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Introduction

Unfolded or
rearrangements

of abnormal
conformational

understanding

formation and accumulation of protein aggregates is very

misfolded proteins undergo conformational
that can induce
aggregation, and these proteins can become deposited within
tissues or cellular compartments.l'2 The continuous deposition
proteins

diseases,
diseases and alcoholic liver disease.”? Therefore, a thorough

of the kinetics and mechanisms of the
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Ultrafast Colorimetric Determination of Predominant Protein
Structure Evolution with Gold Nanoplasmonic Particles

Hye Young Kim and Inhee Choi*

The intracellular and extracellular accumulation of disordered proteins and aggregated proteins occurs in many protein
conformational diseases, such as aging-related neurodegeneration and alcoholic liver diseases. However, the conventional
methods to study protein structural changes are limited for the rapid detection and monitoring of protein aggregation
because of long incubation times (i.e., usually several days), complicated sample pretreatment steps, and expensive
instrumentation. Here, we describe an ultrafast colorimetric method for the real-time monitoring of protein structure
evolution and the determination of predominant structures via nanoparticle-assisted protein aggregation. During the
aggregation process, nanoparticles act as nucleation cores, which form networks depending on the structures of the
protein aggregates, and accelerate the kinetics of the protein aggregation. Simultaneously, these nanoparticles exhibit
colorimetric responses according to their embedded shapes (e.g., fibrillar and amorphous) on the protein aggregates. We
observed distinct spectral shifts and concomitant colorimetric responses of concentration- and type-dependent protein
aggregation with the naked eye within a few minutes (< 2 min) under acidic conditions. Moreover, the morphological
transition from small aggregates to larger aggregates of nanoparticle-assisted protein aggregates were visualized with
dark-field microscope imaging, which show a similar trend with that of protein aggregates formed without the aid of
nanoparticles. Finally we show that our proposed method can be utilized to screen the protein aggregation propensity
under a variety of conditions such as different pH levels, high temperature, and chemicals. These findings suggest that the
proposed method is an easy way to study the molecular biophysics of protein aggregation and to rapidly screen anti-
aggregation drugs for protein conformational diseases.

Because of these limitations, the development of a faster,
simpler, and easier method would be beneficial in protein
aggregation research.

Recently, nanoscale plasmonic particles have received a lot
of attention due to their tunability, biocompatibility,
photostability, and excellent optical properties acting as
Raman signal enhancers,g'11 circular dichroism activators,lz’ 13
and colorimetric |'ep0|'ters.14'19 Assemblies of these
nanoparticleslo' 1320, 21 gre usually utilized for enhancing
optical signals. Specifically, nanoparticles assembled with
proteins can act as colorimetric reporters for studying protein

undesired  protein

in the onset of protein
including  neurodegenerative

important in elucidating the pathogenesis of protein
conformational diseases. Recently, many researchers have
made efforts to determine specific protein structural
properties through the use of various methods, such as circular
dichroism (CD) spectroscopy,4 nuclear magnetic resonance
spectroscopy,s' fluorescence spectroscopy,7 and X-ray
crystallography.8 These methodologies can precisely detect the
structural characteristics of proteins. However, their long
incubations, complex pretreatment steps, and high cost hinder
the rapid detection and monitoring of protein aggregation.
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structure evolution based on the distance-dependent light
scattering of nanoparticles with the naked eye.”"17 Chah et al.
have shown that gold nanoparticles can be utilized as a
colorimetric sensor for detecting dynamic conformational
changes of redox active cytochrome ct Hong et al. reported
that protein monomer-conjugated gold nanoparticles can
detect their own protein aggregates.15 We previously
described another approach demonstrating that protein
aggregation under protein-destabilizing conditions (i.e., metal
ions and acids) can be detected by the self-association of
nanoparticles in the protein structural backbone as protein
aggregation progresses. %17 1 a recent report, the catalytic
role of nanoparticles that permits the rapid colorimetric
detection of protein aggregation suggested that nanoparticles
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Scheme 1. Schematic illustrations of the nanoparticle-assisted protein structure evolution and its concomitant color transition. (A) Cartoon of the
physiological aggregation process involving monomers, oligomers, intermediates, and large protein aggregates. (B) lllustration of the nanoparticle-
assisted aggregation process, concomitant spectral and colorimetric responses, and representative morphologies of the aggregates.

could be used as nucleation cores for further protein
aggregation.17 Based on these findings, we hypothesized that
we could quickly predict the propensity of protein aggregation
and the predominant protein structures under certain
destabilizing conditions by using nanoparticles as nucleation
cores.

In this study, we suggest the use of an ultrafast
colorimetric method for determining predominant protein
structure evolution through nanoparticle-assisted protein
aggregation. The approach we used to study protein
aggregation is illustrated in Scheme 1. In physiological
conditions, a partially unfolded or misfolded protein generally
starts an aggregation process by nucleation-dependent
oligomerization.22 During the aggregation, oligomers (or the
seeds) act as nucleation cores, and they gradually grow into
intermediates and large protein aggregates (Scheme 1A).22'24
However, this natural process usually takes a long time (i.e.,
several days, months, or more)z“'27 because the nucleation
step is a rate-limiting step in protein aggregation.22
Accordingly, if we add nanoparticles acting as nucleation cores
to a free protein solution, as illustrated in Scheme 1B, the rate-
limiting step can be omitted, and this accelerates the overall
rate of protein aggregation. During the aggregation process,
the nanoparticles act as nucleation cores and form networks
depending on the structures of the protein aggregates (i.e.,
fibrillar aggregates or amorphous aggregates). Simultaneously,
the nanoparticles assembled on the protein aggregates exhibit
colorimetric responses in accordance with their interparticle
distances and embedded shapes (i.e., longitudinal assembly
and random clustering), as shown in Scheme 1B. For example,
the deep blue color that is induced by the longitudinal
assembly of nanoparticles implies the formation of fibrillar
aggregates, and the violet color that is induced by the
clustering of nanoparticles connotes the formation of
amorphous aggregates. Consequently, we are able to rapidly
detect the protein aggregates and predict in advance their
morphological characteristics under destabilizing conditions

2| J. Name., 2012, 00, 1-3

with the naked eye (without instrumentation). For example,
temperature, pH levels, chemicals, metal ions, and etc. can be
factors for protein aggregation encountered in the
physiological conditions.?®*

As a proof-of-concept demonstration, we examined acid-
induced protein aggregation for small peptides of about 4 kDa
[i.e., amyloid 8 (1-40) and amyloid 8 (1-42)] and a large protein
of 32 kDa [i.e., superoxide dismutase 1 (SOD1)], which are
implicated in Alzheimer’s disease (AD) and amyotrophic lateral
sclerosis, respectively. We describe our colorimetric detection
concept that does not require instrumentation and validate it
through conventional characterization tools. Finally we show
that our proposed method can be utilized to screen the
protein aggregation propensity under a variety of conditions
such as high temperature, different pH levels, and chemicals.

Experimental
Materials

Amyloid 8 fragment 1-40 [A8 (1-40)] and Amyloid 8 fragment
1-42 [AB (1-42)] were purchased from AnaSpec, Inc. (Fremont,
CA, USA). SOD1 from human erythrocytes and all chemicals
were purchased from Sigma-Aldrich Co. LLC (St. Louis, MO,
USA). All water used in our experiment was purified to 18 MQ.

Preparation of gold nanoparticles

The gold nanoplasmonic particles (GNPs, 17 nm in diameter)
were prepared as described previously.14 Briefly, the particles
were prepared by boiling 100 mL of aqueous 0.01% (w/w)
hydrogen tetrachloroaurate (lIll) trihydrate (HAuCl;-3H,0) in a
flask connected to a water-cooling column that was
maintained at 98 °C with constant vigorous stirring and then
adding 3 mL of 1% (w/w) sodium citrate (Na3;CgH507-2H,0) all
at once. When the color of the solution began to change, the
heat was turned off, and the solution was allowed to cool to
room temperature for about 20-30 min. The 520-nm
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absorbance peak of the intrinsic 17-nm GNPs was observed
with ultraviolet-visible (UV-Vis) spectroscopy, and its intensity
was adjusted to 1.0 by dilution with deionized water for
further experiments.

Spectral measurement with UV-Vis spectroscopy

In order to measure the spectral change induced by protein
aggregation, 90 uL of GNPs was mixed with 10 uL of each
protein solution at a physiologically relevant concentration
range at the optimum ratio (9:1 v/v). To induce protein
aggregation, we intentionally added 20 uL of hydrochloric acid
(HCl) to the prepared mixture of the GNPs and each protein
solution. Under the given acidic conditions, time-resolved
spectra were collected with a UV-Vis spectrophotometer (DU
730, Beckman Coulter, Inc., Brea, CA, USA) and a precision cell
(105.020-QS, 10 mm, Hellma GmbH & Co. KG, Mdullheim,
Germany).

Colorimetric assay with a microplate reader

The plasmon-based colorimetric assay for protein aggregation
was performed with the samples, which were prepared by the
same protocol described above for the spectral measurement
method. In order to quantify the observed color change, the
absorbance at a specific wavelength (i.e., 520 nm or 650 nm)
for the mixture solution of each protein and the GNPs was
measured with a SpectraMax M-2e Microplate Reader
(Molecular Devices LLC, Sunnyvale, CA, USA).

ARTICLE

Dark-field microscopy

For the morphological analysis of the nanoparticle-assisted
protein aggregation, an Olympus BX-43 (Olympus Corporation,
Tokyo, Japan) microscope, equipped with an oil (or water)
immersion dark-field condenser and CCD camera, was used.
Each aliquot of the solutions was sampled onto a clean slide
glass that had been pre-treated in a piranha solution
(H,S04:H,0, 73 wv/v) for 1 h. A homemade
polydimethylsiloxane fluidic chamber was prepared to confine
the sample.

Circular dichroism (CD) spectroscopy

The secondary structures of each protein aggregate were
characterized with a JASCO J-815 CD system (JASCO Inc.,
Easton, MD, USA). For typical far-UV protein spectra, a 1-mm
rectangular quartz cuvette (110-QS, Hellma GmbH & Co. KG)
was used, and the CD spectra were recorded from 190 nm to
250 nm. All of the CD measurements were conducted with the
following parameters: 1 nm bandwidth, 100 nm/min run
speed, 1 nm data pitch, and average of six runs.

Results and discussion
Spectral responses of concentration- and type-dependent protein
aggregation

First, the two types of amyloid 8 (AB8) peptides with different
sequences, A8 (1-40) and A8 (1-42), which are abundant in
patients with AD, were tested with our detection concept
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Fig. 1. Real-time monitoring of the A8 concentration- and type-dependent

aggregation with ultraviolet-visible (UV-Vis) spectroscopy. (A) A8 (1-40)

peptide. (B) A8 (1-42) peptide. Real-time spectral changes in the mixture solution of A8 peptides and gold nanoplasmonic particles (GNPs) were
measured under acidic conditions. Various concentrations of the peptides were tested from 100 nM to 10 uM. The UV-Vis spectra were collected every
1 minute for 10 minutes. The arrows indicate the trends in the real-time spectral shift at the two absorbance bands of the intrinsic peak of GNPs
(around 520 nm) and a newly formed larger aggregation indicator peak (around 650 nm).
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described in Scheme 1. Synthesized GNPs (Optical Density: 1.0;
ca, 1 nM) were mixed with A8 (1-40) and A8 (1-42) at
physiologically nanomolar
concentrations®’
monomer were greater than the amounts of the GNPs. A small
amount of 100 mM HCl was then added to the prepared
mixture in order to induce protein aggregation under acidic

relevant micromolar to

so that the amounts of each peptide

conditions. The detailed experimental protocol is described in
the Materials and Methods section. Low-pH conditions are
well-known aggregation-promoting conditions, and these
conditions have been extensively utilized to study protein
aggregation.24’ 3436

Upon exposure to the acidic conditions, the time-resolved
spectra of each mixture, including A8 peptides and GNPs, were
collected with UV-Vis spectroscopy (Fig. 1). For all of the cases,
striking spectral changes were observed within a few minutes
(see also Fig. S1 in ESIT). This dramatic change is probably due
to rapid association between positively charged peptide (".'pl
of AB8=pH 5.5)17 and negatively charged GNP surface under
acidic conditions, based on our control experiment under basic
conditions (see also Fig. S2 in ESIt). For AB (1-40), as its
concentration increased, the intensity of the intrinsic plasmon
band of GNPs (around 520 nm) decreased, and another longer
wavelength plasmon band (around 650 nm) appeared. The
intensity increase around 650 nm was concentration-
dependent. A longer plasmon band indicated the self-assembly
of GNPs, which can be an indicator of the formation of larger
A8 aggregates (i.e.,
aggregates), as described in Scheme 1. The time-resolved

fibrillar aggregates and amorphous

spectra for AB (1-42) also showed concentration dependence.
However, the rate of change in the spectra was relatively small
compared to that for A8 (1-40) (see also Fig. S1 in ESIT). It is
consistent with previous reports presenting that A8 peptides
form fibrillar aggregates in acidic conditions (at pH ~2),24' 3
and the fibrillization kinetics depends on the peptide
sequences.“’ 37 Based on this, we can conclude that the
observed spectral changes are very much related to the
protein structure evolution, differences
depending on both the concentration and the type indicates a

and the spectral

difference in the predominant protein structure during protein
aggregation.

Colorimetric responses of concentration- and type-dependent
protein aggregation

Having shown that the spectral changes are dependent on
both the type and concentration of the peptides, we next
examined the correlation of the collected spectra with the
colors observed with the naked eye (Fig. 2A and 2B). We
monitored the color change of the mixture solution over time.
Significant and distinguishable color changes were observed
within a few minutes (< 2 min), which was similar to the
spectral changes observed with UV-Vis spectroscopy.
Specifically, the A8 (1-40) mixture solution showed a color
transition from red to deep blue as the peptide concentration
increased (Fig. 2A). Based on the spectral results (Fig. 1A), the
deep blue color observed at the high concentration of over 10

4| J. Name., 2012, 00, 1-3
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Fig. 2. Time-lapse colorimetric changes and kinetic profiles for the
concentration- and type-dependent aggregation of AB. (A, B) The
colorimetric responses of A8 (1-40) aggregation (A) and A8 (1-42)
aggregation (B) measured from 100 nM to 100 uM for 60 min. (C, D)
The concentration-dependent kinetic profiles for A8 (1-40) aggregation
(C) and A8 (1-42) aggregation (D) described by the changes in relative
absorbance ratios (Assonm/As2onm)-

uM of the A8 (1-40) peptide is related to the high intensity at
the longitudinal plasmon band around 650 nm. Likewise, the
violet color observed at the high concentration of A8 (1-42) is
related to the moderate intensity at 650 nm, which is
comparable with the intensity at 520 nm (Fig. 1B and Fig. 2B).

to quantitatively analyze this colorimetric
response, we also measured the spectral intensities at two
absorbance peaks, the intrinsic peak of the GNPs (around 520
nm) and the newly formed larger aggregation indicator peak
(around 650 nm), at each time frame with a conventional plate
reader. Fig. 2C and 2D present plots for the intensity ratios
between 520 nm and 650 nm showing the fast colorimetric
response rate, which exhibit a steep slope following a

In order

saturation plateau and its clear concentration- and type-
dependence. We also tested different sizes of GNPs. Results
show that aggregation kinetics depends on the size of GNPs
(see also Fig. S3 in ESIT) and 17-nm GNPs induce fast formation
of the aggregation compared to smaller GNPs. And
colorimetric responses for 17-nm GNPs are clearer compared
to bigger GNPs. Based on our observation, there
significant difference when we use GNPs of sizes around 15-20
nm. The reason why using 17-nm GNP is that it can be easily
synthesized in the laboratory based on previously reported
protocol.

is no

Morphology analysis of nanoparticle-assisted protein aggregation

In order to determine if the observed colorimetric responses
are related to the morphologies of the nanoparticle-assisted
protein aggregates, the aggregates were examined with dark-
field microscope imaging. Each aliquot of the reaction
solutions was sampled onto a clean slide glass for morphology

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. Morphological analysis of the nanoparticle-assisted A8
aggregation and its comparison with the colorimetric responses. (A, B)
Dark-field images of the AB (1-40) peptides (A) and A8 (1-42) peptides
(B) incubated with nanoparticles under acidic conditions. Each inset
shows a representative color of the sample solution. The images were
taken from an initial point to 10 min and then 24 h later. Scale bars
correspond to 20 um.

analysis. Before exposure to the acidic conditions (0 second),
the initial solution colors of all of the samples were red, and
their corresponding dark-field images showed well-dispersed
spots. Upon adding the HCI solution, the A8 peptide
concentration-dependent morphological evolution as well as
color change was observed. After 10 min, the observed color
transition to pink [e.g., 100 nM and 1 uM AB (1-40)], purple
[e.g., 2 uM A8 (1-40)], or deep blue [e.g., 5 uM and 10 uM A8
(1-40)] was consistent with the increase in large aggregates, as
shown in Fig. 3A. Because the color changes result from the
distance-dependent light scattering of embedded GNPs in
protein aggregates, we can correlate this color transition to
pink, purple, or deep blue with the aggregation steps of small
oligomeric assemblies, intermediate formation, or fibrillar
aggregation, respectively. The concentration-dependent

This journal is © The Royal Society of Chemistry 20xx

morphological evolution of protein aggregates, which was
predictable from the earlier color change within a few minutes,
was more clearly observed for the aggregates sampled after 24
h. At concentrations of A8 (1-40) as high as 5 uM, fibril-like
assembly was observed.

For A8 (1-42), dark-field images showed a
concentration-dependent morphological change as well as
color change (pink, purple, or violet), while the deep blue color
was not observed even at a higher concentration unlike with
AB (1-40). These results are attributable to the difference in
aggregation propensity depending on the peptide type.31’ 34,36
3 In Fig. 3B, dark-field images of the aggregates formed after
24 h showed a trend of amorphous aggregation rather than
fibrillar aggregation, which was consistent with the violet color
(shown in insets) rather than deep blue. The morphological
analysis suggests that the previously observed colorimetric
responses can be utilized to predetermine the dominant
structure evolution.

similar

Characterization of secondary structures in the protein aggregates
with CD spectra

In order to verify the structural evolution of the nanoparticle-
assisted protein aggregation with that of physiological protein
aggregation (without aid of nanoparticles), conventional CD
spectra were collected for the A8 (1-40) and A8 (1-42)
peptides incubated without GNPs under identical acidic
conditions (Fig. 4). As incubation time increased, the CD
spectra for A8 (1-40) transitioned from a random coil (10 days)
to 8 component-abundant (70 days) structures, which was
obviously observed at a higher concentration (i.e., 10 uM) (Fig.
4A). We note that fibrillar aggregates are usually composed of
8 component-abundant structures.***  Dark-field images
showing the morphological evolution of small aggregates to
large fibril-like aggregates (images on the left in Fig. 4A) were
consistent with the observed changes (random coil to 8
component) in the protein secondary structures. It is
noteworthy that our proposed method permits the
predetermination of the propensity of protein aggregation,
which usually takes a long time, with color in a very short time
(shown in each inset).

Compared to AB (1-40), A8 (1-42) underwent a slow
transition to the 68 component under the same acidic
conditions, which was also in good agreement with the
nanoparticle-assisted A8 aggregation results (Fig. 2C). The
dark-field images of the large aggregates that were formed in
10 uM of the A8 (1-42) mixture appeared relatively
amorphous, which was consistent with the weaker signal in a
CD spectrum (Fig. 4D) compared with the same concentration
of AB (1-40). Taken together, these results emphasize that
colorimetric responses reflect predominant protein structure
evolution in certain destabilizing conditions.

Extended application to SOD1

In order to further confirm that our proposed method can apply to
other proteins, SOD1, which is a dimeric protein of 32 kDa, was
tested under a physiologically relevant concentration (~100 uM).“”

J. Name., 2013, 00, 1-3 | 5
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Fig. 4. Verification of the morphological evolution of nanoparticle-assisted protein aggregates with changes in the secondary structures of the protein
aggregates that were formed without the aid of nanoparticles. (A) Dark-field images of the 10 uM A8 (1-40) + GNP mixture solution after 10 min and 24
h exposure to the acidic conditions (left) and a colorimetric response of the solution after 10 min (inset). Circular dichroism (CD) spectra of 10 uM A8
(1-40) incubated without GNPs under acidic conditions for 10 and 70 days (right). (B) Dark-field images of the 10 uM A8 (1-42) + GNP mixture solution
after 10 min and 24 h exposure to the acidic conditions (left) and a colorimetric response of the solution after 10 min (inset). CD spectra of 10 uM A8
(1-42) incubated without GNPs under acidic conditions for 10 and 70 days (right). Scale bars correspond to 20 um. Increases in the amounts of 8-sheets

were indicated by an increase of the negative band around 215 nm and the positive band around 195 nm.

* Under the identical experimental conditions, the results for the
SOD1 protein showed a color transition to purple or violet (Fig. 5A).
In addition, these colorimetric responses corresponded with the
increase in the aggregates (from globular aggregates to amorphous
aggregates) that were observed in the dark-field images (Fig. 5B).
These results were in good agreement with the CD spectra showing
a transition to a random coil-abundant structure rather than a 8
component-abundant structure. Our results correspond with
previous reports that showed that SOD1 monomers tend to induce
amorphous aggregates.‘w"48

Extended applications under a variety of conditions for protein
aggregation

As mentioned before, there are many factors, which can affect
protein aggregation encountered in the physiological conditions.
For example, it is well-known that the factors such as temperature,
pH levels, chemicals, metal ions, and etc. can induce protein

A 0

10nM 100 nM 1 uM

10pM 50 uM

4 9

4

28-33

aggregation without nanoparticles. And these factors can also

modulate the kinetics of the nanoparticle-promoted protein
aggregation due to that conformational changeszs‘ 29,32,33,49,50 f
proteins affect the association to the nanopar'cicles.‘(’l'53 To confirm
that our proposed method can be utilized to screen the protein
aggregation propensity under a variety of conditions inducing
protein aggregation, we additionally tested the nanoparticles-
assisted protein aggregation under different destabilizing conditions
such as high temperature, different pH levels, and chemicals (e.g.,
2,2,2-Trifluoroethanol). Figure 6 shows representative plots for
colorimetric responses implying the different kinetics of protein
aggregation observed under different destabilizing conditions.
Without nanoparticles, protein aggregation can occur in these
destabilizing conditions and also undergoes the different kinetics.
When we use nanoparticles as nucleators, the kinetics can be
accelerated in most of cases. Kinetics of the nanoparticle-assisted
protein aggregation is also dependent upon the destabilizing

O

5 uM SOD1

104 o 46 days
70 days

Molecular ellipticity
(6, mdeg/mol)

-15 ——T T T
190 200 210 220 230 240 250

Wavelength (nm)

Fig. 5. Extended application results of the proposed method to another protein. (A) Concentration-dependent colorimetric responses for superoxide
dismutase 1 (SOD1) aggregation. (B) Dark-field images of the nanoparticle-assisted SOD1 aggregates incubated under acidic conditions. Scale bars
correspond to 20 um. (C) CD spectra of 5 uM of SOD1 incubated without GNPs under identical acidic conditions for 46 and 70 days.
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conditions, as such as protein aggregation without aids of
nanoparticles depends on the exposed conditions. Based on our
data (see also Fig. S4 and Fig. S5 in ESIt), kinetics of the
nanoparticle-assisted protein aggregation under high temperature
or strong acidic pH is much faster than protein aggregation under

low temperature or weak acidic pH, as expected.

14
g 12 % :
c s o
©
£ 1.0
£ &
[« ]
n <"° 0.8
Q S
g £ 0.6+
> n
= f 0.4
E i — "
14 0.24 —=— 10 uM AB (1-40) at TFE 50%
—=— 10 uMAB(1-40)at pH 2
—a— 10 uMAB(1-40)at 45°C
00 Y SR O O 1O o
Q
NS o oS SAE P &
Time (min)

Fig. 6. Plots of colorimetric responses showing the different kinetics
of protein aggregation observed under different destabilizing
conditions (high temperature, acidic condition, and chemical
denaturant).

Conclusion

In summary, we demonstrated a fast, simple, and easy method
for studying protein aggregation with nanoparticle-assisted
protein aggregation. We presented that our proposed method
enabled us to predict protein aggregation propensities with
the naked eye and without any instruments. As a
demonstration of the concept, we monitored protein
aggregation with A8 (1-40) and AB (1-42) peptides in real-time
and successfully predicted the predominant protein structures
within a few minutes. Additionally, we showed the broad
applicability of our concept by testing it with another protein
(SOD1) and under various aggregation promoting conditions.
We believe that our proposed method can be extended to
studies of the molecular biophysics of protein aggregation and
the rapid screening of anti-aggregation drugs for patients with
protein conformational disease.
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