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ABSTRACT

Imaging of microvasculature is primarily performed with X-ray contrast agents, owing to the wide availability of
absorption-contrast laboratory source UCT compared to phase contrast capable devices. Standard commercial contrast
agents used in angiography are not suitable for high resolution imaging ex vivo, however, as they are small molecular
compounds capable of diffusing through blood vessel walls within minutes. Large nanoparticle-based blood pool
contrast agents on the other hand exhibit problems with aggregation, resulting in clogging in the smallest blood vessels.
Injection with solidifying plastic resins has, therefore, remained the gold standard for microvascular imaging, despite the
considerable amount of training and optimization needed to properly perfuse the viscous compounds. Even with
optimization, frequent gas and water inclusions commonly result in interrupted vessel segments.

This lack of suitable compounds has led us to develop the polymeric, crosslinkable X-ray contrast agent XIinCA. As a
water-soluble organic molecule, aggregation and inclusions are inherently avoided. High molecular weight allows it to
be retained even in the highly fenestrated vasculature of the kidney filtration system. It can be covalently crosslinked
using the same aldehydes used in tissue fixation protocols, leading to stable and permanent contrast.

These properties allowed us to image whole mice and individual organs in 6 — 12 month old C57BL/6J mice without
requiring lengthy optimizations of injection rates and pressures, while at the same time achieving greatly improved
filling of the vasculature compared to resin-based vascular casting.

This work aims at illuminating the rationales, processes and challenges involved in creating this novel contrast agent for
a specific purpose.
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1. INTRODUCTION

Quantitative assessments of the vascular structure provide valuable insights into various physiological and
pathophysiological factors such as vascular growth, tumor development, tissue damage and oxygen transport. Two-
dimensional histological sections only capture small subvolumes, requiring strict adherence to stereological rules® to
ensure unbiased sampling and prevent mischaracterization of vascular phenotypes with inhomogeneous distribution
throughout a tissue. X-ray computed microtomography (LCT) excels in this task by providing fully three-dimensional,
micrometer resolution imaging with large field of view, allowing imaging of whole organs with isotropic image quality.
The comparably lower sensitivity of laboratory-source absorption contrast uCT, however, necessitates the use of contrast
agents to distinguish blood vessels from soft tissue. Phase contrast capable devices represent only a small subset of the
currently installed uCT scanners, and are not available to a large part of the scientific community.

The vast majority of commercially available contrast agents are primarily designed, manufactured and used for clinical
angiography. Due to a lack of awareness of alternatives, they are often assumed to be the only compounds capable of
providing X-ray absorption contrast. As a result, they are frequently employed in other applications which they were not
designed for, giving poor results when their chemical and physical properties do not match the needs of the application.

Developments in X-Ray Tomography XIV, edited by Bert Miller, Ge Wang, Proc. of SPIE Vol. 12242, 1224205
© 2022 SPIE - 0277-786X - doi: 10.1117/12.2634303

Proc. of SPIE Vol. 12242 1224205-1

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11 Nov 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



In this work, we present an in-depth discussion of the specific requirements for capillary resolution imaging of
microvasculature, which differ considerably from the requirements for low-resolution, in vivo clinical angiography. We
further describe how XIinCA? a cross-linkable, polymeric contrast agent was specifically developed to fulfill these
requirements, providing insights into the thought processes and rationales used to achieve this goal. Through this, we aim
to raise awareness of synthetic chemistry as a versatile tool to create a plethora of alternatives to commercially available
contrast agents, and wish to provide the research community with a basic understanding of how to develop better-suited,
purpose-designed contrast agents for their own research questions.

2. CHALLENGES AND DESIGN CONSIDERATIONS

2.1 Sufficient electron density for laboratory-source absorption contrast

Radiopacity of a contrast agent is primarily dependent on high electron density, which is typically achieved by including
atomic elements with high atomic number Z such as barium, iodine, gadolinium or lead®. This strategy is more flexible
compared to using compounds with high intrinsic volumetric mass density, which is influenced by the surface properties
of the compound and cannot be easily independently adjusted. High Z elements confer their radiopacity without
requiring any chemical interactions, allowing large leeway in tuning aspects such as molecular weight, hydrophobicity,
electric charge, binding sites etc.

The concentration of high Z elements necessary for microvascular imaging can be very high, however. As an example
from our own work, imaging blood vessels with 4 um voxel size with a GE healthcare nanotom m requires around
80 mg iodine/ml inside the vasculature in order to image a 1 cm® large volume with sufficient contrast for segmentation®.
This is several orders of magnitude higher than contrast agents for magnetic resonance imaging (around
0.5 mg gadolinium/ml)® or fluorescence microscopy (< 1 pg antibody/ml)°.

This high concentration requirement has several consequences for contrast agent design: Since high concentrations lead
to high osmolarity and viscosity, the fraction of high Z elements within a contrast agent should be maximized to provide
the most contrast at the lowest concentration possible. In addition, the contrast agent needs to be manufactured at much
larger scale than fluorescence markers or MRI contrast agents, meaning that the costs per gram have to be kept low.

2.2 Larger than 6 nm, to prevent leakage in permeable vasculature

Angiography contrast agents are low molecular weight compounds capable of passing through the vascular wall within
minutes, requiring a bolus injection and immediate imaging in clinical practice. They are also cleared quickly from the
blood stream via the kidneys, which is a desirable property in this application to avoid potentially toxic contrast agent
accumulation in a patient’s body. These characteristics make them unsuitable for organ-scale ex vivo pCT imaging with
micrometer resolution, however, due to the longer scan times on the scale of hours and the logistics of extracting and
mounting an organ for imaging.

Renal clearance is based on the pore size in the glomeruli, the renal filtration units of the kidney. In order to stay within
the blood stream, a compound needs to feature a hydrodynamic diameter of 6 nm or more’, which is the equivalent of
65 kDa blood serum proteins such as hemoglobin and albumin. If a contrast agent does not pass this size threshold, it
will be filtered through the glomeruli as primary urine into the renal tubules (Figure 1).
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Figure 1. Virtual uCT section of a kidney perfused with polymeric contrast agent that did not have the required minimum

molecular weight to avoid glomerular filtration (Compound 5 of Le et al., 20202). As a result, contrast agent can be observed
the Bowman’s space of the glomerular capsule (G) and inside tubular lumina (T). Voxel size: 4.4 pm, scale bar: 500 pm

2.3 Highly water-soluble, to prevent formation of gaps or aggregates

Nanoparticle-based blood pool contrast agents large enough to avoid glomerular filtration are available commercially for
preclinical in vivo applications. In ex vivo applications without active blood flow, however, they tend to aggregate and
sediment, clogging in small capillaries.® The current gold standard in this application is therefore still vascular casting, a
method wherein plastic resin mixtures are injected into the vasculature and left to solidify. Radiopacity is provided by
additives such as lead chromate microparticles (Microfil, FlowTech Inc.)® or iodinated fatty acids (uAngiofil, Fumedica
AG)™. As these plastic resin mixtures are hydrophobic, they do not pass the hydrated blood vessel walls or glomeruli,
resulting in permanent retention within the vasculature.

As the plastic resins and water don’t mix, inclusions of residual water within the plastic often result in interrupted blood
vessels or formation of resin bubble suspensions (Figure 2). In order to avoid this, all residual water has to be pushed out
of the blood vessels, which requires the perfusion of a large volume of resin. This can only be achieved with highly
optimized perfusion techniques that divert all flow to the organ of interest, which is achieved by closing any other blood
flow pathway via ligations.** Without these, the resin may otherwise flow according to the path of least resistance
instead, which may circumvent the organ of interest.

Flow rate and thus perfusion pressure is another factor that is difficult to optimize. Since the plastic resins slowly solidify
during the procedure, there is a time limit for perfusion the necessary resin volume for flushing out sufficient residual
water. The viscosity of the mixture furthermore continuously increases during the procedure, making it difficult to assess
and effectively predict the flow rate. This combination makes choosing the correct perfusion pressure a difficult task, as
a fine balance has to be found between the maximum perfusion pressure limit for avoiding distension of the blood
vessels and the minimum pressure required for flushing out residual water.

All these factors make vascular casting a very difficult technique, requiring considerable experience to minimize the
number of insufficiently filled blood vessels. As these artefacts are caused by water inclusions, water-soluble compounds
are able to avoid these issues entirely.
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Figure 2. A: Virtual pCT section of the thorax and abdomen of a mouse perfused with a radiopaque plastic resin mixture.?
Voxel size: 80 pm, scale bar: 5 mm B: Magnified view of the region highlighted in green, containing kidney. Venous blood
vessels are not continuously filled with plastic resin, instead showing resin bubbles and gaps resulting from residual water
included the resin. Voxel size: 20 um, scale bar: 1 mm.

2.4 Cross-linkable, to prevent loss of contrast over time

While water-soluble contrast agents have no problems with homogeneous distribution, this property is a disadvantage in
a different aspect. As long as the tissue sample is embedded in a water-based medium, diffusion of the contrast agent out
of the vasculature can proceed. This not only leads to a reduction in signal inside the vasculature, but also to an increase
of signal in the background, leading to much reduced contrast over time.
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Figure 3. Virtual uCT sections the vasculature of mouse kidney perfused with 80 mg iodine/ml of a polymeric, but not
fixable contrast agent (Compound 3 of Le et al., 2020%). Contrast agent was coinjected with 4.8 % gelatin, and the whole
kidney was then embedded in gelatin to restrict leakage of the contrast agent over time. Nevertheless, macroscopic leakage
from the kidney vasculature into the surrounding gelatin can be observed. A: Kidney immediately after perfusion. B: Same
kidney after three days. C: Section after 48 days. Voxel size: 20 um, scale bars: 1 mm.

In high resolution microvascular imaging, this phenomenon is more pronounced due to the small volume, high surface-
to-volume ratio and short diffusion distances of capillaries. This means that even ostensibly small reductions in contrast
seen on a macroscopic scale as seen in Figure 3 lead to insufficient contrast-to-noise ratio for segmenting capillaries.
Using contrast agents with large molecular weight and adding gelling agent such as gelatin or agarose can slow this
process, but does not prevent it. Such samples still have to be imaged typically within a day, which can be a considerable
logistical challenge depending on the distance to the uCT device. Non-stable samples furthermore cannot be used for
imaging with long scan times or rescanned at a later point. Permanent retention of the contrast agent via cross-linking is
therefore required both for improving signal-to-noise and for practical use.

Proc. of SPIE Vol. 12242 1224205-5

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11 Nov 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



3. PURPOSE-DESIGNED, POLYMERIC X-RAY CONTRAST AGENT XLINCA

Figure 4. Chemical formula of the repeating unit of the polymeric contrast agent XIinCA. The structural units responsible
for the chemical properties have been highlighted with colors. A, Green: The polymer backbone allows the contrast agent to
reach high molecular weights, preventing leakage through blood vessel walls. B, Purple: lodine atoms confer the required
radiopacity. C, Red: Hydrophilic groups improve the contrast agent’s solubility in water. D, Blue: Primary amine groups
allow the polymer to be cross-linked into a hydrogel via aldehyde fixation.

Based on these requirements, we developed XIinCA, a water-soluble, polymeric, cross-linkable contrast agent (Figure
4).> We used 5-amino-2,4,6-triiodobenzene-1,3-dicarboxylic acid as starting material, a common precursor molecule for
commercial and custom-designed X-ray contrast agents.™ This starting material features three iodine atoms, representing
68 % of its molecular weight, is amenable to further chemical modifications and can be purchased at low cost.

For increasing the molecular weight, we opted for a linear polymer design, where each repeating unit would carry three
iodine atoms derived from the starting material, leading to a high fraction of 50 % iodine (w/w) in the final polymer.?
Typical strategies to increase molecular weight of contrast agents, such as adding polyethylene glycol,* are inefficient in
that regard, since the increase in size is not linked to a proportional increase in high Z elements. Such a contrast agent
would require a much higher concentration to achieve the concentration of iodine, which in combination with their
polymeric nature would result in much higher viscosity, rendering it difficult to inject into microvasculature.

For permanent retention of the contrast agent within the vasculature, we chose to leverage the same aldehyde fixation
used in tissue preservation. This would ensure full compatibility with biological tissue preparation and long-term sample
storage. The presence of primary amine groups on the contrast agent is sufficient for these purposes, allowing XIinCA to
be cross-linked into a hydrogel within minutes by addition of glutaraldehyde.

High water-solubility is conferred by the presence of hydrophilic groups around the monomer. The majority of them are
part of the amide linkages (-CONH-) used to add the required chemical structures for the polymerization and the primary
amine groups (-NH2), which serve a second purpose beyond facilitating aldehyde fixation by also conferring a large part
of the water-solubility.
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4. RESULTS

Figure 5. Computer rendering of the segmented vasculature of a mouse kidney perfused via the abdominal aorta with 85 mg
iodine/ml of the cross-linkable, polymeric contrast agent XlinCA.* All capillaries are visible and no interruptions of the
large vessels can be observed, as is expected of a water-soluble compound.

The properties of XIinCA allowed us to image 6 — 12 month old C57BL/6J mice without requiring lengthy optimizations
of injection rates and pressures, while at the same time achieving greatly improved filling of the vasculature compared to
resin-based vascular casting (Figure 5, 6). Ligations of alternate flow pathways are no longer necessary, allowing
imaging of the microvasculature of whole bodies and multiple organs of an animal. The covalent cross-linking via
aldehydes provides permanent retention of the contrast agent. Samples have been imaged up to a year later with no
noticeable reduction in contrast.

In conclusion, by having a deeper understanding of the individual chemical and physical properties of contrast agents,
we were able to design and produce a novel, polymeric, cross-linkable contrast agent capable of addressing the specific
challenges in high resolution ex vivo pCT imaging of microvasculature. Currently commercially available contrast agents
could not achieve the same results, as they were designed and optimized for different applications with their own,
separate requirements. This highlights the importance of considering compounds outside of the dedicated angiography
contrast agents for specific imaging experiments.
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Figure 6. Virtual uCT section of a whole mouse perfused via the left heart ventricle with 100 mg iodine/ml XIinCA.2 The
blood vessels are well visible in multiple organs. B: Brain, L: liver, H: heart, S: spleen, K: kidney, M: mesentery. Voxel
size: 20 um, scale bar: 1 mm.
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