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FOCUS: MICROSCOPY AND IMAGING
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Significant advances in fluorescence microscopy tend be a balance between two compet-
ing qualities wherein improvements in resolution and low light detection are typically ac-
companied by losses in acquisition rate and signal-to-noise, respectively. These trade-offs
are becoming less of a barrier to biomedical research as recent advances in optoelectronic
microscopy and developments in fluorophore chemistry have enabled scientists to see be-
yond the diffraction barrier, image deeper into live specimens, and acquire images at un-
precedented speed. Selective plane illumination microscopy has provided significant gains
in the spatial and temporal acquisition of fluorescence specimens several mm in thickness.
With commercial systems now available, this method promises to expand on recent ad-
vances in 2-photon deep-tissue imaging with improved speed and reduced photobleaching
compared to laser scanning confocal microscopy. Superresolution microscopes are also
available in several modalities and can be coupled with selective plane illumination tech-
niques. The combination of methods to increase resolution, acquisition speed, and depth of
collection are now being married to common microscope systems, enabling scientists to
make significant advances in live cell and in situ imaging in real time. We show that light
sheet microscopy provides significant advantages for imaging live zebrafish embryos com-
pared to laser scanning confocal microscopy.
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Figure 1. Confocal pinhole principle. Excitation light (red), fluorescence emission light
passing through pinhole to detector (blue). Out of focus fluorescence (stippled line) is re-
jected from the detector by the adjustable pinhole aperture. ©Wikimedia Commons.

INTRODUCTION

Ask any scientist what the most important
part of a microscope is and he or she will in-
variably point to the numerical aperture (NAT)
of the objective lens. The logic to this answer,
first published by Ernst Abbe in 1873 and later
refined by Lord Rayleigh, lies in the well-
known diffraction limit that defines the rela-
tionship between illuminating wavelength and
resolution. Abbe was the first to define NA and
develop simple formulas for measuring the
distance between two Airy patterns capable of
being distinguished as separate entities.

The Abbe limits for lateral and axial
resolution in a light microscope are:

Abbe Resolution , = 1/2 NA
Abbe Resolution - = 21/NA2

These formulas show that shorter wave-
lengths and larger NA yield more detail,
since spatial resolution is defined by the
ratio of wavelength to NA or, in empirical
terms, the ratio of diffraction to aperture
opening. Substituting 488 nm light for exci-
tation of green fluorescent protein (GFP)
with a highly corrected 1.4 NA oil immer-
sion objective lens into the above equation
yields a theoretical lateral resolution of 174
nm and an axial resolution of 498 nm using
a standard epifluorescence widefield micro-
scope. In reality, these values are difficult to
approximate, especially when looking into

large samples such as whole embryos, where
resolution is decreased due to diffraction,
poor signal to noise, and imperfect illumi-
nation, resulting in a real world lateral reso-
lution closer to 250 nm and axial resolution
of ~ 650 nm. The gap separating theoretical
resolution values from observed values lim-
ited microscopists for more than a century,
and most scientists accepted as dogma that
resolution in x, y is ~half the wavelength of
incident light, a value immortalized as the
Abbe diffraction limit. In this review, we
highlight several notable advances that have
dramatically altered our ability to see light
microscope images with much better reso-
lution than Abbe hypothesized and acquire
deep tissue images at previously unimagin-
able acquisition speeds. Perhaps most sur-
prisingly, all of the major breakthroughs
discussed here do not require use of shorter
A and improvement in the NA of lenses.
Abbe and Rayleigh weren’t wrong; diffrac-
tion is still rate-limiting, it’s just that the
physical tools and fluorophores now avail-
able for fluorescence imaging have changed
our way of thinking about microscopy.

PINHOLES INCREASE RESOLUTION

One of the major limitations to widefield
fluorescence microscopy is the significant out-
of-focus fluorescence that creates background
noise and image degradation. This background
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Figure 2. a) Jablonski fluorescence dia-
gram showing excitation of atoms with
1PE: 360 nm (magenta), 2PE: 720 nm
light (scarlet red) and 3PE: 1080 nm light
(burgundy red. The thicker lines represent
electronic energy levels, while the thinner
lines indicate various vibrational energy
states in the ground (lower) and excited
(upper) states. In each case, the resulting
fluorescence emission is 460 nm (cyan)
visible light. © Wikimedia Commons/Al-
berto Diaspro, Paolo Bianchini, Giuseppe
Vicidomini, Mario Faretta, Paola Ramoino
and Cesare Usai. b) Scheme of 2-photon
excitation microscopy. Incident excitation
pulsed laser light (red). Fluorescence
emission (blue). Photomultiplier tube

Dichroic &
Beam Splitter Gre (PTM). © Wikimedia Commons. c)

Schematic illustration of the difference be-
tween 1- and 2-photon absorption. 2-pho-
ton absorption occurs only in the small
focal volume (yellow) defined by the wave-
length and NA of the objective. On the
right, 1-photon excitation (yellow) by out-
of-focus photons occurs above and below
the focal plane, causing unnecessary pho-
todamage to the sample. From: Magnus B.
Lilledahl, Gary Chinga-Carrasco and
Catharina de Lange Davies. Three-Di-
mensional Visualization and Quantification
of Structural Fibres for Biomedical Appli-
cations. Available from: http://www.inte-
chopen.com/books/confocal-laser-microsc
opy-principles-and-applications-in-medi-
cine-biology-and-the-food-sciences/three-
dimensional-visualization-and-quantificatio
n-of-structural-fibres-for-biomedical-appli-
cations.

fluorescence can be reduced with measurable
gains in resolution using laser scanning confo-
cal microscopy (LSCM), where a rapidly
scanned excitation spot is used to build an
image point-by-point [1]. The resulting fluo-
rescence signal is regulated by adjustable aper-
tures (confocal pinholes) placed in front of
detectors and conjugate with the sample to re-
move out-of-focus emissions above and below
the diffraction-limited focal volume (Figure 1).
Using the Rayleigh criterion for measurements
of resolution, which is defined by the mini-
mum resolvable distance separating the inten-
sity profiles or point spread functions (PSF) of
two point sources, LSCM lateral resolution of
178 nm and axial resolution of 455 nm were
observed when imaging isolated fluorescent
microspheres [2]. While these values are
within ~10 percent of the theoretical limit of

the confocal microscope, they were obtained
using fluorescent beads in the absence of back-
ground noise. Such impressive resolution is
not possible using LSCM in biological speci-
mens due to diffraction, light scatter, and ab-
sorption, problems that are particularly evident
in thick samples. The primary benefit result-
ing from gains in axial resolution using confo-
cal microscopy is the ability to acquire thin
in-focus optical slices through entire samples,
including live embryos. The resulting image z-
stacks are then used for 3D or 4D (x, y, z and
time) reconstructions.

TWO PHOTONS MEET AT THE
FOCAL POINT

One limitation of LSCM is photo-
bleaching of the sample, particularly during
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z-stack and time-lapse acquisitions. The
confocal pinhole acts downstream of the
sample and has no role in modulating exci-
tation laser light. Hence, out-of-focus re-
gions in the sample are repeatedly irradiated
with excitation light for the duration of
image stack acquisition, a period of minutes
to hours depending on the sample and ex-
perimental design. To minimize out-of-focus
photodamage, 2-photon excitation mi-
croscopy (2-P) has been adapted for use with
LSCM. The photophysics of 2-P microscopy
is based on the activation energy required to
achieve an excited state (Figure 2a). In rou-
tine epifluorescence microscopy, one pho-
ton (1-P) is used to excite one fluorophore,
and the energy of the incident light is com-
mensurate with the absorption peak of the
fluorophore. Short wavelengths with high
energy are used for excitation of BFP and
GFP, whereas longer wavelengths of lower
energy are used for excitation of red-emit-
ting probes (dsRed). In the early 1930s,
Maria Goppert-Mayer [3] proposed that the
energy required to excite an atom could be
obtained by combining the lower energies of
two (or more) longer wavelength photons
(Figure 2a). This laid the foundation for the
development of 2-P microscopy by Denk et
al., who showed that a UV excitable fluo-
rescent nucleic acid stain (Hoechst 33258)
could be excited by 2-P absorption using
630 nm light [4]. This technique was subse-
quently adapted by biologists using the
widely popular probe GFP, which can be ex-
cited by one photon of light at either 488 nm
or simultaneously with 2 photons ranging
from 800 to 950 nm delivering half the ex-
citation energy. In both cases, the GFP emits
green light with a peak emission at 516 nm.

2-P microscopy of biological speci-
mens involves simultaneous absorption of
near infrared (NIR) laser light by visible
fluorophores (Figure 2b). This is typically
achieved using high NA objectives and tun-
able high power Ti:Sapphire lasers (680 —
1080 nm) that emit high frequency (80
MHz) short duration (~100 fs) pulses of ex-
citation light. When properly aligned, the 2-
P laser creates a very high instantaneous
photon flux at the diffraction limited focal

volume, and only those fluorophores local-
ized within this spot absorb two photons si-
multaneously and emit fluorescence (Figure
2¢). The long wavelength photons have in-
sufficient energies to excite visible fluo-
rophores by 1-P absorption. Consequently,
fluorophores outside the diffraction-limited
focal volume remain in the ground state and
photodamage and phototoxicity are
markedly reduced outside the image plane.
2-P absorption at the focal point increases
quadratically (nonlinear microscopy) with
excitation intensity. Since fluorescence
emission occurs only from the vicinity of
the focal point and there is no out of focus
fluorescence to degrade the image, 2-P mi-
croscopy does not require a confocal pin-
hole.

Another advantage of 2-P microscopy is
the ability to obtain optical sections deeper
into living tissues. This is mostly a function
of the wavelength of choice: long wave-
lengths used in 2-P (e.g., 680-1080 nm) dif-
fract less and penetrate deeper into samples
than visible light (405 to 630 nm) used in 1-
P microscopy. When coupled with a temper-
ature-controlled stage incubator, 2-P
microscopy is preferable for imaging deep
cell movements in live samples, albeit the
relatively slow speed of LSCM acquisition
precludes real-time 4D acquisitions of whole
embryos. A common misperception is that
resolution is improved with 2-P compared to
1-P confocal microscopy. It is not, but image
contrast and signal vary considerably be-
tween these excitation techniques depending
on the sample and imaging parameters. For
thin samples with low background, 1-P con-
focal resolution is markedly superior to 2-P
methods. This is easily explained using the
above equations showing that resolution is
inversely related to wavelength and consis-
tent with reports showing 2-P microscopy
resolution is decreased by 10 percent in X, y
and 30 percent along the z axis due to the
larger focal spot formed using near IR exci-
tation light [5]. When imaging deep into tis-
sues, visible light of 1-P illumination is more
easily scattered, yielding a larger excitation
volume (greater axial PSF) with increasing
image depth compared to 2-P excitation
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Figure 3. Schematic of a 4-Pi microscope. Incident excitation light (red). Emitted fluores-
cence (magenta). Objective lens (OBJ), Beamsplitter (BS), Dichroic mirror (DM). ©
Wikipedia/Hartmut Sebesse. CC-BY-SA-3.0; CC-BY-SA-3.0-DE; BILD-GFDL-NEU; Licensed

under the GFDL by the author.

using near IR light. The resulting 2-P image
is of much higher contrast due to better sig-
nal-to-noise ratios, albeit the theoretical res-
olution is no better than an optimized 1-P
confocal microscope. 2-P excitation mi-
croscopy is better for deep tissue observa-
tions of live samples where minimizing
photodamage is a priority, but offers no
major advantage when used for fixed thin
samples such as monolayers of cultured cells
grown on coverslips. Neither imaging tech-
nique offers details beyond the Abbe limits.

EXPLOITING PHYSICAL PROPERTIES
OF FLUOROPHORES AND LIGHT TO
ACHIEVE SUPERRESOLUTION
MICROSCOPY

The key to resolving objects with reso-
lution better than the ~250 nm diffraction
limit came primarily from thinking outside
the box. For innovators like Stefan Hell, the
barrier set by diffraction of light is not a
rate-limiting law of physics, but rather a
value established by far-field localization
microscopy methods, and seeing beyond the
diffraction barrier is no different than trav-
eling faster than the speed of sound. Marked
improvements in resolution were initially

reported using 4Pi-confocal microscopy
coupled with 2-P excitation using an opti-
cal setup consisting of two opposing objec-
tive lenses capable of ~100 nm resolution
in three dimensions [6]. While impressive
compared to conventional confocal tech-
niques, 4Pi microscopy wasn’t widely em-
braced due to sample size restrictions
resulting from the shallow working distance
of two closely opposed high NA objectives
(Figure 3).

Rather than attempting to use shorter
wavelengths (UV) of illuminating light,
which isn’t transmitted well through glass, or
design lenses with greater NAs (not practi-
cal due to refractive index limitations of
glass), Hell and others [7,8] developed true
superresolution microscopes by exploiting
breakthroughs in fluorescence chemistry and
advances in optoelectronics. Many of the vi-
sionary pioneers [7,9] responsible for super-
resolution microscopy use the phrase
“breaking the diffraction barrier” when dis-
cussing their research. This parenthetical
phrase is somewhat misleading and should
not be interpreted literally, but rather viewed
as a figurative definition that provides suffi-
cient meaning but still requires further inter-
pretation. Yes, superresolution microscopy
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Figure 4. STED superresolution microscopy. Display of excitation focus (left), de-excitation
focus (center), and remaining fluorescence distribution in a STED microscope. Note that the
final fluorescent spot size is reduced to a diameter <250 nm. © Wikipedia/Marcel Lauter-

bach.

enables visualization of objects closer than
the diffraction limit (~250 nm), but this is ac-
complished using physical tricks. No laws of
physics are broken when this barrier is
passed, and superresolution microscopy
image formation is still restricted by diffrac-
tion of light. Perhaps “seeing beyond the dif-
fraction barrier” is more appropriate than
“breaking the diffraction barrier,” as the for-
mer doesn’t infer any violation of nature.

HOW DO WE SEE BEYOND THE
DIFFRACTION BARRIER?

Superresolution microscopy is currently
divided into two classes based on method-
ologies: 1) ensemble techniques that require
shaping of the incident light and 2) single-
molecules techniques that depend on precise
localization of point emissions. Both classes
are further subdivided based on method of
excitation, detection, and use of specific
optic elements. In each imaging modality,
reports of ~20 to ~50 nm resolution are com-
mon, values ~10-fold better than achieved
using standard widefield epifuorescence mi-
Croscopy.

ENSEMBLE SUPERRESOLUTION
MICROSCOPY

One of the initial ensemble-based su-
perresolution systems designed by Hell in
1994 is stimulated emission depletion mi-
croscopy (STED), which uses stimulated
emission to overcome the Abbe diffraction

limit [9]. STED microscopy uses a short ex-
citatory wavelength (typically 488 nm,
blue) to energize fluorophores to an excited
state coupled with a second laser pulse of
longer wavelength (e.g., 592 nm, red) su-
perimposed over the excitatory light as a
donut-shaped ring. When properly aligned,
the donut of red laser light suppresses the
fluorescence at the margins of the emitting
focal volume (Figure 4). Stimulated emis-
sion depletion is most effective when an
electron in an excited state is stimulated by
a photon with the same energy required for
the transition back to the ground state. This
is readily achieved using 1 ps STED laser
pulses to deplete electrons from the excited
state independent of spontaneous fluores-
cence emission.

The thickness of the fluorescence-de-
pleting donut can be expanded by increasing
the laser intensity, thereby decreasing the di-
ameter of the centrally located focal emission
spot to very small values (Figure 4). The
smaller emission spot is then scanned over
the sample using a confocal microscope raster
to build a superresolution image point-by-
point. STED is unique for light microscopy
in that this technique does not have a defined
bandwidth limit. In theory, the emission spot
size can be reduced infinitely, with corre-
sponding sub-nm resolution. In practice,
STED superresolution images with <70 nm
resolution can be processed in real time using
scaled-gradient-projection  deconvolution
[10]. When combined with 2-P excitation for
whole organ imaging, STED superresolution
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microscopy achieves 60 nm resolution up to
30 um deep in live brain [11].

The major shortcoming of STED is that
the system is rather difficult to design in-
house. Commercial systems are available
from Leica, albeit the utility of other en-
semble superresolution systems based on
structured illumination are available from
both Nikon (N-SIM/N-STORM) and Zeiss
(SR-SIM) and may be better suited for
multi-user facilities. For detailed reviews on
structured illumination see [12].

SINGLE MOLECULE
SUPERRESOLUTION

In contrast to STED, which excites mul-
tiple molecules in the focal volume, single
molecule techniques depend on precise lo-
calization of fluorescence from point
sources. Advances in fluorescent protein en-
gineering coupled with manageable optical
design make this method preferable for bi-
ologists and multi-user core facilities. Fol-
lowing the expression of GFP as a
fluorescent protein marker by Chalfie et al.
[13] and improvement of green fluorescence
by Tsien and coworkers in 1995 [14], fluo-
rescent protein chemistry developed into a
recognized industry driven by genetic engi-
neering of variants that excited and emitted
over a range of visible colors and with in-
creasing photostability (BFP: 402/547, CFP:
458/480, YFP: 508/524). One variant with
properties ideal for superresolution mi-
croscopy is photoactivatable-GFP (PA-
GFP). Unconverted PA-GFP absorbs well at
405 nm, but not at 488 nm. Following irra-
diation of PA-GFP with 405 nm laser light,
the absorbance maximum shifts closer to
488 nm, but this converted form does not
emit useful green fluorescence until exposed
to light at 488 nm, a process that results in a
100-fold increase in green fluorescence
emission compared to the unconverted
forms. Converted PA-GFP provides a sig-
nificant increase in signal-to-noise since the
fluorescent region of interest is limited only
by the size of the laser focal volume, and re-
gions of the sample outside the focal spot of
405 nm light do not emit fluorescence dur-

ing standard GFP excitation/emission
(488/520 nm) image acquisition settings
[15].

The photochemistry of PA-GFP is
based on conversion of a neutral molecule
to a stable anionic (fluorescent) species.
Strategies for engineering novel fluorescent
proteins include using either directed evolu-
tion or error-prone PCR. The current trend
has emphasized identification and modifica-
tion of fluorescent proteins from marine in-
vertebrates, particularly corals, that emit in
the red spectrum (mFruit series) [16] and has
extended beyond metazoans to include ar-
chaeal proteins. Recently, Kralj et al. devel-
oped a pH-sensitive fluorescent voltage
sensor using archaerhdopsin 3 from Haloru-
rum, enabling neuroscientists to study action
potentials in mammalian neurons [17]. Col-
lectively termed optical highlighters, these
photoconvertible proteins are being used as
novel FRET sensors of protein-protein in-
teractions and Ca®" indicators and essential
probes for select methods of superresolution
microscopy.

The simplest strategy for superresolu-
tion microscopy involves visualization of
single fluorescent molecules with high spa-
tial precision. This is not practical using rou-
tine immunofluorescence microscopy
methods in which the fluorophore density
can easily exceed 100,000 molecules/um?,
but through use of PA-GFP or the red emit-
ting PA-mCherry, which can be incorporated
into cells at sufficiently high densities and
excited stochastically and repeatedly over
time. This ladder point is essential, since sin-
gle fluorophores must be able to undergo re-
peated rounds of excitation sufficient for
detection by a sensor. For low level ex-
pressing fluorescent proteins, the period of
excitation necessary for useful analysis can
last seconds or tens of seconds.

Like all point sources, emission of a
photoactivated fluorescent protein generates
a three-dimensional pattern of diffracted
light (PSF) that can be assigned a centroid
position. The trick is to use a relatively low
laser power to stochastically photoactivate
only a very small population of fluorescent
proteins in the sample at any given time.



28 Wolenski and Julich: Fluorescence microscopy gets faster and clearer

excitation laser beam

| cylindrical lens

" lightsheet

detection objective

camera (CCD, sCMOS, ..)

fluorescence light

Figure 5. Principle setup of a light sheet fluorescence microscope using a single excitation
laser (blue) and a single detection objective lens. ©Wikipedia/Jan Krieger

With repeated rounds of stochastic photoac-
tivation, a sufficient signal can be recorded
against a low background, since for each ex-
citation pulse, most of the fluorescent pro-
teins remain unactivated. Fluorescence
emission from objects closer than one Airy
disc can then be assigned centroids with sub-
pixel resolution and diffraction-limited ob-
jects spaced closer than the 250 nm barrier
detected. This strategy has resulted in the de-
velopment of three nearly identical methods
of single molecule detection superesolution
microscopy: 1) photoactivated localization
microscopy (PALM); 2) fluorescence pho-
toactivation  localization — microscopy
(FPALM); and 3) stochastic optical recon-
struction microscopy (STORM) [15]. In
spite of the differing acronyms, they all
share the ability to temporally separate spa-
tially overlapping fluorescence signals.
PALM microscopy has the inherent ad-
vantage of being the easiest and least ex-
pensive form of home-built superresolution
microscopy, requiring relatively straightfor-
ward modifications to an existing TIRF mi-
croscope mated with available free software
for image acquisition and processing
(https://code.google.com/p/quickpalm/). De-
pending on the sample, sensor, and proces-
sor, PALM can achieve resolutions of ~40
nm in real time [18], making this method
ideal for studies of subcellular dynamics.
When coupled with 2-P excitation, Vaziri et

al. report sub 50 nm resolution in deep
image planes of biological samples [19].
STORM provides an advantage over
PALM due to improved fluorophore local-
ization accuracy, a direct result of introduc-
ing astigmatism using a cylindrical lens
placed between the imaging lens and the ob-
jective lens [7]. Huang and coworker found
that use of a cylindrical lens in the light path
did not markedly alter resolution in x and y
compared to previous 2D STORM observa-
tions made without a cylindrical lens. By con-
trast, their accuracy in z using the 3D
STORM system was approximately twice the
localization accuracy measure in X and y [7].

IMAGING WITH A PLANE OF LIGHT

When imaging large samples such as
live fish or fly embryos, developmental biol-
ogists have made significant advances in elu-
cidating mechanisms of tissue morphogenesis
using 2-P microscopy coupled with superres-
olution and laser scanning confocal mi-
croscopy. The trade-off for the spatial
resolution available using a scanning micro-
scope is slow acquisition rate. A single high
quality scan can take >10 sec, and depending
on optical slice thickness and axial step size,
100-400 slices may be needed to build a sin-
gle z-stack, making high resolution 4D track-
ing of single cells in live specimens difficult.
To better meet the need for rapid whole em-



Wolenski and Julich: Fluorescence microscopy gets faster and clearer

29

Table 1. Properties of single plane illumination microscopy.

Optimized for speed and light sensitivity

Useful for whole live embryos and other large samples

Bleaching reduced compared to confocal and widefield microscopy

Scatter in illumination plane does not degrade image

Scattered fluorescence light contributes to image formation

Light sheet thickness determines lateral and axial resolution

Better resolution than 2-P and confocal microscopy at NA < ~0.8 [28]

3D multiview stacks recorded by rotation of sample or using cameras placed at offset angles

Figure 6. Single plane illumination microscopy (SPIM)
light path in the Zeiss Lightsheet Z.1 microscope (light
sheet fluorescence microscopy: LSFM) using a whole
zebrafish embryo. Illumination lenses (black), detec-
tion objective: W Plan-APHCHORMAT 20x/1.0 (white),
lightsheet (blue). LSFM separates fluorescence exci-
tation and detection into two separate light paths, with
the axis of sheet illumination orthogonal to the detec-
tion axis (green). Laser light is focused into a thin light
sheet by cylindrical lenses (not shown) upstream of the
illuminating objectives. Only the in-focus light sheet ex-
cites fluorescence, significantly reducing phototoxicity.
Use of two oppositional illuminating objectives reduces
shadowing artifacts and increases acquisition speed.
Fluorescence is collected on ultrafast CMOS cameras
enabling z-stack acquisition speeds >100-fold faster
than laser scanning confocal microscopy. Image cour-
tesy of Carl Zeiss Microscopy GmbH. Used with per-
mission.

nique is also referred to as single
plane illumination microscopy and
light sheet microscopy, names that
reflect the shape of the illuminating
beam (Figure 5). In SPIM, optical
sections are created using a cylin-
drical lens placed in front of a pro-
jection objective to focus the
excitation laser beam into a thin
light sheet of uniform thickness (2-
6 um) across the field of view. Since
the light sheet excites only a narrow
plane of the sample at a given time,
phototoxicity and photobleaching
are minimized (Table 1). Another
significant advantage, and perhaps
most useful for studies of cellular
and subcellular events in real time
in toto, is that SPIM images can be
collected very rapidly, often limited
by only by the transfer rate of the
CCD or CMOS sensors.

Embryos are prepared by em-
bedding them in low melt agarose
using capillary tubes as molds, and
the sample is mounted as a partially
extruded cylinder suspended in the
optical axis of a temperature-con-
trolled chamber filled with water or

bryo imaging, Huisken et al. developed se-
lective plane illumination microscopy
(SPIM) using two objective lenses: one for il-
lumination and one placed orthogonally to the
illuminating light sheet used for detection of
fluorescence emission [20,21]. This tech-

physiological buffer (Figure 6). Water im-
mersion objectives with 1.0 NAs are used
for live sample imaging to minimize refrac-
tive changes with biological specimens.
Since the immersion lens, and often the il-
luminating objective, are fixed in position,
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Figure 7. Comparison of LSM 510 laser
scanning confocal (A, C) and Lightsheet
Z.1 (B, D) images of zebrafish embryos
stained with nuclear localization protein
tags (red) and fibronectin (green). Opti-
cal slices of live embryos imaged at
depths of 15 um (A, B) and 50 um (C, D)
from the dorsal surface. The signal to
noise is markedly improved in deep tis-
sue images using lightsheet microscopy
(D) compared to laser scanning confocal
microscopy (C). Lights sheet images ob-
tained using a 20x W Plan APOCHRO-
MAT /1.0 NA water immersion objective.
LSM 510 confocal images obtained at
512 x 512 pixel resolution using a 20x
Plan~APOCHROMAT/0.8 NA dry objec-
tive with 2 line averaging. Acquisition
time for images: A, C (15 sec), for B, D
(125 ms). Scale bar: A, B: 50 um, C, D
100 um.

the sample is orientated in the light sheet by
rotation around the capillary long axis and
movement in X, y, and z.

A downside to illumination with a light
sheet from only one side of the embryo is
that image quality is hindered by light scat-
ting and absorption, especially at deeper tis-
sues, leading to formation of a shadowing
effect. Shadow artifacts typically are visible
as darker areas that are formed when light
interacts with opaque structures in the sam-
ple. Reduction in shadowing artifacts can be
reduced by rotation of the sample around an
optical axis, but deep tissue scatting remains
unchanged. To address this problem,
Huisken and Stainier advanced their earlier
SPIM system with the addition of a third
lens, enabling the sample to be illuminated
from both sides [22]. Termed multidirec-
tional SPIM (mSPIM), resolution is im-
proved in deep tissues since two separate
light sheets enter from opposite sides of the
embryo, effectively reducing the path length
of excitation by 50 percent. Software regis-
tration of the oppositional beams allows re-
construction of multiple views in real time,
enabling stunning 3D and 4D images of em-
bryogenesis. Shadowing effects in the sam-
ple are reduced further by pivoting the light
sheet several degrees during acquisitions
[22].

A commercial selective plane illumination
system is available from Applied Scientific In-
strumentation  (http://asiimaging.com/prod-

ucts/light-sheet-microscopy/selective-plane-il-
lumination-microscopy-ispimdispim) and sold
in three configurations: 1) The fixed sheet sys-
tem; 2) single-sided; and 3) double-sided se-
lective plane illumination microscopy systems.
The fixed sheet system is the least expensive
but is limited in that the light sheet is stationary.
The single-sided system involves a scanned
light sheet from one side, and the double-sided
system involves scanned light sheets entering
from both sides of the specimen. This flexible
design stems from collaborations with Shroff
and coworkers at the Section on High Resolu-
tion Optical Imaging, National Institute of Bio-
medical Imaging and Bioengineering, National
Institutes of Health [23]. These light sheet con-
figurations require precise alignment of objec-
tives (either stationary or piezo-positioned)
mounted to a steel housing that bolts onto an
inverted microscope base. The Applied Scien-
tific Instrumentation SPIMs offer considerable
flexibility for relatively low cost and seem most
appropriate for laboratories with considerable
microscopy expertise.

In a recent hands-on trial, we were able
to evaluate the Zeiss Lightsheet Z.1 micro-
scope, a commercial mSPIM system (Figure
6), for imaging live zebrafish embryos.
Using a full frame CMOS sensor and a
water immersion objective, we obtained
high contrast images with resolutions com-
parable to those of embryos obtained using
our Zeiss LSM 510 LSCM (Figure 7). The
parfocal length of the Zeiss 20x/1.0 NA W
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Plan-APOCHROMAT used in the Light-
sheet Z1 is 75mm, or 30 mm longer than the
standard 45 mm length for the Plan-APOC-
HROMAT objectives mounted on our Zeiss
LSM 510 confocal microscope. So it was
not possible for us to swap objectives on
both microscopes and perform direct image
comparisons using a single lens. For com-
parison, we used a high quality 20x Plan
APOCHROMAT / 0.8 NA dry objective on
our Zeiss LSM 510 LSCM. For typical
whole-embryo imaging of zebrafish, we find
that publication-quality full frame (512 x
512) scans (two frame averages) take ~15
sec. In contrast, comparable quality images
using the Lightsheet Z.1 microscope were
obtained in ~120 to 150 ms, and we were
able to acquire 400 optical slices/min for 4D
reconstructions of live zebrafish embryos
over a period of 3 to 4 hours, yielding a
~100-fold increase in z-stack acquisition
speed using the Lightsheet Z.1 microscope
compared to the LSM 510 (Figure 7). Based
on our limited access to the Z.1 microscope,
we are quite confident light sheet mi-
croscopy is the best available method for
single cell tracking in live embryos over
time (hours to days), enabling better under-
standing of cellular and subcellular mor-
phogenesis during development.

CONCLUSION AND PERSPECTIVE

One of the greatest challenges now fac-
ing microscopists is data processing and
management. Rather than developing mas-
sive storage and computing systems, Schmid
et al. engineered a four-lens SPIM system
with ultrafast cameras and software capable
of real-time image processing for generation
of radial maximum intensity projections
[24]. Rapid movement of the specimen past
the focused light sheet enables fluorescence
emission of every cell in a zebrafish embryo
to be recorded on a CMOS sensor in <10s,
or >50-fold faster than conventional laser
scanning confocal microscopy [24].

Krzic et al. developed a four-lens,
multview SPIM (MuVi SPIM) that allows
views of the front and back of an embryo
without moving the sample [25], a process

that eliminates the time required for sample
rotation around the optical axis. Light sheets
aligned using fluorescent beads illuminate
both sides of the sample, and two detection
objectives gather emitted fluorescence. This
arrangement increases the speed of acquisi-
tion and improves resolution in deep tissue.
To eliminate computational bottlenecks asso-
ciated with 4D acquisitions, which can easily
exceed100GB, these authors used dedicated
software for image acquisition and to fuse
data in real time [25].

Taking SPIM one step further, Friedrich
et al. showed that SPIM can be combined
with STED superresolution (STED-SPIM),
demonstrating for the first time that super-
resolution can be achieved in a light sheet
[26]. Perhaps the most innovative break-
through comes from the work of Zanacchi
et al., who used 2-P excitation of photoacti-
vatable individual molecules to obtain su-
perresolution in the single plane illumination
microscope (IML-SPIM) [27]. By combin-
ing the deep tissue penetration of 2-P exci-
tation of single PA-fluorophores in a light
sheet, these authors have built a microscopy
system devoid of any Achilles’ heel. Biolo-
gists no longer need to compromise resolu-
tion for speed when imaging subcellular
events in whole embryos.
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