Rapid Detection of A Aggregation and
Inhibition by Dual Functions of Gold
Nanoplasmic Particles: Catalytic
Activator and Optical Reporter

Inhee Choi and Luke P. Lee*

Berkeley Sensor and Actuator Center, Department of Bioengineering, Department of Electrical Engineering and Computer Science, University of California at
Berkeley, Berkeley, California 94720, United States

ABSTRACT One of the primary pathological hallmarks of
Alzheimer's diseases (AD) is amyloid-(3 (Aj3) aggregation and its
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extracellular accumulation. However, current in vitro A5 aggrega-

tion assays require time-consuming and labor-intensive steps, which

delay the process of drug discovery and understanding the mechan-

ism of A3 induced neurotoxicity. Here, we propose a rapid detection

method for studying A aggregation and inhibition under an optimized acidic perturbation condition by dual functions of gold nanoplasmonic particles
(GNPs): (1) catalytic activator and (2) optical reporter. Because of roles of GNPs as effective nucleation sites for fast-catalyzing A3 aggregation and
colorimetric optical reporters for tracking AS3 aggregation, we accomplished the fast aggregation assay in less than 1 min by the naked eyes. Our detection
method is based on spontaneous clustering of unconjugated (unmodified) GNPs along with the aggregated A5 network under an aggregation-promoting
condition. As a proof-of-concept demonstration, we employed the acidic perturbation permitting rapid cooperative assemblies of GNPs and A3 peptides via
their surface charge modulation. Under the optimized acidic perturbation condition around pH 2 to 3, we characterized the concentration-dependent
colorimetric responses for aggregation at physiologically relevant A3 concentration levels (from 100 .M to 10 nM). We also demonstrated the GNP/acidic
condition-based rapid inhibition assay of A5 aggregation by using well-known binding reagents such as antibody and serum albumin. The proposed

methodology can be a powerful alternative method for screening drugs for AD as well as studying molecular biophysics of protein aggregations, and further

extended to explore other protein conformational diseases such as neurodegenerative disease.
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Izheimer's disease (AD) is a progressive
Aneurodegenerative disease and the

leading cause of dementia in the aging
population. One of the primary pathological
hallmarks of AD is the formation of neutric
plaques in the brain, and the aggregation (i.e.,
oligomerization and fibrillization) of amyloid-3
peptide (AB) is central to the formation of
these plaques.'~” Consequently, the develop-
ment of efficient methods to observe the
structural evolution of A from monomeric
forms to oligomers and large fibrillar aggre-
gates could provide a clue to unveil the con-
formational dynamics of aggregation as well
as a definitive molecular basis for understand-
ing the disease mechanism and diagnosing
AD. At present, the characterization of protein
structures has been commonly carried out
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through circular dichroism (CD) spectros-
copy,? nuclear magnetic resonance (NMR)
spectroscopy,>* and X-ray crystallography.®
Fluorescence spectroscopy combined with
molecularly specific dyes (e.g., thioflavin T3¢
and Congo red’) has also been used to probe
the formation of amyloid fibril structures.
Although these methods are quite functional,
most of conventional methods require com-
plicated instrumentation, large sample volume,
sample pretreatment steps (e.g., precrystalliza-
tion and fluorescence labeling), and long
incubation (or operation) time.

As an alternative way, the observation of
light scattering from gold nanoplasmonic
particles can be an efficient method to
monitor the dynamics of biological events and
its mechanism, due to their biocompatibility,

AMRTAN TS

* Address correspondence to
Iplee@berkeley.edu.

Received for review May 7, 2013
and accepted June 18, 2013.

Published online June 18, 2013
10.1021/nn402310c

©2013 American Chemical Society

6268

WWwWWw.acsnano.org



a | Ag peptide "’

Neutral
condition

Aggregation
promoting
condition

Y
o
\
pa—

2
SIS
2 O
il

Acidic
condition
(pH 2-3)

s \,‘/‘ S

=

Figure 1. Schematic illustrations of the dual functions of gold nanoplasmonic particle (GNP) associated A3 aggregation and
its colorimetric detection. (a) Under a neutral condition (e.g., pH 7.4 buffer condition), GNP can provide a nucleation site for
further AS aggregation. (b) Under an aggregation-promoting condition (e.g., acidic condition), GNPs promptly assemble with
Ap peptides, which results in strong plasmon coupling along with the aggregated network. Collectively, GNP acts as a
catalytic core and a colorimetric reporter for tracking the molecular assembly of AS peptides. (c) Description of the interaction
between the AS peptides and the GNPs under the acidic condition: it is likely to be dominated by an electrostatic interaction
between positively charged Aj and negatively charged GNPs at pH 2—3.

photostability, and superior optical properties such as
an enhanced scattering property.®® In this regard, the
conjugation of biomolecules on plasmonic nanoparti-
cles may offer many new opportunities to develop
diagnostic methods, therapeutics, and medicines.’ '
Considering that in vivo protein aggregation usually
takes place at interface like cellular membrane, gold
nanoparticle also offers a desirable interface for studying
protein molecular assembly by controlling its surface
property (e.g., surface charge and hydrophobicity).
Recent reports demonstrated that protein conjugated
gold nanoplasmonic particles can be utilized as an
excellent colorimetric reporter for tracking the structural
evolution under protein destabilizing conditions'® as
well as diagnosing the progress of the protein aggrega-
tion at each sampling point."* Likewise, the behavior of
the protein-conjugated nanoparticles could be further
extended to examine the molecular assembly of other
small biomolecules (e.g., peptides), which have critical
implications for diseases.

In particular, Yokoyama et al. systemically studied
the conjugation of Aj3 peptides on gold colloidal nano-
particles by varying the nanoparticles size,'® pH value,'®
and temperature.'” They reported the reversibility of the
conjugation of AS peptides onto the gold colloidal
nanoparticles. Wang et al. presented that the complex
structures composed by streptavidin conjugated gold
nanoparticles and biotin modified AfS peptides are
able to detect different sequence of AS peptides via
the disassembly induced by differential affinity to Zn(ll)
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ion of two peptide sequences.'® Han et al. successfully
demonstrated that the conjugation of AS peptides to the
gold nanoparticle via biotin—streptavidin interaction is
also applicable to screen an aggregation inhibitor through
the long time incubation (48 h) under a neutral condition
(pH = 7.2)."° Sakono et al. showed that AS antibody
conjugated gold nanoparticles allows to detect matured
AB aggregates within 1 h.° It is noteworthy that these
recent results related with A3 would pave a new way to
study protein aggregation and diagnose protein confor-
mational diseases. However, the catalytic function of the
gold nanoplasmonic particle in itself during the biomo-
lecular assemblies (e.g., peptide or protein aggregation)
has been overlooked in these previous studies.

During the nanoparticle associated biomolecular
assembly, the interactions between nanoparticles and
biomolecules can vary from covalent interactions to non-
covalent interactions (e.g., hydrogen bonding, electro-
static interactions, hydrophobic, and van der Waals force).
Owing to these interactions, colloidal gold nanoparticles
can act as nucleation sites for biomolecular self-assembly
because Brownian motion of the nanoparticles increa-
ses the number of collisions between nanoparticles and
molecules.?* As a result, gold nanoparticles could
be used to promote the biomolecular self-assembly
(i.e., oligomerization and fibrillization) as seeds and to
permit rapid monitoring of the aggregation propensity
through a seeded polymerization process,”> compared
to the case of their absence. Until now, we note that
it usually takes a long incubation time to investigate the
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Figure 2. Determination of an optimal acidic perturbation condition and comparison of Aff aggregation kinetics according
to the incubation conditions. (a) Determination of a perturbation condition (i.e., pH level) for ultrafast assemblies of Af
monomers without a self-aggregation of GNPs. (b) Comparison of A aggregation kinetics according to the incubation
conditions. (Closed red circles, left axis) The change in the relative absorbance of the 100 #M Af (1—40) solution incubated
with GNPs under an acidic condition (pH 2—3). (Open red circles, left axis) The change in the relative absorbance of the 100 #M
Af (1—40) solution incubated with GNPs under a neutral condition (pH 7.4). (Closed blue circles, right axis) The increase in the
number of scattering spots counted from the time-resolved dark—field images (see also snapshots in Supplementary Figure S2)
of the 100 M A (1—40) solution incubated without GNPs under the acidic condition (pH 2—3).

A aggregation propensity by using the conventional
techniques,z_7 since (1) the fibrillization is a slow process
(see Supplementary Table S1) and (2) the assays are
usually performed through separately sampling and
sequential measuring. On the contrary, the molecularly
driven dynamic change in the interparticle distance of
gold nanoparticles during biomolecular assembly can be
readily detected by the naked eyes owing to the distance
dependent optical scattering of nanoplasmonic particles.
Consequently, gold nanoparticles allow in situ colori-
metric assay for detecting dynamic biomolecular assem-
bly without sampling and further pretreatment steps.
Herein, we demonstrate a facile, rapid, plasmonic
detection method to track A aggregation (molecular
assembly) propensity and its inhibition. Our method is
based on a spontaneous clustering of unmodified gold
nanoplasmonic particles (GNPs) along with the Af
fibrilike network under intentional perturbation condi-
tions, which can be easily read out without instrumenta-
tion. In our proposed method, the advantage of using a
GNP is twofold: (1) it rapidly catalyzes Aj3 aggregation, and
(2) it allows simple colorimetric detection for A3 aggrega-
tion with the naked eyes. Since GNPs can act as nucleation
sites for A aggregation (Figure 1a), we expected that
both A5 monomers and GNPs in aqueous suspension
would promptly assemble into the largely aggregated net-
work when they are exposed to aggregation-promoting
conditions [i.e., GNP (seed) + excessive A monomers —
GNP/ASs (nuclei) + remaining A3 monomers — GNP/ASs
(large aggregate)]. The subsequent changes in the
dynamic distance between the GNPs (Figure 1b) enable
GNPs to function as colorimetric reporters for A3 molec-
ular assembly via plasmon coupling between the GNPs in
the assembled network (e.g., when dimers are formed,
Apr(x) = A €2, where Jpg is the plasmon resonance
peak wavelength, x is interparticle distance, and A and D
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are constant).>* Consequently, we can rapidly detect
color changes induced by the molecular assembly of
A with varying the perturbation conditions (e.g., pH,
temperature, and chemical additives). By observing the
rapid color change of GNPs solution, we can also readily
elucidate AS aggregation kinetics and examine its inhi-
bitor as a possible therapeutic reagent. As a proof-of-
concept demonstration, we employed acidic perturba-
tion permitting rapid cooperative assemblies of GNPs
and Af peptides via their surface charge modulation
(GNPY +AB™'— GNP/AB, Figure 1¢). It should be noted
that the interaction between the AS peptides and the
GNPs surface is most likely to be dominated by an
electrostatic interaction between positively charged AS
(" pl of AB &~ pH 5.5 > pH 2—3)* and negatively
charged GNP surface (due to citrate moieties) at pH
2—3. We describe below a series of proof-of-concept
experiments.

RESULTS AND DISCUSSION

The employed methodology is illustrated in Figure 1.
Our technique has several key advantages: it is
simple and fast as it involves mixing Af3 peptides with
an aqueous GNP solution, adding reagents (i.e., aggre-
gation-promoters and/or inhibitors), observing the
clearly visible color change of the mixture solution by
the naked eyes. In our typical experiment, unmodified
GNPs stabilized by citrate moieties (20 nm in diameter,
ca. 1 nM) were mixed with A3 (1—40) monomers of
physiologically relevant micromolar concentration at
an optimal ratio (9:1 v/v), where the number of AS
(1—40) monomers is extremely larger than that of
GNPs (e.g., 4 orders of magnitude larger at 100 uM
AB monomer). And then we dropwisely added hydro-
chloric acid (HCI), as an aggregation promoter, into
the prepared mixture solution since low pH condition
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Figure 3. Circular dichroism spectra for both cases of absence and presence of GNPs during A aggregation. (a) 100 uM A
(1—40) incubated without GNPs under acidic condition: a random coil-related band was dominantly observed, which is
attributable to the formation of disordered and partially unfolded Af species (e.g., monomeric or oligomeric) under acidic
condition. And a 3-components (i.e., -sheet and S-turn)-related band, derived from fibrillar aggregation, was slowly
increased with increasing time. (b) The 100 «M A3 (1—40) incubated without GNPs under acidic condition: the 5-components-
related band was significantly increased with increasing time, while decreasing the random coil-related band.

is well-known as an aggregation-promoting condi-
tion for AB.267?8 By varying the concentration (from
100 uM to 100 mM) of HCl, we determined the optimal
acidic perturbation condition where a self-aggregation
of GNPs due to the high ionic strength of medium is
prohibited. After dropwisely adding a low concentra-
tion of HCl (100 M), no significant changes were
observed for both an Aj3 (1—40) + GNP mixture solu-
tion and a GNP solution (Figure 2a). Addition of 1 mM
HCI induced slight color change of the GNP solution
in the presence of A (1—40) monomers, whereas
no color change was observed in the absence of A
(1—40) monomers. When we added 10 mM HCI to the
mixture of AS (1—40) monomers and GNPs (note: pH
value of the resulting A3 (1—40) + GNP mixture solution
was around pH 2—3), we observed a dramatic color
change from red to violet within only 20 s, whereas a
minor color change was observed in the absence of Af
monomers (i.e., GNPs only) (Figure 2a). Likewise, time-
resolved dark-field scattering images of the mixed solu-
tion under an identical perturbation condition show
dramatic changes in the scattering color of the as-
sembled GNPs in the presence of AS monomers
(Supplementary Figure S1). This can be attributed to
the ultrafast clustering of GNPs along with the Aj net-
work assembled under the given acidic condition. How-
ever, a high concentration of HCI (100 mM, below pH 1)
also induces the self-aggregation of GNPs so that it is
difficult to distinguish the self-aggregation of GNPs from
clustering of GNPs along with the aggregation network of
AB. On the basis of these results, we selected the condi-
tion of pH 2—3 induced by dropwise addition of 10 mM
HCl, as a perturbation condition for a proof-of-concept
demonstration of the proposed method.

Figure 2b shows a dramatic (within 20 s) change in a
relative absorbance for two distinct peaks involved in
the assemblies of 100 uM Af incubated with GNPs
under the predetermined acidic condition (closed red
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circles). On the contrary, no significant change was
observed in the AS solution incubated under neutral
condition with GNPs within the short time range (open
red circles). In the case of an absence of the GNPs, we
observed white scattering spots (in dark-field images
of Supplementary Figure S2) induced by light scatter-
ing of A3 aggregates formed after longer incubation
(ca. 1 h) than that of a presence of GNPs under the
identical acidic perturbation condition (around pH
2-3, see closed blue circles in Figure 2b).

To characterize the structural transition during AS
aggregation, circular dichroism (CD) spectra were ob-
tained for both cases of absence and presence of
GNPs during Af incubation under acidic condition.
Results show that similar transitions of random coil to
B-components abundant structures in time-resolved
CD spectra for both cases supporting the nanoparticle-
mediated aggregation are not fundamentally different
from those that occur physiologically (Figure 3). How-
ever, the remarkable difference in aggregation kinetics
was observed as we intentionally induced AS aggrega-
tion for the fast detection. In detail, in the case of AS
incubated without GNPs under acidic condition, a
random coil-related band was dominantly observed,
which is attributable to the formation of disordered
and partially unfolded AS species (e.g., monomeric or
oligomeric) under acidic condition. And a f-compo-
nents (i.e., f-sheet and f-turn)-related band, derived
from fibrillar aggregation, was slowly increased with
increasing time (Figure 3a). On the other hand, when
we incubated A monomers with GNPs under acidic
condition, the S-components-related band was signif-
icantly increased with increasing time, while decreas-
ing the random coil-related band (Figure 3b). We
would like to note that the conversion of random
coil to f-component abundant structures during AS
aggregation is generally accepted.”® The observed dras-
tic spectral increase of the -components-related band
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Figure 4. Time-resolved observation of GNP catalyzed rapid A aggregation under the acidic perturbation condition. (a) A
schematic illustration for a time-lapse behavior of GNPs associated with Af peptides under the acidic condition. Insets show
representative colors of the mixture solution in accordance with the progress of Aff aggregation. (b) A representative time-resolved
spectral change of the mixture solution of 20 nm GNPs and Af (1—40) peptides under the acidic condition. (c) A plot depicting a
relative absorbance between an initial peak position (at 525 nm) and a newly formed peak position (at 650 nm) at each time frame.

when incubating with GNPs supports clearly our hypoth-
esis of nanoparticle-catalyzed rapid A3 aggregation.
Taken together, dark-field imaging and CD analyzing
results support our concept that GNP promotes molec-
ular assembly of A under the acidic condition.

To further confirm that the observed color change is
due to the molecular assembly of Aj, we also per-
formed identical tests with varying amounts (0—50%)
of 2,2,2-trifluoroethanol (TFE), which has been exten-
sively used as a amyloid-promoting reagent.>*° Within
1 min after adding TFE, we also observed distinct color
change from red to purple, and followed by bluish
violet, which shows obvious time- and dose-depen-
dent responses (Supplementary Figure S3). The in-
crease of an incubation temperature also induced the
color change in the mixture solution of GNPs and AS
(1—40) peptides (Supplementary Figure S4).

Having demonstrated that the molecular assembly
of AS under the various perturbation conditions (i.e.,
pH levels, the amount of an additive, and temperature)
can be rapidly tracked by the naked eyes in real-time,
we next investigated its reaction dynamics under a
given perturbation condition. For further study of AS
aggregation, we exploited the acidic perturbation condi-
tion of pH 2—3 predetermined earlier. After a dropwise
addition of the 10 mM HCl into the mixture solution of
GNPs and 100 uM AB (1—40) peptides, we measured
spectral changes via UV—visible spectroscopy every 10s.
Figure 4b shows a representative time-resolved spectral
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change of the mixture solution induced by AS aggrega-
tion. It is noteworthy that we typically observe not only a
red-shift of the intrinsic plasmon band of 20 nm GNPs
(around 525 nm), but also the decrease of its intensity
and the appearance of another longer wavelength plas-
mon band (around 650 nm) as an indicator of long-
itudinal fibril-like assembly for A3 aggregation. A plot
depicting relative absorbance ratios between an initial
peak position (at 525 nm) and a newly formed peak
position (at 650 nm) at each time frame (Figure 4c)
suggests the increase in the number of GNPs clustered
along with the fibril-like networks as time passes
(described in Figure 4a). Within 20 s, this ratio quickly
increased and reached its maximum, with no significant
change observable afterward. This rapid increase of the
absorbance ratio under the acidic perturbation condition
can be attributed to two factors: (1) A3 (1—40) pepti-
des become partially folded intermediates under an
acidic condition, which are rapidly prone to undergo
oligomerization and further aggregation.?~® and (2)
GNPs provide nucleation sites for the folded AS pep-
tides during the aggregation process.3'32 In general,
folding A3 monomers is well-known as a rate-limiting
step for aggregation process?®** and nucleation-
dependent polymerization is generally accepted for ex-
plaining a fibrillization mechanism.?®~2% Once the nucleus
is formed, further polymerization of A peptides is accel-
erated (i.e, monomer < partially folded intermediate <
nucleus — fibril or large aggregate).

A N N
VOL.7 = NO.7 = 6268-6277 = 2013 A@@L%{\j

WWW.acsnano.org

6272



a [GNP] [AB peptide] [AB/GNP]
Q 9 " a%
Q T —
i e @
o Q . :
Q
o +
o
9 o
Q +
Q Q

Increase of AB concentration
0 10nM 100nM 1pM 10uM 20pM 50uM 100 uM

NG N N N N Z—“ e
N N ' )i Y \

Absorbance (a. u.)

o

Relative absorbance

Absorbance (a. u.) O

1.0 1.0

10 UM AB 5 20 uM AB
s
§ 0.5 4 120s
©
a
=
o
3
< 0.0 i I i 0s
400 500 600 700 800 400 500 600 700 800
ia Wavelength (nm| e Wavelength (nm)
i 50 uM AB = 100 HM Ap
s /
0.5 3 0.5
E
<
2
]
L
X 2 0.0
0.0 2
400 500 600 700 800 400 500 600 700 800
Wavelength (nm Wavelength (nm)
e
o 14
o
12 & 12 L
i g 1.0 3
cwomy @ 84
0.8 . 50 o "
* 20 T 08 y ¥
e 10m > 1 . .
b 1M = 06 - .
04 * 100 Mt 1
L uénm E 0.4 1
0.0 0.0
6 10 20 30 40 50 60 0 10aM 100 nM 1 4M 10 pM 100 M
Time (s) Ap concentration

Figure 5. Plasmonic monitoring of Aff concentration-dependent aggregation under the acidic perturbation condition.
(a) Cartoons for A} concentration dependent association of GNPs under the acidic perturbation condition. (b) Af concentration
dependent colorimetric responses measured from 10 nM to 100 M. (c) Time-resolved spectral changes of the Af (1—40) + GNP
mixture solution under the acidic perturbation condition: Each plot is for 10, 20, 50, and 100 #M Af (1—40), respectively.
UV—visible spectra were measured every 10 s for 2 min. Arrows indicate trends in time-resolved spectral shift at each plasmon
band. (d) Af concentration dependent kinetic profile of aggregation depicted by the changes in relative absorbance ratios
(Asso nm/Asas nm)- (€) A graph depicted for Aj concentration vs relative absorbance at each time frame from 10 to 60 s.

Accordingly, we can achieve rapid monitoring of A
aggregation under the given acidic condition by
speeding-up an assembly rate with the aid of GNPs
providing a nucleation site (i.e., it eliminates a long lag-
time to form nucleus by A monomers themselves).

We next investigated aggregation propensity at
different concentrations of A3 monomers. A3 (1—40)
monomer samples with initial concentrations ranging
from 100 uM down to 10 nM (ie., physiologically
relevant Aj3 concentrations) were prepared and mixed
with the 20 nm GNP solution, and then exposed to the
predetermined identical acidic perturbation condition
(Figure 5a). We hypothesized that the extent of AfS
aggregation and its resulting structural characteristics
are dependent on an initial A3 concentration.?®3* As
we expected, the solution turns from red to purple and
bluish violet (Figure 5b) within 1 min, which are colors
easily distinguishable at a glance. Figure 5c shows
time-resolved spectral changes at each concentration
of AB monomers. The changes in relative absorbance
ratios (Aeso nm/Aszs nm) Clearly show the concentra-
tion dependent sigmoidal kinetic profile of A aggre-
gation, which are used for the quantification. The most
significant change during the reaction occurs within 20
s after exposure to the acidic condition (Figure 5d). The
steep slope of the sigmoidal curve can be explained as
an ultrafast assembly rate under the acidic condition.
The remarkable difference in an initial slope is a main
driving force to induce a distinguishable colorimet-
ric response within several seconds according to the
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peptide concentration (Supplementary Figure S5). As a
result, the concentration dependent changes in colors
and spectra were distinguishable within even at 10 s,
and which showed a similar trend afterward (Figure 5e).
The dark-field images of the resulting solutions clearly
show an increase in the sizes of the clustered GNPs
dependent upon initial A3 monomer concentrations
(Supplementary Figure S6). We would like to emphasize
that it is difficult to differentiate the concentration depen-
dent A3 aggregation propensity if we perform similar tests
by using the GNPs preconjugated with A3 monomers
(AB/GNPs, functioning as nucleus). Irrespective of free A
concentration, preconjugated A3/GNPs are preferentially
aggregated among themselves rather than being coop-
eratively assembled by GNPs and free A monomers
(Supplementary Figure S7a). This is a reason we use
unconjugated (unmodified) GNP for tracking A5 aggrega-
tion (Supplementary Figure S7b).

The data presented above supports that our method is
a simple and efficient way for rapidly monitoring AS
aggregation propensity. We further investigated antiag-
gregation of A by adding well-known AfS binding
reagents such as human serum albumin (HSA) and
anti-Af antibody. It is obvious that A5 aggregation would
be inhibited by pretreatment with binding reagents
(Figure 6a), since their selective binding to AS peptide
lowers the level of free A monomers and oligomers atan
initial growth stage. After 5 min incubation of AS (1—40)
monomer solution (containing GNPs) with 100 uM HSA
and 100 ug/mL anti-AS (1—40) antibody, respectively,
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they were exposed to the acidic condition. Figure 6b
shows a minimal color change in the presence of the
inhibitors (middle and lower rows), indicating clear anti-
aggregation effects compared with the untreated case
(upper row). The treatment with anti-AS (1—40) antibody
induced a slight red-shift; however, it maintained the
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color without further change for a long time. HSA also
induce the almost no change of the solution. The ob-
served colorimetric response for antiaggregation can be
also corroborated by measuring the increase in absor-
bance measured at 650 nm with a conventional plate
reader, as shown in Figure 6c. No significant increase of
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the indicator peak of fibril-like assembly (at 650 nm) was
observed in the A3 monomer solutions preincubated
with inhibitors. The inhibition of AS aggregation by
serum albumin and antibody has been consistently
reported through a number of studies.>*~>° This reveals
that the suggested method is also efficient for studying
the aggregation inhibition, and that it can be a powerful
alternative way for conventional screening methods to
track a protein aggregation (or inhibition) propensity.
Moreover, this result provides a facile method for drug
screening of AD and finding optimum dose for prevent-
ing aggregation. We further investigated antiaggregation
of AS by adding different amount of inhibitors. We first
test this concept with HSA, which is well-known as one of
the component lowering the AS level in blood and
cerebrospinal fluid (CSF) by dynamic equilibrium across
the blood—brain barrier3**%*° We observed the dose-
dependent antiaggregation effect of HSA (Figure 7a,b
and Supplementary Figure S8). This can be attributed to
the decrease of the amount of the accessible A3 mono-
mers for the further aggregation due to the high affinity
of monomeric A for HSA. On the basis of our results
tested under physiological micromolar A3 concentration,
the large fibrillar aggregation is successfully inhibited by
the treatment with HSA of over 1 uM. Interestingly,
aggregation is rather promoted at the concentration
below 1 uM HSA. Considering the level of HSA in the
normal CSF (3 #M) and its micromolar affinity for AG (Kq =
5—10 uM),*® our observation is quite persuasive in terms
of explaining the homeostasis of in vivo A5 aggregation
under normal physiological condition. In other words,
it can be interpreted that A aggregation is effectively
being inhibited by HSA under normal physiological

EXPERIMENTAL DETAILS

Materials. Gold nanoparticles (GNPs, 20 nm in diameter)
were purchased from BBl international, INC. Amyloid /3 fragment
1—40 [AB (1—40)] were purchased from AnaSpec. Human
serum albumin and 2,2,2-trifluoroethanol (TFE) were purchased
from Sigma and Sigma-Aldrich, respectively. Polyclonal anti-Af3
(1—40) antibody was obtained from Invitrogen.

Plasmon Based Colorimetric Assay for AfZ Aggregation. In our typical
experiment, 90 uL of GNPs (ca., 1 nM) was mixed with 10 uL of
AS (1—40) monomers at physiologically relevant concentration
range (from 100 uM to 10 nM) with the optimal ratio (9:1 v/v),
where the number of A monomers is much larger than that of
GNPs (e.g., 4 orders of magnitude larger at 100 uM AS
monomer). To induce fast molecular assembly of A monomers,
we intentionally added 20 uL of hydrochloric acid (HCI) into the
prepared GNP + A monomer mixture solution, as a proof-
of-model demonstration. By varying the concentration (from
100 M to 100 mM) of HCl, we determined the optimal per-
turbation condition for the assay. Similar tests were also carried
out by TFE treatment, which is well-known as an amyloid forming
reagent. Under the given perturbation conditions, the absorbance
of solution was measured via UV—visible spectroscopy (for a full-
wavelength range spectrum) and microplate reader (for an end-
point absorbance at a specific wavelength) in order to quantify the
observed color change.

Dark-Field Imaging. For the dark field imaging, an Olympus BX-
51 microscope equipped with a water (oil) immersion dark-field
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condition. Similarly, the dose-dependent antiaggrega-
tion effect by anti-AS antibody was also successfully
demonstrated (Supplementary Figure S9).

Finally, another consideration that arises from these
data relates to the design and development of drugs.
Application of the proposed method to develop new
platform for designing personalized medicine is cur-
rently under investigation.

CONCLUSIONS

In conclusion, we accomplished an efficient method
that allows a simple, fast, real-time colorimetric mon-
itoring of the molecular assembly of A5 monomers
under the perturbation conditions. The dual roles of
GNPs in the proposed method, (1) nucleation sites and
(2) colorimetric reporters, enabled us to easily detect
the aggregation progress within even 20 s by the
naked eyes. As a model system, we employed acidic
perturbation (around pH 2—3) permitting rapid coop-
erative assemblies of GNPs and Af peptides via
their surface charge modulation. As a result, we
clearly observed concentration dependent colorimetric
responses for the molecular assembly of AS at physio-
logically relevant micromolar concentrations. Moreover,
we demonstrated the GNP/acidic condition-based rapid
inhibition assay of Aj aggregation by using well-known
binding reagents such as antibody and serum albumin.
This finding provides a facile method for drug screening
of AD and determining optimum dose for preventing
aggregation. Finally, we propose that this method
can be extended to explore the aggregation (and/or
antiaggregation) of other proteins, which induce the
protein conformational disorders.

condenser (NA = 1.2—1.4) and CCD camera (Q-COLOR3) was used.
A homemade PDMS fluidic chamber was prepared to confine the
mixture solution of A5 monomers and GNPs.

Circular Dichroism Spectroscopy. The secondary structures of A
aggregates were characterized by Chirascan-plus CD-spectro-
meter (Applied Photophysics, U.K.). CD spectra were recorded
from 190 to 260 nm. All CD measurements were recorded by
averaging of two runs.

Colorimetric Screening of Antiaggregation of Af by Inhibitors. For
the colorimetric screening of antiaggregation, the A (1—40)
monomers, GNPs, and inhibitors (e.g, HSA and anti-AS
antibody) were preincubated with for 5 min, and then exposed
to the identical acidic perturbation condition. The volumetric
ratio of the GNP, AS (1—40), inhibitor, and 10 mM HCl was set to
9:1:1:2. By varying the concentration of the inhibitors, dose-
dependent colorimetric responses for antiaggregation were
observed by the naked eyes and the microplate reader.
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Supporting Information Available: Experimental data includ-
ing time-lapse dark-field images of AS incubated without and
with GNPs under the acidic condition, optical responses under the
TFE-induced and heat-induced Aj aggregation, A3 concentration
dependent assembly rate, dark-field images of the clustered GNPs
dependent on A3 monomer concentrations, another set of plas-
monic screening results for dose-dependent antiaggregation
effect of HSA and colorimetric responses of dose-dependent
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available free of charge via the Internet at http://pubs.acs.org.
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