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I
t has been documented that structural
characteristic of protein can be tuned by
variety of approaches such as protein

modification1 or molecular binding.2 Pre-
vious studies have revealed that protein
termini can be modified or bonded to reg-
ulate the biological activities of protein and
peptides.1,2 For instance, C-terminal R-ami-
dation or phosphorylation3 was shown to
be essential for non-opioid peptide function
or transcription transrepression, respec-
tively. C-Terminal modification of antimicro-
bial cationic peptide can facilitate the
improvement of outer membrane perme-
ability.4 Furthermore, the topology of mem-
brane protein can be tuned by placing a
single residue at C-terminus.5 C-Terminus
modifications could also provide a possible
way to tune abnormal assemblies of protein
such as amyloid peptides that are associ-
ated with the membrane disruption6�8 and
pathogenesis of degenerative diseases.9

β-Amyloid peptide 1�42 (Aβ42)10,11 is
one variant of the β-amyloid protein that
was closely correlated to the pathogenesis
of Alzheimer's Disease12 (AD). On the basis
of the amyloid cascade hypothesis,13 the
accumulation and deposition of misfolded
Aβ42 in the brain have been proposed
to be the key factor in the development of

neurodegeneration. The dramatically re-
duced aggregation propensity and cyto-
toxicity of the shorter variants Aβ40 and
Aβ39 with deletion of C-terminal resi-
dues compared to Aβ4214,15 indicated that
C-terminusmay be a targeting site for tuning
abnormal assemblies of amyloid peptides.
The self-assembled structures of Aβ42

such as soluble oligomers,16 protofibrils,17

and fibrils18 have been reported to induce
neurotoxicity at different levels. Modulating
the assembly and aggregation of Aβ pep-
tide by introducing bonded molecules will
offer attractive opportunities for possible
potential therapeutic intervention. Until
now, a variety of molecules have been de-
signed as molecular binding agents includ-
ing organic molecule,19�23 such as Congo
red, thioflavin T (ThT), curcumin, and poly-
phenol. Many peptide motifs have also
been explored targeting the core frag-
ments of Aβ42, such as Aβ16�2024 and
Aβ14�23,25 by X-ray diffraction26,27 and
theoretical simulations.28 The critical effect
of C-terminus of Aβ peptide on amyloid
aggregation was addressed14,15 previously.
Therefore, it is plausible that aggregation
kinetics and cellular effect of amyloid
peptides are sensitively dependent on
C-terminal segments. However, the utilization
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ABSTRACT Amyloid peptides are considered to be the main contributor for

the membrane disruption related to the pathogenesis of degenerative diseases.

The variation of amino acids at the carboxylic terminus of amyloid peptide has

revealed significant effects on the modulation of abnormal assemblies of amyloid

peptides. In this work, molecular binding agents were tethered to the C-terminus

of β-amyloid peptide 1�42 (Aβ42). The molecular interaction between Aβ42

and molecule tethers was identified at single molecule level by using scanning

tunneling microscopy (STM). The mechanistic insight into the feature variation of

the self-assembly of Aβ42 peptide caused by molecular tethering at C-terminus

was clearly revealed, which could appreciably affect the nucleation of amyloid peptide, thus reducing the membrane disruptions.
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of C-terminusmodulation for tuning amyloid assembly
and its underlying molecular mechanistic insight have
not been fully explored yet.
Herein, we investigate the modulating effect on

Aβ42 peptide assembly and the aggregation by a
tethering molecule 4,40-bipyridyl (4Bpy) to C-terminus
of Aβ42. The hydrogen bonds between 4Bpy and Aβ42
at C-terminus were revealed at single molecular level
by using scanning tunneling microscopy (STM). In this
way, one could differentiate individual amino acid,29

analyze the mechanism of peptide assembly30�32 and
understand the interaction between the peptides and
molecules.31 The tethering of 4Bpy to C-terminus of
Aβ42 was shown to significantly affect the assembling
characteristics of Aβ42, as well as the aggregation
kinetics. As the result, the reduction of membrane
disruption of Aβ42 in the presence of 4Bpy molecule
can be identified, even in depressing the cytotoxicity
of Aβ42.

RESULTS AND DISCUSSION

Individual Aβ42 molecules could be observed to
assemble into lamellar structures with submolecular
resolution (Figure 1a), when deposited on the surface
of highly oriented pyrolytic graphite (HOPG). These
assemblies are probably the β-sheet structures formed
by Aβ42 hairpins,33 as one arm of the hairpin is in
contact with the graphite surface.30 Striped structures
comprising β-strands represented by bright features
parallel to each other can be clearly observed, and the
hairpin skeletons are nearly perpendicular to the stripe
axis and cannot be resolved in the STM image. The β-
turn and random-coil regions of the Aβ42 hairpins are
located in the grooves, which is consistent with the
previous reports.30,34

Separations between two parallel neighboring
stripes are measured to be nearly the same at 0.47 (
0.05 nm, which is identical to the previously reported
spacing between two neighboring hydrogen-bonded
β-strands consisting of the fibrils.35 The measured
length range of Aβ42 β-strands from experimental

STM data are listed in Supporting Information
Table S1 and Figure S1. The distribution shows the
apparent length of Aβ42 peptideβ-strand, which one is
adsorbed on the HOPG surface, ranging from 2.2 to
4.5 nm. The separation between the two neighboring
amino acids with peptide chain structures is 0.325 nm
for the parallel β-sheet structures.36 The number of
amino acids in the core regions of the Aβ42 hairpins
was calculated to be narrowly distributed around the
mean value of 9�15 residues. The difference in the
length of β-strands was also reflected in the ragged
lamellar structures observed in Figure 1a, which can be
mainly due to the folding multiplicity30 by the compe-
tition of peptide intramolecular force, subsequently
be assembled into two-dimensional lamellae on the
surface.
From the high-resolution view of Aβ42 lamella

(Figure 1b), we can observe that every β-strand are
represented as bright double-dotted ribbons and one
pair of bright spots represent one amino acid residue.
The periodicity of single β-strand of peptide was
revealed by Fourier transform analysis (Figure 1c),
and each peak represents one residue of peptide,
which is also consistent with the observation from
STM image. According to the above discussion, the
schematic model of Aβ42 assembly on the HOPG
surface is proposed in Figure 1d,e. Because Aβ42 is a
β-hairpin structure, there are two adsorption config-
uration possibilities: N-terminal contacting (Figure 1d)
and C-terminal contacting (Figure 1e).
To tune the assemblies of Aβ42 at molecular level,

molecular tether 4Bpy was introduced. The continuous
and highly periodic arrangements of Aβ42/4Bpy coas-
semblyonHOPGsurfacewasobservedbySTM (Figure2a).
It was deduced that the characteristic of Aβ42 mole-
cules can be modulated by a novel arrangement when
mixed with specific binding agent. The features with
higher contrast in the linear array are attributed to
4Bpy molecules and the stripes with lower contrast are
associated with Aβ42. As a conjugated π-electron sys-
tem, 4Bpy tends to give higher electron conductance,

Figure 1. (a) STM image of two-dimensional assemblies of Aβ42 on HOPG surface. (b) High-resolution STM images of Aβ42.
The tunneling conditions: I = 919.2 pA, V =�418.5 mV. (c) The Fourier transformation analysis of peptide strand observed in
(b). Two possible basic buildingmodels for Aβ42 assemblies on HOPG surface: (d) segment 33�42 adsorbed on HOPG and (e)
segment 1�20 adsorbed on HOPG. The full sequence of Aβ42 is imposed on the model.
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and thus, it appears brighter in STM images
(Figure 2a�d). This coassembled lamella structure
can be ascribed to the hydrogen bonds between the
termini of Aβ42 and the nitrogen atom of 4Bpy mole-
cule. The interaction between amino acid termini and
4Bpy molecules is theoretically calculated by density
functional theory (DFT) method. The binding energy
between the C-terminus and 4Bpy is 0.78 eV, which is
much higher than the one (0.48 eV) between the
N-terminus and 4Bpy (Figure 2e). It implied that 4Bpy
molecule would prefer to bind to C-terminus rather
than N-terminus of peptide, which is also con-
sistent with previous reports.31,32 The tethering of
two neighboring C-termini of Aβ42 helps to stabilize
the C-terminal β-stand of Aβ42. It is therefore also
deduced that C-terminal β-stands contact the surface
while Aβ42 self-assemble and coassemble with mol-
ecules as proposed in structural model superimposed
in Figure 2e.
Significant differences between the lamellae as-

sembled from Aβ42/4Bpy and the one composed of
Aβ42 (Figure 2b�d) should be noticed. On the basis
of the high-resolution view of Aβ42/4Bpy coassembled
lamella (Figure 2f), two characteristic types of as-
sembled structures were presented in case of mol-
ecular binding of 4Bpy to C-terminus of Aβ42
(Figure 2b�d,f). Compared to Aβ42 assembled lamella,
Aβ42/4Bpy coassemblies present more ordered struc-
tures by molecular tethering. After the statistical anal-
ysis, the apparent length of Aβ42 β-strand that
adsorbed on the HOPG surface in the coassembly

ranges from 2.9 to 4.2 nm and the β-strands of
the Aβ42 hairpins in the Aβ42/4Bpy coassembly
were mainly composed of 10, 11, and 14 residues
(Supporting Information Table S2 and Figure S2). The
amino acids number of the β-strands of the Aβ42
hairpins was mainly 10/11 residues (accounting for
44.1% in the β-strands observed by STM) in type I
coassembly, and 14 residues (accounting for 54.1% in
the β-strands observed by STM) in type II coassembly.
In the presence of the tethering molecule, the assem-
bling characteristic of peptides was changed due to
the molecular tethering effect. The delicate balance
of molecular interactions between the peptide back-
bones such as hydrophobic interaction, salt-bridge,
and intermolecular hydrogen bond might enable
peptide to self-assemble in a different way. The
peptide strand with lengths other than 10/11 and
14may be energetically unstable, and not involved in
the coassemblies aftermolecular tethering. The other
difference between type I and II structures lies in the
angle between the bonded Aβ42 molecules and the
molecular axis of the stripe. In type I structure, the
angle of the peptide molecule to the axis is approxi-
mately 25�, whereas the value is 33� in type II one.
Both angles are totally distinct from the one (∼90�)
between Aβ42 molecule and stripe axis in pure
peptide assemblies (Figure 1a). Molecule tethers
binding to the C-terminus of Aβ42 enabled the pep-
tides to self-assemble in different ways compared to
the Aβ42 assembly alone, which was summarized in
Table 1.

Figure 2. (a) A large-scale STM image containing all kinds of Aβ42/4Bpy coassemblies and high-resolution STM images of
Aβ42/4Bpy coassemblies: (b) type I lamella, (c) type II lamelle, and (d) type I and type II lamella. (e) Thebasic buildingmodel for
Aβ42/4Bpy coassemblies on HOPG surface. The theoretical calculation of binding energy of amino acid two termini with
nitrogen atom of 4,40-bipyridyl molecule. (Left bottom of e) C-terminus of amino acid with nitrogen atom of 4Bpy molecule,
E = 0.78 eV. (Right bottom of e) N-terminus of amino acid with nitrogen atom of 4Bpy molecule, E = 0.42 eV. The distance of
intermolecular hydrogen bond is displayed in green dashed line. (f and g) The high-resolution STM image of Aβ42/4Bpy
coassemblies with basic building models. The molecular structures of Aβ42 and 4,40-bipyridyl are provided in (e�g). The
hairpin structurewith blue and gray circles is for the full sequence of Aβ42 imposed on themodel and the yellow circles for the
pyridyl rings in (e). The blue stripes stand for the β-strands with amino acid sequence adsorbed on the HOPG surface and the
yellow circles for the pyridyl rings. The 4Bpymolecules bind to the amyloidogenic peptide Aβ42 via carboxyl groups of Aβ42.
The details for type I and type II lamellae: the length of the beta strands adsorbed on the HOPG surface is 2.76 ( 0.17 nm
(10 residues) for type I and 4.06 ( 0.17 nm (14 residues) for type II; the angles of the peptide molecule to the 4Bpy axis are
approximately 25� in type I and 33� in type II. The tunneling conditions: I = 299.1 pA, V = 799.9 mV.
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All these differences occurring in Aβ42 assemblies
are mainly due to the C-terminal molecular binding
effect on Aβ42 assembly. C-terminus of amyloid pep-
tide is critical for the assembly formation.14 This result
is in agreement with previously reported folding site
variations between Aβ40 and Aβ42 with two residues
difference, isoleucine and alanine, which consists
of β-strands with residues 12�24/30�4035 in Aβ40
and residues 18�26/31�4233 in Aβ42. It was antici-
pated that the intermolecular interaction between the
strands of Aβ in the assemblies was modulated, which
resulted in the different aggregation between Aβ40
and Aβ42. It is of significance that the interaction
between the amyloid peptide was affected after the
molecular binding.
The angle of the peptide to the axis of assembling

stripe and core length of β-strands were both tuned,
which results from the interaction between the pep-
tides and 4Bpy at the Aβ42 C-terminus. The tethering
molecule binding to the C terminus of peptide by the
intermolecular hydrogen bond enables the rearrange-
ment of the peptide assemblies, such as the amino acid
mismatch between the peptide backbones (Figure 2f,g
and Figure 1a) and the adjustment of hydrophobic
interactions between the β-strands to some extent.
These variations in geometrical arrangement and the
orientation to the surface leads to the distinct build-
ing units for modulated peptide assembly. The high-
resolution structural images obtained by STM provide
useful insight that the new constructed building units

via interaction between Aβ42 and 4Bpy molecule by
C-terminal binding are very likely to influence the
aggregation of amyloid peptides in aqueous solution.
To assess the impact of C-terminal molecular bind-

ing approach, ThT assay was performed to visualize
and quantify the aggregation of amyloid protein with
andwithout 4Bpymolecules. Aβ42 (10 μM) aggregated
quickly (Figure 3a), which is consistent with the pre-
vious report37 and the amyloid fibrils were obtained
(Supporting Information Figure S3). However, it can be
clearly observed that the introduction of molecular
tether 4Bpy could appreciably promote the aggrega-
tion of Aβ42 in solution mainly due to the molecular
binding between Aβ42 and 4Bpy molecule (Figure 3a).
The stoichiometry of Aβ42 and 4Bpy molecule (1:1)
clearly showed much better impact on promoting
the aggregation of Aβ42 compared to the molar
ratio 2:1. It is suggested that the optimized molecular
binding ratio of 4Bpy to Aβ42 could be 1:1. The plateau
of aggregation of Aβ42 was increased in the pre-
sence of 4Bpy, compared to bare Aβ42 peptide ag-
gregation. To form protein aggregates with distinct
morphology is implied. The assembled nanostructure
of Aβ42 was indeed tuned by molecular binding at
C-terminus, which was observed by atomic force mi-
croscopy (AFM) in liquid to avoid the surface and
volatilization effect (Figure 3b,c). Annular-like oligo-
mers was obtained and presented after incubating
Aβ42 for 2 h, and the height was determined to be
∼6 nm and the diameter was ∼50 nm (Figure 3b).

TABLE 1. Summary of Difference of Molecular Self-Assembly between Aβ42 and Aβ42 Tuned by 4Bpy

Figure 3. Aggregation behaviors and self-assembled nanostructures of Aβ42 in bulk solution before and after molecular
binding. (a) The ThT assay of the self-assembly process of Aβ42 (10 μM), Aβ42 with 4Bpy molecule (10 μM:10 μM), Aβ42 with
4Bpy molecule (10 μM:5 μM), 4Bpy molecule (5 μM), 4Bpy molecule (10 μM). Molecular tuning could obviously increase the
aggregation of Aβ42. Topography images and height distributions of (b) Aβ42 oligomers incubated for 2 h in PBS solution, (c)
Aβ42 aggregates incubated for 2 h tuned by 4Bpy molecule in PBS solution. All the AFM images of Aβ42 assemblies on mica
surface were obtained in liquid.
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C-Terminal binding agent did facilitate the modulation
of the assembly of Aβ42 which is revealed by the
promoted aggregation from initial stage (Figure 3a).
The tuned assembled amyloid oligomers of Aβ42 with
the height of ∼12 nm and the width of about 100 nm
were obviously observed and they were considered to
be the aggregates with higher degree of polymeriza-
tion. It is therefore plausible to imply that molecular
tethering at C-terminus of Aβ42 could be employed
to efficiently modulate the aggregation of amyloid
peptide.
To verify the variations of the activity of Aβ42 on the

membrane surface aftermolecular bindingatC-terminus,
the membrane permeability,38,39 as well as the cell
viability, was examined in the presence of Aβ42 oligo-
mer and the molecularly tethered Aβ42 aggregates.
We initially monitored the release of fluorescence
probe calcein entrapped in liposomes triggered by
Aβ42 oligomers and Aβ42/4Bpy aggregates. We did
observe appreciably higher permeability resulting
from the Aβ42 oligomers incubated for 2 h at the con-
centration of 10 μM (black line in Figure 4a), rather than
the Aβ42 fibrils (Supporting Information Figure S4).
The membrane disruption of Aβ42 aggregates was
slightly relieved in case of 5 μM 4Bpy introduction.
Even more pronounced decrease of fluorescence sig-
nal was observed with the concentration of 4Bpy up
to 10 μM (red line in Figure 4a), which indicated
the reduction of the membrane permeability. The
decreasedmembrane permeability bymolecular mod-
ulation implies a reduced cytotoxicity. To validate the
cell biological effect of the molecular tethering, the
cytotoxicity of Aβ42 and Aβ42/4Bpy aggregates was
assessed by cell viability assay. The cell viability of
SH-SY5Y neuroblastoma cells treated with Aβ42 oligo-
mers (10 μM) was lower and a significant difference
was observed compared to the control species.

Treatment of the cells with Aβ42/4Bpy (10 μM:5 μM)
and Aβ42/4Bpy (10 μM:10 μM) resulted in the relatively
high cell viabilities, which presented the lower cyto-
toxicity than Aβ42 oligomers (Figure 4b). Combined
with the membrane permeability assay, it is deduced
that the tuned Aβ42 assemblies (Aβ42/4Bpy) with
larger size revealed in AFM results (Figure 3c) possess
the weak ability of membrane disruption, resulting in
the lower cytotoxicity. The introduction of 4Bpy mole-
cule binding to Aβ42 at C-terminus can enhance the
multiple interactions between the peptide assemblies,
further facilitating the accelerated aggregation of
Aβ42, which results in larger aggregates rather than
the toxic oligomers. It is therefore plausible to explain
how themolecule binds at C-terminus of the peptide in
Aβ42 assemblies and neutralizes the cytotoxicity of
amyloid aggregates.

CONCLUSION

To sum up, tuning the Aβ42 self-assemblies by
molecular tethering at the C-terminus of peptide was
achieved and visualized by STM at the molecular level
in this work, which provided insights into the molec-
ular mechanism responsible for the modulation of
amyloid peptide assemblies. The annular oligomer
with small size of Aβ42 was appreciably varied to the
particles with wider size distribution with the molecu-
lar tethering, which did further promote the Aβ42
aggregation. Finally, the reduced membrane disrup-
tion and cytotoxicity of Aβ42 was achieved by the
molecular binding at C-terminus, which is associated
with the accelerated aggregation process of amyloid
peptide. The approachweproposed evidently addressed
the fact that small molecules introduced to bindwith the
termini of amyloid protein would offer a promising
opportunity for therapeutic intervention of AD and other
degenerative diseases. This simplebut intriguing strategy

Figure 4. Assay of the disruption of liposome membrane and the cytotoxicity of SH-SY5Y cells induced by Aβ42 and Aβ42/
4Bpy solutions. (a) The calcein dye release efficiency of liposome trigged by Aβ42 (black line) and Aβ42 tuned by 4Bpy
molecules (blue line and red line). The concentrations for the comparison of the dye release efficiency of Aβ42 andAβ42/4Bpy
are 10 μM (black), 10 μM:5 μM (blue), and 10 μM:10 μM (red). All the samples have been shaken and incubated for 2 h at 37 �C.
(b) The cytotoxicity of (1) Aβ42 oligomers, (2�3) Aβ42 modified with 4Bpy molecules, and (4) 4Bpy molecules measured by
WST-8 toxicity assay. The concentrations for the comparison of the cytotoxicity of Aβ42, Aβ42/4Bpy, and 4Bpy are 10 μM (1),
10 μM:5 μM (2) and 10 μM:10 μM (3), and 10 μM (4), respectively. Results are means ( SD (n = 3). (5) The blank control.
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provides a wealth of possibilities in molecular design for
amyloid proteins targeting, aggregation modulation and
some potential therapeutic applications. Furthermore,

these findings also paved the way for molecular design
in tuning peptide self-assemblies for constructing multi-
functional nanomaterials.

EXPERIMENTAL SECTION
Peptide Sample Preparation for STM Investigation. Aβ42 was pur-

chased from American Peptide Company, Inc. with a purity of
98%. Hexafluoroisopropyl alcohol (HFIP, Sigma) as the solvent
was used to dissolve Aβ42 initially for an extended time, and the
solution was transferred into a sterile microcentrifuge tube
followed by evaporation of HFIP solvent under vacuum. The
obtained peptide deposits were dissolved inMilli-Q water. 4Bpy
(Sigma) was first dissolved in ethanol, and then the peptide
solutions or peptide/pyridyl moleculemixed solutions reach the
final concentration of ca. 10 μM. The sample solutions were kept
at 37 �C for 2 h; then, 5μL of Aβ42 solutions or peptide/molecule
complex solutions was dropped onto a freshly cleaved HOPG
surface it and observed directly by STM after the solvent was
fully evaporated.

STM Experiments. The STM experiments were carried out
with a Nanoscope IIIa system (Bruker Nano Surfaces) working
at ambient conditions. Mechanically formed Pt/Ir (80%/20%)
tips were used in the STM experiments. All STM images were
obtained in constant current mode, and the tunneling condi-
tions were shown in the corresponding figure captions.

AFM Investigation in Liquid. Aβ42 solution with concentration
of 10 μM in phosphate buffer saline (PBS buffer, pH 7.4) and the
mixture of Aβ42/4Bpy (10 μM:10 μM)were incubated for 2 h and
ready for AFM investigations. Five microliters of each sample
droplet was dropped onto newly cleaved mica substrate. Ten
minutes later, 50 μL of imaging buffer PBS was added to the
substrate before AFM measurement. All AFM images were
recorded under liquid conditions. In liquid imaging, ultrasharp
silicon cantilevers (triangular, OMCL-TR400PSA-1, Olympus)
were used with a typical resonance frequency of 34 kHz, a
spring constant of 0.08 N/m, and a nominal tip radius of 15 nm.
All the AFM imageswere acquired in the tappingmode at a scan
frequency of 1 Hz with an applied minimal loading force of
100 pN and optimized feedback parameters in buffer. The reso-
lution of all the AFM images was 512 � 512 pixels per image.
The images were flattened and analyzed automatically by using
the commercial software Scanning Probe Image Processor
(SPIPTM, ImageMetrology ApS, version5.1.3, Lyngby, Denmark).

Density Functional Theory (DFT) Calculation. The first-principles
DFT calculations for 4Bpy and amino acid were performed with
the DMolmodule in Materials Studio. The generalized gradient
approximation with the PW91 functional was used to describe
the exchange-correlation effects. In this study a double numer-
ical basis set with polarization functions (DNP) was used. The
sizes of the DNP basis sets are comparable with the 6-31G**
basis and believed to be much more accurate than Gaussian
basis sets of the same size. The tolerances of energy, gradient,
and displacement convergencewere 1� 10�5 hartree, 2� 10�3

hartree/Å, and 5 � 10�3 Å, respectively.
ThT Fluorescence Assay. Aβ42 was dissolved in HFIP to the

concentration of 1 mg/mL and it was stored at 4 �C. Before
experiment, 75 μL of sample solution was taken out from stock
solution and dried by N2 flow carefully. Subsequently, 7.5 μL of
dimethyl sulfoxide (DMSO) was added to dissolve peptides,
which were then diluted 1:200 into 50mMPBS buffer (pH 7.4) or
the one including 4Bpy with concentration of 10 μM and 5 μM,
respectively. Finally, all the samples for ThT fluorescence assay
were obtained such as Aβ42 solution with the concentration of
10 μM and the mixed solution of Aβ42/4Bpy (10 μM:10 μM and
10 μM:5 μM), 4Bpy solutions (5 μMand 10 μM). ThT fluorescence
assay was performed in black fluorescence 96-well plate. Each
samplewas tested in 4wells as repeated trial. A total of 180 μL of
ThT (Sigma) and 20 μL of peptide solutions were added to each
pore (the concentration of ThT solution was 10 μM). The
fluorescence assay was tested by Tecan infinite M200 micro-
plate reader. ThT fluorescence (excitation at 450 nm, emission at

482 nm) was measured at certain time intervals: 0, 0.5, 1, 2, 3, 4,
5, 6, 7, 8, 9, 10, 18, 24, and 28 h. The solution was incubated in
shaker at 37 �C and 150 rpm. For the fluorescence, intensity was
the average value of every sample at each time point.

Calcein Release Assay. 1,2-Dioleoyl-sn-glycero-3-phosphoco-
line (DOPC) and 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)] (DOPG) were obtained from Avanti Polar Lipids
(Alabaster, AL). Five milligrams of dry lipid (DOPC:DOPG = 4:1)
was transferred to a round-bottom glass flask and dissolved in
an organic solvent containing methanol and chloroform (v/v =
1:1). Solvent was evaporated under a nitrogen flow while
heated (37 �C). A thin film of lipid should appear when all
solvent was evaporated. The flask was transferred to a vacuum-
desiccator in order to get rid of the last traces of the organic
solvent. Lipids were then resuspended by vortexing in 500 μL
of Tris-HCl (20 mM, pH 7.5) containing 40 mM calcein sodium
salt. The solution was exposed to at least seven cycles of
freezing in liquid nitrogen, followed by thawing in a 50 �C
water bath. Finally, the unilamellar vesicles including calcein
were obtained.

Calcein-containing vesicles were added in the solution of
Aβ42 and Aβ42/4Bpy by 5 s mixing and the release of calcein
was measured using Tecan infinite M200 microplate reader at
room temperature with excitation at 490 nm and emission at
520 nm. Data were collected every 11 s for 100 min until it
reached a plateau.

Cell Viability Assay. SH-SY5Y cells were plated at a concentra-
tion of 10 000 cells/well (100 μL/well) in 96-well plates (Greiner
Bio-, Inc., Longwood, FL) in full medium and the plates were
incubated overnight at 37 �C. Then, SH-SY5Y neurons were
treated with Aβ42 peptide (10 μM) with a 2 h incubation, Aβ42
in the presence of 4Bpymolecules (10 μM:5μMand 10μM:5μM)
with a 2 h incubation, and pure 4Bpy solution (10 μM). TheWST-
8 cell viability assay was performed by using Cell Counting
Kit-8 (Dojindo Laboratories, Kumanoto, Japan), according to
the supplier recommendations. Cell viability was expressed as
the percentage of viable cell relative to untreated cells using the
absorbance at 450 nm. Statistical analysis: experiments are
means of triplicates. Data are expressed as mean ( standard
deviation (SD). Statistical analyses were performed with SPSS
(SPSS, Chicago) by using a paired t test. Differences were
considered statistically significant when P < 0.05.
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