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1.1 Introduction 

Foods often contain fibrillar structures, for example, in the form of polysaccharides like 

cellulose, xanthan and carrageenan, or in the form of proteins like collagen. Under 

appropriate conditions, proteins, such as whey proteins,
1
 egg white proteins,

2, 3
 soy 

proteins,
4
 and  pea proteins

5
 also have the ability to form fibrillar structures.  

The main functionalities of fibrillar structures are thickening, gelling, and stabilizing.
6
 The 

key parameters to these functionalities of the fibrils are length distribution, aspect ratio 

(length divided by diameter) and flexibility. These parameters play a key role in the 

interactions between fibrils, and between fibrils and other structures.
6
  

In this thesis, we focus on two types of fibrillar structures: cellulose microfibrils from 

bacterial cellulose and protein based fibrils from whey protein isolate (WPI). For successful 

application of fibrillar structures in foods, it is essential to understand their behaviour in 

more complex systems containing other components. We therefore investigate the 

behaviour of systems containing spherical and fibrillar structures.   

1.1.1 Whey proteins and fibrils 

As a by-product of cheese-making and casein manufacturing, whey proteins have received 

considerable attention in food industry due to its nutritional value and functional 

properties.
7
 Whey protein isolate (WPI) is a mixture of proteins consisting of mainly β-

lactoglobulin (~ 60% , β-lg), α-lactalbumin and bovine serum albumin.
8
 The behaviour of 

WPI has been found to be mainly governed by β-lg.
9
 Various protein structures can be 

formed under different conditions, ranging from linear to spherical aggregates. The 

structures formed and their properties are strongly dependent on the protein 

concentration, heating temperature, pH, ionic strength and the presence of other 

components etc.. This further leads to different functionalities of the proteins in foods.
10-12

  

Upon heating the proteins at low ionic strength at neutral acidity (pH 7),  where the pH is 

away from the iso-electric point (pI) of 5.3, fine stranded aggregates are formed due to 

the strong electrostatic repulsion between the proteins.
13

 Above the so-called gelling 

concentration of the protein, fine-stranded gels can be obtained.
14

 The gel structure can 

be tuned from fine-stranded to particulate by varying the ionic strength (i.e. by the 
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addition of salt).
15-17

 Numerous studies have been performed on understanding the heat-

induced denaturation and gelation of WPI at neutral pH, and their properties and 

functionalities under different conditions.
9, 11, 13-29

   

When WPI is heated at pH 2 at low ionic strength for several hours, rod-like fibrils are 

formed (Figure 1). Under this condition, β-lg is found to be the only protein involved in 

fibril formation.
30

 The process of fibril formation consists of two steps; the protein first 

hydrolyses to peptides and afterwards, a part of the peptides assemble into fibrils.
31

 The 

resulted fibrils are semi-flexible and polydispersed in their length.
32

 Their length is in the 

order of micrometers, and their thickness around 4 nm.
33-35

 It has also been found that the 

thickness and persistence length of the fibrils are dependent on the number of strands 

composing the fibrils, and the number of strands varies under different conditions.
36-38

 The 

fibril properties depend on conditions, like protein concentration, heating time and 

temperature, pH and salt concentration.
30, 39-41

 

The physical properties of the fibrils and their gels have been studied extensively.
34, 42-48

 

Upon increasing fibril concentration, the fibril solution transits from the dilute regime, via 

the semi-dilute regime into the nematic regimes (≥ 0.4 wt%).
6, 32, 48, 49

  It was found that 

fibrils can increase the viscosity of a WPI solution,
42

 thereby acting as a thickening agent. 

Both cold-set
50

 and heat-induced fibril gels can be formed.
17, 26, 34, 41, 43, 44, 46, 51-54

 The 

application of fibrils in micro-encapsulation has also been reported.
55, 56

 In addition, the 

fibrils are found to be capable of flocculating emulsion by depletion interactions.
57

 Despite 

their multi-functional properties, only limited research has been performed to investigate 

the behaviour of fibrils in more complex systems.  
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Figure 1 A TEM image of WPI fibrils (4 wt% WPI) heated at 80ᵒC for 22 hours at pH 2, the scale bar 

corresponds to 2 µm. 

1.1.2 Bacterial cellulose (BC) and BC microfibrils  

As one of the most abundant biopolymers in nature, cellulose has been a subject to a large 

number of studies and their applications have been identified in numerous fields, as is 

reviewed previously.
58, 59

 Cellulose is composed of a linear chain of glucose molecules and 

has a flat ribbon-like structure. Cellulose can be obtained from different sources, such as 

wood, plants and bacteria.
58

 Various treatments such as chemical surface modification
60

 

and addition of an adsorbing polymer
61

 have been explored to obtain better water-

dispersible  dispersions; as a consequence, modified molecular structures of cellulose 

were developed.
58, 59

 Carboxymethyl cellulose (CMC) and hydroxypropyl methylcellulose 

(HPMC) are common cellulose derivatives used in foods.
62

  

Microfibrillated cellulose is made from cellulose fibers using high-pressure 

homogenization and has been shown to have wide applications in foods.
63-67

 The 

microfibrils are present in the form of microfibrillar aggregates and form an entangled 

network with a gel-like behaviour.
68, 69

 Microfibrillated cellulose from plants or wood is 

often not pure, due to the presence of lignin, pectin, hemicellulose etc. 

In contrast to plant or wood derived cellulose, bacterial cellulose (BC), derived from a 

bacterial source, is a pure form of cellulose and regarded as a model system.
70

 BC is 

produced mainly by Gluconacetobacter strains, in the form of ribbon-like microfibrils.
71

 

The microfibrils have a width of approximately 60 nm, a thickness about 9 nm and length 
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up to several micrometers.
72

 Due to the strong attraction between the microfibrils, they 

are present in the form of microfibrillar bundles that agglomerate into a space-spanning 

network, leading to a gel-like behaviour. The surface charge of BC resulting from the 

hydroxyl groups is low and the streaming potential is reported to be around -7.5 mV,
73

  

which is too low to stabilize the microfibrils by electrostatic repulsion. The unique 

nanosized fibrillar structures endow BC with remarkable physical and mechanical 

properties in comparison to plant cellulose and offer broad potential applications in fields 

of food, cosmetics, biomedical, optics and paper-making etc.
74-79

 The popular dessert in 

the Phillipines , Nata de Coco,
80

 contains mainly BC and water. Functionalities of BC in 

foods range from thickening, gelling, emulsifying, and stabilizing to water binding agents.
77, 

81-90
 Moreover, BC offers the health benefits of a dietary fiber

91
 and can be used as a fat 

substitute.
89, 90

 Despite its suitability as a functional ingredient in foods, the research on its 

interactions with other components, like proteins or emulsion droplets is rather limited.
83, 

84, 86
 The majority of the research on BC has been focused on its formation mechanism, 

production and characterization of the pellicles.
58

 

Recently, BC microfibril dispersions (Figure 2) have been prepared by extracting BC from 

the commercially available source ‘Nata de Coco’ through a high-energy mechanical de-

agglomeration process.
70

 Due to the strong inter-fibrillar attraction, the microfibrils readily 

re-agglomerate and thus form a heterogeneous mixture, containing bundles of microfibrils, 

flocs and voids. The gelation threshold of the BC microfibrils based on a theoretical 

estimate is 0.1 wt%.
70

  Adding sodium carboxymethyl cellulose (CMC) in BC microfibril 

dispersions, and subsequently applying the high energy de-agglomeration process was 

reported to result in a more homogeneous dispersion, presumably due to the adsorption 

of CMC on the BC microfibril surface.
92, 93
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Figure 2 A TEM image of BC microfibrils (0.25 wt%) treated by high-energy mechanical de-

agglomeration. The scale bar corresponds to 500 nm. 

1.1.3 Proteins and BC microfibrils  

It is of interest to study the interactions between proteins and BC microfibrils under 

different conditions (e.g. protein aggregation or fibril formation) because of the potential 

applications of BC to food systems. Since BC is also a polysaccharide, therefore, we first 

introduce the area of protein and polysaccharide interactions. In general, proteins and 

polysaccharides are biopolymers commonly present in foods. They serve as the main 

structuring agents and both contribute to the stability, structure and texture of the food 

products. Their well-known functionalities include thickening, gelling, emulsifying, and 

stabilizing properties.
94-99

 For example, mixtures of proteins and polysaccharides are often 

used in emulsions to confer long-term stability.
95-97, 100, 101

 When mixing proteins and 

polysaccharides, complicated behaviour can occur depending on concentrations, pH, ionic 

strength and temperature.
102-104

 The main phenomena that can occur are thermodynamic 

incompatibility, co-solubility and complexation, leading to one-phase or two-phase 

systems.
102, 105, 106

 Thermodynamic incompatibility is a general phenomenon in biopolymer 

mixtures, where most protein and polysaccharide mixtures tend to phase separate.
102, 106, 

107
  

Gelation of protein and polysaccharide mixtures is an important subject that has been 

received considerable attention in literature.
99, 106, 108-113

 Depending on the conditions used, 

their gels vary in structural and rheological properties. In general, the gel structures can be 
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classified into connected, interpenetrating and phase separated gels.
98

 The 

interpenetrating gels consist of two (or more) networks that are spanning the entire 

system. Apart from the extensive studies on different mixed aqueous solutions of proteins 

and polysaccharides, research on interactions between proteins and polysaccharides has 

been reviewed by a number of authors.
97-99, 102-108, 114-119

 However, limited work has been 

performed on interactions between proteins and BC microfibrils, and on protein fibrils and 

BC microfibrils. Due to the relevance of these systems to possible novel applications, these 

interactions form part of the current thesis. 

1.1.4 Dispersions and emulsions containing fibrillar structures 

Dispersions of spherical droplets or particles are present in many products, i.e. emulsions, 

foams and polystyrene latex dispersions. Their applications include foods, cosmetics and 

paints.
120

 Their stability has been of interest for a long time due to its importance to 

fundamental understanding and industrial applications. To confer long-term stability to 

dispersions, polymers like proteins and/or polysaccharides are often added. Mixing of 

spherical droplets or particles with polymers often give rise to a rich phase behaviour. For 

example, flocculation of dispersions upon the addition of polymer can be often 

observed,
121

 which can be caused by either bridging flocculation or depletion flocculation. 

Bridging flocculation takes place when the polymer adsorbs to the droplets or particles, as 

a result of their opposite charge.
122, 123

 Bridging typically occurs when the amount of 

polymer is not sufficient to fully cover the surface of the colloids. On the other hand, the 

addition of non-adsorbing polymers to emulsions or dispersions can cause depletion 

flocculation.
124, 125

  

The addition of polymers to dispersions confers long-term stability due to various 

stabilization mechanisms. For example, electrostatic and steric stabilization are well-

known mechanisms in colloidal dispersions.
126, 127

 Stabilization by a viscosity increase 

and/or gelation of the continuous phase, as well as the formation of a network by the 

colloids themselves has also been reported.
95, 128, 129

 Depletion stabilization, initially 

proposed by Feigin and Napper
130, 131

 was attributed to a kinetic barrier between the 

colloids and the polymer, when they are in close proximity. The mechanism was later 

argued to be thermodynamic origin by several other researchers.
132-140

 Although the 
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discussion has been put forward by many other authors, the exact mechanism still 

remains a subject of debate.
141-152

 

Due to their large excluded volume, rod-like particles are weight effective depletion 

agents.
153

 They are known to induce rich phase behaviour when mixed with spherical 

particles and droplets, and these systems have been studied extensively, both 

theoretically and experimentally.
120, 154-156

 However, the case of rod-like protein fibrils 

and/or cellulose microfibrils in combination with emulsions or dispersions has received 

rather limited attention.
57, 83, 84

  

1.2 Aim and outline of the thesis 

This thesis focuses on mixtures of fibrillar and spherical structures. The fibrillar structures 

that are studied are BC microfibrils and protein fibrils made from WPI. The spherical 

structures that are used are polystyrene latex particles, whey protein particles and 

emulsion droplets. The aim is to investigate how the fibrillar structures interact with one 

another, and how the fibrillar structures interact with the spherical structures in the mixed 

systems. By understanding these interactions, one can control the stability, microstructure 

and rheological properties of systems containing both spherical and fibrillar structurres 

and thereby target for specific applications. 

 The outline of the thesis is schematically represented in the form of a ternary phase 

diagram (cf. Figure 3) where the three components are the bacterial cellulose microfibrils, 

the whey protein isolate and the spherical particles. Each point in the triangle corresponds 

to a particular mixture of the three components studied. In this thesis, the stability, 

structural, and rheological properties of the mixtures as indicated are studied.  
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Figure 3 Schematic representation of the outline of the studies in the thesis  

In Chapter 2, we investigated the mixed dispersions containing bacterial cellulose 

microfibrils and whey protein isolate at neutral pH (pH 7), in which WPI carries negative 

charges. The concentration ratios between WPI and BC microfibrils were varied. The 

mixtures were further heated to investigate their interactions during heating, in which 

WPI undergoes denaturation and aggregation. The stability, rheological and 

microstructural properties of both the unheated and heated mixtures are characterized to 

investigate the specific interactions between WPI and BC microfibrils at neutral pH.   

Chapter 3 investigated the WPI fibril formation in the presence of BC microfibrils at pH 2 

upon prolonged heating. The aim is to investigate the effect of BC microfibrils on the 

protein fibril formation of WPI. WPI fibrils formed in the presence of BC microfibrils were 

compared to the WPI fibrils formed separately. Both concentrations of WPI and BC 

Bacterial cellulose 

microfibrils

Whey protein

isolate

Spheres

WPI-BC dispersions  

at pH 7 

Chapter 2

WPI-BC duplex 

gels at pH 7 

Chapter 4

WPI-BC dispersions 

at pH 2 

Chapter 3

WPI-BC bi-fibrillar

gels at pH 2 

Chapter 5

WPI-BC bi-fibrillar

networks  in emulsions 

at pH 2

Chapter 8
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microfibrils were varied in the mixtures. The mixtures were characterized by means of 

their rheological and microstructural properties.  

Chapter 4 investigated the heat-induced mixed gels prepared from WPI and BC 

microfibrils at pH 7. Visco-elastic properties, microstructure, mechanical properties and 

water holding capacity of the mixed gels were determined. The aim is to investigate the 

effect of BC microfibrils on the gelation of WPI at pH 7 under different BC microfibril 

concentrations and NaCl concentrations.  

The aim of Chapter 5 is to study a mixed gel composed of two fibrillar gels, i.e. a bi-fibrillar 

gel. A mixture of WPI and BC microfibrils was heated at pH 2 for 10 hours at 80 ᵒC, during 

which the WPI fibrils were formed. A range of BC microfibril concentrations were added to 

the WPI solution to investigate the effect of BC microfibril concentration on the formation 

of WPI fibrils. The properties of the mixed gels were characterized in terms of their 

rheological, microstructural and mechanical properties and were compared to the WPI 

fibrillar gels formed separately.  

Chapter 6 investigated the stability of a WPI-stabilized o/w emulsion in the presence of 

WPI fibrils at pH 2. Here both emulsion droplets and protein fibrils are positively charged. 

The stability of the emulsions containing WPI fibrils were studied using rheology, diffusing 

wave spectroscopy and confocal laser scanning microscopy. The effect of the volume 

fraction of oil droplets, fibril length distribution and temperature on the emulsion stability 

was also studied. The aim is to study emulsion stability over a wide range of WPI fibril 

concentrations.  

The stability of monodispersed polystyrene latex dispersions containing WPI fibrils at pH 2 

was investigated in Chapter 7. Here the latex particles and proteins fibrils are oppositely 

charged. This is in contrast to the study in Chapter 6 where the oil droplets and WPI fibrils 

carry the same charge. The size and the zeta potential of the latex particles were varied. 

The stability of the latex dispersions was studied using microscopy and diffusing wave 

spectroscopy. The influence of temperature on dispersion stability was also studied.  

In Chapter 8, the stability of a WPI-stabilized o/w emulsion containing a bi-fibrillar 

networks consisting of both WPI fibrils and BC microfibrils at pH 2 was studied. The effect 

of pure BC microfibrils on the emulsion stability was studied and compared to the 

emulsions in the presence of bi-fibrillar network. The effect of temperature, BC microfibril 
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concentration and salt concentration on the emulsion stability containing bi-fibrillar 

network was also studied. The emulsion stability was characterized using rheology and 

microscopy.  

A general discussion of the results presented in this thesis is given in Chapter 9. Also 

recommendations for future work and concluding remarks are given. 
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Abstract 

The rheological and microstructural properties of dispersions containing mixtures of whey 

protein isolate (WPI) and bacterial cellulose (BC) microfibrils were studied before and after 

heating at pH 7. Results showed that mixtures of WPI and BC microfibrils form stable 

dispersions at BC microfibril concentration of 0.2 wt% and higher. The viscosity of the 

dispersions was mainly controlled by BC microfibrils, in which two shear-thinning regions 

and a viscosity plateau were observed. Heat treatment did not significantly influence the 

rheological behaviour of the dispersions, apart from the observation that the viscosity 

plateau became less pronounced at a WPI concentration of 9 wt%. The WPI fine-stranded 

structures that formed upon heating were not affected by the presence of BC microfibrils, 

and vice versa, the morphology of BC microfibrils did not show distinct changes upon 

heating in the presence of WPI. Heating the WPI and BC microfibrils both together and 

separately prior to measurement gave identical flow curves and microstructure of the 

mixtures, indicating that the WPI and BC microfibrils did not show specific interactions 

when mixing and when heating is subsequently applied. The WPI proteins denatured and 

aggregated in the mixtures in the same way as when heated alone.  
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2.1 Introduction 

Proteins and polysaccharides are main structuring agents in foods, which together 

determine final properties like stability and texture of many types of foods.
1
 When mixing 

protein and polysaccharide solutions, often phase separation is observed (at high enough 

concentrations).
2-5

 In order to understand this phase separation, the interactions and 

phase behaviour of protein and polysaccharide under different conditions have been 

studied extensively, as is clear from articles on specific systems
6-17

 and from review 

articles.
2, 4, 5, 18-27

 

One type of polysaccharides is cellulose. Cellulose is one of the most abundant 

biopolymers in nature.
28

 Cellulose dispersions obtained from a high-pressure 

homogenization process (i.e. mechanical disintegration) are referred to as micro-fibrillated 

cellulose (MFC) and have been demonstrated to have wide application potential in 

foods.
29-31

 The micro-fibrillated cellulose forms a highly entangled network consisting of 

micro-fibrillar aggregates and have a gel-like behaviour due to their strong interfibrillar 

attractive forces.
32

 Different polymers have been added to these cellulose dispersions to 

modify their rheological properties and/or improve their stability against sedimentation.
31, 

33-35
 So far research on micro-fibrillated cellulose has been mainly focused on wood and 

plant-derived cellulose. Recently, bacterial cellulose (BC) has received increasing attention 

as a food functional ingredient due to its multi-functionality (e.g. thickening, gelling and 

stabilizing).
36

  BC can be used as a model system for plant-derived cellulose due to its high 

purity, i.e. without the presence of lignin, pectin or hemicellulose.
37

 Recently, the micro-

fibrillated cellulose from bacterial cellulose (BC) extracted from Nata de Coco has been 

prepared using high-energy mechanical de-agglomeration process.
38, 39

 Rheological 

properties and the microstructure of the resulting dispersions have been characterized. 

The BC is present in the dispersion as micro-fibrillar bundles due to strong hydrogen 

bonding.
38

 Veen et al. found that high-energy mechanical de-agglomeration of BC 

microfibrils in the presence of sodium-carboxymethyl cellulose (CMC) resulted in a better 

dispersibility of the BC microfibrils. This was attributed to the adsorption of CMC on the 

surface of BC microfibrils, thereby hindering the formation of BC micro-fibrillar bundles.
40

 

The addition of CMC leads to a change of the microstructure and rheological properties of 

the BC microfibril dispersions.
41
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In this study, the interactions between whey proteins and BC microfibrils at pH 7 are 

investigated. Whey proteins are of crucial importance to the food industry due to their 

nutritional and functional properties.
42

 The physical properties of whey proteins under 

different conditions have been well documented.
43-48

 Here we investigate whether the 

presence of whey proteins (in this case in the form of a specific mixture referred to as 

whey protein isolate, in short, WPI) modifies the rheology and microstructure of BC 

microfibril dispersions and, reversely, whether the presence of BC microfibrils affects the 

whey protein denaturation and aggregation upon heating.  

2.2 Materials and Methods  

2.2.1 Solution of whey protein isolate (WPI)  

WPI powder was obtained from Davisco (Bipro, Davisco, lot # JE 198 -1-420, USA). To 

prepare a 25 wt % WPI stock solution, the powder was dissolved and stirred in MilliQ 

water at 4 ᵒC for 2 days for complete hydration. The pH of the WPI solution was adjusted 

to 7 using a 3 M NaOH solution. Subsequently, the solution was filtered through a filter 

(Hydrophilic PES 0.45 μm, Millipore Millex-HP) to remove undissolved protein. To 

determine the protein concentration of the solution, we used an UV spectrophotometer 

(Cary 50 Bio, Varian) at a wavelength of 280 nm and a calibration curve determined from 

WPI-solutions at known concentrations. The stock solution was stored at 4 ᵒC for further 

sample preparation.  

2.2.2 Dispersion of BC microfibrils  

The dispersion of BC microfibrils was prepared following the same procedure described 

elsewhere.
38, 40

 In short, BC cubes  from commercially available Nata de Coco dessert 

( Kara Santan Pertama, Bogor 16964, Indonesia) was cut using a hand blender (Braun 

4185545) and washed 8 times using MilliQ water. Each washing step consisted of rinsing 

the cellulose by filtration over a vacuum filter (Whatman Schleicher and Schuell 113, wet-

strengthened circles, 185 mm in diameter) and redispersing the residue in 1.5 L of MilliQ 

water with the hand blender. Subsequently, the dispersion was passed once through a 

high pressure homogeniser (Microfluidizer
TM

 (MF), Microfluidics – M 110S) with a Z-

chamber of 87 µm at a pressure of 1200 bar (1.2 × 10
5 

kPa) to obtain a more 
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homogeneous dispersion. The concentration of the obtained dispersion was determined 

by drying approximately 20 g of dispersion in a vacuum oven at 40 mbar and 40 
o
C for 3 

days. The final concentration of the stock dispersion is 1 wt%.  

2.2.3 Mixtures of WPI and BC microfibrils  

The above stock solution of WPI and stock dispersion of BC microfibrils were used to 

prepare the WPI-BC microfibril mixtures. BC microfibrils were transferred using a pipette 

with a cut-off tip. Sample preparation was performed using MilliQ water. The pH of all 

mixtures was adjusted to pH 7 after mixing using a 3 M NaOH solution. Three types of 

WPI-BC microfibril mixtures were prepared at pH 7. For clarity, the concentration of WPI 

and BC microfibrils both in weight percentage (wt%) are indicated as [WPI, BC]. All 

concentrations refer to the final concentrations in the mixtures. 

2.2.3.1   Native WPI-BC microfibril mixtures 

In these mixtures, the WPI solution was mixed with BC microfibril dispersion directly prior 

to further analysis. The mixtures prepared were (in wt%): [WPI, BC] = [0, 0.1], [0, 0.2], [0, 

0.3],  [3, 0.1] , [6, 0.1], [9, 0.1], [9, 0.2], [9, 0.3], [9, 0].  

2.2.3.2  Heated WPI-BC microfibril mixtures  

To investigate the effect of heating on the mixed WPI-BC microfibril mixtures, the 

mixtures were heated after mixing in a heating plate at 80 ᵒC for 30 min at pH 7. After 

heating, the mixtures were cooled down to room temperature and stored at 4 ᵒC before 

further analysis. The mixtures prepared were (in wt %): [WPI, BC] =  [0, 0.1], [3, 0.1] , [6, 

0.1], [9, 0.1], [9, 0.2], [9, 0.3], [3, 0], [6, 0], [9, 0]. 

2.2.3.3  Influence of BC microfibrils on WPI denaturation and aggregation 

The BC microfibrils were mixed into a WPI solution both before and after heating the WPI 

solution. WPI undergoes denaturation and further aggregation upon heating at 80 ᵒC for 

30 min at pH 7. The aim of the different sample preparations is thus to  investigate the 

influence of BC microfibrils on the  denaturation and aggregation of WPI during heating, 

vice versa, the effect of WPI denaturation and aggregation on the rheology of the WPI-BC 

microfibril system   and microstructure of BC microfibrils.  
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(1) Mixing BC microfibrils before heating (BH ) the WPI solution 

BC microfibrils were added directly to WPI solution and mixtures were stirred for 30 min 

to ensure homogeneous mixing. The mixtures were then heated at 80 ᵒC for 30 min at pH 

7. The concentrations of WPI and BC microfibrils in these mixtures were (in wt %): [WPI, 

BC] = [6, 0.2], [6, 0.6], [9, 0.2], [9, 0.6]. Directly after heating, these mixtures were diluted 

two-fold using MilliQ water to allow for a correct comparison with the dispersions as 

obtained from (2) below. As a result, the corresponding final concentrations (wt%) in 

these mixtures are: [WPI, BC] = [3, 0.1], [3, 0.3], [4.5, 0.1], [4.5, 0.3].  

(2) Mixing BC microfibrils after heating (AH) the WPI solution 

The WPI solutions and BC microfibril dispersions were first heated separately at 80 ᵒC for 

30 min at pH 7. The concentration of WPI solutions being heated are 6 and 9 wt%. The 

concentrations of BC microfibril dispersions being heated are 0.2 and 0.6 wt%. After 

heating, the WPI solutions and BC microfibril dispersions were mixed together and stirred 

for 30 min for homogeneous mixing prior to further analysis. The final concentrations in 

the WPI-BC microfibril mixtures are (in wt %): [WPI, BC] = [3, 0.1], [3, 0.3], [4.5, 0.1], [4.5, 

0.3].  

All mixtures prepared above are in liquid state and samples are stirred for 30 min at room 

temperature prior to measurements.  

2.2.4 Macroscopic stability 

The stability of WPI-BC microfibril mixtures was monitored by taking images at time 0, 1 

and 7 days after preparation. Samples were stored at 4 ᵒC.  

2.2.5 Viscosity  

The viscosity was measured using a stress-controlled rheometer (MCR 302, Anton Paar) 

equipped with a sandblasted concentric cylinder geometry (CC17/TI/S-SN38492) to 

minimize  wall slip. To minimize the alignment of BC microfibrils before rheological 

characterisation, the samples were transferred into the cup using a pipette with a cut-off 

tip. The samples were pre-sheared at a frequency of 1 Hz and strain of 0.1% for 5 min. 
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Subsequently, the viscosity was monitored by increasing the shear rate from 0.1 to 500 

1/s in 2 min, followed by a decrease in shear rate from 500 to 0.1 1/s in 2 min.   

2.2.6 Size distribution of WPI aggregates 

The size distribution of WPI aggregates formed after heating was measured in order to 

investigate the effect of BC microfibrils on WPI aggregation. Samples were first 

centrifuged (Hermle, Labortechnik GmbH Z 306, Germany) at a speed of 3350 RCF for 30 

min at 20 °C prior to measurement. Afterwards, the WPI aggregates in the supernatant 

were collected for analysis and the size distribution of the protein aggregates was 

determined using dynamic light scattering (Zetasizer Nano, Malvern Instruments). The 

measurements were performed in duplicate using a cuvette (10×10×45 cm SARSTED) with 

a sample volume of 1.25 ml. The obtained size distribution histograms were plotted in 

volume percentage as a function of particle diameter (nm). 

2.2.7 Differential scanning calorimetry (DSC) 

A 50 mg sample was placed in a sealed stainless steel pan and equilibrated at 20 ᵒC 

(Diamond series DSC, Perkin Elmer, Pyris, USA). After equilibration at 20 ᵒC for 2 min, the 

sample was heated from 20 ᵒC to 100 ᵒC at a heating rate of 10 ᵒC/min, held at 100 ᵒC for 

1 min, and cooled from 100 ᵒC to 20 ᵒC at a heating rate of 10 ᵒC/min. After equilibrating 

at 20ᵒC for 2 min, the sample was again heated from 20 ᵒC to 100 ᵒC at a heating rate of 

10 ᵒC/min. The measurements were performed in duplicate. Data analysis was performed 

using the Pyris software (Perkin Elmer). 

2.2.8 Confocal laser scanning microscopy (CLSM)  

CLSM images were taken on a Zeiss LSM 510 Meta microscope (Zeiss, Germany), equipped 

with an Axiovert 200 M inverted microscope (Wetzlar, Germany). About 5μl of 0.05 % 

Calcofluor White and 5μl of 0,002 % Rhodamine B were added to stain the BC microfibrils 

and WPI in a 1 ml sample, respectively. After mixing, about 20µl of sample was placed in a 

chamber prepared from a microscopic glass slide and a cover slip. Rhodamine B was 

excited at a wavelength of 543 nm and Calcofluor white was excited at 405 nm. The 

emission wavelength of Rhodamine B and Calcofluor White are 560 nm and 420 nm, 
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respectively. Images were taken using an oil immersion objective (EC Plan-Neoufluar 40×

/1.30 Oil Dic).  

2.2.9 Transmission electron microscopy (TEM)  

TEM images were taken using a transmission electron microscope (Tecnai 20 system from 

FEI). Samples were diluted ten-fold using MilliQ water prior to imaging. A drop of sample 

was placed on a carbon copper TEM grid. The grid was pre-treated by glow discharge to 

make the surface hydrophilic prior to sample preparation. Excess solvent was dried by a 

filter paper after 15s. The sample was then negatively stained by adding a drop of 2 % 

phosphortungsten acid onto the grid. The excess water was dried by another filter paper 

and the sample was then left air dried before imaging.  

2.2.10 Scanning electron microscopy (SEM) 

A droplet of the sample was placed on nuclepore polycarbonate membrane (1 mm holes, 

Costar) which was placed on a filter paper to absorb the liquid through the membrane. 

The samples were left on the top side and air-dried. Afterwards,  the membrane were 

glued on sample holders by carbon adhesive tabs (EMS, Washington, USA) and sputter 

coated with 10 nm Iridium (Leica EM SCD 500, Vienna, Austria). Images were taken using a 

high-resolution scanning electron microscope (Magellan 400, FEI, Eindhoven, the 

Netherlands). 

Cryo-SEM was performed by placing a small droplet of the sample on a hollow copper 

rivet and rapidly frozen in liquid ethane. The rivets were placed in a cryo-sample holder in 

liquid nitrogen and afterwards transferred to the cryo-preparation system (MED 020/ VCT 

100, Leica, Vienna, Austria) onto the sample stage. Afterwards, the samples were 

fractured, freeze dried for 10 min and then sputter coated with a layer of 10 nm tungsten 

at the same environmental conditions. The samples were cryo-shielded and transferred 

into the field emission scanning microscope (Magellan 400, FEI, Eindhoven, The 

Netherlands) onto the sample stage for imaging.  
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2.3 Results and discussion 

2.3.1 Characterization of BC microfibrils  

The microstructure of BC microfibrils prepared from Nata de Coco by high energy 

mechanical de-agglomeration was characterized using TEM (Figure 1) and SEM (Figure 2).   

 

Figure 1 TEM images of 0.25 wt% BC microfibrils before (a) and after (b) being heated at 80ᵒC for 

30 min. Sample was diluted ten-fold prior to imaging. Scale bar corresponds to 500 nm (left) and 

200 nm (right).  

 

Figure 2 SEM images of 0.2 wt% BC microfibrils after being heated for 30 min at 80 ᵒC. Sample was 

diluted two-fold prior to imaging. Scale bar corresponds to 50 µm (a), 5 µm (b), and 1 µm (c).  

The TEM images (Figure 1) show the ribbon-shape structure of the BC microfibrils. The 

ribbon-shaped BC microfibrils are present in the form of bundles composed of elementary 

a

b

a b c
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fibrils as induced by hydrogen bonding. Previous work reported a diameter of the 

elementary fibrils of about 3 nm.
38, 49

 After being heated at 80 ᵒC for 30 min at pH 7, the 

microstructure of the BC microfibrils (Figure 1b), as obtained from TEM images, did not 

show any difference in comparison to the BC microfibrils before heating (Figure 1a). The 

SEM images of BC microfibrils after being heated for 30 min at 80 ᵒC (Figure 2) showed a 

similar structure to the unheated BC microfibrils as reported in literature,
38

 indicating that 

heating did not influence the microstructure of BC microfibrils. The images show the 

heterogeneity of the flexible and micrometer long BC microfibrils which tend to form as 

bundles. It has been reported that the attraction between the BC microfibrils are too 

strong to be de-agglomerated completely by high-energy mechanical de-agglomeration, 

and as a result, the BC microfibril dispersion remains heterogeneous.
38

 A detailed 

characterization of BC microfibrils prepared using the same method can be found 

elsewhere.
38

 

2.3.2 Macroscopic stability   

Macroscopic stability of the WPI-BC microfibril mixtures at 4 ᵒC was monitored over time 

by taking images at time 0, 1 day and 7 days. Figure 3 shows the native WPI-BC microfibril 

dispersions, Figure 4 shows the WPI-BC microfibril dispersions after being heated at 80 ᵒC 

for 30 min and Figure 5 shows the mixtures prepared by mixing BC microfibrils both 

before (BH) heating and after heating (AH) the WPI solution.   

 



Rheology and microstructure of dispersions of whey proteins and cellulose microfibrils 

 

29 

 

 

Figure 3 Images of native WPI-BC microfibril mixtures at 0, 1 day and 7 days after preparation. The 

concentrations (in wt%) are: [WPI, BC] = [0, 0.1], [0, 0.2], [0, 0.3],  [3, 0.1] , [6, 0.1], [9, 0.1], [9, 0.2], 

[9, 0.3], [9, 0] corresponding to tubes from left to right. 

 

Figure 4 Images of WPI-BC microfibril mixtures after being heated at time 0, 1 day and 7 days after 

preparation. The concentrations (in wt%) are: [WPI, BC] = [0, 0.1], [3, 0.1] , [6, 0.1], [9, 0.1], [9, 0.2], 

[9, 0.3], [3, 0], [6, 0],  [9, 0] corresponding to tubes from left to right. 

t = 0

t = 1 day

t = 7 days

t = 0

t = 1 day

t = 7 days
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Figure 5 Images of WPI-BC microfibril mixtures prepared by mixing BC microfibrils both before 

heating (BH) and after heating (AH) the WPI solution at time 0, 1 day and 7 days after sample 

preparation. Concentrations (in wt%) are: [WPI, BC] = [3, 0.1], [3, 0.3], [4.5, 0.1], [4.5, 0.3] (BH) and 

[WPI, BC] = [3, 0.1], [3, 0.3], [4.5, 0.1], [4.5, 0.3] (AH) from left to right. 

In the native (i.e. unheated) mixtures (Figure 3) containing 0.1 wt% BC microfibrils, some 

sedimentation of the BC microfibrils was observed after 7 days. Adding WPI up to 9 wt% 

into the mixtures did not show any difference from the dispersion containing only BC 

microfibrils. When BC microfibril concentration is 0.2 wt% and above, samples remained 

stable macroscopically for at least 7 days after sample preparation. Adding WPI to the 

dispersions leads to the same macroscopic stability as those of BC microfibril dispersions 

without WPI. This can be attributed to the space-filling network formed by BC 

microfibrils.
38

 Previous research has shown that the network of BC microfibrils with 

increasing BC microfibril concentration evolves from forming a collapsed gel to a self-

supporting gel.
38 

The macroscopic behavior indicates that WPI and BC microfibrils form 

stable mixtures under the conditions studied.  

Upon heating the samples for 30 min at 80 ᵒC, the macroscopic stability of the dispersions 

(Figure 4) is comparable to that of the native WPI-BC microfibril dispersions. Interestingly, 

a few large flocs were observed in the WPI-BC microfibril dispersions containing 9 wt% 

WPI, whereas this was not observed in pure BC microfibril dispersions. This suggests that 

the large flocs consist of WPI, although no further analysis was performed on these flocs. 

The macroscopic stability of the WPI-BC microfibril mixtures after heating suggests that 

WPI and BC microfibrils form stable mixtures upon heating. 

To investigate whether BC microfibrils and WPI denaturation and aggregation mutually 

influence one another during heating, we compared heated WPI-BC microfibril dispersions 

t = 0 t = 1 day t = 7 days

BH

AH
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with WPI-BC microfibril dispersions that were obtained by mixing heated WPI dispersions 

with heated BC microfibril dispersions. We refer to these two types of dispersions as WPI-

BC microfibril mixtures prepared by mixing BC microfibrils before heating (BH) and after 

heating (AH) the WPI solution. As shown in Figure 5, in samples containing 3 wt% WPI and 

0.1 wt% BC microfibrils, phase separation was observed. The AH mixture of [WPI, BC] = [3, 

0.1] showed more phase separation than the BH mixture. This phase separation became 

less for [WPI, BC] = [4.5, 0.1], i.e. higher WPI concentration, possibly due to the viscosity 

increase of the continuous phase by the higher protein concentration. In both BH and AH 

dispersions containing 0.2 wt% BC microfibrils, all samples remained stable. Apparently, 

0.2 wt% BC microfibrils or higher prevents phase separation, concomitant with the 

stability of dispersions of BC microfibrils alone that contain more than 0.2 wt% BC 

microfibrils (Figure 3). We conclude that BC microfibrils and WPI denaturation and 

aggregation do not macroscopically influence one another during heating. 

2.3.3 DSC 

To investigate whether the presence of BC microfibrils affects the WPI denaturation upon 

heating, DSC thermogram was recorded (Figure 6).  

 

Figure 6 DSC thermograms of WPI-BC microfibril dispersions with [WPI, BC]= [0, 0.3], [9, 0.3], [9, 0]. 

Concentrations (wt%) are indicated below the curve.  

The pure BC microfibril dispersion does not show a peak upon heating (cf. Figure 6). The 

pure WPI solution give an endothermic peak upon heating, which refers to the 
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denaturation of the WPI.
47

 The peak denaturation temperature is around 79 ᵒC, which is in 

line with literature.
44, 50

 Adding 0.3 wt% BC microfibrils into 9 wt% WPI, an endothermic 

peak with a peak denaturation temperature of 78 ᵒC was also observed. This suggests that 

the WPI denaturation temperature is not affected by the presence of BC microfibrils. This 

serves as an indication of the absence of specific interactions between WPI and BC during 

heating.
51

  

2.3.4 Rheological properties 

The viscosity of the WPI-BC microfibril dispersions is measured by first increasing the 

shear rate from 0.1 to 500 1/s, then decreasing the shear rate from 500 to 0.1 1/s. It is 

known that both sample preparation and the shear history of the sample affect the 

rheological properties of the BC microfibril dispersions.
41

 To minimize this influence, a 

time sweep was performed prior to the viscosity measurement. 

2.3.4.1 Native WPI-BC microfibril dispersions 

 

Figure 7 Storage modulus G’ (a) and loss modulus G’’ (b) of native (unheated) WPI-BC microfibril 

dispersions as a function of time at a frequency of 1 Hz and strain of 0.1 %. Concentrations of WPI 

( wt%) and BC (wt%) are given by [WPI, BC] =  [0, 0.1], [0, 0.2], [0, 0.3], [3, 0.1] , [6, 0.1], [9, 0.1], [9, 

0.2], [9, 0.3]. 

a b
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Figure 8 Viscosity (a) and shear stress (b) of native (unheated) WPI-BC microfibril dispersions as a 

function of shear rate. Shear rate was reversed after increasing from 0.1 to 500 1/s. 

Concentrations of WPI ( wt%) and BC microfibrils (wt%) are given by [WPI, BC] =  [0, 0.1], [0, 0.2], 

[0, 0.3],  [3, 0.1] , [6, 0.1], [9, 0.1], [9, 0.2], [9, 0.3], [9, 0]. 

During the pre-shear period, the G’ and G’’ of pure BC microfibril dispersions changed 

slowly over time (Figure 7). The G’ gradually increased and G’’ gradually decreased as a 

function of time. The extent of increase of G’ and decrease of G’’ is enhanced for 

increasing BC microfibril concentration from 0.1 to 0.3 wt%. In the mixtures of WPI-BC 

microfibrils, the change of G’ and G’’ over time are comparable to those of the according 

pure BC microfibril dispersions. The values of G’ and G’’ in the mixtures are close to the 

values in the pure BC microfibril dispersions, suggesting that the G’ and G’’ are mainly 

controlled by the presence of BC microfibrils. The G’ and G’’ of pure WPI solutions (3-9 

wt%) were too low to be measured. The change of G’ and G’’ over time has also been 

reported in the mixtures of BC and CMC
41

 and microfibrillated cellulose from plant 

cellulose.
33, 52, 53

 The reason of this change was proposed to reside in the slow reformation 

of contacts between the microfibrils after the disturbance by the loading of the 

measurement cup. Indeed, one should take the history of the sample and time into 

consideration for comparison.
41

  

The viscosity of pure BC microfibril dispersions shows strong shear thinning behaviour and 

thixotropic behaviour (Figure 8a), in agreement with literature.
38, 41

 Interestingly, a 

viscosity plateau was observed in between two shear thinning regions, which was also 
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reported previously.
54

 This can also be concluded from the slope of the shear stress versus 

shear rate curve as shown in Figure 8b. The viscosity of the dispersions increases with 

increase in BC concentrations. The typical viscosity plateau and its dependency on 

concentration have also been reported for microfibrillated cellulose from plant cellulose.
31, 

32, 52, 53, 55-58
 The reason for the viscosity plateau was given in terms of a change of the 

network structure during shearing.
52, 56

 At the shear rate where the viscosity plateau starts 

to occur, a significant increase in floc size and its distribution was observed, as well as 

fibril-free voids. Above a sufficiently high shear rate, these flocs are broken into smaller 

sizes and the system becomes shear thinning again.
52, 56

 The inhomogeneously distributed 

flocs with different sizes have been attributed to a shear banding phenomenon resulting 

in different flow regimes within one sample.
33, 38, 55

 The above findings have also been 

reported in hydrolysed and TEMPO-oxidized microfibrillated/nanofibrillated cellulose 

suspensions.
57

 The above is also in accordance with the results in Figure 8. The increase of 

viscosity with increase in BC microfibril concentration is in agreement with literature, and 

is attributed to more crosslinks per unit volume, i.e. a denser network. 
38, 41

  

In the WPI-BC microfibril mixtures, the viscosity of the mixtures (Figure 8a) is comparable 

to the corresponding BC microfibril dispersions for equal BC microfibril concentration. The 

shear stress versus shear rate curves of the mixtures also followed the same trend as that 

of the pure BC microfibril dispersions (Figure 8b). This indicates that the rheological 

behaviour of the samples is mainly controlled by the BC microfibrils and almost not 

affected by the presence of WPI.  

A joint inspection of viscosity over shear rate increase and followed decrease convey so-

called hysteresis for all samples containing BC, i.e. the value of viscosity is different from 

the initial value when the shear is reversed. This is similar to that reported for  

microfibrillated cellulose of plant based origin.
53

 The viscosity plateau occurring for 

decreasing shear rate is less pronounced than that occurring for increasing shear rate 

(Figure 8). It was apparent that the viscosity of the mixtures is dominated by the presence 

of BC microfibrils in the mixtures (Figure 8a). Similar hysteresis findings have also been 

reported for a microfibrillated cellulose/polymer system.
33
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2.3.4.2 Heated WPI-BC microfibril  dispersions 

 

Figure 9 Storage modulus G’ (a) and loss modulus G’’ (b) of heated WPI-BC microfibril dispersions 

as a function of time at a frequency of 1 Hz and strain of 0.1 %. Concentrations of WPI ( wt%) and 

BC microfibrils (wt%) are [WPI, BC] = [0, 0.1], [3, 0.1] , [6, 0.1], [9, 0.1], [9, 0.2], [9, 0.3].  

 

Figure 10 Viscosity (a) and shear stress (b) of heated WPI-BC microfibril dispersions as a function 

of shear rate. Shear rate was reversed after increasing from 0.1 to 500 1/s. Concentrations of WPI 

( wt%) and BC microfibrils (wt%) are [WPI, BC] =  [0, 0.1], [3, 0.1] , [6, 0.1], [9, 0.1], [9, 0.2], [9, 0.3], 

[3, 0], [6, 0], [9, 0].  
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After heating, the G’ and G’’ of the 0.1 wt% pure BC microfibril dispersions (Figure 9) 

remained equal to that before heating. The change of G’ and G’’ over time and its increase 

with increasing BC microfibril concentration was comparable to that of the native mixtures 

(Figure 7). The G’ and G’’ of the WPI-BC microfibril mixtures containing 0.1 wt% BC 

microfibrils was similar to that of the 0.1 wt% pure BC microfibril dispersion after heating. 

In the case of mixtures containing 0.2 and 0.3 wt% BC microfibrils, the G’ and G’’ slightly 

decreased after heating in comparison to native mixtures in Figure 7.   

The viscosity of the samples after heating, including the pure BC microfibrils (Figure 10) 

showed strong shear thinning behaviour, and had values similar to those of the native 

samples (Figure 8a). This indicates that the BC microfibril network and BC microfibrils 

themselves are stable upon heating, in line with literature.
59-61

 The temperature 

independency has also been found in microfibrillated cellulose from plant-based origin.
31, 

32, 55
  The hysteresis, i.e. lower viscosity when shear rate is reversed, is still observed in 

pure 0.1 wt% BC microfibril dispersion and dispersions containing both 0.1 wt% BC and 

WPI from 3 to 6 wt%. However, in mixtures containing 9 wt% WPI, the hysteresis is absent 

in comparison to the native mixtures where hysteresis is observed. Heating the mixtures 

at pH 7 for 30 min at 80 ᵒC does not influence significantly the viscosity of the mixtures, i.e. 

BC microfibrils are the dominant factor for the viscosity of the mixtures after heating. 

2.3.4.3 Mixing BC microfibrils before (BH) and after heating (AH) the WPI solution 

It is known that heating WPI alone at pH 7 at 80 ᵒC for 30 min results in the denaturation 

and aggregation of the WPI.
43, 50

 To investigate whether the presence of BC microfibrils 

affects the denaturation and aggregation of WPI upon heating, the viscosity of the 

mixtures prepared by both mixing BC microfibrils before and after heating the WPI 

solution was measured. The G’ and G’’ over time, viscosity and shear stress as a function 

of shear rate are shown in Figures 11-12. 
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Figure 11 Storage modulus G’ (a) and loss modulus G’’ (b) over time of WPI-BC dispersions 

prepared by mixing BC micrfibrils before (BH) and after heating (AH) the WPI solution at a 

frequency of 1 Hz and strain of 0.1 %. Concentrations of WPI ( wt%) and BC microfibrils (wt%) are 

[WPI,BC] = [3, 0.1], [3, 0.3], [4.5, 0.1], [4.5, 0.3]. Filled symbols refer to BH sampples and open 

symbols refer to AH samples.  

 

Figure 12 Viscosity (a) and shear stress (b) as a function of shear rate of WPI-BC dispersions 

prepared by mixing BC microfibrils before (BH) and after heating (AH) the WPI solution. Shear rate 

was reversed after increasing from 0.1 to 500 1/s. Concentrations of WPI (wt%) and BC microfibrils 

(wt%) are given by [WPI,BC] = [3, 0.1], [3, 0.3], [4.5, 0.1], [4.5, 0.3]. Filled symbols refer to BH 

samples and open symbols refer to AH samples.  
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As can be seen in Figure 11, the G’ and G’’ over time of all mixtures showed a similar trend 

to the native and heated mixtures (cf. Figure 7 and 9). The G’ and G’’ of BH mixtures did 

not show a clear difference from AH mixtures. The viscosity (cf. Figure 12a) and shear 

stress (cf. Figure 12b) as a function of shear rate showed the same trends for both BH and 

AH samples. Again, BC microfibrils turn out to be the dominant factor for viscosity of the 

heated mixtures. In other words, the presence of BC microfibrils apparently did not 

significantly influence the denaturation (and subsequent aggregation) of WPI during 

heating. The former is in agreement with our DSC results. It was noted that the hysteresis 

of the flow curves after reversing the shear are still present in those mixtures.  

2.3.5 Size distribution of WPI aggregates 

The size distribution of the WPI aggregates formed upon heating in the mixtures was 

measured to investigate whether the presence of BC microfibrils influences the aggregate 

size of the WPI. The size of the WPI aggregates in BH mixtures were compared to those of 

the AH mixtures. In order to avoid interference of the BC microfibrils in the measurements, 

the mixtures were centrifuged and the WPI aggregates in the supernatant were taken for 

analysis.  

 

Figure 13 The size distribution of WPI aggregates after centrifugation of WPI-BC microfibril 

dispersions prepared by mixing BC micrfibrils before (BH) and after heating (AH) the WPI solution. 

Concentrations of WPI (wt%) and BC microfibrils (wt%) are given by [WPI,BC] = [3, 0.1], [3, 0.3], 

[4.5, 0.1], [4.5, 0.3].  
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The size distribution of WPI aggregates in mixtures of both BH and AH were similar, with 

two peaks observed (Figure 13). The average WPI aggregate sizes formed in the presence 

of BC microfibrils (BH) was comparable to the WPI aggregate sizes formed alone (AH). 

Although the intensity varies between the samples, no clear difference can be concluded. 

This implies that the denaturation and aggregation of WPI is not affected by the presence 

of BC microfibrils, which is in agreement with the DSC and viscosity results. It is noted that 

the aggregate sizes we measured are the WPI aggregates from the supernatant after 

centrifugation.   

2.3.6 Confocal laser scanning microscopy (CLSM) 

In native BC dispersions, the microfibrils are visible using CSLM in the form of flocs of 

microfibrils (Figure 14) in accordance with literature.
38

 The native WPI dispersion shows a 

homogeneous structure, since the molecules are too small to be visualized under this 

magnification. In the native WPI-BC microfibril mixtures, it was observed that both WPI 

and BC microfibrils independently present in the overlay images. The microstructures of 

BC microfibrils shown in the mixtures are identical with those in the pure BC microfibril 

dispersion, and are independent of WPI concentration. The WPI remained homogeneous 

for all BC microfibril concentrations. After heating at 80 ᵒC for 30 min, the microstructure 

of all samples remained the same as that of the native mixtures. WPI forms aggregates 

upon heating, however, because the size of the aggregates are too small to be visualized, 

a homogeneous WPI system was observed. The BC microfibrils remained heterogeneous 

in the mixtures, consisting of flocs and voids. The adsorption of WPI on the surface of BC 

microfibrils cannot be confirmed from the CLSM images. The WPI network and BC 

microfibril network seemed to be independently present in one system, and no 

aggregation could be observed. 
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Figure 14 CLSM images of native (a) and heated (b) WPI-BC microfibril dispersions. Concentrations 

of WPI ( wt%) and BC microfibrils (wt%) are given by [WPI,BC] = [0, 0.1], [9, 0],  [3, 0.1],  [9, 0.1],  [9, 

0.3].  WPI is indicated in red and BC is indicated in turquoise. Scale bar = 10 µm.  

Comparing the CLSM images of the BH mixtures to AH mixtures, as shown in Figure 15, no 

clear difference, for any of the concentration ratios used can be observed. Both the WPI 

network and the BC microfibril network are present. This suggests that the presence of BC 

microfibrils do not influence the WPI denaturation and aggregation and, vice versa, that 

the WPI does not influence the BC microfibril network. It is concluded that no specific 

interactions between WPI and BC microfibrils exist that change their respective behaviour 

in the mixture as compared to on its own.   

 

 

b

a

[0, 0.1] [9, 0] [3, 0.1] [9, 0.1] [9, 0.3]
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Figure 15 CLSM images of WPI-BC dispersions prepared by mixing BC micrfibrils before (BH) and 

after heating (AH) the WPI solution. Concentrations of WPI (wt%) and BC microfibrils (wt%) are 

given by [WPI,BC] = [3, 0.1], [3, 0.3], [4.5, 0.1], [4.5, 0.3]. WPI is indicated in red and BC is indicated 

in turquoise. Scale bar = 10 µm. 

2.3.6.1 Scanning electron microscopy (SEM) 

SEM images are taken to investigate the morphology of WPI aggregates and BC 

microfibrils, results are shown in Figures 16-18. 

 

 

 

 

BH

AH

[3, 0.1] [3, 0.3] [4.5, 0.1] [4.5, 0.3] 
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Figure 16 Cryo-SEM images of heated WPI-BC microfibril dispersions. Concentrations of WPI ( wt%) 

and BC microfibrils (wt%) are given by [WPI,BC] = [9, 0] and [9, 0.2]. Scale bars = 5 µm (a) and 1 µm 

(b). 

 

Figure 17 Cryo-SEM images of mixtures prepared by mixing BC micrfibrils before (BH) and after 

heating (AH) the WPI solution. Concentrations of WPI (wt%) and BC microfibrils (wt%) are given by 

[WPI,BC] = [4.5, 0.2]. Scale bars = 5 µm (a) and 1 µm (b). 

[9, 0]

b

[9, 0.2]

a

BH

ba

AH
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Figure 18 SEM images of mixtures prepared by mixing BC micrfibrils before (BH) and after heating 

(AH) the WPI solution. Concentrations of WPI (wt%) and BC microfibrils (wt%) are given by 

[WPI,BC] = [4.5, 0.15]. Samples were air-dried on filter paper prior to imaging. Scale bar = 1 µm. 

In Figure 16, the cryo-SEM images of 9 wt% pure WPI solution and mixture containing 9 wt% 

WPI and 0.2 wt% BC microfibrils show an identical WPI network, i.e. a homogeneous WPI 

network consisting of WPI fine strands. This indicates that the presence of BC microfibrils 

did not influence the WPI aggregates formation during heating. These results are in 

agreement with our results of DSC, viscosity and CLSM. The WPI network of the BH and AH 

mixtures also did not show significant difference on the morphology of the WPI network 

composed of fine strands, as shown in Figure 17. In the image at the left hand side of 

Figure 17, a slight alignment of the protein structure may be discerned, possibly due to the 

heating in the presence of the BC microfibrils. However, this may be only an effect locally 

near the BC microfibrils. The other characteristics of the WPI network structure like fine 

strands seem to be not affected. The overall results confirm that the WPI aggregation was 

not drastically affected by the presence of BC microfibrils. When the mixtures were air-

dried prior to imaging (Figure 18) the WPI network and BC microfibril network are 

homogeneously and independently present in the same system. No clear difference on 

WPI network and BC  microfibril network can be observed between BH and AH mixtures. 

In conclusion, we have shown that mixing WPI and BC microfibrils together and 

subsequently heating these dispersions occur as if WPI and BC microfibrils would be 

present separately. DSC result showed no influence of BC microfibrils on the denaturation 

temperature of WPI. The viscosity of the mixtures is dominated by the presence of BC 

microfibrils. The sample showed two shear-thinning regions separated by a viscosity 

plateau, likely due to the flocculation of BC microfibrils. When samples are subjected to 

heating at 80 ᵒC for 30 min, the resulted mixtures remained macroscopically stable, but 

BH AH
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some flocs possibly formed by WPI was observed. The viscosity of the heated mixtures 

was comparable to that of the native mixtures and was dominated by BC microfibrils. The 

viscosity plateau was less pronounced in mixtures containing 9 wt% WPI after heating as 

compared to before heating. Mixing BC micrfibrils either before (BH) or after heating (AH) 

the WPI solution prior to measurement did not show distinct results on viscosity of the 

mixtures. These results, together with our results on DSC, CSLM and SEM, indicate that the 

WPI aggregation is not affected by the presence of BC microfibrils and, vice versa, that the 

BC microfibril network structure is not influenced by the WPI aggregation.  

Analogously to our results of WPI and BC microfibrils, when adding low-methoxyl pectin 

(LM-pectin) to microfibrillated plant cellulose, it was also found that viscoelastic and 

microstrutural properties of microfibrillated cellulose suspensions were not significantly 

modified by the presence of LM-pectin.
33

 We observed no influence of addition of WPI, 

nor its heating and subsequent aggregation, on the rheology and microstructure of BC 

microfibrils., similarly to what was observed for polymers like guar gum and xylan that did 

not have a significant effect on the flocculation in cellulose fibril systems.
35

  

2.4 Conclusion 

In mixed dispersions of WPI and BC microfibrils, the WPI aggregation and network 

structure are not affected by the presence of BC microfibrils and, vice versa, the BC 

microfibril network structure is not influenced by the WPI aggregation. The WPI and BC 

mixed dispersions, both before and after heating, behave as if the WPI and BC microfibrils 

do not experience the presence of one another.  
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Chapter 3 

Rheology and microstructure of 
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Abstract 

Mixtures of whey protein isolate (WPI) and bacterial cellulose (BC) microfibrils after 

prolonged heating at 80 ᵒC at pH 2 are investigated. Their macroscopic stability, rheology 

and microstructure are compared to the unheated (native) mixtures. Results showed that 

mixtures of WPI and BC microfibrils form stable dispersions when the BC microfibril 

concentration is 0.2 wt% and above. The flow curves of the mixtures are comparable to 

those of the pure BC microfibril dispersions at the same BC microfibril concentration. The 

flow curves show two shear-tinning regions and a plateau region. The mixtures are 

thixotropic showing hysteresis upon the reversal of the shear flow. After prolonged 

heating, WPI fibrils are formed in the mixtures and these mixtures show the same stability 

as the native mixtures. The viscosity of the mixtures is slightly lower compared to the 

native mixtures, however, the viscosity plateau and the hysteresis are not observed in the 

mixtures after heating. Mixing BC microfibrils into the WPI solution either before or after 

heating did not lead to a significant difference in viscosity and microstructure of the 

mixtures, apart from the observation that the WPI fibrils become shorter when heated in 

the presence of BC microfibrils.  
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3.1 Introduction 

The ability to form fibrils is a generic feature of proteins.
1, 2

 This has received considerable 

attention in many research fields ranging from food,
3-5

 biomedical,
6-8

 and material 

sciences.
9-11

 In foods, fibrils are interesting components due to their multi-functionality 

including thickening,
3
 gelling,

12-14
 and stabilizing effect.

15, 16
 One type of protein that can 

be used to build fibrils is whey protein. These whey proteins are one of the most studied 

proteins for food applications, due to their nutritional and functional properties.
2
 When 

whey proteins are heated at 80 ᵒC at pH 2 for several hours, the proteins first hydrolyse 

into peptides and then only part of the peptides will self-assemble into fibrils.
17

 The 

amount of fibrils and their length distribution are influenced by many factors such as 

heating time,
18

 temperature,
19

 protein concentration,
20

 and even stirring during heating.
21

  

Such fibrils built from proteins share a number of structural characteristics with the so-

called amyloid fibrils. These amyloid fibrils are associated with a number of the 

neurodegenerative diseases.
6-8, 22

 Therefore,  the potential of fibrils, that are built from 

food proteins, to be used as a functional ingredient in foods  has been a major safety 

issue.
23

 Many studies have been carried out with regards to safety of these fibrils in 

foods.
23-25

 Bateman et al.
26, 27

 studied the digestion of β-lactoglobulin (β-lg) fibrils in vitro 

and found that the fibrils were digested completely by pepsin within 2 minutes. 

Shimanovich et al.
28

 found that the protein fibrils are nontoxic to human cells. Recently, 

Lasse et al.
29

 evaluated the protease resistance and toxicity of amyloid like fibrils from 

several proteins including whey and did not find any major toxicity of the fibrils towards 

human cell lines.  However, the properties of these fibrils may change, when used as 

additives in foods due to the complexity of the composition and processing conditions of 

foods. In addition, it may be that the fibrils are not the damaging species but more the 

peptides that build the fibrils and/or the peptides that are not built into the fibrils. 

Therefore, more research still needs to be carried out with regards to safety for use in 

foods.
23

 In addition, it was stated that these safety studies cannot readily be generalized 

for fibrils from different sources.
23

  

Bacterial cellulose (BC) is a microbial polysaccharide produced from many species of 

bacteria, among which the Acetobacter xylinus is a widely used model strain in research 

and industry.
30, 31

 It has been demonstrated to be an ideal candidate as a functional 
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material in many different fields.
30, 32-34

 In foods, it has been shown to be a functional 

ingredient due to its thickening, gelling, stabilizing, water binding ability etc.
35-40

 In 

addition, it can be used as a dietary fiber
41

 or a fat-substitute.
42, 43

 BC has a high purity in 

comparison to plant cellulose and is already used as a food ingredient. For example, BC is 

the main component of ‘Nata de Coco’ which is used in low-calorie desserts, salads and 

foods with high fiber content. It is a gelatinous and chewy material produced in the form 

of thick sheets of pure cellulose.
44

 The use of BC in foods have been reviewed by Shi et 

al..
31

 Despite its multi-functionality, the research of the behaviour of BC in foods has been 

limited. Studies on the interaction of BC with other ingredients, such as, protein, lipids and 

oil droplets under different conditions are rather limited.   

In this chapter the rheology and microstructure of WPI protein fibrils and BC microfibrils at 

pH 2 was investigated using a similar approach as used in Chapter 2. The WPI proteins and 

fibrils are positively charged at pH 2, which is in contrast to pH 7. The concentrations of 

WPI protein used are also much lower than that of pH 7. This is because already at very 

low fibril concentrations a nematic phase arises.
45-47

 The BC microfibrils used are prepared 

from the commercially available ‘Nata de Coco’ through high-energy de-agglomeration. A 

detailed characterization of BC microfibrils obtained from Nata de Coco can be found 

elsewhere.
48

 On a structural level the BC consists of bundles of microfibrils, flocs and voids, 

forming a heterogeneous dispersion. The aim of the study is to investigate how the 

presence of BC microfibrils influences the microstructure and rheology of the WPI fibrils 

formed upon prolonged heating and vice versa, i.e. how the protein based fibrillisation 

and presence of fibrils influences the BC microstructure and rheology.  Recently it was 

reported that the addition of sodium carboxymethyl cellulose (CMC) to BC dispersions 

before the de-agglomeration process resulted in a more homogeneous dispersions after 

de-agglomeration. 
49, 50

 In our study, WPI is mixed with the BC dispersion after the de-

agglomeration process. 
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3.2 Materials and methods 

3.2.1 Whey protein isolate (WPI) solution 

WPI was purchased from Davisco (Bipro, lot # JE 198 -1-420, USA). The powder was 

dissolved in an HCl solution of pH 2 to prepare a WPI stock solution of 15 wt %. The 

solution was left at 4 ᵒC with stirring overnight for complete hydration. Afterwards, the pH 

of the WPI stock solution was adjusted to pH 2 using a 6M HCl solution, followed by a 

filtration step using a syringe filter (Hydrophilic PES 0.45 μm, Millipore Millex-HP). 

Subsequently, the final concentration of the WPI in the solution was characterized using 

UV spectrophotometer (Cary 50 Bio, Varian) and a calibration curve of known WPI 

concentration at a wavelength of 278 nm. The stock solution was kept at 4ᵒC for further 

use.  

3.2.2 Bacterial cellulose (BC) microfibril dispersion 

The preparation procedure for the dispersion of BC microfibrils was the same as described 

in Chapter 2 on the basis of previous literature.
48, 49

 The BC microfibrils were extracted 

from the BC cubes in the Nata de Coco syrup (Kara Santan Pertama, Bogor 16964, 

Indonesia) by 8 washing steps.  Each step consisted of rinsing the cellulose by filtration 

over a vacuum filter (Whatman Schleicher and Schuell 113, wet-strengthened circles, 185 

mm in diameter) and redispersing the residue in 1.5 L of deionized water with the hand 

blender. For a more homogeneous dispersion, the dispersion was treated by passing once 

through a high pressure homogeniser (Microfluidizer
TM

 (MF), Microfluidics – M 110S) with 

a Z-chamber of 87 µm at a pressure of 1.2 × 10
5 

kPa. The concentration of the obtained 

dispersions was determined by drying approximately 20 g of dispersion in a vacuum oven. 

The concentration of the stock BC microfibril dispersion is 1 wt%. The dispersion was 

stored at 4ᵒC before sample preparation. 

3.2.3  WPI-BC microfibril mixtures 

Mixtures containing WPI and BC microfibrils were prepared using the above WPI stock 

solution and BC microfibril dispersion at pH 2. An HCl solution of pH 2 was used for sample 

preparation. The transfer of BC microfibrils is performed by using a pipette with a cut-off 

tip. After mixing, the pH of all mixtures was adjusted to pH 2 using a 6 M HCl solution. For 
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ease of discussion, if not further specified, the concentrations of WPI and BC microfibrils in 

the mixtures are defined as [WPI, BC] with both in weight percentages (wt%). On the basis 

of different pre-treatments, three types of WPI-BC microfibril mixtures were prepared:  

3.2.3.1  WPI-BC microfibril mixtures before heating (native mixtures) 

The mixtures were prepared by direct mixing of WPI solution and BC microfibril 

dispersions at pH 2. The final concentrations  of WPI and BC microfibrils in these mixtures 

are: [WPI, BC] = [0, 0.1], [0, 0.2], [0, 0.3], [2, 0.1], [3, 0.1], [4, 0.1], [4, 0.2], [4, 0.3], [4, 0].  

3.2.3.2  WPI-BC mixtures after heating (heated mixtures) 

The WPI solution and BC microfibril dispersion were mixed directly at different 

concentration ratios and stirred at pH 2. The mixtures were then heated in a heating plate 

at 80 ᵒC for 22 hours at pH 2 with mild stirring. After heating, the mixtures were cooled in 

ice water and stored at 4 ᵒC for further measurements. The final concentrations (wt%) of 

WPI and BC microfibrils in these mixtures are: [WPI, BC] = [0, 0.1], [2, 0.1], [3, 0.1], [4, 0.1], 

[4, 0.2], [4, 0.3], [2, 0], [3, 0], [4, 0].  

3.2.3.3 The effect of BC microfibrils on WPI fibril formation 

Upon heating at pH 2 at 80 ᵒC for 22 hours, the WPI fibrils are formed in WPI solution.
51

 

The formation process consists of first protein hydrolysis and then the assembly of 

hydrolyzed peptides into fibrils.
17

 In order to investigate whether the fibril formation 

process affect the rheology and microstructure of BC microfibrils and vice versa, whether 

the presence of BC microfibrils affect the rheology and microstructure of the formed WPI 

fibrils during heating, BC microfibrils were mixed into WPI solution both before and after 

WPI fibril formation.  

(1)  Mixing BC microfibrils before heating (BH) the WPI solution 

The WPI and BC microfibrils were directly mixed together and stirred prior to the heating 

treatment. Afterwards, the mixtures are heated at 80 ᵒC for 22 hours at pH 2 with mild 

stirring. The WPI and BC microfibril concentrations in the mixtures are: [WPI, BC] = [2, 0.2], 

[2, 0.6], [4, 0.2], [4, 0.6]. After heating, the mixtures were cooled down in ice water. 

Subsequently, the mixtures were diluted two-fold using an HCl solution of pH 2 and stored 
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at 4 ᵒC for further analysis. The corresponding final concentrations of WPI and BC 

microfibrils after dilution are: [WPI, BC] = [1, 0.1], [1, 0.3], [2, 0.1], [2, 0.3]. 

(2) Mixing BC microfibrils after heating (AH) the WPI solution 

Prior to mixing, the WPI solution and BC microfibril dispersion were heated separately at 

80 ᵒC for 22 hours at pH 2 with mild stirring. The concentrations of WPI solutions heated 

were 2 and 4 wt%. The concentrations of BC microfibril dispersions heated were 0.2 and 

0.6 wt%. After being heated, the samples were cooled down in ice water. Subsequently, 

the WPI and BC microfibrils were mixed together and stirred. The corresponding final 

concentrations (wt%) after mixing are:  [WPI, BC] = [1, 0.1], [1, 0.3], [2, 0.1], [2, 0.3]. 

Prior to measurements, all mixtures were stirred for 30 min at room temperature. 

Samples are all in liquid state both before and after heating. 

3.2.4 Visual observation 

Images were taken at time 0, 1 and 7 days after sample preparation to macroscopically 

monitor the stability of the samples over time at 4 ᵒC.  

3.2.5 Viscosity  

A stress-controlled rheometer (MCR 302, Anton Paar) with sandblasted concentric 

cylinder geometry (CC17/TI/S-SN38492) was used for measuring the viscosity of the 

samples. The use of a sandblasted geometry is to minimize the effect of wall slip. The 

transfer of samples to the rheometer was done using a pipette with a cut-off tip to 

minimise BC microfibril alignment. The viscosity was measured by first applying a pre-

shear at a frequency of 1 Hz and strain of 0.1% for 5 min. Subsequently, the viscosity was 

measured by increasing the shear rate from 0.1 to 500 1/s in 2 min and then decreasing 

from 500 to 0.1 1/s in 2 min. 

3.2.6 Confocal laser scanning microscopy (CLSM)  

Calcofluor White and Rhodamine B were used to stain the BC microfibrils and WPI, 

respectively. In 1 ml sample, 5μl of 0.05 % Calcofluor white and 5μl of 0,002 % Rhodamine 

B were added prior to imaging. About 20 µl sample was transferred to a chamber built 
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from a microscopic glass slide and a cover slip. The images were taken on a Zeiss LSM 510 

Meta microscope (Zeiss, Germany) equipped with an Axiovert 200M inverted microscope 

(Wetzlar, Germany). An oil immersion objective (EC Plan-Neoufluar 40×/1.30 Oil DIC) was 

used for imaging. The excitation and emission wavelength used for Rhodamine B are 543 

nm and 560 nm. The excitation and emission wavelength used for Calcofluor white are 

405 nm and 420 nm.  

For WPI-BC microfibril mixtures prepared by mixing BC microfibrils before and after 

heating the WPI solution, the samples are stained by Congo red. Congo red is able to stain 

both WPI fibrils and BC microfibrils. To do this, a small drop of Congo red (1 wt%) was 

added to 1 ml of the sample. The excitation wavelength and emission wavelength are 514 

nm and 670 nm. Images were taking on a microscope ( LSM 5 EXCITER, Carl Zeiss) 

equipped with an Axiovert 200 M inverted microscope (Thornwood, NY) using the oil 

immersion objective (Plan-Apochromat, 100x/1.46 oil, Zeiss, Germany).  

3.2.7 Transmission electron microscopy (TEM)  

The samples of WPI-BC microfibril mixtures were diluted 20-fold using an HCl solution of 

pH 2 before imaging. Glow discharge was applied on the carbon copper TEM grid to make 

the surface hydrophilic. A drop of sample was put a TEM grid and then was dried by a filter 

paper after 15s. A drop of 2 % phosphortungsten acid was added on the grid to stain the 

sample. The excess water was removed by another filter paper, followed by air drying 

before imaging. TEM images were taken on a transmission electron microscope (Tecnai 20 

system from FEI). 

TEM images of the only WPI fibrils after centrifugation from WPI-BC microfibril mixtures 

were also imaged using a transmission electron microscope (JEOL JEM-1011, Tokyo, Japan). 

To do this, the mixtures were first centrifuged at 3350 RCF for 30 min to spin down the BC 

microfibrils. The WPI fibrils in the supernatant were then taken for imaging. The TEM 

preparation is similar to the procedure described above, only in which the WPI fibrils in 

the supernatant was stained by adding a drop of 2% uranyl acetate onto the grid.  
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3.2.8 Scanning electron microscopy (SEM) 

A droplet of the sample was put on nuclepore polycarbonate membrane (1 mm holes, 

Costar) A filter paper was placed under the membrane to absorb the liquid through the 

membrane. The samples were then air dried. Subsequently,  the membrane were glued on 

sample holders by carbon adhesive tabs (EMS, Washington, USA) and sputter coated with 

10 nm Iridium (Leica EM SCD 500, Vienna, Austria). A high resolution scanning electron 

microscope (Magellan 400, FEI, Eindhoven, the Netherlands) was used for imaging. 

To perform Cryo-SEM, a droplet of the sample was placed on a hollow copper rivet and 

rapidly frozen in liquid ethane. The rivets were put in a cryo-sample holder in liquid 

nitrogen and subsequently transferred to the cryo-preparation system (MED 020/ VCT 100, 

Leica, Vienna, Austria) onto the sample stage. The samples were then fractured, freeze 

dried for 10 min and sputter coated with a layer of 10 nm tungsten at the same conditions. 

Imaging was performed after cryo-shielding and transferring the sample onto the sample 

stage of the field emission scanning microscope (Magellan 400, FEI, Eindhoven, The 

Netherlands).  

3.3 Results and discussion 

3.3.1 Visual observation 

The macroscopic stability of the pure BC microfibril dispersions, pure WPI solutions and 

WPI-BC microfibril mixtures was monitored by taking images over a time period of 7 days. 

In the case of native samples (cf. Figure 1), the pure 0.1 wt% BC microfibril dispersion 

showed some limited sedimentation after 7 days. When the concentration of BC 

microfibrils was at and above 0.2 wt%, the BC microfibril dispersions remained stable 

against sedimentation for 7 days. Mixing WPI up to 3 wt% with BC microfibril dispersion 

showed a similar sedimentation as the pure 0.1 wt% BC microfibril dispersion. The 

sedimentation rate became slower when 4 wt% WPI is added to the 0.1 wt% BC microfibril 

dispersion. In WPI-BC microfibril mixtures containing BC microfibril concentration at and 

above 0.2 wt%, the mixtures remained stable, i.e. similar to those of the pure BC 

microfibril dispersions at the same concentration. The sedimentation of BC microfibril 

dispersions at low concentrations is in line with an earlier study,
48

 where it was found that 

BC microfibrils forms a collapsed gel at low concentrations. Above a certain BC microfibril 
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concentration, no sedimentation could be observed. It can be concluded that the mixtures 

of WPI and BC microfibrils form a stable dispersion when BC concentration is larger than 

0.2 wt% at pH 2.  

 

Figure 1 Images of native WPI-BC microfibril mixtures at time 0, 1 day and 7 days after preparation 

at 4 ᵒC. The concentrations (in wt%) are: [WPI, BC] = [0, 0.1], [0, 0.2], [0, 0.3], [2, 0.1], [3, 0.1], [4, 

0.1], [4, 0.2], [4, 0.3], [4, 0] corresponding to the tubes from left to right.  

After being heated at 80 ᵒC for 22 hours at pH 2 (Figure 2), the stability of the pure BC 

microfibril dispersions, pure WPI solutions and the mixtures of WPI-BC microfibrils was 

observed to be similar to the native samples in Figure 1. In samples containing 0.1 wt% BC 

microfibrils, sedimentation could be observed, while at and above 0.2 wt% BC microfibrils, 

the samples remained stable for 7 days. From this, it can be concluded that the prolonged 

heating treatment did not influence the macroscopic stability of the samples.  

t = 0

t = 1 day

t = 7 days
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Figure 2 Images of WPI-BC microfibril mixtures after heating at time 0, 1 day and 7 days after 

preparation at 4 ᵒC. The concentrations (in wt%) are: [WPI, BC] = [0, 0.1], [2, 0.1], [3, 0.1], [4, 0.1], 

[4, 0.2], [4, 0.3], [2, 0], [3, 0], [4, 0] corresponding to the tubes from left to right.  

Upon heating at 80 ᵒC at pH 2 for 22 hours, protein fibrils are formed in the pure WPI 

solutions.
18

 The formation process is initiated by protein hydrolysis into peptides, followed 

by the assembly of peptides into fibrils.
17

  To investigate whether the presence of BC 

microfibrils affect the rheology and microstructure of the WPI fibrils, and vice versa, the 

BC microfibrils are mixed both before heating (BH)  and after heating (AH) the WPI 

solution. In Figure 3, it is observed that the stability of the WPI-BC microfibril mixtures did 

not change significantly when BC microfibrils are mixed with WPI either before or after 

heating the WPI solution. In mixtures containing 0.1 wt% BC microfibril, sedimentation of 

BC microfibrils was observed, while in mixtures containing 0.3 wt% BC, no sedimentation 

could be observed. The concentration of WPI did not show influence on the macroscopic 

stability of the mixtures. It can be concluded that the WPI and BC form stable mixtures at 

0.3 wt% BC either mixing BC microfibrils before or after heating the WPI solution. 

t = 0

t = 1 day

t = 7 days
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Figure 3 Images of WPI-BC microfibril mixtures mixing before heating (BH) and after heating (AH) 

the WPI solution at time 0, 1 day and 7 days after preparation at 4 ᵒC. The concentrations (in wt%) 

are: [WPI, BC] = [1, 0.1], [1, 0.3], [2, 0.1], [2, 0.3] (BH) and [1, 0.1], [1, 0.3], [2, 0.1], [2, 0.3] (AH) 

corresponding to the tubes from left to right. 

3.3.2 Rheological properties 

3.3.2.1 Native WPI-BC microfibril mixtures 

The elastic modulus G’ and loss modulus G’’ were measured as a function of time for the 

native samples (Figure 4). The G’ and G’’ of the pure BC microfibril dispersions are close to 

those of the WPI-BC microfibril mixtures at the same BC microfibril concentrations. The G’ 

is increased and G’’ is decreased initially, which is a typical characteristic of BC microfibril 

dispersions, caused by reformation of the microfibrils bundles after the loading of the 

geometry.
50

 The G’ and G’’ of the native mixtures are mainly determined by the presence 

of BC microfibrils.  

The viscosity of the pure BC microfibril dispersions (Figure 5a) showed a strong shear 

thinning and thixotropic behaviour, in line with previous studies 
48, 50, 52

 and with the 

results in Chapter 2. The viscosity increases with increasing  BC microfibril concentration 

which was attributed to the formation of a denser network formed by the entanglements 

of the microfibrils.
48

 Interestingly, a viscosity plateau (between shear rates of 1 and 10 1/s) 

is observed between two shear thinning regions and was also reported previously.
53

 This 

variation is exemplified in the behaviour of the shear stress (Figure 5b) and is in 

agreement with the results from Kuijk et al.
48

 This phenomenon is similar to the flow 

behaviour of microfibrillated cellulose dispersions originating from plants and wood, 

which was shown to be caused by flocculation of the cellulose microfibrils under shear.
54-59

 

t = 0 t = 1 day t = 7 days

BH

AH
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Similar flow curves were found in mixtures of BC microfibrils and carboxymethyl cellulose 

(CMC), in which the underlying mechanism was proposed to be the structural 

heterogeneities of the cellulose  microfibrils.
52

  

Upon the reversal of shear rate, the viscosity of the pure BC microfibril dispersions is 

lower compared to the viscosity when the shear rate was increased. This hysteresis was 

also found at pH 7 in Chapter 2 and also reported for micro-fibrillated wood cellulose.
54

 

Upon mixing WPI into BC microfibril dispersions, the viscosity and shear stress behaved 

almost identical to those of the pure BC microfibril dispersions at the same BC microfibril 

concentrations. In addition, the hysteresis effect also existed in the mixtures. The viscosity 

of pure WPI is low in comparison to pure BC microfibril dispersions and pure WPI solution 

does not exhibit hysteresis upon reversed shear rate. Therefore, it can be concluded that 

the viscosity of the mixtures is dominated by the BC microfibrils.  

 

Figure 4 Storage modulus G’ (a) and loss modulus G’’ (b) of native samples as a function of time. 

The concentrations (in wt%) are: [WPI, BC] = [0, 0.1], [0, 0.2], [0, 0.3], [2, 0.1], [3, 0.1], [4, 0.1], [4, 

0.2], [4, 0.3].  
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Figure 5 Viscosity (a) and shear stress (b) of native samples as a function of shear rate. The shear 

rate is first increased from 0.1 to 500 1/s, and then decreased from 500 to 0.1 1/s. The 

concentrations (in wt%) are: [WPI, BC] = [0, 0.1], [0, 0.2], [0, 0.3], [2, 0.1], [3, 0.1], [4, 0.1], [4, 0.2], 

[4, 0.3], [4, 0]. 

3.3.2.2 WPI-BC mixtures after heating 

After heating at 80 ᵒC for 22 hours, the elastic modulus G’ and loss modules G’’ of the pure 

0.1 wt% BC microfibril dispersion was slightly lower compared to the native BC microfibril 

dispersions (Figure 4). This indicates that the G’ and G’’ of the BC microfibril dispersions 

was not substantially modified by prolonged heating. The pure WPI solutions form protein 

fibrils after heating
18

 and G’ and G’’ of the 2 to 4 wt% samples are close to each other. In 

the WPI-BC microfibril mixtures, the G’ and G’’ were also slightly lower than that of the 

native samples, implying that the heating did not significantly influence the G’ and G’’ 

values of the samples. The change of G’ and G’’ over time was similar to the native 

samples, indicating that the presence of BC microfibrils dominants the rheological 

properties of the mixtures.  
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Figure 6 Storage modulus G’ (a) and loss modulus G’’ (b) as a function of time of WPI-BC microfibril 

mixtures after heating together at 80 ᵒC for 22 hours. The concentrations (in wt%) are: [WPI, BC] = 

[0, 0.1], [2, 0.1], [3, 0.1], [4, 0.1], [4, 0.2], [4, 0.3], [2, 0], [3, 0], [4, 0]. 

The viscosity of the pure BC microfibril (0.1 wt%)  dispersion after heating showed the 

same behavior as the native BC microfibril dispersion, i.e. strong shear thinning behavior is 

observed and also the viscosity plateau exists between the two shear thinning regions. 

The hysteresis, i.e. lower viscosity upon shear flow reversal is also present. This implies 

that the prolonged heating at pH 2 did not significantly modify the rheological behavior of 

the BC microfibril dispersions. The pure WPI solutions after heating showed also strong 

shear thinning behavior and viscosity is increased with increasing WPI concentration, 

which is in line with the literature.
3
 The viscosity of the WPI-BC microfibril mixtures after 

heating showed strong shear thinning, however, the viscosity plateau was not observed in 

these mixtures (cf. Figure 7).  Upon a shear flow reversal, the viscosity was the same as 

the initial value when the shear rate was increased, i.e. no hysteresis was observed.  The 

viscosity of the mixtures after heating is slightly lower than that of the native mixtures and 

is mainly controlled by the presence of the BC microfibrils. However, the presence of WPI 

after heating (i.e. fibril formation) changed the flow behavior of the BC microfibril 

dispersions, as the viscosity plateau and hysteresis are specific features of pure BC 

microfibril dispersions.  
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Figure 7 Viscosity (a) and shear stress (b) as a function of shear rate of WPI-BC mixtures after 

heating at 80ᵒC for 22 hours. The shear rate is first increased from 0.1 to 500 1/, and then 

decreased from 500 to 0.1 1/s. The concentrations (in wt%) are: [WPI, BC] = [0, 0.1], [2, 0.1], [3, 

0.1], [4, 0.1], [4, 0.2], [4, 0.3], [2, 0], [3, 0], [4, 0]. 

3.3.2.3 Mixing BC microfibrils before (BH) and after heating (AH) WPI solution 

Comparing the mixtures prepared by mixing BC microfibrils before and after heating the 

WPI solution, the elastic modulus G’ and loss modulus G’’ (Figure 8) did not show much 

difference. The mixtures containing the same BC microfibril concentrations showed almost 

the same G’ and G’’, regardless of the WPI concentration. The rheological properties are 

dominated by the BC microfibrils. Mixing BC microfibril dispersion before or after heating 

the WPI solutions gave identical results. 

The viscosity and shear stress of the mixtures prepared by mixing BC microfibrils both 

before and after heating the WPI solution are compared (cf. Figure 9). For mixtures 

containing the same concentration of BC microfibrils, the values of viscosity and shear 

stress as a function of shear rate were comparable to each other, mixing BC microfibrils 

either before or after heating the WPI solution. However, we did observe the viscosity 

plateau and hysteresis present in those mixtures, which is in contrast to our heated 

mixtures as shown in Figure 7. Although they are all heated, it is noted that samples in 

Figure 9 were diluted after heating for rheological measurements. The samples that were 

mixed before heating were diluted two-fold after heating to have the same final 

a b

                                        

                                        

                                        

                                        

                                        

                                        

                                        

0.1 1 10 100
10

-3

10
-2

10
-1

10
0

10
1

10
2

V
is

c
o

s
it

y
 (

P
a
.s

)

Shear rate (1/s)

 [0, 0.1]

 [2, 0.1]

 [3, 0.1]

 [4, 0.1]

 [4, 0.2]

 [4, 0.3]

 [2, 0]

 [3, 0]

 [4, 0]

                                        

                                        

                                        

                                        

                                        

                                        

                                        

0.1 1 10 100
10

-3

10
-2

10
-1

10
0

10
1

10
2

S
h

e
a
r 

s
tr

e
s
s
 (

P
a
)

Shear rate (1/s)

 [0, 0.1]

 [2, 0.1]

 [3, 0.1]

 [4, 0.1]

 [4, 0.2]

 [4, 0.3]

 [2, 0]

 [3, 0]

 [4, 0]



Rheology and microstructure of dispersions of protein fibrils and cellulose microfibrils 

 

65 

 

concentrations as the samples that were mixed after heating. It is concluded that the 

mixing BC dispersions before or after heating the WPI solution did not show a significant 

difference.  

 

Figure 8 Storage modulus G’ (a) and loss modulus G’’ (b) as a function of time of WPI-BC microfibril 

dispersions prepared by mixing BC microfibrils before heating (BH, filled symbols) and after 

heating (AH, open symbols) WPI solution. The concentrations (in wt%) are: [WPI, BC] = [1, 0.1], [1, 

0.3], [2, 0.1], [2, 0.3]. 
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Figure 9 Viscosity (a) and shear stress (b) as a function of shear rate of WPI-BC microfibril 

dispersions prepared by mixing BC microfibrils before heating (BH, filled symbols) and after 

heating (AH, open symbols) the WPI solution. The shear rate is first increased from 0.1 to 500 1/, 

and then decreased from 500 to 0.1 1/s. The concentrations (in wt%) are: [WPI, BC] = [1, 0.1], [1, 

0.3], [2, 0.1], [2, 0.3]. 

3.3.3 Microstructure  

The microstructure of the samples was characterized using TEM, CLSM and SEM to 

investigate whether the presence of BC microfibrils influence the WPI fibril structure 

formed during heating and vice versa, whether the WPI fibril formation process affects the 

microstructure of the BC microfibrils.  

3.3.3.1 Transmission electron microscopy (TEM) 

Figure 10 shows the TEM images of the mixtures without centrifugation and Figure 11 

shows the TEM images of only WPI fibrils after centrifugation.  

In the pure WPI solution, long and thin protein fibrils are formed during heating (cf. Figure 

10). In the mixtures where BC microfibrils are mixed with the WPI solution before heating, 

shorter fibrils are formed in comparison to the pure WPI solution. The concentration of 

WPI in both samples is (4 wt%). In the mixtures where BC microfibrils are mixed after 

heating the WPI solution, one can observe long fibrils in those samples, regardless of the 

BC microfibril concentrations. The WPI fibrils formed in those mixtures are comparable to 
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the pure WPI solution, as both of the samples was heated alone at the same WPI 

concentration for fibril formation. It can be concluded that the presence of BC microfibrils 

influenced the fibril formation, i.e. on the average shorter fibrils are formed, although the 

length distribution was not quantified. This observation was confirmed by the TEM images 

of the WPI fibrils obtained after centrifugation of the mixtures (cf. Figure 11). For the four 

concentration ratios (Figure 11), it is observed that mixing BC microfibrils before heating 

(BH) the WPI solution generated shorter fibrils than that mixing after heating (AH) the WPI 

solution. In the BH samples for both BC microfibril concentrations of 0.1% and 0.3%,  it 

was observed that mixtures with 1 wt% WPI (initial 2 wt% for fibril formation) resulted in 

shorter fibrils than for the samples with 2 wt% WPI (initial 4 wt% for fibril formation). 

However, in AH samples, where BC microfibrils are added after WPI fibril formation, this is 

not observed. No clear difference of the fibril length between mixtures containing 1 wt% 

and 2 wt% WPI can be concluded in the AH samples. In addition, in both BH and AH 

samples, It was observed that the fibrils become shorter when the BC microfibril 

concentration increases (cf. Figure 11). This may be because the fibrillisation process is 

influenced by the presence of BC and/or that the longer fibrils are being sedimented 

together with the BC during centrifugation.   
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Figure 10 TEM images of mixtures prepared by mixing BC microfibrils before heating (BH) and 

after heating (AH) WPI solution (without centrifugation). Top line includes images of WPI being 

heated alone. The concentrations (in wt%) are: [WPI, BC] = [4, 0] and  [2, 0.1], [2, 0.3] for mixtures. 

The images show the WPI fibrils formed upon heating. Scale bar corresponds to 1 µm. 

 

Figure 11 TEM images of only WPI fibrils after centrifugation of mixtures prepared by mixing BC 

microfibrils before heating (BH) and after heating (AH) WPI solution. Scale bar corresponds to 1 

µm. The concentrations (in wt%) are: [WPI, BC] = [1, 0.1], [1, 0.3], [2, 0.1], [2, 0.3]. 
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[2, 0.3]
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3.3.3.2 Confocal laser scanning microscopy (CLSM) 

The flocs of BC microfibrils are clearly visible in the CLSM images in Figure 12 and show a 

variation in size. In the WPI-BC microfibril mixtures, the WPI particles are too small to be 

visible. The structures of the BC microfibrils as observed by CSLM did not show significant 

differences as a function of the WPI concentration. In the samples after heating in Figure 

13, the WPI fibrils are homogeneously distributed. The BC microfibril structures are similar 

as observed in the native samples. In the mixtures prepared by mixing BC microfibrils 

before and after heating the WPI solution, Congo red binds to both WPI fibrils and BC 

microfibrils. WPI fibrils are homogeneously distributed, whereas the BC microfibrils are 

shown in flocs. No significant difference on the microstructure of the BH and AH samples 

can be observed.  

 

Figure 12 CLSM images of native pure BC microfibril dispersions and WPI-BC microfibril mixtures. 

WPI is indicated as red and BC microfibrils are indicated as turquoise. Scale bar = 10 µm. The 

concentrations (in wt%) are: [WPI, BC] = [0, 0.1], [0, 0.3], [2, 0.1], [4, 0.1]. 
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Figure 13 CLSM images of heated pure BC microfibrils dispersion and WPI-BC microfibrils mixtures. 

WPI is indicated as red and BC microfibrils are indicated as turquoise. Scale bar = 10 µm. The 

concentrations (in wt%) are: [WPI, BC] = [0, 0.1], [2, 0.1], [4, 0.1], [4, 0.3]. 
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Figure 14 CLSM images of mixtures prepared by mixing BC microfibrils before heating (BH) and 

after heating (AH) the WPI solution. Top line includes images of WPI and BC microfibrils being 

heated alone. The concentrations (in wt%) are: [WPI, BC] = [0, 0.2], [4, 0] and  [2, 0.1], [2, 0.3] for 

mixtures. The samples are stained by Congo red.  

3.3.3.3 Scanning electron microscopy (SEM) 

The pure BC microfibril dispersion after prolonged heating shows BC microfibrils present 

in the form of bundles (cf. Figure 15).  A similar image was found for unheated BC in the 

study of Kuijk et al.
48

 It can be concluded that no significant microstructure change of the 

BC microfibrils occurred upon prolonged heating at pH 2. The SEM image of the WPI (only) 

after heating is shown in Figure 16, in which it shows the characteristic long and linear 

fibril structure. Comparing the WPI-BC microfibril mixtures mixing before and after 

heating, i.e. BH versus AH, samples prepared by air drying on filter paper (cf. Figure 16b) 
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do not reveal differences. However, the cryo-SEM images (cf. Figure 16 a) do show a 

difference where it seems that the AH sample looks more like that of an ordinary protein 

based fibrillar gel (cf. Figure 16a of protein fibrils alone), while the BH seems to contain 

small strands “sticking out” of the main fibrillar structures. The latter presumably consist 

of BC microfibrils together with protein.  

 

Figure 15 SEM images of 0.2 wt% BC microfibrils after being heated for 22 hours at 80 ᵒC at pH 2. 

Scale bar corresponds to 10 µm (a), 1 µm (b) and 500 nm (c). 

a b c
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Figure 16 Cryo-SEM (a) and samples treated by air-dry SEM (b) images of mixtures prepared by 

mixing BC microfibrils before heating and after heating. Top line shows the SEM image of 4 wt% 

WPI fibrils after being heated alone. Scale bar corresponds to 1 µm. The concentration of the 

mixture is: [WPI, BC] = [2, 0.1]. 

In conclusion, the images from TEM, CLSM and SEM do not reveal significant differences in 

the structure of the WPI fibrils formed alone or in the presence of BC microfibrils. In 

addition, no difference can be concluded on BC microfibril structure after prolonged 

heating in the presence of WPI versus BC microfibrils alone. The samples overall showed 

two independently formed networks consisting of WPI fibrils and BC microfibrils 

homogeneously present together.  

Although the microstructures did not reveal significant difference on the BC microfibril 

structure after prolonged heating and in the presence of WPI, it is still possible that the 

length scale of the images might be too small to give distinct results. This is because the 
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AH
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dispersion of BC microfibrils is heterogeneous consisting of microfibril bundles, flocs and 

voids. Therefore, one cannot exclude the possibility that the change on its structure after 

prolonged heating and in the presence of WPI might be present at smaller or larger length 

scales than the ones studied. For example, the floc sizes or bundle sizes of the microfibrils 

might be decreased macroscopically, while microscopically, one might observe the same 

structure. We like to note that, in contrast to the native mixtures, the viscosity plateau 

and hysteresis are absent in the flow curves of the mixtures after heating. It is possible 

that the floc sizes of BC are decreased below a certain value, making them too small to 

influence the flow curve.  As discussed by de Kort et al.
52

, floc sizes of BC microfibrils 

become smaller by adding CMC. However in their case the reduction in floc size was 

possibly not large enough to influence the flow curve.  

3.4 Conclusion 

Our results showed that WPI and BC mcirofibrils form stable dispersions at pH 2, when the 

concentration of BC is 0.2 wt% microfibrils and above. The viscosity of the samples is 

dominated by the presence of BC microfibrils. The flow curves exhibit two shear-thinning 

regions and a viscosity plateau. Hysteresis is also observed upon reversing the shear rate. 

After prolonged heating, the mixtures show the same macroscopic stability as the native 

ones. The pure BC microfibrils show the same viscosity behaviour as the native pure BC 

microfibril dispersion. However, in the presence of WPI, the viscosity plateau and the 

hysteresis are absent in the flow curves of the mixtures. The value of the viscosity is, 

however, still controlled mainly by the presence of BC microfibrils. The WPI fibrils formed 

in the presence of BC microfibrils are shorter than the WPI fibrils formed alone. BC 

microfibrils themselves did not show significant microstructural differences after 

prolonged heating, and in the presence of WPI. The overall picture of the mixtures that 

emerges is two independently formed networks composed of WPI fibrils and BC 

microfibrils that are on a macrocopic scale homogeneous. 
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Abstract 

We investigated the heat-induced gelation of whey protein isolate (WPI) in the presence 

of bacterial cellulose (BC) microfibrils at pH 7 at different concentrations of NaCl. The 

small and large deformation rheological properties were characterized. The 

microstructure of the gels was studied using confocal laser scanning microscopy and 

scanning electron microscopy. The water holding capacity of the WPI-BC microfibril gels 

was also determined. Our results showed that WPI and BC microfibrils form a 

homogeneous dispersion at pH 7. Upon heating, the WPI gel was formed independently in 

the presence of the BC microfibril gel, resulting in the formation of a duplex gel. The gel 

structure and gelation dynamics of WPI was not influenced by the presence of BC 

microfibrils. However, the presence of BC microfibrils did increase the storage modulus of 

the WPI gel, with an increase being negligible when the strength of the WPI gel is above a 

certain value. With an increase of NaCl concentration, the WPI gel structure changes from 

fine-stranded to a particulate gel, while the BC microfibril gel structure remains 

unchanged. No macroscopic phase separation could be observed in the WPI-BC microfibril 

gels. Our results showed that the rheological properties and water holding capacity of the 

WPI-BC microfibril duplex gels are mainly dominated by the WPI and that BC microfibrils 

can be added to tune the original properties of the WPI gel. 
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4.1 Introduction 

Proteins and polysaccharides are common structuring components in foods. They are 

normally present together due to their functionalities as gelling agents, thickening agents 

and stabilizers in foods. These functionalities are important in defining the structure, 

physio-chemical and mechanical properties of food products. The functionality of these 

two components is largely dependent on their interactions under different conditions such 

as concentration, pH, temperature and ionic strength.
1
 When mixing a protein with a 

polysaccharide, they might be co-soluble, incompatible or form a complex. Incompatibility 

is often observed leading to macroscopic phase separation.
1-3

 Interactions between 

proteins and polysaccharides have been studied and reviewed extensively in literature.
1-7

  

WPI is a common food ingredient and has received much interest in literature due to its 

various well-known functional and nutritional properties.
8
 In particular, gelation, an 

important functional property of whey proteins, has received extensive attention due to 

its ability to form different gel structures ranging from fine-stranded to particulate gels 

when appropriate conditions are applied.
9
 By incorporating polysaccharides, the gelation 

of WPI can be influenced, allowing for tuning the final structure and properties of the gel. 

This also leads to a wide range of opportunities for designing novel structures and various 

functionalities for specific applications. On the other hand, challenges like the high cost of 

WPI is a major concern in food industry.
10

 Many polysaccharides have been added to WPI 

to influence the functionality and microstructure. Examples of polysaccharides that were 

added include xanthan,
11-13

 pectin,
10

 κ-carrageenan,
14

 carboxymethyl cellulose,
15

 

galactomannan,
16

 and konjac glucomannan.
17, 18

 

As one of the most abundant biopolymers in nature,  cellulose microfibrils have gained 

much attention as a key source for sustainable and natural materials.
19

 In particular, 

microfibrils from bacterial cellulose (BC), has received increased attention in food fields 

due to its multi-functional potential uses, such as a thickening, gelling, emulsifying, 

stabilizing, texturizer and water-binding agent.
20-26

  BC already finds its presence in food, 

such as the well-known dessert in the Philippines, named Nata de Coco,
27

 which has 

gained increasing popularity worldwide.
20

 BC is a dietary fibre and therefore is interesting 

to be used in products from a health point of view, and it can be used as a structuring 

agent. 
28-30

 The BC microfibrils are of high purity compared to that of plant cellulose and 
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contain only hydroxyl groups as functional groups.
31

 The microfibrils in BC have a ribbon-

like structure, having a width in the order of nanometers and a length in the order of 

micrometers. The microfibrils tend to agglomerate into space-filling networks in water, 

leading to a gel-like structure. Recently, colloidal dispersions of BC microfibrils were 

prepared from commercial nata de coco through an high-energy deagglomeration 

process.
32

 Moreover, addition of carboxymethyl cellulose (CMC) in the BC microfibril 

dispersions during high-energy de-agglomeration treatment was reported to be able to 

form a more homogeneous dispersion, presumably due to the adsorption of CMC on the 

surface of BC microfibrils.
33, 34

  

Despite numerous studies in literature
31, 35, 36

 and its broad potential applications in 

foods,
37

 there is only limited research focusing on the interaction between WPI and BC 

microfibrils under different conditions. In this study, we investigated the heat-induced 

biopolymer gels prepared from WPI and BC microfibrils at pH 7, at different NaCl 

concentrations. The rheological properties of the resulting gels were studied under small 

and large deformation, and the microstructure and water holding capacity were 

characterized.  

4.2 Materials and Methods  

4.2.1 Preparation of whey protein isolate (WPI) solution  

The WPI stock solution is prepared following the same procedure as described in Chapter 

2. A 25 wt% WPI stock solution was prepared by dissolving the WPI (Bipro, Davisco, lot # JE 

198 -1-420, USA) powder in MilliQ water. The solution was stirred at 4 ᵒC for 2 days to 

ensure complete hydration. The pH of the WPI stock solution was adjusted to pH 7 using a 

3 M NaOH solution. To remove undissolved protein, the solution was filtered using a filter 

(Hydrophilic PES 0.45 μm, Millipore Millex-HP). An UV spectrophotometer (Cary 50 Bio, 

Varian) was used to determine the protein concentration of the solution at a wavelength 

of 280 nm, and a calibration curve determined from WPI solutions at known 

concentrations. The stock solution was stored at 4 ᵒC in the fridge for further use.  
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4.2.2 Preparation of bacterial cellulose (BC) microfibril dispersion 

The dispersion of BC microfibrils was kindly provided by Unilever R&D Vlaardingen, the 

Netherlands. The obtained dispersion was prepared in the same way as used in chapter 2. 

Details of the preparation procedure were described previously.
32, 33

 The concentration of 

the stock dispersion used for sample preparation is 1 wt%.   

4.2.3 Preparation of WPI-BC microfibril gels 

The 25 wt% WPI stock solution and 1 wt% BC microfibril dispersion were used to prepare 

the mixtures. The mixtures were prepared by adding BC microfibrils to the WPI solution 

using a plastic pipette with a cut-off tip.  All mixtures had the same final WPI 

concentration of 13 wt% and the BC concentrations varied from 0, 0.05, 0.1, 0.2, and 0.3 

to 0.4 wt%. The pH of the mixtures was adjusted to pH 7 using a 3 M NaOH solution. The 

mixtures were stirred for 30 min to ensure a homogeneous mixing. Subsequently, the 

mixtures were heated in a water bath (Haake Phoenix II C25P) for gel preparation. The 

heating procedure consisted of first increasing temperature from 20 to 80 
o
C within 30 

min (heating rate of 2 
o
C/min), holding at 80 

o
C for 30 min and then cooling from 80 to 20 

o
C within 30 min. The gels were stored at room temperature (20 

o
C) for further analysis.  

Mixtures containing 13 wt% WPI and 0, 0.1 or 0.3 wt% BC microfibrils, were chosen to 

study the effect of NaCl on the gels. The NaCl solution was added after mixing WPI and BC 

microfibrils together. The final NaCl concentrations in the mixtures were 20, 50, 100, 200 

and 250 mM, adjusted by using a stock NaCl solution of 3M. All samples were mildly 

stirred for at least 30 minutes to provide homogeneous samples. The procedure for gel 

preparation is the same as described above. 

4.2.4 Differential Scanning Calorimetry (DSC) 

Prior to the measurement, about 50 mg sample was weighted in a sealed stainless steel 

pan. Subsequently, the samples placed in the pan were transferred into the equipment 

(Diamond series DSC, Perkin Elmer, Pyris, USA). Measurements started with an 

equilibration at 20 ᵒC for 2 min. The samples were then heated from 20 ᵒC to 100 ᵒC at a 

heating rate of 10 ᵒC/min, held at 100 ᵒC for 1 min, and cooled from 100 ᵒC to 20 ᵒC at a 

cooling rate of 10 ᵒC/min. A second heating step from 20 ᵒC to 100 ᵒC at a heating rate of 
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10 ᵒC/min was applied after an equilibration at 20ᵒC for 2 min.  Measurements were 

performed in duplicate. We used the software of Pyris (Perkin Elmer) for data analysis. 

4.2.5 Small deformation rheology 

Small deformation rheological properties of the WPI-BC microfibril mixtures during gel 

formation were monitored on a stress-controlled rheometer (MCR 302, Anton Paar) using 

a sandblasted concentric cylinder geometry (CC17/TI/S-SN38492). Sample transfer to the 

rheometer was performed using a plastic pipette with a cut-of tip to minimize the BC 

microfibril alignment. A solvent trap was used and the sample was covered with a thin 

layer of paraffin oil to prevent evaporation. Storage modulus G’ and loss modulus G” were 

measured at a frequency of 1 Hz and a strain of 0.1% during gel formation by increasing 

temperature from 20 to 80 ᵒC at a heating rate of 2ᵒC /min, holding temperature at 80 ᵒC 

for 30 min, cooling from 80 to 20 ᵒC at a cooling rate of 2ᵒC /min and then holding the 

temperature at 20 ᵒC for 30 min.  Subsequently, a frequency sweep was carried out at a 

strain of 0.1 % and the frequency being increased from 0.01 to 100 Hz within 30 min at 20 

ᵒC. In addition, a strain sweep at a frequency of 1 Hz was performed by increasing the 

strain from 0.01 to 1000 % within 30 min at 20 ᵒC in order to determine the linear visco-

elastic region. The ratio of G”/G’ is indicated as tangent . Samples containing 0 wt% WPI 

and 0.3 wt% BC, 13 wt% WPI and 0.3 wt% BC, 13 wt% WPI and 0.4 wt% BC were measured 

in triplicate.  

4.2.6 Scanning Electron Microscopy (SEM) 

Gels for SEM analysis were prepared in 20 ml syringes (BD plastipak, Spain) following the 

same heating procedure as described above. Each of the WPI-BC mirofibril  gels was cut 

into 5 pieces of 1cm in diameter and 1.3cm in height and then, these gel pieces were 

placed in 2.5%  (v/v) glutaraldehyde solution for 8 hrs in order to crosslink the proteins. 

After crosslinking, the excess glutaraldehyde was removed by placing the gel pieces in 

MilliQ water while stirring overnight. The water was replaced gradually by acetone in 5 

steps: starting from 10, 30, 50, and, 70 to 100 % acetone. During each step, the samples 

were stirred for 1 hour. The samples were then left in 100 % acetone. Subsequently, the 

sample pieces were dried by critical point drying (CPD 300, Leica, Vienna, Austria). After 

drying, the samples were fractured and attached to a SEM sample holder using Carbon 
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Conductive Cement (Leit-C, Neubauer Chemicalien, Germany). In order to remove all the 

solvent from the adhesive, the samples were stored overnight under vacuum. After 

sputter coating with a 10 nm thick layer of iridium (SCD 500, Leica, Vienna, Austria) the 

fractured surfaces were analyzed at 2 kV in a field emission scanning electron microscope 

(Magellan 400, FEI, Eindhoven, the Netherlands).  

4.2.7 Confocal laser scanning microscopy (CLSM) 

5 µl of 0.2 % Rhodamine B and 10 µl of 0.05 % Calcofluor White were added to stain the 

WPI and BC, respectively, in a total sample volume of 1 ml. After adding the dye, the 

sample was mixed for 10 s on a vortex. 125 µl of the sample was transferred into CLSM 

cuvettes (Gene Frame 125 μl, Thermo Scientific), after which were sealed with a cover 

glass (Menzel-glaser, Thermo Scientific, Germany). For gel formation, the samples were 

heated in a water bath (Haake Phoenix II C25P) with the temperature increasing from 20 

to 80 ᵒC within 30 min, holding at 80 ᵒC for 30 min and decreasing from 80 to 20 ᵒC within 

30 min. The samples were kept at room temperature for one day prior to image analysis. 

CLSM images were taken using a Zeiss LSM 510 META microscope (Zeiss, Germany) 

equipped with an Axiovert 200M inverted microscope. The oil immersion objective (Plan-

Apochromat 63x/1.4 oil DIC) was used. The excitation and emission wavelength of 

Rhodamine B are 543 nm and 560 nm. The excitation and emission wavelength of 

Calcofluor White are 405 nm and 420 nm.  

4.2.8 Large deformation rheology 

Gels were prepared in pre-lubricated (paraffin oil) 20 ml syringes (BD plastipak, Spain)  and 

cut into cylinders of 20 mm in height and 20 mm in diameter using a wire cutter. To 

measure their fracture properties, an uniaxial compression test was performed using a 

Texture Analyser (TA-XT plus, Stable Micro Systems Itd., Godalming U.K)  mounted with a 

50 kg load cell and a cylindrical plastic probe of 75 mm in diameter. Paraffin oil was 

applied on both the top and bottom of the gel to prevent friction during compression. The 

gels were compressed to 80 % of their initial height between two parallel plates at a 

constant deformation rate of 1 mm/s and a post-test speed of 10 mm/s. Each sample was 

measured four times at room temperature. We calculated the  true stress, true strain and 

Young’s modulus as described elsewhere.
38

  



Chapter 4 

 

86 

 

4.2.9 Water holding capacity (WHC) 

For the WHC measurement  of the  gels, we used a method described previously.
38

 A 

microcentrifuge filtration unit containing an inner spin tube and a 2 ml Eppendorf tube 

(Axygen Biosciences, Inc., Union City, USA) was used. The gels were cut into cylinders of 10 

mm in height and 4.8 mm in diameter using a cork borer and placed carefully at the 

bottom of the spin tube. Two pieces of filter paper (Macherey-Nagel MN 85/70 BF, 

100mm, Germany) with a diameter of 5 mm were placed on the spin tube to reduce grid 

size and avoid the leakage of the gels in the supernatant. Samples were centrifuged at 

3350 g for 15 min at 20 ᵒC. The measurements were performed in duplicate. The water 

removed from the gel was collected at the bottom of the Eppendorf tube. The WHC of the 

gels is calculated as the remaining water (%) in the gel after centrifugation according to:  

                                               𝑊𝐻𝐶 =
𝑊𝑡−(𝑊𝑔 + 𝑊𝑓𝑝)

𝑊𝑡
∗ 100(%)                     (1) 

Where WHC is the water holding capacity (%), Wt is the amount of water present in the 

sample (g), Wg is the removed water from the sample at a given centrifugal force (g). Wfp is 

the water entrapped in the filter papers.  

4.3 Results and discussion 

4.3.1 Macroscopic images  

The images of the WPI-BC microfibril mixtures both before and after gel formation (Figure 

1) showed that the samples are homogeneously mixed and form a stable single-phase 

system, while the addition of BC microfibrils increased the turbidity of the mixture. 

Previous studies reported that dispersion of BC microfibrils prepared by high-energy 

mechanical de-agglomeration showed a highly heterogeneous network consisting of fibril 

bundles, flocs, and voids (from ten to hundreds of micrometers) induced by their 

attractive interactions.
32

 Increasing the BC microfibril concentration leads to an increase in 

size of the flocs and decrease of the size of voids, however, the size of the bundles 

remained constant.
32

 All samples were stable on a macroscopic scale as probed by the 

images (Figure 1).  
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Figure 1 Images of WPI-BC microfibril mixtures (a) and their corresponding heat-induced gels (b) at 

pH 7, prepared from 13 wt% WPI and BC microfibrils with concentrations of 0, 0.05, 0.1, 0.2, 0.3 or 

0.4 wt%. The concentration of BC microfibrils (wt%) is indicated below each image.  

4.3.2 Differential Scanning Calorimetry (DSC) 

DSC was used to determine the denaturation temperature and the corresponding 

enthalpy change of the WPI-BC microfibril mixtures in comparison to that of the pure WPI.   

 

Figure 2 DSC thermograms for pure WPI, pure BC microfibrils and the mixed WPI-BC microfibrils at 

NaCl concentrations of 0 (a) and 250 mM (b). The concentration of the samples is indicated in the 

figures.  
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For pure BC microfibrils, no distinct endothermic peaks were observed at pH 7 (Figure 2a), 

confirming that BC is stable upon heating up to 100 ᵒC.
39

 For pure WPI, the endothermic 

peak around 75 ᵒC is in accordance with the denaturation temperature of WPI.
40

 In the 

mixture of WPI and BC microfibrils at concentrations of 0.1 and 0.3 wt%, the endothermic 

peak is similar to that of the pure WPI sample. The denaturation temperature was also not 

influenced by the presence of BC microfibrils. This is further shown in samples with NaCl 

concentration of 250 mM (Figure 2b), where the mixture showed a similar endotherm 

peak to that of pure WPI sample. The increase in denaturation temperature of WPI at 250 

mM NaCl is in agreement with literature.
41

 As BC microfibrils do not show any 

endothermic peak during heating, and the denaturation temperature of the WPI-BC 

microfibril mixtures is independent of BC microfibril concentration, no specific interactions 

exist between WPI and BC microfibrils.
42

  

4.3.3 Rheological properties 

The results of the rheological experiments are shown below.   



Duplex gels from whey protein isolate and cellulose microfibrils 

 

89 

 

 

Figure 3 Rheological properties of WPI-BC microfibril gels containing a constant 13 wt% WPI and 

BC microfibril concentrations at 0, 0.05, 0.1, 0.2, 0.3, and 0.4 wt%. The development of storage 

modulus G’ and the loss modulus G’’ as a function of time during gel formation are shown in (a) 

and (b). The temperature profile is indicated by the purple line. Figures (c) and (d) show the 

storage modulus G’ and loss modulus G’’ as a function of frequency at the strain of 0.1 %.  
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Figure 4 The storage modulus G’ and loss modulus G’’ as a function of BC microfibril concentration. 

The values of G’ and G’’ are taken from the last point of the measurement during holding the gels 

at 20 ᵒC for 30 min.  

Figure 3 summarises the findings on the rheological properties of the WPI-BC microfibril 

gels. The storage modulus G’ and loss modulus G’’ of WPI-BC microfibril gels as a function 

of BC microfibril concentration (Figure 3a and 3b) showed a comparable trend to that for 

the pure WPI.  Both G’ and G’’ of the samples increased upon heating at 80 ᵒC and reached 

a plateau with time. Upon cooling from 80 to 20 ᵒC, the G’ and G’’ of gels with BC 

microfibrils showed an abrupt decrease, followed by a further increase of the G’ and G’’ 

upon further cooling. The abrupt decrease in G’ and G’’  is possibly caused by the creep of 

the paraffin oil between the gel surface and rheometer cup.
43

 When holding at 20 ᵒC, the 

G’ and G’’ of all samples remained constant. The G’’ development of all samples showed a 

similar trend to that of the G’ development (Figure 3b).  Plotting the G’ and G’’ value after 

cooling the gels as a function of BC microfibril concentration in WPI gels (Figure 4), we 

observed a gradual increase of G’, reaching approximately 10 times higher (0.4 wt% BC) 

than the WPI sample without BC microfibrils. This implies that the addition of BC 

microfibrils to WPI resulted in higher firmness of the gel. In contrast to G’, the increase of 

G’’ with increasing BC microfibril concentration is only a small effect above 0.1 wt% BC 

microfibril. The G’ and G’’ of all WPI gels with BC microfibrils showed the same linear 

dependency on frequency as that of the pure WPI gel (Figure 3c and 3d), giving the same 
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slope of the curve. This suggests that the WPI gel dominates the rheological properties in 

the WPI-BC microfibril gels.  

 

Figure 5 The storage modulus G’ and loss modulus G’’ as a function of strain at frequency of 1 Hz 

at 20 ᵒC for a 13 wt% pure WPI gel and  13 wt% WPI gel containing 0.4 wt% BC microfibrils.  

The pure WPI gels show a linear viscoelastic region (LVR) up to a strain of 10% (Figure 5).  

With addition of 0.4 wt% BC, the LVR of the gels decreased to approximately 1 % strain, 

suggesting gel breakdown at lower strain. This indicates that the gels become more brittle 

when BC microfibrils are added to the WPI gel.  

At low ionic strength, WPI forms a fine-stranded gel structure upon heating. Increasing the 

ionic strength in the WPI solutions screens the intermolecular repulsion,  resulting in the 

formation of a particulate gel structure.
44, 45

 To investigate the effect of NaCl 

concentration on heat-induced WPI-BC microfibril gelation, 20, 100 and 250 mM NaCl 

were added to the WPI-BC microfibril mixtures prior to heating. The rheological properties 

are shown below in Figure 6 and Figure 7.  
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Figure 6 Rheological properties of 13 wt% WPI gel containing 0, 0.1 and 0.3 wt% BC microfibrils 

with NaCl concentrations of 20, 100, and 250 mM. The storage modulus G’ (a) and loss modulus G’’ 

(b) during gel formation are plotted as a function of time at a strain of 0.1 % and frequency of 1 Hz. 

The purple line represents the temperature profile. Figures (c) and (d) show the storage modulus 

G’ (c) and loss modulus G’’ (d) of the gels as a function of frequency at strain of 0.1 % at 20 ᵒC.  
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Figure 7 The storage modulus G’ and loss modulus G’’ as a function of strain at a frequency of 1 Hz 

at 20 ᵒC for pure 13 wt% WPI gel and 13 wt% WPI gel containing 0.3 wt% BC microfibrils. The NaCl 

concentration of both samples was 250 mM.  

 

Figure 8 Storage modulus G’ (filled symbols) and loss modulus G’’ (open symbols) (a) and Tangent 

δ (b) as a function of NaCl concentration for 13 wt% WPI gels containing BC microfibril 

concentration of 0, 0.1, and 0.3 wt%. The values of G’ and G’’ were taken from the last point of 

holding samples at 20 ᵒC for 30 min after gel formation. Lines are used to guide the eye. 
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The  G’ (Figure 6a) and G’’ (Figure 6b) as a function of time for WPI-BC microfibril gels with 

20 mM NaCl are comparable to that of pure WPI with 20 mM NaCl. The G’ and G’’ showed 

a sharp increase when temperature reaches 80 ᵒC, followed by further increase upon 

cooling and holding temperature at 20 ᵒC. Increasing NaCl to 100 mM, we observed a 

sharper increase in G’ and G’’ upon temperature increasing to 80 ᵒC supposedly due to the 

accelerated aggregation caused by the screened intermolecular repulsion by NaCl. Upon 

further increase in NaCl concentration to 250 mM, the increase of G’ and G’’ was 

comparable to the samples with 100 mM NaCl.  Plotting the G’ and G’’ values as a function 

of NaCl concentration as shown in Figure 8a, one can observe that the increase of G’ and 

G’’ is mainly dominated by NaCl concentration, the concentration of BC microfibrils 

showed only a small effect on G’ and G’’ at low NaCl concentration. In addition, the 

tangent δ (Figure 8b) of the WPI-BC microfibril gels showed a comparable trend and value 

to that of pure WPI gels upon increasing NaCl concentration, suggesting that the WPI gel 

structure in the WPI-BC microfibril gel is structured in the same way as the pure WPI gel.
46

 

Interestingly, tangent δ decreased upon addition of NaCl concentration, but remained 

constant up to NaCl concentration of 250 mM. The G’ and G’’ of all WPI-BC microfibril gels 

were independent of frequency as shown in Figure 6c and 6d, The strain sweep in Figure 7 

showed that the linear visco-elastic regime of the WPI gel with 0.4 wt% BC microfibrils is 

the same as the pure WPI gel, at NaCl concentration of 250 mM.  
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Figure 9 Comparison of gel rheological properties of 13 wt% pure WPI, 0.3 wt% pure BC 

microfibrils, and 13 wt% WPI containing 0.3 wt% BC microfibrils, at both 0 and 250 mM NaCl. The 

development of storage modulus G’ and loss modulus G’’ during gel formation of the samples as a 

function of time at a strain of 0.1 % and frequency of 1 Hz is shown in figures (a) and (b). The 

purple line represents the temperature profile. Figures (c) and (d) show storage modulus G’ (c) and 

loss modulus G’’ (d) of the gels as a function of frequency at a strain of 0.1 % at 20 ᵒC.  

In Figure 9, the gel storage modulus G’ and loss modulus G’’ of pure WPI, pure BC 

microfibrils, and the WPI-BC microfibril mixtures at both 0 and 250 mM NaCl are 

presented. The G’ and G’’ of 0.3 wt% pure BC microfibril dispersion remained constant 

upon heating and cooling, both at 0 and 250 mM. This again suggests that BC is stable 

against heating both at 0 and 250 mM NaCl, an observation in line with the DSC data and 

literature.
22, 23

 The pure 13 wt% WPI showed slower increase of G’ and G’’ at 0 mM NaCl 
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than that of the sample at 250 mM NaCl, when the temperature reaches 80 ᵒC. The G’ and 

G’’ of the gel were also much higher for 250 mM NaCl than for 0 mM NaCl. In the mixture 

containing 13 wt% WPI and 0.3 wt% BC microfibrils, the development of G’ and G’’ at both 

0 and 250 mM was similar to that of pure 13 wt% WPI gel, implying that the WPI gel is the 

dominant one and the addition of BC microfibrils has a negligible effect. However, the 

value of the G’ and G’’ in the mixture is higher than that of the pure WPI gel at 0 mM NaCl, 

indicating a synergistic effect upon addition of BC microfibrils. At 250 mM NaCl, the values 

of the G’ and G’’ of the mixture is close to that of the pure WPI gel, suggesting that WPI 

gel dominates the rheological properties of the mixed gel and the synergistic effect caused 

by BC microfibrils was too small in comparison to the strength of the WPI gel. In addition, 

the G’ and G’’ of BC microfibrils were independent of frequency at both 0 mM and 250 

mM NaCl.  The G’ and G’’ of the WPI-BC microfibril gels at both 0 and 250 mM NaCl 

showed similar dependency on frequency as the pure WPI gels at the same WPI 

concentration, indicating that WPI gel is the dominant one in the mixture.   

With increase of the BC microfibril concentration, a self-supporting network was formed. 

The minimal gel concentration was found to be 0.01 wt% at 1 cm sample height.
32

 The 

formation of a gel by BC microfibrils was also confirmed by rheology.
32

 However, BC 

microfibrils are non-gelling agents upon heating. Therefore, WPI is the only gelling agent 

during heating. Our results showed that the presence of BC microfibrils did not influence 

the WPI gelation upon heating. However, adding high enough BC microfibril concentration 

leads to a firmer WPI gel (without added salt). This increase is not observed when NaCl is 

added. Instead, in that case the WPI-BC microfibril gels show the same rheological 

properties as the pure WPI gels. This is probably related to the fact that the increase of gel 

firmness resulted from NaCl is much larger than the increase of gel firmness resulted from 

BC microfibrils addition up to 0.4 wt%. Consequently, the change of G’ and G’’ of the gels 

are dominated by NaCl concentration, resulting in stronger WPI gels. Adding NaCl alters 

the gel structure from fine-stranded to particulate gels and the firmness of the WPI gel 

increases, with bigger aggregate present.  Our results on firmer gels upon salt increase are 

in agreement with the literature.
12

  

In conclusion, we found that high enough BC micrfibril concentration leads to increase in 

the firmness (synergistic effect) of the WPI gels. The reasons can be two-fold. On one hand, 

the amount of the solvent entrapped in the BC phase could be increased, thus, leading to 
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the concentration of the protein phase, and increase of the gel firmness.
47

  On the other 

hand the BC network itself could lead to an increase in firmness by itself, and this could 

then add to the overall gel strength. 

4.3.4 Confocal laser scanning microscopy (CLSM) 

To further investigate the WPI-BC microfibril gels at different BC microfibrils and NaCl 

concentrations, we studied the microstructure of the gels using CLSM.  
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Figure 10 CLSM images of WPI-BC microfibril gels containing 13 wt% WPI and BC microfibril 

concentrations of 0, 0.05, 0.1, 0.2, 0.3 and 0.4 wt%. The concentrations (wt%) are indicated next to 

the images. For each sample, images from the BC microfibril channel, WPI channel and the overlay 

image were shown. WPI is shown in red and BC microfibril in turquoise. The scale bar corresponds 

to 20µm.  

13 WPI + 0.05 BC

13 WPI + 0.1 BC

13 WPI + 0.2 BC

13 WPI + 0.3 BC

13 WPI + 0 BC

0 WPI + 0.2 BC

13 WPI + 0.4 BC

BC WPI Overlay
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Figure 11 CLSM images of WPI-BC microfibril gels with NaCl of 0, 20, 100 and 250 mM. The NaCl 

concentrations (mM) are indicated on the left side of the images. The WPI and BC concentrations 

(wt%) are indicated below the images. Images from the BC microfibril channel, WPI channel and 

the overlay image were shown. The BC microfibrils are shown in turquoise and the WPI is shown 

in red. The scale bar corresponds to 20µm. The black dashed line in the middle of the figure 

separates the samples containing 13 wt% WPI and 0.1 wt% BC microfibrils from the samples 

containing 13 wt% WPI and 0.3 wt% BC microfibrils.  

 250 mM 

20 mM 

 100 mM 

0 mM 

BC WPI Overlay 
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Figure 12 CLSM overlay images of 13 wt% WPI gels mixed with 0, 0.1 and 0.3 wt% BC microfibrils. 

The NaCl concentrations in the samples (0, 20 and 100 mM) are indicated below the images. The 

BC concentration (wt%) are indicated on the left side of the images. The scale bar corresponds to 

50 µm. The images shown above the black dashed line are from 0.1 wt% pure BC microfibril at 

concentrations of 0 and 250 mM NaCl.  

In Figure 10, we observed a homogeneous WPI network in pure 13 wt% WPI gel. In WPI 

gels containing BC microfibrils, we also observed a homogeneous network for the WPI, 

independent of the concentration of BC microfibrils.  In addition, we observed clusters of 

BC microfibrils distributed over the system. No macroscopic phase separation could be 

observed for the any of the BC microfibril concentrations. The distribution of these 

clusters of BC microfibrils and corresponding voids (ranging from tens to thousands of 

micrometers) varies depending on concentration of BC microfibrils, which has been 

reported previously.
32

 In the CLSM overlay images where both WPI and BC microfibril are 

shown, we observed that WPI forms a homogeneous gel network (on the length scale 

probed by CLSM), even when the BC microfibrils are present. This suggests that the 

presence of BC microfibrils does not influence the WPI gel network structure on the length 
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0 20 100
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scale of micrometer or larger. Similar results have also been reported in WPI gels with 

other protein
48

 or polysaccharide
10

 systems.   

When adding NaCl, we observed that the WPI-BC duplex gels become more opaque. We 

observed (Figure 11) that increasing the concentration of NaCl left the distribution of BC 

microfibrils in the gels unaffected, while the WPI gels become coarser. The coarseness 

increased with increasing NaCl concentration. The amount of BC microfibrils ( 0.1 wt% or 

0.3 wt%) did not influence the structure of the duplex gels significantly. Previous studies 

have shown that adding NaCl has a significant influence on the gelation of WPI, where the 

gel network becomes coarser by changing from a fine-stranded to a particulate gel.
49, 50

 BC 

microfibril gel structure was found to be unaffected by NaCl concentration, as observed in 

the CLSM images (Figure 12). Adding different concentrations of NaCl to the WPI-BC 

microfibril duplex gels showed that only the structure of the WPI gels was influenced, to 

an extent that is similar to that of the pure WPI gels.  

4.3.5 Scanning electron microscopy (SEM) 

SEM was used to determine the morphology of the WPI-BC microfibril duplex gels at 

different BC microfibril and NaCl concentrations. 
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Figure 13 SEM images of 13 wt% WPI containing 0, 0.05, 0.1, 0.2, 0.3 and 0.4 wt% BC microfibrils. 

The overall structure of the gels at low magnification is shown in (a). An area where mainly WPI is 

present is shown in (b). An area where both WPI and BC microfibrils are present is shown in (c). 

Scale bars correspond to 400µm, 50 µm, 5 µm, 2 µm and 1 µm.  

The pure WPI gel showed a smooth and homogeneous structure, as shown in Figure 13a. 

Upon addition of BC microfibrils, we observed a homogeneous WPI gel with BC 
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microfibrils distributing uniformly in the WPI gel. Increasing the BC microfibril 

concentration from 0.05 wt% to 0.4 wt% in WPI gels, the heterogeneity of the gel also 

increased.
32

 To have a closer look at the morphology of the WPI gel with different 

concentrations of BC microfibrils, we imaged the sample area where mainly WPI is present, 

as shown in Figure 13b. The WPI gel structure formed in samples containing BC 

microfibrils were similar to the structure of a pure WPI gel, independent of BC microfibril 

concentration, suggesting that the presence of BC microfibrils did not significantly 

influence the WPI gel structure. When the area where both WPI and BC microfibrils are 

present was imaged, we observed BC microfibril bundles and the dimensions of the 

bundles vary. In addition, we also observed the growth of WPI protein structures along the 

BC microfibril bundles, presumably either covering the surface of the BC microfibril 

bundles or being close to the BC microfibril bundles. It is not clear whether this is due to 

specific adsorption of WPI on the BC microfibril surface or simply due to the fact that the 

WPI proteins and according structures are close to the BC bundles. To check whether WPI 

actually adsorbed on BC microfibril surface, we centrifuged the WPI-BC microfibril 

dispersions and determined the WPI concentration in the supernatant (results not shown). 

We found that the value was comparable to that of the initial WPI concentration in the 

dispersion, suggesting no specific adsorption of WPI on BC, although we cannot exclude 

limited adsorption of WPI on the surface of the BC microfibrils by this one type of 

experiment.  
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Figure 14 SEM images of 13 wt% WPI containing 0, 0.1, and 0.3 wt% BC microfibrils at NaCl 

concentraiton of 20, 100, and 250 mM. The visual appearance of the gels are shown in (a).The 

overall structure of the gels at low magnification is shown in (b). An area where mainly WPI is 

present is shown in (c). An area where both WPI and BC microfibrils are present is shown in (d). 
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The NaCl concentration (mM) is indicated on the top of the images. Scale bars correspond to 

400µm , 50 µm, 5 µm, 2 µm and 1 µm. The green dashed line in the middle of the figure separates 

the samples containing 13 wt% WPI and 0.1 wt% BC microfibrils from the samples containing 13 

wt% WPI and 0.3 wt% BC microfibrils.  

When 20 mM NaCl is added, the WPI-BC microfibril duplex gels become translucent. Upon 

increasing NaCl concentration to 250 mM, the gels become increasingly opaque (Figure 

14a). An increase in coarseness of the WPI gel is also observed, as shown in Figure 14b and 

14c. Adding 0.1 or 0.3 wt% BC microfibrils did not show a significant difference on the 

macroscopic appearance of the gels. At higher magnification, we observed a gel structure 

changing from fine-stranded to particulate gel with increasing NaCl concentration (Figure 

14b and 14c). This is related to reduced electrostatic repulsion between proteins at higher 

NaCl concentration, facilitating the protein aggregation into a particulate gel structure.
51

 

The influence of BC microfibrils on the WPI gel structure with added NaCl was comparable 

to the gels without added NaCl. The BC microfibril bundles uniformly distributed in the 

WPI gel and did not influence the WPI gel structure. Interestingly, with increase in NaCl 

concentration, we observe more BC microfibril surface that seems to be not covered or 

hidden by protein (Figure 14d). This may be due to the stronger aggregation of the 

proteins among themselves at larger NaCl concentration. The presence of BC microfibrils 

did not show a distinct influence on the structure of the duplex gel. It can be concluded 

that the addition of NaCl in WPI-BC microfibril duplex gels only influenced the protein 

aggregation, leading to a coarser protein gel, to a similar extent as to what is observed in 

pure WPI gels upon increasing NaCl concentration. This is in-line with the DSC results, 

rheological properties, and CLSM images, where also no specific interactions between WPI 

and BC microfibrils could be concluded.  

From the CLSM and SEM images, we can conclude that adding BC microfibrils did not 

influence the WPI gel structure. Overall, for any NaCl concentration, in duplex gels of WPI 

and BC microfibrils, the WPI forms a gel structure independent from the BC microfibril gel, 

and with a structure similar to that in a pure WPI gel.  
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4.3.6 Large deformation response 

The breakdown of gels under large deformation was also studied.
52

 To investigate how BC 

microfibrils affect the breakdown properties of the WPI gels at different NaCl 

concentrations, large deformation rheology was performed. The macroscopic appearance 

of the gels is shown in Figure 15 and the true stress and true strain of gels under uniaxial 

deformation are shown in Figure 16. Figure 17 shows the Young’s modulus and fracture 

stress as a function of BC microfibril concentration.  

 

Figure 15 Visual observation of WPI-BC microfibril duplex gels containing 13 wt% WPI and BC 

microfibril concentrations of 0, 0.1, 0.2, and 0.4 wt%. The corresponding NaCl concentration in the 

gels is indicated on the left side of the images.  
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Figure 16 The True stress (KPa) over true strain (-) of WPI-BC microfibril gels containing 13 wt% 

WPI and BC microfibrils of 0, 0.1, 0.2 and 0.4 wt%. The NaCl concentration in A, B, C, D 

corresponds to 0, 50, 100 and 200 mM.  
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Figure 17 Young’s modulus (A) and fracture stress (B) of WPI-BC microfibril gels as a function of BC 

microfibril concentration. The concentration of WPI is 13 wt% in all samples.    

Both increasing BC microfibril and NaCl concentrations resulted in more opaque gels, as 

shown above (Figure 15). For pure WPI gel without NaCl (Figure 16A), the gel was very 

weak and did not fracture completely under compression. With addition of BC microfibrils, 

the gels became stiffer, but were still weak and fractured only partially (Figure 16A). This is 

due to the high elastic properties of WPI gel. Adding BC microfibrils decrease the elasticity 

of the duplex gels, in line with the small deformation rheological properties, but the gels 

were still not brittle enough to fracture completely. With addition of 50 mM NaCl, all the 

gels eventually fractured. Upon increase in NaCl concentration, the gels fractured at larger 

stress but lower strain, corresponding to a firmer but more brittle gel with a coarser gel 

structure.
12, 53

 We note that the fracture properties of WPI-BC microfibril gels with 100 

mM NaCl are comparable to those of gels with 200 mM NaCl. This is related to the balance 

between formation of larger aggregates and less connectivity between the aggregates.
54, 55

 

Overall, the fracture behaviour of the WPI gels with BC microfibrils under large 

deformation is comparable to that of the pure WPI gels, independent of BC microfibril 

concentration. The difference in fracture behaviour induced by the NaCl addition was 

attributed to WPI gel structural changes, as confirmed by CLSM and SEM images. In Figure 

17B, it also shows that the concentration of BC microfibrils in the WPI-BC mirofibril 

duplexgel did not significantly alter the fracture stress of the gels in comparison to the 

pure WPI gels at the same concentration. This is due to the strong gel formed by WPI, 
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which dominates the gel facture properties. Our results are in agreement with literature in 

that for mixed gels with two independent networks, the stronger gel of the two dominates 

the fracture behaviour.
48

   

Young’s modulus was determined from the initial slope of the stress over strain curve 

(strain 0.01-0.1). As shown in Figure 17A, the Young’s modulus of the pure WPI gels 

increased significantly with increasing NaCl concentration, due to the formation of thicker 

protein strands. Upon BC microfibrils addition, the Young’s modulus slightly increased 

with increasing BC microfibril concentration in the duplex gels, with the exception of the 

gels prepared at 200mM NaCl where the Young’s modulus is comparable to that of the 

pure WPI gels with 200mM NaCl. This implies that the Young’s modulus of the duplex gels 

is dominated by the WPI gel.  

4.3.7 Water holding capacity (WHC) 

Water holding capacity of the WPI-BC microfibril gels was determined at varying 

concentrations of BC microfibrils and NaCl.   

 

Figure 18 WHC of WPI-BC microfibril duplex gels containing 13 wt% WPI and BC concentrations of 

0, 0.1, 0.2 and 0.4 wt%. The NaCl concnetrations in the duplex gels vary from 0, 50, and 100 to 200 

mM.  
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In WPI-BC microfibril duplex gels without NaCl, the WHC increased slightly with increasing 

BC microfibril concentration. This is attributed to the good water binding ability of BC,
20

 

which has also been reported in other studies.
22, 56, 57

 Upon addition of NaCl, the WHC of 

the gels decreased with increase in NaCl concentration. At a NaCl concentration of 50 mM, 

the WHC gradually decreased with increasing BC concentration. At 100mM NaCl, the 

decrease of the WHC is less pronounced with increase of BC microfibril concentration. 

When 200 mM NaCl is added, the WHC of the WPI-BC microfibril duplex gels is 

comparable to that of the pure WPI gels. In line with literature, the WHC of pure WPI gels 

decreases with increasing NaCl concentration.
12, 53, 55

 The decreased WHC of WPI gels due 

to addition of NaCl is related to a more coarse microstructure. Meanwhile, addition of 

NaCl was also found to decrease the WHC of BC mcirofibrils.
39

 Expectedly, duplex gels of 

WPI and BC microfibrils exhibit a decrease of WHC upon addition of NaCl at 100 and 200 

mM NaCl, the WHC is less influenced by the BC microfibrils; in fact the WHC of the duplex 

gels is comparable to that of the pure WPI. . This is presumably due to the fact that the 

WHC of WPI is already rather low at higher salt concentrations due to the coarser 

structure. Previous results showed that the microstructure and stiffness of gels show a 

correlation to their WHC.
38, 55

 We accordingly plotted the Young’s modulus as a function of 

WHC in Figure 19.  

 

Figure 19 Young’s modulus as a function of WHC of WPI-BC microfibril duplex gels containing 13 

wt% WPI and BC concentrations of 0, 0.1, 0.2 and 0.4 wt% at NaCl concentrations of 0, 50, 100, 

200 mM. Dashed lines are used to separate the regions at different NaCl concentrations.   
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For pure WPI gels, the Young’s modulus showed a negative correlation with the WHC. 

With increasing NaCl concentration, the stiffness and coarseness of the gel increased, 

thereby facilitating the water removal. This result is in line with earlier work on WPI gels 

by Urbonaite et al.
55

 The addition of different concentrations of BC microfibrils to the WPI 

did not change the relation between the Young’s modulus and WHC significantly. This 

again confirmed that the WHC of the WPI-BC microfibril duplex gels is dominated by the 

properties of the WPI gel, i.e. the concentration of NaCl in this study. 

4.4 Conclusions 

We have shown that the WPI gel structure within a WPI-BC microfibril gel is independent 

of the presence of BC microfibrils. The gel consists of a WPI gel network and a BC 

microfibrillar network. We therefore call it a duplex gel.  In the duplex gels, NaCl only 

influences the WPI gel structure. At lower NaCl concentrations, the rheological properties 

of WPI gels can be altered by the addition of BC microfibrils. At higher NaCl concentration, 

the rheological properties are dominated by the (much stronger) WPI gel. The presence of 

BC microfibrils did not show a significant influence on the WPI gelation dynamics and gel 

structure. The concentration of BC microfibrils did not significantly influence the large 

deformation rheology nor the WHC of the WPI-BC microfibril duplex gels. Properties of the 

gels are dominated by the properties of the WPI gel.  The ability of the BC microfibril gel to 

modify the WPI gel properties in the duplex gel is the largest for the weakest WPI gel 

structure and increases with increasing concentration of BC microfibrils.  
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Abstract 

In this study, we investigated the gelation of WPI fibrils in the presence of bacterial 

cellulose (BC) microfibrils at pH 2 upon prolonged heating. Rheology and microstructure 

were investigated as a function of BC microfibril concentration. The presence of BC 

microfibrils did not influence the gelation dynamics and resulting overall structure of the 

WPI fibrillar gel. The storage modulus and loss modulus of the mixed WPI-BC microfibril 

gels increased with increasing BC microfibril concentration, while the ratio between loss 

modulus and storage modulus remained constant. The WPI fibrils and BC microfibrils 

independently form two co-existing gel networks. Interestingly, near to the BC microfibrils 

we observed more aligned WPI fibrils, with individual WPI fibrils clearly distinguishable. 

The level of alignment of the WPI fibrils is dependent on the distance between BC 

microfibrils and WPI fibrils. This also is in line with our observation that with more BC 

microfibrils present, WPI fibrils are more aligned than in a WPI fibrillar gel without BC 

microfibrils. The large deformation response of the gels at different BC microfibril 

concentration and NaCl concentration is mainly influenced by the concentration of NaCl, 

which affects the WPI fibrillar gel structures, changing form linear fibrillar to a particulate 

gel.  The WPI fibrillar gel yields the dominant contribution to the gel strength.    
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5.1 Introduction 

The ability of proteins to form fibrils under certain conditions has been suggested as a 

generic feature to all proteins.
1, 2

 The subject has received considerable attention in the 

past decades.
3-14

 Whey protein is a class of proteins frequently studied for fibril 

formation.
15

 A commercial system used for this purpose is whey protein isolate (WPI), 

containing a mixture of various types of whey protein. It is composed of beta-lactoglobulin 

(β-lg), alpha-lactalbumin (α-lac), and bovine serum albumin (BSA).
16

 Upon heating WPI at 

80 ᵒC at pH 2 and low ionic strength for several hours, β-lg was found to be the protein 

involved in fibril formation.
17-19

 In fact, the protein is first hydrolysed, due to the low pH, 

to peptides and part of the peptides assemble into fibrils.
12

 Above a certain WPI 

concentration (~6 wt%), transparent gels consisting of these fibrils can be obtained.
18

 The 

fibrillar gels prepared from whey proteins by prolonged heating at pH 2 have been studied 

previously with respect to their gel structure and rheological properties.
13, 18, 20-28

 However, 

little research has been performed on the formation and properties of fibrillar whey 

protein gels mixed with other fibrillar structures.   

One of such fibrillar structures is bacterial cellulose (BC) microfibrils. This has recently 

received considerable interest in foods as a functional material due to its multi-

functionality such as gelling, thickening, stabilizing and water binding abilities.
29-35

 Their 

health benefits include use as a dietary fibre and low-calorie food ingredient (i.e., fat 

substitute). This forms an added-value for use in foods.
36-38

 In addition, the BC microfibrils 

is highly pure in comparison to structures obtained from plant cellulose.
39

  The microfibrils 

of BC are ribbon-shaped due to the interfibril hydrogen bonding and van der Waals 

attraction. These microfibrils have the tendency to agglomerate into a space-filling 

network and exhibit gel-like properties.
40

 The length of the mirofibrils is of the order of 

micrometer, while their width is of the order of nanometer.
41

 The research on BC 

microfibrils has mainly focused on its formation and production.
42, 43

 Limited research has 

been performed to understand the interaction of BC microfibrils in food systems.
30, 31, 35, 37, 

38
  

Recently, BC microfibril dispersions prepared from the well-known dessert in Philippines, 

named Nata de Coco,
44

 through high energy de-agglomeration has been characterized  by 

Kuijk et al.
40

 and further modified with addition of a charged polymer by Veen et al.
45, 46

  In 
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the current study, we investigate mixed gels consisting of WPI fibrils and BC microfibrils as 

obtained from prolonged heating at pH 2  of a WPI solution mixed with BC microfibrils. 

Our hypothesis was that WPI still forms fibrils in the presence of BC microfibrils under this 

condition, and that a WPI fibrillar gel is formed in co-existence with a microfibrillar BC gel. 

We characterized the rheological properties, microstructure and mechanical properties of 

the bi-fibrillar gels.  

5.2 Materials and Methods  

5.2.1 Whey protein isolate (WPI) solution  

We followed the same procedure as Chapter 3 for the preparation of WPI solution at pH 2. 

WPI (Bipro, Davisco, lot # JE 198 -1-420, USA) powder was first dissolved in an HCl solution 

of pH 2 with stirring at 4 ᵒC overnight. The concentration of the WPI in the solution is 

about 15 wt%.  After dissolution, the pH of the WPI solution was adjusted to pH 2 with a 6 

M HCl solution. Subsequently, the solution was filtered using a syringe filter (Hydrophilic 

PES 0.45 μm, Millipore Millex-HP) to remove undissolved protein. UV spectrophotometer 

(Cary 50 Bio, Varian) and a calibration curve of known WPI concentration at a wavelength 

of 278 nm was used to determine the protein concentration in the solution. The WPI stock 

solution was left at 4 ᵒC before further sample preparation.   

5.2.2 Bacterial cellulose (BC) microfibril dispersion 

The dispersion of 1 wt% BC microfbrils was obtained from Unilever R&D Vlaardingen, The 

Netherlands. The preparation procedure refers to Chapter 3 and more details can be 

found in literature.
40, 45

  

5.2.3 WPI-BC bi-fibrillar gels 

We used the WPI stock solution and BC microfibril dispersion prepared above for mixture 

preparation. A solution of pH 2 was used for dilution to reach the desired concentration 

ratios of WPI and BC microfibrils. The final WPI concentration in the mixtures was fixed at 

9 wt% and the BC microfibril concentrations were 0, 0.05, 0.1, 0.2, 0.3 and 0.4 wt%, 

respectively. For homogeneous mixing, all samples were stirred for 30 min prior to 

analysis. The pH of the final mixture was adjusted to pH 2 using a 6 M HCl solution. For gel 
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preparation, the mixtures were heated in a water bath (Haake Phoenix II C25P) from 20 to 

80 
o
C with heating rate of 2 

o
C/min, holding at 80 

o
C for 10 hours and cooling from 80 to 

20 
o
C with a cooling rate of 2 

o
C/min. After heating, the mixtures were left at 20 

o
C for 

further analysis.  

5.2.4 Differential Scanning Calorimetry (DSC) 

DSC was performed by placing about 50 mg sample in a sealed stainless steel pan in the 

equipment (Diamond series DSC, Perkin Elmer, Pyris, USA). The measurement was 

performed by first equilibrating at 20 ᵒC for 2 min; afterwards, the sample was heated 

from 20 ᵒC to 100 ᵒC at a heating rate of 10 ᵒC/min, held at 100 ᵒC for 1 min, and then 

cooled from 100 ᵒC to 20 ᵒC at a cooling rate of 10 ᵒC/min. After equilibrating at 20ᵒC for 2 

min, the sample was again heated from 20 ᵒC to 100 ᵒC at a heating rate of 10 ᵒC/min. All 

samples were measured in duplicate. The software of Pyris (Perkin Elmer) was used for 

data analysis. 

5.2.5 Small deformation rheology 

The WPI-BC microfibril mixtures were stirred at room temperature for one hour prior to 

measurement. Then, the samples were transferred using a pipette with a cut-off tip to a 

stress-controlled rheometer (MCR 302, Anton Paar). Measurement was performed using 

sandblasted concentric cylinder geometry (CC17/TI/S-SN38492). To prevent evaporation, 

the sample was covered with a thin layer of paraffin oil and a solvent trap was also used. 

The development of storage modulus G’ and loss modulus G’’ during gel formation was 

monitored at a frequency of 1 Hz and strain of 0.1 %. The temperature during the gel 

formation was first increased from 20 to 80 ᵒC at a heating rate of 2 ᵒC /min, held at 80 ᵒC  

for 10 hours, decreased from 80 to 20 ᵒC at a cooling rate of 2 ᵒC /min, and then held at 20 

ᵒC for 30 min. Afterwards, a frequency sweep was determined at a strain of 0.1 % and 

frequency increasing from 0.01 to 100 Hz within 30 min at 20 ᵒC. Additionally, a strain 

sweep was also performed at a frequency of 1 Hz and strain increasing from 0.01 to 1000 % 

within 30 min at 20 ᵒC.   
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5.2.6 Confocal laser scanning microscopy (CLSM) 

1 ml of sample is transferred to an Eppendorf. 5 µl of 0.2 % Rhodamine B and 10 µl of 

0.05 % Calcofluor white were added to stain the WPI and BC microfibrils, respectively. The 

sample was vortexed for 10 s for homogeneous mixing. Sample with a volume of 125 µl 

was transferred into CLSM cuvettes (Gene Frame 125 μl, Thermo Scientific). The cuvettes 

were sealed by gently gluing a cover glass (Menzel-glaser, Thermo Scientific, Germany) on 

the top. The cuvettes were then transferred and heated in a water bath (Haake Phoenix II 

C25P) for gel preparation. The temperature was increased from  20 to 80 ᵒC at a heating 

rate of 2 ᵒC, held at 80 ᵒC for 10 hours and then decreased from 80 to 20 ᵒC at a cooling 

rate of 2 ᵒC. Samples were kept  at room temperature for one day before imaging. CLSM 

image analysis was performed on a Zeiss LSM 510 META microscope (Zeiss, Germany) 

equipped with an Axiovert 200M inverted microscope using an oil immersion objective 

(Plan-Apochromat 63x/1.4 oil DIC). The excitation wavelength of Rhodamine B and 

Calcofluor white are 543 nm and 405 nm. The emission wavelength of Rhodamine B and 

Calcofluor white are 560 nm and 420 nm.  

5.2.7 Scanning Electron Microscopy (SEM) 

For image analysis of BC dispersion using SEM, a small droplet of the sample was put on a 

hollow copper rivet and rapidly frozen in liquid ethane. The rivets were placed in a cryo-

sample holder in liquid nitrogen and hereafter transferred to the cryo-preparation system 

(MED 020/ VCT 100, Leica, Vienna, Austria) onto the sample stage. Subsequently, the 

samples were fractured, freeze dried for 10 minutes and then sputter coated with a layer 

of 10 nm tungsten at the same environmental conditions. The samples were cryo-shielded 

and transferred into the field emission scanning microscope (Magellan 400, FEI, Eindhoven, 

The Netherlands) onto the sample stage for further analysis.  

Gels were prepared in pre-lubricated 20 ml syringes for SEM imaging. The gels were cut 

into five pieces which are 1 cm in diameter and 1.3 cm in height and placed in 2.5% (v/v) 

glutaraldehyde solution for 8 hrs for crosslinking of the proteins.  The excess 

glutaraldehyde was removed by placing the gel pieces in MilliQ water with gently rotating 

overnight. The water was replaced gradually by 10, 30, 50, 70, and 100 % acetone. The 

sample was gently rotated for 1 hour for each acetone concentration. Finally, the samples 
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were left in 100 % acetone. Subsequently, the sample pieces were dried using critical 

point drying (CPD 300, Leica, Vienna, Austria) and then were fractured and attached onto 

SEM sample holders using Carbon Conductive Cement (Leit-C, Neubauer Chemicalien, 

Germany). The samples were stored overnight under vacuum for removal of all the 

solvent from the adhesive. After sputter coating with a 10 nm thick layer of iridium (SCD 

500, Leica, Vienna, Austria) the fractured surfaces were analyzed on a scanning electron 

microscope (Magellan 400, FEI, Eindhoven, the Netherlands). 

5.2.8 Large deformation rheology 

Gels were prepared in 20 ml syringes (BD plastipak, Spain) which were pre-lubricated 

using paraffin oil. Cylindrical gel samples (20 mm in height and 20 mm in diameter) were 

obtained using a wire cutter. The fracture properties of the gels were measured by 

performing a uniaxial compression test  on a Texture Analyser (TA-XT plus, Stable Micro 

Systems, Godalming, U.K)  fitted with a 50 kg load cell and a cylindrical plastic probe of 75 

mm in diameter. The gels were compressed to 80 % deformation at a rate of 1 mm/s at 

room temperature. Four measurements were performed for each sample. The true stress, 

true strain and Young’s modulus were calculated on the basis of the method described 

elsewhere.
47

  

5.3 Results and discussion 

5.3.1 Macroscopic stability 

Pure WPI solution is transparent at pH 2. Adding BC microfibrils to the solution leads to a 

turbid mixture (Figure 1). The turbidity increases with increase in BC microfibril 

concentration due to the presence of thicker and long BC microfibril bundles.
40

 The 

mixtures showed macroscopically homogeneous and were stable at all BC microfibril 

concentrations. Upon prolonged heating at pH 2, pure WPI solution forms linear and long 

fibrils.
18, 22, 23

 At concentration of WPI above 6 wt%,  a transparent gel with a three-

dimensional network consisting of long fibril aggregates is formed,
18, 21, 23, 25, 48

 as also 

observed in Figure 1 at  9 wt% pure WPI. WPI contains a mixture of proteins with β-

lactoglobulin (β-lg) as the major protein (~60%). Bolder et al.
17-19

 reported that β-lg is the 

only protein involved in fibril formation under the conditions used here. In the presence of 
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BC microfibrils, the WPI gels formed are translucent and become turbid upon increasing 

BC microfibril concentration. The BC microfibrils do not gel upon prolonged heating at pH 

2, as confirmed in Chapter 3.  

 

Figure 1 Images of WPI-BC microfibril mixtures as a function of BC microfibril concentration at pH 

2 (a) and the corresponding heat-induced gels (b). All Samples contain 9 wt% WPI and BC 

microfibril concentrations range from 0, 0.05, 0.1, 0.2, and 0.3 to 0.4 wt%, as indicated below the 

image.  

5.3.2 Differential Scanning Calorimetry (DSC) 

The BC microfibrils did not show endothermic peaks on heating at pH 2. The WPI solution 

exhibited an endotherm peak upon heating due to denaturation, the peak temperature is 

around 80 ᵒC. Adding BC microfibrils, to WPI solution gave a similar endothermic peak to 

that of the pure WPI solution, regardless of the concentrations of BC microfibrils used. 

When reheating the samples, no peaks were observed, indicating the irreversible 

denaturation of WPI. The thermal behaviour of whey proteins has been reported to be 

dominated by the behaviour of beta-lactoglobulin (β-lg). The denaturation temperature of 

WPI found here at low pH is in agreement with literature,
49, 50

 suggesting that the addition 

of BC in WPI solution did not influence the denaturation temperature of WPI. This  is likely 

to denote the absence of specific interactions
51

 between WPI and BC microfibrils; WPI 

denatures in the mixtures with BC microfibrils the same  way as without the BC 

microfibrils present.   

a

0 0.05 0.1 0.2 0.3 0.4

BC concentration (wt %)

b
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Figure 2 DSC thermograms for pure WPI, pure BC microfibrils and mixed WPI-BC microfibril 

samples. Concentrations are indicated above the lines.  

5.3.3 Rheological properties 

For the sample containing only 0.3 wt% pure BC microfibrils (Figure 3), the storage 

modulus G’ and loss modulus G’’ remained constant over time, despite the changes in 

temperature, indicating that the rheological properties of BC microfibrils are stable against 

the temperature change at pH 2. In pure WPI gels (9 wt%), the G’ and G’’ started with a 

small value. When temperature reached 80 ᵒC, both G’ and G’’ underwent a sudden 

increase, indicating the start of WPI gelation. The G’ and G’’ reached a constant value after 

holding at 80 ᵒC for 10 hours. This is in agreement with Gosal et al.
20

, who has studied the 

gelation of β-lg at pH 2 upon prolonged heating and such sudden increase is generally 

recognized as a typical sol-gel transitions of biopolymer solutions.
52

 Upon temperature 

decreasing to 20 ᵒC, the G’ and G’’ continued to increase. A slight decrease of the G’ and 

G’’ was observed prior to further increase, this has been also observed in the study of 

Gosal et al.
20

 and was attributed to an artefact resulted from the slippage of the gel 

samples after prolonged heating at an elevated temperature, which was most likely to be 
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caused by the creep of the paraffin oil between the gel surface and the measuring cup. 

This creep of the parrafin oil could be caused by gel shrinkage (syneresis). At temperature 

of 20 ᵒC, the G’ and G’’ values of all gels remained constant.  

Upon addition of BC mirofibrils to a WPI solution, all samples have an initial G’ that is 

higher than G’’. The G’ values increase with increasing BC microfibril concentration. This is 

in line with the gel-like structure of BC microfibrils, reported previously.
40

 We observed a 

behaviour of the G’ and G’’ development over time similar to that of the pure WPI sample, 

regardless of the BC microfibril concentration. This suggests that the presence of BC 

microfibrils does not influence the gelation time and gelation temperature of WPI. Plotting 

the G’ and G’’ as a function of BC microfibril concentration (Figure 4a), we observe an 

increase in G’ and G’’ upon increasing the BC microfibril concertation.  Interestingly, the 

increase of G’ and G’’ as a function of BC microfibril concentration shows a similar trend, 

and this is further confirmed by plotting the tangent δ as a function of BC concentration 

(Figure 4b). Here we found that the value of tangent δ showed only a slight increase with 

increase of BC microfibril concentration. Since BC microfibrils are non-gelling agents upon 

heating, this result implies that the rheological properties of the mixed gel are mainly 

dominated by WPI and that the gel structure in the WPI-BC microfibril gel is the same as 

that of the pure WPI gel structure.
53

 We realise that the influence of the BC microfibril gel 

on the mixed gels might be too small to be reflected in rheological properties in 

comparison to the strong WPI gel. Therefore we also refer to the microscopic structural 

characterisations. 

When applying a frequency sweep (Figure 5), the G’ and G’’ of the pure BC mirofibrils 

sample showed an independency of frequency up to ~ 10 Hz. In contrast to the pure BC 

microfibril gel, the pure WPI gel showed an independency of frequency up to ~ 30 Hz. 

With addition of BC microfibrils into WPI gel, the G’ and G’ show the same trend to that of 

pure WPI gel upon increasing frequency, implying that the rheological properties of the 

WPI-BC microfibril gels are dominated by the WPI gel structure. A strain sweep (Figure 6) 

was  performed to confirm whether adding BC microfibrils to WPI gels affects the linear 

viscoelastic region (LVR). The results showed that adding BC microfibrils slightly leads to 

structure breakdown at a lower strain value, i.e. that addition of BC microfibrils makes the 

gels slightly more brittle.  
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The rheological properties of the WPI-BC microfibril gels at pH 2 showed a comparable 

behaviour to that of the pure WPI gel, indicating that the presence of BC microfibrils did 

not significantly influence the WPI gel formation and that the WPI gel dominates the 

rheological properties in the mixed gels. This is probably because of the relatively low 

concentrations of BC microfibrils in comparison to the high concentration of WPI. 

Increasing the BC microfibril concentration did result in a higher storage modulus and loss 

modulus of the gels. In protein-polysaccharide gels this effect was often observed and 

attributed to segregative phase separation.
54-56

  However, according to the macroscopic 

stability of the WPI-BC mixtures (Figure 1), it is unlikely that phase separation occurred. It 

would be more likely due to the water becoming preferably situated in the phase of BC, 

thereby effectively concentrating the protein phase.
57, 58
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Figure 3 The storage modulus G’ and loss modulus G’’ development of WPI-BC microfibril gels at 

pH 2 during gel formation. (a) and (c) show the G’ (a) and G’’ (c)  development of the samples as a 

function of time at a strain of 0.1 % and frequency of 1 Hz. (b) and (d) show the enlargement of G’ 

(c) and G’’ (d)  between the time period of 600 min to 691 min.  The purple line represents the 

temperature profile. All samples containing a fixed WPI concentration of 9 wt% and BC microfibril 

concentration varying from 0, 0.05, 0.1, 0.2, 0.3, to 0.4 wt%. 
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Figure 4 Storage modulus G’ and loss modulus G’’ (a) and tangent δ (b) of WPI-BC microfibril gels 

as a function of BC microfibril concentration at a fixed 9 wt% WPI. The values of G’ and G’’  are 

taken  from the last point after  holding the samples at 20 ᵒC for 30 min. Lines are used as a guide 

to the eye. 

 

Figure 5 The storage modulus G’ (a) and loss modulus G’’ (b) as a function of frequency at a strain 

of 0.1 %. All samples contain the same WPI concentration of 9 wt% and BC microfibril 

concentrations ranging from 0, 0.05, 0.1, 0.2, 0.3, to 0.4 wt% .  
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Figure 6 The storage modulus G’ and loss modulus G’’ as a function of strain at a frequency of 1Hz 

for samples of 9 wt% pure WPI fibrillar gel and bi-fibrillar gel containing 9 wt% WPI and 0.4 wt% 

BC microfibrils.  

5.3.4 Confocal laser scanning microscopy (CLSM) 

To investigate the WPI-BC microfibril gel microstructure, CLSM images were taken after 

gel formation. Figure 7 shows the CLSM images as a function of BC microfibril 

concentration. Pure BC microfibrils exhibited an inhomogeneous microstructure (Figrue 7). 

Flocs of BC microfibril bundles are visible in the CLSM images, in line with the study of 

Kuijk et al., 
40

 where they have shown that the BC microfibril dispersion is composed of 

fibril bundles, flocs and voids, resulting in highly heterogeneous structure. Pure WPI forms 

a homogeneous gel at pH 2 consisting of linear fibril aggregates with sizes too small to be 

visible in CLSM,
13, 18, 21, 23, 25

 as confirmed in Figure 7. The network of BC microfibrils must 

become denser with increasing BC microfibril concentrations in the mixed gel, but this 

cannot be concluded from CSLM images. The two gel structures do not seem to influence 

one another. Phase separation was not observed in the CLSM images.  The signal for BC 

microfibrils was too weak to be clearly visualized in WPI gels, in contrast to the pure BC 

microfibrils sample. This could be explained by the large amount of protein particles 

surrounding, covering or absorbing on the surface of the BC microfibrils. We still observe 

                                        

                                        

                                        

                                        

                                        

                                        

                                        

0.01 0.1 1 10 100 1000
10

0

10
1

10
2

10
3

10
4

G
' 
a
n

d
 G

''
 (

P
a
)

Strain (%)

 G' 9 WPI + 0 BC

 G' 9 WPI + 0.4 BC

 G'' 9 WPI + 0 BC

 G'' 9 WPI + 0.4 BC



Directed growth of protein fibrils in the presence of cellulose microfibrils 

 

129 

 

the BC microfibrils present in the overlay images, showing as the darker areas. This is also 

confirmed by the image from the transmission channel (not shown here) of the CLSM.  

 

Figure 7 CLSM images of WPI-BC microfibril gels containing 9 wt% WPI (shown in red) and BC 

microfibril (shown in green) concentrations of 0, 0.05, 0.1, 0.2, 0.3 and 0.4 wt%. On the top of the 

images show the BC microfibril concentrations (wt%) and at the bottom show WPI concentrations 

(wt%). Images from the BC microfibril channel, WPI channel and the overlay image are shown. The 

scale bar corresponds to 20µm.  

5.3.5 Scanning electron microscopy (SEM) 

SEM images were taken to obtain the details of the gel morphology. Images were taken at 

different magnifications and different locations within the sample. In particular, we 

focused on sample area where mainly WPI gel network is shown and area where both WPI 

and BC are present.  

From Figure 8a, one can see that the pure WPI gels formed at pH 2 shows a smooth and 

homogeneous gel structure. With addition of BC microfibrils, we observed two gel 

structures overlapping in the sample, i.e. an homogeneous WPI gel and BC microfibril gel 

spreading over the system without much influence on the WPI gel. The overall gel 

structure becomes inhomogeneous and the inhomogeneity is increased with increase in 

BC microfibril concentration due to the presence of BC microfibril bundles. When focused 
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on an area where only a WPI gel network is present, like that in a pure WPI gel, a lot of 

thin linear aggregates composed of peptides
12

 are observed, corresponding to the fibril 

WPI based structures. When comparing the WPI gel structure at different BC microfibril 

concentrations to the structure of the pure WPI gel, as shown in Figure 8b at different 

magnifications, we observe that the WPI gels formed in the presence of BC microfibrils 

reveal a better aligned WPI fibrillar gel network. It is clearly shown that the fibrils are 

much finer and aligned next to one another in the direction parallel to that of the BC 

microfibrils, in contrast  to the more random oriented fibrillar structures in a pure WPI gel. 

Upon increasing BC microfibril concentration, the alignment of the fibrils becomes more 

pronounced. When zooming in on the area where both WPI fibrils and BC microfibrils are 

present (Figure 8c), we observe the WPI fibrils parallel to the BC microfibrils. The BC 

microfibril gel structure did not show significant changes as a function of its concentration 

in WPI fibrillar gels. In Figure 9, images taken in a different location in the sample are 

shown. We observed the same WPI fibril alignment along the BC microfibrils. The 

alignment of WPI fibrils is enhanced with increase of BC microfibril concentration in the 

WPI gel.  

Interestingly, the extent of alignment of WPI fibrils varies within the sample, i.e., in some 

areas, the WPI fibrils structure show similar to the pure WPI fibril structure, whereas in 

other areas, the WPI fibrils show aligned to each other. It seems that the alignment 

depends on how far a specific area of WPI is from the neighbouring BC microfibrils. To 

confirm this, the effect of the distance between WPI and BC fibrils on the WPI fibril 

structure is investigated. To do this, we fixed the area where BC microfibrils are present 

(shown in green in Figure 10), and imaged the structure of the neighbouring WPI fibrils 

(shown in red)  as a function of their distance to BC microfibrils, as shown in Figrue 10. 

Results showed that in the area where BC microfibrils are present, the neighbouring WPI 

fibrils are better aligned than the WPI fibrils that are farther away from the BC microfibrils. 

In other words, the closer the WPI is located to BC microfibrils, the better aligned the WPI 

fibrils are. When there is no BC microfibrils around the WPI or the BC microfibrils are far 

enough from the WPI, the WPI fibril structure looks similar to that of a pure WPI fibrillar 

gel.  

The morphology of the gels from SEM reveals that adding BC microfibrilsto WPI fibril 

forming solutions resulted upon heating in the formation of a bi-fibrillar gel structure.  
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Interestingly, BC microfibrils serve as a director for WPI fibril formation, leading to 

formation of WPI fibrils aligned next to one another when in the neighbourhood of BC 

microfibers. Increasing the BC microfibril concentration enhanced the alignment of WPI 

fibrils next to one another in the neighbourhood of the BC microfibrils.  

 

Figure 8 SEM images of WPI-BC microfibril gels containing 9 wt% WPI and BC microfibril 

concentration of 0, 0.05, 0.1, 0.2, 0.3 and 0.4 wt%. (a) shows the overall structure of the gels, (b) 
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shows the structure at locations where mainly WPI is present, and (c) shows the structure at 

locations where both WPI and BC microfibrils are present. Scale bars correspond to 400 µm, 50 µm, 

5 µm, 2 µm, and 1 µm.  

 

Figure 9 SEM images of WPI-BC gels containing 9 wt% WPI and BC concentration of 0, 0.05, 0.1, 0.2, 

0.3 and 0.4 wt% BC. Images show the structure at locations where both WPI and BC microfibrils 

are present. Scale bars corresponds to 50 µm, 5 µm, 2 µm, and 1 µm. 
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Figure 10 SEM images showing the WPI structure (red square) as a function of the distance to the 

position where BC microfibrils are present. From left to right, the distance between WPI and BC 

microfibrils decreases. Scale bars correspond to 50 µm, 2 µm, and 1 µm. 

5.3.6 Large deformation properties  

Large deformation rheological properties were measured to investigate the effect of BC 

microfibrils on the fracture properties of the WPI gel. Moreover, NaCl was also added to 

the mixture, the concentrations used are 0, 50, 100 and 200 mM. The dependency of WPI 

gel structure on ionic strength at pH 2 has been studied previously by several authors.
13, 23, 

24, 26, 28
 WPI gels formed at pH 2 were found to be transparent up to a salt concentration of 

100 mM.
28

 With increase in salt concentration, the electrostatic repulsion is reduced and 

the fibrils formed become shorter and more flexible.
13, 14, 23, 26, 28

 This further results in 

different gel structures.
14, 26

 However, structure of BC microfibrils are stable against salt 

concentration, as concluded from the TEM and CLSM images (results not shown). No 

significant difference of BC microfibril microstructure was observed. From the gel 

macroscopic images shown in Figure 11, the appearance of gels from pure WPI changed 

from transparent to  more opaque with increase in salt concentration, which is in line with 
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previous studies.
28

 Increasing BC microfibril concentration resulted in more opaque gels as 

discussed above.  

 

Figure 11 Macroscopic images of WPI-BC microfibril gels prepared at NaCl concentration of 0, 50, 

100, and 200 mM after 1 day of the preparation. All samples containing the same WPI 

concentration of 9 wt% and BC microfibril concentrations of 0, 0.1, 0.2, and 0.4 wt% as indicated 

on the top of the images. The NaCl concentrations (mM) are indicated on the left side of the 

images.  

As shown in Figure 12 A, at 0 mM NaCl, upon addition of BC microfibrils, the WPI-BC 

microfibril gels showed a similar correlation for true stress as a function of true strain to 

that of the pure WPI gel. All gels fractured at almost the same strain upon compression. 

However, the fracture stress is increased in the presence of BC microfibrils, but there is no 

significant difference for different BC microfibril concentrations (Figure 13 B). This 

corresponds to small deformation properties as discussed above, where we found that 

addition of BC microfibrils increases the gel strength. With increasing NaCl concentration, 

the fracture stress of pure WPI gels increased, whereas the fracture strain decreased. 

Higher NaCl concentrations yield a coarser gel structure. In the mixed WPI-BC microfibril 
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gels, with increase in NaCl concentration, the gels fracture at lower strain and higher 

stress. In general, the WPI-BC microfibril gels showed similar characteristics upon 

compression to that of a pure WPI gel at the same NaCl concentration. The presence of 

NaCl only influences the WPI gel structure, not the BC microfibril structure.  

 

Figure 12 Uniaxial compression with 80% deformation of WPI-BC gels at pH 2 with NaCl 

concentrations of 0 (A), 50 (B), 100 (C), and 200 (D) mM. All samples contain a WPI concentration 

of 9 wt% and BC microfibril concentrations range between 0, 0.1, 0.2, and 0.4 wt%.  

The Young’s modulus reflects the stiffness of the gel. As shown in Figure 13A, increasing 

NaCl concentration increases the stiffness of the pure WPI gel. Upon addition of BC 

microfibrils, the gels become stiffer at all NaCl concentrations upon increasing BC 

microfibril concentration.  

Overall, the large deformation results suggest that the concentration of NaCl only 

influences the WPI structure with according changes in rheological behaviour and fracture 

properties.   
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Figure 13 Young’s modulus (A) and fracture stress (B) of WPI-BC gels as a function of BC microfibril 

concentration with NaCl concentrations of 0, 50, 100, and 200 mM.  All samples contain a WPI 

concentration of 9 wt% and BC concentrations range between 0, 0.1, 0.2, and 0.4 wt%.  The error 

bar is based on the standard deviation of quadruplicate samples.  

5.4 Conclusion 

We have prepared bi-fibrillar gels from whey protein isolate and bacterial cellulose 

microfibrils at pH 2 upon prolonged heating. In the presence of BC microfibrils, the WPI 

forms a fibrillar gel consisting of linear fibrillar aggregates. The two types of fibrillar 

structures co-exist and are overall homogeneous under the conditions studied. Increase of 

BC microfibrils increases the firmness of the gel. Upon increasing NaCl concentration in 

the bi-fibrillar gel, the WPI structure changes similarly as the WPI structure without the BC 

microfibrils present.  The WPI fibrillar structure dominates the rheological properties of 

the bi-fibrillar gels. When fibrils from WPI are being formed near BC micofibrils, the BC 

microfibrils serve as a director for the WPI fibril formation. With the presence of BC 

around the WPI, the fibrils formed are better aligned next to one another parallel to the 

BC microfibrils.  
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Abstract 

The behavior of an oil-in-water emulsion was studied in the presence of protein fibrils for 

a wide range of fibril concentrations by using rheology, diffusing wave spectroscopy and 

confocal laser scanning microscopy. Results showed that above a minimum fibril 

concentration, depletion flocculation occurred, leading to oil droplet aggregation and 

enhanced creaming of the emulsion. Upon further increasing the concentration of the 

protein fibrils, the emulsions were stabilized. In this stable regime both aggregates of 

droplets and single droplets are present and these aggregates are smaller than the 

aggregates in the flocculated emulsion samples at the lower fibril concentrations. The size 

of the droplet aggregates in the stabilized emulsions is independent of fibril 

concentration. In addition, the droplet aggregation was reversible upon dilution both by a 

pH 2 HCl solution and by a fibril solution at the same concentration. The viscosity of the 

emulsions containing fibrils was comparable to that of the pure fibril solution. Neither 

fibril networks nor droplet gel networks were observed in our study. The stabilization 

mechanism of emulsions containing long protein fibrils at high protein fibril 

concentrations points towards the mechanism of a kinetic stabilization. 
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6.1 Introduction 

Proteins have the ability to form various structures under different conditions. The 

morphologies of these structures range from linear to spherical.  One of the linear 

structures is protein fibrils that can be formed using a wide range of proteins, such as, egg 

white proteins (ovalbumin
1
 and lysozyme

2
), soy protein,

3
 whey protein,

4
 and pea protein,

5
 

when the appropriate conditions are used.  For example, when heating β-Lactoglobulin (β-

lg) at low pH and low ionic strength, the protein is first hydrolyzed into small peptides and 

part of these peptides assemble into fibrils.
6-8 

These fibrils typically have a diameter in the 

order of nanometers, a length in the order of micrometers,
9
 and a persistence length 

around a micrometer.
10, 11

 Their high aspect ratio and rod-like structure leads to a high 

excluded volume, 
12

 making them interesting candidates as additives to colloidal 

dispersions.  

The addition of non-adsorbing polymers to colloidal dispersions, can change the stability 

of the dispersion and has been frequently studied due to its fundamental aspects and 

wide range of applications in different fields.
13

 Above a minimum polymer concentration, 

polymers can induce depletion flocculation of the colloidal particles leading to phase 

separation.
14, 15

 The flocculation rate increased with increasing polymer concentration, 

until reaching a critical concentration, above which the rate of flocculation decreased with 

increasing polymer concentration. At high enough polymer concentrations, the dispersion 

becomes stable. This phenomenon is known as depletion stabilization.
16

 Rods have been 

found to induce a rich phase behavior in colloidal dispersions.
15, 17-20

 Blijdensteijn et al. 

studied the behavior of rod-like protein fibrils in emulsions.
21

 They suggested that the 

flocculation at low fibril concentrations was induced by depletion interaction. Here we 

investigate the stabilization mechanism of emulsions at high fibril concentrations, where 

the rod length and oil droplet diameter are comparable. Earlier studies on depletion 

interaction mainly focused on relatively low concentration of rods, and the size of rods 

being much smaller than that of the particles.
15, 22-28

 We use rheology, diffusing wave 

spectroscopy and confocal laser scanning microscopy as experimental techniques. 
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6.2 Experimental section 

6.2.1 Whey protein isolate (WPI) solution preparation 

WPI powder (Bipro, Davisco, Lot # JE 198-1-420, USA) was dissolved in HCl solution of pH 2 

to prepare a stock solution of 10 wt % WPI. The solution was left overnight in a cold room 

(4 °C) while mildly stirring using a magnetic stirring bar. After dissolution, the pH of the 

protein solution was adjusted to pH 2 with a 6 M HCl solution. Subsequently, the protein 

solution was filtered through a filter (Hydrophilic PES 0.45 μm, Millipore Millex-HP). The 

protein concentration of the stock solution was determined using a UV 

spectrophotometer (Cary 50 Bio, Varian) at a wavelength of 278 nm, and a calibration 

curve determined from WPI-solutions at known concentrations. The WPI stock solution 

was stored at 4°C for further use in fibril formation and emulsion preparation.  

6.2.2 Fibril formation 

The WPI stock solution was diluted to a protein concentration of 4 wt % with a HCl 

solution at pH 2. The samples were placed in a heating block (RT 15 Power, IKA-WERKE) 

and stirred at 80°C for 22 hours to form fibrils. After this step the fibril solution was cooled 

down in ice-water and afterwards stored at 4°C. The fibril concentration indicated 

throughout this paper refers to the protein concentration before heating.   

We note that for the preparation of the emulsions with 3.25 wt % fibrils we had to use a 

stock solution of fibrils prepared at 4.5 wt % of protein. This does not affect the average 

fibril length.
4
 

6.2.3 Oil-in-water (o/w) emulsion preparation 

WPI was used as an emulsifier to prepare a 40% (v/v) o/w emulsion. The emulsion was 

prepared in two steps. First, sunflower oil (Reddy, The Netherlands, obtained from a local 

supermarket) was mixed with a 1 wt % WPI solution using a high speed blender ( Ultra 

Turrax, T25 digital , IKA), at a speed of  9000 RPM for 5 minutes. Subsequently, the 

emulsion was homogenized by 5 passes through a homogenizer (Labscope, Delta 

instruments, The Netherlands) at a pressure of 70 bar. The emulsion was stored at 4 °C 

before use and all experiments were performed within 12 hours after storage. 
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6.2.4 Sample preparation 

A range of concentrations of protein fibrils were prepared by diluting the 4 wt % protein 

fibril solution and the emulsion was added to those fibril solutions. The final volume 

percentage of emulsion droplets in the mixture was 10 % (v/v). The concentration of 

protein fibrils in the mixture were: 0 (no fibrils added), 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 

1.5, 2, 2.25, 2.5 , 2.75,  3 or 3.25 wt %. The emulsion and protein fibril solution were mixed 

by mild agitation for 10 s.  

6.2.5 Characterization of protein fibrils and emulsion 

6.2.5.1 Length distribution of protein fibrils 

The length distribution of the fibrils was determined using flow-induced birefringence. The 

decay curves of the flow-induced birefringence after the cessation of flow were measured 

with a strain-controlled ARES rheometer (Rheometrics Scientific) equipped with a 

modified optical analysis module.
29

 From these decay curves the length distribution of the 

fibrils were determined.
30

 

6.2.5.2 Transmission electron microscopy (TEM) 

TEM was used to image the protein fibrils. After a 100-fold dilution a droplet of the sample 

was placed on a carbon film supported by a copper grid. After 15 s, the droplet was 

brought into contact with a filter paper to remove most of the water. Subsequently, a 

droplet of 2% uranyl acetate was added and removed after 15 s by another filter paper. 

Electron micrographs were taken using a transmission electron microscope (JOEL JEM-

1011, Tokyo, Japan). 

6.2.5.3 Size distribution of oil droplets  

The size distribution of oil droplets was measured using multi-angle static laser light 

scattering (Mastersizer MS2000, Malvern Instruments). The average diameter of the oil 

droplets, D[3,2], was around 1.9 ± 0.2 µm for all batches.  
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6.2.6  Characterization of emulsion stability  

6.2.6.1 Visual observation 

Samples were placed at room temperature (20 °C) and images were taken directly after 

preparation (0 days) and after 1 day and 7 days.  

6.2.6.2 Creaming stability  

The emulsions were placed in glass tubes and monitored over time at 20 ᵒC. The 

backscattering intensity of laser light as a function of height was measured (Turbiscan, MA 

2000). The intensity profile was measured at times 0, 1 and 7 days. Interpretation of the 

data is based on an analysis described elsewhere.
21, 31

 

6.2.6.3 Confocal laser scanning microscopy (CLSM) 

The microstructure of the cream layer of samples after 1 day and 7 days was imaged using 

CLSM (Zeiss 200 m Axiovert, Thornwood, NY, USA). Samples were placed in a chamber 

prepared from a microscope glass slide (Menzel-glaser, 50 mm, Thermo Scientific, 

Braunschweig, Germany) and a cover slip (Menzel-Glaser, 15 mm × 15 mm, Thermo 

Scientific, Braunschweig, Germany). Images were made using an oil immersion objective 

(Plan-Apochromat, 100x/1.46 oil, Zeiss, Germany). One drop of 0.2 wt % Nile blue (Merck, 

Germany) solution was added to the samples before imaging. Sample imaging was 

performed at an excitation wavelength of 488 nm and an emission wavelength of 525 nm.   

6.2.6.4 Viscosity  

The viscosity of the samples was measured on a stress controlled rheometer (MCR302, 

Anton Paar), using a concentric cylinder geometry (CC17/T1/S-SN38492). A solvent trap 

was used to prevent evaporation. The samples were pre-sheared at a shear rate of 30 s
-1

. 

Subsequently, the viscosity was monitored by increasing the shear rate from 0.01 to 500 s
-

1
. Measurements were performed at 20 °C.   

6.2.6.5 Strain sweep 

A strain sweep was performed on a stress controlled rheometer (MCR501, Anton Paar), 

using a concentric cylinder geometry (CC17/T1-SN3951). A solvent trap was used to 
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prevent evaporation. The strain sweep was carried out at 20 °C, at frequency of 0.1 Hz 

varying strain from 0.01% to 100%.  

6.2.6.6 Diffusing wave spectroscopy (DWS) 

In our study, DWS is used to monitor the diffusive motion of emulsion droplets at various 

fibril concentrations. Dispersions of only fibrils are completely transparent; therefore, 

DWS is a suitable technique to monitor the emulsion droplets. 

The samples were analyzed directly after mixing using DWS in transmission mode. In DWS, 

the intensity autocorrelation function g2(t) of the multiple scattered light is measured. 

Following ref 
32

 g2(t) is related to the mobility of the emulsion droplets as 
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Here β is a constant determined by the collection optics, P(s) is the path length 

distribution function of photons in the sample, k0 = 2πn/λ, with n the refractive index of 

the solvent and λ the wavelength of the laser, <∆r
2
(t)> is the mean square displacement of 

the droplets , and l
*
 is the photo transport mean free path. 

The motion of the emulsion droplets, expressed by their mean square displacement (MSD) 

<∆r
2
(t)>  can be obtained by numerically inverting the correlation functions and using 

Equation 1. Since it is convenient to work in scaled variables we define 
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Q . L refers to the optical path length through the sample cell. In a 

purely viscous solution, the  oil droplets would undergo Brownian motion (unhindered 

diffusive colloidal motion) and Q
2
 would vary linearly with time Q

2
 ~ Dt, where D is the 

diffusion constant. In a viscoelastic medium the short time behavior of Q
2
 can generally be 

described by a power law 
pDttQ ~)(2   where D is the diffusion constant, p is a 

measure for the viscoelastic properties of the matrix. When  
2
1p  the matrix behaves 
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like a medium where G’ G’’, when  ½ < p <1  the matrix behaves like a medium where G’ 

< G’’ and when p = 1 the matrix is purely viscous .
33

  

All the emulsion-fibril mixtures were monitored at 20 °C immediately after mixing using 

DWS in transmission mode. A He-Ne laser (20 mW, λ = 633 nm) was used. The width of the 

laser beam was expanded to 3 mm using a beam expander. The laser beam that passed 

the transparent glass cell with path length L of 2 mm was collected by a single-mode 

optical fiber. Polarizers were used to assure that only the multiple scattered light was 

collected. The signal was split into two signals of equal intensity and directed into two 

photomultiplier tubes (ALV/S0-SIPD, Germany). The intensity auto-correlation function 

was measured using a multiple tau digital correlator (ALV-5000/60X0, Germany). Samples 

were analyzed for 2 minutes for each measurement. Results were averaged from 10 

measurements. 

6.2.7 Effect of oil volume fraction on emulsion stability  

The emulsions were prepared to obtain droplet volume fractions of 0.1%, 0.25%, 0.5%, 

1%, 5% and 10% (v/v) upon dilution of the stock 40% (v/v) emulsion. Afterwards, the 

emulsions were mixed with fibril concentrations ranging from 0.001 wt% to 3 wt %. The 

stability was determined visually 7 days after preparation.  

6.2.8 Effect of fibril length on emulsion stability  

The fibrils were shortened using a high speed blender (Ultra Turrax, T25 digital, IKA) for 2 

minutes at a speed of  12200 rpm.  Fibrils were imaged using transmission electron 

microscopy to confirm that fibrils were shortened.  

6.2.9 Effect of temperature on emulsion stability  

The emulsions with a volume percentage of 10% (v/v), and various fibril concentrations 

were kept at 45°C in an oven. Images were taken at 0, 1 and 7 days after preparation.  
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6.3 Results  

6.3.1 Characterization of protein fibrils 

The protein fibrils were characterized in terms of their length distribution and morphology 

using flow-induced birefringence measurements and TEM. Figure 1a and b show the TEM 

images of the protein fibrils taken from protein fibrils solution and shortened fibrils, both 

prepared at 4 wt %.  The length distribution of the protein fibrils formed from a 4 wt % 

whey protein isolate is also shown in Figure 1c. The shortened fibrils were too short to be 

measured using flow-induced birefringence.  

 

Figure 1 TEM images of (a) protein fibrils  prepared by heating  4 wt % WPI solution for 22 hours at 

80°C  and pH 2, (b) shortened fibrils ( scale bars correspond to 1 μm). (c) shows the length 

concentration distribution of the protein fibrils imaged in (a). 

It was found that approximately 58 wt % of the protein is converted into fibrils under the 

conditions we used.
34

 The average length of the protein fibrils is around 2 µm, where the 

shortened ones have an average length of around 0.3 µm. Although the length 

(a) (b)
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concentration of fibrils will be the same, it can be clearly seen that fibrils have been 

shortened to a large extent (cf. Figure 1b). In order to determine the volume fraction of 

fibrils from their weight percentage, we use the size of its building blocks, i.e. peptides.
7
 

We assume that one protein provides one peptide for fibril formation, and that the 

volume of one peptide equals (π/4)D
2
l, where D= 4 nm

35
 is used as the diameter and l = 

2.4 nm as the length per peptide.
7
 The estimated volume fraction of fibrils at the 

corresponding fibril concentration used in our study can be found in Table A.1 (Appendix 

A).  

6.3.2 Emulsion stability in the presence of protein fibrils  

The stability of emulsions upon addition of protein fibrils was investigated. Figure 2a 

shows images of samples at 20 ᵒC at 0 days, 1 and 7 days after preparation, and in Figure 

2b - e the corresponding backscattering intensity profiles are shown. For ease of 

discussion, we discriminate four types (A to D) of creaming behavior, depending on fibril 

concentrations.  
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Figure 2 (a): Images of samples containing 10% (v/v) o/w emulsions and  0, 0.001, 0.005, 0.01, 

0.05, 0.1, 0.5, 1, 1.5, 2, 2.25, 2.5, 2.75, 3 or 3.25 wt % protein fibrils (from left to right in the 

image); (b), (c), (d) and (e): backscattering intensity profiles of samples containing 10% (v/v) o/w 

emulsion and 0 wt % (b), 1 wt % (c), 2 wt % (d) and 3.25 wt % (e) protein fibrils. The horizontal axis 

represents the position along the tube. 

Type A. The typical behavior of emulsions containing protein fibrils between 0 - 0.1 wt %, 

is shown in Figure 2b (only 0 wt % fibrils is shown). The samples gradually form a cream 

layer, indicating that adding low concentrations of protein fibrils does not stabilize the 

emulsion.  

Type B. The typical behavior of emulsions containing protein fibrils between 0.5 wt % -1.5 

wt %, is shown in Figure 2c (only 1 wt % fibrils is shown). Already after 1 day the emulsions 
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show a cream layer with a sharp boundary, as indicated by the backscattering intensity 

profile. Over time the profile for all these samples reflects typical creaming behavior 

caused by a density difference.  

Type C. The typical behavior of emulsions containing protein fibrils between 2 wt % - 2.25 

wt %, is shown in Figure 2d (only 2 wt % fibrils is shown). After 1 day a diffuse creaming 

zone is observed, which develops into a sharp boundary, after 7 days. 

Type D. The typical behavior of emulsions containing protein fibrils between 2.5 wt % - 

3.25 wt %, is shown in Figure 2e (only 3.25 wt % fibrils is shown). At these concentrations 

the emulsions were stabilized, and no creaming could be observed within 7 days. We note 

that these emulsions are more stable than the ones of type A.  

To investigate the microstructure of the emulsions, the top layers of the emulsions after 1 

day and 7 days of preparation was analyzed using confocal laser scanning microscopy. 

Figure 3 shows the images obtained by CLSM.  
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Figure 3 CLSM images of the top layers of emulsions at 1 day (a) and 7 days (b) after preparation. 

The scale bar corresponds to 5 μm.  The emulsions contain 10% oil and a fibril concentration of (a): 

0, 0.01, 1.5, or 3 wt %; (b): 0, 0.01, 0.05, 0.1, 0.5 wt % (top row), 1, 1.5, 2, 2.25, 2.5 wt % (middle 

row), 2.75, 3 or 3.25 wt % fibrils (bottom row), from left to right. Fibril concentrations are 

indicated below each image. The dotted line is used to differentiate samples imaged 1 day (a) and 

7 days (b) after preparation.  

From Figure 3b, the oil droplets on the top layer of emulsions containing fibrils from 0.001 

wt % and 0.1 wt % were homogeneously distributed, similar to the emulsion without 

addition of fibrils (0 wt % fibrils). Increasing fibril concentration from 0.5 wt % to 2.25 

wt %, aggregation of droplets can be observed from CLSM. The extent of droplet 

(a) t =  1 day

(b) t =  7 days 

0 wt % 0.01 wt % 1.5 wt % 3 wt %

0 wt % 0.01 wt % 0.05 wt % 0.1 wt % 0.5 wt %

1 wt % 1.5 wt % 2 wt % 2.25 wt % 2.5 wt %

2.75 wt % 3 wt % 3.25 wt %



Chapter 6 

 

154 

 

aggregation enhanced with increasing fibril concentration. Droplets reached the largest 

extent of aggregation in the emulsion containing 1.5 wt % fibrils. The extent of 

aggregation decreased gradually for fibril concentrations between 2 wt % to 2.25 wt %. At 

fibril concentrations higher than 2.5 wt %, the aggregates were substantially smaller. 

However, from the backscattering and visual observation, it was found that these samples 

were stable for 7 days after preparation. 

The microscopic images of the emulsions show that, at relatively low fibril concentration, 

the emulsions showed creaming rates comparable to that of the emulsion without fibrils 

and no flocculation of oil droplets could be observed. Emulsions with higher fibril 

concentrations did show enhanced creaming rates and extensive flocculation of oil 

droplets. Blijdenstein et al.
21

  focused on this enhanced creaming, which they attributed to 

depletion interactions
20

 induced by protein fibrils.  

Emulsions at even higher fibril concentrations, remarkably, turned out to be stable, i.e. no 

creaming could be observed. This is in contrast to the emulsion without fibrils where still 

some creaming could be observed. At these higher fibril concentrations the oil droplets 

were present in aggregates consisting of a few droplets. It was observed that the typical 

size of these aggregates (~ 5μm) seemed to be independent of fibril concentration above a 

critical fibril concentration (i.e. 2.75 wt %). In addition, no droplet network could be 

observed, excluding the possibility of an emulsion gel. 

In comparison to CLSM images of emulsions with fibrils after 1 day of preparation in Figure 

3a, we did not observe significant changes of the droplet structures 7 days after 

preparation, neither in flocculated emulsions nor in stable emulsions at high fibril 

concentrations (cf. Figure 3b). This indicates that the droplet aggregates in the stable 

emulsions at higher fibril concentrations did not change with time.  

6.3.3 Rheological properties 

The shear viscosity of emulsions with protein fibrils was measured and compared to that 

of the protein fibril solutions (Figure 4a and b). The result of strain sweep is shown in 

Figure 4c.  
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Figure 4 (a): Flow curves of 10 % (v/v) emulsions containing protein fibrils with concentrations of 

0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 1.5, 2, 2.25, 2.5, 2.75 or 3 wt %, (b): flow curves of 0.5 wt % 

and 3 wt % protein fibril solutions and of 10 % (v/v) emulsions with 0.5 wt % and 3 wt % fibrils 

added. (c): The storage modulus, G’ (open symbols), and loss modulus, G’’(filled symbols), as a 

function of strain for 10% (v/v) emulsions containing 0 (squares), 2.75 (triangles) and 3.25 (stars) 

wt % protein fibrils, respectively. The storage modulus of the 10% (v/v) emulsion without fibrils 

was too low to be measured. 

The flow curves of a 10 % (v/v) emulsion without fibrils and with fibrils below fibril 

concentration of 0.1 wt % show Newtonian behavior (Figure 4a). At fibril concentrations 

above 0.1 wt %, the emulsions show shear thinning behavior. The viscosity increases upon 

increasing fibril concentration. Figure 4b shows that the solutions of fibrils show shear 

thinning behavior. In addition, the viscosity of emulsions containing fibrils did not show 

significant increase compared to pure fibril solutions at the same fibril concentration (cf. 

Figure 4b), therefore, it can be concluded that the viscosity of the emulsions containing 

fibrils is mainly caused by the presence of fibrils.  

All emulsions containing fibrils show a loss modulus (G’’) higher than the storage modulus 

(G’), indicating a liquid like structure (cf. Figure 4c) where no gel is formed. 

6.3.4 Diffusing wave spectroscopy 

The intensity autocorrelation function obtained is shown in Figure 5a. As a measure for 

the diffusion coefficient of the oil droplets, the half-life time of the decorrelation, τ1/2,  was 

determined by g2(τ1/2 ) -1= ½.
36

 The calculated Q
2
, half-life time and the p value are also 

shown in Figure 5b, c and d. 
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Figure 5 The g2(t)-1(a), Q
2
 (b), τ1/2 (c) and  p value (d) of  samples containing 10% (v/v) emulsion  

and 0, 0.001, 0.005, 0.01, 0.05, 0.1,  0.5, 1, 1.5, 2, 2.25, 2.5, 2.75, 3, or 3.25 wt % fibrils recorded 

immediately after sample preparation. 

The mobility of oil droplets is reflected by the intensity autocorrelation function and the 

calculated MSD. Adding small amounts of fibrils (≤ 0.1 wt %) did not significantly change 

the position and shape of the curves, i.e., similar to the emulsion without fibrils. The 

increase of protein fibril concentration ( 0.5 wt %) resulted in a shift of the curves 

towards longer decorrelation times, without significantly changing the shape of the curve 

(cf. Figure 5a and b).  This implies a decrease in mobility of the emulsion droplets, due to a 

viscosity increase of the continuous phase and/or droplet aggregation.
37
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Figure 5c shows that a small amount of fibrils (≤0.1 wt %) did not significantly change the 

half-life time. However, above 0.5 wt % of fibrils, the half-life time increased. It is 

interesting to compare the half-life time for flocculated and stabilized emulsions. At 2.25 

wt % fibrils where the emulsion is flocculated we have τ1/2 = 0.4 ms while at 2.5 wt %, 

where the emulsion is stable, we have τ1/2 = 0.6 ms. The half-life time, τ1/2, is inversely 

proportional to the droplet diffusion coefficient, and the diffusion coefficient, D, is 

inversely proportional to the viscosity, η according to 𝐷 =
𝑘𝐵𝑇

6𝜋ηa
 . Therefore the ratio of 

viscosities between the flocculated (2.25 wt %) and stabilized (2.5 wt %) emulsions is only 

a factor of 2/3. This would only slow down the flocculation by a factor of 2/3, and not 

explain the stabilization by an increased viscosity only. From fitting of the Q
2
 curve, Figure 

5b, and using 
pDttQ ~)(2  we obtain p > 0.7 (Figure 5d), meaning that G’ < G”, 

33
 

which is in line with the rheological measurements, where no gel formation could be 

observed.
37

 However, with increasing the fibril concentration, we did observe a decrease 

of p value, which indicated that the emulsions have viscoelastic properties.  

6.3.5 Effect of oil volume fraction on emulsion stability 

Images of emulsions with different oil volume fractions and fibril concentrations are 

shown in Figure 6a. Additionally, the stability diagrams of emulsions after 7 days are 

shown in Figure 6b.   
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Figure 6 (a): Visual appearance at 20 ᵒC of emulsions containing oil volume fraction of (a) 0.1%, (b) 

0.25%, (c) 0.5%, (d) 1%, (e) 5%, or (f) 10% (v/v) with fibril concentration of 0, 0.001, 0.005, 0.01, 

0.05, 0.1, 0.5, 1, 1.5, 2, 2.25, 2.5, 2.75 or 3 wt % (from left to right). The rows correspond to the 

age of the samples after preparation. The lines are used to differentiate the 3 stability regimes. 

(b): the corresponding stability diagram of emulsions with different volume fractions containing 

different fibril concentrations at 7 days after preparation. The three different stability regimes 

were described as creaming (spheres), flocculation (triangle) and stabilization (squares). 

Emulsions containing different oil volume fractions (Figure 6a and b) show similar regions 

where creaming, flocculation and stabilization, occurs. At concentration of fibrils below 

0.5 wt %, fibrils do not change the creaming compared to the sample without fibrils. 

Above 0.5 wt % fibrils, droplet flocculation (as confirmed by CLSM) leading to enhanced 

creaming was observed. At high enough fibril concentration, the emulsions are stable. For 
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all volume fractions of emulsions, flocculation occurs at fibril concentrations above 0.5 

wt %. The main difference between the different emulsions is the fibril concentration at 

which the emulsion becomes stable. With increasing oil volume fraction, the fibril 

concentration needed to stabilize the emulsion slightly increases.  

6.3.6 Effect of fibril length on emulsion stability 

Protein fibrils were shortened to an average length about 0.3 μm and mixed with a 10%  

(v/v) emulsion. The stability of these emulsions was compared to that of 10% (v/v) 

emulsions containing fibrils with an average length of about 2 μm (cf. Figure 2a).  Figure 7a 

shows images of the emulsions containing the shortened protein fibrils (cf. Figure 2a for 

the stability of emulsions containing the longer (i.e. 2 μm) fibrils). Figure 7b shows the 

stability diagram of emulsions as a function of different average fibril lengths and fibril 

concentrations. 

 

Figure 7 (a): Images of emulsions containing 10% (v/v) oil droplets with 0 (i.e. no fibrils added), 

0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 1.5, 2, 2.25, 2.5, 2.75 and 3 wt % protein fibrils added, with an 

average length of 0.3μm. The concentration of fibrils increases from left to right. The lines are 

used to differentiate the 2 stability regimes. (b): stability diagram of emulsions with fibrils at 

different concentrations and lengths.  The three different stability regimes were described as 

creaming (spheres), flocculation (triangle) and stabilization (squares). 

The shortened fibrils did not stabilize the emulsion, up to fibril concentration of 3 wt % (cf. 

Figure 7a). This result is to be compared to Figure 2a, in which emulsions with longer 

fibrils at and above 2.5 wt % remained stable even after 7 days of preparation. However, 
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the emulsions with the shortened fibrils did induce depletion flocculation, above 1 wt % of 

fibrils. 

The onset of flocculation started for the short fibrils at a concentration of 1 wt %, while for 

the longer fibrils, the onset occurs at a lower fibril concentration of 0.5 wt %. This 

indicates that shorter fibrils are less efficient  in depletion flocculation, in line with 

depletion theory that longer fibrils has a larger excluded volume
20

  and also earlier 

experiments by Blijdenstein et al..
21

 The fact that the longer fibrils but not the shortened 

fibrils are able to stabilize emulsions above a certain fibril concentration also suggests that 

longer fibrils are more efficient in stabilizing emulsions.   

6.3.7 Effect of temperature on emulsion stability  

 The stability of emulsions stored at 45 °C was compared to the stability of emulsions stored 

at 20 °C (cf. Figure 2a). Figure 8a shows the images of emulsions, containing various 

concentrations of fibrils, kept for 7 days at 45 °C.  Figure 8b shows the stability diagram for 

the two temperatures. The stability diagram (cf. Figure 8b) shows that the fibril induced 

stabilization is temperature independent.  

 

Figure 8 (a): Images of samples at 45 °C of 10% (v/v) emulsions with 0 (no fibrils added), 0.001, 

0.005, 0.01, 0.05, 0.1, 0.5, 1, 1.5, 2, 2.25, 2.5, 2.75, 3 or 3.25 wt % protein fibrils with an average 

length of 2 μm. The concentration of fibrils increases from left to right. The lines are used to 

differentiate the 3 stability regimes. (b) Stability diagram of emulsions with different fibril 

concentrations and temperatures.  The three different stability regimes were described as 

creaming (spheres), flocculation (triangle) and stabilization (squares). 
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6.3.8 Reversibility of aggregation 

To check whether the oil droplet aggregation that occurs at different fibril concentrations 

is  reversible, dilution tests were performed. After 7 days of sample preparation, the top 

layer of the samples was diluted in two ways. One is by adding a pH 2 solution to reach a 

final fibril concentration of 0.1 wt %. The other is by diluting the emulsion ten-fold, 

keeping the concentration of fibrils constant. Independent of the dilution method used, all 

emulsions could be re-dispersed upon dilution. To assure homogeneous mixing, samples 

were gently shaken directly after dilution. Two days after diluting the emulsions (i.e. 9 

days after preparation) their microstructure was imaged using CLSM. The microstructures 

were compared with those of the undiluted emulsion (i.e. also 9 days old, cf. Figure 9).  

 

Figure 9 CLSM images of samples taken from the top layers of emulsions (all 9 days old). After 7 

days of sample preparation the top layer of the samples was diluted in two ways. One is by adding 

a pH 2 solution to reach a final fibril concentration of 0.1 wt %. The other is by diluting the 

1.5% fibril  

0% fibril 

3% fibril 

0.05% fibril  

Undiluted 
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Dilution by  fibril 
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emulsion ten-fold, keeping the concentration of fibrils constant. The first column depicts the 

microstructure of the initial emulsion top layer after 9 days. The fibril concentration refers to the 

fibril concentration in the initial emulsion. The scale bar corresponds to 5 μm.  

The aggregates turn out to decrease in size upon dilution for both methods of dilution, 

towards the size of single droplets. This implies the droplet aggregation is a reversible 

process with the binding energy between droplets in the order of thermal energy, kBT.   

6.4 Discussion 

The addition of protein fibrils to emulsions leads to a complex behavior depending on the 

fibril concentration. As a function of fibril concentration the emulsions first show creaming 

at a similar rate as the emulsion without fibrils. Further increasing the fibril concentration 

leads to enhanced creaming, as observed earlier by Blijdensteijn et al.
21

, which was 

suggested to originate from depletion interaction. The temperature independency of the 

enhanced creaming is in line with the entropy driven nature of the depletion interaction. 

The dependency of average fibril length on the fibril concentration that is needed to 

induce flocculation is also in line with a depletion effect. The low concentration of fibrils 

needed to induce the depletion flocculation (volume fraction of fibrils is ~ 0.001) show 

that fibrils are very efficient depletion agents
15

. Above a certain fibril concentration the 

emulsions are completely stable against creaming.  

Our microscopic observations show that the enhanced creaming is concomitant with 

aggregates of oil droplets. With increasing fibril concentration, we first observe larger and 

denser aggregates of oil droplets. Upon further increasing the fibril concentration, we 

observe a decrease in aggregate size. The aggregate size becomes independent of fibril 

concentration above a specific concentration. At and above this specific concentration the 

emulsion is stable, with aggregates and also single droplets present together. Observing 

the aggregates under a microscope over a time period of minutes does not show any 

change in size. When we dilute (ten-fold) the top part of these stable emulsions, 

containing aggregates and single droplets, with a fibril solution of the same fibril 

concentration, we observe, a decrease in aggregate size (observation made after 2 days of 

storage). The same holds for diluting the emulsion by the solvent (pH 2 solution) until a 

fibril concentration of 0.1 wt %. We note that during the dilution experiment the samples 

are mildly agitated in order to ensure a homogeneous dilution procedure. This implies that 
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the disaggregation upon dilution does not have to occur spontaneously. However, we can 

conclude that the interaction energy between the droplets is probably in the order of a 

few kBT, since the aggregates break up under mild agitation.  

A possible cause for the stability was previously suggested to be high viscosity of the 

continuous phase.
21

 However, this would only delay the creaming and not completely stop 

it, as is found in our experiments. An additional reason why this suggestion is less likely is 

that our DWS measurements reveal only a minor decrease in diffusivity of the oil droplets, 

and therefore only a minor increase in viscosity of the continuous phase. Our rheological 

measurements and DWS measurements also rule out the gelation of the continuous phase 

or the formation of a network of oil droplets.  

The stabilization of colloidal dispersions in the presence of a non-adsorbing polymer or 

spherical particle at higher polymer concentrations has been observed and studied 

experimentally.
38-44

 In particular, the formation of particle aggregates or clusters has been 

observed in these stable colloidal dispersions. In our study, we observed both single 

particles and droplet aggregate present together in the stable emulsions at higher fibril 

concentrations. The mechanism of the stabilization has been argued to be either 

thermodynamic
42-51

 or kinetic.
16, 22-24, 39, 41, 52-54

 Some also argued to be the slowdown of 

particle movement due to high concentration of polymer.
40, 55

   

Different theories have been put forward regarding thermodynamic and kinetic points of 

view. We like to mention the work of Feigin and Napper
16

 who attribute dispersion 

stability to a repulsive energy barrier, i.e. a kinetic effect. In contrast, Vincent et al.,
44, 45, 56

 

and later Fleer and co-workers,
47-49

 proposed a thermodynamic picture, with stabilization 

being caused by suppression of the depletion layer at higher concentrations of the 

depleting polymer. A different mechanism for the suppression of a depletion layer was put 

forward by Gast and Leibler.
50, 51

Another thermodynamic picture is given by Dutta and 

Green
57

 who attribute stability to a vanishing surface tension between the particle and its 

surrounding. Yet another thermodynamic model is suggested by Groenewold and Kegel
58

 

who calculated the stability regime of aggregates as a function of their size and shape by 

taking into account a short range attraction and a long range, electrostatic repulsion.  

All the before mentioned theories refer to spherical colloidal particles and polymers. Our 

system is different in that it contains spheres and rod particles. Such a sphere-rod system 

has been theoretically addressed by Mao et al.,
22, 24

 who attribute stability to a repulsive 



Chapter 6 

 

164 

 

energy barrier, i.e. a kinetic effect. This theory unfortunately does not cover the ratio of 

sphere size and rod length in our system, the concentration regime of fibrils (our system is 

in a nematic regime above 0.4 % 
59

), nor the semi-flexibility.  

The issue of thermodynamic versus kinetic stability remains intriguing, but its final 

resolution has to be deferred to further experimental work, as also commented on by Lu 

et al..
38

 However, we note that the mixing of emulsions and fibrils at higher fibril 

concentration and the disaggregation upon dilution both needed mild agitation. This 

points towards a kinetic picture more than a thermodynamic one. Based on the DWS 

measurements we conclude that a diffusive motion still takes place at higher fibril 

concentrations. Although the diffusivity is slowed down at higher fibril concentrations this 

slowing down is only a small effect (cf. Figure 5c). Since the autocorrelation decays to zero 

we do not expect that the diffusing droplets/aggregates are confined to a cage with a size 

in the order of their own dimension. The decreasing p-value implies that the matrix 

develops visco-elastic properties. These results suggest that the oil droplets/aggregates 

are relatively free to diffuse over shorter length scales and are trapped on larger length 

scales as determined by the elastic properties of the fibril containing matrix. This is 

supported by the DWS measurements (p value, cf. Figure 5b) and the fact that we do not 

see creaming. In our opinion this supports the view that the emulsion is kinetically 

stabilized at higher fibril concentration.  

6.5 Conclusions 

We have observed that oil in water emulsions with droplet size of micrometers and fibrils 

of micrometer length in the water phase form stable emulsions above a certain fibril 

concentration. Above this concentration, the size of the droplet aggregates becomes 

independent of protein fibril concentration. The efficiency of stabilization could be 

improved by increasing the average length of fibrils. We found that longer fibrils are more 

efficient in stabilizing the emulsions, and that the stabilization is found independent of oil 

volume fraction and temperature. No fibril gel network or droplet gel network was formed 

in the emulsions, and viscosity of the continuous phase did not explain the stability. The 

issue of thermodynamic versus kinetic stability of aggregates has been discussed and our 

results point towards the mechanism of a kinetic stabilization. The findings could be of 

importance to research and applications of semi-flexible polymers in colloidal dispersions. 

Regardless the mechanism of stabilization it is noteworthy that the use of long fibrils allow 
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to stabilize an emulsion, while remaining a low-viscosity fluid, enabling stabilization of e.g. 

drinkable emulsions. 
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6.8 Appendices 

Appendix A 

Table A.1 The volume fraction of fibrils as a function of WPI weight concentration. 

WPI concentration (wt %) Fibril volume fraction () 

0.001 3.75×10
-6

 

0.005 1.87×10
-5

 

0.01 3.75×10
-5

 

0.05 1.87×10
-4

 

0.1 3.75×10
-4

 

0.5 1.87×10
-3

 

1 3.75×10
-3

 

1.5 5.62×10
-3

 

2 7.50×10
-3

 

2.25 8.43×10
-3

 

2.5 9.37×10
-3

 

2.75 1.03×10
-2

 

3 1.12×10
-2

 

3.25 1.22×10
-2

 

4 1.50×10
-2
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Appendix B 

 

Figure B.1 Backscattering intensity profiles of samples containing 10 % (v/v) o/w emulsion and 

0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1.5, 2.25, 2.5, 2.75 or 3 wt % protein fibrils. The horizontal axis 

represents the position along the tube.  
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Abstract 

We studied the stability of monodispersed polystyrene latex dispersions with protein 

fibrils at different concentrations at pH 2 using microscopy and diffusing wave 

spectroscopy. At low fibril concentrations, fibrils induced bridging flocculation due to the 

opposite charges between fibrils and the latex particles. At higher fibril concentration the 

dispersions were stabilized due to steric and/or electrostatic repulsion. Upon further 

increasing fibril concentration, we find that the dispersion is destabilized again by 

depletion interaction. At even higher fibril concentration, the dispersions are stabilized 

again. These dispersions have a higher stability compared to the dispersions without fibrils. 

Interestingly, these dispersions contain single particles and small clusters of particles that 

do not grow beyond a certain size. Although the stabilization mechanism is not clear yet, 

the results from microscopy and diffusing wave spectroscopy point in the direction of a 

kinetic barrier that depends on fibril concentration. 
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7.1 Introduction 

Protein fibrils are semi-flexible rod-like aggregates that can be formed from various 

proteins under certain conditions.
1-3

  β-Lactoglobulin (β-lg), a globular whey protein, forms 

fibrils when it is heated at pH 2 and elevated temperature.
4, 5

 During this process β-lg is 

hydrolyzed into small peptides, and part of these peptides assembles into fibrils.
6
 The 

fibrils that are formed are several micrometers long, but only a few nanometers thick.
7
 

This high aspect ratio makes them interesting candidates as, e.g. thickeners or stabilizers 

in industrial applications.
8
 Gel formation at very low concentration of fibrils has also been 

reported.
9
 In addition, fibrils can be used in the production of microcapsules, where fibrils 

were found to increase the strength of the capsules.
10-12

 The main focus of the studies on 

protein fibrils has been on their formation and on the properties of fibril dispersions. Only 

a limited number of studies focused on the behavior of more complex systems containing 

protein fibrils. Here we focus on the stability of colloidal dispersions containing fibrils.  

Colloidal dispersions are present in a wide variety of products. Their use ranges from 

foods to paints and pharmaceutical products. The stability of colloidal dispersions can be 

affected by the addition of polymers.
13

 In particular, extensive theoretical and 

experimental work has been performed on the phase behavior of rod-like particles in 

colloidal dispersions and rods are found to induce rich phase behavior in colloidal 

dispersions.
14-24

 

Blijdenstein et al. studied the behavior of β-lg fibrils in oil-in-water emulsions and found 

that fibrils can induce flocculation of the emulsion droplets. In their study, both fibrils and 

emulsion droplets are positively charged and the flocculation was attributed to depletion 

interaction.
25

  However, in the case that fibrils and emulsion droplets are oppositely 

charged, one may observe, depending on the fibril concentration, bridging flocculation.  

In our study a monodisperse polystyrene latex dispersion was used as a model for a 

colloidal system. The average fibril length in the current study is larger than the diameter 

of the latex particles. We used diffusing wave spectroscopy (DWS) to monitor the diffusive 

motion of the particles at various fibril concentrations. DWS is a suitable technique since 

fibril dispersions are transparent and only the particles scatter light. We studied the 

influence of size and surface charge of the particles on the stability of the dispersions 

containing fibrils. 
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7.2 Materials and methods 

7.2.1 Materials 

Whey protein isolate (WPI, Bipro) was supplied by Davisco (Lot # 198-1-420), USA. 

Lysozyme from chicken egg white was obtained from Fluka, Belgium. Polystyrene latex 

dispersions used in this experiment were obtained from Thermo Scientific Optibind, CA. 

The latex consists of monodisperse polystyrene spheres with a diameter of either 208 nm 

or 862 nm. The solid content of the latex dispersions is 10 % (w/w) solids. The 

concentration of both the fibril solution and polystyrene latex particles are given in weight 

percentage. 

7.2.2 Fibril formation 

For the preparation of protein fibrils, we have followed the procedure as described 

previously.
26

 In short, a stock solution of 7.5 wt% WPI was prepared by dissolving the 

protein powder in a HCl solution of pH 2. The solution was left overnight in the cold room 

(4°C) while mildly stirred. The pH of the protein solution was adjusted to pH 2 using a 6 M 

HCl solution, followed by a filtration through a protein filter (Hydrophilic PES 0.45 μm, 

Millipore Millex-HP) to remove undissolved protein. Subsequently, the protein 

concentration of the stock solution was determined using a UV spectrophotometer (Cary 

50 Bio, Varian) and a calibration curve of known WPI concentration at a wavelength of 278 

nm. The stock solution was diluted to a protein concentration of 4 wt% with a HCl solution 

of pH 2. The diluted solution was heated in a heating and stirring plate at 80 °C for 22 

hours, while mildly stirring during heating, using a magnetic stirring bar. After heating, the 

fibril solution was cooled in ice-water and kept at 4 °C before use. The fibril concentration 

is given in terms of the total amount of WPI  dissolved before heating.   

7.2.3 Length distribution of fibrils 

We used flow-induced birefringence to determine the length distribution of the fibrils. 

After the cessation of flow, the decay curves of the flow-induced birefringence were 

measured with a strain-controlled ARES rheometer (Rheometrics Scientific) equipped with 

a modified optical analysis module.
27

 The length distribution of the fibrils was determined 

from these decay curves.
28
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7.2.4 Morphology of protein fibrils 

Transmission electron microscopy (TEM) was used to determine the morphology of 

protein fibrils. The sample was diluted 400-fold before imaging.  After dilution a droplet of 

sample was placed on a carbon support film on a copper grid. After 15 s, the droplet was 

removed with a filter paper. Subsequently, a droplet of 2% uranyl acetate was put onto 

the grid and removed after 15 s. Electron micrographs were taken using a transmission 

electron microscope (JEOL JEM-1011, Tokyo, Japan). 

7.2.5 Surface modification of latex particles 

To adjust the surface charge, the latex particles were coated using lysozyme. The lysozyme 

was dissolved in an HCl solution at pH 2 and mixed with the latex particles. The mixtures 

were incubated overnight at 4 °C. Subsequently, the mixtures were centrifuged at 16.000g 

for 30 minutes to remove the non-adsorbed lysozyme. Three washing steps were 

performed and the supernatant was removed after each centrifugation step. The 

precipitates were re-suspended using an HCl solution at pH 2 to the initial volume. The 

zeta potential of washed latex particles was measured to confirm the surface coverage of 

particles with lysozyme. At pH 2 the latex particles had a zeta potential of - 60 mV.  

7.2.6 Zeta potential 

The zeta potential of the latex particles was determined using a Zetasizer Nano (Zetasizer 

Nano, Malvern Instruments). The samples were diluted 100-fold using an HCl solution of 

pH 2 and the zeta potential was calculated from the mobility values using the 

Smoluchowski model. Five measurements were performed for each sample and the 

average number was used.   

7.2.7 Scanning Electron Microscopy (SEM) 

The morphology of latex particles with diameter of 862 nm was characterized using SEM. 

A small droplet of the sample suspension (0.01 wt%) was  put on Nuclepore Polycarbonate 

membrane (1 μm holes, Costar) which was placed on a filter paper to absorb the fluid 

through the membrane leaving the sample on the top side. After air drying the membrane 

were glued on sample holders by carbon adhesive tabs (EMS, Washington, USA) and 
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sputter coated with 10 nm Iridium (Leica EM SCD 500, Vienna, Austria). Samples were 

analyzed at 2 kV at room temperature in a high resolution scanning electron microscope 

(Magellan 400, FEI, Eindhoven, The Netherlands).  

7.2.8 Sample preparation  

Three latex dispersions were used to mix with fibrils depending on the size and the surface 

properties of the latex particles: 1) latex dispersions containing particles with a diameter 

of 208 nm; 2) latex dispersions containing particles with a diameter of 862 nm; 3) latex 

dispersions containing lysozyme-coated particles with a diameter of 862 nm.  

In all fibril-particle mixtures, 1 wt% latex particles were mixed with protein fibrils at 

different concentrations. A concentration range of protein fibrils was prepared by diluting 

the stock fibril solution of 4 wt%. The final concentration of the protein fibrils in the 

mixture is 0, 0.001, 0.0025, 0.005, 0.0075, 0.01, 0.025, 0.05, 0.1, 0.5, 1, 1.5, 2, 2.5, 3 or 3.5 

wt%. The fibril concentration is given in terms of the total amount of WPI dissolved before 

heating.  

7.2.9 Visual observation  

Dispersions were kept at both 20 °C and 65 °C, images were taken directly after 

preparation and 1 hour, 1 day, 5 days and 14 days after preparation.  

7.2.10 Optical microscopy images 

Dispersions were imaged using optical microscopy (Axioskop Zeiss, Germany) equipped 

with a CCD camera (AxioCam HRC, Zeiss). The bottom layer of the dispersions after 7 days 

of preparation at 20 ᵒC was taken for imaging.  

7.2.11 Diffusing wave spectroscopy (DWS) 

The latex particles with fibrils were analysed at 20 ᵒC directly after mixing using DWS in 

transmission mode. In DWS, we measure the intensity autocorrelation function g2(t) of the 

multiple scattered light. The g2(t) is related to the mobility of the latex particles according 

to the reference
29

 as 
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where,  on the basis of the Siegert relation that  
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Here β is a constant determined by the collection optics, P(s) is the path length 

distribution function of photons in the sample, k0 = 2πn/λ, with n the refractive index of 

the solvent and λ the wavelength of the laser, <∆r
2 

(t)> is the mean square displacement of 

the latex particles, and l
*
 is the photo transport mean free path. 

By numerically inverting the correlation functions and using Equation 1, we can obtain the 

mean square displacement (MSD) <∆r
2
(t)>, which is an expression for the motion of the 

latex particles. We define 𝑄2 = (
𝐿𝑘0 

𝑙∗ )2 < ∆𝑟2(𝑡) >. L is the optical path length through 

the sample cell. The latex particles would undergo Brownian motion (unhindered diffusive 

colloidal motion) in a purely viscous solution, and Q
2
 would vary linearly with time Q

2
 ~ Dt, 

where D is the diffusion constant. In a viscoelastic medium the short time behavior of Q
2
 

can generally be defined by a power law < 𝑄2(𝑡) > ~𝐷𝑡𝑝 where D is the diffusive 

constant, p is a measure for the viscoelastic properties of the matrix. The matrix is purely 

viscous when p = 1. The matrix behaves like a viscous medium (G’< G’’) when  
1

2
 < 𝑝 <

1 and behaves like an elastic medium (G’ >G’’) When  p ≤
1

2
.
30

 The half-life time of the 

decorrelation, τ1/2,  was defined when g2(τ1/2 ) -1= 
1

2
.
31

 

A He-Ne laser (20 mW) was used operating at λ = 633 nm. The laser beam was expanded 

with a beam expander to 3 mm. A transparent glass cell with a path length of 2 mm was 

used. The laser light that passed the glass cell was collected in a single-mode optical fibre. 

We used polarizers to assure that solely the multiple scattered light was collected. The 

signal was split into two signals and directed into two photomultiplier tubes (ALV/S0-SIPD, 

Germany). The output of the two tubes was cross-correlated using a multiple tau digital 

correlator (ALV-5000/60X0, Germany). The dispersions were monitored for 3 minutes for 

every measurement. The intensity autocorrelation function is determined by averaging 10 

measurements.   
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7.3 Results and Discussion 

7.3.1 Characterization 

The length concentration distribution CL as determined using flow-induced birefringence, 

and a TEM image of the fibril solution, is shown in Figure 1 a and b.  The SEM image of a 

latex particle with diameter of 862 nm is shown in Figure 2. 

 

Figure 1 (a):The length concentration distribution CL of the protein fibrils prepared by heating a 4 

wt% WPI solution for 22 hours at 80°C and pH 2. (b): The corresponding TEM image of protein 

fibrils. The scale bar corresponds to 1µm. 
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Figure 2 SEM image of a latex particle with diameter of 862 nm. The scale bar corresponds to 400 

nm.  

The fibrils are polydisperse and semi-flexible as shown in Figure 1 a.  We estimate the 

ratio of fibril length L to diameter D as L/D = 500. The fibrils are positively charged at pH 

2.
4
  WPI contains about 65% (w/w) of β-lg and this protein is the main contributor to the 

formation of fibrils.
32

 The conversion rate of protein into fibrils under the conditions used 

here was determined to be about 58%.
33

 As a result, ~ 38% (w/w) of the total amount of 

protein is converted into fibrils. Previous research has shown that peptides are the 

building blocks of fibrils,
6
 to estimate the volume fraction of the fibrils, we assume that 

one peptide per protein is incorporated in the fibrils. The volume per peptide is estimated 

as  
𝜋

4
𝐷2𝑙 , where the diameter 𝐷 of  a fibril  is taken as 4 nm

34
 and the  length per peptide 𝑙 

is taken as 2.4 nm.
6
 The resulting volume fraction of fibrils as a function of protein 

concentration is listed in Table 1.   
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Table 1 The fibril volume fraction as a function of WPI concentration 

WPI concentration 

(wt%) 

Fibril volume fraction 

(ɸ) 

0.001 3.75×10
-6

 

0.0025 9.37×10
-6

 

0.005 1.87×10
-5

 

0.0075 2.81×10
-5

 

0.01 3.75×10
-5

 

0.025 9.37×10
-5

 

0.05 1.87×10
-4

 

0.1 3.75×10
-4

 

0.5 1.87×10
-3

 

1 3.75×10
-3

 

1.5 5.62×10
-3

 

2 7.50×10
-3

 

2.5 9.37×10
-3

 

3 1.12×10
-2

 

3.5 1.31×10
-2

 

4 1.50×10
-2

 

 

7.3.2 Surface modification of latex particles 

Lysozyme is positively charged at pH 2
35

 and upon incubation lysozyme is expected to 

adsorb at the surface of the latex particles.
36, 37

 After incubation the zeta potential of the 

washed latex particles (removing the non-adsorbed lysozyme) changed from -60 mV to 

+56 mV, confirming the adsorption of lysozyme to the surface of latex particles. The 

schematic representation of the surface properties of latex particles used in this study is 

shown in Figure 3, showing the bare latex particles and lysozyme-coated latex particles at 

pH 2. 
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Figure 3 Schematic representation of the surface coverage of latex particles with diameter of 862 

nm: bare latex particles and lysozyme-coated latex particles. 

7.3.3 Macroscopic stability of the latex dispersions 

The macroscopic stability of the latex dispersions mixed with fibrils is shown in Figure 4. 

Images were taken directly after sample preparation, 1 hour, 1 day, 5 days and 14 days.  

 

 

 

 

 

Lysozyme-coated 

Polystyrene latex particles

Lysozyme

Polystyrene latex particles
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Figure 4 Images of 1 wt% dispersions (at 20 ᵒC) mixed with fibrils at concentrations of 0 (no fibrils 

added), 0.001, 0.0025, 0.005, 0.0075, 0.01, 0.025, 0.05, 0.1, 0.5, 1, 1.5, 2, 2.5, 3 or 3.5 wt%. The 

fibrils concentration increases from left to right. The different rows represent the samples at 

different times after preparation. (a): dispersions containing latex particles with a diameter of 208 

nm. (b): dispersions containing latex particles with a diameter of 862 nm. (c): dispersions 

containing lysozyme-coated latex particles with a diameter of 862 nm. The sample with 3.5 wt% 

fibrils is not included in (c). 

Images of dispersions containing particles with a diameter of 208 nm are shown in Figure 

4 a. All dispersions with protein fibril concentrations up to 0.0075 wt% have comparable 

stability. Increasing the fibril concentration from 0.01 wt% up to 0.05 wt% the dispersions 

showed phase separation within 1 day, and to an increasing extent with increasing fibril 

concentration. After 5 days two clearly separated layers were observed. By further 

increasing the fibril concentration (≥ 0.1 wt%), the dispersions remained stable for at least 

14 days.  

Images of dispersions containing particles with a diameter of 862 nm are shown in Figure 

4 b. The dispersions showed phase separation at fibril concentrations from 0.001 to 0.01 

wt% within 1 hour. Increasing the fibril concentration up to 0.1 wt%, the stability of the 

dispersions increased and was comparable to the dispersion without fibrils. In dispersions 

with 1 wt% fibrils, only limited sedimentation took place. At fibril concentrations above 1 

wt%, the samples were stable for at least 14 days. It is noted that these stabilized samples 

even showed higher stability than the sample without fibrils.  

Images of dispersions containing lysozyme-coated particles with a diameter of 862 nm are 

shown in Figure 4 c. All samples were stable for at least 1 day. Samples containing up to 

a b c

t = 0

t = 1 hour

t = 1 day

t = 5 days

t = 14 days
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0.1 wt% phase separated within 14 days. At a fibril concentration of 0.5 wt% the 

dispersion was stable. The dispersion phase separated again at fibril concentrations 

between 1 wt% and 1.5 wt%. At fibril concentrations above 2 wt%, the samples were 

stable for at least 14 days.  

Based on the macroscopic observations, we identify the following 4 regimes with 

increasing fibril concentration: 1) at low fibril concentrations phase separation is observed; 

2) above a critical fibril concentration, samples are stable; 3) increasing fibril 

concentration, dispersions show phase separation again; 4) further increasing the fibril 

concentration the dispersions are stable again.   

7.3.4 The effect of temperature on stability 

To investigate the influence of temperature on dispersions stability, dispersions with 

particle diameters of 208 nm and 862 nm were incubated at 65 ᵒC for 5 days (cf. Figure 5).  

 

Figure 5 Images of 1 wt% dispersions (at 65 ᵒC) mixed with fibrils at concentrations of 0 (no fibrils 

added), 0.001, 0.0025, 0.005, 0.0075, 0.01, 0.025, 0.05, 0.1, 0.5, 1, 1.5, 2, 2.5, 3 or 3.5 wt%. The 

fibrils concentration increases from left to right. The different rows represent the samples at 

different times after preparation. (a): dispersions containing latex particles with a diameter of 208 

nm. (b): dispersions containing latex particles with a diameter of 862 nm.  

The stability of dispersions with a particle diameter of 208 nm incubated at 65°C (cf. Figure 

5 a), was almost identical to the stability at 20ᵒC (cf. Figure 4 a). The only difference is the 

stability of the sample at 0.1 wt% of fibrils at 65 ᵒC (cf. Figure 5 a).  In the case of 

a b

t = 0

t = 1 hour

t = 1 day

t = 5 days
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dispersions with particles of 862 nm incubated at 65°C, the stability was also almost 

identical to the stability at 20ᵒC (cf. Figure 4 b). Only the sample with 0.025 wt% fibrils at 

65 ᵒC showed more pronounced phase separation compared to the same sample at 20 ᵒC 

(cf. Figure 4 b ). At higher fibril concentration the dispersions were macroscopically stable. 

The results show that an increase in temperature only had a small influence on 

macroscopic stability. 

7.3.5 Microscopy 

To investigate the stability of the dispersions with fibrils, the samples were analysed after 

7 days of sample preparation using microscopy.  Samples of dispersions from the 4 

identified regimes were imaged by optical microscopy. 
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Figure 6 Microscopy images of the bottom layer of the dispersions at 20 ᵒC after 7 days of  sample 

preparation. The particle diameter is 208 nm and the fibril concentrations are 0 (no fibrils added), 

0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 1.5, 2, 2.5 and 3 wt%. The fibril concentration (wt%) is 

indicated in the images. The scale bar corresponds to 5 μm. 

The images in Figure 6 show a complicated behaviour of aggregate size as a function of 

fibril concentration. In the dispersion without fibrils (0 wt%) no particle aggregates could 

be observed. At low fibril concentrations (≤ 0.05 wt%), aggregates are observed, which 

increase in size with increasing fibril concentration. After further increasing the fibril 

concentration, the size of the aggregates decreases. At fibril concentrations higher than 

0 0.001 0.005

0.01 0.05 0.1

0.5 1 1.5

2 2.5 3
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0.1 wt%, almost no aggregates could be observed anymore up to a fibril concentration of 

1 wt%. Upon further increasing the fibril concentration (≥ 1 wt%), we find particle 

aggregates again. The size of these aggregates reaches a maximal value at a certain fibril 

concentration and decreases again while increasing the fibril concentration. At higher fibril 

concentration (3 wt%), the dispersions are even more stable than the dispersion without 

fibrils. In addition, we observed that small aggregates are present together with some 

single particles.  

 

Figure 7 Microscopy images of the bottom layer of the dispersions at 20 ᵒC after 7 days of sample 

preparation. The particle diameter is 862 nm and the fibril concentrations are 0 (no fibrils added), 

0.001, 0.005, 0.05, 0.5, 1, 1.5, 2 and 3 wt%. The fibril concentration (wt%) is indicated in the 

images. The scale bar corresponds to 5 μm. 

The dispersions with a particle diameter of 862 nm (cf. Figure 7) show a similar behaviour 

as the dispersions with a particle diameter of 208 nm (cf. Figure 6). The main differences 

are the fibril concentrations at which the change in aggregate size starts. When larger 
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particles are present the changes in aggregate size took place at lower fibril concentration. 

At higher fibril concentration (3 wt%), the dispersions are even more stable than the 

dispersion without fibrils. In addition, we observed that small aggregates are present 

together with some single particles.  

 

Figure 8 Microscopy images of the bottom layer of the dispersions at 20 ᵒC after 7 days of sample 

preparation. The particles are coated with lysozyme and their diameter is 862 nm. The fibril 

concentrations are 0 (no fibrils added), 0.001, 0.005, 0.05, 0.5, 1, 1.5, 2 and 3 wt%. The fibril 

concentration (wt%) is indicated in the images. The scale bar corresponds to 5 μm. 

Figure 8 shows the microscopy images of dispersions containing protein fibrils and 

lysozyme-coated latex particles with a diamter of 862 nm. At low fibril concentrations (< 

0.5 wt%) no aggregates were observed. Above 0.5 wt% the dispersions showed similar 

behaviour as the dispersions with a particle diameter of 862 nm as shown in Figure 7. At 

higher fibril concentration (3 wt%), the dispersions are more stable than the dispersion 

0 0.001 0.005
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without fibrils. In addition, we observed again that small aggregates are present together 

with some single particles.  

7.3.6 DWS  

The intensity autocorrelation functions of the dispersions were measured directly after 

mixing. The mean square displacement (MSD), half-life time (τ1/2 )  and p values are 

determined.  

 

Figure 9 The normalized g2(t)-1 of dispersions containing 1 wt% latex particles and  fibril 

concentration of 0 (no fibrils added), 0.001, 0.0025, 0.005, 0.0075, 0.01, 0.025, 0.05, 0.1, 0.5, 1, 1.5, 

2, 2.5, 3 or 3.5 wt%. (a): dispersions containing particles with a diameter of 208 nm; (b): 

dispersions containing particles with a diameter of 862 nm; (c): dispersions containing lysozyme-

coated particles with a diameter of 862 nm, the sample with 3.5 wt% fibrils is not included. 
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The intensity autocorrelation functions reflect the diffusivity of the particles. In the 

dispersions with a particle diameter of 208 nm (cf. Figure 9 a), at low fibril concentrations 

(≤ 0.0025 wt%),  the intensity autocorrelation function is comparable to that of the 

dispersion without fibrils. Upon increasing fibril concentration, g2(t)-1 shifts to larger 

decorrelation times caused by a lower particle diffusivity due to aggregation, as also 

observed in microscopy images. At 0.025 wt% the dispersion shows extensive aggregation 

(cf. Figure 6), which results in a shift to a much larger decorrelation time corresponding to 

a low diffusivity. Further increasing the fibril concentration up to 1 wt%, the g2(t)-1 shifts 

back to lower decorrelation times or higher diffusivities. These decorrelation times are, 

however, still larger than dispersion without fibrils, which is caused by the viscosity 

increase of the continuous phase. Between 1.5 wt% and 2 wt% fibril concentration, due to 

particle aggregation, the decay of g2(t)-1 is still somewhat slower than at 3 wt%. Upon 

increasing fibril concentrations, the g2(t)-1 shift to larger decorrelation times with increase 

of the fibril concentration, presumably due to the viscosity increase of continuous phase. 

In line with the microscopic observations, the dispersions with a particle diameter of 862 

nm show a similar behaviour as the dispersions with a particle diameter of 208 nm. The 

main differences are the fibril concentrations at which the change in decorrelation times 

occur.  

In lysozyme-coated particle dispersions (particle diameter of 862 nm), we observed that 

dispersions with fibril concentration below 1 wt% showed similar or slightly larger 

decorrelation times in comparison to the dispersion without fibrils. This is in line with the 

microscopic images, where no particle aggregation was observed (cf. Figure 8). Upon 

increasing fibril concentration, the dispersions showed a sharp shift to larger decorrelation 

times due to particle aggregation as observed by microscopy. At fibril concentration of 3 

wt%, where less and smaller particle aggregates were observed, the g2(t)-1  still slightly 

shifts to larger decorrelation times, presumably due to the  viscosity increase of the 

continuous phase. 
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Figure 10 The mean square displacement of dispersions containing 1 wt% particles and fibril 

concentration of 0 (no fibrils added), 0.001, 0.0025, 0.005, 0.0075, 0.01, 0.025, 0.05, 0.1, 0.5, 1, 1.5, 

2, 2.5, 3 or 3.5 wt%. (a): dispersions containing particles with a diameter of 208 nm; (b): 

dispersions containing particles with a diameter of 862 nm; (c): dispersions containing lysozyme-

coated particles with a diameter of 862 nm, the sample with 3.5 wt% fibrils is not included. The 

line indicated by the red stars represents MSD ~ 𝑫𝒕𝒑with p = 1 and serves as a guide to the eye.  
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Figure 11 The half-life time τ1/2 (a) and p value (b) as a function of protein fibril concentration 

(wt%) for all dispersions. Dispersions containing particles with a diameter of 208 nm are shown in 

filled square. Dispersions containing particles with a diameter of 862 nm are shown in filled 

sphere. Dispersions containing lysozyme-coated particles with a diameter of 862 nm are shown in 

filled triangle. Lines are shown to guide the eye.  

The half-life time τ1/2 of the dispersion containing particles with a diameter of 208 nm (cf. 

Figure 11 a) is constant for fibril concentrations below 0.0025 wt%. Above this fibril 

concentration τ1/2 grows with increasing fibril concentration up to 0.025 wt%. 

Subsequently τ1/2 decreases with increasing fibril concentration, up to 0.1 wt%. Then, τ1/2 

remains constant between fibril concentrations of 0.1 wt% and 0.5 wt%. Further 

increasing the fibril concentration, leads to a sudden change in slope of the curve of τ1/2 

around 2.5 wt%. The half-life time τ1/2 of the dispersion containing particles with a 

diameter of 862 nm shows a similar pattern, with different fibril concentrations for various 

transitions. The half-life time τ1/2 of the dispersion containing lysozyme-coated particles 

slightly increases up to a fibril concentration of 0.1 wt%. Above this concentration, the 

behaviour of τ1/2 is comparable to that of the other dispersions. From the MSD curves (cf. 

Figure 10), we obtained the p-values as shown in Figure 11 b. The p-value in all dispersion 

is higher than 0.5, indicating that the matrix behaves like a viscous medium.   
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Figure 12 The normalized g2(t)-1 of the 10 measurements for dispersions after sample preparation 

within 30 minutes (left) and the corresponding enlargement (right) showing more detail. 

Dispersion was monitored immediately after preparation. Each measurement takes 3 minutes and 

data were collected for 30 minutes. The results shown above are from dispersions containing 

particles with a diameter of 862 nm. (a): stable dispersion with 0 wt% fibrils. (b): dispersion 

destabilized by bridging with 0.005 wt% fibrils. (c): stable dispersion with 0.05 wt% fibrils. (d): 

dispersion destabilized by depletion with 1.5 wt% fibrils. (e): stable dispersion with 3 wt% fibrils. 
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By monitoring the dispersions continuously for 30 minutes directly after sample 

preparation, we observed that for the dispersions that are stable for at least 5 days, the 

autocorrelation function g2(t)-1 did not change within this time ( cf. Figure 12 a and c). In 

the dispersions that were unstable (cf. Figure 12 b and d) we observed that the g2(t)-1 

continuously shifted to larger decorrelation times, corresponding with the formation of 

particle aggregates. In the dispersions with 0.005 wt% fibrils (cf. Figure 12 b), the g2(t)-1 

did not shift anymore after 18 min. In the dispersion with 1.5 wt% of fibrils added (cf. 

Figure 12 d)   after 24 min g2(t)-1 did not shift anymore. These times indicate when the 

flocculation is completed. The larger τ1/2 for the dispersions destabilized by bridging 

corresponds to a larger aggregate size compared to the dispersions destabilized by 

depletion interaction. In dispersions that are stable (cf. Figure 12 e) with both small 

particle aggregates and single particles present, g2(t)-1 only slightly shifted to larger 

decorrelation times in the first 6 min, and remained the same afterwards.  

7.3.7 Discussion  

Our results showed that the stability of the dispersions is controlled by the fibril 

concentration, diameter and the surface charge of the particles. At low fibrils 

concentrations the dispersions show phase separation. In dispersions with a particle 

diameter of 208 nm and 862 nm, both particles have the same negative surface charge (-

60 mV), as confirmed by our zeta potential measurements. Incubating the dispersions with 

positively charged fibrils and subsequent washing to remove the excess of fibrils from the 

bulk solution led to charge reversal of the particles (+54 mV). From this we conclude that 

the fibrils can adsorb onto the particles. When dispersions are mixed with low 

concentration of fibrils, the particles will not be completely covered, allowing bridging and 

destabilisation to take place as the particles and fibrils are oppositely charged.
38, 39

 The 

first peak at low fibril concentration for the non-coated latex samples as shown in Figure 

11 a corresponds to the flocculation as induced by bridging.  In the case of particles with a 

diameter of 862 nm, the flocculation due to bridging occurred at a fibril concentration 

lower than for the particles with a diameter of 208 nm (cf. Figure 11 a). This is likely 

related to the fact that larger particles have a lower number concentration than smaller 

particles. With increasing fibril concentration, the particles become fully covered, leading 

to (steric and/or electrostatic) stabilisation of the dispersion.
40, 41

 This stabilization 

occurred at a four-fold lower fibril concentration for the larger particles (cf. Figure 11 a) 
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compared to the smaller particles. The reason for this is that at fixed particle 

concentration (i.e., 1 wt%)  the specific area of the smaller particles is ~ 4 times larger 

compared to the larger particles and the concentration of fibrils needed to cover the 

surface of the particles is ~ 4 times higher.  

Further increase of the fibril concentration leads to depletion flocculation,
13

 as induced by 

the non-adsorbed fibrils in the dispersions. Depletion flocculation induced by protein 

fibrils has also been described in emulsions.
25

 The onset of destabilization takes place at 

lower fibril concentrations when the particles are larger. This is in line with the volume 

fraction φr of rods needed to induce phase separation of colloidal spheres scales as φr ~ 

D
2
/Ld , where d is the diameter of spheres, D the diameter and L the length of the fibrils. 

22
 

At even higher fibrils concentration, we observe again stable dispersions. We note that 

these dispersions are completely stable against sedimentation (at least for a time period 

of 14 days). This is in contrast to the dispersions without fibrils, where sedimentation 

takes place within 14 days. Interestingly, from microscopy images it is found that these 

stable dispersions contain both single particles and clusters of particles. These clusters are 

smaller than the aggregates in dispersions that are destabilised by either depletion or 

bridging interactions.  

The dispersions containing lysozyme-coated particles were stable at low fibril 

concentrations. The lysozyme-coated particles and protein fibrils are both positively 

charged, excluding the possibility of bridging, and, instead, leading to electrostatic and/or 

steric stabilization of the dispersion. When the non-adsorbing fibrils in the dispersion 

exceed to a certain concentration, the dispersion is destabilized by depletion flocculation.  

After increasing the fibril concentration the dispersion is stabilized again, with the same 

characteristics as for the other two dispersions.  

In all three dispersions we find stabilization at high enough fibril concentration. From 

Figure 4 and Figure 5 we conclude that temperature did not have a significant influence on 

the macroscopic stability of the dispersions. It was observed that small particle clusters 

are present together with single particles. All these stable dispersion also showed a better 

stability compared to the dispersion without fibrils. There are several mechanisms 

conceivable that lead to this re-stabilization.  
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For instance, the increase of the bulk viscosity by the addition  of fibrils 
25

 or the formation 

of a particle gel stabilizing the dispersions.
42

 However, our DWS results (cf. Figure 11 a) 

have shown that the increase in bulk viscosity was only small relative to the unstable 

dispersions. Therefore, the stabilization of dispersions is not likely to be explained only by 

a viscosity increase. In addition, Figure 11 b  showed that all dispersions have p > 0.5, 

implying that G’< G’’,
30

  i.e. excluding the possible formation of a particle gel.  In addition, 

the decay of g2(t)-1 to zero  also indicates that particles can still diffuse unhindered.   

DWS measurements were used to monitor the dispersions during 30 minutes directly after 

preparation (cf. Figure 12). In this way information on the kinetics of destabilisation can be 

obtained. For dispersions without fibrils the decorrelation curves overlap for different 

times after preparation, implying that the dispersion is stable over the time of 30 minutes 

(cf. Figure 12 a). For dispersions destabilised by bridging (cf. Figure 12 b), we find that the 

curves shift to larger decorrelation time, and overlap with one another after 18 minutes. 

This indicates that aggregate formation is completed after 18 minutes. For dispersions 

stabilised by steric and/or electrostatic interactions the decorrelation curves all overlap (cf. 

Figure 12 c), and are identical to the curves for dispersions without fibrils. For dispersions 

destabilised by depletion interactions (cf. Figure 12 d) the curves shift to larger 

decorrelation times and overlap after 24 minutes, indicating the end of aggregate 

formation. For dispersions stabilised at the highest fibril concentrations (cf. Figure 12 e) 

also show a shift to larger decorrelation times and overlap after 6 minutes.  We stress that 

during preparation of the dispersions care was taken to disperse the latex particles into 

single particles by means of rigorous agitation. We conclude that directly after preparation 

the particles aggregate in small clusters that are stable against further aggregation. From 

microscopy we know that even after 7 days we still have small clusters and single particles 

present. The fact that single particles do exist over a period of 7 days and that aggregation 

takes place directly after sample preparation suggests that there is a dynamic exchange of 

particles in clusters with single particles in the fibril solution. The maximum cluster size 

suggests that there is a kinetic barrier against further growth. The kinetic barrier originates 

from the  presence of fibrils, and could be related to the increase of osmotic pressure 

between two approaching clusters, as noted before.
43

  Moreover, the particles/clusters 

could be trapped in cages, as created by the surrounding fibrils.  However, the typical size 

of these cages must be large enough to allow the auto-correlation function to decay to 
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zero.  This suggests that the particles can still diffuse over limited distances. This limitation 

in their diffusive motion could explain the absence of sedimentation.  

Many researchers have observed the stabilization of colloidal dispersions at polymer 

concentration higher than the polymer concentration where the depletion flocculation 

occurred.
44-50

 This stabilisation is sometimes referred to as depletion stabilisation. 

Interestingly, in all these works the formation of small particle clusters also was observed. 

The explanation of the depletion stabilization is still under discussion. The discussion 

mainly differentiates in thermodynamic
48-59

 versus kinetic
21, 43, 45, 47, 60-64

 arguments. In 

another study
46, 65

 a different mechanism was proposed, where the stabilization was 

attributed to the slowdown of particle movement at high polymer concentration. In the 

case of colloidal dispersions containing rod-like particles, Mao and Lekkerkerker studied 

the depletion stabilization induced by the rods.
21, 64

 They attribute the stabilization to a 

kinetic effect. We note that our systems are different from what has been studied above, 

since the average length of the rod-like fibrils is larger than the diameter of the particles. 

However, our results from microscopy and DWS also point in the direction of kinetic 

stabilisation, i.e. depletion stabilization.    

7.4 Conclusion 

We find that dispersions containing particles and oppositely charged fibrils show 4 

different stability regimes as a function of fibril concentration. With increasing fibril 

concentration we find: 1) bridging flocculation; 2) steric and/ or electrostatic stabilization; 

3) depletion flocculation; and 4) depletion stabilization. Interestingly, the depletion 

stabilized dispersions contain single particles together with small clusters that cannot 

grow beyond a certain size. Although the depletion stabilization mechanism still needs 

more research, our results point to a mechanism based on a kinetic barrier, which 

depends on fibril concentration.  
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Abstract 

We investigated the emulsion stability containing a bi-fibrillar network consisting of both 

whey protein isolate (WPI) fibrils and bacterial cellulose (BC) microfibrils at pH 2. The 

stability of emulsions in the presence of only WPI protein fibrils has been part of a 

previous publication (i.e. Chapter 6).
1
 Emulsions in the presence of only BC microfibrils, 

are stabilized by a yield stress of the BC microfibril network. The presence of WPI fibrils 

may lead to depletion induced oil droplet aggregation, and enhanced creaming can be 

prevented when the concentration of BC microfibrils is sufficiently high. Combining two 

types of fibrillar structures in emulsions leads to a competition between stabilization 

and/or destabilization effects of the WPI fibrils and BC microfibrils. As a result, emulsion 

stability with different rheological properties and microstructures can be tuned by varying 

the concentration ratios of the two fibrillar structures. The stabilisation of emulsions by BC 

microfibrils and WPI-BC bi-fibrillar networks are temperature independent.  
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8.1 Introduction 

Emulsions are thermodynamically unstable systems and are present in various products 

such as pharmaceuticals, cosmetics and foods. Creaming, Ostwald ripening, flocculation 

and droplet coalescence are phenomena that lead to emulsion instability.
2, 3

 To confer 

long-term emulsion stability, stabilizers such as proteins and/or polysaccharides are 

normally added to emulsions.
2-4

 Stabilizing mechanisms are for instance, rheological 

properties of the continuous phase,
4
 formation of emulsion gel network,

5
 and so-called 

“depletion stabilization”,
1, 6

 which is less commonly known. Apart from stabilization of 

emulations, the addition of protein and/or polysaccharides may also induce 

destabilization of the emulsions under certain conditions. For instance, a destabilization 

mechanism may be droplet aggregation via depletion flocculation.
7, 8

  

Protein fibrils are rod-like aggregates formed from proteins when certain conditions are 

applied.
9-11

 Many proteins have the ability to form fibrils, such as whey protein,
12

 soy 

protein,
13

  pea protein,
14

 ovalbumin,
15

 and lysozyme.
16

 Among them, protein fibrils formed 

from whey protein, in particular, β-lactoglobulin (β-lg), has received considerable 

attention regarding its formation mechanism and physical properties. Upon heating at low 

pH and low ionic strength, the peptides from protein hydrolysis will assemble into fibrils.
17, 

18
 The fibrils formed are semi-flexible and have a high aspect ratio, due to its diameter in 

the order of nanometer, while the length is in the order of micrometers.
19

 Protein fibrils 

have been reported to be interesting candidates as functional ingredients in foods.
20

 

Recently, the protein fibrils were found to induce complex phase behaviour in colloidal 

dispersions.
1, 21, 22

 More importantly, the fibrils are found to stabilize emulsions by 

depletion stabilization, while keeping the emulsions as a low viscosity fluid.
1, 21

 Depletion 

flocculation induced by protein fibrils in emulsion has also been reported earlier. 
22

 

Bacterial cellulose (BC) is a microbial polysaccharide, which has received considerable 

attention in literature due to its unique properties and broad applications in industry. In 

foods, it is recognized as an important functional ingredient due to its purity and potential 

use as a thickening, gelling, stabilizing and water binding agent.
23-29

 Moreover, BC offers 

health benefits as a dietary fibre and low caloric ingredient.
30-32

 The popular dessert in 

Philippines, Nata de Coco, mainly consists of BC and water.
33

 A recent study applied high-

energy mechanical de-agglomeration to process the Nata de Coco to obtain a colloidal 

dispersion consisting of BC microfibrils. 
34

  Microfibrils in BC are in the form of a ribbon-
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like structure, with a width of nanometers and a length of micrometers. The hydroxyl 

groups mediated hydrogen bonding lead to agglomeration of the microfibrils, forming a 

space-filling network. Above a certain BC concentration (~ 0.1 wt%), the microfibrils form 

a self-supporting gel.
34

 The viscosity of the dispersions increase substantially with 

increasing BC concentrations. The potential of BC microfibrils as an emulsifier and 

stabilizer in emulsions has also been studied before.
26, 28, 29

 In the meanwhile, BC has been 

utilized as a stabilizing agent
35

 to retain the shape of ice cream and as a heat-stable 

suspending agent
25

 to prevent cacao particles in a chocolate drink from sedimentation. 

The stabilizing effect of BC is mainly attributed to the rheological properties of its 

network.
23-25, 29, 35

 

In Chapter 3 it was found that WPI fibrils and BC microfibrils do not phase separate. In this 

Chapter, we aim to investigate the functionality of mixed WPI fibrils and BC microfibrils on 

emulsion stability.  

8.2 Material and methods  

8.2.1 Whey protein isolate (WPI) solution  

WPI powder ((BiPRO, Davisco, USA) was dispersed in an HCl solution of pH 2 to prepare a 

stock solution of approximately 7.5% WPI. After being stirred at 4 °C overnight, the pH was 

adjusted to pH 2 using a 6 M HCl solution. Subsequently, the solution was filtered using a 

filter (Hydrophilic PES 0.45 μm, Millipore Millex-HP) for removal of the undissolved 

proteins. The protein concentration of the solution was measured using a UV 

spectrophotometer (Cary 50 Bio, Varian) at a wavelength of 278 nm in combination of a 

calibration curve determined from WPI solutions at known concentrations. The solution 

was stored at 4 °C for further use in fibril formation and emulsion preparation.  

8.2.2 WPI fibril formation 

A 4 wt% WPI solution was prepared by diluting the WPI stock solution with an HCl solution 

at pH 2. The solution was heated and stirred in a heating block (RT 15 Power, IKA-WERKE) 

at 80 °C for 22 h to form protein fibrils. After heating, the fibril solution was cooled down 

in ice-water and then stored at 4°C for further use. The protein fibril concentration (wt%) 

mentioned in this paper refers to the WPI concentration before heating.  
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8.2.3 Bacterial cellulose (BC) microfibril dispersion 

The BC microfibril dispersion with a concentration of 1 wt% was kindly supplied by 

Unilever R&D Vlaardingen, the Netherlands. The preparation method is the same as 

described in Chapter 3. The detailed procedure for preparing the dispersion can be found 

elsewhere.
34, 36

  

8.2.4 Oil-in-water (O/W) emulsion 

To prepare a 40% (v/v) o/w emulsion, WPI was used as an emulsifier. 1 wt% WPI was 

prepared from dilution of the WPI stock solution. For emulsion preparation, sunflower oil 

(Reddy, The Netherlands, obtained from a local supermarket) was first gradually added 

into the 1 wt % WPI solution with continues mixing using a high-speed blender (Ultra 

Turrax, T25 digital, IKA) at a speed of 9000 rpm for 5 min.  After pre-mixing, the sample 

was passed five times through a homogenizer (Labscope, Delta instruments, The 

Netherlands) at a pressure of 70 bar. The emulsion was kept at 4 °C and used for sample 

preparation within 12 h after storage. 

8.2.5 Sample preparation 

To investigate the effect of WPI-BC bi-fibrillar networks on emulsion stability, three 

systems were prepared as follows:  

(1) BC microfibrils systems: only BC microfibrils were added to the emulsions. A range of 

BC microfibril concentrations were diluted from the stock dispersion using an HCl 

solution of pH 2 and used in emulsions. The final concentrations of BC microfibrils in 

the emulsion are: 0, 0.001, 0.0025, 0.005, 0.0075, 0.01, 0.025, 0.05, 0.1, 0.15, 0.2, 

0.3, 0.35, 0.4, 0.45, 0.5, and 0.6 wt%.  

(2) WPI systems: only WPI fibrils were added to the emulsions. The final concentrations 

of the protein fibrils in the emulsions are: 0, 0.01, 0.05, 0.1, 0.5, 1, 2 and 2.5 wt%.  

(3) WPI-BC bi-fibrillar systems: the mixture of WPI fibrils and BC microfibrils were added 

to the emulsions. The concentrations of WPI fibrils used in the mixture are: 0, 0.01, 

0.05, 0.1, 0.5, 1, 2, and 2.5 wt%. The BC concentrations used in the mixtures are 0, 

0.005, 0.05, 0.1, 0.15, 0.2, 0.3, and 0.35 wt%. The WPI fibrils and BC microfibrils were 

prepared separately, then mixed together, and subsequently mixed with the 

emulsions.  
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In all systems, the final volume fraction of the oil droplets was fixed to 10% (v/v). All 

dilutions are prepared using an HCl solution at pH 2. The samples are mixed by adding 

emulsions to pure BC microfibrils, pure WPI fibrils or WPI-BC bi-fibrillar mixtures. Samples 

are mixed using a vortex for 15 s.  

8.2.6 Morphology of WPI fibrils and BC microfibrils 

Transmission electron microscopy (TEM) was used to image the WPI fibrils and BC 

microfibrils. Dilution was performed to reach a final concentration of 0.02 wt% for WPI 

fibrils and 0.025 wt% for BC microfibrils prior to imaging. A droplet of the sample was 

placed on a carbon film supported by a copper grid, which has been pre-treated by glow 

discharge. The droplet was dried by a filter paper after 15 s to remove most of the water. 

Afterwards, a droplet of 2% uranyl acetate was added onto the grid for WPI fibrils, 

whereas for BC microfibrils, a drop of 2 % phosphortungsten acid was added onto the grid. 

Excess liquid was removed after 15 s by another filter paper. Images were taken using a 

transmission electron microscope (JEOL JEM-1011, Tokyo, Japan for the WPI fibrils and a 

Tecnai 20 system from FEI for the BC microfibrils).  

8.2.7 Size distribution of oil droplets 

Multi-angle static laser light scattering instrument (Mastersizer MS2000, Malvern 

Instruments) was used to measure the size distribution of oil droplets. For all batches, we 

obtain an average diameter of the oil droplets, D[3,2], of 1.8 ± 0.2 μm. 

8.2.8 Characterization of emulsion stability 

8.2.8.1 Visual observation 

Samples were prepared in a 2 ml transparent bottles and photographic images were taken 

at time 0, 1 hour, 1 day and 7 days after sample preparation at 20 ᵒC.  

8.2.8.2 Rheological properties 

Both the viscosity and visco-elastic properties of the samples were measured using a 

stress-controlled rheometer (MCR 302, Anton Paar) equipped with sandblasted concentric 

cylinder geometry (CC17/TI/S-SN38492). Samples were transferred into the rheometer 

using a pipette with the tip that was cut off to minimise fibril alignment during sample 
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transfer. A solvent trap was used to prevent evaporation. The shear viscosity was 

determined by increasing the shear rate from 0.01 to 500 1/s at 20 °C in 15 min. The visco-

elastic properties of the samples were measured by performing a strain sweep at a 

frequency of 1 Hz by increasing the strain from 0.01 to 1000%. All measurements were 

performed at 20 °C. 

8.2.8.3 Confocal laser scanning microscopy (CLSM) 

CLSM (Zeiss 200 m Axiovert, Thornwood, NY) was used to image the microstructure of the 

creaming layer (upper part) of the emulsions. A small drop of 0.2 wt% Nile blue (Merck, 

Germany) in Milli-Q water was added to stain the oil droplets prior to imaging. 

Subsequently, about 20 µL emulsion was transferred to a chamber prepared from a 

microscope glass slide (Menzel-glaser, 50 mm, Thermo Scientific, Germany) and a 

coverslip (Menzel-Glaser, 15 mm × 15 mm, Thermo Scientific, Germany). Images were 

taken by an oil immersion objective (Plan-Apochromat, 100×/1.46 oil, Zeiss, Germany). 

Emulsions were imaged at an excitation wavelength of 488 nm and an emission 

wavelength of 525 nm. 

8.2.9 Effect of temperature on emulsion stability 

To investigate the effect of temperature on the stability of the above prepared emulsions 

(i.e., with addition BC microfibrils and/or WPI  fibrils, the samples were stored at both 

room temperature ( ~20°C in a dark cabinet) and 45 °C (in an oven) for 7 days. 

Photographic and CLSM images were taken over time to check for stability.  

8.2.10 Effect of NaCl concentration on emulsion stability 

To investigate the influence of salt on emulsion stability, 150 mM NaCl was added to the 

emulsions. Photographic and CLSM images were taken to check for stability. 

8.3 Results and discussion  

8.3.1 Morphology of WPI fibrils and BC microfibrils 

Both WPI fibrils and BC microfibrils were characterized using TEM.  As can be observed in 

Figure 1, the WPI fibrils are semi-flexible and polydisperse. The average length is 
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approximately 2 µm. The diameter of the fibrils have been previously reported to be 4 

nm
37

 under the conditions used currently. With increase in WPI fibril concentration, four 

different concentration regimes can be identified: dilute, semi-dilute, concentrated 

isotropic and nematic regime.
20, 38

 At low ionic strength at pH 2, the transition from 

isotropic to nematic regime was determined to be ~ 0.4 wt% fibrils.
20, 39

  

In the case of BC microfibrils (Figure 2), flexible and long fibrillar structures can be 

observed, where the length of the microfibrils is too long to be measured. The BC 

microfibrils are not present as individual fibrils, instead, they show up as bundles of 

fibrils.
40

 Previous studies reported that BC microfibrils, that were prepared in the same 

way, are approximately 9 nm thick, 60 nm wide and up to several micrometers long.
34

 The 

dispersion consists of fibril bundles, flocs and voids ranging from tens to hundreds of 

micrometres, which leads to a highly heterogeneous dispersion. Upon increasing the BC 

concentrations, the size of flocs increases and the size of voids decreases. However, the 

size of the bundles remained unchanged.
34

 

 

Figure 1 TEM images of 4 wt% WPI fibrils. The scale bar corresponds to 2 µm (left) and 1 µm 

(right). 
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Figure 2 TEM images of 0.5 wt% BC microfibrils. The scale bar corresponds to 2 µm (left) and 200 

nm (right). 

8.3.2 Visual observation 

Macroscopic images of emulsions are taken at time 0, 1 day, and 7 days after sample 

preparation. The results are shown in Figure 3 (for the emulsions with BC microfibrils) and 

Figure 4 (for the emulsions containing both WPI fibrils and BC microfibrils).  

 

Figure 3 Visual observation at 20 ᵒC of 10% (v/v) o/w emulsions containing BC microfibrils at 

concentrations (increasing from left to right) of  0, 0.001, 0.0025, 0.005, 0.0075, 0.01 , 0.025, 0.05, 

0.1, 0.15, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5, and 0.6 wt% BC. The different rows refer to the samples at 0, 

1 day, and 7 days after preparation.  

In the emulsion without addition of BC microfibril (0 wt%), creaming due to density 

difference between the oil and water was observed after 7 days. In emulsions containing 

only BC microfibrils (Figure 3), we observed that up to BC microfibril concentration of 0.05 

wt%, the emulsions showed similar creaming behaviour to the emulsion without BC 

t = 0

t = 1 day

t = 7 days
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microfibril at 7 days after sample preparation, i.e. a creaming layer was observed on the 

top.  Upon increasing BC microfibril concentration to 0.2 wt%, the creaming behaviour 

was slowed down, with an even larger extent of slowing down at 0.3 wt% BC microfibrils. 

Interestingly, the bottom layer was observed to be less turbid, with increasing BC 

microfibril concentration, in comparison to the emulsion without BC microfibrils. At BC 

microfibril concentration of 0.35 wt%, the creaming was less pronounced, also leaving a 

less turbid thin layer at the bottom of the sample. Further increasing the BC microfibril 

concentration (≥ 0.4 wt%), the emulsions remained stable for 7 days. Moreover, the 

emulsions containing 0.5 and 0.6 wt% BC microfibrils were found to be stable against 

creaming up to 14 days after sample preparation (results not shown).  
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Figure 4 Visual observations at 20 ᵒC of 10% (v/v) o/w emulsions containing both WPI fibrils and 

BC microfibrils at different concentrations. The concentrations of BC microfibrils are 0, 0.005, 0.05, 

0.1, 0.15, 0.2, 0.3 and 0.35 wt%, as indicated on the left side of the image. For each BC microfibril 

concentration, the concentrations of WPI fibrils are 0, 0.01, 0.05, 0.1, 0.5, 1, 2, and 2.5 wt% WPI 

fibrils (as indicated below the images with concentration increasing from 0 to 2.5 wt% from left to 

right).  In emulsions containing 0.3 and 0.35 wt% BC, the WPI fibril at 2.5 wt% are not included as 

the WPI fibril concentration in the stock solution (4 wt%) is too low for dilution to 2.5 wt%. The 

different columns refer to the samples at 1 hour, 1 day, and 7 days after preparation.  
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In emulsions containing only WPI fibrils, as shown on the top row in Figure 4, the 

behaviour was in agreement with previous studieson these systems.
1, 22

 At low 

concentrations of WPI fibrils, the emulsions showed regular creaming. Above a certain 

concentration (~0.5 wt% for WPI fibrils prepared the same as this study), enhanced 

creaming was observed as induced by the attractive depletion interactions.
1, 22

 The 

creaming rate decreased with increasing WPI fibrils concentration (from 0.5 to 2 wt% WPI 

fibrils). Further increasing the WPI fibril concentration makes the emulsions become 

stabilized due to ‘depletion stabilization’.
1, 21

 This is clearly reflected in the emulsion 

containing 2.5 wt% fibrils after 1 day of preparation,  which showed higher stability than 

emulsion containing 2 wt% fibrils. It is expected that with WPI fibrils higher than 2.5 wt%, 

the emulsions will remain stable over time.
1, 21

  

In emulsions containing both WPI fibrils and BC microfibrils, we observe that at low BC 

microfibril concentration (0.005 wt%), the emulsions showed similar behaviour to those of 

emulsions containing only WPI fibrils. With increasing BC microfibril concentration up to 

0.3 wt%, for emulsions containing WPI fibril concentrations up to 0.1 wt%, a similar 

stability profile to those of emulsions containing only BC microfibrils (Figure 3) is observed, 

i.e. the emulsion creaming is slowed down substantially at higher BC microfibril 

concentrations. Interestingly, for emulsions containing WPI fibrils concentration between 

0.5 and 2 wt%, where high extent of creaming was observed when no BC microfibrils are 

present, the creaming was gradually slowed down with increasing of BC microfibril 

concentration. At WPI fibril concentration of 2.5 wt% and BC microfibril concentration 

above 0.05 wt%, the emulsions remained stable for 7 days. At a fixed BC microfibril 

concentration, the extent of creaming was further slowed down with increasing WPI fibril 

concentration from 0.5 wt% to 2.5 wt%, similar to those of emulsions containing only WPI 

fibrils. However, for emulsions containing 0.5 and 1 wt% WPI, the emulsions showed 

lower stability than emulsions containing WPI fibrils ≤ 0.1 wt% and ≥2 wt%. At BC 

microfibril concentration of 0.35 wt%, all emulsions that contain also WPI fibrils remained 

stable at 1 day after sample preparation. After 7 days, slight creaming was observed at the 

bottom of the sample, except for the sample containing both 0.35 wt% BC microfibrils and 

2 wt% WPI fibrils, which remained stable.  
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Figure 5 The stability diagram at 20 ᵒC of 10% (v/v) o/w emulsion containing both WPI fibrils and 

BC microfibrils at different concentration ratios at 7 days after sample preparation. Emulsions that 

are stable are indicated by the green spheres, while emulsions that are unstable against creaming 

are indicated by the red spheres. 

The stability diagram after 7 days for emulsions containing different concentration ratios 

between WPI fibrils and BC microfibrils is given on the basis of the visual observations in 

Figures 3 and 4. When both WPI fibril and BC microfibril concentrations are low, the 

emulsions are unstable after 7 days. When the WPI fibrils concentration is kept low, 

sufficient increase of the BC microfibril concentration leads to a stable emulsion. When 

the BC microfibril concentration is kept low, adding WPI fibrils higher than 2 wt% also 

leads to a stable emulsion. The stability of the emulsions can be tuned by varying the 

concentration ratios between WPI fibrils and BC microfibrils.  
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8.3.3 Rheological properties 

 

Figure 6 Viscosity (a) and shear stress (b) as a function of shear rate  for  10% (v/v) emulsions 

containing BC microfibrils  at concentratons of 0, 0.001, 0.0025, 0.005, 0.0075, 0.01, 0.025, 0.05, 

0.1, 0.15, 0.2 and 0.3 wt%.  

In emulsions containing only BC microfibrils, we observed that at BC microfibril 

concentrations lower than 0.005 wt%, the samples behave like the emulsion without BC 

microfibrils, i.e. Newtonian behaviour (Figure 6). At BC microfibril concentrations higher 

than 0.005 wt%, the samples show shear thining behaviour. The viscosity increases with 

increasing BC microfibril concentration. Plotting the shear stress over shear rate, we 

observed the same value of shear stress at different shear rates above BC concentrations 

of 0.025 wt%, which may be attributed to shear banding behaviour of the BC microfibrils, 

as has been reported in a previous study on rheological properties of BC microfibrils 

prepared in the same way.
34

 In addition, the shear viscosity in our study is comparable to 

the viscosity of pure BC microfibril dispersions in that previous study, which implies that 

the viscosity of the continuous phase of the emulsion containing BC microfibrils is 

dominated by BC microfibrils.   

In comparison to  the storage modulus G’ and loss modulus G’’ of the pure BC microfibril 

dispersions (no emulsion), the G’ and G’’ values of the emulsions containing BC 

microfibrils were slightly lower, as shown in Figure 7.  
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Figure 7  Storage modulus G’and loss modulus G’’ as a function of strain at a frequency of 1 Hz for 

sample containing pure 0.35 wt% BC microfibrils, and samples containing 10% (v/v) emulsion  and 

0.35 or 0.45 wt% BC microfibrils.  

 

 

Figure 8  Storage modulus G’ (a) and loss modulus G’’ (b) as a function of strain at a frequency of 1 

Hz for samples containing 10%(v/v)emulsion and WPI fibrils (wt%) and BC microfibrils (wt%) at 

different cocnentration ratios.  
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For the emulsions containing both WPI fibrils and BC microfibrils, the G’ and G’’ values are 

both low (< 5 Pa, Figure 8) and G’ is larger than G’’, due to the gel-like behaviour of BC 

microfibrils.
34

 The G’ value increases with increase in BC microfibril and WPI fibril 

concentrations in the emulsions.The values, and their increase upon concentration 

increase of BC microfibrils and WPI fibrils, are similar to that for dispersions containing 

pure WPI fibrils or pure BC microfibrils  (data from previous studies
1, 34

 ). Therefore we 

conclude that the increase of G’ of the emulsions is mainly due the contributions from WPI 

fibril and BC microfibrils, and interactions with the emulsion droplets or in between 

emulsions droplets (forming an emulsion gel) is unlikely. We note that our studies on the 

rheology of WPI fibrils and BC microfibrils (in Chapter 3) , did not reveal specific attractive 

interactions between WPI fibrils and BC microfibrils, at pH 2.  

8.3.4 Confocal laser scanning microscopy (CLSM) 

The top layer of the emulsions at 7 days after preparation were imaged using CSLM to 

investigate their microstructure. Figure 9 shows the CLSM images for emulsions containing 

only BC microfibrils and Figrues 10 -12 shows the CLSM images for emulsions containing 

both WPI fibrils and BC microfibrils.  
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Figure 9 CLSM images of the top layer of 10% (v/v) emulsions containing BC microfibrils at 

concentrations (indicated below the image) of 0, 0.001, 0.005, 0.025, 0.05, 0.1, 0.15, 0.2, 0.3, 0.35, 

0.4 and 0.45 wt% at 20 ᵒC at 7 days after preparation. The oil droplets are shown in yellow. Scale 

bar corresponds to 5 µm.  

In the emulsions containing only BC microfibrils, no oil droplet aggregation could be 

observed (Figure 9) and the oil droplets were homogeneously distributed in the top layer. 

At low BC microfibril concentrations (≤ 0.1 wt%),  the microstructure of the emulsions is 

similar to that of the emulsion without BC microfibrils. Above 0.15 wt% BC microfibrils, 

more smaller droplets were observed in the top layer of the emulsions. At BC mirofibril 

concentrations ≥ 0.35 wt%, almost all oil droplets are small, in contrast to emulsions with 

lower BC microfibril concentrations. Apparently the larger droplets are trapped within the 

BC microfibril network and can not cream towards the top layer of the sample, while the 

smaller droplets still can cream. Macroscopic images showed that these emulsions are 

stable for 7 days (Figure 3).  

0 wt% 0.001 wt% 0.005 wt% 0.025 wt%

0.05 wt% 0.1 wt% 0.15 wt% 0.2 wt%

0.3 wt% 0.35 wt% 0.4 wt% 0.45 wt%
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Figure 10 CLSM images of the top layer of 10% (v/v) emulsions at 20 ᵒC at 7 days after preparation. 

The emulsions contain 1 wt% WPI fibrils and BC microfibrils at concentrations of 0.005, 0.1, 0.3 

and 0.35 wt% as indicated below the images. The oil droplets are shown in yellow. The scale bar 

corresponds to 5 µm.  

 

Figure 11 CLSM images of the top layer of 10% (v/v) emulsions at 20 ᵒC at 7 days after preparation. 

The emulsions contain 2 wt% WPI fibrils and BC microfibrils at concentrations of 0, 0.005, 0.1, 0.3 

and 0.35 wt% as indicated below the images. The oil droplets are shown in yellow. Scale bar 

corresponds to 5 µm.  

 

Figure 12 CLSM images of the top layer of 10% (v/v) emulsions at 20 ᵒC at 7 days after preparation. 

The emulsions contain 2.5 wt% WPI fibrils and BC microfibrils at concentrations of 0, 0.005, and 

0.1 wt% as indicated below the image. The oil droplets are shown in yellow. Scale bar corresponds 

to 5 µm.  

In Figrue 10, CLSM images of the top layer of emulsions with 0.1 wt% WPI fibrils and BC 

microfibrils at different concentrations are shown. All emulsions showed a similar 

0.005 wt% 0.1 wt% 0.3 wt% 0.35 wt%

0 wt% 0.005 wt% 0.1 wt% 0.3 wt% 0.35 wt%

0 wt% 0.005 wt% 0.1 wt%
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microstructure with oil droplets homogeneously  distributed in the top layer, with 

comparable size to that of the bare emulsion (Figure 9). However, it was noted that at BC 

microfibril concentraiton higher than 0.3 wt%, more small oil droples are observed.  

At fixed WPI fibril concentration of 2 wt%, as shown in Figure 11, oil droplet aggregation 

due to depletion flocculation
1, 22

 was observed in emulsions with 0 wt% BC microfibril 

concentration. Upon addition of BC  microfibrils, the oil droplet aggregation still occurred, 

regardless of the BC microfibril concentration used. This suggests that the presence of BC 

microfibrils did not prevent the oil aggregation due to depletion floccuation induced by 

WPI fibrils. However, emulsions containing 2 wt% WPI fibrils and BC microfibril 

concentration of 0.1, 0.3 and 0.35 wt% remaind macroscopically stable, as shown in Figure 

4.  

At 2.5 wt% WPI fibrils, all emulsions showed oil droplet aggregation (Figure 12), but the 

aggregate sizes are generally smaller than the oil droplet aggregates in emulsions 

containing 2 wt% WPI fibrils, at the same BC mcirofibril concentration. The phenomenon 

of the oil droplet aggreation in the emulsions as a function of WPI fibril concentration is 

similar to that observed in emulsions containing only WPI fibrils.
1
 This was attributed to 

depletion interaction induced by the WPI fibrils. With increase in WPI fibril concentration, 

the enhanced creaming due to depletion flocculation decreased. Above a certain 

concentration of WPI fibrils, depletion stabilization takes places, with the emulsion 

droplets present in the form of both single droplets and droplet clusters.
1, 21

 The results 

imply that oil droplet aggregation induced by WPI fibrils was not prevented by the 

incorporation of BC microfibrils. Macroscopic images (Figure 4) show a stable sample 

above a certain BC microfibril concentration, suggesting that the BC microfibrils are able 

to stabilize the emulsions which otherwise would be unstable, within a certain range of 

WPI fibril concentrations.  

We have characterized the stability of emulsions with the addition of BC microfibrils and 

with the addition of WPI fibrils and BC microfibrils (i.e. bifibrillar WPI-BC networks) as a 

function of the respective fibril concentrations using rheology and microscopy. The 

emulsion stability in the presence of only WPI fibrils had been studied previously (i.e. 

Chapter 6).
1, 22

 Results showed that at low concentrations of WPI fibrils, depletion 

flocculation was induced, causing droplets aggregation, resulting in enhanced creaming.
1, 

22
 We found that above a certain WPI fibril concentration, the WPI fibrils stabilize the 
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emulsion.
1
 In these stabilized emulsions both aggregates and single droplets are present. 

The aggregates seeem to have a maximum size. The emulsions with WPI fibrils remained a 

low-viscosity fluid, i.e. no emulsion gel or fibril gel was observed. Moreover, the emulsions 

were found to remain stable at 45 ᵒC, implying a temperature independent stabilisation 

mechanism. Although the mechanism of the stabilization remains unclear, the results 

pointed into the direction of the presence of a kinetic barrier. Similar results were also 

found in colloidal dispersions containing oppositely charged polystyrene latex particles 

(i.e. Chapter 7).
21

 

When only BC microfibrils are added to emulsions, at low BC microfibril concentrations, 

the emulsions showed similar creaming behaviour to the emulsion without BC microfibrils. 

Upon increasing the BC microfibril concentration, the creaming behaviour is gradually 

slowed down, leaving a thin serum layer at the bottom of the sample. Above a certain BC 

microfibril concentration (~ 0.4 wt%), emulsions remained stable for 7 days after 

preparation. The microstructure from CLSM reveals that more smaller droplets are 

present in the top layer of the emulsions upon increasing BC microfibril concentrations. 

This in contrast to emulsions at low BC microfibril concentrations, where mainly large 

droplets are observed in the top layer. It was estimated that the minimum concentration 

of self-supporting gel formation of  BC microfibrils is ~ 0.1 %.
34

 This corresponds to the 

transition concentration of BC in emulsions where more small droplets are observed in the 

top layer of the emulsions (Figure 9). In emulsions without BC microfibrils, larger droplets 

creamed faster than smaller droplets. The results suggest that the larger droplets are 

probably trapped in the BC microfibril gel network, while the small droplets can move 

through the BC microfibril network and reach the top layer. Interestingly, the rheological 

properties (i.e. viscosity and visco-elastic properties) of the emulsions were determined to 

be comparable to that of pure BC microfibrils at the same concentration. No droplet gel 

network structure or aggregation was observed. These results therefore exclude the 

possibility of stabilization by emulsion gel formation. Based on the above, we can draw 

some conclusions on the possible mechanisms of stabilisation due to BC microfibrils. 

Increasing the BC microfibril concentration, the viscosity also increase substaintially,
34

 as is 

also confirmed by the viscosity  of emulsions containing BC microfibrils. The stabilization 

of emulsions by BC microfibrils however cannot be attributed to the viscosity increase of 

the continuous phase of the emulsion, since this would contradict with the presence of 

smaller droplets at the top layer of the emulsions at higher BC microfibril concentration. 
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The presence of the smaller droplets at the top layer can be explained by the mesh size of 

the network being such that it only allows the small droples to pass through (schematic 

picture in Figure 13). The presence of a  few large droplets at the top layer of the 

emulsions with high concentration of BC microfibrils could be due to the heterogeneity of 

the BC network.
34

 The presence of large non-flocculated droplets throughout the BC 

network can be attributed to a yield stress, which is known to exist in these systems and 

which increases with increasing BC microfibril concentration.
29, 34

 Indeed, observing the 

motion of the droplets using CLSM over a time period of 2 minutes did not show  

displacement of the droplets over their radius implying the dropets are basically stuck. It is 

estimated that in order to prevent creaming of a droplet with size below ~1 µm, a yield 

stress below 10
-3

 Pa would already be sufficient.
41

 For our type of BC microfibril 

systemsindeed a much higher yield stress  of the order of 1 Pa was determined previously. 
34

    

In the case of emulsions containing both WPI fibrils and BC microfibrils, it was shown that 

the emulsion stability can be tuned depending on the concentration ratios between WPI 

fibrils and BC microfibrils. Importantly, in emulsions with both types of fibrillar structure 

present, we oberved that the systems share the similar characteristics that also belong to 

the emulsions stabilized by WPI fibrils and BC microfibrils alone. More specifically, at a 

fixed BC microfibril concentration, with increasing WPI fibril concentration in the mixture, 

we observed a trend of the emulsion stability as a function of WPI fibrils similar to that for 

the emulsion containing only WPI fibrils. At low WPI fibril concentration, oil droplet 

aggregation due to depletion floccuation induced by fibrils was observed. Above a certain 

fibril concentration, the oil droplet aggregates become smaller and emulsions are 

stabilized with both small aggregates and single droplets present together, due to the 

depletion stabilization.
1, 21

 This trend is independent of BC microfibril concentration. 

Moreover, at higher BC microfibril concentration, the emulsions remained  stable with the 

occurence of droplet aggregates induced by depletion flocculation, indicating that the 

presence of BC microfibrils did not influence the behaviour induced by WPI fibrils in 

emulsion, and that the BC microfibrils network is able to stabilize the oil droplet 

aggregates. The creaming is gradually slowed down while increasing the BC microfibril 

concentration, at a fixed WPI fibril concentration.  

When the BC  microfibril concentration is high enough, the emulsions remained stable. 

This effect is also independent of WPI fibrils, regardless of the oil droplet aggreagtion 
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induced by WPI fibrils. This indicates that BC microfibrils did not influence the oil droplet 

aggregation as induced by protein fibrils. It is more that the BC microfibrils are efficient to 

form a network to prevent the oil droplet aggregates from creaming.  

In summary, the BC microfibrils act as a stabiliser via their formation of a network with a 

yield stress and does not act as a depletiong agent. The WPI fibrils do not form a network 

exerting a yield stress but are very effective in causing depletion, and cause depletion 

stabilisation at higher concentrations. An emulsion stabilised by WPI fibrils remains liquid 

like, while an emulsion stabilised by BC microfibrils becomes a yield stress fluid. 

Although the mechanism of the stabilization and /or destabilization is different from each 

other, the competition between stabilization and/or destabilization induced by WPI fibrils 

and BC microfibrils alone at certain concentrations determines the final stability of the 

emulsions. Due to this competition, we could achieve emulsion stabilization and/or 

destabilization with different microstructures and rheological properties by  varying  the 

concentration ratios between the two types of fibrillar structures.  

 

Figure 13 Schematic representation of the stabilising mechanism of BC microfibrils in o/w 

emulsions.  

Temperature and salt concentration are critical parameters for emulsion stability. To 

investigate how the emulsion stability containing only BC microfibrils and the combination 

BC concentration (wt%)
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of WPI-BC bifibrillar networks is influenced by those parameters, the emulsion stability 

was investigated at different temperatures and salt concentrations.   

8.3.5 Effect of temperature  on emulsion stability 

 

Figure 14 (a) shows the images of a 10% (v/v) emulsion containing BC microfibrils and/or WPI 

fibrils at 45 ᵒC  at 1 and 7 days after preparation. Emulsions a and b contain only BC mirofibrils 

with concentration of 0.2 (a) and 0.45 wt% (b). Emulsions c-f contain both WPI fibrils and BC 

microfibrils with concentration ratios: 1 wt% WPI + 0.1 wt% BC (c), 2 wt% WPI + 0.1 wt% BC (d), 1 

wt% WPI + 0.35 wt% BC (e), 2 wt% WPI + 0.35 wt% BC (f). The sample volume is half of the bottle 

volume and the emulsion residue on the upper part of the bottle is caused by mixing. (b) shows 

the corresponding CLSM images of a, c and d samples after 8 days at 45ᵒC. The concentrations 

(wt%) are indicated on the top of the images.  

Emulsions that  are stored at 45 ᵒC (Figure 14)  in the oven showed similar stability to the 

emulsions at 20 ᵒC, as shown in Figures 3 and 4. Microscopic images for emulsions 

containing 0.45 wt% BC microfibrils showed a homogeneous droplets distribution on the 

top of the samples with mainly small droplets present, similar to the emulsion at 20 ᵒC 

(Figure 9). For emulsions containing both WPI fibrils and BC microfibrils, we observed 

droplet aggregation for both emulsions containing 1 and 2 wt% WPI fibrils, with a BC 

microfibril concentration of 0.1 wt%. This is comparable to those of the emulsions stored 

at 20 ᵒC (Figures 10-11), in which droplet aggregation was attributed to depletion 

flocculation as induced by the protein fibrils. These results imply that temperature did not 

have a significant influence on the emulsion stability. Emulsions stabilized by only BC 

microfibrils or a mixture of WPI fibrils and BC microfibrils are both heat stable up to 

temperatures of at least 45 ᵒC. The heat stability of emulsions in the presence of only WPI 

a b

t = 1 day

t = 7 days

45 ᵒC

a b d ec f

0 WPI + 0.45 BC

 45ᵒC, t = 8 days

1 WPI + 0.1 BC 2 WPI + 0.1 BC
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fibrils has been found earlier.
1, 21

 In addition, BC microfibrils has been found stable against 

heating
26

 and has been shown to be a heat-stable suspending agent in chocolate drink.
25

   

8.3.6 Effect of NaCl on emulsion stability 

 

Figure 15 (a) shows images of a 10% (v/v) emulsion containing BC microfibrils and/or WPI fibrils 

with 150 mM NaCl  at 1 and 7 days after preparation. Emulsions a and b contain only BC mirofibrils 

with concentration of 0.2 (a) and 0.45 wt% (b). Emulsions c-f contain both WPI fibrils and BC 

microfibrils with concentration ratios:  1 wt% WPI + 0.1 wt% BC (c), 2 wt% WPI + 0.1 wt% BC (d), 1 

wt% WPI + 0.35 wt% BC (e), 2 wt% WPI + 0.35 wt% BC (f). The sample volume is half of the bottle 

volume and the emulsion residue on the upper part of th bottle is caused by mixing.  (b) shows the 

corresponding CLSM images of emulsions a, c and d  after 10 days. The concentrations (wt%) are 

indicated on the top of the images.  

The emulsions containing only BC microfibrils with addition of 150 mM NaCl showed a 

similar stability to emulsions without NaCl ( Figure 3). The microstructure of the oil 

droplets on the top of the emulsion containing 0.2 wt% BC microfibrils is also comparable 

to the emulsion without NaCl (Figure 9). No oil droplet aggregation could be clearly 

observed. The emulsions containing both WPI fibrils and BC microfibrils were still stable 

after 7 days. It was noted, that these emulsions showed even better stability (no creaming 

was obserd in all emulsions) in comparison to emulsions without NaCl (Figure 4). Oil 

droplet aggregation was observed in both emulsions containing 1 and 2 wt% WPI fibrils 

with a fixed  BC concentration of 0.1 wt%, which is similar to that for  emulsions without 

NaCl (Figure 10-11). 

Previous research has found that the structure of BC microfibrils is not affected by salt 

addition.
26

  This might explain the similar stability of emulsion stabilized by BC microfibrils 

a b

0.2 BC

 NaCl 150 mM, t = 10 days

1 WPI + 0.1 BC 2 WPI + 0.1 BC

t = 1 day

t = 7 days

NaCl (150 mM)

a b d ec f
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with 0 and 150 mM NaCl. WPI fibrils and the WPI-stabilized oil droplets are charged at pH 

2, thus the charge screening effect from NaCl can cause aggregation of WPI fibrils and also 

aggregation between the oil droplets. This will lead to higher viscosity of the emulsion and 

possibly even gelation of the emulsion. It has been reported that the increase of NaCl 

concentration in β-lg fibrils induces phase transitions from nematic to gel phases.
42

 Upon 

even higher NaCl cocnentration, one may observe a transition to a translucent phase and 

macroscopic phase separation. Therefore, the delayed creaming of emulsions at 150 mM 

NaCl containing both WPI fibrils and BC microfibrils may be explained by the increased 

viscosity of the WPI fibril network.  

8.4 Conclusion  

BC microfibrils stabilise emulsions above a certain concentration. The BC microfibrils form 

a yield stress fluid that is able to prevent creaming of larger droplets and aggregates, while 

smaller droplets may be diffusing through the mazes of the BC microfibrillar network. WPI 

fibrils are known to induce depletion flocculation, and, upon increasing fibril 

concentration also depletion stabilization. Therefore, BC microfibrils and WPI fibrils play 

different roles in emulsions regarding stabilizing and destabilizing them. Emulsion stability 

and rheological properties can be tuned by varying the relative concentrations of WPI 

fibrils and BC microfibrils. As a result, the competition between stabilization and/or 

destabilization induced by both WPI fibrils and BC microfibrils leads to different emulsion 

stability with different microstructures and rheological properties.  
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9.1 Introduction 

This thesis aims to better understand the behaviour of mixtures containing fibrillar and 

spherical structures. As fibrillar structures, bacterial cellulose (BC) microfibrils and whey 

(WPI) protein fibrils are used. As spherical structures, polystyrene latex particles and 

emulsion droplets are used as spherical structures. Fibrillar structures are a common type 

of structure in foods; xanthan and carragenaan are examples of such structures. They 

offer different physico-chemical properties compared to other structures like spherical 

particles.
1
 For example, their high aspect ratio (length versus diameter) leads to high 

excluded volume. They can be rigid, semi-flexible or flexible.
2
 As a result, rich phase 

behaviour can be induced by fibrillar structures in mixed systems containing other 

structures like spheres.  

The behaviour of the various mixtures can be illustrated (cf. Figure 1) using a triangle with 

three corner points that present the main structural elements used in this thesis: bacterial 

cellulose microfibrils, whey protein isolate (including protein fibrils) and spheres 

(polystyrene latex particles or emulsions droplets). Each point within the triangle denotes 

a particular ratio of sphere/WPI/BC microfibrils. The various pictures within the figure 

schematically represent the properties and structures that are within the given region in 

the triangle.  
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Figure 1 Schematic representation of the compositions studied in the thesis and their main 

features summarised in images that are situated in the according regions of the triangle. 

Before discussing the main findings for each of the systems studied in this thesis and their 

interdependencies, we first discuss the properties of the WPI (including fibrils) and BC 

microfibrillar systems separately. 

9.1.1 Whey proteins and fibrils 

Whey proteins play an important role in food industry because of their nutritional value 

and versatile functional properties.
3, 4

 Their ability to form different structures under 

certain conditions have broadened their functionality ranging from use as thickening, 

gelling, stabilizing to foaming and emulsifying agents.
3
 Whey protein isolate (WPI) contains 
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a mixture of proteins with β-lactoglobulin (β-lg) as the main protein.
5
 Depending on the 

conditions, structures from WPI can form that range from linear, branched to spherical 

aggregates.
6, 7

 When WPI is heated at a pH close to the iso-electric point pI, where the net 

protein charge is low, spherical aggregates, also referred to as particulates, are formed. 

These particulates form a so-called particulate gel.
8, 9

 When WPI is heated at a pH far from 

the pI and low ionic strength, i.e. when the electrostatic repulsion is strong, fine-stranded 

structures are formed.
6, 10, 11

 Upon increasing the salt concentration, the structure of the 

protein aggregates changes from fine-stranded to particulate.
12, 13

  

When WPI is heated at pH 2 at 80ᵒC at low ionic strength for several hours, semi-flexible 

rod-like protein fibrils can be formed.
14, 15

 The formation process is composed of two steps: 

1) the protein hydrolyzes to peptides; 2) a part of the peptides assembles into fibrils.
16

 The 

formed fibrils are polydisperse in length, which is in the order of micrometres.
17, 18

 Their 

thickness is about 4 nm
19

 and the persistence length is around one micrometer.
18, 20

 Their 

high aspect ratio (length versus diameter) makes them interesting candidates as 

structuring agents in foods. Previous research has reported that the fibrils can be used as 

a thickening,
21

 gelling,
22-25

 and foaming agent.
26

 Their use in production of microcapsules 

has also been explored.
27, 28

 In addition, the fibrils are effective depletion agents.
29-31

 With 

increase of the fibril concentration, four different regimes can be identified: dilute, semi-

dilute, isotropic and a nematic regime.
18, 32, 33

  

The ability of proteins to form fibrils, via a hydrolysis step forming peptides that actually 

build the fibrils, is a generic characteristic of proteins.
34, 35

 Many other proteins have been 

found that form fibrils according to this hydrolysis route.
36-40

  The conversion of proteins 

into fibrils and the formed fibril structures can be affected by the conditions used, such as 

protein concentration, heating time, temperature, salt concentration, seeding and 

stirring.
14, 41-43

  

Protein fibrils have also been discovered as a functional material in other fields apart from 

the foods. They have been used to prepare hybrids together with carbon nanomaterials 

and the recent development in this area has been reviewed by Li and Mezzenga (2013).
44

 

For example, a pH-responsive hydrogel composed of β-lg fibrils and multiwalled carbon 

nanotubes is prepared and exhibits applications in biological fields, drug release, sensors 

and tissue engineering.
45

 Recently, Bolisetty and Mezzenga (2016)
46

 prepared a hybrid 
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membrane using β-lg fibrils and activated porous carbon, which shows application 

opportunities  in wastewater purification.  

The protein fibrils used in this thesis are prepared from whey protein isolate (WPI) upon 

prolonged heating at pH 2 at 80 ᵒC at low ionic strength. The reason of using whey protein 

isolate is that whey proteins are an important ingredient in food industry, because of their 

nutritional and functional properties.
3-5

 The reason why WPI-protein fibrils are used in this 

study is that they have been studied extensively
2, 47, 48

 and that these particular fibrils have 

a persistence length in the order of micrometers,
17, 18

 which is comparable to the scale of 

emulsion droplets or other food relevant spherical particles. It is expected that this leads 

to interesting phase behaviour of fibril-sphere mixtures.  

9.1.2  Bacterial cellulose 

Cellulose is the most abundant biopolymer in nature and is used in many different areas.
49, 

50
 Cellulose can be obtained from different sources, such as wood, plant and bacteria.

50
 

Bacterial cellulose (BC), produced by certain types of bacteria, such as, Acetobacter 

xylinum, is a linear chain polysaccharide.
51

 The BC microfibrils are ~ 60 nm wide, ~ 9 nm 

thick and up to several micrometers long.
51

 BC has the same chemical structure as 

cellulose derived from plants. However, BC has a high purity without the lignin, pectin and 

hemicellulose present in plant cellulose.
52

 The hydroxyl group is the only functional group 

of BC. BC has attracted attention in different fields, such as biomedical and material 

science, cosmetics and paper-making. Much research has been focused on using BC in 

biomedical industry, ranging from tissue engineering, drug delivery to wound-dressing 

materials, with many examples that can be found in several review papers.
53-55

  In material 

science, BC has also been discovered to use in the development of composite materials for 

a variety of industrial applications.
56-58

 In paper-making industry, BC-based paper has 

shown various novel characteristics and offers various functionalities.
59-61

 In cosmetics 

industry, BC offers advantages such as stabilizing, rheology modifying and a high degree of 

hydration.
62, 63

  More detailed research about the application of BC in different fields can 

be found in many other review papers.
52, 55, 63-69

 

BC has also attracted increased attention of the food industry both due to its functional 

properties and health benefits.
70

 BC forms a range of shapes and textures under certain 

conditions.
70

 The functionality of BC in foods includes thickening, gelling, stabilizing and 
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water binding ability.
71-77

 They have also been used as foaming and emulsifying agents.
78-80

 

BC is a dietary fibre and a low-calorie ingredient.
71, 76, 77

 One can already find its use in 

foods, i.e. the well-known dessert ‘Nata de Coco’, produced by the strain of 

Gluconacetobacter xylinus, consists of mainly the bacterial cellulose and water.
81

  In a 

recent study, a BC microfibril dispersion was prepared by extracting the BC microfibrils 

from the commercially available Nata de Coco through a high energy de-agglomeration 

process.
82

 The microfibrils are present in the form of ribbon-shaped microfibrils with 

elementary fibrils acting as the building blocks. The width of the elementary fibrils is about 

3 nm.
82

 The resulting microfibrils are flexible. The average width is determined to be 60 

nm and the average length is larger than 10 µm, which is too long to be measured from 

electron microscopy. The dispersion was found to remain highly heterogeneous, 

consisting of fibril bundles, flocs and voids due to strong attractions between the 

microfibrils. Upon increasing the BC microfibril concentration, the size of the flocs 

increases and the size of the voids decreases. Above a certain concentration, the BC 

microfibrils form a space-filling network and show a gel-like behaviour.
82

 By adding 

carboxymethyl cellulose (CMC) during the de-agglomeration process, a more 

homogeneous dispersion of BC microfibrils was obtained, due to the adsorption of CMC 

on the BC microfibrils. However, structural heterogeneity on a macro-scale still remained 

due to incomplete mechanical de-agglomeration.
83-85

 

In this thesis, we use BC  microfibrils extracted from commercially available Nata de Coco 

through a high energy de-agglomeration process, as described in literature.
82

  It is of 

interest to study the value of BC microfibrils,  as a functional ingredient in foods, not only 

because of its multi-functionality, but also because it is natural, biodegradable, 

biocompatible and sustainable.
63

 Due to its high purity it serves as a model system for 

plant- and wood-derived cellulose. 
52

   

9.1.3 Description of main systems 

In this thesis, four different mixed systems were investigated: 

9.1.3.1 WPI and BC microfibrils 

Different pH’s and concentration ratios are studied and results are presented in Chapter 2, 

3, 4 and 5. As described above, the BC microfibril dispersion prepared by high-energy de-



Chapter 9 

 

236 

 

agglomeration from Nata de Coco remain highly heterogeneous. Adding CMC during de-

agglomeration is found to alter the rheology and microstructure of the BC microfibrils, and 

thereby result in a more homogeneous dispersion. The aim of the study of WPI-BC 

microfibrils is to investigate whether WPI and the aggregation upon heating influence the 

rheology and microstructure of the BC microfibril dispersions, and vice versa, whether the 

BC microfibrils influence the WPI denaturation and aggregation upon heating. The pH is 

adjusted to both above and below the iso-electric point (pI) of WPI, so the influence of 

charge reversal of the protein could be studied. The concentration of WPI both below and 

above their critical gelling concentration upon heating is studied in order to investigate 

the behaviour with BC microfibrils both in liquid and gelled state. 

9.1.3.2 WPI fibrils in emulsions and polystyrene latex dispersions 

 The behaviour of WPI fibrils in dispersions containing emulsions and polystyrene latex 

dispersions are presented in Chapter 6 and 7. The addition of polymers to colloidal 

dispersions containing spheres is known to affect their stability and has received extensive 

attention in literature.
86-88

 Rod-like particles, for example, have shown to induce rich 

phase behaviour when added to colloidal dispersions containing spheres.
89-94

  However, 

the effect of WPI fibrils on the stability of colloidal dispersion containing spheres is not 

fully understood.
29

 Emulsions are thermodynamically unstable systems and polymers are 

often added to adjust the emulsions properties.
95

 The effect of WPI fibrils on the stability 

of WPI-stabilized o/w emulsions is studied at pH 2, in which both the WPI fibrils and oil 

droplets (WPI-stabilized) are positively charged. A range of WPI fibrils at different 

concentrations is added and the length of WPI fibrils is also changed.  Furthermore, the 

study is extended to a model system containing negatively charged monodispersed 

particles, i.e. a polystyrene latex dispersion, where the phase behaviour becomes even 

more complex due to the charge difference between the latex particles and WPI fibrils.  

9.1.3.3 BC microfibrils in emulsions 

The stability of emulsions with addition of BC microfibrils is reported in Chapter 8. The 

stabilization mechanisms of polysaccahrides include, for example, a viscosity increase of 

the continuous phase or gelation of the continuous phase.
96

 BC microfibrils have also been 

used as a stabilizer in model food systems and emulsions with a pre-treatment of BC 
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dispersions that is often different.
72, 78, 79

 The effect of BC microfibrils prepared by high 

energy de-agglomeration process on emulsion stability, however, has not yet received a 

systematic and detailed study.  

9.1.3.4 Bi-fibrillar networks in emulsions  

In Chapter 8, the effect of the bi-fibrillar network consisting of WPI fibrils and BC 

microfibrils on the stability of emulsions is studied. These studies are a continuation of the 

previous findings on a) the behaviour of mixtures containing both the WPI fibrils and BC 

microfibrils (Chapter 3), b) the effect of WPI fibrils on emulsion stability (Chapter 6), and c) 

the effect of BC microfibrils on emulsion stability (Chapter 8). Using the results in Chapter 

3, 6 and 8, the interdependencies between the various components in the system of bi-

fibrillar networks in emulsions can now be identified.  

9.2 Discussion of the main findings  

9.2.1 Behaviour of WPI and BC microfibrils 

In Chapter 2, 3, 4 and 5, the behaviour of mixtures containing WPI and BC microfibrils 

under different conditions are investigated. By varying the concentration ratios, pH, NaCl 

concentration and further applying heating treatment, their physico-chemical properties 

in mixed solutions, mixed solutions after heating and further heat-induced mixed gels are 

investigated and characterized at both pH 2 and pH 7. In general, both mixing WPI and BC 

microfibrils without heating and subsequently applying heating treatment lead to stable 

and homogeneous mixtures at pH 7, as long as BC microfibril concentration is above a 

critical value. This is because the BC microfibrils form a self-supporting gel and/or the 

viscosity increase from the WPI is sufficient to prevent the sedimentation of BC 

microfibrils. The rheological properties of the mixture in dispersions were mainly 

dominated by the BC microfibrils, where two-shear thinning region and a viscosity plateau 

in between were observed. Upon a reversal of shear rate, a lower viscosity (also known as 

hysteresis) of the mixtures was observed, as shown in Figure 2a. However, this viscosity 

plateau and the hysteresis upon the reversal of shear rate were much less pronounced in 

the mixtures after heating above a certain WPI concentration (Figure 2b), whereas in pure 

BC microfibrils these effects were still present. Microscopic images showed that the WPI 

aggregates and BC microfibrils co-existed in the system. WPI denatured and aggregated in 
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the mixture in the same way as when it is heated alone. Upon gelation, the WPI and BC 

microfibrils form a duplex gel consisting of two independent and homogeneous networks 

spanning the whole system. The rheological, fracture properties and water holding 

capacity of the duplex gels are mainly controlled by the WPI gel. The presence of BC 

microfibrils increase the storage and loss modulus of the WPI gel up to a certain limit. 

When the strength of the WPI gel is high enough (by the addition of NaCl concentration), 

the influence of the BC microfibrils is negligible. The gelation of WPI in the mixtures is the 

same compared to as it is gelled alone. Increasing the NaCl concentration only alters the 

properties of the WPI gel, whereas BC microfibrillar gel is not affected.    

At pH 2, the WPI and BC microfibrils also form stable and homogeneous mixtures in the 

liquid state, both before and after heating. Despite the lower WPI concentration and the 

longer heating time (22 hours), the stability and rheological properties of the mixtures 

followed the same trend as the mixtures in pH 7 (Figure 3a). However, the viscosity 

plateau and hysteresis are not observed after 22 hours heating at pH 2 (Figure 3b). The 

rheology and microstructure of the pure BC microfibrils were not affected by prolonged 

heating at pH 2. One should note that at pH 2 upon prolonged heating, WPI forms fibrils, 

which is a different process from that of pH 7 upon heating for 30 min, as described in the 

introduction. The presence of BC microfibrils resulted in formation of shorter WPI fibrils, 

although the length of WPI fibrils is not further quantified.  The rheological properties of 

the mixtures were, however, not altered significantly with the presence of BC microfibrils. 

Microscopy images showed two fibrillar structures that are uniformly and independently 

present. Upon gelation at higher WPI concentration, a bi-fibrillar gel is formed consisting 

of a WPI fibrilllar gel and BC microfibrillar gel that co-exist. The presence of BC microfibrils 

increased the storage and loss modulus of the bi-fibrillar gel, while the ratio between the 

loss and storage modulus remained constant with an increase in BC microfibril 

concentration. The BC microfibrils did not influence the gelation dynamics and resulting 

overall structure of the WPI fibrillar gel. However, the WPI fibrils formed close to the BC 

microfibrils are more aligned than the fibrils formed further away from BC microfibrils. It 

seemed that BC microfibrils direct the growth of the WPI fibrils. The rheological and the 

fracture properties are mainly controlled by the properties of the WPI fibrillar gel. 

The mixing of WPI and BC microfibrils did not only lead to bi-continuous dispersions in the 

liquid state, but also to bi-continuous gels (i.e. duplex gels). The WPI and BC microfibrils 
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mixtures behave in the same way, as they are present alone. There interaction seems to 

be governed by their excluded volume. Bi-continuous protein-polysaccharide solutions 

and/or gels are rarely described in literature. Due to the thermodynamic incompatibility of 

proteins and polysaccharides, phase separation is more commonly observed.
97-100

 

However, in biopolymer mixtures without salt where only one of the biopolymers is 

charged, phase separation is often suppressed since there is a large entropic penalty of 

segregating the co-ions.
101, 102

 As a result, upon gelling, interpenetrating networks can be 

formed.
103

 However, increasing the salt concentration will promote the phase separation 

as the salt ions reduce the impact of the increased entropic term.
101

 The absence of phase 

separation in the WPI-BC microfibril mixtures studied is in line with the fact that only one 

biopolymer (i.e. WPI) is charged. Although literature reported that BC microfibrils have a 

streaming potential of -7.5 mV,
104

 because of the lack of charged groups in the BC 

microfibrils, it is not expected that charge plays an important role in the behaviour of WPI-

BC microfibril mixtures studied here.    

In an earlier study the adsorption of CMC on BC microfibrils was reported. The CMC 

enhances the distribution of the microfibrils leading to a more homogeneous BC 

dispersion.
83

  To check whether WPI also adsorbs on the BC microfibrils, the WPI 

concentration in the supernatant of the mixtures (containing 3 wt% WPI and 0.1 wt% BC 

microfibrils) was measured by UV-absorbance after centrifugation. The absorbance did 

not decrease significantly in comparison to the WPI concentration in supernatant of a pure 

WPI (solution after centrifugation. This was investigated at pH 2, pH 5 and pH 7 and NaCl 

concentrations from 0, 25, 50, 100 and 250 mM using the same mixture. None of the 

samples showed measurable adsorption of WPI protein on the surface of BC microfibrils. 

We conclude that, within the sensitivity of the UV absorbance measurement, the WPI 

does not absorb on the BC microfibrils.   

It was reported that at most 5 % CMC is closely associated with the BC micrifobrils, while 

the rest remains dissolved in solution.
105

 Although the amount of CMC absorbed on BC is 

reported to be relatively low, it is enough to have a significant influence on the 

microstructure of the BC microfibrils. In our case, no difference of BC microfibrils was 

observed in the mixtures with WPI. It is noted that the magnification used in our study for 

imaging is quite high in comparison to the images in the study of BC-CMC.
83, 84

 Under the 

magnification used here, all BC microfibril structures look the similar. Heating the WPI-BC 
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microfibril mixtures did modify the rheology properties. At pH 7, when 9 wt% WPI is 

present, the viscosity plateau and the hysteresis upon the reversal of shear rate (cf. Figure 

2b) was much less pronounced in the mixtures after being heated. At pH 2, the viscosity 

plateau and hysteresis are absent after prolonged heating where WPI fibrils are formed in 

the mixtures (Figure 3b). It is noted that the way of sample preparation also affects the 

properties of the mixtures, as discussed in Chapter 2 and 3.  

  

Figure 2 A typical flow curve of WPI-BC microfibril mixtures at pH 7 before (a) and after (b) heating 

at 80 ᵒC for 30 min. The shear rate is first increased from 0.1 to 500 1/s and subsequently 

decreased from 500 to 0.1 1/s.   
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Figure 3 A typical flow curve of WPI-BC microfibril mixtures at pH 2 before (a) and after (b) heating 

at 80 ᵒC for 22 hours. The shear rate is first increased from 0.1 to 500 1/s and subsequently 

decreased from 500 to 0.1 1/s.   

9.2.2 WPI fibrils in emulsions and polystyrene latex dispersions 

 In Chapter 6 and 7, the behaviour of WPI fibrils at pH 2 in dispersions containing spheres, 

i.e. emulsions and polystyrene latex dispersions are studied. When WPI and spheres are 

both positively charged (i.e. WPI-stabilized emulsion), we observed depletion flocculation 

and depletion stabilization when the WPI fibril concentration increases. When WPI and 

the spheres are oppositely charged (i.e. polystyrene latex dispersions), bridging 

flocculation and steric/electrostatic stabilization were observed at low WPI fibril 

concentration, followed by depletion flocculation and depletion stabilization upon 

increasing WPI fibril concentrations (Chapter 7). It is known that not all hydrolysed 

peptides will be incorporated into the WPI fibrils; therefore, there are also non-

aggregated/non-converted peptides present in the WPI fibril solution. To check whether 

the non-converted peptides play a role in the stability of the dispersions, the WPI fibrils 

were separated from the non-converted peptides using a centrifugal filter (Amicon Ultra 

100K-15). Incubating them separately into the latex particle dispersions, followed by a 

washing step to remove the non-adsorbed WPI fibrils and non-converted peptides, it was 

found that both non-aggregated peptides and protein fibrils adsorbed on the surface of 

the latex particles. This was concluded from the reversal of the zeta potentials. The zeta 
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potential value of the latex dispersion is around - 63 mV. The zeta potential of the latex 

dispersions incubated separately with pure WPI fibrils and pure non-converted peptides 

are around +48 mV.  This is the same zeta potential as the latex dispersion containing the 

mixture of fibrils and non-converted peptides. Since both of them can adsorb on the 

surface of the latex particles, it is unclear how much of the fibrils and non-converted 

peptides do adsorb.  Earlier research showed that the non-aggregated peptides showed 

faster adsorption kinetics on both the water-oil and water-air surfaces in comparison to 

the fibrils.
106-108

 When mixing them separately into the latex dispersions and comparing to 

the stability of the latex dispersion containing the mixture of WPI fibrils and non-

converted peptides (Figure 4), one can observe that the latex dispersions containing pure 

WPI fibrils (Figure 4B) showed the same stability as the dispersions containing the mixture 

of WPI fibrils and non-converted peptides (Figure 4A). This clearly suggests that pure WPI 

fibrils are responsible for the bridging instability of the latex dispersions and not the non-

converted peptides. Although phase separation was also observed in some of the samples 

(Figure 4C), and  microscopy images of the two phase separated samples from A,B and C  

showed the same aggregation behaviour (Figure 5), the effect of non-converted peptides 

is small in comparison to pure WPI fibrils. The phase separation in dispersions containing 

pure non-converted peptides could be due to the electrostatic attraction and/or limited 

bridging flocculation induced by the WPI fibrils that pass through the centrifugal filters 

(Figure 6). However, the amount of the WPI fibrils passing through the centrifugal filters is 

low as shown in Figure 6 to even zero as confirmed in literature.
109

 Overall, it can be 

concluded that the WPI fibrils are responsible for the behaviour of the polystyrene latex 

dispersions.   
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 Figure 4 Images of 1 wt% polystyrene latex dispersions with addition of mixture of WPI fibril and 

non-converted peptides (A), pure WPI fibrils (B) and pure non-converted peptides (C). The 

concentrations of A, B and C refer to the initial WPI concentration before centrifugation, which are: 

0, 0.001, 0.0025, 0.005, 0.0075, 0.01, 0.025, 0.05, and 0.1 wt% corresponding to tubes from left to 

right.  Images are taken at time 0, 1 day and 5 days after sample preparation at 20 ᵒC. 
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Figure 5 Microscopy images of 1 wt% polystyrene latex dispersions with addition of mixture of 

WPI fibril and non-converted peptides (A), pure WPI fibrils (B) and pure non-converted peptides (C) 

at 7 days after sample preparation. The concentrations of A, B and C refer to the initial WPI 

concentration before centrifugation, which are: 0.001 and 0.05 wt%. Scale bar is 1 µm.  

 

Figure 6 TEM images of the filtrate collected from the first, second and fourth centrifugation steps 

of separating the WPI fibrils from non-aggregated peptides using the centrifugal filters. Scale bar 

corresponds to 500 nm. The red arrow indicates the fibrils. 
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Above a certain WPI fibril concentration, stabilization in both emulsions and latex 

dispersions was observed. Microscopy images showed that both single particles/droplets 

and clusters of particles/droplets are present in the stabilized samples and the clusters of 

the particles do not grow beyond a certain size. No gelation of droplets/particles was 

observed and the viscosity of the both systems remained low, i.e. comparable to the 

viscosity of the pure WPI fibril solution. The stabilization is also found to be reversible, 

when diluted by the solvent and the WPI fibril dispersion at the same concentration 

(Chapter 6). This implies that the binding energy between the particles is in the order of 

thermal energy kBT. The single particles and clusters of the particles are still relatively free 

to diffuse over a short length scale, but trapped on a larger length scale. The stabilization 

mechanism was attributed to the so-called depletion stabilization.
110

 In literature, the 

origin of depletion stabilization is still a subject of debate and the arguments exist 

between thermodynamic
111-116

 and kinetic effects.
90, 117-120

 In the emulsions/dispersions 

stabilized by WPI fibrils, the stabilization points in the direction of depletion stabilization 

induced by a kinetic barrier. This kinetic barrier could be induced by the large amount of 

WPI fibrils that prevents the particle clusters from further approaching each other upon a 

certain size.  Possible reasons could be the mesh size of WPI fibrils and, in addition, the 

fact that part of the WPI fibrils are in the nematic regime at the concentration that is able 

to stabilize the emulsions/ latex dispersions, may also play a role.   

9.2.2.1  Mesh size 

A cryo-SEM image from 4 wt% WPI fibrils in Figure 7 shows a dense network composed of 

WPI fibrils. To calculate the mesh size   of the WPI fibril network as a function of 

concentration, we assume that the WPI used in Chapter 6 and 7 contains 65 wt% β-

lactoglobulin and is the only protein involved in fibril formation under the conditions 

studied.
15

 In addition, the conversion rate of protein into fibrils was determined to be 58 

%.
14

 As a result, the total amount of protein converted into fibrils is 38%. The building 

blocks of the fibrils are peptides,
16

 thus, we assume that one protein provides one peptide 

for fibril formation. The volume of one peptide equals to  
𝜋

4
𝐷2𝑙 , where the diameter D is 4 

nm
19

 and the length l is 2.4 nm.
16

 The mesh size  of the fibril solutions for the various 

fibril concentrations was calculated (Table 1) based on:
121-123
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Lc

1
                      [1] 

Where Lc  is the length concentration of the fibrils. 

 

Figure 7 A cryo-SEM image of a 4 wt% WPI fibril solution formed at pH 2 upon heating at 80 ᵒC for 

22 hours. Scale bar corresponds to 2 µm.  
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Table 1 Mesh size   calculated for various WPI concentrations or WPI fibril volume fractions Φ.  

 

The mesh size of the WPI fibrils above 0.5 wt% is smaller than 100 nm (Table 1). This is 

smaller than the particle diameters we studied in emulsions (~ 2µm) in Chapter 6 and latex 

dispersions (208 nm and 862 nm) in Chapter 7. Therefore, it is possible that the small 

mesh size aids in preventing the particles/clusters of particles from further approaching, 

thus, kinetically stabilize the dispersions.  

WPI concentration

(wt%)

Fibril volume fraction

(Φ)

Mesh size ξ

(nm)

0.001 3.75×10-6 1831

0.0025 9.37×10-6 1158

0.005 1.87×10-5 819

0.0075 2.81×10-5 668

0.01 3.75×10-5 579

0.025 9.37×10-5 366

0.075 2.81×10-4 211

0.1 3.75×10-4 183

0.5 1.87×10-3 82

1 3.75×10-3 58

1.5 5.62×10-3 47

2 7.50×10-3 41

2.25 8.43×10-3 39

2.5 9.37×10-3 37

2.75 1.03×10-2 35

3 1.12×10-2 33

3.25 1.22×10-2 32

3.5 1.31×10-2 31

4 1.50×10-2 29
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9.2.2.2 Nematic phase 

Another possible effect is that WPI fibrils show a transition from an isotropic phase (I)  to a 

nematic phase (N) above a certain fibril concentration.
2, 32

 To predict the fibril 

concentration of this I-N transition, it is assumed that the WPI fibrils behave as rod-like 

particles. The prediction of this I-N transition in dispersions of rod-like particles was 

initially made by Onsager
124

 and later extended to charged and semi-flexible rods.
125, 126

  

The WPI fibrils are positively charged at pH 2 and the critical volume fraction of fibrils at 

the I-N transition, ɸ*, is given by,
33, 127

  

 
peff LD

D2
* 6                                                                                [2] 

with  Lp  the persistence length of fibrils (Lp = 1.6 μm
18

) and the effective diameter, Deff,  is 

given by 

 







 

2

1
2lnln1 CADDeff                                  [3] 

with κ
-1

 the Debye electrostatic screening length, C Eulers’s constant (C = 0.577) and the 

constant A is given by 
126

 

 )exp(2 12
DQvA eff   

                                                       [4] 

where νeff  denotes  the effective  linear charge density of the rod and Q is the Bjerrum 

length. 

The effective linear charge density νeff  was calculated by using a charge per peptide of +2e 

(e = 1.6×10
-19 

C). The Debye length κ
-1 

is calculated from  

 
IeN

Tk

A

Br

2

01

2


 

                                                                 [5]                                            

with NA Avogadro’s constant(NA  = 6.02×10
23

), e elementary charge(e = 1.6×10
-19 

C),  ε0 

dielectric permittivity in vacuum(ε0 = 8.85×10
-12

 F/m),  εr dielectric permittivity in water (εr  
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= 80.1), kB Boltzmann’s constant (kB  = 1.38×10
-23

 J/K), T absolute temperature (T = 293 K),  

I the ionic strength in M.  

The Bjerrum length Q is calculated as follows:  

 
Tk

e
Q

Br 0

2

4
                                                                               [6]                                               

For our experimental condition of I = 0.01 M, we find ɸ*= 6.52×10
-3

. This value would 

correspond to a WPI concentration of ~1.5 wt% (Table 1), implying a fibril concentration of 

0.57 wt% (assuming a conversion of 38 wt% protein to fibrils). This fibril concentration of 

0.57 wt% is satisfactory in comparison to the theoretical value of 0.24%, given by 

Mezzenga et al..
33

  Experimentally, the I-N transition of the β-lg fibrils was found to occur 

between 0.4 % -0.5%.
18, 32, 33

 In our studies, the depletion stabilization as induced by the 

WPI fibrils in the emulsions and latex dispersions were found to occur around 2.5 wt% 

(initial WPI concentration), i.e. ɸ ~0.01 protein fibrils. This means that the depletion 

stabilization induced by WPI fibrils takes place above the I-N transition, ɸ=0.0065. 

However, the nematic phase will exists in domains surrounded by an isotropic phase as 

long as the volume fraction of fibrils is below the single nematic phase transition at 

ɸ=0.027.
18, 128

 Since for the depletion stabilisation concentration we have ɸ=0.01, i.e. 

outside of the single nematic phase, we have nematic domains present in a isotropic 

phase.
18, 128

 Therefore the isotropic phase will play a role in determining the stability, and 

it will not be due to the presence of a nematic phase only. Apart from this, the nematic 

phase will still provide a kinetic barrier similar to that of an isotropic phase.  The presence 

of clusters of particles of a finite size in the depletion stabilized samples reveals the 

occurrence of aggregation between the particles. We attribute this aggregation to the 

depletion interaction. These clusters are reversible upon dilution (either in the fibril phase 

or the aqueous phase). The fact that the clusters have a maximum size indicates that there 

is a mechanism that acts against aggregation of larger clusters. We propose that this is 

due to a kinetic barrier as induced by the network formed by the fibrils. The fact that one 

observes clusters and single droplets is proposed to be caused by the fact that the single 

particles are in kinetic equilibrium with the clusters.   
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9.2.3 BC microfibrils and WPI-BC bi-fibrillar network in emulsions 

Above a certain concentration the BC microfibrils form a self-supporting network.
82

 This 

network is able to prevent the oil droplets from creaming thereby stabilizing the emulsion, 

as demonstrated in Chapter 8. WPI fibrils and BC microfibrils form stable and 

homogeneous mixtures, as presented in Chapter 3. When adding them together to 

emulsions, the two fibrillar structures affect the stabilisation of the emulsions. For both 

fibrillar structures, at low concentrations, the emulsions are destabilized. Above a certain 

WPI fibril concentration, depletion flocculation induced by WPI fibrils leads to enhanced 

creaming. However, this enhanced creaming can be prevented when the BC microfibril 

concentration is high enough. In this case a network is formed with a yield stress that is 

high enough to stop the creaming of oil droplets. At sufficiently high WPI fibril 

concentration, the emulsions can be stabilized by a mechanism referred to as depletion 

stabilization, where both single droplets and small droplet clusters are present. As a result, 

the competition between the destabilization and stabilization of emulsions induced by 

WPI fibrils and BC microfibrils leads to different microstructures. The results in Chapters 6, 

7 and 8, on the stability of emulsions mixed with fibrillar structures are schematically 

summarized in Figure 8. The different stabilization and destabilization mechanisms of WPI 

fibrils and BC microfibrils lead to different emulsions with different microstructures and 

rheological properties. Figure 8 only shows the influence of the concentration of the 

fibrillar structures on the emulsions. However, other parameters, such as, length 

distribution of the fibrils, size distribution and charge of the oil droplets, pH, ionic strength 

and temperature also have an influence on the emulsion stability.  
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Figure 8 The stability diagram of emulsions containing bi-fibrillar networks consisting of WPI fibrils 

and BC microfibrils at different concentrations. The A, B and C areas correspond to emulsions that 

are unstable. The areas of D, E, F, and G correspond to stable emulsions. The CLSM image in each 

area shows the typical microstructure of the emulsions.  

9.2.4 Properties of the WPI fibrils and BC microfibrils  

Apart from the concentration of WPI fibrils (Chapter 6), their average length also 

influences their efficiency to stabilize or to destabilize an emulsion. It is known that the 

depletion interaction depends on the size of the depleting polymer.
29, 86, 90, 117

 It was found 

that longer fibrils are more efficient in emulsion stabilization. In the case of BC microfibrils, 

previous research has shown that the variation in the high energy de-agglomeration 

process (such as homogenization pressure and the number of passes through the 

homogenizer) influences the microstructure of the microfibrils (i.e. the size of the flocs, 

microfibril bundles and voids in the dispersions).
82, 129

 Based on these results, it is clear 

that the pre-treatment used will have an influence on the effect of BC microfibrils on 

emulsion stability. For instance, the stabilization of emulsions may occur at different BC 

microfibril concentrations depending on the pre-treatment used.
75
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9.2.5 Properties of the dispersed spheres 

In Chapter 6, the effect of the volume fraction of the oil droplets on emulsion stability with 

addition of WPI fibrils was studied. It was found that the volume fraction only has a small 

influence. In Chapter 7, negatively charged latex dispersions in the presence of positively 

charged WPI fibrils were studied. This led to a different behaviour compared to the 

emulsions where the WPI fibrils and the oil droplets are both positively charged. Due to 

the adsorption of the positively charged WPI fibrils on the negatively charged latex 

spheres, we observed bridging flocculation.
130

 Further increasing the WPI fibril 

concentration led to steric and/or electrostatic stabilization,
131

 followed by first depletion 

flocculation and then depletion stabilization. When the diameter of the latex particles 

becomes smaller, a higher WPI fibril concentration is needed to stabilize the dispersion 

against bridging. This is because at the same weight concentration of particles, the specific 

area of the particles increases with decreasing particle diameter.  

9.2.6  External parameters: temperature, salt concentration and pH 

9.2.6.1 Temperature 

Parameters, such as temperature, ionic strength and pH play an important role in the 

stability of dispersions, and as a consequence, also in many food products. Both WPI fibrils 

and BC microfibrils were found to be able to stabilize the emulsions, however, it is also 

important to know how stable the emulsions are against changes in temperature, ionic 

strength and pH.  

In Chapters 6, 7 and 8, the effect of temperature on dispersions stabilized by fibrillar 

structures was investigated. The stabilization by fibrillar structures was found to be 

basically temperature independent. It was postulated that the stabilization by WPI fibrils 

has an entropic origin. The network of the BC microfibrils and the resulting yield stress are 

not influenced by temperature as found in Chapters 2 and 3.  Emulsions mixed with BC 

microfibrils also remain stable against heating, which is in line with other research.
72, 78

 

Not surprisingly, the rheological properties of micro-fibrillated wood and plant cellulose 

were also found to be independent of temperature up to 80 ᵒC.
132-134
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9.2.6.2 NaCl concentration 

In Chapter 8, NaCl is added to the emulsions stabilized by only BC microfibrils and a WPI-

BC bi-fibrillar network. In case of emulsions stabilized only by BC microfibrils the 

macroscopic stability was also not influenced by NaCl up to concentrations of 150mM 

NaCl. The emulsions stabilized by WPI fibrils and BC microfibrils showed enhanced 

macroscopic stability (i.e. delayed creaming), when 150 mM NaCl was added. The 

microstructure of BC microfibrils is found to be unaffected by salt addition.
78

 This explains 

why emulsions with 150 mM NaCl can be stabilized by BC microfibrils. Both WPI fibrils and 

oil droplets are positively charged and adding NaCl will screen their charges, facilitating 

the aggregation. Bolisetty et al.
135

 studied the phase behaviour of β-lg fibrils at different 

ionic strengths. They found that increasing the NaCl concentration in β-lg fibrils 

dispersions induces phase transitions from nematic phases to gelled phases. A transition 

to a translucent phase and a macroscopic phase separation can be induced by further 

increasing the NaCl concentration. As a result, the delayed creaming of emulsions 

containing both WPI fibrils and BC microfibrils at 150 mM may be attributed to the 

increased viscosity of the WPI fibril network.  

9.2.6.3 pH  

The acidity of food products is usually between pH 4 and pH 7. Our studies on emulsion 

stabilized by only WPI fibrils (Chapter 6 and 7), only BC microfibrils and WPI-BC bi-fibrillar 

mixtures (Chapter 8) are performed at pH 2. For industrial applications, it is important to 

investigate how emulsion stabilization by only WPI fibrils (Chapter 6 and 7), only BC 

microfibrils and WPI-BC bifibrillar networks (Chapter 8) is influenced by a pH change.  

When adjusting the pH of emulsions containing WPI fibrils at pH 2 to pH 5 or pH 8, the 

stability of the emulsions was followed for 7 days as shown in Figure 9. A strain sweep was 

performed on an 10 wt% O/W emulsion  containing 2.5 wt% WPI fibrils at pH 2, pH 5 and 

pH 8, as shown in Figure 10. The emulsion stability containing WPI fibrils at pH 2 was 

discussed in Chapter 6. From the images (Figure 9), it is observed that at pH 5, the 

emulsion without WPI fibrils is phase separated, with an layer of oil droplets on top and a 

serum layer at the bottom. At WPI fibril concentrations from 0.001 to 0.05 wt%, the 

emulsions show a similar phase separation as the emulsion without WPI fibrils. By 

increasing the WPI fibrils concentration from 0.075 to 0.75 wt%, the phase separation 
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becomes less pronounced. At WPI fibril concentrations of 1 wt% and above, the emulsions 

remained stable against creaming. The storage modulus G’ is higher than the loss modulus 

G’’,  with values also higher than that for  pH 2 (Figure 10). This indicated that an emulsion 

gel was formed at a WPI fibril concentration of 2.5 wt%. The emulsion at pH 8 without 

fibrils creamed. At WPI fibril concentrations between 0.001 to 0.05 wt%, a similar 

creaming behaviour was observed as the emulsion without WPI fibrils. Further increasing 

WPI fibril concentration from 0.075 to 0.1 wt%, only limited creaming of emulsions were 

observed. At WPI fibril concentration at and above 0.5 wt%, the emulsions remained 

stable for 7 days. The values of the storage modulus G’ and loss modulus G’’ in emulsion 

containing 2.5 wt% WPI fibrils were comparable to the emulsion at pH 2. Both emulsions 

at pH 2 and pH 8 containing 2.5 wt% WPI fibrils have a liquid-like behaviour.  

 

Figure 9 Images of 10 wt% WPI-stabilized O/W emulsions with WPI fibrils. Samples were stored at 

20 ᵒC for 7 days after preparation. The WPI fibril concentrations are: 0, 0.005, 0.01, 0.025, 0.05, 

0.075, 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2 and 2.5 wt%, corresponding to the tubes from left to right.   

pH 2

pH 5

pH 8
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Figure 10 Storage modulus G’ and loss modulus G’’ as a function of strain for 10 wt% emulsions 

containing 2.5 wt% WPI fibrils at pH 2, 5 and 8.  

When adjusting the pH of emulsions stabilized by 0.45 wt% BC microfibrils from pH 2 to 

pH 7, the sample remained stable for 6 days (Figure 11). In emulsions containing both WPI 

fibrils and BC microfibrils at different concentrations, all emulsions remained stable for 6 

days (Figure 11). Interestingly, the emulsions at pH 7 showed better stability, i.e. a slower 

creaming rate, compared to the emulsions at pH 2 discussed in Chapter 8. This is in line 

with the results for the emulsions containing only WPI fibrils (Chapter 6).  

 

Figure 11  Images of a 10% (v/v) emulsion containing BC microfibrils and/or WPI fibrils at pH 7  at 1 

and 6 days after preparation. The concentration of WPI fibrils (wt%) and BC microfibrils (wt%) are 

indicated on the top of the image. 
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The effect of pH on protein fibrils formed at pH 2 has been studied by several authors.
14, 

107-109, 136-138
 Bolder et al.

14
 found that when WPI fibrils formed at pH 2 were stored at pH 7 

overnight, the viscosity of the sample was increased. When stored at pH 10 overnight, the 

samples were even gelled. They proposed that the viscosity increase is caused by the 

formation of disulphide bonds between non-assembled proteins, causing the formation of 

protein clusters. Jung et al.
137

 found that precipitation of a β-lg fibril solution (in the 

presence of non-aggregated peptides) occurred when the pH is adjusted to the isoelectric 

point of the protein. The WPI fibril solution contains both WPI fibrils and non-aggregated 

peptides. By using a centrifugal filter and separating the WPI fibrils from the non-

aggregated peptides, Kroes et al.
109

 studied and compared the effect of pH on stability of 

pure WPI fibrils, pure non-aggregated peptides and mixture of WPI fibrils and non-

aggregate peptides. They found that the mixtures of WPI fibrils and non-aggregated 

peptides at pH 2 and 8 are transparent. At pH 5 the mixtures are turbid, which turned out 

to be mainly caused by the aggregation of the non-aggregated peptides.  At pH 5 the WPI 

fibrils tend to aggregate, since their net charge is close to zero. At pH 8, the pure non-

aggegrated peptides still form small aggregates, although much smaller than the 

aggregates formed at pH 5.  

In conclusion, it is obvious that the pH change influences both the rheological and 

microstructural properties of the WPI fibrils. Therefore, the changes in stability of 

emulsions as a function of pH may be explained by the change of WPI fibrils, in both 

emulsion containing only WPI fibrils and both WPI fibrils and BC microfibrils. The 

rheological properties and microstructure of BC microfibrils were not affected significantly 

by pH, as shown in Chapter 2 and Chapter 3. In addition, emulsions stabilized by BC 

microfibrils were found to be stable against pH change.
78

   

9.3 Concluding remarks 

We find that the stabilization/destabilization mechanisms of WPI fibrils are different from 

those of BC microfibrils. We conclude that the WPI fibrils and BC microfibrils do not 

interfere with one another except via relatively weak excluded volume interactions. The 

BC microfibrils form a network that exhibits a yield stress. One is able to stabilise 

emulsions using WPI fibrils while retaining the emulsion fluidity. In addition one is able to 

add BC microfibrils to increase viscosity in an independent manner, i.e. without changing 
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the microstructure of the emulsion.  Therefore combining WPI fibrils and BC microfibrils 

makes it possible to tune emulsion properties in a more controlled manner when using 

both fibrillar structures compared to using only one of them.  

One can think of emulsion properties like rheological properties and microstructural 

features. In addition, emulsions and latex dispersions stabilized by WPI fibrils through 

depletion stabilization are able to maintain the low viscosity of the fluid. The above 

findings suggest many applications in industry, ranging from fine-tuning thickening, gelling 

to stabilization. It also allows realizing multi-functionality in products, where texture and 

nutritional value are combined. The  knowledge obtained can also be extended to other 

protein systems like plant proteins, that have received increased attention in literature in 

view of sustainability, availability and cost.
139, 140

  

Regarding the stabilizing effect in emulsions from both WPI fibrils and BC microfibrils, one 

can also extend to other colloidal systems. Furthermore, the depletion stabilization 

mechanism has unique advantages in comparison to other stabilization mechanisms such 

as steric stabilization and/or electrostatic stabilization.
110

 Indeed, by applying the 

depletion stabilization mechanism, colloidal stability in extremely high ionic strength, 

extreme pH, organic solvents, heavy metals etc. was achieved, while still remaining 

surface accessibility.
141

 In addition, the viscosity of the system still remains low, as found 

in our studies.  

The BC microfibrils prepared from high energy de-agglomeration have their advantage for 

use in foods as no chemical treatment is involved. However, the BC microfibrils also have 

disadvantages. One potential problem in applications namely is that the system still 

remains heterogeneous,
82

 which sometimes may require addition of dispersing agents. 

Therefore, research on this system still remains rather challenging and extra care should 

be taken for interpretation of data.   
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Fibrillar structures are important structuring elements for food products. Understanding 

the behaviour of fibrillar structures in complex food systems is essential for successful 

industrial applications. This thesis presents the behaviour of two different fibrillar 

structures, i.e. whey protein isolate (WPI) fibrils and bacterial cellulose (BC) microfibrils in 

mixtures under various conditions. The WPI fibrils are prepared from WPI by heating a 

WPI solution at pH 2 at 80 ᵒC for several hours. The BC microfibrils are extracted from 

commercial available ‘Nata de Coco’ by high-energy de-agglomeration. In Chapter 1, a 

general introduction is given, where we introduce two different fibrillar structures that 

were studied in this thesis. Also, the aim and the outline of the thesis are presented.  

In Chapter 2, we studied the stability, rheology and microstructure of the mixed 

dispersions containing WPI and BC microfibrils at pH 7 both before and after heating. We 

focused on WPI concentrations that are below the critical gelling concentration; thus, the 

mixtures studied are all in the liquid state. Results showed that the mixtures form stable 

dispersions at BC microfibril concentrations larger than 0.2 wt%. The rheological 

properties of the mixtures are dominated by the presence of BC microfibrils. The mixtures 

are thixotropic and flow curves show two shear thinning regions and a viscosity plateau in 

between these regions. Upon reversal of the shear rate, the viscosity decreased, i.e. the 

mixtures show hysteresis. After heating at 80 ᵒC for 30 min, the pure BC dispersions did 

not show any difference in stability, rheological properties and microstructure. The 

mixtures had the same stability as before heating. BC is still the main contributor to the 

viscosity of the mixture. The viscosity plateau and hysteresis were still observed in the 

mixtures containing up to 6 wt% WPI, but were much less pronounced compared to the 

mixtures containing 9 wt% WPI. The presence of BC microfibrils in the WPI solutions did 

not influence the denaturation temperature of the WPI during heating. The WPI 

aggregates formed during heating were not influenced by the presence of BC microfibrils 

and vice versa. The viscosity of the mixtures did not differ significantly when mixing BC 

microfibrils into WPI before or after heating the WPI solution. We conclude that the WPI 

and BC microfibrils did not show specific interactions when mixed at pH 7. The 

denaturation and aggregation of WPI during heating was not influenced by the presence 

of BC microfibrils. In Chapter 3, we investigated the stability, rheology and microstructure 

of mixtures at pH 2 containing WPI fibrils and BC microfibrils.  At pH 2, the WPI is 

positively charged and forms fibrils when heated for 22 hours at 80 ᵒC. The mixtures 

remained stable for 7 days at BC concentrations larger than 0.2 wt%. The flow curves of 
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the mixtures are comparable to those of the pure BC dispersions at the same BC 

microfibril concentration. Similar to the results in Chapter 2, two shear-thinning regions 

and a viscosity plateau in between them are observed. The mixtures are thixotropic and 

show hysteresis, i.e. lower viscosity is measured when shear rate is reversed. After 

prolonged heating at 80 ᵒC, the macroscopic stability of the mixtures remained unchanged 

for 7 days. The pure BC dispersion did not show much difference on stability, viscosity and 

microstructure in comparison to the BC dispersion before heating. Interestingly, the 

viscosity plateau and the hysteresis upon the reversal of shear rate were absent in the 

flow curves of the mixtures after heating. No significant difference was observed in 

viscosity when BC microfibrils were mixed with the WPI solution either before or after 

heating the WPI solution. The microstructure of BC microfibrils was not influenced when 

heated in the presence of WPI. The structure of the mixtures consists of two independent 

networks. The presence of BC microfibrils leads to shorter WPI fibrils, as was qualitatively 

observed from microscopy images.  

By increasing the WPI concentration above the critical gelling concentration in the WPI-BC 

mixtures at pH 7, heat-induced WPI-BC gels at different NaCl concentrations were 

prepared. In Chapter 4, we characterized the rheology, mechanical properties, 

microstructure and water holding capacity of these gels. The presence of BC microfibrils 

did not affect the gelation dynamics of WPI, although the elastic modulus G’ of the gel is 

increased with increasing BC concentration. This increase is not observable when the 

strength of the WPI gel is high enough. In this case the rheology of the WPI-BC gel is 

dominated by the WPI. The microstructure of the WPI-BC gel can be seen as a duplex gel 

that consists of two independent networks. With increasing NaCl concentration, the BC gel 

remains unchanged, while WPI gel changes from fine stranded to particulate structure. 

The WPI gel structure in the duplex gels is the same as the structure of the WPI gels that 

are formed in the absence of BC microfibrils, regardless of BC and NaCl concentration. The 

mechanical properties (i.e. large deformation rheology) and water holding capacity of the 

duplex gels were controlled mainly by the properties of the WPI gel. We conclude that the 

heat-induced gelation of WPI in the WPI-BC mixtures is the same as when heated in the 

absence of BC microfibrils.  

In Chapter 5, gels of WPI-BC mixtures were prepared at pH 2 after heating at 80 ᵒC for 10 

hours. The presence of BC microfibrils did not influence the formation of the WPI fibrillar 

gel. Increasing the BC concentration in the WPI-BC mixtures resulted in a more brittle gel. 
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Interestingly, the storage modulus and loss modulus have the same dependency on BC 

concentration. From the microstructure we conclude that a bi-fibrillar gel is formed, 

consisting of two mutually independent networks, i.e. a WPI fibrillar and BC microfibrillar 

network. The WPI fibrils formed in these bi-fibrillar gels seemed to be more aligned in 

comparison to the fibrils formed in the absence of BC microfibrils. The alignment of the 

fibrils increases, when they are closer to the BC microfibrils or when the BC concentration 

increases. The large deformation properties of the bi-fibrillar gels are dominated by the 

WPI fibrillar network and, in turn, the properties of fibrils building this network are 

controlled by the NaCl concentration.  

The stability of a WPI-stabilized oil-in-water (o/w) emulsion in the presence of WPI fibrils 

is discussed in Chapter 6. With increasing fibril concentration, the emulsions were subject 

to creaming, enhanced creaming and stabilization, respectively. The enhanced creaming 

observed above a certain fibril concentration is caused by depletion flocculation, as 

induced by the fibrils. The microstructure of the stabilized emulsion at higher fibril 

concentration reveals the presence of both single droplets and aggregates of oil droplets. 

Interestingly, the aggregates reach a finite size that is independent of the fibril 

concentration. Upon dilution by either the solvent or the fibril solution at the same 

concentration, the aggregation was found to be reversible. The viscosity of the stabilized 

emulsions was dominated by the viscosity of fibrils. No gelation of fibrils and/or oil 

droplets was observed. Diffusing wave spectroscopy (DWS) shows that the oil droplets and 

their aggregates are still relatively free to diffuse over short length scales, while they are 

trapped at larger length scales. We speculated that the aggregation of oil droplets in the 

stabilized emulsions is still caused by depletion interaction. However, at high enough 

fibrils concentrations, the network formed by the fibrils has a small mesh size, which 

prevents that larger aggregates can easily approach each other. We speculate that the 

stabilization mechanism finds its origin in the presence of a kinetic barrier.  Furthermore, 

we observed that the emulsions stabilized by fibrils remain their stability at higher 

temperature and the longer fibrils are more effective in stabilizing the emulsion. 

In Chapter 7, we studied the behaviour of WPI fibrils in a colloidal dispersion containing 

monodispersed polystyrene latex particles at pH 2. At this pH the fibrils and latex particles 

are oppositely charged. Latex particles with two different sizes were used. As a function of 

fibril concentration, the system showed four different stability regimes: 1) bridging 

flocculation, 2) steric and/or electrostatic stabilization, 3) depletion flocculation and 4) 
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depletion stabilization. The bridging flocculation was caused by the adsorption of fibrils on 

the oppositely charged latex particles. When the surface of the particles is fully covered by 

the fibrils, the system reaches steric and/or electrostatic stabilization. Further addition of 

fibrils cause depletion flocculation as induced by the non-adsorbed fibrils. At even higher 

fibril concentration, the emulsions showed stabilization with features similar to the 

stabilization in emulsions by fibrils presented in Chapter 6. When smaller latex particles 

are present, the onset of stabilization and de-stabilization takes place at higher fibril 

concentrations than in case of the larger particles. When the surface of the latex particles 

is modified by the adsorption of lysozyme the bridging flocculation did not occur as the 

lysozyme-coated particles are now also positively charged like the fibrils. The depletion 

flocculation and depletion stabilization at higher fibril concentration still occurred. In all 

dispersions stabilized by the fibrils, we observed both single latex particles and small 

clusters of particles present together, where the small clusters do not grow beyond a 

certain size. We proposed a stabilization mechanism similar to the mechanism in 

emulsions stabilized by fibrils, i.e. depletion stabilization due to the presence of a kinetic 

barrier. Additionally, diffusing wave microscopy was found to be an effective technique to 

monitor the kinetics of particle aggregation. 

In Chapter 8 the stability of emulsions at pH 2 in the presence of only BC microfibrils and 

in the presence of both BC microfibrils and WPI fibrils was studied.  When only BC 

microfibrils added at a sufficiently high concentration, the emulsions are stabilized by the 

presence of a yield stress as generated by the BC network.  When both WPI fibrils and BC 

microfibrils are added to the emulsions, the networks they form behave in the same way, 

as when they are added to the emulsions separately. The WPI fibrils induced depletion 

flocculation and stabilization of the emulsions, despite the presence of the BC microfibrils. 

However, at high enough BC microfibril concentrations, the emulsions can be stabilized 

against depletion flocculation as induced by the WPI fibrils.  The competition between 

stabilization and/or de-stabilization induced by the BC microfibrils and the WPI fibrils can 

lead to emulsions with different microstructures and rheological properties. In addition, 

the stability of emulsions induced by both BC microfibrils, and bi-fibrillar networks from 

mixtures of WPI fibrils and BC microfibrils, is temperature independent.  

A general discussion on the results obtained in this thesis is presented in Chapter 9, which 

includes recommendations for further research and concluding remarks. 
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