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Abstract: Small (~15 nm diameter), highly fluorescent conjugated polymer nanoparticles were evaluated
for nanoscale 2D and 3D tracking applications. Nanoparticles composed of conjugated polymers possess
high absorption cross sections, high radiative rates, and low or moderate aggregation quenching, resulting
in extraordinarily high fluorescent brightness. The bright fluorescence (~200 000 photons detected per
particle per 20 ms exposure) yields a theoretical particle tracking uncertainty of less than 1 nm. A lateral
tracking uncertainty of 1—2 nm was determined from analysis of trajectories of fixed and freely diffusing
particles. Axial (2) position information for 3D particle tracking was obtained by defocused imaging.
Nanoscale tracking of single particles in fixed cells was demonstrated, and a range of complex behaviors,
possibly due to binding/unbinding dynamics, were observed.

Introduction

Nanoscale 2D and 3D single particle tracking methods have
proven to be extraordinarily useful for investigating a wide
variety of cellular processes such as molecule transport,
membrane dynamics, and the motion of motor proteins.' ® There
is considerable interest in improving the spatial and temporal
resolution of tracking methods. While the positions of isolated,
tethered single dye molecules can be determined with ~1.5 nm
accuracy,' the low brightness and fluorescence emission rates
of a single dye molecule place severe constraints on time
resolution and intracellular studies. Strategies for improving the
spatiotemporal resolution of particle tracking experiments
include the use of multiple labeling with dyes or fluorescent
proteins,’ fluorescent nanoparticles such as colloidal semicon-
ductor quantum dots and dye-loaded nanospheres,” * and highly
scattering metal nanoparticles. However, dye-loaded nanopar-
ticles and metal nanoparticles are typically larger than 20—30

(1) Yildiz, A.; Forkey, J. N.; McKinney, S. A.; Ha, T.; Goldman, Y. E.;
Selvin, P. R. Science 2003, 300, 2061-2065.

(2) Dahan, M.; Levi, S.; Luccardini, C.; Rostaing, P.; Riveau, B.; Triller,
A. Science 2003, 302, 442-445.

(3) Murcia, M. J.; Minner, D. E.; Mustata, G.-M.; Ritchie, K.; Naumann,
C. A. J. Am. Chem. Soc. 2008, 130, 15054-15062.

(4) Toprak, E.; Balci, H.; Blehm, B. H.; Selvin, P. R. Nano Lett. 2007, 7,
2043-2045.

(5) (a) Huang, B.; Wang, W. Q.; Bates, M.; Zhuang, X. W. Science 2008,
319, 810-813. (b) Levi, V.; Ruan, Q. Q.; Gratton, E. Biophys. J. 2005,
88, 2919-2928. (c) Lessard, G. A.; Goodwin, P. M.; Werner, J. H.
Appl. Phys. Lett. 2007, 91, 224106/1-224106/3. (d) Greenleaf, W. J.;
Woodside, M. T.; Block, S. M. Annu. Rev. Biophys. Biomol. Struct.
2007, 36, 171-190.

(6) Holtzer, L.; Meckel, T.; Schmidt, T. Appl. Phys. Lett. 2007, 90, 053902/
1-053902/3.

(7) Kural, C.; Kim, H.; Syed, S.; Goshima, G.; Gelfand, V. L.; Selvin,
P. R. Science 2005, 308, 1469-1472.

(8) (a) Sheetz, M. P.; Turney, S.; Qian, H.; Elson, E. L. Nature 1989,
340, 284-288. (b) Kusumi, A.; Sako, Y.; Yamamoto, M. Biophys. J.
1993, 65, 2021-2040.

18410 = J. AM. CHEM. SOC. 2009, 7137, 1841018414

nm, which can affect biological function, and their hydrody-
namic drag places an effective limit on temporal resolution.
Individual colloidal semiconductor quantum dots yield limited
resolution at acquisition rates above 50 Hz due to saturation
effects.>® Based on these considerations, it appears that the
development of more highly luminescent nanoparticles with
diameters in the range of 5—20 nm is needed to improve the
spatial and temporal resolution of particle tracking methods.
We recently developed brightly fluorescent nanoparticles, here
referred to as CPNs, that consist of one or more s-conjugated
polymer molecules.”'? In contrast to dye-doped polymer or
silica beads, which are typically limited to a few percent dye
loading due to aggregation and self-quenching effects,'®> CPNs
are entirely composed of fluorescent polymer, resulting in
markedly higher absorption cross sections. In addition, many
conjugated polymers exhibit minimal self-quenching, with
reported fluorescence quantum yields of 70% for pure solid
films,'* while CPN fluorescence quantum yields as high as 40%
have been determined.'> CPNs can be prepared with diameters
ranging from 4 nm (a single polymer molecule) to >50 nm,
with particle brightness scaling approximately linearly with
nanoparticle volume over this size range, which permits the
optimization of the particle size—brightness trade-off for a
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particular application. In addition, the excitation wavelength is
readily tailored to a specific application by choosing from a
wide variety of commercially available 7z-conjugated polymers,
and highly red-shifted emission can be achieved by energy
transfer to dopant dyes or polymers.'® For particles in the 5—50
nm range, CPNs can achieve arguably the highest fluorescence
brightness to volume ratio of any nanoparticle reported to date;
a fluorescence cross section of 2.2 x 1073 cm? and saturated
emission rates of 10° photons per particle per second were
observed for CPNs ~15 nm in diameter. CPN encapsulation
and functionalization have been demonstrated, indicating the
possibility of nanoparticle conjugation to specific biomol-
ecules.'' Additionally, highly photostable CPNs, ~1000 times
more photostable than conventional dyes, have been demon-
strated.'? Furthermore, CPNs do not contain toxic heavy metals,
which are a concern for some applications.

In this study, we evaluate the use of single ~15 nm diameter
CPNs for 2D and 3D tracking at an acquisition rate of 50 Hz.
From the signal levels of isolated nanoparticles, a theoretical
tracking uncertainty of better than 1 nm is estimated. An
experimental tracking uncertainty of 1—2 nm is obtained from
tracking analysis performed on stationary particles. 2D and 3D
tracking of particles undergoing Brownian motion in glycerol
is demonstrated, and an estimated tracking uncertainty of less
than 5 nm in the xy plane and ~20 nm along the z axis is
determined. Intracellular particle tracking is also demonstrated,
and particle trajectories are found to be consistent with expected
phenomena such as partially confined diffusion and reversible
and irreversible binding to the cell components. The tracking
results indicate that CPNs are promising for measuring the local
diffusivity and nanoscale motion of individual biomolecules and
subcellular structures in cells.

Experimental Section

Nanoparticle Preparation and Characterization. The poly-
fluorene derivative PFBT (MW 10,000, polydispersity 1.7) was
purchased from ADS Dyes, Inc. (Quebec, Canada). Tetrahydrofuran
(THF, HPLC grade, 99.9%) and glycerol (99.5%) were purchased
from Sigma-Aldrich (Milwaukee, WI). All chemicals were used
without further purification. For preparation of PFBT nanoparticles,
10 mg of the conjugated polymer PFBT were dissolved in 10 g of
HPLC grade tetrahydrofuran (THF) by stirring overnight under an
inert atmosphere. The solution was then filtered through a 0.7 um
glass fiber filter to remove any insoluble material. Then 200 uL of
the solution were injected by pipet into 8 mL of water under mild
sonication. The THF was removed by partial vacuum evaporation,
and aggregates were removed by filtration through a 220 nm PTFE
membrane filter. Typically, less than 10% of the polymer was
removed by filtration, as determined by UV —vis, indicating that
most of the polymer formed nanoparticles. A suspension of PFBT
nanoparticles in glycerol was prepared by mixing the aqueous
nanoparticle suspension with glycerol, followed by partial vacuum
evaporation at 70 °C to remove the water. For the determination
of particle size by AFM, one drop of the nanoparticle dispersion
was placed on a freshly cleaved mica substrate. After evaporation
of the water, the surface topography was imaged with an Ambios
Q250 AFM in AC mode, yielding a size range of 14.9 £ 4.9 nm
(histogram provided in the Supporting Information). A zeta potential
of —46.7 mV was determined by electrophoretic light scattering
(Zetasizer Nano ZS, Malvern Instruments). UV—vis absorption
spectra of PFBT in THF and aqueous suspensions of PFBT
nanoparticles were recorded with a Shimadzu UV-2101PC scanning
spectrophotometer using 1 cm quartz cuvettes, and fluorescence
spectra were recorded using a commercial fluorometer (Quanta-
master, PTI, Inc.). Nanoparticle optical absorption cross sections
were estimated from the absorbance of solutions at a known weight

fraction, and estimates of the nanoparticle mass were based on the
nanoparticle diameter and polymer density. Nanoparticle fluores-
cence quantum yields were determined from UV —vis and fluores-
cence spectra using Coumarin 6 as a standard.

Cell Culture. For the cell imaging experiments, mouse mac-
rophage-like J774.A1 cells (ATCC, Manassas, VA) were plated at
2 x 10° cells/dish onto 35 mm glass-bottom microscope dishes
(Matek, Ashland, MA) and allowed to incubate overnight (5% CO,,
37 °C). The culture medium was then removed, and the cells were
washed three times with phosphate buffered saline (PBS). The cell
fixation and permeabilization were carried out as described by
Pathak et al."> A 1.5 mL aliquot of a solution of 4% paraformal-
dehyde in PBS was added to cells for 10 min at room temperature,
followed by rinsing three times with PBS, incubation with a 0.2%
Triton solution in PBS for 10 min, and washing with PBS. After
fixation, the cells were stored in PBS at 4 °C until use.

Single Particle Imaging and Tracking. Single particle imaging
and tracking were performed on a customized wide-field epifluo-
rescence microscope described as follows. The 488 nm laser beam
from an argon laser is guided onto the epi-illumination port of an
inverted fluorescence microscope (Olympus IX-71). Inside the
microscope, the laser beam is reflected by a 500 nm long-pass
dichroic mirror (Chroma 500 DCLP) and focused onto the rear
aperture of a high numerical aperture objective (Olympus Ach,
100x, 1.25 NA, Oil). The laser excitation at the sample focal plane
exhibits a fairly Gaussian profile with a full width at half-maximum
of ~5 um. Typical laser intensities employed were ~500 W/cm?
in the center of the laser spot in the sample plane, as estimated
based on the measured laser power, size of the excitation spot, and
transmission of the objective. Nanoparticle fluorescence is collected
by the objective lens, filtered by the combination of two 500 nm
long-pass filters, and then refocused by an achromat lens onto a
back-illuminated frame transfer CCD camera (Princeton Instru-
ments, PhotonMAX: 512B), yielding a pixel resolution of 105 nm/
pixel. An xyz piezoelectric scanning stage (P-517.3CL, Polytec PI)
was used to center particles within the laser focal spot and for fine
adjustment of focus. Acquisition rates of 33 or 50 images per second
were employed. An overall microscope fluorescence detection
efficiency of 3—5% was determined using nile red loaded poly-
styrene spheres (Invitrogen) as standards. Single nanoparticle
fluorescence cross sections were determined by comparison of single
nanoparticle fluorescence intensity to that of nile red loaded latex
beads (Invitrogen). Determination of the lateral (x,y) position, width,
and integrated intensity of the fluorescence spots was performed
using custom scripts written for Matlab (Mathworks, Natick, MA).
For the single particle tracking of PFBT nanoparticles undergoing
Brownian motion in glycerol, a drop (~50 uL) of nanoparticles
suspended in glycerol at a concentration of 15 pM was placed
between two cleaned microscope coverslips. For tracking of
individual PFBT nanoparticles in a cell, 0.5 mL of a 4:1 glycerol/
PBS solution, containing bovine serum albumin (BSA) (1 mg/mL)
and PFBT nanoparticles (20 pM), was added into the prepared
microscope dishes containing fixed cells and allowed to incubate
for 12 h prior to imaging.

Results and Discussion

An aqueous suspension of nanoparticles roughly 15 nm in
diameter was prepared from the conjugated polymer PFBT.
AFM images, polymer chemical structure, UV —vis absorption
and fluorescence spectra, and fluorescence microscopy of single
particles are shown in Figure 1. PFBT was selected due to its
excellent photostability and high absorption cross section at the
488 nm excitation wavelength employed in the tracking experi-
ments.'> An estimated optical absorption cross section (per 15
nm diameter particle) of 2.8 x 107"* ¢cm? at 488 nm was
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Figure 1. (a) AFM image of PFBT nanoparticles. (b) The absorption and
fluorescence (Aex = 475 nm) spectra PFBT nanoparticles suspended in water,
chemical structure of fluorescent conjugated polymer PFBT, and the photograph
of PFBT nanoparticles suspended in water under room light and UV light
illumination. (c) A fluorescence image of single PFBT nanoparticles im-
mobilized on a glass coverslip. (d) Photobleaching trajectory (photons detected
per 20 ms exposure versus time) of a single PFBT nanoparticle (blue line) and
20 nm nile red loaded polystyrene bead (red line).

determined.'* The fluorescence quantum yield of the nanopar-
ticles was determined to be 7%, corresponding to a fluorescence
cross section of roughly 2.0 x 107!* cm?, which is at least 2
orders of magnitude higher than that of typical dyes and at least
an order of magnitude higher than that of other <20 nm diameter
fluorescent particles.'?

To experimentally evaluate the particle brightness and the
photostability at the single particle level under conditions
employed for single particle tracking, particles were dispersed
on a glass coverslip and imaged with a CCD-equipped inverted
fluorescence microscope at an acquisition rate of 50 Hz. Bright,
near-diffraction-limited fluorescence patterns were observed, and
the detected photons per particle per image typically ranged
between 1 x 10%and 1 x 10° for several hundred consecutive
images (Figure lc, d). Analysis of 20 typical single particle
fluorescence intensity trajectories yielded an average of ~10°
total photons emitted per particle (roughly 5 x 107 photons
detected), with some particles emitting more than 10'° photons,
and a per particle emission rate of ~1 GHz (corresponding to
nearly saturated emission), in agreement with prior results.'?
These figures of merit are encouraging for improving the
spatiotemporal resolution of fluorescence-based particle tracking,
since, at high acquisition rates, the tracking uncertainty is largely
determined by the saturated emission rate.

An initial estimate of the tracking uncertainty based on per-
particle fluorescence intensity levels was obtained as follows.
Assuming the tracking uncertainty is due to a combination of
photon counting noise and the focal characteristics of the
imaging setup, the tracking uncertainty O is given by the

expression,'®
2 4.2
6:\/%2+a/12+8n0b 0

N a*N?
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Figure 2. (a) 2-D trajectory of one stationary single PFBT nanoparticle
adhered to a coverslip. (b) 2-D trajectory of a single particle diffusing in
glycerol. (c) MSD versus time curve for the stationary particle. (d) MSD
versus time curve for the particles diffusing in glycerol. The green lines
represent a quadratic fit. The diffusion coefficient is 0.0013 um?s. (e)
Histogram of per-frame displacements and fit to 2D Gaussian. (f) Histogram
of diffusion coefficients.

where o is the width of the point spread function, « is the pixel
size, b is the background noise, and N is the number of detected
photons per image. Based on the measured 315 nm width
(fwhm) of the single particle fluorescence spot, typical number
of detected photons per image N = 2 x 10°, a = 105 nm, and
b =17, an estimated tracking uncertainty of better than 0.3 nm
is obtained. The second and third terms in the above expression
contribute less than 10% of the estimated tracking uncertainty,
indicating that the expected contribution of pixel size and
background noise to the tracking uncertainty is minimal.
Particle tracking resolution was experimentally determined
by performing 2D tracking measurements of stationary particles
deposited on a glass coverslip. A representative 2D trajectory
and analysis are shown in Figure 2. Several hundred sequential
fluorescence microscopy images were acquired at an acquisition
rate of 50 images per second, and the particle position was
determined by nonlinear least-squares fitting of the fluorescence
spot associated with each particle in the image.'”'® As an
alternative to the common procedure of fitting to a 2D Gaussian
function or Airy pattern to the fluorescence spot, a faster two-
step fitting procedure was employed, in which the intensity data
were alternately summed along the x and y axes, and 1D
Gaussian functions were fit to the summed data. Initial analysis
of a 200 point trajectory yielded an estimated tracking uncer-
tainty of 4.6 nm, as given by the root-mean-square displacement
per frame, rms = {((xi+; — x)> + (ir1 — y)»"?. However,
comparison of the trajectories of two separate particles in the
same set of images indicated highly correlated motion, likely
due to the vibration of the imaging apparatus. After correcting
the trajectory for the vibration by subtracting the position
fluctuations of one particle from the other particle, a root-mean-
square displacement per frame of 1.9 nm was obtained. Since
the per-frame rms displacement of the vibration-corrected
trajectory includes contributions from photon counting noise
from two particles, the estimated tracking uncertainty per particle
is 1.3 nm. Interestingly, the mean square displacement, MSD(t)
= (Ir(t + 7) — r(®)I?), of the 2D vibration-corrected trajectories
of the stationary particles is not flat (as would be expected for
stationary particles) but rather increases linearly for ~400 ms
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and then plateaus (Figure 2c). This result was confirmed
repeatedly and could be indicative of internal dynamics of the
nanoparticle, such as intermittent quenching of the fluorescence
in regions of the nanoparticle by reversibly photogenerated
defects in the conjugated polymer, as has been observed in the
fluorescence intensity trajectories of single conjugated polymer
chains.'” The ~1 nm tracking resolution determined at a
temporal resolution of 20 ms is consistent with the estimated
resolution based on signal level. Based on literature values, the
saturated emission rate of the PFBT nanoparticles is roughly
2—3 orders of magnitude higher than that of colloidal semi-
conductor quantum dots,®> which should result in a factor of
roughly 10—30 improvement in tracking accuracy. A side-by-
side comparison of the brightness of ~15 nm diameter PFBT
nanoparticles and 20 nm nile red loaded polystyrene nanopar-
ticles was performed (Figure 1d), indicating that the PFBT
nanoparticles brightness is ~10 times higher than that of the
dye-loaded nanoparticle. Since each polystyrene bead contained
~200 dye molecules, the brightness of the PFBT dots is roughly
equivalent to 2000 dye molecules under these imaging conditions.

2D particle tracking was demonstrated on CPNs undergoing
Brownian motion in a glycerol/water solution. A small amount
of glycerol/water solution (>98% glycerol) containing ~15 nm
diameter PFBT particles was sandwiched between two micro-
scope coverslips and imaged at a rate of 50 Hz as described
above. An xyz piezoelectric scanning stage was translated in
the xy plane until a particle was located and roughly centered
in the laser beam, followed by adjustment of the z position to
bring the particle approximately into focus, at which time the
CCD was set to acquire 1000 sequential images at a rate of 50
Hz. Typically, >300 images were acquired before the particle
drifted too far above or below the focal plane to permit accurate
determination of particle position. For the cases in which the
particle remained in the focal plane for 1000 images (20 s), the
photons detected per nanoparticle per image typically remained
above 100 000 for the entire experiment, as required for high
resolution, long-term tracking. The particle trajectories (Figure
2b) were obtained from the images by fitting to Gaussian
functions as described above. Fitting a 2D Gaussian to the per-
frame displacement histogram (Figure 2e) yielded o = 12 nm,
which is primarily due to diffusion. To determine the diffusion
constant, MSD as a function of lag time (Figure 2d) was fit to
the equation

MSD(z) = 47Dt + (v1)* )

where D is the diffusion constant and v is the drift velocity.
The results were analyzed for several particles, yielding a
negligible drift velocity and diffusion constants ranging from 4
x 107* to 2 x 107 um?s (Figure 2f), which is somewhat
smaller than the theoretical diffusion constant obtained from
the Stokes—Einstein relation. The discrepancy may be due to
some particle swelling by the glycerol as well as the additional
hydrodynamic drag known to occur for charged colloids at low
ionic strength.>® The MSD curve can be extrapolated to zero
lag time to estimate the tracking uncertainty, yielding a value
ranging between 1 and 4 nm. This estimate of the tracking
uncertainty is consistent with the 1—2 nm tracking uncertainty
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Figure 3. The intensity (black squares) and width (blue circles) versus z
axis position curves were obtained by displacing PFBT nanoparticles in 20
nm steps (a), with the quadratic fit (red line). (b) The width and the z axis
position versus time curves of one PFBT nanoparticle diffusing in glycerol
solution. (c) The 3D trajectory and its projection onto the xy, yz, and xz
planes. (d) MSD for the above tracked PFBT nanoparticle at different time
intervals. The squares show the MSD along the axial (z) direction, and the
circles show the lateral (x,y) MSD. The green and blue lines correspond to
the quadratic fits of the axial and lateral MSD, yielding diffusion coefficients
of 0.0038 and 0.0019 um?s, respectively. (e) Histogram of per-frame
displacements for the 3D trajectory and 3D Gaussian fit.

obtained based on the rms displacement per frame for stationary
particles.

Tracking of particles in 3D was performed, employing a
variant of defocused imaging to determine the axial (z) position
of the nanoparticle.**' Trajectories and analysis are shown in
Figure 3. The objective focal plane was displaced several
hundred nanometers from the particle of interest, and particles
were imaged as described above. The lateral positions and
widths of the fluorescence spots were determined by Gaussian
fitting, as described above. The width of the fluorescence spot
was analyzed to determine the axial position as follows. To
experimentally determine the relationship between the width
of the defocused point spread function and nanoparticle axial
position, the PFBT nanoparticles were immobilized on a
coverslip and the axial position was systematically varied using
an xyz piezoelectric stage, which was driven with a staircase
waveform generated by a programmable function generator. The
sample was then displaced in 20 nm steps, and the resulting
spot widths were analyzed using the particle tracking routine
(Figure 3a). The fluorescence spot width W as a function of
axial position z, in units of nanometers, was fit to a parabola,

W=ua*+bz+c 3)

yielding a good fit for the parameters a = 3.9 x 1074, b = 2.5
x 1073, ¢ = 330. Using this equation, the axial position was

(21) Speidel, M.; Jonas, A.; Florin, E. L. Opt. Lett. 2003, 28, 69-71.
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determined from the width of the fluorescence spot. Based on
the standard deviation of 2.4 nm in the ~350 nm average width
obtained for a fit for a spot roughly 240 nm from the focal plane,
error propagation analysis applied to the above equation yields
an uncertainty in axial position of 25 nm. The estimation of
the axial position of a defocused particle from the fluorescence
spot width was combined with lateral position measurements
to determine the 3D trajectory of a particle undergoing Brownian
motion (Figure 3c). The axial and the lateral MSD exhibited a
linear dependence on lag time, as expected for Brownian motion.
The axial diffusion coefficient, D,, and the lateral diffusion
coefficient, D,,, were obtained from their respective MSD
curves, resulting in 3.8 x 107* and 1.9 x 107 um?s,
respectively (Figure 3d). Extrapolation of the axial MSD to the
zero lag time shows an estimated tracking uncertainty of 19
nm, consistent with the result obtained by error propagation.
Figure 3e shows the histogram of per-frame displacements,
which is fit to a Gaussian function, giving o = 14.3 £ 0.3 nm,
which is largely attributable to axial tracking uncertainty. These
results indicate that, for 3D tracking of the ~15 nm diameter
PFBT nanoparticles, a lateral (x,y) resolution of <5 nm and an
axial (z) resolution of ~20 nm can be achieved at an acquisition
rate of 50 Hz using a conventional fluorescence video micros-
copy apparatus. It is expected that further improvements in
temporal and axial resolution could be obtained using more
advanced tracking methods.*?

Tracking of PFBT nanoparticles was performed in the vicinity
of fixed and permeabilized mouse macrophage-like J774 cells,
at an acquisition rate of 33 Hz, in 4:1 glycerol/phosphate
buffered saline (PBS) solution. In the absence of bovine serum
albumin (BSA), the nanoparticles accumulated on the surface
of the cell membrane within a few minutes. Addition of 1%
BSA was found to greatly reduce nonspecific binding to the
membrane, likely due to adhesion of the protein to the
nanoparticle surface. Figure 4 shows a brightfield transmission
image of the cell, together with nanoparticle trajectories and
analysis. When the edge of the cell was placed near the center
of the imaging area, particles were visible in the interior of the
cell, adhered to the membrane, and outside the cell, and a
sequence of images was acquired. As compared to the results
obtained in nearly pure glycerol, the reduced viscosity of the
80% glycerol resulted in higher per-frame displacements of the
particles. The motion of the particles during each acquisition
interval resulted in variable spot shapes that reduced the
accuracy of Gaussian fitting, so a centroid algorithm was used
to track the particles.'” In the trajectories and MSD curves
(Figure 4b—d), several distinct phenomena are observed. The
particle inside the cell (Figure 4a, b) switches between free
Brownian motion, with a corresponding linear increase in the
MSD curve, and confined or bound behavior resulting in a
relatively flat MSD. Additional, longer trajectories would be
needed to differentiate between confined diffusion behavior and
binding—unbinding behavior. Another particle apparently ad-
hered to the cell membrane and exhibited low amplitude (15
nm) oscillatory motion, while the particle outside the cell
exhibited free Brownian motion.

Conclusion

In conclusion, we have demonstrated that small (~15 nm
diam) PFBT nanoparticles exhibit intense fluorescence that

(22) Cang, H.; Xu, C. S.; Yang, H. Chem. Phys. Lett. 2008, 457, 285—
291.
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Figure 4. (a) Bright field transmission image of a fixed cell. The color
marks indicate the locations of the particles. Blue corresponds to a particle
bound to the membrane, green corresponds to a particle outside the cell,
and red corresponds to the cell interior. (b) The trajectories for the three
particles. (c) MSD curves of the above tracked PFBT nanoparticle inside
cell (red circles) and outside cell (green circles), corresponding to diffusion
constants of 3.3 x 107 and 3.6 x 1073 um?s, respectively. (d) MSD curve
of particle adhered to the membrane.

permits 3D tracking with nanometer lateral spatial resolution
and video rate temporal resolution. The saturated per particle
emission rate is typically 10° photons/s, roughly 2—3 orders of
magnitude higher than that of other luminescent nanoparticles
of similar size, resulting in a factor of 10—30 improvement in
spatial resolution for emission rate-limited tracking experiments.
The high fluorescence cross section of the particles is useful
for tracking in complex environments exhibiting high auto-
fluorescence and scattering that often drowns out the signal of
dyes and other small nanoparticle labels. Free Brownian motion
of the nanoparticles in glycerol was observed with nanoscale
resolution at a 50 Hz acquisition rate, and complex motion in
cells was observed. Based on these results, we conclude that
the extraordinary brightness of CPNs under one-photon and two-
photon excitation'> should be useful for a broad range of particle
tracking applications requiring small particles, video rate or
higher temporal resolution, and nanometer spatial resolution. It
is likely that additional efforts to improve particle brightness
and photostability by employing improved polymers or by
encapsulation could yield further improvements in tracking
resolution.
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