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Abstract. Planar illumination imaging allows for illumination of the focal plane orthogonal to the imaging axis in
various light forms and is advantageous for high optical sectioning, high imaging speed, low light exposure, and
inherently deeper imaging penetration into small organisms and tissue sections. The drawback of the technique
is the low inherent resolution, which can be overcome by the incorporation of a dual-sheet stimulated emission
depletion (STED) beam to the planar illumination excitation. Our initiative is the implementation of STED into the
planar illumination microscope for enhanced resolution. We demonstrate some of our implementations. The
depletion of STED in the microscope follows an inverse square root saturation for up to 2.5-fold axial resolution
improvements with both high and low numerical aperture imaging objectives. © 2015 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.10.106006]
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1 Introduction
For the imaging of whole model organisms and tissues, planar
(or sheet) illumination microscopy remains a top choice for
subcellular resolution of complete, large specimen three-dimen-
sional (3-D) reconstructions.1–3 Light sheet based fluorescence
microscopy (LSFM) uses a separate optical excitation path
orthogonal to the detection objective that limits the excitation
to the focal imaging plane.1 The advantages of LSFM are high
optical sectioning, imaging rates, and penetration depths with
low photobleaching and scattering.1,2,4 Imaging with LSFM
continuously reveals novel scientific findings in immunology,
neurology, pathology, cardiology, and development.5–9 Recently,
as the wealth of information increases from LSFM, advance-
ments to LSFM, such as multiple beam and multiple view im-
aging, introduce improvements to distortions and artifacts
inherent in LSFM.10–12 However, with the recent exception of
structured illumination and line scanning sheet illumination
microscopy, resolution enhancements have been limited to post-
processing of multiview imaging, which is a technique that
requires much more time and effort for both acquisition and
analysis and reduces the benefits of the high-speed imaging.

A disadvantage of LSFM is the low image resolution despite
the deep tissue penetration offered.4 This is due at least in part to
the excitation field, which limits both the lateral and axial res-
olutions. To obtain the necessary penetration depth and field of
view for the specimen, the resulting excitation field com-
promises the Gaussian light sheet width. In practice, a numerical
aperture of 0.8 is the highest usable where the beam waist is
equivalent to the depth of focus of the objective to achieve pen-
etration of 1 mm and more.13

Our initiative is the incorporation of stimulated emission
depletion (STED) light sheets to reduce the effective excitation
sheet waist in an LSFM configuration.14 The successful incor-
poration of STED with light sheet excitation could, in principle,
be added to any type of planar or light sheet microscopy to fur-
ther enhance resolution. Additionally, the incorporation of
STED into a light sheet microscope could also be advantageous
over other types of STED microscopy. STED is a photophysical
process by which the excited state electrons are induced and
forced to emit a de-exciting photon by a separate incident pho-
ton. STED microscopy in its present form takes advantage of
STED with the implementation of it in scanning confocal fluo-
rescence microscopy. The implementation consists of creating
the STED beam around the confocal scanning beam to make
the effective fluorescence excitation area smaller, and thus,
improve the resolution from the confocal microscope beyond
the predicted diffraction limit of light. Configurations of STED
microscopy implemented into confocal microscopes have
achieved imaging resolutions of <7 nm.15 Many configurations
of STED microscopes exist, which allow for the implementation
of fluorophore multiplexing, high-resolution imaging of live
samples and even with multiphoton excitation.16–18 Incorpora-
tion of STED into a light sheet microscope does not use the exci-
tation objective as the imaging objective. Thus, the possible res-
olution enhancements due to STED might be transferred to
higher imaging penetration depths and also multitude higher im-
aging fields of view.

2 Materials and Methods
Our single sheet illumination was implemented on a commercial
microscope platform via a special optical configuration and
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consisted of a vertical light sheet with diffraction limited beam
waist of ∼3 to ∼9 μmwith 640 nm excitation created by a cylin-
drical lens, focused in a vertical sample chamber (Fig. 1).14

The detection pathway started orthogonally to the excitation
with the excitation perfectly aligned with the focal plane of the
objective, was filtered for scattered laser light, and was refo-
cused by the tube lens in the microscope onto an electron multi-
plying charged-coupled device (EMCCD) camera for a total
absolute detection efficiency of up to 10% (Fig. 1). With our
configuration, we have detected single molecules in living
organisms at penetration depths beyond 300 μm19 and have
viewed whole, cleared brain tissues with penetration depths
beyond 4 mm with submicrometer resolution.20

2.1 Microscope Setup

The LSFM setup maintained the essential components from the
first modern reports. However, our LSFM detection is directly
implemented into an inverted microscope (Axiovert 200, Zeiss,
Goettingen, Germany) with the microscope objective remain-
ing horizontal via an objective inverter (LSM Tech, Etters,
Pennsylvania). The fluorescence excitation laser was a 40 mW,
640 nm cw diode pumped laser (Cube 640-40, Coherent, Santa
Clara, California).

The experiments were conducted on a sample stage platform
next to the inverted microscope. The excitation laser beam was
expanded 3× by a telescope and into a cylindrical lens to create
the laser light sheet into a home-built, water-filled sample cham-
ber that was kept orthogonal to the imaging objective (40× W
Plan Apochromat 0.8 NA and a 10× LD Achroplan 0.3 NA
Zeiss, Goettingen, Germany) and directly overlapping the focus
region of the microscope objective.

The collected fluorescence was led over the objective inverter
into the microscope. The filters, an HQ 695∕55 and SP 680
(Chroma, Rockingham, Vermont), were placed in the filter turret
to reduce disturbing scattered light and unwanted autofluores-
cence. HQ 695∕55 is a band pass filter that effectively blocks
the 640 nm excitation light, but does not entirely block the
760 nm STED beam. The SP 680 short pass filter allows a large
proportion of the fluorescence light to pass, but eliminates the
760 nm STED beam completely. The image of fluorescence was
visualized over the ocular and/or could be acquired with an
attached EMCCD camera (Cascade II, Photometrics, Tucson,
Arizona).

For STED, a 532 nm 10 W laser (Verdi V-10 Coherent) was
used to pump a pulsed Ti:Sa laser (Mira 900, Coherent) at a
wavelength of 760 nm to deplete ATTO 647N. The laser
beam was collimated 1× with telescopic 10 cm lenses and over-
lapped with the aforementioned dichroic mirror with the illumi-
nation beam.

The STED images would normally be much less intense due
to the depletion. This might also affect image quality as the
darkcount noise will also be present. To overcome this, we
increased the fluorescence excitation intensity to a level of
300 W∕cm2 to obtain the images while still using the same
exposure time as used with the non-STED images. The non-
STED excitation intensity was normally 60 W∕cm2.

2.2 Half-Lambda Retardation Plate (Phase Plate)

Pulverized polyvinyl alcohol (PVA) (Carl Roth GmbH,
Karlsruhe, Germany) and MilliQ water were mixed to make
5% (w/v) solution. The PVA solution was filtered with a syringe
filter (0.86 μm pore); 50 μl of PVA solution was spin-coated
(Spin Coater KW-4A, Chemt Technology Inc., Northridge,
Canada) on rectangular cover glasses of 24 × 32 × 0.17 mm3

(Hartenstein, Würzburg, Germany) at 5000 and/or 7000 rpm
for 30 s, dried 1 min, and fixated under vacuum (1000 rpm).
The cover glasses were afterward halved and cleaned only on
the noncoated side with methanol. Both cover glass halves
were again united and fixed on another cover glass with the
same dimensions with quickly drying glue (Pattex, Henkel,
Duesseldorf, Germany).

The implementation of a stimulated emission beam on either
side of the excitation beam was created by overlapping the
STED laser beams with the excitation laser beam via a dichroic
mirror prior to the cylindrical lens that creates the light sheet
(Fig. 1). As well, the double STED beam on either side of
the excitation beam was created by the insertion of a phase
plate in the STED beam path creating a transverse electric
and magnetic (TEM) 10 mode before the beam-combining
dichroic mirror (Fig. 1). The characteristics of the excitation
beam profile were tested by inserting a closed 1 mm diameter
capillary glass tube (Blaubrand intraMARK, Brand, Wertheim,
Germany) closed at the bottom and filled with 100 μM ATTO
647N dye solution. The dye was imaged from the excitation
beam with and without the STED beam, but the light sheet
and the STED were assembled to invert the beam to obtain
the focus beam profile from the cylindrical lens (Fig. 1 inset
upper illustration). The beam was inverted by turning the cylin-
drical lens and phase plate by 90 deg with respect to their normal
configurations (Fig. 1 inset upper illustration). The excitation
profile from this test was fitted to a Gaussian function to reveal
an FWHM value of 6.69 μm [Fig. 2(a)]. Upon addition of a
0.5 W single-sided STED beam—creating a single-side
depletion without the phase plate—the FWHM width of the
fluorescence excitation was reduced to 6.0 μm. With a 1.0 W
TEM 10 dual-sided STED beam, the excitation beam with
an original FWHM width of 6.9 μm was reduced to ∼5.3 μm
[Fig. 2(d)]. The STED beam profile was also tested directly
by reflecting the attenuated STED beam into the detection
path. This direct beam profiling was achieved by placing a mir-
ror at a 45 deg angle, but still with the phase plate and cylindrical
lens rotated by 90 deg to the excitation path in the sample posi-
tion19 (Fig. 1 inset lower illustration). Additionally, the emission
filters were removed from the detection path of the microscope.
In this case, the STED beam had an FWHM value of 6.43 μm
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Fig. 1 Drawing of optical stimulated emission depletion (STED) light
sheet based fluorescence microscopy (LSFM) setup (see Sec. 2
for details). Inset: configuration diagrams for the beam profile
measurements.

Journal of Biomedical Optics 106006-2 October 2015 • Vol. 20(10)

Friedrich and Harms: Axial resolution beyond the diffraction limit of a sheet illumination microscope. . .



[Fig. 3(a)]. The separation of the dual STED beams [Fig. 3(b)]
with TEM 10 was also ∼6.4 μm and indicated that the depletion
effect occurred in a distance-dependent profile, much like the
profile of that observed from the S. Hell group.21,22

2.3 Beam Profile and Adjustment Sample

For the investigations, 200 μl micro pipettes (Blaubrand
intraMARK, Brand, Wertheim, Germany) 130 mm × 3 mm
were divided into 65 mm length closed-end pipettes by melting
them with a Bunsen burner and merging them at one end to cre-
ate a cuvette. Streptavidin conjugated ATTO 647 N (Sigma-
Aldrich, Steinheim, Germany) was diluted 100-fold in sterile
MilliQ (18 MOhm) water, and 20 μL of this solution was trans-
ferred per cuvette. The cuvettes were finally sealed with a plug
of Parafilm at the top. The storage took place at 4°C.

2.4 Labeled 40 nm Beads

A volume of 10 μl of 1% agarose in phosphate buffered saline
solution (PBS) was heated up to 85°C and cooled down to 45°C.

40 nm ATTO 647N labeled polystyrene nanospheres (PolySperes,
Invitrogen GmbH, Karlsruhe, Germany) were diluted 1∶100 in
PBS to a final volume of 1 μl and added to the agarose followed
by transferring the mixture to a 4 cm long micro pipette
(Blaubrand intraMARK, Brand, Wertheim, Germany) for
polymerization.

2.5 Phalloidin ATTO 647N Cell Staining

Human Embryo Kidney (HEK) 293 cells were cultured in phe-
nol red-free dulbecco's modified eagle medium (DMEM)/10%
fetal calf serum (FCS) and harvested to mix them 1∶1 with 2%
melted agarose (45°C). The solution was transferred to a 4 cm
long micro pipette (Blaubrand intraMARK, Brand, Wertheim,
Germany) for polymerization followed by a 1 h incubation at
37°C. The sample was then fixed in 4% paraformaldehyde
(PFA) for 1 h and washed three times for 5 min. For permeabi-
lization, the fixed cells were incubated in 0.5% Triton-X100 in
PBS for 1 h, followed by three wash steps for 5 min.
Permeabilized cells were transferred to a blocking solution con-
taining 10% bovine serum albumin (Sigma-Aldrich) in PBS
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Fig. 2 Line profile measurements of single and double side STED-LSFM. Graphs depicting the fluores-
cence distribution of ATTO 647N dye in solution at different conditions: (a) and (c) 90 deg rotated light
sheet without STED beam, (b) with single partionally overlapping STED beam, and (d) with two enclosing
STED beams.

50 100 150

8000

16,000

24,000

in
te

ns
ity

 (
co

un
ts

)

Distance (µm)

50 100 150
1000

2000

3000

4000

In
te

ns
ity

 (
co

un
ts

)

Distance (µm)

(a) (b)
FWHM=6.43 µm

z=6.43 µm
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with 0.1% Triton-X100 for 1 h. Phalloidin ATTO 647N was
diluted 1∶100 in PBS with 10% bovine serum albumin for stain-
ing. Cells were incubated overnight at 4°C in this staining sol-
ution and washed three times.

2.6 Analyses of Beam Profile

The analysis of the beam profiles took place with the WCIF
ImageJ software collection (WRIGHT Cell Imaging Facility,
Toronto, Canada). After loading the images, a straight line selec-
tion perpendicular to the beam line was created and a plot profile
was computed, which was exported afterward as a data table.
This file was read in Origin and plotted out. Subsequently, a
fit to a Gauss-shaped curve took place to determine the curve
parameters.

2.7 Analyses of Resolution along the z Axes

The image stacks of 16 bit data were read in and scaled in WCIF
ImageJ. After conversion into 8 bits, a 3-D reconstruction was
performed while turning the stack around the y axis in steps of
10 deg (36 images). The reconstructed image at the rotation
angle of 90 deg (image number 10) was selected and a straight
line region of interest (ROI) specified. Along this ROI, a plot
profile of the image structure was created, stored, and exported
as a data table. These data tables were read in Origin and plotted
out. Subsequently, a fit to a Gauss-shaped curve took place to
determinate the curve parameters.

3 Results
As previously stated, our initiative was for the creation, imple-
mentation, and description of the addition of STED to enhance
the resolution to the planar illumination microscope.14 Even
though the configuration of the STED implementation is differ-
ent than the originally reported versions,15–18 the essential per-
formance of this implementation should still mimic the original
reports. Thus, the effective axial fluorescence sheet width
should also be dependent on the intensity, and only through
an intensity-dependent study will we be able to determine the
effective minimum axial resolution and effective fluorescence
excitation sheet width. Previously, we reported a tested mini-
mum resolution value of 0.68 μm with ∼0.8 W of total
STED beam power from the dual-sheet STED configuration
with 40 nm fluorescent beads and from imaging with a 40×
0.8 NA objective.14 With this same control experiment, we fur-
ther tested two concepts: first, what is the STED beam intensity
dependence of depletion and resolution and second, what reso-
lution improvement is acquired with lower numerical aperture
and magnification objectives.

To determine the STED beam intensity dependence, the
same regions of well-separated 40 nm beads were successively
imaged first without an STED beam and then with increasing
STED beam power from 150 up to 1800 mW (Fig. 4). We
note that the STED power is ostensibly very high, but will
also note that the STED beam used here is in the infrared region,
which causes lower possible photodamage, and that the overall
intensity (6 MW∕cm2) used in the STED beams is still less than
STED reports (peak intensity of 0.4 to 2.1 GW∕cm2)15–18,23 and
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Fig. 4 X–Y (lateral) images (left) and analysis (right) of the depletion of ATTO 647N labeled polystyrene
nanospheres with different STED power levels. (a) Images without STED (left) and with 1551 mW STED
(middle) with one-dimensional (1-D) Gaussian fit of selected nanospheres without STED (solid lines) and
with STED (dashed lines). (b) Images without STED (left) and with 1034 mW STED (middle) with 1-D
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spheres without STED (solid lines) and with STED (dashed lines).

Journal of Biomedical Optics 106006-4 October 2015 • Vol. 20(10)

Friedrich and Harms: Axial resolution beyond the diffraction limit of a sheet illumination microscope. . .



is less than multiphoton fluorescence reports (peak intensity of
200 GW∕cm2),24 which indicate little to no short-term or long-
term damage to biological specimens. As the STED beam power
increased, the individual 40 nm beads responded with a reduc-
tion in imaged fluorescence width with axial scanned images,
but with a slight variation in widths. The STED images
would normally be much less intense due to the depletion.
To overcome this, we increased the fluorescence excitation
intensity to obtain the images while still using the same expo-
sure time as used with the non-STED images. The effect of
depletion was then determined for the same 40 nm fluorescent
beads for each STED power by width analysis of one-dimen-
sional Gaussian fittings of line analysis through a fluorescent
bead or by two-dimensional Gaussian fitting directly on a fluo-
rescent bead, resulting in nearly the same widths (Fig. 5 and
Sec. 2). The depletion was then determined for each bead by
subtracting the width under STED conditions at an intensity
from the width without STED and divided or normalized
again from the width determined without STED. The mean
and standard error were then determined for the depletion
and resolution of all points and graphed depicting the intensity
dependence (Fig. 6). Please note here that Fig. 5 depicts indi-
vidual measurements and that Fig. 6 depicts the mean and stan-
dard error of an ensemble of bead measurements. The theory
behind such an intensity-dependent effect has been well laid
out by the S. Hell group and results in a saturation dependence
from the STED beam power.23

EQ-TARGET;temp:intralink-;e001;63;437Δr ≈ 0.45λ∕fn sin α
p½1þ ðI þ ðISTEDMAXÞ∕Isat�g:

(1)

As observed by our graphs in Fig. 2, the depletion was evident
with a saturation value of ∼700 mW and with a maximum
depletion of ∼0.80 and an average resolution of 0.99 μm.
Thus, under the given conditions, in comparison to conventional
fluorescence microscopy, which has, under the given conditions
(0.8 NA and λ ¼ 700 nm), an axial resolution of 2.0 μm, our
STED-LSFM setup allows for a factor of two resolution
enhancement but with only a maximum of 80% depletion. As
well, the saturation value allows comparison of depletion
saturation power to excitation power ratio of ∼4 × 104 in
comparison to previously reported values with confocal STED
microscopy of ≈6 × 104.25

As previously stated, a distinct advantage of LSFM is the fast
and relative high resolution acquisition of a wide field of view
and with deep sample penetration. With our STED-LSFM setup
(see Materials and Methods), the widest possible field (using a
40× 0.8 NA objective) of view is limited to ∼500 μm (0.5 mm),
and the maximum depth is limited to 3 mm. Thus, we wanted to
test this application to observe if resolution enhancements could
be observed with a lower numerical aperture and magnification
objective, but with a larger field of view and penetration depth or
working distance. Prior to application of the STED beam, an
LSFM image of well-dispersed 40 nm fluorescent beads was
acquired with a 10× 0.3 NA objective (Fig. 6). LSFM compa-
ratively has been shown to already possess a factor of two
improved axial resolution in comparison to the calculated
axial resolution limit of conventional fluorescence microscopy
of ∼4.9 μm. Our analysis is in agreement with the calculated
value (Fig. 5). However, upon application of the STED beam
to the same sample region, a further axial resolution
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improvement could be observed (Fig. 7), up to ∼35% or to as
low values as between 1.3 and 2.1 μm, meaning 2.4- to 3.5-
fold better theoretical limit. We also note that there were lateral
resolution enhancements (x − y) [Figs. 5(a), 5(b), 5(e), and 5
(f)], which, on average, improved from 2.59� 0.06 μm without
STED to 2.28� 0.15 μm with STED, but these enhancements
never surpassed the diffraction limit of the emission wavelength
of 1.4 μm. We interpret this as we did previously14 to be just a
contrast improvement due to the thinner excitation sheet. The
fact that the lateral resolution was not improved beyond the dif-
fraction limit from techniques to reduce the axial focal depth can
be shown by understanding that the lateral resolution, Δq, has a
dependence on the axial position, z, from the focal plane approx-
imately following the equation

EQ-TARGET;temp:intralink-;e002;63;385ΔqðzÞ ∝ Δqmin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
zλ

ðΔqminÞ2
�s
; (2)

where Δqmin ¼ 0.61λ∕NA (with NA being the numerical
aperture) and λ is the fluorescence emission maximum

wavelength.26,27 For the depth of focus, the value of z is deter-
mined in the equation where ΔqðzÞ ¼ 2Δqmin.

26,27 However, as
in our case, as z gets smaller, ΔqðzÞ ≈ Δqmin.

4 Discussion and Conclusion
The resolution improvements which were obtained here as a
result of our investigational goal of implementing, characteriz-
ing, and switching imaging objectives in planar illumination
microscopy with STED incorporated into it, could have far-
reaching consequences for improved resolution for imaging
of a whole live developing embryo in the early stages or for
whole, fixed and cleared organs or tissues from larger speci-
mens.20 Although the technique of using Bessel beams has
been shown to dramatically improve resolution with sheet illu-
mination,28,29 it has not been shown to be effective either with
fluorescence at penetration depths much beyond 100 μm or only
with scattering but lower resolution at more significant
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penetration depths. Previously, we have shown our STED-
LSFM to be successful for penetration depths beyond
200 μm and with a >30% axial resolution improvement.
Furthermore, this could also be used for the imaging of
cells30 where cultured cells in agarose can still be shown to
exhibit a >30% resolution improvement (Fig. 8). Previous
reports for the confocal versions with STED exhibit resolution
improvements that exceed our measurements by multiple-fold.
Three reasons for this are as follows: (1) The previous reports of
confocal STED were built for penetration depths of up to
∼20 μm, whereas our instrument has penetration depths that
go beyond 100 μm. Such penetration depths can cause larger
distortions in the control of the mode of the depletion beam,
which in turn make it more difficult to obtain ideal results as
previously published.15–18 (2) The previous reports of confocal
STED15–18also use improved means of light modulation via
improved phase plates and spatial light modulators. (3) The pre-
vious reports15–18 are also able to implement higher STED beam
intensities as their methods used excitation powers on the order
as used in this manuscript, but multiple-fold smaller excitation
beams due to the confocal nature of their experiments.

We have demonstrated two important features of our incor-
poration of STED into a planar illumination microscope: the ini-
tial limits and that one can use various imaging objectives to still
obtain axial resolution beyond the diffraction limit. The intro-
duction of STED into LSFM remains an interesting alternative
for high-resolution imaging of large tissues by either live cell
methods with fluorescent proteins31 and STED with the red fluo-
rescent protein (RFP) 32 or with fixed and cleared tissues20,33 and
avoids histological sectioning, which causes significant arti-
facts. We hope to make further improvements by incorporating
a scanning STED-LSFM beam and with better phase modula-
tion optics, which together will possibly allow for greater
depletion and higher resolution, and also by incorporating a
smaller-pixel large-area CCD camera. At this time, STED-
LSFM remains to be a successful method for the fast, high-res-
olution imaging of large tissues and specimen.
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