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’ INTRODUCTION

As dynamic mechanisms embedded in nanoscopic systems are
usually correlated with conformational variations, for example,
the stepping process of motor proteins3,4 and the heterogeneous
glassy state of polymers,5,6 there is an urgent need to develop
convenient methods to directly follow these structural changes in
real time. So far, several techniques have been reported that have
the capability to reveal the rotational dynamics of macromole-
cules in bulk solution, including fluorescence anisotropy, depo-
larized light scattering, transient electric birefringence, and
so forth.7 These ensemble sampling methods only provide
averaged information whereby certain important rare events
are lost. In contrast, single-molecule imaging enables the unique
dynamics of individual probes in their nanoenvironments to be
directly monitored, providing clear information on uncorrelated
motions.5,8,9

Until now, the most commonly used single-molecule method
to explore the local order or conformational variation is fluores-
cence polarization imaging.10�12 This method utilizes dyes as
orientation probes because they possess well-defined transition
dipoles with respect to their structures. A wealth of rotational
information could be extracted from the real-time single-
molecule fluorescence anisotropy trajectory, for example, the
chemomechanical mechanism of F1-ATPase

13 and the rotation
jumps of individual dye molecules on cover glass.14,15 Since most

of these investigations are based on organic probes, irreversible
photobleaching of the molecules limits long-time observations
and results in decreased measurement accuracy. Furthermore,
the labeling of a dyemolecule to a largemacromolecule through a
single tether usually retains free rotation of the former that is
independent of the rotation dynamics of the latter.16 Although
some improvement is possible through labeling with semicon-
ductor quantum dots,16 the complicated transition between the
on and off states that causes blinking also confuses the observa-
tions. More importantly, such labels have been demonstrated to
be cytotoxic to biological organisms, greatly limiting their in vivo
applications.17

One of the solutions to these issues is to replace the
fluorescent molecules with optically and chemically stable
plasmon resonant nanoparticles.18�20 The collective oscillations
of the conduction band electrons on the surface of noble metal
nanoparticles produce several orders of magnitude higher ab-
sorption and scattering cross sections in comparison with dye
molecules.21 Therefore, faster sampling frequency for transient
dynamic processes and much better spatial localization accuracy
can be achieved when using plasmon resonant nanoparticles as
the contrast agents.22�24 In particular, it has been demonstrated
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ABSTRACT: Here we demonstrated a simple yet powerful
method, planar illumination microscopy, to directly track the
rotational and translational diffusion dynamics of individual
anisotropic nanoparticles in solution and living cells. By illumi-
nating gold nanorods (GNRs) with two orthogonal sheets of
light and resolving the polarized scattering signal with a
birefringent crystal, we readily achieved three-dimensional
angular resolving capability for single GNRs in noisy surround-
ings. The rotational dynamics of individual GNRs dispersed in
glycerol/water mixtures with different chemical modification
were tracked, and the measured rotational diffusion coefficient
was well fitted to a previously reported theoretical model
(Torre, J. G. d. l.; Martinez, M. C. L. Macromolecules 1987,
20, 661�666; Tirado, M. M.; Torre, J. G. d. l. J. Chem. Phys. 1980, 73, 1986�1993). In addition, the translational and rotational
movements of individual GNRs transported by kinesin motor protein on microtubules inside living cells were directly imaged.
Compared to its motion in free solution, a GNR attached to motor-protein did not rotate significantly while moving forward. Our
method can be further generalized to allow determination of three-dimensional orientation of single dipoles using many different
illumination modes.
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that the absorption and scattering light from anisotropic GNRs is
strongly polarized along its long axis, making GNRs in principle a
perfect orientation probe instead of dye molecules.25,26 Recently,
a few optical imaging methods have been demonstrated with the
capability to decipher the orientation of GNRs in situ, such as
polarization detection with conventional darkfield microscopy,27

photothermal orientation imaging,28 and high-order coherent
mode illumination with confocal microscopy.29 However, these
methods are restricted to in-plane only angle determination, low
temporal resolution, and reduced spatial localization accuracy,
respectively.

The motion of nanomachines or protein molecules is not
always confined to two dimensions; therefore, the polar angle of
the object should represent a vital parameter to elucidate kinetic
mechanisms. Recently, we have demonstrated an approach to
decipher the full 3D geometry information of individual GNRs
with defocused darkfield microscopy.30 Wang, et al. demon-
strated another approach based on differential interference
contrast (DIC) microscopy.31 There, in principle, the angular
information can be inferred from the relative intensity ratios of
the dark or bright portions of the DIC diffraction pattern
between the corresponding maximum values. However, that
approach is not suited for imaging or tracking objects in strongly
scattering media, such as inside living cells, due to typically low
signal-to-noise ratio (S/N) and difficulties in discriminating the
probes from other particles even with adequate S/N. In addition,
the relative intensity ratio (contrast) of the DIC image is not only
dependent on the orientation of GNRs, but is also affected by
bias retardation and by the angle between the polarizer and the
analyzer. Although introduction of a slight bias retardation can
generate better contrast in noisy surroundings, it will result in
additional phase delay between extraordinary and ordinary
wavefronts. Therefore, experimental artifacts could be intro-
duced in quantitatively deconvoluting the angles of GNRs from
DIC results. Herein, we present a convenient method to directly
decipher the three-dimensional orientation of individual GNRs
in solution or inside living cells with planar illumination. This is
achieved by illuminating the sample with two orthogonal sheets
of light and resolving the polarization component of the scatter-
ing signal with a birefringent crystal.With this illuminationmode,
the excitation probability function for GNRs could be described
with a simple continuous function that is a great improvement in
comparison with conventional darkfield microscopy. Thanks to
the large scattering cross-section and characteristic resonant
frequency from GNRs, we can readily track and discriminate
the probe from noisy surroundings. In addition, not only can
rotational information be readily deduced but also translational
diffusion information can be simultaneously determined. This is
in contrast to DIC where subdiffraction positional information
cannot be inferred due to the continuously changing point
spreading function for rotating anisotropic nanoparticles. Appli-
cations of this approach to rheology or biology should shed light
on the fundamental mechanisms about motions at nanoscopic
dimensions.

’RESULTS AND DISCUSSION

GNR Being a Single Dipole. The GNRs used in this study
were fabricated via a seed mediated approach with a mean width
of 36 ( 3 nm and a mean length of 67 ( 6 nm (Supporting
Information Figure S1). Procedures for GNR preparation and
other experimental details are described in the Supporting

Information. Previous theoretical consideration has confirmed
that the oscillation of the conductive band electrons on the
surface of GNRs can be simplified into three orthogonal oscilla-
tion dipoles.21 Oscillation along the long principal axis is the
longitudinal mode, and the other two are transverse modes that
vibrate along the short axes. The contribution from each
component is dependent on the excitation light polarization
direction, the illumination light frequency, and the physical
geometry of the nanoparticle (i.e., the aspect ratio of the GNR).
When the aspect ratio of the GNR deviates from one, the
strength of the scattered light from the longitudinal mode is
several times larger than that from the transverse one.30 Figure 1
illustrates the measured longitudinal and transverse scattering
spectra from a single GNR immersed in water on a cover glass
surface through inserting a transmission grating and a birefrin-
gent beam splitter into the detection light path of a conventional
darkfield microscope.11,32 The former allows one to locate the
scattering maximum without the use of optical filters (dispersed
horizontally in Supporting Information Figure S2), and the latter
allows one to separate the two polarizations (displaced vertically
in Figure S2) while imaging on the same CCD camera. Alter-
natively, the two polarizations can also be separated by a dual-
view attachment to typical microscopes with perpendicular
polarization analyzers. The resonance frequency from the long-
itudinal mode with central peak at 630 nm is obviously red-
shifted compared with that of the transverse mode at 530 nm.
In addition, we note that the measured scattering intensity
from the longitudinal oscillation is about 10 times larger than
that of the transverse oscillation when using halogen lamp
illumination. It means that the GNRs studied here could be
simplified to a single oscillation dipole with direction along its
principal axis by suppressing the contributions from transverse
oscillations such as by illuminating at the longitudinal oscillation
frequency or by intensity discrimination (Supporting Informa-
tion Figure S3).
Detection Theory. It is well-known that the time-averaged

Poynting vector measured with a far-field optical microscope
from a single scattering oscillation dipole can be generally
described as Is � KPaPs, where K is a system parameter
(constant) that is independent of the rotation dynamics of the
GNR, and Pa reflects the excitation probability of the dipole
which is a function of the angle between the axis of the absorption
dipole and the direction of the external electric field.7 If the
oscillation dipole is evenly excited (e.g., by illuminating the
sample with two orthogonal sheets of unpolarized light;
Figure 1c and Supporting Information), Pa equals to one. Ps
describes the detection probability function for the scattering
signal from the GNR. By using a birefringent beam splitting
prism (this work) or a dual-view attachment,11 this probability
function can be simplified into two components with polariza-
tion directions parallel and perpendicular to the optical axis of the
prism

Psx � c1 sin
2 θ cos2 ϕþ c2 sin

2 θ sin2 ϕþ c3 cos
2 θ

and

Psy � c2 sin
2 θ cos2 ϕþ c1 sin

2 θ sin2 ϕþ c3 cos
2 θ

where θ is the polar angle, ϕ is the azimuthal angle, and c1, c2, and
c3 are correction factors accounting for the collimation property
of the high NA value of the objective.33 In our imaging system
(with a 40� objective with NA = 0.75), c1, c2, and c3 are



10640 dx.doi.org/10.1021/ja203289m |J. Am. Chem. Soc. 2011, 133, 10638–10645

Journal of the American Chemical Society ARTICLE

determined to be 0.93, 0.00087, and 0.069, respectively (see the
Supporting Information). These results approach the small
aperture limit described by Axelrod,7,33 where c1 . c2, c3.
Then, Psx and Psy can be simplified to the uncorrected equations
Psx � sin2 θ cos2 ϕ and Psy � sin2 θ sin2 ϕ. Consequently,
the polar and azimuthal angle of the GNR could be readily
determined through the sum intensity value between the s and
p channels and the polarization factor R = (Isx � Isy)/(Isx þ Isy)
≈ cos(2ϕ), respectively.
One more quantity that needs to be considered is the angular

determination accuracy for the Z direction. For certain biological
process such as the motion of motor proteins on microtubules,
the structural variation usually takes place in a plane with small
fluctuations in the perpendicular direction. In other words, the
polar angle is commonly very large. To monitor these processes
in detail, it requires a relatively high determination accuracy in
the Z direction. The polar angle determination accuracy of our
imaging configuration was estimated with an intensity measure-
ment standard deviation of 1% (Supporting Information
Figure S4). From this curve, we note that the accuracy is not
satisfactory when the GNR is rotating with a small in-plane tilt
angle. This is an inherent feature of the projection of the major
axis of theGNRonto the x�y plane. To further increase the polar
angle determination accuracy in such systems, we introduced a
polarizer behind the cylindrical lens so that we obtained Pa� sin2

θ (see the Supporting Information). Compared to the determi-
nation accuracy without a polarizer, the precision is further
improved especially in the large polar angle range as indicated
in Figure S4. Note that, under conventional darkfield illumina-
tion mode, the excitation light is confined to a hollow circular
structure with polar angles between 53� and 71�. Therefore,
GNRs perpendicular to this region can be evenly excited with Pa
equals to 1. However, when the angle of the oscillation dipole
deviates from that range, the excitation probability function

would be uncertain and varies with the projection of the electric
field vector along the direction of the oscillation dipole. Thus
one cannot extract accurate full three-dimensional angular
information by using the light path of a conventional darkfield
microscope.
Deciphering Three-Dimensional Rotational Diffusion in

Solution. As a proof of concept, we studied the rotational
dynamics of individual GNRs suspended in glycerol solution.
Figure 2a shows 30 consecutive images of an individual CTAB-
protected GNR in glycerol solution. A typical intensity trace of
the CTAB-protected GNR as a function of time with a sampling
frequency of 16 Hz is shown in Figure 3a. As the GNR rotates
randomly in all three dimensions in glycerol, the scattering signal
from each channel varies between a maximum and a minimum
that is reminiscent of the blinking trajectory of fluorescent
molecules. The trace of the sum value from these two channels
also shows similar features in accordance with the above simpli-
fication, indicating the expected random diffusion in three
dimensions. The blinking phenomenon in the intensity track
indicates that the sampling frequency is adequate to capture the
free rotational dynamics of CTAB protected GNRs in glycerol.
Translational diffusion induced intensity fluctuations can be
ruled out here because, according to the Tirado and Garcia dela
Torre (TT) model,1,2 the theoretical one-dimensional diffusion
displacements for GNRs under this sampling frequency are about
0.02, 0.05, and 0.1 μm in 100%, 90%, and 80% glycerol/water
mixtures, respectively, and is smaller than the depth-of-field of
our imaging system of 2.0 μm (see the Supporting Information).
Real-time single-particle tracking experiments also confirmed
this point as shown in the scatter plot of displacements in the X
and Y directions (Figure 3c). The well focused image of the GNR
during the entire observation period further supports this argu-
ment. It is noteworthy that the translational motion of the GNR
is nearly frozen in the glycerol solution as indicated by the narrow

Figure 1. (a)Measured longitudinal and transverse oscillation scattering spectra of an individual GNR, obtained via inserting a transmission grating into
the detection light path. Longitudinal (red) and transverse oscillation (green) components are discriminated by a birefringent beam splitter under high
illumination intensity. Inset images are their corresponding scattering images. (b) Coordinate system of one GNR rotating in 3D with respect to the
laboratory frame (X�Y�Z). Here the optical axis of the beam splitter is defined to be parallel with the X direction. (c) Light path for planar illumination
(two orthogonal beams from both X and Y directions, only one is shown here for clarity). (d) Light path for conventional darkfield imaging.



10641 dx.doi.org/10.1021/ja203289m |J. Am. Chem. Soc. 2011, 133, 10638–10645

Journal of the American Chemical Society ARTICLE

fluctuations in the displacement pattern in Figure 3c. When
observing the rotational motion of GNRs with conventional
darkfield microscopy, a similar blinking trace from the sum value
could also be obtained. However, it is impossible to deduce the
polar angle from that detection configuration due to the com-
plicated excitation probability function as discussed above. The
measured rotational diffusion constant (through calculating the
autocorrelation decay time constant τ = 1/6Dr)

27 of CTAB
protected GNRs in 100% glycerol solution is 4.6( 3.1 s�1 which
is in agreement with the value of 3.3 s�1 as determined by the
TT model.
To study the surface chemistry effect on the rotational

dynamics of GNRs, thiolated PEG with a molecular weight of
5000 g/mol was covalently attached onto the GNR surface.
Figure 3b clearly shows slower rotational diffusion in comparison

with that of the CTAB-protected GNR. Detailed step-by-step
random rotation in 100% glycerol could be easily followed in
contrast to the CTAB-modifiedGNR (see Figure 2b andMovie 1
in the Supporting Information, individual GNRs are highlighted
by white circles in the movie). The measured rotational diffusion
constant of PEG protected GNRs is about 1/7 of that of CTAB-
modified GNRs. This result is reasonable because the rotational
diffusion of anisotropic nanoparticles is very sensitive to the
frictional force between its side wall and the surrounding
medium.34,35 Due to the long carbon chain of the PEGmolecule,
van de Waals and hydrophilic interactions between GNRs and
glycerol molecules should be greatly increased. This is similar to
the results reported by Pierrat et al. where the chemical proper-
ties of the ligandmolecule play a significant role in controlling the
rotational motion of GNRs.36 Therefore, when using long-chain

Figure 2. Montage images of an individual GNR from 30 consecutive frames dispersed in 100% glycerol solution with CTAB (a) and SH-PEG (b)
modification. Translational diffusions are nearly frozen while the rotational diffusions are still vigorous. The rotation rate of the CTABmodified GNR is
obviously faster than that of the SH-PEGmodifiedGNR (see the intensity variation between two channels).When the signals from both channels vanish,
the long axis of the GNR is parallel to observation direction (Z axis, see the 3D coordinate scheme and the corresponding schematic drawing in (c)). If
only one dot appears, the long axis of the GNR is parallel to either the XZ or YZ plane (d). When both of the dots appear, the long axis of the GNR has
nonzero angles between X, Y, and Z axes (e).
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modified nanoparticles, the frictional force needs to be carefully
corrected for.
Real Time Monitoring of Rotational and Translational

Diffusion in Living Cells. To demonstrate the applicability of

our technique to biological systems, we explored the rotational
and translational diffusion dynamics of GNRs inside a living cell.
Due to the randomness of in vivo single-particle tracking, it
requires monitoring the probe over a relatively long time span.

Figure 3. (a) Measured scattering signal from s (red) and p (blue) channel and the normalized sum value (green) of a CTAB protected GNR dispersed
in 100% glycerol (upper panel). The plot in the lower panel is the corresponding measured polar (green) and azimuthal (red) angle of the GNR as a
function of time. Similar results from a PEGmodified GNR dispersed in 100% glycerol are shown in (b). (c) Scatter plot of relative displacements in the
X and Y directions within 12 s from the CTAB protected GNR dispersed in 100% glycerol. The corresponding frequency histograms at X and Y
directions represent a Gaussian distribution where random walk is expected.
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This requires the probe to show high photophysical and chemical
stability under high salt conditions. In addition, since the optical
properties of plasmonic nanoparticles will be significantly
changed once dimers, trimers, or even oligomers are formed,
we need to ensure in advance that the probe (GNRs) is stable
under this environment.We quantitatively analyzed the scattered
light intensity from individual PEG protected GNRs when they
were dispersed in DI water and in cell culture media for different
time periods. As shown in Supporting Information Figure S5a,
the width of the intensity distribution of GNRs dispersed in
DI water was fairly narrow, indicating that the majority of the
observed red spots are contributed by individual GNRs. The
peak position of the scattering spectrum from these GNRs was
636 ( 13 nm. Figure S5b�d shows the intensity distribution
of GNRs dispersed in cell culture media for 0, 14, and 24 h,
respectively. These plots possess a similar peak width in compar-
ison with that of GNRs dispersed in DI water. Moreover, the
measured scattering maximum from GNRs dispersed in cell
culture media is located at 640 ( 15 nm. This confirms that
the GNRs used here are stable and are suitable for single-particle
tracking experiments in living cells. Meanwhile, the high stability
of these GNRs indicates that they could serve as promising drug,
protein, and gene delivery cargos.
According to Chithrani's results,37 gold nanoparticles sus-

pended in cell culture media can spontaneously adsorb serum
proteins onto their surfaces and enter the cell via a receptor-

mediated endocytosis pathway. After co-incubating GNRs with
HeLa cells for about 4 h, we could readily discriminate some red
scattering spots within the cell region with comparable scattering
intensity as that of individual GNRs immersed in cell culture
medium. This indicates that the observed red spots inside the
living cell are from individual GNRs and is consistent with
Chithrani’s experimental and Gao’s theoretical results; that is,
our individual GNRs fall into the favorable physical size range for
the endocytosis pathway.37,38

Interestingly, we found that some GNRs diffused in the
cytosol under a directed pathway toward the cell membrane.
Previous reports have demonstrated that the active movement
inside living cells can be ascribed to a motor-protein-assisted
process.23 Two types of motor proteins, dynein and kinesin, are
involved in these processes. The kinesin protein delivers cargo
toward the cell membrane, and dynein moves in the opposite
direction.39�42 Figure 4a shows a typical trajectory of a GNR
diffusing toward the cell membrane with an interesting zigzag
shape (see Movie 2 in the Supporting Information,). During the
whole transport process, we could clearly see the GNR experien-
cing alternate pauses and forward steps as indicated in Figure 4b,
depicting a motor-protein-assisted active transport process. Four
unidirectional forward motions were observed with velocities of
0.47, 0.57, 0.64, and 0.67 μm/s at the intervals of 2.89�8.67,
10.84�12.53, 16.39�24.82, and 18.67�34.22 s, respectively.
These values are comparable to the results of single kinesin

Figure 4. (a) Trajectory of a GNR stepping on microtubule with kinesin motor protein inside a living cell. Forward steps are highlighted with different
colors as indicated in the inset text. To make sure the observed spot is from the GNR, a color CCD image is shown in the inset picture (highlighted by
white circle). (b) Relative displacement of the GNR as a function of time (dotted curve) and corresponding velocities at each forward step (color bar).
(c) Scattering intensity from X (red) and Y (blue) channel and normalized sum value (green). (d) Measured polar and azimuthal angle of the GNR.
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motor protein experiments inside living cells (0.60 μm/s).43 So,
most probably only one motor protein is involved in these
processive intervals.
Although there are some detailed studies on the stepping

mechanism of motor proteins on microtubules based on in vitro
results, less is known about how they move inside living cells.
Until now, several models (e.g., inchworm, asymmetric hand-
over-hand, or hand-over-hand) have been developed to describe
the walking behavior of individual kinesin proteins on
microtubules.44,45 In the inchworm region, it is assumed that
the kinesin neck coil does not rotate 180� from the beginning of
one step to the beginning of the next. If this assumption is
applicable in vivo, the azimuthal angle of the GNR should not
change when it is transported by kinesin protein on the micro-
tubule provided the angle between the optical axis of birefringent
prism and the long axis of the microtubule is fixed. A completely
opposite observation would result according to the current hand-
over-hand model where the two heads of kinesin protein alter-
nate between adjacent steps. In other words, the neck coil would
rotate 180� within each step. One of the most effective ways to
resolve such rotational dynamics of motor proteins is to directly
monitor the angle variation of anisotropic nanoparticles when
they are transported by motor proteins.
From themeasured polar angle of the GNR during the pausing

and forward processes, we only observed small angle fluctuations,
which was very different from the behavior of randomly diffusing
GNRs in the cytosol. This shows that the observed GNR was
firmly attached to the neck of kinesin protein but was not freely
rotating inside the lysosome. This is in agreement with Louit’s
results46 where the lipid layer of the lysosome is closely attached
to the side wall of the gold nanoparticle. Through tracking of the
azimuthal angle of the GNR in these processive intervals, we
found that the angle of the GNR nearly kept constant except
during the interval of 16.39�24.82 s (the residual angle variation
in this interval can be attributed to angle variations of the path).
The results presented here directly infer that the neck coil of
kinesin does not rotate within each forward step in this case.
Since the time resolution of our experiment is substantially lower
than the time duration of each step, we cannot calculate directly
the angle variation information step by step. However, our results
could still discern whether the neck rotates with 180�within each
step. Assuming the neck of kinesin rotates 180� within each
individual step, we should observe evenly distributed scattering
light from the X and Y channels when the exposure time is larger
than the duration of each step. In other words, the measured
angle should be 45� during the whole process, which is not the
case for our in vivo results. In addition, we did not observe large
variations in both the polar and azimuthal angles during the
pausing intervals, revealing that the GNRwas still firmly attached
to themicrotubule and did not diffuse away. These results further
prove the reliability of the measured data during the processive
intervals. Since we have no direct evidence to show that only one
kinesin motor protein was involved in these forward processes,
we cannot make a definitive conclusion on the stepping mechan-
ism of individual kinesin motor proteins on microtubules in
living cells. However, our method provides an excellent platform
not only for three-dimensional angle determination but also for
translational diffusion position measurement with high spatial
and temporal resolution, especially if combined with laser
illumination and a faster CCD camera.22 The main limitation
will be the bulkiness of the GNRs, which may affect the motion
of the biomolecule. Therefore, further improvements in the

detection sensitivity to allow the use of smaller GNRs will be
valuable. Further experiments can be done by combining this
method with, for example, controllably linking individual motor
proteins on the side wall of GNRs and directly injecting them
into the cytosol through osmotic lysis.43

’CONCLUSION

In summary, the planar illumination method reported here
provides an ideal solution to investigate translational and rota-
tional motion of anisotropic nanoparticles as local order probes
in heterogenerous nanoscopic environments. With this method,
we directly monitored the rotational dynamics of individual
GNRs dispersed in glycerol/water mixtures with different surface
modifications. The measured rotational diffusion coefficient was
well fitted to the TT model. In addition, the translational and
rotational movements of an individual GNR transported by
kinesin motor protein on microtubules inside living cells were
directly imaged. From the in vivo results, we note that the
observed motor-protein-loaded GNR did not rotate significantly
during each forward step, which is similar to the in vitro results
reported byHua et al.45 In comparison with the current strategies
based on fluorescent dyes, our method provides much better
optical stability for long time observations and potentially
enables single-particle tracking with microsecond temporal re-
solution to capture transient events despite a noisy surrounding.

It should be noted that the planar illumination mode pre-
sented in this paper is just one optical scheme among many
others that can detect 3D orientation of a single oscillating
dipole. Because the light excitation probability function Pa and
the detection probability function Ps are independent from each
other, analyzing the scattering with orthogonal polarization
detection with a small NA objective will give the azimuth angle
of the dipole immediately regardless of the expression of Pa. The
polar angle can then be derived from Pa as long as it is only related
to the dipole orientation. Therefore, multiple illuminationmodes
that include not only two-beam-planar but also one-beam-planar,
axial, or one-beam-inclined illumination can all be utilized to
obtain 3D orientation of a dipole while accommodating to the
needs of different samples or microscopes, though only the two-
beam-planar illumination mode can allow Pa reaching the highest
value of 1 at all directions. Similarly, if only one unpolarized
detector is used, the polar and azimuth angle of the dipole can
also be determined by toggle either the polarization or direction
of the excitation beam orthogonally at a rate faster than the
rotational motion of the dipole. The expressions of Pa for some
illumination/detection schemes that are commonly encountered
or can be readily implemented are provided in the Supporting
Information. These generalized planar illumination microscopy
methods will greatly facilitate single anisotropic particle orienta-
tion studies and applications in various areas.
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