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ABSTRACT: Alzheimer’s disease (AD) is a common form of
dementia, which is characterized by the presence of
extracellular amyloid plaques comprising the amyloid β
peptide (Aβ). Although the mechanism underlying AD
pathogenesis remains elusive, accumulating evidence suggests
that the process of amyloid fibril formation is a surface-
mediated event, which plays an important role in AD onset and progression. In this study, the mechanism of Aβ aggregation on
hydrophobic surfaces was investigated with dual polarization interferometry (DPI), which provides real-time information on early
stages of the aggregation process. Aggregation was monitored on a hydrophobic C18 surface and a polar silicon oxynitride
surface. The DPI results showed a characteristic Aβ aggregation pattern involving a decrease in the density of Aβ at the surface
followed by an increase in the thickness on the hydrophobic C18 chip. Most importantly, the DPI measurements provided
unique information on the early stages of Aβ aggregation, which is characterized by the presence of initially slow nucleus
formation process followed by exponential fibril elongation. The dimensions of the putative nucleus corresponded to a thickness
of ∼5 nm for both Aβ40 and Aβ42, which may represent about 10−15 molecules. The results thus support the nucleation-
dependent polymerization model as indicated by the presence of a nucleation phase followed by an exponential growth phase.
These results are the first reported measurements of the real-time changes in Aβ molecular structure during the early stages of
amyloid formation at the nanometer level.

Alzheimer’s disease (AD) is a progressive neurodegener-
ative disease, characterized pathologically by extracellular

amyloid plaques that are formed as a result of amyloid β
peptide (Aβ) accumulation in the brain.1−3 Although the
mechanism underlying AD pathogenesis remains elusive, a
growing body of evidence suggests that Aβ aggregation and
deposition into fibrils is causally linked with AD.1−3 According
to the widely accepted amyloid cascade hypothesis, an increase
in production of soluble nontoxic Aβ results in accumulation of
Aβ, which subsequently undergoes conformational change and
self-assembly into insoluble fibrils. While the identity of the
toxic form of Aβ is unknown, the accumulation of Aβ
aggregates triggers a cascade of pathological events, leading to
widespread neuronal dysfunction and eventually dementia and
death.2 It is now generally accepted that soluble Aβ oligomers,
rather than the mature fibrils, are the major toxic species since
there is poor correlation between the number of amyloid
plaques in the brain and the degree of cognitive decline of AD
patients.4−8 However, while the factors that influence Aβ
assembly and the neurotoxic action of Aβ aggregates remain
poorly understood, several studies have implicated the cell
membrane in the aggregation of Aβ.9−12 In particular, Aβ
aggregation can be strongly influenced by a complex interplay
between hydrophobic and electrostatic forces. However, the
complex properties of the membrane bilayer make it difficult to
characterize the nature of the early stage intermediates. In order
to dissect the relative contribution of these surface phenomena
on Aβ aggregation pathways, chemically modified surfaces with

well-defined physical properties can be used as model systems
to mimic specific interaction forces.13−15

To fully understand amyloid fibril formation and the
neurotoxicity of Aβ aggregates, the structures and properties
of Aβ monomers, intermediate aggregates and fibrils, and the
on-pathway intermediates need to be defined. Aβ is a ∼4 kDa
peptide containing 40−42 amino acid residues that is generated
from proteolytic cleavage of a much larger transmembrane
amyloid precursor protein (APP) by β- and γ-secretases.
Cleavage of APP can give rise to two forms of Aβ with different
lengths depending on the cleavage site. Aβ40 and Aβ42 with
40- or 42-amino acid residues, respectively, are the two major
species. Soluble Aβ is a monomeric peptide and adopts a
mainly random coil or α-helical structure upon release.16

Numerous structural studies have shown that Aβ is primarily α-
helical in organic solvents while in aqueous physiological
buffers it predominantly forms β-sheet.16 The α−β conforma-
tional change is thought to be initiated by the hydrophilic N-
terminus, while the C-terminus which is a hydrophobic region,
has a higher propensity for β-sheet structure and mediates β-
sheet aggregation.16 Amyloid fibril formation involves the
formation of a range of molecular weight species. Aβ oligomers
are reported to be soluble, globular aggregates about 5 nm in
diameter, consisting of 2−5 monomers.4,17 Protofibrils are

Received: December 18, 2011
Revised: January 15, 2012
Published: January 24, 2012

Article

pubs.acs.org/biochemistry

© 2012 American Chemical Society 1070 dx.doi.org/10.1021/bi201871r | Biochemistry 2012, 51, 1070−1078

pubs.acs.org/biochemistry


linear aggregates that are 4−11 nm in diameter and 20−200 nm
in length according to transmission electron microscopy
(TEM) studies.7,18,19 X-ray diffraction techniques revealed
that the mature fibril, 7−12 nm in diameter, consists of three to
six laterally associated filaments and a characteristic cross-β-
sheet structure. The cross-β-sheet structure comprises an array
of β-sheets propagating into a helical-twisted fibril with the β-
strand perpendicular to the long axis of the fibril.16,20

The formation of amyloid fibrils is a complex process, which
starts from proteolytic processing of APP to generate Aβ and
ends with the formation of mature amyloid fibrils by Aβ
aggregation, involving a variety of intermediates. However, the
mechanism underlying amyloid fibril formation is still poorly
understood. Based on in vitro studies of Aβ aggregation, two
kinetic models have been proposed to quantitatively describe
the assembly procedure. These include the nucleation-depend-
ent polymerization model which postulates that amyloid fibril
formation initiates from the assembly of monomers into a
“nucleus”, the process of which is both thermodynamically and
kinetically unfavorable and is followed by elongation steps via
irreversible addition of monomers.21 Hence, there is a lag phase
corresponding to the rate-limiting nucleus formation step.
Once the nucleus is formed, it acts as a seed for exponential
fibril growth. The second model is referred to as the template
assembly model, wherein fibril elongation occurs via reversible
addition of a soluble monomer to a pre-existing fibril, followed
by a conformational change to an aggregation-competent state
and hence the irreversible association onto the end of the
fibril.22−24 Esler et al.23 suggested a template-dependent dock-
lock mechanism for the explanation of their kinetic data on the
association/dissociation rate of radiolabeled Aβ monomers
onto synthetic Aβ fibrils. In the “dock” phase, the deposition of
Aβ monomers onto synthetic Aβ fibrils, which acts as a
template, was readily reversible. Once the equilibrium of this
reversible association was established, the rate-limiting
conversion from aggregation-incompetent state to aggrega-
tion-competent state in the “dock” phase occurred in a time-
dependent manner. After the structural transition, the added
Aβ, now in the aggregation-competent state, irreversibly
associated onto the end of the amyloid fibril and provided a
new binding site for the second Aβ monomer.23

Despite these extensive studies, there is still a significant lack
of structural information about the nature of early stage Aβ
intermediates, particularly during the adsorption to biological
or chemical surfaces. We have previously analyzed the
aggregation of Aβ by high-resolution microscopy and
documented the structures of an Aβ monomer, dimer, tetramer,
and oligomers by high-resolution scanning tunneling micros-
copy (STM).17 We also investigated the surface-mediated
aggregation of Aβ by atomic force microscopy and demon-
strated the influence of different surface structures on the
aggregation process.13 However, the structure of the early stage
intermediates and the various factors that influence Aβ
assembly and fibril formation are still far from understood.
The overall aim of this study was to investigate the binding of

Aβ onto different surfaces and the subsequent aggregation and
fibril formation process in real time. Optical techniques have
played an important role in the study of the mechanisms and
kinetics of Aβ aggregation, with instruments utilizing for
example, surface plasmon resonance spectroscopy (SPR), to
monitor molecular events occurring within the first few
hundred nanometers of a sensor surface.25 However, limited
information on the molecular orientation of molecules at the

surface is obtained with commercially available SPR instru-
ments. By comparison, dual polarization interferometry (DPI)
is an optical biosensing technique that analyzes thin layers
adsorbed to planar surfaces within aqueous environments and
allows the simultaneous measurement of both the thickness and
the density of adsorbed protein monolayers in real time.26−31 In
this study, we have measured the real-time changes in mass,
thickness, and density using DPI to monitor the formation of
early stage intermediates following adsorption of Aβ to a
chemically defined polar and a hydrophobic surface. The results
demonstrate previously undetectable changes in the molecular
orientation of Aβ molecules at surfaces and provide new insight
into the early stages of Aβ aggregation.

■ MATERIALS AND METHODS
Chemicals and Reagents. Recombinant Aβ1−40 and

Aβ1−42 (98% purity) were purchased from RPeptides Inc.
(Athens, GA). Sodium chloride (NaCl), sodium hydroxide
pellets (NaOH), and dimethyl sulfoxide (DMSO) were
obtained from BDH (Kilsyth, Australia). 4-(2-Hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) and 3[(3-
cholamidopropyl)dimethylammonio]propanesulfonic acid
(Chaps) were purchased from Sigma (St. Louis, MO).
Analytical grade methanol and chloroform were purchased
from Merck (Kilsyth, Australia), and ethanol was obtained from
Ajax (Sydney, Australia). Water was quartz distilled and
deionized in a Milli-Q system (Millipore, Bedford, MA).
HPLC grade water was purchased from Merck (Darmstadt,
Germany).

Peptide Sample Preparation. The purity and accurate
molecular mass of both peptides were checked by C18 reversed
phase HPLC coupled with ESI ion trap mass spectrometry. The
organic solvent DMSO has been used for solubilization of
preformed aggregates and has been reported to render
monomeric Aβ in an α-helical conformation.16,32 Peptides
were dissolved in DMSO at a concentration of 2 mM,
aliquoted, snap frozen in liquid N2, and stored at −80 °C until
use. Just before the experiment, aliquots of the peptide stock
solutions were diluted in HEPES buffer (20 mM HEPES, 150
mM NaCl, pH 7.4) to 5 and 10 μM. The HEPES buffer was
filtered through a 0.45 μm syringe filter and degassed prior to
use.

DPI Analysis of Aβ Aggregation. DPI Optical
Technology. DPI is a recently developed optical sensing
waveguide technique which allows the simultaneous measure-
ment of thickness and density of a molecule layer on a sensor
surface in real time.30,33,34 The basic optical principle
underpinning the technique is described elsewhere.33,34 DPI
technology exploits two polarization modes, the transverse
magnetic (TM) and transverse electric (TE) polarization
modes traveling through a dual-slab waveguide, which consists
of an upper sensing waveguide and a lower reference
waveguide. Laser light travels along both the sensing and
reference waveguide generating interference fringe patterns at
the exit. Such interference fringes are recorded at the far field.
As molecules adsorbed onto the sensing waveguide, the binding
event influences the evanescent wave of the sensing waveguide
and hence changes the phases of interference fringe patterns.
The phase responses for both TM and TE are measured during
a binding event and were used to derive the absolute values of
thickness and RI by solving Maxwell’s equation of electro-
magnetic radiation.30 A unique combination of thickness and RI
values for the layer condition was obtained at each time point.
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DPI Instrumentation. Aβ−surface interactions were studied
using an AnaLight 200 coupled with FB80 unmodified
hydrophilic silicon oxynitride chip or hydrophobic C18-
functionalized chip (Farfield Group, UK). Each of the Aβ−
surface interactions was replicated parallel in two channels.
Before each experiment, the chip surface was cleaned ex situ
with Hellmanex II and isopropanol for unmodified chip and
C18 chip, respectively. Each chip was rinsed with methanol and
HPLC water. The desired volume of analyte was injected over
the sensor chip using a six-port Rheodyne injector valve on
both of the two sensing channels.
The calibration and linearization procedures are essential

steps to characterize the sensor chip substructure and the bulk
RI of the running buffer in DPI measurements. The chip
calibration is used to define the boundary position between the
chip surface and the bulk solution, referred to as the solid−
liquid surface. The chip was calibrated at 20 °C by injecting
80% ethanol/water (w/w) at a flow rate of 50 μL/min for 2
min. The HEPES bulk buffer solution was calibrated at 20 and
37 °C against HPLC water (50 μL/min for 2 min). A
linearization procedure removes the periodic errors from the
defects of the fringe images in the phase measurement and was
performed by allowing the 80% ethanol to buffer transition step
to take place. After the calibration and linearization procedure,
HEPES buffer flow was continued until a stable baseline was
achieved.
Measurements of Aβ Aggregation. The sample loop and

injection needle were thoroughly rinsed with a minimum of 6
mL of HEPES buffer. Freshly prepared Aβ40 and Aβ42
solution (10 and 5 μM, respectively) were then injected over
the chip surface at 25 μL/min for 7 min. The HEPES buffer
flow was stopped when the peptide solution covered the chip
lipid surface and the Aβ peptides were incubated on the surface
and the changes in the RI and thickness were monitored for a
period of 48 h at 37 °C. The bulk buffer was corrected with a
blank injection of HEPES/DMSO buffer. Peptide was injected
over two flow cells to give one set of replicates, and each
experiment was repeated at least once to give four replicates
overall.
Data Processing and Analysis. The recorded TM and TE

phase changes were processed using Analight Software Version
2.0. Based on the RI values of 80% ethanol (1.3590) and HPLC
water (1.3309), the waveguide layer parameters and the bulk RI
can be characterized. The bare surface was set as the
experimental zero point for subsequent layers that formed on
the surface and extended out into the bulk solution when
analytes were added to the sensing channels. The bulk RI of
HEPES buffer was determined as 1.3374 and was used to
correct the resolved layer geometric parameters of each Aβ
binding experiment. The resulting resolved RI and thickness
were used to calculate the layer density and mass of Aβ on each
surface according to the following equations:

=
−

−
D

layer density (g/cm )
(RI RI )

RI RI
3 a b

a b

=

×

mass (ng/mm ) layer density (g/cm )

thickness (nm)

2 3

where Da is the density of analyte (0.71 g/cm
3 for proteins), RIa

is the RI of analyte (1.465 for proteins), RIb is the bulk RI, and
RI is the real time absolute refractive index value of a layer.

The surface coverage of the peptide deposition was also
determined by the equation

=
×

surface coverage (%)
layer density 100

density protein

Each data set was processed individually, and calculated
parameter values were within a 10% range of the average.

■ RESULTS

Many studies on amyloid fibril formation have shown that the
in situ aggregation of Aβ depends on the physicochemical
nature of the model surfaces.18,19,35−37 DPI was therefore used
to obtain new detailed information on Aβ−surface interactions
by measuring both the thickness and the density changes in real
time. To study the effect of the surface properties on the Aβ
aggregation process, the aggregation of Aβ was studied on two
different chip surfaces. Freshly prepared solutions of either
Aβ40 and Aβ42 were injected over a hydrophilic silicon
oxynitride chip or a hydrophobic C18-coated chip, and the
subsequent aggregation event was monitored in real time for a
period of 48 h at 37 °C. The C18 chip provides a strong
hydrophobic surface that may exert significant effects on the
structural properties of the adsorbed peptide layer. At the end
of the peptide injection, peptide solution covered the chip
surface, and the HEPES buffer flow was stopped. The
subsequent aggregation process was monitored in real time at
37 °C for a period of 48 h. Since the DMSO in the sample has a
large RI and generates a large bulk effect, a DMSO/HEPES
buffer blank was injected over the chip surface. Although there
was an increase in the raw TM and TE responses, the resolved
layer properties obtained from the TM and TE values did not
show significant changes (data not shown).

Initial Binding of Aβ40 to Silicon Oxynitride and C18
Surfaces. Figure 1 shows the change in the refractive index,
mass, and thickness over the first 25 min of deposition and
incubation of Aβ40 monomers following deposition onto the
unmodified silicon oxynitride chip at a concentration of (A) 10
μM or onto the C18 chip at (B) 5 μM or (C) 10 μM. The
thickness and refractive index values are derived from the raw
TM and TE values, and the refractive index is used to
determine the mass values. The peptide solution was injected
for 7 min, during which time an increase in binding was
observed followed by equilibration. The values of thickness,
density, and mass deposited for Aβ40 3 min after the end of
injection were measured. Table 1 thus summarizes the
structural properties for each Aβ layer 10 min after the
beginning of each injection and deposition onto the chip
surface.
Aβ40 formed a peptide layer on the silicon chip with a

thickness of 0.52 nm and mass of 0.73 ng/mm2. In comparison,
on the C18 chip at 5 μM, Aβ40 formed a 1.09 nm thick layer
with a mass of 1.36 ng/mm2 as shown in Figure 1B. This
experimental thickness is twice the thickness observed on the
unmodified silicon chip and is in good agreement with the
dimensions of Aβ layers on mica or graphite surfaces, which
have similar surface properties to the unmodified and C18 chip
used in the present study.13,17−19,35−38 In particular, we and
others have demonstrated by AFM that Aβ40 and Aβ42
oligomers or small aggregates form on different substrates with
a pept ide l aye r cor re spond ing to 1−5 nm in
height.13,17−19,35−38
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At 10 μM (Figure 1C), Aβ40 formed a 2.40 nm thick layer
on the C18 chip with a mass of 1.17 ng/mm2. Thus, a similar
mass of Aβ40 adsorbed at the higher concentration, but the
peptide layer exhibited double the thickness observed for 5 μM
Aβ40. In addition, the mass and thickness values did not reach a
steady value as was apparent at 5 μM on the C18 chip or on the
silicon chip at 10 μM. These constantly changing parameters
are likely to reflect the initial stages of aggregation as discussed
in detail below.
Initial Binding of Aβ42 to Silicon Oxynitride and C18

Surfaces. Figure 2 shows the corresponding changes in the
refractive index, mass, and thickness over the first 25 min of

deposition and incubation of Aβ42 following deposition onto
(A) the unmodified silicon oxynitride chip or (B) the C18 chip
at a concentration of 5 μM. Since Aβ42 aggregates more rapidly
than Aβ40,39 a concentration of 5 μM Aβ42 was used to study
the aggregation processes on both chip surfaces. As is evident
from Figure 2, the Aβ42 layer exhibited similar geometrical
properties on both surfaces. On the silicon chip, the thickness
was 2.52 nm, which was slightly higher than the thickness of
2.48 nm on the C18 surface. A similar mass of peptide was also
deposited on both surfaces with 2.33 and 2.12 ng/mm2 on the
silicon and C18 chip, respectively. Thus, at the initial binding

Figure 1. Real-time monitoring for the first 25 min of Aβ40
aggregation process on the (A) unmodified silicon oxynitride chip at 5
μM, (B) the C18 chip at 5 μM, or (C) the C18 chip at 10 μM. Freshly
prepared monomeric Aβ40 was injected over each chip at 25 μL/min
for 180 s. The analysis temperature was 37 °C.

Table 1. Summary of Values of Thickness, Density, and Mass
Deposited for Aβ40 and Aβ42 Aggregation on the
Unmodified and C18 Chip Surfaces at the End of the
Peptide Injectiona

peptide chip
concn
(μM)

mass
(ng/mm2)

thickness
(nm)

density
(g/cm3)

Aβ40 silica 5 0.73 0.52 1.38
C18 5 1.36 1.09 1.24
C18 10 1.17 2.40 0.49

Aβ42 silica 5 1.51 2.33 0.72
C18 5 1.46 2.12 0.72

aThe values were obtained from the resolved sensorgrams of Aβ
peptide layers on bare chips. The response was allowed to stabilize for
5 min after the peptide injection, and the corresponding values of the
surface properties were recorded.

Figure 2. Real-time monitoring for the first 25 min of Aβ42
aggregation process on the (A) unmodified silicon oxynitride chip at 5
μM or (B) the C18 chip at 5 μM. Freshly prepared Aβ42 was injected
over each chip at 25 μL/min for 180 s. The analysis temperature was
37 °C.
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stages, while there was a significant difference in the layer
properties for Aβ40 in each surface with more mass and higher
thickness on the C18 chip, Aβ42 deposited with a similar mass
and thickness on both surfaces.
Surface-Mediated Aggregation of Aβ40 and Aβ42.

Following deposition, each peptide was incubated on the
surface and the system was monitored for 48 h. In addition to
mass and surface thickness, the density of the adsorbed layer
was also measured. Figure 3 shows the changes in (A) mass,

(B) thickness, and (C) density over the first 10 h for both Aβ40
and Aβ42 on each surface. As can be seen from Figure 3A, the
mass remained constant over the entire incubation time on the
bare silicon oxynitride chip for both Aβ40 and Aβ42. Figure
3B,C also shows that there was no significant change in the
thickness or the density of the peptide layer over this time
period at 37 °C on the unmodified silicon oxynitride chip. No
change in the mass, thickness, or density was also observed for
the entire 48 h incubation time (data not shown).
In contrast, incubation of both Aβ40 and Aβ42 on the C18

chip resulted in a large mass increase as shown in Figure 3A.
Inspection of Figure 3B reveals that these increases in mass also
coincided with sharp increases in the thickness of the layer. The
time at which these increases in physical properties were
observed varied with each sample and are summarized in Table
2. The mass increases occurred at 8.5 and 1.2 h of incubation

for Aβ40 at 5 and 10 μM, respectively, demonstrating a
concentration-dependent process. For Aβ42 the mass increase
occurred after 5.8 h at 5 μM. In addition, the thickness changes
were observed just prior to the mass increases, occurring at 7.5
and 1.0 h for Aβ40 and 5 h for Aβ42. Since the DPI system has
a detection limit of 100 nm above the sensor surface, thickness
values greater than 100 nm are outside the measurement range.
Analysis of the corresponding density changes during the

incubation on the C18 chip (Figure 3C) revealed that the
density of the peptide layer decreased immediately upon
injection, prior to any notable changes in either thickness or
mass. The rate of this decrease was faster at the higher
concentration of Aβ40 with a linear rate of 0.16 and 0.38 g/
(cm3 h) at 5 and 10 μM, respectively. Overall, this increase in
the rate of change in layer properties at higher concentrations
further demonstrates that this phenomenon is a concentration-
dependent process. By comparison, the density change for 5
μM Aβ42 of 0.14 g/(cm3 h) was similar to 5 μM Aβ40.

■ DISCUSSION

Aβ aggregation is an important step in the pathogenesis of
Alzheimer’s disease, and there is increasing evidence that lower
molecular weight oligomeric forms of Aβ may be the more
toxic species in vivo. However, the various factors that influence
Aβ assembly are still far from understood. The overall aim of
this study was to investigate the binding of Aβ onto different
surfaces and the subsequent aggregation and fibril formation
process in real time utilizing DPI and obtain new insight into
the early stages of Aβ aggregation. In particular, the real-time
changes in mass, thickness, and density provide a new approach
to studying Aβ aggregation.

Figure 3. Overlay of the real-time changes in (A) mass, (B) thickness,
and (C) density of the adsorbed peptide layer for either Aβ40 or Aβ42
aggregation on the unmodified silicon oxynitride chip or the C18 chip
over 10 h. The mass data in (A) are truncated at 1.5−1.7 mass units as
the raw TM and TE values cannot be resolved at the thickness values
greater than 100 nm.

Table 2. Summary of the Time at Which Rapid Fibril
Formation Was Observed for Aβ40 and Aβ42 Aggregation
on the Unmodified Silicon Oxynitride and C18 Chip
Surfaces

peptide chip
concn
(μM)

time of
mass

increase (h)

time of
thickness

increase (h)

rate of density
decrease

(g/(cm3 h))

Aβ40 silica 5
C18 5 8.5 7.5 0.16
C18 10 1.2 1.0 0.38

Aβ42 silica 5
C18 5 5.8 5 0.14
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The adsorption of Aβ40 and Aβ42 to the unmodified silicon
oxynitride chip revealed no changes in the mass bound, the
layer thickness, or the density over 24−48 h. While mass
increases have been previously observed on the unmodified
silicon chip at a much higher concentration of 50 μM Aβ40,40

Aβ40 is likely to form oligomers in solution at this higher
concentration which upon binding to the chip is likely to
readily promote aggregation. We13,17 and others38,41 have
previously analyzed the aggregation of Aβ by high resolution
microscopy and reported the structures of an Aβ monomer,
dimer, tetramer, and oligomers by high-resolution STM.
Analysis of the monomeric species revealed that Aβ40 adopts
a β-sheet structure with molecular height measurements of
∼0.6 nm.17 The dimensions of the Aβ40 layer in this study of
0.5 nm thickness therefore suggest that the initial layer is likely
to represent monomers of Aβ40 deposited onto the surface in a
β-sheet conformation. By comparison, the thickness of the
Aβ42 layer on the silicon chip was 2.33 nm, which suggests that
Aβ42 deposited as dimers or that monomers bound in a
conformation that folds back via a hairpin similar to that
previously suggested by a number of studies.42 Irrespective of
the precise conformation of both Aβ40 and Aβ42, neither
molecule exhibited any change in layer properties on the bare
chip, suggesting that the orientation of the bound Aβ on the
unmodified chip prevented the binding of subsequent
molecules to either exposed chip surface or adsorbed Aβ
molecules and that the adsorbed conformation is non-
amyloidogenic.

In contrast, there were dramatic changes in mass, thickness,
and density for both Aβ40 and Aβ42 on the C18 chip. While
these properties remained relatively constant over 48 h on the
unmodified silicon oxynitride chip, there was a steady decrease
in density throughout the incubation period from the time of
injection and a sharp increase in thickness and mass after a
critical point on the hydrophobic C18 surface. This behavior is
consistent with a nucleation-dependent polymerization model
in which the initial nucleation phase corresponds to the steady
decrease in the layer density and a small change in the
thickness. When the critical point was reached, the combination
of an exponential increase in thickness and mass is likely to
correspond to the fast protofibril or fibril elongation phase.
Total internal reflection fluorescence microscopy has been used
by others to study Aβ40 aggregation on a range of surfaces
including C18 surfaces and demonstrated that surface proper-
ties strongly influence the morphology of the Aβ40
aggregates.19 The results of the present study also indicate
that the orientation of Aβ40 and Aβ42 on the C18 chip is
different to that on the unmodified chip and facilitates the
subsequent aggregation and fibril formation at these low
concentrations.
The most significant aspect of these results is the first

reported measurement of the real time changes in molecular
structure of the early stages of amyloid formation at the
nanometer level in terms of the density and thickness of the
layer. While it is well accepted that the early stages of fibril
formation involve stepwise addition of monomers to generate a
nucleus from which the exponential fibril growth ensues, it has

Figure 4. Schematic representation of the proposed model for real-time measurement of Aβ aggregation on the C18 chip by DPI. (A-I) On the C18
chip surface, the observed mass corresponds to peptide molecules bound directly to the surface in a range of different orientations presumably with
different affinity. During the incubation period, some bound molecules of Aβ dissociate and rebind to the surface in an amyloidogenic orientation,
causing a continual decrease in layer density and results in the formation of the critical amyloidogenic nucleus (A-II). As the critical point is reached,
the protofibrils or fibrils which are also likely to be forming in solution quickly associate with the Aβ nucleus on the chip surface, causing a rapid
growth in thickness and mass (A-III). (B) The characteristic profile of density, thickness, and mass changes with distinct kinetic phases which
supports the nucleation-dependent polymerization model for Aβ40 and Aβ42 aggregation on the C18 chip.
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been difficult to obtain experimental data to confirm this at
molecular resolution. Close analysis of the layer dimensions at
the early stage of incubation reveals a significant density change
from the outset. When the density decreases with little or no
change in mass, the most likely explanation is the formation of
linear aggregates growing away from the surface as the weakly
associated Aβ40 molecules rearrange to dock onto a prebound
Aβ40 molecule. Thus, there is a slow growth of the nucleus
which corresponds to a thickness of ∼5 nm for both Aβ40 and
Aβ42, which in turn may represent about 10−15 molecules.
Based on the structural and orientational changes in Aβ

during incubation on the C18 chip, a schematic model of the
real-time surface-mediated events of Aβ aggregation is
proposed and shown in Figure 4. The Aβ40 and Aβ42
aggregation experiments on the C18 chip showed a character-
istic profile of density and thickness changes with distinct
kinetic phases which supports the nucleation-dependent
polymerization model (Figure 4B). The nucleation phase
corresponded to the initial incubation period, whereby the
density of the layer decreased linearly. This pattern was also
faster at higher concentrations and also more rapid for Aβ42,
reflecting the higher aggregation propensity of Aβ42. When the
nucleus was formed and the critical point was reached, the
thickness and mass increased sharply, which corresponded to
the rapid elongation phase of protofibrils or fibrils. In terms of
the molecular events at the surface, the orientation of the
deposited Aβ monomers or oligomers on the unmodified chip
surface is such that the outward face of each molecule does not
allow binding of subsequent molecules at low concentrations.
However, on the hydrophobic C18 surface, the observed mass
corresponds to peptide molecules bound directly to the surface
in a range of different orientations presumably with different
affinity (Figure 4A-I). The initial binding of Aβ to the surface is
therefore kinetically driven to give a “kinetic” orientation.
However, upon incubation, Aβ can reorient to a more
thermodynamically stable orientation, which leads to a decrease
in density. Therefore, during the incubation period, some
bound molecules of Aβ dissociate and rebind to the surface in
an amyloidogenic orientation, causing a continual decrease in
layer density and results in the formation of the critical
amyloidogenic nucleus (Figure 4A-II). As the critical point is
reached, the protofibrils or fibrils which are also likely to be
forming in solution quickly associate with the Aβ nucleus on
the chip surface, causing a rapid growth in thickness and mass
(Figure 4A-III). The time required for the formation of the
critical nucleus on the chip surface depends on the
concentration as well as the type of Aβ peptide.
Recent studies using fluorescence correlation spectroscopy

(FCS) and transmission electron microscopy have demon-
strated the existence of two different pathways of assembly of
Aβ.43 These studies suggested that one pathway leads to the
formation of toxic spherical particles of 10−15 nm in diameter
while the second pathway leads to fibrils. Moreover, Aβ40 and
Aβ42 have been shown to exhibit different molecular recycling
properties where the rate of dissociation of Aβ40 monomers
from the fibril is much faster than that for Aβ42.44 Our study
suggests that adsorption of Aβ to a specific surface may either
enhance aggregation or inhibit or considerably slow down fibril
formation by inducing a nonfibrillogenic orientation. It is
therefore apparent that surface conditions significantly
influence the mechanism of Aβ aggregation which in a cellular
context may modulate toxicity depending on the local
environment. This conclusion has also been reached by recent

studies on the structure and morphology of Aβ40 on different
self-assembled monolayers which also demonstrated that Aβ
orients differently on different surfaces, which in turn affects the
nature of the aggregates formed upon incubation.14,45,46

Overall, the present study demonstrates the ability of the “in
situ” incubation method to give new information on early stage
intermediates of Aβ aggregation.

■ CONCLUSIONS
Real-time measurements of Aβ aggregation upon surface
adsorption by DPI demonstrate that the physicochemical
properties of the surface influence the orientation of Aβ, which
in turn controls the ability of Aβ to undergo aggregation and
fibril formation. In particular, a characteristic aggregation
pattern for both Aβ40 and Aβ42 was observed with the C18
chip compared to the hydrophilic silicon oxynitride surface.
These results confirm that a hydrophobic surface triggers the
Aβ aggregation process14,18,36,37,45,46 and serves as a template
for Aβ self-assembly and amyloid fibril formation. Overall, this
study provides new insight into the molecular reorganization of
Aβ during the nucleation phase which involves significant
reorientation of Aβ molecules on the surface. Specifically, this
study provides new structural information on the early stages of
aggregation and together with other high-resolution techniques
such as STM and FCS allows dissection of molecular forces
associated with surface-mediated amyloid formation. Moreover,
to further explore the mechanism of surface-induced
aggregation, DPI has the potential to analyze the efficacy of
compounds which interfere with the aggregation process. DPI
could also be used to study the interaction of Aβ with model
membranes and then correlated with aggregation behavior in
the presence of neuronal cell membranes to provide novel
insight into the relationship between membrane binding and
neurotoxicity. Given that low molecular weight oligomers are
more neurotoxic, these results have significance in terms of
understanding the mechanism of pathogenesis in AD and
protein misfolding in general.
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