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Imaging and tracking single fluorescent
nanobeads in solution
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In single-particle tracking (SPT), fluorescence video microscopy is used to record the motion images of
single particle or single molecule. Here, by using a total-internal-reflection microscope equipped with an
argon ion laser and a charge-coupled device (CCD) camera with high-speed and high-sensitivity, video
images of single nanobeads in solutions were obtained. From the trajectories, the diffusion coefficient of
individual nanobead was determined by the mean square displacements as a function of time. The sizes
of nanobeads were calculated by Stokes-Einstein equation, and the results were compared with the actual

values.
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Single particle tracking (SPT) is the most direct way of
studying molecular diffusion. It is based on the analysis
of a sequence of fluorescence microscopy images to follow
the sub-micron motion of individual probe which gen-
erates diffraction-limited spot!!l. A detailed description
and further references can be found in the review by Sax-
ton and Jacobson!?. So far, SPT has found numerous
applications in biophysics, including the diffusion move-
ment of fluorescence-labelled lipids or proteins in cell
membranes and nucleus®~5], and the infection pathway
of single viruses into a living cell[],

Einstein’s and Stokes” work on the diffusion of parti-
cles led to well-known Stokes-Einstein equation giving
the diffusion coefficient D of a sphere:

D=" (1)

where k is the Boltzmann constant, 7" is the absolute
temperature, and £ is the fraction coefficient. For trans-
lational diffusions, the diffusion coefficient is

kT

Dt: ’
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where 7 is the radius of the sphere. By means of a fluo-
rescent probe, fluorescence techniques permit evaluation
of the fluidity of a microenvironment, and thus diffusion
coefficients reveal the structure of plasma membrane, or
mesoporous materials.

Total internal reflection fluorescence microscop
(TIRFM), also termed evanescent wave microscopyl,
can enable the direct observation of the motion of macro-
molecules in plasma membrane. There has been a recent
surge in the popularity of this technique in many appli-
cations. An important property of the evanescent wave
is that the intensity falls off exponentially away from the
coverslip. The theoretical penetration depth is 100 nm.
Then only a thin layer of fluorophores near the cover-
slip are excited. For this reason, the signal-to-noise ratio
(SNR) is much better and the cellular photodamage and
photobleaching are minimal.

Fluorescent nanobeads are fine labels because they nei-
ther photobleach nor optically saturate at reasonable ex-
citing intensities. In this paper, 40-nm yellow-green flu-
orescent beads (505/515, Molecule Probe, Eugene, OR)
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were injected in 80% glycerol-water mixture (solvent vis-
cosity n = 47 cPoisel®]), with a final concentration of
1.83 nmol /L, then were dispersed well by sonication for
30 min and by vigorous shaking. Samples were mounted
on an Olympus IX-71 objective-type total internal re-
flection (TIR) microscope and were excited by a linearly
polarized 488-nm argon laser (Melles Griot, 35LAP).
Fluorescence was collected by Olympus Planapochro-
mat 60x/1.45 oil objective. Images were captured by
a charge-coupled device (CCD) camera (Roper Scientific,
Trenton, NJ) with 1392 x 1040, 6.45 um square pixels, al-
lowing continuous imaging with no interframe dead time.

Images were acquired by Metavue 4.6.5 software (Uni-
versal Imaging Co., PA), then were processed and an-
alyzed by a Matlab fit (the program was written with
Matlab by the authors). The theoretical distribution of
the diffraction-limited spot is to be an Airy disk, but
a Gaussian profile is chosen for simplicity, because the
differences between two models are minor in practicel®:

I(z,y) = Apexp{~[(z — za)* + (y = yu)*]/207},  (3)

A, is the amplitude of the Gaussian, o, is re-
lated to the full-width at half-maximum (FWHM) by
FWHM = 2(2In2)"/%0,,, z,, and y,, give the locations of
the fitted spots. The errors in the four parameters A,,
On, Tn, and y, vary for each analyzed spot because the
fitting accuracy depends on the SNR. The result of this
fitting involves a sequence of positions for each tracked
nanobead, which result in the trajectories of the individ-
ual nanobead.

The diffusion of single nanobead can be considered as
a two-dimensional (2D) random walk'®!, in which the
mean-square displacement (MSD), < r2(t) > obeys

< ri(t) >=4Dt, (4)
Generally, MSD(t) can be computed from the formula.

N—m

MSD(mat) = Niim S {lagdt +mdt) — #(joe)”
+[y(jot + mdt) — y(jét)]}. (5)
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Fig. 1. Images of fluorescent nanobeads with epi-fluorescence
and TIR fluorescence. Note that the epi and TIR images are
very different (even though the focal plane was not changed).

The MSDs for every time ¢t = mdt (m is the number
of frames between two positions and ¢ the acquisition
time; IV is the total number of images in the recording
sequence, and m, j are positive integers with m=1, 2,

.., (N—=1)) are obtained directly from the trajectory, as-
suming that any starting point in the trajectory is equally
valid. A linear regression between the MSD and ¢ for this
trajectory can give the diffusion coefficient D. Then the
radius of the nanobead r is derived from Stokes-Einstein
equation.

Our aim is to use evanescent-field illumination to se-
lectively excite a thin layer of nanobeads near the cov-
erslip. At the same time, epi-illumination was also done
for contrast. Figure 1 shows images of epi-fluorescence
and TIR fluorescence individually. It is visible that TIR
fluorescence-image appears higher SNR. With TIR fluo-
rescence, the spheres off focus appear dimmer, reflecting
the weaker evanescent field at that distance. To analyze
the diffusional motion of the nanobeads, 15 beads were
selected for data analysis. First, each stack of images
was processed by a mean filter. For tracking, we selected
the brighter beads that did not collide with neighboring
bead during the recording period. In the resulting im-
ages, the center locations of the beads were determined
by a 2D Gaussian curve fit to the diffraction-limited spots
using nonlinear least-squares. The CCD pixel size (6.45
pm) corresponded to 108 nm (=%22 ;im) in object space.
The standard deviation of the 2D Gaussian profile was
determined by the above fitting result, and resulted in
< 0, >= 136 nm, corresponding to a FWHM of 320 nm
(~3 pixels). Figure 2 shows surface plots of background
subtracted and Gaussian-fitted fluorescent spot from sin-
gle fluorescent nanobead.

Generally, SNR can be defined as!®!

Io
)
[ 2 2
Thg + o,

where I is the maximum signal intensity above back-
ground, a%g is the variance of the background intensity,

SNR = (6)

and o is the variance of the maximum signal inten-
sity above the background. From the above fitting result
of < o} >= 6.5 and < of, >= 1.5, and for a mean
maximum intensity of 42, the SNR of single nanobead is
approximately 6.

The standard deviations of the locations which repre-
sent the localization accuracy were calculated. Thomp-
SOFI 1]€t al. defined a 2D localization accuracy of the spots
as
s?+a%/12  8mws*h?

N + a?N2’

<o >i= (7)
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Fig. 2. Surface plots of background subtracted and Gaussian-
fitted fluorescent spot from single fluorescent nanobead.

where < o > is the mean error in localization, s is the
size of the spot, a is the size of the pixel, b is the back-
ground noise, and N is the number of photons collected.
For an integration time of 20 ms, the pixel size of 64.5
nm, < s >=< 0, >= 136 nm, < N >= 33000 photons,
< b >= 108, therefore, on the average, single nanobead
can be localized with an accuracy of 5 nm under the
chosen imaging conditions.

We obtained a series of space-time coordinates, which
represents a 2D projection of their three-dimensional
(3D) trajectory. Figure 3 shows 6 frames of images in a
stack of 100. Although a little step movement is apparent
in the images, the movie showed that the nanobead was
in random walk. Figure 4 shows a trajectory contains
100 positions and displays visible mobility.
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Fig. 3. Six frames of total 100 frames from fluorescence images
of single nanobead, showing diffusion in 80% glycerol-water
mixture.
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Fig. 4. SA 100-step trajectory of a single nanobead. The

integration time was 100 ms.



of the beads were obtained. The localization accuracy of
5 nm confirms that it is possible to detect, image, and
track single fluorescent nanobead in real time in solution
as long as they stay in the focal plane. The results ob-
tained in this study allow further applications in single-
molecule detection in living cellular systems.
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Fig. 5. Mean square displacements (MSDs) of single

nanobead as a function of time. The integration time was
20 ms. Temperature was 25 £ 1 °C.

Then, if the spheres move by free diffusion in solution,
their average 2D MSD is related to the diffusion coef-
ficient D. We calculated the trajectories of 15 single
nanobeads, respectively, and plotted the MSD against
time (Fig. 5) By fitting a straight line to the data, we
determined an average diffusion coefficient of D = 0.4
pum? /s for n = 47 cPoise.

Finally, we calculate the radius of the nanobeads in
the solution according to the Stokes-Einstein equation,
r = kT/67T’I7D‘ The result is r = 11 + 1 nm. Error esti-

mations are due to uncertainties in temperature of +1°
(an error in glycerol concentration was not considered).
The values may appear smaller than the actual value, but
they indeed at the same order of the magnitude.

In conclusion, in combination TIR microscopy with
SPT techniques, the diffusion coefficients of the
nanobeads were derived from MSD(#), and then the sizes
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