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Tracking of Single Fluorescent Particles in Three Dimensions:
Use of Cylindrical Optics to Encode Particle Position
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ABSTRACT We present a novel optical technique for three-dimensional tracking of single fluorescent particles using a modified
epifluorescence microscope containing a weak cylindrical lens in the detection optics and a microstepper-controlled fine focus.
Images of small, fluorescent particles were circular in focus but ellipsoidal above and below focus; the major axis of the ellipsoid
shifted by 90° in going through focus. Particle z position was determined from the image shape and orientation by applying a
peak detection algorithm to image projections along the xand y axes; x, y position was determined from the centroid of the particle
image. Typical spatial resolution was 12 nm along the optical axis and 5 nm in the image plane with a maximum sampling rate
of 3—4 Hz. The method was applied to track fluorescent particles in artificial solutions and living cells. in a solution of viscosity
30 cP, the mean squared distance (MSD) traveled by a 264 nm diameter rhodamine-labeled bead was linear with time to 20
s. The measured diffusion coefficient, 0.0558 + 0.001 um?/s (SE, n = 4), agreed with the theoretical value of 0.0556 um?/s.
Statistical variability of MSD curves for a freely diffusing bead was in quantitative agreement with Monte Carlo simulations of
three-dimensional random walks. In a porous glass matrix, the MSD data was curvilinear and showed reduced bead diffusion.
in cytoplasm of Swiss 3T3 fibroblasts, bead diffusion was restricted. The water permeability in individual Chinese Hamster Ovary
cells was measured from the z movement of a fluorescent bead fixed at the cell surface in response osmotic gradients; water
permeability was increased by >threefold in cells expressing CHIP28 water channels. The simplicity and precision of this tracking

method may be useful to quantify the complex trajectories of fluorescent particles in living cells.

INTRODUCTION

Single particle tracking (SPT) is a unique approach to moni-
tor the directed and diffusive motions of individual particles
in cellular compartments. Unlike fluorescence photobleach-
ing recovery and autocorrelation spectroscopy, SPT provides
information about the dynamics of single particle motion
rather than ensemble-averaged information about popula-
tions of particles (Qian et al., 1991; Zhang et al., 1993). By
analysis of particle trajectories, components of directed, dif-
fusive, and restricted motion can in principle be resolved, and
a direction can be assigned to the average motion of the
particle (Sheetz et al., 1989).

Previous SPT studies have been limited to analysis of par-
ticle trajectory in two-dimensional systems. In general, a
temporal series of images of small fluorescent or gold par-
ticles was analyzed to generate a series of x, y particle co-
ordinates. Because only x and y were measured, SPT has been
applied mainly for the analysis of the molecular mobility of
proteins in 2D systems such as plasma membranes. Using
gold-tagged concanavalin A in the plasma membrane of mac-
rophages, Sheetz et al. (1989) reported that single receptors
exhibited both random diffusive motion and directed motion
at different times. Gross and Webb (1983) also observed
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random and directed mobility states for both individual mol-
ecules and clusters of fluorescently labeled LDL receptors on
the surface of human fibroblasts. Two-dimensional SPT has
also been applied to the analysis of kinesin movement in
microtubules (Gelles et al., 1988), mitochondrial motion in
liver cells (Salmeen et al., 1985), and cytoplasmic diffusion
of gold particles (Geerts et al., 1987). The systems for these
studies were either two-dimensional or two-dimensional pro-
jections of a three-dimensional system. A complete analysis
of particle mobility in three-dimensional specimens requires
determination of x, y, and z positions.

Several types of biological applications require three-
dimensional SPT (3D SPT). By analogy to SPT studies of
molecular diffusion in the plasma membrane, the three-
dimensional motion of particles within the cytoplasm should
be measurable. Intracellular traffic patterns could be moni-
tored from the trajectories of labeled intracellular organelles
or other subcellular components. Changes in cell shape and
local cell membrane motion could be followed from the tra-
jectories of immobilized particles at the cell surface.

‘We present a novel optical technique for 3D SPT of fluo-
rescent particles in biological samples in real time. The tech-
nique is simple to implement, and its principle is applicable
to other types of microscopy, including differential interfer-
ence contrast microscopy. The three-dimensional position of
a particle was encoded into its image by introducing a weak
cylindrical lens into the optical detection path. Computer
analysis of the shape, orientation, and position of the par-
ticle’s image was applied to retrieve the x, y, and z coordi-
nates. The 3D trajectory was then reconstructed from analy-
sis of a temporal series of images. The spatial resolution and
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optical requirements of the SPT instrument were evaluated,
and applications in model and biological specimens are
presented.

MATERIALS AND METHODS

Optical instrumentation

An epifluorescence microscope (Diaplan, Leitz, Rochleigh, NJ) was modi-
fied to carry out 3D SPT by incorporation of a cylindrical lens and mi-
crostepper motor; the computer algorithms to determine three-dimensional
position are described in the Image Analysis section. Fluorescence was
excited with a stabilized 100 W Hg-Xe arc lamp, 530 *+ 20 interference
filter, and 560 nm dichroic mirror, and detected through a 590 nm barrier
filter. A long focal length cylindrical lens (focal length: 560 cm, J. L. Woods
Optical Systems, Santa Ana, CA) was positioned in the detection path
15 mm beyond the exit aperture of the objective lens (Nikon CF Plan
Apochromat 60 X/1.40 NA oil immersion). When viewed through this op-
tical arrangement, a small particle appeared either ellipsoidal or circular
depending upon its z position.

Images were collected by a charge-coupled device (CCD) camera
(AT200 series; Photometrics Ltd., Tucson, AZ) with a TK512CB CCD chip
(Tektronix Inc.; Beaverton, OR) contained within a camera housing cooled
to —40°C (CH250; Photometrics). Images were digitized into a 512 X 512
pixel array at 14-bit resolution. Details of the optoelectronic characteristics
of this camera were described previously (Zen et al., 1992). The axis of the
cylindrical lens was aligned parallel to the rows of the CCD array. Pixel
array size at the object plane with the 60 X objective lens and cylindrical
lens was 261 X 263 nm.

The z position of the stage was controlled using a microstepper motor
(Model CX indexer/drive unit with C57-51 motor, 12,800 steps/revolution;
Compumotor Corp., Petaluma, CA) driving the fine focus control with a
bard rubber coupling. The stage could be moved in 25 nm z increments. The
vertical position of the microscope stage and image acquisition were con-
trolled from a 25 MHz 486DX PC computer using software custom-written
in Microsoft C 7.0. Software is available on request.

Analysis of particle position

The mean squared displacement (MSD) versus time relation was calculated
for a particle trajectory as described by Qian et al. (1991). At times 1 = nAT
(n=20,1,2, - - -) where AT is the sampling period, MSD [p(r)] and MSD
along each axis, [p,(1), p,(1). p(1)), were calculated by

1 N
o0 = 2 b= 2
0=13 y (1a)
P, =3 Yiea — )i a
' Nl=l

1 N
P =4 P AN o

p1) = p,(0) + p,() + p, (1), (1b)

where N is the total number of positions recorded in the sequence. The
diffusion coefficient, D, of the particle in three dimensions was calculated
from the slope of the linear portion of a plot of p(r) vs. r using the equation,
D = p(1)/6e.

For some measured particle trajectorics, there were discontinuities in the
trajectory sequence because of required adjustments in the z position of the
microscope stage (see Image Analysis). A continuous sequence was gen-
crated for analysis by Eq. 1, a and b by excluding these discontinuities from
the sequence and adjusting the remaining positions and times of the se-
quence to account for the excluded point.
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Preparation of artificial samples

Two types of samples were prepared based on the method of Hiraoka et al.
(1990): samples containing immobilized fluorescent beads mounted within
a liquid test specimen, and samples containing freely diffusing fluorescent
beads. Red fluorescent latex beads (264 + 9 [SD] nm diameter, excitation:
580 nm, emission: 605 nm) modified with surface sulfate groups (Molecular
Probes, Eugene, OR) were used. To immobilize the beads at a depth of 0
pm into a liquid test specimen, beads were dried onto coverslips and 10 jul
of glycerol was sandwiched between the coverslip and a larger glass slide
so that the beads were in contact with the glycerol. The perimeter of the
coverslip was sealed to the glass slide with clear nail enamel. To immobilize
the beads at a specified depth, the procedure was reversed. Beads were dried
onto a glass slide, and a microliter volume of the test solution (calculated
from coverslip area and the desired solution layer thickness) was sand-
wiched between the slide and coverslip. Examination of samples by bright-
field confocal microscopy confirmed sample thickness and bead immobility.

To prepare samples containing freely diffusing beads, microliter volumes
of a bead suspension in water-glycerol solutions were sandwiched between
a glass slide and coverslip to give a sample thickness of 30 um. The sample
was then sealed at the edges as above. To examine the effect of immobile
barriers on bead diffusion, a fragment (=5 X 5 mm) of porous glass filter
(12 and 0.7 pm pore size, ~250 pm thickness, Millipore Corp., Bedford,
MA) was soaked in the bead-solution mixture for 1 min. The filter was
placed between a coverslip and glass slide, excess bead-solution mixture
was removed, and slight pressure was applied to the cover slip to eliminate
air bubbles. Viscosities of the water-glycerol solutions were determined
from the published reference tables (Miner and Dalton, 1953).

Celi culture

Swiss 3T3 fibroblasts (American Type Collection No. CL-101) were grown
on 18 mm diameter round glass coverslips in DME-H21 supplemented with
5% fetal calf serum, 100 units/ml penicillin and 100 pg/ml streptomycin.
Cells were maintained at 37°C in a 95% air/5% CO, incubator and used
before confluence. Coverslips were transferred to a 200 ul-perfusion cham-
ber (to facilitate rapid buffer changes) in which the cell-free surface of the
coverglass was accessible to the objective. Chinese hamster ovary (CHO)
cells were transfected with cDNA-encoding water channel CHIP28 using a
mammalian expression vector with RSV promoter (Ma et al., 1993). Mea-
surements were camried out 72 h after transfection.

Bead diffusion in cell cytoplasm

Red fluorescent latex beads (93 + 7 [SD] nm diameter, excitation: 580 nm,
emission: 605 nm) modified with surface carboxylate groups (Molecular
Probes, Eugene, OR) were suspended in phosphate buffer saline (PBS) at
0.02 volume%. Microinjection pipettes were pulled from 0.9 mm ID bo-
rosilicate glass with omega dot fiber (FHC, Brunswick, ME) using a Kopf
vertical pipette puller (David Kopf Instruments, Tujunga, CA). Approxi-
mately 5 fl of the suspension was microinjected into the cytoplasm of Swiss
5242, Madison, WI).

Water permeability in individual cultured cells

To measure the water permeability of an individual cell, the z axis motion
of 264 nm red fluorescent beads immobilized at the surface of CHO cells
was measured in response to osmotic gradients. Cells were incubated with
a PBS-bead solution (0.002 volume%) for 10 min at room temperature and
then rinsed in PBS. The beads were immobilized on the cell surface at a
density of ~1 bead/1000 wm’. The z axis motion of a bead near the apex
of the cell was measured in response to switching the perfusing medium
rapidly between isosmolar (300 mOsm, PBS) and hypoosmolar (150 mOsm,
1:1 dilution of PBS with distilled water) buffers.
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Computer simulations

To evaluate the statistical variation of the MSD plots measured for random
diffusion, 3D random walks for a single particle were computed numerically
by a modification of the method reported by Lee et al. (1991) for 2D dif-
fusion. The random walks were generated on a cuboidal lattice whose spac-
ing was arbitrarily selected as 10 nm. Trajectories started at the origin; at
each particle position, one of six directions (*x, *y, *7) was sclected
randomly and particle position was moved to the adjacent lattice site in that
direction. After every 100 such movements, the particle position was re-
corded. MSD plots for the simulated random walks with 100, 500, and 1500
recorded positions were computed by Eq. 1 for comparison with experi-
mental data.

To simulate bead diffusion within cells (restricted diffusion), random
walks were confined within a cube of specified size. At each particle po-
sition, the particle was moved to the randomly selected site only if that site
was within the boundary of the cube; otherwise, the particle was not moved.

image analysis

Encoding 3D position information into the image

of a particle

To encode positional information into a particle’s image, a weak cylindrical
lens was introduced into the emission path of an epiftuorescence microscope
above the objective lens (Fig. 1, left). When a small, fluorescent particle was
viewed through this microscope, cither an ellipsoidal or a circular image was
formed. The center of the image corresponded to the x and y positions of
the particle. The orientation and shape of the image encoded the z position.
If the particle’s z position was in the focal plane, the image was smallest
in size and circular in shape (Fig. 1, right). The images became larger and
ellipsoidal away from the focal planc; the major axis of the ellipsoids formed
above the focal plane was perpendicular to that formed below the focal
planc. Images formed without the cylindrical lens were circular in shape
(Fig. 1, right).

Algorithms for deterrnination of x, y, and z positions
To determine particle position in three dimensions, binned projections of
pixel intensity along the x and y axes of the image were analyzed. For a

FIGURE 1 Asymmetry in images of
a 264 om red fluorescent latex bead
produced by a cylindrical lens. The
epifluorescence microscope was modi-
fied with a cylindrical lens and a mi-
crostepper motor for adjusting the z po-
sition of the stage (see text for details).
Beads were imaged with a Nikon 60X
oil immersion objective lens with n =
1.48 immersion oil. Indicated z posi-
tions are relative to the focal plane. Im-
ages arc shown in the presence (lefr)
and absence (right) of the cylindrical
lens in the microscope emission path.
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binned projection, cach clement, P,, represents the sum of all pixels across
the kth row or column of the image (Fig. 2 A):

N N
P=X1, oo =31, @
=1 =1

where [;; is the pixel intensity at the position (i, /) and N is the total number
of pixels along cither the rows or columns of the array. Binned projections,
rather than the collected 2D arrays, were processed because they contained
sufficient information to determine a particle’s position and required re-
markably less computation time for position determination in real-time.

For the algorithms described below, an area-weighted quadratic fit was
utilized to determine the contour of a binned projection over a single pixel
length. Area-weighted fitting was used to construct a continuous contour
because images were close to the pixel resolution of the camera (Inoué,
1986). As defined here, the coefficients, a,, b, c,, for the area-weighted fit,
I(x) = ax® + bx + c,, over three adjacent bins, may be expressed in terms of
the bin values, P,_,, P, P,,,. Three linear equations are obtained from
the integral of {(x) over each bin: fjax* + bx + cdx =P,_,, f2ax’ +
bx+cdxr=P,and [3ax’+ bx + c dx =P,,,. The solution of these
equations for g, b, and ; is

a] [ 3 -6 37[P.
b|=z-12 18 -6|]| . |, 3
ol ¢ n -7 2]|r.,

where x is defined in units of pixel lengths, and x = 0 is at the left-most
boundary of P,_,. Because a, b, and c; best define the contour over the
central bin, Eq. 3 was used only over the length of the central bin, P,

For determination of x and y coordinates, the position of the maximum
in the contour of each projection was determined. At the bin with the highest
summed intensity, an area-weighted quadratic fit (Eq. 3) was applied. The
position at the maximum of the quadratic fit, —b/2a, was taken as the
position of the bead along that axis. The position of this maximum was
insensitive to image intensity and offset.

For determination of z position, two algorithms were applied to detect
the spread in the distribution of each projection. The first algorithm was
designed 1o detect projection differences for large ellipsoidal images gen-
erated far from the focal plane. The second algorithm was designed to detect
differences for smaller ellipsoids generated near the focal plane.
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FIGURE 2 Determination of z position from image asymmetry. (A) Image width algorithm: the width, w, of the image along one axis was determined
as the distance between the minimum and maximum of the derivative of the projection. (B) Peak detection algorithm: the fitted contour of the binned
projection, P(x), was multiplied by a peak detection function, A(x). The area of the product, ¢ = [ P(x)A(x) dx, as indicated by the shaded region, was
used to calculate 9(z) as defined in Eq. 6. (C and D) Representative calibration curves for w,(z), w,(z), and 9(2) for a fixed 264 nm red fiuorescent
bead. Each point represents the average of five images taken of the bead at that position; SDs are smaller than the circle size. Images were collected as

in Fig. 1.

The first algorithm for z position utilized the width of a binned projection
along each axis (Fig. 2 A). The width, w, was calculated as the distance
between the maximum and minimum derivatives of the P, projection. The
numerical derivative of the projection was calculated as (James et al., 1985)

dar P_,— 8 ,+8P,, — P,

ar |~ 12 ’ @)
where x is the projection position, in pixel lengths. The positions of the
minimum and maximum in the derivative profile were determined from
arca-weighted quadratic fits (Eq. 3) applied at the minimum and maximum
in the derivative profile. The widths of the projection along cach axis, w,(z)
and w(z), differed when the particle was not at the focal planc because of
the ellipticity of the image. w(z), w,(2), and their relative magnitudes were
used to determine 7 position (see below). Because only the first derivative
of the projection was analyzed, image intensity and offset had little effect
on the measured width of the projections.

The second algorithm for z position applied one-dimensional peak de-
tection to the projection for cach axis. This algorithm is based on edge
detection functions employed in digital image processing (Gonzalez
and Wintz, 1987). The peak detection function must be convex in shape,
with only a single maximum flanked by two minima, and have a total
integrated arca of 0 (Fig. 2 B). The single peak detection function, A(x) =
(16 — x®)(16 — 5x%)/256, where x is in pixel lengths, was chosen to satisfy
these properties. Peak detection was implemented by aligning the maximum
of A(x) with the maximum of the continuous contour of the binned pro-
jection, P(x) (Fig. 2 B). The product of the two functions was then integrated
from pixels —4 to +4. P(x) was not determined as a continuous function,
but as a set of fitted quadratic polynomials for each pixel, {(x), whose

coecfficients are defined by Eq. 3. The integral was evaluated as a discrete
sum of integrals,

+4 3 x=i+1
¢= f A@PO) dx~ 3 A(x)(x) dx

i=—4 o =

3 r=i+1 1
=3 [ﬁ(ls—ﬂ(m—m] ©)

X [ax — i+ 1P + bx — i+ 1) + ¢} dx,

where x is the projection position in pixel lengths and x = 0 is defined as
the center of the projection. The parameter ¢ is a measure of the spread of
the projection distribution near the center of the projection. ¢ was maximum
when the spread of the projection was small and decreased as the spread
increased. The value of ¢ for the x and y projections, ¢, and &, differed
when the particle was not in the focal plane because of the elliptical shape
of the image, as quantified by the function ¥(z),

,(2) — &,(2)
= X
YRR Y= ©
Measurement of z position utilizing
calibration data

Calibration curves [w,(z), w,(z), and ®(2)] measured before an experiment
were used to determine 2z position. Calibration data were collected using a
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single immobilized reference bead with the same diameter as that used for
subsequent SPT measurements. At 50 z positions from 5.75 pmn below to
5.75 pm above the focal plane, five images of the single bead in each z plane
were acquired. The average values and SDs for w,(2), w,(z), and @(2) of
the five images were calculated. Calibration data consisted of three- to five
sets of measurements, each for 50 z positions. To change the z position of
the bead during collection of calibration data, the microscope stage was
raised in steps of 0.23 um; only upward steps were used to minimize errors
from mechanical hysteresis of the fine focus control. Because of this hys-
teresis, the exact z position of the focal plane was determined by @(z) rather
than from the absolute angular position of the motor shaft (see Discussion).
All 7 positions for the calibration were reported relative to the focal plane
(z=0).

Representative calibration data for w,(z), w,(z), and @(z) are shown in
Fig. 2, C and D. Both w(z) and w,(z) reach minima; however, the minima
were located at different positions on the z axis because the cylindrical lens
magnifies along one axis only. ¥(z) monotonically increased as z position
increased from —3 to +2 pm. @(z) did not increase beyond +2 um because
of the appearance of rings in the image (Fig. 1, right). The z focal plane
position was determined based on the image symmetry ($(z) = 0) at the
focal plane. For each set of 50 z positions measured, ®(z) was solved using
a fifth order polynomial fitted to the five calibration data points centered at
the focal plane.

During an experiment, z position was determined in real time from the
values of w,(z), w,(z), and ®(z) for a single image using the calibration
curves.  position was first estimated as the average of the w,(z) and w,(z)
estimates. If the bead was between —2 and 1.8 pum of the focal plane, a more
accurate determination of z position was provided by 9(z). If the bead was
outside of the z = —2 to 1.8 pum region, the microstepper motor was used
to position the bead to within 1 um of the focal plane. The time required
to reposition the bead was <0.5 s; particle tracking was not continued until
1 s after motor movement to reduce transient mechanical phenomena (such
as shifting of the immersion oil).

Procedure for continuous 3D particie tracking

The 3D trajectory of a particle was determined in real time by applying the
algorithms described above to a sequence of images. Before an experiment,
calibration curves were measured. At the beginning of an experiment, a
small rectangle (=30 X 30 pixels) of the CCD amray was selected that
contained the particle to be tracked. An image was collected at an exposure
time of 50 ms and analyzed to determine x, y, z position. The z position of
the microscope stage was adjusted if the particle’s z position was outside
of the —2 and 1.8 pm range. The location of the rectangle on the CCD array
was adjusted if particle’s x or y positions were within 7 pixels of the bound-
ary of the image. For analysis of particle trajectory, z positions were de-
termined using ¥(z) (from —2 to 1.8 pum).

RESULTS
Precision and errors in 3D position measurement

Position measurements on immobilized beads were carried
out to evaluate instrument precision. Factors that influence
measurement precision include microscope vibration, me-
chanical stage drift, and detector signal and noise amplitudes.
To estimate the SDs for position determination, o,, o, and
o, the position of an immobilized bead located at z positions
within 2 pm of the focal plane was measured. For random
noise, p’(Ar) for an immobilized bead should be time-
independent and equal to 2(o? + o} + o7) for Ar > 0;
pX(Ar), pX(Ar), and p)(Ar) are also time-independent and
equal to 207, 207, and 207, respectively (Couch, 1987). The
measured MSD plots shown in Fig. 3 A for a single z position
are time-independent as predicted. The measurement errors
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for each axis as a function of z position are shown in Fig. 3
B. Ermrors along x and y showed little change in going from
—2 to 1.8 um around focus. Errors along z were greatest at
—2 and 1.8 um from focus because of the decreased image
intensity and the low slope of @(z) at these positions. Mini-
mum z error occurred at z = 1 pum above focus where spatial
resolution, image intensity, and the slope of ®(z) are opti-
mum. Typical measurement SD (precision) was S nm along
X, 2-3 nm along y, and 12 nm along z. It should be noted that
these errors are much smaller than the scatter observed in
w,(2), w,(2), and ¥(z) (Fig. 2, C and D). This scatter rep-
resents not the precision of the technique, but the composite
effects of mechanical hysteresis and gear lash on the accu-
racy which limited the accuracy of z position determination.
Because of this variability, many calibration data points were
measured to construct the calibration curves.

The refractive index of the medium between the particle
and objective lens affects the image formation properties of
the microscope system (Gibson and Lanni, 1991). As a par-
ticle moves in the z direction within a sample, its calibration
curves [w,(z), w,(z), and 9(z)] may change and introduce
uncertainty in z position determination. To evaluate the ef-
fects of refractive index and sample thickness in our system,
w,(2), w,(2), and &(z) were measured for beads immobilized
at 0 and 20 wm depths in water (n = 1.33) and 83% aqueous-
glycerol (n = 1.45) solution. The lens immersion fluid had
a refractive index of 1.48. For the water sample, the shape
of @(z) changed significantly for bead depths of 0 and 20 pm
(Fig. 3 C). However, in the glycerol solution, the shape of
®(z) showed little change (Fig. 3 D), suggesting that changes
in the calibration curves with z position are small if the re-
fractive indices of the sample and immersion oil are similar.
The same conclusion was obtained from analysis of the w (z)
and w(z) curves (not shown). For the diffusion measure-
ments reported below, the instrument was calibrated using an
immersion oil having a refractive index of 1.48, which was
close to that of the sample media (1.44-1.45).

SPT of small beads in artificial systems

Fig. 4 A shows two representative trajectories of a small
fluorescent latex bead in an aqueous solution containing 83%
glycerol. The trajectories appeared to be random along all
three axes. To determine whether these trajectories corre-
sponded to random diffusive motion, MSD plots along the
x, y, and z axes were constructed from a series of 1800 po-
sitions recorded every 0.54 s (Fig. 4 B). The plots were linear
and overlapped over the first 5 s, suggesting that the particle
diffused randomly in three dimensions. The divergence of
the MSD plots beyond 5 s was caused by statistical variability
of random walks.

p(t) (in three dimensions) corresponding to the data pro-
vided in Fig. 4 B was linear from 0-20 s (Fig. 4 C). From
the slope (see Materials and Methods), the diffusion coef-
ficients for beads in water-glycerol solutions of viscosities 30
and 56 cP were 0.0558 * 0.001 (SE, n = 4) and 0.0232 *
0.001 (SE, n = 4) um?/s, respectively. For the conditions of
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FIGURE 3 Mecasurement accuracy in 3D SPT. (A) Representative MSD curves for an immobilized 264 nm fluorescent bead located in the focal plane.
(B)a,,a,,mda,,asafuncﬁonofz&dnpoimwsdﬂuminedﬁmanajeaory~6(l)stcpssampledalamof~2}lz(CandD)Depmdenccof¢(z)
for a bead immobilized at 0 um and 20 pm into water (n = 1.33) (C) and 83% glycerol in water (n = 1.44) (D). Images were collected as in Fig. 1.

our experiments (27.5°C, particle radius = 264 nm), the
Stokes-Einstein equation predicts diffusion coefficients of
0.0556 and 0.0295 um?/s, respectively, in agreement with the
measured values.

Similar 3D SPT studies were carried out for bead diffusion
in porous glass filters (1.2 and 0.7 pwm pore sizes) soaked in
a water-glycerol solution of viscosity 56 cP (Fig. 4 D). p(1)
decreased from its value in free solution as pore size de-
creased. The shape of p(t) for particle diffusion in the filters
demonstrated two regions: an increasing nearly linear region
from 0 to ~5 s, and a linear region with decreased slope at
>5 s. These regions probably correspond to short- and long
range bead diffusion in the restricted environment. Qualita-
tively similar results were computed by Saxton (1989) for
Monte Carlo simulations of mobile point particles diffusing
in a two-dimensional lattice containing immobile obstacles,
and by Pusey et al. (1979) for the self-diffusion of micro-
spheres in concentrated solutions.

Computer simulations of diffusion in

free solution

To compare measured MSD plots with theory, Monte Carlo
simulations were carried out as described in Materials and
Methods. As the trajectory length of the random walk was
increased, p(r) became more linear, similar to results com-
puted for 2D diffusion (Qian et al., 1991) (Fig. 5 A). For each

plot, p,(1), p,(1), and p,(2) were colinear for the first few time
intervals, after which time they diverged (data not shown).
These plots are predicted to be neither linear nor overlapping
at larger ¢ because a finite number of data points were col-
lected.

The MSD plots for a simulated 3D random walk (Fig. 5 A)
had the same qualitative shape as those determined expen-
mentally for bead diffusion in free solution (Fig. 4, B and C).
Variabilities of each point in the p,(t), p (1), p,(1), and p(1)
plots for the simulated trajectory were in quantitative agree-
ment with those measured for random bead diffusion (Fig.
5 B). These results support the conclusion that the particles
in our samples diffused randomly in all three dimensions and
that the measurement uncertainties introduced by the track-
ing algorithms were small compared with the intrinsic sta-
tistical variability in 3D particle trajectories.

SPT of small beads in living cells

Two applications of 3D tracking in living cells were dem-
onstrated: bead diffusion in cytoplasm, and measurement of
cell volume changes by the motion of beads at the cell sur-
face. Small fluorescent latex beads (93 nm diameter) were
microinjected into the cytoplasm of Swiss 3T3 fibroblasts
and their 3D trajectories were measured. After microinjec-
tion, the beads were confined to small pockets of the cell,
within which the beads diffused rapidly. These pockets de-
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FIGURE 4 Three-dimensional SPT of beads in water-glycerol solutions and porous glass filters. The 3D position of a 264 nm red fluorescent particle
was measured every 0.54 s for 15 min. (A) 100 steps of two 3D trajectories of a freely diffusing particie in an 83% aqueous glycerol solution having viscosity
60 cP at 27.5°C. Projections of trajectories onto the x-y and x-z plane are shown. Arrows indicate the initial bead positions. (B) Representative MSD plots
for a freely diffusing particle in a 77% aqueous glycerol solution of viscosity 30. (C) Representative p(f) curves for a freely diffusing particle in 77 and
83% aqueous glycerol solutions having viscosities 30 and 56 cP, respectively. (D) Represemtative p(r) plots for a freely diffusing particle in free solution

and in porous glass filters with 1.2 and 0.7 pm pore sizes.

creased slowly in size after microinjection; after 2-3 h, most
beads appeared to be immobile. This rapid and confined mo-
tion is demonstrated by a representative MSD plot shown in
Fig. 6 A (filled circles). The downward curvature of p(t)
indicates particle diffusion either within a confined volume
or in an obstacle-filled environment (Saxton, 1987, 1989).
The shape of this curve was qualitatively similar to that for
a random walk confined within a cube with side length 0.25
pm (curve b). Quantitative values for bead diffusion coef-
ficients in cell cytoplasm cannot be deduced from this data
because the sampling rate of our instrument was not fast
enough to measure the initial slope of the MSD plot.
Changes in cell volume were monitored from the z position
of a small bead immobilized on the external surface of the
cell plasma membrane. Three types of cells were compared:
CHIP28-expressing CHO cells obtained by transient trans-
fection with cDNA encoding CHIP28 water channels, non-
expressing cells that did not incorporate the cDNA, and non-
transfected (control) cells that were never exposed to the
CHIP28 cDNA. In the absence of osmotic driving forces
(perfusion with 300 mOsm solution), bead z position was
constant (Fig. 6 B). In response to a 150 mOsm perfusing
solution, cell volume (and bead z position) increased because
of osmotic water influx; cell volume (and bead z position)
decreased when solution osmolality was returned to 300

mOsm. Osmotic water permeability in CHIP28-expressing
cells was remarkably higher than in the nonexpressing and
nontransfected cells as shown by the rate of z position change
in response to an osmotic gradient. In four sets of experi-
ments, the rate was increased by an average of 3.2-fold.

DISCUSSION

This study demonstrated three-dimensional tracking of
single fluorescent particles using a weak cylindrical lens in-
troduced into the detection path of an epifluorescence mi-
croscope. The resulting images contained a focus-dependent
asymmetry that encoded particle x, y, and z coordinates. The
transverse (x, y) coordinates were taken as the centroid of the
image, and the axial (z) coordinate was computed in real-
time from the degree and orientation of the image. Two al-
gorithms were developed to analyze particle z position in real
time. The first algorithm determined the projection width,
and the second applied one-dimensional peak detection. z
position was determined from algorithm parameters using
calibration curves for an immobilized reference bead estab-
lished at the beginning of an experiment. A focus-drive mo-
tor kept the in-focus plane close enough to the fluorescent
particle so that the z-axis determination was accurate and
unambiguous. The x, y coordinates of a particle were
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FIGURE 5 Computer simulations of MSD plots for 3D particle diffusion.
(A) p(t) for computer-simulated random walks of 100, 500, and 1500 steps
in length. Step size was adjusted to give the same diffusion coefficient as
that for a 264 nm bead freely diffusing in a 77% aqueous glycerol (viscosity
30 cP). (B) The ratio of the SE to mean value for p(r), p(r), p(r) and p(t).
SE was calculated for the set of squared distances used to determine the
mean. Curves are shown for a computer-simulated random walk and a meas-
ured 3D trajectory of a frecly diffusing 264-nm bead having 1500 steps in
length.

generally measured to within 5 nm, and the z coordinate was
measured to within 12 nm.

A distinct advantage of the astigmatic aberration produced
by the cylindrical lens is the alignment of the focus-
dependent asymmetry with the rows and columns of the de-
tector array. Every microscope objective contains some de-
gree of focus-dependent spherical aberration that could
potentially be used to deduce z position. However, these ab-
errations are dependent upon the microscope objective, and
quantification of any asymmetries may require complex im-
age recognition algorithms. With the cylindrical lens, the
aberration is independent of the objective and, because of the
alignment of the asymmetry with the detector array, quan-
tification of the asymmetry is simple and rapid. The potential
disadvantage of introducing astigmatic aberration is the deg-
radation of the transverse (x, y) microscope resolution. This
is apparent from a size comparison of the in-focus images
with and without the cylindrical lens (Fig. 1). With the cy-
lindrical lens, the full-width half-maximum of the image is
~0.3 pm, whereas without the lens, it becomes ~0.5 um.
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FIGURE 6 Applications of 3D SPT in living cells. (A) MSD plot for a
bead microinjected into the cytoplasm of a Swiss 3T3 fibroblast (@). Solid
lines are MSD plots for a computer-simulated random walk confined within
a cube with side a) 0.50 um, b) 025 pum, and c) 0.10 pum. Both simulated
and measured trajectories were 1166 steps in length. (8) Measurement of
osmotic water permeability in nontransfected and transfected CHO cells.
The z position of a fluorescent bead immobilized at the cell surface was
measured in response to perfusion with buffer of indicated osmolalities.

If the particle images remain well separated, the main effect
of the image degradation is to decrease the overall brightness
of the image.

To measure z position accurately, the calibration curves
established for an immobile particle must remain valid as the
particle moves within a sample. From the theoretical analysis
of Gibson and Lanni (1991), particle images produced out-
of-focus are independent of the particle z position when the
refractive index of the immersion oil matches that of the
sample. The independence of ®(z) on particle z position was
confirmed by direct measurement in Fig. 3 B. For our ex-
periments on diffusion of beads in model systems, the re-
fractive indices were closely matched; the z measurements
were accurate as demonstrated by the colinearity of p.(7),
py(1), p(1) in the random diffusion measurements (Fig. 4 B).
The analysis of Gibson and Lanni may be extended to a
general requirement that the refractive index of the immer-
sion medium in ¢ontact with an objective lens must equal that
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of the sample. However, the refractive index of the immer-
sion medium should be close to its recommended value to
minimize degradations in image contrast and resolution
(Gibson and Lanni, 1991). Hence, for experiments involving
biological samples, a water immersion objective lens would
be best because the refractive index of these samples is close
to that of water. Air and oil objectives could be used if ap-
propriate correction factors are included in the calibration
curves.

The precision to which the x, y, z position of a particle
could be resolved was limited by the signal-to-noise ratio of
the image. Factors that reduced the signal-to-noise ratio in-
cluded instrument microvibration, detector dark counts and
read noise, low image intensities, and image smearing be-
cause of the nonzero exposure time. These factors also apply
in two-dimensional tracking studies. The typical resolution
for x, y position determination here was S nm, which was
greater than that of 1-2 nm in a previous report of two-
dimensional SPT (Gelles et al., 1988). This difference in x,
y resolution was caused by differences in signal-to-noise ra-
tios and effective pixel size. It should be noted that the overall
spatial resolution of our instrument was limited by the ac-
curacy of z position determination to ~12 nm at 600 nm
wavelength. Further improvement in spatial resolution may
be obtained by increasing the effective pixel size and/or sig-
nal intensity.

The maximum sampling rate for 3D tracking was deter-
mined by the acquisition and analysis of a particle image. The
exposure and data transfer time for a 12 bit 40 X 40 pixel
image was approximately 150 ms. The algorithms described
in this study were implemented on a 25 MHz 486DX com-
puter and required computation time of approximately 150
ms, giving a 34 Hz maximum sampling rate. To measure
faster particle motions, the sampling rate could be increased
by several approaches. Computation time could be reduced
by using a faster computer. Images could be stored for post-
experiment processing as reported in previous two-
dimensional SPT studies (De Brebander et al., 1989); how-
ever, a major disadvantage of image post-processing is that
adjustment of the z position of the microscope stage cannot
be accomplished during the experiment. Another approach
would be to decrease the exposure time for image collection.
However, in biological applications where particle fluores-
cence is low, brief exposure times may yield greater errors
in position measurement.

Hysteresis and gear lash in the microscope fine focus con-
trol did not permit accurate determination of z position from
the angular position of the motor. Because of this variability,
many data points were required to generate calibration curves
with high precision. This uncertainty associated with the me-
chanical movement of the stage also precluded high accuracy
3D SPT by continuous autofocusing control algorithms. Un-
like an autofocusing method, our technique is capable of
simultaneously tracking several particles by analysis of par-
ticle images.

The ability to track particles in three dimensions was dem-
onstrated in artificial and biological systems. In artificial sys-
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tems, the diffusion coefficient of particles in solutions of
viscosities 30 and 56 cP solutions were in agreement with
values predicted from the Stokes-Einstein equation. Bead
diffusion decreased in the presence of an immobile network,
as theoretically predicted. 3D SPT was also applied to meas-
ure the diffusion of beads within cells. Analysis of the tra-
jectory of these particles indicated confined diffusion. The
ability to track shape changes in cells was demonstrated by
the measurement of water permeability in individual adher-
ent cells in culture. The strategy of tracking fluorescent beads
at the cell surface could also be applied to study volume
regulatory phenomena in individual cells, and to correlate
volume regulation with intracellular ion activities. The 3D
SPT method introduced here also has potential applications
to a number of other biological problems including: a) the
directed, diffusive, and restricted motion of intracellular or-
ganelles, such as endocytic and secretory vesicles, providing
information on the role of skeletal proteins and vesicular
fusion in transport phenomena; b) the existence of immobile
intracellular barriers to diffusive motions, such as the puta-
tive nuclear scaffold structure; and c) the direction of specific
membrane components during cell motility and mitosis.
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