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Abstract: Amyloid fibrils associated with neurodegenerative
diseases, such as Parkinson�s and Alzheimer�s, consist of
insoluble aggregates of a-synuclein and Ab-42 proteins with
a high b-sheet content. The aggregation of both proteins occurs
by misfolding of the monomers and proceeds through the
formation of intermediate oligomeric and protofibrillar species
to give the final fibrillar cross-b-sheet structure. The morpho-
logical and mechanical properties of oligomers, protofibrils,
and fibrils formed during the fibrillization process were
investigated by thioflavin T fluorescence and circular dichro-
ism in combination with AFM peak force quantitative nano-
mechanical technique. The results reveal an increase in the
Young�s modulus during the transformation from oligomers to
mature fibrils, thus inferring that the difference in their
mechanical properties is due to an internal structural change
from a random coil to a structure with increased b-sheet
content.

Amyloid fibrils are highly ordered insoluble protein aggre-
gates. They are most often related to human diseases,
including numerous neurodegenerative disorders, such as
Parkinson�s disease and Alzheimer�s disease.[1–3] However,
amyloid fibrils have also been discovered in many physiolog-
ically beneficial roles, including bacterial coatings, catalytic
scaffolds, adhesives, and structures for the storage of peptide
hormones.[4–6] For amyloid fibrils in such roles, the term
functional amyloids has been cast. A characteristic fingerprint
of amyloid fibrils is the core cross-b-sheet structure, in which
b-strands contained within the b-sheets are oriented perpen-

dicular to the fibril axis.[7–10] Moreover, amyloid fibrils exhibit
remarkable mechanical properties with Young�s moduli in the
range of several gigapascals.[11–14] Inspiration from functional
amyloids and the self-assembly of nontoxic proteins and
peptides in vitro into highly ordered structures with unique
mechanical properties has led to the development of bioma-
terials for a broad spectrum of applications in medicine, food,
and nanotechnology.[15–19]

Experimental techniques, such as atomic force microsco-
py (AFM), and computational simulations have been widely
used to quantify the mechanical properties of amyloid fibrils.
AFM is one of the most suitable methods for quantitative
measurements of the local elasticity of amyloid fibrils. AFM
single-molecule-imaging features combined with the statisti-
cal analysis of AFM images,[12, 20, 21] together with the possi-
bility of imposing and measuring forces,[11, 22] make AFM
a particularly useful research tool that can ideally deliver
important information about the mechanical and related
structural properties of amyloid fibrils at the single-molecule
scale. Atomistic simulations performed by Buehler and co-
workers have also provided theoretical values of the Young�s
moduli of amyloid fibrils of the order of several gigapas-
cals.[23–28] Moreover, the results obtained by both AFM and
simulations suggest that the intermolecular interactions (e.g.
hydrogen bonds) between b-sheet layers are responsible for
the remarkable mechanical properties of amyloid fibrils.
Recently, a relatively new AFM technique known as peak
force quantitative nanomechanical mapping (PF-QNM) has
been used to estimate the values of the Young�s moduli of
different classes of mature amyloid fibrils in the gigapascal
range.[29–32] The results are consistent with the values of the
Young�s moduli obtained by statistical analysis of AFM
images.[12, 29]

To appreciate the full potential of amyloid fibrils as
biomaterials, it is important to understand the mechanism of
the fibrillization process and to measure and quantify the
mechanical properties of amyloid fibrils. Moreover, under-
standing of the mechanical properties and intermediate
structures during the fibrillization process is of fundamental
importance for the elucidation of the stability, toxicity, and
mechanism of clearance of amyloid fibrils so that new
therapeutic strategies can be designed to combat the onset
of neurodegenerative disorders. In this study, we investigated
the evolution of both the mechanical and structural properties
of amyloidogenic structures formed throughout the fibrilliza-
tion process of a-synuclein and Ab(1–42) (Ab-42).

The typical methods used to study the kinetics of amyloid
fibrillization and to investigate the structural change that the
proteins undergo during the fibrillization process are thio-

[*] F. S. Ruggeri,[+] J. S. Jeong, Prof. G. Dietler
Laboratory of Physics of Living Matter
Ecole Polytechnique F�d�rale de Lausanne (EPFL)
Route de la Sorge, 1015 Lausanne (Switzerland)
E-mail: giovanni.dietler@epfl.ch

Dr. J. Adamcik,[+] Prof. R. Mezzenga
Food and Soft Materials Science, Institute of Food, Nutrition and
Health, Department of Health Sciences and Technology, ETH Z�rich
Schmelzbergstrasse 9, LFO E23, 8092, Z�rich (Switzerland)
E-mail: raffaele.mezzenga@hest.ethz.ch

Prof. H. A. Lashuel
Laboratory of Molecular and Chemical Biology of
Neurodegeneration, Brain Mind Institute
Ecole Polytechnique F�d�rale de Lausanne (EPFL)
1015 Lausanne (Switzerland)

[+] These authors contributed equally.

[**] We thank the Swiss National Foundation for Science for financial
support (Project Number 152958).

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201409050.

.Angewandte
Zuschriften

2492 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 2492 –2496

http://dx.doi.org/10.1002/anie.201409050


flavin T (ThT) fluorescence[33] and circular dichroism (CD),[34]

respectively. We carried out ThT and CD measurements
during the fibrillization of a-synuclein (Figure 1a,c) and Ab-
42 (Figure 1 b,d).

Amyloid-fibril formation, as monitored by ThT, is gen-
erally characterized by a sigmoidal curve representing three
main steps of the fibrillization process: an initial lag phase,
during which monomers misfold and oligomeric nuclei form;
fast exponential growth due to the fast formation/elongation
of protofibrillar and fibrillar structures; and a plateau indi-
cating a dynamic equilibrium within the final mature amyloid
fibrils. The fibrillization processes of both a-synuclein and
Ab-42 followed the usually described sigmoid curve attrib-
uted to a nucleation-dependent polymerization process (Fig-
ure 1a,b).[35, 36] The fibrillization process of a-synuclein was
slower than that of Ab-42 because even after incubation for
24 days, the ThT signal did not reach the plateau phase and
was increasing as a function of time after the exponential
phase (Figure 1a), thus suggesting that the fibrils were still
forming/elongating. In the fibrillization of Ab-42, the ThT
signal reached the plateau region after only 30 h, and fibril
formation remained in a stationary dynamic equilibrium
(Figure 1b).

CD spectra of a-synuclein fibrillization (Figure 1c)
showed a peak minimum at 203 nm corresponding to
a random-coil structure at 0 h, whereas after incubation for
48 h, the peak minimum was shifted to 220 nm, thus indicating
the formation of the b-sheet structure. The intensity of the CD
signal at 220 nm increased as a function of time and, according
to the ThT signal, also as a function of fibril formation. In the
case of Ab-42 fibrillization (Figure 1d), the peak minimum at
0 h was detected at 195 nm, thus indicating a random-coil
structure, whereas after incubation for 24 h, the peak mini-
mum was shifted to 218 nm, thus indicating the presence of
the b-sheet structure. In this case, the intensity of the CD
signal at 218 nm decreased as a function of time. Since the
kinetics of Ab-42 fibril formation had already reached the
stationary regime after incubation for 30 h according to the
ThT results (Figure 1b), and amyloids are insoluble aggre-
gates, sedimentation, which occurs during the measurements,
can explain the decrease in the intensity of the CD signal, as
evidenced by the turbidity of the solution. This trend,
together with the slow aggregation kinetics, which leads to
coexistence of unfolded oligomers with growing fibrils,
complicates the evaluation of the exact composition of b-
sheets in the protofibrils during fibrillization, although it is
evident from Figure 1 that both systems evolve towards an
overall increase in b-sheet structureduring aggregation.

Amyloid fibrillization is a complex process that proceeds
through multiple pathways, and several polymorphic amyloid
species are present simultaneously in the heterogeneous
solution during aggregation.[37] For this reason, bulk tech-
niques, such as ThT fluorescence and CD, only provide
averaged information about this ensemble. A single-molecule
technique, such as AFM, enables information to be gained on
the fibrillization process and on individual protein structural
transitions.[12, 20, 22] AFM images taken during the fibrillization
of a-synuclein and Ab-42 are displayed in Figure 2. At 0 h, a-
synuclein was mainly in the monomeric form, since the CD

spectrum showed the typical random-coil signal of intrinsi-
cally disordered proteins, and few early oligomers were
observed in the AFM morphology image (Figures 1 a and 2a;

Figure 1. Kinetics of amyloid-fibril formation and secondary-structure
measurements. a, b) Thioflavin T fluorescence of a-synuclein (a) and
Ab-42 (b). c, d) Circular dichroism measurements of a-synuclein (c)
and Ab-42 (d). Measurements were conducted at a concentration of
45 mm for a-synuclein and 20 mm for Ab-42.
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see also Figure S1 in the Supporting Information). Already
after an incubation period of 24 h, an increase in the number
of bigger oligomers, with heights of 2–6 nm, was detected (see
Figure S2). After incubation for 7 days, the fibrillar structures
started to assemble (Figure 2b) and then continued to form
mature amyloid fibrils (Figure 2c), which had a height of 6–
7 nm (see Figure S3) at an incubation time of 10 days.
Similarly to the case of a-synuclein, Ab-42 was present in
monomeric and early oligomeric structures (Figures 1d and
2d) with a height of 0.5–3 nm at 0 h (see Figure S4). After

incubation for 24 h, abundant
curly protofibrillar structures
(Figure 2e) with a height of 3–
4 nm were observed (see Fig-
ure S5). Finally, at an incubation
time of 72 h, mature amyloid
fibrils (Figure 2 f) with a height
of 4–6 nm had formed (see Fig-
ure S6). Thus, for both proteins,
the classical oligomerization pro-
cess of aggregation[35,38] was
observed.

To characterize the mechani-
cal properties of the different
species formed during the fibrilli-
zation process, we performed
PF-QNM measurements. The
mechanical properties of a-synu-
clein early oligomeric structures
formed at 24 h and mature fibrils
formed at 10 days were investi-
gated (Figure 3). A Young�s mod-
ulus of (1.5� 0.5) GPa was
found for oligomers (Figure 3e),
whereas the measured value of

the Young�s modulus for fibrils was (2.2� 0.6) GPa (Fig-
ure 3 f), which is in agreement with previously reported
results, available for mature fibrils only.[30, 32] To rule out
a surface effect on the estimation of the Young�s modulus, the
fibrillization of a-synuclein was studied by AFM imaging on
two other substrates: positively functionalized APTES-mica
and hydrophobic highly ordered pyrolitic graphite (HOPG)
(see Figure S7). The value of the Young�s modulus of fibrils
adsorbed on these two substrates was (2.2� 0.6) GPa (Fig-
ure 3g,h), thus demonstrating that PF-QNM measurements

Figure 2. AFM imaging of the a-synuclein and Ab-42 fibrillization process at incubation times of:
a) 0 days, b) 7 days, and c) 10 days for a-synuclein; and d) 0 h, e) 24 h, and f) 72 h for Ab-42.

Figure 3. Evolution of the Young’s modulus of a-synuclein during the fibrillization process. a–d) Derjaguin–Mueller–Toporov (DMT) modulus
AFM images of oligomers on APTES-mica at an incubation time of 24 h (a) and of fibrils at an incubation time of 10 days on APTES-mica (b),
mica (c), and highly ordered pyrolytic graphite (HOPG; d). e–h) Distribution of the Young’s modulus of oligomers on APTES-mica (e) and of
fibrils on APTES-mica (f), mica (g), and HOPG (h).
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are independent of surface influences. Moreover, the nano-
indentation measurements were validated on thick aggregates
of a-synuclein (> 50 nm), in which corrections for both the
substrate and the cantilever-tip radius become irrelevant; the
results obtained were identical to those for single-fibril
indentation, within experimental error (see Figure S8).
Finally, oligomers possess a lower elastic modulus than
mature fibrils, but still of the order of gigapascals.

To generalize these results, we also performed PF-QNM
measurements for Ab-42 fibrillization (Figure 4). The
Young�s modulus of the oligomers (Figure 4a), protofibrils
(Figure 4b), and mature fibrils (Figure 4 c) was evaluated
accordingly. As in the case of a-synuclein, the value of the
Young�s modulus increased from a value of (1.2� 0.5) GPa
for oligomers (Figure 4d) to (2.1� 0.6) GPa for protofibrils
(Figure 4e) and a final value of (3.3� 0.8) GPa for mature
fibrils (Figure 4 f). Once again, oligomers and protofibrils
showed an increasing and high value of intrinsic stiffness of
the order of gigapascals, but still lower than that of mature
fibrils. Indeed, we suggest the generality of this result, since
we previously found that the stiffness value of several mature
amyloid fibrils ranged from 2 to 4 GPa (see Table S1 in the
Supporting Information).

It was mentioned above that the hydrogen bonds between
b-sheets play a key role in determining the mechanical
properties of amyloid fibrils, and the presence of b-sheets is
a characteristic feature of amyloid fibrils. It has also been
reported that during the aggregation process, oligomers or
protofibrils that may be present contain partial b-sheet
conformations.[39] Thus, it is thought that the b-sheet content
of the structures assembled during the fibrillization process is
an important parameter that affects the mechanical proper-
ties of these structures. The presented results confirm these
predictions. Indeed, although mature fibrils were initially not
observed by AFM, CD spectra already indicated the presence

of b-sheet structures at 48 h
for a-synuclein (Figure 1c)
and 24 h for Ab-42 (Fig-
ure 1 d), and the measured
values of the Young�s
moduli of the corresponding
assembled structures (oligo-
mers and protofibrillar
structures) were already of
the order of gigapascals
(Figures 3 and 4).

In conclusion, the
increase in the Young�s
modulus during amyloid
fibrillization can be inter-
preted as the result of the
internal structural rear-
rangement of monomers
from their intrinsically dis-
ordered structure towards
aggregated structures con-
taining an increasing b-
sheet conformation. The
quantitative understanding

provided by this study in terms of the structural and
mechanical properties of a-synuclein and Ab-42 aggregate
snapshots during the fibrillization process could be of great
significance for the elucidation of the cytotoxicity mecha-
nisms of Parkinson�s and Alzheimer�s diseases and the design
of new therapeutic strategies.
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