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Label-free adaptive optics single-molecule
localization microscopy for whole zebrafish

Sanghyeon Park 1,2,7, Yonghyeon Jo 1,2,7, Minsu Kang3, Jin Hee Hong 1,
Sangyoon Ko3, Suhyun Kim 4, Sangjun Park5,6, Hae Chul Park 4,
Sang-Hee Shim 3 & Wonshik Choi 1,2

Specimen-induced aberration has been a major factor limiting the imaging
depth of single-molecule localizationmicroscopy (SMLM). Here, we report the
application of label-free wavefront sensing adaptive optics to SMLM for deep-
tissue super-resolution imaging. The proposed system measures complex
tissue aberrations from intrinsic reflectance rather than fluorescence emission
and physically corrects thewavefront distortionmore than three-fold stronger
than the previous limit. This enables us to resolve sub-diffraction morpholo-
gies of cilia and oligodendrocytes in whole zebrafish as well as dendritic spines
in thick mouse brain tissues at the depth of up to 102μm with localization
number enhancement by up to 37 times and localization precision comparable
to aberration-free samples. The proposed approach can expand the applica-
tion range of SMLM to whole zebrafish that cause the loss of localization
number owing to severe tissue aberrations.

Single-molecule localization microscopy (SMLM) improves the spatial
resolution of a diffraction-limited fluorescence microscope by more
than an order of magnitude1,2. The approach has widely been used in
diverse biological studies owing to its simplicity and high resolution3,4.
However, its working depth ismuch shallower than those of diffraction-
limited microscopy. This is because single-molecule localization is
highly susceptible to sample-induced scattering and aberration. In fact,
tissue scattering is either less problematic in relatively transparent
organisms or can be effectively reduced by tissue clearing5. However,
even relatively weak sample-induced aberration for diffraction-limited
imaging modalities can have detrimental effects on SMLM imaging.
More specifically, the point spread functions (PSF) blur caused by tissue
aberration reduces the number of photons detected at each camera
pixel. This results in signal-to-noise ratio (SNR) reduction and loss of
localizations6,7. In addition, tissue aberration even distorts PSF shape,
which causes erroneous localization. It leads to additional loss of loca-
lization and degradation in localization precision.

Adaptive optics (AO) provides a suitable solution for these pro-
blems. Literally, AO actively controls PSF with wavefront shaping
devices such as deformable mirrors and spatial light modulators
(SLM)8. AO was first introduced in astronomy to deal with PSF distor-
tion resulting from atmospheric turbulence9. Because similar issues
exist in bioimaging in which complex tissue structures distort the
wavefront, AO also has been applied tomicroscopy. Especially, AO has
recently been implemented in diverse super-resolution fluorescence
microscopy methods such as stimulated emission depletion (STED)
microscopy10,11, structured illumination microscopy (SIM)12, and
SMLM13,14. AO super-resolution imaging approaches can largely be
categorized into two types: wavefront-sensing AO and sensorless AO.
In wavefront-sensing AO, the wavefront of the emission beam is
directlymeasured from either artificial15 or intrinsic16 guide stars with a
Shack-Hartmann wavefront sensor. Two-photon fluorescence emis-
sions have often been used as guide stars without using fluorescent
particles. However, this approach has not yet been implemented in
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SMLMprobably because single-molecule signals are tooweak as guide
stars for wavefront measurement.

On the contrary, sensorless AO has been widely used in SMLM. In
this approach, wavefront shaping devices are controlled for optimiz-
ing elaborately devised image quality metrics of SMLM images13,14,17,18.
So far, deformable mirrors have been used to determine a specific
amplitude of each Zernike mode that maximizes imagemetrics. These
approaches enable successful SMLM imagingwithin cells and relatively
thin tissue slices13,14,17. However, the requirement for recording single-
molecule blinking images in each optimization step imposes a few
constraints. First, aberrations should be mild enough to detect single-
molecule PSFs. Otherwise, it is impossible to evaluate image quality
metrics, which is essential for initiating optimization processes. Sec-
ond, each iteration step consumes single-molecule images for opti-
mization and takes some time, during which photobleaching occurs.
Third, the optimization process is typically nonlinear; its efficiency is
highly dependent on the choice of image quality metrics and optimi-
zationmethods18. All these constraints preclude the correctionof high-
order aberration, thereby limiting achievable imaging depth in SMLM.
In fact, most of the previous AO-SMLM modalities handled mild
aberrations whose root-mean-square (RMS) wavefront distortion is
less than 1 rad even for in vitro assays with artificial aberration18.
Therefore, the main benefit of previous AO modalities is improving
image contrast rather than fully reconstructing unseen structures13,14,19.
Consequently, imaging depth in AO-SMLM has still been only a couple
of tens of microns.

Closed-loop accumulation of single-scattering (CLASS)
microscopy20,21 can be a suitable solution for overcoming the major
limitations of previously presented AO-SMLM methods. CLASS
microscopy records multiple interferometric reflectance images from
tissue structures at many different illumination angles. Its algorithm
finds a sample-induced aberration based on the reflection matrix
constructed frommeasured reflectance images. Since CLASS does not
rely on single-molecule PSF images, no bleaching occurs during
aberration measurements. Furthermore, it can find aberrations even
when single-molecule PSFs are completely invisible due to complex
aberrations.

In this study, we employ CLASS to SMLM for super-resolution
imaging deep within the whole zebrafish. Using CLASS, we identified
tissue aberration from the label-free measurement of the intrinsic

reflectance signal of the tissuewhere single-molecule fluorescencewas
too weak for the detection or too aberrant for precise localization. By
physically correcting aberrations with an SLM in the emission beam
path of SMLM, abnormal PSFs were restored to near-ideal PSFs. This
led to the reduction in PSF width and enhancement of the SNR in
SMLM imaging in which the centroids of individual single-molecule
PSFs werefitted while they were randomly photoswitched. In doing so,
we realized SMLM imaging ofwhole zebrafish larvae at a depth of up to
102μm. In whole zebrafish, the aberration had RMS wavefront dis-
tortion of 2.13–3.08 rad, which is ~2–3 times stronger than the 1 rad
limit of previous AO-SMLM methods18. Our proposed AO-SMLM was
able to correct this level of aberration and made a significant
improvement in the localization number, up to 37.4-fold enhancement
(corresponding to ~6.12-fold Nyquist resolution enhancement), com-
pared to the typical 2–8 times enhancement seen in previous
studies13,18. Here, localization number means the number of localized
PSFs identified by the PSF fitting algorithm. In doing so, we could
improve localization precision up to 3.61-fold. Essentially, our system
enables super-resolution imaging of whole zebrafish with localization
precisions close to those of aberration-free cells. We demonstrated
resolving various sub-diffraction structures formed within thick brain
tissues and whole zebrafish larvae which were either completely invi-
sible or obscured without AO. Specifically, we resolved dendritic
spines in mouse brain tissues as well as ciliary membranes and oligo-
dendrocyte membranes in the hindbrain and spinal cords of whole
zebrafish larvae.

Results
Label-free AO-SMLM setup
Our AO-SMLM system was built on a commercial inverted microscope
(Fig. 1a and Supplementary Fig. 7 for detailed layout). One port of the
microscope was connected to the CLASS microscope (yellow box in
Fig. 1a), and the other to the SMLM (cyan box in Fig. 1a). Both micro-
scopes shared a sample, an objective lens, and a tube lens (not shown
in Fig. 1a). A built-in flip mirror allows switching between the two
microscope systems. The CLASS microscope was equipped with a
superluminal laser diode whose center wavelength (678 nm) was near
the emission peak wavelength of Alexa Fluor 647 used for SMLM. The
CLASS microscope recorded multiple interference images of intrinsic
reflection from the sample atmanydifferent illumination angles. Based

a

AO off

AO on

b

c

d
0

0.1

0.2

0

0.5

1

Sample

OL

GV BS1 BS2

CLASS SMLM

BS3 BS4

DG Iris
CLASS Beam

(678 nm)

Reference
Mirror

sCMOS

Flip Mirror

Correction Map

DM1 DM2

PBS1

PBS2SLM
AO on

AO off

EMCCD

Excitation Beam
(647 nm)

Activation Beam
(405 nm)

π

-π

0

Fig. 1 | Experimental setup. a Simplified layout of the experimental setup com-
posed of the CLASS microscope (yellow box) and SMLM (cyan box). OL objective
lens, GV two-axis galvanometermirror,DGdiffraction grating, BS1-4 beamsplitters,
DM1-2 dichroic mirrors, PBS1-2 polarizing beam splitters, SLM spatial light mod-
ulator, and gray rectangles without labels: mirrors. b Aberration correction map
whose radius is 1.2/λ in spatial frequency where λ is the emission peak wavelength

of Alexa Fluor 647. c, d Single-frame raw images of single-molecule PSFs simulta-
neously recorded without (c) and with (d) AO, respectively. Images are normalized
with respect to AO on. Insets show ensemble-averaged normalized PSFs of the first
10,000 frames. Scale bars indicate 2.5μm and 500nm (insets). Source data are
provided as a Source Data file.
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on these images, the sample-induced aberration was identified by
applying an algorithm that maximizes the single-scattering intensity
(see “Detailed process of CLASS algorithm” section in Supplementary
Note 1 for the detailed process).

The SMLM setup was equipped with an excitation source
(647 nm) and an activation source (405 nm). The fluorescence emis-
sion (dotted lines in Fig. 1a) captured by the objective lens (1.2 NA,
water immersion lens) was split into two branches by a polarizing
beam splitter (PBS1 in Fig. 1a). In the horizontally polarized beampath,
we installed an SLM at a plane conjugate to the pupil plane of the
objective lens. To correct aberration, we displayed the opposite phase
of the CLASS-evaluated aberration map (Fig. 1b) with the correction
map of pre-measured SMLM setup aberration (Supplementary Fig. 11).
Here, the size, position, and orientation of the aberration correction
map displayed on the SLM were calibrated prior to CLASS (Supple-
mentary Figs. 9 and 10). Being reflected from the SLM, the horizontally
polarized emission beam was corrected and finally arrived at one
corner of the camera sensor (EMCCD). The other emission beam with
vertical polarization was directly sent to another corner of the camera
sensor without passing through the SLM. This enabled simultaneous
acquisition of aberration-uncorrected (AOoff in Fig. 1a) and -corrected
(AOon in Fig. 1a) single-molecule blinking imageswith a single camera.
Photon loss due to the reflection from the SLM was negligible (Sup-
plementary Fig. 8). This justifies the final step of CLASS-SMLM imaging
process (see Supplementary Fig. 12), i.e., fair comparison between AO-
off and -on SMLM images.

The effect of AO is revealed by comparing simultaneously
acquired snapshots of single-molecule images (Fig. 1c, d and Supple-
mentaryMovie 1). Especially, ensemble-averaged PSFs show successful
recovery of highly distorted PSF (insets in Fig. 1c, d). With AO, the
FWHM (full width at half maximum) of the ensemble-averaged PSF
decreased from 1430 to 380 nm (SupplementaryTable 1), which is very
close to the PSF width of the residual system aberration (Supplemen-
tary Fig. 11). This indicates that all specimen-induced aberration was
successfully removed. In addition, the Strehl ratio (i.e., peak intensity
ratio of aberrated PSF to ideal PSF) was improved by 4.27 times.

It is worth noting that the abnormal PSFs were restored to near-
ideal PSFs for all the molecules within a certain area known as the
isoplanatic patch. The isoplanatic patch is an area within which
aberration stays the same. Its size depends on the type and internal
structure of the sample. In the case of brain tissues, it was larger than
the FOVof the SMLM imaging (~33 × 33μm2). In the case of zebrafish,
it was as small as ~10 × 10μm2. Therefore, we segmented the FOV
and evaluated aberrations in each of ~10 × 10μm2 subarea. For the
acquisition of the CLASS-SMLM image, we chose one of the subareas
where the structures of interest are located and applied the aberra-
tion correction for the corresponding subarea. PSF correction is
independent of time as the sample was fixed during the entire ima-
ging session.

Proof-of-concept imaging of microtubules in a cell through an
aberrating layer
To assess the performance of our AO-SMLM, we imaged microtubules
immunolabeled with Alexa Fluor 647 in a COS-7 cell. Cells were cul-
tured on cover glasses onto which 100-nm-diameter gold nano-
particles were attached before plating cells. For inducing severe
aberration, an artificial aberration layer was inserted between the
objective lens and the cover glass. Its aberration was measured via
interferometric reflectance imaging of the gold nanoparticles with
CLASS microscopy (inset in Fig. 1c: tilt and defocus Zernike modes
removed). As demonstrated for imaging whole zebrafish and thick
brain tissues, gold nanoparticles were unnecessary for deep-tissue
imaging because CLASS microscopy exploits intrinsic reflection sig-
nals from inhomogeneous tissue structures to identify aberration
(Supplementary Fig. 5). In fact, CLASS microscopy is so sensitive that

even weak intrinsic reflection signals from brain tissues under the
mouse skull are strong enough to measure the aberrations22,23.

The identified aberration has the RMS wavefront distortion of
2.22 rad, which is more than twice greater than the 1 rad limit of pre-
cedent AO-SMLM approaches. Aberrations at this level require cor-
rection of at least the first 100 Zernike modes (Supplementary Fig. 1).
This is far beyond the capacity of previous AO-SMLM studies in which
only the first ~20 Zernike modes were controlled at most13,14,18,19. Suc-
cessful correction of this high-order aberration is attributed to the
precise aberration measurement via CLASS and an SLM’s higher cor-
rection resolution than that of a deformable mirror.

Next, we compared AO-off and -on images to check the effect of
this severe aberration. In diffraction-limited fluorescence images, we
observed evident improvement in image intensity and sharpness
(Fig. 2a, b). Without AO, images were quite blurred while individual
microtubules were discernible with AO. Surprisingly, SMLM images
showed much more dramatic differences between AO off and on
(Fig. 2c, d). Without AO, only rough shapes of microtubules were
barely seen. With AO, however, individual microtubules were clearly
resolved. The magnified views of two different regions (yellow and
green boxes in Fig. 2c, d) showed this difference more evidently
(Fig. 2e–h). Without AO, tubular structures of microtubules were
completely invisible due to insufficient localization number (Fig. 2e, g).
Tubular structures appeared only with AO as demonstrated in the
cross-sectional profiles for the white boxes in Fig. 2f, h (Fig. 2i, k). In a
region with a single isolated microtubule (yellow box) as well as
another region with densely populated microtubules (green box), the
width of each microtubule was not measurable at all without AO. With
AO, however, FWHMs of themicrotubules were successfullymeasured
in both regions. In the yellow boxes, the FWHM of a microtubule was
measured as 69 nm (Fig. 2i). Considering the microtubule diameter
(~25 nm) and size of primary and secondary antibodies (10–15 nm), this
value agrees with well-known widths of microtubules24,25. In the green
boxes, two microtubules separated by 170 nm were clearly resolved.
Their FWHMsweremeasured as 82 and 85 nm, respectively (Fig. 2k). A
more detailed analysis quantifies the enhancements in localization
number and localization precision (Supplementary Fig. 2).

According to the nearest neighbor analysis26 (Fig. 2j, l; see “SMLM
analysis” section in “Methods”), localizationprecisionwas improvedby
2.32–3.61 times to the value on par with that from an aberration-free
cell (Supplementary Fig. 3). Furthermore, AO increased localization
number by 14.2–25.5 times. This is remarkable comparedwith previous
AO-SMLM studies in which localization numbers increased by ~2–8
times13,18. We also conducted a Fourier ring correlation (FRC) analysis27

estimating the combined effect of localization precision and localiza-
tion number density, and quantified the resolution improvement from
134 to 41 nm (Supplementary Fig. 4).

Deep-tissue SMLM imaging in thick mouse brain tissues
Conventional SMLM imaging has suffered from shallow imaging depth
of sub-100-μm thickness14,18,19. We applied our AO-SMLM to thick
(thickness of 150–200μm) brain slices of Thy1-EGFP transgenic mice.
We targeted the dendritic spines of neurons expressing GFP. For
SMLM imaging, brain slices were labeled with anti-GFP antibodies
conjugated with Alexa Fluor 647 (see “Preparation of mouse brain
slices” section in “Methods”). We collected reflectance images from
biological structures such as cell bodies, blood vessels, and myelin
(Supplementary Fig. 5) for evaluating tissue aberration via CLASS
microscopy. Note here that no guide stars, such as gold nanoparticles,
were used for CLASS microscopy.

At a depth of 50μm in a 150-μm-thick mouse brain slice, the
identified sample aberration (bottom-left inset in Fig. 3a) had RMS
wavefront distortion or 1.37 rad, which is beyond the 1 rad limit of
previous AO-SMLM methods. Although this aberration is weaker
than that of the cell with an aberration layer in Fig. 2, the obscured
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single-molecule PSF resulted in notable differences in SMLM images.
With AO, only thick stems of neural structures were barely visible. In
contrast, heads and thin necks of dendritic spines were properly
reconstructed only with AO (Fig. 3a). This difference was more clearly
revealed in the magnified views of the regions indicated by arrows
(Fig. 3b, c). The FWHMs of dendritic spine necks were measured as 89
and 100nm, respectively. The improvement of SMLM images can be
attributed to a 9.32-fold increase of localization number (Fig. 3d) and
improvement of localization precision from σAO off = 66 nm to
σAO on = 38 nm (Fig. 3e) by AO.

Next, we performed a similar SMLM imaging for a more challen-
ging, thicker sample. At a depth of 74μm in a 200-μm-thick mouse
brain tissue, themeasured aberration hadRMSwavefront distortion of
0.983 (top-left inset in Fig. 3f). Similar to the previous case in Fig. 3a–c,
only thick stems were observed without AO while dendritic spines
were well resolvedwith AO (Fig. 3f). The effect of AOwasmore evident
in the magnified views of the regions indicated by arrows (Fig. 3g–i).
The FWHMs of dendritic spine necks were measured as 96, 140, and
130 nm, respectively. Again, this remarkable improvement of SMLM
images is due to a 4.79-fold increase of localization number (Fig. 3j)
and improvement of localization precision from σAO off = 60 nm to
σAO on = 37 nm (Fig. 3k) by AO.

Deep-tissue SMLM imaging in a whole zebrafish
For decades, zebrafish embryos and larvae have been widely used as
model organisms for studying vertebrate gene function and human
genetic diseases28. However, whole zebrafish larvae have hardly been
investigated with super-resolution microscopy due to intense aberra-
tions. Here, we present applications of our AO-SMLM for imaging
nanoscale morphology of cilia29 and oligodendrocytes30 deep within
the hindbrain and near spinal cords of whole zebrafish.

A zebrafish was mounted with its back against the coverslip
(Fig. 4a). Various regions of zebrafish larvae were explored with our
AO-SMLM (Fig. 4b). At first, we imaged cilia in a whole 3-dpf (days
post fertilization) Tg(bactin2::Arl13b-GFP) zebrafish with GFP
expressed on ciliary membranes. This zebrafish line was selected
because it is an important animal model for embryonic development
and human diseases such as ciliopathy31. For SMLM imaging, the
zebrafish was fixed and immunolabelled with anti-GFP antibodies
conjugated with Alexa Fluor 647 (see “Preparation of zebrafish”
section in “Methods”). At a depth of 82μm, we obtained SMLM
images of several cilia (Fig. 4c–e). Once again, the aberration was
identified by CLASS microscopy from intrinsic reflectance images
without any artificial guide stars such as gold nanoparticles (Sup-
plementary Fig. 5). The RMS wavefront distortion of the aberration
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Fig. 2 | Demonstration of AO-SMLM in a COS-7 cell with an aberration layer.
a, b Diffraction-limited fluorescence images without (a) and with (b) AO, respec-
tively. Images are normalized with respect to AO on. Scale bars indicate 2.5μm.
c,dSMLM imageswithout (c) andwith (d) AO, respectively. Inset in (c) indicates the
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respectively. Color bars indicate localization numbers. Scale bars indicate 500 nm.
i Cross-sectional profiles of white boxes in (e, f). j Nearest neighbor analysis results
for the yellow boxes in (c, d) and other areas where single microtubules were
isolated. k Cross-sectional profiles of white boxes in (g, h). l Nearest neighbor
analysis results for the green boxes in (c, d) and other areas where microtubules
were confluent. Source data are provided as a Source Data file.
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Fig. 3 | Deep-tissue SMLM images of dendritic spines in mouse brain slices
without and with AO. a SMLM images of dendritic spines at the depth of 50μm in
a 150-μm-thick mouse brain slice without and with AO. Bottom-left inset in AO-off
image shows aberration correctionmap. The FWHMvalue of a dendritic spine neck
is indicated by an arrowhead. Color bars indicate localization numbers. Scale bars
indicate 2μm. b, c Magnified views of regions indicated by arrows in (a). FWHM
values of dendritic spine necks (white boxes) are written in AO-on images. Color
bars indicate localization numbers. Scale bars indicate 500nm. d, e Histograms of
photon number per emission PSF (d) and nearest neighbor analysis results (e) of

(a). f SMLM images of dendritic spines at the depth of 74μm in a 200-μm-thick
mouse brain slice without and with AO. Top-left inset in AO-off image shows
aberration correction map. Color bars indicate localization numbers. Scale bars
indicate 2.5μm. g–i Magnified views of regions indicated by arrows in (f). FWHM
values of dendritic spine necks (white boxes) are written in AO-on images. Color
bars indicate localization numbers. Scale bars indicate 500nm. j, k Histograms of
photon number per emission PSF (j) and nearest neighbor analysis results (k) of (f).
Source data are provided as a Source Data file.
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(top row in Fig. 2c) was 2.14 rad, which results in distorted single-
molecule PSFs (bottom left in Fig. 2c). With AO, the PSF became
sharper and brighter with the Strehl ratio enhancement of 1.93
(bottom right in Fig. 2c). This improvement in PSF led to 1.62-fold
localization number increase and localization precision enhancement
from σAO off = 52nm to σAO on = 34nm in SMLM imaging (Fig. 4d, e).
Without AO, the cilia were only vaguely visible with reduced contrast
and resolution. However, AO clearly resolved the hollow cylindrical

structures of the ciliary membranes with a spacing measured as
180 nm (Fig. 2e).

Next, we imaged oligodendrocytes in whole Tg(clau-
dinK:gal4vp16;uas:megfp) zebrafish larvae with GFP expressed on oli-
godendrocytemembranes.This linewas selectedbecause it is awidely-
used animalmodel for investigatingmyelination of the central nervous
system in vertebrates and neurodegenerative diseases such as amyo-
trophic lateral sclerosis (ALS) and Huntington’s disease32. For SMLM
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imaging, oligodendrocytes were immunolabeled with anti-GFP anti-
bodies conjugatedwith Alexa Fluor 647 after fixation (see “Preparation
of zebrafish” and “Immunolabelling of commissural tracts at hindbrain
of zebrafish larvae” sections in “Methods”). At the depth of 100μm in a
whole 5-dpf zebrafish, we obtained images of commissural tracts at the
caudal hindbrain (Fig. 4f–h). Commissural tracts33 are thin, ladder-like
structures perpendicularly crossing a Y-shaped, thick branches of
spinal cords (right column in Fig. 4b). The RMSwavefront distortion of
the aberration (top row in Fig. 4f) was 3.08 rad, which was even higher
than that of artificial aberration layer in Fig. 2. Although this high-order
aberration caused PSF blur (bottom left in Fig. 4f), AO restored PSF
successfully, yielding localization precision improvement from
σAO off = 67nm to σAO on = 38nm. Consequently, oligodendrocytes
wrapping thin axons were clearly resolved with AO (Fig. 4g, h). The
FWHMs of the cross-sectional profiles of multi-layered oligoden-
drocyte membranes in myelin sheath were measured as 240 nm (left-
hand peak) and 220nm (righthand peak) with a spacing of
330 nm (Fig. 4h).

We also conducted imaging of oligodendrocytes near spinal
cords. At a depth of 52μm in a 3.5-dpf zebrafish larva, we captured
early myelination (Fig. 4i–k). The RMS wavefront distortion of the
aberration (top row in Fig. 4i) was 2.13 rad. AO recovered the PSF blur
resulting from this aberration, yielding Strehl ratio enhancement of
3.34, 8.59-fold localization number increase, and localization precision
improvement from σAO off = 53 nm to σAO on = 35 nm. In virtue of this
improvement, many invisible structures became visible with AO
(Fig. 4j), accompanying localization number enhancement up to 37.4
fold. Especially, nascent myelin sheaths34 formed by oligodendrocytes
at the early myelination step were clearly captured with AO (arrows
and arrowheads in Fig. 4j). The FWHMs of their necks were measured
as 120 nm (arrowhead in Fig. 4j) and 140 nm (arrowhead in Fig. 4k).

Lastly, we conducted imaging of an older zebrafish with complete
myelination. At a depth of 102μm near spinal cords in a whole 5-dpf
zebrafish, we observed oligodendrocytes wrapping a Mauthner axon35

(Fig. 4l, m). The RMSwavefront distortion of the aberration (top row in
Fig. 4l) was 2.64 rad. This aberration resulted in highly elongated
single-molecule PSFs along the axon (bottom left in Fig. 4l). The tissue
aberration was so severe that localization processes almost failed,
making the entire structures invisible (Fig. 4m). However, AO restored
near-ideal PSF, yielding Strehl ratio enhancement of 8.86 (bottom right
in Fig. 4l). This caused 16.2-fold localization number increase and
localization precision of σAO on = 34nm. Here, σAO off was not measur-
able due to lack of localization number. Meanwhile, the oligoden-
drocytemembraneswrapping aMauthner axonwas clearly visiblewith
AO, including thin axons with FWHMs measured as 150–160 nm
(arrowheads in Fig. 4m).

Discussion
This work introduced an AO-SMLM modality for investigating highly
aberrated specimens such as thick tissue slices and whole zebrafish.
CLASSmicroscopy was employed as a label-free wavefront-sensing AO
method to determine tissue aberration based on intrinsic reflection
signals. Then, its corresponding correctionmapwas applied to an SLM
in the fluorescence emission path of the SMLM setup to reconstruct

super-resolved fluorescence images. Ourmethod increases the degree
of correctable aberration bymore than three times in termsof theRMS
wavefront distortion compared with previous AO-SMLMmethods due
to the use of intrinsic reflectance, unique linear optimization algorithm
finding the tissue aberration, and the physical correction of aberration
with a liquid-crystal SLM (see “Comparison of CLASS-SMLM with the
current state-of-the-art AO-SMLM” section in Supplementary Note 2
for a detailed comparison between our method and previous AO-
SMLMs). Essentially, our AO-SMLM corrects unexplored degrees of
aberration and achieves SMLM image quality similar to those of sam-
ples with little aberration.

Our label-free AO with a strong aberration correction capability
enabled AO-SMLM imaging of whole zebrafish larvae. Though oblique-
plane SMLM without AO was applied to the tail fins of whole stickle-
back fish36, the imaging depth was limited to 44μm through the ~33-
μm-thick caudal fin epidermis. Also, AO-SMLMhas not been applied to
whole animals probably due to multiple challenges such as high scat-
tering and aberration of the tissue, high background fluorescence, low
photon output of fluorescent proteins, limited labeling depth of
immunostaining, etc. We circumvented the scattering issue by
choosing transparent zebrafish and suppressed the fluorescence
background by choosing localized structures (e.g., cilia). Also, we
adapted the whole-mount immunolabeling protocol with additional
steps for lipid extraction and protein digestion for the representative
SMLM dye, Alexa Flour 647. CLASS combined with these efforts has
enabled us to obtain SMLM images from various areas of the nervous
system of whole zebrafish from the head (e.g., hindbrain) to the back
(e.g., spinal cord).

Comparison of both AO-off and -on SMLM images elucidates the
major issues in deep-tissue SMLM imaging of highly aberrated sam-
ples. In most cases, a substantial loss of localization number (up to
97.3%; arrowhead in Fig. 4j) was a major issue. The localization preci-
sion was also degraded, yet the difference was relatively small (up to
3.61 times; Fig. 2g, h). Our AO-SMLM resolved these problems by
restoring distorted single-molecule PSFs even up to 3.08 rad of RMS
wavefront distortion (Fig. 4g). It led to a localization number increase
by up to 37.4 times and localization precisions improvement from
52–67 nm to 34–38 nm at a depth of up to 102μm. In contrast, the
previous AO-SMLM methods that iteratively optimized image quality
metrics imposed 1 rad limit of RMS wavefront distortion. This limit
could have been set by the weak single-molecule signals overwhelmed
by the background that made it impossible to evaluate image quality
metrics. These methods could enhance the localization number only
by ~2–8 folds at a depth of up to ~50μm13,18. We found that the number
of control elements used in the SLM plays an important role in
determining the complexity of aberration that can be corrected and
the width and brightness of the recovered PSFs (see “Aberration cor-
rection maps with different spatial frequency resolution” section in
Supplementary Note 2).

CLASS identifies aberration without using fluorescence. That is,
photobleaching does not occur during the aberration calculation.
Therefore, our AO-SMLM has a crucial advantage when the labeling
efficiency is low or multicolor SMLM is required. For example, the
previously presented approach that uses two-photon fluorescence

Fig. 4 | Deep-tissue SMLM images of whole zebrafish larvae without and with
AO. a A diagram showing a whole zebrafish larva mounted on a cover glass.
b Confocal fluorescence images of the whole body (left column) and hindbrain
(right column). Dashed square indicates hindbrain region. Colored squares roughly
indicate SMLM imaging regions. Scale bars indicate 500μm (left column) and
50μm (right column). c–e SMLM imaging of cilia in a whole 3-dpf zebrafish at the
depth of 82μm. Aberration correction map (top row in c), ensemble-averaged
normalized PSFs of the first 10,000 frames (bottom row in c), and SMLM images
(d). Magnified views of regions indicated by arrows in (d) (left column in e) and
cross-sectional profiles of white boxes (right column in e). Color bars in (d, e)

indicate localizationnumbers. Scale bars indicate 500nm (c), 5μm(d), and 500 nm
(e). f–h Same as (c–e), but for oligodendrocytes at the hindbrain in a whole 5-dpf
zebrafish at the depth of 100μm. Scale bars indicate 500nm (f), 2.5μm (g), and
500 nm (h). i–k Same as (f–h), but for oligodendrocytes near spinal cords in a
whole 3.5-dpf zebrafish at the depth of 52μm. Scale bars indicate 500nm (i), 2.5 μm
(j), and 500nm (k). l,m Same as (i, j), but for oligodendrocytes near spinal cords in
a whole 5-dpf zebrafish at the depth of 102μm. Arrowheads indicate sites with
FWHMmeasured as 160, 150, and 160nm from bottom to top. Scale bars indicate
500 nm (l) and 5μm (m). Source data are provided as a Source Data file.
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spots as nonlinear guide stars requires additional labeling and, thus,
the allocation of additional fluorescence channels for guide stars16.
This may not be easy in multicolor SMLM. For example, several dif-
ferent emission wavelengths are used for SMLM imaging of
synapses37,38. In this case, adding an additional channel may be
expensive or impossible. Of course, single-molecule images of SMLM
fluorophores can be used for finding aberrations. However, due to
their weak intensities, a significant portion of single-molecule emission
PSFs must be used for aberration estimation, which reduces the
density-limited resolution of the resultant SMLM image.

Further increase in imaging depth may require suppression of
background fluorescence (Supplementary Fig. 6). One option is to
combine our system with selective illumination methods such as two-
photon activation12, selective-plane illumination39, or oblique-illumi-
nation/detection schemes36. One may consider employing tissue
clearing to reduce scattering, but there still exists the need for cor-
recting aberrations (see “Aberration of a tissue-cleared whole zebra-
fish” section in Supplementary Note 2). Taking into account the
importance of brain and zebrafish imaging in studying neurodegen-
erative diseases, gene functions and development of vertebrates
including humans, our study will enable the sub-diffraction investiga-
tion of vertebrate-specific topics in genetics, developmental biology,
and neurobiology at a whole organism level.

Methods
Ethical statement
All experimental procedures were approved by the Committee of
Animal Research Policy of Korea University (approval numbers
KUIACUC-2019-24 and KOREA-2021-0037).

CLASS microscope setup
A low-coherence 678 nm laser (SLD-261-HP2-DBUT-PM-PD-FC/APC,
Superlum, coherence length: ~40μm) was used to illuminate the
samples for time gating. The beam was steered by a two-axis galvo
mirror [6210H, Cambridge Technology; controlled with a custom-
developed code (MATLAB2020a, MathWorks)] to scan the illumina-
tion angle. It was then divided into the sample beam (SB) and
reference beam (RB). The RB passed through a diffraction grating
(Ronchi 120 lp/mm, Edmund Optics) for off-axis interference ima-
ging. Only the first-order diffraction of the RB was combined with the
SB reflected from the sample at the beam splitter in front of the
sCMOS camera [pco.edge 4.2m, PCO; controlled with dedicated
software (Camware 4.05, PCO)]. We recorded interference images
while scanning the illumination angles in such a way to cover the
entire numerical aperture (1.2) range of the objective lens. Typically,
we recorded 4000 images to uniformly cover the pupil plane of the
objective lens. The imaging depth was selected according to the
objective lens focus and the position of a reference mirror mounted
on a motorized actuator [Z825B, Thorlabs; controlled with dedicated
software (APT Version 3.21.6, Thorlabs)]. The complete CLASS setup
was built on a commercial invertedmicroscope (Eclipse Ti2-E, Nikon)
equipped with a 60×/1.2 NA water immersion objective lens
(UPLSAPO 60XW, Olympus). In addition, a reflection matrix was
constructed based on the measured complex field maps, and the
CLASS algorithm was applied to obtain the sample-induced aberra-
tions (see “Detailed process of CLASS algorithm” section in Supple-
mentary Note 1 for the detailed process). The recording of complex
field maps takes 35 s, and CLASS calculation takes less than 7 s for an
area of ~33 × 33μm2, the FOV in the present study. Once aberration is
evaluated, it takes less than a second to generate its correction map
and display it on the SLM. Therefore, the total time for 2285 ortho-
gonal angular modes is 43 s, which translates to only 18.8 ms per
angular mode. Compared to other AO-SMLMmethods, CLASS-SMLM
is much faster by one or two orders of magnitude in terms of cor-
rection speed per mode.

SMLM setup
GFP or Alexa Fluor 647 were excited with a 488 nm laser (OBIS 488-
60 LS, Coherent) or a 647 nm laser (2RU-VFL-P-2000-647-B1R, MPB
Communications Inc.), respectively. A 405 nm laser (405 nm LX
50mW laser system, OBIS) was used for the activation of Alexa Fluor
647. These lasers were coupled and focused onto the objective back
aperture for epi-illumination. A 505 nm LED (M505L3, Thorlabs) was
installed for low-magnification transmission imaging. It was used to
select the region of interest. LED transmission images were acquired
using a camera [LM135M, Teledyne Lumenera; controlled with
dedicated software (Lucam Software v6.8.3, Teledyne Lumenera)]. A
motorized filter wheel [FW102C, Thorlabs; controlled with dedicated
software (FWxC 5.0.0, Thorlabs)] was used for controlling the
intensity of excitation beam. The fluorescence emitted from the
sample was magnified by a factor of 2 to achieve a pupil diameter of
9.5mm at the SLM [X13138-06, Hamamatsu; controlled with a
custom-developed code (MATLAB2020a, MathWorks)]. A set of 4f
relays was designed for the final magnification (×100), which yielded
a 130 nm effective pixel size at the EMCCD camera [DU-888U3-CS0-
#BV, Andor; controlled with NIS software (NIS-Elements AR 5.30.03
64-Bit, Nikon)]. Emission filters (ET700/75m and ET525/50m,
Chroma) were placed in front of the EMCCD camera to filter out
unwanted signals. The SMLM setup and CLASS microscope shared
the objective and tube lenses (see Supplementary Fig. 7 for full
experimental setup). The acquisition time for SMLM imaging
depends on the sample type. Usually, the cell monolayer required the
shortest time of ~30min (50000 frames) because there was almost
no scattering-induced photon loss. When imaging thick brain slices
or whole zebrafish, a larger number of image frames were required
due to the localization loss by the scattering-induced photon loss
and background noise.

SMLM analysis
All raw images of the blinking single-molecule emission PSFs were
processed with the ThunderSTORM ImageJ plugin (imageJ version
1.53t, National Institutes of Health; ThunderSTORM 1.3, GitHub) to
find their centroids by the fitting40. The localization precision values
of the obtained SMLM images were calculated using the nearest
neighbor analysis. It was assumed that a localized position ri ti

� �
in a

frame at time ti has a nearest neighbor localized position ri,NN ti + 1
� �

in
the next frame at time ti + 1. The pairwise displacement di is defined as
the displacement di � ri ti

� �� ri,NN ti + 1
� �

between nearest neighbors.
Once collected, the set of pairwise displacements di can be pre-
sented in the form of a histogram. Subsequently, the envelope of this
histogram is fitted with a non-Gaussian function with a Gaussian
correction term. The correction term is required because some
nearest neighbors may result from different molecules in proximity
rather than from identical molecules. Therefore, the fitting curve is
expressed as follows:

p dð Þ=A1
d
2σ2 exp � d2

4σ2

" #

+A2
1

2πω2
� �1=2 exp � d � dC

� �2

2ω2

" #

,

where d is the pairwise displacement, σ the Gaussian standard devia-
tion defining the localization precision, and ω the Gaussian standard
deviation of the correction term centered at dC.

Comparison of CLASS-SMLM with previous AO-SMLM
Asdiscussed in “ComparisonofCLASS-SMLMwith the current state-of-
the-art AO-SMLM” section in Supplementary Note 2, we compared
CLASS-SMLM with REALM18. The authors provided a free open-source
code for REALM. However, it was not compatible with our SLM, so we
rewrote REALM code in MATLAB language (MATLAB2020a,
MathWorks).
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Preparation of nanoparticle-coated cover glasses
In total, 18 × 18mm2 cover glasses (0101030, Marienfeld) were soni-
cated in 1M KOH solution (6592-3705, Daejung) for 30min and then
washed with Milli-Q water (Direct 8, Merck) to remove remaining KOH
solution. When necessary, the sonicated cover glasses were coated
with gold nanoparticles. In this case, the cover glasses were previously
coatedwith poly-L-lysine (P8920-100ML, SigmaLife Science) for 5min.
Subsequently, 5 × diluted 100nm diameter gold nanoparticles
(753688-25ML, Sigma-Aldrich) were dropped onto the cover glasses.
They were dried in an oven at ~60 °C overnight.

Immunolabelling of microtubules in COS-7 cells
The COS-7 cells [AC28806, Korean Collection for Type Cultures
(KCTC)] were seeded on gold-nanoparticle-coated cover glasses and
cultured overnight in DMEM (11965-092, Gibco) containing 10% FBS
(10082147, Thermo Fisher) and 1% penicillin-streptomycin (15070063,
Thermo Fisher). Prior to fixation, the cells were washed three times
with pre-warmed PBS (37 °C; 21-040-CV, Corning) and treated with the
pre-warmed extraction buffer (37 °C; 0.125% Triton X-100 (X100-
500ML, Sigma-Aldrich) and 0.4% glutaraldehyde [G7526-10ML, Sigma-
Aldrich) in PBS]. Immediately after the treatment, the extractionbuffer
was quickly aspirated, and the cells were rinsed three times with PBS.
Next, the cells were fixed with the pre-warmed fixation buffer (37 °C;
3.2% paraformaldehyde (PC2031-100-00, Biosesang) and 0.1% glutar-
aldehyde in PBS for 10min at room temperature (RT). After fixation,
fixatives were quenched with 10mM fresh sodium borohydride in PBS
for 5min at RTwhile being shaken. After threewashing cycleswith PBS,
the cells were permeabilised with 3% BSA (A7030-50G, Sigma Life
Science) and 0.5% Triton X-100 in PBS. Then, the primary antibody for
tubulin (ab6046, Abcam), which was previously diluted 1000× in the
blocking buffer (3% BSA and 0.5% Triton X-100 in PBS), was added to
the cells for 1 h atRTon a rocking platform. The cells were thenwashed
three times with PBS and treated with the secondary antibody con-
jugated with Alexa Fluor 647 (A-21245, Thermo Fisher), which was
1000× diluted in the blocking buffer for 1 h at RT, while being shaken.
After immunolabelling, the cells werewashed three timeswith PBS and
stored at 4 °C before the AO-SMLM imaging.

Preparation of mouse brain slices
All experimental procedures were approved by the Committee of
Animal Research Policy of Korea University (approval number KUIA-
CUC-2019-24). Adult (over 8 weeks old) Thy1-EGFP line M (Jackson
Labs #007788) mice were deeply anesthetised with an intraperitoneal
injection of 100mg/kg ketamine and 10mg/kg xylazine. After decap-
itation, their brains were quickly excised and dropped into an ice-cold
artificial cerebrospinal fluid (ACSF). The brains were cut into
150–200 µm thick coronal slices [typical dimension:
~10mm × 8 mm × (150–200μm)] with a vibroslicer (World Precision
Instruments, Sarasota, FL, USA) and fixed at 4 °C in 4% paraformalde-
hyde overnight before immunolabelling.

Preparation of zebrafish
All experimental procedures were approved by the Committee of
Animal Research Policy of Korea University (approval number KOREA-
2021-0037). Tg(bactin2::Arl13b-GFP) (#FRZCC1009) and Tg(clau-
dinK:gal4vp16;uas:megfp) (#FRZCC1013) zebrafish embryos (typical
dimension: ~2.5mm × 500μm × 500μm) were raised at 28 °C in E3
embryo medium [5mM NaCl (7548-4405, Daejung), 0.17mM KCl
(6566-4400, Daejung), 0.33mM CaCl2 (2507-1400, Daejung), and
0.33mM MgSO4 (21032, Daejung)]. After hatching, they were trans-
ferred to E3 medium containing N-phenylthiourea (P7629, Sigma-
Aldrich) to inhibit pigmentation. After 3–5 days, the larvae were
anesthetised with tricaine (E10521, Sigma-Aldrich) in E3 medium and
fixed in 4% paraformaldehyde for 1–2 h at RT.

Immunolabelling of mouse brain slices and zebrafish
The fixed brain slices and whole zebrafish larvae were permeabilised
for 3 h with a blocking buffer (3% BSA and 0.5% Triton X-100 in PBS).
Subsequently, the slices were immunolabelled for 5 days with 200×
diluted anti-GFP Alexa 647-conjugated primary antibodies (A31852,
Thermo Fisher) in the blocking buffer. Zebrafish larvae were immu-
nolabelled in the same way but overnight.

Immunolabelling of commissural tracts at hindbrain of zebra-
fish larvae
Hindbrain is hardly immunolabelled via standard protocols because
they are located deep beyond the surface at a depth ranging
90–120μm for 3-dpf zebrafish larvae. Therefore, for immunolabeling
commissural tracts, additional treatments are required for lipid
extraction and protein digestion. To this end, fixed zebrafish larvae
firstly treated with acetone (650501, Sigma-Aldrich) at −20 °C for
7min. Then, they were treated with 0.25% trypsin (SH30042.01,
Cytiva) at ice for 15min, followed by treatment with 1mg/ml col-
lagenase (C9891-100MG, Sigma-Aldrich) at RT for 40min. The next
step was 30-min treatment with 10000× diluted 10mg/ml protei-
nase K (P4850-1ML, Sigma-Aldrich) at RT. Subsequently, the zebra-
fish larvae were permeabilized for 1 h at RT with a blocking buffer [5%
BSA (A9647-10G, Sigma-Aldrich), 5% sheep serum (013-000-1210,
Jackson ImmunoResearch) diluted in PBS (21-040-CV, Corning)
containing 0.1% Triton X-100 (X100-100ML, Sigma-Aldrich)]. The
final step was incubation in anti-GFP Alexa 647-conjugated primary
antibodies (A31852, Thermo Fisher) diluted 200× in the blocking
buffer overnight.

Imaging buffer preparation
Imaging buffer base [10% (m/v) glucose (G7021-100G, Sigma-Aldrich),
50mM Tris-HCl, pH 8.0 (TR2016-050-80, Biosesang), and 10mM
NaCl], dilution buffer (50mM NaCl and 10mM Tris-HCl, pH 8.0) and
GLOX [14mg glucose oxidase (G2133-250KU, Sigma-Aldrich), 50μl of
catalase (C3155-50MG, Sigma-Aldrich), and 200μl of dilution buffer]
were prepared in advance. Then, right before starting experiment,
imaging buffer was freshly prepared by 100× diluting GLOX and 1%
βME (M3148-25ML, Sigma-Aldrich) in imaging buffer base. Every sam-
ple was soaked in imaging buffer for inducing photoswitching of Alexa
647 dyes.

Tissue clearing of zebrafish embryos
Tissue clearing was performed using a tissue clearing kit (HRTC-001,
Binaree). Fixed Tg(claudinK:gal4vp16;uas:megfp) zebrafish
embryos were immersed in the starting solution of the kit at 4 °C.
Then, they were immersed in the tissue clearing solution A of the kit
at 37 °C for 1 h. After washing them withMilli-Q water for 30min four
times, they were immersed in the tissue clearing solution B of the kit
at 37 °C for 1 h. After that, they were washed with Milli-Q water for
30min four times. Finally, they were immersed in the mounting &
storage solution (SHMS-060, Binaree) and incubated at 37 °C for
overnight.

Statistics and reproducibility
No statistical method was used to predetermine the sample size.
Because of the heterogeneity of biological samples, all kinds of
samples were imaged many times. Then, only parts of them were
selected. In detail, for drawing figures, the best results were chosen
among 52 (Figs. 1c, d and 2a–d), 48 (Fig. 3a, f and Supplementary
Fig. 5a–e), 7 (Fig. 4b), 128 (Fig. 4d), 64 (Fig. 4g), 503 (Fig. 4j, m and
Supplementary Fig. 5f–h), 10 (Supplementary Fig. 3a–d), 9 (Supple-
mentary Fig. 10), 5 (Supplementary Fig. 11), 5 (Supplementary Fig. 15),
28 (Supplementary Fig. 16), 14 (Supplementary Fig. 17), and 3 (Sup-
plementary Fig. 18) different images. Excluded images were
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discarded because they were accidentally defocused or there are no
interesting structures.

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

Data availability
Source data are available from https://doi.org/10.5281/zenodo.
8080248. Source data are provided with this paper.

Code availability
The code used for aberration calculation from the recorded reflection
matrixwas previously published21. All raw images of the blinking single
molecules were processed with the ThunderSTORM ImageJ plugin
(imageJ version 1.53t, National Institutes ofHealth; ThunderSTORM1.3,
GitHub)40. Custom scripts written in MATLAB (MATLAB2020a, Math-
Works) were used to control the experiment and analyze the data: the
codes for displaying a correction map on the SLM, measuring the
width of subcellular structures, calculating important parameters such
as localization precision. They are all available from https://doi.org/10.
5281/zenodo.8080248.

References
1. Betzig, E. et al. Imaging intracellular fluorescent proteins at nan-

ometer resolution. Science 313, 1642–1645 (2006).
2. Rust, M. J., Bates, M. & Zhuang, X. Sub-diffraction-limit imaging by

stochastic optical reconstruction microscopy (STORM). Nat. Meth-
ods 3, 793–795 (2006).

3. Lelek, M. et al. Single-molecule localization microscopy. Nat. Rev.
Methods Primers 1, 39 (2021).

4. Sigal, Y. M., Zhou, R. & Zhuang, X. Visualizing and discovering cel-
lular structures with super-resolution microscopy. Science 361,
880–887 (2018).

5. Xu, J., Ma, Y., Yu, T. & Zhu, D. Quantitative assessment of optical
clearing methods in various intact mouse organs. J. Biophotonics
12, e201800134 (2019).

6. Booth, M., Andrade, D., Burke, D., Patton, B. & Zurauskas, M. Aber-
rations and adaptive optics in super-resolution microscopy. Micro-
scopy 64, 251–261 (2015).

7. Ji, N. Adaptive optical fluorescence microscopy. Nat. Methods 14,
374–380 (2017).

8. Booth, M. J. Adaptive optical microscopy: the ongoing quest for a
perfect image. Light Sci. Appl. 3, e165 (2014).

9. Tyson, R. K. Principles of Adaptive Optics (CRC Press, 2015).
10. Patton, B. R. et al. Three-dimensional STED microscopy of aberrat-

ing tissue using dual adaptive optics. Opt. Express 24,
8862–8876 (2016).

11. Gould, T. J., Burke, D., Bewersdorf, J. & Booth, M. J. Adaptive optics
enables 3DSTEDmicroscopy in aberrating specimens.Opt. Express
20, 20998–21009 (2012).

12. Zheng, W. et al. Adaptive optics improves multiphoton super-
resolution imaging. Nat. Methods 14, 869–872 (2017).

13. Burke, D., Patton, B., Huang, F., Bewersdorf, J. & Booth, M. J.
Adaptive optics correction of specimen-induced aberrations
in single-molecule switching microscopy. Optica 2,
177–185 (2015).

14. Mlodzianoski, M. J. et al. Active PSF shaping and adaptive optics
enable volumetric localization microscopy through brain sections.
Nat. Methods 15, 583–586 (2018).

15. Izeddin, I. et al. PSF shaping using adaptive optics for three-
dimensional single-molecule super-resolution imaging and track-
ing. Opt. Express 20, 4957–4967 (2012).

16. Turcotte, R. et al. Dynamic super-resolution structured illumination
imaging in the living brain. Proc. Natl Acad. Sci. 116,
9586–9591 (2019).

17. Tehrani, K. F., Xu, J., Zhang, Y., Shen, P. & Kner, P. Adaptive
optics stochastic optical reconstruction microscopy (AO-STORM)
using a genetic algorithm. Opt. Express 23, 13677–13692 (2015).

18. Siemons, M. E., Hanemaaijer, N. A. K., Kole, M. H. P. & Kapitein, L. C.
Robust adaptive optics for localization microscopy deep in com-
plex tissue. Nat. Commun. 12, 1–9 (2021).

19. Xu, F. et al. Three-dimensional nanoscopyofwhole cells and tissues
with in situ point spread function retrieval. Nat. Methods 17,
531–540 (2020).

20. Kang, S. et al. High-resolution adaptive optical imaging within thick
scattering media using closed-loop accumulation of single scat-
tering. Nat. Commun. 8, 2157 (2017).

21. Kim, M. et al. Label-free neuroimaging in vivo using synchronous
angular scanning microscopy with single-scattering accumulation
algorithm. Nat. Commun. 10, 3152 (2019).

22. Yoon, S., Lee, H., Hong, J. H., Lim, Y.-S. & Choi, W. Laser scanning
reflection-matrix microscopy for aberration-free imaging through
intact mouse skull. Nat. Commun. 11, 5721 (2020).

23. Kwon, Y. et al. Computational conjugate adaptive optics micro-
scopy for longitudinal through-skull imaging of corticalmyelin.Nat.
Commun. 14, 105 (2023).

24. Pleiner, T., Bates, M. & Görlich, D. A toolbox of anti-mouse and
anti-rabbit IgG secondary nanobodies. J. Cell Biol. 217,
1143–1154 (2018).

25. Bates, M., Huang, B., Dempsey, G. T. & Zhuang, X. Multicolor super-
resolution imaging with photo-switchable fluorescent probes. Sci-
ence 317, 1749–1753 (2007).

26. Endesfelder, U., Malkusch, S., Fricke, F. & Heilemann, M. A simple
method to estimate the average localization precision of a single-
molecule localizationmicroscopy experiment.Histochem.Cell Biol.
141, 629–638 (2014).

27. Nieuwenhuizen, R. P. J. et al. Measuring image resolution in optical
nanoscopy. Nat. Methods 10, 557–562 (2013).

28. Howe, K. et al. The zebrafish reference genome sequence and its
relationship to the human genome. Nature 496, 498–503 (2013).

29. Kumar, D., Mains, R. E., Eipper, B. A. & King, S. M. Ciliary and
cytoskeletal functions of an ancient monooxygenase essential for
bioactive amidated peptide synthesis. Cell. Mol. Life Sci. 76,
2329–2348 (2019).

30. Münzel, E. J. et al. Claudin k is specifically expressed in cells that
form myelin during development of the nervous system and
regeneration of the optic nerve in adult zebrafish. Glia 60,
253–270 (2012).

31. Veland, I. R., Awan, A., Pedersen, L. B., Yoder, B. K. & Christensen, S.
T. Primary cilia and signalingpathways inmammaliandevelopment,
health and disease. Nephron Physiol. 111, 39–53 (2009).

32. Czopka, T. Insights into mechanisms of central nervous system
myelination using zebrafish. Glia 64, 333–349 (2016).

33. Fame, R. M., Brajon, C. & Ghysen, A. Second-order projection from
the posterior lateral line in the early zebrafish brain. Neural Dev. 1,
4 (2006).

34. Czopka, T., Ffrench-Constant, C. & Lyons, D. A. Individual oligo-
dendrocytes haveonly a fewhours inwhich to generatenewmyelin
sheaths invivo. Dev. Cell. 25, 599–609 (2013).

35. Almeida, R. G., Czopka, T., Ffrench-Constant, C. & Lyons, D. A.
Individual axons regulate the myelinating potential of single oli-
godendrocytes in vivo. Development 138, 4443–4450 (2011).

36. Kim, J. et al. Oblique-plane single-molecule localization micro-
scopy for tissues and small intact animals. Nat. Methods 16,
853–857 (2019).

Article https://doi.org/10.1038/s41467-023-39896-2

Nature Communications |         (2023) 14:4185 10

https://doi.org/10.5281/zenodo.8080248
https://doi.org/10.5281/zenodo.8080248
https://doi.org/10.5281/zenodo.8080248
https://doi.org/10.5281/zenodo.8080248


37. Sigal, Y. M., Speer, C. M., Babcock, H. P. & Zhuang, X. Mapping
synaptic input fields of neurons with super-resolution imaging.Cell
163, 493–505 (2015).

38. Dani, A., Huang, B., Bergan, J., Dulac, C. & Zhuang, X. Super-
resolution imaging of chemical synapses in the brain. Neuron 68,
843–856 (2010).

39. Chen, B. C. et al. Lattice light-sheetmicroscopy: imagingmolecules
to embryos at high spatiotemporal resolution. Science 346,
1257998 (2014).

40. Ovesný, M., Křížek, P., Borkovec, J., Švindrych, Z. & Hagen, G. M.
ThunderSTORM: a comprehensive ImageJ plug-in for PALM and
STORM data analysis and super-resolution imaging. Bioinformatics
30, 2389–2390 (2014).

Acknowledgements
Thisworkhasbeenfinancially supportedby the Institute for BasicScience
(IBS-R023-D1) and the National Research Foundation (NRF) grants funded
by the Korean government (MSIT) [R1612208 (S.P., Y.J., J.H.H., and W.C.),
2021R1A2C2010792 (M.K., S.K., and S.-H.S.), 2021R1A4A1032114 (M.K.,
S.K., and S.-H.S.), 2021M3H9A1097594 (S.K.* and H.C.P.),
2019R1I1A1A01059015 (S.P.*), and 2022R1A6A3A01085960 (S.P.*)].
FRZCC #1009 and 1013 were provided by the Fluorescent Reporter
Zebrafish Cooperation Center (FRZCC), Republic of Korea. S.P. and S.P.*
indicate Sanghyeon Park and Sangjun Park, respectively. S.K. and S.K.*
correspond to Sangyoon Ko and Suhyun Kim, respectively.

Author contributions
S.-H.S. and W.C. conceived the project. S.P. and Y.J. constructed the
experimental setup. S.P. conducted super-resolution imaging experi-
ments with the help of M.K., S.K. and S.P.* With guidance of Y.J., J.H.H.,
S.-H.S. and W.C., S.P. performed data analysis. J.H.H., S.K.* and H.C.P.
prepared biological samples and provided guidance for data inter-
pretation. S.P., S.-H.S. andW.C. prepared themanuscript and all authors
contributed tofinalizing themanuscript. S.-H.S. andW.C. supervised the
project. S.P. and S.P.* indicate Sanghyeon Park and Sangjun Park,
respectively. S.K. andS.K.* correspond toSangyoonKoandSuhyunKim,
respectively.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39896-2.

Correspondence and requests for materials should be addressed to
Sang-Hee Shim or Wonshik Choi.

Peer review information Nature Communications thanks Saifollah
Rasouli, and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-39896-2

Nature Communications |         (2023) 14:4185 11

https://doi.org/10.1038/s41467-023-39896-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Label-free adaptive optics single-molecule localization microscopy for whole zebrafish
	Results
	Label-free AO-SMLM setup
	Proof-of-concept imaging of microtubules in a cell through an aberrating layer
	Deep-tissue SMLM imaging in thick mouse brain tissues
	Deep-tissue SMLM imaging in a whole zebrafish

	Discussion
	Methods
	Ethical statement
	CLASS microscope setup
	SMLM setup
	SMLM analysis
	Comparison of CLASS-SMLM with previous AO-SMLM
	Preparation of nanoparticle-coated cover glasses
	Immunolabelling of microtubules in COS-7 cells
	Preparation of mouse brain slices
	Preparation of zebrafish
	Immunolabelling of mouse brain slices and zebrafish
	Immunolabelling of commissural tracts at hindbrain of zebrafish larvae
	Imaging buffer preparation
	Tissue clearing of zebrafish embryos
	Statistics and reproducibility
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




