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Advances in Ex Situ Tissue Optical Clearing

Paweł Matryba,* Leszek Kaczmarek, and Jakub Gołąb*

Examination of whole organs with subcellular resolution in health, disease,
and during development is necessary to decipher their biological complexity.
However, until recently, this has been virtually impossible due to the natural
opacity of organ tissue. Recent progress in tissue optical clearing (TOC) has
overcome this limitation by turning organs into transparent, light-permitting
specimens. At least 20 original TOC methods have been developed in less
than a decade, which were followed by hundreds of attempts that were aimed
at their optimization and practical application. The majority of
proof-of-concept studies have focused on the brain. However, it is apparent
that TOC might be equally valuable when applied to peripheral organs or even
the whole body. The progress in TOC for peripheral organs is delineated in an
organ-by-organ fashion and whole-body clearing approaches are discussed.
Additionally, physical and optical approaches for TOC affecting the optical
properties of the samples and image quality are discussed to explore their
advantages, limitations, and future possibilities.

1. Introduction

The importance of studying anatomy, being a key to decipher
organism physiology, was already recognized by the first physi-
cians in ancient Egypt and Greece and continuously accepted
thereafter, as encapsulated by the words of Jean François Fer-
nel, a French renaissance physician: “Anatomy is to physiology
as geography is to history; it describes the theatre of events.”[1]

Thus far, the knowledge of the structure of organs and tissues
mainly progressed due to two general approaches: histologi-
cal examination and gross imaging techniques, such as mag-
netic resonance imaging (MRI), positron emission or computed
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tomography (CT). While gross imaging
techniques allow for intravital imaging
and are indispensable in both research
and everyday medical practice, their spa-
tial resolution is modest and as yet not
reaching the cellular resolution.[2,3] In
contrast, a wide spectrum of routine his-
tological procedures allows for precise
imaging of subcellular structures. How-
ever, examination of micrometer thick
tissue slices lacks spatial context and
might often contribute to incomplete or
inaccurate description. Serial histology
followed by reconstruction of 2D sec-
tions aims at generating detailed images
of the entire organs. Yet, it provides a
view that is limited to one cutting plane
and one round of staining, and further-
more, is time-consuming and arduous
to perform in the not state-of-the-art

research facilities.Moreover, it is not free from artifacts generated
during the process of tissue slicing.[4,5]

The gap between high spatial versus cellular resolution was
recently filled by modern tissue optical clearing (TOC) tech-
niques (greatly supported by development of light sheet fluores-
cence microscopy, LSFM[6]), the goal of which is to transform
tissue into translucent specimen, suitable to perform optical,
instead of physical, sectioning and therefore to image the en-
tire organ, while preserving its structure.[7] Based on the chem-
icals used, the TOC methods were first classified by Richard-
son and Lichtman[8] into solvent-based, aqueous-based, and hy-
drogel embedding techniques. This was later extended in Sil-
vestri’s taxonomy nominating four main categories of: organic
solvents, hyperhydrating solutions, high-refractive index aque-
ous solutions, and tissue transforming techniques,[9] the classi-
fication that covers all of the existing techniques. Recently, Yu
et al.[10] proposed a scheme for application of TOC based on the
size and age of the animal. TOC can be also classified into tech-
niques for either ex situ or in vivo clearing, with the latter be-
ing extensively utilized for in vivo brain, skin, and blood flow
imaging research,[11–14] and where pioneering studies relied on
the application of glucose,[15,16] glycerol,[17] or dimethyl sulfoxide
(DMSO)[18] as the optical clearing agents (OCAs). Progress in this
vibrant research area was recently discussed in comprehensive
reviews by Genina et al.[19] and Bashkatov et al.[20]

The first TOCmethods for fixed, dissected samples were devel-
oped and optimized solely for the nervous tissue[21–26] (Figure 1)
and this trend of introducing novel techniques by exhibiting their
applications to brain research is still evident.[27–31] Nervous tis-
sue also served as a reference point for thorough reviews regard-
ing chemical properties of TOC.[7,8,32–34] However, it was shortly
revealed that organs other than the brain might benefit from
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applying TOC, the apogee of which was demonstrated by intro-
duction of whole-body clearing protocols opening novel avenues
for studying systemic diseases within the entire, unsectioned or-
ganism with cellular resolution.[35–40]

Here, we aim to update TOC taxonomy and present ap-
proaches either implemented or specifically developed for ex situ
imaging of peripheral organs, in an organ-by-organ fashion.
First, we begin with an overview of pioneer methods of either
clearing category that are organic solvents, hyperhydrating solu-
tions, high-refractive index aqueous solutions, and tissue trans-
forming techniques, their general limitations, and advantages.
Next, we discuss how physical and optical approaches to TOC af-
fect optical properties of the sample and image quality. Finally,
we present TOC adopted for particular organs and whole-body
clearing and close by presenting riveting applications of OCAs,
which expand the TOC utility beyond animal tissues. We hope
that this literature analysis will help to systematize briskly de-
veloping area of TOC and give the researchers a clear view on to
what extent TOC can be applied to their studied organ of interest,
its limitations, and will therefore be helpful in selecting a proper
approach from the plethora of already available methods.

2. Approaches to TOC

As thoroughly reviewed by Richardson and Lichtman,[8] there are
multiple factors obstructing light penetration through biologi-
cal specimens, that is, the presence of light scatterers (mainly
lipids, cytoskeleton, collagen, and elastin fibers) and absorbers
(heme, melanin, lipofuscin), their inhomogeneous distribution
and differences of refractive indices (RI) between tissue com-
partments. However, successful application of TOC requires that
the researchers find a balance between effective elimination of
the mentioned factors and preservation of tissue integrity, fluo-
rescence of endogenously encoded fluorophores and even light-
scattering lipids, when, for example, whole brain tracing of in-
dividual axons is desired. Moreover, the imaging medium must
be highly transmissive to laser light itself. Therefore, numerous
approaches were already proposed to meet those criteria while
enhancing optical properties of tissues.

2.1. Overview of the Original TOC Techniques

2.1.1. Organic Solvents

Solvent-based clearing relying on sample dehydration in alcohol
gradient and further sample incubation in RI matching solution
composed of methyl salicylate, benzyl benzoate and wintergreen
oil, was first proposed by Spalteholz in 1911.[41] Additionally, to
decrease light absorption by endogenous pigments, a bleaching
step of pigments oxidation with hydrogen peroxide was intro-
duced. This general strategy endured for more than a century
with slight, but essential, modifications.
AndrewMurray developed the formula of improved RI match-

ing solution consisting of 1:2 mixture of benzyl alcohol:benzyl
benzoate (BABB, aka Murray’s Clear), the utility of which for
the clearing of Xenopus embryos was tested by Dent et al.,[42] and
which currently warrants excellent tissue transparency of thema-

PawełMatryba is a Ph.D. stu-
dent at theMedicalUniversity
ofWarsaw. Since 2013, hehas
been involved inprojects fo-
cusedondevelopment and
optimizationof tissue-clearing
techniques.His active projects
aim todecipher T-cell-mediated
immunitywithin clearedorgans
of the immune system.

LeszekKaczmarek is a pro-
fessor of neurobiology at the
Nencki Institute,Warsaw,
Poland.His research aims to
understand thebrain–mind
connection. At themolecu-
lar and cellular levels, a phe-
nomenonnamedsynaptic
plasticity appears to provide
plausible explanation for those
phenomena.
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jority of murine organs.[43] Dodt’s laboratory performed the first
study coupling ethanol dehydration, BABB-mediated RI match-
ing and ultramicroscopy to image whole brains of 3–5 week-old
mice.[22] Inability to use this method for adult organs containing
high amount of lipids stimulated the same group to introduce
dichloromethane (DCM), as a delipidating agent, and tetrahydro-
furan (THF) as both delipidating and dehydrating heterocyclic
solvent, which allowed to study axon regeneration in the model
of central nervous system injury in both young and adult mice.[23]

However, as the imaging of the adult murine brain was still sub-
optimal, Becker et al.[44] screened a number of both dehydration
and clearing agents and introduced superior clearing protocol in
which BABB was replaced with dibenzyl ether (DBE) during RI-
matching step. Building upon this chemical combination, Ertürk
et al.[45] described a pipeline for 3D imaging of solvent-cleared
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Figure 1. The vast majority of TOCmethods were first developed for brain research. Typical results obtained by TOC of 2-mm-thick PFA-fixedmouse brain
slices. Apparent differences in level of transparency, as inspected by eye, are correlated with delipidating capability of each method. High delipidation:
uDISCO, 3DISCO, CUBIC, PACT; medium delipidation: ScaleSQ(5); low or no delipidation: SeeDB, ScaleS, ClearT2. Grid width: 1.45 mm. Reproduced
under the terms of the CC-BY Creative Commons Attribution 3.0 Unported license (https://creativecommons.org/licenses/by/3.0/).[337] Copyright 2018,
The Authors. Published by SPIE.

organs (3DISCO) and achieved remarkable transparency of not
only adult brains, but also other peripheral organs such as lung,
lymph node, or mammary gland.
A few additional limitations of solvent-based technique

remained to be answered at that time, mainly rapid decay of
fluorescence signal (which restrained clearing of transgenic
animals harboring less robust fluorophores) and immunolabel-
ing of large, millimeter-to-centimeter wide samples. The first
issue was resolved in FluoClearBABB method described by
Schwarz et al.,[46] who showed that replacement of ethanol/THF
by 1-propanol and especially tert-butanol with a fixed, alkaline
pH, provides superior stability of fluorophores over weeks-
to-months (vs 1–2 days for most 3DISCO-treated samples).
Although the exact explanation of tert-butanol-mediated fluo-
rescence stability was not provided, we believe this should be
attributed to kosmotropic nature of this alcohol, which stabilizes
intramolecular interactions in proteins and thus offers milder
process of dehydration when compared with small molecules
of either methanol or ethanol[47] that can easily penetrate, and
thus degrade, many proteins.[48] Moreover, tert-butanol is unique
among other organic solvents as it preserves proteins, rather
than denaturing them,[48] with the intriguing exception of
hemoglobin denaturation.[49]

The issue of insufficient immunolabeling was addressed in
iDISCO (immunolabeling-enabled 3DISCO) method by Renier
et al.,[50] who achieved complete immunolabeling of adult mouse
brain within 2–3 weeks, when additional methanol pretreat-
ment and permeabilization steps were performed prior to delip-
idation and clearing. iDISCO immunolabeling along with its
tuned formula, iDISCO+,[51] are a robust protocols applicable
to whole-mount staining and imaging even of human embryos
and fetuses.[52] By building upon FluoClearBABB, Pan et al.[36]

presented ultimate DISCO (uDISCO) whole-body clearing in
which a dehydrating agent, tert-butanol, was pumped through
circulatory system of the sacrificed animal. Two prominent fea-
tures of uDISCO are: 1) significant, up to 65% reduction of or-
gan volume, which is essential for whole-body LSFM imaging,
and 2) robust preservation of transgenically expressed fluores-
cent proteins (XFPs), achieved not by alkalization of solutions
(as in original FluoClearBABB), but by replacing standard BABB
with BABB-D, a mix of BABB, diphenyl ether and scavenger of

peroxides—tocopherol. A group led by Dan Zhu has recently re-
ported that application of alkaline dehydrating agents (THF or
tert-butanol) as well as alkaline RI-matching BABB-D, along with
incubations and sample storage performed at 4 °C, might in-
crease fluorescent signal preservation even further.[53,54] Orderly
screening resulted in description of FDISCO—a protocol that re-
lies on sample dehydration with alkaline (pH 9.0) THF and DBE-
mediated RI-matching. With all of the steps performed at 4 °C,
such design allows for substantially better preservation of many
tested fluorescent proteins and chemical fluorescent tracers.[54]

These complex relations between chemicals used in each organic
solvent method are depicted in Figure 2.
In aggregate, it is currently possible to perform solvent-based

clearing which will: 1) yield remarkable transparency, 2) preserve
XFPs fluorescent signal, 3) allow whole-mount immunostaining,
and 4) be completed within hours to days. On the other hand,
such clearing prevents analysis of lipids, which are being dis-
solved during the procedure and relies on handling of toxic chem-
icals which are also hazardous for microscopic glues and there-
fore sample imaging requires specific mounting approaches. To
allow even further unobstructed imaging, recent protocols cou-
ple blood decolorizing agents with subsequent application of or-
ganic solvents,[39,55] with new approaches being still under in-
vestigation for heme-rich tissues.[56] Although the issue of toxi-
city was recently resolved by application of ethyl cinnamate (food
flavor) as RI matching and imaging solution,[57] its application
was first presented for kidney and will be further discussed in
Section 3.14.

2.1.2. Hyperhydrating Solutions

Serendipitous observation that 4 m urea makes polyvinylidene
fluoride membranes transparent led to a pioneering work by
Hama et al.,[24] who proposed the idea of tissue hyperhydra-
tion, instead of solvent-based dehydration, to homogenize its
microenvironment and finally decrease scattering of light.
Conscientious screening of other chemicals, in addition to urea,
resulted in development of Scale, a method opening at that time
a new avenue for studying murine brain connectomics and
embryos with robust green fluorescent protein (GFP) signal
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Figure 2. Relations between organic-solvent TOC methods. Names of the main chemicals that are used in each method are indicated in the center of
each block (methanol, DBE, etc.). Names of the methods are provided in the circles. All of the chemicals in contact with dashed lines are used in the
indicated method; for example, DBE, DCM, and THF are utilized in 3DISCO and iDISCO methods. FCB, FluoClearBABB; MC, Murray’s clear; PEG-m,
poly(ethylene glycol) methacrylate/poly(ethylene glycol) diacrylate; 2ECi, 2nd generation of ECi. See the text for the remaining abbreviations.

preservation and feasible immunolabeling. Themain limitations
of the original Scale that remained, were the time of incubation
(ranging from days to 6 months for embryonic day E13.5 mouse
embryos) and, although isotropic, significant tissue expan-
sion (which doubled tissue volume). Both of these were, at least
partially, addressed by the following study by Susaki et al.,[26] who
again performed profound screening of chemicals and, using
Scale as a scaffold, describedCUBIC pipeline (clear, unobstructed
brain imaging cocktails and computational analysis). Shortly
after, the same group observed one of the CUBIC constituents
(N,N,N′,N′-tetrakis(2-hydroxypropyl)ethylenediamine, Quadrol)
to effectively elute endogenous chromophores, mainly heme,[58]

which granted successful clearing and imaging of blood-rich
organs such as heart and spleen, even whole body of adult
mouse.[59] Formerly depicted limitations were also addressed by
Hama et al.,[60] who presented upgraded Scale to preserve in-
tegrity of brain tissue structure—ScaleS, inwhich the urea-driven
hyperhydration is compensated by dehydration caused by sor-
bitol, resulting in almost negligible size alteration. When com-
pared with CUBIC, the authors claimed ScaleS to better preserve
both fluorescence intensity and tissue microstructure, as con-
firmed by post-clearing transmission electronmicroscopy (TEM),
the observation which might be attributable to difference in Tri-
ton X-100 concentration between these methods (15% vs 0.2%,
respectively). Recently, a group led by Ueda performed additional
comprehensive screening of chemicals and reported even more
potent palette of reagent cocktails for delipidation, decoloring, RI
matching, decalcification and controlled tissue expansion.[61,62]

ClearT and ClearT2 are yet other hyperhydrating approaches,
that rely on tissue incubation in formamide gradient. The main

advantages of both of these protocols include short clearing time,
taking minutes-to-hours for embryos, and abandoning of deter-
gents/solvents making them compatible with lipophilic dyes.[63]

Although the utility of ClearT/T2 for TOC of dissected adult or-
gans is limited and requires further optimization,[28] application
of such mild clearing agent that does not disrupt the sample,
might be beneficial for the assessment of drugs distribution to
spheroids or their cellular death upon the treatment.[64,65]

To summarize, hyperhydrating TOCmethods utilize non-toxic
compounds, are compatible with immunolabeling, in general
prevent both quenching of fluorescently tagged proteins and sig-
nificant tissue deformation. In addition, CUBIC is characterized
by its decolorizing capability. The major drawbacks of such re-
main modest transparency (when compared with solvent-based
cleared specimens) and relatively long incubation times taking
days to weeks to complete.

2.1.3. Tissue Transforming Methods

Tissue embedding in acrylamide/bisacrylamide solution, pro-
posed by a group led by Deisseroth, results in its transformation
into tissue-hydrogel matrix hybrid.[21] A technique, called
CLARITY (Clear Lipid-exchanged Acrylamide-hybridized Rigid
Imaging/Immunostaining/In situ hybridization-compatible
Tissue-hYdrogel) relies on the formation of rigid mesh inside the
tissue, which stabilizes proteins and nucleic acids,[66] while en-
abling subsequent removal of lipids with strong detergents, such
as sodium dodecyl sulfate (SDS), which is also capable of tissue
decolorization. The first proof of concept CLARITY protocol
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was challenging to perform due to utilization of electrophoretic
tissue clearing (ETC) for lipid extraction, resulting in a variable
clearing quality and frequent heat-induced tissue damage. Since
then, plenty of modifications appeared,[67–69] for example, the
passive clarity technique (PACT) and perfusion-assisted agent
release in situ (PARS),[38] stochastic electrotransport[70] including
optimization of acrylamide, bisacrylamide and/or reaction initia-
tor concentration,[71,72] investigation of new types of polymers to
reduce relatively long passive clearing times,[73] resigning from
using ETC or even skipping the step of hydrogel formation[74]

and establishing inexpensive mounting media solutions, which
now allow to obtain robust and scalable results.[75]

Resigning from ETC limits penetration depths for immunos-
taining. This issue was addressed in SWITCHmethod developed
by Murray et al.[76] A novel idea behind SWITCH is fixation
with both paraformaldehyde/glutaraldehyde and introduction
of two solutions, SWITCH-off, which prevents molecules,
antibodies from reacting with tissue, but allowing free diffusion
of these, followed by SWITCH-on, reviving tissue’s reactivity
with already well-penetrated molecules. Such approach allowed
the researchers to obtain durable tissue matrices and to perform
19 rounds of uniform antibody stainings in large tissue sam-
ples. Since 1) paraformaldehyde/glutaraldehyde fixation might
significantly decrease signal-to-noise ratio of images (because
of autofluorescent byproducts generated from glutaraldehyde)
and 2) SWITCH-off is a low pH solution (prone to XFP de-
naturation and transcript hydrolyzation), the authors searched
for another fixative based on SWITH idea that could guarantee
simultaneous XFP, epitope and transcript retention. Based
on the profound molecular dynamics simulations and further
hands-on tests, they found polyglycerol 3-polyglycidyl ether to
fulfill all of the mentioned criteria and stabilize GFP even after
tissue exposure to heat at 70 °C for 24 h.[77] This new fixation
method, named SHIELD (stabilization to harsh conditions via
intramolecular epoxide linkages to prevent degradation) consists
of three easy-to-prepare solutions (SHIELD-perfusion, -OFF
and -ON) that transforms tissue into rigid samples that are later
compatible with TOC. SHIELD-processed brain samples exhibit
remarkable XFP and epitope retention (all of the 53 tested
antibodies were compatible) and allows for successful detection
of various mRNAs via fluorescence in situ hybridization while
retaining high signal-to-noise ratio.
Hydrogel tissue hybridization also opens new avenues for

achieving controllable tissue swelling[78] which, by increasing lin-
ear organ dimension (currently by the factor of �4–5 up to 20),
results in expansion, super resolution microscopy.[79,80] The rela-
tions between chemicals used in tissue transforming TOC tech-
niques are depicted in Figure 3.

2.1.4. High-Refractive Index Aqueous Solutions

This heterogeneous group of TOC methods is represented
by FocusClear,[81] 2-2′ thiodiethanol (TDE),[82,83] sucrose
solutions,[84] SeeDB (See Deep Brain),[25] SeeDB2,[85] FRUIT,[86]

UbasM (a urea-based amino-sugar mixture),[27] and Ce3D
(clearing-enhanced 3D microscopy),[87] with the latter being de-
veloped specifically for lymph node tissue clearing and, therefore,
will be discussed in the appropriate subsection. FocusClear is,

Figure 3. Relations between tissue-transformation TOC methods and
their derivatives. Names of the main chemicals that are used in each
method are indicated in the center of each block (SDS, acrylamide,
etc.). Names of the methods are provided in in the circles. All of the
chemicals in contact with a dashed line are used in the indicated
method; for example, 4% acrylamide, 0.50% VA-044, and 8% SDS are
utilized in SCM. Note that FACT (fast free-of-acrylamide clearing tissue)
and FASTClear (free-of-acrylamide SDS-based tissue clearing) are not
tissue-transformation TOC methods sensu stricto but were included as
derivatives of PACT. Chemically speaking, the mPACT method is PACT
with addition of 1-thioglycerol. SDS, sodium dodecyl sulfate; VA-044, 2,2′-
azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride, mPACT, modified
PACT. See the text for the rest of abbreviations.

according to the patent description, an aqueous clearing solution
selected from the group consisting of DMSO, diatrizoate acid,
ethylenediaminetetraacetic acid, glucamine, β-nicotinamide
adenine dinucleotide phosphate, sodium diatrizoate, derivatives
of polyoxyalkalene. So far, FocusClear (RI = 1.45–1.46) was used
either as imaging medium for CLARITY-cleared samples or
as an independent TOC solution and proved to be valuable for
imaging of high variety of tissues obtained from, for example,
mammals,[88] insects,[89] zebrafish,[90] plants,[91] as well as various
types of biomaterials.[92] Unfortunately, the precise formula of
this approach is patent-protected and as such, cannot be easily
tuned for specific applications.
On the contrary, TDE is a non-viscous solvent which mixes

with water well and, therefore, can reach RI between 1.33 (wa-
ter) and 1.52 (pure TDE)[93] as needed. Thus, it can be used
both as a clearing and a mounting medium. SeeDB, composed
of increasing gradients of fructose solutions (up to 115% w/v),
preserves signal from both fluorescent proteins and lipophilic
neuronal tracers. Although as such, it should be perceived as a
water-based, hyperhydratingmethod, it reaches a high RI of 1.49.
Its modification, SeeDB2 goes further beyond that value, reach-
ing RI �1.52 with iohexol/saponin solutions and thus allowing
super-resolution mapping of neuronal connectivity.[85] FRUIT is
a SeeDB variation with significant amounts of urea added to the
fructose solutions. Although it clearly yields higher level of trans-
parency, when compared with SeeDB, its performance is difficult
to evaluate on the basis of the provided, limited, fluorescent imag-
ing data.
UbasM protocol relies on two solutions, UbasM solution 1

(Ub-1) (RI �1.45) consisting of meglumine, urea, 1,3-dimethyl-
2-imidazolidinone and small amount of Triton X-100 and UbasM
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Figure 4. Relations between hyperhydrating and high-refractive-index aqueous solutions. Names of the main chemicals that are used in eachmethod are
indicated in the center of each block. Names of the methods are provided in the circles. All of the chemicals in contact with a dashed line are used in the
indicated method; for example, Triton X-100, urea, and sorbitol are the main components of ScaleS. Note that some of the clearing solutions consists of
one chemical and these were put into a bracket; for example, SeeDB is based on gradient of fructose solutions, CUBIC-X1 is made from imidazole. RTF,
rapid clearing method based on triethanolamine and formamide; C-R1, C-R2, CUBIC reagent 1 and CUBIC reagent 2; C-B, CUBIC-B for decalcification;
C-P, CUBIC-P for delipidation and rapid decolorization; C-L, CUBIC-L for delipidation and decolorization; C-HL, CUBIC-HL for rapid delipidation and
rapid decolorization; C-R, CUBIC R for RI matching; C-RA, CUBIC-RA for RI matching, preserves fluorescent signal better than CUBIC-R; CUBIC-X1, C-X2:
CUBIC reagents for brain expansion microscopy, the first and second reagent, respectively.

solution 2 (Ub-2) (RI = 1.47–1.48) made of urea, 1,3-dimethyl-2-
imidazolidinone and sucrose. While the Ub-1 contributes to sig-
nificant tissue expansion (achieving �120–160% volume of the
original sample), this effect is reversible upon PBS wash of tissue
and its soaking in Ub-2 (�95–115% volume of the original sam-
ple). When compared to CUBIC, UbasM requires similar clear-
ing time and provides comparable fluorescent signal intensity,
but results in improved preservation of membrane integrity and
compatibility with lipophilic fluorescent dyes, as confirmed by
comparative DiI labeling. The relations between chemicals used
in both hyperhydrating and high-refractive index aqueous solu-
tions are shown in Figure 4.
To conclude this overview of the all original tissue clearing

methods from chemical perspective, we propose an updated
taxonomy of all of the described approaches for ex situ TOC
(Figure 5).

2.2. Physical Factors Affecting TOC

2.2.1. Temperature and Electric Field

As the first TOC studies (sucrose, BABB, Scale) relied on inher-
ently slow diffusion of OCAs, it was reasonable to test whether
increased temperature during the clearing might substantially

enhance molecular movement of OCAs without introducing
tissue deformation. The most detailed picture of temperature in-
fluence on TOC was examined with CLARITY-related protocols.
Yu et al.[94] found almost linear positive correlation between incu-
bation temperature and clearing time for PACT-processed 1-mm
thick mouse brain slices (Figure 6a). Incubation at 52 and 57 °C
made the samples fragile and caused a pronounced decrease
in the mean GFP fluorescence, while clearing at both 42 and
47 °C preserved the fluorescent signal and retained substantially
shorter clearing times (Figure 6b), when compared with 37 °C,
which was proposed in original PACT. As images captured from
tissues processed at 47 °C were characterized by the highest
normalized contrast (Figure 6c), it was considered to be the
optimal temperature for such passive clearing. A slightly higher
temperature was proposed by Sindhwani et al.,[95] who achieved
the same normalized optical density at 647 nm within 10 days
of passive CLARITY at 50 °C versus 28 days at 37 °C (Figure 7).
As the initial CLARITY technique relied on electrophoresis
instead of passive immersion in OCAs, Epp et al.[71] examined
temperature and duration of electrophoresis to minimize the
originally observed electrophoresis-induced tissue damage. They
observed that although 5 days of brain electrophoresis performed
at 55 °C leads to almost complete transparency (Figure 8a), it
also disrupts its structural integrity. Further optimization using
ArcTRAP-tdTomato mice brain samples revealed, that 4 days
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Figure 5. Up-to-date representation of clearing protocols. Within 2 years of the first proposed clearing protocol taxonomy,[9] the number of these had
more than doubled, but they can still be classified into four main categories. See the text for description of each method.

Figure 6. Optimization of PACT brain clearing temperature. a) Increase of temperature during the incubation step is inversely proportional to
the clearing time, but b) starting from 52 °C, a significant loss of fluorescence stability is observed. c) Incubation at 47 °C provides the high-
est normalized contrast over 400 µm depth. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).[94] Copyright 2017, The Authors. Published by Springer Nature.

Figure 7. a,b) Optimization of passive CLARITY clearing conditions in the brain reveals that: a) the same optical density is achievable after 28 days of
clearing at 37 °C and 10 days at 50 °C, while b) the lower the acrylamide concentration, the better the sample transparency after a given amount of time.
Adapted with permission.[95] Copyright 2017, American Chemical Society.
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Figure 8. a) Optimization of temperature and hydrogel composition for electrophoretic variant of CLARITY (values under the bar represent concentration
of fixative, acrylamide, and bis-acrylamide, i.e., 4:4:0.05—4% PFA, 4% acrylamide, and 0.05% bis-acrylamide). b) 5 days of brain clearing at 37 °C (I)
leads to a substantially worse imaging depth of ArcTRAP-tdTomato mouse brain when compared to 4 days at 37 °C followed by 1 day at 50 °C (II).
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[71]

Copyright 2015, Society for Neuroscience.

Figure 9. a) Scheme of a device for stochastic electrotransport, which b) ensures homogenous and greatly accelerated brain staining (left column) when
compared with a passive protocol. Reproduced with permission.[70] Copyright 2015, National Academy of Sciences.

of electrophoresis at 37 °C followed by 1 day at 55 °C greatly
improves imaging depth of endogenous fluorescence, as com-
pared with 5 days at 37 °C (Figure 8b), while retaining tissue
structure. This might be explained by the negative correlation
between temperature and the volume of SDS micelle. To further
overcome limitations of static electrophoresis, Kim et al.[70] devel-
oped computational model and proved the efficacy of stochastic
electrotransport for CLARITY-processed specimens, in which
sample is being continuously rotated in a chamber placed
between two parallel electrodes (Figure 9a). Stochastic electro-
transport accelerates both clearing and staining (which requires
only 1 day for uniform and complete distribution of, for example,
nuclear stain SYTO 16) and prevents tissue damage (Figure 9b).
Interestingly, although solvent-based clearing protocols are

certainly the fastest to complete (e.g., 1–2 days are sufficient to
clear adult mouse brain), they still can benefit from application

of higher than room temperature (RT). As presented by Schwarz
et al.,[46] although FluoClearBABB might be equally effective at
both RT and 30 °C for �7 weeks old mice, only the clearing
at 30 °C is effective for older animals (250 and 673 postnatal
days, Figure 10a). However, the temperature range is very nar-
row, as increasing it to 37 °C exerts substantially negative ef-
fect on fluorophore stability (Figure 10b). As already described in
the overview of original TOC techniques, based on the FDISCO
findings it should be assumed that optimal preservation of flu-
orophores requires both dehydration and clearing with organic
solvents not only below 37 °C (as suggested by Schwarz et al.[46]),
but even at 4 °C.[54]

The influence of temperature on high-refractive index of
aqueous and hyperhydrating solutions is not well documented.
However, clearing is usually done at 37 °C, which might
accelerate distribution of OCAs by reducing their dynamic
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Figure 10. a) Increased temperature improves FluoClearBABB efficacy, especially in older (P250, P673) animals, but b) results in worse fluores-
cence stability. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/
licenses/by/4.0/).[46] Copyright 2015, The Authors. Published by PLOS.

Figure 11. Dynamic viscosity is inversely proportional to tempera-
ture of hyperhydrating solution—FRUIT, which facilitates its molecu-
lar diffusion, improves clearing efficacy. Reproduced under the terms
of the CC-BY Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).[86] Copyright 2015, The
Authors. Published by Frontiers Media.

viscosity (Figure 11), but reduce the stability of genetically
encoded fluorescent proteins on the other hand.[62]

2.2.2. Tissue Swelling and Expansion

Expanding tissue volume with water-containing clearing solu-
tions (such as Scale or CUBIC reagent 1) enhances propagation
of light by three main mechanisms: “dilution” of light scattering
and absorbing molecules, partial solvation of extracellular ma-
trix proteins, and finally global lowering, thus homogenization,
of RI. Moreover, physical expansion results in increased image
resolution. Although expansion observed in Scale and CUBIC
was initially perceived as a drawback that might deform sample
architecture and was reversed by ScaleS and CUBIC reagent 2,
respectively, a recent study by Murakami et al.[62] presented 3D
single-cell-resolution whole-brain atlas based on controlled tis-
sue expansion. This group performed screening of 1691 poten-
tially water-soluble chemicals. 10% (w/w) solution of every chem-
ical was applied on 9% gelatin gel and absorbance at 975 nm
wasmeasured (as water absorption of near infrared shows a peak
around 975 nm, Figure 12a). Finally, 20% imidazole was selected
as the expanding reagent (CUBIC-X1); however, the low RI of
this solution (RI = 1.368) prohibited obtaining full optical trans-
parency of murine brain. Thus, additional cocktail with high RI

(CUBIC-X2, RI = 1.467) was prepared, consisting of 5% imida-
zole and 55% of antipyrine, characterized by highmolar refractiv-
ity. Notably, CUBIC-X2 maintains CUBIC-X1-mediated 10× vol-
ume brain expansion and is highly transmissive to light in its vis-
ible spectrum (Figure 12b). When accompanied by customized
LSFM inwhich electrically tunable lenses and galvanometer were
introduced for the adjustment of the light sheet focus position
along the X- and Z-direction (Figure 12c), respectively, CUBIC-X
protocol allowed to scan the entire expanded mouse brain with
subcellular resolution and revealed previously unknown areas,
for example, in the granule cell layer of dentate gyrus.[62]

Even more intensive expansion microscopy was first proposed
by Boyden lab.[96] In the set of experiments, the researchers
presented several optimized protocols for nanoscale imaging of
proteins,[97] RNA,[98] and clinical specimens.[99] Independently
from application, expansion microscopy relies on the sequence
of tissue labeling, gel anchoring (composed of, e.g., acrylamide,
methylenebisacrylamide and acrylate, serving as a substructure
for sample), protein digestion (e.g., with unspecific proteinase
K), which loosens tissue structure, and finally expanding of tis-
sue by 4.5× in one dimension, simply by its immersion in water.
Therefore, as the water accounts for >99% of the resultant sam-
ple, tissue remains transparent with its RI being matched to RI
of water. Altogether, expansion microscopy allowed researchers
to capture morphology of individual dendritic spines using con-
ventional Andor spinning disk confocal system with a 40×,
1.15 NA water immersion objective. In addition, such expanded
samples were also compatible with traditional super-resolution
microscopy—PALM. The same group has recently presented it-
erative expansion microscopy, in which the first hydrogel mesh
is being replaced and tissue becomes again expanded by the sec-
ond hydrogel mesh.[100] This led to spectacular total linear sam-
ple expansion by �16–22×, resulting in �25 nm effective reso-
lution achieved with �300 nm diffraction-limited objective lens
(Figure 13a).
As the expansion microscopy relies on proteinase K-mediated

digestion, alternative approach called MAP (magnified analysis
of proteome) was developed to omit this step, thus allowing for
multiple rounds of immunochemical staining.[78] In order to ef-
ficiently expand the tissue by water-mediated swelling of hydro-
gel mesh, high concentration of acrylamide monomers is used
in MAP to prevent crosslinking of proteins (Figure 13b). This
approach allowed completion of seven rounds of antibody stain-
ing and super-resolution imaging with �60 nm lateral resolu-
tion, using diffraction-limited microscopes (e.g., 63×, 1.30 NA
glycerol-immersion objective with the Leica TCS SP8 system,
Figure 13c–e).
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Figure 12. a) Initial chemical screening of chemicals with potential tissue-expanding properties was done based on the optical density of gelatin at
975 nm. b) CUBIC-X solutions are highly transmissive to light in the visible spectrum. c) Customized LSFM with electrically tunable lenses and gal-
vanometer scanners for repetitive autofocus across a large, expanded brain. Reproduced with permission.[62] Copyright 2018, Springer Nature.

2.2.3. Tissue Shrinkage

Although counterintuitive, tissue shrinkage, which per definition
decreases image resolution, also proved beneficial for some TOC
applications. Tissue shrinkage is an inherent feature of organic
solvent-based clearing, in which tissue undergoes dehydration
in increasing gradients of alcohol. High imaging performance
is mainly due to three factors: effective lipid solvation, match-
ing of high (>1.50) RI of the remaining proteins and alignment
of scatterers. Thus, while 65% brain volume reduction obtained
with uDISCO approach greatly accelerated the imaging process,
it did not prevent Ertürk’s team from visualizing dendritic spines
throughout the entire mouse brain (Figure 14). Interestingly,
the transparency of uDISCO-cleared samples allows to perform

successful light sheet imaging even with commercially available
objectives not corrected to RI of BABB-D (uDISCO imaging so-
lution, RI = 1.56), but to RI of water (RI = 1.33) and CLARITY
(RI = 1.45, Figure 14a–d). The extreme shrinkage of hydrogel-
processed tissue slices was recently presented by Kim et al.[101] in
the approach called BrainFilm (Figure 15a). The authors found
that 1–3 mm thick tissue slices, when placed between home-
made assemble kit (made of cellophane papers and cover glass
among others, Figure 15b) and dried at 55 °C in an oven, can
be compressed to up to 90% in Z-axis. To prevent lateral dis-
tortion, tissues were surrounded by hydrogel layer during the
compression step which, in case of 1-, 2- and 3-mm brain slices,
resulted in only 6.80%, 6.45%, and 8.44% average distortion,
respectively (Figure 15e). The main advantage of BrainFilm is
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Figure 13. a) Confocal images of a mouse hippocampus before expansion (top left), after the first round of expansion (4.5×, top right) and after the
second round of iterative expansion (20×, middle). Reproduced with permission.[100] Copyright 2017, Springer Nature. b) The higher the concentration
of acrylamide used in a MAP protocol, the greater tissue expansion (tested on 1-mm-thick coronal slices, V, volume after expansion; V0, volume before
expansion). c) White-field image of MAP-processed mouse brain. d) Lectin staining before and after MAP and e) corresponding distortion analysis
presented as a root-mean-squared measurement error (�4 %). Scale bar in (c): 10 mm. Reproduced with permission.[78] Copyright 2016, Springer
Nature.

great reduction of imaging and image post-processing times,
as exemplary summation of three images from compressed tis-
sue possesses equivalent information to 20 non-compressed im-
ages (Figure 15c,d). Moreover, BrainFilm workflow does not re-
duce signal-to-background ratio (4.93 ± 0.32 vs 5.09 ± 0.40,
p = n.s.).

2.2.4. Power of Hydrogen

Several studies have already investigated the influence of power
of hydrogen (pH) on TOC efficacy, with the major concern being
preservation of endogenously encoded fluorescent proteins.
Although it is feasible to visualize cells with quenched XFPs by
performing immunostaining, it indisputably prolongs the pro-
cedure, raises its cost and does not guarantee complete epitope
recognition. Loss of endogenous fluorescence was especially
evident in case of solvent-based clearing methods, that were
reported to quench the entire fluorescence within as little as
24 h.[44,45] This was first linked to the tissue deprivation of water
molecules, the presence of which was suspected obligatory for
themaintenance of XFPs emission.[8] Nevertheless, data obtained
by several research groups clearly demonstrated that alkalization

of dehydrating solutions (to pH of 9.0–9.5) prevents rapid loss
of XFPs stability regardless of chemical used (tert-butanol in
case of FluoClearBABB[46] and PEGASOS,[55] tert-butanol and
BABB-D in a-uDISCO,[53] THF in FDISCO,[54] ethanol in ECi,[57]

and 1-propanol in 2nd generation of ECi[102]). Based on these,
it seems apparent that it is acidic pH of dehydrating solution,
not loss of water molecules, that should be attributed for rapid
quenching of XFPs. Indeed, this stays in line with the results
obtained with extensively studied family of GFP-like proteins[103]

showing serious decline in fluorescence intensity in slightly
acidic (pH = 6.5) environment, even after few minutes of
incubation.[104] Modest alkalization of clearing solutions is also
essential for successful performance of CLARITY-related proto-
cols. It is claimed that besides stabilization of XFPs, basic buffers
slightly enhance delipidation efficiency by preventing proton
buildup at the negatively charged surface of SDS micelles and
shows minor tendency to reduce the amount of proteins lost dur-
ing the clearing in most of the tested acrylamide/bisacrylamide
hydrogel compositions (when, e.g., 8% SDS-PBS pH 7.5 and
8% SDS-PBS pH 8.5 were compared).[68] Hyperhydrating and
high-refractive index solutions are in general known to preserve
XFPs. Noteworthy, the authors of original CUBIC reagents
asserted good fluorescence stability of the cleared organs besides
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Figure 14. a) Comparison of uDISCO brain imaging efficacy with objectives uncorrected (left panels) and corrected (right panels) to RI of imaging
solution. b) Although uDISCO clearing extensively shrinks tissues, it also c) leads to better fluorescence stability (light blue: uDISCO, blue; ScaleS, red:
3DISCO) and d) does not prohibit high-resolution imaging of the entire brain. Scale bar in (a): 50 µm, in (d): 1 mm. Reproduced with permission.[36]

Copyright 2016, Springer Nature.

utilization of high amounts of denaturating urea. Again, this
seems logical as CUBIC consists of basic aminoalcohols[58] and
even 8 m urea at 50 °C was shown to cause negligible GFP
denaturation, as long as the pH was alkaline (>7.5).[104] Another
way to preserve endogenous fluorescence upon TOC is gener-
ation of more stable forms of XFPs. Recently, such ultrastable,
monomeric form of GFP was developed by Scott et al.[105] and
combined with passive, 5-week long CLARITY, showing much
improved fluorescence emission when compared to EGFP.
Interestingly, pH can not only affect the stability of XFPs but

also tissue architecture. In a recent study, Tainaka et al.[61] pre-
sented that while neutral CUBIC-R (new RI-matching solution
consisting of antipyrine and nicotinamide) causes almost no
macroscopic deformation to mouse brain, its weakly basic form
(pH 8.0–9.0) promotes swelling. All of the aforementioned in-
formation inclines TOC to be conducted under controlled and
reported pH to ensure acquisition of repetitive results.

2.3. Optical Approaches to TOC

Although optically cleared samples are compatible with a num-
ber of microcopy and imaging techniques, such as confocal, two-
photon, optical coherence microscopy, scanning laser optical to-
mography or MRI, just to name a few, it is LSFM which was the
most widely used so far. The unique feature of LSFM is that in-
stead of single spot illumination, it generates micrometer-thick
sheet of light, which selectively excites the entire focal plane of

the specimen. Therefore, it both reduces phototoxicity (i.e., al-
lows for repetitive imaging of less stable fluorophores) and time
required for imaging (by �2 orders of magnitude as compared
to confocal). Recently, excellent tutorial covering LSFM configu-
ration and engineering was presented by Olarte et al.[6]; however,
we continue to review recent advances in LSFM developed specif-
ically for cleared organs.

2.3.1. LSFM for Imaging of Thick, Optically Cleared Tissues

Since the first TOC methods were developed, their utility
was continuously demonstrated by imaging with light sheet
fluorescence microscopy.[22,26,45,106] The first of such studies was
performed by Dodt et al.,[22] who coupled BABB-cleared tissues
(brain, embryos and Drosophila melanogaster) with two sided
illumination, thus reaching high imaging speed (0.5–2.0 s per
1 optical slice depending on tissue size) in millimeter-thick
samples. However, lack of available objectives corrected for RI
of imaging media and solution like adaptive optics,[107] to reduce
resulting spherical aberration, significantly influenced imaging
resolution and allowed to discriminate dendritic spines only in
the excised hippocampi (Figure 16a). To reduce aberration while
extending Rayleigh range, the same group presented improved
laser light sheet generator composed of two units, to first reshape
a Gaussian beam profile into elliptical beam and second, to
generate light sheet by passing it through two achromatic cylin-
drical lenses (Figure 16c).[108] Such system granted generation
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Figure 15. a) BrainFilm efficiently compresses tissue slices and requires b) a straightforward assembly kit. c) A single image of biocytin-labeled neuron
provides similar information to the entire stack projection. d) Heatmap representing matching rates between 18 pyramidal and 5 interneurons between
stack projection and BrainFilm processing. e) BrainFilm causes only minor distortion of tissue shape. Size of scale bar in (c) not available. Reproduced
under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[101] Copyright
2018, The Authors. Published by Springer Nature.

of thin and stable light sheet over >10 mm (Figure 16d) and
much improved optical sectioning performance due to the
presence of aspherical optical elements reducing aberration
(Figure 16b). Very recently, light sheet generation was again opti-
mized by Dodt’s group[109] to reduce the thickness of beam (thus
enhance isotropy of imaging). Its performancewas tested on fully
cleared, GFP-harboring D. melanogaster (for the first time effi-
ciently depigmentedwith new solution based onCUBIC and con-
taining 2,2′,2′′,2′′′(ethylenedinitrilo)-tetraethanol) by multi-view
imaging at orthogonal positions. The established protocol, called
FlyClear, might serve as a robust platform for insect studies.

The alternative approach for aberration reduction in thick,
cleared samples, adaptive optics, was experimentally introduced
by Masson et al.[110] Taking advantage of the independent course
of illumination and detection pathways in LSFM, the authors
were able to apply wavefront sensor adaptive optics (WAO) to cor-
rect the latter (Figure 17a). Indeed, by using CUBIC and CLAR-
ITY for multi cellular tumor spheroids clearing, Masson with
colleagues showed improvement of image contrast and peak in-
tensities, when acquired with WAOLSFM (Figure 17c). More-
over, to better reflect improvement of image quality in specimen
images characterized by low signal-to-noise ratio, they proposed
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Figure 16. a,b) Comparison of image quality between classic ultramicroscopy (a) and ultramicroscopy with aspheric optics (b), and c) its scheme (1:
488 nm Sapphire Laser, 200 mW; 2: 45°mirrors; 3: 50% beam splitter; 4: laser shutter, laser 2000, Germany; 5: light sheet generator optics part A; 6: light
sheet generator optics part B [a movable cylindrical lens]; 7: computer-controlled linear stage for adjustment in the z-direction, 8: computer-controlled
elevation stage; 9: specimen container with quartz windows, 10: custom-made computer-controlled filter wheel; 11: customized Leica microscope; 12:
scientific grade CCD-camera). d) The presented setup generates a large Rayleigh range. Scale bar in (a): 5 µm, in (b) scale bar size is not available. a)
Reproduced with permission.[22] Copyright 2007, Springer Nature. b–d) Reproduced with permission.[108] Copyright 2013, Wiley-VCH.

new metric based on spatial frequencies, relative difference of
frequency (RD), defined by

RD( fr ) =
̂Uon ( fr )− ̂Uoff ( fr )

̂Uoff ( fr )

where ̂Uoff and ̂Uon are the radial frequencies of images ac-
quired before and after the (WAO) correction, respectively. De-
spite no enhancement in image quality, as inspected by the

gradient intensity map, RD revealed significant improvement
of such (Figure 17b). Other groups also aimed at optimization
of LSFM optics for cleared organs and exploited “self-healing,”
propagation invariant beams, Bessel and Airy beams in partic-
ular, which theoretically should outperform Gaussian beam in
setting of large field-of-view, turbid specimen imaging. When
compared with Gaussian, Airy beam provided both superior im-
age quality and imaging depth (30%, 80 µm) for TDE-cleared,
mCherry-harboring kisspeptin neurons in 400 µm thick mouse

Laser Photonics Rev. 2019, 13, 1800292 1800292 (14 of 51) C© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

Figure 17. a) Scheme of the WAOSPIM setup. b,c) WAOSPIM-corrected LSFM imaging has enhanced quality as shown by relative difference curves
for a particular frequency (positive values indicates effective correction, bars: SD) (b) and images of cleared multi-cellular tumor spheroids (c). AOTF,
acousto-optic tunable filter; T1–T3, telescopes; M1–M5, mirrors; CL, cylindrical lens; DM, deformable mirror; D1 and D2, dichroic mirrors; HSWF,
Hartmann–Shack wavefront sensor; B, lens system for DM-HSWF pupil conjugation; TL, tube lens; CCD1 and CCD2, coupled charged devices. a)
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[107]

Copyright 2012, The Authors. Published by PLOS. b,c) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).[110] Copyright 2015, Springer Nature.

Figure 18. Comparison of Gaussian and Airy LSMs for imaging of fluorescent TDE-cleared brain tissue. a,b) Although Gaussian LSM (a) provides similar
imaging depth to Airy LSM (b), the latter provides better image resolution. Dashed white lines indicate the tissue surface. Scale bar: 50 µm. Reproduced
under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[111] Copyright
2016, The Optical Society.
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Figure 19. a,b) Comparison of maximum-intensity projection images over 20 µm distance in Thy1-GFP, TDE-cleared mouse brain with Gaussian (a)
and Bessel (b) beams. c) Bessel beam provides uniform signal intensity and less stripping artifacts (reflected as drops in red curve). d) Gaussian beam
causes undersampling of tetramethylrhodamine-albumin stained blood vessels in the cleared brain. Scale bar in (d): 10 µm. Reproduced under the terms
of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[112] Copyright 2018, The Authors.
Published by Society for Neuroscience.

brain slices (Figure 18).[111] The utility of Bessel and Gaussian
beams for imaging and quantification of whole-brain vascula-
ture and neuronal fluorescent signal were side-by-side evaluated
by Müllenbroich et al.[112] Notably, both setups (Gaussian and
Bessel) were characterized by similar lateral and axial full width
at half maxima (1.56, 7.83 vs 1.77 and 8.47, respectively); how-
ever, utilization of Bessel beam was superior in all tested con-
ditions, as it generated less striping artifacts (usually caused at
the brain surface by bubbles or light absorption by bright struc-
tures), more homogenous image of deep brain structures, and
a more complete picture of vasculature (Figure 19). In addition
to optics,[113,114] recent studies examined distinct arrangements
of illumination and detection pathways in LSFM setup.[115,116]

Migliori et al.[115] presented light sheet theta microscopy (LSTM)
characterized by a symmetrical, oblique arrangement of two light
sheets (Figure 20a) to overcome reduction in image quality usu-
ally observed toward themedial part of a specimen, when imaged
with standard orthogonal single-plane illumination. This concep-
tual advance yields uniform, high-resolution images across the
entire sample, thus reducing the limitations of lateral size of sam-
ple, which is especially valuable, when imaging of large tissues
is desired. Indeed, LSTM imaging with 4×/0.28 NA/29.5 mm
WD (Olympus) illumination and 10×/0.6 NA/8 mmWD (Olym-
pus) detection objectives, by maximizing the angular separa-
tion, θ , available in presented setup (�60°), exhibited high im-
age quality and axial resolution (�4–6 µm) across the entire
field-of-view (Figure 20b). Glaser et al.[116] developed prototype
of open-top LSFM for versatile mounting with possible appli-
cation for rapid intraoperative guidance in surgical oncology
or post-operative 3D volumetric pathological analysis of biopsy

specimens. Distinctly from LSTM, open-top LSFM relies on
oblique arrangement not only of light sheet, but also detec-
tion objective (Figure 21). To reduce aberration of beams trav-
eling from air into glass and vice versa, hemispherical solid-
immersion lens covered with thin oil layer, matching RI between
lens and glass-plate sample holder (RI = 1.464 ± 0.001), was in-
cluded. The advantages of open-top LSFM include high imag-
ing speed (imaging of 4 cm2 excised breast tissue surface took
<1 min) in comparison with routine intra-operative examina-
tion of frozen section and great scanning area, restricted only
by a travel range of microscope stage (11 × 7.5 cm in presented
setup). The same group has recently proposed further optimiza-
tion of the open-top system in which illumination and collec-
tion objectives are below chamber that is filled with RI-matching
solution, on top of which are holder and specimen.[117] Inter-
estingly, the authors searched for holder materials that could
match the RI of both specimen and its respective RI-matching
solution. The exploited concept of RI matching between clear-
ing solution, holder and tissue allowed them to image samples
cleared with distinct protocols that span the entire RI range
of already published methods (1.33–1.56) with up to 0.5 cm
imaging depth. Yet another novel idea for improving the qual-
ity of LSFM-obtained images, by solving the problem of typi-
cal artifacts (such as already mentioned striping artifacts), was
presented by Mayer et al.[118] By using already known hybrid sys-
tem of two distinct imaging modalities: LSFM with optical pro-
jection tomography (called OPTiSPIM), the authors successfully
combined LSFM-derived high-resolution fluorescence data with
3D maps of the attenuation to “refill” shadows/striping artifacts
(Figure 22).

Laser Photonics Rev. 2019, 13, 1800292 1800292 (16 of 51) C© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

http://www.advancedsciencenews.com
http://www.lpr-journal.org
http://creativecommons.org/licenses/by/4.0/


www.advancedsciencenews.com www.lpr-journal.org

Figure 20. a) Scheme of light sheet theta microscopy, in which two symmetrical light sheets are placed obliquely. b) Oblique arrangement allows imaging
with homogenous resolution across the entirety of large samples such as an expanded coronal brain slice. Reproduced under the terms of the CC-BY
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[115] Copyright 2018, The Authors. Published by
BioMed Central.

2.3.2. Non-LSFM-Based Imaging

Notably, it is also beneficial to couple TOC with other than confo-
cal/LSFM imaging techniques, such as optical computed tomog-
raphy (optical-CT),[119] optical emission computed tomography
(optical-ECT) and scanning laser optical tomography (SLOT).[120]

These modalities might be perceived as an equivalent of CT
which uses visible light, instead of X-ray, during the imaging,
with SLOT characterized by less “stray” light, that is, the light that
does not follow primary ray path through the optical system.[121]

As these techniques reconstruct optical projection images of
transmitted light into 3D images of the distribution of optical at-
tenuation, optical-CT was coupled with TOC as early as in 2002
by Sharpe et al.[122] to reduce light scattering and its refraction.
Thus, optical-CT was successfully applied to evaluate blood ves-
sels of cleared and stained with light-absorbing inks tissues, such
as tumor, heart, or lung.[123] Prominently, optical-ECT and SLOT

detects fluorescent labeling, which means that when applied to
well cleared samples these might give both CT-like and LSFM-
like images almost simultaneously.[120,124]

Coupling TOC with MRI has already allowed to determine the
contribution of both lipids and proteins to brainMRI contrast[125]

and deepen the understanding of various MRI modalities, such
as diffusion tensor imaging.[126] Moreover, recent application of
both optical coherence tomography and MRI to brain TOC by
Baek et al.[127] provided a new way for quantitative assessment
for the measurement of the clearing efficacy for protein-rich and
lipid-rich brain regions. Such evaluations along with spectro-
scopic studies[128] might help elucidate the most optimal clearing
conditions/formulas for particular organs of interest.[127] Optical
coherence microscopy coupled with CLARITY-processed brain
facilitated detection of Congo red–stained amyloid-beta plaques
in an animal model of Alzheimer’s disease.[129,130] Interestingly,
only one day of optical clearing doubled the penetration depth
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Figure 21. a) Scheme of open-top LSFM that allows for b) rapid imaging of, for example, a cleared prostate biopsy specimen. c) Prostate biopsy was
DRAQ5 and eosin stained and image pseudo-colored to resemble an H&E stain. Notably, Gleason score 3 + 4 (as assessed by pathologists) was due
to tangential sectioning artifacts, while 3D rendering confirmed it to be 3 + 3. Reproduced with permission.[116] Copyright 2017, Springer Nature.

Figure 22. a) Scheme of OPT and SPIM (LSFM) hybrid: OPTiSPIM. b,c) E12.5 embryonic mouse head before (b) and after (c) attenuation correction.
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[118]

Copyright 2018, The Authors. Published by Springer Nature.

(100 µm vs 200 µm, Figure 23). However, as optical coherence
microscopy relies on backscattered and backreflected light in-
tensity, further clearing decreased the tissue contrast so that it
was no more compatible with imaging. Using SWITCH-cleared
brains and optical frequency domain imaging, inwhich, similarly
to optical coherence microscopy, image is obtained from intrin-
sic scattering of tissue, Ren et al.[131] developed clearing-assisted
scattering tomography (CAST). Although not reaching cellular
resolution, CAST allows for rapid interrogation of major brain
areas and tracts; for example, visualization of the entire mouse

hemisphere (depth of 6.2 mm) took 22 min to obtain 13 trans-
verse scans with 350 µm interval (Figure 24).
Significantly more time-consuming, but capable of recon-

structing the brain-wide morphology of neurons with sub-
micrometer resolution, is a recent platform developed by
Economo and Clack et al.[132] In this system, the authors com-
bined brain TOC with two-photon laser scanning microscope in-
tegrated with a vibrating microtome and automated designation
of tiles (Figure 25a). Application of TOC helped them to bypass
limitation of classical serial two-photon tomography, in which
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Figure 23. a) A visible-light OCM system. b–d) 2 days of SWITCH brain clearing doubles imaging depth (b) and decreases both mean OCM am-
plitude (c) and mean global attenuation (d) as normalized to noncleared tissue (shaded bands represent standard deviations). a) Reproduced
under the terms of the CC-BY Creative Commons Attribution 3.0 Unported license (https://creativecommons.org/licenses/by/3.0/).[130] Copyright
2018, The Authors. Published by SPIE. b–d) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).[129] Copyright 2016, The Optical Society.

Figure 24. a) A sagittal view of clearing-assisted scattering tomography performed on a mouse brain hemisphere merged from 13 transverse scans
acquired with a 350 µm interval. b) HIP, hippocampus, c) CC, corpus callosum; CP, caudoputamen, and d) MB, midbrain. Reproduced under the terms
of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[131] Copyright 2017, The Authors.
Published by Springer Nature.

Laser Photonics Rev. 2019, 13, 1800292 1800292 (19 of 51) C© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

http://www.advancedsciencenews.com
http://www.lpr-journal.org
https://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


www.advancedsciencenews.com www.lpr-journal.org

Figure 25. a) Apparatus for automated volumetric two-photon tomography combined with: b) a new TOC reagent based on DMSO and d-sorbitol that
preserves fluorescence of purified fluorescent proteins and does not precipitate during long-term imaging, allowing for c) brain-wide reconstruction of
neurons. A mouse brain was injected using an adeno-associated virus-based labeling strategy, in which 10–50motor cortical neurons were being labeled.
Dotted lines represent borders between adjacent tiles, left panel: right hemisphere, right panel: left, contralateral hemisphere. Reproduced under the
terms of the CC0 1.0 Universal (CC0 1.0) Public Domain Dedication.[132] Copyright 2016, eLife Sciences Publications.

tissue volumes are being snapshot as 2D images separated by
as much as �50 µm in the axial direction. In particular, TOC
increased the maximum imaging depth of single tile for up to
250 µm (limited by the working distance of the objective) and al-
lowed to perform optical sections every �1 µm with high signal-
to-noise ratio. As the process is lengthy, taking 8–10 days for serial
sectioning and imaging of one mouse brain, the authors had to
search for TOC solution that 1) preserves fluorescent signal, 2) is
resistant to evaporation and precipitation, 3) makes brain tissue
compatible with vibratome slicing and does not compromise its
fine details. As none of the existing TOC methods fulfilled all of
the mentioned criteria (with organic solvents quenching the sig-
nal and being incompatible with vibratome slicing and aqueous-
and high-refractive index methods prone to cause precipitations)
they discovered mixture of DMSO and D-sorbitol to be suited for
such long-term imaging and slicing (Figure 25b). Altogether, this
approach allowed them to reconstruct voluminous arborizations
of diverse neuronal projectionswithin themotor cortexwith great
detail (Figure 25c).
Stimulated Raman scattering (SRS) microscopy that allows

for label-free imaging and distinction of several biological key
molecules such as water, collagen, proteins, DNA, sugars, lipids,
cholesterol, and their forms (saturated vs unsaturated lipids
or α-helices vs β-sheets of proteins) was also recently coupled
with TOC to increase the imaging depth oscillating around only
�100 µm for high-scattering tissues like brain or skin (which is
only half of the spheroid length in case of, for example, spheroids

from Ras-transformed MCF-10A breast epithelial cells).[133] Wei
et al.[133] found that incubation in 8 m urea or tuned formula of
8 m urea with addition of 0.2% Triton X-100 causes remarkable,
10–15-fold increase in the depth limit of SRS (defined as the
depth at which the signal-to-background ratio of SRS images
reaches 0.5). Using this label-free approach the authors could
reveal significant differences in lipid-to-protein ratios between
healthy brain and glioblastoma tissues and interestingly, also
between glioblastoma tumor cells itself. This approach was also
compatible with deuterium oxide (D2O) probing SRS (in which
cell metabolism can be studied by investigation of incorporation
of deuterium into newly synthesized macromolecules), which
exposed heterogenic metabolic activity between infiltrating and
dense tumor cells as well as a major increase in protein synthesis
and a minor increase in lipid synthesis in tumor vasculature
versus normal vasculature.

3. Application of TOC for Particular Peripheral
Organs

3.1. Heart

Heart possesses a formidable challenge for its clearing, as it
is made of densely packed cardiomyocytes arranged into three
interconnecting layers (subepicardial, middle, and subendo-
cardial). Each cardiomyocyte is surrounded by endomysium, a
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Figure 26. Bright-field and corresponding fluorescence images of cleared murine hearts by: a,f) CUBIC, b) CUBIC-perfusion, c,g) Murray’s Clear, d,h)
SCM, and e,i) SUT. Although many methods are capable of heart clearing, removal of heme remains the main challenge. Thus CUBIC-perfusion out-
performs simple soaking of the heart in CUBIC solution, while addition of cardioplegic solution appear advantageous for organic-solvent clearing (such
as Murray’s Clear) to ensure that less erythrocytes are entrapped in the walls of the myocardium. TOC of heart can assist visualization of, for example,
f) the vasculature, g) the structure of the myocardium, h) GFP-tagged ion channels, and i) proteins labeled by immunochemistry (green: collagen I,
red: alpha-tubulin, blue: DAPI). Distance between thickest lines in (a–c) is 1 cm, between lines in (d) is 0.9 mm. a–c) Reproduced with permission.[43]

Copyright 2018, Histology and Histopathology. d) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).[151] Copyright 2016, The Authors. Published by Springer Nature. h) Reproduced under the terms of the
CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[72] Copyright 2017, The Authors. Pub-
lished by Springer Nature. e,i) Reproduced with permission.[143] Copyright 2018, The Optical Society. f) Reproduced with permission.[141] Copyright
2018, Wiley-VCH. g) Reproduced with permission.[149] Copyright 2015, Future Science Group.

fibrocollagenous connective tissue, while groups of cardiomy-
ocytes are also surrounded by thicker connective tissue—
perimysium.[134] In addition, heart contains high amounts of
hemoglobin and myoglobin both of which contain heme, an
endogenous pigment, which readily absorbs and therefore
obstructs penetration of visible light through a cleared, but yet
not decolorized, specimen.
The first comparison of five distinct TOC approaches (namely,

3DISCO, CLARITY, Scale, SeeDB, and CUBIC) to clear embry-
onic and adult heart was done by Kolesová et al.[135]

The authors concluded that CUBIC was the most suitable pro-
tocol, as it cleared both embryonic hearts, embryos and adult
hearts, allowing successful imaging and 3D rendering depth
of >2.0 mm under general conditions, as also proved by other
studies[136,137] (Figure 26a,b,f). It might be assumed that the re-
ported CUBIC superiority was caused by its unique decoloriz-
ing capability, especially elution of heme chromophore from
hemoglobin and myoglobin.[58] The other protocols were subop-
timal either because of GFP quenching (3DISCO and CLARITY)
or due to a low imaging depth (Scale, SeeDB). Notably, Kolesová
and colleagues[135] also observed that heart immersion in CUBIC
reagent 1 alone was sufficient to clear the organ without the need
to utilize CUBIC reagent 2 from the original study by Tainaka
et al.,[58] the finding confirmed by other groups for other tissues
as well.[138,139]

Recently, again using CUBICmethod, Nehrhoff et al.[140] estab-
lished the protocol for whole murine heart clearing and labeling
of vasculature (Figure 27). Notably, this group also performed
TEM analysis, which revealed that BABB-treated heart integrity
is severely compromised, when compared with much less

extensive deformation observed in CUBIC-treated samples.[140]

Transparency achievable in Scale treated samples, although too
low for imaging of adult hearts,[141] is sufficient to study murine
hearts at early stages of the embryonic development. As such,
application of Scale by Li et al.[142] allowed to trace lineage of
single cardiomyocytes and establish their geometric patterns of
division and migration during the trabeculation (a process that
increases surface area of myocardium, which is indispensable
for proper nutrient and gas exchange) and showed an essential
role of N-cadherin in maintaining those patterns.
A major drawback of heart clearing by CUBIC is the incuba-

tion time, starting from 5 days for embryonic hearts, through
7–14 days for the whole embryos, and finally lasting 30 days for
the adult hearts.[135] This significant limitation was recently over-
come by Wang et al.,[143] who described SUT (Scheme Update on
tissue Transparency). In brief, SUT combines selected chemicals
used in CLARITY/PACT methods (8% SDS) and CUBIC (Urea
and Triton X-100). Using SUT, the authors reported successful
passive clearing of mouse whole-layer left ventricular tissue in
4–6 days, and whole-heart clearing of mouse (40 g body weight,
Figure 26e), rat (256 g), and pig (35 kg), in just as little as 2, 4,
and 29 days, respectively, by infusing the reagent through the left
ventricular chamber. To accelerate the protocol even further, they
constructed apparatus for the electrophoretic antibody labeling,
which shortened the time required for immunolabeling, when
compared with the regular rocking of specimen in staining
cocktail (Figure 26i).
Several studies have already implemented BABB clearing

protocol to a broad spectrum of cardiac research. Although this
research was focused on answering key biological questions or
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Figure 27. Simple immersion in CUBIC reagents substantially enhances
imaging depth of 750-µm-thick sections stained with DAPI. Curves rep-
resent mean intensity distribution ± SD of the confocal images acquired
with 10× or 20× objectives. Reproduced with permission.[136] Copyright
2016, The Optical Society.

development of LSFM setups, instead of method evaluation, a
few conclusions from those studies can be drawn. First, BABB
was mainly used to clear petite samples such as embryonic
hearts.[144–147] BABB might be also used to clear and image
>2.0 mm thick regions of adult mouse heart (Figure 26c,g), as
presented by Smith et al.[148] and Sivaguru et al.[149] However,
as BABB clearing does not elute heme from tissue, special
attention must be paid during the perfusion step to remove as
much hemoglobin as possible. Perhaps suboptimal perfusion of
hearts studied by Smith and colleagues resulted in high sample
absorbance related to uncleared blood clots and heme, which
contributed to significant background noise during the image ac-
quisition and, therefore, could impede or even prevent its further
analysis. In contrast, addition of cardioplegic solution during the
perfusion step, followed by periodic acid Shiff staining allowed
Sivaguru et al.[149] to successfully clear and image the entire heart
of 3-month-old mouse. Interestingly, this group also performed
proof-of-concept study, in which the usefulness of TOC for
localization of cells planted on decellularized murine hearts was
presented, opening new avenues to study, for example, cancer
cells behavior and spatial distribution ofmetastases in suchmod-
els. Notably, the entire BABB protocol is inexpensive, does not
require any specialized equipment to perform and is rapid, possi-
ble to complete within 1 day. In addition, it has to be repeated that
the inherent feature of BABB-processed samples is their shrink-
age. For heart, the reported linear shrinkage varied greatly, from
5–10% (for adult mouse heart and myocardial specimens[146,148])
to even 81% in the case of developmental stage 29 chick heart.[147]

However, it has been generally accepted by all the authors that
such shrinkage is almost isotropic and should not affect greatly
the overall anatomic relations.[146–148] Recently, Trincot et al.[150]

applied other solvent-clearing method, iDISCO, to study lym-
phatic vasculature in mice. Interestingly, they observed female
mice to have significantly more lymphatic vessels thanmale indi-
viduals, regardless of the studied mouse genotype. Subsequently

Figure 28. A variational stationary noise remover is an effective tool for the enhancement of LSFM-acquired image quality and stripping
artifact removal. Scale bar: 100 µm. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).[72] Copyright 2017, The Authors. Published by Springer Nature.
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the authors reported overexpression of adrenomedullin (physi-
ological, cardioprotective peptide) in Admhi/hi mouse to increase
the area of lymphatic vessels, thus decreasing the edema and
improving cardiac function in the model myocardial infarction.
The next protocol suitable for adult mouse heart clearing

is a modification of CLARITY.[72,151] The adaptation proposed
by Sung et al.[151] relies on an increase in the concentration of
polymerization reaction activator (VA-044), which allows to skip
both the electrophoresis and the degassing steps of the original
CLARITY. The optimized protocol of Sung and colleagues,[151]

termed simplified CLARITY method (SCM), allows to achieve
full transparency of hearts within 2–3 weeks (Figure 26d) and
preserves signal from genetically encoded GFP. As such, SCM
was already applied to study cardiac lineage and protein distribu-
tion in the whole adult mouse heart[72,152] (Figure 26h) and spatial
rearrangement of fibroblasts after myocardial infarction.[153]

Notably, to successfully assess spatial distribution of kidney
specific renal outer medullary potassium (ROMK) channels
in adult mice, the authors developed dual-sided illumination
cardiac LSFM setup.[72] They found that both RIMS and 99.5%
glycerol with a 6.3× zoom lens (MVX10) provide almost equal
lateral (�2.8 µm) and XZ- and YZ-plane axial resolutions
(17.4 and 17.9 µm for glycerol, and 17.8, 17.9 µm for RIMS,
respectively) measured as the full width at half maximum.
Figure 26h presents distribution of AAV-introduced, tagged
with single GFP molecule, ROMK channels in SCM-cleared
7.5 months old mouse. The GFP signal was extracted by first
excitation at λ = 473 nm (which apart from GFP signal included
heart autofluorescence) and second at λ = 532 nm (solely
autofluorescent signal), while stripping artifacts were reduced
with the variational stationary noise remover (Figure 28).
Recently, Perbellini et al.[154] described free-of-acrylamide

SDS-based tissue clearing method (FASTClear) using 300 µm
thick myocardial human and canine sections. FASTClear com-
bines CLARITY and 3DISCO OCAs by applying first SDS as
lipid removing agent and then performing tissue dehydration,
and finally RI matching in DBE. Although promising, the main
drawback of FASTClear perversely remains its long workflow
of immunohistochemistry, which takes 3 weeks for 300 µm
sections, the shortening of which led to insufficient antibody
penetration. Last, RapiClear (RI = 1.49), a commercial water-
soluble clearing reagent, was applied to isolated atrioventricular
nodes of mouse or 500 µm human sections, which brilliantly
delineated the role of macrophages in facilitation of electrical
conduction in the heart.[155]

3.2. Skeletal Muscle

Even though the general composition of skeletal muscle tissue
might seem similar to myocardium, it contains significantly less
blood and hemoglobin after perfusion and fixation, the main
molecules which contribute to the light absorbance during deep
tissue imaging. However, the autofluorescence remains an issue
because of myoglobin and NADH presence, the endogenously
fluorescentmolecules which limit skeletalmuscle tissue imaging
especially in�488 nm spectrum.[39,156] Moreover, skeletal muscle
tissue alone presents with high RImismatch betweenmuscle flu-
ids (RI = 1.35, 72–80% of muscle weight) and muscle proteins
(RI = 1.53, 20–28% of muscle weight).[157,158] Such discrepancies

between skeletal and cardiac muscle results in different trends of
TOC methods utilization.
Whole-mount enzyme and KOH-based clearing of skeletal

muscles aimed at revealing distribution of bone and cartilage
have been of great interest for more than 50 years.[159,160] Al-
though harsh and not applicable to perform immunostaining
or XFP visualization, these techniques are still in use, even
though the new applications are being proposed, such as obser-
vation of ectopic calcium deposits in dystrophin-deficient mdx
mousemuscles generated upon dietary phosphorus overload.[161]

Recently, KOH-based clearing approachwas optimized by Sakata-
Haga and colleagues,[162] who described the first fast (3 days long),
and nondestructive variation of this whole-mount protocol for
the efficient clearing and visualization of bone in zebrafish and
Xenopus frog.
The first modern studies aimed at clearing of unfixed mus-

cle and relied on application of glycerol and glucose as an
OCA.[157,163–165] Approximately 10 years later, a newly generated
TOC methods were applied to paraformaldehyde-fixed skele-
tal muscles and bio-artificial muscle constructs.[166–170] Decroix
et al.[166] performed the only comparison between three, chem-
ically distinct TOC approaches so far, namely: ClearT2, ScaleA2
(one of the Scale reagents), and 3DISCO. The latter protocol out-
performed other techniques in every parameter tested. Treatment
of suchmuscles as quadriceps and gastrocnemius dissected from
β-actin-GFP reportermicewith 3DISCO led to good optical trans-
parency, while tissues processed with both ClearT2 and ScaleA2
macroscopically seemed almost intact. Moreover, 3DISCO was
the fastest as it took only 4 h in comparison to 13 h and 2 weeks of
ClearT2 and ScaleA2 treatment, respectively. Macroscopic trans-
parency of tissues was confirmed by confocal imaging with
recorded penetration depths of�160,�180,�310, and�400 µm
for the uncleared, ClearT2, ScaleA2, and 3DISCO treated sam-
ples, respectively (Figure 29a). The achieved imaging depth with
3DISCO becomes even more impressive, when the clearing im-
pact on tissue size is considered. As observed, 3DISCO caused
�20% linear shrinkage of sample, which means that the effec-
tive imaging depth obtained was around 500 µm from the sur-
face. Explanation of such a good performance of 3DISCO can-
not be based solely on comparison of the refractive indices of
muscle and imaging media of the rest of tested methods. Taking
natural RI mismatch betweenmuscle fluids andmuscle proteins
into account, it might be speculated that the crucial advantage
of 3DISCO is the removal of inherent heterogeneity of muscle
RI and then matching of “dried” muscle proteins (RI = 1.58) by
immersion in DBE (RI = 1.56). By coupling electrophysiological
examination with Alexa Fluor 647-conjugated α-bungarotoxin in-
jection (competitive antagonist of nicotinic acetylcholine recep-
tors), after which the muscles were subjected to 3DISCO clear-
ing, Yin et al.[171] performed detailed study on motor endplates
in a variety of mouse muscles, their distribution under physio-
logical conditions and remodeling in the model of denervation
and nerve repair. Based on the acquired data, the authors sug-
gested that skeletal muscles should be divided intomore separate
functional fields to reflect substantial differences of the motor
endplates distribution. The sisterly method of clearing and opti-
mized immunolabeling, iDISCO, was already applied for whole-
mount staining and imaging of skeletal muscles and diaphragm,
in particular.[172,173]
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Figure 29. 3DISCO, CUBIC, and CLARITY are capable of skeletal muscle clearing. a) 3DISCO outperforms hyperhydrating Scale and ClearT2 in terms
of imaging depth. Note that the true imaging depth of 3DISCO-treated samples is even higher, as the tissue shrinks during the clearing process. Re-
produced with permission.[166] Copyright 2015, Taylor & Francis. b) Combined CLARITY/CUBIC clearing allows for the identification of a LacZ reporter
after X-gal staining, as well as c–e) immunochemistry ((c): DAPI/nuclei, (d): Flk-1+/GFP reporter/blood vessels, and (e): laminin/myofibers and mem-
brane of the blood vessels, images present maximum intensity projection of 15 × 1 µm slices). b–e) Reproduced with permission.[168] Copyright 2016,
Springer Nature. f) Passive skeletal-muscle CLARITY retains epitopes in skeletal muscle and allows for immunostaining and imaging up to 250 µm
(red: CD31/blood vessel, yellow: NeuN/neurons, green: tyrosine hydroxylase/muscle bundles). Reproduced with permission.[169] Copyright 2018, Royan
Institute, Iranian Academic Center for Education Culture and Research (ACECR).

Visualization of motor endplates was also one of the aims of
recently reported modifications of CLARITY.[167,169,174] Milgroom
and Raltson[167] were the first to propose CLARITY scheme de-
signed to clear muscles relying on muscle isolation, incubation
in fixative/acrylamide, bis-acrylamide hydrogel solution and fi-
nally a brief, 8-h lasting electrophoresis with 23 V applied electric
field, which was the highest tested voltage, that did not cause the
sample heating above 50 °C. The presented results are concise,
showing an increase in the imaging depth of up to only 97 µm in
comparison to untreatedmuscle and no staining or XFP imaging
besides nuclear stain, Hoechst 33342 (Table 1 summarizes speci-
ficity and application of stainings used with TOC), was provided.
However, more recent report of Zhang et al.[169] demonstrating
modified passive CLARITY for skeletalmuscle addressedmost of
thementioned shortages. The authors were able to show success-
ful immunostaining of three antibodies simultaneously (tyrosine
hydroxylase, CD31, and NeuN, Figure 29f) and obtained 250 µm,
a 2.5-fold increase in the imaging depth, when compared to Mil-
groom andRaltson reports. Although the procedure is carried out
at 37 °C, it does not utilize electrophoresis and therefore should
reduce the protein loss during the clearing (however, compara-
ble data were not shown); the lack of electrophoresis on the other
hand contributes to the main weakness of this method, which is
a 40-day-long clearing time. This rises the questions about the
XFP stabilization over such a long time course and also preserva-
tion of tissue structure, which again was not provided by either
Milgroom[167] or Zhang.[169] Both studies were also unsuccess-
ful with α-bungarotoxin staining of nicotinic acetylcholine recep-
tors, which was attributed to PFA fixation and formation of hy-
drogel mesh that could hamper contact with the receptors. This

was, however, reinvestigated by Williams et al.[174] who showed
that loss of α-bungarotoxin staining is neither because of PFA
fixation nor hydrogel mesh formation, but utilization of SDS
during the step of lipid removal. By using a newly developed,
SDS-free pipeline termed MYOCLEAR, the authors were able to
reach imaging depth of 700–800 µm and count total number of
neuromuscular junctionswithin unsectioned extensor digitorum
longus muscle.
Another interesting approachwas proposed byVerma et al.,[168]

to combine muscle clearing with LacZ reporters that encode
β-galactosidase enzyme, which benefits from both high signal-
to-noise ratio and stability over time. They present several
detailed protocols for muscle clearing, immunolabeling (Fig-
ure 29b–e) and LacZ detection, which are based on CUBIC and
CLARITY OCAs. Although not quantified, based on provided
macrophotography (Figure 29b), it might be estimated that tis-
sue transparency is compelling, while its size does not change
remarkably.

3.3. Skin

The skin is a complex tissue, consisting of many layers with ran-
domly distributed inhomogeneous light scatters such asmelanin
dust, melanosomes and high-order collagen structures and elas-
tic fibers.[175,176] Although for many years in vivo optical clear-
ing of skin using biocompatible agents such as glycerol, DMSO,
and PEG400 remained in the center of interest,[177,178] a few
modern methods have already been applied to test fixed tissue
imaging and immunolabeling performance.[179,180] Liang et al.[180]
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Table 1. Summary of the stainings that proved compatible with TOC methods with their utilization in exemplary studies.

Name of the dye/staining Staining selectivity Excitation/emission maxima [nm] Ref.

Alizarin Red Calcific deposition 530-60/580 [317]

Basic fuchsin Chromosomal DNA; lignin in plant tissue samples 561/593 [190]

DAPI Nuclear and chromosome counterstain 358/461 [143,168,195,284]

DiD Lipophilic membrane stain (red-shifted DiI analog) 644/665 [196]

DiI Lipophilic membrane stain 549/565 [186]

EdU staining Proliferating cells (is efficiently incorporated into newly
synthesized DNA)

NA (requires conjugation) [204]

Heidenhain’s Azan stain Often used for staining connective tissue and epithelium.
Nuclei are stained bright red; collagen, basement
membrane, and mucin are stained blue; muscle and red
blood cells are stained orange to red.

NA [203]

Hoechst 33342 Emits fluorescence, when bound to dsDNA 350/461 [167]

Hoechst 34580 Emits fluorescence, when bound to dsDNA-selective 392/440 [186]

Isolectin Variety of applications; Cao et al. used to stain blood vessels
(binds to sugar residues of the glycocalyx in blood vessels)

NA (requires conjugation) [278]

Nile Red Used to localize and quantitate lipids 552/636 (in methanol) [180]

Periodic acid-Shiff stain Basement membrane, glycogen, some mucins,
mucopolysaccharides, fungal cell wall

NA [149]

Phalloidin Filamentous actin (F-actin) NA (requires conjugation) [186]

Propidium iodide DNA (a nuclear and chromosome counterstain) 493/636 [58]

SYTO 16 Nucleic acids 488/518 (DNA), 494/525 (RNA) [58,70]

Villaneuva’s Osteochrome
Bone stain

Bone (e.g., osteoblasts, osteocytes) 561/593 [190]

Wheat germ agglutinin Binds to sialic acid and N-acetylglucosaminyl NA (requires conjugation) [185]

described CUBIC protocol suitable for whole-mount clearing
and staining allowing single cell resolution confocal investiga-
tion of, for example, basal and proliferating keratinocyte popu-
lations in the interfollicular epidermis and in the hair follicle,
300 µm deep into the tissue (Figure 30e). The entire procedure
takes 12 days and keeps all of the CUBIC’s inherent features
such as non-toxicity, ease of handling and imaging. Additionally,
they observed CUBIC skin clearing compatibility with Nile Red
(lipophilic dye) staining and therefore were able to visualize seba-
ceous glands (Figure 30f). CUBIC is, however, ineffective agent
for melanin-containing tissues clearing, such as iris and hair,[59]

which is of significance in case of skin clearing and should be
addressed in further studies.
Abadie et al.[181] investigated various solvent-based protocols

(3DISCO, ethanol-BABB, ethanol-DBE) and Scale for clearing of
human skin biopsies (Figure 31). Although both 3DISCO and
ethanol-DBE were equally fast to achieve transparency, they were
relatively modest when compared with ethanol dehydration fol-
lowed by incubation in BABB, which allowed for in-depth 3D
imaging of skin compartments and appendages (Scale did not
clear skin even after months of incubation).[181] This, however,
partially contradicts brief, comparative study between dehydrat-
ing methods and CLARITY performed by Azaripour et al.[182]

Theymacroscopically observed that both electrophoretic and pas-
sive (11-week long) variants of CLARITY are not suitable for
mouse skin clearing (Figure 30c,d), while succinct treatmentwith
either 3DISCO or iDISCO lead to full optical transparency within
2.5 days (Figure 30a,b).

Figure 30. TOC of mouse-skin biopsies. Successful clearing of mouse
skin was achieved by: a) Murray’s Clear and b) iDISCO (immersed in
DBE), but neither: c) electrophoretic nor d) passive variant of CLAR-
ITY (incubated for 11 weeks). a–d) Reproduced under the terms of
the CC-BY Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).[182] Copyright 2016, The
Authors. Published by Springer Nature. e) CUBIC is applicable to skin and
allows visualization of, for example, Ki67-positive (marker of cell prolifer-
ation) keratinocytes and f) Nile Red–stained sebocytes. IFE: basal inter-
follicular epidermis; Is, isthmus region of the hair follicle; Bu, bulge of the
hair follicle; HS, hair shaft. e,f) Reproducedwith permission.[180] Copyright
2016, My JoVE Corporation.
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Figure 31. Comparison of organic-solvent methods for human skin biop-
sies. 8-mm-thick formalin-fixed human skin biopsies were treated with:
a) PBS, b) ethanol-BABB/Murray’s Clear, c) THF-DBE/3DISCO, and d)
ethanol-DBE. Based on this, BABB should be used as RI-matching solu-
tion for such samples. Grid width: 2mm. Reproducedwith permission.[181]

Copyright 2018, Springer Nature.

3.4. Bones and Connective Tissue

Bone is a heterogeneous tissue that contains solid mineral
(along with soft, marrow components) and connective tis-
sue, both of which are characterized by relatively high RIs
of 1.55[183] and 1.47,[184] respectively. So far, few chemically
distinct TOC methods were assessed for their clearing util-
ity, namely, SeeDB,[185,186] CUBIC decalcification,[61] dehydrating
methods,[57,187] Bone CLARITY,[188] and tuned ScaleS formula for
clearing of the organ of Corti[189] (Figure 32). In complementary
studies performed by Neu[186] and Calve[185] on osteochondral tis-
sue, 2.5-mm thick murine and bovine samples of ligament and
meniscus were treated with SeeDB. Macroscopically, a satisfying
transparency was achieved in the case of cartilage and meniscus,
which was further confirmed by DiI and Hoechst 34580 labeling
allowing for 200–300 µmdeep imaging in comparison to�50 µm
deep for untreated controls, while blood-rich subchondral and
bone regions remained opaque and thus were excluded from the
microscopic analysis. Immunolabeling was unsuccessful, as no
specific signal could be detected at 200 µm depth. However, this
might be attributed to a high molecular weight of primary an-
tibodies, as both Neu and Calve were successful, when stainings
with AlexaFluor-conjugated lowmolecular weight phalloidin (the
F-actin stain) and wheat germ agglutinin were performed. In ad-
dition, using scanning electron microscopy, Neu with colleagues
further demonstrated that SeeDB optical clearing does not al-
ter general articular cartilage structural morphology and porosity
(represented as pore area fraction).

The most comprehensive comparison of eight different TOC
methods, for which RI varied from 1.45 (for Visikol) to 1.56 (for
THF-DBE), for bone and joint clearing was conducted by Berke
et al.[190] Detailed measurements of the average percent light
transmittance and fold decrease in the number of scattering
events have clearly shown that in general the higher the RI
of clearing medium, the better optical properties of bone and
connective tissue (Figure 32a). The only relatively low RI-bearing
clearing agent, TDE (RI = 1.47), performed better than could
be assumed (e.g., better than SeeDB of RI �1.49–1.50). As TDE
significantly differs from other low RI-bearing solutions in terms
of water content (only 3% vs 20–75%), it apparently strengthens
reports that joints (collagen) clearing mechanisms rely not only
on RI matching, but also on sample dehydration.[191] By applying
basic fuchsin (BF) and Villaneuva’s Osteochrome Bone Stain
(OC), they observed dehydration methods (THF-DBE, ethanol-
BABB and Murray’s Clear) to be comparably effective, allowing
to reach�250 µm in imaging depth. Although all listed dehydra-
tion methods were previously reported to quench fluorophores,
in case of BF and OC staining only THF-DBE (3DISCO) re-
sulted in a significant decrease in fluorescent signal intensity.
However, this observation is contradicted by Acar et al.,[187]

who reported that it is 3DISCO, which preserves endogenous
fluorescence better, but yields lower transparency, as compared
with Murray’s Clear. Therefore, it seems advisable to check both
protocols with particular specimens and fluorophores, before
proceeding to the main experiment. Evidence obtained also from
the Murray’s Clear-processed mouse bone and bone marrow
followed by in situ LSFM imaging served as a substructure of a
revised model of megakaryopoiesis, in which spatial distribution
of megakaryocytes depends upon architecture of vasculature,
not the maturity of cells.[192] Very recently, the same group
presented a detailed pipeline for the efficient bone decalcifica-
tion, clearing, imaging and post processing of LSFM-derived
images.[193]

The suitability of dehydration methods for other hard, con-
nective tissue, gingiva, accompanied by successful anti-CD31
staining, was also reported by Azaripour et al.[194] A group led
by Gradinaru[188] has recently contributed to the development
of bone-specific CLARITY protocol. As compared to original
CLARITY, Bone CLARITY possesses two additional steps for re-
moval of: 1) minerals, the main bone scatterers (e.g., calcium
hydroxyapatite of RI = 1.63–1.65) and 2) heme. Therefore, the
Bone CLARITY workflow consists of EDTA-mediated decalcifi-
cation, acrylamide mesh formation, decolorization with Quadrol
(first described as CUBIC decolorizing and heme-removing
agent), and finally immersion and dual-sided LSFM imaging in
RIMS (refractive index matching solution) with 10× CLARITY
objective (0.6 NA, Olympus XLPLN10XSVMP, with adjustment
of correction collar to RI of RIMS). Major drawbacks of Bone
CLARITY are long incubation time (28 days) and requirement
of using highly specific instrumentation and computational
pipeline for �500 GB generated files. Moreover, immunolabel-
ing, although possible, requires further modifications to allow
fast and,most of all, deep antigen localization.However, themen-
tioned limitations are readily compensated by the excellent trans-
parency and well-tested GFP preservation, both of which allow
for imaging of the entire murine bones, as long as 1500 µm deep
into the tissue (Figure 32c).
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Figure 32. TOC methods for murine bone clearing. a) In general, the higher the RI of the final solution, the better the transparency of bone; thus
organic solvents such as 3DISCO and Murray’s Clear are better than other methods. Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[190] Copyright 2016, The Authors. Published by PLOS. b,c) Addition
of EDTA-mediated decalcification, however, allowed for successful clearing of adult hindlimb with CUBIC-B (b) or Bone CLARITY (c). Bone CLARITY
preserves the endogenous fluorescent signal and achieves subcellular resolution during the entire imaging process, for example, for a tibia (red: tdTomato
positive multipotent osteoblasts from Sox9CreER transgenic mouse line, green: autofluorescence). b) Reproduced under the terms of the CC-BY Creative
Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[61] Copyright 2018, The Authors. Published by Elsevier.
c) Reproduced with permission.[188] Copyright 2017, The American Association for the Advancement of Science.

Altogether it seems that efficient immunolabeling still re-
mains a major challenge to be resolved and that BABB and Bone
CLARITY are equally reasonable to be applied for bone tissue
clearing.

3.5. Intestines

Intestine is a complex organ, composed of many specialized
cells and distinct tissues (connective, epithelial, muscular, and
nervous). Additionally, it has highly fragile structures, such a
villi and mesenteries. Therefore, its optical clearing is challeng-
ing, as it should reveal various tissue types, while being gentle
enough not to alter delicate histo-architecture. The first compar-
ative study evaluating three distinct TOC techniques including
glycerol, TDE, and BABB, was performed by Appleton et al.[195]

A 97% TDE solution turned out to be superior over other meth-
ods in almost every aspect—it yielded maximal imaging depth

(180–200 µm) of the microscopy setup used (40×, 1.3 NA, W.D.
220 µm, oil-immersion S Fluor Nikon), compatibility with DAPI
and immunostaining of several epitopes, long-term sample sta-
bility, neither observable autofluorescence (which was remark-
able in case of BABB-cleared tissues) nor tissue deformation.
The only advantage of BABB over TDE was stability of phalloidin
staining, but only when ethanol, not methanol, was used during
dehydration step. Glycerol solution did not prove to be preferred
under any of the tested conditions.
Starting from 2009, the group led by Tang[196] has performed

copacetic series of studies appraising versatility of FocusClear (RI
= 1.45–1.46) for both basic and clinical research on intestines.
In a sequence of studies this group convincingly demonstrated
that FocusClear could be effectively applied to image every tissue
type of murine and human intestines, with a cellular resolution
in 3D fashion, allowing discrimination of epithelium,[196] blood
vessels,[197] and nervous tissue,[198] under both normal and patho-
logical conditions (Figure 33).[199] This imaging has eventually led
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Figure 33. Application of TOC to mouse intestine tissue. a) TOC of the intestine allows us to describe new subclass of interstitial cells of Cajal, the
perivascular (marked with arrows, green: c-kit, red: CD31, blue: SYTO16). b,c) FocusClear is applicable for clearing of normal mucosa (b) and colorec-
tal carcinoma (c). d,e) Although fragile, the structure of the intestine can be fully preserved during PACT clearing as confirmed by an H&E stain. a)
Reproduced with permission.[200] Copyright 2014, Elsevier. b,c) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0/).[199] Copyright 2013, The Authors. Published by PLOS. d,e) Reproduced under the terms
of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[203] Copyright 2016, The Authors.
Published by Springer Nature.

to, for example, identification of a new, perivascular type of inter-
stitial cells of Cajal in human colon[200] (Figure 33a) and enabled
visualization of the enteric glia.[201]

It needs to be emphasized that FocusClear was compati-
ble with nuclear dyes SYTO 16 and propidium iodide (PI),
and immunostaining and unconventional stains such as gold
nanorods or DiD (4-chlorobenzene sulfonate salt). It also pre-
served XFP proteins (e.g., in phosphoglycerate kinase 1 [PGK-1]-
driven GFP and nestin-GFP transgenic mice), reached clearing
plateau within as little as 30 min and outperformed other pos-
sible OCAs such as DMSO and glycerol in terms of achievable
intestine transmittance (Figure 34). Another aqueous solutions
tested for intestine clearing are SeeDB and ScaleA2, which led Liu
et al.[202] to develop deep mucosal imaging (DMI) approach, rely-
ing on pros and cons observed for each of the two techniques. The
most notable was the observed stability of genetically-encoded
fluorescent proteins. Although both protocols lead to a signifi-
cant decrease of fluorescent signal, this effect is much more pro-
nounced in the case of SeeDB-treated samples (fourfold signal
decrease in membrane-localized tdTomato and about fivefold de-
crease in cytoplasmic GFP vs control). However, XFP instability
was reported as the only weakness of SeeDB, when compared
with ScaleA2, which led to �25% sample expansion (based on
interstitial crypt cross-sectional areas), greater clearing and im-
munochemistry times. Therefore, it was advised by the authors to
perform preliminary studies with SeeDB and switch to ScaleA2
only when fluorescent protein signal is too weak for particular
study design.
A more recent report by Neckel et al.[203] provides a compre-

hensive test on CLARITY-related techniques for mouse intestine
clearing and deep imaging. The two testedmethods were original

CLARITY and PACT. Besides excellent transparency and success-
ful staining with over 10 antibodies, by performing hematoxylin-
eosin (H&E) and Heidenhain’s Azan stain, they provided criti-
cal and most detailed information about preservation of tissue
histo-architecture, showing that it is PACT, but not CLARITY, to
fully preserve it (even microvilli, Figure 33d,e). This conclusion
was further supported by electron microscopy. However, two se-
rious imperfections of this approach remain—long protocol time
(clearing lasts for 12–14 days) and incubation at 60 °C, which al-
though not reported, most probably will prohibit later identifica-
tion of endogenous XFP markers.[94] A recent, brief report from
Kaufman et al.[204] proposed a specific protocol for Click-iT EdU
staining and imaging of mitotic cells in transparent murine in-
testine. It relies on clearing with Triton X-100/DMSO solution
and further incubation in iohexol-based refractive index match-
ing solution, proposed by Yang et al.[38]

It has to be mentioned that optically cleared and imaged sam-
ples provide researchers with huge datasets (often extending far
beyond 500 GB) and thus raising a further challenge of their
proper processing. One computational solution allowing auto-
matic data analysis routine of LSFM acquired images of the un-
sectioned (cylindrical) intestine samples was proposed by Candeo
et al.,[205] who developed a MATLAB code for virtual unfolding of
such datasets. As a result, transparent intestine does not have
to be cut prior to the procedure and can be imaged in its native
shape and later analyzed in a layer by layer fashion.

3.6. Pancreas

Pancreas is yet another fragile and complex organ of the gastroin-
testinal system, with the structure determined by characteristic
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Figure 34. FocusClear (red) outperforms DMSO (green) and glycerol (blue) as a clearing agent for mouse intestines (black: control group in phosphate-
buffered saline). Reproduced with permission.[196] Copyright 2009, Elsevier.

dual functions performed by exocrine and endocrine cells. Like
for the intestines, the most comprehensive research on optically
cleared pancreas comes from Tang and co-workers,[206] utilizing
FocusClear and RapiClear as OCAs. In a series of studies, these
commercial reagents were demonstrated to be suitable for rapid
(90-min long to overnight) clearing and immunostaining (taking
1–2 days) of 400 µm thick slices of both murine and human
pancreas.[207,208] The reported 3D visualization of pancreas
provided multiple critical insights into islet vascular network,[209]

sympathetic innervation,[210] and its significant remodeling
in a variety of murine models of diabetes,[210] insulitis,[211]

hyperphagic obesity,[212,213] duct lesion,[214] and 3D histology of
microstructure, vasculature and sympathetic innervations of
mouse islet grafts placed under the kidney capsule.[215,216] In all
of the aforementioned studies, FocusClear allowed for �400 µm
deep imaging with subcellular resolution, was compatible with
vascular staining with either fluorescent lectin[211] or DiD[209]

and preserved fluorescent signal of genetically encoded fluo-
rophores. FocusClear was also used as an imaging medium by
Muzumdar et al.[217] after electrophoretic variant of CLARITY,
which assisted discovery of the role of p53 loss during initiation
and expansion of low-grade pancreatic intraepithelial neoplasia.
However, the newly presented modification of PACT revealed
successful tracing of human pancreas neuro-insular network
by immunochemistry with RIMS, as an imaging solution.[218]

The major limitation of FocusClear persists its high cost, which
stimulates other groups to search for the alternatives.[219]

Recently, Fowler et al.[220] adapted 3T method (transparent
tissue tomography) to image human pancreas in detailed, yet in-
expensive fashion. This approach relies on a brief tissue fixation,
preparation of large, 600–1000 µm thick sections with vibratome,
followed by short, overnight antibody staining and finally a 1-day
only clearing by sequential incubation with solutions of d-
fructose. Using this approach, it was possible to complete within
3 days staining and imaging up to 600 µm depth of 4 different
epitopes at once, which granted detailed confocal imaging of
spatial relationship between β, α, and δ cells with vascular
context. In addition, d-fructose solutions were also shown to be
feasible to clear snap-frozen tissues kept at −80 °C for several
years, which further expands the utility of this novel and certainly
rapid approach. Interestingly, 3T method was recently applied
to study spatial pharmacokinetics of anti-PD-L1 antibody (one

of the checkpoint inhibitors clinically approved for cancer im-
munotherapy) and distribution patterns of both anti-PD-L1 and
PD-L1 in murine models of lung and mammary carcinoma.[221]

Similarly to intestines, along new TOC protocols, a computa-
tional segmentation workflows are being developed to aid inter-
pretation of large datasets and assist during comparison of dif-
ferent organizations of multicellular structures or direct cell-to-
cell interactions.[222] To summarize, FocusClear should be high-
lighted as the well-tested, deeply rooted technique for pancreas
optical clearing, but the role of novel OCAs should also not be
underestimated.However, these require further examination and
particular attention should be paid to evaluate possible tissue de-
formation, which was not reported in sufficient detail.

3.7. Stomach and Esophagus

Until now, the TOC methods were only sparingly applied for
stomach and esophagus, with apparently a single brief report fo-
cusing on the mentioned organs. It utilized LUCID (lLUmina-
tion of Cleared organs to IDentify target molecules), a clearing
protocol based on TDE and originally applied to brain tissue.[82]

Application of modified LUCID to porcine samples of stomach
and esophageal mucosa and superficial submucosal layer took
less than a week to complete and increased tissue imaging depth
significantly, up to�400 and�650 µm, respectively.[223] However,
it is unclear to what extent is this approach compatible with im-
munochemistry, as only staining with anti-Ki-67 nuclear antigen
antibody was performed on histological slices of formerly cleared
tissue.

3.8. Liver

Application of passive TOC to liver, the last gastrointestinal or-
gan reviewed herein, is still scarce, especially when compared
with liver transparency upon whole-organ and whole-body clear-
ing techniques. This evident difference might be due to: 1) very
high liver blood flow, which under physiological conditions ac-
counts for �30% of the resting cardiac output and likely en-
hances the effect of perfusion-based clearing,[224] 2) the size of
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Figure 35. Representation of TOC application for liver imaging. a) Organic solvents clear the liver rapidly and are compatible with carbon ink injected into
intrahepatic bile duct thus can be used to describe patterns of its development; b) magnified area. a,b) Reproduced with permission.[229] Copyright 2018,
Wiley-VCH. c) Bright-field images of liver lobes in: 1) PBS and cleared with 2) ClearT2, 3) SeeDB, and 4) CUBIC (scale bar: 1 mm), with the latter method
allowing for deep, up to 1500 µm, imaging. c) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).[232] Copyright 2016, The Authors. Published by PLOS. d) Lipase treatment increases transparency of
thick liver sections, as confirmed by transmittance curves. e) 1-mm-thick mouse liver section CLARITY-cleared without and f) with addition of lipase
treatment for the extensive lipid removal (red: Hoechst stained nuclei). d–f) Reproduced with permission.[234] Copyright 2017, Oxford University Press.

the liver, which is the biggest solid organ of mice, with relatively
low surface-area-to-volume ratio,[225] or 3) combination of both.
Nonetheless, a few studies did establish and utilized TOC meth-
ods for the enhanced, 3D imaging of liver,[226,227] with the main
formula being BABB.[228–231] Such approaches allowed for precise
macroscopic visualization of the whole architecture of the mouse
biliary tree (Figure 35a,b) during both disease and development,
when ingeniously combined with carbon ink.[229,230] Although
BABB clearing of liver can encouragingly be achieved within 1
day, no further data about its applications, microscopic imaging
depth, and possible limitations were presented. Fumoto et al.[232]

compared liver transparency in CUBIC, SeeDB, and ClearT2-
treated samples to evaluate compatibility of organ TOCwith gene
delivery systems (Figure 35c). The observable depths of plasmid-
injected ZsGreen were 70, 200, 240, and 1000 µm for PBS,
ClearT2, SeeDB, and CUBIC, respectively, with the latter clearing
taking 10 days to complete. Additional examination by injection
of two plasmids, encoding ZsGreen and tdTomato fluorescent
proteins revealed that ZsGreen can be imaged deeper into the

tissue (1500 µm vs 1200 µm) with the latter being also less pho-
tostable, when placed in CUBIC reagent 2. These results are cor-
roborated by a further study of the same group led by Nishimura
et al.[233] who also performed SeeDB and ClearT2-based liver clear-
ing post gene transfection using bubble liposomes with ultra-
sound irradiation, achieving only modest transparency allowing
for �100 µm in depth examination of the peritoneal tissues.
However, this was sufficient to reveal spatial distribution of trans-
gene expression pattern and lack of non-target parenchymal cells
staining.
The most recent study and the only one developing truly liver-

specific TOC method comes from Lai et al.[234] In the proposed
approach, the standard CLARITY method is supplemented with
lipase treatment (Figure 35d). This is based on the well-known
abundant presence of lipid droplets in liver (due to, e.g., sterol
synthesis) containing highly hydrophobic core, which on the
contrary to cellular membrane phospholipids, are not effectively
removed by the usually used Triton X-100 and SDS as OCAs
detergents. Although not detailed, this report readily presents
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augmentation of liver transparency upon lipase treatment
both macro- and microscopically (Figure 35e,f), which doubles
imaging depth of Hoechst 33342 stained 1-mm thick samples
(as inspected by Nikon A1Si confocal with CFI Plan Apo 10×,
0.45 NA, W.D. 4.0). Therefore, addition of sample incubation
with lipase should be perceived as a potentially valuable step to
be added for clearing also with other than CLARITY techniques
and of other than liver, lipid-rich organs, such a kidney, muscle,
and of course adipose tissue.

3.9. Immune Organs (Lymph Node, Spleen, Thymus)

The immune system is unique in terms of its cellular organi-
zation. Cells of the innate and adaptive immunity constantly
circulate throughout the body and their tissue location and
functions dynamically change. This highly migratory behavior of
lymphocytes makes imaging studies very challenging. So far, the
vast majority of studies investigating quantitative and qualitative
alterations within lymphocyte subpopulations relied on flow
cytometry. However, such analysis is deprived of any structural
context and requires prior manual organ meshing for cells
isolation, which is imperfect and might lead to underestimation
of cells, especially tightly bound to stromal components of
organs, such as dendritic cells.[235]

Recent progress in TOC and imaging opens new avenues
to study cells phenotype and distribution within transparent,
entire intact lymph nodes, an approach called histocytometry.
Until now FocusClear,[236] CUBIC,[237] SeeDB,[238] CLARITY,[239]

BABB,[240–242] and uDISCO[243] were used for lymph nodes
clearing, with one study describing a completely new method
for their clearing, Ce3D.[87] Ce3D is the first approach to utilize
N-methylacetamide with histodenz for TOC, a solution selected
from 32 tested possible OCAs. The observed excellent sample
transparency allowed to perform detailed imaging with subcellu-
lar resolution of the lymph node stained with six antibodies and
further computational discrimination of cells with the developed
method for its post processing (Figure 36a,b). Ce3D leads to
only minor tissue shrinkage, does not require any specialized
equipment, takes less than a week to complete and consists of the
following, effortless steps: 1) 1 day fixation in periodate-lysine-
paraformaldehyde fixative,[244] 2) 3–4 days of immunostaining,
3) PBS wash, 4)< 1 day clearing, and finally 5) imaging. Notably,
applicability of Ce3D as an OCA is not limited to lymph node, as
using two-photon excitation microscopy the authors were also
successful in reaching as deep as 3 mm into lungs stained with
Alexa Fluor 647-conjugated anti-cytokeratin antibody. In addi-
tion, Ce3D clearing capacity was tested on several CD11c-YFP
expressing organs (brain, thymus, lung, liver, intestines, bone,
muscle), which in general showed high average cellular fluores-
cence intensity of cells at up to 500 µm depth (Figure 37). The
only evident drawback of Ce3D is the use of N-methylacetamide,
a compound, which is embryotoxic according to European
Chemical Agency, and might prevent other researchers from
application of Ce3D for, for example, whole-body clearing, re-
quiring handling great volumes of the clearing solution. Overall,
Ce3D is a novel, promisingmethod for simultaneous detection of
several epitopes in densely packed environment of lymph nodes.

Abe et al.[237] tested BABB, SeeDB, ClearT2, and CUBIC
clearing compatibility with lymph nodes, concluding CUBIC to
be superior over BABB (which caused a loss of congenital GFP
signal) and SeeDB and ClearT2 (both of which led to insufficient
transparency). By applying custom-made LSFM to CUBIC-
cleared and antibody-stained samples, the researchers were
able to image the entire lymph nodes with cellular resolution
(Figure 36d) and for the first time delineate proportion between
parenchymal, perivascular and intravascular T-cells after i.v.
adoptive transfer of fluorescently labeled T-cells. Interestingly, it
was also shown that independently from the number of T-cells
adoptively transferred (1× 103, 1× 104, and 1× 105), the average
percentage of T-cells obtained from a particular popliteal lymph
node over total number of transferred cells was relatively constant
(�0.32–0.47%). Such 3D approach was recently applied and al-
lowed to shed light on affinity-dependent orchestration of CD8+

T-cells in spatiotemporal context and propose a role for low-
affinity effector T-cells during early microbial containment.[245]

CUBIC was also shown to be compatible with clearing of
formalin-fixed paraffin-embedded (FFPE) lymph nodes biopsies
from patients who underwent surgery for colorectal carcinoma.
A detailed analysis revealed that CUBIC neither alters general
histological appearance of lymph nodes nor compromises fur-
ther immunostaining and standard histopathological evaluation
of the cleared samples.[246] Importantly, 3D evaluation of halves
of lymph node specimens (with the other halves being sub-
jected to standard histopathology at the time of patient’s
diagnosis) revealed micrometastases unnoticed during
histopathological examination, while providing no false positive
results. Further, multicenter comparative studies between 3D
and standard histopathology needs to be completed to examine
the robustness of 3D technique and diagnostic role of possible
newly revealed metastases in the patients staging process.
A comparative study on lymph nodes clearing comes from

Song et al.,[236] who examined the effect of glycerol solutions
(30%, 50%, 75%, 90% in distilled water and 100% glycerol), Fo-
cusClear and incubation times of these. Out of glycerol-treated
group, 100% glycerol caused severe tissue damage, while 75%
concentrated solution applied for 30 min was identified as the
best compromise between clearing efficiency (increasing with
glycerol concentration) and fluorophore stability (inversely corre-
lated with incubation time) allowing for �250 µm and �300 µm
in depth detection of nuclear H2B-GFP and cytoplasmic actin-
DsRed, respectively. FocusClear led to a remarkably better clear-
ing, as revealed by normalized intensity signal, which begins
to fall intensively from the depth of �300 µm, but is still
detectable at �500 µm (Figure 36c). The most optimal clear-
ing time was demonstrated to be 12 h, after which the aut-
ofluorescence raised significantly with little if any improvement
in imaging depth. Having confirmed FocusClear superiority to
glycerol solution, the researchers also examined distribution of
DsRed andGFP-bearing T and B-cells, respectively, after adoptive
transfer, reaching imaging depths of �300 µm for both T-cell
zone and B-cell follicle and germinal centers. In this particular
experiment, immunochemistry was performed systemically, by
either intravenous (anti-CD31) or subcutaneous injection (anti-
Lyve-1) of antibodies; however, based on FocusClear experiments
on, for example, intestines and pancreas, it should be assumed
that passive, less expensive post-fixation immunostaining is also
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Figure 36. Application of TOC to immune system organs. a) Ce3D is a method specifically developed for clearing of lymph nodes. It is compatible with
immunostaining and b) allows for simultaneous visualization of 5–6 epitopes. a,b) Reproduced with permission.[87] Copyright 2017, National Academy
of Sciences. c) FocusClear and d) CUBIC (red: CellTracker Orange-labeled bone marrow-derived dendritic cells, green: GFP-expressing OT-I T cells, grey:
MECA-79 stained high endothelial venules) are also reasonable for lymph node clearing. c) Reproduced with permission.[236] Copyright 2015, OSA. d)
Reproduced with permission.[237] Copyright 2016, Elsevier. e) Optimized CUBIC perfusion leaves rat spleen and f) thymus almost completely transparent
within a few days (scale bar: 5 mm). e,f) Reproduced with permission.[139] Copyright 2017, Wiley-VCH.

feasible. Last, Song and co-workers were able to visualize metas-
tases of B16F10-GFPmelanoma cells to inguinal lymph nodes at
different time points and localize them directly beneath the cap-
sule, proving this approach interesting to considerwhen studying
spatiotemporal dynamics of micrometastases.
Recently, Cabeza-Cabrerizo et al.[243] have used uDISCO with

multicolor fate mapping of dendritic cell progenitors to study
their proliferation and differentiation in Clec9aConfetti mice.
Although the clearing of lymph nodes allowed for detection
of various populations of dendritic cells in the T cell areas of
the lymph nodes, the superimposition of colors from crowded
dendritic cells in these areas precluded analysis of clustering by
fluorescent proteins. Perhaps further analyses of that kind might

be more informative when methods that cause slight tissue
expansion, not severe shrinkage (as uDISCO), are utilized.
Passive clearing of other immune organs, spleen and thymus

in particular, is far less advanced and represented by only four
studies performed on spleen and one on deciphering the number
of thymic epithelial cells at different developmental stages.[247]

However, thymus and spleen clearing might be as useful in deci-
phering spatial tissue context as in any other organ, which was al-
ready demonstrated by Inra et al.[248] investigating extramedullary
hematopoiesis niche of the spleen. By applying BABB clearing to
300 µm spleen sections and performing one-week-long immuno-
chemistry, the researchers examined the cellular sources and
role of two key niche factors, SCF and CXCL12 in myeloablation,
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Figure 37. Fluorescence intensity of CD11c-YFP cells across Ce3D-
cleared (red) and uncleared (black) peripheral organs. Reproduced with
permission.[87] Copyright 2017, National Academy of Sciences.

blood loss and pregnancy, being models of hematopoietic stress
mobilization. Similar clearing technique of methanol dehydra-
tion and BABB-mediated RI matching was applied by Casanova-
Acebes et al.[249] to spleen, along with many other organs, that
revealed new migratory capacity of neutrophils to these tissues.
The second, proof of concept study, was performed by McErlean
et al.,[250] who revealed that combination of spleen TOC with op-
tical computed tomography is valuable for visualization of spleen
microstructure and its alterations upon treatment with vascular
disrupting agent. Such approach might be further extended and
applied for fast spleen structure screening during other toxico-
logical studies. Kieffer et al.[251] successfully studied spread dy-
namics of HIV infection within gut-associated lymphoid tissue,
female reproductive tract and spleen, by applying PACT and CU-
BIC clearing, respectively. Recently, we presented that our mod-
ified perfusion-based CUBIC is an effective approach for rapid
clearing of both spleen and thymus of rodents (Figure 36e,f).
Oren et al.[252] presented yet another approach for whole organ

blood and lymphatic vessels imaging (WOBLI). WOBLI relies on

tissue fixation/permeabilization, immunofluorescence labeling
of lymphatic vasculature with anti-LYVE1 antibody (1 week for
primary and 1 week for secondary antibody staining), which are
followed by CLARITY clearing and RI matching in ScaleA2. In
the original publication, the authors examinedWOBLI on uterus,
ovary, lung, liver, and brain from mouse expressing tdTomato
under the vascular endothelial cadherin promoter (the expres-
sion of which is restricted to endothelial cells of both developing
and mature blood vessels), thus were able to limit immunolabel-
ing to one epitope. With the developed approach, it was feasi-
ble to label and image organ’s vasculature up to 2400 µm deep
into the tissue and elucidate its characteristics, such as vessel’s
length, mean diameter or the number of branching points. Us-
ing 200 µm RapiClear-cleared sections of lymph nodes isolated
from various multicolored fate-mapping mouse models, a group
led by Bajénoff[253] revealed that remodeling of the inflamed lymph
node vasculature is dependent on clonal proliferation of high endothe-
lial venule cells.
Certainly, development of novel segmentation algorithms for

quantification of imaged microvascular networks will be essen-
tial to organize such large datasets.[254–257] One of such promis-
ing tools is VIPAR (volume information-based histopathological
analysis by 3D reconstruction and data extraction procedure), the
efficacy of which was recently presented by Kiefer’s group.[258]

Using VIPAR, the researchers could decipher various features
of complex lymphatic vasculature within human skin biopsies
cleared with Murray’s Clear.

3.10. Female Reproductive System

Female reproductive system is composed of organs undergoing
rapid and almost lifelong morphological changes. Due to the
complex, fragile 3D architecture and dynamic nature, it cannot
be studied in detail using 2D histology. Up to date, every chemi-
cally distinct TOC method was applied to study organs of female
reproductive system and everyonemade clear contribution to bet-
ter understanding of either female reproductive general phys-
iology or pregnancy.[259,260] Study by Feng et al.[261] allowed for
the first time to count the total number of five various follicles
types (primordial, primary, secondary, antral and preovulatory)
at five different time points throughout mice life (3, 10, 21, 60,
and 360 days) and assess their spatial organization and cluster-
ing characteristics (Figure 38a).[261,262] Using PECAM-1 (CD31)
staining, the group also examined ovarian vascular network sur-
rounding follicles and corpora lutea throughout mouse lifetime
and upon treatment with human/equine chorionic gonadotropin
or axitinib (type 1–3 VEGF, c-Kit, and PDGF receptor antagonist),
which increased the vasculature size and number of blood ves-
sel branches and significantly decreased the number of ovulated
oocytes, respectively. In addition, the results showed that folli-
cles distribution is not random, but highly dependent and shaped
along vascular network, having three to four main branches un-
der general conditions. As in the case of other CLARITY-adapted
protocols for peripheral organs, the major drawback remains
time of tissue processing, which was extremely expanded, taking
five to nine weeks.
Very recently, Kagami et al.[263] have shown that CUBIC

might also be suitable for adult mouse ovary imaging. Using
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Figure 38. TOC applied to a female reproductive system. a) CLARITY allows for the visualization of the entire mouse ovary and differentiation of indi-
vidual ovaries (ovary of an immature eCG-treated animal, follicles: green: primordial, purple: primary, blue: secondary, yellow: antral, red: preovulatory).
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[261]

Copyright 2017, The Authors. Published by Springer Nature. b,c) Pregnant mice uterus at E9.5 before (b) and after (c) CUBIC clearing (scale bar: 4 mm).
Notably, although almost complete transparency of uterus is achieved, CUBIC does not alter the size of the tissue. Reproduced under the terms of the
CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[264] Copyright 2017, The Authors. Pub-
lished by Springer Nature. d–i) Novel staging system for individual uterine glands based on TROMA-1 stained immunofluorescent images of the uterine
epithelium cleared with ScaleA2 (d), bud (e), teardrop (f), elongated (g), sinuous (h), branched (i). d–i) Reproduced with permission.[265] Copyright
2018, Wiley-VCH.

CAG-EGFP transgenic mice the researchers confirmed that CU-
BIC treatment of 6–12 months old mice ovary does not quench
EGFP significantly, is compatible with PI staining and the trans-
parency of the entire organ can be achieved within 10 days of
clearing. Interestingly, it was shown that such clearing does not
cause tissue deformation, neither shrinkage nor slight expan-
sion, with the latter being repeatedly reported upon CUBIC treat-
ment in other organs. In another study, using similar conditions
(10 days long CUBIC clearing, EGFP-mice and PI staining) this
group has demonstrated that intrauterine imaging of the entire
developing conceptus through the transparent uterine is also fea-
sible and does not alter tissue size (Figure 38b,c).[264] This ap-
proach might be broadly employed, for example, to image tro-
phoblast invading the fetomaternal junction and alterations of
these during the entire pregnancy.
Scale, was already applied in a similar way to provide detailed

images of adenogenesis within uterine epithelium in prepuber-
tal mouse.[265] Volumetric analysis of the 3D uterine epithelial
glands at different time points allowed the researchers to clas-
sify them into five morphologically distinct types (bud, teardrop,
elongated, sinuous, and branched) and thus propose their novel
3D staging system in accordance to the results (Figure 38d–i).
Clearing of the uterus was also of interest for BABB-utilizing
group led by Laird,[266] who focused on investigation of uterine
architecture alterations caused by fertilization and implantation.
In aggregate, by performing whole-mount immunostaining and

subsequent BABB clearing, the researchers were able to image
progressive formation of uterine crypts generated by folding of
epithelium and its orientation polarizing toward mesometrial-
antimesometrial axis, along with defective crypt formation in
Wnt5acKO mice. Application of CUBIC and ScaleS was reported
effective to study spatial distribution of γ δ T lymphocytes in
murine vaginal wall.[267]

To summarize, it is already evident that TOC applied to fe-
male reproductive system is very helpful in revealing multiplex
spatiotemporal changes occurring throughout life and gestation;
however, novel advanced approaches are undoubtedly yet to be
used, as all of the mentioned studies were reported only very
recently.

3.11. Male Reproductive System

So far, the only, but comprehensive side-by-side comparison of
five TOC methods (SeeDB, 3DISCO, CUBIC, PACT, RIMS) for
testes clearing was performed on zebrafish transgenic line that
expresses GFP in Sertoli cells.[268] Although the highest trans-
parency was achieved with 3DISCO, this method was otherwise
not recommended as GFP fluorescence decayed immediately af-
ter 15 min of DBE incubation, testes transformed into espe-
cially hard pieces prone to breaking and, as highlighted but ex-
pected, 3DISCO required handling of toxic reagents and caused
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severe tissue shrinkage. Both RIMS and SeeDB treatments led
to unsatisfactory clearing and thus limited imaging depth. How-
ever, treatment with either CUBIC or PACT resulted in simi-
larly good results with respect to the all tested parameters: GFP
fluorescence preservation, minimal tissue deformation, and fea-
sibility of whole-mount two-photon imaging. The only advan-
tage of CUBIC over PACT was significantly shorter incubation
time of 5 days versus 13 days, respectively. The aforementioned
limitations of solvent-based clearing, mainly rapid XFP signal de-
cay, did not prevent its successful adoption for imaging of hu-
man prostate biopsy specimens[116] and bladder tumors.[269,270]

Royen et al.[271] have shown that Murray’s Clear combined with
immunochemistry can be performed on both freshly dissected
and FFPE prostate samples and enable as deep as 800 µm imag-
ing. Such 3D approach allowed to shed light on architectural
differences between Gleason grade (grading system specific for
prostate cancer) 3 and 4 glands and thus might be soon very
beneficial to increase relatively poor inter-observer concordance
in such histologically challenging to verdict cases. Recently, the
same group has extended this solvent-based approach. Using
iDISCO protocols they characterized 3D architecture of both be-
nign and pre-cancerous prostate lesions[272] and described two
distinct growth patterns of prostate cancer in patients.[273] No-
tably, no group has taken up thematter of TOC of penis which, as-
sumingly, would be valuable for deciphering of blood vessels and
innervations patterns, with possible application to improve un-
derstanding of, for example, severe cases of erectile dysfunction.

3.12. Adipose Tissue

Adipose tissue is yet another composite tissue made of
adipocytes, stromal cells, containing neurons, blood vessels, and
immune cells. Traditionally it is divided into subcutaneous and
visceral (surrounding internal organs) fat in respect to anatomy
and into energy storing white and heat-generating brown adi-
pose tissue regarding its physiology. In addition, an inducible
brown fat, named beige fat, was discovered to persist within sub-
cutaneous portion of white fat. Its activation was already associ-
ated with anti-obesity and anti-diabetes reactions, which made it
an interesting and intensively studied tissue. Characterization of
beige fat in terms of localization and innervation was first possi-
ble upon application of solvent-based TOC already performed by
few groups.[274–277]

Themost detailed 3D view on beige fat under general and cold-
exposure conditions has recently been presented by Chi et al.[276]

who, by building upon iDISCO, described a novel TOC method
focused on adipose tissue, termed Adipo-Clear. Although con-
sisting of numerous steps, this approach is straightforward, does
not require any specialized instruments, and can be completed
within 12 days for the entire posterior subcutaneous fat depot (2
days for delipidation and clearing followed by 10 days for stain-
ing with primary and secondary antibodies). Accompanied by
LSFM (Ultramicroscope II, LaVision Biotec), it allowed to reveal
striking differences in distribution of uncoupling protein 1 (a
hallmark protein of brown fat) expressing cells within posterior
subcutaneous fat depot, which was further correlated with asym-
metric prevalence of sympathetic innervation (Figure 39a,b).
A relevant advantage, which further underscores Adipo-Clear

Figure 39. Organic solvents are advantageous during clearing of adipose
tissue. a) Adipo-Clear is an iDISCO variation, specifically developed for
efficient clearing and immunolabeling of adipose tissue. It allows, for
example, for the visualization of sympathetic innervation of psWAT [a)
posterior subcutaneous white adipose tissue, grey: tyrosine hydroxylase
stain] or b) changes in expression of uncoupling protein 1 (purple: UCP1
stain, green: autofluorescence) after exposure of the animal to a cold envi-
ronment. Tissue treatment with organic solvents might compromise the
structure of several vascular epitopes. Reproduced with permission.[276]

Copyright 2018, Elsevier. c) Isolectin staining is compatible with such
clearing, thereby it serves as a potent alternative when, for example, vascu-
lar remodeling in adipose tissue is being studied; d) cold-induced vascular
plasticity. Reproduced with permission.[278] Copyright 2018, Elsevier.

utilization for fat imaging is postdelipidation autofluorescent
signal, which reflects perilipin staining and therefore might be
used to detect tissue architecture and precisely delineate cells
contours. This is especially important, as Adipo-Clear requires
8–10 days for immunostaining. It should be also noted that tis-
sue treatment with methanol, a key Adipo-Clear reagent, might
impair the structure of particular epitopes, as it was already
shown for CD31 and CD105, common vascular epitopes. This
encouraged Cao et al.[278] to search for alternatives and resulted
in development of modified iDISCO technique for adipose tissue
clearing, in which methanol-based permeabilization is replaced
by detergent-based steps. In addition, the authors reported
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Figure 40. TOC of a mammary gland. a,b) Murine mammary glands (a1,b1) can be efficiently cleared with either CUBIC (a2) or SeeDB (b2) (grid
width: 2 mm). c) Labelling pattern of the contribution of single alveolar cells to the development of alveoli observed in R26-Confetti;R26-CreERT2
pubertal mice (YFP: luminal cells, RFP: basal cells). Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International Li-
cense (http://creativecommons.org/licenses/by/4.0/).[280] Copyright 2016, The Authors. Published by Springer Nature. d) CUBIC clearing can be uti-
lized to obtain a detailed 3D view of luminal cell markers (SMA, smooth muscle actin, E-CAD, E-cadherin) and thus compare structure of virgin
(top) and lactating mammary gland (bottom). Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).[279] Copyright 2016, The Authors. Published by BioMed Central.

compatibility of such approach with intravenous injection of
Alexa dye-conjugated Isolectin to effectively label endothelial
cells within less than 24 h (Figure 39c). Co-staining with CD31
and imaging of Tek-Cre; Rosa26-LSL-tdTomato mice (in which
vasculature is labeled with tdTomato) revealed that >99.9%
of CD31 cells were also Isolectin positive, while only 89.4%
of Isolectin positive cells were also tdTomato positive. This
means that Isolectin is a highly specific and sensitive marker
of endothelial cells and, interestingly, exposes imperfection of
Cre-activity in a fraction of endothelial cells. Finally, the afore-
mentioned approach allowed the authors to describe events of
vascular plasticity in white adipose tissue of both wild-type and
obese mice strains in a response to a cold challenge (Figure 39d),
and proved this plasticity to be catecholamine-mediated.

3.13. Breast

Although adipocytes are the main stromal cells of the breast, ut-
terly different approaches were so far proposed for its clearing,
abandoning solvent-based methods for water-based ones, CU-
BIC and SeeDB in particular (Figure 40a,b). Using these pro-
tocols with minor modifications, Davis and Lloyd-Lewis with
colleagues[279] were able to effectively clear and image mammary
glands of both virgin, pubertal, and adult mice for up to 400 µm
deep with single cell resolution (Figure 40c). Successful whole-

mount immunostaining and XFP stabilization allowed them to
trace single-cell lineage of mammary stem cells/progenitors and
thus, revealmany unanticipated phenomena such as randomdis-
tribution of progeny of a single stem cell to multiple ducts or the
presence of heterogenous subpopulations of alveolar cells with
their contribution to alveoli development[280] (Figure 40d), which
could not be exposed otherwise. Recently, Seong et al.[281] utilized
this approach to delineate process of side branching in develop-
ing mammary gland and Hume et al.[282] proved CUBIC to be an
effective clearing agent for human breast tumor biopsy and fur-
ther applied this method in conjunction with immunostaining
to monitor structural integrity of engineered 3D in vitro adipose
tissue model recapitulating breast tumor microenvironment.
As organic solvents are known to yield the highest level of

transparency in heme-free organs, it would be of interest to see
Adipo-Clear applied to breast tissue. However, simultaneous vi-
sualization of multiple different cell types requires many re-
porting proteins,[283] as present in, for example, confetti mice—
mouse strain in which fluorophores of four distinct excitation
spectra/“colors” can be induced selectively upon Cre activation
(dependent on administration of particular substance, e.g., ta-
moxifen), and in which daughter cells are producing the same
fluorophore, which allows to trace the lineage of single cell.
Therefore, additional attempts should be made to increase XFP
stability of Adipo-Clear solutions and thus overcome this limiting
factor.
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Figure 41. Application of TOC for kidney research. a) Murray’s Cleared and Eosin-Y- and DAPI-stained kidney (and pseudo-colored) fully resembles
classical H&E staining. Fine details can be appreciated at the full depth of the imaged tissue, that is, at 200 µm (a1), 600 µm (a2), and 1000 µm (a3).
Reproduced with permission.[284] Copyright 2016, Optical Society of America. b) Expansion microscopy for a rat kidney enlarges tissue by a factor of 5
(grid width: 1 cm) while c) preserving the proportions between its intrinsic structures, thereby greatly increasing image resolution. d1) before expansion,
d2) after expansion. b–d) Reproduced with permission.[79] Copyright 2018, Elsevier.

3.14. Kidney

Until now, only a few studies have focused on development
and application of TOC for the kidney.[57,79,284–286] These are,
however, advanced and bring novel ideas relevant to both ba-
sic science and clinical practice. Olson et al.[284] discovered
that BABB clearing coupled with adjusted concentrations of
4′,6-diamidino-2-phenylindole (DAPI) to reveal cell nuclei and
Eosin Y to stain cytoplasmic proteins during dehydration step
results in kidney images that fully resemble those obtained by
standardH&E staining. It not only replicated classical H&E stain-
ing in shorter and less burdensome way, but more importantly
provided better contrast (thickness of optical slices were set to
2 µm vs 3–5 µm of standard H&E slide) within the entire sample
tested for up to 1000 µm in depth (Figure 41a). Although the au-
thors describe protocol as consisting of two steps: 1) �4 h long
methanol dehydration, followed by 2)�1 h immersion in BABB,
it lacks relevant information about methanol concentration used
in the study. Such details are paramount as this approach bears
potential for relatively rapid application in everydaymedical prac-
tice, while reducing costs of tissue examination. However, this
would require additional study to test compatibility of such clear-
ing with rapid LSFM imaging, as imaging of one biopsy sam-
ple performed by the authors on home-built multiphoton micro-
scope based on a Ti-Sapphire laser (with HCX Apo L 20, 0.95 NA,
Leica objective) took 30 h. Although promising, this technique re-
quires further examination, especially as it contradicts reports by
Nehrhoff[140] and Hama,[60] which revealed rather poor structure
preservation after BABB clearing of heart and brain, respectively.
Such discrepancy might be due to the tissue differences them-
selves or rather the fact that Olson with colleagues performed
adopted H&E staining during the clearing, while Nehrhoff and

Hama completed H&E staining and tissue slicing after the clear-
ing and therefore exposed samples to additional stress.
The only protocol elaborated specifically for LSFM imaging

of transparent murine kidney is ethanol-ECi described by
Klingberg et al.[57] Principles of this dehydrating approach are
identical as other solvent-based methods; however, astute selec-
tion of used chemicals allowed to overcome critical limitations of
previously known protocols—toxicity and stability of fluorescent
reporters. In accordance, the most prominent feature of ethanol-
ECi is utilization of ethyl cinnamate (food flavor) as RI matching
and imaging solution instead of toxic, potential carcinogens,
such as BABB and DBE. Moreover, to increase XFP signal
preservation while prohibiting possible formation of explosive
peroxides, THF was replaced by alkaline (pH = 9.0) ethanol.
This combination is well suited for XFP stabilization for two
weeks and allowed the researchers to achieve a complete trans-
parency of murine kidney within one day and to count the total
number of glomeruli in health and during nephrotoxic nephritis
in a proof of concept study. Additionally, ethanol-ECi can be
successfully applied to clear other organs, such as heart, bones,
and calvaria (upper bones of skull). Application of ethanol-ECi
to bone clearing of both mouse and human, commissioned dis-
covery of new type of blood vessels, called trans-cortical vessels,
that exhibit potential role in many important processes, such as
bone turnover or the recruitment of immune cells from bone
marrow.[287] Recently, Masselink et al.[102] tuned the ethanol-ECi
formula by replacing ethanol with alkaline (pH 9.0) 1-propanol,
that resulted in improved stability of XFPs and allowed them
to successfully clear and image a variety of tissues, including
cerebral organoids, adult, and larvae of axolotl, Xenopus and D.
melanogaster. They called the new formula 2ECi, 2nd generation
ethyl cinnamate–mediated clearing. Application of ECi has
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already allowed the researchers to visualize morphological and
molecular remodeling of distal convoluted tubules upon low-
potassium diet[288] and to reveal new 3D quantitative endpoints in
the model of crescentic nephritis.[289] ECi-based clearing was also
applied to present utility of new cationic near infrared fluorescent
agent, MHI148-PEI, for specific staining of vascular structures
in variety of organs, for example, skin, liver and lung.[290]

Altogether, ECi methods are rapid, inexpensive, not toxic and
not hazardous for imaging equipment, it yields full transparency
of many organs, preserves XFP signal for reasonable time and
as such should be perceived as a very promising method to be
applied in further studies. The only drawbacks that one could
think of is strong acrid smell of ethyl cinnamate and the extent
to which residual heme interferes with organs imaging. This
however, should not override already disclosed advantages.
The opposite direction of kidney clearing was presented by

Unnersjӧ-Jess et al.[285] who, instead of shrinking the sample to
image its entirety, utilized clearing with modified CLARITY and
MAP to expand tissue volume by a factor of �5 (Figure 41b),
hence obtaining impressive level of the effective resolution,
around �20 nm, during glomerular filtration barrier imaging
(Figure 41d). Importantly, such heavy organ expansion nei-
ther changed relative distance between cells in microscale, as
revealed by measured mean podocyte foot process width and
podocyte-to-podocyte distance nor limited its immunostaining
properties (Figure 41c).[79]

3.15. Eyeball and Optic Nerve

The first attempts to optical clearing of sclera were made
by Tanaka et al.,[291] who developed specific protocol consist-
ing of critical point drying of the indicated dissected tissue
followed by chemical cross-linking in the originally proposed
mix of 1-ethyl-3-(3-dimethylaminopropyl) carbodimide and N-
hydroxy succimide. Optimized composition of the presented
cross-linking agent allowed them to obtain rigid stabilization of
adjacent collagen fibers in the sclera. This, in turn, led to promi-
nent and permanent tissue transparency (with transmittance at
550 nm oscillating around 50%), even when put back to wet,
“physiological” conditions. Such result is unique for TOC, as
there exist no clearing agent, the effect of which would be ir-
reversible once moved from RI-matching solution. Shortly, the
same group obtained the formula effective also for permanent
skin clearing, which was then successfully engrafted to rabbit
corneal stroma in allogenic transplantmodel.[292] It is worthmen-
tioning that such chemical cross-linking was shown to be bio-
compatible, and as such might be useful in future development
of optically cleared “windows” (e.g., in dermis or skull) to increase
the depth of in vivo observation.
The study by Singh et al.[293] focused on clearing and imag-

ing of retina, rather than the whole eye. According to this recent
report, CLARITY allowed to bypass superficial primary vascular
plexus and for the first time enabled exploring the complexity of
vascular plexuses in the entire retina. A proof of concept study
was performed using rats exposed to the prolonged hyperoxia,
which served as a model of angiogenesis inhibition. The results
readily demonstrated that the provided protocol accompanied by
LSFM, confocal imaging and Sholl analysis is capable of precise

tracing of vascular network and its further quantification in the
entire retina. Clearing of the whole eyeball, not just dissected
elements, is challenging due to the presence of melanin in the
retina, which limits utilization not only of solvent-based protocols
(unable to clear pigments), but also CUBIC, otherwise possess-
ing decolorizing capacity. Consistent with this is a brief report of
Hohberger et al.,[294] who performed SeeDB protocol on halves
of human and chicken eyes. Evidently, SeeDB treatment was ca-
pable of clearing both sclera and adjacent optical nerve, while
leaving choroid and iris only partially transparent. A problem of
light-obstructing retinal pigmented epithelium was finally over-
come by Henning et al.,[295] who deftly combined: 1) bleaching
step established by Kim and Assawachananont,[296] 2) iDISCO+
immunolabeling, and 3) ECi clearing. The developed protocol,
named EyeCi, allows for the unobstructed visualization of the in-
tact eyeball vasculature.
Although distant from eyeball clearing, it is plausible to ad-

duce here the fact that TOC was already used to study murine
models of optic nerve regeneration and the effects of possible
drugs enhancing this process with single cell resolution.[297–299]

Such 3D based approach linked with brain TOC allowed few
groups to identify morphological changes in regenerating axons
that follow-up injury, its high regenerating capabilities as well as
circuitous, U-shaped axon growth, which significantly limits re-
connection with distant brain targets, such as superior colliculus
and lateral geniculate nucleus.[300]

3.16. Lung

Taking spongy structure of lungs and lack of evident pigments
into account, straightforward clearing of this organ should
be anticipated. Apparently, all chemically distinct approaches,
namely BABB,[301,302] CUBIC,[303] CLARITY/PACT,[217,304] accom-
panied with whole-mount immunostaining and imaging were
already applied to murine and human lung tissue (Figure 42).
Pioneering lung BABB clearing was reported by Scott et al.,[301]

who presented the first detailed view on the relationship between
nerves, vessels and airways architecture, detected novel patterns
of pleural innervations and connectivity patterns of pleural
nerves. Solvent-based clearing proved also beneficial for the
detection and analysis of lung tumor metastases.[305]

A comprehensive analysis of lung innervations was studied
by Watanabe et al.,[303] who recently exercised CUBIC protocol
to compare parasympathetic nervous system of mouse and
chicken. Interestingly, the compatibility of highlighter ink
staining with CUBIC clearing was shown, which allowed fine
visualization of bronchi as well as peripheral bronchioles.
Moreover, CUBIC cocktails are also applicable to study FFPE
human biopsies and prominently do not alter neither their histo-
logical appearance nor immunostaining capability.[246] Thereby,
similarly to lymph node examination, such TOC might be easily
adapted to extend the gold standard of histopathological evalu-
ation of patient’s samples as a complementary, not alternative,
approach. TOC of lungs was also essential for studies analyzing
tumor-immune microenvironment, for example, 3D pattern of
tumor-associated macrophages distribution (Figure 42c).[138,306]

A study by Cuccarese et al.[138] was also the first to present that
lengthy process of whole-mount lung immunostaining can be
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Figure 42. Application of TOC to a lung. a1) 3DISCO was reported to be better than CLARITY for lung clearing (grid width: 2 mm) and further imaging of
bronchus-associated lymphoid tissue, BALT; a2) BALT from a control animal, a3) BALT from an animal infected with modified vaccinia virus ankara, red:
CD3, blue: B220. Reproduced with permission.[308] Copyright 2018, Springer Nature. b1) CRISTAL, a uniquemethod in which the organ is dehydrated and
encapsulated in transparent resin, prohibiting tissue rotation, thereby allowing for correlative studies between b2) high-resolution histological imaging
(blue: Toluidine blue) and b3) transmission electron microscopy (Col, collagen fibrils; Alv, alveolus; AE2, alveolar epithelial type II cell; Cap, capillary).
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[312]

Copyright 2016, The Authors. Published by Springer Nature. c) CUBIC might also be used as a lung clearing agent as confirmed by successful visual-
ization of tumor cells (red) and tumor-associated macrophages (green). Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/).[138] Copyright 2017, The Authors. Published by Springer Nature.

profitably replaced by intravenous injection of fluorophore-
tagged nanoparticles.
Adoption of CLARITY allowed to observe the dynamics of

infection of tdTomato-expressing M. tuberculosis[304] and to
highlight nestin, as a potential prognostic marker of pulmonary
hypertension.[307] CLARITY might, however, be challenging
to apply, as reported by Mzinza et al.,[308] who failed to reach
sufficient imaging depth to analyze bronchus-associated lym-
phoid tissue (BALT), while achieving suitable imaging conditions
upon 3DISCO treatment (Figure 42a). Further application of
3DISCO (and iDISCO for immunolabeling) allowed the au-
thors to study alterations in cellular composition of the entire
induced BALT in a variety of experimental models (Figure 42a).
3DISCO was also shown to be valuable, when combined
with label-free multiphoton microscopy and second harmonic
generation microscopy for the 3D assessment of pulmonary
fibrosis[309] and to study differences in pulmonary distribution
profile of fluorescence labeled nanoparticles depending on
the route of their administration (intratracheal instillation vs
inhalation).[310]

Application of a much less frequently used method, ClearT2,
demonstrated the utility of TOC for imaging of aerosolized drugs
distribution throughout lungs.[311] As a proof of concept, Texas-
Red dextran was aerosolized into the murine lungs. Imaging re-
vealed that ClearT2 does not alter histological appearance of tissue
as confirmed by lectin intravenous administration and is suit-
able for detection of drug distribution. Complete preservation
of tissue microstructure, although desirable, is achieved because
ClearT2 lacks delipidation capability, which in turn results in poor
imaging depth, oscillating around 100 µm, as shown in the men-
tioned study.
Lung was also the organ of interest for Kellner and

colleagues,[312] who described utterly distinct transforma-
tion TOC approach, termed CRISTAL (curing resin-infiltrated
sample for transparent analysis with light). The idea behind
CRISTAL is the encapsulation of organ in colorless resin, RI of
which matches RI of the specimen, which results in preparation
of rigid, transparent sample that first can be imaged micro-
scopically with cellular resolution and then directly subjected to
correlative nano-scale studies with TEM (Figure 42b). CRISTAL
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Figure 43. Application of whole-body clearing. a) Both PARS and b) CUBIC whole-body clearing approaches efficiently decolorize the entire animal
(apart from the skin, which is removed prior the clearing procedure). c) CUBIC can be utilized to reveal treatment efficacy or describe the progres-
sion of Duchenne muscular dystrophy by monitoring discrete sites of calcium deposits in whole bodies of dystrophic mice strains (e.g., mdx mouse,
scale bar: 1 cm), which accumulate at muscle injury sites but are not present in control animals. d) CUBIC whole-body clearing also allows for rapid,
simultaneous visualization of cancer metastases within various organs. a) Reproduced with permission.[38] Copyright 2014, Elsevier. b,d) Reproduced
with permission.[35] Copyright 2017, Elsevier. c) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).[317] Copyright 2018, The Authors. Published by Biomed Central.

workflow consists of the following steps: 1) tissue fixation, 2)
dehydration in increasing gradient of ethanol, and 3) gradient
of xylene, 4) embedding in resin, and finally 5) polymeriza-
tion/curing of the resin by exposure to UV light. Notably, after
the polymerization step, no further action (apart from slicing) is
done to the tissue, which creates unique opportunity to perform
relevant correlative studies between light and transmission elec-
tron microscopy. Moreover, tissue embedding in rigid resin does
not allow for free rotation of the specimen, thus it guarantees
control over its location and selection of the same areas for
studies with distinct techniques. However, both sample dehydra-
tion and prolonged (�24 h) exposure to UV light, greatly limits
feasibility of XFPs visualization. Other potential drawbacks of
such methodology are inability to perform additional rounds of
any staining after the resin is cured, the need for calculation and
adjustment of resin’s RI before every experiment (as it might
be influenced by the batch and storage time of the resin), and
finally long protocol time, as the entire CRISTAL takes weeks
to complete. As the method relies on successful infiltration
of organs by the resin, it could be suspected that CRISTAL
utilization will be narrowed to porous tissues, for example, the
reported lung clearing and imaging. However, by increasing
the incubation times in resin for bone and brain up to two and
three weeks, respectively, the authors presented that CRISTAL
is an interesting alternative capable of clearing of various
organs.

4. Whole-Organ and Whole-Body Clearing
Techniques

So far, every chemically distinct approach was applied to whole-
organ and whole-body clearing with success. The first study to
try whole-body clearing was conducted by Yang et al.,[38] who
perfused adapted CLARITY solutions throughmurine cardiovas-
cular system, thereby developing PARS technique (Figure 43a).
PARS not only achieves clearing of all organs simultaneously,
but also provides the opportunity to perfuse antibodies and
other small molecule chemical dyes through animal vasculature,
which greatly accelerates the process and depths of staining,
which are currently main drawbacks of passive CLARITY
protocols. The additional advantage of PARS is that the intact
musculoskeletal system opposes tissue swelling and deforma-
tion, which are therefore less pronounced when compared to
passively cleared samples. Although robust in terms of staining,
PARS still requires long incubation times (�20 days) to clear
whole body. Further optimization of hydrogel composition led
to development of the improved version of this protocol, named
PARS-mPACT.[313] PARS-mPACT proved to reduce the clearing
times significantly (by �1 week) and worked well with both
adult murine and rat organs. It also replaced the original RIMS
solution with a tuned formula of Nycodenz-based nRIMS.
Thus far, few other optimizations of CLARITY for whole-organ

clearing were reported,[314,315] with the ultimate acceleration of
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Figure 44. Active clarity technique (ACT). a) Electrophoretic tissue clearing system for ACT. b) Both centrifugal and syringe PRESTO are effective ap-
proaches for increasing immunostaining depth in ACT-cleared tissues. c) ACT achieves substantial transparency of peripheral organs. Reproduced under
the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[316] Copyright 2016, The
Authors. Published by Springer Nature.

CLARITY-based whole-organ and whole-body clearing presented
by Lee et al.,[316] who developed ACT (active clarity technique) and
PRESTO (pressure related efficient and stable transfer of macro-
molecules into organs) for rapid tissue clearing and staining, re-
spectively. ACT is a stable variation of ETC, in which clearing
is boosted by platinum plate-derived dense regular current and
organs are prevented from burning by implementation of ac-
tive cooling system (Figure 44a). Although ACT clears the ma-
jority of murine organs within 2–20 h (Figure 44c), and young
3-week old mice within 24 h, and is also capable of clearing
of other organisms, such as zebrafish, rat and chick embryos,
Xenopus and small octopus, it still requires subsequent RI-
matching step in CUBIC-derived mounting solution for a few
days. In addition, PRESTO protocol, relying either on standard
table-top centrifuge or syringe pump, might be useful for whole-
organ immunochemistry, as it was shown to obtain �120 µm
deep labeling within �3 h, the range usually achievable after 2
days of passive immunostaining (Figure 44b).
A next method applied to whole-body clearing was CUBIC,[58]

which offered faster (�2 weeks) and simplified approach not re-
quiring oxygen removal with vacuum chamber as in the case of
PARS. CUBIC perfusion decolorizes all organs equally well with
the exception of bones, presenting modest transparency (Fig-
ure 43b). However, this was recently shown beneficial by Bozy-
cki et al.,[317] who applied CUBIC whole-body clearing to the mdx
mouse model of Duchenne muscular dystrophy. By clearing and
staining with Alizarin Red, the researchers could visualize un-
cleared calcium deposits accumulating at sites of muscle necro-
sis and characterize their discrete 3D distribution in soft tissues
of the entire animal (Figure 43c). Another application of CUBIC-

perfusion was performed by Kubota et al.,[35] who demonstrated
the value of whole-body clearing for the monitoring of tumor
metastases in the variety of cancer cell lines (Figure 43d). Re-
cently, we reported an optimized perfusion-based CUBIC whole-
body clearing, which greatly accelerates the process and allows to
complete also an adult rat whole-body clearing within 4–5 days
(Figure 45), while retaining histological appearance of the stud-
ied organs.[139]

Finally, solvent-based approach was applied for whole-body
clearing by the group led by Ertürk.[36] By optimizing previously
used combinations of alcohols and solvents, the researchers de-
veloped uDISCO protocol, relying on tert-butanol dehydration
and further RImatching in BABBwith addition of diphenyl ether
and tocopherol (scavenger of peroxides, presence of which com-
promise XFP stability, Figure 46a). The prominent feature of uD-
ISCO is the extensive tissue shrinkage resulting in up to 65% vol-
ume reduction of cleared organs. This, for the first time allowed
not only to clear whole body of adult mice and young rats, but
also to image them as the one, unsectioned piece from “head to
toe” (Figure 46b). In turn, this has opened up new avenues to vi-
sualize, for example, the entire central nervous system with sub-
cellular resolution in health and its remodeling during various
pathologies, with respect to its connectivity patterns with periph-
eral organs. By turning all organs transparent, the researchers
were able to visualize distribution of bone marrow stem cells in
various organs upon intravenous and intraperitoneal injections,
trace AAV-injected neurons and their decussation of the descend-
ing motor axons at the pyramidal level (Figure 46c). Moreover,
uDISCO solutions outperform3DISCO in terms of XFPs fluores-
cence preservation by stabilizing them over the course of months
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Figure 45. Clearing of the majority of rat peripheral organs is feasible as presented by transmittance curves obtained by using an optimized perfusion-
based CUBIC protocol. Reproduced with permission.[139] Copyright 2017, Wiley-VCH.

Figure 46. Organic-solvent-based whole-body clearing. a) uDISCO was the first organic-solvent method developed to clear adult mice and young rats.
Although no decoloring or decalcifying agents were included, with uDISCO it was feasible to image bones and the majority of the internal organs. b,c)
Up to 65% volume reduction allowed the authors to image the entire brain and spinal cord as one intact piece; b) 3D image presenting vasculature
of rat central nervous system; c) AAV–Syn–RFP and AAV–Syn–GFP injected brain; note the decussation of descending motor neurons at the pyramidal
level. a–c) Reproduced with permission.[36] Copyright 2016, Springer Nature. d) The PEGASOS method, in addition to solvent-based dehydration and RI
matching, implements Quadrol and EDTA as decoloring and decalcifying agents, respectively, which contributes to spectacular transparency and for, for
example, e) the tracing of individual neurons from the central to the peripheral nervous system. d,e) Reproduced under the terms of the CC-BY Creative
Commons Attribution 4.0 license (http://creativecommons.org/licenses/by/4.0/).[55] Copyright 2018, The Authors. Published by Springer Nature. f1–
f4) The newest presented whole-body clearing approach, vDISCO, is a 3DISCO variation with Quadrol, EDTA, and Atto-conjugated nanobodies added
to the procedure through pressure-forced perfusion. This in turn allows one to clearly distinguish between nanobody-boosted GFP-expressing nerves
(f3), propidium iodidestained internal organs (f2), and autofluorescent muscles (f1). f4) The depth color-coding of projections at different z-levels. f)
Reproduced with permission.[39] Copyright 2018, Springer Nature.
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Figure 47. A single-cell optical clearing strategy enhances mRNA detection. a) A single nanoprobe is hardly distinguishable without treatment while b)
modified ScaleA2 clearing increases its relative intensity to the cell background and c) allows for the efficient visualization of mRNAs in ER-expressing
HeLa cells. ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2. Adapted with permission.[332] Copyright
2016, American Chemical Society.

and allow for immunostaining of both fresh (1 month) and old
(14 month) fixed human biopsy samples. The main limitations
of uDISCO are the necessity to handle large volumes of toxic
chemicals under the fume hood for days to weeks and modest
signal-to-background ratio achieved when XFP signal is being de-
tected in densely packed, autofluorescent tissue. The latter issue
was recently resolved by the same group applying bright Atto-
conjugated nanobodies through pressure forced perfusion of the
animal.[39] By using Atto fluorescent dyes with the peak emission
in the far-red spectrum, they increased contrast and prevented
the crosstalk between specific fluorescent signal and tissue aut-
ofluorescence (most pronounced around 488 nm excitation-
emission region, Figure 46f). This approach, named vDISCO,
enhanced fluorescent signal up to 118 times and turned it per-
manent, allowing long-term imaging sessions and re-imaging, as
confirmed by the assessment of signal stability over the course of
18months. Altogether, advanced clearingmethod, decalcification
and decolorization with the diluted CUBIC reagent 1, staining
with anti-XFP Atto-conjugated nanobodies serves as promising
tool for performing high-contrast imaging of the entire rodents,
which was already applied to study cancer metastases and the ef-
fectiveness of antibody drug targeting at the cellular level.[40]

Almost simultaneously with vDISCO, a similar whole-body
clearing method called PEGASOS (poly(ethylene glycol) (PEG)-
associated solvent system) was presented by Jing et al.[55] (Fig-
ure 46d,e). As vDISCO, it utilizes perfusion of EDTA for hard
tissue decalcification and Quadrol (CUBIC’s decolorizing agent)
together with 5% ammonium solution for heme removal and
organs decolorization. Fluorescent signal intensity was pro-

tected, however, by addition of poly(ethylene glycol) methacry-
late/poly(ethylene glycol) diacrylate and Quadrol to BABB, the
alkaline character (pH > 9.5) of which stabilized native XFPs
better than the original uDISCO. PEGASOS was also the first to
perform successful clearing of the hardest body tissues—enamel
and dentin—the imaging of which revealed pattern of the en-
riched vascular network.
It should be noted that even though powerful, successful

implementation of whole-body clearing techniques requires a
specialized group of researchers having good understanding
of tissue clearing itself, proper imaging technique with further
handling and post processing of large data with high-end com-
puter workstations, as these often exceed dozens of terabytes.
Thereby, although published already 4 years ago, whole-body
clearing still awaits for the first application from the group
outside of the TOC community.

5. Emerging Applications

As expected, optical clearing is limited neither to brain, nor
peripheral organs of mammals and as such was already suc-
cessfully applied to morphological studies of other model verte-
brate organisms[318,319] spheroids,[64,320,321] plant tissues,[322,323] as
well as insects and crustaceans[324–326] and even implant-tissue
interface.[327] Interestingly, amorphous samples such as blood
clot[328] or sputum from cystic fibrosis patients[329] can also be
cleared and further visualized in situ to reveal spatial distribution
of bacteria with associated proteins and nucleic acids and there-
fore to decipher their otherwise inaccessible microenvironment.
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Figure 48. Clearing efficiency with a particular method might be not only organ-specific, but also organ-form dependent. a) Note that, with respect to
tissue transmittance, 3DISCO outperforms uDISCO on 2-mm-thick brain slices, while b) being less effective for whole-brain clearing. Reproduced under
the terms of the CC-BY Creative Commons Attribution 3.0 Unported license (https://creativecommons.org/licenses/by/3.0/).[337] Copyright 2018, The
Authors. Published by SPIE.

Moreover, TOC opens ample avenues to visualize development
and spread of endoparasites to study host-parasite interactions
in situ at molecular level in 3D, as presented by investigation of
Trichobilharzia regentmigration through murine central nervous
system[330] or tracing of malaria parasites development and their
accumulation into salivary glands of mosquito vectors.[331]

Combination of optical clearing of single cells with hyperspec-
tral dark-fieldmicroscopy leads to a significant increase in signal-
to-noise ratio, which in turn allows for simplified detection of pro-
teins, transcripts or intracellularly grown particulates (Figure 47),
which otherwise (as in the case of in situ hybridization) require
perplexing staining with multiple dyes.[332]

6. Further Directions

To conclude, it should be noted that TOC is still a novel, rapidly
expanding set of methodologies that require standardization of
the described protocols. Until now, the vast majority of methods
were proposed as based on serendipitous observations, instead
of planned actions, relying on chemical properties of the tested
compounds. However, the first advanced steps upon introduc-
tion of clearing solutions based on profound, chemical screening,
start to emerge and have already contributed to a wide palette of
CUBIC clearing reagents.[61,62] It is crucial to develop such de-

liberated chemical solutions, as obviously no single method can
fit all the needs, as readily presented by Kieffer et al.,[251] who al-
ready had to apply two chemically distinct approaches (CUBIC
and PACT) to study dynamic spread of HIV infection. Moreover,
it seems logical, and was recently supported by the detailed study
by Kim et al.,[333] that as the organs differ in terms of lipid and
protein content along with the cell package, they also require
different TOC approaches for the optimal clearing. The authors
described the workflow routine which facilitates the side-by-side
assessment of contribution of 1) lipid extraction, 2) RI match-
ing, and 3) tissue size alterations, to the final tissue transparency.
Noteworthy, they reported 1-mm-thick slices of lung and kidney
transparency, but not brain and liver, to be highly dependent on
lipid removal. The presented approach, when applied to other
organs, might be very insightful as it already helped to clarify
why lipid-sparing techniques, such as SeeDB and ClearT/T2, were
shown useful for deep neuronal tracing, but failed to be broadly
utilized with peripheral organs. However, it should be noted that
clearing efficacy of millimeter-thick tissue slices does not obvi-
ously recapitulate whole-organ clearing conditions (which cer-
tainly differs from slices in terms of, e.g., OCAs penetration, ef-
flux of already solvated lipids or organ size alteration, Figure 48).
Although the already existing palette of TOC methods is un-

doubtedly vast and proved to be useful, several tuned protocols
such as FDISCO and 2ECi clearly show that seemingly meager
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changes might still lead to significant improvements in the field.
Presumably, combination of TOCwith gold standard techniques,
such asGolgi[334,335] or Congo red[336] stainings, will give a new life
to this well established methods. Comparative studies, in which
many TOCmethods are being side-by-side applied to the organ of
interest, will also serve as a valuable reference for choosing the
most optimal approaches from the plethora of already existing
techniques.[337–339]
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R. Tomer, D. Boerboom, P. Carmeliet, K. Deisseroth, A. J. W. Hsueh,
Sci. Rep. 2017, 7, 44810.

[262] W. Hu, A. Tamadon, A. J. W. Hsueh, Y. Feng, J. Visualized Exp. 2017,
e56141.

Laser Photonics Rev. 2019, 13, 1800292 1800292 (49 of 51) C© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

[263] K. Kagami, Y. Shinmyo, M. Ono, H. Kawasaki, H. Fujiwara, Reprod.
Biol. Endocrinol. 2018, 16, 72.

[264] K. Kagami, Y. Shinmyo, M. Ono, H. Kawasaki, H. Fujiwara, Sci. Rep.
2017, 7, 5964.

[265] Z. Vue, G. Gonzalez, C. A. Stewart, S. Mehra, R. R. Behringer, Mol.
Reprod. Dev. 2018, 85, 397.

[266] R. Arora, A. Fries, K. Oelerich, K. Marchuk, K. Sabeur, L. C. Giudice,
D. J. Laird, Development 2016, 143, 4749.

[267] K. Mikolajewicz, G. Chodaczek, Immunol. Cell Biol. 2018, 97, 104.
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[287] A. Grüneboom, I. Hawwari, D. Weidner, S. Culemann, S. Müller, S.
Henneberg, A. Brenzel, S. Merz, L. Bornemann, K. Zec, M.Wuelling,
L. Kling, M. Hasenberg, S. Voortmann, S. Lang, W. Baum, A. Ohs, O.
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J. C. Schittny, G. Burgstaller, W. Hofmann, T. Stoeger, Daniel Razan-
sky, A. Walch, O. Schmid, ACS Nano 2019, 13, 1029.

[311] K. Togami, A. Kitayama, T. Daisho, R. Wang, H. Tada, S. Chono, Biol.
Pharm. Bull. 2018, 41, 24.

Laser Photonics Rev. 2019, 13, 1800292 1800292 (50 of 51) C© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

http://www.advancedsciencenews.com
http://www.lpr-journal.org
https://doi.org/10.1016/j.kint.2019.02.034


www.advancedsciencenews.com www.lpr-journal.org

[312] M. Kellner, M. Heidrich, R. Lorbeer, G. C. Antonopoulos, L. Knud-
sen, C. Wrede, N. Izykowski, R. Grothausmann, D. Jonigk, M. Ochs,
T. Ripken, M. P. Kühnel, H. Meyer, Sci. Rep. 2016, 6, 35606.

[313] J. Woo, M. Lee, J. M. Seo, H. S. Park, Y. E. Cho, Exp. Mol. Med. 2016,
48, e274.

[314] H. Lee, J. Park, I. Seo, S. Park, S. Kim, BMC Dev. Biol. 2014, 14, 48.
[315] S. Sindhwani, A. M. Syed, S. Wilhelm, D. R. Glancy, Y. Y. Chen, M.

Dobosz, W. C. W. Chan, ACS Nano 2016, 10, 5468.
[316] E. Lee, J. Choi, Y. Jo, J. Y. Kim, Y. J. Jang, H. M. Lee, S. Y. Kim, H. Lee,

K. Cho, N. Jung, E. M. Hur, S. J. Jeong, C. Moon, Y. Choe, I. J. Rhyu,
H. Kim, W. Sun, Sci. Rep. 2016, 6, 18631.

[317] L. Bozycki, K. Łukasiewicz, P. Matryba, S. Pikula, Skeletal Muscle
2018, 8, 21.
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