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The precise localization of nanometric objects in three dimensions is essential to identify functional diffusion mech-
anisms in complex systems at the cellular or molecular level. However, most optical methods can achieve high
temporal resolution and high localization precision only in two dimensions or over a limited axial (z) range.
Here we develop a novel wide-field detection system based on an electrically tunable lens that can track multiple
individual nanoscale emitters in three dimensions over a tunable axial range with nanometric localization precision.
The optical principle of the technique is based on the simultaneous acquisition of two images with an extended depth
of field while encoding the z position of the emitters via a lateral shift between images. We provide a theoretical
framework for this approach and demonstrate tracking of free diffusing beads and GABAA receptors in live neurons.
This approach allows getting nanometric localization precision up to an axial range above 10 μm with a high numeri-
cal aperture lens—quadruple that of a typical 3D tracking system. Synchronization or complex fitting procedures are
not requested here, which leads to a suitable architecture for localizing single molecules in four dimensions, namely,
three dimensions in real-time. © 2017 Optical Society of America

OCIS codes: (180.0180) Microscopy; (110.0110) Imaging systems; (230.0230) Optical devices; (170.2520) Fluorescence microscopy;

(100.6890) Three-dimensional image processing.
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1. INTRODUCTION

To unmask the dynamics of proteins, molecular complexes,
vesicles, or viruses inside complex biological systems, high tempo-
ral and spatial resolution 3D single particle tracking (SPT) tech-
nologies, in which the 3D coordinates of a moving particle are
retrieved from time-lapse microscopy imaging data, have been
key [1]. So far, SPT has provided new insights into phenomena
including virus trafficking [2], endocytosis [3], microtubule
growth [4], andmolecular diffusion at synapses [5]. Although vari-
ous optical strategies capable of 10–100 nm localization precision
in the x–y–z coordinates are now available, most of these are
severely limited in axial tracking range [6,7]. Indeed, widely used
3D tracking approaches including defocus imaging [8,9] or the use
of an engineered point spread function (PSF) such as the double-
helix [10,11] or astigmatic [7,12] PSF, which can track particles
only up to ∼3 μm in the axial direction. This is mainly caused
by the spreading of light when the particle moves out of focus
and the consequent decrease in signal over background.
Considering that a mammalian cell—arguably the most studied
system in biology—often has a thickness greater than 6 μm
[13], this means that current tracking techniques cannot provide

a complete characterization of nanoscale behavior within these
single units. The problem is amplified when considering more
complex and thicker systems, such as cell aggregates or organotypic
cultures [14]. Therefore, a current challenge in 3D tracking tech-
nologies is to develop an approach that can concentrate the light
detected from an emitter into a small region throughout a long axial
range (>5 μm), while still maintaining the ability to recognize the
z position of the particle with nanometric precision.

Efforts to extend the axial tracking range in SPT include using
feedback control systems to actively maintain the emitter in focus,
such as in orbital tracking [15]. While providing temporal reso-
lutions down to 1 ms, feedback approaches are intrinsically con-
strained to operate with one particle at a time [16]. Importantly,
real applications often require “multiple-particle tracking,”
namely, the simultaneous tracking of many individual particles
(tens to hundreds) [17]. Alternatively, the simultaneous imaging
of multiple focal planes can be applied in wide-field microscopes
to successfully track particles over an axial range typically below
10 μm [9,18–21]. This method, however, can be difficult to im-
plement in practice due to the complexity of the setup, and when
more than two planes are used, may result in a significant decrease
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in localization precision. Recent work using a tetrapod PSF has
demonstrated an impressive axial tracking range [22]. In this case,
advanced fitting procedures are required to retrieve the z position
from such a PSF, and localization precision can be seriously degraded
by aberrations in the sample that distort the shape of the PSF. More
recently, 4Pi microscopy has been used for whole-cell axial range
single molecule localization [23]. Despite imaging 3D structures
with 10–20 nm precision, the required setup is rather complicated,
with the need to use two opposing objective lenses and two deform-
able mirrors. Furthermore, most existing techniques lack tunability
in the selection of the axial tracking range or the localization pre-
cision, which impedes tailoring these parameters to different
applications. Simply put, a multi-particle tracking method with
nanometer precision and (at least) whole-cell axial range that is easy
to implement in a conventional wide-field microscope and provides
tunable axial range according to the application does not exist.

In this paper, we present a novel optical configuration that en-
ables tracking of particles with nanometric precision (in the lateral
and axial directions) over a tunable axial range above 10 μm.
A straightforward implementation, based on the acquisition of
two simultaneous wide-field images of the specimen and an elec-
trically tunable lens (ETL), is used. An ETL allows the position of
the focal image plane to be changed across a large axial range
much faster than the exposure time of the camera detector.
Roughly speaking, an ETL allows a particle to be maintained
in focus even if it is moving comparatively quickly across the axial
range, an effect usually referred to as extended depth of field or
EDOF [24–26] (see Supplement 1, Section 1). Thus, the first
acquired image in the current approach is formed after passing
through the optical axis of the ETL. Because of the EDOF effect,
particles appear as bright spots across a long axial range, and the

particles can be easily localized in x and y [Fig. 1(a), red beam]
with a precision similar to current SPT methods. The second
image uses a light pathway that is decentered with respect to
the ETL optical axis. In this case, the image of the particle cor-
responds to a bright spot that is laterally shifted with respect to the
first one (see Fig. S4 in Supplement 1). Such a shift linearly
depends on the z position of the particle (see Supplement 1,
Section 2). As a result, by measuring the lateral distance between
the spots of the two images, we can locate the z position of the
emitters [Fig. 1(a), green beam]. Importantly, by tuning the system
parameters (off-axis displacement of the ETL, etc.) it is possible to
select the tracking range or axial localization precision, rendering
this approach electronically tunable. We characterized the tech-
nique in detail and demonstrate its feasibility by tracking diffusion
beads in water and inhibitory neurotransmitter receptors in the
soma of live neurons.

2. RESULTS AND DISCUSSION

Initially, we experimentally validated the capability of the 3D
tracking system to generate an EDOF as well as to retrieve the
axial information of single particles. To this end, we modified
a commercial inverted microscope to split the detection arm
into two pathways and accommodate the ETL (Fig. S5,
Supplement 1). We used simple optical elements to achieve this,
including a relay system with unit magnification, a beam splitter,
and different mirrors that allow the independent alignment of
each light path. Thus, each pathway can be directed to the
ETL at different distances from the lens optical axis. We used
additional mirrors placed after the ETL to direct the two pathways
into two separate regions of a single electron multiplying CCD
(EMCCD). Hereafter, we refer to each of the two regions as a

Fig. 1. Schematic of the working principle of the tracking approach. (a) Red beams show the effect of the tunable lens in a standard on-axis image
formation system. For an infinity corrected system, the focal length of an ETL placed in the conjugate plane of the detection objective can be varied to
compensate for any degree of divergence for rays coming from focal planes at different z positions (bottom). This enables the formation of focused images
at the camera sensor for particles located at different z positions, preventing the loss of out-of-focus tracking precision. By inserting an off-axis dis-
placement of the ETL relative to the optical axis, the same holds (green beam). However, in this case, there is an additional steering effect that depends
on the value of the ETL focal length needed to bring the image into focus. This produces an encoding of the axial position into a lateral shift. (b) Snapshot
of a sample of fluorescent beads acquired with the tracking system. The false colors correspond to the aligned (red) and decentered (green) channels.
(c) Experimental PSF for each channel with the ETL off (standard acquisition system) and ETL on. Scale bar is 2 μm. (d) Lateral shift induced in the green
channel for a single bead as a function of the axial position. Note that the red channel does not move.
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channel. Therefore, all the information required for 3D tracking
was gathered in a single frame; an image to determine the x–z
coordinates of the emitter (aligned with respect to the ETL optical
axis), and a second image to obtain the emitter z position (decen-
tered with respect to the ETL optical axis). A typical snapshot of
500 nm fluorescent beads attached to a coverslip with the ETL on
(driven with a triangular signal at 10 Hz) is presented in Fig. 1(b).
The two channels were false colored: red and green correspond to
the aligned and decentered channels, respectively. Importantly,
the separation along the y axis between the two images formed
for each individual bead contains information on the bead relative
axial position [Δy�z� in Fig. 1(b)]. Similar approaches have been
reported to encode the axial position of a single particle by using
mirrors [27], a wedge prism [28], or stereo illumination [29], but
none of these could track a particle beyond a 1 μm axial range.

The experimentally reconstructed PSF of our system obtained
using 100 nm beads [Fig. 1(c)], provides an intuitive picture of
the ETL-based tracking approach implemented here. Compared
to the native response of the microscope (ETL off ), the ETL pro-
duces, for both red and green channels, an elongated PSF over a
range of about 12 μm (ETL on). Thus, any particle located within
this EDOF appears in the detector as two well-defined spots (one
red, one green) and the corresponding x–y coordinates can be
determined with high localization precision. Notably, the PSF
of the green channel is not only elongated, but also displays a
significant tilting along the y–z plane. This implies that the
position of the green spot in the detector shifts laterally along
the y axis depending on the particle axial position. Such an effect
can be better appreciated in Fig. 1(d). In this case, the two chan-
nels were superimposed. As expected, when a single particle is
axially translated within the EDOF, the detected red spot does
not move or change size, and thus the x–y coordinates of the par-
ticle can be easily determined. In contrast, the detected green spot
shifts along the y direction. Therefore, by measuring the y
separation between the red and green spots one can unequivocally
determine the relative z position of a particle.

To quantify the localization precision of this 3D tracking ap-
proach, a series of images of 500 nm fluorescent beads attached to
a cover slip at different axial positions was acquired. We used two
different configurations, with the green channel decentered by a
different amount Δd . In both cases, 50 images were acquired at
each axial position in steps of 0.5 μm. This experiment also served
as the calibration step necessary to determine the relationship be-
tween lateral displacement and axial position. A custom fit-free
algorithm based on the fast Fourier transform (FFT) was used
to quantify the distance Δy between the images of each particle
in the two channels (see Supplement 1, Section 6). Note that a
normal fitting algorithm could be used as well, but a FFT fitting-
free algorithm has advantages in terms of processing time, and
could lead to real-time tracking. The plot of the distance Δy
for a single bead as a function of its axial position for the two
configurations is shown in Fig. 2(a) (small decentering, Δd �
800 μm in blue, large decentering, Δd � 1500 μm in red). Δy
in the two experimental settings changes linearly with the z posi-
tion within axial ranges of about 12 μm and 2 μm, respectively.
This is in agreement with a simple model based on geometrical
optics that predicts the relationship between these parameters
given by (see Supplement 1, Section 2)

Δy � Cz � f tΔd
M 2

Rf
2
o
z; (1)

where C is a proportionality constant, M is the magnification
factor of the relay system, and f t and f o the focal lengths of
the tube lens and objective, respectively. In the current condi-
tions, the parameter constant C results in 2.7 pixel/μm for the
small decentering and 5.1 pixels/μm for the large decentering.
Considering the effective pixel size to be 160 nm, the correspond-
ing C values are 0.43 and 0.82. Figure 2(b) shows, for the two
analyzed conditions, the x–y–z position of a single bead along the
axial range of the calibration sequence. The calculation of the
standard deviation from these plots enables the localization pre-
cision of the approach to be determined. In particular, for a mean

Fig. 2. Characterization of the localization precision of the 3D tracking technique. (a) Lateral separation between the two channels (Δy), in pixels, for a
500 nm bead attached to a glass coverslip and translated in steps of 0.5 μm every 50 acquisitions. The experiment was repeated for two different settings: a
value of C corresponding to 2.7 px/μm (blue line) for a total axial range of 12 μm and to 5.1 px/μm (red line) for an axial range of 2 μm. The inset shows
the linear dependence of Δy as a function of the axial position for each case. (b) Plot of the x–y–z position of the tracked bead in (a) along the entire axial
range for the two studied configurations. The values have been calculated relative to the average position in each axial plane. (c) Localization precision
along the three directions of space extracted from (b).
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number of ∼5500 signal photons and ∼21 background photons

per pixel, the lateral localization (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2x � σ2y

q
) was about 15 nm for

both experimental settings, while the axial localization precision
was 46 and 28 nm for the small and the large decentering
conditions, respectively [Fig. 2(c)].

The achieved results demonstrate the unique tunability of the
system, capable of performing nanometric precision particle
tracking over user-selectable micrometer axial ranges. However,
the values reported here for localization precision are strongly
influenced by the large parameter space (emitters/fluorophores
per particle, quantum yield emitter, illumination source, camera,
objective, etc.) that comes with any SPT approach. Therefore, it is
difficult to directly compare the current values with those re-
ported in the literature using other tracking methods. Instead,
the square root of the Cramer–Rao lower bound (CRLB1∕2)
provides the best localization precision theoretically possible with
a particular tracking approach, and has become the tool of choice
to qualitatively evaluate the performance of photon-limited
3D-SPT methods. Compared to single plane or multiplane SPT,
the calculation of the CRLB1∕2 for our method reveals a uniform
localization precision in the three directions of space within the
EDOF (see Supplement 1, Section 3). Because the axial position
of a particle is obtained from its distance in the y axis across the
two channels, the localization precision in the z direction (σz)
depends on the localization precision in the y axis (σy) and the
proportionality constant C [Eq. (1)] as

σz �
ffiffiffi
2

p

C
σy: (2)

Consequently, provided C >
ffiffiffi
2

p
, it is possible to obtain a

better localization precision along the z direction than along
the x or y axis. Indeed, as we have experimentally demonstrated,
the selection of the factor C by tuning the system parameters en-
ables the selection of the localization precision along the z axis.

Despite the theoretical predictions based on the CRLB, there
are several experimental factors that can contribute to the loss of
tracking precision uniformity (across the axial range) or that can
limit the total tracking axial range of our approach. These limiting
factors are mainly related to the current technology of the ETL
used in our optical system. For example, the finite geometrical
aperture of the lens imposes a maximum achievable off-axis de-
centering (and thus constant C) that limits the tunability of the
axial localization precision. Indeed, if the physical aperture of the
ETL partially blocks the off-center pathway, the effective numeri-
cal aperture of the objective lens will decrease, which will cause a
loss in tracking precision. As a second example, the scanning
behavior of the lens can introduce aberrations when particles
are tracked in planes that are far from the native one of the im-
aging system [30], which can degrade tracking precision at these
positions. These factors, however, could be compensated for by
using other new and upcoming types of tunable lenses with large
apertures and incorporated aberration compensation capabilities
[31]. An additional aspect of our approach impacts the accuracy
of localization. The potential refractive index mismatch when
tracking objects in water or other aqueous solutions can result
in aberrations that degrade localization accuracy. However, at cur-
rent conditions accuracy is preserved for at least a range of 20 μm
(see Fig. S6 in Supplement 1). Furthermore, when large numbers
of particles are tracked, at a given time, some PSFs may be co-
aligned along the y axis. This situation would prevent appropriate

determination of the z position of the corresponding particles.
Naturally, information of past and future localizations of the
particle may help resolve the ambiguity and restore the appropri-
ate trajectory. Tracking high numbers of particles is inherently
problematic in SPT due to overlap of the PSFs of closely spaced
emitters [32]. However, compared to engineered PSFs [22] or
defocus-based methods [9], our tracking approach maintains a
highly lateral, confined PSF along the EDOF, helping mitigate
these effects.

We validated our method with a simple experiment, tracking
free-diffusing microspheres in an aqueous solution. The 3D trajec-
tory of a 500nm fluorescent bead inwater at room temperaturewas
reconstructed, for a total time of 100 s and at 10 fps [Fig. 3(a)]. A
time-lapse movie of the two acquired channels corresponding to
the same bead is reconstructed in Visualization 1. The channels
have been overlapped as in Fig. 1(d) for visualization. From this
data, it is possible to extract quantitative information from the bead
dynamics. In particular, the mean square displacement normalized
to time and to the number of spatial dimensions (MSD) can be
directly calculated [Fig. 3(b)]. A simple linear fitting can then
be used to calculate the diffusion coefficient (D) of the bead
[33], which results inD � 0.90� 0.16 μm2∕s. This value agrees
well with that previously reported for beads of the same size in an
aqueous media (D � 0.875 μm2∕s), confirming the validity of
our technique [34].

We next attempted 3D tracking of proteins diffusing on the
membrane surface of living neurons. In particular, we focused on
neurotransmitter receptors, transmembrane proteins crucial for
information transfer between neurons. Neurotransmitter recep-
tors rapidly diffuse in the neuronal membrane, and the dynamic
exchange between different neuronal compartments is responsible
for the coding and processing of information in neuronal

Fig. 3. Measurement of the 3D free-diffusion coefficient of micro-
spheres in water. (a) 3D trajectory of single fluorescent bead (500 nm
size) tracked in water at room temperature. The 3D position of the fluo-
rescent particle was measured every 0.1 s for 100 s. (b) Representative
MSD plot for the freely diffusing particle shown in (a).
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networks [35,36]. To date, fast diffusion of receptors has been
determined by the analysis of receptor 2D trajectories, mainly
due to the limitations of technology in providing information
on receptor displacement along the z-axis. For this reason, the
study of receptor mobility has been restricted to “flat” (few hun-
dred nanometers) sub-regions of neurons (dendrites and axons)
grown in planar substrate. 3D receptor tracking has never been
attempted on the soma of cultured neurons (which approximates
a spherical cap of a few micrometers in the z axis) or in neurons
embedded in a 3D texture, such as in brain tissue. We tested the
capability of our system to perform fast 3D tracking of inhibitory
receptors (GABAA receptors) on the soma of cultured hippocam-
pal neurons (Fig. 4 and Visualization 2). To this end, we coupled
receptors to quantum dots (QDs) via a primary antibody and
imaged QD diffusion on the neuronal somatic region. Indeed,
an individual GABAA receptor can be visualized diffusing on
the soma surface (Fig. 4). Interestingly, the GABAA receptor dis-
plays complex diffusion patterns, including free diffusion and
more confined mobility (at 25–30 and 0 s–5 s, respectively, in
Fig. 4(b). Confined lateral mobility likely reflects transient
GABAA receptor binding to anchoring proteins and/or the
molecular crowding at specific neuronal molecular subdomains
[36]. In this experiment, the localization precision for ∼500 signal

photons and ∼22 background photons per pixel, measured as in
Figure 2(a), was 30 nm and 60 nm in the lateral and axial direc-
tion, respectively, (with C � 2.7 pixels∕μm). These data reveal
that this optical system is suitable for 3D fast tracking of single
molecules in living biological samples.

3. CONCLUSIONS

In summary, an ETL can be used to track multiple particles with
nanometric localization precision over micrometric and user-
controllable axial ranges. The proposed solution addresses two
main problems in existing 3D tracking approaches: the concen-
tration of the detected light from emitters into a small region over
a wide axial range, and the efficient encoding of the z position of
the emitter. Because the axial localization precision and axial range
can be chosen, this system can accommodate the demands of a
particular biological problem. The setup is based on a simple op-
tical modification of a commercial wide-field system, and can be
integrated into a compact modular device. The possibility of using
fitting-free algorithms facilitates the use of short temporal win-
dows for high-speed 3D-tracking. We anticipate that the
same optical system and detection/localization algorithm can
be easily applied to single molecule localization methods, offering
a powerful tool for real-time, super-resolution imaging over large
volumes.

4. METHODS

A. Optical Setup

The 3D-tracking approach was implemented by adapting a wide-
field invertedmicroscope (NikonTi)with an infinity-corrected oil-
immersion objective (Nikon 100 × Plan Apo VC 100 × ∕1.4
oil DIC N2), a high-intensity lamp, a piezoelectric stage (Mad
City Lab) for z translation of the sample, and a single EMCCD
camera (DU897DCS-BV, Andor Technology; 16 μm × 16 μm
pixel size; Fig. S5 in Supplement 1). The detection arm was split
into two pathways as well as to accommodate the ETL (Optotune,
EL-10-30) at a conjugate plane of the back focal plane of the ob-
jective. To this end, we placed a relay system with unit magnifi-
cation (f � 200 mm), a 50∶50 beam splitter and a set of four
mirrors each to adjust the alignment of each path independently.
Thus, each path could be directed to the varifocal lens at different
distances from the ETL optical axis. Two additional sets of four
mirrors placed after the ETLwere used to focus each pathway into
two separate regions of the EMCCD. In all experiments, camera
exposure time was 100 ms. A dichroic mirror was used to select
an excitation wavelength of 488 nm and collect fluorescence
at 655 nm.

B. Bead Sample Preparation

Immobilized beads: fluorescent microspheres (TetraSpeck 100 or
500 nm, fluorescent blue, green, orange, and dark; ThermoFisher,
U.S.) were diluted inMilli-Qwater with a dilution factor of 104. A
drop of diluted beads was attached to the coverslip using poly-L-
lysine (Sigma Aldrich) and then mounted on a microscope slide
using ProLong Gold Antifade (ThermoFisher) as a mounting
medium.

Diffusing beads: suspensions of fluorescent microspheres
(TetraSpeck 500 nm, fluorescent blue, green, orange, and dark;
ThermoFisher) were diluted in Milli-Q water with a dilution

Fig. 4. Diffusion of GABAA receptors in the membrane of living neu-
rons. (a) Representative time-color-coded trajectory of an individual
α1-containing GABAA receptor diffusing on a soma of a cultured hippo-
campal neuron. The trajectory tracking the QD fluorescence has been
superimposed on the neuronal soma image acquired with transmitted
light microscopy. Scale bar is 2 μm. (b) Same receptor trajectory shown
in (a) rendered in three dimensions and shown on a time-coded scale. In
∼45 s the receptor explores a considerable portion of the somatic region
spanning ∼4–6 μm in both the x–y and z axes.
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factor of 103. A volume of 200 μl in a Nunc chamber
(ThermoFisher) was used for diffusion studies.

C. Biological Sample Preparation

All experiments were carried out in accordance with the guidelines
established by the European Communities Council (Directive
2010/63/EU of 22 September 2010), were permitted by the
Italian Ministry of Health, and followed the rules approved by
the Italian Institute of Technology. All animal surgeries were done
in agreement with the Italian Ministry of Health Regulation
and Authorization and were approved by the Italian Institute
of Technology. Neurons were plated at a density of 90 ×
103 cells∕cm2 on poly-D-lysine pre-coated coverslips and kept
in serum-free Neurobasal-A medium (Invitrogen, Italy) supple-
mented with 1% Glutamax (Invitrogen), 2% B-27 (Invitrogen)
and 5 mg/ml gentamycin at 37°C in 5% CO2. All experiments
were performed at 16–18 days in vitro. QD staining of surface
GABAA receptors was performed according to previously de-
scribed protocols [37]. Briefly, anti-α1 subunit antibody (against
an extracellular epitope) fromAlomone, Israel (AGA-001) was pre-
mixed with anti-rabbit QD 655 (Invitrogen) for 30 min in the
presence of casein (Vectorlab, Italy) to prevent non-specific bind-
ing. Neurons were incubated with the diluted antibody–QD
premix for 2 min at room temperature to obtain a final QD con-
centration of∼0.1 nM. The highly dilutedQD labeling resulted in
<5 QDs per field of view, so that individual QD receptor com-
plexes did not overlap the trajectories of neighboringQD–receptor
complexes. The absence of QD labeling when the primary anti-
body was omitted from the QD–antibody premix in control ex-
periments confirmed antibody specificity (data not shown).
During the imaging experiments, cells were bathed in an extrac-
ellular solution containing 145 mM NaCl, 2 mM KCl, 1 mM
CaCl2, 2 mM MgCl2, 10 mM glucose, and 10 mM HEPES,
pH 7.4, and were kept at 32°C. Imaging was performed with a
back-illuminated EMCCD camera (Andor Ixon DU–897E–
CS0BV) with an exposure time of 100 ms. A triangular signal with
a frequency of 10 Hz was applied to the ETL using an Optotune
USB lens driver.
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