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Real-time probing of b-amyloid self-assembly and
inhibition using fluorescence self-quenching
between neighbouring dyes†

Steven D. Quinn,a Paul A. Dalgarno,‡a Ryan T. Cameron,b Gordon J. Hedley,a

Christian Hacker,c John M. Lucocq,c George S. Baillie,b Ifor D. W. Samuel*a and
J. Carlos Penedo*ad

The fluorescence response of the Thioflavin-T (ThT) dye and derivatives has become the standard tool for

detecting b-amyloid aggregates (Ab) in solution. However, it is accepted that ThT-based methods suffer

from important drawbacks. Some of these are due to the cationic structure of ThT, which limits its

application at slightly acidic conditions; whereas some limitations are related to the general use of an

extrinsic-dye sensing strategy and its intrinsic requirement for the formation of a sensor-binding site during

the aggregation process. Here, we introduce fluorescence-self-quenching (FSQ) between N-terminally

tagged peptides as a strategy to overcome some of these limitations. Using a combination of steady-state,

picosecond time-resolved fluorescence and transmission electron microscopy, we characterize the

fluorescence response of HiLyte fluor 555-labelled Ab peptides and demonstrate that Ab self-assembly

organizes the covalently attached probes in close proximity to trigger the self-quenching sensing process

over a broad range of conditions. Importantly, we prove that N-terminal tagging of b-amyloid peptides does

not alter the self-assembly kinetics or the resulting aggregated structures. We also tested the ability of FSQ-

based methods to monitor the inhibition of Ab1–42 aggregation using the small heat-shock protein Hsp20 as

a model system. Overall, FSQ-based strategies for amyloid-sensing fill the gap between current

morphology-specific protocols using extrinsic dyes, and highly-specialized single-molecule techniques that

are difficult to implement in high-throughput analytical determinations. When performed in Förster

resonance energy transfer (FRET) format, the method becomes a ratiometric platform to gain insights into

amyloid structure and for standardizing in vitro studies of amyloid aggregation.

Introduction

A major hallmark of Alzheimer’s disease (AD) is the formation
of extracellular b-amyloid (Ab) peptides which aggregate into

neurologically toxic structures.1 Ab1–42 and Ab1–40 are the two
amyloid allomorphs generated by b-secretase cleavage of the
amyloid precursor protein (APP).2 It is known that the less
abundant Ab1–42 has a higher propensity to aggregate and affects
neuronal cells more easily under physiological conditions than
Ab1–40.1,2 It is also well established that the self-assembly of both
allomorphs is highly dependent on the environmental conditions
(pH, temperature, ionic strength, metal ions) and results in a
variety of morphologies ranging from small oligomeric inter-
mediates,3,4 to the fibrils and plaques observed in advanced
AD.5,6 Although the b-amyloid peptide has served as a paradigm
for studies of amyloid assembly for many years,7 and it is
generally believed that Ab oligomerization leads to the
neuron-cell death;8 to date, the mechanism through which
amyloid peptides assemble into higher order structures and
how this leads to cytotoxicity is still not entirely understood.3–10

Although a variety of structural techniques including solid-state
NMR,11 electron-paramagnetic resonance (EPR),12 cryo-electron
microscopy (cryo-EM),13 atomic force microscopy (AFM)14 and
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X-ray diffraction15 have provided insights into the molecular basis
of amyloid aggregation, optical techniques based on absorption
and/or fluorescence detection have been the most widely
employed methods to monitor in real-time the kinetics of the
aggregation process in solution.16,17 In this context, the green
birefringence of Congo Red18 and the fluorescence enhancement
of Thioflavin T (ThT) upon binding to amyloid aggregates19 have
been essential tools for detecting Ab(1–42) and Ab(1–40) aggregates
for many years. Unfortunately, the interaction between both
molecules and the amyloid structures remains controversial, thus
making unclear what the dye binding probes.16,20,21 It is also
known that because of its positive charge, the affinity of ThT
towards amyloid aggregates shows a marked pH-dependence
that limits its application at slightly acidic conditions. Moreover,
ThT-based methods require the formation of a binding site in the
aggregated structure, a feature that may be absent at early stages
of the aggregation process or only be formed in certain types
of aggregates.1,2,20–25 Furthermore, when screening for amyloid
inhibitors, it has been found that ThT and certain inhibitor
compounds compete for amyloid binding, thus leading to false
positive results.22–25 To overcome these limitations, substantial
efforts have been directed to develop fluorescent probes specifi-
cally tailored to sense particular morphologies using extrinsic
probes.24–27 Although, it is clear that existing and newly designed
extrinsic probes will continue to provide very valuable information
about the presence and structure of specific amyloid structures;
the development of robust sensing platforms applicable across a
wide range of conditions remains highly desirable.16,17,24,25,28

In this work, we demonstrate that fluorescence self-quenching
(FSQ) between identically HiLyte Fluor 555 labelled Ab peptides
(Ab555) at the N-terminal position constitutes a powerful and easy-
to-implement single-color method to monitor the self-assembly
process in real-time across a wide range of aggregation conditions.
We demonstrate that the self-assembly of dye-labelled Ab peptides
organizes the covalently attached fluorescence probes in close
proximity to trigger the self-quenching process without altering
the aggregation mechanism or the resulting structures. Using
steady-state and picosecond time-resolved fluorescence, we
further characterize the proximity-dependent self-quenching
between identical dyes as the underlying sensing mechanism.
The possibility of monitoring the interaction between different
amyloid structures and inhibitor agents by FSQ was also tested
using the small heat shock protein Hsp20 as a model.29,30 Our
findings demonstrate that Hsp20’s inhibitory efficiency
strongly depends on the amyloid-growing conditions and
suggests some degree of specificity of Hsp20 towards certain
amyloid morphologies. Lastly, we also introduce a dual-color
ratiometric modification based on Förster resonance energy
transfer (FRET) that provides a quantifiable metric to ensure
that samples of starting Ab material are identical. This is a
crucial feature to avoid common discrepancies observed with
in vitro studies of Ab caused by the presence of pre-aggregated
peptides in freshly prepared samples.10,17 Overall, our results
indicate that fluorescence self-quenching between neighbouring
peptides may represent a complementary strategy to extrinsic
fluorophores for real-time in vitro studies of amyloid self-assembly

mechanisms, and an attractive alternative to ThT-staining
when searching for inhibitor compounds.

Results and discussion
A single-color assay to monitor amyloid aggregation
in real-time using N-terminally tagged Ab peptides

To investigate the potential use of Ab peptides covalently tagged
with fluorescence probes to detect and monitor amyloid aggregation
in real time, we explored the fluorescence response of Ab peptides
labeled at the N-terminal position with HiLyte Fluor 555 (Ab555), a
member of the cyanine family of fluorescence compounds (Fig. S1,
ESI†), at experimental conditions known to promote different
morphologies. For instance, it has been recently shown that
low concentrations of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
(1–4% v/v) drastically promote the formation of ring-like and
globular structures of Ab1–42 and Ab1–40 (ref. 31) via a mechanism
involving the formation of HFIP micro-droplets in the aqueous
solvent that act as interfaces to promote Ab1–42 aggregation. In
our case, the addition of 1.5% (v/v) of HFIP to a fresh non-
aggregated solution of Ab555 in aqueous buffer (pH 7.9) induced
a 61% decrease in the fluorescence intensity over a 30 min time
window (Fig. 1a and b) and a 16% decrease in the absorbance
value (Fig. 1b). The reproducibility of the assay was confirmed by

Fig. 1 Representative aggregation time course and relative fluorescence
quenching during the HFIP-induced aggregation of Ab1–42. (a) Normalized
variation in fluorescence intensity of a 7 mM freshly prepared non-
aggregated sample of Ab555 as a function of time at 4 1C after injection
of 1.5% (v/v) HFIP. The solid line is a fit to a biexponential decay function.
Inset: normalized fluorescence enhancement of ThT as a function of time
after injection of 1.5% (v/v) compared to that obtained for Ab555 at identical
experimental conditions. (b) Relative variation in absorption and fluores-
cence emission observed during the HFIP-induced aggregation of 100%
labelled Ab555 peptides (blue). Solid black lines represent the initial stage
(t = 0) before injection of 1.5% (v/v) HIFP and dash blue lines correspond to
spectra obtained at B30 min. Inset: normalized fluorescence spectra
obtained at the initial (black) and final aggregation stage (blue). (c) Transmission
electron micrograph (TEM) of negatively stained Ab555 for aggregates obtained
the addition of 1.5% (v/v) of HFIP. (d) Unlabeled Ab1–42 and Ab555 show an
identical distribution of amyloid morphologies. Amyloid aggregates generated
by injection of 1.5% (v/v) HFIP were imaged and quantified using TEM as
described in the methods section.
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performing four replicates using different amyloid prepara-
tions and we obtained values of (60 � 2)% and (16 � 2)% for
the HFIP-induced variation in fluorescence and absorbance
signals, respectively.

Additional time courses at increasing concentrations of
HFIP were also in agreement with previous analysis on the
effect of HFIP on the aggregation process of Ab1–42 peptides31

(Fig. S2, ESI†). The time-dependent decrease of the fluorescence
intensity with 1.5% (v/v) added HFIP showed a bi-exponential
decay with kinetic rates very similar to those obtained for the
aggregation of unlabelled Ab1–42 using the established ThT
method (Fig. 1a inset and Table S1, ESI†). Indeed, a global fit
of the time courses obtained for Ab555 and unlabeled amyloid
reproduced both decays with similar rate constants and amplitudes
(Table S1, ESI†). This confirms that the observed reduction in
fluorescence signal is due to Ab555 aggregation and that covalent
labeling of Ab1–42 at the N-terminal position does not alter the
aggregation kinetics, in agreement with previous studies.28,31,32

Although a biexponential model is clearly an oversimplification
of the underlying aggregation kinetics, for the purpose of this work,
it provides a useful way to quantitatively compare both assays. We
also tested whether FSQ could be used to monitor Ab aggregation at
more physiologically-relevant peptide concentrations. The real-time
assembly of a 23-fold lower concentration of Ab555 (300 nM) was
monitored over a 40 minute time window. The fluorescence
time-course revealed a similar decrease in fluorescence emission
to that observed previously at 7 mM Ab555 (Fig. S3, ESI†).

To further evaluate whether the morphology of the aggregates
was conserved between unlabeled Ab1–42 and Ab555, transmission
electron microscopy images (TEM) of both Ab aggregates generated
at 1.5% HFIP were obtained as described in the methods section.

TEM images of freshly formed HFIP-induced aggregates of
Ab555 (Fig. 1c) and unlabeled Ab1–42 (Fig. S4, ESI† and Fig. 1d)
were identical and the images revealed the presence of globular
structures as the predominant morphologies over the 30 min
time window of our fluorescence assay (Fig. 1c and d). Indeed, a
quantitative analysis of the Ab555 globules revealed an average
diameter of 22.32 nm (standard deviation = 5.55 nm; standard
error of the mean = 0.74 nm; n = 56), which was comparable to
the 23.94 nm obtained for the unlabelled species (standard
deviation = 6.92 nm; standard error of the mean = 0.93 nm;
n = 56) (Fig. S5, ESI†). This average diameter is in good
agreement with that observed by Nichols et al.31 after 1 h
incubation of Ab1–42 with 2% HFIP. Although it is not clear
whether the globule-like structures obtained under HFIP-
growing conditions represent or not a biologically relevant
polymorph in the context of amyloid cytotoxicity, it is worth
to mention that acceleration of amyloid aggregation has already
been observed at the interface of biomimetic membranes
including ganglioside micelles and lipid-rafts.33 Also recently,
it has been suggested that highly fluorinated anesthetic compounds,
similar to HFIP, promote Ab aggregation and that the cytotoxicity of
these aggregates may be related to the appearance of cognitive
problems.34 In this context, amyloid-b derived diffusible ligands
(ADDLs), which are soluble aggregates of the Ab1–42 peptide ranging
in size from trimers to 12 mer and higher, may constitute a more

toxic and physiologically relevant oligomeric species.9,35 However,
the in vitro characterization of the structure and kinetics of these
ADDLs in solution has been challenging because the propensity
of these species to evolve into larger structures when the
concentration of amyloid peptide is too high. We have applied
our FSQ-based assay at conditions reported to promote the
formation of ADDLs (100 mM Ab1–42, phenol red free F-12 cell
culture media, pH 7.3, 4 1C)36–38 but using a much lower
concentration of Ab1–42 peptide (0.5 mM). Under these conditions,
the fluorescence time-course of Ab555 self-assembly displayed a self-
quenching magnitude of 77� 3% and a decrease in absorbance of
67 � 4% (Fig. S6, ESI†). The time-dependent variation of the FSQ
efficiency reached a plateau at B24 h which is consistent with
previous reports on the kinetics of ADDLs formation.36–38

Fluorescence self-quenching between neighboring dyes as the
underlying sensing mechanism

Having confirmed that Ab555 forms identical aggregated structures
to the unlabeled peptide and in a comparable timescale, we next
explored the nature of the quenching mechanism by repeating the
aggregation process at 1.5% (v/v) of HFIP maintaining the total
concentration of Ab peptide but using a 1 : 1 ratio of Ab555 and
unlabeled Ab1–42. Under these conditions, the fluorescence
decreased to o20% (Fig. 2a and b), whilst the relative variation
in absorbance value remained similar to that obtained when using
only Ab555 (Fig. 2b). The observed dependence of the relative
variation in fluorescence intensity with the ratio between Ab555

and unlabeled Ab1–42 strongly suggests a self-quenching mechanism
in which increasing the distance between fluorophores, by inserting
unlabeled amyloid, decreases the inter-dye quenching interaction
and thus increases their fluorescence intensity. Although it has been
known for decades that when identical fluorophores are placed
in close proximity their fluorescence intensity decreases due to
intermolecular interactions,39 the exact underlying physical
mechanism is still not entirely understood and it may involve
a range of dye-specific photophysical processes.40 Nevertheless,
fluorescence self-quenching between identical dyes has already
been used to study the folding pathway of multi-labeled proteins
at the single-molecule level,39 to monitor the avidin–biotin
interaction using BODIPY-labeled biotin,41 and more recently,
the early kinetic steps of amyloid aggregation into fibrillar
structures.28

A self-quenching process taking place between neighbouring
fluorophores is further supported from the fluorescence recovery
observed for freshly prepared HFIP-induced globular aggregates
following dilution in aqueous buffer (Fig. S7, ESI†). These rapidly
formed aggregates have shown to be initially unstable against
dilution and progressively evolved into mature and stable fibril-like
structures.31 In fact, the fluorescence recovery of HFIP-induced
aggregates monitored after dilution in aqueous buffer was
found to be reduced approximately 4-fold after 18 h maturation,
confirming the slow conversion of freshly prepared HFIP-induced
aggregates into more stable structures as previously reported31

(Fig. S7, ESI†).
Additional evidence for the decrease in Ab555 being caused by

a self-quenching mechanism was also obtained from picosecond
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time-resolved fluorescence measurements (Fig. 2c and Table S2,
ESI†). The average fluorescence lifetime obtained at the end
point of the aggregation time course (B20 min) showed a smaller
decrease, relative to the monomeric state (1.24 � 0.04 ns), for a 1 : 1
ratio of Ab555 and unlabeled Ab1–42 (0.71 � 0.01 ns) than when
using only labeled peptide (0.52 � 0.03 ns). This result confirms
that the variation in the excited-state properties of the fluoro-
phore relates to the probability of having identically labeled
peptides in close proximity as shown schematically in Fig. 2d.
Importantly, for both ratios of labeled : unlabeled peptide
investigated, 50% Ab555 and 100% Ab555, the fluorescence decay
did not show any component associated to the lifetime of the
monomeric species (1.24 � 0.04 ns) (Table S2, ESI†), thus ruling
out that the observed variations in fluorescence intensity were
due to changes in the relative population of monomer and
aggregated species.

Wide-range probing of amyloid self-assembly using
fluorescence self-quenching

Amyloid self-assembly is known to be extremely sensitive to
small variations in the environmental conditions,7–10 therefore

aggregation protocols and initial solution conditions are critical to
consistently obtain reproducible results.9,10,17 Using a combination
of atomic force microscopy (AFM) and biochemical assays, Stine
et al.36–38 have demonstrated that the aggregation behavior of
Ab1–42 is strongly dependent on initial solution conditions and
that purified dry stocks of synthetic amyloid subjected to a
strong solvent monomerize the peptide (i.e., 100% HFIP), thus
erasing any pre-existing morphology.37 Using this initial
approach and the optimized methods developed by Stine
et al.,36,37 we tested the possibility of using FSQ to monitor in
real-time amyloid self-assembly at conditions known to promote
the formation of different biologically-relevant morphologies.
We started by carrying out aggregation experiments at conditions
known to promote fibril-like structures36–38 (pH 7.9, 150 mM
NaCl and 37 1C). The different morphology obtained for these
aggregates compared to the globular shape observed under
HFIP-growing conditions was confirmed by TEM as shown in
Fig. 3a. A quantitative analysis of the Ab555 aggregates produced
revealed the presence of fibrils with an average diameter of
4.25 nm (standard deviation = 1.18 nm; standard error of the
mean = 0.17 nm; n = 50). This was comparable to the 4.15 nm

Fig. 2 Fluorescence self-quenching between neighboring dyes as the under-
lying sensing mechanism. (a) Normalized variation in steady-state fluorescence
emission as a function of time for a sample containing a 1 : 1 mixture of Ab555

and unlabelled Ab1–42 at a total peptide concentration of 7 mM. The solid line
represents the best fit to a biexponential function. (b) Relative variation in
absorption and fluorescence emission observed during the HFIP-induced
aggregation of a 1 : 1 mixture of unlabeled and labelled Ab555 peptides. Solid
black lines represent the initial stage (t = 0) before injection of 1.5% (v/v) HIFP
and dash magenta lines correspond to spectra obtained at the plateau region
of the time-dependent aggregation process. Inset: normalized fluorescence
spectra obtained at the initial (black) and final aggregation stage (blue).
(c) Time-resolved fluorescence decays obtained for Ab555 in the monomeric
state (black), and at the final stage of the aggregation process induced by
injection of 1.5% (v/v) of HFIP using 100% Ab555 (blue) or a sample containing a
1 : 1 mixture of Ab555 and unlabeled Ab1–42 (magenta). Solid lines represent the
fit to mono-exponential (black and magenta) or biexponential decay functions
(blue). Residuals obtained for each decay after fitting to a mono- or biexpo-
nential function are also shown. (d) Schematic showing the principle of the
fluorescence self-quenching assay. N-terminally attached HiLyte Fluor 555 is
progressively quenched as monomers aggregate, resulting in a combination of
partially quenched and completely non-emissive fluorophores. The range and
form of the morphologies shown are illustrative, and not to scale.

Fig. 3 Representative aggregation time course and relative fluorescence
quenching during the aggregation of Ab1–42 under fibril-forming conditions.
(a) Transmission electron micrograph of negatively stained Ab555 obtained
by incubation at pH 7.9 and 150 mM NaCl at 37 1C. (b) Normalized variation
in steady-state fluorescence emission as a function of time obtained during
the aggregation of a 7 mM sample of Ab555 at 37 1C (pH 7.9, 150 mM NaCl).
The solid line represents the non-linear squares fitting to a biexponential
decay function. Inset: normalized variation in the fluorescence enhance-
ment of ThT observed during the aggregation of a 7 mM sample of unlabeled
Ab1–42 under the same conditions used for Ab555. The solid line is the non-
linear squares fitting to a biexponential function showing identical kinetic
components as those obtained for Ab555 and the dotted lines shows the
result from a global fit of both ThT and Ab555 aggregation time courses.
(c) Relative variation in the absorption and fluorescence spectra between
Ab555 monomers (solid lines) and Ab555 aggregates (dash lines) grown at
37 1C, pH 7.9, 150 mM NaCl. Inset: normalized fluorescence spectra
obtained at the initial (black) and final (red) stages of aggregation. (d) Time-
resolved fluorescence decays obtained for Ab555 in the monomeric state
(black), and at the final stage of the aggregation process (red). Solid lines
represent the fitting to a single exponential decay function. Residuals for each
fit are also shown.
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found for fibrillar aggregates formed via self-assembly of unlabelled
Ab (standard deviation = 0.86 nm; standard error of the mean =
0.12 nm; n = 50) (Fig. S8, ESI†). The width obtained for both fibrils,
with and without dye, is also in excellent agreement with previous
studies in which values ranging from 4 (short fibrils) to 7 nm
(longer fibrils) were observed under similar growing conditions.42,43

The fluorescence time-course of 7 mM Ab555 assembly also showed
evidence of self-quenching, however its relative magnitude was
now only (27� 2)% (Fig. 3b and c) and the absorbance decreased
by a similar percentage (Fig. 3c). A representative fluorescence
time-course for Ab555 aggregation (Fig. 3b) also followed a
biphasic decay (Table S3, ESI†) with rates similar to that
obtained using unlabeled Ab1–42 and ThT emission as the
aggregation assay (Fig. 3b, inset). A smaller effect on the fluores-
cence output of HiLyte Fluor 555 under these aggregation
conditions, compared to HFIP-induced self-assembly, was also
confirmed by evaluating the changes in its fluorescence lifetime
(Fig. 3d and Table S4, ESI†). Incubation of Ab555 under fibril
forming conditions resulted in a decrease in the fluorescence
lifetime from 1.24 � 0.04 ns (monomeric state) to a value of
0.90 � 0.02 ns for the aggregated state. This value represents a
B28% decrease in the fluorescence lifetime and is in excellent
agreement with the self-quenching magnitude reported using
steady-state fluorescence (Fig. 3b). To explore the possibility
of using a lower peptide concentration at these aggregation
conditions, we also monitored the assembly of 1 mM Ab555 in
real-time (Fig. S9, ESI†). The fluorescence time-course revealed a
similar quenching magnitude (B25%) to that observed when
using a 7-fold higher concentration, thus confirming that the
relative magnitude of FSQ efficiency in 100% fluorescently
labelled samples is independent of the total concentration of
amyloid peptide used in the assay.

Given that Ab is generated within intracellular compartments
(i.e., endocytic vesicles), we next investigated the performance of
FSQ under slightly acidic conditions (pH 6) mimicking those
present in the endosome.44 It has been proposed that exposure
of Ab to these endosomal conditions accelerates amyloid self-
assembly into high order structures.44

It is important to mention that acidic conditions are known to
significantly affect the binding affinity of ThT, thus compromising
quantitative mechanistic studies of amyloid polymorphism and
its dependence on experimental conditions.21,24,45–47 For example,
it has been reported a 30-fold variation in KD between ThT and
Ab1–40 aggregates generated at pH 8.5 and pH 6.0,24 and more
than two orders of magnitude variation for insulin aggregates
produced at pH 7.5 (KD B 0.5 mM) compared to pH 1.6 (KD B
64 mM).24 Because ThT-based methods have to be used with
caution under low pH conditions, we decided to also explore
the potential of FSQ to monitor the aggregation process at
more acidic conditions (pH 4). Although in the context of Ab
cytotoxicity, low pH conditions may not represent a relevant
amyloidogenic pathway, understanding amyloid polymorphism
and its dependence with pH and ionic strength has attracted
considerable interest.9,44,48 At pH 6 we obtained a (47 � 3)%
fluorescence quenching (Fig. 4a and c) that increased to (67 � 3)%
at pH 4 (Fig. 4b and d), respectively, whilst the absorbance

decreased by 26 and 28%, respectively (Fig. 4c and d). TEM
images of Ab555 incubated at pH 6 (Fig. 4e) and pH 4 (Fig. 4f)
revealed the presence of aggregates of different morphology
to those obtained under HFIP and at pH 7.9. We observed
plaque-like aggregates at pH 6 (Fig. 4e); whilst a mixture of
fibrils and globular structures was present at pH 4 (Fig. 4f). The
heterogeneity of the aggregates obtained at these conditions
was further explored using fluorescence lifetime measurements.
At both pH conditions, the fluorescence lifetime of the aggregated
sample required fitting to a biexponential function with broadly
similar amplitudes but very different lifetimes (Fig. 4a inset, Fig. 4b
inset and Table S5, ESI†), therefore suggesting the presence of at
least two different organizations between neighbouring dyes. The
calculated average lifetimes showed values of 0.47 � 0.02 ns and
0.36 � 0.01 ns at pH 6 and pH 4, respectively. A more pronounced
effect on the fluorescence lifetime of HiLyte Fluor 555 at pH 4
compared to pH 6 is in agreement with the higher self-quenching
efficiency observed previously by steady-state fluorescence.

N-terminal labelling as a multi-parameter optical fingerprint of
amyloid self-assembly

To quantitatively estimate if the mean values of self-quenching
efficiency were significantly different between the four experimental
conditions used to induce aggregation, we applied one-way ANOVA.
We found that the self-quenching efficiencies differed significantly
between aggregation conditions at a simultaneous significance
level of p o 0.001. To get a clearer picture of which pairs
of aggregation conditions were the source of variation, we
performed a post-ANOVA Tukey test including the four groups
of aggregation conditions. This analysis revealed that all groups
exhibit significant differences between each other ( p o 0.05),
with the exception of the comparison of FSQ efficiencies in
1.5% HIFP and pH 4. This is expected taking into account
that the mean value difference between both self-quenching
efficiencies is only 60% versus 67%, respectively. From this
analysis, we concluded that the FSQ efficiency obtained from
repeated experiments consistently showed a statistically significant
difference for amyloid aggregates in the order (globules, pH 4 >
pH 6 > pH 7.4) (Fig. 5), whilst the decrease in absorption
remained at a constant 30% value with the exception of globular
structures, where it showed a 16% decrease (Fig. 5). Although the
exact nature of these variations in absorbance and FSQ efficiency
needs further investigation, our data suggest that the N-terminal
fluorophore is sensitive to the tridimensional structure of the
aggregate and that the quenching of the fluorescence signal may
arise from a combination of static and dynamic contributions.
For instance at pH 7.4, the decrease in absorbance accounts
almost entirely for the quenching observed in steady-state
fluorescence (27%), suggesting that under these conditions,
static quenching may be the dominant process. This is further
supported by the small variation in fluorescence lifetime, from
1.24 ns for the monomer peptide to 0.9 ns for the fibril structure.
In contrast, for HFIP-induced globular aggregates, the decrease in
absorbance was much smaller (16%) than the observed emission
quenching (61%) and the fluorescence lifetime decreased to a
much shorter value (0.52 ns). A similar interpretation can be done
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at pH 6 and pH 4, and we reasoned that under these aggrega-
tion conditions, the decrease in emission intensity results

mostly from a dynamic quenching process. Overall, HiLyte Fluor
555 covalently attached to Ab1–42 exhibits optical signatures
(absorption variation, FSQ efficiency and changes in the fluores-
cence lifetime) that depend on the aggregation conditions and thus
the resulting structure.

This may be a useful feature to spectroscopically compare
aggregates of a given protein at different conditions or aggregated
structures from different amyloidogenic proteins grown at similar
conditions.

Monitoring inhibition of Ab1–42 aggregation using fluorescence
self-quenching

To test the ability of FSQ to report the interaction between
amyloid and inhibitory agents, we chose to investigate the
effect of a small heat shock protein (Hsp20) as a model system.
Small heat shock proteins (Hsps) constitute a family of proteins
whose primary function is to act as folding chaperones to
ensure that polypeptides and proteins adopt their functional
structures.29,30 Although the exact mechanism by which these
proteins act is not entirely understood, it has been shown that

Fig. 4 Real-time probing of Ab1–42 aggregation at endosomal pH and at pH 4 using fluorescence self-quenching. (a, b) Normalized variation in steady-
state fluorescence emission as a function of time obtained during the aggregation of a 7 mM sample of Ab555 at endosomal pH 6 (a) and at pH 4 (b) in the
presence of 150 mM NaCl at 37 1C. The solid lines represent the non-linear squares fitting to a biexponential decay function. Insets: time-resolved
fluorescence decays obtained for Ab555 at the final stage of the aggregation process at pH 6 (a) and pH 4 (b). Solid line represents the fitting to a
biexponential decay function. Comparison between residuals obtained from mono- and biexponential fits at each aggregation condition are also shown.
(c, d) Relative variation in the absorption and fluorescence spectra between Ab555 monomers (black solid lines) and Ab555 aggregates (dash lines) grown at
pH 6 (c) and pH 4 (d). Inset: normalized fluorescence spectra obtained at the initial (black) and final stages of aggregation at pH 6 (green) and pH 4 (grey).
(e, f) Transmission electron micrograph of negatively stained Ab555 obtained by incubation at pH 6 (e) and pH 4 (f) at 37 1C.

Fig. 5 Comparative bar plot summarizing the relative variation in fluores-
cence quenching (filled box) and absorbance (pattern-filled box) observed
for Ab555 self-assembly as a function of aggregation conditions (blue: 1.5% v/v
HFIP; red: pH 7.9 and 37 1C; green: pH 6 and 37 1C; grey: pH 4 and 37 1C).
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certain Hsps including Hsp27, Hsp17.7, Hsp16.2 and Hsp20
attenuate the oligomerization process of Ab1–40 and Ab1–42.29,30,49,50

We have chosen the Hsp20 protein as a model because it has been
shown to be the most efficient Hsp at decreasing Ab1–42 toxicity
in human brain pericytes (HBP) and effectively reduces b-sheet
formation when incubated with Ab1–40 carrying the ‘Dutch’
variant.30 Hsp20 and other a-crystallins have also shown pro-
pensity to form multimeric species;29,50 however, to date, there
is still no clear evidences regarding whether the inhibitory
effect observed for Hsp20 against amyloid aggregation is due
to its monomer form or whether higher order oligomers are the
active species. Additionally, the equilibrium distribution of these
Hsp20 oligomers is likely to be influenced by the morphological
nature of the amyloid species present in solution.29

To take into account these aspects of Hsp20 structure,
we decided to investigate the interaction between Hsp20 and
Ab1–42 at two molar ratios 4 : 1 and 1 : 2 (Ab : Hsp20) under
globular- and fibril-forming conditions. We observed a pronounced
difference in the inhibitory effect of human Hsp20 to the amyloid
aggregation process under both experimental conditions. The
fluorescence self-quenching magnitude observed when Hsp20
was co-incubated with Ab555 in the presence of 1.5% (v/v) HFIP
(Fig. 6) remained similar, within the error, to that observed in the
absence of Hsp20 (62� 3%) reaching values of 56� 7% and 63� 6
at 4 : 1 and 1 : 2 (Ab : Hsp20) molar ratios, respectively. In contrast,
when the aggregation experiments were performed under
fibril-forming conditions in the presence of Hsp20 at 1 : 2
(Ab : Hsp20) molar ratio, the magnitude of the fluorescence
quenching decreased from 25 � 5% (no Hsp20) to practically

undetectable levels (4 � 2%) (Fig. 6). However, at 4 : 1 (Ab : Hsp20)
molar ratio, no effect on amyloid aggregation was observed.
Although our current data do not allow us to confirm whether or
not oligomeric forms of the heat-shock protein are the inhibitory
species, the complete inhibition of Ab1–42 aggregation at high
Hsp20 to Ab1–42 molar ratios is in good agreement with
previous studies showing no Ab1–42 aggregates formed after
3 h of co-incubating Hsp20 and Ab1–42 at 1 : 1 molar ratio.30

Similar evidences for a concentration-dependence on the effect
of Hsp20 on Ab-induced cytotoxicity were obtained from
human brain pericytes (HBPs). From this analysis it was found
that molar ratios Ab : sHsp20 of 25 : 1 and lower failed to protect
HBPs against Ab-mediated toxicity; whilst molar ratios near 1 : 1
resulted in complete inhibition of cell death.30

Towards a ratiometric FRET-based assay for amyloid
aggregation

The fact that fluorescence self-quenching intrinsically depends
on the close positioning of the dyes along the aggregated
structure prompted us to explore whether the assay could be
transformed into a ratiometric method by using Förster resonance
energy transfer (FRET) between a mixture of Ab555 and Ab647 (Ab1–42

N-terminally labelled with HiLyte Fluor 647, a fluorescence acceptor
for HiLyte Fluor 555). The chemical structure of cyanine derivative
HiLyte Fluor 647 is shown in Fig. S1 (ESI†). We measured the
efficiency of energy transfer for a sample aggregated under HFIP
conditions using the RatioA method.51 The RatioA method provides
a value proportional to the FRET efficiency by comparing the
amount of acceptor fluorescence obtained by energy transfer
from the donor (sensitized acceptor emission) with that obtained
by direct excitation of the acceptor.51 We found that optimal
conditions for minimizing self-quenching, in favour of FRET as
the main route to deactivate the donor from its excited state, as
schematically shown in Fig. 7a, could be obtained by using a
molar ratio of B0.6 (unlabelled Ab1–42) : 0.4 (labelled Ab1–42),
where the labelled amyloid contained a 1 to 1 ratio of Ab555 and
Ab647 (Fig. 7b). Using this combination, the time trajectory of
RatioA from a sample induced to aggregate by injection of 1.5%
(v/v) of HFIP (Fig. 7c) or under fibril-like forming conditions
(pH 7.9, 150 mM NaCl, 37 1C) (Fig. 7d) showed an increase in
RatioA from a similar initial value of B0.034 to values of 0.09
and 0.037, respectively. It is important to emphasize that the
reproducibility of the RatioA value for the non-aggregated state
provides a quantifiable metric to ensure that samples of starting
Ab material are identical, thus avoiding common inconsistencies
with in vitro studies of Ab caused by variations in the aggregation
baseline. At all the aggregation conditions investigated using the
FRET assay, the time-dependent variation of RatioA displayed a
biphasic behavior with kinetic parameters (Table S6, ESI†)
similar to those obtained using FSQ (Fig. 1a and 3b). When
similar FRET-based experiments were carried out at ADDL-
forming conditions (phenol red free F-12 cell culture media,
pH 7.3, 4 1C) an increase in RatioA, again from an initial value
of B0.034, to a value of 0.044 was observed (Fig. S10, ESI†).
The time scale of the aggregation process monitored by FRET

Fig. 6 The interaction between the small heat-shock protein Hsp20 and
Ab1–42 labelled at the N-terminus with HiLyte Fluor 555 (Ab555) was
monitored using fluorescence self-quenching under globular (blue) and
fibrillar (red) growing conditions. No variation in self-quenching efficiency
(B60%) at 4 : 1 and 1 : 2 (Ab : Hsp20) molar ratios (blue) was observed under
HFIP-induced growing conditions. Under fibril growing conditions (37 1C,
pH 7.9, 150 mM NaCl), Hsp20 induced a decrease from 25% to 4% in
fluorescence quenching at 1 : 2 (Ab : Hsp20) molar ratio, whilst no effect
was observed at 4 : 1 (Ab : Hsp20) molar ratio (red). *Statistical analysis was
performed using Student’s t test. The level of significance of the difference
between both (Ab : Hsp20) molar ratios under fibril growing conditions was
P o 0.05.
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(Fig. S10, ESI†) followed a similar profile to that previously
observed for ADDL-growing conditions using FSQ (Fig. S6, ESI†).

Further evidence confirming the presence of resonance
energy transfer between HiLyte Fluor 555 and HiLyte Fluor
647 peptides were obtained from the decrease in the average
fluorescence lifetime of the donor in the presence of acceptor,
which changed for HFIP-induced aggregation from 0.71 �
0.01 ns in the absence of acceptor to tav = 0.36 � 0.02 ns
(Fig. 7e and Table S7, ESI†) when half of the Ab555 concen-
tration was replaced by Ab647. When similar experiments were
repeated under fibril-growing conditions, the average lifetime

of the donor decreased to tav = 0.48 � 0.01 (Fig. 7e and
Table S7, ESI†), thus confirming a higher FRET efficiency for
HFIP-growing conditions. A closer inter-dye distance and
therefore a higher FRET efficiency in globular structures
(DRatioA B 0.06) (Fig. 7c) compared to fibrillar morphologies
(DRatioA B 0.003) (Fig. 7d) agrees well with the results
obtained from fluorescence self-quenching and emphasizes
the potential of N-terminally labelled peptides as a versatile
single- and dual-colour platform to monitor amyloid assembly
in real-time and to provide structural insights into the
aggregation state.

Fig. 7 A ratiometric assay based on Förster resonance energy transfer (FRET) between N-terminally labelled peptides to monitor Ab1–42 self-
assembly. (a) Schematic showing the competition between self-quenching and FRET (top panel) and the optimization of the FRET efficiency by
inserting unlabeled Ab1–42 (bottom panel). The morphology shown is only for displaying purposes and is not drawn to scale. (b) Variation in the efficiency
of resonance energy transfer, measured as RatioA value, at different molar ratios of labeled and unlabeled peptides. Relative concentrations of
Ab1–42 : Ab555 : Ab647 at a molar ratio of 0.6 : 0.2 : 0.2 maximize the efficiency of the FRET process (blue bar). (c) Real-time variation in RatioA during the
aggregation of 7 mM Ab1–42 (molar ratios of Ab1–42 : Ab555 : Ab647 as described in (b)) induced by injection of 1.5% (v/v) (pH 7.9, 4 1C). Inset: normalized
fluorescence spectra at the donor emission maximum corresponding to the initial (pre-injection of HFIP, black line) and at the final stage of the
aggregation process (>60 min, blue line) showing the relative increase in acceptor fluorescence. (d) Real-time variation in RatioA during the aggregation
of 7 mM Ab1–42 (molar ratios of Ab1–42 : Ab555 : Ab647 as described in (b)) induced by incubation at 37 1C (pH 7.9, 150 mM NaCl). Inset: normalized
fluorescence spectra at the donor emission maximum corresponding to the initial (black line) and at the final stage of the aggregation process (>600 min,
red line). (e) Time-resolved fluorescence decay of the FRET donor HiLyte Fluor 555 in presence of the FRET acceptor HiLyte Fluor 647 in a mixture
containing a 0.6 : 0.2 : 0.2 molar ratio of Ab1–42 (unlabeled), Ab555 and Ab647, respectively. Data were taken at the final stage of the aggregation process
induced by incubation at pH 7.9 and 37 1C (a) as shown in Fig. 7d and at, the corresponding final stage of the HFIP-induced aggregation process (b) as
shown in Fig. 7c. Solid lines represent the fit to a monoexponential (a) and biexponential function (b), respectively. Residuals obtained from the fitting to
each function are also shown.
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Conclusions

We demonstrate a robust and easy-to-implement multi-parameter
method for real-time probing of amyloid self-assembly across a
wide range of aggregation conditions based on fluorescence self-
quenching (FSQ) between identical N-terminal tagged peptides.
Using a combination of steady-state and picosecond time-resolved
fluorescence spectroscopy in mixtures of labelled and unlabelled
amyloid, we prove that the observed quenching is due to the
close positioning of the dyes during the aggregation process.
N-terminal tagging of amyloid peptides is complementary to
the use of extrinsic dyes, with identical kinetic features for
amyloid aggregation to those reported using Thioflavin T.
In principle, FSQ should enable inhibitor screening without
interfering or competing with inhibitor binding. Moreover,
because the fluorescence reporter is covalently attached to the
peptide monomer, monitoring amyloid aggregation is not
limited by the formation of probe-specific binding sites along
the aggregation pathway or affected by variations in the affinity
constant of the extrinsic fluorophore for amyloid aggregates at
different experimental conditions. However, as with any
fluorescence-based assay, care should be taken to ensure that
the variation in fluorescence output is not due to non-specific
interactions between the reporter probe and any potential
inhibitor compound. In this context, it is worth to notice that
FSQ-based assays may offer the possibility of assessing the
presence of these artifacts by changing the ratio of labelled to
unlabelled amyloid peptide. Here, any dependence of the
inhibitory effect with the degree of amyloid labelling should
be indicative of some interaction between the fluorophore and
the tested compound. Importantly, we also demonstrate that
the excited-state fluorescence lifetime of the covalently attached
dye in the monomer and aggregated forms can easily be
determined, thus providing a means to quantify variations in
their relative populations as a function of time or aggregation
conditions. It is interesting to note that such discrimination
between monomer and aggregated populations is not possible
using exclusively steady-state fluorescence intensity measure-
ments or extrinsic probes that do not interact with monomeric
Ab. This may be an important feature if we take into account
that several lines of evidence have suggested that amyloid
toxicity may not be directly related to the presence of specific
and discrete morphologies, but rather to the ability of these
species to grow and dynamically exchange in the presence of
monomeric Ab1–42.52 We envisage that such combination of
time-resolved, steady-state fluorescence and absorption could
be insightful for distinguishing between the formation of
different types of aggregates.

N-terminal tagging of amyloidogenic peptides with small mole-
cules shares some common features with recent approaches using
fluorescence proteins fused to a-synuclein,53,54 Ab peptides55

and prion sequences.56 In both cases, perturbation of the
photophysical properties is explored to monitor the aggregation
process. It has been found that aggregation promotes misfolding
of the fused protein, and thus a decrease in the fluorescence
output similar to that observed by us using small-molecule

tagging. However, it has also been indicated that certain peptide
sequences aggregate without affecting the native function of the
fluorescent protein,55 therefore compromising the use of fused
proteins as a general strategy to investigate peptide aggregation.
Lastly, we show that dual-colour N-terminal tagging with a FRET
pair constitutes a platform not only for monitoring aggregation
and provide insights into the structure of the aggregates, but also
to ensure identical pre-aggregation conditions. This is crucial for
in vitro studies of amyloid aggregation, where the presence of
pre-aggregated amyloid structures in stock solutions of amyloid
has led to significant discrepancies in the literature. We believe
this FRET assay could be used for standardizing measurements
across laboratories given that it is concentration-independent
and provides a reproducible magnitude to which samples can be
compared to.

There are also obvious limitations to the use of N-terminal
tagging for certain applications. For instance, the requirement to
employ synthetically labelled peptides makes difficult its imple-
mentation as a diagnostic tool. In summary, in vitro probing of
amyloid aggregation using FSQ fills the gap between current
amyloid-sensing methods using non-covalent probes and highly
specialized single-molecule techniques.57,58 It offers the advantage
that it can be easily performed in any laboratory using a conven-
tional fluorimeter and can be adapted for continuous large-scale
analytical determinations. Although we demonstrated the potential
of FSQ using exclusively Ab1–42 as a model for protein aggregation,
it is likely that it could be applied to investigate the aggregation
process of several misfolded proteins and peptides implicated in
various pathologies, including the tau protein in Alzheimer’s
disease, prion in spongiform encephalopathy and a-synuclein in
Parkinson disease.

Experimental section
Monomer preparation

Synthetic unlabelled and dye labelled Ab1–42 peptides incorporating
either HiLyte Fluor 555 or HiLyte 647 were purchased from Anaspec
Inc. (USA) and used with no additional purification. HiLyte Fluor
555 and HiLyte Fluor 647 are derivatives of the widely used Cy3 and
Cy5 dyes, respectively, in which a long chain linking both aromatic
groups has been incorporated to decrease the flexibility of the
molecule and improve the photophysical behaviour (Fig. S1, ESI†).
Fluorophore attachment to the N-terminal position of the Ab
peptide was performed by the manufacturer and peptides were
characterized by the manufacturer using mass spectrometry and
high-performance liquid chromatography (HPLC). Peptides were
suspended in 100% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at
5 mg mL�1 and incubated for complete solubilization at room
temperature for 1.5 h. HFIP was subsequently removed by evapora-
tion under vacuum for 4 h and stored at �20 1C.17,36–39,44,49

Protein expression and purification

The full length Hsp20 sequence was cloned into a pET28 vector
(Novagen) in order to express an N-terminal His-tag and then
transformed into competent BL21 cells (Invitrogen, Paisley).
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Cells were grown until OD600 = 1, 1 M of IPTG was then added
and cells were grown for a further 24 hours at 37 1C. The
protein was then purified using nickel affinity chromatography.
The resulting protein product was then checked for impurities
on a 4% gel and then verified through western blotting
techniques.

Aggregation protocols

To obtain HFIP-induced aggregates, pre-treated Ab1–42 monomers
were resuspended in dimethylsulfoxide (DMSO) to a concentration
of 2.5 mg mL�1. Ab1–42 peptides were subsequently diluted in
Tris-HCl buffer solution (50 mM, pH 7.9) to the final desired
concentration and r4% HFIP was added to induce aggrega-
tion.31 All aqueous solutions were prepared with deionized water
(Millipore, USA). Incubation of the peptides for 1 hour at 4 1C
with vigorous agitation by continued vortexing results in the
progressive formation of Ab1–42 globular structures.

To obtain ADDLs, Ab1–42 monomers were resuspended in
dimethylsulfoxide (DMSO) to a concentration of 2.5 mg mL�1.
Ab1–42 peptides were subsequently diluted in phenol red free
HAM’s F-12 media (pH 7.3) to the final desired concentration
to induce aggregation.35–39 Incubation of the peptides for
24 hours at 4 1C results in the progressive formation of Ab1–42

ADDL structures. Fluorescence scans were recorded at discrete
time points along the time course of the aggregation process.

For oligomeric and fibril-like aggregates formed at pH 7.9,
HFIP-pre-treated Ab1–42 monomers were resuspended in DMSO
to a concentration of 2.5 mg mL�1 and subsequently diluted to
the desired concentration in 50 mM Tris-HCl buffer solution
containing 150 mM NaCl and incubated at 37 1C for 24 hours as
reported previously.17,35–39 pH 6-induced aggregates were created
by re-suspending HFIP-pre-treated Ab1–42 monomers in DMSO to
a concentration of 2.5 mg mL�1 and subsequently diluting to the
final concentration in 50 mM 2-(N-morpholino)ethanesulfonic
acid (MES) buffer at pH 6.0. Samples were incubated without
agitation at 37 1C for 5 hours.44 Finally, pH 4-induced aggregates
were created by re-suspending HFIP-pre-treated Ab1–42 in DMSO
to a concentration of 2.5 mg mL�1 and subsequently diluting in
Tris-HCl buffer solution (50 mM, pH 7.9). 0.1% (v/v) of C2H4O2

was subsequently added to switch the pH from 7.9 to 4.0. After
an incubation period of 1.5 hours (no agitation), pH 4-induced
aggregates were produced.48 Final Ab concentrations were
determined by absorbance spectroscopy using extinction coefficients
of 150 000 cm�1 M�1 at 560 nm for Ab555 and 250 000 cm�1 M�1 at
653 nm for Ab647. Final concentrations of ThT were determined
using an extinction coefficient of 36 000 cm�1 M�1 at 412 nm.24

Fluorescence spectroscopy of Ab1–42 aggregates

Fluorescence emission spectra from N-terminally labelled
Ab1–42 aggregates were obtained using a Peltier-cooled Varian
Eclipse fluorescence spectrophotometer during incubation.
Cuvettes with 1 cm path length were used and agitation was
achieved with the insertion of magnetic stirring bars. Spectra
from Ab555 and Ab647 were recorded using excitation wavelengths
of 547 nm and 647 nm respectively. Fluorescence spectra of ThT

in the presence of unlabelled Ab were recorded using an excita-
tion wavelength of 440 nm.

Fluorescence lifetime measurements

Fluorescence lifetime measurements were performed with a
Hamamatsu C6860 Synchroscan streak camera. The 80 MHz,
100 fs (full width half maximum) 800 nm output of a Ti:sapphire
oscillator was frequency doubled with a beta barium borate
crystal, giving 400 nm excitation pulses. The 400 nm light, with
an average power of less than 1 mW, was subsequently focussed
through the optical path length (1 cm) of the solution cuvette.
The photoluminescence from the sample was then collected and
collimated with a lens before being focussed onto the entrance
slit of a Chromex 250 is imaging spectrograph. Excitation light
was removed with a yellow Schott glass filter that cuts all light
below 420 nm. Spectral windows of 540–680 nm (single-colour
quenching assay) and 540–590 nm (dual-colour FRET assay) were
selected with the spectrograph before the light was directed into
the streak camera. Time resolved photoluminescence dynamics
were then recorded over a number of time ranges, giving an
ultimate resolution with deconvolution with the instrument
response function of B2 ps.

Transmission electron microscopy

The structures of Ab1–42 amyloid aggregates were analysed
by negative staining for transmission electron microscopy. Piolo-
form and carbon-coated 100-mesh copper grids (Agar Scientific,
UK) were placed face down on droplets containing Ab aggregates
and incubated for 2 min at room temperature to allow binding of
the protein structures to the grids. The grids were subsequently
washed and stained twice on droplets of 3% aqueous uranyl
acetate for 2 min each followed by removal of excess staining
solution by gently blotting the side of the grid with filter paper.
The grids were then air dried and analysed in the electron
microscope. Ab amyloid structures were sampled by taking 5
micrographs per sample with a JEOL 1200 transmission electron
microscope on Ditabis imaging plates (DITABIS Digital Biome-
dical Imaging Systems AG, Germany). Micrographs were selected
to represent the average distribution, density and size of the Ab
aggregates.59 Globular structures were sampled using the for-
bidden line unbiased counting rule applied to quadrats posi-
tioned systematic uniform random (approximately 6 quadrats
per micrograph, 0.01148 mm2 per quadrat) on micrographs
which were displayed in Photoshop CS6. The mean calliper
diameter was measured both horizontally and vertically and
the average of both measurements calculated for each globular
structure. Fibrillar structures were sampled using a systematic
uniform random scanning method in which micrographs were
taken at nominal magnification of 30 K each time a fibrillar
structure was encountered. The fibril diameters were measured
in Photoshop CS6 on fibrils selected by line intersections with a
grid applied to the micrographs (grid spacing = 103.63 nm). Each
time a fibril intersected with the grid, a diameter was acquired.
The mean diameters of globular and fibrillar structures were
subsequently calculated, along with the standard deviation and
standard error of the mean.
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Statistical analysis

Data are expressed as the means � SEM from 3–5 separated
experiments using different amyloid preparations and stocks.
Statistical comparison of the results obtained between the
different experimental conditions tested was carried out using
one-way analysis of variance (ANOVA). Post hoc ANOVA tests
for pairwise multiple comparisons between experimental con-
ditions were performed using the Tukey method. A P value of
o0.05 was considered statistically significant.
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