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Introduction

Particle tracking is an important tool for studying cellular pro-
cesses that involve molecular motions. In a particle tracking ex-
periment,[1,2] the information obtainable from the acquired tra-
jectories is often determined by the time resolution (i.e. the
sampling rate) and spatial precision (precision in determining
the particle location). Nanometer precision can be achieved for
isolated particles[3] and even for single fluorophores[4] so long
as the signal to noise ratio is high enough.[5] However, few ex-
isting particle tracking methods offer submillisecond time-reso-
lution with nanometer precision in living cells, which is neces-
sary for probing many cellular processes.

For example, the molecular motors kinesin and dynein carry
organelles along microtubules in cells[6] with reported veloci-
ties as high as 10 mm s�1,[7, 8] possibly in discrete steps as small
as 8 nm.[8–10] This means that the waiting time between the
motor steps is, on average, only 800 ms at the highest velocity.
Due to the randomness of stepping events, two successive
8 nm steps can be even more closely (e.g. 100 ms) spaced,
making them indistinguishable from a single 16 nm step. This
is particularly true in the presence of diffusive organelle mo-
tions (see Supporting Information Figure 1). To adequately
evaluate the stepping behavior of these molecular motors in
living cells, one has to be able to track their movements with a
time resolution much better than 800 ms and simultaneously, a
spatial precision much better than 8 nm.

Attempts to observe the individual steps of microtubule
motor-driven organelles in vivo have been made with GFP-la-
beled peroxisomes[9] and endocytosed quantum dots[8, 10] with
fluorescence microscopy, as well as melanosomes imaged with
bright field/DIC microscopy,[11] all with 1–2 nm spatial precision.
However, the best time resolution in these studies was on the
order of 1 ms. The insufficient time resolution resulted in dis-
crepancies in the reported step sizes,[8–11] leaving the most fun-
damental questions about motor stepping in vivo largely un-
answered.

Herein we present a novel particle tracking scheme with
25 ms time resolution and ~1.5 nm spatial precision in live
cells. This high time-resolution and spatial precision are made
possible by the strong scattering signal from gold nanoparti-
cles (GNPs) imaged with dark-field microscopy. We employed
an efficient detection scheme and a quadrant photodiode
(QPD) to record the positions of GNPs in an objective-type
dark-field microscope. By integrating this tracking scheme with
a positional feedback loop, we record long (tens of microns),
high time-resolution and spatial precision trajectories of endo-
cytosed GNPs actively transported by kinesin and dynein.
These trajectories reveal detailed information about motor
stepping in vivo.

Results and Discussion

Objective-Type Dark-Field Microscopy

In the objective-type dark-field microscope (ODFM, Figure 1 a),
the same, high numerical aperture objective delivers a diago-
nal illumination laser beam to the field of view and efficiently
collects the light scattered by the GNPs (Figure 1 a). With a
field stop (iris) in the detection path, one can separate the
scattered light from reflected, incident light and obtain clean,
dark-field images.

Our setup is a variation of a previously described ODFM[12, 13]

with two major improvements. First, we implemented asym-

The study of cellular processes such as organelle transport often
demands particle tracking with microsecond time-resolution and
nanometer spatial precision, posing significant challenges to ex-
isting tracking methods. Here, we have developed a novel strat-
egy for two-dimensional tracking of gold nanoparticles (GNPs)
with 25 ms time resolution and ~1.5 nm spatial precision, by
using a quadrant photodiode to record the positions of GNPs in
an objective-type dark-field microscope. In combination with a

feedback loop, this technique records long, high time-resolution
and spatial precision trajectories of endocytosed GNPs transport-
ed by the molecular motors kinesin and dynein in a living cell. In
the full range of organelle velocities (0–8 mms�1), we clearly re-
solve the individual 8 nm steps of cargoes carried by kinesin, and
the 8, 12, 16, 20, and 24 nm steps of those carried by dynein.
These experiments yield new information about molecular motor
stepping in living cells.

[a] Dr. X. Nan, P. A. Sims, Prof. X. S. Xie
Department of Chemistry and Chemical Biology
Harvard University
12 Oxford Street, Cambridge, MA 02138 (USA)
Fax: (+1)617496 8709
E-mail : xie@chemistry.harvard.edu

Supporting information for this article is available on the WWW under
http://www.chemphyschem.org or from the author.

ChemPhysChem 2008, 9, 707 – 712 @ 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemphyschem.org 707

www.chemphyschem.org


metric dark-field illumination by projecting a single round, fo-
cused beam onto the back aperture of the objective. An asym-
metric illumination scheme similar to ours was used in an in
vitro study of kinesin.[14] Our setup is simple compared to the
symmetric illumination produced by an axicon because we
avoid using diffractive or diffusive elements.[12, 13] Second, a
small mirror mounted on clear glass (DM1 in Figure 1 a) is used
to reflect the incident beam into the objective, allowing effi-
cient reflection of the incident beam as well as efficient trans-
mission of scattered signal. Compared with the use of a beam
splitter as in previous reports,[12, 13] we can obtain the same
amount of signal with only half of the illumination power on
the sample.

We use 100–150 nm diameter GNPs not only because they
are comparable in size to cellular organelles, but also because
their signal in the cytoplasm is strong enough (150 nW per
particle) for high-speed tracking with 532 nm illumination at a
moderate power density of 30–50 mW mm�2 (see Supporting In-
formation, Figure 2).[15, 16] This signal is about 200–1000 times
that of QD-aggregates.[8] An even lower illumination power
density can be used with a 546 nm laser, which is closer to the
plasmon resonance of 100–150 nm GNPs.[15, 16] By projecting
the image of individual GNPs onto a QPD detector,[17] we
record the positions of GNPs with
25 ms time-resolution and
1–2 nm spatial precision.

We calibrated the QPD by
using the setup to detect 10 and
20 nm artificial steps of 150 nm
GNPs immobilized on a coverslip
driven by a piezo stage (see Sup-
porting Information, Figure 3).
We note that the 25 ms time reso-
lution is limited by the size of the
GNPs (100–150 nm) that we
used. With slightly larger GNPs,
for example, those 200–250 nm
in diameter, the signal is 3–5 fold

stronger and the time resolution
can be further increased to
about 5–10 ms.

Feedback Loop for Long-Range
Particle Tracking

Because the linear tracking
range of our QPD detector
(~150 nm off-center) is much
shorter than the typical run
lengths of microtubule motor-
driven organelles (several mi-
crons),[6] we implemented a
feedback system that uses a
two-dimensional (x–y) piezo
stage to move the sample (if
necessary) every 20 ms such that
the particle being followed re-

mains within the tracking range of the QPD (Figure 1 b). Conse-
quently, the x–y position readings from the QPD circuitry re-
flect the position of the particle relative to the QPD that does
not move. Meanwhile, the adjustment made by the piezo
stage is recorded by a high precision, high bandwidth position
sensor built in the piezo stage. By combining the readings of
the QPD and the piezo stage position sensor, the actual posi-
tion of the particle being tracked can be easily recovered. With
this feedback loop, the tracking distance is limited only by the
travel range of the piezo stage (~150 mm). Although we have
only implemented 2D particle tracking in vivo, our system is
readily adaptable to 3D tracking, for example, with the ap-
proach demonstrated recently in vitro by Cang et al.[18]

Tracking of Organelles Moving Along Microtubules

GNPs coated with human fibroblast growth factor are intro-
duced into human lung cancer (A549) cells by incubation over-
night. Following endocytosis, the GNPs are mostly enclosed in
lysosomal vesicles as evidenced by immunofluorescence (see
Supporting Information, Figure 4) and electron microscopy
(Supporting Information, Figure 5). The GNPs appear as individ-
ual bright spots under the dark-field microscope (Figure 2 a).

Figure 2. Tracking GNPs in live A549 cells. a) Dark-field image of endocytosed GNPs inside an A549 cell. The
bright dots are the organelles containing GNPs, and the dashed lines mark the cell membrane. Scale bar: 5 mm;
b) A ~17 mm long x–y trajectory (grey line) obtained with the tracking system on an organelle moving in a long
protrusion of an A549 cell, from the end of a cell protrusion (+ ) towards the cell center. The black lines mark
the cellular membrane; c) Velocity distribution in the first 10 s along the trajectory in (b). The broad distribution
of in vivo velocity (0–8 mm s�1) has an average around 1.6 mm s�1.

Figure 1. a) ODFM set-up and b) feedback loop, see Experimental Section for details.
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Similar to the endocytosed QDs,[8] these GNP-containing vesi-
cles often made rapid movements along linear tracks, indica-
tive of active transport by molecular motors. Consistent with
our control experiments (data not shown), previous reports
have identified that the kinesin motors transport lysosomes (or
late endosomes) towards the cell membrane (outward move-
ments),[19, 20] whereas dynein transports cargoes in the opposite
direction (inward movements).[21–23]

In conducting a tracking experiment, we first place a particle
of interest (visually identified on the CCD camera) in the QPD
field of view by manually adjusting the piezo stage. The feed-
back loop is then engaged to keep the image of the particle
on the QPD during active transport (see Supporting Informa-
tion Video and Supporting Information Figure 6). We could
easily record long trajectories of GNP-containing vesicles
moving along microtubules, often in the range of 10–30 mm
(Figure 2 b), allowing us to determine the directionality of the
active transport, that is, inward or outward.

We measured the average velocities in both the inward and
outward movements of these GNP-containing vesicles to be
around 1–2 mm s�1 when using 150 nm GNPs with the velocity
histogram shown in Figure 2 c. The fastest movements can be
up to ~8 mm s�1 within short (5 ms) time windows.

Stepwise Movements in Kinesin and Dynein Trajectories

The high time-resolution and spatial precision of our tracking
system enabled us to resolve individual steps and to determine
the step size for the entire range of cargo velocities
(0–8 mm s�1). For instance, even at a velocity of ~8 mm s�1 (1 ms
per 8 nm step), there are still 40 position points on average to
define a single 8 nm step.

A few representative trajectories of cargoes travelling out-
ward or inward are shown in Figures 3 a and b, respectively.
The stepwise movements are not only evident in the displace-
ment trajectories but also in the x–y position plots (Figure 3 c;
see also Supporting Information, Figure 7), appeared as small
“clusters” of positions, a result of diffusive motions of the
cargo during the waiting time between the steps. We note
that a small fraction of our trajectories do not exhibit clear,
stepwise movements possibly due to loose coupling between
the vesicle and the GNP.

The histograms of step sizes in the kinesin and dynein direc-
tions are shown in Figures 3 d and e, respectively. A compari-
son between Figures 3 a and d and Figures 3 b and e clearly
shows that, while cargoes carried by kinesin exhibit exclusively
8 nm steps, regardless of the velocity, those carried by dynein
exhibit both 8 nm and larger step sizes at all organelle veloci-
ties. We also notice that in dynein trajectories, the large steps
often occur consecutively, as suggested by trajectories shown
in Figure 3 b and the conditional histogram in Figure 4 a, which
shows that a large (�12 nm) step tends to be followed by an-
other large step.

Noticeably, Figure 4 a shows distinct peaks around 8, 12, 16,
20, and 24 nm. While some in vitro studies[24, 25] suggest that
dynein can take 8, 16, and 24 nm steps, the 12 and 20 nm
steps that are evident in our histogram and displacement tra-

jectories (Figure 4 b) have not been reported previously.
Among many possible explanations, these 12 and 20 nm steps
could be attributed to actual step sizes of dynein (Figure 4 c),
or to multiple dyneins carrying the same cargo.[7, 26] More stud-
ies are needed to fully explain these interesting observations.

In addition to step size, other aspects of motor stepping in
vivo can now be studied in fine detail. For example, the kinesin
and dynein steps appeared as abrupt “jumps” in displacement

Figure 3. Stepwise movements of organelles. a) Displacement trajectories of
organelles carried by kinesin; b) Displacement trajectories of organelles car-
ried by dynein. The green lines are the raw trajectories and the red lines out-
line the steps (see the Experimental Section for details on step-finding) ;
c) Position (x–y) plots of organelles carried by dynein, showing small clusters
of GNP positions due to the diffusion of the organelle during waiting peri-
ods between steps; d) Step-size distribution in the kinesin trajectories, show-
ing a single peak at 8 nm; e) Step-size distribution in the dynein trajectories,
showing a wide distribution of step sizes from 8 nm to ~24 nm.
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trajectories in previous in vivo experiments.[8–10] In the current
experiment, however, these steps are found to be gradual rises
occurring on the 100 ms to few millisecond timescale (Figur-
es 5 a and b). In comparison, the rise time for kinesin steps in

vitro[14, 27, 28] is typically 20–50 ms.
Among possible factors, local
mechanical properties of the cy-
toplasm and the stiffness of the
neck-linker likely determine the
rise time.[14, 27, 28] A more detailed
analysis of the rise time of the
steps is currently underway,
which should provide useful in-
formation about the mechanics
of motor steps in vivo.

Conclusions

We developed the described
particle tracking system to ad-
dress a compelling biological
problem. While recent experi-
ments have demonstrated the
ability to resolve individual
steps of kinesin and dynein in
vivo, the steps were only re-
solved at slow velocities (up to
~2 mm s�1) mainly due to the
limited time-resolution. The
step sizes of dynein reported in
these studies are different from
each other. Fundamental ques-
tions about the stepping behav-
ior of dynein in vivo, therefore,
remain largely unanswered.
Here, with microsecond time-
resolution and nanometer spa-
tial precision, individual steps of
both kinesin and dynein can
now be clearly resolved at the
full range in vivo velocities

(0–8 mm s�1). Our data prove that while cargoes carried by kine-
sin exhibit only 8 nm steps, those carried by dynein exhibit
both 8 nm and larger (12, 16, 20, and 24 nm) steps. Although
the understanding of how motors work individually and collec-
tively in vitro and in vivo is far from complete, the high resolu-
tion measurements required by this complex problem is af-
forded by the technique. We believe that the technique facili-
tates this quest and anticipate that it will be applied to studies
of other cellular processes.

Experimental Section

Dark-Field Microscopy and Particle Tracking: The objective-type
dark-field microscope was based on a previous scheme[12] with
modifications. Light from a green laser (532 nm, Verdi V5, Coher-
ent) was coupled into a single mode fiber and reflected to the
back of the microscope (TE-300, Nikon) that sits on a separate opti-
cal bench. The output from the fiber was collimated, expanded,
and then focused onto the back aperture of a high N.A. objective
(oil, 60x, NA1.45, Nikon) with an f=400 mm lens (FL). Dark-field il-

Figure 4. 12 and 20 nm steps of dynein in vivo. a) Histogram showing the size of the steps immediately following
a large (�12 nm) step, exhibiting multiple peaks near 8, 12, 16, 20, and 24 nm. The blue curve is the fitting to 5
Gaussian distributions. b) Segment of a displacement trajectory showing both 12 and 20 nm steps following two
consecutive 16 nm steps; c) Possible scheme for the 12 and 20 nm steps of dynein, based on a previously pro-
posed “alternating shuffle” model[25] for dynein stepping. The filled and void ellipses stand for the a and b tubulin
subunits of the microtubules. In the starting configuration (top panel) the two heads are 8 nm apart. In the
middle panel, the green (rear) head moves forward (to the minus end of microtubules) and binds to another site
which is 24 nm away from its original position (gray, dashed line), resulting in a 12 nm shift of the center of mass
of the dimer (dynein). Similarly, a 20 nm steps is achieved by the green head taking a forward head step of 40 nm
(bottom panel, gray, dashed line). By binding to other available motor binding sites, 8, 16, 24,…, nm steps are
achieved. The structures are drawn roughly to scale.

Figure 5. Rising phase of motor steps in vivo. a) Segment of a displacement
trajectory with a 20 nm step and a 12 nm step, showing rise times of ~500
and ~250 ms, respectively; b) Different segment showing an 8 nm step with
a rising time of ~120 ms. The connected, green circles are the raw displace-
ment trajectory, and the red lines are fittings to steps intercepted with
single exponential rising phases.[14]
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lumination is achieved by shifting the focused laser beam off-
center on the objective back aperture, resulting in a diagonally col-
limated beam coming out of the objective. For the reflector, we
glued a small, round mirror (~5 mm in diameter) on a piece of
clear BK-7 glass (mounted in the dichroic cube at 458) at the spot
where the incident, focusing beam strikes the glass. By doing so,
all of the incident light can be reflected into the objective and
~90 % of the scattering signal collected by the objective reaches
the detector.

Light scattered by the particles inside the cell and reflected at in-
terfaces was collected by the same objective (O). Due to differen-
ces in focusing properties, scattered light (signal, divergent in
focus) and reflected light (background, collimated in focus) formed
images at different places after the tube lens (TL). An iris (IR) was
placed at the image plane of background (dashed line above the
image plane for the signal), thereby rejecting the background. The
scattering signal had a different image plane and passed through
the center of the iris. The resulting image was then magnified by
an aspheric lens (RL) after reflection on DM2 and projected onto a
quadrant photodiode (QPD, 58-278, Edmund Optics, NJ). With a
moderate laser excitation density (30–50 mWmm�2), the signal from
individual gold nanoparticles (GNPs, 150 nm in diameter) are typi-
cally ~150 nW, allowing for the QPD to operate with 25 ms time
resolution (40 kHz bandwidth, �3 dB) and to detect the position of
the beads with ~1 nm spatial precision. The bandwidth of the QPD
detector and amplifier circuit was verified by clearly resolving indi-
vidual laser pulses from an 80 MHz Tsunami (Spectra Physics)
pulse-picked to 40 kHz. We calibrated the QPD by recording the 10
and 20 nm steps of static 150 nm GNPs (Figure 1 c) or 200 nm
poly-styrene beads (Supporting Information Figure 3) on a cover-
slip driven by a piezo stage (P-517.3CL, Physik Instrumente, MA) as
described previously.

We also collect the leak-through (~2 %) of the signal through one
of the mirrors (DM2 in Figure 1 a) with a CCD camera, on which a
superimposed bright field image of the entire cell can be viewed.
We identified a small region on the CCD that corresponds to the
active area of QPD by looking at a static GNP on a coverslip with
both devices at the same time. Thereafter, to bring the image of a
particle onto the QPD quickly, we could simply move its dark-field
image on the CCD into the pre-defined region by manually adjust-
ing the DC offset on the piezo stage controller.

On a computer equipped with a data acquisition card (DAQ2),
readings of the positions of GNPs from the QPD were sampled
every 20 ms to determine if the image of the particle was off
center on the QPD by a certain distance in either dimension (typi-
cally 75–120 nm). If so, a feedback signal is given to the piezo
stage in order to re-center the image on the QPD. Simultaneously,
the signals from the QPD amplifier and readings from the built-in
piezo position sensors from the stage controller (E-509.C3, Physik
Instrumente, MA, modified for high bandwidth), were sampled on
another computer at 40 kHz with a Ni-DAQ card (DAQ1, PCI-6143,
National Instruments, TX) and stored without filtering. The readings
were then recombined to recover the absolute coordinates of the
particle. All of the data acquisition and feedback scripts were writ-
ten in LabView 7.0 (National Instruments, TX).

Gold Nanoparticle and Growth Factor Conjugates: Gold nanoparti-
cles (GNPs, 100, 150, and 200 nm) were purchased from Corpusclu-
lar, Inc. (NY). Human fibroblast growth factor (hFGF, F0291) was
purchased from Sigma. To conjugate hFGF to GNPs, we used a pre-
viously developed procedure.[29] Briefly, to 100 mL of GNPs we
added ~4 mL of hFGF (0.2 mg mL�1) and 5 mL of 0.1 % poly-ethylene
glycol (PEG, MW= 10 000, Sigma P6667) and incubated for an hour.
The GNPs were collected by mild centrifugation on a bench-top

mini spinner (VWR C1213, fast centrifugation should be avoided),
and re-suspended in 1x PBS buffer (pH 7.4). GNP conjugates were
freshly prepared for each experiment.

Cell Culture and Uptake of GNPs: A549 (human lung cancer) cells
were obtained from American type cell culture (ATCC), cultured in
DMEM with 10 % FBS (ATCC) under humidified 5 % CO2 at 37 8C.
Cells were seeded onto Delta-T dishes (Bioptechs, NJ) with #1.5
glass coverslip bottoms at least 24 h before adding GNPs. During
imaging experiments, the temperature of the culture was main-
tained at 37 8C with a temperature controller (Bioptechs 0420-4-
03). We introduced GNPs into the cells by adding 2–5 mL of GNP-
hFGF conjugates to each Delta-T dish containing ~1.5 mL medium
and incubating overnight. With this small dose, the average
number of GNPs per cell is only 10–20.

Data Analysis: All data analysis was performed with home-written
MatLab (Mathworks, MA) scripts. The x–y trajectories from in vivo
experiments are often curved, and were first divided into relatively
straight segments for calculation of displacement trajectories. The
trajectories were analyzed using the same method as in our previ-
ous work[8] (Supporting Information, Figure 8), with similar results
to another recently developed step-finding algorithm[25, 30] (Sup-
porting Information, Figure 9).
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