Exploring Polyoxometalates as Non-invasive Staining Agents for Contrast-Enhanced Microfocus Computed Tomography of Biological Tissues
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Abstract
3D bioprinting is a promising development in regenerative medicine, which aims to replace/regenerate tissues and organs. To further optimize and validate this technique, more detailed knowledge is required on the 3D microstructure and spatial interrelationships of the different biological tissues within organs. Despite being destructive, conventional histology is still the gold standard for structural analysis of biological tissues. Although having a high discriminative power, histology is limited by 2D sections of a 3D object, prohibiting full 3D structural analysis. X-ray microfocus computed tomography (microCT) can provide 3D structural analysis of mineralized tissues. However, the intrinsic low X-ray absorption of soft tissues requires contrast-enhancing staining agents (CESAs). In a previous study, we showed that hafnium-substituted Wells-Dawson polyoxometalate (Hf-WD POM) allows simultaneous contrast-enhanced microCT (CE-CT) visualization of mineralized bone, marrow vascularization and marrow adiposity. In this study, other POM species were examined for their potential as soft tissue CESAs. Four Wells-Dawson POMs, differing in structure and overall charge, were used to stain murine long bones and kidneys. Their staining potential and diffusion rate were compared to those of Hf-WD POM and phosphotungstic acid (PTA), a frequently used but invasive CESA. Monolacunary Wells-Dawson POM (Mono-WD POM) showed similar soft tissue enhancement as Hf-WD POM and PTA. Moreover, Mono-WD POM is less invasive, shows a better diffusion than PTA, and its synthesis requires less time and cost than for Hf-WD POM. Finally, the solubility of Mono-WD POM was improved by addition of LiCl to the staining solution, enhancing further the contrast of soft tissues.
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Introduction
To advance regenerative medicine, novel biomaterial approaches are needed that are able to capture the 3D complex and heterogeneous composition and structure of the tissue or organ to be regenerated or replaced. 3D bioprinting is a recent field of research aiming at creating a functional 3D regenerated tissue or organ. To further optimize and validate 3D bioprinting, more detailed knowledge of the full 3D microstructure is required and, importantly, the spatial interrelationships of the different biological tissues within organs. Given the complexity and heterogeneous structure of biological tissues, imaging tools that enable precise and quantitative structural analyses of such materials are of high importance. Histological sectioning and staining, along with histomorphometry, are standard techniques for evaluating biological tissues. They have a high discriminative power, both at the tissue and at the cellular level. However, these techniques show limitations in quantifying the structural parameters of heterogeneously distributed interconnected 3D tissues, such as the blood vessel network, and in identifying the spatial interrelationship between different tissues within one sample. Indeed, in standard settings they only allow assessment of the tissue distribution in 2D, they present a restricted sectioning orientation and they have a limited depth resolution, all leading to loss of information in 3D. Moreover, samples often need to be decalcified and/or embedded before sectioning, which can cause tissue deformation and thus limits quantitative and spatial structural tissue analysis.
X-ray micro- and nanofocus computed tomography (micro- and nanoCT) could provide a solution, as they are standard techniques for 3D quantitative imaging of mineralized tissues [1-3]. For soft tissue visualization, however, the use of a contrast-enhancing staining agent (CESA) is required when phase contrast imaging is not available; this is often referred to as contrast-enhanced microCT (CE-CT) [4-20]. Recent studies have focused on the use of X-ray opaque agents for CE-CT imaging of soft tissue [21-23]. Most of these CESAs are, however, destructive [24-26] or toxic [16-18], preventing subsequent (immuno)-histological assessment. Moreover, several of these have been discovered by trial-and-error screening of commercially available chemical compounds containing an X-ray opaque element [19, 27], consequently lacking knowledge about the exact binding mechanism.
Polyoxometalates (POMs) represent a group of clusters consisting of early transition metals (typically V, Mo, W) in their highest oxidation state that are bridged by oxide anions. Besides the Keggin structure, the Wells-Dawson POM is among the best studied phosphotungstate POM. Under mildly alkaline conditions, a controlled removal of one tungsten-oxygen unit from the Wells-Dawson POM structure can be achieved, resulting in a lacunary isomer, which can be substituted with various metals (e.g. Hafnium, Zirconium).
In a previous study, we have tested and validated the hafnium-substituted Wells-Dawson POM [Hf(α2‐P2W17O61)2]16- (Hf-WD POM) as a novel X-ray attenuating CESA for soft skeletal tissue visualization [28]. Hf-WD POM was compared with phosphotungstic acid (PTA), which has often been reported for 3D visualization of multiple soft biological tissues using CE-CT [13, 19, 25, 27]. Because of its strongly acidic nature [29], PTA affects the tissue integrity [6, 25]. Hf-WD POM-based CE-CT, however, allows simultaneous 3D multi-tissue visualization and characterization in murine long bones of the mineralized bone, bone marrow vasculature and adipose tissue, while precluding tissue shrinkage. Indeed, phosphate-buffered saline (PBS) solutions of Hf-WD POM are characterized by a nearly neutral pH. Alterations of the tissue integrity of the stained samples were not observed, enabling subsequent (immuno)-histological processing and staining, as well as assessment of the spatial distribution of the different tissues and their interrelationship. 
The multistep synthesis of the Hf-WD POM involves different intermediates. The latter in turn could be interesting CESA candidates for soft skeletal tissues since they are more cost-effective, and more straightforward and less time-consuming to synthesize. In this work, four different Wells-Dawson POM species were evaluated as CESAs using murine long bones and kidneys. The kidneys were used to assess of the rate of diffusion. Phosphorus nuclear magnetic resonance (31P NMR) spectroscopy was used to study the effect of the buffer solution, staining time, and the presence of long bones or kidneys on the stability of the POMs. 
Materials and Methods
Contrast agents
The 1:2 hafnium(IV)-substituted Wells-Dawson POM K16[Hf(α2-P2W17O61)2]•19H2O (α2-HfP2W17 or Hf-WD POM)[30], parent Wells-Dawson POM α-/β-K6P2W18O62•14/19H2O (α/β-P2W18 or Parent-WD POM)[31], monolacunary Wells-Dawson POM α2-K10P2W17O61•20H2O (α2-P2W17 or Mono-WD POM) and trilacunary Wells-Dawson POM Na12[α-P2W15O56] •24H2O (α-P2W15 or Tri-WD POM) were synthesized as described in literature [31]. The structures of these POMs are illustrated in Table 1. Phosphotungstic acid H3PW12O40 (PTA) (Sigma Aldrich, USA) and all other chemicals were purchased from commercially available sources. Staining solutions were prepared by dissolving 35.0 mg/mL (3.5%) POM in PBS. The PBS buffer containing KH2PO4, NaCl and Na2HPO4, helps to maintain a physiological pH of 7.32 and is widely used in biological research. The pH of the POM solutions was measured in PBS.
Tissue samples
The different POMs were tested as CESAs on long bones (tibiae and femurs) and kidneys of C57Bl/6 mice with an age between 15 and 28 weeks (n=3 per POM species). As a negative control, samples kept in PBS (n=3) were used. All animal experiments were performed in accordance with the Belgian legislation and were approved by the Ethical Committee of the Faculty of Biomedical Sciences of the KU Leuven. All animals were euthanized and the long bones (tibiae and femurs) and kidneys were harvested, fixed in a 4% paraformaldehyde solution (Sigma Aldrich, USA) for 16 hours and stored in PBS at 4°C. Before POM-staining, the distal end of the long bones was removed to allow better diffusion of the CESA into the bone marrow compartment. Samples were immersed in the staining solution for different time periods at 4°C while shaking gently: 48 hours for the long bones, 4 and 10 days for the kidneys. After staining, samples were scanned using CE-CT, and the remaining staining solution was collected and used for 31P NMR spectroscopy.
NMR spectroscopy
31P NMR spectroscopy was used to study the effect of the buffer solution, staining time, and the presence of long bones or kidneys on the stability of the POMs. Solutions containing 35.0 mg of POM in 1 mL PBS with 10% D2O were used for recording 31P NMR spectra on a Bruker Avance 400 spectrometer directly after dissolution and after different time increments. 31P NMR spectra of the solutions after staining of long bones and kidneys were also recorded. As an external standard, 25% H3PO4 in D2O in a sealed capillary was used. All spectra were processed and analysed using Bruker TopSpin software (ver. 4.0.6). From this software spectra were exported (using the command convbin2asc) and plotted using Matlab (Mathworks, Natick, US), to generate the figure.
Contrast-enhanced microCT (CE-CT) - acquisition
Prior to scanning, samples were first wrapped in parafilm, and were then imaged using a Phoenix NanoTom M (GE Measurement and Control Solutions, Germany) [3, 32]. Because of the relatively high X-ray attenuation of the POM-stained samples, a diamond-coated tungsten target was applied. For the long bones the system was operated at a voltage of 60 kV and a current of 140 µA, and a 0.2 mm filter of aluminium was used to reduce beam hardening during the acquisition. The exposure time was 500 ms, and 1800 images were acquired over 360° using the fast scan mode (frame averaging = 1; image skip = 0), resulting in a scan time of 15 minutes [3, 32]. The proximal long bones were examined at 2 µm isotropic voxel size to assess the trabecular bone as well as the bone marrow tissue and adipocytes in the metaphysis. For the kidneys, a voltage of 60 kV, a current of 170 µA and a 0.1 mm filter of aluminium were used. The exposure time was 500 ms, and 2400 images were acquired over 360° using the fast scan mode (frame averaging = 1; image skip = 0). A 5.5 µm isotropic voxel size was selected. During reconstruction (Datos|x, GE Measurement and Control Solutions), we applied a beam hardening correction of 8 and 7 for the long bones and kidneys respectively, and a Gaussian filter with a radius of 3 voxels. 
Contrast-enhanced microCT (CE-CT) – image processing and analysis
For each sample, greyscale profile lines were drawn and analysed within the structures of interest using the software tools DataViewer (Bruker Micro-CT, Kontich, Belgium) and Matlab (Mathworks, Natick, US). These profile lines were as long as possible, but still covering the same structure of interest, to average out the inherent image noise. For the long bones, profile lines were selected within the cortical bone, bone marrow tissue, adipocytes, air and parafilm. For the kidneys, profiles lines in the cortex (outer part of the kidney), the renal pelvis (central part of the kidney), air and parafilm were selected. The methodology for drawing the profile lines in the long bones is illustrated in Figures 1A-D. More precisely, for bone and bone marrow tissue, the profile lines were drawn in the middle of the reconstructed volumes, along the longitudinal orientation of the long bone. The bone profile lines were drawn in the cortical bone and the bone marrow tissue profile lines were indicated in the middle of the bone marrow cavity, excluding trabecular bone. For the adipocytes, the profile lines were selected in the middle of the bone marrow cavity covering five different adipocytes for each sample.
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Figure 1. Typical profile lines drawn on a long bone (A-D) stained with Hf-WD POM and on a kidney (E-F) stained with Parent-WD POM. A: Greyscale profile line for cortical bone, corresponding to the blue line in D. B: Greyscale profile line for the bone marrow tissue, corresponding to the orange line in D. C: Profile line drawn through the bone marrow compartment covering an adipocyte, corresponding to the green line in the insert in D. The green, thicker line in C corresponds to the grey values of the adipocyte only. D: Longitudinal CT image of a long bone stained with Hf-WD POM. Insert = a magnification of the dotted white rectangle. The coloured lines are the different profile lines. E: Longitudinal greyscale profile line corresponding to the blue line in F. The yellow and orange thick lines represent the grey values for the cortex and the renal pelvis of the kidney respectively. The vertical dotted lines represent the edges of the kidney, used to measure the kidney length. F: Longitudinal CT image slice of a kidney stained with Parent-WD POM. The blue line is the profile line in E. Scale bar is 1 mm, voxel size is 2 µm for the long bone and 5.5 µm for the kidney.

For the kidneys, the methodology to draw the profile lines is illustrated in Figures 1E-F. Briefly, longitudinal profile lines were drawn from the top of the kidney to the bottom, passing through the renal pelvis. A region of 550 µm from the top was selected to generate the cortex grey values and the middle region was manually selected for the renal pelvis grey values. 
For each CE-CT dataset, the reconstruction software offsets the grey values within the images to the less dense voxels detected and normalizes them to the densest ones. Therefore, to make all our scans comparable in terms of greyscale, the grey values of each dataset were normalized to the average greyscale value of air and parafilm. These two known materials served as greyscale references. Let  be the average grey value of a tissue X in sample i. The normalized grey value associated to that tissue was noted and calculated as follows:

where  and  represent the average grey values of parafilm and air, respectively, measured within sample i.
For the long bones, the contrast difference between cortical bone and bone marrow tissue, and between bone marrow tissue and adipocytes, were calculated as the absolute differences between the normalized grey values of the respective tissues. For the kidneys, the extent of diffusion through the tissue was determined by calculating the normalized contrast difference between the cortex and the renal pelvis (as previously explained). This value was then divided by the half-length of the kidney (measured from the scans).
Statistical analysis 
For the comparison in terms of contrast difference between the different POM species and PBS, a one-way ANOVA test was performed. For the extent of diffusion, we only compared similar POM species with each other for the different staining times using a one-way ANOVA test. The statistical analysis was performed using GraphPad Prism 8 software. The graphs represent the individual data points per experimental condition, along with their mean and standard deviation. Significance is indicated as following P-values: *: 0.01 to 0.05, **: 0.001 to 0.01, and ***:  0.0001 to 0.001 and ****< 0.0001 (significance level α=0.05).

Results and discussion
Properties of POMs
The structures of the POMs that were evaluated as CESAs are shown in Table 1. The table also summarizes the pH values measured of the different POMs upon dissolution of 35.0 mg/mL in PBS. The pH of all the POM solutions showed to be much closer to physiological pH (or were significantly less acidic) than the pH of the PTA solution. The PBS solutions of Parent-WD POM and Hf-WD POM were slightly acidic, while the Tri-WD POM solution was slightly basic. The Mono-WD POM solution was the closest to physiological pH, and hence is assumed to be the least harmful to biological samples.

Table 1. Chemical structure, charge and pH of the POM species dissolved in PBS (35.0 mg/ml).
	POM
	Hf-WD POM 
	Parent-WD POM
	Mono-WD POM
	Tri-WD POM 
	PTA

	Structure
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	Charge
	POM
	-20
	-6
	-10
	-12
	-3

	
	Metal
	+4
	0
	0
	0
	0

	
	Net
	-16
	-6
	-10
	-12
	-3

	pH
	6.73
	6.42
	7.15
	8.18
	1.82


CE-CT imaging
To assess the staining potential of the different POMs, we determined the contrast difference between different types of tissue in murine long bones after 48 hours of staining by immersion, as well as the extent of diffusion within murine kidneys at different staining times (4 days and 10 days). Representative CE-CT images of the long bones and kidneys are given in Figure 2, while Figure 3 presents the quantification of the contrast difference between the features in the cortical bone and bone marrow compartment of the long bone, and the extent of diffusion through the kidneys. Samples in PBS were used as a negative control for contrast enhancement (but not for diffusion). Samples stained with PTA were used as a positive control, since the potential of this CESA for soft tissue staining has been shown in the literature [19, 33]. Low contrast differences between cortical bone and bone marrow tissue indicates good staining of the bone marrow tissue by the CESA (Figure 3A). High contrast differences between bone marrow tissue and adipocytes indicates good staining of the bone marrow tissue (since the POMs are repelled by the adipocytes) (Figure 3B) [28]. Low contrast differences between the edge and the middle of the kidneys (Figure 3C) indicates good diffusion of the CESA through the tissue and, therefore a more homogeneous staining. 

[image: ]
Figure 2. CE-CT images of murine tibiae and kidneys stained with the different POMs. Typical longitudinal CE-CT slices of kidneys (rows 1 and 2) and tibiae (row 3 and 4) stained with different POM species (columns: Parent WD POM, Mono-WD POM, Tri-WD POM, Hf-WD POM and PTA (positive control)) and PBS (negative control) for different staining times. Scale bar = 1 mm.
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Figure 3. Quantitative assessment of the contrast difference in the CE-CT images of tibiae and kidneys stained with different POMs for different staining times; values are given in normalized grey values. A: Quantification of the contrast difference between cortical bone and bone marrow tissue for all tibiae. B: Quantification of the contrast difference between bone marrow tissue and adipocytes for all tibiae. C: Quantification of the contrast difference between the renal cortex and the renal pelvis (middle) of the kidneys, divided by half the length of the kidney, for all the kidneys; values are given in normalized grey values per millimetre. 

A clear contrast enhancement of both bone marrow and kidney tissue was observed for most of the CESAs compared to the unstained reference material (PBS). Tri-WD POM showed the worst contrast enhancement, as qualitatively confirmed on the reconstructed CE-CT images (Figure 2), and quantitatively determined in Figures 3A and 3B. Distinct structures within the bone marrow of the long bone (bone marrow tissue or adipocytes) or within the kidney tissue (i.e. blood vessels, porosities, etc.) were difficult to identify. On the contrary, long bones stained with Parent-WD POM, Mono-WD POM, and Hf-WD POM performed similarly to PTA in terms of contrast enhancement (Figures 3A and 3B). Reconstructed CE-CT images of the long bones stained with these CESAs provided the differentiation of distinct skeletal tissues: mineralized bone, bone marrow adipose tissue and vasculature. Similarly, substructures of kidneys could be revealed, such as: renal pelvis, papilla, inner and outer medulla and cortex. Related to the diffusion dynamics, Parent-WD POM behaved similarly to PTA, which is known to have a relatively slow diffusion through soft tissues (Figures 2 and 3C-D) [19]. These, both non-lacunary, POMs failed to diffuse inside the core of the kidneys. In contrast, Mono-WD POM and Hf-WD POM showed a faster diffusion within the tissue. Therefore, we hypothesize that diffusion is improved due to the presence of a lacuna in the POM structure. Because of the small difference in grey values at the renal cortex and renal pelvis, Tri-WD POM seemed to show a very good diffusion (Figure 3C-D). However, the negative control PBS also shows a small difference. As noted above, Tri-WD POM was not able to increase the contrast of soft tissues (Figure 3A-B), which is reflected in about the same grey values at the renal pelvis and renal cortex.  In addition, tissue shrinkage was only observed for PTA-stained samples, and this due to the acidic nature of PTA. Tissue shrinkage strongly affects tissue integrity and prevents structural and volumetric analyses [33].

In general, excellent results, both in terms of contrast enhancement and tissue penetration, were achieved with Mono-WD POM and Hf-WD POM. Whereas tissues stained with Mono-WD POM and Hf-WD POM give rise to about the same degree of contrast enhancement, a lower solubility was observed in PBS for Mono-WD POM compared to Hf-WD POM. Therefore, we decided to further improve the solubility of Mono-WD POM in PBS. This is worthwhile since Mono-WD POM is an intermediate in the synthesis of Hf-WD POM, hence it is easier to prepare. The synthesis of MonoWD-POM is more cost-efficient and less time-consuming, making it the preferred CESA. Addition of lithium chloride (LiCl) to the staining solution increased the solubility of Mono-WD POM because of the presence of the added Li+ ions [34, 35]. Since Mono-WD POM was synthesized as a potassium salt, the effect of the presence of Li+ ions was studied for an increasing molar ratio of lithium to potassium, using PBS as the solvent. In the presence of 35.0 mg/mL Mono-WD POM, three conditions were selected based on a molar ratio of lithium to potassium of 1:1, 1:3 and 1:13, corresponding to a LiCl concentration of 3.0 mg/mL, 9.1 mg/mL and 39.5 mg/mL respectively. A sample immersed in a PBS solution solely containing 39.5 mg/mL LiCl was used as a negative control. Representative CE-CT images of the long bones are given in Figures 4A-D, while Figures 4E-F present the quantification of the contrast difference between the features in the cortical bone and bone marrow compartment. 
[image: ]Figure 4. CE-CT images and quantitative assessment of murine long bones stained with Mono-WD POM dissolved in PBS in the presence of LiCl. A-D: CE-CT images of murine long bones stained for 48 hours with Mono-WD POM (35.0 mg/mL) in PBS in the presence of variable concentrations of LiCl. † = Control sample, absence of Mono-WD POM.  Scale bar = 1 mm. E: Quantification of the contrast difference between cortical bone and bone marrow tissue for all the long bones; values are given in normalized grey values. F: Quantification of the contrast difference between bone marrow tissue and adipocytes for all the long bones; values are given in normalized grey values. 

Table 2. pH and calculated osmolarity of Mono-WD POM solutions containing LiCl, dissolved in PBS.
	
	3.0 mg/mL LiCl
+ Mono-WD POM
	9.1 mg/mL LiCl
+ Mono-WD POM
	39.5 mg/mL LiCl
+ Mono-WD POM

	pH
	6.78
	6.73
	6.37

	Calculated osmolarity in PBS (mOsm/L)
	553
	841
	2275



The CE-CT cross-sections of the long bones stained with Mono-WD POM in Figures 4A-D appear to indicate an increased contrast of the bone marrow with increasing LiCl concentrations, which was quantitatively validated in Figures 4E-F. Indeed, the lower contrast difference between cortical bone and bone marrow for the sample stained with Mono-WD POM in the presence of 39.5 mg/mL LiCl, compared to the samples stained with a lower LiCl concentration, confirms the improved bone marrow staining. Likewise, the improved staining is also reflected in the higher contrast difference between bone marrow and adipocytes for increased LiCl concentrations. 
Despite the increased bone marrow contrast, shrinkage was observed as cavities in the bone marrow tissue for samples stained with Mono-WD POM and high LiCl concentrations (Figures  4A, 4C and 4D). The observed tissue shrinkage is caused by dehydration of the soft tissue, which we hypothesize is due to the hypertonicity of these staining solutions [36-38]. PBS buffer, which is isotonic, was used to prepare the staining solutions. Addition of Mono-WD POM and LiCl increases the ionic strength, resulting in hypertonic staining solutions (> 312 mOsm/L), justified by the calculated osmolarities in Table 2 [39]. The degree of tissue shrinkage and the correlated harm of tissue integrity is an important consideration for morphometric and volumetric analyses. Therefore, we selected Mono-WD POM with 3.0 mg/mL LiCl dissolved in PBS as the preferred condition for long bone staining as the contrast of bone marrow was increased without the observation of tissue shrinkage. The development of isotonic staining solutions, e.g. through replacement of PBS by a solution of lower ionic strength, will be the focus of future studies.
Stability and speciation of POMs 
The structural integrity of POMs in aqueous solution is highly dependent on pH, temperature, time and concentration [40-43]. Therefore, apart from their staining potential, their stability under the experimental conditions used for the staining experiments was also investigated. Due to the presence of phosphorus atoms in POMs, 31P NMR spectroscopy is a powerful technique for their characterization in solution. 
The 31P NMR spectrum of PTA dissolved in PBS showed a singlet at ‑14.98 ppm (Supplementary Figures 1A-B) at low pH values (Table 1). Indeed, after dissolution of PTA in PBS, the pH of the solution reached 1.82 (Table 1), and resulted in a partial decomposition of PTA as indicated by the additional singlets at -12.27 ppm, -12.75 ppm and -12.86 ppm [44, 45]. After staining of a kidney, the 31P NMR spectrum of the staining solution showed disappearance of the singlet at -14.98 ppm and appearance of a broad singlet at -10.73 ppm (Supplementary Figures 1C-D), which could be attributed to the base decomposition of PTA to monolacunary α-Keggin type POM [41, 46] After long bone staining only a singlet at -11.52 ppm was detected in the 31P NMR spectrum of the staining solution (Supplementary Figure 1E), which could be most likely attributed to monolacunary α-Keggin type POM that is coordinated to Ca2+ ions in the mineralized bone (vide infra).
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Figure 5. 31P NMR spectra of Mono-WD POM in PBS, before and after staining of kidney or bone and in the presence of 3.0 mg/mL LiCl. Spectrum of a Mono-WD POM solution in PBS A: after dissolution. B: after 17 days. C: after 4 days of staining a kidney. D: after 10 days of staining a kidney. E: after 2 days of staining a tibia. F-G: in the presence of Ca(NO3)2 (F) and CaCl2 (G). Spectrum of a Mono-WD POM with 3.0 mg/mL LiCl solution in PBS H: after dissolution. I: after 17 days. J: after 2 days of staining a femur.

Mono-WD POM (showing singlets at -6.97 ppm and -14.14 ppm in the 31P NMR spectrum, ∆δ = 7.17 ppm) was stable in PBS both in the absence and presence of a kidney or a long bone (Figures 5A-E) [31]. After 4 days of staining a kidney and 2 days of staining a long bone, the amount of Mono-WD POM in the staining solution decreased in both cases (Figures 5C and 5E). In the presence of the bone, the difference in chemical shift (∆δ) between two phosphorus atoms was reduced from 7.17 ppm to 6.54 ppm (Figure 5E). The shift of the 31P NMR singlets of Mono-WD POM after long bone staining could be attributed to the presence of Ca2+ ions in the mineralized bone. We hypothesized that Ca2+ ions in the mineralized bone interact with the open lacunary site in the POM, thereby influencing the chemical shift of the 31P NMR singlets [47]. To confirm this, 31P NMR spectra of 1 mL-samples containing 35.0 mg Mono-WD POM and 0.2 M Ca(NO3)2 or CaCl2 were recorded  (Figures 5F-G). As expected, when Ca2+ ions were added to the staining solution the chemical shift of the 31P NMR singlets of Mono-WD POM changed in the same way as in Figure 5E. This change in chemical shift indicates that Ca2+ ions indeed interact with Mono-WD POM, most likely via coordination to its open lacunary site. 
Mono-WD POM in the presence of 3.0 mg/mL LiCl was stable in PBS, exhibiting singlets at -7.43 ppm and -14.34 ppm in the 31P NMR spectrum (∆δ = 6.91 ppm, Figures 5H-I). The decrease in both the chemical shift of the 31P singlets and the distance between these singlets in the presence of LiCl, compared to the solution without LiCl, could be attributed to the increased ionic strength of the solution [48]. After long bone staining, the 31P NMR spectrum of the staining solution showed a further reduction of the difference in chemical shift between the two characteristic singlets to 6.54 ppm, which is the same as in Figures 5E-G (Figure 4J). Again, the decrease in the difference in chemical shift could be attributed to the coordination of Mono-WD POM with Ca2+ ions of the mineralized bone.

Dissolved in PBS, Hf-WD POM showed singlets at -9.40 ppm and -14.02 ppm in the 31P NMR spectrum (∆δ = 4.62 ppm, Supplementary Figure 2A-B) [31]. In addition, singlets at -7.17 ppm and -14.33 ppm (∆δ = 7.17 ppm) were observed, which could be attributed to the dissociation of the 1:2 Hf-WD POM into Mono-WD POM and 1:1 Hf-WD POM in PBS. After 4 days of kidney staining, the integrated values of the singlets corresponding to 1:2 Hf-WD POM decreased (Supplementary Figure 2C), and decreased even more when staining was prolonged for six additional days, albeit only slightly (Supplementary Figure 2D). The singlets at -7.17 ppm and -14.33 ppm were still observed in the staining solution after kidney staining. After long bone staining, the 31P NMR spectrum of the staining solution solely showed singlets at -7.73 ppm and -14.27 ppm (∆δ = 6.54 ppm), which could be ascribed to the presence of Mono-WD POM (Supplementary Figure 2E). Similarly to other cases discussed above, the chemical shift change due to the presence of Ca2+ ions in mineralized bone was observed.
The 31P NMR spectrum of Parent-WD POM dissolved in PBS showed singlets at -12.96 (α-Parent-WD POM), -11.46 ppm (β-Parent-WD POM) and -12.23 ppm (β-Parent-WD POM) [31]. Moreover, singlets at -7.17 ppm and -14.34 ppm (∆δ = 7.17 ppm) were also detected, which could be explained by the conversion of Parent-WD POM into Mono-WD POM (Supplementary Figures 3A and 3B). The 31P NMR spectrum of the staining solution after kidney staining only showed singlets that are most likely originating from Mono-WD POM (Supplementary Figure 3C); signals corresponding to Parent-WD POM disappeared. After long bone staining, the singlets corresponding to Parent-WD POM were not observed in the 31P NMR spectrum of the staining solution. Nonetheless, singlets at -7.74 ppm and -14.28 ppm (∆δ = 6.54 ppm) appeared in the 31P NMR spectrum, which probably results from the presence of Ca2+-coordinated Mono-WD POM.

Finally, PBS solutions containing Tri-WD POM were analysed by 13P NMR. Characteristic resonance signals of Tri-WD POM were not observed, indicating that Tri-WD POM is not stable in PBS. Since contrast enhancement was observed neither for kidney, nor for long bone, Tri-WD POM was not considered as a suitable CESA.

In general, the 31P NMR spectra of the different Wells-Dawson POMs indicate Mono-WD POM to be the most stable species in PBS. Indeed, PBS solutions of Parent-WD POM and Hf-WD POM were shown to partially convert and dissociate, respectively, into Mono-WD POM. The CE-CT images (Figures 2 and 4) showed effective soft tissue contrast enhancement for these three WD species, while almost no contrast enhancement was observed for Tri-WD POM. Taken together the data obtained from the CE-CT images and 31P NMR experiments, 35.0 mg/mL Mono-WD POM in combination with 3.0 mg/mL LiCl is concluded to be the most suitable CESA for imaging soft tissue as it is the most stable in PBS and shows high contrast enhancement.
Conclusions 
In this work, four Wells-Dawson POM species were screened for their potential as CESAs for soft tissue visualization using CE-CT. The different Wells-Dawson POMs were compared to PTA, which is a commonly used histological and CE-CT stain. The POMs were dissolved in PBS at equal concentrations and subsequently used to stain murine long bones and kidneys for CE-CT imaging. Quantification of the contrast enhancement of soft tissue due to the POM staining implied that Tri-WD POM was not a suitable CESA. 31P NMR measurements of the staining solutions performed before and after staining revealed that: (1) calcium ions interact with lacunary POM structures and induce a shift in the 31P NMR resonance signals, (2) Mono-WD POM is the most stable POM species in PBS since Parent-WD POM and Hf-WD POM convert and dissociate, respectively, to it. Finally, Mono-WD POM and Hf-WD POM species showed the best diffusion and overall staining of soft tissues. Therefore, we concluded that Mono-WD POM is the most suitable CESA of the screened POM species in terms of (1) contrast-enhancement, (2) diffusion rate through the tissue, (3) non-destructiveness (physiological pH), (4) chemical stability, and (5) ease of synthesis, leading to a lower production cost in comparison with Hf-WD POM. This work was further strengthened by improving the staining properties of Mono-WD POM through addition of LiCl to the staining solution in order to increase its solubility. We conclude that Mono-WD POM (35.0 mg/mL) with 3.0 mg/mL LiCl, dissolved in PBS, results in high contrast enhancement of soft tissue without inducing tissue shrinkage. Although improving the contrast, tissue shrinkage was observed for long bones that were stained with Mono-WD POM solutions containing a higher concentration of LiCl ( > 3.0 mg/mL). Therefore, the development of isotonic staining solutions containing CESAs that match the pH levels of biological tissues will be the focus of future research. 
CE-CT using Mono-WD POM with LiCl demonstrates the potential of virtual 3D histology of biological tissues, as it provides additional spatial information, compared to standard histomorphometry. Given the complexity of biological tissues, precise imaging and the additional 3D information could provide novel insights in tissue development and disease, which is valuable for both basic research and disease diagnosis. Furthermore, our improved virtual 3D histology method could provide an important contribution for the optimization of biomaterial design and 3D bioprinting strategies for regenerative medicine purposes.
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Supplementary Figures
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Supplementary Figure 1. 31P NMR spectra of PTA in the absence and presence of a kidney or tibia in PBS for different staining times. Spectrum of a PTA solution in PBS A: after dissolution. B: after 17 days in PBS. C: after 4 days of staining a kidney. D: after 10 days of staining a kidney. E: after 2 days of staining a tibia.
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Supplementary Figure 2. 31P NMR spectra of Hf-WD POM in the absence and presence of kidney or a tibia in PBS. Spectrum of an Hf-WD POM solution in PBS A: after dissolution. B: after 17 days in PBS. C: after 4 days of staining a kidney. D:  after 10 days of staining a kidney. E: after 2 days of staining a tibia.
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Supplementary Figure 3. 31P NMR spectra of Parent-WD POM in the absence and presence of kidney or tibia in PBS. Spectrum of a Parent-WD POM solution in PBS A: after dissolution. B: after 17 days in PBS. C: after 4 days of staining a kidney. D: after 10 days of staining a kidney.  E: after 2 days of staining a tibia.
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