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ABSTRACT: Nanoscale imaging of whole vertebrates is
essential for the systematic understanding of human diseases,
yet this goal has not yet been achieved. Expansion microscopy
(ExM) is an attractive option for accomplishing this aim;
however, the expansion of even mouse embryos at mid- and late-
developmental stages, which have fewer calcified body parts
than adult mice, is yet to be demonstrated due to the challenges
of expanding calcified tissues. Here, we introduce a state-of-the-
art ExM technique, termed whole-body ExM, that utilizes cyclic
digestion. This technique allows for the super-resolution,
volumetric imaging of anatomical structures, proteins, and
endogenous fluorescent proteins (FPs) within embryonic and
neonatal mice by expanding them 4-fold. The key feature of
whole-body ExM is the alternating application of two enzyme compositions repeated multiple times. Through the simple
repetition of this digestion process with an increasing number of cycles, mouse embryos of various stages up to E18.5, and
even neonatal mice, which display a dramatic difference in the content of calcified tissues compared to embryos, are expanded
without further laborious optimization. Furthermore, the whole-body ExM’s ability to retain FP signals allows the visualization
of various neuronal structures in transgenic mice. Whole-body ExM could facilitate studies of molecular changes in various
vertebrates.
KEYWORDS: expansion microscopy, super-resolution imaging, whole-body imaging, embryo imaging, peripheral nerve system

INTRODUCTION
A systematic understanding of biological systems requires an
unbiased investigation into entire vertebrate bodies, not just
specific organs, at subcellular resolutions.1−3 For instance, in
developmental biology, a high spatial resolution is essential to
discern changes in subcellular structures during different
developmental stages, whereas full spatial coverage is needed
for organ morphogenesis analysis from a systematic perspec-
tive.4 This type of high-resolution panoptic imaging is also
crucial for researching nervous systems, as changes in cellular
organelles or nanoscale neuronal structures must be observed
across the entire body.5,6 Various imaging techniques,
including tissue clearing,5−12 computed tomography,13 and
electron microscopy,14 have been developed to visualize the
whole organism. Computed tomography and tissue clearing do
not rely on physical sectioning, allowing for noninvasive, three-

dimensional histological analysis.2,13 These techniques have a
resolution of 0.5−2 μm, which is sufficient for imaging micron-
scale morphological and molecular structures.13 Using these
techniques, neural projections from the brain to internal organs
have been imaged throughout the vertebrate body.5,6,9 Electron
microscopy, on the other hand, can achieve a resolution of up
to 3 nm on ultrathin specimens.15 Electron microscopy has
been combined with automated sectioning and successfully

Received: October 19, 2024
Revised: December 18, 2024
Accepted: December 23, 2024
Published: February 18, 2025

A
rtic

le

www.acsnano.org

© 2025 American Chemical Society
7910

https://doi.org/10.1021/acsnano.4c14791
ACS Nano 2025, 19, 7910−7927

D
ow

nl
oa

de
d 

vi
a 

K
O

R
E

A
 A

D
V

A
N

C
E

D
 I

N
ST

 S
C

I 
A

N
D

 T
E

C
H

L
G

Y
 o

n 
A

pr
il 

24
, 2

02
5 

at
 0

4:
48

:5
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jueun+Sim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chan+E.+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="In+Cho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kyeongbae+Min"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minho+Eom"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seungjae+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyungju+Jeon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyungju+Jeon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eun-Seo+Cho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunjeong+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Young+Hyun+Yun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sungho+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deok-Hyeon+Cheon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jihyun+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jihyun+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Museong+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyun-Ju+Cho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ji-Won+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ajeet+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yosep+Chong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeong+Seuk+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kiryl+D.+Piatkevich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kiryl+D.+Piatkevich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erica+E.+Jung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Du-Seock+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seok-Kyu+Kwon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinhyun+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ki-Jun+Yoon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeong-Soo+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeong-Soo+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheol-Hee+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Myunghwan+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Woo+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mi-Ryoung+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyung+Jin+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edward+S.+Boyden"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edward+S.+Boyden"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Young-Gyu+Yoon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jae-Byum+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.4c14791&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c14791?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c14791?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c14791?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c14791?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c14791?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/19/8?ref=pdf
https://pubs.acs.org/toc/ancac3/19/8?ref=pdf
https://pubs.acs.org/toc/ancac3/19/8?ref=pdf
https://pubs.acs.org/toc/ancac3/19/8?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.4c14791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


Figure 1. Development and generalization of the whole-body ExM protocol. (a−g) Examples of visually inspecting the complete
homogenization of specimens at the microscopic level. The images in the table are representative confocal images of 500-μm-thick E15.5
mouse embryo slices stained with fluorophore NHS ester and expanded in deionized water. (a) Schematic illustration summarizing
anatomical features in an E15.5 mouse embryo, including major organs (yellow) and connective tissues (purple). (b−d) Microscopic
deformations observed in the specimens post expansion due to incomplete homogenization during the digestion process: (b−d) each
represent the spine, diaphragm, and esophagus, respectively; red arrowheads, deformation resulting from local distortion of the specimen.
(e−g) Completely homogenized and uniformly expanded mouse embryo slices after sufficient digestion: (e−g) each represent the spine,
diaphragm, and esophagus, respectively. (h) Overview of whole-body ExM workflows and the concept of cyclic digestion: i. design of cyclic
digestion; ii. protocol generalization across mice of varying ages. (i) A representative photograph of E15.5 whole mouse embryos before and
after the whole-body ExM process: left side of the photo, an unexpanded half-embryo; right side, its 4.5-fold expanded counterpart. (j−p)
Representative confocal images of expanded mice from early embryonic to neonatal stages: (j) an E9.5 whole mouse embryo; (k) an E12.5
whole mouse embryo; (l) a half E14.5 mouse embryo; (m) a 500-μm-thick E15.5 mouse embryo slice; (n) a 500-μm-thick E18.5 mouse
embryo slice; (o) a 1 mm-thick P2 mouse slice; (p) a 500-μm-thick P5 mouse slice. Staining: (b−g), (j, k), (m, n), and p, Alexa Fluor 488
NHS ester; (l) ATTO 647N NHS ester; (o) CF568 NHS ester. Scale bars: (b, e) 200 μm; (c, f) 500 μm; (d, g) 200 μm; (i) 1 cm; and (j−p) 5
mm. All length scales are presented in pre-expansion dimensions.
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imaged the nanoscale details of neuronal structures, even
individual synaptic vesicles, over a hundred microns.15,16

However, what is missing is a technique that enables the
imaging of centimeter-sized entire vertebrate bodies with the
sub-100 nm resolution required to resolve the nanoscale details
of cellular organelles and dense neural structures.

Expansion microscopy (ExM) is an attractive candidate for
satisfying such needs. It can image biomolecules with a lateral
resolution of 60 nm by physically expanding the speci-
mens.17,18 The ExM procedure also optically clears specimens,
enabling the acquisition of images from specimens with a
thickness of hundreds of microns without the need for thin-
sectioning.17 ExM has been successfully used on a variety of
specimens, including cultured cells,17,19−31 animal organ
slices,17,23−36 entire mouse organs,36 Drosophila brains,37,38

and zebrafish larvae brains.39 ExM has also been used on entire
organisms, including parasite microorganisms,37,40 Caenorhab-
ditis elegans,41 larval zebrafish, and early-stage mouse
embryos.42 Despite these successes, adapting ExM for the
super-resolution imaging of entire vertebrate bodies, partic-
ularly mice, presents two significant challenges. First, no
protocol has yet been developed for expanding mouse bodies
containing mineralized tissues, such as bones and cartilage.
The size and composition of the mouse body vary
substantially, depending on the developmental stage. For
example, mouse embryos at E10.5, where organogenesis is just
beginning, measure about 5 mm in length and weigh
approximately 0.03 g. In contrast, newborn mice at post
natal day 5 reach an average body length of about 41 mm�
more than eight times longer�and a weight of 3.5 g�over a
hundred times heavier (Figure S1).43,44 More importantly,
significant bone mineralization, which poses the key challenge
in expanding mouse embryos, occurs between the ages of
E14.5 and E16. This period marks the transition from
cartilaginous precursors to the deposition of a mineralized
bone matrix (see Supporting Note 1 for a detailed
discussion).45−48 As such, mouse embryos exhibit a consid-
erable variation in body composition across developmental
stages. The primary gap identified is the absence of an ExM
protocol that is both easily applicable and adaptable for mice
over such a wide range of developmental stages, encompassing
a broad spectrum of hard tissue content, including that of
newborn mice.

To overcome these challenges, we introduce a state-of-the-
art ExM technique, termed whole-body ExM, which enables a
more than 4-fold expansion of bodies from all mouse
embryonic stages and neonatal mice, facilitating super-
resolution imaging of these specimens. The key to whole-
body ExM is the development of an advanced digestion
process of hydrogel-embedded specimens prior to expansion.
We first demonstrate that employing a cyclic digestion process
in which proteinase K and a collagenase mixture are alternately
applied and repeated allows for the uniform expansion of
mouse embryos, including those with bones and cartilage.
Then, to broaden the technique’s applicability, we show that
simply increasing the total number of digestion cycles (n) is
sufficient to expand even neonatal specimens. We demonstrate
that whole-body ExM preserves the fluorescence signals of
genetically expressed fluorescent proteins (FPs), antibody
staining, and panmolecular staining of anatomical structures.
Using this method, we achieve super-resolution three-dimen-
sional (3D) imaging of diverse neuronal structures across the
entire bodies of various transgenic mouse lines.

RESULTS AND DISCUSSION
Development of Whole-Body ExM. We first applied a

well-established ExM protocol based on proteinase K digestion
to the expansion of mouse embryos. In this experiment, 500
μm-thick sagittal slices of mouse embryos at E15.5 were
chosen as representative models of vertebrates with calcified
bone and cartilage. Briefly, fixed embryo slices were first
treated with 6-((acryloyl)amino)hexanoic acid (AcX) to make
all proteins in the specimens gel-anchorable and then
embedded in a swellable hydrogel. After gelation, specimens
were digested with proteinase K, as the conventional ExM
protocol.23 During the digestion, we stained samples with
fluorophore NHS esters to label all proteins in the
sample.19,27,30,49 In the fluorophore NHS-ester staining, we
confirmed that protein structures labeled with fluorophore
NHS esters depended on the hydrophobicity of the
fluorophores. Hydrophilic fluorophores, such as Alexa Fluor
488, labeled the nucleoplasm and showed uniform staining in
the cytoplasm. Hydrophobic fluorophores, such as ATTO
647N, labeled lipid-rich structures, such as nuclear membranes,
Golgi apparatus, and mitochondria (see Supporting Notes 2−4
and Figures S2−S6 for a detailed discussion). In the expansion
of mouse embryos, the hydrophilic fluorophore NHS ester was
used to outline the morphology of anatomical structures,
allowing a close visual inspection of sample distortion under
the microscope. Even after a 144 h digestion with proteinase K,
however, some tissues were not fully digested, leading to tissue
distortion being observed post expansion (Figure S7a). We
noted that such tissue distortion predominantly occurred at the
interfaces between different types of tissues or organs,
primarily in areas of connective tissues rather than occurring
randomly within each organ (Figure 1a summarizes the major
organs and connective tissues in the mouse embryo).

In applications of ExM in tissue slices or single types of
organs excised from the body, these connective tissues would
not need to be considered or would need to be considered to a
lesser extent�but they become critical when expanding large,
mechanically heterogeneous specimens, such as a vertebral
body. Among various connective tissues, we found that fully
homogenizing special connective tissues, such as bone and
cartilage, and dense connective tissues, such as muscles and
tendons, presented the greatest challenge. For instance, in the
vertebral column, incomplete homogenization was obvious in
the marginal regions between each vertebra and surrounding
tissues, resulting in less expansion and thus brighter
fluorescence signals (Figures 1b and S7b). Similarly, the
lumen of the esophagus, composed of thick layers of smooth
muscle,50 and the diaphragm, made of multiple layers of
skeletal muscles and tendons,51 also showed incomplete
homogenization (Figures 1c,d and S7c,d). Under a confocal
microscope, such visual clues of incomplete homogenization
become more apparent when compared with the same regions
in samples that had been completely homogenized through
optimized digestion (described below), as shown in Figure
1e−g.

Given that most connective tissues predominantly consist of
collagen fibers,52−55 we employed a mixture of collagenases to
ensure the efficient homogenization of these components. The
replacement of half the duration of digestion (i.e., 72 h) with
collagenase mixture treatment greatly reduced such tissue
damage, as shown in Figure S7f−j. Although collagenase is
known to be relatively mild and therefore less effective than
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proteinase K in homogenizing hydrogel-embedded tissue
samples,41 we found that using collagenase along with
proteinase K is more effective than using only proteinase K
for the same duration.

We then focused on designing an optimal digestion protocol
to ensure the complete homogenization of the mouse embryos.
It was necessary to consider the sequence and duration of the
treatment of the samples with two different enzymes. For the
purpose of simplification, we devised a “cyclic digestion
process”, in which the sample is repeatedly treated with
proteinase K and collagenase mixtures alternately at regular
intervals. We defined one “cycle” of the digestion process as a
total of 48 h of treatment, namely, two 12 h treatments with
proteinase K followed by two 12 h treatments with a
collagenase mixture, and designed the whole digestion process
as n-times the simple repetition of this cycle (schematic
diagram (i) in Figure 1h). As depicted in Figure S8, the cyclic
digestion process is the best option due to the simplicity of the
experimental design as well as the potential scalability of the
protocol for mice of varied ages.

We then validated whether the whole-body ExM protocol
could be applied to embryos aged up to E18.5 and even at the
neonatal stage. In this range, both the size of specimens and,
more importantly, the mechanical properties of the samples
vary dramatically, as discussed in the introduction.46−53 We
hypothesized that by solely varying the total digestion cycles, n,
while controlling all other experimental variables, we could
achieve a 4-fold expansion of samples at various developmental
stages and thereby generalize the whole-body ExM protocol.
To prove this, we screened an optimized number of digestion
cycles for mouse embryos at different stages. Mouse embryos
at E13.5, E15.5, and E18.5 stages were sectioned into 500 μm
thicknesses and underwent whole-body ExM processing with
progressively increasing digestion cycles. During this process,
variables other than the total digestion cycles and volume of
the buffer were kept constant. To ensure complete digestion,
microscopic visual inspections were carried out on all samples,
with successful expansion determined by the absence of tissue
distortion in any region. Figure S9 presents representative
confocal images that highlight regions of frequent tissue

Figure 2. Validation of whole-body ExM isotropy at micro- and nanoscales. (a−f) Microscopic isotropy analysis. (a) A representative
confocal image of a 500-μm-thick E15.5 mouse embryo slice stained with antibody against TuJ1 (green). (b, c) Magnified images of boxed
regions in a: (b) before expansion and (c), after expansion. (d) Overlay image of b and rigidly registered c with scaled rotation. (e)
Deformation vector field map computed by comparing rigidly registered and nonrigidly registered (via b-spline) images. (f) RMSE as a
function of measurement length before and after whole-body ExM processing: black line, mean; shaded area, standard deviation; RMSE,
3.20 ± 0.77% on average at a measurement distance of 0−620 μm (calculated from 11 different ROIs from three samples). (g−l) Nanoscopic
isotropy analysis. (g, h) Representative confocal image of a 500-μm-thick E15.5 mouse embryo slice stained with Alexa Fluor 488 NHS ester
(AF 488 NHS ester; green) and antibody against CCP (gray): (g) before expansion and (h), after expansion. (i, j) Magnified views of the
boxed regions in g, h, respectively. (k) Intensity profiles along the path indicated in i, j: green line, before expansion; magenta line, after
expansion; gray dotted line, Gaussian-fitted line profile along the magenta line; full-width at half-maximum of individual peaks, 89 and 113
nm; peak-to-peak distance, 184 nm. (l) Scatterplot of distance measured after expansion versus before expansion: black line, linear fit;
measured expansion factor (=slope of the fitted line), 4.03 ± 0.05 (n = 100 from three different samples). Radii of single CCPs and distances
between the nearby CCPs were measured. Scale bars: (a) 2 mm; (b−e) 100 μm; (g, h) 2 μm; (i, j) 500 nm. All length scales are presented in
pre-expansion dimensions.
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distortion due to incomplete homogenization alongside those
depicting complete homogenization in the same areas. For
example, severe tissue distortion was observed in all three
samples in the group of E15.5 embryo slices treated for 2.5
cycles. Mild but still noticeable tissue distortion was found in
the groups treated for 3.5 and 4.5 cycles. In contrast, after 5.5
cycles of treatment, all samples were completely homogenized,
and no signs of insufficient digestion were observed post
expansion (Figure S10). Therefore, we concluded that 5.5
digestion cycles are suitable for the uniform 4-fold expansion of
E15.5 embryo slices. In this approach, we were able to

determine the total digestion cycles required for the uniform 4-
fold expansion of embryo slices at different developmental
stages. Hydrogel-embedded mouse embryos expanded 4-fold
through whole-body ExM and became almost completely
transparent, except for the eyes (Figure 1i). In embryos more
developed than E15.5, such as those at E18.5, cyclic digestion
treatments exceeding 13.5 cycles did not result in complete
homogenization. However, by increasing the digestion temper-
ature to 60 °C to enhance enzyme activity, we found that 1.5
cycles of digestion were sufficient to achieve complete
homogenization of E18.5 mouse embryos. Conducting cyclic

Figure 3. Validation of whole-body ExM compatibility with immunolabeling. (a) A schematic diagram shows an E15.5 mouse embryo,
indicating the locations referenced in b−n. (b−n) Representative confocal images of expanded 500-μm-thick E15.5 mouse embryo slices
immunolabeled with a different antibody as follows: (b), anti-laminin; (c), anti-E-cadherin; (d), anti-N-cadherin; (e), anti-CD31; (f), anti-
islet1; (g), anti-GM130; (h), anti-NUP205; (i), anti-lamin B1; (j), anti-acetyl tubulin; (k), anti-poly E; (l), anti-GATA3; (m), anti-PCNA;
and (n), anti-vimentin. (o−p) Confocal image of a 2-fold expanded Hb9::GFP transgenic whole mouse embryo at E12.5, whole mount
immunostained for TuJ1 (magenta) and Hb9::GFP (green). (q) Magnified image of the boxed region in o, p, but after 4.5-fold expansion.
(r) Magnified view of the boxed region in q, imaged with a 25×/0.95 NA objective. Bottom right panel: a cross-sectional view of the radial
motor axon (yellow line). Expansion factors: (b−p) 2-fold and (q−r) 4.5-fold. Scale bars: (b, c) 20 μm; (d, e) 100 μm; (f−i) 20 μm; (j) 50
μm; (k−n) 200 μm; (o−q) 1 mm; (r) 100 μm; and inset of (r) 10 μm. All length scales are presented in pre-expansion dimensions.
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digestion at 60 °C enabled us to apply whole-body ExM even
further to neonatal mouse slices at post natal days 2 and 5
(Figures 1j−p and S11).

Validation of Whole-Body ExM Isotropy. To validate
whether whole-body ExM preserves microscopic architecture
without significant deformation, we quantified the root-mean-
square error (RMSE) of feature measurements after whole-
body ExM. We immunostained E15.5 mouse embryo slices
with a neuron-specific class III β-tubulin (TuJ1) antibody and
acquired images both before and after the whole-body ExM
process (Figure 2a−c). We selected a total of 11 distinct
regions proximal to the bones where hard body parts and soft
tissues are intertwined and expected to exhibit the highest
degree of deformation during physical expansion. The RMSE
for each region was computed from the registered before- and
after-expansion images, as described previously (Figure 2d,e;
see Validation of Isotropy in the Experimental Section for
detailed information).23,24 We observed an RMSE of ∼6.7% of
the measured lengths over the range of 0−620 μm (Figure 2f;
total of 11 regions of interest (ROIs) from three different
samples). Considering that the RMSE values of published ExM
protocols range from ∼2−4% for mouse brain slices to ∼1−6%
for whole invertebrate organisms,23,41 this indicates that whole-
body ExM maintains a similar level of isotropy to that of
reported ExM protocols, despite expanding much larger and
more complex vertebrate samples.

For nanoscale validation, we immunostained clathrin-coated
pits (CCP), a feature traditionally used to characterize the
performance of super-resolution microscopes.56 Specimens
were imaged with an LSM980 confocal microscope in
Airyscan2 mode before expansion and with a spinning disk
confocal microscope after expansion (Figure 2g,h). Whole-
body ExM resolved the central nulls of the pits well (Figure
S12), even inside vertebrate bones (Figure 2i,j). After
expansion, the thickness of the CCP presented full-width at
half-maximum (fwhm) values of 89 and 113 nm, with a
diameter of 184 nm (Figure 2k), closely matching the known
value (100−200 nm).57 We then measured the radii of single
CCPs and the distance between two nearby CCPs and
calculated the expansion factor. The expansion factor remained
consistently at 4.03 ± 0.05 within the range of 130−600 nm
(Figure 2l; confidence interval 0.009 with P < 0.05, n = 100
from three samples), indicating that whole-body ExM
preserves nanoscale spatial organization.

Validation of Whole-Body ExM Compatibility with
Molecular Labeling Methods. Next, we tested the
compatibility of whole-body ExM with conventional molecular
labeling techniques. First, we asked whether the signals of
genetically encoded FPs inside of the specimens could be
retained during the whole-body ExM process. We first tested
this proposition with zebrafish (Danio rerio), a model
vertebrate that is significantly smaller in size than a mouse at
a similar developmental stage (average body length of 3.76 mm
at 6 days post-fertilization [dpf]).58 We expanded 6 dpf
zebrafish larvae from three different transgenic lines,
f lk1::eGFP, cmlc2::eGFP, and mbp::mGFP, and then imaged
FPs expressed throughout the body. Despite the difference in
species, whole-body ExM protocols with 5.5 cycles were
successfully applied to zebrafish, resulting in the 4-fold
expansion of the whole larval body. More importantly,
fluorescent signals of FPs were well preserved after a total of
264 h of prolonged digestion and expansion for all three
transgenic lines investigated. For example, in f lk1::eGFP

larvae,59 flk1 expression in vasculature was clearly visualized
from head to tail (Figure S13a−c). Additionally, cmlc2, known
to be expressed in cardiac tissue,60 exhibited particularly strong
expression in the ventricle and was well-mapped (Figure
S13d,e). As shown in Figure S13f,g, the fluorescent signal of
another tested reporter, mGFP, was also well preserved,
allowing for the observation of myelination in neural tracts
within a developing mbp:mGFP larval zebrafish, as in the
previous study.61

In addition to FPs, we found that fluorescent signals inside
the immunolabeled samples were well-preserved post whole-
body ExM. To ensure compatibility, we labeled E15.5 mouse
embryo slices with various antibodies against subcellular
compartments, cytoskeletons, extracellular matrix components,
neuronal markers, and disease markers and proceeded to the
whole-body ExM process. As shown in Figure 3a−n, the
antibody staining channel showed the characteristic expression
patterns of each target protein in accordance with the
literature.62−66 The whole-body ExM’s ability to retain
fluorescent signals was particularly valuable when observing
multiple proteins within a single vertebrate system was
required. We immunostained the whole body of the
Hb9::GFP mouse embryo67 with anti-GFP and anti-TuJ1
antibodies and proceeded to the whole-body ExM process to
generate a body-wide map of neuronal networks. In the
expanded whole mouse embryo at E12.5, TuJ1 marked all
neurons comprising the central and peripheral nerve systems,
while Hb9 indicated somatic motor neurons exclusively
(Figure 3o−p). As shown in Figure 3q,r, it was possible to
specifically identify the Hb9+ motor axon bundle among the
TuJ1+ brachial plexus by the high resolution offered by whole-
body ExM. Overall, the whole-body ExM was compatible with
standard molecular labeling methods and therefore holds
potential for diverse applications in biological and medical
research.

Although we have demonstrated that the antibody signals in
samples were well retained with a high signal-to-noise ratio
(SNR) during the whole-body ExM process, the decrease in
signal intensity after expansion could pose a challenge to the
observation of proteins expressed at particularly low levels. In
this case, whole-body ExM can be combined with a signal
amplification method that was developed for general ExM.68

This method involved using anti-Alexa Fluor 488 antibodies
that specifically bind to Alexa Fluor 488 fluorescent molecules.
By repeated treatment of the samples with antibodies
conjugated to Alexa Fluor 488 and anti-Alexa Fluor 488
antibodies, fluorescent signals could be amplified. To prove
that such a simple signal amplification method can be applied
to whole-body ExM, which employs an extended digestion
duration, we first labeled the nine proteins, each exhibiting
different expression levels, in the mouse brain slices. The slices
were then embedded in hydrogels, digested, and subsequently
subjected to signal amplification. (see Signal Amplification in
the Experimental Section for the detailed process). As shown
in Figure S14, we confirmed effective signal amplifications for
all targets, with amplification ratios ranging from a minimum of
4.8-fold to a maximum of 10.9-fold (n = 30 for each of the nine
samples).

Use of Whole-Body ExM in the Nanoscale Visual-
ization of Developing Neuronal Systems. We then
applied whole-body ExM to various transgenic mouse embryos
to investigate body-wide neuronal distribution in developing
embryos. The major neural distributions belonging to the
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Figure 4. Mapping various neuronal systems of developing mouse embryos using whole-body ExM. (a) Confocal image of an expanded half-
PIRT::tdTomato embryo at E16.5. CP, cervical plexus; BP, brachial plexus; C2, cervical dorsal root ganglion 2; T1, thoracic dorsal root
ganglion 1. (b) Confocal image of an expanded half-ChAT::tdTomato embryo at E15.5. X, vagus nerve; XII, hypoglossal nerve; CP, cervical
plexus; and BP, brachial plexus. (c) Confocal image of an expanded half-Phox2b::tdTomato embryo at E14.5. XI (C), cranial component of
accessory nerve; XI (S), spinal component of accessory nerve; X, vagus nerve; IX, glossopharyngeal nerve. (d) Magnified view of the boxed
region in c, showing Phox2b expression in the nodose-jugular complex (NJC) and superior cervical ganglion (SCG), and associated nerves.
IX, glossopharyngeal nerve (cyan arrow); X, vagus nerve (yellow arrow); and XI, accessory nerve (green arrow). (e) Volumetric view of the
half-Phox2b::tdTomato embryo. (f) High-magnification image showing phox2b+ expression in the glossopharyngeal nerve (IX), vagus nerve
(X), cranial component of the accessory nerve (XI (C)), spinal component of the accessory nerve (XI (S)), hypoglossal nerve (XII), and
enteric nervous system (ENS). (g) Magnified view of the boxed region in f, showing lateral view of the accessory nerve (XI), superior cervical
ganglion (SCG), vagus nerve (X), and sympathetic ganglions (SG). (h) Magnified views of the boxed regions in e, showing NJC-arising vagal
sensory axons (yellow arrowheads) projecting toward the developing heart. Inset shows magnified views of the yellow boxed region,
highlighting vagus nerve innervation to the esophagus. E, esophagus; RA, right atrium; LA, left atrium; SG, sympathetic ganglion; TV,
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peripheral nervous system (PNS) were successfully visualized
in detail. Since the neuronal distribution in the body is
symmetrical, transgenic mouse embryos were sliced along the
midline into sagittal sections and subjected to the whole-body
ExM process. In E16.5 half-PIRT::tdTomato embryos, strong
PIRT protein expression was observed in the dorsal root
ganglion (DRG) along the spinal cord, as is well-known.69

Additionally, the projections of sensory neurons extending in
different directions from each ganglion were mapped in three
dimensions (Figure 4a). In contrast to PIRT, which was
primarily distributed in the sensory neurons of the PNS,70

ChAT was strongly expressed in the ventral root of the E15.5
embryo, where motor neuron projections originate, within a
similar anatomical area. Apart from the spinal nerves, the
projections of cranial nerves, including the facial nerve (VII),
accessory nerve (XI), and hypoglossal nerve (XII), which
originate in the brain and extend to the trunk region, were also
evident (Figure 4b). In the Phox2b::tdTomato embryo at
E14.5, the viscerosensory ganglia and associated nerves,
essential components of the automatic nervous system
(ANS), were mapped (Figure 4c). The nerve bundles
extending from the hindbrain converged around the nodose-
jugular complex (NJC) and then were projected to different
parts of the body, as shown in Figure 4d. The improved spatial
resolution and full spatial coverage provided by whole-body
ExM enabled detailed investigation of three major tracks: the
glossopharyngeal nerve (IX), extending from the most ventral
side, passed through the NJC and directly projected to the jaw
and pharynx; the thick axon bundle forming the vagus nerve
(X) also passed through the NJC and extended in the posterior
direction toward the inner organs; and the axon bundles
adjacent to but not passing through the NJC constituted the
cranial and spinal components of the accessory nerve (XI).

We then focused on the whole-body projection of the vagus
nerve, which is closely related to the brain−gut axis and
appetite regulation and has therefore recently garnered
significant attention.71 The visualized 3D distribution of the
Phox2b expression was analyzed from multiple angles, enabling
the differentiation of adjacent nervous system components that
were unclear in two-dimensional images such as the vagus
nerve, accessory nerve, and sympathetic chain (Figure 4e−g).
Particularly, projections of nodose ganglion-arising vagal
sensory axons projected toward the developing organ in
E14.5 were clearly visualized by Phox2b. Interestingly, vagal
innervation varied according to the target organ: in the heart,
the relatively thick major projection of the vagus nerve
branched and wrapped around the upper part of both atriums,
as shown in Figure 4h. In contrast, in the gut, the major axon
of the vagus nerve was observed to thin out toward the end,

adjacent to the net-like structure of the enteric nervous system
(Figure 4i). Currently, the prevailing methodologies are
typically confined to the examination of single organs,
restricting comprehensive investigation into the interactions
of the latter with neighboring organs. In this regard, whole-
body ExM would be especially useful for studying diseases
arising from issues in both afferent and efferent neuronal
connections. A number of neuronal diseases, including
multiple sclerosis,72 amyotrophic lateral sclerosis,73 Charcot-
Marie-Tooth disease,74 and Hirschsprung’s disease,75,76 are
closely linked to such problems. Visualizing the specific cell
types and neural circuits expressing specific proteins at
different developmental stages is critical for understanding
and treating neurodegenerative diseases.77−79 The ability of
whole-body ExM to visualize the entire body of transgenic
embryos from early stages to post-birth offers substantial
potential for advancing research in this field.80

In ExM imaging of transgenic reporters, a common issue is
the loss of endogenous fluorescent signals during the
imaging.81 As prolonged imaging time is required to visualize
entire expanded samples, maintaining high signal levels in the
processed samples is crucial. To address this need, we tried to
amplify the FP signal by applying antibodies to FPs after
digestion. Interestingly, the native GFP and tdTomato signals
within the expanded samples were successfully amplified even
after the digestion, in agreement with previously reported
findings.41 The antigen specificity of the antibodies was well
preserved in this post-digestion antibody staining, resulting in
patterns consistent with the native FP channel and amplified
channel (Figure S15). During the signal amplification with
post-digestion antibody staining, we also observed nonspecific
binding of antibodies, especially near structures presumed to
be nuclei or blood vessels. However, such nonspecific binding
was weaker than the true signal, making it easily distinguishable
(Figure S16). We then applied post-digestion FP signal
amplification in an expanded, half-Hb9::GFP embryo at
E13.5. Expanded embryos were shrunken back to 2-fold in
1× PBS for post-digestion immunostaining. After staining with
the anti-GFP antibody and the corresponding secondary
antibody conjugated with Alexa Fluor 546, followed by
expansion in 0.1× PBS, Hb9 expression throughout the
somatic motor nerves was successfully visualized within the
entire body, as shown in Figure 4j,k. In 0.1× PBS, the thickness
of a half-embryo at E13.5 was approximately 6 mm. As shown
in Figure 4j, GFP signals were amplified uniformly throughout
the sample, allowing for the observation of detailed structures
from thick motor nerve bundles to their terminating ends with
enhanced SNR. This allowed for a detailed examination of how
motor projection branches in various directions in the course

Figure 4. continued

thoracic vertebrae. (i) Magnified views of the boxed regions in e, showing NJC-arising vagal sensory axons (yellow arrowheads) projecting
toward the developing gut, innervating to the enteric nervous system (ENS). Inset shows a single z-plane image of the yellow boxed region.
(j−m) Confocal images of an expanded half-Hb9::GFP embryo at E13.5, stained with anti-GFP post digestion. (j) Dorsal view showing
somatic motor neuron projections along the vertebral column. Cn, n-th cervical spinal nerves; Tn, n-th thoracic spinal nerves; (k) lateral
view of j. VI, abducens nerve; XII, hypoglossal nerve; ax, axillary projection of forelimb nerves; ra, radial projection of forelimb nerves; md,
median projection of forelimb nerves; ul, ulnar projection of forelimb nerves; mat, medial anterior thoracic projection of forelimb nerves;
ph, phrenic nerves; int, intercostal nerves. (l, m) Magnified views of the boxed region in j, k, showing multiview of the somatic nerve
projection. Images in b−g and j−k, were post-image processed for better visualization (see Imaging and Data Processing in the Experimental
Section for detailed information). Direction: A, anterior; P, posterior; D, dorsal; V, ventral; and L, lateral. Scale bars: (a−c) 300 μm; (d) 100
μm; (e) 1 mm; (f, g) 500 μm; (h) 200 μm; insets of (h) 50 μm; (i) 200 μm; insets of (i) 200 μm; (j−m) 200 μm. All length scales are
presented in pre-expansion dimensions.
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of forelimb development, which is a crucial topic for peripheral
nerve development and regeneration study (Figure 4l,m).82

This result, showing that FP signals can be amplified after

expansion, implies that transgenically labeled proteins can be
imaged post expansion, even if their expression levels are low.
Further studies are needed to determine whether other FPs

Figure 5. Super-resolution volumetric imaging of the abducens nerve using whole-body ExM. (a) Confocal images of a 3-fold expanded
Hb9::GFP stained with anti-GFP post digestion. (b) Magnified view of the boxed region in a, but imaged with a 25 ×/0.95 NA objective lens,
specifying the location of CN VI in the whole body. (c) Magnified view of the boxed region in b, showing abducens nerves in detail. (d−f)
Dorsal and side views of c, showing three major subtracts of CN VI in different views: (i) abducens nucleus and ventrally projecting nerves at
rhombomere 5 in the hindbrain; (ii) abducens nerves exiting from the hindbrain; (iii) abducens nerves projecting to the innervation region.
(f) Magnified view of the boxed region in b, but imaged with a 60×/1.00 NA objective lens, highlighted the abducens nucleus in the
hindbrain and projecting nerves. Direction: A, anterior; P, posterior; D, dorsal; V, ventral; L, lateral; LL, left lateral; RL, right lateral; M,
midline. Scale bars: (a) 1 mm; (b) 300 μm; and (c−f) 100 μm. All length scales are presented in pre-expansion dimensions.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c14791
ACS Nano 2025, 19, 7910−7927

7918

https://pubs.acs.org/doi/10.1021/acsnano.4c14791?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c14791?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c14791?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c14791?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c14791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


can be labeled post expansion and to identify antibodies that
show a lower level of nonspecific binding.

Volumetric Multiscale Imaging of Abducens Nerves
Using Whole-Body ExM. We then illustrate the utility of
whole-body ExM in imaging the ultrastructure of a specific
cranial nerve, the abducens nerve (CN VI). The nuclei of
abducens motor neurons are located medially, close to the
midline, at rhombomere 5 in the hindbrain.83,84 The abducens
nerve exits ventrally in the hindbrain and turns anteriorly
toward the lateral rectus muscles responsible for horizontal eye
movements. Therefore, to comprehensively investigate CN VI,
imaging techniques that can continuously trace abducens
nerves while preserving the original integrity and physical
dimensions of these anatomical structures are vital.85−87 As
whole-body ExM enabled the expansion of mouse embryos, it
successfully visualized the whole tracks of developing CN VI in
a Hb9::GFP mouse embryo (E13.5, half-section) with sub-100
nm resolution. The use of a low-magnification objective, such
as a 10× objective (NA 0.45), enabled the 3D imaging of a 3-
fold-expanded embryonic body with an effective resolution of
195 nm (Figure 5a). Using a 25× objective (NA 0.95), the
lateral resolution of 92 nm could be achieved, and thereby, the
entire map of developing motor nerves was visualized (Figure
5b). Among these, we focused on the abducens nerves in the
region of the hindbrain, as shown in Figure 5c−e. Using a
high-magnification objective (60×) with an NA above 1.0, a
lateral resolution of 88 nm could be achieved and the 3D
morphologies and arrangements of abducens neurons,
including the abducens nucleus and their axonal projections,
were clearly resolved (Figure 5f).

Such pan-length-scale imaging of the whole mouse embryo
would enable the study of changes in the axon morphologies
and underlying molecular changes in a single model animal.
For example, for a large number of neurological disorders,
changes in the shape, size, and numbers of axons in response to
genetic and pharmacological perturbations of axon guidance
have been observed.88,89 A transmission electron microscope
(TEM) has been used as a gold standard method for studying
such structural changes in axons.90−92 Various TEM
investigations have reported that morphological measures
vary depending on the type and stage of the neuronal
disease.93−95 Whole-body ExM enables super-resolution 3D
imaging of the specific neuronal tracks of mouse embryos,
providing more comprehensive insight into diseases.

When whole-body ExM is implemented, it is necessary to
take into account the imaging time and systems for the
expanded whole animals. Commercially available high NA
objectives with a long working distance (e.g., 25× NA 0.95,
WD 8 mm)96 would give an effective resolution of 67 nm when
used to image 4.5-fold expanded specimens. Using this
objective, the imaging of a 4-fold-expanded whole 6 dpf
zebrafish larva and a half sagittal section of an E13.5 mouse
embryo would take 2 days and three months, respectively.
Depending on the required resolution, expanded specimens
could be reversibly shrunk in a buffer containing salt before
being imaged.97 Completely imaging a 2-fold-expanded half
mouse embryo with the same objective at an effective
resolution of 134 nm could require 11 days. This resolution
is high enough to resolve the 3D morphologies of cellular
organelles, such as mitochondria and individual axons in the
axon bundles. The use of recently developed microscopy
systems that can image a larger field of view could reduce the
overall imaging time by half.98 Further reduction in imaging

time could be achieved by using fast-evolving light-sheet
microscopy techniques, which can acquire high-resolution
images at a higher throughput.32,99

CONCLUSIONS
In this work, we introduced a state-of-the-art ExM technique,
whole-body ExM, which enables the 3D, nanoscale resolution
imaging of anatomical structures, proteins, and genetically
encoded FPs across the entire body of mice by expanding them
4-fold. In the development of whole-body ExM, we
demonstrated that a cyclic digestion process allows for the
uniform expansion of mouse embryos, even those with bones
and cartilage. Whole-body ExM is both easily applicable and
adaptable for mice at a wide range of developmental stages,
encompassing a broad spectrum of hard tissue contents,
including that of neonatal mice. Whole-body ExM’s scalability
and ease of application, which require only a simple adjustment
of the digestion cycles depending on the specimen, could
facilitate the application of ExM to more developed mice and
diverse vertebral models without the need for further laborious
and time-consuming optimization.

We also validated that the fluorescence signals in
immunostained and transgenic mouse embryos are well
preserved during the whole-body ExM process, underscoring
its usefulness for studying protein distributions throughout the
entire body. The compatibility of whole-body ExM with
molecular labeling techniques makes it highly attractive for
studying the morphological changes of organs and cellular
organelles as well as changes in the long processes of specific
neurons, with a 60 nm resolution in transgenic models. For
example, when applied to a SLICK (Single-neuron labeling
with inducible Cre-mediated knockout) mouse line,100 whole-
body ExM would visualize the distribution and morphologies
of mitochondria, as well as their interactions with other
organelles, in specific neurons from the cortical layers to the
spine over a centimeter scale.97 In addition, Fzf 2-Cre driver
lines crossed with reporter lines would allow high-resolution
tracing of the cerebrospinal tracts during embryonic develop-
ment.101 When whole-body ExM is combined with state-of-
the-art multiplexed cell labeling techniques, such as Confetti
mouse102 or Brainbow-based mice,103−105 it would be possible
to study early cells’ clonal expansion over whole embryos.

Whole-body ExM could be improved in multiple ways. First,
whole-body ExM could be used to visualize the sub-10 nm
details of protein structures over the entire organism. Recently,
expansion factors larger than 4-fold, such as 10- or even 20-
fold, have been demonstrated using different hydrogels or
through multiround expansion.19,25,29,35,106 Once combined
with such more-than-4-fold expansion techniques, whole-body
ExM would enable the study of the entire organism at a
molecular resolution. Second, whole-body ExM could be
combined with tissue-clearing techniques that enable the rapid
immunostaining of thick tissues. Recently, multiple techno-
logical breakthroughs, such as delipidation,9,107 the use of
nanobodies,5 and the optimization of staining conditions
depending on antigen densities, fluorophore charges, and
temperatures,10 have accelerated immunostaining, enabling its
application to mm-thick specimens,6,11,108 even whole mice.109

Other rapid staining techniques that strongly fix specimens and
accelerate antibody diffusion by applying electric fields could
also be used to stain whole mouse embryos.110−112 The
compatibility of these techniques, as well as many others, with
the whole-body ExM protocol, should also be studied.113,114
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Although whole-body ExM has been successfully applied
with various fluorescent labels, further validation is needed to
ensure compatibility with high-temperature digestion. The
quantitative analysis of fluorescent signals after extended
digestion at elevated temperatures has yet to be thoroughly
validated. Retention and amplification of fluorescent signals in
whole-body ExM-processed samples could be further tested for
practical applications in neonatal mice. Another potential
limitation when whole-body ExM is applied to larger samples is
that the current hydrogel may not provide sufficient physical
support after expansion. Its limited mechanical properties often
make bulky specimens, such as neonatal mice, fragile and
prone to damage during handling. Fortunately, various recipes
have been explored to optimize ExM, e.g., enhance imaging
resolution,26,29,115 and improve mechanical properties.116 It
would be valuable to investigate whether the proposed
improvements in the hydrogel composition could enhance
mechanical properties while remaining compatible with whole-
body ExM.

EXPERIMENTAL SECTION
Materials. All chemicals and antibodies were obtained from

commercial suppliers; detailed information is provided in Table S1.
The concentrations of the labeling agents, including antibodies and
fluorophore NHS esters, are listed in Table S2.

Biological Sample Preparation. Ethical Regulations. All
experimental methods involving mice and zebrafish were approved
by the Korea Advanced Institute of Science and Technology
Institutional Animal Care and Use Committee (KAIST-IACUC),
the Korea Institute of Science and Technology Institutional Animal
Care and Use Committee (KIST-IACUC), the Gwangju Institute of
Science and Technology Institutional Animal Care and Use
Committee (GIST-IACUC), the Seoul National University Institu-
tional Animal Care and Use Committee (SNU-IACUC), the
Chungnam National University Institutional Animal Care and Use
Committee (CNU-IACUC), and the Korea Research Institute of
Bioscience and Biotechnology (KRIBB)-IACUC.

Mouse Brain Slice Preparation. C57BL/6J mice aged 6−8 weeks
were used for organ harvesting. After anesthetization with isoflurane,
the mice were transcardially perfused with 1× phosphate-buffered
saline (PBS), followed by perfusion with 4% paraformaldehyde (PFA)
in 1× PBS. Brains were harvested and fixed in 4% PFA in 1× PBS at 4
°C for 2−6 h. Fixed brains were then sliced to a thickness of 150 μm
with a vibratome (VT1000S; Leica, Wetzlar, Germany).

Mouse Embryo Preparation. Pregnant C57BL/6J mice were
deeply anesthetized and euthanized with isoflurane before surgery.
Mouse embryos were isolated from pregnant mice. Mouse embryos
older than E15.5 were deeply anesthetized and euthanized with
isoflurane before fixation. For E18.5, the mouse embryos were
skinned to facilitate the diffusion of the fixative. Isolated embryos
were fixed with 4% PFA in 1× PBS at 4 °C for 12−24 h, depending
on the size of the body. Embryos were used as sliced, half-embryo, or
whole embryos. For sliced and half-embryo preparation, fixed mouse
embryos were embedded in 4−6% (w/w) low-gelling-temperature
agarose and then either sliced to a thickness of 500−1000 μm or cut
into sagittal sections along the midline of the body.

Neonatal Mice Preparation. Neonatal mice were deeply
anesthetized and euthanized with isoflurane. The neonatal mice
were transcardially perfused with 1× PBS, followed by perfusion with
4% PFA in 1× PBS. After perfusion, the neonatal mice were skinned
to facilitate the diffusion of the fixative. Skinned neonatal mice were
then post-fixed with 4% PFA in 1× PBS at 4 °C for 24−48 h,
depending on the size of the body. The sectioning of the sample was
conducted as previously described.

Zebrafish Larvae Preparation. Euthanized D. rerio aged 6 dpf were
fixed with 4% PFA in 1× PBS at 4 °C overnight. The fixed larvae were

stored in 1× PBS with 0.1 M glycine and 0.01% (w/w) sodium azide
at 4 °C before use.

General Whole-Body ExM Protocol. Note for the Whole-Body
ExM Protocol. In this section, we describe the general protocol of
whole-body ExM, which is based on the cyclic digestion process. An
example of the whole-body ExM workflow with 5.5 cycles of cyclic
digestion is illustrated in Figure S17. Experiments using whole-body
ExM were conducted as follows unless otherwise specified in the
manuscript. The volume of the digestion solutions was adjusted
depending on the size of the samples. Total digestion cycles (n) is an
experimentally determined value. We also note that the purity and
freshness of the reagents and buffers, especially those used for fixation,
anchoring, gelation, and digestion, would also affect the n; depending
on the purity and freshness of the reagents, it may be necessary to
increase the n. Enzyme activity and quality control are discussed in
detail in Supporting Note 5. Table S3 summarizes products offering
similar levels of purity, stability, and activity to those used in this
study.

Whole-Body ExM Protocol. Hydrogel Embedding. All processes
before gel synthesis were conducted at 4 °C with gentle shaking. Fixed
samples were permeabilized with 0.1−0.2% PBST (0.1−0.2% Triton
X-100 in 1× PBS) for 1−14 days. Samples were incubated in 0.1 mg/
mL AcX in 0.1% PBST 1−2 times for 12−24 h each time: Embryo
slices and whole larval zebrafish were treated once; half and whole
embryos were treated 1−2 times depending on the size of the sample.
Samples were washed with 0.1% PBST three times for 30 min each
time. The samples were incubated in a freshly prepared gelation
solution (8.625% [w/w] sodium acrylate, 2.5% [w/w] acrylamide,
0.15% [w/w] N,N-methylenebis(acrylamide) [BIS], 0.2% [w/w] 2,2′-
azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride [VA-044],
0.05−0.1% [w/w] Triton X-100, 2 M NaCl, 1× PBS) four times
for 12 h each time. After the incubation, the samples were placed
between two glass slides along with spacers matching the thickness of
each sample and then incubated at 45 °C for 12−24 h in a humidified
chamber.

Cyclic Digestion. After gel synthesis, the excess gel around the
sample was trimmed off using a razor blade. The gel-embedded
samples were then homogenized via n-cycles of cyclic digestion at 37
°C with gentle shaking. One cycle of the digestion process involved
being treated twice with proteinase K and then twice with collagenase
mixture: samples were first digested with 16 U/mL proteinase K in
proteinase K digestion buffer (1 mM ethylenediaminetetraacetic acid
[EDTA], 50 mM Tris-HCl [pH 8.0], 0.5% Triton X-100, 2 M NaCl)
twice for 12 h each time; samples were then washed with collagenase
digestion buffer (1× HBSS [pH 6.7], 3 mM CaCl2) three times for 30
min each time; washed samples were then digested with a collagenase
mixture (2 mg/mL [minimum 400 U/mL] of collagenase type I,
collagenase type II, and collagenase type IV) in collagenase digestion
buffer twice for 12 h each time. Washing was performed only in the
transition from proteinase K digestion to collagenase mixture
digestion in order to remove EDTA contained in the proteinase K
digestion buffer. If needed, fluorophore NHS ester staining was
conducted as follows: after the two proteinase K digestion steps of the
first digestion cycle, samples were washed with staining buffer (0.1%
Triton X-100, 2 M NaCl, 1× PBS) three times for 30 min each time.
Washed samples were incubated with diluted fluorophore NHS ester
in the staining buffer at 4 °C (Table S2 summarizes the final
concentration of the fluorophore NHS esters). Stained samples were
then subjected to further digestion. The digestion process always
ended with treatment twice with proteinase K, corresponding to the
0.5 cycle.

Expansion. After digestion, fully homogenized samples were
treated with an excess volume of decalcification solution (0.3 M
EDTA [pH 8.0], 2 M NaCl, 0.1% Triton X-100) at 4 °C four times
for 12 h each time. The samples were then washed with an excess
volume of deionized water and kept in fresh deionized water
overnight for expansion until the size of the hydrogels plateaued.

Whole-Body ExM for E18.5 Mouse Embryos and Neonatal Mice.
The general whole-body ExM protocol was also used for expanding
E18.5 mouse embryos, P2 neonatal mice, and P5 neonatal mice, with
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a few modifications: the temperature was increased from 37 to 60 °C
during the cyclic digestion, and the concentration of proteinase K was
decreased from 16 to 8 U/mL. All other conditions remained the
same.

Validation of Isotropy. Microscale Distortion Analysis. 500 μm-
thick E15.5 mouse embryo slices were blocked and permeabilized
with NGS blocking buffer (5% normal goat serum [NGS], 0.1%
Triton X-100, 1× PBS) for 12 h at 4 °C. Permeabilized samples were
incubated with anti-TuJ1 antibodies in NGS blocking buffer for 3 days
at 4 °C, followed by washing in the NGS blocking buffer six times for
0.5−1 h each time. Samples were then incubated with fluorophore-
conjugated secondary antibodies in NGS blocking buffer for 3 days at
4 °C, followed by washing in NGS blocking buffer six times for 0.5−1
h each time. Pre-expansion imaging of embryo slices was conducted
by using a spinning disk confocal microscope. After imaging, samples
were subjected to the whole-body ExM process, as described in the
General Whole-Body ExM Protocol, with 5.5 cycles of digestion. After
expansion, samples were imaged with a spinning disk confocal
microscope to obtain post expansion images. The RMSE was
measured in a similar way to that described in a previous study.24

Briefly, pre-expansion and post expansion images were registered in
the open-source software Elastix, using rigid (similarity) and nonrigid
(b-spline) transformations to quantify distortions. After the
registration, deformation vector fields were calculated by using Elastix
and Transformix as described in the reference. A total of 11 ROIs
from three different samples were used for RMSE quantification.

Nanoscale Distortion Analysis. Blocking, permeabilization, anti-
body staining against CCP, pre-expansion imaging (at this time, to
enable the more precise imaging of nanostructures of CCPs before
expansion, we used LSM980 in Airyscan2 mode), the whole-body
ExM process, and post-expansion imaging were conducted on 500
μm-thick E15.5 mouse embryo slices as described under Microscale
Distortion Analysis. To quantify the expansion factor, the radii of
single CCPs and the distance between nearby CCPs were measured
pre- and post expansion. To be specific, ROIs were extracted for each
pit or nearby pits. To measure the radii of a single pit, the intensity
profile along the pit was extracted with a line width covering the
whole pit using ImageJ, a double-Gaussian-fitted line was obtained by
Origin, and the distance between the peaks was measured. Similarly,
the distance between nearby pits was calculated by the distance
between the peaks of the double-Gaussian-fitted line obtained from
the line profile between nearby pits, with a line-width covering the
nearby pits (data points that showed errors during double-Gaussian
fitting in Origin, such as those without two distinct peaks or with
negative peak values, were excluded from the quantification).

Validation of Antibody Compatibility. Antibody Staining of
Mouse Embryo Slices and the Whole-Body ExM Process. 500 μm-
thick E15.5 mouse embryo slices were blocked and permeabilized
with NGS blocking buffer for 24 h at 4 °C. Permeabilized samples
were incubated with primary antibodies in NGS blocking buffer for at
least 48 h at 4 °C, after which they were washed in NGS blocking
buffer three times for 30 min each time. The samples were then
incubated with secondary antibodies in NGS blocking buffer for 24 h
at 4 °C and then washed in NGS blocking buffer three times for 1 h
each time. After immunostaining, samples were subjected to the
whole-body ExM process (as described in the General Whole-Body
ExM Protocol) with 5.5 cycles of digestion.

Antibody Staining of Whole Embryos and the Whole-Body ExM
Process. E12.5 Hb9::GFP mouse embryos were blocked and
permeabilized with NDS blocking buffer (5% NDS, 0.2% Triton X-
100, 1× PBS, 0.02% sodium azide) for 3 days at 37 °C. Permeabilized
samples were incubated with primary antibodies in NDS blocking
buffer for at least 7 days at 37 °C, then washed in NDS blocking
buffer 12 times for 1−2 h each time. Samples were then incubated
with secondary antibodies in NDS blocking buffer for at least 4 day at
37 °C, then washed in NDS blocking buffer 12 times for 1−2 h each
time. After immunostaining, samples were subjected to the whole-
body ExM process (as described in the General Whole-Body ExM
protocol).

Signal Amplification. Signal Amplification Using Anti-Alexa
Fluor 488 Antibody and Quantitative Analysis. A total of nine
different antibodies were tested in parallel. Brain slices were blocked
and permeabilized with an NGS or NDS blocking buffer for 2 h.
Permeabilized samples were then incubated with primary antibodies
in a blocking buffer for 3−9 h at 4 °C and then washed in 0.1% PBST
three times for 30 min each time. Alexa Fluor 488-conjugated-
secondary antibodies diluted in blocking buffer were then added for
3−9 h at 4 °C followed by washing in 0.1% PBST three times for 30
min each time. The anchoring and gelation of brain slices were
performed as previously described in the proExM protocol.23 Gel-
embedded brain slices were then digested with 16 U/mL proteinase K
in proteinase K digestion buffer four times, each lasting 12 h at 37 °C.
After prolonged digestion, samples were expanded ∼2-fold in 1× PBS
and imaged with a confocal microscope. After the preamplification
imaging, samples were then further digested with a collagenase
mixture (2 mg/mL [minimum 400 U/mL] of collagenase type I,
collagenase type II, and collagenase type IV) in collagenase digestion
buffer twice for 12 h each time at 37 °C, followed by incubation with
16 U/mL of proteinase K in proteinase K digestion buffer six times,
each lasting 12 h at 37 °C. After further digestion, samples were
immunostained with anti-Alexa Fluor 488 antibodies diluted in 0.1%
PBST for 24 h and Alexa Fluor 488-conjugated antirabbit secondary
antibodies diluted in 0.1% PBST for 24 h to boost the fluorescent
signal. Then, each staining was washed six times with 0.1% PBST for
30 min. After the signal amplification, samples were subjected to post-
amplification imaging under the same imaging conditions in 1× PBS.
The signal intensity was measured at the same location from the pre-
signal amplification and post-signal amplification images of each
sample, and the relative signal intensity after signal amplification with
respect to the pre-signal amplification was calculated. In all nine
specimens, the fluorescence signal intensity of Alexa Fluor 488 before
and after amplification was measured at the same locations. This
quantification was repeated at 30 locations in each sample. One brain
slice was used for each antibody.

Post-digestion Signal Amplification Using Anti-FP Antibodies in
Transgenic Mouse Embryos. Expanded samples were incubated in an
NDS blocking buffer for 6 h at 37 °C for shrinking and blocking.
Samples were incubated with anti-FP antibodies (either anti-RFP or
anti-GFP) in NDS blocking buffer for at least 3 days at 37 °C, then
washed in 0.2% PBST at least 12 times for 1−2 h each time. Samples
were then incubated with secondary antibodies in NDS blocking
buffer for at least 3 days at 37 °C, then washed in 0.2% PBST at least
12 times for 1−2 h each time.

Fluorophore NHS-Ester Staining Pattern Analysis. Immu-
nostaining of Mouse Brain Slices. Brain slices were blocked and
permeabilized with an NGS blocking buffer for 1−3 h. For brain slices
that were imaged for actin, the permeabilized brains were stained with
fluorescein phalloidin in NGS blocking buffer overnight at 4 °C and
then washed in 0.1% PBST three times for 30 min each time.
Permeabilized samples were then incubated with primary antibodies
in NGS blocking buffer for at least 6 h at 4 °C and then washed in
0.1% PBST three times for 30 min each time. Secondary antibodies
diluted in NGS blocking buffer were then added for at least 6 h at 4
°C and then washed in 0.1% PBST three times for 30 min each time.

In Vivo Mitochondria Labeling. To label mitochondria in
parvalbumin (PV)-positive neurons, Cre-dependent adeno-associated
virus (AAV) expressing mScarlet followed by mitochondrial matrix-
targeting sequence was injected into the PV-Cre mouse line
(B6.129P2-Pvalbtm1(cre)Arbr/J), as follows: the mice were anesthetized
with isoflurane and placed in a stereotaxic frame. Then, 100 nL of a
10:1 cocktail of AAV-Jx-synaptophysin-mVenus-T2A-mito-mScarlet
was injected into the subthalamic nucleus (STN, AP: + 1.62 mm; ML:
1.65 mm; DV: −4.45, −4.55, and −4.65 mm) at a speed of 40 nL/
min. Ten days after an AAV injection, mouse brains were harvested
and fixed as described above in Biological Sample Preparation.

ProExM and Fluorophore NHS-Ester Staining in Mouse Brain
Slices. Permeabilization, AcX treatment, gelation, and digestion of
mouse brain slices were performed as previously described in the
proExM protocol.23 Fully digested brain slices were stained with
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diluted fluorophore NHS ester in 0.1% PBST for at least 6 h at 4 °C
and then washed in 0.1% PBST three times for 30 min each time.
Stained samples were then expanded in deionized water and imaged
to analyze staining patterns.

Imaging and Data Processing. Sample Mounting and
Imaging. For the imaging of expanded specimens, the hydrogels
were attached to poly-L-lysine-coated glasses to prevent hydrogel
drifting during imaging. Specimens were imaged using a spinning disk
confocal microscope (Olympus BX51WI microscope equipped with
Andor Dragonfly 200 and an Andor Zyla 4.2 sCMOS) or laser
scanning confocal microscope (Nikon Eclipse Ti2-E microscope
equipped with Nikon C2+; or ZEISS LSM980). The objectives used
were 63× 1.4 NA oil immersion lens, 60× 1.00 NA water immersion
lens, 40× 1.15 NA water immersion lens, 25× 0.95 NA water
immersion lens, 10× 0.45 NA air lens, 10× 0.4 NA air lens, and 4×
0.2 NA air lens.

Intensity Adjustment. The images shown in Figure 1l−p were
thresholded to zero using a specific threshold value to more clearly
visualize the expanded embryos rather than the surrounding gels.
Images shown in Figure 3b−n were thresholded to zero using a
specific threshold value to enhance the visibility. Images shown in
Figures 4j−l and 5a−f were thresholded to zero using specific
threshold values to remove signals from nonspecific binding, which is
discussed in Figure S16.

Shading Correction. The following image processing pipelines
were applied to the images in Figures 1l,1n and 4c−g. A custom
Python script was used to apply the BaSiC algorithm117 for flat-field
estimation and shading correction on 3D image stacks in the Imaris
file format (.ims). To ensure even illumination after correction across
sections within a single image set consisting of multiple 3D stacks, 40
image slices (1024 px × 1024 px each) were sampled evenly from
each 3D image stack along the z-direction. BaSiC with default
parameters was used to estimate the flat-field profiles from the
sampled slices. For multichannel images, a single image channel with
the densest labeling was used to estimate the flat-field for all other
channels. A single estimated flat-field profile was used to correct
shading in all 3D image stacks, with correction applied to each image
slice along the z-directions independently. Corrected image stacks
were saved as. ims files for further processing, including multistack
stitching and visualization in Imaris 9.5.

Denoising and Deconvolution. The following image processing
pipelines were applied to the images in Figure 4b,4j,k. Images were
first denoised using SUPPORT,118 which removed the Poisson−
Gaussian noise in the images by learning and utilizing the spatial and
temporal dependence among the pixel values (publicly available on
https://github.com/NICALab/SUPPORT). The training process
involved 150 000 iterations of updates with a batch size of 64 and
utilized patches of size 3(x) × 128(x) × 128(y). The SUPPORT
network had a receptive field size of 3(z) × 146(x) × 146(y) and a
blind spot size of 1(z) × 1(x) × 1(y). Thereafter, the z-stack images
were deconvolved by using the Richardson−Lucy algorithm and a
theoretical point-spread function. All denoising was performed on a
workstation equipped with two Intel Xeon Gold 6226R CPUs, 128
GiB of RAM, and an NVIDIA GeForce RTX 4090 GPU, and the rest
was performed on a workstation equipped with an Intel i7-11700K
CPU and 128 GiB of RAM.
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