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Abstract �-Amyloid peptide (A�) plays a key role in the
pathogenesis of Alzheimer disease (AD). Monomeric A�
undergoes aggregation, forming oligomers and Wbrils,
resulting in the deposition of plaques in the brain of AD
patients. A widely used protocol for Wbril formation in vitro
is based on incubation of the peptide at low pH and ionic
strength, which generates A� Wbrils several microns long.
What happens to such Wbrils once they are brought to phys-
iological pH and ionic strength for biological studies is not
fully understood. In this investigation, we show that these
changes strongly aVect the morphology of Wbrils, causing
their fragmentation into smaller ones followed by their
aggregation into disordered structures. We show that an
increase in pH is responsible for Wbril fragmentation, while
increased ionic strength is responsible for the aggregation
of Wbril fragments. This behavior was conWrmed on diVer-
ent batches of peptide either produced by the same com-
pany or of diVerent origin. Similar aggregates of short
Wbrils are obtained when monomeric peptide is incubated
under physiological conditions of pH and ionic strength,
suggesting that Wbril morphology is independent of the
Wbrillation protocol but depends on the Wnal chemical envi-
ronment. This was also conWrmed by experiments with cell
cultures showing that the toxicity of Wbrils with diVerent

initial morphology is the same after addition to the
medium. This information is of fundamental importance
when A� Wbrils are prepared in vitro at acidic pH and then
diluted into physiological buVer for biological investigations.

Keywords Alzheimer disease · Amyloid · Protein 
aggregation · Dynamic light scattering · Atomic force 
microscopy

Introduction

A prominent feature of Alzheimer’s disease (AD)—a
progressive neurodegenerative disease destroying memory
and cognitive skills—is the extracellular accumulation in
the brain of amyloid-beta (A�) (Irvine et al. 2008), a peptide
derived from proteolytic cleavage of the transmembrane
amyloid precursor protein (APP). A� is a small peptide of
39–42 amino acids that is formed and accumulates in anom-
alous amounts in AD by cleavage of APP (Selkoe 1999,
2004; LaFerla et al. 2007). When studied in vitro, A� mono-
mers progressively aggregate, forming oligomers and Wbrils
that, when added to cultured neurons, induce oxidative
stress, mitochondrial dysfunction, impaired synaptic trans-
mission, disruption of membrane integrity, and impaired
axonal transport. Such studies suggest an important role of
A� in the progress of AD, even though A� deposition has
not been correlated directly with neurodegeneration (Koo
et al. 1999; Lorenzo and Yankner 1994; Weldon et al. 1998;
Cazzaniga et al. 2007; Tabner et al. 2001).

The peptide composed of 42 amino acids (A�42) is more
hydrophobic and more prone to Wbril formation than others
(Jarrett et al. 1993), and is also the predominant isoform
found in cerebral plaques in AD (Findeis 2007). Current
data have shown that soluble A� oligomers, also referred to
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as A�-derived diVusible ligands (ADDLs), may play a key
role in cytotoxicity (Chromy et al. 2003; Klein 2002;
Bulbarelli et al. 2009a, b) inhibiting neuronal viability
about 10-fold more than Wbrils and about 40-fold more than
unaggregated peptide (Dahlgren et al. 2002). The Wbrillo-
genesis of A�42 has been investigated extensively by
diVerent techniques (Carrotta et al. 2005; Lomakin et al.
1996; Antzutkin 2004; Arimon et al. 2005; Harper et al.
1997; Parbhu et al. 2002), providing evidence that, upon
incubation in vitro, distinct structural aggregates, including
soluble oligomers, oligomeric globular aggregates, protoW-
brils, short Wbrils, extended Wbrils, and insoluble Wbrillar
aggregates, are formed successively (Yagi et al. 2007).

Since structural polymorphism is a prominent feature of
A� aggregates both in vitro and in vivo (Petkova et al.
2005), diVerent protocols have been developed to prepare
the peptide in diVerent aggregation forms as required for
biological studies or to test the activity of candidate anti-
amyloidogenic drugs. In a widely used protocol to prepare
Wbrillar A�, allowing reproducible aggregation kinetics
(Lomakin et al. 1997), A� Wbrillogenesis is developed at
low pH, low ionic strength, and relatively high peptide con-
centration (Stine et al. 2003). Such a protocol oVers impor-
tant advantages: Wbrillogenesis occurs much faster than at
physiological pH and long, regular Wbrils are formed. How-
ever, what happens to Wbrillar structures prepared at low pH
as a consequence of the changes of pH and ionic strength
when they are diluted in physiological buVer, has never
been investigated extensively.

In the present studies we used two complementary tech-
niques, namely atomic force microscopy (AFM) and
dynamic light scattering (DLS), to analyze the diVerences
in the structure of A�42 Wbrils formed at low pH and high
A� concentration when they are subsequently diluted with
buVer. AFM represents a powerful tool for the study of A�
aggregation because it permits the visualization of biologi-
cal macromolecules at the nanometric scale, while DLS
provides ensemble statistical information.

In the following, we show that the modiWcation of pH
and ionic strength causes a dramatic, and very fast, frag-
mentation into small Wbrils of the long Wbrils previously
prepared at low pH. In addition, we demonstrate that this
modiWcation is driven by the increase in pH rather than the
change in ionic strength. Finally, a qualitative hypothesis to
explain the origin of the observed eVects is provided.

Materials and methods

Chemicals

Common chemicals, dimethyl sulfoxide (DMSO), 1,1,1,
3,3,3-hexaXuoro-2-propanol (HFIP) and ThioXavin T

(ThT) were purchased from Sigma-Aldrich (St. Louis,
MO). All cell cultures reagents were purchased from Invit-
rogen (Carlsbad, CA). LIVE/DEAD® Cell Viability assay
was purchased from Molecular Probes (Eugene, OR).

Fibril forming conditions and dilution

Three diVerent batches of A� (1-42) peptide were pur-
chased from Sigma-Aldrich; within this investigation, these
will be referred to as batch A, B or C. In addition, we
received a generous gift of a synthetic A� (1-42) peptide
with controlled purity of 90–95% obtained as described
(Manzoni et al. 2009) from M. Salmona (Mario Negri Insti-
tute for Pharmacological Research, Milan, Italy). Pre-exist-
ing A� aggregates were disintegrated into monomers,
dissolving the peptide in HFIP at 1 mg/ml concentration,
and then aliquoted in Eppendorf tubes.

To prepare Wbrils at acidic pH, the procedure described
by Dahlgren et al. (2002) was followed. BrieXy, aliquots of
A� dissolved in HFIP were allowed to evaporate, dried
under vacuum, and the peptides was dissolved at 5 mM
concentration in DMSO. Then, a volume of 10 mM HCl
suYcient to bring the peptide to 100 �M concentration was
added. The peptide solution was incubated for 24 h at 37°C
in a screw-capped vial (in order to avoid the loss of HCl)
was taken as the sample of Wbrils obtained at acidic pH.

Fibrils obtained as described above were then diluted to
20 �M or 3 �M with: (1) 10 mM Tris/HCl pH 7.4, 150 mM
NaCl (Tris-buVered saline), (2) 150 mM NaCl in 10 mM
HCl, or (3) 10 mM Tris/HCl pH 7.4 (Tris buVer).

Alternatively, the procedure described by Liu et al.
(2005) to obtain Wbrils directly in buVer was followed.
BrieXy, aliquots of A� dissolved in HFIP were allowed to
evaporate and dried under vacuum. The peptide was dis-
solved to a concentration of 220 �M in DMSO and diluted
to 20 �M in 10 mM Tris HCl, 150 mM NaCl, pH 7.4 (Tris-
buVered saline) and then incubated at 37°C for 24 h. The
morphology of the resulting Wbrils was checked by AFM
and DLS. During all stages of sample preparation we took
care not to shake the solution in order to minimize Wbril
breakage on mixing the solution. All experiments were rep-
licated three times using diVerent batches of peptide pro-
duced by the same company and batches of diVerent origin.

Atomic force microscopy

The data presented here were acquired with a Nanowizard
II (JPK Instruments, Berlin, Germany), with the overlay
option, which allows a direct view of the sample and the
cantilever on the same image. In this set up, the AFM head
is placed on a Zeiss optical microscope and image acquisi-
tion and analysis is performed using JPKs software. The
measurements were performed in Tapping Mode in air
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using stiV silicon cantilevers (RTESP-Veeco, resonant fre-
quencies »300 kHz, spring constant »40 N/m). AFM
images were acquired at a scan rate of 1 Hz.

For the AFM measurements, 10 �l of sample solution is
deposited on an atomically Xat surface (freshly cleaved
mica, Ted Pella, Redding, CA). The sample was incubated
at room temperature for 5 min to steadily adsorb to the
mica surface, then rinsed with distilled water to minimize
change in local ionic strength during drying, and water
dried under gentle nitrogen Xow (Dahlgren et al. 2002;
Stine et al. 2003; Yagi et al. 2007).

Dynamic light scattering

DLS provides a fast, simple, and non-invasive method of
evaluating the average size of nano and micro particles dis-
persed in transparent solvent, and thus for characterizing
particle aggregation. Here, we present DLS measurements
performed using a Brookhaven 90Plus system (Brookhaven
Instruments, http://www.bic.com/). In this apparatus, a
� = 652 nm diode laser is focused via an optical Wber onto a
sample positioned in a 50 �l standard cell, and the scattered
light is collected by an avalanche photodiode at � = 90°.
From the statistical analysis of the intensity Xuctuations
measured by the photodiode, an average hydrodynamic
radius, RH, of the suspended particles is obtained. In our sit-
uation the problem is more intricate since we are in the
presence of Xexible linear objects (amyloid Wbrils) of diVer-
ent lengths (polydisperse). Flexible linear objects are usu-
ally characterized by a total contour length Lt (total length
measured along the chain), and a persistence length Lp

(minimum average distance along which it is possible to
consider the chain straight). For polydisperse particles or
aggregates, the statistical distribution of particle size can be
obtained by using standard CONTIN or cumulant methods
(Pecora 1985; Chen et al. 1981). Here we present data col-
lected with a CONTIN algorithm where, by comparing the
measured correlation function and the mono-exponential
function, we obtain an evaluation of the diVerent size popu-
lations in the solution. The histograms obtained show the
size distribution of the aggregates, and allow evaluation of
the average aggregate dimension, whether the system is
mono or polydisperse, and the width of the distribution.

The DLS and AFM techniques are complementary for
the following reasons. DLS is an intrinsically ensemble
technique since it measures the scattering of several objects
simultaneously, and allows easy statistics. For this reason,
DLS can give us information about the details of the poly-
dispersity of the sample, even given the important draw-
back that the scattered intensity is weighted by the
scattering signal of the various particles. The signal due to
the small particles is lower with respect to the signal due to
the bigger particles. On the other hand, AFM is aimed at

imaging on single nano objects, and thus some statistical
analysis may be required after measurements. This is par-
ticularly important when the system is polydisperse since,
in this case, the AFM Weld of view could overestimate the
presence of diVuse small aggregates with respect to the
occurrence of rare large objects.

ThioXavin T Xuorescence assay

The extent of A� (1-42) peptide aggregation was followed by
withdrawing aliquots from the samples of Wbrils prepared at
acidic pH, and of the same Wbrils previously diluted to
20 �M in Tris-buVered saline and incubated for 90 min or for
24 h. The samples were added to 10 �M ThioXavin T (ThT)
as described (Taylor et al. 2010) to give a Wnal A� (1-42)
concentration of 5 �M. Fluorescence intensity was monitored
using an excitation wavelength of 450 nm and an emission
wavelength of 482 nm. Experiments were carried out in trip-
licate using diVerent batches of peptide produced by the same
company and of diVerent origin.

Cell culture and toxicity assays

To test the possible inXuence of the aggregation protocol on
peptide cytotoxicity, experiments were carried out on cul-
tured human neuroblastoma cells (SK-N-SH) after diVeren-
tiation with retinoic acid, as described (Chafekar et al.
2007). Samples were added to the cell culture at 2 �M Wnal
peptide concentration. Toxicity was evaluated in six repli-
cates after 24 h at 37°C, using two diVerent neurotoxicity
assays, namely MTT and ethidium homodimer-1 (EthD-1)
incorporation assay. Untreated cells or cells treated with
2 �M Thapsigargin (TG) (Sigma) were used as controls.
For the MTT assay, a protocol described elsewhere was
used (Chafekar et al. 2007). For EthD-1 incorporation
assay, the LIVE/DEAD® Cell Viability (Molecular probes)
assay was used according to the manufacturer’s protocol.
The Xuorescent signal was measured in a Fluostar Omega
microplate reader.

Results and discussion

While the parameters aVecting the A� peptide aggregation
process have been investigated extensively and mostly clar-
iWed (Zagorski et al. 1999; Lee et al. 2007; Kusumoto et al.
1998; Ahmad et al. 2009), how environmental conditions
inXuence the morphology of pre-formed Wbrils is not yet
completely understood. The aim of this work was to
investigate the inXuence of pH and/or ionic strength on A�
(1-42) peptide Wbril structure.

Analysis was performed in parallel using AFM and DLS
techniques. For all experimental conditions tested, the
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results obtained with AFM and DLS were highly reproduc-
ible. Herein, we show some representative AFM images
that provide direct visual information on the deposited Wbril
morphology, and DLS data providing histograms of the sta-
tistical size distribution of these objects in solution.

EVect on Wbrils prepared at acidic pH of dilution 
in Tris-buVered saline

The starting point of our investigation is a system of Wbrils
obtained via a standard protocol performed at low pH
(pH 2), namely by incubation of 100 �M A� 1-42 in
10 mM HCl, at 37°C for 24 h (Dahlgren et al. 2002; Stine
et al. 2003). For these experiments, all A� peptides utilized
in the present study were tested (i.e. those from Mario
Negri and from Sigma, batch A, B and C). As shown by the
AFM images in Fig. 1a, as already reported in literature, the
chains appear unbranched, slightly curved, and several
microns long. Such long Wbrils exhibit an apparent height
of 6 nm, but this value could be slightly underestimated
because of sample compression due to the AFM probe
(Harper et al. 1997). The DLS experiments presented in
Fig 1b show that these structures have an average hydrody-
namic radius of about 100 nm. This Wgure is compatible
with the hydrodynamic radius of a Xexible chain with the
morphological characteristics (total length Lt and persis-
tence length Lp) measured by AFM. This is conWrmed by
Fig. 2, in which we have plotted the theoretical value of the
hydrodynamic radius, RH, of a Xexible chain of Wxed Lt and
Lp as a function of Lt, calculated as described by Harnau
et al. (1996), for three diVerent values of persistence length
(Lp = 50, 200, 500 nm).

The A� Wbrils obtained at acidic pH were diluted succes-
sively from the original concentration of 100 �M in HCl, to
a Wnal concentration of 20 �M in Tris-buVered saline, since
these conditions are those typically utilized for biological
experiments (see, for instance, Patel et al. 2006; Talmard
et al. 2007; Lin et al. 2007). Diluted A� was maintained at
room temperature and analyzed by AFM after 30 and
90 min (Fig. 1c, e) and by DLS after 30, 90 min and 24 h
(Fig. 1d, f, g). AFM observations at 30 min after dilution
(Fig. 1c) show disordered small aggregates constituted by
Wbrils fragments. DLS data (Fig. 1d) conWrm AFM results,
showing an increase in the hydrodynamic radius, compati-
ble with the appearance of aggregates. The fragmentation
phenomenon continues with time and, after 90 min, only
short Wbrils, ranging from 100 to 300 nm, are present
(Fig. 1e). In the same image it is possible to notice the pres-
ence of dots; however, it is not possible to precisely resolve
the nature of these dots because the convolution between
tip and sample hides their small features and elongation.
DLS data taken on the same system (Fig. 1f) at 90 min
detect only the presence of large aggregates (>1 �m). After

longer incubation, the aggregate size appears even larger,
as shown in Fig. 1g, suggesting a progressive aggregation
process. In parallel, the majority of AFM Welds do not dis-
play any structures (data not shown). As shown by the
above results obtained after dilution in buVer, the elongated
Wbril structure is not stable, and undergoes a rapid decrease
in average length, followed by a slow aggregation of the
resulting short Wbrils. In the case of aggregates, shown in
Fig. 1f,g, the hydrodynamic radius measured by DLS repre-
sents the radius of the aggregate. In this case, we did not
use the Xexible chain model since we were not observing
single, separated, unbranched Wbril as in Fig. 1a.

The same eVects, Wbril fragmentation followed by aggre-
gation, was detected by diluting A� at 3 �M Wnal concen-
tration with Tris-buVered saline (data not shown), another
buVer widely used for biological in vitro studies (Choucair
et al. 2007).

The behavior of the peptide described above was repro-
duced using diVerent batches of A� and peptides of diVer-
ent source. These observations are particularly relevant,
because in several experiments in vitro (see for instance
Bravo et al. 2008; Moretto et al. 2007; Yan et al. 2006), the
dilution in physiological buVer of Wbrils obtained in HCl is
assumed to have no eVect on their morphology. Of course
the importance of this information is methodological, since
the conditions adopted for Wbril formation in vitro (pH 2
and high protein concentrations) do not apply in vivo.

Comparison between AFM and DLS data deserves some
comment. Figure 1a and b suggest that the two techniques
identify objects of the same size. On the contrary, Fig. 1e
and f apparently show that AFM and DLS are aiming at
objects of diVerent size although referring to the same sam-
ple. This fact is due to the essential features of the two tech-
niques, and in particular to their diVerent sensitivity range
(see Materials and methods). Indeed, the AFM image pre-
sented in Fig 1e shows the residual Wbril fragments result-
ing after dilution, while the DLS data of Fig. 1f and g detect
the presence in solution of aggregates constituted by those
fragments. The very large structures detected by DLS are
not easily identiWed in the AFM Weld of view, while the
small objects imaged by AFM are not detectable in DLS
measurements, since their scattering signal is covered by
the comparatively large signal of the bigger objects. These
data conWrm the complementarities of AFM and DLS data
in an experimental situation where the size of the objects
under investigation is extremely polydisperse. This inter-
pretation is conWrmed by an accurate inspection of AFM
images, which depict average Welds: as matter of fact, it is
possible to observe a lower amount of A� on the mica sur-
face in Fig. 1e taken 90 min after dilution, in comparison
with Fig. 1a and c, taken before or immediately after dilu-
tion. This lower amount of A� is compatible with the pres-
ence of large Wbrillar aggregates with an average size of the
123
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Fig. 1 Morphology of HCl 
�-amyloid peptide (A�) (1-42) 
Wbrils before (a, b) and after 
dilution in Tris-buVered saline 
(c–f). a, c, d Atomic force 
microscopy (AFM) images of 
4 £ 4 �m x–y, 6 nm total 
z-range. Bar 1 �m. 
b, e, f Histograms of 
hydrodynamic radius, RH, 
distribution as obtained by 
dynamic light scattering (DLS) 
measurements. Vertical left bar 
Measurement times after 
dilution in Tris-buVered saline. 
The examples shown refer to 
A�1-42 from Sigma, batch A
123



1618 Eur Biophys J (2010) 39:1613–1623
order of several microns, detected by DLS (Fig. 1f, g).
Such large Wbrillar aggregates are statistically very rare on
the mica surface, and so almost undetectable by AFM scan-
ning, which can explore only a restricted area.

ThT Xuorescence emission experiments were carried out
with Wbrils formed in acidic conditions, before and after
dilution in Tris-buVered saline in order to detect the possi-
ble formation of new Wbrils as a consequence of the
increase in pH and salt concentration. No diVerences were
found in the ThT Xuorescence emission intensity before
(31,063 § 0.386 A.U.), 90 min (31,466 § 0.127 A.U.) and
24 h (30,075 § 0.467 A.U.) after dilution, suggesting that
the environmental change induces a morphological alter-
ation of Wbrils that were already present in solution, without
the apparent formation of new ones.

Changes in ionic strength or pH aVect the structure 
of Wbrils obtained at acidic pH diVerently

In order to further investigate the factors critical controlling
fragmentation/aggregation of A� Wbrils obtained in HCl
once they are diluted in buVer, we studied the eVects on
Wbrils morphology of ionic strength and of pH change sepa-
rately. For these experiments, all A� peptides utilized in the
present study were tested (from Mario Negri and from
Sigma, batch A, B and C).

Again, the starting point is long unbranched Wbrils
obtained at low pH. Their dilution in 150 mM NaCl, main-
taining the pH at 2.0, does not aVect their structure (Fig. 3a,
b). Indeed, the total length and the persistence length, as esti-
mated qualitatively by AFM, and the distribution of the
hydrodynamic radii, as evaluated from DLS, are comparable
before (Fig. 1a, b) and 90 min after salt addition (Fig. 3a, b).

We next evaluated the eVect of increasing the pH from
acidic conditions to 7.4 without increasing the ionic
strength. In this case we observed, after 90 min, a fragmen-
tation of the long Wbrils (Fig. 3c, d) into shorter ones of
about 100–300 nm in length, without formation of aggre-
gates. As suggested from both AFM and DLS experiments
(Fig. 3c, d), the average hydrodynamic radius is critically
decreased to an average size of about 30 nm. It is worth
noting that, in this case, the DLS radius distribution appears
monodisperse, presumably because, given the DLS sensi-
tivity, the small length polydispersity visible from the AFM
images is not enough to induce a signiWcant polydispersity
in the measured DLS size distribution. Light scattering data
are more sensitive to big objects, thus the very low concen-
tration of big structures, as in the present polydisperse case,
is a particularly favorable condition because it allows direct
comparison of the Wbril size obtained with the two
techniques (Fig. 3c, d), in analogy to the case shown in
Fig. 1a, b.

Finally, the short Wbrils obtained as described above by
changing the pH from 2 to 7.4, were mixed with a the quan-
tity of NaCl required to give a Wnal concentration of
150 mM NaCl. This change in ionic strength induces the
formation of disordered aggregates (data not shown), in
analogy to what we observed when the pH and the ionic
strength were changed simultaneously by the addition of
Tris-buVered saline (Fig. 1e, f).

The three sets of experiments allowed us to identify the
origin of the morphological changes observed on Wbrils
prepared in HCl and then diluted in Tris-buVered saline.
Indeed, the results show that the increase in pH is responsi-
ble for inducing Wbril fragmentation, while the increase in
ionic strength is responsible for the aggregation of Wbril
fragments.

Fibril morphology: Wnal chemical conditions vs Wbrillation 
history

Finally, we studied the historical dependence of the Wbril
structure, with the aim of answering the following question:
does the Wnal Wbril structure depend on the Wnal chemical
environment (solvent composition, pH, ionic strength, A�
concentration) or also on the history passed through to
reach that Wnal chemical environment?

With this aim, we compared the morphology of A�
Wbrils under the same Wnal conditions (namely: Tris-
buVered saline, A� concentration 20 �M) but arrived at
via two diVerent ways: in the Wrst, A� Wbrils were formed
at low pH and then diluted with Tris-buVered saline
(Fig. 1e, f). In the second, A� was incubated directly in
Tris-buVered saline at 37°C for 24 h (Fig. 4a, b). In this
latter case, the DLS histogram (Fig 4b) shows a bi-dis-
perse system constituted by objects with hydrodynamic

Fig. 2 Theoretical hydrodynamic radius RH of a Xexible chain of total
contour length Lt and persistence length Lp plotted as a function of Lt
for three diVerent values of Lp. See text for details. Continuous line
Lp = 50 nm, dotted line Lp = 200 nm, dashed line Lp = 500 nm
123
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radii of about 50 and 1 �m. It is important to stress that
the frequencies of occurrence of the two distinct peaks at
50 nm and 1 �m appear very diVerent. In this context, we
recall again that the DLS histograms reported in this paper
are weighted by considering the scattering signal, which
depends approximately on the square of the particle vol-
ume. The small peak at 50 nm corresponds to a low per-
centage of the small particle volume, but to a large
percentage of the small particle number. DLS experi-
ments and AFM images show that both protocols lead to

the formation of very similar structures, that is, a mixture
of separated short Wbrils and larger aggregates of short
Wbrils. Scanning the samples by AFM carefully, it was
possible to detect large aggregates of small Wbrils (Fig. 5).
For these experiments, A� peptides from Sigma were
tested (batch A, B and C).

Overall, these experiments clearly indicate that the same
Wbril morphology depends on the Wnal environment in
which Wbrils are placed, independent of the preceding Wbril-
lation history.

Fig. 3 Morphology of HCl A� 
(1-42) Wbrils obtained 90 min 
after dilution at various values of 
pH and ionic strength. a, c AFM 
images of 4 £ 4 �m x–y, 6 nm 
total z-range. Bar 1 �m. 
b, d Histograms of 
hydrodynamic radius, RH, 
distribution as obtained by DLS 
measurements. Data in a and 
b were obtained after addition of 
150 mM NaCl, pH 2. Data in 
c and d were obtained after 
dilution in Tris buVer, pH 7.4. 
The examples shown refer to 
A�1-42 from Sigma, batch A

Fig. 4 Morphology of A� 
(1-42) Wbrils formed after 24 h 
of incubation in Tris-buVered 
saline. a AFM image of 
4 £ 4 �m x–y, 6 nm total 
z-range. Bar 1 �m. b Histograms 
of hydrodynamic radius RH 
distribution as obtained by DLS 
measurements. The examples 
shown refer to A�1-42 from 
Sigma, batch B
123
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These observations are resumed in the sketch shown in
Fig. 6, where we show schematically the A� Wbrils mor-
phology resulting from the experiments performed. Rows
and columns of the table indicate the various values of pH
and ionic strength, while the arrows correspondingly spec-
ify the variation of the chemical environment.

Cytotoxicity of diVerently aggregated A� Wbrils

Long Wbrils formed at pH 2 (depicted in Fig. 1a) and large
aggregates of short Wbrils (as depicted in Fig. 4), showed
comparable toxicity when added to the cell cultures
(Fig. 7), as evaluated both by MTT and by EthD-1 incorpo-
ration assay (87 and 90% cell survival, respectively). This
result may be interpreted as a consequence of the observa-
tion, considering the present investigation, that Wbril mor-
phology depends on the Wnal environment and not on the
Wbrillation history of the sample. However, as shown
above, the sample of Wbrils formed at pH 2 is fragmented
and aggregates after 90 min in physiological buVer, becom-
ing indistinguishable from the other sample; therefore, the
diVerence between the two samples is limited in time and
may aVect the results observed. Possibly, a separate investi-
gation would be necessary to explore this issue.

Qualitative modeling

In order to provide a theoretical framework capable of justi-
fying the observed phenomena qualitatively, we consider
the A� Wbrils resulting from aggregation of elementary pro-
toWbrils, as reported in the literature (Arimon et al. 2005).
Such an aggregation process can give rise to Wbrils of
diVerent length (Fig. 6a–c) or to disordered aggregates of
short Wbrils (Fig. 6d). The main object of a theory explain-
ing the obtained diVerent structures of A� aggregates is
then to clarify the molecular origin of the various chemical
interactions giving rise to the resulting structures in various
chemical environments. The formation of protoWbrils from
A� monomers has been investigated extensively and can be
modeled with ab initio calculations (Luhrs et al. 2005; Pro-
tein Data Bank, code 2BEG, http://www.rcsb.org/pdb/
explore/explore.do?structureId=2BEG). On the contrary,
protoWbril aggregation giving rise to Wbrils is still poorly
understood. Unfortunately, the system is too complex to
perform any useful ab initio molecular dynamics calcula-
tion. Thus, a simpliWcation of the model is required, and we
show here the key features required in order to describe the
phenomena observed.

The starting point is the A� protoWbril model shown
schematically, not to scale, in Fig. 8 for two diVerent pH
values. As illustrated in the picture, the protoWbrils are
described as aggregates of stacked A� monomers (indi-
cated as small parallepipeds with a hair), linked by cross-
beta hydrogen bonds, with the �-sheet plane perpendicular
to the protoWbril axis. The resulting protoWbril made of this
assembly of small parallepipeds has a roughly rectangular
section of 1 £ 2 nm (Luhrs et al. 2005; Protein Data Bank,
code 2BEG) composed by aminoacids 17-42 (protoWbril
body), while aminoacids 1-16 constitute disordered tails
(protoWbril hair). The protoWbril is twisted around its axis,

Fig. 5 Image of a large aggregate of small Wbrils, formed after 24 h of
incubation of A� (1-42) monomers in Tris-buVered saline. AFM
image, 4 £ 4 �m x–y, 6 nm total z-range. Bar 1 �m. The example
shown refer to A�1-42 from Sigma, batch B

Fig. 6 Qualitative sketch of morphological characteristics of HCl A�
(1-42) Wbrils before (a) and after dilution in various chemical environ-
ments (b, c, d)
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with a helical pitch of about 100 nm (Protein Data Bank). It
is well known that Wbrils are created by aggregation of pro-
toWbrils, which are assembled and twisted around one
another (Makin and Serpell 2005). From  the molecular
structure, we can notice that the protoWbril body exposes
mainly hydrophobic aminoacids. Polar groups are present
only on a small part of the surface (green stripe in Fig. 8),
corresponding to Ser 26 and Asn 27. At pH 7.4, a negative
charge on the side of the body is also present (red stripe in
Fig. 8), due to the carboxylic residue of Glu 22. The most
charged region of the protoWbril is due to the A� tails

composed by amino acids 1–16: at pH 2 it contains Wve
positive charges, and at pH 7.4 it contain four negative
charges and two positive charges. Other charges are buried
inside the protoWbril body, and do not contribute to electro-
static eVects due to Debye shielding. Fibril formation can
be seen as the aggregation of protoWbrils through the stick-
ing of the lateral surfaces, due to hydrophobic interaction
among protoWbril bodies (side–side aggregation), leaving
the charged and hydrophilic tails outside. This kind of
aggregation is favored at pH 2, since there is no charge on
the protoWbril body surface. It is well known that, in anal-
ogy with our system, this kind of lateral aggregation leads
eventually to elongated structures, as described for other
classical biochemical systems. e.g., Wbrin (Sicorello et al.
2009), collagen (Yang and Kaufman 2009), lysozyme (Hill
et al. 2009), and insulin (Zako et al. 2009).

On the other hand, at pH 7.4, the glutamic acid exposes
its negative charge (red stripe in Fig. 8). In this situation,
these charges on the protoWbril body surface prevent the
hydrophobic lateral interaction, thus leading to fragmenta-
tion of already assembled Wbrils, or avoiding the formation
of elongated structures, as described above. Therefore, at
low pH values, the hydrophobic interaction induces an
anisotropic elongation of the aggregates, while at physio-
logical pH the presence of exposed charges, partially dis-
turbing the hydrophobic interaction, allows the isotropic
aggregation.

Finally, the aggregation of protoWbrils induced by
increasing the ionic strength at pH 7.4, under conditions of
reduced hydrophobic interaction, can be explained qualita-
tively within the frame of DLVO (Derjaguin-Landau-
Verwey-Overbeek) theory, similarly to what has already
been  reported about well described colloidal aggregation
phenomena (Russel et al. 1989; Olsen et al. 2009). Accord-
ingly, the increase in ionic strength induces an aggregation

Fig. 7 a DiVerentiated SK-N-SH were treated with 2 �M A� Wbrils or
with 1 �M TG for 24 h. Cell viability was measured using an MTT as-
say and is depicted as a percentage of the untreated cells (control).
b DiVerentiated SK-N-SH were treated with 2 �M A� Wbrils or with
1 �M TG for 24 h. Cell viability was determined with an ethidium

homodimer-1 (EthD-1) incorporation assay and is depicted as a per-
centage of the untreated cells (control). Columns Mean § S.E.M
(n = 6) from one experiment; the results shown are representative of
three independent experiments

Fig. 8 Qualitative sketch (not to scale) of A� protoWbril structure at
diVerent pH values
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of protoWbrils, since the electric charge is too screened to
ensure adequate particle repulsion (Sahoo et al. 2009). The
eVect of ionic strength is not relevant at pH 2, where the
charge screening is not enough to overcome the hydropho-
bic interaction.

Conclusions

Our results highlight the critical role played by pH and
ionic strength in A� Wbrils morphology. Moreover, our data
show that the chemical environment continues to exert a
great inXuence even after the completion  of fully grown
A� Wbrils, suggesting that their structure is not static, but
prone to morphological modiWcation. The features of A�
Wbrillation have been studied extensively but diVerences in
structure in diVerent solvents have usually been attributed
to diVerent rates of Wbril growth (Shen and Murphy 1995).
Here, we provide evidence that Wbrils morphology in a deW-
ned solvent is independent of the Wbrillation protocol but
depends on the Wnal chemical environment. This analysis is
of fundamental importance when A� Wbrils are diluted into
physiological buVer for biological investigations.
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