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Alzheimer's disease is themost common form of senile dementia in the world, and amyloid β peptide1-42 (Aβ1-

42) is one of its two principal biological hallmarks. While interactome concept was getting forward the scientific
community, we proposed that the study of the molecular interactions of amyloid β peptide with the biological
membranes will allow to highlight underlying mechanisms responsive of AD.We have developed two simple li-
posomal formulations (phosphatidylcholine, cholesterol, phosphatidylglycerol) mimicking neuronal cell mem-
brane (composition, charge, curvature radius). Interactions with Aβ1-42 and mutant oG37C, a stable oligomeric
form of the peptide, were characterized according to a simple multiparametric procedure based on ThT fluores-
cence, liposome leakage assay, ATR-FTIR spectroscopy. Kinetic aggregation,membrane damage and peptide con-
formation provided our first methodologic bases to develop an original model to describe interactions of Aβ
peptide and lipids.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Amyloids refer to a group of soluble proteins or peptides that have
the ability to aggregate as insoluble deposits. The presence of such de-
posits within biological tissues characterizes known diseases as amy-
loidosis. Many amyloid proteins have been identified in humans, some
of them are associated with neurodegenerative diseases like
Alzheimer's disease (AD) [1,2]. AD is themostwidespread formof senile
dementia worldwide and represents the leading socioeconomic prob-
lem in healthcare. The onset and the progression of this neurodegener-
ative disease are associated with the aggregation of the amyloid-β
peptide (Aβ) [3].

The amyloid aggregation process consists in the fibrillation of the Aβ
peptide frommonomeric species to fibers, themajor components of the
amyloid plaques. The intermediary states, corresponding to oligomeric
species, are considered to be responsible for the neuron toxicity [4,5].
The fibrillation pathway can be divided into 3 phases: i. the nucleation
where the nuclei are formed, ii. the elongation corresponding to the as-
sembly of the nuclei into protofibrils passing by intermediary species
liencardin@ensicaen.fr
phie.lecomte@u-bordeaux.fr
such as the oligomeric state, and then iii. the saturation phase corre-
sponding to the maturation of the fibers and to an equilibrium phase.
The whole process is characterized by an increase of the β-sheet sec-
ondary structure. Indeed, amyloids are ordered cross β-sheet protein
aggregates consisting of fibers arranged in β-sheets perpendicular to
the axis of the fiber [6,7]. The aggregation process involves both
homotypic (Aβ-Aβ) and heterotypic (Aβ with interacting partners in
its environment) interactions. Factors, influencing this process are nu-
merous, and among them many physicochemical parameters such as
temperature, pH or concentration are widespread recognized. These
factors can also bemolecular actors present in the peptide environment
such as metal ions and membrane lipids [8].

Lipids like ganglioside GM1, cholesterol and sphingomyelin have
been largely described as being able to interact with Aβ fibrillation pro-
cess [9–14]. However, the peptide would also tend to interact with
other lipids such as phosphatidylserine or phosphatidylethanolamine
[15–17]. In order to study these interactions in vitro, many membrane
models have been used such as monolayers, bilayers, micelles or
liposomes [15,16,18,19]. All these studies revealed numerous effects of
the presence of membrane lipids, albeit sometimes with contradictory
results, depending on the peptide source, the operating conditions or
the membrane model.

The main objective of the present article was to set up a
multiparametric assay allowing the characterization and modelisation
of Aβ1-42 peptide interactions with a simple biomimetic membrane
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model. Taking advantage of our previous work using liposomes [20],
large unilamellar vesicles (LUVs) were used as membrane model.
Using a simplified composition based on phosphatidylcholine (SPC),
cholesterol (Chol) and phosphatidylglycerol (DOPG), a lipid environ-
ment mimicking neuronal membranes, could be recreated to enable
physico-chemical studies. Interactions between Aβ-peptide or the sta-
ble oligomeric peptide variant, oG37C and membranes have been
established from various spectroscopic studies. Results were expressed
in terms of fibrillation kinetic variations, membrane damage and pep-
tide conformation.

2. Materials and methods

2.1. Materials

Soybean phosphatidylcholine (SPC), 1,2-dioleoyl-sn-glycero-3-
phosphoglycerol, sodium salt (DOPG) were gifts from Lipoid GmbH
(Ludwigshafen, Germany). 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid
(TMSP), carboxyfluorescein (CF), cholesterol, dimethyl sulfoxide
(DMSO), potassium chloride, potassium phosphate, Sepharose® CL-
4B, sodium chloride, sodium phosphate, thioflavin T, Triton X-100
were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France).
Ammoniumhydroxide was obtained from VWR (Randor, Pennsylvanie,
USA), dithiothreitol from Thermo Fisher Scientific (Waltham, Massa-
chusetts, USA). Recombinant Aβ1-42 was purchased from rPeptide
(Watkinsville, GA 30677, USA).

2.2. Liposomes

2.2.1. Formulation of liposomes
Liposomes mixtures of SPC:chol:DOPG in a molar ratio of 6:2:2

(PCG622) or 2:2:6 (PCG226) were used. Liposomes were formulated ac-
cording to the adapted method of the thin lipid film hydration [21].
Lipid solutions in chloroform/methanol (4:1) were evaporated under
nitrogen flow, and left under vacuum for 3–4 h to form a lipid film.
This thin lipid film was then hydrated in PBS buffer (137 mM NaCl,
2.7 mM KCl, 10 mM Na2HPO4 and 2 mM KH2PO4) and vortexed.
Rehydrated lipid suspensions were subjected to 1 h of gentle agitation
in order to havemaximumhomogenization. Free-thaw cycles were car-
ried out with liquid nitrogen and a 40 °C water bath. The yielded
multilamellar vesicles (MLVs) were then extruded 13 times with a
mini-extruder (Avanti Polar Lipids, Inc., Alabaster, Alabama, USA)
through polycarbonate membranes with a pore diameter of 100 nm
(Avanti Polar Lipids, Inc., Ref: 800309) to form LUVs.

2.2.2. Characterization of liposomes by dynamic light scattering
The average hydrodynamic diameter associated with the polydis-

persity index (PdI) of the formulated LUVs were measured by dynamic
light scattering (DLS) using aNanoZS®apparatus (Malvern Instruments
SA,Worcestershire, UK) equippedwith a 633 nm laser at a fixed scatter-
ing angle of 173°. The zeta potentialwas calculated from the electropho-
retic mobility using the Smoluchowski equation, also using a NanoZS®
apparatus. The measurements were performed in triplicate at 25 °C
after a 1:100 (v/v) dilution in the buffer.

2.2.3. Lipid quantification by NMR spectroscopy
The lipid concentration of the formulated LUVs was quantified by 1H

NMR spectroscopy [22]. 1HNMRmeasurementswere performed at am-
bient temperature for SPC, and DOPG-based LUVs, or at 50 °C for PCG622

and PCG226 LUVs on a Bruker Avance III spectrometer (Bruker, Billerica,
Massachusetts, USA) equippedwith a 5mmprobehead operating at 400
MHz. The instrument's standard settings (90° pulse angle, 2.72 s acqui-
sition time, 3 s relaxation delay, 15 ppm spectral width) were used.
Locking and shimmingwasperformed on the signal of the exchangeable
deuterium atoms of the D2O/CD3ODmixtures. 64 scanswere performed
leading to a total acquisition time of 6 min 20 s. Data processing was
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performed with Topspin 3.5 After zerofilling to 64 k data points,
apodization (exponential and Gaussian functions, 1 Hz), Fourier trans-
formation, phase- and baseline correction, the peak areas were deter-
mined by integration. TMSP was used as an internal standard (δ = 0
ppm). For samples with increased amounts of water, presaturation of
the water peak (δ = 4.79 ppm) was used to ensure that the dynamic
range of the instrument was not exceeded during the measurement.
To prevent overlapping signals above δ = 0.8 ppm phospholipid quan-
tification was made using the signal around δ = 0.67 ppm originating
from the C18 methyl group of cholesterol.

2.2.4. Liposomes leakage assay (LLA)
Carboxyfluorescein (CF)-loaded LUVs were prepared by the thin

lipid film hydration as described in Section 2.2.1. The hydration step
was carried out with a 70 mM CF solution prepared in PBS buffer. The
obtained LUVs were separated from unincorporated CF by passage
through a Sepharose® CL-4B loaded (Sigma-Aldrich) column, using
PBS buffer as eluent. The LUVs were characterized by DLS and the lipids
were quantified by NMR spectroscopy as described in Sections 2.2.2,
and 2.2.3, respectively. The dequenching of the CF fluorescence was
measured using a Synergy 2 microplate reader (Biotek, Colmar,
France) equipped with the appropriate filters (λex = 485/20 nm and
λem = 528/20 nm). CF release assay was performed in a final volume
of 100 μL, using 10 μMof LUVs. The fluorescence was recorded immedi-
ately (F0) and for 4 h at 25 °C. It was compared with that measured at
the end of the experiment after addition of 2 μL of 20% Triton X-100 so-
lution to achieve complete liposome leakage (Fmax). To validate the Li-
posome Leakage Assay results, the sensibility rate R = Fmax/F0 was
calculated, and it had to be greater than 6 to perform studies. Then,
the percentage of CF release was calculated according to the following
equation [23]:

%CF leakage tð Þ ¼
Ft−F0

Fmax−F0
� 100 ð1Þ

where Ft was the fluorescence intensity at time t, F0 the initial fluores-
cence intensity, and Fmax the final fluorescence intensity after addition
of Triton X-100.

The data of LLA were plotted with GraphPad® Prism statistical soft-
ware (version 6.01, GraphPad®Software, La Jolla, CA, USA). Comparison
at references values (oG37c alone) were performed with Mann-
Whitney test. Differences were considered significant when the associ-
ated p value was below 0.05.

2.3. Amyloid-β peptide

2.3.1. Aβ treatment
The Aβ1-42 from rPeptide lyophilized powder was solubilized in 1%

NH4OH, at a concentration of 1 mg/mL. After 3 min of sonication, resus-
pension was achieved using PBS buffer at pH 6.3 to reach a final pH
around 7.4.

2.3.2. Production and purification of oG37C
oG37C variant was produced and purified with minor modifications

of the protocol previously described [24]. Briefly, after transformation in
the bacterial strain 969 (Bl21de3pLysS)with the plasmid pET Sac Abeta,
one clonewas grown on 10mL LBmediumpreculture that contained 1%
dextrose, 100 mg/L ampicillin, and 25mg/L chloramphenicol. This one-
day preculturewas added to 990mL of ZYMmedium(1% Tryptone, 0.5%
yeast extract, 25 mM Na2HPO4, 25 mM KH2PO4, 50 mM NH4Cl, 5 mM
Na2SO4, 2 mM MgSO4) containing 100 mg/mL ampicillin and 25
mg/mL chloramphenicol and incubated overnight at 37 °C. Cell pellet
(1 g/2.5 mL of TE buffer) were subjected to 3 cycles of sonication (re-
spectively 5, 4 and 2 sonication of 1 min on ice, output 40%), and then
centrifuged for 15 min at 30,000g at 4 °C after each cycle. The pelleted
inclusion bodieswere solubilized at 1.25mgper 10mLof TE-urea buffer



Table 1
Physico-chemical properties of the formulated LUVs expressed in terms ofmean hydrody-
namic diameter (Ø), polydispersity index (PdI), zeta potential value, concentration of
lipids, determined immediately after formulation (n = 3).

Ø (nm) PdI ζ pot (mV) Lipids concentration (mM)

PCG622 113.5 ± 1.7 0.068 ± 0.001 −22.6 ± 2.3 20.0 ± 5.0
PCG226 120.4 ± 0.8 0.032 ± 0.020 −38.9 ± 1.4 20.0 ± 5.0
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(8 M urea, 50 mM Tris, 1 mM EDTA pH 8). After overnight at 4 °C with
gentle agitation, the soluble inclusion bodies were centrifuged for
30 min at 30,000g at 4 °C. The supernatant was passed through a 30
kD filtration unit for 2 h at 4000 g at 4 °C and concentrated on a 5 kD
membrane at 4000 g at 4 °C. Monomeric and oligomeric species of
oG37C were separated by size-exclusion chromatography on a
Superdex-75 10/300 GL Column equilibrated in phosphate-buffered sa-
line (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.76 mM
KH2PO4, pH 7.4) at 4 °C. The fractions were pooled separately, and ali-
quots were quantified with a Bradford assay, frozen in liquid nitrogen,
and conserved at −80 °C until use.

2.3.3. Aggregation kinetic assay (ThT, Thioflavin T fluorescence)
Concentrated solution of Aβ1-42 peptide was diluted in PBS while

oG37C was diluted in PBS with DTT. 10 μM of Aβ were incubated in
96-well dark plates in presence of absence of liposomes with 20 μM of
ThT at 25 °C. Fluorescence measurements (λexc = 440 nm and λem
= 484 nm) were made with an Infinite M200 microplate reader
(Tecan, Männedorf, Switzerland). Data were collected as the average
of 25 flashes each 10 min with 20 s of 1 mm orbital agitation before
each run.

2.3.4. Attenuated Total Reflectance-Fourier Transform InfraRed spectros-
copy (ATR-FTIR)

Sampleswere incubated overnight at 25 °C before FTIR experiments.
3 μL of each samplewas loaded on a germaniumcrystal and driedwith a
stream of dry nitrogen. ATR-FTIR spectra were recorded on a Nicolet
iS50 FTIR spectrometer (Thermo Fisher Scientific, San Jose, CA, USA)
equipped with DLaTG (Deuterated Lanthanum α-alanine-doped
TriGlycine sulfate) and MCT (Mercury Cadmium Telluride) detectors
with a spectral resolution of 2 cm−1.

128 interferograms were recorded during a 2 min acquisition pro-
cess. All FTIR experiments were done in a thermostatically controlled
room at 25 °C (Fig. S2).

3. Results

3.1. Liposomal model formulation

In regard of the complex composition of biological cellular mem-
branes, model monolayers and bilayers are widely used as biomimetic
cellular membranes to study the interactions between Aβ peptide and
the neuronal membranes in vitro. Among them, large unilamellar vesi-
cles (LUVs) are particularly interesting because, they can be easily and
reproducibly produced by extrusion techniques [25]. With a 100–500
nm diameter range, that may be regulated by the pore sizes of polycar-
bonate membranes, LUVs appear more stable in time than small
unilamellar vesicles (SUVs). SUVs show highly curved nature of their
A. 

C. 

Fig. 1.Molecular structures of A. soybean phosphatidylcholine (SPC) major comp
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membrane, resulting in more packing defects than LUVs. Moreover,
LUVs offer a similar curvature to the cell membranes [26], and this
parameter appeared to be crucial for Aβ-lipids interactions [27,28].
Several studies, based on artificial membrane models to study Aβ inter-
actions with neuronal membranes, used compositions containing
phosphatidylcholine, cholesterol, sphingomyelin and ganglioside GM1
[11,13,18,19,29]. As the design of a model easy to produce, easy to use,
stable and not expensive was essential, phosphatidylcholine was
replaced by soybean phosphatidylcholine (SPC), and phospha-
tidylglycerol (PG)was preferred to GM1. PG can be viewed as a simplis-
tic GM1 model, and by the use of such a negatively charged
phospholipid, that presents surface hydroxyl groups, it is possible to
highlight electrostatic interactions and the ability of the membrane to
form H-bonds with interacting peptide moieties [18,30]. As lipid mem-
branes rigidity or fluidity can also influence protein aggregation, and
considering also that cholesterol, an essential component of neuronal
membrane (20–30%) [18,31], could play a pivotal role in the Aβ pep-
tide/membrane interactions [14], it appeared essential to imply choles-
terol in our membrane models. In consequence, the formulated LUVs
were composed of soybean phosphatidylcholine (SPC), cholesterol
and 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) (Fig. 1).

In coherencewith the composition of the neuronal membranes [18],
liposomes were formulated using mixtures of SPC:cholesterol:DOPG in
a molar ratio of 6:2:2 (PCG622). Other liposomes with a SPC:choles-
terol:DOPG molar ratio of 2:2:6 (PCG226) were also used to highlight
the possible impact of the overall ionic charge of lipids on the aggrega-
tion process. Negative membrane charge could be of peculiar impor-
tance to favor membrane disruption by amyloid peptide [30].

3.2. Liposomes characterization

After formulation according to Bangham method [21], the lipid
concentration of the colloidal suspension was checked using a 1H
NMR quantification as developed in a previous work by our team [20].
The granulometric properties of the liposomes were also determined
(Table 1). The average diameter of the liposomes was found to be
about one hundred nanometers which was coherent with the expected
size for the large unilamellar vesicles formulated by extrusion in our
conditions. The polydispersity indices being less than 0.1, showed the
B. 

onent; B. cholesterol; C. 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG).
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presence of monomodal liposome populations for both LUVs. The zeta
potential values, indicative of the surface charge of the LUVs, were neg-
ative as expected for PG-based LUVs, since PG is negatively ionized and
its proportion in the LUVs was significant.

3.3. ThT monitoring of Aβ peptide aggregation in absence and presence of
liposomes

Thioflavin T is a well-known dye fluorescing when the β-sheet sec-
ondary structure of a peptide or a protein increase [32]. This property
allowed to follow the increase of theβ-sheet content during the Aβpep-
tide aggregation and thus to follow its kinetics. The aggregation kinetic
of Aβ1-42 alone showed the classical phases of amyloid aggregationwith
a lag phase of approximately 60 min, then an elongation phase of ap-
proximately 240 min to reach the equilibrium phase (Fig. 2. A).

In the presence of PCG622-based LUVs, results did not show any
major quantitative difference at the kinetic plateau. The normalized
representation (Fig. S1. A.) allowed to isolate kinetic data [33]. They
could be compared in presence of three concentrations of PCG622-
based LUVs. The presence of LUVs appeared to affect Aβ aggregation.
At 10 and 100 μM, a concentration-dependent delay in the fibrillation
process was observed.

Moreover, at this concentration range, the slope of the elongation
phase was slightly decreased with lipid concentration. Plateau phases
were reached after 350 and 400 min for 10 and 100 μM LUVs, respec-
tively. Interestingly, when the lipid concentration increased to 1 mM,
a decrease in the delay of the fibrillation process was observed, and
the slope of the elongation phase came back to that observed with
Aβ1-42 alone. Considering these results, it appeared that the inhibitory
effect of the PCG622 liposomes is essentially a kinetic effect leading to
an increase of the lag phase and a decrease of the rate of elongation.
This could indicate that the main interactions between the peptide
and themembraneswere at the level of the species present at the nucle-
ation phase, or during oligomerization.Obviously, it could be interesting
to be able to precisely discriminate all the present various species, and
to quantify their degree of attachment to membranes all along the ag-
gregation kinetics. For example, Bhowmik et al. [34] developed assays,
either based on fluorescence correlation spectroscopy or on a dialysis
step followed by conventional fluorescence spectroscopy, to measure
the difference in membrane affinity between the monomers and small
oligomers of Aβ in the early steps of aggregation. They showed that
under identical concentrations, small oligomers attach to the model
membranes (SUVs) at least an order of magnitude more strongly than
do the monomers. However, according to the experimental conditions,
as the peptide/lipids ratio, oligomers structures may be heterogeneous
[35], and it discriminate all their different structures, and also quantify
simultaneously forming fibrils.
Fig. 2. Kinetics of ThT fluorescence (20 μM) monitored for Aβ1-42 alone 10 μM (black dots), fo
(squares) A. with PC622-based LUVs, or B. with PC226-based LUVs. The error bars represent the
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It was recently reported that each LUVs component possesses its
own effect on Aβ peptide aggregation kinetics, ranging from enhance-
ment to inhibition, while lipid mixtures tend to average out the effects
of individual components [36]. An extension to this finding should be
that the amyloid β peptide/PCG622 molar ratio would impact aggrega-
tion kinetics in a similarway. Another explanation to the observed effect
should be the existence of a secondary nucleation pathway. Indeed, an
aggregation study of Aβ on zwitterionic DOPC-based LUVs by FRET anal-
ysis reported that the liposomes were able to catalyze fibril formation
via secondary nucleation mechanisms involving aggregate fragmenta-
tion [37]. As in this study, secondary pathways induced by oligomeric
forms of Aβ on the membrane surface could appear beyond a critical
concentration of PCG622-based LUVs.

As Aβ is negatively charged [29], the impact of its electronegative in-
teractionswithmembranes was deeper explored by increasing the pro-
portion of phosphatidylglycerol, and therefore the proportion of
negative charges, in the composition of liposomes. Thus, in the presence
of PCG226-based LUVs at 10 μM, no differencewith Aβ1-42 own aggrega-
tion was detected from a quantitative and a kinetic point of view
(Figs. 2. B, S1). At 100 μM and 1 mM of lipids, a similar kinetic delay
has been observed, with extension of the nucleation phase, and mostly
of the elongation phase. The equilibrium plateau was reached after
400 min vs 300 min when Aβ1-42 was incubated alone. Moreover, at
100 μM of PCG226-based LUVs, the reached fluorescence plateau ob-
served was lower than in other cases. This could indicate the formation
of different Aβ formswith less ThT binding abilities or a quantitative dif-
ference in terms of length or amount of fibers formed.

The mechanism of ThT binding has been described by Biancalana
and Koide as a channel model of binding. ThT was proposed to bind
along surface side-chain grooves running parallel to the long axis of
the β-sheet [32]. It was therefore possible that structural changes
occurwhile limiting the binding of ThTwhichwould prevent the obser-
vation of differences in simple fluorescence monitoring. We therefore
decided to study the secondary structure of the peptidewith or without
liposomes using the ATR-FTIR spectroscopic technique by incubating
overnight, under gentle agitation, at 25 °C, Aβ1-42 (50 μM) alone, or in
presence of liposomes (100 μM). Concentrations were chosen in order
to measure significant ATR-FTIR absorbance of peptide with the same
concentration ratio used in the ThT assays ([lipids] / [peptide] = 2).

ATR-FTIR spectroscopy was used to analyze the secondary structure
of peptides and proteins, in particular by analyzing the amide band I
(1700–1600 cm−1) corresponding mainly to the C_O vibration mode
of the peptide bond [38]. The position of the amide I band and its profile
on the spectrum allowed to identify the main secondary structural ele-
ments present in the sample. It should be noticed that the recorded
spectra corresponded to the signature of all proteins present in the
bulk (free or interacting with the liposomes).
r Aβ1-42/LUVs 10 μM (triangles), Aβ1-42/LUVs 100 μM (diamonds) and Aβ1-42/LUVs 1 mM
standard deviation of 3 samples.



W. Smeralda, M. Since, J. Cardin et al. International Journal of Biological Macromolecules 181 (2021) 769–777
Fig. 3 shows the ATR-FTIR spectra of Aβ1-42 peptide alone, with PC622
or PC226 formulations in the range of the amide I band. Themost intense
band at 1629 cm−1 was characteristic of parallel β-sheet conformation,
as expected with the formation of amyloid fibers [39]. A broad band at
higher wavenumbers, centered at 1665 cm−1, revealed the presence
of other secondary structural elementsmainly β-turns but also few con-
tributions of random coil andα-helices [40,41]. Experiments conducted
with liposomes were further analyzed by subtracting the absorbance
signal from blank containing the same concentration of lipids. It can
be noticed that in the amide I band, the lipids absorbance was very
lower than that obtained for the peptide (Fig. S2. C).

The amide band I profile measured for Aβ1-42 peptide in presence of
PCG622-based liposomes was very similar to the one obtained for the
peptide alone (Fig. 3 green curve). However, the proportion of the
amide group involved in parallel β-sheet structures was decreased in
presence of liposomes in favor to other structural elements as β-turns
or α-helices. The presence of lipidic formulation seemed to delay the
Aβ1-42 fibrillar process by stabilization of intermediary species in agree-
ment with our ThT results. Interestingly, in presence of PCG226, the sim-
ilar decrease of the parallel β-sheet conformationwas observed in favor
of β-turns or α-helices, and a new band was observed at higher wave-
number (1693 cm−1) (Fig. 3, pink curve, thin arrow). In antiparallel β-
sheet structures, the amide I region displayed two typical components.
The major component had an average wavenumber located at ~1630
cm−1, whereas the minor component, approx. 5-fold weaker than the
major one, was characterized by a wavenumber at around 1695 cm−1.
The appearance of this last band allowed to identify that some Aβ1-42

peptides were organized in anti-parallel β-sheet conformation. Such
antiparallell β-sheet conformations were previously described for
membrane-interacting Aβ oligomers [42]. However due to the overlap
of the band at lowwavenumber (1630 cm−1) with the signature of par-
allel β-sheets, it was not possible to determine the relative percentage
of each individual parallel and anti-parallel β-sheets structure. Accord-
ing to Sarroukh et al., the presence of such an anti-parallel β-sheet con-
formation is the fingerprint of earliest intermediary species, as
oligomers [38]. Others consider also it as the hallmark of the off-
pathway releasing membrano-toxic oligomers [30]. Recently, an origi-
nal Surface Enhanced Raman Spectroscopy study showed Aβ peptide
could adopt an antiparallel β-sheet/β-turn conformations similar to
porins structure in the membrane [42].

Many studies have reported the study of interactions of Aβ with
lipids [8,9,11,13,14,43,44] where Aβ interactions with the anionic
phospholipids-based liposomes are often demonstrated to be limited
to the lipid surface at neutral pH, eventually accompanied by partial
Fig. 3. ATR-FTIR spectra of amide band I and II absorbance of Aβ1-42 peptide alone, with
PC622 or PC226 formulations normalized to the β-sheet conformations band (1629
cm−1). The pink arrow shows the anti-parallel β-sheet conformation at 1693 cm−1 of
Aβ1-42 with PCG226-based LUVs.
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insertion of Aβ into the membrane. In coherence with other works
made on different liposomes [45], our results show that the surface
characteristics of the membranes, and in particular the nature of the
phospholipids head groups, modulate Aβ aggregation, and in extenso
behave as a specific factor for Aβ conformations during aggregation.

In recent years, studies relative to the Aβ peptide aggregation
have focused on the existence of intermediate oligomeric species
[39,46–53]. Indeed, a stable and homogeneous solution of Aβ in oligo-
meric form is really difficult to obtain [54–56]. In order to work with a
solution containing exclusively oligomers, a stable mutant model
synthesized by Vignaud et al. [24], was used. This mutant, named
oG37C, obtained after mutagenesis of Aβ, has been identified as the
most toxic stable oligomeric mutant among 6000 clones. From tip-
enhanced Raman spectroscopy analysis [57], mass spectrometry [47]
and high speed atomic force microscopy [29], it was established, that
the size and the height distributions of oG37C are homogeneous.
oG37C presents an average diameter around 20 nmand a height around
10 nm, which corresponds to 7 to 15 monomers [29,47].

3.4. oG37C aggregation in absence and presence of liposomes

Since its isolation, many in vitroworks described oG37C aggregation
process with a particular emphasis on its membrane damage effect
[29,30,47,57,58]. Interactions between oG37C and liposomes have
been established by Henry et al. to be favored in the presence of PG
head groups. From studies performed on simple pure DOPC or DOPG-
based LUVs models, they showed this peptide interacts with mem-
branes via hydrogen bonding rather than by electrostatic forces [30].
Using ThT assay, liposome leakage assay (LLA), Transmission Electronic
Microscopy (TEM) experiments and Plasmon-Waveguide Resonance
(PWR) spectroscopy, they showed that oG37C is able to destabilize lipo-
somes made of DOPG. They also showed that GM1 was necessary to
promote its interactions with membranes. A drastic detergent effect
was observed when GM1 was combined with cholesterol [29]. How-
ever, to date, no study has been reported on liposomes based on
PCG622 or PCG226.

Using the PCG622-based LUVs, no significant leakage was observed
upon exposure to oG37C whatever the lipid:peptide ratio (Fig. 4). In
the case of PCG226-based LUVs, the most important leakage was de-
tected for the (1:1) lipid:peptide molar ratio (11.6%). This ratio may
seem high in comparison with in vivo Aβ concentrations (<μM) [59].
However, it can be noted that when the peptide adsorbs on the cellular
membrane, it may reach very high localized concentrations within
membranes (>μM) whereas being present in the nM range in the bulk
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Fig. 4. Carboxyfluorescein leakage from PCG622-based LUVs and PCG226-based LUVs used
either at 10, 20, 50, 100 μM in presence of oG37C (10 μM) after 2 h of incubation at 25
°C. The leakage values were calculated from average values of triplicates, except for
PC226 at 10 μM that is an average value ± SD of three independent experiments.



Fig. 6. ATR-FTIR spectra of amid band I and II absorbance of Aβ1-42 peptide alone, with
PC622 or PC226 formulations normalized to the β-sheet conformations band (1629
cm−1). The thin black arrow shows the anti-parallel β-sheet conformation at 1693 cm−1

of oG37C with or without lipid formulation. The bold black arrow shows importance of
as α-helical/random/β-turn secondary structure of oG37C in presence of PCG226-based
LUVs.
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[60,61]. At the same (1:1) lipid:peptide ratio, Henry et al. reported
approximatively 45% of leakage using DOPG-based LUVs vs less than
3% usingDOPC-based LUVs [30]. The lower leakage proportion observed
here could be due to the presence of cholesterol, which is known to
stiffen the membranes above the phase transition temperature (Tm)
of phospholipids [62]. Our results showed that the PG proportion
plays an important role towards the oG37C toxicity on LUVs models,
and the lipid:peptide molar ratio too. Effects being more objectified at
the (1:1) PCG226:oG37Cmolar ratio, we therefore decided to further in-
vestigate the effects of liposome/peptide interactions at the kinetic and
conformational point of view in these conditions.

Using the ThT fluorescence assay, in 800 min of incubation time,
oG37C showed a characteristic linear aggregation kinetics (Fig. 5). This
result was coherent with that previously described by Bobo et al. [47].
In their study, they showed that in the presence of the small redoxmol-
ecule dithiothreitol (DTT), the appearance of a sigmoid curve character-
istic of amyloid aggregation was observed after a long incubation time
(960 min) [47].

In the present study, considering the lower concentration of oG37C
(10 μM vs 30 μM) and the lower temperature (25 °C vs 30 °C), it was
therefore expected slower kinetics, that allowing us to focus on the
early interactions between oligomer species and lipids. The incubation
of oG37C in the absence and in the presence of the two liposomal
models didn't show a significant difference in the fluorescence signals
of ThT. However, despite the background noise, a slight decrease of
the signal in the presence of PCG226-based LUVs was observed.

The secondary structure analysis of the peptide using the ATR-FTIR
spectroscopy was performed by incubating overnight, under gentle ag-
itation, at 25 °C, oG37C (50 μM) alone, or in presence of liposomes (100
μM). All these incubations were prepared in DTT-containing PBS me-
dium. The conformation study of the oG37C peptide alone (Fig. 6,
black curve) allowed to identify an anti-parallel β-sheet conformation
(bands at 1629 and 1683 cm−1) as already described for this oligomer
[24,47]. It was established that these proportions depend on the
oG37C treatment. In particular, it was previously shown that in
presence of DTT, oG37C switched from a random conformation to an
anti-parallel β-sheet organization [47], as observed here. However,
these experiments were carried out after a very longer incubation
time [47] in comparison with the present assay (15 days vs overnight
here). A recent infrared nanospectroscopy study of the oG37C peptide
with two membrane models allowed to highlight the pivotal role of
cholesterol in the interactionswithmembrane. However, the FTIR spec-
trum analysis of the amide band I of oG37C bound to the membrane
were not precisely carried out due to characteristic lipids band overlap-
ping on the peptide amide I band [58].

In presence of PC622-based liposomes, no significant effect on the sec-
ondary structure of the oG37C peptidewas observed (Fig. 6, green curve).
In the presence of PCG226, the signal proportion in anti-parallel β-sheet
decreased along with drastic increase of other secondary structure
Fig. 5. Kinetics of ThT fluorescence (20 μM)monitored for oG37C (10 μM, black dots) andmixed
were prepared in a PBS-DTT based medium. The error bars represent the standard deviation o

774
elements as α-helical/random/β-turn. The global amide band I profile
drew near the spectrum previously obtained in presence of cholesterol,
sphingomyeline and phosphatidylcholine membrane [58].

Several studies have shown that Aβ/membrane interactions lead to an
increase inα-helical conformationdue to adsorptionof the peptide on the
membrane surface. Others have shown that this lipid interaction is ac-
companied by an increase of theβ-sheet structuring linked to pore forma-
tion [44,63–65]. In our case, the main process would be the adsorption of
the peptide on the membrane surface, and even insertion within the
membrane. This anchorage was greater when the proportion of PG in-
creased, leading to a detergent effect. Indeed, binding mechanisms were
associated with toxicity as observed in leakage assay (Fig. 4).

OG37C insertion and detergent effect have been proved by Ewald,
et al. to be dependent on the concomitant presence of GM1 and choles-
terol [29]. It was also reported for a wild-type Aβ peptide in the litera-
ture [13]. In the liposomal models we proposed, no GM1 was present.
However, it could be possible that cholesterol facilitates the interaction
of oG37C with membranes, and the concomitant presence of significant
proportions (60%) of negatively charged PG would also favor a deter-
gent effect of the peptide.

4. Discussion

All the results showed that, in the presence of the selected lipids, the
main effect observed was a delay in Aβ1-42 fibrillation. The kinetic
with A. PCG622-based LUVs (10 μM, green) or B. PCG226-based LUVs (10 μM). Experiments
f 3 samples.
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modifications seemed to take place mainly on the nucleation and elon-
gation stages depending on the liposome concentration but also on their
lipidic composition: the observed overall effect was the result of a par-
tial effect produced by the different lipids at their own concentration,
some having accelerating effects, others slowing down [10,36].

Thus, when the proportion of PG was increased, the toxic anti-
parallel β-sheet conformation appeared, which can be related to the
presence of oligomers. Using the oG37C, interactions with membranes
have been observed to be more important at higher PG proportion. It
was previously reported that the Aβ peptide would interact with GM1
clusters and that this interaction was facilitated by the presence of
cholesterol [12]. The same type of phenomenon could occur with PCG-
based LUVs formulated with a significant PG proportion. This interac-
tion was reflected by an increase of the structural polymorphism (pres-
ence of α-helix/random/β-turns conformation) associated with
destabilization of the liposome detectable by the liposome leakage
assay.

Using ThT fluorescencemeasurements, electronmicroscopy and cir-
cular dichroism, the self-assembly of Aβ1-42 has been shown to be de-
creased by anionic lipids [16]. Increasing the amount of negative
charges by using PCG226- instead of PCG622-based LUVs, we observed a
longer delay with a prolongation of the nucleation and elongation
phases. These observations may be attributed to a stabilizing effect of
Aβ peptide early species upon exposure to the liposomes. Indeed, as
shown in the interaction model of the peptide with the membranes
[66], the membranes would sequester the intermediary conformation
species of the peptide, delaying its propensity to fibrillate.

The current paradigmconcerning oligomers is that they can undergo
two pathways: i) the on-pathway which corresponds to the formation
of short-lived toxic species leading to amyloid fibers, and ii) the off-
pathway which implies structurally different monomers (formed upon
Fig. 7. Conditions and methods to highligh

775
exposure to external elements, for example membranes) proceeding
to form higher molecular weight oligomers structurally different from
their on-pathway counterparts [8,51]. Kinetic changes such as those
we observed may indicate the presence of several aggregation path-
ways that could be borrowed by amyloid species, depending on the
presence and composition of the liposomes used. In some studies, cho-
lesterol was shown to promote Aβ1-42 aggregation by acting on the nu-
cleation phase [10]. However, other studies revealed that cholesterol
containing vesicles can promote Aβ fibrillation by hindering the nucle-
ation process [67]. Kinetic changes such as those observedmay indicate
the presence of several aggregation pathways that could be borrowed
by amyloid species depending on the presence and composition of the
liposomes used.

The results obtained here showed that it is possible to finely charac-
terize theAβ peptide aggregation process through three simple spectro-
scopic techniques permitting to reveal the aggregation kinetics, the
peptide conformation and its membrane permeabilization property.
This multiparametric assay enabled the characterization of peptide/
membrane interactions of two Aβ peptide variants with twomembrane
models in various conditions. In particular, the PCG226-based LUVs
model permitted highlighting the interactions between membranes
and the wild type or the oligomeric form of the peptide, in the same
way than more complex membranes models previously described in
the literature. Such an approach could be advantageously proposed as
a simple multiparametric characterization to highlight peptide/mem-
brane interactions (Fig. 7).

5. Conclusion

Our objectives were to characterize the effects of two liposomal for-
mulations, mimicking the neuronal membranes, on the Aβ aggregation
t Aβ peptide membrane interactions.
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pathway. Depending on the membrane composition and on the lipid:
peptide ratio, the presence of lipids had mainly a slowing-down kinetic
effect and a structural impact with amodification of the peptide confor-
mation. Liposomes seemed to promote structural polymorphismof Aβ1-

42, which led to a different oligomer aggregation pathway. The resulting
species induced damages towards some membranes.

In order to propose a convenient peptide/membrane interaction
model, Aβ1-42 or oG37C peptides with PC226-based LUV used in a (1:1)
lipid:peptide molar ratio, showed maximal changes on three parame-
ters: membrane permeabilization, peptide conformation variation, and
fibrillation kinetics. Therefore, results provided first methodologic
bases to develop an original multiparametric assay to describe interac-
tions of potential new Aβ peptide aggregation modulators, peptide,
and implying liposomes as biomimetic membranes.
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