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Introduction

Tissue-clearing techniques let researchers visualize three-dimensional (3D), large 
tissue structures by modifying the optical properties of opaque samples, rendering 
them transparent and accessible for light microscopy. Tissue-clearing techniques have 
become a valuable tool for the 3D analysis of the microstructure of biological tissues 
in neuroscience, connectomics, oncology, developmental biology, and organoid 
research.

High-resolution volumetric imaging of biological tissue has emerged as a crucial tool 
in cutting-edge biological research. Light-Sheet Fluorescence Microscopy (LSFM) 
leverages the optical advantages of cleared samples to enable fast, confocal-like 
optical sectioning and high-quality 3D imaging of cleared samples without the need 
for physical sectioning or destruction of the sample. LSFM allows rapid imaging 
of intact samples, from whole organs to entire organisms, while preserving the 
native 3D structure. LSFM has been adapted to image large, optically cleared (ex 
vivo) samples by implementing long working distance objectives, creative sample 
mounting, and larger imaging chambers.1

Light-Matter Interaction

The different refractive indexes (RI) of the major components of biological tissue, 
i.e., water, lipids, and proteins, result in light scattering when light passes through 
the tissue. The thicker the tissue is, the more prominent this effect becomes. Most 
biological samples are opaque in their native state due to light absorption and 
scattering. For these reasons, scientists have traditionally prepared samples into thin 
sections to visualize them with light microscopes. Tissue clearing modifies the optical 
properties of typically opaque samples to render them transparent while keeping 
their structure generally intact.2 After clearing, light can travel through a sample 
unrestricted from absorption and scattering, ideal for high-resolution microscopic 
imaging deep within the specimen. There are numerous different clearing techniques, 
but all of them have one thing in common—they render biological samples optically 
transparent. The combination of tissue clearing with light-sheet microscopy is an ideal 
solution for addressing new questions in many fields of biology.
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FIGURE 1.
In an ideal scenario, light would penetrate 100% of a sample, but light-matter 
interaction, including absorption, diffraction, reflection, refraction, scattering, 
and transmission interfere with light transmission. 

FIGURE 2.
Tissue clearing modifies the optical properties of opaque samples, rendering 
them transparent and accessible for light microscopy. It increases light 
transmission through samples and allows the visualization of structures deep 
within tissues. It typically involves two steps: delipidation and RI matching.
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Clearing Principles and Techniques

Method Overview for Tissue Clearing
Various tissue-clearing methods exist, each tailored to specific 
requirements and characteristics of the tissue and sample. There 
are a number of important considerations when choosing a protocol, 
including:

 � Type of sample,

 � Size of sample,

 � Whether there is endogenous fluorescence to preserve,

 � Compatibility with antibody labeling or nucleic acid hybridization,

 � Ease-of-use,

 � Speed, and

 � Cost.

Preservation of Sample Size

Some protocols shrink tissue, while others cause tissue to expand, 
which may have advantageous or detrimental effects depending on 
the nature and purpose of the experiment. For example, scientists 
have used solvent-based methods to shrink and image entire mice,3 
or have taken advantage of tissue expansion to resolve structures 
smaller than the typical resolution limit of light microscopy.4 On the 
other hand, tissue shrinkage may also reduce effective resolution, 
or tissue expansion may result in the sample size exceeding 
the working distance of your objective or the capacity of your 
sample chamber. Before starting your experiment, it is important 
to consider the protocol’s effect on tissue size and how this 
may affect your results.
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FIGURE 3.
Rendering of sample cuvette in the LCS SPIM with a cleared mouse sample 
(illumination path: blue; detection path: green).
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Types of Tissue Clearing

Approaches to tissue clearing vary based on experimental needs 
and samle types. Broadly speaking, there are four classes of 
clearing methods:

1. Hydrophobic Clearing Methods,

2. Hydrophilic Clearing Methods,

3. Hydrogel-Based Clearing Methods, and

4. Hyperhydration Clearing Methods, a.k.a. Expansion Microscopy.

Clearing protocols in each of these categories share characteristics 
that determine their suitability for particular applications. For 
example, solvent-based hydrophobic clearing methods dehydrate 
and shrink the sample, tend to have a high RI, and have short 
clearing times. They are effective in tissue with high lipid content 
but require immunofluorescence labeling methods.5

Water-based hydrophilic clearing methods work best for 
small samples, have limited clearing capacity, take a long 
time to clear, and work with both immunofluorescence and 
genetically encoded fluorophores.6

Hydrogel-based clearing methods entail a long and somewhat 
complex protocol but have a high clearing capacity due to efficient 
delipidation. They work well with immunofluorescence and 
genetically encoded fluorophores, and result in expanded tissues.7

Hyperhydration methods, also known as expansion microscopy,8 
are compatible with high-aperture (NA) water-immersion 
objectives and can achieve potentially higher resolution due to the 
expanded—and therein spatially better separated—structures. One 
disadvantage of expansion is that the signal intensity decreases due 
to lower label density.
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FIGURE 4. 
Light-sheet images of a lung (single slice). Samples courtesy of Ayelen Melina, 
Santamans Recchini, and Gaudalupe Sabio Buzo, Stress Kinases in Diabetes, 
Cancer and Cardiovascular Disease Laboratory and Unit of Microscopy and 
Dynamic Imaging, Centro Nacional de Investigaciones Cardiovasculares Carlos III (CNIC), 
Madrid, Spain�
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A good understanding of the available protocols can guide decision-
making processes as individual methods have different strengths 
and weaknesses. Several excellent reviews in the literature provide 
an overview of tissue-clearing techniques, how they vary, and which 
may be suitable for particular applications.2,9 Other publications 
offer a comparison of different techniques,10-12 or considerations for 
neuroscience applications.13 Lastly, decision trees are a useful tool 
for scientists while deciding on the right protocol to use for their 
specific application.14,15

Hydrophobic Clearing Methods

Hydrophobic clearing methods typically use an alcohol for 
dehydration, which leads to tissue shrinkage. This is followed by a 
step with solvents for delipidation and a clearing solution with an RI 
of approximately 1.56. These methods are typically low-cost and do 
not require specialized equipment.

Dehydration and delipidation shrink tissue, and the reagents of 
choice will affect the degree of tissue shrinkage. Some protocols 
take advantage of this effect to facilitate imaging of larger samples. 
Hydrophobic clearing solutions tend to be pure solutions, such as 
dibenzyl ether (DBE) or ethyl cinnamate (ECi), or miscible solutions, 
such as benzyl alcohol/benzyl benzoate (BABB). One advantage of 
this is that the imaging media rarely shows turgidity, which would 
substantially degrade image quality. DBE and BABB are most 
typically used due to their effectiveness, however, in many cases, 
ECi, a food-safe alternative to DBE and BABB, can be used instead.

WildDISCO
Immunolabeling of Wildtype Mice and DISCO Clearing
This method uses deep labeling of structures on centimeter scales 
with standard Immunoglobulin G (IgG) antibodies by enhanced 
cholesterol extraction before DISCO clearing.Heptakis(2,6-di-O-
methyl)-β-cyclodextrin (CD5) was identified as a potent extractor of 
cholesterol, which is poorly removed by other solvent approaches. 
The addition of CD5 to the permeabilization buffer substantially 
increased the penetration of antibodies into centimeter-thick 
tissues. This approach is promising for labeling a wide variety of 
targets with commercially available antibodies, and over thirty have 
been validated by Mai et. al.16
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FIGURE 5. 
Photograph of cleared mouse lung, heart, bone, and mouse head in the large LCS SPIM cuvette.  
Samples courtesy of Montserrat Coll Lladó, MIF, EMBL Barcelona, Spain�

 
FIGURE 6. 
Organic solvent-based tissue clearing follows a process that typically includes tissue fixation, 
optional immunostaining, dehydration, delipidation, and RI matching.
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SHANEL 
Small-Micelle-Mediated Human Organ Efficient Clearing and Labeling
This clearing method overcomes the challenges associated with 
fixed human tissue, such as light absorption and poor antibody 
diffusion.17,18 This approach was developed to clear and image large 
volumes of human brain tissue, and an entire human brain has been 
cleared with this method. Unique features of this protocol include 
an initial decolorization step to remove residual blood, denaturation 
of the extracellular matrix with guanidine hydrochloride, and 
incorporation of (3-((3-cholamidopropyl) dimethylammonium)-
1-propane sulfonate) (CHAPS) detergent for enhanced 
permeabilization. A disadvantage to this method is the bleaching of 
endogenous fluorescence.

vDISCO 
Nanobody(VHH)-Boosted 3D Imaging of Solvent-Cleared Organs
As the immunolabeling of thick tissues is challenging, this was 
the first demonstration of the use of nanobodies for enhanced 
penetration compared to traditional IgG antibody staining.19,20 To 
achieve this, the animals were perfused with a solution containing 
nanobodies, which are substantially smaller in molecular weight 
and size than IgGs, allowing deeper tissue penetration. Tissues 
were then subsequently cleared with a 3DISCO protocol. Nanobody 
perfusion produced greater penetration into deeper tissues and 
increased signal-to-noise ratios in areas otherwise challenging to 
immunolabel. The disadvantage of nanobody labeling is the lack of 
wide availability for specific targets compared to IgG antibodies.

FDISCO 
DISCO with Superior Fluorescence-Preserving Capability
A modified 3DISCO protocol makes two key changes to the original 
protocol: the tetrahydrofuran (THF) solution is pH-adjusted to be 
more alkaline, and the incubations are done at 4 °C instead of room 
temperature.21 The more alkaline conditions and cooler temperatures 
reduce the quenching of endogenous signal compared to uDISCO, 
leading ultimately to a better signal. One disadvantage to this 
method is that pH buffering the solutions in this protocol may be 
technically challenging.
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BALANCE 
Bleaching-Augmented Solvent-Based Non-Toxic Clearing
The Ethyl Cinnamate (ECi)-based clearing protocol is used to image 
mouse hearts.22 Specific to this protocol are the low toxicity of the 
used reagents and the small number of chemicals required, so they 
are safe and cheap to use. In addition, this protocol effectively evens 
out differences in autofluorescence characteristics of heart tissue. 
While validated in the heart, this protocol has not been tested in 
other tissue types in the mentioned publication. 

EyeCi
This is a combination of iDISCO and ECi protocols used for 
immunolabeling and clearing.23 The EyeCi protocol is used on whole 
eyes of mice, as it is adapted for bleaching the melanin in the 
pigmented epithelium of the retina. One major advantage is the 
ability to process eye tissue without removing the cornea or lens. 
A drawback to this method is that the retina detaches, precluding 
imaging of intact opsins.

PEGASOS 
Polyethylene Glycol-Associated Solvent System
Based on polyethylene glycol and ascorbate, this method has been 
proven to clear hard tissue, such as bones and teeth.24 Thus, it 
has been applied for whole-body adult mouse clearing. The main 
PEGASOS steps include fixation, decalcification (hard tissue only), 
decolorization, delipidation, dehydration, and clearing. In short, the 
PEGASOS method efficiently clears all types of tissues except the 
pigmented retina. One major drawback of this method is that the 
clearing solution is a mixture, while most solvent-based methods 
use pure solutions. In practice, these mixtures can separate in the 
imaging chamber, which degrades image quality.

ECi 
Ethyl Cinnamate-Based
This hydrophobic clearing method is known for its compatibility 
with immunostaining.25 Introduced as a method to assess the total 
number of glomeruli in the kidney, it has become a welcomed 
alternative to DBE- and BABB-based clearing due to its food-safe 
properties. In many cases, it is possible to transfer samples in ECi 
after clearing them with most other hydrophobic clearing methods. 
One disadvantage of ethyl cinnamate is greater chromatic aberration 
than DBE or BABB.
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uDISCO 
Ultimate 3D Imaging of Solvent-Cleared Organs
This protocol is an improvement over the 3DISCO method, as 
3DISCO produces a greater degree of tissue shrinkage and 
significantly decreases the rate of endogenous fluorescence 
quenching.3 uDISCO shrinks tissue by approximately 50 to 60% 
while preserving endogenous fluorescence for months. uDISCO 
replaces THF (containing an ether group that is prone to reactivity) 
with tert-butanol, a tertiary alcohol that is more stable. The original 
clearing solution was modified to use a diphenyl ether, BABB, 
and Vitamin E mixture to reduce reactivity with endogenous 
fluorophores. DBE (which contains benzylic C-H and C-O bonds 
that can form peroxides) was replaced with diphenyl ether, which is 
less prone to peroxidation and free-radical formation. This protocol 
was applied to clear and image an entire mouse body for the first 
time. The major advantage of such a significant degree of tissue 
shrinkage is that it increases the sample size that can be imaged. 
One important consideration is that tissue shrinkage reduces the 
effective magnification of the imaging system.

iDISCO+ 
Improved Immunolabeling-Enabled Three-Dimensional 
Imaging of Solvent-Cleared Organs
The iDISCO protocol was modified to overcome brain-region-
specific differences in tissue shrinkage, enabling registration of 
mouse brain data to a brain atlas.26 iDISCO+ protocol replaced THF, 
which produces anisotropic shrinkage of brain tissue. THF was 
replaced with mixtures of methanol and dichloromethane (DCM) 
for dehydration and delipidiation. Removing THF from the protocol 
maintained the proportions between cortical and subcortical 
structures after clearing mediated shrinkage. While widely used, it 
is important to note that this protocol does not label large tissues 
evenly. In many cases, staining effectiveness rapidly decreases 
within <1 mm. Results are often improved by cutting away excess 
tissue around the area of interest or cutting a larger sample into 
pieces to increase antibody penetration.
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FIGURE 7. 
Image acquired with the LCS SPIM of an iDISCO+ cleared E12.5 mouse embryo 
labeled with anti-Flk1 (endothelial cell) antibody. 
Sample courtesy of Sonja Nowotschin, Ying-Yi Kuo, and Kat Hadjantonakis, 
MSKCC, New York, USA�
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iDISCO 
Immunolabeling-Enabled Three-Dimensional Imaging of Solvent-Cleared Organs
The iDISCO protocol described the first-time immunolabeling 
procedures that use widely available immunohistochemistry reagents 
for whole-organ labeling.27 Samples are initially pre-treated with 
a methanol and hydrogen peroxide wash, a method to inactivate 
peroxidases and other enzymes that interfere with immunolabeling. 
Then, samples are permeabilized in detergents and blocked with 
serum to reduce non-specific antibody labeling. Once samples have 
been labeled, they are dehydrated and cleared using the 3DISCO 
protocol. Alexa Fluor-labeled signal is stable for months when stored 
in DBE as the final imaging solution. One drawback to this method 
is that it is incompatible with lipophilic dyes due to the solvents 
used for delipidation.

3DISCO 
3D Imaging of Solvent Cleared Organs
This protocol improved upon the previous method1 to clear myelinated 
structures in the central nervous system.28 Dehydration was performed 
with THF, and the clearing was performed with DBE instead of BABB. 
This effectively cleared samples with high lipid content, such as mouse 
brain and spinal cord samples. This protocol has been adapted and 
serves as a basis for more complicated protocols that incorporate a 
labeling step. However, this protocol, as published, does not describe 
one. Endogenous fluorescence degrades after days.

DBE 
Dibenzyl Ether
This study aimed to find a clearing reagent that better preserves green 
fluorescent protein (GFP) signal than BABB clearing.29 Becker et al. 
figured DBE as an alternative that even provides slightly improved 
tissue transparency compared to BABB while significantly preserving 
the fluorescence intensity in GFP-expressing mouse brains. Using 
THF instead of ethanol for dehydration further increased fluorescence 
preservation in the tissue. While an improvement over BABB, 
endogenous fluorescence nonetheless rapidly diminishes over days.

Murray’s Clear / BABB 
Benzyl Alcohol and Benzyl Benzoate
This is a widely used hydrophobic clearing agent and one of the first 
demonstrations of tissue clearing paired with light-sheet imaging.1 
Ethanol and hexane are used for dehydration, with a 1:2 mixture of 
benzyl alcohol to benzyl benzoate for clearing. This protocol shrinks 
tissue, rapidly quenches endogenous fluorescence, and is ineffective in 
highly hydrophobic tissues, such as myelinated fiber tracts.
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FIGURE 8.
Developing nerves in a whole mouse embryo. Sample cleared with DBE staining 
TUJ1. Tiled image (3 x 4) acquisition. Scalebars: 1 mm. Imaged on the LCS SPIM. 
Sample courtesy of James Muller, MSKCC, New York, USA�
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Hydrophilic Clearing Methods

Hydrophilic methods are not expensive, easy to implement, and 
often retain compatibility with a wide range of fluorescent dyes 
and proteins, including lipid-targeting dyes. These methods typically 
use one of the following three approaches to reduce the scattering 
throughout a sample:

1. Passive immersion in a solution that is RI-matched to the 
tissue only gives good results for smaller samples. In simple 
immersion, the sample is placed in an aqueous solution 
containing a dissolved high-RI molecule. An RI of >1.45 needs 
to be reached to achieve adequate clearing of hydrated samples 
containing lipids.

2. Removal of lipids followed by hydration of the sample with the 
goal of lowering the RI of the remaining tissue components. This 
method aims to maintain an aqueous environment for fluorescent 
proteins and commonly reduces the overall RI to <1.4.

3. Active or passive removal of lipids followed by immersion in an 
RI-matched medium.2

Fast 3D Clear
Fast 3D Clear uses urea-enriched tetrahydrofuran (THF) and 
iohexol (Histodenz).30 THF is utilized for tissue delipidation, while 
Histodenz facilitates tissue clearing. This has the advantage that the 
sample can be imaged under immersion oil in light-sheet imaging 
systems. It takes three days to render adult and embryonic mouse 
tissues transparent. Importantly, anatomical integrity and a wide 
range of transgenic and dye fluorophores are preserved during 
the clearing process. The clearing process with Fast 3D Clear is 
fully reversible, making it compatible with tissue sectioning and 
immunohistochemistry.

DEEP-clear 
Depigmentation-Plus-Clearing
This method combines depigmentation with tissue clearing.31 It 
was originally showcased on five different species representing 
four distinct animal clades (annelids, molluscs, bony fishes, and 
tetrapods). DEEP-Clear efficiently removes naturally occurring 
pigments (such as pterins, ommochromes, heme, carotenoids, 
and melanin). It is compatible with immunohistochemical (IHC) 
analysis in samples fixed with either paraformaldehyde (PFA) 
or Bouin’s fixative.
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FIGURE 9.
Principle of aqueous hyper-hydrating tissue clearing, which involves fixation, 
optional immunostaining, optional depigmentation, delipidation, and RI matching.
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MACS 
MXDA-Based Aqueous Clearing System
This was the first clearing method that introduced m-xylylene 
diamine (MXDA) as a clearing agent to replace urea.32 It was applied 
to investigate diverse mouse organs’ morphological, physiological, 
and pathological properties.

OPTIclear 
Optical Properties-Adjusting Tissue-Clearing Agent
OPTIclear overcomes the differences between rodent and primate 
brains, including variations in gross size, physiochemical properties, 
and neuronal and myelin densities.33 This agent is specifically 
designed for both fresh and archival human brain tissue and can 
even be applied to formalin-fixed, paraffin-embedded material. 
Its formulation comprises three principal components: 20% w/v 
N-methylglucamine, 25% w/v 2,2’-Thiodiethanol, and 32% w/v 
Iohexol. This method was first applied to tissue that was only a few 
mm thick. The resulting RI was around 1.47–1.48.

RTF 
Rapid Clearing Method Based on Triethanolamine and Formamide
RTF is based on ClearT2 and is optimized for adult mouse brain 
blocks and mouse embryos.34 It preserves the fluorescent signal 
of both endogenous fluorescent proteins and lipophilic dyes. The 
resulting RI was 1.44.

Ce3D
Ce3D was invented to enhance multicolor fluorescence imaging. 
It preserves cellular morphology and protein fluorescence and 
is robustly compatible with antibody-based immunolabeling.35 
This enhanced signal quality and capacity for extensive probe 
multiplexing permits quantitative analysis of distinct, highly 
intermixed cell populations in intact Ce3D-treated tissues via 
3D histo-cytometry. Main components are N-methylacetamide, 
Histodenz with small portions of Thioglycerol and Triton-X. The final 
Ce3D medium has an RI of approximately 1.5.

FRUIT
This unique clearing method is known for its gentle treatment of 
delicate samples.36 Based on SeeDB, it takes advantage of the 
synergistic effect of fructose and urea on clearing. Applied initially to 
clearing large-scale mammalian brains, it is compatible with yellow 
fluorescent protein and preserves the fluorescence of lipophilic 
tracers without damaging the cellular plasma membrane. The 
resulting RI was 1.48.
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ClearSee
This clearing technique was developed for deep imaging of 
morphology and gene expression in plant tissues.37 ClearSee is 
based on the Scale protocol and rapidly diminishes chlorophyll 
autofluorescence while maintaining fluorescent protein stability. 
Exercising the protocol is time-consuming, but by doing so, whole-
organ and whole-plant imaging can be performed. ClearSee mainly 
consists of xylitol powder [final 10% (w/v)], sodium deoxycholate 
[final 15% (w/v)] and urea [final 25% (w/v)] mixed in water. The final 
imaging solution has to be adjusted to compensate for potential RI 
mismatch.

CUBIC-Family 
Clear, Unobstructed Brain/Body Imaging Cocktails
Starting by modifying the Scale protocol and coming up with 
ScaleCUBIC-1 and ScaleCUBIC-2, a whole family of similar clearing 
protocols arose, adapting to specific aspects of the sample.38,39 The 
novelty here was to actively screen forty chemicals toward their 
clearing efficiency on tissues, resulting in basic amino alcohols 
being best suited. Based on the first CUBIC protocol (CUBIC-1), 
the clearing efficiency and speed were enhanced in CUBIC-2. 
The protocols have been specifically adapted: CUBIC-L stands for 
lipophilic, and CUBIC-LH stands for lipophilic reagents, in addition 
to hydrophilic ones, and leads to enhanced tissue transparency 
and fluorescence preservation. It is particularly useful for lipid-rich 
tissues and organs. CUBIC-R improved the RI-matching, whereas 
CUBIC-X combines fluorescent-protein-compatible, whole-organ 
clearing and homogeneous eXpansion. CUBIC-R2 is an advanced 
variant (Refractive Index Matching and Reduced Tissue Shrinkage), 
combining RI matching with measures to minimize tissue shrinkage, 
enhancing imaging depth while maintaining tissue integrity. The 
resulting RI is 1.45.

SeeDB 
See Deep Brain
This method was originally developed to facilitate comprehensive 
and quantitative analyses for understanding neuronal circuitry.40 
The major focus was to keep the fine morphology and the sample 
volume intact during the clearing procedure. SeeDB clears fixed 
brain samples in a few days without quenching many types of 
fluorescent dyes, including fluorescent proteins and lipophilic 
neuronal tracers. The clearing solution is a saturated solution of 
fructose (80.2% wt/wt) in water with 0.5% α-thioglycerol. The 
resulting RI is 1.48.
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ClearT / ClearT2
ClearT or ClearT2, which are composed of formamide or formamide/
polyethylene glycol, respectively, have been among the first clearing 
methods that did not use detergents or solvents.41 Thus, preserved 
lipophilic dyes, fluorescent tracers, immunohistochemical labeling, 
and fluorescent-protein labeling can be used. Embryos, whole 
mounts, and thick brain sections can be cleared with minimal 
volume changes. The resulting RI is 1.44.

Scale Family
The Scale family includes methods like ScaleA2, ScaleU2, ScaleB4, 
and ScaleS.42 All the Scale family methods completely preserve 
fluorescent signals in the clarified tissue. Whereas ScaleA2 
causes the sample to expand noticeably (1.25x), ScaleU2 was 
designed to reduce the tissue expansion and fragility caused by 
the clearing procedure.

ScaleA2 started the Scale family using 4M urea, glycerol, and Triton 
X-100 as the main components.42 The clearing process takes days 
to weeks, depending on the volume, and induces noticeable tissue 
expansion. Clearing a mouse brain, for example, takes around two 
weeks. This results in an RI of 1.38.

ScaleU2 significantly reduces tissue expansion compared to 
ScaleA2 by using a higher percentage of glycerol, but needs much 
longer incubation times to achieve clearing.42 This results in an RI 
1.38.

ScaleB4 significantly depletes background signals in the tissue and 
shows a faster clearing process.42 8M urea is used instead of 4M 
(see above ScaleA2), no glycerol, and Triton X-100. This results in an 
RI of 1.37.

ScaleS uses sorbitol to counteract the tissue expansion caused by 
urea.43 Urea causes hydration (expands tissue), and sorbitol causes 
dehydration (shrinks tissue). By using the correct ratio, the two 
effects can be balanced, and the tissue volume is preserved. ScaleS 
is compatible with immunochemical labeling and was first applied 
to optically reconstruct aged and diseased brains in Alzheimer’s 
disease models, including mapping of 3D networks of amyloid 
plaques, neurons, and microglia. This results in an RI of 1.44.
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FIGURE 10.
Sample imaged 
on the LCS 
SPIM.  
Courtesy of 
Dr� Chenchen Pan, 
DKFZ, Heidelberg, 
Germany�
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Hydrogel-Based Clearing Methods

Hydrogel-based methods involve crosslinking hydrogel and fixative 
molecules to tissue and often involve electrophoresis in detergent 
solutions for delipidiation. Some methods use electrophoresis to 
assist labeling. Thus, some of the protocol novelty lies in creating 
a hydrogel from the sample, with individual protocols varying 
depending on the material properties needed. RI-matching solutions 
are aqueous mixtures with high concentrations of solute to raise 
the RIs to approximately 1.45. Hydrogel methods can preserve 
endogenous fluorescence and a broad range of proteins and 
nucleic acids. Some protocols preserve original tissue dimensions, 
while others may expand and distort depending on the hydrogel 
characteristics. Disadvantages of these methods include the need 
for specialized equipment in many cases.

eFLASH 
Electrophoretically Driven Fast Labeling Using Affinity Sweeping in Hydrogel
This protocol uses epoxide crosslinking (SHIELD, see below) as 
an initial fixation step, followed by electrophoretic labeling in a 
buffer that gradually increases antibody affinity. Antibody binding is 
initially low and gradually increases as the electrophoretic reaction 
progresses.44 This allows for the even diffusion of antibodies into 
the tissue before they bind to their target antigens, giving uniform 
labeling in larger tissues. The advantage of this protocol is fast 
and controlled immunolabeling. However, this protocol requires 
specialized equipment that is capable of rotating a sample while 
performing electrophoresis. The resulting RI is 1.46.

SHIELD 
Stabilization to Harsh Conditions via Intramolecular Epoxide Linkages to 
Prevent Degradation
The SHIELD protocol uses an epoxide backbone to fix tissue 
while preserving epitopes, protein conformation, and endogenous 
fluorescence.45 The epoxide backbone provides an exceptionally 
rigid and stable network for preserving both crosslinking protein and 
nucleic acids during clearing. This protocol can be combined with 
SWITCH to preserve endogenous fluorescence while allowing for 
multiple rounds of clearing and multiplexed labeling. One important 
consideration is that labeling may need to be done via an active 
method, such as stochastic electrotransport. The resulting RI is 1.4, 
without tissue shrinkage and expansion.
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FIGURE 11.
Cleared mouse heart imaged with the LCS SPIM, with 488 nm showing 
tissue autofluorescence (cyan), 561 nm showing the microvasculature 
(yellow), and 642 nm showing the microvasculature (magenta). Samples 
courtesy of Luis Diago Domingo and Rui Benedito, Laboratory of Molecular Genetics of 
Angiogenesis, and the Microscopy and Dynamic Imaging Unit of the Carlos III National Center 
for Cardiovascular Research (CNIC) in Madrid, Spain�

FIGURE 12.

Principle of hydrogel embedding tissue clearing, which involves fixation, 
active or passive hydrogel polymerization, optional immunostaining, 
delipidation, and RI matching.
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ACT-PRESTO 
Active Clarity Technique-Pressure Related to Efficient and  
Stable Transfer of Macromolecules into Organ
ACT-PRESTO made several improvements to the original CLARITY 
protocol (see below).46 The fixation and clearing procedure were 
modified to a two-step procedure so that the hydrogel-tissue 
network is less dense. This allowed for faster electrophoretic 
clearing. This system was termed active clarity technique (ACT) 
and could clear a mouse brain in less than one day. In addition, 
the authors tried to overcome limited diffusion of antibodies into 
brain tissue using pressure-related efficient and stable transfer of 
macromolecules into organs (PRESTO). While pressure enhances 
the diffusion of antibodies into tissue cleared with this method, 
overall penetration is not very effective at millimeter scales, which 
may impede the labeling of larger samples. One major difference 
between ACT-PRESTO and the original CLARITY protocol is that 
the lower-density hydrogel leads to a much greater degree of 
tissue expansion, which may not be beneficial depending on the 
application. The resulting RI is 1.43 to 1.48, with tissue expanding.

SWITCH 
System-Wide Control of Interaction Time and Kinetics of Chemicals
The SWITCH protocol aimed to control the kinetics of chemical 
reactions within the tissue to evenly distribute agents for fixation 
and labeling within tissue before activating the reactions.47 To do 
this, the authors developed SWITCH-Off buffering solutions that 
allowed diffusion without reaction and then activation with SWITCH-
On buffers once diffusion was complete. This overcomes the issue 
that fixation and labeling occur on the surface of thick tissues before 
permeating deeper inside, which typically results in uneven labeling. 
The authors were able to use this method to create a rigid hydrogel 
that would be resistant to the harsh conditions of multiple rounds 
of clearing and labeling for highly multiplexed imaging. The authors 
demonstrate that at least twenty rounds of imaging are possible 
with this method. It is important to note that the on and off buffers 
vary in pH and use high detergent concentrations, which may not 
be compatible with all types of probes. The resulting RI is 1.47, with 
tissue expanding.
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PACT 
Passive Clarity Technique   
PARS
Perfusion-Assisted Agent Release in Situ
The reagents in this protocol improve upon the original CLARITY 
technique so that the delipidation is done passively and does not 
require electrophoresis.48 The PACT reagents can be infused into 
the vasculature or intracranially, followed by perfusion-assisted 
agent release in situ - termed PARS. The advantages of this protocol 
are preservation of endogenous fluorescence, compatibility with 
antibody labeling, and nucleic acid hybridization. The disadvantage 
of the passive approach is that the sample size is limited without 
electrophoresis. The resulting RI is 1.38 – 1.48, with tissue 
expanding.

CLARITY 
Clear Lipid-Exchanged Acrylamide-Hybridized Rigid Imaging / 
Immunostaining / In situ-Hybridization-Compatible Tissue Hydrogel
This method was the first demonstration of tissue clearing by 
creating a tissue-hydrogel network and initiating delipidation 
with electrophoresis in a detergent solution.7 This protocol 
infuses tissue with hydrogel monomers and formaldehyde to 
crosslink proteins. Then, the monomers are polymerized using 
heat in hypoxic conditions. Delipidiation is then performed using 
electrophoresis. Advantages of this method include preservation 
of endogenous fluorescence, compatibility with nucleic acid 
hybridization, and capability for multiple rounds of labeling. 
However, antibody penetration is relatively poor in practice, and 
tissue expansion occurs anisotropically. The resulting RI is 1.45, 
with tissue expanding.
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Expansion Microscopy Methods

The resolving power of fluorescence microscope systems is limited 
due to the diffraction limit of approximately half the wavelength 
of light used for observation. This prevents imaging of many 
subcellular structures of interest smaller than several hundred 
nanometers. Expansion microscopy refers to a class of methods 
that enhance the resolution limit of an imaging system by increasing 
the dimensions of the sample of interest. The general principle 
involves infusing a sample of interest with a solution of monomers 
that can polymerize to form a hydrogel network with covalent bonds 
anchoring the target of interest. These polymers expand when 
immersed in water, which causes the linear dimensions of the 
sample to swell between approximately fourfold and twentyfold. 
The expanded and hydrated samples incorporate enough water to 
effectively clear samples and match the index of refraction to that 
of water. This enables the use of water-immersion diffraction-limited 
microscope systems at effective resolutions that approach super-
resolution methods. Specifically, it can be used in combination with 
light-sheet microscopy to allow the acquisition of great depths. 

Advantages of expansion methods include the ability to preserve 
endogenous fluorescence, greater epitope presentation in expanded 
samples, and the use of water as an imaging media, which is 
compatible with many commercially available imaging systems. 
Disadvantages include dimmer labeling signal due to greater 
separation of fluorophores and decreased sample rigidity, which 
can make mounting challenging. Many protocols are optimized for 
the retention of either protein or nucleic acids, but most do not 
preserve both. An important consideration is that increased sample 
sizes require the use of long working distance objectives and large 
sample chambers. All of the following protocols use water as 
immersion media for imaging with an RI of approximately 1.33.

Magnify
Magnify was developed as an easy-to-use protocol using widely 
available reagents that are compatible with a wide array of 
molecules.49 Magnify provides greater than tenfold expansion and 
is compatible with typically challenging tissues, such as kidneys. 
This protocol combines the anchoring and gelation steps using 
methacrolein, which serves as both fixative and monomer for 
polymerization. Gel-embedded samples are then treated with 
high temperatures in a denaturant solution. Advantages include 
the ability to preserve and label proteins, nucleic acids, and lipids 
using the same protocol. The reported effective resolution is 
approximately 25 nm.
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X10 
Expansion Microscopy
The goal of this protocol was to develop an expansion method 
that approaches the resolution of super-resolution systems but 
does not need any specialized equipment or custom reagents to 
perform.50 Here, the authors achieve greater expansion in a single 
step compared to previous reports, with a tenfold expansion in 
each dimension and approximately 25 nm effective resolution. 
The hydrogel components include N, N-dimethylacrylamide acid, 
and sodium acrylate, with Acrylol-X anchoring proteins to the gel, 
similar to the ProExM method. One disadvantage is that protease 
digestion with this method does not preserve endogenous 
fluorescent proteins.

iExM 
Iterative Expansion Microscopy
This protocol modifies the original expansion microscopy protocol 
(see below ExM-protocol) by adding a second polymerization 
and expansion step.51 After the sample is expanded initially by 
approximately four-and-a-half fold, it is polymerized again, and the 
original gel is digested. The second round of expansion further 
increases magnification by approximately fourfold, giving an overall 
approximately twentyfold increase in sample magnification. This 
iterative protocol greatly increases the overall expansion factor 
and enables imaging at approximately 25 nm effective resolution 
with antibody labeling. The disadvantage of this method is the 
resolution is limited by the size of antibodies and the twenty 
fold expansion factor.

ProExM 
Protein-Retention Expansion Microscopy
This protocol allows for imaging endogenous fluorescent proteins 
and was the first to enable the use of commercial antibodies and 
genetically encoded reporters.52 The key difference compared to 
the original ExM protocol is the use of acryloyl-X as an anchor to 
bind endogenous proteins and antibodies to the hydrogel network. 
Proteinase K was used for protease digestion as it effectively 
cleaves proteins for uniform expansion while leaving fragments 
large enough to preserve fluorescence. This has enabled greater 
adoption of expansion microscopy as reagents are commercially 
available. One important consideration mentioned is that overall 
label brightness is decreased. Protease digestion reduces both 
endogenous protein and secondary antibody fluorescence. 
However, acryloyl-X retains signal across a variety of fluorophores 
to varying degrees.
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ExM 
Expansion Microscopy
This report was the first demonstration of expansion microscopy.4 
Samples were permeabilized with sodium acrylate and acrylamide 
monomers, cross-linked with N-N’-methylenebisacrylamide, 
and polymerized with a free-radical initiator. Protease treatment 
mechanically dissociates the network, and when placed in 
water, the samples expand approximately four-and-a-half fold. 
Expanded samples were imaged with an effective resolution of 
approximately70 nm laterally and 200 nm axially. The disadvantage 
of this method is that protease treatment precludes traditional 
antibody labeling. Additionally, the specialized DNA oligonucleotides 
used in this publication for labelling are not commercially available.

Conclusion

Tissue clearing has become a vital part of optical imaging of 
biological tissues, organs, and entire animal models in their native, 
i.e., 3D volumetric, state. These clearing techniques modify 
the optical properties of originally opaque samples, rendering 
them transparent while keeping the physiological context 
intact. Transparency is the ideal prerequisite for high-resolution 
microscopic imaging deep within mesoscopic samples. As a result, 
the combination of tissue clearing with light-sheet microscopy is a 
perfect synergistic solution since light-sheet microscopy enables 
imaging deep in volumetric tissues as long as these regions are 
optically accessible, i.e., transparent samples.

The diversity of tissue-clearing methods, each tailored to specific 
requirements and characteristics of the tissue and sample, allows 
one to choose the most suitable approach for the experimental 
goals. Hydrophobic, hydrophilic, hydrogel-based, and hyperhydration 
clearing methods (expansion microscopy) each have their unique 
strengths and limitations. The choice of method depends on a 
number of factors, including the type and size of the sample, the 
presence of endogenous fluorescence, compatibility with antibody 
labeling or nucleic acid hybridization, ease of use, speed, and cost.

While some protocols cause tissue to shrink or expand, which can 
be advantageous or detrimental depending on the nature of the 
experiment, others preserve the original tissue dimensions. Some 
methods require specialized equipment, while others are easy 
to implement and often retain compatibility with a wide range of 
fluorescent dyes and proteins, including lipid-targeting dyes. The 
choice of method depends on specific research needs, sample 
characteristics, and available resources, so it is recommended to 
select the most suitable approach based on the experimental goals.
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