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Abstract 

The milk protein β-lactoglobulin (β-lg) self-assembles into amyloid fibrils upon heating 
at low pH. These amyloid fibrils are a promising candidate for applications in food 
texturing and materials science, and have become a model system for the investigation 
of amyloid formation. The rheological behavior of suspensions of amyloid fibrils under 
shear flow is particularly relevant for their applications. In this study we compare the 
viscoelastic properties of suspensions of amyloid fibrils that differ in aspect ratio and 
persistence length (long and rigid versus short and worm-like). We find that both types 
of amyloid fibrils behave in suspension as soft solids with an apparent yield stress. 
Furthermore, the fibril suspensions exhibit a low percolation concentration and 
thixotropic behavior, indicative of weak attractive interactions between the fibrils. The 
fibrils exhibit strong shear-thinning behavior over a large range of shear rates. We show 
using a combination of rheology and small-angle neutron scattering (rheo-SANS) that 
the long, rigid fibrils align under shear, while for the short, worm-like fibrils no change in 
alignment is observed upon shear. This suggests that the strong shear-thinning behavior 
of short, worm-like fibrils is caused by weak attractive forces between the fibrils. We 
conclude that suspensions of β-lg amyloid fibrils behave rheologically as suspensions of 
weakly attractive, semi-flexible rods. 
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Introduction 

β-Lactoglobulin (β-lg) is the main protein in whey and represents 0.2–0.4% (w/v) of skim 
milk.1 In the native state, β-lg has a predominantly β-sheet structure.2 Upon heating, it 
is capable of self-assembling into a variety of different supramolecular structures, 
dependent on the solution pH. At pH values below the isoelectric point (pH=5.1), β-lg is 
hydrolyzed and denatured and the resulting peptides self-assemble into thin fibers that 
have been identified as amyloid fibrils based on their cross-β sheet structure.3-5 The self-
assembly properties of β-lg make this protein (similar to other whey proteins) important 
for the dairy and food industry, especially for controlling the texture of a variety of 
foods.6-8 At the same time, its tunable structuring capacity makes β-lg an interesting 
target for advanced applications in materials science such as scaffolds for tissue 
engineering.9 Additionally, β-lg has become a major model protein for investigating the 
self-assembly mechanism and biophysical properties of amyloid fibrils.2,3,10,11 

For applications of amyloid fibrils in food products, tissue engineering, and materials 
science, the rheological behavior of fibril suspensions and networks under shear flow 
are relevant. The rheology of a fibril network is in general determined by a combination 
of the intrinsic mechanical properties of the fibrils (in particular the bending rigidity) 
and the spatial organization of the fibrils and the nature of their interactions.12 The 
spatial organization of amyloid fibril networks depends on the fibril concentration and 
on fibril rigidity: when the fibrils have a high aspect ratio (ratio of length over diameter, 
L/D), they can already form liquid crystalline phases or gels at rather low 
concentrations.13 The structure of these gels will depend on the strength of the 
attractive interactions between the fibrils, ranging from homogeneous networks in case 
of no or weak attractions to heterogeneous fractal clusters in case of strong 
attractions.12 The interactions between β-lg fibrils are not well-studied, but are thought 
to be dependent on the amino acid side chains that are exposed on the surface of the 
β-sheet core of the fibrils, which can for instance confer a pH-dependent electrostatic 
charge to the fibrils.14 There are a number of prior rheological studies on β-lg amyloid 
fibrils, employing macroscopic shear rheometry. The linear viscoelastic moduli have 
been measured by small amplitude oscillatory shear measurements. These 
measurements until now have primarily focused on resolving the gelation time and 
critical percolation concentration of fibrils formed from β-lg and other food-related 
proteins including bovine serum albumin (BSA) and ovalbumin at pH=2.0.13,15-20 
However, a quantitative comparison of these rheology measurements with theoretical 
predictions for fibril suspensions is difficult, since fibril assembly under the conditions 
used in these experiments usually does not run to completion, yielding a complex 
mixture of fibrils, aggregates, and monomers. A number of studies showed that β-lg 



180  Chapter 8  

fibril suspensions behave as weak viscoelastic gels, which was explained in terms of a 
percolation phenomenon.16,21,22 Steady shear measurements were used to measure the 
shear-rate dependence of the viscosity of suspensions of whey protein fibrils with 
lengths of several micrometers. These data show strong shear-thinning behavior.18,22 
There are a few studies where the influence of ionic strength on the rheology was 
studied. For worm-like β-lg fibrils formed at pH=3.35 (persistence length of 35 nm, 
length of 130 nm and a diameter of 5 nm), the viscosity was shown to increase with 
protein concentration21  and with increasing salt concentration.18 However, since the 
effect of salt on rod flexibility and particle interactions is unknown, the mechanism 
behind this increase in viscosity has not been quantitatively explained.   

We recently showed that the morphology and rigidity of β-lg amyloid fibrils are strongly 
dependent on the β-lg concentration when the fibrils are assembled in an aqueous 
solution of pH=2 and at 80oC.23 At high β-lg concentrations, around 7.5 wt%, short, 
worm-like fibrils are formed, while at lower β-lg concentrations, fibrils are long, straight, 
and rigid. Here we compare the linear and nonlinear rheological properties of 
suspensions of these two different types of β-lg amyloid fibrils. We show that both 
types of fibril suspensions are strongly shear-thinning. To understand the origin of this 
behavior, we combine rheology with small-angle neutron scattering (rheo-SANS) to 
probe shear-induced fibril alignment. We show that the long and rigid fibrils align under 
shear, while the orientations of the short, worm-like fibrils appears to be unaffected by 
shear. Furthermore, we show that weak attractive forces between fibrils play an 
important role in the mechanical properties of the amyloid fibril suspensions, leading to 
an apparent yield stress, thixotropic behavior, and probably contributing to the shear-
thinning response. 

Results and discussion 

We compared the rheology of suspensions of β-lg amyloid fibrils differing in aspect ratio 
and persistence length. By forming β-lg fibrils in an aqueous solution of pH=2 and at 
80oC, we could form long and straight fibrils at a protein concentration of 3.0 wt% and 
short, worm-like fibrils at a protein concentration of 7.5 wt%. Typical images obtained 
by atomic force microscopy (AFM) are shown in Figure 8.1a-b. We showed previously 
that the persistence length of the long fibrils is approximately 3.8 µm, whereas the 
persistence length of the worm-like fibrils is only 90 nm (Chapter 2), even though the 
(average) diameters are similar (2.6 versus 2.9 nm).23 The difference in bending rigidity 
thus reflects a different internal packing structure. For both fibril types, we find a broad 
length distribution. For the long fibrils, the lengths range from a few hundred 
nanometers up to 10 µm, with an average of 1 µm. For the worm-like fibrils, the 
average length is 200 nm, but in the fibril batch used in this chapter we also observed a 
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small fraction of long fibrils with lengths of up to a few micrometer (in contrast to the 
batches used in Chapters 2 and 3). The conversion of monomer into amyloid fibrils is 
approximately 50% upon incubation at 3.0 wt% β-lg and 80% at 7.5 wt% β-lg.23 To 
exclude any effects of the large fraction of non-aggregated material on the rheological 
measurements, this material was removed by filtration over a 100 kDa molecular weight 
cut-off filter before experiments were performed, resulting in stock solutions of pure 
fibrils henceforth referred to as “long, straight fibrils” (originally formed at 3.0 wt%) and 
“short, worm-like fibrils” (originally formed at 7.5 wt% β-lg). To determine the 
concentration dependence of the rheology, we prepared dilutions of these stock 
solutions in HCl solutions at pH=2.   

 

Figure 8.1: AFM images of a) long, straight fibrils and b) short, worm-like fibrils, formed by 
incubating a solution of  β-lg in an aqueous solution of HCl (pH=2) at 80°C at two different protein 
concentrations (3.0 and 7.5 wt%, respectively). Scale bar in the images is 1 µm and the height 
scale (bar on the right hand side) is 10 nm. 

To probe the viscoelastic properties of the two types of fibril suspensions, we 
performed oscillatory shear measurements at different fibril volume fractions as a 
function of oscillation frequency ω at a constant strain amplitude (γ=1%) that was small 
enough to ensure a linear response. Both fibril suspensions behave as soft solids, with 
an elastic modulus, G’(ω), that is larger than the viscous modulus, G”(ω), across the 
entire frequency range we probed (Figure 8.2a-b). Accordingly, the loss tangent, tan(δ) 
= G’’/G’, was markedly smaller than 1, except at the lowest volume fractions (Figure 
8.2c-d). G’ was only weakly dependent on ω, also consistent with solid-like behavior. 
There is no indication of a characteristic frequency where G’ and G’’ cross-over, 
suggesting that, at least down to the lowest frequency probed, stresses do not relax. 
Both G’ and G” increase with increasing fibril volume fraction, φ. As shown in Figure 
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8.3a, the low-frequency elastic modulus (determined at ω=0.18 rad/s) for the straight 
and the worm-like fibrils is comparable in magnitude, reaching ca. 1 Pa for φ close to 
1%. Note that the volume fraction ranges we probed are different for the two fibril 
types, with the highest volume fraction for the long, straight fibrils being ca. 8-fold 
lower than that for the worm-like fibrils.  

 

Figure 8.2: Oscillatory shear rheology of fibril suspensions over a range of volume fractions, φ (see 
legend) of a) long, straight fibrils; b) short, worm-like fibrils. The corresponding loss tangents are 
shown in c) and d), respectively. Data shown are averages of at least 3 replicates with standard 
deviations. 

The strong increase of G’ with φ suggests that the fibril suspensions may undergo a 
percolation transition. To estimate the critical percolation concentration cp, we 
followed a procedure suggested previously in the context of whey protein fibrils15,19,24. 
Based on the expected scaling relation G’ ∝ (φ – cp)t near a critical point25, we replotted 
the data as G’1/t versus ϕ, where t is a scaling exponent (Figure 8.3b-c). Since we do not 
have enough data to make a reliable fit, we decided to assume a value of t=1.7, which 
was found for comparable amyloid samples15,19. When we plot the data in this way, we 
observe an apparent percolation threshold around cp=0.1 vol% for long, straight fibril 
suspensions (Figure 8.3b) and cp=0.2 vol% for short, worm-like fibrils (Figure 8.3c).  
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Figure 8.3: a) Storage modulus G’ measured at a frequency ω = 0.18 rad/s as a function of φ for 
suspensions of long, straight fibrils (closed circles) and short, worm-like fibrils (open circles). 
These data are replotted as G’1/t (with t=1.7) versus φ for b) long, straight fibrils and c) short, 
worm-like fibrils. 
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These values for cp are lower than reported previously for fibrils formed in situ between 
the rheometer plates. For β-lg at pH=2.0 that was heated for 10 hrs, cp=2.3 vol% was 
reported at low ionic strength.26 However, these samples were not filtered after fibril 
formation and contained approximately 40% non-aggregated β-lg, which is expected to 
increase the effective percolation concentration.26 For single-wall carbon nanotube 
(SWNT) suspensions, which show comparable aspect ratios and persistence lengths as 
long, straight amyloid fibrils, cp  was reported at 0.18 vol%27. For an isotropic suspension 
of stiff rods that have a sufficiently large aspect ratio and interact only by excluded 
volume interactions, the percolation concentration is expected to scale inversely with 
aspect ratio according to cp= D/(2L), with D the diameter and L the length of the 
rod.28,29 This model predicts cp= 0.13 vol% for rods with an aspect ratio of 400, which 
corresponds to the average aspect ratio of the long, straight fibrils. This value is close to 
the experimentally observed estimation. For worm-like fibrils, which have an average 
aspect ratio of 70, the model predicts cp of 0.7 vol%, which is higher than what we 
observe. The discrepancy is likely related to the fact that the worm-like fibrils are not 
well approximated as rigid rods, but may also indicate (weak) attractive interactions, 
which are known to lower the percolation transition. 

To probe the non-linear rheology of the fibril suspensions, we performed constant 
shear tests at different shear rates �̇�. Both fibril types exhibit a strong shear-thinning 
response over the full range of accessible shear rates (Figure 8.4a-b). There is no clear 
evidence of a low-shear plateau, suggesting that the suspensions possess a yield stress, 
consistent with their predominantly elastic response to an oscillatory shear. At high 
shear, the flow curves appear to tail off to reach a plateau value. The viscosity is 
concentration-dependent, showing an increase with increasing fibril volume fraction. To 
compare the shear-thinning response of the two fibril types, we determined the shear 
thinning index n by fitting a power-law to the data between  �̇� =10-2 - 101 s-1. As shown 
in Figure 8.4c, n is only weakly dependent on φ for both fibril types. For straight fibrils, n 
increases slightly with increasing φ, from 0.88 at the lowest volume fraction to 0.96 at 
the highest volume fraction. For worm-like fibrils, no clear trend is observed and n 
varies between 0.90 and 0.95. The viscosities measured at high (103 s-1) and low (10-3 s-

1) shear rate increase with increasing φ, both for straight and for worm-like fibrils 
(Figure 8.4d-e). Note that at these shear rates no clear-cut plateau for the viscosity was 
observed, but these shear rates are the limits at which we can reliably probe the 
viscosity. The shear-thinning behavior we observe is similar to that of suspensions of 
other rigid, long rods, like single-walled carbon nanotubes (SWNTs)30, fd virus rods31, 
chitin crystallites32 and cellulose whiskers33. 
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Figure 8.4: Flow curves of suspensions of a) long, straight and b) short, worm-like β-lg amyloid 
fibrils for different volume fractions, φ. Shear rate sweeps were measured with decreasing shear 
rate. c) Shear-thinning indices n as a function of φ, calculated using power-law fits to the flow 
curves over a range of shear rates between 10-2 and 10 s-1 for long, straight fibrils (closed circles) 
and short, worm-like fibrils (open circles). d-e) low-shear viscosity, η0, measured at �̇� = 10-3 s-1, (d) 
and high-shear viscosity, η∞, measured at �̇� = 103 s-1, (e) for suspensions of long, straight fibrils 
(closed circles) and short, worm-like fibrils (open circles). Values are averages of at least 3 
replicates. Error bars in (e) are smaller than the size of the symbols. 

To obtain an estimate of the apparent yield stress, we plot the shear stress τ as a 
function of shear rate  �̇� in Figure 8.5. Materials that remain solid until a critical shear 
stress is exceeded and become fluid-like above this critical shear stress are called yield 
stress materials.34 The plateau at low  �̇� indicates an apparent yield stress. For 
suspensions of long, straight fibrils, the apparent yield stress is strongly dependent on 
concentration, increasing from ca. 0.03 Pa at φ=0.13% to 0.3 Pa at φ=1.16%. In contrast, 
for worm-like fibrils, the apparent yield stress is only weakly dependent on 
concentration, ranging between 0.1 and 0.4 Pa for concentrations between 0.52 and 8.9 
vol%. 

  



186  Chapter 8  

 

Figure 8.5: Shear stress as a function of shear rate for various volume fractions of suspension of 
amyloid fibrils. The plateaus at low �̇� provide a measure of the apparent yield stress of the 
suspensions. a) Straight, long fibrils; b) short, worm-like fibrils. 

The solid-like nature of the suspensions and the presence of an apparent yield stress 
suggest that the fibrils may experience attractive interactions. Since amyloid fibrils are 
formed from unfolded proteins that refold into a cross-β sheet structure, it has been 
suggested that they may experience hydrophobic interactions.35,36 As a further test 
whether attractive interactions are present, we tested whether the flow-induced 
structural changes observed during flow tests are reversible. For a sample with 
attractive rods, thixotropic behavior is expected. A thixotropic sample will show a 
continuous decrease of viscosity with time when flow is applied after it has been 
previously at rest. When the flow is discontinued, a subsequent recovery of viscosity in 
time is observed.37 Thixotropy can be determined by experiments with a step-down in 
shear rate. Non-thixotropic viscoelastic fluids would react to such a step-down by a 
monotonic decrease of the stress to a new plateau value.  
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Figure 8.6: Experiments with a step-down in shear rate to test for thixotropic behavior. a) Applied 
protocol of steps in shear rate. Measured shear stress as a function of time for suspension of b) 
long, straight fibrils at 1.2 vol%, and c) short, worm-like fibrils at 8.9 vol%. High shear rate regimes 
are indicated in blue. 
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Figure 8.7: 2D-scattering patterns measured by small angle neutron scattering for suspensions of 
long, straight fibrils at 1.0 vol% in a Couette shear cell during steady shear experiments at shear 
rates of a) 1 s-1; b) 16 s-1; c) 64 s-1; d) 256 s-1. The square in the middle of all the images is the 
beam stop. The color bar on the top-right displays the intensity scale. e) Average intensity as a 
function of azimuthal angle. Intensity was averaged over segments of 10 degrees. 
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Figure 8.8: Neutron scattering for suspensions of short, worm-like fibrils at 4.5 vol% during steady 
shear experiments at shear rates of a) 16 s-1; b) 64 s-1; c) 256 s-1; b) 512 s-1. The square in the 
middle is the beam stop. e) Average intensity as a function of azimuthal angle. Intensity was 
averaged over segments of 10 degrees. 



190  Chapter 8  

In contrast, the shear stress in an thixotropic material drops instantaneously to a lower 
value, and subsequently increases gradually to a new steady state.37 We applied a 
protocol of several steps in shear rate: from �̇� = 32 s-1 to low values of  �̇� ranging from 
0.03 s-1 to 0.25 s-1 (Figure 8.6a), and measured the resultant shear stress σ over time. 
For both fibril types, we observed a drop of σ upon step-down of the shear rate, 
followed by a gradual increase to a steady state value (Figure 8.6b-c). This behavior 
proves that suspensions of both fibril types behave like thixotropic materials. Thixotropy 
has been reported for a large range of colloidal materials, including food products like 
mayonnaise and ice-cream38 and whey protein aggregates39. The thixotropic behavior 
indicates weak attractive forces between the fibrils. When sheared, the structure is 
broken down in time, while when left at rest, the microstructure slowly rebuilds 
itself.37,40   

These attractive interactions may contribute to the observed shear-thinning response of 
the fibril suspensions. However, it is also possible that shear-thinning originates from 
flow-induced alignment of the fibrils, which is a well-known phenomenon for rod-like 
particles with a high aspect ratio.41 To test whether shear-induced alignment occurs, we 
probed the suspension structure under shear using small-angle neutron scattering 
(SANS). Figure 8.7 and Figure 8.8 show the 2D SANS intensities for amyloid fibril 
suspensions at various shear rates. For long, straight fibrils the scattering pattern is 
isotropic at rest and remains isotropic at a constant shear rate of 1 s-1 (Figure 8.7a), 
where significant shear-thinning has already taken place. At higher shear rates, in the 
range of  �̇� = 16 to 256 s-1, the scattering patterns reveal an increasing degree of 
anisotropy indicative of fibril alignment (Figure 8.7b-d). To quantify the anisotropy, we 
plotted the average intensity as a function of azimuthal angle for different shear rates in 
Figure 8.7e. It is indeed clear that at higher �̇� the anisotropy increases. In contrast, 
suspensions of the short, worm-like fibrils remained isotropic to a good approximation 
at all shear rates, even at the highest shear rate we measured, �̇� = 512 s-1 (Figure 8.8). 

The SANS data do not only provide information on fibril orientations, but also on the 
structure of the fibrils and their spatial arrangement. To extract this information, we 
analyzed the radially averaged scattering intensity I as a function of the scattering wave 
vector Q for both samples at rest (Figure 8.9, filled circles). We observed two different 
contributions to the scattering intensity. The first contribution can be ascribed to (quasi-
)spherical particles with a diameter of approximately 3 nm. These may correspond to 
the oligomers or short fibril fragments that are also observed in AFM images (Figure 
8.1). When this contribution is subtracted from the data, a second contribution with a 
Q-5/3-dependence of the scattering intensity is observed (open circles and in red the fit). 
This contribution corresponds to the expected scattering pattern of semi-flexible rods, 
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as has been reported for flexible polymer chains like DNA coils42 and methylcellulose 
chains43. This dependence is expected for the worm-like fibrils, which have a 
persistence length slightly lower than their contour length. However, it is somewhat 
surprising that we observe a Q-5/3-dependence for the straight fibrils, because based on 
their rigidity we would expect a Q-1-dependence as observed for rigid rods. Rigid-rod 
behavior has been seen for β-lg amyloid fibrils before44, as well as for multi-walled 
carbon nanotubes (MWNTs)45,46 and single-walled carbon nanotubes (SWNTs)45 with 
persistence lengths in the order of tens of micrometers47. Although the 5/3 scaling is 
similar for suspensions of straight and worm-like fibrils, the graphs in Figure 8.9 show 
subtle differences for the scattering of the two fibril types. However, quantification of 
the differences and determination of the Kuhn length is complicated because of the 
contribution of the (quasi-)spherical particles. 

 

Figure 8.9: SANS scattering intensity I as a function of wave vector Q for suspensions of a) long, 
straight or b) short, worm-like fibrils measured at rest, combining data obtained at detector 
distances of 2, 6 and 18 m. Filled circles are the measured data points, which can be fitted by two 
distinct contributions to the scattering: open circles are the data points after subtraction of the 
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contribution of spherical particles and red line is the fit through the data points for the 
contribution of semi-flexible rods.  

Conclusions 

We probed the rheological properties of suspensions of long, straight and short, worm-
like amyloid fibrils formed from β-lg. Both samples behave as weak viscoelastic solids 
with an apparent yield stress and strong shear-thinning behavior. Long, straight fibrils 
have a concentration-dependent yield stress of 0.3 to 3.0 Pa for concentrations 
between 0.07 and 1.16 vol%. Suspensions of short, worm-like fibrils have a yield stress 
between 0.1 and 0.4 Pa for concentrations between 0.52 and 8.9 vol%. The percolation 
concentration is estimated to be approximately 0.1 vol% for long, straight fibrils and 0.2 
vol% for short, worm-like fibrils. The fibrils are weakly attractive, indicated by 
thixotropic behavior in shear rate step experiments. These weak attractive forces may 
contribute to the shear-thinning behavior. However, rheo-SANS measurements indicate 
that, at least for the long and straight fibrils, shear flow also causes flow-induced 
alignment. At rest, the SANS intensity plots reveal two scattering contributions: one 
from small (3 nm) (quasi-)spherical particles that may be oligomers or small fibril 
fragments and one from semiflexible fibers. The fiber contribution shows a Q-5/3 
dependence of the scattering intensity for both samples, indicating self-avoiding 
random walk behavior. Concluding, we described the rheological behavior of 
suspensions of different types of amyloid fibrils, which is essential for future 
applications of these fibrils. 

Materials and methods 

Amyloid formation. Beta-lactoglobulin (β-lg) amyloid fibrils were prepared as described 
before.23 In short, bovine β-lg (genetic variants A and B, Sigma Aldrich, L0130) was 
dissolved in HCl dilution (pH=2.0), dialyzed extensively (Slide-a-lyzer, MWCO 10kDa, 
Thermo Scientific) against an HCl solution (pH=2.0) and filtered (0.1 μm filter, Millipore) 
to remove any aggregates. The final protein concentration was determined by 
spectrophotometry (Nanodrop, Thermo Scientific) at a wavelength of 280 nm based on 
an extinction coefficient of 16.8 mM-1 cm-1.48 Samples were heated in eppendorf tubes 
at 3.0 or 7.5% (w/w) in an oven at 80oC for 16 hrs. After quenching in ice water, the 
fibrils were separated from non-aggregated material by centrifugal filtering (Centrifugal 
filters, MWCO 100kDa, Millipore) at 1000 g. Three washing and centrifugation steps 
were performed. The filtered fibril suspension was centrifuged for 5 min at 2000 g to 
remove large fibril aggregates. HCl solution in MilliQ water was replaced by D2O 
(pD=2.4) by centrifugal filtering as described before. To determine the final protein 
concentration, fibril suspensions were mixed with an equal volume of formic acid to 
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solubilize the aggregated protein. The protein contents of these solutions were 
measured by spectrophotometry at a wavelength of 280 nm and compared to samples 
with known concentrations β-lg.49  

Atomic force microscopy (AFM). A drop of a diluted fibril suspension at a concentration 
of ~0.01% was pipetted onto freshly cleaved mica. After 5 min incubation, the sample 
was washed with HCl solution (pH=2) and dried by air. AFM images were made in 
tapping mode with a Dimension 3100 Scanning Probe Microscope (Bruker) using silicon 
cantilevers (force constant 42 N/m). Images were flattened using Nanoscope 6.14 
software. 

Rheological measurements.  A stress-controlled rheometer (Physica MCR 501, Anton 
Paar) with steel cone (30 or 40 mm diameter, 1° angle) and plate thermostatted with a 
Peltier plate were used for rheometry. To reduce evaporation, a cover was used. The 
complex shear modulus G*(ω) = G’(ω) + iG”(ω), where the elastic modulus, G’(ω) 
represents the in-phase (storage) response, and the viscous modulus, G”(ω) represents 
the out-of-phase (loss) response. The frequency-dependent moduli of amyloid 
suspensions were measured by oscillatory tests using a small enough strain amplitude 
(γ=1.0%) to remain in the linear viscoelastic regime, and varying the radial frequency, 
ω=30-0.03 rad/s. The nonlinear rheology was determined by measurement of the 
viscosity as a function of shear rate �̇� with �̇�=1000 - 0.001 s-1.  All measurements were 
performed at T=21°C unless mentioned otherwise. 

Rheo-Small-angle neutron scattering (rheo-SANS). SANS-experiments were performed at 
the SANS I neutron beam at the SINQ spallation source at the Paul Schwerrer Institute 
(PSI, Villigen, Switzerland). The SANS and rheology data were acquired simultaneously 
by mounting an Anton Paar MCR 501 rheometer in the neutron beam. Rheology was 
measured in the strain-controlled mode with a quartz Couette geometry. The fibril 
suspensions were transferred to D2O at pD=2.4 by 3 washing steps using centrifugal 
filtering (centrifugal filters, MWCO 100kDa, Millipore) 2 days prior to loading. All 
measurements were performed at room temperature. Data for steady shear 
experiments were acquired over an interval of approximately 7 minutes per experiment 
measured at a beam distance of 6 m for long, straight fibrils and 18 m for short, worm-
like fibrils. Neutron scattering in rest for both samples was measured at beam distances 
of 2, 6 and 18 m. The data correction was performed using the GRASP V 3.99l software 
developed at the Institute Laue-Langevin (ILL) in Grenoble, France. The data were 
corrected for background and empty cell scatterings.   

Small-angle X-ray scattering (SAXS). To probe the microstructure of the fibril suspensions 
in the quiescent (unsheared) state, small-angle X-ray scattering (SAXS) experiments 
were performed on fibril suspensions at varying volume fractions. Experiments were 
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performed at the DUBBLE beamline (BM 26A) of the European Synchrotron Radiation 
Facility (ESRF, Grenoble, France). Calibration of the q-scale was done by using the 
position of diffracted peaks from a standard silver behenate powder. Filtered fibril 
suspensions were contained in flat 2 mm thick glass capillaries with wall thickness of 
0.01 mm. The exposure per sample was 1 min using a beam spot of 300x350 µm and 
the sample to detector distance was 2.8m. No beam damage of the samples was 
observed. All data was corrected for background scattering. For samples with volume 
fractions over the range of 0.18 to 1.8 vol%, both fibril types show isotropic scattering 
profiles, indicating that there is no fibril alignment (SI Figure 8.1). 
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Supplementary Figures and Tables 

 

SI Figure 8.1: SAXS 2D images of unsheared fibril suspensions inside capillaries. a and b) long 
straight fibrils at respectively φ=0.18 vol% and φ=1.8 vol%; c and d) short, worm-like fibrils at 
φ=0.18 vol% and φ=1.8 vol%. All samples show isotropic scattering profiles. Rectangle with a 
thread on the right-hand side in the middle of all the images is the beam stop, blue lines are 
caused by the detector. 
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