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ABBREVIATIONS 

(i)DISCO (Immunolabeling-enabled)-3D Imaging of Solvent-Cleared Organs 

3D Three-dimensional 

AHS Amplifying Hydrogel Solution 

AU Airy Unit 

CLARITY Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging/ Immunostaining/ 
in situ hybridization–compatible Tissue hYdrogel 

CM Confocal microscopy 

CNN Convoluted Neural Network 

CT Computed tomography 

CUBIC Clear Unobstructed Brain/Body Imaging cocktails and Computational analysis 

DMSO Dimethyl sulfoxide 

DOL Degree of Labelling 

ECi Ethyl-cinnamate 

ExM Expansion microscopy 

ExPath Expansion Pathology 

FP Fluorescent Protein 

GAGs Glycosaminoglycans 

GFP Green Fluorescent Protein 

HA Hyaluronic Acid 

Has2 hyaluronan synthase 2  

IB4 Isolectin B4 

IHC Immunohistochemistry 

KO Knock out 

LEA Lycopersicon Esculentum Agglutinin 
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LSFM Light-sheet fluorescence microscopy 

NA Numerical aperture 

NIR Near Infrared 

NPH Nephronophthisis 

OTC Optical tissue clearing 

PBS Phosphate Buffered Saline 

PBST Phosphate Buffered Saline with 0.5% Tween 

PEI Polyethylenimine 

PFA Paraformaldehyde 

RI Refractive index 

ROI Region of interest 

RT Room Temperature 

SA Sodium Acrylate 

SNR Signal-to-noise ratio 

SRM Super Resolution Microscopy 

STED Stimulated Emission Depletion  

WGA Wheat germ agglutinin 

WS Water-soluble 

ZOOM Zoom by hydrOgel cOnversion Microscopy 
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1 INTRODUCTION 

While classical histology has evolved as a golden standard for morphological analysis 

of healthy and diseased tissues, spatial relationships and complexity of biological 

structures extending in multiple directions1 are poorly captured by 2D visualization. To 

overcome these limitations, three-dimensional (3D) imaging and optical tissue clearing 

(OTC) techniques have emerged as promising alternatives. Moreover, OTC allows 

whole-organ imaging, circumventing the bias that may arise when selected histological 

sections are not representative of the entire organ. Over the last decades, tissue 

clearing in combination with state-of-the-art microscopy has been employed in a large 

number of studies on renal physiology and pathophysiology that addressed vascular 

and renal diseases2. The introduction of rapid clearing techniques and the use of light-

sheet microscopy have already significantly contributed to kidney research and 

allowed the quantification of the glomerular number in murine kidneys3. Although 

whole-mount imaging provides robust and unbiased morphological information, it 

cannot be used for resolving biological nanostructures. To serve this purpose, 

Expansion Microscopy (ExM) has been developed recently for visualization and 

reconstruction of fine details in tissues. As such, ExM has been used for analysing the 

glomerular filtration barrier and resolving podocyte foot processes, which previously 

was only possible by electron microscopy4, 5. Even though 3D imaging and OTC 

techniques have matured and despite the large amount of currently available OTC 

protocols, the main hurdles for a more widely use of these techniques in research are 

processing time and costs. Hence, the development of more time-efficient and less 

costly methods or strategies for staining and handling big data generated by 3D 

imaging is still warranted.  

1.1 OTC methods and kidney research 

The main principle of OTC is to make tissues optically transparent that allows 3D 

reconstruction of these tissues by microscopy. OTC includes a broad set of techniques  

that renders samples transparent through the reduction of light scattering. The 

phenomenon of light scattering limits the absorption of light and is due to a mismatch 

of refractive index (RI) inside the tissue. Thus, intrinsic tissue inhomogeneities cause 

multiple scattering in biological material6. 
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Since the seminal method description by Spalteholz a century ago7, a large number of 

OTC protocols have been developed and are currently applied to analyse biological 

structures in a 3D manner. Currently, used clearing methods can be categorized into 

three groups, i.e. organic solvent-based tissue clearing, aqueous-based tissue 

clearing, and hydrogel embedding tissue clearing (Figure 1.1).  

 

Figure 1.1 Schematic representation of tissue clearing categories adapted from Tian et al.1  

Although organic solvents are usually toxic reagents and present several drawbacks, 

they have high RI and allow to achieve high transparency rapidly by lipid removal. 

However, prior to delipidation, tissue dehydration is required which may cause tissue 

shrinkage and fluorescence quenching. Instead, aqueous-based techniques are more 

user-friendly, safe, and in general preserve the endogenous fluorescence better 8. The 
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latter is based on simple immersion or delipidation/hyper-hydration. Simple immersion 

consists of incubating the samples in reagents with high RI, resulting in low clearing 

efficacy, especially in intact organs. In this case, higher transparency can be achieved 

by using detergents and amino-alcohols that also aid in lipid removal. In addition, the 

use of rehydration agents, such as urea, increases tissue permeability by creating 

osmotic pressure within the tissue9. The use of the aforementioned reagents is 

implemented in the Clear unobstructed brain/body imaging cocktails and 

computational analysis (CUBIC) method, which utilizes a hyper-hydration urea-based 

mechanism as well as a high RI sucrose solution and very high levels of detergents10. 

Nevertheless, in comparison to organic solvent-based protocols, aqueous-based 

techniques are more time consuming. 

Similar as for the aqueous-based techniques, also hydrogel embedding methods are 

based on the use of high concentrations of detergents. Gel-embedding has the 

advantage that it better protects the tissue from harsh treatments such as heat and 

electrophoresis11, as is used in the Clear Lipid-exchange Acrylamide hybridized Rigid 

imaging in situ hybridization-compatible Tissue Hydrogel (CLARITY) protocol. Apart 

from this, tissue-gel hybrids perform well in maintaining the integrity of histological 

samples12. This method is amongst others employed in OTC techniques, such as ExM. 

The latter establishes clearing by digestion or denaturation and aims to physically 

expand the tissue, by embedding it in a swellable polymeric hydrogel. 

Over the last years, the application of these techniques on renal biopsies has increased 

our understanding of kidney structure and function by providing more accurate and 

precise morphological information. As such, the CUBIC technique made it possible to 

visualize and quantify different renal structures in the whole kidney, e.g. morphology 

of the distal convoluted tubule13, lymphatics14, and sympathetic innervation15,16. OTC 

has also been employed to study dynamic processes such as protein uptake through 

a combination of intravital microscopy and CLARITY. This allowed us to investigate 

and quantify ligand uptake in the kidney in a spatial manner17.  

Among the broad range of OTC techniques, ethyl-cinnamate (ECi) can clear the kidney 

rapidly with high efficiency. However, when fluorescent reporters, e.g. green 

fluorescent protein (GFP), are present in the tissue, the main drawback of ECi is the 

loss of fluorescence due to quenching during the solvent-based clearing. Alternatively, 

its use in combination with immunolabeling and perfusion staining strategies has been 

adopted to detect proliferating cells in the tubulointerstitium18 and to quantify the 
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number of glomeruli in a model of nephrotoxic nephritis3. Recently, a faster ECi 

protocol was used to evaluate glomerular size and dilation of the afferent arteriole as 

indirect estimations of increased intraglomerular pressure in diabetic nephropathy19. 

Given the wide variety of OTC methods, the optimal protocol to use can be selected 

based on several parameters such as tissue type, sample size, labelling strategy, and 

available equipment for optical imaging as reviewed by Avilov et al.20. Thus, the 

decolorizing action of amino alcohols is needed for heme-rich tissues like the liver or 

spleen21, while soft tissues like lung and brains are cleared by most of the protocols. 

Despite the pros of using non-toxic reagents for processing tissue by aqueous and 

hydrogel-based techniques, large samples are preferably cleared by organic solvents. 

These reagents can rapidly clear whole organs according to simple procedures with 

demonstrated high-clearing performance and might as well facilitate imaging due to 

tissue shrinkage, which often occurs when using organic solvents.  

1.2 Biological labelling in cleared tissue 

Staining of structures and/or molecules and the selection of an appropriate fluorescent 

probe is of key importance in developing a suitable OTC method. Labelling strategies 

can be categorized as follows: 1) use of transgenic animals that are expressing gene-

encoded biological probes, 2) use of a compatible immunohistochemistry (IHC) 

protocol, 3) perfusion or injection of fluorescent markers. 

The use of fluorescent reporters is challenging, not only because of the risk of losing 

the fluorescence signal as a consequence of quenching but also because of high 

background fluorescence, which may result in a low signal-to-noise (SNR) ratio and 

thus making detection of a specific signal a tedious endeavour. Fluorescence 

quenching may occur because of high temperatures, harsh conditions, and corrosive 

reagents to which the samples are subjected to. To limit quenching in organic solvent-

based OTC, the use of ethanol for dehydration can be replaced by other alcohols that 

better preserve the fluorescence signal of fluorescent protein (FP) as observed in 

second-generation ECi clearing (2ECi)22. Degradation of FP is mostly associated with 

oxidation of the FP and it may therefore be prevented by the use of antioxidants in the 

protocol23. Even when OTC protocols are suitable for imaging FP, intrinsic features of 

the FPs, e.g. low photo-stability, reduced brightness as well as a low expression level, 

may limit the success of this approach. In this regard, Kirschnick et al. recently 
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described a method for the evaluation of FPs fluorescent retention adaptable to 

different tissue clearing protocols24.  

IHC protocols as labelling strategy mostly make use of antibody staining. Although 

antibody staining works well in the majority of available OTC protocols, the pitfalls are 

that it is cost- and time-intensive when whole organ labelling is performed. It should 

also be emphasized that prior antibody testing is needed to ensure that the epitope is 

preserved after tissue processing. For whole organ staining, nanobodies that can 

easily diffuse throughout the tissue25, stochastic electrotransport26, or hydrodynamic 

pressure27 can be used to enhance antibody penetration.  

Perfusion or injection of fluorescent markers as labelling strategy have been 

successfully applied in a number of studies28, 29. It can be achieved by tissue immersion 

in stains, e.g. eosin, Congo Red, Picro Sirius red, Congo red or fluorescent Nissl, and 

can be used in combination with several OTC protocols30. Likewise, nuclear staining 

(DAPI/ HOECHST) has been successfully conducted in heart28 and brain tissue29 by 

sample immersion. More recently studies have been performed in which fluorescent 

molecules are injected or used in animal perfusion31. This seems to reduce costs and 

OTC processing time drastically for whole organs and is particularly well-suited for 

labelling the vasculature as will be addressed in the next paragraph. 

1.3 3D imaging of vascular networks 

The complexity of vascular networks can be assessed by sophisticated imaging 

modalities such as micro-computed tomography (CT), which can depict the spatial 

distribution of vessels at the capillary level. Although micro-CT can visualize the renal 

vascular structures in a 3D manner and thus can assess the spatial density of micro-

vessels and vessel size32, small-sized blood vessels with a diameter smaller than 10 

µm, cannot be identified with accuracy33.  

Progress in OTC as well as in data acquiring at high resolution and at high speed have 

opened new avenues for 3D histological analysis of complex vascular architectures. 

Labelling of the vasculature can be achieved by the use of endothelial-specific 

antibodies or by expression of genetically encoded fluorescent proteins in endothelial 

cells. Anyhow, these approaches exhibit some technical limitations when combined 

with OTC, such as poor antibody penetration and fluorescence quenching as 

discussed in the previous paragraph. New fluorescent dyes for tracking vessels and 

capillaries have been developed and offer the opportunity to stain multiple organs 
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when injected intravenously. Examples hereof are fluorescent vessel-filling solutions, 

e.g. such as India Ink34 and fluorescence-conjugated dextran35. Yet some of these 

dyes do not bind the endothelium and therefore may give rise to incomplete labelling 

of the vasculature. An alternative approach is the use of polymerizable solutions that 

contain the fluorescent tracer and form a stable gel inside the vessel lumen36, 37. Over 

the last years, different studies have focused on markers that can bind the endothelium 

specifically and can therefore label the vessels more reliably. Based on their lipophilic 

nature, carbocyanine dyes such as DiI and its substitutes DiO and DiD38, 39, can directly 

insert into the endothelial lipid layer during transcardiac perfusion, and thereby 

successfully stain the complete vasculature including the micro-vessels40. 

Nevertheless, considering that most of the clearing methods employ detergents and 

organic solvents, there is a high risk that along with the lipids also the fluorescent label 

is removed at some stage of the clearing process. This limitation has been solved by 

the introduction of Dil analogues such as CM-DiI, SP-DiI, and FM 1–43FX that are 

modified to be aldehyde-fixable to proteins and CLARITY-compatible41. In a recent 

work, DiI dyes have been incorporated in neutral liposomes for improving vessel 

painting. These liposomes do not aggregate and thus do not cause vessel clogging42. 

Vascular labelling can also be achieved by means of intracardial or intravenous 

injection of Evans Blue (EB) that after binding to serum albumin, links the endothelial 

glycocalyx and is also endocytosed43. Lately EB has been administrated together with 

other molecules such as lectins, to accomplish vascular staining more effectively. In 

this regard, there are several studies that describe fluorescent lectins as suitable 

candidates for vascular labelling. Biotinylated tomato lectin is one of such fluorescent 

lectins that allowed morphological examination of capillaries in different tissues44. 

Although lectins can get rapid access to carbohydrate ligands on the luminal surface 

of capillary endothelial cells, they are also rapidly cleared from the vessel and therefore 

when lectins are used for visualization of the vasculature, organs should be harvested 

quickly after injection44. Even if multiple lectins are currently available, the result of a 

comparative study conducted on Griffonia simplicifolia isolectin B4 (IB4), wheat germ 

agglutinin (WGA), and Lycopersicon esculentum agglutinin (LEA), suggested that their 

performance differs depending on specific conditions45. Todorov et al. applied a 

combined approach based on injected EB and perfused fluorescent WGA for mapping 

the whole vasculature in optically cleared mouse brain46. In as much as WGA and EB 

dyes can be detected in different fluorescence channels this study suggested that the 
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lectins are indeed more suitable for labelling micro-vessels in brain tissue. In keeping 

that the inner wall of the vessels is negatively charged, cationic tracers with a proper 

molecular size can also be used for binding to the negatively charged 

glycosaminoglycan (GAG) components of the vasculature and basement membranes. 

Indeed, Huang et al. designed a compound, MHI-148-PEI, in which the branched 

polyethyleneimine (PEI) is conjugated to a near-infrared (NIR) dye and in combination 

with ECi clearing, allows to display big vessels and glomeruli in renal tissue31.  

1.4 High resolution imaging of renal tissue  

Recent advancements in clearing techniques have allowed the increase of imaging 

resolution for histological analysis at cellular and subcellular levels. In particular, the 

use of specific hydrogel for the sample embedding and tissue expansion significantly 

increased imaging resolution, disclosing structures at nanoscale level. Technological 

developments in microscopy, i.e. super resolution microscopy (SRM), demonstrated 

the possibility of achieving spatial resolution beyond the diffraction limit without the 

need for electron microscopes. For this discovery, dated 2014, Hell and William E. 

Moerner were awarded the Nobel Prize in Chemistry. Yet, SRM also has some 

limitations, especially with regard to volumetric imaging. The limitations are due to rapid 

fluorescence quenching, sensitivity to spherical aberrations, and light scattering47 and 

can be partly overcome by making the samples optically transparent and by reducing 

the RI mismatch. Some tissue clearing methods also lead to sample swelling or 

expansion (ExM) bringing additional benefits to the image acquisition by SRM. In the 

field of neuroscience, the combination of SRM and OTC has allowed synapsis study 

at molecular level in expanded samples of mouse cortex48. Similarly, Unnersjö-Jess et 

al. were able to study the spatial distribution of proteins at the slit diaphragm in intact 

renal tissue by using SRM on CLARITY-cleared samples that were slightly swelled49. 

In a following study, they also applied ExM on kidney samples for comparing the 

performance of confocal microscopy (CM) in expanded samples and super resolution 

stimulated emission depletion (STED) microscopy in non-expanded cleared samples, 

showing similar results for both approaches50. Along with this result, further progress 

in ExM, have shown that the volumetric expansion factor can be increased up to 10-

fold, overcoming the diffraction limit of SRM as well. Recently, a novel ExM protocol 

has allowed to resolve individual mitochondrial cristae, separated by 70 nm-100 nm 

distance, by single-step expansion51. ExM also enabled the visualization of fine details 
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of the glomerular filtration barrier including the podocytes foot process, basement 

membrane, and cytoskeleton52. This application is also suitable to identify pathological 

alterations in foot process morphology at a nanoscale level50. Considering that SRM 

requires access to sophisticated imaging platforms, ExM has proven to be an optimal 

and cost-effective alternative to obtain high resolution volumetric imaging in kidney 

research53. Meanwhile, new ExM protocols suitable for the analysis of human renal 

biopsies opened up to future clinical applications. Thus, Expansion pathology (ExPath) 

combines histopathological assessment and molecular imaging with nanoscale 

precision of the same sample, by reviving formalin-fixed paraffin embedded material5. 

1.5 Optical imaging and image analysis of cleared tissue 

Although light scattering is minimized in optically cleared samples and many advanced 

methods for fluorescent labelling have been introduced, the availability of appropriate 

optical instruments are of equal importance for developing an OTC pipeline for 

addressing specific morphological/functional questions.  

Confocal microscopes can be used for the acquisition of thick specimens but due to 

intrinsic features of the CM, i.e. limited working distance of the objectives, it does not 

allow image depth larger than a few millimetres. In addition, CM scans the tissue point 

to point while exposing the sample to continuous laser light scanning that gives rise to 

photobleaching and phototoxicity54. In contrast to CM, light-sheet microscopes are 

equipped with longer working distance objectives and illuminate sequentially single 

tissue planes with a thin light sheet, thereby preventing photobleaching. Hence, light-

sheet fluorescence microscopy (LSFM) has been employed in multiple studies for 

imaging whole organs and whole organisms with exceptional imaging speed. The latter 

only depends on the frame rate of the camera collecting up to hundreds of millions of 

voxels per second through the use of advanced detectors55. As compared to CM, light-

sheet microscopes cannot achieve the same spatial resolution due to the limitations in 

generating sufficiently thin light sheets to cover large fields of view. New advancements 

in the field of optics, have contributed to circumvent this issue, by introducing laser 

beam that can illuminate thinner sections56, as well as by adopting the multi-view 

approach via simultaneous light-sheet illumination and fluorescence detection along 

different orthogonal directions that results in improved resolution in all dimensions57. 

Lastly, an important aspect to consider is the compatibility of the clearing methods, 

especially of the RI matching solution with the instruments for optical imaging and its 

components. Solvent-resistant dipping objectives, imaging chambers, and the recent 
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development of objectives with RI ranging from 1.33 to 1.58 represent important steps 

forward for obtaining an OTC-friendly set-up. Progress in optical systems also warrants 

the need for powerful computational strategies that address the current boundaries in 

data storage and analysis of huge datasets deriving from high-resolution imaging of 

large specimens. Compression and decompression formats can be an efficient solution 

for data storage. To display big data, BigData Viewer, a framework included in Fiji, 

helps navigate and visualize large image sequences58 while for reconstructing 3D 

volumes the use of BigStitcher makes it possible to stitch unaligned 3D image tiles 

belonging to terabyte-sized datasets59. Following preliminary image processing steps 

for reconstruction, quantitative image analysis can be tedious and time-demanding if 

conducted manually. It also very often requires the opinion of expert pathologists and 

therefore deep learning-based approaches are becoming increasingly popular.  

Quantitative analysis of complex images is possible because of automated object 

segmentation. This is based on algorithms that recognize voxels belonging to similar 

structure within an image60. In this context, the Ilastik toolkit is a machine learning-

based framework with an interactive user-friendly interface that allows performing pixel 

classification through annotations and labels of small subsets of data provided by the 

user61. Once the classifiers are trained, Ilastik workflows can be applied to new data. 

More complex segmentation can be performed by applying more advanced machine 

learning models that can handle bigger datasets and permit an unbiased analysis. 

Among the deep learning-based approaches, convolutional neuronal network (CNN) 

with a U-Net architecture became predominant in bioimage analysis as reviewed by 

Hallou and co-workers62. Deep learning analysis was conducted to reconstruct and 

quantify the 3D vascular network in optically cleared mouse brains46 and for counting 

and analysis of glomeruli in renal tissue sections63. 

The current limitation to deep learning models is the extensive amount of data required 

for training and annotations that cannot be easily generated, especially for ground truth 

sets. Moreover, despite the efforts of providing pre-trained models and scripts by the 

scientific community, interventions on the source code and customization are still 

required. Therefore, in terms of future directions, further work should be focused on 

making deep learning pipelines more accessible to a large number of researchers who 

have low coding expertise.  
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1.6 Aims of the project 

The aim of this research project was to implement OTC protocols for the visualization 

and analysis of biological structures that have key roles in renal pathophysiology. We 

mainly focused on two OTC methods that have been largely discussed above: ECi-

OTC and ExM, with the purpose of reducing the complexity and improving the 

performance of currently available protocols. Since, ECi clearing was previously 

optimized by reducing the sample processing time, we defined two pipelines for 

vascular staining that are compatible with the use of ECi, for improving the quality of 

the staining and obtaining suitable data for image segmentation.  

Essentially, our goals can be summarized as follows: 

 Investigating the use of new fluorescent tracers for vascular staining in ECi 

cleared healthy and pathological renal tissue and other organs. 

 Combining an optimized IHC protocol with ECi-OTC, comparing this with a 

previously established method, and using it to study pathological samples. 

 Examining key features of ExM for effective visualization of podocytes in rat 

and mouse kidney, using optical imaging instruments that are largely 

available.
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2 MATERIALS AND METHODS 

2.1 Animals 

All animal experiments were conducted in accordance with the German Animal 

Protection Law and approved by the local authority (Regierungspräsidium Nordbaden, 

Karlsruhe Germany in agreement with EU guideline 2010/63/EU), under deep 

anaesthesia. For testing the new fluorescent dyes and implementing all the OTC 

protocols (ExM and OTC-IHC), 6 weeks-old female C57BL/6 wild-type mice and 6-

months-old rats PKD/Mhm (+/+) (autosomal dominant polycystic kidney disease, only 

homozygous, thus unaffected) were employed. For experiments on pathological 

samples, the renal tissue was collected from: 

 24-weeks-old pcy/pcy mice (carrying a missense mutation in the 

nephronophthisis gene Nph3) presenting polycystic kidney disease; 

 16-18 weeks-old mice knock out (KO) for hyaluronan synthase-2 (Has2) 

presenting vascular abnormalities; the work was carried out in collaboration 

with Ms Katerina Stripling at Leiden University Medical Center (LUMC) and with 

the support of Prof. Bernard M. van den Berg, author of a previous publication 

about the impact of endothelial Hyaluronic Acid (HA) loss on 

microvasculature64. 

2.2 Sample collection and tissue processing 

All the tissue samples were collected after animal perfusion and were subjected to 

OTC procedures to improve visualization and analysis of renal and vascular structures 

using three different approaches: 

 ECi-based OTC on pre-stained samples during perfusion 

 ECi-based OTC and immunostaining (IHC) 

 ExM for podocyte visualization. 

2.2.1 Animal perfusion 

Animals where anesthetized by intra-peritoneal injection of a cocktail of Ketamine 

(Wirtschaftsgenossenschaft deutscher Tierärzte eG, Germany) and Xylazine 

(Serumwerk Bernburg, Germany), with a dose of 120 mg/kg BW Ketamine and 16 

mg/kg BW Xylazine. 
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Animal perfusion aims to remove blood from tissues and ensure their preservation by 

the application of fixating agents. The procedure described here was performed 

according to a protocol established by Huang et al.31, where staining of the vasculature 

can be achieved by including a step before tissue fixation. The retrograde perfusion 

set-up included a G21 winged infusion set connected to a compressor (Jun-Air 

compressor, Rio Grande, 117301) and a syringe pump (Chemyx, Fusion 100 infusion 

pump) by a 3-stage valve. Perfusion of main substances including 0.9% NaCl, pH=7.4 

and heparin 5 IU/mL, and 4% Paraformaldehyde (PFA), was conducted with the 

compressor pump, while staining solutions were perfused at a rate of 1 ml/min via the 

infusion pump. 

The preparation of the animals consisted of an incision on the abdominal skin and a 

clean cut of the muscle tissue along the Linea Alba. Then, the tip of the infusion set 

was inserted in between the bifurcation of the femoral aorta and fixed by a vascular 

clamp. Finally, the vena cava was cut immediately before perfusion. 

The perfusion protocols consisted of the infusion of saline/heparin solution at 200 mbar 

for 6 minutes in mice and at 280 mbar for 3 minutes in rats. Optionally, a mid-step for 

perfusion of a fluorescent cationic dye was also included, where a flush saline/heparin 

for 1 minute was given to eliminate the excess of the unlinked dye. Afterwards, the 

animal was perfused with a 4% PFA solution at 200 mbar for 6 minutes (in mice) or at 

230 mbar for 3 minutes (in rats) for tissue fixation. 

Kidneys and occasionally other organs, (lungs, heart, diaphragm, liver) were collected 

and incubated under dark conditions for 18 hours in 4% PFA for post-fixation. 

Subsequently, the tissue was processed for tissue clearing or stored at 4°C in 1x 

Phosphate buffered saline (PBS) or in 4% PFA for long-term storage. 

2.2.2 Sample preparation  ECi-OTC 

A fast clearing procedure was also described by Huang et al.31, based on the use of 

ethyl-3-phenylprop-2-enoate as a clearing agent (ECi, SigmaAldrich, Germany, 

STBH5252, R.I. 1.558 at 25°C). This protocol allows to reduce drastically the time 

required for clearing whole specimens through the use of an automated tissue 

processor (TP1020, Leica Biosystem, Nußloch, Germany), which works with vacuum 

and at room temperature (RT). The samples perfused with the fluorescent markers for 

the vascular staining tested in this project were processed by following the same 

existing protocol given its reliability and rapidity. Shortly, whole organs were placed 
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into metal containers, subject to increasing concentrations of ethanol 

(50%,80%,99%,99%, 45 minutes each), and a step of clearing in ECi for 2 hours. The 

specimens were then collected and stored in ECi at RT under dark conditions until 

imaging.  

The clearing procedure described above was also adapted for IHC stained samples. 

To this purpose, thick tissue sections were subjected to IHC after ECi-OTC (post-

clearing IHC) as described in Brenna et al.65 as well as prior to ECi-OTC (pre-clearing 

IHC) according to an optimized protocol (IHC-ECi) 

In order to label the samples before clearing, after perfusion, the mouse kidneys were 

collected and post-fixed in 4% PFA (overnight only) and 1 mm thick sections were cut 

by using a Vibratome (VT1200/S, provided by Leica Biosystem, Nußloch, Germany) 

2.2.3 Sample preparation  ExM 

Mouse and rat kidney samples were perfused, post-fixed overnight in 4% PFA and 

placed into a 12-well plate filled with gel solution: AHS (Amplifying Hydrogel Solution), 

and two sodium acrylate (SA)-free gels (Protocol A and Protocol B), for comparing the 

performance of three different protocols. AHS-gel was adopted for gel embedding of 

the samples at an early stage of this project to visualize vascular branches and cilia in 

lungs66, while the SA-free gels have been adapted from ZOOM (Zoom by hydrOgel 

cOnversion Microscopy) described in a recent work for expanding brain tissue and 

other organs67. After 2-3 days of incubation in the gel solution, the tissue-gel hybrid 

was subjected to polymerization by incubating the plate in a humidified chamber at 

37°C for 2-3 hours.  
Gel composition Provider; Cat.No AHS Protocol A Protocol B 
NaCl Roth, 0962.1 - 0.65M 1.3M 
Sodium Acrylate (SA) Sigma Aldrich, 408220 10% - - 

Bisacrylamid BIO-RAD, #161-0142 0.05% 0.01% 0.005% 
40% Acrylamid BIO-RAD, #1610140 20% 30% 30% 

16% PFA EMS, #15710-S 4% 2% 2% 
10xPBS In-house 1x 1x 1x 
VA-0114 FUJIFLM, #277776-21-2 0.1% 0.1% 0.1% 

Table 1 The table includes all the chemicals employed to synthetize the gel according the 3 different protocols 

After this step, the sample was trimmed to minimize volume, using a sharp razor blade. 

Next, the gel-tissue-hybrid was processed by cutting 300 µm slices using a vibratome. 

Thicker specimens instead, cannot easily be imaged and analysed in depth within a 

short period of time because of the volumetric expansion. Moreover, thinner sections 
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are easy to handle after tissue expansion and are more rapidly stained. The tissue 

sections were then placed into a 12-well plate filled with 1xPBS. The optical clearing 

was performed by lipid removal and protein denaturation in different Sodium dodecyl 

sulfate (SDS) containing solutions (see Table 2). SA-free gel-embedded mouse 

kidneys were incubated in a wet chamber in a denaturation solution for 24 hours while 

rat kidneys for 48 hours, both at 80°C. The AHS-embedded mouse kidneys were 

incubated for 12 hours at 95°C and for the following 24 hours at 70°C.  
Denaturation solution (pH=9) AHS-embedded samples SA-free gel embedded samples 
SDS (Sigma Aldrich, L4509) 200 mM 200 mM 
Boric acid (Merck, 1.00165.0500) - 50 mM 
Tris 50 mM - 

PBS 1x - 
NaCl 200mM - 

Table 2 The table includes all the reagents required to prepare the denaturation buffer in the 3 protocols: AHS, 
protocol A, and protocol B. 

After clearing, the tissue-gel hybrid was washed for 3 hours in 1xPBST (Phosphate 

buffered saline with 0.5% Tween) under agitation at RT, to eliminate the denaturation 

solution before the antibody staining. 

2.3 Labelling strategies 

2.3.1 Fluorescent markers 

All the fluorescent molecules for vascular staining that were employed in this project 

were developed in collaboration with Cyanagen Srl where, Ms. Srishti Vajpayee 

performed all the experiments concerning the design and the chemical synthesis of the 

compounds (Bologna, Italy). Therefore, all the spectrophotometric measurements 

included in this section were provided by Ms. Vajpayee (Figure 2.1-2.4 and table 3). 

A list including the dyes tested in this project, is provided in Table 3. 
Name  Lot. Number Absorbance Emission Molecular weight  

MHI-148-PEI SV1-014 620 nm 770 nm Average 70 kDa 

SV620C-01-PEI SV1/013 620 nm 770 nm Average 70 kDa 

MHI-148+PEI SV1/018 620 nm 770 nm 0.750 + 70 kDa 

SV620C-01+PEI SV1/021 620 nm 770 nm 0.705 + 70 kDa 

STAR FLUOR 645™-WGA SV2/125 648 nm 678 nm Average 36 kDa 

SV680A-02-WS Chitosan SV3/276 678 nm 720 nm Average 110 kDa 

SV770Z-01-WS Chitosan SV4/313 770 nm 820 nm Average 110 kDa 

Table 3 Summary of all the fluorescent markers tested for the vascular staining, data provided by Ms. Vajpayee 
(Cyanagen Srl, Bologna, Italy) 
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The fluorescent markers were designed by taking into account the characteristics of 

the biological structures of interest, i.e. renal vessels and capillaries: 

 The blood vessel endothelium is constituted by negatively charged GAGs. 

 The cut-off of the renal basal membrane is estimated to be around 50 KDa. This 

value is given by the structure of the glomerular capillaries that is made of 

fenestrated endothelium (70-90 nm in size), basement membrane (2-8 nm in 

size), and podocytes (4-11 nm in size). 

Therefore, all the characteristics of the molecules employed in our studies can be 

described as follows: 

 They were linked to a positively charged polymer functional for the binding.  

 They have a molecular weight>50 KDa to prevent filtration of the molecule into 

the renal tubules. 

MHI-148-PEI and SV620C-01-PEI 

In a previous study a cationic molecule, MHI-148-PEI was developed for staining big 

vessels and glomeruli31. For the current research work, its chemical structure was 

modified to obtain another variant, SV620C-01-PEI. SV620C-01-PEI is a more stable 

compound, characterized by a higher degree of labelling (DOL) that maintains the 

same spectrophotometric properties with absorption/emission in the NIR window 

similar to Cy7-like dyes as illustrated in figure 2.1. 

 

Figure 2.1 Spectrum of MHI-148-PEI and SV620C-01-PEI characterized by a large Stokes shift. 
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STAR FLUOR 645-WGA 

 

The WGA is a lectin that can be conjugated to a wide range of fluorophores for labelling 

biological structures.  

The WGA was conjugated to the fluorescent molecule STAR FLUOR 645 that is 

commercialized by Cyanagen Srl and has an absorption/emission spectrum in the red 

region of the spectrum as illustrated in figure 2.2.  

This fluorophore that has an absorption peak in a similar range to the Cy7-like dyes, 

ensures higher penetration depth and enables the comparability of the tested 

compounds. Given its narrow interval of emission wavelengths, it is possible to detect 

the STAR FLUOR 645-WGA in co-administration with SV620C-01-PEI. 

Fluorescent chitosan 

Besides the WGA, we tested a polysaccharide that has recently been introduced for 

biological applications: chitosan. The chitosan molecule is defined by FDA as non-

toxic, and is even used as food additive68.  

The polymer was chemically modified by Ms. Vajpayee in order to increase its solubility 

in water-based buffer as needed for biological studies obtaining water-soluble (WS) -

chitosan. The chitosan was covalently conjugated to a NIR and far-red fluorophore and 

its capability of staining vascular structures was evaluated in comparison with the 

previous PEI-conjugated molecules. 

However, due to the low solubility, anionic and zwitterionic dyes replaced the cationic 

fluorophores employed previously, without significant impact on the overall positive 

charge of the molecule, essential for binding the endothelium. 

SV680A-02 is an anionic dye that was conjugated to WS-chitosan with an 

absorption/emission spectrum in the NIR region as illustrated in figure 2.3. 

Figure 2.2 Spectrum of STAR FLUOR 645 
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SV770Z-01 is a zwitterionic dye that was conjugated to WS-chitosan with an 

absorption/emission spectrum in the far-red region as illustrated in figure 2.4. 

  

2.3.2 Immunostaining and ECi (IHC-ECi) 

Samples were incubated for 48 hours in a Dimethyl sulfoxide (DMSO)-based 

permeabilization solution (1xPBS/0.1%Tween-20/0.1%TritonX-100/ 

0.1%Deoxycholate/ 0.1%IGEPAL/ 20%DMSO) at 37°C under shaking.  

After 3 washing steps in PTwH (1xPBS/0.2% Tween-20 with 10 μg/ml heparin), they 

were subjected to a 24 hours-blocking step for reducing the non-specific binding and 

the background from the samples (6% Donkey Serum, Glyicin 0.3 M, 10% DMSO in 

PTwH at 37°C).  

Thereafter, the double staining was performed in 6 days in 3 steps as described below: 

1) Incubation with primary antibody goat anti-CD31 (1:150) in PTwH/5%DMSO/3% 

Donkey Serum at 37°for 48 h, followed by 3 washing steps in PTwH for 1 

hour/each 

2) Incubation with primary antibody rabbit anti-podocin (1:50) in 

PTwH/5%DMSO/3% Donkey Serum, 37°,48 hours, followed by 3 washing 

steps in PTwH for 1 hour/each 

3) Incubation with secondary antibody (anti-rabbit Alexa Fluor 586/Alexa Fluor 

594 Plus (1:100) + anti-Goat Alexa Fluor 647 (1:150) in PTwH/3% Donkey 

Serum) at 37° for 48 hours, followed by 3 washing steps in PTwH for 1 

hour/each. 

After washing the sample in PBS1x at RT overnight, the samples were subjected to 

ECi clearing, according to the optimized protocol described above (4 hours, RT). 

 

Figure 2.3. Spectrum of SV680A-02 λabs of 
the dye is at 678 nm and λem is at 720 nm 
 

Figure 2.4. Spectrum of SV770Z-01. λabs of 
the dye is at 770 nm and λem is at 820 nm 
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Reagent Provider Cat./Lot. Number 

Normal Donkey Serum ab7475 Abcam GR3234277-28 

Glycine Serva 27052 

Tween 20 Fischer scientific 153087 

DMSO Sigma Aldrich #SZBF3010V 

IGEPAL Sigma Aldrich #MKBN1103V 

Sodium Deoxycolate Sigma Aldrich #086K0045V 

Heparin Sodium Serva 24590.02 

Anti-CD31: CD31/PECAM-1 (Goat) R&D Systems AF3628 

Anti-podocin: NPHS2 (Rabbit) Proteintech 20384-1-AP 

Anti-goat Alexa Fluo 647 (Donkey) Abcam Ab150131 

Anti-rabbit Alexa Fluo 586 (Donkey) Abcam Ab175470 

Anti-rabbit Alexa Fluo 594 Plus (Donkey) Invitrogen # A32754 

Table 4 List of reagents and antibodies used for optimizing the immunostaining related to the ICH-ECi protocol 

2.3.3 Immunostaining and ExM 

The staining of gel-tissue hybrid after sample denaturation was conducted as follows: 

A short blocking step (blocking buffer: 1xPBS/5%BSA/1%TritonX-100, at 37°C for 

24 hr) was followed by incubation in primary antibody (anti-podocin; stock 

concentration 0.2 mg/ml, diluted 1:100) in 1xPBS/2%BSA/1%TritonX-100 at 37°C for 

48 hr. After washing the sample in PBST (37°C, 60 min ×3), was incubated in the 

secondary antibody (Goat Anti-Rabbit STAR FLUOR 488 conjugated; stock 

concentration 2 mg/ml, diluted 1:100 or alternatively Donkey Anti-Rabbit Alexa Fluor 

647 conjugated diluted 1:100) in 1xPBS/2%BSA/1%TritonX-100 at 37°C for 48 hr. 

Finally, the sample was washed and stored in 1xPBS, until imaging (rat kidney tissue) 

or subjected to two rounds of expansion in distilled water for 1 hour (2x) and overnight 

under shaking (mouse kidney tissue). 
Reagent Provider Cat. nr. 

Bovin Serum Albumin (BSA) Sigma-Aldrich #SLCB2779 

Triton-X 100 Sigma-Aldrich #MKBS6557V 

Sytox Green™ TermoFisher S7020 
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Anti-podocin: NPHS2 antibody [EPR22203-219] Abcam ab229037 

Anti-rabbit STARFLUO 488 (goat) Cyanagen srl F5A166, S001 

Anti-Rabbit Alexa Fluo 647 (goat) Abcam ab150079 

Table 5 List of reagents and antibodies used for optimizing the immunostaining related to the ExM protocol 

2.4 Microscopy 

Microscopic examination of the cleared specimens was mainly conducted by the Leica 

TCS SP8 confocal microscope and the Leica TCS SP8 DLS light-sheet microscope. 

The complete list of instruments is illustrated in table 6. 

This set-up was suitable for the acquisition of expanded samples and whole tissue 

sections because of the better XY resolution accomplished by CM and the possibility 

to mount wide samples, respectively.  

LSFM was preferred for imaging samples in depth instead. The DLS TCS SP8 is 

provided with a detection objective that includes a mirror cap, where the mirrors are 

orientated at 45° and, due to that, the specimen should fit in the space created by this 

orientation and the height of the sample should not exceed 1 mm in order not to touch 

the lens of the objective. These technical requirements limit the imaging of bigger sized 

samples along the X and Y axis, however, given the significant reduction of acquisition 

time and the improved Z-resolution, this technology was strictly chosen for acquiring 

large Z-stack. The additional imaging systems employed in this project were made 

available at Leica Microsystem (Mannheim, Germany). Stellaris 8 features a next 

generation white light laser capable of excitation in any wavelength between 440 nm 

and 790 nm paired with matched hybrid detectors, that made possible to test far-red 

fluorescent molecules. 

The early evaluation model of light-sheet allows free stage navigation in X and Y 

overcoming the limitations of the DLS TCS SP8. 

Equipment Manufacturer 

Light-sheet microscope – DLS TCS SP8 Leica Microsystems, Germany 

Confocal microscope – TCS SP8 Leica Microsystems, Germany 

Confocal microscope – Stellaris 8 Leica Microsystems, Germany 

Light-sheet microscope early evaluation model Leica Microsystems, Germany 

Table 6 List of all the set-ups for performing ex-vivo 3D imaging employed in this project 
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2.5 Image acquisition 

Data were acquired by LAS X software (Leica Microsystem, Germany) and were stored 

in the Scientific Data Storage (SDS), of the Computing Center of the University of 

Heidelberg (Germany). 

CM-imaged samples were acquired as follows: 

 ECi cleared samples: 

The acquisition speed of 600Hz and the scan direction set to Bidirectional were 

kept constant while the format (resolution) varied between 1024*1024 pixels (single 

tile scan) or 512*512 pixels (multi-tile scan) in order to balance the acquisition time 

and the quality of the pictures for the imaging of large specimens. The tissue 

sections were imaged by 16x objective, 20x objective, and 40x objective and were 

mounted by using immersion oil (Merck, Cat. No.1046990100, RI 1.51) 

The samples were glued on the centre of the dish. A solvent-resistant dish was 

used for imaging ECi-cleared specimens, that was then filled with immersion oil, 

and a long-working distance objective (16x) was employed to maximize the imaging 

depth.  

Alternatively, the samples were mounted using a spacer (Grace Bio-Labs 

CoverWell™ imaging chambers 0.6 mm), by placing it on a glass slide for creating 

a proper-sized imaging chamber by adding a cover glass on the top. This method 

was selected for acquiring Has2 longitudinal sections by shorter working distance 

objectives (20x and 40x) for flattening the sample surface and reducing 

overexposure issues moving along X and Y axis when modulating the exciting laser 

power through the sample depth (Z-compensation). 

 ExM processed samples: 

The acquisition speed was reduced from 600Hz to 400Hz (not bidirectional), the 

format (resolution) was set to 2048*2048 pixels and the pinhole was reduced from 

1.0 to 0.6 Airy Unit (AU) for improving lateral resolution. For ExM factor calculation, 

the speed was kept at 600Hz and the format at lower resolution (1024*1024 pixels).  

The samples were imaged by a 63x objective with high Numerical Aperture (NA) 

for an increased axial resolution and were mounted by agarose embedding. 

The tissue-gel hybrid was placed at the centre of a glass and melted 2% agarose 

(Invitrogen UltraPure Low Melting Point Agarose, Thermosfisher Scientific, 

Germany, 16520100) was added surrounding the sample by producing 1 or 2 layers 

in order to immobilize the sample and to prevent movements during the imaging. 
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The dish was then filled with 1xPBS (rat kidney tissue) or with the distilled water 

used for expansion (mouse kidney tissue). 

LSFM imaged samples were acquired as follows: 

The acquisition speed was set to 600 Hz and the usual resolution was set to 2*2 

binning. The specimens were imaged by ECi-resistant objectives (5x and 16x 

objectives) and were mounted by using ECi as an immersion medium. 

The sample was anchored by sticking a piece of parafilm of 1 mm in thickness (to 

avoid the direct contact of the objective’s mirrors with the bottom of the dish) in the 

centre of a glass bottom cell culture dish (35 mm high, 60 µm in diameter, IBIDI, 

Martinsried, Munich, Germany). On that, a piece of the specimen, a maximum of 

0.4 mm in width and 0.5 mm in height was pasted by using the superglue. Finally, 

the dish was completely filled with ECi.  

The detailed description of the objectives is illustrated in the table below (Table 7). 

Microscope Objective Working distance Mounting media 

Confocal 
HC APO L-U-V-I 63x/0.90 

(Leica Microsystems, Germany) 
2.2 mm 

Distilled water 

(R.I. 1.33 at 25°C) 

Confocal 
40x/1.25 OIL 

(Leica Microsystems, Germany) 
0.1 mm 

Immersion oil 

(R.I 1.51 at 23°C) 

Confocal 
HC PL APO CS2 20x/0.70 IMM 

(Leica Microsystems, Germany) 
0.6 mm 

Immersion oil 

(R.I 1.51 at 23°C) 

Confocal 
HC FLUOTAR 16x/0.60 IMM  

(Leica Microsystems, Germany) 
1.6 mm 

Immersion oil 

(R.I 1.51 at 23°C) 

Light-sheet 
HC PL FLUOTAR 5x/0.15 IMM DLS 

(Leica Microsystems, Germany) 
1.5 mm 

ECi 

(R.I. 1.558 at 25°C) 

Light-sheet 
HC FLUOTAR L 16x/0,60 IMM CORR 

DLS (Leica Microsystems, Germany) 
2.5 mm 

ECi 

(R.I. 1.558 at 25°C) 

Table 7 Description of the different objective employed throughout the project and of their features 

2.6 Quantitative image analysis  

2.6.1 Glomerular analysis in Has2 mice 

Image acquisition was performed using Leica Application Suite X (LAS X v.3.5.6, Leica 

microsystems) by randomly selecting 15 regions of interest (ROIs) in the cortical area 

of each longitudinal renal tissue section. The optical subset was cropped by using the 

selection tool in ImageJ in order to obtain sub-volumes of 0.9 mm3. 

Image processing was performed using Fiji (ImageJ 1.52p). 
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The sub-volumes were split into the 3 acquisition channels and the autofluorescence 

channel was subtracted from the podocin channel for background removal. Thereafter, 

the podocin channel was analysed as follows: [background subtraction=20, value set 

after observation of the pixel values in the selected areas through line profiler function 

in ImageJ] > [Gaussian blur filter σ=3]. After pre-processing the CD31 channel [3x3x3 

Median filter], the two channels were overlaid, converted to RGB, and exported as 

.HDF5 format. Subsequently, images were segmented using pixel classification in 

Ilastik (v1.3.2) with a trained classification for background and glomeruli. The resulting 

segmented data were exported as simple segmentation .HDF5 files. Glomerular 

parameters were assessed by doing a connected component analysis using ImageJ: 

3D Objects Counter and 3D ImageJ Suite (3DSuite) on segmented files69. 

2.6.2 Expansion factor calculation in rat and mouse renal tissue 

For calculating the expansion factor in expanded rat and mouse tissue, we compared 

the maximal nuclear diameter three-dimensionally by taking into account 3 different 

areas (ROIs) per representative sample of non-expanded gel-tissue hybrid and of the 

corresponding expanded tissue, both stained with Sytox green. In this way, for each 

ROI the mean values of Feret diameter were measured in tissue before expansion and 

in tissue after expansion. The ratio of the mean diameter of post-expansion nuclei and 

of pre-expansion nuclei can be considered an estimation of the linear expansion factor 

and was evaluated in protocol A and protocol B. The images were acquired by using 

Leica Application Suite X (LAS X v.3.5.6, Leica microsystems), and then, 3 large 

subsets were selected in the cortical area of renal tissue sections and cropped by using 

the selection tool in ImageJ. The .tif files were segmented by using Cellpose70 to obtain 

a binary mask and the segmented data were selected through a shape filter [roundness 

filter=0.7]. The diameter was estimated using ImageJ plug-in MorpholibJ by running a 

Groovy script.  

2.6.3 Signal-to-noise ratio measurement in IHC-cleared kidneys 

SNR was calculated by acquiring small volumes of two IHC-ECi sections from the 

same animal that were processed differently (with and without additional fixation step 

in PFA). The podocin channel was selected and 10 subsets were cropped to determine 

mean intensity values (μ) and standard deviation (σ) of background and glomerular 

signal. The optical subset was cropped by using the selection tool in ImageJ in order 
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to analyse sub-volumes containing a single glomerulus. Briefly, a median filter [3x3x3] 

was applied to the images and a threshold range was manually set in upper regions of 

the sample, to cover areas defined as glomerulus, and converted into binary masks; 

by inverting the mask, the binary mask of the background was obtained as well. ROIs 

generated from binary masks were used to automatically measure mean background 

intensity in the original stacks. The SNR was calculated for each stack according to 

the following equation71: 

SNR= μSIGNAL / σBACKGROUND  

2.6.4 Statistical analysis 

Continuous variables were expressed as means ± standard deviation (SD). The 

variables were normally distributed and were analysed with student’s t-test for two 

independent groups. All analyses were performed with JMP (v.15.0.0).
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and higher absorption/emission peak in the infrared range, the concentration of 

SV620C-01-PEI was decreased to 1 mg/mL. These spectrophotometric 

measurements provide, exclusively information about the fluorescent – but not about 

the polymeric component that carries more positive charges for binding to negatively 

charged biological structures. For this reason, we compared two additional doses, 2 

mg/mL and 0.5 mg/mL. Although at 0.5 mg/mL, glomeruli and vasa afferent are visible 

in cortical sections of mouse kidneys (Figure 3.3 A), a higher laser intensity power was 

required for visualization as compared to the higher dose of SV620C-01 (2 mg/mL) 

(Figure 3.3 B).  

Even though the higher concentration of the marker might better visualize smaller 

capillaries at lower excitation power (laser power: 1.2% for 0.5 mg/mL versus 0.6 % for 

2 mg/mL), the inhomogeneous distribution of the marker in vascular structures may 

give rise to overexposure issues. Therefore, a working concentration of 1 mg/mL was 

chosen for all further experiments.  

Figures 3.4 and figure 3.5 show a large volume of renal tissue harvested from mice 

perfused with the above-mentioned dose of SV620C-01-PEI that were acquired at high 

depth respectively by CM and LSFM.  

 

Figure 3.4 Intact mouse kidney (3D) imaged by CM using 16x immersion oil objective, 638 channel. Staining: 
SV620C-01-PEI (1 mg/mL). Color-coded image to improve depth perception from yellow (closer) to blue (further). 
Scale bar: 2 mm 
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Figure 3.7 Mouse kidney pole (maximum projection) imaged by LSFM using 16x objective in ECi, 638 channel. 
Staining: STAR FLUOR 645-WGA. Color-coded image to improve depth perception from red (close) to blue (far). 
Scale bar: 100 μm 

As compared to STAR FLUOR 645 conjugate alone, the combination of FLUOR 645-

WGA and SV620C-01-PEI revealed a more pronounced labelling provided by the 

WGA- (yellow) as compared to the PEI-conjugate (red) (Figure 3.8). Due to the higher 

emission peak of STAR FLUOR 645, this was likely caused by the superior brightness 

of the fluorophore rather than by a higher labelling efficiency of the vessels. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Mouse kidney (3D) imaged by CM using a 16x objective in immersion oil, 638 channel. Staining: STAR 
FLUOR645-WGA (yellow) and SV620C-01-PEI (red) in overlay. Scale bar: 500 μm 
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3.1.5 Fluorescent chitosan in renal tissue 

In order to address the limited labelling performance of the molecules tested in the 

study presented above, a novel fluorescent cationic polymer was taken into 

consideration. Chitosan replaced PEI and was conjugated to fluorophores with 

improved optical properties. In fact, none of the new molecules showed an additional 

absorbance peak in the 488 nm channel, which is used for the acquisition of 

endogenous autofluorescence for providing background morphological information.   

The use of chitosan for biological experiments requires chemical modifications that 

improve water solubility at physiological pH. The WS chitosan was conjugated to a far-

red and to a NIR fluorophore. Both the far-red SV770Z-01 and the NIR SV680A-02 

dyes allowed visualization of the vascular structures in the kidney in depth, including 

the finest structures such as the peritubular capillaries (Figure 3.9, respectively A and 

B). A direct comparison of the vessel staining performance for the SV620C-01-PEI (A) 

and two chitosan conjugates (B and C) is shown in figure 3.10. The NIR Chitosan 

conjugate also stained the vasculature in other tissues such as muscle and liver (Figure 

3.11). 

                  A 
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Optimized IHC-ECi protocol 

Steps Reagent Time Total 
Time 

(days) Permeabilization DMSO-based permeabilization solution 48 hours 

Blocking Specific serum-based buffer 24 hours 

10 days 
Antibody staining Double staining (CD31 and podocin) 48 hours (3x) 

Dehydration Ethanol (50%-80%-99%-99%) 4 hours 

Clearing ECi (RI= 1.56) Overnight 

Protocol described previously65 

Steps Reagent Time Total 
Time 

(days) Dehydration Ethanol (50%-80%-99%-99%) 4 hours 

Clearing ECi overnight 

11 days 

Rehydration Ethanol (99%-99%-80%-50%) – PBS1x 4 hours-overnight 

Antigen retrieval Citrate buffer pH 6.0 Overnight 

Quenching 500 mM Glycine 24 hours 

Permeabilization TritonX100-based solution 48 hours 

Blocking Specific serum-based buffer 48 hours 

Antibody staining Single antibody staining (CD31 or podocin) 48 hours (2x) 

RI matching Glycerol 88% (RI=1.45) 24 hours-weeks 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 8 Sample processing workflow for IHC and ECi. Comparison between optimized protocol and former protocol 
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We next tested CD31 staining in mouse kidney sections to track the renal vessels and 

capillaries. As can be seen in figure 3.14, the renal vasculature of the mouse kidney 

was completely stained and allowed tracking from cortical areas towards the outer 

medulla by CM.  

 
Figure 3.14 Sections of mouse kidney (3D) acquired by CM using a 16x objective in immersion oil. Staining: CD31 
was detected by Alexa Fluor 647 in the 638 channel (red) and autofluorescence detection in the 488 channel 
(green). Scale bar: 200 μm 

Similar to described for CM, the CD31 stained sections were also analysed by LSFM 

for comparing the maximal acquisition depth in samples subjected to post-clearing IHC 

or to pre-clearing IHC protocol. This was carried out to evaluate how light scattering 

affects imaging along the whole thickness of the sample without applying Z-

compensation. The latter is required for CM and could create some imaging artefacts, 

e.g. overexposure, and background. 

The results (Figure 3.15) obtained from samples processed according to the optimized 

protocol, show that it is possible to acquire images with sufficient sharpness up to 600 

µm by LSFM. Instead, the acquisition depth in rehydrated samples processed 

according to the former protocol is below 100 µm and in line with the previous 

conclusions made for the CM-imaged samples (Figure 3.13).  
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4 DISCUSSION 

4.1 Strategies for optical imaging of renal vascular structures  

With the introduction of OTC protocols, it has been possible to image large volumes 

and reconstruct biological structures three-dimensionally over the last decades. 

Morphological changes that can occur in different segments of the entire vasculature 

are important hallmarks in many pathophysiological conditions such as small vessel 

vasculitis77, atherosclerosis78, diabetic nephropathy79, lupus nephritis80, 

glomerulonephritis81. Therefore, new microscopy-based techniques have been 

recently introduced for visualization and analysis of vessels and capillaries82. 

Visualization of the vasculature can be obtained by organ/animal perfusion with dyes 

that selectively bind to the endothelium or glycocalyx, by making use of FP that is 

selectively expressed by endothelial cells, and by making use of antibodies against 

endothelial cell markers. In particular, the former strategy offers certain advantages as 

it stains the vasculature rapidly, making it a perfect candidate strategy for whole-organ 

imaging. Nonetheless, it should be underscored that most if not all dyes used for 

vascular imaging are not antigen-specific but bind to the vessel through electrostatic 

interactions between the dye and negatively or positively charged moieties of a 

multitude of different antigens. We explored an antigen-specific, i.e. antibody-based, 

approach for tracking the vasculature and the glomeruli in two separated imaging 

acquisition channels. To this end two different antibodies were used, one directed 

against endothelial cells and the other one directed against podocytes exclusively 

localised in glomeruli. Since the use of high concentrations of antibodies is expensive 

and IHC applied to large specimens can be very time-consuming, we only processed 

the tissue ex-vivo and worked on thick sections in lieu of large samples. This approach 

was particularly useful for targeting specific vascular structures and for more precisely 

segmenting glomeruli. It should be underlined that the selection of an appropriate 

optical instrument is also of crucial importance for vascular imaging and may vary 

depending on the complexity of the acquisition settings required for the imaging. 

Large volume of renal tissue perfused with SV620C-01-PEI were imaged both by 

LSFM and CM throughout this project. As discussed in earlier studies, the use of NIR 

dyes and long-working distance dipping objectives for CM facilitates 3D imaging of 

thick specimens by increasing the light penetration depth and corresponding data 

acquisition. Nevertheless, as confocal microscopes illuminate the entire tissue 
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thickness when acquiring an optical Z-section from a single plane, they are more prone 

to bleaching fluorophores than light-sheet microscopes. Furthermore, despite the high 

photo-stability of SV620C-01-PEI, imaging of intact mouse kidneys by CM is 

challenging due to the slow acquisition time and the lower Z-resolution.  

Depending on the parameters chosen for the acquisition, e.g. resolution, acquisition 

time can differ significantly between light-sheet and confocal (the acquisition time for 

similar resolution for LSFM vs. CM corresponds to 1 hour vs. 12 hours.). Therefore, 

the use of a light-sheet microscope is preferable, for the imaging of big-sized samples 

when capturing fine details is not needed, as shown in this work for the visualization of 

glomeruli in a large mouse kidney sample. 

In this study, LSFM was adopted for a more extensive investigation on the clearing 

effectiveness of the IHC-ECi protocol allowing to make comparison at a higher 

acquisition depth. Due to instrumental limitations, the use of LSFM could not be 

extended to a wide range of specimens and also not to acquisitions that require a far-

red laser and detection of a selective emission range. CM was therefore chosen for 

imaging of antibody-stained kidney sections requiring acquisition in more than 2 

channels as well as for detection of far-red emitting fluorophores (SV770Z-01). 

4.2 Fluorescent markers for vascular staining 

Along with the implementation of dyes that can be used for organ perfusion or 

intravenous injection to label the vasculature, the search for molecules that fulfil this 

purpose and can be used in a cost-effective manner in combination with rapid tissue 

clearing protocols is gaining interest amongst scientist in academia and industry. The 

compounds tested in this work are conjugates of a fluorophore and a polymer that 

binds to biological structures through electrostatic interactions. As such, the PEI-

conjugates and chitosan-conjugates can be used for perfusion through a rapid and 

easy staining procedure as compared to EB which is usually administrated up to 12 

hours in advance46, 83. Both the PEI- and chitosan conjugates bind to the negatively 

charged glycocalyx of the vasculature. The replacement of MHI-148-PEI with the 

SV620C-01-PEI has overcome several disadvantages especially concerning the 

stability of the compound and the dose required for the administration. In the related 

comparative study, both MHI-I48 conjugate and corresponding mixture, label glomeruli 

in a similar manner while unconjugated SV620C-01 is only responsible for minor 

labelling. The residual staining is likely the result of the negatively charged glomerular 

basement membrane interacting with the unconjugated cationic dye that based on its 
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molecular weight would mostly freely pass the glomerular filtration barrier. In addition, 

in regard to the molecule MHI-148-PEI, chemical analysis disclosed batch-to-batch 

variation due to intermolecular electrostatic interactions between the MHI-148 and the 

PEI moieties. This explains why the glomerular endothelium is prevalently labelled by 

the non-covalently conjugated MHI-148 mixture, even though the molecular weight of 

the fluorophore is below the cut-off for glomerular filtration. Even though the SV620C-

01-PEI conjugate was more stable and displayed a higher fluorescent intensity, the 

labelling efficacy of capillaries was low. Therefore, additional doses for the perfusion 

were tested. A dose lower than 1 mg/mL reduced the SNR and required higher laser 

power for signal acquisition. Indeed, a dose equivalent to 2 mg/mL increased the 

amount of cationic PEI conjugate for more effective labelling of capillaries, the down-

side however was that the high emission peak of SV620C-01 also caused local 

overexposure of the image particularly for larger vessels and glomeruli. These findings 

led us to limit the working concentration of SV620C-01-PEI to 1 mg/mL, although the 

capillary network is not fully stained at this dose.  

Since lectins have been reported to label capillaries84, we combined SV620C-01-PEI 

with STAR FLUOR 645 conjugated to WGA in the perfusion solution. SV620C-01 and 

STAR FLUOR 645 are characterized by a different emission wavelength interval so 

the fluorescent signal could be detected in two separated channels for comparison. 

Furthermore, the fluorescent conjugates were tested at iso-absorbic concentrations 

translating to comparable concentrations of fluorescent dyes. The higher brightness of 

STAR FLUOR 645 and simultaneous imaging of the dyes by the same laser (at 638 

nm) could explain the poor signal detection of SV620C-01 in this setting. Only the use 

of iso-fluorescent (equivalent emission peak) concentrations would provide reliable 

information as to whether complementary vascular structures were stained in the 

combination. This can be achieved by decreasing the administration dosage of the 

STAR FLUOR 645, with the inconvenience of decreasing the amount of WGA binding 

to the endothelial glycocalyx. In order to address these drawbacks and additional 

disadvantages of SV620C-01-PEI, e.g. cytotoxicity85 and additional absorbance peak 

at 488 nm, we also tested a less expensive option, i.e. fluorophore conjugated to WS-

chitosan. Two fluorophores were chosen for conjugation, i.e. SV680A-02 which emits 

in the NIR, and SV770Z-01 with emission spectra in the far-red region allowing 

potentially deeper image acquisition. The administration dose of the molecule was 

calculated by considering the emission intensity of the dye as well as the DOL of the 
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molecule so that positively charged groups can sufficiently bind the endothelium. The 

results show a similar performance for both the NIR and far-red emitting fluorophore 

and this can be explained by the limited depth that can be achieved by CM. While for 

the first time, the effectiveness of fluorescent chitosan in labelling vessels and 

capillaries ex-vivo was demonstrated, further comparative studies based on the use of 

a light-sheet microscope would be worthwhile for future experiments involving whole-

organ, whole-organism, and in-vivo imaging experiments. 

4.3 Dual staining by IHC-ECi 

Using fluorescently labelled molecules to perfuse whole animals has several 

advantages over conventional immunostaining as discussed above. One of the 

objectives of our study was to provide an alternative protocol that combines ECi 

clearing with immunofluorescence, to selectively stain podocytes in glomeruli and the 

vasculature. To this aim, we optimized an established protocol for obtaining 3D 

morphological information from kidney samples in depth. The sample preparation was 

shortened and DISCO reagents were replaced with ECi for the clearing, avoiding 

further complications related to the sample handling because of the use of harmful 

substances. ECi clearing was previously successfully combined with IHC by Brenna et 

al.65. We compared the staining performance when the antibody staining was either 

done before (pre-clearing IHC) or after (post-clearing IHC) the ECi procedure. 

This study suggests that pre-clearing immunostaining as established in the optimized 

protocol allows imaging up to 600 µm in depth by LSFM, while when ECi is only used 

as delipidation reagent according to the former protocol (post-clearing IHC), incubating 

rehydrated samples in other RI matching solution such as glycerol 88%, cannot 

achieve the same clearing outcomes. Once an optimized protocol was defined, we 

broadened its compatibility with dual staining for multiple channel acquisitions. 

Although the intrinsic autofluorescence of cleared tissue provides additional 

morphological information concerning the renal tubular structures, we observed that it 

contributes to background noise when the tissue is excited between 488 nm and 552 

nm. Therefore, we identified some factors that can help reduce the background, 

leading us to the following considerations: 

1) Prolonged tissue-storage in PFA 4% causes increased detection of the 

autofluorescence that makes it difficult to detect fluorophores such as Alexa 

Fluor 568 and Alexa Fluor 594. For this reason, our samples were collected and 

fixed in PFA only overnight prior to the transfer into PBS. 



Discussion 

56 

2) The use of a specific serum that matches the secondary antibody host species, 

can avoid the detection of non-specific signals in all the channels, especially 

given the prolonged incubation times required for 3D IHC. 

3) Increasing the number of washing steps by incubating the two primary 

antibodies separately also improves the specific staining. 

4) The use of new-generation fluorophores with improved brightness overcomes 

the overlap with the autofluorescence signal. Autofluorescence can still be 

acquired in an additional channel to eliminate further background by channel 

subtraction when processing the images. 

In addition, our protocol implementation includes the establishment of a pipeline for the 

segmentation that involves post-acquisition image processing and the quantitative 

analysis of the objects of interest. Even though the deep learning-based approach has 

gained increasing popularity, we presented a semi-automated pipeline that makes use 

of open-source software and does not require programming skills.  

4.4 Image analysis in pathological samples 

Changes in glomerular number and glomerular size correlate with risk factors for 

kidney diseases86. In the past, these glomerular features were estimated by applying 

methods such as MRI and the dissector/fractionator stereology technique. The latter is 

a destructive technique87, while MRI-based experiments require access to high-field 

strength MRI scanner and are conducted in-vivo, with the risk of undertaking complex 

regulatory procedures88. The rapid development of OTC and 3D imaging technologies, 

has offered new solutions for reliable morphometric analysis while preserving the 

tissue integrity2. In our study we selected representative sections of 1 mm thickness 

and quantified glomeruli by following a semi-automated pipeline for the analysis of 

renal tissue from Has2 mice. This approach benefits from the combination of OTC with 

high-resolution imaging performed by CM, overcoming the issues that arise when 

reconstructing large samples acquired by LSFM, such as “big data” handling and 

analysis. The amount of data obtained by imaging a thick renal section includes a 

representative number of glomeruli that were selected exclusively in the cortical area 

based on an automated and randomized approach. Moreover, collecting information 

from two channels (podocin staining and CD31 staining) ensures a reliable 

quantification of glomeruli throughout the section, independently of the podocin 

expression that can be lower due to possible pathological conditions89. A lower signal 
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detection, as would be for podocin under pathological conditions, can be responsible 

for an imprecise segmentation. Hence, utilising information from both channels, 

prevents segmentation errors. In fact, CD31 is a specific marker for endothelial cells 

and when used for labelling the renal tissue, can provide supplementary information 

concerning the glomerular tuft.  

Endothelial deletion of Has2 in adult mice leads to substantial loss of the glycocalyx 

structure. In the kidney of such mice vascular destabilization is characterized by 

mesangiolysis, capillary ballooning, and albuminuria. This process develops over time 

into glomerular capillary rarefaction and glomerulosclerosis64. We studied vascular 

damage in Has2 KO mice kidneys 8 weeks post-gene deletion, a time-point at which 

disease manifestation is not extensive. Indeed, no significant differences in glomerular 

size distribution and the number of glomeruli (data not shown) between Has2 KO and 

wild type mice were found, albeit that a few vascular aberrations were found when 

analysing CD31 staining. Hence, CD31 staining in cleared tissue can help assess 

morphological changes qualitatively and can be used to elucidate the nature of 

vascular alterations in combination with other labelling methods. For instance, the 

partial staining observed in pcy mouse kidney, might not be the result of actual 

structural damage, but the consequence of a limited perfusion efficacy related to the 

pathological status. Thus, the employment of a CD31 staining-based protocol can help 

clarify the lack of vascular staining evidenced by the use of perfused fluorescent 

markers in future comparative studies.  

4.5 ExM 

The glomerular filtration barrier plays a major role in maintaining the kidney function90. 

Identifying new tools for assessing foot process effacement can yield new insights into 

the onset and progression of kidney diseases. For years, the ultrastructural analysis of 

renal biopsies at nanoscale level relied on electron microscopy. Recently, along with 

the introduction of new technologies such as SRM techniques, the development of 

ExM protocols made possible to resolve the renal nanostructures by means of 

accessible and low-cost microscopes. Over the last years, a multitude of ExM protocols 

have been developed with the purpose of achieving 3D high-resolution imaging and 

resolving the finest structures in biological tissue by physical expansion. To this aim, 

the samples are embedded in a cross-linked swellable polyelectrolyte hydrogel before 

or after the labelling. ExM involves digestion or denaturation of the tissue-gel hybrid 

that reduces sample inhomogeneity and makes it transparent. After this procedure, the 



Discussion 

58 

tissue is optically cleared and suitable for 3D imaging as shown in the result section. 

Although most of the protocols employ pre-expansion staining, labelling the tissue-gel 

hybrid in the final phase of the sample processing, allows re-using the tissue for 

multiplex immunofluorescence91. In this case, epitope preservation under denaturation 

conditions is critical. As shown in our study, denaturation in a SDS-based buffer at 

80°C, does not affect CD31 and podocin staining in samples processed according to 

the optimized protocol. 

Although we have shown that ExM helps achieve the desired high transparency for 

imaging samples in-depth, this method has been carried out throughout the project 

only to resolve fine renal structure, while ECi-based methods are preferential for simple 

OTC. Apart from the complex and time-consuming sample preparation, 3D 

microscopic examination of large expanded volumes might be cumbersome due to the 

sample stiffness and to the enormous datasets generated by the volumetric expansion. 

ExM is advantageous, howbeit, to study small details/structures in the sample that 

otherwise would only be visible by electron microscopy. We sought to visualize the 

podocyte's slit diaphragm and foot processes in renal tissue.  

The protocol that we adapted makes use of a polymeric gel developed by Park et al., 

applied previously for analysing brain tissue. Eliminating SA in the gel recipe resulted 

in improved hydrogel stability in terms of polymerization and increased mechanical 

properties of the tissue-gel hybrid in renal tissue as well, in line with the findings 

reported in the former study67. 

Moreover, we investigated whether further modifications to the original protocol would 

improve the expansion rate. Although the change of NaCl and bisacrylamide 

concentrations were expected to influence the swelling pressure of the gel-tissue 

hybrid by increasing the gel osmotic pressure and decreasing the gel-crosslinking 

respectively92, we did not observe a significant difference. The protocol optimization 

was mainly based on a trade-off of other factors such as tuning the denaturation time 

and improving the imaging acquisition settings as discussed in Unnersjo-Jess et al.75. 

Specifically, replacing red fluorophores with green fluorophores for the immunolabeling 

has led to substantial improvements as well as acquiring images with reduced pinhole 

size and decreased scan speed. In this way, it is possible to visualize the podocyte's 

slit diaphragms in rat kidney tissue without subjecting the samples to further expansion 

rounds. Moreover, with this approach, it was possible to address some drawbacks 

common in physically expanded biological specimens, such as loss of fluorescence 
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and focus drifting. The key strength of this technique applied in kidney research is the 

possibility of observing podocytes three-dimensionally. Anyway, future research is 

needed to investigate a reliable quantitative method for the evaluation of podocytes’ 

morphometric parameters that are involved in pathophysiological processes. 
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5 SUMMARY 

OTC techniques have been of ground-breaking importance for the 3D imaging of whole 

organs and whole-organism and have disclosed detailed information about intact 

biological systems at cellular and subcellular level. In several studies the use of OTC 

for visualization, mapping and quantification of tissue biopsies, has proven to be crucial 

for identifying pathological features. Since OTC protocols are often based on time-

consuming and cumbersome procedures and require expensive or toxic reagents, 

there is a genuine need for further optimization. Moreover, the large amount of 

information deriving from 3D optical imaging demands a deep expertise for data 

handling and data analysis. 

In this study, we optimized existing OTC techniques by focusing on the following major 

aspects: reduction of throughput time for sample preparation, implementation of 

staining strategies, improving of tissue handling, obtainment of suitable data for 

morphometric analysis of the kidney. By optimizing existing methods, we were able to 

visualize and analyse renal structures that play a key role in the kidney function such 

as peritubular capillaries, glomeruli and podocytes. Interestingly, by selecting new 

fluorescent biomarkers, we provide novel solutions to stain the whole renal vasculature 

as an alternative to expensive and time-consuming options. In addition, we replaced 

some shortcomings in previously described tissue clearing methods by faster and more 

easy-to-perform protocols. However, the future application of these techniques for the 

assessment of pathophysiological conditions will require additional optimisation in 

terms of microscope systems innovation and automated strategies for processing 3D 

data in order to accomplish a more accurate and less time consuming image 

acquisition and analysis. Yet, the optimization of clearing technologies that was carried 

out in this project offers novel insights on the application of these techniques in kidney 

research and opens new avenues for advancing the diagnostic field, by reducing the 

complexity of the currently available procedures.
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