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a b s t r a c t

Extensive evidence suggests that the self-assembly of amyloid-beta peptide (Ab) is a nucleation-depen-
dent process that involves the formation of several oligomeric intermediates. Despite neuronal toxicity
being recently related to Ab soluble oligomers, results from aggregation studies are often controversial,
mainly because of the low reproducibility of several experimental protocols. Here a multimethodological
study that included atomic force microscopy (AFM), transmission electron microscopy (TEM), fluores-
cence microscopy (FLM), mass spectrometry techniques (matrix-assisted laser desorption/ionization
time-of-flight [MALDI–TOF] and electrospray ionization quadrupole time-of-flight [ESI–QTOF]), and
direct thioflavin T (ThT) fluorescence spectroscopy were enabled to set up a reliable and highly reproduc-
ible experimental protocol for the characterization of the morphology and dimension of Ab 1–42 (Ab42)
aggregates along the self-assembly pathway. This multimethodological approach allowed elucidating the
diverse assembly species formed during the Ab aggregation process and was applied to the detailed
investigation of the mechanism of Ab42 inhibition by myricetin. In particular, a very striking result
was the molecular weight determination of the initial oligomeric nuclei by MALDI–TOF, composed of
up to 10 monomers, and their morphology by AFM.

� 2011 Elsevier Inc. All rights reserved.

Aggregation and fibril formation of amyloid-beta peptide (Ab)2

are central events in the pathogenesis and progression of Alzhei-
mer’s disease (AD) [1,2]. Ab occurs in various isoforms that differ
by the number of amino acids at the C terminus [3]. Specifically,
the 40-residue (Ab40) and 42-residue (Ab42) isoforms both have
been associated with AD. In particular, Ab42 shows a high propensity
to self-assemble and deposit in senile plaques and is highly toxic for
neurons [4], and its overproduction has been related to familiar
forms of AD [5]. Aggregation of Ab42 is a complex process that in-
volves the formation of several soluble intermediate species, includ-
ing oligomeric and protofibrillar forms, and ends with the deposition

of ordered fibrillar architectures whose three-dimensional structure
has been recently published [6]. The process of in vivo polymeriza-
tion is poorly understood, and the pathological role of different sol-
uble species is still controversial. For instance, although the amyloid
plaques are a major hallmark of AD, they are only part of an array of
Ab aggregate morphologies observed in vivo [7]. Interestingly, not all
of these Ab assemblies provoke an inflammatory response and are
toxic. The detailed pathological mechanism still remains unclear.
Considerable evidence suggests that soluble ordered oligomeric
intermediates (e.g., soluble oligomers [56 kDa] and protofibrils),
rather than insoluble peptide deposits, exert cytotoxic effects and
play a crucial role in AD onset and progression [8–10]. Ab deposits
may enhance oxidative stress and inflammation, leading to cell in-
jury [11].

Despite this acute importance and interest, there are several as-
pects of amyloid aggregation that conspire against reliable experi-
mental studies and direct comparison of the results. First, the
kinetics of Ab42 aggregation is very sensitive to inputs, such as
the conformational status of starting material [12] and physico-
chemical characteristics of the solution [13], and studies are lim-
ited by the poor water solubility of Ab42. Indeed, depending on
experimental conditions and the detection system, different
on- and off-pathway intermediates have been reported, resulting
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in divergent kinetics and aggregation models [13–15]. Second, the
structural polymorphism (i.e., the tendency to aggregate into mul-
tiple morphologies, which is a prominent feature of Ab aggrega-
tion) makes the reliable in vitro reproduction of neurotoxicity-
related assembly difficult, thereby leading to contradictory study
outcomes.

Beside dissimilarity related to nonreproducible aggregation
kinetics, this heterogeneity translated to confused outcomes from
screening procedures for inhibitors, hampering the rational design
of new drugs for AD. The case of nicotine is emblematic; each D-(+)
and L-(�) enantiomer of nicotine was reported to inhibit Ab aggre-
gation and related cytotoxicity [16] despite the fact that the race-
mate was previously found to be inactive [17].

Given the importance of these aspects as well as the intrinsic
and experimental difficulties related to this process, our objective
was to develop a more comprehensive methodology to character-
ize the formation of amyloid aggregates. This objective has been
achieved by combining the development of a reproducible aggre-
gation assay with a multimethodological detection approach for
the evaluation of alternative Ab42 morphology and aggregation
species associated with various steps of the aggregation pathway.
Apart from helping to clarify the aggregation mechanism, this
information is also crucial to understanding where potential Ab
aggregation inhibitors act along the aggregation pathway, thereby
aiding in the design of new effective drugs for the treatment of
AD.

Numerous analytical techniques have been used to evaluate
the Ab aggregation process in vitro. These include direct nonmor-
phological methods such as circular dichroism (CD) [18] and so-
lid-state and liquid nuclear magnetic resonance (NMR) [19],
indirect morphological techniques such as colorimetric [20] and
fluorometric methods [21], and morphological methods such as
turbidity, light scattering, and X-ray diffraction microscopy [22].
Application of each of these techniques offers advantages and
may have drawbacks in terms of technique-related artifacts,
which might be related to sample treatment (e.g., required filtra-
tion), staining (e.g., negative stain in electron microscopy), sur-
face- or assay-induced assembly or disassembly (e.g., sodium
dodecyl sulfate–polyacrylamide gel electrophoresis [SDS–PAGE]
fractionation) [23], or a lack of selectivity of detection system
for oligomer determination (e.g., cross reaction in some immuno-
assays) [24].

In our opinion, these artifacts can be overcome by using multi-
ple independent analytical techniques in parallel. Therefore, in
this work, we extended our previous studies [18] by combining
mass spectrometry (MS) techniques (matrix-assisted laser
desorption/ionization time-of-flight [MALDI–TOF], electrospray
ionization ion trap [ESI–IT], and electrospray ionization quadru-
pole time-of-flight [ESI–QTOF]), thioflavin T (ThT)-based fluores-
cence spectroscopy, and microscopy techniques such as
transmission electron microscopy (TEM), fluorescence microscopy
(FLM), and atomic force microscopy (AFM). These methodologies
were applied to monitor in parallel the oligomerization of
conformationally homogeneous samples and were used to
cross-validate results. Comparison of results minimized the mis-
interpretation related to technique-induced phenomena (e.g., sur-
face-induced aggregation), leading to artifact-free outcomes.
Different combinations of analytical methods have been ap-
proached previously [25–29]. However, transient species appear-
ing at an early phase of the Ab42 oligomerization process have
been hardly characterized. The MALDI–TOF technique was suc-
cessfully selected for this purpose in this study. Furthermore,
ESI–IT MS and ESI–QTOF MS were applied for the first time for
measuring the progressive disappearance of monomer during
inhibition studies with the known Ab inhibitor myricetin. The
final goal of this work was to understand the in vitro Ab42

self-assembly process so as to intervene along the aggregation
path by a concurrent inhibitor. This work gives further opportuni-
ties for a reliable assay on amyloid aggregation and contributes to
the understanding of the detailed mechanism of the action of
inhibitors.

Materials and methods

Ab42 sample preparation

Ab42 lyophilized powder (Bachem, Bubendorf, Switzerland)
was pretreated and resolubilized following the procedure opti-
mized in a previous work and slightly adapted for the current stud-
ies [14]. The Ab42 film was redissolved in 69.5 ll of a freshly
prepared mixture consisting of CH3CN/300 lM Na2CO3/250 mM
NaOH (48.3:48.3:3.4, v/v/v) by brief sonication and vortexing.
The resulting alkaline Ab42 solution (500 lM) was diluted 1:10
with phosphate buffer (10 mM, pH 7.7) containing NaCl (11 mM)
to obtain a 50-lM Ab42 solution at final pH 8.0 and an NaCl con-
centration of 10 mM. Therefore, final assay conditions were as fol-
lows: 50 lM Ab42 in phosphate buffer (8.7 mM) containing 10 mM
NaCl, 14.5 lM Na2CO3, 0.85 mM NaOH, and 8.2% acetonitrile (final
pH 8.0). The Ab42 solutions were briefly sonicated and incubated
at 30 �C by a Thermomixer Comfort (Eppendorf Italia, Milan, Italy)
without any stirring. Analyses were then performed at selected
times.

Ab42 aggregation inhibition studies

Inhibition studies were performed by incubating Ab42 samples
at 30 �C without any stirring in the assay conditions with and with-
out myricetin. Myricetin was solubilized in methanol at a stock
concentration of 2.0 mM and diluted in the assay buffer. For the
evaluation of IC50 value, four different concentrations (1.0–
10 lM) were used. IC50 value was determined graphically from
log concentration–inhibition curves (GraphPad Prism 4.03, Graph-
Pad Software, San Diego, CA, USA). In time course experiments,
stock solution was diluted in the assay buffer to a final concentra-
tion of 10 lM ([myricetin]/[Ab42] = 1:5). At t = 0, aliquots of stock
solution were added to the Ab42 samples before incubation at
30 �C. In further studies, myricetin was added during the aggrega-
tion process at selected times (t50 [half-time course in ThT assay]
and t90 [90% of the exponential increase of the fluorescence signal
in the ThT assay]). At selected times, aliquots were analyzed for
Ab42 on the specific technique-related protocol in the specific sec-
tions reported below. Inhibition studies with tacrine were carried
out by preparing a 2.0-mM stock solution of tacrine hydrochloride
(Sigma–Aldrich, Milan, Italy) in methanol and diluting it in the as-
say buffer to have a final concentration of 10 lM. At t = 0, aliquots
of tacrine solution were added to the Ab42 samples before incuba-
tion at 30 �C.

ThT-based fluorometric assay

ThT (Sigma–Aldrich)-based fluorometric assays were performed
with a Jasco FP-6200 spectrofluorometer (Jasco, Tokyo, Japan)
using a 3-ml quartz cell. After the appropriate incubation time,
the solutions containing Ab42 (50 lM) or Ab42 in the presence of
myricetin were diluted with glycine–NaOH buffer (50 mM, pH
8.5) containing ThT (1.5 lM) up to a final volume of 2.0 ml. The
fluorescence emission signal was monitored at 490 nm
(kex = 446 nm) with excitation and emission slits of 2 nm band-
width. A time scan was performed, and the fluorescence intensity
values at the plateau (�300 s) were averaged after subtracting
the background fluorescence from 1.5 lM ThT and tested
compound.
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MALDI–TOF

Ab42 MALDI–TOF MS analyses were performed using a Voyager
DE Pro (Applied Biosystems, Foster City, CA, USA) equipped with a
pulsed nitrogen laser operating at 337 nm. Small oligomer positive
ion spectra were acquired in linear mode over an m/z range from
2000 to 50,000 using a 25-kV accelerating voltage, a 23.25-kV grid
voltage, and a 400-ns delay extraction time. The spectrum for each
spot was obtained by averaging the results of 1000 laser shots. The
analysis was performed by spotting on the target plate 1.0 ll of the
sample mixed with an equal volume of the matrix solution, 30 mg/
ml sinapinic acid (Sigma-Aldrich), in CH3CN/H2O (50:50, v/v) con-
taining 0.1% (v/v) trifluoroacetic acid (Sigma–Aldrich).

ESI–IT MS

The Ab42 samples were analyzed by a 10-ll loop injection after
previous addition of reserpine (Sigma–Aldrich) as internal stan-
dard (IS) (2 ll of 0.5 mg/ml IS in 2:1 acetonitrile/phosphate buffer
was added to 20 ll of Ab42 solution). Liquid chromatography mass
spectrometry (LC–MS) analyses were performed on a Jasco PU-
1585 liquid chromatograph interfaced with an LCQ Duo mass spec-
trometer (Thermo Finnigan, San Jose, CA, USA) equipped with an
ESI source operating with an ion trap analyzer. The mobile phase
consisted of 0.1% (v/v) formic acid in acetonitrile/water (30:70).
The ESI system employed a 4.5-kV spray voltage and a 200 �C cap-
illary temperature. Mass spectra were operated in positive polarity
in a scan range of 200 to 2000 m/z and at a scan rate of 3 micros-
cans/s. Single ion monitoring (SIM) chromatograms for the quanti-
tative analysis were reconstructed at the base peaks corresponding
to the differentially charged amyloid monomer ions. In particular,
the responses due to the ESI generated different charge states of
the monomer (ions [M+4H]4+ at 1129.3 m/z, [M+5H]5+ at
903.7 m/z, and [M+6H]6+ at 753.3 m/z) were summarized as total
monomer SIM area. The ratio between the monomer area, calcu-
lated as described previously, and the IS area (SIM at 609.4 m/z,
corresponding to [M+H]+ reserpine ion) was used for quantitation.

AFM

The AFM samples were prepared by spotting 8 ll of Ab42 solu-
tion on freshly cleaved muscovite mica disks (Joel, Milan, Italy).
The contact time was 1 min; mica disks were then rinsed with
0.22-lm filtered deionized water and gently dried under a nitro-
gen flow. Morphological analysis was carried out with an NT–
MDT atomic force microscope (SMENA NOVA, NT–MDT, Moscow,
Russia) in semicontact mode, in air, under the following condi-
tions: scan rate 1–1.5 Hz, NSG11 golden silicon probes (NT–MDT)
with tip apex radius of 10 nm, resonant frequency range of AFM
cantilever 115–325 Hz, and number of pixels 512 � 512. Represen-
tative images were obtained by scanning different samples at three
or more randomly selected spots over the entire template. The
resulting images were processed off-line with Gwiddion 2.17 soft-
ware (http://gwyddion.net) by applying a flattening algorithm to
remove the background slope. For width measurement of small
structures, such as amyloid small aggregates, complex algorithms
are usually required to deconvolute the images [30]. A good esti-
mation of the real size of the small oligomers can be obtained by
a simple geometrical deconvolution model [28,31], that is, by
treating the small particles as spherical structures and the small
protofibrils and fibrils as cylindrical structures:

w ¼ 2 � ð2 � Rt � hÞ1=2 ð1Þ

where w is the width or diameter observed in the AFM image, Rt is
the tip apex radius (10 nm), and h is the real width of the structure.

TEM

Aliquots (2 ll) of the Ab42 samples diluted 10 times in the assay
buffer were adsorbed onto 200-mesh carbon-coated copper grids
(Electron Microscopy Sciences, Hatfield, PA, USA) until dry. The
grids were then washed three times with filtered bidistilled water,
stained with 1% aqueous solution of uranyl acetate (Sigma–Al-
drich) for 5 min, and finally washed three times with 0.22-lm fil-
tered bidistilled water. The grids were allowed to dry and were
visualized in a Philips CM100 transmission electron microscope
(accelerating voltage 80 kV).

Results and discussion

Because the monomer misfolding is the well-accepted starting
point of the amyloid aggregation process [7,18,32,33], a conforma-
tionally homogeneous Ab42 starting sample is a prerequisite for a
reproducible polymerization process. Therefore, on the basis of
previous studies [18], the Ab42 peptide was initially treated with
hexafluoroisopropanol (HFIP) to induce a prevalent a-helical struc-
ture and the initial conformational homogeneity was evaluated by
circular dichroism (CD) spectroscopy. The use of CD was an essen-
tial tool to clarify the shift from unordered/a-helix to a b-sheet-
rich conformation in amyloid self-assembly. However, to produce
morphology-relevant information on high-molecular-weight
(HMW) oligomers, the quantitative analysis of monomer disap-
pearance and oligomer formation during the self-assembly process
relied on a combination of other more appropriate methods,
including MS techniques.

Low-molecular-weight oligomers appear at a very early time of
aggregation

HFIP-pretreated Ab samples, freshly resolubilized in an acetoni-
trile/alkaline aqueous mixture, were stable and showed a non-
amyloidogenic conformation by CD analysis [18], whereas the dilu-
tion in phosphate buffer triggered the conformational changes and
was taken as t = 0 for aggregation studies.

The compliance with the initial Ab42 monomer status was eval-
uated and confirmed by MS techniques. The MALDI–TOF mass
spectrum of Ab42 solution at t = 0 showed the monomer at
4514 m/z as the most abundant species. More interesting, soon
after dilution in phosphate buffer, Ab monomers tended to associ-
ate with short oligomeric species (up to 9 or 10 units) that were
detected by MALDI–TOF (Fig. 1). Homogeneously distributed small
aggregates with a tendency to form globular and disc-shaped
structures were visualized by AFM after deposition on hydrophilic
mica surface (Fig. 2, t = 0, and Fig. 3A). In less densely populated
regions, line analyses were performed and the dimension of these
structures was derived (Table 1). A general classification was done
by dividing the observed initial oligomeric structures into two clas-
ses: (i) a population with an average height of 0.7 ± 0.2 nm (n = 50
on three different experiments) and a deconvoluted diameter of 5–
10 nm (see Materials and methods) and (ii) a population with a
height of 1 to 2 nm and a deconvoluted diameter of 15–25 nm
(n = 75 on three different experiments). The observed heights of
particles, in agreement with previous observations [30,34–37],
are relatively constant compared with the apparent diameters. This
clearly shows that the lateral dimensions of these particles are not
proportional to their heights.

A fast interaction of Ab42 monomers in an aqueous
environment is in agreement with recently published data that
propose an initial fast hydrophobic collapse, resulting in the forma-
tion of transient spherical oligomers [38]. These oligomeric nuclei
were the most abundant species during the very early phase of
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aggregation; they could be reverted to monomers by dilution or
transformed into lengthy protofibrils by incubation. Indeed, AFM
studies of diluted samples showed a reduction in the relative abun-
dance of short oligomers compared with stable longer intermedi-
ates (data not shown). Fluorescence signal in the ThT assay is
almost negligible during this initial phase because no ordered olig-
omeric structures are formed yet. Concerning secondary structure,
previous CD studies [18] revealed unordered/a-helix conformation
of amyloid sample solution in this early step of the aggregation
pathway (Table 1).

The kinetics of oligomerization follows a nucleation-dependent profile

After dilution in phosphate buffer, the Ab self-assembly process
was monitored over time by combining MS techniques (MALDI–
TOF, ESI–QTOF, and ESI–IT), microscopy, and a ThT-based fluores-
cence assay.

ThT dye shows a characteristic red shift in the excitation spec-
trum and an increase in the quantum yield on binding to fibrillar b-
sheet structures [21,39,40]. In agreement with previous studies
[18] that revealed a CD shift from unordered/a-helix to a b-
sheet-rich conformation, the obtained ThT-based fluorescence
experimental values fitted into a Boltzmann sigmoidal equation
showing an initial lag phase followed by a steep exponential phase
up to a plateau (Fig. 4A); the plateau phase started at 22–24 h,
whereas the t50 (i.e., time at which the signal is half of the maxi-
mum value) occurred at 12.5 h.

Ab42 aggregation was also monitored by evaluating the mono-
mer decrease by ESI–IT MS flow injection analysis. Quantitation of
the Ab42 monomer was carried out without any previous filtration
so as to avoid perturbation of the system. Although small oligo-
mers were already present during the early phases, as determined
by MALDI–TOF and AFM studies and as reported elsewhere [41],
only the monomeric form was detected under the ESI–MS experi-
mental conditions because it is possible that small oligomers could
disaggregate during the flow injection and the ESI. The contribu-
tion of dimers and longer oligomers to the ESI–MS analyses was
excluded based on the 13C isotope distribution investigated by
the ESI–QTOF technique (flow injection [see supplementary mate-
rial for experimental details]). The QTOF mass spectrum of amyloid
samples showed an isotope peak separation for the +4 charge state
of precisely 0.25 amu, as expected for a monomer in this multi-
charged state (i.e., in the case of +8 charged state, dimer would
be 0.125 amu). The simultaneous presence of monomer and dimer
would have given undistinguished isotopic resolution. Hence,
quantitation of the Ab42 soluble forms was performed by ESI–IT
MS on the monomer signals deriving from monomers and likely
from the soluble small oligomer disaggregation.

When the profiles obtained in MS studies was compared with
those resulting from fluorescence studies, a reversed sigmoidal
trend was obtained, showing an initial plateau up to 10 h followed
by an exponential decrease until monomer disappearance (Fig. 4B).
In accordance with this result, MALDI–TOF studies showed a pro-
gressive decrease in the monomer content and the disappearance
of short oligomers within 12 h, when only traces of monomer, dim-
mer, and trimer were found (Fig. 1).

Although the presence of HMW oligomers, protofibrils, and fi-
brils could not be detected by MALDI–TOF because of their low ion-
ization ability, they were well visualized by microscopy
techniques. In particular, at early time, morphology studies on olig-
omeric and fibrillar structures were mainly carried out by AFM
(Fig. 2) because small oligomers were not well resolved by TEM
(Fig. 5), likely due to the lower resolution of TEM.

Short oligomers, protofibrils, and some small fibrillar species
were simultaneously present during the oligomerization phase,
but the prevalence of a species over the others changed over time.
It appears, as supported by evidence from the independent meth-
ods used here, that a progressive increase in the percentage of or-
ganized oligomers and protofibrils occurs over time. Thanks to
high resolution of acquired images, AFM analyses allowed the de-
tailed morphological identification of the different aggregated spe-
cies. Examples of protofibrils [35,37,42–44] formed during the
initial phases of aggregation are presented in Fig. 3B. Their heights
ranged between 1 and 3 nm, and their widths ranged between 5
and 10 nm (n = 30 on three different experiments [Table 1]), simi-
lar to results reported by others [28,45].

On the basis of recently published molecular dynamic
simulations [38] and PICUP (photo-induced cross-linking of
unmodified proteins) studies [46], Ab42 has a high propensity to
form roundish nuclei that could self-associate into higher order
oligomers. In our investigation, these nuclei correspond to the
soluble roundish aggregates with molecular weight (MW) up to
45 kDa (MALDI–TOF analyses) whose morphology was well

Fig.1. MALDI–TOF analyses of Ab42. The insets show small oligomer profiles with
P3 units at increasing incubation times.
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defined by AFM (Table 1) and that evolve into elongated protofibril
structures. MALDI–TOF resulted a suitable and easy-to-handle
technique to evaluate formation and disappearance of initial

transient species that can hardly be detected by other methodolo-
gies. Moreover, different from other approaches, MALDI–TOF does
not imply long/complex sample treatment or covalent modifica-
tion of species in solution as in the PICUP method [47].

HMW oligomer distribution and morphology-related informa-
tion on soluble amyloid oligomers are complementary to data by
CD and ThT fluorescence assay, which is one of the most used
methods in similar studies but is limited to only quantitative
determination of fibril formation.

To date, very few approaches are available to specifically detect
soluble amyloid intermediates (e.g., the immunometric approach,
which is based on the recognition of specific conformers or soluble
aggregates by tailor-made antibodies) [48–50].

Finally, FLM images obtained after staining with ThT dye were
able to highlight only the larger fibrillar structures that appear
after 48 h of incubation (see Fig. S1 in supplementary material).

Combined MALDI–TOF and AFM results showed that oligomer-
ization does not proceed through the progressive appearance and
disappearance of single species (i.e., monomers ? dimers ? tri-
mers ? � � �? decamers ? longer oligomers ? protofibrils ? � � �);
rather, it proceeds through parallel pathways where multiple spe-
cies coexist. Moreover, the Ab aggregation appears to proceed
exponentially rather than linearly; once the stable oligomers reach
a critical size and concentration, a rapid inclusion of residual
monomers was observed with a rapid growth of more organized
and insoluble structures and fibrils.

At this point, quantitative analyses by ThT-based assay, as well
as by ESI–IT and MALDI–TOF (Figs. 1 and 4) and microscopy stud-
ies, showed that the amount of monomers and short oligomers was
very poor.

Fig.2. Tapping mode AFM analyses of Ab42 aggregation kinetics. The images are representative of those in each of at least three independent experiments.

Fig.3. Magnified AFM images showing different morphological species: (A) Ab42
globular oligomers; (B) protofibrils; (C) smooth fibrils; (D) nodular fibrils.

Table 1
Dimensional analysis of Ab42 species detected on mica by AFM (data obtained are the averages of 30 6 n P 78 measures), MALDI–TOF analyses, and secondary structure
characterization by CD [18].

AFM MALDI-TOF (MW in kDa) CD (secondary structure)

Time-course species Height (nm) Deconvoluted width (nm) Length

LMW oligomers 0.5–0.9 5–10 Globular and disc-shaped 4–56 (1–10 units) Unordered/a-helix
1–2 15–25 Unordered/a-helix

Protofibrils 1–3 5–10 >110 nm b-sheet
Smooth fibrils 0.7–6 8–19 610 lM
Nodular fibrils 7–12 20–30
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Corroborating this evidence, microscopy techniques (Figs. 2 and
5) showed that after 48 h of incubation, Ab42 samples were almost
entirely aggregated into fibrils, whereas the content of monomers,
small oligomers, and protofibrils was very low. Because surface

coverage was highly reduced, it can be hypothesized that most of
them were incorporated into larger fibrils.

The findings described here merge with the previously de-
scribed three-step sigmoid profile obtained by CD studies [18] that
is characterized by a lag phase (prevailing unordered/a-helix con-
formation), an exponential growth phase (increasing b-sheet sec-
ondary structure), and a plateau phase (prevailing b-sheet
secondary structure) (Table 1).

Ordered smooth and nodular fibrils form rapidly by inclusion of short
oligomers and residual monomers

Chosen experimental conditions led to well morphologically de-
fined fibrils, which can be divided into two main types: smooth
(Fig. 3C) and nodular (Fig. 3D), with the latter indicative of high-or-
der supramolecular organization. Smooth fibrils have heights rang-
ing from 0.7 to 6 nm and widths ranging from 8 to 19 nm (n = 78
on three independent experiments). Nodular fibrils showed left-
handed coiling, with an average height of 9.5 ± 2.5 nm and an aver-
age width of 25 ± 5 nm. Both fibril types appeared from the early
phase of aggregation (from t = 4 h) and were observed to grow in
number and length with time, reaching the maximum value (i.e.,
length of 10 lM) at 24 h.

As a final remark, the general findings obtained with this mul-
timethodological approach are in agreement with the existence
of three distinct processes occurring sequentially within the
Ab42 assembly pathway as recently suggested on the basis of com-
putation studies [38]: (i) fast hydrophobic collapse resulting in a
population of oligomers that are visualized soon after dilution in
buffer as roundish species by AFM and contain up to 10 Ab42 units
(MALDI–TOF), (ii) desolvation enabling charged residues to inter-
act electrostatically and so induce the formation of elongated pro-
tofibrils (AFM), and (iii) emergence of parallel in-register
intermolecular hydrogen bonding associated with the cross-b
structure of the amyloid fibril (TEM, AFM, and FLM).

Microscopy images mirror the distribution of species in the solution

AFM results showed that amyloid species are rapidly trapped on
the mica surface. Indeed, increasing the contact time (drying time)

Fig.4. Time course of Ab42 (50 lM) aggregation in the absence and presence of
myricetin (myr, 10 lM) added at t = 0. (A) ThT fluorescence profile over time.
Samples were incubated at 30 �C and diluted with 1.5 lM ThT before reading; IF =
intensity of fluorescence. (B) Monomer time course decrease by ESI–IT. Quantita-
tion was carried out by using reserpine as IS.

Fig.5. TEM images of Ab42 aggregation kinetics. Images were acquired after negative staining with 1% aqueous solution of uranyl acetate.
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between b-amyloid solution and the mica surface during AFM sam-
ple preparation did not produce any change either in the relative
abundance of different Ab species or in their morphology (data
not shown). Due to the fast interaction of amyloid with mica sur-
face and the short contact time (1 min) before drying, we hypoth-
esized that the surface-promoting effect encountered in other
studies [51] could be excluded. The parallel TEM investigation fur-
ther corroborated this hypothesis; the TEM images acquired in par-
allel with AFM confirmed the same degree of polymerization in
terms of fibril size and number in the kinetic investigation (e.g.,
cf. Figs. 2 and 5). These observations allowed us to infer that in
our experimental conditions, polymerization occurred in solution
without any discernible surface-induced effect.

TEM was also useful for confirming the random orientation of
the fibrils observed in AFM images. More interesting, in comparing
the overall species profile of negatively stained TEM grids and AFM
images, we found a consistency in the morphology and size of the
detected species, leading us to the conclusion that AFM images
were snapshots of the process in solution.

In Fig. 6, a scheme of the overall Ab42 aggregation process is
displayed together with area of optimal application of the method-
ologies employed in this study for the integrated characterization
of the Ab42 assembly states.

From the point of view of the information content, the proposed
methods can be divided into quantitative (ThT assay, CD, and ESI–
MS), semiquantitative (MALDI–TOF), and morphological (AFM,
TEM, and FLM) methods. However, as shown in Fig. 6, some re-
ported techniques overlap partially. In particular, among morpho-
logical methods, FLM is redundant when TEM and AFM are
available. Information recruited by FLM is limited because only
large fibrils can be visualized. Furthermore, although TEM and
AFM results were equally informative on the protofibril/fibril
structure morphology, only AFM offers a suitable image resolution
to provide the accurate determination of short oligomers and pro-
tofibril shape and dimension. From a quantitative or semiquantita-
tive point of view, and dealing with oligomers, MALDI–TOF can
give a valuable characterization of low-molecular-weight (LMW)
oligomers and semiquantitative information on the internal ratio
of LMW species versus monomer, which is important information
in a toxicity study. Monomer quantitative determination by ESI–
MS can be well performed with an IT analyzer in SIM mode. In this
respect, ESI–QTOF gave a contribution in confirming the monomer
multicharged identity, and it was intended as a validating tech-
nique for the ESI–IT method. Therefore, each of the two ESI meth-
ods can be alternatively used to quantitate monomer content in

amyloid samples. Moreover, although MALDI–TOF and ESI–MS
analyses are complementary to CD studies because all three meth-
ods are focused on monomer characterization, CD is the only tech-
nique able to give information on the secondary structure.

Therefore, at the end of these considerations, to properly follow
all the stages of amyloid self-assembly, it might be recommended
to use (i) a quantitative method such as MS for monomer (ESI–MS)
and LMW oligomer characterization and determination (MALDI–
TOF is useful for both monomer and LMW oligomers) or ThT for fi-
bril formation, (ii) CD spectroscopy to acquire information on
monomers’ secondary structure changes, and (iii) a morphological
technique (AFM/TEM) to follow small and large species formation
and disappearance.

By adding important information on the early phases of the
aggregation kinetics from both the quantitative and qualitative
points of view, we considered that this approach could be useful
in characterizing the mechanism of action of new inhibitors.

Inhibition studies

A reproducible aggregation assay offering a high degree of infor-
mation is a prerequisite for the reliable characterisation of new
inhibitors of the amyloid aggregation process. It must be empha-
sized that most of published compounds endowed with an antiag-
gregating action were investigated for their overall effect on the
aggregation process rather than for their detailed interaction with
specific prefibrillar species [52–54]. In the light of the accepted
hypothesis that toxicity is related to specific intermediates [55],
the detailed characterization of the mode of action of new inhibi-
tors along all phases of self-assembly is required. Although ThT
fluorescence is the most widely used technique for inhibition stud-
ies, it must be underlined that a native fluorescence of the inhibitor
and/or competition for the same binding site on oligomers/fibrils
may provide misleading results if not accounted for properly.

On the basis of these considerations, we applied the described
multimethodological approach to characterize the mode of inhibi-
tion of myricetin, a well-known natural polyphenol that acts as an
inhibitor of Ab aggregation (see Fig. S2 in supplementary material)
[56]. Recent studies on transgenic mice (Tg2576) showed that a
prolonged administration of myricetin by mouth increased the lev-
els of soluble Ab monomers and significantly decreased the
amount of fibril deposits [57]. CD spectroscopy confirmed that
myricetin was able to prevent structural changes in Ab42 and to re-
duce ThT signal after 48 h [58].

Fig.6. Scheme of the Ab42 self-assembly process. Suitable techniques for morphological and/or quantitative evaluation of prevailing species at different phases of the
aggregation process are shown.
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As a starting point, the inhibitory potency of myricetin in our
experimental conditions was initially determined by ThT-based as-
say. The resulting IC50 value was 2.60 ± 0.33 lM (see supplemen-
tary material for details), whereas at 10 lM myricetin was able
to inhibit almost completely (94.1 ± 0.5%) the increase of the fluo-
rescence signal at 490 nm related to Ab42 aggregation after 24 h of
incubation. A 10-lM concentration was used for further experi-
ments with the multimethodological approach to maximize differ-
ences between the inhibitor-free samples and samples treated
with inhibitor.

In agreement with a stabilizing action on Ab monomers [58],
the results reported here showed that, in the presence of myricetin,

the overall assembly process was greatly retarded and fibril forma-
tion was strongly delayed. Myricetin decreased the ThT fluores-
cence associated with Ab fibrils, resulting in a shift of the t50

from 12.5 to 78.5 h (Fig. 4A). In agreement with this result, mono-
mer quantitation by ESI–IT MS showed a similar t50 shift from 9.6
to 73.8 h (Fig. 4B). At 24 h, residual monomer content was 13.8%
and 94.7% in the absence and presence of myricetin, respectively.
In agreement with the above data, the MALDI–TOF profile at 24 h
in the presence of myricetin still shows a high content of LMW
oligomers, confirming that the amyloid aggregation is still in its
very early phase (data not shown). Quantitative analyses of LMW
oligomer/monomer content over time (Fig. 7A) show that

Fig.7. (A) Time course trend of Ab42 dimer, trimer, tetramer, and pentamer/monomer absolute intensity with (s) and without (d) myricetin by MALDI–TOF. (B) AFM and
TEM images at 48 h of Ab42 with (+) and without (�) myricetin.
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myricetin strongly delays the transition from short oligomers to
more organized soluble intermediates. Moreover, in inspecting
AFM and TEM images acquired at 48 h of incubation, small oligo-
mers were still well detectable in samples containing myricetin,
whereas only highly ordered structures were present in samples
with Ab42 alone (Fig. 7B). Thus, the morphological and quantita-
tive data by multiple techniques univocally confirmed that myrice-
tin disrupts folding and avoids the deposition of ordered structures
with changes in the morphology of the various species. As a further
conclusion, data obtained with MS and microscopy techniques
fully confirmed results from the ThT-based assay and allowed
excluding false positives and false negatives.

Furthermore, the high reproducibility of the aggregation pro-
cess and the possibility of monitoring the appearance and disap-
pearance of the intermediate species during amyloid aggregation
allow further investigation on the specific targeted monomeric/
oligomeric form by adding the inhibitor at different times during
the aggregation process.

Specifically, other than at t = 0, myricetin was also added at t50

(half-time course in ThT assay, corresponding to growing oligo-
mers) and t90 (time corresponding to 90% of the exponential in-
crease of the fluorescence signal in the ThT assay), and the
effects on the progression of Ab aggregation were evaluated. The
results presented showed that myricetin interfered with the for-
mation of protofibrils and the subsequent progression to fibrils
even if added when the transition toward stable longer oligomeric
species has started (see Fig. S4 in supplementary material). In this
case, the observed retarding effect is higher when addition is car-
ried out at an early time. When added at t90 (higher content of fi-
brils), myricetin was not able to reverse the aggregation process or
disaggregate the already formed HMW species and fibrils. Instead,
it was able to strongly slow down further elongation.

To sum up, the results strongly indicate that the species tar-
geted by myricetin is the Ab monomer in the non-aggregation-
prone conformation (low level of b-sheet content) and short tran-
sient oligomers, which are predominant during the first hours of
the self-assembly process and slowly disappear when Ab fibrils be-
come prevalent.

Finally, to further validate this multimethodological approach,
tacrine (see Fig. S2), an anticholinesterase drug used in the past
for AD treatment was selected as a negative control because it
was previously demonstrated that tacrine is not effective in per-
turbing spontaneous amyloid assembly [18]. Analyses were per-
formed using the same experimental conditions. Neither changes
of the Ab sigmoid trend nor any variation of relative self-assembly
states was observed in the presence of this compound. As further
evidence, a significant decrease in ThT fluorescence did not occur
in the presence of tacrine after 24 h, and MALDI–TOF profiles did
not differ from those obtained with the tacrine-free Ab42 sample
(data not shown).

Conclusions

The limited access to characterization of the earliest events of
Ab42 aggregation suggests the need for a deeper multitechnique
study to bridge the experimental gap between the monomer and
fibril endpoints. Results obtained in this work translate into the
development of a reproducible Ab42 aggregation protocol that
would allow the characterization of the different assembly species
and the definition of their morphology, MW, and relative abun-
dance. This information is crucial to avoid confusing outcomes
from both aggregation studies and screening of inhibitors.

The multimethodological approach presented here provides a
clearer and more consistent picture of the in vitro Ab42 aggrega-
tion process by detailing the diverse assembly species, which are

formed from the early stages to fibrilization. A striking result is
the characterization of the morphology and MW of the nucleant
species by AFM and MALDI–TOF. Of particular note is the quantita-
tive applicative aspect of the proposed methodologies that confers
a suitable reliability for the definition of the potency and mode of
action of newly identified inhibitors.

Concerning the use of a multimethodological approach for
screening new antiaggregating agents, some considerations are
worth doing. Because the full characterization of a new compound
is costly and time-consuming, a step-by-step process, in which a
number of new potential inhibitors are first screened and only
the most promising ones are further characterized, is usually pur-
sued. In the light of this general modus operandi, a similar sequen-
tial approach can be suggested when antiaggregating agents are
studied.

For an initial high-throughput screening (HTS) approach, the
ThT-based assay is a well-suited quantitative technique because
it affords the screening of a high number of new molecular enti-
ties and the selection of active compounds. On the other hand,
the ThT approach cannot be applied when dealing with com-
pounds showing absorption or quenching phenomena at the se-
lected assay wavelength, thereby generating false positive and
false negative results, respectively. Analyses by an independent
technique at a fixed time of incubation may be useful to confirm
the inhibitory properties before further investigation. Then, once
the most active hits are selected, a deeper investigation can pro-
vide information on the mechanism of action. Quantitative kinetic
information on the conformational changes over oligomerization
and aggregation can be obtained by CD analysis. The selectivity
of ThT binding for fibrils suggests that active compounds result-
ing in this assay interfere with fibril formation without any
information on the amyloid species targeted by the inhibitor.
On the other hand, compounds able to alter the conformational
shift amyloid peptides (CD studies) might block or slow the early
phases of Ab oligomerization. The same quantitative information
on monomer content can be given by ESI–MS. Therefore, a
combination of ThT assay and ESI analysis or CD studies may give
reliable information on the inhibitor concentration needed to stop
the overall fibrilization process (ThT) and weather the inhibitor is
able to freeze the monomeric form of Ab (CD or ESI–IT). Then
MALDI–TOF MS can be used to confirm that the increase in
monomers decreases the formation of short oligomers at specific
time intervals in view of an inhibitor effect on toxicity due to
oligomers.

To sum up, a schematic procedure for inhibitor evaluation could
be as follows: (i) fast screen new compounds by a ThT assay and
select the ones that show IC50 values in the low micromolar range,
(ii) validate the ThT data with an independent technique at a fixed
time of incubation (morphological as AFM or TEM or quantitative)
to avoid misleading data, and (iii) investigate in detail the mecha-
nism of action by monitoring the effect of the inhibitor on the for-
mation of the different oligomeric species over time. CD, MALDI–
TOF MS or ESI–MS, and microscopy methods can be selected and
combined depending on instrument availability.

Concerning the inhibitor selected in this study, results strongly
indicate that the species preferentially targeted by myricetin are
the Ab monomers and short transient oligomers. Myricetin was
able to interfere with the progression of the Ab42 aggregation pro-
cess even if added when the conformational transition and mono-
mer oligomerization had started. Therefore, it is conceivable that
myricetin would be more efficient as early therapy instead of as
reversing an already started aggregation cascade.

Finally, the same approach can be extended to the aggregation
of many other aggregation-prone peptides because most peptides
involved in human aggregation diseases display similar aggrega-
tion features and intermediates [59].
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