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ABSTRACT 

High-resolution fluorescence microscopy deep inside thick, live specimens remains a major challenge due to scattering and limited 
penetration depth. Structured illumination microscopy (SIM) is widely used for fast super-resolution imaging, yet its sensitivity 
to scattering strongly restricts volumetric applications. Here we present sparse scanning SIM (SS-SIM), a variant for deep imaging 
that integrates rapid laser beam scanning with pixel-addressed intensity modulation and sCMOS detection. SS-SIM operates with 
either one- or two-photon excitation and achieves a spatial resolution of ∼ 150 nm, and maintains a 1.6/1.7-fold (lateral/axial) 
resolution enhancement over wide-field microscopy throughout the available imaging depth limited by the working distances 
of our water-immersion objectives (300/600 µm), enabling volumetric visualization of dense biological samples. By combining 
simplicity, robustness, and super-resolution performance, SS-SIM expands the applicability of SIM to thick tissues, organoids, and 
small organisms, providing a practical route to high-contrast volumetric imaging in complex biological environments. 
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 Introduction 

ptical microscopy has long been an indispensable tool for the
xploration of biological structure, dynamics, and function [ 1 ].
onventional far-field imaging, however, is fundamentally con-
trained by the Abbe diffraction limit [ 2 ] restricting the spatial res-
lution to ∼ 200–300 nm laterally and ∼ 500–700 nm axially. Over-
oming this barrier, a variety of super-resolution fluorescence
icroscopy techniques have been developed in recent years [ 3–

 ] including stimulated emission depletion (STED) microscopy
 6 , 7 ], single-molecule localization microscopy (SMLM) [ 8 , 9 ] and
tructured illumination microscopy (SIM) [ 10–12 ]. 
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Among these methods, SIM has gained particular prominence
because it enables imaging of large fields of view (FOV) with
moderate light intensity and thus low phototoxicity. Unlike other
super-resolution modalities, SIM is compatible with all types of
fluorophores. Its axial sectioning and super-resolution capabili-
ties are rooted in the spatial modulation of the excitation light. In
classical SIM, samples are exposed to multiple, spatially periodic
patterns of light formed by interference of coherent light beams,
from which a single image is reconstructed by computation [ 13 ,
14 ]. In the reconstruction process, high spatial frequency image
components are shifted into the diffraction-limited passband of
the microscope by the moiré effect. When exciting fluorophores
its use, distribution and reproduction in any medium, provided the original work is properly 
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n the sample with sinusoidal illumination line patterns, SIM
rovides up to twofold enhanced resolution over conventional
idefield imaging. Even higher resolution enhancement is feasi-
le with non-sinusoidal patterns, e.g., by saturating the emission
f fluorophores under intense illumination [ 15 , 16 ]. All these
eneficial properties and its comparatively fast imaging speed
ender SIM attractive for live imaging applications. 

ecent years have seen an increasing demand for fast 3D super-
esolution imaging of thick biological tissues, organoids, and
mall model organisms. Classical SIM, however, encounters
ajor limitations in this context: scattering and aberrations in
hick specimens degrade the intensity modulation contrast essen-
ial for accurate image reconstruction, restricting the achievable
maging depth to about 20 µm [ 17 ]. Scanning SIM was proposed
o enhance the imaging depth [ 12 , 18 , 19 ]. Yet, the linear scan of
ocus in scanning SIM leads to a long acquisition time ( ≥ 10 s)
or a single SR image. Meanwhile, the SNR and imaging depth of
canning SIM are limited by the low contrast of the dense fringes
period ∼ 200 nm) used, which further decreases with the imaging
epth. 

ere, we introduce sparse scanning structured illumination
icroscopy (SS-SIM) for 3D imaging of thick biological speci-
ens at unprecedented depth. The system builds on a standard
oint-scanning microscope equipped with a fast resonant scanner
nd synchronized modulation of the excitation laser intensity,
nabling arbitrary 2D excitation patterns to be generated within
he integration time of a single sCMOS camera frame. To
nable rapid image acquisition, we demonstrate SS-SIM using
orizontal and vertical fringe patterns with either one-photon
1PE) or two-photon (2PE) excitation. Unlike conventional SIM,
hich minimizes the fringe period through wave interference,
ur approach employs excitation patterns with sharp fringes
eparated by 2.4 µm, ensuring that scattering from adjacent lines
as only a minor effect on modulation contrast. As a result, fringe
ontrast is preserved over extended axial ranges, permitting high-
uality SS-SIM imaging throughout the full working distances
f our water-immersion objectives (300/600 µm). The sparse
eriodic excitation patterns incorporate multiple harmonics of
he fundamental spatial frequency, enabling reconstruction of
uper-resolved images with ∼ 1.6-fold resolution enhancement
eyond the Abbe limit. Practically, twelve phase-shifted pat-
erns are acquired along each lateral dimension within 0.65
, from which SIM images are reconstructed in a manner
nalogous to non-linear SIM. Collectively, these results establish
S-SIM as a powerful extension of SIM, bridging high-resolution
maging with the requirements of deep, live-cell, and tissue
nvestigations. 

 Results 

.1 Overview of the SS-SIM Microscope and 

tructured Illumination 

ur SS-SIM apparatus (Figure 1a ) is based on a home-built
luorescence microscope, featuring water immersion objectives
ompatible with live imaging, pulsed lasers (for 1PE and 2PE),
nd wide-field sCMOS camera detection. Details are described
n Methods. The laser focus is scanned by a 12 kHz resonant
of 15
scanning mirror (RM) in the x -direction and a galvanometric
mirror (GM) for stepwise scanning in the y -direction, while
the laser intensity is modulated synchronously with the focus
movement, allowing arbitrary patterns of excitation light to be
generated in the focal plane during acquisition of a single camera
frame. Here, we focus on sparse fringe patterns with diffraction-
limited fringe width (Figure 1a ; Note S1 and Figure S1 ). The
period, position (phase shift), and orientation of the patterns
are freely adjustable via the scanning and intensity modulation
sequence. Reconstruction of a single SS-SIM xy -image involves
acquisition of a set of raw images (vide infra), all with the same
fringe period but different phase shifts and orientations. A 3D
image stack is acquired by displacing the sample with a piezo
stage in a stepwise fashion along the z -direction, taking raw image
sets at each step. 

Fringe patterns were simulated for a range of spatial periods, p ,
by convolving the scanned patterns with the computed 3D PSF of
our system and integrating the intensity along the axial direction
(Note S2 ; Figure 1b ). In addition, we examined our fringe patterns
experimentally by mirror reflection in the focal plane of our
SS-SIM system (Note S3 and Figures S2–S6 ). Both simulation
and experiment reveal an increase in fringe visibility (contrast)
with period for small periods and subsequent saturation for
large periods (Figure 1b ; Figure S3 ). This behavior is to be
expected as the fringes are created by scanning a focused spot
and, therefore, for greater fringe separations, there is less mutual
overlap between main peaks and side lobes of neighboring
fringes. In thick biological specimens, scattering from out-of-
focus regions will also contribute to the intensity detected
between the fringes and further deteriorate the contrast. SS-SIM
has a superior optical sectioning capability than conventional
SIM, benefiting from an eightfold shorter axial extension of
fringe patterns (Figure S4 ). Notably, the optical sectioning can be
further reduced by the sCMOS camera running in confocal slit
detection mode [ 20 ]. As will be shown below, the high contrast
of the sparse fringe patterns used for fluorescence excitation
gives rise to the greatly extended imaging depth of SS-SIM
(Figure 1c ). 

2.2 Super-Resolution Image Acquisition and 

Reconstruction 

The SS-SIM imaging procedure is shown schematically in
Figure 2a . The full width at half maximum (FWHM) of the
detection point spread function was determined to be 349 ± 17 nm
for 1PE (Figure S5 ) and 320 ± 17 nm for 2PE (Figure S7 ), while
the fringes generated by focus scanning have an FWHM of
292 ± 14 nm (mean ± s.d.) for 1PE at 640 nm and 424 ± 15 nm
(mean ± s.d.) for 2PE at 920 nm. Imaging deep into the sample
requires a good fringe contrast, and both simulation (Figure 1b )
and experiment (Figure S3 ) indicate that a fringe visibility as
high as ∼ 0.5 for 1PE (and more for 2PE) is obtained with 2.4-
µm excitation patterns in an ideal sample. Therefore, we set
the period of the sparse fringes to 2.4 µm, yielding a good
balance between imaging depth and speed (Figure 2a ; Figures S3
and S8 ). For fast imaging, we have implemented an orthogonal
illumination patterning scheme [ 21 ] exposing the sample to
12 phase-shifted fringe patterns (in 200-nm steps) in each of
the two lateral dimensions, so that the whole field of view
Advanced Science, 2026
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FIGURE 1 Overview of the SS-SIM technique. (a) Schematic depiction of the SS-SIM system. In this fast point-scanning device, a laser beam (1PE: 
640 nm, 2PE: 920 nm) is fiber-coupled via lens L1 into a beam scanner, which deflects the beam along the x dimension with a fast resonant mirror (RM) 
oscillating at 12 kHz, and along the y dimension with a regular, slow-scanning galvo mirror (GM) performing linear motion. After beam shaping via the 
scan lens (SL) and a tube lens 1 (TL1), the beam is deflected by a dichroic mirror (DM) into the microscope objective (MO), forming a sharp focus in 
the sample. The emitted fluorescence is passed through the emission filter (EF) and TL2, and collected on a camera (sCMOS). The setup is controlled 
by a personal computer (PC) with a data acquisition card (DAQ), enabling proper synchronization of the laser power, the fast x/y beam scanner, the 
stage scanner for z -scanning, and image acquisition by the camera. The delicate interplay between the beam scanner and the laser modulation (upper 
left) allows for fast generation of diverse spatial excitation patterns (upper middle). (b) The resulting intensity pattern is given by the convolution ( ⊗) 
of the 3D point spread function (PSF (left)) of the system with the scanned and modulated laser beam (here lines). On the right, the fringe contrast, or 
visibility, V = ( Imax – Imin )/( Imax + Imin ), of our system is plotted against the fringe period, showing that we require periods of at least 2.4 µm to achieve V 
≥ 0.5 for 1PE and V ≥ 0.98 for 2PE. (c) Schematic of 3D image stacks of thick samples taken with conventional SIM and SS-SIM highlights the enhanced 
deep imaging capability of SS-SIM. 
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FOV) is evenly scanned (Figure S6 ). Thus, for a single SS-SIM
econstruction, altogether 24 raw images are acquired by the
CMOS camera within 0.65 s (see Methods ), which is an order of
agnitude faster than with conventional single-point scanning
IM [ 22–24 ]. 

nlike coherent (1PE) SIM featuring sinusoidal fringe patterns,
he periodic profiles of our fringe patterns contain five spatial
armonics with significant amplitudes above noise (Note S4
nd Figures S9–S11 ), and image reconstruction akin to the one
sed for nonlinear SIM [ 22 ] allows for an up to ∼ 1.6-fold spatial
esolution enhancement over standard wide-field (WF) imaging
see Methods ), as anticipated from theoretical estimates for
oth 1PE and 2PE SS-SIM (Note S5 ), and confirmed by our
xperimental results presented below. For image reconstruction,
he 24 raw images are Fourier-transformed, shifted to their correct
ositions in frequency space, superimposed, and finally back-
dvanced Science, 2026

i

transformed to real space (Figure 2a ). Mathematical details are
included in Methods . 

As an example, Figure 2b shows a combined SS-SIM (bottom-
right) and WF (top-left) image of 40-nm diameter fluorescent
microspheres immobilized on a cover slip and excited by 640-
nm light (12 µW in the sample plane). Both parts were rendered
from the same dataset; the WF image is simply a superimposition
of all 24 raw SS-SIM images, and deconvolution was performed
for both modalities [ 25 , 26 ]. Two close-up views (Figure 2c,d )
visually attest to the markedly enhanced resolution of SS-SIM
over WF. Intensity profiles across the center of individual bead
images show narrower SS-SIM distributions (Figure 2e ), so that
two microspheres separated by 255 nm can be clearly resolved
(Figure 2f ). By using automated segmentation and selecting
individual beads to exclude aggregates, we analyzed the FWHM
values of 400 beads by fitting their intensity profiles along
3 of 15
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FIGURE 2 SS-SIM image reconstruction and resolution estimation based on images of a 2D fluorescent bead phantom. (a) Flow chart of SS-SIM 

image reconstruction. The dashed circles indicate spectral regions accessed by harmonics of the sparse fringe pattern. (b) Comparison of WF (upper 
left) and SS-SIM (lower right) images of fluorescent microspheres (40 nm diameter). Scale bar, 5 µm. (c,d) WF (left) and SS-SIM (right) close-up views of 
the regions marked by squares in panel b. Scale bar, 1 µm. (e,f) Normalized intensity profiles along the dashed lines marked in panels c and d. Gaussian 
fits (e) yield FWHMs of 256 ± 4 nm and 162 ± 4 nm for the WF and SS-SIM modalities. (g) FWHM of the intensity profiles of 400 individual beads 
chosen by an automatic segmentation algorithm across the entire field of view in panel b. (h,i) Decorrelation-based resolution analysis of the WF (h) 
and SS-SIM (i) images in panel b, resulting in two parameters, the normalized cut-off frequency, kc (also indicated by the vertical dashed lines), and the 
image resolution, Δ, as given in the panels. 
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he x -direction with Gaussians, yielding 246 ± 12 nm (mean
 s.d.) for WF and 154 ± 12 nm (mean ± s.d.) for SS-SIM
Figure 2g ). Since the size of our 40-nm beads contributes only
egligibly to the FWHM, these figures are precise measures of
he PSF widths and thus the resolution. Notably, the ratio of
.6 of the two FWHM values is in excellent agreement with
he expected theoretical resolution enhancement factor along
he x -coordinate (Note S5 ). Furthermore, image decorrelation
nalysis [ 27 ] shown in Figure 2h,i , yields normalized cut-off
requencies, kc = 0.430 and 0.645, and the corresponding spatial
esolutions values [ 27 ] Δ = pixel size/ k = 233 and 155 nm,
c 

of 15

i

for the WF and SS-SIM modalities, respectively. Furthermore,
the large spectral overlap of the SS-SIM harmonics in Fourier
space is advantageous for background suppression (Note S6 and
Figure S12 ). 

2.3 Super-Resolved Volumetric Imaging of a 
Phantom Sample 

To demonstrate deep imaging with enhanced resolution and
optical sectioning using SS-SIM, we prepared a 3D phantom
Advanced Science, 2026
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FIGURE 3 SS-SIM imaging of a 600 µm thick 3D phantom of fluorescent microspheres immobilized in an agarose gel. (a) 3D image stack of WF 
(left), confocal (middle), and SS-SIM (right) images. The color bar on the right encodes the imaging depth. (b) Enlarged views of xy cross-sections at z 
= 0, 200, 400, and 600 µm (bottom to top). The color bar on the bottom encodes intensity; scale bar (applies to all), 5 µm. (c–e) Lateral FWHM (c), axial 
FWHM (d), and SBR (e) of WF, confocal and SS-SIM images, determined from ten arbitrarily chosen beads and plotted as a function of imaging depth. 
The individual bead data are shown as dots, the heights of the bars represent the mean; error bars represent the standard deviation. 
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ample by embedding fluorescent microspheres (40 nm diameter)
n an agarose gel. We took SS-SIM 3D image stacks (using our
tandard protocol) with 640-nm excitation (1PE, 12 µW in the
ample plane) and a long working-distance objective, taking
n image every 400 nm along the axial dimension from z =
 (bottom) to 600 µm (top). WF, line-confocal (Figure S13 ),
nd SS-SIM images were reconstructed and assembled along
he axial direction so as to form a 3D image stack (Figure 3a ,
ideo S1 ). 

igure 3a shows 3D image stacks with WF, line-confocal, and
S-SIM rendering of the same dataset side by side. It is evident
hat SS-SIM yields significantly sharper images than WF and
ine-confocal over the entire axial range. Moreover, a few bright
ead clusters in these samples spread out axially over multiple
dvanced Science, 2026
layers in WF mode due to the lack of axial sectioning. By
contrast, they are well captured by SS-SIM (Figure S14 ). Selected
slices throughout the axial range clearly reveal that SS-SIM
surpasses WF and line-confocal imaging in regard to resolution
and signal-to-background ratio (SBR) (Figure 3b ). 

For quantitative assessment of the imaging performance, we
examined the resolution by analyzing FWHMs of fluorescent
microspheres as a function of depth. As expected, both lateral and
axial resolution deteriorate with imaging depth for all three imag-
ing modalities; however, SS-SIM maintained a 1.5- and 1.3-fold
lateral (Figure 3c ), 1.7- and 1.4-fold axial (Figure 3d ) resolution
enhancement on average over WF and line-confocal images,
respectively. Moreover, there is an impressive SBR enhancement
of SS-SIM, i.e., 8.6- and 3.6-fold, over the WF and line-confocal
5 of 15

ive C
om

m
ons L

icense



FIGURE 4 2D SS-SIM imaging of subcellular structures in fixed COS-7 cells. (a) Each image is reconstructed from an overall 24 raw images, with 
twelve phase-shifted SI patterns each for the horizontal and vertical directions. (b) Comparison of WF (upper left) and SS-SIM (lower right) images of 
mitochondria. The color bar on the right encodes intensity; scale bar, 5 µm. (c,d) WF (left) and SS-SIM (right) close-up views of the regions marked by 
squares in panel b; scale bars, 1 µm. (e,f) Normalized intensity profiles along the dashed lines in panels c and d; color assignment to WF and SS-SIM is 
shown in panel e (inset). (g) WF (upper left) and SS-SIM (lower right) images of microtubules. The color bar on the right encodes intensity; scale bar, 
5 µm. (h,i) WF (left) and SS-SIM (right) close-up views of the regions marked by squares in panel g; scale bars, 1 µm. (j,k) Normalized intensity profiles 
along the dashed lines marked in panels h, i; color assignment to WF and SS-SIM is shown in panel e (inset). 
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odalities (Figure 3e ). In summary, we have shown that 1PE SS-
IM allows for deep 3D super-resolution imaging within an axial
ange of up to 600 µm. 

.4 Imaging Subcellular Organelles in COS-7 
ells 

ext, we examined the performance of SS-SIM for imaging
ubcellular structures of cultured COS-7 cells (simian fibroblast-
ike cell line), using 640-nm excitation (1PE, 60 µW in the sample
lane). To this end, COS-7 cells were fixed and immunolabeled
ith antibodies against Tom20, a receptor subunit located in
he outer mitochondrial membrane, so that mitochondria can be
isualized selectively. Figure 4a shows schematically the 12 raw
mages in each of the two fringe orientations that were acquired
or SS-SIM (and WF) image reconstruction. The enhanced reso-
ution and image contrast of SS-SIM over WF imaging is clearly
isible in the combined WF/SS-SIM image (Figure 4b ), and
lso in two close-up images displaying hollow structures inside
longated mitochondria (Figure 4c ) as well as granular nodules
n spherical mitochondria (Figure 4d ), which are blurred in the
of 15
WF images. Normalized intensity profiles further support these
findings in a more quantitative fashion (Figure 4e,f ). 

Next, we immunolabeled fixed COS-7 cells with antibodies
against α-tubulin for visualizing microtubules, long and hollow
cytoskeletal fibers of 25 nm diameter. Images were collected as
described above. The combined reconstructed image (Figure 4g )
again demonstrates the higher image resolution and SBR of SS-
SIM over WF. Figure 4h,i displays close-up WF (left) and SS-SIM
(right) images of the two regions marked in Figure 4g . Gaussian
fitting of intensity profiles (Figure 4j ) across a microtubule yields
FWHMs of 275 ± 14 nm in WF and 171 ± 6 nm in SS-SIM mode,
confirming 1.6-fold resolution enhancement of SS-SIM over WF,
and the SBR was fivefold enhanced in SS-SIM. Figure 4k gives
an example where SS-SIM clearly resolves three closely spaced
microtubules that are indistinguishable in WF images (Figure 4i ).

2.5 Volumetric Imaging of Zebrafish Larvae 

Zebrafish has been established as an excellent system for whole-
organism imaging. Here, we chose zebrafish larvae as thick
Advanced Science, 2026

e C
om

m
ons L

icense



FIGURE 5 3D SS-SIM imaging of fixed zebrafish larvae in a depth range up to 60 µm. (a) Overlap of bright-field and fluorescence images of a 
zebrafish with STAR RED phalloidin-labeled actin; scale bar, 300 µm. (b,c) 3D WF and SS-SIM close-up views of the regions indicated by circles in panel 
a (tail: panel b; eye: panel c). Color bar (applies to b, c), depth encoding; volume, 140 × 140 × 60 µm3 . (d,e) Comparison of WF (left) and SS-SIM (right) 
images of 2D slices through the 3D images in panels b and c at z = 19 and 13 µm, respectively. Scale bars, 10 µm. (f,g) Enlarged views of the regions marked 
by squares in panels d and e. Color bar (applies to d-g), intensity encoding; scale bars, 2 µm. (h) Normalized intensity profiles along the dashed lines of 
panel f; colors (applying to panels h-k) assigned to WF and SS-SIM modes are shown in the graph. (i) Normalized spectrum of the image in panel f along 
the diagonal. (j) Normalized intensity profiles along the dashed lines in panel g. (k) Normalized spectrum of the image in panel g along the diagonal. 
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pecimens for deep tissue SS-SIM imaging with 1PE. 72 h post
ertilization (hpf), larvae were fixed and labeled with a conjugate
f the bright fluorophore STAR RED (peak excitation/emission at
38/655 nm) and phalloidin, a cyclic heptapeptide from Amanita
halloides (death cap) mushrooms, which strongly binds to and
tabilizes filamentous actin (F-actin). Therefore, its conjugates
ith fluorophores are widely used to label actin filaments for
maging. Figure 5a shows an overlay of a bright-field and a
F fluorescence image of a zebrafish larva. We selected two
ubvolumes (140 × 140 × 60 µm3 ), located at the tail (Figure 5b )
dvanced Science, 2026
and the eye (Figure 5c ) of the larva, for collecting 3D SS-SIM
image stacks. With an axial step size of 200 nm, 300 SS-SIM (and
WF) images were reconstructed from 7200 raw images. 

In the WF image of the tail region, the muscle fibers are poorly
resolved and almost indistinguishable from the high background
noise (Figure 5b ; Video S2 ). By contrast, the SS-SIM image is
essentially free of background, and the enhanced resolution
allows for clear visualization of the cross-striations of the tail
muscle fibers due to selective F-actin labeling of thin filaments
7 of 15
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Figure 5b ), featuring a FWHM of 293 ± 32 nm (mean ± s.d.).
F and SS-SIM images of a single layer at z = 19 µm and close-
p views (Figure 5d,f ) further confirm the effective background
uppression of SS-SIM due to its excellent optical sectioning capa-
ility. The normalized intensity distributions along the dashed
ines in Figure 5f demonstrate the enhanced resolution of SS-
IM over the WF modality (Figure 5h ), as is also indicated by
he different proportions of high-frequency components in the
orresponding spectra (Figure 5i ). 

n the zebrafish eye, SS-SIM allows us to clearly visualize the
adially distributed pupillary dilator muscle fibers of the iris
Figure 5c,e,g,j,k ; Video S3 ), which is responsible for pupil widen-
ng. By contrast, the WF image is drowned in the background
ue to the lack of optical sectioning. Comparison with standard
onfocal laser scanning microscopy (CLSM) further revealed that
S-SIM achieves a similar penetration depth and SBR as CLSM,
owever, with a 1.6-fold enhanced lateral resolution and 67-fold
aster image acquisition (Note S7 and Figure S15 ). 

.6 Volumetric Imaging With Two-Photon 

luorescence Excitation 

PE fluorescence microscopy is based on the simultaneous
bsorption of two low-energy near-infrared (NIR) photons for
xciting fluorophores in the visible range of wavelengths. This
rocess occurs with appreciable yields in regions of very high
patio-temporal photon density. 2PE transitions can be induced
ffectively by tight focusing of a pulsed laser beam and occur only
ear the focal center, providing optical sectioning and avoiding
hotobleaching outside the focal spot. Furthermore, the use
f long-wavelength NIR light is beneficial due to its reduced
cattering. These properties have rendered 2PE fluorescence
icroscopy a superb imaging modality for deep imaging into
issues. As fringe patterns in SS-SIM are generated by beam
canning, 2PE can be easily implemented in an SS-SIM system.
n our system, we have simply included a 920-nm femtosecond
ulsed laser as a 2PE excitation source. 

e examined the SS-SIM performance with a phantom sample
onsisting of 40-nm fluorescent microspheres in an agarose gel.
y using a long working-distance objective with NA = 1.1, a
olume of 70 × 70 × 600 µm3 was imaged with 35-mW laser
ower in axial steps of 400 nm, thus altogether 1500 images
ere reconstructed from 36 000 raw images. Figure 6a shows 3D
econstructions from WF, line-confocal (Note S8 and Figure S13 ),
nd SS-SIM modalities, all based on the same image dataset and
rocessed by a balanced deconvolution. In all three modalities,
e observe punctate features throughout the entire depth range.
owever, in comparison to the WF and confocal modalities,
S-SIM offers a markedly higher image quality, with 1.5- and
.2-fold enhanced lateral resolution, 1.8- and 1.2-fold enhanced
xial resolution, and 4.3- and 7.5-fold greater SBR, respectively
Figure 6b–d ). Notably, with our sparse illumination patterns, we
chieve eightfold greater depth than a recent study using 2PE
canning SIM [ 12 ]. 

e further employed 2PE SS-SIM for imaging various densely
tructured biological specimens prepared from transgenic ani-
als expressing fluorescent proteins of the GFP family, which
of 15
are powerful labeling tools for live organismal imaging [ 28 ,
29 ]. These include GFP-labeled zebrafish (line Tg(mnx1:mGFP)
[ 30 ]) motoneurons (Video S4 ) and ZsGreen-labeled mouse (line
C57BL/6JGpt-H11em1Cin( CAG-LoxP-ZsGreen-Stop-LoxP-tdTomato ) /Gpt) kidney
and brain slices (Figure 6e ). With ∼ 50 mW of 920-nm laser power,
we imaged volumes of 70 × 70 × 50 µm3 with an axial step size
of 200 nm. For all three samples, visual inspection shows that
the SS-SIM images have superior SBR and spatial resolution over
the line-confocal images (Figure 6e ). Decorrelation and spectral
analysis on three sets of images revealed a 1.5-fold enhanced
resolution and a 3.7-fold greater SBR of 2PE SS-SIM over the
line-confocal modality. 

Finally, we examined cleared brain tissues from mice expressing
Thy1-EGFP fusion proteins in their neurons (Figure 7a ). Again
with 50 mW of 920-nm laser power, we imaged volumes of
70 × 70 × 180 µm3 with an axial step size of 200 nm. The 3D
SS-SIM image clearly displays cell bodies, axons, and dendrites
of the neuronal network (Figure 7b ; Video S5 ). The xy - sections
at z = 76 and 124 µm clearly reveal detailed structures of
neuronal dendrites (Figure 7c ) and cell bodies (Figure 7d ), and
the intensity profiles in Figure 7e,f show typical FWHM values
of 0.54 ± 0.02 µm and 2.19 ± 0.11 µm, respectively. Furthermore,
a quantitative comparison with 1PE CSLM yields a roughly 6-
fold higher SBR for SS-SIM at an imaging depth of 100 µm
(Figure S16 ). Taken together, our tissue imaging experiments
demonstrate that 2PE SS-SIM allows for imaging thick samples
with an enhanced SBR and spatial resolution over WF and
confocal imaging modalities. 

3 Discussion 

In this work, we demonstrate that SS-SIM enables fluorescence
imaging of structures deep within thick specimens with high con-
trast and spatial resolution in both lateral and axial dimensions.
The optical design is conceptually straightforward, combining
rapid focused laser beam scanning with pixel-addressed intensity
modulation and synchronized sCMOS detection. Owing to this
simplicity, SS-SIM can be integrated into existing confocal micro-
scope platforms with only moderate modification. Notably, we
employed water-immersion objectives with intermediate numer-
ical apertures ( NA 1.1/1.2), rather than high- NA oil objectives, to
ensure compatibility with live-specimen imaging. 

In our current SS-SIM implementation, five harmonics contribute
to the periodic fringe pattern, yielding ∼ 1.6-fold lateral and ∼ 1.7-
fold axial resolution enhancement beyond the diffraction limit.
The use of highly focused light for structured illumination gives
rise to the method’s excellent optical sectioning capability [ 31 ].
Ultimately, image resolution is constrained by the width of the
scanned focus, which can be further sharpened through radially
polarized light [ 32 , 33 ] or beam shaping [ 34 ]. Potential focal side
lobes can be effectively suppressed owing to the large fringe sep-
aration intrinsic to SS-SIM, either by the camera (via confocal slit
detection) or through image post-processing. In future work, we
will investigate structured fluorescence excitation using 2D lattice
patterns instead of 1D fringes. Orthogonal [ 35 ] and triangular [ 36 ]
lattices reduce the required number of raw images from 24 to five
and seven, respectively, thereby accelerating data acquisition. A
further advantage of 2D lattices is that they eliminate the need
Advanced Science, 2026
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FIGURE 6 3D SS-SIM with 2PE. (a) Volumetric images (70 × 70 × 600 µm3 ) of a phantom consisting of fluorescent microspheres (40 nm diameter) 
immobilized in an agarose gel, taken with WF (left), confocal (middle), and SS-SIM (right) modalities. (b–d) Lateral FWHM (b), axial FWHM (c), and 
SBR (d) of WF, confocal, and SS-SIM images, determined from ten arbitrarily chosen beads and plotted as a function of imaging depth. The heights of the 
bars represent the mean; error bars represent the standard deviation. (e) Confocal (upper) and SS-SIM (lower) volumetric images (70 × 70 × 50 µm3 ) of 
different biological tissues. From left to right: GFP-labeled zebrafish motoneurons, ZsGreen-labeled mouse kidney and brain sections. Color bar, depth 
encoding. 
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FIGURE 7 3D imaging of Thy1-EGFP mouse brain slices by 2PE SS-SIM. (a) Schematic diagram of neurons in the mouse brain. (b) Reconstructed 
3D SS-SIM image stack of a region of a mouse brain slice (70 × 70 × 180 µm3 ). The color bar indicates depth encoding. (c,d) Enlarged views of xy -sections 
at z = 124 (c) and 76 µm (d), indicated by the yellow lines in panel b. The 35 × 53 µm2 sections were computed by overlaying the intensities of z -layers 
in an overall range of 15 µm around the axial depth. Scale bar (applies to all), 5 µm; the color bar is the same as in panel b. (e,f) Normalized intensity 
profiles along the dashed lines in panels c and d. Gaussian fits yield FWHMs of 0.54 ± 0.02 µm for a dendrite (e) and 2.19 ± 0.11 µm for a cell body (f). 
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or pattern re-orientation and polarization matching to ensure
ptimal fringe visibility. 

he orthogonal line-scanning strategy employed in SS-SIM
hares conceptual similarities with other high-speed, deep tissue-
maging modalities [ 17 , 37–39 ]. Among these, line-scan SIM [ 17 ]
nd multiline orthogonal scanning temporal focusing (mosTF)
0 of 15
microscopy [ 38 ] are restricted in imaging speed due to slow
linear scanning. Two-photon instant SIM (2P ISIM) [ 37 ] enables
real-time super-resolution imaging yet lacks background suppres-
sion via phase shifting of fringe patterns. Multi-confocal ISM
(MC-ISM) [ 39 ] employs multi-focus scanning and enables super-
resolved imaging of thick specimens with high speed and low
photodamage. Still, multiplexing several foci subdivides the full
Advanced Science, 2026
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perture, which inevitably reduces the achievable axial depth.
ompared with all these imaging modalities, our SS-SIM method
merges as a powerful tool for rapid super-resolution imaging
f rather thick specimens (Table S1 ). It excels in imaging depth,
wing to the sparse fringe patterns generated with tightly focused
llumination, and its high imaging speed primarily originates
rom fast resonant beam scanning synchronized with laser
ntensity modulation. 

he use of focused excitation renders SS-SIM particularly well-
uited for multiphoton imaging, and multiple time-modulated
asers enable multi-color fluorescence imaging, including com-
inations of 1PE and 2PE. Simultaneous imaging of selected
egions of interest within the field of view—for example, cellular
rganelles—in distinct colors and excitation modes also appears
easible. Moreover, integration of SS-SIM with second-harmonic
eneration (SHG) imaging is both attractive and straightforward,
lthough SHG, as a coherent imaging modality, does not benefit
rom resolution enhancement [ 40 ]. 

ur current SS-SIM implementation features sparse fringe pat-
erns with a fixed spatial period (2.4 µm). In the future, we
ill implement a scanning scheme featuring a fringe period
hat increases with depth. This approach ensures, on the one
and, fast imaging by using a small fringe period at smaller
epths and, on the other hand, an enhanced signal-to-noise
atio by using a larger fringe period at larger depths. Fur-
hermore, we will augment our SS-SIM system with adaptive
ptics to compensate for system- and sample-induced aberrations
 41–43 ]. Such aberrations can substantially distort the focal
pot at increased imaging depths and thereby reduce image
esolution and SBR, especially in thick and strongly scatter-
ng samples. Aberrations can be probed by using embedded
uminescent guide stars or by analyzing the scanned fringe
atterns in raw images, and dynamic optical elements such as
eformable mirrors (DMs) or spatial light modulators (SLMs)
n the illumination path allow for precise pre-distortion of
he wavefronts in real time to compensate for the aberrations.
bviously, data acquisition will be a bit slower with aberration
orrection. 

n conclusion, we have demonstrated that SS-SIM provides
ignificant advantages for deep-tissue fluorescence imaging using
ither 1PE or 2PE. Owing to its conceptual simplicity, we antici-
ate that SS-SIM will emerge as a versatile tool for high-resolution
maging of tissues, organoids, and model organisms, including
ive specimens. 

 Methods 

.1 Microscope Setup 

 schematic diagram of the SS-SIM apparatus is shown in
igure 1a . A 640-nm fiber-coupled diode laser (iBEAM smart
40-S, 150 mW, TOPTICA, Germany) delivering pulses at a rate
f 250 MHz is employed for (linear) fluorescence excitation.
lternatively, we use a 920-nm femtosecond pulsed NIR laser
FemtoNL-920 nm, 1 W, 200 fs, 80 MHz, Wuhan Yangtze Soton
aser Co., Ltd, China) for 2PE. Light exiting the fiber is collimated
y lens L1 (f = 30 mm), and the parallel beam is scanned
dvanced Science, 2026
by a 2D galvo-resonant scanner (LSK-GR12/M, Thorlabs, USA)
combining a fast resonant scanning mirror (RM) oscillating at
12 kHz with a slower regular galvo mirror (GM). A telescope
system consisting of scan lens SL (f = 100 mm) and tube lens TL1 (f
= 200 mm) relays the scanning plane (halfway between RM and
GM) to the back pupil plane of the objective, ensuring that the
beam can enter the objective pupil under all deflection angles.
A microscope objective (MO, HC PL APO 63 × NA 1.2, water
immersion; HC PL IRAPO 40 × NA 1.1, water immersion, Leica,
Germany) focuses the beam into a tight spot that is steered by the
2D scanner across the xy -plane. Notably, the 40 × objective has a
long working distance and was used for imaging at a depth up to
600 µm (Figures 3a and 6a ). A piezo stage (SLR-800, Piezoconcept,
France) allows for sample scanning along the axial direction for
3D imaging. 

The fluorescence emitted by the sample is collected by the
objective lens, passed through a quad-band dichroic mirror
(DM, 1PE: Di03-R405/488/561/635-t3-25 ×36, 2PE: FF880-SDi01-
t1-25 ×36, Semrock, USA) and an emission filter (EF, 1PE: FF01-
446/523/600/677-25, 2PE: FF01-433/530-25, Semrock, USA), and
focused by a second tube lens (TL2, f = 200 mm) onto an
sCMOS camera (Orca-Flash4.0 LT, Hamamatsu, Japan). The 2D
scanner (RM/GM), axial sample stage, laser power modulation,
and image acquisition by the sCMOS camera are synchronized by
a data acquisition board (DAQ, USB6363, National Instruments,
USA) and a personal computer (PC) running a custom LabVIEW
program, as described in detail in Note S1 . 

4.2 Beam Scanning for SS-SIM Imaging 

Sparse fringe patterns are generated by scanning the laser spot
in synchrony with laser power modulation (Note S1 and Figure
S1a–c ). Performing the fast resonant scan along the x- direction
and the linear scan in the y -direction, we can generate arbitrary
cumulative intensity patterns, I ( x , y ), in the focal plane by switch-
ing the laser power on at the desired focus positions, x ( t ) and
y ( t ). Maintaining a balance between the imaging speed and the
resolution enhancement in SS-SIM, we have chosen to generate
sparse fringe patterns along the x- and y -directions, with periods
of 2.4 µm, to achieve high contrast (Figure 1b ) and twelve 200-
nm steps for phase shifting. Therefore, altogether 24 raw images
are acquired by the sCMOS camera for a single SS-SIM image
reconstruction. 

To create patterns with fringes oriented along the y- direction,
200 lines are written by the fast-scanning RM, each displaced by
0.35 µm, which is roughly the 1/e width of the focal spot, along
the y- direction by the GM. During a single fast scan, the laser is
switched on briefly in suitable time intervals to write spots equally
spaced by 2.4 µm along the x- direction (Figure S1d ). Notably,
forward and backward RM scanning phases are overlapped in the
raw image. In this mode, scanning a FOV of 70 × 70 µm2 , which
is sampled by 700 × 700 pixels on the camera, takes 200 × 83.33 µs
≈ 17 ms. To create patterns with fringes oriented along the x-
direction, 29 RM lines are written, each displaced by 2.4 µm along
the y -direction by the GM. During a single fast scan, the laser is on
all the time (Figure S1e ). Each RM scan is repeated seven times, so
that the generation of the x - and y -oriented fringe patterns takes
the same time (17 ms). Including the camera readout time of 10 ms
11 of 15
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or each raw image, the 24 raw images needed for a full SS-SIM
econstruction are captured in 0.65 s. 

.3 Microscope Adjustment and Fringe Pattern 

haracterization 

 precise overlay of the focused fringe pattern with the focal plane
f detection is of utmost importance for SS-SIM. Therefore, we
djust our microscope using a 2D scale reticle (Note S3 and Figure
2 ). For characterization of the fringe patterns, a planar, silver-
oated mirror is positioned in the focal plane of the objective
ens by varying the distance between the mirror and the MO
o yield the thinnest fringes, and the emission filter EF was
emoved. The widths of the fringes in the x- and y -orientations are
xamined by analyzing the fringe images using Gaussian fitting
f the intensity profiles to obtain the FWHM values (Figure S5 ).
urthermore, phase-shifting of the fringe patterns in steps of
00 nm is confirmed by direct imaging of the patterns (Figure S6 ).

.4 SS-SIM Image Reconstruction and 

rocessing 

he intensity pattern imprinted on the sample is a picket-fence
rrangement of sharp spikes with diffraction-limited widths.
hus, it is periodic yet anharmonic, and can be represented by
 Fourier series, 

𝐼𝑛 ( 𝑟) =
𝑀 ∑
𝑚= 1 

2𝐼𝑚 
[
1 + cos 

(
2 𝜋𝑚𝑘𝑝 𝑟 + 𝑚𝜑𝑛 + 𝜑0 𝑚 

)]
(1)

ere, In ( r ) is the intensity of the pattern as a function of the
patial coordinate, r , oriented perpendicular to the direction of
he fringes, the subscript n enumerates the number of phase shift
teps up to a maximum of N . The series is expressed as a sum
f cosine functions with amplitudes, 2 Im , where m indicates the
rder of the harmonics up to M . The argument of the cosine
unctions contains the fundamental spatial frequency of the
ringe pattern, kp = 1/ p , p being the period of the fringe pattern,
he phase shift for the n -th shifting step, φn = 2 πn / N , and a
onstant phase offset for each of the harmonics, φ0 m . 

pon excitation with this pattern, the fluorescence image
etected by the sCMOS camera is given by 

𝐷𝑛 ( 𝑟) = [ 𝐼𝑛 ( 𝑟) ⋅ 𝑆 ( 𝑟) + 𝑏 ( 𝑟) ] ⊗ 𝑃 𝑆𝐹 ( 𝑟) (2)

ere, S ( r ) represents the spatial distribution of fluorophores in
he sample, which is multiplied and thus modulated by the
ntensity pattern, In ( r ), and b ( r ) denotes a spatially dependent
ackground that includes sample scattering and detector noise.
n the microscope, this ideal image is convolved (‘ ⊗’) with PSF ( r ),
he point spread function of the system. For image reconstruction,
e use the Fourier space representation of Equation ( 2 ), 

𝐷̃𝑛 ( 𝑘) =
[
𝐼𝑛 ( 𝑘) ⊗ 𝑆 ( 𝑘) + 𝑏̃ ( 𝑘) 

]
⋅ 𝑂𝑇𝐹 ( 𝑘) (3)

here k is the spatial frequency, 𝐷̃𝑛 ( 𝑘 ) , 𝐼𝑛 ( 𝑘 ) , 𝑆 ( 𝑘 ) and 𝑏̃ ( 𝑘) are
he Fourier transforms of Dn ( r ), In ( r ), S ( r ) and b ( r ), respectively,
2 of 15
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and the optical transfer function (OTF), OTF ( k ), of the system is
the Fourier transform of PSF ( r ). 

To extract the contributions of the different harmonics to the
image requires at least N = 2 M + 1 independent equations of the
type of Equation ( 3 ). In matrix notation, the system of equations
can be written as 

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

𝐷̃1 

𝐷̃2 

𝐷̃3 

⋮ 

𝐷̃𝑁 

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 
= 

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

1 𝐼1 𝑒
𝑖𝜑1 𝐼1 𝑒

− 𝑖𝜑1 . . . 𝐼𝑀 

𝑒𝑖𝑀𝜑1 𝐼𝑀 

𝑒− 𝑖𝑀𝜑1 

1 𝐼1 𝑒
𝑖𝜑2 𝐼1 𝑒

− 𝑖𝜑2 . . . 𝐼𝑀 

𝑒𝑖𝑀𝜑2 𝐼𝑀 

𝑒− 𝑖𝑀𝜑2 

1 𝐼1 𝑒
𝑖𝜑3 𝐼1 𝑒

− 𝑖𝜑3 . . . 𝐼𝑀 

𝑒𝑖𝑀𝜑3 𝐼𝑀 

𝑒− 𝑖𝑀𝜑3 

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

1 𝐼1 𝑒
𝑖𝜑𝑁 𝐼1 𝑒

− 𝑖𝜑𝑁 . . . 𝐼𝑀 

𝑒𝑖𝑀𝜑𝑁 𝐼𝑀 

𝑒− 𝑖𝑀𝜑𝑁 

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 

×

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

𝑊𝑓 ( 𝑘) 

𝑒𝑖𝜑01 𝑆𝑓 
(
𝑘 − 𝑘𝑝 

)
𝑒− 𝑖𝜑01 𝑆𝑓 

(
𝑘 + 𝑘𝑝 

)
⋮ 

𝑒𝑖𝜑0 𝑀 𝑆𝑓 
(
𝑘 − 𝑀𝑘𝑝 

)
𝑒− 𝑖𝜑0 𝑀 𝑆𝑓 

(
𝑘 + 𝑀𝑘𝑝 

)

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 

(4)

here, 𝑊𝑓 ( 𝑘) , 𝑆𝑓 (𝑘 ± 𝑘𝑝 ) , 𝑆𝑓 (𝑘 ± 2𝑘𝑝 ) , ⋅⋅⋅ 𝑆𝑓 (𝑘 ± 𝑀𝑘𝑝 ) are the
different image components low-pass filtered by the OTF of
the system. By solving this system of equations, image com-
ponents with different frequency shifts, 𝑊𝑓 ( 𝑘) , 𝑆𝑓 (𝑘 ± 𝑘𝑝 ) ,
𝑆𝑓 (𝑘 ± 2𝑘𝑝 ) , ⋅⋅⋅, and 𝑆𝑓 (𝑘 ± 𝑀𝑘𝑝 ) are isolated. In the image
reconstruction, their displacement by multiples of kp in fre-
quency space is removed and, finally, their superimposition
is Fourier-transformed to reconstruct a real-space image with
enhanced resolution. Notably, 𝑊𝑓 ( 𝑘) =

∑𝑀 

𝑚= 1 2𝐼𝑚 𝑆𝑓 ( 𝑘) + 𝑏𝑓 ( 𝑘) ,
carrying an image content equivalent to that of conventional
widefield microscopy under epi-illumination, is invariant under
phase shifting. Therefore, by selectively omitting 𝑊𝑓 ( 𝑘) from
the image synthesis, only in-focus fluorescence contributions are
included, endowing SS-SIM with remarkable optical sectioning
capability. 

The number of harmonics is governed by the logarithm of the
ratio between the fringe period and width. In our setup, we
are limited to M = 5 for both 1PE and 2PE (Figures S10 and
S11 ). Thus, at least N = 2 M + 1 = 11 phase-shifted images are
needed for reconstruction in each fringe orientation. Here, we
chose N = 12 phase shifts to ensure the step size (200 nm) is
perfectly sampled with two pixels on the sCMOS camera sensor
when using a water immersion objective with 63 ×magnification.
Furthermore, the final images for all imaging modalities used
in this work (WF, confocal, and SS-SIM) were treated with a
balanced deconvolution [ 25 , 26 ]. 3D image stacks were assembled
from 2D images by proper positioning along the axial direction.
We also examined the joint Richardson-Lucy deconvolution
algorithm [ 44 ] for reconstruction of SS-SIM images, including a
test with reduced numbers of raw images (Figure S17 ). However,
for achieving an equivalent spatial resolution enhancement,
the algorithm turned out to be computationally much more
expensive. 
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.5 Preparation of Single-Layer Fluorescent 
icrosphere Samples 

 cleaned circular coverslip (18 mm diameter) was incubated
ith 150 µL of poly-L-lysine (P4707, Sigma-Aldrich, USA) for
0 min and then rinsed thrice with deionized water. A stock
olution of fluorescent microspheres (diameter 40 nm, 1PE:
8789, 660/680 nm; 2PE: F8766, 505/515 nm, Invitrogen, USA)
as diluted 1:104 in phosphate-buffered saline (PBS) (G4202,
ervicebio, China) to obtain a sparse decoration of the glass
urface with microbeads. 150 µL of the solution was applied to
he coverslip surface and left to adhere for 30 min. The coverslip
as again rinsed thrice with deionized water to remove loosely
dhered microspheres, covered with a cleaned glass slide using
5 µL of ProLong Glass Antifade Mountant (P36984, Invitrogen,
SA). To allow for curing, the assembly was kept at room
emperature (RT) for 1 h prior to imaging. 

.6 Preparation of Agarose Gel Samples With 

mmobilized Fluorescent Beads 

 stock solution of fluorescent microspheres (1PE: F8789,
60/680 nm; 2PE: F8766, 505/515 nm, Invitrogen, USA) was
iluted to 1:104 in PBS. After adding 8 mg of agarose powder
A9045, Sigma-Aldrich, USA) to 400 µL of the solution, the mix-
ure was heated to 69 ◦C in a thermostatic bath (MDB100, JOAN-
AB, China) to ensure proper dissolution of the agarose. During
eating, the mixture was vortexed to blend evenly. Subsequently,
he mixture was transferred into a well of an 8-chambered cover
lass (C8-1.5H-N, Cellvis, USA). By cooling in a refrigerator, the
ample was gelled within 10 min and ready for use. 

.7 Culturing and Immunofluorescence 
abeling of COS-7 Cells 

OS-7 cells were grown in DMEM (SH30022.01, HyClone,
SA) supplemented with 10% (v/v) fetal bovine serum (FBS,
V30208.02, HyClone, USA) and 1% (v/v) penicillin-streptomycin
PS, G4003, Servicebio, China) in a humidified atmosphere
ontaining 5% CO2 at 37 ◦C. They were seeded on clean coverslips
4 h prior to fixation to reach a confluency of ∼ 70%. 

or immunofluorescence labeling, mitochondria and micro-
ubules were tagged with primary anti-Tom20 rabbit monoclonal
ntibodies (A19403, ABclonal, China) and anti- α-tubulin poly-
lonal antibodies (ab18251, Abcam, England), respectively. Subse-
uently, polyclonal AF647-labeled goat anti-rabbit IgGs (A21245,
nvitrogen, USA) were applied as secondary antibodies. The
abeling procedures were carried out as previously described [ 45 ].

.8 Zebrafish Husbandry and Sample 
reparation 

he zebrafish facility and the work in this manuscript have
een approved by the Animal Research Advisory Committee of
idian University. Zebrafish were maintained according to the
uidelines of the Institutional Animal Care and Use Committee.
hey were raised in a recirculating water system at 27 ± 1 ◦C,
dvanced Science, 2026
pH = 7.5, and exposed to a photoperiod of 16/8 h light/dark.
24 h post fertilization (hpf), embryos were incubated in egg
water containing 0.045% 1-phenyl-2-thiourea (PTU, P7629, Sigma-
Aldrich, US A) to prevent melanin pigment formation; egg water
was exchanged every day. 

At 72 hpf, zebrafish larvae were anesthetized in calcium-free and
magnesium-free PBS (pH 7.4) containing 0.02% tricaine (E10521,
Sigma-Aldrich, USA) and 1% BSA. They were fixed in pre-warmed
fixation buffer (28 ◦C) for 10 min, prepared with the High-fidelity
Fixation Kit for cell actin (Sunbloss, HX-FFKCA-014, Standard
Imaging, China). Afterward, the cells were permeabilized for
3 min in PBS with 0.1% Triton X-100, stained with 0.3 µm Abberior
STAR RED phalloidin (STRED-0100-20UG, Abberior, Germany)
overnight, and stored at 4 ◦C in the dark prior to imaging
(Figure 5 ). 

Fertilized eggs of the transgenic zebrafish line Tg(mnx1:mGFP)ml3 
were obtained from the China Zebrafish Resource Center and
maintained in E3 embryo medium supplemented with 0.003%
PTU. For imaging (Figure 6 ), larvae at 72 hpf were anesthetized
with 600 µm tricaine and embedded in 1% low melting-point
agarose (50080, Lonza, Switzerland). 

4.9 Preparation of Mouse Tissue Slices 

Transgenic mice (T006163, C57BL/6JGpt-
H11em1Cin( CAG-LoxP-ZsGreen-Stop-LoxP-tdTomato ) /Gpt) were purchased
from GemPharmatech Co., Ltd. Transgenic mice (007788,
STOCK Tg(Thy1-EGFP)MJrs/J, The Jackson Laboratory, USA)
were provided by Jiavis (Wuhan) Biomedical Co., Ltd. Tissue
slices were prepared in the experimental animal center at
Xidian University according to the guidelines of the Institutional
Animal Care and Use Committee. Animals were sedated with
isoflurane before being perfused first with PBS, followed by 4%
paraformaldehyde fixative (4% PFA) (158127, Sigma-Aldrich,
USA). After perfusion, the animals were dissected, and kidney
or brain tissues were collected and fixed overnight at 4 ◦C in
4% PFA. Subsequently, the samples were rinsed twice with PBS
to remove residual fixative. Tissue slices were incubated in
FDISCO refractive index homogenization solution [ 46 ] (JA11012,
Jarvisbio, China) for 1 h to reduce the scattering of the sample.
Then, the tissues were placed on a coverslip, infiltrated with
30 µL imaging solution [ 46 ] (JA3021, Jarvisbio, China), and
covered with another coverslip on top. After sealing the edges of
the samples with nail polish, the samples were ready for imaging.
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