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S
ingle-particle tracking (SPT) is an im-
portant tool for directly visualizing the
spatial trajectories of individual parti-

cles in various media, with applications ran-
ging from exploring bacterial chemotaxis1,2

to the study of material rheological pro-
perties3 to the visualization of membrane
dynamics4�7 and motor protein kinetics.8,9

The particles employed in these tracking
experiments can be fluorescently labeled
polystyrene beads that are micrometers in
diameter,8 large biomolecular complexes or
whole bacteria labeled with multiple fluoro-
phores,1,2,4 or colloidal gold particles that
are several hundreds of nanometers in dia-
meter.7,10 An important and growing subset
of SPT experiments is single-molecule track-
ing (SMT).11,12 Unlike SPT experiments,13

SMT experiments are typically focused on
the tracking of a single quantum emitter
such as a single organic dye,6 a single fluo-
rescent protein,14 or a single quantumdot15,16

in time and space. For applications in bio-
logy, a biomolecule of interest (e.g., protein,
phospholipid, or DNA molecule) is typically
labeled with a single optical probe to visua-
lize its motion, with the measured spatial
trajectory examined by an analysis of the
molecule's mean squared displacement
over time5 or other more sophisticated
analysis methods.17 The simplest and most
common SMT experimental method em-
ploys a wide-field imaging microscope and
an array-based camera (e.g., CCD) to image
labeled molecules diffusing within a single,
two-dimensional (2-D) detection plane.18

This configuration is particularly well suited
for imaging labeled membrane proteins
and phospholipids that are constrained to
diffusion across planar, supported model
membranes19�21 and flat regions of the
complex plasma membrane landscape in

live cells.22,23 However, not all membranes
are flat.24,25 More importantly, many cellular
functions such as intracellular signaling26,27

and protein trafficking28�30 occur over
three dimensions across extended dis-
tances throughout the intracellular milieu.
Visualizing these activities at the single-
molecule level requires the ability to track
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ABSTRACT

We demonstrate following individual fluorescent protein constructs and individual organic

dyes as they diffuse in 3-D in solution at rates up to 1 μm2/s over distances of several

micrometers in X, Y, and Z. Our 3-D tracking method is essentially a stage scanning confocal

microscope that uses a unique spatial filter geometry and active feedback 200 times/s to

follow fast 3-D motion. Here we detail simulations used to find optimal feedback parameters

for following individual fluorescent proteins in 3-D and show that a wide range of parameters

are capable of following individual proteins diffusing at 1 μm2/s rates. In addition, we

experimentally show that through 3-D single-molecule tracking of a protein oligomer series

(monomer, dimer, and tetramer) of the fluorescent protein Azami Green one can determine

the protein oligomerization state. We also perform time-resolved spectroscopy (photon pair

correlation measurements) during the measured 3-D trajectories. The photon pair correlation

measurements show clear fluorescence photon antibunching, demonstrating that the

trajectories are of single fluorescent molecules. We note that the rates of single-molecule

diffusive motion we follow (approximately 1 μm2/s) are comparable to or faster than many

intracellular transport processes.
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individual molecules over several micrometers in all
three dimensions at biologically relevant diffusion
(∼1 μm2/s) and transport (<1 μm/s) rates.
Current methods for three-dimensional (3-D) SMT31

can utilize either passive, wide-field imaging-based
techniques32�40 or more sophisticated active, confocal
feedback-based methods,16,24,41�47 with also some
effort at combining wide-field imaging in XY with
active feedback in Z.48 Passive, wide-field imaging
methods employ wide-field illumination and fluores-
cence detection and, therefore, allow multiple single
emitters to be imaged simultaneously as they diffuse
into and out of one or more stationary (passive)
detection planes. Typically, a temporal image stack is
collected, and the 3-D trajectories of each fluorescent
spot are constructed post-acquisition by employ-
ing localization algorithms to locate the centroid of
each single emitter for each time step (image frame).
Various methods such as point spread function (PSF)
engineering49,50 and astigmatic imaging32,36,51 have
been developed to encode the Z-position of out-of-
focus emitters up to a depth of approximately (1 μm
axially above or below a given detection plane. When
combined with multifocal plane detection,33,35,37�39,48

wide-field imaging approaches can reconstruct 3-D
trajectories spanning several micrometers in all three
dimensions. In contrast to passive camera-based
approaches, active, feedback-based tracking methods
utilize confocal illumination and one or more single
element detectors to physically track a single emitter in
3-D sample space. In this configuration, the fluores-
cence intensity from a single emitter that enters and
diffuses within the confocal probe volume will fluctu-
ate and scale according to its 3-D position within the
approximate Gaussian excitation volume. The fluctuat-
ing fluorescence signal is used as real-time positional
feedback to drive fast piezo scanners. The emitter is
actively kept within the confocal probe volume by
either scanning the probe volume through a stationary
sample with piezo-driven galvanometer mirrors,41,43,45,47

scanning the sample through a stationary confocal probe
volume with a scanning piezo stage,16,24,42,44,46 or a
combination of both.48 In either case, the use of fast
piezo scanners enables active, physical tracking of a
single molecule over several micrometers in all three
dimensions. The emitter's 3-D trajectory is constructed in
real-time without the need for post-acquisition proces-
sing and with millisecond to submillisecond temporal
resolution typically not attainable bywide-fieldmethods.
In general, passive wide-field camera-based imaging
methods focus on localization accuracy and have the
advantage of imaging multiple single emitters simulta-
neously, whereas active confocal feedback-based meth-
ods place emphasis on temporal resolution and tracking
over extended distances in all three dimensions. Several
key advantages of the confocal approach over wide-
field imaging-based techniques include (1) orders of

magnitude less photodamage to live cells (as only a
small spot is illuminated during the trajectory), (2)
superior signal-to-noise ratio (SNR) in high background
environments (due to the spatial filtering enabled by
confocal detection), and (3) the ability to perform time-
resolved spectroscopy (e.g., photon pair correlations,
fluorescence lifetime measurements, or fluorescence
correlation spectroscopy) on the molecules being
tracked.16,41,45,46

With one notable exception,16 all demonstrations of
3-D SPT by confocal feedback have been performed on
QDs or fluorescent polymeric nanoparticles, both of
which are excellent probes for 3-D SPT because they
provide an ample photon budget and thus a high per
particle count rate, which yields a high SNR and
enables collection of long (seconds to minutes) trajec-
tories. Quantum dots, in particular, are excellent
probes for labeling and tracking single biomolecules
due in part to their superior photostability, which en-
ables long track durations limited primarily by photo-
blinking,46 though recent advances toward blinking-
suppressed quantum dots are making progress in
overcoming this limitation.52,53 In addition, the use of
commercially available QD bioconjugates allows for
targeted labeling of specific intra- and extracellular
proteins and organelles in live cells.54�56 For example,
we have followed the diffusion and endocytosis of
membrane receptor-bound QD-labeled antibodies in
live cells for tens of seconds using an active, real-time
feedback-based confocal 3-D tracking microscope.16

Despite the advantages of QDs, the size of QD
bioconjugates (typically 10�20 nm in diameter) pre-
cludes their use as labels for small (<100 kDa), soluble
cytosolic proteins whose structure and/or function
may be altered or obliterated by conjugation to such
a large label. In these cases, labeling strategies may
include expressing the protein of interest as a fusion to
a fluorescent protein such asGreen Fluorescent Protein
(GFP),57 creating a fusion with a short peptide marker
encoded to bind to an exogenous and membrane-
permeable organic dye-labeled synthetic probe (e.g.,
SNAP-tag, FlAsH, ReAsH)58,59 or creating a fusion of the
protein of interest to a short GFP-derived peptide that
requires complementation with the rest of GFP to be
fluorescent.60 The use of photoactivable fluorescent
protein (FP) labels is a particularly attractive strategy
since the concentration of photoactivated FPs at any
given time can be optimized for single-molecule studies
by controlling the intensity and duration of a photo-
activating laser.61,62 On the other hand, organic dyes
are generally more photostable and yield higher per
molecule photon count rates than FPs. In addition,
oxygen-scavenging reagents designed to suppress
photoblinking and photobleaching work particularly
well with organic dyes.
While CCD imaging-based methods for 2-D tracking

of individual fluorescently labeled biomolecules in live

A
RTIC

LE



HAN ET AL. VOL. 6 ’ NO. 10 ’ 8922–8932 ’ 2012

www.acsnano.org

8924

cells are well-established, the ability to track soluble
cytosolic proteins labeled with a single FP or organic
dye over several micrometers in all three dimensions in
live cells will represent a tremendous technical achi-
evement toward elucidating the spatial interactions
of these proteins with their complex surroundings.
Toward this end, we have utilized our 3-D tracking
methods16,44,46 to demonstrate the tracking of single
organic dye molecules, as well as monomeric Azami
Green (mAG) fluorescent protein and its dimeric (dAG)
and tetrameric (tAG) oligomers undergoing Brownian
diffusion in glycerol�water mixtures at rates ranging
from D ≈ 0.85 to 0.35 μm2/s. We note that while these
rates (∼1 μm2/s) are less than the diffusion coefficient
of a GFP-sized protein freely diffusing in the cytoplasm
(∼25 μm2/s),63 they are still faster (or comparable to)
many intracellular transport processes, including diffu-
sion of mRNA in the nucleus64 or cytoplasm,65 trans-
port of proteins through the nuclear pore complex,34,40

active motion driven by dynenin or kinesin,9 motion
inducedby actin polymerization anddepolymerization,66

or diffusion of large (>1000 kDa) proteins in the cyto-
plasm where Brownian motion is hindered by macro-
molecular crowding.67

RESULTS AND DISCUSSION

Optimization of Tracking Parameters. Figure 1 depicts
our 3-D confocal, feedback-based single-particle track-
ing microscope design, which has been described in
detail elsewhere.44 As illustrated, four single-photon
avalanche diodes (SPADs) collect light via four optical
fibers spatially arranged in orthogonal fiber optic pairs,
with one pair axially separated from the other so as to
form a tetrahedral detection volume in sample space.
After each 5 ms track iteration, the photon counts on
each SPAD are read out and sent to a feedback loop,
which calculates the direction and magnitude over
which to move the piezo stage in order to reposition
the tracked molecule closer to the center of the
confocal excitation probe volume. Optimal tracking
parameters can depend upon the emission rate of the
fluorophore, its diffusion coefficient, and the current
alignment (e.g., spacing between optical planes) of the
tracking system. As such, we have found that optimiz-
ing the feedback parameters when switching between
fluorescent reporters of varying emission rates (e.g., FPs
and organic dyes versus QDs) is important.

Originally, we performed simulations of our 3-D
tracking microscope to find appropriate experimental
parameters, such as the optimum separation distance
between the two Z planes and the best effective
magnification for the system.42 In these original simu-
lations, we employed an analytic approximation of the
theoretically predicted model of the microscope's col-
lection efficiency function (CEF) put forthbyEnderlein,68

with the CEF being a map of the relative photon counts
collected fromadipole emitter for a givenX,Y,Z location

in the probe volume.69 In a subsequent study, we
repeated the simulations using an experimentally mea-
sured CEF in order to obtain optimal gain parameters for
tracking red-emitting QDs.46 Here, we have again used
simulations to determine the optimal feedback para-
meters for tracking individual green-emitting fluores-
cent proteins and organic dyes undergoing Brownian
motion with a diffusion coefficient comparable to
0.5 μm2/s. Due to a change in detection color from
red to green, we employed an experimentally mea-
sured 3-D CEF at a green emission wavelength.

The experimental CEF consists of a Z-image stack of
raster-scanned XY images of an immobilized green-
emitting QD. By linear interpolation of these XYZ raster
scans, we are able to map out a measured photon
probability distribution for every XYZ coordinate in
sample space and can therefore predict the count rate
of each detector for a fluorophore located at a given
XYZ position in the probe volume. This knowledge,
coupled to a measure of how the stage moves in
response to a command (Supporting Information
Figure S1), allowed us to test out different feedback
parameters in silico prior to performing an actual
tracking experiment in the laboratory.

For ease of comparison between all simulation runs,
we set the initial XYZ coordinates at time t = 0 of both
the stage and the molecule being tracked at the origin
of the microscope system (i.e., (XM0,YM0,ZM0) = (XS0,YS0,
ZS0) = (0,0,0), where subscripts “M” and “S” denote the
molecule and stage positions, respectively). The mole-
cule is then allowed to diffuse a distance

√
(2 3D 3 dt) in

each Cartesian coordinate direction, with equal prob-
ability of either “þ” or “�” step direction for each axis.
Here, D denotes the diffusion coefficient of the mole-
cule and dt is a simulation time step of 100 μs. For each
100 μs time step, the count rate distribution across all

Figure 1. Schematic of the confocal 3-D tracking micro-
scope optical configuration. The fiber optic pairs are con-
figured to form a 3-D tetrahedron-like detection volume in
sample space.
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four detectors isweighted by themolecule's position in
the experimentally measured 3-D CEF, with actual
counts on each detector pulled from a Poisson distri-
bution of the molecule's expected number of photons
(N) for the 100 μs simulation time step. The counts on
each detector are integrated over fifty 100 μs time
steps (with the molecule also diffusing during each
time step) for a total of 5 ms, after which the summed
counts on all four detectors (D0, D1, D2, D3) are used as
active feedback signals to determinewhich direction the
stagemust bemoved in order to reposition themolecule
closer to the center of the 3-D CEF in the simulation.

As described previously,46 the direction and magni-
tude of a given 3-D stage translation is based upon
proportional integral differential (PID) principles, with
step size (SS) and direction (þ or�) for each axis given
by

SSX ¼ Kx 3 (D0 � D1)=(D0 þD1)

SSY ¼ KY 3 (D2 � D3)=(D2 þD3)

SSZ ¼ KZ 3 [(D0 þ D1) � (D2 þD3)]=(D0 þD1 þD2 þD3)

where KX, KY, and KZ are gain parameters. On the basis of
the four detector counts obtained in the first 5 ms
interval, we issue a command at the start of the next
5ms simulation cycle tomove the stage using the above
step sizes, SSX, SSY, and SSZ. The stage and molecule
positions are then updated every 100 μs using a realistic
model of the step response of the XYZ piezo stage
(Supporting Information Figure S1) for the stagemotion
and a random walk for the molecule position as dis-
cussed above. The difference in coordinate values of the
stage and molecule (i.e., [XM�XS], [YM�YS], [ZM�ZS]),
combinedwith themeasured CEF of the system, is again

used to obtain the counts on each detector for each
100 μs time interval. This process is repeated for 50 in-
tervals of 100 μs, with the integrated counts on each
detector again summed for a 5 ms period. At the end of
this 5ms period, the integrated counts on each detector
are again used to decide which direction, as well as how
far, tomove the stage. Simulations are run for afinite time
period (typically 1�10 s) or until the molecule is lost (the
counts fall below a threshold value in the simulation).

Figure 2A shows a single 1 s simulated 3-D trajec-
tory of a molecule with a diffusion coefficient of
0.5 μm2/s. In Figure 2B,C, the XY position of the
molecule (green spot) at an arbitrarily chosen time
point in its trajectory is plotted against the photon
probability distribution contours of the experimentally
measured CEF near the Z = 0 image plane for detector
pairs (D0, D1) and (D2, D3). The molecule's positional
offset relative to the centers of the D0�D1 and D2�D3

detector pairs provides a visual representation of the
direction and magnitude of the X and Y step sizes
required to reposition it back into the center of the
probe volume. Figure 2D shows the XYZ components
of the 3-D trajectory in Figure 2A overlaid with the
stage response as it tracks themolecule with KX, KY, and
KZ gain values of 0.35, 0.35, and 0.75, respectively. As
can be seen, the stage position more or less faithfully
tracks the molecular position for this one simulation run.
Inspection of this one graph shows that our XY tracking
accuracy is superior to our Z tracking accuracy, a finding
we have previously confirmed experimentally.16 This and
twoother simulation runs at the same K values are shown
as movies in the Supporting Information (supporting
movies S1�S3).

While a single simulation run with a given set of K
values can be informative, the utility of these simulations

Figure 2. Example of a 1 s simulationof our trackingmicroscope followingafluorescent proteinmolecule diffusing at a rate of
0.5 μm2/s. (A) Simulated 3-D trajectory of the molecule. (B,C) Molecule position (green spot) relative to the contours of the
collection efficiency function (CEF) near Z = 0 for detector pairs D0 and D1 (B) and D2 and D3 (C). (D) Position of the molecule
(green trace) versus the position of the stage (black trace) as a function of time for each Cartesian coordinate axis.
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lies in testing nearly every feedback parameter to find
the optimal system settings for following amolecule of
known brightness and/or diffusion coefficient. In order
to optimize parameters for tracking GFPs and organic
dyes, both of which exhibit significantly lower count
rates than QDs, we performed simulations using detec-
tion count rates for AG proteins, Rhodamine 110, and
Alexa Fluor 488, as well as diffusion coefficients com-
parable to those experimentally determined by FCS in
glycerol/water solutions (i.e., D = 0.5 μm2/s). To find
optimal feedback parameters, we ran simulations over
a wide range of KX, KY, and KZ values and used the
distance between the simulated positions of the
molecule and the stage as our performance metric.
Values for KX and KY varied between 0 and 1.5 at 0.0375
intervals, while KZ was varied between 0 and 6 at 0.15
intervals. Twenty simulation runs of 1 s duration were
attempted at each KX, KY, KZ value. Due to the symmetry
of our system, for each simulation run, we did not let KX
and KY vary independently and always set KX = KY = KXY.

Figure 3 shows how the average root-mean-square
(rms) distance between the molecule and the stage
position varies over the range of tested KX, KY, KZ values.

The rms values for eachCartesian coordinate are plotted
in Figure 3A�C, with Figure 3D showing the total rms
distance between the molecule and the center of the
stage position. As can be seen, our simulations indicate
that there is a fairly broad distribution of KX, KY, and
KZ parameters capable of following 3-D motion of
individual GFPs diffusing with a diffusion coefficient of
0.5 μm2/s. We point out (perhaps not surprisingly) that
tracking accuracy in XY is relatively unaffected and
loosely dependent upon the choice of KZ, whereas the
tracking accuracy in Z is similarly insensitive to the value
chosen for KXY. We also tested the same range of feed-
back parameters onmolecules exhibiting 3-D Brownian
motion at 0.85 and 0.34 μm2/s, which spans the range of
diffusion coefficients of the Azami Green constructs in
90:10 glycerol/water. These results are shown in Support-
ing Information Figure S2. Visual inspection and aver-
aging of Figure 3 and Figure S2 was used to obtain opti-
mal K values (0.35, 0.35, 0.75) used in our current tracking
experiments.We furthernote thatour attempts to include
an integral error term in our PID feedback simulations
have always returned tracking errors that are worse than
simple proportional-based (i.e., no I or D) feedback.

Figure 3. Tracking simulation results over a range of feedback gain parameters (KXY, KZ) for tracking the Brownianmotion of
a single fluorescent protein with a diffusion coefficient of 0.5 μm2/s. Each pixel in panels A, B, and C represents the root-
mean-squared distance (σ) between the molecule position and the stage position for the X, Y, and Z axes, respectively, and
a given set of KXY, KZ values. Panel D is the total root-mean-squared distance of the molecule from the center of the optical
probe volume (i.e., (σx

2þ σy
2þ σz

2)1/2). A total of twenty 1 s simulation runs were attempted at each value of KXY and KZ. To be
plotted, over half of the simulation runs needed to follow the molecular motion for the duration of the simulation.
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Tracking Individual Organic Dyes and Fluorescent Proteins.
Regardless of which modality one employs to track a
single fluorescent reportermolecule, a general aim is to
maximize the per molecule count rate while minimiz-
ing undesirable photophysical effects such as photo-
blinking and photobleaching. For QDs and fluorescent
polymeric nanoparticles with an ample photon bud-
get, we can regularly achieve sufficiently high count
rates (50�200 kHz) at low laser powers (e10 μW),
enabling tracking of such particles for seconds to
minutes.16,46 However, organic dyes and FPs exhibit
markedly poorer photostability than QDs or nanopar-
ticles and thus require careful optimization of the laser
power in order to maximize the SNR while minimizing
the photobleaching rate. In general, for tracking
organic dyes and FPs, we employed excitation powers
of 15�30% of the saturation power as determined by
fluorescence correlation spectroscopy (FCS).70 Higher
laser powers do yield higher count rates but at the cost
of faster photobleaching, which ultimately limits track
duration. In addition, we chose to analyze only those
trackswith a duration of at least 100ms (corresponding
to twenty 5 ms time steps) and a minimum count rate
of 20 kHz. We obtained diffusion coefficients for each
track using both mean-squared displacement (MSD)5

and maximum likelihood estimation (MLE) methods17

of analysis as described elsewhere.46

Figure 4 shows an example of a 3-D trajectory of a
single Rhodamine 110 dye molecule diffusing in 96%
(wt) aqueous glycerol solutions. Also shown are the
corresponding X, Y, and Z piezo stage positions and the
3-DMSD and photon pair correlation histogram for this
track. Figure 5 shows histograms of diffusion coeffi-
cients determined by MLE analysis, track durations,
and photon pair correlations summed across all 721
Rhodamine 110 (Rh110) molecules tracked. Similar
histograms for all 557 Alexa Fluor 488 (AF488) molecules
trackedarepresented inSupporting InformationFigureS3.
The average diffusion coefficient values for Rh110 and

AF488 are 0.43 ( 0.01 and 0.49 ( 0.02 μm2/s, respec-
tively, with these average values (and their associated
error) determined by Gaussian fits to the measured
diffusion coefficient distributions. We note the errors
on obtaining the central position of the distribution
(i.e.,(0.01μm2/s for Rh110 and(0.02μm2/s for AF488)
are substantially less than the standard deviation of the

Figure 4. (A) Example of a 3-D trajectory and corresponding (B) XYZ piezo stage response, (C) 3-D MSD analysis, and
(D) photon pair correlation analysis for a single Rh110 molecule exhibiting Brownian motion in a 96% (wt) aqueous glycerol
solution.

Figure 5. Histograms of (A) diffusion coefficients, (B) track
durations, and (C) summed photon pair correlations for all
721 Rh110 molecules tracked in 96% (wt) aqueous glycerol
solutions.
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distribution of diffusion coefficients, with the standard
deviation of the Rh110 diffusion coefficient distribution
being 0.17 μm2/s and the standard deviation of the
AF488 distribution being 0.25 μm2/s. The average values
of the diffusion coefficients for Rh110 (0.43 μm2/s) and
AF488 (0.49 μm2/s) determined from MSD analysis are
within reasonable agreement of values predicted by the
Stokes�Einstein relationship (Supporting Information).
Photon antibunching71,72 is apparent in the summed
photon pair correlation histogram (Figure 5C and Sup-
porting Information Figure S3C), indicating that we are
tracking single molecules. The small peak at zero time
delay is due to the presence of background counts (e.g.,
Raman scattered laser light) that results in detection of
two photons simultaneously.46,73 This central peak is
larger for organic dyes and FPs due to the lower SNR
characteristic of organic dyes and FPs compared to QDs.
In general, a lower SNR necessitates the use of lower
intensity thresholds, thereby allowing a greater percen-
tage of background photons to be counted compared to
when we track QDs in pure, low background glycerol/
water mixtures. We have previously reported the exis-
tence of a similar central peak at zero time delay in the
antibunching histogram while tracking single QDs over
several micrometers in 3-D in high background environ-
ments intentionally designed to degrade the SNR.46

For tracking FPs, we chose Azami Green (AG),
which is a fluorescent protein from the stony coral,
Galaxeidae.74 AG exists as a tetrameric complex (tAG) in
nature, with four GFP-like β-barrel subunits. Both its
dimeric (dAG) andmonomeric (mAG) forms have been
directly expressed70,74 and are stable in solution. In
addition, all three AG oligomers show identical absorp-
tion and emission spectra similar to GFP (Supporting

Information Figure S4), and spectroscopic studies in-
dicate that mAG, dAG, and tAG all behave photophysi-
cally as single quantum emitters.75 Because the hydro-
dynamic radius increases systematically from mAG
(13 Å) to dAG (20 Å) to tAG (28 Å),75 AG oligomers
represent an ideal model system for evaluating the
performance of our microscope while tracking FPs.

Figure 6 summarizes tracking results for all AG
proteins. Among the 542 mAG tracks, 424 dAG tracks,
and 335 tAG tracks analyzed, average diffusion coeffi-
cients ranged from 0.35 μm2/s for tAG to 0.85 μm2/s
for mAG in 92% (wt) aqueous glycerol solutions, as
determined by MSD analysis. The ratio of diffusion
coefficients, DmAG/DdAG and DmAG/DtAG, are consistent
with ratios of theoretical values, with the measured
diffusion coefficients indicating that the mass fraction
of glycerol was approximately 90% in all AG oligomer
solutions. The relative widths of the diffusion coeffi-
cient histograms may be related to the relative errors
between the piezo step size and the actual distance
traveled by the molecule for the different protein
constructs. Larger errors (which would occur for faster
diffusing proteins) lead to greater scatter in the MSD
plots, which ultimately leads to greater scatter in the
slopes of the linear fits. Perhaps surprisingly, the
average track duration shows a decreasing trend from
mAG to tAG. We initially expected an opposite trend
since the likelihood of a molecule escaping the con-
focal probe volume during a track should be less for
larger, slower moving oligomers. However, consider-
ing that we utilized a constant laser power ((10%) for
all AG oligomers, we speculate that the observed trend
is the result of the relative rates of photobleaching and/or
photoblinking as determined by the position of the

Figure 6. Summary of single-molecule tracking results for Azami Green oligomers mAG, dAG, and tAG in 92% (wt) aqueous
glycerol solutions. Data reflect only those tracksg100ms in duration.R (Å) is the hydrodynamic radius in angstroms. Diffusion
coefficient histograms prepared using the MLE method of analysis. Track duration histograms were fitted with a single
exponential. Photon pair correlation histograms represent the sum of all tracks.
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oligomer within the probe volume during each itera-
tion of a track. That is, since there is rapid energy
transfer among the chromophores in the dAG and tAG
constructs,75 the bleaching of any single chromophore
in the protein construct effectively quenches the fluores-
cence of the entire complex, which leads to faster
effective bleaching rates for the larger protein constructs.
For example, if there is a constant probability, p, that a
single AG chromophore will bleach in a given 5 ms
period, then the likelihood of acquiring a mAG track “N”
5ms iterations long is (1� p)N or exp[�N� ln(1/(1� p)].
However, for dAG, if one assumes that each AG chro-
mophore has a similar “p” probability of bleaching
during the 5 ms period, the probability that both
chromophores are intact after 5 ms is (1 � p)(1 � p),
such that the probability of acquiring a track N itera-
tions long is (1� p)2N. Similarly for tAG, the probability
of a trackN iterations long is (1� p)4N. From this simple
analysis, one would expect an exponential decay in
track durations, with the dAG and tAG decay constants
being 2� and 4�, respectively, the mAG decay con-
stant. Our measured 1/e decay times in track duration
(0.33, 0.14, 0.11) for mAG, dAG, and tAG do not follow
the 4:2:1 distribution expected from the above simple
analysis, but the trend is in right direction, which
suggests some agreement with this simple model.
We note that in addition to rapid energy transfer
among the chromophores potentially leading to larger
photobleaching rates for dAG and tAG, there are other
reasons these larger oligomers may bleach faster. In
particular, because larger, slower moving oligomers
can be more tightly tracked, they spend a greater
amount of time in or closer to the center of the Gaussian
excitation probe volume where excitation intensity
is the highest. Coupled with the fact that the laser
power at which the first excited state of AG oligomers
becomes saturated shows a decreasing trend frommAG
to tAG,70,75 we speculate that, for a given laser power,
the rates of photobleaching and photoblinking (i.e.,
reversible transfer into the dark triplet state) increase
from mAG to tAG, resulting in shorter track durations
with larger oligomer size.

The decreasing trend in the average diffusion coef-
ficients from mAG to tAG is compelling evidence that
we are tracking individual proteins, as we would not
expect such a trend if we were tracking randomly sized
aggregates. However, a salient feature of our tracking
microscope is the ability to record the arrival time of
each detected photon and perform post-acquisition
time-resolved photon pair correlation analysis in order
to determine if the fluorescence signal detected while
tracking is arising from a single versus multiple quan-
tum emitter.46 Fluorescence photon antibunching is
generally accepted as unequivocal confirmation that a
fluorescence signal is arising from a single quantum
emitter.71 As shown in Figure 6, we observed anti-
bunching in the summed photon pair correlation

histograms for all three AG oligomers, proving that
we are tracking single proteins. As mentioned above
for organic dyes, the small peaks observed at zero time
delay are due to the low SNR characteristic of FPs,
where background counts can begin to obscure the
expected antibunching behavior.73 Our antibunching
observations further support that fluorescence emis-
sion from dimeric and tetrameric GFP-like oligomers
results from nonradiative energy transfer between
chromophore centers within each β-barrel.72,75

SUMMARY

In this work, we have outlined the details of Monte
Carlo simulations used to optimize the feedback para-
meters of our 3-D tracking microscope and presented
data demonstrating that our tracking microscope can
follow organic dyes and fluorescent proteins in real-
time over several micrometers in solution as they
exhibit Brownian motion at rates of up to ∼1 μm2/s.
Although several groups have reported 3-D tracking of
QDs and fluorescent nanoparticles over several micro-
meters in solution, to our knowledge, our work here
represents the first demonstration of real-time 3-D
tracking of single organic dyes and fluorescent pro-
teins over axial distances routinely greater than∼3 μm.
This specific distance is not simply an arbitrary metric
by which to evaluate the technical capabilities of a
particular single-molecule tracking system. Rather, it
represents an important measure of the potential for a
tracking system to visualize and follow small, soluble
proteins over the total intracellular space of a living cell.
Ultimately, our goal is to be able to track individual
proteins across tens of micrometers in 3-D as they
traverse through the cytoplasm and across cell mem-
branes in living cells and tissues. Although we per-
formed our experiments in low background glycerol/
water solutions, we anticipate that utilizing red-emit-
ting fluorophores, adding reagents to suppress auto-
fluorescence and improve fluorophore photostability,
and employingmultiphoton excitation to reduce back-
ground and phototoxicity will greatly facilitate the
extension of our 3-D tracking technology to organic
dyes and FPs in living cells and tissues.
We studied Brownian motion of individual organic

dyes and individual fluorescent proteins in glycerol/
water mixtures such that motion was retarded to rates
below 1 μm2/s. We note that, although free diffusion
within the cytoplasm occurs at much faster rates,
several classes of intracellular proteins participate in
processes occurring at similar rates of diffusion. As
discussed above, such processes include diffusion of
mRNA in the nucleus64 or cytoplasm,65 transport of
proteins through the nuclear pore complex,34,40 and
active motion driven by dynenin or kinesin.9 We point
out that faster tracking speeds are possible by in-
creasing the size of our optical probe volume, but this
would lead to a much larger background count rate.
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Optimization of the probe volume size (in addition to
performing feedback at kilohertz rates) is ongoing as is
future areas of research aimed toward our ultimate
goal of tracking individual GFPs in 3-D in the cellular
cytoplasm or the nucleus.
Lastly, we note that the ability to track single mol-

ecules in clean, low background solutions also enables
a range of steady-state and time-resolved fluorescence
spectroscopic measurements to be performed on sin-
gle, freely diffusing soluble proteins without the need
for immobilization on a substrate. Single-molecule
fluorescence spectroscopy performed on labeled bio-
molecules passing one-by-one through a stationary

probe volume is a proven tool to explore heterogeneity
in proteins or nucleic acid structures.76�80 However, in
these cases, the molecule is probed only for the few
milliseconds that it spends in the probe volume, mak-
ing long-term measurements on the same molecule
impossible. By performing single-molecule spectros-
copy on a molecule as it is being tracked, we can
extend the observation time by orders of magnitude
and observe, for example, conformational changes of
freely diffusing proteins by single-molecule Förster
resonance energy transfer.76 Addition of reagents to
enhance dye photostability may also further extend
observation times and lead tomore reliable statistics.81

MATERIALS AND METHODS

Materials and Sample Preparation. Rhodamine 110 (Rh110),
Alexa Fluor 488, and 525 nm emitting QDs were obtained from
Life Technologies. Glycerol was purchased from Sigma Aldrich.
All chemicals were used as received without further purification.
The mAG, dAG, and tAG were individually expressed in Escher-
ichia coli and purified as described previously.70 No. 1.5 cover
glasses were purchased from Corning. Concentrated stock solu-
tions were prepared in either ethanol (Rh110, AF488) or buffer
(QDs, name of buffer; AG, PBS) atmicromolar concentrations and
serially diluted to sub-nanomolar concentrations in glycerol/
water mixtures followed by vigorous vortex mixing immediately
prior to tracking. Prior to dilution, all stock solutions were
centrifuged at 13 000 rpm for 5 min to remove aggregates.

Tracking Microscope. Figure 1 depicts our 3-D confocal, feed-
back-based single-particle tracking microscope design, which
has been described in detail elsewhere.42 The collimated output
of a fiber-coupled 485 nmpulsed diode laser (PicoQuant PD485)
operating at 40 MHz is directed into an inverted microscope
(IX71, Olympus) by a dichroic beam splitter (Di01-R488-25x36,
Semrock) and focused by a water immersion objective (60�,
1.2 NA, Olympus) to a near diffraction-limited spot positioned
∼25 μm above the cover glass surface into the bulk solution.
Fluorescence emission is transmitted through the dichroic mirror
and filtered throughanemissionband-pass filter (HQ525, Chroma)
before being focused by a 250 mm focal length achromat
(Thor Laboratories AC254-250-A) serving as a tube lens.

Fluorescence emission is split 50:50 and imaged onto two
identical fiber optic pairs (Polymicro Technologies), each con-
sisting of two 50 μm diameter optical fibers with a center-
to-center fiber separation of∼55 μm. Each fiber acts as a spatial
filter (pinhole) for a quad-unit single-photon-counting ava-
lanche photodiode (SPAD) (PerkinElmer SPCM-AQ4C) coupled
to each fiber. Axial alignment is achieved by iteratively translat-
ing one fiber optic pair while measuring the autocorrelation
function of a dilute dye solution with a commercial correlator
(ALV 5000E/FAST) until the average counts per fluorophore are
maximized. One pair of spatial filters is oriented perpendicular
to the other pair and also located at a slightly different distance
from the tube lens in order to axially separate the two detection
planes, thereby enabling positional sensitivity in Z. The distance
between the two detection planes is set to ∼250 nm in sample
space, determined by raster scans and image analysis on im-
mobilized QD samples. The four spatially arranged fibers form an
approximate tetrahedral detection volume in sample space.

Counts from all four SPADs are read by pulse counting
electronics (National Instruments PCI-6602, Becker & Hickl
SPC630). Active PID feedback is performed for each 5 ms time
step in a trajectory by reading the counts on each detector,
processing through a LabVIEW Real-Time algorithm, and trans-
lating a fast-scanning XYZ piezo stage (Physik Instrumente
P-733.3DD) to reposition the emitter toward the center of the
tetrahedral detection volume. The time-tagged, time-resolved

information from the SPC630 is used to post-process photon
pair correlation data for each trajectory.

A 3-D collection efficiency function (CEF) was experimen-
tally obtained by acquiring a 3 μm Z-image stack scanned
through a green-emitting QD (QD525, Life Technologies) im-
mobilized on a cover glass. The XY step sizes for each image
were 100 nm over a 3� 3 μm field of view, while the Z step size
between each image plane was 200 nm.

Data Analysis. Raw photon arrival times were processed with
custom-written Fortran 90 code to generate photon pair corre-
lation histograms. One nanosecond binning was used to create
the photon pair correlation histograms in all figures. Diffusion co-
efficients were obtained usingmean-squared displacement (MSD)
and maximum likelihood estimator (MLE) analyses as described
previously.46 Only tracks exceeding minimum duration (100 ms)
and summed intensity (20 kHz) thresholds were processed.
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