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INTRODUCTION 

We live in a 3-dimensional (3D) space and it is natural for us to 
perceive objects as 3D. However, most of the biomedical tech-
niques are based on 2-dimensional (2D) cross-sectional images, 
and the comprehensive understanding of biological system may 
require a detailed 3D description of tissue and organ structures. 
Computed tomography, magnetic resonance imaging, and pos-
itron emission tomography have been developed to transform 
2D information into 3D, for diagnosis [1-3]. Although these 
methods are powerful tools to obtain 3D information of an en-
tire organism, they still lack the sensitivity to resolve the indi-
vidual cell. Therefore, most histological or pathological obser-
vations are based on the physical characteristics of biological 
samples. In cases where 3D information is ultimately necessary, 
serial sections of the samples are imaged individually, aligned, 

and reconstructed digitally [4]. This is a highly time-consuming 
process, often causing image distortion or loss of information. 
Moreover, the entire structures of large and irregular objects are 
difficult to reconstruct using the known methods. For instance, 
neurons have highly branched axons and dendrites, and the 
structural complexity increases as their axons and dendrites 
travel long distances with widespread innervations. Hence, it is 
virtually impossible to obtain the whole morphology of neu-
rons in intact biological tissues using traditional histological 
methods. 
  In the past decades, many tissue-clearing techniques were 
developed for 3D visualization of macromolecules without tis-
sue sectioning (Table 1). Given that cellular-resolution imaging 
is primarily performed by light microscopy, optical clearing of 
tissue will greatly enhance the penetration of light deep into the 
tissue, allowing the monitoring of deep signals without discon-
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Tissue clearing technology is currently one of the fastest growing fields in biomedical sciences. Tissue clearing techniques have 
become a powerful approach to understand further the structural information of intact biological tissues. Moreover, techno-
logical improvements in tissue clearing and optics allowed the visualization of neural network in the whole brain tissue with 
subcellular resolution. Here, we described an overview of various tissue-clearing techniques, with focus on the tissue-hydrogel 
mediated clearing methods, and discussed the main advantages and limitations of transparent tissue for clinical diagnosis. 
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tinuation. The feasibility of understanding the anatomy and 
structure of biological tissue has increased because of the techni-
cal improvements in recent tissue clearing methods and light mi-
croscopy. Photons and light are dispersed when passing through 
the biological tissue of sufficient thickness. Therefore, light can-
not penetrate deep into the tissues, with the maximal depth pen-
etration by far-red light to be less than 100 μm [5]. Most of the 
incoming light is scattered between the lipophilic membrane and 
aqueous environment of the tissue because each component has 
a different refractive index (RI) in the intact tissue. The tissue 
contains a little luminous source, each sending light in every di-
rection and allowing us to observe a thin layer of tissue. 
  Many methods that optically clear intact tissue without sec-
tioning have been developed. There are two major directions of 
tissue clearing. First, RI matching of the biological tissues is a 
unique method to improve tissue transparency. Biological tis-
sues have intrinsic heterogeneities of RI (1.36–1.55) [5], and 
light is shattered multiple times resulting in an opaque tissue. 
Therefore, tissue transparency of biological samples submerged 
in a RI matching solutions will efficiently increase, especially in 
relatively small and soft tissues such as embryos. However, RI 
matching is not applicable to thick or hard tissue specimens; 
thus, researchers utilized a new method to resolve this problem. 
Second, active delipidation improves transparency because lip-
ids are the main light-scattering factors in biological tissues. 
Combination of RI matching and delipidation substantially im-
proves tissue transparency (Fig. 1). 
  In this review, we discuss the current variations of tissue 
clearing techniques and their future applications in 3D diag-
nostics.

UREA AND OPTICAL CLEARING REAGENT-
BASED METHODS: scale, ClearT, AND SeeDB  

Many researchers have developed techniques to increase the 
transparency via RI matching. RI matching methods are very 
simple and cost-effective; they use passive diffusion and require 
no special equipment. Easily available RI matching reagents, 
such as sugar, fructose, and formamide [6-8], have low molecu-
lar weight and RIs between 1.40 and 1.45. SeeDB (see deep 
brain) [6] and ClearT [7] are examples of simple immersion tis-
sue clearing techniques (Fig. 1A). Biological samples are incu-
bated in a series of immersion solutions with different percent-
ages of fructose and formamide. The main advantage of the RI 
matching method is the maintenance of the structural informa-

tion and fluorescence in biological tissue. However, they rely on 
the free diffusion of immersion solutions; thus, the reaction 
time is very slow and obtaining a completely transparent tissue 
is difficult. To improve the transparency, urea is often included 
in the RI matching solution because of its high RI, water solu-
bility, and hydration in biological tissues [9,10]. The urea-based 
clearing method was named scale (Fig. 1A), and various ver-
sions of it have been reported, such as scaleA2 and scaleU2 [10]. 
Although transparency of tissues was markedly enhanced and 
the fluorescence of the biomarker was maintained, the samples 
swelled and softened during the clearing process with rapid de-
creased in fluorescence signal. These limitations were partially 
overcome by modification in the recipe of the solution, termed 
scaleS (sorbitol-based optical clearing method) [11], which al-
lows minimal volume changes and fluorescence quenching. 

HYDROPHILIC SOLVENT-BASED METHOD: 
CUBIC

The aqueous component-based simple immersion clearing ex-
hibits tissue thickness-related limitation as discussed earlier. 
However, addition of hydrophilic solvent in the RI matchin so-
lution can greatly improve tissue transparency. Clear unob-
structed brain imaging cocktails and computational analysis 
(CUBIC) includes both hydrophilic solvent-based lipid elimi-
nation and RI adjustment steps (Fig. 1B) [12]. Advantages of 
this method include consistent tissue size, high transparency 
rate, and relatively easy procedure. Therefore, this procedure 
can be modified for whole-body clearing with cardiac perfu-
sion of clearing solution [13]. It also maintains signals from 
green fluorescent protein (GFP) variants, and the antibody can 
penetrate the processed tissue. However, white matter or other 
lipid-rich regions remain translucent, and the tissue becomes 
very soft after prolonged lipid removal. Moreover, the overall 
processing time is relatively long (15–19 days for whole mouse 
brain clearing). 

ORGANIC SOLVENT-BASED METHODS: BABB, 
3DISCO, AND iDISCO

Organic solvents can effectively remove lipids of biological tis-
sue by a strong dehydration effect, resulting in a hard and crys-
tal-clear tissue. Methyl salicylate, benzyl alcohol, benzyl benzo-
ate, dichloromethane, and dibenzylether have been used as or-
ganic solvents [14-17]. Benzyl alcohol and benzyl benzoate 
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Simple immersion methods: scale, ClearT and SeeDB

Organic/hydrophilic solvent based methods: BABB, 3DISCO, iDISCO, and CUBIC

Polymer-based methods: CLARITY, PACT (passive clearing), and ACT

Organic solvent or hydrophilic 
solvent (lipids removal)

SDS-electrophoresis 
(lipids removal)

RI matching

RI matching (aqueous solution)

RI matching (serial immersion) A

B

C

Fig. 1. Tissue clearing technology. (A) Simple immersion methods. The tissue is placed in an aqueous clearing solution for days to 
months, and the solution is exchanged during the process (top). In other methods, samples are incubated in a series of immersion so-
lutions with different concentrations. Finally, tissues greatly improve transparency (bottom). (B) Organic/hydrophilic solvent-based 
methods. Solvent-based clearing consists of 2 steps: tissue dehydration and lipid removal, and refractive index (RI) matching. (C) 
Polymer-based clearing methods. The lipid is removed in SDS-containing solution by electrophoresis or passive clearing system. The 
tissue is then placed in RI matching solution. BABB, benzyl alcohol and benzyl benzoate; 3DISCO, 3-dimensional imaging of solvent-
cleared organs; iDISCO, immunolabeling-enabled 3-dimensional imaging of solvent-cleared organs; CUBIC, clear unobstructed 
brain imaging cocktails and computational analysis; CLARITY, clear lipid-exchanged acrylamide-hybridized rigid imaging/immu-
nostaining/in situ hybridization-compatible tissue-hydrogel; PACT, passive clear lipid-exchanged acrylamide-hybridized rigid imag-
ing/immunostaining/in situ hybridization-compatible tissue-hydrogel; ACT, active clarity technique; SDS, sodium dodecyl sulfate .
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(BABB) was the first established organic solvents for tissue 
clearing and has been used for many different types of biologi-
cal tissues in the past decades [14,18,19]. Although high tissue 
transparency is achieved, fluorescence signal is rapidly reduced 
during the clearing process. 3D imaging of solvent-cleared or-
gans (3DISCO) [16] shows better fluorescence preservation 
compared with BABB [14]. Immunolabeling-enabled 3D imag-
ing of solvent-cleared organs (iDISCO) [17] is a recently re-
ported, modified version of 3DISCO (Fig. 1B). These 3 meth-
ods for tissue clearing are composed of a 2-step process: delipi-
dation of biological samples, followed by RI matching. Samples 
become dramatically transparent in organic solvent within sev-
eral hours [20]. Fixatives such as methanol or acetone do not 
generate covalent bonding of macromolecules but precipitate 
by dehydration; thus, proteins are not stably immobilized. This 
cause structural changes in proteins and rapid quenching of re-
porter fluorophores such as GFPs [12]. In addition, dehydration 
and delipidation cause remarkable shrinkage of the samples, 
which is not desirable for accurate quantifications. However, 
shrinkage of samples is beneficial in some cases because it re-
duces the burden for image acquisition and postprocessing 
load. Another concern on these methods is the use of a highly 
toxic organic solvent that requires special care. 

POLYMER-BASED METHODS: CLARITY, PACT, 
and ACT

CLARITY (clear lipid-exchanged acrylamide-hybridized rigid 
imaging/immunostaining/in situ hybridization-compatible tis-
sue-hydrogel) is a new tissue clearing method has been recently 
developed [21]. Unlike other technologies, lipids are selectively 
removed by electrophoresis, whereas DNA and proteins are re-
tained in the biological tissue (Fig. 1C). To keep the important 
substances intact, acrylamide copolymerization is applied after 
molecular cross-linking by fixation. Addition of polymer into 
the tissue can support the integrity of the sample, especially af-
ter lipid removal. Complete removal of membranous compo-
nents markedly increases the transparency of the tissues. The 
porous nature of hydrogel also allows fast penetration of re-
agents into thick tissues. The fluorescent probes are maintained, 
and immunolabeling can be performed repeatedly in the same 
sample. In CLARITY, tissues are incubated in a 4% paraformal-
dehyde (PFA) and hydrogel monomer solution (4% acrylamide 
and 0.05% bisacrylamide solution), which induces cross-linking 
between tissue and hydrogel monomers. A fine hydrogel mesh 

structure is created in intact biological tissue with higher con-
centration of hydrogel monomers in immersion solution [21]. 
As a result, tissue clearing takes a very long time if lipids are to 
be removed by simple diffusion of detergents. Therefore, the 
extraction of all non–cross-linked lipids is achieved by active 
electrophoresis with sodium dodecyl sulfate (SDS)-containing 
tissue clearing buffer (Fig. 2A) [21-23]. CLARITY technique 
requires apparatus for electrophoretic tissue clearing (ETC), 
and the efficacy of the clearing is highly dependent on the ETC 
conditions, such as temperature, pH, and currents.
  PACT (passive clear lipid-exchanged acrylamide-hybridized 
rigid imaging/immunostaining/in situ hybridization-compati-
ble tissue-hydrogel) is a modified version of CLARITY wherein 
tissue fixation and hydrogel infusion steps are separated. Be-
cause fixation-based protein and polymer networks have less 
interactions, resulting tissues are more porous and extraction of 
lipids can be achieved by simple diffusion without electropho-
resis (Fig. 2B) [24]. Although this method allows 3D visualiza-
tion of macromolecules in intact tissue, the entire process for 
clarifying the whole mouse brain is time-consuming, requiring 
several weeks. 
  Rapid clearing of tissues is essential for the application of this 
method to routine basic or clinical laboratory methodology for 
life science research or volume diagnosis. To overcome the limi-
tations of CLARITY technique, active clarity technique (ACT) 
was recently developed. It includes optimized ETC systems and 
tissue hybridization condition for rapid tissue clearing [25]. 
With this technique, it is possible to increase the speed of tissue 
transparency by 30–100 times than CLARITY or other tissue 
transparent techniques. It takes about 6–24 hours to clarify the 
whole organs of the mouse. Because the tissue-hydrogel formed 
in ACT procedure is highly porous as PACT, penetration of 
small compounds and macromolecules such as antibodies is 
more efficient (Fig. 2C). ACT requires several hours for the 
completion of tissue clearing; thus, 3–7 days are required for 
the entire process of 3D immunolabeling with thick sections or 
organs, from sampling to image acquisition [25]. Rapid pro-
cessing time of ACT is by far the most suitable for routine clini-
cal diagnostics. The overall times for 3D imaging with ACT 
processing and 2D imaging with conventional paraffin embed-
ding are similar (<1 week).

GLUTARALDEHYDE-BASED METHOD: SWITCH 

SWITCH (system-wide control of interaction time and kinetics 
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Fig. 2. Comparison of polymer-based methods. (A) CLARITY tissue-polymer system and processing time. Hydrogel monomer mix-
ture contains 4% PFA, 4% acrylamide, and 0.05% bis-acrylamide. After polymerization, cross-linking between tissue and hydrogel 
monomers occurs. The entire processing time to clarify the whole brain of adult mouse is over 2 weeks. (B) PACT tissue-polymer sys-
tem and processing time. This method uses a thick-sliced, fixed sample and 4% acrylamide solution (hydrogel monomer solution), and 
the lipid is passively diffused out from the tissue. The entire processing time to clarify adult mouse brain slices (2-to 3-mm thickness) is 
over 1 week. (C) ACT tissue-polymer system and processing time. Fixed whole brain is incubated in 4% acrylamide solution. After po-
lymerization, the tissue has a less complex tissue-hybrid network formation than CLARITY, and lipid is removed by electrophoretic 
tissue clearing within 6 hours. CLARITY, clear lipid-exchanged acrylamide-hybridized rigid imaging/immunostaining/in situ hybrid-
ization-compatible tissue-hydrogel; PFA paraformaldehyde; PACT, passive clear lipid-exchanged acrylamide-hybridized rigid imag-
ing/immunostaining/in situ hybridization-compatible tissue-hydrogel; ACT, active clarity technique; SDS, sodium dodecyl sulfate .
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of chemicals) is the most recently developed method for pro-
teomic imaging of intact tissues [26]. Aggressive cross-linking 
of proteins with glutaraldehyde makes tissues durable to the 
subsequent harsh processes such as SDS treatments and expo-
sure to high temperature. Therefore, the authors obtained doz-
ens of protein information from the same biological tissue and 
analyzed their significance. The advantages of this technology 
are expected to be used as a molecular diagnostic technique by 
multilabeling of same biological tissue. However, one limitation 
of this strategy is that glutaraldehyde is a very strong fixative, 
which should inactivate many epitope, and the robust screening 
of antibody markers may be required. 

DETECTION OF PROTEIN, RNA, AND OTHER 
MACROMOLECULES AFTER TISSUE CLEARING

Most of the tissue clearing methods described here allow fluo-
rescence imaging of proteins and mRNA in the biological tis-
sues [21,25]. In order to obtain the distribution of proteins in 
transparent tissue, we should first consider the stability of anti-
genicity and penetration efficiency of antibodies. Among tissue 
clearing methods, iDISCO [17], ACT [25], and SWITCH [26] 
reported that tissue antigenicity is relatively well preserved 
throughout the clearing process. However, proteins are exposed 
to different solvents and temperatures, and, thus, the compati-
bility of each antibody should be empirically tested. Another 
important factor is the diffusion of macromolecules into thick 
tissues. The pore size of the processed tissue is a critical deter-
minant for the extent of macromolecule diffusion. Therefore, 
highly porous structures are desirable in CUBIC, PACT, or 
ACT, whereas CLARITY or iDISCO has significant limitation 
of free diffusion. Although it is generally true that lipid removal 
increases the pore size of the tissues and penetrability, dense 
connective tissues may also block the diffusion of macromole-
cules. To overcome this limitation, many methods are designed 
to actively deliver macromolecules into deep tissues by altering 
electrical, physical, and chemical factors, such as stochastic 
electrotransport [27], PRESTO (pressure related efficient and 
stable transfer of macromolecules into the organs) [25], and 
SWITCH [26], respectively. These techniques could be applica-
ble to the wide variety of tissue labeling techniques.
  While achieving covalent linkages between amino acid resi-
dues in the process of tissue fixation, proteins form a network 
that improves their stability after tissue clearing. However, RNA 
and DNA do not have amino acid residues, and thus they are 

not stable in fixed biological tissue. There is a possibility that the 
position of RNA and DNA is changed by their electrical prop-
erties in techniques using electrophoresis for tissue clearing 
such as CLARITY [21] and ACT [25]. Therefore, it is necessary 
to use a polymer that has the ability to capture RNA and form a 
stable cross-linking within tissue-hydrogel polymer. Recently, 
EDC-CLARITY (1-ethyl-3-3-dimethyl-aminopropyl carbodi-
imide-CLARITY) [28] was developed to achieve high resolu-
tion imaging of diverse coding and non-coding RNAs within 
intact tissue. For fixation of targeting functional groups on the 
RNA molecules, researchers used EDC and PFA. This method 
enables volumetric RNA detection in transparent biological tis-
sue [28]. However, EDC-CLARITY has limitations including 
complex experimental approach and specialized apparatus; 
thus, it still requires improvements in the procedure.

CONCLUSION

We are now able to see through the tissues using clearing tech-
nologies mentioned above. It is expected that tissue-clearing 
methods will soon be applied to 3D diagnosis. In order to do 
so, development of better imaging techniques is necessary. Rap-
id imaging is essential in clinical diagnosis; the whole process 
from tissue collection to image analysis should be finished 
within a few days. Currently, ACT can achieve the most rapid 
tissue clearing and immunolabeling within 5–7 days. Conven-
tional confocal microscopy requires 24–50 hours for comple-
tion of 1 mm3 in general. Imaging speed and resolution are very 
important factors in diagnosis, and fast fluorescence imaging 
techniques such as single plane illumination microscopy [29] 
or a high resolution fine structure imaging technology using 
scattering of light such as optical coherence tomography [30] 
may improve the speed and reliability of 3D imaging for clinical 
diagnosis. 
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