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ABSTRACT: Three-dimensional (3D) single-particle tracking (SPT) is a key
tool for studying dynamic processes in the life sciences. However, conventional
optical elements utilizing light fields impose an inherent trade-off between lateral
and axial resolution, preventing SPT with high spatiotemporal resolution across
an extended volume. We overcome the typical loss in spatial resolution that
accompanies light-field-based approaches to obtain 3D information by placing a
standard microscope coverslip patterned with a multifunctional, light-field
metasurface on a specimen. This approach enables an otherwise unmodified
microscope to gather 3D information at an enhanced spatial resolution. We
demonstrate simultaneous tracking of multiple fluorescent particles within a large
0.5 × 0.5 × 0.3 mm3 volume using a standard epi-fluorescent microscope with submicron lateral and micron-level axial
resolution.
KEYWORDS: Light-field metasurface, interleaved metasurface, single-particle tracking, Mie resonance, microlens array,
point spread function engineering

Single particle tracking (SPT) is a powerful technique with
applications across disciplines including biology and fluid

dynamics. Protein movement, gene trafficking, cellular
interactions, drug delivery, and turbulent fluid flow can be
probed using SPT approaches, with the advantage that local,
individual dynamics can be recovered, rather than ensemble
averages.1−9 Many approaches to achieve three-dimensional
SPT rely upon the use of microlens arrays (MLAs) in light-
field imaging to simultaneously record both lateral and axial
information about the location of individual fluorescent
particles.10 The numerical aperture (NA) of the lenses in the
MLA is quite limited, as they cannot physically overlap. This
results in an inherent trade-off between the lateral and axial
spatial resolutions. Several methods have aimed to overcome
this drawback. Deconvolution algorithms that incorporate
pixel-count super-resolution have been developed to recon-
struct 3D volumes with improved spatial resolution, but these
approaches struggle to maintain resolution uniformity across
their depth and suffer from a diffraction-induced resolution
limit.11−13 Wavefront coding techniques14−16 utilizing point
spread function (PSF) engineering enable high axial resolution
but have a limited depth of field or a lateral resolution limited
by the MLA used for generating the light field. A different
approach for simultaneous 3D imaging is based on bi-17−20 or
multiplane microscopy using diffractive optical elements,21 but
this methodology only provides high-resolution image
information on a limited number of discrete planes and does
not capture the angular information on a full 4D light field that
can be beneficial for localization or specimen characterization.

To make further progress, it is critical to develop novel optical
components that are not constrained by the very limited design
space of conventional optics.
Metasurfaces consist of dense arrangements of resonant

optical antennas and offer tremendous freedom in manipulat-
ing optical wave-fronts by imparting subwavelength, space-
variant phase-changes on incident electromagnetic waves.22−35

Recently, a number of groups have reported the experimental
realization of dielectric metasurface optical elements capable of
delivering high transmission efficiencies in the visible
spectrum.25,33,34,36−42 More recently, it was demonstrated
how interleaved metasurface optical elements can achieve
multiple functions within the same shared aperture.43−48 In
addition to being ultrathin and compact, these multifunctional
metasurfaces can provide entirely new functions that are
impossible to achieve with conventional optical components
hence, they are fitting candidates to break the assumed
dichotomy between high lateral and axial resolution in
volumetric imaging.

Results and Discussion. In this work, we propose the
concept of a light-field metasurface (LM) to track the 3D
location of fluorescent emitters in an aqueous volume (Figure
1a) with high spatial resolution and in real time. We construct
the LM by randomly interleaving three metalenses on the basis
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of the geometric or Pancharatnam−Berry phase within a 200
μm-diameter shared aperture. Their optical axes are linearly
spaced with a separation of 66 μm (Figure 1a,d) (see
Supporting Information section S1). The axes offsets lead to
the formation of three spatially separated, replicated images at
the image plane of the LM. These images are readily captured
by a charge-coupled device (CCD) attached to a conventional
optical microscope with a 50× 0.8 NA objective. When two
closely spaced 1 μm-diameter fluorescent beads (λ = 532 nm)
are optically excited with a 480 nm pump, the LM produces six
separated fluorescence images of the beads (Figure 1b) that
can be tracked as they diffuse in the liquid. By removing the
LM from the microscope and finding the plane of best-focus
for each observed bead, we determined that these beads were
separated in the z-direction by approximately 135 μm (Figure
1c). Without the benefits of interleaving, due to the extreme
separation between these two beads, it is impossible to directly
determine their 3D positions in a single measurement. Due to
the optical axis offsets of each lens, three different perspectives
are achieved in a single image. The depth information on each
bead is directly translated to lateral information in the
subimages (see Supporting Information section S2). Therefore,
we can obtain depth information for each particle by
measuring the lateral separation between the two outermost
bead images. Figure 1e shows how this separation changes
when a stationary bead is scanned in the z-direction by a
stepper stage. By using the trajectory scanned along the z-axis
(where (x, y) is (0, 0)), we can calibrate the LM to determine
a look-up table between the radial (z′) and depth (z) distances
(Figure 1a and Supporting Information eq S5). With this table,
the lateral (x, y) location of the bead can be calculated with the
help of a simple particle localization algorithm based on linear
coordinate scaling at each radial depth (see Supporting
Information section S3). Hence, by measuring the central

image location and outer bead image separation, we obtain the
full 3D (x, y, z) position information.
Using algorithms developed for localization-based super-

resolution microscopy, we can determine the localization
uncertainty of each imaged bead.49 The lateral uncertainty of
each bead is given by50

σ πσ⟨ Δ ⟩ = + +x
a

N
b

a N
( )

/12 82
2 2 4 2

2 2 (1)

where σ is the fitted standard deviation of the intensity profile,
a is the image-projected pixel size, b is the background signal
level, and N is the number of photon counts. The first part of
this expression accounts for photon-counting and pixelated
noise, while the latter captures the impact of background noise
of the CCD. We cascade the uncertainty in the lateral
dimensions through the particle localization algorithm to give
the axial uncertainty for each particle image. Figure 1e shows
the uncertainty in the z values for a bead scanned along the
center optical axis, showing axial uncertainties less than 2.5 μm
over the entire 600 μm depth of field.
One of the primary advantages of using an interleaved LM is

the enhancement in spatial resolution afforded by maintaining
a large numerical aperture for each sublens. This enables one
to effectively localize and separate fluorescent particles by
reducing the likelihood of aliasing among the images of
fluorescent markers. A conventional MLA is constrained to
allow only a single phase profile within a given aperture, but in
an interleaved LM, all three metalenses can share the entire
aperture and thereby capture higher in-plane wave vector
components. This comes at the expense of a decreased
intensity proportional to 1/N2, where N is the number of
interleaved lenses.51 For a MLA, light is equally shared among
each lens, leading to an achievable intensity scaling propor-
tional to 1/N. In order to mitigate the impact of a reduced
intensity due to the interleaving, we choose to only use three

Figure 1. (a) Schematic layout of the LM imaging two beads at different (x, y, z) locations. (b) Images corresponding to two fluorescent beads
formed by the LM captured at 20 s intervals. Arrows of the same color indicate subimages corresponding to the same bead. The scale bar is 35 μm.
(c) Images of the two fluorescent beads without the LM separated by a height of 135 μm. In each image, one of the beads is moved into focus
(top). Images with an adjusted brightness and contrast to facilitate observation of the darker, out-of focus bead (bottom). The scale bar is 8 μm.
(d) Schematic of the LM (left) comprised of three metasurface lenses that are spatially interleaved within a single 200 μm-diameter aperture. A
false-colored SEM (right) showing the distinct hyperbolic phase profiles (red, green, and blue) of three lenses that are offset by 66 μm and then
discretized into 600 nm squares. The scale bar is 1 μm. (e) Measured separations between the top and bottom images from a single bead at various
(x, y) locations in the 3D volume in μm. (f) Depth uncertainties in the z-direction at each location derived from uncertainties of the Gaussian fits of
a single fluorescent bead centered LM central optical axis, where (x, y) = (0, 0).
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lenses in our proof-of-concept and compare the performance
to a non-overlapping MLA with lens diameters equal to the
separation of the optical axis of the LM. A more favorable
scaling in intensity may soon be achievable, as many groups are
pursuing higher-performance interleaving approaches.45 Parts a
and b of Figure 2 show the phase profiles of a non-interleaved
MLA and a LM. In this case, the lateral diffraction-limited
resolution of the LM can theoretically be 3 times higher than
the MLA due to the increased numerical aperture achieved
through multiplexing.
In order to characterize the resolution difference between

the MLA and LM lenses, we first measured the full width at
half-maximum (FWHM) of the focal spots in the (x, y) plane
upon plane wave illumination and found the FWHM to be
improved from 2.48 to 1.08 μm by multiplexing three lenses
into one (Figure 2c). The benefits of a reduced FWHM are

clearly demonstrated when a cluster of fluorescent beads are
imaged under the same viewing conditions (Figure 2d−f). We
employ Fourier optics (see Supporting Information section S2)
to simulate the case of two close, laterally spaced point sources
and find that the minimum resolvable bead separation is
reduced from 2.1 to 0.8 μm by interleaving the lenses with the
scheme illustrated in Figure 2a,b. The spatial resolution of the
LM can be further improved as the numerical aperture of the
lenses is increased in the LM design, but at the cost of a
reduction in the achievable depth of field. In this work, we
chose a numerical aperture of 0.44 for the sublenses in the LM,
allowing us to resolve beads that are more than 800 nm apart
while maintaining a substantial 250 μm depth of field. The
axial resolution of the LM along the z-axis determines the
minimum resolvable separation between two beads along the
same radial line of sight. Figure 2g shows the simulated images

Figure 2. (a, b) Phase profiles of a non-interleaved (a) MLA and (b) LM three lenses with optical axes separated by 66 μm. (c) Experimentally
measured focal spots from plane wave illumination in the (x, y) plane for the middle (M) and right (R) lens corresponding to the MLA (upper)
and LM (center and lower) with the FWHM labeled. The illumination wavelength was 600 nm, and the scale bar is 3 μm. (d) A cluster of 1 μm
beads imaged by a commercial 100× objective with a NA of 0.9. The scale bar is 4 μm. (e, f) Images of the beads shown in panel d formed with the
L and M lenses from the (e) MLA and (f) LM lenses. The scale bar is 4 μm. (g) Simulated images from the L and M lenses of the LM from two
beads with a center of mass of 760 μm from the LM (top) with the beads separated by Δz and centered along the optical axis (inset). Intensity
profiles from lens L for increasing values of Δz (lower plot).

Figure 3. (a) Experimental trajectories of nine fluorescent beads simultaneously tracked in real time. The black error bars indicate the location
uncertainty based on the Gaussian fitting of the peak locations. The inset is a 50 × 50 × 140 μm3 window showing a single bead trajectory. (b)
Images formed by the LM at selected times used to construct the (x, y, z) locations for each particle. (c) Histograms of the cumulative uncertainties
for each spatial coordinate for all tracked particles. (d) Simulated uncertainties for the experimental conditions shown in panel a comparing the
MLA and LM performance.
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of a pair of beads centered along the optical axis and located
760 μm from the LM with varying z separations (Figure 2g).
As the separation between the two beads gets larger, due to the
axial offset of side lenses, the L and R images begin to form two
bead images. We are able to distinguish two beads when the
side L and R images meet the Rayleigh criterion. This occurs at
z separations greater than 73 μm for any bead distance
spanning 600−900 μm from the LM (Supporting Information
Figure S4). The vast majority of the time, beads will also have
lateral offsets that will allow them to be located with ±2.5 μm
accuracy across the 250 μm depth of field (Figure 1f).
We pattern an LM directly on a coverslip and place it on top

of a droplet of water containing a dilute concentration of
fluorescent beads, enabling us to simultaneously track the 3D
location of all of the beads in our field of view. Figure 3a shows
the trajectory of nine particles tracked over the course of 2 min
within a 0.5 × 0.5 × 0.3 mm3 volume (see Supporting
Information Videos S1 and S2). The three images obtained
from each individual bead are grouped and labeled by three
similarly colored circles, as illustrated in Figure 3b. The
localization uncertainties are determined at each time for every
tracked particle using eq 1 using Gaussian fitting of the imaged
beads (Figure 3c). The lateral uncertainties are less than 300
nm, while the axial uncertainties are less than 2 μm, which is
similar to the calculated uncertainties for this LM, which
outperforms the MLA in both lateral and axial uncertainties for
a majority of the depth of field (Figure 3d) (see Supporting
Information section S5). These location uncertainties could be
slightly reduced to the uncertainties predicted by Fourier
optics if the subresolution particles were used (∼750 nm
particles for this LM).
A peak-fitting-based approach to determine each particle’s

location uncertainty is useful for simultaneous tracking of
particles, but this approach does not provide the lower bound
on the absolute best uncertainty performance of the lens. In
order to deduce the lowest possible location uncertainty, we
use the Fisher information from a single particle imaged at all
axial locations by the MLA and LM lenses. This method takes
into account the information gathered over an entire image
volume captured by the lens. We calculate the Crameŕ−Rao
bound (CRB) which is the inverse of the Fisher information,
and it expresses the lower bound on the variance of the
location of a point source imaged by the lens.52 The square
root of this bound gives the maximum particle location
uncertainty similar to the uncertainty shown in eq 1 except it is
based on the information available in the entire image. The
CRB predicts that the MLA and LM have similar lateral and
axial uncertainties, but the MLA has a greater depth of field
(Supporting Information Figure S6). For the case of tracking
multiple independent particles, the CRB is not a useful
measure of the lens performance because it gives the location
uncertainty for a single point source. When a localized fitting
method is used, the higher NA and moderate intensities
produced by the LM yield better localization performance for
each particle.
In conclusion, we demonstrate that, by interleaving multiple
optical elements into a light-field metasurface, we can
circumvent the inherent trade-off between spatial and depth
resolution in conventional light-field imaging to enable high-
resolution 3D particle tracking within an extended volume. We
further demonstrate that synchronous 3D imaging can be
achieved without substantially modifying the optical system of
a conventional optical microscope simply by adding a

patterned coverslip to the top of a fluorescent sample
specimen.
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