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ABSTRACT: Accurate, precise, and rapid particle tracking in
three dimensions remains a challenge; yet, its achievement will
significantly enhance our understanding of living systems. We
developed a multifocal microscopy (MFM) that allows snapshot
acquisition of the imaging data, and an associated image
processing approach, that together allow simultaneous 3D
tracking of many fluorescent particles with nanoscale resolution.
The 3D tracking was validated by measuring a known trajectory
of a fluorescent bead with an axial accuracy of 19 nm through an
image depth (axial range) of 3 μm and 4 nm precision of axial
localization through an image depth of 4 μm. A second test
obtained a uniform axial probability distribution and Brownian
dynamics of beads diffusing in solution. We also validated the
MFM approach by imaging fluorescent beads immobilized in
gels and comparing the 3D localizations to their “ground truth” positions obtained from a confocal microscopy z-stack of finely
spaced images. Finally, we applied our MFM and image processing approach to obtain 3D trajectories of insulin granules in
pseudoislets of MIN6 cells to demonstrate its compatibility with complex biological systems. Our study demonstrates that
multifocal microscopy allows rapid (video rate) and simultaneous 3D tracking of many “particles” with nanoscale accuracy and
precision in a wide range of systems, including over spatial scales relevant to whole live cells.
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Optical microscopy is one of the most common and
powerful tools to study the dynamics of living

systems.1−3 Scattered light and fluorescence emission measure-
ments can be rapid (e.g., 100 fps) while minimally perturbative
and invasive. The ability to rapidly image and track particles in
three dimensions is a crucial capability that if fully realized will
greatly enhance studies of many open questions in biological
systems.4 For example, cells are three-dimensional objects and
the transport (trafficking) of interesting targets (e.g., different
proteins or vesicles) is not constrained to one plane.5,6

However, simultaneously obtaining all of the information for
accurate 3D imaging and particle tracking, termed snapshot 3D
imaging, remains a challenge. In most recent imaging
technologies, such as epi-fluorescence wide-field, spinning
disk confocal, and light sheet microscopies,7 only one focal
plane is in focus at one time. Thus, sequential scanning is
needed to obtain volumetric information. The sequential
nature of 3D data acquisition at or near the limits of optical
resolution results in missing information about the stochastic
dynamics of particles. Also, mechanical movements associated

with sequential scanning could generate systematic errors (e.g.,
motion blur).
Some emerging technologies that mitigate and potentially

overcome these limitations include interferometric micros-
copy,8,9 light field microscopy,10 light-field metasurface
microscopy,11 actively laser beam steering,12,13 point spread
function (PSF) engineering,14,15 and multifocal plane micros-
copy.16,17 PSF engineering, which encodes axial information in
the shape of the PSF with phase modulation of the
electromagnetic field in the Fourier (conjugate) plane, is
very powerful for simultaneously tracking the complex
dynamics of several objects in biological environments. Pavani
and Moerner demonstrated 10−20 nm localization precision
over a depth of 2 μm in a polymer sample with the double-
helix PSF.18 Besides the double-helix PSF, many different kinds
of PSFs14 have been designed for 3D particle localization
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beyond the diffraction limit. However, overlapping particle
PSFs in dense samples may overwhelm this class of methods.
Multifocal plane microscopy was first demonstrated in a

conventional microscope equipped with a beam splitter to
image two focal planes on separate cameras.16,17 This method
has high light collection efficiency and a large field of view but
is relegated to small image depths and requires one camera per
focal plane. Abrahamsson and co-workers developed an
aberration-corrected multifocal microscope (MFM) as a
post-sample PSF engineering methodology.15 MFM has a
practical advantage of requiring just one camera, although that
comes at the expense of nontrivial optical fabrication and a
reduced field of view. MFM, which combines multifocal plane
microscopy and PSF engineering, is particularly promising for
simultaneously obtaining all of the 3D (and 2D) information
in one snapshot even for high number density samples.
Although there have been several publications using MFM,

there are two main potentialities that have yet to be fully
realized: (i) 3D imaging and reconstruction of extended
objects and (ii) 3D in vivo particle/molecule tracking for high
number density samples. To address (i) we proposed a
computational MFM method to address information sparsity
and image degradation to allow 3D image reconstruction.19 To
address (ii), 3D particle tracking in biological environments
with MFM, requires two (new) issues to be resolved. First,
single particles/molecules must be localized accurately and
precisely for high number density samples. Second, the axial
depth for particle/molecule tracking should ideally be
comparable with the thickness of the whole cell for in vivo
studies. While multifocal plane microscopy equipped with a
beam splitter obtained localization precision of 11−20 nm in
an image z range of 500 nm,16 these two issues have not been
resolved for samples with a high number density of
(fluorescently) trackable particles with MFM.
In this Letter, we demonstrate how the challenges for

snapshot 3D particle tracking of high number density
biological samples are addressed using MFM. We validate
nanoscale accuracy and the precision of 3D particle local-
ization/tracking with MFM with a systematically translated
fluorescence bead sample. We also demonstrate the snapshot
3D measurement of the positions and trajectories of single
fluorescence beads over a wide range of spatial and temporal
scales. Finally, we show that the MFM measurement and image
processing approach we describe here allows quantifying the
complex 3D dynamics in biological systems, specifically the 3D
transport of insulin granules in live cells. Our study
demonstrates the potential of the approach to achieve new
insights into cellular function.
MFM Design and Image Reconstruction Method. A

custom-built MFM was developed as an extension to a
commercial (Nikon Eclipse Ti) inverted microscope (Figure
1).20 The microscope is housed in a temperature controlled
and acoustically damped enclosure. A solid-state LED light
source (Lumencor, Spectral X light engine) with highly stable
output was coupled to the microscope with a liquid light guide.
The excitation light was bandpass filtered (Semrock FF01-
578/21-25) with a maximum power of 515 mW in the range of
568−589 nm used for wide-field illumination. Samples were
mounted on a mechanical stage (Ludl 99S106-N2K-LE2,
MAC5000 controller). Fluorescence emission collected by the
objective (Nikon 60× 1.27 NA CFI Plan Apo water
immersion, MRD07650) was separated from the excitation
light by a dichroic mirror (Semrock, FF596-Di01-25 × 36) and

bandpass filter (Semrock, FF02-641/75-25). An in-house
fabricated metal-on-glass field stop was placed at the primary
image plane, which crops the image plane to 2 mm2 (or 33 um2

sample field of view) for MFM. The field stop consisted of a
200 nm Cr layer with a 2 mm square clear region deposited on
a circular 25.4 mm diameter by 1 mm thick fused silica
substrate (Thorlabs WG41010). A 4-f lens system relayed the
image from the primary image plane to a second image plane
on the detector (Andor iXon 888 EMCCD). The first lens ( f =
200 mm, Thorlabs AC508-200-A) matched the focal length of
the tube lens (Nikon, f = 200 mm) and generated the
secondary pupil (Fourier) plane where the MFM diffractive
optical element (DOE) was placed. Figure 1 shows the binary
patterned DOE fabricated for the present study, which has a
unit cell period of 56 μm and design focal shift, Δz, of 600 nm
(see Supporting Information for details). The second lens ( f =
400 mm, Thorlabs AC508-400-A) focused the fluorescence
emission from the DOE onto the EMCCD detector. A second
narrower bandpass filter (Semrock, FF01-620/14-25) was
placed after the DOE to narrow the bandwidth of the emission
light to mitigate chromatic aberration.
The DOE was characterized by imaging 200 nm diameter

fluorescence beads (ThermoFisher, F8810) immobilized on a
cover glass by scanning the bead sample along the z-axis with
50 nm steps using a closed-loop piezo translator (MadCity,
Nano-Z200) (see Supporting Information for details). As
shown in Figure S1, the measured focal shift, Δz, is 650 nm,
which is slightly larger than what we designed (i.e., 600 nm)
because the equation used for the design is a first-order
approximation of the phase description of a lens.15

The 3D reconstructed image is obtained by post processing
the MFM images using a procedure we term multi-tile
deconvolution shift-error correction and interpolation
(MTD-SEC-I) (See Figure S2 for details). We use a 3D
confocal z-stack image as “ground truth” to validate 3D MFM
image reconstruction by the MTD-SEC-I approach. The

Figure 1. A schematic of a multifocal microscope (MFM). The left-
hand portion is a conventional inverted microscope (Nikon Ti). FS is
a field stop that defines the measured field of view. RL1 and RL2 are
relay lenses with 200 and 400 mm focal lengths, respectively. The
diffractive optical element (DOE) is located at the second pupil plane,
which the first relay lens generates. The resultant nine focal planes are
focused on the camera with the image focal shifts indicated. We
designed and fabricated the DOE; a zoomed-in view shows 4 unit
cells of the DOE binary phase pattern. The scale bar (black) is 1 mm,
and the scale bar (red) for four periods of the DOE is 56 μm. A
schematic MFM image on the camera, showing 9 titles imaging
different focal planes. Different colors represent different focal planes.
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FARMER21 method allows us to successfully correlate images
between the confocal microscopy and MFM platforms. We
calculated the standard deviation of position differences of an
identical set of fluorescent beads imaged by confocal
microscopy and MFM. The MFM image is reconstructed in
3D (see Figure S3d) with the MTD-SEC-I approach, which is
described in detail in our discussion of Figure S2. The multi-
tile deconvolution and interpolation approach using beads in
the central region of the axial range measured gives a 17 nm
standard deviation in axial localization (error) of the 3D MFM
results from the confocal microscopy ground truth localization
data.
Determining Accuracy and Precision of Axial MFM

Particle Tracking. We used an immobilized 200 nm diameter
fluorescent bead to evaluate the accuracy and precision of our
MFM measurement and MTD-SEC-I image postprocessing
approach for single particle localization/tracking. The sample
stage was moved in 50 nm steps with a closed-loop piezo
nanopositioner (MadCity, Nano-Z200) to obtain images of
fluorescent beads with different axial (z) positions. The
measurement was repeated 5 times. The z position of the
fluorescent beads was determined by Imaris software (Oxford
Instruments) after MFM image reconstruction as described
above.
Figure 2 shows the tracked (estimated) z locations of the

bead determined over the full 5 μm range (8 × 0.65 um) of the
MFM measurement vs the actual position of the sample
obtained from a 50 nm step movement of the piezo
nanopositioner (determined via capacitance closed-loop feed-
back). The green dots in Figure 2a are the positions estimated
from the measurement and tracking, while the black line (slope
= 1.06) is the best fit to the measured data. The slope is
slightly larger than 1 because of a systematic error of the MFM
(See Supplementary Information). However, we use this
determination of the systematic error shown in Figure 2 to
correct measured data. Figure 2a shows that the accuracy
deviates systematically near the ends of axial range due to
missing information for particle localization. That is, as the
beads approach the focal planes at the ends of the MFM axial
range (i.e., tiles 1 or 9), the localization “saturates” to these
limits. Therefore, the accuracy is different for different ranges
of image depth as shown in Table 1. It can be as small as 7 nm
for a small image depth of 500 nm. Still, the accuracy
determined here is very consistent with that obtained by
comparison with confocal ground truth as presented above.
We repeated the measurement associated with Figure 2 five

times to obtain a measure of the precision of single particle
localization over a z range of 5 μm. Figure 3a shows the
precision calculated for each 50 nm stepped z position over a z
range of 4 μm.
The theoretical precision of 3D single particle localization,

which is calculated using the FandPLimitTool software,22 is
based on the Cramer−Rao lower bound (CRLB) and Fisher
information matrix.16 According to the CRLB, the variance of
any unbiased estimator of an unknown parameter is always
greater than or equal to the inverse Fisher information
(matrix). The unknown parameter is the location of the
particle for the 3D location estimation problem carried out
here, and the precision is the square root of the leading
diagonal entry of the inverse Fisher information matrix.
We obtained an image stack of a 200 nm diameter

fluorescent bead (using 532 mW LED illumination power at
610 nm wavelength over the entire sample field of view) over a

range of 10 μm along z. Together with an EMCCD exposure
time of 0.5 s and EM gain of 30, this gives about 300 000 total
measured photons per frame. With these experimental
parameters, the theoretical precision of single particle local-
ization with MFM is 1.7 nm over a range of 3 μm as shown in
Figure 3b, which is better than our experimental results
because the calculation only considers Poisson photon
counting noise. The precision is least good at the individual
MFM focal planes since there is less axial localization
information at a focal plane than between them. The
experimental and calculated results are consistent with each
other; the theoretical axial precision can be better than 2 nm
over most of the z range, while the experimental precision is in
the range of 2−6 nm. The experimental conditions used here
are generally consistent with the measurements performed on
live cells shown below, so the estimates of accuracy and
precision quantified here are expected to apply to the live cell
measurements. Finally, as shown in Figure 3c, the precision
decreases with a decreasing number of detected photons.
When the number of detected photons is decreased to values
more appropriate for single molecule measurements, e.g.,
∼1000 photons/frame/molecule (assuming that one wants to
measure dynamics and spread out the photon budget over
several hundred frames), the precision for axial localization
degrades to approximately 30 nm.
Figures 2 and 3 show that the accuracy of axial localization

has a larger error than the standard deviation of the multiple
measurements (i.e., the precision), which indicates that the
MFM system is very stable and gives reproducible results. The
small systematic errors in the accuracy could arise from how
well we could account for the tile-by-tile chromatic aberration
with deconvolution with the cognate tile-specific PSFs and/or
the alignment of the MFM optic. This is discussed at greater
length in the Supporting Information (particularly Figures S4−
S6), where we present additional results obtained with a
different DOE (Δz = 418 nm). The accuracy for these
additional measurements is 13 nm over a 1.3 um axial range,

Figure 2. Determining the accuracy of MFM imaging and image
reconstruction by scanning an immobilized 200 nm diameter
fluorescent bead in the axial (z) direction. (a) The black line shows
the true position established with the piezo nanopositioner encoder,
while the green points are the measured position obtained by MFM.
(b) The standard deviation is 19 nm in the z range of 3 μm defined by
the red square in part a.

Table 1. Accuracy for Axial Particle Localization for
Different Ranges of Image Depth

image depth (μm) 3 1 0.5
accuracy (nm) 19 10 7
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which is comparable to the results obtained here with the Δz =
650 nm system.
3D Localization of Diffusing Beads. To determine

whether our MFM imaging and tracking analysis does not
introduce artifacts in dynamic samples, 200 nm diameter
fluorescent beads (ThermoFisher, F8810) were tracked in 3D
in a 50% glycerol−water solution. The specific ratio of
glycerol−water solution was chosen to balance precise tracking
and fast diffusion. The sample was carefully prepared to avoid
air bubbles in the 120 μm thick sample sandwiched between a
cover glass and glass slide that might generate fluid flow. We
imaged the 3D movement of fluorescent beads with each
MFM snapshot within a depth of a 5.2 μm z range about 50
μm deep in the solution for 250 s at 20 frames per second
(Video S1). The room and microscope temperatures were
tightly controlled during the measurements to avoid
mechanical drift.
Freely diffusing fluorescent beads moved in and out of focus

of the nine z planes in the raw MFM image shown in Figure 4a
and Video S1. Figure 4b shows that the distribution of bead
positions along the z direction is uniform with the small
amplitude periodic structure. A uniform distribution is
expected for isotropic Brownian diffusion for beads far from
the walls of the container. The black curve shown above the
distribution is the inverse of the precision calculated with the
CRLB shown in Figure 3b. The modulation of the axial
position PDF and the “inverse” precision of localization
suggest a correlation between them.
We examined the possibility of a localization bias more

closely with the Δz = 418 nm DOE MFM as shown in Figures
S7 and S8. If such a localization bias exists that enhances the
probability of localization in regions of greater precision (i.e.,
between the MFM focal planes), then it should be evident as a
so-called “pixel locking” error. We showed elsewhere23,24 that
one can test for this by aggregating the localization data into a
“meta-pixel” and determining if the probability density deviates
from the ideal uniform distribution. Figures S8−S10 show the
analogous probability density function for the Δz= 418 nm
MFM. The samll enhancements of localization probability
align with the focal planes, indicating that the localization
probability is not related to localization precision.

The time averaged mean square displacement (TA-MSD) is
used to characterize the motion of single presumed freely
diffusing beads according to

∫δ Δ =
− Δ

[ τ + Δ − τ ] τ
−Δ

t
t

r r( , )
1

( ) ( ) d ,
t

2

0

21 1
(1)

where τr ( )1 is the trajectory of each single particle; Δ is the lag
time, t is the total measurement time for each trajectory, and
the overbar indicates the average over all particles. The scaling
relation between MSD and lag time25 is

δ = ΔαcD2 (2)

where D is the diffusion coefficient, c is a dimension factor (c =
6 for 3D dynamics and c = 4 for 2D dynamics) and α is the
transport exponent for the ensemble of particles. As the lag
time, Δ, increases, the amount of data available for averaging
decreases, so we only use lag times that are ≤10% of the total
measurement time of each trajectory to estimate the transport
parameters D, α. Note that α characterizes the type of motion
(α < 1, subdiffusion; α = 1 Brownian diffusion; α > 1
superdiffusive), while D gives its magnitude at lag time log (Δ)
= 0.
Mean square displacement analysis was performed for both

3D and 2D trajectories; the latter are from the center tile. As
shown in Figure 4c,d, the ensemble MSD for 2D and 3D
motion gives α ≈ 1, consistent with Brownian diffusion.
Analogous results are given in Figure S8 for measurements of
bead diffusion with the Δz = 418 nm DOE MFM, where the
slope α = 0.993. Figure 4e,f shows the distribution of diffusion
coefficients for 3D and 2D particle tracking of 200 nm
fluorescent beads that are calculated with individual
trajectories shown in Figure 4c,d. The determined diffusion
coefficients are 0.17 ± 0.02 μm2/s and 0.18 ± 0.04 μm2/s for
3D and 2D motion, which are consistent with theoretical
results using the Stokes−Einstein equation for the viscosity
and bead size used here.12 Therefore, these experiments further
validate 3D particle tracking of dynamic particles of the MFM
measurement and image analysis method we developed for
many (>300) simultaneously measured fluorescent particles.

3D MFM Snapshot Tracking of Insulin Granules in
Live Cells. We demonstrate snapshot 3D particle tracking
with MFM in a complicated biological system by imaging and

Figure 3. Characterization of the precision of MFM measurements and the corresponding theoretical estimate. (a) The precision of localization
(standard deviation of 5 repeated measurements) for each z position is indicated by the blue dots. The precision of single particle localization is
around 4 nm over the z range of 4 μm. (b) Theoretical precision of single particle localization calculated as the Cramer−Rao lower bound over the
entire 5 μm range of the MFM used in this Letter. (c) Theoretical precision for conditions that would be appropriate for single particle localization
experiments. The calculated results are presented in terms of the Cramer−Rao lower bound over the entire 5 μm range of the MFM with different
photon budgets (from 1000 to 300000 total photons).
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tracking insulin granules in clusters of MIN6 cells derived from
pancreatic β-cells. Insulin, a small peptide (hormone),
regulates cellular uptake of glucose from the bloodstream.
Defects in insulin release (secretion) upon stimulation,
including defective transport, can play a role in disease.26,27

β-Cells package insulin into vesicles (termed granules) that are
transported along microtubules to docking sites in the cellular

membrane, allowing insulin secretion upon suitable stimula-
tion. Therefore, understanding intracellular insulin granule
transport is essential not only to understand insulin secretion
and organismal glucose regulation but also to investigate
diagnostics and therapeutics.28

We imaged the 3D movement of insulin granules with
snapshot 3D MFM data acquisition within a 5.2 μm depth
(slab) from clusters of MIN6 cells for 100s at 10 frames per
second (Video S2). We used CRISPR-Cas9 to tag mCherry to
insulin for high efficiency labeling.29 Monolayer grown MIN6
cells were trypsinized and suspended in growth media on
untreated Petri dishes to form pseudoislets,30 which are three-
dimensional clusters of MIN6 cells that mimic the spatial
arrangement of β-cells in isles of Langerhans. The suspended
cells were grown for 1−2 weeks at 37 °C and 5% CO2 with
media replacement every 2−3 days. The red dots in Figure 5
are a 3D image reconstruction of the granules in a pseudoislet
cluster of MIN6 cells. The two side panels are the xz and yz
image projections that clearly show that different insulin
granules have different z positions. Figure 5b shows 3D
trajectories of insulin granules. The trajectories demonstrate
that the movement of insulin granules is three-dimensional
rather than two-dimensional. In comparison with confocal
microscopy studies we have performed for granules in MIN6
cells, the trajectories do not abruptly end when granules move

Figure 4. Axial distribution and transport of 200 nm diameter
fluorescence beads in 50% glycerol−water measured by MFM. (a) A
raw MFM image of 336 fluorescent beads diffusing in a 33 × 33 μm2

field of view. Scale bar is 10 μm. (b) Distribution of 336 fluorescence
beads along z acquired at 20 fps for 150 s. The black curve is the
inverse of the theoretical precision curve in Figure 3b. (c) A log−log
plot of mean square displacement as a function of lag time Δor 3D
trajectories. The light pink lines are MSDs for individual beads, and
the solid red line is the average MSD of the ensemble of 336 beads.
The straight black line paralleling the data is a visual representation of
the slope for the value of the transport exponent shown (α = 1.05).
(d) A log−log plot of MSD as a function of lag time Δor 2D
trajectories (i.e., in the xy plane determined from the center tile of the
MFM image). The light blue lines are the MSDs of individual beads,
while the dark blue line is the average MSD. The straight line
paralleling the data is a visual representation of the slope for the value
of the transport exponent shown (α = 1.06). (e) The distribution of
diffusion coefficients, D, calculated from individual bead trajectories in
part c for 3D particle tracking. (f) The distribution of diffusion
coefficient D calculated from individual trajectories in part d for 2D
particle tracking. Note that sharply downward curving MSD curves
are the result of MSDs being calculated for lag times equal to the full
temporal length of the individual bead trajectories. The slopes to
characterize the transport are obtained from fitting the first 10% of the
lag time and do not include these downward tails.

Figure 5. 3D dynamics of insulin granules in live MIN 6 cells
obtained with MFM. (a) A reconstructed 3D image of mCherry-
labeled insulin granules in pseudoislets of MIN6 cells (scale bar = 3
μm). Approximately 8 cells are imaged in this slab of the pseudoislet.
The main portion of part a is the xy projection. The two rectangular
panels (right and bottom) are xz and yz projections, respectively. (b)
3D color-coded trajectories of insulin granules in a pseudoislet of
MIN6 cells shown in part a. The scale bar is 3 μm. The color bar
denotes time, in seconds; the total time is 100 s, and MFM images
were acquired at 10 Hz. (c) The purple curves are the MSDs for 375
insulin granules in MIN6 cells shown in Figure 5a. (d) The
distribution of diffusion coefficients, D, calculated from individual
bead trajectories in part c. Note that the MSDs are nonlinear in the
log−log representation of part c and also spread, suggesting a wide
distribution of α values. This is in contrast to the Brownian diffusion
and narrow distribution of α’s shown in Figure 4.
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beyond the small (<1 μm) z range associated with confocal
microscopy. The individual MSDs for 375 insulin granules
(Figure 5c) and the broad distribution of the diffusion
coefficient derived from individual MSDs (Figure 5d) indicate
heterogeneous motion of these insulin granules. This result
demonstrates the potential of MFM for quantitative measure-
ment of complex 3D dynamics in live systems. Detailed
analysis of these trajectories will be presented elsewhere.
We presented a new approach for snapshot 3D particle

tracking by multifocal microscopy (MFM) combined with an
approach for 3D image reconstruction that is suitable for 3D
particle tracking. We characterized the accuracy and precision
of the MFM imaging and data analysis approach through a
series of control experiments. Comparative measurements of
fluorescent beads embedded in agarose gel obtained by
confocal microscopy and MFM give an axial location error
of 17 nm vs the confocal “ground truth”. The accuracy and
precision of 3D localization can be determined for single
particle tracking. We tested our MFM system and imaging
processing with axially scanned immobilized 200 nm
fluorescence beads immobilized to a moving sample stage,
showing that the accuracy of axial localization is 7 nm in a 500
nm range and 19 nm in a 4 μm z range. The precision of axial
localization is 2−4 nm in a 4 μm z range. The precision is
consistent with the Fisher information matrix (FIM) and the
Cramer−Rao lower bound (CRLB) of MFM for our
experimental conditions. The 3D MFM tracking of fluo-
rescence beads freely diffusing in 50% glycerol−water
manifests Brownian movement of beads, which further
demonstrates the reliability of MFM for 3D particle tracking
with high accuracy and precision.
These controls enabled us to confidently track the 3D

motion of crowded samples, such as fluorescently labeled
insulin-containing granules in live cells, undergoing complex
motions, with nanometer-scale resolution. The 3D intracellular
insulin granule tracking demonstrates that MFM addresses the
challenge of simultaneity of data acquisition with fast imaging
speed and accurate 3D image analysis for tracking objects
present in high density in complex live cell environments.
Studies of the 3D dynamics of objects (molecules, vesicles,

organelles) in complex and heterogeneous live systems pose
rigorous requirements on simultaneity of image acquisition,
imaging speed, localization precision, and density of objects to
be imaged. Experiments of this type require careful attention to
the trade-offs between image depth and localization precision.
MFM and a suitable image processing approach we introduce
allowed us to successfully eliminate chromatic aberration and
background noise to obtain high accuracy and precision 3D
tracking of dense particle samples; many particles are
simultaneously tracked with nanometer-scale accuracy and
precision at speeds limited by the camera readout time (frame
rate) over a wide range of spatial and temporal scales. Due to
its compatibility with standard microscopes, other super
resolution methods, and excellent imaging performance,
MFM-based 3D particle tracking will be a powerful tool for
deducing complex 3D dynamics from single molecules to small
cellular organelles.
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