and enthalpy change (ΔH0).  

Changes in Gibb’s free energy (ΔG0) and changes in entropy (ΔS0) associated with the 

binding can then be calculated using the Gibb’s equation: 

 ∆𝐺8 = ∆𝐻8 − 𝑇∆𝑆8 = −𝑅𝑇𝑙𝑛𝐾& (4) 

where R is the gas constant and T is the absolute temperature in kelvin. 

When there is more than one binding site per macromolecule the stoichiometry is 

not 1 : 1, a parameter n which represents the number (or fraction) of binding sites is 

introduced (assuming the binding is not of co-operative nature). For this 1 : n model, 

[PL] after the ith titration can be calculated as: 

 
𝑃𝐿 0 =

1 + 𝑛 𝑃 0𝐾& + 𝐿 0𝐾& − 1 + 𝑛 𝑃 0𝐾& + 𝐿 0𝐾& 4 − 4𝑛 𝑃 0 𝐿 0𝐾&4

2𝐾&
 

(5) 
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if n > 1, there is more than one binding site per protein; if n < 1, although it could be 

understood as there is less than one binding site per protein molecule, it actually implies 

that the sample is either not chemically or conformationally homogeneous, or there is 

more than one binding site per ligand9.  

2.2 Circular	Dichroism	(CD)	
Linearly polarised light can be considered as the superposition of two circularly 

polarised light with equal amplitudes: one left-handed circularly polarised light (L-CPL) 

and the other right-handed circularly polarised light (R-CPL). When light beam travels 

through a chiral medium, the L-CPL and R-CPL beams are phase differentiated and 

consequently travel at different speeds10. As a result, the plane of light is rotated and the 

transmitted light emerges as an elliptically polarized beam11 (Figure	 2-2). Such 

difference in absorption of L-CPL and R-CPL is defined as the circular dichroism (CD), 

and CD is normally measured in degrees ellipticity, which is defined as the tangent 

value of the ratio between the minor to the major axis of the ellipse11 (as illustrated in 

Figure 2-2).  

	

Figure	2-2	–	OP	represents	the	direction	of	polarisation	of	the	incident	beam.	After	OP	passes	through	a	
chiral	 medium,	 OL	 and	 OR	 represent	 the	 absorption	 vectors	 for	 left	 and	 right-handed	 circularly	
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polarised	 light	 respectively.	 Due	 to	 the	 difference	 in	 OL	 and	 OR,	 instead	 of	 tracing	 circles,	 the	
transmitted	 light	 traces	 an	 ellipse.	 In	 this	 graph,	 α	 represents	 the	 angle	 of	 rotation	 and	 ψ=tan-1	
(OA/OB),	which	is	the	ellipticity.		Figure	taken	from	reference10.	 

CD spectroscopy is a spectroscopic technique in which the CD of chiral molecule is 

measured over a range of wavelengths. Many biologically relevant macromolecules 

contain chiral chromophores, such as proteins, peptides, DNAs and some 

polysaccharides such as pectin and alginate. The difference in adsorption of L-CPL and 

R-CPL is defined as the circular dichroism (CD), such difference can be expressed as12: 

 ∆𝐴 = 𝐴? − 𝐴@ (6) 

where AL and AR are adsorption of L-CPL and R-CPL respectively. For achiral 

molecules, AL is equal to AR at all measured wavelengths, therefore ΔA is zero, i.e., no 

CD signal can be measured. However, if the molecule is chiral, the adsorption of L-CPL 

is not identical to the adsorption of R-CPL, i.e., AL ≠ AR. Therefore, the resulting ΔA can 

be either positive or negative depending on the relative intensities of AL and AR.  

Of the 20 amino acids that make up proteins, all are chiral except glycine13. Besides 

the intrinsic chirality of protein, secondary structure elements such as α-helix and β-

sheets provide additional chirality on the polypeptide chain. Consequently, circular 

dichroism is an excellent tool for investigating protein structure11, 12, 14. In the far-UV 

region (190-240 nm), CD spectrum is dominated by the n to π* and π to π* transitions 

of the amide groups, and such transitions are influenced by the geometries of the 

polypeptide backbones15. Regular protein secondary structures each give rise to a 

characteristic shape and magnitude in the far-UV CD spectrum. For example, in the CD 

spectrum of α-helices, two negative bands at 208 and 222 nm along with one positive 

band at 192 can be observed, while β-sheets typically show a negative band at 218 nm 

and a positive band at 195 nm16-18 (Figure 2-3).  
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Figure	 2-3	 –	 Typical	 far	 UV	 CD	 spectra	 collected	 from	 various	 secondary	 structure	 elements.	 In	 the	
graph,	 solid	 line	 represents	 α-helix	 conformation,	 long	 dashed	 line	 represents	 anti-parallel	 β-sheet,	
dotted	 line	 represents	 type	 I	 β-turn,	 cross	dashed	 line	 represents	 extended	31-helix	 or	poly	 (Pro)	 II	
helix,	short	dashed	line	represents	irregular	structure.	Graph	cited	from	reference17.		

The near-UV CD spectrum (240-300 nm) arises mainly from amino acids that 

contain aromatic side chains. Amino acids which are able to give CD effects in the near-

UV region include phenylalanine, tyrosine and tryptophan19, and each of these amino 

acids tends to have a characteristic wavelength profile (as shown in Table	 2-1). The 

absorption spectra of the aromatic amino acids are sensitive to changes in their local 
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environment, therefore, conformational changes of protein can strongly influence the 

wavelength position and sharpness of aromatic CD signal20.  

2.3 Fluorescence	Spectroscopy	
Fluorescence spectroscopy is a powerful method for studying protein conformational 

changes associated with folding, assembly and interactions21. Fluorescence is the result 

of a 3-stage process that takes places in the electron shells of certain molecules called 

fluorophores or fluorescent dyes.  This process can be illustrated using a Jablonski 

diagram (Figure 2-4).  Upon excitation with light of suitable wavelength (hνEX), a 

fluorophore normally transitions to an excited vibrational level S1’. Once the 

fluorophore is in its excited state, relaxation can occur via several processes. In 

particular, the energy of S1’ can be partially dissipated, yielding a vibrationally-relaxed 

singlet excited state S1. Finally, the relaxation from S1 to the ground state S0 occurs with 

the emission of a photon energy hνEM, hence the fluorescence emission. Due to the 

energy dissipation during the excited-state lifetime, the energy associated with the 

emitted photon is lower, and therefore, the fluorescence photons are longer in 

wavelength than the excited radiation22-24.  The difference in energy between hνEX and 

hνEM is called the Stokes shift, and is fundamental to the sensitivity of fluorescence 

detection23, 24.  



CHAPTER	TWO	

	

	
	

45	

	

Figure	2-4	 –The	 simplified	 Jablonski	diagram	 illustrating	 the	3-stage	process	of	 fluorescence.	 Step	1	
represents	the	excitation	of	fluorescent	compound	from	state	S0	to	S1’by	interacting	with	a	photon	of	
light.	Step	2	refers	to	the	energy	loss	by	emission	of	heat	and	other	non-radiative	processes,	leading	to	
S1	state.	Step	3	is	the	final	step,	in	which	the	electron	falling	back	to	the	ground	state	S0	while	releasing	
a	photon	of	light,	this	photon	has	a	lower	energy	than	the	exciting	photon	of	light.	Graph	adapted	from	
reference25.		

Fluorescence spectroscopy has been used widely to study the conformational 

transitions of protein. Depending on the nature of fluorophores, the fluorescence 

spectroscopy can be divided into two major categories: intrinsic and extrinsic 

fluorescence spectroscopy. Intrinsic fluorescence utilises the fluorescent nature of 

natural building blocks of the protein: the amino acids, while the extrinsic fluorescence 

employs fluorescent probes that bind or covalently attach to the protein.  

2.3.1 Intrinsic	fluorescence		
Among the 20 common amino acids, three amino acids with aromatic side chains are 

fluorescent: tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe) (see Table	 2-1 

for a summary of their fluorescence properties). Protein fluorescence is generally 

excited at absorption maximum near 280 nm or longer wavelengths23.  If we excite the 

protein molecule at wavelength below 280 nm, all three amino acids can be excited and 

therefore generate fluorescence. However, the quantum yield of phenylalanine (Phe) is 
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relatively low as compared to that of tryptophan (Trp) and tyrosine (Tyr), therefore, 

only the fluorescence from these two amino acids are used experimentally since their 

quantum yields are high enough to give a good fluorescence signal23. When the 

excitation wavelength lies between 280 nm and 295 nm, both Trp and Tyr can be 

excited23. At wavelength longer than 295 nm, only Trp is excited23. However, the 

emission of Tyr is often quenched by its interaction with peptide chains or via energy 

transfer to tryptophan23, 26, therefore, people normally selectively excite their protein 

samples at wavelength longer than 295 nm to only look at the fluorescence contribution 

from Trp.  

Table	2-1	-	Absorbance	of	the	aromatic	amino	acids.	εmax	represents	the	absorption	coefficient	at	λmax	
measured	in	water	at	neutral	pH27,		ε280	represents	the	absorption	coefficient	at	280	nm28.	

Amino acids λmax (nm) εmax (L mol-1 cm-1) ε280 (L mol-1 cm-1) 

Tryptophan 280 5600 5500 

Tyrosine 275 1400 1490 

Phenylalanine 258 200  

 

The photo-physical properties of Trp are highly sensitive to its local environment. 

The fluorescence maximum (λmax) as well as the fluorescence intensity are highly 

influenced by the polarity of its local environment, hydrogen bonding and other non-

covalent interactions29. For example, tryptophan residues are often buried inside of the 

hydrophobic core of proteins due to their aromatic character. Unfolding of the protein 

leads to the exposure of tryptophan to a more hydrophilic environment, and this change 

in amino acid local environment is reflected as a decrease in light absorption intensity 

as well as a red-shift in maximum fluorescence emission wavelength30. Therefore, 



CHAPTER	TWO	

	

	
	

47	

changes in the emission spectra from Trp can be measured in response to many events 

such as protein conformational transitions, ligand binding or denaturation.  

2.3.2 	Extrinsic	fluorescence		
While the intrinsic fluorophores provides information on conformational changes of 

proteins, extrinsic fluorophores offer additional possibilities for protein characterisation. 

Extrinsic fluorophores have been used in many applications, such as detecting protein 

molten globule intermediates31, assessing protein surface hydrophobicity32, probing 

active sites of enzymes33 and characterising the aggregation or fibrillation of  amyloid 

proteins34. One of the most commonly used covalent dyes is the rhodamines that are 

often used to label antibodies. Rhodamine-labelled immunoglobulins are normally 

commercially available and they provide reliable quantification of the associations of 

small labelled molecules with proteins via changes in fluorescence polarization23. 

Extrinsic fluorophores can either be covalently attached to proteins or interact non-

covalently with proteins via hydrophobic or electrostatic interactions35.  The covalent 

fluorophores are often used to couple with amino amines, sulfhydryl or histidine side 

chains in proteins.  

While covalent linkage is required between the covalent fluorophores and protein, 

non-covalent fluorophores can be simply dispersed in solution and they directly interact 

with proteins through electrostatic or hydrophobic interactions. This class of 

fluorophores is normally weakly or non-fluorescent in solution, however, they fluoresce 

strongly upon binding with proteins.  Two of the most commonly used non-covalent 

extrinsic fluorophores are 8-anilino-1-naphthalenesulfonic acid (ANS) and Thioflavin T 

(ThT).  ANS is most accessible to the partially folded and molten globule states of a 

protein. Fluorescence of ANS is enhanced up to 100 times upon binding to the 
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hydrophobic region of a protein, and accompanied with the increase in fluorescence 

intensity, a blue shift of λmax is also observed36. Therefore, ANS is mostly used to 

characterise the protein-folding intermediates21. ThT, on the other hand, is a 

benzothiazole dye that is widely used as a specific probe for the detection of amyloid 

fibrils. The changes in the fluorescent properties of ThT upon binding to amyloid 

aggregates or fibrils include a shift in the excitation spectrum and an increase in 

quantum yield37, 38.  

2.4 Quartz	Crystal	Microbalance	with	Dissipation	Monitoring	
(QCM-D)	

As suggested by its name, the quartz crystal microbalance (QCM) is a quartz-based 

device for measuring small masses based on the inherent piezoelectric nature of 

crystalline quartz. Piezoelectricity represents the relationship between the mechanical 

stress and the electrical charge: electric potential is generated when the crystals are 

compressed in certain directions, and conversely expansion or contraction occurs when 

the crystals are subject to an electric field39, 40.  Therefore, when alternating electric 

fields are applied to the crystal an alternating expansion and contraction of the crystal is 

induced41.  Resonance of the crystal is excited when a sufficient AC voltage is applied 

with a frequency close to the resonant frequency of the crystal, typically a frequency in 

the orders of MHz. For planar resonators, only odd harmonics can be excited 

electrically since only these induce charges of opposite signs at the two crystal surfaces.  

In a typical QCM experiment, if there is a mass adsorbed onto the crystal, then the 

resonant oscillating frequency of the crystal will change. If the adsorbed mass is small 

as compared to the mass of the crystal, and the mass is rigidly adsorbed and evenly 

distributed across the surface of the crystal, then there is a linear relationship between 

the frequency change and the adsorbed mass, called the Sauerbrey relationship: 
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 ∆𝑚 =
𝐶
𝑛 ∆𝑓  (7) 

where n is the harmonic number and C = tρ/f0 with t being the thickness of the quartz, ρ 

is the density of quartz and f0 is the original frequency of the quartz crystal. When a 

viscoelastic film is deposited onto the crystal surface in liquid medium, the crystal 

oscillation would be damped. If the damping effect is sufficiently large, then the linear 

Sauerbrey relationship between the changes in mass and frequency is no longer valid. 

Under such condition, another parameter is required to characterise the viscoelastic 

property of the adsorbed layer40, therefore, the energy dissipation during the crystal 

oscillation can be described with the dissipation factor (D) as: 

 𝐷 = 1 𝑄 = 𝐸+ 2𝜋𝐸H  (8) 

where Q is the quality factor of the crystal, Ed is the energy dissipated during one 

oscillation, Es is the energy stored in the oscillating system40. During a QCM-D 

experiment, a decrease in frequency is indicative for adsorption of mass onto crystal 

surface,  a smaller D implies that the adsorbed layer is relatively rigid and dense and a 

larger value of D reflects the formation of softer and more swollen layer42.  

2.5 Small	Angle	Scattering	(SAS)		
Small angle scattering experiments are widely used to investigate the structural 

information about inhomogeneities in materials, with a characteristic length scale in the 

order of tens to hundreds of Angströms. Both neutron and X-ray radiation is commonly 

used, known respectively as SANS and SAXS. However, X-rays and neutrons interact 

differently with materials. It is such difference between X-rays and neutrons that makes 

them highly complimentary to each other and the combined use of both X-rays and 
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neutrons represents a very powerful tool for resolving the fine structure of a complex 

assembly.  

X-rays are a form of electromagnetic radiation with a wavelength in the range of 

0.05 to 0.2 nm. In particular, X-rays with a wavelength longer than ~0.1 nm are also 

known as soft X-rays while those with shorter wavelengths are called hard X-rays43.   

Due to their electromagnetic nature, X-rays interact principally with electrons, and very 

weakly with atomic nuclei. Therefore, the interactions between X-rays and matter are 

essentially between the electric field and the charge, and a much weaker interaction is 

also manifest between the electromagnetic field and the spin or its associated magnetic 

moment44.  

Neutrons, however, are elementary particles with mass (1.67x10-27 kg) and spin (IN = 

1/2) but with no electrical charge43. In contrast to X-rays, neutrons do not interact with 

electrons, but they interact mainly with the nucleus. Neutrons are scattered by the 

atomic nuclei through strong nuclear forces. An advantage of neutrons as a scattering 

tool is that since the magnetic moment of neutron is non-zero, neutrons are also 

scattered by the unpaired electrons of the magnetic atoms45.   

Nevertheless, the theory of small angle scattering for both of these probes is 

identical, since both can be considered as plane waves in a scattering experiment.	

2.5.1 Experimental	theory	of	SAS	
In a typical small angle scattering experiment, a well-collimated beam is used to strike a 

sample. As the beam hits the sample, a small fraction of the beam gets scattered by 

inhomogeneities in the sample and travels in other directions (in an angle of 2θ with the 

direction of the incoming beam). The intensity and position of the scattered beam is 

recorded by a detector (Figure 2-5).  
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Figure	2-5	–	A	simplified	sketch	of	the	basic	set-up	of	a	small	angle	scattering	system.	The	beam	source	
could	be	either	an	X-ray	source	or	neutron	source.	The	yellow	object	represents	the	sample	that	to	be	
measured.	 In	 this	graph	slits	are	used	 to	define	 the	 incoming	beam.	The	angle	between	 the	 incident	
and	scattered	beam	is	represented	by	2θ.  

In a typical small angle scattering experiment, the distance between the beam source 

and the sample (L1) and the distance from the sample to the detector (L2) are typically 

measured in meters. Features that we would like to measure from a SAS experiment are 

typically in the order of one to a few hundreds of nanometres (represented as d), while 

the wavelengths of X-rays and neutrons are in the sub-nanometer range. Under such 

condition, a Fresnel number (F) could be calculated as: 

 
𝐹 =

𝑑4

𝐿4𝜆
≫ 1 

 (9) 

where d represents the general size of the scatter in the order of a few hundred 

nanometers, λ represents the wavelengths of X-rays or neutrons typically in the sub-

nanometer range.  Since F is considerably bigger than 1, the incident and scattered 

beam at any given direction can be considered as plane waves46.   

There are two types of scattering: elastic and inelastic scattering. During an elastic 

scattering event, the kinetic energy of the incoming beam does not change after being 

scattered from the inhomogeneities in the sample, whereas in inelastic scattering the 

kinetic energy of the scattered beam is different from that of incident beam. Here we 

only use elastic scattering to extract structural information of the scatterer. If one 
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considers a sample as a sum of many small scatterers, elastic scattering of the sample is 

actually the interference of waves emitted by these spatially correlated individual 

scatterers within the coherently scattering volume, i.e., the scatterer itself.  

	

Figure	2-6	–	Illustration	of	the	elastic	scattering	process.	In	this	graph,	the	yellow	object	is	the	sample.	
The	 incident	 beam	 hits	 the	 sample	 and	 gets	 scattered	 at	 an	 angle	 of	 2θ from two scattering centres 
separated by a distance of r. The wavevector of the incident beam is represented as k, while the wavevector of 
the scattered beam is represented as k’.  

Figure 2-6 illustrates the basics behind an elastic scattering event. Imagine there are 

two scattering centres of a homogeneous scatterer that is separated by a very short 

distance of r, as the incident beam (with a wavevector of k) strikes the sample, the beam 

gets scattered (with a wavevector of k’) at an angle of 2θ with the direction of the 

incident beam. During the scattering process, the space of coordinates r, where the 

structure of the scattering object is defined is transformed into a reciprocal space of 

scattering vectors q, in which the scattered beam is measured46. The amplitude 

measured at scattering vector q from an elastic scattering event is proportional to eiqr, 

where q = k’- k. If the scattering angle is 2θ, and the wavelength of the beam is λ (λ = 

2π/k), then the scattering vector q could be calculated as: 

 𝑞 = 𝑞 =
4𝜋 sin( 𝜃)

𝜆  
 (10) 
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Scattering studies are most useful when the waves scattered by different scatterers 

are coherent, i.e., when these waves have a definite phase relationship with each other. 

In this case, the total amplitudes at q is the sum of the waves scattered by all atoms in 

the sample47.  

To describe the scattering from assemblies of atoms, it is most often convenient to 

introduce a scattering length density distribution ρ(r) that equals to the total scattering 

length of the atoms per unit volume48, where scattering length is a measure of the 

strength of the interaction between the radiation and the atom. For X-rays, the scattering 

length of an atom increases proportionally with its atomic electron density or atomic 

number. There is no such simple relationship between the neutron scattering length and 

the atomic number of an element, indeed even different isotopes of the same element 

may have a different scattering length. The most prominent example is hydrogen and its 

isotope deuterium. The differences in scattering length makes isotopic labelling and 

neutron scattering techniques powerful tools for the characterisation of hydrated 

biological materials. 

For a typical SAS experiment on the particles dissolved in solution, two sets of 

scattering measurements are required: scattering of the solution and the scattering from 

the solvent itself. In this case, the scattering solely from the particles could be obtained 

by subtracting the scattering pattern from the solvent from the scattering measured from 

solution. Therefore, the scattering amplitude from the particles could be expressed as: 

 𝐴 𝑞 = Δ𝜌 𝑟 exp 𝑖𝑞 ∙ 𝑟 𝑑𝑟
[

  (11) 

where Δρ(r) represents the difference in the scattering length densities of the particle 

and the solvent, the integration is performed over the volume (V) of the particle, and 
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each atom pair connected by the vector r, emits a spherical wave whose form is 

expressed as eiqr. The amplitude cannot be directly measured from a scattering 

experiment, however, the intensity of the scattered beam could be measured. The 

scattering intensity I(q) is given by the product of the amplitude and its complex 

conjugate A*(q).  

 𝐼 𝑞 = 𝐴 𝑞 𝐴* 𝑞   (12) 

The scattering intensity corresponds to the scattered energy. For monochromatic 

radiation, the scattering intensity corresponds to the number of photons or neutrons 

scattered per unit area and unit time at the angle of θ46.  

In an SAS experiment, a detector is used to capture and count the amount of photons 

or neutrons scattered into a solid angle dΩ.  For monochromatic radiation, the number 

of photons or neutrons (Nmeas) counted by a detector pixel of area A during the time Δt 

can be calculated as: 

 
𝑁_`&H 𝑞 = 𝐼8

𝐴
𝐿44

𝑑𝜎
𝑑Ω 𝑞 Δ𝑡 

 (13) 

where I0 is the incident energy/(unit area . unit time), L2 is the distance between the 

sample and the detector. The term dσ/dΩ is known as the differential scattering cross-

section, and it represents the probability of a particle of the incident beam (X-rays or 

neutrons) being scattered out from the unit sample volume into the solid angle dΩ46.  

2.5.2 SAS	analysis	for	monodisperse	systems	
To evaluate the measured scattering data, one usually corrects for the experimental 

factors and considers exclusively the differential scattering cross-section per sample 

volume (dΣ/dΩ)49. The differential scattering cross-section contains all the information 
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on the shape, size and interactions of the scatterers in the sample. The differential cross-

section is given by: 

 𝑑Σ
𝑑Ω 𝑞 = 𝜙𝑉f4	 ∆𝜌 4𝑃 𝑞 𝑆 𝑞 + 𝐵 

 (14) 

where ϕ is the volume fraction of the particle, Vp is the volume of the particle, Δρ is the 

scattering contrast of the particle. P(q) is a function known as the form or shape factor, 

S(q) is the inter-particle structure factor and B is the incoherent background signal50.  

The scattering contrast, as described above, measures the difference between the 

scattering length density of the scattering object and its surroundings. The ability to tune 

the strength of scattering from different scatterers in a complex mixture by adjusting 

their contrast to their surroundings is an important strength of small angle scattering, 

and in particular SANS. In this project, we are dealing with biological materials such as 

proteins, polysaccharides and their complexes that are highly hydrated. While 

synchrotron small angle X-ray scattering (SAXS) enables the measurements with very 

high resolution in determining the overall shape of these biomacromolecules, the 

internal organisation of the complexes formed between proteins and polysaccharides 

can not be resolved with just X-rays since the contrast difference between proteins and 

polysaccharides is small to X-rays. Therefore, small angle neutron scattering (SANS) 

provides complimentary measurements to SAXS through the differences between 

hydrogen and deuterium scattering. By preparing the protein-polysaccharide complexes 

in H2O and D2O, and using deuterium-labelled proteins to make the complex, particular 

components may be strategically contrast matched out so that they become invisible to 

neutrons, therefore, the internal organisation of a complex assemblies can be revealed 

with the help of SANS.   
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The form factor P(q) in Equation 14 describes how the scattering cross-section is 

modulated by interference effects between beams scattered by different parts of the 

same scattering body51. Therefore, the form factor is closely related to the shape of the 

scattering body. For example, the form factor of a spherical object with a radius of r can 

be calculated as52: 

 
𝑃 𝑞 =

3 sin 𝑞𝑟 − 𝑞𝑟 cos 𝑞𝑟
𝑞𝑟 l

4

 
 (15) 

whereas for cylindrical scattering object with a radius of r and length of L = 2H, the 

form factor of scatterers are expressed as52: 

 
𝑃 𝑞 = 𝑓4

m 4

8
𝑞, 𝛼 sin 𝛼 𝑑𝛼 

 (16) 

 
𝑓 𝑞, 𝛼 = 𝑗8 𝑞𝐻 cos 𝛼

𝐽3 𝑞𝑟 sin 𝛼
𝑞𝑟 sin 𝛼  

 (17) 

 𝑗8 𝜒 = sin 𝜒 𝜒  (18) 

 𝑉 = 𝜋𝑟4L  (19) 

In the above equations, J1(x) represents the first order Bessel function, while α is the 

angle between the cylinder axis and the scattering vector q.  The integral over α 

averages the form factor over all possible orientations of the cylinder with respect to 

q52.  

The structure factor S(q) describes the interference of scattered beams from different 

scattering objects, therefore, S(q) is dependent on the spatial arrangements of scatterers. 

In the case of an isotropic solution, the structure factor S(q) can be expressed as52: 
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𝑆 𝑞 = 1 + 4𝜋𝑁s 𝑔 𝑟 − 1

sin 𝑞𝑟
𝑞𝑟

u

8
𝑟4𝑑𝑟 

 (20) 

where g(r) is the pair correlation function of the scatterer and can be obtained from 

Fourier inversion of S(q)52. As the sample solution gets concentrated, the scatterers 

suspended in the solution increasingly interact with each other and their interactions are 

no longer negligible. Therefore, under such circumstances, the structure factor becomes 

more important in the total scattering intensity.  

2.5.3 SAS	analysis	for	polydisperse,	fractal	systems	
Fractal structures are characterised by self similarity within certain spatial ranges, and 

the concept of fractals has been used in many systems such as aggregates and gels53.  

One interesting property of the fractal systems is that these systems can be described by 

quantities that are proportional to a power of another quantity, this relation is known as 

the power law54. The scattering intensities measured from many disordered systems are 

often characterised by the presence of successive power-law regions with various 

scattering exponents whose values vary from -4 to -155.  

Small angle scattering can be used to obtain the edges of fractal regions in reciprocal 

space and the fractal dimension54, 56-59.  The borders of linear dependence of the 

intensity in the log – log scale shows the edges of the fractal region as d = (2 π)/q. The 

slope of the scattering intensity i.e. the power-law exponent of the scattering intensity 

indicates the shape as well as fractal dimension of the sample (Figure 2-7). For example, 

if the exponent is less than 3, then the measured sample is mass fractal; if the value lies 

in between 3 and 4, then the sample is surface fractal.  
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Figure	 2-7	 –	 Examples	 of	 the	mass	 fractal	 and	 surface	 fractal	 structures	 and	 the	 related	 power-law	
exponents.	 If	 slope	of	 SANS	profile	 lies	between	1	 to	3,	 then	 the	measured	object	has	 a	mass	 fractal	
structure,	 if	 the	 slope	 lies	 between	 3	 to	 4,	 then	 the	 scatter	 has	 a	 surface	 fractal	 structure.	 	 Graph	
adapted	from	ref60.		

2.6 Reflectometry	
Reflectivity techniques are valuable tools for probing structural information of materials 

near surfaces on the length scales down to Ångströms61. There are two types of 

reflection: specular reflection in which the incident angle (θi) equals to the reflected 

angle (θr) and off-specular reflection where θi is different from θr (Figure 2-8) 
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Figure	 2-8	 –	 Illustration	 of	 specular	 and	 off-specular	 reflections.	 In	 specular	 reflection,	 the	 angle	 of	
incident	 beam	 equals	 to	 the	 angle	 of	 reflected	 beam	 θi=	 θr,	 the	 momentum	 transfer	 (Q)	 is	
perpendicular	 to	 the	 reflected	 interface.	 For	off-specular	 reflection,	θi	is	different	 form	θr,	Q	 forms	a	
certain	angle	to	the	interface	normal.			

X-ray or neutron specular reflectivity measures the electron or neutron scattering 

length density profiles perpendicular to the interface, while off-specular diffuse 

scattering probes the presence of in-plane inhomogeneities in the electron or neutron 

scattering length density62. Of the two types of reflections, specular reflection is most 

commonly used. Since the intensity of the reflected beam decreases rapidly with 

increasing angle, the scattering angle for specular experiments is small, usually less than 

a few degrees61.  

Reflectivity (R) is defined as the ratio between the intensity of the reflected beam to 

the intensity of the incident beam, and it is given by: 

 𝑅 =
𝐼v
𝐼0

 
 (21) 

where If is the intensity of the reflected beam, Ii is the intensity of the incident beam. 

The reflectivity is measured as a function of wave-vector (momentum) transfer Qz: 

 𝑄w = 𝑘v − 𝑘0 = 4𝜋 sin
𝜃
𝜆  (22) 
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where ki and kf are the wavevectors of incident and reflected beam respectively, θ 

represents the incident angle and λ is the wavelength of the beam. As mentioned 

previously, for specular reflections, the momentum transfer Q is perpendicular to the 

interface, therefore, the measured reflectivity curve contains information regarding the 

averaged electron or neutron scattering length density profiles of different planes along 

the z-axis (i.e. in the direction that is perpendicular to the interface). Under certain 

conditions, the incoming beam is not totally reflected off the surface, but some of the 

beam is refracted into the medium below the interface (Figure 2-9).  

	

Figure	2-9	–	Illustration	of	a	beam	incident	on	an	interface	between	two	media	with	different	refractive	
indices.	The	 incident	beam	or	wave	 is	 represented	by	kI,	while	kf	 is	 the	 reflected	beam	and	kr	 is	 the	
refracted	beam.	The	refracted	angle	is	illustrated	by	θr.	

The term refractive index (n) is introduced to describe how the incident beam 

propagates through a medium and refracts at an interface between two media. The 

refractive index n is defined as:  

 𝑛 = 𝑘0 𝑘y = cos 𝜃0 cos 𝜃y  (23) 
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Equation 23 is also known as the Snell’s Law, although note that the angle is 

measured relative to the surface rather than to the surface normal as is common when 

considering visible light. When θi = θr, n = 1; when θi > θr, n < 1 and when θi < θr, n > 1. 

The refractive index of vacuum is defined as 1, and in general most materials possess 

refractive indices slightly less than 1 for X-rays and neutrons.  The refractive index of a 

material is linked to its scattering length density, ρ, by52: 

 
𝑛 = 1 −

𝜆4𝜌
2𝜋  

 (24) 

In the situation when an incoming beam is traveling from medium 1 (higher 

refractive index) into medium 2 (lower refractive index) below a certain angle (θc), then 

total reflection happens where θr = 0. Such angle is called the critical angle, represented 

by θc, and it can be calculated as: 

 
𝜃z = 𝜆

𝜌Σ𝑏
𝜋

3
4
 

 (25) 

where ρΣb is known as the scattering length density of medium 2. If the incident angle 

θi is greater than θc, then some of the beam is refracted into medium 2 below the 

interface. Under such condition, the reflectivity is given by Fresnel’s Law as: 

 
𝑅 = 𝑟3,4

4 =
𝑛3 sin 𝜃0 − 𝑛4 sin 𝜃y
𝑛3 sin 𝜃0 + 𝑛4 sin 𝜃y

4

 
 (26) 

where r1,2 is the reflection amplitude coefficient between the two media, n1 and n2 are 

the refractive indices of medium 1 and medium 2 respectively. When considering 

reflectivity from a thin film sitting on top of a substrate, the possibility of multiple 

reflections must be taken into account. Figure 2-10 illustrates the multiple reflections 

observed from a thin film (medium 2) with a thickness of d.  
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Figure	2-10	–	Illustration	of	reflectivity	from	a	thin	film	spreading	on	top	of	a	substrate.	The	thickness	
of	the	film	is	represented	as	d.		

Under such condition, the reflectivity of the thin film surface considering multiple 

reflections can be expressed as: 

 
𝑅 = 𝑟 4 =

𝑟3,4 + 𝑟3,4𝑒40}~
1 + 𝑟3,4𝑟4,l𝑒40}~	

4

 
 (27) 

where ri, i+1 is the Fresnel reflection coefficient at interface between media i and i+1, 

and β2 represents the optical path length in the film, calculated as: 

 𝛽4 =
2𝜋
𝜆 𝑛4𝑑 sin 𝜃4  (28) 

where n2 is the refractive index of the film, i.e. medium 2 as illustrated in Figure 2-10.  

The interference effect produced by multiple reflections of the beam from different 

interfaces causes oscillations in the reflectivity profile. The oscillations depend on the 

thickness of the film regarding the position and the differences in scattering contrasts 

between individual interfaces, such oscillations are often called Kiessig fringes63, 64.	 The 
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film thickness can be evaluated by measuring the frequency of the fringes (ΔQz,f) 

precisely as: 

 𝑑 = 2𝜋 Δ𝑄w,v  (29) 

For even more complicated multi-layered film systems, the reflectivity can still be 

calculated using the same principle, in this case, the resulting reflectivity is obtained 

from the product of the characteristic matrices63 as: 

 
𝑅 =

𝑀3,3 + 𝑀3,4𝑘��3 𝑘8 − 𝑀4,3 + 𝑀4,4 𝑘��3
𝑀3,3 + 𝑀3,4𝑘��3 𝑘8 + 𝑀4,3 + 𝑀4,4 𝑘��3

4

 
 (30) 

where k is the wavevector of X-rays or neutrons along z-direction in the corresponding 

layer, the subscripts of n+1 and 0 correspond to a substrate and incident medium, 

respectively63. This method allows any arbitrary surface to be modelled in terms of a 

series of homogeneous layers, defined in terms of the layer thickness, scattering length 

density, and roughness between layers. 

A typical reflectivity profile measured from a βLgA layer adsorbed onto a silicon 

wafer is represented in Figure 2-11. During the measurement, the incident beam reaches 

the first sample interface through the silicon wafer. At each interface some of the 

incident beam is reflected, and the remainder is refracted into the next layer so that the 

beam travels through three different media: Si, SiO2, βLgA before it reaches the buffer 

reservoir.  When the Q value is less than 0.01 Å-1, i.e. when the incident angle is smaller 

than the critical angle θc, total reflection occurs, that is, the intensity of incident and the 

reflected beam are equal, therefore the reflectivity is 1. When the incident angle is 

greater than θc, the measured reflectivity rapidly drops below 1, as some of the incident 

beam gets transmitted into the medium.  
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Figure	2-11	–	a)	simple	illustration	of	the	set-up	of	a	NR	experiment	conducted	on	a	silicon	wafer	with	
βLgA	layer	adsorbed	on	the	surface.	b)	the	measured	reflectivity	profile	from	the	sample	plotted	as	R	
vs	Q.	c)	The	R	vs	Q	plot	is	converted	to	RQ4	vs	Q	plot	to	highlight	the	additional	features	attached	to	the	
surface	as	compared	to	a	plain	surface.	d)	By	fitting	the	reflectivity	data,	a	SLD	profile	perpendicular	to	
the	 interface	 is	 obtained	 and	 such	 SLD	 profile	 provides	 detailed	 structural	 information	 of	 different	
layers.	 	 In	 the	 reflectivity	profiles,	 the	measured	 reflectivity	 curve	 is	plotted	 in	dots	while	 the	 fitted	
data	is	plotted	as	lines.		
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3                                                        

Materials and Methods 

3.1 Materials	
Bovine β-Lactoglobulin variant A (βlgA) with a minimum purity of 90% and zein 

protein were both purchased from Sigma Aldrich (Missouri, US.). Polygalacturonic 

acid, thioflavin T (ThT), sodium cyanoborohydride were also purchased from Sigma 

Aldrich. Citric acid, acetic acid, hydrochloric acid, sodium chloride, ethanol and 

dimethyl sulfoxide (DMSO) were of analytical grade and used without further 

purification. For neutron measurements, deuterated βlgA (D-βlgA) was expressed and 

purified by the Australian National Deuteration Facillity1-3.  

Pectins with 75% degree of methyl-esterification (DM) and 86% DM were 

purchased from Sigma Aldrich (Missouri, US). Pectins with lower degrees of methyl-

esterification (58% and 37% DM) were a gift from CP Kelco (Georgia, US): these 

pectins were enzymatically de-esterified from highly methyl-esterified pectins using 

fungal and plant pectin methylesterases to create random and block-wise distributed 

uncharged methyl-ester groups respectively. These pectins were named as: 37R, 37B, 

58R, 58B, 75R and 86R, where the numbers indicate the degree of methyl-esterification, 

and the letters ‘R’ and ‘B’ indicate random and block distribution pattern of the 

uncharged methyl ester groups.  
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Oligogalacturonic acid (OGA) mixtures composed of either 3-4 or 7-8 galacturonic 

acid units were purchased from Elicityl (Crolles, France).  OGAs with 6 and 10 

galacturonic acid units were made in-house using previously published method4. Briefly, 

polygalacturonic acid was digested with endo-polygalacturonase II (endo-PG II). After 

the enzymatic digestion, OGAs with various degree of polymerisation (DP) were 

separated and purified using anion exchange chromatography equipped with a Dionex 

CarboPac PA1 column (Thermo Fisher Scientific, MA, US)5. OGAs with various DP 

were labelled as: DP3, DP6, DP7 and DP10.  

Ultrapure water was used to prepare all hydrogenated buffers, while pure D2O 

(>99% isotope purity) supplied by the Australian Nuclear Science and Technology 

Organisation (ANSTO) was used to prepare all the deuterated buffers for neutron 

measurements.  

3.2 Methods	

3.2.1 Preparation	of	βLgA,	pectin	and	OGA	stock	solutions	
Purchased βLgA from Sigma Aldrich was in powered form, therefore, a stock solution 

of βLgA was prepared by dissolving the protein powder in 20 mM citrate buffer with 

20 mM NaCl. Pectin and OGA stock solutions were prepared by dissolving the 

polysaccharides and oligosaccharides in 0.1 M sodium phosphate buffer at pH 4. 

Solutions of βLgA, pectins and OGAs were stirred at room temperature until fully 

dissolved. These solutions were then stored at 4 °C for 24 h to ensure complete 

hydration and equilibration of the biopolymers.  In order to eliminate excess salts and 

avoid buffer mismatch, βLgA and pectin solutions were dialyzed against 5 mM citrate 

buffer at pH 4 using a 12-14 kDa cut-off dialysis tube (#132-700, Spectra/Por®, 

California, US) for 18 h, while 0.1-0.5 kDa cut-off dialysis tubes were used for OGAs 
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(#131054, Spectra/Por®). The dialysis buffer was replaced every 6 h. These stock 

solutions were further filtered through polyethersulfone (PES) membrane filters 

(Membrane Solutions®, Ohio, US) with 0.45 µm pore size.  The concentration of βLgA 

solution was measured by Nanodrop® spectrophotometer (ND-1000, Thermal 

Scientific, Wilmington, US) at 278 nm and using protein extinction coefficient6 of 

17,600 cm-1 M-1. For neutron measurements, D2O was used to prepare deuterated 

sample solutions. 

3.2.2 Characterisation	of	βLgA	and	pectin	interactions	in	solution	
For this set of experiments, βLgA and pectin complexes were prepared by mixing the 

two biopolymer solutions together to achieve various molar ratios between βLgA and 

pectin.  

3.2.2.1 Isothermal	Titration	Calorimetry	(ITC)	
ITC experiments were performed using a VP-ITC micro-calorimeter (MicroCal Inc., 

Northampton, MA) operated at 25.0 °C (Figure 3-1). βLgA and pectins in 5 mM citrate 

buffer at pH 4 were degassed under vacuum for 7 min prior to titration. A βLgA 

solution was loaded into the injection syringe to titrate with a pectin solution that had 

been loaded into the calorimeter cell (1.4531 mL). Each titration comprised 50 

injections of 5 µL each. In order to achieve equilibrium after each injection, the spacing 

between injections was set to 800 s and the solution was stirred with a magnetic flea at 

307 rpm. Control measurements of buffer injected to buffer, protein injected to buffer 

and buffer injected to pectin were also performed, and the heats of dilution for both the 

protein and pectin solutions were measured and subtracted from the raw ITC data 

appropriately. 
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Figure	3-1	–	Image	of	VP-ITC	micro-calorimeter	used	in	this	project.	The	degasser	is	used	to	eliminate	
dissolved	air	 from	the	sample	solution	prior	 titration.	Both	 the	degasser	and	 the	main	 titration	unit	
are	temperature	controlled.	 

3.2.2.2 Turbidity	Measurements	
Changes in turbidity during βLgA to pectin titrations were measured under the same 

experimental conditions as in ITC experiments at pH 4 and 25 °C. A series of βLgA–

pectin mixtures were prepared using the stock solutions, with the molar ratio 

βLgA:pectin varied from 1:1 to 21:1. The optical density of the biopolymer mixtures 

was measured with an UV/Vis spectrophotometer (U-1100, HITACHI, Japan) at 633 

nm. Quartz cuvettes (Hellma, Müllheim, Germany) with 1 cm path length were used for 

these measurements. 5 mM citrate buffer at pH 4 was used as the blank reference. 

Turbidity was calculated as: τ = (−1/b)ln(I0/It), where b was the optical path length in 

centimetres, and I0 and It were the incident and transmitted light intensity respectively. 

Measurements were carried out in triplicate. Error bars indicate the standard deviation 

of the three different measurements for each sample. 
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3.2.2.3 Circular	Dichroism	(CD)	
CD spectra of βLgA and its complexes with pectins were recorded using a PiStar-180 

spectropolarimeter fitted with a Peltier temperature control unit (Applied Photophysics 

Ltd., Leatherhead, Surrey, UK) (Figure 3-2). The instrument was calibrated with (+) 10-

camphorsulphonic acid. βLgA samples were prepared by diluting the stock solution to a 

final concentration of 5 µM using 5 mM citrate buffer. βLgA and pectin complexes 

were prepared by mixing 5 µM βLgA and 5 µM pectin solution so that the molar ratios 

βLgA:pectin were 1:1, 5:1, 10:1 and 20:1 respectively. The same set of samples was 

also prepared using buffer (excluding βLgA) and pectin, so that the CD signal arising 

from pectin could be subtracted from that obtained from βLgA–pectin complexes.  

Changes in the secondary structure of βLgA were monitored in the far-UV region 

from 178 nm to 260 nm with a bandwidth of 1.5 nm and data spacing of 0.5 nm. For 

each sample, an accumulation of 7 scans with a scan speed of 10 nm min−1 was 

performed. All CD spectra were recorded at 25 °C under a nitrogen atmosphere using a 

quartz cuvette with 1 mm path length (Hellma, Müllheim, Germany). All spectra were 

corrected by subtracting the baseline and converting to mean residue ellipticity (deg 

cm2 dmol−1) based on a mean amino acid residual weight of 114 (MRW)7. Spectral 

deconvolution was performed using the CDSSTR8, CONTILL9 and K2D10 algorithms. 

Reference sets SP17511 and SMP18012 were used from the suite of programs available 

at the online server DICHROWEB12-14 (http://dichroweb.cryst.bbk.ac.uk). 
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Figure	3-2	–	PiStar	circular	dichroism	spectrometer	used	in	this	study.		

3.2.2.4 Intrinsic	Fluorescence	Measurements	
βLgA–pectin mixtures were prepared by mixing protein: polysaccharide at molar ratios 

ranging from 1:1 to 20:1. All samples were prepared in 5 mM citrate buffer at pH 4 and 

25 °C. Fluorescence measurements were made using a quartz cell with 1 cm path length 

in a Perkin Elmer LS 55 luminescence spectrophotometer (Buckinghamshire, England, 

UK). Samples were excited at 295 nm in order to minimize the fluorescence 

contribution from the tyrosine residues. Emission was measured across the range of 310 

to 390 nm, with both excitation and emission slit widths set at 2.5 nm. 

3.2.2.5 Small	Angle	X-ray	Scattering	(SAXS)	
Small angle X-ray scattering experiments were conducted on the SAXS/WAXS 

beamline at Australian Synchrotron, VIC, Australia (Figure 3-3).  
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Figure	3-3	–	Illustration	of	SAXS/WAXS	beamline	at	Australian	Synchrotron.	Figure	is	taken	from	ref15	

Complexes of βLgA/pectin were loaded into a sealed 96-well PCR plate. Samples 

were transferred into a custom designed auto-sampler that draws the sample directly 

from the 96-well plate into a quartz capillary with 1.5 mm internal diameter for 

exposure (Figure 3-4). The samples were kept flowing continuously while numerous 1 s 

X-ray exposures were recorded using a Pilatus 1M detector (Dectris, Switzerland).  The 

capillary was cleaned thoroughly after each measurement by flowing 2% Hellmanex 

solution followed by ultrapure water through the capillary. Scattering patterns were 

recorded with an X-ray energy of 12 keV (1.0322 Å wavelength). For each sample, data 

were collected at two camera lengths, 1.6 m and 7 m, to cover a q-range of 0.002 to 0.5 

Å-1. 
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Figure	3-4	–	Illustration	of	static	capillary	mounted	on	the	SAXS/WAXS	beamline	for	high	throughput	
sample	 loading	 from	96-well	plate.	Picture	of	 the	 capillary	 is	 taken	 from	SAXS/WAXS	beamline	wiki	
website16.			

3.2.2.6 Small	Angle	Neutron	Scattering	(SANS)	
SANS experiments were conducted on the 40 m QUOKKA SANS instrument at the 

cold neutron source of the OPAL reactor17, 18, Australian National Science and 

Technology Organisation (ANSTO), NSW, Australia (Figure 3-5). The wavelength of 

the cold neutrons is longer (~ 6 Å) than that of thermal neutrons19, this expands the 

detection limits of neutrons to larger nanometre scales.  
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Figure	3-5	–	Illustration	of	QUOKKA	SANS	instrument	located	at	ANSTO,	Australia.	This	graph	is	cited	
from	ref20.		

Three different sample-to-detector distances were used (2 m, 8 m and 20 m with lens 

optics21) to cover a q-range from 0.0007 to 0.5 Å-1.  Samples were loaded into round-

bottom quartz cells (Hellma, Germany) for measurements: samples prepared in 

deuterated buffer were enclosed in cells with 2 mm path length, while samples prepared 

in hydrogenated buffer were enclosed in cells with 1 mm path length in order to 

minimise the incoherent background from hydrogenated buffer. A 5-position rotating 

tumbler was used to keep solution homogenised by rotating the sample cells around the 

axis of the neutron beam at speeds of approximately 10 rpm (Figure 3-6).  
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Figure	 3-6	 –	 Illustration	 of	 the	 5-position	 tumbler	 rotating	 sample	 holder	 used	 for	 SANS	
measurements.		
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SAXS data were background corrected and averaged using scatterbrain software, 

while SANS data reduction was performed using NCNR SANS reduction macros in the 

Igor Pro software package adapted for the QUOKKA instrument22. Reduced SAXS and 

SANS data was analysed using Igor Pro with NCNR data analysis macro routines22. The 

programs CRYSOL23 and CRYSON24 from the ATSAS package were used to 

calculated SAXS and SANS profiles from the Protein Data Bank (PDB) structures 

respectively, and the simulated scattering patterns were compared with the scattering 

measured from βLgA solution25.  Kratky plots of the scattering were generated using the 

IRENA macro in Igor26.  

3.2.3 Characterisation	of	βLgA	and	OGA	interactions	in	solution	
Similar to βLgA/pectin studies, a series of βLgA/OGA complexes were prepared at 

various molar ratios for this set of experiments in 5 mM citrate buffer at pH 4. ITC, CD, 

SAXS and SANS experiments were conducted the same way as in βLgA/pectin studies. 

ThT fluorescence assay was also used to probe the possible presence of soluble 

βLgA/oligomer complexes that are rich in β-sheet structures.  

3.2.3.1 Thioflavin	T	(ThT)	Fluorescence	Assay	
A 200 µM aqueous solution of ThT was prepared and filtered through a 0.22 µm syringe 

filter to remove any insoluble particles before further use. ThT was then added to the 

samples to a final concentration of 10 µM. Samples mixed with ThT were loaded onto a 

black, flat-bottom 96-well plate and the fluorescence was recorded with a microplate 

reader (EnSpire 2300, Perkin Elmer, MA, US) after shaking for 5 s. Samples were 

excited at a wavelength of 440 nm and the subsequent emission spectra were collected 

from 460 to 550 nm. Three repeat scans per sample were recorded and the fluorescence 

intensity was determined at 482 nm. In addition, the ThT fluorescence of native βlgA 

and buffer solution were measured and used as negative controls. βLgA fibrils were 
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prepared according to methods published elsewhere27, 28. Briefly, a pH 2 βLgA solution 

was prepared and heated at 80 °C for up to 16 h in a heating block, the resulting βLgA 

fibrils were then subjected to ThT fluorescence measurement as a positive control.  

3.2.4 Characterisation	of	βLgA	and	pectin	interactions	at	solid-liquid	
interface	

βLgA alternating with pectin in a layer-by-layer (LbL) structure was constructed on a 

silica surface. The adsorption of each layer was monitored by quartz crystal 

microbalance with dissipation monitoring (QCM-D), while the internal organisation of 

the LbL assembly was probed by neutron reflectometry in situ.  

3.2.4.1 Quartz	Crystal	Microbalance	with	Dissipation	(QCM-D)	
The assembly of βLgA/pectin multi-layered structure was monitored in situ by a QCM-

D instrument (E4, Q-Sense, Gothenburg, Sweden). The instrument has a measurement 

platform consisting of four temperature controlled flow cells, and all measurements 

were collected in batch mode at 25 °C (Figure 3-7). 



CHAPTER	THREE	

	

	
	

81	

	

Figure	3-7	–	Illustration	of	QCM-D	set-up	used	for	this	study.	The	picture	of	the	instrumentation	is	cited	
from	the	brochure	provided	by	the	manufacturer29.		

 Sensor crystals coated with SiO2 was firstly cleaned by soaking in 2% v/v 

Hellmanex solution for 20 min, followed by repetitive washing in ultrapure water.  The 

sensor was then dried by gentle nitrogen flow and UV-ozone cleaned for 20 min. 

Measurements were started by equilibrating the system with citrate buffer, then βLgA 

solution with a total volume of 100 µL was injected into the cell chamber when the 

baseline was stable. After the adsorption equilibrium at the crystal surface was reached 

(represented by a stable baseline), the system was then flushed with 5 mM citrate buffer 

at pH 4. The same procedure was followed for the deposition of pectin and another 

layer of βLgA. During the whole process, the changes in frequency and dissipation were 

continuously recorded as a function of time.  Adsorption of the alternating layers was 

monitored from the 3rd to the 11th overtone. The 7th overtone was used in interpreting 

the QCM data due to minimal noise level. 
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3.2.4.2 	Neutron	Reflectometry	(NR)	
Neutron reflectometry (NR) experiments were performed in order to characterise the 

LbL structure formed at the solid-liquid interface in situ. NR experiments were carried 

out on the PLATYPUS time-of-flight neutron reflectometer at the Bragg Institute, 

Australian Nuclear Science and Technology Organisation (ANSTO), NSW, Australia 

(Figure 3-8). Similar to QUOKKA, PLATYPUS instrument uses cold neutrons as 

probes since cold neutrons are non-destructive and have larger detection limits as 

compared to thermal neutrons. The PLATYPUS reflectometer is mounted at the end of 

the cold neutron guide CG318.  Cold neutrons from CG3 are fed into a disc chopper 

system where neutron pulses with various resolutions are selected and then used to 

strike the sample. Data were collected from the reflected beam at three different angles 

of incidence: 0.65°, 2.5° and 3.8°. A q-range of 0.0079 – 0.3 Å−1 with a constant q 

resolution of 5% was used. 
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Figure	3-8	–	 Illustration	of	PLATYPUS	neutron	reflectometer	 instrument	 located	at	ANSTO,	Australia.	
This	figure		is	adapted	from	ref30.		

For NR experiments, (100)-cut silicon wafers of dimensions 8 cm x 4 cm x 0.5 cm 

were purchased from EL-CAT Inc. (NJ, USA) and cleaned by soaking in 5% Decon® 90 

(Decon Laboratories Limited, East Sussex, UK) solution for 3 h.  Wafers were rinsed 

thoroughly in ultrapure water, dried and UV/ozone cleaned for 20 mins.  Wafers were 

then washed with ultrapure water and propoan-2-ol sequentially, and dried using 

nitrogen flow. Cleaned wafers were assembled into a customized wet cell (Figure 3-9), 

allowing easy changing of the 300 µL backing reservoir next to the sample surface. 

Firstly, 3ml of the βLgA solution was injected into the wet cell and the silica surface 

was incubated with βLgA for 2 h to reach equilibrium. The βLgA solution was then 

replaced by injecting 10 ml of the hydrated citrate buffer, NR measurement was 

followed to characterise the surface. After the measurement in hydrated buffer, 

deuterated citrate buffer was injected into the wet cell, and the NR measurement was 
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carried out again. In our study, two contrasts (H2O and D2O) were measured for each 

sample after each of the surface treatments. The same procedure was followed for the 

deposition of pectin and another layer of βLgA. 

	

Figure	3-9	–	a)	representation	of	the	essential	pieces	for	a	typical	wet	cell	assembly.	Round	wafers	are	
used	 for	 illustration,	while	 in	 real	 experiment,	 rectangular	wafers	 are	used	 instead.	 Images	b)	 to	 e)	
illustrate	 the	 step-by-step	 assembly	 of	 the	 wet	 cell.	 Image	 f)	 is	 the	 side	 view	 of	 the	 final	 wet	 cell	
assembly.		

Structural information of the surface was extracted from the reflectivity profile by 

co-refining both H2O and D2O contrasts simultaneously using MOTOFIT31 

reflectometry analysis software. Neutron scattering length density (SLD) of H2O, D2O, 

Si and SiO2 were calculated using the SLD calculator implemented in the MOTOFIT31 

software package. Taking into account the possible exchange between hydrogen atoms 

for deuterium atoms when βLgA molecules were dissolved in deuterated buffer, the 

neutron SLD of βLgA was calculated to be 2.50 (x10-6 Å-2) in deuterated buffer and 

1.76 (x10-6 Å-2) in hydrated buffer using biomolecular scattering length density 

calculator provided by ISIS32. Similar to βLgA, taking into account the possible H-D 

exchange, SLD of pectins with different charge properties were calculated in the same 
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way as described in a previous study33 . For example, the neutron SLD of pectins with 

0% DM in deuterated buffer was calculated to be 4.18x1010 cm-2, while SLD of pectins 

with 100% DM in deuterated buffer was calculated to be 3.85x1010 cm-2, 33 therefore, 

for pectins with 5% DM, the SLD were calculated as: 0.05*3.85x1010 + 0.95*4.18x1010 

= 4.16x1010 cm-2 (Table 3-1).  

Table	3-1	-	Calculated	neutron	SLD	of	pectins	with	different	overall	charge	densities.	

SLD of pectin DM = 5% DM = 37% DM = 75% 

In D2O (x10-6 Å-2) 4.16 4.06 3.93 

In H2O (x10-6 Å-2) 2.91 2.82 2.72 

	

3.2.5 Preparation	of	site-specific	zein-pectin	covalent	conjugates	
Reductive amination reaction was carried out as described elsewhere34, 35. Briefly, zein-

pectin conjugates were prepared by dissolving zein (1.1 g, MW: 22 kDa) into a mixture 

of DMSO: acetic acid (70%: 30% v/v) and adding pectin (75R, 0.02 g, MW: 100 kDa), 

to make a 1:4 molar ratio of zein : pectin. The pectin was not soluble in this solution 

and existed as a suspension of fine particles. Sodium cyanoborohydride was added into 

the reaction mixture to a final concentration of 1 mol L-1. The reaction was left on at 

room temperature with constant stirring (250 rpm) for 48 h, during which time viscosity 

of the reaction mixture increased dramatically and the amount of unreacted pectin 

decreased. The conjugate was recovered from DMSO : acetic acid mixture by adding 3 

times volume of ethanol, and incubated on ice for 1 h. The conjugate was then separated 

from solvent by centrifugation. Finally, the conjugate was washed several times with 

cold ethanol to improve purity. The coupling scheme is shown in Figure	3-10.  
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Figure	3-10	-	A	schematic	of	the	reductive	amination	scheme	used	for	zein-pectin	conjugation.	Graph	
adapted	from	ref36.	

3.2.6 Characterisation	of	site-specific	zein-pectin	covalent	conjugates	

3.2.6.1 	ATR-FTIR	
Fourier Transform Infrared Spectroscopy (FTIR) measurements were performed to 

characterise the formation of new bonds after zein-pectin conjugation. FTIR spectra 

were recorded with a Perkin Elmer spectrometer model ‘Spectrum Two’ equipped with 

a Universal ATR crystal-sampling accessory (Perkin Elmer, Massachusetts, US) in 

transmission mode. Samples were dried under vacuum at room temperature overnight 

prior to FTIR measurement. Each spectrum was collected by cumulating 100 scans per 

sample with the resolution of 2 cm−1, in the wavenumbers ranging from 4000 – 400 

cm−1.  

3.2.6.2 	Film	preparation	using	zein-pectin	conjugates	and	SEM	examination	
After being recovered from ethanol, the zein-pectin conjugates were dried under 

vacuum overnight at room temperature to remove excess solvent. The dried conjugates 

were then dissolved in ultrapure water to a final concentration of 10 mg mL-1. When the 

conjugates were fully dissolved, any insoluble impurities were removed by 
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centrifugation. A hydrophilic silica surface was prepared by soaking the silicon wafer in 

2% Decon®90 solution for 2 h, followed by thorough washing in ultrapure water. 

Finally, the surface was dried by gentle nitrogen flow. The film was prepared by 

pipetting and spreading 1 mL of the conjugate solution onto silica surface, and the 

specimen left under vacuum overnight to dry.  Scanning electron microscopy (SEM) 

was then used to investigate the overall topology as well as internal structures of the 

conjugate film. Prior SEM examination, the film was gently scratched by a sterilized 

syringe needle so that the internal structure of the film was exposed to X-rays for 

inspection.  A thin layer of platinum was coated onto the film by physical vapour 

deposition using a Quorum Q150RS sputter coater. SEM examination was performed 

on a Philips XL30S FEG scanning electron microscope (Philips, Amsterdam, The 

Netherlands) with an accelerating voltage of 5.0 kV.  
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4                                              

Structural mechanism of complex 

assemblies: characterization of β-

lactoglobulin and pectin interactions* 

4.1 Introduction	
Complexes formed by proteins and polysaccharides are attractive to both the food 

industry and material scientists as natural products that can be obtained from commonly 

available materials and may have improved functional properties compared to the 

individual polymers1-4. For these reasons understanding the interactions between 

proteins and polysaccharides has become a major focus of research over the last 

decade5-8. Protein-polysaccharide complexes commonly result from electrostatic 

interactions between oppositely charged macromolecules9. Other interactions could 

include hydrophobic, hydrogen-bonding and steric interactions10. Interactions between 

proteins and polysaccharides depend on the type of polymer as well as the state of the 

solution such as its pH, ionic strength and temperature5, 11-17. In this study, we chose 

bovine β-Lactoglobulin variant A (βLgA) as the model protein to study the interaction 

with a range of pectins of different overall and local charge densities are used to study 

the effect of charge distributions on its interaction with βLgA.  

																																																								
*	The work in this chapter has been published in Soft Matter as ref1.  
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Thermodynamic studies on βLg and pectin systems have been previously reported12, 

15, 18, however, due to the complexity of the protein-polysaccharide interactions, it is a 

challenge to elucidate the binding process solely from these data. Our study builds on 

earlier work by considering a much broader range of pectin charge distributions. The 

solution conditions used in the study are fixed to pH 4 with low ionic strength where the 

electrostatic interactions between the protein and polysaccharide are maximized. 

Isothermal Titration Calorimetry (ITC) was used to study the thermodynamics 

associated with binding between βLgA and pectins, and in parallel with ITC 

experiments, turbidity measurements, circular dichroism (CD) and tryptophan 

fluorescence measurements were carried out to better understand the thermodynamic 

results. Based on the experimental results, a βLgA to pectin binding mechanism is 

proposed.  

4.2 Results	
4.2.1 Isothermal	titration	calorimetry	
ITC was used to compare the binding energy between βLgA and a wide range of 

pectins: 37R, 37B, 58R, 58B, 75R and 86R.  ITC revealed that the binding between 

βLgA and pectin with DM less than the 86R was an exothermic process that was 

consistent with previously published results12, 15. Figure 4-1 shows a typical 

thermogram obtained from the titration between βLgA and 37B pectin. The titration 

features a sequence of strong exothermic peaks that gradually decrease in intensity until 

the exothermic peaks have become endothermic peaks of constant intensity. As reported 

by others the endothermic process at the end stage of the titration is due to dilution14, 16. 

No exothermic interaction was observed in the βLgA to 86R pectin titration, only 

endothermic dilution, indicating no binding between these compounds (result not 

shown).  
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Figure	4-1	–	A	representative	thermogram	obtained	from	βLgA	to	37B	pectin	titration.	

The binding isotherms obtained from titrations between βLgA and pectins with 

different degrees of methylesterification are shown in Figure 4-2. The binding between 

βLgA and pectin is a complicated process which not only includes the protein-

polysaccharide binding, but also deformations of the macromolecules such as the 

bending and folding of the polysaccharide chains, and these all contribute to the energy 

change in the system. Nevertheless, the shape of the ITC traces obtained from each of 

the βLgA-pectin titration systems are generally similar, suggesting a common 

mechanism of interaction between βLgA and all the pectins tested in the study, except 

86R which shows no binding at all. We can see that the initial enthalpy change (ΔHini) 

measured for titrations between βLgA and 37R, 37B and 58B were similar, around -13 

to -14 kCal/mol of injectant. This suggests the presence of high affinity sites on those 

pectins, and as reported by Bram et al.18 such pectins have similar local charge density 

at the start of the ITC titrations.  The amount of energy released from the first injection 

during βLgA to 58R titration was around 10 kCal/mol of injectant, less than for the 
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37R, 37B and 58B, and was the smallest for the βLgA to 75R titration which was 

around 9 kCal/mol. Therefore, the initial enthalpy change decreases as the degree of 

methylesterification of pectin increases. 

	

Figure	 4-2	 –	 Calculated	 best-fit	 (solid	 lines)for	 βLgA	 to	 pectin	 titrations	 using	 the	 ‘two-types	 of	 site’	
model.	Curves	are	presented	as:	βLgA	to	37R	titration	(red,	open	circle),	37B	(orange,	closed	circle),	
58R	(green,	open	square),	58B	(blue,	closed	square)	and	75R	(purple,	open	triangle).	

A clear plateau can be observed in the ITC curves obtained from the titrations 

between βLgA and 37B, 58R and 58B pectins, while there was an inflection point in the 

βLgA to 37R titration curve when the protein/polysaccharide ratio was around 6. For 

75R pectin, a steep decrease in enthalpy change was observed until the βLgA/pectin 

molar ratio increased to 3; this was then followed by a plateau until, when the molar 

ratio reached 8, a steady decrease of enthalpy was then observed till the end of the 

titration. Figure 4-2 shows that all of the titrations were characterized by two stages, 

either with or without a plateau region. In order to better understand the thermodynamic 

changes during different titrations, the raw ITC data was best fitted using a model based 
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on two different types of binding site, provided by the Microal Origin Software (Figure 

4-3). Thermodynamic parameters, that is the binding constant (K) and enthalpy of 

binding (ΔH) were calculated by iterative curve fitting of the binding isotherms. 

Changes of Gibbs energy (ΔG) were calculated using the equation: ΔG = -RT ln K, 

allowing the entropy of binding to calculated from the Gibbs equation ΔG = ΔH - TΔS 

where T was the temperature in Kelvin.  
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Figure	 4-3	 -	 Calculated	 thermodynamic	 parameters	 of	 two	 different	 binding	 stages.	 In	 this	 graph,	
different	titration	systems	are	represented	as:	βLgA	to	37R	titration	(red);	βLgA	to	37B	pectin	titration	
(orange);	βLgA	to	58R	pectin	titration	(green);	βLgA	to	58B	pectin	titration	(blue);	βLgA	to	75R	pectin	
titration	(purple).	Results	from	the	βLgA	to	86R	titration	was	not	shown	since	no	binding	was	detected	
from	ITC.	

For each titration shown (Figure	 4-2), the calculated ΔG was negative, indicating 

that the binding between βLgA and pectin is a spontaneous process. Significantly higher 

affinity between the pectin and the protein (larger binding constant K) is observed in the 

first stage than in the second stage. This is consistent with a model that pictures the first 

stage, when the pectin molecules carry the highest net charge, to be driven primarily by 
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electrostatic interactions. During the first stage of all five titrations the binding was 

predominately enthalpically driven, with ΔH values between -9 kCal/mol and -15 

kCal/mol, while the binding entropies were slightly unfavourable with TΔS values 

ranging from 0 to -3.5 kCal/mol.  

When the titration reached the second stage, the overall free binding energy ΔG 

decreased only slightly. However, a significant decrease in the enthalpic contribution 

was observed, offset by a favourable change in entropy. We hypothesise that an 

unfavourable entropic contribution in the first stage is an indicator of the loss of 

mobility of the macromolecules upon binding, while a favourable entropic change in the 

second stage is due to the conformational changes of the biopolymers and the release of 

counter ions into the bulk solution, as has been previously reported5, 9, 19. 

4.2.2 Turbidity	measurements	
During the pectin/protein titration the turbidity of the solution increased, indicating the 

formation of large complexes in the solution. Results from the turbidity tests are 

presented in Figure 4-4 and show that a slight increase in turbidity is observed when 

initially introducing βLgA into the pectin system indicating the formation of complexes 

that were large enough to scatter light3. For pectins such as 37R, 37B, 58R and 58B, a 

steady state appeared after the initial rise in turbidity. A significant increase in the 

turbidity did not occur until the molar ratio increased to greater than 5 for both 37R and 

58R, and 15 for 37B and 58B.  In contrast, for the βLgA and 75R titration, the turbidity 

of the solution did not increase as much as for other samples, but remained relatively 

constant at a low level, while for the 86R pectin system no significant increases in 

turbidity were observed at any ratio.  
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Figure	4-4	-	Measured	turbidity	for	βLgA	and	pectin	mixed	solutions.	Datasets	were	labelled	as:	βLgA	to	
37R	titration	(red,	open	circle),	37B	(orange,	filled	circle),	58R	(green,	open	square),	58B	(blue,	closed	
square)	and	75R	(purple,	open	triangle).	Each	sample	is	measured	in	triplicate.	Error	bars	indicate	the	
standard	deviation	of	three	different	measurements	for	each	sample.	

Comparing the values acquired from different βLgA to pectin mixtures, it can be 

seen that it was generally more turbid for solutions with the presence of pectins with 

randomly distributed methylesterified groups than for the block-wise distributed ones. 

The turbidity measurement results show that more and/or larger complexes were formed 

with pectins carrying greater charge than pectins with larger extent of 

methylesterification such as 75R. The observed decrease in turbidity very high 

protein:pectin ratios (>20:1) is attributed to a decrease in the size or volume fraction of 

particles caused by the increase in electrostatic repulsion14 – no detectable precipitation 

occurred in the system, even with long standing times.  

4.2.3 Circular	dichroism	
Circular Dichroism (CD) has been widely used as a reliable tool for rapid determination 

of the secondary structure, folding and binding properties of proteins20. In our study, 

CD was used to measure the effect of pectins on the secondary structure parameters of 
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βLgA. The CD spectra of pectins have a maximum at around 210 nm due to the π to π* 

transition of the carboxyl group21. Therefore, in order to acquire accurate information 

on the secondary structure change of βLgA in the presence of pectin, the CD spectra of 

βLgA and pectin mixtures were corrected using those obtained from corresponding 

pectin alone. Figure 4-5 shows the typical corrected far-UV CD spectra of βLgA in the 

absence and presence of 58R pectin obtained from the titration.  

	

Figure	 4-5	 –	 Corrected	 far-UV	 CD	 spectra	 of	 βLgA	 solution	 (red,	 circle),	 βLgA/58R	pectin	 complexes	
prepared	at	different	βLgA/pectin	ratios:	1	to	1	(orange,	square),	5	to	1	(green,	triangle),	10	to	1	(blue,	
inverted	triangle)	and	20	to	1	(purple,	diamond).	Black	arrows	indicate	the	approximate	positions	of	
208	and	222	nm	respectively.	

α-Helical structures typically exhibit negative bands at 222 nm and 208 nm22, and 

therefore intensities of the CD signals at these wavelengths can be used to obtain 

estimates of the α-helical content of peptides or proteins23. Figure 5 shows that the CD 

spectrum of βLgA alone exhibits a typical minimum at 217 nm, due to the presence of 

the anti-parallel-β-strand structure of the protein, consistent with CD spectrum reported 

by other groups24-26.  However, as the βLgA to pectin titration proceeded, with the 

βLgA-pectin molar ratio increasing from 1:1 to 20:1, significant changes were observed 
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in the absolute values of mean residue ellipticities at both 208 and 222 nm suggesting a 

decrease in the amount of α-helical structure during the titration.  

In order to obtain an estimate of the secondary structure content of βLgA in the 

presence as well as the absence of pectins, all far-UV CD spectra were deconvoluted 

using the CDSSTR27 algorithm in combination with reference set SMP18028. As a 

comparison, CONTINLL29 (with reference set SP17530) and K2D 31methods were also 

used to deconvolute the CD spectra. Results returned from all three methods were 

relatively consistent. Percentages of the different secondary structure elements of βLgA 

found in solution and in complexes with pectins of different overall and local charge 

densities are listed in Table	4-1 below. 

For βLgA, the calculated percentage of secondary structure elements was consistent 

with published literature24, 32. CD experiments were conducted under the same 

conditions as the ITC experiments, namely in 5 mM citrate buffer at pH 4. A series of 

βLgA /pectin complexes were prepared to mimic different points in the ITC titration 

experiment by mixing protein:polysaccharide at certain molar ratios: 1:1, 5:1, 10:1 and 

20:1 respectively. 
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Table	 4-1	 -	 Percentage	 of	 the	 different	 secondary	 structure	 contents	 of	 βLgA	 free	 in	 solution	 and	
complexes	with	pectins	with	different	overall	/local	charge	densities.	In	the	annotation,	‘r’	represents	
the	 βLgA/pectin	 molar	 ratio.	 For	 each	 sample,	 the	 top	 three	 sets	 of	 estimated	 secondary	 structure	
contents	are	used	to	calculate	the	average	(mean)		and	error	(standard	deviation)	for	each	structural	
elements.		

Sample % of α 
helix 

% of β 
strands % of turn % of unordered 

structure 

βLgA (alone) 21±3 39±2 11±1 30±3 

     βLgA to 37R pectin titration 
    βLgA complex (r=1) 5±2 54±6 7±3 32±3 

βLgA complex (r=5) 3±1 57±3 8±1 31±2 
βLgA complex (r=10) 2±1 57±4 8±1 32±2 
βLgA complex (r=20) 2±1 47±4 12±1 37±2 

     βLgA to 37B pectin titration 
    βLgA complex (r=1) 5±1 54±4 8±3 32±2 

βLgA complex (r=5) 5±2 53±6 9±2 33±3 
βLgA complex (r=10) 4±1 57±5 7±1 32±3 
βLgA complex (r=20) 1±1 57±6 9±1 31±4 

     βLgA to 58R pectin titration 
    βLgA complex (r=1) 5±1 52±3 9±2 33±2 

βLgA complex (r=5) 5±1 51±5 9±1 34±3 
βLgA complex (r=10) 4±1 54±6 8±2 33±3 
βLgA complex (r=20) 3±2 52±7 10±2 35±3 

     βLgA to 58B pectin titration 
    βLgA complex (r=1) 5±2 56±5 8±2 32±3 

βLgA complex (r=5) 5±2 51±6 9±1 35±4 
βLgA complex (r=10) 4±2 54±8 8±2 33±5 
βLgA complex (r=20) 3±1 54±3 8±1 34±2 

     βLgA to 75R pectin titration 
    βLgA complex (r=1) 4±2 59±3 7±1 29±2 

βLgA complex (r=5) 9±4 44±8 9±2 35±1 
βLgA complex (r=10) 4±1 54±5 8±2 33±3 
βLgA complex (r=20) 3±2 51±5 10±1 35±3 

     βLgA to 86R pectin titration 
    βLgA complex (r=1) 16±1 38±5 11±3 34±3 

βLgA complex (r=5) 18±1 32±6 11±4 37±3 
βLgA complex (r=10) 18±2 36±8 11±3 35±6 
βLgA complex (r=20) 21±2 29±4 10±5 38±4 
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From Table	 4-1 it can be seen that for the 37R, 37B, 58R, 58B and 75R pectins the 

percentage of protein α-helical structure reduced significantly as soon as βLgA came 

into contact with the pectin. This decrease in α-helical structure was accompanied with 

a significant percentage increase in the amount of β-strands. The changes in the 

proportion of turns and disordered structures are much smaller than the changes in the 

α and β secondary structure elements. In contrast to all other mixtures, βLgA exhibited 

negligible structural changes upon exposure to 86R pectin, which was highly 

methylesterified with a low overall charge density. The total proportion of disordered 

structure remained approximately constant at each βLgA to pectin molar ratio for all of 

the pectins tested. 

4.2.4 Intrinsic	fluorescence	spectroscopy	
β-lactoglobulin A is a globular protein made up from 162 amino acid residues. There 

are five cysteine residues with two disulfide bonds between Cys66 and Cys160, Cys106 

and Cys119
33, which stabilize the protein structure. The protein has two tryptophan 

residues Trp19 and Trp61. Trp19 is located within the hydrophobic calyx comprised by 

the anti-parallel beta-strands, while Trp61 is in close proximity to the disulfide bond 

formed between Cys66 and Cys160 lying close to the protein surface34. Conformational 

changes of βLgA can be monitored by observing the fluorescence of tryptophan 

residues, as changes in the local environment of the tryptophan residue will lead to 

changes in the intensity of fluorescence emission as well as a shift in the emission 

maximum (λmax)32. Figure 4-6 shows a series of tryptophan fluorescence  spectra 

collected from the βLgA and 37R pectin system at different protein-polysaccharide 

molar ratios matching points in the ITC titration experiment.  
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Figure	 4-6	 -	 Fluorescence	 spectra	 of	 βLgA	measured	 from	 its	 complex	 with	 37R	 pectin	 at	 different	
βLgA:pectin	molar	 ratios;	 1:1	 (red),	 5:1	 (orange),	 7:1	 (yellow),	 10:1	 (green),	 13:1	 (light	 blue),	 15:1	
(dark	blue),	17:1	(purple)	and	20:1	(black).	

Changes in tryptophan fluorescence intensity as well as the wavelength of the 

emission maximum (λmax ) from each βLgA-pectin titration were recorded (Figure 4-7 

and Figure 4-8). In order to exclude the concentration effect of βLgA, the measured 

maximum intensity of each sample was corrected by the total βLgA concentration.  For 

titrations between βLgA and pectins 37R, 37B, 58R and 58B, the fluorescence intensity 

of tryptophan residues was increased with a blue-shift in the λmax. For the βLgA-75R 

pectin system similar changes in fluorescence intensity and λmax were observed during 

the first half of the titration, however, as the titration proceeded, the fluorescence 

intensity started to decrease with a red-shift in λmax, this was probably due to the 

presence of a large amount of native βLgA which had not interacted with 75R pectin. 

No significant changes in either fluorescence intensity or λmax were observed from the 

βLgA-86R pectin titration. 
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Figure	 4-7	 -	 Maximum	 tryptophan	 fluorescence	 intensity	 observed	 during	 βLgA	 to	 various	 pectin	
titrations.	 In	 this	 graph	 samples	 are	 represented	 by	 different	 coloured	 lines:	 βLgA	 control	 (pink,	
cross),	 βLgA	 to	 37R	 pectin	 titration	 (red,	 open	 circle),	 βLgA	 to	 37B	 pectin	 titration	 (orange,	 closed	
circle),	 βLgA	 to	58R	pectin	 titration	 (green,	 open	 square),	 βLgA	 to	58B	pectin	 titration	 (blue,	 closed	
square),	 βLgA	 to	 75R	 pectin	 titration	 (purple,	 open	 triangle),	 βLgA	 to	 86R	 pectin	 titration	 (black,	
closed	triangle).	

	

Figure	4-8	- Changes	in	λmax	observed	during	βLgA	titrations	into	various	pectin.systems.	In	this	graph	
samples	were	represented	by	different	coloured	lines:	βLgA	control	(pink,	cross),	βLgA	to	37R	pectin	
titration	 (red,	 open	 circle),	 βLgA	 to	 37B	 pectin	 titration	 (orange,	 closed	 circle),	 βLgA	 to	 58R	 pectin	
titration	(green,	open	square),	βLgA	to	58B	pectin	titration	(blue,	closed	square),	βLgA	to	75R	pectin	
titration	(purple,	open	triangle),	βLgA	to	86R	pectin	titration	(black,	closed	triangle).	
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4.3 Discussion	
The degree of methylesterification and the distribution of the methylesterification (DM 

and DB) of pectin determines the overall and local charge densities of pectin 

respectively. In our study, the interactions between βLgA and pectins with different 

degrees and distributions of methylesterification under acidic condition and at low ionic 

strength were studied. At pH 4, the protein and polysaccharide carry opposite charges, 

and hence electrostatic interactions are a major driving force for the protein and 

polysaccharide complex formation. Consequently, the strength of the interactions 

between βLgA and pectins are expected to be different depending on the pectin charge 

densities. 

The ITC results reveal that βLgA interacted with pectins with different DM and DB: 

37R, 37B, 58R, 58B and 75R, with the negative values of the ΔG and ΔH indicating that 

the binding between βLgA and those pectins was spontaneous and exothermic. Binding 

isotherms were best fitted using the two-types of sites model. While it has been 

suggested that such a model is not suitable for describing specific binding interactions 

between two macromolecules14, in our case, the interactions between βLgA and pectin 

are not specific and crosslinks might be formed between regions that have initially 

bound a specific motif on the polysaccharide chain. Therefore the two-types of sites 

model might be more appropriately described as a two-stage binding model14. 

No interaction of βLgA and 86R pectin was detected by ITC, this may be due to 

several reasons: 1) the overall or local charge density of such pectin was not strong 

enough to initiate the electrostatic interaction with βLgA, since it is known that the 

interaction between βLgA and polysaccharides is mostly electrostatically driven during 

the early stage of the titration14, 15 and is entropically disfavoured by analogy with the 
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other pectin complexes formed; 2) the non-methylesterified sites were significantly 

separated by the methyl ester groups, hence the potential binding motifs were too small 

to accommodate the protein molecule; 3) highly methylesterified pectin molecules may 

have a tendency to self-aggregate prior to the titration18, 35, so that there would be less 

sites available for protein interactions. 

Since ITC measures only the total energy change of the system and many different 

physicochemical phenomena could contribute to the overall measured ITC signal, it is 

difficult to predict the precise molecular events based on ITC results alone. Therefore, 

circular dichroism and intrinsic tryptophan fluorescence were used to detect the 

conformational changes associated with βLgA during its interaction with the pectins.  

Changes in protein secondary structure upon interaction with polyelectrolytes are a 

common phenomenon15, 36, 37. The CD results revealed that the secondary structure of 

βLgA changed when it interacted with pectins from the beginning of the first stage of 

interaction. During the association the percentage of β-strands increased at the expense 

of a decrease in	 α-helix content, while the turns and disordered structures did not 

change significantly. Borges et al.38 studied the conformational transitions of βLg 

during its interaction with chitosan. It was demonstrated that βLg underwent 

conformational relaxation when adsorbed onto chitosan surface, presumably due to the 

hydrophilic nature of chitosan structure. Therefore, it is reasonable to consider that the 

observed secondary structure change of βLgA was due to the conformational relaxation 

of βLgA when interacting with pectin. It is also noteworthy that the change in 

secondary structure of βLgA is apparently the same in the protein-protein interaction as 

the protein-pectin interaction.  
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Due to their aromatic character, tryptophan residues are often found to be fully or 

partially buried inside of the hydrophobic core of proteins39. Knowing that the emission 

maximum of tryptophan is dependent on solvent polarity, and that exposure of the 

tryptophan residues to a polar environment will lead to a red-shift in the emission 

maximum40, we suggest that the observed blue-shift resulted from the exposure of 

βLgA molecules to a less polar environment as titration proceeded.  Recently, Monte 

Carlo studies have been applied to a βLgA and pectin system in order to study the 

complex coacervation between the two molecules16. It was found that βLgA had a 

strong tendency to self-association mainly due to the large negatively charged patches 

exposed on the protein surface16. Further, it is generally accepted that protein 

aggregation can be a surface induced process41. The mechanism of protein aggregation 

is likely to involve a nucleation step 41, 42 with a seed of one or a few adjacent 

monomers adsorbing on the surface triggering the growth of protein clusters into three 

dimensions41, 43. Therefore, the observed blue-shift of λmax is explained by the formation 

of local βLgA domains where the βLgA molecules are buried inside a less polar 

environment. While each βLgA molecule possesses two Trp residues:  Trp19 and Trp61, 

the measured tryptophan fluorescence intensity predominantly arises from Trp19 since 

the fluorescence of Trp61 is considerably quenched by the neighboring disulfide bond 

formed between Cys66 and Cys160
44, 45

. The increase in tryptophan fluorescence 

intensities may imply then that the tryptophan residues move away from particular 

quenching groups.  

Carlsson et al. 46 reported Monte Carlo studies on the complexation of  an oppositely 

charged protein and polyelectrolyte. It was pointed out that the formation of protein 

oligomers could be enhanced with the presence of polyelectrolyte, and such 

enhancement could be further accelerated at low ionic strength where the electrostatic 
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interaction between the oppositely charged protein and polyelectrolyte were maximized. 

Considering these simulations, in combination with our ITC, CD and intrinsic 

fluorescence results, we propose a possible binding mechanism between oppositely 

charged βLgA and pectin at low ionic strength (Figure 4-9).  

	

Figure	4-9	 -	Proposed	two-step	binding	mechanism	between	βLgA	and	pectin.	The	 first	step	 involves	
the	deposition	of	‘seeding	proteins’	to	the	charged	regions	of	pectin	chain;	the	second	step	involves	the	
nucleated	growth	of	βLgA	aggregates	on	top	of	adjacent	seeding	proteins,	leading	to	the	formation	of	
local	βLgA	rich	domains.	Native	βLgA	in	solution	is	represented	by	orange	circles,	the	conformational	
relaxation	 of	 βLgA	 upon	 interacting	with	 pectin	 is	 illustrated	 by	 the	 change	 in	 shape	 from	 circle	 to	
ellipse.	

From the ITC results, two regimes can be distinguished. The first regime covers 

from the beginning of the titration to the starting point of the plateau region. In this 

range, small amounts of βLgA firstly interact with pectins through long-range 

electrostatic interactions, and at this point, small, soluble primary complexes are 

formed.  The second regime refers to the entire plateau region till the end of the titration 

where no more heat change is measured. 
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Such protein-protein interactions could produce bridging between two spatially 

close βLgA molecules that are binding to two separate pectin chains. In this instance, 

βLgA aggregates act as the junctions between individual primary complexes, and this 

further lead to the formation of much bigger interpolymer complexes, as observed in 

turbidity measurements, and eventually a larger complex coacervate. Based on the 

proposed binding mechanism, the final microstructure of βLgA-pectin complex 

coacervate should contain several protein-rich domains at the junctions between 

individual primary complexes (Figure 10), this is consistent with previously published 

results7, 47.  For pectins with high overall/local charge densities, more seeding proteins 

could be deposited initially due to more possible electrostatically favored binding sites, 

leading to the formation of protein rich domains to a much greater extent. It should be 

noted that in the ITC profile acquired from βLgA to 75R titration, rather than a fairly 

immediate stop at the end of titration, a prolonged decrease in the released energy is 

observed following the plateau region. This might arise because βLgA molecules have 

difficulties bridging to form bigger aggregates with the decreased number of protein 

binding sites and increased steric hindrance from hydrophobic regions of pectin. 
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Figure	 4-10	 -	 Illustration	 of	 the	 postulated	microstructure	 of	 βLgA-pectin	 complex	 formed	 during	 a	
typical	 ITC	 titration.	 Regime	 1	 is	 characterized	 by	 the	 binding	 of	 discrete	 individual	 βLgA	 proteins	
along	pectin	chains,	 forming	primary	complexes.	 In	regime	2,	βLgA	proteins	aggregate	on	 individual	
pectin	chains.	These	protein	aggregates	are	large	enough	to	enable	inter-pectin	binding,	leading	to	the	
formation	of	much	bigger	interpolymer	complexes	and	eventually	the	complex	coacervates.		

In agreement with ITC results, two regimes could be clearly identified from the 

measured turbidity results when the protein and the pectin interact: a less turbid region 

which corresponds to the formation of small, soluble primary complexes and a more 

turbid region where large bridged complexes are formed. Results from the turbidity 

measurements support the hypotheses made based on the ITC, CD and Trp fluorescence 

measurement results. For pectins with high overall charge densities there are more 

possible protein binding sites on the pectin to start with, the formation of protein 

aggregates could be promoted, and more primary complexes join together through more 

protein-rich domains to form large particles that scatter more light. In the case of 
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pectins with low overall charge densities such as 75R pectin, the growth of protein 

aggregates is hindered due to the limited amount of binding sites in the pectin initially.  

The turbidity results also showed that for pectins with same DM, the complex 

formed between βLgA and pectins with randomly distributed methylester groups scatter 

more light compared to those formed between βLgA and blockwise methylesterified 

pectins. For block methylesterified pectins, as the charged groups are distributed in 

continuous segments, this will lead to the formation of a smaller number of large 

protein domains promoting the formation of tightly bound dense complexes. For 

randomly methylesterified pectins however, the charged groups are randomly 

distributed, and as a result, the formation of several smaller less compact βLgA 

aggregates formed discretely along pectin molecules is favoured. 

4.4 Conclusions	
The binding between βLgA and pectins is affected by the overall and local charge 

densities of the pectin chains. Binding between the macromolecules at pH 4 and at low 

ionic-strengths could only be observed when pectins possessed a sufficient number of 

non-methylesterified groups in a local region, otherwise the binding could not be 

initiated due to weak electrostatic interactions as well as increased steric hindrance. We 

propose a binding mechanism to explain the complexation interactions occuring 

between βLgA and pectin. During the course of titrating βLgA into pectin solutions, 

small amounts of βLgA molecules are deposited onto pectin chains initially as seeding 

proteins through electrostatic interactions. This then promotes the large-scale nucleated 

growth of βLgA aggregates on top of the seeding proteins, ultimately leading to the 

formation of local protein rich domains that bridge the primary complexes. Based on the 

proposed binding mechanism, it is anticipated that two different microstructures of 
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βLgA-pectin complexes should be formed throughout the entire ITC titration, as 

observed. The difference in overall and local charge densities of pectin not only 

determine the binding affinity and enthalpic and entropic contributions observed from 

the protein-polysaccharide interaction, but also determine the size and the 

microstructure of the final assemblies of protein-polysaccharide complexes. Such 

molecular control of hierarchical assembly is of fundamental interest. 
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5                                                            

Effects of polysaccharide overall and local 

charge densities on the microstructures of 

protein-polysaccharide complex coacervates 

studied by SAXS and SANS* 

5.1 Introduction	
Protein and polysaccharide coacervates are liquid-like complexes that are structurally 

heterogeneous on many length scales, which affects the dynamics and mechanical 

properties of the coacervate1-4.  Depending on the solution conditions (e.g., pH, ionic 

strength) as well as the molecular characteristics of the polymer (e.g., molecular weight, 

conformation, charge density), a great number of interesting and complex structures can 

be formed5. Recently, many studies have been conducted to characterise the 

microstructure of dense, yet highly hydrated complex coacervates2, 6-10. Of many 

characterisation techniques used in these studies, small angle X-ray and neutron 

scattering (SAXS/SANS) represent powerful tools for resolving structures of the order 1 

nm to several hundred nm in situ.  In the previous chapter, the effects of the amount and 

distribution of charge carried by the model polysaccharide pectin on their interactions 

with the model protein bovine β-lactoglobulin variant A (βLgA) was studied. A two-

step structural mechanism was consequently proposed to explain processes occurring 

																																																								
*	Work in this chapter has been written into manuscript and to be submitted to Soft 
Matter	
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during a βLgA to pectin titration, the end product of which is a complex coacervate11.  

In this current study, we aim to probe the structures formed during such transitions, 

using both SAXS and SANS, and thereby determine the effects of pectin charge 

properties on the resulting microstructure of the coacervates.   

Although the microstructure of βLgA/pectin coacervates formed with pectins of 

differing overall charge densities have been studied by Wang et al.2 previously, their 

study did not take into account the local charge densities, namely the DB, of the pectin2, 

and thus we aim to address whether the DB factor of pectins has a significant effect on 

the microstructure of these complex coacervates. Further, the combined use of SAXS 

and SANS (with contrast matching) enables the direct characterisation of the shape, 

composition and the internal organisation of the complex coacervates, which has not 

been previously determined for these samples.		

5.2 Results	
5.2.1 SAXS	scattering	from	individual	components	
First, we discuss the SAXS patterns measured from pure βLgA and pectin solutions. For 

SAXS experiments, we prepared complexes at different βLgA : pectin molar ratios (r), 

keeping the pectin concentration constant and increasing the βLgA concentration. 

Therefore, in order to make sure that the protein was not aggregated at any 

concentration, the same set of samples was prepared using simply βLgA and buffer 

(excluding pectin). The results from βLgA solutions at different concentrations when 

subject to SAXS measurements are shown in Figure 5-1.  
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Figure	5-1	-	SAXS	profiles	obtained	from	βLgA	solutions	at	various	concentrations.	This	set	of	sample	
was	prepared	at	the	same	molar	ratios	as	compared	to	βLgA	/pectin	complexes,	except	that	buffer	was	
used	 instead	of	 pectin	 to	make	up	various	βLgA	 concentrations.	 Insert:	 SAXS	profile	measured	 from	
βLgA	at	10:1	molar	ratio	(blue)	is	compared	with	the	one	derived	from	βLg	dimer	(PDB:	1BEB12,	black).	

The βLgA scattering recorded from all five different concentrations showed no 

evidence of aggregation: the scattering in the low-q regions were flat with no upturns in 

I(q).  Also, for all βLgA solutions, the intensity of the scattering decayed with q-4 in 

high-q regions, implying the proteins were closely folded into a globular structure with 

a sharp interface, showing that βLgA maintained its folded globular conformation at all 

tested concentrations. No sign of any structure factors were observed in the high-q 

regions for all tested concentrations, suggesting the absence of inter-particle interactions 

and suggesting that βLgA molecules were discretely distributed in the solution. SAXS 

patterns measured for all βLgA solutions are in good agreement with the dimeric model 

of βLg (PDB entry: 1BEB12) using CRYSOL13( insert of Figure 5-1).  

SAXS spectra measured from various pectin solutions at pH 4 are illustrated in 

Figure 5-2. The scattering curves of all pectins feature two distinct power-law regions: 

in the high-q region, the scattering intensity decayed with ~q-1.1; and as q decreased, a 
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~q-2 behaviour was observed. Such scattering is characteristic of a flexible chain as the 

corresponding q value moves from being less than to greater than the persistence 

length14, and the SAXS profiles of all pectin samples are similar to those reported from 

previously published work15. It is suggested that the q-decay in the high q region is 

characterized by the rod-like structure of the pectin molecules16 below its persistence 

length, while the low-q decay indicates the pectin molecules adopt a moderately 

clustered conformation15.  

	

Figure	 5-2	 -	 SAXS	 profiles	 obtained	 pectins	with	 various	 charge	 properties.	 Datasets	 are	 offset	 by	 a	
factor	of	10	for	clarity.	

5.2.2 SAXS	scattering	from	βLgA	/pectin	complexes	
Given that the SAXS patterns measured from βLgA and pectins are fairly consistent 

with previous published results for these biomacromolecules15, 17, we are confident that 

any changes in scattering we observe during the βLgA to pectin titration will reflect the 

microstructure of the complex. When titrating βLgA into a fixed concentration of 

pectin, a number of features evolved in the SAXS pattern. We initially choose the 
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βLgA/37R system as representative of the results, in order to demonstrate the structural 

transitions of the complex during the titration (Figure 5-3). 

	

Figure	 5-3	 -	 SAXS	 profiles	 measured	 from	 βLgA-37R	 pectin	 complexes	 prepared	 at	 different	 molar	
ratios.	Scattering	curves	measured	from	37R	and	βLgA	at	highest	concentration	are	also	presented	in	
the	graph.	In	this	graph,	regions	exhibit	different	power	law	behaviours	are	separated	by	dashed	lines.	
Datasets	are	offset	by	a	factor	of	100	in	intensity	for	better	illustration.	In	this	graph,	qc	represents	the	
crossover	point	between	the	intermediate	and	low-q	region	corresponding	to	the	mean	size	of	primary	
particles.	From	SAXS	spectra	of	10:1,	15:1	and	20:1	complexes,	two	peaks:	q*	and	q**	are	observed	at	
high-q	region.	The	positions	of	both	peaks	remain	unchanged	with	increasing	amount	of	βLgA.			

The scattering curves returned from βLgA/37R complexes did not resemble the 

simple convolution of the individual scattering curves, implying the presence of new 

structural entities. Initially, in the SAXS profile measured from a βLgA/37R complex 

prepared at r = 1:1, three scattering regimes could be identified. In the high-q region 
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(~0.04-0.4 Å-1), the scattering intensity decayed as q-2, such power-law behaviour is 

indicative for Gaussian coil conformation18. A q-3.4 dependence was observed in the 

scattering intensity in the intermediate q range (~0.01-0.04 Å-1), corresponding to the 

surface scattering of rough primary particles composed of βLgA/37R complexes. This 

power-law behaviour once again changed as q decreased to around 0.009 Å-1, and in 

this third regime (~0.0017-0.01 Å-1), the scattering intensity decayed at a scale of q-2, 

implying that the rough primary particles aggregated into a mass-fractal organization. 

Another important aspect associated with the two discrete power-law regions observed 

at intermediate to low-q region is the crossover point qc, at which the transition in the 

power-law region was observed. The position of qc provides an estimate of the length-

scale of the scattering object (in this case, the primary particles) within the mass fractal 

structure as D = 2π/qc 
19, 20. As qc occurs at 0.009 Å-1, the mean size of the primary 

particles can be estimated as ~ 70 nm.  

As the molar ratio between βLgA and 37R increased from 1:1 to 20:1, an increase in 

the scattering intensity at low-q region was observed, suggesting the formation of 

bigger aggregated structures.  Similar to the SAXS pattern obtained from 1:1 complex, 

scattering curves of complexes prepared with higher βLgA concentrations also 

demonstrated three regimes. First, in the high-q region, a broad shouldered peak at q* 

appeared with increasing amount of βLgA in the system, suggesting the evolution of a 

new structural feature with increasing amounts of βLgA.  As more βLgA was added 

into the mixture, the intensity of q* increased and the Porod slope around q* became -4, 

suggesting more structural elements with smooth-sharp interfaces were formed. 

Shoulder peaks in a similar q-range have been observed from βLg/pectin complexes2 

and βLg solution with high concentrations of divalent salts21 by SANS and SAXS, and 

it is believed that such a feature can be attributed to the presence of βLg-rich clusters. 
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At r greater than 15:1, an additional small peak q** was formed at approximately 0.165 

Å-1, corresponding to real space length scales of ~ 4 nm.  This distance is commensurate 

with the size of a monomeric βLgA and therefore is likely due to the protein monomer-

to-monomer spatial correlation within the βLgA-rich clusters22.  In the intermediate-q 

region, a q-4 behaviour was observed from the SAXS scattering pattern, corresponding 

to the form factor of compact and smooth primary particles. Finally, a crossover point qc 

could be observed between the intermediate and low-q region, beyond which the 

scattering curves exhibited a q-2 behaviour at the low-q region, consistent with the 

primary particles forming an open, mass fractal network. It should also be noted that the 

position of qc shifted toward a lower-q range with increasing amount of βLgA, 

consistent with the size of primary particles increasing with increasing amount of βLgA.  

For most βLgA and pectin systems (37R, 37B, 58R and 58B), complexes prepared 

at r = 20:1 were of complex coacervate nature, with no obvious precipitation observed. 

However, complexes prepared with βLgA and 75R pectin at 20:1 molar ratio appeared 

to be precipitates that immediately sedimented from the liquid phase, only complexes 

prepared at 5:1, 10:1 and 15:1 molar ratios appeared to be liquid-like coacervates. 

Scattering curves measured from βLgA/75R complexes are represented in Figure	 5-4. 

The scattering curve measured from 1:1 mixtures exhibited similar three-regime power-

law behaviours as compared to other 1:1 systems: 1) a power law decay with intensity 

scaling with q-2 at high-q corresponding to the Gaussian coil conformation; 2) a q-3.2 

behaviour at intermediate-q attributed to the scattering of primary particles with rough 

surfaces and finally 3) a q-1.5 behaviour at low-q corresponding to the mass fractal 

organisation of primary particles. 
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Figure	 5-4	 -	 SAXS	 profiles	 measured	 from	 βLgA/75R	 complexes	 prepared	 at	 various	 molar	 ratios.	
Datasets	 are	 coloured	 differently	 depends	 on	 different	 mixing	 molar	 ratios.	 In	 this	 graph,	 the	
corresponding	positions	of	q*	and	qc	are	illustrated	for	each	SAXS	spectrum. 

For βLgA/75R complexes prepared at r = 5:1 and 10:1, similar transitions from q-4 

to q-2 were observed from the intermediate to low-q regions, suggesting compact and 

smooth with sharp interface primary particles were formed and arranged themselves 

into a mass fractal network.  The broad shouldered peak at q*, attributed to the presence 

of βLgA–rich clusters was also observed in the high-q region. As suggested by the 

Porod slope of ~q-3, the clusters were topologically rough, and not as closely packed as 

compared to those observed from 37R systems. When r increased to 15:1, the overall 

scattering intensity measured from the complex reduced slightly as compared to that 

measured from 10:1 complex, suggesting some level of precipitation (therefore 

sedimentation) had taken place.  The mean size of the primary particles increased again 
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as suggested by the shift of qc value toward lower-q region (~0.004 Å-1). In contrast to 

other βLgA and pectin complexes prepared at 15:1 ratio, the primary particles did not 

form an open-mass fractal structure, but they interacted with each other and arranged 

themselves into large globular aggregates with smoother interfaces as suggested by the 

q-4 decay in the low-q region.  For βLgA/75R complexes prepared at 20:1 molar ratio, 

we could see that the overall scattering intensity decreased dramatically. The scattering 

profile of this sample was similar to the native βLgA at high-q region, suggesting the 

presence of large amount of free βLgA molecules in the solution.  At the low-q end, I(q) 

decayed with an exponent of q-3.5,, suggesting the presence of a small amount of large 

aggregates with rough surfaces. The scattering result returned from the 20:1 complex 

was not surprising since the sample contained large precipitates, that were settling down	

during the course of SAXS measurements leaving a solution phase rich in βLgA.  

In contrast to the other βLgA/pectin systems, scattering curves measured from 

βLgA/86R complexes are consistent with the convolution of the individual βLgA and 

86R pectin scattering curves (Figure	 5-5 f), suggesting that βLgA and 86R did not 

interact. This result was consistent with our previous ITC studies, in which no heat 

exchange was measured during βLgA to 86R titration11.   

5.2.3 Effects	of	pectin	charge	properties	on	the	microstructure	of	βLgA	
/pectin	complexes	by	SAXS	

In	order	to	compare	the	effects	of	the	overall	and	local	charge	densities	of	pectin	

on	 the	 microstructure	 of	 βLgA/pectin	 complexes,	 SAXS	 spectra	 of	 different	

βLgA/pectin	complexes	are	presented	in	Figure	5-5.		
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Figure	5-5	 -	 SAXS	profiles	measured	 from	complexes	prepared	with	βLgA	and	pectins	with	different	
overall	 and	 local	 charge	 densities.	 Datasets	 are	 coloured	 as:	 a)	 βLgA/37R	 complexes	 (purple),	 b)	
βLgA/37B	 complexes	 (red),	 c)	 βLgA/58R	 complexes	 (green),	 d)	 βLgA/58B	 complexes	 (blue),	 e)	
βLgA/75R	 complexes	 (orange),	 f)	 βLgA/86R	 complexes	 (light	 blue).	 For	 βLgA/86R	 system,	 SAXS	
spectra	collected	from	βLgA	solution	at	highest	concentration	and	86R	solution	are	also	presented	in	
the	graph	for	better	comparison.			

The SAXS profiles measured from most of the βLgA/pectin complexes exhibited 

similar behaviour in the low-q region as r increased from 1:1 to 20:1 except for the 

βLgA/75R system (due to the transition from coacervates to precipitates with increasing 

amount of βLgA as discussed). In the high-q region, a broad shoulder peak labelled q* 

could be observed near 0.08 Å-1 for complexes prepared with higher βLgA 
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concentrations. For each βLgA/pectin system, while the peak became more pronounced 

with increasing amount of βLgA, its location was independent of the protein 

concentration. The increased intensity of q* suggested that more clusters were formed 

with increasing amount of βLgA. This shoulder peak, measured from different 

βLgA/pectin complexes at a molar ratio of 20:1, has a breadth that depends strongly on 

the properties of the charged state of the individual pectin. This feature is more obvious 

in Kratky plots (Figure	 5-6), since they emphasize changes in scattering that can 

obscured by the logarithmic scale23. For βLgA/75R system, since the scattering profile 

measured from the 20:1 sample could not represent the complex coacervate properly 

due to precipitation as described, the βLgA:75R = 10:1 complex was selected as a 

representative sample for comparison. 
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Figure	5-6	-	Kratky	plot	of	the	SAXS	curves	measured	from	various	βLgA	/pectin	complexes..	Positions	
of	 two	 peaks	q*	 and	q**	 from	 various	 SAXS	 profiles	 are	 illustrated	with	 black	 arrows.	 Datasets	 are	
coloured	 as:	 βLgA/37B	 complex	 (red),	 βLgA/37BR	 complex	 (purple),	 βLgA/58B	 complex	 (blue),	
βLgA/58R	complex	(green),	βLgA/75R	complex	(orange).	Datasets	are	offset	for	easier	comparison.	

Here the q* peak can be seen to broaden, and its position significantly shift toward 

lower-q range as the overall charge density of the pectin involved in the complex 

decreases, consistent with a more heterogeneous distribution of βLgA-rich clusters 

within βLgA /pectin complexes2. Comparison of the SAXS profiles measured from 

complexes prepared with βLgA and pectins with same DM but different DB, in this 

case, βLgA/37R : βLgA/37B, and βLgA/58R : βLgA/58B, reveals slightly broader and 

less well-defined peaks are observed from complexes prepared with blocky pectins, 

corresponding to a more heterogeneous distribution of βLgA-rich clusters. These results 

demonstrate that both the overall and the local charge density of pectin control the 

distribution of βLgA-rich clusters formed inside of the large βLgA/pectin complexes. 

Another striking feature associated with the scattering curves presented in Figure	 5-6 is 
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the small peak labelled q**. The position and intensity of q** did not change with either 

the overall or local charge density of pectin, but stayed constant at the position around 

0.165 Å-1, corresponding to real space length scales of 38 Å.  This distance is 

commensurate with the size of a βLgA monomer and is consistent with the monomer-

to-monomer spatial correlation within the βLgA-rich clusters. 

5.2.4 Characterisation	of	βLgA	/pectin	complexes	using	SANS	
The SAXS data indicates that binding of βLgA to pectins induces βLgAs to form 

clusters, which can act as the building blocks of the large-scale βLgA/pectin complexes 

that can phase separate into a denser phase over time. The overall and local charge 

densities of the pectin control the association and ultimately effect the microstructure of 

the complexes formed. As SAXS is not able to selectively observe the scattering of the 

βLgA or pectic portions of the complexes (see Table	 5-1 for X-ray SLD), the specific 

effects on each component are impossible to determine. Therefore, in order to better 

understand the behaviour of pectins inside of the complex coacervate, we performed a 

series of SANS experiments, with and without contrast matching and using deuterated-

βLgA (d-βLgA).  Contrast matching allows the reduction of the contribution from each 

of the biomacromolecules separately, and allows higher specificity to be achieved when 

identifying structural changes of the different respective components of the assembly.   
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Table	 5-1	 -	 X-ray	 and	 Neutron	 SLDs	 of	 various	 molecules.	 	 Pectins	 with	 different	 DM	 have	 slightly	
different	 SLD.	Here	we	 report	 the	 SLD	of	pectins	with	DM	of	37%.	 	X-ray	 SLD	of	pectin	 is	 calculated	
using	online	X-ray	SLD	calculator	provided	by	NIST24.	 	Neutron	SLDs	of	hydrogenated	and	deuterated	
βLgA	are	calculated	using	online	biomolecular	scattering	length	density	calculator	provided	by	ISIS25.	
Neutron	SLD	of	h-βLgA	and	pectins	in	D2O	buffer	consider	H-D	exchange	

	 H2O	buffer	 D2O	buffer	 h-βLgA	 d-βLgA	 DM37	pectin	

X-ray	SLD	
/10-6	Å-2	

9.43	 -	 11.4926	 -	 15.2224	

Neutron	
SLD	

/10-6	Å-2	
-0.56	 6.36	 2.5025	 6.1025	 4.068	

	

The SAXS results indicated that for each βLgA/pectin system, two stages of 

structuring were involved as the amount of βLgA was increased. Firstly, at low protein 

concentration the sample was visually transparent (the 1:1 complex) and correlation 

peaks were yet to be observed. At higher protein concentration several changes were 

observed concurrently: the scattering intensity in the low-q region was significantly 

increased and a well-defined shoulder peak q* was observed.  This sample was visually 

turbid and of complex coacervate nature (the 20:1 complex). Samples prepared at molar 

ratios of both 1:1 and 20:1 were subjected to SANS measurements. For βLgA/75R 

system, complexes prepared at 10:1 molar ratio were chosen for a better comparison as 

described previously.  

5.2.4.1 SANS	of	h-βLgA	and	pectin	complexes	in	D2O	buffer	
First,	a	 series	of	 complexes	was	prepared	with	hydrogenated	βLgA	and	pectin	 in	

D2O	buffer.	Under	these	conditions,	both	βLgA	and	pectin	display	contrast	with	the	

buffer	 and	 are	 thus	 visible	 to	 neutrons	 (see	 Table	 5-1).	 The	 experimental	

scattering	 curve	 measured	 from	 βLgA	 was	 compared	 with	 the	 simulated	 SANS	

spectrum	derived	 from	dimeric	βLgA	 (PDB:	1BEB12)	using	CRYSON27	 (Figure	5-7	

a),	 giving	 good	 agreement	 between	 the	 experimental	 and	 the	 simulated	 SANS	
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spectra.	 Therefore,	 the	 scattering	 of	 βLgA	 in	 D2O	 buffer	 was	 dominated	 by	 the	

dimeric	 form	 of	 the	 protein,	 and	 no	 sign	 of	 any	 large-scale	 structures	 or	 of	 a	

structure	 factor	 that	 would	 indicate	 a	 heterogeneous	 distribution	 of	 protein	

moieties	was	observed.		For	free	pectins	in	solution,	there	was	not	much	scattering	

measured	 from	 the	 sample.	 	 This	 was	 probably	 due	 to	 the	 relatively	 low	

concentration	of	pectin,	and	the	relatively	small	difference	between	the	scattering	

length	densities	of	 fully	hydrated	pectin	and	 the	deuterated	buffer.	Nevertheless,	

two	 regimes	with	 different	 power	 law	 exponents	 describing	 the	 variation	 of	 the	

scattered	intensity	with	wavevector	could	be	observed:	1)	at	higher	q	region,	a	q-1	

domain	could	be	identified,	characteristic	of	rigid	rod-like	behaviour	for	distances	

smaller	 than	 the	 persistence	 length28;	 and	 2)	 at	 lower-q	 region,	 the	 scattering	

varied	as	a	q-α	law	withαranging	from	2.2	to	2.7	among	different	pectins,	implying	

that	pectins	adopted		clustered	conformation15.		
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Figure	 5-7	 -	 SANS	 profiles	measured	 from	h-βLgA,	 pectin	 and	 h-βLgA/pectin	 complexes	 prepared	 in	
D2O	buffer.	 (a)	 SANS	curves	of	 various	pectins	and	h-βLgA	at	high	concentration,	with	 the	estimated	
dimeric	 scattering	 of	 h-βLgA	 protein	 from	 PDB	 structure	 1BEB.	 (b)	 SANS	 curves	measured	 from	 h-
βLgA/pectin	complexes	at	1:1	ratio.	(c)	SANS	curves	measured	from	h-βLgA/	pectin	complexes	at	20:1	
ratio	(10:1	for	75R).		
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SANS spectra measured from r = 1:1 βLgA/pectin complexes in D2O demonstrated 

similar behaviour to that observed in SAXS results mentioned previously. In the high-q 

region, the scattering intensity measured from the complexes decayed with q-2, 

characteristic of a Gaussian coil conformation: a random chain structure that neither 

attracts nor avoids itself18, 29. At intermediate q a power-law regime of q-4 was observed 

corresponding to the surface scattering of globular primary particles, and finally a q-2 

decay was observed in the low-q region, characteristic of a mass-fractal organisation of 

the primary particles. The location of the crossover point between these regimes, qc, 

remained at the same position compared to those observed from SAXS spectra.  

As more βLgA molecules were mixed with pectins, the power law exponents 

observed from SANS spectra in the intermediate to low-q region remained at the same 

level as to those observed from 1:1 complexes, again suggesting that the molecular 

complexes form compact primary particles that interact with each other and lead to the 

formation of large associates arranged in a randomly distributed mass-fractal. Similar to 

what was observed in the SAXS experiments, the position of qc shifted to a lower-q 

value with increasing amount of βLgA, suggesting the size of the primary particles 

increased as more βLgA were added into the system. For each βLgA /pectin system, the 

shoulder peak q* that attributed to the presence of βLgA–rich clusters was observed at 

similar positions to those measured from SAXS. The behaviour of the q* peak in the 

SANS results also displayed a similar trend to the SAXS data: 1) more pronounced and 

better-defined peaks were measured from complexes prepared with βLgA and pectins 

with higher overall charge densities; and 2) for complexes prepared with βLgA and 

pectins with similar overall charge densities, a less broad peaks were obtained from 

complexes that were prepared with pectin with randomly distributed methyl-ester 

groups. In this context, the breadth of the shoulder peak is indicative for the distribution 
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and orientation of the βLgA-rich clusters that constitute the primary particles: the 

broader the peak, the less ordered or evenly distributed the βLgA-rich clusters. In 

contrast, the correlation peak q** was much better defined when observed in the SANS 

as compared to SAXS experiments, and was shifted towards higher-q (Figure	5-8).  

	

Figure	5-8	-	Typical	Kratky	plots	of	SAXS	spectrum	measured	from	βLgA	/37B	complexes	in	H2O	(red),	
and	 SANS	 spectrum	measured	 from	 βLgA	 /37B	 complexes	 in	 D2O	 (black).	 The	 arrows	 indicate	 the	
positions	of	q*	and	q**	respectively.		

Such a shift of peak position implies the shrinkage of the apparent volume of βLgA 

measured by SANS in D2O30. The shift in q** position can be interpreted with the 

different influences of a hydration shell on the contrast profile for neutron and X-ray 

scattering27. 

5.2.4.2 SANS	of	d-βLgA	and	pectin	complexes	in	D2O	buffer	
In order to better understand the behaviour of pectin chains inside the complexes, we 

performed an additional set of SANS experiments utilizing the contrast matching 

advantage of neutron scattering. To do this, a series of complexes were prepared in 
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deuterated buffer at both 1:1 and 20:1 molar ratios (10:1 for 75R pectin) using 74% 

deuterated βLgA (d-βLgA) and pectin. Under these conditions, only the pectin 

molecules are visible to neutrons since the SLD of d-βLgA was of similar amount to the 

SLD of D2O buffer (see Table	5-1).  

SANS spectra recorded from d-βLgA/pectin complexes in deuterated buffer are 

represented in Figure	 5-9. The SANS spectra of pectins within the 1:1 complexes 

coincided with those observed from pectins in solution, both displayed clear 

demarcation into two power-law regions describing the q dependence of the intensity of 

scattering: a q-1 decay at high-q corresponding to the rod-like behaviour of pectin 

chains, and a q-2 behaviour at low-q region, characteristic of Gaussian coil 

conformation. Therefore, at this particular molar ratio, the attachment of d-βLgA onto 

pectin chains did not seem to change the conformation of the pectin molecules 

significantly.  
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Figure	5-9	-	SANS	curves	from	a)	pectins	in	D2O	buffer;	b)	complexes	prepared	with	d-βLgA	and	pectin	
at	1:1	molar	ratio	in	D2O	buffer;	c)	complexes	prepared	with	d-βLgA	and	pectin	at	20:1	molar	ratio	in	
D2O	buffer.	In	graph	(c),	SANS	spectra	obtained	from	h-βLg/37B	complex	prepared	at	1:1	molar	ratio	is	
also	presented	for	comparison.	
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However, the scattering measured from pectins within the 20:1 complexes 

demonstrated a different behaviour. Pectin scattering measured from 20:1 complexes 

demonstrated three power-law domains: while the q-1 behaviour in the high-q region 

remained unchanged, a q-4 behaviour was observed at intermediate-q region suggesting 

pectin Gaussian coils strongly overlapped to form a globular, meshed networks with 

smooth interface that could possibly be the framework of the primary particle. Finally, 

in the low-q region the scattering exponent was q-2, corresponding to the open, mass-

fractal aggregates comprised of globular pectin networks.   

The SANS profile measured from βLgA/37B pectin complexes prepared at a 20:1 

molar ratio in D2O buffer (as represented in Figure	 5-7 previously) is presented in 

Figure	 5-9 c. In this spectrum, both βLgA and 37B contributed to the scattering of the 

complex and striking differences could be observed between the two corresponding 

molar ratio datasets. Firstly, one could see that the overall scattering intensity measured 

from βLgA/37B complex was significantly higher than the one observed from d-

βLgA/37B complex. This is consistent with the experimental design by which the 

scattering contrast with the solvent and hence scattering of d-βLgA is reduced, so that 

the majority of the scattering of the complex comes only from pectin molecules. The 

position of crossover point between intermediate and low-q regimes, qc, observed from 

βLgA/37B complexes is indicative of the mean size of βLgA/pectin primary particles. A 

similar crossover point was measured from the pectin scattering at the same position to 

those observed from βLgA/37B complexes (~0.01Å-1), suggesting that the infrastructure 

of the primary particles was built by pectin chains.  With βLgA being invisible to 

neutrons, the shoulder peak q* as well as the protein correlation peak q** disappeared 

from the pectin scattering patterns as expected. The concurrent disappearance of both 

peaks supports the hypotheses that q* can be attributed to the presence of βLgA-rich 
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clusters and q** arises from ordered protein-to-protein correlations observed inside of 

the clusters. Therefore, we conclude that at higher βLgA to pectin molar ratios, βLgA-

rich clusters formed upon interacting with pectin chains, and they then acted as bridges 

that bring individual pectin chains together, subsequently filling up the spaces inside of 

the pectin network, leading to the formation of compact primary particles, that 

themselves can assemble at larger length scales. 	

5.3 Discussion	
In this study, we performed a series of small angle scattering experiments to resolve the 

structure of protein/polysaccharide complex coacervates.  In order to better understand 

both the overall structure and the internal organisation of the soft, condensed 

coacervates, both X-rays and neutrons were used as probes since they respond to 

different constituents of matter and furthermore allow for particular components within 

complex assemblies to be targeted.  X-ray scattering is sensitive to electron density 

while neutron scattering relies on the nuclear scattering density, which is not simply 

related to the atomic number31. The combination of SANS and SAXS represents a 

powerful method for studying the nano and microstructure of amorphous materials in-

situ.  

The major driving force for the formation of complex coacervates is the electrostatic 

interactions between oppositely charged macromolecules. In this sense, manipulating 

the charge properties of associating macromolecules should have impacts on the 

electrostatic interactions and consequently on the microstructure of complex 

coacervates. We have previously studied how varying the total amount and distribution 

of charge on pectin molecules effects its primary interactions with βLgA. While a two-

step binding-process was postulated to occur upon titrating βLgA into pectin solution11 
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that successfully explained the thermodynamics associated with the binding events of 

different βLgA/pectin systems11, the resulting microstructure of the complexes had not 

been experimentally identified at that time. Therefore, in this study, we aimed to 

characterise the effects of the charge properties of pectin molecules on the 

microstructures of the resulting βLgA/pectin complex coacervates and to provide 

experimental evidence for the previously proposed structural mechanism during the 

titration of βLgA into pectin solutions11. 

SAXS and SANS results revealed two types of structures generated by complexes 

formed with different mixing molar ratios between βLgA and pectin. Complexes 

prepared at 1:1 ratio are visually transparent, and from the scattering results we know 

that, at this stage, the attachment of βLgA onto the pectin molecules does not change 

the local rod-like nature of pectin chains. The βLgA decorated pectin chains exhibit a 

Gaussian coil conformation at larger length scales and overlap with each other to form 

loosely packed primary particles with a rough surface. At larger length scales an open 

mass-fractal network was eventually adopted through inter-particle interactions between 

the individual primary particles formed by association of the molecular complexes. 

As the molar ratio between βLgA and pectin increases, the complex samples become 

turbid and finally dense, liquid-like complex coacervates are formed. With increasing 

amounts of βLgA in the system, the primary particles formed from increasingly protein-

rich molecular complexes exhibit a more compact conformation with sharper interfaces. 

In addition, both the amount and size of the primary particles are greatly enhanced with 

increasing amounts of βLgA. One striking feature associated with complexes prepared 

at higher molar ratios is the presence of βLgA-rich clusters inside of the primary 

particles. It appears that the framework of the primary particles is mainly constructed of 
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overlapping pectin coils. As more βLgA molecules are added into the system, βLgA-

rich clusters start to form as the result of nucleated growth of βLgA aggregates.  These 

clusters fill in the space inside of the pectin framework and thus lead to the formation of 

bigger and more compact primary particles. This hypothesis is in close agreement with 

our previously proposed structural mechanism observed during βLgA to pectin 

titration11, in which two types of structures are assigned to two stages of binding 

between βLgA and pectin. Based on both SAXS and SANS results obtained in this 

study and in combination with our previous work, a simple schematic to better illustrate 

the internal structural transformation of primary particles occurring during protein to 

polysaccharide titration is presented in (Figure	5-10).  
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Figure	5-10	 -	 Proposed	structural	 transition	of	βLgA/pectin	primary	particles	during	βLgA	 to	pectin	
titration.	 In	 this	 graph,	proteins	are	 illustrated	with	purple	 circles	while	pectins	are	 represented	by	
green	curly	lines.	H2O	is	coloured	yellow	while	the	D2O	background	is	purple	coloured.	

The effects of the overall and local charge densities of pectin (namely the degree of 

methylation DM and degree of blockiness DB) on the microstructure of the resultant 

βLgA/pectin complex coacervates have also been investigated. The general structural 

hierarchy of the coacervates contains two levels, the first is the presence of compact 

primary particles consisting of closely packed pectins and βLgA–rich clusters, and the 

second being the open fractal network formed from the primary particles. While for 

each βLgA/pectin system, the resultant mass-fractal structures finally adopted by the 

solutions of primary particles are generally similar, the charge properties of pectin have 

nevertheless been shown to have measurable impacts on the internal organisation of 

primary particles.  From both SAXS and SANS results, two peaks at high-q region are 
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observed from systems prepared at higher molar ratios of βLgA to pectin: a broad 

shoulder peak, q*, corresponding to the correlation between βLgA-rich clusters and a 

sharper peak, q**, in the higher q region attributed to the protein monomer-monomer 

spatial correlation within the clusters. 1) The higher the overall charge density 

possessed by the pectin, the more evenly distributed the βLgA-rich clusters within the 

primary particles; and 2) for pectins with the same overall charge density, slightly more 

uniform distribution of βLgA-rich clusters could be found in complexes prepared with 

βLgA and random pectins, namely the ones with lower and more homogeneous local 

charge densities. While the broadness and intensity of q* varies among different 

βLgA/pectin systems, the correlation peak q** remains independent of pectin charge 

properties consistent with our assignment of these features.  Compared to the SAXS 

spectra, more intensive and pronounced q** peaks are observed by SANS. This can be 

explained by the contrast difference as seen by X-rays and neutrons: for X-rays, the 

SLD difference between βLgA and pectin is small, whereas for neutrons, βLgA has a 

larger SLD difference to the buffer than pectin.  

For most βLgA/pectin systems, complex coacervates are formed at the highest 

protein to polysaccharide molar ratio used (20:1). However, for the βLgA/75R system, 

instead of dense, liquid-like coacervates, solid-like precipitates were formed at 20:1 

molar ratio that sedimented. Precipitation of βLgA/75R complexes had not been 

observed in our previous studies11, but higher total concentrations of protein and 

polysaccharide were used here to maximise the amount of scattering to ensure reliable 

analyses. Similar transitions from complex coacervates to precipitates have been 

reported to depend on the protein to polysaccharide molar ratio from lysozyme/pectin 

system23. By measuring the scattering from βLgA/75R complexes prepared at various 

molar ratios, the structural transition that yields changes from transparent soluble 
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complexes to complex coacervates and finally the precipitates was well-captured by 

SAXS.  Similar with other βLgA/pectin complexes, at 1:1 molar ratio, βLgAs interact 

with 75R pectins through electrostatic interactions. Due to the availability of multiple 

protein binding sites per pectin molecule, βLgA-binding pectin chains still largely 

exhibit the Gaussian coil conformation on length scales above the persistence length. 

βLgA-binding pectin molecules subsequently loosely pack into primary particles that 

are highly hydrated and with rough surfaces. At this stage, no sign of βLgA-rich clusters 

was observed with either SAXS or SANS, and the entire system is still relatively 

homogeneous and dilute, hallmarks that no phase separation had occurred.  

As more βLgAs were added into the system (up to r = 10:1), complex coacervates 

were formed with sufficient density differences so that the sample could separate into 

two liquid phases over time. Both SAXS and SANS confirmed the formation of βLgA-

rich clusters inside of the primary particles at this time. It was hypothesized in our 

previous study that such βLgA aggregation takes place either on top of bound βLgA 

molecules already attached to one single pectin chain, or in between two spatially close 

βLgA molecules binding to two separate pectin chains11. Therefore, βLgA-rich clusters 

appear to provide bridging between individual βLgA-binding pectins and act as cross-

linkers that further lead to the formation of more closely packed βLgA/pectin primary 

particles with smoother interfaces.  At this stage, the primary particles interact with 

each other and arrange themselves into open, mass-fractal organisations that are still 

highly hydrated. The bulk solution behaviour of these complex coacervates results from 

the fine balance between the nature of primary particles (sticky associations that are 

dense enough to be separated from the solution) and the open mass-fractal networks 

adopted through interactions of primary particles (structures that are still highly 
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hydrated and confer some rheological stability, trapping the system and discouraging 

the formation of solid sedimented precipitates).   

Consistent with this idea is the observation that, for the βLgA/75R system prepared 

at a molar ratio of 15:1, the SAXS data exhibits an interesting and unusual behaviour in 

the low-q region, where a q-4 dependence is observed. This suggests that instead of 

adopting an open and hydrated network, these primary particles closely pack with each 

other and lead to the formation of large globular structures whose size is way beyond 

the detection limit of SAXS. As r increases further to 20:1, large amounts of 

precipitation were observed as described and the scattering became dominated by the 

form factor of βLgA as the precipitates sedimented during the experiment. The 15:1 

sample might be described as a transition state between complex coacervation and 

precipitation with the complex coacervate as a highly hydrated network formed by 

dense primary particles, and the closely packed structures of primary particles as 

precipitates.	

	

5.4 Conclusion	
The effects of the amount and distribution of charge, carried by the polysaccharide 

pectin, on the microstructure of coacervates made through interactions with the protein, 

βLgA, have been investigated. SAXS and SANS results have revealed the presence of 

multi-scale structural elements that together constitute the complex coacervates. The 

major building blocks of complex coacervates are compact primary particles.  These 

primary particles are composed of overlapped pectin chains and βLgA-rich clusters. 

Overlapped pectin chains constitute the framework of the primary particles, while the 

βLgA-rich clusters act as bridges that bring individual protein-binding pectin chains 
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together and fill up the spaces inside of the local pectin network, leading to the 

formation of compact structures. Both the overall and local charge densities of pectin 

affect the distribution or orientation of βLgA-rich clusters inside of the primary 

particles. The structural transformation from complex coacervates to precipitates is also 

discussed in this study.  With complex coacervates and precipitates both being formed 

of the primary particles comprised of the βLgA/pectin complexes, the spatial 

arrangement of these primary particles determines the state of the final product. If the 

primary particles arrange themselves into an open, hydrated fractal network, then the 

result is a suspended complex coacervate.  On the contrary, if the primary particles 

associate closely with each other, then the resulting complexes will be solid-like 

precipitates. 
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6                                                             

Effects of degree of polymerisation of oligo-

galacturonic acid on its protein binding 

properties*  

6.1 Introduction	
An additional complication in understanding the origin and nature of protein and 

polysaccharide interactions is that each polysaccharide may possess multiple protein 

binding sites.1, 2 The diversity of polysaccharide structures arises from many aspects 

including variations in the polysaccharide chain length, branching, and the degree of 

and distribution of substitution of the sugar rings, (for example methyl-esterification in 

pectins3). In order to obtain a better understanding of the interactions between proteins 

and polysaccharides at molecular level the structural heterogeneity of the system has 

been simplified by investigating how a protein binds to a very simple oligosaccharide.  

In the previous chapters a model system composed of the globular protein, bovine 

beta-lactoglobulin variant A (βLgA), and the polysaccharide pectin4 was studied. In this 

chapter, the focus is on the interactions between βLgA and oligo-galacturonic acids 

(OGAs), the homogeneous small building blocks for the un-methylesterified segments 

of pectin. OGAs with different degrees of polymerisation (DP) were used to study the 

effects of chain length on its binding properties with βLgA. Four different OGAs were 

																																																								
* Work in this chapter has been submitted to the journal of Biomacromolecules 
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used: mixtures composed of either 3-4 (DP3) or 7-8 (DP7) galacturonic acid units were 

purchased from Elicityl (Crolles, France); OGAs with 6 (DP6) and 10 (DP10) 

galacturonic acid units were made in-house using previously published methods5.  

The characterisation of the different binding behaviours between βLgA and OGAs 

with differing DP is important to clarify the molecular mechanisms that underline the 

complex coacervation between βLgA and pectin. In this study, isothermal titration 

calorimetry (ITC) experiments were used to monitor the binding between βLgA and 

OGAs with various DP. Circular dichroism (CD) and a Thioflavin T (ThT) binding 

assay were also used in order to probe any conformational changes associated with 

βLgA during the binding event. And finally, a set of SAXS and SANS experiments 

were performed to characterise the microstructure of βLgA/OGA complexes. Results 

collected from these experiments enable us to characterise a wide range of structures 

from the conformational changes associated with βLgA at molecular level, up to the 

large-scale assemblies composed of βLgA/OGA complexes that eventually result in 

separation into two liquid-phases.  

6.2 Results							
6.2.1 Isothermal	Titration	Calorimetry	(ITC)	
ITC experiments were performed first to characterise the binding interactions between 

βLgA and various OGAs. When titrating βLgA into OGAs with shorter chain length, in 

this case, DP3 and DP6, no significant heat changes were observed during the titration, 

suggesting that βLgA did not bind to DP3 or DP6.  However, the addition of βLgA to 

DP7 and DP10 indicated an exothermic reaction (Figure	6-1). 



CHAPTER	SIX	

	

	
	

151	

	

Figure	 6-1	 -	 Typical	 raw	 thermograms	 obtained	 from	 various	 βLgA	 to	 OGA	 titrations.	 In	 this	 graph,	
βLgA	to	DP3	titration	is	coloured	orange;	βLgA	to	DP6	titration	is	coloured	red;	βlgA	to	DP7	titration	is	
coloured	green;	βlgA	to	DP10	titration	is	coloured	blue.	All	represented	thermograms	are	in	the	same	
scale,	but	are	offset	by	0.5	μcal/sec	for	clarity.	

The final products in the ITC cell from βLgA titrated with DP7 or DP10 were turbid 

and of complex coacervate nature, i.e., those samples separated into two liquid phases 

over time. The phase separation and turbidity of the sample indicate that concurrent 

with binding, an aggregation process is also occurring. Therefore, the exothermic data 

measured by the ITC is contributed to by both a heat of binding and the heats associated 

with the aggregation process.  
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Figure	6-2	-	 Integrated	binding	isotherms	obtained	from	βLgA	to	DP7	titration	(green,	circle)	and	βLgA	
to	DP10	titration	(blue,	triangle). 

Integrated binding isotherms measured from βLgA to DP7 and DP10 titrations are 

shown in Figure 6-2. From the binding isotherms, we could see that at the beginning of 

titration, each βLgA injection lead to the release of similar amount of energy until a 

certain point, such observed plateau region is more pronounced from βLgA to DP10 

titration. After the plateau region, a continuous decrease in the amount of heat released 

after each injection was observed until the end of the titration. The titration ended at 

higher βLgA:OGA molar ratio for βLgA/DP10 system as compared to βLgA/DP6 

system, this implied that more βLgA molecules were required to saturate the system 

during βLgA to DP10 titration. Despite the differences observed in stoichiometry, the 

general shape of the integrated isotherms obtained from both titration systems are 

relatively similar, suggesting a common binding mechanism between βLgA and two 

different OGAs.  
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6.2.2 Far-UV	Circular	Dichroism(CD)	
Far-UV circular dichroism experiments were carried out to evaluate changes in protein 

secondary structure upon interaction with OGAs.  As mentioned in Chapter 3, pectins 

are known to display interfering CD ellipticity at 210 nm due to the π to π* transition of 

carboxyl groups6. Therefore, in order to determine if this is the case for the OGAs, we 

measured the CD spectra of various OGA solutions.  No ellipticity was recorded from 

any of the OGA solutions, suggesting that the OGAs are not contributing to the CD 

spectra of βLgA-OGA complexes. For the CD experiment, samples were prepared in 

5mM citrate buffer at pH 4, which are the same experimental conditions as used in the 

ITC experiments. Samples were prepared at different βLgA : OGA molar ratios (r) from 

1:4 to 4:1. 

CD spectra collected from all βLgA/DP3 and βLgA/DP6 complexes closely 

resembled the CD signal of native βLgA, suggesting that the secondary structure of 

βLgA does not change upon mixing with DP3 or DP6. This is consistent with the 

previous ITC results suggesting no interaction was involved between βLgA and these 

smaller OGAs. However, a significant loss of magnitude of the negative chirality of the 

CD signal was observed from the spectra collected from βLgA/DP7 and βLgA/DP10 

complexes (Figure	 6-3). The loss of relative ellipticity was most significant when 

complexes were prepared at r = 1:4, where the excess of OGA over protein is the 

greatest. As the proportion of βLgA in the solution increased, the loss of relative 

ellipticity decreased and the spectrum became more similar to that of native βLgA. 

Comparing βLgA/DP7 with βlgA/DP10 systems shows that for complexes prepared at 

the same molar ratio, the loss of relative ellipticity was greater when βLgA interacted 

with DP10 until r = 1:1.  
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Figure	 6-3	 -	 Far-UV	 CD	 spectra	 collected	 from	 βLgA/DP7	 (green)	 and	 βLgA/DP10	 (blue)	 complexes	
prepared	 at	 different	 βLgA	 :	 OGA	 molar	 ratios.	 	 CD	 spectrum	measured	 from	 native	 βLgA	 solution	
(black)	is	also	shown	in	the	graphs	for	comparison.	

Spectra collected from all βLgA/OGA complexes were subject to quantitative 

analysis using CONTINLL7, 8, SELCON39, 10 and BeStSel11 algorithms. The estimated 

secondary structure content returned from all algorithms were consistent. Figure 6-4 

illustrates the typical secondary structure percentage of βLgA calculated from 

SELCON3 algorithm. 
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Figure	6-4	-	Calculated	secondary	structure	content	of	βLgA	free	in	solution	(at	r=∞)	 	and	complexes	
with	DP7	 (top)	 and	DP10	 (bottom)	 at	 different	molar	 ratios	 (r=0.25,	 0.5,	 1,	 2	 and	 4).	 In	 this	 graph,	
secondary	structure	elements	are	coloured	as:	α-helix	(circle,	red);	β-strands	(square,	orange);	turns	
(triangle,	green);	and	unordered	structures	(inverse	triangle,	blue).	For	each	sample,	the	top	three	sets	
of	 estimated	 secondary	 structure	 contents	 are	 used	 to	 calculate	 the	 average	 (mean)	 	 and	 error	
(standard	deviation)	for	each	structural	elements.		

For native βLgA, the calculated percentages of the different secondary structure 

elements were consistent with previously published results12, 13.  From Figure 6-4 we 

can see that at the lowest ratio of βLgA to OGA (i.e., when r = 0.25), a reduction in α-

helix content was observed from both DP7 and DP10 systems. Accompanying the 
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decrease in α-helix content was an increase in the amount of β-strand conformation 

observed, while the proportions of turns and unordered structures did not change much.  

As the molar ratio increased up to r = 1, CD spectra collected from the complexes 

looked very similar to the CD signal recorded from native βLgA, although the modelled 

amount of β-strands was still greater than that calculated from native βLgA and the 

amount of α-helices still less than is found in native βLgA. The amount of turns and 

unordered structures still remained at a comparable level. When r = 4, the calculated 

percentage of α-helix, β-strand and turns were all of similar to those calculated from 

native βLgA. 

6.2.3 Thioflavin	T	(ThT)	Binding	Assay	
ThT is a benzathiole dye that is widely used to detect the presence of protein amyloid 

fibrils or oligomers that are rich in β-sheet structures14-16, therefore, the ThT binding 

assay was used here to provide complimentary information to the CD experiments on 

the β-sheet content of βlgA in the presence of different OGAs with various chain 

lengths (Figure	 6-5). In order to avoid possible artefacts, we introduced two control 

samples to compare the results of our complexes with. OGAs and native βLgA solutions 

were used as negative controls, while a βLgA fibril solution was used as positive 

control. For βLgA and OGA solutions (data not shown), no significant enhancement in 

ThT fluorescence was observed as compared to that measured from ThT solution. 
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Figure	 6-5	 -ThT	 fluorescence	 intensity	measured	 at	 482	 nm.	 	 In	 this	 graph,	 fluorescence	measured	
from	native	βLgA	 in	 solution	 is	 coloured	black.	 Systems	 consistent	with	βLgA	 and	 various	OGAs	 are	
coloured	 as:	 βlgA/DP3	 (red);	 βlgA/DP6	 (orange);	 βlgA/DP7	 (green)	 and	 βlgA/DP10	 (blue).	 ThT	
fluorescence	measured	 from	 βLgA	 fibrilar	 sample	 (purple)	 is	 also	 presented	 for	 comparison.	 Error	
bars	are	the	standard	deviations	of	three	repetitive	measurements.		

From Figure	 6-5 it is clear that the fluorescence from βLgA mixtures with DP3 and 

DP6 is not significantly different from that of βLgA alone and much less than for the 

βlgA fibrillar sample which is known to be rich in β-sheet conformation13. Only 

samples with DP7 or DP10 at r = 0.25 showed a significant increase above the βLgA 

alone, implying the presence of a greater amount of β-sheet structures than native 

βLgA, consistent with the model of structure from CD results. Additionally, as more 

βLgA was introduced with DP7 and DP10, the ThT fluorescence intensity dropped back 

to the same level as for native βLgA, once again in close agreement with CD results.  

6.2.4 Small	Angle	X-ray	and	Neutron	Scattering	(SAXS	and	SANS)	
In order to identify structural transitions of βLgA/OGA complexes during βLgA to 

OGA titration, a series of SAXS and SANS experiments were performed. The SAXS 

pattern measured from native βLgA solution was in good agreement with the one 
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derived from the dimer model of βLg (PDB entry: 1BEB17) using CRYSOL18 (Figure	

6-6). Therefore, under the experimental conditions used in this work, βLgA can be 

assumed to exist mostly in its dimer form. SAXS curves measured from various OGAs 

all looked similar and demonstrated a power-law behaviour with exponent of -1, 

corresponding to the rod-like nature of the OGAs.  

	

Figure	 6-6	 –	 Top:	 comparison	 of	 SAXS	 spectrum	 measured	 from	 βLgA	 solution	 (green)	 and	 the	
simulated	SAXS	pattern	from	protein	PDB:1BEB	using	CRYSOL	(black);	bottom:	SAXS	profiles	of	various	
OGA	solutions,	datasets	are	offset	from	each	other	by	a	factor	of	10	for	comparison.	

For all complexes prepared at 0.25 βLgA to OGA molar ratio, no upturn was 

recorded at low-q region, suggesting no large scale structures or concentration 
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inhomogeneities were present in the solution (Figure	 6-7). SAXS data collected from 

these samples were subjected to Guinier analysis, from which the radius of gyration (Rg) 

of the scatterers were calculated and listed in(Table	6-1).  

	

Figure	 6-7	 -	 SAXS	 profiles	 obtained	 from	 complexes	 prepared	 at	 0.25 βLgA to OGA molar ratio.	 ,	
Datasets	are	offset	from	each	other	by	a	factor	of	10	for	better	comparison.	

Table	6-1	 -	Guinier	estimation	of	 radius	of	gyration,	Rg	 for	various	complexes	prepared	at	a	βLgA	 to	
OGA	molar	ratio	of	0.25.		

Sample βLgA βLgA/DP3=1:4 βLgA/DP6=1:4 βLgA/DP7=1:4 βLgA/DP10=1:4 

Rg / Å 23.6±0.3 23.6±0.3 23.4±0.5 22.2±0.3 21.5±0.5 

The Rg of free βLgA in solution was calculated to be 23.6 Å, consistent with 

previously published results measured from the βLg dimer19, 20. The Rg values 
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calculated from βLgA mixed with DP3 or with DP6 were found to be 23.6 Å and 23.3 

Å respectively, comparable with the Rg calculated from native βLgA, consistent with 

our hypothesised lack of interaction for these oligmers. In contrast, when mixing βLgA 

with DP7 OGAs at a 0.25 molar ratio, the calculated Rg was 22.2±0.3 Å. In the case of 

DP10 at r = 0.25, the Rg value was even smaller (21.5±0.5 Å). These results imply that 

binding of βLgA to DP7 and DP10 OGAs induces a complex in which the protein is 

compacted compared to the unbound βLgA dimers.  

Figure	 6-8 shows the SAXS spectra measured from βLgA/DP7 and βLgA/DP10 

complexes prepared at various molar ratios. As more βLgA was titrated into OGAs, 

scattering profiles measured from βLgA/DP3 and βLgA/DP6 mixtures were always 

dominated by the form factor of βLgA dimer, supporting the non-interacting nature of 

βLgA with these smaller OGAs. In contrast, as the r increased, the scattering profiles 

recorded from βLgA/DP7 and βLgA/DP10 mixtures showed significant differences to 

the SAXS scattering of βLgA alone. 
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Figure	 6-8	 -	 SAXS	 profiles	 collected	 from	 βLgA/DP7	 (top)	 and	 βLgA/DP10	 (bottom)	 complexes	
prepared	at	different	molar	 ratios.	 SAXS	data	 collected	 from	βLgA	 (red)	 is	 also	presented	 for	better	
comparison.	Datasets	are	coloured	differently	based	on	different	βLgA/OGA	molar	 ratios	 (r):	r	=	1:4	
(orange);	r	=	1:2	(green);	r	=	1:1	(light	blue);	r	=	2:1	(dark	blue);	r	=	4:1	(purple).	Arrows	indicate	the	
positions	of	two	features	that	appear	with	increasing	amount	of	βLgA.	Datasets	are	offset	vertically	for	
clarity	of	presentation. 
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While no upturn was observed when r = 0.25, strong scattering intensity in the low-

q region arose as more βLgA molecules were mixed with DP7.  In contrast to the DP7 

system, large structures only appeared as the βLgA to DP10 molar ratio reached 1.  The 

power law slope of the low-q region is indicative of the structures of particles present in 

solution: a slope of -3 indicates the presence of an object with a rough interface, while 

the slope of -4 is characteristic of smooth and sharp interface21, 22. The slope of low-q 

region was calculated to be in the range of 3.19 ± 0.01 to 3.94 ± 0.01 for βLgA/DP7 

complexes, while such slope observed from all βLgA/DP10 complexes was calculated 

to be 4.00 ± 0.02. Therefore, these values suggest that the βLgA/DP7 complexes formed 

large three-dimensional structures with a relatively smooth surface, while the 

βLgA/DP10 complexes were closely packed into large structures with smooth and sharp 

interfaces.  

While scattering in the low-q region is dominated by large structures, at higher q-

values the overall shape and behaviour of the βLgA when interacting with OGAs. In 

Figure 6-8, we could see that for the samples that demonstrated the steep increase in the 

scattering intensity at low-q region, two features could be identified at q-values of 0.075 

Å-1 and 0.175 Å-1 respectively.  

Although SAXS has provided information about the overall size and structure of 

βLgA and its complexes with OGAs, more detailed structural analysis is hindered due 

to the high complexity of the system. Therefore, a similar set of samples were studies 

using SANS, since neutrons see different parts in a complex assembly. It was expected 

that the SANS results would complement the SAXS results, providing more detailed 

information on the internal organisation of βLgA/OGA complexes when formed. 

βLgA/DP7 and βLgA/DP10 complexes, that demonstrated existent large-scale 
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structures, were freshly prepared in D2O and studied by SANS. Figure	 6-9 represents 

the SANS profiles measured from βLgA/OGA complexes prepared at two βLgA to 

OGA molar ratios: r = 1 and r = 4 respectively. Steep increases in I(q) observed at the 

low-q region, indicating the presence of large-scale structures, consistent with the 

SAXS results. As the lowest q that can be reached by the SANS instrument is 7 ⋅ 10-4 Å-

1, less than the lowest q for the SAXS measured (20 ⋅ 10-4 Å-1) , extra information (up to 

~800 nm length scale) can be obtained by SANS. Figure	 6-9 shows that at lower q, 

distinct crossover points qc between two power law regions can be observed in the 

SANS curves, implying the transition from surface fractal (q-4 for r  = 1 complexes and 

q-3 for r = 4 complexes) to mass fractal aggregates (q-2). Therefore, SANS results 

suggest that the βLgA/OGA complexes form relatively compact primary particles that 

further aggregate into open mass-fractal networks 

	

Figure	6-9	-	SANS	profiles	collected	from	βLgA/DP7	and	βLgA/DP10	complexes	prepared	at	1:1	and	4:1	
molar	ratios	 in	D2O.	SANS	data	collected	 from	βLgA	(red)	 is	also	presented	 for	comparison.	Datasets	
are	offset	vertically	for	clarity	of	presentation.	The	long	black	arrows	indicate	the	positions	of	the	two	
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peaks	observed	at	high-q	region,	while	the	short	arrows	indicate	the	positions	of	crossover	point	qc	at	
low-q	region	

SANS patterns measured from βLgA/OGA complexes prepared at r = 1 show 

clearly two peaks in the high-q region: one sharp correlation peak at ~0.18 Å-1, and 

another broader peak with a q value of ~0.08 Å-1. These two peaks, clearly seen in the 

SANS spectra, were hinted at similar positions in the SAXS data. From the SANS 

profiles measured from βLgA/OGA complexes prepared at r = 4, two peaks could again 

be clearly identified at the high-q region: one at q = 0.18 Å-1 and the other at 0.07 Å-1 

(Figure	 6-9).  That is, with increasing amounts of βLgA in the system, the peak position 

at q = 0.18 Å-1 remained constant while the other slightly shifted toward lower q range. 

As derived from the Bragg law, the q value at which a peak in the intensity is observed 

corresponds to a repeating distance in the sample D23, in which D = 2 π/q. Therefore, 

the correlation peak at q = 0.18 Å-1 corresponds to a repeat distance of ~35 Å. This 

value is comparable to the diameter of a βLgA monomer of 36 Å24, and can be 

attributed to the monomer-monomer correlation between individual βLgA molecules 

that comprise the dimer25, 26. The position of this correlation peak is independent of 

βLgA concentrations as expected.  

For the other broad peak, located at q = 0.08 Å-1, similar features have been 

observed by SANS for βLg-pectin27 and CdCl2 induced βLg crystallization by SAXS25. 

It has been suggested this can be attributed to formation of protein clusters in which 

protein monomers are closely packed together25. Although it was not clearly seen in the 

SAXS results, in the SANS experiments when more βLgA is  mixed with the OGAs, the 

position of the broad peak shifts slightly from 0.08 Å-1 to 0.07 Å-1, indicating the 

average size of βLgA clusters of the primary particles increases with an increasing 

amount of βLgA. The SANS curves obtained from complexes prepared at same molar 
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ratios but with different OGAs, the positions for both peaks remained fairly constant no 

matter what OGA was used to make the complex.  

6.3 Discussion	
A series of ITC, CD, ThT fluorescence and small angle scattering experiments were 

done to investigate the effects of the DP of oligo-galacturonic acid (OGA) on its 

interaction with the model protein: β-lactoglobulin variant A (βLgA). The four OGA 

used were DP3 (mixture of DP3 and DP4), DP6, DP7 (mixture of DP7 and DP8) and 

DP10.  The results obtained from the different experiments are consistent and suggest 

that the chain length of OGAs is a critical factor determining how they interact with 

βLgA. OGAs with DPs of 3, 4 and 6 do not interact with βLgA, OGAs with a length 

greater than 7or 8 or more sugar residues not only interact with βLgA molecules, but 

also lead to the formation of large-scale fractal aggregates composed of βLgA/OGA 

complexes. For OGAs of sufficient chain length, namely with DP greater than 7, their 

interactions with βLgA leads to the formation of a dense, liquid phase rich in the 

aggregates, through associative phase separation and subsequent ripening.  

Under the selected experimental conditions of this study, the major driving force 

that brings cationic βLgA and anionic OGA together is electrostatic interactions. It is 

believed that the dimerization of βLgA is stabilized by hydrophobic interactions 

between the dimer interface as well as the electrostatic repulsion between positively 

charged monomers28. The dimeric structure of βLg has been characterised by X-ray 

crystallography previously, and it was found that the dimer interface consists mainly of 

an anti-parallel β-sheet structure formed by the βI strand from each monomeric 

subunit17, 29. It has been suggested that the dimeric interaction of βLgA is not as tight as 

other strongly associated dimers as the dimer interface constitutes only 6% of the total 
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protein surface area17, 28.  We hypothesise that upon binding with anionic OGAs, the 

electrostatic repulsion between βLgA monomers is reduced, and therefore, the 

significant hydrophobic interactions bring the two βLgA monomers closer to each other, 

promoting the formation of a more compact dimeric structure. In this case, the βLgA 

dimers would be stabilized upon OGA binding, and the inter-molecular β-sheet 

structure would become more pronounced as seen in the results obtained from the CD 

and ThT experiments. Combining all the results, we hypothesise that the binding 

mechanism of βLgA when titrated into sufficiently long OGAs could be divided into 

two major regimes (Figure	6-10). 

	

Figure	6-10	-	Illustration	of	the	two	structural	regimes	distinguished	during	βLgA	to	OGA	(DP	greater	
than	7)	titration.	The	first	regime	(left)	is	observed	when	OGA	is	in	excess,	βLgA	dimers	adopt	a	more	
compact	 conformation	upon	OGA	binding,	βLgA	molecules	are	stabilized	by	OGA	and	no	aggregation	
takes	place	at	this	stage.	The	second	regime	(right)	is	observed	when	βLgA	is	in	excessive	amount.	At	
this	stage	the	sample	is	turbid	with	βLgA/OGA	complexes	form	primary	particles	that	further	lead	to	
the	 formation	of	mass-fractal	organisations.	The	primary	particles	are	 composed	with	 several	βLgA-
rich	clusters.	

The first regime is characterised by the lack of large-scale aggregates, this is 

observed when OGAs are present in excessive amount, i.e. when r = 0.25. At this stage, 
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the binding of OGA to βLgA leads to the formation of complexes that look largely like 

more compact βLgA dimers (due to increased hydrophobic interactions and reduced 

electrostatic repulsion at the dimer interface)30. Concurrently, the binding of OGA 

stabilizes the βLgA dimers, and as a result, the inter-molecular β-sheet structure 

becomes more pronounced as seen in CD and ThT fluorescence experiments. At this 

stage, the excessive amount of OGAs stabilizes the βLgA dimer, and prevents the 

formation of large-scale structures.  

As more βLgA molecules are introduced with OGAs, a second regime could be 

distinguished. The hallmark of second regime is the concurrent presence of the upturn at 

low-q region as well as the two peaks observed at the high-q region. At this stage, 

samples are visually turbid and separate into two liquid phases over time. As suggested 

by SAXS and SANS results, the turbidity of the sample is attributed to the presence of 

large primary particles that further aggregate into branched mass-fractal networks. 

Those large primary particles are compact globular structures with smooth interfaces. 

SANS revealed the major components of the primary particles are βLgA-rich clusters. 

These clusters were dense and compact with βLgA molecules closely packed with each 

other.  

Therefore, in the second regime, as the amount of βLgA was increased, the OGA-

stabilized βLgA dimers may serve as the nucleation points for the formation of βLgA-

rich clusters since it is believed that the screening of electrostatic repulsion is a 

prerequisite for aggregation of all proteins30. It is envisaged that the positive charges of 

βLgA are screened as the result of OGA-binding, this then enhances the attachment of 

other βLgA molecules onto βLgA/OGA complexes through bridges created by bound 

OGA molecules (anisotropic interactions)19, 31. Besides the bridging effect, van der 
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Waals and hydrophobic interactions could attribute to the formation of βLgA-rich 

clusters19, 32.  During the aggregation process, the finite-size of βLgA-rich clusters is 

controlled by the balance between short-range attraction and electrostatic repulsion19.   

In the first regime, the observed changes in secondary structure content are 

accompanied by a reduction in the hydrodynamic radius of the βLgA/OGA complex. 

However, as the titration proceeds to the second regime, both CD and ThT fluorescence 

experiments suggest that the amount of protein β-sheet conformation drops back to the 

same level as it is observed from native βLgA. The observed restoration in β-sheet 

content could result from the less compressed OGA-bound βLgA dimers since more 

βLgA molecules are attached to the βLgA/OGA complex through OGA bridges, under 

such circumstances, the inter-molecular β-sheets conformation may become less 

pronounced.  The another possible explanation for the reduced β-sheet conformation 

observed in the second regime could be the presence of free βLgA in solution, leading 

to the CD signal and ThT fluorescence being dominated by the native protein 

molecules.   

While very limited comparable examples can be found in the field of protein and 

OGA studies, a great number of publications have been reported on the effects of 

heparan sulphate (HS) chain length on its interaction with proteins33-39, mainly owing to 

the biological significance of HS.  HS is a linear sulphated glycosaminoglycan whose 

structure is somewhat similar to poly-galacturonic acid: the basic building block of HS 

consists of β-(1-4)-linked D-glucuronic acid and α-(1-4)-linked N-acetyl-D-

glucosamine40, while the backbone of poly-galacturonic acid consists mainly α-(1-4)-

linked D-galacturonic acid.  Similar to the conclusions that have been drawn from here, 

much research in this area has concluded that the chain length of HS is an important 
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factor provoking different biological functions. For example, a minimum DP of 8 has 

been found to be required for the efficient binding between the heparin-binding protein 

cyclophilin B and HS41;  and the oligomerisation of receptors for advanced glycation 

end products (RAGE) can only be promoted through engagement with HS with a 

minimum DP of 1234.   It is striking that the oligosaccharides simply different in length 

by just a couple of sugar units can interact very differently with proteins.  

It is well known that low-methylated pectins require the presence of divalent 

cations, normally Ca2+, for gelation42. During the gelation process, sections of 

successive non-methylesterified GalA units of pectin chains are held together by 

interactions between pectin carboxyl groups (negatively charged) and calcium ions 

(positively charged), such gelation mechanism is also known as the ‘egg-box’ 

mechanism43. The number of consecutive GalA residues required per pectin to form 

stable chians in an ‘egg-box’ configuration has been estimated in various systems, and 

is in the range of 6 to 20 residues44.  In this context, DP determines the strength of 

calcium binding. The formation of junction zones between GalA residues and Ca2+ ions 

is governed by electrostatic interactions. In our case, binding between βLgA and OGAs 

are of electrostatic nature as well. Therefore, it seems like that there is a lower limit for 

the number consecutive GalA residues in order to initiate electrostatic interactions of 

pectin with other oppositely charge molecules. This could be either due to a certain 

amount of local electrostatic density is required to initiate the binding or a certain level 

of chain flexibility is required for the GalA segments. 

In	 the	 first	 binding	 stage	 of	 the	 βLgA to pectin titration, we hypothesise βLgA 

molecules discretely deposited onto pectin chains and the attachment of βLgA did not 

change the Gaussian coil conformation of pectin chains, while no βLgA-rich clusters 
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were formed at this stage. From the βLgA/OGA studies we found that during the early 

stage of βLgA to OGA titration, i.e. when OGAs were present in excessive amount, the 

binding of βLgA molecules with OGAs with appreciable DP actually stabilized the 

protein and thus prevented the formation of βLgA aggregates. Therefore, the absence of 

βLgA-rich clusters during the first binding stage from βLgA to pectin titration could be 

explained by the stabilization effect exhibited by the charged, non-methylesterified 

groups of pectin when interacting with βLgA.  As the titration proceeded, i.e. with 

increasing amount of βLgA, a second regime could be distinguished from both βLgA to 

pectin and βLgA to pectin titrations. The hallmark of both second regimes was the 

presence of βLgA-rich clusters that further lead to the formation of primary particles. In 

this context, the microstructures of the primary particles formed in two titration systems 

should be different, possibly with different βLgA/galacturonic acid ratios and 

diffusivity inside of the complexes.	

6.4 Conclusions	
The interactions between βLgA and OGAs with various degrees of polymerisation (DP) 

have been investigated. OGAs require a minimum length of 7 (or 8) sugar residues in 

order to exhibit appreciable interactions with βLgA. When titrating βLgA into OGAs 

with DP greater than 7-8, the sample solution became turbid with increasing amounts of 

βLgA. When OGAs were in excess, βLgA dimers were stabilized upon OGA binding, 

and no subsequent aggregation was observed. However, when βLgA is present in an 

excessive amount, the sample solution became turbid with the presence of large mass-

fractal aggregates of primary particles which in their turn were assembled from 

βLgA/OGA complexes. These multi-scale structures can eventually separate into two 

liquid-phases.  It will be interesting to explore the differences in the microstructure of 

the condensed phase formed between βLgA/pectin and βLgA/OGA systems; the answer 
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will shed the light on the role played by the long chain conformation of polysaccharide 

in the protein/polysaccharide complex coacervates. 
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7                                                             

Protein-polysaccharide layer-by-layer 

assemblies formed at the solid-liquid 

interface* 

7.1 Introduction	
Great advances have been made in developing thin films with nano-scaled structures for 

use in biology, chemistry, medicine, engineering or biotechnology1. In particular, multi-

layered thin films prepared with more than one material demonstrate superior 

functionalities compared to a single component.  They have shown promise in bio-

related applications such as tissue engineering2-4, biosensors5-7, and drug delivery 

systems8-10. To this end, many techniques have been developed to synthesis multi-

layered thin films with desired functions.  Two of the most frequently used methods are 

Langmuir-Blodgett (LB)11, 12 and layer-by-layer (LbL) deposition methods13.  

In LB monolayers are formed at air-liquid interface and then transferred onto a solid 

substrate11, 12. Although the mechanical handling of individual layers can be controlled 

with nanoscale precision10, 14, 15 using a LB approach, the method is still rather limited 

due to expensive instrumentation, long fabrication time, limited selection of suitable 

molecular components and rearrangement of molecules after or during deposition16, 17. 

The LbL approach is a more recent alternative in which a variety of complementary 

																																																								
*	Work in this chapter has been written into manuscript and to be submitted to Langmuir	
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multivalent molecules are alternatively adsorbed onto a solid surface through either 

electrostatic or non-electrostatic interactions1. LbL strategy represents a simple and 

versatile technique that allows the formation of multi-layered structure whose thickness 

can be easily controlled down to nanometer scale. Depending on the requirements of the 

surface any type of charged species such as proteins18-20, polysaccharides21, synthetic 

polymers22, DNA23, and nanoparticles24, 25 can be used as components as needed. 

Multi-layered films composed of proteins and polysaccharides have shown 

considerable potential for fabricating surfaces with improved biocompatibility and 

biodegradability26, 27. Although protein-polysaccharide films have been developed by 

many researchers, the micro- and nano-scaled knowledge of these multi-layered 

structures is limited. Therefore, in order to better control and manipulate the properties 

of protein-polysaccharide multi-layered films, the internal composition as well as 

organisation of the film need to be investigated.  Such knowledge will not only benefit 

us in developing new protein-based bioactive coatings, but it will also expand our 

understanding in the structural aspects of protein-polysaccharide complexes at 

molecular level.  

As in the previous chapters, the film is constructed from βLgA and pectin. In 

particular, pectins with various overall and local charge densities were used so that the 

effects of pectin charge properties on the microstructure of multi-layered films could be 

investigated. The effects of polysaccharide charge properties on the mixed protein-

polysaccharide interfacial layers have been studied previously theoretically28-30, this 

work will attempt to validate those findings in a real system. The alternating adsorption 

of βLgA and pectin onto surface was monitored by quartz-crystal microbalance with 

dissipation technique (QCM-D), while the microstructure of the resulting βLgA-pectin-
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βLgA multi-layered film was probed with neutron reflectometry (NR). In particular, the 

effects of pectin charge on the internal organization and composition of the film were 

addressed. A hydrophilic silica surface is used as the solid substrate, structural aspects 

of the LbL film will be probed in situ at solid-liquid interface.   

7.2 Results	
7.2.1 Quartz	Crystal	Microbalance	with	Dissipation	(QCM-D)	
The alternative adsorption of βLgA and pectin onto quartz crystals coated with silica 

was studied by QCM-D first to confirm the successful assembly of the layer-by-layered 

(LbL) structure and to understand the viscoelastic properties of each layer. In order to 

exclude the effect of βLgA re-adsorption, instead of incubating the system alternatively 

with βLgA/pectin/βLgA, a parallel experiment was conducted by introducing βLgA 

three times into the QCM-chamber. This sample was treated as a negative control. 

Figure 7-1 represents the typical QCM-D profiles recorded from the alternative 

adsorption of βLgA and 37B pectin onto silica surface at different overtones. 

Significant changes in both frequency (ΔF) and dissipation (ΔD) were observed at every 

stage of the surface modification process. During the QCM-D experiment, samples 

were only injected into the system when a stable baseline was observed, therefore the 

results obtained from different βLgA-pectin system were measured at different times. 
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Figure	 7-1	 –Typical	 changes	 of	 resonant	 frequencies	 (ΔF)	 and	 energy	 dissipations	 (ΔD)	 versus	 time	
measured	during	the	multiple	incubation	steps	at	various	overtones.	1)	Adsorption	of	βLgA	onto	silica	
surface;	2)	deposition	of	37B	pectin	layer	to	the	existing	βLgA	layer;	3)	final	βLgA	incubation.	The	QCM	
chip	 was	 rinsed	 with	 buffer	 after	 each	 incubation	 process	 as	 indicated	 in	 the	 graph	 by	 the	 dotted	
arrows.	

In order to provide information about the structure and dynamic viscoelastic 

properties of the surface and to leave the time scale as an independent parameter, the 

ΔF-ΔD plot was used to better illustrate the adsorption mechanism between different 

systems31. Take the βLgA-5R pectin system as an example, three distinct turning points 

were observed suggesting that four mechanistic processes were involved (Figure 7-2).  
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Figure	7-2	-	ΔF-ΔD	plot	obtained	from	alternative	adsorptions	of	βLgA	and	5R	pectin	onto	silica	surface.	
Number	1	to	4	demonstrate	the	four	mechanistic	processes	involved	during	the	formation	of	the	multi-
layered	 structure	namingly:	 1)	 formation	 of	 βLgA	 layer;	 2)	 adsorption	 of	 pectin	 onto	βLgA	 layer;	 3)	
final	 βLgA	 adsorption	 to	 the	 surface;	 4)	 final	 rinse	 to	 remove	 any	 excessive	 loosely	 bound	 βLgA	
molecules	on	the	surface.		

The first process involved the adsorption of βLgA protein onto silica surface, 

forming a rigid protein layer as evidenced by the negligible change in dissipation. After 

βLgA adsorption, incubating the surface with 5R pectin lead to the observed direction 

change of the ΔF-ΔD plot. Such a change indicates that pectin has interacted with the 

existing βLgA layer, leading to the formation of a floppy and highly hydrated layer as 

suggested by the significant increase in dissipation. The third process was identified 

after incubating the surface again with βLgA. The observed change in direction of the 

plot revealed the incorporation of βLgA into the system. Different from the previous 

step, the decreased dissipation value suggested the new structure was more rigid and 

compact.  After incubating the surface with βLgA, the system was washed with buffer 

to get rid of any loosely bound βLgA molecules, this was represented by the fourth 

process, in which a slight decrease in mass was observed while the dissipation value 
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remained unchanged.  ΔF-ΔD plots obtained from 37R, 37B and 75R pectin systems 

were similar to that of βLgA-5R pectin system, featuring the four processes as 

previously described.  Different from other βLgA-pectin systems, only two processes 

could be identified from the βLgA negative control experiment (Figure 7-3). 

	

Figure	7-3	 -	ΔF-ΔD	 plot	obtained	 from	 three	 repetitive	adsorption	of	βLgA	onto	 silica	 surface	on	 the	
same	axis	scales	as	Figure	7-2.	Number	1	and	2	demonstrate	the	two	mechanistic	processes	observed	
during	repetitive	βLgA	surface	 incubation,	 these	are:	1)	 formation	of	βLgA	 layer;	2)	re-adsorption	of	
βLgA		to	the	existing	βLgA	layer.	

	The first process was attributed to the formation of rigid βLgA layer onto the silica 

surface. A decrease in frequency with a concomitant increase in dissipation was 

observed after a two more incubations, this could be due to 1) more βLgA adsorbed 

onto silica surface or 2) formation of a loosely bound outer layer on top of the 

previously formed βLgA layer26. The magnitude of changes in frequency and 

dissipation observed due to re-adsorption of βLgA was much lower than those observed 

due to the adsorption of pectin.  
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The measured shifts in frequency and dissipation after each surface treatment for all 

different βLgA/pectin systems are illustrated in Figure	 7-4. From both graphs it can be 

seen that for βLgA negative control, frequency as well as dissipation did not change 

much after each surface treatment as compared to those observed from βLgA/pectin 

systems.  

All βLgA/pectin systems demonstrated similar systematic decrease in frequency 

when the QCM-D chip was alternatively incubated with βLgA and pectin solutions. 

Similar trends in dissipation shifts were also observed for all the βLgA/pectin systems: 

an increase in dissipation after pectin attachment and a decrease in dissipation after final 

βLgA adsorption. Greatest changes in dissipation were observed from the βLgA /5R 

pectin system, implying that the resultant surface structure after each treatment were 

more soft and viscoelastic32, 33.  High dissipation values were also obtained from the 

βLgA /75R pectin system, this could be because 75R pectin has large amount of non-

charged groups, therefore these parts did not interact with βLgA molecules and formed 

a more extended structure which further lead to a high dissipation value34, 35.  
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Figure	7-4	-	Measured	changes	in	frequency	(top),	and	dissipation	(bottom),	after	each	surface	
treatment	for	all	βLgA/pectin	systems.	βLgA	Negative	control	refers	to	a	system	rinsed	all	three	times	
with	βLgA		

7.2.2 Neutron	reflectometry		
As the multi-layered structures formed were stable at the solid-liquid interface over a 

sufficiently long period of time, neutron reflectometry (NR) experiments were 

performed to determine the composition and internal organisation of the LbL assembly 

in situ.  For each βLgA and pectin system, NR measurements were taken after each 

surface treatment. Each sample was measured in both H2O and D2O buffer solutions, as 
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the co-refinement of two datasets improves the contrast between multiple layers and 

allows the amount of solvent penetration to be determined36. Figure	 7-5 represents a set 

of NR profiles measured from βLgA/37B pectin system in D2O contrast. The measured 

reflectivity data are plotted as RQ4 vs Q to increase the visibility of features in the 

reflectivity profiles. From the graph we could see that the Kiessig fringes of the 

measured reflectivity profiles became slightly more pronounced after incubating the 

surface with pectin (blue), indicating the newly formed surface structure was denser 

than the original βLgA film (green)37. After incubating the surface again with βLgA, 

more significant changes in Kiessig fringes were observed (orange), implying that the 

final film structure became much thicker38. NR data was fitted using different models 

with the MOTOFIT software package36.  

 

Figure	 7-5	 -	 Observed	 (open	 circles)	 and	 calculated	 (solid	 lines)	 neutron	 reflectivity	 profiles	 obtain	
from	 the	 silicon	 wafer	 in	 D2O	 contrast	 after	 three	 consecutive	 surface	 treatments	 namely:	 βLgA	
(green),	37B	pectin	(blue)	and	βLgA	again	(orange).	

7.2.2.1 Adsorption	of	βLgA	onto	hydrophilic	silica	surface	
Firstly, silica surface was incubated with βLgA solution, the measured NR profiles 

obtained from D2O and H2O contrasts were co-refined and fitted using a protein single-
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layer model. Consider the possible exchange between hydrogen and deuterium, 

scattering length density of βLgA was calculated as 2.5 ⋅10-6 Å–2 in D2O solution and 

1.76 ⋅10-6 Å–2 in H2O solution as previously.  It was found that under such buffer 

conditions βLgA molecules formed a self-assembled monolayer on the hydrophilic 

silica surface. The thickness of the adsorbed βLgA layer was modelled to be 32.9±0.7 Å 

and 64% of such layer was filled with solvent. This layer thickness is less than the 

reported diameter of the globular βLgA protein39 (36 Å), implying that the 

conformation of protein changed slightly upon surface adsorption.  

7.2.2.2 Adsorption	of	pectins	onto	βLgA-bound	surface	
After the successful formation of βLgA monolayer on silica surface, pectins with 

different charge properties were introduced into the wet cell. Adsorption of pectins onto 

βLgA-bound surface was monitored by NR. The reflectivity profile measured from each 

βLgA/pectin system can be modelled with a three-layer structure: 1) silica oxide layer at 

the bottom, 2) βLgA layer mixed with pectin, and 3) a highly hydrated pectin layer on 

top. Fitting parameters are listed in Table	7-1.  
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Table	7-1	–	Fitting	parameters	of		the	three-layered	model	derived	from	the	neutron	reflectivity	data.	
Estimated	uncertainty	for	modelled	parameters	is	given,	parameters	without	uncertainty	were	fixed	
during	the	fitting	process.		

βLgA/5R pectin Layer Thickness / Å nSLD / 10-6 Å-2 Solvent Percentage  / % 

 

1 SiO2 10.0 3.47 0.0 

 

2 βLgA/Pectin 31.4±0.7 3.70±0.7 32.8±0.7 

 

3 Pectin 44.2±0.7 4.16 83.0±0.7 

βLgA/37B pectin Layer Thickness / Å nSLD / 10-6 Å-2 Solvent Percentage / % 

 

1 SiO2 10.0 3.47 0.0 

 

2 βLgA/Pectin 31.5±0.7 3.45±0.7 46.6±0.7 

 

3 Pectin 35.6±0.7 4.06 84.3±0.7 

βLgA/37R pectin Layer Thickness / Å nSLD / 10-6 Å-2 Solvent Percentage / % 

 

1 SiO2 10.0 3.47 0.0 

 

2 βLgA/Pectin 30.2±0.7 3.26±0.7 57.7±0.7 

 

3 Pectin 36.4±0.7 4.06 91.7±0.7 

βLgA/75R pectin Layer Thickness / Å nSLD / 10-6 Å-2 Solvent Percentage / % 

 

1 SiO2 10.0 3.47 0.0 

 

2 βLgA/Pectin 30.1±0.7 3.15±0.7 69.9±0.7 

 

3 Pectin 39.8±0.7 3.93 96.3±0.7 

	

From Table	 7-1 it can be seen that for all βLgA-pectin systems the mixed βLgA-

pectin layer was of comparable thickness to that of the βLgA monolayer alone. This 

implies that after being introduced into the system the pectin molecules interacted with 

surface-bound βLgA molecules and penetrated into the previously formed βLgA 

monolayer. While the charged groups of pectin were tightly bound to βLgA molecules 
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through electrostatic interactions, non-charged groups of pectin did not interact with 

βLgA, therefore the non-charged parts of pectin projected out of the βLgA plane and 

consequently formed a loose pectin layer that diffusing into the aqueous solution.  

The neutron SLD value for βLgA was estimated to be 2.5 ⋅ 10-6 Å-2, while for 

pectins the value varied in the range between 3.94 to 4.16 ⋅ 10-6 Å-2 depend on the 

degree of methyl-esterification. Therefore, the more pectin that penetrated into the 

βLgA layer, the higher the nSLD of the mixed βLgA-pectin layer (closer to 4.16 ⋅ 10-6 

Å-2). For the βLgA/pectin mixed layer, the nSLD values derived from the reflectivity 

data were found to be different between individual βLgA/pectin systems. This value 

was the highest for 5R pectin that carried the highest amount of charges, while the value 

was the lowest for 75R pectin that carried the least amount of charges. For pectins with 

the same amount of overall charge densities (37%), ones with blocky charged groups 

(higher local charge densities) interacted with more βLgA. This result could be 

explained by the electrostatic nature of the interactions between βLgA and pectin, the 

higher the overall or local charge density possessed by the pectin, the stronger the 

interactions between βLgA and pectin and this further lead to a denser mixed layer.   

It should also be noted that from Table	 7-1 the more pectin that penetrated into the 

βLgA layer, the less solvated the mixed layer is. It has been reported that the 

complexation between oppositely charged proteins and polyelectrolytes are 

accompanied with the release of counterions such as water40, therefore, due to the 

penetration of pectins into the existing βLgA layer, the amount of solvent present in the 

mixed layer was significantly reduced.  
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7.2.2.3 Final	adsorption	of	βLgA	onto	loose	pectin	surface	
βLgA molecules were introduced into the system again after pectin deposition. NR 

profiles measured from each βLgA/pectin systems were best fitted with a four-layer 

model: 1) silica oxide layer; 2) βLgA monolayer mixed with penetrating pectin; 3) 

βLgA and pectin mixed layer and 4) highly hydrated βLgA layer on the top.   The 4th 

layer consisting only βLgA molecules was introduced based on the consideration that in 

order to successfully build a multi-layered structure, the top surface of the multi-layered 

assemblies after each treatment should carry opposite charges to the species that is 

going to be introduced into the system. Therefore, in our case, the top layer of the film 

structure should be positively charged due to the presence of excessive amount of βLgA 

molecules. Fitting parameters are listed in Table	7-2.  
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Table	7-2	-	Fitting	parameters	of		the	four-layered	model	derived	from	the	neutron	reflectivity	data.	
Estimated	uncertainty	for	modelled	parameters	is	given,	parameters	without	uncertainty	were	fixed	
during	the	fitting	process.	

βLgA/5R pectin Layer Thickness / Å nSLD / 10-6 Å-2 Solvent Percentage / % 

 
1 SiO2 10.0 3.47 0.0 

 
2 βLgA/Pectin-inner 31.8±0.7 3.59±0.7 23.3±0.7 

 
3 βLgA/Pectin-outer 55.9±0.7 3.03±0.7 65.9±0.7 

 4 βLgA 50.4±0.7 2.50 87.4±0.7 

βLgA/37B pectin Layer Thickness / Å nSLD / 10-6 Å-2 Solvent Percentage / % 

 
1 SiO2 10.0 3.47 0.0 

 
2 βLgA/Pectin-inner 30.2±0.7 3.38±0.7 40.1±0.7 

 
3 βLgA/Pectin-outer 46.8±0.7 2.97±0.7 72.8±0.7 

 4 βLgA 47.6±0.7 2.50 88.7±0.7 

βLgA/37R pectin Layer Thickness / Å nSLD / 10-6 Å-2 Solvent Percentage / % 

 
1 SiO2 10.0 3.47 0.0 

 
2 βLgA/Pectin-inner 30.1±0.7 3.13±0.7 44.3±0.7 

 
3 βLgA/Pectin-outer 43.7±0.7 2.80±0.7 74.3±0.7 

 4 βLgA 46.7±0.7 2.50 89.9±0.7 

βLgA/75R pectin Layer Thickness / Å nSLD / 10-6 Å-2 Solvent Percentage / % 

 
1 SiO2 10.0 3.47 0.0 

 
2 βLgA/Pectin-inner 30.2±0.7 2.86±0.7 56.9±0.7 

 
3 βLgA/Pectin-outer 40.1±0.7 2.77±0.7 84.6±0.7 

 4 βLgA 43.6±0.7 2.50 97.1±0.7 

 

From Table 7-2 we could see that after the final βLgA adsorption the thickness of 

the first βLgA-pectin mixed layer remained unchanged. However, the nSLD of such 
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layer decreased with a concomitant decrease in solvent percentage. This implied that the 

amount of βLgA increased in this layer, i.e., some of the newly introduced βLgA 

molecules got adsorbed onto the silica surface. This result was consistent with the 

previous QCM-D result that suggested the re-adsorption of βLgA could happen in small 

extent when incubating the silica surface with βLgA repetitively.  

After successful deposition of pectin onto βLgA monolayer, a loose and highly 

hydrated pectin layer was formed on top of the mixed layer. We could see from Table 

7-2 that for all βLgA/pectin systems, the outer βLgA/pectin layer was slightly thicker 

than the pectin layer alone (from Table 7-1), and that the nSLD of such mixed layer was 

significantly reduced. These changes suggested the penetration of βLgA molecules into 

the pectin layer. Therefore, during the final βLgA incubation, some of the βLgA 

molecules got re-adsorbed onto silica surface, while others interacted with pectin 

molecules in the outer layer, leading to the formation of a new βLgA-pectin mixed 

layer. The thickness of the outer βLgA-pectin mixed layer appeared to be proportional 

to the amount of charges carried by pectin, i.e., the higher the overall or local charge 

density that was associated with the pectin, the thicker the mixed layer. Comparing the 

solvent percentage of outer βLgA/pectin layer among different systems, it can be seen 

that the density or compactness of such layer was proportional to the amount of charges 

carried by pectin.  

From Table 7-2 it can be seen that for all systems, similar to the mixed layers, the 

thickness as well as compactness of the βLgA top layer were proportional to the charge 

properties of pectin.  The thickness of the βLgA layer ranged from 39 to 51 Å among 

different systems all of which are greater than the reported diameter of βLgA (around 

36 Å). This implies that the βLgA molecules have formed aggregates when interacting 
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with pectin41. The solvent percentage of βLgA layer appeared to be as high as 87% to 

97% among different pectin systems, suggesting that there were not many βLgA 

molecules/aggregates in the top layer. Nevertheless, the successful build-up of multi-

layered structures is evidence that the top layer had a net positive charge. 

7.3 Discussions	
7.3.1 Formation	of	βLgA	self-assembled	monolayer	on	hydrophilic	silica	

surface	
In this study, βLgA and pectins with different charge properties were used to build the 

sandwiched βLgA-pectin-βLgA structure on top of a hydrophilic silica surface. Pectins 

used in this study were of both different overall as well as local charge densities.  We 

aimed to investigate the effects of pectin charge properties on the viscoelastic properties 

and internal structures of the resulting LbL assemblies. In order to do this, QCM-D 

experiments were firstly performed to confirm the successful adsorption of each 

individual layer and to make sure that the resulting surface after each treatment was 

stable over a sufficiently long period of time so that NR experiments could be 

performed. Also, with the advantage of dissipation monitoring, viscoelastic properties 

of the surface after each treatment could be monitored using QCM-D technique. In 

addition to QCM-D, in situ NR measurements were also made on the LbL structures in 

order to provide detailed information on the composition as well as the internal 

organisation of the LbL structures formed at the interface.  

Results returned from QCM-D and NR experiments suggested that after the first 

βLgA incubation, βLgA molecules formed a rigid and compact self-assembled 

monolayer (SAM) on the silica surface. Under such condition, the major driving force 

for βLgA surface deposition was electrostatic interactions42, 43.  Thickness of such SAM 

was slightly smaller than the diameter of βLgA, this suggested that βLgA molecules 
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adopted a more compressed form upon adsorption onto a hydrophilic surface. Marsh et 

al. studied the adsorption of βLgA onto hydrophilic silica surface using NR44, no 

conformational change of βLgA was observed upon surface adsorption. However, a 

more recent study on the conformational behaviour of βLgA upon adsorption onto silica 

nanoparticles suggested that the protein can undergo an rapid initial unfolding when 

interacting with silica surface45. A kinetic model of non-specific adsorption of beta-

lactoglobulin on hydrophilic surface was proposed by Rabe and his co-workers 

previously46. They proposed that although beta-lactoglobulin was able to retain its 

native structure shortly after its adsorption onto hydrophilic surface, these surface-

bound protein molecules would slowly undergo structural reorientation and finally 

adopt an irreversibly bound state46. In our study, we incubated the silica surface with 

βLgA solution of high concentration for up to 2 h, therefore it is reasonable to consider 

that the βLgA molecules that we measured using NR have undergone structural re-

orientation to a slightly ‘compressed’ form.  

7.3.2 Pectin	penetration	into	βLgA	film	
After the formation of βLgA monolayer on silica surface, pectins with different charge 

properties were introduced into the cell chamber. QCM-D results suggested the 

successful adsorption of pectins onto existing βLgA surface. Under the buffer 

conditions, pectins as well as the silica surface were both negatively charged, therefore 

attachment of pectins onto silica surface was not likely to happen. However, in order to 

confirm that pectins did not interact with silica surface, QCM-D experiments were 

performed by incubating the surface with pectins, and no change in frequency nor 

dissipation was observed.  
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By fitting the measured NR data after βLgA incubation, the internal organisation of 

the LbL assembly was revealed.  NR results implied the formation of two distinct 

layers: some parts of pectin penetrated into the βLgA SAM and this lead to the 

formation of a mixed layer, while some parts of pectin molecules remained outside of 

the βLgA plane and thus formed a highly hydrated and loose pectin layer. For the mixed 

layer, we knew its calculated nSLD as well as the solvent percentage, therefore the 

corresponding percentages of βLgA and pectin can be calculated and compared on the 

same scale (Figure	7-6).  

	

Figure	 7-6	 -	 Top:	 the	 nSLD	 profiles	 obtained	 from	 NR	 data	 fitting	 for	 each	 system	 after	 alternative	
adsorption	of	βLgA	and	pectin.	Reflectivity	data	were	collected	in	two	contrasts:	D2O	(circle)	and	H2O	
(triangle).	 Bottom:	 calculated	 percentage	 of	 βLgA	 and	 pectin	 in	 individual	 layers	 after	 pectin	
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adsorption.	In	both	graphs,	datasets	are	labelled	as:	βLgA/5R	pectin	system	(green);	βLgA/37B	pectin	
system	(blue);	βLgA/37R	pectin	system	(orange);	βLgA/75R	pectin	system	(purple).	

From Figure 7-6 it can be seen that for the mixed layer, the amount of βLgA 

remaining on the silica surface was fairly constant among all systems. However, the 

amount of pectin increased with the increase in overall/local charge densities of pectin. 

The higher the overall charge possessed by the pectin, the stronger the electrostatic 

interactions with βLgA, therefore, more pectin molecules were attached to the βLgA 

surface. For pectins with similar amount of overall charge densities (37B and 37R), the 

block-wise distribution of the methylesterified groups lead to the formation of long 

charged fragments along pectin chain, therefore, higher local charge density. The high 

local charges carried on the pectin fragments could attract more βLgA molecules, 

therefore, higher pectin density could be found in the mixed layer for 37B pectin system 

as compare to 37R.  

7.3.3 The	internal	structure	of	LbL	assembly	is	macroscopically	
homogeneous	

The mixed-layer structure was incubated with βLgA solution again after pectin 

deposition. NR results suggested that similar to the previous pectin treatment, βLgA 

molecules penetrated into the pectin outer layer. Therefore, the internal structure of the 

sandwiched LbL assembly appeared to be macroscopically homogeneous with the 

presence of two mixed layers: the inner layer adjacent to the silica surface consisting 

βLgA monolayer and pectin, and the outer layer which was also made by pectin and 

βLgA.  

QCM-D results implied that after introducing βLgA into the system, the final 

structure of the LbL assembly was more rigid and less floppy than the structure 

obtained after pectin deposition. NR results suggested that the thickness of the pectin 
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out-layer did not shrink but expanded slightly after βLgA penetration. Our previous 

studies on characterising the structure of βLgA/pectin complexes were conducted under 

the same buffer condition, i.e., pH 4 with low ionic strength.  We found that βLgA 

underwent considerable conformational changes and formed aggregates upon 

interaction with pectin41. Aggregation happens not only between pectin-bound βLgA 

molecules to free βLgA in solution, but also two pectin-bound βLgA molecules in close 

spatial proximity that can join together to form protein-rich domains. Therefore, it was 

anticipated that the last-introduced βLgA molecules interact with pectins from the 

pectin outer layer through electrostatic interactions, and this further leads to the 

formation of βLgA protein-rich domains among individual pectin chains.  In this case, 

βLgA aggregates acted as the ‘cross-linkers’ to hold the flexible and floppy pectin 

molecules together, and consequently, the final LbL structure was more rigid as 

indicated by the acute decrease in dissipation value.  

The percentage of βLgA and pectin in each layer was calculated (Figure	 7-7) after 

the final βLgA incubation.  Compared to Figure	 7-6, it can be seen that the amount of 

βLgA presented in the 1st mixed layer increased in all tested systems. This implied that 

after the final surface incubation with βLgA, these protein molecules not only attached 

onto pectins, but also some of them got deposited back onto silica surface. The re-

adsorption of βLgA might be due to the insufficient surface coverage, therefore when 

more βLgA molecules were introduced into the system, they tended to deposit onto the 

spots where sufficient negative charges remained on the surface.  If we compare all 

βLgA/pectin systems, we could see that the degree of βLgA re-adsorption was most 

significant for 37R and 75R pectin systems. This could be explained by the fact that 

βLgA molecules need to move through the pectin layer in order to reach the surface. 

However, if pectins are highly charged, the majority of βLgA will be adsorbed onto 
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pectin networks before arrived onto the surface. Moreover, the more βLgA molecules 

interacting with pectins, the more compact and less diffusive the outer βLgA/pectin 

mixed layer. Therefore, the re-adsorption of βLgA was hindered by the the mixed layer 

with high density. If we compare Figure	 7-6 with Figure	 7-7, we could see that after 

the final βLgA treatment, the amount of pectin in the inner mixed layer increased only 

slightly while the amount of pectin in the outer mixed layer slightly decreased. This 

implied that the pectin outer layer was slightly compressed by the incoming βLgA 

molecules.  
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Figure	7-7	-	Calculated	percentage	of	βLgA	and	pectin	in	individual	layer	after	final	βLgA	adsorption.	
Datasets	were	labelled	as:	βLgA/5R	pectin	system	(green);	βLgA/37B	pectin	system	(blue);	βLgA/37R	
pectin	system	(orange);	βLgA/75R	pectin	system	(purple). 

NR results also suggested the presence of a βLgA layer on top of the multi-layered 

structure. The thickness of such a βLgA layer was greater than the diameter of βLgA 

molecule which was at 36 Å, suggesting the possible presence of βLgA aggregates. The 

solvent percentage of such layer was as high as 90%, this implied that surface of the 

multi-layered structure was decorated by several isolated protein-rich domains 

(aggregates).  The amount of βLgA aggregates as well as the thickness of such βLgA 

layer appeared to be proportional to the amount of charges carried by pectin. Borges et 

al. studied the adsorption behaviour of beta-lactoglobulin onto surface immobilized 
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chitosan film47 previously, they found that the surface was covered with aggregated 

protein clusters when incubating the chitosan film with high concentrations of βLgA, 

this is consistent with our result. Therefore, in combination with all QCM-D and NR 

results, we propose a possible binding mechanism for the formation of βLgA/pectin 

multi-layered structure (Figure	7-8).  

	

Figure	 7-8	 -	 Possible	 microstructure	 of	 βLgA/pectin	 multi-layered	 assembly	 for	 different	 pectin	
systems	after	each	surface	treatment.	In	the	graph,	βLgA	molecules	are	illustrated	with	orange	circles,	
while	 pectins	 are	 represented	by	 green	 curved	 lines.	 Silica	 oxide	 layer	 is	 represented	by	 black	 slab	
while	the	blue	background	represents	solvent	phase. 

7.4 Conclusions	
In this study, the viscoelastic property as well as the internal composition of the self-

assembled LbL film formed with βLgA and pectin were studied by QCM-D and NR. 

Experimental results suggested that rather than forming a distinct multi-layered 

structure with clear boundaries between individual phases, the individual βLgA and 

pectin layers were largely overlapping and interpenetrated into each other. Such 

interacting behaviour is described as the segmental distribution16, 48 as seen in the self-

assembled polyelectrolyte multilayer systems. Due to the interpenetration, the final LbL 

structure was somewhat homogeneous with βLgA and pectin well dispersed into each 

other. It was also found that surface of the LbL film was covered by many isolated 

βLgA aggregates. The degree of interpenetration of the mixed layer is proportional to 
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the amount of charges carried by pectin: the higher the overall or local charge density 

that is possessed by pectin, the denser and more compact the mixed layer. Therefore, 

the microstructure of the protein-polysaccharide LbL film could be controlled by using 

polysaccharides with different charge properties. 
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8                                                      

Functional protein and polysaccharide covalent 

conjugates prepared by reductive amination* 

8.1 Introduction	
Covalent attachment of biomacromolecules attracts much attention because it is 

expected that the conjugated products will maintain the advantages of individual 

components, while minimizing their respective liabilities1, 2. Due to the unique 

combination of properties, these conjugates have shown potential in developing new 

biomaterials for the applications of tissue engineering, drug encapsulation as well as 

microbial inhibitors3. Of many possible candidates, natural biopolymers such as 

proteins and polysaccharides have attracted considerable attention recently due to their 

superior biocompatibility, inherent biodegradability and their varied roles in critical 

biological functions4.  

There are a number of ways of preparing protein-polysaccharide conjugates. Firstly, 

these biopolymers can directly interact with each other when they are oppositely 

charged, and this leads to the formation of complex coacervates5. Although the structure 

of the coacervate may be well organized, the coacervate itself is sensitive to pH and 

ionic strength, therefore its use in vivo may be limited.  In order to introduce a more 

																																																								
*	The work in this chapter has been published in the Journal of International 
Nanotechnology (in press).	
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permanent interaction between protein and polysaccharide, covalent linkages are often 

introduced to couple the protein and polysaccharide together, so that the conjugates are 

less susceptible to disruption by changes in pH and ionic strength6. Covalently-linked 

protein and polysaccharide can be prepared using carbodiimide chemistry, HRP-

catalyzed oxidation7 or NaIO4 oxidation followed by Schiff base reaction in which 

amide bonds are formed between the carboxyl groups of polysaccharide and the primary 

amines of protein8. Conjugates prepared by these methods can be rather heterogeneous 

since there are multiple conjugation sites on both biopolymers.  Recently Fellah et al.9 

reported a synthetic method for generating specific covalent attachments of the reducing 

end of a pectin molecule to aminated polystyrene beads.  This inspired us to covalently 

link the terminal sugar residue of pectin to proteins whose surface have several 

accessible amine groups.  

In this study, zein protein was chosen as the model protein due to its abundance in 

nature10 and its potential in developing biodegradable, greaseproof coatings for drug 

delivery system and medical scaffolds11, 12. Zein is a highly hydrophobic protein not 

soluble in water but can be solubilized in alcohol. Pectin is chosen to be the model 

polysaccharide in this study; in contrast to zein, pectin is very hydrophilic and highly 

soluble in water, however, pectin is not soluble in alcohol. Considering the vast 

difference between pectin and zein in terms of solubility, it is anticipated that 

conjugates formed by these two molecules would have both hydrophilic and 

hydrophobic moieties that will allow the formation of biphasic structures.  
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8.2 Results	
8.2.1 ATR-FTIR	characterisation	
ATR-FTIR has been found to be a reliable tool to examine the coupling of pectin and 

aminated polystyrene beads9. Therefore, in our study, FTIR experiments were 

performed to detect the formation of new chemical bonds between zein and pectin after 

a successful conjugation. Figure 8-1 shows that the spectrum for the conjugate inherited 

most of the features from those obtained from zein and pectin alone, with the addition 

of a significant peak arose at 1110-1120 cm-1. As reported earlier by Fellah et al.9, the 

newly formed C-N bond between the reducing end of pectin and the amine group is 

expected to give an IR signal around this region. The broadening of the protein peak at 

1590- 1680 cm-1 region can be assigned to the newly formed C-N bond as well, as it is 

reported that the -C-N bond can be delocalized and coupled with C=O 9.  
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Figure	8-1	- Transmittance	IR	spectra	obtained	from	zein	(red),	pectin	(green)	and	zein-pectin	
conjugate	(blue).	The	two	dotted	black	lines	indicate	the	position	where	the	signal	from	newly	formed	
C-N	bonds	would	be	expected	to	be	found.	Datasets	are	shifted	vertically	for	better	illustration.	

8.2.2 Solubility	of	zein,	pectin	and	zein-pectin	conjugates	
Zein-pectin conjugates were recovered from DMSO-acetic acid by ethanol 

precipitation. The recovered products appeared to be gel-like as shown in  Figure 8-2a. 

Figure 8-2b is an image taken from the conjugate after being dried in vacuum overnight. 

After drying, the conjugate was not rigid, but quite compressible. 
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	Figure	8-2	–	a)	zein-pectin	conjugates	recovered	from	ethanol	precipitation.		b)	image	taken	from	the	
vacuum	dried	zein-pectin	conjugate.	

Zein can be easily dissolved in DMSO but not water, while pectin can be easily 

dissolved in water but not DMSO. Therefore, in order to test the potential biphasic 

character of the conjugates, the conjugates were then introduced into MilliQ water and 

DMSO respectively to see if the conjugates are soluble in both hydrophilic and 

hydrophobic environments. Firstly, zein, pectin and the conjugates were added 

separately in water and the insolubility of the zein protein was evident, while the pectin 

and the conjugates easily dissolved in water (Figure 8-3). 



CHAPTER	EIGHT	

	

	
	

208	

	

Figure	8-3	–	Images	taken	from:	(a)	zein	,	(b)	pectin	and		(c)	conjugates	after	preparing	them	in	water.		

In order to test the solubility of the conjugate in a hydrophobic environment, zein, 

pectin as well as the conjugate were introduced separately into DMSO. Figure 8-4 are 

images taken from zein, pectin and the conjugate respectively after attempting to 

dissolve them in DMSO. It can be seen that zein protein was completely dissolved in 

DMSO, while pectin was not soluble in DMSO. Comparing Figure 8-2b and Figure 8-4 

(c), it can be seen that the conjugate is only slightly soluble in DMSO. This observation 

implies that the additional zein moiety attached to pectin improves the hydrophobicity 

of the conjugate, although such improvement is not very significant. 
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Figure	8-4	-	images	taken	from	(a)	zein,	(b)	pectin	and	(c)	conjugate	respectively	after	preparing	them	
in	DMSO.	

8.2.3 SEM	characterisation	of	zein-pectin	conjugate	film	
SEM experiments were performed to characterise the morphological as well as the 

internal features of a film formed from the drying of the complex on the surface from a 

water solution (Figure	 8-5). The film was scratched prior SEM examination so that the 

inner structure was exposed. Figure	 8-5 a) and b) were images taken with lower 

magnification, were we could see that the surface of the film was very smooth even 

down to micron scale. Images taken at higher magnification (c – f) revealed the internal 

organisation of the film. We could see that underneath the smooth film surface, there 

were many globular shaped particles with an average size around 200 nm. These 

particles arranged themselves into certain arrayed structures, and each array is separated 

from another through a 500 nm to 1µm spacing. 
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Figure	8-5	-	SEM	images	taken	from	the	zein-pectin	conjugate	film	for	different	areas	at	various	
magnifications. 

8.3 Discussions	
We chose zein and pectin as our model protein and polysaccharide not only because of 

their abundance in nature, but more importantly, their extreme difference in solubility. 

It is anticipated that such a ‘biphasic’ nature of a complex between the two components 

could be well utilized in developing coatings for drug delivery systems. However, we 



CHAPTER	EIGHT	

	

	
	

211	

were not able to produce a stable complex from the simple mixing of the two 

components, primarily because of their very different solvent solubilities and the lack of 

a common solvent. As an alternative, and to produce a more robust linkage between the 

two components, a heterogeneous covalent coupling was performed to form a zein-

pectin conjugate. 

FTIR results confirmed the successful covalent coupling between zein and pectin 

with the appearance of peaks in the conjugate indicative of a C-N bond between the 

terminal sugar residue of pectin and the amine group from zein protein. Results from 

the solubility tests indicate that zein-pectin conjugates have excellent solubility in water 

as well as some solubility in DMSO, markedly different from the solubility of the 

individual components. The hydrophilicity of the complex is much closer, however, to 

that of the pectin than that of the zein protein. 

We rationalise this finding by considering the nature of the coupling between the 

pectin and the protein. While the pectin has only one terminal reducing sugar per 

molecule, there are many more possible binding sites on the zein protein surface. The 

possible structure of the conjugate could be as shown in Figure	 8-6 with multiple pectin 

molecules attached to a single zein protein. In this instance, it is possible that pectin 

dominates the features shown from the conjugate, with minor contributions from zein.  
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Figure	8-6	-	Graphic	illustration	of	possible	molecular	structures	of	zein-pectin	conjugate.	The	purple	
circle	represents	zein	protein	molecule,	while	the	black	chains	represent	pectin	molecules	attached	to	
it.	

In order to test the potential of such conjugates to be used as drug carriers, a film 

was prepared on top of hydrophilic silica surface using the conjugates by simple 

evaporation of an aqueous solution. SEM results revealed that the surface of the film is 

remarkably smooth while the internal composition of the film is consists of several 

spherical features with sizes up to 200 nm. Due to its highly hydrophobic nature, zein 

protein has been used as a model protein for making microspheres and nanoparticles11, 

13-17. The size of these zein nanoparticles is generally around 120 nm.  Therefore, it is 

anticipated that the observed particles embedded inside of the film are self-assembled 

zein nanoparticles (the core) with the pectin tails pointing out towards the hydrophilic 

environment (the coating) as shown in Figure	8-7.  
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Figure	8-7	-	Graphic	illustration	of	a	possible	structure	of	zein-pectin	nanoparticles	formed	in	
hydrophilic	environment.	The	inner	circle	(light	purple)	represents	a	hydrophobic	environment	
created	by	the	zein	molecules,	while	the	black	circle	on	the	outside	represents	the	hydrophilic	layer	
formed	by	pectin.	In	the	figure,	the	illustrated	objects	are	not	in	scale.		

Due to the hydrophilic nature of pectin, these molecules could accumulate at the 

outer surface of the film, in contact with either hydrophilic silica or water, and this 

could lead to the formation of a smooth and continuous film surface. One unexpected 

yet interesting feature of the film is the channel formed between individual zein-pectin 

nanoparticle arrays (Figure	 8-5). The widths of these channels are range from 500 nm 

to 1 µm. It is hypothesized that these are channels formed of highly hydrated pectin in 

an aqueous solution, that help to accommodate the hydrophilic pectin coating of zein 

nanoparticles inside of the film (Figure	 8-8). Therefore, from SEM, it appears that the 

film prepared by zein-pectin conjugates contains both hydrophobic regions: the zein 

protein nanoparticles, as well as hydrophilic regions: hydrated channels formed between 
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zein nanoparticle arrays.  This unique structure could be used for a delivery system for 

both hydrophobic as well as hydrophilic bioactives.   

	

Figure	 8-8	 - Graphical	 illustration	 of	 the	 internal	 structure	 of	 film	 made	 by	 zein-pectin	 conjugates	
deposited	on	silica	surface.	The	purple	circles	present	the	core	of	nanoparticles	made	by	zein	protein;	
the	 black	 circles	 around	 the	 purple	 ones	 represent	 the	 surface	 of	 the	 nanoparticles	 where	 high	
densities	of	pectins	 could	be	 found	due	 to	 covalent	 coupling.	Areas	 coloured	grey	 represent	 regions	
that	 are	 made	 by	 pectins	 that	 extended	 away	 from	 the	 nanoparticles	 (i.e.	 lower	 density).	 It	 is	
anticipated	 that	 these	 pectins	 form	 a	 hydrophilic	 matrix	 to	 hold	 zein	 nanoparticles	 together	 into	
individual	arrays.	 

In this study, a film was prepared by dissolving the conjugates in water, and then 

having them deposited onto a hydrophilic surface. Considering the biphasic nature of 

the conjugates, it is anticipated that the external as well as the internal structures of the 

film will be different if we use DMSO as the carrying solvent instead of water or use a 

hydrophobic surface for film deposition. Therefore, further studies will be conducted to 

examine the effects of solvents as well as surfaces on the structure of films prepared 

with zein-pectin conjugates. 
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8.4 Conclusions	
The successful covalent attachment of pectin molecules to zein proteins has been 

achieved using reductive amination. The resulting zein-pectin conjugates inherited both 

hydrophilic as well as hydrophobic characteristics from pectin and zein protein 

respectively. Films prepared by the conjugates demonstrate an interesting biphasic 

structure. It is anticipated that such structure could be used as a dual-delivery system for 

both hydrophilic and hydrophobic bioactives.  
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9                                          

Conclusions and Future Prospects 

9.1 Conclusions	
Proteins and polysaccharide are two major classes of natural biopolymers that are 

widely present in nature. They are essential components of many biomaterial systems, 

including colloids, foods and emulsion formulations. A comprehensive understanding 

of how proteins and polysaccharides are interacted and structured together allows us to 

manipulate these biomaterials for rational design.  When proteins and polysaccharides 

are oppositely charged, they are able to self-assemble into soft, condensed matters 

known as the complex coacervates. Complex coacervates are of both biological and 

industrial significance, therefore, the major focus of this thesis is to investigate the 

macromolecular interactions between a model protein: βLgA and a model 

polysaccharide: pectin. Since the major driving force that brings βLgA and pectin 

together is the electrostatic interactions, effects of pectin charge densities on its 

interactions with βLgA are particularly addressed.   

9.1.1 The	 complexation	of	βLgA	with	pectin	 is	 a	 two-step	process	 that	
involves	in	the	formation	of	two	types	of	microstructures		

The binding between βLgA and pectins with various overall and local charge densities 

were studied first by means of ITC, CD, turbidity and intrinsic fluorescence 

measurements.  It was found that under the studied buffer conditions, i.e., pH 4 with 
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low ionic strength, binding between the two biopolymers could only be observed when 

pectins possessed a sufficient number of non-methylesterified groups in a local region, 

otherwise the binding could not be initiated due to weak electrostatic interactions as 

well as increased steric hindrance. Based on the experimental results, we proposed a 2-

step binding mechanism to explain the complexation interactions occurring during 

βLgA to pectin titration. During the course of βLgA to pectin titration, small amounts of 

βLgA molecules were deposited onto pectin chains initially as seeding proteins through 

electrostatic interactions. This then promoted the large-scale nucleated growth of βLgA 

aggregates on top of the seeding proteins, ultimately leading to the formation of local 

protein rich domains. Based on the proposed binding mechanism, it was anticipated that 

two different microstructures of βLgA-pectin complexes should be formed throughout 

the entire ITC titration, as observed. The difference in overall and local charge densities 

of pectin not only determined the binding affinity and enthalpic and entropic 

contributions observed from the protein-polysaccharide interaction, but also determined 

the microstructure of the final assemblies of protein-polysaccharide complexes.  

9.1.2 Both	the	overall	and	local	charge	densities	of	pectin	have	impacts	
on	the	the	microstructure	of	the	complex	coacervates	

Then based on the hypothesis that we made from the previous study, we performed a 

series of SAXS and SANS experiments to identify the structural transition of the 

complexes during βLgA to pectin titration. The effects of the overall and local charge 

densities of pectin, on the microstructure of coacervates were also highlighted. SAXS 

and SANS results confirmed the formation of complexes with distinctly different 

structures during βLgA to pectin titration. At the beginning of the titration, the 

complexes appeared to be transparent and soluble. At this stage, the discrete attachment 

of βLgA onto pectin did not change the local rod-like nature of pectin chains. The βLgA 
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decorated pectin chains exhibited a Gaussian coil conformation at larger length scales 

and overlapped with each other to form loosely packed primary particles with a rough 

surface. At even larger length scales, an open mass-fractal network was eventually 

adopted through inter-particle interactions between the individual primary particles 

formed by association of the molecular complexes. As the titration proceeded, the 

complexes became turbid and and finally dense, liquid-like coacervates were formed. It 

appeared that the major building blocks of complex coacervates were compact and 

dense primary particles. These primary particles were composed of heavily overlapped 

pectin chains and βLgA-rich clusters. Overlapped pectin chains constituted the 

framework of the primary particles, while the βLgA-rich clusters acted as bridges that 

brought individual protein-binding pectin chains together and filled up the spaces inside 

of the local pectin network, leading to the formation of compact structures. This was in 

close agreement with the previously proposed structural mechanism, in which two types 

of structures were assigned to two stages of binding. Both the overall and local charge 

densities of pectin had impacts on the distribution or orientation of βLgA-rich clusters 

inside of the primary particles. 

9.1.3 A	minimum	DP	of	7	or	8	is	required	for	the	appreciable	interactions	
between	oligo-galacturonic	acid	and	βLgA		

In order to gain a clear overview of the effects of pectin charge densities on its binding 

properties with βLgA, we studied the interactions between βLgA and the homogeneous 

short models of pectin: the oligo-galacturonic acids (OGA). The interactions between 

βLgA and OGAs with various degrees of polymerisation (DP) were investigated by 

means of ITC, CD, fluorescence assay, SAXS and SANS. It was found that OGAs 

required a minimum length of 7 (or 8) sugar residues in order to exhibit appreciable 

interactions with βLgA. When titrating βLgA into OGAs with DP greater than 7-8, the 
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sample solution became turbid with increasing amounts of proteins. When OGAs were 

in excess, βLgA dimers were stabilized upon OGA binding, and no subsequent 

aggregation was observed. However, when βLgA molecules were in excess, the sample 

solution became turbid with the presence of large mass-fractal aggregates of primary 

particles which in their turn were assembled from βLgA/OGA complexes.  

 Previous results demonstrated that binding between βLgA and pectin could only be 

observed when pectins possessed a sufficient number of non-methylesterified groups in 

a local region, for example, no binding was observed between βLgA and 86R pectin. 

This observation could be explained by the conclusion that we draw from OGA and 

βLgA studies: a minimum number of 7 or 8 consecutive OGA residues is required for 

the successful interactions between βLgA and and the non-methylesterified groups of 

pectin.  

9.1.4 Charge	 impacts	 on	 the	 the	 internal	 organisation	 of	 layer-by-
layered	assemblies	of	βLgA	and	pectin	at	the	solid-liquid	interface	

Due to the great potential shown by the multi-layered films prepared with proteins and 

polysaccharides, we also investigated layer-by-layer assemblies formed with βLgA and 

pectin on top of a hydrophilic silica surface.  Experimental results suggested that rather 

than forming a distinct layer-by-layered structure, the individual βLgA and pectin layers 

were largely overlapping and interpenetrated into each other. This internal organisation 

is consistent with the microstructure that we observed from βLgA/pectin complex 

coacervates, in both cases, βLgA and pectin formed inter-tangled networks. The degree 

of interpenetration of the mixed layer was proportional to the amount of charges carried 

by pectin: the higher the overall or local charge that was possessed by pectin, the more 

compact and dense the mixed layer. Therefore, the microstructure of the protein-
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polysaccharide multi-layered film could be tuned by using polysaccharides with 

different charge properties.  

9.1.5 Covalent	 zein-pectin	 conjugates	 demonstrate	 interesting	 self-
assembly	behaviour	that	can	be	used	as	functional	materials	

Although complex coacervates with interesting microstructures can be formed 

simultaneously between oppositely charged proteins and polysaccharides, they have 

strict requirements for environment conditions such as pH and ionic strength, therefore, 

their in vivo use could be limited. In order to introduce a more permanent linkage 

between protein and polysaccharide, we conjugated protein with polysaccharide through 

a site-specific covalent linkage using reductive amination. For this study, we chose zein 

and pectin as model system as they have very different hydrophilicity. During the 

process, the reducing end of hydrophilic pectin was covalently attached to the amine 

groups of hydrophobic zein protein via reductive amination.   The resulting zein-pectin 

conjugates inherited both hydrophilic and hydrophobic characteristics. Films prepared 

with zein-pectin conjugates demonstrated interesting biphasic structure. It was 

anticipated that such structure could be used to further develop dual-delivery system for 

both hydrophilic and hydrophobic bioactives.  

9.2 Future	work	
The work descried in this thesis contains two parts: the major part was to investigate 

how protein interacts with polysaccharide with various charge properties, and the 

resulting structure of the complexes; the minor part was to develop protein-

polysaccharide conjugates that can self-assemble into certain structures to be used in 

drug-delivery systems.  There are several directions that can lead the directions to which 

the future development of this project can go.  
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Nuclear Magnetic Resonance (NMR) is a powerful technique to study the protein-

ligand interactions in solution, ligand-bound conformation and protein binding sites 

could be precisely identified with the use of NMR1, 2. NMR studies on the 

protein/polysaccharide interactions are limited by the high heterogeneity as well as the 

large molecular weight of polysaccharides, therefore, the much smaller and 

homogeneous oligosaccharides are great alternatives that can be used for better 

understanding of the protein/polysaccharide interactions using NMR. In our study, we 

found that the oligosaccharide segments of pectin: the OGAs, required a minimum 

length of 7 (or 8) sugar residues in order to exhibit appreciable interactions with βLgA. 

Therefore, we could use such knowledge to design NMR experiments so that the 

conformational changes of βLgA upon binding with OGAs with appreciable amount of 

sugar residues could be revealed by NMR, and most interestingly, the OGA binding 

sites of the protein could be identified.  

In this study, we chose bovine β-lactoglobulin variant A as the model protein. It is 

well known that βLgA has strong tendency to self-associate into higher order 

structures3, 4.  And our results suggested that during βLgA to pectin (or even OGA) 

titrations, two regimes with different microstructures were formed, and that the 

hallmark of the second regime was the presence of βLgA-rich clusters within the 

complexes. Therefore, it will be interesting to see how other non-aggregating proteins, 

e.g. lysozyme, interact with polysaccharides, and the microstructures of the final 

complexes. Despite the protein, it is also natural to consider other polysaccharides that 

have different charge properties as compared to pectin, for example, chitosan and 

dextran. It will be interesting to see if there is any difference in terms of binding 

mechanism between different protein-polysaccharide pairs.  
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The development of zein-pectin covalent conjugates described in this study was just a 

beginning, and there are many possible directions that this work could take in the future. 

For example, in the current study, we prepared zein-pectin conjugates at a zein : pectin 

molar ratio of 1:4, and the resulted zein-pectin conjugates appeared to be hydrophilic. It 

would be interesting to find out if such molar ratio could be used to tune the 

hydrophilicity or hydrophobicity of the conjugates by preparing the conjugates with a 

range of different molar ratios. Also, in this study, we found the presence of zein 

nanoparticles in the film prepared by the conjugates, it would be interesting to 

investigate the structure of zein-pectin conjugates in solution and see if they have 

adopted such spherical structures already in solution. The major reason for us to use 

zein-pectin pair is they have distinctly different solubility, therefore, it was anticipated 

that the conjugates would have some interesting features. In this case, one could also 

use other protein-polysaccharide pairs to achieve different functions or specifications of 

the conjugates.  

Overall this work has shown that under certain conditions, proteins and 

polysaccharides can interact with each other and self-assemble into a range of structures 

on multiple length scales, i.e. the complex coacervates. In particular, charge properties 

of polysaccharides have impacts on their interactions with proteins and this leads to the 

formation of protein-polysaccharide coacervates with different microstructures. Such 

knowledge could be used to provide better control of the coacervate structure and the 

transport of macromolecules inside of the coacervate phase.  
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