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yloid fibrils is implicated in the pathogenesis of several diseases such as
Alzheimer's disease. There is a strong correlation between amyloid fibril formation and a decrease in
conformational stability of the native state. Amyloid-β peptide (Aβ), the aggregating peptide in Alzheimer's
disease, is natively unfolded. The deposits found in Alzheimer's disease are composed of Aβ fibrillar
aggregates rich in β-sheet structure. The influence of fluorinated complexes on the secondary structure and
fibrillogenesis of Aβ peptide was studied by circular dichroism (CD) spectroscopy and transmission electron
microscopy (TEM). CD spectra show that complexes of polyampholyte and fluorinated dodecanoic acid
induce α-helix structure in Aβ, but their hydrogenated analogous lead to β-sheet formation and aggregation.
The fluorinated nanoparticles with highly negative zeta potential and hydrophobic fluorinated core have the
fundamental characteristics to prevent Aβ fibrillogenesis.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Soluble peptides and proteins convert, under certain conditions,
into highly organized fibrillar aggregates described as amyloid fibrils
and intracellular inclusions [1]. The fibrillar aggregates have a
common structure of polypeptide chains organized in β-sheets.
Such transition is implicated in the pathogenesis of several diseases
including neurodegenerative Alzheimer's disease (AD). The extra-
cellular deposits that characterized AD are composed of fibrils of a
small peptidewith 39–43 amino acids, the amyloid-β (Aβ) peptide [2].
Aβ is continuously secreted by normal cells in culture and is detected
as a soluble peptide in the plasma and cerebrospinal fluid of healthy
individuals [3,4]. In AD patients, Aβ exists as insoluble fibrillar
aggregates [5]. This process results from a progressive transition from
natively unfolded peptide to β-sheet structure. Aggregation of Aβ is
preceded by the formation of series of nonfibrillar species, the
protofibrils, which are by their turn preceded by other oligomeric
species [1]. Prefibrillar aggregates are toxic to cells [6,7]. The size and
structure of the aggregated species appear to be associated with
toxicity [8]. Oligomers are composed of 2 to 6 molecules and circular
dichroism measurements show that they are relatively disorganized
351 225081449.
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[9,10]. The lack of regular secondary structure in the small oligomers
suggested that the binding of monomeric Aβ to nascent fibrils requires
large conformational changes and correspondingly high activation
energies [11]. If peptide conformational change and aggregation
represent an early event in the pathogenesis of AD [12], a plausible
therapeutic approach would be to design molecules that control and
stabilize Aβ secondary structure. Conditions such as long incubation
times, high concentration and temperature promote β-sheet forma-
tion [13–15]. Aβ forms β-sheet structure on hydrophobic graphite
surfaces [16] and at air–water interface [17]. In contrast, the peptide
adopts α-helix structure in solution of negatively charged micelles
and teflon particles [18–21]. Fluorinated solvents (trifluoroethanol,
hexafluoroisopropanol) are described to stabilize the structure of Aβ
monomers at low concentrations (10%), but ethanol and 2-propanol
have exhibited reasonable stabilizing effects only at very high
concentrations (75%) [22].

This work focuses on the influence of hydrophilic surfaces, silica
particles and hydrogenated and fluorinated nanoparticles on amyloid-
β peptide (1–40) (Aβ40, Fig.1) to better understand the conditions that
stabilize the peptide helical structure. Aβ40 solutionwas incubated for
6 days in sealed quartz cuvettes that were previously cleaned by the
RCA procedure. The structure of the peptide in contact with
hydrophilic quartz cuvettes was characterized by circular dichroism
(CD) spectroscopy and compared with a solution stored in micro-
centrifuge or glass test tubes. In addition, the conformation of Aβ40was
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Fig. 2. Complexes of polyampholytes and the sodium salt of dodecanoic acid (X=H) and
perfluorododecanoic acid (X=F) [23].

Fig. 1. Amino acid sequence of Aβ40.
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studied in the presence of silica particles and polyampholyte-dressed
micelles [23]. The silica particles used have a diameter of 86 nm and a
zeta potential of −40mV. Polyampholytes with alternating cationic (N,
N′-diallyl-N,N′-dimethylammonium chloride) and anionic charged
monomers (maleamic acid or N-phenylmaleamic acid) were com-
plexed with perfluorododecanoic or hydrogenated dodecanoic acid,
resulting in nanoparticles with hydrodynamic diameters of 3 to 5 nm
(Fig. 2) [23]. The nanoparticleswere incubatedwith Aβ and their effect
on the peptide was studied by CD spectroscopy and transmission
electron microscopy (TEM). Previous work has demonstrated that the
fluorinated complexes induce α-helix structure in B18 peptide, a
sequence with tendency to form amyloid fibrils [24].

2. Materials and methods

2.1. Chemicals

Amyloid-β peptide (1–40) (Aβ40) was purchased from Bachem
(Weil am Rhein, Germany). Potassium dihydrogen phosphate, di-
potassiumhydrogenphosphate, sodium chloride, sodiumazide, uranyl
acetate, hexafluoroisopropanol, dimethyl sulfoxide and Ham's F-12
mediumwere purchased from Fluka (Seelze, Germany). Silica particles
were prepared according to the method reported by Stöber et al. [25].

2.2. Preparation of complexes

The complexes were prepared as previously described [23]. Briefly
a solution of 0.1 g of polyampholyte, Poly(N,N′-diallyl-N,N′dimethy-
lammoniumalt-maleamic Carboxylate) (P1) or Poly(N,N′-diallyl-N,N′-
dimethylammonium-alt-N-phenylmaleamic Carboxylate) (P2), in
100 mL of water was adjusted to pH 8 using sodium hydroxide
solution (0.1 mol L−1) and heated to 90 °C. A solution (100mL, 90 °C) of
1.0 equiv of the dodecanoic acid and perfluorododecanoic acid,
respectively, was added in droplets to the polyampholyte solution,
which was then adjusted to pH 8. The mixture was stirred for 60 min
at 90 °C and then cooled to room temperature.

2.3. Peptide solution

Aβ40 was dissolved at a concentration of 1 mg/mL in 100%
hexafluorisopropanol (HFIP). The solution was incubated at room
temperature for several hours. The peptide/HFIP solution was dried
down under a gentle stream of nitrogen gas and the peptide was
resuspended in 10 mM potassium phosphate buffer (pH 7.4) with or
without NaCl (0.5 M NaCl; final concentration 0.1 M) for CD
spectroscopy or 100% dimethyl sulfoxide for TEM. Sodium azide
(0.05 mM) was added to prevent microbial growth.

2.4. Cuvette modification

Quartz cuvettes (Hellma GmbH, Germany) were carefully cleaned
to obtain hydrophilic surfaces. The cuvettes were treated by the RCA
method: immersion in solution of H2O2 (30%)+H2O+NH3 (30%), ratio
1:5:1 by volume, heated to 80 °C for 10 min, followed by rinsing with
Milli-Q-water. After RCA the surface is well saturated with silanol
groups, conferring very high hydrophilicity. Above pH 2, the oxide
surface is negatively charged.

2.5. Circular dichroism (CD) spectroscopy

Far UV CD spectra of Aβ40 solution were recorded in a Jasco J-715
Spectropolarimeter (Jasco Co., Tokyo, Japan), using a cuvette with 0.5
or 1 mm path length at 0.2 nm intervals between 190 and 260 nm. The
spectra were taken as the average of 10 scans recorded at a speed of
20 nm/min. The peptide conformation was analyzed during incuba-
tion (6 days) in quartz cuvettes and in the presence of particles at
room temperature and at 37 °C. Spectra were corrected by subtracting
the buffer or particle solution baseline.

The content of secondary structure motifs was calculated using the
CONTIN/LL, a self-consistent method with an incorporated variable
selection procedure included in the CDPro software [26]. Before
secondary structure analysis, the CD spectra were smoothed using the
noise reduction routines provided with the J-715 spectropolarimeter.
In general, CONTIN/LL program with the reference set including
unordered structures produced the most reliable results [27]. Normal-
ized root mean standard deviation (NRMSD) was used to determine
the quality of the fit of the calculated structure to the data andwas less
than 0.1. Although the program used to calculate the secondary
structure elements is meant for proteins, the reference set with
unordered structures gave consistent results. These results give an idea
on changes in the secondary structure and on the predominant
structure motif of Aβ. Other programs such as CDNN/PEPFIT were not
suitable for deconvoluting the spectra resulting in errors higher than
10%, even with a base spectra of polypeptides [28,29]. The problem is
probably related to the fact that the base spectra are from homo-
polymers or binary and trinary copolymers. The intensity and position
of the CD bands for a given secondary structure can vary significantly
with the side chain. Spectra constructed from an average of the spectra
existent in the literature for a number of different model peptides to
ameliorate this problem, as performed for CDNN/PEPFIT program [28],
was not sufficient to give consistent results for Aβ spectra.

2.6. Dynamic light scattering (DLS)

The hydrodynamic radius of the particles was measured by DLS on
a Malvern Zetasizer Nano ZS. The samples were filtered with 0.2 µm
syringe filter before measurement. All data were averaged from 5
measurements.

2.7. Transmission electron microscopy (TEM)

Aβ40/DMSO was added to the control (Ham's F-12) or complexes
and Ham's F-12 medium (diluted; final ionic strength 0.04 M) to a
peptide final concentration of 100 µM (pH 7.4). The samples were
incubated for 6 days at 37 °C. Aliquots of 5 µl of each sample
immediately after preparation and at 6 days incubation time were
adsorbed for 2 min to formvar-coated Ni grids. Grids were washed
with ultrapure water 3 times and negatively stained with 1% filtered
uranyl acetate solution for visualization by TEM (Zeiss microscope
operated at 60 kV).

3. Results

Aβ40 (40 µM)was incubated in sealed quartz cuvettes of 1mmpath
length previously cleaned by RCA method, for 6 days, at room



Fig. 3. CD spectra of Aβ40 (40 µM) stored in negatively charged quartz cuvettes (a) and in test tubes (b) at different times: 10 min (curve 1), 6 days (curve 2). The curves of (a) overlap.
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temperature (20±1 °C) and pH 7.4. CDmeasurements showed that the
peptide is mainly in unordered conformation (minimum at 198 nm)
when in contact with hydrophilic quartz surfaces and no structural
changes are observed during the incubation period (Fig. 3a). As
opposed to that, the CD spectrum of Aβ40 solution incubated 6 days in
microcentrifuge tubes or glass tubes has a broad band at 214 nm and a
positive band at 192 nm (Fig. 3b). Secondary structure estimation
resulted in a content of 3% α-helix, 25% β-sheet and 59% unordered at
initial time and 14% α-helix, 34% β-sheet and 31% unordered (Table 1)
after 6 days incubation time. Similar behavior is observed at 37 °C, but
the conformational transition in test tubes occurs faster when
compared to that at room temperature (data not shown).

The measured CD spectrum of Aβ40 (50 µM) in solution of
negatively charged silica particles is shown in Fig. 4. It can be seen
that the peptide displays the typical spectrum of unordered protein in
the presence of silica particles, similar to that observed in the absence
of particles.

The conformation of Aβ40 (50 µM) was additionally characterized
in solutions of 0, 2, 4 and 8 g L−1 of complexes, which are
polyampholytes of a cationic and anionic monomers (maleamic acid,
P1 or phenylmaleamic acid, P2) complexed with perfluorododecanoic
(F) or hydrogenated dodecanoic acid (H) (Fig. 2). The particles have a
hydrophobic core (formed by the surfactant chains) and a hydrophilic
shell (polyampholyte). The hydrodynamic diameters are in the range
of 3 to 5 nm (Fig. 5a). The zeta potentials are highly negative for
fluorinated complexes, with values of −(47±5) mV when R is the
hydrogen (P1F) and −(48±5) mV when R is the phenyl group (P2F)
[23]. The hydrogenated complexes display zeta potentials of +(25±10)
mV (P1H) and −(20±4) mV (P2H) (Fig. 5b). The concentrations of
complexes were chosen to be above their critical aggregation
concentration (P1, 1 g L−1; P2, 10−2 g L−1). The measured CD spectra
of Aβ40 solution with and without complexes are shown in Figs. 6
and 7. In the absence of particles, Aβ40 displays the typical spectrum
Table 1
Percentage of secondary structure motifs (±3%) of Aβ40 incubated in microcentrifuge or
glass tubes

Time (days) Helix Strand Turn Unordered

0 3 25 13 59
6 14 34 21 31
(curve 1) of an unordered protein. The secondary structure estimation
resulted in a content of 3% α-helix, 27% β-sheet, 14% β-turn and 56%
unordered. The titration with increasing amount of fluorinated
complexes P1F induces a change from unordered to α-helix structure
as shown in Fig. 6a (curves 2 to 4). The presence of an isosbestic point
at 203 nm is indicative for a two state transition from unordered to α-
helix. The content of α-helix was 8%, 16% and 31% after the addition of
2, 4 and 8 g L−1 P1F complexes, respectively (Fig. 8a). The unordered
structure decreased to 27%, whereas the content of β-structures was
approximately constant. The hydrogenated complexes P1H, in contrast
to their fluorinated analogous, did not induceα-helix rich structure on
Aβ40 (Fig. 6b). The titration of Aβ40 with P1H resulted in CD spectra of
typical β-sheet protein. The fraction of β-sheet increased from 27% to
37% and the unordered content decreased from 56% to 37% (Fig. 8b).
After addition of fluorinated particles P2F the spectra were reminis-
cent of α-helix structure, particularly at high complex concentration
(8 g L−1), as observed in Fig. 7a. In this case the increase in α-helix
content was, however, smaller (from 3% to 21%) than the increase
observed after addition of 8 g L−1 of complex P1F (from 3% to 31%), as
shown in Table 2. The unordered fraction decreased to 36%. The
titration of Aβ40 with hydrogenated complexes P2H resulted in a
Fig. 4. CD data of Aβ40 (50 µM) in the absence (1) and presence (2) of silica particles.



Fig. 5. Particle size distribution of the hydrogenated complex P2H as determined by DLSmeasurements (a) and zeta potentials of the polyampholyte complexes with dodecanoic acid (●)
and perfluorododecanoic acid (■).

Fig. 6. CD data of Aβ40 (50 µM) in the presence of different concentrations of fluorinated (a) and hydrogenated (b) P1 complexes: 0 g L−1 (curve 1), 2 g L−1 (curve 2), 4 g L−1 (curve 3)
and 8 g L−1 (curve 4).

Fig. 7. CD data of Aβ40 (50 µM) in the presence of different concentrations of fluorinated (a) and hydrogenated (b) P2 complexes: 0 g L−1 (curve 1), 2 g L−1 (curve 2), 4 g L−1 (curve 3)
and 8 g L−1 (curve 4).

38 S. Rocha et al. / Biophysical Chemistry 137 (2008) 35–42



Fig. 8. Percentage of secondary structure motifs of Aβ40 in the presence of different concentrations of fluorinated (a) and hydrogenated (b) P1 complexes:α-helix (●), β-sheet (■),
β-turn (▼) and unordered (♦).
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decrease of the circular dichroism signal with increasing concentra-
tion of the complexes (Fig. 7b), suggesting the occurrence of
aggregation. The presence of peptide aggregates is known to reduce
the circular dichroism signal intensity due to light scattering and a
shadowing effect [30].

The secondary structure of Aβ40 in contact with P1 nanoparticles
(8 g L−1) was analyzed in the presence of salt (0.1 M NaCl) at 37 °C.
Fig. 9 shows that P1F induces a small change in the CD spectrum of
Aβ40 when salt is present. A higher nanoparticle concentration is
needed to have the same helical effect observed in the absence of salt.
P1H nanoparticles induced aggregation and sedimentation and thus
CD measurement could not be performed.

Since P1F shows higher α-helix inducing effect, Aβ40 was
incubated with P1 complex (8 g L−1) for 6 days at 37 °C to evaluate
its ability to inhibit Aβ aggregation. Aliquots were taken immediately
after sample preparation and at 6 days incubation time to be observed
by TEM. After sample preparation, TEM shows already the presence of
spherical Aβ aggregates and short fibrils, which may correspond to
protofibrils (Fig. 10, planes a and c) [31]. Aβ40 incubated alone for
6 days at 37 °C formed amyloid-like fibrils (Fig. 10, plane b). However
when the peptide was co-incubated from the beginning with
fluorinated complexes, long and unbranched fibrils are not any longer
visible (Fig. 10, plane d). It is not possible to determine unambiguously
whether the spherical structures observed are Aβ aggregates or
complex aggregates. However, these structures are similar to the ones
observed for the complexes incubated alone (Fig. 10, panel e and f). In
addition spherical Aβ aggregates are more electron lucent than the
complexes, indicating that the spherical structure are aggregates of
the complexes. The co-incubation of Aβ40 with P1H resulted in
amyloid fibril formation (Fig. 11), demonstrating that these particles
are not able of inhibiting amyloid fibril formation.

4. Discussion

Aβ is detected as a circulating peptide in the plasma and
cerebrospinal fluid of healthy individuals [3,4]. Under physiological
conditions, the peptide appears to be unfolded at the beginning of the
Table 2
Percentage of secondary structure motifs (±3%) of Aβ40 in the presence of fluorinated
complexes P2F at different concentrations

Conc. (g L−1) Helix Strand Turn Unordered

0 3 27 14 56
2 4 29 15 52
4 8 33 21 38
8 21 24 19 36
aggregation. NMR studies have shown that monomers exist predomi-
nately as random extended chains, without α-helical or β-sheet
structures [32]. However, amyloid deposits isolated from AD brain
tissue are composed predominantly of Aβ in a β-pleated sheet
conformation [33]. Although a causal relationship between peptide
deposition and the development of AD is not conclusively proved, it
was observed that the fibrillar and the oligomeric forms of the
peptide, but not the monomeric form, cause changes in cultured
neurons [34,35].

This work demonstrates that negatively charged surfaces inhibit
the conformational transition of Aβ40 from unfolded to β-sheet that
normally occurs if the peptide is incubated at room temperature or at
37 °C in test tubes. This might be explained by the fact that negatively
charged groups prevent the interaction between peptide molecules
since they can interact directly with polar side chains in unfolded
peptide, inhibiting conformational transitions. However Aβ40 does not
adsorb irreversibly on negatively charged surfaces, as demonstrated
by previous results obtained with neutron reflectivity measurements
[21]. This indicates a dynamic interactionwhere peptidemolecules are
going to the surface and to the bulk phase. After incubation in test
tubes, Aβ40 undergoes conformational changes. In this case, the
peptide is more in contact with air than when incubated in
hydrophilic quartz cuvettes (that were hermetically closed) and
conformational transitions cannot be prevented. The peptide was
previously found to adsorb at air–water interface, which acts as a
Fig. 9. CD spectra of Aβ40 (50 µM) in phosphate buffer containing 0.1 M NaCl in the
absence (curve 1) and presence of 8 g L−1 of fluorinated P1 complex.



Fig. 10. Electron microscopy analysis of the effect of fluorinated complexes on fibril formation. Aβ40 (100 µM) was incubated with or without fluorinated complexes (8 g L−1) at 37 °C.
a. Aβ40 alone immediately after preparation. b. Aβ40 alone incubated for 6 days. c. Aβ40 with fluorinated complexes immediately after preparation. d. Aβ40 with fluorinated complexes
incubated for 6 days. e. Fluorinated complexes alone immediately after preparation. f. Fluorinated complexes alone incubated for 6 days. The scale bar in panel a is 200 nm and the
same magnification was used in all panels.
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hydrophobic–hydrophilic surface and merely β-sheet structure was
detected [17].

Negatively charged silica particles do not induce structural changes
in the peptide. However when fluorinated complexes are added to
Fig. 11. Electron microscopy analysis of Aβ40 (100 µM) incubated with hydrogenated
complexes (8 g L−1) at 37 °C. The scale bar is 200 nm.
Aβ40 solution anα-helix structure is observed, whereas hydrogenated
analogues lead to β-sheet formation and aggregation. Previous studies
have shown that hydrophobic teflon particles with a size of 200 nm
and a zeta potential of −47 mV are able to induce α-helix structure in
Aβ40 [20]. Interactions between hydrophobic residues and fluorinated
chains must stabilize the peptide intramolecular hydrogen bonds, to
the detriment of any intermolecular hydrogen bonding with water.
Organofluorine compounds are effective inhibitors of Aβ self-
assembly [36]. The inhibitor activity of these compounds was
attributed to the acidic character of a hydroxyl group, that increases
by introducing the strongly electron withdrawing CF3 group. Per-
fluorododecanoic acid is a stronger acid than dodecanoic, suggesting
that the acidic character plays as well a key role in α-helix formation.
This is supported by the observation of a smaller structural change
when measurements are performed in the presence of salt (NaCl
0.1 M). Montserret et al. have shown that while the folding of peptides
in sodium dodecy sulphate (SDS) micelles is mostly driven by
hydrophobic effects, electrostatic interactions play a significant role
in the formation and the stabilization of α-helix structure [37].
Usually, this structure is induced upon dehydrating apolar sites of the
peptide and the micelle, directly related to hydrophobic interactions,
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in line with current thoughts about the formation of local secondary
structure [38,39]. However the role of both charged and hydrophobic
amino acid side chains is essential in the sequential cooperative
process of the SDS-induced mechanism of α-helix formation. In the
absence of electrostatic interactions, the binding of hydrophobic C12
tails is not able to form a stable peptide-detergent complex allowing
the formation of a hydrophobic environment required for helix
stabilization [37]. The fact that fluorinated complexes show high
negative surface charges seems to be determinant to the folding.
However, it is not sufficient since silica particles that have a zeta
potential in the order of that of fluorinated ones cannot induce α-
helices.

Hydrogenated complexes are not able of inducing an α-helix
structure in Aβ40, but rather β-sheets and aggregation. The reason
might be that dodecanoic acid is less hydrophobic than perfluorodo-
decanoic. Taking into consideration that SDS micelles, that are formed
by a core of hydrogenated C12 chains, induce α-helix structure in
Aβ40, [18,19] the charge contribution has to be important. It has been
demonstrated that SDS adsorbed on the surface of activated carbons
and carbon blacks gives a zeta potential in the order of −50 mV [40].
Thus the lower zeta potentials in absolute numbers of hydrogenated
complexes contribute to the fact that these particles are not able of
preventing the interaction between peptide molecules, resulting in
aggregation. The lower efficiency of fluorinated complex with the
phenyl group on the polyampholyte (P2F) compared with the complex
with hydrogen (P1F) can be understood as a steric effect. The phenyl
group sterically hinders the hydrophobic residues on the peptide from
interacting with fluorine groups.

Fluorinated complexes, but not their hydrogenated analogues,
inhibited the amyloid fibril formation by Aβ40. This result supports
the concept that the formation of a β-sheet secondary structure is
related to fibrillogenesis. It is likely that fluorinated complexes
inhibit amyloid formation by binding to monomeric Aβ40. The
central hydrophobic cluster of Aβ (residues 17–21 LVFFA) has been
particularly implicated in amyloid fibril formation [42]. CF3 groups
can interact with hydrophobic peptide residues, preventing hydro-
phobic interactions between peptide molecules. In addition X-ray
and electron diffraction have shown that β-sheets are stabilized by
bonding between adjacent phenylalanine rings and salt-bridges
between charge pairs (glutamic acid–lysine) [41]. The nanostruc-
tures presented in this study can replace the acidic residues of the
peptide and inhibit the self-assembly. Vieira et al. suggested that
the loss of ordered water coating around the peptide, indirectly
induced by structuring of water around the CF3 groups of fluorinated
alcohols and by the presence of CF3 near the peptide, causes the NH
and CfO groups of the backbone to interact on short distances
with each other, favoring the α-helix [22]. Short-range interactions
between nearby amino acid residues stabilize theα-helical structure
in contrast to long-range interactions stabilizing the β-sheet
structure.

5. Conclusions

Negatively charged surfaces and silica particles are not capable of
inducing α-helix structure in Aβ40, although they inhibit β-sheet
structure formation. Fluorinated complexes are able to induce α-
helix structure and prevent fibril formation. Adding hydrogenated
complexes to the peptide solution resulted in β-sheets and aggrega-
tion. Supporting the fact that β-sheet secondary structures are
usually stabilized by protein aggregation and directly related to
fibrillogenesis, hydrogenated complexes lead to amyloid fibril
formation. According to the results presented here, it seems reason-
able to assume that both high charged density and hydrophobic
groups are necessary to stabilize α-helix structure in Aβ40 peptide
and consequently to inhibit fibril formation. The fluorinated com-
plexes with highly negative zeta potential and hydrophobic fluori-
nated core have the fundamental characteristics to prevent Aβ40

fibrillogenesis.
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