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L
ocalization of single molecules and
particles in optical microscopy with a
precision of 1 to 3 orders of magnitude

smaller than the diffraction limit of light
is often referred to as superlocalization.
Nanometer-scale localization precision has
been demonstrated for single fluorophores1�8

and nonfluorescent particles.9�11 In single-
molecule or -particle tracking experiments,
superlocalization has brought new insights
into various biological questions, e.g., the
stepping mechanisms of motor proteins
kinesin and myosin.10�13 In single-molecule-
based super-resolution fluorescence micros-

copy, such as stochastic optical reconstruction

microscopy (STORM)14,15 and photoactivated

localizationmicroscopy (PALM),16�18 the locali-

zation precision determines the spatial resolu-

tion as individual molecules are separated

spatially and temporally.
In most superlocalization analyses the

centroids of single molecules/particles are
found by fitting their images to the point
spread function (PSF) of the optical imaging
system, which is usually approximated as a
2D Gaussian function. Beyond these rela-
tively simple cases, however, there aremore
complicated situations where the PSF does

not resemble the Gaussian profile. For ex-
ample, special care is required to minimize
the localization errors when the intensity
distribution of an emitting molecule is sig-
nificantly affected by the emission dipole's
3D orientation.3,4 In differential interference
contrast (DIC) microscopy, the antisymmetric
PSF, which is composed of apposed bright
and dark parts over a gray background, can-
not be fitted with a simple mathematical
function; therefore, the correlation mapping
algorithm has been implemented to provide
nanometer-scale localization for spherical par-
ticles in 2D10 and 3D.9

While tracking precise trajectories of sin-
gle molecules and particles has become
more attainable, a thorough understanding

of a biological process frequently requires

additional information such as the orienta-

tion and rotational motion of target mol-

ecules. Current techniques for acquiring

orientation and rotational information of

nano-objects are based on optical anisotro-

py of the probes. Polarized fluorescence19,20

or dark-field scattering imaging21 techni-

ques convert the orientation information

to image intensity, which is determined by

the angle between the transition dipole of
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ABSTRACT Superlocalization of single molecules and nanoparti-

cles has become an essential procedure to bring new insights into

nanoscale structures and dynamics of biological systems. In the

present study, superlocalization is combined with the newly intro-

duced differential interference contrast (DIC) microscopy-based

single-particle orientation and rotational tracking. The new tech-

nique overcomes the difficulty in localization of the antisymmetric

DIC point spread function by using a dual-modality microscope

configuration for simultaneous rotational tracking and localization

of single gold nanorods with nanometer-scale precision. The new imaging setup has been applied to study the steric hindrance induced by relatively large

cargos in the microtubule gliding assay and to track nanocargos in the crowded cellular environment. This technique has great potential in the study of

biological processes where both localization and rotational information are required.
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the probe and the polarization direction of the illumi-
nation beam. Most of these methods are not directly
compatible with superlocalization microscopy. For ex-
ample, in defocused imaging, it is challenging to locate
the center of the defocused image patterns; therefore,
switching back and forth between focused and defo-
cused imaging22 or taking focused and defocused
images simultaneously using a dual-wavelength
setup23 is necessary to obtain the accurate centroid
and orientation. More recently, Ohmachi et al. devel-
oped a simultaneous 3D orientation and position
tracking technique for highly fluorescent quantum
rods by splitting fluorescence signals to four polariza-
tion channels.24

We have recently developed the single-particle orien-
tation and rotational tracking (SPORT) technique25,26 to
visualize the motions of single rod-shaped plasmonic
gold nanoparticles in DIC microscopy. The SPORT tech-
nique is especially useful in biological studies with gold
nanorods as the probes because of their low cytotoxicity,
large optical cross section resulting from surface plasmon
resonance (SPR), and excellent photostability. However,
the SPORT technique faces challenges of superlocaliza-
tion similar to other rotational tracking techniques, aswell
as the difficulties due to the antisymmetric PSF of DIC
microscopy.
In this study, we demonstrate a novel dual-modality

approach for SPORT, which allows for simultaneous
rotational tracking and localization of single gold
nanorods with nanometer-scale precision in engi-
neered environments and in live cells. This is realized
by inserting an additional arm into the optical path of
the DIC microscope for imaging in two modes simul-
taneously. In the additional optical arm, gold nanorod
probes form modified bright-field images, allowing
their positions to be determined with nanometer-scale
precision. At the same time, the original DIC scheme
allows for the rotational tracking of gold nanorods,
thus keeping all the essential traits of the SPORT
technique. Using this setup, a localization precision of
less than 10 nm has been achieved for gold nanorods
with an average size of 25 nm �73 nm at a temporal
resolution of 74ms. The usefulness of the novel particle
tracking strategy is demonstrated by tracking gold
nanorod cargos in microtubule gliding assays and in
live cells under the influence of steric hindrance.

RESULTS AND DISCUSSION

DIC/Bright-Field Dual-Modality Microscopy. The dual-
modality setup is modified from a Nikon Eclipse 80i
DIC microscope equipped with two Nomarski prisms
(Figure 1A) for taking images in DIC and bright-field
modes simultaneously. The first Nomarski prism splits
the illumination white light into two beams that are
mutually orthogonally polarized and laterally shifted
by a small shear distance d. These two beams result in
two intermediate bright-field images behind the

microscope objective and tube lens. The presence of
the second Nomarski prism shifts the two intermediate
images back by the same shear distance d.

In the dual-modality imaging, instead of intercept-
ing the images behind the tube lens, the intermediate
images are collimated again and divided by a 560 nm
long pass dichroic mirror into two channels. Proper
band-pass filters are inserted into the two light paths to
select a wavelength of 700 nm for DIC imaging and
540 nm for bright-field imaging. The bandwidth of
both filters is 20 nm. These two wavelengths corre-
spond to the longitudinal and transverse SPRmodes of
the gold nanorods (25 nm � 73 nm), respectively.

In the 700 nm DIC channel, the second polarizer
projects the two intermediate bright-field images to
the same polarization plane and interference occurs,
yielding typical bright/dark DIC images on a gray
background (Figure 1B). This channel tracks the 3D
orientation of the nanorod's longitudinal SPR mode.

In the 540 nm bright-field channel, the two mu-
tually shifted intermediate images are projected onto
the camera without interference in the absence of the

second polarizer, forming an overlaid bright-field im-
age for the gold nanorod's transverse SPR mode. A
gold nanorod shows as two partially overlapped dark
lobes, mutually shifted by the shear distance d, on a
bright background (Figure 1C). On this microscope
utilizing the de Sénarmont bias retardation, the two
Nomarski prisms are fixed in the light path, and the
shear direction is accurately aligned at 45� along the
northwest�southeast direction. The presence of two
Nomarski prisms in this modified bright-field microscopy
imaging results in a newPSF that canbe approximated as
a double-peak Gaussian profile; therefore, the centroid of
a single particle canbe locatedby nonlinear least-squares
fitting of the two dark lobes with the following double-
peak Gaussian function:
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where Ib is the background intensity, which is determined
by the exposure time and the camera gain; A1 and A2 are
theamplitudesof the twoGaussians;d is the sheardistance
in thenorthwest�southeastdirection (Figure 1C); x0 and y0
are the coordinates of the centroid of the first Gaussian
(indicated by the white cross in Figure 1C); and σx1, σy1
and σx2, σy2 are the standard deviations of the x and y

components, respectively, for the two Gaussian peaks
(Figure 1D).

The shear distance d is an intrinsic property of the
Nomarski prisms and the focusing optics and also
depends on the illumination wavelength. Two pairs
of Nomarski prisms with different shear distances were
tested by taking images of a gold nanorod and a
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200 nm polystyrene particle at different orientations
(Figure S1). The shear distances of these Nomarski
prisms were measured by fitting the modified bright-
field images of the polystyrene particle with eq 1. The
shear distances of these two sets of Nomarski prisms at
the wavelength of 540 nm were found to be 290 ( 3
and 189 ( 3 nm, respectively. The Nomarski prisms
with a larger shear distance generate more accurate
results in double-peak Gaussian fitting because they
separate the two peaks farther apart.

The relative intensity of the twodark lobes (the ratioof
A1 to A2) is dependent on the orientation of the gold
nanorod and the bias retardation, which is intentionally
introduced as a phase shift between the two wavefronts
passing through the specimen by adjusting the polarizer
and quarter-wave plate settings to increase DIC image
contrast.27 Figure S2 shows an example of the DIC and
modifiedbright-field imagesof the samegoldnanorodat
three different orientations using the pair of Nomarski
prisms with the larger shear distance.

In the rest of discussion in this paper, this modified
bright-field microscopy imaging mode will be referred
to as the double-Gaussianmethod for superlocalization
of gold nanorods.

Alternative Configuration. In the Nomarski DIC mode,
the second polarizer is set at 90� with respect to the
first polarizer so that final DIC images are generated
with equal contributions from two orthogonally polar-
ized light beams passing through the sample. When

the second polarizer is removed from the light path, we
obtain the modified bright-field images with two dark
lobes, as described in the previous section. When the
second polarizer is set at 45� with respect to the first
polarizer, one of the two orthogonally polarized beams
is blocked, leaving only one dark spot in the final image
of a gold nanorod. This alternative approach for locali-
zing gold nanorods will be referred to as the single-

Gaussian method.
The images of a gold nanorod and a 200 nm poly-

styrene particle during a 360� rotation under each
of these different polarizer settings are shown in
Figure S3A. With the second polarizer setting of 45�,
the remaining dark spot can be nonlinear least-squares
fitted with a 2D Gaussian function to locate the particle
(Figure S3B, C), and the intensity changes with respect
to the orientation of the nanorod's short axis, as the
observation wavelength corresponds to the transverse
SPRmode of the gold nanorod (Figure S4). The two 45�
polarization configurations result in slightly different
signal intensities once again due to the intentionally
introduced bias retardation.27 It should be pointed out
that the accuracy in the measured distance is mostly
independent of the nanorod's orientation; however,
the localization precision varies as the nanorod's image
contrast changes with its orientation.

The comparison of the double- and single-Gaussian
methods is done by measuring the distances between
the two particles at different orientations as shown in

Figure 1. Dual-modality single-particle localization and rotational tracking technique. (A) Schematic diagram of the dual-
modality microscope. (B) DIC image of a 200 nm polystyrene bead captured under the modified microscope. (C) Double-
Gaussian bright-field image. Thewhite cross denotes the centroid (x0, y0) of one of the dark lobes. These coordinates are used
in eq 1. (D) Fitting of the image in (C) with a 2D inverse double-peak Gaussian function (rainbow contour). The blue dots are
the measured intensities at each coordinate. The scale bars in (B) and (C) represent 1 μm.
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Figure S3A. These two sets of measured distances are
virtually identical. Therefore, the single-Gaussianmeth-
odwill be used exclusively in the rest of our discussions
because of its mathematical simplicity.

The localization precision of the single-Gaussian
method is obtained by recovering the positions of
gold nanorods in a stepping experiment on a high-
precision piezoelectric stage (Figure S5). Themeasured
step sizes by localizing the particles are consistent with
the designated values. The localization precision from
nonlinear least-squares fitting is determined to be
2�5 nm at a temporal resolution of 74 ms, similar to
those obtained for 40 nm gold nanospheres.9

Dual-Modality Imaging in Microtubule Gliding Assays. The
microtubule gliding assays have shown great potential
to serve as a transport system for shuttling and sorting
nanocargos in engineered environments.28�31 In these
assays,motor proteins, such as kinesin, are precoated on a
substrate and propel microtubule fragments. A microtu-
bule can rotate along its longitudinal axiswhen it glideson
the substrate, depending on the number of protofila-
ments it is composed of. We have previously demon-
strated thatgoldnanorodswithanaveragesizeof10nm�
35 nm attached on gliding/rotating non-13-protofila-
ment microtubules displayed periodic bright and dark
DIC image patterns, while nanorods attached on 13-
protofilamentmicrotubules displayed nearly constant DIC
intensities.26 Fluorescence interference contrast micro-
scopy has shown that full-length kinesin motors elevate
glidingmicrotubulesbyonly 17(2nmover the surface.32

Small cargos such as 20 nm quantum dots33 or 10 nm �
35 nmgold nanorods26 do not impede the self-rotation of
microtubules; however, larger cargos such as microbeads
do obstruct the self-rotation, but have aminimal effect on
the forward speed of the microtubule carrier.33

In order to utilize molecular motors as nanoengines
to transport cargos in engineered systems, it is impor-
tant to understand how the transport system responds
to the steric hindrance created by relatively large cargos
in the gliding assay. In the current study, we carry out
similar microtubule gliding experiments with larger
gold nanorods with an average size of 25 nm �
73 nm. The short axis of these nanorods is the same as
the outer diameter (25 nm) of the microtubules. The
orientation and location of gold nanorods are obtained
simultaneously at a temporal resolution of 74 ms using
the single-Gaussian method.

In our experiments, the gold nanorods are surface-
modified with neutravidin and the microtubules are
made from a mixture of unlabeled tubulin and bioti-
nylated tubulin at a ratio of 93 to 7. The number of
biotin�neutravidin bonds between a nanorod and a
microtubule is a key factor that affects the nanorod's
motions during transport. When a nanorod's long axis
is aligned parallel to a microtubule, the contact area of
the two rod-shaped objects is maximized to allow an
average of four biotin�neutravidin bonds. When a

nanorod's long axis is perpendicular to a microtubule,
the contact area is minimized to result in as few as one
biotin�neutravidin bond. (See Supporting Information
for detailed calculations.)

The parallel geometry does not create significant steric
hindrance, and the nanorods in this geometry will behave
similarly to that in the previous reports.26,33 The perpendi-
cular geometry with a single binding will likely result in a
loosely bound nanorod and give rise to “blinking” (fast
switching between bright and dark DIC image patterns).
Such an example is given in Figure S6 (Movie 1). The
current temporal resolution of 74 ms is likely too slow to
fully resolve this type of fast, random rotation.

Themore commonand interesting case,whichwill be
elucidated in greater detail here, is when a nanorod and a
microtubule are aligned at an angle (neither perpendi-
cular nor parallel) and held together with multiple bonds
(likely 2�4 bonds under our experimental conditions). In
this case, a nanorod is more strongly bound to a micro-
tubule, and its motion is no longer determined predomi-
nately by the thermal noise, as the steric hindrance
created from the nanorod/microtubule geometry and
the obstacles present in the course of transport becomes
an important factor. Figure 2 (Movie 2) shows an example
where a gold nanorod travels nearly half a circle with a
distance of ∼24 μm on a gliding microtubule. The
nanorod shows a mainly bright image while traveling
southwest, then a mainly dark image after turning ∼90�
toward northwest, and finally a mainly bright image
again after making another turn toward northeast.

The relatively stable DIC intensities on the time
scale of seconds suggest that the nanorod was rather
firmly attached to the microtubule through multiple
biotin�neutravidin bonds. However, the recorded DIC
intensity traces still show significant fluctuations, in-
dicating that the nanorod changes its orientation
intermittently from time to time due to the steric
hindrance. These rotational motions are often accom-
panied by lateral movement of the nanorod to new
positions found in the x and y trajectories.

Two interesting segments of this transport event
are explained in detail as follows. In the first segment
(14�22 s, Figures 2C and S7A), the microtubule glides
at a nearly constant speed of 0.35 μm/s, which is
evident from the constant slopes observed in both
the x and y trajectories. The x trajectory is smoother
than the y trajectory, which can be explained by the
fact that the microtubule moves in the x direction and
it is much more likely for the nanorod to swing from
side to side (y) than to move back and forth (x).
Interestingly, the gold nanorod changes its orientation
drastically when the microtubule changes its gliding
direction at 15�16 s or when the trajectory shows a
sudden “jump” (a distance of ∼70 nm in the y

trajectory) at ∼18.5 s. The moving directions of the
gold nanorod before and after the drastic orientation
changes are guided by the pink dashed lines on the y
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trajectory. The nanorod changes its orientation possi-
bly because they are shunted by road blocks, such as
other microtubules, aggregates of kinesin molecules,
or unpolymerized tubulin monomers.34,35 The micro-
tubule and nanorod are caused to rotate in order to
evade the steric hindrance, which results in the sudden
changes in the nanorod's orientation and position. In
the second segment (44�52 s, Figures 2D and S7B), the
microtubule moves mainly in the y direction, which
results in a rather smooth y trajectory. The rotations of
the gold nanorod are accompanied by a shift of the trace
at 47.5 s and a change in the moving direction at 50.0 s.

Superlocalization and Rotational Tracking of Endocytosed
Gold Nanorods in a Live Cell. The cytoskeleton in a live
mammalian cell is composed of interweaving micro-
tubules and actin filaments.36,37 Cargos are transported
by molecular motors including kinesin, dynein, and
myosin along the microtubule and actin filament
tracks.34 How the cargos are transported in the com-
plex cytoskeleton system and in a crowded environ-
ment is intriguing because it is closely related with the
cooperation and cross-talk among the motor proteins
and the intracellular transport mechanism, but requires
further study. The transport of cargo in a complex
cytoskeleton environment has been studied using
bright-field microscopy with pigment granules as the
cargo38 and fluorescent microscopy with fluorescently
labeled organelles.39 The directed transport of cargos is
affected in regionswhere space is limitedby the crowded
cytoskeleton such as the cortex of the cell.39,40 We
previously used the SPORT technique to demonstrate that

nanocargos tend to keep their orientation during directed
transport along microtubule tracks.26,41 In this study, we

Figure 2. Motions of a gold nanorod attached to a glidingmicrotubule. (A)Moving trace of the gold nanorod over a time span
of 59.2 s. The positions of the gold nanorod are determined by using the single-Gaussian method. (B) DIC intensity traces of
the nanorodunder the dual-modalitymicroscope. The bright anddark intensities are shown in blue and red, respectively, and
the average background intensities are shown in black. The green (C) and orange (D) boxes highlight two interesting
segments where the transport direction is being changed and significant rotational motions are observed. (C, D) The x and y
displacements and the corresponding DIC intensity traces of the gold nanorod from the two highlighted segments. The
transition points with significant rotational behaviors are highlighted in the blue rectangles. The trajectories of the gold
nanorod before and after the rotations are highlighted by the pink dashed lines. The calculated azimuthal and polar angles of
the gold nanorods during these two segments are shown in Figure S7.

Figure 3. Lateral displacement and DIC intensities of a gold
nanorod transported in a live cell. (A) Moving trace of the
gold nanorod. (B) The x and y displacements and the DIC
intensity traces. The lateral shifts are guided by the horizontal
dashed lines. The nanorod's coordinate is set to (0, 0) at time0.
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visualized the fluctuation of the cargo's orientation caused
by the steric hindrance of the surrounding environment.

We imaged the transport of endocytosed transferrin-
modified gold nanorods in live PC12 cells using the
new imaging setup. The DIC images of the nanorods
show that the rotation of the gold nanorods was
common when they are transported in the cortical
area where the cytoskeleton is rather crowded. One
example is shown in Figure 3 (Movie 3). Thegoldnanorod
in this examplewas transportedover a distance of∼2μm
in the x direction. The nanorod wiggled from side to side
of themicrotubule trackduring transport, reflectedby the
80�170 nm lateral displacements in the y direction, e.g.,
at 11, 20, and 36 s (Figure 3B). The lateral displacements
are comparable to the diameter of early endosomes. It is
interesting to note that at the moments of the wiggling
motion theDIC intensities also indicate awigglingmotion
bydisplaying noncorrelatedbright/dark intensity changes
(Figure S8). The correlation of DIC intensity with the
lateral displacement and the slow rotation pattern
show that the rotation of the nanorod is not caused
by rotational diffusion of the vesicle.42

The correlated wiggling motion and the orientation
changes of the gold nanorod indicate that the transport of
the cargo is far fromasmoothprocess. An important factor
could be the steric hindrance caused by the crowded
environment since there are interweaving actin filaments
andmicrotubules around the cortical area of the cells. The
cargo has to evade the obstruction from the interweaving
microtubules and actin filaments in order to move for-
ward. Note that the overall transport velocity is around
0.05 μm/s, much smaller than the directed transport rate
on microtubule tracks43 and actin filaments,11,12 which
also provides the evidence that the transport is hindered.

CONCLUSIONS

In summary, a novel dual-modality imaging tech-
nique has been developed to superlocalize a single

gold nanorod while providing its orientation and rota-
tional information. The superlocalization of the gold nano-
rodwasachievedby curvefitting themodifiedbright-field
images generated by one of the two beams laterally
shifted by the Nomarski prism in a DIC microscope. The
orientation and rotational information is derived from the
DIC images of the gold nanorods. This new single-particle
tracking technique is a significant improvement over
existing nonfluorescent particle tracking techniques. Due
to the advantages of this technique, it can be applied in
the study of many biological processes that require both
precise localization and the orientation and rotational
information of the nanoprobes.
It should be noted that the temporal resolution is

currently limited by the achievable signal-to-noise
ratio (SNR) in the modified bright-field channel. Unlike
the dark background on fluorescence images, the high
background on bright-field images leads to greatly
reduced SNR; therefore, the temporal resolution of
74 ms is required to achieve the reported nanometer-
scale localizationprecisionwith a100Whalogen lamp. By
switching to amore intense laser light source or allowing
lower localization precision, a higher temporal resolution
can be achieved.
The usefulness of this technique has been demon-

strated by dynamic tracking of single gold nanorod
cargos in microtubule gliding assays and in live cells.
The new imaging techniquemakes it possible in future
studies to acquire critical knowledge in order to realize
the transport of larger and heavier cargos in micro
transport systems using molecular motors. On the
other hand, the hustle of the cargo by the obstacles
is an important observation associated with intracellu-
lar transport where steric hindrance exists in the
crowded cellular environment. Further studies will lead
to our understanding of how competing kinesin and
dynein motors work together to overcome constant
obstacles in intracellular transport.

METHODS
Sample Preparation. The cetyltrimethylammonium bromide

(CTAB)-capped 25 nm � 73 nm gold nanorods (Nanopartz,
Loveland, CO, USA) were washed and resuspended in 18.2 Ω
Milli-Qwater before surfacemodification. To change the surface
charge from positive to negative, the gold nanorods were
modified with transferrin through a polyethylene glycol (PEG)-
thiol linker. The detailed procedures of nanorod surface mod-
ifications and polystyrene beads sample preparations can be
found in the Supporting Information.

Precision and Accuracy Measurement on the Piezo-Stage. A 3D
piezoelectric stage was installed on an inverted Zeiss Axiovert
100 TV microscope. The microscope was equipped with two
Nomarski prisms, two polarizers, a condenser, and a 100� oil
immersion objective. Gold nanorods dispersed in Milli-Q water
were immobilized on a clean coverslip, and the sample slidewas
stepped in either the x or y direction by the piezoelectric stage
with sub-nanometer precision. The DIC images were captured
at 700 nm, and the bright-field imageswere captured at 540 nm.
Three particles at different orientations were captured, which

show completely dark, completely bright, and half dark/half bright
DIC images, respectively. The averaged signal-to-noise ratio of the
bright-field images of the three nanorods is better than 10. The
step size for each movement was 40 nm. At each position, 50
frames of imageswere taken at a temporal resolution of 74ms. The
coordinates of each gold nanorod in each frame were determined
using the single-peak 2DGaussian fittingof thebright-field images,
and 50 xor y coordinateswere plotted as one step. The precisionof
the single-particle tracking was calculated as the standard devia-
tion of the x or y coordinates in each step, and the accuracy of the
step measurements was determined as the standard deviation of
the step sizes calculated as the difference between the averaged x

or y coordinates for each two steps.
Microtubule Gliding Assays. The protocol wasmodified from the

procedures reported in our previous publication.25 Detailed
procedures of the extraction of full-length kinesin, surface
modification of gold nanorods with neutravidin, and prepara-
tion of biotinylated 12-protofilament microtubules can be
found in the Supporting Information. A chamber was formed
by placing a clean glass coverslip on top of a clean glass slide
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with two pieces of double-sided tape serving as spacers. BRB80
solution containing 0.5 mg/mL casein (Sigma, St. Louis, MO,
USA) was flowed into the chamber, and the chamber was kept
at room temperature for 5 min. BRB80 solution containing 0.2
mg/mL casein, 0.2mMMgATP, and kinesin was then introduced
into the chamber to replace the previous solution. After 5 min,
BRB80 solution containing 0.2 mg/mL casein, 0.2 mM MgATP,
10 μM Taxol, and microtubules was introduced into the cham-
ber and kept at room temperature for 5 min. After that, BRB80
solution containing 0.2 mg/mL casein, 0.2 mM MgATP, 10 μM
Taxol, and neutravidin-modified gold nanorods was flowed into
the chamber and incubated at room temperature for 7min. Finally,
the chamber was filled with BRB80 solution containing 0.2 mg/mL
casein, 1 mMMgATP, and 10 μMTaxol with an oxygen-scavenging
system [50 μg/mL glucose oxidase (Sigma), 4 μg/mL catalase
(Sigma), 1% (w/v) glucose (Sigma), and0.1% (v/v)mercaptoethanol
(Fluka)]. Between the steps, the chamber was washed twice with
BRB80 solution containing 0.2 mg/mL casein and 0.2 mM MgATP.
The motions of the gold nanorods attached with the microtubules
were then imaged under our dual-modality microscope.

Cell Cultures and Live Cell Imaging. PC 12 cells (CRL 1721.1, ATCC,
Manassas, VA, USA) were cultured on 22 mm � 22 mm poly-L-
lysine-coated coverslips in six-well cell culturing plates. Complete
cell culturing medium composed of F12K cell culturing medium
(ATCC), 15% horse bovine serum (ATCC), and 2.5% fetus bovine
serum (ATCC) was added to theplates. After the cell culture covered
70% of a coverslip, 40 μL of transferrin-modified gold nanorod
solutionwasadded toeachof theplates and incubated for 1h.After
that, the cell coverslipwas placed on a clean glass slide for imaging.
Two pieces of double-sided tape act as spacers between the glass
slide and the coverslip to form the chamber. A30μLportionof F12K
cell culturemediumwas added to the chamber to sustain the cells.

Dual-Mode Imaging and Data Analysis. Movies of gliding assays
and live cell experiments were taken under the dual-mode
microscope modified from an upright Nikon 80i microscope. All
movies were taken at the temporal resolution of 74 ms. The
images and movies were all processed in ImageJ and Matlab.
The 2D Gaussian fitting and single-particle tracking (including
position and orientation) were all done automatically by run-
ning the programs written in MATLAB.
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