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ABSTRACT

Tissue clearing for 3-dimensional (3D) imaging is increasingly utilized in many biomedical
applications, including the pathological examination of human biopsy specimens. Although
many protocols offer rapid and efficient tissue clearing (>1 d), immunofluorescence labeling of
thick specimens is a highly time-consuming process. The use of low molecular weight chemical
dyes has potential benefits in terms of speed and quality of 3D labeling. Accordingly, we tested
several chemical dyes to assess their potential applications in 3D imaging. The combination of
SYTO 16 and eosin (S&E) was found to be a potential fluorescent version of the hematoxylin—
eosin (H&E) stain. Furthermore, picrosirius red (for collagen), Congo red (for senile plaques), and
fluorescent Nissl (for neurons in the normal brain or blood vessels in the injured brain) stains
can be used alone or in combination with antibody labeling. As chemical labeling requires a
relatively short incubation time (<1 d), fluorescent chemical dyes could expedite the 3D
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imaging process.

Introduction

Tissue clearing methods have evolved rapidly and have
been applied to image 3-dimensional (3D) structures of
tissues at single-cell resolution (Ueda et al. 2020; Richard-
son et al. 2021). Tissue clearing can be achieved by a com-
bination of delipidation and matching the refractive
index (RI) of tissues with that of the mounting medium.
Several techniques, including solution-based (several
versions of CUBIC and SeeDB), organic solvent-based
(versions of BABB and iDISCO), and hydrogel-based
(clarity, PACT, and ACT) are available (Dodt et al. 2007;
Chung et al. 2013; Ke et al. 2013; Renier et al. 2014;
Susaki et al. 2014; Yang et al. 2014; Lee et al. 2016;
Tainaka et al. 2018). Speed of the process, tissue deform-
ity, and maximal clarity of the specimen vary depending
on the optical properties of the tissues and the method
of clearing (Gomez-Gaviro et al. 2020; Tian et al. 2021).
Accordingly, many tissue-clearing methods have been
customized for specific specimens (Vieites-Prado and
Renier 2021). These innovations have impacted the
understanding of 3D architectures of brain connectivity,
embryos, and human pathological specimens (Belle
et al. 2017; Nojima et al. 2017; Winnubst et al. 2019).
The application of these innovative tissue clearing
tools for histopathological analysis requires several

modifications to meet the criteria that are followed in
routine histopathology labs. For instance, the duration
of the labeling process should be short, preferably
within 5 working days. Many tissue-clearing methods
offer relatively rapid clearing. In particular, specimens
with low lipid content can be cleared faster as RI-match-
ing is sufficient for clearing. However, the delipidation
step cannot be eliminated in many specimens, and the
inclusion of the delipidation step considerably increases
the total duration of the process. The use of electrical
fields for active delipidation significantly shortens the
duration of tissue-clearing processes, and whole
mouse brain clearing can be achieved within one day
(Chung et al. 2013; Kim et al. 2015; Lee et al. 2016).
Another factor that significantly contributes to pro-
cessing time is labeling. Most tissue-clearing methods
are optimized for the detection of endogenous fluor-
escence or fluorescence signals from antibody reactions
(Murray et al. 2015; Park et al. 2018; Cai et al. 2019; Zhao
et al. 2020). Unfortunately, the diagnostic use of
endogenous fluorescence signals from human speci-
mens is limited, and antibody labeling of thick speci-
mens is challenging owing to the long incubation
time, uneven labeling, and clogging of the antibodies
on the surface (Lai et al. 2018; Zhao et al. 2020). These
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limitations are mainly caused by the slow diffusion of
large molecular weight antibodies. As a result, the use
of low molecular weight fluorescent chemicals that pre-
ferentially label some components within tissues has
garnered remarkable attention. For instance, nuclear
staining with SYTO 16, blood vessel labeling with the
lipophilic dye Dil, and amyloid plaque labeling with
Congo red have been successfully used for tissue 3D
imaging (Liebmann et al. 2016; Lai et al. 2017).

As normal histopathological tests often involve
general staining such as hematoxylin-eosin (H&E) stain-
ing (No et al. 2021; Roh et al. 2021), the development of a
fluorescence staining equivalent to H&E staining is
important. Eosin labels cytosol in red and exhibits red
fluorescence via the conventional rhodamine filter
setup of a fluorescence microscope. Thus, we deter-
mined whether eosin can be used for fluorescence coun-
terstaining of cytosol. Combined with nuclear
fluorescent dyes, such as SYTO 16, a fluorescent
version of H&E staining (S&E staining), could be estab-
lished, which can be an alternative to colorimetric H&E
staining. We also tested whether other chemical dyes
could be used for the fluorescence labeling of thick
specimens.

Materials and methods
Specimens

Mouse organs were obtained from 8-10 week-old
C57BL/6J mice (Koatech, Pyeong-taek, Korea). For the
acute kidney injury model, 8-week-old mice were admi-
nistered folic acid (Sigma #F8758) dissolved in 300 mM
NaHCOs via intraperitoneal injection at a dose of 250
mg/kg. The vehicle was injected as a control, and bilat-
eral kidneys were harvested 7 days after the injection.
Cryogenic traumatic brain injury (cTBI) was induced by
placing a metal probe (5 mm diameter) cooled in
liquid nitrogen on the cranium of mice for 30 s (Kim
et al. 2016), and the damaged brains were harvested 7
days after injury. All animal handling protocols were
approved by members of the Korea University

Table 1. Fluorescence dyes used in the study

Excitation/

Fluorescent Stained Emission
Probes Tissues Dilution (nm) Supplier
Eosin Y Eosinophilic 1:500 510/535 Sigma #230251

tissues or

cells
Picrosirius Connective 1:10 561/635-685 Abcam

red tissue #ab150681
Nissl Neuron 1:250 530/615 ThermoFisher
#N21482

Congo red Amyloid 1:500 497/614 Sigma #C6277

Institutional Animal Care and Use Committee
(KUIACUC-20150520-1 and KOREA-2019-0014). Human
tissues were obtained from cadaver donors at the
Department of Anatomy, Korea University, through the
Korea University Anatomical Donation Program and
treated by the university guidelines. The cadavers were
fixed with 10% formalin by perfusion and kept at 4 °C
for more than 2 years.

Tissue clearing

For tissue clearing, we used the ACT-PRESTO protocol
reported in our previous study (Lee et al. 2016). Briefly,
fixed samples were washed with PBS and incubated
with polymerization buffer (A4BO; 4% acrylamide in
0.1x PBS supplemented with 0.25% photoinitiator 2,2'-
azobis[2-(2-imidazolin-2-yl)propane]  dihydrochloride;
Wako Pure Chemical, Osaka, Japan) overnight at 4 °C.
The embedded samples were polymerized for 2 h at
37 °C and —70 kPa in the X-CLARITY™ Polymerization
System (Logos Biosystems, Anyang, Korea). After exces-
sive washing, the samples were placed in a tissue con-
tainer in an electrophoretic tissue clearing (ETC)
chamber and processed at 1.5 mA and 37 °C. Depending
on the type of tissue, the ETC time varies from 3 to 24 h.
The cleaned samples were washed with PBS overnight at
room temperature with shaking before staining.

Staining of the specimens

Cleared samples were immersed in eosin solution at 37 °
C overnight. For the S&E staining, SYTO 16 (Invitrogen
#57578, 1:500) solution was co-incubated with the
eosin solution. The stained samples were washed three
times with PBS for 30 min and immersed in CUBIC-
mount (CM) solution for 1 h before imaging [4]. Fluor-
escent Nissl, Conge red, or picrosirius red were co-
stained with secondary antibodies, followed by PBS
washing. For picrosirius red staining, the stained
samples were washed twice with acetic acid and
immersed in CM solution for 1 h before imaging. The
details of the fluorescence staining solutions are
present in Table 1. For additional antibody staining,
Na*/K*ATPase (Sigma #A276, 1:500), B-amyloid (Milli-
pore #AB5078P, 1:500), E-cadherin (Cell Signaling #
3195, 1:50), type 1 collagen (Abcam #ab34710, 1:500),
NeuN (Millipore #MAB377, 1:500), and GFAP (Invitrogen
#13-0300, 1:500) were used prior to chemical staining.

Imaging and image processing

Cleared tissues immersed in the CM solution were used
for 3D imaging. Gross images were captured using a



digital camera (Canon, Tokyo, Japan) at different time
points during the ETC. 3D images were acquired using
a TCS SP8 confocal laser scanning microscope (Leica,
Wetzlar, Germany) with a 10x lens (N.D. 0.4; W.D. 2.2
mm), 25x lens (N.D. 0.95; W.D. 2.4 mm), and 63x lens
(N.D,; W.D.). Z-stack images were converted into 3D
images using the Leica LAS X program, and projection
images were processed using Adobe Photoshop CS6.
To calculate the signal-to-noise ratio for each image,
the intensity profiles of a single image were obtained
using ImageJ software.

Results

Assessment of eosin as a fluorescent dye for ACT-
processed organs

As test specimens, we obtained human livers and
kidneys (2x2x0.4 cm) from donated cadavers. The
entire process for ACT-based tissue clearing, which
included fixation (overnight), acrylamide monomer
infusion (overnight), polymerization, and ETC, was con-
ducted in 3 days (Figure 1A). For sufficient clearing
(>70% transparency), 6-12 h of ETC and immersion of
the specimen in RT-matching CM solution were necess-
ary (Figure 1B). After the 6-hour ETC, the samples were
washed with PBS, immersed into different concen-
trations of eosin solution overnight, and de-stained
overnight (Figure 1C). Fluorescence signals of eosin
were readily detectable throughout the tissue slices
(depth-wise), and the initial concentration of eosin
(0.1-2%) did not significantly affect the final fluor-
escence intensity and evenness of the labeling in the
z-axis, presumably owing to sufficient de-staining.
These results suggest that a wide range of eosin con-
centrations can be used for efficient 3D imaging.
Eosin staining can be combined with the green
nuclear counterstaining dye, SYTO 16, which is widely
used for 3D imaging (Tainaka et al. 2014; Lee et al.
2016). Accordingly, single cell-resolution 3D structures
of mouse tissues, including the lung, liver, kidney, and
colon, were visualized by S&E co-staining in a 2-day
procedure (Figure 1D), allowing the entire procedure
to be performed within one week.

Combination of chemical fluorescence labeling
with specific imnmunofluorescence staining

As general colorimetric staining is often combined
with specific antibody staining for precise diagnostics,
we determined whether S&E staining could be com-
bined with immunofluorescence labeling. Briefly, we
incubated ETC-processed specimens with primary
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antibodies overnight. Thereafter, the specimens were
washed, and then incubated with a mixed solution
of secondary antibodies and S&E overnight (Figure
2A). Using this approach, multi-color combinatorial
labeling of specific protein epitopes (Na-K-ATPase)
and S&E was successfully achieved in kidney speci-
mens (Figure 2B). Similarly, other combinations of
fluorescent chemical reactions with antibody staining
were tested. For instance, fluorescent Nissl staining
can be used for neuronal staining of the brain
(Figure 2C). Congo red staining, which can label
senile plaques, was also combined with antibody
staining of beta-amyloid in human brain specimens
(Figure 2D). In addition, picrosirius red, which stains
the extracellular matrix, can be co-labeled with E-cad-
herin in the kidney (Figure 2E).

Imaging of histopathology in animal models

To establish an experimental model of nephropathy,
mice were administered folic acid (FA) for 7 days. FA
treatments are known to promote kidney fibrosis
(Yuan et al. 2003). Clearing of the FA-treated kidneys
revealed atrophy of the kidneys with focal damage
(Figure 3A). These pathological features were recognized
via chemical imaging of the ECM deposits by picrosirius
red staining, which was similar to the immunofluores-
cence staining of collagen type 1 (Figure 3A). Brain
trauma could also be mapped using fluorescent Nissl
staining (Figure 3B). Interestingly, labeled cells in the
brain trauma samples were primarily blood vessels, as
reported previously (Damisah et al. 2017). In combi-
nation with Nissl and GFAP antibody staining, a close
association between astrogliosis and tissue remodeling
with vasculature changes was readily visualized in 3D
(Figure 3Q).

Discussion

In this study, we demonstrated that the combination of
SYTO 16 and eosin (S&E) can be used as a fluorescent
version of the H&E stain. As S&E staining can be per-
formed within one day, the total duration of specimen
labeling from harvest, fixation, clearing, labeling, and
imaging was less than one week. Therefore, this protocol
can be used in histopathological tests during routine
clinical examinations. Furthermore, by including these
fluorescent dyes into the secondary antibody reaction
solution, chemical staining can be combined with anti-
body reaction, and the duration of the protocol gets
extended by only 1-2 days, which increases the feasi-
bility of the protocol. The feasibility of the protocol
was also verified using two experimental pathology
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Figure 1. SYTO 16-eosin staining for 3D tissue imaging (A) Experimental scheme for tissue clearing and staining. (B) Images of
human kidney (upper) and liver (lower) during electrophoretic tissue clearing (ETC). Tissue samples were placed on graph paper
with a 1-mm grid. Bar graph showing the transparency rate of the specimens at 0, 1, 6, 12 h of ETC, in CUBIC-mount solution. (C)
Eosin staining of 1 mm-thick human kidney specimens was imaged at different depths and converted into 3D images (upper).
Scale =20 um. The mean intensity at different depths, average intensity, and standard deviation of mean intensity was measured
from the Z-stack images with different eosin dilutions (lower). Mean £ S.E.M (D) SYTO 16-eosin staining of multiple mouse organs.

Z-projections in the X-Z direction (lower) and the Y-Z direction (right) are shown in every optical slice. Scale = 100 um.
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Figure 2. Use of various chemical fluorescent dyes for 3D tissue imaging (A) Experimental scheme for tissue clearing and stain-
ing. (B) SYTO 16-eosin staining of 1T mm-thick mouse kidney specimens in combination with NA-K-ATPase antibody staining. Single-
plane images with different color channels were obtained from Z-stack images and converted into 3D images (right). (C) Single-plane
images of 1 mm-thick human brain specimens with SYTO 16 and Nissl staining. Scale = 50 ym. (D) A single-plane image of 1 mm-thick
human brain specimen with SYTO 16, Congo red, and B-amyloid staining (left). Scale = 50 um. High magnification Z-stacked images of
a single cell with senile plaques, indicated with z-projections in the X-Z direction (lower) and the Y-Z direction (right). Scale = 10 pm.
(E) SYTO 16-eosin staining of T mm-thick mouse kidney specimens with picrosirius red staining. 3D images were separated by color

channels.

models. Based on our findings, pathological symptoms
in the experimental models were readily detectable by
fluorescence imaging.

Other fluorescent dyes, such as Congo red, fluor-
escent Nissl, and picrosirius red, are compatible with
the ACT-based tissue clearing protocol, and are used
to label senile plaques, neurons, and ECM in the tissue,

respectively. Although chemical dyes can be readily uti-
lized in a laboratory setting, there are some limitations.
Since chemical dyes stain biological macromolecules
less specifically, they may exhibit a reduced contrast
compared with antibody staining, and the target tissue
components may change depending on the tissue
status, as seen in Nissl staining of brain trauma sample.
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Figure 3. Chemical fluorescent dyes for histopathological analysis in 3D (A) Representative images of vehicle or folic acid (FA)-
treated kidneys (left). Red arrows indicate dense fibrotic areas. Scale =5 mm. Picrosirius red and type | collagen staining was used to
detecting fibrotic changes in the FA-treated kidney tissue (right). Scale = 50 um. (B) 3D images of Nissl staining in a cryogenic trau-
matic brain injury (cTBI) model. Fluorescent Nissl and NeuN labeled neurons and/or microvessels in the injured brain. Scale = 100 pm.
(C) A 3D image of Nissl and GFAP staining in cTBI brain. Scale = 100 pm.

Thus, researchers must optimize/validate the staining
procedure for each tissue specimen. Accordingly, our
current studies emphasize the advantages of small mol-
ecular weight dyes and chemical fluorescence dyes for
3D tissue imaging. The identification of other chemicals
that can detect specific tissue components will thus
expedite the wide use of these techniques for 3D
imaging.
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