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Abstract−The effect of the properties of a nanostructured gold surface (nano-Au surface) on the aggregation of Amyloid
β(1-40) (Aβ40) was investigated. A nano-Au surface, in the form of immobilized nanoparticles, was prepared by using
a thermal evaporator, resulting in the formation of nanosized clusters with sizes less than 10 nm. When Aβ40 was in-
cubated with the nano-Au surface, abnormally large-sized tubular aggregates were formed on the surface and typical
fibril formation was suppressed in the solution. This abnormally large tubular structure represents a novel type of Aβ40
aggregate. In the absence of the nano-Au surface, the diameters of the Aβ40 fibrils were less than 10 nm. However,
the height of the tubular aggregates formed on a nano-Au surface was 80-100 nm. Such large-sized aggregates of Aβ40
have not been reported in previous studies dealing with interactions of suspended nanoparticles with proteins. This
can be attributed to differences in the aggregation mechanism between immobilized and suspended nanoparticles. The
formation of Aβ40 aggregates by nano-Au surface will provide the possible mechanism for abnormal fibril formation.
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INTRODUCTION

With the current applications of nanotechnology in medical sci-
ence, an understanding of the specific interactions that occur be-
tween proteins and nanomaterials is an important issue in the areas
of nanomedicine and nanosafety [1,2]. When nanomaterials come
into contact with proteins, the nanomaterial can have an effect on
the behavior of a protein. In this context, the effect of a nanomate-
rial on the aggregation of amyloidogenic proteins has been a subject
of considerable interest, in terms of understanding the various eti-
ological relationships between this and neurodegenerative diseases
such as Alzheimer’s, Parkinson’s and dialysis-related amyloidosis
[3]. It was recently reported that the kinetics of the protein aggre-
gation in vitro are affected by the presence of nanomaterials. For
example, copolymeric nanoparticles accelerate the aggregation of
β-2-microglobulin [4] and gold nanoparticles initiate the formation
of lysozyme aggregates in the physiological pH range, resulting in
the formation of extended assemblies of amorphous protein-nano-
particles [5]. Even for an identical amyloid protein, the kinetics of
aggregation appears to depend on the type of nanoparticle present.
TiO2 nanoparticles promote the formation of Amyloid β fibrils [6],
but copolymeric nanoparticles [7] and biocompatible nanogels [8]
act as inhibitors. A possible mechanism for this is as follows [4]. In
the first step, the protein binds to the surface of nanoparticles. This
binding results in a subsequent increase in the concentration of the
protein in the vicinity of the nanoparticle surface. This would increase

the probability of a morphological change, followed by an acceler-
ation in the aggregation of the protein [4-6] or it could result in mon-
omer depletion and the trapping of sub- and near-critical nuclei, fol-
lowed by the inhibition of aggregation [7].

Herein, the effect of a nanostructured gold surface (nano-Au sur-
face), as an immobilized form of nanoparticles, on the change in
aggregation properties of Amyloid β40 (Aβ40) was examined as
shown in Fig. 1(a). Suspensions of nanoparticles have been typi-
cally used in previous studies concerning the role of nanomaterials

Fig. 1. Schematic image of the formation of large size Aβ40 aggre-
gates on a nanostructured gold surface (a) and AFM images
of a nanostructured gold surface showing that the size of
the clusters are under 10 nm (b); The right is the line profile
from an AFM image.
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on protein aggregation, and the focus has been on the kinetics of
fibril formation. In contrast, we employed an immobilized form of
nanoparticles and focused our attention on morphological variations
on the surface as well as the kinetics associated with aggregation.
The morphological change of Aβ40 on the surface was visualized
by an atomic force microscopy (AFM). In addition, using this ap-
proach, it is possible to withdraw samples of Aβ40 aggregates from
the solution, which is separated from the aggregates on the surface,
for quantitative analysis. In experiments using suspensions of nano-
particles, an analysis of morphological changes of the surface and
aggregates that are not bound to the nanoparticle surface, i.e., in
solution, is a difficult task. Using the approach described herein, we
were able to independently detect changes on the nanostructured
surface via AFM and those in bulk solution via the use of a time-
resolved thioflavin T (ThT) binding assay and transmission elec-
tron microscope analysis.

EXPERIMENTAL

1. Materials
Aβ40 treated by hexafluoroisopropanol (HFIP) [10] was pur-

chased from rPeptide (U.S.A). A solution of Aβ40 was prepared
according to a previously described method [11].
2. Sample Preparation

Nano-Au surfaces were prepared by using a thermal evaporator
(MHS-1800, Moohan Vacuum Co.), permitting a thin Au layer to
be deposited on clean glass slides (SF10, 25×15 mm2). The forma-
tion of nanosized clusters (<10 nm, Fig. 1(b)) was confirmed by
AFM. A 10µM aliquot of Aβ40 was incubated at 37 oC in 20µM
sodium phosphate buffer (pH 7.4) in the absence and presence of a
nano-Au surface. Contact between the Aβ40 and the nano-Au sub-
strate was achieved by immersing the two substrates in solution with-
out agitation. A thioflavin T binding assay was conducted during
the incubation. After exposure for 24, 48, 72 and 96 h, the sub-
strates were removed from the Aβ40 solution and the surface was
examined by ex-situ atomic force microscopy, as follows. All sub-
strates were incubated on a continuous basis. Namely, the surface
examined by ex-situ AFM was not immersed in the Aβ40 solution
for further contacting.
3. Thioflavin T Binding Assay

Because thioflavin T is known to associate rapidly with fibrils
and protofibrils, giving rise to enhanced emission at around 482 nm,
a fluorescence assay with a fluorescence spectrometer can be used
to monitor the appearance and growth of fibrils [12]. Two hundred
µl aliquots from the tubes were removed at different time points
and added to 2 ml of a solution of Thioflavin T (10µM) in a cuvette
with a 10 mm path length. The fluorescence was measured at 482
nm (silt 5 nm) with excitation at 440 nm (silt 5 nm) with a Perkin
Elmer LS55 Spectrophotometer (PerkinElmer Ltd., Beaconsfield,
UK) equipped with a xenon lamp. This measurement was repli-
cated a total of three times, and the average value was calculated
from the three replicates.
4. Atomic Force Microscope

The topographical images of the Aβ40 aggregates were measured
by using an AFM apparatus (PSIA, XE-100, Korea) in the contact
mode, using a silicon cantilever with a typical tip curvature radius
of 10 nm (NSC36 series, MikroMasch, Estonia). The force constant

and resonance frequency were 0.45 N/m and 95 kHz, respectively.
A force/distance curve was also obtained in the AFM experiments
to distinguish between the deposited materials.
5. Transmission Electron Microscopy

The Aβ40 aggregates in solution were observed by transmission

Fig. 2. Representative AFM images of Aβ40 assemblies on the sur-
face of nanostructured gold substrates ((a)-(g)) and in solu-
tion in the absence of substrates (h). The substrates were
incubated in 10µM Aβ40 at 37 oC for 48 hr (a), 72 hr (b)-
(d), and 96 hr (e)-(g), followed by an analysis of the surface
by AFM. To detect the assemblies of Aβ40 in solution, ali-
quots from the solution in the presence and absence of nano-
Au substrates were placed on a clean glass surface, and dried.
Typical fibrils were detected only in the solution that con-
tained no substrates (h). Corresponding typical linear scans
along the scan direction indicated in (g) and (h).



186 J. Lee et al.

January, 2011

electron microscopy (JEOL, JEM 1010, Japan). Negative staining
with uranyl acetate was used to visualize the aggregates.

RESULTS AND DISCUSSION

Large-sized tubular aggregates of Aβ40 on nano-Au surface were
detected by AFM. The surfaces of the nano-Au after exposure to
the Aβ40 solution were observed via AFM, which confirmed the
presence of aggregated structures on the surface (Fig. 2(a)-(g)). While
the typical diameters of previously reported fibrils [11] and those
from the control experiment (Fig. 2(h)) did not exceed 10 nm, the
height of the large tubular aggregates on the nanoparticles was de-
termined to be 80-100 nm. It is noteworthy that the large-sized tubular
aggregates of various lengths were in a stacked orientation on the
nano-Au surface, i.e., present in the form of bundles. The surface

coverage and the scale of the bundles increased with increasing in-
cubation time. The AFM analysis of the nano-Au surface incu-
bated with Aβ40, indicated the formation of abnormally large aggre-
gates on the nano-Au surface. Although all images were obtained
using the contacting mode of AFM, they exhibited a relatively clear,
reproducible morphology. This suggests that the aggregates have a
firm structure and bind strongly to the nano-Au surface. Small sizes
and protofibrils of Aβ40 species were detected on the nano-Au sur-
face. Absorbed protofibrils Aβ40 were present on the surface of
nano-Au substrate after 12 hr, as evidenced by AFM analysis (Fig.
3(a)-(b)). Through the force-distance curves using the AFM, the
presence of small sizes of Aβ40 species which may not be readily
discerned by AFM was identified (Fig. 3(c)-(e)).

No evidence for the presence of large-sized tubular aggregates
in solution was found. We also observed aggregation in solution,
via AFM. Aliquots from the solution in the presence and absence
of nano-Au substrates were placed on clean glass surfaces, and then
dried. This method has been successfully used to image fibrillar
and oligomeric structures that are formed in solution [13]. In the
case of the control solution where Aβ40 was incubated in the absence
of a nano-Au surface, typical fibrils were readily observed after 24 hr
(Fig. 2(h)). However, no fibrils were observed after 24 hr exposure.

The adsorbed materials did not show a fibril-like morphology
(data not shown), which indicates that they could be present as mon-
omers or amorphous oligomers in the 24 hr exposed solution. This
fact suggests that fibrillar growth of Aβ40 in the solution that had
been exposed to the nano-Au surface was suppressed. The observed
suppression of Aβ40 aggregation in the presence of gold substrates
may be due to the depletion of Aβ40 in solution because of its bind-
ing to the gold substrates.

To examine the kinetics of this phenomenon in solution, ThT
fluorescence assays as a function of incubation time were conducted
in parallel with the morphological analyses (Fig. 4). Because ThT
is used as a fluorescent probe for detecting fibrils and protofibrils,
the fluorescence intensity can be taken as an estimate of the amounts

Fig. 3. AFM images of absorbed protofibrils (a)-(b) and monomers
(c)-(d) of Aβ40 on a nano-Au surface; The incubation time
in the Aβ40 solution was 24 hr. In order to confirm mono-
mer binding, force-distance curves were obtained via AFM
(e). The interaction between the AFM tip and the nano-Au
surface exposed to Aβ40 can be clearly observed.

Fig. 4. Kinetics of the assembly of Aβ40 in solution in the presence
(○) and absence (●) of a nano-Au surface. ThT fluores-
cence was plotted as a function of incubation time for 10µM
Aβ40 at 37 oC in PBS (pH 7.4) Averages and standard errors
of the mean of four replicates are shown.
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present. The ThT intensity increased in the initial stage (0-18 hr),
and a relatively large deviation in the range of 18-24 hr was found
in both cases. After this, their ThT intensities showed a different
tendency. In the case of the control solution, fibril formation pro-
ceeded normally, as evidenced by the continuous increase in fluores-
cence intensity. In contrast, the growth of fibrils in the solution that
had been exposed to the nano-Au surface was suppressed. Namely,
the intensity of the solution exposed the nano-Au surface was de-
creased for periods of up to 48 hr. However, subsequently, a mod-
erate increase in intensity was found.

TEM analyses were performed to detect morphological changes
in Aβ40 in solution. In the case of the control solution, typical fibrils
were observed after a 24 hr incubation (Fig. 5(d)). However, from
the solution-exposed nano-Au surface, only amorphous aggregates
were found at the same incubation time of 24 hr (Fig. 5(a)). After
48 hr, some partially fibril-like aggregates appeared (Fig. 5(b)). How-
ever, while the fibril-like aggregates had an elongated shape, their
length was shorter than the fibrils formed in the case of the control.
In the solution that was incubated with a nano-Au surface for 1 week,
typical fibrils with microsized lengths were also observed (Fig. 5(c)).
The formation of abnormally large-sized aggregates as well as typi-
cal fibrils did not occur in the solution exposed to the nano-Au sur-
face. It therefore appears that the abnormal assembly of Aβ40 takes
place only on the nano-Au surface and the formed aggregates are
not released into the solution by dissociation.

From the AFM results, the ThT biding assay and the TEM analy-
sis, it can be concluded that the nano-Au surface participated in the
formation of abnormally large tubular Aβ40 aggregates on their

surface and inhibited formation of typical Aβ40 fibrils in solution.
To explain the formation of these large-sized aggregates requires a
mechanistic approach. Similar aggregates with a large size and elon-
gated shape were reported in a previous study [14]. While our ag-
gregates appeared after 3-4 days, however, they were incubated with
Aβ for 70 days in the other study. In addition, incubation of the soni-
cated protein resulted in further aggregation, followed by the for-
mation of large tangles of fibrillar aggregates. Based on our results,
it is clear that abnormally large-sized assemblies are formed and
typical fibril formation in solution is suppressed in the presence of
a nano-Au surface. In addition, it is well known that the nature of
the surface is a crucial factor in the formation of such an assembly
including size, shape and the kinetics of formation, when the assem-
bly of proteins occurs directly on a surface [9]. Various surfaces,
including hydrophilic mica and hydrophobic graphite, have now
been investigated [15]. However, the morphologies of the assem-
blies were not consistent with ours. A previous study reported that
‘typical fibrillation’ is unfavorable when Aβ40 is involved in tight
interactions with suspended nanoparticles [8]. The findings reported
herein suggest that interactions with nano-Au surfaces can lead to
a larger scale of high local concentration states in the presence of a
flat surface than suspended nanoparticles. Namely, while tight inter-
actions between nanostructured surfaces and Aβ40 are unfavorable
for typical fibril formation, such interactions may be appropriate
for the formation of large-sized assemblies with nanostructured sub-
strates. Although detailed mechanisms for the abnormal growth of
Aβ40 have not yet been fully elucidated, the distinctive role of nano-
structured substrates in the assembly of proteins is clearly striking.

The delayed fibril formation for the Aβ40 solution exposed to
nano-Au surface can be explained by a decrease in the concentra-
tion of active monomers or protofibrils as the result of their adsorp-
tion to the nano-Au surface. It is noteworthy that the ThT intensity
decrease starts at the time of formation of mature fibrils in the con-
trol batch. Our hypothesis is that the spontaneous structural change
in Aβ40 drives the enhancement in binding affinity to the nano-Au
substrates and the adsorbed Aβ40 serves as a starting material for
formation of large-sized assemblies.

CONCLUSION

The effects of a nano-Au surface on the assembly of Aβ40 were
investigated. The findings show that the nano-Au surface-associ-
ated with the assembly of Aβ40 led to the formation of abnormally
large-sized tubular aggregates and the suppression of typical fibril
formation in solution. In previous studies, in which suspended nano-
materials were used, large-sized aggregates consistent with our ob-
servations have not been reported. The binding of proteins to nano-
materials could lead to high local concentration nearby on their sur-
face. A larger scale of high local concentration states along with a
flatter surface than suspended nanoparticles could promote the ab-
normal assembly of Aβ40, followed by the formation of large sized
tubular aggregates. This can be attributed to differences in the mech-
anism between immobilized and suspended nanomaterials. To de-
velop nano-medications and assess the detrimental effects of nano-
materials with respect to proteins, this approach provides a basis
for understanding nanomaterial-protein interactions on a nano-bio
interface.

Fig. 5. TEM images of the Aβ40 aggregates in solution in contact
with a nano-Au surface (a)-(c); Amorphous aggregates from
the Aβ40 solution exposed to a nano-Au surface for 24 hr
(a), partially fibril-like aggregates for 72 hr (b) and matured
fibrils for 1 week were observed. In contrast, amyloid fi-
brils (d) were observed in the Aβ40 solution incubated for
24 hr in the absent of a nano-Au surface, i.e., in the control
experiment.
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