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ABSTRACT: As a single-particle characterization technique,
optical microscopy has transformed our understanding of
structure—function relationships of plasmonic nanoparticles, but
the need for ex-situ-correlated electron microscopy to obtain
structural information handicaps an otherwise exceptional high-
throughput technique. Here, we present an all-optical alternative to
electron microscopy to accurately and quickly extract structural
information about single gold nanorods (Au NRs) using calcite-
assisted localization and kinetics (CLocK) microscopy. Color
CLocK images of single Au NRs allow scattering from the
longitudinal and transverse plasmon modes to be imaged
simultaneously, encoding spectral data in CLocK images that can
then be extracted to obtain Au NR size and orientation. Moreover,

image-driven Au NR
size prediction

through the use of convolutional neural networks, Au NR length, width, and aspect ratio can be predicted directly from color CLocK
images within ~10% of the true value measured by electron microscopy.

KEYWORDS: single-particle, plasmonic nanoparticles, dark-field microscopy, polarization-resolved spectroscopy,

RGB colorimetric analysis, image-based machine learning

S ingle-particle characterization techniques have revolution-
ized our understanding of the structure—function relation-
ships that exist at the nanoscale, allowing for better design,
synthetic control, and use of nanomaterials in a wide range of
applications.' ™ Dark-field (DF) microscopy is one technique
driving this progress, where tens to hundreds of single
plasmonic metal nanoparticles can be simultaneously moni-
tored due to their ability to strongly scatter light.”~"" However,
due to the diffraction-limited nature of optical microscopy,
information about nanoparticle structure and morphology is
lost during DF studies, which is problematic, as the optical
properties of plasmonic nanoparticles are dependent on their
size, shape, composition, and local environment. 12=16 g
correlate the measured optical response to nanoparticle
structure, ex-situ electron microscopy is often required, which
is time-consuming, costly, and destructive and, most
importantly, limits the efficiency of otherwise high-throughput
DF microscopy experiments.'’~>° Thus, optical single-particle
techniques must strive to identify structural differences in
plasmonic nanoparticles without the need for correlated
electron microscopy.

One strategy to encode structural information about
nanoparticle size and shape into optical images is to use
point-spread function (PSF) engineering, in which an optic is
added into the emission path of a microscope and transforms
diffraction-limited spots into more information-rich images.
For example, Sonnichsen et al. inserted a rotating wedge
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polarizer into a DF microscope equipped with a color camera,
creating ring patterns that were diagnostic of nanoparticle
shape and size.” However, no correlated single-particle
electron microscopy experiments were performed; therefore,
the structures responsible for each pattern were inferred from
ensemble electron microscopy measurements. Our group
recently developed a related technique, termed calcite-assisted
localization and kinetics (CLocK) microscopy, in which a
rotating birefringent calcite crystal is inserted into the
detection path of a DF microscope, modifying the PSF of
the scattered light such that a polarization-averaged diffraction-
limited spot is surrounded by a polarization-resolved intensity
ring (Figures 1A, S1). Using correlated electron microscopy,
we demonstrated the ability to differentiate gold nanospheres
and nanorods of varying size in a heterogeneous sample.””
More recently, Bouchal et al. used a Q-plate in the emission
path of their microscope to create multilobed PSFs, from
which they extracted the polarization anisotropy.”® They used
correlated electron microscopy and optical images to construct
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Figure 1. Shape and size heterogeneity in a mixture of Au NRs and Au NSs captured using color CLocK microscopy. (A) Schematic of the CLocK
microscopy setup where a rotating birefringent calcite crystal is inserted into the infinity space of the microscope. (B) Wide-field color CLocK
image of a mixture of single Au NRs, Au NSs, and aggregated Au NRs. The image contrast is set to highlight the e, ring from the dimmest particle
(#10). Scale bar: 5 um. (C) Correlated SEM image of the nanoparticles imaged in B, numerically labeled, as well as color-coded. Scale bars = 100

nm.

a calibration curve for nanorods of varying sizes, allowing them
to directly calculate the aspect ratio (AR) from optical images,
without the need for correlated SEM.

While PSF engineering has demonstrated the ability to
differentiate shapes or extract nanorod ARs from a single
image, there has not yet been a demonstration of generating
full structural parameters of single nanoparticles using this
approach. Instead, approaches based on spectral analysis have
shown the most success in extracting structural information.
For example, Landes et al. successfully predicted the length
and width of gold nanorods (Au NRs) within ~10% of their
true size using DF scattering spectra combined with machine
learning models.”* However, DF spectroscopy is typically a
lower throughput technique, in which nanoparticles must be
aligned within the slit of the spectrometer. This approach
limits the number of particles that can be captured within a
single acquisition (typically <3 for randomly dispersed
particles), while also requiring integration times from seconds
to minutes to obtain high signal-to-noise spectra. This
temporal limitation is a challenge for tracking dynamic changes
in multiple nanorod structures in situ and in real time. To
combat this, red/green/blue (RGB) colorimetric analysis of
DF scattering images allows for fast, dynamic processes to be
observed on a large number of nanoparticles without the need
for full spectral analysis.”> " For example, Long et al. showed
that RGB colorimetric analysis of DF scattering can determine
the size of Au nanospheres (NSs) within S nm of the size
determined by electron microscopy.”> However, diffraction-
limited RGB imaging is less suited for the size determination of
anisotropic structures due to the presence of multiple plasmon
modes associated with different structural axes. Thus, most
single-particle structure—function studies rely on electron
microscopy for generating structural information about
samples, limiting our ability to monitor structure in situ and/
or in samples incompatible with electron microscopy.

Herein, we demonstrate that color CLocK microscopy can
accurately predict the size and AR of single gold nanorods
using only a single RGB image as input. Our ability to achieve
this milestone is based upon the multidimensional spectral,
scattering intensity, particle orientation, and anisotropy
information encoded in a single-color CLocK image. Briefly,
CLocK images are constructed by using a birefringent calcite
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crystal to separate the nanoparticle scattering into a spatially
invariant ordinary ray (o) and spatially displaced extraordinary
ray (e,) (Figure S1A). As the calcite crystal rotates, the e ray
sweeps out a ring around the diffraction-limited oy ray. At each
orientation of the calcite crystal, the polarization of both e;
and oy rotates while remaining mutually perpendicular (Figure
S1B). We can individually fit the background-subtracted R, G,
and B intensity (I) of the e, ring as a function of calcite crystal
orientation (#), as determined using eq 1:

Iyx 1+ M cos{2(0 — ¢)} (1)

where ¢ is the orientation of the nanoparticle and M is the
modulation depth, a term that defines nanoparticle anisotropy
and ranges from zero (isotropic) to one (dipole—like).22
Specific information regarding background subtraction and
data analysis can be found in the Supporting Information
(Figures S2 and S3 and associated text).

Figure 1B shows a color CLocK image from a mixture of Au
NSs, NRs, and NR aggregates as well as their corresponding
electron micrographs (Figure 1C). To produce sufficiently
high signal-to-noise from the dimmest particle in this region
(particle 10), we use a camera integration time of 600 ms.
While this integration time saturates the o, (Table S1), thus
limiting its utility for kinetic or super-resolution analysis,”*
structural information is encoded in the unsaturated e; ring
and allows for structural differentiation, even by eye. For
example, the PSFs of the spherical particles (8, 10, and 12)
have uniform color rings with consistent intensity, with the
color red-shifting and overall scattering intensity increasing as
the particle size increases (Table S1 and associated discussion),
as expected.’** Smaller nanorods (particles 1, 2, and 4) show
a broken ring pattern, whereas larger nanorods (particles 3, 6,
7, and 9) have multicolored ring patterns with the lower energy
component oriented along the long axis, consistent with
previous wavelength-dependent polarization-resolved single-
particle measurements.”>> > Aggregates (particles S and 11)
appear whitish in color and have a higher scattering intensity
than their single-particle counterparts (Table S1 and associated
discussion). Importantly, these behaviors are expected based
upon previous literature, in which a series of images are
acquired at unique polarizations,”>***” but the CLocK image
captures these trends in a single image, allowing rapid
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evaluation (by eye) of nanoparticle distributions in heteroge-
neous mixtures.

To test the ability of CLocK to predict nanorod size, Au
NRs of various dimensions were synthesized by modifying a
previously reported seed-mediated method, then spin-coated
onto a conductive, optically transparent indium tin oxide
(ITO)-coated glass coverslip in order to carry out correlated
optical and electron microscopy (Figure S4, Table $2).*
Figure 2A,B show the correlated SEM and color CLocK image
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Figure 2. Correlated SEM, color CLocK, and polarization-resolved
scattering data for a single Au NR. (A) SEM image of a 142 X 80 nm
Au NR oriented at 87°. Scale bar = 100 nm. (B) Color CLocK image
of the Au NR. Scale bar: 1 ym. (C) RGB polar plot extracted from the
color CLocK image in B. (D) Polarization-resolved dark-field
scattering spectra taken at various linear polarizer orientations. Inset
of an RGB polar plot extracted from the polarization-resolved
scattering data in D.

of a 142 nm X 80 nm Au NR, where the modulation of color
from red-orange to green in the optical image reveals the
orientation of the Au NR. Unlike the polarization-averaged oy,
where scattering from the more intense longitudinal peak
dominates and leads to a red-orange diffraction-limited spot,
the polarization-resolved nature of the e, ring separates the
intensity contributions of the longitudinal and transverse

plasmon modes into a multicolor e, ring, allowing for the more
intense longitudinal mode to be observed at a @ value of 87°
(ey Iong) and the less intense transverse plasmon mode to be
observed at a 6 value of 177° (e ns). This variation is shown
in the RGB polar plot shown in Figure 2C, which individually
plots the R, G, and B intensity components of the e, ring as a
function of 6, where M and ¢ values can be calculated by using
eq 1 (Table S3, particle 2). Moreover, because we know the
orientation of the rod (¢), we can determine the R, G, and B
intensity at any arbitrary polarization, allowing us to compare
the spectral properties of the nanorod when the calcite crystal
is aligned with the long or short axis of the rod. For example, at
€] long the Rintensity contribution is greater than that of the G
intensity contribution (R/G ratio of 2.69), consistent with the
longitudinal plasmon mode dominating at this polarization;
however, as 0 approaches e ., the R/G ratio gradually
decreases, reaching a minimum value of 0.82 at e; ., and
showing that the transverse mode is now the dominant spectral
feature.

To validate this interpretation, Figure 2D shows a series of
polarization-resolved spectra for the same nanorod. At a linear
polarizer orientation of 90° (~ej o), the difference in
intensity between the longitudinal and transverse peak is at a
maximum, but as the linear polarizer is rotated toward larger
angles, this difference gradually decreases as the intensity of the
longitudinal peak decreases. At a linear polarizer orientation of
180° (~e yans), the longitudinal peak is virtually absent
compared to the more intense transverse peak, leading to the
green color observed at e ,,; in the CLocK image. By
multiplying the polarization-resolved spectra by the quantum
efficiency spectrum of the color charged-coupled device
(CCD) used to capture color CLocK images (Figure SS), an
RGB polar plot similar to the one in Figure 2C can be made
(Figure 2D inset). The polar plots show similar modulations in
R and G intensity as a function of 8 that qualitatively agree
with the color CLocK RGB polar plots, indicating that the
color information captured in CLocK images reflects the
single-particle spectral information well (Figure S6).

Figure 3 shows a cropped wide-field, background-subtracted
color CLocK image of six variously sized Au NRs, as well as
their correlated SEM images (Table S3). The associated single-
particle spectral data are shown in Figure S7. Once again, the
orientation of the red intensity component can be used to
determine NR orientation, but more importantly the color
differences in the e, ring reveal size differences between small
(3 and 4), medium (1, 2, and $), and large (6) Au NRs, which
originate from differences in the single-particle scattering

Figure 3. Correlated color CLocK—SEM images for various sized single Au NRs. Correlated images are both color-coded and numerically labeled.
Color CLocK scale bar = 5 ym. SEM scale bar = 100 nm.
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spectra (Figure S7). By visually comparing the color CLocK e,
ring signature to the Au NR width measured using SEM, we
observe that the G intensity along e ., becomes more
apparent as the Au NR width increases, which is expected as
the transverse plasmon mode becomes more intense (Figure 3
and Table S$3).*" Similarly, increases in Au NR AR can be
inferred from the R/G intensity ratio observed along e} i,y
which should increase as the Au NR AR increases and the
longitudinal peak red-shifts to larger wavelengths, although this
trend will begin to break down due to limitations of the CCD,
as discussed below.**™* Despite this limitation, color CLocK
microscopy captures a unique and diagnostic signal from Au
NRs that other forms of microscopy cannot capture (Figure
S8). As such, color CLocK is a powerful high-throughput tool
for nanoparticle feature screening.

Quantitatively, how the e, ring color varies as a function of
Au NR dimensions is shown in Figure 4. For Au NRs of
constant width and increasing length, the G intensity along
€] ans T€mains more or less constant once the AR is large
enough such that the longitudinal and transverse modes are
sufficiently separated, minimizing bleed over between the red
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Figure 4. Trends in color CLocK images as Au NR size changes. (A)
Color CLocK images of Au NRs of constant width and increasing
length. (B) Color CLocK images of Au NRs of constant length and
increasing width. Scale bars: 1 ym. (C—F) Various RGB parameters
extracted from eq 1 plotted as a function of Au NR length, width,
and/or aspect ratio. Green and red intensity values at 6 orientations
€1 trans a0d € [ are plotted in C and D, respectively. Mean values are
plotted for bins containing multiple nanoparticles, and white bins
represent particle sizes that were not measured.
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and green channels in the CCD (Figures 44, S9, Table S4). As
AR increases and the longitudinal mode red-shifts beyond the
sensitivity of our CCD, an initial increase in the R intensity
along e |, is observed, followed by a plateau, and eventual
decrease as AR increases (Figure S10). Conversely, for Au NRs
of constant length and increasing width, the G intensity along
€] trans inCreases, while the R intensity along e |, decreases
relative to the green intensity (Figures 4B, S11, Table S5). To
relate e; ring parameters with the Au NR size, 735 SEM-
correlated color CLocK images of Au NRs were fit using eq 1,
and select parameters were plotted against the measured Au
NR dimensions (Figure 4C—F). For bins containing multiple
nanoparticles, both the absolute and relative standard
deviations of the variables presented in Figure 4C—F can be
found in Figure S12.

One predictable trend emerges where the G intensity along
€] ans iNCreases as a function of Au NR width (Figure 4C).
However, for other e; ring parameters, nonlinear trends
emerge as a function of Au NR dimensions, making predicting
Au NR size difficult. For example, R intensity along e i
increases with increasing Au NR length, but shows little
intensity for Au NRs with large ARs (Figure 4D). This
observation can be attributed to the inability of our CCD to
detect photons at wavelengths larger than 700 nm, where the
longitudinal peak of Au NRs with large ARs is expected to be
found (Figure S10). Thus, only a fraction of the R intensity
from the longitudinal peak is detected, as seen in Au NR #6 of
Figure 3, where the color along e |,,, appears pale red as a
result of the longitudinal peak being centered at 770 nm
(Figure S7). This limitation of the CCD similarly affects the
value of the red modulation depth (Mp): while we expect M to
be >0.7 for nanorods, we see lower than expected M values for
rods with the higher ARs (Figure 4E). Additionally, the My
values appear lower than expected for rods with lower ARs, as
the close proximity between the longitudinal and transverse
peaks leads to the transverse peak being partially detected in
the red channel of the CCD (Figures 4B, S11). These
limitations of the CCD lead to an optimal pocket in the R/G
intensity ratio along e, o, as a function of Au NR length and
width, even though the R/G intensity along e, 1,,, would be
expected to increase with increasing length (Figure 4F).

While we can identify size-dependent trends in the data
above, predicting absolute Au NR size via the parametrization
of the e, ring is challenging due to the multidimensional
nature of the data set, the convolution of some parameters,
degeneracy between some parameters, and the limitations of
the CCD. However, even by eye, we can tell that differences in
the e, ring images encode differences in Au NRs’ size and even
aggregation (Figure S13). Thus, we turn to machine learning
methods to predict Au NR size, where convolutional neural
networks (CNNs) determine structural parameters directly
from the CLocK images, as shown in Figure S (see SI for full
details).* These tools are uniquely suited to handle multi-
dimensional data sets. Figure SA shows a confusion matrix for
193 particles after training the CNN with 1093 color CLocK
images of single Au NRs, Au NR aggregates, and other
misshapen Au particles. Of the 157 particles that were single
nanorods, 9 were misidentified (5.7%), while 148 were
correctly classified (94.3%). Of the non-rod-like structures
(36 particles), half were misidentified as rods. The incorrect
classification of these structures most likely originates from the
samples used to train the algorithm, where rods of varying sizes
were the dominant species; therefore, the CNN had limited
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Figure S. Imaged-based CNN models to predict the Au NR
aggregation state and size. (A) Classification model to predict the
Au NR aggregation state. Classification accuracy 86%. (B)
Regression model to predict the Au NR width. RMSE = 5.2 nm.
RMSPE = 8.4%. (C) Regression model to predict Au NR length.
RMSE = 9.9 nm. RMSPE = 8.9%. (D) Predicted aspect ratio (AR)
calculated from the predicted length and width. RMSE = 0.18.
RMSPE = 10.7%.

data about aggregates or misshapen structures. We expect that
training the CNN using a more structurally diverse population
will improve the accuracy of the assignments.

Regression CNNs were trained to predict Au NR width and
length directly using 847 color CLocK images to train the
model and 150 to validate the results. Initial attempts to train a
CNN to directly predict the AR were unsuccessful, as shown in
Figure S14. Next, we tested a CNN trained to predict the
length and width simultaneously and then calculated the AR
from these two values (Figure S15). While the predicted length
and width values showed reasonable agreement with the
experimentally determined values, the calculated AR tended to
converge to a limited range of values, overestimating the AR
when the true value was small and underestimating it when the
true value was large (Figure S15).

Interestingly, training individual CNNs to predict either the
width or the length of the Au NR independently was far more
successful. The CNN width and length predictions had root
mean-squared error (RMSE) values of 52 and 9.9 nm,
respectively, which correspond to root mean-squared percent
errors (RMSPE) of 8.4% and 8.9% (Figure SB,C). These errors
are lower than the errors found for the CNN trained to
evaluate the length and width at the same time (Figure S15C).
Calculating the AR from these values led to better agreement
with the experimental values than the previously trained
models (Figures S14, S15C), with an RMSE of 0.18 and an
RMSPE of 10.7% (Figure SD). We believe the performance
differences between these various CNNs is most likely due to
the spectral overlap and limited range of the CCD, which
causes leakage between the green and red channels when the
longitudinal and transverse peaks are close or suppression of
the red scattering intensity when the longitudinal plasmon
extends into the near-IR. This leads to potential degeneracies
in CLocK images of different sized rods, which the algorithm
struggles to differentiate when asked to fit certain parameters
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alone (e.g,, AR, Figure S14) or two values at the same time
(e.g., length and width, Figure S15). However, this issue is
easily surmounted by training two separate models, as shown
in Figure 5, and then using these values to calculate the AR.
Examples of Au NRs whose length and/or width were
predicted incorrectly by the two independently trained
CNNs are shown in Figure S16, where factors such as low
signal-to-noise, misshapen Au NRs, and the close proximity of
a second Au NR may also influence the predicted dimensions
(Table S6). Despite these outliers, our results indicate that we
generate accurate structural data with ~10% error for the
majority of the nanorods in our sample, providing a key step
forward in our ability to measure shape and size using only a
single optical image.

In conclusion, we demonstrate that color CLocK micros-
copy is a valuable technique to differentiate between differently
sized Au NRs directly within optical microscopy experiments.
The short integration time and wide-field capabilities of the
technique make color CLocK microscopy a viable high-
throughput option for not only screening single plasmonic
nanoparticles of various size and shape but also monitoring
real-time changes to nanoparticle structure during dynamic
processes (as shown in previous work).”” These capabilities are
especially relevant given the inherent heterogeneity found in
nanoparticle samples, which now can be optically screened
without requiring electron microscopy, allowing for rapid
identification of the desired particle shape (Figure 1). We have
also shown that color CLocK images capture differences in Au
NR size (and scattering spectra), allowing for qualitative
differences in Au NR size to be visually assessed, even when
using an inexpensive CCD. For applications in which increased
spectral accuracy is required, a series of bandpass filters can be
used to acquire spectrally resolved CLocK images, which will
be demonstrated in future work.

By using CNNss to analyze color CLocK images, our current
model can be trained to predict Au NR length, width, and thus
AR within an RMSPE of approximately 10%. We note that this
is our initial attempt to demonstrate the ability of machine
learning to augment optical imaging and provide structural
information beyond what can be visually assessed. As we
acquire more data and apply increasingly sophisticated
algorithms, we foresee the ability to translate this approach
to other researchers without the need for each lab to perform
its own training and validation. Moreover, expanding the
training set to include not only misshapen particles and
aggregates but also more diverse shapes and sized particles will
further help define the limits of what can be learned by
combining CLocK microscopy with machine learning.
Ultimately, we believe that these studies form the foundation
of the next-generation of single-particle optical experiments,
further increasing our understanding of structure—function
relationships at the nanoscale.
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