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ABSTRACT: The appearance of neuritic amyloid plaques
comprised of β-amyloid peptide (Aβ) in the brain is a
predominant feature in Alzheimer’s disease (AD). In the
aggregation process, Aβ samples a variety of potentially toxic
aggregate species, ranging from small oligomers to fibrils. Aβ
has the ability to form a variety of morphologically distinct and
stable amyloid fibrils. Commonly termed polymorphs, such
distinct aggregate species may play a role in variations of AD
pathology. It has been well documented that polymorphic
aggregates of Aβ can be produced by changes in the chemical
environment and peptide preparations. As Aβ and several of its aggregated forms are known to interact directly with lipid
membranes and this interaction may play a role in a variety of potential toxic mechanisms associated with AD, we determine how
different Aβ(1−40) preparation protocols that lead to distinct polymorphic fibril aggregates influence the interaction of Aβ(1−
40) with model lipid membranes. Using three distinct protocols for preparing Aβ(1−40), the aggregate species formed in the
absence and presence of a lipid bilayers were investigated using a variety of scanning probe microscopy techniques. The three
preparations of Aβ(1−40) promoted distinct oligomeric and fibrillar aggregates in the absence of bilayers that formed at different
rates. Despite these differences in aggregation properties, all Aβ(1−40) preparations were able to disrupt supported total brain
lipid extract bilayers, altering the bilayer’s morphological and mechanical properties.

A common feature associated with several neurodegener-
ative diseases is the formation of extended, β-sheet rich,

proteinaceous fibril aggregates, commonly termed amyloid.1

Neuritic amyloid plaques composed predominately of aggregate
forms of β-amyloid peptide (Aβ) are a major neuropathological
hallmark of Alzheimer’s disease (AD). The process of Aβ
aggregation can be multifaceted and complex, with several
metastable, intermediate species directly associated with fibril
formation.2,3 Similar to other amyloid-forming peptides, Aβ
forms a variety of aggregates, including distinct oligomers and
protofibrils.4−7 Furthermore, Aβ can also aggregate into a
variety of morphologically distinct fibril structures, termed
polymorphs.5,8,9 The polymorphic Aβ fibril structure depends
on numerous environmental conditions during aggregation, and
as a result, the protocol used to prepare Aβ for in vitro
experiments directly determines Aβ fibril morphology.8 While
polymorphic aggregates are readily observed in in vitro studies,
such structures are also detected in amyloid aggregates
extracted from tissue, suggesting that a variety of distinct Aβ
aggregate morphologies may play a role in AD.10,11 For
example, it has been proposed that polymorphic aggregates and
fibrils may result in distinct biological activities and levels of
toxicity.12

A potentially important contributing factor to the emergence
of distinct polymorphic aggregates is the presence of cellular
surfaces comprised predominately of lipids. The lipid bilayer
environment associated with cellular membranes exerts an
influence on protein structure and dynamic behavior,
potentially acting in such a way to nucleate Aβ aggregation
and/or promote the formation of specific Aβ aggregate
species.13 Importantly, model lipid membranes alter Aβ
conformation and exert enormous influence on the aggregation
state.14−19 Beyond promoting Aβ aggregation,20,21 cellular
membranes may be directly damaged by Aβ aggregates and/
or the aggregation process, causing membrane dysfunction
because of perturbation of the bilayer structure and/or the
formation of pores.22−25 Lipids can promote and stabilize toxic
Aβ protofibrils when the peptide has already aggregated into
mature fibrils, providing another potential role for lipids in Aβ
toxicity.26

Most studies of membrane-mediated Aβ aggregation have
been performed with model systems, such as lipid vesicles or
supported bilayers of varying composition, highlighting the
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importance of the chemical and physical properties of lipid
membranes in the aggregation process.27−35 As the ability of Aβ
to form polymorphic aggregates depending on preparation
(prep) conditions is well established, and the interaction
between Aβ and lipid membranes may play a key role in several
potential toxic mechanisms associated with AD, there is a need
to understand how preparatory protocols of Aβ influence Aβ−
lipid interactions. Herein, we determine how different
preparation protocols of Aβ(1−40) that lead to polymorphic
fibrils influence the interaction of Aβ(1−40) with model lipid
membranes. Three distinct protocols for preparing Aβ(1−40)
(Table 1) were used. These preparations varied in the method

of disaggregating stock lyophilized samples of Aβ(1−40) and
final buffer conditions, and each preparation has been reported
to produce unique aggregate structures.8,36 We characterize the
aggregates formed in free solution (in the absence of a bilayer)
from these three different preparations of Aβ(1−40), verifying
that they promote not only fibril polymorphs but also distinct
oligomers. Then, we expose model total brain lipid extract
(TBLE) bilayers to Aβ(1−40) prepared by these different
protocols to determine their impact on the interaction of
Aβ(1−40) with membranes.

■ MATERIALS AND METHODS

Aβ Peptide Preparation. Lyophilized, synthetic Aβ(1−40)
(AnaSpec Inc., San Jose, CA) was prepared by three distinct
protocols shown to result in the formation of distinct,
polymorphic fibril aggregates. Preparations B and C were
based on protocols published by Kodali et al. (also labeled B
and C),8 and preparation S was based on the work of Stine et
al. (Table 1).36 An initial disaggregation step was performed for
prep C as follows: The lyophilized peptide was suspended in 1
mL of trifluoroacetic acid (TFA), sonicated for 10 min in a bath
sonicator (VWR, model 75D) at 25 °C, and dried under a
gentle stream of nitrogen to obtain a thin Aβ film. This film was
dissolved in 1 mL of hexafluoroisopropanol (HFIP) and
incubated at 37 °C for 1 h. The peptide was dried under a
gentle stream of nitrogen. The new Aβ film was treated a
second time with 2 mL of HFIP to ensure complete removal of
the TFA and again dried under a nitrogen stream. The resulting
peptide film was further dried under vacuum in a Vacufuge
concentrator (Eppendorf) for 60 min. Fresh 2 mM NaOH (0.5
mL) was added to each tube and left to stand undisturbed for 5
min; 0.5 mL of 2× phosphate-buffered saline (PBS) (pH 7.3)
with 0.1% sodium azide was slowly added to each sample
without agitation. Each sample tube was centrifuged at 386000g
overnight at 4 °C in an ultracentrifuge. After 24 h, the
supernatant was carefully removed and the disaggregated
peptide was snap-frozen in liquid nitrogen and stored at −80
°C. These frozen aliquots were thawed on ice, and the actual
peptide concentration of the stock was determined using the
Protein A280 assay of a NanoDrop spectrophotometer
(Thermo Scientific). Then, a final dilution into PBS (pH 7.3)
containing 0.05% (w/v) sodium azide to the desired final
concentration of 20 μM for experiments was performed.

In prep B, there was no initial disaggregation step, and
samples were prepared directly from the lyophilized Aβ stock.
In short, 2 mM NaOH was added to the peptide, followed by
sonication for 5 min in a bath sonicator (VWR, model 75D) at
25 °C, and measurement of the actual peptide concentration of
the stock using the Protein A280 assay of a NanoDrop
spectrophotometer (Thermo Scientific). Then, dilution to the
desired final peptide concentration of 20 μM in 10 mM
phosphate buffer (pH 7.4) and 0.05% (w/v) sodium azide for
experiments was performed.
For prep S, Aβ(1−40) was treated with HFIP to dissolve

seeds and preexisting aggregates within the lyophilized stock.
The peptide sample was placed in a Vacufuge concentrator
(Eppendorf) to remove all HFIP, resulting in a peptide film. To
make a 2000 μM stock solution, the peptide film was dissolved
in 10 μL of dimethyl sulfoxide (DMSO) at 37 °C and sonicated
in a bath sonicator (VWR, model 75D) for 20 min at 25 °C,
and the actual peptide concentration of the stock was measured
using the Protein A280 assay of a NanoDrop spectropho-
tometer (Thermo Scientific). The stock solution was diluted
into PBS buffer (pH 7.3) to obtain a final concentration of 20
μM. For aggregation assays in free solution, incubations of all
three preps were maintained at 24 °C. For in situ AFM
experiments, the final dilution to 20 μM was performed in the
fluid cell for all three preps.

Thioflavin T (ThT) Aggregation Assay. A stock solution
of 1 mg/mL ThT (Acros Organics) was prepared. Samples of
Aβ(1−40) prep B, C, or S were prepared at 20 μM and
incubated with 20 μM ThT at 24 °C in clear 96-microwell
plates that were sealed to prevent evaporation. The ThT
fluorescence was measured every 15 min for 60 h using a
microplate reader (Molecular Devices, Sunnyvale, CA) with
excitation and emission filters set at 440 and 480 nm,
respectively, and a medium flash (six flashes/read). All ThT
fluorescence assays were performed in triplicate, normalized,
and plotted in arbitrary units (a.u.). ThT assay results were
verified among four independently performed experiments.

Preparation of Supported Lipid Bilayers. At a
concentration of 1 mg/mL, three different stock solutions of
lyophilized porcine TBLE (Avanti Polar Lipids, Alabaster, AL)
were made from the same lot of lipids. The buffers of the three
stock solutions matched those associated with each Aβ prep.
Each stock solution was treated similarly to prepare lipid
vesicles. In short, bilayers and multilayer lipid sheets were
formed by five cycles of freeze−thaw treatment using an
acetone/dry ice bath,18,19 and these lipid suspensions were
sonicated for 15 min in a bath sonicator (VWR, model 75D) at
25 °C. Each buffer (15 μL) was injected directly into the AFM
fluid cell, and via vesicle fusion, a 40 μm × 40 μm supported
lipid bilayer was formed on freshly cleaved mica. Three washes
with 15 μL of PBS were performed to remove excess lipid
vesicles from the fluid cell once the bilayer was formed.

Atomic Force Microscopy (AFM) Imaging Conditions.
For ex situ AFM imaging of dried samples, 2 μL aliquots of each
Aβ incubation were spotted onto freshly cleaved mica for 30 s
at various time points, washed with 200 μL of high-
performance liquid chromatography grade water, and dried
under a gentle stream of nitrogen. For each Aβ preparation,
three separate incubations were performed, and each was
sampled at various times for AFM analysis. Peptide aggregate
depositions were imaged with a Nanoscope V MultiMode
scanning probe microscope (Veeco, Santa Barbara, CA)
operated in tapping mode and equipped with a closed-loop

Table 1. Aβ(1−40) Preparation and Incubation Conditions

prep temp (°C) buffer monomer disaggregation ref

B 24 phosphate none Kodali et al.8

C 24 PBS HFIP/TFA Kodali et al.8

S 24 PBS HFIP/DMSO Stine et al.36
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vertical engage J-scanner. Images were acquired with diving
board-shaped silicon cantilevers with a nominal spring constant
of 40 N/m, scan rates of 2−3 Hz, and a resonance frequency of
∼300 kHz.
In situ AFM experiments were also performed with a

Nanoscope V MultiMode scanning probe microscope (Veeco)
equipped with a fluid cell sealed with an O-ring and operated in
tapping mode with scan rates of 1−2 Hz and cantilever drive
frequencies of ∼8−10 kHz. In situ images were obtained with
V-shaped oxide-sharpened silicon nitride cantilevers with a
nominal spring constant of 0.5 N/m (Budget Sensors, Sofia,
Bulgaria). Filtered buffer (35 μL), which matched each Aβ
prep, was added to the fluid cell, and background images were
obtained to ensure cleanliness of the cell before direct injection
of 15 μL of a TBLE stock solution. Once formed, TBLE
bilayers were exposed to each preparation of Aβ at a final
concentration of 20 μM. Upon injection of Aβ, a 10 μm × 10
μm image of the surface with 1024 pixel × 1024 pixel resolution
was taken before sealing the fluid cell to prevent evaporation.
The bilayer was imaged again 4−8 and 16−20 h after exposure
to Aβ(1−40).
Scanning Probe Acceleration Microscopy (SPAM)

Imaging Conditions. Height images (10 μm × 2.5 μm)
were captured with 512 pixel × 128 pixel resolution while
simultaneously capturing the entire cantilever deflection signal
for SPAM analysis.37 Via a combination of a signal access
module (Veeco) and a CompuScope 14100 data acquisition
card (Gage, Lachine, QC), cantilever deflection trajectories
were captured at 2.5 MS/s and 14 bit resolution with a vertical
range of 2 V. A Fourier transform-based harmonic comb filter
was applied to the deflection signal. To obtain the time-
resolved tip acceleration, the second derivative of the filtered
cantilever deflection (tip acceleration) was scaled by the
effective mass (meff) of the cantilever to obtain the time-
resolved imaging force associated with every tapping event
during imaging. meff was determined using a thermal tuning
method by obtaining the spring constant and resonance
frequency of the cantilever.38

Quantitative Image Analysis. AFM image analysis was
performed using MATLAB equipped with the image processing
toolbox (MathWorks, Natick, MA) as described in greater
detail by Burke et al.39 In short, physical dimensions of Aβ
aggregates were measured automatically from AFM images.
AFM images were (1) imported into MATLAB, (2) flattened
to correct for background curvature, and (3) converted into
binary maps of aggregate locations using a height threshold set
at 0.5 nm (assigning values of 1 to any image pixel that
represented a height above the threshold and assigning a value
of 0 to any pixel corresponding to a height below the
threshold).40 (4) Individual aggregates were located by looking
for groupings of five or more pixels in the binary map that were
equal to one using pattern recognition algorithms. (5) Specific
features (height, volume, contour length, etc.) of each
individual aggregate were measured by implementing the
region property commands from the image processing toolbox
in MATLAB and cross-referencing the binary map. Each
detected aggregate was assigned an individual tracking number
so that sorting into different types of aggregates (i.e., fibril or
oligomer) based on measured dimensions could be verified by
locating and labeling the aggregates identified by such filters. In
this way, data sets were constructed that could be used to track
thousands of individual aggregates and sort them on the basis
of specific dimensional criteria.39

Analysis of the surface roughness and the percent area of
bilayer disruption was performed as follows: (1) AFM images
were imported into MATLAB. (2) Flattening was used to
correct for background curvature. (3) Images were converted
into binary maps using a height threshold set at 0.3 nm (an
unperturbed bilayer has a roughness of ∼0.2 nm) in the same
fashion as described above. (4) Because of the large variability
of height within a region of the bilayer with a disrupted
morphology, there are pixels associated with these regions that
are smaller than the 0.3 nm threshold, which necessitated an
additional step to include these pixels in further calculations.
This was accomplished by applying a smoothing filter to the
binary image that resulted from the initial application of the
height threshold. (5) As image pixels associated with
undisrupted and disrupted regions of the bilayer have now
been identified by the binary image, the surface roughness of
these regions can be calculated by determining the root-mean-
square (rms) roughness of just those pixels associated with each
type of region. Comparison of the rms roughness of
undisrupted regions of bilayers exposed to Aβ with the rms
roughness of bilayers that were not exposed to Aβ can act as an
internal control. The percent area of the bilayer disrupted can
be calculated by determining the fraction of pixels assigned a
value of 1 in the binary image.

■ RESULTS

Different Aβ(1−40) Preparation Protocols Alter Ag-
gregation Kinetics and Aggregate Morphology. To
compare the aggregation of Aβ(1−40) prepared by the three
different protocols and verify the formation of polymorphic
aggregates, we performed a combination of ThT aggregation
assays and AFM analysis of aggregate morphology under free
solution aggregation conditions (defined as no surface or lipid
present during incubation). Aggregation that occurred in
solution in the absence of any lipid surface will be termed to
occur in “free” solution. That is, these aggregation reactions
occurred free from the presence of any lipid surfaces. Three
distinct 20 μM Aβ(1−40) solutions were prepared via the
corresponding protocol as described in Materials and Methods
and Table 1, and the aggregation kinetics of preps B, C, and S
were analyzed by a ThT assay (Figure 1). While Aβ(1−40)
prepared by the three different protocols displayed the
characteristic lag and growth phases traditionally associated
with amyloid formation, the apparent rates associated with

Figure 1. ThT analysis of the aggregation of Aβ(1−40) prepared by
the three different protocols, B, C, or S. Curves were normalized to the
maximal value of fluorescence. Each curve represents the average of
triplicate measurements performed on a single 96-microwell plate, but
the results were reproduced in a total of four experiments.
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these phases varied across preparations. Prep C had the shortest
lag phase (∼1.5−2 h), followed by prep B and prep S with lag
phases of ∼15−16 and ∼17−18 h, respectively. All three
preparations of Aβ(1−40) then underwent a growth phase that
eventually reached a steady state ThT fluorescence level. Of the
three preparations, prep S appeared to have the slowest growth
phase. It is surprising that prep C, which involved the most
extensive disaggregation procedures, has the shortest lag phase.
A potential explanation for this is that the snap-freezing and
subsequent thawing of the resulting stock solution of Aβ(1−
40) prepared by prep C result in the re-formation of some
seeds. Importantly for this study, there were still an observed
lag phase, growth phase, and steady state phase from which we
could sample for analysis of fibril and oligomer morphology.
Incubations of Aβ(1−40) prepared by each protocol were

sampled and deposited on a mica substrate at a time point after
the growth phase had reached steady state (based on the ThT
assay) for AFM analysis of the resulting fibril aggregates. On
the basis of these images, the three Aβ preparation protocols
indeed promoted the formation of distinct Aβ fibril polymorphs
when they were incubated in free solution (Figure 2). Image
analysis was performed to investigate the morphological
differences of fibrils associated with each Aβ(1−40) prepara-
tion. For this analysis, only features taller than 0.5 nm with an
aspect ratio (aggregate length divided by width) of >3 were
defined as fibrils. The ability of such criteria to successfully
distinguish fibrils from AFM images has been previously
established.39 As the height can vary along the length of a fibril,
the average height (or thickness perpendicular to the long axis
of the fibril) along the contour of each fibril was determined.
The distribution of this average height varied for fibrils
associated with each Aβ preparation (Figure 2B). The results

of this analysis (average, mode, and median of the measured
heights) are summarized in Table 2. Prep B formed thin,

relatively smooth fibrils with an average height of 2.0 ± 0.5 nm,
which corresponds well to the mode and median of the
distribution. Prep C fibrils had a stronger propensity to
accumulate into large bundles, but individual fibrils were
approximately twice as large compared to those from prep B on
average. This average height of prep C is slightly larger than the
mode because of the distribution of fibrils being skewed to
larger values of height. Prep S resulted in the thickest fibrils
with an average height and mode roughly 3 times larger than
those of fibrils of prep B. Fibrils formed by prep S were often
entangled and displayed the largest variation in height, as their
morphology often had periodic features along their contours.
Visual morphological inspection combined with these average
height measurements confirmed that distinct, polymorphic
fibrils were formed by the three different Aβ(1−40)
preparation protocols.
While it was clear that the late stage fibril aggregates

associated with each preparation were indeed polymorphs, we
next wanted to determine if distinct oligomeric precursors were
also formed in free solution. For this analysis, aliquots were
taken from the different Aβ(1−40) incubations at time points
corresponding to the initial stages of the growth phase as

Figure 2. Three preparatory protocols for Aβ(1−40) resulted in polymorphic fibril aggregates in free solution. (A) Representative ex situ AFM
images of fibrils formed by Aβ(1−40) prepared by protocol B, C, or S. Samples were taken at time points corresponding to the post-growth phase
steady state condition indicated by ThT (Figure 1) for each preparation. The scale bar is applicable to all images. (B) Histograms of the average
heights along the fibril contour for fibrils formed by each preparation. Data presented here for each preparation were compiled from several images
from three independent replicates of the aggregation experiment.

Table 2. Height Measurements of Fibrils Associated with
Each Preparation Protocol (aggregation in solution)

prep mean ± STD (nm) mode (nm) median (nm)

B 2.0 ± 0.5 1.75−2.25 2.1

C 4.4 ± 1.6 2.15−4.25 4.2

S 6.3 ± 1.2 5.5−6.5 5.9
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Figure 3. Three preparatory protocols for Aβ(1−40) resulted in distinct oligomeric aggregate populations in free solution. (A) Representative ex situ
AFM images of globular, oligomeric aggregates formed by the different Aβ(1−40) prepared by protocol B, C, or S. Samples were taken during the
growth phase indicated by ThT (Figure 1) for each preparation. The scale bar is applicable to all images. Oligomers are indicated by pink arrows. (B)
Height and (C) diameter histograms of oligomers formed by each preparation. (D) Correlation plots of oligomer height vs diameter. Data presented
here for each preparation were compiled from several images from three independent replicates of the aggregation experiment.

Table 3. Height and Diameter Measurements of Oligomers Associated with Each Preparation Protocol (aggregation in
solution)

height diameter

prep mean ± STD (nm) mode (nm) median (nm) mean ± STD (nm) mode (nm) median (nm)

B 2.9 ± 1.3 2.0−4.0 2.8 57.1 ± 20.1 37−45 51.0

C 2.5 ± 0.8 2.0−2.5 2.3 40.3 ± 14.5 30−40 37.5

S 6.5 ± 3.3 4.0−5.3 5.5 61.7 ± 27.6 42−58 55.1
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assessed by the ThT assay. These aliqouts were deposited on
mica, dried, and imaged with AFM for analysis (Figure 3). Each
Aβ preparation formed oligomers (Figure 3A). To distinguish
oligomers from fibrils that may also be present in some of the
images, oligomers were defined as features taller than 0.5 nm
with an aspect ratio of <3, indicating a globular, circular
structure. The ability of such criteria to successfully distinguish
oligomers from fibrils in AFM images has been demonstrated.39

The height and diameter of individual oligomers were
measured, and the averages of these measurements are listed
in Table 3. Because of the globular morphology associated with
oligomers, the height was defined as the tallest image pixel
contained within the aggregate structure. Analysis of oligomer
heights (Figure 3B) and diameters (Figure 3C) indicated that
the three Aβ(1−40) sample preparations also led to distinct
oligomeric aggregates. While the average height of oligomers
formed by prep B was 2.9 ± 1.3 nm, the height distribution
appears to be slightly bimodal, suggesting that there may be
two populations of oligomers associated with this prep. In prep
B, there appears to be a population at ∼1.75−2.25 nm and
another at ∼3.5−4.0 nm; however, the overall mode of the
height distribution encompasses this entire range. There is no
clear indication of a bimodal distribution of measured diameters
of prep B oligomers. However, there is a pronounced tail in the
diameter distribution of prep B oligomers, suggesting that
perhaps the lateral resolution of AFM, which is limited by the
finite size of the probe, was not able to resolve these two
potential populations. In contrast, the height distribution of
prep C Aβ(1−40) oligomers was quite sharp, with an average
height of 2.5 ± 0.8 nm with a mode of ∼2.0−2.5 nm. The prep
C oligomers also had the smallest average diameter. Oligomers
associated with prep S were larger than the oligomers of the
other two preps. There was also a significant population of
larger oligomers (taller than 6 nm) observed for prep S. The
distinct morphologies associated with oligomers of each
preparation can be visualized by correlation plots of the height
versus diameter of each individually measured oligomer (Figure
3D). It should also be noted that the diameter measurements
are inflated because of the finite size of the AFM probe, and the
reported numbers are not corrected for this contribution.
The observed sizes of these different oligomeric species are

similar to those of Aβ aggregates observed by AFM in the
literature. Aβ-derived diffusible ligands (ADDLs) range from 5
to 6 nm in height,6 and spherical Aβ aggregates termed
globulomers are 4−5 nm in height.41 Both of these reported
aggregate species are similar in size to the oligomers associated
with prep S in this study. Smaller oligomers observed for preps
B and C are similar to a smaller subset of globulomers that have
been reported to range from 1 to 2 nm in height.41 However, it
should be noted that, on the basis of height, oligomers observed
in this study are most likely larger than dodecamers, as the
dodecamer Aβ*56 was shown to be only ∼1 nm in height.42

Aβ(1−40) Prepared by Different Protocols All Disrupt
Lipid Bilayer Morphology. To determine how the
preparation history of Aβ(1−40) affected its interaction with
membranes, supported TBLE bilayers were systematically
exposed to 20 μM solutions of Aβ(1−40) prepared by the
three different protocols and imaged in solution using AFM.
TBLE bilayers contain a physiologically relevant mix of lipid
components (i.e., cholesterol, sphingolipids, isoprenoids,
gangliosides, and both acidic and neutral phospholipids), and
several properties of supported lipid bilayers are known to
closely mimic those of free membranes.43,44 Unperturbed

TBLE bilayers appear to be smooth when they are imaged by
AFM in solution and are stable for at least 24 h. The Aβ
peptide was directly injected into the AFM fluid cell, and an
image was taken immediately to ensure that the injection
process did not damage the lipid bilayer. At 20 μM Aβ, no
detectable alterations in the bilayer morphology or protein
aggregates were observed within 4−6 h of exposure to each
preparation of Aβ(1−40). Furthermore, continuous imaging of
the bilayer appeared to interfere with the interaction between
Aβ(1−40) and the supported bilayer. Therefore, the tip was
disengaged from the bilayer surface, and we waited 16 h to
resume imaging of the surface to provide sufficient time for the
peptide to interact with the bilayer. AFM images were then
collected at time points corresponding to 16−20 h after the
initial exposure to the different preparations of Aβ(1−40).
After being exposed for 16 h, regions of increased surface

roughness were observed on the supported bilayer for all three
preparations of Aβ(1−40) (Figure 4). These regions contained

what appeared to be Aβ(1−40) aggregates. For prep B, these
aggregates were predominately oligomeric; however, for preps
C and S, much larger amorphous aggregates were also
observed. To determine the extent of interaction of each
distinct Aβ(1−40) preparation with the bilayer, the percent
surface area of the bilayer disrupted by Aβ(1−40) and the
surface roughness of the disrupted regions were calculated
using imaging processing software (Figure 5). After exposure
for 16 h, the fraction of the bilayer surface area that was
disrupted by each preparation was similar in magnitude, with
preps B, C, and S disrupting 47.9 ± 4.6, 50.5 ± 5.9, and 50.5 ±
3.3% of the bilayer surface, respectively. While the area of the
bilayer disrupted by Aβ(1−40) for preps B, C, and S was
similar, the observed rms roughness within the disrupted
regions varied with the Aβ preps. A freshly formed,
unperturbed TBLE bilayer had a rms surface roughness of
0.22 ± 0.07 nm (Figure 5B). The rms roughness measurements
of the regions of disrupted bilayer morphology were restricted
to those regions, and pixels associated with Aβ aggregates were
removed from the analysis to avoid bias due to variations in the

Figure 4. Representative in situ AFM images of supported bilayers
after their exposure for 16−20 h to neat buffer (TBLE + buffer) or
Aβ(1−40) prepared by protocol B, C, or S. The scale bar is for all
AFM images. Note that the color scheme for each image is different.
Arrows indicate oligomeric (pink) or amorphous (blue) aggregates.
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number of aggregates within a region. Each Aβ preparation
induced significant (p < 0.01) bilayer roughening when
compared to undisturbed TBLE as assessed by a t test. Prep
B had an increased surface roughness of 2.41 ± 0.18 nm, which
was significantly smaller than the roughness associated with
preps C and S. Prep C induced a rms surface roughness of 4.00
± 0.32 nm in the bilayer, and prep S caused an increased rms
surface roughness of 3.39 ± 0.60 nm. This greater induced
magnitude of surface roughening may potentially be associated
with the formation of the larger amorphous aggregates
observed for both preps C and S, but not prep B.
Next, we analyzed the size of the Aβ(1−40) aggregates

observed on the supported bilayers to determine if these preps
still resulted in distinct aggregates in the presence of the lipid
and/or if the lipid altered the type of aggregates formed. As
there were no clear fibrils observed to form on the bilayer in the
experimentally accessible time frame associated with the AFM
experiments on lipid bilayers, we were unable to assess if fibril
structure was altered on the membrane surface. We were,
however, able to analyze oligomers that formed in the presence
of the lipid bilayers (Figure 6 and Table 4). In an analysis of the
size of oligomers and other aggregates observed on the TBLE
bilayers, it is important to note a few caveats that are applicable

Figure 5. Quantification of lipid bilayer roughening. (A) Percent area
of TBLE bilayers containing increased roughness induced by Aβ(1−
40) prepared by the different protocols. The area of the bilayer
affected by exposure to Aβ(1−40) prepared by the distinct protocols
was not significantly different. (B) rms roughness analysis of regions of
the bilayer disrupted by Aβ(1−40) prepared by the different protocols.
All three preparations of Aβ(1−40) significantly roughened the bilayer
compared to TBLE bilayers that had not been exposed to any peptide.
However, the rms roughness associated with exposure to preparations
C and S was significantly larger than that associated with prep B (*p <
0.01). Data presented here for each preparation were compiled from
several images from at least three separate experiments.

Figure 6. Morphological analysis of oligomers formed by Aβ(1−40) prepared by protocol B, C, or S in the presence of total brain lipid extract
bilayers. (A) Height and (B) diameter histograms of oligomers formed by each preparation in the presence of lipid bilayers. (C) Correlation plots of
oligomer height vs diameter. Data presented here for each preparation were compiled from several images from at least three separate experiments.
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to all Aβ(1−40) preps. First, in the AFM images, there is no
way to determine if the aggregate is comprised completely of
peptide or if there are some lipid components incorporated into
the structure. The possibility that lipid components are
included in the observed aggregates is reasonable considering
that lipid components are found in neuritic plaques and
inclusions.45,46 Second, we are able to analyze only the
aggregate structure protruding above the lipid bilayer. As the
aggregate may be partially inserted into the bilayer, the actual
size of the aggregate may be underestimated. Finally, as AFM
can image features only on the surface, we cannot determine if
the aggregate formed on the bilayer surface or in the solution
above the bilayer before being deposited on the surface.
Oligomers observed on the bilayer associated with prep B

were on average (Figure 6 and Table 4) larger than those
observed to form in the absence of the bilayer under the same
respective preparatory conditions (Figure 3). Furthermore,
there was no indication of a bimodal distribution in height of
prep B oligomers on the bilayer, and the mode of this height
distribution fell between the two observed modes of prep B
oligomers formed in free solution. While no oligomers larger
than 6 nm in height were observed for prep B incubations in
free solution, such larger oligomers were commonly observed
on the bilayer. While there is considerable overlap between the
height versus diameter correlation plots of prep B oligomers
formed in the presence and absence of bilayers, the variation in
oligomer size is much more pronounced in the presence of the
bilayer. This analysis indicates that prep B oligomers formed in
the presence of the bilayer have a more heterogeneous
distribution of size and morphology.
In a comparison of the oligomers formed from prep C in the

absence (Figure 3 and Table 3) and presence of bilayers
(Figure 6 and Table 4), there is a significant shift to much
larger aggregate species observed on the bilayer. While the
height mode of prep C oligomers formed in free solution was
∼2.0−2.5 with few oligomers larger than 4 nm, there were
minimal oligomers observed that were smaller than 3.0 nm on
the bilayer, and there was a large, heterogeneous population of
oligomers ranging from 4 to 7.5 nm in height. A significant
population of prep C oligomers larger than 8 nm in height was
also observed on the bilayer. While the majority of oligomers
formed in free solution from prep C were smaller than 40 nm
in diameter, the distribution of oligomer diameters starts at ∼40
nm on the bilayer. Comparison of the height versus diameter
correlation plots associated with prep C oligomers formed in
the absence or presence of lipid bilayers suggests that the lipid
membrane promotes the formation of a distinct population of
larger oligomers for this preparation protocol.
While the distributions of oligomer size observed on the

bilayer with prep S (Figure 6 and Table 4) were similar to those
observed in the absence of bilayer (Figure 3 and Table 3), the
oligomers on the bilayer were skewed slightly larger to their
free solution counterparts. For prep S, there was also significant
overlap in the height versus diameter correlation plots between
oligomers formed in the absence or presence of bilayers. On the

basis of morphology alone, it is not apparent that these
oligomers appearing on the bilayer with prep S are different
from their free solution counterparts.
While not observed in appreciable numbers for prep B, there

were a significant number of larger, amorphous aggregates
formed by prep C and prep S in the presence of the lipid bilayer
(Figures 4 and 7). Similar amorphous aggregates were not

present in AFM images of aggregates formed in free solution.
We are terming these structures amorphous aggregates for
several reasons. (1) Their height above the bilayer is
significantly larger than those of other aggregate types
observed, and (2) they do not have an obviously globular or
fibrillar morphology as they had a bumpy, clumpy appearance.
It is possible that these amorphous structures represent
accumulations of smaller aggregate structures. These amor-
phous aggregates were observed only in regions of the
supported bilayers that displayed increased surface roughness.
Because of their unique morphology, amorphous aggregates
typically had aspect ratios of >3, and thus, they could be
systematically identified in images to construct height and
diameter histograms (Figure 7). The amorphous aggregates
formed by prep C were typically smaller in height than those of
prep S, with average values of 17.8 ± 5.5 and 29.2 ± 6.5 nm,
respectively. Despite being shorter, the amorphous aggregates
of prep C often were larger in the lateral dimension than their
prep S counterparts (Figure 7B); however, amorphous
aggregates for both preps were highly heterogeneous, without
a clear mode in size.

Table 4. Height and Diameter Measurements of Oligomers Associated with Each Preparation Protocol (aggregation on bilayer)

height diameter

prep mean ± STD (nm) mode (nm) median (nm) mean ± STD (nm) mode (nm) median (nm)

B 4.1 ± 1.5 3.0−3.75 3.9 63.0 ± 14.4 50−65 63.3

C 5.8 ± 1.7 4.0−7.5 6.4 66.6 ± 14.2 45−70 67.4

S 6.7 ± 1.4 4.0−5.3 7.6 62.0 ± 25.6 50−60 58.7

Figure 7. Morphological analysis of amorphous aggregates formed by
Aβ(1−40) prepared by protocol C or S in the presence of total brain
lipid extract bilayers. (A) Height and (B) diameter histograms of
oligomers formed by each preparation in the presence of lipid bilayers
are presented. Data presented here for each preparation were compiled
from several images from at least three separate experiments.
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Aβ Prepared by Different Protocols Induce Similar
Mechanical Changes in Lipid Bilayers. As all of the Aβ(1−
40) preparations altered the morphology of the supported lipid
bilayers, we next determined the mechanical impact of these
changes associated with exposure to Aβ(1−40). To accomplish
this, SPAM, which recovers the time-resolved tip/sample force
associated with every tapping event during the acquisition of a
tapping mode AFM image taken in solution, was used.37

Specific features of these time-resolved tip/sample forces, the
maximal tapping force (Fmax) and minimal tapping force (Fmin)
per oscillation cycle, are sensitive to the mechanical properties
of the surface and can be used to map relative changes in such
properties along a surface with a high spatial resolution.28,47,48

Fmax refers to the peak or largest repulsive (positive) force
between the tip and surface associated with an individual
tapping event, and Fmin is the largest magnitude attractive
(negative) force experienced during a tapping event. Several
numerical simulations and experimental studies have demon-
strated that Fmax can be directly related to the compression
modulus of the surface and that Fmin is sensitive to the adhesive
interaction between the tip and surface.28,47,48 As the force data
are taken simultaneously during standard tapping mode AFM
imaging in solution, changes in imaging forces can be directly
correlated with topographical features of the surface. Because of
difficulties in controlling for variations in cantilever properties
and imaging parameters between individual experiments, SPAM
is currently limited to measuring relative, spatial differences in
surface mechanical properties within a single image. For
example, larger cantilever spring constants result in larger
values of Fmax, but for any given spring constant (or any
individual cantilever), the relative magnitude of Fmax reflects the
surface’s compression modulus.28,47−49 That is, the magnitude
of Fmax increases with increasing surface rigidity with a power
law dependence.28,47,48 Despite being limited to making
comparisons within a single experiment, we have determined
the morphological and mechanical changes associated with
exposing lipid bilayers to the different preparations of Aβ(1−
40). It should be noted that the disrupted regions of the bilayer
contain a heterogeneous mixture of lipids, peptides, and
aggregates. As a result, the observed changes in mechanical
properties associated with these regions arise from this complex
mixture.
Both Fmin and Fmax images of bilayers exposed to any of the

three Aβ(1−40) preparations displayed a distinct contrast
between the undisturbed regions of the bilayer and the
disrupted regions of the bilayer (Figure 8). Histograms of
Fmin and Fmax for every tapping event can be sorted on the basis
of topography, allowing each tapping event to be associated
with specific regions of the bilayer. The domains in which
Aβ(1−40) interacted with lipid, resulting in a perturbed
membrane morphology, were associated with smaller magni-
tudes of both Fmin and Fmax compared to those of the
undisturbed lipid domains. There are several implications of
these changes in the tip/sample force interaction associated
with disrupted regions of the bilayer. The observed decreases in
the magnitude of Fmin associated with disrupted regions of the
bilayer are primarily due to a weakened adhesive interaction
between the disrupted bilayer and the AFM tip.28,47,48 The
observed decrease in the magnitude of Fmax associated with
disrupted regions of the bilayer indicates a decreased
membrane rigidity or compression modulus.28,47,48 Collectively,
these results indicate that interaction between lipid bilayers and
Aβ(1−40), independent of the preparatory history, results in

regions of altered membrane morphology (increased rough-
ness) and mechanical properties (decreased compression
modulus of the bilayer and a weakened adhesive interaction
between the tip and surface). One explanation for this observed
impact on the bilayer due to exposure to Aβ(1−40) is a
decrease in the efficiency of the packing of the lipid
components within the bilayer in response to protein insertion
or binding and aggregation, leading to a roughened
morphology that would be more compressible.

■ DISCUSSION

While the in vitro aggregation of Aβ has been extensively
studied, the existence of polymorphic aggregate structures is an
inherent property of Aβ fibril formation.5,8,9,50−52 In this study,
various preparation protocols for Aβ(1−40) that are known to
result in the formation of fibril polymorphs were used to
determine the impact of the prep on the interaction of Aβ(1−

Figure 8. Topography, Fmax, and Fmin images of TBLE bilayers exposed
to Aβ(1−40) prepared from (A) protocol B, (B) protocol C, or (C)
protocol S, obtained using SPAM. Histograms of Fmax and Fmin for
every tapping event associated with obtaining the images are presented
at the right. The forces in each histogram were sorted on the basis of
their association with disrupted or undisrupted regions of the bilayer as
assessed by the corresponding AFM topography image.
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40) with lipid membranes. Beyond confirming that preps B, C,
and S promote fibril polymorphs in the absence of lipid
bilayers, we also demonstrated that distinct oligomeric
aggregates were associated with each preparation protocol in
free solution. Furthermore, freshly prepared solutions of Aβ(1−
40) of each prep were able to bind, disrupt, and alter the
mechanical properties of lipid bilayers. While the extent of
bilayer disruption was similar upon exposure to each Aβ(1−40)
preparation, aggregates of Aβ(1−40) observed on the bilayer
were distinct from their free solution counterparts in terms of
morphology, suggesting that the presence of lipids can further
modulate the aggregation process.
The ability to form polymorphic fibrils is an established

property of Aβ.5,8,9,50−53 This phenomenon can be attributed to
several factors, including distinct nucleation events, thermody-
namic stability of a variety of amyloid structures, and low
dissociation rates associated with monomers from fibrils.54 As
suggested in this and other studies, Aβ can also form a variety
of oligomeric species that may be on or off the pathway to fibril
formation.4,55,56 Furthermore, computational studies indicate
that Aβ fragments under physiological conditions exist as an
ensemble of a variety of polymorphs.57 With the vast
heterogeneity in potential Aβ aggregate structures, it has been
a daunting task in the AD field to identify species that are the
most relevant to neurodegeneration. Ultimately, structural
variations of Aβ aggregates within the brain may be
biomedically relevant. This notion is supported by observations
that fibril polymorphs are toxic to neuronal cell cultures to
varying degrees.12 While there is mounting evidence that a
variety of Aβ oligomers are neurotoxic,42,58−61 mature fibrils
have also been shown to induce toxicity in cell cultures.12,62−64

Interestingly, Aβ aggregates purified from two AD patients’
brains were able to seed the formation of Aβ(1−40) fibrils in
vitro, resulting in distinct fibril polymorphs associated with each
patient and further supporting the notion that polymorphic
aggregates exist in vivo.11 Furthermore, the Aβ(1−40) fibrils
derived from these two patients were not polymorphic,
suggesting that the majority of fibrils in each patient arose
from nucleation of a specific polymorphic structure at a single
site.11

Collectively, this suggests that there may be multiple toxic
species that can result in AD pathology and that not all of these
species are required to develop AD. Our study demonstrates
that, despite being prepared with different protocols that
promote distinct polymorphic oligomers and fibrils, Aβ(1−40)
retains an ability to alter lipid membranes. If multiple, distinct
species of Aβ are involved in AD, then therapies aimed at
specific aggregates may not be effective, and targeting Aβ
further upstream in the aggregation process may be justified.
Furthermore, the presence of lipid further modulated Aβ(1−
40) aggregate structure, consistent with reports that lipid
membranes lead to conformational changes in Aβ.30 This could
also impact therapeutic strategies aimed at altering peptide
aggregation. Such a scenario has been demonstrated exper-
imentally as (−)-epigallocatechin gallate (EGCG), known to
inhibit the aggregation of several amyloid-forming proteins,65,66

was ineffective at inhibiting aggregation of human islet amyloid
polypeptide (h-IAPP) in the presence of phospholipid
membranes.67

While the ability of Aβ(1−40) to bind membranes was
independent of preparatory history, once bound, each prep of
Aβ(1−40) perturbed bilayer morphology. Exposure to each Aβ
prep resulted in regions of increased surface roughness that

were associated with a softer compression modulus and a
reduced level of adhesion to the AFM probe tip compared to
those of unperturbed regions of the bilayer. Collectively, these
results suggest that Aβ(1−40) prepared from a variety of
protocols, and presumably with different aggregation profiles as
a result, can negatively impact the mechanical integrity of lipid
membranes. A plausible explanation for the bilayer roughening
and mechanical changes is that lipid molecules are displaced
from their typical packing structure to accommodate Aβ
binding and subsequent aggregation. NMR studies have
suggested that exposure to Aβ indeed induces packing disorder
in model bilayers,27,29,68 and exposure to Aβ reduces the force
necessary to puncture lipid membranes.32 Beyond the change in
compression modulus and adhesion properties observed here,
Aβ can alter the fluidity of model lipid membranes,69 which
may also be related to an increased level of packing disorder.
The ability of amyloid-forming proteins to disrupt membrane
integrity and mechanical properties may represent a common
mechanism leading to membrane dysfunction in amyloid
diseases.28 In this regard, computational studies using coarse-
grained molecular dynamics in implicit solvent demonstrated
not only that the aggregate structure of model amyloid peptides
is modulated by lipids but also that the presence of these
aggregates alters membrane structure locally, leading to altered
mechanical properties of the membrane.70

On the basis of the observations that aggregate morphology
observed for each prep on the bilayer was distinct compared to
the morphology of the aggregates formed in free solution, the
different time scales associated with observing oligomer
formation on the bilayer compared with free solution, the
absence of the formation of fibrils on the bilayer, and the
appearance of larger amorphous aggregates was correlated with
a significantly larger magnitude of surface roughness, this
roughening of the bilayer may be associated with Aβ(1−40)
aggregation occurring at the membrane surface. The ability of
the presence of surfaces (including lipid bilayers) to alter the
aggregation of Aβ is well-established, and such a notion is also
consistent with the actual aggregation process being required
for neurotoxicity.71 However, as our observations are limited to
those occurring on the bilayer surface, the possibility that the
observed aggregates form in solution prior to binding the lipid
bilayer cannot be ruled out.
The ability to use preformed aggregate seeds to circumvent

the lag phase of Aβ aggregation and promote the formation of
specific fibril polymorphs is well-established.72−75 This ability of
structurally variant Aβ aggregates to act as seeds is strikingly
similar to the “strain” phenomenon associated with prion
diseases in which distinct aberrantly structured prion aggregates
promote their self-propagation within brain tissue.76,77 Such a
phenomenon may be active in neuron to neuron propagation of
Aβ aggregate species.78 In this regard, acceleration of AD
occurs in transgenic mice upon injection of preformed Aβ
aggregates, but this ability is dependent on the source of the
exogenous Aβ.76,79,80 While limited to just three preparatory
protocols, our study demonstrates that differences in
preparatory protocol leading to distinct Aβ fibril polymorphs
do not inhibit the ability of Aβ(1−40) to aggregate on lipid
membranes, and the presence of lipids actually influences the
aggregation process. This suggests that a variety of Aβ
structures that emerge early in the aggregation process can
similarly interact with lipid membranes, which may play a role
in stabilizing, promoting, or trafficking potential Aβ seeds.
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