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Inherent Adaptivity of Alzheimer Peptides to Crowded
Environments

Silvia De Sio, Jana Waegele, Twinkle Bhatia, Bruno Voigt, Hauke Lilie, and Maria Ott*

Amyloid 𝜷 (A𝜷) is the major constituent in senile plaques of Alzheimer’s
disease in which peptides initially undergo structural conversions to form
elongated fibrils. The impact of crowding on the fibrillation pathways of A𝜷40

and A𝜷42, the most common peptide isoforms are studied. PEG and Ficoll are
used as model crowders to mimic a macromolecular enriched surrounding.
The fibrillar growth is monitored with the help of ThT-fluorescence assays in
order to extract two rates describing primary and secondary processes of
nucleation and growth. Techniques as fluorescence correlation spectroscopy
and analytical ultracentrifugation are used to discuss oligomeric states; fibril
morphologies are investigated using negative-staining transmission electron
microscopy. While excluded volume effects imposed by macromolecular
crowding are expected to always increase rates of intermolecular interactions
and structural conversion, a vast variety of effects are found depending on the
peptide, the crowder, or ionic strength of the solution. While investigations of
the obtained rates with respect to a reactant-occluded model are capable to
display specific surface interactions with the crowder, the employment of
crystallization-like models reveal the crowder-induced entropic gain with
𝚫𝚫Gcrow

fib
= −116 ± 21 kJ mol−1 per volume fraction of the crowder.

1. Introduction

The structural flexibility of amyloid peptides comprises the
extraordinary property to self-assemble into extended fibrillar
structures. Accumulations of fibrillar aggregates, known for the
Alzheimer’s disease as senile plaques and neurofibrillar tan-
gles, have long been used as hallmarks for neurodegenerative
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diseases.[1] Recent studies, however, have
shown that in case of the Alzheimer dis-
ease, the loss of synapses and neurons was
less strongly correlated to the presence of
plaques, but significantly related to the ap-
pearance of soluble oligomers of amyloid-
𝛽 peptides (A𝛽).[1–4] Oligomers are aggre-
gates consisting of a few peptides with vary-
ing relevance to fibril formation.[5] Usually,
most of the oligomers are in equilibrium
with the monomeric peptides rather than
being converted into fibrillar species.[6] In-
termediates that ultimately react to form fib-
rils are prime targets for inhibitory drugs
designed to arrest amyloid fibril formation.
Hence, molecular insights into the struc-
ture and composition of prefibrillar aggre-
gates are essential for the understanding
of the overall aggregation process[7] and
toxicity.[8,9] However, the structural charac-
terization of small aggregates is impeded
by their transient nature and their high
sensitivity toward environmental changes.
Hence, reported oligomers deviate largely
in size and in structure. Moreover, the

extremely low concentrations in which A𝛽 peptides are present
in the human body (nanomolar to picomolar range[10,11]) make it
very challenging to track their early stages of aggregation in vivo
and has been only succeeded for mice very recently.[12] Hence,
most experiments trying to probe the biophysics of the under-
lying assembly process are carried out in vitro using dilute so-
lutions. And yet, the intra-cellular and extra-cellular environ-
ments are known to be significantly “crowded” with 7% to 40%
of the total volume being occupied by a variety of co-solutes and
macromolecules[13–15] making crowding a ubiquitous condition
for the natural environment of any protein or peptide in the body.

The main scope of the present study is to investigate the impact
of a crowded environments on the pathways of oligomer genera-
tion and fibrillation using two of the most abundant A𝛽 peptides
found in amyloid plaques, A𝛽40 and A𝛽42, the latter referred as
being most toxic.[16,17] In general, both peptide variants show a
very high sensitivity to environmental conditions, like tempera-
ture, pH, ionic strength[18] or concentration[19] and, most impor-
tantly, display different fibrillation mechanisms.[6] One known
difference is the higher hydrophilicity of A𝛽40. In this study we
aim to comparably investigate the consequences of this variation
in crowded environments in vitro.

Thermodynamically, amyloid formation originates from an
initial supersaturation of amyloid-prone peptides, initiating the
formation of 𝛽-sheet-rich nuclei, for example, via structural
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Figure 1. Fibrillation and the impact of macromolecular crowding. A) Fluorescence assays allow to follow the kinetics of fibrillar mass generation with time,
ΔF(t)∝Δmfib(t), with a plateau intensity that also relates to the gain of the Gibbs free energy, ΔGfib. B) Nucleation-and-growth processes can be divided
into primary pathways that include the formation of primary oligomers, oligomer conversion and fibril elongation and secondary processes that involve
an auto-catalytic cycle of oligomer generation on fibrillar surfaces, oligomer conversion and fibrillar growth. C) Macromolecules may exert depletion
forces (black arrows) onto A𝛽-peptides (blue) in various stages of its aggregation. The gray shaded areas display regions inaccessible to the centers of
mass of the gray spheres (excluded volume). A thermodynamically favorable decrease of the excluded volume may enhance interactions between single
peptides or fibrils (i–iii) or support structural conversions, for example, hairpin formation (iv). D) As reaction rate constants of aggregation are usually
activation-limited, they are supposed to increase with the crowder’s volume fraction, 𝜑 (full line). This increase can be impeded by the increase of the
solution’s viscosity or by occlusion of the reaction surfaces with macromolecules (dashed line).[37,38]

conversion of preformed oligomers, which then further elongate
into mature fibrillar structures by single monomer addition. The
amyloidogenic nucleus itself is characterized as a thermodynam-
ically unfavorable species with the highest Gibbs free energy
along the reaction coordinate and a structure acting as a seeding
template for the subsequent fibrillar growth process.[20] The
latter finally leads to a drop of the free monomer concentration
below its critical value of saturation terminating the process of
fibrillar growth[21] (see Figure 1A). The gain in fibrillar mass can
be understood as a measure for the thermodynamic equilibrium
between free monomers and monomers that are incorporated
into fibrils.[22] Notably, fibrillar structures are thermodynamically
very stable as they usually display a lower Gibbs free energy as
compared to the non-fibrillated peptides. This gain in Gibbs free
energy, ΔGfib, was reported to be about 37 and 42 kJ mol−1 for
A𝛽40 and A𝛽42, respectively.[23–25]

Moreover, the time-dependence of the fibrillar mass genera-
tion obtained from in vitro experiments can be further investi-
gated by recently developed molecular rate-kinetic descriptions
of nucleation and growth. This approach allows to discriminate
between primary and secondary nucleation pathways.[5,6] While
primary nucleation describes the generation of amyloidogenic
nuclei in the absence of fibrils and thus determines the onset of
fibrillation, secondary nucleation addresses the auto-cyclic gen-
eration of nuclei, for example, via oligomer formation on fibrillar

surfaces (see Figure 1B), and thus the ability to amplify amyloid
fibrillation.[26]

High concentrations of non-interacting particles are supposed
to impact processes that involve changes of the excluded vol-
ume of a system. The excluded volume of a single molecule is
the volume that is inaccessible to other molecules (Figure 1C).
Since the exclusion of accessible volume reduces the config-
urational entropy of other molecules present in the solution,
the Gibbs free energy and chemical potential of each species
are thus increased.[27] Hence, the entropic benefits of dissoci-
ated states and unfolded proteins are reduced and equilibria
are shifted toward associated states and folded proteins, includ-
ing self-assembly into stable supramolecular structures as de-
picted in Figure 1C(i–iii) or conformational changes to more
compact non-native states (Figure 1C(iv)).[28,29] Moreover, the in-
volved bimolecular rates are supposed to increase by the addi-
tion crowders as assembly processes are usually not diffusion
limited (Figure 1D). However, hindered diffusion, for example,
caging or confinement effects can cause a reduction of the en-
counter rate at higher crowder concentrations.[30] Indeed, an
overall enhanced fibrillar assembly by macromolecular crowding
was predicted[31,32] and qualitatively observed by experiment, for
example, for 𝛼-synuclein[33] or human apolipoprotein C-II.[34] Up
to now, just few experimental investigations on crowding have
targeted A𝛽 peptides. Fung et al.[35] investigated the effects of
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simple saccharides and pointed out that the ability of sugar co-
solvents to replace hydrogen-bonded water molecules at peptide
surfaces is the most important factor for its interaction with A𝛽
and that the additional two hydrophobic amino acids associated
with A𝛽42 but not A𝛽40 are a secondary driving force. In another
study, Evgrafova et al.[36] analyzed the action of thermoresponsive
polymers with tunable hydrophobicity on A𝛽40 fibrillation kinet-
ics, finding out that a higher hydrophobicity corresponded to a ki-
netic speed-up, while higher hydrophilicity would provoke either
a slow-down or no effect at all. These studies are pointing toward
the importance of specific crowder interactions, for example, hy-
drogen bonding, but also less specific hydrophobic interactions.
Considering these findings we decided to compare two different
model crowders in our study: the linear polymer PEG and the
highly branched sugar-based Ficoll molecule.

Here we describe a systematic investigation of the fibrillation
kinetics of A𝛽40 and A𝛽42 in presence of four different molecular
weights of PEG (200, 400, 2’000, and 20’000 g mol−1) and three
molecular weights of sugar based polymers (glucose, Ficoll 70,
and Ficoll 400). The method chosen to investigate the fibrillation
kinetics were fluorescence assays of Thioflavin-T (ThT-assays)[39]

as they allow to monitor the increase of the 𝛽-sheet content of
an amyloidogenic ensemble with time. We are aware that ThT
binding appeared to be sensitive toward parallel 𝛽-sheet confor-
mations and early stages are composed of mixtures of parallel
and antiparallel 𝛽-strands,[40,41] however, independent of 𝛽-strand
conformations, the increase in mass of matured fibrils can be re-
liably monitored.[42] We further combined the use of ThT fluores-
cence assays with fluorescence correlation spectroscopy (FCS) to
compare the size information obtained from the ThT assays with
the average hydrodynamic radii of A𝛽 in solutions at the early
and late stages of fibrillation. FCS was also employed to investi-
gate potential binding of A𝛽-peptides to macromolecular crow-
der molecules. Possible negative effects of crowder molecules on
the fibrillation were investigated by transmission electron mi-
croscopy (TEM) imaging of the fibril morphologies. Finally, dif-
ferent analytical tools were applied to the ThT assay series to ob-
tain information regarding the preferred pathways of nucleation
and growth as well as to reveal enthalpic and entropic effects aris-
ing from crowded environments.

2. Results and Discussion

At first we analyzed the fibrillation of pure A𝛽40 and A𝛽42 solu-
tions at physiological conditions (I = 213 mm, pH 7.4, 37 °C) and
dependent on peptide concentrations (2-50 μm). These investiga-
tions allowed us to characterize the individual fibrillation behav-
iors in terms of the rates of primary and secondary nucleation-
and-growth pathways and, most importantly, the sizes of the re-
spective nuclei. The amyloidogenic nucleus is characterized as
a thermodynamically unfavorable species with the highest Gibbs
free energy along the reaction coordinate and a structure acting as
a seeding template for the subsequent fibrillar growth process.[20]

2.1. A𝜷 Fibrillation without Macromolecular Crowders

Figure 2A,D displays the averaged ThT-curves for A𝛽40 and A𝛽42
solutions at different peptide concentrations together with the

results of the global fits (lines) allowing to determine the con-
centration dependence of the rates of the primary and secondary
pathways, 𝜆 and 𝜅, respectively (see Equations (1) and (2)). The
trends of the extrapolated fitting parameters, 𝜆(c, 𝛾1) and 𝜅(c, 𝛾2),
where 𝛾1 and 𝛾2 are the exponents of the power laws with respect
to concentration, c, are depicted as full lines in Figure 2B,E. The
latter are compared to a set of parameters 𝜆 and 𝜅 as achieved by
single fitting operations to the same data set using Equation (1)
only (symbols). Finally, the parameter A was calculated which is
the pre-exponential factor in Equation (1) with A = 𝜆3/(3𝜅3).

One of the first results is, that up to peptide concentrations
of 10 μm the parameters obtained from single-curve fitting are
very well aligned with the full lines picturing the global fit. This
agreement demonstrates that by the reduction of the more com-
plex fitting procedure described elsewhere[5,43] to Equation (1)
with only two fitting parameters 𝜆 and 𝜅, allows to reliably un-
tangle primary and secondary pathways of fibrillation even at a
single peptide concentration. Above the peptide concentration of
10 μm though, both rates of A𝛽40 display a saturation behavior
that is well captured by the single-curve fitting procedure, but
overlooked by the global fitting as the parameters are forced into
following a global power-law dependence with concentration.

A second finding is that the rate describing the secondary path-
ways, 𝜅, generally exceeds the rate of the primary pathway, 𝜆, for
both peptides. This behavior is depicted by the parameter A, that
can be understood as a measure of a critical size of the fibrils, at
which the auto-catalytic cycles of secondary nucleation sets in [6].
This value is concentration independent for A𝛽42, while it slightly
decreases with concentration for A𝛽40. The constant behavior in
the A𝛽42 case, is due to the very similar values of both exponents:
𝛾1 = 0.50 and 𝛾2 = 0.43.

The exponents relate to the description of monomeric nu-
clei for both, primary and secondary nucleation processes alike,
𝛾1 = ñ1∕3 and 𝛾2 = (ñ2 + 1)∕3 (see Equation (2)), obtaining for
A𝛽42 ñ1 ≈ 1.3 and ñ2 ≈ 0.5. As these numbers are well below two,
they signify that already a single A𝛽42-peptide is able to form a
nucleus by its own through (slow) internal structural conversion.
Such a conformational flexibility of A𝛽42 has been recently de-
scribed elsewhere by MD simulations[44] as well as by ssNMR.[45]

In contrast, in the A𝛽40 case, the decrease of the A parameter with
concentration is related to the larger value of the 𝛾1 = 0.70 as com-
pared to 𝛾2 = 0.45. Making again use of Equation (2), A𝛽40 dis-
plays a dimer as the size of the primary nucleus (with ñ1 ≈ 2.1),
while the secondary nucleus again is monomeric (with ñ2 ≈ 0.4).
An amyloidogenic A𝛽40-dimer has been widely reported being
the main fibrillar building block,[46,47] although none of these
studies could address whether the structural conversion to an
amyloidogenic structure occurs before or after oligomerization.

In order to address this point for our experimental conditions,
we employed experiments of FCS and analytical ultracentrifu-
gation (AUC) to identify possibly abundant oligomeric states.
The FCS measurements were carried out on sparsely labeled
A𝛽 peptide solutions, first at high pH 13 and then at pH 7.4.
AUC experiments performed under these conditions confirmed
that the peptides are monomeric at the high pH (Figure S1,
Supporting Information). In accordance, FCS results displayed
a hydrodynamic radius, Rh, of 1.1 ± 0.1 nm for A𝛽40 which
is in good agreement with reports of other FCS studies with
Rh-values in the range of 0.9 − 1.1 nm for monomeric A𝛽40 as
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Figure 2. Fibrillation kinetics of A𝛽42 and A𝛽40 without crowders. A) Normalized ThT-fluorescence with time of A𝛽42 and D) A𝛽40 at different concentrations
(symbols) together with the fitting functions (lines) using a global fitting approach (Equations (1) and (2)). B,E) The resulting concentration dependence
of the rates for primary and secondary pathways, 𝜆 and 𝜅, as well as the growth parameter, A, are displayed as full lines. The global fit results are compared
to the means (symbols) and standard deviations (bars) of non-global, individual fits (Equation (1)) for different samples and concentrations. C,F) The
concentration dependence of the half times of the fluorescence assays, t50, can be used as an alternative analysis and results in a power-law dependence
with exponents of −0.52 and −0.39 for A𝛽42 and A𝛽40, respectively. The fibrillation took place at 37 °C, near- physiological conditions (pH 7.4, 213 mm
ionic strength) and quiescent conditions.

well as A𝛽42.[48–50] However, FCS measurements performed at
pH 7.4 revealed for A𝛽40 solutions an apparent radius of Rh =
1.4 ± 0.1 nm, which would rather correspond to a soluble dimer,
while A𝛽42-solutions stayed monomeric with Rh = 1.0 ± 0.1 nm
instead (see Figure S2, Supporting Information). The dimers
found in our FCS experiments indicate the presence of a non-
amyloidogenic A𝛽40 entity which eventually may convert into
amyloidogenic nuclei. Such a conversion would require coil-to-𝛽-
sheet conversions of dimers that were indeed recently described
for A𝛽40.[51] Moreover and most interestingly, the existence of sta-
ble dimers has been predicted for A𝛽40 only but not for A𝛽42.[52,53]

The third set of graphs shown by Figure 2C,F, display the
double-logarithmic plots of the half times, t50, which describe
the times at which half of the final amount of fibrillar mass has
formed in function of concentration. The determination of the
power law exponent 𝛾 of the relation t50 ∝ c𝛾 is an established
analysis and has often been used to derive information about
the nucleus size of the leading fibrillation mechanism.[54] In our
case, assuming the absence of fragmentation due to quiescent
fibrillation conditions[55] and low enough concentrations to avoid
saturation effects, secondary nucleation processes are expected
to dominate the fibrillation kinetics. Hence, the power-law expo-
nent 𝛾 should reveal the bulk nucleus size of secondary nucle-
ation via the equation: 𝛾 = −n2 + 0.5.[56] We find n2 being 1.0
for A𝛽42 and 0.9 for A𝛽40, which is in agreement with the anal-
ysis discussed above as well as with what has been reported in
literature.[43,56,57]

While the evaluation of the concentration dependence of t50
can only display information about the most prominent nu-
cleation mechanism and was used at this point for compari-
son, the molecular rate-kinetic analysis of Figure 2B,E is in ad-
dition able to reveal information about the otherwise hidden
primary pathways. This is in particular important as the pri-
mary pathway determines the onset of fibrillation. Hence, we
will continue with the latter analysis to study the contributions
of both rates, 𝜆 and 𝜅, for samples at a constant peptide con-
centration of 10 μm and with macromolecular crowders of dif-
ferent molecular weights, chemical composition, structure, and
concentrations.

2.2. Effects of Macromolecular Crowding on A𝜷-Fibrils

Macromolecular crowding may affect fibrillation in multiple
ways. Analyzing fibrillar morphologies can reveal enhancement
or inhibition of nucleation as well as crowder-related modifica-
tions of fibrillar growth. Similarly, concentration dependent inter-
actions with crowder molecules, not related to excluded volume
interactions,[58] can already be obtained from the plateau intensi-
ties of the ThT assays.

Figures 3A and 3G display the fibrillar morphologies of
A𝛽42 and A𝛽40 in the absence of crowding. For A𝛽42 we found
that the addition of 12% volume fractions of PEG 200 or PEG
2’000 (Figure 3B) did not lead to visibly changes in the fibril
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Figure 3. Molecular crowding induced changes on fibril morphology and plateau values of ThT assays. A,G) TEM images of amyloid fibrils of A𝛽42 and A𝛽40
in the absence of crowders and B,H) in the presence of PEGs, D) glucose or E) polysaccharides after reaching the final plateaus of fibrillation (after
60–80 h of incubation, see Figures 5 and 6). The volume fractions of the crowders were 𝜑 = 12% (PEG) and 𝜑 = 1% (glucose/Ficoll), the scale bars
depict 500 nm. C,F,I) The crowder-dependent relative plateau intensities of the fibrillation curves with respect to the plateau values of the crowder-free
curves are shown by symbols with standard deviations in the adjacent graphs. The lines are linear fits. All fibrillation processes took place at 37 °C,
near-physiological conditions (pH 7.4, 213 mm ionic strength) and in quiescent conditions.

morphology. The fluorescence plateaus though, were reduced
by ≈40% as compared to the crowder-free case (Figure 3C).
The plateau intensities discussed here refer to the ThT assays
displayed in Figures 5 and 6 later in the text. The reduction of the
plateau values is concentration independent and appears even at
very low PEG concentrations. We thus explain this effect either
by competitive binding of PEG and ThT molecules to fibrillar
surfaces, which is justified by the fact that both molecules are
known to bind preferably to hydrophobic sites,[42,59] or PEG
induced changes of the properties of the solution that lead to a
change in the ThT fluorescence. Control measurements revealed
indeed a similar reduction of the plateau values if PEG 200 or

PEG 2’000 was subsequently added to ThT-labeled A𝛽 fibrils (see
Figure S3, Supporting Information). From the Figures 3D and
3E it is strikingly evident that glucose-based crowders seed A𝛽42
fibrillation but inhibit fibrillar growth. With glucose (Figure 3D),
many very short and premature fibrils were found and in the
cases of Ficoll 70 and Ficoll 400 (Figure 3E), dense complexes
seem to initiate seeding (white arrow). Moreover, the plateau
intensities of glucose and Ficoll solutions (Figure 3F) were
strongly reduced with increasing volume fractions, indicating a
clear and strong interference with the A𝛽42 fibrillation process.
Hence, Ficolls can not at all be treated as inert crowders. The
ability of monosaccharides to hinder A𝛽40 and A𝛽42 fibrillation
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Figure 4. Apparent hydrodynamic radii, Rh, for fluorescently labelled A)
A𝛽42 and B) A𝛽40 as determined by FCS in different solutions. While the
colored bars display the mean values obtained in 10 μm peptide solutions
directly after the initiation of fibrillation, the gray bars display the mean
values for remaining soluble molecules after 60 h of fibrillation. The values
are compared to the monomeric radius, Rmon

h
, as determined in highly

non-fibrillating conditions (black lines), and to the expected values for a

spherical N-mer (RN
h
≈ 3
√

NRmon
h

, dashed lines).

by the formation of stable hydrogen bonds thus increasing native
protein stabilities has indeed been reported in literature,[35] and
can, obviously, also be applied to glucose-based polymers such
as Ficolls. In contrast, PEG molecules are supposed to increase
the hydration of proteins.[59] Indeed, as for A𝛽42, the morpholo-
gies of A𝛽40-fibrils with and without PEG 200 and PEG 2’000
(Figure 3G,H) revealed no significant modifications. Also the
plateau intensities with PEG 2’000 were again reduced by ≈40%
as for A𝛽42. An exception is made by PEG 200 solutions, where
the plateau intensities gradually decrease with increasing PEG
concentration.

2.3. Effects of Macromolecular Crowding on the Size of the
Soluble A𝜷-Oligomer

In order to understand if this behavior might be related to spe-
cific binding of crowder molecules also with monomeric A𝛽, we
performed additional FCS measurements with results displayed
in Figure 4. Data can be found in the Supporting Information
(Figure S4, Supporting Information). For sparsely labeled A𝛽42
solutions, we could not find an increase of the apparent Rh after
the addition of PEG 200 or PEG 2’000 (𝜑 = 12%), which would
be indicative for binding of PEG molecules to A𝛽. A𝛽40 solutions
showed, instead, some specific binding to PEG 200 with an in-
crease of the apparent Rh from 1.4 ± 0.1 nm (no PEG) to 1.8 ±
0.1 nm (12% PEG). With the Rh of PEG 200 being ≈0.4 nm,[60]

the increase of the hydrodynamic radius seems indeed indicative
for PEG-peptide associations. Such an increase was absent for
PEG 2’000. Hence we can conclude, that PEG 200 most probably
binds to A𝛽40 molecules which could also be the reason for the
observed concentration dependence of the plateau values shown
in Figure 3I. Repeating FCS measurements in the plateau region
of the fibrillation, 60 h after the start of the experiment, the ap-
parent Rh of the PEG 200 solution was even further increased (Rh

= 2.3 ± 0.1 nm) indicating the formation of stable oligomers that
were not consumed by the fibrillation processes. Labeled (proto-)
fibrils would be in the range of at least 100 times larger apparent
Rh-values[61] and could be hence excluded. Such a small increase
in size was not observed for any other A𝛽 solution, which rather
displayed a constant or slightly reduced apparent Rh. The reduc-
tion can be explained by the efficient consumption of monomers,
since, tiny amounts of unbound dye molecules (Rh = 0.6 nm)
that originate from the peptide labeling procedure, start to influ-
ence the correlation function at very low peptide concentrations
(⪅pM).

The evaluation of the fibril morphologies and plateau values
of A𝛽 fibrils using PEGs and glucose-based crowders of differ-
ent molecular weights allowed three main conclusions: a) the
addition of PEG to A𝛽 solutions did not lead to any significant
changes in the appearances of A𝛽42 and A𝛽40 fibrils (see Fig-
ure 2A,B and G,H); b) the most evident effect of the PEG poly-
mers on A𝛽 fibril formation being the lowering of the ThT fluo-
rescent intensity by a constant offset (see Figure 2C,I), exception
made for A𝛽40 in combination with PEG 200, which according to
our control experiment show a different specific interaction with
the peptide (see Figure 2I, light blue); c) glucose-based crowders
enhance seeding of fibrils but hinder fibrillar growth even at very
low volume fractions of about 1–3% (see Figure 3F) giving rise
to multiple shorter fibrils but also a reduced overall fibrillation
efficiency (see Figure 3D,E).

2.4. Kinetics of Fibrillation for A𝜷 Solutions with Macromolecular
Crowders

In this section we studied the impact of crowders on the rates for
primary and secondary pathways of A𝛽 nucleation and growth.
Figure 5 summarizes exemplary trends of the time-dependent
A𝛽42-fibrillation with: PEG 200 (A), PEG 2’000 (B), and a sum-
mary graph at constant volume fraction 𝜑 = 0.12, but increas-
ing molecular weights (C). These curves are compared to the fib-
rillation assays with glucose (D), Ficoll 400 (E) and a summary
graph at constant volume fraction𝜑= 0.01 and increasing molec-
ular weights (F). In each of the aforementioned graphs the black
curves indicate the reference fibrillation curves of crowder-free
A𝛽42 at 10 μm peptide concentrations (I = 213 mm). The lines
are fitting functions using Equation (1). The bottom row of Fig-
ure 5 summarizes the fitting results obtained for every peptide-
polymer solution as compared to the crowder-free case, respect-
ing the same colour code used for the ThT curves.

From the trends shown in Figure 5A we see how the addition
of PEG 200 with increasing volume fraction determines an over-
all retardation of the fibrillation process, whereas the addition
of PEG 2’000 shows the opposite trend (Figure 5B), describing a
faster fibrillation process with respect to the reference curve. The
latter observation is made even clearer by the summary graph
Figure 5C, where curves at fixed volume fraction from the A𝛽42
and PEGs are shown, confirming similar speed-up effects also for
the largest PEG used, PEG 20’000 (Figure 5C). This observation
is captured by an overall decrease and increase of 𝜆, respectively.
Interestingly, secondary nucleation, effects as captured by the
rate 𝜅, are reduced for all cases (Figure 5H). In contrast, all curves
referring to A𝛽42 and glucose-based crowders (Figure 5D–F)

Macromol. Biosci. 2023, 23, 2200527 2200527 (6 of 14) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 5. Molecular crowding induced changes of A𝛽42 fibrillation. Normalized fluorescence assays for A𝛽42 (10 μm) mixed with different volume fractions
of either A) PEG 200, B) PEG 2’000, D) glucose, or E) Ficoll 400. The assays were averaged and normalized with respect to their plateau values. A
comparison of the molecular weight dependence of the fibrillation kinetics are depicted in panel (C) and (F) for PEG and saccharides respectively. Lines
display individual fits using Equation (1). The resulting molecular-weight dependence of the fit parameters, A, 𝜆 and 𝜅 are depicted for G,H) PEG and I,J)
saccharides by using a box and whisker diagram displaying the minimal and maximal values (whisker), lower and upper quartile (box), and median (line)
of the crowder concentration series (open circles). The dashed lines display the means of the crowder-free references with 𝜆 = (1.4 ± 0.2) × 10−5s−1

and 𝜅 = (5.0 ± 0.6) × 10−5s−1, (mean ± SD). The fibrillation took place at 37 °C, near-physiological conditions (pH 7.4, 213 mm ionic strength) and
quiescent conditions.

show a reduced lag time due to the seeding effects proposed
earlier. It is worth to notice the smaller volume fractions of sugar-
based polymers that already induce a strong impact. At 𝜑 = 0.01
(Figure 5D), all curves co-align. The effect of seeding is displayed
by an overall increase of 𝜆 accompanied by a concentration
dependent decrease of 𝜅 (Figure 5J). Moreover, the parameter
A of panel (I) exceeds 0.5 which is a signature for the change of
the sigmoidal shape to a parabolic shape of the ThT curve and
an infallible signature for seeding.[21] Noticeably, in case of the
larger PEG crowders, the value of A also increases but stays well
below 0.2.

Due to the seeding effects and the inhibition of fibrillar growth
in case of glucose, Ficoll 70 and Ficoll 400, the investigation of

these crowders were not continued for A𝛽40. However, as A𝛽40
in contrast to A𝛽42 required dimers to form amyloidogenic nu-
clei (see Figure 2) and carries a net charge of ≈−3.2 at pH 7.4,
it seemed more meaningful to investigate the fibrillation behav-
ior at lowered ionic strengths of the buffer solutions. Reduced
charge screening capabilities of the solvents is expected to en-
hance the electrostatic repulsion between two peptide molecules.
To this respect an analog series of measurements was conducted
for A𝛽40 solutions at a similar (I = 213 mm) and at a lower salt
concentrations (I = 78 mm). Figure 6 shows the averaged ThT-
curves of A𝛽40 in two different buffers and with increasing PEG
200 (A,D) and PEG 2’000 (B,D) volume fractions, and a summary
graph of all molecular weights at a fixed volume fraction (C,E).

Macromol. Biosci. 2023, 23, 2200527 2200527 (7 of 14) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

 16165195, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

abi.202200527 by Fak-M
artin L

uther U
niversitats, W

iley O
nline L

ibrary on [03/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mbs-journal.de

Figure 6. Molecular crowding induced changes of A𝛽40 fibrillation. Normalized fluorescence assays for A𝛽40 (10 μm) mixed with different volume fractions
of either A,D) PEG 200, B,E) PEG 2’000 for physiological (213 mm) and low (78 mm) ionic strengths. A comparison of the molecular weight dependence
of the fibrillation kinetics are shown in panels (C) and (F). Lines display individual fits using Equation (1). The resulting molecular-weight dependence
of the fit parameters, A, 𝜆, and 𝜅 are depicted by using a box and whisker diagram (G–J) displaying the minimal and maximal values (whisker), lower
and upper quartile (box) and median (line) of the crowder concentration series (open circles). The dashed lines display the means of the crowder-free
references with 𝜆 = (2.6 ± 0.5) × 10−5s−1 and 𝜅 = (6.6 ± 0.1) × 10−5s−1 for I = 213 mm (G,H) and 𝜆 = (1.7 ± 0.3) × 10−5s−1 and 𝜅 = (8.3 ± 0.2)
× 10−5s−1 for I = 78 mM (I,J), (mean ± SD). The fibrillation took place at 37 °C, pH 7.4, and quiescent conditions.

The black curves always indicate the reference fibrillation curves
of pure A𝛽40 solutions, and the lines display the fitting functions
obtained using Equation (1). The third row sums up the fitting
parameter A, 𝜆 and 𝜅 for the aforementioned cases.

Comparing at first the impact of PEG crowders on A𝛽40 and
A𝛽42 fibrillation at the higher ionic strength, the exact opposite
trends for the two rates were discovered. While solutions of A𝛽42
and PEG 2’000 displayed a speed-up of fibrillation with respect
to the reference curve, A𝛽40 and PEG 2’000 solutions showed a
slow-down. The opposite was true for PEG 200. Comparing the
evaluated fitting parameters as obtained for A𝛽40 and A𝛽42 (Fig-
ures 6H or 5H), one finds for PEG 2’000 that the enhanced fib-
rillation in case of A𝛽42 is mainly due to an increase of the rate

of the primary pathway, 𝜆; while the latter is reduced for A𝛽40. 𝜅
is reduced in both cases. PEG 200, however induced a reduction
of both rates for A𝛽42, while for A𝛽40 only 𝜆 was reduced, but 𝜅
enhanced. The differences for 𝜅 might origin from different in-
teractions of PEG with each of the fibrillar surfaces as bound PEG
molecules may hinder or enhance secondary processes on fibril-
lar surfaces. Interestingly enough, lower ionic strengths led for
A𝛽40 to a further overall reduction of both rates, 𝜆 and 𝜅, which
can be explained by stronger intermolecular repulsion. Contrary,
in case of PEG 2’000, only 𝜆 was reduced. These highly different
responses led to the question by which molecular mechanism
macromolecular crowders are able to influence the pathways of
primary or secondary nucleation.

Macromol. Biosci. 2023, 23, 2200527 2200527 (8 of 14) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 7. Reactant occlusion. Relative occluded surface areas of solutions of A) A𝛽42 and C,D) A𝛽40 with respect to the volume fractions of PEG 200 and
PEG 2’000 as received from 𝜆(𝜑) and 𝜅(𝜑) using Equation (6). The lines describe the fits according to Equation (8). The concept of occluded surfaces
is schematically depicted in (B) with the temporarily occluded areas marked red.

2.5. Reactant Occlusion through Macromolecular Crowding

In order to further investigate the impact of PEG molecules on
both fibrillation pathways, we applied a reactant-occlusion model
that describes possible effects of crowders that do not bind per-
manently, but are able to exclude accessible surface areas from
interacting peptides, for example, by spatial separation of two
molecules thus slowing down the reactions rates (red areas in
Figure 7B). The applicability of this model function was ensured
as our fibrillation rates were all found to be within the activation
limit (see theory section for the mathematical background). At
first, we applied Equation (6) to the rates 𝜆(𝜑) and 𝜅(𝜑) of the
data sets displayed in Figures 6 and 5 to obtain the respective rel-
ative occluded areas, Aoccl(𝜑), with increasing volume fraction of
the crowder (data points of Figure 7A,C,D). In a second step, we
applied a quantitative analysis to the obtained data sets by fitting
Aoccl(𝜑) with Equation (8) as a fitting function (lines). The lat-
ter, as it has been derived for spherical particles, provides a sin-
gle fitting parameter, 𝜌C, describing the apparent radius of the
molecule causing the effect of volume occlusion. Interestingly,
we found in PEG 200 solutions for the primary pathways of both
peptides a very similar result, with 𝜌C = 0.31 ± 0.04 nm and 𝜌C
= 0.37 ± 0.06 nm for A𝛽42 and A𝛽40 respectively (Figure 7A,B).
For the secondary processes in the presence of PEG 200, again,
all values were very similar with 0.38 ± 0.05 and 0.39 ± 0.06 nm
for A𝛽42 and A𝛽40, respectively. As this size range is comparable
to the Rh of PEG 200 with ≈0.4 nm,[60] we can conclude that PEG
200 molecules indeed occlude reactant surfaces for primary and
secondary processes alike.

For solutions with PEG 2’000, these findings deviate. While
one finds large differences for A𝛽42 with 𝜌C = 1.57 ± 0.33 nm

(𝜆) and 𝜌C = 0.55 ± 0.06 nm (𝜅), A𝛽40 displays the opposite
trends with 𝜌C = 0.69 ± 0.09 nm (𝜆) and 𝜌C = 0.98 ± 0.04 nm
(𝜅). In addition there are negative and positive offsets, as seen
for both of the peptides in Figure 7A,B, hinting toward crowder-
independent contributions from the system. As Rh of PEG 2’000
is ≈1.3 nm,[60] this size would only match 𝜌C as determined for
the primary process of A𝛽42 and does not explain the size range
of 0.6–0.9 nm. However, the only particles of that size that are
omnipresent in the sample is the A𝛽 peptide itself. Hence, it
might be possible that PEG molecules also stabilize transient
binding of A𝛽 peptides, leading to an apparent occlusion of bind-
ing sites as the majority of the bound peptides do not convert
into seeds. Such an effect would strongly depend on the charge
screening properties of the solutions, as the peptides are nega-
tively charged. Weak binding of A𝛽-peptides should become even
weaker at lower ionic strengths. Indeed, we did not find any offset
at low ionic strengths, but similar apparent “crowder” sizes with
𝜌C of 0.67 ± 0.09 nm (𝜆) and 0.58 ± 0.05 nm (𝜅) for PEG 200, and
0.64 ± 0.06 nm (𝜆) and 1.08 ± 0.09 nm (𝜅) for PEG 2’000 (Fig-
ure 7D). Hence we conclude that in case of PEG 200 and high
ionic strengths, the volume occlusion is driven by the crowder
molecule alone, while a combination of PEG and peptide inter-
actions appear for PEG 2’000 at high and at low ionic strengths.

2.6. A𝜷42 Fibrillation at Low Ionic Strengths with PEG Crowders

The discussion of the last part imperatively leads to the question,
whether even the very weak enthalpic interactions of PEG always
dominate the Gibbs free energy contributions or if conditions
could be found to also reveal entropic contributions from the

Macromol. Biosci. 2023, 23, 2200527 2200527 (9 of 14) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 8. Molecular crowding induced changes of A𝛽42 fibrillation at low ionic strengths. Normalized fluorescence assays for A𝛽42 (10 μm) mixed with
different volume fractions of either A) PEG 200 or B) PEG 2’000. The assays were averaged and normalized with respect to their (fitted) plateau values.
Lines display individual fits using Equation (1). C) Relative plateau intensities of A𝛽42 solutions with PEG 200 and PEG 2’000 for I = 63 mm (closed
symbols) and I = 213 mm (open symbols) with respect to the mean plateau value of the crowder-free reference. The solid lines display fits using
Equation (12). The rates 𝜆 and 𝜅 derived for PEG 200 and PEG 2’000 using Equation (1) are displayed in (D) together with a scheme depicting the
possible interactions of A𝛽42 with PEG and ThT for the rates 𝜅 (E, top) and 𝜆 (E, bottom). The fibrillation took place at 22 °C, pH 7.4, 63 mm ionic
strength and quiescent conditions.

crowded environment, as discussed in the introduction (see Fig-
ure 1). In order to address this question, we selected A𝛽42 as it nu-
cleates efficiently from a monomer and hence does not need an-
other peptide molecule to form its primary nucleus (Figure 2A).
Moreover, A𝛽42 did not form the larger oligomers with PEG 200
(see Figure 4) and its primary nucleation seems to be the least
affected by volume occlusion effects (see Figure 7A). Hence, we
assume much lower enthalpic interactions with PEG molecules
as compared to A𝛽40. A𝛽42 fibrillation experiments were thus per-
formed at even lower ionic strengths than previously described
for A𝛽40. Under these conditions, A𝛽42 solutions did not fibrillate
without the assistance of crowders within the time frame of 150
h, while even the lowest concentrations of PEG of any size could
induce fibrillation. Unfortunately, the data obtained at 37 °C dis-
played a weak second fibrillation component which would ham-
per the evaluations of the kinetics of the fibrillation (Figure S5,
Supporting Information). Hence, we decided to reduce the tem-
perature to room temperature to suppress this weak component,
which was successful.

Figure 8 displays the results for the fibrillation of A𝛽42 at in-
creasing volume fractions of PEG 200 and PEG 2’000 (A,B).
The first obvious difference in comparing the results to previ-
ous experiments is the modulated lag times that seem to initially
shorten with increasing volume fractions and then, after an opti-
mum is reached, to decrease again. For comparison, while the op-
timum volume fraction for PEG 200 was reached at 𝜑 = 2%, PEG
2’000-solutions displayed their optimum at about 𝜑 = 8%. This
feature was also captured by the variations of the plateau intensi-

ties (Figure 8C) and rates of primary nucleation and growth (Fig-
ure 8D). Notably, the rate for secondary processes was not influ-
enced by the crowder molecules and was remaining almost con-
stant.

Comparing the obtained plateau intensities with those mea-
sured at the higher ionic strength, the latter all converged to the
same value at low volume fractions. This indicated that the com-
petitive binding of ThT and PEG was comparable for both solu-
tions at low PEG concentrations and the observed variations of
the plateau intensities are proportional to the fibrillar mass and
to a possible recruitment of ThT binding sites by PEG molecules
as derived in the theory’s section. Applying Equation (13) to our
experiments (lines in Figure 8C), we could deduce three param-
eters from the fit: a slope m that describes the proportionality
ΔΔGfibril(𝜑) = m𝜑 and the parameter set Kd and n describing the
binding of PEG molecules. While the latter were determined to
be Kd = 43 ± 4 g L−1 and n = 3.2 ± 0.1 for PEG 200 and Kd = 16
± 8 g L−1 and n = 1.3 ± 0.7 for PEG 2’000, the slope was fitted
globally for both PEG sizes and was determined as m = 116 ±
21 kJ˜mol−1 𝜑−1. The conclusions from these results are, i) the
interactions of PEG molecules with A𝛽 do not scale linearly with
the number of chain ends per volume, but are also size depen-
dent. The latter is depicted by the parameters Kd and n that do not
simply relate to the number concentration. ii) More importantly,
the reduction of the interparticle interactions of PEG and A𝛽 by
lowering the ionic strength of the solution, finally allowed to re-
veal and analyze the PEG-induced gain in entropy for A𝛽42 fibril-
lation.

Macromol. Biosci. 2023, 23, 2200527 2200527 (10 of 14) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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3. Summary and Conclusions

In this study we investigate the impact of crowder molecules on
the fibrillation of A𝛽40 and A𝛽42. The general fibrillation mech-
anisms of the peptides in the absence of crowders were char-
acterized in the case of A𝛽40 by primary nucleation via struc-
tured dimers, whereas A𝛽42 fibrillation was initiated by inter-
nal conversion of a monomer. Both peptides showed an overall
dominance of secondary nucleation. After these investigations
we moved on to study the addition of PEGs, glucose and Ficoll
with varying molecular weights and volume fractions up to 20%.
While Ficoll and glucose induced seeding and hampered fibril-
lar growth, we found that PEG molecules do not change the
morphologies of the fibrils. In detail investigations of the fib-
rillation kinetics of the two peptides with PEG, however, did
not reveal a consistent acceleration of the two investigated rates
of primary and secondary nucleation pathways as expected for
excluded volume effects. While the addition of PEG 2’000 en-
hanced the rate for the primary pathway of A𝛽42, a reduction
of this rate was observed for PEG 200. A similar diametrically
opposite response to PEG 200 was observed between A𝛽40 and
A𝛽42 regarding their secondary pathways. This finding may go
along with the higher hydrophobicity of A𝛽42 which makes it
more prone for secondary processes and seeding (heterogeneous
nucleation).[62] The latter seemed to be promoted by the pres-
ence of Ficolls as possible nucleation-active surfaces. Contrary,
the higher hydrophilicity of A𝛽40 may be the reason for the
overall enhanced homogeneous nucleation in solutions with-
out crowders and may also cause the reduction of the rates
of the primary pathways of fibrillation in the presence of PEG
molecules.

At near-physiological conditions, secondary processes were
mostly retarded (especially for PEG 2’000) and we concluded
that surface effects, for example, coverage of fibrillar surfaces by
PEG molecules or trapped peptides may play a crucial role. At
low ionic strengths, this effect is reduced which could be con-
firmed by experiments in which PEG was subsequently added to
a fibrillated solution. Yet, the reduced electrostatic screening also
slowed down the rate of the primary nucleation leading again
to a balanced situation between the rates of primary and sec-
ondary processes.

The phenomenon of the possible interactions of PEG with fib-
rillar surfaces was further studied by employing a reactant occlu-
sion model to the kinetics of the primary and secondary processes
of A𝛽 fibrillation. This model allowed, for example, to relate the
enhanced rates of the primary pathway of A𝛽42 with PEG 2’000,
to a low occluded area, while the reduced rate of secondary nu-
cleation was related to a highly occluded reaction area. A𝛽40 dis-
played the opposite behavior. Hence, we could confirm, that even
weak or transient interactions and spatial hindrance effectively
reduces the rates of fibrillation in a macromolecular crowded en-
vironment. This effect was strongly related to the sizes of the
crowders but was also pathway dependent. Moreover, we found a
hint for possible self-crowding of A𝛽 peptides blocking binding
sites for secondary oligomer generation. With these findings we
can conclude that even with the least interacting crowder (PEG),
enthalpic contributions steered the rates of fibrillation making
entropic contributions invisible. Just a reduction of these weak
interactions by choosing different experimental conditions could

reveal the promoting role of excluded volume interactions on
A𝛽 fibrillation.

We can hence conclude that in crowded environments, such
as live cells, excluded volume interaction would most probably
not enhance the fibrillation kinetics of both of the A𝛽 peptides
despite of their differences in terms of hydrophobicity and sizes
of the primary nuclei. The weak and possibly transient interac-
tions of crowder molecules with the fibrillar surfaces allow the
system to modulate the efficiency of secondary fibrillation path-
ways. These findings need to be carefully considered if surface
sensitive experimental techniques as ThT-assays are applied or
in vitro experiments display enhanced secondary nucleation. Sec-
ondary processes of the same molecule in a cellular context might
be much less dominant compared to in vitro observations.

4. Experimental Section
Materials: A𝛽40, A𝛽42 as well as the N-terminal labeled A𝛽-variants

(Atto488-A𝛽40, Atto488-A𝛽42) were synthesized by the Core Unit of
Peptides-Technologies of the University of Leipzig using microwave-
assisted solid-phase peptide synthesis (CEM GmbH, Germany) based on
Fmoc-strategy. The fluorescent marker Atto488 was received from Atto-
TEC GmbH, Germany. PEG 200, PEG 400, PEG 2’000, PEG 20’000, glu-
cose, Ficoll 70, and Ficoll 400 were purchased from Sigma-Aldrich (Merck
KGaA, Germany).

Methods: The impact of macromolecular crowders on the fibrillation
of A𝛽42 and A𝛽40 was investigated using ThT-fluorescence assays of four
to six different concentrations for each selected macromolecular crowder
and buffer condition. For each data point at least three fluorescence as-
says were measured and averaged prior to data analysis. The calculation
of the overlap concentration of the crowder molecules can be found in the
Supporting Information (Section S1.1, Supporting Information).

Sample Preparation: A𝛽 peptides were first dissolved in a crowder-free,
60 mm sodium-hydroxide solution at pH 13 to ensure monomeric starting
conditions (Figure S1, Supporting Information). The final pH value of 7.4
and the final peptide concentration of 10 μm was achieved by adding a 25
mm sodium-phosphate buffer of pH 6.0. The second buffer contained the
necessary amount of sodium chloride and polymers to achieve the final
total ionic strengths, I, of 63, 78, or 213 mm and the desired crowder con-
centrations. Each polymeric suspension was prepared by dispersing 1 m
concentration in and then left to stir overnight to ensure full hydration of
the dispersed polymers. From these stock solutions, the desired concen-
trations used in the measurements were freshly diluted shortly before each
measurement. All A𝛽-peptide solutions were freshly prepared and always
immediately used after preparation. Samples were prepared from the pep-
tides and polymers stock solutions directly in the 150 μL volumes of the
well-plate-reader wells.

Negative-Stain Transmission Electron Microscopy (TEM): 5 μL of the fib-
rillated sample was transferred to a 200-mesh copper grid coated with a
Formvar/Carbon film and incubated for 3 min. After removing the super-
natant, the grid was washed with ddH2O and subsequently stained with
1% uranyle acetate for 1 min. The grid was allowed to dry for 24 h on fil-
ter paper after removing excessive uranyle acetate solution. Imaging was
conducted on a Zeiss EM900 microscope at 80 kV acceleration voltage in
transmission mode.

ThT-Fluorescence Assays: 2.5 mm Thioflavin T (Sigma Aldrich, Ger-
many) stock solution, prepared in pure deionized water (MQ-water), was
stored at 4 °C in the dark. Directly before the measurements it was filtered
through a 0.2 μm filter and diluted 1:10 in a 25 mm phosphate buffer of
pH 7.4. Of the latter a total volume of 3.6 μL was added to 146.4 μL of the
peptide solution to reach a total volume of 150 μL for each well with a final
ThT concentration of 20 μm. The addition of this small amount of ThT so-
lution was well considered in the fibrillating solutions’ final ionic strength
and polymer concentration determination. The samples were incubated
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in 96-wells PEG-coated black polystyrene plates with clear bottoms
(Corning 3881, Massachusetts, USA) at 37 °C under quiescent conditions
and their aggregation kinetics, studied with a FluoStar Omega well-plate
reader (BMG Labtech, Offenberg, Germany) with measurements of the
ThT-fluorescence intensity as a function of time set every 300 s, using
440 nm wavelength as excitation and 480/10 nm for detection. The time
dependencies of the ThT fluorescence were analyzed by calculation of the
average ThT fluorescence of at least three measurements and applying the
fitting function of Equation (1) to the averaged ThT curve. An exception
was made for the concentration series of A𝛽40 or A𝛽42 in the absence of
crowders. In this case, individual fits and subsequent calculation of the
mean and standard deviation was used as well as a global fitting approach
combining Equations (1) and (2). The exponents ñ1 and ñ2 were derived by
applying a linear fit to a plot displaying the logarithms of the rates, log (𝜆)
and log (𝜅), versus the logarithms of the concentrations, log (c). The same
procedure applied to the concentration dependency of t50, for which the
slope of log (t50) versus log (c) was fitted to determine 𝛾 . The curves were
normalized according to the fitted plateau values using Equation (1).

Analytical Ultra-Centrifugation (AUC): A𝛽40 and A𝛽42 were analyzed at
protein concentrations of 200 μm in 60 mm NaOH, pH 13 in a Beckman
Optima XL-I centrifuge equipped with an An50Ti rotor and double sector
cells. Sedimentation measurements were carried out at 20 °C and 40 000
rpm. For sedimentation velocity data were recorded every 10 min in the
first 5 h, afterward every 60 min for additional 10 h. Sedimentation equi-
librium was reached after ≈60 h. The data were monitored in a wavelength
range of 230–280 nm and analyzed using the software Sedfit.[63]

Fluorescence Correlation Spectroscopy (FCS): FCS measurements of
A𝛽40 or A𝛽42 were carried out on sparsely labeled samples at concen-
trations of 10 μm (degree of labeling <0.02%). Up to a degree of label-
ing of 5%, the selected fluorescent marker Atto488 was previously re-
ported to not effect the fibrillation kinetics nor fibril morphologies of the
A𝛽-peptides.[64] Within the time frame of the FCS measurements (15–30
min), no larger fluorescence fluctuations with dwell times above 100 ms
as indicative for the diffusion of protofibrils or fibrils,[61] were observed.
Experimental details of the FCS setup and data analysis can be found in
the Supporting Information (Section S1.2, Supporting Information).

Determination of the Rates of Primary and Secondary Pathways, 𝜆 and 𝜅:
The time-dependent increase of the ThT-fluorescence by the function was
analyzed.[6]

ΔF(t) =
⎛⎜⎜⎝1 − 1

𝜆3

3𝜅3 (e𝜅t − 1) + 1

⎞⎟⎟⎠ΔFplateau + a ⋅ t (1)

where 𝜆 and 𝜅 refer to primary and secondary pathways of fibrillation,[43]

respectively, and the parameter a describes a apparent slope that accounts
for an slightly increasing plateau value. The latter was required for A𝛽40
at high ionic strengths only, and was zero otherwise. Within the model
description of Equation (1), the rates 𝜆 and 𝜅 comprise individual mi-
croscopic rates of oligomerization, structural conversion, and elongation.
Since it was focused in the study on the interplay between primary and
secondary pathways it is sufficient to determine the overall rates 𝜆 and 𝜅

as previously shown in ref. [65]. In addition, a characterization of the con-
centration dependence of both rates allowed to extract information about
the microscopic sizes of the nuclei of each pathway, ñ1 and ñ2, using the
relations[5,6]

𝜆 ∝ mñ1∕3
mon ,

𝜅 ∝ m(ñ2+1)∕3
mon (2)

where mmon refers to the total mass of monomers and scales with
the concentration. ñ1 and ñ2 derive from rate equations for oligomer-
mediated fibrillation. They described the reaction orders of the primary
and secondary nucleation pathway, including oligomerization and struc-
tural conversion.[6] The reaction order was further related to the oligomeric

size (number of monomers) of an amyloidogenic nucleus allowing subse-
quent fibrillar growth.

Effect of Macromolecular Crowding on Microscopic Rates: Macromolec-
ular crowding induced at least two major opposing effects on the reaction
rates of proteins.[37] While on the one hand the reduction of the available
volume was expected to lead to an increase of the collision rates of the re-
actants due to their increased effective concentration within the reduced
available volume, on the other hand, macromolecules might inhibit pep-
tide diffusion and thus leading to an effective reduction of reaction rates
(see Figure 1D). A kinetic description of the impact of excluded volume
effects on a microscopic rate of interacting particles, k(𝜑), was developed
by Berezhkovskii and Szabo.[66] In the absence of non-specific binding to
crowder molecules, the rate constant could be expressed by the modified
Collins–Kimball formula

1
k(𝜑)

=
[

1
k0

+ 1
4𝜋D(𝜑)𝜌AB

]
exp−ΔG∕kBT (3)

where k0 is the intrinsic or reaction-controlled rate constant, D(𝜑) the rel-
ative diffusion coefficients of the reactants and 𝜌AB the sum of the radius
of the interacting particles A and B, 𝜌AB = 𝜌A + 𝜌B.

The gain of the Gibbs free energy for crowded systems, ΔGcrow =
ΔUcrow − TΔScrow, included enthalpic (ΔU) and entropic (ΔS) contribu-
tions. ΔUcrow could be described by a crowder-induced potential well lo-
calized in the depletion zone,[66] but should be neglected in the following
(ΔUcrow ≈ 0). The change in entropy can be written as

ΔScrow(𝜑) = ln(1 − 𝜑x(𝜑, 𝜌̃))∕T (4)

with 𝜑x being the fraction of the system’s volume excluded to the particle
and given by the the empirical equation 𝜑x = 𝜑x(𝜑, 𝜌̃) ≈ 1 − exp[−𝜑(𝜌̃ +
1)3 − 𝜑2(16.4𝜌̃2 + 5.31𝜌̃ + 0.474)].[38] The tilde symbol implies a reduced
radius in which 𝜌 is divided by the crowder radius, 𝜌C, with 𝜌̃ = 𝜌∕𝜌C. If
macromolecules did not only occupy volume but also exclude reaction
surfaces from the reactants, for example, by spacial separation of two re-
actants, k(𝜑) would be reduced by the fraction of the occluded area, Aoccl.
This reduction would in case of activation-limited reactions be directly pro-
portional to the relative exposed effective surface area[38] and

k(𝜑) ∝ 1 − Aoccl(𝜑) (5)

A criterion to differentiate whether a reaction is diffusion-limited or
activation-limited was given by the ratio 𝛾 = k∕4𝜋D(𝜑)𝜌AB, which is 1 for
diffusion-limited processes and 0 for pure activation-limited reactions. It
was found that the crowding experiments were activation-limited with 𝛾

< 3 × 10−6. Finally, including Scrow(𝜑) of Equation (4) and the occluded-
area effects of Equation (5) into Equation (3), the reactant-occluded model
used for the data analysis is given by[38]

1
k(𝜑)

=
[

1
k0

+ 1
4𝜋D(𝜑)𝜌AB

](
1 − 𝜑x

1 − Aoccl(𝜑)

)
(6)

While for low concentrations the linear relationship holds with

Aoccl(𝜑) = Ã𝜑 = 𝜑
𝜌3

B

𝜌C

(
1 +

3𝜌C(𝜌AB + 𝜌C)
2𝜌B𝜌AB

)
(7)

our data displayed saturation effects and the the equation

Aoccl(𝜑) = Ã𝜑∕(1 + Ã𝜑) (8)

was used instead. Both equations are describing the occlusion for ideal
spherical particles, where 𝜌(B) and 𝜌(AB) describe the radius and diameter
of the monomer, respectively.

Determination of the Crowder-Induced Change of the Gibbs Free Energy
Gain, ΔΔGcrow

fib
: Inhibition (or acceleration) of fibrillar growth could

either originate from a difference in the fibrillation kinetics, for example,
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by blocking of binding sites, or being the result of modified thermody-
namics. The plateau value of the ThT assays was connected to the fibrillar
content and could be understood as a measure for the thermodynamic
equilibrium between free monomers and monomers that were being
incorporated into fibrils.[22] Thermodynamic descriptions, as simple
crystallization-like models (CLM), pictured the increment of the total
fibrillar mass, Δmfib, as:[21]

Δmfib = 𝜎Vcr, (9)

where V is the sample volume and cr the critical concentration of the pro-
tein’s solubility. The fibrillar growth was therein solely driven by the super-
saturation, 𝜎, that could be further approximated by the initial supersatu-
ration, 𝜎0, with 𝜎0 = (c0 − cr)∕cr and the initial monomer concentration,
c0. Within this thermodynamic framework, the ratio of the apparent crit-
ical concentrations with and without macromolecular crowding, ccrow

r ∕cr,
could be written as:

ccrow
r

cr
=

c0

cr
−

Δmcrow
fib

Δmfib

(
c0

cr
− 1

)
(10)

where Δmcrow
fib

∕Δmfib is the likewise ratio of the total fibrillar masses, with
and without a crowded environment. As the fibrillar mass linearly scales
with the ThT-fluorescence, the quotient Δmcrow

fib
∕Δmfib culd be safely re-

placed by ΔFcrow
plateau

∕ΔFplateau with ΔFplateau describing the experimentally

determined final plateau (see Equation (1)). Experimental data were care-
fully corrected for eventual changes of the ThT fluorescence in different
buffer conditions using control measurements of unbound ThT in the
same conditions. The resulting difference of the Gibbs free energy for the
process of fibrillation in different environments is given by

ΔΔGcrow
fibril ∕RT = ln

(
ccrow

r ∕cr
)

(11)

with R and T the molar gas constant and the absolute temperature, re-
spectively. In case of a reduced solubility due to macromolecular crowd-
ing, ccrow

r ∕cr would be expected to be smaller than 1 and hence, ΔΔG <

0. This expectation agreed with simple model descriptions of fibrillar ag-
gregates formed in the presence of crowders. Meisl and coworkers further
found ΔΔG to be length independent and to linearly scale with the volume
fraction:[67]

ΔΔGcrow
fibril (𝜑)∕RT

= −𝜑
[(

1 +
𝜌1

𝜌C

)
− 1

nstrand

𝜌1

𝜌C

(
1 +

√
nstrand

𝜌1

𝜌C

)]
:= −𝜑m (12)

Hence, the slope m, with m > 0 by definition, solely depends on the ra-
tio of the monomer radius versus crowder radius, 𝜌1/𝜌C, and the number
of strands of the growing fibril, nstrand. Deviations from the linear behav-
ior were assigned to the known tendency of PEG molecules to bind to
hydrophobic sites of proteins at higher concentrations.[42,59] Such a con-
centration dependent binding would compete, for example, against the
binding of the fluorescence marker ThT that binds as well preferably to hy-
drophobic residues of A𝛽.[68] Blocking of binding sites would lead to an ap-
parently reduced plateau fluorescence, ΔFcrow,app

plateau
= ΔFcrow

plateau
(1 − fbound).

A simple ligand-binding model was used to account for this effect with
the fraction fbound=1∕(1 + Kd∕𝜑n) following the Hill–Langmuir equation,
where Kd is the apparent dissociation constant and n the degree of bind-
ing cooperativity. Hence, Equations (10)–(12) could be rewritten by a final
equation

ΔFcrow,app
plateau

(𝜑)

ΔFplateau(𝜑 = 0)
=

e𝜑m − c0∕cr

1 − c0∕cr

(
1 − 1

1 + Kd∕𝜑n

)
(13)

which was used as a fitting function to determine m, Kd, and n.
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