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Rotational dynamics at the molecular level could provide additional data regarding protein diffusion and

cytoskeleton formation at the cellular level. Due to the isotropic emission pattern of fluorescence

molecules, it is challenging to extract rotational information from them during imaging. Metal

nanoparticles show a polarization-dependent response and could be used for sensing rotational motion.

Nanoparticles as an orientation sensing probe offer bio-compatibility and robustness against photo-

blinking and photo-bleaching compared to conventional fluorescent molecules. Previously, asymmetric

geometrical structures such as nanorods have been used for orientational imaging. Here, we show

orientational imaging of symmetric geometrical structures such as 100 nm isolated silver nanocubes by

coupling a hyperspectral detector and a focused ion beam (FIB)-fabricated correlating substrate. More

than 100 nanocubes are analyzed to confirm spectral shifts in the scattering spectra due to variations in

the orientation of the nanocubes with respect to the incoming light. Results are further validated using

finite-difference time-domain simulations. Our observations suggest a novel strategy for high-

throughput orientation imaging of nanoparticles.
1. Introduction

Orientation of nanostructures is critical in many applications
such as the detection of single polymer chains in biomedi-
cine,1,2 catalysts,3 DNA biosensors,4 protein interactions and
detection,5 hotspots of surface-enhanced Raman spectroscopy
(SERS),6 opto-magnetic data storing devices,7 and uorescence
resonant energy transfer (FRET)8,9 experiments. Control over
orientation is vital in order to modify single nanoparticles to
create Janus particles, as well as to create dimers by placing two
different metal nanostructures in close vicinity.10,11 Under-
standing the interactions of nanoparticles of different shapes
and orientations with cell membranes is crucial in drug trans-
port and gene delivery.12–15 Younan Xia's group16 compared the
intake of gold nanocubes, nanorods and nanohexapods for
photothermal cancer treatment, and found that nanohexapods
have better internalization than nanocubes and nanorods. Hu
et al.17 found that vertical orientation of ellipsoid nanoparticles
is more effective for phagocytosis compared to horizontal
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orientation. This is because of the better alignment of the
vertical orientation during macrophage phagocytosis.18,19 The
roles of shape, aspect ratio, and orientation in the cellular
internalization process were previously demonstrated experi-
mentally and using molecular dynamics simulations.20–23

However, it is difficult to acquire the actual orientation of
a nanostructure using standard optical microscopes due to the
optical diffraction limit.

Conventional techniques to characterize nanoparticles, such as
uorescence imaging24,25 and magnetic resonance spectroscopy26

involve complex sample preparation, probing, and labeling
expertise. Existing methods of interrogation of nanoparticles like
uorescence polarization spectroscopy are not suitable for
studying single-particle ensembles, are time intensive, expensive,
and require many resources for sample preparation and analysis.
At the same time, conventional optical microscopes are limited by
diffraction (to approximately 250 nm)27 and only provide intensity
images without spectral information. Due to inhomogeneous and
uncontrolled labeling, there is a loss of information and genera-
tion of artifacts that offer false impressions generating erroneous
data.28 Previously, absorption-based photothermal imaging,29

single- and two-photon luminescence,30 and defocused imaging31

methods were used to study the orientation of a single nano-
particle. In previous studies, a laser was utilized, and wherein laser
generates heat which creates possibilities of thermal deformation32

and limits applications in biology/so matters. A challenge in
defocusing microscopy33 is its inability to accurately determine the
spectral distribution without reducing the quality of the image.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Polarized-scattered-light-based plasmonic orientation
sensing has been performed by the direct tting of the cosine
squared function to angular intensity proles34 and by using
polarization-dependent color change, where images were
collected at only a few spectral bands.35 Kim et al.36 performed
a comprehensive study in which polarization-dependent color
change of low aspect ratio (AR ¼ 1.5) gold nanorods (AuNRs),
non-optimal color assignments, and near-infrared plasmon
resonances were studied. However, information was limited to
three color channels (and the CCD detector) – three data points
and orientation assignments based on the underlying colori-
metric change.

Polarized dark-eld hyperspectral microscopy provided
a ve-fold improvement in determining the orientation of the
nanoparticles compared to photothermal and defocused
imaging.37 The use of a broadband light source allowed to
achieve wide-eld and hyperspectral imaging capabilities
compared to photothermal imaging. High-throughput high-
accuracy orientational studies of nanostructures via polarized
scattering microscopy require a novel protocol. The polarization
of the incoming light affects the plasmonic resonances. Light
scattered or absorbed by the nanoparticles can be quantied to
reect orientation as well as other intrinsic properties. Previ-
ously studies have used AuNRs, which have one less axis of
symmetry than nanocubes. Recently, Teri Odom's group38

described a machine learning method for nanorods and nano-
stars to determine the orientation using differential interfer-
ence contrast (DIC) images.

In this paper, we evaluate cubical (more complex) probes and
report different intensity peaks for diagonal and planar oscil-
lation modes compared to longitudinal and transverse modes
in nanorods. We also demonstrate spectral information in more
than three bands (hyperspectral) in the visible and near-
infrared (VNIR) wavelength range. Super-imposition of spec-
troscopic data over the CCD-imaged data allows us to quantify
orientation changes based on spectral shi, in contrast to
qualitative color change demonstrated in previous studies. We
perform correlative studies between quantied spectral features
and scanning electron microscopy images. Unlike previous
studies, we perform nite-difference time-domain (FDTD)
numerical simulations to conrm the experimental results. Our
results demonstrate a new platform application for orienta-
tional imaging with single nanoparticle resolution.
2. Materials and methods
Materials

ITO slides were purchased from Sigma Aldrich. Poly-
vinylpyrrolidone (PVP) silver nanocubes were purchased from
nanoComposix, Inc.
Structural characterization

High-resolution transmission electron microscopy (TEM)
images of the nanocubes were acquired with JEOL JEM-2011
equipped with a Gatan SC1000 CCD camera.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Sample preparation

We drop-cast the 100 nm Ag nanoparticles on a 75 mm � 25
mm ITO-coated glass slide. Prior to drop-casting, we etch the
patterns in the ITO-coated slides via focused-ion beam milling.
A focused gallium ion beam tilted at 52� allows for nano and
micro-scaled cutting of substrate in order to index individual
nanoparticles. Square arrays of X–Y dimensions 1–1.5 mm were
generated for a ne view of 100 nm nanocubes. The micro-
milled glass substrate is preheated in an oven to 40� for 10
minutes before drop-casting particles to prevent coffee-ring
phenomena in nanostructure distribution by quickly elimi-
nating the water solution. Next, a 5 mL solution containing silver
nanocubes was drop-coated on the above indexed slide, and
water was allowed to vaporize. An electron beam analytical tool
such as scanning electron microscopy (SEM) is used to deter-
mine the angular orientation of the nanostructure with respect
to the indexed substrate. SEM images are processed in ImageJ
soware to provide angular assignment of individual nano-
structures. A UV-6300 double beam spectrophotometer was
used to investigate the wavelength range for plasmon resonance
due to scattering from nanostructures in solution.

Hyperspectral imaging

A CytoViva hyperspectral microscope equipped with a high-
intensity halogen light source was used to provide hyper-
spectral imaging in the wavelength ranges of l ¼ 400–1000 nm.
A liquid light guide was used to focus light at oblique angles
through the illumination condenser. The spectral resolution
obtained is 2 nm, and the spatial area of each pixel is 25 nm �
25 nm. An oil objective with 100� magnication was used to
acquire the images. Immersion oil contributes to reducing the
speed of light, thereby shortening the wavelength while at the
same time keeping the frequency constant, according to the

relation l ¼ 2pc
u

where c is the speed of light and u is the

angular frequency.39 To minimize random glare, we used
a polarizing lter between the condenser and the glass
substrate. Particles were sandwiched by gently placing a cover-
slip over the substrate. The coverslip was sealed using nail
polish to avoid oil moving into the sample space. The exposure
time for each pixel was 0.25 s. We used the hyperspectral
spectrograph to collect spectral data at room temperature. To
improve signal-to-noise ratio, the intensity count was adjusted
between 1000 and 10 000. The image analysis was performed
using the ENVI 4.8 soware (CytoViva®, Inc.) in dark-eld
mode. Spectral data of nanoparticles obtained from experi-
ments and simulations were normalized to a maximum inten-
sity of 1. Aer carefully subtracting background irregularities,
regions of interest were dened to collect spectra from selected
pixels containing nanostructures. No special tagging or staining
was done for the nanostructures. PCA data analysis and spec-
trum plotting were performed using the OriginLab soware.

Computational method

FDTD simulations were performed using Lumerical FDTD
Solutions. The refractive index of silver was obtained from CRC
Nanoscale Adv., 2022, 4, 4094–4101 | 4095
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data,40 and the refractive index of glass used was 1.51. The mesh
size was chosen equal to 2 nm throughout the simulation
domain, which was terminated to perfectly matched layers
(PMLs) in all directions. We used the total-eld scattered-eld
formulation with a plane wave normally incident from the top
as the pump signal to excite the nanostructure from l ¼ 400–
900 nm. The local electric eld distribution in the surface of the
Fig. 1 (a) Schematic of Ag nanocubes isolated and drop-casted on the s
to determine the orientation of a plasmonic nanoparticle; (b and c) tran
dark-field image of nanoparticles taken using an optical image detector; (
near infrared range) using a UV-vis spectrophotometer; (f) size distribu
average nanocube edge length is 98.5 (g) absorption spectra of a nanoc
Results are shown for nanocubes with sharp edge (black curve) and round
(i) the corresponding charge density distribution on the nanocube.

4096 | Nanoscale Adv., 2022, 4, 4094–4101
nanocube at the resonance frequency was obtained using
a plane frequency-domain eld monitor.

Orientation detection algorithm

We constructed a large dataset of scattering spectra of nano-
cubes observed with hyperspectral microscopy and FDTD
simulations. We then labeled the orientation of the nanocube in
each spectra by comparing them with the FDTD simulations
ubstrate; Schematic of the physics-based learning method that we use
smission electron microscopy (TEM) images of a single nanocube; (d)
e) extinction spectra of the nanocube sample collected in VNIR (visible-
tion of nanocubes obtained from the TEM images using ImageJ. The
ube in water using finite-difference time-domain (FDTD) simulations.
edge (red curve); (h) the distribution of electric field intensity (jEj2), and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and validated our algorithm using a correlative imaging
approach (SEM images). We trained the model to interpret the
spectra. Using what it “learned” from that dataset created by
“physics-based” electromagnetic FDTD simulations, the result-
ing model can use new scattering spectra (obtained with
a hyperspectral microscope) to predict the orientation of
a nanoparticle (in this case of a nanocube). The similarity
between the unknown spectrum and the library spectrum is
identied by the spectral correlation coefficient (SCC) calcu-
lated using the following equation:

SCC ¼ ðLibrary$UnknownÞ2
ðLibrary$LibraryÞðUnknown$UnknownÞ;

where Unknown denotes the spectrum of the nanocube for
which orientation is sought, and Library denotes the reference
spectrum in the constructed library. The SCC approaches 1.0
when the Library spectrum and the Unknown spectrum are
similar. The SCC will approach 0, when there is no similarity
between the Library spectrum and the Unknown spectrum.

3. Results and discussion

The optical properties of metal nanoparticles are signicantly
dominated by surface plasmons associated with electron oscil-
lations. Photon energies in the visible and mid-infrared regions
of the light spectrum are sufficient to excite the surface plas-
mons of nanostructures.39 The plasmon resonance
Fig. 2 (a) Scattering spectra of a nanocube in air at different orientations
marked in the plot; electric field intensity distribution at (b) l¼ 404 nm, q¼
¼ 0�; (f) l ¼ 533 nm, q ¼ 22.5�; and (g) l ¼ 497 nm, q ¼ 45�; distribution o
substrate. The schematics of the corresponding charge distributions are
scattering spectra of a nanocube in air, water, and on ITO substrate obt

© 2022 The Author(s). Published by the Royal Society of Chemistry
characteristics of the nanoparticles depend mainly on the
particle size, shape and orientation, especially when the struc-
tures are small compared to the incident light wavelength.41 The
optical response due to surface plasmons is dominated by the
orientation of the nanostructures when probing structures with
similar size and shape. Fig. 1a shows schematically the physics-
based learning method that we use to determine the orientation
of a plasmonic nanoparticle. To challenge the algorithm, we
select a highly symmetric nanoparticle, i.e. a silver nanocube
with 100 nm in length dimensions. Fig. 1b and c show repre-
sentative TEM images of a single nanocube. From the image
analysis (Fig. 1f) of several nanocubes, the average edge length
of the nanocubes was found to be �100 nm. Fig. 1d shows the
corresponding dark eld image of the nanocubes. Fig. 1e shows
the experimental extinction coefficient spectra of ensemble
nanocube particles in solution (water). The experimental
extinction spectra exhibit several peaks. The peaks at l ¼ 347
and 393 nm are due to the bulk plasmon resonance of Ag.
Nanocubes in water showed two other intense peaks at l ¼ 466
and 547 nm. The origin of these peaks was identied by per-
forming FDTD simulations of nanocubes in water (Fig. 1h). The
locations of these extinction maxima are found to be size-
dependent (Fig. S1a and S1b†). Increase in the edge length of
the cube leads to a red shi in the absorption maxima due to
the retardation effect (Fig. S1c†). The FWHM of the absorption
peaks increase with the increase in the cube edge length and the
peaks become less intense (Fig. S1a, S1c†). By comparing the
calculated using FDTD. The dipole (D) and quadrupole (Q) modes are
0�; (c) l¼ 414 nm, q¼ 22.5�; (d) l¼ 412 nm, q¼ 45�; (e) l¼ 486 nm, q

f (h) electric field intensity, and (i) charge density of a nanocube on ITO
shown for nanocubes (j) in air, and (k) on ITO substrate; (l) normalized
ained using FDTD simulations.

Nanoscale Adv., 2022, 4, 4094–4101 | 4097
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contribution of scattering and absorption to the extinction
spectra, we found that scattering plays a bigger role compared
to absorption (Fig. S1d†). The theoretical spectra of the nano-
cubes are shown in Fig. 1g. The plasmon modes of the nano-
cubes are also dependent on the corner geometry, i.e. the
sharpness of the nanocube corner. Fig. 1g compares the
absorption spectra of single nanocubes with either sharp or
rounded corners. The peak plasmon resonance of the rounded-
cornered nanocube (lpeak ¼ 494 nm, FWHM ¼ 56 nm) showed
a blueshi in the resonance wavelength compared to the sharp-
cornered nanocube (lpeak ¼ 520 nm, FWHM ¼ 43 nm). The
corner geometry has a strong inuence on the plasmon reso-
nance because of the dependence of the charge density distri-
bution on the corner geometry. The distributions of electric
eld intensity (jEj2) and charge density are shown in Fig. 1h and
i, respectively. The dominant mode (peak 1) has its induced
charges concentrated at the cube's corner, and the positive and
negative charges are situated on each side. Thus, they have
a large dipole moment p¼ qd, where q is the charge, and d is the
cube's edge length, and hence couple strongly to light. Further,
peak 1 corresponds to a dipolar mode, whereas peaks 2–4
correspond to multipolar modes.

Fig. 2 shows the FDTD simulated scattering spectra of
a nanocube in the air at different orientations with respect to
the polarization direction of the incoming illumination. We see
redshis in the scattering peaks for the nanocubes that are
oriented at 22.5�, 45�, and 67.5� compared to the nanocube at
0�. The corresponding electric eld distributions are shown in
Fig. 2b–g. Comparison of the charge density distribution of
Fig. 3 (a) SEM image of the ITO-coated glass substrate patterned using
which darkfield, hyperspectral image, and scattering spectra are taken; (b)
on and near them. A subset of this image is shown in (a); (c) dark-field hyp
linewidth of pixels across a single nanoparticle as captured in SEM (FWHM
limited hyperspectral dataset image (FWHM�500 nm); (e) scattering spec
P1–P16 in (a); (f) PCA analysis of the single particle spectra as compared
analyses of the scattering spectra for particles with angles q <45� and q

4098 | Nanoscale Adv., 2022, 4, 4094–4101
a nanocube in air vs. a nanocube on ITO showed that their
dominant modes are different.42 The dominant mode for
a nanocube in air is dipolar (D), whereas for a nanocube on ITO
slides it is primarily quadrupolar (Q) (Fig. 2h–k). The dipole
moment of a nanocube in air is much larger compared to the
dipole moment of a nanocube on ITO (Fig. 2j–k). Hence, it is
difficult to couple the quadrupolar mode to the incident light.
Themagnitude of induced charge is dependent on the dielectric

constant of the substrate as
3s � 1
3s þ 1

; 3s ¼ 1.0 for air, 3s ¼ 1.77 for

water, and 3s ¼ 3.46 for ITO. In air, the D and Q modes do not
interact. On ITO, the D and Q modes interact forming hybrid-
ized bonding and anti-bonding modes. The antibonding mode
(D� Q) has higher energy (shorter wavelength) compared to the
bonding mode (D + Q) (as bond formation requires some
energy). The antibonding mode (D � Q) loses energy with q, but
does not shi its peak position, whereas the bonding mode (D +
Q) shis its peak position with q (Fig. 2a). The shi between the
positions of bonding and antibonding modes (lD+Q � lD�Q) for
ITO (¼ 160 nm) is much larger than the one for air (¼ 85 nm).
The peak position of the bonding mode redshis with the
increase of the dielectric constant (lD+Q ¼ 488 nm for air,
600 nm for water, and 619 nm for ITO) (Fig. 2l). The corre-
sponding FWHM linewidths are 100 nm, 289 nm, and 140 nm
for air, water, and ITO, respectively (Fig. 2l).

To determine the angle of a single nanoparticle, we use
correlative microscopy to obtain scanning electron microscopy
and dark-eld optical microscopy data from the same sets of
nanoparticles. Correlation was achieved by generating
FIB milling. P1–P16 are the nanoparticles marked in the SEM image for
dark-field optical image of three different grids with several nanocubes
erspectral image of the nanocubes shown in (b); (d) Comparison of the
�100 nm) and of the same nanoparticle as it appears in the diffraction-
tra obtained from the hyperspectral images for the particles numbered
to spectra obtained from a cluster of more than one particle; (g) PCA
>45�.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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distinctive marker grids on the light-transparent ITO-coated
glass slides.43 Focused ion beam (FIB) milling was used to
generate sharp 90� angled grooves of �0.5 mm depth using high
ion beam energy of 20 keV (Fig. 3a). The dark eld optical image
and the corresponding hyperspectral image are shown in Fig. 3b
and c, respectively. The SEM image presented for the selected
area (Fig. 3a) clearly shows the nanocubes. The orientation is
determined with respect to the square groove horizontal lines.
The scattering spectra of the nanocubes (#P1–P16) collected by
the hyperspectral detector are shown in Fig. 3e. The angular
orientations of the particles are analyzed by the ImageJ so-
ware. Comparison of the linewidth of the pixels across a single
nanoparticle as captured in SEM (FWHM �100 nm) and of the
Fig. 4 (a) SEM images showing two nanocubes with different orientation
scattering spectra are also shown; (b) scattering spectra collected from fo
scattering spectra obtained using FDTD simulations for nanocubes with o
field intensity distributions; (e) scattering peaks obtained from hyperspe
tained from the SEM images; (f) correlation between themeasured orient
of the nanocubes using FDTD simulations for the scattering peaks show

© 2022 The Author(s). Published by the Royal Society of Chemistry
same nanoparticle as it appears in a diffraction-limited hyper-
spectral dataset image (FWHM �500 nm) is shown in Fig. 3d.
For transforming the high dimensional spectral data into a data
set with reduced dimension, we used an unsupervised statis-
tical technique, the principal component analysis (PCA).44,45 We
have previously used PCA approach for Raman spectral anal-
ysis.46,47 PCA result (Fig. 3f) showed that the rst principal
component (PC1) can distinguish between single nanoparticles
(+PC1 values) and multiple particles (�PC1 values) in a hyper-
spectral image. We found that PCA has an angular accuracy of
�45� (Fig. 3g).

Fig. 4a shows an example of two nanocubes with different
orientation, their corresponding hyperspectral images, and
. The hyperspectral images of the nanocubes and their corresponding
ur different nanocubes with orientation, q¼ 3�, 22.5�, 46�, and 70.5�; (c)
rientation q ¼ 0�, 22.5�, 45�, and 70� and (d) the corresponding electric
ctral microscopy results and the corresponding measured angles ob-
ation of the nanocubes using SEM images and the predicted orientation
n in (e).

Nanoscale Adv., 2022, 4, 4094–4101 | 4099
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their scattering spectra. It shows the spectral distribution of the
scattered light from a single nanocube particle. We have
analyzed more than 100 nanocubes (see Fig. S2†). We observe
that the peak values lie between 652–657 nm when the orien-
tation of the nanocubes is �67.5� or 22.5�, whereas the peak
values lie between 630–635 nm when the orientation of the
nanocubes is �0� or 45�. We observe redshis of �12–15 nm in
the peak of the spectra for particles that are oriented with 15�< q
<35� and 60�< q <80�with respect to the spectrum obtained at q
¼ 0�. We observe that particles with orientation q and (90� � q)
show similar scattering spectra. The FDTD simulation results
(Fig. 4c and d) match with the experimental spectra shown in
Fig. 4b. Finally, we correlate the angles obtained from the SEM
images for 44 nanocubes with the scattering spectra obtained
using the hyperspectral microscope (Fig. 4e). The predicted
angle for the scattering peak using FDTD is plotted against the
experimental angle in Fig. 4f. The results showed Pearson's
correlation r ¼ 0.86, indicating good correlation48 between the
experimental and predicted results. The Pearson correlation
coefficient (PCC)49,50 measures the extent of linear correlation
between two data sets. The close correspondence between FDTD
simulation and experimental results indicates that a hyper-
spectral system coupled with simulated spectra libraries could
be used for quick, label-free and cost-efficient analysis of
nanostructures.

4. Conclusions

In this study, we developed the optical imaging correspondence
between hyperspectral data and scanning electron microscopy
using a patterned substrate. Validation of the experimentally
obtained results with FDTD numerical simulations and electron
microscopy techniques allowed us to conrm the validity of our
nanocube orientation assignments. We exploited the capability
to probe the orientational dependence of the extinction cross
section of a single nanocube. High-throughput imaging has
been performed and the corresponding orientation of the
nanocubes has been identied using the developed method.
Furthermore, reference spectral libraries can be built and
stored in order to develop a protocol for precise and high-
throughput machine learning-driven analysis to determine the
orientation of scattering nanoprobes.
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