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ABSTRACT

Noble metal nanoparticles (NPs) have unique photophysical properties,
including non-blinking and non-bleaching characteristics, making them highly
compatible with smaller NP sizes. These features make them especially appealing for
studying cellular dynamics, as their smaller size will not interfere with biological
activity. When compared to bulk metal particles, excitation of the conduction band of
nanoparticles by an external field transforms the behavior of the electrons into an
oscillating behavior. This phenomenon is known as localized surface plasmon resonance
(LSPR). Under optical excitation, the combined near-field enhancements lead to coupled
interactions observed as spectral shifts in the red region. Interferometric scattering
microscopy (iISCAT) is an interference-based imaging platform that has high sensitivity
of weak scatterers and indefinite limit on observation time. While iSCAT alone is
diffraction limited, combining it with metal nanopatrticles allows us to break the
diffraction limit, offering enhanced resolution and sensitivity.

We developed a two-color iSCAT microscope with ratiometric detection to
monitor size differences in Ag NPs. Here, we explain the selection of optical components
for this home-built system and share insights gained from adapting iSCAT with a
commercial upright microscope. We chose 405 and 445 nm laser diodes for the
microscope since they are located at the higher and lower plasmon resonance of Ag.

Furthermore, laser diodes are advantageous because they have shorter coherence
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lengths, which help minimize speckle patterns in the imaging field of view. We
demonstrated how two-color iSCAT can distinguish differences in Ag nanoparticle size
and monitor trends with respect to change in ambient refractive index. Additionally, we
validated the sensitivity of two-color iSCAT as small as 5 nm in size, which may be
useful as labels for future studies on EGFR structural conformations.

Using two-color iSCAT, we were able to observe the assembly of PEG-tethered
Ag NP dimers of varying lengths by streptavidin-biotin interactions. The spectral shifts
observed on both wavelength channels allowed us to monitor the dimers formed by
from dimers formed by 0.4 kDa and 3.4 kDa PEG tethers. To validate iISCAT
observations, we imaged the monomer and dimer samples using scanning electron
microscopy (SEM). We were able to correlate phenomena observed in iSCAT with the
SEM by showing probability plots of formed dimers. In iSCAT, monomers (10 and 20
nm) appeared as dark contrast, with 10 nm dimers showing a larger intensity, and 20 nm
dimers with bright contrast. The spectral shifts observed in both wavelength channels
enabled us to study the assembly of small nanoparticle dimers.

Cells have a complex background which makes them too difficult to study with a
standard iSCAT microscope, this is what led to the addition of a third color to our
microscope. In the final section of this dissertation, we describe the calibration of three-
color iSCAT microscope by imaging Au and Ag NPs. While Ag has greater optical
properties compared to Au, they are toxic and less stable for nano conjugation purposes.
Therefore, we incorporated a 520 nm laser line, which is close to the peak plasmon
resonance of gold. We demonstrated how three-color iSCAT can discern between Au
and Ag NPs and how this can pave the way for a new biosensing tool to distinguish

different cell receptors.
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Chapter 1: Introduction

Cells are complex structures, and many of their biological processes remain understood.
Monitoring these processes is essential for understanding biology. However, the
challenge remains where all these processes occur on chemical length scales that are
below the diffraction limit. Epidermal growth factor receptor (EGFR) is a
transmembrane protein whose overexpression is associated with a variety of cancers.!
EGFR undergoes structural conformations that have contributed to models correlating
ligand binding with kinase activation.?® The study of EGFR is driven by the fact that it is
involved with cellular growth, proliferation, differentiation, and survival.?* Therapeutic
approaches that target EGFR, such as tyrosine kinase inhibitors (TKI), show initial
promise, but resistance to treatment often develops overtime.>¢ Investigating EGFR is
crucial to improve understanding of cellular signaling pathways as well as resistance

mechanisms, which will help improve patient outcomes.

Another key protein of interest is Sialoadhesion (CD169), which plays a pivotal role in
immune response.”® CD169 expression has been linked to cancer and inflammatory
conditions which makes studying the protein an important part to further understand
physiological processes.® To investigate these biological mechanisms while minimizing
interactions on the cellular level, this motivates the need for a new subdiffraction limit

microscopy and in parallel, small immunolabels to target receptor proteins.

In this introduction chapter, nanoplasmonics will be described and discussion on
plasmon coupling will be included. Then, interferometric scattering microscopy (iSCAT)
will be outlined and its advantages for cellular imaging will be described. Lastly, an

overview on application of iISCAT for biosensing will be introduced.



1.1 Nanoplasmonics

In previous biosensing work, choice of labels often involved trade-offs between
temporal or spatial resolution. This led to the transition of the use of noble metal
nanoparticles which offer advantages in terms of optical properties, tunability, and
functionalization.®® Figure 1.1 highlights all the characteristics of nanoparticles that
make them appealing for use in imaging. Nanoparticles with a metal core have unique
optical properties. When an incident electric field is applied to a noble metal particle, the
electrons on their surface can oscillate and this phenomenon is known as localized
surface plasmon resonance (LSPR). Resonance occurs when the frequency of the incident
electric field matches the oscillation of the nanoparticle, thus creating a standing wave.'*
Polarizability describes the optical response of the system from an incident electric field.

For spherical particles (d << ™), the Clasius-Mossotti expression (eq. 1.1) below can best

describe this interaction®?:

b Iy (1.1)

In this equation, r describes the nanoparticle radius, #,, is the dielectric of the

surrounding medium, and # is the dielectric of the metal nanoparticle. The Clasius-
Mossotti relation helps predict molecular properties from bulk materials and can be

shown in eq. 1.2:1%14

#$. v ).'*+
rroryRliTy (1.2)

where the left terms represent the dielectric constants of the material, N4 is the number

density of molecules, #, is the permittivity of free space, and $ is the polarizability. This
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equation links between a macroscopic dielectric properties to microscopic molecular

polarizability.t®

Gold (Au) and silver (Ag) nanoparticles have LSPRs that lie in the visible range, from
400 nm to 530 nm. These strong optical properties allow for the nanoparticles to be
imaged without blinking or bleaching, which often disrupt continuous tracking. When
comparing Au and Ag nanoparticles, Ag has larger optical cross sections compared to
Au and experiences fewer energy losses due to damping.6!” This overall results in a
stronger optical response in absorption and scattering for Ag.*6® However, a drawback

of Ag is its potential toxicity, which can limit its use in cellular imaging.
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Figure 1.1: Overview on advantages of nanoparticles as labels and nanocarriers.
Reprinted with permission from reference®, © Springer Nature 2022!
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Nanoparticles can be tuned by size, making them useful as labels comparable in size to

biological features. The surface of the nanoparticles can also be functionalized to bind to
specific biological areas as highlighted in Figure 1.1.° To mitigate the toxicity risks with
Ag, NPs can be encapsulated in lipid membranes or functionalized with polyethylene
glycol chains (PEG).? Metal nanoparticles can be found in a variety of shapes: spherical,
rods, and cubes, each with different LSPR responses. This diversity in shape of NPs can
be explored for both imaging and sensing. In this dissertation, spherical nanoparticles

will be used as labels.



1.2!Plasmon Coupling

Nanoparticles can interact with each other in the near-field, this is known as plasmon
coupling. The strength of plasmon coupling is directly related to the nanoparticle size
and distance between the particles. As two nanoparticles come closer together, their
intensity increases dramatically, and a red shift in their plasmon resonance. The

expression below is the plasmon ruler equation (eq. 1.3):°

e sy
P UREREY (1.3)

“#

where the first term describes the fractional plasmon shift, s is the separation between
the particles, and D is the diameter of the nanoparticles. Experimental studies have
confirmed this equation. For example, gold plasmon rulers were formed between
nanoparticles using biotin-neutravidin chemistry.?t On a BSA-biotin treated flow
chamber, neutravidin particles were first bound, followed by a tether particle with biotin
and digoxigenin bound to the neutravidin using double stranded DNA (dsDNA). This
experiment, performed using darkfield microscopy, measured plasmon resonance
wavelengths using a white light source. The dsDNA served as spacers with defined
separations, allowing precise tuning of interparticle distances. Figure 1.2 illustrates the
exponential relationship between spacer length, from 0 to 250 base pairs, and plasmon
resonance wavelength. Reinhard et. al used 42-nm Au plasmon rulers with nanometer

precision, providing experimental calibration for plasmon coupling trends.
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Figure 1.2: Experimental overview on plasmon resonance vs interparticle separation. a)
87-nm Au plasmon rulers b) 42-nm Au plasmon rulers c) Average plasmon resonance as
a function of spacer length, L (bps), and interparticle separation (nm). The continuous
lines show fits (single exponentials y(x) = Ag*exp(-x/D,) + C) to the experimental data. The
dotted lines on the plot represent T -matrix simulations by Wei et al using polarized light
and the dot-dashed lines using nonpolarized light. Reprinted with permission from
reference?, © 2005 American Chemical Society

Jain et. al developed a theoretical model to study the universal scaling behavior between
Au nanospheres.? Simulations showed an increase in plasmonic shift with larger sizes,
as shown in Figure 1.3A. When the ratio between gap and diameter decreases, the
fractional plasmon shift increases as seen in Figure 1.3B. To investigate these trends
experimentally, electron beam lithography was used to create Au nanodisc arrays and
spectra were recorded using a microabsorption spectrophotometer. The experimental
data, shown in Figure 1.3C, agreed with the simulated values and previous

experimental work by Reinhard et. al. The calibration of plasmon rulers has paved the

way for subdiffraction-limit microscopy of biological systems.?2232425.26
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Figure 1.3: a) Calculated plasmon shift (nm) vs. center-to-center distance (nm) for
different disc diameters. The solid curves shown are representative least-square fits to a
single-exponential decay function. B) Calculated fractional plasmon shift vs. gap 7/
diameter for different disc diameters. The solid curves shown are representative least-
square fits to a single-exponential decay function. C) Experimental fractional plasmon
shift observed vs. gap / diameter. The solid curves shown are representative least-square
fits to a single-exponential decay function. Reprinted with permission from reference®, ©
2005 American Chemical Society

Zhang et. al studied EGFR using hyperspectral plasmon coupling microscopy, where
distance-dependent plasmon coupling between 80 nm gold nanoparticles was used as a
measure of receptor density.?” The experimental procedure can be seen in Figure 1.4
where it highlights involvement of biotin-neutravidin binding chemistry, followed by
incubation with lipid-wrapped AuNPs. As seen in Figure 1.4, as the density of EGFR

increased on the surface, the separation between particles decreased, leading to a red

shift in the plasmon resonance from 540 nm to 590 nm.
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Figure 1.4: A) Overview of labeling EGFR with lipid-wrapped AuNPs to detect large-scale
receptor clustering. The labeling approach is seen in the dashed circle using a biotinylated-
neutravidin chemistry. B) Scheme that depicts the change in separation of labels as
receptor density increases and the spectral red shift that is observed. Reprinted with
permission from reference %, © 2019 American Chemical Society

In Zhang et. al work, receptor density monitoring and measurements were done using
hyperspectral plasmon coupling microscopy (PCM) as seen in Figure 1.5. The overview
in optics of these technique involves using a tungsten lamp as an illumination source
though a darkfield condenser, where the scattered light is collected through a 60x oil
objective and captured with an electron multiplying charge-coupled device (EMCCD).
However, compared to standard darkfield imaging, hyperspectral imaging involves the
addition of liquid-tunable crystal filter in front of the darkfield condenser to tune the
excitation wavelength. Images processed were corrected to improve background and the

final composite image seen in Figure 1.5B contains pixel values that reflect relative

intensities on the wavelength channels of 540 nm - 650 nm.
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Figure 1.5: A) Overview of hyperspectral plasmon coupling microscopy. B) Image
acquisition from 540 nm — 650 nm to create the final composite image. C) EMCCD image
of gold NP on glass with an enlargement of one individual AuNP and its 2D Gaussian fit.
Reprinted with permission from reference?, © 2019 American Chemical Society
Ratiometric imaging is another implementation of PCM which involves imaging on two
wavelength channels to create a final ratiometric image which contains information on
both channels within the same field of view. Once assigned specific intensity values,

ratio R(n) of intensities on both wavelength channels can be observed as the following

expression:t

1234 = 2/ (1.4)

&)+,

When selecting wavelengths, the wavelength of the first color (*';) should be greater than

the second (*',). The advantage of having two colors is to be able to observe strong

coupling. In other words, in the presence of two particles having separation less than

their diameter or in their “dimer state,” majority of the signal would be observed in the
longer wavelength (*';) and making the R value to be greater than 1. In the case of a
“monomer” or longer separation between particles, the intensity values would be

greater in the shorter wavelength (*';) and the R value to be less than 1. The concept of



ratiometric imaging for interferometric scattering microscopy will be discussed in

Chapter 2,2 3,% and 4.

1.3!Interferometric Scattering Microscopy

Traditional techniques for studying cellular dynamics often relied on labeling receptors
with dyes, quantum dots, and metal nanoparticles. The difficulty with using
fluorophores is the limitation on observation time,* where dyes bleach and quantum
dots blink. Metal nanoparticles are suitable labels due to their large scattering cross
sections. However, to be detected in conventional dark field microscopy and total
internal reflection microscopy (TIRF), they must be at least 40 nm in size.?323  This
brings rise to a new issue where the size of a probe can disrupt the true dynamics at the
cellular level if they are too large. To overcome these challenges, this led to the
development of a new label-free microscopy called interferometric scattering

microscopy (iISCAT).

iISCAT is a label-free, interference-based detection method that provides indefinite
observation time, high temporal resolution, and can be combined with a fluorescence
channel.®2* This makes iSCAT an attractive tool for studying cellular dynamics. iISCAT
has high sensitivity to weak scatterers which makes it possible to image nanoparticles as
small as 2 nm in size.*® The detected iSCAT signal has contributions from an incident
electric field, reflectivity from the sample substrate, scattering from the sample of
interest, and the interference between these signals. A high numerical aperture objective
collects the light scattered off a metal nanoparticle (l.) and the light reflected off the
glass substrate (l.).%® The scattered and reflected light interferes resulting in contribution

in signal to scattering (lsa), reflection (l.), and interference (liner) in the iISCAT signal



intensity (liscat)."38 The detected signal for iISCAT (l4e) is given by eq. 1.5:

6234 *" 6536 7 B7g04 7 604356k 8 97.059%2%% 7 9;9% 7 <9;9=>; 54 (1.5)

The equation above has contributions from E, the incident electric field, r which is a

reflectivity term, s which is the scattering amplitude, and 5 which is the phase difference
between the scattered and reflected field. One important distinction between iISCAT and
dark field microscopy is the particle diameter scaling with respect to the amount of light
scattered by a metal particle. The scattering cross section (1), given by eq. 1.6, for iSCAT

has D2 scaling compared to dark field, which has D¢, which makes iSCAT particularly

sensitive to detect weak scatterers.3*%

_ &
2 *r9:& 8&@;2A4&$:—_B#’/>1$#!/>1

> U, 1> 1% g 151 (1.6)

In the limit of a small scatterer, the scattering term can be omitted and be rewritten as

the following (eq. 1.7):

6234 " G536 7 6043561 8 91.05942%% 7 <U9;9=>;54 (1.7)

As mentioned in 1.1, metal NPs have large optical cross-sections which can be
determined by collective electron oscillations from an incident electric field, otherwise
known as localized plasmons. However, in the case of small NPs, the plasmon can be

modeled as a damped driven oscillator.* From this, it can be understood that due to

damping, the phase of the oscillator changes by % across the width of the resonance.*
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Both scattering and phase cross-sections can provide insights on iSCAT contrast of a
metal NP with respect to size wavelength which will be further discussed in Chapter

2,144

One of the challenges with iSCAT is observing a small, modulated signal over a large,
reflected background. The representative equation for iSCAT contrast is given by the

following:

-012($-
o we 0123314 (1.8)
-314

The contrast comes from the difference of the detected iSCAT signal and reference signal
and is normalized by the reference signal. This contrast signal amplifies the intensity of

the scatterer of interest and minimizes influence from background.

Figure 1.6 highlights an overview of iSCAT microscopy and the general principle on
how the signal is detected. As seen below, the major components include a light source,
lenses, beamsplitter, microscope objective, and detector. The choice of each of these
components can improve image quality and sensitivity. First, with illumination source it
is important to choose a laser that has a short coherence length.*#5 In most iISCAT
microscopes, laser diodes are used since the minimize interference from reflections
which commonly lead to formation of spectral patterns. With iSCAT, it is important to
opt for a high quality beamsplitter with antireflective coating. It has been shown to
reduce fringing and ghost imaging experienced with low quality beamsplitters.*® Next,
when selecting an objective it is desirable to choose one with a high numerical aperture

for high resolution imaging and improved light collection which is essential for
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interreference. Lastly, with iSCAT, it is important to include a detector that is suitable
for low light imaging and control over dynamic range.*” For this reason, instead of using
an EMCCD, which is commonly used for fluorescence microscopy, CMOS cameras are
preferred. Although EMCCD have higher quantum efficiency and low noise, CMOS
have high speed imaging capability, wide dynamic range, and cost effective.* % All
these optical components are essential for improving sensitivity of iISCAT and reducing

influence of substrate / reflection artifacts in fast, real-time imaging.*
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Figure 1.6: Overview on optical arrangement of interferometric scattering microscopy.
Major components are highlighted: illumination source, beamsplitter, objective, and
detector. The laser is directed towards the back focal plane of the microscope objective
where it collects scattered and reflected light as seen in the zoomed in portion of the
sample. The collected light is redirected and focused onto a complementary metal
semiconductor. Reprinted with permission from reference®, © Springer Nature 2014!

I

in terms of image processing, flat-fielding and lock-in principle are examples of common
approaches used with iSCAT. As mentioned, one of the disadvantages of iSCAT is
observing a small variation in signal over a large background. Many of the features in
the background commonly arise from substrate roughness, uneven illumination, camera

noise, and back-reflections from optical components.®*

An element that is often incorporated in iISCAT for improvements in image quality is a

three-axis piezostage. The advantage of using this stage is having advanced control over
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movements and z-focus with nanometer precision.®2 Moreover, the piezostage can be
used to remove heterogeneities from a sample plane by modulating at a frequency with
a set amplitude. This technique describes a lock-in principle®, where all signals besides
the input frequency are filtered out. This eliminates any static features from field of view
and improves the signal of interest. % Flat fielding is where the median for each pixel
across a stack of images is generated and this results in a reference background image.
Here, the raw images are divided by the median value or reference image and the result

of this division results in a significant improvement in removal of static features.*

1.4 Application of Interferometric Scattering Microscopy for Biosensing
As mentioned earlier, iSCAT is a label-free technique which has been explored for live-
cell imaging of mammalian cells.>*% Park et. al studied focal adhesions using fixed COS-

7 cells and live bacterial cells using iISCAT microscopy. In terms of image acquisition and

processing, an iISCAT image of 10 x 10 um? was stitched using stills from a sample while

manually moving a piezostage every 5 um. The final product of the stitched images had
noticeable appearance of fringing patterns on the cell boundary. The fringe patterns
were noted to be related to the overall three-dimensional structure of the cell and even
cellular organelles located within the cytoplasm.® This work highlighted the potential of
iISCAT as a label-free method for studying cellular structures and emphasized its

sensitivity to weak scatterers, enabling the capture the appearance of filopodia.

However, iISCAT alone sets limits on interpreting the fringe patterns observed to any

specific cell organelles. To address this, Park et. al adapted an iSCAT-epifluorescence

microscope to further identify focal and nascent adhesions as seen in Figure 1.7 below:*®
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Figure 1.7: Combined iSCAT-epifluorescence microscopy scheme with the red optical
path highlighting the iISCAT detection pathway and the blue / green for fluorescence
detection. Reprinted with permission from reference®, © 2020 American Chemical Society
The optical pathway of the iISCAT-epifluorescence microscope involves a laser diode
that is scanned by an acousto-optic deflector (AOD) and redirected through telecentric
lenses to focus on the back focal plane of the objective. The scattered and reflected signal
from the sample collected from the objective are redirected towards a beamsplitter
where it is finally re-focused and imaged onto a scientific CMOS (sCMOS). The
fluorescence channel uses a white LED that passes through an excitation filter and is
redirected towards the sample by dichroic (DM1). The excited light is redirected

towards the detector by DM2 and emission from the green-fluorescent protein (GFP) is
filtered from F2 and imaged onto an EMCCD camera. The combined iISCAT-fluorescence
provides strengths of both iISCAT and fluorescence microscopy, providing a powerful

tool for studying cellular dynamics.

In Park’s work, the combined microscopy was used to monitor focal adhesions in U20S

cells. The scattering signal detected by iSCAT was combined with fluorescence signals

! %*



from green fluorescent protein (GFP)-labeled zyxin, enabling detection of structural
features by iSCAT and fluorescent patches by FM. Here, fluorescence-iSCAT microscopy

facilitated the observation of dynamics of nascent adhesions in real time.

iISCAT has been widely used in single-particle tracking (SPT) to study the dynamics of
viruses and proteins, both in label-free formats®**and using gold nanoparticle
labels.5®57%8 |_abel-free imaging of proteins has demonstrated the ability to track
motion,%®%° binding,®® and conformational changes® with microsecond temporal and
nanometer spatial resolution.®? The combination of iISCAT with metal nanoparticles has
enabled the study of specific targets, such as transmembrane receptors like EGFR, and
their diffusion along filopodia.’” The enhanced sensitivity of iISCAT to weak scatterers
allows for the use smaller probes compared to those used for dark field measurements,
offering significant advantages in studying dynamic cellular processes. In Chapter 4, the
application of small noble nanoparticles as labels will be explored in more details for

future directions in this work.

1.5 Scope and Organization of this Dissertation

This dissertation includes material from two publications by the author. Chapter 2
includes material from reference® © 2023 American Chemical Society, Chapter 3 is from
reference® © 2024 Royal Society of Chemistry, and Chapter 4 is from reference®® © 2025

American Chemical Society.
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Chapter 2: Two-Color iSCAT Imaging of Ag Nanoparticles Resolves Size and Ambient
Refractive Index Changes

Chapter 2 includes material from reference®® © 2023 American Chemical Society

In this work, we implement a two color wide-field iISCAT set-up to characterize the
contrast of Ag NPs with nominal diameters of 10 nm, 20 nm, 40 nm, and 60 nm
immobilized on a fused silica substrate simultaneously at 405 nm and 445 nm and
characterize the ability of the two color iSCAT to discern between Ag NPs of different
sizes. The two wavelengths were chosen because they lie in the general range of Ag NP

localized surface plasmon resonances (LSPRs) but are expected to show different
degrees of overlap with the plasmons of the investigated NP sizes. We also monitor ! 445
and 1, for individual NPs immersed in water / glycerol mixtures with different
glycerol concentrations and evaluate how spectral shifts associated with changes in the
effective refractive index between n = 1.3892 — 1.4328 in steps between &n = 0.0186 to

0.0089 affect the relative contrast on the two monitored wavelength channels. We

demonstrate that the two color iSCAT approach resolves the investigated NP sizes and
facilitates the detection of refractive index induced spectral shifts in I(*") for individual

40, and 60 nm Ag NPs. The two-color detection lacked, however, the resolution to detect

refractive index changes with the 10 nm and 20 nm Ag NPs.

2.1 Modelling iISCAT Contrast Ratios for Ag NPs with Different NP Diameter and in
Different Ambient Refractive Indices. To predict general trends for ! values recorded

at 405 nm and 445 nm for Ag NPs as function of NP size sizes and refractive index, the

NPs were modeled as a dipolar emitter in the quasistatic approximation, whose

scattering and absorption is determined by the polarizability, $:%
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Figure 2.1: a) Modelled absorption spectra for Ag NPs with diameters of 10 nm, 20 nm,
40 nm, 60 nm. b) Plasmon phase shift (s as function of wavelength for the investigated

NP diameters. c) iISCAT contrast, !, as function of wavelength for different Ag NP
diameters, top to bottom: 10 nm, 20 nm, 40 nm, 60 nm. The effective refractive index

for a), b), and c) was n = 1.3892. d) Wavelengths corresponding to peak ! values for

10, 20, 40, 60 nm Ag NPs as function of refractive index, n.
I

In this expression R is the radius of the NP, # the metal dielectric function, #, the
dielectric constant of the ambient medium, and * the frequency of the incident light. The

metal dielectric function, #, was modelled with Drude-like expressions corrected to

account for the size-dependence of the NP spectra and to reproduce scattering spectra
predicted by T-matrix calculations®. Figure 2.1a shows simulated absorption spectra for
10, 20, 40, and 60 nm diameter Ag NPs in an ambient medium with refractive index of n

=1.3892. The iSCAT contrast associated with individual NPs immobilized on the silica
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substrate defined in eq. 1.8 can be rewritten by inserting liscar from eq. 1.5 and 6536 ™"
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where k is the angular wavenumber and ) a factor that accounts for the detection
efficiency. The incident light is reflected at the silica /7 water interface without phase
change, and the phase difference ( is determined by the phase shift accrued by the
scattered light. The scattered light has a Gouy phase shift® (%/2) as well as a
wavelength-dependent plasmon phase shift (s, given as arg($), that is plotted in
Figure 2.1b for Ag NPs with diameters of 10, 20, 40, 60 nm. Figure 2.1c contains the
calculated (") spectra for NPs with diameters of 10, 20, 40, 60 nm, immersed in an
ambient medium with refractive index of n = 1.3892. The sign of the (") spectra is

negative for 10 and 20 nm NPs but positive for 40 nm and 60 nm NPs. In general, for a

given refractive index the absolute value of the peak contrast increases in the order of
NP size | Vionm ] < | Toonm] < | Yaonm] < | Veonm|. The sign and shape of the I(**) spectra

are determined by the relative magnitude of the scattering and interference factors in eq.

2.2.

The 1(*") spectra follow the plasmon resonance and shift towards the red with increasing
NP size. The spectral position of the peak in the I(**) spectra is, however, not entirely
determined by the NP size, but also depends on the ambient refractive index as the I(*")

spectra red-shift with increasing n. Plots of the wavelength corresponding to the I peak
in ambient refractive indices of n = 1.3892, 1.4079, 1.4239, and 1.4328 in Figure 2.1d show
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a linear increase of the peak wavelength with n for all NP sizes.

Figure 2.2 Experimental setup for two-color iSCAT. Abbreviations and specifications:
50/50 BS, beamsplitter; Dichroic BS1, shortpass (425 nm cut-off) dichroic; Dichroic
BS2, longpass (425 nm cut-off) dichroic; CMOS, complementary metal oxide
semiconductor; L1-L2 (f =5 cm), L3-L4 (f =50cm), lens; M, mirror; QWP, quarter wave
plate.
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2.2 Assembly of wide-field iSCAT and image processing

The experimental two-color wide-field iISCAT set-up used in this work is schematically
outlined in Figure 2.2. The output of two laser diodes (Lasertack) at 405 nm and 445 nm
was combined through a shortpass dichroic (425 nm cut-off). After passing a spatial
filter to minimize spatial heterogeneities in the beam, the light was converted into
circularly polarized light and loosely focused onto the backfocal plane of a 100x, 1.4 NA
oil immersion objective (Olympus) to generate a homogenous illumination of the sample
plane. Alignment of the beam was deemed successful if the output of the 100x objective
revealed an upright, homogenous beam. Laser power was measured to ensure that the
power for both channels remained consistent throughout experiments. The power of
both laser beams before entering the objective was approximately 2 mW. Light reflected
from the silica / solution interface and light scattered by the nanoparticles were
collected through the objective and then directed towards a longpass dichroic (425 nm

cut-off) using a 50:50 beam-splitter. The dichroic separated the 405 nm and 445 nm
beams that subsequently passed 405 + 20 nm and 445 + 30 nm bandpass filters before

they were focused on two separate CMOS detectors (MV1-D1024E-160-CL-12,

Photonfocus). Images were recorded at 1000 frames/s at a set exposure time of 0.600 ms.

The NP-containing chamber was mounted onto a nanopositioning stage
(PiezosystemJena), which toggled with a frequency of 10 Hz between two distinct
positions P1 (Figure 2.3a) and P2 (Figure 2.3b) separated by 1.5 pm during data
acquisition. The time-averaged pixel intensities recorded in the displaced position P2
were subtracted from the time-averaged pixel intensities recorded during the previous
P1 position to remove static background, e.g. from stray light, and to isolate the

modulation in the detected signal due to the interference of the reflected reference beam
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with the light scattered from NPs. For each pixel, the resulting difference was then
normalized by dividing through the average intensity in position P1. For areas on the

CMOS that image a NP, this strategy effectively collects liscar and I, in positions P1 and
P2, respectively, allowing the determination of ! according to equation 2.2. The !
images for each NP (Figure 2.3c) were fit with two-dimensional Gaussians (Figure 2.3d)
to determine centroid coordinates and peak 1,5 and !, values. For each NP a set of

movies at different z-positions was recorded to determine the z-position that maximized

the total iISCAT signal, which was then used for the subsequent data analysis.
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Figure 2.3: iISCAT image processing and analysis overview. a) Raw image of an
individual 40nm AgNP in Position 1. b) Raw image of 40nm AgNP in Position 2. c) !
image generated from a) and b) (see text). d) 2D Gaussian fit of I image of 40nm Ag NP.



2.3 Standard Operating Procedure for Two-Color iSCAT
Updated 07/01/24 (see comments on updated third color, camera rearrangement)
2.3.1 Initial set-up for iISCAT experiment

1.! Start off by first turning on the nanopositioner (switch on back left of control
box) and it will do a *“soft start” for about 2 minutes.

2.! While the stage is powering up, remove the caps from the CMOS detector and
place gently next to each camera.

3.! Make sure 100x /7 1.4 NA objective is in the correct, upright position (after
cleaning you can accidentally alter the position; to check just tap on the objective
and make sure it cannot move it further back towards the direction of the lasers).

4.! Add a drop of oil to the objective and mount your sample:

Il If using a flow chamber, put double sided tape on both sides of the stage to
mount the chamber properly to avoid any imbalance and move the objective
up by turning the z-stage in the clockwise direction until it touches the
surface of the chamber ¥ refer to this as a coarse focus.

Il If using the sample holder, put a drop on the objective and turn the z-stage in
the clockwise direction until it reaches the glass slide or coarse focus on
sample (can either be square or rectangular depending on type of mount
used). Carefully put on clamps on glass slides to secure in place.

5.I' The nanopositioner should be ready for use, turn the dial for z axis toward the +
direction (~ + 2.0 um roughly). You can adjust your coarse focus to account for
this change once you turn your laser diodes on, this allows you to control in the -
/ + direction of the z-axis.

6.! Turn on computer monitor, and log in using passcode. Open up LabView, select

leslie NP_code.vi. Adjust the square wave frequency to 100 ms and adjust
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Position 2 in position control to 2.5 um (this will make the amplitude to 1.5 um).
Make sure the green arrow for position control is highlighted and then continue

tostep 7.

I Open up PFRemote (found on desktop). Double click Port #0 and Port #1. These

are Camera 1 (405 nm) and Camera 2 (445 nm) respectively. Here a pop-up will
appear where you can now control the exposure time, Lin Log settings, and pixel
size (in Window tab). For 100x objective, keep the F.O.V. or field of view at 128 x

128 pixels (if needed you can import settings file to increase up to 1024 x 1024).

(Update 07/01/24): Camera 1 = 445 nm, Camera 2 = 405 nm, Camera 3 = 520 nm

General notes: Check manual how to change region of interest, but in short — you can

upload a settings file for desired pixel size in PFRemote and be sure to upload

settings file in hardware settings as well on StreamPix (see step 8).

8. Open up StreamPix application found on desktop. You can adjust the frame rate

by adjusting the pulse frequency (Hz). It is currently set at 500 fps. Be familiar
with the tabs, in Home tab you can either select snap for a quick picture for a
sample or hit record for a movie (you can hit record again to end that recording).

Refer to StreamPix manual for additional information.

Both cameras are synchronized, it is important that each camera is identical in

settings in PFRemote to ensure they are running at the same frame rate / acquiring

same frames.!
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2.3.2!

1!

2.

2.3.3!

3.

Powering on laser diodes

Turn on properly labeled main power supply (set at 8V / .12A), LED lights on
laser driver will be flashing. Wait for these to stop blinking and then proceed to
turn on properly labeled bias voltage.

Depending on laser, each will already by pre-set to a different bias depending on
previous user. Maximum bias voltage for both is 5V.

IMPORTANT: 445 nm laser maximum power is 6 W (i.e. at 5.0 V =6 W) 405 nm

laser maximum power is 1 W (i.e. at 5.0 V = 1 W). Be careful.

I Power / temperatures LEDS should stop blinking indicating the laser is ready to

be powered up.

I On laser drive box, move switch to on position, wait 5 second delay and laser

will turn on. ¥ make sure you cover the exposed beam using the wheeled
curtain. Have laser goggles nearby and wear for alignment purposes.

Starting iISCAT experiments and recording data

I Use one of the Thorlabs target cards and make sure the output beam from

objective is going directly upwards and not at angle. Ensure beam is
homogenous and doesn’t have any angular influences, if one of these is an issue

—work on alignment of beams.

I Use the same Thorlabs target cards and place it after the mirror following the

50/50 beamsplitter. Use the coarse focus until you see a loosely focused beam on
the card. You can make further adjustment using the cameras in real time to see
what adjustments to make for focus. Your field of view should be a circular
illuminated beam in the field of view.

If you have large markers (60 nm Ag +), you can use those as a guide to finding

the right focus. You should expect large bright iSCAT contrast and adjust focus
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4.

2.3.4!

1!

2.

until you optimize the signal. At this point, you can turn dial on z-axis of
nanopositioner for fine focus.

If ready to acquire data, hit record until desired frame count has been collected.
Repeat this for at maximum 10 movies. These movies will have markers
highlighting breakdown in sequences.

Saving and exporting iSCAT data

Use “Set first” marker for beginning of first movie found on upper right of the
toolbar and “set last” marker to adjust acquiring frames for first movie. Make
sure frame count is the same for both cameras before exporting.

Hit the StreamPix icon on top left of screen and hit Export ¥ Export selection as
I Tiff ¥ SamsungT5 (you can scroll down the drop-down window to find it).
Save to properly labeled Camera 1 folder, then repeat for Camera 2.

Note: When you export, it first opens to “Camera 1” folder indicating it is trying
to save Camera 1 frames. After Camera 1, it will prompt the computer to open
“Camera 2” folder indicating it is now trying to save Camera files. Keep this in

mind if you lose track when saving data.

** Use SamsungT5 or newer generation to save data and export to research drive,

standard USB will take more time to download data **

2.35

1!

2.

3.

4.

Powering off laser diodes

Turn off in the reverse order of powering on, start by moving switch to “off
position” on the laser driver box.

Turn off bias power supplies.

Turn off main power supplies.

Ensure that the laser driver LEDS are off before leaving the area.
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2.3.6! Finishing up with the iSCAT
1.! Remove sample from stage mount carefully.
2.! Gently clean off 100x objective using a lens tissue, be careful.
3.I' Turn off nanopositioner using switch on back left of the control box.
4.! Put caps back on to CMOS cameras.
5.1 If you used a flow chamber, dispose of them properly and get rid of collection

liquid in Petri dish.



2.4 Two-color iSCAT Imaging of 10, 20, 40, 60 nm Ag NPs in Water and Water-Glycerol
Mixtures. The experimental two-color wide-field iISCAT set-up with simultaneous 405 nm
and 445 nm excitation is schematically outlined in Figure 2.2. Ag NPs were imaged
immobilized by polylysine on the inner surface of a rectangular fused silica capillary. The
capillary was connected to a gravity flow-system, which facilitated flushing the chamber
with solutions of different refractive index. Light reflected from the silica / solution
interface and light scattered by the nanoparticles were collected by an objective, split into
two wavelength channels (405 nm and 445 nm), and focused on two separate CMOS

detectors. Images were recorded at 1000 frames/s at a set exposure time of 0.600 ms. The
iISCAT contrast, !, for each NP was determined according to equation (2.2) on both

wavelength channels. The commercial citrate-functionalized Ag NPs (Nanocomposix)
used in this work had nominal diameters of 10 nm, 20 nm, 40 nm, and 60 nm. Analysis of

the NPs can be seen in Figure 2.4 by transmission electron microscope (TEM), which
revealed average diameters (+ standard deviation) of 8.81 + 1.90 nm, 21.9 £ 2.29 nm, 39.4
+ 4.66 nm, 64.5 £ 6.41 nm. All NPs used in this work were pegylated before use (HS-

(CH,)1;-OCH,-COOH, ProChimia).



!
Figure 2.4: Representative TEM images of the citrate functionalized AgNPs used in

this work. The nominal diameter of the NPs are: A,B) 10nm; C,D) 20nm; E,F) 40nm;

G,H) 60nm.



We first measured 1, and 1,45 for 10, 20, 40, 60 nm NPs immobilized on a silica substrate

and immersed in water, resulting in an effective refractive index of n = 1.3892 for the
immediate environment of the NP. Figure 2.5 contains images of representative NPs on
the two wavelength channels. Consistent with the predictions of the dipolar model, ! 445
and !, are negative for 10 and 20 nm NPs but positive for 40 and 60 nm NPs. Figure 2.6a
and 2.6b summarizes the obtained peak 1., 15 Vvalues for individual Ag NPs of the
investigated sizes. The absolute values of 1, and 1,5 increase with NP size. The average
2-1pl 2-—plvalues (+ standard deviation, STD) for the different NP sizes were determined
as g ""EQFUGEQ(HHD Rz ""tEQUIFLG (H( for 10 nm Ag NPs, 25 ""tE(HHL G
O**0 Rz "EQ*IG (I for 20 nm Ag NPs, -5 " *)1e G i()IND =g "™ 1()+1L G (H#
for 40 nm Ag NPs, and 2-,g "" tH*t G I()1*0 R-=g ™" i#)+i G *)1 for 60 nm NPs. Although the
single NP data show some spread, which arises both from the heterogeneity of the NP

samples and measurement variability, a preferential clustering of NPs with different sizes
in distinct sub-regions of the 1,4, 1,45 plane is apparent. Student’s t tests reveal that the

shifts between adjacent NP distributions are significant at least at the p = 0.005 level on

both wavelength channels for all investigated NP conditions.
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Figure 2.5 iISCAT images of AgNPs immobilized on fused silica and immersed in
water recorded at 405 nm (left) or 445 nm (middle). The right column contains plots
of the iISCAT contrast along the red, dashed line included in 445 nm iSCAT images.
The NP diameters are top to bottom: a, b, ¢) 60nm; d, e, f) 40nm; g, h, i) 20nm; j, k, 1)
10nm.

The availability of iISCAT contrast on two wavelengths provides basic spectral
information that is beneficial for discerning metal NPs from dielectric scatterers and for
distinguishing between NPs of different sizes and/or shapes. For Ag NPs with nominal
diameters * 40 nm the iISCAT contrast increases more strongly on the 405 nm channel with
growing size, but this changes going from 40 nm to 60 nm where the contrast increases
more strongly on the 445 nm channel. This behavior is consistent with LSPRs that show
more overlap with 405 nm for diameters * 40 nm and a LSPR that is red-shifted and

exhibits more overlap with 445 nm in the case of the 60 nm diameter NPs. The availability
of two colors ensures that NPs with LSPRs over a broad spectral range can be imaged

simultaneously with high sensitivity, which can prove advantageous for applications that
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requires identification of different NP sizes, for instance, as labels in iISCAT imaging.
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Figure 2.6: a) 1,05, 1445 Scatter plot for 10, 20, 40, and 60 Ag NPs immobilized on a fused
silica substrate and immersed in water. The average +/- standard deviation (STD) for

1,05, Vusare included. b) Magnified view of the 1,4, 1,445 area containing the 10 and 20

nm Ag NPs. ¢) Average ratios R = 1,5 / 1,55 +/- standard error of the mean (SEM) for
the data shown in (a). d) R as function of refractive index, n, for individual 40 nm (top)

and 60 nm (bottom) NPs. Linear fits are included to guide the eye. e) Average R + SEM
as function of refractive index, n, for 10, 20, 40, 60 nm NPs.

The ratio R = 1,5 / 1,55 of the two monitored wavelengths provides a basic measure to

detect and characterize shifts in 1(*") spectra of Ag NPs with different sizes. Figure 2.6¢
contains the average R values for the investigated NPs. In the case of the 60 nm Ag NPs,
R values > 1 confirm a higher contrast for the 445 nm wavelength channel. However, for
Ag NPs with diameters < 60 nm, R values < 1 are detected due to a higher absolute
contrast at 405 nm. Overall, the differences in the R values are consistent with I(**) spectra
for 60 nm NPs that are red-shifted relative to those of smaller NPs. Intriguingly, for 10 nm

Ag NPs the average R is larger than those of 20 nm and 40 nm NPs. Optical cross-sections



and the ratio of scattering to absorption drop sharply with decreasing NP size,*’ so it is
conceivable that the increase in R is related to the weaker signal and decreased signal-to-

noise for the smaller NPs, which complicate an accurate quantification of the wavelength-

dependent difference in I.

After characterizing ,sand 14 for the different NP sizes in water, the effect of increasing

refractive index on R was evaluated. To that end, 1,,;and 1., were recorded for individual
NPs as the water in the flow chamber was exchanged with a water — glycerol mix of
increasing glycerol concentration, generating effective ambient refractive indices at the
silica/Zsolution interface of n = 1.3892, 1.4079, 1.4239, 1.4328. Individual 40 nm and 60 nm
NPs exhibited a measurable increase in R with increasing n, indicative of a spectral
redshift (Figure 2.6d), while no systematic increase in R for individual 10 nm and 20 nm
NPs was observed. An increase in the average R with increasing n was also only observed
for 40 nm and 60 nm NPs (Figure 2.6e). The n-dependence of R for the different Ag NP

sizes can be simulated using the dipolar model from Figure 2.1. In Figure 2.7a we present

I(*") spectra for the investigated Ag NP sizes in ambient media of n = 1.3892, 1.4079,

1.4239, 1.4328. Using the simulated !,s and 145 values for the different conditions, we
derived R(n) plots from the spectra (Figure 2.7b). The simulations confirm the
experimental finding that for the chosen wavelength combination only the 40 nm and 60
nm Ag NPs show a substantial increase in R. Linear fits are applied to provide reasonably
estimates for the predicted peak n-sensitivity of the ratiometric iSCAT refractive index
sensors. These fits have a slope of 19.20 (refractive index units, RIU)* for 40 nm Ag NPs

and 20.52 RIU* for 60 nm Ag NPs. The R values of 20 and 40 nm in Figure 2.6c¢ differ by

&R = 0.06. Assuming that this is the minimum difference in R for two NP populations to

! “(



be discernable, we obtain as smallest detectable refractive index difference &n = 0.0031

and 0.0029 for 40 nm and 60 nm Ag NPs, respectively.
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Figure 2.7: a) Simulated iSCAT contrast, !, as function of wavelength for different Ag.
NP diameters, top to bottom: 10 nm, 20 nm, 40 nm, 60 nm in ambient media with

refractive index of n = 1.3892, 1.4079, 1.4239, and 1.4328. b) Simulated R = 1,45 / 1,45
as function of n for 10 nm, 20 nm, 40 nm and 60 nm Ag NPs. Linear fits for 40 nm and
60 nm data are included as dashed lines.

Although the 10 nm and 20 nm Ag NPs did not show a refractive index dependent change
in R in our experiments, this failure derives primarily from the choice of the monitored
wavelengths. The combination of detection wavelength of 415 nm and 405 nm, for
instance, is predicted to result in a significant change in R over the monitored n-range for
20 nm Ag NPs. Optimization of the sensitivity and refractive index resolving power

requires careful selection of the monitored wavelengths. Alternatively, acquiring the
entire 1(*") spectrum using a whitelight source®” could provide a versatile strategy for

refractive index sensing with iSCAT.



2.5 Summary of Chapter 2

In conclusion, two-color interferometric scattering microscopy facilitated detection of 10,
20, 40, 60 nm Ag NPs along with observing differences in signal from 405 nm and 445 nm
channels. We demonstrated trends with respect to differences in spectral shifts of 40 nm
and 60 nm Ag NPs when tuning the refractive index from n = 1.3892 to n = 1.4328 with
our chosen wavelength channels. Smaller Ag NPs, 10 and 20 nm, did not behave in the

same manner which will be further investigated in future studies.

The sensitivity of two-color iISCAT has been able to detect Ag NPs as small as 5 nm as seen
in Figure 2.8. From the scatterplot, 5 nm and 10 nm Ag NPs share some overlap and this

is due to the heterogeneity of the commercial samples used for experiments. The average

2-1pl C——plvalues (+ standard deviation, STD) for 5 nm Ag NPs using two-color iISCAT

were determined as 2-yg ""tE(Q(JHL G {(Q(H*D R ""tEQ#HF G ((*<.

Figure 2.8: Summary of contrast values for two-color iSCAT. A) 1,05, 145 scatte.r plot
for 5, 10, 20, 40, and 60 Ag NPs immobilized on a fused silica substrate and immersed

in water. The average +/- standard deviation (STD) for 1,:, !, are included. B)
Magnified view of the 1,4, 1445 area containing the 5, 10, and 20 nm Ag NPs.



Chapter 3: Two-Color interferometric scattering (iISCAT) microscopy reveals structural
dynamics in discrete plasmonic molecules

Chapter 3 contains materials from reference?® © 2024 Rovyal Society of Chemistry.

The experimental strategy for assembling dimers of Ag NPs using a biotin / streptavidin
chemistry is illustrated in Figure 3.1A and 3.1B.%8 After immobilizing 10 nm or 20 nm
diameter streptavidin-coated NPs (NP-STV) on a BSA-biotin functionalized glass surface
(Figure 3.1A), a second “flavor” of 10 nm or 20 nm NPs functionalized with biotinylated
polyethylene glycols (PEGSs) is added to bind to the immobilized NP-STV (Figure 3.1B).
We used Ag NPs that were functionalized with HS-PEG;4p,-biotin and HS-PEG pa-
COOH in aratio of 1:1000. We refer to these NPs in the following as NP-PEG; 4p,-biotin.
In some experiments HS-PEG; 4pa-biotin was replaced with a shorter HS-PEG 4pq-biotin.
The contour lengths of the 0.4 kDa, 3.4 kDa PEGs are 2.43 nm and 21.50 nm, respectively,
and the predicted worm-like-chain® end-to-end distances are 1.36 nm and 4.04 nm.” The
length of the PEG tethers together with the diameter of the streptavidin (approx. 5 nm)™

defines the average interparticle separation between the NPs.
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Figure 3.1: A, B) Overview of Ag NP dimer assembly through biotin / streptavidin
chemistry. A) Streptavidin functionalized Ag NPs (NP-STV) immobilized on a BSA-
biotin treated glass substrate are incubated with biotinylated NPs to form B) dimers.
C) Experimental set-up for two-color iSCAT. Adapted with permission from L. VVelasco,
B.M. Reinhard, Nano Lett. 23, 4642. Copyright (2023) American Chemical Society. D)
iISCAT images of dark 20 nm Ag NP scatterer (left) and bright 20 nm Ag NP scatterer
(right) immobilized on fused silica and immersed in buffer recorded at 405 nm (top) or
445 nm (middle). The bottom column contains plots of the iISCAT contrast along the
red, dashed line included in the 445 nm iISCAT images.

We determined the iISCAT contrast of surface-tethered NP-STV before and after addition

of the biotin-functionalized NPs assembled simultaneously on two wavelength channels



(405 nm, 445 nm) in a homebuilt iISCAT microscope (Figure 3.1C). In iSCAT the signal of
a scatterer immobilized on a substrate is generated through interference of the light
scattered from the NP with the light reflected at the interface between the substrate and
the ambient medium. The acquired iSCAT signal (eq. 3.1) at the detector has contributions

from reference beam, NP scattering, and the interference of both:*
6oz 8 91.059%2%& 7 9;98 7 <%9;9=>;54 (3.1)

Where E; is the incident electric field, r the reflection coefficient, s the complex scattering

amplitude, and ( the phase between scattered and reflected light. The iISCAT contrast !
(eq. 3.2) is obtained by subtracting the reference signal, 6536 " 9:.05%%%, obtained from an

area void of NPs from 6,3, and dividing by 653¢:5°

5w % (3.2)

3.1 Monitoring NP dimer assembly by Two-Color iSCAT

We utilized a two-color iISCAT microscope in this work as it provides some basic spectral
information by simultaneously monitoring the iSCAT contrast at 405 nm and 445 nm
(?=1p) ?-=p4.22 20 nm Ag NPs immobilized on a glass substrate yield negative ?-,g) ?-—g
values.® However, after incubating 20 nm NP-PEG; 4p.-biotin with immobilized 20 nm
NP-STV we observed two different types of scatterers with either a “dark” (i.e. ?-ygl ?-=p
are negative) or “bright” (i.e. ?-,g) ?-—g are positive) iSCAT contrast. Figure 3.1D shows
representative iISCAT images for both types of scatterers on the two monitored
wavelength channels. The peak contrast of the interferograms were determined by 2D

Gaussian fits (Figure 3.2).



|
|
Figure 3.2: Overview of two-color iSCAT signal of 20 nm NP-STV monomer (top row)
and 20 nm NP-STV + 20 nm NP-PEG; 4p,-biotin dimer (bottom row). The last column
shows two-dimensional Gaussian fits for signal on the 445 nm channel for monomer
(top) and dimer (bottom) respectively.

Under the chosen experimental conditions, the ratio of dark: bright scatterers was
approximately 50% : 50% (Figure 3.3A). Incubation of 20 nm NP-PEG sxp.-biotin with
immobilized 20 nm NP-STV resulted in a ratio closer to 40% : 60%. We independently
imaged 20 nm NP-STV and NP-PEG;kpe-biotin  (immobilized on BSA-biotin
functionalized substrate with free STV) controls (Figure 3.3A). The biotinylated NPs
exclusively had a dark contrast, and the NP-STV histogram indicates only a small fraction
of scatterers with bright contrast. Furthermore, a close inspection of the recorded movies
revealed that these bright signals were not immobilized on the surface but quickly
diffused out of the field of view after imaging. Nevertheless, they were included in our

statistics.



Figure 3.3: A) Histogram of scatterers with bright / dark iSCAT signal for
experimental conditions (from left to right): NP-STV, NP-PEG; 4pa-biotin, NP-STV +
NP-PEG «pa-biotin, NP-STV + NP-PEG; 4pa-biotin. NP size is 20 nm. B) Histogram of
20 nm Ag NP aggregation state (monomers, dimers, clusters) as determined by SEM
for same conditions as in (A). C) Representative SEM images for monomers, dimers,
and clusters of 20 nm Ag NPs.

Average and standard deviation for contrast values on both wavelength channels for

experimental controls were: ®-,5 "{EQ*#H GI(Q(KIN R ""tEQ*( G ((K# for NP-

PEG; 4ps-biotin and 2y ""LE(*# G W) (KFD Bcg ""tEQ(+ G Q(I( for NP-STV (Figure
3.4). Overall, the much higher probability for bright scatterers after incubation of NP-PEG-
biotin with surface-immobilized NP-STV confirm binding between the two flavors of NPs
as the cause for the observed contrast change. The change in contrast signal between a

monomer and dimer is illustrated in Figure 3.2.
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I
Figure 3.4: ?_,g) ?__giplot for experimental control scatterers imaged after incubating
20 nm NP-STV and 20 nm NP-PEG;p,-biotin. The averages + standard deviation
(STD) are included.

To further characterize the assembled NP structures, we imaged 20 nm NP-STV before

and after incubation with 20 nm NP-PEG-biotin in the scanning electron microscope

(SEM). These experiments were performed with NP concentrations that were a factor of

100 higher than in the optical experiments to facilitate sufficient NP counts at the much

higher magnification of the SEM. The size histograms in Figure 3.3B confirm that NP-STV

and NP-PEG; 4pe-biotin samples are primarily made up of monomers. NP-STV samples
contained 89.0% monomers vs. 11.0% dimers in a population of 100 particles and NP-

PEG; «pe-biotin samples contained 93.1% monomers, 5.9% dimers, and 1% aggregates in

a population of 102 particles. In comparison, the co-incubated sample NP-PEG; 4p,-biotin

+ NP-STV contains monomers (51.6%) and an increased fraction of dimers (40.2%), in

addition to some aggregates (8.2%) in a total population of 122 particles. For the NP-

PEGy «pa-biotin + NP-STV samples the fractions of monomer, dimer, and aggregates were

59.2%, 35.1%, 5.7% for a total of 174 particles (Figure 3.5).
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Figure 3.5: Histogram of 20 nm Ag NP aggregation state (monomers, dimers,
aggregates) as determined by SEM for NP-STV, NP-PEG 4pa-biotin, and NP-STV +
NP-PEG, «pa-biotin.

The ratio of monomers to plasmonic molecules of approximately 50% : 50% and 60% : 40%
for the co-incubation experiments with 3.4kDa and 0.4kDa PEG spacers confirms that the
contrast change in the iISCAT experiments is the result of the formation of plasmonic
molecules. Figure 3.3c shows characteristic SEM images of monomers, dimers and
clusters. The SEM data confirm dimers as primary assembly product. Given the higher
NP concentrations used to generate the sample for the SEM studies, it is likely that the
relative contribution of aggregates is even lower under the conditions of the optical iISCAT
experiments. The successful assembly of dimers under the outlined experimental

conditions was further validated by formation of heterodimers.



!
Figure 3.6: Simulated scattering spectra of 20 nm Ag NP monomer and dimers

observed with circular polarized light in n = 1.5 refractive index medium. For dimers

three different elevations $ = 0°, 45°, 90° and interparticle separations of 5 nm, 7 nm,
and 10 nm were evaluated.

For an individual 20 nm Ag NP monomer, the iSCAT contrast ? as defined by eq. 3.2 is
determined by the interference term <%9;9=>;5 as the scattering amplitude for 20 nm
monomers is small. The phase 5 has contributions from the wavelength-dependent phase
shift associated with the plasmon (5¢) as well as a Gouy phase (5p) shift, which
corresponds to a phase lag of %/2 for light scattered off individual NPs.®® If the NP is
modelled as a damped driven harmonic oscillator, the electron oscillation is in phase with
the incident light at low frequencies but develops a phase lag of % as the wavelength is
scanned across the resonance with a phase shift of %/2 at the resonance frequency. The

wavelengths chosen in our two-color iISCAT microscope, 405 nm and 445 nm, overlap

with the low and high energy tail of the monomer resonance (Figure 3.6). This simple
model predicts that 5¢c and 5p give rise to a combined phase lag & 5 with 1/2% < & 5 <
é%&at 405 nm and 445 nm and accounts for negative ?-,g)?-_gp values for the 20 nm

monomers.” Dimer formation by binding of NP-PEG; 4ps-biotin to an immobilized Ag-

! (¢



STV increases the scattering amplitude and the contribution from |s]?to ? ineq. 3.1. This
is illustrated by finite difference time (FDTD) simulations of the scattering spectra of a Ag
NP monomer and selected dimer geometries in Figure 3.6. We attribute the
experimentally observed inversion of the sign of the ?-,g) ?-_g contrast for Ag NP dimers
to a sufficiently strong increase in the positive scattering term |s]?so that it exceeds the
absolute value of the negative interference term <%3;9=>;5) This conclusion is supported
by iISCAT experiments with 30 nm diameter Ag NPs whose volume is 1.4x10* nm?
compared to 8.4x10° nméfor the 20 nm Ag NP dimers. The slightly larger NPs serve as a
model for two coupled 20 nm Ag NPs. The 30 nm Ag NPs have positive iSCAT contrast
on both wavelength channels, and the ?-,gt, ?-_gldistribution overlaps with that of the 20

nm Ag NP dimers (Figure 3.7).

!
Figure 3.7: 2-,g) ?——gliplot for scatterers imaged after incubating 20 nm NP-STV with
20 nm NP-PEG; «pq-biotin (dimers) and immobilized 30 nm Ag NPs. The averages *
standard deviation (STD) are included.



Figure 3.8A contains a scatterplot of ?__g vs. ?-,g measured for 114 individual scatterers
after incubation of 20 nm NP-STV with 20 nm NP-PEG; kpa-biotin collected in three
experiments. The plot also contains data obtained in binding experiments in which the
HS-PEG; 4«pa-biotin tether was replaced with the shorter HS-PEG 4«p,-biotin molecule. The
measured data for both spacer lengths cluster in two clearly separated regions of the
?-1p) ?-=g plane with either i) ?-,gL3Mi?-_g N ( or ii) ?-giL3Mi?-_g O (, consistent with

their assignments as monomers and dimers, respectively.

Figure 3.8: A) ?-,g) ?-_pliplot for scatterers imaged after incubating 20 nm NP-STV with
20 nm NP-PEG 4p,-biotin (filled circles) or NP-PEG;p.-biotin (filled stars). The
averages * standard deviation (STD) are included. B) ?-,g) ?-glplot for scatterers
imaged after incubating 10 nm NP-STV with 10 nm NP-PEG;kp.-biotin (filled
diamonds). 10 nm NP-PEG; 4p,-biotin scatterers are plotted as controls (filled star). The

averages + standard deviation (STD) are included.
|



Table 1: iISCAT Signal Contrast for 20 nm monomer and dimer conditions

Condition 2-1ixIPQR P-—gl+iPQR
*
20 nm NP-STV g(())(#:(F EQC+ G (QI(
20 nm NP-PEG; 4oq-bioti =0 *
- 3.4kDa~ 1otin G ()(KJ E() (G ()(K#
20 nm NP-STV + E(Q*H
. EQLG QCF
NP-PEG 4pa-biotin monomers G (Q(H
20 nm NP-STV + O 1# e ——
NP-PEGy aoa-biotin dimers G I(H<< (#ILG ()
20 nm NP-STV + EQ*(
.. EQQG (Q(K*
NP-PEG; 4pq-biotin monomers G ((KH
20 nm NP-STV + *) (< A
+
NP-PEG; soe-biotin dimers G IQKHH 0I+G ¢

Table 1 contains the average ®-,gll 2-_glvalues (£ STD) for the different conditions
observed for 20 nm NP-STV and NP-PEG-biotin tethered particles. The ?-,g)?--p
distributions of the monomer subpopulations (? N () with HS-PEG 4«p.-biotin and HS-
PEG; «pe-biotin ligands show no significant differences, but for the dimer subpopulations
(? O () a Student’s t-test indicates distributions with different averages for both 2.,z and
?--p atthe p <0.05 level. The differences in the ?-,g) ?-_g distribution for dimers assembled
with different PEG spacers underlines the potential of iISCAT for distinguishing
plasmonic assemblies with different tether molecules. For both PEG spacers the ?-,gl ?-—3
distributions of the dimer sub-populations are much broader than their counterparts for
the monomers. This broadening can have different causes. For one, the assembly strategy

does not exclusively form dimers. Contributions from trimers and larger clusters will

broaden the ?-,g) ?-—g distributions (Figure 3.9).
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Figure 3.9: ?2_,g0 ?__gliplot for scatterers imaged after incubating 20 nm NP-STV with
low (dimers) and high (aggregates) concentration of 20 nm NP-PEG; 4p,-biotin. Low

concentration of tether particles were 10° NPs/mL and high concentration 10%°
NPs/mL. The averages + standard deviation (STD) are included.

However, as outlined above in our discussion of Figure 3.3A,B the number of clusters
formed under our experimental conditions is low, so that cluster formation is not
sufficient to account for the observed spread. Another factor that contributes to the spread
of the measured ?-,g) ?-—g Vvalues is related to the conformational variability of the formed
dimers. The spectral response of a dimer depends both on the orientation of the dimer
axis relative to the incident E-field and the separation between the NPs (Figure 3.6), and
these factors can differ between individual dimers. The orientation of the dimer axis also
affects the detected scattering signal by determining the direction of the emitted light.
These structural degrees of freedom are unique to dimers and can contribute to a broader
spread of the iISCAT signal detected for dimers when compared to that of the monomers.

The two-color iISCAT detection is useful to detect these differences between dimers. For

instance, the 400 Da PEG tethered dimers show in general a much larger variability along
1,05 for 1,5< 1 only to increase along 45 for 1,;+ 1. These details would not be resolved

with a single-color detection.
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3.2 Dimer assembly of 10 nm Ag NPs
So far, our analysis has been focused on dimers and monomers of 20 nm Ag NPs. We
performed similar iISCAT imaging experiments with 10 nm NP-STV before and after

incubation with 10 nm NP-PEG;,p.-biotin. The ?_,g0?-_g values are summarized in

Figure 3.8B. The average -l 2-—glvalues (+ STD) for the 10 nm NP-STV imaged before
and after addition of NP-PEG;4p,-biotin as well as the average contrast values for bare
NP-PEG; upa-biotin are summarized in Table 2. Unlike for the 20 nm NPs, dimer
formation does not result in a change of the sign of the iISCAT contrast (Figure 3.8B) and
as the interference term in eq. 3.1 remains the dominating factor for the smaller NPs.
Instead, the distribution of the iISCAT contrast values increases in magnitude and becomes
more negative after incubation with NP-PEG;ps-biotin. A Student’s t-test reveals
significant differences at the p < 0.007 level for both 2-,5 and ®--g when comparing NP-
STV and NP-PEG-biotin to NP-STV + NP-PEG; 4pe-biotin. Although the 10 nm Ag NP
lack the characteristic change in sign of the iISCAT contrast observed for the 20 nm Ag
NPs, the significant differences in the iISCAT contrast distributions indicates that it is still
possible to discern monomers from dimers and larger plasmonic molecules at the

ensemble level.

Table 2: iISCAT Signal Contrast for 10 nm monomer and dimer conditions

Condition - 1piHPQR P-—pl+PQR
10 nm NP-STV + EQ*HG 3+ EQ(FG QQ(
NP-PEG; spa-biotin
10 nm NP-STV EQ(JI G ((H# EQ(HG QCH
10 nm NP-PEG; s«pa-biotin EQU G (<K EQ#G QCF




The spread of the iISCAT signals observed for tethered Ag NPs in Figure 3.8 has been
attributed to variations in the orientation and interparticle separation of the dimer and the
orientation of the dimer axis relative to the incident E-field. The structural dependence of
the iISCAT signal provides opportunities for monitoring conformational fluctuations in
individual polymer tethered NP dimers as function of time. This is demonstrated in

-0

Figure 3.10A where we plot the normalized iISCAT signal difference, =

, recorded

on the 405 nm channel for one dimer assembled by binding of NP-PEG; 4pe-biotin (20 nm)
to surface immobilized NP-STV (20 nm). The iISCAT images were recorded with a frame
rate of 500 frames per second (fps). By subtracting the moving average, 63%, calculated
over an interval of +/- 10 frames around each time point from the detected iISCAT signal
for each pixel in each frame, 6,34, the calculated difference images highlight strong
changes in the iISCAT signal even between subsequent frames. Figure 3.10B contains
trajectories of contrast dimer (top) and a monomer (bottom) measured in the center of the
respective interferogram over a total of 1000 frames. Figure 3.10C and D contain the
corresponding histograms of the normalized intensity difference for dimer and monomer.
While the iISCAT signal difference of the monomer is narrowly distributed around

% ** (, the iSCAT signal for the dimer shows a much broader distribution as result

of both positive and negative fluctuations of the iSCAT signal. The NP dimers
investigated in this work are immobilized on the surface with only one NP, while the
second can undergo a tethered particle motion (Figure 3.1B). This motion continuously
reconfigures the separation and relative orientation of the tethered NPs and results in

fluctuations of the detected iSCAT signal.
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Figure 3.10: A) Normalized iSCAT difference images Ol%% for one individual 20 nm

Ag NP dimer as function of time. B) iISCAT difference as function of time for dimer
(top) or monomer (bottom). The ISCAT signal was evaluated in the center of the
interferogram. Data was acquired with 500 frames per second. C), D) Histograms of
the dimer and monomer data from (B).

Importantly, the ability to detect conformational dynamics of PEG-tethered NPs is not
limited to 20 nm probes. Figure 3.11A,B contains selected normalized iISCAT signal
difference images and the signal difference trajectories recorded simultaneously on
?-1g) ?-=g channels for a 10 nm NP dimer. Similarly, as for the 20 nm Ag NP dimers, the
ISCAT signal of the 10 nm Ag NP dimer shows a high degree of fluctuations indicative of
a rich structural dynamics. Intriguingly, the 10 nm dimer signal on the two channels
shows noticeable levels of anticorrelation. This is demonstrated in the magnified section
of the dimer trajectory included in Figure 3.11B. The correlation coefficient for this section
is -0.6140. FDTD simulations equivalent to the ones shown above for 20 nm Ag NP dimers

indicate that the anticorrelated contrast changes at 405 nm and 445 nm could, for example
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arise from spectral shifts associated with a change in the elevation (polar orientation) of
the 10 nm Ag NP dimer axis or from changes in the interparticle separation of a dimer

with an inclined dimer axis.
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Figure 3.11: A) Normalized iSCAT difference images 01%F for one individual 10 nm

Ag NP dimer as function of time recorded on 405 nm and 445 nm channels. B) Top:
Normalized iSCAT difference trajectories (405 nm, 445 nm) for one dimer (2000 frames)
recorded at 500 fps. Bottom: Magnified view for frames 600-800.



3.3 Materials and Methods

NP-STV Preparation

Commercial citrated-stabilized Ag colloidal solution (Nanocomposix) of concentration
10" nanoparticles / mL was used for streptavidin coating protocols as described in
literature®. For preparation of NP-STV, 20 mL colloidal solution was combined with 500
uL of streptavidin (1 mg/mL). Following this, 200 uL of sodium bicarbonate (1 M) was
added to the solution. This combined mixture was stirred for 10 minutes and cleaned two
times by centrifugation with 100 kDa centrifugal filters (5 krpm, 1 minute) and washed
with 20 mM NaCl / 5 mM Tris pH 7 buffer. NP-STV pellets were collected by

centrifugation and stored in 20 mM NaCl / 5 mM Tris pH 7 buffer for stabilization.

NP-PEG-biotin Preparation

20 nm citrate-stabilized Ag NPs (Nanocomposix) of concentration 10 nanoparticles / mL
were functionalized using two thiolated polyethylene glycol (PEG) molecules. A short
carboxylic acid terminated PEG, HS-(CH,);;-(C,H,0)s-COOH (ProChimiaSurfaces), was
added to 4 mL of 20 nm Ag NP colloidal solution to a final concentration of 5 uM. The
second PEG added to this mixture was a HS-PEG-biotin molecule with a final
concentration of 5 nM. The PEG had a molecular weight of either 3.4 kDa, for the long
tether structure, or 0.4 kDa, for the short tether. Once combined, the mixture was
incubated for 5 hours in the dark and cleaned two times by centrifugation (10.5 krpm, 30
min) and washed with distilled water. Once thoroughly cleaned and recovered a clear

supernatant, the pellets were collected and stored in water.



Monitoring NP Dimer Assembly with Two-color iSCAT Microscopy

The two-color wide-field iISCAT setup shown in Figure 3.1C has previously been
described in ref?, The NPs were illuminated with circularly polarized light using a total
power density of 6 kW c¢cm? in the sample plane. The assembly of NP dimers was
monitored in flow chambers assembled using a rectangular fused silica capillary
(VitroTubes) and polyethylene microtubing (Scientific Commodities). The chambers used
for this work were treated with 1 mg/mL BSA-biotin in T50 buffer (10 mM Tris pH 8, 50
mM NacCl, Millipore water) for 10 minutes followed by a washing step with T50. Then
NP-STV were flushed in at a concentration of 10° NPs/mL. Subsequently, the chamber
was washed with T50 buffer and then incubated with biotin-PEG-Ag NPs at a
concentration of 10° NPs/mL for 10 additional minutes. At the end of this incubation, T50
buffer was flushed through the chamber by gravity flow for the duration of the
experiment. For control experiments, a similar protocol was followed except for the
imaging of NP-PEG; 4p,-biotin. In this case, the chamber was treated with BSA-Biotin for
10 minutes, washed with T50, and then treated for an additional 10 minutes of 0.01 mg /
mL, filtered streptavidin solution. NP-PEG; 4p,-biotin were introduced into the system by
gravity flow, and after 10 minutes, T50 buffer was flown through the chamber until the
end of the experiment. Images were recorded at 500 frames/s at a set exposure time of
0.800 ms. The chamber was mounted on a nanopositioner stage (PiezosystemJena) where
a frequency of 10 Hz was applied at 1.5 pm during data acquisition (except when iSCAT
intensity fluctuations were measured). Unless otherwise noted, data analysis follows
procedures described in ref?, In a typical experiment, the NPs were illuminated for no
longer than 10 — 30 s. SEM images collected before / after illumination did not indicate

any systematic size changes due to illumination.



NP Characterization

NP concentrations were determined using known extinction coefficient by UV-Vis.
Scanning electron microscope (SEM) samples were prepared similarly as described for
optical iISCAT experiments but on a 0.5,0.5 cm? silicon wafer at a concentration of 10
particles / mL for both anchor and tethered particles In the SEM, the stage was titled by
30-degrees to observe the overhead stacking of particles on top of each other on the flat

silicon-chip surface.



3.4 Summary of Chapter 3

In conclusion, we have characterized the iISCAT contrast of plasmonic molecules (in
particular dimers) assembled from 10 nm and 20 nm Ag NPs in comparison to their
respective monomer building blocks. Shifts in the average iISCAT contrast on the two
monitored detection channels and differences in the magnitude of the iSCAT signal
fluctuations of individual scatterers as function of time were shown to facilitate a
distinction between monomers and dimers. For 10 nm Ag NPs, dimer formation resulted
in a shift and broadening of the contrast distribution. In the case of 20 nm Ag NPs dimer
formation also resulted in a drastic change in the sign of the iSCAT contrast. The
differences in iISCAT contrast between 20 nm Ag NP dimers containing molecular tethers
with different lengths (PEGgpa VS. PEGsupa) Were more subtle but still detectable.
Importantly, the time-dependent fluctuation of the iISCAT signal detected here for dimers
of 10 nm or 20 nm Ag NPs tethered by a PEG; 4p, molecule with a contour length of 21.50
nm underlines the potential of plasmon rulers in combination with iISCAT detection
(interferometric plasmon rulers) to characterize structural dynamics in polymer tethers
on nm length scales using NPs with much smaller diameters than required in
conventional plasmon ruler or tethered bead assays. The decrease in probe size enables to
minimize excluded volume effects in tethered bead assays with short tether molecules

whose mechanochemical properties still raise many questions.”



Chapter 4. Multispectral iISCAT Imaging of Gold and Silver Nanoparticles

Chapter 4 includes material from reference® © 2025 American Chemical Society

4.1 Overview on Three-Color iSCAT Microscopy

Noble metal nanoparticles (NPs) have both large electron absorption and optical cross-
sections and are common labels in both electron and optical microscopy.”"" NPs with a
few nanometer diameters conjugated to antibodies are routinely used as immunolabels in
transmission electron microscopy (TEM), and different optical detection modalities are
available to detect and image individual NPs. Darkfield”™ or total internal reflection™
microscopies allow for a convenient detection of NPs with diameter of approximately 40
nm and larger, but rapidly decreasing scattering cross-sections complicate the detection
of smaller NPs.281 As absorption dominates for small NPs, photothermal imaging
approaches have been developed that utilize the high dissipation rates in NPs for imaging
and detection purposes.®?# Despite these advancements, the detection of the scattering
signal of small NPs remains of high practical value in many sensing and imaging
applications and has motivated the development of more sensitive detection schemes of
single particle scattering. It was demonstrated that the sensitivity of darkfield microscopy
can be significantly improved through Fourier filtering of the scattering component of the
detected light, resulting in the detection of 10 nm Au NPs.#* Even higher detection
sensitivity of scattering signals is feasible through common path interferometric detection
approaches, such as interferometric scattering (iSCAT) microscopy.t-*° iSCAT detection
in combination with machine learning detection algorithms have facilitated the detection
of molecular scatterers with molecular weights as small as 10 kDa.®% The outstanding
sensitivity provided by iSCAT has also made it a useful tool for imaging and tracking of
metal NPs.®- On glass gold and silver NPs as small as 2 nm are detectable by iSCAT.*

This superb sensitivity provides opportunities for optical bioanalytical assays, for instance
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in ligand binding assays, with single particle sensitivity. The decrease in NP size
facilitated by iISCAT can help to mitigate perturbations associated with larger NP probes,
such as excluded volume effects!® and multivalency®11,

One unique aspect of noble metal NPs is that their resonance wavelength depends on their
composition, size and shape. Mie theory provides an accurate solution of Maxwell’s
solution for spherical NPs of given size and composition, and different numerical
approaches are available to predict the shape-dependent optical properties of non-
spherical particles.®! The development of shape-controlled synthesis strategies has
provided the tools to generate NPs that support plasmon resonances throughout the
visible and near-infrared with high morphological homogeneity.1>% Importantly, the
iISCAT signal of a NP scatterer has a pronounced wavelength dependence around its
resonance wavelength,® which could provide a characteristic fingerprint in a spectrally
resolved optical detection and enhance the ability to distinguish between NPs of different
colors as required for multiplexed single NP sensing and detection assays. The spectral
information can be obtained in principle by recording the iSCAT spectrum of each
individual NP, but this approach has low throughput and requires a supercontinuum
whitelight source for excitation.® Instead, we will explore here a multispectral imaging
strategy in which iISCAT images of the same field of view are simultaneously recorded on
three wavelength channels. Specifically, we will in this work evaluate the ability of a 405
nm, 445 nm, and 520 nm three-color iISCAT detection scheme to discern between spherical
NPs of different size and elemental composition. We applied this three-color iISCAT
microscope to image Au and Ag NPs ranging in sizes between 5 nm and 60 nm and
characterized their multispectral iSCAT signal. The three-color detection enhanced the
detection selectivity and facilitated the distinction between Au and Ag NPs as small as 10

nm in size.



4.2 Calibration of Three-Color iSCAT with Library of Plasmonic NPs
We used citrate-functionalized Au and Ag NPs in this work with nominal diameters (D)
of 5 nm, 10 nm, 20 nm, 40 nm, and 60 nm. Figure 4.1 shows representative transmission

electron microscopy (TEM) images and size histograms for the NPs used. The average

diameters (+ standard deviation) of the Ag NPs as determined by TEM were 5.56 + 1.27
nm, 8.55 £ 2.59 nm, 20.9 + 3.89 nm, 38.6 + 4.06 nm, 61.9 £ 1.27 nm. The average diameters

for Au NPs were 5.25 +0.69 nm, 9.93+1.12 nm, 14.7 £ 1.62 nm, 35.6 = 3.90 nm, 68.5 + 5.64
nm. For the sake of simplicity, noble metal NPs will be referred to by their nominal sizes
(5, 10, 20, 40, and 60 nm) rather than their exact diameters reported throughout this
manuscript. The NPs were PEGylated with HS-(CH,),;-OCH,-COOH prior to use.
Hydrodynamic diameters determined by dynamic light scattering (DLS) and --potential
measurements of NPs with D = 10 — 60 nm after PEGylation are provided. UV-Vis spectra
of all PEGylated NP preparations are shown in Figure 4.2. In the case of Au NPs, the
spectra show the expected continuous red-shift with increasing D. The Ag NPs overall
also show a red-shift with increasing D, except for NPs with D < 20 nm. The 10 nm NP
spectrum overlaps with the 20 nm NP spectrum, and the 5 nm spectrum is broadened and
red-shifted relative to the 10 nm spectrum. This reversal of the size dependence of the
plasmon resonance in small Ag NPs has been observed before and was attributed to a
reduction in the conductivity of the outer metal layer due to interactions with the bound

ligands.1%®



Figure 4.1: Representative TEM images and size distribution histograms of the citrate
functionalized Au and Ag NPs used in this work. The nominal diameter of the Au and
Ag NPs respectively are: A,B) 60nm; C,D) 50nm; E,F) 20nm; G,H) 10nm; 1,J) 5nm.



Figure 4.2: A) Experimental UV-Vis spectra of PEGylated Au NPs of 5, 10, 20, 40, 60 nm
diameter in water. B) Experimental UV-Vis spectra of PEGylated Ag NPs of 5, 10, 20, 40,
60 nm diameter in water.

For iSCAT measurements, the NPs were immobilized in polylysine-treated rectangular
glass capillaries and imaged immersed in water. The three-color iSCAT set-up used in this
work is shown in Figure 4.3. The emission from three laser diodes (405 nm, 445 nm, 520
nm) that show different degrees of spectral overlap with the spectra of Au and Ag NPs
are combined through dichroic mirrors, spatially filtered, and circularly polarized before
being focused onto the back focal plane of a 100x 1.4 NA objective. The power for each
laser entering the objective was measured to ensure equal power for each color prior to

any experiment. Overall, the combined input power for all three lasers measured at the

entrance of the objective was 1.670 + 0.063 mW, corresponding to an effective power

density of ~19.53 SF—G) The light reflected by the substrate and scattered by the metal NPs

is collected by the objective and then redirected by an anti-reflection-coated 50/50
beamsplitter towards a shortpass 425 nm cut-off beamsplitter. The transmitted beam is
captured on a camera, while the reflected 445 nm and 520 nm beams are separated using

a shortpass dichroic with a 490 nm cut-off. The separated 445 nm and 520 nm beams are
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then recorded on two additional cameras. Bandpass filters were positioned in front of all
cameras to remove any undesirable straylight. The optical set-up of the iSCAT microscope
is similar to that of the two-color iISCAT microscope we described previously,?? but
contains additional dichroic mirrors to combine / separate the 520 nm wavelength in the
excitation / detection path. Images were recorded at 500 Hz at a set exposure time of 0.800
ms. The insets in Figure 4.3 show iSCAT contrast images (see below) of the same D =5
nm Au NP on the three monitored wavelength channels. All optical components included
in the assembly of three-color iSCAT are shown in Figure 4.4 and summarized in Table

3.

Figure 4.3: Experimental setup for three-color iSCAT. Abbreviations and
specifications: 50/50 BS, beamsplitter; DBS1, shortpass (490 nm cut-off) dichroic;
DBS2, shortpass (425 nm cut-off) dichroic; DBS3, shortpass (425 nm cut-off) dichroic;
DBS4, shortpass (490 nm cut-off) dichroic; CMOS, complementary metal oxide
semiconductor; L1-L2 (f = 5 cm), L3-L4 (f = 50 cm), lens; M, mirror; QWP, quarter
wave plate; BPF, bandpass filter.
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Table 3: Summary of optical assembly of three-color iSCAT

Optical component Vendor Part # Description
100x / 1.45 NA Olympus UPLXAPO100XO 100X oil objective, NA 1.45,
objective WD 0.13mm
Laser diodes Lasertack PD-01286 405 nm, 445 nm, 520 nm
PD-01236 illumination sources
PD-01396
Shortpass dichroic Thorlabs DMSP425 Used to combine /
(425 nm cut-off) separate three-color beam
paths
Shortpass dichroic Thorlabs DMSP490 Used to add and separate
(490 nm cut-off) 520 nm diode from beam
path
50/50 beam splitter ~ Thorlabs BSWI10R Antireflection coated for
400-700 nm wavelengths
Optomechanics Thorlabs - Post holders, lenses,
kinematic mirror mounts
Quarter wave plate  Thorlabs AQWPO5M Circularly polarize
combined illumination
path
30 um pinhole Thorlabs P30D Correct combined
wavefront
405 nm bandpass Chroma ZET405/20x 405 %20 nm
filter
445 nm bandpass Chroma ET445/30x 445 + 30 nm
filter
520 nm bandpass Chroma IN019394 52020 nm
filter
CMOS cameras Systematic MV1-D1024E-160-CL- iSCAT image acquisition
Vision 12
Piezostage Piezojena T-405-01D 3-axis nanopositioner with

E-101-23 control box




Figure 4.4: A) Close-up combination of 405, 445, and 520 nm laser diodes. B)
Overview on correcting wavefront of combined beam path. C) Sample stage for
three-color iISCAT with custom built square slide mount and flow chamber
gravity flow arrangement. D) Separation of combined illumination path passing
through individual band pass filters (BPF) before reaching CMOS detectors.
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The iISCAT signal detected on each channel contains contribution from the reflection of
the laser beam and the scattering from the NPs. A third contribution to the iISCAT signal
arises from the interference between the scattered and reflected fields. Eq. 4.1 describes
the detected iSCAT signal as function of the reflectivity, r?, at the glass / water interface,
the complex scattering amplitude s of the NP, and the phase ( between the scattered and

reflected beam:3":67

6230 8 970398 2%% 7 9398 7 <U9;9=>;54 (4.1)

The flow chamber containing the NPs was mounted on a three-axis nanopositioner, which
facilitated a lateral translation of the sample at a frequency of 10 Hz and with an amplitude
of 3 um during image acquisition. This toggling of the samples allowed to measure the
iISCAT signal of an NP, lgy, and the reference signal, I, at the same location of the
complementary metal oxide semiconductor (CMOS) detector and facilitated the

calculation of the iISCAT contrast for the NP scatterer on each wavelength channel as:?®

o e 0125314 44 77D %&57778HT 1
) -314 5)

4.2)

Since the NIPs are imaged simultaneously on three wavelength channels, the three-color
iISCAT provides three separate contrast values on the respective channels: 1,5, s, Ys.
Figures 4.5 and 4.6 show representative iSCAT contrast images of all investigated Au, Ag
NP sizes. The 1445, 145, Y5y Values were experimentally determined by local Gaussian fits

of the central extrema of the iISCAT contrast images in the respective wavelength channels.



Figure 4.5: iISCAT images of AUNPs immobilized on fused silica and immersed in water
recorded at 405 nm (left), 445 nm (middle), 520 nm (right). The right column contains
plots of the iISCAT contrast along the red, dashed line included in 520 nm iSCAT images.
The NP diameters are top to bottom: a, b, ¢) 5nm; d, e, f) 10nm; g, h, i) 20nm; j, k, 1)
40nm; m, n, 0) 60nm.



Figure 4.6: iISCAT images of AgNPs immobilized on fused silica and immersed in water
recorded at 405 nm (left), 445 nm (middle), 520 nm (right). The columns located to the
right of 405 nm / 520 nm channels contains plots of the iSCAT contrast along the red,
dashed line included in ISCAT images. The NP diameters are top to bottom: a, b, ¢) 5nm;
d, e, ) 10nm; g, h, i) 20nm; j, k, I) 40nm; m, n, 0) 60nm.

Scatterplots of the fitted iISCAT contrast values for Ag and Au NPs of the investigated
sizes are shown in Figure 4.7A-D. At least 25 individual NPs were included for each size.

Ellipses, representing 1 standard deviation around the mean along the three wavelength

channels were added to highlight qualitative trends and aid in visualizing the data. As
shown in Figure 4.7A,B Ag and Au NPs with D + 40 nm are positive, while those with D

< 40 nm are negative as shown in the magnified plots in Figure 4.7C,D. This difference

can be rationalized by the different relative magnitude of scattering and interference terms
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for the NPs of different sizes. While scattering dominates for 40 nm Ag NPs, the
interference term becomes dominant for the smaller NPs. For all NPs, irrespective of the

sign of the contrast, the magnitude of the contrast increases with increasing NP diameter.
For both Au and Ag NPs, the NPs of different sizes cluster in different regions of the 1,
Vs, Ys Space. Although there is some overlap between the distributions, which is
expected especially for the smaller NPs based on their size distributions determined by
TEM and the precision of the fitted ! values, the average contrast values are separated by

more than at least 1 standard deviation as indicated by the ellipses for all NPs, except for

5 nm and 10 nm Ag NPs.



Figure 4.7: A) ?-1g) ?--pl{?g¢1 E liplot for scatterers imaged after incubating 5, 10, 20, 40,
and 60 Au NPs immobilized on a fused silica substrate immersed in water. The averages
+ standard deviation (STD) are included and represented by the formed ellipses. B) Same

as in (A) but for 5, 10, 20, 40, and 60 nm Ag NPs. C) Magnified view of the ?-,g) ?-—gl{?p¢1

area containing the 5, 10, and 20 nm Au NPs. D) Magnified view of the ?-,) ?--gli?g41 area
containing the 5, 10, and 20 nm Ag NPs.

The average ! contrasts for all Au NP sizes are summarized in Table 4. Student’s t-tests

reveal that the differences in 2.0 ?-—gli?g1 between the investigated NP sizes are
significant at the p < 0.002 level. The average Ag NP signal contrasts are summarized in
Table 5. For 60 nm, 40 nm, and 20 nm Ag NPs the differences between ?-,g) ?-_gl{?p¢1 are
significant at the p < 0.03 level. 20 nm and 10 nm diameter Ag NPs have significant

differences in ?-,pl{?--p at the p < 0.001 level, while for 10 nm and 5 nm Ag NPs the
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differences in ?__g)i?ge, are significant at the p < 0.03 level.

;I'o characterize the iISCAT contrast spectrum for the Ag and Au NPs of different sizes, we

next determined the distribution of the iSCAT contrast on the three wavelength channels.

Table 4: Three-Color iSCAT Signal Contrast for Au NP monomer library

Size of Au NP P_1plHPQR P__plHPQR Pag1 HIPQR
60 nm 1.356 + 0.372 0.956 + 0.212 1.593 + 0.421
40 nm 0.810 + 0.420 0.612 + 0.200 0.934 + 0.402
20 nm -0.423 +0.132 -0.337 +0.098 -0.356 + 0.125
10 nm -0.134 + 0.059 -0.099 + 0.040 -0.132 £ 0.070
5nm -0.103 + 0.050 -0.063 + 0.026 -0.062 + 0.030

Table 5: Three-Color iSCAT Signal Contrast for Ag NP monomer library

Size of Ag NP P_1l#PQR P__gl+PQR ozt HPQR
60 nm 2.262 +0.705 1.453 +0.865 1.118 +0.531
40 nm 1.967 +0.495 0.828 +0.203 0.328 +0.212
20 nm -0.316 + 0.106 -0.201 + 0.093 -0.095 + 0.055
10 nm -0.110 + 0.050 -0.079 + 0.029 -0.085 + 0.042
5nm -0.103 +0.047 -0.059 + 0.024 -0.062 + 0.042

For each individual NP size, we calculated the ratio R;, where the index i refers to one of

the excitation wavelengths, as: 1. ** % A set of 3 R; values (i =405 nm, 445 nm, 520 nm)

define the color of the iISCAT signal. The scatterplots for Rygs, Ras, Rsxo Of Au and Ag NPs
with identical nominal size are shown in Figure 4.8A-E. The plots show that Ag and Au
NPs separate well along the 520 nm and 405 nm channels until at least D = 10 nm.

Although the distributions overlap for both 10 nm NPs the averages for Rsy, are still



different with a statistical significance at the p < 0.02 level. Only for 5 nm NPs the Ag and
Au NP distributions are no longer distinguishable. The average R values for Ag and Au
NPs as function of size are plotted in Figure 4.8F and summarized in Table 6 and 7. The
plot of the calculated average R values highlights that for Ag NPs with D + 20 nm the
contribution of the 405 nm channel is higher and the contribution of the 520 nm channel
is lower than for Au NPs of the same size. The plot also shows that for 60 nm Ag NPs the
difference between the 405 nm, 520 nm channels is smaller than for 20 nm and 40 nm Ag
NPs. These general trends in the relative contributions of the 405 nm, 520 nm channels for
Au and Ag NPs are consistent with the shapes of the plasmon spectra recorded for the
different NPs in Figure 4.2. For D =5 nm and D = 10 nm the differences between Ag and
Au NPs are, however, more subtle and no longer in a trivial relationship with measured
extinction spectra as for both types of NPs, the Ry value is at least as high as the Rsy

value. For small NP sizes, the scattering term |s]? in the iSCAT contrast in eq. 4.2 is
negligible. The I term is dominated by the interference term, which depends on both the
scattering amplitude |s] as well as the phase (. The phase of a plasmonic scatterer

changes by % across the plasmon resonance, and this additional wavelength-dependent

phase contribution affects the shape of the iSCAT contrast spectra of small Au and Ag
NPs.%® The large change of the phase in a relatively small wavelength range encodes a
spectral fingerprint in the iISCAT contrast that becomes accessible with multispectral

iISCAT imaging.
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Table 6: Three-Color iSCAT Contrast Ratios for Au NP monomer library

Size of Au NP 1-1pl+IPQR 1--pi+IPQR 1pg1+IPOR
60 nm 0.346 + 0.064 0.248 +0.048 0.406 + 0.064
40 nm 0.330 +0.072 0.261 +0.063 0.409 + 0.059
20 nm 0.386 + 0.052 0.303 +0.038 0.311 +0.050
10 nm 0.368 + 0.063 0.277 +0.068 0.354 + 0.089
5nm 0.435 +0.088 0.292 +0.085 0.273+0.081

Table 7: Three-Color iSCAT Contrast Ratios for Ag NP monomer library

Size of Ag NP 1-,5{+PQR 1-_gi+PQR 1pe1+HPQR
60 nm 0.468 + 0.109 0.304 +0.120 0.227 +0.085
40 nm 0.628 +0.078 0.270 + 0.065 0.103 +0.061
20 nm 0.533 +0.083 0.324 +0.066 0.144 + 0.065
10 nm 0.412 +0.125 0.282 + 0.062 0.307 £0.128
5nm 0.426 + 0.082 0.259 + 0.082 0.315 +0.102
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Figure 4.8: 1_,g) 1__gli1pe, Scatter plot comparing A) 60 nm Au NPs (blue filled circles)
and 60 nm Ag NPs (pink filled pentagrams). B) 40 nm Au NPs (yellow filled circles) and
40 nm Ag NPs (blue filled pentagrams). C) 20 nm Au NPs (green filled circles) and 20
nm Ag NPs (blue filled pentagrams). D) 10 nm Au (pink filled circles) NPs and 10 nm
Ag NPs (yellow filled pentagrams). 5 nm Au NPs (blue filled circles) and 5 nm Ag NPs
(green filled pentagrams). The averages + standard deviation (STD) are included and
represented by the formed ellipses. F) Average Ry (purple filled circles), Rys (blue filled
circles), and Rsy (green filled circles) +/- standard deviation (STD) as function of Au NP
size (top) and Ag NP size (bottom).



4.3 Methods and Materials

Data Acquisition and Processing

The experimental three-color wide-field iISCAT set-up used in this work is schematically
outlined in Figure 4.5. The output 445 nm and 520 nm laser diodes are combined
through a shortpass dichroic (490 nm cut-off) and all three (405, 445, 520 nm) laser
diodes (Lasertack) are combined through a shortpass dichroic (425 nm cut-off). The
combined illumination path was directed toward a spatial filter with a 30 um pinhole to
correct the wavefront and was then circularly polarized by a lambda quarter-plate
(Thorlabs) with spectral range from 400 — 800 nm. The combined beams were then
loosely focused onto the backfocal plane of 100x, 1.4 NA oil immersion objective
(Olympus). Multispectral laser alignment was successful when all three beams were
focusing on the same point in the output of the objective, and straight upwards. Laser
power was measured prior to the start of each experiment to ensure all were set to an
equal setting. Light reflected from the flow chamber and light scattered by the
nanoparticles were collected through the objective and then directed towards a
shortpass dichroic (425 nm cut-off) using a 50:50 beam-splitter to separate the 405 nm

beam from the longer wavelengths. The 445 and 520 nm beams were separated using a

shortpass dichroic (490 nm cut-off). All beams passed individual bandpass filters (405 +

20 nm, 445 + 30 nm, 520 =20 nm) before being focused onto individual CMOS detectors

(MV1-D1024E-160-CL-12, Photonfocus). Images were recorded at 500 Hz at a set

exposure time of 0.800 ms. The chamber was mounted on a nanopositioner stage
(PiezosystemJena) where a frequency of 10 Hz was applied at 3.0 pm during data
acquisition. Data analysis follows image processing procedure mentioned in ref?

and the center of the ! images for each NP were fit with two-dimensional Gaussians to

determine centroid coordinates and peak 1,4, 145 50 Vvalues. For the analysis, only data
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points with R-squared values exceeding 0.6 were included to ensure a reasonable level of

fit.

Imaging Au and Ag Monomer Library with Multispectral iISCAT Microscopy

The three-color wide-field iSCAT setup is shown in Figure 4.5. Au NPs used in this work
were synthesized in house by Turkevich method as described previously.11° Au and Ag
NPs (Nanocomposix) were PEGylated using a short carboxy-PEG (HS-(CH,);;-OCH,-
COOH, ProChimia) prior to iSCAT experiments for overall stability and favorable binding
by increasing negative charge. NPs were imaged by immobilization onto polylysine-
treated flow chambers assembled using a rectangular fused silica capillary (VitroTubes)
and polyethylene microtubing (Scientific Commodities). All particles from the monomer
library were flowed into the chamber at a concentration of 10° NPs/mL and water was

continuously flushed after NP incubation through a gravity flow system.

NP Characterization

Size and zeta potentials were measured by a Malvern Zetasizer Nano ZS90. Au and Ag
NPs after PEGylation were diluted in water for hydrodynamic diameter measurements.
Zeta potential measurements were performed in 10 mM NacCl solutions. UV-Vis spectra
were recorded for monomer library NPs using a FLAME-T-UV-Vis (Ocean Insight) in
diH,O. NP concentrations were determined using known extinction coefficient by UV-

Vis.



4.4 Summary of Chapter 4

Three-color iSCAT imaging on 405 nm, 445 nm, and 520 nm was demonstrated to enhance
the ability to distinguish between NPs with different sizes and elemental composition (Au
/ Ag) and thus to increase the selectivity of the iISCAT detection. For NPs with diameters
D + 20 nm, the multispectral iISCAT contrast followed the general trends predicted by the
extinction spectra, but for smaller NPs the wavelength-dependence of the iISCAT contrast
differed from the measured UV-vis spectra, especially in the case of Au NPs. Nevertheless,
the three-color iISCAT successfully distinguished between Ag and Au NP samples with
diameters between 10 nm — 60 nm, confirming the feasibility of multiplexed iSCAT
detection. The ability to simultaneously detect multiple NPs with different colors has
practical applications in biosensing and imaging, where NPs functionalized with
adequate biorecognition elements can be used to identify and localize multiple molecular
targets. The spectral information accessible through multispectral iSCAT is also relevant
for discerning metal NPs with a wavelength dependent iSCAT contrast from background
in complex environments. While the current work was limited to three colors in the blue
/ green range of the electromagnetic spectrum, addition of further wavelengths in the
future will expand its applicability to other plasmonic NPs than Ag and Au spheres. Au
and Ag NPs have intrinsic advantages over other metal NPs due to their relatively sharp
spectral features, but other shapes that sustain resonances in different wavelength ranges,

such as nanorods, are of high interest as labels in iSCAT.



Chapter 5: Summary and Outlook

5.1 Future Directions

In summary, Chapter 2 and Chapter 3 have demonstrated the sensitivity and use of two-
color iISCAT as a biosensing tool. Moreover, the ability to discern particles down to 5 nm
in size shows how iSCAT has the potential to study sub-diffraction limit phenomena. As
mentioned previously, Ag NPs alone have toxicity risks when studying cellular activity
which makes them unsuitable for live cell imaging.!*® This is what led to Chapter 4,
where a third, 520 nm laser diode, was installed into the existing iISCAT to use Au NPs
as labels for cell tracking experiments. The use of small, optically active probes would

facilitate observing cellular processes while minimizing interference.

In this dissertation, we have introduced EGFR, and the work established in the Reinhard
lab to study the large assembly of clusters and their relation to signal activation.
However, the use of large 40 nm probes can perturb the dynamics at the cellular level.
This separation between the binding sites on the peripheral region of the assembled
EGFR dimer complex has an estimated separation of 12 nm 1! Future work will
incorporate detection of individual EGFR receptors with 5 nm particles while
minimizing the scale from 80 nm of separation to 10 nm in length. Based on the work
presented in Chapter 3, two-color iISCAT demonstrated the potential of interferometric
plasmon rulers. With three-color ratiometric analysis, this can provide additional
information about the actual interparticle separation during colocalization of EGFR

dimerization based on their spectral shifts.

Lastly, besides understanding structural information of EGFR dimerization, three-color

iISCAT can discern different cell receptors based on the size and choice of metal label.



Chapter 4 focused on calibration of three-color iISCAT with gold and silver nanoparticles
and demonstrated these metals can be distinguished as far down as 10 nm in size.
Following the work established in Chapter 4, an immortal cell line, HeLa, can be used to
investigate different expressed receptors using Ag-Au labels. Past work in the Reinhard
lab has demonstrated the ability to target sialoadhesion, CD169, using 80 nm artificial
virus nanoparticles (AVN) with monosialodihexosylganglioside (GM3) embedded in the
lipid membrane shell.}'211® The Reinhard lab has also established methods to target
EGFR by bioconjugation through click chemistry®114 gnd covalent chemistry.!*> Both
receptor targeting strategies established in the lab have used probes larger than 40 nm in
size, future work in this area would improve this by scaling down the size. Furthermore,
to distinguish the two receptors of interest outlined above, studies can be made by either

1) using same metal, different NP size or 2) different metal, same NP size.



5.2 Data Organization and Storage

The data presented in this dissertation can be found on the Boston University Research
Drive in the folder for Leslie Velasco in the Reinhard lab:

(U:\eng research reinhard\Leslie Velasco)

Below is a short introduction to the files in that folder. If you have any questions, | can
be contacted through email at Ivelascl@bu.edu.

Note: Any handwritten documentation regarding analysis of raw iSCAT data can be
found in file cabinet in PHO 706. Manilla folders are properly corresponding to each
project.

Folder: Dissertation

This folder contains the final thesis version in PDF / .doc format, prospectus, figure files,
copyright permissions, and the final presentation.

Folder: Completed projects

This folder contains raw / analyzed data for works submitted for published work /
unpublished work in preparation for submission. Two Color iSCAT Paper #1 contains
all figures, analyzed data, and manuscript drafts for first publication from Nanoletters
2023. Two Color iSCAT Dimer Paper #2 refers to publication in Nanoscale 2024 and it
contains iSCAT raw / analyzed data, SEM images, manuscript drafts, and figure drafts.
Three Color iISCAT and Hela refers to the last project for this dissertation. The folder
holds preliminary cell imaging of HeLa using three-color iSCAT as well as a shortcut to
the calibration monomer library data. The shortcut will direct towards raw / processed
iISCAT images, simulations, TEM images, SNR plots, and important MATLAB codes
used for three-color analysis.

Folder: Grants, Classes, Qual, DAC Materials
This folder contains conference material (presentation), NIH Diversity supplement

materials, qualifying exam proposal draft / presentation, DAC meeting presentations,
research update presentations and useful materials for graduate courses.

Folder: iSCAT Data, Literature, and SOP

This folder holds all data for two-color and three-color iSCAT, as well as the preliminary
images of iSCAT for the Reinhard lab. A subfolder called iSCAT SOP and Data Analysis
holds important image processing codes and approved laser SOPs. In this folder, one
will also find useful iSCAT literature | referred to during the build of two-color iISCAT,
laser diode safety, plasmonic papers, and manual to the CMOS cameras.

Folder: Raw Data — Instrumentation

This folder contains data for the following instruments: dark field microscopy, DLS,
FACS, FTIR, TEM, Micron Ruler images from iSCAT, and Nanodrop measurements.
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Folder: External Drive Backups

This folder contains backups for Samsung T5 1 TB used for iSCAT from generation #1
(two-color iISCAT) to three-color iISCAT.
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