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Plasmonic gold nanorods (AuNRs) have been used as
orientation probes in optical imaging because of their
shape-induced anisotropic optical properties.[1] However,
current optical imaging techniques lack the capability to
decipher the full three-dimensional (3D) orientation of an in-
focus gold nanorod in the four quadrants of the cartesian
plane. Resolving the orientation angles and determining the
accurate rotational modes of the gold nanorod are critical in
biological observations because the chirality of biological
macromolecules and their assemblies, for example right- or
left-handed helices, is fundamental in biology. Herein, we
overcome this limitation by combining differential interfer-
ence contrast (DIC) microscopy image pattern recognition
with DIC polarization anisotropy analysis to resolve the exact
azimuthal angles (from 08 to 3608) as well as the polar angles
of tilted AuNRs that are positioned in the focal plane of the
objective lens without sacrificing the spatial and temporal
resolution. The rotational direction of individual in-focus
AuNRs can thus be tracked dynamically. Finally, we success-
fully monitored the real-time rotational behavior of trans-
ferrin-modified gold nanorods on live cell membranes.

Many biological processes involve rotational motion at
the nanoscale, for example RNA folding,[2] walking of
molecular motors,[3] twisting of dynamin assembly,[4] and
self-rotation of ATPase.[5] Tracking the rotational motion with
optical probes is of great importance to understanding these
processes in biological and engineered environments. Fluo-
rescence anisotropy has been commonly attempted to probe

the rotational motion of biomolecules using organic dyes,
conjugated polymers, and inorganic semiconductor nano-
crystals.[6] Nevertheless, the major disadvantages of current
fluorescent orientation probes are stochastic transition
between on and off states,[7] high photobleaching tenden-
cy,[7a, 8] and less-than-desirable biocompatibility,[9] thus limit-
ing their use in biological systems.

Recently, AuNRs have gained considerable attention as
suitable orientation probes because of their shape-induced
anisotropic optical properties,[1a–c] large scattering and absorp-
tion cross-sections resulting from the surface plasmon reso-
nance (SPR) effect, high chemical and photostability, and
excellent biocompatibility.[10] Scattering- and absorption-
based polarization anisotropy measurements of AuNRs
have been carried out under dark-field (DF) microscopy[1a]

and photothermal heterodyne imaging.[1d] These methods
were successfully used to measure the orientation of AuNRs.
However, in these methods, only the in-plane orientation is
effectively obtained while the out-of-plane orientation is still
ambiguous. Furthermore, their applicability for studies of fast
dynamics in live cells is limited. It is a challenge for DF
microscopy to differentiate AuNRs from other highly scatter-
ing cellular components. Photothermal heterodyne imaging
requires rapid scanning of the sample to collect an image and
comprehensive intensity and polarization modulation of the
heating beam.

DIC microscopy is better suited to probe orientation and
rotational motion of nanoobjects in live cells when used in
combination with plasmonic AuNRs.[1e] DIC microscopy
resolves the optical path difference between two mutually
orthogonally polarized beams separated by a shear distance
along the optical axis of a Nomarski prism (Supporting
Information, Figure S1). The nature of the interference makes
it insensitive to the scattered light from surrounding cellular
components and keeps its high-throughput capability. There-
fore, the DIC microscopy-based single particle orientation
and rotational tracking (SPORT) technique is more appli-
cable to the studies of fast rotational dynamics in live cells.

When plasmonic nanoparticles are illuminated under an
optical microscope, the incident electromagnetic wave is
commonly attenuated through absorption and scattering.[11]

The attenuation at a given wavelength is quantified by the
corresponding cross-section. Typically, when a AuNR is
excited by monochromatic light at the longitudinal SPR
wavelength, the scattered electromagnetic field can be
simplified as generated from a single dipole with the
oscillation direction along its principal axis, provided that
the nanorod is much smaller than the wavelength of light.[11]
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The DIC image of AuNR is resulted from the interference of
two mutually shifted, phase-delayed, and orientation-depen-
dent scattering images. Quantitatively, the relative bright and
dark intensities of AuNR can be simplified into Equation (1)
(for details, see the Supporting Information):

IB�I0 / cos2ð�Þsin2ðqÞ
I0�ID / sin2ð�Þsin2ðqÞ

ð1Þ

where I0 is the background intensity, IB and ID are the bright
and dark intensities, respectively, and f and q are the
azimuthal and polar angles as defined in Figure 1A. The
bright and dark intensities are the projections of the dipole
onto the bright and dark polarization directions, respectively.
Therefore, the angular-dependent DIC intensities can be used
to extract the information on the orientation of the AuNRs.
The DIC polarization anisotropy P, which is defined in
Equation (2),[12] can be conveniently computed from the
orthogonally polarized bright and dark intensities in a DIC
image at the longitudinal SPR wavelength:

P ¼ IB;N � ID;N

IB;N þ ID;N
ð2Þ

where IB,N and ID,N are normalized relative bright and dark
intensities [Eq. (1)], respectively. Obviously, the DIC polar-
ization anisotropy is only dependent on the azimuthal angle of
f, while the sum value of the relative bright and dark
intensities is purely related with the polar angle of q. By
determining the DIC polarization anisotropy and sum value
of the bright and dark parts from the DIC image, the
rotational dynamics of individual AuNR then could be readily
quantified. Further error estimation for the azimuthal and
polar angle determination based on the above calculations is
shown in the Supporting Information, Figure S2.

The angular degeneracy for a AuNR is currently the major
challenge of the previously reported DIC microscopy-based
technique[1e, 12] as well as other polarization-based techniques
for resolving the exact 3D orientation of AuNRs in the focal
plane of the objective lens. In the previous study,[1e] we used
the absolute bright and dark intensities directly to determine
the AuNR orientation, which could only resolve the orienta-
tion angle from one of the four quadrants, that is, from 08 to
908. Furthermore, although the DIC polarization anisotropy
using an intensity ratio instead of absolute intensities provides
a more reliable and accurate angle measurements of a AuNR
in dynamic studies, it still cannot distinguish those mirror
orientation angles (that is, f, p�f, p +f, and 2p�f have the
same DIC polarization anisotropy value) with respect to the
polarization directions of a AuNR.[12, 13] Therefore, it is not
feasible to rapidly distinguish the ambiguous rotational
motions, such as clockwise or counterclockwise, of a AuNR
in the focal plane. However, the rotational direction is
important to unveil the underlying mechanisms of many
biological processes, as chiral biological macromolecules and
their assemblies, for example right- or left-handed helices, are
involved.

In the present study, we overcome the limitation described
above by combining DIC image pattern recognition with DIC
polarization anisotropy measurement. We demonstrate that
the full 3D orientation information can be extracted for in-
focus AuNRs that are tilted with respect to the horizontal
object plane. The light scattered by a tilted anisotropic AuNR
has a skewed electromagnetic field distribution containing
full-space angular information, which, however, is not resolv-
able in a single focused fluorescence or DF image. Thus,
defocused orientation imaging techniques have been
employed to determine 3D orientations of out-of-focus
nanoprobes within a single frame.[1b, 3,14] The defocused
imaging techniques are based on the electric dipole approx-

Figure 1. Orientation of a AuNR that is tilted in gel matrix with a polar angle of about 148. A) Azimuthal angles f and polar angles q in cartesian
coordinates. B) DIC image under 700 nm illumination. C) Changes in DIC image patterns of AuNR1 highlighted in (B) as a function of azimuthal
angle. Four different image patterns appear for the tilted AuNR1: the dark part on the left (R1), bright part down (R2), dark part right (R3), and
bright part up (R4). D) DIC polarization anisotropy P for AuNR1 (green curve) as a function of azimuthal angle f. The dotted line is drawn at
P = 0 and there are four points of contact at this P value. The corresponding images at each point of contact for four frames at P= 0 are shown in
(C). E) The measured (red) and simulated (blue) scattering spectra of AuNR1.
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imation and the fact that the dipole radiation exhibits an
angular anisotropy. When a nanoprobe is positioned outside
of the focal plane, the intensity distribution of the blurred
image provides information about the emission dipole
orientation of the nanoprobes; however, the standard defo-
cused imaging technique does not always yield orientation
accurately owing to largely reduced signal intensity. Further-
more, it is usually required to switch back and forth between
focused and defocused imaging for obtaining the orientation
and localization information simultaneously with precision,
which sacrifices the temporal resolution in dynamic tracking
experiments. As demonstrated by Toprak et al., the temporal
resolution was only 1–2 frames per second (fps) owing to the
much reduced signal intensity from the defocused imaging
mode.[3] Therefore, the standard defocused imaging strategy is
more suitable for the characterization of static events. On the
contrary, in DIC microscopy, the final image is generated
from the interference of two mutually shifted, phase-delayed,
and orientation-dependent scattering images. Thus, the elec-
tromagnetic field distribution is artificially encoded into the
DIC point spread function, resulting in identifiable orienta-
tion-dependent DIC image patterns for AuNRs in the focal
plane. To demonstrate this, we studied the DIC images of
tilted AuNRs (25 nm � 73 nm) embedded in 2% agarose gel
matrix. The polar angle q of AuNR 1 (Figure 1B) was first
determined to be 148 by using the defocused DF imaging
technique (Supporting Information, Figure S3).[1b] We then
obtained the corresponding DIC images of the same AuNRs
at 700 nm excitation (Figure 1B). A 3608 rotation study was
carried out by rotating the stage by 58 per step to position
AuNR1 in different orientations. The exact focal plane of the
AuNR was found by scanning in the z direction with a vertical
step size of 69 nm. Based on the positions and intensities of
the bright and dark parts in each frame, four distinctive image
patterns are found to represent the nanorod orientations in
the four quadrants (R1 to R4) of the cartesian plane
(Figure 1C). The complete set of DIC images of AuNR 1 at
72 orientations from 08 to 3608 with an interval of 58 are
shown in the Supporting Information, Figure S4. The nor-
malized bright and dark DIC intensities for AuNR 1 can be
fitted well with the functions in Equation (1) (Supporting
Information, Figure S5), thus indicating the good reliability of
the dipole approximation applied in this work. Figure 1D
shows a plot of the polarization anisotropy as a function of
frame for AuNR1.

The DIC image patterns of AuNRs change as a function of
orientation angle because the spatial distribution of the
scattered electromagnetic field from AuNRs is closely related
to the orientation angles of AuNRs. The light scattered by the
tilted AuNR1 is projected onto slightly different positions on
the DIC images after interference to generate different image
patterns. The trend in the pattern changes for AuNR1 is
consistent with other AuNRs that are tilted. To further
confirm AuNR1 was a single nanoparticle instead of an
aggregate, we determined its scattering spectrum with a trans-
mission grating beam splitter with 70 lines per mm in front of
the Hamamatsu complementary metal oxide semiconductor
(CMOS) camera in DF mode. This transmission grating
allowed one portion of the incoming scattering light to form

the zeroth-order image and dispersed another portion of the
light to form the wavelength-resolved first-order image. Both
the zeroth-order and first-order images can be captured by
the camera. The measured longitudinal SPR peak of AuNR 1
appears at 708 nm, which agrees well with the simulated
spectrum (Figure 1E). The demonstrated ability to readily
distinguish the orientations in the four quadrants (R1 to R4)
using the DIC image patterns allows us to resolve the exact
azimuthal angle (from 08 to 3608) of an in-focus AuNR in
a single DIC image by combining with DIC polarization
anisotropy measurement. It is worth noting that the DIC
image pattern recognition is only used to identify the exact
quadrant in which the AuNR is located. Thus, the strategy of
integrating the pattern recognition technique and DIC polar-
ization anisotropy is principally more reliable and accurate
than the previously demonstrated standard defocused imag-
ing methods, which are based solely on matching the
measured image pattern with a set of simulated defocused
PSFs.

Further investigation revealed that the distinctively differ-
ent DIC image patterns can only be generated for AuNRs
that are tilted (neither totally lying flat on the horizontal
plane nor standing straight up along its long axis) in the 3D
space. For the AuNRs that were set flat on a pre-cleaned glass
slide by spin casting, the bright and dark DIC intensities are
also changed periodically as it rotates from 08 to 3608
(Supporting Information, Figure S6 and S7) and show good
fits to the functions in Equation (1) (Supporting Information,
Figure S8). However, these image patterns are similar in all
four quadrants. The difference in image patterns increases as
the polar angle q decreases from 908, and the cutoff polar
angle q to show sufficient difference is estimated to be 708
(Supporting Information, Figure S9).

To further demonstrate the usefulness of this technique,
we tracked rotational dynamics of AuNRs on live cell
membranes. Functional AuNRs are considered efficient
delivery cargoes in biological applications.[10] Tracking rota-
tional and translational dynamics of individual AuNRs on live
cell membranes will lead to a better understanding of drug
delivery mechanisms and other cellular processes, such as
endocytosis.[15] In this regard, transferrin-modified AuNRs
rotating on live cell membranes were chosen as a model
system to verify the applicability of this method toward
resolving fast rotational dynamics in biological systems.

We recorded image stacks that show rotational motions of
a AuNR (AuNR2) on a live cell membrane at a temporal
resolution of 100 ms (Figure 2A). On the fluidic and uneven
cell membrane, AuNR2 was more often tilted to give rise to
the required image patterns for azimuthal orientation iden-
tification within 0–3608. 30 consecutive frames (Figure 2B)
were chosen from a movie that displays clear transitions
among different image intensities and patterns when AuNR 2
was tilted. DIC polarization anisotropy was computed for the
30 images to extract the azimuthal angle f. Based on the
pattern recognition technique, then the DIC image patterns
were used to resolve the true orientation angle f in the four
quadrants. Finally, the sum value of the bright and dark parts
was used to determine the polar angle q (Figure 2 C). As
illustrated in the polar plot of Figure 2D, in frames 1–11,
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AuNR2 experienced reversible rocking motion between R1
and R2. In frame 12, it rotated to R2 and showed a continuous
anticlockwise rotation until frame 27. A reminiscent rocking
motion was shown again thereafter. It is worth noting that this
angular rotational information only could be resolved by the
methodology with full 3D angular resovability.

In summary, a novel optical rotational tracking method
with the capability of full-space orientation resolvability for
individual in-focus nanoprobes without sacrificing spatial and
temporal resolution was demonstrated to overcome the
limitations of current polarization anisotropy techniques.
The applicability and usefulness of our method toward in vivo
studies in biological systems was also verified by the precise
tracking of 3D orientation angles of AuNRs rotating on live
cell membranes. Deciphering the full 3D orientation infor-
mation of the probe or nanocargo in a dynamic fashion will
shed new light on physical and biological processes with
characteristic rotational motions, such as the detailed working
mechanisms of molecular nanomachines and relevant assist-
ing proteins during the internalization of functional drug
delivery vectors.[3, 4] Using this method, further studies to
elucidate the comprehensive interaction mechanisms
between the functionalized nanocargoes and the membrane
receptors in live cells are underway. Detailed in situ con-
formational information on how they bind on the cell
membrane and how they move and rotate during the
endocytosis process in live cells at single particle level
would provide new avenues for the development of new
generation of high efficient drug and gene delivery car-
riers.[15b, 16]
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