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ABSTRACT

Nanoscale imaging of all anatomical structures over whole vertebrates is needed for a systematic
understanding of human diseases, but this has not yet been achieved. Here, we demonstrate whole-ExM,
which enables nanoscale imaging of all anatomical structures of whole zebrafish larvae by labeling the
proteins of the larvae with fluorophores and expanding them four-fold. We first optimize the fluorophore
selection and labeling procedure to visualize a broader range of anatomical structures. We then develop an
expansion protocol for zebrafish larvae having calcified body parts. Through this process, we visualize the
nanoscale details of diverse larvae organs, which have corresponding organ counterparts in humans, over
the intact larvae. We show that whole-ExM retains the fluorescence signals of fluorescent proteins, and its
resolution is high enough to visualize various structures that can be imaged only with electron microscopy.

Whole-ExM would enable the nanoscale study of the molecular mechanisms of human diseases.
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INTRODUCTION

A systematic understanding of biological systems requires an unbiased investigation of the whole organism
at sub-cellular resolutions'. In developmental biology, for instance, a high spatial resolution is essential for
discerning differences in subcellular structures or morphological details during different developmental
stages, whereas full spatial coverage is needed for the quantitative analysis of organ morphogenesis from a
systematic persepective®. Various imaging techniques have been developed to visualize whole organism,
including tissue clearing®=, computed tomography®, and electron microscopy’. Computed tomography and
tissue clearing do not rely on physical sectioning and this allow for non-invasive, three-dimensional
histological analysis®®. Nonetheless, these approaches do not provide sub-cellular resolution beyond
millimeter-scales with a sufficiently high contrast to distinguish sub-cellular structures®. Electron
microscopy has been combined with automated sectioning to facilitate volumetric tissue imaging at a
nanoscale resolution”!?; however, sample preparation and image reconstruction require specialized
instruments and skilled personnel for the imaging of a whole organism!!. Simple and straightforward

approaches for imaging intact organisms at a subcellular resolution remain an unmet need in biology.

Expansion microscopy (ExM) combined with the labeling of functional groups of specimens with
fluorophores would be an attractive candidate for satisfying such a need'*”'S, EXM can image proteins or
mRNA in diverse specimens with a lateral resolution of 60-nm by physically expanding the specimens!’ 2.
Recently developed ExM techniques utilizing fluorophore labeling have enabled the unbiased visualization

of nanoscale details of subcellular structures and organelles by labeling various types of molecules, such as

12,14,24 12,16 15,16

proteins , nucleic acids'>!®, or lipids'>'¢, without antibodies'?'*!¢, However, the application of ExM
to whole organisms has been limited to relatively small and simple organisms, such as bacteria>>?’, fungi?®,
and parasitic micro-organisms?. Recently, whole-organism ExM imaging of C. elegans has been
demonstrated'**°, However, ExXM imaging of whole vertebrates, which share a high degree of genetic and
anatomical similarities with humans, has not yet been demonstrated because of the difficulty of expanding

hard body parts, such as bones.

In this paper, we demonstrate a new ExM technique, whole-ExM, which can visualize all anatomically
relevant structures of whole larval zebrafish. We first show that the range of structures visualized by
fluorophore N-Hydroxysuccinimide (NHS)-ester staining depends on the hydrophobicity of the
fluorophores used. Thus, we use multiple fluorophore NHS esters with different hydrophobicities to reveal
all major anatomically relevant cellular structures and cellular organelles that could not be observed with

only one fluorophore NHS ester. Then, we show that even more diverse structures can be visualized when
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fluorophore NHS esters are applied in the middle of the digestion process compared with when they are
applied before or after digestion. Finally, we optimize the EXM protocol for vertebrates in which bones and
soft tissues are entangled. By combining these three approaches, we visualize all anatomically relevant
structures of whole larval zebrafish with a lateral resolution of 60-nm without the need for any antibodies

or a thin-slicing process (sec Supplementary Video 1 for the whole-ExM imaging of a zebrafish larva).
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83 RESULTS
84  Effect of the physicochemical properties of fluorophores on the range of labeled structures

85  We first investigated whether all anatomically relevant structures could be visualized using fluorophore
86  NHS-ester staining. Recently developed expansion microscopy techniques visualize diverse cellular

87  structures and cellular organelles by conjugating fluorophores to functional groups of specific molecular

12-14,16 12-14

88  types , such as the conjugation of fluorophore NHS esters to the primary amines of proteins
89  However, the effect of fluorophores on the range of structures that can be visualized has not been studied.
90  We hypothesized that the protein structures labeled with fluorophore NHS esters would depend on the
91  physicochemical properties of the fluorophores, especially their hydrophobicity. To verify this hypothesis,
92 mouse brain slices were first permeabilized with Triton X-100 and treated with 6-
93  ((acryloyl)amino)hexanoic acid (AcX), which introduces gel-anchoring moieties to proteins. The slices
94  were then embedded in a swellable hydrogel and digested with proteinase K. Subsequently, the slices were
95 labeled with one of seven fluorophore NHS esters with different hydrophobicities and expanded
96  (Supplementary Fig. 1). Cy3, the most hydrophobic fluorophore among these seven fluorophore, showed
97  weak staining in the nuclei but strong staining in the nuclear membranes. In addition, Cy3 NHS ester
98  showed globular and linear structures in the cytoplasm, which corresponded to mitochondria and
99  endoplasmic reticulum (ER), respectively (Fig. 1a). The signal-to-noise ratio of the labeled mitochondria

100 and ER was sufficiently high to clearly visualize their three-dimensional structures, as shown in

101 Supplementary Video 2. Another hydrophobic fluorophore NHS ester, ATTO 647N NHS ester, showed a

102  similar staining pattern, as shown in Fig. 1b (see Supplementary Fig. 2a—c for the magnified images). We

103  confirmed that mitochondria in the cytoplasm—and even those in neurites—were labeled with hydrophobic

104  fluorophore NHS esters using a transgenic mouse line expressing mitochondria-targeted mScarlet

105  (fluorescent protein) (Supplementary Fig. 2d—f, sce Supplementary Video 3 for a z-stack image). The

106  hydrophobic fluorophore NHS esters strongly labeled the myelinated regions of neurons and blood vessels

107  (Supplementary Fig. 2g—i).
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109  Figure 1. Analysis of the fluorophore NHS-ester staining pattern in expanded mouse organs. (a—c)
110  Confocal microscopy images of fluorophore NHS-ester-labeled mouse brain slice after expansion. Inset
111 images in b—c display a magnified view of the boxed regions. Red arrowhead in a indicates endoplasmic
112 reticulum. Yellow arrowheads in a indicate mitochondria. Cyan arrowhead in a indicates nuclear membrane.
113 a, Cy3 NHS ester; b, ATTO 647N NHS ester; ¢, Alexa Fluor 488 NHS ester. (d) Confocal microscopy
114 image of the mouse brain corpus callosum after expansion. Green, Alexa Fluor 488 NHS ester; magenta,
115  ATTO 647N NHS ester. The inset image displays a magnified view of the boxed region. (e) Confocal
116  microscopy image of the expanded mouse heart slice labeled with Alexa Fluor 488 NHS ester and ATTO
117 647N NHS ester. Green, Alexa Fluor 488 NHS ester; magenta, ATTO 647N NHS ester. Blue arrowhead
118  indicates cardiac muscle cells. Yellow dotted circles indicate capillaries. Yellow arrowheads indicate
119  mitochondria. (f) Confocal microscopy image of mouse brain CAl, CA2, and CA3 in the hippocampus
120  after expansion. Green, Homerl; cyan, Bassoon; magenta, Cy3 NHS ester. White arrowheads in f possibly
121 indicate synaptic vesicles at the pre-synaptic end. (g—m) Confocal microscopy images of the mouse liver
122 slice after expansion. Gray, ATTO 647N NHS ester; blue, DAPI. (g) General histology of the expanded
123 liver with inter-digestion staining with ATTO 647N NHS ester. PV, portal vein; CV, central vein. Gray
124  arrowheads indicate sinusoids. Green arrowheads indicate binuclear hepatocytes. g—i, inter-digestion
125  staining; j-k, pre-gelation staining; I-m, post-digestion staining. (i) Magnified view of the boxed region in
126 h. (k) Magnified view of the boxed region in j. (m) Magnified view of the boxed region in 1. Yellow
127  arrowheads in i, k, m indicate mitochondria. Red arrowheads in i, k, m indicate Golgi apparatus. (n—r)
128  ExM imaging of the mouse small intestine slice after expansion. Gray, ATTO 647N NHS ester; blue, DAPI.
129  Magenta arrowheads indicate goblet cells. Yellow arrowheads indicate mitochondria. Cyan arrowheads
130  indicate brush border. n—o, inter-digestion staining; q—r, pre-gelation staining. (o) Magnified view of the
131 boxed region in n. (p) Multiple-peak Gaussian-fitted line profile of microvilli along the magenta line in o.
132 (r) Magnified view of the boxed region in q. Scale bars: (a) 2 um; (b—¢) 5 um; (d) 20 um; insets in (b—d)
133 500 nm; (e) 10 pm; (f) 5 um; inset in (f) 1 pm; (g) 100 pm; (h) 5 pm; (i) 1 pm; (§) 5 pm; (K) 1 pm; (1) 5 pm;
134 (m) 1 um; (n) 10 um; (o) 1 um; (q) 10 um; (r) 1 um. All length scales are presented in pre-expansion
135  dimensions.

136

137 In contrast, hydrophilic fluorophore NHS esters, such as Alexa Fluor 488 NHS ester, strongly labeled the

138  nucleoplasm and showed uniform staining in the cytoplasm, as shown in Fig. 1¢. Other hydrophobic and
139  hydrophilic fluorophore NHS esters showed similar staining patterns, as shown in Supplementary Fig. 1.
140  We investigated whether other physicochemical properties of fluorophores, such as their charges, affected
141 their staining pattern. Both ATTO 565 and Cy3 had a zero net-charge; however, ATTO 565 was more
142 hydrophilic than Cy3. These two fluorophore NHS esters showed completely different staining patterns, as
143 shown in Supplementary Fig. 1fh, indicating that hydrophobicity was the key factor determining the
144  labeling pattern of the fluorophore NHS esters. In addition, a recent study has reported that the
145  hydrophobicity of fluorophores, not their charge, determines the non-specific binding of fluorophore-
146  conjugated antibodies during single-molecule imaging’!. The difference in the staining patterns being
147  dependent on the hydrophobicity of the fluorophores indicated that the local environment around the
148  primary amines of proteins would affect the labeling density of the fluorophore NHS esters. Hydrophobic

149  fluorophore NHS esters preferentially labeled lipid-rich structures, such as the nuclear membrane,
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150  mitochondria, ER, and myelinated fibers, indicating that the use of a single fluorophore NHS ester would

151 not be sufficient to visualize all anatomically relevant protein structures.

152 Next, we used both hydrophobic and hydrophilic fluorophore NHS esters to label single specimens. In
153 the mouse brain corpus callosum, where many myelinated nerve fibers are present®?, Alexa Fluor 488 NHS
154 ester labeled the axons of the myelinated fibers, while ATTO 647N labeled the surrounding myelin, as
155  shown in Fig. 1d. Alexa Fluor 488 NHS ester visualized a greater number of anatomical structures than
156  ATTO 647N NHS ester does in the mouse heart. Alexa Fluor 488 NHS ester visualized the anatomy of
157 cardiac muscle cells, including structures and components such as the Z disc, A band, M line, and capillaries.
158  In contrast, ATTO 647N NHS ester showed strong labeling of mitochondria (Fig. 1e). To perform the
159  aforementioned experiment, the mouse brain and heart slices were first permeabilized with Triton X-100,
160  followed by fluorophore NHS-ester labeling or gelation. The compatibility of our labeling technique with
161  permeabilization enabled the co-staining of specimens with antibodies and fluorophore NHS esters. When
162  amouse brain slice was stained with Cy3 NHS ester and antibodies against the pre-synaptic marker Bassoon
163  and post-synaptic marker Homerl, Cy3 NHS ester exhibited a band-like structure located between Homer1

164  and Bassoon but was more closely located to and overlapped with Bassoon (Fig. 1f; see Supplementary
165  Fig. 3a—d for more images). Such localization of Cy3 NHS ester close to the pre-synapse can be attributed
166  to the staining of lipid-rich synaptic vesicles at the pre-synapses. We recently showed that F-actin is mainly
167  localized in post-synaptic densities**. By combining hydrophobic fluorophore NHS-ester labeling and the
168  ExM imaging of actin, we visualized the four-layered structures of Bassoon, hydrophobic fluorophore NHS
169  ester, Homerl, and F-actin (Supplementary Fig. 3e—j). The range of the structures visualized using the
170 fluorophore NHS-ester labeling varied depending on the specimen type and fixation. As shown in
171 Supplementary Fig. 4a, cytoskeletons, which were not visible in the mouse brain and heart, were observed
172 in cultured HeLa cells fixed with 4% paraformaldehyde (PFA). However, cytoskeletons were not observed
173 when the same cells were fixed with PFA and glutaraldehyde (GA), as shown in Supplementary Fig. 4b.

174
175  Visualization of the anatomical structures of various mouse organs through the inter-

176  digestion staining of fluorophore NHS esters

177  Next, we optimized the fluorophore NHS-ester labeling process to label more anatomically relevant
178  structures in diverse mouse organs. The expansion of mouse organ slices, such as the kidney, has been
179  recently demonstrated®*. Repetitive digestion using proteinase K at 37 °C enabled more than a four-fold

180  expansion of diverse mouse organ slices with a thickness of 1 mm, including the heart, kidney, liver, lung,
6
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181 small intestine, spleen, and stomach (Supplementary Fig. 5; sce Methods for detailed protocol). Next, we
182  aimed to determine when it would be optimal to apply fluorophore NHS esters in such a repetitive digestion
183  process. We compared the images of specimens prepared using three different protocols: first, the specimens
184  were labeled with fluorophore NHS ester and then embedded in a hydrogel. This process was called pre-
185  gelation. Second, specimens were embedded in hydrogels, digested with proteinase K briefly
186  (approximately 4 h), labeled with fluorophore NHS esters, and further digested with proteinase K. This
187  process was called inter-digestion. Third, the specimens were embedded in hydrogels, repetitively digested,
188  and labeled with fluorophore NHS esters. This process was called post-digestion. Among these three
189  processes, inter-digestion visualized the most diverse structures. In the mouse liver, both the pre-gelation
190  and inter-digestion processes visualized mitochondria; however, only inter-digestion showed the Golgi
191 apparatus (Fig. 1g—m, see Supplementary Fig. 6 for a larger field-of-view image). In addition, the
192  fluorescence signal intensity observed after the pre-gelation process was several-fold lower than that
193  observed after inter-digestion. This was attributed to the bleaching of the fluorophores during the in situ
194  gelation during the pre-gelation process. Post-digestion did not show any clear cellular organelles, as these
195  structures were over-digested and may have lost their structural integrity. In the mouse intestine, the inter-
196  digestion process visualized individual microvillus of the brush borders that were not clearly observed via
197  pre-gelation (Fig. 1n-r). The superior labeling performance of the inter-digestion process could be
198  explained by the exposure of primary amines buried in proteins after the first brief digestion. During pre-
199  gelation, the specimens were first treated with fluorophore NHS esters and then with AcX. As both
200  fluorophore NHS esters and AcX reacted with primary amines, some proteins did not have enough
201 fluorophore NHS esters for visualization nor AcX for anchoring at the same time. On the contrary, during
202  inter-digestion, newly exposed primary amines could be available for labeling, and more diverse structures
203 would be labeled and visualized. Such exposed primary amines would also increase the fluorescence signal

204 by providing a greater number of labeling sites.

205 We applied the inter-digestion process of fluorophore NHS-ester labeling to various mouse organs, such
206  as the liver (Fig. 1g—m, Supplementary Fig. 6), esophagus (Supplementary Figs. 7-8, Supplementary
207  Video 4), stomach (Supplementary Figs. 9—10, Supplementary Video 5), small intestine (Fig. 1n-r,
208  Supplementary Figs. 11-12, Supplementary Video 6), kidney (Supplementary Fig. 13, Supplementary
209  Video 7), lung (Supplementary Figs. 14-15, see Supplementary Video 8 for a z-stack image and
210  Supplementary Video 9 for a three-dimensional view), heart (Fig. le, Supplementary Fig. 16,
211 Supplementary Video 10), and testis (Supplementary Fig. 17, Supplementary Video 11). In these mouse
212 organs, we found that inter-digestion staining with fluorophore NHS esters revealed not only macroscopic

7
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213 histological features but also subcellular structures and organelles (Supplementary Notes 1-2). More
214 importantly, structures including the basal striation (Supplementary Fig. 13c), foot process
215  (Supplementary Fig. 13d), outer membranes of individual mitochondria of the kidney (Supplementary
216 Fig. 13f), the secretory granules (lamellar bodies) needed to distinguish between alveolar cell types I and
217 11 of the lung (Supplementary Fig. 15), individual microvillus of the brush border (Fig. 10), secretory
218  wvesicles of goblet cells in the small intestine (Supplementary Fig. 12), and individual mitochondria and
219  Golgi apparatus of the liver (Supplementary Fig. 6) that cannot be identified or visualized with optical
220  microscopy and thus require electron microscopy imaging were clearly visualized with diffraction-limited

221 confocal microscopy.

222
223  Development of whole-ExM

224 Next, we attempted to visualize all anatomical structures of the whole zebrafish larvae, which have been
225  widely used as a vertebrate model as they demonstrate higher genetic similarity to humans than C.
226  elegance or Drosophila®®. However, when the staining and expansion protocol developed for mouse organ
227  slices was applied to zebrafish larvae, two problems were observed. First, after repetitive proteinase
228  digestion, relatively dense body parts of the whole larvae, such as the eyes and craniofacial bones,
229  disappeared. Second, the larvae were expanded only 2.3-fold in the presence of calcified hard components,

230  such as bones, cartilages, and calcified tissues, at 6 days post-fertilization (dpf).

231 The first problem could probably be attributed to the limited diffusion of materials, such as AcX, hydrogel
232 monomers, polymerization initiators, and catalysts. To solve this problem, we added a surfactant (0.05% to
233 0.1% Triton X-100) to the AcX solution and hydrogel solution to accelerate the diffusion of these materials
234 deep into the specimens. More importantly, we used the thermal initiator 2,2’-azobis[2-(2-imidazolin-2-
235  yl)propane]dihydrochloride (VA-044) instead of a mixture of ammonium persulfate (APS),
236  tetramethylethylenediamine (TEMED), and 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (H-TEMPO)
237  and extended the incubation time of the larvae in the hydrogel solution to 18 h. Such prolonged incubation
238  was not possible with a hydrogel solution containing APS, TEMED, and H-TEMPO, as hydrogels were
239  formed after 1 h of incubation—even at 4 °C. We also incubated the whole larvae in a hydrogel solution
240  containing only TEMED and H-TEMPO for more than 10 h. Subsequently, the larvae were incubated with
241 a hydrogel solution containing APS, TEMED, and H-TEMPO briefly, which was followed by gelation at
242 37 °C. In this protocol, hydrogels were not formed after the first incubation, but the hard organs still

243  disappeared after digestion. This indicated that hydrogels were not formed in these areas, and proteins

8
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244  present in these organs were digested and washed away. Through these two modifications, including the
245  addition of a surfactant to the AcX and hydrogel solutions and the use of VA-044, all organs of the whole
246  zebrafish larvae were preserved after expansion. However, these modifications alone were not sufficient to

247  uniformly expand the larvae.

248 We introduced a decalcification process to uniformly expand the whole larvae by more than 4-fold. The
249  calcification of bones and cartilages starts at 3 dpf in zebrafish larvae*®, and such calcified structures resisted
250  full expansion. For decalcification, we initially treated chemically fixed larvae with 0.5 M
251 ethylenediaminetetraacetic acid (EDTA), which is widely used in histology and bone clearing for
252 decalcification®’’. Following decalcification, the larvae were embedded in a hydrogel, treated with
253  proteinase multiple times, and then expanded. However, this process showed only a 2.7-fold expansion
254  (Supplementary Fig. 18). The extension of the EDTA treatment for up to three weeks did not yield a higher
255  expansion factor. The decalcification process was then applied after digestion. The larvae were embedded
256  in a hydrogel without any decalcification process, digested multiple times, and then treated with a
257  decalcification buffer containing 1 M NaCl. Sodium chloride was added to the decalcification buffer to
258  prevent the expansion of the digested larvae before the complete removal of the calcium ions. This protocol,
259  which applied the decalcification process after digestion, yielded a 4.1-fold expansion (Supplementary
260  Fig. 18, see Supplementary Fig. 19 for a comparison between proExM and whole-ExM) of larvae aged
261 3—12 dpf. Full expansion of the larvae with post-digestion decalcification indicated that proteinase

262  treatment rendered the calcium ions more accessible to EDTA and thus enabled their complete removal.
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264 Figure 2. Whole-ExM imaging of zebrafish larvae. (a) Confocal microscopy image of an expanded 6 dpf
265  larval zebrafish. (b—d) Different staining patterns of Alexa Fluor 488 NHS ester (green) and ATTO 647N
266  NHS ester (magenta) in labeling photoreceptor cells. Cell bodies (arrowheads) were labeled more intensely
267  with Alexa Fluor 488 NHS ester, while outer segments (arrows) were stained more intensely with ATTO
268 647N NHS ester. (¢) Montage image of the larval eye showing major features of the vertebrate eye,
269  including the angle mesenchyme (AM), optic nerve (ON), lens (L), cornea (CO), and retina (RE) layers. (f)
270  Magnified view of the boxed region in e, showing the retinal sections that organized into highly structured
271 layers, including the ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer
272  plexiform layer (OPL), outer nuclear layer (ONL), and photoreceptor layer (PRL). (g) Sagittal view of the
273 inner ear of the zebrafish larva. Two extracellular biomineral particles, utricular otolith (UO) and saccular
274  otolith (SO), were visualized together with three sensory patches: the anterior crista (AC, asterisk), utricular
275  macula (UM), and saccular macula (SM). The anterior crista and utricular macula with different z-planes
276  are also shown in the right lower dotted box. (h) Sagittal view of the otolith in which the layered biomatrix
277  isintensely stained with ATTO 647N NHS ester. The boxed region shows the inner globular structures and
278  is shown in the magnified view in the inset box. (i) Frontal view of the otic sensory epithelium (utricular
279  macula), which is made up of three essential layers: hair cells (HC), supporting cells (SC), and the basilar
280  membrane (BM). The inset shows the magnified view of the boxed region (taken from a different sample)
281 and reveals the brush-like sensory hair cell bundles. Arrows, kinocilia; arrowheads, stereocilia. Labels: (a),
282  (b), (e), (D), (g), inset in (g), Alexa Fluor 488 NHS ester; (¢), (h), inset in (h), (i), inset in (i), ATTO 647
283  NHS ester; (d) Alexa Fluor 488 NHS ester and ATTO 647N NHS ester. Scale bars: (a) 250 um; (b—d) 10
284  um; (e) 50 um; (f) 10 um; (g) and inset in (g) 20 um; (h) 5 um; inset in (h) 1 pm; (i) 5 wm; inset in (i) 2 pm.
285  All length scales are presented in pre-expansion dimensions.

286
287  Whole-ExM imaging of whole zebrafish larvae

288 By combining the inter-digestion staining of fluorophore NHS esters and the expansion protocol optimized
289  for the whole zebrafish larvae, we successfully imaged all biologically relevant structures in the whole
290 larvae after expansion. Briefly, the process started with the fixation of the whole larvae with 4% PFA, which
291  was followed by incubation in AcX solution containing 0.1% Triton X-100. Subsequently, the larvae were
292  incubated in hydrogel solution containing VA-044 as initiator for more than 18 h at 4 °C and subjected to
293  gelation at 37 °C. After hydrogel synthesis, the larvae-hydrogel composites were digested with proteinase
294 K for 18 h, stained with fluorophore NHS esters, and further digested. After digestion, the larvae-hydrogel
295  composites were decalcified and then expanded 4.1-fold in deionized water (see Methods for expansion
296  factor determination and reproducibility). The expanded zebrafish larvae became transparent, enabling the
297  imaging of the whole larvae without any sectioning (Supplementary Fig. 18). The whole process, called
298  whole-ExM, took approximately a week to perform for 6 dpf larvaec. We used spinning-disk confocal
299  microscopy, which can acquire high-resolution images several-fold faster than point-scanning confocal
300  microscopy to image the expanded larvae. The image acquisition of a single z-plane of the whole larvae

301 with a resolution of 62.5 nm (250 nm / 4 = 62.5 nm) took five min (see Fig. 2a for the image and
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302  Supplementary Video 1 for the annotated image). Three-dimensional imaging of a whole larvae with the
303  same resolution would require approximately five days (see Supplementary Fig. 20 for the whole
304  expansion and imaging process; see Supplementary Note 3 for details on imaging time). Both wild-type
305 and transparent Casper zebrafish larvae were used in this study; however, no significant difference was
306  observed in post-expansion imaging between the two lines. To confirm that the larvae were expanded
307 homogeneously, we measured the length of the sarcomere of skeletal muscle fibers in the anterior trunk and
308  compared it with the sarcomere length measured from electron microscopy images of larvae reported in
309 previous studies. The average sarcomere length measured from four expanded larvae was 1.95 + 0.12 pm.
310  We also measured the sarcomere length in other body parts, such as the craniofacial regions, posterior trunks,
311 and tails, but no difference was observed. The average sarcomere length measured from two independent
312 studies on the electron microscopy imaging of larvae was 1.87 + 0.07 um®®*°, Considering that these two
313 values were measured from separate specimens and muscles are more resistant to expansion than other
314 tissues®, the good agreement between these two values (4.3% difference) indicates that the expansion was
315  homogeneous and the whole-ExM process preserved not only the morphology of the structures but also

316  their physical dimensions (Supplementary Fig. 21).

317 In the zebrafish larvae, the hydrophilic fluorophore NHS ester (Alexa Fluor 488 NHS ester) and
318  hydrophobic fluorophore NHS ester (ATTO 647N NHS ester) demonstrated different staining patterns.
319  Alexa Fluor 488 NHS ester outlined most of the biologically relevant structures with similar intensities,
320  making it useful for determining their overall morphologies (Fig. 2a). In contrast, ATTO 647N NHS ester
321  strongly stained lipid-rich structures and revealed detailed organelle structures, thereby enabling the
322  distinction of different cell types or subcellular structures (Supplementary Fig. 22). In the retinal layers,
323  photoreceptors were uniformly stained with Alexa Fluor 488 NHS ester; however, the lipid-rich outer
324  segments, which consist of a stack of disk membranes, were strongly stained with ATTO 647N NHS ester
325  (Fig.2b-d, sece Supplementary Video 12 for a z-stack image)*'. In addition, the cornea, lens, retinal layers,
326  and optic nerves were clearly identified in the eye (Fig. 2e—f), and the otoliths and sensory patches of the
327  inner ear (Fig. 2g, see Supplementary Video 13 for a z-stack image) were also clearly visualized with
328  Alexa Fluor 488 NHS ester. Individual otolithic membrane layers composed of the otolith and three cell
329  layers of the otic sensory epithelium were difficult to identify with Alexa Flour 488 NHS ester but were
330  clearly visualized with ATTO 647N NHS ester (Fig. 2h—i). For cilia present in the hair cell bundles of the
331 inner ear (dotted rectangle in Fig. 2i), the average center-to-center distance between neighboring cilia is
332 smaller than 150 nm*, and the distinction of individual cilia requires a resolution beyond that of optical
333  microscopy. As shown in the inset of Fig. 2i, the resolution of whole-ExM was sufficiently high to visualize
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334  individual cilium of the hair cell bundles and distinguish between kinocilium (relatively long cilium; white

335  arrows in Fig. 2i) and stereocilia (relatively short cilia; white arrowheads in Fig. 2i) based on their length.

336 ..-C "‘e_j }!‘/ e o ¥n

337  Figure 3. Whole-ExM imaging of anatomical changes in zebrafish larvae in different developmental
338  stages. (a) Schematic diagram of larval zebrafish depicting locations in b—f. (b) Confocal microscopy
339  image of the anterior lens of 8 dpf zebrafish larva. PFC, primary lens fiber cell; SFC, secondary lens fiber
340  cell; LE, lens epithelium; CO, cornea. (¢) Magnified view of the boxed region in b, highlighting the detailed
341 anatomical features of PFCs. Arrowheads, Y-shaped suture pattern between the ends of cells. (d) Magnified
342  view of the boxed region in b, showing the detailed structure of SFCs. Arrowheads, ball-and-socket inter-
343  digitations between older fiber cells. (e-f) Confocal microscopy images of the retinal layers of larval
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344  zebrafish at (e) 6 dpf and (f) 8 dpf, depicting photoreceptor cell maturation. Green, Alexa Fluor 488 NHS
345 ester; magenta, ATTO 647N NHS ester. OS, outer segment; IS, inner segment; CB, cell body; SR, synaptic
346  region. For e, the same image shown in Fig. 2d is used. Labels: (b—d), ATTO 647N NHS ester; (e—f), Alexa
347  Fluor 488 NHS ester and ATTO 647N NHS ester. Scale bars: (b) 5 um; (e—d) 2 pm; (e—f) 10 um. All length
348  scales are presented in pre-expansion dimensions.

349

350  Use of whole-ExM to study anatomical changes in different developmental stages

351 Whole-ExM was useful in studying the changes in the morphologies of anatomical landmarks during
352  different developmental stages. Among several examples, we focused on two cases: fiber cell maturation
353  in the lens and photoreceptor cell maturation in the retina (Fig. 3a). In the anterior segment of the lens in 8
354  dpf larva, highly organized layers of the lens fiber cells, lens epithelium, and cornea were distinguished
355  with ATTO 647N NHS-ester labeling (Fig. 3b). During lens maturation, fiber cells can be classified into
356  two cell types depending on their degree of maturation: primary lens fiber cells (PFCs) and secondary lens
357  fiber cells (SFCs). Both cells lack cellular organelles. PFCs are found close to the core of the lens, and SFCs
358 are found in the more peripheral regions of the lens. PFCs show well-ordered hexagonal cellular
359  arrangements, whereas SFCs show less ordered arrangements and unique protrusions formed via the ball-
360  and-socket process. In addition, SFCs are more mature, denser, and less transparent than PFCs*. We were
361 able to classify these two different types of fiber cells based on their detailed anatomical features (Fig. 3c—

362  d), such as the hexagonal profile of PFCs and the ball-and-socket junction of SFCs.

363 Photoreceptor maturation in the retinal layer is another interesting example. At 6 dpf, two rows of inner
364  segments were visible (Fig. 3e). At 8 dpf, an increase in the length of the outer segments was observed, but
365  the extent of this increase differed depending on the photoreceptor subtype (Fig. 3f). In addition, two
366  distinct rows of inner segments became more evident (Fig. 3f; see Supplementary Fig. 23 for each
367  fluorophore channel; see Supplementary Video 12 for z-stack image of 8 dpf'larval retina). Based on these
368  morphological features, we were able to classify the photoreceptor cells into two different subtypes: double
369  cone photoreceptor cells, which are characterized by shorter outer segments (cell i in Fig. 3f), and single
370  cone photoreceptor cells or rod photoreceptor cells, which are characterized by a long outer segment (cell

371 ii in Fig. 3f). The observations were in agreement with those of previous studies on zebrafish retina*'~,
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373  Figure 4. Whole-ExM imaging of a variety of key landmarks in zebrafish larvae. (a) Schematic
374  diagram of lateral and dorsal views of larval zebrafish depicting locations in b—o. Highlighted structural
375  landmarks are color-coded based on the organ system to which they belong. (b—d) Confocal microscopy
376  images of major organs that belong to the nervous or sensory system. (b) Brain. Arrowhead, nucleus; arrows,
377  blood vessels; asterisk, cytoplasm. (¢) Olfactory sensory epithelium. Black arrowhead, mitochondria; white
378  arrowhead, cilia. (d) Trunk neuromast. HC, hair cell; SC, supporting cell. Arrow, kinocilium; arrowhead,
379  stereocilia. (e) Internal organs that belong to the digestive or urinary system. E, esophagus; L, liver; IB,
380 intestinal bulb; P, pancreas; PN, pronephros. The dotted box highlights bacterial colonies attached to the
381 intestinal bulb epithelium (observed in a different sample). (f) Magnified view of the boxed region in e,
382 showing the frontal view of the pronephros. White arrowhead, motile cilia; black arrowhead, mitochondria.
383  (g) Unusually long (~ 20 pum) microvilli found in the anterior intestinal bulb region adjacent to the
384  esophageal intestinal junction. (h) Goblet cells in mid-intestine. Arrow, secretory vesicle; asterisk, nucleus.
385  (i—0) Confocal microscopy images of representative components that belong to the musculoskeletal system.
386 (i) Craniofacial cartilage. The inset highlights a chondrocyte (arrowhead) encapsulated by a cartilage matrix
387  (arrow). (j) Body trunk. I, intestine; PN, pronephric duct; S, skeletal muscle; NC, notochord; SC, spinal
388  cord. (k) Magnified view of the notochord organized by vacuoles, sheath cells, and tightly apposed
389  notochordal vacuolated cells. The inset highlights caveolae (arrows) between neighboring notochordal cells.
390 (1) Pectoral fin comprising the fin membrane, skeletal muscle fibers, and endoskeletal core disk. The inset
391 shows divided chondrocytes forming symmetrical cell nests. (m) Magnified view of the skeletal muscles.
392  White asterisk, nucleus; black asterisk, muscle fibers; black arrow, connective tissue. (n) Frontal view of
393  the smooth muscle fibers on the peripheral edge of the internal organs. Black asterisk, muscle fibers; white
394  asterisk, nucleus. (o) Tendons (arrows) between the cartilaginous bone and muscle fibers. Except for i,
395  which was observed with an 8 dpf larva, the remaining images were observed with 6 dpf larvae. Labels:
396  (b),(c), (d), (e), (), (j), (m), Alexa Fluor 488 NHS ester; (g), (h), (i), (k), (), (m), (0), ATTO 647 NHS ester.
397  Scale bars: (b) 5 um; (¢) 2 um; (d) 5 um; (e) 100 um; inset in (e) 5 um; (f—g) 10 pm; (h) 5 pm; (i) 50 um;
398 insetin (i) 10 um; (j) 100 pm; (K) 10 pm; inset in (k) 5 pm; (1) 50 pum; inset in (I) 10 um; (m) 20 um; (n) 5
399  um; (o) 10 um. All length scales are presented in pre-expansion dimensions.

400

401  Nanoscale imaging of diverse organs of whole larvae

402  Whole-ExM visualized physiological details in a diverse range of tissues and organs across the whole larvae
403  (Fig. 4a). In the nervous systems, the brain (Fig. 4b) and the spinal cord (Supplementary Fig. 24) were
404  visualized. In the sensory systems, the nanoscale details of major sensory organs, such as the individual
405  microvillus of the olfactory sensory epithelium (Fig. 4c, see Supplementary Fig. 25 for more detailed
406  analysis and Supplementary Video 14 for a z-stack image) and the individual cilium and cells of trunk
407  neuromast (Fig. 4d, see Supplementary Fig. 26 for detailed analysis and Supplementary Videos 15 for a
408  z-stack image) were visualized. In the digestive and urinary systems, most features of organ morphogenesis
409  that are commonly observed in this developmental stage were clearly observed along with the detailed
410  shape of major internal organs, including the intestinal bulb, liver, pancreas, esophagus (Fig. 4e),
411 pronephros (the earliest stage of kidney development; Fig. 4f), and pronephric duct along the whole body

412  (Supplementary Fig. 27). Interestingly, structures presumably of bacteria were also observed inside the
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413 intestinal bulb (inset of Fig. 4e, sce Supplementary Fig. 28a—e for detailed analysis and Supplementary
414 Video 16 for a z-stack image). Whole-ExM clearly visualized the microvilli of the intestinal epithelium
415  (Fig. 4g, sece Supplementary Video 17 for a z-stack image) and the details of the mid-intestine with goblet
416 cells (Fig. 4h, see Supplementary Video 18 for a z-stack image). Whole-ExM also successfully visualized
417  complex musculoskeletal tissues (Supplementary Video 19), such as calcified cartilages (Fig. 4i, see
418  Supplementary Fig. 29 for the whole pharyngeal arches); body trunk, including the spinal cord and
419  notochord (Fig. 4j for a large field of view and Fig. 4k for the notochord; see Supplementary Fig. 30 for
420  the body trunk of the more distal region and Supplementary Video 20 for a z-stack image of notochord);
421 fins (Fig. 41, see Supplementary Video 21 for a z-stack image); muscle fibers (Fig. 4m-—n, see
422  Supplementary Fig. 31 for a detailed analysis); and even tendons (Fig. 40).

423 Moreover, whole-ExM enabled the visualization of nanoscale details of certain anatomical structures that
424 cannot be clearly imaged with diffraction-limited microscopy. These structures include not only individual
425  cilium (and the distinction between kinocilium and stereocilia) in the trunk neuromast (Fig.
426  4d, Supplementary Fig. 26) but also microscopic protuberances or membrane protrusions directly related
427  to organ function. Such structures include motile cilia found in the pronephric duct (Fig.
428  4f, Supplementary Fig. 27) or microvilli in the intestinal bulb (Fig. 4g), secretory vesicles in goblet cells
429  (Fig. 4h), dense caveolae in the membrane of adjacent notochordal cells (Fig. 4k), and mitochondria in
430  skeletal muscle fibers (Fig. 4m, Supplementary Fig. 31). As the whole-ExM process non-specifically
431 labeled proteins, it showed structures that have not been reported previously. For example, the presence of
432  long microvilli located at the esophageal intestinal junction (Fig. 4g, see Supplementary Fig. 28f—g for
433 details and Supplementary Video 17 for a z-stack image) has not been reported previously, to our
434 knowledge. Interestingly, we observed an unknown structure smaller than a single cell with characteristic
435  needle-like structures stretched inside. This unknown structure was only found in the externally exposed
436  regions in the zebrafish larvae, such as the olfactory epithelium and skin, and was found inside other cells
437  (Supplementary Fig. 32). This structure might be an unknown cell subtype, an unknown appearance of

438 the differentiating cell, or an infected cell with a parasitic protist, such as apicomplexan.
439
440 Imaging of the fluorescent proteins of transgenic zebrafish by whole-ExM

441  Finally, we investigated whether fluorescence signals from genetically encoded fluorescent proteins could

442  be retained during the whole-ExM process. Recently, it has been reported that some fluorescent proteins
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443 (i.e., GFP, mCherry, and TagRFP) retain their fluorescence signals after a 48 h-long proteinase K digestion,
444  and they can even be labeled with antibodies to boost their fluorescence signals'®. As reported, we
445  successfully imaged the fluorescence signal of GFP in transgenic zebrafish lines after a 54 h-long proteinase
446 K digestion, as shown in Supplementary Fig. 33a—c. The fluorescence signals were boosted by labeling
447  GFP with antibodies after a 54 h-long digestion, as shown in Supplementary Fig. 33d—g. The dense
448  staining of ATTO 647N did not interfere with the GFP signal, and these two signals were simultaneously
449  visualized, as shown in Supplementary Fig. 33e—f. Whole-ExM was also compatible with mRNA imaging.
450  As shown in Supplementary Fig. 34, the whole-ExM protocol combined with expansion fluorescent in
451  situ hybridization (EXFISH)* visualized the mRNA puncta at an elevated resolution, enabling nanoscale

452  transcriptional analysis over the whole larvae.
453

454  High-precision registration of images using fluorophore NHS-ester staining as fiducial

455 markers

456  We found another use of fluorophore staining in addition to the visualization of major biological structures
457  in mouse organs and zebrafish larvae. The dense labeling of ATTO 647N NHS ester and Cy3 NHS ester
458  enabled the registration of images acquired via repetitive staining and imaging with less than a 10-nm
459  registration error (see Supplementary Note 4 for detailed procedure). Recently developed multiplexed
460 tissue imaging techniques based on tissue expansion rely on repetitive staining and imaging, which require
461  registration between images acquired at different imaging rounds?**-*6, DAPI-stained nuclei have been
462  widely used as fiducial markers**®. Here, we found that registration using DAPI as a fiducial marker
463  yielded a registration error larger than 50 nm, especially when the density of the nucleus was low
464  (Supplementary Fig. 35f,g,m). Hydrogel shrinking and expansion during buffer exchange and hydrogel
465  handling during repetitive staining and imaging generated non-linear deformation in the specimen, resulting
466  insuch a registration error where the nucleus was absent. However, when Cy3 NHS-ester staining was used
467  as a fiducial marker for the repetitive imaging of an expanded mouse brain slice, a registration error less
468  than 10 nm was achieved, as shown in Supplementary Fig. 35h,i,o. We found that Cy3 NHS ester was
469  more favorable than ATTO 647N NHS ester as a fiducial marker, as the excitation and emission spectra of
470  ATTO 647N embedded in a hydrogel were blue-shifted when they were exposed to excitation lasers for an
471 extended period of time (Supplementary Figs. 36-37, sce Supplementary Note 5 for details)*’. Cy3 NHS
472  ester also enabled three-dimensional registration between two z-stack images of an expanded brain slice

473  acquired from different staining and imaging rounds (Supplementary Fig. 38).
18
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474  DISCUSSION

475  In this work, we demonstrated a simple protocol that enables the three-dimensional super-resolution
476  imaging of all anatomically relevant structures in diverse mouse organs and even whole larval zebrafish via
477  expansion microscopy. The key ideas here are using both hydrophobic and hydrophilic fluorophores to label
478  all proteins, the introduction of fluorophore NHS esters after a short period of digestion, and optimized
479  gelation and digestion protocol for mouse organs and zebrafish larvae. For mouse organs, this process would
480  be highly useful for studying diseases featuring anatomical changes in cellular structures or organelles. In
481 addition, this process will allow pathologists to confirm the pathologic diagnosis of diseases that require
482  ultramicroscopic evidences in the environment without access to electron microscopy*. Such examples
483  include the foot process loss in minimal change disease among nephrotic syndrome*; the Zebra bodies in
484  Fabry’s disease®; the neurosecretory granules in neuroendocrine tumors, such as pheochromocytomas™;
485  and the structural abnormality of mitochondria in congenital mitochondrial myopathy’!. For whole-
486  organism imaging, whole-ExM would be highly useful for studying transgenic lines showing anatomical
487  abnormalities or studying the nanoscale anatomical changes occurring in different developmental stages.
488  As zebrafish share a high degree of genetic similarities with humans* and have similar anatomical
489  structures with humans>?, whole-ExM would enable the study of the molecular mechanisms of human

490 diseases.

491 The resolution of whole-ExM is lower than that of electron microscopy, but it enables three-dimensional
492  sub-100-nm resolution imaging of all anatomical structures throughout the whole organism with a simple
493  microscopy setup and chemical process within a relatively short period (less than 5 min for a single z-plane
494  imaging of a whole larva) and without any antibodies. With these advantages, whole-ExM would be useful
495  in identifying unknown structures that have not been reported by electron microscopy imaging or super-
496  resolution imaging based on antibody labeling. For the imaging of non-fluorescent proteins, the whole-
497  mount staining of larvae with antibodies, followed by the whole-ExM protocol, would enable the super-
498  resolution imaging of both non-fluorescent proteins and dense fluorophore labeling. When whole-mount
499  staining is not available because of limited antibody diffusivity, especially for larvae older than 3 dpf,
500  simply sectioning the larvae into thick slices and staining them with antibodies followed by whole-ExM
501 could be used. Alternatively, a post-gel staining version of whole-ExM could be developed by replacing

502  proteinase K treatment with heat denaturation'4,

503 Whole-ExM would be applicable to a wide range of organisms. One of the biggest challenges in studying

504  the nanoscale structures of organisms other than model organisms is the lack of high-affinity antibodies.
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505  We showed here that dense fluorophore labeling combined with optimized gelation and expansion protocol
506  could visualize all anatomically relevant structures—even without any antibodies. The general procedure
507  of whole-ExM, which starts with permeabilization and proceeds to the extended incubation of specimens
508 in a gel solution containing a thermal initiator followed by gelation, brief digestion, the application of both
509  hydrophilic and hydrophobic fluorophore NHS esters, further digestion, and decalcification, would work

510  for most vertebrates after optimizing the duration of each step.

511 We anticipate that whole-ExM could be used to visualize the sub-10-nm details of protein structures over
512 the whole organism. In this work, specimens were expanded only 4-fold, but a higher expansion factor,
513  such as 10- or even 20-fold, has been demonstrated through iterative expansion'?%334, A larger expansion
514  factor does not always guarantee a higher resolution due to expansion inhomogeneity or signal blurring,
515  but recent studies have reported that expansion microscopy conserves the sub-10-nm details of protein

13,55,56

516  structures . Once combined with iterative expansion, whole-ExM would enable organism-level

517  systems biology with a molecular resolution.
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638 METHODS

639  Materials. All chemicals and antibodies were obtained from commercial suppliers, and detailed
640  information is provided in Supplementary Table 1. The concentrations of the labeling agents, including
641 antibodies, fluorophore NHS esters, 4',6-diamidino-2-phenylindole (DAPI), are listed in Supplementary
642  Table 2.

643

644  Cell culture. HeLa cells were cultured in chambered coverglass culture wells in Minimum Essential Media
645 (MEM) supplemented with 10% fetal bovine serum (FBS), 1% sodium pyruvate, and 1% penicillin-
646  streptomycin and incubated in a humidified chamber with 5% CO; at 37 °C.

647

648  Fixation and staining of the cells. Fixation conditions varied as previous studies utilized different
649  conditions in labeling different subcellular structures'. For strong fixation, cells were briefly rinsed three
650  times with 1x phosphate buffered saline (PBS), then fixed in 4% paraformaldehyde (PFA) and 0.1%
651 glutaraldehyde in 1x PBS for 10 min at room temperature (RT, 20-25 °C), and washed three times with 0.1
652 M glycine in 1x PBS for 2 min each time, and finally washed three times with 1x PBS for 2 min each time.
653  Cells were then treated with 0.1% sodium borohydride in 1x PBS for 7 min at RT, then washed three times
654  with 0.1 M glycine in 1x PBS for 2 min each time, and finally washed three times with 1x PBS for 2 min
655  each time. Cells were then permeabilized in 0.2% PBST (0.2% Triton X-100, 1x PBS) for 30 min at RT.
656  Next, the cells were stained with ATTO 647N NHS ester in 0.2% PBST for 1 h at RT, then washed three
657  times with 0.2% PBST for 5 min each time. For general fixation, cells were briefly rinsed three times with
658  1x PBS, fixed with 4% PFA in 1x PBS for 10 min at RT, then washed three times with 0.1 M glycine in 1x
659  PBS for 2 min each time and finally washed three times with 1x PBS for 2 min each time. Fixed cells were
660  then permeabilized and stained with ATTO 647N NHS ester as described above. Cell expansion was

661  performed as described in proExM protocol'®.
662

663  Mouse perfusion. All experimental methods involving mice were approved by the Korea Advanced
664  Institute of Science and Technology Institutional Animal Care and Use Committee (KAIST-IACUC). Mice
665  used in this study were maintained in a specific pathogen-free facility of KAIST Laboratory Animal
666  Resource Center. C57BL/6J mice aged 6—8 weeks were used in this study. After anesthetization with
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667  isoflurane, mice were transcardially washed with ice-cold 1x PBS supplemented with 10 U/mL heparin,
668  followed by perfusion with ice-cold 4% PFA in 1x PBS. Mouse organs (brain, liver, small intestine,
669  esophagus, stomach, kidney, lung, heart, and testis) were harvested and fixed in 4% PFA in 1x PBS at 4 °C
670  for 2-6 h.

671

672  In vivo mitochondria labeling. Experimental methods related to in vivo mitochondria labeling in mice
673  were performed in accordance with protocols approved by the Korea Institute of Science and Technology
674  Institutional Animal Care and Use Committee (KIST-IACUC). To label mitochondria in parvalbumin (PV)-
675  positive neurons, Cre-dependent adeno-associated virus (AAV) expressing mScarlet followed by
676  mitochondrial matrix-targeting sequence (from cytochrome C subunit VIII) was injected into PV-Cre mouse
677  line (B6.129P2-Pvalb™! oAby 1) “ag follows. The mice were anesthetized with isoflurane and placed in a
678  stereotaxic frame. 100 nL of 10:1 cocktail of AAV-Jx-synaptophysin-mVenus-T2A-mito-mScarlet was
679 injected to subthalamic nucleus (STN, AP: +1.62 mm, ML: 1.65 mm, DV: -4.45, -4.55 and -4.65 mm) at a
680  speed of 40 nL/min. Ten days after AAV injection, mice were transcardially perfused and the harvested

681 brains were fixed with 4% PFA as mentioned above.
682

683  Mouse organ sample preparation. Fixed brains were sliced to a thickness of 150 um with a vibratome
684  (VT1000S; Leica, Wetzlar, Germany). Fixed organs were embedded in 4% (w/w) low gelling temperature
685  agarose. The agarose was first melted and dissolved in deionized water with thermomixer (Thermomixer C
686  model 5382; Eppendorf, Hamburg, Germany) at the temperature of 80 °C and then cooled to 40 °C. Organs
687  were embedded in an agarose block by pouring the cooled agarose onto the fixed organs, oriented with a
688  spatula, and then hardened at 4 °C for 1 h. Agarose block was then sliced to a thickness of 500—-1000 um
689  with a vibratome. Agarose residue was then removed from the cut slices. Tissue slices were stored in 1%

690  PBS containing 0.1 M glycine and 0.01% (w/w) sodium azide at 4 °C before use.

691

692  Zebrafish sample preparation. All the following procedures involving zebrafish larvae were approved
693  either by the Korea Advanced Institute of Science and Technology Institutional Animal Care and Use
694  Committee (KAIST-IACUC) or the Massachusetts Institute of Technology Committee on Animal Care and
695  were in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals.

696  Wild-type, Casper (mitfa"*"*; mpv17°°*%), and flk-egfp (=Tg(kdrl:EGFP)) larval zebrafish (Danio rerio)
27
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697  aged 3—12 days-post-fertilization were used in this study. Larvae were first fixed with 4% PFA in 1x PBS
698  at 4 °C for 6 h. Fixed specimens were then kept in 0.1% PBST (0.1% (w/w) Triton X-100 in 1x PBS) at
699 4 °C for 6 h for washing and permeabilization.

700
701 Fluorophore NHS-ester staining and expansion of mouse organs

702 i) Pre-gelation staining of mouse organs. Organ slices were permeabilized with 0.1% PBST (0.1% Triton
703  X-100, 1x PBS) for 3 h. For pre-gelation staining of fluorophore NHS ester, organs were first stained with
704  the diluted fluorophore NHS ester in 0.1% PBST for 6 h at 4 °C, followed by washing in 0.1% PBST three
705  times for 30 min each time at RT. Next, 0.1 mg/mL 6-((acryloyl)amino)hexanoic acid (AcX) in 1x PBS was
706  added with a concentration of 0.1 mg/mL for 6 h at RT. AcX-treated organ slices were washed in 1x PBS
707  three times for 30 min each time at RT with gentle shaking. The slices were then subjected to gelation. The
708  organ slices were first incubated with gelation solution (8.625% [w/w] sodium acrylate, 2.5% [w/w]
709  acrylamide, 0.15% [w/w] N,N'-methylenebis(acrylamide) [BIS], 2 M NaCl, 0.2% [w/w] ammonium
710  persulfate [APS], 0.2% [v/v] tetramethylethylenediamine [TEMED], 0.01% [w/w] 4-hydroxy-2,2,6,6-
711 tetramethylpiperidin-1-oxyl [H-TEMPO], 1x PBS) at 4 °C twice for 30 min each time, followed by
712 incubation at 37 °C for 2 h. Gelled organs were then homogenized with 8 U/mL proteinase K in digestion
713 buffer (1 mM ethylenediaminetetraacetic acid [EDTA], 50 mM Tris-HCI [pH 8.0], 0.5% Triton X-100, 1 M
714 NaCl) 3-4 times at 37 °C for 12 h each time then 2—3 times at 60 °C for 6 h each time. Complete digestion
715  was confirmed when the digested organ-gel composite is isotropically expanded by approximately 1.5-fold

716 without distortion on its surface.

717 ii) Inter-digestion staining of mouse organs. For inter-digestion staining of organs with the fluorophore
718  NHS ester, permeabilized organ slices were first treated with AcX, as described above. Then, gelation of
719  organs was performed, followed by a single round of digestion with proteinase K for 4-12 h at 37 °C. After
720  then, gels were stained with diluted fluorophore NHS ester in 0.1% PBST for at least 6 h at 4 °C, followed
721 by washing in 0.1% PBST three times at RT for 30 min each time. After staining, further digestion was

722  performed as described above until complete digestion of gelled organ slices was achieved.

723 iii) Post-digestion staining of mouse organs. For post-digestion staining of organs with the fluorophore
724  NHS ester, permeabilization, AcX treatment, gelation, and digestion were conducted as previously
725  described. Fully digested gels were stained with diluted fluorophore NHS ester in 0.1% PBST for at least 6
726  hat4 °C, followed by washing in 0.1% PBST three times at RT for 30 min each time.
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727  iv) DAPI staining and expansion. For all three staining methods, fully digested, NHS-ester-labeled gels
728  were stained with DAPI diluted in 1x PBS at 4 °C, then washed with 1x PBS three times for 30 min each
729  time at 4 °C. After DAPI staining, the gels were washed with an excess volume of deionized water for
730  expansion until the size of the gels plateaued. Detailed labeling methods and imaging conditions of the

731 mouse organs are provided in Supplementary Table 3.
732

733  Primary antibody, secondary antibody, DNA-conjugated secondary antibody preparation. The
734  following primary antibodies were used: goat anti-FITC Alexa Fluor 488, rabbit anti-Homer1, rabbit anti-
735 SLC2A1, rabbit anti-RFP, mouse anti-Bassoon, chicken anti-GFP, chicken anti-GFAP, guinea pig anti-
736  MAP2, and rat anti-MBP. The following fluorophore-conjugated secondary antibodies were used: goat anti-
737  mouse CF 405S, goat anti-mouse Alexa Fluor 488, goat anti-mouse Alexa Fluor 546, goat anti-rat Alexa
738  Fluor 488, goat anti-rabbit Alexa Fluor 488, goat anti-rabbit Alexa Fluor 546, goat anti-rabbit CF 633, and
739  goatanti-chicken Alexa Fluor 546. DNA-conjugated secondary antibodies were used for sequential imaging.
740  DNA-antibody conjugation was performed as previously described in iExM protocol®. Detailed
741 information about the antibodies used in this study is provided in Supplementary Table 2; complete DNA

742  sequences are presented in Supplementary Table 4.
743

744 Antibody co-staining with fluorophore NHS ester and expansion of the mouse brain. First, brain slices
745  were blocked and permeabilized with normal goat serum (NGS) blocking buffer (5% [w/w] NGS, 0.2%
746 [w/w] Triton X-100, 1x PBS) for 3 h. For brain slices that were imaged for actin, the permeabilized brains
747  were stained with fluorescein phalloidin in 0.1% PBST overnight at 4 °C followed by washing in 0.1%
748  PBST three times for 30 min each time. Brain slices were then incubated with primary antibodies in NGS
749  Dblocking buffer for at least 6 h at 4 °C, followed by washing in 0.1% PBST three times for 30 min each
750  time. Secondary antibodies diluted in NGS blocking buffer were then added for at least 6 h at 4 °C followed
751 by washing in 0.1% PBST three times for 30 min each time. For pre-gelation staining with the fluorophore
752  NHS-ester-, antibody-stained brains were treated with diluted fluorophore NHS ester in 0.1% PBST for at
753  least 6 h at 4 °C, followed by washing in 0.1% PBST three times for 30 min each time. Then, 0.1 mg/mL
754  AcX in 1x PBS was added for at least 6 h at 4 °C, followed by washing in 1x PBS three times for 30 min
755  each time. Gelation and digestion of brains was then performed as previously described in proExM
756  protocol'®. For post-digestion staining of brain slices with the fluorophore NHS ester, digested gels were

757  treated with diluted fluorophore NHS ester in 0.1% PBST for at least 6 h at 4 °C, followed by washing in
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758  0.1% PBST three times for 30 min each time. The gels were then washed with an excess volume of
759  deionized water for expansion until the size of the gel plateaued. Expanded specimens were stored in the

760  dark at 4 °C before imaging.
761 Fluorophore NHS-ester staining and expansion of larval zebrafish

762 i) Gelation. ExM of larval Zebrafish was performed using the previously described proExM protocol'® with
763  several modifications. Fixed and permeabilized specimens were incubated in 0.1 mg/mL AcX in 0.1%
764  PBST three times for 6 h each time at 4 °C, then washed with 0.1% PBST three times for 30 min each time
765  at4 °C. The specimens were then incubated with a gelation solution (8.625% [w/w] sodium acrylate, 2.5%
766  [w/w] acrylamide, 0.15% [w/w] BIS, 0.2% [w/w] 2,2'-azobis[2-(2-imidazolin-2-yl)propane]
767  dihydrochloride [VA-044], 0.05% [w/w] Triton X-100, 2 M NaCl, 1x PBS) three times for 6 h each time
768  at 4 °C with gentle shaking. After incubation, each zebrafish was placed between two pieces of #1 cover
769  glass filled with a freshly prepared gelation solution and incubated at 45 °C for 4 h in a humidified, nitrogen-
770  filled chamber.

771 ii) Pre-digestion. After careful removal of the upper glasses, the cover glasses with attached hydrogels
772 were rinsed with 0.1% PBST multiple times. Excess gel around the specimens was removed using a razor
773  blade, and the resulting rectangle-shaped hydrogels were detached from the cover glasses with a wet
774  paintbrush. The gels were then transferred into a 12-well plate for pre-digestion in 1.5 mL of pre-warmed
775  digestion buffer (1 mM EDTA, 50 mM Tris-HCI [pH 8.0], 0.5% [w/w] Triton X-100, 1 M NaCl)
776  supplemented with 16 U/mL proteinase K and incubated three times for 6-12 h each time at 37 °C with
777  gentle shaking. Finally, gels were incubated in staining base buffer (0.1% Triton X-100, 1 M NaCl, 1x PBS)

778  three times for 30 min each time at 4 °C for washing.

779  iii) Inter-digestion staining of fluorophore NHS ester. For NHS-ester staining of zebrafish, the NHS ester
780  (Alexa Fluor 488 NHS ester, ATTO 647N NHS ester) stock solutions (10 mg/mL in anhydrous DMSO)
781  were stored at -20 °C, then diluted to 1:1000 in cold staining base buffer to prepare the staining solution.
782  Following pre-digestion, the gels were incubated with freshly prepared staining solution for at least 12 h at

783 4 °C with gentle shaking, then washed with staining base buffer three times for 30 min each time at 4 °C.

784  iv) Post-digestion and decalcification. For post-digestion, gels were treated with 16 U/mL proteinase K
785  in digestion buffer at 37 °C, 812 times for 6 h each time. To completely remove calcium ions that may
786  have been released from digested bone, cartilage, and calcified tissues, fully digested samples were treated

787  with an excess volume of decalcification solution (10% [w/w] EDTA, 1 M NacCl, 1x PBS) three times for
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788 30 min each time at RT with gentle shaking.

789  v) Expansion. Decalcified gels were serially washed with decreased concentrations of NaCl (1 M NaCl,
790 0.8 M NacCl, 0.6M NacCl, 0.4 M NacCl, 0.2 M NacCl) for 30 min each at RT. The gels were then washed with
791 an excess volume of deionized water three times for at least 30 min each time at RT, and then kept in fresh
792  deionized water overnight at 4 °C for full expansion. Expanded specimens were stored in the dark before

793  imaging.
794

795  GFP imaging of whole zebrafish larvae. Transgenic flk-egfp zebrafish larvae at 3 dpf were dechorinated
796 and then fixed with 4% PFA in 1x PBS for 1 h at 4 °C. After fixation, the larvae were washed three times
797  with 0.1% PBST. In order to test endogenous GFP signal retention after proteinase digestion, the larvae
798  were processed according to the previously described whole-ExM protocols with several modifications.
799  Briefly, larvae were transferred into AcX solution, incubated for 6 h at 4 °C, then washed with 0.1% PBST
800  three times for 30 min each time at 4 °C. After AcX treatment, larvae were incubated with pre-gel solution
801 (8.625% [w/w] sodium acrylate, 2.5% [w/w] acrylamide, 0.15% [w/w] BIS, 0.2% [w/w] VA-044, 0.05%
802  [w/w] Triton X-100, 2 M NaCl, 1x PBS) for 12 h at 4 °C, followed by polymerization for 4 h at 37 °C.
803  Sample homogenization was performed using 16 U/mL proteinase K in a digestion buffer at 37 °C. After
804 54 h-long digestion, the specimens were washed with 0.1% PBST multiple times and imaged with a
805  confocal microscope. In order to test whether the whole-ExM protocol is compatible with post-digestion
806  antibody labeling against GFP, gelled larvae specimens were first digested for 36 h at 37 °C, incubated with
807  freshly prepared NHS-ester staining solution for 12 h at 4 °C with gentle shaking, then washed with staining
808  base buffer three times for 30 min each time at 4 °C. After NHS-ester staining, the specimens were further
809  digested with proteinase K for 18 h at 37 °C, and washed with 0.1% PBST three times for 30 min each time
810  at 4 °C. Specimens were then blocked with NGS blocking buffer for 2 h at 4 °C. Then, specimens were
811 incubated with anti-GFP antibody in NGS blocking buffer for 24 h at 4 °C, followed by washing in NGS
812  blocking buffer three times for 30 min each time at 4 °C. Secondary antibody diluted in NGS blocking
813  buffer was then added for 12 h at 4 °C followed by washing in NGS blocking buffer three times for 30 min
814  each time, and 0.1% PBST three times for 30 min each time. Specimens were then washed in deionized

815  water for expansion and imaging.
816

817  ExFISH of whole zebrafish larvae. The zebrafish larvae were processed and expanded according to the
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818  proExM and ExFISH protocols'®?>%7. Briefly, zebrafish larvae were fixed using 4% PFA in 1x PBS for 20
819  min at 4 °C. After fixation, the larvac were washed twice with Modified Barth’s Saline (MBS) buffer at pH
820 6.0 and incubated overnight with 0.1 mg/mL of AcX in MBS buffer at RT. For EXFISH processing,
821 incubation with AcX was followed by incubation with homemade LabelX in 3-(N-
822  Morpholino)propanesulfonic acid (MOPS) buffer at pH 7.7, overnight at 37 °C. Zebrafish were transferred
823  to StockX solution and incubated overnight at 4 °C. Before gelation, zebrafish were transferred into fresh
824 StockX solution containing H-TEMPO, TEMED, and APS in 94:3:2:2 StockX:H-TEMPO:TEMED:APS,
825  incubated for 1 h at 4 °C, and polymerized in gelation chamber for 2 h at 37 °C. Sample homogenization
826  was performed using 8 U/mL proteinase K in a buffer containing 50 mM Tris-HCI (pH 8.0), 500 mM NaCl,
827 40 mM CaCl,, for 10 h at 37 °C. For proExM, the gel was washed in deionized water for 3—4 times for 15
828  min each and expanded in deionized water for at least 6 h at RT. For ExFISH, gelled samples were processed
829  as described before using HCR-initiator-tagged FISH probes hybridization for SNAP-25 and f-actin
830  followed by hybridization chain reaction amplification with HCR hairpin stocks labeled with Alexa Fluor
831 546 and Alexa Fluor 647 fluorophores. EXFISH processed samples were expanded in 0.05% saline sodium
832  citrate (SSC).

833

834  Determination of expansion factor. The expansion factor for the mouse organs and zebrafish larvae was
835  quantified by measuring the gel size before and after expansion. Concurrently, the same structural
836  landmarks were imaged pre- and post-expansion, and the expansion factor was calculated from these
837  landmarks. Expansion factor of the mouse organs are displayed in Supplementary Fig 5. For all zebrafish
838  experiments in this study, the expansion factor determined by landmarks was approximately 4.1-fold,

839  coincident with the expansion factor determined by gels.
840

841  Reproducibility. In this study, more than 50 zebrafish aged 3—12 dpf were used for protocol optimization
842  and confirmation, and more than 20 zebrafish from this cohort were imaged for data acquisition. All images

843  in Figs. 2—4 and Supplementary Figs. 22-32 were acquired from at least 5 independent experiments.
844
845  Sequential imaging

846 i) Immunostaining of brain tissue for sequential imaging. Brain slices were first blocked and

847  permeabilized with normal donkey serum (NDS) blocking buffer (5% NDS, 0.2% Triton X-100, 1x PBS)
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848  for 2 h. Brain slices were then treated with 0.1 mg/mL AcX in 1x PBS, followed by washing in 1x PBS
849  three times for 30 min each time. Then, brain slices were incubated with primary antibodies in NDS
850  blocking buffer for 3 h, followed by washing in NDS blocking buffer four times for 30 min each time. Next,
851  brain slices were incubated with DNA-conjugated secondary antibodies in hybridization buffer (5% NDS,
852  0.2% Triton X-100, 2x SSC, 0.2 mg/mL sheared salmon sperm DNA) overnight, followed by washing in
853  NDS blocking buffer four times for 30 min each time. Brain slices were then incubated with 1 ng/ul. DNAs
854  with 5’ acrydite modification (which we designated “tertiary DNAs”) in hybridization buffer overnight then
855  washed in NDS blocking buffer four times for 30 min each time.

856 ii) Gelation, expansion, and re-embedding of brain tissue for sequential imaging. Tertiary DNA-stained
857  brain slices were incubated in pre-gel solution (8.625% [w/w] sodium acrylate, 2.5% [w/w] acrylamide,
858  0.2% [w/w] N,N'~(1,2-dihydroxyethylene) bisacrylamide [DHEBA], 1.865 M NaCl, 1x PBS) overnight at
859 4 °C with gentle shaking. After incubation, brain slices were incubated in gelation solution (8.625% [w/w]
860  sodium acrylate, 2.5% [w/w] acrylamide, 0.2% [w/w] DHEBA, 1.865M NaCl, 1x PBS, 0.2% [w/w] APS,
861 0.2% [v/v] TEMED, 0.01% [w/w] H-TEMPO) twice at 4 °C for 30 min each time. Then, the slices were
862  subjected to gelation and digestion as previously described in the iExM protocol®®. Digested gels were then
863  Dbriefly rinsed with 0.1% PBST three times and stained with fluorophore NHS ester in 0.1% PBST overnight
864  at 4 °C with gentle shaking. After staining, gels were washed with 0.1% PBST three times for 30 min each
865  time. The gels were then washed with an excess volume of deionized water for expansion until the size of

866  the gel plateaued. Expanded gels were then re-embedded as previously described in iExM protocol.

867  iii) Imager DNA hybridization and dehybridization of re-embedded brain slices for sequential
868  imaging. Re-embedded gels were pre-hybridized in DNA hybridization buffer (4x SSC, 20% formamide)
869  for 30 min. Pre-hybridized specimens were incubated with imager DNAs (Supplementary Table 5) at a
870  concentration of 1.5-2 ng/uL in DNA hybridization buffer, and washed in DNA hybridization buffer six
871  times for 1 h each time, followed by washing once in 1x PBS for 30 min. Washed gels were then incubated
872  with DAPI diluted in 1x PBS for 1 h, washed with 1x PBS 2 times for 30 min each time, and then imaged.
873  The imaged gels were treated with an excess volume of 50% formamide twice at 60 °C for 1 h each time
874  to fully dehybridize the imager DNAs. Gels were then pre-hybridized in DNA hybridization buffer for the
875  next round of imager DNA hybridization (Supplementary Table 5). Aforementioned procedures are

876  repeated to acquire multiple rounds of sequential images.

877  iv) Two-dimensional image registration. After acquiring sequential images of re-embedded brains, 1% and

878 2" round images were registered to the 3™ round image using the bUnwarpJ® plugin in Fiji. In detail, 1*
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879  and 2™ round fiducial marker images (either DAPI or Cy3) were registered to 3™ round fiducial marker
880  image, and the respective transformation was saved. The saved transformation was then applied to 1% and
881 2" round images obtained from structures labeled with Alexa Fluor 488- and ATTO 647N-conjugated

882  imager DNAs, and merged with the 3™ round image to create hyperstack images of the individual channel.

883  v) Three-dimensional image registration using Cy3 NHS ester. The overall three-dimensional
884  registration was performed in two steps: a coarse three-dimensional registration and a fine two-dimensional
885  registration. For coarse three-dimensional registration, both the target image (i.e., fixed image) and the
886  source image (i.e., moving image) along the lateral directions (i.e., x and y) were down-sampled by a factor
887  of 64. Subsequently, we acquired the three-dimensional displacement field that aligned the reference
888  channel (Cy3 NHS ester) of the source image with that of the target image. Because the displacement field
889  was calculated for the down-sampled images, it was up-sampled along the lateral directions and scaled by
890  a factor of 64 to make it applicable to the original source image. Coarse registration was then performed by
891 applying the transformed displacement field to each channel of the source image. For fine two-dimensional
892  registration, each pair of z-slices from the target image and the coarse-registered source image were
893  registered in a slice-by-slice manner. The slices were down-sampled by a factor of four, and the two-
894  dimensional displacement ficld was calculated using the reference channel. The displacement field was
895  then up-sampled and scaled by a factor of four, then applied to each channel of the z-slice from the coarse-
896  registered source image to obtain the fine registration result. All three-dimensional image registrations were

897  performed using custom-written MATLAB codes.
898

899  Sample mounting and imaging. For the imaging of expanded hydrogels, the hydrogels were attached to
900 48 x 60 mm cover glasses to prevent hydrogel drifting during imaging. To ensure firm attachment, the cover
901 glasses were treated for 30 min with 0.1% poly-L-lysine and then washed with deionized water. The
902  hydrogels were then placed on cover glasses and immediately imaged by confocal microscopy. Specimens
903  were imaged on a Nikon Eclipse Ti2-E (Tokyo, Japan) microscope, with either a spinning disk confocal
904  microscope (Dragonfly 200; Andor, Oxford Instruments, Abingdon, UK; CSU-XI; Yokogawa Electrical
905  Corporation, Tokyo, Japan) equipped with a Zyla 4.2 sCMOS camera (Andor, Oxford Instruments) or a
906  laser scanning confocal microscope (Nikon C2+, Nikon). Objectives used were 40x 1.15 NA water

907 immersion lens, and 10x 0.45 NA air lens.

908
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909 Data availability statement. The data that support the findings of this study are available from the

910  corresponding author upon request.

911
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