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We describe recent upgrades to a 3D tracking microscope to include simultaneous Nipkow spinning
disk imaging and time-gated single-particle tracking (SPT). Simultaneous 3D molecular tracking
and spinning disk imaging enable the visualization of cellular structures and proteins around
a given fluorescently labeled target molecule. The addition of photon time-gating to the SPT
hardware improves signal to noise by discriminating against Raman scattering and short-lived
fluorescence. In contrast to camera-based SPT, single-photon arrival times are recorded, enabling
time-resolved spectroscopy (e.g., measurement of fluorescence lifetimes and photon correlations)
to be performed during single molecule/particle tracking experiments. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4937477]

Single-particle tracking (SPT) is a proven method for
observing molecular dynamics in live cells.1,2 While initial
SPT microscopy experiments followed 2D molecular or
particle motion with CCD cameras, a number of techniques
(both confocal and wide-field) have been developed to follow
3D particle/molecule motion.3–14 Three dimensional particle
and molecule tracking methods have been recently reviewed
elsewhere.15,16 In brief, for wide-field 3D tracking microscopy
methods, out of plane (Z) information is obtained either by
the use of multiple image planes, having a point spread
function that encodes the Z position, or by very fast 3D
whole-cell imaging.10,11,13 Wide-field based tracking methods
have the distinct advantage that a large number of particles
can be tracked simultaneously. The temporal resolution in
wide-field methods is limited by the readout rate of the
camera, which is typically tens of ms, but can be pushed
to tens of µs with specialized cameras and very bright
labels.17

In confocal-based 3D tracking approaches, 3D positional
information can be obtained via a spatial modulation of
the excitation beam (e.g., in orbital tracking methods), by
having a probe volume with 3D position sensitivity, or
through temporally encoding different excitation volumes
in the sample.4–8,18–20 There are a number of advantages
to confocal 3D tracking approaches. First, the temporal
resolution of the trajectory is limited by the emission rate of
the fluorophore (and not by a camera framing rate) and time-
resolved spectroscopy can be performed on the fluorescent
target being tracked.7 Additionally, confocal methods have
the ability to track in high background environments due to
the spatial filtering inherent in confocal imaging.21 Finally,
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whole cell photo-damage is minimized compared to wide-
field approaches as only a small region around the target
molecule/particle is excited during tracking.

A limitation of confocal-based 3D tracking methods
is that they only follow one particle at a time. However, the
environment surrounding this particle (including the motion of
other particles/molecules in the same Z plane) can be obtained
from concurrent wide-field or confocal scanning imaging
recorded during the trajectory.22 For example, Welsher
and Yang recently demonstrated two-photon multi-color
fluorescence imaging during 3D tracking to obtain images of
the cell during nanoparticle attachment and internalization.23

While combined fluorescence imaging with 3D single-
particle tracking yields enhanced contextual information,
labeling the cell with fluorescently labeled antibodies or
fluorescent proteins can increase the background levels in the
single-particle tracking channel, degrading signal to noise and
localization accuracy.24 Additionally, for confocal feedback
methods that move the sample stage, there is motion blur
in the contextual image due to stage motion during image
acquisition. In this note, we demonstrate methods to help
alleviate both of the aforementioned problems of simultaneous
fluorescence imaging and 3D single-particle tracking by
confocal feedback (high backgrounds from fluorescently
labeled cells and image blurring caused by stage motion).
First, we discuss the use of time-gating to minimize the
contribution of fluorescence background to the observed
tracks.25,26 Second, we employ spinning disk imaging with
short (10-50 ms) acquisition times to minimize motion blur
effects.

Our 3D tracking approach has been described in detail
elsewhere.8,21,26–30 In brief, we use a custom stage scanning
confocal microscope that employs 4 confocal detection
volumes (arranged as a tetrahedron in sample space), yielding
3D position sensitivity. Active feedback of an XYZ piezo stage
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FIG. 1. Schematic of the tracking microscope. See text for details. Repro-
duced with permission from DeVore et al., Proc. SPIE 9338, 933812 (2015).
Copyright 2015 SPIE.

is performed once every 5 ms to keep the molecule or particle
in the center of the tetrahedral probe volume to follow its
3D motion. A schematic of the tracking instrument is shown
in Fig. 1. Primary changes over previous versions of this
instrument include the addition of simultaneous spinning disk
imaging and using four time-to-amplitude converter (TAC)
modules for time-gated molecule or particle tracking.

In time gating, pulsed excitation and time resolved
detection are used to measure the arrival time of a detected
photon with respect to the excitation laser pulse. For time
gating, detected photons that arrive within a given time
window following the excitation pulses are discarded in the
analysis, which can substantially reduce background that has
a shorter lifetime than the particle or target molecule being
tracked. The benefits of time gating are perhaps best visualized
in confocal imaging, as shown in Fig. 2 and demonstrated
previously.25 For this image and the tracking data, the
excitation source was a pulsed semiconductor diode laser
(PicoQuant PC485B) operated at 10 MHz pulse repetition
rate with a ∼100 ps pulse width. Approximately, 1 µW of
laser power (∼100 W/cm2 intensity) was used for 3D tracking.

FIG. 2. Raw (a) and time-gated (b) images of a rat mast cell fluorescently
labeled with YFP-tubulin and quantum dot labeled IgE-FcεRI. Reduction of
the shorter-lived YFP fluorescence by the time gate results in a more of punc-
tate appearance of the longer-lived QD-IgE-FcεRI emission and improved
particle tracking. Reproduced with permission from DeVore et al., Proc. SPIE
9338, 933812 (2015). Copyright 2015 SPIE.

For confocal imaging applications (such as Fig. 2 and
Ref. 25), time-gating can be performed in a post-processing
fashion (i.e., the arrival time of all detected photons is recorded
and the image is constructed only from those photons detected
in a certain time window). However, this post-processing
approach lacks the speed needed for real-time 3D particle
tracking at 200 Hz feedback (or faster) rates.

For fast, real-time time-gating, we employ four TAC
modules that provide a single channel analyzer (SCA) pulse
for each photon detected within a given time window.
We have previously determined the optimal time-gate for
single quantum dot tracking applications and have measured
the signal lost due to the dead-time of the TAC, with
photons arriving within 4 ns of the excitation laser pulse
discarded.26 Furthermore, we use custom-synthesized non-
blinking quantum dots as labels, whose suppressed blinking
enables long trajectories and whose long fluorescence lifetime
enables background rejection from fluorescent proteins by
time-gating.26,30

Fig. 3 shows a time-gated 3D trajectory of a single allergy
receptor (FcεRI labeled with a quantum dot) on a stimulated
rat mast cell (RBL-2H3) labeled with YFP-clathrin. Fig. 3(a)
shows a 3D representation of the trajectory, color coded to
denote the passage of time. Fig. 3(b) is an XY projection of
the measured 3D trajectory. The motion itself appears highly
compartmentalized or corralled to almost a one dimensional
crevice, with the 3D representation showing this structure to
be spread in Z by approximately 2 µm. A histogram of arrival
times between detected photons (a photon pair correlation),
Fig. 3(d), shows that this trajectory is unequivocally that of

FIG. 3. Time-gated tracking of a single QD labeled IgE-FcεRI with simulta-
neous spinning disk imaging. Scale bar is 10 µm. See text for details.
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FIG. 4. A spinning disk image of a rat mast cell labeled with GFP-tubulin
obtained with 40 ms integration on the tracking microscope.

a single quantum dot, as the area of the central t = 0 peak
in the pair correlation histogram is less than ½ the areas
of the neighboring peaks.20 Fig. 3(f) shows a spinning disk
fluorescence image of the cell (obtained at an integration
time of 300 ms recorded during the trajectory), whereas
Fig. 3(g) shows a single white light image recorded during
the trajectory. Clearly the spinning disk fluorescence image
of the cell (Fig. 3(f)) provides greater contextual information
than the white light image, where it is difficult to even identify
the cell outline.

While the spinning disk image provided by LED
excitation (Fig. 3(f)) enables visualizing the cellular outline,
we have improved the clarity and contextual information of
the spinning disk image by employing laser excitation and by
labeling structural components of the cell (the cytoskeleton),
see Fig. 4.

Using laser excitation substantially shortens the exposure
time needed for fluorescence imaging over LED excitation
(Fig. 3(e) was obtained in 300 ms, Fig. 4 was obtained
in 40 ms). The overall light-dose to the cell is minimized
by synchronizing laser excitation (via an acousto-optic
modulator) with camera exposure. This shorter integration
period substantially reduces image blur due to stage motion
during 3D tracking experiments. For example, when tracking
a receptor having a diffusion coefficient of ∼0.1 µm2/s as is
typically encountered in the IgE-FcεRI system, the average
distance moved by the stage to follow molecular motion
over 300 ms (the integration time used for Fig. 3(e)) is
∼0.42 µm compared to ∼0.16 µm of motion for a 40 ms
integration period.30 We emphasize 0.16 µm of motion is
nearly imperceptible in a diffraction-limited image. The
spinning disk imaging approach described here has better
3D sectioning capability than epi-fluorescence methods and
has better timing resolution than confocal scanning based
methods of obtaining cellular contextual information while
tracking by active feedback.23 In future experiments, the short
integration times of laser-based spinning disk imaging will

provide 3D dynamic information regarding cell morphology
during 3D particle tracking.
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