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Selective Plane lllumination Microscopy with a Light Sheet of
Uniform Thickness Formed by an Electrically Tunable Lens
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Light sheet microscopy is a powerful technique for rapid, three-dimensional fluores-

cence imaging of large specimen such as drosophila and zebrafish embryos. Yet, beam divergence
results in a loss of axial resolution at the periphery of the light sheet. Here, we demonstrate how an
electrically tunable lens can be utilized to maintain the minimal, diffraction-limited thickness of the
light sheet over a wide field of view (>600 pm) at high frame rates (40 fps). This mode of operation is
necessary for the application of fluorescence fluctuation spectroscopy in images. Microsc. Res. Tech.

81:924-928, 2018. © 2016 Wiley Periodicals, Inc.

INTRODUCTION

With its high spatiotemporal resolution, axial section-
ing capability and low light exposure levels, light sheet
microscopy is the ideal tool for in vivo fluorescence
imaging of biological specimen up to one millimeter in
size. In its original conception, a cylindrical lens is used
to generate a thin sheet of light that is injected from the
side to illuminate the focal plane of the detection lens
(Voie et al., 1993; Huisken et al., 2004). Due to this
confinement of the illumination, out-of-focus back-
ground is minimized. The propagation length over
which the minimal thickness is maintained is called the
Rayleigh length. It defines the distance,

2
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at which the cross section of a Gaussian beam has
doubled. The beam waist at the focal point, mg, can be
approximated by

M
~ nNA’

where A is the light wavelength and NA the numerical
aperture of the focusing lens. Consequently, while the
axial resolution increases only linearly with increasing
NA, the field of view (FOV) with optimal axial resolu-
tion decreases with the square of the NA. This relation
results in a fundamental design problem, i.e., a large
FOV is not compatible with high axial resolution. For
example, with 488-nm excitation light, a Rayleigh
length of 500 pm restricts the sheet thickness to ~9 pm
(NA 0.02) while a 1 um thickness (NA 0.3) results in a
Rayleigh length of only 6.4 pm. To overcome this limita-
tion, various ways to minimize beam divergence have
been proposed. Sample illumination with non-Gaussian
beams such as Bessel and Airy beams has lead to sub-
stantial improvements in the ratio of axial resolution to
FOV (Fahrbach and Rohrbach, 2010; Planchon et al.,
2011; Vettenburg et al., 2014). However, those beams
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comprise side lobes that illuminate neighboring planes.
To avoid image artifacts, either non-linear, multi-pho-
ton excitation or structured illumination and/or image
deconvolution must be used. Another approach to main-
tain high axial resolution was derived from confocal slit
scanning microscopy, in which the sample is scanned
with a light sheet propagating along the optical axis of
the detection lens. To suppress out-of-focus fluores-
cence, this line is reimaged on a slit and can be detected
by subsequent scanning across a camera chip. Many
modern sCMOS cameras feature a rolling shutter that
can be configured as a virtual slit which simplifies the
optical setup. In light sheet microscopy, where sample
illumination occurs perpendicular to detection, this
‘light sheet mode’ has been successfully applied to
remove out-of-focus light (Baumgart and Kubitscheck,
2012). Then again, the slit can also be scanned in the
propagation direction of the light sheet. Hence, by mov-
ing the focus of a Gaussian sheet with the slit, the mini-
mum sheet thickness can be maintained over the entire
FOV independent of the Rayleigh length. Until now,
remote focusing of the light sheet was achieved either
via a third objective lens imaging the sheet onto a mir-
ror moved with a piezoelectric stage (Dean et al., 2015)
or with a tunable acoustic gradient (TAG) lens (Zong
et al., 2015; Dean and Fiolka, 2014). Piezo stages are
relatively slow and/or limited in range of motion. This
results in maximum frame rates of ~10 fps and a FOV
typically restricted to <300 um. Also, the required opti-
cal and mechanical elements might be difficult to
include in an existing setup. TAG lenses, on the other
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hand, typically have to be driven with a sine wave at
frequencies of >100 kHz, which is not appropriate for
synchronization with a camera. This lack of synchroni-
zation again leads to a side lobe structure generating
out-of-focus blur that has to be rejected by either using
multi-photon excitation or a confocal detection scheme
with linear deconvolution. Instead, we demonstrate
here how an inexpensive electrically tunable lens (ETL)
can be used to create a uniform light sheet of minimal,
diffraction-limited thickness at high frame rates (~40
fps) over a wide FOV (>600 pm) without the need for
multi-photon excitation or image deconvolution.

MATERIALS AND METHODS

In most selective plane illumination microscopy
(SPIM) setups, a cylindrical lens is used to generate the
light sheet which is then reimaged into the sample via
an objective lens. With an electrically tunable cylindrical
lens, the position of the focus could be rapidly adjusted.
Unfortunately, electrically tunable cylindrical lenses are
currently not commercially available. Yet, a regular tun-
able lens combined with a few conventional optical ele-
ments can be used to achieve the desired effect. In our
setup, as depicted in Figure 1a, the expanded, parallel
excitation beam (488 nm, ISS, Champaign, IL) first
passed a telescope consisting of two identical cylindrical
lenses, CL (=75 mm, LJ1703RM, Thorlabs, Newton,
NJ). The ETL (EL-10-30-VIS-LD, Edmund Optics,
Barrington, NJ), was positioned in the center of the tele-
scope and, hence, illuminated with a line profile. Conse-
quently, the effective numerical aperture of the tunable
lens was close to zero along the focusing, horizontal axis
of the cylindrical lens pair while the full numerical aper-
ture was utilized along the non-focusing, vertical axis.
The beam exiting the telescope was parallel along the
horizontal axis independent of the focal length of the
tunable lens while the focal point along the vertical axis
could be modulated. Since focusing of the beam into the
back aperture of the excitation lens, OLE (CFI Plan
Fluor 10XW, NA 0.3, Nikon, Melville, NY), flipped the
light sheet axis, a forth relay lens, L (f= 75 mm, AC254-
075-A, Thorlabs), was required to maintain the correct
modulation axis. Fluorescence was picked up by the
detection lens, OLD (XLUMPLFLN 20XW, NA 1, Olym-
pus, Center Valley, PA), and imaged onto the chip of a
sCMOS camera (Zyla 4.2, Andor, Belfast, Ireland) via a
tube lens, TL (#47-740, Edmund Optics), after filtering
with a long pass, F (LP500, Semrock, Rochester, NY).
Whole camera chip exposure with a static light sheet is
illustrated in Figure 1b. To realize the desired confocal
slit detection depicted in Figure 1c, the rolling shutter of
the camera was operated in ‘light sheet mode’ while the
focus of the light sheet was modulated with the ETL. To
synchronize the ETL with the virtual slit detection, a
function generator (DS345, SRS, Sunnyvale, CA) gener-
ating the voltage ramp to drive the lens was triggered
by the camera exposure signal, see inset in Figure 1la. A
5 ms pause between frames was introduced to allow the
tunable lens to return to the initial focal position. In
addition, the signal from the function generator was fil-
tered with a home-built first order low pass with a cutoff
frequency of 210 Hz to suppress oscillations of the lens
(refer to datasheet for EL-10-30-VIS-LD available at
www.optotune.com). These electronics as well as a volt-
age follower to eliminate loading effects on the function
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Fig. 1. (a) Schematic of the light sheet microscopy setup, refer to
text for details. (b,c) Illustration of whole camera chip exposure with
a static light sheet as opposed to using an axially scanned light sheet
with virtual slit detection. (d,e) Montage of 21 light sheet images
acquired at different y positions with a static and an axially scanned
light sheet. Scale bar, 100 pm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

generator were included in a home-built ETL driver.
Typical ETL driving amplitudes were 0.36 V with an off-
set voltage of 0.5 V. Samples were positioned and imaged
as previously described (Hedde and Gratton, 2015;
Hedde et al., 2015). To measure the thickness of the light
sheet, we imaged the reflection off a microscope cover
slip after removal of the detection filter. Figures 1d and
le shows a montage of 21 light sheet images acquired at
different y positions using a static and a modulated light
sheet. Without modulation, the strong divergence of the
Gaussian beam caused a rapid loss in axial resolution
with increasing distance from the focus of the sheet.
However, by moving the focus in sync with the virtual
slit of the camera, the minimum width of the sheet could
be maintained over the entire FOV.
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Fig. 2. Fluorescence images of 1 pm yellow-green beads embedded in a 1% agarose gel without (a) and
with axial light sheet modulation (b). (¢) Plot of the corresponding light sheet waist over y position
without (red diamonds) and with axial light sheet modulation (blue circles). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Fig. 3. Plot of the light sheet waist over y position at different frame rates (a) and different virtual slit
sizes (b). One pixel, 315 nm. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

RESULTS

In order to evaluate the performance of our
approach, we prepared a tissue phantom consisting of
1% low melting agarose (16520-050, Invitrogen, Carls-
bad, CA) doped with 1 um yellow-green fluorescent
microspheres (F-8823, Invitrogen) and subjected the
sample to SPIM microscopy with a static as well as a
modulated light sheet with synchronized virtual slit
detection. Projections of the resulting image stacks
along the x axis are shown in Figures 2a and 2b. The
laser power was 0.28 W/cm? at the sample plane. By
fluorescence excitation with a static light sheet, the

beads are clearly resolved only close to the focal point
of the light sheet. The loss of axial resolution with
increasing distance from the center is accompanied by
increased background from out-of-focus fluorescence.
By light sheet modulation with synchronized readout,
the beads can be clearly resolved over more than 95%
of the FOV. Only a ~30 um wide disturbance is visible
at the right edge of the image due to retracing of the
lens. We then removed the fluorescence filter from the
detection path and continuously imaged the reflection
of the light sheet off a microscope cover slip while
changing the distance with respect to the focal plane of
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Fig. 4. STICS analysis of 20 nm beads diffusing in water solution.
(a) Fluorescence intensity image of a 256 by 2,048 px? strip. (b) Spa-
tiotemporal image correlation of 256 by 256 px? regions of interest at
four different positions along the light sheet propagation axis indi-
cated by red boxes in (a) without (top row) and with (bottom row) light
sheet modulation (lag time 25 ms). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

the detection lens. By fitting of a Gaussian to the line
profiles along the y axis of those images, the width of
the sheet was quantified and is plotted in Figure 2c. It
can be seen that with the modulated, synchronized
light sheet the waist (1/e% radius) can be maintained at
1.5 pm over more than 90% of the FOV (650 pm) using
an excitation NA of 0.3. On the contrary, with a static,
Gaussian light sheet, the y range of maximum axial
resolution is limited to ~30 um corresponding to only
~5% of the FOV. The data shown in Figure 2 was
acquired at 40 fps and a slit width of 10 camera pixels
(3.2 um). The total time per frame of 25 ms consisted of
20 ms of camera exposure followed by a 5 ms retracing
pause resulting in an 80% duty cycle. The retracing
pause allowed the focus of the ETL to return and settle
at the initial position. The thickness of the light sheet
at different frame rates is shown in Figure 3a and can
be generally considered flat over >90% of the FOV.
Note that, with our camera, the minimum readout
time of a full frame in ‘light sheet mode’ was 20 ms (50
fps), limiting the effective frame rate to 40 fps. With a
faster camera, higher frame rates would be possible at
the expense of a reduced duty cycle. Besides the NA of
the excitation lens, the width of the virtual slit also
determines the axial resolution, as plotted in Figure
3b. Besides being able to achieve high frame rates, a
good axial sectioning capability is essential for the
application of fluorescence fluctuation spectroscopy-
based approaches in thick specimen (>1 pm). As an
example, we prepared a solution of 20 nm beads, the
fluorescence intensity image of a 2,048 pixel long and
256 pixel wide strip along the propagation direction of
the light sheet is shown in Figure 4a. An image time
series of the same FOV was acquired with and without
light sheet modulation with synchronized readout at a
frame rate of 40 fps. The spatiotemporal image correla-
tion was then calculated within regions of 256 by
256 pixels at increasing distances relative to the center
of the FOV, as shown in Figure 4b. Without light sheet
modulation, the lack of axial resolution towards the
periphery of the sheet resulted in a rapid loss of the
correlation amplitude. With modulation and synchron-
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ized readout, on the other hand, the correlation ampli-
tude was much better maintained. However, it has to be
said that an increase of the axial resolution by reducing
the camera slit size decreases light throughput. There-
fore, the slit size has to be optimized with respect to the
signal available.

DISCUSSION

In this work, we have demonstrated that an inexpen-
sive ETL can be used to modulate the focal position of
the light sheet in SPIM. Previously, this remote focusing
ability has been used to improve the speed of volume
imaging (Fahrbach et al., 2013; Nakai et al, 2015).
Instead, we combined remote focusing via an ETL with
synchronized, virtual slit detection to maintain the max-
imum, diffraction-limited axial resolution independently
of the size of the FOV. In order to maintain a 1.5 um
width over 600 pm we used less than 10% of the avail-
able tuning range (0.36 V modulation amplitude com-
pared to a 4 V maximum rating of the ETL). With
different combinations of excitation/detection lenses this
vast tuning range could be further exploited to increase
resolution and/or FOV. At the same time, current
sCMOS camera frame rates (~50 fps in ‘light sheet
mode’) are supported due to the rapid response of an
ETL compared to, e.g., a piezo stage (Annibale et al.,
2015). Even faster lenses are available today and could
handle speeds of >100 fps at a high duty cycle. Thus,
this direct, deconvolution-free method is compatible with
camera-based fluorescence fluctuation spectroscopy
methods to probe spatiotemporal dynamics of biomole-
cules (Hedde et al., 2014) where the high axial resolution
is crucial for the detection of the fluctuations due to sin-
gle molecules. Compared to spatial light modulators or
remote focusing objectives, an ETL is also easy to inte-
grate into existing SPIM setups. Many sCMOS cameras
already feature a rolling shutter that can act as a virtual
slit or can be upgraded on site with new firmware.
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