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2. Introduction 

2.1 Chapter 1.1 Holistic mapping of human organisms 

The study of human organ anatomy is fundamental in medicine for several applications, 

from diagnosing diseases to generating treatments. So the organs of the human body 

must be mapped with a resolution of a single cell(Schiller et al., 2019). A comprehensive 

atlas of human organs is essential for clinical physicians to determine the course of treat-

ment, obtain reference images of the various human structures from a large volume, and 

serve as a preoperative tool(Reardon, 2016, Rozenblatt-Rosen et al., 2021). However, 

Intricate three-dimensional anatomical complexity has remained a challenge for mapping 

intact human organs (Reardon, 2016). This limitation is primarily due to the lack of scal-

able and unbiased cellular-level technologies capable of mapping human organs. 

 

2.1.1 Chapter 1.1.1 Imaging technology for intact human organs and cleared 

human tissue 

 

Several advanced technologies attempt to map high-resolution structural data on human 

organs. The standard method for reconstructing many human organs provides valuable 

digital anatomical images of human organs but is time-consuming and omits some valu-

able information. For example, the sectioning histology is very labor intensive for large 

human organs, and reconstructing information from adjacent sections into a 3D view of 

the tissue is extremely time consuming and difficult. Magnetic resonance imaging (MRI) 

is one of the most popular and sensitive methods used for visualizing vital organs in 

clinical studies(Sijens et al., 2010). Although MRI can provide longitudinal images of hu-

man organs, including the brain(Tuch et al., 2001) and kidney(Nikken and Krestin, 2007), 

its maximum resolution still does not reach a cellular resolution. Even the advancement 

of higher-resolution MRI with high Tesla values has limitations(Schmidt et al., 2010). 

First, various human tissues and regions require the development of new MRI scanning 

techniques and imaging protocols to visualize the regions of interest. Second, visualiza-

tion depends on subject compliance and technician skills in sequence planning, execu-

tion, and post-processing. Third, detecting tissue edema, fibrosis, and inflammation in 

internal structures may be less accurate. The optional method is computed tomography 
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(CT), which usually targets the human organ vasculature and is required to segment im-

portant human organ regions and structures(Walsh et al., 2021).  In addition to the limited 

resolution, CT Imaging has a high cost (Fu et al., 2019). Furthermore, CT carries a po-

tential risk of radiation exposure for clinicians. Because CT and MRI have limited image 

resolution and cannot accurately reflect the exact condition of detail of human organs, 

such as capillary vessels, more extensive imaging technology is required to develop for 

human organ mapping(Kaller and An, 2022). 

 

Overall, we are still searching for a method that can bridge the gap between large-scale 

intact imaging and high-resolution histological imaging for intact human organs, for ex-

amples, the human brain, kidney, and pancreas. One promising approach is using the 

newly developed method  “tissue clearing,” that enables high-resolution in situ labeling 

of macroscopic structures and renders anatomical specimens transparent by minimizing 

light absorption and scattering in cleared tissues(Tian et al., 2021). Although simple tis-

sue clearing method was invented over a century ago(Richardson and Lichtman, 2015), 

it has only recently gained broader interest in the neuroscience community when com-

bined with fluorescent markers (fluorescent proteins and chemical probes) and antibody 

deep tissue labeling methods(Ueda et al., 2020). The most critical element in the recent 

success of tissue clearing methods is the development of LSFM, which extends the tech-

nique to larger fields of view(Costantini et al., 2019). The main advantage of LSFM is that 

it accurately preserves the macroscopic 3D spatial relationships of the cleared tissues. 

 

Microscopies for cleared tissue imaging 

The development of fluorescence light microscopy has led to many tissue clearing meth-

ods applicable in various fields (Table 1). Researchers must select the most appropriate 

microscopy for their optically transparent samples(Chen et al., 2015, Ku et al., 2016). 

Tissue after transparent allows deep 3D imaging using confocal (Decroix et al., 2015, 

Ariel, 2017), two-photon, or LSFM. Two-photon imaging is traditionally used for deep 

imaging in living animals and thick fluorescent tissues(Denk et al., 1990). Recently cellu-

lar 3D imaging can be accomplished with objectives optimized two-photon microscopy 

by imaging cleared samples at depths of up to 5 mm in high resolution and contrast 

(Ragan et al., 2012). However, two-photon microscopy is not suitable for large-volume 
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sample imaging. In addition, the main drawbacks of this two-photon microscopy applied 

to cleared human tissues are the slow scanning speed and the unavoidable light bleach-

ing. These drawbacks restrict two-photon microscopy for further development of cleared 

human tissue. Compared with two-photon microscopy, LSFM has advantage of illuminat-

ing the whole layer of interest in the sample with single panel of light, when sparing the 

rest of the region from laser illumination, significantly reducing the damage from light 

bleaching and increasing scanning speed(Jonkman et al., 2020, Reynaud et al., 2008). 

LSFM enables volumetric imaging of much larger human tissues that need only account 

for the relationship between tissue size and imaging chamber size.  

 

Because of the renewed interest in LSFM development and optimization, it is now possi-

ble to study large volumes of intact human tissue at cellular resolution(Santi, 2011). With 

LSFM, large human sample volumes can be scanned quickly, alleviating imaging bottle-

necks during high-throughput tissue sample preparation (Power and Huisken, 2017). The 

organic solvent-based method reduces the volume of tissue samples by approximately 

30%, allowing human organs to fit into the imaging chamber of LSFM. With LSFM, im-

ages can be captured at tens-to-thousands of frames per second with the camera, allow-

ing for detailed analysis and optically clear 3D observations by reducing fading and pho-

totoxicity (Voie et al., 1993). In particular, LSFM uses a thin slice of illumination plane to 

illuminated a fluorescent sample, such as the whole embryos, as well as objects as small 

as organelles, which benefit most from selective illumination when analyzing complex, 

dynamic 3D fluorophore distributions (Tomer et al., 2011, Verveer et al., 2007). Because 

LSFM uses a high speed camera for signal detection, it enables acquisition in a short 

time, which has made powerful acquisition and minimal laser toxicity of LSFM an ex-

tremely versatile microscopy for 3D imaging of samples at up to five biologically relevant 

scales (Ueda et al., 2020).  

 

Table 1 Summarized characteristics of microscopies for tissue clearing samples 

  

Microscopy type: Resolution Z Imaging depth

Wide-field Usually less than 1µm Bad

Laser-Scanning Confocal Good can  reach 700 nm Good (less than 100um)

Multi-point Confocal Good but slightly less than LSFM Typically less than 50µm

Light Sheet Fluorescence Microscopy Good depends on the thickness of the light sheet Best (can reach several mm)

Lattice Light with super resolution microscopy Best with super resolution Generally less than 20µm
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Volume imaging by adapting LSFM systems in conjunction with the tissue clearing 

method could be a powerful platform for imaging transparent human organs. Indeed, in 

Publication I, we demonstrated that the SHANEL method combined with LSFM for vol-

umetric imaging enables in-depth analysis of the functional anatomy of large volumes of 

human tissue and even intact organs. 

 

2.1.2 Chapter 1.1.2 Optical Tissue clearing  

Tissue clearing methods render biological specimens transparent by matching the refrac-

tive indices of various cellular compartments. Reduced light scattering enhances imaging 

light to penetrate deeper into the tissue. When combined with fluorescent labeling of cells 

and molecules, the entire transparent organs or even whole organisms can be imaged 

via LSFM at subcellular resolution. Organic solvent-based tissue clearing methods, par-

ticularly the 3D imaging of solvent-tissue cleared organs (3DISCO), first introduced by 

Dr. Ertürk, are a straightforward and reproducible technique to clear dissected mice or-

gans(Erturk et al., 2012) and achieve the most satisfied level of optical transparency 

among all reported methods. To study the entire central nervous system (CNS) and be-

yond, our group developed the ultimate uDISCO(Pan et al., 2016) and a whole mouse 

immunolabeling method known as vDISCO(Cai et al., 2019), which can render not limited 

to dissected mouse organs but also entire adult rodent bodies transparent.   

 

Organic solvent-based tissue clearing 

The advantages of organic solvent-based methods in the  tissue clearing field often result 

in rapid, complete transparency of an intact mouse organ. Most tissue clearing organic 

solvent-based methods have evolved from the method of 3DISCO, which was the first to 

render an adult mouse organ optically transparent in 1–2 days, depending on the organ 

size. Methods based on DISCO include a major step of dehydration which would remove 

water and lipid—the main light scatterer components in biological tissues (RI of aqueous 

is 1.33 and the RI of lipid and other soft tissues is 1.44–1.56) and an immersion step in 

an organic solvent is to meet the mean RI of biological tissue and reach a homogenous 

RI in the tissue. The RI for organic solvents based tissue clearing method is ~1.56(Figure 

1)(Masselink et al., 2019, Buenrostro et al., 2013). 3DISCO and its variants have been 
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improved in response to the problem that solvent chemicals preserve fluorescent proteins 

for only a few days. For instance, Pan et al. developed the another organic solvent based 

tissue clearing method called-uDISCO which extended the applicant of whole mouse tis-

sue clearing and visulization, with the features of maintained mouse endogenous FPs for 

up to 6 months, and reduced the tissue size to around thirty percentage of their previous 

tissue size, allowing whole-body visulization at cellular resolution using LSFM. a-

uDISCO(Li et al., 2018) improves fluorescence intensity and stability by adjusting pH 

conditions. Based on uDISCO, its successors, fDISCO, and sDISCO(Matryba et al., 

2021), have been used extensively in imaging studies of rodent neural circuits, inflam-

mation, and stem cells, as well as human biopsy specimens. fDISCO(Qi et al., 2019) was 

developed by controlling the temperature and pH settings in the protocol. fDISCO makes 

it possible to preserve FPs and fluorescent chemical tracers for several months and re-

scan the cleared samples for multiple times. By stabilizing DBE with antioxidants, 

sDISCO further preserves fluorescent signals for longer time. With applying sDISCO, FP 

fluorescence could be maintained for over one year. In addition to DISCO-based methods 

relying on the FPs, immunological deep labeling approaches were applied to study rodent 

embryos, whole mouse bodies, human embryos, and human cancer biopsy samples. 

Labeling large human tissues in depth with selected chemical dyes and specific antibod-

ies remains challenging because antibody permeabilization decreases with the sample 

size. To resolve this issue, Renier et al. developed iDISCO(Renier et al., 2014), which 

combines different chemicals in the pretreatment solutions that allow permeabilization of 

whole mouse embryos and adult organs. This technique enabled the identification of dis-

tinct neuronal regions of whole mouse brains through successful immunolabeling and 

volumetric imaging. For whole mouse immunolabeling, Cai et al. recently developed 

vDISCO(Cai et al., 2019), an immunolabeling technology in which nanobodies are per-

fused into the entire mouse body at high pressure to solve the low ratio signal intensity 

of endogenous fluorescent protein. This technique amplified fluorescent signals enabled 

visualization of cellular even subcellualr details and quantification of intact mouse body 

through bone and muscle with single cells resolution, as well as the detection of neuro-

degeneration in whole mouse body neuronal projections. 
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Figure 1. The organic solvent tissue clearing methods and the main feature steps. Or-

ganic solvent tissue clearing methods are based on major step of fully dehydration of the 

tissue and lipid extraction. Then immersion of RI matching organic solvents.  

 

 

Hydrophilic-based tissue clearing 

Researchers have developed hydrophilic-based tissue clearing reagents, that have sev-

eral advantages over solvent-based tissue clearing reagents, including non-toxic, bi-

osafety, and protein function preservation. Tissue clearing processes use high concen-

trations water dissolvable hydrophilic reagents as RI matching media (Figure 2). Be-

cause hydrophilic reagents contain hydrogen bonds whihc can react with tissue compo-

nents including proteins and water molecules, these bonds can help maintain the tissue’s 

3D structure and preserve the signal of the FPs. 

 

The method of hydrophilic-based tissue clearing divides into two main categories: simple 

immersion and delipidation. In simple tissue clearing regents immersion, samples are 

immersed with the appropriate hydrophilic RI solutions by stepwise conversion to fruc-

tose(Calve et al., 2015), 2,20-thiodiethanol (TDE)(Aoyagi et al., 2015), and forma-

mide(Xie et al., 2019). Because direct hydrophilic immersion is performed without deter-

gent permeabilization or dehydration steps, biological samples are neither stretched nor 

shrunk, thus preserving morphology. For instance, the See Deep Brain (SeeDB) tissue 
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clearing protocol(Ke et al., 2013) using fructose immersion as the RI adaptation compo-

nent. Ke et al. (2013) discovered that SeeDB was unsuitable for whole organ tissue clear-

ing and was limited to clearing mouse brains several millimeters in size. The updated 

SeeDB2(Ke et al., 2016) protocol, with a hydrophilic solution with a higher RI, enabled 

imaging of neural circuits in mouse brains in super-resolution. In 2015, the SeeDB-de-

rived FRUIT tissue clearing method was improved by adding urea to SeeDB and clearing 

the whole brain of adult rabbits. Later, other RI-matching hydrophilic solutions were used 

in the formamide-based ClearT2(Kuwajima et al., 2013) tissue clearing method and 

ScaleS(Hama et al., 2015), which was created by combining urea and sorbitol in the 

procedures. 

 

By simple immersion, the chemical has the advantage of being simple to use, but after 

tissue clearing, it does not achieve optimal optical transparency. Therefore, Ueda and his 

colleagues developed more powerful hydrophilic tissue cleaning agents. They selected 

amino alcohols that delipidate and decolorize rodent tissue using computational analysis. 

They discovered more than 1,600 amino alcoholic chemicals in the hydrophilic-based 

tissue clearing method, named CUBIC. CUBIC(Susaki et al., 2014) is used for various 

applications, including whole-brain imaging of genes expressed, drug administration, and 

whole-brain imaging of cancer metastases. By combining the most advanced delipidation 

(CUBIC-L) and RI-adapting reagents (CUBIC-R)(Matsumoto et al., 2019), the improved 

tissue clearing method provides higher performance in terms of biosafety and protein 

antigens preservation. 
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Figure 2. The main features of hydrophilic tissue clearing methods. Hydrophilic tissue 

clearing methods are relied on water-soluble regents in each step and are generally in-

cluded decolorization and delipidation steps, and then match the RI in the final step. 

Some hydrophilic tissue-clearing methods enlarge the tissue size.  

 

Hydrogel embedding tissue clearing 

Despite the hydrophilic-based tissue clearing method was used to clear small human 

tissue samples, the high concentration of detergents in the hydrophilic-based method for 

clearing tissue would remove some proteins in the tissue. Hydrogel-based methods at-

tempt to solve these problems by embedding the tissue in the hydrogel (Figure 3). After 

embedding in the hydrogel, lipids are removed passively by incubation in detergents for 

weeks (8% SDS) or rapidly (days) by electrophoresis. The hydrogel is generally com-

posed of a polymer matrix and can protect the biomolecules of the samples under harsh 

treatment conditions and preserve endogenous fluorescence with good optical transpar-

ency. The first reported method for embedding hydrogels is CLARITY(Chung et al., 

2013), which is relied on electrophoretic lipid extraction and increases the speed of lipid 

extraction to overcome fluorescence attenuation more than an organic solvent-based 

method. However, CLARITY meets the drawbacks of the heating process (electropho-

retic CLARITY is performed at 42 °C) that can damage the antigens and cause an ex-

pansion for the sample after clearing. Other problems of active CLARITY are the chemi-

cals' toxicity and the long preparation times characterized by loss of epitopes/proteins, 

resulting in incorrect structural representation. An improved CLARITY method has over-

come some limitations of previous protocols, specifically, mouse heart clearing. In addi-

tion, it allows visualization of cardiac fibroblasts in uninjured and injured mouse hearts. 

This technique enabled very high heart tissue transparency, even in ischemic ar-

eas(Brenna et al., 2022). The following hydrogel-embedded method, the PACT(Yang et 

al., 2014), accelerates tissue clearing efficiency by diffusing SDS into the samples with 

moderate tissue expansion and improved the analyzing of high resolution structural de-

tails. PACT not only improves the protection of biomolecules from degradation by using 

hydrogels but also efficiently preserves endogenous fluorescence. However, the PACT 

method has a significant drawback: a long preparation time and toxic chemicals for the 
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hydrogel and the lipid removal reagent. Therefore, an updated hydrogel embedding tis-

sue clearing method, the FxClear protocol(Choi et al., 2019), a hydrogel method without 

active electrophoretic, was developed to remove lipids rapidly and preserve tissue immu-

noreactivity. The FxClear protocol improved image resolution and fluorescence protein 

preservation by removing acrylamide from the mouse brain. Nevertheless, using acryla-

mide removal-based techniques is sometimes more difficult for muscle tissue. Later, a 

new method, Myoclear(Williams et al., 2019), was developed targeting staining neuro-

muscular junctions and muscle shapes between healthy and diseased mice. 

 

Figure 3. The hydrogel-based tissue clearing methods and their main features. Hydrogel-

based tissue clearing methods use monomers and polyepoxide to produce a synthetic 

gel. Hydrogel-based methods are generally associated with delipidation, staining, ex-

panded tissue size, and RI matching. 

 

2.1.3 Chapter 1.1.3 Application of optical tissue clearing methods for particular 

human organs 

Here is a brief review of different tissue clearing methods for clearing human tissue and 

the molecular probes used to label human tissue. 

 

Eye 

The major challenge of optically clearing the entire human eye is that various protocols 

cannot eliminate pigment accumulation in the retina. Hohberger et al. used a protocol 

with a hydrophilic-based clearing method called SeeDB(Hohberger et al., 2017), which 

makes the sclera and adjacent optic nerve transparent. Further studies on optical clearing 



 

20 

 

of the entire human eye were performed by Publication II(Zhao et al., 2020), which is a 

solvent-based protocol for clearing human organ tissue. The anatomical structures of the 

human eye cell nucleus were displayed in TO-PRO-3, and LSFM imaged the autofluo-

rescence signals of the intact optic transparent eye structure. 

 

Skin 

Histological sections have been the standard method for studying human skin for several 

decades. However, this approach provides only 2D information because human skin is a 

complex tissue. Although the multiple layers of human skin cause inhomogeneous light 

scattering, optical tissue clearing can be used to examine human skin biopsies. Fernan-

dez et al(Fernandez and Marull-Tufeu, 2019) investigated different solvent-based proto-

cols (3DISCO, ethanol-BABB, ethanol-DBE) to clear human skin biopsies and applied 

the solvent-based 3DISCO tissue clearing method and rhodamine B staining to imaging 

the entire epidermis under the confocal microscope. Later, Abadie et al(Abadie et al., 

2018). Although both 3DISCO and ethanol-DBE were equally rapid in achieving optical 

transparency of human skin, they were less effective than the ethanol-BABB method, 

which involved dehydration with ethanol followed by incubation in BABB and provided 

detailed 3D visualization of skin compartments and appendages. 

 

Bones 

Because the bone's refractive index (RI) is approximately 1.60, this would limit the selec-

tion of tissue clearing methods, mainly the organic solvent-based tissue clearing meth-

ods. Furthmore, the hard tissue of the bone itself would make it challenging to identify 

the cells and vessels using antibodies or chemical probes. Several methods have re-

cently been developed to clear bone tissue, but without satisfactory results(Tainaka et 

al., 2018). For example, tissue clearing methods based on hydrophilic reagents, such as 

CUBIC-R, efficiently clear soft human tissues but not the hard tissues of human organs, 

especially bone tissues(Greenbaum et al., 2017). Specifically, the bone RI is higher than 

any hydrophilic-based tissue clearing reagent. Even in the solvent-based tissue clarifica-

tion methods, uDISCO achieved only partial success in clarifying hard tissues, and the 

applicant is limited to mouse bones, and its tissue-clearing effect on human bone tissues 

is not known. Although numerous human tissues have been previously imaged, They are 
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only a few decalcification methods regarding the different types of human bones. There-

fore, a focus of our publication was the decalcification step instead of the direct reagent 

for RI matching with bone tissue. In Publication I, we demonstrate the advantages of 

labeling human bone with chemical probes, and the clearing of the tissue should consist 

of two main steps: 1) removal of minerals from the bone by decalcification with EDTA 

and 2) subsequent incubation of the decalcified bone with a validated chemical probe for 

vascular and nuclear labeling.  

 

Heart  

The human heart is one of the body’s most vital organs for maintaining blood circulation. 

The human heart has complex multicellular structures that serve as rigid tissues, making 

it increasingly difficult to study its 3D anatomy(Litvinukova et al., 2020). Even MRI allows 

visualization of the 3D structure of human heart tissue, but its limited resolution means it 

is not the best technique for studying human heart structure(Zerhouni et al., 1988). In 

contrast, tissue clearing technology provides access to a full 3D cellular resolution of 

human cardiac tissue that reflects the structure of human cardiac muscle under physio-

logical or pathological conditions(Kolesova et al., 2021). Recently, a variant of the hydro-

gel-based tissue-clearing method was used to provide 3D imaging of 300 µm-thick myo-

cardial slices free of acrylamide(Perbellini et al., 2017). This method provides 3D infor-

mation on the collagen content and distribution of cardiac tissue. Because of the limited 

thickness of the myocardial slices used in this method, the minimum distance required to 

study the vascular network connecting complex vascular networks with multiple regions 

cannot be achieved. Therefore, a more advanced tissue sampling method should focus 

on creating a complete vascular network for the human heart. In Publication I, we de-

veloped a stepwise tissue sampling protocol to illustrate a 3D vascular network of the 

entire human heart over long distances (related to Publication I). 

 

The vascular network of the human heart, vasa vasorum, a specialized nutrient mi-

crovessel implicated in the coronary artery vessel wall, has been suggested for further 

study of its biology and pathology. Although scientists have tried to study the vasa vaso-

rum in the coronary artery in recent decades, the lack of suitable imaging tools impedes 

progress. As we described in the publication I, we revealed changes of vasa vasorum 
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after atherosclerosis using advanced tissue clearing technology. This technology short-

ens the timeline of exploring vasa vasorum and provides a high-resolution pattern of ad-

justing changing vessels in a coronary artery. Here we identified the vasa vasorum of the 

right coronary artery through an optic transparent post-modern human heart. Vasa vas-

orum revealed a sparse capillary plexus in the right coronary arteries vessel wall region 

free of atherosclerosis. Compared with the non-atherosclerotic injury region, we found 

abundant nutrient vessels surrounding the plaque region. Further analyzing the optic 

slices from the transparent human heart demonstrated that the rich adventitia vasa vas-

orum penetrated through the tunica media border and showed capillaries extended to the 

opposite or uninjured regions. This novel method from our publication I enable research-

ers to investigate crucial questions regarding the response pathology pattern and the role 

of the vasa vasorum in the pathogenesis of coronary atherosclerosis. 

 

Pancreas  

Knowledge of pancreatic anatomy may aid in evaluating pancreatic pathology and pro-

mote the development of interventions for pancreatic diseases(Dolensek et al., 2015). 

Compared with the conventional two-dimensional method of anatomy examination, the 

application of tissue clearing techniques may provide new insights into the three-dimen-

sional structure and function of the human pancreas(Fowler et al., 2018). Several recently 

developed tissue clearing methods were applied to human pancreatic tissue to achieve 

this goal. A hydrogel-based method, PACT, was tested for clearing the human pancreas 

and found to balance clearing time and morphological preservation in 1–2 mm thick hu-

man pancreas sections(Butterworth et al., 2018). Another organic solvent-based method 

was used to obtain 5-mm thick sections of the human pancreas. To visualize blood ves-

sels in normal pancreatic tissue, this method used the AF properties of collagen and 

elastin and labeled cytokeratin 19. (Noe et al., 2018). The following method adjusted the 

RI of the clear solution to 1.52 to better visualize and identify the microenvironment of 

the human pancreas. This method  allowed better light penetration for optical imaging of 

the microenvironment of islets, and applied to visualize neurovascular networks in 350-

μm thick tissue of human pancreas from human patients. In addition, pancreatic ductal 

adenocarcinoma is associated with marked lymphangiogenesis and the remodeling of 

lymphatic vessels. Another method enabled to clear 350-μm thick human pancreatic can-

cer tissue and study 3D remodeling of lymphatic vessels by deep tissue staining. Another 
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advanced tissue clearing method focused on clear thicker human pancreatic cells. This 

method allowed the imaging of thick pancreatic tissue sections (1 mm) with multifluores-

cent channels in two to three days, as well as the analysis of several hundred is-

lets(Fowler et al., 2018). However, most of the existing methods for tissue clearing cannot 

elucidate the entire human pancreas, diminishing the importance of whole-organ imaging 

for assessing pancreatic anatomy. Using LSFM, we solved this whole-organ imaging 

problem and volume imaging of the intact human pancreas with the SHANEL method to 

visualize the entire ductal system in three dimensions (related to Publications I and II). 

 

Urinary tract 

Tissue-clearing protocols have attempted to resolve light scattering in the urinary system 

and are consistent with enhanced antibody penetration into human kidney tissue. Alt-

hough most of these approaches have been limited to human embryo size and rodent 

kidney tissue, one study overcame light scattering in mouse kidney tissue and displayed 

images of whole glomeruli across the renal cortex(Puelles et al., 2021). Another study, 

using the passive CLARITY technique, examined metanephric kidney development and 

an 11-week-old fixed human fetal kidney embedded in an acrylamide hydrogel matrix to 

achieve optical transparency(Isaacson et al., 2018a). In the following procedures to ex-

amine ureteric bud epithelium branching morphogenesis, fetal kidneys were stained with 

anti-E-cadherin antibodies. Subsequently, this laboratory published another study in 

which the acrylamide-based hydrogel matrix technologies were applied to investigate the 

morphological changes in the urogenital tract of the human fetus from the bisexual stage 

(<9 weeks of fetal age) to gender differentiated stage organs (>13 weeks of fetal age). 

This laboratory demonstrated that the development of the human genitourinary tract is 

more complex after labeling the urethral plate, epidermis, urothelium, and dorsal aspect 

of the vestibular groove in 3D by using LSFM(Isaacson et al., 2018b). However, the major 

limitation of their laboratory studies, also shared by all previous reports, is that their tissue 

clearing methods could not be applied to the size of adult intact human kidneys(Isaacson 

et al., 2018a).  

 

Recently, advanced LSFM with a larger chamber and a longer working distance of the 

objective has been developed for imaging large human renal tissue. The first step is 
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identifying the optimal labeling method for human kidney structure. For instance, antibod-

ies could be used to label the blood vessel structure of the human kidney, but most la-

beling experience to date has been with rodent kidneys. Even for labeling mouse kidneys 

with antibodies of limited size, the advanced CLARITY protocol requires 7–28 days and 

the iDISCO protocol(Saritas et al., 2019) requires 8–18 days. Furthermore, many of these 

studies are limited to antibody staining of the surface of renal tissue and do not achieve 

homogeneous labeling. Optional labeling of human kidney tissue with chemical probes 

has allowed for homogeneous and in-depth staining of thick human kidney samples. For 

instance, DNA dyes and large-molecule dye injections can ensure that cells and blood 

vessels can be distinguished by using different excitation wavelengths in LSFM. There-

fore, in our Publication I, we took advantage of chemical probes compatible with the 

organic solvent-based method for tissue clearing and labeling the entire kidney of vessels 

and cell nuclei. Furthermore, the advantage of the SHANEL pipeline in labeling human 

kidneys than previous publications is the ability to quantify larger structures, such as hu-

man glomeruli, highlighted in Publications I and II. 

 

Brain  

Current tissue clearing protocols for 3D imaging of brain tissue are generally applied to 

optimally small-volume human brain tissue, resulting in limited new brain structural anat-

omy finding(Parra-Damas and Saura, 2020). Because the human brain is a complex or-

gan with various organizational forms, a tissue clearing method is necessary to study the 

macroscopic organization of each brain region and visualize its neural network. The neu-

rons of the various brain regions are distributed differently and form a complex net-

work(Fang et al., 2022). Although some technologies have been developed recently, im-

aging all of the neurons of representative brain regions or the entire brain is an enormous 

challenge(Scardigli et al., 2021). 

In studies of cleared brain anatomy, little progress has been made in staining human 

neurons with chemical probes or tissues with antibodies. In contrast, in studies of cerebral 

vessels(Kostrikov et al., 2021), several options are available in combination with deep 

tissue staining methods, and providing new anatomy was not achieved in previous stud-

ies. At present, we know little about the exact structure of the vasculature aside from its 

macro distribution in the cerebral cortex(Harrison et al., 2018). Because most tissue 
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clearing techniques combined with LSFM technologies only permit unbiased scanning of 

human brain tissue in a small area, our understanding of blood vessels in the brain pa-

renchyma has evolved with limited progression. Therefore, given the increasing interest 

in the role of the vasculature in various human brain diseases, it is time to develop a new 

method of characterizing the vessels of the human cerebral cortex comprehensively. 

Compared with other published studies, the SHANEL method provided advanced 3D vis-

ualization of cerebral cortical vessels in human postmortem brain tissue stored in formalin 

for several years. We present human cerebral cortex tissue blocks from aged patients 

immunized against vascular amyloid deposition stained with fluorescent Congo red. En-

dothelium vasculature was labeled with Lycopersicon esculentum agglutinin (tomato lec-

tin) (related to Publication I and II). 

 

In short, with the widespread application of these unbiased human tissue  and imaging 

technologies, more studies will be conducted leading to unexpected discoveries. 

2.2 Chapter 1.2 Practical considerations for human tissue clearing 

and imaging 

2.2.1 Chapter 1.2.1 Properties of cleared human tissues 

Autofluorescence (AF) and Decolorization 

Compared to rodent organs, one of the main characteristics of human organs after tissue 

clearing is their high AF. Even AF signal provides sufficient information about human 

tissue morphology, especially ductal or vascular structure, and can be used for atlas 

alignment(Sartori et al., 1988), but it would reduce the target protein signal-to-background 

ratio(Weiss et al., 2021). Because of the similarity between the AF units and standard 

fluorescent probes, even if human tissue perfectly matches RI and is completely optically 

transparent, strong AF under LSFM can still influence the sufficiency of image quality for 

analysis. AF occurs in human cells and tissues with a broad spectrum between 450 nm 

and 650 nm, which is included in the commonly available selection of fluorophores used 

in deep tissue staining(Beisker et al., 1987). A previous study has demonstrated that AF 

derives from two major sources: endogenous sources of human structure, such as colla-

gen, red blood cells, lipofuscin, and melanin(Schnell et al., 1999, Monnier et al., 1984), 
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and exogenous influences from chemical interactions during tissue fixation or clearing. 

Human tissue is more complex than rodent tissue and, in particular, contains more 

lipofuscin, triglycerides, and lipoproteins(Moreno-Garcia et al., 2018). Furthermore, tis-

sue clearing in human organs requires special chemical treatment procedures that sig-

nificantly improve AF following tissue clearing.  

 

So far, with several methods and advanced techniques, it is complicated to separate and 

eliminate AF from human tissue after tissue clearing (Table 2)(Weiss et al., 2021). The 

best way to reduce AF is to remove the blood in human organs by sufficient perfusion, 

but this is not easy to achieve in human tissue collection from surgical or clinical biopsies. 

Another practical way would be to select a chemical that effectively removes heme and 

pigment from human organs. In our publications, we selected amino alcohol as a decol-

orizing agent to remove heme and effectively reduce AF. Other agents used in heme 

removal to reduce AF include m-xylylenediamine and N-butyldiethanolamine (Tainaka et 

al., 2014).  

 

Recent reports have described various methods to overcome AF issues by incubating 

with some dyes to block tissue illumination(Zhang et al., 2018). Dyes for blocking AF 

reported in histological studies can also be used in the areas of tissue clearing (Table 2). 

Sudan black B (SBB) is the most common and efficient dye for eliminating AF(Erben et 

al., 2016). Although SBB is an effective AF quencher in tissue sections, the pigmentation 

or extra color brought by SBB would affect the optical transparency of the cleared human 

tissue and block the penetration of the laser of microscopy. Besides SBB, copper (II) 

sulfate pentahydrate is known as blue vitriol and reportedly has the function of eliminating 

AF. Therefore, our newly updated protocol selected different copper(II)sulfate concentra-

tions and tested their ability to eliminate AF. Specifically, after labeling antibodies or 

chemical probes, the step of copper sulfate (II) incubation should be before clearing the  

 tissue (related to Publication I). 
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Most AF typically emit from 450 nm and 650 nm. One non-dyes blocking way to reduce 

AF in imaging is to use NIR fluorescence illumination(Jun et al., 2017). The NIR fluores-

cence of the human sample is very specific to the structures and has lower absorption 

by hemoglobin and collagens. Because the NIR fluorescence probe penetrates tissue 

better and has lower absorption of photons by tissue, it is the best choice for deep stain-

ing of human tissue and application in tissue elucidation.  

 

Pigment removal 

Another practical consideration for human tissue clearing is the pigments from blood or 

melanin-rich regions.  Although one of the significant blood pigments, the heme, can be 

resolved with some tissue clearing protocols, other strategies and optimizations for re-

moving other human tissue pigments remain missing (Weiss et al., 2021). One of the 

significant dark color pigments in human skin and eyes is melanin, a UV-protective sub-

stance derived from tyrosine(Rzepka et al., 2016). Melanin is insoluble in almost all lipid- 

and water-based solvents, so its removal can be difficult with existing tissue clearing 
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methods(Chung et al., 2016). Although melanin is resistant to most tissue clearing meth-

ods(Konno and Okazaki, 2018), a method of melanin removal incorporating peroxidase 

into the pretreatment steps has proven effective. For instance, the organic solvent-based 

method, iDISCO incorporates the H2O2 steps and achieves adequate melanin removal. 

Recently, some methods for Hydrophilic-based tissue clearing have been developed, 

such as adapting the CUBIC protocol for pigmented crustaceans and developing an eye 

pigment-specific protocol(Gurdita et al., 2021). Other chemical treatments, such as ace-

tate buffer or NaBH4, may be helpful for pigment suppression in human tissue staining 

but require further investigation in human tissue clearing methods. 

2.2.2 Chapter 1.2.2 Detergents selection 

Characterization of detergents: an overview  

 

Detergents are necessary for dilution and to improve the penetration of chemical probes 

or antibodies for deep human tissue staining. The classic molecular structure of deter-

gents contains hydrophilic and hydrophobic domains that are well suited for breaking cell 

membranes(Sadaf et al., 2021). A hydrophobic, nonpolar hydrocarbon moiety (tail) at-

tached to a hydrophilic, polar head group represents the simple structure of detergents 

(Figure 4A). In addition, micelles have hydrophobic cores that can bind to proteins with 

hydrophobic regions (Figure 4B). Based on the structure of detergents, we can observe 

differences between detergent molecules and phospholipid molecules leading to spheri-

cal micelles (Figure 4C). During the deep tissue staining experiment, amphiphilic mole-

cules are dissolved in water at the right concentration and temperature. They self-arrange 

into spherical micelles in a form where the hydrophilic head groups remain outside the 

water, and their hydrophobic tails remain inside the water. Because detergent molecules 

and phospholipid bilayers have similar amphiphilic phospholipids found in human cell 

membranes(Figure 4D), the detergent can penetrate and dissolve  the membrane. 

 

Another critical feature of detergents is the phase separation at a specific temperature 

and solubility for micelles at a particular concentration. The aggregation number is a 

measure of detergent molecules in a micelle which can reflect the detergent ability in 

penetrate and solubilize membrane proteins. Micelles are observed at a critical micelle 
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concentration (CMC), which is minimum detectable number of detergents in a mi-

celle(Nguyen et al., 2018). At detergent concentrations below the CMC, detergents are 

present as monomers. At detergent concentrations above the CMC, detergents are pre-

sented as micelles and not dissolved in water. 

Similarly, the critical micelle temperature (CMT) is the lowest temperature at which mi-

celles form (Chae et al., 2010). When determining the CMC, it is also important to con-

sider the lipophilicity of the head group. In addition, CMCs are generally high when lipo-

philicity or lipophobicity is low. Therefore, selecting an appropriate detergent should con-

sider the CMC and CMT in deep human tissue staining processes. 

 

 

Figure 4. Typical monomer structure of detergents. A: a diagram of detergent molecules. 

B: Detergents can surround and solubilize hydrophobic proteins. C: Detergents contain 

a large hydrophilic head group and a long hydrophobic tail in aqueous environment, 

whereby they can form undissolved spherical micelles. D: Cell membrance phospholipids 

have matched hydrophobic tails, which make them easy to make phospholipid bilayers 

in aqueous solutions. 

 

There are different kinds of detergents applicated in tissue clearing research, so we high-

lighted the most commonly used ones. Detergents have similar hydrophobic domains, 

but their charged head groups are different. Common detergents divide into three cate-

gories based on their charged head groups properties (Table 3): ionic (anionic or cati-

onic), nonionic, and zwitterionic. Here are some common laboratory detergents and es-

sential information on their selection and application. 
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Table 3. Classification of detergents used in human tissue clearing. 

 

 

The ionic detergent 

Ionic detergents usually have a higher CMC and are more potent for penetration. Basi-

cally, they contain a anionic or cationic charged head comparing to other detergents. 

Because ionic detergents contain charged head groups and cannot be removed in the 

tissue, even using ion exchange chromatography. Furthermore, some of their properties 

may change as the ionic strength of a buffer varies (e.g., the CMC can decrease drasti-

cally if the NaCl concentration quickly reaches 500 mM).  

 

The anionic detergent of SDS is a widely used detergent in the tissue clearing field, es-

pecially in the CLARITY-based tissue clearing methods. Proteins are bound to SDS in a 

ratio of about one SDS molecular pair to two amino acids. (weight to protein ratio 

1.4:1)(Han et al., 2021). For this reason, SDS negatively charges all proteins in a tissue 

sample, regardless tissue protein isoelectric point. As soon as the negatively charged 

SDS molecules bind, size-based protein separation is possible (Chung et al., 2013). 

Since SDS disrupts both active proteins and protein-protein interactions, it cannot be 

used when active proteins are needed. Furthermore,  SDS can be affected at low tem-

peratures, and the presence of potassium salts exacerbates this effect. 

 

Nonionic detergent 

Unlike ionic detergents, nonionic detergents have hydrophilic head groups that are not 

charged. They are mild detergents since they break lipid related bonds but not protein-

protein interactions. Therefore, many membrane proteins can be kept in their native and 
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and non denature. However, different nonionic detergents would have hetergenity influ-

ence to the protein itself, so it is advisable to perform a preliminary study to select the 

ideal detergents for human tissue clearing. 

 

The Triton family 

The Triton X-100, Triton X-114, and Nonidet P-40 (NP -40) are the nonionic detergents 

that belong to the Triton family. In addition, their polyethylene glycol (PEG) based head 

groups vary in size, and the average number of monomers per micelle varies (9.6, 8.0, 

and 9.0, respectively) (Tao et al., 2010). These detergents have low CMC values, so they 

are not easily removed from tissues. The nonionic detergent Triton X-100 is derived from 

polyoxyethylene and is widely used for many tissue clearing experiments. 

 

The Tween family 

The nonionic detergents Tween-20 and Tween-80 contain a fatty acid ester moiety and  

long polyoxyethylene chains (Yang et al., 2019). Because they have a more low CMC 

compared to the Triton family and are generally work as more gentle detergents that do 

not interfere with antigen activity. If you compare the difference between Tween 20 and 

Tween 80, Tween 20 contains lauric acid, while Tween 80 contains oleic acid (Ouadah 

et al., 2019). In immunoblotting and ELISA, Tweens are routinely used as detergents to 

minimize non-specific binding of antibodies and permeabilize cell membranes 

(Greenwood et al., 2019). However, they are not normally used as detergents in deep 

tissue staining penetration buffers.  

 

The zwitterionic detergent 

Zwitterionic detergents contain hydrophilic head groups with equal numbers of positive 

and negative charges(Luche et al., 2003). Therefore, they do not have a charge. The 

detergents penetration ability of these products is more potent than those in nonionic 

detergents. Zwitterionic detergents are commonly known as CHAPS (3-(4-oxopropyl) 

ammonio)-1-propanesulfonate(Banerjee et al., 2013). CHAPS is an efficient detergent 

due to the high CMC (6 mM at room temperature). In isoelectric focusing and 2D electro-

phoresis, it is commonly used at 2%–4% concentration, but in our Publication I and II, 
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we applied 10% concentration for better penetration in the human organs. CHAPSO dif-

fers from CHAPS in which it contains one more polar head group, allowing it to solubilize 

hydrophobic molecules(Liscia et al., 1982). Therefore, CHAPSO may be a new candidate 

to be used in integral membrane proteins-rich human organs. 

 

Selection of detergents for deep tissue staining 

A detergent with a high CMC should be selected for deep tissue staining. A good deter-

gent must lyse the cell membrane and be suitable for subsequent application(s). Some 

considerations for detergent selection before experimental design, for example, some 

detergent would affect the solubilized protein in native and denatured forms(Rabilloud, 

2009, Na et al., 2022). It is impossible to recommend an ideal detergent for every appli-

cation, and even results may vary within the same application. Therefore, preliminary 

experiments are often required to find the best detergent after selecting the target tissue 

or protein for staining. A combination of detergents may be optional for better penetration. 

The working solution must be prepared fresh to avoid hydrolysis and oxidation of deter-

gents. 

2.2.3 Chapter 1.2.3 Compatible probes and antibodies selection 

 

Chemical probes selection 

LSFM measures the structure of human tissue or organs based on the 3D distribution of 

fluorophores within a given viewing volume. Therefore, using specific fluorophores to 

stain and label human samples is crucial for human tissue clearing. In mouse tissue 

clearing, gene transfection with fluorescent proteins was widely used to visualize cellular 

structures in tissues, but it has limited applicability and cannot be transferred to human 

tissues(Marx, 2016). Compared with current genetic methods, using toxin tracers in ro-

dent tissues is still not viable for labeling post-modern human tissues(Susaki and Ueda, 

2016, Lerner et al., 2016). Due to the shortcomings of commonly used methods for la-

beling human tissues with antibodies that have a short penetration distance, it was nec-

essary to develop a new strategy for labeling human tissues. Therefore, using chemical 

probes represents a uniquely reliable and primary approach for deep labeling of human 
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tissue. Hundreds of dyes with smaller molecular sizes than antibodies have been devel-

oped to visualize various fluorophore-labeled targets(Lai et al., 2017). The spectral prop-

erties of conventional fluorescence microscopy can also be used in LSFM. 

 

Selecting an appropriate chemical probe for human tissue clearing is crucial. An ideal 

fluorescent chemical probe can be used for human tissue labeling and will survive after 

the chemical treatment steps of tissue clearing. Before beginning human tissue labeling, 

it is crucial to study the physicochemical processes that occur during tissue clearing and 

their impact on choosing the most appropriate chemical probes. Here, I highlighted the 

characteristics of chemical probes in the field of tissue clearing, especially the chemical 

probes compatible with organic solvent-based steps of tissue clearing. 

 

Several steps in the tissue clearing procedure influence the choice of chemical probes. 

The commonly used tissue fixation method is a formaldehyde-based crosslinking 

method, which can increase the nonspecific binding of amine probes(Tainaka et al., 

2014). Organic solvent-based tissue methods alter the physicochemical properties of the 

tissue mainly through delipidation and dehydration steps, which involve multiple chemical 

buffers and may alter the efficacy of the chemical probes(Treweek et al., 2015). The 

delipidation steps remove the lipids in the cell membranes of human tissues, making the 

lipid dyes incompatible with most types of human tissues if the chemical probes do not 

contain cross-linkable groups(Liu et al., 2017). During dehydration, the chemical solution 

for tissue clearing can also dissolve the chemical probes by competing for the affinity of 

the binding site with human tissue. Furthermore, the change of pH in the organic buffer 

decreases the stability of the binding of the chemical probes with the human tissue and 

leads to a low noise signal in the cleared human tissue. Because of the dilapidation and 

dehydration steps in human tissue clearing, the RNA is also not well preserved in the 

organic tissue clearing method, so selecting RNA staining probes is not recom-

mended(Evers et al., 2011). 

 

Another criticism of using chemical probes is the high AF of human tissue after tissue 

clearing owing to the high content of lipofuscin in the aged tissue, hemoglobin in the red 

blood cells, and pigments in human tissue. Despite the chemical solution with hydrogen 
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peroxide, the hemoglobin-related AF background can be reduced during the prepro-

cessing of the tissue preparation(Treweek et al., 2015). However, the remnants of 

lipofuscin still absorb the laser spectrum of about 450-550 nm wavelength and reduce 

the noise signal in imaging procedures. To solve the problem of AF background, the 

wavelengths of chemical probes should ideally be in the near far red. 

 

Therefore, an ideal chemical probe for human tissue labeling should be specific to the 

target structure or cellular components, have a near far red-shifted fluorescence spec-

trum, a high signal-to-noise ratio, and be suitable in various tissue clearing meth-

ods(Umezawa et al., 2014, Yuan et al., 2013). Furthermore, this selected chemical probe 

is commercially available and compatible with other multiple-staining chemical probes or 

antibodies. To this end, we sought different chemical probes and tested them for com-

patibility with SHANEL protocols. First, we looked for chemical probes suitable for the 

cell's most common structure, the nucleus. The nucleus contains a lot of DNA, so we 

chose nucleic acid probes to label common DNA molecules as DNA is packaged in chro-

matin.  The mechanism of the nucleic acid probes for DNA binding is based on the DNA 

structure, which contains the base pairs, the phosphoribosyl backbone of the nucleic ac-

ids. In addition, the structure of the DNA furrow. When the chemical probe targets the 

DNA in the nucleus, it forms π-π-stacking interactions or electrostatic interactions with 

the phosphate ester backbone, which is unique and highly specific(Shi and Ma, 2012). 

As a result of the formation of homo- or heterodimers between the chemical probes and 

DNA, the probes can further increase their binding affinity and produce essentially irre-

versible bis-intercalation(Miao et al., 2022). Since there is not a single nucleic acid probe 

that is easily compatible with all types of tissue clearing methods, it is recommended to 

search and test the working capability of the nucleic acid probe before formal experi-

ments. Even though the nucleic acid probes of DAPI and Hoechst are widely used in 

many fluorescent labeling methods, they are still not suitable for labeling large amounts 

of human tissue because their emission wave length is short and can be a problem in 

cleared human tissue imaging in which AF is more evident(Kolesova et al., 2021), and 

the image depth also would be limit by the short-wavelength from DAPI and 

Hoechst(Sovenyhazy et al., 2003). Also, previous publications have indicated that or-

ganic solvent-based tissue clearing methods are incompatible with DAPI, Hoechst dyes, 
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and DRAQ5(Renier et al., 2014). One of the reasons may be that a non-aqueous envi-

ronment can reduce the binding affinity of these chemical probes to DNA. In this Publi-

cation I and II, we used propidium iodide (PI), a membrane-impermeable DNA binding 

dye with 668 Da that shows bright red when bound to RNA or DNA. Because PI is a 

fluorescent dye that intercalates with DNA and can be used for cell nuclease staining, we 

used PI to label the nuclei of human tissues. After the cell nuclei have been stained with 

PI, the cell distribution can be viewed with an LSFM. Similar to PI, To-pro-3 is a DNA 

intercalator that is impermeable to the cell membrane. Alternatively, nuclei of all cell types 

can be sorted with nuclear staining using To-pro-3(Russo et al., 2009). To-pro-3 is a near 

far-red fluorescent dye that binds to nuclear and chromosomal counterstain. Since To-

pro-3 is a carbocyanine dye with an excitation wavelength of 642 nm and emission wave-

length of 661 nm, it exhibits far-red fluorescence(Hoffman et al., 2010), sufficient to sep-

arate the background channel and the target signal channel. These two DNA-binding 

chemical probes (PI and To-pro-3) are effective nucleic acid staining agents that are 

compatible with other multiple labeling and antibody labeling chemical probes for fluores-

cent immunostaining of fixed human tissue. Therefore, we selected the PI and To-pro-3 

for most of our cell nuclear staining in human organs. 

 

Beyond cell nucleus staining, most initial applications of tissue clearing originate from the 

CNS. Because the CNS is remarkably rich in lipids than other tissues, it is easier to 

achieve homogeneous transparency after tissue clearing(Parra-Damas and Saura, 

2020). Tissue clearing field structural chemical probes are also primarily generated in the 

CNS area. For instance, this Nissl stain is commonly used to identify the neuronal struc-

ture and highlight the essential structural features of neurons in the CNS tissue. The 

primary application of Nissl staining is in the histological brain sections, which capture 

the texture of the neuronal tissue by aligning the density Nissl body(Heilingoetter and 

Jensen, 2016). The Nissl body is a specific structure that shows the endoplasmic reticula 

structure within neurons; when the Nissl body disappears, it can be used as a marker for 

the injured neuron when it disappears. Several cationic probes, including cresyl violet, 

methylene blue, and neural trace, can stain Nissl bodies, which contain much of the ribo-

somes(Lanciego and Wouterlood, 2011). However, not all chemical probes have the 

same binding affinity to the Nissl body when combined with the organic-solvent-based 

tissue clearing method. How the organic solvent solution affects the interaction between 
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the chemical probe and the Nissl body is poorly understood. After searching different 

publication, one of the fluorescent Nissl stains called NeuroTrace has been developed 

with a range of fluorescent spectra and have good staining quality when applied in the 

tissue clearing method(Shan et al., 2022). Similar to conventional Nissl stains, Neuro-

Trace dyes is now widely applied in tissue clearing as they have comparable signal of 

noise in deep tissue staining. By using SHANEL technology combined with NeuroTrace 

for 3D Nissl staining of human brain slice and volumetric imaging, we stained and imaged 

the neural cells in  slices of adult human brain (related to Publication I and II). 

 

Detailed histologic studies of pathologic neurons in big volumes of human brain tissues 

are lacking. One of the pathological changes in neurodegenerative diseases of amyloid 

deposits(Jakob-Roetne and Jacobsen, 2009). Amyloid deposits accumulate insoluble, 

misfolded proteins that form fibrils and are correlated with disease progression and mi-

croglial activation in specific brain regions(Querfurth and LaFerla, 2010). The progressive 

formation of amyloid plaques and vascular deposits of the amyloid beta peptide is a 

pathological hallmark of AD(Ross and Poirier, 2004). Large-volume imaging and quanti-

fication of amyloid plaques could give more disease-related structural changes in the 

onset and development of neurodegenerative diseases(Gupta and Goyal, 2016). Be-

cause of the spatial distribution of amyloid deposits in the whole human brain, it is time-

consuming to section different small portions of human brain tissue using conventional 

histological techniques. 

 

Furthermore, the unbiased examination method for brain tissue is being developed in the 

field of tissue clearing, so the next step is to find a compatible chemical probe for staining 

amyloid deposits is the goal in human brain tissue clearing field(Zhang et al., 2015, Cui 

et al., 2011, Cui et al., 2014). In our Publication I and II, we tested two chemical probes 

for staining amyloid plaques, Methoxy-X04(Jahrling et al., 2015) and Congo Red(Lieb-

mann et al., 2016), for 3D imaging and quantification in human brain slices. Although 

staining with Congo red might slightly affect the optical transparency of human tissue 

after clearing, the signal-to-noise ratio of staining amyloid plaques is still bright and strong 

enough to detect human amyloid plaques, so these dyes are not limited in their applica-

tion in the field of human tissue clearing. In addition to only staining amyloid plaques in 
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human brain tissue, we have also showed cell nuclei staining with chemical probes to 

detect cells surrounding the amyoid plaques. 

 

Not only nucleic acids, neuronal cell bodies, and disease-associated protein aggregates, 

but also mapping vascular structures using chemical probes remains an essential contri-

bution to the human organs tissue clearing field. Recently, some fluorescent dyes have 

been reported to be suitable for artery-specific labeling(Shen et al., 2012), but only when 

used in conjunction with the hydrophilic-based tissue clearing method. One possible way 

is to label the global vascular network targeting carbohydrates(Roth, 2011) widely ex-

pressed in the endothelium and peristyle. Because these two cell types are most abun-

dant in the brain vasculature, we chose lectin(Mazzetti et al., 2004, Porter et al., 1990), 

which targets the carbohydrates for staining the human brain vasculature in our SHANEL 

protocol. In an organic solvent-based tissue clearing protocol by SHANEL, we confirmed 

the compatible use of lectin staining for the target ligands that were not denatured in the 

multiple treatments (related to Publication I and II).  

 

In our SHANEL protocol, we test several compatible chemical probes and give a chemical 

probe selection guidline for scientists who consider using SHANEL techniques. 

 

Antibody compatibility 

The antibodies used in the human tissue clearing protocol must be compatible with the 

chemical treatment condition in the various steps. This point is crucial when considering 

selecting the organic-solvent-based tissue clearing method. This is because the antigens 

in human tissue and the antibodies used in the protocol are also affected by the pH, 

different charges, and dehydration in the tissue-clearing treatment steps(Molbay et al., 

2021).  

 

Determining available antibodies compatible with tissue clearing chemicals is similar to 

the conventional immunochemical staining method(Park et al., 2018). The principle of the 

immunochemical staining method is to bind an antibody to the protein of interest and then 

precipitate the antibody-protein complex with the secondary antibodies by fluorophore 

conjugation(Magliaro et al., 2016). Due to antibody incompatibilities, which always occur 
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in the multiple chemical treatments of deep tissue staining, we need to perform the anti-

body validation step and test the compatibility of antibodies in preliminary studies(Susaki 

et al., 2020). For instance, an antibody validation step was performed to test the compat-

ibility of antibody binding to antigen when the pretreatment step with methanol is included 

in the iDISCO + method(Renier et al., 2014). It is optimal to cut the human tissue with an 

original thickness of approximately 1.5 mm and use this human tissue section to test 

antibody compatibility. After comparing the antibody concentrations, the amounts of an-

tibodies were optimized, and their compatibility was ensured in preliminary tests. We 

summarize the tested antibodies that were compatible with the SHANEL protocol ta-

ble(related to Publication I). 

 

2.2.4 Chapter 1.2.4 How to image human organs and data handle 

 

Sample mounting 

Whole organ or whole human specimens imaging is essential to preserve 3D integrity. 

Accordingly, to keep the 3D integrity imaging, managing the LSFM-associated sample 

mounting has become an important practical issue(Richardson et al., 2021). The LSFM 

sample chamber-based instruments differ from the conventional mounting methods in 

slide scanning(Weiss et al., 2021). Mounting the different tissue clearing methods for 

human samples meets the challenge with sample holders' size not fitting to the whole 

cleared human tissue and might not be compatible with different refract index chemical 

buffers. Therefore, these challenges must be addressed before starting the tissue clear-

ing method design and developing a practical mounting method. In order to ensure stable 

samples for long-term and accurate positional scans, embedding methods must provide 

complete spatial control over the samples. Furthermore, mounting methods should min-

imize the illumination path and allow light detection through the tissue (related to Publi-

cation I).  

 

Image compression 
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LSFM is a powerful method for imaging transparent human organs with high spatial and 

temporal resolution (Voie et al., 1993). However, this volume scanning of a human organ 

typically generates terabytes of complex image data containing information from 3D and 

serveral color channels. Handling image data, especially data processing, can become 

a challenge at the next stage of biological questioning and discovery requiring efficient 

data processing solutions for data management prior to analysis(Amat et al., 2015). 

Therefore, data management must be included the processes of correcting technical er-

rors, reconstructing complex geometries, preparing them for visualization, and file size 

compression (Ellenberg et al., 2018) (related to Publication I).  

 

Here we compare various image compression formats. We focused on widely used for-

mats that provide lossless compression because researchers typically wanted to store 

an unaltered version of their data and make it comparable for use with various analysis 

or visualization software. The JPEG 2000 image format is one of the most widely used in 

reducing the image size. Although the JPEG 2000 image format includes a process of 

3D compression, few applications have implemented it(Amat et al., 2015, Conrath et al., 

2007). Furthermore, it is difficult to efficiently process all of the encoding and decoding 

steps of the JPEG 2000 image format, making it difficult to meet the requirements of 

modern, high-quality multicore workstations. In contrast, HDF5 is another iamge format 

for reducing image data size(Gibbs et al., 2021). HDF5 provides lossless data compres-

sion and the ability to store data in blocks for quickly access to regions of interest. How-

ever, HDF5's interface does not parallelize writes, which has a negative impact on per-

formance. Because tiff files are widely used in various visualization programs, we showed 

in our SHANEL protocol how LZW tiff compression could be used to reduce data size. 

LZW-Tiff compression compresses image data layer by layer but is still efficient in finding 

arbitrary regions of interest in large multidimensional cleared human tissue image sets 

(related to Publication I). 

 

Data visualization 

Following the processing steps of stitching and volume fusion for cleared human organs 

image sets, appropriate rendering tools are a powerful option for visualization(Richard-
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son et al., 2021). These rendering tools allow users to understand the detailed charac-

terization of biological structures, complex geometries and complex morphogenetic cas-

cades of multiple human organs. The easiest step for rendering large volumes is to find 

Fiji’s open-source plugin(Schindelin et al., 2012). For instance, the Fiji ClearVolume 

plugin can visualize large datasets during acquisition(Royer et al., 2015). Other open-

source plugins from Fiji for rendering or creating animations using the 3Dscript plugin: 

the TeraFly extension(Bria et al., 2016) for Vaa3D(Peng et al., 2010). BigVolumeViewer, 

another Fiji plugin, is an enhanced version of BigDataViewer that enables volume ren-

dering regardless of dataset size(Pietzsch et al., 2015). Alternatively, UCSF Chimera is 

another open source option(Pettersen et al., 2004, Goddard et al., 2005), as it supports 

the rendering of 3D images and has already been used to visualize LSFM data. In addi-

tion to free open-source software, the commercial software solutions are widely available, 

offering an user friendly interface and commercial graphical operating software integra-

tion. Commercial software would be more suitable for rendering large human organs on 

a stable platform. 

 

To date, there is much software available for visualizing image stacks. The continued 

development of software frameworks such as open-source image processing in parallel 

with adapting advances in microscope technology has resulted in comprehensive data 

processing solutions. Many software modules for image data acquisition are open 

source, but image stacks visualized with commercial software are more accessible 

(Kermany et al., 2018, Prahst et al., 2020). Examples of this software are Imaris (Bit-

plane), Amira (FEI), Zen (Zeiss), Leica Application Suite (Leica Microsystems), Huygens 

(SVI) and Arivis Vision4D (Arivis). Regarding the large volume of human organs, Arivis 

Vision4D (Arivis) is the friendliest and most widely used software. Therefore, we selected 

Arivis Vision4D for volume stitching in our SHANEL protocols (related to Publication I). 

2.2.5 Chapter 1.2.5 Prospective of human tissue clearing 

Although we have shown some successful applications of human tissue clearing meth-

ods for various tissues and organs, and the effectiveness of human tissue clearing meth-

ods has been greatly improved in recent years, there is still room for improvement of 

human tissue clearing methods in practice. One of the general practical problems with 
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imaging cleared human tissue is that it can be scanned with relatively low image resolu-

tion based on the working distance of the light sheet microscope and the image depth, 

which makes it challenging to analyze various cellular processes in 3D. Therefore, large-

area and fast-LSFM innovations are necessary to allow new imaging applications. In ad-

dition, we still need to improve a thorough comprehend of the biophysical and biochemi-

cal principles of human tissue underlying tissue clearing processes and as well as appro-

priate solutions for labeling, imaging, and data analysis. Particularly, we would require 

faster and homogeneous antibodies, DNA and RNA labeling methods for large human 

tissue, more accurate, and more user-friendly algorithms for images stitching, human 

organ atlas generation, and structure mapping. In addiction, a standard 3D atlas of hu-

man organs should be combined with single-cell RNA sequencing and proteomics to gain 

more spatial and omics knowledge about a whole human organ. Finally, developing a 

machine learning-based algorithm for higer speed and more accurate diagnosis and clar-

ification of 3D human tissue histopathology using tissue clearing methods would be cru-

cial for significantly improving clinical applicants. 
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3. Summary (in Englisch) 

Clearing human tissues is a complex, multi-step process that most laboratories are not 

well-equipped to reproduce or troubleshoot without proper guidance. Specifically, it in-

volves a sequence of tissue processing steps, optical clearing, imaging with specialized 

microscopes, and data analysis – all of which need to be optimized separately. Therefore, 

I set out to create a detailed protocol for human tissue clearing that includes the critical 

steps of the methods for a laboratory working with a specific human sample to demon-

strate reproducibility. My Publication I provides a comprehensive, detailed step-by-step 

protocol for human organ tissue clearing. Specifically, I describe the SHANEL protocol 

for intact human organ tissue clearing. It is a scalable tissue clearing protocol combined 

with labeling chemical probes or antibodies for various human organs or tissues. I have 

shown the results of representative cleared human organs, such as the pancreas, kidney, 

brain, spleen, heart, and lung. In addition, I have extended the application to include 

human hard tissue with bone. The protocol is compatible with labeling cell nuclei, amyloid 

plaques, and vessels for different kinds of human organ labeling. This method is also 

suitable for staining antibodies in human tissues or biopsies, which increases its adapta-

bility in biomedical research. After the human organs or tissues are labeled, Publication 

I provides the detailed steps of imaging the transparent human organs or tissues using 

LSFM and later efficiently processing the whole raw images dataset with easy-to-use 

software and visualization in 3D. Because imaging whole human organs generates tera-

bytes of image data, the pipeline described in Publication II, which takes advantage of 

deep learning algo-rithms, can quickly and accurately analyze large datasets of 3D whole 

organ images. It provides information on using deep learning approaches to achieve ac-

curacy and speed in quantifying human brain cells. After showing the whole pipeline of 

intact human organ labeling in Publication I, and Publication II, I investigated mamma-

lian organs’ complex structure and identified the spatial distribution of key targets by la-

beling them with chemical probes or antibodies. For example, we use high-performance 

LSFM to record a complete map of the islets in a transgenic pig pancreas and reconstruct 

the images in 3D. Overall, these two publications provide steps to map intact human 

organs with cellular resolution, and machine-learning-assisted automated analysis, pav-

ing the way for future mapping of intact organs and providing opportunities to expand our 

knowledge of human organ anatomy.  
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4. Zusammenfassung (deutsch) 

Das Clearing menschlicher Organe ist ein komplexer Prozess mit vielen Schritten, den 

die meisten Labore nicht ohne detaillierte Anleitung reproduzieren oder optimieren 

können.  Die Schritte zum Permeabilisieren und Verarbeiten der Gewebeproben sind 

besonders schwierig zu optimieren, da die Optimierungsschritte oft anders ablaufen als 

bei herkömmlichen Immunfärbungen.  

Daher habe ich ein detailliertes Protokoll für das Clearing menschlicher Gewebe 

erarbeitet, das die kritischen Schritte der Methode darlegt, und für Labore aufarbeitet, die 

schon mit menschlichen Gewebeproben arbeiten, aber noch kein Clearing durchführen. 

Meine Publikation I stellt ein umfangreiches, detailliertes Schritt-für-Schritt-Protokoll für 

das Clearing menschlicher Gewebeproben mittels des SHANEL-Protokolls dar. SHANEL 

ist ein vielseitiges Protokoll zum Clearing menschlicher Gewebeproben, das auch die 

gleichzeitige Anfärbung mittels chemischer Farbstoffe oder Antikörpern ermöglicht.  In 

der Publikation I zeige ich die Anwendung für verschiedene repräsentative menschliche 

Organe, unter anderem für die Bauchspeicheldrüse, Niere, Hirn, Milz, Herz, und Lunge. 

Das Protokoll erlaubt das Anfärben von Zellkernen, Amyloid-Plaques, und Blutgefäßen 

mittels chemischer Marker, und erlaubt zusätzlich das Anfärben spezifischer Ziele mittels 

fluoreszenter Antikörper. SHANEL kann sowohl auf menschliche Gewebeproben als 

auch auf Biopsien angewandt werden, was die Nützlichkeit für Biomedizinische 

Forschung erhöht. Publikation I stellt auch detaillierte Anleitung für die nachfolgenden 

Schritte bereit, in denen die angefärbten und transparenten menschlichen 

Gewebeproben mit einem Lichtblattmikroskop aufgenommen werden können, und die so 

erzeugten Datenmengen mit einfach zu benutzender Software verarbeitet und in 3D 

visualisiert werden können.  

Dieses Bildgebende Verfahren erzeugt eine sehr detaillierte digitale Repräsentation der 

Gewebeprobe, die dann mehrere Terabyte pro Probe umfasst. Um diese Datenmengen 

einfach verarbeiten zu können, präsentiere ich in Publikation II eine Pipeline mit Deep-

Learning-Algorithmen, die diese großen Datenmengen schnell und akkurat verarbeiten 

kann. In der Publikation II zeigen wir dies durch die Quantifizierung von Zellen im 

durchsichtigen Menschenhirn. Außerdem erforschen wir in dieser Publikation die 

komplexe Organstruktur verschiedener Säugetierorgane und identifizieren die räumliche 

Verteilung wichtiger Ziele mittels chemischer Farbstoffe und spezifischer Antikörper. 

Beispielsweise benutzen wir SHANEL und Lichtblattmikroskopie, um die Verteilung von 

Langerhans’schen Inseln in der gesamten Bauchspeicheldrüse von transgenen 

Schweinen aufzunehmen, und daraus eine vollständige 3D-Ansicht zu generieren.  

Insgesamt stellen diese beiden Publikationen einen Fortschritt in der Erforschung intakter 

menschlicher Organe mit zellulärer Auflösung dar. Durch die Kombination von Clearing 

und neuartigen Maschinenlern-Analysetechniken und die sorgfältige Dokumentation 

machen wir das Clearing menschlicher Gewebeproben auch für andere Labore 



 

44 

 

zugänglich und schaffen die Möglichkeit, unser Wissen über menschliche Anatomie zu 

erweitern.   
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4. Paper I 
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5. Paper II 
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