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ABSTRACT: Amyloid fibrillogenesis is a pathogenic protein
aggregation process that occurs through a highly ordered process
of protein−protein interactions. To better understand the protein−
protein interactions involved in amyloid fibril formation, we formed
nanogold colloid aggregates by stepwise additions of ∼2 nmol of
amyloid β 1−40 peptide (Aβ1−40) at pH ∼3.7 and ∼25 °C. The
processes of protein corona formation and building of gold colloid
[diameters (d) of 20 and 80 nm] aggregates were confirmed by a
red-shift of the surface plasmon resonance (SPR) band, λpeak, as the
number of Aβ1−40 peptides [N(Aβ1−40)] increased. The normalized
red-shift of λpeak, Δλ, was correlated with the degree of protein
aggregation, and this process was approximated as the adsorption
isotherm explained by the Langmuir−Freundlich model. As the
coverage fraction (θ) was analyzed as a function of ϕ, which is the N(Aβ1−40) per total surface area of nanogold colloids available for
adsorption, the parameters for explaining the Langmuir−Freundlich model were in good agreement for both 20 and 80 nm gold,
indicating that ϕ could define the stage of the aggregation process. Surface-enhanced Raman scattering (SERS) imaging was
conducted at designated values of ϕ and suggested that a protein−gold surface interaction during the initial adsorption stage may be
dependent on the nanosize. The 20 nm gold case seems to prefer a relatively smaller contacting section, such as a −C−N or C�C
bond, but a plane of the benzene ring may play a significant role for 80 nm gold. Regardless of the size of the particles, the β-sheet
and random coil conformations were considered to be used to form gold colloid aggregates. The methodology developed in this
study allows for new insights into protein−protein interactions at distinct stages of aggregation.

■ INTRODUCTION
One way in which Alzheimer’s disease (AD) is thought to
develop is based on the amyloid cascade hypothesis, in which
fibrils composed of several hundred amyloid plaques form,
which reach a size of micrometers1−6 and disrupt the function of
brain cells. The main components of amyloid aggregates found
in the brains of AD patients are amyloid β peptides (Aβs).7,8
There are several forms of Aβs that differ in the number of amino
acid residues. The progression of AD is associated with the
formation of amyloid β 1−40 (Aβ1−40) or amyloid β 1−42
(Aβ1−42).

9−21 The Aβ1−40 or Aβ1−42 peptides have an
amphipathic sequence comprising a polar N-terminal region
(residues 1−16), followed by a central hydrophobic core
(residues 17−21), a polar region (residues 22−29), and a
nonpolar C-terminal region (residues 30−40 or −42,
respectively). Of Aβ1−40 and Aβ1−42, Aβ1−40 is produced at
higher levels,22 but Aβ1−42 is more toxic.23−28 The onset of the
aggregation event involves a soluble intermediate phase of
disordered oligomers,6,14,29,30 which then convert into highly
ordered and insoluble fibrils.31−41 This transition to the
intermediate phase was not been well-characterized. The

oligomer is considered to require ∼40 kJ/mol of activation
energy42,43 before fibril formation occurs, but once oligomers
have been formed, they proceed nonreversibly to form prefibrils.
Technical limitations have impaired the development of
experimental conditions for interrogating the stabilization of
the initial oligomers, which has limited the insights into this
process. However, the Aβ fibrils have been studied extensively
because they are insoluble,34,44−46 which makes it easier to work
with them thanwith their soluble monomeric and oligomeric
counterparts.47,48 Several strategies have been employed to
characterize the structure of the monomer, but these involve the
use of physicochemical conditions that are unfavorable for
aggregation.
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Extensive studies using molecular dynamics (MD) simulation
have characterized the aggregation and disaggregation of
Aβ49−70 and provided insights into the oligomerization
process.66,71−87 Secondary structures found to be formed by
Aβ1−40 dimers include intra- and intermolecular β-sheet and α-
helix structures.83 The Aβ peptide exists predominantly as a
random coil under physiological conditions.88−91 The mecha-
nism and dynamics of aggregation are affected by the
concentration of the interacting species and the accessibility of
sites for interaction. The resulting interactions can be either
electrostatic or hydrophobic, and fibrils grow through their
interaction with a monomer.71

The aggregation process has been extensively examined by
various approaches to predict the protein polymerization
process.92−99 Typically, the progression of protein aggregation
follows a sigmoidal curve that can be fitted by many
mathematical functions.95,100 This system has been analyzed
by the Ferrone model (postulating the presence of secondary
events),101,102 the Finke−Watzky model (nucleation followed
by autocatalytic surface growth),103 and the Knowles analytical
equation of the mechanistic model (combination of primary
nucleation, secondary nucleation, fibril elongation, and fibril
fragmentation).104 A common mechanistic model is nucleation-
dependent polymerization (a simple two-step mechanism), in
which the nucleation from soluble proteins is slower than the
elongation step, although this has not been demonstrated
experimentally. In contrast, models of secondary nucleation
processes in fibril fragmentation are well-accepted41,98,104,105

and have been proposed for Aβ.10,13,22,106,107 The aggregation
kinetics of the Aβ1−40 peptide were characterized using a
synergistic approach of nuclear magnetic resonance (NMR),
thioflavin T fluorescence, transmission electron microscopy
(TEM), and dynamic light scattering. The current consensus
with respect to the aggregation process is that oligomers with
relatively high molecular weights are slowly formed, followed by
conversion into more compact fibril nuclei. Then, fast formation
of additional fibrils nuclei occurs through fibril surface-catalyzed
processes. Finally, fibrils grow by addition of soluble Aβ species
to form large aggregates.108

Our approach aims to focus on detecting protein−protein
interactions and characterizing oligomer formation. To do so,
we prepared a protein corona of Aβ1−40 over a nanogold colloid,
which allows Aβ1−40 peptides to interact with each other over the
gold surface but inhibits the fibril formation of Aβ1−40 and
instead forms gold colloid aggregates.109−116 The formation of
gold colloid aggregates is strongly indicative of a protein
adsorption process over the nanoparticles to form a protein
corona. Considerable attention has been paid to protein corona
formation due to its potential use in designing new
bionanomaterials117−119 and its immunologic properties.120−123

A layer of protein corona can typically be divided into either
hard or soft coronas of the proteins, depending on whether the
binding affinity to the nanoparticle is relatively strong or weak,
respectively.124 The adsorption to the gold nanoparticle
removes one degree of freedom for networking, resulting in a
barrier to further polymerization. The adsorption of the
hydrophobic end (i.e., C-terminus) on the nanogold surface
stabilizes the peptide by ∼10 kJ/mol.125

The Aβ1−40 peptide is known to formwell-defined unfolded or
folded conformations under acidic or basic conditions.126,127

For example, when the Aβ1−40 monomer holds the folded
conformation in basic or neutral pH ranges, Aβ1−40-coated gold
nanoparticles remain as individual dispersed particles. In

contrast, acidic pH conditions induce an unfolded conformation
of Aβ1−40, which results in peptide networking between the
Aβ1−40 peptides over gold nanoparticle surfaces, which causes
the formation of gold colloid aggregates. The dispersed gold
colloid exhibits a clear surface plasmon resonance (SPR) band
peak at ∼530 nm, and the aggregated gold nanoparticles show a
drastic red-shift in the SPR band to ∼630 nm. Therefore, the
Aβ1−40 peptide-folded and -unfolded conformations can be
investigated using coated gold nanoparticles and measuring the
SPR band shift.128−133 Remarkably, Aβ1−40 monomer-coated
gold colloid particles exhibit a reversible self-assembly process in
response to an external change in pH. This indicates that the
formation of oligomers is a reversible process and an equilibrium
exists between Aβ monomers and oligomers. This pH-induced
reversible self-assembly is strongly dependent on the size of the
gold colloid, and specifically, only 20 nm diameter gold colloids
exhibit reversible self-assembly.128−133

Many experimental approaches have been taken to interrogate
the aggregation process.134−138 However, the self-assembly
mechanism at the molecular level has not yet been elucidated.95

A better understanding of the aggregation process is necessary to
characterize the protein−protein interactions at each aggrega-
tion stage to better understand the molecular mechanism of the
cause and progression of AD. In this work, we combined
spectroscopic and microscopic approaches to examine the
nucleation stage of the gold colloid aggregates and surface-
enhanced Raman scattering (SERS) imaging to examine
protein−protein interactions involved in each aggregation
process. The average peak position of the SPR band, λpeak, can
be used as an indication of whether gold colloid aggregates are
formed. We used an approach of monitoring the λpeak as a
function of the number of Aβ1−40 molecules [N(Aβ1−40)] at a
constant pH and determined whether Aβ1−40-coated gold
colloid aggregates were formed. We increased N(Aβ1−40)
through stepwise addition to control the stage of the aggregation
of Aβ1−40-coated gold colloids and to extract the modes
responsible for a particular interaction at different stages of
gold colloid aggregations.

■ EXPERIMENTAL SECTION
Gold colloids and Aβ1−40 were prepared as described previously.139

Briefly, at 25 ± 0.3 °C, the gold colloid of a particular diameter, d, was
prepared at pH 3.7 ± 1.0 by addition of predetermined volumes of
hydrochloric acid (HCl). The stock solution of Aβ1−40 was added in
increments of 2 pmol initially, increasing to 200 pmol close to the end of
the process, until a total of ∼1.5 nmol was reached. The absorption
spectrum around the SPR band of the gold colloid was measured as a
function of increasingN(Aβ1−40). Each spectrum was collected over∼4
min after N(Aβ1−40) was increased.

For Raman imaging measurements, 500 μL each of 20 and 80 nm
gold at pH 3.7 ± 0.3 with anN(Aβ1−40) value of 0, 1.7, 8.4, 33.5, 167, or
700 pmol were deposited over a mica disc (10 mm diameter) followed
by vaporization of the water overnight. Raman spectra were collected by
using a WITec Raman alpha300R (WITec Oxford Instruments)
confocal Raman imaging system. The microscope was set to automatic
scanning of the specimen using a computer-controlled sample stage. A
laser with a wavelength of 633 nm at a power of 0.60 ± 0.05 mW was
used for excitation through a 100× objective lens (Zeiss, 0.9 numerical
aperture). Raman-scattered photons were collected through a photonic
fiber and directed to a 300 mm spectrograph equipped with a 600
grating/mm and a thermoelectrically cooled charge-coupled device
detector. To conduct the experiments, a grid consisting of 100 pixels ×
100 pixels covering an area of 20 μm × 20 μm was selected over the
white-light image, and 10 000 spectra/map with an integration time of
500 ms/spectrum and a lateral spatial resolution of 0.43 μm were
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acquired. The Raman spectrum in the range of 250−2900 cm−1 was
collected

■ RESULTS AND DISCUSSION
The ultraviolet−visible (UV−vis) absorption spectra as a
function of an increasing N(Aβ1−40) are shown in Figure 1 for
20 nm gold (a) and 80 nm gold (b). For both conditions, the
SPR band exhibited a red-shift as N(Aβ1−40) increased. All
spectra were processed with a component of the band expressed

by a Gaussian profile by the Peak Fit function of OriginPro
2018b (Origin Lab), and the spectrum area-weighted average
peak position, λpeak, in the region between 450 and 850 nm was
extracted,139 as shown in Figure 2i for the 20 nm gold colloid
with red dots and the 80 nm gold colloid with blue dots. The
asymptotic feature of λpeak toward the terminal region, λmax, of
N(Aβ1−40) strongly indicated the completion of the aggregation,
where the maximum amount of Aβ1−40 was considered to be
adsorbed over the gold colloid surface. The data indicate that
aggregation occurred and λmax was reached at a lowerN(Aβ1−40)
for 80 nm gold than for 20 nm gold. However, the data plotted in
Figure 2i describe the degree of aggregation as a function of the
amount of Aβ1−40 present, but they do not correctly reflect the
quantitative progression of the aggregation because the available
surface area for the Aβ1−40 adsorption between 20 and 80 nm
gold is different.
To account for the adsorption surface area, we conducted the

analysis on the basis of the amount of Aβ1−40 for a unit area, ϕ =
N(Aβ1−40)/Atotal, where Atotal is the total available surface area
(square meters) of gold colloids for adsorption. Adopting the
Langmuir isotherm model,140 we hypothesized that the
difference between λpeak and λmax corresponded to the fraction
of coverage, θ, as

( ) ( ) ( )

max

max peak

max min max
= = =

(1)

where θmax is the maximum adsorption or coverage of the Aβ1−40
over the gold surface and θ(ϕ) is the fraction of the coverage at a
given ϕ. Atotal is NAuAAu(d), where NAu is a total number of gold
colloids and AAu(d) is a surface area of each gold colloid with
diameter d assuming a spherical shape. The values of NAu were
adopted from previously reported work;141 NAu = 1.4 × 1011
particles/mL for 20 nm gold colloids, and NAu = 2.2 × 109
particles for 80 nm gold colloids.N(Aβ1−40) and ϕ are related as
follows: (a) N(Aβ1−40) = 0.0 pmol and ϕ(Au 20 nm, (1)20) =
ϕ(Au 80 nm, (1)80) = 0.0 μmol/m2, (b) N(Aβ1−40) = 1.7 pmol,
ϕ(Au 20 nm) = 0.031 μmol/m2, and ϕ(Au 80 nm, (2)80) = 0.12
μmol/m2, (c)N(Aβ1−40) = 8.4 pmol, ϕ(Au 20 nm, (2)20) = 0.15
μmol/m2, and ϕ(Au 80 nm, (3)80) = 0.59 μmol/m2, (d)
N(Aβ1−40) = 33.5 pmol, ϕ(Au 20 nm, (3)20) = 0.61 μmol/m2,
and ϕ(Au 80 nm, (4)80) = 2.4 μmol/m2, (e) N(Aβ1−40) = 167
pmol, ϕ(Au 20 nm, (4)20) = 3.1 μmol/m2, and ϕ(Au 80 nm,
(5)80) = 12 μmol/m2, and (f) N(Aβ1−40) = 700 pmol, ϕ(Au 20
nm, (5)20) = 12 μmol/m2, andϕ(Au 80 nm) = 47 μmol/m2. The
plots of θ versus ϕ are shown in Figure 2ii and exhibited a great
match for both 20 nm and 80 nm gold, and the trend was best
explained by the Langmuir−Freundlich model as140

K
K

( )

1 ( )

n

n
LF

1/

LF
1/=

+ (2)

where KLF is the Langmuir−Freundlich constant and n is a
parameter characterizing the surface heterogeneity. To clarify
the features observed around the region where θ values are
increasing, the plot at 0 ≤ ϕ ≤ 4 μmol/m2 is shown as an inset of
Figure 2ii. The optimized KLF and n values are listed in Table 1
with the reduced −R2 values, ⟨R2⟩. The n value was∼0.37, and it
confirmed that the adsorption that was taking place in the
current system was heterogeneous. The observed trends of θ at
1.0 ≥ θ ≳ 0.8 did not greatly match the Langmuir−Freundlich
model. The analysis with the Langmuir model showed a
Langmuir constant, KL, of ∼4 × 105 with ⟨R2⟩ ≈ 0.86. There is a
modified version of the Langmuir−Freundlich equation

Figure 1. Absorption band as a function of externally added Aβ1−40,
N(Aβ1−40), for (a) 20 nm gold and (b) 80 nm gold colloids.
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designed for adsorption from the liquid phase,140,142 and the fit
with that model exactly reproduced the values ofKLF, n, and ⟨R2⟩
listed in Table 1.
In a previous report, TEM images showed dispersed gold

colloid particles under neutral or basic conditions (pH∼10) and
the formation of gold aggregates under acidic conditions (pH
∼4).143 Here, we observed the formation of gold aggregates at
high N(Aβ1−40) values or under acidic (pH ∼3.7) conditions
[white-light images at eachN(Aβ1−40) are shown in Figure 2iii].
There was a significant correlation between the stage of
aggregation and ϕ. Comparing images between 20 and 80 nm
gold around similar ϕ values showed a consistent morphology
corresponding to a similar θ value. For example, the white-light
image in Figure 2iii-e for 20 nm gold corresponds to an
N(Aβ1−40) of 167 pmol or aϕ(Au 20 nm, (4)20) of 3.1 μmol/m2,
which is similar to the white-light image of Figure 2iii-d
[N(Aβ1−40) = 33.5 pmol, and ϕ(Au 80 nm, (4)80) = 2.4 μmol/
m2 for 80 nm gold].
We identified the clear morphology of aggregates at the two

largest values of N(Aβ1−40) (167 and 700 pmol) for 20 nm gold
and the three highest values of N(Aβ1−40) (33.5, 167, and 700

pmol) for 80 nm gold and extracted the average areas, Aa, of the
aggregates by pixel analyses using ImageJ (Figure 2iv and Table
2). Interestingly, the Aa values of the aggregates originating from

20 nm gold were found to be significantly larger than those
originating from 80 nm gold, and the average area was found to
become smaller as ϕ increased for both 20 and 80 nm gold. This
trend was more enhanced for 20 nm gold, which could be
because the smaller surface area could allow for more
networking among Aβ1−40 peptides adsorbed on the gold
surface.
All white-light images were collected after samples were

prepared on a disc after overnight water vaporization, as we
interrogated the aggregation process related to N(Aβ1−40) or ϕ
rather than measuring aggregation over time. We did note that
the value of θ was maintained at a consistent level overnight. For
both 20 and 80 nm gold particles, there was no consistent
morphology of the aggregates and no structured pattern or shape

Figure 2. (i) Averaged SPR band peak, λpeak, as a function of externally added Aβ1−40 (picomoles), N(Aβ1−40), for 20 nm gold (red) and 80 nm gold
(blue) colloids. The arrows (a−f) placed in the inserted box at the top show the location of each concentration corresponding toN(Aβ1−40): (a) 0, (b)
1.7, (c) 8.4, (d) 33.5, (e) 167, and (f) 700 pmol. (ii) Coverage fraction, θ, defined in eq 2 plotted as a function ofϕ for 20 nm gold (red) and 80 nm gold
(blue) colloids. The inset shows the plot in the region between 0 ≤ ϕ ≤ 4 μmol/m2. The amounts of ϕ corresponding to N(Aβ1−40) are marked in
panels a−f in red for the 20 nm gold colloid and in blue for the 80 nm gold colloid. (iii) White-light images at the correspondingN(Aβ1−40) labeled as
panels a−f for 20 nm gold (red) and for 80 nm gold (blue). (iv) Histograms showing the distribution of the area of gold colloid aggregates and
representative white-light images for 20 nm gold at (e) an N(Aβ1−40) of 167 pmol and (f) an N(Aβ1−40) of 700 pmol and for 80 nm gold at (d) an
N(Aβ1−40) of 33.5 pmol, (e) an N(Aβ1−40) of 167 pmol, and (f) an N(Aβ1−40) of 700 pmol.

Table 1. Parameters Extracted from the Langmuir−
Freundlich Model Given in eq 2

d (nm) KLF n ⟨R2⟩
20 4.2(2) × 105 0.37(4) 0.968
80 4.46(8) × 105 0.37(2) 0.981

Table 2. Averaged Areas (square micrometers) and Sampled
Numbers of Gold Colloid Aggregates

d (nm) N(Aβ1−40) average area (μm2) sample number

20 167 12(50) 208
20 700 6(15) 268
30 33.5 2.5(26) 2553
30 167 1.6(18) 4669
30 700 1.1(13) 4085
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was observed. We note this observation because it is possible
that we are imaging an intermediate condition of the aggregation
process. This intermediate condition is limited by the availability
of Aβ1−40 involved in the aggregation process, which prevents it
from proceeding to further aggregation. The conformation of
Aβ1−40 contained in gold colloid aggregates, especially the
conformation of Aβ1−40 at the interface of the gold colloid, may
correspond to the oligomerization of dimers, which lead to
fibrillogenesis in the development of AD. A significant match of
characterization of θ for both 20 and 80 nm gold led us to
construct a unified interpretation of the aggregation process as
separated into stages I−III as well as four aggregation structures
(Figure 3). In stage I (spot 1 to spot 2), the bare gold colloids
(spot 1) start to contact Aβ1−40 molecules, which adsorb on the
gold surface (spot 2), which corresponds to the range of 0 ≤ ϕ ≤
0.8 [white-light images are shown in Figure 2iii for 20 nm gold
(a) and 80 nm gold (a) for spot 1 and Figure 2iii for 20 nm gold
(b−e) and Figure 2iii for 80 nm gold (b−d) for spot 2]. As a
note, Aβ1−40 fibrils are shown as a simplified prolate shape in
Figure 3, but we cannot determine their shape or network by
white-light imaging. Stage II indicates the continuation of the
adsorption of Aβ1−40 on the gold surface and growth of the
aggregation through protein−protein interactions (spot 3),
which corresponds to the white-light image of 20 nm gold (f)
and 80 nm gold (e) (Figure 2iii). In stage II, significant
discrepancies in the extracted θ values with respect to the
simulation by the Langmuir−Freundlich model were observed.
The Langmuir−Freundlich model is designed to describe the
adsorption process, and stage II may involve protein−protein
interactions that contribute to the aggregation process but do
not affect adsorption, causing the observed value of θ to be lower
than the value predicted by the model, which accounts for only

adsorption (see Figure 2ii). In stage III, θ asymptotically reaches
θ(ϕ) = θmax. Figure 3 shows where spot 4 is reached, which
corresponds to the white-light image of 80 nm gold (f) in Figure
2iii. At this stage, adsorption of Aβ1−40 is terminated, and minor
growth of the aggregates is expected.
SERS imaging was conducted for 20 and 80 nm gold at

N(Aβ1−40) values of 0, 1.7, 8.4, 33.5, 167, and 700 pmol. See
Figure S1 for 20 nm gold and Figure S2 for 80 nm gold. As a
representative SERS imaging map, 20 nm gold at an N(Aβ1−40)
of 700 pmol [ϕ(20 nm gold) = 12.3 μmol/m2] and 80 nm gold
at an N(Aβ1−40) of 700 pmol [ϕ(80 nm gold) = 47.3 μmol/m2]
are presented with white-light images and components of the
SERS spectrum (panels a and b, respectively, of Figure 4). All
spectra were normalized against the maximum SERS signal of a
given ϕ. For both 20 and 80 nm gold, the SERS signals were
collected within the range of 200−2800 cm−1. However, distinct
spectral features were observed only within the range of 250−
1800 cm−1. In the examination of the SERS imaging [Figure
4a(iii),(iv),b(iii),(iv)], component A is a baseline and
components B−D appear to share prominent features,
indicating that the overall features of the peptides were
consistent regardless of the location of the aggregate (each
peak indicates a focal point being affected due to the nonflat
surface of the aggregate sample). However, component D in the
80 nm gold sample [Figure 4b(iv)] exhibited more enhanced
features in the range of ≤1000 cm−1, indicating that the
conformation of Aβ1−40 was inhomogeneous or possessed
different degrees of interaction with the gold surfaces. It was also
notable that the outline of the shape in the white-light image
[Figure 4b(ii)] did not match that of the SERS image [Figure
4b(iii)]. The abrupt decreases in the SERS signals observed
close to the starting range of the Raman shift (i.e., ∼100 cm−1)

Figure 3. (a) Sketch of the plot of θ vs ϕ indicating four distinct spots (1−4) of the aggregation stages of I (induction of adsorption), II (continuation
of adsorption and induction of protein−protein interaction), and III (continuation of adsorption and protein−protein interaction). The values of θ and
ϕ roughly correspond to the experimental results. (b) Sketch of three progressive stages of the aggregation process of the spot corresponding to the plot
shown in panel a.
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were interpreted to be monitoring a cut profile by a notch filter
of an excitation line. This was regarded as an artifact and was
removed from the analysis. Because the aggregate surfaces must
be composed of an inhomogeneous environment of protein−
protein interactions, different degrees of gold−peptide inter-
actions and peptide conformations will be detected. Typically,
>200 SERS spectra are collected and examined to extract a
representative SERS spectrum for a given ϕ, as shown in Figure
5a for 20 nm gold and Figure 5b for 80 nm gold. Here, (1)20 =

ϕ(Au 20 nm) = 0.0 μmol/m2, (2)20 = ϕ(Au 20 nm) = 0.15
μmol/m2, (3)20 = ϕ(Au 20 nm) = 0.61 μmol/m2, (4)20 = ϕ(Au
20 nm) = 3.1 μmol/m2, ϕ(Au 20 nm, (5)20) = 12.3 μmol/m2,
(1)80 = ϕ(Au 80 nm) = 0.0 μmol/m2, (2)80 = ϕ(Au 80 nm) =
0.12 μmol/m2, (3)80 = ϕ(Au 80 nm) = 0.59 μmol/m2, (4)80 =
ϕ(Au 80 nm) = 2.4 μmol/m2, and (5)80 = ϕ(Au 80 nm) = 11.8
μmol/m2. Each number (1−5) in Figure 5 corresponds to a
similar value for 20 and 80 nm gold to make a clear comparison
[e.g., ϕ at (2)20 ≈ ϕ at (2)80]. The location of each

Figure 4. (a) Representative SERS spectrum imaging of 20 nm gold colloid aggregates for 700 pmol of Aβ1−40. (i) White-light image, (ii) higher
magnification of the white-light image marked by a red square, (iii) SERS image of components A−C shown in panel iv, and (iv) SERS spectra of
components A−D. (b) Representative SERS spectrum imaging of 80 nm gold colloid aggregates for 700 pmol of Aβ1−40. (i) White-light image, (ii)
higher magnification of the white-light image marked by a red square, (iii) SERS image of components A−D shown in panel iv, and (iv) SERS spectra
of components A−D.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c02923
Langmuir 2024, 40, 1728−1746

1733

https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02923?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02923?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02923?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02923?fig=fig4&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c02923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


representative SERS spectrum was collected and is marked with
a plus sign in the corresponding white-light image on the right
inset box.
For 20 nm gold, the most remarkable feature was that a

Raman shift of ∼275 ± 9 cm−1 (peak α) appeared prominently
from (1)20 ϕ = 0 μmol/m2 to (3)20 ϕ = 0.613 μmol/m2, with a
decrease in its intensity as ϕ increased. This trend also
corresponds to the morphology changing from a cluster of
particles to the formation of an aggregate. We note that at higher
ϕ values, the disappearance of peak α corresponded to the

appearance of peaks between ∼800 and ∼1600 cm−1, which
were mainly assigned as amide I−III bands (see Table 3i, Table
S1-I, and Table S2). Thus, peak α appears to be enhanced by
bare gold surfaces at pH ∼3.7 and diminished by the coverage of
the gold surface by Aβ1−40. We previously reported that peak α
did not appear at pH ≤7. Gao et al. reported the Au−Cl− mode
at 275 cm−1 under 500 mV of potential was applied on the gold
electrode.144 Because we used hydrochloric acid to create an
acidic condition (pH ∼3.7), peak α may originate from the Au−
Cl− mode. However, peak α was not observed at pH ≥7 and was

Figure 5. (a) SERS spectra of 20 nm gold colloid aggregates for each concentration of Aβ1−40: (1)20,ϕ = 0 μmol/m2; (2)20,ϕ = 0.15 μmol/m2; (3)20,ϕ
= 0.61 μmol/m2; (4)20, ϕ = 3.07 μmol/m2; and (5)20, ϕ = 12.3 μmol/m2. The white-light images at the corresponding ϕ values are shown in the right
insets. (b) SERS spectra of 80 nm gold colloid aggregates for each concentration of Aβ1−40: (1)80, ϕ = 0 μmol/m2; (2)80, ϕ = 0.12 μmol/m2; (3)80, ϕ =
0.59 μmol/m2; (4)80, ϕ = 2.4 μmol/m2; and (5)80, ϕ = 11.8 μmol/m2. The white-light images at the corresponding spectrum are shown in the right
insets.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c02923
Langmuir 2024, 40, 1728−1746

1734

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c02923/suppl_file/la3c02923_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c02923/suppl_file/la3c02923_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c02923/suppl_file/la3c02923_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02923?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02923?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02923?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02923?fig=fig5&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c02923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 3. List of Raman Shifts (ν̃Raman) of SERS Spectra for Gold Colloid Aggregates of 20 nm Gold (i) and 80 nm Gold (ii) after
Insertion of 700 pmol of Aβ1‑40 or ϕ(20 nm gold) = 12.3 μmol/m2 and ϕ(80 nm gold) = 47.3 μmol/m2a
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Table 3. continued
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still observed when an acidic condition (pH ∼4) was created
with H2SO4. Thus, peak α is considered to be the mode that
engages the gold colloidal surfaces. On the basis of the values
reported with the density functional tight-binding approach, one
o f the norma l modes o f neut ra l go ld c lus te r s
(Aun=5, 6, 12, 16, 20, or 58) appears around 275 cm−1.145,146

The data collected for 80 nm gold resembled those for 20 nm
gold, as peak α at 276 ± 9 cm−1 appeared prominently when
(1)80 ϕ = 0 μmol/m2, (2)80 ϕ = 0.12 μmol/m2, and (3)80 ϕ =
0.59 μmol/m2 (see Figure 5). We note the signs of morphology
change at (4)80 ϕ = 2.4 μmol/m2 indicating that peak α was not
present when the the features between ∼800 and 1600 cm−1

were observed and that the assignment of peak α is likely
Aun=5, 6, 15, 16, 20, or 58,

145,146 the same as that of 20 nm gold. We
attempted to assign the modes observed forϕ = 0 μmol/m2 with
citrate; however, all modes observed below 850 cm−1 were not
identified (Table 3ii, Table S1-II, and Table S2). The spectral
lines ranging between ∼800 and ∼1600 cm−1 observed for 80
nm gold asϕ increased resembled those observed for 20 nm gold
(see Figure 5b). However, in contrast to the spectral features
observed for 20 nm gold, spectral lines ranging between ∼350

and ∼800 cm−1 for 80 nm gold appeared as ϕ increased. To
clarify the differences and similarities of the spectral features and
to make plausible assignments, the spectral lines observed at the
highest N(Aβ1−40) of 700 pmol [i.e., ϕ(20 nm gold) = 12.3
μmol/m2, and ϕ(80 nm gold) = 47.3 μmol/m2] are listed in
Table 3 for (i) only 20 nm gold and (ii) only 80 nm gold; also
shown are (iii) common spectral lines for both 20 and 80 nm
gold. The spectral features between ∼800 and ∼1600 cm−1 that
appeared in both 20 and 80 nm gold (see Table 3iii) are
considered to be associated with amino acids over the gold
surface forming amide I−III bands, which are affected by
interactions such as C−N/C−Cα/C−H stretching, NH3

+/C−H
deformation, CH2 wag/deformation, CH3 symmetric deforma-
tion, CH3 asymmetric bending, COO− symmetric/asymmetric
stretching, and ring C−C stretching. Additional features that
may be associated with amino acids appeared in the spectra
below 1000 cm−1, and they were assigned as C−C/C−S/C−N
stretching or COO−/ring deformation. As a notable band may
be associated with the β-pleated sheet conformation, the feature
associated with amide II, random coil fibril, core β-sheet (1534−
1569 cm−1)147 was observed for both 20 nm gold (1550.7 cm−1)

Table 3. continued

aThe common modes observed in sections i and ii are summarized in section iii. The assignment marked with an asterisk was proposed by this
work on the basis of the DF-TB calculation,145,146 and the assignments marked with a ⊕ were nonconclusively suggested as gold−ligand modes
referenced from the study by Ferraro.151 The modes shown with bold fonts in sections i and ii indicate those not identified as common modes in
section iii. Abbreviations: def., deformation; str., stretching; sym., symmetric; asym., asymmetric, νCitrate, mode associated with the citrate; d(Au),
diameter of a gold nanoparticle. Amino acid abbreviations: Y, tyrosine; L, leucine; G, glycine; A, alanine; M, methionine; F, phenylalanine; Q,
glutamine; K, lysine; R, arginine; N, asparagine; V, valine; I, isoleucine; E, glutamic acid; H, histidine (see Table S2).
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Figure 6. (a) SERS spectrum contour map for 20 nm gold with five marked spectral line positions: (i)20 275 cm−1, (ii)20 1559 cm−1, (iii)20 1223 cm−1,
(iv)20 1549 cm−1, and (v)20 1533 cm−1. (b) SERS spectrum contour map for 80 nm gold with six marked spectral line positions: (i)80 276 cm−1, (i)′80
1561 cm−1, (ii)80 1590 cm−1, (iii)80 1521 cm−1, (iv)80 1276 cm−1, and (v)80 1541 cm−1. (c) Three-dimensional (3D) map of the SERS spectrum as a
function ofϕ (0≤ ϕ ≤ 12 μmol/m2) for 20 nm gold with a contour map on the top. The positions of each representative mode type explained in panel
a are also indicated. (d) 3D map of the SERS spectrum as a function of ϕ (0 ≤ ϕ ≤ 12 μmol/m2) for 80 nm gold with a contour map on the top. The
positions of each representativemode type explained in panel b are also indicated. (e) Plot of θ vsϕ (top) reproduced fromFigure 2ii for 20 nm gold for
0 ≤ ϕ ≤ 12 μmol/m2. The corresponding aggregation stages explained in Figure 3 are also shown. SERS signals plotted as a function of ϕ for the
representative modes explained in panel a (bottom). The right bottom shows a sketch of the suggested initial adsorption process at the 20 nm gold
surface where histidine NH or C�C bonds are approaching. (f) Plot of θ vs ϕ (top) reproduced from Figure 2ii for 80 nm gold for 0 ≤ ϕ ≤ 12 μmol/
m2. The corresponding aggregation stages explained in Figure 3 are also shown. SERS signals plotted as a function of ϕ for the representative modes
explained in panel b (bottom). The right bottom shows a sketch of the suggested initial adsorption process at the 80 nm gold surface where a plane of a
benzene ring of tyrosine or phenylalanine is making contact.
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and 80 nm gold (1541.4 cm−1). There aremodes associated with
interactions with the gold surface, and they can originate from a
segment of amino acids or a specific oligomer being formed at or
attracted to the gold interface; however, they have not been
reported in studies of Aβ fibrils. As a prominent difference from
20 nm gold, 80 nm gold showed modes ranging below ∼800
cm−1 with relatively high densities in addition to those ranging
between ∼800 and 1600 cm−1. Several modes below 450 cm−1

were not assigned andmay indicate the specific modes unique to
the sample condition developed in this work, such as
interactions between the gold surface and amino acids. The
origin of the difference in sensitivity of 20 and 80 nm gold for the
modes ranging between ∼250 and ∼800 cm−1 is likely to be
dependent on the nanosize. First, we considered a nanosize
dependence to a sensitivity for particular modes. Although no
detailed studies have been performed to explore surface
roughness as a function of colloid diameter, the surface
roughness has been crucial for enhancing SERS signals due to
heterogeneous nanoscale height variation.148,149 Defining the
surface roughness as a stochastic height variation to the smooth
surface of an ideal nanoparticle,150 we found the surface
roughness must be equal assuming that the surface homoge-
neously consisted of gold atoms. Second, we took into account
the fact that physical size affects the surface condition for
adsorption. Our study reports newly observed Raman shifts in
the range of ∼250−500 cm−1. Up to this point, the available
assigned Ramanmodes on Aβ1−40 are limited to 500 cm−1 for the
lower-frequency range. A significant amount of gold metal−
ligand modes were reported in the range of 250−600 cm−1.151

Thus, nonconclusive and suggestive assignments can be made
for those lines associated with the goldmetal surface. Those lines
are marked with a ⊕ with temporal assignments in Table 3,
Table S1, and Table S3. We simulated the surface coverage (Θ,
which corresponds to θmax in eq 1) of gold colloids by
amyloidogenic peptides141 and found that Θ(20 nm gold) =
0.74 andΘ(80 nm gold) = 0.77.While 80 nm gold was estimated
to have a higher coverage compared to that of 20 nm gold, the
simple spherical approximation of the colloid shows 80 nm gold
provides an open area of ∼1.5 × 104 nm2 by a bare gold colloid
surface and that of 20 nm gold will be 900 nm2. Thus, it is
plausible that those unassigned modes are associated with
bonding between the gold surface and a segment of Aβ1−40
responsible for adsorption but not the part for protein−protein
interaction. One of the focal points of this study is to identify the
modes associated with adsorption and aggregation.
We formed a spectral line group for 20 and 80 nm gold as a

function of ϕ under the equivalent assignment of the mode at
different aggregation stages summarized in Table S3. Then,
representative modes were marked on the top of a contour map
in panels a and c of Figure 6 for 20 nm gold (i−v) and panels b
and d of Figure 6 for 80 nm gold (i, i′, and ii−v). The line group
was identified using a filtering range of ±10 cm−1, and this filter
range was termed a deviation of±9 cm−1 of the peak around 275
cm−1 in this work. Then, we made line assignments within each
line group to the best matched reported assignments. In some
cases, to be consistent with the assignment of each line group,
lines positioned beyond the filter range (±10 cm−1) needed to
be chosen. To hypothesize a plausible mechanism of the
involvement of particular sequences of Aβ1−40 in the peptide−
peptide interactions at the interface, we attempted to correlate
the modes with particular sequences (Table 3). Utilizing the
labeling of β1 (Aβ7−21) and β2 (Aβ29−40),

152 the SERS spectra at
the highest aggregation stage, where N(Aβ1−40) = 700 pmol,

were analyzed (see Table 3i−iii). A significant number of modes
associated with alanine (Ala or A) β1, phenylalanine (Phe or F)
β1, leucine (Leu or L) β1 and β2, and glycine (Gly or G) β1 and
β2 were found.
To understand and correlate the possible modes or particular

sequences of Aβ1−40 with respect to aggregation stages I−III
shown in Figure 3, we have categorized the following five types
of modes (i−v) as sketched in Figure S3.

For type i, a particular mode appeared at ϕ = 0 and
disappeared within an early stage I. If the SERS signals
were negligible at ϕ = 0 but still exhibited a feature of type
i, it was labeled as type (i)′.
For type ii, the mode possessed maximum SERS signals
around ϕ ∼ 0.5 (i.e., early stage I).
For type iii, the modes possessed maximum SERS signals
during the later stage I.
For type iv, the modes start to appear or grewmore during
stage II.
For type v, the modes start to appear or grew more during
the later stage II or stage III.

Among all observed modes, prominent modes were selected
and sorted into types i−v. First focusing on the region of stage I
and the early stage II (corresponding to 0 ≤ ϕ ≤ 12 μmol/m2),
we found remarkable differences between 20 and 80 nm gold as
seen in the contour map and 3D SERS signals shown in panels a
and c of Figure 6 for 20 nm gold and in panels b and d of Figure 6
for 80 nm gold. To simplify and clarify the feature, the most
prominent SERS modes of each type (i−v) were picked and
labeled as a representative mode for each, as shown in panels a−
d of Figure 6. In panels e and f of Figure 6, the trends of the SERS
signal as a function ofϕ are plotted for each representative mode
of each type with the plot of θ versus ϕ reproduced from Figure
2ii. While sharper peak maxima were observed in panels e and f
of Figure 6, these were likely due to the limited spectral
observation points and do not necessarily represent the actual
curvature. The full list and assignments of spectral lines used in
this analysis are summarized in Table S3 and labeled in the
contour maps in Figures S4, S5, S6a, and S6b.
For 20 nm gold, at the initial stage I, a representative type i

mode [(i)20 275 cm−1] was assigned as the vibrational mode of
gold clusters (Aun=5, 6, 15, 16, 20, or 58). As increased during early
stage I, which must be associated with an induction of
adsorption, the type ii mode [(ii)20 1559 cm−1] was prominently
observed. This mode was considered to be carboxylate
interacting on the gold surface (i.e., −COO−Au), and no
particular sequence was identified to be responsible for the
adsorption. However, although the intensity was not as
prominent as that of mode (ii)20, the other type ii mode with
significant intensity at 1485 cm−1 associated with histidine (His
or H) NH deformation or C�C asymmetric stretching was
observed, implying the possible involvement of 6His, 13His, or
14His for the first approach of the adsorption. Then, stage I was
followed by the type iii mode [(iii)20 1223 cm−1], considered to
be CH2 wag in 33Gly-34Leu. Then, during stage II, where a
continuation of adsorption and induction of protein−protein
interaction may be taking place, the type iv mode [(iv)20 1549
cm−1] clearly grew, and it showed the involvement of random
coils, fibrils, or core β-sheets. Two other type iv modes at 1312
cm−1 (CH2 wag in F-G-F-G or G-G-F) and 1581 cm−1 (COO−

asymmetric stretching backbone in F-G-F-G)may suggest that F
or G is in the part of the random coil, fibril, or core β-sheet and
plays a key role in inducing protein−protein interaction, forming
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gold aggregates. If a G-G sequence was involved here, it is likely
to be 37Gly-38Gly. Because gold colloids may inhibit the full
formation of fibrils, random coils or core β-sheets are more
plausible assignments for mode (iv)20. Then, most type iv modes
were in the latter stage II, and no new mode was observed up to
early stage III (see Figure S4a). The most prominent mode in
type v was (v)20 1533 cm−1, and this mode was an icon of
random coils or core β-sheet. Continuing from type iv modes,
we found the observed modes at 1312 and 1581 cm−1 implied
the involvement of F and G for enhancing aggregation. The
mode at 1367 cm−1 also suggests β-sheet bending and the
involvement of the COO− symmetric stretching of glutamic acid
(Glu or E) or aspartic acid (Asp or D) and CH2 scissoring, CH3
symmetric bending, or deformation in A-A. The experimentally
covered ϕ value for 20 nm gold reached ∼18 μmol/m2, which is
estimated to be the entrance region of stage III but not further in
its stage. Because there was no sign of a new mode growing
around ϕ ∼ 18, it is conceivable that type iv modes (i.e., random
coil or core β-sheet) are responsible in stage III.
Quite interestingly, the SERS contour map of 80 nm gold was

very different from that of 20 nm gold (see panels a−d of Figure
6) and suggested the involvement of different sequences in
adsorption as well as aggregation. However, the type i mode at
an initial stage (ϕ = 0) was very similar, and the (i)80 276 cm−1

mode was assigned as the vibrational mode of gold clusters
(Aun=5, 6, 15, 16, 20, or 58). As shown in panels e and f of Figure 6,
mode (i)80 stayed under a wider region compared to that of
mode (i)20, which may suggest the more open surface of 80 nm
gold allowing more Aβ1−40 monomers (or more distance
between adjacent Aβ1−40 monomers) compared to the case of
the 20 nm gold surface. For the region including beyond ϕ = 12
μmol/m2, the SERS signals of the representative modes are
shown in panels a and b of Figure S7. In the region aroundϕ = 0,
several bands appeared and disappeared within ϕ ∼ 0.1 μmol/
m2 and were labeled as mode i′. The representative mode (i)′80
was observed at 1561 cm−1 assigned as Au−COO− stretching,
and another mode i′ with significant intensity was observed at
1095 cm−1, indicating C−N stretching or C−C stretching.
While no particular sequence can be identified, these modes
indicate triggering of the adsorption process, and they were
replaced by modes of type ii. The representative type ii mode
[(ii)80 1590 cm−1] belongs to ring C−C stretching of F or
possibly Y, showing the involvement of the benzene ring in the
induction of adsorption, which is very different from the case
observed in 20 nm gold. The mode at 1505 cm−1 suggests the
NH deformation or C�C asymmetric stretching of H. As
another significant type ii mode, that at 1534 cm−1 is assigned as
the COO−−Au or COO− asymmetric stretching backbone,
random coils, or β-sheets. Considering the involvement of
random coil or β-sheet duing the later stage II or early stage III in
20 nm gold, the involvement of COO−−Au is more plausible as
a role of mode (ii)80. At the later stage III (ϕ ∼ 2.5), mode type
iii represented by (iii)80 1521 cm−1 (NH deformation of 6His,
13His, or 14His, C�C asymmetric stretching) was strongly
observed. The modes at 650 cm−1 strongly suggest the C−S
stretching of methionine (Met or M) at 35Met or the COO−

bending of tyrosine (10Tyr). During stage II, there were many
more modes observed for 80 nm gold than for 20 nm gold, and
the most prominent was (iv)80 1276 cm−1 [CH2 bending or CH2
wagging of glutamine (Glu or Q)]. Other significant type iv
modes could be 646 cm−1 (C−S stretching in 35Met or COO−

bending in 10Tyr) and 1037 cm−1 (C−N stretching in 33Gly-
34Leu, L-37Gly-38Gly, or G or in-plane ring C−H deformation

in 37Gly-38Gly-F or F-G-F-G). Thus, induction of adsorption
may continue with a benzene ring-containing sequence such as F
or Y, and the formation of protein−protein interactions may be
induced by Q, M, or L-G. A remarkable difference from 20 nm
gold was also found in the appearance of newly grown modes
during stage III, and (v)80 1541 cm−1 (COO− asymmetric
stretching backbone, random coils, and core β-sheet). Random
coils or core β-sheets must be playing a key role in the assembly
of gold aggregates for both 20 and 80 nm gold. However, one
dissimilarity was that mode (v)80 appeared significantly beyond
ϕ ∼ 13 μmol/m2 while mode (v)20 appeared significantly
around ϕ ∼ 5 μmol/m2. Although there were several other
significant modes, most of them were associated with those in
type iv modes observed in stage II.
The major unanswered question is what major interaction

makes Aβ1−40 bind to the gold colloid surface. Considering that
Aβ1−40 monomer-coated gold nanoparticles dissolve under
aqueous conditions, the hydrophilic segment of the Aβ1−40
monomer appears to be facing the aqueous phase. More exactly,
a recent study indicated that 28Lys (lysine, Lys, or K) appears to
be responsible for an electrostatic interaction with the negative
surface of gold nanoparticles141 and the hydrophobic segment of
the peptide must be utilized for adsorption to the gold surface.
Thus, peptide networking is considered to take place through
hydrophilic segments of peptides, and a high affinity between
unfolded amyloidogenic peptides is thought to cause
aggregation of peptide-coated gold nanoparticles. This appears
to be dependent on the structure of the protein because the
unfolded conformation of the peptide repels the peptide-coated
nanogold colloids.153,154

The ϕ-dependent mode analysis concluded that an intrinsic
difference in the formation of gold colloid aggregates between 20
and 80 nm gold originated from the adsorption taking place
during early stage I corresponding to ϕ ∼ 0.2 μmol/m2. It is
conceivable that physical restriction of the available adsorbable
surface and the interaction distance between adjacent
monomers approaching the surface could favor the 20 nm
gold surface being approached by histidine (see the right bottom
box of Figure 6e). Differences in these conditions could allow
the approach of the 80 nm gold surface by the planelike benzene
ring, possibly tyrosine (10Tyr) or phenylalanine (see the right
bottom box of Figure 6f). While a random coil or core β-sheet
conformation was considered to be the responsible for protein−
protein interaction forming aggregates regardless of nano-
particle size, the 80 nm gold generated aggregation at much
higher ϕ values, which suggests that the physical property of the
gold played a key role in aggregation. This factor can be
important for determining the terminal size of gold colloid
aggregates, as shown in Figure 2iv.We speculate that the random
coil or core β-sheet conformation at the relatively lower ϕ seen
in 20 nm gold may lead to further networking between random
coils or β-sheets of surrounding preexisting gold aggregates. The
80 nm gold, in contrast, appears to require more monomers to
start forming random coil or β-sheet.

■ CONCLUSIONS
We have established a methodology for investigating the
protein−protein interaction involved in the aggregation of the
gold nanoparticles possessing a protein corona by using Aβ1−40.
By varying the concentration of Aβ1−40,N(Aβ1−40), we were able
to define the aggregation process. Thus, this approach reveals
the progress of protein−protein interactions or the process of
protein interactions. The degree of the SPR peak shift was
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interpreted as protein aggregation and was calculated as a
function of N(Aβ1−40) per available gold surface, ϕ. The degree
of aggregation was reasonably characterized by the heteroge-
neous surface coverage ratio, θ, using the Langmuir−Freundlich
model, with a significant discrepancy at 0.8 < θ < 1.0 implying
the involvement of protein−protein interactions. We report a
newly found Raman shift peak at 275 ± 5 cm−1, which could be
evidence of the presence of gold colloid clusters but not gold
colloid aggregates, regardless of the size of the gold colloid. We
speculate that the size difference affected the initial adsorption
stage because of the difference in the availability of the open gold
surface affecting the degree of interaction of Aβ1−40 peptides
with adjacent monomers. The induction of adsorption for 20 nm
goldmay be caused by a relatively small contact area (possibly by
a part of the −C−N or C�C bond of histidine), while 80 nm
gold could be more available to a benzene ring plane (possibly
tyrosine or phenylalanine) occupyingmore contact area with the
particle surface. The β-sheet and α-random coil were found to be
the key conformations for completing aggregates regardless of
the nanosize. The methodology employed in this work can be
applied to other amyloidogenic peptides such as α-synuclein or
β-2 microglobulin to investigate the aggregation process. This
work has great potential for the development and design of
sensitive devices for measuring the concentration of amyloido-
genic peptides.
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P.; Álvarez-Lueje, A.; Giralt, E.; Kogan, M. J. How changes in the
sequence of the peptideCLPFFD-NH2 canmodify the conjugation and
stability of gold nanoparticles and their affinity for beta-amyloid fibrils.
Bioconjugate Chem. 2008, 19, 1154−1163.
(113) Xu, Y.; Li, Y.; Wei, L.; Liu, H.; Qiu, J.; Xiao, L. Attenuation of
the aggregation and neurotoxicity of amyloid peptides with neuro-
transmitter-functionalized ultra-small-sized gold nanoparticles. Engi-
neered Science 2019, 6, 53−63.
(114) John, T.; Gladytz, A.; Kubeil, C.; Martin, L. L.; Risselada, H. J.;
Abel, B. Impact of nanoparticles on amyloid peptide and protein
aggregation: A review with a focus on gold nanoparticles. Nanoscale
2018, 10, 20894−20913.
(115) Li, J.; Han, Q.; Wang, X.; Yu, N.; Yang, L.; Yang, R.; Wang, C.
Reduced aggregation and cytotoxicity of amyloid peptides by graphene
oxide/gold nanocomposites prepared by pulsed laser ablation in water.
Small 2014, 10 (21), 4386−4394.
(116) Araya, E.; Olmedo, I.; Bastus, N. G.; Guerrero, S. n.; Puntes, V.
c. F.; Giralt, E.; Kogan, M. J. Gold nanoparticles and microwave
irradiation Inhibit beta-amyloid amyloidogenesis. Nanoscale Res. Lett.
2008, 3, 435−443.
(117) Hooshmand, N.; Thoutam, A.; Anikovskiy, M.; Labouta, H. I.;
El-Sayed, M. Localized surface plasmon resonance as a tool to study
protein corona formation on nanoparticles. J. Phys. Chem. C 2021, 125,
24765−24776.
(118) Huang, W.; Xiao, G.; Zhang, Y.; Min, W. Research progress and
application opportunities of nanoparticle-protein corona complexes.
Biomedicine and Pharmacotherapy 2021, 139, 111541−111559.
(119) Latreille, P.-L.; Le Goas, M.; Salimi, S.; Robert, J.; De
Crescenzo, G.; Boffito, D. C.; Martinez, V. A.; Hildgen, P.; Banquy, X.
Scratching the surface of the protein corona: Challenging measure-
ments and controversies. ACS Nano 2022, 16 (2), 1689−1707.
(120) Neagu, M.; Piperigkou, Z.; Karamanou, K.; Engin, A. B.; Docea,
A. O.; Constantin, C.; Negrei, C.; Nikitovic, D.; Tsatsakis, A. Protein
bio-corona: critical issue in immune nanotoxicology. Arch. Toxicol.
2017, 91, 1031−1048.
(121) Sahneh, D. F.; Scoglio, C.; Riviere, J. Dynamics of nano-
particleprotein corona complex formation: analytical results from
population balance equations. PLoS One 2013, 8 (5), No. e64690.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c02923
Langmuir 2024, 40, 1728−1746

1744

https://doi.org/10.1021/ja036813f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja036813f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja036813f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CS00199A
https://doi.org/10.1038/srep15449
https://doi.org/10.1038/srep15449
https://doi.org/10.1038/srep15449
https://doi.org/10.1021/acs.chemrev.0c01122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja210826a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja210826a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.110.168103
https://doi.org/10.1103/PhysRevLett.110.168103
https://doi.org/10.1103/PhysRevLett.110.168103
https://doi.org/10.1063/1.3512642
https://doi.org/10.1063/1.3512642
https://doi.org/10.1016/j.bbapap.2008.10.016
https://doi.org/10.1016/j.bbapap.2008.10.016
https://doi.org/10.1074/jbc.M112.375345
https://doi.org/10.1074/jbc.M112.375345
https://doi.org/10.1074/jbc.M112.375345
https://doi.org/10.1016/S0006-3495(80)84962-9
https://doi.org/10.1016/S0006-3495(80)84962-9
https://doi.org/10.1073/pnas.0711664105
https://doi.org/10.1073/pnas.0711664105
https://doi.org/10.1073/pnas.0711664105
https://doi.org/10.1002/bit.21627
https://doi.org/10.1016/S0076-6879(99)09019-9
https://doi.org/10.1016/0022-2836(85)90175-5
https://doi.org/10.1016/0022-2836(85)90175-5
https://doi.org/10.1021/bi701899y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi701899y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi701899y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi701899y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1178250
https://doi.org/10.1126/science.1178250
https://doi.org/10.1038/nature04922
https://doi.org/10.1038/nature04922
https://doi.org/10.1038/nature04922
https://doi.org/10.1073/pnas.1218402110
https://doi.org/10.1073/pnas.1218402110
https://doi.org/10.1073/pnas.1401564111
https://doi.org/10.1073/pnas.1401564111
https://doi.org/10.1073/pnas.1401564111
https://doi.org/10.1016/j.ijbiomac.2020.08.023
https://doi.org/10.1016/j.ijbiomac.2020.08.023
https://doi.org/10.1016/j.colsurfb.2010.07.011
https://doi.org/10.1016/j.colsurfb.2010.07.011
https://doi.org/10.1016/j.bios.2013.05.028
https://doi.org/10.1016/j.bios.2013.05.028
https://doi.org/10.1016/j.bios.2013.05.028
https://doi.org/10.1021/acs.jpcc.7b05169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b05169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc800016y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc800016y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc800016y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.30919/es8d778
https://doi.org/10.30919/es8d778
https://doi.org/10.30919/es8d778
https://doi.org/10.1039/C8NR04506B
https://doi.org/10.1039/C8NR04506B
https://doi.org/10.1002/smll.201401121
https://doi.org/10.1002/smll.201401121
https://doi.org/10.1007/s11671-008-9178-5
https://doi.org/10.1007/s11671-008-9178-5
https://doi.org/10.1021/acs.jpcc.1c07409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c07409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biopha.2021.111541
https://doi.org/10.1016/j.biopha.2021.111541
https://doi.org/10.1021/acsnano.1c05901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c05901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00204-016-1797-5
https://doi.org/10.1007/s00204-016-1797-5
https://doi.org/10.1371/journal.pone.0064690
https://doi.org/10.1371/journal.pone.0064690
https://doi.org/10.1371/journal.pone.0064690
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c02923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(122) Boraschi, D.; Italiani, P.; Palomba, R.; Decuzzi, P.; Duschl, A.;
Fadeel, B.; Moghimi, S. M. Nanoparticles and innate immunity: New
perspectives on host defence. Semin. Immunol. 2017, 34, 33−51.
(123) Farrera, C.; Fadeel, B. It takes two to tango: understanding the
interactions between engineered nanomaterials and the immune
system. Eur. J. Pharm. Biopharm. 2015, 95, 3−12.
(124) Zhdanov, V. P.; Kasemo, B. Monte Carlo simulation of the
kinetics of protein adsorption. Proteins: Struct., Funct., Genet. 1998, 30,
177−182.
(125) Miller, A. E.; Petersen, P. B.; Hollars, C. W.; Saykally, R. J.;
Heyda, J.; Jungwirth, P. Behavior of β-Amyloid 1−16 at the air-water
interface at varying pH by nonlinear spectroscopy and molecular
dynamics simulations. J. Phys. Chem. A 2011, 115, 5873−5880.
(126) Barrow, C. J.; Yasuda, A.; Kenny, P. T.; Zagorski, M. G. Solution
conformations and aggregational properties of synthetic amyloid beta-
peptides of Alzheimer’s disease. Analysis of circular dichroism spectra. J.
Mol. Biol. 1992, 225, 1075−1093.
(127) Roher, A. E.; Chaney, M. O.; Kuo, Y. M.; Webster, S. D.; Stine,
W. B.; Haverkamp, L. J.;Woods, A. S.; Cotter, R. J.; Tuohy, J. M.; Krafft,
G. A.; Bonnell, B. S.; Emmerling, M. R. Morphology and toxicity of A
-(1−42) dimer derived from neuritic and vascular amyloid deposits of
Alzheimer’s disease. J. Biol. Chem. 1996, 271, 20631−20635.
(128) Yokoyama, K. Nanoscale Protein Conjugation. In Advances in
Nanotechnology; Chen, E. J.; Peng, N., Ed.; Nova Science Publishing:
New York, NY, 2010; Vol. 1, pp. 65−104.
(129) Yokoyama, K. Modeling of reversible protein conjugation on
nanoscale surface. In Computational Nanotechnology: Modeling and
Applications with MATLAB; Musa, S. M., Ed.; CRC Press: Boca Raton,
FL, 2011; pp 381−409.
(130) Yokoyama, K. Nano size dependent properties of colloidal
surfaces. In Colloids: Classification, Properties and Applications; Ray, P.
C., Ed.; Nova Publishers, 2012; pp 25−58.
(131) Yokoyama, K. Controlling Reversible Self Assembly Path of
Amyloid Beta Peptide over Gold Colloidal nanoparticle’s Surface. In
Nanoscale Spectroscopy with Applications; Musa, S. M., Ed.; CRC Press-
Taylor and Francis Group, LLC: Boca Raton, FL, 2013; pp 279−304.
(132) Yokoyama, K.; Briglio, N. M.; Sri Hartati, D.; Tsang, S. M. W.;
MacCormac, J. E.; Welchons, D. R. Nanoscale size dependence in the
conjugation of amyloid beta and ovalbumin proteins on the surface of
gold colloidal particles. Nanotechnology 2008, 19 (10), 375101−
375108.
(133) Yokoyama, K.; Welchons, D. R. The conjugation of amyloid
beta protein on the gold colloidal nanoparticles’ surfaces. Nano-
technology 2007, 18, 105101−105107.
(134) Eliezer, D. Protein amyloid aggregation: Methods and Protocols;
Humana Press: Totowa, NJ, 2016.
(135) Amyloid proteins: methods and protocols; Humana Press:
Totowa, NJ, 2012.
(136) Sigurdsson, E. M.; Calero, M.; Gasset, M. Amyloid proteins:
methods and protocols; Humana Press: Totowa, NJ, 2012.
(137) Sandal, M. International Review of Cell and Molecular Biology:
Early stage protein misfolding and amyloid aggregation; Academic Press,
2017.
(138) Uversky, V. N.; Fink, A. L. Protein misfolding, aggregation, and
conformational diseases. Part B, Molecular mechanisms of conformational
diseases; Springer, 2019.
(139) Yokoyama, K.; Gaulin, N. B.; Cho, H.; Briglio, N. M.
Temperature Dependence of Conjugation of Amyloid Beta Peptide
on theGold Colloidal Nanoparticles. J. Phys. Chem. A 2010, 114, 1521−
1528.
(140) Azizian, S.; Eris, S. Adsorption isotherms and kinetics. In
Adsorption: Fundamental Processes and Applications; Ghaedi, M., Ed.;
Academic Press: London, 2021.
(141) Yokoyama, K.; Brown, K.; Shevlin, P.; Jenkins, J.; D’Ambrosio,
E.; Ralbovsky, N.; Battaglia, J.; Deshmukh, I.; Ichiki, A. Examination of
adsorption orientation of amyloidogenic peptides over nano-gold
colloidal particles’ surfaces. International Journal of Molecular Science
2019, 20 (21), 5354−5380.

(142) Azizian, S.; Eris, S.; Wilson, L. D. Re-evaluation of the century-
old Langmuir isotherm for modeling adsorption phenomena in
solution. Chem. Phys. 2018, 513, 99−104.
(143) Yokoyama, K.; Cho, H.; Cullen, S. P.; Kowalik, M.; Briglio, N.
M.; Hoops, H. J.; Zhao, Z.; Carpenter, M. A. Microscopic investigation
of reversible nanoscale surface size dependent protein conjugation.
International Journal of Molecular Science 2009, 10, 2348−2366.
(144) Gao, P.; Weaver, M. J. Metal-Adsorbate Vibrational
Frequencies as a Probe of Surface Bonding: Halides and Pseudohalides
at Gold Electrodes. J. Phys. Chem. 1986, 90, 4057−4063.
(145) Vishwanathan, K.; Springborg, M. A highest stable cluster Au58
(C1) re-optimized via a density-functional tight-binding (DFTB)
approach. RSC Adv. 2018, 8, 11357−11366.
(146) Vishwanathan, K. Symmetry of Gold Neutral Clusters Au3−20
and Normal Modes of Vibrations by using the Numerical Finite
Difference Method with Density-Functional Tight-Binding (DFTB)
Approach. Arch. Chem. Res. 2017, 2 (14), 1−17.
(147) Talaga, D.; Cooney, G. S.; Ury-Thiery, V.; Fichou, Y.; Huang,
Y.; Lecomte, S.; Bonhommeau, S. Total Internal Reflection Tip-
Enhanced Raman Spectroscopy of Tau Fibrils. J. Phys. Chem. B 2022,
126 (27), 5024−5032.
(148) Zhang, Y.; Wang, L.-M.; Tan, E.-Z.; Yang, S.-H.; Li, L.-D.; Guo,
L. Uniform arrays of gold nanoparticles with different surface roughness
for surface enhanced Raman scattering. Chin. Chem. Lett. 2015, 26,
1426−1430.
(149) Tinguely, J.-C.; Sow, I.; Leiner, C. Gold Nanoparticles for
Plasmonic Biosensing: The Role of Metal Crystallinity and Nano-
scaleRoughness. Bio Nano Science 2011, 1, 128−135.
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