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A
key feature of many protein-aggre-
gation linked human diseases, such
as Alzheimer's (AD), Parkinson's, and

Type II diabetes, is the existence of a small
soluble aggregate species which displays
strong affinity to cell membranes.1�3 The
structure of the species4 and the nature of
its interaction with membranes have there-
fore attracted intense scrutiny.5 In the
case of Alzheimer's amyloid-β, some solu-
tion-state structural parameters of the early
oligomeric species6,7 have been obtained
recently. Oligomers are the smallest aggre-
gates (n-mers with n < 10) to display a high
affinity for lipid bilayers, and are possibly
key species in the toxic cascade of this

extracellular peptide.8,9 These data suggest
an overall structural topology similar to the
less toxic mature fibrils, with significant
differences in specific segments. Unfortu-
nately, very little is known about the con-
formationof these early oligomers in the lipid
bilayer (though some structural parameters
of larger aggregates in the membrane have
been reported10).
There are several challenges to learning

the membrane bound oligomer conforma-
tions. Most notably, the low concentrations
of this species, and the simultaneous pres-
ence of other low membrane-affinity species
(such as the monomers) in the solution,
make this problem difficult to address with

* Address correspondence to
madhu@tifr.res.in,
maiti@tifr.res.in.

Received for review May 26, 2015
and accepted August 18, 2015.

Published online
10.1021/acsnano.5b03175

ABSTRACT Identifying the structures of membrane bound proteins is

critical to understanding their function in healthy and diseased states. We

introduce a surface enhanced Raman spectroscopy technique which can

determine the conformation of membrane-bound proteins, at low micromolar

concentrations, and also in the presence of a substantial membrane-free

fraction. Unlike conventional surface enhanced Raman spectroscopy, our

approach does not require immobilization of molecules, as it uses spontaneous

binding of proteins to lipid bilayer-encapsulated Ag nanoparticles. We apply

this technique to probe membrane-attached oligomers of Amyloid-β40 (Aβ40),

whose conformation is keenly sought in the context of Alzheimer's disease. Isotope-shifts in the Raman spectra help us obtain secondary structure

information at the level of individual residues. Our results show the presence of a β-turn, flanked by two β-sheet regions. We use solid-state NMR data to

confirm the presence of theβ-sheets in these regions. In the membrane-attached oligomer, we find a strongly contrasting and near-orthogonal orientation

of the backbone H-bonds compared to what is found in the mature, less-toxic Aβ fibrils. Significantly, this allows a “porin” like β-barrel structure, providing

a structural basis for proposed mechanisms of Aβ oligomer toxicity.
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conventional techniques such as solution-state NMR
and CD. Solid-state NMR (following flash freezing and
lyophilization of the oligomeric solution) can yield
information about some secondary structural elements
(such as R-helix/β-sheet), but it is difficult to discern
some others (such as β-turns). Resistive pulse sensing
methods have identified the size of the oligomers,
but do not report on oligomer structure.11 Plasmonic
particles have been used previously to probe amyloid-β
aggregation,12 but this study did not probe the aggre-
gate interaction with membranes or the aggregate
structure.
Our solution to overcome the challenges and limita-

tions of earlier methods includes the following ele-
ments. First, we employ Raman spectroscopy, which
has been used widely as a label-free method to
investigate the structures of peptides and proteins13

and furthermore use Surface Enhanced Raman Spec-
troscopy (SERS) from silver nanoparticles (AgNPs) to
take advantage of surface plasmons that enhance the
scattering of protein vibrations. Second, we integrate a
recently developed technique14 to encapsulate AgNPs
with a lipid bilayer in aqueous solutions. While they
were originally used to provide stability to the SERS
nanoparticle labels, herewe take the novel approach of
using them as cell membrane mimics with plasmonic
properties. Third, we incubate the peptide of interest
with these particles, and allow them to spontaneously
attach to the lipid membrane.
The combined strategy confers important advantages.

The plasmon enhancement is expected to be strongly
localizedwithin a few nanometers from the nanoparticle
surface.15 Thus, only the species which are bound to the
lipid bilayer coating would experience the SERS effect

and the free population in solution would not. This
strategy also helps avoid artifacts associated with
the alternate technique of immobilization of peptides
on nanoparticles and decreases spectral background
contributions from unbound solution species.
We have chosen this new method to probe small

membrane-attached oligomers (n-mers with n < 10)
of Alzheimer's Aβ40. We have used isotope-shifts in the
Raman spectra to obtain secondary structure informa-
tion at the level of individual residues. Where possible,
we have independently verified predictions using solid-
state NMR spectroscopy.
Our results show the presence of a β-turn, flanked

by two β-sheet regions in the membrane attached
oligomers. We find a near-orthogonal orientation of
the backbone H-bonds compared to the mature, less-
toxic Aβ fibrils. Significantly, this allows a “porin” like
β-barrel structure, providing a structural basis for
proposed mechanisms of toxicity.

RESULTS AND DISCUSSION

Lipid bilayer coating of AgNPs is confirmed by TEM
imaging (Figure 1A). Thewidth of the surface layer (4.1(
0.6 nm,n=49, Figure S1A) is consistentwith that of a lipid
bilayer. We also observe a Raman peak in the 2900 cm�1

region, which is characteristic of the C�H stretch
of the lipid (Figure S2B).16 There are no major peaks
in the 1550�1750 cm�1 region, which is important
for the determination of protein secondary structures
(Figure S2A). Additional evidence of lipid encapsulation
comes from the high stability of this suspension in a high
salt containing (100mMNaCl) solution (data not shown).
We first demonstrate our method by investigating

the honey bee toxin, melittin. This protein has strong

Figure 1. (A) TEM image of silver nanoparticles: (i) before and (ii) after coating with lipid bilayer; (iii) after incubating coated
nanoparticles with Amyloid β oligomers. Lipid coating is visible as an extra layer around the particles. Scale bar is 50 nm.
(B) Binding of N-terminal fluorescein labeled Aβ40 (FAβ40) oligomers to lipid bilayer coated AgNPs: confocal image of bilayer
coated AgNPs (i) before and (ii) after incubation with 2 μM of FAβ40 oligomers. Excitation: 488 nm. Emission: 500�600 nm.
Scale bar: 5 μm. (C) SERS spectrum of melittin, in the presence of lipid encased AgNPs (red), and in the presence of bare
AgNPs (black). (D) SERS spectrum of gramicidin A, in the presence of lipid encased AgNPs (red), and in the presence of bare
AgNPs (black).
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affinity for lipid bilayers and forms tetrameric R-helical
structures in membrane.17�20 Its Raman spectrum
shows an R-helix signature at ∼1648 cm�1. Another
peak at ∼1549 cm�1 is assigned to side-chain trypto-
phan vibration and/or backbone amide II vibrations.20

Our SERS experiment with∼2 μMofmelittin incubated
with lipid-encapsulated Ag nanoparticles clearly shows
these two peaks at 1648 and 1552 cm�1 (Figure 1C).
Next, we investigate the considerably more complex
structure of the water channel protein gramicidin A.
This protein has high affinity to membranes, and the
crystal structure and the Raman spectra are well stu-
died. Its Raman spectrum has an Amide I signature
at ∼1650 cm�121 and an Amide II band (calculated)
at ∼1570 cm�1,22 which, taken together, are manifes-
tations of the β6.3-helix, a special structure only possible
with alternate D/L-peptides. Our SERS experiment with
2 μMof gramicidin A incubated with lipid-encapsulated
nanoparticles shows clear peaks at 1650 and 1573 cm�1

(Figure 1D). The SERS spectra obtained from the two
unrelated membrane proteins using our method are
completely consistent with the reported data. This
demonstrates the capability of our method to deduce
the secondary structure of membrane associated pro-
teins using Raman structuralmarkers. In our experiment,
the sensitivity for the membrane associated fraction is
much higher than conventional Raman, andwe are able
to probe proteins at 2 μM concentration.
While conventional Raman can be used for melittin

and gramicidin A, as they can be prepared at much
larger concentrations, the same is not true for many
other important peptides, such as the aggregation-
prone Amyloid-β. Determining the structure of the
Amyloid β40 (Aβ40) oligomers in the membrane bound
state is important in the context of Alzheimer disease.
An increase in the ion-permeability of the membranes
is one of the consistently observed effects of this
extracellular peptide.23 Its conformation in the bilayer
may therefore explain the subsequent deleterious
effects on the cell, and help in developing effective drug
candidates for AD. Fluorescence correlation spectrosco-
py (FCS), in different instrumentation formats,24�26 with
or without labeling dyes,27 has been shown to be an
effective tool for probing aggregation of proteins and
peptides, including Aβ40.

24,27�29 With the use of FCS, it
has recently been shown that the oligomeric population
present in an Aβ solution displays the ability to attach to
neuronal cell membranes.8,30 FCS studies with lipid
vesicles have also shown that this oligomeric population
spontaneously attaches to the SmallUnilamellar Vesicles
(SUVs) composed of an equimolar mixture of POPC,
POPG, and cholesterol, while themonomeric population
does not.9 The same ternary lipid mixture also constitu-
tes the coating on the AgNPs, so we may expect that
these oligomers would spontaneously bind to the bi-
layer-encased nanoparticles. We verify this binding by
separate imaging studies with fluorescently labeled

Aβ40 oligomers incubated with these nanoparticles.
These are small oligomers (n-mers with n< 10) prepared
as described in ref 9 and separately tested by FCS
to attach to lipid bilayer vesicles (data not shown). We
have also demonstrated earlier that the oligomers, after
attachment to cellular lipid bilayer membranes, do not
dissociate into monomers.30 Confocal microscopy of
nanoparticles precipitated on the cover glass shows that
the peptides attach to these lipid coated nanoparticles,
and the presence of the metal core does not inhibit
attachment (Figure 1B). Aβ exposure, especially at
high concentrations, can disturb lipid bilayers. Though
we use lower concentrations (1 μM), we still verify
the stability of the lipid bilayer upon Aβ incubation
using TEM (Figure 1A, iii). An analysis of TEM images
shows that the 4.1 ( 0.6 nm thick lipid bilayer remains
unchanged (4.2 ( 0.7 nm, n = 49, Figure S1B) after Aβ
incubation (Figure 1A, iii), suggesting that the bilayer is
not significantly disturbed by Aβ.
We have previously shown that Aβ40 provides ade-

quate SERS signals, even at low concentrations, when
chemically bonded to AgNPs.31 However, for themem-
brane attached Aβ40 species, a consistent enhance-
ment in SERS can only be expected if the peptide
inserts into the membrane to a distance that is close
to the AgNP surface. There are conflicting views on
whether Aβ inserts deep into the membrane, perhaps
because insertion depends on the type of oligomers
and the nature of the membranes.32�34 We therefore
separately test the insertion in our case with X-ray
reflectivity (XR) measurements,35 which provides electron
density profile (EDP) along the membrane thickness,36,37

using similar membranes supported on silicon substrates
before and after incubation with these oligomers, as
described in the Supporting Information. Extracted EDP
shows enhancement of film thickness as well as an
increased density of the inner headgroup, which is a clear
indication of the penetration of Aβ peptides into the lipid
membrane all the way down to the membrane�silicon
substrate interface (Figure2).We therefore expect reason-
able signal intensity from Aβ oligomers attached to the
lipid bilayer encased nanoparticles.
We then performed SERS experiment of membrane

coated AgNPs incubated with a mixture of small Aβ
oligomers. We find two prominent peaks in the Amide I
region at 1665 cm�1 (with a shoulder at 1650 cm�1),
and at 1689 cm�1 (Figure 3A, black curve). The peak at
1689 cm�1 provides a strong indication of the pre-
sence of β-turn(s). A “β-turn” is also expected to have
aweak tomedium intensity band at∼1665 cm�1 and a
strong intensity band at∼1650 cm�1.38 Thus, the peak
at 1665 cm�1 and the shoulder at 1650 cm�1 can both
have contributions from the β-turn. However, a peak
at 1665 cm�1 may also have contribution from β-sheet
structures,38 and a peak at 1650 cm�1 may have con-
tribution from R-helices.38 We differentiate between
these possibilities using the isotopic labeling technique
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(see later). We infer that the peptide contains β-turn(s),
perhaps together with other secondary structural
elements.
We note that the free peptides present in the

solution make negligible contribution to the Raman
spectrum. Even at the 200 μM concentration and even
at 10 times higher laser power (∼9 mW), the peptide
solution (without nanoparticles) does not show any
discernible features in the Raman spectrum (data not
shown). The contribution from the membrane attached
peptides is therefore at least 3 orders of magnitude
higher than that of the free peptides present in the
solution.We also checked if the AgNP curvature has any
effect on the structureof themembraneboundAβ. SERS
experimentswith smaller particles (present in the super-
natant after mild centrifugation) yield similar results to

those obtained with larger particles, but with a reduced
signal-to-noise ratio (Figure S6).
SERS by itself does not provide residue-level infor-

mation about the location of specific secondary struc-
tural elements. This can be probed with isotopic
substitutions,39 which shift the vibrational frequencies
of the Raman peaks. We use two different isotopic
labeling sequences (isotopic sequence 1 and isotopic
sequence 2, described later) to probe the local second-
ary structures of membrane bound Aβ oligomers. We
note that partial isotopic substitution can drastically
alter the Infrared (IR) absorption spectra, but Raman
spectra appear to be less perturbed, other than the
isotope-induced shift.40 Secondary structure predic-
tion by the Chou-Fasman algorithm41 indicates possi-
ble β-turns in the Aβ40 sequence near residues A2, S8,
Q15, E22, S26 and K28. Among these, predictions about
S8 and S26 are unambiguous.41 Since the N-terminal
(residues 1�9) region has been found to be disordered
both in the solution-state oligomers and in the mature
fibrils,7 we chose to investigate the S26 region by
introducing isotopically labeled residues at the 23rd
and the 28th positions of Aβ40 (called isotopic labeling
“Sequence 1”). We find that themajority of the intensity
of the 1689 cm�1 peak shifts to ∼1678 cm�1 and the
shoulder at 1650 cm�1 shifts to 1642 cm�1 (Figure 3A,
red curve), but there are comparatively smaller changes
for the 1665 cm�1 peak. This indicates that this region
of the peptide contains a β-turn structure. A shift in the
1650 cm�1 peak to a lower wavenumber (1642 cm�1)
indicates that the 1650 cm�1 peak is also caused by the
β-turn, and confirms the absence of significant amounts
of R-helical content. Also, lack of substantial changes
for the 1665 cm�1 peakupon isotopic substitution in the
turn region indicates that this peak is primarily due to
β-sheet structures present elsewhere in the sequence.
We then used isotopic labeling at positions E11,

F19, A30, L34, V36, and G38 (Aβ40, isotopic labeling
“Sequence 2”). This particular labeling scheme was
chosen as all these amino acids are shown to be part
of twoβ-sheetsflanking the turn region (residues 23�28)
both in the mature fibrillar aggregate and in the soluble
small oligomers.7,42 We find that the 1665 cm�1 peak
loses intensity; however, a new peak arises in the
1642 cm�1 region (Figure 3A, blue curve), consistent
with an isotope-induced shift of the 1665 cm�1 peak.
The peak at ∼1650 cm�1 (consistent with a β-turn)
does not shift or significantly decrease in intensity.
This indicates that the region which has a β-sheet
character in the oligomer in solution also has a similar
character in the membrane attached oligomer. The
peak at 1689 cm�1 broadens, indicating some amount
of isotopic effect in the β-turn structural signature
as well. This possibly indicates that A30 is close to the
β-turn region.
We note that the observed signal can in principle

arise from a direct peptide�nanoparticle interaction,

Figure 3. (A) Amide I region of SERS spectra of lipid mem-
brane bound Aβ40. Black, unlabeled Aβ40; red, Aβ40 with

13C
and 15N labeledD23andK28 amino acids; blue, Aβ40with

13C
and 15N labeled E11, F19, A30, L34, V36 andG38 amino acids.
(B) Cartoon showing the backbone reorientation required to
form intermolecular parallel β-sheet structure in the fibrils,
starting from an intramolecular antiparallelβ-sheet structure
in the membrane-bound oligomers, which contain a β-turn.

Figure 2. EDP (electron density profile) of the lipid mem-
brane along its thickness, as obtained from X-ray reflectiv-
ity, before (red) and after (blue) incubation with Aβ. Arrows
indicate the position of the lipid-bulk water interface before
(red) and after (blue) Aβ incubation. Green line indicates
bulk water electron density. Film thickness and electron
densities of the layers increased after incubation with 1 μM
of Aβ.
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which if strong enough can also alter the peptide
conformation. However, in absence of the lipid bilayer
coating, incubation of Aβ oligomers in a nonaggre-
gating nanoparticle solution does not yield any mea-
surable Raman signal. On the other hand, C-terminal
cysteine labeledAβ (Aβ1�40-Cys, whichpermits a Cys�Ag
bond formation) does provide adequate signal under
similar conditions (data not shown). This shows that
interaction of unmodified Aβ with the nanoparticle is
weak at best, and our signal is unlikely to have con-
tributions from direct Aβ�Ag interactions.
Some of these predicted structural features of mem-

brane bound Aβ oligomers can be verified by solid-
state NMR, using the flash freezing and lyophilization
technique demonstrated by us earlier.7 A sample pre-
pared using this strategy is expected to have signals
from the membrane-bound as well as the free pep-
tides. To maximize the signal from the bound con-
formation, we used a lipid to peptide ratio of 75:1,
which is expected to result in the majority of the
peptide ending up in the membrane-bound state. This
was confirmed using FCS, which showed that only
small Aβ species (both vesicle-bound and free) are
present in this solution before flash-freezing, and the
percentage of lipid-bound Aβ is g70% (Figure S3).
This is consistent with our earlier results.9 We also
performed TEM imaging of these samples before
and after flash-freezing and lyophilization. We ob-
served only the vesicles, without any large Aβ aggre-
gates (Figure S4A,B). As a control, we let another
membrane-Aβ sample (not used for NMR) mature
for 4 days before freezing, and this sample clearly
shows larger fibril like structures (Figure S4C). This
confirms that our sample consisted mostly of mem-
brane-bound Aβ oligomers.

We used 2D 13C�13C correlation (PARIX-xy with
100msmixing time)43 to assign the secondary structure
of Aβ in a sample with 13C and 15N isotopic labeling
at positions R5, D7, K16, A21, G25, N27, I32, V40. A strong
truncation artifact of the lipid �CH2 can be seen at
∼32.2 ppm in the indirect dimension, so peaks falling in
that particular chemical shift range are ignored. In the
lipid-bound form, Aβ shows a trend of secondary
structure similar to the fibrils (Figure 4A,B). K16, A21,
and I32 are known to have β-sheet structure in fibrils,
and in the early oligomers.7 I32 has two β-sheet con-
formations in the fibril, while in the membrane-bound
form, it takes only the minor conformation observed
in the fibrils. Similarity of the secondary chemical
shift suggests that in the membrane-bound form they
(K16, A21, and I32) are also part of the β-sheet structure.
Some of the other residues, such as R5, D7, and N27,
show broad peaks, which make it difficult to assign
the resonances accurately. Although it is not possible
to establish the sense of the β-sheet (parallel or
antiparallel) or the presence of a β-turn from this set
of solid-state NMR data, it clearly confirms the pre-
sence of β-sheet in the same regions suggested by our
SERS findings.
We note here that SERS provides information about

the global protein conformation that is complemen-
tary to solid-state NMR (ssNMR). Our ssNMR data could
verify our Raman predictions only for a specific part of
the peptide, which is in a regular β-sheet architecture.
It is silent about the existence of the beta turn. On the
other hand, Raman provides characteristic peaks for
almost all types of secondary structures. Therefore,
Raman spectroscopy, supported in part by ssNMR, is
able to discern the β-sheet�β-turn�β-sheet structure
observed here.

Figure 4. (A) Overlay of 2D 13C�13C PARIS-xy (m = 1) (N = 0.5) spectrum of Aβ40 fibrils (positive contours blue; negative
contours green) and Aβ40 in lipid bound form (positive contours red; negative contours black) recorded with a mixing time of
100ms. (B) Secondary 13C chemical shifts calculated forAβ40fibrils (upperpanel: a) andAβ40 in lipidbound form (lowerpanel: b).
The ordinate represents the difference in observed and random-coil Ca (hatched bars), Cb (gray bars), and Co (solid bars)
chemical shifts for the uniformly labeled 13C- and 15N-amino acids in both the cases.
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DISCUSSION

The consensus structure ofmature Aβ40 fibrils, which
are supposed to be nontoxic or less-toxic,44 also has
a turn in the region of residues 23�28. However, unlike
the oligomer structure proposed herein, this turn is not
a β-turn. The turn observed in the mature Aβ-fibrils
facilitates intermolecular H-bonding and intramolecu-
lar hydrophobic interactions,45,46 which give rise to the
well-known “cross-beta” (parallel, in-register β-sheets)
architecture of the amyloid fibrils. However, the struc-
ture of the membrane bound oligomeric Aβ40 found
here shows a β-turn in the region between residues
23 and 28, flanked by antiparallel β-sheets. The model
most consistent with these observations would predict
a structure with this β-turn facilitating the formation of
intramolecular antiparallel β-sheets (Figure 3B). Thus,
while differences in the local secondary structure con-
tent between fibrils and oligomers are rather subtle,
this apparent similarity hides profound differences
in the chain geometry. The oligomer displays a near
90� turn of the backbone about its own axis (schematic
in Figure 3B depicts this rotation) and the formation of
intramolecular hydrogen bonds. This would bring the
two arms of the same peptide much closer together
than they are in the fibril.
It is interesting to speculate that such conformations

are already present in the solution-state oligomers,
even before they bind to the membrane. Structural
parameters of spontaneously formed solution-state
oligomers identified earlier7 are consistent with the
model proposed here, though they are not known
in enough detail to provide a direct confirmation.
However, a conformation similar to our model has
been strongly suggested by simulation studies, solid-
state NMR experiments performed with an engineered
variant of Aβ, and studies with antibody-bound
oligomers.47�50 CD and IR spectra of Aβ in bilayers,33,51

recorded at much higher concentrations where small

oligomers are likely to be unstable,6 also suggest
a β-sheet rich structure in the membrane (though
in some cases these β-sheets are observed to trans-
form to R-helices).33 Simulations of Aβ in the mem-
brane have suggested both R-helical52 and β-sheet
rich structures, with the parallel intermolecular
hydrogen bonded β-sheets similar to those of the
fibril.53 Our observations are at variance with such
models.
We note that a dominant hypothesis about the

mechanism of Aβ toxicity suggests that small oligomers
assemble in the membrane to form an unregulated ion
channel or a “pore”.54 The resultant disturbance of the
ionic homeostasis across the neuronal membrane
causes neuronal malfunction and, ultimately, neuronal
death. However, the only membrane spanning β-sheet
rich structures known to form transmembrane pores
belong to the family of “porins”.55 They have antiparallel
β-sheets joined by β-turns. Our observation of the
β-sheet�β-turn�β-sheet architecture of Aβ oligomers
in the membrane provides experimental evidence for
such a conformation.

CONCLUSION

In conclusion, using a novel SERS technique, we
show that there is a significant difference in the
structural organization of the membrane-bound
Aβ oligomers and fibrils. The presence of the β-sheet�
β-turn�β-sheet motif observed heremay be crucial for
understanding the differences in the toxic properties
of these two species. Our SERS approach also offers
a window into the performance of therapeutic nano-
particles that capture Aβ oligomers56 and artificial
nanopores.57 In addition, our cell-membrane-mimicking
SERS nanoparticle construct can potentially determine
the conformations of a broad range of membrane-
associated molecules, without requiring high concen-
trations or surface immobilization.

EXPERIMENTAL SECTION
Silver Nanoparticle Synthesis. One millimolar AgNO3 solution

(50 mL) was heated to boiling in a 500 mL round-bottom flask,
and 1 mL of the trisodiumcitrate solution (from a stock solution
of 0.114 g in 10 mL of water) was added to it. After 45 min of
reflux, the solution was cooled to obtain the nanoparticle solu-
tion. AgNO3 was purchased from Merck (Schuchardt, Germany),
and trisodium citrate was purchased from Sigma-Aldrich, Inc.
(St. Louis, MO).

Peptide Synthesis. All the Aβ40 peptides (13C labeled and
unlabeled) used here were synthesized, purified, and character-
ized in the laboratory. The peptides were synthesized in an
automated solid phase peptide synthesizer (PS3, Protein Tech-
nologies, Inc. Tucson, AZ) using 9-fluorenylmethoxycarbonyl
(Fmoc) chemistry. All the Fmoc amino acids and reagents were
purchased from Merck (Schuchardt, Hohenbrunn, Germany).
Isotopically labeled Fmoc amino acids were purchased from
CortecNet (Voisins-Le-Bretonneux, France).

Preparation and Characterization of Oligomers. Stock solutions
(pH 10.5, 100 μM) of Aβ40 were diluted to a concentration of

2 μM by pH 7.4 phosphate buffer (buffer composition: 20 mM
Na2HPO4, 150 mM NaCl, 5 mM KCl, pH adjusted to 7.4). These
solutions were incubated for 30 min, to obtain small oligomer-
rich solutions. The size and membrane affinity of the small
oligomers weremeasured using Fluorescence Correlation Spec-
troscopy (FCS), as described earlier.9

Preparation of SERS Samples. A thin film of lipidwas produced by
mixing POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine),
POPG (1-palmitoyl-2-oleoyl-sn-glycero-3 phosphoglycerol), and
cholesterol in equal molar ratios (PPC111; 15 mg in total) in
chloroform, followed by drying under nitrogen stream. Remaining
chloroform was removed under vacuum.

Silver nanoparticles were synthesized in the lab as described
earlier. To coat lipid bilayers on AgNPs, first 8 mL of the silver
nanoparticle (AgNPs) solution was centrifuged and the super-
natant was discarded. Then, the precipitate was resuspended in
1 mL of distilled water and vortexed in the presence of PPC111
(15 mg). The mixture was then sonicated for 20 min in a water
bath sonicator. The process of sonication coats a lipid bilayer on
top of AgNPs. These coated AgNPs were tested to be stable
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against salt. CoatedAgNPswere separatedbymild centrifugation
(2000g, 12 min) followed by resuspension in phosphate buffer.
The oligomeric solution of Aβ40 was thenmixedwith lipid bilayer
coated AgNP solution. Aβ oligomers were allowed to interact
with the lipid bilayer coat for 3 h. Immediately after the incuba-
tion period, SERS experiments were performed.

SERS Measurements. The Gramicidin A solution was allowed to
incubate with the coated AgNPs for 6 h before experiments. All
the Aβ40 solutions andmellitin solutionwere incubatedwith the
AgNPs for 3 h before experiments. Raman spectra were re-
corded with a Confocal Raman Microscope (Witec Alpha300 RS,
Germany) by exciting at 532 nm using∼900 μWpower and 30 s
of integration time. A 50�, 0.55 NA Zeiss air objective was used
and the emission was collected by a 100 μm diameter optical
fiber in a confocal geometry.

Confocal Measurements. Confocal measurements were per-
formedwith a confocalmicroscope (LSM710, Carl Zeiss, Germany)
using a 40�water immersion objective. A 488 nm laser excitation
was used, and the fluorescence was collected between 500 and
600 nm.

TEM Measurements. Ten microliters of the sample solutions
(either AgNPs or Membrane bound Aβ) was added to carbon-
coated 100 mesh copper grids (Electron Microscopy Sciences,
Hatfield, PA). After 2�3 min of incubation, excess solvent was
blotted with tissue paper, and the sample was subjected to
4�5 cycles of mild washing with milli-Q water. Sample staining
was achieved by incubation with 0.1% of uranyl acetate for
5min. Thegridsweredried under an infrared lampandexamined
under a transmission electron microscope (LIBRA 120, EFTEM,
Carl Zeiss, Germany).

For examination of the lyophilized sample, a small amount
of the solid powder was resuspended in water before placing it
on the carbon-coated 100 mesh copper grid.
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