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ABSTRACT: Three-dimensional spatiotemporal tracking of
microscopic particles in multiple colors is a challenging optical
imaging task. Existing approaches require a trade-o� between
photon e� ciency,� eld of view, mechanical complexity, spectral
speci� city, and speed. Here, we introduce multiplexed point-
spread-function engineering that achieves photon-e� cient, 3D
multicolor particle tracking over a large� eld of view. This is
accomplished by� rst chromatically splitting the emission path of a
microscope to di� erent channels, engineering the point-spread
function of each, and then recombining them onto the same region
of the camera. We demonstrate our technique for simultaneously
tracking� ve types of emitters in vitro as well as colocalization of
DNA loci in live yeast cells.
KEYWORDS:microscopy, PSF engineering, super-resolution, single-particle tracking, multicolor imaging

� INTRODUCTION

Tracking individual� uorescent probes with nanoscale
precision has many biological applications, including the
characterization of membrane dynamics,1 DNA replication
and repair, gene expression and regulation,2,3 RNA structure,4,5

and protein folding.6 Individual trajectories of� uorescently
labeled biomolecules provide insight into their behavior and
environment.7,8 Importantly, the interaction between two or
more biomolecules is of key interest,9,10 necessitating multi-
color imaging.

In high-numerical-aperture (NA) optical systems, imaging
su� ers from a shallow depth of� eld of several hundred
nanometers; outside of this range, emitters appear blurry and
dim, resulting in poor localization precision. This fundamental
limitation has driven the emergence of various methods to
enable 3D tracking. Notable techniques such as light sheet
microscopy11,12 and confocal laser scanning microscopy
(CLSM)13 have been shown to provide advantages in
resolution and signal-to-noise ratio (SNR), but they require
a scanning procedure that inherently impairs temporal
resolution, making them suboptimal for imaging fast, dynamic
scenes.

Scan-free methods for 3D single-particle tracking (SPT)
include interference-based imaging, multiplane imaging, feed-
back control, and point-spread-function engineering (PSFE).
Interference-based methods extract the 3D position of an
emitter from an interference pattern usually generated by
collecting light using two objective lenses. While extremely

sensitive, this approach is typically limited to a small axial range
of several hundred nanometers due to the ambiguity associated
with the interference of visible light.14,15 In multiplane imaging,
light from the sample is split to form images corresponding to
multiple focal planes, providing simultaneous views of emitters
in several nominal focal planes. Due to the light being split into
multiple images, the� eld of view (FOV) is restricted in order
for each depth to� t side by side on a single camera sensor.16,17

A large FOV, howerer, can be conserved by the use of multiple
cameras.18 Feedback-controlled methods are usually charac-
terized by exceptionally high spatial and temporal resolution
but are typically limited to tracking a single particle at a time or
to a very small FOV.19� 21 In PSFE, a special phase mask in the
pupil plane is used to modify the wavefront originating from a
point source such that 3D information is encoded in the shape
of the PSF.22� 24 This enables scan-free 3D localization by
subsequent computational image analysis. Important to
achieving optimal resolution in these methods is the system’s
photon e� ciency, as the precision scales as the inverse root
number of photons.25� 27
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Of key interest in many particle-tracking experiments is
measuring the relative motions of two or more types of
particles, which can be accomplished by conjugating labels
with unique spectra and performing multicolor imaging.
Sensitive detectors (cameras) in� uorescence microscopy are
typically monochrome; therefore, the most straightforward way
to obtain spectral information is to perform sequential image
acquisition, naturally entailing a decrease in temporal
resolution. Alternatively, it is possible to preserve temporal
resolution by sacri� cing FOV, either by assigning di� erent
FOVs to di� erent spectral channels9,10,28 or by acquiring a
designated spectral imaging channel alongside a spatial imaging
channel.29,30 This approach is photon-e� cient and enables
simultaneous multicolor acquisition but signi� cantly reduces
the FOV or is costly and space-consuming due to the necessity
of multiple cameras.28

Extracting spectral and depth information while minimizing
the temporal and spatial penalty has been previously
demonstrated using color-dependent PSFs that encode the
colors of emitters while maintaining the bene� ts of PSFE.31

Phase modulation was implemented by a liquid-crystal spatial
light modulator (LC-SLM) generating a single, wavelength-
dependent phase mask (see also32 and 33), yielding two
di� erent PSFs for two speci� ed spectral bands. While this
approach proved successful for discriminating two colors, a
photon-e� cient extension to three or more colors remains a
di� cult task using commercially available LC-SLMs. This is
due to three main reasons:� rst, a large dynamic phase range is
required; second, the polarization dependency of the LC-SLM
entails� 50% photon loss for typical unpolarized� uorescence;
third, the broad emission spectra of most� uorescent molecules
are incompatible with the strong wavelength dependence
necessary for a three-color phase mask.

Di� ractive optical elements (DOEs) are an alternative for
LC-SLMs. Single-color DOEs can be fabricated by photo-
lithography;34 however, a wavelength-dependent DOE for
multicolor PSFE is challenging to fabricate due to the
requirement for a large etching depth range with nanoscale
precision, although there are promising results in 3D printing
of DOEs.36 The bene� t of encoding spectral characteristics
into the PSF optimized for 3D tracking makes it worthwhile to
pursue methods to bypass the technical limitations posed by
the multicolor LC-SLM or DOE.

Here, we introduce multiplexed PSFE, a method for photon-
e� cient multicolor 3D SPT over a large FOV that combines
multiple color-speci� c engineered PSFs onto a single imaging
channel. The concept of the method is to use simple, single-
color DOEs while generating a detectable di� erence between
the PSFs of di� erent colors to provide multicolor detection.
Importantly, photon loss is low, as the major sources of photon
loss in existing large-FOV multicolor PSFE are circumvented.
This yields video-rate imaging of molecular probes with
precision down to tens of nanometers. We demonstrate our
method by the simultaneous 3D tracking of� ve spectrally
distinct populations of di� using beads and DNA loci in live
yeast cells.

� RESULTS

We achieve multiplexed PSFE for multicolor 3D-SPT by� rst
splitting the image into three spectral channels using dichroic
beam splitters. Next, PSFE is performed separately in each
channel, and� nally the channels are recombined at the camera
sensor plane. In traditional PSFE systems, the camera is
positioned downstream from a4-fextension to the optical path
to access the Fourier plane of the optical system. This enables
phase modulation of the pupil function by placing a carefully
aligned phase mask in the Fourier plane. In our setup, the extra

Figure 1.The optical system. (a) Simpli� ed schematic drawing of the optical system. The� uorescence of multiple spectral bands is emitted from
the sample, forming a colorful image in the intermediate image plane. Subsequently, a4-fsystem is used to both divide the light into three spectral
channels by dichroics and perform PSFE per channel. Abbreviations: Ex. - excitation illumination; Em. - emitted� uorescence; D, D1, and D2 -
dichroic beam splitters; M - mirror; TL - tube lens; L1, L2 - lenses of the4-fsystem; IIP - intermediate image plane; and FIP -� nal image plane
(note that several mirrors were excluded from the drawing, for clarity. SeeFigure S1and visualization 4 for full details. (b) Concept of PSFE: by
introducing a phase mask into the pupil plane, depth is encoded by the shape of the PSF as measured in the� nal image plane. A simulated
comparison between the standard PSF (top row) and the 4-� m Tetrapod PSF (bottom row) is shown. The PSFs are for a subdi� raction emitter
placed at� ve di� erent axial positions relative to the nominal focal plane (NFP). The orientation of the PSF is directly determined by the
orientation of the phase pattern at the pupil, here tilted at roughly� /6. (c) Representation of the phase masks placed at the pupil plane. Each mask
is uniquely oriented to produce a channel-speci� c PSF.
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available space along the extended optical path is also used for
spectral separation in addition to PSFE (Figure 1a).
Consequently, both the color and 3D position of a point
source are encoded by the shape of the PSF.

In our work, we use masks that are optimized for 3D
localization over a de� ned axial range. The optimized PSFs
have the same forms as the Tetrapod PSF family,23 thus they
bene� t from the PSFs appearing signi� cantly di� erent upon
rotation of the phase mask by small angles (Figure 1b). This
enables the use of three similarly shaped phase masks at
di� erent lateral angles to generate e� cient and easily
distinguishable PSFs. Throughout the paper, the three
channels are referred to as blue, orange, and red, correspond-
ing to the perceived color of their spectral transmission bands
upon white-light illumination.

To demonstrate the concept, we tracked freely di� using
� uorescent beads with� ve di� erent spectral emission pro� les
at a high frame rate of 50 fps. To our knowledge, 3D tracking
of >3 distinct particle populations at high spatiotemporal
resolution was not previously performed over a large volume.
We were able to classify more than three spectrally unique
bead types by incorporating interchannel ratiometric informa-
tion. The beads were freely di� using in a water� glycerol
mixture and simultaneously imaged at a video rate for tracking
(Figure 2). The exposure time (20 ms) was short enough to
largely avoid e� ects of motion blur.

As expected from their emission spectra, two of the bead
types were clearly visible in more than one channel: crimson
� uospheres (emission peak at 645 nm) appeared in the orange
and red channels, and Tetraspeck microspheres (featuring four
broad emission bands) appeared in all three channels

Figure 2.Simultaneously imaged 3D positions of� ve species by multiplexed point-spread-function engineering. (a) Experimental image containing
multiple PSFs. Each PSF encodes the 3D position as well as the color (indicated by the dashed box around it). The rectangle shows an improved
contrast region containing three dim PSFs from the orange channel. Scale bar = 20� m. (b) Three-dimensional positions and colors of the beads
from a. The diameters of the di� erent bead types in the plot are based on manufacturer data (Table 1). The legend states the spectral emission
peaks of the beads; TS = Tetraspeck. A description of bead types is inTable 1.

Figure 3.Simultaneously recorded trajectories of� ve bead populations. (a) Rendered 3D trajectories from a single time-lapse acquisition
(visualization 1). The color and axial position are represented by the trajectory color (brighter shades correspond to higher axial values). Beads are
rendered as spheres at their position at the end of the time lapse, provided that they remained inside the FOV in the last frame. (b) Normalized
histograms of the measured di� usion coe� cients per bead type (referred to by peak emission, in nm; TS = Tetraspeck). Total numbers of beads
collected from multiple di� usion data sets are 29 (515), 30 (605), 19 (645), 75 (680), and 19 (TS), collected from 16 recordings. (c) Three-
dimensional plots of the beads marked by arrowheads in a, under a uniform aspect ratio, for clarity. Gridlines are 2� m apart in each axis.
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(visualization 1). The use of di� erent bead sizes provided us
with a way to quantitatively validate the classi� cation and the
tracking results by their di� usion properties, as later explained.

In each frame of a given data set (movie), ROIs suspected as
containing a PSF were selected, and the PSF type (color) was
determined algorithmically based on the orientation of the
brightest pixels. Next, the PSF was localized by maximum-
likelihood estimation. A detailed description is provided in the
Methodssection. The localization precision ranged between 10
and 30 nm depending on the brightness of each PSF. Since an
emitter can appear in more than one color channel and there is
more than one associated PSF in the image, a combination
step was performed to identify and classify individual beads
based on the position and correlation of motion.

To demonstrate our system’s ability to enable population
characterization, we investigated the heterogeneity of the bead
mixture. The trajectory of each bead was used to calculate the
mean-square displacement (MSD), which is characterized by
the di� usion coe� cient,D35 (Figure 3). The relation between
D and the bead diameter is given by the Stokes� Einstein
relation,37 stating an inverse relation between the two. Using
the histograms of the di� usion coe� cients per bead type, we
found the mean bead size of each population in the suspension.
Such characterization of bead sizes can be useful for inspecting
mixtures of populations or simultaneously measuring the size
distributions of multiple populations. Existing approaches for
analyzing di� usion coe� cients include dynamic light scatter-
ing38 (DLS) and nanoparticle tracking analysis39 (NTA).
Nanometer-resolution measurement of static particle sizes can
also be done using an electron microscope, which involves
signi� cant experimental complexity and is typically not
biocompatible. None of the mentioned approaches incorporate
spectral information into the measurement.

Taking into considerations uncertainties in temperature and
viscosity, the bead diameters obtained from the data were 105
± 12 nm (yellow-green), 58± 7 nm (red), 211± 25 nm
(crimson), 245± 24 nm (dark red), and 271± 32 nm
(Tetraspeck). Some values are slightly higher than the
manufacturer speci� cations (Table 1). We speculate that this
could be due to interbead interactions which could not be
resolved on the basis of spectral information alone.

The details obtained in this complex environment reveal
various phenomena; we have observed a tendency of pairs of
Tetraspeck beads to di� use as a binary system, exhibiting
highly correlated trajectories that maintain a relatively short
distance of a few hundred nanometers. This is further
discussed in theSI. We also encountered di� users that are
likely to be aggregates. This is supported by an increased
brightness in addition to a lower-than-expected di� usion

coe� cient, but cannot be con� rmed from the PSFs alone when
the beads are the same color (i.e., they are not optically
resolvable). Such aggregate suspects, having more than twice
the typical intensity and an exceptionally low di� usion
coe� cient, were excluded from the size statistics. Interestingly,
some of the possible bead combinations, which would be
readily identi� able by their spectrally unique combinations,
were never observed: yellow-green and red, and yellow-green
and dark red. Such interspecies interactions (e.g., binding and
detaching frequencies) of spectrally distinct emitters can be
dynamically explored at high resolution using our approach.

To demonstrate the applicability of the method for
multicolor imaging of live biological systems, we tracked
� uorescently tagged DNA loci inSaccharomyces cerevisiae(SC)
yeast cells (Figure 4). Two loci on both sides of the GAL locus
were tagged10 using the� uorescent repressor operator system
(FROS) LacO-LacI-eGFP40 (green) and TetO-tetR-
mCherry41 (red) (Figure 4b). Their 3D motion was tracked,
and their trajectories were extracted (Figure 4c).

The intracellular imaging environment is more challenging
than the suspended beads, as the cellular background is present
and the � uorescent proteins are subject to signi� cant
photobleaching. Adjusting to the experimental application,
we designed new phase masks to produce PSFs optimized for a
2 � m axial range, using a pixelwise optimization process,42

yielding PSFs with optimal 3D position encoding. The
shallower depth of� eld provides compact PSFs, improving
the signal-to-background ratio. The optimized PSFs resemble
the Tetrapod, in a compact form compared to the 4� m
version. As before, they can also be rotated with respect to
each other to enable simple spectral discrimination.

In addition to the two colors of the� uorescent proteins, red
� uorescent beads were� xed on the coverslip to serve as
� ducial markers imaged in the red channel. In this channel, the
4-� m Tetrapod PSF was used to localize the bead at high
resolution per frame, as the coverslip surface is expected to be
� 2 � m below the loci in the nuclei. The purpose of the bead
was twofold: (1) to track sample drift during postprocessing
and (2) to correctly estimate the height of the nominal focal
plane relative to the coverslip surface. The latter is very
important to creating the correct optical model needed to
localize emitters accurately.42,43

In each frame of the time-lapse movie, PSFs were� t by
maximum-likelihood estimation, similarly to the� uorescent
beads case, but with several additional parameters to account
for a spatially Gaussian background originating from the cell.10

In each cell, the trajectories of the two loci were denoised by
� tting a polynomial to the single-frame localized positions in
time, per axis. The denoised trajectories were then used to
extract the dynamic distances between the loci. The
experimental localization precision was estimated by the
standard deviation of the� uctuations of the localizations
around the smoothed trajectory. Fixed cells were used to verify
that the high-frequency position changes observed were due
primarily to the� nite localization precision. The calculated
precision did not change signi� cantly with the polynomial� t
order as long as the order was high enough to follow the low-
frequency trends in the positions. We found a 12th order
polynomial to be su� cient. From the 28 cells analyzed, we
measured a mean interloci distance of 282± 93 nm, in
agreement with previous measurements of this biological
system.10 The estimated 3D localization precision was 71± 20
nm for LacO and 60± 14 nm for TetO. The reason for the

Table 1. Bead Speci� cations According to Manufacturer
Batch Data

Bead name
Diameter

(nm)
Peak emission

wavelength (nm)

FluoSpheres yellow-green
(F8803, Invitrogen)

99 ± 7.8 515

FluoSpheres red (F8793, Invitrogen) 46± 2 605
FluoSpheres crimson

(F8806, Invitrogen)
210± 11 645

FluoSpheres dark red
(F8807, Invitrogen)

220± 12 680

Tetraspeck (T7280, Invitrogen) 210± 10 430, 515, 580, 680
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better precision for TetO was that the cellular auto� uorescence
was stronger in the blue channel where LacO was localized,
leading to a better signal-to-background ratio in the orange
channel.

In the cell-imaging experiments, the signal was very well
separated between the blue and orange channels. This was
veri� ed by imaging di� erent strains ofS. cerevisiae, expressing
only a single type of� uorescent protein (EGFP or mCherry).
These measurements have shown that while some background
is apparent in both channels, induced by the 488 nm laser
excitation, there is no trace of localized signal from any loci in
the other channel.

� DISCUSSION
Here, we have proposed an approach that overcomes the
challenges of fast, multicolor SPT by eliminating the trade-o�
in acquiring spectral information, 3D spatial resolution,
temporal resolution, and FOV size. As a proof of concept,
we have demonstrated simultaneous,� ve-color tracking,
limited by the camera frame rate (� 50 Hz), with tens of
nanometers of precision, of >10 objects over a large FOV of
110× 70 × 4 � m3. We applied our technique to characterize
the 3D motions of� uorescent nanoparticles in vitro and in
living biological samples, speci� cally, 3D tracking of
� uorescently tagged DNA in live cells. The key advantage of
our approach is that it harnesses an additional degree of
freedom a� orded by PSFE, namely, uniquely encoding the
color and position into the shape formed on the imaging
sensor, to maintaina large FOV across the detector. This
approach also alleviates the need for synchronized triggering of
multiple detectors. Di� ering from our earlier implementation

of single FOV, in dual-color PSFE,31 the multipath design
bene� ts from simpler DOE designs that are signi� cantly more
photon-e� cient and are designed to utilize various parts of the
visible-NIR spectrum. Furthermore, the two approaches may
be complementary. In principle, each spectral channel may
include a multicolor phase mask, further increasing the number
of colors encoded in the system.

Advantageously, this multiplexed PSFE approach has the
bene� t of individually optimizing each path to meet speci� ed
requirements that can di� er between channels. For example, in
the live-cell experiments we designed and used di� erent PSF
types for the DNA loci compared to the� ducial bead, suiting
the di� erent requiredz ranges, a concept which has proven
useful in 3D microscopy.44 Of particular potential interest is
mapping the 2D information on spatially extended objects
(e.g., cell membranes that are not suitable for 3D localization
microscopy in one channel) while tracking individual particles
in 3D.

One challenge of multicolor PSFE in general is capturing the
positions of emitters that overlap both spatially and spectrally,
while this remains a limitation in this approach as well.
Narrowing the individual transmitted spectral windows with
additional� lters or changing the� uorescent label can, to some
extent, circumvent this issue. For sparse emitters, broad
emission spectra can be used to increase the number of
spectrally-distinguishable populations beyond the number of
physical spectral channels byusing ratiometric spectral
analysis.

Future improvements can further increase the allowable
density of emitters. For example, in the live-cell imaging
experiments, where there are a known number of emitters in a

Figure 4.In vivo imaging ofS. cerevisiaeDNA loci. (a) Cropped FOV of a frame from a time-lapse acquisition of live cells (visualization 2). Top
blow-up: enlarged ROI containing six cells (note that each cell is a duplicate, appearing once in each spectral channel). Each cell contains two loci,
observed as two PSFs. The emission in each channel is arti� cially colored, depicting emission color. A double-sided arrow points to two PSFs from
the same cell, for clarity. Bottom blow-up: the PSF of a dark-red� uorescent bead adhered to the coverslip. The PSF is arti� cially colored via
enhanced contrast. Scale bar: 10� m. (b) Labeling scheme of the yeast DNA. (c) Measured trajectories of the� uorescent loci in a single cell.
Trajectories are generated from the polynomial� ts shown in d� f. (d� f) Scatter plots ofx, y, andz localizations from the data used for c, with green
and red representing LacO and TetO, respectively. Black lines show polynomial� ts of the trajectory shown in c. The continuous line corresponds
to LacO (green), and the dashed line corresponds to TetO (red). The axial coordinates are relative to the coverslip surface.
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cell occupying an area, the con� guration can be optimized to
match the density of emitters and the spacing between
channels to prevent the PSF overlap of adjacent cells but
minimize unnecessary gaps on the camera. Employing
multiemitter� tting algorithms can also increase the allowable
densities.45,46

In conclusion, multiplexed PSFE provides a modular and
photon-e� cient solution for multicolor 3D localization with a
large FOV. By simultaneously capturing the spectral
information on a single camera, we anticipate this technique
to be applicable to speed-necessitating experiments in
challenging samples including the in vivo imaging of
� uorescent labels and the colocalization of objects in� ow.47

� METHODS
Localization, namely, determining the position of a particle
given its measured PSF, was performed by� tting a model of
the PSF to a region of interest (ROI). The model was derived
from a phase-retrieved pupil function that is obtained by a
vectorial implementation of phase retrieval (VIPR).42 The
parameter� tting is done using the maximum likelihood
estimation (MLE) assuming Poisson photon statistics.

The � tting procedure used depended on the background
intensity pattern. To image� uorescent beads di� using in a
water� glycerol mixture, the background was treated as a
constant across the ROI. In this case, the� tted parameters
were the 3D position (x, y, z), the total signal-photon counts
detected from the emitter (Nph), and the constant background
photon count per pixel (b). When the background cannot be
assumed constant inside the ROI, such as with cells that
contain some auto� uorescence, background-shape parameters
must be added. In this case, a two-dimensional Gaussian
background was added to the model, parametrized by the
center position (xg, yg), the standard deviations in orthogonal
directions (� x, � y), the angular tilt of the Gaussian (� ), and the
photon count (Nph�g).

Image registration is needed as our imaging system
practically divides the emission light into three paths overlaid
on the detector with a small intentional shift. This was done by
imaging coverslip-adhered, multicolor� uorescent beads
(Tetraspeck T7280, Invitrogen), which appear brightly in all
three channels. The three PSFs of each bead were localized,
and a third-order global polynomial transformation was� tted
to map the coordinate systems onto each other. To register the
entire imaging volume, the microscope stage (or objective
lens) was moved in all three dimensions, and multiple images
were acquired. For more information, see theSI).

Throughout the experiments, we veri� ed the stability of the
registration function by recording registration data sets before
and after acquisition of the experimental data. In a
postprocessing step, the correspondence between the registra-
tion functions from both data sets was checked to verify that
the transformations generated before the experiment were still
valid after the experiment.

All experiments were performed using an inverted micro-
scope (Ti2 Eclipse, Nikon) equipped with a silicone-
immersion objective (SR HP Plan Apo 100X/1.35 Sil� S,
Nikon). Images were captured using an sCMOS camera
(Prime 95B, Teledyne Photometrics). In the di� using-beads
experiment, excitation lasers were 488 and 532 nm,
illuminating at optical densities of� 250 W/cm2 each. In
live-cell experiments, samples were illuminated with 488, 561,
and 640 nm light at intensities of� 70,� 160, and 650 W/cm2,

respectively. The spectral channels of� < 567 nm (blue), 567
nm >� < 635 nm (orange), and� > 635 nm (red) were set by
long-pass dichroic beam splitters (Figures 1andS1) and were
further narrowed with additional per-channel� lters upon
neccessity (SI). In each channel, a photolithographically
etched fused-silica dielectric phase mask was placed in the
Fourier plane (Figure 1c). Each lens in the4-f system had a
200 mm focal length, maintaining the magni� cation of the
image.
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Additional details on the experimental procedures
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Raw data of the time lapse used for the Figure 3a
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