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Interactions of amyloid Aβ(1–42)
peptide with self-assembled peptide
nanospheres
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In this work we have probed the interactions of the amyloid Aβ(1–42) peptide with self-assembled nanospheres. The
nanospheres were formed by self-assembly of a newly developed bolaamphiphile bis(N-alpha-amido-methionine)-1,8 octane
dicarboxylate under aqueous conditions. It was found that the interactions of the Aβ(1–42) peptide with the nanospheres
were concentration as well as pH dependent and the peptide largely adopts a random coil structure upon interacting with
the nanospheres. Further, upon incorporation with the nanospheres, we observed a relative diminution in the aggregation
of Aβ(1–42) at low concentrations of Aβ(1–42). The interactions between the nanospheres and the Aβ(1–42) peptide
were investigated by atomic force microscopy, transmission electron microscopy, circular dichroism, FTIR and fluorescence
spectroscopy, and the degree of fibrillation in the presence and absence of nanospheres was monitored by the Thioflavine T
assay. We believe that the outcome from this work will help further elucidate the binding properties of Aβ peptide as well
as designing nanostructures as templates for further investigating the nucleation and fibrillation process of Aβ-like peptides.
Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

The misfolding and aggregation of proteins such as α-synuclein,
insulin, prion, glucagon, and β-amyloid have long been implicated
in the pathology of degenerative diseases such as type II
diabetes, Parkinsons, spongiform encephalopathy, Huntingtons,
and Alzheimers [1–4]. In particular, aggregation of the amyloid
(Aβ) peptide into β-sheets that eventually form senile plaques
has been considered one of the hallmarks of the early stages of
Alzheimer’s disease [5–10]. Mitigation of the fibrillation process
and a deeper understanding of the peptide folding mechanism is
therefore a necessity. Recent studies carried out have examined
the oligomerization of Aβ(1–42) and its Pro [19] alloform, wherein
it was observed that the substitution of Phe [19] by Pro [19]
blocked fibril formation of the [Pro19] Aβ(1–42) peptide [11].
Advances in photochemical cross-linking techniques, such as
photoinduced cross-linking of unmodified proteins (PICUP) [12,13]
have also greatly aided in the quantification of Aβ oligomer
frequency distribution [14–16]. Much research has also been
conducted on the interaction of the Aβ(1–42) peptide with
lipids of varying charges, as several studies have shown that
the primary target of Aβ(1–42) plaques is the lipid bilayer that
constitutes the cell membrane [17–24]. Luminescent conjugated
polyelectrolyte probes (LCPs), have proven to be another group of
molecular probes that have aided in studying the conformations
of Aβ(1–42) [25,26]. Recently, it was shown that LCPs could be
used to differentiate various Aβ(1–42) conformations within fibrils
of in vitro as well as in vivo formed amyloid deposits [27]. Towards
a similar effect, time-resolved anisotropy measurements (TRAMS)
have been carried out in order to elucidate the conformations of

the aggregates of Aβ(1–42) at early stages of fibril formation [28].
Researchers have also designed novel β-sheet breaker peptides
that bind to the normal conformations and destabilize the β-sheet-
rich structures that eventually lead to the formation of amyloid
plaques as a new therapeutic approach for blocking amyloid fibril
formation. In some cases, the β-sheet breaker peptides were found
to reverse amyloid beta induced toxicity in vitro [29–31].

Over the past few years, nanostructures are becoming popular
materials to elucidate the binding interactions of various peptides
including Aβ(1–42) [32–34]. For example, interactions of carbon
nanotubes with peptides have been examined for fabricating
carbon nanotube-based protein binding devices [35,36]. Binding
interactions of Au nanoparticles with amyloid fibrils have been
shown to dissolve amyloid plaques through microwave radiation
[37]. Co-polymeric nanoparticles of N-isopropylacrylamide:N-tert-
butylacrylacrylamide (NiPAM : BAM), with different hydrophobici-
ties have been shown to affect the nucleation step of Aβ(1–42)
fibrillation [38], although the elongation process was mostly un-
affected by the nanoparticles. Further, it was shown that the
fibrillation of Aβ(1–42) initiated in the absence of those nanopar-
ticles could be reversed by adding nanoparticles up to a certain
time until mature fibrils appeared. PEGylated phospholipid na-
nomicelles, hybrids of Aβ(10–35)-PEG block co-polymers and
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various amphiphilic surfactants have also been prepared to inves-
tigate the fibrillation process and as possible sources for mitigation
of fibrillation of Aβ(1–42) [39–41]. The influence of hydrogenated
and fluorinated nanoparticles on Aβ(1–40) secondary structures
has also been examined [42]. It was found that while fluorinated
nanoparticles induced α-helix structure in Aβ , their hydrogenated
analogues lead to β-sheet formation and aggregation. Thus, while
certain nanoparticles can be utilized as drugs to inhibit or re-
duce fibrillar aggregates, some nanoparticles have promoted fibril
assembly [43,44]. For example, it has been shown that in some
cases nanoparticles could enhance the likelihood of appearance
of a critical nuclei that may be fibrillation-competent for ho-
mogeneous nucleation and augment the formation of protein
clusters, thereby enhancing fibrillation as seen in the case of
β2-microglobulin in the presence of NiPAM : BAM nanoparticles
[45,46]. Similarly, enhanced increased fibrillation has also been
observed in the presence of TiO2 nanoparticles [47].

Although significant research has been conducted with lipids,
polymer-based nanoparticles, surfactants as well as metal or metal
oxide nanoparticles relatively less information is available for
studies related to interactions with peptide-based nanomaterials.
Studies have shown that the Aβ peptide has a tendency to
form exceedingly strong non-covalent bonds with surrounding
peptides in the cerebral environment because of the close
proximity of the polypeptide chains [48]. Further, in situ, close
alignment of those peptide chains may be hampered by the
natural interference of other proteins typically found in the cerebral
environment, strongly suggesting that such proteins play a crucial
role in the conformational structures of amyloid peptides in vivo
and consequently may also affect the neurotoxic and cytotoxic
properties of amyloid deposits.

In this work, we have examined the interactions of self-
assembled peptide nanospheres with Aβ(1–42) in order to
determine the efficacy in mitigating the aggregation of Aβ(1–42).
The nanospheres were formed using a newly synthesized peptide
bolaamphiphile bis(N-alpha-amido-methionine)-1,8 octane dicar-
boxylate. The purpose of using peptide nanostructures is to mimic
the proteins surrounding the Aβ peptide in the cerebral environ-
ment. It is well known that oxidation of methionine considerably
deters the rate of fibril formation in Aβ(1–42) [49]. Thus, it would
be interesting to study the effects of nanostructures containing
the methionine moiety on Aβ(1–42) conformation and investi-
gate its effects on retarding the fibrillation process. In general,
peptide nanostructures are known to be highly biocompabile [50]
and the advantage of using nanostructures self-assembled from
peptide bolaamphiphiles is the facile self-assembly mechanism
and the resultant architectures formed can be controlled by vary-
ing external conditions [51,52]. Here in, we have investigated the
effect of pH and concentration in order to better understand the
mechanism of interactions of the nanospheres with Aβ(1–42), as
well as the potential of the nanospheres in reducing the formation
of aggregates and perhaps consequently reducing fibrillation. The
interactions were probed by circular dichroism (CD), TEM, AFM
analyses, fluorescence, FTIR spectroscopy, and Thioflavine T (ThT)
assay.

Experimental

Materials

Aβ(1–42) peptide was purchased from American Pep-
tide Company, Inc. lot R07010T1.N-(3-dimethylaminopropyl)-N-

ethylcarbodiimide (EDAC), L-Methionine-methyl ester hydrochlo-
ride, sebacic acid, N-hydroxysuccinimide (NHS), dimethylfor-
mamide (DMF), DMSO, hexafluoroisopropanol (HFIP), DMSO-d6
with 0.1% v/v TMS, methanol, ThT, NIR-664-N-succinimidyl ester
(NIR), and acetone were purchased from Sigma Aldrich. Buffer
solutions of various pH, NaOH pellets, and HCl were purchased
from Fisher Scientific. The compositions of the various buffer so-
lutions at various pH were as follows: pH 4, potassium hydrogen
phthalate; pH 5, potassium acid phthalate, sodium hydroxide;
pH 6, potassium phosphate monobasic/sodium hydroxide; pH 7,
phosphate monobasic/sodium hydroxide; pH 8, potassium phos-
phate monobasic/sodium hydroxide. The solvents were used as
received.

Methods

Synthesis of Bis(N-Alpha-Amino-Methionine)-1,8 Octane
Dicarboxylate

The bolaamphiphile bis(N-α-amido-methionine)-1,8 octane dicar-
boxylate was synthesized by modification of previously estab-
lished methods [53,54]. Briefly, the reaction involved coupling
the methionine methyl ester with sebacic acid in DMF sol-
vent at 0 ◦C. EDAC was used as a coupling agent, whereas
1-hyrdoxybenzotriazole (HOBT) was used as an additive. The in-
termediate formed was then subjected to base hydrolysis in the
presence of 0.1 M NaOH at 80 ◦C for removal of the protecting
group. The product obtained (59% yield) was washed with a mix-
ture of ice water and acetone, and yielded an off-white colored
powder and recrystallized from 50 : 50 mixture of methanol and
water. The 1H NMR spectra were recorded with a Bruker 300 MHz
NMR spectrometer. The 1H NMR DMSO-d6 spectrum showed
peaks at δ 1.3 (m, 8H) (–CH2 groups); 2.1 (m, 14H) (–CH2 and – CH3

groups); 2.6 (t, 4H) (–CH2 groups); 4.6 (d) (2H) (–CH group); 8.1
(s) due to hydrogen from the amide peaks. The elemental analysis
of the compound revealed the following mass% C 51. 2; H 7. 1; N
5.32; O 21.82; S 14.56.

Self-Assembly of Nanospheres

Individual stock solutions of the bis(N-α-amido methionine)1,
8-octane dicarboxylate monomer were prepared in separate
vials containing buffer solutions (0.2 M) at a pH range 4–9. The
concentration of the monomer was kept constant at 1 mM. The
samples were allowed to self-assemble for a period of 7–10 days
at room temperature. The assemblies were sonicated (30 min),
washed with distilled water and centrifuged at 14 000 rpm. Each
sample was washed at least thrice before further analysis. After
centrifugation and washing, the self-assembled nanospheres were
dried and weighed. Assuming 100% conversion of precursor of
known concentration, to nanospheres, we calculated the yield to
be approximately 43.5%.

Preparation of Aβ(1–42) Peptide Solution

Dry Aβ(1–42) peptide was weighed and dissolved in HFIP
to prepare a solution of 1 mg/ml−1 concentration. Aliquots
were evaporated under vacuum in a speedvac. The evaporated
Aβ(1–42) was stored at −20 ◦C until further use. Samples were
then re-dissolved in DMSO and diluted 1 : 10 with 0.2 M buffer
solutions (pH 4–9) and shaken in a water bath containing ice for
20 min. The solutions were then centrifuged, and the supernatants
were used for further experiments.

J. Pept. Sci. 2011; 17: 14–23 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/psc
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Preparation of Nanosphere Bound Aβ(1–42)

Because higher yields of nanospheres were obtained upon
self-assembly of the bolaamphiphile at pH 8, we used those
nanospheres for analysis with the Aβ(1–42) peptide. Further,
those nanospheres were washed thrice before incubation with
the Aβ(1–42) peptide solutions. Varying amounts of Aβ(1–42)
were added to the nanospheres, such that the final concentration
of Aβ(1–42) in the mixture ranged from 10 to 100 µM (10, 20, 30,
50, 100 µM). Briefly, to each vial containing 500 µl of nanosphere
solutions at a pH range 4–9, appropriate amounts of Aβ(1–42)
peptide were added. In general, the samples were incubated and
left on a shaker for a period of 72 h at 4 ◦C. The samples were
shaken mildly during the incubation period, and then centrifuged
to remove any unattached Aβ(1–42) that may be present in the
supernatant and analyzed using various methods.

Preparation of Fluorescent Tagged of Aβ(1–42)

Fluorescent labeling has been utilized to probe protein binding
in the past [55–57]. Here in, we tagged Aβ(1–42) with NIR dye
in order to examine the binding process with nanospheres by
fluorescence spectroscopy. The solution of NIR-664-N-succinimidyl
ester (0.05 mM) was allowed to react with Aβ(1–42) solution (5 µM)
and vortexed overnight at 3.9 ◦C. The sample was then centrifuged
at 15 000 × g for 30 min and washed with distilled water twice
before further analysis.

ThT Binding Assay

The degree of Aβ(1–42) fibrillization was determined using the
fluorescent dye, ThT, which specifically binds to fibrillar con-
formations [58,59]. Samples were prepared as described above
with final Aβ(1–42) concentration of 30 µM. After incubation with
nanospheres for 72 h, 200 µl of ThT was added to each test sample
to a final concentration of 5 µM. Samples were shaken for 60 s
prior to each measurement. Relative fluorescence intensity was
measured using Jobin Yvon Fluoromax 3 fluorescence spectrom-
eter. Measurements were performed at an excitation wavelength
of 437 nm and an emission of 480 nm (pre-determined experi-
mentally). To account for background fluorescence, fluorescence
intensity from control solution without Aβ(1–42) was subtracted
from solution containing Aβ(1–42).

Characterization

Transmission electron microscopy

Samples were washed twice with distilled water and air-dried onto
carbon-coated copper grids for characterization by transmission
electron microscopy (TEM) (JEOL 1200 EX) operated at 100 kV. The
Aβ(1–42) incorporated samples with and without nanospheres
were negatively stained with 0.5% w/v uranyl acetate before
analysis.

Atomic force microscopy

The atomic force microscopy (AFM) was carried out using a
Quesant Universal SPM instrument in tapping mode in air using
a silicon–nitride cantilever. Samples were washed twice with
distilled water and then deposited on the surface of a glass slide
and air-dried. The resultant, dried samples were then analyzed by
AFM. For AFM analysis, sample nanosphere solutions incubated
with 10 µl Aβ(1–42) were used.

Particle sizing using dynamic light scattering analysis (DLS)

A NICOMP 380 ZLS zeta potential/particle sizer system (Santa
Barbara, California, USA) was used to determine the sizes of the
samples. DLS measurements were carried out at 25 ◦C and at a pH
range 4–8. The concentrations of the suspensions were adjusted
within the operational limits of the instrument and the suspension
pH was adjusted by the addition of standard buffer solutions.

FTIR spectroscopy

In order to confirm the incorporation of Aβ(1–42) onto the
nanospheres FTIR analyses were carried out using Matteson Infinity
IR equipped with DIGILAB, ExcaliBuv HE Series FTS 3100 software.
The samples were dried in vacuum at 30 ◦C and -635 mm Hg and
mixed with KBr to make pellets, and then analyzed. All spectra were
taken at 4 cm−1 resolution with 100 scans taken for averaging.
Sample measurements were carried between 400 and 4000 cm−1.

CD spectroscopy

CD measurements were carried out using a JASCO J-720
spectropolarimeter. Samples were scanned at least five times at
the rate of 200 nm min−1 with a 0.5 nm step, 1 nm bandwidth, and
then averaged. To obtain the critical molar ratio for optimal binding
of the nanospheres with Aβ(1–42) different concentrations of
Aβ(1–42) were added to the nanospheres at varying pH. In the
experiments, a blank run made with buffer alone was subtracted
from the experimental spectra for correction. Further, the CD
spectra of nanospheres alone were measured, and the spectra
of the nanospheres alone were subtracted from the samples
containing Aβ(1–42) with nanospheres. The 190–250 nm spectra
were used for analysis. All the spectra were smoothed and
converted to the mean residue ellipticity [θ ] in deg∗cm2/dmol.

Fluorescence spectroscopy

Fluorescence spectra were obtained using a Jobin Yvon Fluoromax
3 fluorescence spectrometer. All measurements were carried out
in aqueous solutions using quartz cuvettes. A reference cuvette
holding the solvent was used for baseline correction purposes.
NIR labeled Aβ(1–42) at a concentration of 30 µM was incubated
with the nanospheres in buffer solutions of varying pH values for a
period of 48–72 h in a water bath at 37 ◦C, after which fluorescence
spectra of the samples were obtained. Control experiments were
conducted using the NIR labeled Aβ(1–42) as well as the NIR
solution.

Results and Discussion

In order to mimic biological assemblies such as liposomes,
peptide assemblies, and channel proteins, many peptide-based
nano and microstructures have been studied thus far [60–65].
It has been observed that such assemblies are mostly formed
due to non-covalent interactions or protonation and/or hy-
drophobic interactions between the peptide moieties either
instantaneously or over a period of time [66,67]. Here in, we
have synthesized a new bolaamphiphile, HOOC–Met–NH–CO–
(CH2)8 –NH–CO–Met–COOH. For this study, the alkyl spacer be-
tween the amino acid head groups was limited to eight methylene
groups. The effect of variation of chain length on the self-assembly
process is being currently studied and will be reported separately.

wileyonlinelibrary.com/journal/psc Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2011; 17: 14–23
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Figure 1. (A) Chemical structure of methionine bolaamphiphile synthesized; (B) proposed three-dimensional model for self-assembly of the nanospheres.

After synthesis, the bolaamphiphile was dispersed in solutions
of pH 4–9 for self-assembly of the nanostructures. In general,
a mixture of nanospheres and nanotubular assemblies were ob-
served at lower pH, whereas mainly spherical assemblies were
formed at pH>6. This is mainly due to the difference in hydrogen
bonding patterns involved in the self-assembly of the nanostruc-
tures. At low pH, in addition to hydrogen bonding interactions
between the NH-amide and carbonyl groups, hydrogen bond-
ing is also expected between the carboxyl groups leading to
nanotubular structures [66,67]. While at higher pH, when the car-
boxyl groups are deprotonated, hydrogen bonding is relatively
less leading to the formation of spherical nanostructures. The
chemical structure of the bolaamphiphile synthesized as well as
the proposed three-dimensional model are shown in Figure 1(A)
and (B), respectively. For the purposes of studying interactions
with the Aβ(1–42) peptide, we used nanospheres, which were
self-assembled at pH 8, because higher yields of nanospheres
were obtained under those conditions. Once self-assembled, the
nanospheres were sonicated, centrifuged, washed and were found
to be stable in aqueous solutions at room temperature for sev-
eral months. It is most likely that the nanostructures are formed
primarily due to hydrogen bonding interactions between the
C O groups and the – NH groups of the amide moieties of the
bolaamphiphile.

Interactions of Nanospheres with Aβ(1–42)

Atomic force microscopy and dynamic light scattering

In order to study the interactions of the nanospheres with
Aβ(1–42) AFM analyses were conducted at pH range 4–8. In
general, the self-assembled nanospheres alone had a diameter
of 200–300 nm before incubation with the Aβ(1–42) as shown
in Figure 2(A), whereas Figure 2(B) shows the AFM topography
image of the nanospheres alone. We observed that a change in
the diameter occurred over the course of 72 h after incubation
with the Aβ(1–42) sequence and leveled off after approximately
72 h at a size range approximately 400–600 nm depending upon
the sizes of the nanospheres. This was confirmed by DLS analsyis
(Figure 3(A)). The increase in sizes upon incubation with Aβ(1–42)
is indicative of incorporation of the Aβ(1–42) onto the surface
of the nanospheres. This increase in size was observed to be
greatest at a pH range 4–7, which is likely due to the relatively
higher degree of hydrogen bonding interactions at lower pH
as opposed to higher pH. Figure 3(B) and (C) shows the three-
dimensional AFM images of the nanospheres at pH 5 before and
after 72 h of incubation with Aβ(1–42) at higher concentration
(when 50 µM concentration of Aβ(1–42) was used). The roughened
surface of the nanospheres (Figure 3(B)), compared with regular
nanospheres (as seen in the 3D AFM image, Figure 3(A)) strongly
suggests that the Aβ(1–42) is incorporated onto the nanospheres.

J. Pept. Sci. 2011; 17: 14–23 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/psc
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Figure 2. (A) DLS analysis of nanospheres formed at pH 8; (B) AFM topography image of nanospheres formed at pH 8. This figure is available in colour
online at wileyonlinelibrary.com/journal/jpepsci.

Further, at those concentrations it appears that binding of
Aβ(1–42) to the nanospheres, may lead to the change in the
conformation of the peptide. We also carried out AFM analysis
at lower concentrations (data not shown), which showed similar
trends, although the increase in roughness and relative height was
proportional to the concentration of the Aβ(1–42) used.

Transmission Electron Microscopy

TEM analyses were also used to probe the interactions of Aβ(1–42)
with the nanospheres at varying pH. Figure 4(A) shows the
TEM images obtained before incubation with Aβ(1–42) showing
nanospheres ranging from 200 to 300 nm in diameter, which
corroborates the sizes of the nanospheres observed using the
AFM and DLS analyses. Figure 4(B) shows the TEM image of the
nanospheres examined after 72 h of incubation with Aβ(1–42)
at low concentration (20 µM at pH 7), whereas Figure 4(B)
shows the TEM image obtained after incubation with Aβ(1–42)
(50 µM at pH 7) and Figure 4(C) shows the TEM image obtained
when the nanospheres were incubated with Aβ(1–42) (100 µM

concentration) at pH 7. As seen from Figure 4(B), it appears
that the Aβ(1–42) tends to accumulate around the periphery
of the nanospheres further confirming that the nanospheres were

capable of interacting with the Aβ(1–42) sequence. Another
aspect was that at higher concentration, the nanospheres were
completely covered with the peptide, however upon incubation
with much higher concentrations of Aβ(1–42) sequence (100 µM),
although the nanospheres bound to Aβ(1–42), some fibrils were
also observed, although lesser than those observed in the absence
of nanospheres (Figure 4(E)). This is perhaps due to the fact
that at high concentrations of Aβ(1–42) the binding sites of the
nanospheres are already saturated, and there may be an increase in
the local concentration of the peptide leading to formation of fibrils
at higher concentrations. Overall, we observed that upon addition
of the nanospheres relatively less fibrillation of the Aβ(1–42)
was observed after a period of 72 h between pH 4 and pH 7
particularly at lower concentrations, when compared to the growth
of Aβ(1–42) peptide in the absence of nanospheres (Figure 4(E)). It
is to be noted that regardless of the concentration, fibrillation was
relatively less, compared to Aβ(1–42) alone. These results indicate
the nanospheres are capable of not only binding with the Aβ(1–42)
but may also mitigate fibrillation of the Aβ(1–42) at appropriate
concentrations. The TEM image shown in Figure 4(B) strongly
suggests that Aβ(1–42) most likely binds to the nanospheres in
the early stages of oligomer formation and once its bound to the

wileyonlinelibrary.com/journal/psc Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2011; 17: 14–23
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Figure 3. (A) DLS analysis of Aβ(1–42) incorporated nanospheres at pH 6 after 72 h of incubation; (B) comparison of 3D AFM images of nanospheres
before and after binding with Aβ(1–42) at pH 6 after 72 h. This figure is available in colour online at wileyonlinelibrary.com/journal/jpepsci.

Figure 4. (A) TEM image of nanospheres; (B) nanospheres bound to Aβ 1–42) after 72 h of incubation at pH 7 at 20 µM Aβ(1–42) concentration;
(C) nanospheres bound to Aβ(1–42) after 72 h of incubation at pH 7 at 50 µM Aβ(1–42) concentration; (D) nanospheres bound to Aβ(1–42) after 72 h of
incubation at pH 7 at 100 µM Aβ(1–42) concentration; (E) fibril formation of Aβ(1–42) (50 µM) in the absence of nanospheres at pH 7 after 72 h.

J. Pept. Sci. 2011; 17: 14–23 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/psc
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nanospheres, further formation of protofibrils and fibrils is slowed
down.

FTIR Analysis

In order to further confirm the incorporation of the Aβ peptide
onto the nanospheres, the samples were also analyzed by
FTIR spectroscopy. Figures 5(A)–(C) shows the comparison of IR
spectra of Aβ(1–42), Aβ(1–42) (30 µM) incorporated onto the
nanospheres, and neat nanospheres, respectively. The spectra
illustrate the data obtained at pH 6. As the samples were dried
prior to FTIR analysis, it is probable that the local concentration
of the peptide may be relatively higher, which may further
influence the secondary structural transformation. The amide I
region (1600–1700 cm−1), of Figure 5(A), Aβ(1–42) alone shows,
a peak at 1627 cm−1 due to amide I stretching indicative of
a β-sheet structure [68]. Upon binding to the nanospheres, as
shown in Figure 5(B), we observed a shift in the amide I stretching
vibration peaks to 1638 and 1647 cm−1 (indicative of random
coil conformations) and 1652 cm−1, are also observed. This is
most likely due to interactions between the nanospheres and the
Aβ(1–42), which may have lead to a change in the conformation.
In addition, the peak at 1627 cm−1 is diminished, indicating a
reduction in the β-sheet structure. The peaks at 1652, 1683,
and 1670 cm−1 observed, matches those of the nanospheres
alone (Figure 5(C)). Additional peaks observed in lower 1600 cm−1

region for the nanospheres are diminished upon binding to the
Aβ (1–42) peptide.

Circular Dichroism

It is well known that peptide misfolding is one of the major causes
of amyloid plaque formation in amyloidogenic diseases such as
Alzheimer’s disease [69–72]. CD spectra in the UV region were
used to monitor changes in the secondary structure. Figure 6
shows the CD spectra of Aβ(1–42) in the presence and absence
of the self-assembled nanospheres at pH values ranging from 4
to 8 after incubation for 72 h. Before the CD measurement, in
order to determine the critical molar ratio for Aβ(1–42) binding
with the nanospheres a pre-experiment was carried out where in
the nanosphere to Aβ ratio of about 35 was obtained. Thus, for
measurements at all pH, we chose 50 as the actual nanosphere
to Aβ ratio to ensure the presence of enough nanospheres. In
general, in the presence of the nanospheres, a change in the
CD spectrum was observed. It appears that in the presence of
nanospheres, mostly random coil structures are formed. At pH
4–6, a negative maxima is observed around 195 nm, showing ran-
dom coil conformation in the presence of nanospheres, whereas
in the absence of nanospheres, at pH 4 the spectrum shows a mix
of random coil and β-sheet structure. At pH 6 however, in the
absence of the nanospheres the structure largely represents a
β-sheet structure, where as upon interacting with the
nanospheres, it exhibits a random coil structure. At pH 8, in
the absence of the nanospheres, the spectrum obtained shows
also shows a β-sheet-like structure however, in the presence of
the nanospheres, the spectrum observed appears to be that of
random coil, although not as distinct as those observed in the pH
range 4–6. The results of the CD analyses show that Aβ(1–42)
undergoes conformation changes at varying pH, confirming the
interactions with the nanospheres.

Figure 5. Comparison of FTIR spectra of (A) Aβ(1–42); (B) Aβ(1–42) bound
to nanospheres; (C) Self-assembled nanospheres.

Figure 6. Comparison of CD spectra of Aβ(1–42) in the presence and
absence of nanospheres (- - - - ) indicates Aβ(1–42) and ( )
indicates Aβ(1–42) in the presence of nanospheres.

wileyonlinelibrary.com/journal/psc Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2011; 17: 14–23
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Figure 7. Effect of nanospheres on Aβ(1–42) (20 µM) aggregation by ThT
assay at pH 7. Increase in relative fluorescence units (RFU) is proportional
to fibril formation. Error bars indicate standard deviation. This figure is
available in colour online at wileyonlinelibrary.com/journal/jpepsci.

ThT Assay

For determining the effect of amyloid aggregation process in
the presence of the nanospheres, we used the ThT interaction
assay as a more definite deterministic method. In general, amyloid
protein fibrils possess specific dye binding properties due to
their characteristic fibrillar conformations. It is well known that
binding of ThT to amyloid fibrils causes enhancement of ThT
fluorescence [73], thus we conducted a ThT assay for determination
of fibril formation in the presence and absence of nanospheres.
In general, the relative fluorescence intensity was lesser for
the nanosphere treated samples. As shown in Figure 7, ThT
fluorescence spectroscopic assay showed a reduction in the
relative fluorescence intensity of nanosphere treated sample to
less than half of that compared to the untreated control, indicating
significant mitigation of β-sheeted fibril formation in nanosphere
treated samples. The figure shown is that obtained at pH 7. A
similar effect was observed at other pH as well, athough at pH 8,
the difference was not as significant.

Fluorescence Studies

To explore the interactions of the Aβ(1–42) peptide with the
nanospheres, we examined the fluorescence changes observed,
when fluorescent-labeled Aβ(1–42) was incubated with the
nanospheres. The highly fluorescent NIR-664 succinimide ester was
covalently coupled to the N-terminal residue of Aβ(1–42) before
studies were carried out. Figure 8 shows the fluorescence spectra
at 37 ◦C obtained at pH 6. First, the covalent binding of NIR to
Aβ(1–42) was confirmed, by comparing the fluorescence spectra
of the dye in solution with that of Aβ(1–42) second, the coupling
reaction was carried out and the unreacted dye was removed.
We observed a blue shift of the fluorescence maxima from 689
to 682 nm, as well quenching in the fluorescence, confirming that
Aβ(1–42) was tagged with NIR. Further, upon binding to the
nanospheres additional fluorescence quenching, was observed
along with a blue shift to 680 nm. In general, similar quenching

Figure 8. Comparison of fluorescence spectra of Aβ(1–42) in solution and
before and after incorporation of nanospheres at pH 6.

was observed at a pH range 4–7. Quenching at higher pH was
relatively less, signifying that there was relatively less interactions
between Aβ(1–42) and the nanospheres at higher pH. This is
likely due to the fact that the pI of Aβ(1–42) is 5.37 and hence at
pH 8 Aβ(1–42) would be deprotonated [74]. In addition, due to
the negative charge of the deprotonated state of the carboxylate
moieties of the nanospheres at high pH, the interactions are likely
to be relatively less at higher pH. Thus, at high pH there would most
likely be repulsion between the nanospheres and the Aβ(1–42).
Therefore, one can conclude that a pH range 4–7 is likely ideal for
the purposes of facilitating the binding interactions between the
nanospheres and Aβ(1–42).

Conclusions

In this work we have developed a new peptide bolaam-
phiphile, which upon self-assembly formed nanospheres. Those
nanospheres were capable of non-covalently interacting with the
Aβ(1–42) peptide in a pH sensitive manner. In general, we found
that at a pH range 4–7, the interactions with Aβ(1–42) pep-
tide were relatively stronger. Further, upon incorporation to the
nanospheres, we observed that there was a relative retardation in
the aggregation of Aβ(1–42) over a pH range 4–7 in the presence
of low concentrations of Aβ(1–42) (≤30 µM). Further studies are
ongoing to develop tailored peptide-based nanostructures for
efficient interactions with a wide range of peptides to manufac-
ture an array of nanostructures, explicitly capable of binding to
specific peptide moieties. Further verification of the in vivo effects
of the nanospheres is still under investigation. We believe that the
outcome from this work will enable us to further elucidate the
mechanism by which beta-amyloid fibrillization occurs as well as
designing nanostructures as templates for molecular therapeutics
in the retardation of Aβ(1–42) aggregate formation implicated in
many neurodegenerative disease pathologies.
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eschi M, Tabaton M, Bertoli A. Protein misfolding in Alzheimer’s and
Parkinson’s disease: genetics and molecular mechanisms. Neurobiol.
Aging 2002; 23: 957–976.

5 Yoda M, Miura T, Takeuchi H. Non-electrostatic binding and self-
association of amyloid β-peptide on the surface of tightly packed
phosphatidylcholine membranes. Biochem. Biophys. Res. Commun.
2008; 376: 56–59.

6 Bokvist M, Lindström F, Watts A, Gröbner G. Two types of Alzheimer’s
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