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Abstract
The whey protein beta-lactoglobulin is the building block of amyloid fibrils which exhibit a great potential in various 
applications. These include stabilization of gels or emulsions. During biotechnological processing, high shear forces lead to 
fragmentation of fibrils and therefore to smaller fibril lengths. To provide insight into such processes, pure straight amyloid 
fibril dispersions (prepared at pH 2) were produced and sheared using the rotor stator setup of an Ultra Turrax. In the first 
part of this work, the sedimentation properties of fragmented amyloid fibrils sheared at different stress levels were analyzed 
with mulitwavelength analytical ultracentrifugation (AUC). Sedimentation data analysis was carried out with the boundary 
condition that fragmented fibrils were of cylindrical shape, for which frictional properties are known. These results were 
compared with complementary atomic force microscopy (AFM) measurements. We demonstrate how the sedimentation coef-
ficient distribution from AUC experiments is influenced by the underlying length and diameter distribution of amyloid fibrils.
In the second part of this work, we show how to correlate the fibril size reduction kinetics with the applied rotor revolution 
and the resulting energy density, respectively, using modal values of the sedimentation coefficients obtained from AUC. 
Remarkably, the determined scaling laws for the size reduction are in agreement with the results for other material systems, 
such as emulsification processes or the size reduction of graphene oxide sheets.

Keywords  Analytical ultracentrifugation · Sedimentation analysis · Beta-lactoglobulin · Atomic force microscopy · 
Amyloid fibrils

Abbreviations
BLG	� Beta-Lactoglobulin
AFM	� Atomic force microscopy
AUC​	� Analytical ultracentrifugation
BD	� Brownian dynamics
NAM	� Non-aggregated material
MD simulations	� Molecular dynamics simulations
ESI	� Electronic supporting information

Introduction

Amyloid fibrils are found in various fields including medi-
cine, nanotechnology, material science and food science 
(Knowles and Mezzenga 2016; Cao and Mezzenga 2019). 
Amyloid aggregates are linked to pathological amyloid 
fibrils due to their implications in many diseases including 
Parkinson, Alzheimer and diabetes mellitus (Sipe and Cohen 
2000; Chiti and Dobson 2006). The length distribution of 
amyloid fibrils involved in diseases has a strong impact on 
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their cytotoxicity. Smith et al. (2015) and Tarutani et al. 
(2016) assume that fragmented amyloid-like aggregated 
fibrils play a key role in pathogenic seeds for prion-like con-
version. One explanation is that amyloid seeds can affect the 
kinetics of self-templated aggregation (Knowles et al. 2009).

Functional fibril structures are also highly interesting, 
especially for food applications. The high length-to-height 
ratio in combination with specific functional groups on the 
surface makes fibrils from whey proteins an interesting addi-
tive for gels, foams and emulsions as stabilizing, emulsifying 
or gelling agents (Humblet-Hua et al. 2012; Veerman et al. 
2003). In particular, relevant effects induced by process-
ing of beta-lactoglobulin (BLG) fibrils and their consecu-
tive fragmentation by the mechanical stressing have been 
shown before (Oboroceanu et al. 2011; Serfert et al. 2014). 
Moreover, it is known that fragmentation leads to a slight 
alteration of the functionality of long fibrils by weakening 
electrostatic interactions and changing solution properties 
such as viscosity and effective volume (Koo et al. 2018).

Amyloid fibrils consist of strands up to several microm-
eters in length with a height of a few nanometers only. These 
nanofibrils can be formed from a wide variety of proteins 
and parameters. Common characteristics of amyloid aggre-
gates are the cross-beta structure in which the beta-sheets 
lie parallel to the fibril axis (Eisenberg and Sawaya 2017; 
Sunde et al. 1997). In particular, the whey protein BLG 
undergoes acid hydrolysis prior to the amyloid assembling 
process; hence, BLG fibrils produced at pH 2 are composed 
of several peptides (Keppler et al. 2019). Since the conver-
sion rate is rather low, approximately 30–40% of the proteins 
are converted to fibrils. The residual populations consist of 
monomers, oligomers and random aggregates and, thus, the 
samples show a high polydispersity (Heyn et al. 2019).

Adamcik et al. analyzed the structure of amyloid fibril 
from BLG and in particular their length distributions by 
atomic force microscopy (AFM) (Adamcik et al. 2010). It 
was shown that fibrils assemble in multi-stranded helical 
shape with twisted ribbon-like structure. Moreover, the work 
revealed a main subpopulation showing heights of around 
4.0 ± 0.5 nm and further distinct subpopulations with heights 
of 2.0 nm ± 0.4 nm 6.0 nm ± 0.4 nm, respectively (Adamcik 
et al. 2010). However, such statistical screening of micro-
scopic images is very time consuming.

Analytical ultracentrifugation (AUC) is a well established 
and reliable hydrodynamic method which enables fast and 
statistically excellent sample characterization and thus gives 
new insight into fragmentation and assembly during process-
ing. Additionally, AUC measures sample properties directly 
in solution and therefore excludes drying artifacts including 
aggregation and other effects that might influence the length 
distribution of the fibrils.

Fibrils in solution have been characterized via sedimen-
tation analysis using AUC before (Binger et al. 2013; Lee 

et al. 2009; Pieri et al. 2012). Studies on α-synuclein fibril 
solutions report an estimate for the molar mass based on the 
sedimentation properties (Pieri et al. 2012). These fibrils 
play an important role in neurodegenerative diseases such 
as Alzheimer (Liu et al. 2002). The precise knowledge of the 
entire length distribution would help to reveal the underlying 
formation mechanisms that are essential to better understand 
the origin of these diseases.

MacRaild et al. (2003) showed the dependence of the 
sedimentation coefficient as a function of the fibril length for 
flexible molecules. The degree of flexibility is indicated by 
extensive tangling and fibril association. On the one hand, 
this work enables the analysis of heterogeneous mixtures 
over a broad size range. On the other hand, this approach 
requires precise knowledge on the structure of the macro-
molecules as well as an expensive simulation technique to 
model the flexibility of the molecules upon cross-tangling 
or entanglement. The precise knowledge of a second param-
eter such as diffusional or frictional properties is a required 
prerequisite, which was in this case only feasible through 
tedious simulations. Moreover, the fibril structure was not 
well defined due to coiling and entanglement alongside the 
long axis of the fibrils (MacRaild et al. 2003).

Throughout sedimentation velocity (SV) AUC experi-
ments, diffusion does not superimpose the sedimentation 
sufficiently in the case of large macromolecules, which is 
a prerequisite for the precise analysis of length and diam-
eter of such systems. Therefore, it is not possible to obtain 
information on the molar mass or any additional parameters 
beyond equivalent size for such systems (Schuck et al. 1998). 
As demonstrated for the retrieval of the lateral dimensions 
of graphene oxide sheets or the length distributions for zinc 
oxide or gold nanorods, it is possible to use sedimentation 
and optical or frictional properties to gain a thorough insight 
into distributed properties. It is possible to determine sedi-
mentation properties through AUC experiments, while fric-
tional properties can be calculated from known structures 
such as cylinders or platelets of the analytes using an expres-
sion derived from numerical solutions (Walter et al. 2015; 
Wawra et al. 2018; Thajudeen et al. 2017a).

The objective of this work is to gain more insight into 
AUC experiments on BLG fibril solutions. A straightforward 
approach is developed to study the fibril length distribu-
tion from such hydrodynamic experiments. Our samples are 
produced by stressing of BLG solutions by an Ultra Tur-
rax at defined stress intensity. With this rotor–stator setup, 
large fibrils are fragmented into polydisperse cylinder-like 
structures. The formed cylinder-like fibrils are characterized 
by statistical AFM analysis. Frictional properties of such 
structures can be calculated by well-known computational 
methods using numerical solutions for the drag coefficient 
as a function of the aspect ratio (Hansen 2004).
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First, it is shown through well-established simulations of 
sedimentation data that the remaining monomers and pep-
tides in solution do not affect the sedimentation analysis 
of the fibril populations. Second, sedimentation coefficients 
are calculated from statistical AFM analysis, which will be 
considered a benchmark technique in this work. It is shown 
that sedimentation properties from AUC and the calculated 
mean sedimentation properties from AFM statistics agree 
very well, which in turn validates our AUC results. Next, 
the sedimentation coefficients and the length distributions 
obtained from both techniques are compared. The influence 
of better sample statistics throughout AUC experiments is 
discussed. Moreover, the effect of an underlying height dis-
tribution affecting the results from sedimentation analysis 
is investigated in detail. Overall, an increased width of the 
sedimentation coefficient distribution is observed.

In the final part of this work, the shear stress that is 
applied throughout the Ultra Turrax and the resulting com-
minution kinetics are analyzed in detail. Our results show 
that size reduction, hence fibril fragmentation, follows a 
function of the volume-specific energy input. For this, a 
power law dependency can be applied to obtain material-
dependent parameters that are generally used for the descrip-
tion of comminution processes (Nacken et al. 2017) and 
further industrially relevant processes (Becker et al. 2001).

In summary, this manuscript outlines how to comprehen-
sively characterize fibril nanorod dispersions. Moreover, the 
effect of process parameters on fibril formation can now be 
studied fast and reliably using AUC.

Theoretical background

Operational principle of the AUC​

The concentration evolution of a sedimenting species in an 
SV AUC experiment is described by Lamm’s equation:

Here, c is the concentration of the individual species, r is 
the radial position in the cell, t is the time, s is the sedimen-
tation and D the diffusion coefficient, which both scale with 
shape and size of the analytes. For species of sufficiently 
high molecular mass such as fibrils of 31 MDa (length of 
500 nm and a diameter of 5 nm), diffusion can be neglected 
and only sedimentation properties are accessible throughout 
AUC experiments, which is the case in the presented studies 
here (Schuck and Rossmanith 2000; Schuck 2000).

In such a case, the sedimentation of macromolecules and 
nanoparticles can be studied applying gravitational sweep 
experiments. Throughout gravitational sweep experiments, 
the attenuation of light is monitored after passing through 
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the centrifugal cell at a fixed radial position rfix as a function 
of time t, angular velocity ω and meniscus position rm. The 
dynamic change of the rotor speed results in a high resolu-
tion of widely distributed sedimentation coefficients which 
can be measured within one experiment. The sedimentation 
coefficient in a gravitational sweep experiment is obtained 
by:

Calculation of sedimentation coefficient 
for cylinders

The fibrils exhibit a cylindrical shape for which the sedimen-
tation coefficient can be linked to the fibril length and height 
through frictional properties. The sedimentation coefficient 
s is given as:

where mF,eff is the effective mass of the fibrils, ρF,eff is 
the effective density of the fibrils and ρS is the solvent den-
sity. The effective properties include a hydration shell of the 
fibrils; see e.g. Lee und Timasheff 1974 and Walter et al. 
2016. The frictional coefficient is denoted as f. Assuming 
a cylindrical shape with cylinder length l, height h and the 
aspect ratio q with q = l/h, Eq. (3) can be rearranged to (Wal-
ter et al. 2015): 

The solvent viscosity is denoted as η. The frictional ratio 
f/f0 relates the frictional coefficient of the particle under 
investigation to the frictional coefficient f0 of an equivalent 
sphere with the same volume. The translational friction 
coefficients for cylinders for different aspect ratios were 
investigated by Steen Hansen. It was shown that f/f0 can be 
expressed as a function of the logarithm of the aspect ratio, 
according to Hansen (2004): 

with k = ln(q). Hence, the sedimentation coefficient s can 
be calculated via Eqs. (4) and (5) as a function of the cylin-
der length for known density and diameter of the cylinder. 
Figure 1 shows the sedimentation coefficients for three dif-
ferent diameters assuming the fibril density to be equal to 
1331.6 kg m−3, which is the inverse of the partial specific 
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volume of BLG. Moreover, the calculations were repeated 
for the same range of fibril lengths, but with an increased 
density of 2% with respect to the density of native BLG. As 
will be shown in a later part of this manuscript, the fibrils 
show an increase in density of 2% in comparison to their 
building blocks. The resulting relationship between sedi-
mentation coefficient and fibril length for an increased den-
sity is further depicted in Fig. 1.

Materials and methods

Assessment of effective fibril densities using 
molecular dynamics

One important prerequisite for the precise evaluation of the 
sedimentation properties of amyloid fibrils is the knowledge 
of the effective density. For a detailed analysis, molecular 
dynamics (MD) simulations of amyloid fibrils in suspension 
were conducted to assess the increase of effective density 
of densely packed beta-sheet amyloid-like structures with 
respect to native BLG.

All MD simulations and analysis were performed using 
the GROMACS software package version 5.1.1,(Berendsen 
et al. 1995; van der Spoel et al. 2005; Lindahl et al. 2001) 
and the OPLS-AA (all-atom) force field (Kaminski et al. 
2001). The visual molecular dynamics (VMD) program was 
used for the visualizations (Humphrey et al. 1996). The sim-
ulated protein structures for BLG have been obtained from 
PDB 3PH5 and a model for typical beta-sheet amyloid-like 
structures was obtained from PDB 2MXU. A corresponding 
amyloid structure from BLG has not yet been determined to 
the best of our knowledge. More details of the MD algorithm 
are provided in the electronic supporting information (ESI).

Calculations of the effective density of native BLG and 
aggregates from MD simulations involves an approximation 
of the volume fraction, which is based on the part of the 
protein that is analyzed and the number of solvent molecules 
inside the protein structure. Assuming a hydration layer of 
approximately 3 Å thickness drastically overestimates the 
covered volume, overall leading to a severe underestima-
tion of the density (for native BLG: approximately 1190 kg 
m−3 simulated vs. 1331.6 kg m−3 experimental), which is 
similar to earlier findings by others; see in the publications 
Andersson and Hovmöller (1998) and Quillin and Matthews 
(2000). Similar to the work from Quillien et al. (Quillin and 
Matthews 2000), no explicit hydration layer was therefore 
assumed in our simulation. Instead, only tightly bound water 
molecules were considered along with their covered vol-
ume. Therefore, a discrete voxelmap represented the volume 
covered by the pure protein structure, with every protein 
atom represented by its VdW volume. The resolution of the 
voxelmap was determined to be 0.05 nm to yield conver-
gent results (data not shown). The herewith covered volume 
included very few solvent molecules. Additional solvent 
molecules were considered to be tightly bound if they were 
surrounded by an additional volume p of protein within a 
distance of 3 A. Finally, completely closed cavities, i.e., 
regions without contact to the bulk solution, were detected 
and hence added to the protein volume. All molecules within 
the obtained volume contributed to the effective mass and 
density. The exact value of the additional volume p was 
expected to be between 30 vol.% and 60 vol.%, defining 
solvent regions to be “tightly bound”, if protein surrounds 
roughly half of the nearby volume. The value of p in our case 
was determined using a model-based fit of the data based on 
the experimental value of native BLG. Our results showed a 
value of p = 38 vol.% and thus a simulated effective density 
of 1330.27 kg m−3, which deviates less than 0.1% from the 
experimental value.

The settings remained similar for the fibril analysis to 
allow for a relative comparison. Notably, without further 
validation (i.e, a priori determination and validation of p), 
this approach does not necessarily yield absolute effective 
density values. However, its main objective in this work is 
the thorough determination of relative density changes of 
amyloid aggregates and their monomeric building blocks. 
The precise knowledge of relative density changes enables 
comprehensive data analysis of AUC and auxiliary AFM 
measurements.

Fibril preparation

Functional amyloid fibril solutions were prepared accord-
ing to a protocol of Keppler et al. (2019). A 2.5 wt% BLG 
(Davisco Foods International, Inc. Eden Prairie, USA) 

Fig. 1   Theoretical dependency of the sedimentation coefficient on the 
fibril length for different diameters. The fibril density is assumed to 
be the density of monomeric BLG. Further, the effect of a densifica-
tion of 2% is shown as well
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solution was prepared and set to a pH of 2.0 by adding 6 M 
HCl. 150 mL of the protein solution was filled into 250 mL 
Schott glasses and heated in a water bath to 90° C for 5 h 
under continuous stirring at 350 RPM using a magnetic stir-
rer (2mag MIXdrive 6HT, 2mag AG, Munich, Germany). 
For dilution of the fibril solutions, water at pH 2 was used.

Stressing of fibrils using Ultra Turrax

Fibril solutions were subjected to stressing using a T 25 
Ultra Turrax with an S 25 N–25 F dispersion tool (IKA®—
Werke GmbH and CO.KG, Staufen, Germany). 100 mL of 
the solution was stressed for tstress = 5 s, 30 s, 60 s and 90 s at 
a rotational speed ωstress of 11, 13, 16, 19, 22 and 24 krpm. 
The concentration while stressing was 10 g L−1. A meas-
ure of the acting stress is the stress intensity (SI), i.e. the 
energy input per mass, which is a well-established quantity 
for comminution experiments (Damm et al. 2015; Knieke 
et al. 2010,2011). A measure for the acting stress intensity 
of an Ultra Turrax experiment is in first approximation pro-
vided by Eq. (6) which is simply the number of rotations of 
the Ultra Turrax throughout the course of one experiment:

The rotational speed is denoted as ωstress and the stress-
ing time as tstress. Upon stressing of the fibril solutions, the 
temperature was controlled. The pH of the solution was 
checked before and after stressing to exclude pH-induced 
effects. To minimize effects due to aggregation, the samples 
were measured directly after stressing. A list of all samples 
alongside the rotational speeds and stressing times is pro-
vided in the ESI.

Scaling law for size reduction

In size reduction by grinding, emulsification or spraying, the 
mean particle size scales with the applied energy per volume 
(Zhang et al. 2012; Becker et al. 2001):

with the constants a and b. Typically, parameter b varies 
between 0.3 and 0.8 depending on the applied type of stress 
and the material. The volume-specific energy input EV is 
obtained from the acting power P over time t in the volume 
V (Zlokarnik 1999):

(6)n =
�stress ⋅ tstress

2�
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(7)xmean = a ⋅ E−b
V

(8)EV =
P ⋅ t

V
.

Here, the fibrils are stressed in an Ultra Turrax where the 
applied stress is a function of the rotor revolution n. In rotat-
ing and stirred systems, the dimensionless Newton number 
Ne is a measure for the power P and can therefore be used 
to describe processing via Ultra Turrax:

with the rotor diameter denoted as dR. The Newton num-
ber is a direct function of the Reynolds number Re:

For Reynolds numbers above 104 in the turbulent regime, 
the Newton number remains constant and is merely a func-
tion of the stirrer and slit geometry (Håkansson 2018).

Atomic force microscopy AFM

Sample preparation

Prior to the AFM measurements, samples were diluted 
to 0.1 mg mL−1 to optimize the concentration for coating 
the samples onto a substrate. Next, 2 µL of the samples 
were drop-coated onto a mica substrate and washed with 
2 × 200 µL pure water to minimize sample aggregation upon 
drying onto the substrate.

Measurement

The dimensions of the individual fibrils were measured with 
an AFM (nanoscope III; digital instruments). The resolution 
was set to 512 pixels × 512 pixels for a 5 × 5 μm measuring 
surface (∼9.77 nm/pixel). Imaging was performed in tap-
ping mode with an NSC15/AlBS probe (frequency 325 kHz, 
spring constant 46 N m-1 and nominal tip radius < 10 nm) 
applying a scan rate of ≤ 0.7 Hz. A total area of 25 μm2 was 
measured.

Image analysis

AFM data were transformed to pictures and imported to 
AxioVision 4.8 (Carl Zeiss Imaging Systems, Germany) 
where evaluation was performed in several steps. After 
contrast imaging, a conversion of pixel to nm scale was 
achieved by taking the total length from the AFM image 
scan field as reference. Finally, fibril lengths were detected 
and cross-checked to exclude non-separated and stacked 
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fibrils induced by drying on the coated mica glimmer. All 
fibrils were counted and the length of each individual fibril 
was obtained. The minimum length used for image analysis 
was ∼50 nm. If fibril lengths extended over the edge of the 
substrate, these were excluded from the analysis.

Analytical ultracentrifugation

Simulation of AUC data

Sedimentation data as retrieved from AUC experiments 
were simulated to check whether or not small species in 
solution influence the analysis of the fibril populations 
(Patel et al. 2018). Gravitational sweep experiments were 
simulated via a well-established brownian dynamics (BD) 
algorithm. Details of the algorithm have been described 
elsewhere (Thajudeen et al. 2017b; Díez et al. 2011). The 
meniscus of the solution was set to 5.9 cm and the bot-
tom of the cell to 7.2 cm from the rotor axis. The detector 
was positioned at a radial distance of 6.9 cm. To study 
the influence of the non-aggregated material (NAM) in 
the fibril solution throughout the AUC experiments, three 
simultaneously sedimenting species were simulated. One 
species was assigned the monomer parameters, namely a 
sedimentation coefficient of 4 s and a frictional ratio of 
f/f0 = 1.26. The effective density of the monomers was set 
to 1331.6 kg m−3. The two other species were assigned 
the parameters of representative fibril-like species with a 
sedimentation coefficient of 50 S and 100 S and an effec-
tive density which is 2% higher than the monomer den-
sity. The assumption of a certain density increase of fibrils 
with respect to the native protein structure arises from 
the expectation that densely packed beta-sheet structures 
should contain fewer voids and water-filled pockets than 
the native protein. The increase of 2% has been further 
estimated using structural investigations via MD simula-
tions (see “MD simulations of the densification of fibril-
like structures”). The frictional ratio of the fibril-like spe-
cies was set to 1.5. The simulated experimental time was 
7200 s at 30,000 rpm which resulted in complete sedimen-
tation of the fibril species.

Gravitational sweep experiments

A modified preparative centrifuge, type Optima L-90 K 
from Beckman Coulter, with an integrated UV/visible 
multiwavelength detector was used for the rotor speed 
gradient experiments. The rotor speed was held constant 
and set to 30,000 rpm to allow for accumulations of the 
light intensity on the UV/visible detector. Sedimenta-
tion data were acquired for wavelengths between 220 and 

450 nm. The buffer solution was taken as a reference when 
converting intensity data to absorbance. The temperature 
was set to 20 °C throughout all measurements. Titanium 
centerpieces with an optical path length of 12 mm were 
used for all experiments. Further details of the applied 
multiwavelength optics as well as the data evaluation can 
be found in literature (Walter and Peukert 2016; Walter 
et al. 2014). Prior to the measurements, the samples were 
diluted to 1 g L−1. Afterwards, the protein concentration 
was controlled by measuring the extinction of the samples 
at 280 nm and 290 nm. The optical density was in the 
order of unity at a wavelength of 280 nm for each fibril 
solution under investigation.

Results and discussion

Molecular dynamics simulations of the densification 
of fibril‑like structures

For the detailed analysis of sedimentation properties of cyl-
inder-like fragmented fibrils, the precise knowledge of the 
effective density is crucial. For this, we use the inverse of 
the partial specific volume as a first approximation for the 
density of native BLG (Brown und Schuck 2006; Harding 
et al. 2015).

However, as structural alterations upon fibril formation 
induce changes in the effective density, MD simulations 
were carried out to investigate such changes in more detail. 
As a first validation step, native BLG is simulated and results 
are compared with the inverse of the partial specific volume. 
Next, fibril structures were analyzed and density changes 
were retrieved from the MD simulations.

MD simulations were performed as described in the 
methods section. The increase of protein density and, at 
the same time, decrease of incorporated solvent (mostly 
water) molecules within the densely packed beta-fibril 
structure is clearly evident (Fig. 2a, b). Thus, a density of 
1330 kg m3 with a water content of 0.047 g g−1 was deter-
mined for natively folded BLG using density measurements 
as described in the methods section (black cross in Fig. 2c).

Applying the same simulation setup, regions of differ-
ently packed structures, hence protein densities and the cor-
responding water contents, were identified for limited simu-
lated fibril structure sizes. As expected, the fibril structures 
are loosely packed at the open ends of the 12-fold fibrils, 
hence the density is lower along them. This observation is 
indicated by “Population I” in Fig. 2 a and c. The overall pro-
tein density for this region was determined as (1310 ± 8) kg 
m−3 with a relative water content of (0.045 ± 0.003) g g−1.

In comparison, the protein density increased to 
(1354 ± 21)  kg m−3 and the relative water content to 
(0.037 ± 0.003) g g−1 for “Population II”, representing the 
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central, more densely packed region consisting of four to 
six folds. The most central pair of folds (“Population III”) 
yields extremely high effective densities with an average of 
more than 1400 kg m−3. However, it is presumed that the 
limited available data in this region are too scarce for useful 
comparison.

Overall, the protein density of the packed fibril region 
(Population II) is considerably higher compared to native 
BLG, namely (+ 1.7 ± 1.5%), and also compared to loosely 
packed fibrils that is partially unfolded, as represented by 
Population I, namely (+ 3.3 ± 1.7)%. This clearly shows an 

increase of protein density of the packed fibril structures in 
the order of magnitude of 2% with respect to native BLG. 
However, the upper limit of the density increase cannot 
be accurately determined and an increase of more than 
2% is unlikely.

Statistical AFM image analysis

As outlined in the introduction to this manuscript, the fibril 
dispersions were shear stressed in an Ultra Turrax at prede-
fined rotor revolutions to induce fragmentation and to obtain 

Fig. 2   MD simulations of fibrils and native BLG to determine the 
presumed increase of protein density of fibrils vs. native BLG. Vis-
ualization of fibrils along the long (a) and cross-sectional (b) axes, 
with solvent molecules indicated in red. Densely packed fibrils with 
infinite length can be mimicked by considering a limited volume in 
the center of the simulation domain (marked by red bar, Population 
II). The exact position of the considered volume is defined by offset 
and width. In the cross-sectional view, the lack of solvent molecules 
within the densely packed fibril structure is visually evident. Three 
different series of measurements have been performed, indicated by 

the colored bars in (a): I for the whole simulated fibril, containing 
8–12 fibril folds and thus also including its partially unfolded ends; 
II for the densely packed center of the simulated fibril, containing 
4–6 folds; III for the extremely densely packed inner part (central two 
folds) of the structure, which have not been considered for analysis 
alone, since accuracy of such small structural parts is expected to 
be too limited. c Plot of determined densities vs. relative content of 
water molecules, separated for the three sub-analyses and for natively 
folded BLG (black cross)
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cylindrical fibrils. For each sample, AFM image analysis was 
carried out to verify whether or not the preprocessing step 
was successful. One representative scan of the sample which 
was stressed at 19,000 rpm for 60 s is shown in Fig. 3a. 
Clearly, the deposited fibrils are of cylindrical shape. It is 
further evident that the fibrils are well defined and can be 
measured independently from their neighbors. Fibril entan-
glement and fibril bending are also not observed. Hence, the 
preprocessing step is considered successful. Fragmentation 
due to stressing of the fibrils is further evident when com-
paring our results from Fig. 3a with the AFM measurements 
of equivalent fibril solutions that were not subject to stress-
ing as shown by Heyn et al. (2019).

The statistical AFM image analysis was conducted by 
counting over 2000 particles for each sample. Therefore, 
the number of AFM images was chosen such that reliable 
statistics on the overall fibril length range was achieved for 
each individual sample. The number- and mass-weighted 
fibril length density distributions were obtained via a clas-
sification algorithm. The equation for the calculation of mass 
and number densities is provided in the ESI. The fibril length 
distributions are fitted with a lognormal distribution. One 
representative mass density distribution is shown in Fig. 3b. 
This particular sample has a mean fibril length of 395 nm 
and a minimum and maximum fibril length at 80 nm and 
810 nm, respectively. The statistical AFM analysis and the 
retrieved fibril length distributions of further samples are 
shown in the ESI.

BD simulations influence of remaining 
non‑aggregated material in solution

In this section of the manuscript, the difference in the sedi-
mentation properties of NAM and fibrils are investigated 
theoretically. The simulated data clearly indicate that the 
sedimentation properties of the fibrils are not affected by 
the presence of NAM. The conversion from native BLG and 
peptides to amyloid fibrils amounts up to 45%, as shown by 

filtration experiments (Heyn et al. 2019). The sedimenta-
tion properties of NAM differ significantly from those of 
amyloid fibrils. The selection of the experimental param-
eters for the AUC experiments targets the detection of the 
fibrils in dispersion. However, it is not possible to detect 
NAM in the same experiment, since it has not yet passed the 
detector position. Consequently, NAM does not sediment 
from meniscus to bottom within the experiment and thus 
remains in solution. Slight sedimentation of NAM might 
result in small intensity fluctuations at the detector and will 
further influence the absolute dilution of the larger sediment-
ing species. This would directly translate into an error in the 
sedimentation coefficient distribution. Details can be taken 
from respective publications, e.g., see the work from Scott 
and co-workers (Patel et al. 2018). To evaluate the influ-
ence of the presence of NAM on the apparent sedimentation 
properties of fibrils in the AUC experiment, auxiliary BD 
simulations were carried out. Therefore, three representative 
species were considered. Two represent BLG fibril-like mac-
romolecules which sediment at 50 S and 100 S, which are 
the properties of fibrils which were found experimentally. A 
sedimentation coefficient of 4 S is assigned to the remaining 
species which is NAM.

The overall results of the BD simulations are summarized 
in Fig. 4. First, it shows the input distribution to the BD sim-
ulation as a blue dashed line. Second, since the NAM will 
not be obtained by the analysis, it is excluded from the input 
distribution and the remaining and renormalized distribution 
is shown as a red dashed line in Fig. 4. For this, a cutoff at 
10 S was introduced. Finally, the result from the analysis is 
shown in Fig. 4 as a black straight line. Evidently, the renor-
malized input distribution and the result form the analysis 
match perfectly. These results indicate that any interference 
caused by NAM is absent and the sedimentation properties 
of fibrils can be analyzed accurately regardless of the pres-
ence of NAM. This enables a comprehensive AUC analysis 
of cylinder-like fibrils in solution.

Fig. 3   a AFM image of stressed 
BLG fibrils deposited onto mica 
via drop coating. The dimen-
sions of the waver are 5 µm in 
each direction. b Normalized 
mass density and mass cumula-
tive distribution of the fibril 
length from analyzing the AFM 
image. Mass density distribu-
tion is fitted to perform further 
analysis steps. The stressing 
conditions in the Ultra Turaxx 
were 19 krpm for 60 s



753European Biophysics Journal (2020) 49:745–760	

1 3

Sedimentation properties of fragmented 
cylinder‑like fibrils

Stressed samples were diluted to 1 g L−1 to optimize the 
optical signal throughout the AUC experiments. An exem-
plary result from a single AUC experiment is provided in 
Fig. 5a. Since the retrieved distribution is tailing, it resem-
bles a Weibull-type distribution and was therefore fitted 
accordingly. From integration of the measured distribution, 
the cumulative sedimentation coefficient distributions are 
obtained. Figure 5b depicts six representative cumulative 
sedimentation coefficient distributions from samples that 
were stressed at different stress levels. Evidently, the distri-
butions are continuous and shift as a function of the stress 
intensity.

A comparison with the theoretical relationship between 
sedimentation coefficient and fibril length indicates that 
the measured mean fibril lengths are in the order of 
300–600 nm, which is in line with our AFM measure-
ments. A detailed discussion of the retrieval of mean fibril 
length as well as the entire fibril lengths distribution from 
AUC experiments is presented in later parts of this manu-
script. However, it is already evident in Fig. 5b that all 
sedimentation coefficient distributions have their minimum 
at a defined sedimentation coefficient. This observation 
points toward the fact that the minimal fibril length is 
almost identical, independent of the applied energy input.

To calculate the minimal length, a thorough understand-
ing of the hydrodynamic properties of fibrils is developed 
first. Therefore, mass density distributions from AFM 
measurements were converted to sedimentation coefficient 
distributions assuming a constant fibril height of 4.7 nm. 
This value corresponds to the mean fibril heights from 
literature of 4.0 nm plus the height of two surrounding 
water layers that are attached to the surface of the fibrils. 
We verified these values by measuring the height of the 
samples using AFM on 12 different fibrils. Our results 
confirmed a height of 4 nm (3.8 ± 0.5 nm). A detailed 
analysis of the fibril height via statistical AFM analysis 
has been conducted in literature (Adamcik et al. 2010) and 
showed similar results. The effective density of the fibril 
structures in solution were taken from our MD simula-
tions. The frictional ratio f/f0 of the fibrils in solution was 
calculated based on Eq. (5).

The calculated sedimentation coefficient distribution 
from a representative AFM measurement alongside the 
measured distribution from AUC is depicted in Fig. 6a. 
The density distributions were therefore converted from 
extinction weighted to mass weighted to enable a thorough 
comparison with AFM data. This conversion was carried 

Fig. 4   Cumulative sedimentation coefficient distributions as input to 
BD simulations (blue dashed line) alongside the distribution without 
the monomer and a cutoff at 10 S (red dashed–dotted line). Further-
more, the analyzed distribution from data analysis is depicted. The 
input to the BD simulation and the result from analysis of simulated 
data matches perfectly

Fig. 5   a Exemplary measured sedimentation coefficient den-
sity distribution from AUC and applied Weibull fit for a stressed 
(19,000 rpm for 60 s) sample using the rotor stator setup. b Extinc-
tion cumulative sedimentation coefficient distributions as measured 
via AUC experiments for different stressing conditions. The sedimen-

tation coefficient distributions shift to lower values with increasing 
stress intensity. The stressing time as well as the rotational speed of 
the Ultra Turrax was varied to compare the results from various stress 
intensities
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out under the assumption that each individual fibril con-
sists of individual subunits, each contributing equally to 
the extinction signal. Finally, our results show that the 
modal sedimentation coefficients from AUC and AFM are 
identical. This in turn proves the correctness of effective 
density which was retrieved from the MD simulations and 
the approach taken in this work.

All samples were analyzed accordingly and the sedi-
mentation coefficient distributions from both, AUC and 
statistical AFM analysis were compared for the applied 
rotor revolutions n, which is a measure of the volume 
specific energy input. Here, the retrieved results are sum-
marized in Fig. 6b. In this plot, the data points indicate 
the modal sedimentation coefficients of the underlying 
distributions. Moreover, the bars represent the width of 
each individual distribution. Notably, each sample was 
monomodal. The modal sedimentation coefficients match 
for all stress intensities. The relative differences are in the 
order of 2–3%. Also, with increasing rotor revolution and 
thus stress intensity, the modal sedimentation coefficient 
decreases from 42 to 25 S. This is evidence for an underly-
ing comminution kinetic. Conclusively, mean sedimenta-
tion properties of cylinder-like fibrils measured directly in 
dispersion can be predicted when knowing the structure 
and the effective density. In summary, this enables a com-
prehensive, fast and efficient analysis of the mean sedi-
mentation properties of fragmented cylinder-like fibrils 
via AUC in dependence of the applied process parameters.

However, the width of the sedimentation coefficient dis-
tributions from both techniques differs considerably. While 
the AUC results exhibit a width of ± 20 to ± 40 S, statistical 
AFM analysis yields a much smaller width of ± 5 S. This 
distinct difference is in parts due to better sample statis-
tics of the AUC and clearly highlights the strength of fast 
AUC analysis over tedious AFM counting. The increase of 
the broadening can further be attributed to the fact that the 

height of the fibrils is not constant and therefore alters the 
sedimentation coefficient as can be seen from Eq. (4). Since 
this is essential to the understanding of fibrils, the influ-
ence of a two-dimensional height and length distribution 
on sedimentation properties will be discussed in subsequent 
chapters of this manuscript.

Retrieval of the length distribution from AUC 
experiments and AFM image analysis

In literature, it is discussed how the length distribution of 
fibrils alongside their number concentration are involved in 
amyloid diseases and therefore have a significant impact on 
their cytotoxicity; see e.g. Smith et al. (2015). Hence, fast 
and reliable methods that determine the entire fibril length 
distribution efficiently are needed. We converted the sedi-
mentation coefficient distribution measured by AUC to fibril 
length distributions applying Eq. (4) and assuming an effec-
tive height of 4.7 nm. Again, the effective fibril density was 
retrieved from MD simulations.

Figure 7a shows a representative distribution for a sample 
that was stressed for 60 s at 19,000 rpm. The increased width of 
the sedimentation coefficient distributions from AUC directly 
translates into an increased width of the length distribution. 
Nevertheless, as can be seen in Fig. 7a, the distributions agree 
well in the lower part of the distribution, hence for fibril lengths 
below 700 nm. Furthermore, the mean fibril lengths match.

Consequently, the fibril lengths were retrieved for all 
samples from AUC measurements and compared with the 
results from statistical AFM measurements. The results are 
summarized in Fig. 7b. The mass cumulative fractions of 0.1 
and 0.9 alongside the mean fibril length, denoted as Q10, Q90 
and Q50, respectively, are displayed as retrieved from both 
analytical techniques.

Analogous to the discussion of sedimentation proper-
ties, the mean fibril length is reproduced by both techniques 

Fig. 6   a Mass density sedimentation coefficient distribution as meas-
ured from AUC (black dashed line) alongside the sedimentation coef-
ficient distribution as calculated from AFM analysis for an assumed 
fibril height of 4.7  nm for different stressing conditions. The AFM 

distribution is interpolated for further data analysis. b Modal mass-
weighted sedimentation coefficients from AUC experiments and from 
modal mass-weighted AFM analysis for different stressing conditions. 
The width of the analyzed distribution is indicated as bars
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and the trends match quite well. The underlying commi-
nution kinetic is evident. It is interesting to note that the 
fibril lengths at a mass cumulative fraction of 0.1 match to 
a reasonable degree. At higher fibril lengths, represented by 
mass cumulative fractions of 0.9 in Fig. 7b, these approxi-
mations do not hold any more. Large fibril fragments are 
expected to be more flexible throughout the AUC experi-
ment as concluded from the high ratio of contour to persis-
tence length. Moreover, the AFM measurement is carried 
out at dried state where drying effects may lead to a more 
stiff conformation and hence reduced flexibility (Adamcik 
and Mezzenga 2012).

In summary, these results demonstrate the possibility 
to determine mean fibril lengths and fibril length distribu-
tions up to a length of around 700 nm. Generally, the upper 
parts of the retrieved length distributions are not accurately 
described. If the ratio of contour to persistence length 
exceeds a certain value, the approximation of a cylinder-like 
structure breaks down because of increased flexibility of the 
fibril molecules. In such cases, only sedimentation proper-
ties should be used to quantify and describe fibril properties 
directly in solution. Notably, it is possible to investigate fibril 
structures of irregular shape. However, one prerequisite is 
the precise knowledge of the frictional properties of these 
structures. For known structures, well-validated strategies 
exist to calculate frictional properties from a structure, such 
as well-known bead modelling tools (García de la Torre and 
Rodes 1983).

Detailed analysis of the sedimentation coefficient 
distribution based on a two‑dimensional height 
and length distribution

As mentioned in the introduction to this manuscript, fibril 
structures do not exhibit a constant height. Literature studies 

demonstrate that there are defined subpopulations of vari-
ous fibril heights: one main subpopulation at 4.0 ± 0.5 nm 
and two further distinct subpopulations at 2.0 nm ± 0.4 nm 
and 6.0 nm ± 0.4 nm, respectively (Adamcik et al. 2010). 
Therefore, we investigated the impact of a 2D distribution 
in length and diameter of the fragmented and cylinder-like 
fibrils on the sedimentation coefficient distributions. It will 
be shown how the increased width of the distributions from 
AUC measurement can partly be attributed to the various 
heights of fibrils in solution.

A representative length distribution was taken from statis-
tical AFM analysis. Next, a normal height distribution with 
a mean height of 4.0 nm and a standard deviation of 1 nm 
was theoretically generated, based on the literature values 
from Adamcik et al. (2010). These two distributions were 
then multiplied with each other to obtain a 2D height and 
length distribution. A schematic illustration of this proce-
dure is provided in the ESI. A representative 2D distribu-
tion is displayed in Fig. 8a. For all combinations of length 
and diameter of the 2D map, sedimentation coefficients are 
calculated by applying Eq. (4). Eventually, all sedimentation 
coefficients are classified to retrieve the resulting sedimenta-
tion coefficient distributions.

The result is presented in Fig. 8b. For a comparison, the 
sedimentation coefficient distribution from a one-dimen-
sional length distribution and constant fibril height of 4.7 nm 
is provided alongside the measured distribution from an 
AUC experiment.

The width of the one-dimensional sedimentation coef-
ficient distribution increases immensely from ± 5 to ± 35 S 
when an underlying 2D distribution is assumed. Moreover, 
the tailing of the distribution at higher sedimentation coef-
ficients (above 50 S) is in good agreement with the results 
from the auxiliary AUC measurement. Moreover, one can 
see that the maximum of the sedimentation coefficient 

Fig. 7   a Mass cumulative fibril length distribution as calculated from 
AUC measurements taking into account the entire sedimentation 
coefficient distribution and an assumed fibril height of 4.7 nm (gray 
straight line) alongside the measured length distribution from AFM 
measurements (red dashed line). b Fibril length at different fractions 

of the mass cumulative distribution (Q10, Q50 and Q90, indicated by 
different colors, respectively) from AFM measurements (triangles) 
and AUC measurements (circles) as a function of different stressing 
conditions. The overall trend is indicated with a black dash–dotted 
line
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distribution calculated from the 2D distribution slightly 
shifts toward lower sedimentation coefficients compared to 
the 1D distribution. This is due to the fact that the distribu-
tion shows slight tailing at larger sedimentation coefficient, 
as can be seen in Fig. 8b. The distribution is no longer of 
Gaussian shape; hence the mean sedimentation coefficient 
is no longer represented by the modal sedimentation coef-
ficient. However, it is worth mentioning that the mean sedi-
mentation coefficient, calculated from either a 1D or 2D 
distribution, remains with a good approximation constant 
and thus in perfect agreement with each other.

At rather low sedimentation coefficients (below 15 S), 
the results from the AUC measurement do not match the 
prediction from the 2D distribution. This is attributed to the 
fact that short fibril lengths in combination with low fibril 
heights are merely a product of the theoretical considera-
tions and have been observed in neither the statistical AFM 
analysis nor AUC measurements. Thus, the presence of 
fibrils exhibiting these dimensions can be excluded and are 
therefore not present in solution.

In summary, this short theoretical discussion demon-
strates well how the increase in the width of the sedimen-
tation properties of BLG fibrils is caused by the fact that 
both geometrical parameters, namely height and length, are 
distributed properties.

Notably, the properties measured via AUC include the 
effect of the entire 2D distribution. Moreover, slight contri-
butions from side chains within the fibril structure, such as 
H-bonding sites and branched residues (Chou et al. 1983; 
Wouters and Curmi 1995), affect the orientation and inter-
molecular interactions within fibrils which might result in 
a slightly different sedimentation behaviour. However, as 
these side chains contribute only marginally to the mass of 

the fibrils, these minor differences in the sedimentation coef-
ficient cannot be resolved using AUC and must therefore 
be neglected. Furthermore, any effects of concentration-
dependent non-ideality are reduced due to the very low 
concentration (0.01 wt%) (Uttinger et al. 2017). With this, 
we propose to establish sedimentation properties of amyloid 
fibrils as a representative parameter to study their functional-
ity and effects.

Determination of the mean fibril length 
from the mean and modal sedimentation coefficient 
as a function of the energy input

As clearly evident in Fig. 6b, the modal sedimentation coef-
ficient scales with the number of rotations. In the following, 
insight is provided into the underlying fibril comminution 
mechanism using Ultra Turrax. Furthermore, the results 
from both AFM and AUC analysis are compared and differ-
ences are discussed in detail. Mean and modal fibril lengths, 
as measured by statistical AFM analysis, are displayed in 
Fig. 9a. It is evident that all fibril lengths from AFM meas-
urements as a function of the number of rotations exhibit 
a linear dependency in the logarithmic plot. The energy 
input is a function of the rotor geometry as well as the slit 
geometry at the rotor. Each rotor stator setup has its own 
characteristics in terms of energy input and performance 
(Håkansson 2018; Zhang et al. 2012). Here, we applied the 
number of rotations to evaluate the comminution kinetics 
of BLG fibrils.

As indicated in Fig. 9a and b, one data point is excluded 
from the analysis. This data point corresponds to stressing 
conditions of 11000 rpm for 5 s. Within this short time, 
the flow pattern around the stirrer is not fully developed. 

Fig. 8   a 2D height and length mass-weighted density distribution 
of BLG fibrils. The underlying length distribution is taken from sta-
tistical AFM analysis, while the height distribution is assumed to 
be normally distributed. The two distributions were considered to 
be independent when combining them mathematically. b Mass den-
sity sedimentation coefficient distribution as calculated from a two-

dimensional height and length distribution of BLG fibrils (red straight 
line). Broadening of the sedimentation coefficient distribution is 
observed with respect to the case of constant fibril height. A mass-
weighted sedimentation coefficient distribution from AUC measure-
ment is shown for comparison
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Furthermore, mean and modal fibril lengths are obtained 
from AUC and the values are displayed in Fig. 9a. The cal-
culations of the fibril lengths from measured sedimenta-
tion properties of AUC experiments is carried out based on 
Eqs. (4) and (5). Again, the effective density is taken from 
MD simulations and the calculations are performed assum-
ing a constant fibril height of 4.7 nm. The later assump-
tion is applied since it is impossible to retrieve informa-
tion on the entire 2D distribution from AUC experiments 
for this system. However, the mean and modal values are 
discussed, which will provide first insight into the commi-
nution kinetics.

As expected and clearly evident in Fig. 9b, modal fibril 
lengths taken from AUC experiments and statistical AFM 
analysis are in the order of 100–800 nm and follow a linear 
relationship in the logarithmic plot.

For this range, the relative differences from the linear 
trends are in the order of 5–10%, which is due to the high 
sample polydispersity and complexity of the fibril structure 
in solution. Furthermore, small differences may be attributed 
to a change in flexibility, which can be quantified by the ratio 
of contour to persistence length (Adamcik und Mezzenga 
2012). Further influences might be specific interactions of 
several fibrils, which lead to coiling and further aggregat-
ing effects that in turn affect the sedimentation properties. 
Hence, even though the ratio of contour to persistence length 
is in the order of one, a certain degree of flexibility might be 
maintained (Sagis et al. 2004).

From a combination of Eqs. (8) and (9), one can derive 
the following relationship between the number of rotations 
n and the applied energy per volume EV:

Consequently, considering Eq. (7), the fibril lengths can 
be related in good approximation to the number of rotations 
as well as the applied energy per volume EV according to the 
following relationship:

(11)EV ∼ n3

(12)lfibril ∼ E−b
v

∼ n−3b.

Hence, the size reduction exponent b is determined for 
mean and modal fibril lengths as indicated by the linear fits 
in Fig. 9 and the retrieved values are presented in Fig. 10.

Evidently, the size reduction exponents for the modal 
fibril length agree very well. The differences for the mean 
values are attributed to the wider distributions of the AUC 
measurements in comparison with the AFM data. This 
effect is not constant within each individual sample which 
accounts for the scatter in the trends in Fig. 9b.

The fibril length scales with the volume specific energy 
input as shown in the ESI. Given that Ne is only approxi-
mately constant under the applied operating conditions of 
Ultraturrax, the dependency is within the expected range.

Remarkably, the size reduction exponent is in the same 
order of magnitude as the results for completely different 
material systems and stressing conditions, namely the size 
reduction of graphene oxide (Nacken et al. 2017), and other 
processes such as spraying (Walzel 1990) and emulsifi-
cation (Behrend et al. 2000). These results underline the 
importance of fundamental scaling laws for size reduction 
induced by fluid stresses. In summary, modal sedimenta-
tion coefficient as measured from AUC can be applied to 
study the comminution kinetic of fibrils directly in solution. 

Fig. 9   a Mean and modal 
fibril lengths as a function 
of the stressing conditions as 
measured by statistical AFM 
analysis. b Calculated fibril 
length from mean and modal 
sedimentation coefficient as a 
function of the stressing condi-
tions as retrieved from AUC 
measurements

Fig. 10   Size reduction exponent b as determined from the mean and 
modal fibril length. The parameter is retrieved from AFM and AUC 
measurements
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This enables a fast, robust and reliable analysis of various 
systems. Hence, the presented method enables the efficient 
evaluation of fibril properties in dependence of relevant 
processing parameters directly in solution. We believe that 
based on our results, the fibril analysis via AUC and the 
investigation of the size reduction exponent can be extended 
to other relevant material systems. Hence, future directions 
on this topic go toward expanding this procedure to amy-
loids with different building blocks, such as α-synuclein, 
the tau protein or prion proteins, which play an essential 
role in neurodegenerative diseases, such as Alzheimer’s or 
Parkinson disease.

Summary and conclusion

Amyloid BLG fibril dispersions were stressed and frag-
mented using an Ultra Turrax. The BLG fibrils were ana-
lyzed by statistical AFM analysis and AUC experiments. 
The measured height and length data from AFM were 
converted into sedimentation coefficient distributions. For 
thorough calculations, the relative density changes from the 
native BLG to the more dense fibrils were obtained from 
MD simulations. To account for drying effects upon sample 
preparation for AFM measurements, two surrounding water 
layers were added to the height of fibrils for the calculation 
of sedimentation properties in solution. The maxima of both 
sedimentation coefficient distributions smax agree very well.

Furthermore, we theoretically studied the influence of a 
2D length and height distribution of the fragmented fibrils 
and related it to the 1D sedimentation properties under the 
assumption of a constant fibril height. We propose to uti-
lize the sedimentation coefficient distribution qS to describe 
fibrils in solution, since qS contains information of fibril 
length, diameter and density.

Material-dependent size reduction parameters retrieved 
from statistical AFM and AUC measurements match per-
fectly. The underlying scaling law for the sedimentation 
coefficient or the equivalent fibril length as a function of 
the applied stress intensity acting in the Ultra Turrax is very 
similar to that for other material systems and top-down pro-
cesses including grinding, emulsification and spraying.

Acknowledgements  Open Access funding provided by Projekt DEAL. 
This project was funded by DFG SPP 1934 DiSPBiotech (Project no. 
315456892 and 315396049). UJ thanks the DFG project with the pro-
ject number 315394485, and the BMBF (Grant 031B0222).

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 

included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

Adamcik J, Jung JM, Flakowski J, Los Rios P, Dietler G, Mezzenga R 
(2010) Understanding amyloid aggregation by statistical analysis 
of atomic force microscopy images. Nat Nanotechnol 5(6):423–
428. https​://doi.org/10.1038/nnano​.2010.59

Adamcik J, Mezzenga R (2012) Study of amyloid fibrils via atomic 
force microscopy. Curr Opin Colloid Interface Sci 17(6):369–
376. https​://doi.org/10.1016/j.cocis​.2012.08.001

Andersson KM, Hovmöller S (1998) The average atomic volume and 
density of proteins. Zeitschrift für Kristallographie Cryst Mater 
213(7–8):237. https​://doi.org/10.1524/zkri.1998.213.7-8.369

Becker M, Kwade A, Schwedes J (2001) Stress intensity in stirred 
media mills and its effect on specific energy requirement. Int J 
Miner Process 61(3):189–208. https​://doi.org/10.1016/S0301​
-7516(00)00037​-5

Behrend O, Ax K, Schubert H (2000) Influence of continuous phase 
viscosity on emulsification by ultrasound. Ultrason Sonochem 
7(2):77–85. https​://doi.org/10.1016/S1350​-4177(99)00029​-2

Berendsen HJC, van der Spoel D, van Drunen R (1995) GROMACS: 
a message-passing parallel molecular dynamics implementa-
tion. Comput Phys Commun 91(1–3):43–56. https​://doi.
org/10.1016/0010-4655(95)00042​-E

Binger KJ, Ecroyd H, Yang S, Carver JA, Howlett GJ, Griffin MDW 
(2013) Avoiding the oligomeric state: αB-crystallin inhib-
its fragmentation and induces dissociation of apolipoprotein 
C-II amyloid fibrils. FASEB J 27(3):1214–1222. https​://doi.
org/10.1096/fj.12-22065​7

Brown PH, Schuck P (2006) Macromolecular size-and-shape dis-
tributions by sedimentation velocity analytical ultracentrifu-
gation. Biophys J 90(12):4651–4661. https​://doi.org/10.1529/
bioph​ysj.106.08137​2

Cao Y, Mezzenga R (2019) Food protein amyloid fibrils: origin, 
structure, formation, characterization, applications and health 
implications. Adv Colloid Interface Sci 269:334–356. https​://
doi.org/10.1016/j.cis.2019.05.002

Chiti F, Dobson CM (2006) Protein misfolding, functional amyloid, 
and human disease. Annu Rev Biochem 75:333–366. https​://doi.
org/10.1146/annur​ev.bioch​em.75.10130​4.12390​1

Chou KC, Nemethy G, Scheraga HA (1983) Effect of amino acid 
composition on the twist and the relative stability of parallel and 
antiparallel beta-sheets. Biochemistry 22(26):6213–21. https​://
doi.org/10.1021/bi002​95a02​7

Damm C, Nacken ThJ, Peukert W (2015) Quantitative evaluation of 
delamination of graphite by wet media milling. Carbon 81:284–
294. https​://doi.org/10.1016/j.carbo​n.2014.09.059

Díez AI, Ortega A, de la Tore JG (2011) Brownian dynamics simula-
tion of analytical ultracentrifugation experiments. BMC Biophy 
4(1):6. https​://doi.org/10.1186/2046-1682-4-6

Eisenberg DS, Sawaya MR (2017) Structural studies of amyloid pro-
teins at the molecular level. Annu Rev Biochem 86:69–95. https​
://doi.org/10.1146/annur​ev-bioch​em-06151​6-04510​4

García de la Torre J, Rodes V (1983) Effects from bead size and 
hydrodynamic interactions on the translational and rotational 
coefficients of macromolecular bead models. J Chem Phys 
79(5):2454–2460. https​://doi.org/10.1063/1.44605​4

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nnano.2010.59
https://doi.org/10.1016/j.cocis.2012.08.001
https://doi.org/10.1524/zkri.1998.213.7-8.369
https://doi.org/10.1016/S0301-7516(00)00037-5
https://doi.org/10.1016/S0301-7516(00)00037-5
https://doi.org/10.1016/S1350-4177(99)00029-2
https://doi.org/10.1016/0010-4655(95)00042-E
https://doi.org/10.1016/0010-4655(95)00042-E
https://doi.org/10.1096/fj.12-220657
https://doi.org/10.1096/fj.12-220657
https://doi.org/10.1529/biophysj.106.081372
https://doi.org/10.1529/biophysj.106.081372
https://doi.org/10.1016/j.cis.2019.05.002
https://doi.org/10.1016/j.cis.2019.05.002
https://doi.org/10.1146/annurev.biochem.75.101304.123901
https://doi.org/10.1146/annurev.biochem.75.101304.123901
https://doi.org/10.1021/bi00295a027
https://doi.org/10.1021/bi00295a027
https://doi.org/10.1016/j.carbon.2014.09.059
https://doi.org/10.1186/2046-1682-4-6
https://doi.org/10.1146/annurev-biochem-061516-045104
https://doi.org/10.1146/annurev-biochem-061516-045104
https://doi.org/10.1063/1.446054


759European Biophysics Journal (2020) 49:745–760	

1 3

Håkansson A (2018) Rotor-stator mixers: from batch to continuous 
mode of operation a review. Processes 36(4):32. https​://doi.
org/10.3390/pr604​0032

Hansen S (2004) Translational friction coefficients for cylin-
ders of arbitrary axial ratios estimated by Monte Carlo 
simulation. J Chem Phys 121(18):9111–9115. https​://doi.
org/10.1063/1.18035​33

Harding S, Gillis R, Almutairi F, Erten T, Kök M, Adams G (2015) 
Recent advances in the analysis of macromolecular interactions 
using the matrix-free method of sedimentation in the analytical 
ultracentrifuge. Biology 4(1):237–250. https​://doi.org/10.3390/
biolo​gy401​0237

Heyn TR, Garamus VM, Neumann HR, Uttinger MJ, Guckeisen T, 
Heuer M, Selhuber-Unkel C, Peukert W, Keppler JK (2019) Influ-
ence of the polydispersity of pH 2 and pH 35 beta-lactoglobulin 
amyloid fibril solutions on analytical methods. Eur Polymer J 
120:109211. https​://doi.org/10.1016/j.eurpo​lymj.2019.08.038

Humblet-Hua N-P, van der Linden E, Sagis LMC (2012) Microcap-
sules with protein fibril reinforced shells: effect of fibril prop-
erties on mechanical strength of the shell. J Agric Food Chem 
60(37):9502–9511. https​://doi.org/10.1021/jf302​4529

Humphrey W, Dalke A, Schulten K (1996) VMD: Visual molec-
ular dynamics. J Mol Graph 14(1):33–38. https​://doi.
org/10.1016/0263-7855(96)00018​-5

Kaminski GA, Friesner RA, Tirado-Rives J, Jorgensen WL (2001) 
Evaluation and reparametrization of the OPLS-AA force field for 
proteins via comparison with accurate quantum chemical calcula-
tions on peptides. J Phys Chem B 105(28):6474–6487. https​://doi.
org/10.1021/jp003​919d

Keppler JK, Heyn TR, Meissner PM, Schrader K, Schwarz K (2019) 
Protein oxidation during temperature-induced amyloid aggrega-
tion of beta-lactoglobulin. Food Chem 289:223–231. https​://doi.
org/10.1016/j.foodc​hem.2019.02.114

Knieke C, Steinborn C, Romeis S, Peukert W, Breitung-Faes S, Kwade 
A (2010) nanoparticle production with stirred-media mills: oppor-
tunities and limits. Chem Eng Technol 33(9):1401–1411. https​://
doi.org/10.1002/ceat.20100​0105

Knieke C, Romeis S, Peukert W (2011) Influence of process parameters 
on breakage kinetics and grinding limit at the nanoscale. AIChE J 
57(7):1751–1758. https​://doi.org/10.1002/aic.12408​

Knowles TPJ, Mezzenga R (2016) Amyloid fibrils as building 
blocks for natural and artificial functional materials. Adv Mater 
28(31):6546–6561. https​://doi.org/10.1002/adma.20150​5961

Knowles TPJ, Waudby CA, Devlin GL, Cohen SIA, Aguzzi A, Ven-
druscolo M et al (2009) An analytical solution to the kinetics of 
breakable filament assembly. Science 326(5959):1533–1537. https​
://doi.org/10.1126/scien​ce.11782​50

Koo CKW, Chung C, Ogren T, Mutilangi W, McClements DJ (2018) 
Extending protein functionality: microfluidization of heat dena-
tured whey protein fibrils. J Food Eng 223:189–196. https​://doi.
org/10.1016/j.jfood​eng.2017.10.020

Lee JC, Timasheff SN (1974) Partial specific volumes and interactions 
with solvent components of proteins in guanidine hydrochloride. 
Biochemistry 13(2):257–265. https​://doi.org/10.1021/bi006​99a00​
5

Lee Y-H, Chatani E, Sasahara K, Naiki H, Goto Y (2009) A compre-
hensive model for packing and hydration for amyloid fibrils of 
beta2-microglobulin. J Biol Chem 284(4):2169–2175. https​://doi.
org/10.1074/jbc.M8069​39200​

Lindahl E, Hess B, Van Der Spoel D (2001) GROMACS 30: a package 
for molecular simulation and trajectory analysis. Mol Model Ann 
7(8):306–317. https​://doi.org/10.1007/s0089​40100​045

Liu Y, Fallon L, Lashuel HA, Liu Z, Lansbury PT (2002) The 
UCH-L1 gene encodes two opposing enzymatic activities 
that affect α-synuclein degradation and parkinson’s disease 

susceptibility. Cell 111(2):209–218. https​://doi.org/10.1016/
S0092​-8674(02)01012​-7

MacRaild CA, Hatters DM, Lawrence LJ, Howlett GJ (2003) Sedimen-
tation velocity analysis of flexible macromolecules: self-associa-
tion and tangling of amyloid fibrils. Biophys J 84(4):2562–2569. 
https​://doi.org/10.1016/S0006​-3495(03)75061​-9

Nacken TJ, Halbig CE, Wawra SE, Damm C, Romeis S, Walter J et al 
(2017) Structural factors controlling size reduction of graphene 
oxide in liquid processing. Carbon 125:360–369. https​://doi.
org/10.1016/j.carbo​n.2017.09.066

Oboroceanu D, Wang L, Kroes-Nijboer A, Brodkorb A, Venema P, 
Magner E, Auty MAE (2011) The effect of high pressure micro-
fluidization on the structure and length distribution of whey pro-
tein fibrils. Int Dairy J 21(10):823–830. https​://doi.org/10.1016/j.
idair​yj.2011.03.015

Patel TR, Winzor DJ, Scott DJ (2018) Allowance for radial dilution in 
evaluating the concentration dependence of sedimentation coef-
ficients for globular proteins. Eur Biophy J 47(3):291–295. https​
://doi.org/10.1007/s0024​9-017-1259-x

Pieri L, Madiona K, Bousset L, Melki R (2012) Fibrillar α-synuclein 
and huntingtin exon 1 assemblies are toxic to the cells. Biophys 
J 102(12):2894–2905. https​://doi.org/10.1016/j.bpj.2012.04.050

Quillin ML, Matthews BW (2000) Accurate calculation of the density 
of proteins. Acta Crystallograph 56(Pt 7):791–794. https​://doi.
org/10.1107/s0907​44490​00067​9x

Sagis LMC, Veerman C, van der Linden E (2004) Mesoscopic prop-
erties of semiflexible amyloid fibrils. Langmuir 20(3):924–927. 
https​://doi.org/10.1021/la035​390s

Schuck P (2000) Size-distribution analysis of macromolecules by 
sedimentation velocity ultracentrifugation and Lamm equation 
modeling. Biophys J 78(3):1606–1619. https​://doi.org/10.1016/
S0006​-3495(00)76713​-0

Schuck P, MacPhee CE, Howlett GJ (1998) Determination of sedimen-
tation coefficients for small peptides. Biophys. J 74(1):466–474. 
https​://doi.org/10.1016/S0006​-3495(98)77804​-X

Schuck P, Rossmanith P (2000) Determination of the sedimentation 
coefficient distribution by least-squares boundary modeling. 
Biopolymers 54(5):328–341. https​://doi.org/10.1002/1097-
0282(20001​015)54:5%3c328​:AID-BIP40​%3e3.0.CO;2-P

Serfert Y, Lamprecht C, Tan C-P, Keppler JK, Appel E, Ross-
ier-Miranda FJ et  al (2014) Characterisation and use of 
β-lactoglobulin fibrils for microencapsulation of lipophilic ingre-
dients and oxidative stability thereof. J Food Eng 143:53–61. https​
://doi.org/10.1016/j.jfood​eng.2014.06.026

Sipe JD, Cohen AS (2000) Review: history of the amyloid fibril. 
J Struct Biol 130(2–3):88–98. https​://doi.org/10.1006/
jsbi.2000.4221

Smith RAS, Nabok A, Blakeman BJF, Xue W-F, Abell B, Smith DP 
(2015) Analysis of toxic amyloid fibril interactions at natively 
derived membranes by ellipsometry. PLoS One 10(7):e0132309. 
https​://doi.org/10.1371/journ​al.pone.01323​09

Sunde M, Serpell LC, Bartlam M, Fraser PE, Pepys MB, Blake CC 
(1997) Common core structure of amyloid fibrils by synchro-
tron X-ray diffraction. J Mol Biol 273(3):729–739. https​://doi.
org/10.1006/jmbi.1997.1348

Tarutani A, Suzuki G, Shimozawa A, Nonaka T, Akiyama H, Hisan-
aga S-I, Hasegawa M (2016) The effect of fragmented patho-
genic α-synuclein seeds on prion-like propagation. J Biol Chem 
291(36):18675–18688. https​://doi.org/10.1074/jbc.M116.73470​7

Thajudeen T, Walter J, Srikantharajah R, Lübbert C, Peukert W 
(2017a) Determination of the length and diameter of nanorods 
by a combination of analytical ultracentrifugation and scanning 
mobility particle sizer. Nanoscale Horiz 2(5):253–260. https​://doi.
org/10.1039/C7NH0​0050B​

Thajudeen T, Walter J, Uttinger M, Peukert W (2017b) A compre-
hensive Brownian dynamics-based forward model for analytical 

https://doi.org/10.3390/pr6040032
https://doi.org/10.3390/pr6040032
https://doi.org/10.1063/1.1803533
https://doi.org/10.1063/1.1803533
https://doi.org/10.3390/biology4010237
https://doi.org/10.3390/biology4010237
https://doi.org/10.1016/j.eurpolymj.2019.08.038
https://doi.org/10.1021/jf3024529
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1021/jp003919d
https://doi.org/10.1021/jp003919d
https://doi.org/10.1016/j.foodchem.2019.02.114
https://doi.org/10.1016/j.foodchem.2019.02.114
https://doi.org/10.1002/ceat.201000105
https://doi.org/10.1002/ceat.201000105
https://doi.org/10.1002/aic.12408
https://doi.org/10.1002/adma.201505961
https://doi.org/10.1126/science.1178250
https://doi.org/10.1126/science.1178250
https://doi.org/10.1016/j.jfoodeng.2017.10.020
https://doi.org/10.1016/j.jfoodeng.2017.10.020
https://doi.org/10.1021/bi00699a005
https://doi.org/10.1021/bi00699a005
https://doi.org/10.1074/jbc.M806939200
https://doi.org/10.1074/jbc.M806939200
https://doi.org/10.1007/s008940100045
https://doi.org/10.1016/S0092-8674(02)01012-7
https://doi.org/10.1016/S0092-8674(02)01012-7
https://doi.org/10.1016/S0006-3495(03)75061-9
https://doi.org/10.1016/j.carbon.2017.09.066
https://doi.org/10.1016/j.carbon.2017.09.066
https://doi.org/10.1016/j.idairyj.2011.03.015
https://doi.org/10.1016/j.idairyj.2011.03.015
https://doi.org/10.1007/s00249-017-1259-x
https://doi.org/10.1007/s00249-017-1259-x
https://doi.org/10.1016/j.bpj.2012.04.050
https://doi.org/10.1107/s090744490000679x
https://doi.org/10.1107/s090744490000679x
https://doi.org/10.1021/la035390s
https://doi.org/10.1016/S0006-3495(00)76713-0
https://doi.org/10.1016/S0006-3495(00)76713-0
https://doi.org/10.1016/S0006-3495(98)77804-X
https://doi.org/10.1002/1097-0282(20001015)54:5%3c328:AID-BIP40%3e3.0.CO;2-P
https://doi.org/10.1002/1097-0282(20001015)54:5%3c328:AID-BIP40%3e3.0.CO;2-P
https://doi.org/10.1016/j.jfoodeng.2014.06.026
https://doi.org/10.1016/j.jfoodeng.2014.06.026
https://doi.org/10.1006/jsbi.2000.4221
https://doi.org/10.1006/jsbi.2000.4221
https://doi.org/10.1371/journal.pone.0132309
https://doi.org/10.1006/jmbi.1997.1348
https://doi.org/10.1006/jmbi.1997.1348
https://doi.org/10.1074/jbc.M116.734707
https://doi.org/10.1039/C7NH00050B
https://doi.org/10.1039/C7NH00050B


760	 European Biophysics Journal (2020) 49:745–760

1 3

(ultra) centrifugation. Part Part Syst Charact 34(1):1600229. https​
://doi.org/10.1002/ppsc.20160​0229

Uttinger MJ, Walter J, Thajudeen T, Wawra SE, Peukert W (2017) 
Brownian dynamics simulations of analytical ultracentrifugation 
experiments exhibiting hydrodynamic and thermodynamic non-
ideality. Nanoscale 2:200. https​://doi.org/10.1039/C7NR0​6583C​

van der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE, Berendsen 
HJC (2005) GROMACS: fast, flexible, and free. J Comput Chem 
26(16):1701–1718. https​://doi.org/10.1002/jcc.20291​

Veerman C, Baptist H, Sagis LMC, van der Linden E (2003) A new 
multistep Ca2+ induced cold gelation process for beta-lacto-
globulin. J Agric Food Chem 51(13):3880–3885. https​://doi.
org/10.1021/jf026​1396

Walter J, Gorbet G, Akdas T, Segets D, Demeler B, Peukert W (2016) 
2D analysis of polydisperse core–shell nanoparticles using ana-
lytical ultracentrifugation. Analyst 142(1):206–217. https​://doi.
org/10.1039/C6AN0​2236G​

Walter J, Löhr K, Karabudak E, Reis W, Mikhael J, Peukert W et al 
(2014) Multidimensional analysis of nanoparticles with highly 
disperse properties using multiwavelength analytical ultracen-
trifugation. ACS Nano 8(9):8871–8886. https​://doi.org/10.1021/
nn503​205k

Walter J, Nacken TJ, Damm C, Thajudeen T, Eigler S, Peukert W 
(2015) Determination of the lateral dimension of graphene oxide 
nanosheets using analytical ultracentrifugation. Small 11(7):814–
825. https​://doi.org/10.1002/smll.20140​1940

Walter J, Peukert W (2016) Dynamic range multiwavelength particle 
characterization using analytical ultracentrifugation. Nanoscale 
8(14):7484–7495. https​://doi.org/10.1039/c5nr0​8547k​

Walzel P (1990) Zerstäuben von Flüssigkeiten. Chem. Ing. Tech. 
62(12):983–994. https​://doi.org/10.1002/cite.33062​1203

Wawra SE, Pflug L, Thajudeen T, Kryschi C, Stingl M, Peukert W 
(2018) Determination of the two-dimensional distributions of gold 
nanorods by multiwavelength analytical ultracentrifugation. Nat 
Commun 9(1):4898. https​://doi.org/10.1038/s4146​7-018-07366​-9

Wouters MA, Curmi PM (1995) An analysis of side chain interac-
tions and pair correlations within antiparallel beta-sheets: the 
differences between backbone hydrogen-bonded and non-hydro-
gen-bonded residue pairs. Proteins 22(2):119–131. https​://doi.
org/10.1002/prot.34022​0205

Zhang J, Xu S, Li W (2012) High shear mixers: a review of typical 
applications and studies on power draw, flow pattern, energy dis-
sipation and transfer properties. Chem Eng Process 57–58:25–41. 
https​://doi.org/10.1016/j.cep.2012.04.004

Zlokarnik M (1999) Rührtechnik. Theorie und Praxis. Springer 
(Chemische Technik / Verfahrenstechnik), Berlin

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/ppsc.201600229
https://doi.org/10.1002/ppsc.201600229
https://doi.org/10.1039/C7NR06583C
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1021/jf0261396
https://doi.org/10.1021/jf0261396
https://doi.org/10.1039/C6AN02236G
https://doi.org/10.1039/C6AN02236G
https://doi.org/10.1021/nn503205k
https://doi.org/10.1021/nn503205k
https://doi.org/10.1002/smll.201401940
https://doi.org/10.1039/c5nr08547k
https://doi.org/10.1002/cite.330621203
https://doi.org/10.1038/s41467-018-07366-9
https://doi.org/10.1002/prot.340220205
https://doi.org/10.1002/prot.340220205
https://doi.org/10.1016/j.cep.2012.04.004

	Measurement of length distribution of beta-lactoglobulin fibrils by multiwavelength analytical ultracentrifugation
	Abstract
	Introduction
	Theoretical background
	Operational principle of the AUC​
	Calculation of sedimentation coefficient for cylinders

	Materials and methods
	Assessment of effective fibril densities using molecular dynamics
	Fibril preparation
	Stressing of fibrils using Ultra Turrax
	Scaling law for size reduction

	Atomic force microscopy AFM
	Sample preparation
	Measurement
	Image analysis

	Analytical ultracentrifugation
	Simulation of AUC data
	Gravitational sweep experiments

	Results and discussion
	Molecular dynamics simulations of the densification of fibril-like structures
	Statistical AFM image analysis
	BD simulations influence of remaining non-aggregated material in solution
	Sedimentation properties of fragmented cylinder-like fibrils
	Retrieval of the length distribution from AUC experiments and AFM image analysis
	Detailed analysis of the sedimentation coefficient distribution based on a two-dimensional height and length distribution
	Determination of the mean fibril length from the mean and modal sedimentation coefficient as a function of the energy input

	Summary and conclusion
	Acknowledgements 
	References




