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Formation and properties of whey protein fibrils  

Several food proteins have shown the ability to form fibrils, like egg white proteins 2-

5, soy proteins 6 and whey proteins 7-23. Whey proteins used to be a waste product 

from cheese production. However, whey proteins are nowadays important proteins 

for the food industry, because of their nutritional value and functional properties.24 

In contrast to the random aggregates that are formed when whey protein isolate 

(WPI) is heated at pH values close to the iso-electric point, fibrils are formed when 

WPI is heated at low pH and low ionic strength.9, 10, 16, 23, 25, 26 β-Lactoglobulin, which 

represents about 60% of the proteins in WPI was found to be the only fibril forming 

protein when WPI is heated at pH 2 and 80°C.10 β-Lactoglobulin is a globular protein 

and has a molar mass of 18 400 g mol-1 and a radius of about 2 nm.9 At pH 2 the β-lg 

is highly charged, which was conjectured to hinder the formation of random 

aggregated and therefore induces the formation of long linear aggregates, i.e. fibrils.1, 

9, 20, 27 However, recently it was shown by Akkermans et al, that peptides, and not the 

intact monomers, are the building blocks of the fibrils derived from β-lg that was 

heated at 80°C and pH 2.8 This gives a different picture, since now the protein has to 

be hydrolyzed first, before the fibril formation can take place. 

The fibrils derived from β-lg typically have a length between 1 and 10 µm and a 

thickness of about 4 nm.13, 16, 21, 23, 28 They are semi-flexible and have a persistence 

length of about 1.6 µm.29 Recent research showed that depending on the conditions 

multistranded fibrils can be formed with a thickness up to 180 nm and a persistence 

length depending on the number of strands composing the fibrils.30-32 The 

dimensions of the fibrils are important for the applications of the fibrils. Since the 

fibrils are too thin to scatter visible light, the gels that are formed when β-lg is heated 

at low pH are transparent.13, 16, 17, 27 Using the fibrils in a cold-gelation process, 

protein gels can be produced at weight fractions smaller than 0.07 wt %.33 It was 

found that the viscosity of WPI solutions is increased upon addition of fibrils, 

showing the functionality of the fibrils as thickeners. Next to their application as 
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thickening or gelling agent, the fibrils can also be used in the production of 

microcapsules.34-36 Layers of fibrils are deposited on oil droplets in oil-in-water 

emulsions to form capsules. The fibrils increase the strength of the capsules 35 and the 

length distribution of the fibrils are expected to influence the coverage and thereby 

the permeability of the capsules.   

 

Aim and outline of this thesis 

Although the ability to form fibrils seems to be a generic property of proteins,37, 38 

and the fibril formation has been investigated in different directions, the fibril 

formation is still not completely understood. What is the physical mechanism behind 

the fibril formation? What are the energies involved in the fibril formation? It was 

shown that the hydrolysis of β-lactoglobulin is needed before fibrils can form, but 

what is the influence of hydrolysis on the kinetics of fibril formation?  

Next to the more fundamental questions about the formation of the fibrils, additional 

questions on the properties of the fibrils and the ability to tune these properties arise. 

Is the tensile strength of the fibrils high enough to be mechanically stable against 

treatments like stirring, mixing or homogenization? Is there a way to tune the length 

distribution of the fibrils? How do the fibrils behave in products that have a different 

pH than the pH at which they are produced? Addressing these questions is key for 

the successful application of the fibrils in food products. 

The aim of this thesis was to unravel the fibril formation process of β-lactoglobulin, 

to analyze some of the properties of the fibrils and to investigate possible routes to 

influence these properties. In Figure 2 a schematic outline of this thesis is given. In 

the first part of this thesis (Chapter 2 to 3)  the process of fibril formation of β-lg at pH 

2 is analyzed. In Chapter 2 the focus is on the thermodynamic aspects of the 

selfassembly of the peptides into fibrils, where in  Chapter 3 the focus is on the 

kinetics of the fibril formation. 
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Abstract 

The critical aggregation concentration (CAC) for fibril formation of β-lactoglobulin 

(β-lg) at pH 2 was determined at 343, 353, 358, 363 and 383 K using a Thioflavin T 

assay and was approximately 0.16 wt %. The accuracy of the CAC was increased by 

measuring the conversion into fibrils at different stirring speeds. The corresponding 

binding energy per mol, as determined from the CAC was 13 RT (~40 kJ mol-1) for 

the measured temperature range. The fact that the CAC was independent of 

temperature within the experimental error, indicates that the fibril formation of β-lg 

at pH 2 and the measured temperature range is an entropy-driven process. 
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Introduction 

Amyloid fibrils are linear protein aggregates that are typically micrometers long, but 

only a few nanometers thick. They can be formed from various food proteins like egg 

white proteins1-5, soy proteins6 and whey proteins7-25. The fibrils can for example be 

used as structurants and thickeners to give food products a specific texture. 

However, fibrillar protein aggregation is not only studied because of its potential use 

in food products, but the formation of fibrils is also related with amyloid diseases, 

where the amyloid fibrils occur in proteinaceous deposits called plaques.26 Although 

the amyloid fibrils have been studied in different research areas, there is a common 

interest in knowledge about the formation and molecular structure of the fibrils. The 

formation of amyloid fibrils is suggested to be a generic form of aggregation.26,27 The 

amyloid fibrils are characterized by a cross-β structure,28,29 where the β-sheets are 

arranged parallel to the long axis of the fibril, with their constituent β-strands 

perpendicular to this axis.30,31 Another property of the amyloid fibrils is that they 

have the ability to bind to amyloid specific dyes like Congo Red32 and Thioflavin T 

(ThT).33 

We are interested in the formation of fibrils of β-lactoglobulin (β-lg), a globular 

protein that has a molar mass of 18 400 g mol-1, and a radius of about 2 nm.11 β-Lg 

has been extensively studied because it is readily available in large quantities and of 

its importance to the food industry.34 Fibrils are formed when β-lg is heated at low 

pH, far from the iso-electric point of the protein.11,14,20,24,34,35 Despite extensive studies 

on fibril formation and the fact that it is known how to produce the β-lg fibrils, the 

fibril formation process is still not completely understood. For instance the critical 

aggregation concentration (CAC), which is an important parameter that can be used 

to estimate binding energies involved in the fibril formation, is still under discussion. 

Having reliable values for the CAC will lead to a better understanding of the fibril 

formation process. Values for the CAC of fibril formation of β-lg  at pH 2 that are 

reported in literature, show a large disparity. Arnaudov et al.21 defined the critical 
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concentration as the concentration were the conversion of protein into fibrils was too 

low to be determined with NMR spectroscopy, in this case 2.5 wt % was reported. 

However, in their AFM pictures fibrils were observed in solutions with protein 

concentrations of 1 wt % β-lg.21 Rogers et al.23 found fibril formation in equivalent β-

lg solutions with concentrations as low as 0.5 wt %. In whey protein isolate (WPI) 

solutions, where 65% of the protein is β-lg, fibrils were formed at concentrations of 

0.5 wt % WPI. [24] This corresponds to a β-lg concentration of about 0.33 wt %. In 

short, in literature the values for the CAC of fibril formation of β-lg at pH 2 range 

from protein concentrations as low as 0.33 wt % up to concentrations of 2.5 wt %.  

In the present study an alternative route is used to determine the CAC for fibril 

formation of β-lg at pH 2 and elevated temperatures i.e., by using the assumption 

that flow will influence the kinetics of fibril formation but not the thermodynamics. 

To obtain CAC values for the fibril formation the conversion of protein into fibrils as 

a function of total protein concentration (0.2 wt % - 2 wt %) was measured. This was 

done using a ThT assay, which is widely used to determine the presence of amyloid 

fibrils and to examine the  kinetics of fibril formation.33,34,36-39 To increase the 

accuracy of the determination of the CAC, fibrils were produced under different 

stirring conditions (at rest, stirred at 290 rpm and at 1200 rpm). The fibril formation 

starts with reversible aggregation and upon longer heating the binding between the 

building blocks of the fibrils becomes irreversible.21,25 Therefore the CAC at the start 

of the aggregation process is treated as a thermodynamic equilibrium and the 

thermodynamic principles of self-assembly40 were used to estimate the 

corresponding binding energy. The temperature dependence of the CAC was used to 

estimate the enthalpy and entropy contribution to the fibril formation. 

 

Materials and Methods 

Sample preparation 
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β-Lg was obtained from Sigma (product no. L0130, lot. no. 095K7006). A stock 

solution (about 9 wt %) was made by dissolving the protein powder in HCl solution 

of pH 2. The pH of the protein solution was adjusted to pH 2 with 6M HCl solution. 

Subsequently, this stock solution was filtered through a protein filter (FD 30/0.45 µm 

Ca-S from Schleicher & Schuell) to remove any traces of undissolved protein. The 

protein concentration of the stock solution was determined using an UV 

spectrophotometer (Cary 50 Bio, Varian) and a calibration curve of known β-lg 

concentrations at a wavelength of 278 nm. The stock solution was diluted to protein 

concentrations of 2 wt %, 1 wt %, 0.5 wt % and 0.2 wt % with HCl solution of pH 2.  

 

Heating and stirring 

β-Lg solutions of the various protein concentrations were heated in small glass vials 

(20 ml) in a metal stirring and heating plate for 24 hours at 343, 353, 358, 363 and 383 

K. The protein solutions were stirred during heating at 2 different stirring rates, 

corresponding to 290 and 1200 rpm. At 353 K a series of protein solutions was also 

heated at rest.  All samples were heated in duplicates. The samples at 383 K were 

heated in glass vials (10 ml) with a crimp cap (with septum of silicone/PTFE 3mm) to 

allow pressures above atmospheric pressure.  

 

Thioflavin T fluorescence  

The ThT fluorescence assay was used to measure the conversion of protein into 

fibrils after heating the protein solutions. A ThT stock solution (3.0 mM) was made 

by dissolving 7.9 mg ThT in 8 ml phosphate buffer (10 mM phosphate, 150 mM NaCl 

at pH 7.0). This stock solution was filtered through a 0.2 μm filter (Schleicher & 

Schuell). The stock solution was diluted 50 times in a phosphate buffer (10 mM 

phosphate, 150 mM NaCl at pH 7.0) before use. 

After heating the protein solutions, aliquots of the fibril samples (48 μl) were mixed 

with 4 ml ThT solution and allowed to bind to the ThT for 1 minute. The fluorescence 

of the samples was measured using a fluorescence spectrophotometer (Perkin Elmer 
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Binding energy 

The thermodynamics of self-assembly was used to estimate the binding energy, i.e. 

the decrease in the Gibbs free energy when a fibril is extended by one mol of 

building blocks.40 For determining the CAC we do not have to use thermodynamic 

equilibrium properties. However, at the concentration just below the CAC, 

thermodynamic equilibrium exists and the principles of self-assembly are still valid. 

The relation between the molar fraction of fibrillar (i.e. linear) aggregates consisting 

of N building blocks, Nx , and the binding energy, α, is given by40 

 

  NN exNx  1    [1] 

 

with α expressed in units of RT and where 1x  is the molar fraction of the building 

blocks. From Equation [1] it follows that for large N and for 1x  becoming larger than  

e  the right hand term becomes much larger than unity, invalidating the 

requirement that Nx  should be smaller than 1. This implies that  ex CAC,1  is a 

natural limit of the molar fraction of building blocks and denotes the CAC. Above 

this concentration aggregates will be formed. The relation between the CAC and α 

can thus be written as 

 

 ex CAC,1     [2]. 

 

At the optimal temperature for fibril formation (353 K) the CAC, as determined from 

Figure 1 at a protein concentration of 0.16 wt % ( CACx ,1  = 1.6 x 10-6), leads to a binding 

energy of 13.4 RT (39.1 kJ mol-1). Since the fibril formation of β-lg is a complex 

process where several mechanisms are involved, one should keep in mind that the 

determined binding energy is the binding energy when the fibrils are extended by 

one mol of building blocks. After this initial binding subsequently intermolecular β-

sheet formation will take place14,15 which will make the binding stronger and 
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irreversible, unless a strong chaotropic agent like guanidinium chloride is 

added.21,25,44 

 

Temperature dependence of the CAC 

To see the effect of temperature on the CAC and binding energy of the fibril 

formation, the same experiments were also performed at 343 K, 358 K, 363 K and 383 

K. For these temperatures the maximal conversion of protein into fibrils as a function 

of the total protein concentration are shown in Figure 3A-D. In order to measure the 

CAC we need to determine the protein concentration were the fluorescence signal 

becomes zero (the CAC). This was done by extrapolating the conversion data to zero 

conversion. A priori the functional form of the conversion relative to protein 

concentration is unknown. However, based on the results at 353K we have assumed 

a linear relation between the total protein concentration and the conversion of 

protein into fibrils at all temperatures. All linear fits gave a R2 > 0.94.  

The CAC’s and corresponding binding energies for all temperatures are shown in 

Table 1. All the calculated binding energies in Table 1 have a value of about 13 RT 

(about 40 kJ mol-1), where the binding energy has a shallow maximum at the 

temperature where the fibril formation is maximal, 353 K.  
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Table 1. The CAC and corresponding binding energy (α) at various 

temperatures.      

Temperature 

[K] 

CAC 

[wt %] 

X1,CAC 

[mol fraction] 

α 

[RT] 

α 

[kJ mol-1] 

343 0.33 3.2E-06 12.6 36.1 

353 0.16 1.6E-06 13.4 39.1 

358 0.23 2.3E-06 13.0 38.7 

363 0.24 2.4E-06 12.9 39.1 

383 0.25 2.5E-06 12.9 41.1 

 

 

Enthalpy and Entropy 

Using de Van ‘t Hoff equation and the temperature dependence of the CAC, the 

entropy and enthalpy of aggregate formation can be determined (see for example Yu 

et al.45). For this the following equations were used:  

 

CACxRTG ,1
0 ln    [3] 














T

x
RTH CAC,120 ln

  [4]  

000 STHG     [5] 

 

where 0G and 0H are standard molar Gibbs free energy and molar enthalpy of 

aggregate formation and CACx ,1  is the molar fraction of the CAC. With 0G and 0H , 

the molar entropy of aggregate formation, 0S can be obtained. However, the values 

for the CACx ,1  of fibril formation of β-lg at pH 2 do not depend on the temperature 

(see Table 1) within the experimental error. This means that 0H  is close to zero and 

as a result we find that 
T

G
S

0
0   . Since 0G is in the order of -40 kJ mol-1 (see 
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Table 1) the change in entropy is positive, making the fibril formation an entropy-

driven process. 

 

Conclusion 

The relations between the protein concentration and the conversion into fibrils were 

extrapolated to obtain the CAC for fibril formation of β-lg at pH 2 and elevated 

temperatures. The fibril formation took place under different stirring speeds and 

although the kinetics of the fibril formation was influenced by the stirring speed, the 

CAC was not. This was used to increase the accuracy at which the CAC was 

determined. The corresponding binding energy was 13 RT (~ 40 kJ mol-1) for all 

measured temperatures. This temperature independence indicates that the growth of 

fibrils obtained from β-lg is an entropy-driven process. 
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Abstract 

Recently it was found that protein hydrolysis is an important step in the formation of 

β-lactoglobulin fibrils at pH 2 and elevated temperatures. The objective of the present 

study was to further investigate the influence of hydrolysis on the kinetics of fibril 

formation.  Both the hydrolysis of β-lactoglobulin and the growth of the fibrils were 

followed as a function of time and temperature, using SDS polyacrylamide gel 

electrophoresis and a Thioflavin T fluorescence assay. As an essential extension to 

existing models, the quantification of the effect of the hydrolysis on the fibrillar 

growth was established by a simple polymerization model including a hydrolysis 

step.  
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Introduction 

β-Lactoglobulin (β-lg) fibrils are linear aggregates that arise when β-lg is heated at 

pH 2.1, 2 β-Lg is a globular whey protein that is readily available in large quantities 

and an important protein for the food industry. The fibrils derived from β-lg have a 

high aspect ratio, which makes them interesting for the application in food products, 

for example as thickening or gelling agents. They can also be used in the production 

of microcapsules to give them more strength.3, 4 To be able to tune the properties of 

the fibrils derived from β-lg, it is important to have knowledge about the kinetics of 

the fibril formation and the factors that are influencing this. Fibrils derived from β-lg 

share certain properties with amyloid fibrils 5, which are being studied very 

intensively.6-14 Not only the typical amyloid characteristics are present in the fibrils 

derived from β-lg, also the growth curves have the commonly measured sigmoidal 

shape. The amyloid fibril formation typically starts with a lag phase in which there is 

no significant measurable growth. The lag phase is followed by a polymerization or 

growth phase in which the fibril concentration increases very rapidly and eventually, 

the growth of the fibrils levels off. However, an essential difference with the 

commonly studied amyloigenic peptides is that in the fibril formation of β-lg, the 

hydrolysis of β-lg is an essential step. The fact that hydrolysis is playing a role in the 

fibril formation of β-lg was already mentioned by Bolder et al.15 They showed that 

for fibrils derived from β-lg the fibril growth curves already level off when only 5 to 

40 % of the total protein is converted into fibrils, depending on the protein 

concentration.15, 16 Bolder et al. suggested that this low conversion was caused by the 

lack of active monomers available for fibril formation, due to the hydrolysis of the β-

lg which takes place during the prolonged heating at pH 2.15 However, recent 

research showed that the hydrolysis has a different role in the fibril formation.17-19 

Akkermans et al. found that the building blocks of the fibrils derived from β-lg are 

not the intact monomers, but small peptides derived from β-lg by hydrolysis.18 They 

showed that not all the peptides that are formed during hydrolysis of the β-lg are 
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converted into fibrils, which also explains the conversion levels that are substantial 

lower than 100%. To identify which peptides are present and which peptides are 

absent in the fibrils they determined the molecular masses of the peptides using mass 

spectrometry. These results were compared with all theoretically possible peptides 

that could result from cleavage before or after the aspartic acid residues in β-lg, 

which are the most sensitive bonds for hydrolysis at pH 2 and high temperature. 

Their results show that the more hydrophobic peptides with a low charge an a high 

capacity to form β-sheets are included in the fibrils.18 For more details about the 

sequences of the peptides involved we refer to the paper of Akkermans et al.18  For 

fibrils derived from hen egg-white lysozyme (HEWL) it was already shown that 

peptides are the building blocks of the fibrils.17, 19 Frare et al. showed that amyloid 

fibrils obtained from HEWL after incubation at pH 2 and 65°C consist of peptide 

fragments derived from the partial acid hydrolysis of Asp-X peptide bonds.19 Mishra 

et al. verified that HEWL hydrolysis into peptides when it is heated for 10 days at pH 

1.6 and 65°C. Besides, they show that the addition of intact full length HEWL was 

even slowing down the fibril formation.17 The finding that peptides are the building 

blocks of the fibrils, shows the importance of the hydrolysis in the fibril formation 

process of β-lg at pH 2. Peptides have to be produced before the fibrillar assembly 

can start. This finding is also supported by a study of Akkermans et al. in which it is 

shown that fibrils could also be formed after enzymatic hydrolysis of the β-lg by the 

enzyme AspN endoproteinase.20 This enzyme cleaves the peptide bonds N-terminal 

to aspartic acid residues,21 the same peptide bonds that are preferably cleaved during 

acid hydrolysis at pH 2.18 From these observations the question arises how the 

hydrolysis kinetics influences the growth kinetics of the fibrils obtained from β-lg. 

In the past several models were proposed to describe the growth kinetics of the fibril 

formation of β-lg at pH 2. For example, Bromley et al. used a simple nucleation and 

growth model to fit their kinetic growth data.5 A more extensive model for the fibril 

formation of β-lg at pH 2 was derived by Arnaudov and de Vries which involves a 

nucleation step and a simple addition reaction for the growth of the fibrils.22 The 
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model also includes a side reaction leading to the irreversible denaturation and 

inactivation of a part of the protein molecules.22 Recently, Loveday et al.23 could fit 

their fibril growth data well using the general protein aggregation model given by 

Morris et al.24 Morris et al. attributed mechanistic meaning to the parameters used in 

the model, but since the fibril formation of β-lg at pH 2 requires an extra step, namely 

the hydrolysis of β-lg, in the case of Loveday et al. the parameters have no 

mechanistic meaning.23 Despite the fact that models exist that describe the kinetic 

growth of β-lg at pH 2, none of these models take into account the hydrolysis of β-lg.  

Therefore the objective of the present study was to investigate the role of hydrolysis 

on the growth kinetics of fibril formation. For this we consider the fibril formation as 

a two-step process. In the first step the proteins are hydrolyzed and in the second 

step some of the peptides produced by hydrolysis self-assemble into fibrils. The first 

step, the hydrolysis of β-lg at various temperatures and pH 2, was followed by SDS 

polyacrylamide gel electrophoresis (SDS-PAGE). Simultaneously the growth of the 

fibrils at these temperatures was followed using a Thioflavin T (ThT) fluorescence 

assay. The experimental data show that the hydrolysis rate is an important factor 

influencing the fibril formation. To quantify the effect of hydrolysis on the fibrillar 

growth a simple polymerization model including a hydrolysis step is forwarded in 

this research.  

 

Materials & Methods 

Sample preparation 

β-Lg was obtained from Sigma (product no. L0130, lot. no. 095K7006). A stock 

solution (about 9 wt %) was made by dissolving the protein powder in HCl solution 

of pH 2. The pH of the protein solution was adjusted to pH 2 with 6M HCl solution. 

Subsequently, this stock solution was filtered through a protein filter (FD 30/0.45 µm 

Ca-S from Schleicher & Schuell) to remove any traces of undissolved protein. The 

protein concentration of the stock solution was determined using a UV 
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spectrophotometer (Cary 50 Bio, Varian) and a calibration curve of known β-lg 

concentrations at a wavelength of 278 nm. The stock solution was diluted to protein 

concentrations of 2, 1, 0.5, 0.2 wt % with HCl solution of pH 2.  

 

Fibril formation 

β-Lg solutions of 1 wt % were heated in small glass vials (20 ml) in an isolated metal 

stirring and heating plate for several hours at 353, 358, 363, 373, 378 and 383 K. At 353 

K and 363 K also β-lg solutions of 0.2, 0.5 and 2.0 wt % were heated. To reduce the 

lag phase in the fibril formation, the protein solutions were mildly stirred during 

heating using a magnetic stirring bar. A thermocouple was used to measure the 

temperature in a vial that contains paraffin oil. To follow the process, aliquots of the 

fibril forming solution were taken, cooled down on ice-water and subsequently 

analyzed using a ThT fluorescence assay within half an hour. Besides, the aliquots of 

the fibril forming solution were analyzed with SDS-PAGE. The samples of 373, 378 

and 383 K were heated in glass vials (10 ml) with a crimp cap (with septum of 

silicone/PTFE 3mm) to allow elevated pressures. Since subsequent sampling is not 

possible from vial with crimp caps, samples were taken from different vials at 

different times. At 373, 378 and 383K the samples were only heated up to 5 hours, 

because the total conversion of protein into fibrils is reached earlier at these higher 

temperatures. 

 

Thioflavin T fluorescence assay 

The ThT fluorescence assay was used to measure the conversion of protein into 

fibrils during heating of the protein solutions. A ThT stock solution (3.0 mM) was 

made by dissolving 7.9 mg ThT in 8 ml phosphate buffer (10 mM phosphate, 150 mM 

NaCl at pH 7.0). This stock solution was filtered through a 0.2 μm filter (Schleicher & 

Schuell). The stock solution was diluted 50x in a phosphate buffer (10 mM 

phosphate, 150 mM NaCl at pH 7.0) before use. 
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Aliquots of the fibril samples (48 μl) were mixed with 4 ml ThT solution and allowed 

to bind to the ThT for 1 minute. The fluorescence of the samples was measured using 

a fluorescence spectrophotometer (Perkin Elmer LS 50 B). The excitation wavelength 

was set on 460 nm (slit width 4.0 nm) and the emission spectrum was recorded 

between 470 and 500 nm (slit width 2.5 nm) at a scanning speed of 200 nm/min. The 

fluorescence intensity peak was determined at 482 nm. The fluorescence intensity of 

the ThT solution was subtracted as a background. Samples were measured in 

duplicates. 

 

Gel Electrophoresis (SDS-PAGE) 

SDS -PAGE was performed using a XCell SureLockTM Mini-Cell (Invitrogen 

Corporation, Carlsbad, California 92008, USA). Samples were run on NuPAGE® 

Novex 4-12% Bis-Tris gels with NuPAGE® MES SDS running buffer (Invitrogen 

Corporation) under non-reducing conditions. The gels were stained with 

SimplyBlueTM SafeStain (Invitrogen Corporation). The intensities of the β-lg bands 

were quantified using a Bio-Rad Imaging Densitometer (Model GS-710). 

 

Results & Discussion  

Hydrolysis as a function of time and temperature 

Since we were interested in the role of hydrolysis in the fibril formation, the 

hydrolysis of β-lg was followed during the fibril formation process. Upon hydrolysis 

the β-lg monomers were broken down into peptides. This break-down of the full 

monomer at various temperatures was followed by SDS-PAGE (see Figure 1).  
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temperature on the fibril formation, we change to dimensionless parameters in the 

next paragraph. The important role of hydrolysis on the growth kinetics of the fibrils 

is shown by combining the gel data (Figure 1) and the growth curves (Figure 4). 

Figure 4 shows that the growth of the fibrils is narrowly following the hydrolysis and 

that as soon as the β-lg band has disappeared (β-lg has been hydrolyzed) the growth 

curves are leveling off. The results support the view that the formation of peptides by 

hydrolysis precedes their incorporation into the fibrils, still not rejecting the 

possibility of further hydrolysis of the peptides when already incorporated in the 

fibril by the so-called “fibril shaving process”.17 
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reasonable approximation. Since we stir the solutions during fibril formation, we find 

much shorter lags time than those are normally found under quiescent conditions. 

We therefore assume that the fibril formation is not delayed by a nucleation event. 

The break-up of the fibrils is not considered in this model, which is in a good 

approximation valid as was found by Akkermans.27 

As a result we may write the following set of differential equations for the growth of 

the fibrils: 

 

 )()()()(
)(

1112 tctctctck
dt

tdc
ii

i      for  2i   [4] 

 

where ci  is the concentration of fibrils consisting of i building blocks at time t, k2 is a 

reaction constant for the building block addition and c1 is the concentration of 

available building blocks independent of fibril length. The first term on the right 

hand side represents the increase in fibril concentration of length i  while the second 

term on the right hand side represents the decrease in fibrils concentration of length 

i. The total concentration of building blocks M that are incorporated in the fibrils at 

time t is given by: 

 

)()(
2

tictM
i

i


        [5] 

 

The concentration of building blocks that are available to self-assemble into fibrils at 

time t is given by:  

 

  


 
2

01 )(1)(
i

i
tk ticeCtc h      [6] 

 

where c1 is the concentration of available building blocks at time t, kh the hydrolysis 

constant and C0  the concentration of building blocks that are eventually available 
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after complete hydrolysis. The first term in Equation 6 on the right hand side 

represents the concentration of building blocks available at time t if the building 

blocks would not have been incorporated into the fibrils at all. The last term in 

Equation 6 corrects for this and represents the concentration of building blocks that 

has been incorporated into the fibrils at time t. The difference is the concentration c1 

of building blocks still available at time t. Here we made the simplifying Ansatz that 

all peptides that finally get incorporated in the fibrils follow the same kinetics. We 

assume that C0  is directly proportional, but not identical, to the protein concentration 

Cp. The boundary conditions are given by: 

 

ifortci  0)0(        [7] 

 

For further analysis it is convenient to make these equations dimensionless by 

defining: 

 

002
02
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tn hi
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Leading to: 
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     [11] 

ifortni  0)0'(       [12] 

 

In the above model the hydrolysis step acts as a source term driving the fibrillar 

assembly. 
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Comparing theory with experiment 

In order to compare the theoretical predictions from the model with the experimental 

results we consider the growth curves, as determined by the ThT assay. By 

normalizing the growth curves as determined by this assay by their final plateau 

value, we can directly compare these curves to N as a function of time as defined by 

Equation 10. Equations 9-12 represent a set of coupled autonomic non-linear 

equations for which no obvious analytical solution exists and therefore a numerical 

analysis was performed. Having already determined the hydrolysis constant hk  we 

have reduced our parameter space to only one parameter, i.e. 02Ck ,  that can be 

determined by fitting the numerical solution of Equations 9-12 to the experimental 

growth curves. Note that the parameter 02Ck  appears as a scaling parameter for time 

t as well as for the hydrolysis constant hk . First, the parameter 02Ck  was determined 

as a function of temperature at a fixed concentration 0C  (Figure 6 and Table 1, 1 wt % 

total protein). From these fits it is found that 02Ck  and therefore parameter 2k  is 

independent of temperature to a good approximation in the temperature range that 

was used. At first sight this might be surprising, however, one has to realize that the 

self-assembly of building blocks into fibrils consists of two steps; (1) first building 

blocks and fibrils must come in close proximity by diffusion and (2) after that a 

reaction between them must take place. When the rate at which building blocks and 

fibrils come in close proximity by diffusion is much smaller than the reaction rate 

between the building blocks and the fibrils, the diffusion is the rate-limiting step. In 

this case the self-assembly will be diffusion controlled, explaining this behaviour of

2k . This in contrast to the hydrolysis step, which is a first order chemical reaction 

that is strongly dependent on temperature. Only at temperatures above 378 K and 

therefore at elevated pressures, 02Ck  seems to increase. 
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Table 1. Parameters used to model the hydrolysis of β-lg and fibril formation at 

various temperatures and a concentration Cp of 1 wt %, with hydrolysis rate constant 

kh, scaling parameter k2C0 including the rate of incorporation of the building blocks 

into the fibrils and the concentration of building blocks available after complete 

hydrolysis, and λ showing the relation between kh and k2C0. 

T [K] Cp [wt%] kh [min-1] k2C0 [min-1] λ 

353 1 0.0039 0.010 0.390 

358 1 0.0058 0.008 0.725 

363 1 0.0090 0.015 0.6 

373 1 0.0218 0.010 2.18 

378 1 0.0369 0.010 3.69 

383 1 0.0473 0.040 1.18 

 

 

After having determined the parameter 02Ck  for every temperature at a fixed 

concentration, we could use this information for a critical test of the model and 

predict the growth curves for other concentrations 0C . By changing concentration 0C

and keeping the temperature range fixed we could directly compare the theoretical 

predictions, this time without any adjustable parameters (Figure 7, 8 and Table 2) 

since in this case 02Ck  is known. Given the simplicity of our model we find 

reasonable fits for the growth curves. Especially considering the various 

temperatures that are included in this research and the wide range of 02Ck  that is 

explored. Only at low concentrations (Figure 8) the model is deviating from our fibril 

growth data. At these low concentrations the nucleation, which we did not include 

into our model, might start to play a role.  
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Table 2. Parameters used to model the hydrolysis of β-lg and fibril formation at 353 K 

and 363 K and concentrations Cp of 0.2, 0.5, 1 and 2 wt %, with hydrolysis rate 

constant kh, scaling parameter k2C0 including the rate of incorporation of the building 

blocks into the fibrils and the concentration of building blocks available after 

complete hydrolysis, and λ showing the relation between kh and k2C0 

T [K] Cp [wt%] kh [min-1] k2C0 [min-1] λ 

353 0.2 0.0039 0.002 1.95 

353 0.5 0.0039 0.005 0.78 

353 1.0 0.0039 0.010 0.39 

353 2.0 0.0039 0.020 0.195 

363 0.2 0.0090 0.003 3 

363 0.5 0.0090 0.0075 1.2 

363 1.0 0.0090 0.015 0.6 

363 2.0 0.0090 0.030 0.3 

 

The behaviour of 
02Ck

kh  as a function of temperature and concentration gives us 

important information on the mechanism of fibril formation. When λ>1, and 

therefore hk > 02Ck , the incorporation of the building blocks into the fibrils is the rate 

limiting step for fibrillar growth. When λ<1, and therefore 02Ck > hk , the hydrolysis is 

the rate limiting step for fibrillar growth. As a function of concentration we find a 

crossover in the mechanism of fibrillar growth. At concentrations 0C  that are low 

enough to make λ>1, the incorporation of the building blocks into the fibrils is the 

rate limiting step.  At concentrations 0C  that are high enough to make λ<1, this 

situation inverts and the hydrolysis becomes the rate limiting step. This crossover 

concentration shifts towards higher concentrations with increasing temperature. 

From Equations 9-12 it can be shown that the normalized total length concentration 
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Conclusions 

Both the hydrolysis of β-lactoglobulin and the growth of the fibrils were followed as 

a function of time and temperature, using SDS polyacrylamide gel electrophoresis 

and a Thioflavin T fluorescence assay. A simple polymerization model, including a 

hydrolysis step was found to model the kinetics of fibril formation satisfactorily. As a 

function of protein concentration a crossover in the mechanism of fibril formation is 

found. At concentrations that are low enough to make λ>1, the incorporation of 

peptides into the fibrils is rate limiting for the fibrillar growth, while at 

concentrations that are high enough to make λ<1, the hydrolysis becomes rate 

limiting. This crossover concentration shifts towards higher concentrations with 

increasing temperature. In addition, the results support the view that the formation 

of peptides by hydrolysis precedes their incorporation into the fibrils.  
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Appendix I 

In order to derive Equation 13 we define a set of equations to derive the different 

moments of the fibril distribution: 

)'(
2

tnP
i

i


        [A.1]
 

and 

)'(
2

tinN
i

i



 
       [A.2]   

     

Starting from 

  2)'()'()'()'(
'

)'(
111   ifortntntntn

dt

tdn
ii

i      [A.3]  

we write 








  





 )'()'()'(
'

)'(

22
11

2 tntntn
dt

tnd

i
i

i
i

i
i

 
   [A.4]  

and use 




 
2

1
2

1 )'()'()'(
i

i
i

i tntntn
 
     [A.5] 

 

to find 

)'(
'

)'( 2
1 tn

dt

tdP 
 

      [A.6]  

 

Starting again from [A.3] we can write 








  





 )'()'()'(
'

)'(

22
11

2 tintintn
dt

tind

i
i

i
i

i
i

 
   [A.7]   

and use  

)'()'()1()'( 1
2

1
2

1 tntnitin i
i

i
i

i 





 
 

   [A.8] 
 

which can also be written as 
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Substitution of (A.13) in (A.6) leads to 
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Abstract 

The molecule 4,5-dianilinophthalimide was recently found to be an efficient 

compound in disaggregating amyloid fibrils involved in the Alzheimer’s disease. In 

this study we have investigated whether the compound 4,5-dianilinophthalimide 

was able to disaggregate fibrils derived from β-lactoglobulin. In addition to a 

Thioflavin T fluorescence assay, flow-induced birefringence was used as an 

independent technique to measure the total length concentration of the fibrils. An 

additional advantage of the latter technique is that not only the total length 

concentration, but also the length distribution of the fibrils can be measured. The 

results from flow-induced birefringence showed that the total amount of fibrils and 

also the length distribution of the fibrils was not influenced by the addition of 4,5-

dianilinophthalimide, even though this was suggested by the results of the 

Thioflavin T assay. The results of flow-induced birefringence were confirmed by 

rheological measurements and transmission electron microscopy. Our findings show 

that the use of a Thioflavin T assay in order to probe the possible disaggregating 

effect of certain compounds can give misleading results. 
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Introduction 

Fibrillar, amyloid protein aggregates can be derived from many different proteins 

like β-lactoglobulin (β-lg). These fibrils are characterized by a cross β-conformation 1, 

2 where the β-sheets are arranged parallel to the fibril axis with their constituent β-

strands perpendicular to the fibril axis.3, 4 A second characteristic of these amyloid 

fibrils is that they are typically micrometers in length with a width of only a few 

nanometers.5 And, thirdly, these fibrils bind amyloid specific dyes like Congo Red 6 

and Thioflavin T  (ThT) 7. ThT is widely used to determine the presence of amyloid 

fibrils and to examine the kinetics of fibril formation.5, 7-11 The fluorescence of ThT is 

strongly enhanced by its specific binding to β-sheets. Since β-sheet formation takes 

place during fibril formation, the concentration of bound ThT molecules and 

therefore the fluorescent signal is proportional to the fibril concentration. Krebs et 

al.12 proposed a binding mechanism of the ThT molecules to the β-sheets. It was 

suggested that the ThT molecule would insert itself into the channels, running along 

the β-sheets. These channels arise from neat rows formed by the side chains of the β-

strands on each side of the β-sheet, running in the direction of the β-sheet. 12 

The amyloid fibrils are commonly associated with neurodegenerative diseases like 

Alzheimer’s disease and type 2 diabetes where they occur in proteinaceous deposits 

called plaques. No medicines or therapeutic agents have been developed to cure or 

treat people that suffer from these diseases. Although the exact role of the amyloid 

fibrils in neurodegenerative diseases is still under discussion,13 recent research has 

been focused on the inhibition of fibril formation and the destabilization of the 

existing fibrils.14-17 This research area is becoming even more important nowadays, 

because of the population ageing in the world, which will lead to a large increase in 

the number of patients with these diseases.18-20 In a recent study 14 the ThT assay was 

used to test a large amount of different compounds with biological activity on the 

ability to decrease the β-sheet content of aggregating Aβ1-42 (a peptide involved in 
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Alzheimer’s disease). The molecule 4,5-dianilinophthalimide (DAPH) was reported 

to be the most effective compound in disaggregating the fibrils used in this study. 

Beside these disease-associated proteins, also non-disease-associated proteins can 

lead to amyloid fibrils. For example, the globular whey protein β-lactoglobulin (β-lg) 

leads to fibrils when heated at 80°C and pH 2.21, 22 It was recently shown by 

Akkermans et al. that not the intact protein is incorporated in the fibrils, but peptides 

derived from it by hydrolysis.23 These fibrils show all the classical signatures of 

amyloid fibrils.5 The protein β-lg has been excessively studied  because it is readily 

available in large quantities and of its importance to the food industry.5 This protein 

is therefore an excellent model protein for studying amyloid fibril formation. Due to 

the high aspect ratio of the fibrils, they could also be used in food products as 

structurant, for example as a thickening or gelating agent. For some of these 

applications it is desirable to break up the fibrils in their consisting peptides. Based 

on previous results 14 DAPH seems to be a promising candidate. 

In our study we have investigated whether the compound DAPH was able to 

disaggregate the fibrils derived from β-lg. Apart from the ThT fluorescence assay, 

flow-induced birefringence was used as an independent technique to measure the 

total length concentration of the fibrils. An additional advantage of the latter 

technique is that not only the total length concentration, but also the length 

distribution of the fibrils can be measured. In addition rheological measurements and 

transmission electron microscopy (TEM) were used to determine the ability of DAPH 

to disaggregate the fibrils. 

 

Materials and Methods 

Sample preparation 

β-Lg was obtained from Sigma (product no. L0130, lot. no. 095K7006). A 2 % (w/w) 

β-lg solution at pH 2 was made by dissolving the protein powder into a HCl solution 

of pH 2 and adjusting the pH using a 6M HCl solution. 
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The DAPH was obtained from Sigma (product no. D3943) and was dissolved in 

dimethyl sulfoxide (DMSO). DMSO was obtained from Merck (product no. 102931). 

A DAPH stock solution was made by dissolving 5 mg DAPH in 1 ml DMSO (15.18 

mM). The stock solution was diluted with DMSO prior to use.  

The fibrils were made by heating and stirring the β-lg solution at 80°C for 24 hours. 

Subsequently, DAPH was added to this fibril solution and the samples were 

incubated in a water bath at 35°C. 

 

ThT fluorescence assay 

A ThT stock solution (3.0 mM) was made by dissolving 7.9 mg ThT in 8 ml 

phosphate buffer (10 mM phosphate, 150 mM NaCl at pH 7.0). This stock solution 

was filtered through a 0.2 μm filter (Schleicher & Schuell). The stock solution was 

diluted 50 times in a phosphate buffer (10 mM phosphate, 150 mM NaCl at pH 7.0) 

before use. 

Small aliquots of the fibril samples (48 µl) were mixed with 4 ml ThT solution and 

allowed to bind to the ThT for 1 minute. The fluorescence of the samples was 

measured using a fluorescence spectrophotometer (Perkin Elmer LS 50 B). The 

excitation wavelength was 460 nm (slit width 4.0 nm) and the emission wavelength 

was between 470 and 500 nm (slit width 2.5 nm) and a scanning speed 200 nm/min 

was used. The fluorescence intensity peak was determined at 482 nm. The 

fluorescence intensity of the ThT solution without any addition was subtracted from 

the fluorescence intensities of the samples to correct the samples for the background 

intensity.  

 

Flow-induced birefringence  

Flow-induced birefringence has proven to be an excellent method, not only for the 

determination of the total length concentration of fibrils, but also to measure the 

length distribution of fibrils 24-26 without, apart from dilution, any further sample 

preparation. By determining the length distribution using TEM pictures, there is 
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always the effect of the sample preparation, which can result in local concentration 

differences and large sample-to-sample variations leading to poor statistics. For 

example, on a TEM grid up to 102 fibrils can be distinguished, while with flow-

induced birefringence typically 1017 fibrils are monitored. The flow-induced  

birefringence and 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.27 The 

steady shear flow-induced birefringence is proportional to the total length 

concentration of the fibrils and from the decay curve of the flow-induced 

birefringence after the cessation of flow the length distribution of the fibrils can be 

determined.24 

 

Rheological measurements 

The viscosity as a function of shear rate was measured for fibril solutions incubated 

with and without DAPH. To show the effect of a 50% reduction in the amount of 

fibrils, a fibril solution, without DAPH was diluted twice (with pH 2 solution) before 

measuring. Shear rate sweeps were performed using a rheometer (PAAR Physica 

MCR 501) with a Couette geometry (CC10). The temperature was set at 20°C and the 

shear rate ranged from 0.1-10 s-1 and was increased at logarithmically spaced 

intervals.    

 

Transmission electron microscopy (TEM) 

TEM pictures were taken from the fibrils which were incubated with and without 

DAPH. Before preparing the TEM samples by negative staining they were first 

diluted 50x or 100x. After dilution, a droplet of the diluted solution was put onto a 

carbon support film on a copper grid. The excess was removed after 15 s with a filter 

paper. Subsequently, a droplet of 2% uranyl acetate was put onto the grid and again 

removed after 15 s. Electron micrographs were taken using a JEOL electron 

microscope (JEM-1011, Tokyo, Japan) operating at 80 kV. 
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Discussion 

Assuming that a decrease in ThT fluorescence intensity is related to a decrease in β-

sheet content and therefore the fibril concentration, our results from the ThT assay 

alone strongly suggest that DAPH is indeed able to disaggregate the fibrils derived 

from β-lg to a large extend. However, based on the results obtained from flow-

induced birefringence we conclude that DAPH did not disaggregate the fibrils 

derived from β-lg. § The rheological measurements and the TEM pictures both 

confirm this conclusion. The far-UV CD spectra did not show changes in secondary 

structure for the fibrils incubated with DAPH. A possible explanation for the 

decrease in ThT fluorescence intensity upon adding DAPH is that the DAPH 

molecules insert themselves in the channels running along the β-sheets in such a way 

that they hinder the ThT molecules in binding to the fibril. In this way, less ThT 

molecules are able to bind the β-sheets and a lower ThT fluorescence intensity is 

observed. In that respect it is interestingly to notice that the ThT fluorescence 

intensity levels off at approximately 50% of the initial intensity (see Figure 1 and 9), 

eliminating the possibility for a simple competition of ThT and DAPH molecules for 

the binding sites. Apparently the DAPH molecules do not occupy all the ThT binding 

sites, which is potentially related to the distribution of the hydrophobic and 

hydrophilic patches along the fibril and the hydrophobic character of the DAPH. 

DAPH is also capable of replacing part of about 50% of the already bound ThT 

molecules (Figure 8 and 9). Our findings show that the use of ThT fluorescent assay 

in order to probe the possible disaggregating, or even inhibiting effect on fibril 

formation, of certain compounds can be misleading.   
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Abstract 

The length distribution of whey protein fibrils is important for application purposes. 

However, it is hard to influence the length distribution of whey protein fibrils during 

production. One way of influencing the length distribution of the mature fibrils is 

exposing them to an external field, like a flow field. In this research whey protein 

fibrils were exposed to elongational flow to fracture the fibrils. A simple 

experimental set-up was used to establish a range of elongational strain rates. The 

length distribution of the fractured fibrils was determined using transmission 

electron microscopy and was shown to be controllable at relatively low strain rates. 
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Introduction 

Proteins can form the basis for fibril formation under specific circumstances. For 

example, fibrils are formed when whey protein isolate (WPI) is heated for several 

hours at pH 2 and 80°C.1-3 Such fibrils have a high aspect ratio, with a few 

nanometers thick and several micrometers long. The functionality of the fibrils, e.g. 

as thickeners or gelatinizers, makes the fibrils interesting candidates for the use in 

foods.1, 4-6 The length distribution of the fibrils has a large influence on rheological 

properties like, for example, the viscosity. Since the fibrils are also semi-flexible,7 the 

overlap concentration of the fibrils is low. Therefore the semi-dilute regime is easily 

reached, where the viscosity is predicted to scale with length as η ~ L9.8  Because of 

this large influence of the length on the viscosity it is important for application 

purposes to be able to influence the length distribution of the fibrils. Besides, recently 

fibrils have been used as coating material in the production of microcapsules.9,10 For 

this application, the length of the fibrils is important for the coverage of the capsules, 

since short fibrils can be packed more effectively on a spherical surface than long 

ones.10  

It is hard to influence the final length distribution of the fibrils obtained from WPI 

during production.11 Although the use of shear can increase the final conversion of 

WPI into fibrils 12-14, the fibrils obtained from WPI typically have a length between 2 

and 4 m, regardless of the application of shear flow during fibril formation. The 

reason for this is that once the fibrils are formed, they remain stable. The fibrils do 

not fall apart upon dilution or pH changes.6 One way of influencing the length 

distribution is exposing the mature fibrils after production to an external field, like 

shear flow. However, the mature fibrils are shown to be quite stable against shear 

forces. It was shown that fibrils did not fracture during shear treatment up to shear 

rates of at least 200 s-1.12, 15 Only when very high shear rates are applied for several 

hours, fibril degradation was observed.14 This stability against shear forces is because 

the fibrils align themselves along the flow lines of the shear flow and decrease 
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therefore their exposure to the elongational component of the shear. Elongational 

flow is much more effective in fracturing linear macromolecules.16 Therefore, the 

effect of flow with a strong elongational component on fibril fracture was 

investigated here. This is not only relevant for the ability to tune the length of the 

fibrils, but will also give relevant information about the tensile strength of the fibrils.  

The required flow field was established with equipment that is available in most 

laboratories: a PEEK-tube connected to a syringe, and a texture analyzer to empty the 

syringe at constant discharge. The constriction caused by the difference in diameters 

between the syringe and the PEEK-tube is responsible for the formation of a flow 

with a strong elongational component. By varying the discharge of the texture 

analyzer and the diameter of the PEEK-tube, a range of strain rates could be 

established. Exposing the fibril solution to these strain rates and analyzing the length 

distributions of the resulting fracture products gave an estimate of the relation 

between the applied strain rate and the resulting fibril length. From the applied 

strain rates and the length of the fibrils exposed to these strain rates also a fracture 

force was estimated.17 

 

Materials and Methods 

Fibril formation 

BiPRO whey protein isolate (WPI) was obtained from Davisco Foods International, 

Inc. (Le Sueur, MN). A stock solution (about 5 wt %) was made by dissolving the 

protein powder in demineralised water. The stock solution was purified by bringing 

the pH to 4.75 and centrifuged for 30 minutes at 22600 g. The supernatant was 

filtered through a protein filter (FD 30/0.45 µm Ca-S from Schleicher & Schuell) and 

brought to pH 2 using 6 M HCl.  The protein concentration of the stock solution was 

determined using an UV spectrophotometer (Cary 50 Bio, Varian) and a calibration 

curve of known WPI concentrations at a wavelength of 278 nm. The stock solution 

was diluted to a protein concentration of 2 wt % with HCl solution of pH 2. For the 
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fibril formation, the 2 wt % WPI solution was heated at 80°C for 16 hours. The 

solution was mildly stirred during heating. 

 

Fibril fracture 

For the establishment of the elongational flow field a PEEK-tube was connected to a 

syringe (Figure 1).  The PEEK-tubes had various diameters (0.254, 0.508 and 0.762 

mm) and had a fixed length of 235 mm. The syringe (50 mL) had a diameter of 26 

mm. The syringe was vertically placed in a holder in a texture analyzer (TA.XT Plus, 

Stable Micro Systems) that was used to empty the syringe at constant discharge. In 

this way a flow with a strong elongational component was established at the 

transition area of syringe to PEEK-tube. Every sample was passed through the 

constriction 5 consecutive times. 
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2max
2
R

D
v





      [1] 

 

where maxv  is the maximal velocity, D is the discharge and R is the diameter of the 

tube. The velocity gradient between the syringe and the PEEK-tube is developing 

over a certain distance x . Following Boger (1987) this distance is estimated by 18 

 

Rx  Re)11.049.0(     [2] 

 

where x  is the distance from where the flow is being fully developed in the 

upstream to the point where the flow is being fully developed downstream. Re is the 

Reynolds number defined as 

 

R

D





 2Re       [3] 

 

with the density   taken as 1000 kg/m3 and the viscosity   taken as 1 mPa s. Re 

numbers were calculated to be in the range of 5-14 and x  in the range of 0.5-0.8 

mm. Now, using Equation 1 and 2 the elongational strain rate   is given by 

 

x

v


 max       [4]. 

 

Length distribution of the fibrils 

Transmission electron microscopy (TEM) pictures were taken from the fibrils in 

every sample to determine the length distribution of the fibrils. Before preparing the 

TEM samples by negative staining they were first diluted 1000x. After dilution, a 

droplet of the diluted solution was put onto a carbon support film on a copper grid. 

The excess was removed after 15 s with a filter paper. Subsequently, a droplet of 2% 

uranyl acetate was put onto the grid and again removed after 15 s. Electron 
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micrographs were taken using a JEOL electron microscope (JEM-1011, Tokyo, Japan) 

operating at 80 kV. About 20 to 25 pictures were taken per sample to be able to 

determine the number average length of at least 300 fibrils per sample. 

 

Flow-induced birefringence can be used to efficiently measure the length distribution 

of a large number of fibrils at the same time.12,13,15 However, this method is 

unsuitable for fibrils shorter than 2 µm.15 Therefore this method was only used to 

measure the length distribution of the initial fibril solution (strain rate 0 s-1). The 

flow-induced  birefringence and 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.19 The 

steady shear flow-induced birefringence is proportional to the total length 

concentration of the fibrils and from the decay curve of the flow-induced 

birefringence after the cessation of flow the length distribution of the fibrils can be 

determined.15 

 

Results 

Fibril fracture 

The length distributions of the fibrils obtained from WPI, which were exposed to a 

range of strain rates, were analyzed using TEM (Figure 2). To verify if measuring 

more than 300 fibrils using TEM gives a reliable length distribution, the initial fibril 

solution (strain rate 0 s-1) was analyzed in two ways: using TEM and flow-

birefringence (Figure 3). The length distributions analyzed by TEM and by flow-

birefringence gave similar results. Furthermore the effect of the number of passes 

was tested (Figure 4).  As can be seen in Figure 4, the average length of the fibrils 

does not change significantly after 5 consecutive passes.  
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length of the fibrils can be influenced at relative low strain rates. Besides, the 

polydispersity in length of the fibrils can be decreased by using elongational flow.  

Performing TEM on the same sample, one day and three days after fracture, did not 

show any changes in the length distribution, indicating that the fibrils did not 

recombine after fracture. 

 

Dependence of fibril length on strain rate at fracture 

When a polymer is subjected to elongational flow it will stretch as a result of the 

velocity gradient. At the moment that the strain rate is large enough and the 

residence time of the polymer in the flow field is sufficiently long to stretch the 

polymer, the polymer will finally fracture. Since the fibrils obtained from WPI are 

semi-flexible 7, they do not need to fully unfold but only have to stretch to some 

extend in order to fracture.  

To analyze the relation between the strain rate and the fibril length, the number 

average fibril length was used as a measure for the length (Table 1). 

 

Table 1. Applied elongational strain rates and the resulting number average length of 

the fibrils obtained from WPI. More than 300 fibrils were measured per sample to 

obtain the number average length. For the determination of the strain rates, see the 

materials and methods section. 

PEEK-tube ø Discharge Strain rate Number average fibril length 

- - 0 2.57 m 

0.762 mm 5.56 x 10-9 m3/s 8 s-1 1.91 m 

0.762 mm 1.08 x 10-8 m3/s 10 s-1 2.35 m 

0.762 mm 9.22 x 10-7 m3/s 16 s-1 1.82 m 

0.508 mm 5.56 x 10-9 m3/s 24 s-1 1.53 m 

0.508 mm 9.22 x 10-7 m3/s 35 s-1 1.07 m 

0.254 mm 5.56 x 10-9 m3/s 107 s-1 0.63 m 
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occur as soon as fc FF  . Note that Equation 7 predicts 2 Lf , close to our 

experimental result 9.1 Lf  , supporting the assumption of midpoint fracture. 

The occurrence of midpoint fracture was also experimentally shown for PS 22-24 and 

PEO 17, where the fracture products had a molecular weight that was ½, ¼, ⅛, etc. of 

the molecular weight of the original polymers. We could not observe this 

phenomenon as clearly in our length distributions (Figure 2) as was the case in Ref. 

17, 22-24. However, in contrast with the polydispersity in length of the fibrils used in 

this study, these samples were monodisperse in molecular weight. Besides, some of 

the fibrils might contain weak points resulting from stacking faults, causing these 

fibrils to fracture at other points than the midpoint of the fibril.  

Although the values for the different parameters in Equation 7 are rather uncertain, 

we use the following estimates in order to estimate the order of magnitude for the 

fracture force fF : the solvent viscosity 0 =1 mPas , the radius of the bead a=2 nm 

(based on the typical thickness of the fibrils)25 and the separation between midpoints 

of two neighbouring beads b = 2 nm (based on the line density of the fibrils)25. 

Similarly as in Ref. 17 we ignore hydrodynamic screening and choose the shielding 

factor S = 1. Combining this with the result shown in Figure 5, we find a fracture 

force for the fibrils of ~ 0.1 pN. 

Since the fibrils are stable against the thermal force, the fracture force fF  must be at 

least as large as kT/a.  Again using 2 nm as a typical length scale leads to a thermal 

force of about 4 pN, showing that the Stokes’ bead-rod model underestimates the 

fracture force with the chosen parameters. However, by changing the parameters in 

the Stokes’ bead-rod model within realistic bounds, we do not expect the fracture 

force to exceed the pN range. We therefore expect the fracture force to be only 

slightly larger than the thermal force, that is around 10 pN. This value for the fraction 

force is in line with the result that one can break up the fibrils at relatively low 

elongational strain rates. 
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Discussion 

The strain rates used to fracture the fibrils are much lower than the strain rates that 

were used to fracture covalently bound polymers. Odell & Keller and also Nguyen & 

Kausch used strain rates in the order of 10 000 s-1 for the fracturing of PS and PEO in 

typically half of their original size.17, 26, 27 The length of these synthetic polymers was 

in the order of 8 µm,17 which is close to the length of the WPI fibrils. Also for the 

fracturing of DNA in elongational flow, strain rates in the order of 10 000 s-1 were 

used to fracture them.28, 29 In regard to the fact that we showed fibril fracture at a 

strain rate as low as 8 s-1 these strain rates are a factor 1000 higher. Also initial 

experiments in our laboratory with xanthan, using the same set-up and conditions 

that were used for the fibrils, did not show any fracture of xanthan. Thus, the fibrils 

are evidently not as stable against fracture in elongational flow as some covalently 

bound polymers are. In addition we show that the length of the fibrils can be 

shortened in a controlled way at relatively low elongational strain rates that can be 

generated in a simple experiment. 

The elongational strain rate for fracture as a function of the length of the fibrils scaled 

as 9.1 Lf . The exponent of -1.9 is close to the predicted value and also the 

experimentally found value for other polymers of -2.17, 20, 21 The fact that the exponent 

is close to -2 is in line with the assumption that the fibrils fracture in the centre, as 

was already shown for covalently bound polymers in elongational flow.22-24 

The estimated fracture force, which was estimated to be around 10 pN, is low 

compared to fracture forces measured for other polymers. For PS, forces of 2.6-13.4 

nN were needed to fracture the polymers in elongational flow, which are forces 

needed to break a covalent C-C bond.17 This is in accordance with the higher strain 

rates that were needed to fracture these polymers. Also with atomic force microscopy 

(AFM) it was shown that to be able to fracture covalent bonds, forces in the order of 

nN are required.30  
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The difference in fracture force might be due to the type of polymer. PS, PEO and 

xanthan are covalently bound polymers, whereas the fibrils are linear protein based 

aggregates. The fibrils are composed of peptides which are formed during the acid 

hydrolysis reaction that takes place in the fibril formation process.31 The peptides in 

the fibrils are held together by intermolecular β-sheets,32, 33 where hydrogen bonds 

are involved. Hydrogen bonds are much weaker than covalent bonds,34 which 

explains the lower fracture force that was found for the fibrils compared to fracture 

forces measured for covalently bound polymers. For insulin amyloid fibrils, forces 

that were required to fracture the fibrils mechanically using AFM ranged from 0.3 to 

0.5 nN.35 However, this could be due to the fact that Smith et al. did only measure the 

two-filament insulin fibrils and that the fracture mechanism in their case is 

different.35 In their AFM method the fibrils are cut in the direction perpendicular to 

the fibril axis, whereas in our case the fibrils are fractured in elongational flow, where 

in the force is applied along the fibril axis.  

 

Conclusion 

In contrast to fibrils under shear flow, fibrils obtained from WPI did fracture when 

they were exposed to flow with a strong elongational character. This flow was 

created using a simple set-up. Strain rates of 8 s-1 to 107 s-1 were able to fracture the 

fibrils, with the resulting length distributions depending on the strain rate. The strain 

rate for fracture as a function of the length of the fibrils scales as 9.1 Lf , which is 

close to the scaling predicted theoretically and shown experimentally for other 

polymers, like PS and PEO. 

The fact that relatively low strain rates could be used to fracture the fibrils compared 

to strain rates that were used to fracture other polymers, indicates that the fibrils are 

much weaker than covalently bound polymers. This was confirmed by the fact that a 

fracture force for the fibrils was estimated to be in the order of 10 pN, whereas forces 

in the order of nN are required to break covalent bonds.  
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We showed a way to influence the length distribution of the fibrils in a controlled 

way at relatively low strain rates. This result is of importance for application 

purposes of the fibrils. 
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Abstract 

Fibrils are formed when β-lactoglobulin is heated at pH 2 and 80°C for several hours. 

These fibrils can be used as structurants in foods. Since most foods have a pH 

between 4 and 7, the stability of the fibrils upon pH change is important. Previous 

research showed that the fibril solutions become turbid around pH 5, suggesting that 

the fibrils aggregate around this pH. However, recently it was found that the fibrils 

consist of peptides derived from the hydrolysis of β-lactoglobulin and that the fibril 

solutions are actually mixtures of fibrils and non-aggregated peptides. A priori, it is 

unclear what fraction is causing the turbidity. Therefore, the fibrils and the non-

aggregated peptides were separated to obtain three different fractions: a solution 

only containing fibrils (so-called pure fibril solution), a solution only containing non-

aggregated peptides (so-called pure non-aggregated peptides solution) and the 

original fibril solution containing both the fibrils and the non-aggregated peptides. 

The stability of these three solutions upon pH changes was analyzed. It was found 

that most of the turbidity at pH 5 was caused by the non-aggregated peptides, and 

that the fibrils have a tendency to form aggregates themselves around that pH.     
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Introduction 

In solution, the whey protein β-lactoglobulin (β-lg) forms fibrils when heated at pH 2 

and 80°C for several hours.1, 2 The fibrils that are formed are several micrometers 

long, and only a few nanometers thick.3 This makes them interesting candidates as 

thickeners or gelling agents in foods. Several researchers have investigated the 

transparent fine stranded gels that are formed when beta-lactoglobulin is heated at 

pH 2 and concentrations above 6 wt %.1, 2, 4-10 Next to these transparent gels, the 

fibrils could also be used to produce gels with very low volume fractions in a so-

called cold set gelation process.11 For these cold-set gels a fibril solution was brought 

to pH 7 and subsequently the fibrils were cross-linked by addition of CaCl2. 

Akkermans et al showed that the viscosity and gel strength of whey protein isolate 

(WPI) solutions was increased upon addition of fibrils.12 

The fibrils are produced at pH 2, but most food products have a pH between 3 and 7. 

Therefore the stability of the fibrils upon pH changes is important. Although the 

fibrils do not fall apart upon dilution or pH changes,11-13 fibril solutions become 

turbid around pH 5, close to the iso-electric point of β-lg.12, 14 These results are 

suggesting that the fibrils aggregate around pH 5. However, recently it was found 

that the fibril solutions contain a mixture of fibrils and non-aggregated peptides. It 

was shown that the fibrils consist of peptides derived from the acidic hydrolysis of β-

lg at pH 2. Not all the peptides that are produced assemble into fibrils; only ~40% of 

the peptides are being incorporated into the fibrils. These peptides were found to be 

the more hydrophobic peptides with a high ability to form β-sheets.15 The rest of the 

material remains in the solution as non-aggregated peptides. It is has not been 

addressed which fraction is causing the turbidity around pH 5.  

Therefore, the aim of this research was to analyze the stability relative to pH changes 

for the different fractions that are present in the initial fibril solution. First the fibrils 

and non-aggregated material were separated to be able to analyze the behaviour of 

the pure fibrils, the non-aggregated peptides and the initial fibril solution separately. 
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Three different methods were investigated on their ability to separate the two 

fractions. The first method uses centrifugal filtration and is based on the method that 

Bolder et al. used to determine the conversion of protein into fibrils.16 Next to this 

method also dialysis and ultracentrifugation were tested on their ability to separate 

the fibrils and the non-aggregated peptides. Subsequently, the behaviour of the 

initial fibril solution and both the pure fibrils and the non-aggregated material were 

analyzed within a pH range between 2 and 8.  

   

Materials and Methods 

Fibril formation 

β-Lg was obtained from Sigma (product no. L0130, lot. no. 095K7006). A stock 

solution (about 6 wt %) was made by dissolving the protein powder in HCl solution 

of pH 2. The pH of the protein solution was adjusted to pH 2 with 6M HCl solution. 

Subsequently, this stock solution was filtered through a protein filter (FD 30/0.45 µm 

Ca-S from Schleicher & Schuell) to remove any traces of undissolved protein. The 

protein concentration of the stock solution was determined using an UV 

spectrophotometer (Cary 50 Bio, Varian) and a calibration curve of known β-lg 

concentrations at a wavelength of 278 nm. The stock solution was diluted to a protein 

concentration of 2 wt % with HCl solution of pH 2.  

The β-Lg solution was heated in small glass vials (20 ml) in a metal stirring and 

heating plate for 20 hours at 80°C. The protein solution was mildly stirred during 

heating. 

 

Separation fibrils and non-aggregated peptides 

Centrifugal Filtration 

For the first method to separate the fibrils and the non-aggregated peptides, 

centrifugal filters were used. This separation method is based on the method 

developed by Bolder et al. to determine the conversion of protein into fibrils.16 To 
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separate the fibrils from the non-aggregated peptides, the fibril solution was diluted 

to a protein concentration of 0.2 wt % with HCl solution of pH 2. The solution was 

divided over 6 centrifugal filters (Amicon Ultra 100K - 15 Centrifugal Filters) and 

centrifuged at 3000 g and 15°C for 30 minutes (Allegra X-22R Centrifuge, Beckman 

Coulter). After the centrifugation the filtrate was removed from the tubes and the 

retentate (containing the fibrils) was resuspended in ~10 ml of fresh pH 2 solution. 

Subsequently the samples were centrifuged again at 3000 g and 15C for 30 min. In 

total 4 centrifugation steps were used. After the fourth centrifugation step the 

retentate was resuspended in 2 ml pH 2 solution instead of the original 15 ml.  

 

Dialysis 

The second method used to separate the fibrils and the non-aggregated peptides was 

dialysis. To see whether it is an option to separate the fibrils and the non-aggregated 

peptides by dialysis, first it was investigated if the non-aggregated peptides would 

pass the dialysis tube. For this, the non-aggregated protein fraction (obtained by the 

ultracentrifugation method) was dialyzed against HCl solution of pH 2 overnight 

(MWCO 12-14 kDa). The protein concentration of the solution before and after 

dialysis was determined.  

 

Ultracentrifugation  

The third method used to separate the fibrils and the non-aggregated protein was 

ultracentrifugation. To separate the fibrils from the non-aggregated protein, the fibril 

solution was diluted to a protein concentration of 1 wt % with HCl solution of pH 2. 

The solution was divided over 6 centrifuge tubes and centrifuged at 90100 g and 15C 

for 90 minutes. After the centrifugation the supernatant was immediately removed 

from the tubes and the pellets were resuspended in their original volume in a fresh 

pH 2 solution and stored overnight in a cold room (UCF 1). For 4 of the 6 tubes one 

extra washing step was performed by repeating the ultracentrifugation and 
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resuspending step (UCF 2).  For two of these 4 tubes, a third washing step was 

performed (UCF 3). 

 

Protein concentration 

The protein concentration of the various samples were determined using an UV 

spectrophotometer (Cary 50 Bio, Varian) using a calibration curve of known β-lg 

concentrations at a wavelength of 278 nm.  

 

ThT Fluorescence 

To analyze the different fractions for fibrils after separation by ultracentrifugation, 

the various solutions were analyzed using a ThT assay. A ThT stock solution (3.0 

mM) was made by dissolving 7.9 mg ThT in 8 ml phosphate buffer (10 mM 

phosphate, 150 mM NaCl at pH 7.0). This stock solution was filtered through a 0.2 

μm filter (Schleicher & Schuell). The stock solution was diluted 50x in a phosphate 

buffer (10 mM phosphate, 150 mM NaCl at pH 7.0) before use. 

Aliquots of the solutions (48 μl) were mixed with 4 ml ThT solution and allowed to 

bind to the ThT for 1 minute. The fluorescence of the samples was measured using a 

fluorescence spectrophotometer (Perkin Elmer LS 50 B). The excitation wavelength 

was set on 460 nm (slit width 4.0 nm) and the emission spectrum was recorded 

between 470 and 500 nm (slit width 2.5 nm) at a scanning speed of 200 nm/min. The 

fluorescence intensity peak was determined at 482 nm. The fluorescence intensity of 

the ThT solution itself was subtracted as a background. All samples were measured 

in duplicates. 

 

Flow-induced birefringence 

Flow-induced birefringence was used to analyze the length distribution of the fibrils 

that were present in the various fractions after ultracentrifugation. This method can 

be used to efficiently measure the length distribution of a large number of fibrils at 

the same time.17-19 The decay curves of the flow-induced birefringence after the 
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cessation of flow were measured with a strain-controlled ARES rheometer 

(Rheometrics Scientific) equipped with a modified optical analysis module.20 From 

these decay curves the length distribution of the fibrils can be determined.19 

 

Gel Electrophoresis (SDS-PAGE) 

To check whether all non-aggregated peptides were removed from the fibril solution 

with the separation based on ultracentrifugation, SDS-PAGE was performed on the 

various fractions. For the gel electrophoresis a XCell SureLockTM Mini-Cell (Invitrogen 

Corporation, Carlsbad, California 92008, USA) was used. Samples were run on 

NuPAGE® Novex 4-12% Bis-Tris gels with NuPAGE® MES SDS running buffer 

(Invitrogen Corporation) under non-reducing conditions (no S-bonds are broken). 

The gels were stained with SimplyBlueTM SafeStain (Invitrogen Corporation).  

 

Behaviour of the fibrils as a function of pH 

Conversion of protein into fibril 

The conversion of protein into fibrils was calculated using the various fractions 

obtained by centrifugal filtration. From the protein concentration of the various 

fractions and the weight of these fractions the conversion of protein into fibrils could 

be calculated as  

 

%100
)( 4321 




P

FFFFP
C  

 

where C is the conversion of protein in fibrils in wt %, F1 is the weight of protein in 

filtrate 1 (g), F2 is the weight of protein in filtrate 2 (g), etc.,  and P is the weight of the 

initial amount of protein in the solution (g). 
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Visual appearance 

For the visual observations, the initial fibril solution, the pure fibril solution and the 

solution containing the non-aggregated peptides were diluted to 0.1 wt % protein 

and brought to pH 5 and pH 8 using 0.1M NaOH. The appearance of the various 

fractions at a protein concentration of 0.1 wt % and pH 2, 5 and 8 were analyzed 

visually and digitally recorded.  

 

TEM 

TEM pictures were taken from all fractions at pH 2, 5 and 8 (protein concentration 

0.01 wt %). A droplet of the solution was put onto a carbon support film on a copper 

grid. The excess was removed after 15 s with a filter paper. Subsequently, a droplet 

of 2% uranyl acetate was put onto the grid and again removed after 15 s. Electron 

micrographs were taken using a JEOL electron microscope (JEM-1011, Tokyo, Japan) 

operating at 80 kV. 

 

Mobility 

For the electrophoretic mobility measurements, all fractions were diluted to 0.01 wt 

% protein with milliQ water. Samples at various pH were prepared by adding 0.1M 

HCl or 0.1 – 0.01M NaOH. The electrophoretic mobility of the different fractions at 

various pH was measured using a Zetasizer Nano (Malvern Instruments Ltd, 

Worcestershire, UK).  Samples were measured in 5-fold.  

 

Preventing aggregation 

In analogy to the work of Jung et al. we investigated the adition of SDS to the various 

fractions to prevent clustering of the protein material in the solutions.14 For this 

experiment the fibrils and the non-aggregated peptides were separated using 

ultracentrifugation. First a series of SDS solutions at pH 2 was made with SDS 

concentrations from 0 to 0.02M. The initial fibril solution, the pure fibril solution and 

the solution containing the non-aggregated peptides were added so that the final 
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protein concentration of the solutions was 0.005 wt %. The pH of all the samples 

were set at pH 3 using NaOH. The electrophoretic mobility of the samples were 

measured using a Zetasizer Nano (Malvern Instruments Ltd, Worcestershire, UK). 

Samples were measured in 5-fold. 

Next, the solutions that contained enough SDS to prevent the fibrils and non-

aggregated peptides from aggregation were adjusted to a range of pH values 

between 3 and 8 using NaOH. Also the electrophoretic mobility of these samples was 

measured. 

 

Results and Discussion 

Separation of fibrils and non-aggregated peptides 

Centrifugal filtration 

The first method that was used to separate the fibrils from the non-aggregated 

peptides was based on the method as introduced by Bolder et al. to determine the 

conversion of protein into fibrils.17 In this method the fibrils and the non-aggregated 

peptides are separated using centrifugal filters. Four washing steps were performed 

to remove all the non-aggregated peptides from the fibril solution. No protein was 

found by UV spectroscopy measurements in the filtrate after the 4th washing step, 

indicating that the pure fibril solution was free from non-aggregated peptides after 

four washing steps. Besides, the fibrils do not pass the filters 15, 17 and therefore no 

fibrils will be present in the filtrate.  

 

Dialysis 

The second method that was tested to separate the fibrils and the non-aggregated 

peptides was to dialyse the fibril solutions. To check whether the non-aggregated 

peptides would actually pass the dialysis tube, a prerequisite for this method, a 

solution containing the non-aggregated peptides (the supernatant obtained from the 

ultracentrifugation) was dialyzed against an HCl solution of pH 2. The protein 
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concentration that was measured in the dialysis tube remained the same before and 

after dialysis, indicating that the non-aggregated peptides did not pass the dialysis 

tube and therefore making dialysis under the conditions used in this experiment 

unsuitable for the separation of the fibrils and the non-aggregated peptides. To be 

able to separate the non-aggregated peptides and the fibrils by dialysis, dialysis 

tubing with a higher MWCO than 12-14 kDa and longer dialysis times than ~12 

hours might be necessary. Jordens et al. dialysed a fibril solution against milliQ water 

of pH 2 for 7 days using dialysis tubing with a MWCO of 100 kDa to remove 

unreacted protein and low molecular weight residual peptides.21 Since this method 

would become much more time consuming compared to the other separation 

methods, the separation based on dialysis was not further investigated. 

 

Ultracentrifugation 

The third method that was tested to separate the fibrils and the non-aggregated 

peptides was ultracentrifugation (~90 000 g for 90 min). After the first centrifugation 

step, the supernatant was removed and kept separate for further analysis. The 

transparent pellet that was obtained was resuspended in a fresh HCl solution of pH 

2. These steps were repeated twice in an attempt to separate all the non-aggregated 

peptides from the fibrils. Protein concentration measurements showed that after 

three ultracentrifugation steps, still protein was present in the supernatant. The 

protein in the supernatant can be present in the form non-aggregated peptides or 

fibrils that were not completely spun down. Therefore, a ThT fluorescence assay was 

performed to see in which fractions fibrils were present after the centrifugation steps 

(Figure 1). 

Figure 1 shows that the supernatant after each centrifugation step still showed a 

fluorescence signal, indicating the presence of fibrils. It is estimated that in total 

about 60% of the fibrils remain in the supernatants. 
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Comparing the separation using centrifugal filters with the other two methods, the 

separation using centrifugal filtration is more efficient in the sense that no fibrils are 

present in the non-aggregated peptide fraction and no non-aggregated peptides are 

present in the pure fibril solution. Therefore, the fractions obtained using centrifugal 

filtration were used to analyze the behaviour of the different fractions as a function 

of pH. 

 

Behaviour of the various fractions as a function of pH 

Conversion of protein into fibrils 

Based on the separation using the centrifugal filters three different solutions were 

now obtained: 

(A) the initial fibril solution containing a mixture of fibrils and non-aggregated 

peptides,  

(B) a solution containing only fibrils,  

(C) a solution containing only the non-aggregated peptides.  

 

Using the weight and protein concentration that were obtained during the separation 

process, it was determined that about 46% (w/w) of the initial protein was present in 

the form of fibrils, whereas the rest of the protein material was present as small 

peptides. The behaviour of the three solutions A, B and C was analyzed as a function 

of pH.  All solutions were transparent at pH 2. 

 

Visual appearance as a function of pH 

The turbidity of the various fractions was visually inspected at pH 2, 5 and 8 and 

protein concentrations of 0.1 wt % (Figure 4). It is found from Figure 4 that solution 

A is transparent at pH 2, becomes turbid around pH 5, and becomes transparent 

again at pH 8. This behaviour was also observed by other researchers.12, 14 For 

solution C, a similar behaviour is seen, with the turbidity even more pronounced at 

pH 5. This more pronounced turbidity in solution C is possibly due to the fact that 
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charge at this pH. Furthermore, the curves of solution A and solution B are quite 

similar, compared to the curve of solution C. Note that more than 50% of the protein 

material in solution A is consisting of non-aggregated peptides. 

 

Preventing of aggregation 

Coating with sodium dodecyl sulphate (SDS) 

It is shown that the turbidity is mainly coming from the non-aggregated peptides in 

the initial fibril solution and this can be avoided by removing the non-aggregated 

peptides. Yet it is also shown that the fibrils still form aggregates in the pure fibril 

solution around pH 5. One way to prevent the aggregation of the fibrils would be to 

coat the fibrils using anionic surfactants. This was investigated by Jung et al. who 

used sodium dodecyl sulfate (SDS) to coat the fibrils.14 Two stages were 

distinguished in this study. In the first stage the SDS concentration is high enough to 

neutralize the charges of the protein, which is the case at SDS concentrations of 9x10-4 

M, at 0.1 wt % protein. At this point a so-called SDS single layer is formed around the 

fibrils and precipitation of the coated fibrils is visible. At higher SDS concentrations, 

of 2 mM, a SDS double layer was formed around the fibrils and the coated fibrils 

could be completely redispersed in water.  

In analogy to Jung et al. we investigated various concentrations of SDS to our 

solutions A, B and C (Figure 7). Note that the fibril solution used by Jung et al. can be 

compared with solution A in our research. By measuring the mobility as a function of 

the SDS concentration we observe a change in mobility for solution A, B and C from 

+1.5 µm cm V-1 s-1 at low SDS concentrations to a mobility of -2 µm cm V-1 s-1 at 

SDS concentrations of around 7 mM. No clear difference could be seen between the 

solutions A, B and C in their change in mobility as a function of SDS concentration. 

To investigate whether the coated fibrils and peptides would stay negatively charged 

over the whole pH range, solutions A, B and C containing 7 mM SDS were adjusted 

to a range of pH values between 3 and 8 using NaOH. SDS concentrations of 7 m, 

only  slightly below the critical micelle concentration of SDS (CMC ~ 8 mM)14, 23 
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Introduction 

Under the appropriate conditions, proteins can assemble into structures called fibrils. 

Assembly of proteins or peptides into fibrils is an important subject of study in 

various research fields. Not only in biomedical sciences where the so-called amyloid 

fibrils are studied intensively since they are being associated with neurodegenerative 

diseases,1-4 but also in the field of material sciences fibrils are receiving increased 

attention.5-7 They are used in the fabrication of for example metal nanowires, 

bionanotubes, nanometer thick coatings, three-dimensional peptide scaffolds, and 

vehicles for bioactives.5-7 Various food proteins lead to assembly into fibrils, as was 

shown for egg proteins,8-12 soy proteins 13 and milk proteins 14-31. Therefore it is not 

surprising that the ability of proteins to form fibrils is suggested to be a generic form 

of protein aggregation.32, 33  

The most studied milk proteins with respect to fibril formation are the whey 

proteins.  Whereas the whey used to be a waste-product from the cheese production 

and casein manufacturing, nowadays whey proteins are becoming increasingly 

important proteins for the food industry. The whey proteins are receiving increased 

attention, because of their nutritional and functional properties.34 In acidified milk 

drinks stabilizers like pectin are needed to prevent aggregation of the casein at the 

low pH 3.4-4.6.35-37 Replacing the casein by whey proteins is a good alternative, since 

whey proteins are more stable against aggregation at these low pH values.  

Fibrils are e.g. formed when whey protein isolate (WPI) in solution is heated to 80°C 

for several hours, at pH 2. WPI consists of about 60 % beta-lactoglobulin (β-lg), a 

globular protein that was found to be the only fibril forming protein in WPI at pH 2 

and 80°C.38 Other proteins that are present in WPI are alpha-lactalbumin (α-lac), 

bovine serum albumin (BSA) and immunoglobulins. For α-lac and BSA was found 

that they can also form fibrils, but in that case other conditions are required.30, 39 

The fibrils derived from β-lg or WPI are long and thin (Figure 1). This high ratio of 

the length versus the diameter of the fibrils makes them promising candidates for 
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fibrils. These properties will determine the functionality of the fibrils. The length 

distribution of the fibrils in combination with the thickness of the fibrils will for 

example influence the gel efficiency. The length distribution of the fibrils will also 

determine the rheological properties and the isotropic-nematic phase transition of the 

fibril solutions. Besides, when the fibrils are used in the production of microcapsules, 

the length distribution in combination with the flexibility of the fibrils is important 

for covering of microcapsules, thereby influencing the strength and permeability of 

the capsules. The charge of the fibrils as a function of pH is also an important factor 

in the layer-by-layer process to make microcapsules, where the different layers have 

opposite charges. Also for fibrils in solution, the charge of the fibrils as a function of 

pH is important, since it determines whether aggregation will take place.  

It is clear from the above paragraph that the properties of the fibrils will determine 

their functionality. Therefore, more knowledge about the properties of the fibrils will 

not only give more fundamental knowledge about the fibril formation, but also helps 

to fine tune the functionality of the fibrils. Therefore this last chapter describes the 

impact of the previous chapters on the general view of the process of fibril formation 

from β-lg and the properties of the fibrils that are formed, leading to controlled 

applications of the fibrils. Although the focus of this general discussion will be 

mainly on the formation and properties of fibrils, at higher concentrations of fibrils 

also other structures exist like spherulites and nematic phases.  

 

Formation 

The formation of the fibrils is accomplished by heating a β-lg solution for several 

hours at low pH. When the protein concentration is high enough, typically 5-8 wt 

%,22, 27, 46 fine stranded gels are formed. Early research focused on these fine stranded 

gels that are transparent, in contrast to the particulate gels, which are opaque and are 

formed when β-lg is heated at pH 4-6.23, 27, 46 The transparency of the gels formed at 

low pH and low ionic strength was originally explained by a strong electrostatic 
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repulsion that is originating from the charged proteins far from the iso-electric 

point.16, 27, 47 Here it was conjectured that at low pH electrostatic repulsive forces 

hinder the formation of random aggregates and as a consequence more ordered 

linear polymers were formed.48 These fibrillar aggregates are too thin to scatter the 

light, resulting in transparent solutions or gels. The gelation behaviour of β-lg at low 

pH and high temperatures was investigated 20, 22, 23, 27, 46, 47 as well as the properties of 

the gels that are formed under these conditions.19, 20, 31, 46 Next to the heat set gels that 

were formed at protein concentrations of about 5 wt % and higher, solutions of fibrils 

with a lower protein concentrations were also used to form cold-set gels. This was 

done by increasing the pH from pH 2 to 7 and adding calcium chloride. In this way 

weak gels with extremely low volume fractions down to 0.07 wt % could be made.49-

51 

To have a better understanding of the relation between the molecular and 

macroscopic characteristics of the β-lg gels, it was important not only to study the 

gels that were composed of fibrils, but also to study the fibril formation process itself. 

To produce fibrils from β-lg, protein solutions must be heated for several hours at 

low pH and temperatures around 80°C.  In this way micrometers long linear 

aggregates are formed with a rigid rod-like local structure depending on the ionic 

strength.16, 22, 29 Adamcik 52 showed that the fibrils consist of multiple protein 

filaments that associate laterally to form twisted ribbons with a helical structure. 

During the fibril formation at low pH intermolecular β-sheets are formed.16, 22, 26 

Under certain conditions so-called spherulites were observed, depending on the β-lg 

or WPI concentration, ionic strength and the use of flow.38, 53-55 These spherulites 

were 20 to 100 µm in size, therefore visible by the naked eye. A Maltese cross 

extinction pattern was observed when the spherulites were analyzed under the 

microscope using crossed polarizers.38 Similarly, spherulite formation was also 

studied extensively in bovine insulin solutions. These spherulites are different from 

spherulites of β-lg in the sense that they have a large amorphous core of irregularly 

oriented protein.55 It was also shown that the observed Maltese cross pattern is 
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originating from the radially arrangement of fibrils with a central core, where the 

arrangement of the fibrils is fairly compact.54-58 The formation of spherulites could be 

prevented by applying flow during the formation of the fibrils.53 

 

The fibril formation process of β-lg is generally described by a nucleation growth 

mechanism.14, 16, 54, 59, 60 In such a mechanism first nuclei are being formed, which is 

usually the rate limiting step of fibril formation. The nucleation phase is followed by 

the growth phase in which fibrils start to grow from the nuclei. Bolder et al. proposed 

a model where also an activation step was added prior to the nucleation phase and a 

termination step after the growth phase.53 In this four-step mechanism the role of the 

hydrolysis of β-lg when the protein is heated at low pH and high temperatures was 

also taken into account. In the proposed activation step, native β-lg monomers are 

activated by heat-denaturation at low pH and these active monomers are able to 

form the nuclei in the nucleation step. After the growth phase a termination step was 

suggested in which monomers would be inactivated due to prolonged heating at pH 

2, thereby terminating the fibril formation. The tips of the fibrils could also be 

inactivated due to hydrolysis of the fibril tips after prolonged heating.53 This 

termination step gave a possible explanation for the conversion levels that were 

found to be substantial lower than 100% for the fibril formation of β-lg or WPI at pH 

2.31, 53 However, recently it was found that the hydrolysis plays a more prominent 

role in the fibril formation. Akkermans et al. showed that the fibrils are composed of 

peptides that result from the cleavage of the bonds before or after aspartic acid 

residues in β-lg.61 The cleavage of these specific peptide bonds is caused by acidic 

hydrolysis at pH 2 and 80°C, but can also be induced by enzymatic hydrolysis using 

the enzyme AspN.62 This enzyme is cleaving the same bonds that are cleaved during 

the acidic hydrolysis of β-lg at pH 2 and 80 °C. In both hydrolysis processes peptides 

are produced that can act as building blocks for the fibrils.61, 62 This important role of 

hydrolysis was also previously shown for hen egg white lysozyme.63, 64 Fibrils 

formed from HEWL also consist of peptides that are produced by hydrolysis of the 
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HEWL monomer. Besides, it was shown that addition of the intact full monomer was 

slowing down the fibril formation,64 suggesting that only peptides produced by the 

hydrolysis of the full HEWL can be efficiently incorporated into the fibril. Recently, 

Lara et al. also confirmed that the hydrolysis of both the globular proteins β-lg and 

HEWL plays a central role in their fibril formation.65 The fact that the fibrils are 

composed of small peptides gives important information about the structure of the 

fibrils, but also has implications for the fibril formation process. From the above it 

becomes clear that the fibril formation process is still not fully understood, and that 

the new insights need to be incorporated in the overall picture of formation of fibrils 

from β-lg. Therefore the first part of this thesis focuses on the fibril formation 

process. 

 

Several researchers have looked at the effect of the concentration of β-lg on the fibril 

formation at pH 2, however, none of them has actually determined a critical 

aggregation concentration (CAC) at a certain temperature at low pH.14, 38, 66 The CAC 

is defined as the β-lg concentration below which no fibrils are formed. The CAC for 

the fibril formation is an important parameter, since it gives information about the 

binding energy that is involved in the fibril formation. The temperature dependence 

of the CAC gives information about the driving mechanism behind the fibril 

formation. The CAC for the fibril formation of β-lg at pH 2 was determined in 

Chapter 2. From the CAC measurements the binding energy was determined to be 

~13 kT. This binding energy represents the change in Gibbs free energy of the overall 

system when a fibril is extended by one building block. After this initial binding 

intermolecular β-sheets are formed 22, 26 making the binding irreversible. Covalent 

disulphide bonds are not expected to be formed under these acidic conditions at pH 

2, and therefore only hydrogen bonds are formed upon fibril formation at this pH. By 

measuring the CAC as a function of temperature one can determine the change of 

entropy and enthalpy upon binding. It was found that upon binding there was an 

increase in entropy and no change in enthalpy. As a result one can conclude that the 
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The results of the model show  that at low protein concentrations, the incorporation 

of peptides into fibrils is the rate limiting step for the fibrillar growth, while at high 

concentrations the hydrolysis becomes rate limiting. One can use this information to 

speed up the process of fibril formation at high concentrations by increasing the 

temperature to increase the hydrolysis rate. However, it was also found that 

although the process of fibril formation might go faster at these higher temperatures, 

the final amount of fibrils formed is maximal around 80°C (Chapter 2). Apparently, 

when the temperature becomes too high, the protein may become completely 

hydrolysed before the peptides can be incorporated into the fibrils.  

Although the mechanism of fibril formation of β-lg is generally described as a 

nucleation growth mechanism,14, 16, 54, 59, 60 it was found that the fibril formation could 

be described with a simple polymerization model, including the hydrolysis, but 

without the necessity to include a nucleation step. Only at very low protein 

concentrations, the model starts to deviate from the measured fibril growth data. At 

these low concentrations nucleation effects might start to play a role.  

 

Properties and function 

For a successful application of the fibrils in food products, it is important to have a 

proper understanding of the physical properties of the fibrils and to have the ability 

to influence these properties and thereby the functionality of the fibrils. The fibrils 

formed at low pH and low ionic strength have a diameter of only about 2-4 

nanometers,14, 21 whereas they are several micrometers long.17, 19, 31, 66 This high aspect 

ratio, together with their semi-flexibility is mainly determining their behaviour as a 

function of concentration.  

The fibril solutions can be devided into four different concentration regimes (Figure 

3).69 In the dilute regime, the fibrils can rotate freely without interacting with the 

other fibrils. However, since the fibrils are long, thin and rigid, their overlap 

concentration c* is quite low, since the overlap concentration scales with length as 
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31~ Lc . Therefore c* is already reached at fibril concentrations of about 1.4 x 10-4 wt 

% fibrils. At these concentrations the semi-dilute regime starts where the rotation of 

the individual fibrils is not severily restricted yet, but the dynamical properties of the 

solutions are completely changed.69 This is for example reflected in the zero shear 

viscosity which is predicted to scale with length as 9~ L  in the semi-dilute regime.70 

When the fibril concentration is further increased, the so-called concentrated 

isotropic regime is reached.69 In this regime the fibrils start to have a tendency to 

orient in the same direction as the neighboring fibrils, however the concentration is 

still too low to align and to form anisotropic solutions.69 Upon further increasing of 

the fibril concentration, the nematic regime is reached where the number of polymers 

per volume is given by 21 bLv  , where b is the diameter of the fibrils.69 In this 

regime the fibrils align more or less paralel but do not show positional ordering 

(Figure 4a). In general the fibrils are produced in this nematic regime. When the 

samples are observed between crossed polarizers this nematic phase is visible as 

bright domains of macroscopic scale in which the fibrils are aligned (Figure 4b). The 

transition from the isotropic to the nematic regime for fibrils solutions at pH 2 and 

low ionic strength, was determined to be at fibril concentrations cI-N of ~0.4 wt % 

fibrils.71 
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The total length concentration of fibrils in a fibril solution is high. For instance, a 1 ml 

fibril solution at a concentration of 1 wt % contains 105 km fibril, approximately 10-

fold the circumference of the earth. However, since the length distribution of the 

fibrils is polydisperse and the rheological properties strongly depend on the length 

distribution, it is important to also have information about the length distribution of 

the fibrils. Rogers et al. developed a technique that efficiently measures the length 

distribution of the fibrils.66 For this analysis shear flow is used to align the fibrils and 

thereby inducing birefringence at fibril concentrations in the semi-dilute regime. 

From the decay of the flow-induced birefringence, after the cessation of the flow, the 

length distribution of the fibrils in the solution can be determined. Using this 

technique, the length distribution of a large amount of fibrils in a relatively short 

time can be analyzed. Whereas with conventional methods like TEM the length 

distribution of up to 102 fibrils per grid can be measured, with flow-induce 

birefringence typically 1017 fibrils are simultaneously monitored, leading to much 

better statistics. The length distributions measured using flow-induced birefringence 

show that the fibrils obtained from β-lg typically have a length between 2 and 4 

µm.53, 66, 72 Figure 5 shows a typical example of such a length distribution curve for β-

lg fibrils. 
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expected to fracture exactly in the middle.73 The tensile strength of the fibrils were 

found to be much lower than that of commonly used thickeners and stabilizers like 

gums as e.g. xanthan. These gums consist of covalently bound polysaccharides, 

whereas the fibrils are stabilized by β-sheets held together by hydrogen bonds. The 

relatively low tensile strength of the fibrils is an important aspect that needs to be 

taken into account when the fibrils are utilized in food processes, where large 

elongational flow rates are present, like in mixing, stirring, and homogenization.  

 

Another approach to break down fibrils is inspired by the biomedical research area, 

where bioactive compounds are tested on their ability to disaggregate amyloid 

fibrils. Although it is still under discussion if the fibrils themselves are infectious or 

that they act like a sink for infectious peptides in neurodegenerative diseases,1 

several research groups are looking for compounds that are able to disaggregate 

amyloid fibrils. Flavonoids, like catechins, which are flavonoids abundantly present 

in e.g. green tea, are forwarded to be potential therapeutic agents against amyloid 

diseases.74-78 Another compound that was reported to disaggregate amyloid fibrils 

involved in Alzheimer’s disease is 4,5-dianilinophthalimide (DAPH).79 The ability of 

DAPH to disaggregate fibrils derived from β-lg was investigated and it was found 

that DAPH could not disaggregate these fibrils (Chapter 4). The results from a 

Thioflavin T (ThT) assay did suggest that DAPH could disaggregate the fibrils. 

However, flow-induced birefringence, far-UV circular dichroism and transmission 

electron micrographs showed that DAPH did not disaggregate the fibrils derived 

from β-lg. It was concluded that DAPH interfered with the ThT assay in this study, 

giving misleading results.  

Another interesting approach to break down the fibrils was shown by Rühs et al., 

using the so-called supramolecular bottle-brush approach.80 In this approach, 

negatively charged polyethyleneglycol (PEG) chains are ionically attached to the 

positively charged fibrils to form a bottle-brush. In this bottle-brush conformation the 
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PEG chains stretch out due to excluded volume interaction, resulting in an entropy 

loss, causing breakage of the fibril. 

Furthermore, from a food technology perspective the research of Bateman et al. is of 

importance in which they show that fibrils derived from β-lg could be digested by 

the  enzyme pepsin in simulated gastric fluid.81 

 

In principle fibrils could be used as food additives. Since the fibrils are produced at 

pH 2, and most food products have a pH between 4 and 7, knowledge about the 

stability of the fibril solutions to pH changes is necessary. At these pH values 

between 4 and 7 the fibrils are stable in the sense that the fibrils do not fall apart 

upon dilution or pH changes.40, 50, 51 However, next to the stability against break 

down of the fibrils upon pH changes, the stability against clustering of the fibrils 

need to be investigated. Jung et al. and Akkermans et al. analyzed the behaviour of 

fibril solutions from β-lg and WPI at various pH.40, 82 These results show that there is 

an important challenge for the application of fibrils made from β-lg at pH 2, since the 

solutions become turbid around pH 5.40, 82 The results are suggesting that the fibrils 

form clusters around pH 5 which are causing the turbidity, but Akkermans also 

showed that fibril solutions actually contain a mixture of fibrils and non-aggregated 

peptides.61 From this perspective that the fibrils are composed of small peptides, and 

that other non-aggregated peptides are present in the fibril solutions, the behaviour 

of the various fractions (fibril solution, pure fibril solution, non-aggregated peptide 

solution) as a function of pH was investigated (Chapter 6). The turbidity of the fibril 

solutions around pH 5 could be decreased by removing the non-aggregated fraction 

from the solutions, indicating that the non-aggregated fraction is mainly causing the 

turbidity. However, zeta-measurements showed that the net charge of fibrils is zero 

around pH 5 and TEM pictures showed that the fibrils are clustering around this pH. 

In these TEM pictures the fibril clusters look like open clusters, which explain the 

transparency of the pure fibril samples around pH 5. Removal of the non-aggregated 

fraction could therefore avoid the turbidity, but not the clustering around pH 5, and 
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it is this clustering that will influence the properties of the solutions. One way to 

prevent this clustering of the fibrils around the iso-electric point is to coat the fibrils 

using anionic molecules. This was shown by Jung et al. who used sodium dodecyl 

sulfate (SDS) to coat the fibrils, which charges the fibrils even at the pH where the 

fibrils themselves exhibit net zero charge.82 In Chapter 6 it was show that the SDS is 

coating both the pure fibrils and the non-aggregated material. With respect to food 

grade applications, alternative molecules should be tested that can coat the fibrils 

and thereby prevent clustering and eventual precipitation of the fibrils. Possibly, the 

non-aggregated peptides also have interesting properties, which widens the 

application window.  

 

Outlook 

In this thesis the focus has been mainly on the formation and properties of whey 

protein fibrils, since it is essential to understand the formation and properties of the 

fibrils for successful application of the fibrils in food products. In future research the 

focus should be shifted more towards the application of the fibrils, as is already the 

case in for example the production of microcapsules. Also in Chapter 6 of this thesis 

some progress has been made towards fibrils in more complex systems. It is 

important to have knowledge about the behaviour of the fibrils in a 

system containing other particles, like for example in emulsions. Next to other 

proteins, also fat and carbohydrates might be present in food, and it is important to 

have knowledge about both the chemical and physical interaction of the fibrils with 

those compounds.  From the perspective of sustainable food production one needs to 

consider plant proteins for texturizing. As a special case, to learn more about the 

assembly of such plant based compounds, one needs to consider fibril formation 

based on plant based proteins. 

It was shown that fibrils can be produced from soy proteins and kidney bean 

proteins,13, 83, 84 but this field is still fairly unexplored. 
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The work in this thesis forms an important basis for the route towards more 

application oriented research of fibrils derived from β-lg and at the same time it 

forms a basis to explore the formation and properties of other fibrils derived from, 

for example, plant proteins. 
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Summary 

Fibrils can be formed from various food proteins. Fibrils are linear aggregates that 

have a length in the order of several micrometers whereas they are only a few 

nanometers thick. In this thesis fibrils were produced from whey protein isolate 

(WPI) and β-lactoglobulin (β-lg) by heating the protein solution at low pH and low 

ionic strength for several hours.  The dimensions of the fibrils make them interesting 

as food ingredient, as for example thickening agent or encapsulation material. 

However, for a successful application of the fibrils it is important to know how the 

fibrils are formed and to know how to influence the properties of the fibrils. 

Therefore the aim of this thesis was to unravel the fibril formation process of β-

lactoglobulin at pH 2, to analyze some of the properties of the fibrils and to 

investigate the possibilities to influence these properties.  

 

In the first part of this thesis the process of fibril formation of β-lg at pH 2 is analyzed 

in terms of thermodynamics (Chapter 2) and kinetics (Chapter 3). In Chapter 2 the 

critical aggregation concentration (CAC) is determined for the fibrils formation of β-

lg at pH 2 and 343, 353, 358, 363, 383K. This was done by extrapolating the relation 

between the protein concentration and the conversion to zero conversion. The 

accuracy of the CAC was increased by measuring the conversion into fibrils at 

different stirring speeds. From the CAC a binding energy could be determined, 

which was found to be independent of temperature. This temperature independency 

of the binding energy indicates that the fibril formation of β-lg at pH 2 and the used 

temperature range is an entropy-driven process.  

Whereas Chapter 2 is related to the thermodynamic aspects of the self-assembly of 

the peptides into fibrils, in Chapter 3 the focus is on the kinetics of the fibril 

formation process. In Chapter 3 the influence of the hydrolysis of β-lg on the kinetics 

of the fibril formation is investigated. Both the hydrolysis of the β-lg and the growth 

of the fibrils were followed as a function of time and temperature. To quantify the 
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effect of the hydrolysis on the fibrillar growth a simple polymerization model 

including a hydrolysis step is forwarded. The results show that at low protein 

concentrations the incorporation of peptides into the fibrils is rate limiting, while at 

higher concentrations the hydrolysis becomes rate limiting. This crossover shifts 

towards higher concentrations with increasing temperature.  

 

In the second part of this thesis, the properties of the fibrils are investigated (Chapter 

4 to 6). In Chapter 4 the possible disaggregation of the fibrils by 4,5-

dianilinophthalimide (DAPH) is investigated, a bioactive compound that was found 

to disaggregate protein fibrils involved in neurodegenerative diseases. Although the 

results from a commonly used Thioflavin T (ThT) assay were suggesting that DAPH 

could disaggregate the fibrils, the results from flow-induced birefringence 

measurements, rheological measurements and transmission electron microscopy 

(TEM) showed that DAPH was not able to disaggregate the fibrils. Chapter 4 shows 

that the use of a ThT assay in order to probe the possible disaggregating effect of 

certain compounds can give misleading results. 

Since the length distribution of the fibrils is influencing the properties of the final 

product to a large extend, it is important to be able to influence the length of the 

fibrils. In Chapter 5 it is shown that in contrast to fibrils under shear flow, fibrils 

obtained from WPI did fracture when they were exposed to elongational flow. Using 

a simple experimental setup, the fibrils could be exposed to a range of elongational 

strain rates. The length distributions of the fibrils were determined using TEM and 

the fibrils were found to fracture at relatively low strain rates. From the applied 

strain rates and the length distribution of the fibrils exposed to these strain rates the 

tensile strength of the fibrils was estimated. The tensile strength of the fibrils was 

found to be much lower than that of commonly used thickeners and stabilizers like 

gums as e.g. xanthan.  

The stability of the fibrils upon pH changes is important in view of their use in food 

products. Therefore, in Chapter 6 the stability of the fibril solutions upon pH changes 
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is investigated, thereby focusing on the aggregation of the different fractions that are 

present in the solutions around pH 5. To investigate their behaviour as a function of 

pH, the fibrils and the non-aggregated peptides were first separated. The results 

showed that the turbidity around pH 5 can be prevented by removing the non-

aggregated peptides from the fibril solution, but the fibrils still have the tendency to 

aggregate around this pH. The aggregation of both the fibrils and the non-aggregated 

peptides can be prevented by coating them with anionic molecules like sodium 

dodecyl sulfate. 

 

Finally, Chapter 7 provides a general discussion on how the results of the previous 

chapters contribute to the field of fibril formation and their properties. 
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Samenvatting 

Fibrillen kunnen worden gevormd van verschillende soorten voedseleiwitten. 

Fibrillen zijn lineaire aggregaten met een lengte van een aantal micrometers, terwijl 

ze maar een aantal nanometers dik zijn. In dit proefschift werden fibrillen gemaakt 

van wei eiwit isolaat (WPI) en β-lactoglobuline (β-lg) door de eiwitoplossingen 

verscheidene uren te verhitten bij lage pH en lage ionsterkte. De dimensies van de 

fibrillen maken de fibrillen interessant als voedsel ingredient, als bijvoorbeeld 

verdikkingsmiddel of materiaal voor incapsulering. Echter, voor een succesvolle 

toepassing van de fibrillen is het belangrijk om te weten hoe de fibrillen worden 

gevormd en hoe de eigenschappen van de fibrillen beïnvloed kunnen worden. 

Daarom was het doel van dit proefschrift om het fibrilvormingsproces van β-

lactoglobuline bij pH 2 te ontravelen, een aantal eigenschappen van de fibrillen te 

analyseren en de mogelijkheiden om die eigenschappen te beïnvloeden te 

onderzoeken. 

 

In het eerste gedeelte van dit proefschrift werd het fibrilvormingsproces van β-lg bij 

pH 2 geanalyseerd in termen van thermodynamica (Hoofdstuk 2) en kinetica 

(Hoofdstuk 3). In Hoofdstuk 2 werd de kritische aggregatie concentratie (CAC) voor 

de fibrilvorming van β-lg bij pH 2 en 343, 353, 358, 363 en 383K bepaald. Dit werd 

gedaan door de relatie tussen de eiwitconcentratie en de conversie te extrapoleren 

naar nul conversie. De nauwkeurigheid van de CAC werd verhoogd door de 

conversie naar fibrillen te meten bij verschillende roersnelheden. Met behulp van de 

CAC kon een bindingsenergie bepaald worden, die onafhankelijk van de 

temperatuur bleek te zijn. Deze temperatuursonafhankelijkheid van de 

bindingsenergie geeft aan dat de fibrilvorming van β-lg bij pH 2 in de temperatuurs 

range die hier gebruikt is een entropie gedreven proces is.  

Daar waar Hoofdstuk 2 gerelateerd is aan de thermodynamische aspecten van het 

zelf-assembleren van peptiden in fibrillen, ligt de focus in Hoofdstuk 3 op de kinetica 
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van het fibrilvormings proces. In Hoofdstuk 3 is de invloed van de hydrolyse van β-

lg op de kinetica van de fibrilvorming onderzocht. De hydrolyse van de β-lg en de 

groei van de fibrillen zijn beide gevolgd als functie van tijd en temperatuur. Om het 

effect van de hydrolyse op de fibrilvorming te quantificeren is een simpel 

polymerisatiemodel gepresenteerd dat een hydrolyse stap bevat. De resultaten laten 

zien dat bij lage eiwitconcentratie het inbouwen van peptiden in de fibrillen 

snelheidsbepalend is, terwijl bij hogere concentraties de hydrolyse 

snelheidsbepalend wordt. Deze cross-over verschuift naar hogere concentraties bij 

hogere temperatuur.  

 

In het tweede deel van dit proefschrift werden de eigenschappen van de fibrillen 

onderzocht (Hoofdstuk 4 tot 6). In Hoofdstuk 4 werd de mogelijke afbraak van 

fibrillen door 4,5-dianilinophthalimide (DAPH) onderzocht, een bioactieve stof 

waarvan is aangetoond dat het eiwitfibrillen afbreekt die betrokken zijn bij 

neurodegeneratieve ziekten. Ondanks dat de resultaten van een veel gebruikte 

Thioflavin T (ThT) assay suggereerden dat DAPH de fibrillen kon afbreken, lieten de 

resultaten van stromings-geïnduceerde birefringence metingen, rheologische 

metingen en transmissie elektronen microscopie (TEM) zien dat DAPH niet in staat 

was de fibrillen af te breken. Hoofdstuk 4 laat zien dat het gebruik van een ThT assay 

om de mogelijke afbraak-effecten van sommige stoffen te onderzoek misleidende 

resultaten kan geven. 

De lengteverdeling van de fibrillen beïnvloedt de eigenschappen van het 

eindproduct in grote mate, daarom is het belangrijk om de lengte van de fibrillen te 

kunnen beïnvloeden. In Hoofdstuk 5 werd laten zien dat in tegenstelling tot fibrillen 

onder afschuifstroming, fibrillen (verkregen uit WPI) breken wanneer ze worden 

blootgesteld aan elongatiestroming. Gebruikmakend van een simpele experimentele 

opstelling, konden de fibrillen worden blootgesteld aan een serie sterktes van de 

elongatiestroming. De lengteverdelingen van de fibrillen werd bepaald met behulp 

van TEM en de fibrillen bleken te breken bij relatief lage vervormingssnelheden. Met 
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behulp van de toegepaste vervormingssnelheden en de lengteverdeling van de 

fibrillen die zijn blootgesteld aan deze vervormingssnelheden werd de treksterkte 

ingeschat. De treksterkte van de fibrillen bleek veel lager dan die van veel gebruikte 

verdikkingsmiddelen en stabilisatoren zoals gummen, bijvoorbeeld xanthaan. 

De stabiliteit van de fibrillen ten opzichte van pH veranderingen is belangrijk met 

het oog op het gebruik van fibrillen in levensmiddelen. Daarom is in Hoofdstuk 6 de 

stabiliteit van fibriloplossingen ten opzichte van pH veranderingen onderzocht, 

waarbij de focus lag op de aggregatie van de verschillende fracties die aanwezig zijn 

in de oplossingen rond pH 5. Om het gedrag als functie van pH te onderzoeken 

werden de fibrillen en niet-geaggregeerde peptiden eerst gescheiden. De resultaten 

laten zien dat de turbiditeit rond pH 5 voorkomen kan worden door de niet-

geaggregeerde peptiden te verwijderen uit de fibriloplossing, maar dat de fibrillen 

nog steeds de neiging hebben te aggregeren rond deze pH. De aggregatie van zowel 

de fibrillen als de niet-geaggregeerde peptiden kan worden voorkomen door ze te 

coaten met anionische moleculen zoals sodiumdodecylsulfaat. 

 

Tot slot geeft Hoofdstuk 7 een algemene discussie over hoe de resultaten uit de 

vorige hoofdstukken bijdragen aan het onderzoeksveld van fibrilvorming en 

fibrileigenschappen. 
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