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Physical and chemical mechanisms
of tissue optical clearing

Tingting Yu,"? Jingtan Zhu,"? Dongyu Li,"? and Dan Zhu'?*

SUMMARY

Advanced optical methods combined with various probes pave the way toward
molecular imaging within living cells. However, major challenges are associated
with the need to enhance the imaging resolution even further to the subcellular
level for the imaging of larger tissues, as well as for in vivo studies. High scat-
tering and absorption of opaque tissues limit the penetration of light into deep
tissues and thus the optical imaging depth. Tissue optical clearing technique pro-
vides an innovative way to perform deep-tissue imaging. Recently, various optical
clearing methods have been developed, which provide tissue clearing based on
similar physical principles via different chemical approaches. Here, we introduce
the mechanisms of the current clearing methods from fundamental physical and
chemical perspectives, including the main physical principle, refractive index
matching via various chemical approaches, such as dissociation of collagen, deli-
pidation, decalcification, dehydration, and hyperhydration, to reduce scattering,
as well as decolorization to reduce absorption.

INTRODUCTION

Biomedical photonics is currently one of the fastest-growing fields in the life sciences, connecting research
in physics, optics, and electrical engineering coupled with medical or biological applications and allowing
structural and functional analysis of tissues and cells with resolution and contrast unattainable by any other
method. Advanced optical methods combined with the various probes pave the way toward real molecular
imaging within living cells. However, major challenges are associated with the need to enhance the imag-
ing resolution even further to the subcellular level for the imaging of larger tissue blocks or organs, as well
as for in vivo studies. The high scattering of turbid tissues limits the penetration of visible and near-infrared
light, and both the imaging resolution and the contrast decrease as the light propagates deeper into the
tissue (Tuchin et al., 1997). Various optical imaging techniques have been developed for deeper tissue im-
aging (Gratton, 2011; Wang et al., 2018a; Ueda et al., 2020; Zhang et al., 2019). Alternatively, reducing tissue
scattering and absorption could also significantly enhance the optical imaging of deep-tissue structures
(Tuchin, 2006; Zhu et al., 2013; Yu et al., 2018). For example, White created a transparent adult zebrafish
to study cancer pathology and cancer development in real time (White et al., 2008), but this method is un-
suitable for studies in other animals or humans.

Tissue optical clearing technique provides an innovative way to perform deep-tissue imaging by making
tissue more transparent and reducing the attenuation of light by using various optical clearing agents
(OCAs) (Tuchin et al., 1997; Tuchin, 2006; Zhu et al., 2013) and has been applied in many biomedical fields
(Kurihara et al., 2015; Silva Santisteban et al., 2017; Kubota et al., 2017; Lai et al., 2018; Yin et al., 2019). The
mismatch in the refractive index (RI) between scattering particles and background medium causes the
strong scattering of tissue (Tuchin, 2006). The introduction of high Rl chemical agents into tissue and/or
the efflux of water out of tissue by the hyperosmolarity of agents would increase the Rl of the background
medium. The removal of high Rl scattering particles, such as lipids and proteins, can also enhance the Rl
matching in tissue to reduce the scattering of tissue. In addition, some endogenous pigments with strong
absorption in biological tissues, such as heme, melanin, etc., are also essential factors limiting the optical
imaging performance in deep tissue. Removal of these pigments reduces the attenuation of energy during
light transport to facilitate deep penetration into thick tissues.

RI matching can reduce the scattering of tissue and make tissue transparent, which has been regarded as
the essential foundation of tissue optical clearing. According to this principle, OCAs with higher refractive
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Figure 1. Principles of tissue optical clearing

Reducing light scattering and light absorption are the main physical principles of tissue optical clearing. RI matching can
reduce scattering, and removal of pigments can reduce light absorption. Various chemical-biomolecule interactions
contribute to these physical effects, resulting in tissue optical clearing.

indices should induce better optical clearing efficacy to biological tissues. LaComb et al. supported this
mechanism by examining the clearing capabilities in striated muscle and tendon (Lacomb et al., 2008).
However, the optical clearing efficacy in skin did not directly correlate with the refractive indices of
OCAs (Choi et al., 2005; Mao et al., 2008), but other reports demonstrated that the optical clearing effect
of the skin induced by alcohols is positively correlated with the number of hydroxyl groups (Mao et al.,
2008), which may be explained by the dissociation of collagen caused by OCAs (Hirshburg et al., 2007).
Many studies have proved that dehydration is also one of the important mechanisms for skin optical
clearing (Tuchin et al., 1997; Yu et al., 2011, Rylander et al., 2006; Xu and Wang, 2003). It is well known
that tissue is composed of various components, including water, proteins, lipids, mineral compositions,
and many other molecules, and the concentrations of these components vary in different types of tissues.
Therefore, the variety of optical clearing mechanisms under discussion should result from complex inter-
actions between agents and tissues (Tainaka et al., 2014, 2016; Richardson and Lichtman, 2015).

In this review, we focus on the mechanisms of tissue optical clearing from fundamental physical or chemical
perspectives. The main physical principles include the reductions of light scattering via Rl matching and
light absorption via removal of pigments in tissues. Both reductions result from the interactions between
chemicals and biomolecules, including collagen dissociation, delipidation, decalcification, dehydration,
and hyperhydration for RI matching and decolorization for pigment removal (Figure 1).

REFRACTIVE INDEX MATCHING

As mentioned above, RI matching is the main concept of tissue optical clearing. Tissues are densely packed
with many types of substances, including scattering particles with higher RI (1.39-1.52), i.e., fibers, cell
membrane, cell nucleus, and cell organelles, and surrounding media with lower RI (1.33-1.37), i.e., intersti-
tial fluid and/or cytoplasm (Figure 2A). As shown in the right panel of Figure 2A, the actual refractive indices
of these tissue structural elements vary, but the index variations can be represented by a statistically
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Figure 2. Refractive index matching and tissue optical clearing

(A) Sketch map of biological tissue components and Rl difference in different components (adapted from the study by
[Tuchin, 2006)).

(B) Variation of the reduced scattering coefficient with different parameters at a specific wavelength, including particle
diameter (a), particle density (ps), scatterer Rl (ng), and background RI (n).

equivalent volume of discrete particles of the same index (ny) but different size (Tuchin, 2006). The differ-
ence in the refractive indices of these complex components and structures results in strong light scattering
and prevents light traveling in tissues to impede deep imaging. Rl matching by adjusting these RI differ-
ences was proposed to address this issue.

As biological tissues have complicated structures, the interactions between tissues and different OCAs are
very complex, which prevents the understanding of the optical clearing mechanisms. Tissue-simulating
phantoms with high homogeneity and stability, such as Intralipid, are an available and adequate model
to block the biological effect of tissues and give a direct answer to the physical mechanism of optical
clearing (Tuchin, 2002). To elucidate the physical mechanism of optical clearing, Wen et al. investigated
the changes in the optical properties of Intralipid caused by different OCAs (Wen et al., 2009).

To acquire the reduced scattering coefficient (us’) of the mixtures, Graaff et al. proposed a simplified Mie
theory (Equation 1) (Graaff et al., 1992):

2.09
uL = 3.28wa%p,(2ma/ )Y (% - 1) (Equation 1)
b

where a represents the mean diameter of the particles, ps is the volume density of the particles, A is the
wavelength, and ng and n,, are the Rl of scatterers and background, respectively. The RI matching factor
(i.e., m) is defined by n, divided by np,. According to this formula, the scattering property is largely deter-
mined by the Rl matching factor, but changes of size and density of the scattering particles also contribute
to the change of the scattering property. Figure 2B shows the variations of the reduced scattering coeffi-
cient with the individual parameters of particle size, particle density, scatterer RI, or background Rl while all
other parameters, except for the studied parameter, are kept constant.

Based on this simplified Mie theory, Wen et al. predicted the scattering property of Intralipid solution. The
theoretical prediction matches well with the experimentally measured scattering coefficient. OCAs made
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Table 1. Common Rl matching solutions

Type Chemicals RI Clearing methods or cocktails
Hydrophilic reagents Glycerol 1.48 Scale, CLARITY, ScaleS, SOCW, FOCM

Fructose 1.49 SeeDB, FRUIT

Sucrose 1.44 CUBIC, UbasM

Sorbitol 1.47 SOCS, sRIMS, DMSO/Sorbitol, ScaleS, MACS,

FOCM

Xylitol 1.39 ClearSee, ePro-ClearSee

Polyethylene glycol 1.46-1.47 Clear™?, PEGASOS

lohexol - RIMS, C.3D, SeeDB2

lodixanol 1.41 SWITCH

Diatrizoic acid - FocusClear, Stochastic electrotransport

Antipyrine 1.59 CUBIC-R, CUBIC-RA

N-methylnicotinamide 1.58 CUBIC-R, CUBIC-RA

Nicotinamide 1.47 CUBIC-R, CUBIC-R+

N-methyl-d-glucamine - Stochastic electrotransport, SWITCH

DMSO 1.48 DMSO/Sorbitol, ScaleS, FOCM

TDE 1.52 TDE/PBS, TOMEI, LUCID, CLARITY

Phosphoric acid 1.43 Phosphoric acid (8.5-14.2 M)
Hydrophobic reagents Methyl salicylate 1.54 Spalteholz’s technique

Benzyl alcohol 1.54 BABB, uDISCO, vDISCO

Benzyl benzoate 1.57 BABB, uDISCO, vDISCO, PEGASOS

DBE 1.56 3DISCO, iDISCO, iDISCO+, FDISCO, Adipo-

Clear, CalAdipoClear

DPE 1.58 ubISCO

ECi 1.56 Ethanol-ECi, 2ECi

Resin 1.56 CRISTAL

the Intralipid solutions transparent, and the clearing effect of the OCAs increased in the order of 1,2-pro-
panediol, 1,4-butanediol, glycerol, and dimethyl sulfoxide (DMSO), in parallel to the RI, which increased in
the same order. Then, a further simplified formula was deduced at 589 nm (wavelength of commonly used
light source of Abbe refractometers) where n, of the Intralipid solution was calculated to be 1.475:

1.47 209
L= ( > 1) (Equation 2)

When the size and density of scatterers remain unchanged, k is a constant. By fitting Equation 2 to the
experimental data, k of 739.8 was obtained (Wen et al., 2009). If OCAs keep the solution uniform and do
not change the particle size, the formula can be used to predict the OCA-induced change of the scattering
property. A higher background Rl was correlated with a stronger decrease in the reduced scattering coef-
ficient and a better optical clearing effect. This reveals that increasing the background Rl results in RI
matching of the mixture. Regarding the physical principle, increasing RI matching to reduce light scattering
of tissue is one essential mechanism of tissue optical clearing.

Based on this principle, various strategies have been employed to achieve RI matching, such as the removal
of low Rl water, removal of high Rl lipid, dissociation of protein followed by the import of RI matching so-
lutions, etc. In most tissue optical clearing methods, high Rl reagents or cocktails termed as Rl matching
solutions were employed for Rl matching (Table 1). Rl matching solutions mainly include hydrophilic and
hydrophobic reagents. The former mainly include a high concentration of sugars, sugar alcohols, contrast
agents, or amides with high Rls (1.38-1.52), such as glycerol (Chung et al., 2013; Hama et al., 2011, 2015; Zhu
et al., 2019; Zhao et al., 2018), sucrose (Tsai et al., 2009; Susaki et al., 2014; Chen et al., 2017), fructose
(Ke et al., 2013; Hou et al., 2015; Hildebrand et al., 2020), sorbitol (Yang et al., 2014; Economo et al.,
2016; Zhu et al., 2020), PEG8000 (Kuwajima et al., 2013), iohexol (Yang et al., 2014; Treweek et al., 2015;
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Ke et al., 2016; Li et al., 2017), iodixanol (Murray et al., 2015), diatrizoic acid (Lin et al., 2007), and N-meth-
ylnicotinamide (Tainaka et al., 2018; Kubota et al., 2017). Some other molecules, such as sulfoxides (e.g.,
DMSO) (Economo et al., 2016; Hama et al., 2015), 2,2'-thiodiethanol (TDE) (Costantini et al., 2015; Di Gio-
vanna et al., 2018; Mizutani et al., 2018), and anionic molecules (e.g., phosphoric acid) (Umezawa et al.,
2019), were also employed to match the RI. Notably, the final Rl matching solution is often comprised of
cocktails of these reagents, such as the dPROTOS in ELAST (entangled link-augmented stretchable tis-
sue-hydrogel) protocol, which uses a mixture of iohexol, TDE, and DMSO (Ku et al., 2020). As hydrophobic
solution, mainly ether or ester reagents are used, such as methyl salicylate (Spalteholz, 1914), benzyl
alcohol-benzyl benzoate (1:2, BABB) (Schwarz et al., 2015; Cai et al., 2019), dibenzyl ether (DBE) (Erturk
et al., 2012a), diphenyl ether (DPE) (Yi et al., 2019), ethyl-3-phenylprop-2-enoate (ECi) (Klingberg et al.,
2017; Masselink et al., 2019), PEGMMAS00 (Jing et al., 2018), and others. These reagents are miscible
with organic solvents and have a high Rl (1.55-1.56), so they can effectively infiltrate into tissues and play
a role of homogenization in optical clearing. Instead of the Rl matching solution, Kellner et al. employed
(liquid) curing with resin monomer mixtures to a polymer matched to the tissues (Kellner et al., 2016).

The other strategy for the reduction of the Rl difference is to expand tissues for more homogeneous Rl in-
side. The development of expansion microscopy provided a new perspective for super-resolution imaging
based on sufficient tissue expansion with swellable hydrogels (Chen et al., 2015; Chang et al., 2017). More-
over, ePACT (PACT-based expansion clearing) (Treweek et al., 2015) and MAP (magnified analysis of the
proteome) (Ku et al., 2016) are also based on hydrogel embedding to expand entire organs, showing
high tissue transparency. The Ueda group developed CUBIC-X to obtain a single-cell-resolution whole-
brain atlas (Murakami et al., 2018).

DISSOCIATION OF COLLAGEN

In investigations on tissue optical clearing, various OCAs, including alcohols, sugars, organic acids, and
organic solvents, have been widely used. Choi et al. showed that the optical clearing efficacy of chemical
agents does neither correlate with Rl nor osmolality, and the hydroxy-terminated organic compounds
demonstrated the highest optical clearing potential (OCP) (Choi et al., 2005). Furthermore, Mao et al. found
that alcohol OCAs with more hydroxyl groups have better optical clearing efficacy with higher relative
transmittance for porcine skin (e.g., 2.00 for glycerol versus 1.38 for 1-butanol after 60-min treatment)
(Mao et al., 2008). The above experimental results demonstrated that skin optical clearing efficacy was
correlated with the molecular structure of OCAs, which should be due to some interactions between
OCAs and the molecular components of the skin, i.e., collagen fibers.

Collagen fibers are widely distributed in various biological tissues, such as skin dermis, corneal stroma,
muscle, tendon, etc. Collagen fibers have complex self-assembled structures, which make them strong
scattering sources in biological tissues (Yeh and Hirshburg, 2006). Synthetic collagen-like peptides have
been used to demonstrate that self-assembly of secondary and tertiary structures of collagen | is driven
by interactions of specific hydrophobic and electrostatic binding sites. The stability of these structures is
enhanced by inductive (electronegativity) effects conferred by hydroxyproline residues. For higher-order
structures, hydrogen bonding is the primary bonding force between collagen triple helices. OCAs with
multiple hydroxyl groups can have strong electronegativity, which may screen the hydrogen bonds in
collagen triple helices to trigger the dissociation of the higher-order structure of collagen. As the screening
of the hydrogen bonds in collagen triple helices is a non-covalent effect, the effect of the OCAs on the
dissociation of collagen can be reversible. Yeh et al. observed the dissociation of collagen fibers of
in vitro skin tissues after immersion in OCA (e.g., glycerol) and a recovery of the collagen fibrous structure
after removal of excess glycerol and subsequent application of PBS (phosphate buffer saline) by second-
harmonic generation imaging (Yeh et al., 2003). In addition, the destabilization of high-order collagen
structures resulted in primary light scatterers with smaller size, which may also contribute to skin optical
clearing according to Equation 1 (Hirshburg et al., 2007). Based on these results, we illustrated the disso-
ciation or looseness of collagen structures in Figure 3A.

Hirshburg et al. used molecular dynamics (MD) simulation to explore the hydrogen bond formation be-
tween alcohols and collagen molecules (Hirshburg et al., 2010). They divided the hydrogen bond bridges
between alcohols and collagens into different types. The index of the type of hydrogen bond bridge is
related to the number of carbon atoms of the alcohols in a hydrogen bond bridge. Higher bridge types
are further expanded across the collagen surface and can disrupt collagen-collagen and collagen-water
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Figure 3. Dissociation of collagen fibers

(A) Sketch map of the reversible effect of OCAs (e.g., glycerol).

(B) Chemical structures of fructose, sucrose, and maltose, and schematic representation of the hydrogen bond formation
of these sugars with representative collagen-mimetic peptides, respectively. The more hydrogen bonds form, the higher
the amount of disrupted hydration shells and water-mediated hydrogen bonds. The average numbers of hydrogen bonds
formed per ps for fructose, sucrose, and maltose are 1.254, 1.307, and 1.292, respectively, with fructose exhibiting the best
OCP (adapted from the study by [Feng et al., 2016]).

interactions potentially better than lower bridge types. Thus, the optical clearing efficacy of alcohols with
hydroxyl group pairs with longer distance on the carbon chain will be better than that of alcohols only hav-
ing hydroxyl groups adjacent to each other.

Considering that sugars also have hydroxyl groups, Zhu's group focused on monosaccharides and saccha-
rides (Wang et al., 2014; Feng et al., 2016). MD simulation was applied to evaluate the OCPs of fructose,
glucose, and ribose according to their propensities to form hydrogen bonds and bridges. Previous studies
showed that the tertiary structures and triple helices of collagen were stabilized and organized for higher-
order assembly by water bridges and a hydration shell (Hirshburg et al., 2006; Kuznetsova et al., 1998; Rav-
ikumar and Hwang, 2008; Ravikumar et al., 2007). Furthermore, the formation of hydrogen bonds and
hydrogen bond bridges between chemical agents and collagen disrupts the water bridges and hydration
shell, resulting in the destabilization of the higher-order structures of collagen (Yeh and Hirshburg, 2006;
Hirshburg et al., 2007). Thus, the propensity of sugars to form hydrogen bonds and bridges can be consid-
ered as a measure of their optical clearing efficacy. The more hydrogen bonds and bridges a sugar forms,
the more effectively water bridges and hydration shell are disrupted. Wang et al. found that fructose forms
more hydrogen bonds and bridges than the other sugars, while ribose forms the fewest hydrogen bonds
and bridges, which is in agreement with the experimental results in skin tissues (Wang et al., 2014).

Apart from the number of hydroxyl groups, Hirshburg et al. found that an increase of the molecular size of
the OCAs could also increase the efficacy of tissue optical clearing (Hirshburg, 2009). Considering that di-
saccharides have a larger molecular size and more hydroxyl groups than the above three monosaccharides,
Zhu's group further investigated the OCPs of sucrose and maltose as representative disaccharides by theo-
retical simulation and compared the results with ex vivo and in vivo experiments of fructose (Feng et al.,
2016). Figure 3B shows the chemical structures of the three agents and the hydrogen bonds they formed
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Table 2. Main delipidation chemicals in tissue clearing techniques

Group Chemicals Clearing methods or cocktails
Solvents THF 3DISCO, FDISCO, vDISCO
DCM 3DISCO, uDISCO, iDISCO(+), Adipo-Clear,
CalAdipoClear, SHANEL
Aminoalcohols Quadrol ScaleCUBIC-1, vDISCO, PEGASOS

Aliphatic amine

Detergents

Oligosaccharides

Triethanolamine
N-butyldiethanolamine
1,3-BAC

Triton X-100

Saponin

SDS

SDC

SDBS

CHAPS
methyl-cyclodextrin

y-cyclodextrin

ScaleCUBIC-2, RTF
CUBIC-L

CUBIC-HL

Scale, UbasM, SUT, C.3D, CUBIC, vDISCO
SeeDB2

CLARITY and its derivatives
SeeNet, ClearSee

USOCA

SHANEL

ScaleS, vDISCO

ScaleS

¢? CellPress
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with collagen-mimetic peptide. It is expected that the more hydrogen bonds and hydrogen bond bridges
an agent forms, the higher the amount of disrupted hydration shell and water-mediated hydrogen bonds.
The average numbers of hydrogen bonds formed between an agent and two collagen-mimetic peptides
per ps are 1.254, 1.307, and 1.292 for fructose, sucrose, and maltose, respectively. This indicates that su-
crose has the strongest ability to disrupt the hydration shell and water-mediated hydrogen bonds. There-
fore, the quality of skin OCP is predicted to decrease from sucrose over maltose to fructose. The results of
the theoretical simulation were experimentally confirmed, which effectively prevents blindness and time-
consuming experiments.

Among clearing reagents, urea is a serendipitously discovered reagent with remarkable clearing capability.
In Scale, urea can induce obvious tissue expansion and transparency (Hama et al., 2011). It is hypothesized
that urea relaxes protein scaffolds that are involved in solid tissue frameworks, such as collagen fibers, by
forming hydrogen bonds and disturbing hydrogen-bonding networks of proteins (Tainaka et al., 2016). In
ScaleS, N-acetyl-L-hydroxyproline (trans-1-acetyl-4-hydroxyl-proline) was also introduced to solvate
collagen fibers to relax entangled protein networks (Hama et al., 2015).

Dissociation or relaxation of dense collagen fibers may render the tissue optically clear or accelerate mo-
lecular influx into tissues, playing an important role in tissue optical clearing.

DELIPIDATION

Besides the proteins such as collagen described above, lipid is another cellular component with a high Rl in
most biological tissues. The lipid content reaches up to more than 70% in adipose tissue, and it is about
20% in white matter or tongue. Most soft tissues contain about 10% lipids. Lipid in tissues does not only
cause light scattering within the tissue due to its high Rl but also hinder the influx of the external medium
as the main component of membranes. Thus, tissue delipidation is important for the full clearing of tissues
and permeation of external molecules.

Removal of lipid is mainly achieved by specific solvents or water-soluble molecules (e.g., detergents and
aminoalcohols) in current tissue optical clearing techniques (Table 2).

In solvent-based clearing methods, delipidation is usually accompanied by dehydration (Richardson and
Lichtman, 2015). Dodt's group first used ethanol as a dehydration reagent and BABB as a Rl matching re-
agent to clear tissues (Dodt et al., 2007; Becker et al., 2008; Jahrling et al., 2009; Jahrling et al., 2008). How-
ever, these reagents did not achieve sufficient transparency in adult tissues containing a high degree of
lipids, such as the rodent spinal cord and brainstem. To overcome this limitation, they replaced ethanol
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by tetrahydrofuran (THF) and introduced dichloromethane (DCM) to improve the tissue transparency due
to the good lipid-solvating capability of these solvents (Becker et al., 2012; Erturk et al., 2012b). Further-
more, the combination of THF with dibenzyl ether (DBE) resulted in the 3DISCO method, providing an
improved tissue transparency and fluorescence signal (Erturk et al., 2012a). In general, for delipidation,
DCM was also used only for short incubation times because of the trade-off between transparency and
endogenous fluorescence preservation (Erturk et al., 2012a; Pan et al., 2016). Zhao et al. adopted DCM
for delipidation in SHANEL (small-micelle-mediated human organ efficient clearing and labeling) clearing
of human organs (Zhao et al., 2020). Other alcohols, such as 1-propanediol and tert-butanol (Schwarz et al.,
2015; Pan et al., 2016; Jing et al., 2018), were also used for delipidation in solvent-based clearing methods
such as FluoClearBABB (Schwarz et al., 2015), uDISCO (Pan et al., 2016), and PEGASOS (Jing et al., 2018)
method.

Among water-soluble molecules, detergents and aminoalcohols play an important role in lipid removal.

The ScaleA2 clearing agent proposed by Miyawaki’s group is composed of urea, glycerol, and Triton X-100
(Hama et al., 2011). Triton X-100 is a commonly used nonionic detergent in cell biology that can dissolve
lipids to increase the cell permeability by incorporating the lipids into a micelle. Corresponding to the com-
ponents of ScaleA2, Ueda’s group screened a lot of chemicals including polyhydric alcohols, detergents,
and hydrophilic small molecules (Susaki et al., 2014). To evaluate the ability to dissolve brain tissue, fixed
brain homogenate was mixed with different solutions, and the OD600 (optical density at 600 nm) was
measured, which was expected to correlate with the potential solubility of brain lipids (Susaki et al.,
2014). All the detergents induced a decrease of the OD600 of the brain homogenate to a certain extent.
Among the tested detergents, Triton X-100 and sodium deoxycholate (SDC) showed the highest levels
of solubilizing activity. In addition, a series of aminoalcohols, including Quadrol and triethanolamine,
also exhibited a considerable tissue solubilizing activity (Susaki et al., 2014), indicating potential clearing
capability. It is speculated that the cationic amino group in aminoalcohols contributes to solvating anionic
phospholipids. In other words, aminoalcohols presumably solubilize phospholipids by electrostatic inter-
action. Taking account of the clearing performance and fluorescence preservation, a cocktail of urea,
Quadrol, and Triton X-100 was mixed as the first reagent in the CUBIC protocol, i.e., ScaleCUBIC-1 (Susaki
and Ueda, 2016), and triethanolamine was also included in ScaleCUBIC-2 to further increase tissue trans-
mittance (Susaki et al., 2014; Tainaka et al., 2014). In addition, for the whole-body profiling of cancer metas-
tasis, the optimized cocktail of 10 w9%/10w % N-butyldiethanolamine/Triton X-100 (termed CUBIC-L) was
reported for highly effective delipidation (Kubota et al., 2017). Recently, the aliphatic amine 1,3-bis(amino-
methyl)cyclohexane (1,3-BAC) also showed high lipid solubility and contributed to rapid delipidation in the
CUBIC-HL cocktail (Tainaka et al., 2018).

Saponin is a widely used mild nonionic detergent that was also utilized for delipidation to permeabilize
cellular membranes in tissue clearing methods. For instance, it was used to facilitate the permeation of io-
hexol in SeeDB2 clearing (Ke et al., 2016) and the diffusion of hydrogel monomer solution into human or
zebrafish tissue in CLARITY clearing (Chung et al., 2013).

Sodium dodecyl sulfate (SDS) is an ionic detergent with strong lipid dissolving capability. All CLARITY-
related clearing methods are based on delipidation by SDS. Passive diffusion of detergent micelles into
tissues is very slow, presumably due to their large molecular size (Tainaka et al., 2016; Zhao et al., 2020).
To achieve sufficient delipidation or permeation in large tissues, the diffusion of detergents within the tis-
sues needs to be accelerated. The utilization of urea in Scale, CUBIC, and SUT methods can promote the
passive influx of detergents by increasing the internal osmotic pressure (Hama et al., 2011; Susaki et al.,
2014, 2015; Tainaka et al., 2014; Wang et al., 2018b). Some other strategies, including electric field poten-
tial, perfusion, and thermal energy, have also been utilized to promote the diffusion of detergents, such as
SDS (Figure 4).

In 2013, Chung et al. proposed the distinct clearing method CLARITY, which is based on hydrogel embed-
ding and electrophoresis (Chung et al., 2013). In this method, SDS was used to remove the lipid of hydro-
gel-embedded samples, and the removal was accelerated by an electric field potential applied in the
electrophoresis approach. However, its application was limited to low electric fields, as using high electric
fields can damage tissue structures (Kim et al., 2015; Lee et al., 2016). Chung's group introduced stochastic
electrotransport by using a rotational electric field (Kim et al., 2015), which can selectively transport highly
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Figure 4. Delipidation by detergents

Passive incubation for the diffusion of detergents is very slow. Permeation of detergents into tissues can be promoted by
increasing the internal osmotic pressure via the introduction of hyperhydration chemicals such as urea; choosing a
detergent that forms smaller micelles, such as CHAPS; delivering the detergents by perfusion via the vasculature or other
lumens; applying electrical field forces for ionic detergent micelles via different patterns; and increasing the temperature
to enhance molecular movement.

electromobile molecules to rapidly render tissue transparent without tissue damage. They further applied
the stochastic electrotransport method to SHIELD (Park et al., 2018) and eFLASH (Yun et al., 2019) for rapid
delipidation or acceleration of probe penetration. In the recently published ELAST protocol (Ku et al.,
2020), SDS was also used for delipidation after gelation.

Perfusion is another strategy to reinforce detergent diffusion within tissues. Yang et al. first introduced the
perfusion-assisted agent release method PARS (Yang et al., 2014). This method uses the blood circulatory
system or the cerebrospinal fluid route to deliver detergents to the whole body or target organs for rapid
delipidation, facilitating highly efficient whole-organ and whole-body clearing after RIMS (refractive index
matching solution) treatment (Yang et al., 2014). Moreover, Tainaka et al. utilized transcardial perfusion of
half-diluted ScaleCUBIC-1 combined with external immersion for enhancing whole-organ and whole-body
clearing (Tainaka et al., 2014).

In several protocols, thermal activation of diffusion was also adopted to accelerate SDS permeation based
on the temperature dependency of solute diffusion kinetics. Yu et al. reported the elevated temperature-
induced acceleration of PACT and concluded that 42-47°C is an alternative temperature range for PACT,
while higher temperatures would damage the sample by a strong surfactant solution (Yu et al., 2017).
Chung’s group introduced SWITCH-based glutaraldehyde fixation to secure tissue structures. The
SWITCH-processed samples endured prolonged incubation in SDS at high temperatures up to 80°C (Mur-
ray et al., 2015). In the SWITCH method, the thermal energy considerably increased the passive clearing
speed without noticeable tissue damage. Notably, with the increase of temperature, the SDS micelle vol-
ume decreases, and the number of micelles increases (Hammouda, 2013). This facilitates SDS micelle diffu-
sion into tissue, which may be another reason for the thermal reinforcement of SDS permeation besides the
increased molecule kinetics.

SDC is another ionic detergent, which has been used for delipidation in SeeNet (Miyawaki et al., 2020).
Although the light transmittance of SDC-cleared tissues is slightly lower than that of SDS-cleared tissues,
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SDC-cleared tissues exhibited a spatially uniform Rl across the samples and had no opaque areas. SDC has
also been used in plant clearing protocols, such as ClearSee (Kurihara et al., 2015) and ePro-ClearSee (Na-
gaki et al., 2017). Sodium dodecylbenzenesulfonate (SDBS), as an ionic detergent, was used to extract
lipids in the clearing of the skull by USOCA (urea-based skull optical clearing agent) (Zhang et al., 2018).
Recently, Zhao et al. reported that the zwitterionic detergent CHAPS (3-[(3-cholamidopropyl)dimethylam-
monio]-1-propanesulfonate) forms smaller micelles than Triton X-100 and SDS, which could penetrate
more rapidly and deeply into tissue, allowing full permeabilization of aged human organs (Zhao et al.,
2020) (Figure 4). Based on the CHAPS tissue permeabilization approach, SHANEL was proposed to clear
and label stiff human organs.

In addition, some oligosaccharides were employed in clearing protocols for delipidation (mainly for the
extraction of cholesterol), such as methyl-cyclodextrin (Cai et al., 2019; Hama et al., 2015) and y-cyclodex-
trin (Hama et al., 2015).

DECALCIFICATION

Notably, in hard bone or calcified tissue, the mineral components make the Rl higher (1.55-1.65) than the
other tissue components (Ohmi et al., 2000). Therefore, decalcification is indispensable for high transpar-
ency of bone clearing or whole-body clearing. To clear bone tissues or the whole body, decalcification was
carried out prior to the other steps in most clearing methods. Some mineral acids, such as nitric acid, hy-
drochloric acid, and weak organic acids (e.g., formic acid, etc.), were used in histological decalcification
(Susaki and Ueda, 2016; Callis and Sterchi, 1998; Gomes et al., 2008; Begum et al., 2010). Most of these
acids (e.g., nitric acid) can achieve fast decalcification but would cause damage to the bone tissues (Sanjai
et al., 2012; Sangeetha et al., 2013).

Chelating reagents, such as ethylenediaminetetraacetic acid and its disodium salt (both abbreviated as
EDTA), can also be used for decalcification. EDTA causes little damage to tissue and can preserve the ac-
tivity of antigens and certain enzymes in tissues, making it suitable for subsequentimmunochemistry (Sanjai
et al., 2012; Sangeetha et al., 2013). It has been utilized in many in vitro clearing methods, such as PACT-
deCal (Woo et al., 2016), Bone-CLARITY (Greenbaum et al., 2017), PEGASOS (Jing et al., 2018), BoneClear
(Wang et al., 2019), vDISCO (Cai et al., 2019), etc., for bone clearing or whole-body clearing. Konno et al.
also used EDTA for the decalcification of crustaceans prior to whole-mount clearing (Konno and Okazaki,
2018). Zhu's group introduced EDTA in SOCS (skull optical clearing solution) and SOCW (skull optical
clearing window) techniques to create a transparent cranial window for in vivo imaging of the cortex
(Wang et al., 2012; Zhao et al., 2018).

EDTA achieves very gentle decalcification mainly by capturing calcium ions from the surface of the apatite
crystal and thus weakens the microstructure of the bone (Chen et al., 2019). By stimulated Raman scattering
(SRS) imaging, Chen et al. directly visualized the microstructural variation of hydroxyapatite in the skull
before and after treatment with EDTA (Chen et al., 2019). XY images at a depth of 40 um in the same loca-
tion of the skull showed that after 5-10 min of EDTA immersion, a large number of cavities formed around
the bone lacunae, indicating hydroxyapatite corruption (Figure 5). XZ projection images showed that the
thickness of hydroxyapatite in the skull was significantly reduced after EDTA treatment.

Tainaka et al. found that decalcification with EDTA would be substantially facilitated by neutralization with
organic bases instead of inorganic bases. After screening different EDTA derivatives (e.g., PDTA, CyDTA,
DOTA, EGTA, etc.) and organic bases, they concluded that a cocktail combining EDTA and imidazole
(named CUBIC-B) is the optimal decalcification solution (Tainaka et al., 2018).

Recently, Muller et al. reported CalAdipoClear method (Muller et al., 2020), which used Morse solution con-
sisted of one part 45% formic acid/one part 0.68 mM sodium citrate dihydrate for decalcification of spinal
columns, followed by immunolabeling.

DEHYDRATION

Water occupies 70-80% of the volume of tissues and exhibits a much lower Rl (~1.33) than proteins and
lipids (>1.44). Regarding the physical mechanism, when water within tissues is substituted by chemicals
with high RI, the scattering of tissue will be reduced (Tainaka et al., 2016). Therefore, OCA-induced tissue
dehydration is regarded as an important mechanism of tissue optical clearing.
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Figure 5. Microstructural variation of hydroxyapatite

SRS images of the mouse skull before and after topical treatment with EDTA. A large number of cavities formed after
EDTA immersion and the thickness of hydroxyapatite reduced, indicating corruption of hydroxyapatite (adapted from the
study by [Chen et al., 2019]).

Rylander et al. found that air immersion induces a similar but slower increase in tissue transparency than
OCA immersion (e.g., DMSO, glycerol) (Rylander et al., 2006). For air immersion, only water is volatile
and can evaporate from the tissues, hence inducing substantial mass loss. After OCA immersion, the
skin mass also decreases. This result indicates water loss via efflux (dehydration) during clearing, which
should be at least more significant than the weight loss of tissues due to OCA influx. Rylander et al. also
studied the tissues’ ultrastructure and found that dehydration by DMSO or glycerol increases the packing
density of individual scattering particles (e.g., collagen fibrils and organelles), while the size does not
change significantly. The increase of the scattering particle volume fraction contributed substantially to op-
tical clearing in collagenous and cellular tissue. Xu et al. used dual-wavelength analysis to estimate the wa-
ter content of porcine muscles based on diffuse reflectance spectroscopy (Xu and Wang, 2003). Instead of
dual-wavelength analysis, Yu et al. used a partial least-squares regression model based on reflectance
spectroscopy to calculate the water content in absolute values (Yu et al., 2011). Both groups concluded
that the optical clearing effect is strongly correlated with dehydration. These previous studies identified
that dehydration has a major contribution to the reduction of light scattering. Dehydration can also change
the particle size, reduce the background RI, and promote the influx of high Rl reagents or mixtures for final
Rl matching.

During the development of tissue optical clearing techniques, many reagents were employed for tissue
dehydration, mainly including hydrophilic agents or water-miscible polar solvents (Chung et al., 2013) (Ta-
ble 3). As hydrophilic agents, some highly concentrated polyalcohols, such as glycerol (Hama et al., 2011;
Chung et al., 2013), sucrose (Susaki et al., 2014; Tsai et al., 2009; Chen et al., 2017), fructose (Ke et al., 2013,
Hou et al., 2015), sorbitol (Yang et al., 2014; Economo et al., 2016; Zhu et al., 2020), and xylitol (Kurihara
et al., 2015), as well as contrast agents, such as iohexol (Yang et al., 2014; Treweek et al., 2015; Ke et al.,
2016; Li et al.,, 2017) and iodixanol (Murray et al., 2015), were used to dehydrate tissue samples based on
the osmotic difference. In general, these highly concentrated agents produce a higher osmolarity in
external than internal tissues, thereby inducing efflux of water and influx of external molecules. At the
same time, these agents have hydroxyl groups to form hydrogen bonds with proteins, showing a higher
hydrogen-bonding ability than water (Hirshburg et al., 2010). Hence, samples that were dehydrated with
these agents demonstrated a certain degree of transparency.

Water-miscible polar solvents play an essential role in mediating the substitution of water with high Rl ar-
omatic solvents within tissues, as aromatic solvents with high Rl (n > 1.5) are generally immiscible with
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Table 3. Main dehydration reagents for tissue dehydration

Type Chemicals  Features Clearing methods or cocktails
Hydrophilic reagents DMSO Dehydration also inducesa  DMSO/Sorbitol, FOCM

Glycerol degree of transparency Scale, CLARITY

Sucrose Single treatment, CUBIC, UbasM

Fructose SeeDB, FRUIT

Sorbitol DMSO/Sorbitol

Xylitol ClearSee

lohexol RIMS, C.3D, SeeDB2

lodixanol SWITCH

Water-miscible polar solvents  Ethanol Dehydration induces BABB, Ethanol-ECi

Methanol tissue shrinkage iDISCO+, Adipo-Clear, CalAdipoClear
1-propanol FluoClearBABB, 2ECi

Tert-butanol FluoClearBABB, uDISCO, PEGASOS
THF 3DISCO, FDISCO, vDISCO

water. Classically, biological tissues were dehydrated with alcohols, such as ethanol (Dodt et al., 2007;
Becker et al.,, 2008; Jahrling et al., 2009; Klingberg et al., 2017; Kellner et al., 2016). Initially, the tissues
were dehydrated by successively increasing the ethanol concentration to 100%. As the hydrogen-bonding
ability of ethanol is significantly lower than that of water, the tissues were shrunk and hardened after dehy-
dration and showed no sign of transparency like hydrophilic agents. To achieve efficient clearing of lipid-
rich tissues, such as the spinal cord and brainstem, Dodt’s group selected THF as a highly effective and GFP
(green fluorescent protein)-friendly dehydrating reagent among thousands of dehydration chemicals
instead of ethanol (Becker et al., 2012; Erturk et al., 2012b). This polar ether-based protocol has achieved
extremely rapid dehydration (Becker et al., 2012; Erturk et al., 2012a, 2012b) due to its highly permeable
kinetics and has provided improved transparency of cleared large samples after Rl matching due to its
highly efficient lipid solubility.

In recent years, some other alcohols have been used as dehydration agents in solvent-based clearing
methods for improved fluorescence or morphology preservation. For example, Schwarz et al. reported
the FluoClearBABB protocol that uses 1-propanol or tert-butanol for dehydration (Schwarz et al., 2015),
and the Erturk group developed the uDISCO method (Pan et al., 2016) that achieves an improved fluores-
cence by using tert-butanol for dehydration. Renier et al. reported the iDISCO+ protocol wherein THF
dehydration is replaced by methanol dehydration (Renier et al., 2016), resulting in less damage to the tissue
morphology and enabling the automated registration to a reference brain atlas for automated analysis.
Methanol has also been applied for dehydration of adipose tissues (Chi et al., 2018), as well as some clinical
specimens (Scott et al., 2014; Van Royen et al., 2016).

HYPERHYDRATION

Many tissue optical clearing methods benefit from the high hydration of hyperhydration agents, such as
urea and urea-like chemicals (Table 4), which enhance the penetration of clearing reagents into the tissues
to achieve better transparency.

Among the hyperhydration agents, urea was serendipitously discovered to have good clearing capability
(Hama etal., 2011). As a small, uncharged molecule with two NH;, groups, urea can be both a proton donor
and acceptor in hydrogen bond formation, resulting in a strong hydration ability (Jedlovszky and Idrissi,
2008). Therefore, urea can disturb hydrogen-bonding networks of proteins and nucleic acids as a relatively
weak denaturant (Hua et al., 2002; Priyakumar et al., 2009). Moreover, urea can increase the membrane
fluidity to enhance the molecular flux (Barton et al., 1999; Feng et al., 2002), which also contributes to an
enhanced permeation of reagents.

Ureais used in many hyperhydration-based clearing methods. The ScaleA2 cocktail contains 4 M urea, 10%
glycerol, and 0.1% of the nonionic detergent Triton X-100 (Hama et al., 2011). This cocktail achieves good
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Table 4. Comparison of some hyperhydration agents

Chemicals Chemical structures Group RI Water solubility Clearing methods or cocktails
Urea i Amide 1.40 1089/100mL Scale, ScaleS, CUBIC and its derivatives
HoN™ "NH,
Formamide (¢} Amide 1.45 Miscible Clear™™
HJJ\NH2
Thiourea Thioamide 1.53 13.69/100mL Not used in clearing due to its low solubility

S
HQNJ\NH2

1,3-BAC Aliphatic amine 1.49 Soluble CUBIC-HL
H,N NH,,

MXDA Aromatic amine 1.57 Miscible MACS
H,N NH,

transparency in the mouse brain and embryos but causes obvious tissue swelling, presumably because urea
relaxes protein scaffolds involved in solid tissue frameworks, such as collagen fibers, as described above. In
addition, the internal osmotic pressure is increased, which induces an influx of small external molecules,
including water and other ingredients. For instance, Hou et al. utilized a cocktail of fructose and urea in
the FRUIT protocol (Hou et al., 2015), which achieved greater tissue transparency with a shorter clearing
time than fructose alone in the SeeDB protocol. The Miyawaki group further proposed ScaleS, which com-
bines urea, sorbitol, and DMSO and uses a gradient of concentrations to enhance the penetration (Hama
et al., 2015). This protocol not only accelerated the clearing process compared to the sorbitol/DMSO pro-
tocol proposed by Economo et al. (Economo et al., 2016) but also showed excellent preservation of fluo-
rescence and ultrastructure. Both FRUIT and ScaleS protocols demonstrated the importance of the
gradient in solute concentration and the balance of ionic osmotic pressure. Notably, FRUIT and ScaleS
were compatible with the lipophilic dye Dil, suggesting that urea would not disturb the lipid bilayer
membrane.

Furthermore, Ueda’s group developed CUBIC (Susaki et al., 2014) based on Scale. In this method, amino-
alcohol, Triton X-100, and urea were mixed to produce ScaleCUBIC-1 for the removal of lipids and loose-
ness of tissue structure. Then, ScaleCUBIC-2 with high Rl was used to match the Rl of the tissue. This group
also described some other CUBIC-derived protocols that use other molecules, such as CUBIC-cancer anal-
ysis based on the immersion of N-butyldiethanolamine and antipyrine/nicotinamide for whole-body
profiling of cancer metastasis (Kubota et al., 2017), CUBIC-X protocol based on imidazole and antipyrine
reagents to expand and clear the samples (Murakami et al., 2018), as well as a series of additional CUBIC
protocols (I-IV) (Tainaka et al., 2018).

Kuwajima et al. developed a formamide-based clearing protocol termed Clear’ (Kuwajima et al., 2013).
Formamide is a small, uncharged denaturant with both hydrogen donor and acceptor groups (Figure 6).
The hydration energy of urea is expected to be much higher than that of formamide (Jedlovszky and
Idrissi, 2008). However, Clear” demonstrated a more efficient clearing performance than ScaleA2, prob-
ably owing to the delipidation by highly concentrated formamide, which can also solubilize lipids as an
aprotic polar solvent like N, N-dimethylformamide and DMSO (Dapper et al., 1987). Similar to urea,
1,3-BAC in the CUBIC-HL cocktail has two NH, groups (Table 4), suggesting a high hydration ability.
Together with the high lipid solubility of 1,3-BAC described above, CUBIC-HL provides a rapid clearing
process. It should be noted that the urea analog thiourea (Figure 6), has a relatively low solubility and was
rejected to be used in clearing reagents (Susaki et al., 2014), indicating that not all analogs demonstrate
good clearing potential.
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Figure 6. Different processes involved in tissue clearing methods
Solvent-based clearing mainly includes an adequate dehydration followed by delipidation and Rl matching. Hydrophilic

clearing involves three types, simple immersion, hyperhydration-based clearing, and hydrogel embedding-based
clearing. Simple immersion mainly includes dehydration and dissociation of collagen accompanying with Rl matching.
Hyperhydration-based clearing relies on the strong hydration capability of urea or other chemicals, followed by
delipidation, RI matching, or expansion. Hydrogel embedding-based clearing starts with gel embedding, followed by
lipid extraction, RI matching, or tissue expansion. The use of decolorization and decalcification in above processes
depends on the tissue types.

Recently, the Zhu group first introduced m-xylylenediamine (MXDA) to tissue clearing and developed the
MACS (MXDA-based aqueous clearing system) clearing method with ultrafast clearing speed, robust
compatibility with lipophilic dyes, and fine morphology maintenance (Zhu et al., 2020). Similar to urea,
MXDA has two NH, groups (Table 4) and is expected to have great hyperhydration ability (Jedlovszky
and Idrissi, 2008). Owing to its hyperhydration ability, as well as the high Rl, MXDA contributed to the rapid
clearing protocol MACS, showing much faster clearing than Scale and CUBIC series methods.

Some other clearing methods also utilize hyperhydration of urea or urea analogs. For example, Chen et al.
proposed a urea-based amino-sugar mixture termed UbasM (Chen et al., 2017), Wang et al. developed SUT
consisting of urea, Triton X-100, and SDS (Wang et al., 2018b), Lai et al. combined N-methylglucamine with
TDE and iohexol for OPTIClear clearing (Lai et al., 2018), and Li et al. reported C.3D (Li et al., 2017) utilizing
N-methylacetamide.

DECOLORIZATION

Except for the scattering, the penetration of light in tissue also suffers from the absorption of some endog-
enous pigments, such as heme, lipofuscin, melanin, and other body pigments (Weissleder, 2001; Tuchin,
2016; Schnell et al., 1999; Shamim et al., 2014), which limits the imaging depth. Hence, decolorization is
an important strategy besides Rl matching for clearing large tissues to achieve deep detection. Table 5
summarizes some decolorization reagents for different kinds of pigments.
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Table 5. Decolorization reagents for different pigments

Pigments Chemicals/cocktails Limitations Clearing methods or cocktails
Heme Hydrogen peroxide Quenching of protein fluorescence iDISCO, iDISCO+
Sodium hydroxide (NaOH) pH shifting at higher concentration -
of erythrocytes
Ammonium solution Potential pH shifting like NaOH PEGASOS
Acid acetone Significant loss of GFP signal -
Quadrol - CUBIC, PEGASOS, vDISCO,
Bone CLARITY
THEED Significant loss of GFP signal, but the Deep-Clear
signal is still detectable
N-butyldiethanolamine - CUBIC-L
N-methyldiethanolamine - SHANEL
(in combination with CHAPS)
1,3-BAC - CUBIC-HL
1-methylimidazole - CUBIC-P
MXDA - MACS
SDS Request for gel embedding CLARITY and its derivatives
Melanin Hydrogen peroxide Quenching of protein fluorescence EyeCi, FlyClear, Deep-Clear
Lipofuscin Copper(ll) sulfate (CuSOy,) Quenching of protein fluorescence -

Ommochromes & pterins

Maillard reaction

Chlorophyll

Sudan Black
THEED

Thioglycerol
Sodium sulfite
Chloral hydrate
Triton X-100
SDC

SDS

Ethanol (in combination

with acetic acid)

Turning black of tissues

Significant loss of GFP signal, but the

signal is still detectable

Quenching of protein fluorescence
Insufficient chlorophyll removal
Request for gel embedding

Quenching of protein fluorescence

PACT
FlyClear, Deep-Clear

SeeDB, C.3D, hFRUIT, SWITCH
SWITCH

Scale-like

ClearSee

PEA-CLARITY

TOMEI-I

Most of the pigments could be efficiently bleached by several oxidative treatments (Lyon et al., 2012).
Hydrogen peroxide (H,O,) is one of the most widely used bleaching chemicals. It can directly degrade
the pigment structure and also degrade the protein structure at the same time. However, such harsh
bleaching is not conducive to preserving fluorescent proteins, and strategies to relabel these fluorophores
are required. Renier et al. used H,O; to bleach the samples prior to immunostaining to reduce the auto-
fluorescence in the tissues in iDISCO protocols and its variants (Renier et al., 2014, 2016; Liu et al., 2020).
Zhao et al. also utilized oxidative bleaching in SHANEL labeling of human tissues (Zhao et al., 2020).

Melanin is a prominent pigment of the vertebrate retinal pigment epithelium and very poorly soluble in
both lipid- and water-based solvents. At present, bleaching of melanin can only be achieved by harsh
oxidative treatment, e.g., with H,O, (Henning et al,, 2019, Kim and Assawachananont, 2016; Pende
et al., 2020).

Removal of heme is important for clearing whole organs, especially heme-rich tissues. Simple buffer perfu-
sion can effectively remove red blood cells in vessels. However, in specific tissues and organs, such as the
spleen, there is still substantial residual blood after perfusion. Treatment of samples with strong acids (e.g.,
acid acetone) or strong alkalis (e.g., NaOH) can dissociate heme, thereby achieving efficient pigment
bleaching (Kristinsson and Hultin, 2004). Several recently published clearing protocols can also efficiently
decolorize heme. The Ueda group (Tainaka et al., 2014, 2018) discovered that aminoalcohols, such as
Quadrol and N-butyldiethanolamine, could achieve unexpected tissue decolorization by efficiently eluting
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the heme chromophore in blood. Zhao et al. utilized N-methyldiethanolamine in combination with CHAPS
for blood decolorization (Zhao et al., 2020). It was speculated that the structures of aminoalcohols resemble
those of the globulin chain, resulting in a possible competition between aminoalcohols, oxygen, and his-
tidine for the binding site of heme porphyrin, which may facilitate heme release and contribute to the
decolorization effect (Tainaka et al., 2016). In addition, Ueda’s group also screened out 1,3-BAC and
1-methylimidazole with high decolorization capability and chose them as the main components in
CUBIC-HL and CUBIC-P, respectively (Tainaka et al., 2018). Recently, Zhu et al. (Zhu et al., 2020) found
that MXDA showed excellent decolorizing capability, and its decolorization principle was different from
that of Quadrol (releasing hemin) used in CUBIC-series methods but similar to that of NaOH (releasing
Fe). In addition, SDS used in CLARITY (Chung et al., 2013) and its derivatives (Yang et al., 2014) can also
decolorize heme-rich tissues such as the kidney and spleen. It is speculated that the denaturation of the
holoenzyme (heme-hemoglobin) by SDS elutes the charged heme molecules (Tainaka et al., 2016), which
could be supported by electrophoretic force in an electrophoretic tissue clearing setup. These protocols
provide a milder decolorization effect for tissue clearing.

Except for heme, lipofuscin can be found in a wide range of cell types as the breakdown product of old red
blood cells (Schnell et al., 1999). It may be quenched with either copper(ll) sulfate (CuSOy,) or Sudan black B
(Schnell et al., 1999; Hu, 2014; Oliveira et al., 2010). B. Hu adopted Sudan black B to stain thick and even
whole mouse brain to decrease background fluorescence while preserving most of the fluorescent protein
signal (Hu, 2014). Treweek et al. also used Sudan black B for pre-PACT tissue staining to reduce high auto-
fluorescent background (Treweek et al., 2015).

Ommochromes and pterins are other classes of abundant and poorly soluble pigments in invertebrate spe-
cies. Pende et al. introduced THEED (2,2,2”,2""-(Ethylenedinitrilo)-tetraethanol) to replace Quadrol in Sca-
leCUBIC-1 for FlyClear clearing, resulting in a complete depigmentation of the eyes of D. melanogaster,
which contain both ommochromes and pterins, while preserving endogenous GFP and mCherry signal
(Pende et al., 2018). Recently, they further modified the FlyClear protocol and chemistry to achieve decol-
orization of different kinds of pigments, including pterins, ommochromes, heme, carotenoids, and
melanin, and proposed DEEP-Clear (Pende et al., 2020). A permeabilization step with acetone at —20°C
prior to solution-1 (a solution in FlyClear) treatment led to an increased depigmentation speed in the
DEEP-Clear protocol (Pende et al., 2020). It should be noted that this protocol has to be combined with
peroxide pretreatment for the removal of melanin in zebrafish and axolotl eyes, resulting in the damage
of transgenic fluorophores. Hence, a relabeling strategy of endogenous fluorophores is still required.

The Maillard reaction would induce browning and autofluorescence accumulation. In some clearing protocols,
such as SeeDB (Ke et al.,, 2013) and FRUIT (Hou et al., 2015), fructose is used as the clearing agent, and in
SWITCH (Murray et al., 2015), based on glutaraldehyde fixation, discoloration would reduce light transmission.
Thioglycerol and sodium sulfite (Li et al., 2017; Ke et al., 2013; Hou et al., 2015; Murray et al., 2015; Hildebrand
et al.,, 2020) have been used to suppress the Maillard reaction to partially improve tissue transparency. Some
other compounds such as aminoguanidine, epicatechin, vitamins, and amino acids are also useful Maillard re-
action inhibitors (Lund and Ray, 2017), which may be used in clearing protocols in future studies.

In addition to animals, plant tissues also exhibit some pigments, such as chlorophyll, which has strong au-
tofluorescence and is the main component that impedes fluorescence observation. Acidified chloral hy-
drate is the most commonly used reagent for clearing plant tissues, but it is not compatible with endoge-
nous fluorescence (Kurihara et al., 2015; Warner et al., 2014). Warner et al. developed a Scale-like clearing
solution containing urea, glycerol, and Triton X-100 to clear plant tissues with good compatibility with
endogenous fluorescent proteins (Warner et al., 2014). Based on this, Kurihara et al. developed ClearSee
method, which uses urea, xylitol, and SDC and renders leaves transparent with no green pigmentation,
while leaves treated with Scale-like solution retained the green coloration and showed limited transparency
(Kurihara et al., 2015). Some organic solvents, such as ethanol, have also been used to extract chlorophyll
during clearing of plant tissues with TOMEI (Hasegawa et al., 2016). In addition, Palmer et al. developed
PEA-CLARITY for 3D imaging of whole plant organs and successfully removed chlorophyll and other pig-
ments using the ionic detergent SDS, as well as lipids (Palmer et al., 2015).

Figure 6 summarizes different processes involved in tissue clearing methods, showing main mechanisms
potentially involved in each kind of method and how they are connected. In a broader sense, mechanical
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optical clearing by mechanical means (e.g., compression) can also achieve optical clearing, as it increases
imaging resolution and contrast comparable with chemical tissue clearing. lzquierdo-Romén et al. utilized
localized compression to induce the tissue optical clearing effect, which was speculated to be related to
reduced tissue thickness and local tissue dehydration due to lateral water expulsion (Izquierdo-Roméan
et al., 2011). Compression was also utilized by Ku et al. in the ELAST protocol to accelerate clearing and
molecular labeling (Ku et al., 2020).

CONCLUDING REMARKS

In summary, the fundamental physical principles of tissue optical clearing are the reductions of light scat-
tering via Rl matching and light absorption via the removal of pigments. These physical mechanisms are
based on different chemical-biomolecule interactions, such as dissociation of collagen, delipidation,
decalcification, dehydration, and hyperhydration for RI matching and decolorization for the removal of ab-
sorption components. Current tissue optical clearing techniques are based on a single interaction or a
combination of several interactions.

Based on these basic principles, plenty of tissue optical clearing methods have emerged in the past de-
cades. The development of various clearing techniques provides new solutions to 3D mapping of various
tissues, facilitating the understanding of many biological structures and events. Exploration and analysis of
the physical mechanisms and chemical strategies are the foundation for the further development of
clearing methods with applications in various fields.

In the future, clearing of larger samples, such as intact primate organs, including human organs, is ex-
pected. With future efforts on the labeling strategy, high-throughput imaging, and corresponding mass
data processing, tissue optical clearing may provide more insights into the fundamental questions in bio-
logical events and many discoveries and also play an essential role in clinical diagnosis applications.

Limitations of the study

Many excellent works about tissue optical clearing methods and applications have not been discussed in
this review due to the limited space. Additional articles may have been published on the topic since sub-
mission of the manuscript.
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