- QA

'
R

Ho®®O6
http://pubs.acs.org/journal/acsodf

Tissue Clearing and Its Application in the Musculoskeletal System
Yan-Jing Zhan, Shi-Wen Zhang, SongSong Zhu, and Nan Jiang*

Cite This: ACS Omega 2023, 8, 1739-1758 I: I Read Online

ACCESS | il Metrics & More | Article Recommendations |

ABSTRACT: The musculoskeletal system is an integral part of the human

body. Currently, most skeletal muscle research is conducted through
conventional histological sections due to technological limitations and the
structure of skeletal muscles. For studying and observing bones and muscles,
there is an urgent need for three-dimensional, objective imaging
technologies. Optical tissue-clearing technologies seem to offer a novel
and accessible approach to research of the musculoskeletal system. Using
this approach, the components which cause refraction or prevent light from
penetrating into the tissue are physically and chemically eliminated; then the
liquid in the tissue is replaced with high-refractive-index chemicals. This
innovative method, which allows three-dimensional reconstruction at the
cellular and subcellular scale, significantly improves imaging depth and
resolution. Nonetheless, this technology was not originally developed to
image bones or muscles. When compared with brain and nerve organs which
have attracted considerable attention in this field, the musculoskeletal system contains fewer lipids and has high levels of hemoglobin,
collagen fibers, and inorganic hydroxyapatite crystals. Currently, three-dimensional imaging methods are widely used in the diagnosis
and treatment of skeletal and muscular illnesses. In this regard, it is vitally important to review and evaluate the optical tissue-clearing
technologies currently employed in the musculoskeletal system, so that researchers may make an informed decision. In the
meantime, this study offers guidelines and recommendations for expanding the use of this technology in the musculoskeletal system.

HE stain Tissue-clearing

Local two-dimensional image of a sample Three-dimensional image of whole-sample

1. INTRODUCTION can be used to study cell morphology or cell connections.
Physiological changes and diseases do not exist only in selected
embedded tissues. The full and comprehensive exploration of
biological mechanisms in health and disease requires the
manipulation of three-dimensional observations of the
organism in situ.

For in situ 3D imaging, invasive and non-invasive imaging
techniques are now available. The majority of invasive imaging
is accomplished by imaging of continuous slices of samples and
computer-assisted 3D reconstruction.”® Nevertheless, this
strategy has the following downsides: (1) it is time-consuming
and arduous; (2) sample distortion is likely to occur; (3) the
imaging cannot be repeated because samples have been
destroyed;’ and (4) the resolution on the Z-axis is limited to
approximately 50 nm®* For non-invasive three-dimensional
imaging of organisms, computed tomography (CT) and
magnetic resonance imaging (MRI) are common. These
techniques provide extensive, multiparameter information

1.1. Musculoskeletal System. Musculoskeletal tissue
accounts for about a third of the total body weight. The
health of the musculoskeletal system is indispensable for daily
activities. According to the World Health Organization
(WHO), about 1.71 billion people worldwide suffer from
muscular—skeletal diseases." In addition, due to the complex
composition of the musculoskeletal system, such diseases are
inclined to affect a variety of tissue structures with different
functions. These structures include bones, muscles, ligaments,
tendons, cartilage, etc. As the world population ages and risk
factors (such as traffic accidents) increase, the number of
people suffering from such diseases is expected to increase.” To
slow the incidence of disorders, more research is needed on
musculoskeletal tissues.

Classically, the musculoskeletal tissue is analyzed based on
paraffin embedding or rozen section. Optical microscopy is an
indispensable tool in the study of a musculoskeletal system.
Currently widely used optical microscopes include two-photon

excitation microscope, laser scanning confocal microscope, Received:  August 12, 2022 8,
second harmonic microscope, etc. Despite being excellent for Accepted:  December 7, 2022

visualizing cells and pathways, these methods require sections Published: January 6, 2023

of tissue.

1.2. Three-Dimensional (3D) Imaging. Through a
micron-scale tissue section, conventional histology techniques
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Figure 1. Steps for 3D imaging and analysis of the musculoskeletal tissues. (1) Tissue preparation. To perform 3D imaging and analysis, a target
sample must first be obtained. This sample can be excised intact tissue (such as an extensor digitorum longus or femur), tissue sections of varying
thickness, or tissue engineering samples. In addition, whole mice can also be cleared. There are three common methods for fixation of excised
tissue: cardiac perfusion fixation, passive immersion fixation, and hydrogel embedding fixation. (2) Tissue-clearing. The samples can then be cleared
with the appropriate OTCT following the fixation process. Most of the OTCTs are aimed at proteins, but a few are targeted at DNA and RNA. (3)
Staining/labeling. Several techniques are available for labeling and staining targets, including immunostaining, chemical probes, transgenic mouse
fluorescent protein, and fluorescence in situ hybridization (FISH). (4) Imaging method. Following this, the sample can be examined using light-
sheet microscopy, confocal microscopy, and two-photon microscopy. (S) Data handling. The data obtained from imaging can be collected and
stored by a computer for subsequent 3D reconstruction with the aim of analysis and extraction of information.

about humans, which can be useful for improving clinical
diagnoses.6 These methods, however, have poor resolution and
cannot distinguish individual cells. In addition, any electrical
noise at the MRI reception frequency will result in strip
artifacts or an increase in picture noise.” Although the spatial
resolution of nuclear magnetic resonance microscopy has risen
to 100 pm,” it is still lar%er than the size of cells (e.g, cancer
cell size of 10—25 pm®). Although two-photon excitation
microscopy and confocal microscopy can achieve cellular
resolution, their imaging depth is still insufficient for
musculoskeletal system research. When these methods are
used for whole-mount imaging, the resolution and contrast in
deep tissue layers are negatively affected by light scattering.
Bone tissue can only be imaged with confocal microscopy at
100—150 um.” Similarly, cartilage can be imaged with a
thickness of less than 100 um’. Compared to confocal
microscopy, the use of longer wavelength excitation light in
two-photon microsco}l)}f increases the image depth but still
limits it to 300 um.'”"" In recent years, optical tissue-clearing
technology (OTCT) has improved imaging depth to several
millimeters while maintaining a better resolution.

2. TISSUE-CLEARING TECHNIQUES

OTCT was proposed by Werner Spalteholz a century ago."
He combined methyl salicylate and benzyl benzoate to make
animals transparent. This technology was not recognized until
the invention and development of light-sheet fluorescence
microscopy (LSFM) and computers, which overcame the
obstacles in imaging, data storage, and data analysis. OTCT is
becoming a promising tool for 3D imaging and has already
been widely used in neuroscience, embryology, oncology, and
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other fields."”"* OTCT has improved the image depth to
several millimeters or the whole-body sample. Tissues are
composed of numerous constituents. According to subcellular
level analysis, biological tissues consist of 70—80% water
(refractive index (RI) 1.33), 10% proteins (RI 1.43), and 10%
lipids (RI 1.44), among other components.'> Hydroxyapatite
(RI 1.60) is also present in the musculoskeletal system.
Refraction of light occurs when light passes through a tissue
with a non-uniform refractive index, which reduces the
intensity of the light and makes tissues opaque. In addition
to light refraction, light absorption also occurs during
transmission, resulting in light attenuation.

The occurrence of light absorption in tissues is mainly
attributed to a variety of pigment molecules in tissues, such as
melanin, lipofuscin, and heme, which are widely present in the
musculoskeletal system.'> Although light absorption has less of
an impact than refraction, decolorization often occurs during
the clearing procedure to achieve a more effective clearing
result. A simple explanation of the OTCT process is that light
absorption is reduced and the tissue’s refractive index (RI) is
balanced. OTCT generally starts with the removal of
endogenous pigments, substances with a relatively low RI
(water and/or lipids), and substances with a relatively high RI
(hydroxyl apatite). Next, a reagent with a particular RI is used
to infiltrate the treated tissue. As a result, the RI of the sample
and that of the reagent tend to be consistent, resulting in
transparency. There are additional OTCTs listed below that do
not apply delipidation and dehydration but instead use
hyperhydration to obtain a sample RI near to that of water.
For a deeper understanding of the physicochemical principles
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of tissue-clearing, we recommend reading the cited refer-
ences.' ™"

2.1. Superiority of OTCT in the Musculoskeletal
System. Musculoskeletal cells are interconnected in three
dimensions to form a complex structure. In musculoskeletal
diseases, changes in tissue and structure can be limited to
tissue surfaces or paraffin-embedded tissues without OTCT.

In terms of composition, bone is composed of 50% to 70%
inorganic or mineral content, 20% to 40% organic matrix, 5%
to 10% water, and <3% lipids.”” The bone organic matrix
contains collagens (90%), mainly type I collagens and some
noncollagenous proteins, such as osteocalcin.”’ Hyaline
cartilage (such as articular cartilage) and fibrocartilage (such
as articular cartilage discs) are closely linked to the
musculoskeletal system. Hyaloid cartilage contains collagenous
fibrils composed of type II collagen, which are interwoven and
form a dense extracellular matrix network together with
extracellular chondromucin. Fibrocartilage is mainly composed
of type I collagen with a relatively low proteoglycan aggregate
content.”” Chondrocytes are arranged in bands and embedded
in a dense network for collagen fibrils and proteoglycans.”®
From the above description, the complex composition results
in significant light scattering, limiting the imaging depth of the
skeleton. Even with the use of confocal microscopy and other
advanced optical microscopy techniques, the musculoskeletal
system is rich in collagen fibers, proteoglcans, and minerals,
which limit the absorption of excitation energy and increase
the scattering of excited and emitted fluorescent photons.”*

The structure of the musculoskeletal system has an obvious
hierarchy. Compared with ectochondral cells, deep layers have
heterogeneous phenotypes and morphologies. On the surface
of joints, chondrocytes are flat, and the type II collagen fibers
are interwoven and arranged parallel to the surface.”* The cells
gradually become spherical but are less abundant in the middle
layer just beneath the articular cartilage, and type II collagen is
widely dispersed. The number of cells in deep tissue is reduced
even further, but the fiber diameter is expanded. Specific
hypertrophic chondrocytes secrete TypeX collagen in the
transition area between deep cartilage and subchondral bone.
Type II collagen fibers are oriented perpendicular to calcified
cartilage and subchondral bone in the deep Iayer.22 As a result,
the majority of tissues in the musculoskeletal system have
structural variability at different levels. Traditional histological
procedures can result in the loss of much in situ cell
information due to mechanical dissection of the tissue.

Deep tissue abnormalities have been seen in numerous
musculoskeletal illnesses, according to recent research.
Degenerative alterations resulting from osteoarthritis, for
example, occur in the deep layer, with stratification of calcified
cartilage and bone, as well as the enlargement and replacement
of surface articular cartilage by calcified cartilage area.” The
pericellular matrix (PCM), a small stromal area surrounding
chondrocytes, is directly linked to osteoarthritis formatting at
the cellular level. On the other hand, the PCM is only 2—4 ym
thick.”® As a result, the lack of in situ 3D imaging of skeletal
muscle tissue structure or even cells will restrict further
research of skeletal muscle disorders and their treatments
(Figure 1).

2.2. General Steps for OTCT. In general, OTCTs involve
fixation, delipidation, decolorization, dehydration, RI match-
ing, and imaging. In a broader sense, the permeabilization
process encompasses steps such as delipidation, dehydration,
and hyperhydration, all of which promote further permeation
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of exogenous molecules. In a narrow sense, permeabilization
mainly refers to the addition of additional osmotic promoting
agents. For example, Jin et al. found that thiazolone effectively
promotes the transfer of clearance agents through the skin,
which is effective in permeabilizing the skin but is not relevant
to muscle tissues.”’

Depending on the research purpose, different clearing
methods involve different arrangements and combinations of
the main steps. Some specific steps are also added to achieve
the optimal effect in a specific tissue. As a result, various
OTCTs have distinct benefits and limitations, as well as
optimal tissues for application. The musculoskeletal system has
a unique composition, consisting of high-RI hydroxyapatite
and light-absorbing heme in muscles and bones. The
decalcification steps and decolorization are particularly critical
in achieving an excellent musculoskeletal system clearing effect.

2.2.1. Perfusion and Fixation. Since early OTCTs do not
include heart perfusion, clearing blood-rich tissues is
challenging (such as the spleen, kidney, and muscles). When
compared to immersion in a decolorization solution, cardiac
perfusion can effectively and universally remove blood from
tissues, increasing the transparency of biological specimens.
Most OTCTs now start with cardiac perfusion, specifically
when used for whole-body imaging. For example, in
PEGASOS, phosphate-buffered saline (PBS) or saline is
administered into the left ventricle of mice shortly after
general anesthesia to substitute the blood.

The completion of effective perfusion is indicated when the
blood-rich organs turn white (for example, when the color of
the liver and spleen changes from red to white).”® Of course,
passive immersion can be used to achieve optimal results
without cardiac perfusion for biological samples with smaller
volumes and little coloring (tissues lacking hemoglobin,
melanin, and so on).

Currently, the majority of studies focus on imaging proteins
in biological samples, with only a few studies focusing on
imaging tiny molecules, such as DNA and dopamine.””*’ As a
consequence, different physical and chemical properties of
reagents should be chosen for the fixation of samples
depending on the research object. Paraformaldehyde (PFA)
is currently the most commonly used fixation reagent, but it
can only fix the physically continuous protein network and
cannot chemically fix free proteins.'®

Fixation with hydrogel embedding may be an alternative for
imaging free proteins in tissue. Free proteins can be trapped in
the gel because hydrogels are covalently bonded to proteins via
the acrylamide gel matrix.'"® The glutaraldehyde fixation
technique can be used to improve the protective ability of
fluorescent proteins and antigen epitopes. The protein
preservation ability of SWITCH-based glutaraldehyde reagent
is marvelous. Fixed samples even enable high-temperature
boiling delipidation treatment (80 °C).*> However, the high
reactivity of glutaraldehyde with tissue causes it to rapidly react
with the outer layers of the tissue and to rapidly become
depleted. To fixed large specimens with glutaraldehyde, pH
adjustments must be applied to regulate the reaction speed and
fixation effect.

2.2.2. Hydrogel Embedding (for Hydrogel Embedding-
Based Clearing Methods). Using CLARITY-based techniques,
tissue must be hydrogel-embedded. As mentioned in Section
2.3, this method efficiently preserves the free proteins in
tissues. However, the hydrogel cross-linked structure maintains
lipid molecules, which makes adequate clearance impossible

https://doi.org/10.1021/acsomega.2c05180
ACS Omega 2023, 8, 1739-1758
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without effective delipidation. The major components of the
hydrogel solution are acrylamide, bis(acrylamide), and 2,2'-
azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-
044).”” Cardiac perfusion or tissue-embedding can be used
to embed hydrogels. To avoid compromising hydrogel
formation, oxygen should be removed from the centrifuge
tube and the embedded tissue sample. In the presence of SDS
and electrophoretic delipidation, tissue volume can increase
but can be returned to normal after application of a clearing
reagent.29

2.2.3. Decalcification (for Bone and Bones). The RI of
hydroxyapatite in bone is the highest in the body, which might
result in an obvious reflection of light during transmission.'* As
a result, decalcification is required to further equalize the RI of
the samples. In the early stages of OTCT development,
inorganic acids such as nitrate and hydrochloric acid were used
to remove calcium. These acids function well but degrade
osseous tissues.'” Due to a lack of technical assistance, early
OTCTs did not necessitate fluorescence imaging; hence, such
reagents were frequently utilized in the early phases.

The most commonly used decalcification reagent is ethylene
diamine tetraacetic acid (EDTA). The action of EDTA is
based on the collection of calcium ions from the surface of
hydroxyapatite. Moderate decalcification with EDTA can
protect antigen activity and fluorescence signals."> EDTA
causes minimal tissue damage and can even be utilized in vivo
to study structures such as the cerebral cortex and blood
arteries via OTCT.>" During a screening of CUBIC-related
decalcification regents, Tainaka and colleagues discovered that
a mixture of EDTA and imidazole might achieve enhanced
clearing efficiency.”> Mouse bones were decalcified using the
PEGASOS procedure, which involved application of a 20%
EDTA solution (pH 7.0) for 4 days. Increases in sample size
require longer decalcification times. Passive CLARITY
(PACT) in combination with EDTA (pH 8.0) can also be
used to clear bone tissue (PACT-deCAL).*

2.2.4. Decolorization/Pigment. A variety of pigments can
be found in biological samples, including hemochrome,
melanin, lipofuscin, riboflavin, and others. In addition to
being one of the most abundant pigments in the human body,
hemoglobin is most abundant in muscles and bone marrow.

These endogenous pigments have a substantial impact on
light penetration. Even when cardiac perfusion is used to
restore blood in tissue, blood remains in most blood-rich
organs. iDISCO employs the powerful oxidant hydrogen
peroxide (H,0,) for pigment bleaching, which can achieve
quick bleaching of practically all pigments, including
hemoglobin, melanin, lipofuscin, and riboflavin. However,
unexpected protein degradation occurs as a result of its
powerful and nonselective bleaching, including loss of
endogenous fluorescent signal and antigenicity.'® As a result,
in iDISCO, endogenous fluorescent proteins should always be
relabeled.

Amino alcohols, such as N-butyldiethanolamine or Quadrol
can successfully decolorize hemoglobin.”® This may be because
the basic nitrogen in amino alcohols outcompetes the histidine
in globin for binding to the iron-containing heme.'®*>*’
Furthermore, CLARITY can achieve effective decolorization of
hemoglobin, the mechanism of which is unknown but may be
connected to electrophoresis and/or sodium dodecyl sulfate
(SDS) denaturation of the heme holoenzyme.'®** However,
these approaches are insufficient for removing large volumes of
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pigments like melanin, which may explain why many OTCTs
fail to clear the pigment in the epithelium.”**’

OTCTs based on fructose’®’” and glutaraldehyde® have
been shown to cause Maillard reactions, resulting in browning
of the sample and enhanced self-fluorescence.'” On the other
hand, glycerin and sodium sulfite can assist in decreasing the
color change induced by this reaction.

2.2.5. Dehydration (for Hydrophilic Tissue-Clearing
Method). Dehydration is a common step in hydrophobic
tissue-clearing techniques. Since high-refractive-index cleaning
agents are immiscible with water, dehydration and delipidation
are often performed concurrently. Dehydration facilitates the
penetration of high-RI reagents. The early clearing procedures
used graded ethanol for dehydration, but the tissue became
rigid and the dehydration impact was weak, causing significant
quenching of fluorescent proteins. Therefore, ethanol has been
substituted by tetrahydrofuran (THF) with green fluorescent
protein (GFP) protection.”® Additionally, other alcohols, such
as 1-propanol,3’9 tert-butanol,”®*® and methanol,*' have few
detrimental effects on fluorescence signals and tissue shape and
can also be utilized for dehydration. Since water is essential for
the preservation of fluorescence signal, even minor dehydration
reagents may harm fluorescent proteins. Several hydrophobic
technologies have been developed to protect fluorescent
molecules, including PEGASOS, which uses modified poly-
ethylene glycol (PEG) to create a favorable environment for
GFP molecules.”®

2.2.6. Delipidation/Lipid Removal. Delipidation is used in
most OTCTs to increase the permeability of tissues. The
reason for this is that lipids have a high RI, and the presence of
a lipid bilayer inhibits the infiltration of macromolecule RI
matching reagents. Current approaches to increasing perme-
ability through delipidation include hydrophobic, hydrogel-
based, and partial hyperhydration tissue-clearing methods.

In the early stage of development of hydrophobic methods,
ethanol was selected for dehydration and delipidation, but the
delipidation effect was not sufficient to clear lipid-rich tissues.
Subsequently, THF and dichloromethane (DCM) were
gradually screened out for delipidation.”” Despite the poor
delipidation effect of ethanol, 1-propylene glycol and tert-
butanol are excellent delipidators.”**” TDE, as screened by
Nemoto’s and Pavone’s teams, is also capable of delipidation,
but cannot fully clear adult mouse brains.

SDS, a highly fat-soluble ionic detergent, is used for
delipidation in CLARITY-based hydrogel-embedded tissue-
clearing technologies. However, the clearing efficiency of SDS
applied via passive immersion is mediocre, which may be
related to the molecular volume. Adding urea, creating an
electric field,”*** cardiac perfusion,””* and heating3o can
improve SDS delipidation efficiency. Heating is not applicable
to PFA-fixed samples, but does apply to the SWITCH-based
glutaraldehyde-fixed samples indicated above. Urea is an
osmotic small molecule that can pass quickly through the
lipid bilayer to raise intracellular osmotic pressure and improve
the transit of other reagents.46

Detergents and amino alcohols are crucial for the
degradation steps in hyperhydration techniques. Triton X-
100 is a commonly used detergent that works by coating lipid
particles. Partial OTCTs can also benefit from saponins.”
Among amino alcohols, Quadrol and triethanolamine have
significant delipidation capability. Ueda’s team developed Scale
CUBIC-1, a cocktail reagent consisting of urea, Quadrol, and

https://doi.org/10.1021/acsomega.2c05180
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Figure 2. Different steps for the four classifications of tissue-clearing techniques. The hydrophobic tissue-clearing method is mainly composed of
dehydration, delipidation, and RI matching. Hydrophilic tissue-clearing methods in this study include simple immersion tissue-clearing,
hyperhydration tissue-clearing, and hydrogel-based tissue-clearing. For simple immersion, dehydration is achieved through the immersion of tissues
and accompanied by RI matching. Hyperhydration tissue-clearing methods involve hyperhydration, delipidation, and RI matching. As for hydrogel-
based tissue-clearing methods, samples need to be hydrogel-embedded and then followed by delipidation and RI matching.

Triton X-100 which can be used in conjunction with Scale
CUBIC-2 to achieve efficient delipidation results.*

2.2.7. Hyperhydration. Urea and fructose are currently the
most often used hyperhydration agents. Urea has a high
hydration capacity and can swiftly move through the cell
membrane without being hampered by the lipid bilayer.
Additionally, its penetration-enhancing effect may enhance the
further infiltration of clearing reagent into samples, resulting in
better clearing effect than the simple immersion method."®
Urea-treated tissue is also compatible with lipophilic chemicals
and dyes compared with hydrophobic methods. However, the
weak denaturation of proteins induced by urea on protein may
cause tissue swelling.

Although fructose is a frequent hyperhydration agent,”’
fructose-treated samples are prone to the Maillard reaction,
and the viscosity increases dramatically, compromising sample
operation and storage and resulting in the introduction of
difficult-to-remove bubbles.

2.2.8. Rl Matching. One of the basic mechanisms of
OTCTs is RI matching. Contrast agents (such as iodohyl*),
polyols (glycerol, sorbitol,** fructose,*” and others), and amide
compounds are currently used as clearing reagents. Tradition-
ally, the clearing reagents employed in OTCTs are frequently a
blend of high-RI reagents. As protein in tissues is frequently
treated as a research target, RI matching is frequently
accomplished by removing lower RI intracellular and
extracellular fluid, along with higher RI lipids. Generally, if
the study goal is altered, the RI matching target value can be
adjusted as well.

2.3. Classification of Optical Tissue-Clearing Techni-
ques. OTCTs can generally be categorized according to the
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properties of the reagents utilized in clearing and the change in
RI after clearing. At present, a detailed and unified
classification has not been proposed. Scholars have put forward
a variety of classifications according to different standards and
intentions, among which there are two widely accepted
classifications. The first classification divides OTCTs into the
following: hydrophobic tissue-clearing method (also known as
solvent tissue-clearing method), hydrophilic tissue-clearing
methods (also called aqueous tissue-clearing methods) ,and
hydrogel-based tissue-clearing methods.'* Another type of
classification incorporates hydrogel-based tissue-clearing meth-
ods into hydrophilic tissue-clearing methods; thus it only
includes hydrophobic tissue-clearing methods and hydrophilic
tissue-clearing methods. Additionally, hydrophilic tissue-
clearing methods were further classified based on the
differences among them. Consequently, the hydrophilic
tissue-clearing method is further divided into the following
three categories: simple immersion, hyperhydration, and
hydrogel-based methods.”® For an explanation of the first
classification, we suggest further reading of the recommended
reference.'*

2.3.1. Hydrophobic Tissue-Clearing Method. The main
difference between the hydrophobic tissue-clearing method
and other methods is that the hydrophobic method utilizes
organic solvents, which remove most of the lipids from the
tissues during dehydration. In using this method, it is possible
to obtain a dehydrated, delipidized, protein-rich, dense, and
contracted sample. After dehydration, the main component of
the sample is protein, and thus the RI is higher than 1.5.3°
Therefore, the RI of the clearing agents must be above 1.5 to
penetrate into the sample and match the RI of the sample.

https://doi.org/10.1021/acsomega.2c05180
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Additionally, in this method, the selected clearing agents must
have the ability to dissolve the residual lipids in the delipidated
tissue. Light scattering in tissues is primarily caused by lipids
and hydrophobic clearing reagents have a higher RI
(1.43~1.47) than reagents used in other techniques,®
resulting in a significant clearing effect in a relatively short
amount of time with the hydrophobic method. Through the
hydrophobic clearing method, water is removed from the
sample, which is essential for maintaining the proteins
fluorophores. As a consequence, this method has a pronounced
negative effect on protein fluorescence compared with the
hydrophilic tissue-clearing method. In addition, this method
cannot be used with lipophilic dyes (e.g., Dil).

The common hydrophobic tissue-clearing method including
benzyl alcohol and benzyl benzoate (BABB),”> 3DISCO
(three-dimensional imaging of solvent-cleared organs),"’8
ultimate DISCO (uDISCO),* immunolabeling-enabled
DISCO (iDISCO),>* iDISCO+,"" FluoClearBABB,” ethyl
cinnamate (ECi),”* free-of-acrylamide SDS-based tissue-
clearing (FASTClear),” polyethylene glycol (PEG)-associated
solvent system (PEGASOS),”” variable domain of heavy chain
antibodies (nanobodies) DISCO (vDISCO),*® DISCO with
superior fluorescence-preserving capability (FDISCO),”” and
stabilized DISCO (sDISCO).>®

Hydrophobic methods are generally capable of efficiently
clearing samples, result in high sample strength, and require
little sample preparation time. However, their extensive use is
limited due to a number of hazards including the high toxicity
of organic reagents, incompatibility with membrane-labeled
dyes, distinct shrinkage of samples, and quenching of
fluorescent proteins.59 In addition, the clearing reagents may
dissolve the glue used to construct the objective during the
imaging procedure®® (Figure 2).

2.3.2. Simple Immersion Tissue-Clearing Method. Simple
immersion tissue-clearing is a traditional hydrophilic tissue-
clearing methods which mainly based on the clearing effect of
fructose and urea. The difference between this technology and
other hydrophilic methods is that its transparency is achieved
by immersing the sample in a high-RI solvent (RI 1.37~1.52).
Considering the high viscosity of fructose, this method will
cause bubbles in clearing system. FRUIT method mingled urea
and fructose to reduce viscosity while TDE addressed this issue
through diluting with water.

Furthermore, simple immersion methods overcome the
limitations of hydrophobic methods in preserving lipids. Since
the clearing effect fluctuates with the penetration efliciency of
clearing reagents, this method is more reliable for the clearing
of small-volume samples, but it is not suitable for larger
samples.

The common simple immersion tissue-clearing method
including Sucrose,”’ FocusClear, 2,2 -thiodiethanol (TDE) ,61 a
cocktail of fructose and urea (FRUIT),”” See Deep Brain
(SeeDB),*® Clear”/Clear™,%* etc.

Generally, only small-volume samples are eligible for these
protocols. Since the lipids are retained, the clearing effect is not
as ideal as that in hydrophobic methods and other hydrophilic
methods. However, this method has the advantages of
simplicity, low cost, and compatibility with a wide range of
fluorescent dyes and proteins (including lipophilic dyes)
(Figure 2).

2.3.3. Hyperhydration Tissue-Clearing Method. Consider-
ing that high-refractive-index molecules are bulky and have
difficulty diffusing into tissue and that lipid bilayers determine
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the permeability of cells, delipidation is the key step in
improving tissue permeability and transparency. Compared
with lipid retention methods, hyperhydration clearing tech-
nologies use detergent-based (such as Triton X-100) lipid
removal methods combined with nonhydrophobic solvents to
clear the remaining tissue. The clearing reagents used in this
technology are mostly based on urea. Common hyper-
hydration clearing methods include: Scale,*® Clear, unob-
structed brain imaging cocktails and computational analysis
(CUBIC),* mxylylenediamine-based aqueous clearing system
(MACS),** ScaleS,** SeeDB2*° and clearing-enhanced 3D
microscopy (Ce3D),” etc. Upon penetration of urea into the
hydrophobic region of a high-refractive-index protein, the
protein can be partially denatured and hydrated, and this
overhydration status reduces the RI to 1.38.°° With this
method, the sample volume can be significantly increased,
which is likely related to the partial denaturation proteins.

In conclusion, the distinction between hyperhydration and
simple immersion techniques resides in the elimination of
lipids and the lowering of the RI. As a result, the
hyperhydration technique has a greater clearing impact than
simple immersion. However, it is easy to induce sample
expansion. In studies that require a fine-grained observation of
the relative location of internal structures, this approach should
be used with caution, or an alternative clearing method can be
employed instead (Figure 2).

2.3.4. Hydrogel Embedding-Based Clearing Method.
Common hydrogel embedding-based clearing methods includ-
ing clear lipid-exchanged acrylamide-hybridized rigid imaging/
immunostaining/in situ hybridization-compatible tissue-hydro-
gel (CLARITY),** Stabilization to harsh conditions via
intramolecular epoxide linkages to prevent degradation
(SHIELD),** perfusion-assisted agent release in situ
(PARS),” simplified CLARITY method (SCM),%” passive
clarity technique (PACT),*® and system-wide control of
interaction time and kinetics of chemicals (SWITCH).*

For RI matching, this approach employs intermediate RI
(1.45-1.50) clearing agents.”® Lipids can be successfully
removed with detergents. The impact of detergents is the basis
of all CLARITY-related clearing technologies. Hydrogel
embedding gives tissues a physical framework and creates
covalent bonds with biomolecules, including proteins and
nucleic acids, effectively preserving molecular information. In
CLARITY, samples can be delipidated via electrophoresis-
driven or passive clearing, resulting in dramatically enhanced
permeability and transparency. However, staining of larger
tissues demands longer incubation times. Currently, there are
two methods for increasing the effectiveness of molecular
probe penetration (antibodies). The first is to reduce gel
density and cross-linking to enhance the permeability of
molecular probes, but this weakens the capacity of the
hydrogel to protect cellular structure and molecular
information. The use of stochastic electrotransport, powered
by an electric field, to enable the accelerated diffusion of
molecules (e.g, antibodies, dyes, and detergents) into dense
tissue—gel complexes,'® is another approach used in
techniques such as PACT.

In conclusion, hydrogel embedding-based clearing methods
can minimize the structural damage to samples and protect the
biomolecular information to the greatest extent while ensuring
effective delipidation by detergents. These techniques facilitate
the localization and study of biomolecules at subcellular
resolution in whole-body-scale cleared samples (Figure 2).

https://doi.org/10.1021/acsomega.2c05180
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3. MUSCLES

3.1. Skeletal Muscle Blood Vessels and Nerves. The
modified BABB method was employed by Dickie’s team to
achieve whole-mount clearing in adult mice. Endothelial cells
were stained with lectin through cardiac infusion. To extend
the labeling period, the microvascular system was then filled
with fluorescent nanoparticles.”” Other labeling approaches,
such as nuclear labeling, are compatible with this vascular
labeling strategy. After BABB treatment, there was no visible
photobleaching. The microvessel imaging depth in muscle and
cardiac tissue can be enhanced to 1500 um using this
technology.69 Based on the findings of Milgroom et al,”®
Feng’s group investigated the use of passive CLARITY to
image skeletal muscles and was able to produce specific
staining of vessels, neurons, and nuclei and to increase the
imaging depth to 250 um.”' Feng’s group was able to
overcome Milgroom’s inability to label actin and the
neuromuscular junction (NMJ) while also increasing imaging
depth.”””" However, it should be emphasized that labeling the
quadriceps femoris in cleared mice requires approximately 40
days.

3.2. Neuromuscular Junction (Motor End Plates).
Milgroom et al. demonstrated that CLARITY can be utilized to
clear skeletal muscle in the mouse hindlimb. The position of
the Hoechst 33342-stained muscle cell nuclei did not vary
significantly when the autofluorescence results of the
experimental and control groups were assessed, suggesting
that CLARITY can clear mouse skeletal muscle without
altering muscle structure.”’ However, the application of
CLARITY was not suitable for tendons, as reported by
Calve. Milgroom suggests that the lack of adipose tissue in the
tendon is responsible. Milgroom’s group has attempted several
times to visualize neuromuscular connections by using
fluorescently labeled cyclotoxin, but even the most superficial
muscle fibers could not be successfully labeled. In addition,
fluorescently labeled phalloidin was unable to efficiently
identify actin.”® The most extensively utilized marker of the
postsynaptic NMJ is cyclotoxin. If CLARITY cannot be used
to image neuromuscular connections, it will become an
inherent flaw in muscle tissue research. Williams verified
Milgroom’s findings that CLARITY is incompatible with
cyclotoxin. They hypothesized that the SDS employed in
CLARITY might quench fluorescence or denaturate acetylcho-
line receptors (AChRs).”” To obtain NMJ immunolabeling in
skeletal muscle, Williams’ group proposed the MYOCLEAR
protocol based on CLARITY. Since SDS was not utilized to
delipidate the samples, this approach was able to clear and
stain NMJs in samples with a thickness of more than 700 ym.
This technique not only allowed successful imaging of the
healthy extensor digitorum longus and diaphragm but also
imaging of the highly fibrotic muscle tissue of dystrophic
mice.”” According to Williams’ research,”> MYOCLEAR is
capable of protecting the normal anatomy of the NM]J
(containing presynaptic tissue, postsynaptic tissue, and
synaptic cleft).””

Yin’s team has performed experiments with OTCT, the
majority of which focus on 3D imaging and the impact of
disease on NMJs. By analyzing the clearing effects of various
OTCTs, they chose the 3DISCO” method compared to
Williams’ study group. The 3DISCO method was also found to
be compatible with a-cyclotoxin labeling of motor end plates.
They discovered that injecting cyclotoxin intravenously is an
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effective and time-saving labeling approach.”* In isolated
mouse muscle, NMJs can be clearly seen after 1 h of treatment
with a 0.3 g/g dose of cyclotoxin.”* They cleared numerous
muscles in mice (including the quadriceps, triceps, and biceps)
and identified motor end plates and their 3D distribution in
intact (undissected) muscles. The findings revealed that motor
end plates were dispersed in lamella clusters, with each muscle
having its own specific lamella clusters. The lamellar clusters of
the gastrocnemius muscle in normal mice have an “M” form,
and the lamellar cluster can recover to this shape after
reinnervation in denervated mice.”? According to them,
muscles in traditional anatomy can be classified into additional
functional units by further subdividing the distribution of
lamella clusters. This will provide a structural basis for more
precise electrophysiological examinations and intramuscular
drug delivery.”

Zhu's team employed FDISCO (DISCO with superior
fluorescence-preserving capability) to replicate Yin’s findings:
after clearing the gastrocnemius and tibialis anterior muscles,
they discovered that the motor end plate is distributed in
distinct lamella clusters in various muscles. Based on the 3D
distribution of the motor end plate, they carried out 3D
intramuscular injections with much higher efficiency than two-
dimensional injections. The effectiveness of retrograde trans-
port can also be enhanced according to the 3D distribution of
the motor end plate.”” The efficacy of 3D injected muscle
labeling improved gradually as skeletal muscle volume
increased. In the clinic, this will enhance the therapeutic effect
on muscles and peripheral motor nerves. They subsequently
examined the alterations in the motor end plates of mice after
peripheral nerve damage using a combination of these
approaches. They discovered that mice with delayed peripheral
nerve regeneration exhibited an irregular gastrocnemius NMJ
morphology, a less uniform fluorescence signal, a smaller mean
area, and decreased maturity.”®

3.3. Skeletal Muscle Tissue and Bioartificial Muscle. In
visible spectrum imaging, skeletal muscle tissue has strong
autofluorescence, hindering the imaging of target fluorescence.
By combining numerous second-harmonic-sensitive proteins
with a selected TDE-based clearing technology, Friedrich’s
group successfully performed label-free imaging of cardiotoxin
(CTX)-induced muscle necrosis in mice.”” The imaging data
replicated the necrotic characteristics seen in HE slices. Second
harmonic imaging showed that the myosin-II signal in the
necrotic area was entirely lost, while the fibrocollagen signal
intensity remained constant.”” This approach provides more
detailed information and more precise delineation of necrotic
muscle tissue than HE slices and thus has promising
applications in the musculoskeletal system.

Additionally, OTCTs may be employed to analyze diseased
muscles. For the first time, Bozycki’s group employed CUBIC
to quantify whole-body calcium deposition in mdx mice.
Calcified deposits were seen in the forelimb, diaphragm,
lumbar area, pelvic region, and hindlimb skeletal muscles of
mdx mice, although to varying degrees in different muscle
groups.”” As a cost-saving measure, they developed their own
imaging device based on LSFM to overcome the limitations of
existing commercial LSFM systems, which are unable to scan
large sample volumes. Through the implementation of an
objective lens with a longer working distance, this system is not
only compatible with a variety of chemical stains but also
supports a variety of hydrophobic methods.”

https://doi.org/10.1021/acsomega.2c05180
ACS Omega 2023, 8, 1739-1758
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In contrast to muscle tissue originating from a live organism,
bioartificial muscles (BAMs) cultivated in vitro exhibit many
distinguishing characteristics, including the absence of
nourishing blood vessels and nerves, and disorganized
connective tissues in the extracellular matrix. The BAM
model is critical for monitoring myogenic progenitor cell
differentiation and muscle fiber creation in three dimensions.
Decroix et al. evaluated ScaleA2, ClearT2, and 3DISCO, and
found that ClearT2 had no clearing effect on isolated muscle
or BAMs, while ScaleA2 had a lesser clearing effect than
3DISCO.”” ScaleA2 is incompatible with antibody staining
before or after clearing and is time-consuming (approximately
2 weeks).”” Decroix evaluated the use of 3DISCO for clearing
in vitro tissues and BAMs by considering the clearance effect,
immunofluorescence labeling compatibility, and duration of
operation. However, it should be noted that 3DISCO will
linearly shrink the tissue.

McCain employed the widely used CLARITY method to
clear and image tissue-engineered muscle bundles, demonstrat-
ing the 3D distribution of actin and dystrophin after
immunostaining.80 Nonetheless, it is critical to note that the
tissue-clearing procedure in CLARITY may result in the
destruction of tissues, which they attribute to the delipidation
effect of SDS. In addition, this group is in favor of the use of
CLARITY without an electric field to minimize denaturation
and protein loss in tissues.*’

3.4. Myocardium. Hsiai established cardiac LSFM (C-
LSFM) for heart tissues based on the design concept of
selective plane illumination microscopy (SPIM).”' After the
adult zebrafish heart was cleared by BABB, through c-LSFM
imaging, they observed ventricular hypertrophy and severe
trabecular degeneration in adult zebrafish after adriamycin
injection.*’ Additionally, the technology can be used to image
neonatal mouse hearts up to a few millimeters in diameter. To
summarize, Hsiai’s group employed BABB to study not only
the macrostructure of the mitral and tricuspid valves but also
the microscopic structure of myocardial cell fiber spiral
direction, overcoming the disadvantage that microCT and
other technologies are incompatible with fluorescence labeling.
This appproach has a wide range of possible uses in heart
development and repair.”’ Larger samples have always been a
challenge for the LSFM. The concept developed by Hisiai for
imaging large samples with a low-power objective lens has
significantly contributed to the development of LSFM. Despite
the loss of resolution, it avoids the need for a large numerical
aperture objective owing to the simultaneous integration of
resolution augmentation methods. Subsequently, Hsiai’s group
simplified and refined CLARITY via RI matching with low-cost
glycerol, thus expanding the application of C-LSFM. They
successfully imaged the adult mouse heart with a volume of
approximately 10 X 10 X 10 mm>.*

Unlike Hsiai’s research group, which focused on the
improvement of imaging technology, Perbellini focused on
the improvement of OTCT. Perbellini and colleagues refined
FASTClear technology, which is free of acrylamide and sodium
dodecyl benzenesulfonate. They successfully imaged and 3D
reconstructed collagen fibers in myocardial slices (300 pm)
from canine heart failure samples using second harmonic
generation (SHG) microscopy.”* Perbellini’s group verified
that FASTClear is compatible with isolectinB4 and Vimentin
antibodies and can be used to acquire high-resolution 3D
pictures of microvessels and large vessels in cardiac tissue
under confocal microscopy.” Expanding the use of FASTClear
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to heart disease tissue could provide significant data support
for cardiac translational research. Additionally, Sommer’s
group used SHG to detect fiber direction in S mm thick
human myocardium.**

Along with normal cardiac tissue, Sung employed Simplified
CLARITY to clear scar tissue in the hearts of mice injured by
hypothermia. Their findings indicate that tdTomato+ fibro-
blasts express GPNMB throughout scar tissue, consistent with
the immune response pathway.” Fischesser’s group also
worked on cardiac fibroblasts, demonstrating fluorescent-
labeled cardiac fibroblasts throughout the mouse heart using
a modified CLARITY technique.*® Additionally, they con-
cluded that the clearing effectiveness of passiveCLARITY was
lower than that of activeCLARITY, which employs an active
electrophoresis device. To minimize electrophoresis-induced
protein damage, the fixing process was changed. In addition,
they decolored the samples to reduce self-fluorescence.

As with H&E staining, a technique can only be considered a
gold standard after it has been widely endorsed. Initially, Lee
tried to utilize OTCT as a foundation for evaluating other
imaging methods. This demonstrates that OTCT is rapidly
gaining popularity as a dependable technology due to its
precision. Lee verified diffusion tensor imaging (DTI) results
obtained with CLARITY, proving capability and accuracy of
DTI in mapping the orientation of cardiomyocytes. This
demonstrates that DTT may also be employed for non-invasive
cardiomyocyte imaging and monitoring.*”

3.5. Myometrium. Kagami examined the uterus of
nonpregnant CAG-EGFP transgenic mice using the modified
CUBIC method.*® EGFP-positive muscle cells were discovered
in a network arrangement between lateral longitudinal muscle
layer and medial circumferential muscle layer in the mouse
uterus.”® This layer of muscle cells was characterized as the
third layer of muscle cells in the myometrium. This layer is
dense with blood vessels and tubulin-3-positive nerve axons
and shows a reticular arrangement of muscle cells. Telocytes in
this layer are in contact with nerve axons, suggesting that
telocytes can transmit signals from the nervous system to the
muscular layer.*® To be certain, no alterations in tissue
morphology were seen in the experiment due to CUBIC. The
CUBIC protocol is suitable for the myometrium since it
removes more pigment and preserves the sample profile.

A detailed description of the optical tissue-clearing
techniques used in muscle tissues can be found in Table 1.

4. BONE AND BONES

4.1. Transparent Cranial Window. Early ima%ing of
cortical veins is often accomplished by cranial surgery,” such
as skull removal, a cranial window, and a thinning-skull cranial
window. However, craniocerebral damage produced by surgical
trauma may cause the observed cortical vasculature to vary
from the real condition, compromising accuracy and reliability.
Zhu’s team evaluated a vast number of chemical reagents to
tackle this issue. They then proposed a novel method of tissue-
clearing called skull optical clearing solution (SOCS).”” SOCS
is a combination of several reagents, among which lauryl
alcohol and sodium dodecyl benzenesulfonate are effective
delipidators; saturated glucose solution and dimethyl sulfoxide
improve SOCS penetration; and sorbitol with a high RI
matches the RI of samples.” All processes used SOCS reagent.
SOCS not only promotes optical clearing of the skull in vitro,
but can also be used to image the skull in mice in vivo. SOCS,
when combined with laser speckle technology and photo-

https://doi.org/10.1021/acsomega.2c05180
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acoustic microscopy imaging technology, enables imaging of
intact mouse cerebral microvessels and blood flow in vivo.*’
The fact that the safety of in vivo imaging was not adequately
demonstrated may explain why this approach has not received
sufficient attention since its introduction. Additionally, SOCS
has not been demonstrated to facilitate high-resolution
imaging of cortical nerves nor has it been demonstrated to
prevent damage to fluorescent proteins or to be compatible
with exogenous dyes. Hence, Zhu’s group proposed USOCA
(not an abbreviation) based on SOCS. USOCA can also be
used in vivo, similar to SOCS. By cleaning the transparent
region with PBS, the skull is returned to its normal state,
indicating that USOCA can be used to observe chronic
disorders. Unlike SOCS, USOCA is not affected by mouse age.
It is capable of producing eficient transparency for mouse
skulls of various chemical compositions and ages, and its safety
has been established.”’ Laser speckle contrast imaging (LSCI)
and hyperspectral imaging (HSI) are used to create a dual-
mode optical imaging system.gl’92 HIS measures oxygen
saturation, whereas LSCI assesses cerebral blood flow.
USOCA enhances the contrast and resolution of cerebral
blood flow and oxygen saturation maps within this imaging
system. USOCA overcomes the inability of SOCS to be used
for imaging the nervous system. Using immunohistochemical
labeling of CX3Cr1-GFP mice and anti-GFAP antibodies, it
was shown that mice treated with USOCA for 2 days did not
exhibit pathological inflammation.”’ Currently, USOCA
reagents only allow structural imaging of the skull but not
functional imaging. Fortunately, Zhu’s study team verified that
the long-term effects of USOCA on cortical microvessels are
harmless. Although microglial cell dynamics were considered
with USOC, the monitoring period was not long enough to
determine if long-term use of USOCA would cause changes in
the structure of cortical neurons in other ways.

Zhu developed the VNSOCA (visible-NIR-II-compatible
skull optical clearing agents) clearing reagent by substituting
deuteroxide for water as the USOCA solvent. Near-infrared
(NIR) light provides an advantage over visible light for
imaging deep tissues, particularly at NIL-II, because tissue
scattering reduces with wavelength (900—1700 nm). However,
NIR-II cannot be paired with OTCT because the water used in
conventional OTCTSs exhibits high absorption at wavelengths
longer than 1300 nm. The VNSOCA reagent permits not only
NIR-II excitation light to pass through the skull but also visible
signal light. It can also be used to image excited NIL-II using
third harmonic generation (THG) microscopy.93 However,
VNSOCA can induce optical damage in individual capillaries.”

SOCS-related techniques do not necessarily involve the
application of OTCTs to skeletal muscle systems. Instead, the
ultimate goal of applying these approaches is to obtain high
spatiotemporal resolution imaging of the cerebral cortex
microcirculation system, glial cells, and other structures.
They are also included because these techniques are the first
to render the musculoskeletal system transparent in vivo,
which is of critical importance.

4.2. Alveolar Bone and Dental Implants. PEGASOS
was utilized by Zhao’s group to address the challenge of 3D
imaging of the implant—bone interface. Prior to applying
OTCT to the alveolar bone—implant interface, 3D imaging of
the alveolar bone—implant interface could only be achieved by
uCT. However, owing to metal halo artifacts,”* microCT could
not discriminate the alveolar bone—implant interface and could
not be used to observe the cell composition and fluorescence
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signals. By using PEGASOS, Zhao’s group not only
successfully achieved 3D imaging of the alveolar bone—implant
interface but also found that successful angiogenesis after
implant implantation did not guarantee successful osteo-
genesis.”” The comparison of uCT and SHG signals in the
same targeted area showed that the decalcification step in
PEGASOS will not affect the alveolar bone—implant
interfaces.”” For incompatible decalcification staining techni-
ques, they observed that PEGASOS without decalcification
could also produce 3D imaging of calcein green labeling paired
with endogenous fluorescence, but the imaging depth was
proportionally decreased (~3350 um).”> Using tracing tech-
nology combined with PEGASOS, Zhao’s team performed 3D
imaging of bone integration after tooth extraction and delayed
implantation in mice. The results showed that Glil+ cells in
alveolar bone proliferated after tooth extraction and were
closely connected to blood vessels throughout the process.” In
transgenic mice with specific Glil+ cell knockdown, the
researchers found that Glil+ cells were required for peri-
implant osteogenesis, a process that may be mediated by the
Whnt pathway.”® Additionally, LepR antibody immunostaining
revealed that LepR+ cells may arise from Glil+ cells after tooth
extraction.”””’

4.3. Long Bone Cortical Vessels. The team of Gunzer
coupled modified simpleCLEAR with a number of optical
imaging techniques such as confocal microscopy, scanning
electron microscopy, light microscopy, and X-ray microscopy,
to create a 3D picture of mouse long bones (femur and tibia).
In the bone cortex of mice, numerous microvascular structures
known as transcortical capillaries were discovered.”® Research-
ers also found similar structures in the phalanges, skulls, and
femurs of mice treated with simpleCLEAR.” This work not
only expands the application scope of simpleCLEAR but also
located and labeled transcortical vessels for the first time. This
discovery demonstrates the significance of 3D imaging in
scientific studies.

3D imaging provides a spatial position relationship that is
difficult to depict in 2D imaging and serves as a solid
foundation for reliable conclusions. Cai et al. combined
transgenic mice with vDISCO in the same year. They
discovered a similar structure in the skulls of mice, which
they dubbed short skull meningeal connections (SMCs). It is
not known if these vessels are lymphatic or vascular due to a
lack of relevant reporting mice. It has been shown that
VEGFR3+ arteries stretch from the meninges into the cortex of
the skull and carry LysM GFP+ immune cells.’® This
technique makes use of nanoantibodies coupled with a strong
fluorescent dye to multiply the fluorescence signal by a factor
of 100. Due to the significant autofluorescence of skeletal
muscle, vDISCO has promising future uses in this system.

4.4, Craniofacial Bone Development. Zhao’s team
expanded the application of PEGASOS by combining it with
transgenic mice. They discovered that osteogenic activity and
vascular density were widespread throughout the skull during
the first 2 weeks after birth. However, the osteogenic activity
and vascular density decreased and gathered in the bone suture
area and bone marrow space after 2 weeks.”” Suture
mesenchymal stem cells (SuMSCs) are can be labeled with
antibodies against Glil or Axin2. Elimination of SuMSCs
causes suture fusion. In addition, Glil+ mesenchymal stem
cells were found localized near blood arteries in craniofacial
bone, similar to the findings in long bone.” This conclusion
contradicts the conclusion that SuMSCs are independent of
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the blood vessels in the skull, which is usually drawn from two-
dimensional imaging.

4.5. Bone Marrow. Using uDISCO, Pan et al. studied the
location of bone marrow mesenchymal stem cells in whole
mice without decalcification. In this study, quantum-dot-
labeled BMSCs from f-actin EGFP mice were detected in the
bone marrow and intestinal tract of C57BL/6 mice.*° Using
BABB in conjunction with immunolabeling, Gorelashvili et al.
discovered that the quantity and size of megakaryocytes in
two-dimensional images were severely underestimated.'”’
Additionally, different types of bone marrow cells may be
analyzed using OTCT. The Greenbaum group used Bone
CLARITY technology to obtain an image depth of
approximately 1.5 mm in the epiphysis of long bones and
mapped the spatial distribution of bone progenitor cells. A
substantial increase in the number of Sox9+ cells were detected
in Sox9CreER transgenic mice after subcutaneous injection of
sclerostin antibody (scl-AB), showing that more bone
progenitor cells may be recruited to the bone surface and
contribute to an increase in the osteoblast population.'®!

In addition, 2ECi (second %eneration ethyl cinnamate based
clearing method),'”” SeeDB, % and other technologies also
achieved clearing of the skeleton. Among them, SeeDB can
only image 10—40 ym below the surface of intact cortical bone
in mouse femurs. Currently, there are only a few studies on the
use of these techniques. In addition, there is a lack of data
support for the clearing effect of other bones and muscles
beyond the research objectives.

A detailed description of the optical tissue-clearing
techniques used in bones can be found in Table 2.

5. CARTILAGE

Due to the limited development of optical imaging
technologies in the past, OTCT was rarely used for cartilage.

Generally, it is believed that the meniscus is a tissue
structure devoid of blood supply; therefore, the presence of an
adequate vascular supply is considered an influential factor in
meniscus healing. However, early studies of meniscus vascular
structures have been rather sparse. In several studies, using
modified Spalteholz, the microvascular anatomy of articular
cartilage has been elucidated more thoroughly. Also using
modified Spalteholz, Arnoczky and Warren discovered that the
posterolateral side of the lateral meniscus lacks blood flow due
to its connection with the popliteus tendon, which indicates
that lesions on this side of the meniscus are more difficult to
cure.'”* They studied the effects of synovial and capsular
tissues around the joint in postoperative joint reconstruction
using a canine articular disc. Furthermore, they discovered that
wounds within the peripheral, vascular-rich meniscus may heal
and cause fibrovascular scarring. However, longitudinal
incisions in the area of the meniscus devoid of blood vessels
failed to heal.'™ In a later work, Arnoczky et al. used this
approach to demonstrate that tears around the triangular-
fibrochondral complex may be reparable. A tear that occurs in
the center and along the tibial attachment is less likely to
heal.'” Crawford et al. evaluated the depth of medial and
lateral meniscus blood supply in young and elderly people'®’
using Arnoczky’s modified Spalteholz method. The modified
Spalteholz method described in this study was based on the
method proposed by Crawford.'”” A detailed introduction of
this technology requires further study of the suggested
literature.'”® Previously, due to the limitations of imaging
technology, this approach has only been utilized to enhance
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the vascular structure of articular disc cartilage and to visualize
cartilage slices under a microscope. It is only possible to
perform imprecise quantitative analyses of the microvessels in
articular cartilage. Moreover, this approach is time-consuming,
needing aggroximately 8—9 days to obtain clearing the 5 mm
meniscus.

With recent advancements in data processing and imaging
technology, OTCT has been used to study cartilage at the
cellular level. SeeDB was utilized by Calve’s group to discover
intercellular connections embedded in the thick, mineralized
extracellular matrix.'”’ Confocal imaging demonstrated that
cellular connections might extend beyond the pericellular
matrix, lendin§ credence to the presence of chondrocyte
connections.'”” Neu’s group achieved transparency of cartilage
approximately 2.5 mm thick using SeeDB.”* The imaging
depth is primarily restricted by the working distance of the
objective when utilizing typical confocal (single-photon)
fluorescence imaging. Neu et al. discovered intercellular
connections in the load-bearing area of cartilage tissue,
indicating that cell connections play a role in stress
distribution.”* Using cryogenic scanning electron microscopy,
they concluded that SeeDB had no effect on the morphology
or ultrastructure of tissues. In accordance with the Calve
group’s proposal, Neu discovered that tiny molecules, such as
Hechst, Dil, and photoleptide, may permeate the cartilage
matrix, and hence small molecular antibodies should be
utilized when immunofluorescence labeling is used in
cartilage.”* SeeDB offers essential benefits in cartilage research
due to its ability to maintain sample morphology. However, it
should be highlighted that the final transparency of large
samples is not acceptable, even with prolonged treatment time,
due to the lack of delipidation. Although raising the
temperature may successfully improve osmotic impact, it
must be done at the expense of increasing self-fluorescence and
quenching of target fluorescent proteins. Furthermore,
although SeeDB is compatible with a wide range of fluorescent
probes, the time and cost rise with the size and amount of
antibodies applied,'”” undermining SeeDB’s touted benefits of
being rapid, simple, and inexpensive. Furthermore, SeeDB was
shown to have little to no clearing impact in the articular disc
and ligaments.'*?

Omnipaque is a water-soluble, non-ionic radiocontrast agent
that is extensively used in angiography and arthrography.'®’
According to Bykov et al, Omnipaque can optically clear
articular cartilage tissue. Omnipaque can be used to image
bovine articular cartilage via optical coherence tomography
(OCT) and to correctly define the chondro—bone inter-
face.'””""” Furthermore, this research group attempted to
employ glycerin and fructose for the treatment of hyaline
cartilage based on nIR imaging,''' but the glycerin and
fructose concentrate was highly permeable and induced high
permeable stress in chondrocytes and significant changes in
tissue morphology. It was found that using Omnipaque to help
modify costal cartilage autografts can raise the maximum
temperature during infrared irradiation and is chemically stable
under the infrared laser used in the clinic.''” The explanation
regarding the Omnipaque clearing procedure provided by
Bykov’s group was insufficient for comparison with other
methods that may be used in cartilage. Furthermore, the
compatibility of the technique with endogenous fluorescent
protein and exogenous dye has not been confirmed, and
therefore, the technique has limited guiding value for
applications other than OCT and infrared laser treatment.

https://doi.org/10.1021/acsomega.2c05180
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Table 3. Optical Tissue-Clearing Technologies for Cartilage

Perfusion and

Final RI Advantage

Staining/Labeling

RI Matching

Dehydration
ethanol (70%,

Delipidation

Decalcification

Fixation

Method
modified

basis for other protocols

Spalteholz solution (3:5 benzyl

chloroform

10% nitric

10% neutral-

benzoate/methyl salicylate)

95%, 100%)

acid

buffered

Spalteholz

formalin
4% (w/v) PFA?

samples; Maillard

not suitable for large
reaction

learn; inexpensive; safe; quick

morphology-preserving; easy to

1.490—-1.502

neuronal tracers (including

compatible with various
Dil)

SeeDB (80.2 (w/w) fructose);
SeeDB37 (86.7 (w/w) fructose)

SeeDB”

limited application

clinical utility

1.501— 1.519

Tohexol

PBS” and frozen

Tohexol

at =20 °C

“PBS, phosphate buffer saline; PFA, paraformaldehyde; SeeDB, see deep brain.
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7.3. Light-Sheet Fluorescence Microscope. LSFM
scans the sample plane by plane, not point by point. And the
LSFM transmits an ultrathin light sheet through the tissue,
with the illumination perpendicular to the direction of
detection. Initially, LSFM was primarily used for the imaging
of tiny and transparent samples (zebrafish). With the advent of
OTCT, it may be used for much larger and more opaque
samples.' > Because the tissues above and below the light sheet
are not stimulated, LSFM provides superior axial resolution
and scanning speed, as well as reduced photobleach and
phototoxicity.'® At present, there are a variety of commercially
available LSFMs. Some researchers have also developed
customized LSFMs based on the original design proposal of
LSFM in order to maximize cost effectiveness and meet
specialized research needs. The major purposes are to enhance
the working distance, the resolution, the use of dual
illumination to compensate for the non-uniformity of large
volume lighting, etc.

7.4. SHG Microscopy. The imaging principle of SHG is
principally based on a second-order nonlinear effect. The SHG
microscope is created by modifying the two-photon micro-
scope. As a result, it has properties similar to the two-photon
microscope but also offers many advantages. First, no
additional staining is needed for SHG microscopy, and since
there is no energy absorption in the imaging process,
phototoxicity and photobleaching effects are mostly avoided
in samples. Because the SHG may collect signals in reverse, it
can be seen simultaneously with two-photon microscopy and
other imaging modalities. SHG has a higher signal-to-noise
ratio than fluorescence imaging. The SHG microscope has a
broad application prospect in the musculoskeletal system since
collagen fibers are rich in bones, tendons, muscles and
cartilage.

8. CONCLUSION

Since OTCT is experiencing rapid growth, its development
goals should not be restricted to expanding the range of
application and improving the clearing effect. In contrast, we
should focus on enhancing the ability to retain endogenous
fluorescent proteins, safeguard antigen integrity, maintain
tissue morphological stability, and ensure reagent safety.
Currently, there are few specific methods designed for the
musculoskeletal system. Some researchers have modified
existing OTCTSs to better accommodate the musculoskeletal
system. For example, Verma et al. integrated and modified
CUBIC, iDISCO, and ScaleS so that they could be used to
study skeletal muscle in adult mice. However, these methods
can only efficiently clear small samples, such as testicular
muscle."'® Friedrich developed and enhanced a tissue-clearing
method for the musculoskeletal system based on TDE.”” At
present, there are a limited number of OTCTs for the
musculoskeletal system, and the majority of the studies utilize
published techniques or their modifications.”

Considering the current applications of OTCT in the
musculoskeletal system, we proposed that researchers should
be aware that there is no method that is applicable to multiple
tissues or research purposes. The best optical tissue-clearing
approach is the result of careful consideration based on the
experimental goal, budget, facilities and subject.

When using OTCTs in the musculoskeletal system,
researchers must consider the following: (1) The fluorescent
proteins used today (EGFP, EYFP, mCherry, etc.) mainly emit
light and are detected in the visible spectrum. Nevertheless,
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bone and muscle exhibit self-fluorescence due to high levels of
heme[114], which impedes the observation of target
fluorescence. In the processes of sample perfusion and fixation,
we recommend using cardiac perfusion to preliminarily remove
a substantial volume of blood. We recommend further
decolorization of samples after cardiac perfusion due to the
limited efficacy of cardiac perfusion. (2) When choosing
between transgenic fluorescent reporter mice and immunos-
taining, we suggest using fluorescence reporter mice.
Immunostaining cannot guarantee a homogeneous distribution
of signals in large samples and may substantially lengthen the
experimental period. In addition, large samples can signifi-
cantly increase immunostaining costs. However, immunostain-
ing offers some benefits in certain situations. In reporter mice,
may be destroyed when tissues are cleared, and they may also
be obscured by surrounding autofluorescence. In this case,
immunolabeling of the sample is preferable. In addition, the
transgenic technique is not applicable if the study object is
primate or human tissue. (3) For immunolabeling, we
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advocated in vivo infusion/intravenous injection rather than
in vitro passive incubation. Due to the specific structure of
bone, in vitro passive incubation often necessitates long
incubation times. Moreover, immersion for long periods of
time can still lead to uneven antibody distribution and
nonspecific fluorescence accumulation.'” By dividing bone
in half, the issue of a lengthy incubation time can be resolved
(when tissue integrity is not required). In terms of antibody
choice, we recommend antibodies that have a small volume for
quick penetration, such as the nanoantibodies used in
vDISCO. (4) To prevent interference with the detection of
target fluorescence caused by tissue self-fluorescence in the
shorter wavelength range of visible light, it is recommended to
employ dyes that emit near-infrared light. Commonly used
dyes, such as Alexa Fluor 488 and Alexa Fluor 555, are difficult
to observe owing to the self-fluorescence of muscles. For the
fluorescent reporter mice, the spectra can also be red-shifted
using antifluorescent protein antibodies."'® (5) The use of
EDTA for decalcification has not yet been shown to affect the

https://doi.org/10.1021/acsomega.2c05180
ACS Omega 2023, 8, 1739-1758


https://pubs.acs.org/doi/10.1021/acsomega.2c05180?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05180?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05180?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05180?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

macroscopic or microscopic structure of bone. Therefore, we
propose decalcification for research with high bone trans-
parency requirements. (6) Although some studies indicate that
the shrinkage resulting from certain methods is is.otropic,40 the
majority of presently used hydrophilic tissue-clearing methods
result in visible shrinkage of samples. For research that requires
a high level of tissue morphological precision, we suggest
methods with fewer effects on sample shape. Thus, minor
shrinkage may be addressed with a simple scaling of the
picture. We do not advocate employing OTCTs that result in
nonlinear shrinkage. (7) The direct application of SHG
microscopy imaging of unlabeled samples allows quantitative
analysis and 3D visualization of second harmonic-sensitive
proteins, such as collagens, in bones, and muscles. (8) The
transparent cranial window technique has been applied in vivo,
but this achievement is not sufficient to demonstrate that this
technology may be widely used in other tissues. Because the
skull is rich in collagen and hydroxyapatite, it contains very few
cell components. The adoption of this approach to in vivo
imaging requires careful thought (Figure 3).

The selection of tissue-clearing methods should take into
account the penetration effect, tissue deformation, and clearing
effect, since the musculoskeletal system contains abundant
inorganic components, blood, and fibrillar connective tissue.

Due to its unique composition and structure, it is vital to
create specialized OTCTs suited to studying the musculoske-
letal system. The key characteristics of such a method would
be as follows: (1) Since muscles may exhibit strong self-
fluorescence in the visible light spectrum following PFA
fixation, it is necessary to screen NIR dyes that may be utilized
for labeling or further screen-fixed reagents that can lower the
self-fluorescence intensity. (2) The volumes of bones and
muscles are greater than that of other tissues. However, LSFM
systems with large numerical apertures are restricted in their
working distance, which makes bulk sample imaging difficult.
Accordingly, objective and high-resolution imaging algorithms
for the musculoskeletal system are in increasing demand. (3)
Due to the size of muscles and bones, a greater number of
clearing reagents is needed to achieve transparency compared
to other tissues, and further lowering the toxicity of reagents is
an urgent and essential aim in this area. (4) For high-resolution
imaging of musculoskeletal systems, techniques for automated
monitoring and counting of cells or cell-level structures (such
as neuromuscular junctions) are needed. (5) As the structure
of musculoskeletal tissues is evidently heterogeneous, accurate
tissue morphology is often required in relevant research.
Therefore, we need a method that can guarantee the
transparency effect without affecting the morphology of the
tissue.

For instance, the newly developed NeuroGPS-Tree algo-
rithm provides a potent method for autonomous neuron
tracking.
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