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ABSTRACT: The key information about any nanoscale system relates to the
orientations and conformations of its parts. Unfortunately, these details are
often hidden below the diffraction limit, and elaborate techniques must be used
to optically probe them. Here we present imaging of the 3D rotation motion of
metal nanorods, restoring the distinct nanorod orientations in the full extent of
azimuthal and polar angles. The nanorods imprint their 3D orientation onto the
geometric phase and space-variant polarization of the light they scatter. We
manipulate the light angular momentum and generate optical vortices that
create self-interference images providing the nanorods’ angles via digital
processing. After calibration by scanning electron microscopy, we demonstrated
time-resolved 3D orientation imaging of sub-100 nm nanorods under Brownian motion (frame rate up to 500 fps). We also
succeeded in imaging nanorods as nanoprobes in live-cell imaging and reconstructed their 3D rotational movement during
interaction with the cell membrane (100 fps).

KEYWORDS: Nanorods, Orientation imaging, Dark-field microscopy, Light angular momentum, Optical vortices,
Space-variant polarization

■ INTRODUCTION

Nanoparticles made of noble metals exhibit remarkable shape-
dependent optical properties associated with surface plasmon
resonance (SPR) excitation.1,2 Novel applications using
nanoparticles as contrast agents and imaging and sensing
probes have emerged thanks to their biocompatibility, ability
to enhance the driving field without bleaching, and SPR
sensitivity to the nanoparticle size and its surrounding
environment.3,4 In recent years, elongated nanoparticles
(nanorods) exhibiting longitudinal SPR (LSPR) have attracted
a growing interest. The nanorods became popular thanks to
weak radiation damping due to small volumes, high light-
scattering efficiencies, and large local-field enhancement
factors5 and the possibility of manipulating their aspect
ratio.6 Thanks to their shape anisotropy, nanorods were also
deployed as sensitive orientation sensors in the conformation
and dynamics studies of biological systems.7 However,
orientation imaging can go beyond biophotonic applications
and can be used as a powerful tool for the study of nanorod
supercrystals,8 superlattices,9 or nanorod chains10 deployed in
new plasmonic-based nanoimaging devices.11 Originally, the
problem of orientation imaging was restricted only to 2D
measurements (i.e., in-plane rotation) and addressed by
different modifications of dark-field polarization microsco-
py,12−16 polarization-sensitive photothermal imaging,7 or
confocal microscopy combined with higher order laser
modes.17 In the dark-field microscopy methods, the orientation

measurement had to be realized using successive images
recorded with different polarization directions of illumina-
tion,12−14 otherwise the orientation ambiguity arose.15 In the
confocal microscopy approach to orientation imaging,
scanning by a doughnut laser beam was needed. This
technique prevents imaging with high temporal resolution,
which is critical for most applications. Further progress in
orientation imaging was achieved by attempting a 3D
orientation measurement using defocused dark-field micros-
copy18−20 and differential interference contrast (DIC)
microscopy.21,22 It was demonstrated that defocused dark-
field images encode 3D orientation; however, large defocusing
(∼1 μm) with an immersion microscope objective (numerical
aperture 1.3) is needed.20 Defocusing is necessary even to
measure pure in-plane rotation, and it results in a decrease in
the spatial resolution and image spreading, which is limited
under the low-light conditions occurring in most practical
applications. Using DIC, the measurement of the in-plane
rotation combined with some elevation of the nanorod (out-of-
plane rotation) was demonstrated and even supplemented by
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position tracking in the later work.23,24 However, the out-of-
plane rotation was measured only for small nanorod elevations
(up to 45°) because larger elevation angles prevented the
correct evaluation of DIC images.23 The impossibility of
distinguishing the nanorod’s rotational motion from its axial
movement required deploying parallax microscopy and a
feedback loop algorithm to control the focal plane position.24

Hence, simple, fast, and reliable 3D orientation imaging in the
full extent of in-plane and out-of-plane rotations has remained
a challenge.
In this Letter, we capitalize on the recent progress in

(nano)photonics that has brought new types of light fields with
a spatially structured amplitude,25 phase,26 or polarization.27,28

We demonstrate a new strategy for the single-shot 3D
orientation imaging of metal nanorods that is built on
thoughtful manipulations with the light’s angular momentum.
The nanorods imprint their 3D orientation onto the geometric
(Pancharatnam−Berry) phase and the space-variant polar-
ization of the scattered light arising from the excited LSPR. To
measure the nanorod azimuthal and polar angles, we
manipulate the spin and orbital angular momenta (SAM and
OAM) of the scattered light and perform mutual conversion
between them using a Q-plate,29−31 a space-variant anisotropic
element provided by fourth-generation technology.32,33 In this
way, optical vortices are generated, whose self-interference
images provide information on the 3D nanorod orientation.
Images encode the in-plane orientation of the nanorod without
the ambiguity of the azimuthal angles previously reported.15

Sensing the out-of-plane rotation requires minimal nanorod
defocusing (∼100 nm with an immersion microscope objective
of numerical aperture 1.0). This is just a small fraction of the
defocusing required in previous studies, and the nanorods are
safely kept within the depth of field during the imaging. On top
of that, the measurement takes full advantage of the vortex
image pattern (double-helix point spread function (DH PSF))
that enhances the Fisher information.34 The nanorods are
excited by spatially incoherent light; hence, the recorded
images are free from the unwanted coherent artifacts.
Measurements are performed in a wide-field mode, meaning
that a single image provides complete information on the
lateral positions and 3D orientations of all nanorods in the field
of view. Although the axial positions of nanorods are
unavailable in current experiments, the proposed method can
be combined with localization techniques introduced in a
separate channel of the microscope. The optical performance
of our method is demonstrated by the time-resolved 3D
orientation imaging of colloidal sub-100 nm nanorods under
Brownian motion and the monitoring of the rotational motion
of nanoprobes bound to living cells. The tracking of nanorods
and the monitoring of their 3D rotational motion are possible
with high temporal resolution (frame rate up to 500 fps). This
opens new possibilities for studying very fast events such as the
conformational dynamics of biological cells,35 the rotation of
biological motor proteins,36 or nanorod motors.37

■ RESULTS
Experimental Strategy. Thanks to its anisotropic shape, a

nanorod can support two SPR modes corresponding to the
transverse SPR and LSPR, respectively. The resonant wave-
lengths of both modes are spectrally separated and thus can be
independently excited. The developed orientation imaging can
gain information from both transverse SPR and LSPR, but here
we concentrate on high-aspect-ratio nanorods in which LSPR

dominates. The nanorod is considered as a dipolar light source
with the electric dipole moment (DM) oscillating along the
nanorod’s orientation described by the azimuthal and polar
angles, θ and ϕ. The information on the 3D nanorod
orientation is thus encoded in the spatial and polarization
structures of the emitted radiation, varying with θ and ϕ. Our
theoretical model builds on two imaging modes related to the
specific nanorod orientations: the lateral imaging mode (LIM),
applicable when the nanorod lies in the plane perpendicular to
the optical axis (ϕ = π/2), and the axial imaging mode (AIM),
applicable when it lies along the optical axis (ϕ = 0). The
intensity spots detected in the LIM and AIM correspond to the
DH PSF and to the Airy disk, respectively (top and bottom
optical paths in Figure 1). When imaging a nanorod with an

arbitrary 3D orientation, we can always decompose its 3D DM
oscillation into the LIM and AIM components. The LIM and
AIM light fields are polarization-resolved and undergo different
transformations even though they pass through the same
optical system. Polarization projection by an analyzer lets them
interfere and create the resulting image (the sCMOS (scientific
complementary metal−oxide−semiconductor) image in Fig-
ure 1). We will explain this process in greater detail as follows,
as we will follow the state vectors |EL⟩ and |EA⟩ related to the
LIM and AIM on their path through the optical system
consisting of a microscope objective (MO), a Q-plate, a tube
lens (TL), an analyzer (A), and an sCMOS detector. After any
transformation made, we obtain the resulting field as |E⟩ = wL|
EL⟩ + wA|EA⟩, where the used weights depend on the polar
angle ϕ, wL = sin ϕ and wA = cos ϕ.
First, let us consider light in the LIM, which is generated by

the projection of the nanorod’s electric DM oscillation into the
x,y plane (ϕ = π/2). This scattered light has linear polarization
|θ⟩ = |x⟩cos θ + |y⟩sin θ following the nanorod azimuthal
direction (LIM path in Figure 1). The linear polarization can
be decomposed into left- and right-handed circular polar-
izations, |L⟩ and |R⟩, carrying opposite SAM given by ±ℏ per
photon. (ℏ is the reduced Planck constant). When the light

Figure 1. Principle of orientation imaging of nanorods considered as
electric dipoles. Information on an arbitrary 3D nanorod orientation is
carried through the LIM and AIM using light originating from the
lateral and axial projection of the oscillating electric DM. In the LIM
and AIM, the light undergoes SAM to OAM and reverse OAM to
SAM conversion as it passes through the same optical system
composed of a microscope objective (MO), a Q-plate, a tube lens
(TL), an analyzer (A), and an sCMOS detector. The 3D nanorod
orientation is determined by processing a slightly defocused image
whose generation we explain by the self-interference of subimages
formed in the LIM and AIM.
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from the lateral DM projection given by the angles θ and ϕ =
π/2 is expressed in the used vector basis, the phase shifts ± θ
are imposed on the |L⟩ and |R⟩ states.32,33 This means that the
geometric-phase difference 2θ is introduced between the
circular polarizations (Figure 1). If a Q-plate31 is placed into
the optical path, then the light undergoes SAM to OAM
conversion, in which the reversion of the circular polarizations
is accompanied by the generation of optical vortex beams. The
vortex beams are characterized by helical wavefronts,38−40

meaning the light is twisted around the optical axis, and each of
its photons carries OAM of lℏ. The integer l is called the
topological charge, and it specifies how many twists the
wavefront makes per one wavelength. In our experiment, the
light with polarization |L⟩ (+ℏ SAM) is transformed to a vortex
beam with polarization |R⟩ (−ℏ SAM) and the helical
wavefront with topological charge l = 1 (+ℏ OAM). An
analogous operation is simultaneously carried out on the |R⟩
input state, and hence a pair of vortices with l = ±1 and
opposite circular polarizations is generated from the linearly
polarized light in the LIM. The resulting field created by the
superposition of circularly polarized components modified by
the Q-plate can be written as |EL⟩ ∝ ei(φ−θ)|L⟩ + e−i(φ−θ)|R⟩.
After shaping with the tube lens (TL), the state vector of this
field represents a space-variant polarization |EL⟩ = −iAL(r)|φ −
θ⟩, where AL is the amplitude obtained by solving the
diffraction integral, and r and φ are the cylindrical coordinates
(see the Supporting Information). This is a linear polarization
whose electric field oscillates in the direction determined by
the angle φ − θ at points with the azimuthal coordinate φ, |φ
− θ⟩ = |x⟩ cos (φ − θ) + |y⟩ sin (φ − θ). Because the
oscillation direction is ambiguous at the beam center, the
amplitude is zero here, and an annular intensity spot given by
|AL|

2 arises. By the polarization projection using an analyzer
(A), two lobes are created from the annular spot. When the
analyzer direction coincides with the reference direction of the
Q-plate (here chosen as the x axis), the centers of gravity of the
lobes determine the azimuthal orientation of the nanorod, θ.
The intensity pattern is then given by IL = |AL(r)|

2 cos2(φ − θ)
(LIM path in Figure 1).
The second component of the scattered light field comes

from the axial projection of the nanorod’s DM oscillation
(AIM). The collected light has a space-variant polarization

with the state vector |EA⟩ ∝ |φ⟩, which is known as the radial
polarization.41 The electric field is linearly polarized at each
point of the lateral plane and oscillates along the radial
direction |φ⟩ = |x⟩ cos φ + |y⟩ sin φ. The beam intensity
creates an annular spot at the back focal plane of the
microscope objective. The vortex helical phases with the
topological charge l = ±1 are imposed on the |R⟩ and |L⟩ states
to represent the radial polarization in the circular polarization
basis, |EA⟩ ∝ eiφ|L⟩ + e(−iφ)|R⟩ (AIM path in Figure 1). The
radial polarization of the resulting field becomes the horizontal
linear polarization behind the Q-plate, |EA⟩ ∝ |L⟩ + |R⟩. The
light shaped by the tube lens creates a bright spot with the
intensity determined as IA = |AA(r)|

2, where AA is the amplitude
of the Airy disk.
The image intensity IL or IA is detected only when the

nanorod is positioned exactly in a plane perpendicular to the
optical axis (ϕ = π/2) or aims along the optical axis (ϕ = 0),
respectively. The IL image comprises two lobes of equal
intensities (known in another context as a DH PSF42),
uniquely determining the nanorod azimuthal orientation, θ
(Figure 2B). The fully out-of-plane orientation of the nanorod,
on the contrary, then manifests itself as the Airy diffraction
pattern, IA (Figure 2G). When the nanorod has a general 3D
orientation with arbitrary angles θ and ϕ, the fundamental
electric fields of the LIM and AIM are projected into same
direction by the analyzer, and the resulting image is created by
their coherent superposition. The weighting coefficients
belonging to the LIM and AIM depend on the polar angle
and are given by wL = sin ϕ and wA = cos ϕ, respectively.
Detecting a slightly defocused image, the amplitudes AL and AA
become complex, and the image intensity is given by I = IL + IA
+ ILA, where the interference term can be written as ILA ∝ i sin
2ϕ cos(φ − θ)(AAAL* − ALAA*) (sCMOS image spot in
Figures 1 and 2C−F). The interference redistributes the
overall intensity between the two LIM lobes and the central
AIM spot depending on the polar angle, ϕ. The polar angle
sign exchanges constructive and destructive interference in the
lobes, and hence we measure the polar angle without ambiguity
(cf. Figure 2C with Figure 2D and Figure 2E with Figure 2F).
The azimuthal angle θ of the nanorod follows from the angular
orientation of the image spot. Examples of images uniquely
encoding the 3D orientation of nanorods are presented in

Figure 2. Single-shot 3D orientation imaging of metal nanorods. (A) Experimental setup: dark-filed condenser (DFC), microscope objective
(MO), tube lenses (TL1 and TL2), Fourier lens (FL), Q-plate, analyzer (A), and sCMOS camera. (B−G) Calculated image patterns providing
information on the 3D nanorod orientation specified by the azimuthal and polar angles, θ and ϕ.
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Figure 2B−G. The obtained results were checked by
nanophotonic boundary element method (BEM) simulation
software (Supporting Information).
Experimental Setup. Experimental results were obtained

using the optical system schematically shown in Figure 2. The
setup is designed as a dark-field transmission microscope
equipped with an add-on imaging module. Illumination by
quasi-monochromatic spatially incoherent light with random
polarization was provided by a high-power LED (Thorlabs
SOLIS-623C, 623 nm, full width at half-maximum 50 nm). To
excite the LSPR in nanorods of an arbitrary 3D orientation, we
used an oil immersion dark-field condenser (DFC) (NA =

1.4), and hence plane waves with wave vectors forming a
hollow cone illuminated the sample. The light scattered by the
nanorods was collected by a water dipping microscope
objective (MO) (Nikon 60×, NA = 1) and subsequently
transformed by a tube lens (TL1) (Nikon, f = 200 mm),
creating a magnified dark-field image of nanorods at the output
port of the microscope. The add-on imaging module then
consisted of a Fourier lens (FL) (Nikon camera lens, f = 50
mm), a Q-plate (Thorlabs WPV10L-633), an analyzer (A), a
second tube lens (TL2) (Nikon camera lens, f = 80 mm), and
an sCMOS camera (Andor SONA). Because the lenses TL1

and FL form a 4F system, projecting the back focal plane of the

Figure 3. Imaging of a calibration sample and evaluation of the measurement accuracy. (A) Measurement of the in-plane rotation of randomly
distributed sub-100 nm colloidal gold nanorods on an ITO-coated glass substrate using the proposed method. (B) Close-up image comprising 12
nanorods. (C) Corresponding reference SEM image of the same field of view as in panel B.

Figure 4. 3D orientation imaging of nanorods moving by Brownian motion. (A) Gradual variations in the azimuthal and polar angles θ and ϕ of a
single nanorod are reflected in variations in the detected image patterns taken with a time step of 10 ms. Insets are theoretical images with the best
compliance with experimental images. (B) Reconstruction of the single nanorod 3D orientation during its Brownian motion. Orientation is
extracted from the measurement presented in panel A. (C) Temporal evolution of the nanorod azimuthal angle, θ. (D) Temporal evolution of the
nanorod polar angle, ϕ.
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MO to the Q-plate, the operation principle is the same as that
for the simplified arrangement in Figure 1.
Calibration Measurement. The developed technique was

first experimentally tested in a simplified configuration by
measuring only the in-plane nanorod orientation (LIM,
ϕ = π/2) because calibration samples were easily available,
allowing one to assess the method’s accuracy. We used a
commercial nanorod suspension (Nanopartz A12-25-650,
diameter 25 nm, length 71 nm) that was dropcasted onto a
glass substrate covered by a thin layer of indium tin oxide,
allowed to fully dry out, and subsequently imaged using our
method. The resulting image showing the full field of view is
provided in Figure 3A. The deposited nanorods naturally lay
flat on the substrate (ϕ ≈ π/2) and are thus imaged as DH
PSFs. The orientation of the DH PSF lobes then reveals the in-
plane azimuthal orientation θ of the individual nanorods. This
was verified using reference imaging in a scanning electron
microscope (SEM). By comparing the orientation imaging of
the nanorods (Figure 3B) with the reference SEM image of the
same area (Figure 3C), a good visual compliance is apparent.
To assess these results quantitatively, we prepared an image-
processing algorithm (see Supporting Information), allowing
us to extract the angular orientation of individual DH PSFs in
the whole field of view and compare them with the
corresponding SEM images. According to this test, we estimate
the accuracy of our method by a standard deviation of 2.5°, a
remarkable value in the context of orientation imaging (see the
Supporting Information). We also paid attention to an L-
shaped cluster of nanorods (area “d” in Figure 3C), which
resulted in an annular image spot (area “d”) in Figure 3B). The

light originating from LSPRs excited in the two perpendicular
nanorods produced two DH PSFs with mutually perpendicular
lobes. By an incoherent sum of these lobes, an almost perfectly
symmetrical ring appeared in the detected image. The optical
image of L-shaped nanorods clearly distinguished from single
nanorods shows that the method is applicable beyond the
present study and can also be promising for the probing of
more complex nanostructures such as nanorod clusters43 and
V-shaped44 or chiral plasmonic nanoantennas.45

Orientation Imaging of Gold Nanorods Undergoing
Brownian Motion. The practical real-world applicability of
the proposed method was demonstrated by orientation
imaging of colloidal gold nanorods undergoing Brownian
motion in a liquid environment. Nanorods from the
commercial suspension (see above) moved freely in a droplet
of deionized water while exhibiting fast changes in their 3D
orientation. During this motion, the detected image patterns
rapidly changed their appearance in line with the theoretical
model previously described. We operated an sCMOS camera
with a frame rate of 100 Hz to adequately sample the fast
nanorod movement while providing a sufficient signal-to-noise
ratio. At the cost of higher background noise, we were also able
to record images with frame rates up to 500 Hz (see the
Supporting Information). Raw images mapping the gradual
motion of a selected single nanorod are shown in Figure 4A
(time step of 10 ms). Some image spots in Figure 4A well
approach the pure DH PSF (time of 30, 80, and 150 ms) or
the Airy disk (time of 130 and 290 ms), meaning that the
nanorod was located almost precisely in the lateral or axial
position, resulting in a pure LIM or AIM. At other times, the

Figure 5. Orientation imaging of gold nanorods in live-cell imaging. (A) Typical image of BLM melanoma cells with added colloidal gold nanorods.
(B−E) Enlarged images of the areas marked in panel A with arrows showing detailed images of the present nanorods. (F) Time-resolved images of
nanorod binding to the cell membrane. (G) Temporal evolution of the azimuthal angle θ during the interaction of the nanorod with the cell
membrane. (H) Temporal evolution of the polar angle ϕ during the interaction of the nanorod with the cell membrane.
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nanorod passed through positions with the polar angle ϕ
varying between the two extremes (0 and π/2), resulting in the
mixed scattering patterns. Using the developed imaging model
previously described, ϕ and θ can be estimated by comparing
the analytically calculated spots to the experimental data.
Theoretical spots with the best compliance with experimental
images are shown next to raw experimental data in the
Figure 4A. Reconstruction results providing angles θ and ϕ are
plotted in Figure 4B−D. Figure 4B shows an x,y-plane
trajectory of a selected nanorod together with its 3D
orientation estimate at each point (the z axis is time).
Figure 4C,D reveals the temporal changes of the azimuthal
angle, θ, and the polar angle, ϕ, respectively. The results
presented in Figure 4 are a substack of the data set containing
350 images taken during the course of 3.5 s. Reconstruction of
the whole data set including the lateral displacement of the
nanorod is demonstrated in the Supporting Information.
Reconstruction of the nanorod orientation, involving neural
network denoising and best correlation fitting, was fully
automated and is also described in the Supporting Information.
An evaluation of the reconstruction procedure and accuracy

of 3D orientation imaging would require a calibration sample
with varying 3D orientation of dipole emitters, but the
fabrication of such a sample is an immense challenge, so we
decided to assess the accuracy of our method in a virtual
experiment (see the Supporting Information). Using com-
puter-generated images with added noise mimicking the
conditions of real measurements, we estimated the standard
deviations of the reconstructed angles θ and ϕ. We obtained
the standard deviation of the azimuthal angles σθ = 5.9° for
polar angles ϕ > 25°. The measurement accuracy rapidly
decreased for ϕ < 25°, which can be linked to the vanishing
asymmetry of the nanorods oriented along the optical axis. The
azimuthal angles are thus determined with larger error for
nanoparticles aligned with the optical axis, but they also
become meaningless at the same time. For polar angles, a
standard deviation of σϕ = 7.3° was estimated using the same
procedure. The freely moving nanorods change not only the
orientation but also their 3D position. We studied depth
variations experimentally and found that the high measurement
precision is maintained even with defocusing up to 500 nm,
also providing high measurement accuracy (see the Supporting
Information).
Orientation Imaging of Gold Nanorods in Live-Cell

Imaging. The ultimate test of the proposed method was a
wide-field real-time orientation imaging of gold nanorods
acting as nanoprobes in live-cell imaging. The experiment was
performed with human melanoma (BLM) cells cultivated with
nanorods added into the culture medium (details in the
Supporting Information). The cultivated cells were observed
with our 3D orientation imaging system (Figure 5A). In the
enlarged areas shown in Figure 5B−E, the images of nanorods
that bound to the cell membrane are marked by arrows. The
images were captured with a frame rate of 100 Hz to properly
sample orientation and position changes of the nanorods.
Representative time-resolved images of the nanorod bound to
the cell membrane are presented in Figure 5F. Images were
taken from a movie captured during the course of 9 s. The first
500 images recorded in the course of 5 s were processed using
the automated procedure, and the 3D orientation of the
nanorod was reconstructed. The results are demonstrated in
Figure 5G,H, showing the temporal evolution of the azimuthal
angle, θ, and the polar angle, ϕ, during the interaction of the

nanorod with the cell membrane. The evaluation of the
nanorod movement including lateral displacement is presented
in the Supporting Information. The obtained results prove that
a nanorod bound to a cell membrane only slightly changes its
lateral position and undergoes some nonzero in-plane rotation,
while its polar angle stays close to ϕ = 90°. However, some
wobbling of the nanorod with polar angles limited to the range
of ϕ > 50° can also be observed.

■ CONCLUSIONS
We have demonstrated a new optical technique allowing a
single-shot wide-field 3D orientation imaging of elongated
nanoparticles made of noble metals. Our method is based on
manipulations with the angular momentum of light, namely, on
SAM to OAM and reverse OAM to SAM conversion by a
geometric-phase element (Q-plate). We demonstrated the
method’s practical applicability by the orientation imaging of
randomly deposited sub-100 nm colloidal gold nanorods on a
solid substrate, real-time monitoring of nanorods suspended in
deionized water, and imaging of nanorods used as biological
nanoprobes. The results obtained in the imaging of fixed
colloidal nanorods were compared with the ground-truth
values provided by SEM. The achieved accuracy of the
azimuthal angle measurement was 2.5°. The experiments
proved the capability to measure 3D rotational nanorod
motion with a high temporal resolution, which is critical for
studying dynamic phenomena occurring in practical biopho-
tonic applications. The presented 3D orientation imaging can
be extended toward the characterization of any dipolar emitter
of subdiffraction size and thus can be appealing for single-
molecule fluorescence microscopy, the study of fluorescent
nanoemitters, or the examination of dipole orientation in solid-
state single photon emitters.
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