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Two-color interferometric scattering (iISCAT)
microscopy reveals structural dynamics in discrete
plasmonic molecules¥
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Plasmonic molecules are discrete assemblies of noble metal nanoparticles (NPs) that are of interest as
transducers in optical nanosensors. So far, NPs with diameters of ~40 nm have been the preferred build-
ing blocks for plasmonic molecules intended as optical single molecule sensors due to difficulties associ-
ated with detecting smaller NPs through elastic scattering in conventional darkfield microscopy. Here, we
apply 405 nm, 445 nm two-color interferometric scattering (iSCAT) microscopy to characterize polyethyl-
ene glycol (PEG) tethered dimers of 10 nm and 20 nm Ag NPs and their monomers. Dimers of both NP
sizes can be discerned from their respective monomers through changes in the average iSCAT contrast.
In the case of 20 nm Ag NPs, dimer formation induces a change in the sign of the iSCAT contrast, provid-
ing a characteristic signal for detecting binding events. 20 nm Ag NP dimers with 0.4 kDa and 3.4 kDa
polyethylene glycol (PEG) spacers show iSCAT contrast distributions with significantly different averages
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NP dimers as a function of time shows contrast fluctuations indicative of a rich structural dynamics in the
assembled plasmonic molecules, which provides an additional metric to discern dimers from monomers

rsc.li/nanoscale and paves the path to a new class of interferometric plasmon rulers.
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Detecting and monitoring nanoscale contacts is crucial in
many areas of chemistry and biology for diverse applications
such as detecting ligand - receptor binding events, unravelling
the complex working principles of molecular machines, or elu-
cidating spatial regulation mechanisms of cellular processes,
to name only a few. There has consequently been significant
interest in developing optical assays and strategies for detect-
ing and quantifying sub-diffraction limit contacts under
physiological conditions. The developed strategies include
fluorescence resonance energy transfer (FRET),"* dual color
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1 Electronic supplementary information (ESI) available: Additional iSCAT images
and fits of 20 nm and 10 nm NPs and dimers, 6495, 6445 plot for experimental
control, SEM characterization data for 10 nm and 20 nm data before and after
assembly. iSCAT images for 20 nm Ag NP dimers formed with 0.4 kDa and
3.4 kDa PEG spacers, SEM microcraphs before/after dimer formation, histogram
of 20 nm Ag NP aggregation state obtained with 0.4 Da PEG spacer, SEM images
of NP-PEG-biotin controls, SEM images of 20 nm NP-STV + 40 nm NP-
PEG; 4 wpa—biotin heterodimers, 6405, 0445 plot for 30 nm Ag NP monomers, 6495,
0445 plot for aggregates of 20 nm Ag NPs, iSCAT image and fit of 10 nm NP
monomer and dimer, FDTD simulation for 10 Ag NP dimers, SEM size histo-
grams of Ag NPs before and after illumination. See DOI: https://doi.org/10.1039/
d4nr01288g
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optical colocalization,>* and fluorescence superresolution
microscopy.”” The fluorescent probes that are commonly
applied in these studies have limitations regarding their
photophysical stability, and blinking and bleaching can
disrupt sensitive measurements especially at the single mole-
cule level. Noble metal nanoparticles sustain localized surface
plasmon resonances and provide strong scattering signals and
are, thus, potentially alternative probes for applications that
require long continuous observation times and/or high acqui-
sition rates.’ The scattering cross-sections and resonance wave-
lengths of NPs in discrete plasmonic molecules are modulated
through distance-dependent plasmon coupling between the
NPs, and this effect has been utilized to generate dynamic
plasmonic rulers for nanoscale distance measurements.'®'"
Previous plasmon ruler’>™* and related plasmon coupling
microscopy (PCM)">'® strategies primarily relied on darkfield
microscopy'"*® for the optical detection and spectral analysis
of NP dimers and discrete clusters. The scattering cross-
section of NPs is strongly size-dependent, and one limitation
of conventional darkfield microscopy, which relies on an
oblique excitation and detection of scattered light by a low
numerical aperture objective, is that it requires at least one NP
with a diameter of approximately 40 nm or larger for a reliable
detection. This size requirement is an impediment for some

This journal is © The Royal Society of Chemistry 2024
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applications. Fortunately, the sensitivity of darkfield detection
can be improved through enhanced discrimination between
scattered and excitation light beams,'® and alternative inter-
ferometric detection approaches offer greatly enhanced sensi-
tivity for the optical detection of small scatterers.?®>!
Interferometric scattering (iSCAT) microscopy, in particular,
has demonstrated impressive detection sensitivities for
immobilized individual biomolecules and NPs as small as
2 nm.”*?® iSCAT has also been demonstrated to allow
distinguishing between different sizes of NPs,>*?%3°
molecules,*** and molecular assemblies***> based on their
iSCAT contrast. iSCAT in combination with a phase-sensitive
detection has also shown promise to resolve sub-diffraction
limit contacts between NPs with separations down to about
150 nm.*® All of these properties make iSCAT a promising
strategy to investigate the assembly of sub-40 nm NP into plas-
monic molecules and monitor separations within these assem-
blies on chemical length scales.

In this study, we characterize 10 nm and 20 nm Ag NP
monomers and in situ assembled dimers using a two-color
iSCAT microscope®” and evaluate the effect of dimerization on
the iSCAT signals. We demonstrate that iSCAT imaging does
not only facilitate distinction between monomers and dimers
but also provides information about the structural dynamics
of the assembled dimers.

A) B)

Biotinylated BSA

i

hd
& .
“0“" Streptavidin-coated 20 nm Ag

¥
%

3
TR A <

Monomer state

50cm
Dichroic
BS2

50 cm

BPF2

445nm
detector

QWP

L2
25um
pinhole
N

L1

405nm
detector

Dichroic M

BS1
445nm
beam

405nm
beam

Fig. 1

View Article Online

Paper

Results and discussion

The experimental strategy for assembling dimers of Ag NPs
using a biotin/streptavidin chemistry is illustrated in Fig. 1A
and B." After immobilizing 10 nm or 20 nm diameter strepta-
vidin-coated NPs (NP-STV) on a BSA-biotin functionalized
glass surface (Fig. 1A), a second “flavor” of 10 nm or 20 nm
NPs functionalized with biotinylated polyethylene glycols
(PEGs) is added to bind to the immobilized NP-STV (Fig. 1B).
We used Ag NPs that were functionalized with HS-PEG3; 4 xpa-
biotin and HS-PEG,, 4 xp,—COOH in a ratio of 1: 1000. We refer
to these NPs in the following as NP-PEG3; 4 pa—biotin. In some
experiments HS-PEGg; 4 p,—biotin was replaced with a shorter
HS-PEGy4 wpa—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.

We determined the iSCAT 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 iSCAT microscope (Fig. 1C).
In iSCAT the signal of a scatterer immobilized on a substrate is
generated through interference of the light scattered from the
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(A and B) Overview of Ag NP dimer assembly through biotin/streptavidin chemistry. (A) Streptavidin functionalized Ag NPs (NP-STV) immobi-

lized 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. Velasco, B.M. Reinhard, Nano Lett. 23, 4642. Copyright (2023) American Chemical Society. (D) iSCAT 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 iSCAT images.
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NP with the light reflected at the interface between the sub-
strate and the ambient medium. The acquired iSCAT signal at
the detector has contributions from reference beam, NP scat-
tering, and the interference of both:**

Tget o< |Einc‘2 (rz + ‘5‘2 + 2r|S|COS ¢)

(1)

where Ej, is the incident electric field, r the reflection coeffi-
cient, s the complex scattering amplitude, and ¢ the phase
between scattered and reflected light. The iSCAT contrast o is
obtained by subtracting the reference signal, It = |Einc|® 72,
obtained from an area void of NPs from Ij and dividing
by Iref325’41

Tget — Iret
o =—
Let

(2)

We utilized a two-color iSCAT microscope in this work as it
provides some basic spectral information by simultaneously
monitoring the iSCAT contrast at 405 nm and 445 nm (6495,
6445)>7 20 nm Ag NPs immobilized on a glass substrate yield
negative 6,405, 0445 values.”” However, after incubating 20 nm
NP-PEG; 4 rpa-biotin with immobilized 20 nm NP-STV we
observed two different types of scatterers with either a “dark”
(i.e. 6405, 0445 are negative) or “bright” (i.e. 6405, 0445 are posi-
tive) iSCAT contrast. Fig. 1D shows representative iSCAT
images for both types of scatterers on the two monitored wave-
length channels. The peak contrast of the interferograms were
determined by 2D Gaussian fits (Fig. S17). Under the chosen
experimental conditions (see Methods for details), the ratio of
dark: bright scatterers was approximately 50% : 50% (Fig. 2A).
Incubation of 20 nm NP-PEG,, kpa—biotin with immobilized
20 nm NP-STV resulted in a ratio closer to 40% :60%. We
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independently imaged 20 nm NP-STV and NP-PEG3,4 kpa—
biotin (immobilized on BSA-biotin functionalized substrate
with free STV) controls (Fig. 2A). The biotinylated NPs exclu-
sively had a dark contrast, and the NP-STV histogram indi-
cates 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.
Average and standard deviation for contrast values on
both wavelength channels for experimental controls
were: 6405 = —0.14 + 0.056, 6445 = —0.10 + 0.054 for NP-
PEG;, ipa-biotin  and G405 = —0.14 + 0.059, G445 =
—0.08 + 0.060 for NP-STV (Fig. S2t). 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 Fig. S3.7

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)
(Fig. S4 and S57). 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 Fig. 2B confirm that NP-STV and NP-PEG;, p,-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-PEG3; 4 1 pa—biotin samples
contained 93.1% monomers, 5.9% dimers, and 1% aggregates
in a population of 102 particles. In comparison, the co-incu-
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(A) Histogram of scatterers with bright/dark iSCAT signal for experimental conditions (from left to right): NP=STV, NP-PEGs 4 ¢p,—biotin,

NP-STV + NP-PEGq 4 kpa—biotin, NP-STV + NP—PEG3 4 xpa—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.
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bated sample NP-PEG; 4 p,—biotin + NP-STV contains mono-
mers (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-PEG, 4 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 (Fig. S61). The ratio
of monomers to plasmonic molecules of approximately
50% :50% and 60% :40% for the co-incubation experiments
with 3.4 kDa and 0.4 kDa PEG spacers confirms that the con-
trast change in the iSCAT experiments is the result of the for-
mation of plasmonic molecules. Fig. 2C 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 iSCAT experi-
ments. SEM images of the NP-PEG-biotin particles used for
iSCAT experiments and for validation experiments are shown
in Fig. S7.1 The successful assembly of dimers under the out-
lined experimental conditions was further validated by for-
mation of heterodimers as seen in Fig. S8.}

For an individual 20 nm Ag NP monomer, the iSCAT con-
trast o as defined by eqn (2) is determined by the interference
term 2r|s|cos ¢ as the scattering amplitude for 20 nm mono-
mers is small. The phase ¢ has contributions from the wave-
length-dependent phase shift associated with the plasmon
(¢p) as well as a Gouy phase (¢¢) shift, which corresponds to a
phase lag of n/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 n/2 at the
resonance frequency. The wavelengths chosen in our two-color
iSCAT microscope, 405 nm and 445 nm, overlap with the low
and high energy tail of the monomer resonance (Fig. 3). This
simple model predicts that ¢p and ¢ give rise to a combined
phase lag A¢ with 1/2n < Ap < 37 at 405 nm and 445 nm and
accounts for negative 6,5, 6445 values for the 20 nm mono-
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Fig. 3 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 a = 0°, 45°, 90° and inter-
particle separations of 5 nm, 7 nm, and 10 nm were evaluated.
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mers.** Dimer formation by binding of NP-PEG; 4 \pa-biotin
to an immobilized Ag-STV increases the scattering amplitude
and the contribution from |s|*> to ¢ in eqn (1). This is illus-
trated by finite difference time (FDTD) simulations of the scat-
tering spectra of a Ag NP monomer and selected dimer geome-
tries in Fig. 3. We attribute the experimentally observed inver-
sion of the sign of the 6405, 6445 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 inter-
ference term 2r|s|cos ¢. This conclusion is supported by iSCAT
experiments with 30 nm diameter Ag NPs whose volume is
1.4 x 10* nm® compared to 8.4 x 10> nm?® for 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 6,495, 6445 distribution overlaps
with that of the 20 nm Ag NP dimers (Fig. S97).

Fig. 4A contains a scatterplot of 6445 Vs. 6495 measured for
114 individual scatterers after incubation of 20 nm NP-STV
with 20 nm NP-PEG;, rp,-biotin collected in three experi-
ments. The plot also contains data obtained in binding experi-
ments in which the HS-PEG; 4 (pa—biotin tether was replaced
with the shorter HS-PEG, 4 pa—biotin molecule. The measured
data for both spacer lengths cluster in two clearly separated
regions of the 6405, 6445 plane with either (i) 6495 and 6445 < 0
or (ii) 6495 and o445 > 0, consistent with their assignments as
monomers and dimers, respectively. Table 1 contains the
average G405,6445 values (xSTD) for the different conditions
observed for 20 nm NP-STV and NP-PEG-biotin tethered par-
ticles. The 06495, 6445 distributions of the monomer subpopu-
lations (¢ < 0) with HS-PEG 4 pa—biotin and HS-PEG; 4 kpa-—
biotin ligands show no significant differences, but for the
dimer subpopulations (¢ > 0) a Student’s ¢-test indicates distri-
butions with different averages for both 6495 and 6445 at the p <
0.05 level. The differences in the 645, 0445 distribution for
dimers assembled with different PEG spacers underlines the
potential of iSCAT for distinguishing plasmonic assemblies
with different tether molecules. For both PEG spacers the 6,05,
0445 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 6405, 6445 distri-
butions (Fig. S10t). However, as outlined above in our discus-
sion of Fig. 2A and 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 6405, 6445 values
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 (Fig. 3), and these factors
can differ between individual dimers. The orientation of the
dimer axis also affects the detected scattering signal by deter-
mining the direction of the emitted light. These structural
degrees of freedom are unique to dimers and can contribute to
a broader spread of the iSCAT signal detected for dimers when

Nanoscale, 2024, 16, 11696-11704 | 11699
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(A) 6405, 0445 plot for scatterers imaged after incubating 20 nm NP-STV with 20 nm NP—-PEGg 4 kpa—biotin (filled circles) or NP—PEGs 4 xpa—

biotin (filled stars). The averages + standard deviation (STD) are included. (B) 6405, 6445 plot for scatterers imaged after incubating 10 nm NP-STV
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Table 1 iSCAT Signal Contrast for 20 nm monomer and dimer conditions

Condition 6405 + STD 6445 + STD
20 nm NP-STV —0.14 £ 0.059 —0.08 £ 0.060
20 nm NP-PEG; 4 xpa-biotin —0.14 + 0.056 —0.10 + 0.054
20 nm NP-STV + NP-PEG 4 ypa—biotin monomers —0.13 £ 0.063 —0.05 £ 0.019
20 nm NP-STV + NP-PEG,_4 pa-biotin dimers 0.74 + 0.322 0.46 + 0.437
20 nm NP-STV + NP-PEG; 4 \pa—biotin monomers —0.10 + 0.053 —0.06 + 0.051
20 nm NP-STV + NP-PEG; 4 \pa-biotin dimers 1.02 + 0.533 0.78 + 0.473

compared to that of the monomers. The two-color iSCAT detec-
tion is useful to detect these differences between dimers. For
instance, the 400 Da PEG tethered dimers show in general a
much larger variability along 6,405 for 6405 < 1 only to increase
along o445 for o495 > 1. These details would not be resolved
with a single-color detection.

So far, our analysis has been focused on dimers and mono-
mers of 20 nm Ag NPs. We performed similar iSCAT imaging
experiments with 10 nm NP-STV before and after incubation
with 10 nm NP-PEG;, ips-biotin. The 0,05, 0445 values are
summarized in Fig. 4B. The average 6495, 6445 values (+STD) for
the 10 nm NP-STV imaged before and after addition of NP-
PEG; 4 wpa—biotin as well as the average contrast values for bare
NP-PEG; 4 wpa-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 iSCAT contrast (Fig. 4B and S11%), as the inter-
ference term in eqn (1) remains the dominating factor for the

Table 2 iSCAT Signal Contrast for 10 nm monomer and dimer
conditions

Condition 6405 + STD 6445 + STD
10 nm NP-STV + NP-PEGg; 4 \po—biotin  —0.13 £ 0.068 —0.09 + 0.060
10 nm NP-STV —0.06 £ 0.034 —0.03 +0.013
10 nm NP-PEG; 4 kp,-biotin —0.07 £0.025 —0.04 £ 0.019

1700 | Nanoscale, 2024, 16, 11696-11704

smaller NPs. Instead, the distribution of the iSCAT contrast
values increases in magnitude and becomes more negative
after incubation with NP-PEG; , ypa—biotin. A Student’s t-test
reveals significant differences at the p < 0.007 level for both
6405 and 6445 when comparing NP-STV and NP-PEG-biotin to
NP-STV + NP-PEG; 4 pa—biotin. Although the 10 nm Ag NP
lack the characteristic change in sign of the iSCAT contrast
observed for the 20 nm Ag NPs, the significant differences in
the iSCAT contrast distributions indicates that it is still poss-
ible to discern monomers from dimers and larger plasmonic
molecules at the ensemble level.

The spread of the iSCAT signals observed for tethered Ag
NPs in Fig. 4 has been attributed to variations in the orien-
tation and interparticle separation of the dimer and the orien-
tation of the dimer axis relative to the incident E-field. The
structural dependence of the iSCAT signal provides opportu-
nities for monitoring conformational fluctuations in individ-
ual polymer tethered NP dimers as function of time. This is
demonstrated in Fig. 5A where we plot the normalized iSCAT

Iget — Iget

signal difference, , recorded on the 405 nm channel

det
for one dimer assembled by binding of NP-PEG; 4 kpa—biotin

(20 nm) to surface immobilized NP-STV (20 nm). The iSCAT
images were recorded with a frame rate of 500 frames per
second (fps). By subtracting the moving average, Ige,
calculated over an interval of +10 frames around each time

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A) Normalized iSCAT difference images “e=let for one individual
20 nm Ag NP dimer as function of time. (B) iSCAT Jifference as function
of time for dimer (top) or monomer (bottom). The iSCAT signal was eval-
uated in the center of the interferogram. Data was acquired with 500
frames per second. (C) and (D) Histograms of the dimer and monomer
data from (B).

point from the detected iSCAT signal for each pixel in each
frame, Iqe, the calculated difference images highlight strong
changes in the iSCAT signal even between subsequent frames.
Fig. 5B contains trajectories of contrast dimer (top) and a
monomer (bottom) measured in the center of the respective
interferogram over a total of 1000 frames. Fig. 5C and D
contain the corresponding histograms of the normalized
intensity difference for dimer and monomer. While the iSCAT
signal difference of the monomer is narrowly distributed

around ’—de;;m

det

=0, the iSCAT signal for the dimer shows a

much broader distribution as result of both positive and nega-
tive fluctuations of the iSCAT signal. The NP dimers investi-
gated in this work are immobilized on the surface with only
one NP, while the second can undergo a tethered particle
motion (Fig. 1B). This motion continuously reconfigures the
separation and relative orientation of the tethered NPs and
results in fluctuations of the detected iSCAT signal.
Importantly, the ability to detect conformational dynamics
of PEG-tethered NPs is not limited to 20 nm probes. Fig. 6A
and B contains selected normalized iSCAT signal difference
images and the signal difference trajectories recorded simul-
taneously on 6,405, 0445 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 magni-
fied section of the dimer trajectory included in Fig. 6B. The
correlation coefficient for this section is —0.6140. FDTD simu-
lations (Fig. S121) equivalent to the ones shown above for
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Fig. 6 (A) Normalized iSCAT difference images =l 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.

20 nm Ag NP dimers indicate that the anticorrelated contrast
changes at 405 nm and 445 nm could, for example 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.

In conclusion, we have characterized the iSCAT 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 iSCAT 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 distinc-
tion 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 con-
trast. The differences in iSCAT contrast between 20 nm Ag NP
dimers containing molecular tethers with different lengths
(PEGy 4 kpa VS- PEG3 4 kpa) Were more subtle but still detectable.
Importantly, the time-dependent fluctuation of the iSCAT
signal detected here for dimers of 10 nm or 20 nm Ag NPs
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tethered by a PEG; 4 wpa molecule with a contour length of
21.50 nm underlines the potential of plasmon rulers in combi-
nation with iSCAT 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.**

Methods

NP-STV preparation

Commercial citrated-stabilized Ag colloidal solution
(Nanocomposix) of concentration 10'' nanoparticles per mL
was used for streptavidin coating protocols as described in lit-
erature.' For preparation of NP-STV, 20 mL colloidal solution
was combined with 500 pL of streptavidin (1 mg mL™).
Following this, 200 pL 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 concen-
tration 10'" nanoparticles per mL were functionalized using
two thiolated polyethylene glycol (PEG) molecules. A short car-
boxylic acid terminated PEG, HS-(CH,);;—(C,H,0)s~COOH
(ProChimiaSurfaces), was added to 4 mL of 20 nm Ag NP col-
loidal 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 iSCAT setup shown in Fig. 1C has pre-
viously been described in ref. 37. The NPs were illuminated
with circularly polarized light using a total power density of
6 kW cm™ in the sample plane. The assembly of NP dimers
was monitored in flow chambers assembled using a rectangu-
lar fused silica capillary (VitroTubes) and polyethylene micro-
tubing (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 NaCl, Millipore water) for
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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;,4 ipy-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-PEGg; 4 kpa—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
per 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 acqui-
sition (except when iSCAT intensity fluctuations were
measured). Unless otherwise noted, data analysis follows pro-
cedures described in ref. 37. In a typical experiment, the NPs
were illuminated for no longer than 10-30 s. SEM images col-
lected before/after illumination did not indicate any systematic
size changes due to illumination (Fig. S137).

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 iSCAT
experiments but on a 0.5 x 0.5 cm? silicon wafer at a concen-
tration of 10" particles per mL for both anchor and tethered
particles In the SEM, the stage was tilted by 30-degree to
observe the overhead stacking of particles on top of each other
on the flat silicon-chip surface.
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