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ABSTRACT: Here we are presenting a comparative analysis of conformational
changes of two amyloid β peptides, Aβ(25−35) and Aβ(1−42), in the presence
and absence of a phospholipid system, namely, POPC/POPS (1-palmitoyl-2-
oleoylphospatidylcholine/palmitoyl-2-oleoylphospatidylserine), through Raman
spectroscopy, synchrotron radiation micro Fourier-transform infrared spectros-
copy, and micro X-ray diffraction. Ringlike samples were obtained from the
evaporation of pure and mixed solutions of the proteins together with the
POPC/POPS system on highly hydrophilic substrates. The results confirm the
presence of a α-helical to β-sheet transition from the internal rim of the ringlike
samples to the external one in the pure Aβ(25−35) residual, probably due to
the convective flow inside the droplets sitting on highly hydrophilic substrates
enhancing the local concentration of the peptide at the external edge of the
dried drop. In contrast, the presence of POPC/POPS lipids in the peptide does
not result in α-helical structures and introduces the presence of antiparallel β-
sheet material together with parallel β-sheet structures and possible β-turns. As a control, Aβ(1−42) peptide was also tested and
shows β-sheet conformations independently from the presence of the lipid system. The μXRD analysis further confirmed these
conclusions, showing how the absence of the phospholipid system induces in the Aβ(25−35) a probable composite α/β material
while its coexistence with the peptide leads to a not oriented β-sheet conformation. These results open interesting scenarios on
the study of conformational changes of Aβ peptides and could help, with further investigations, to better clarify the role of
enzymes and alternative lipid systems involved in the amyloidosis process of Aβ fragments.

■ INTRODUCTION

Extracellular amyloid plaques are a hallmark material for the
study of Alzheimer disease.1,2 The neurotoxicity of their main
components, the amyloid β peptides (Aβs), may be mediated
by direct interaction between the peptides and the neural lipid
membrane.3 The involvement of the neural membrane in
fibrillogenesis has also to be clarified in view of the central
function assumed by the membrane-bound amyloid precursor
protein (APP).4 Studies on membrane model systems suggest
an active role of the lipid membrane in protein misfolding,
amyloid formation, and toxicity.3,5−7 Depending on its
chemistry, the membrane surface may locally act as a catalyzer
for peptide misfolding, producing toxic intermediates and
triggering fibrillogenesis. Different Aβ species or intermediates
can also introduce modifications to lipid membranes ranging
from disruption8 to ion permeabilization9 to mechanical
destabilization.10 Among the different Aβ species, the main
component of senile plaques, Aβ(1−42), is considered to be a
possible trigger of the neurodegenerative cascade, due to its

proven cytotoxicity.11 Indeed, Aβ(1−42) combined with model
lipid systems induces fusion of unilamellar vesicles (ULV)12

and membrane disruption.8,10 The shorter Aβ(25−35) species
is also membrane active13 and retains much of the Aβ(1−42)
biological and neurotoxic activities.14

In order to shed more light on conformational and structural
processes of amyloidosis involving membranes, we are
exploring the Aβ(25−35) and Aβ(1−42) species by a
combination of micro-Raman (μRaman), synchrotron radiation
(SR) micro Fourier-transform infrared spectroscopy (μFTIR),
and micro X-ray diffraction (μXRD) probes. In order to
enhance the sensitivity of these probes, we deposited droplets
with Aβ and phospholipid solutes on highly hydrophilic
nanostructured substrates. The aggregation mechanism of
solute in droplet residues has been extensively exploited for
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in situ characterization of biological processes such as
crystallization,15,16 amyloid formation,17,18 and cellular mem-
brane exosome discrimination.19 Here we principally focused
on the α/β transition of Aβ(25−35) in the presence and
absence of a phospholipid mixtures made of POPC (1-
palmitoyl-2-oleoylphospatidylcholine) and POPS (1-palmitoyl-
2-oleoylphospatidylserine). As in our previous investiga-
tions,12,13 we have chosen a POPC/POPS 9:1 mol/mol
mixture to mimic the phospholipid composition of the neural
membranes, in terms of alkyl chain unsaturation and negative
charge. The results obtained with Aβ(25−35) contrast those of
Aβ(1−42), which always show a β-type conformation,
independently from the presence of the phospholipid system.
The various probes used suggest a possible scenario for the α/β
transition pathway of Aβ(25−35) in the absence and presence
of the phospholipid system.

■ EXPERIMENTAL SECTION
Peptides and Lipids. Aβ(1−42) and Aβ(25−35) were purchased

from Bachem, while POPC and POPS10 were from Avanti Polar Lipids
(Alabaster, AL). Solvents were obtained from Sigma-Aldrich. POPC
and POPS were dissolved at a 9:1 mol/mol ratio in chloroform:me-
thanol 2:1, desiccated under nitrogen flux, and dried under vacuum
overnight. Lipids were resuspended in Milli-Q water at a concentration
of 5 mg/mL and allowed to swell for 30 min. LUVs (large unilamellar
vesicles) were prepared by extrusion through pores of 100 nm in
diameter. Aβ(1−42) and Aβ(25−35) were first dissolved in trifluoro-
acetic acid (TFA) at a concentration 1 mg/mL to eliminate the
presence of seeds and to obtain a monomeric peptide dispersion. TFA
was dried under nitrogen, and the peptides were successively dissolved
in Milli-Q water (1 mg/mL), shortly sonicated, and centrifuged at
1000 rpm for 10 min.
Substrate Preparation. Highly hydrophilic substrates were

prepared from commercial CaF2/BaF2 windows (Crystran) and
Si3N4 windows (Silson) by spin-coating liquid PMMA A11 (Micro-
chem) at 2000 rpm for 60 s, baking it (180 °C for 30 min), and finally
texturing it by oxygen plasma reactive ion etch16 (Sentech; parameters:
ICP 50 W, RF 100 W, pressure 6.5 Pa, oxygen flow 30 sccm, 5 min).
μRaman, μFTIR, and μXRD Configurations. μRaman experi-

ments were performed in transmission with an In-Via Renishaw
microRaman setup using both 532 and 633 nm laser lines with a 50×
objective. μFTIR experiments were performed in transmission mode at
the ESRF-ID21 beamline with a 6 μm × 6 μm beam and a Mercury
Cadmium Telluride (MCT) detector, while microbeam small-angle
and wide-angle X-ray scattering experiments (μSAXS/WAXS) were
conducted at the ESRF-ID13 beamline.15 A monochromatic beam of λ
= 0.9765 Å was focused to a 1.3 (h) × 1.5 (w) μm2 spot with about 3
× 1011 ph/s flux at the sample position using a transfocator20 based on
parabolic Be-refractive lenses. A Frelon CCD detector with 2048 ×
2048 pixels of 50 × 50 μm2 each (binned to 4 × 4) was used for data
collection with an exposure of 0.5 s per pattern. The distance sample-
to-detector was calibrated to 124.05 mm by an Ag-behenate
calibrant.21

Scanning Electron Microscopy (SEM). SEM images were
recorded by a FEI HELIOS Nanolab 600 instrument with a 3−5 kV
acceleration voltage on samples sputtered with a 10 nm layer of gold.

■ RESULTS AND DISCUSSION

About 3 μL solution drops of amyloid peptides in the presence
and absence of phospholipid vesicles were deposited by a pipet
on 1 mm thick CaF2/BaF2 highly hydrophilic windows and on
200 nm Si3N4 membranes, respectively, for the μRaman/
μFTIR experiments and for the μXRD experiments to avoid
any interfering signal coming from the supports. Ringlike solid
residues were formed almost immediately due to the strong
heterogeneous evaporation rate on hydrophilic substrates.

Scanning Electron Microscopy. The SEM micrographs of
Aβ(25−35) and Aβ(25−35) + POPC/POPS residuals dried on
highly hydrophilic BaF2 windows show characteristic coffee ring
residues (Figure 1). The Aβ(25−35) coffee ring clearly shows

substructures (Figure 1A,B). The Aβ(25−35) + POPC/POPS
shows, however, only a weak coffee-ring effect at the outer rim
of the residue (Figure 1C) in addition to lipid patches with
integrated peptide material (Figure 1D).

μRaman. Small portions of the external edge of the residual
were illuminated at high lateral spatial resolution (<1 μm) in
different positions of the whole ring to be sure that the
conformation was always the same. The same points were
further analyzed by μFTIR and μXRD, as shown in the
following sections. Spectra of pure Aβ(25−35) and in presence
of POPC/POPS are shown in Figure 2. Conformational
information was obtained by analyzing the amide I and amide
III bands:22,23 the 1239 cm−1 peak is characteristic of amide III
β-conformations, the 1260−1300 cm−1 band was attributed to
α-helix material and the 1240−1250 cm−1 band to unordered
material, the 1395 cm−1 peak is related to the so-called amide S
(whose presence is related to β-sheet material24), and the 1668
cm−1 peak is linked to amide I β-sheet material. The 1443 cm−1

peak was assigned to the CH2 scissoring mode and the 1732
cm−1 peak to the ester carbonyl stretch. These bands overlap in
the presence of the POPC/POPS vesicles with characteristic
lipid bands,25 in particular, the 1300 cm−1 peak, which for the
lipid systems represents the CH2 twisting mode while for
peptides could be related to the α-helix amide III region
(1260−1300 cm−1).
The 1653 cm−1 peak corresponds for lipids to the cis-carbon

double bond and for peptides to the α-helix amide I region
(1645−1660 cm−1). The merging of these peaks in the mixed
system Aβ(25−35) + POPC/POPS, however, did not allow a
conclusion with respect to the presence of α-helix material.

μFTIR. Complementary μFTIR allowed addressing the
presence of α-helical features. Before the experiment we
ensured that the signal coming from the highly hydrophilic
substrates was not interfering with the amide I band (Figure S1,

Figure 1. SEM micrographs of Aβ(25−35) (A, B) and Aβ(25−35) +
POPC/POPS (C, D) residues.
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Supporting Information). The FTIR spectra of the solid rim
regions of pure Aβ(25−35), revealed in the SEM images
(Figure 1), are shown in Figure 3. The outer rim (Figure 3A,B)
is characterized by parallel β-sheet material (peak at 1634
cm−1), while the inner zone (Figure 3C−E) is characterized by
a α-helical material (1657 cm−1).26 The same conformations
were observed in other regions of the coffee-ring residue.
The conformational change from α-helical material at the

inner rim to β-sheet material at the outer rim can be explained
by a Marangoni-type flow. The high evaporation flux at the
triple contact line27,28 results in an accumulation of solute while
the inner regions are depleted (Figure 4). The convective flow
and the enhanced peptide concentration in proximity of the
external rim have been shown to result in self-assembly of
amyloid fibrils.17 The lower amount of peptide material at the
inner rim is not sufficient for the α/β transition and the
material remains arrested in a α-helical conformation.
As the μFTIR spectra of the pure lipids did not overlap in the

amide I regions of the Aβ peptide [Figures 5 and S2
(Supporting Information)], we were able for the Aβ(25−35)/

POPC/POPS mixture to clearly identify the exclusive presence
of β-sheet material without any trace of α-helices (Figure 5).
In particular, the analysis showed the presence of antiparallel

β-sheets (1685 cm−1) together with parallel β-sheets (1634
cm−1) and possible β-turns (1670 cm−1).26 The presence of α-
helical material was completely excluded by probing the whole
sample (Figure S3, Supporting Information), confirming that
antiparallel conformations (1685 cm−1) are prominent in the
inner part of the sample while the 1634 cm−1 band indicated
preferentially parallel β-sheet conformations in the outer rim.
This is attributed to the presence of the phospholipids that
influence the fibrillation process, as demonstrated by previous
studies.29,30

The β-sheet conformation mentioned above also confirms
studies that showed an antiparallel β-sheet organization at early
stages of aggregation by the ∼1690 cm−1 band, while the
parallel β-sheet organization with a band around 1630 cm−1

appeared during fibrillation.31 In summary, we found for pure
Aβ(25−35) the presence of α-helical material in the inner rim
and β-type material in the outer rim. In contrast, for the
Aβ(25−35) + POPC/POPS mixture, the β-material in the

Figure 2. Raman spectra recorded from the coffee stain residues of the Aβ(25−35), lipids, and Aβ(25−35) + lipid systems with excitation
wavelength of 532 nm (A) and 633 nm (B) (The arrows indicate the main Aβ and lipid peaks).
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outer rim consists of both β-turns and parallel β-sheet
components but of preferentially antiparallel β-sheets in the
inner part. With respect to the lipids [Figure 5 and S2
(Supporting Information)], we could clearly recognize the 1739
cm−1 peak of the CO stretch of esters, the 1465 cm−1 peak of
C−H deformation of CH2, the spectral band at 1220−1250

cm−1 related to phosphodiesters, and the 900−1200 cm−1 band
related to carbohydrates.26 We note that the phosphodiester
peak strongly decreased in the presence of Aβ (25−35),
indicating a possible direct interaction of the peptide with the
lipid head groups. μFTIR experiments on Aβ(1−42) in the
presence and absence of the POPC/POPS following the same
protocol revealed in both cases the presence of parallel β-sheet
material (1631 cm−1 peak; Figure S4, Supporting Information).

μXRD. Complementary information on the crystalline
fractions of the lipid and peptide system was obtained by
micro small and wide angle X-ray scattering (μSAXS/WAXS).
Inspection of a raster-scan of the rim of the pure lipid solution
residue reveals no apparent local structural variations. A
detailed analysis of a selected pattern suggests, however, the
presence of several phospholipid phases. Indeed, we observe a
broad powder ring (d = 4.6 Å) overlapping a narrow 4.2 Å peak
with a narrow azimuthal profile (Figures 6A,C,D). We attribute

Figure 3. FTIR spectra recorded from several regions of the Aβ(25−35) residue dried on highly hydrophilic BaF2 surfaces (Insets: optical images of
the coffee-ring edge; the red cross represents the position of the beam).

Figure 4. Sketch of an evaporating droplet on a hydrophilic substrate.
The evaporation rate is stronger near the contact line, provoking a
radial convective motion from the center toward the contact line.
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the 4.6 Å ring to a randomly oriented liquid phase and the 4.2
Å peak to the acyl chains of a gel phase.32,33 The 44.2 Å powder
ring is attributed to the lamellar stacking period of the gel-
phase.
Further narrow reflections on the meridian (Figure 6B) are

attributed to higher orders of lamellar periods of two highly

ordered phospholipid phases. The strong meridional reflection
is a composite peak including both a 50.1 Å peak (order n = 1
for the 12.4 Å reflection) and a 44.2 Å one (order n = 1 for the
14.7 Å reflection).34 The four off-meridian reflections at d =
44.2 Å are tentatively attributed to satellites of the n = 1 order
of a ripple phase.

Figure 5. FTIR spectra of the Aβ(25−35) + POPC/POPS (A) and pure POPC/POPS (B) residues dried on highly hydrophilic BaF2 surfaces.

Figure 6. (A) Typical oriented pattern of the pure lipids residue. (B) Close up of the peaks at low angles of the XRD pattern in part A. (C)
Azimuthal average of a typical pattern (A) in the equatorial region. (D) Azimuthal average of a typical pattern (A) in the meridional region. (Q = 4π
sin Θ/λ, where λ is the X-ray wavelength and Θ the diffraction angle).
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The highly oriented structure is disrupted when Aβ protein is
added, as shown also in previous studies.35 Indeed, a mesh-scan
of the rim of Aβ + POPC/POPS residues reveals only powder
rings. This is shown for selected diffraction patterns in Figure 7.
A ∼44.9 Å powder ring remains for the Aβ (25−35) + POPC/
POPS in the outer and inner rim [Figures 7A,B and S5
(Supporting Information)] and a less intense one for the
Aβ(1−42) + POPC/POPS residue [Figures 7C and S6
(Supporting Information)]. The double WAXS peak at 4.6
and 4.2 Å is visible in the outer rim of the Aβ(25−35) +
POPC/POPS residual (Figure 7A) and in the Aβ(1−42) +
POPC/POPS one (Figure 7C). The detection of β-type
material was difficult for Aβ(25−35) + POPC/POPS and
Aβ(1−42) + POPC/POPS, as the WAXS peaks of the lipids
were essentially overlapping in the region of the hydrogen-
bonded strands characteristic of β-sheet materials16,17,36 (∼4.5
Å spacing). After a proper background subtraction (an average
of several patterns taken from the same region was performed
to increase the statistic and the same amount of background
patterns were averaged prior to subtraction), we detected an
isotropic broad peak centered at 4.5 Å in the inner rim of the

Aβ(25−35) + POPC/POPS solution (Figure 7B). Due to the
overlapping of the above-mentioned reflections, it was not
possible to assign in an unambiguous way this component to
the lipid liquid phase (4.6 Å) or to a short-range ordered β-
sheet material. Further, the absence of the ∼10 Å diffraction
peak probably indicates a disorder in the stacking of the protein
intersheets.37 Finally, it is clear how the lipid gel-phase
(represented by the 4.2 Å peak) was concentrated in the
outer rim of the Aβ(25−35) + POPC/POPS residual (Figure
7A) while in the inner one we could detect just the SAXS peak
at ∼44.2 Å (Figure S5, Supporting Information). In both tested
solutions [Aβ(1−42) + POPC/POPS and Aβ(25−35) +
POPC/POPS] anyway it was not possible to detect the high
orientation found for the pure phospholipid droplets (Figure
6), suggesting a severe disordering effect on the lamellar order
of the lipid bilayer caused by the administration of the Aβ
protein.35

Finally, in Figure 8, we show typical μXRD mesh scans and
relative azimuthal averages of the pure Aβ(25−35) and Aβ(1−
42) droplet solid rims. The pure Aβ(1−42) pattern shows β-
sheet features with a 4.2 Å peak characteristic of the distance

Figure 7. Azimuthal averages and relative diffraction patterns of POPC/POPS system mixed with Aβ peptides.

Figure 8. Typical μXRD mesh scan and relative azimuthal averages of the Aβ(1−42) (A) and Aβ(25−35) (B) droplet rims. (C) Mesh-scan of the
Aβ(25−35) solid rim. (D) Peak fitting of the Aβ(25−35) XRD pattern of part B (three Gaussians and a first-order polynomial background were
used. The red part of the plot was masked for the peak fitting).
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between hydrogen-bonded strands and a 10 Å peak due to the
β-sheet stacking38 (Figure 8A). A slight orientation, in terms of
meridional and equatorial axes, can be seen in Figure S7
(Supporting Information). In contrast, the Aβ(25−35) rim
shows only a very weak signature of a peak in the range of 10 Å,
suggesting stacking disorder (Figure 8B). The rather large
width of the peak of about 4.8 > d (Å) > 4, mainly due to the
low amount of deposited material, suggests the copresence of
β-sheet and α-helical material.36 A more detailed analysis of the
peak profile by fitting Gaussian functions shows a slight
shoulder with d ∼ 12.9 Å linked to the potential presence of a
component in the region of the β-sheet stacking, but which
cannot be concluded in a definitive way. On the other hand, a
composite peak with d ∼ 4.7/4.1 Å (Figure 8D) agrees with the
possible coexistence of a β-phase (4.1 Å) together with a α-
phase36 (∼4.7 Å). For the latter one, a final quantitative
separation was not possible, as the expected 5.5 Å peak of the
α-helical period could not be clearly resolved by the peak
fitting.
This follows in some way the results obtained by the μFTIR

experiments, where the absence of the phospholipid system
induced the clear presence of both β-sheet and α-helical
material. The X-ray diffraction peak assignment in the range
4.1−4.7 Å, both for lipids and Aβ, is shown in Table 1.

■ CONCLUSIONS
In this work, we studied conformational changes of Aβ(25−35)
peptide in the presence and absence of a phospholipid system,
namely POPC/POPS, by μRaman, SR μFTIR, and μXRD.
Coffee-ring residues were obtained from the evaporation of
pure and mixed solutions of Aβ(25−35) and POPC/POPS on
highly hydrophilic substrates. Preliminary μRaman analysis
showed the prominent presence of β-sheet material and,
possibly, traces of α-helical material in Aβ(25−35) residues. As
the overlapping of the POPC/POPS and peptide μRaman
signatures did not allow confirming this, SR μFTIR experi-
ments were performed. The results showed the presence of an
α/β transition from the internal rim of the coffee-ring residues
to the external one in the pure Aβ(25−35) residue, probably
due to the convective flow inside the droplet sitting on highly
hydrophilic substrates that enhances the local concentration of
the protein at the external edge of the drying drop. In contrast,
the presence of POPC/POPS lipids in the protein did not
result in α-helical structures and introduced the presence of
antiparallel β-sheet material together with parallel β-sheet
structures and possible β-turns. This confirms how the presence
of phospholipids seems to influence the fibrillation process, as
hypothesized in previous studies.29,30 As control we tested also
the Aβ(1−42) peptide, which always showed β-sheet
conformations independently from the presence of the lipid
system. Further μXRD analysis of the same residues showed the
presence of highly ordered lamellar structures in the

phospholipid vesicle system. The administration of the Aβ
protein provoked on the other hand a severe disorder in this
arrangement, but as our attention in the present work was more
focused on the α-helical/β-sheet conformations rather on the
disruption mechanism of lipids, this process will be further
examined. From another perspective, the absence of the
phospholipid system induced in the Aβ(25−35) a probable
composite α/β material, confirming the μFTIR experiments
while its coexistence with the protein resulted in a not oriented
β-sheet conformation. Further work on the subject could help
clarify the role of enzymes such as acetylcholinesterase39,40 and
alternative lipid systems in the amyloidosis of the analyzed
peptides and of other Aβ fragments.
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