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Introduction

Chapterr 1

Proteein fibrils
Protein
ns are, bessides carbo
ohydrates and fat, one
o
of the
e main sou
urces of our diet.
Protein
ns are esseential for the
t human
n body, bu
ut also fulffil an impoortant rolee in the
texturin
ng of foods. This role
r
of prroteins as texturizerr in food products can be
expand
ded when structuress of differeent morph
hologies can be form
med with different
d
functio
onalities. These
T
stru
uctures witth differen
nt morpho
ologies caan be crea
ated by
treating
g proteins using varrious cond
ditions. Dep
pending on
o these coonditions, such as
temperrature, ioniic strength
h, pH and p
protein con
ncentration
n, differentt structuress can be
formed
d ranging from
f
rando
om aggreg
gates to fibrrils.1 Fibrills are longg linear assemblies
that typ
pically hav
ve a width
h in the ord
der of a few
w nanometers, whereeas their leength is
severall micrometters long (Figure 1). They can be formed
d by heatin
ng, for exa
ample, a
solution
n of the prrotein β-lacctoglobulin
n (β-lg) at low
l
pH an
nd at low ioonic streng
gth. The
high asspect ratio makes theem interestting as stru
ucturant in
n foods thaat are functtional at
relativeely low con
ncentration
ns, for exaample, as th
hickening or gelling agent. Inccreasing
our kno
owledge on
o the form
mation and
d the propeerties of fib
brils will aalso pave the road
toward
ds their praactical appllication in i.e. foods.

F
Figure 1. Protein
P
fibrrils derived
d from β-lg
g.
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Introduction

Formation and properties of whey protein fibrils
Several food proteins have shown the ability to form fibrils, like egg white proteins 25,

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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hesis the prroperties of
o the fibrils are invesstigated (C
Chapter 4
In the ssecond parrt of this th
to

6).

In

Chappter

4

th
he

possib
ble

disag
ggregation of

the

fibrils by
b

4,5-

dianilin
nophthalim
mide (DAP
PH) is inveestigated, a bioactive
e compoun
nd that was found
to be aable to disaggregate protein fiibrils invollved in ne
eurodegeneerative disseases.39
Chapterr 5 describes a metho
od where eelongational flow is used
u
to inffluence thee length
distribu
ution of the fibrils. Using
U
this m
method an estimate fo
or the tenssile strengtth of the
fibrils ccould be derived.
d
In
n Chapter 6 the stability of the fibril solu
utions agaiinst pH
changees is invesstigated, thereby
t
fo
ocussing on
o the ag
ggregation of the different
d
fraction
ns that are present in
n the soluti ons around pH 5.
Finally, Chapter 7 providess a generall discussio
on on how the resultts of the previous
p
chapterrs contribu
ute to the fiield of fibrril formatio
on and theiir propertiees.

F
Figure 2. Schematic
S
representat
r
tion of the outline of this thesiss.

11

Chapter 1

References
1.

Doi, E., Gels and gelling of globular proteins. Trends in Food Science &

Technology 1993, 4, (1), 1-5.
2.

Arnaudov, L. N.; de Vries, R., Thermally Induced Fibrillar Aggregation of Hen

Egg White Lysozyme. Biophysical Journal 2005, 88, (1), 515-526.
3.

Krebs, M. R. H.; Wilkins, D. K.; Chung, E. W.; Pitkeathly, M. C.; Chamberlain,

A. K.; Zurdo, J.; Robinson, C. V.; Dobson, C. M., Formation and seeding of amyloid
fibrils from wild-type hen lysozyme and a peptide fragment from the [beta]-domain.
Journal of Molecular Biology 2000, 300, (3), 541-549.
4.

Veerman, C.; de Schiffart, G.; Sagis, L. M. C.; van der Linden, E., Irreversible

self-assembly of ovalbumin into fibrils and the resulting network rheology.
International Journal of Biological Macromolecules 2003, 33, 121-127.
5.

Weijers, M.; Velde, v. d. F.; Stijnman, A.; Pijpekamp, A.; Visschers, R. W.,

Structure and rheological properties of acid-induced egg white protein gels. Food
Hydrocolloids 2005, 1-14.
6.

Akkermans, C.; Van der Goot, A. J.; Venema, P.; Gruppen, H.; Vereijken, J. M.;

Van der Linden, E.; Boom, R. M., Micrometer-Sized Fibrillar Protein Aggregates from
Soy Glycinin and Soy Protein Isolate. Journal of agricultural and food chemistry 2007, 55,
(24), 9877-9882.
7.

Akkermans, C.; van der Goot, A. J.; Venema, P.; van der Linden, E.; Boom, R.

M., Formation of fibrillar whey protein aggregates: Influence of heat and shear
treatment, and resulting rheology. Food Hydrocolloids 2008, 22, (7), 1315-1325.
8.

Akkermans, C.; Venema, P.; van der Goot, A. J.; Gruppen, H.; Bakx, E. J.;

Boom, R. M.; van der Linden, E., Peptides are Building Blocks of Heat-Induced
Fibrillar Protein Aggregates of Î²-Lactoglobulin Formed at pH 2. Biomacromolecules
2008, 9, (5), 1474-1479.

12

Introduction

9.

Aymard, P.; Nicolai, T.; Durand, D., Static and Dynamic Scattering of beta-

Lactoglobulin Aggregates Formed after Heat-Induced Denaturation at pH 2.
Macromolecules 1999, 32, 2542-2552.
10.

Bolder, S. G. S. G.; Hendrickx, H. H.; Sagis, L. M. L. M. C.; van der Linden, E.

E., Fibril assemblies in aqueous whey protein mixtures. Journal of agricultural and food
chemistry 2006, 54, (12), 4229-34.
11.

Durand, D.; Christophe Gimel, J.; Nicolai, T., Aggregation, gelation and phase

separation of heat denatured globular proteins. Physica A: Statistical Mechanics and its
Applications 2002, 304, (1-2), 253-265.
12.

Gimel, J. C.; Durand, D.; Nicolai, T., Structure and distribution of aggregates

formed after heat-induced denaturation of globular proteins. Macromolecules 1994, 27,
(2), 583-589.
13.

Gosal, W. S.; Clark, A. H.; Pudney, P. D. A.; Ross-Murphy, S. B., Novel

amyloid fibrillar networks derived from a globular protein: B-lactoglobulin. Langmuir
2002, 18, 7174-7181.
14.

Gosal, W. S.; Ross-Murphy, S. B., Globular protein gelation. Current opinion in

colloid & interface science 2000, 5, 188-194.
15.

Ikeda, S.; Morris, V. J., Fine-Stranded and Particulate Aggregates of Heat-

Denatured Whey Proteins Visualized by Atomic Force Microscopy. Biomacromolecules
2002, 3, (2), 382-389.
16.

Kavanagh, G. M.; Clark, A. H.; Ross-Murphy, S. B., Heat-induced gelation of

globular proteins: part 3. Molecular studies on low pH beta-lactoglobulin gels.
International Journal of Biological Macromolecules 2000, 28, 41-50.
17.

Langton, M.; Hermansson, A.-M., Fine-stranded and particulate gels of β-

lactoglobulin and whey protein at varying pH. Food Hydrocolloids 1992, 5, 523-539.
18.

Le Bon, C.; Nicolai, T.; Durand, D., Growth and structure of aggregates of

heat-denatured beta-Lactoglobulin. International Journal of Food Science and Technology
1999, 34, 451-465.

13

Chapter 1

19.

Lefèvre, T.; Subirade, M., Molecular differences in the formation and structure

of fine-stranded and particulate beta-lactoglobulin gels. Biopolymers 2000, 54, (7), 578586.
20.

Renard, D.; Lefebvre, J.; Griffin, M. C. A.; Griffin, W. G., Effects of pH and salt

environment on the association of beta-lactoglobulin revealed by intrinsic
fluorescence studies. International Journal of Biological Macromolecules 1998, 22, 41-49.
21.

Rogers, S. S.; Venema, P.; Sagis, L. M. C.; van der Linden, E.; Donald, A. M.,

Measuring length distribution of a fibril system: A flow birefringence technique
applied to amyloid fibrils. Macromolecules 2005, 38, 2948-2958.
22.

Schokker, E. P., Heat-induced aggregation of beta-lactoglobulin AB at pH 2.5

as influenced by ionic strength and protein concentration. International dairy journal
2000, 10, (4), 233.
23.

Veerman, C. C.; Ruis, H. H.; Sagis, L. M. L. M. C.; van der Linden, E. E., Effect

of electrostatic interactions on the percolation concentration of fibrillar betalactoglobulin gels. Biomacromolecules 2002, 3, (4), 869.
24.

Smithers,

G.

W.,

Whey

and

whey

proteins--From

[`]gutter-to-gold'.

International Dairy Journal 2008, 18, (7), 695-704.
25.

Bromley, E. H. C.; Krebs, M. R. H.; Donald, A. M., Aggregation across the

length-scales in beta-lactoglobulin. Faraday Discussions 2005, 128, 13-27.
26.

Gosal, W. S.; Clark, A. H.; Ross-Murphy, S. B., Fibrillar beta-lactoglobulin gels:

Part 1. Fibril formation and structure. Biomacromolecules 2004, 5, (6), 2408-2419.
27.

Clark, A. H.; Kavanagh, G. M.; Ross-Murphy, S. B., Globular protein gelation -

theory and experiment. Food Hydrocolloids 2001, 15, 383-400.
28.

Arnoudov, L. N.; Vries, d. R.; Ippel, H.; Mierlo, v. C. P. M., Multiple steps

during the formation of beta-lactoglobulin fibrils. Biomacromolecules 2003, 4, 16141622.
29.

Sagis, L. M. C.; Veerman, C.; van der Linden, E., Mesoscopic Properties of

Semiflexible Amyloid Fibrils. Langmuir 2004, 20, 924-927.

14

Introduction

30.

Adamcik, J.; Jung, J.-M.; Flakowski, J.; De Los Rios, P.; Dietler, G.; Mezzenga,

R., Understanding amyloid aggregation by statistical analysis of atomic force
microscopy images. Nat Nano 2010, 5, (6), 423-428.
31.

Bolisetty, S.; Adamcik, J.; Mezzenga, R., Snapshots of fibrillation and

aggregation kinetics in multistranded amyloid [small beta]-lactoglobulin fibrils. Soft
Matter 2011, 7, (2), 493-499.
32.

Lara, C. c.; Adamcik, J.; Jordens, S.; Mezzenga, R., General Self-Assembly

Mechanism Converting Hydrolyzed Globular Proteins Into Giant Multistranded
Amyloid Ribbons. Biomacromolecules 2011, 12, (5), 1868-1875.
33.

Veerman, C., Gels at Extremely Low Weight Fractions Formed by Irreversible

Self-Assembly of Proteins. Macromolecular bioscience 2003, 3, (5), 243.
34.

Humblet-Hua, N.-P.; Sagis, L. M. C.; Scheltens, G.; Yi, L.; van der Linden, E. In

Encapsulation systems based on proteins, polysaccharides, and protein-polysaccharide
complexes, 5th International Symposium on Food Rheology and Structure, Zurich,
Switzerland, 2009; Fischer, P.; Pollard, M.; Windhab, E. J., Eds. Zurich, Switzerland,
2009; pp 180-183.
35.

Sagis, L. M. C.; de Ruiter, R.; Miranda, F. J. R.; de Ruiter, J.; Schroen, K.; van

Aelst, A. C.; Kieft, H.; Boom, R.; van der Linden, E., Polymer Microcapsules with a
Fiber-Reinforced Nanocomposite Shell. Langmuir 2008, 24, (5), 1608-1612.
36.

Humblet-Hua, K. N. P.; Scheltens, G.; van der Linden, E.; Sagis, L. M. C.,

Encapsulation systems based on ovalbumin fibrils and high methoxyl pectin. Food
Hydrocolloids 2011, 25, (3), 307-314.
37.

Chiti, F.; Dobson, C. M., Protein Misfolding, Functional Amyloid, and Human

Disease. Annual Review of Biochemistry 2006, 75, 333-366.
38.

Dobson, C. M., Protein folding and misfolding. Nature 2003, 426, (6968), 884.

39.

Blanchard, B. J.; Chen, A.; Rozeboom, L. M.; Stafford, K. A.; Weigele, P.;

Ingram, V. M., Efficient reversal of Alzheimers's disease fibril formation and
elimination of neurotoxicity by a small molecule. PNAS 2004, 101, 14326-14332.

15

Chapter 2 is published as: Kroes-Nijboer, A., Bouman, J., Venema, P., van der Linden,
E. (2009) The critical aggregation concentration of ß-lg based fibril formation. Food
Biophysics (4) 59–63.

Chapter 2
The critical aggregation concentration of β-lg
based fibril formation

Chapter 2

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 βlg 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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B). The exccitation wa
avelength was set on
n 460 nm (slit width
h 4.0 nm) and the
LS 50 B
emissio
on spectru
um was reccorded bettween 470 and 500 nm
n (slit w
width 2.5 nm)
n
at a
scannin
ng speed of
o 200 nm
m/min. Thee fluoresceence intenssity was d
determined
d at 482
nm. Th
he fluorescence inten
nsity of thee ThT solution was subtracted
s
as a backg
ground.
The errrors in fluo
orescence were
w
typicaally < 3%.

Resullts and Discussi
D
ion
CAC an
nd stirring
The fib
bril formaation of β-lg
β
at pH
H 2 was strongly dependent
d
t on the heating
temperrature, as can be seeen in Figu
ure 1. Thee optimal temperatu
ure for th
his fibril
formatiion process, i.e. the temperaturre where th
he conversion was m
maximal, was
w close
to 353 K
K. A similaar optimum
m was fou
und for 0.5 wt % β-lg under stirrred condittions by
Rogers et al.41

F
Figure 1. Maximal
M
co
onversion o
of protein into fibrilss as a functtion of
ttemperature for vario
ous β-lg co
oncentratio
ons. Samplles were stiirred durin
ng
h
heating at 290 rpm. ● 0.2 wt %,, ■ 0.5 wt %,
% ▲ 1 wt %,
% ♦ 2 wt %
%.
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To deteermine thee CAC forr fibril form
mation at 353 K, the
e conversioon of proteein into
fibrils w
was measu
ured as a function o
of the tota
al protein concentraation using
g a ThT
assay. F
From this the CAC was deterrmined by extrapolating the coonversion data to
zero co
onversion. Figure 2 shows
s
thatt the conveersion of protein intoo fibrils is linearly
related
d to the totaal protein concentrat
c
tion, with a slope dep
pending on
n the stirriing rate.
The inffluence of flow
f
on th
he conversiion was alsso reported
d by otherr researchers.25,42,43
Figure 2 shows that the 3 lines hav
ve a comm
mon interse
ection poin
nt at 0.16
6 wt %,
showin
ng that thee CAC forr fibril forrmation iss not depe
endent on the stirrin
ng rate.
Reverseely, the CAC
C
can be determ
mined acccurately iff one usees differen
nt flow
conditiions. Indeeed, the kineetics is chaanged by th
he flow (i.e
e. slope of tthe lines in
n Figure
2), the tthermodyn
namics (inttersection p
point of th
he lines in Figure
F
2) iss not.

F
Figure 2. The
T protein
n concentraation versu
us the conv
version intoo fibrils of β-lg
ssolutions (pH
(
2) heatted for 24 h
hours at 35
53 K. The solutions
s
w
were stirred
d at 290
rrpm (□) du
uring heatiing, stirred
d at 1200 rp
pm (Δ) durring heatin
ng or heated
d in
rrest (○).
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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, x N , and the binding energy, α, is given by40



x N  N x1  e 



N

[1]

with α expressed in units of RT and where x1 is the molar fraction of the building
blocks. From Equation [1] it follows that for large N and for x1 becoming larger than
e 

the right hand term becomes much larger than unity, invalidating the

requirement that x N should be smaller than 1. This implies that x1,CAC  e  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

x1,CAC  e 

[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 % ( x1,CAC = 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 βsheet 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

CAC

X1,CAC

α

α

[K]

[wt %]

[mol fraction]

[RT]

[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:

G 0  RT ln x1,CAC

[3]

  ln x1,CAC 
H 0   RT 2 

 T


[4]

G 0  H 0  T S 0

[5]

where  G 0 and H 0 are standard molar Gibbs free energy and molar enthalpy of
aggregate formation and x1,CAC is the molar fraction of the CAC. With  G 0 and H 0 ,
the molar entropy of aggregate formation, S 0 can be obtained. However, the values
for the x1,CAC 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 H 0 is close to zero and
as a result we find that S 0  

G 0
. Since  G 0 is in the order of -40 kJ mol-1 (see
T
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Table 1) the change in entropy is positive, making the fibril formation an entropydriven 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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The influence of protein hydrolysis on the
growth kinetics of β-lg fibrils
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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 βlg 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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s rate consstant, Ea iss the activ
vation eneergy, R is the gas
where kh is the hydrolysis
nt and k0 a pre-expo
onentional factor. Frrom Figure
e 3 the acttivation en
nergy Ea
constan
was deetermined to be 97 kJJ mol-1 (corrrespondin
ng to abou
ut 39 kT) w
with k0 = 8..5 x 1011
min-1.

F
Figure 3. Determinat
D
tion of the -EA/R (slop
pe) of the hydrolysis.
h
. The slopee is 111661, whiich gives a Ea of 97 kJJ mol-1 (corrrelation co
oefficient oof 0.9968).
Fibril foormation as a function of time andd temperature
The fib
bril formatiion of β-lg was follow
wed in tim
me at the va
arious tem
mperatures using a
he growth
ThT flu
uorescencee assay (Fig
gure 4). A
At all measu
ured temp
peratures th
h curves
show th
he commo
on sigmoid
dal shape. H
However, no obvious lag phasee is visiblee for the
growth
h curves, in
n contrast to what h
has been fo
ound for β-lg
β
solutioons heated
d under
quiesceent conditiions at pH
H 2. This reeduction or
o even ab
bsence of th
he lag pha
ase was
found b
before

25, 26

and indiccates that when flow
w is applied the fibriil formation is not

delayed
d by nuccleation. In
n order tto facilitatte the ana
alysis of the influeence of
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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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F
Figure 4. Hydrolysiis (○) and
d fibril gro
owth curv
ve (●) of a β-lactog
globulin
ssolution (11 wt %) measured
m
aas a function of time
e. Solution
ns were heeated at
d
different teemperaturres (353K, 358K, 363K
K, 373K, 378K, 383K
K) and pH 2. Note
tthat the grraphs at different tem
mperaturess are plotte
ed at differrent time scales
s
to
cclearly show both the full h
hydrolysis and fibriil growth curves fo
or each
ttemperature.
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Theory
In an aattempt to model thee kinetics of aggrega
ation of th
he fibrils, w
while keep
ping the
numbeer of fitting
g parameters to a min
nimum, thee simplest possible aaggregation
n model
was co
onsidered. The hydro
olysis, how
wever, wass still taken
n explicitlyy into acco
ount. In
this mo
odel the fib
bril formattion is mod
deled as a two-step
t
process:
p
(1)) the hydro
olysis of
the β-lg
g monomeers into pep
ptides of w
which only a part willl function aas building
g blocks
for the fibrils, (2)) the subseequent irreeversible self-assemb
s
bly of thesse building
g blocks
into fib
brils (Figurre 5).

F
Figure 5. Schematic
S
representat
r
tion of the fibril form
mation of β
β-lg at pH 2.
2 The
ffirst step iss the hydro
olysis of th
he monomeers into pep
ptides (of w
which only
y a part
w
will functio
on as build
ding blockss) with rate constant kh and thee second step is
tthe subseq
quent irreversible selff-assembly
y of these building
b
bloocks into fibrils
f
w
with rate constant
c
k2.
We willl assume that
t
fibrils M i , with p
polymeriz
zation num
mber i  2 , and peptid
des that
serve aas building
g blocks M 1 , can join together in
n the reactiion:

k2

M i  M 1  M i 1

[3].

Here w
we omit thee possible reaction beetween diffferent fibrrils. Since w
we are meeasuring
the totaal length concentration and no
ot the lengtth distribu
ution this iss expected
d to be a
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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:

dci (t )
 k 2  ci 1 (t )c1 (t )  ci (t )c1 (t ) 
dt

for i  2

[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:
M (t )   ici (t )

[5]

i2

The concentration of building blocks that are available to self-assemble into fibrils at
time t is given by:





c1 (t )  C 0  1  e  k ht   ici (t )

[6]

i2

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:
ci (t  0)  0

for i

[7]

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

ni (t ' ) 

ci (t )
C0

t '  k 2C0t



kh
k 2C0

N (t ' ) 

M (t ' )
C0

[8]

Leading to:

dni (t ' )
 ni 1 (t ' )n1 (t ' )  ni (t ' )n1 (t ' ) 
dt '
N   ini (t ' )

for i  2

[9]
[10]

i2





n1 (t ' )  1  e t '   ini (t ' )

[11]

ni (t '  0)  0

[12]

i 2

for i

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 k h we
have reduced our parameter space to only one parameter, i.e. k 2C0 , that can be
determined by fitting the numerical solution of Equations 9-12 to the experimental
growth curves. Note that the parameter k 2C0 appears as a scaling parameter for time
t as well as for the hydrolysis constant k h . First, the parameter k 2 C 0 was determined
as a function of temperature at a fixed concentration C 0 (Figure 6 and Table 1, 1 wt %
total protein). From these fits it is found that k 2C0 and therefore parameter k 2 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

k 2 . 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, k 2C0 seems to increase.
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F
Figure 6. Growth
G
currves of the fibril assembly process at varioous tempeeratures
aand a protein concen
ntration Cp of 1 wt %,, where the
e total (scalled) numb
ber of
b
building blocks incorrporated in
n the fibrils N is plotted againsst (scaled) time t ' .
F
Filled circlles represent the expeerimental growth
g
data, open ciircles repreesent
tthe hydrollysis of β-lg
g, solid linees represen
nt the fibriil growth in
n the model and
tthe dotted lines repreesent the h
hydrolysis in the mod
del.
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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 k 2 C 0 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 C 0 . By changing concentration C 0
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 k 2C0 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 k 2C0 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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F
Figure 7. Growth
G
currves of the fibril assembly process at 353 K and prottein
cconcentrattions Cp of 0.2, 0.5, 1 aand 2 wt %,
% where th
he total (scaaled) numb
ber of
b
building blocks incorrporated in
n the fibrils N is plotted againsst (scaled) time t ' .
B
Black dots represent the experiimental da
ata, solid lin
nes represeent the mo
odel
aand the do
otted lines represent tthe hydrollysis in the model.
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F
Figure 8. Growth
G
currves of the fibril assembly process at 363 K and prottein
cconcentrattions Cp of 0.2, 0.5, 1 aand 2 wt %,
% where th
he total (scaaled) numb
ber of
b
building blocks incorrporated in
n the fibrils N is plotted againsst (scaled) time t ' .
B
Black dots represent the experiimental da
ata, solid lin
nes represeent the mo
odel
aand the do
otted lines represent tthe hydrollysis in the model.
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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  

kh
as a function of temperature and concentration gives us
k2C0

important information on the mechanism of fibril formation. When λ>1, and
therefore k h > k 2 C 0 , the incorporation of the building blocks into the fibrils is the rate
limiting step for fibrillar growth. When λ<1, and therefore k 2 C 0 > k h , 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 C 0 that are low
enough to make λ>1, the incorporation of the building blocks into the fibrils is the
rate limiting step. At concentrations C 0 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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N of th
he fibrils at short timees ( t ' 1 oor t  ( k 2 C 0 1 ) ) to le
eading ordeer is given
n by (see
Appendix I):

N (t ' ) ~

2 2 3
 t'
3

 1
v
valid
for t '

[13]

means that the
t initial fibrillar
f
grrowth is co
ontrolled by  
This m

kh
, somethiing also
k 2 C 00

reflecteed in the experimen
ntal growtth curve (Figure 9). This ressult suppo
orts our
assump
ption that in our study nucleattion does not
n play a prominen
nt role in th
he fibril
formatiion of β-lg
g. Only at very low concentrattions the model
m
is d
deviating frrom the
measurred growth
h data. At these low concentra
ations nuclleation migght start to
o play a
role.

F
Figure 9. In
nitial part of the grow
wth curvess of the fibrril assemblly process at 353
aand 373 K and a prottein concen
ntration Cp of 1 wt %, where thee total (sca
aled)
n
number off building blocks
b
inco
orporated in
i the fibriils N is plootted again
nst
((scaled) tim
me t ' . Black
k dots reprresent the experimen
ntal data, soolid lines
rrepresent the
t model and the do
otted lines represent N (t ' ) 
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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:
P   n i (t ' )

[A.1]

i2

and
N   ini (t ' )

[A.2]

i2

Starting from

dni (t ' )
 ni 1 (t ' )n1 (t ' )  ni (t ' )n1 (t ' ) 
dt '

for i  2

[A.3]

we write
d  ni (t ' )
i2

dt '



 n1 (t ' )  ni 1 (t ' )   ni (t ' ) 
i2
 i2


[A.4]

and use

n
i2

i 1

(t ' )  n1 (t ' )   ni (t ' )

[A.5]

i2

to find
dP (t ' )
 n12 (t ' )
dt '

[A.6]

Starting again from [A.3] we can write
d  ini (t ' )
i2

dt '



 n1 (t ' )  ini 1 (t ' )   ini (t ' ) 
i2
 i2


[A.7]

and use

 in
i2

i 1

(t ' )   (i  1)ni 1 (t ' )  ni 1 (t ' )

[A.8]

i2

which can also be written as
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 in
i2

i 1

(t ' )   ini (t ' )  n1 (t ' )   ni 1 (t ' )
i2

[A.9]

i2

Using (A.5) we find

 in
i2

i 1

(t ' )   ini (t ' )  n1 (t ' )   ni (t ' )  n1 (t ' )
i2

[A.10]

i2

leading to
dN (t ' )
 n1 (t ' )2 n1 (t ' )  P (t ' ) 
dt '

[A.11]

For t ' 1





n1 (t ' )  1  e  t '   ini (t ' )

[A.12]

i 2

reduces to

n1 (t ' )  t '

[A.13]

Substitution of (A.13) in (A.6) leads to
P (t ' ) 

1 2 3
 t'
3

[A.14]

Substitution of (A.14) in (A.11) leads to a leading behaviour for t ' 1 :
N (t ' ) 

62

2 2 3
 t'
3

[A.15]

Protein hydrolysis and growth kinetics

63

Chapter 4 is published as: Kroes-Nijboer, A., Lubbersen, Y. S., Venema, P., van der
Linden, E (2009) Thioflavin T fluorescence assay for β-lg fibrils hindered by DAPH.
Journal of Structural Biology (165) 140–145.

Chapter 4
Thioflavin T fluorescence assay for β-lg fibrils
hindered by DAPH

Chapter 4

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 4,5dianilinophthalimide, 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 βstrands 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 flowinduced 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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Far-UV
V circular diichroism (C
CD)
CD speectra of thee fibrils weere record
ded on a Ja
asco spectropolarimeeter (J-715). Before
measurrement all samples were
w
dilutted to a prrotein conccentration of 0.01 % (w/w).
Far-UV
V (200-260 nm) CD measureme
m
ents were performed
d at 20°C iin quartz cuvettes
c
with a path leng
gth of 0.1 cm,
c
using a slit wid
dth of 5 nm
m and a sscan speed
d of 100
nm/miin. Each sp
pectrum was
w obtain
ned by aveeraging 40 scans and
d all valuees were
corrected for solv
vent contrib
butions (co
ontaining DMSO
D
and
d/or DAPH
H).

Resullts
Effect off DAPH moonitored by ThT fluoreescence assaay
Preform
med fibriils deriveed from

β-lg werre incuba
ated at

different DAPH

concen
ntrations fo
or 1 hour at 35°C aand subseq
quently a ThT assayy was perfformed.
Upon iincreasing DAPH co
oncentratio
ons, the Th
hT fluoresccence inten
nsity decreeased to
less thaan 50% of the
t initial intensity
i
att a DAPH concentrattion of 0.200 mM (Figu
ure 1).

F
Figure 1. ThT
T fluorescence inteensity of fibrils as a function
f
off DAPH
cconcentrattion. The fibril solutio
ons were in
ncubated at
a 35°C for 1 hour.
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did not decrease
d
the
t
intenssity any further.
Higherr concentrrations of DAPH d
Incubattion times of 25 hou
ur were alsso investig
gated, by adding 0.233 mM DAP
PH to a
preform
med fibril solution.
s
The
T fibrils w
were incub
bated in th
he presencee of DMSO
O, in the
presencce of DM
MSO and DAPH
D
or without any
a
additiion. Durin
ng the incubation
samplees were tak
ken and thee ThT fluorrescence in
ntensity wa
as measureed (Figure 2).

F
Figure 2. ThT
T fluoresscence inteensity of fib
brils as a fu
unction of incubation
n time
aat 35°C. Th
he fibrils arre incubateed in the presence
p
of DMSO (○)), in the prresence
o
of DMSO and
a 0.23 mM
m DAPH (□) or with
hout any addition (●)).

It can b
be seen thaat the ThT fluorescen
nce intensity of the sa
amples wiith DAPH already
decreassed with about
a
50% in the firsst hour of the incub
bation and did not decrease
d
furtherr upon long
ger incuba
ation timess. Assumin
ng that a decrease in ThT fluorrescence
intensitty is relaated to a decrease in β-sheet content and theerefore th
he fibril
concen
ntration, th
hese resu
ults strong
gly suggeest that DAPH
D
is indeed able
a
to
disaggrregate the fibrils deriived from β-lg to abo
out 50%.
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Effect off DAPH moonitored by flow-inducced birefring
gence
We also
o used flow
w-induced
d birefringe
gence as an
n independ
dent methood to meassure the
total length conceentration and
a the len
ngth distribution of the
t fibrils. The stead
dy shear
birefrin
ngence Δn,, a quantitty proporttional to th
he total len
ngth conceentration, of fibril
solution
ns incubatted with 0.23 mM DA
APH did not show a significantt decrease relative
to the samples incubated
i
without D
DAPH. Inccreasing th
he incubattion time from 2
hours tto 25 hourss did not ch
hange this (see Figurre 3) observ
vation.

F
Figure 3. The
T steady--state flow
w birefringeence of fibrrils incubatted at 35°C
C for 2
aand 25 hou
urs. The fib
brils are inccubated in
n the presen
nce of DMS
MSO (B), in the
p
presence of
o DMSO and
a 0.23 m
mM DAPH (C) or with
hout any aaddition (A
A).

The len
ngth distrib
butions of the fibril ssolutions were
w
determ
mined from
m the deca
ay curve
of the birefringen
nce after the
t cessatiion of flow
w. The len
ngth distribbutions off all the
incubatted samplles were found to be identtical, show
wing that no fibrills were
disaggrregated by
y DAPH (seee Figure 44).

73

Chapterr 4

F
Figure 4. The
T length distributio
on of fibrilss after 2 ho
ours of incu
ubation at 35°C.
T
The length
h distributiion curves correspon
nd to the sa
amples from
m Figure 3.
3 The
ffibril soluttions were incubated in the presence of DMSO (dash
hed line), in
i the
p
presence of
o DMSO an
nd 0.23 mM
M DAPH (dotted
(
line
e) or withoout any addition
((solid line)). The results for the ssamples in
ncubated fo
or 25 hourss were iden
ntical
tto these an
nd not show
wn.

Effect off DAPH moonitored by rheologicall measurements
The viiscosity off the fibrill solution is sensitiive to the
e total am
mount and length
distribu
ution of fiibrils (see e.g. Ref. 28). The viscosity of
o differen
nt fibril so
olutions
incubatted with an
nd withou
ut DAPH w
was measu
ured as a fu
unction of sshear rate (Figure
5).
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F
Figure 5. Viscosity
V
ass a function
n of shear rate. The fibrils are in
ncubated in
i the
p
presence of
o DMSO (□
□), in the p
presence off DMSO an
nd 0.23 mM
M DAPH for
f 2
h
hours (×) and
a 24 hou
urs (+) or w
without any
y addition (●). Also a fibril solu
ution
w
without DA
APH was diluted
d
tw
wice before measuring
g to show tthe effect of
o 50%
rreduction of
o the amo
ount of fibrrils on the viscosity
v
(○).

To show the effeect of a 50%
% reductio
on in the amount
a
of fibrils (as suggested
d by the
ThT asssay), a fib
bril solution
n was dilu
uted twice. From Fig
gure 5 it bbecomes cleear that
indeed a reductio
on of 50% in
i the conccentration of fibrils lo
owers the v
viscosity. It
I is also
clear frrom Figuree 5 that the samples in
ncubated with
w DAPH
H do not sh
how a decrease in
viscositty. This co
onfirms thee results off the flow--induced birefringencce that thee DAPH
did nott disaggreg
gate the fib
brils deriveed from β-llg.
Effect off DAPH moonitored by transmissioon electron microscopy
y (TEM)
not disagg
To visu
ualize that DAPH in
ndeed did n
gregate the
e fibrils, TE
EM pictures were
made o
of the fibril solutionss incubated
d with and
d without DAPH
D
(Figgure 6). Allthough
it is no
ot straightforward to derive staatistical sig
gnificant data from tthese pictu
ures, the
results do not seem to con
ntradict thee finding that DAPH
H did not d
disaggrega
ated the
fibrils derived frrom β-lg. The picturres show that the fiibrils in bboth solutions are
presentt in equal amounts.
a
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F
Figure 6. TEM
T
picturres of the fiibrils incub
bated with
h and withoout DAPH
H.
F
Fibrils incu
ubated witthout DAP
PH, diluted
d 50x (A) an
nd diluted
d 100x (C). Fibrils
F
iincubated with DAPH, diluted
d 50x (B) an
nd diluted 100x (D).
Effect off DAPH moonitored by far-UV cirrcular dichrooism (CD)
Far-UV
V CD spectroscopy was
w used tto assess the
t effect of
o DAPH on the seccondary
structu
ure of the fibrils.
f
Thee CD spec tra (Figuree 7) of the
e fibrils inccubated with
w
and
withou
ut DAPH did
d not difffer within
n the noisee of the CD
C signal, showing that
t
the
second
dary structu
ure of the fibrils
f
did n
not changee upon incu
ubation wiith DAPH..
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F
Figure 7. Far-UV
F
CD
D spectra off fibrils inccubated with (dashed
d line) and
w
without (so
olid line) DAPH.
D
Thee spectra were
w
correccted for sollvent
ccontributio
ons (contaiining DMSSO and/or DAPH).
Interferrence of DAPH in ThT fluorescencce assay
To bettter understtand the ph
hysical bassis of the in
nterference
e of DAPH
H in the ThT
T assay,
DAPH was addeed to a Th
hT solution
n that alreeady conta
ained fibrills (Figure 8). The
DAPH was addeed in such an amoun
nt that the ratio DAP
PH / fibrilss was the same
s
as
other expeeriments. Directly
D
affter adding
g the DAPH to the T
ThT-fibril mixture
m
in the o
the flu
uorescence intensity decreased
d with ab
bout 50% and did n
not decrea
ase any
furtherr.
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F
Figure 8. ThT
T fluoresscence inteensity of fib
brils before
e (●) and aafter addition of
D
DAPH (○). The DAP
PH was add
ded to the ThT solution after thee fibrils weere
aadded.

Furtherrmore, varrious ratios of DAPH
H were ad
dded to tw
wo ThT sollutions con
ntaining
differen
nt amountts of fibrilss (48 µl an
nd 24 µl, Figure 9). Again,
A
in bboth solutiions the
decreasse in fluoreescence inttensity did
d level off at
a about 50% of the in
nitial inten
nsity.

F
Figure 9. ThT
T fluoresscence inteensity of Th
hT solution
ns containiing fibrils (●
( 48
µ
µl, ▲ 24 µll) and vario
ous concen
ntrations of
o DAPH (a
added afterr the additiion of
tthe fibrils to
t the ThT solution).
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Discussion
Assuming that a decrease in ThT fluorescence intensity is related to a decrease in βsheet 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 flowinduced 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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Footno
ote
§

To in
nvestigate the possib
bility that at pH 2 the efficie
ent disaggrregating effect
e
of

DAPH was preveented, all in
ncubation experimen
nts were re
epeated at pH 7.4. Ho
owever,
the ressults obtaiined at pH
H 7.4 (sup
pplementary data) were
w
simillar to the results
obtaineed at pH 2..

Supp
plementaary data

F
Figure I. The steady--state flow birefringence of fibrils incubatted at 35°C
C and
p
pH 7.4 for 2 and 25 hours.
h
The fibrils are incubated in the pressence of DMSO
D
((B), in the presence
p
of
o DMSO aand 0.23 mM
m DAPH (C) or with
hout any addition
a
((A).
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F
Figure II. The
T length distributio
on of fibrills after 2 ho
ours of inccubation att 35°C
aand pH 7.44. The leng
gth distribu
ution curvees correspo
ond to the samples frrom
F
Figure I. The fibril so
olutions weere incubated in the presence
p
oof DMSO (d
dashed
lline), in thee presencee of DMSO and 0.23 mM
m DAPH
H (dotted liine) or with
hout
aany additio
on (solid liine). The reesults for the
t sample
es incubateed for 25 ho
ours
w
were identtical to thesse and nott shown.
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Chapter 5
Fracture of protein fibrils as induced by
elongational flow

Chapter 5

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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v max 

2D
  R2

[1]

where v max 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
x  (0.49  0.11  Re)  R

[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

Re 

  2D
   R

[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



v max
x

[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 flowbirefringence (Figure 3). The length distributions analyzed by TEM and by flowbirefringence 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  F f . Note that Equation 7 predicts  f  L2 , close to our
experimental result  f  L1.9 , 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  f  L1.9 . 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  f  L1.9 , 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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Chapter 6
The behaviour of fibril-peptide mixtures at
varying pH

Chapter 6

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 nonaggregated peptides were separated to obtain three different fractions: a solution
only containing fibrils (so-called pure fibril solution), a solution only containing nonaggregated 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 socalled 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 βlg 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

C

P  ( F1  F2  F3  F4 )
 100%
P

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 nonaggregated 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

117

Chapter 6

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.4951

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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c  ~ 1 L3 . 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  ~ L9 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 v  1 bL2 , 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 10fold 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 βlg 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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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 βlactoglobulin 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 βlg 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 4,5dianilinophthalimide (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 nonaggregated 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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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 βlactoglobuline 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 βlg 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 nietgeaggregeerde 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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