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A shape-switch-block method for confocal
light-sheet microscopy with sectioned Bessel
beams and stimulated emission depletion

Luis Kébele® ! & Alexander Rohrbach@® 2%

Microscopy seeks to simultaneously maximize optical resolution, contrast, speed, volume
size, and probe tolerability, which is possible by combining different complementary imaging
techniques with their specific strengths. Here, we show how to combine three physical
concepts to increase resolution and contrast in light-sheet microscopy by making the
effective light-sheet thinner through phase shaping, fluorophores-switching, and dynamic
blocking of fluorescence. This shape-switch-block principle is realized by illumination with
two holographically shaped, sectioned Bessel beams. Second, by switching off fluorophores in
the proximity of the excitation center using continuous-wave stimulated emission depletion
(STED). And third, by blocking fluorescence outside the switching region by confocal line
detection. Thereby, we reduce the light-sheet thickness by 35%, achieving an isotropic
resolution with beads in a 300 x 70 x 50 um?® volume. Without STED, we obtain 0.37 um
resolution in cell clusters at improved sectioning and penetration depth. The shape-switch-
block concept promises high potential, also for other microscopy techniques.
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odern (super-resolution) microscopy techniques often
M use a combination of different lasers and phase shaping

elements to clearly separate adjacent points in the
image. While this combination is established in point-scanning
approaches, it has hardly been applied to line-scanning approa-
ches, such as light-sheet microscopy (LSM). LSM has enabled
efficient imaging in 3D, with a variety of different illumination
beams!~3, which are typically generated by holograms and which
are scanned laterally (and axially*) within the focal plane of a
camera. In combination with structured illumination, LSM has
achieved resolutions even beyond the diffraction limit for weakly
scattering samples®. It is widely accepted that LSM provides a
valuable compromise between imaging speed of typically large
objects, image resolution, and contrast while causing low levels of
phototoxicity®, but further improvements in 3D image quality are
necessary, to reveal even smaller structural cellular details and
processes.

Particularly advantageous for LSM is fluorescence excitation
with Bessel beams. In comparison to the popular Gaussian
beams, Bessel beams provide an increased depth of field” at the
same focusing angle and penetrate deeper in scattering media2.
For the same depth of field as a Gaussian beam, they feature a
significantly lower diameter of the central beam lobe8. The
concentric ring system of the Bessel beams, however, illumi-
nates the object not only in the focal plane, but also in regions
outside the focal plane, thereby reducing the contrast. Several
approaches that aim to minimize the fluorescence excited by the
ring system were demonstrated. These include multiple photon
excitation®~!!, line-confocal detection!?~14, sectioned Bessel
beams!®, and for weak scattering samples, arranging Bessel
beams to grids by incoherent? or coherent superposition to a
latticel617.

One recent approach to eliminate the unwanted fluorescence
excited by the Bessel beam’s ring system is to use stimulated
emission depletion (STED). The generation of so-called light
needles formed by the undepleted fluorescence in the central lobe
has been studied theoretically in idealized homogeneous media!8,
and in more realistic media containing scatterers!®. The robust-
ness in overlap and depletion efficiency of two Bessel beams for
excitation and STED could be measured recently in scattering
media?). However, attempts with conventional cylinder-lens
generated light-sheets remain difficult?!, since enormous STED
powers are needed to realize an efficient depletion process. Uti-
lizing the significantly slower process of reversible saturable
optical fluorescence transitions (RESOLFT), the width of the
remaining fluorescence layer, however, could be reduced in an—
albeit limited—observation volume, thus increasing the spatial
resolution in light-sheet microscopy?2.

In this paper, we extend the principle of line-STED?? and
apply it to a pair of non-rotationally symmetric Bessel beams?3,
so-called sectioned Bessel beams, which we use both for
fluorescence excitation and depletion. Sectioned Bessel beams
are supposed to have improved imaging properties since the
overlap with the detection point spread function (PSF) is
minimized outside the point focus!>1¢. Using an available
continuous wave (CW) depletion laser, we maximize the STED
illumination and fluorescence depletion efficiency by achieving
a beam overlap only around the Bessel beam’s central lobe,
while the fluorescence photons emitted from the outer region of
the sectioned Bessel beam, are blocked by confocal slit-
scanning. This way the established concepts of point-wise
confocal and STED scanning are not only combined with a line-
scanning mode, but they operate hand-in-hand by effectively
reducing the width of the scanning beam in complementarity
regions and thereby the width of light-sheet in detection
direction.

Results

Basic principle and setup. All experimental results in this work
were generated by measurements conducted on a modified ver-
sion of a setup built in our laboratory and described in more
detail in the ref. 20. A detailed set-up sketch is provided in Sup-
plementary Fig. 1. The setup is based on two CW lasers: a 25 mW
excitation laser (Cobolt Calypso 04-01 491 nm) and a 2 W STED
laser (MPB Communications, VFL-P-2000-560). Both laser
beams are expanded and coaligned by means of a beam splitter so
that the beams propagate parallel in a distance of 6.5mm to
each other.

Each beam illuminates one half of the spatial light modulator
(SLM) (Hamamatsu X10468-04), which generates the holograms
for fluorescence excitation and STED, ¢y (x, y) and ¢4 (x, ), on
its right and left half, respectively, as sketched in Fig. 1 and
Supplementary Fig. 2. The phase shaped beams show intensity
profiles Iy (x,y) and Igp(x,y) of sectioned Bessel beams (SBB),
which are characterized by dark cones in the vertical y-direction,
indicated by yellow and blue dashed lines. Because of a m-phase
step in the hologram ¢¢(x,y) for the STED beam, the
corresponding intensity Igp(x,y) reveals a horizontal dark line.
The width of this zero intensity area and the total intensity of the
SBB define the thickness of the light-sheet. The beams are then
combined and superimposed by beam splitters resulting in a
common beam propagation axes. Lenses L1, L2 generate and
project the angular spectrum of the beams onto a single-axis scan
mirror (G8320KM44B, Cambridge Technology, not shown),
which is imaged by an auxiliary 4f-system (not shown) into the
back focal plane (BFP) of the water immersion illumination
objective lens (IO, Nikon 40XW NA;; = 0.8). The superimposed
beams for excitation and depletion form a fluorescent line with
single beam cross-section Fgp(x — x,, y), or after lateral scanning,
the effective light-sheet in the sample chamber, resulting in a thin
fluorescence slice [Fgy(x,y)dx (see green particles in Fig. 1). The
process of fluorescence excitation, spontaneous emission and
depletion with intensity-dependent transition rates kgx, kgr, kst is
sketched in the inset box. The fluorescence light (indicated in
green) is collected by the water immersion detection objective
lens (DO, Nikon 40XW) with a detection numerical aperture
(NA) of NA4 = 0.8 and imaged via a tube lens onto a camera
(Hamamatsu ORCA-Flash4.0 V2). In order to suppress fluores-
cence from the ring system and reject multiple scattered
fluorescence photons, all images are recorded in rolling shutter
mode, i.e., with a synchronized, sweeping confocal slit aperture.
The coherent light from both SBBs propagates through the
sample and is collected by a third objective lens (L3, Nikon
40XW) with NA,., = 0.8 (sca = scattering). The angular spectra
Iy (k, k,) and I (k,, k,) of both beams are recorded by a second
camera (PhotonFocus DS1-D1024-80-CL-10). The imaging of the
transmitted light facilitates the alignment and superposition of
the beams and reveals the different diameters of the spectra, the
sectioning angles (indicated by the yellow and blue dashed lines)
as well as the horizontal zero intensity of the STED beam. In
addition, the transmitted light permits to analyze the scattering
behavior of different parts of the sample and for different
illumination beam parameters.

The maximum beam scanning speed and the imaging speed is
50 Hz. The rolling shutter of the Hamamatsu sCMOS camera
enables the confocal slit to move parallel to the illumination beam
(a typical slit-width is 650 nm corresponding to four pixels). The
galvometric mirror and camera triggers are synchronized using
data acquisition cards and our custom microscope operating
system MicPy. However, the imaging speed is usually limited by
the fluorescent sample, not by the hardware. With our
nonoptimal CW-STED laser, image acquisition takes 1-2's per
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Fig. 1 The shape-switch-block principle of a line-scanning stimulated emission depletion (STED) microscope. a A single spatial light modulator (SLM)
generates two phase holograms ¢g(x,y) and ¢s1(x, y) resulting in two sectioned Bessel beams (SBB) for fluorescence excitation (blue frame) and depletion
(yellow frame) with intensities Igx(x,y) and Ist(x, y). The SBBs are characterized by two angular sections 2(zn—p) of zero intensity indicated by the yellow
and blue cones (dashed lines). After beam combining, both SBBs are focused through lenses, a scan mirror (not shown) and an illumination objective (10)
into the sample. The STED beam has a line of zero intensity in the center of the light-sheet (xz-plane). Fluorescence excitation and depletion lead to the
effective fluorescence intensity profile F(x — x,,y) at an exemplary beam position xs, which is scanned in x-direction during image acquisition. Fluorescence
excited in the SBB ring system is blocked by confocal slit sweeping parallel to the illumination beams. The angular spectra 7(kx, k,) of both laser beams are
recorded and analyzed in the back focal plane (BFP) of lens L3. b Shape-switch-block: the light-sheet width is reduced in several steps: i) Line scans normal
to the light-sheet reveal fewer side lobes for sectioned Bessel beam SBB (blue). i) A STED SBB (yellow) with zero intensity depletes the fluorescence close
to the main lobe (yellow shading), iii) the confocal slit blocks fluorescence from the first side lobes (red shading).

frame. Without the STED process, one frame takes 50-100 ms
depending on the sample and the number of required image
stacks.

Line-STED with sectioned Bessel beams (SBB). SBB as intro-
duced in detail earlier!®> do not show rotational symmetry but
have a bowtie-like profile characterized by a sectioning angle
B < as shown in Fig. 1. The bowtie-light transmission function
for a SBB can be described by the sum of two rect-functions, i.e.,
Tg(p) = rect(f) + rect(25%), with azimuthal angle ¢ =0...27,
and generates an electric field Eg(x,y,zgym) ~ Eo - Tg(p) -
exp(—i¢_(x,y)) at the SLM.

The cllope of the conical phase profile ¢(r = /%2 +y?) =

r-(a-kyNA) is defined by the focusing angle NA = n-sinf, the
vacuum wave number k, =2m/l, and the dimensionless
parameter a>1. For both the excitation and depletion beam,
the phase profile generated at the SLM (see plane [P1] at zgp)y
= —4f — zg in Fig. 1 and Supplementary Fig. 2) can be written as

$y(x.y) = a-kNA- /x> +y* —q-7m-0(y). (1)

Here zg is the depth of field and f the focal length of lens L,,,. The
parameter q defines an additional m-phase step along y and is
described by the Heaviside step function ®(y). For the excitation
beam we set « = 1, g = 0 (no phase step), for the depletion beam
with zero intensity at y=0 we need @ >1, g = 1. The n-phase step
is equivalent to an amplitude switch, ie, exp(—in®(y)) =

1 —2-0(y), such that the field right behind the SLM is

Eq(x,y,25m) =Eo - Ty(g) - exp(—iockONAV x? +}’2)
(1-q-2-0()).

The field behind the SLM propagates over the distance zp
(typically > 1cm) to the plane [P2] according to Eq(x, ¥,z =

—4f) = FT‘I[FT[Eq(xJ/, zgm)] - exp(—izg /nPkg — k2 — k%)L

where FT stands for a lateral Fourier transform in xy. At the back
focal plane [P3], the ring-like angular field spectrum
Eq(kx,sz =-2f) = E (kg kg, z = +2f) of the SBBs can be
described at best by a mult1pl1cat1on of the conventional Bessel
beam’s ring spectrum with a vertical rect-function!®, which limits
the extent of the sectioning angle 8 through Ak(f) = 2ak,NA-sin
(B/2) (plane [P5] in Fig. 1). The upper and the lower parts of the
angular spectrum are still phase-shifted by exp(—in®(y)) in plane
[P3] such that

Eq(ke Ky 2 = =2f) %E()(?(akONA - W) -rect(%%’m)

: (1 - 2q®(ky)).

(2)

(3)
The power spectra I |E (ky, k E= 2f))> without
scattering object are 1maged {)y a camera in a 4f-distance, as

COMMUNICATIONS PHYSICS | (2020)3:201| https://doi.org/10.1038/s42005-020-00458-3 | www.nature.com/commsphys 3


www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-020-00458-3

shown by the two sectioned, annular spectra in plane [P5] in
Flg L: IEX(kx7 ky) + IST(kx7 ky) (kx7 ky) (k k

Hence, in the object plane at z—O the electnc ﬁelé Ccross-
sections Eg_o(x,y,z=0) in the center of the illumination

beams at planes [P2] and [P4] are
Egx(%,9,0) = Jo(kyNA r)*sinc (koNA sin (B /2) - y)
Egr(x,,0) = Jy(akoNAr)*sinc(ak,NA sin (B¢ /2) y)*(%) ’

(4)
wit?r = \/x* +y*and FT[1 — 2q - ©(k,)] = (27(1 — 9)d(x, y) +

q~7) as the Fourier transform of the step function. A one-

dimensional (1D) convolution along y (symbol *) of a
rotationally-symmetric Bessel beam J,(k,NAr) with a 1D
sinc(2Ak, - y) function leads to a smear-out of the Bessel ring

system in this direction. The additional 1D convolution with a

hyperbola function % in vertical y-direction, results in a sign

flipping of the (imaginary) field of the Bessel beam and hence a
destructive interference along the line (plane) where y = 0. This
destructive interference ensures minimal depletion in the center
of the STED sectioned Bessel beam. The corresponding beam

intensities Ipy(x,7,0, Bex) = |EEX(x,y,0,ﬁEX)|2 and Igp(x,,0,
Bsr) = |Esr(x, 9,0, Bsp)|” are shown in plane [P2] in Fig. 1 and,
for different sectioning angles B, in Fig. 2.

The 3D fluorescence distribution Fgy(r) with r=(x,,2) in
plane [P4] around z =0 is defined by the excitation with the 3D
beam intensity Iyy(r) and parallel depletion with the STED
intensity I¢p(r) and hence by a space-variant probability for
spontaneous emission 7(r) = I,/ (I, + Isr(r))?% The remaining
fluorescence along a single beam with sectioning angle ratio f;,,
= B/, reads

Py, 0,2) = Conlt) Q- 2 )

I Fmafy) )

with extinction cross-section Cey(r), quantum efficiency Qg of the
fluorophores and the saturation intensity I,,, = (hc - kg)/(ogrAst)
(typically I,, &= 10-20 mW/um?), at which the rates of depletion
xgr and fluorescence kg equal each other (see inset of Fig. 1). ogr
is the fluorophore specific STED emission cross-section. For
simplification, we set the quantum efficiency to Qg = 1.

The simulated, remaining fluorescence of non-scanned beams
is shown by one cross-section in Fgg(x — x,,y) in Fig. 1 center as
well as by the three orthogonal cross-sections in Fig. 3 and
Supplementary Fig. 3.

3D imaging simulations. Three-dimensional imaging simula-
tions were performed for a distribution ¢(r) of 250 nm small
fluorescing spheres with refractive indices n, = n,, + én =141 in
a medium with n,,, = 1.33. Coherent scattering of the illumination
light during beam propagation in z-direction was approximated
by the beam propagation method. Here, the intensity
|Eq(x, .2 + dz)[* for both the excitation beam (q=0) and the
STED beam (g = 1) were calculated from

T By (ko kyo2) -
. elkﬂ-én(x,y,z)dz

Ey(x,y,z2+dz) = Kita =y dz}

(6)

Images of spheres along a single beam at position r, = (x;, y,)
were obtained by multiplying the effective intensity distribution
n(r — x,) - Iex (r — x) at lateral beam position x, = x, - e, with a
distribution of fluorescence spheres C..(r — y,) vertically dis-
placed by y, =y, -e, (realized by the sample holder in the
experiment).

A 3D single beam image pgy(r) is obtained by a convolution
with the perpendicularly oriented detection point spread function
hget(r) simulated for a detection lens with NA = 0.8:

/// (T = y,) - (r — x.) - hye (2, — (x — x,))d’r

(7)

In line-confocal detection mode!?, a slit, i.e., an active camera
area of width dg;, is running in lateral x-direction parallel to the
beam such that the effective illumination beam can be written as®

ha(x, Ir, dgye) = (n(r, Isr) 'IEX(r))*reCt<ﬁ)' (8)

For a very thin slit width dg;; — 0 the resulting line-confocal
scanning mode leads to a multiplication of the point spread
functions for illumination and detection, hy(x,y) - by (x, ),
which are approximately z-independent. Hence, by line confocal
scanning, fluorescence is only detected in the central part of the
3D fluorescence distribution Fgy(r) described in Eq. (5). The
confocal slit blocks the remaining fluorescence, which was excited
by the (vertically reduced) ring system of the first SBB and not
depleted by the STED SBB.

In the last simulation step, hy(r —r,) is scanned laterally
within the range [—x,,; x,,,] through the object volume V to form
a 2D line-confocal image of the object distribution c(r) at position
¥n and camera position yy:

Pl yn2) = / ( / poslr —x,

Images are analyzed both in real space and in Fourier space. To
ensure a sufficiently good signal-to-noise ratio, usually n =120
cross-sections of Fourier image spectra in either the xy-plane or
xz-plane, |FT,,[p(x,y,,2)]| or |FT[p(x,y,z,)]|, are averaged
according to

psp(r

Yn)dxs) Sy —yo)dy, (9)

X7 Y

= 3|1y oty
Z|F (.2, 2]l

For small beads the image spectra can be regarded as an
approximation to the modulation transfer function (MTF) i.e.,

P(k,,k,) ~ MTF(k,. k,) and P(k,, k,) ~ MTE(k,, k,).

X Y X 'VZ X7z

(10)

X’Z

o ky) &

Beam design by computer simulations. Figure 2 shows a compar-
ison between measured and simulated beam cross-sections for the
excitation (a), (b) and depletion (c), (d) beam with different sec-
tioning angles 8 at NA = 0.5 and Agx = 491 nm. The cross-sections
in the centers of the beams were experimentally obtained by pla-
cing a 45° mirror at z=0 to deflect the beams towards the main
camera usually used for fluorescence. Therefore, the emission filter
in the detection path was removed and beam profiles (b) and (d)
were generated by applying the corresponding hologram to the
excitation beam (Agx =491 nm). It is worth mentioning that Fig. 2
shows beam cross-sections generated with the excitation laser. The
hologram displayed in the depletion path during experiments, in
contrast, was computed for the STED wavelength and featured a
compensation factor («=1.1) to match beam sizes. In all six
examples, the agreement between simulations and measurements is
very good. It is clearly visible how a decrease of the sectioning angle
B suppresses the ring system in the vertical y-direction, but
amplifies the side lobes in the horizontal x-direction. The slight
increase of the central main lobe’s width along y is hardly
noticeable. The corresponding scanned profiles of these beams are
shown in Supplementary Fig. 4 and further information is collected
in Supplementary Note 1. An evaluation of the influence of the
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Fig. 2 Intensity cross-sections of illumination laser beams. a Simulated
and b experimental excitation beam cross-section in the xy-plane for three
different sectioning angles = 0°, 120°, 90°. The overlaid sketch defines
the coordinate system. ¢, d The corresponding simulated and measured
beam cross-sections for the stimulated emission depletion (STED) beam.
The line of zero intensity along the x-axis results from the n-phase step in
the STED hologram. The scale bar is 3 um.

sectioning angle on the intensity minima in the STED beam is
provided in Supplementary Fig. 5.

Feasibility study by imaging simulations. Figure 4 (Supplementary
Fig. 6 with Supplementary Note 2) demonstrates by the results of
computer simulations what can be experimentally expected from
3D imaging using the same wavelengths and numerical apertures
as in the experiment. Beam parameters were g =0, a =1, f=90°
for the excitation beam and g=1, a =1.1, = 60° for the STED
beam (Agy = 560 nm) with an optical CW power of 1 W over the
whole cross-section of the SBB. The effect of line-confocal detec-
tion of fluorescence (Ap,=515nm) relative to conventional
detection is clearly visible in the y-direction and less pronounced in
the x-direction as theoretically expected. The horizontal dashed
lines in the bottom row displaying the image spectra (see Eq. (10))
serve as a guide to the eye to estimate the increase in spectral width
(spatial frequencies) corresponding to an improved resolution and
sectioning®. Switching on the STED beam (at 1 W beam power)
leads to isotropic optical resolution along all three dimensions, e.g.,
inside the region of interest indicated by the white dashed ellipse.
The red ellipses demonstrate how bead images in the background
disappear due to the improved sectioning.

Resolution enhancement by STED. Figure 5 displays the analysis
of the experimentally obtained imaging results from 200 nm
fluorescence latex spheres (0.06% volume density). In a volume of
dx x dy x dz=140 x 5 x 40 pum’, bead images were automatically

analyzed in all three directions by their full width half maximum
(FWHM, Gauss fitting) after intensity classification and image
selection of potential single beads. The beads were selected
manually in subvolumes and inspected visually to preempt
potential misinterpretation. Beam parameters were g =0, a =1,
B =90° for the excitation beam and g =1, « = 1.1, 8 = 60° for the
STED beam with an optical power of 300 mW over the whole
cross-section of the SBB. As expected, no increase in lateral
resolution is visible through STED, i.e., the FWHM(x) remains
approximately constant over a propagation distance of dz =40
um for both sectioned Bessel beams. It needs to be remarked that
the beams have propagated over 100 pm through the gel cylinder.
Beam spreading and scattering are more visible for the FWHM(y)
in detection direction by about 30% (Fig. 5a). With the STED
beam switched on, the mean FWHM(y) is decreased by up to
34%, corresponding to about 0.3 pum resolution increase in the
central field of view (see green markers). The effect of the STED
beam leads to a thin light-sheet and thereby to a nearly isotropic
resolution with FWHM (red markers) only slightly broader than
that in the lateral direction. This is further illustrated by three
exemplary, but representative frames selected from a 3D image
stack shown in Fig. 5b. Adjacent beads, which cannot be resolved
in detection direction, can be clearly separated with the STED
beam switched on. An exemplary line scan reveals a distance of
510 nm between adjacent beads. The analysis of the averaged image
spectra P(k,,k,) ~ MTF(k,, k,) shows significant broadening
with the STED beam switched on, which is well visible at a 50%
amplitude of optical transfer (Fig. 5c¢). A complete frequency-
resolved increase in contrast is displayed in Fig. 5d, where line
scans through the MTF in direction k, are displayed logarith-
mically for the cases STED off (blue) and STED on (red). The
green curve displays the frequency-resolved amplification Q(k,) =

MTF,, (k,)/MTF g (k,) — 1 through the STED effect. The increase

in contrast (optical transfer) reaches a maximum of 68% at the
spatial frequency of 1.4 um~!, which corresponds to a frequently
occurring and relevant structure size in biological specimens.

3D imaging of cells. Figure 6 summarizes the results from a 3D
imaging series of fixed HeLa cells labeled with Alexa Fluor® 488
Phalloidin in different imaging modes for single cells (a-c) and a
500 um large cell cluster (d), (e). For these experiments, the
additional STED mode was not used because of too strong
fluorescence bleaching. Figure 6a compares the xy-fluorescence
and xz-fluorescence cross-sections recorded with confocal Bessel
light-sheet illumination to those obtained by confocal sectioned
Bessel light-sheet illumination in Fig. 6b, revealing nearly iso-
tropic resolution and minimal background blur. Figure 6¢ shows
a rendered view of the maximum projections in the corre-
sponding directions of Fig. 6b. Each xz-plane of the 3D image
stack was recorded in 0.05 pum steps with two different phase-
holograms (BB and SBB, see Fig. 1a) for fluorescence excitation.

The neuroblastoma cell clusters were grown from 1000 cells over
a period of 5 days reaching a diameter of about 500 um. Two
hundred image slices were recorded at a distance of 1 pm to each
other alternating for SBB and Bessel beam (BB) holograms to allow
direct comparison and to minimize drift effects. Both beams reveal
about the same image quality, although the SBB reveals a 35%
enhanced penetration depth in the image at a detection depth y =
80 um in this type of cell cluster as displayed by the fluorescence
cross-section in Fig. 6d. The intensity line scans shown at the
bottom were averaged over ten images and over a x-range of 90 um
as shown by the dashed white rectangle. Exponential line-fits reveal
1/e penetration depths of d = 48 pm and d = 65 um for the BB and
SBB, respectively. Figure 6e illustrates the achieved high resolution
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Fig. 3 Simulated single beam fluorescence with stimulated emission depletion (STED) beam switched on. Center-slices through a simulated 3D
fluorescence distribution of the excitation and STED beam as well as the resulting 3D fluorescence distribution for a STED power of 1W. a Orthogonal center-
slices through the excited fluorescence distribution F(x, y, 0), F(x, O, z), and F(O, y, z) which represents the spatial intensity distribution of the excitation beam.
b Schematic illustrating how the excitation and STED beams are superimposed to generate an effectively thinner fluorescence distribution in the xy-plane.
¢ Center-slices through the yz-plane of the excitation beam, STED beam, and the resulting fluorescence distribution. The resulting fluorescence is significantly
reduced in width along the detection y-direction. d xy-cross-sections of the light-sheets, where the green arrow indicates the beam scanning direction x.

Conventional sectioned Bessel beam

Confocal sectioned Bessel beam

Confocal sectioned Bessel beam with STED

Fig. 4 Simulating the shape-switch-block principle. Image cross-sections of fluorescent 250 nm polystyrene beads (top row) and corresponding Fourier
spectra (bottom row). a-f Display image cross-sections in the xz-plane and xy-plane and g-l the corresponding spectra. The left block of images shows the
results for a sectioned Bessel beam (SBB) light-sheet with wide field for detection and in the center block the results for a line-confocal detection. The block
of images on the right shows the results for a light-sheet with line-confocal detection and additional stimulated emission depletion (STED) (1 W). The two
horizontal dashed lines serve as a guide to the eye to better compare the width of the image spectra. The scale bar is 1um for a-f and 15 um~—" for g-I.

and contrast through maximum projections of the cell cluster,
revealing fine actin structures even in SBB penetration depths of
Az>180pum as shown by the two regions of interest (ROI)
(indicated by white squares). The image spectrum P(k,, k,) of the
lower ROI indicates a corner frequency of (0.37 um)~! above the
noise level, averaged over the whole 50 pm x 50 um large ROL The
small ROI marked in light blue magnifies to parallel fibers with a
gap width of only 0.32 um.

Discussion

The ring system of Bessel beams consisting of “self-healing” pho-
tons is necessary for efficient beam reconstruction and propagation
stability but excites fluorescence above and below the focal plane,
which is detrimental for good optical sectioning. Since, on the one
hand, confocal slit detection is not always able to block the fluor-
escence from the first ring of the Bessel ring system efficiently, and
on the other hand the CW-STED efficiency is too low to deplete the

fluorescence of the complete Bessel ring system, our approach aims
to combine the advantages of those methods.

The goal of the shape-switch-block concept is to concentrate
the optical depletion power only to the central part of the sec-
tioned Bessel beam, i.e., to narrow the three central lobes in
detection direction (see sketch of Fig. 1b) and block most of the
fluorescence from the ring system by a confocal slit. First
experiments with conventional, rotationally symmetric Bessel
beams revealed that the depletion power of a higher-order Bessel
beam!%20 was not strong enough to provide a significant reso-
lution gain. This led to the idea not to deplete the fluorescence in
the scanning direction, but to concentrate the STED power only
in the detection direction.

Since the limited resolution in detection direction is still the
bottleneck in light-sheet microscopy, we aimed to achieve nearly
isotropic resolution even in scattering media by using the concept
of SBB, which are characterized by a minimal overlap with the
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Fig. 5 Measured images showing the stimulated emission depletion (STED) effect on spatial resolution. a The full width at half maximum (FWHM) in
lateral x-direction (left) and axial (right) y-direction for 200 nm bead images acquired with and without STED light-sheet. The blue circular markers show
the FWHM along illumination beam propagation z-direction, the red triangular markers the corresponding point spread function (PSF) size with the STED
laser turned on. The green diamond markers depict the relative decrease of the FWHM with STED switched on. The shaded areas behind the data points
show the standard deviation of the measurements computed from a moving average windowed over a distance of 9.7 um. b Three representative xy

fluorescence cross-sections from a 3D image stack without (top row) and with (bottom row) STED applied. The red dotted regions of interest (ROI),

demonstrate the improved axial resolution (y-axis) with STED beam on, enabling to clearly separate beads in close distance. The scale bar in all images is
Tum. ¢ Averaged spectra of bead images recorded for STED turned off (left) and on (right). With STED switched on, the frequency spectrum is clearly
broadened in detection direction as illustrated by the 50% signal level. The scale bar in both images is 5um~". d Line scans through the image spectra

(MTF) along k,. The amplification factor Q(k,) is the relative frequency resolved increase in optical transfer when STED is turned on. The maximum

amplification Qmax(k,) =68% is at k,/2z=1.4/um.

orthogonal oriented detection PSF!'°. Similar to lattice light-sheet
microscopy!®, we exploit the multiplication with the orthogonal
detection PSF and that lateral scanning (dithering with the lattice)
hardly increases the width of the resulting light-sheet. In addition
to the small overlap of the SBB illumination PSF and the detec-
tion PSF, we used the STED effect to deplete only the fluorescence
close to the beam center, which could not be blocked by (line-)
confocal detection.

We used theoretical considerations and computer simulations
to optimize the overlap between the SBB fluorescence excitation
beam and the SBB fluorescence depletion beam (see Fig. 3 and
Supplementary Figs. 3, 4), to find the optimal experimental
configuration through the beam parameters a (focusing NA),
sectioning angle 3 and g (diametrical m-phase step). The effect of
these parameters is described by a mathematical model, giving
room for future optimization processes and technical modifica-
tions. The agreement between simulations and experiments in the
nonscattering case is qualitatively and quantitatively convincing
(Fig. 2). In the next step, we considered the scattering of both
laser beams and line-confocal light-sheet imaging in our simu-
lations (Fig. 4), to investigate a possible increase in resolution and
contrast. According to the simulations, the resolution in detection
direction could be reduced to 0.5 pum at a power of 1 W.

Switching off fluorophores by STED increases the axial reso-
lution significantly. However, with the CW-STED laser available
in our lab, higher laser powers and depletion efficiencies were not
possible (and would cause too much damage to the object). The
illumination volume of our SBB STED beam (dark area at y =0)

can be estimated by the FWHMs of the two half-beams
according to 2 x dxxdyxdz=2x3 um x 0.5 pm x 50 um = 150
pm?®, which is about 100 times larger than the volume of a typical
point STED beam. Hence, our CW-power of 300 mW would
correspond to 3 mW CW-power of a point STED focus. A pulsed
laser optimized for STED, which we do not have, would achieve
sufficiently high laser intensities with much less bleaching and
phototoxicity. The fluorophore switching processes used with
RESOLFT?2 operates at low laser powers but is still much too
slow. Modern sCMOS cameras with rolling shutters (e.g., 4 pixel
or 650 nm slit width) achieve full frame image acquisition rates of
50 Hz. Aiming at 20 ms (or 100 ms) and 500 beam positions per
image, an efficient fluorophore off-switching within 20 ms/500 =
40 ps (or 200 pus) per beam position is currently not possible.
However, with a hopefully significantly increased fluorophore
switching efficiency in the future, the RESOLFT concept would
provide our shape-switch-block concept of line-scanning micro-
scopy the optimal basis.

Nonetheless, we have demonstrated in Fig. 5 that, even with the
simplest and non-optimal CW-STED mode, efficient fluorophore
depletion in detection direction is possible, leading to a strongly
reduced effective thickness of the light-sheet. The reduction of the
FWHM by 34% to only about 0.5pum represents a significant
improvement in axial resolution and thereby a nearly isotropic
resolution of only 0.47 pm x 0.47 um x 0.53 pm, which is excellent
for a light-sheet operating at up to 50Hz confocal mode
(maximum camera acquisition rate) and in a volume of 300 x
70 x 50 um®. Although both beams propagated through a
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Fig. 6 Imaging of actin-labeled single Hela cells and neuroblastoma cell clusters. Image stacks were acquired with (sectioned) Bessel beams in confocal
line detection mode, but without stimulated emission depletion (STED). Fluorescence xy-cross-sections and xz-cross-sections of single cells imaged with a
a confocal Bessel light-sheet (scale bar 10 um) b confocal sectioned Bessel light-sheet illumination (scale bar 10 um). ¢ Maximum projected, rendered

views of the image stack acquired in confocal sectioned Bessel mode as shown in b with thin membrane ruffles. d Single xz-cross-section of the of a 500
um large Neuroblastoma cell cluster recorded in 80 um detection depth. Line scans with exponential fits reveal enhanced 1/e penetration depth of the
sectioned Bessel light-sheet versus the conventional (round) Bessel light-sheet. The green marked inset shows an intensity rescaled regions of interest
(ROI) 4x the penetration depth. e Five micrometer maximum projection of the cell cluster acquired with confocal SBB illumination, revealing fine actin
structures in three ROls. The image spectrum P(k,, k,) is the Fourier transform of the ROl p(x, 2).

scattering medium, the beam overlap and the STED effect along a
beam length of 40 um are remarkable.

How does our approach compare to existing techniques?
Published superior-resolution light-sheet microscopy techniques
are either rather slow or can image only relatively small volumes
and require post-processing!®17-2226, Although these approaches
achieve a higher optical resolution, they are limited by scattering
and phase perturbation of the illumination beams propagating

through the specimen and hence to smaller observation volumes.
The current study aims at addressing a compromise between
object size and scattering strength and the possible optical reso-
lution and contrast connected with that. As shown by several of
our studies, single scanned Bessel beams for light-sheet illumi-
nation are most robust against refractive index inhomogeneities
causing typical beam deflections, which are detrimental for
confocal-line detection.
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Although phase shaping and fluorophore blocking works
excellently for cells, additional fluorophore switching by STED
bleaches the sample too strongly. The propagation stability of the
SLM controlled illumination beams was demonstrated in the
results of Fig. 6, revealing high contrast and a nearly isotropic
resolution for images of five single cells and a 0.5 mm large cell
cluster, even without the STED effect. Even after laser beam
propagation through the cluster by about 200 um, very small and
thin actin structures are visible inside the cluster using scanned
SBB and confocal line detection (Fig. 6b). Through the analysis of
averaged fluorescence line scans along the propagation direction
about 80 pm inside the object (Fig. 6d), an increase of 35% in 1/e
propagation depth is apparent. A possible explanation is that even
propagation-stable Bessel beams deviate laterally from the only
0.65 um wide confocal slit during propagation, suppressing the
detection of the fluorescence signal. It is well possible that the
pronounced and dense side-lobes of the SBB (see Fig. 2) prevent
this effect in the case of beam scattering and deflection.

The phase hologram of the SBB covers only half the illumi-
nated SLM area and transports only half the energy into the
specimen, relative to a rotationally symmetric BB. Although
blocked by the confocal slit, the BB excites unnecessary fluores-
cence above and below the light-sheet. On the other hand, a non-
negligible amount of energy of the SBB is stored in the lateral side
lobes, which is blocked by the confocal slit and does not con-
tribute to relevant signal information. Hence, while for the used
cell cluster no improvement in contrast and signal-to-noise was
visible, the image quality for single cells was significantly
increased, revealing a nearly isotropic resolution, as displayed by
the two orthogonal cross-sections of Fig. 6b, ¢ and by Supple-
mentary Movie 1.

Modern 3D imaging at the highest temporal and spatial reso-
lution, especially in thick scattering media, is too complex to be
performed with a single microscopy technique. Following a three-
fold approach of beam shaping, photon blocking and fluorescence
switching, we have demonstrated that the usage of spatial light
modulators in modern light-sheet microscopes allows not only
additional flexibility in object adapted illumination?>%7, but also
to compensate restrictions or to complement advantages of other
established super-resolution microscopy methods such as STED
and RESOLFT — despite our lack of pulsed lasers. We think that
the principles and concepts presented in this paper will serve as a
valuable basis for future technical improvements in light-sheet
microscopy, especially in combination with SLMs and improved
fluorophore switching approaches.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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