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Confocal three dimensional tracking of a single nanoparticle
with concurrent spectroscopic readouts
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We present an apparatus that noninvasively tracks a moving nanoparticle in three dimensions while
providing concurrent sequential spectroscopic measurements. The design, based on confocal
microscopy, uses a near-infrared laser and a dark-field condenser for illumination of a gold
nanoparticle. By monitoring the scattered light from the nanoparticle and using a piezoelectric stage,
the system was able to continuously bring the diffusive particle in a glycerol/water solution back to
the focal volume with spatial resolution and response time of less than 210 nm and a millisecond,
respectively. © 2006 American Institute of Physics. [DOI: 10.1063/1.2204652]

Spectroscopic studies at the single-molecule or single-
particle levels have provided invaluable information on the
dynamics of complex systems that range in disciplinary
fields from materials science to molecular cell biology.7
These measurements eliminate the confounding ensemble
average and provides direct observation of the heterogeneity
in space and time. To study long-term dynamics, a confocal
or total internal reflection detection scheme is typically used
in conjunction with immobilized molecular probes.1 These
widely used schemes, however, do not provide a means to
capture the local dynamics on the nanometer scale in three
dimensions (3D). Such knowledge constitutes the critical
link between microscopic processes and macroscopic phe-
nomena.

Real-time video tracking has been used in many appli-
cations for studying two dimensional movements. This popu-
lar technique, however, does not provide an accurate mea-
surement along the system’s optical axis, or in the Z
direction. Indeed, it has been difficult to track a single mov-
ing particle in all three dimensions in real time. Several
groups have proposed designs for following a particle in 3D
with minimal perturbation. Peters et al? elegantly used an
overfilled detector to detect the Z position and a position
sensor for the X and Y positions. Their method relies on a
lensing effect of the diffusive polystyrene sphere, which sets
a limit to the size of the bead by the diffraction limit of the
light source and the difference in index of refraction between
the bead and its surrounding medium. Levi et al’ developed
a clever scheme that excites a target particle with a nutating
beam and determined the 3D position of the target by off-line
demodulating the fluorescence signal. Their time resolution
of 30—60 ms is dependent on the brightness of the particle
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and the integration time. On the other hand, methods of simi-
lar spirit but actively trap small particles or single molecules
have also been nicely demonstrated using, for instance, op-
tical tweezers® and two dimensional (2D) electrical field.*”
We propose that a confocal setup can form an intensity
gradient for Z-axis resolution. This permits tracking of single
nanoparticles with concurrent spectroscopic readouts, mak-
ing it a general tool for 3D tracked single-molecule spectros-
copy. Complementary to the active trapping approaches, this
method is noninvasive and provides nanometer spatial reso-
lution with submillisecond response time. In the present
implementation, near-infrared (NIR) light scattered off a
gold nanoparticle provides the feedback signal for tracking.
This setup, however, should be capable of tracking fluores-
cence or photoluminescence from a single emitter, making it
a general instrument. Illumination using NIR light has the
following advantages when compared to using a visible light
source: photoluminescence of the host material is reduced,
greater penetration depth when working with turbid samples
is achieved, photodamage of biological samples is
minimized,8 and separation from the usual near-UV or vis-
ible excitation light is easily achieved by spectral filtering.
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FIG. 1. (Color online) (a) Schematic diagram of the system. (b) The cartoon
illustrates the principle of using a modified confocal setup to detect the
movement of an object in the Z direction.
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Figure 1(a) outlines the experimental setup. The system
is built around an inverted microscope (Olympus). NIR light
from six 980 nm diode lasers (Fitel) is combined by a fiber
coupler and expanded to fill a 0.65 numerical aperture (NA)
dark-field condenser that focuses the NIR beam at the
sample. The intensity of the laser beam is adjusted between
30 and 500 mW for best performance. The sample is placed
on a 3D piezoelectric translation stage (100X 100
X 20 wm?, Physik Instrumente) with a no-load resonance
frequency of 1.02 kHz at full swing. A 0.7-1.4 NA, 100X
infinity-corrected oil immersion objective lens (Leica) is
placed beneath the sample. The scattered NIR light, collected
by the objective lens, is split by a 50/50 beam splitter to an
XY submodule and a Z submodule. The Z submodule has a
5 um pinhole placed slightly behind the conjugate focal
point of a 0.85 NA, 60X objective lens. An aspheric lens
collects all the light coming out of the pinhole and focuses it
at an avalanche photodiode (OptoElectronic Components,
OEC). Spatial resolution in the Z direction arises from the
intensity gradient created by the throughput of light through
the pinhole as the particle moves in and out of focus [Fig.
1(b)]. The light through the beam splitter forms an interme-
diate image by a 200 mm tube lens, and a second beam
splitter reflects part of the light to a video camera for moni-
toring purposes. A 75 mm lens is placed before the quadrant
avalanche photo diode (APD) (OEC) of the XY submodule.
Using this two-stage setup, we achieve an overall magnifica-
tion of 750X for the XY submodule. The XY and Z signals
from the two detectors are sent to a homemade analog feed-
back control circuit (corner frequency of 8.2 kHz) to control
the 3D translation stage. For the spectroscopic probe, a
532 nm laser beam from a solid-state laser (Coherent) is
coupled into the back aperture of the Leica objective lens
through a long-pass dichroic mirror and focused at the
sample. A second, short-pass dichroic mirror separates the
NIR tracking light from the optical output of the green inter-
rogation beam. The optical output is focused by a 180 mm
tube lens in the microscope and detected by an APD (Perkin-
Elmer).

The spatial and temporal responses of this system were
first characterized using immobilized 250 nm gold colloid
particles (Ted Pella) spin coated on a glass cover slip. In
these experiments, a particle was selected by using the video
camera and a joystick to steer a particle into the focal region.
Upon engaging the feedback circuit, the XY submodules at-
tempt to minimize the quadrant APD signal by driving the
stage to center the particle at the focus while the Z submod-
ule latches onto the intensity signal and finds a position
where the particle movement would produce the largest in-
tensity gradient at the photodiode. This sequence of events is
depicted in Fig. 2. As shown in the figure, the response time
is less than 500 us in both the X and the Y directions. The Z
positioning being sensitive to fluctuations in X-Y positioning
was improved by turning on the Z feedback after the X-Y
positioning stabilized. The transient of the X and Y channels
decays within 1 ms. However, that of the Z channel takes
several milliseconds to decay out. The performance could be
tuned by adjusting the proportional-integral-derivative (PID)
parameters. The histograms of the fluctuations in the X, Y,
and Z directions are shown on the side of Fig. 2 where the
standard deviations were determined as 10, 14, and 34 nm,
respectively, caused mainly by a combination of electronic
and mechanic fluctuations. After closing the feedback loop,

Appl. Phys. Lett. 88, 223901 (2006)

X (nm)

$400
200 —5

25 27 29
14 nm

0 50 700 150 200
Time (ms)

FIG. 2. Typical stage positions in the X, Y, and Z directions as a function of
time. The standard deviations are shown on the side. The insets zoom in at
the first several millisecond trajectories just before and after the feedback
engages.

the oscillations became slightly more pronounced as the con-
trollers attempt to bring the particle back to the focal volume
under the influence of the electronic and mechanic noises.

We then tested our system on a moving particle and
demonstrated simultaneous single-particle tracking and spec-
troscopic readouts. In this experiment, a second green laser
was used to interrogate the tracked particle. As a proof of
principle, the backscattered light of the green beam was
taken as the spectroscopic optical readout. The sample, con-
sisted of a drop of 3% (v/v) water in glycerol solution con-
taining dilute 250 nm gold particles, was sandwiched be-
tween two cover slips with the edges sealed with wax to
prevent leakage. We intentionally studied particle move-
ments under nonequilibrium conditions to illustrate its use in
studying cases beyond simple Brownian motion. To do so,
we nudged the sample to create a sheared flow and took the
data before the sample reequilibrated.

The intensity time trace of the backscattered green light,
fluctuating around a nonzero value, is shown in Fig. 3(a).
With negligible laser noise, the variation in the green light
intensity is due to the fluctuation in the positioning of the
particle. Figure 3(b) shows the histogram of the green light
intensity trajectory, with the abscissa normalized by the
maximum photon count and the ordinate normalized by the
total number of data points in the trajectory. The histogram
exhibits a bell shape centered just below 0.5. This indicates
that the green light focal point deviates from the tracked
origin by A. At the focal point, the green light is assumed to
exhibit a Gaussian profile. For a confocal setup, the detected
green light intensity becomes  I(r,z)*exp[—2r%(1
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FIG. 3. (a) The scattered green light intensity measured by an APD. The
arrow indicates the time instance when the tracking mechanism is engaged.
(b) A histogram of the green light intensity. The deviation of the maximum
position from 1 corresponds to the difference, A, between the green light
focus point and the tracking origin, and the width indicates the standard
deviations o, o, and o,
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FIG. 4. (a) The 3D trajectory of a 250 nm gold particle obtained by mea-
suring the counter movement of the translation stage. For clarity, only every
ten points are shown here. (b) The mean square displacement of the particle
from the origin is ploted as a function of time. The solid line is a fit to a
mixed diffusive and directional motion.

+22/73)/wg], where r and z are the in-plane and axial dis-
tances from the focus, w is the waist, and zj is the Rayleigh
range. Assuming also that the particle positioning has a
Gaussian distribution in space as f(r,z)=N exp[—(x
—A)2/20§—(y—A)2/20'3—(z—A)z/Zof], where N is the nor-
malization factor, o, d‘,, and o, are the standard deviations,
and A is the deviation between the green light focus and the
tracked origin which we assumed to be equal in all three
directions for the purpose of simplicity. Using ¢,=65 nm
and o,=116 nm obtained from video tracking, we obtain the
upper limit of o,~210 nm and A~ 180 nm. Since the Z po-
sition is not decoupled to the X-Y sensing in this implemen-
tation, its performance is somewhat degraded.

The 3D position of the particle was deduced from the
stage movement through its built-in capacitive sensor and
digitized every 333 us as shown in Fig. 4(a). The nonequi-
librium condition of the sample is indicated by the direc-
tional flow along the Y direction. The mean velocity can be
estimated using the mean-square-displacement (MSD) plot
in Fig. 4(b). For a combined diffusive and flow motion, the
MSD is equal to MSD(1)=6Dz+(v1)2.” The fit shown in Fig.
4(b) as a solid line gives D=0.013 um?/s and v
=0.13 um/s. Using the Stokes-Einstein relation, the corre-
sponding viscosity of the solution is =130 cP, which cor-
responds to a 2.4% concentration of water by volume de-
duced from Raoult’s law. This result is very close to the 3%
real concentration.

The tracking light may introduce undesirable heating
and trapping in this configuration. Mie scattering theory
shows that a 250 nm gold particle has an absorption cross
section of 3,;,=0.0047 wm? at 980 nm. For a focal spot ra-
dius of the dark-field condenser of r=11 um and input
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power of about P=100 mW, the amount of power absorbed
by the particle is Py~ P2,/ m*=0.0012 mW. Assuming
the steady state condition P, = k47R>dT/dR, where « is the
thermoconductivity of water, we calculated a small differ-
ence in temperature of AT~ 1.3 K. For a smaller particle,
AT will be even smaller. Since the illumination spot by the
dark-field condenser is broad with a full width at half maxi-
mum of 11 um, the gradient of the intensity profile produces
negligible trapping force. To estimate the upper-limit re-
sponse time of our design, we consider the worst-case sce-
nario in which the sample chamber is not sealed such that the
particle is counteracted by stage movement-induced shear-
ing. In this case, there will be a time delay ¢ between the
stage and the particle movement. By the Navier-Stokes equa-
tion, the shearing propagates a distance of \2(7/p)t in t,
where p is the density of the fluid. Using water’s # and p, we
estimate that it takes about 50 us for the shearing to propa-
gate from the coverglass to a particle 100 um above it. This
is much faster than that of the stage and can be neglected.

In summary, we have demonstrated a method that con-
tinuously follows the position of a single nanoparticle in 3D
and provides real-time sequential spectroscopic information
of the particle. As a proof of principle, we have shown that a
250 nm gold particle can be maintained at the focus of a
tightly focused green laser beam for a prolonged period
(minutes). The scattered green light remains relatively flat
comparing to short bursts as one would have obtained in a
diffusing single-molecule experiment. Our apparatus holds
great promise in applying single-molecule spectroscopy and
imaging on a nonstationary target.

This work was supported by the Office of Science, U.S.
Department of Energy under Contract No. DE-AC03-
76SF00098, by the University of California at Berkeley, and
by the Hellman Family Faculty Fund. H. Chang is acknowl-
edged for assistance in procurement.

'P. Tinnefeld and M. Sauer, Angew. Chem., Int. Ed. 44, 2642 (2004).
.M. Peters, B. G. de Grooth, J. M. Schins, C. G. Figdor, and J. Greve,
Rev. Sci. Instrum. 69, 2762 (1998).

3V, Levi, Q. Ruan, and E. Gratton, Biophys. J. 88, 2919 (2005).

“A. E. Cohen, Phys. Rev. Lett. 94, 118102 (2005).

SA. E. Cohen and W. E. Moerner, Appl. Phys. Lett. 86, 093109 (2005).
M. 1. Lang, P. M. Fordyce, A. M. Engh, K. C. Neuman, and S. M. Block,
Nat. Methods 1, 1 (2004).

"W. E. Moerner and D. P. Fromm, Rev. Sci. Instrum. 74, 3597 (2003).
8k, C. Neuman, E. H. Chadd, G. F. Liou and S. M. Block, Biophys. J. 77,
2858 (1999).

Downloaded 13 Aug 2007 to 128.3.77.29. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



