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ABSTRACT

It is important to develop noninvasive label-free detection method to monitor dynamic
phenomena in biology and medicine. Here, we utilize nanoplasmonic optical imaging as the
noninvasive and label-free method in order to monitor in-vitro amyloid fibrogenesis in real-
time, which is considered as the primary pathological mechanism of Alzheimer’s disease.
Using Rayleigh scattering of gold nanoplasmonic probes (GNPs), which have an enhanced
scattering optical cross section due to the surface plasmon resonance of GNPs, we
accomplished efficient tracking of the random movements of the GNPs in AB solution, and
quantified the kinetics of the fibrogenesis. We expect this noninvasive and label-free in-vitro
method can be utilized in monitoring in wide range of other research field as well. As future
applications, we can envision long-term monitoring in neuronal cells to elucidate the
mechanism of amyloid growth and NIR-based in-vivo imaging with nanoplasmonic optical
antennas for gene delivery, photonic gene circuits, and monitoring toward the theranostics

of neurodegenerative diseases.
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Main text

Biological phenomena are complex dynamic events, and we need noninvasive method
(without distortion of original biological structures) to monitor the dynamics to investigate
mechanisms. Here, we utilize nanoplasmonic optical imaging as the noninvasive and label-
free method in order to real-time monitor in-vitro amyloid fibrogenesis, which is considered

as the primary pathological mechanism of Alzheimer’s disease.

Alzheimer’s disease (AD) is a neurodegenerative disease, associated with loss of
memory and cognitive function’®. The origin of AD is believed to be associated with brain
amyloid plaques, in which the major protein constituent is a polypeptide B-amyloid (AR).
The AB induces slow and progressive molecular structural changes, and then undergoes
spontaneous growth (fibrogenesis), which causes massive plaque formation in AD
patientss' ®. These are believed to ultimately disrupt membrane function and degenerate

brain neurons, which link to cellular dysfunction and death’"" (Fig.1A).

Therefore it is critical to understand the kinetics of fibroogenesis of AB proteins to
find possible theranostic solutions for AD. A few imaging techniques have been utilized
such as Atomic Force Microscopy (AFM)'?'* Transmission Electron Microscopy (TEM),

1521 While these current

fluorescent imaging with quantum dots, and optical trapping
methods have an advantage of high resolution imaging, limiting factors include
invasiveness in AFM and TEM that required real-time monitoring of AB aggregation, photo

bleaching and low quantum efficiency in fluorescent microscopy, and cellular toxicity issues

in QD-based fluorescent microscopy for long-term monitoring of A fibrogenesis kinetics.

In this communication, we utilize nanoplasmonic optical imaging as the noninvasive
and label-free method and demonstrate as an effective real-time monitoring method of

amyloid fibrogenesis using gold nanoplasmonic particles (GNPs) since the Rayleigh
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scattering of GNPs has an enhanced scattering optical cross section and selective surface
plasmon resonance from a specific geometry of GNP. We demonstrate this nanoplasmonic
optical method to 1) compare severe and mild growth of AB42 in water and dimethyl
sulfoxide (DMSO), respectively and 2) monitor long-term gradual self-growth of AB42 from
mild fibril formation. For the direct observation of amyloid fibrogenesis, we dispersed GNPs
in solution of AB peptides and tracked the Brownian movements of GNPs, which reflect
degree of amyloid fibrogenesis. Using a high intensity light source from resonant Rayleigh
scattering of GNPs (80 nm), which has efficiency equivalent to that of 10° fluorophores (e.g.

fluorescein) %

, we accomplish efficient tracking the random movements of GNPs in AS
solution.

This direct observation of amyloid fibrogenesis by the resonant Rayleigh scattering
of GNP provides several advantages in the systematic characterization to understand the
mechanism and kinetics of fibril formation and growth. Firstly, it is a non-invasive method
that does not require additional sample preparation step, which cannot be avoided in TEM
and AFM experiment. Secondly, label-free GNPs are very suitable to monitor long-term
process since they do not have problems of photo bleaching like for fluorescent probes or
blinking for quantum dot sensors. Thirdly, it can provide quantitative information of AB
growth. The movement of single GNPs AB in solution can be quantified by Mean Square
Displacement (MSD), which offers the information of diffusivity and elasticity during AB
growth. The current in-vitro demonstration can be extended to in-vivo studies by utilizing
NIR-optics since probes are biologically inert and easy to introduce into cells >>2°.

The localized surface plasmon resonance of GNPs (80 nm, BBI international)
generates a sufficient intensity of light via dark-field imaging setup (Fig.1B, Fig.S1A and

S1B). The bright GNPs randomly move in solution by Brownian force. We utilized these

movements of GNPs to characterize the kinetics of amyloid fibril formation and growth. As
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schematically shown in Fig.1C, the movement of GNP would be restricted by the amyloid
fibril near the particle. As a result, we observed the movement of GNPs within/out AB42
(Amyloid-p42 peptide, Sigma-Aldrich). GNPs suspended in water without AB42 can move
unrestrictedly and show broadly spread trajectories (Fig.1D). In contrast, GNPs suspended
within AB42 solution, show a narrower trajectory, which can be interpreted as the restricted
movement of GNPs by AB42 fibril (Fig.1C and 1D).

We took sequential images of GNPs’ Rayleigh scattering in sample solution every 60
ms for 200 frames. We analyzed the single GNP’s movement by mean square
displacement (MSD) and its trend in accordance with observed lag time from the first
analyzed time-point in the analysis of trajectory (Supplementary Text S1, Fig.S1C and
S1D). The MSD of a particle in 2-dimensions is known as equation 1 2”28, The exponent a

can be obtained from slope of log-log plot: MSD versus the observed lag time as Fig. 2A.

MSD = 4Dr1* (D: Diffusivity, 1: observed lag time) (1)
D = kT/6mnR (2)

(k: Boltzmann constant, T: Temperature, n: viscosity, R: radius of particle)

We note that MSD of a particle in 3-dimensions could be considered with advanced
platform (e.g. multi-plane imaging®®, bifocal imaging®®) and in that case, the equation 1
would be replaced by [ MSD = 6D17].

Compared to conventional fluorescent particle tracking method, the nanoparticles
have a benefit to increase tracking resolution in their mean square displacement (MSD).
According to Einstein correlation (equation 2: D = kT / 6TinR), the diffusivity is inversely
proportional to size of particle, and smaller particle moves further and could be more

sensitive. The 80 nm GNPs used in this study can increase 12.5 (=1000 / 80) times of
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sensitivity (diffusivity) in comparison to typical size (1000 nm = 1 um) of fluorescent particle
for tracking. With conventional methods, it is difficult due to limited optical resolution to
visualize the submicron size of fluorescent particles without specialized costly instruments:
high-resolution objective lens and highly sensitive camera (e.g. EM CCD, sCMOS camera).
In contrast, the plasmonic particles (e.g. gold, silver) even in nanometer scales can be
efficiently visualized by Rayleigh scattering with commonly used cameras.

In order to confirm accuracy of our nanoplasmonic particle tracking, we firstly
measured the viscosity of a known polymer (Dextran; M.W.=70,000, Sigma Aldrich)
solution at various concentrations, and compared to conventional viscometer (rheometer)
measurements. In our particle tracking method, viscosities could be calculated from MSD- 1
plots and equation 1, 2. Indeed, with increasing concentration of Dextran, the viscosity
increases accordingly and the values are identical to the ones measured by conventional
method (Supplementary Table S1).

Further, we characterized the effect of AB monomer concentration. We obtained the
MSD values of GNPs at various concentrations of AB in water. The MSD values of GNPs
without AB42 (plot of 0 uM in Fig.2A) are approximately 100 times larger than values of
GNPs at 25 pM within a whole range of lag time (Fig.2A). As the concentration of AB42
peptide in water increased, the MSD values decrease accordingly (Fig.2A).

Next, we applied this approach to distinguish severe and mild fibrogenesis of AB42.
In water AB42 is known to form severe fibrils, while in DMSO®' mild fibrils form. The DMSO
is a strong organic solvent and is commonly used to solubilize hydrophobic peptides such
as AB. It also makes delay of forming Ag fibril/aggregation. Indeed, we distinguished the
severe and mild fibrogenesis of AB42 in water and DMSO, respectively. In the MSD plot
and diffusivity calculated from equation 1 and 2, we observe that the effect of concentration

of AB monomer is weaker in DMSO. With increasing concentrations of AB42, the MSD
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values decrease in both DMSO and water (Fig.2A and 2B). Similarly, exponent a and
diffusivity decrease significantly with increasing concentration (Fig.2C and 2D). Also, the
exponent a decrease more evidently in water compared to DMSO (Fig.2C). Generally, the
exponent a distinguishes a type of diffusion that particles encountered: a=1; normal
Brownian diffusion in purely viscous (liquid-like) material e.g. water, a<1; sub-diffusion in
elastic material, and a>1; super-diffusion or active movement. In the case of DMSO, the
value is quite stable around 1 even in high AB42 concentration (25 uM), which indicates
that AB42 does not severely form fibrils but maintains as viscous condition (Fig.2C). In
contrast the exponent a rapidly decreased with increase of AB42 concentration in water.
Taken together, our results confirm that AB42 forms more severe fibrogenesis in water and
we expect this approach could be a useful new quantification method to monitor the degree
of AB42 fibrogenesis. The exponent a would be one simple parameter for quantification,
and would have an advantage over AFM analysis, in which it is not easy to quantitatively
compare the degree of fibrogenesis. Additionally, we note that water and DMSO are
chosen to evaluate whether our method can distinguish severe and mild fibrogenesis as a
benchmark outside of the physiological condition.

Finally, we monitored the long-term kinetics of Ap42 fibrogenesis. GNP was
dispersed in AB42 / DMSO solution. We chose 5 uM of A42 concentration as a precursor
that does not severely form fibril at the beginning of incubation (Fig.2B, C and D). The MSD
values, diffusivity and exponent a slowly decrease as the incubation time progressed
(Fig.3A and 3B). The result is consistent with AFM studies that show fibrils slowly grow with
the same experimental condition of incubation time®". Thus, we confirmed our
nanoplasmonic optical method is relevant to characterize slow and long-term kinetics of
AB42 fibrogenesis as well. In order to further validate the use of nanoparticle tracking to

infer Amyloid Beta peptide aggregation and understand essential mechanistic details of A
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fibrogenesis, it would be ideal to combine with current existing technologies such as AFM,
NMR, DLS and numerical simulation®® * that provide morphological and structural
information of AB.

In summary, we presented a noninvasive and label-free method by utilizing
nanoplasmonic optical imaging that efficiently tracks and quantifies random movements of
GNPs’ by resonant Rayleigh scattering and demonstrated an effective real-time
characterization method of AB fibrogenesis. We expect this approach could be utilized to
research in neurodegenerative disease such as Alzheimer’s disease (AD) pharmacology
for developing an innovative strategy to delay or prevent the onset of amyloid growth and
elucidating in-vivo mechanism of amyloid growth in AD. GNPs have a lot of potential since
1) they are biologically inert and easy to introduce into the living neuronal cells and the

darkfield imaging is already demonstrated in in-vivo imaging®* %, 2)

they are easy to
functionalize surface for specific detection and delivery of key biomolecules, and 3) they
can be used as nanoplasmonic optical antennas in living cells for both gene delivery and

monitoring toward the theranostics of neurodegenerative diseases®® 3

, although we need
to consider potential cause to affect on the GNP movement in-vivo system such as
intracellular organelles. In addition, the systematic studies of interaction effect between
GNP and AB should be carried out for more accurate quantification of kinetics in
fibrogenesis since methionine in AB sequence would form Au-S bonding with GNP.
Moreover, this non-invasive label-free nanoplasmonic particle tracking method would
be utilized as precision biophysical measurements in quantitative cell biology. Many cellular
and subcellular processes depend critically on the mechanical deformability of the
cytoplasm. For example, the translocation of organelles (e.g., nucleus, endoplasmic

reticulum and mitochondria) within the cytoplasm is partly associated with local viscoelastic

(physical) properties of the cytoplasm. GNPs would be introduced directly into the
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cytoplasm of live cells and we would probe the viscoelastic properties of various types of
cells in a wide range of conditions. These measurements would provide us invaluable
insight how the biophysical properties of the cytoplasm cope with various chemical and
physical stimuli, how they can regulate basic cell functions, and how these properties can
be significantly altered in diseased cells together. Additionally, these GNPs would have
functionalized surfaces so that they would be utilized as physico/chemo multi-probes that

measure mechanical (viscoelastic) properties and detect specific key molecules.
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FIGURE CAPTIONS

Figure 1. Amyloid B42 (AB42) plaque formation in Alzheimer disease patient (AD),
and real-time monitoring of the amyloid fibrogenesis by noninvasive label-free
nanoplasmonic optical imaging, which allows quantitative analysis: (A) In the brain of
Alzheimer’s disease patient (AD), the neuronal plaques are found, which is aggregation of
insoluble amyloid B (AR) peptides. It is believed to make the death of neuronal cells and
cause loss of memory and cognitive function. The AB slowly undergoes spontaneous
growth (fibrogenesis), and massively forms plaques. (B) Rayleigh scattering of single gold
nanoplasmonic particle (GNP): It can be visualized by dark-field imaging by combination of
condenser and objective lens (numerical aperture (N.A.) of condenser is higher than one of
objective lens). The efficiency of the GNP scattering (extinction coefficient) is equivalent to
that of 10° fluorophores (e.g. fluorescein) so that it is easy to visualize the single
nanoplasmonic probe. (C) Schematic illustration of GNP trajectory that reflect the process
of amyloid fibrogensis without amyloid fibril in initial state (left), mild amyloid fibril (middle)
and severe amyloid plaque (right). (D) The movement of GNPs are restricted by amyloid.
Typical trajectories of GNPs dispersed in water without AB42 (left) and with 25 uM of AB42
(right). The movement of GNPs’ Rayleigh scattering was tracked with images taken by

every 60 ms.

Figure 2. Noninvasive label-free nanoplasmonic optical method, which allows direct
monitoring of the effect of Amyloid 42 (AB42) concentration and dispersed medium
that form severe and mild fibril (A) Severe amyloid fibril: Mean square displacement

(MSD) in water (B) Mild amyloid fibril: Mean square displacement (MSD) in DMSO (C)
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Diffusivity and (D) exponent obtained from correlation between MSD and lag time: MSD =

4D1° (D: Diffusivity, a: Exponent), a is the slope of MSD versus lag time in (A) and (B).

Figure 3. Long-term real-time monitoring of progressive amyloid 42 (AB42)
fibrogenesis by noninvasive label-free nanoplasmonic optical method Amyloid 42
(Ap42) is incubated in DMSO. (A) Mean square displacement (MSD) (B) Diffusivity and
exponent obtained from correlation between MSD and lag time: MSD = 4D1° (D: Diffusivity,

a: Exponent).
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We utilize nanoplasmonic optical imaging as the noninvasive and label-free
method in order to monitor in-vitro amyloid fibrogenesis in real-time, which is
considered as the primary pathological mechanism of Alzheimer’s disease.
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