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Capturing dynamic processes in live samples is a nontrivial task in biological imaging. Although flu-
orescence provides high specificity and contrast compared to other light microscopy techniques, the
photophysical principles of this method can have a harmful effect on the sample. Current advances in
light sheet microscopy have created a novel imaging toolbox that allows for rapid acquisition of high-
resolution fluorescent images with minimal perturbation of the processes of interest. Each unique design

has its own advantages and limitations. In this review, we describe several cutting edge light sheet
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microscopes and their optimal applications.
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1. Introduction

The resolution limit of a microscope dictates the minimum dis-
tance of separation between two point-emitting objects so that
their airy discs are resolvable. However, it is important to note that
this resolution assumes near-perfection of both the optics in the
imaging system and the point emitter itself. Loss of contrast (also
called signal-to-background, SNB, or signal-to-noise, SNR, ratios)
will also significantly reduce the achievable limit of detection. The
lower the SNR, the lower the contrast would be. The contribution of
SNR to image quality can be under-appreciated; poor SNR can have
asimilar deleterious effect on object detection as the optical resolu-
tion of the system itself. In fluorescence microscopy, the focus of the
detection objective is placed at the desired plane in the sample. The
thickness of this focal plane (called depth of focus) varies depending
on the numerical aperture (NA) and magnification of the detection
objective; it canrange from ~55 pm at 0.1 NA and 4 x magnification
to 0.19 wm at 0.95 NA and 100 x magnification. Photons originating
from within this depth of focus will be collected and focused by the
detection optics onto the camera. Photons originating outside of
the depth of focus can still be collected by the detection optics but
not focused at the correct plane corresponding to the camera chip,
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resulting in blurry images. A major pathway to improving SNR (and
thereby image quality) is by reducing out-of-focus fluorescence.

2. Reaching for better SNR

In widefield fluorescence microscopy, the excitation pattern
consists a relatively large field, significantly thicker than the depth
of focus, in a cone shape both above and below the focal plane. This
large illumination field unnecessarily excites fluorophores outside
of the objective’s depth of focus and causes premature photo-
bleaching, significantly reducing SNR.

A mechanical solution for improving SNR was patented in 1957:
confocal microscopy (Minsky, 1957). Confocal microscopes seek to
eliminate the out of focus by placing a pinhole in an optically conju-
gate plane to the focal plane, thereby blocking photons originating
outside of the focal plane of the objective. This method produces
an “optical section” of better contrast and higher SNR.

Total internal reflection fluorescence (TIRF) microscopy uses
optical principles to create optical sections. By taking advantage
of the evanescent wave that penetrates into the aqueous medium
following total internal reflection of the incident light at the glass
coverslip, TIRF microscopy illuminates a few hundred nanometers
from the interface, creating a thin optical section. TIRF microscopy
generates data with superior SNR since the illuminated region is
the same size or smaller than the depth of focus of the objective.

Although both confocal and TIRF microscopy improve SNR
through effective methods, neither technique is without its draw-
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backs. Despite there being several “flavors” of confocal microscopy
(e.g. point-scan, spinning disc, line-scan) it can be harsh on the sam-
ple and cause photobleaching. TIRF imaging can be performed at
high speed but is limited to the region next to the coverslip-media
interface. The search for a microscope capable of delivering high
SNR and penetration depth for increased spatiotemporal resolution
for biological applications continues.

3. The dawn of the light sheet microscope

Richard Zsigmondy and Henry Siedentopf invented the ‘Ultra-
microscope’ in 1902 for the purpose of determining the size
of colloidal particles in gold ruby glass using light scattering
(Siedentopf and Zsigmondy, 1903). The unique change they made
to the typical microscope was to separate the illumination and
detection light paths by 90°. Incoming sunlight was reflected with
a mirror oriented at 45° to the horizontal, which directed the light
in a plane orthogonal to the detection optics. The orthogonal inci-
dent light caused scattering in their colloidal samples, which they
could observe with their detection optic (i.e. looking down on the
scattering). In 1993 Voie and colleagues developed the first mod-
ern light sheet system. The key improvement by Voie was to use a
cylindrical lens to focus a collimated illumination laser source into
a plane; this plane was significantly thinner than was previously
achieved for light sheet microscopy (Voie et al., 1993). Voie was
able to image nearly the entirety of a guinea pig cochlea with very
high contrast due to the use of fluorescent dye and the 20 pm thick
light sheet. Voie’s work and improvement to the light sheet micro-
scope served as a proof of principle that this technique could be
suitable for biological imaging.

In 2004, Ernst Stelzer’s group published work on the selec-
tive plane illumination microscope (SPIM) (Huisken, 2004). Their
instrument also relied on a cylindrical lens. The authors demon-
strated the benefit of light sheet imaging on a sample more
relevant to the developmental biology community: a Drosophila
melanogaster embryo. This work exemplified several benefits of
light sheet imaging (e.g. high SNR, low photobleaching) but also
showed that light sheet imaging could be used to capture events in
a large sample over a long period of time (17 h in this work).

In the following years, incremental improvements were made
to light sheet imaging, like deconvolution algorithms used during
data processing (Lucy, 1974; Richardson and Richardson, 1972).
However it was clear that light sheet imaging had shortcomings for
developmental biology applications. A major drawback inherent in
the technique is the thickness of the light sheet in Z (optical axis
of the detection objective). Cylindrical lenses are unable to focus
the sheet thinner than a few microns, which renders small intra-
cellular details unresolvable. The other effect of using a cylindrical
lens is highly varied illumination across the light sheet plane, par-
ticularly deep (>10um) in a sample. An aperture is also necessary
in the light path to center the laser on the cylindrical lens; this
wastes light and essentially reduces the efficiency of the micro-
scope (i.e. less laser light at the sample), which in turn requires
longer exposure times to have acceptable SNR. Finally, reliance on
a cylindrical lens may preclude the use of certain advanced opti-
cal components, such as galvo scanning mirrors, that could enable
more sophisticated scanning/imaging modalities. The next gen-
eration of light sheet was dubbed the digital scanned laser light
fluorescence microscope (DSLM) (Keller et al., 2008). To address
many of the weaknesses of the cylindrical lens, DSLM, replaced it
with a low NA objective lens, which could focus the light into a
beam with a thin (~1 pm) diameter. This improved optical section-
ing by scanning the focused beam with high-speed galvo mirrors,
creating a virtual light sheet. This imaging modality still contained
many benefits of conventional light sheet imaging (e.g. low photo-

bleaching, high SNR) and significantly improved optical sectioning,
and thereby Z spatial resolution. The virtual light sheet allowed
for better control of laser characteristics, for example peak power,
sheet thickness, and scan size, by varying the NA of the illumination
objective. Finally, focusing the excitation light with an objective
lensisamore energy efficient design for illumination. The improved
illumination efficiency thus allows for reduced exposure time and
reduced time per volume collected.

Shortly after the publication of DSLM, many other “flavors” of
light sheet microscopy were published: objective coupled planar
illumination (OCPI), highly inclined and laminated optical sheet
(HILO) and oblique plane microscopy (OPM) (Huisken and Stainier,
2009). Each flavor was designed to address a particular shortcom-
ing encountered in various biological applications. For example,
when imaging embryos, consistent illumination and penetration of
the light through the entire imaging field was challenging. Often,
light sheet images would contain streaks or shadows due to optical
aberrations. To address this issue, a variation of SPIM (mSPIM) was
developed which utilized two excitation objectives that generate
virtual light sheets separated by 180° (Huisken and Stainier, 2007).
With computational improvements, this allows for better signal
across the sample. Use of a virtual light sheet not only allowed
for nuclear tracking during embryogenesis, but was of sufficient
speed to perform whole-brain functional imaging in a zebrafish
brain (Ahrens et al., 2013; Tomer et al., 2012).

The variations of light sheet instrumentation all sought to
address the optimal balance of illumination light inhomogeneity,
imaging depth, and spatial resolution. One methodology focused on
increasing the number of “views” to cumulatively improve spatial
resolution without sacrificing acquisition time via multiple angles
on the sample. Multi-view light sheet imaging was started with
Huisken’s 2007 work (Huisken and Stainier, 2007; Schmid et al.,
2013) and further expanded upon by Wu and colleagues for small,
transparent samples (Wu et al., 2013, 2011) and by Keller and col-
leagues for larger specimens (Ahrens et al., 2013; Chhetri et al.,
2015). As multiple light sheets are oriented so that the lowest
resolution axis is orthogonal to each other for each sheet, when
the images from the multiple views are combined computation-
ally you can achieve isotropic resolution (Fig. 1A,B). Most recently
this was done using four objective lenses that can both excite and
detect emitted photons from the sample (Chhetri et al., 2015). In
this work the authors were able to image large specimen volumes,
up to 800 pm x 800 pum x 800 pm, with sub-second time resolu-
tionand 1.1 wm to 2.5 wm isotropic spatial resolution. Although the
[soView instrument significantly improved spatiotemporal resolu-
tion on large samples, it was not suitable for revealing intracellular
details. An optical limitation of Gaussian light sheets necessitated
a fundamental change in how the excitation light sheet is created
and shaped.

4. Bessel beam-based light sheet microscopy

For nearly all fluorescent imaging technologies, excitation light
follows a Gaussian power distribution. The longitudinal extent of
the peak intensity in a Gaussian beam is directly tied to the inten-
sity in its side lobes; this means there is an inherent trade-off with
Gaussian light sheets in how long the light sheet is compared to how
thin it can be. Increasing the beam power to appropriately illumi-
nate the length of the sample can make the width of the light sheet
significantly thicker than the focal plane of a high NA objective,
thereby reducing Z spatial resolution and increasing out of focus
fluorescence (i.e. background signal). To address this issue, a novel
approach is needed for generating the excitation light. An unex-
pected solution came from the development of optical tweezers,
through the use of a specialized lens that could generate a non-
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Fig. 1. Gaussian Light Sheet Imaging. (A) IsoView microscopy facilitates imaging of large biological specimens with high spatio-temporal resolution using light-sheet illu-
mination and fluorescence detection along four orthogonal directions simultaneously. (B) Maximum-intensity projections of multiview deconvolved IsoView image data of
a stage 17 Drosophila embryo expressing GCaMP6 s throughout the nervous system. A false-color look-up table is used for better visibility of high-dynamic-range images.

Figure adapted from Chhetri et al., 2015; scale bar is 50 pm.

Gaussian beam profile (Garcés-Chavez et al., 2002). Fahrbach and
colleagues leveraged the properties in this type of beam, called
a Bessel beam, in designing an instrument for biological imag-
ing (Fahrbach et al., 2010; Fahrbach and Rohrbach, 2010). These
data demonstrated the reconstructive property of Bessel beams,
which allows them to “reform” after encountering an obstruction
in the beam path. This makes Bessel beams exceptionally suited
to evenly illuminate complex biological samples without sacrific-
ing light sheet thickness. The following year, work from the Betzig
group would start to enumerate the major benefits of Bessel beam
light sheet imaging (Gao et al., 2014, 2012; Planchon et al., 2011).
They demonstrated the capability of the Bessel beam in generat-
ing thin virtual light sheets for resolving subcellular details, while
maintaining high excitation efficiency of the laser at the sample.
Bessel beam virtual light sheets captured three dimensional images
rapidly for tracking membrane ruffles. This design was a major step
forward in achieving nearly isotropic intracellular resolution on
living samples, while being gentle enough to capture the living pro-
cesses for an extended amount of time. However, the use of a virtual
Bessel sheet was not without its drawbacks. Initially, the side lobes
of the Bessel beam still caused unacceptable levels of out-of-focus
excitation and decreased image SNR.

In order to reduce the contribution of the side lobes of the Bessel
beam, Chen and colleagues made use of the wave properties of light
(Chenetal.,2014). By creating a linear arrangement of Bessel beams
with appropriate spacing (called a 2D optical lattice), the side lobes
overlap and undergo destructive interference, which leaves the
central peak as the primary plane of illumination (Fig. 2A-C). To
generate a thin light sheet, the so-called lattice light sheet micro-
scope (LLSM) employs 2D optical lattice of Bessel beams to achieve
near diffraction-limited resolution in X, Y, and Z with high SNR.
This, in turn, obviates the need for excessive excitation light in
creating high contrast images, thus leading to low photobleach-
ing/phototoxicity while maintaining rapid acquisition times. The
LLSM has already proven to be a valuable tool in imaging dynamic
biology in a wide range of sample types (Legant et al., 2016; Majoul
et al., 2013; Ritter et al., 2015; Xiao et al., 2015; Yamashita et al.,
2015). Although a significant advancement for biological imaging,
no technique is without its drawbacks. Table 1 compares and con-

trasts several light sheet techniques and what biological questions
they are best suited to answer.

In summary, there exists a tradeoff in sample size/maximum
imaging volume and the achievable spatial resolution of a particular
light sheet technique. While LLSM has the best spatial resolu-
tion of light sheet techniques, it has the smallest imaging volume,
near 2.5 x 10° um? (i.e. few cultured cells). Conversely, IsoView
imaging has just over half the spatial resolution but can image vol-
umes approaching 1.28 x 108 wm? (i.e. whole drosophila embryo).
When evaluating light sheet techniques, the purpose of the imag-
ing experiment has to be considered in order to pick the technique
most appropriate for the experiment.

5. Looking into the future

Light sheet microscopy has rapidly transformed the way
biologists visualize dynamic biological processes with minimal per-
turbation of the natural biology. The technique’s high adaptability
means that its full potential is yet to be realized. While the cut-
ting edge light sheet systems are technically complex to build from
scratch, there are commercial solutions for those that find light
sheet imaging appropriate for their experimental questions. As
of the writing of this manuscript, Zeiss has adopted the mSPIM
design (Tomer et al.,2012) for their Z1 SPIM instrument, while Leica
uses a modified, vertical version of mSPIM. For smaller samples
with applications that require improved spatiotemporal resolution,
Intelligent Imaging Innovations, LLC (3i) sells a version of the LLSM
thatis more similar to aresearch instrument, rather than a turn-key
system (Table 1). For more ambitious users, there is an open-source
project called OpenSPIM (openspim.org) that freely provides infor-
mation and plans for building your own mSPIM setup. With the
burgeoning commercial availability and home-built options of light
sheet instruments, rapid adoption and dissemination of the tech-
nology will push biological imaging forward.

However these available light sheet microscopy techniques
have limitations. Several recently published techniques, like
airy-beam SPIM (Vettenburg et al., 2014) and spherical-aberration-
assisted extended-depth-of-field (SPED) SPIM (Tomer et al., 2015),
help to push light sheet imaging into larger and deeper volumes.
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Fig. 2. Bessel Beam Optical Lattice Imaging. (A) Lattice light sheet microscopy facilities three-dimensional rapid imaging with near-diffraction limited spatial resolution by
arranging individual Bessel beams in a 2D optical lattice. The light sheet is produced by a spatial light modulator (not shown) upstream of the excitation objective. Using fast
galvanic mirrors, the light sheet is dithered in the lateral axis (x-direction) in order to smooth illumination intensity between maxima of the optical lattice. The sample is
located at the focused region of the light sheet (pink box). (B) Using fluorescent beads, the intensity profile of the light sheet can be reconstructed. The intensity cross-section
informs the user as to the thickness and relative intensity in the light sheet and side lobes of the optical lattice. (C) Maximum intensity projection of deconvolved image
data of macrophages approximately 20 wm below the dorsal surface of a stage 15 Drosophila embryo. Lifeact-GFP allows for high spatial resolution of actin bundles in the

lamellipodia of the cells during development. Scale bar is 10 pm.

Table 1

This table summarizes critical technical characteristics of three popular forms of light sheet microscopy. Values given should be interpreted as maximum values for ideal
samples. Suitable application lists gives several common samples or applications of each technique but should not be viewed as all-inclusive. Portion of table adapted from

Liu and Keller, 2016.

Lattice Light Sheet (Chen et al.,
2014)

Dual-View Light Sheet (Wu
etal, 2013,2011)

IsoView Light Sheet (Chhetri et al., 2015)

Technical Approach Improving axial resolution
with thin light sheet
constructed from optical lattice
(Bessel optical lattice)

230 x 230 x 370 nm?

100 x 50 x 50 wm

(2.5 x 105 wm3)

83,000 pm?3/s

50 pm

Spatial resolution (ideal max)
Max Reported Imaging Volume

Max Reported Temporal Resolution
Sample Penetration

Unique Advantages High-speed, high resolution
imaging of small specimens
Limitations Limited imaging volume and

depth
Live brain slice imaging
Cultured cells

Suitable Specimens

Plant root tip cells

C. Elegans embryos
(development)
Dictyostelium

Yes (Intelligent Imaging
Innovations, LLC)

Commerical Options

Improved axial resolution and
resolution isotropy via
two-view imaging (Gaussian
beam)

330 x 330 x 300 nm?

78 x 70 x 50 m

(2.73 x 105 wm?3)

540,000 wm?3/s

60 pm

High-speed, near isotropic
imaging of small specimens
Thicker optical sections when
penetrating into samples
Cultured cells

C. Elegans embryo (cell
migration)

Improving axial resolution, resolution isotropy,
and depth penetration using orthogonal
four-view imaging (Gaussian beam)

410 x 420 x 450 nm?
800 x 400 x 400 pm (1.28 x 108 wm?)

130,000,000 pm3/s

200 pm

High-speed, isotropic imaging of large
specimens

Lower spatial resolution

Drosophila, zebrafish,

and mouse embryonic
development

Zebrafish larval brain activity

No

In addition, by borrowing from related imaging disciplines, the
integration of structured illumination and adaptive optics will fur-
ther advance the capability of light sheet microscopes and inch
closer to the penultimate goal of maximizing spatial resolution
and imaging volume, while maintaining low acquisition times and
phototoxicity. Light sheet microscopy is on the cusp of revolution-
izing biological imaging with comparable impact as the confocal
and super-resolution microscope.
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