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Multimodal contrast agents in biomedical imaging enable the collection of more comprehensive diagnostic
information. In the present work, we design hybrid ruthenium-decorated superparamagnetic iron oxide
nanoparticles (NPs) as the contrast agents for both magnetic resonance imaging (MRI) and X-ray fluor-
escence computed tomography (XFCT). The NPs are synthesized via a one-pot polyol hot injection route, in
diethylene glycol. In vivo preclinical studies demonstrate the possibility of correlative bioimaging with these
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contrast agents. The complementarity allows accurate localization, provided by the high contrast of the soft
tissues in MRI combined with the elemental selectivity of XFCT, leading to NP detection with high specificity
and resolution. We envision that this multimodal imaging could find future applications for early tumor diag-
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Introduction

Functional and molecular medical imaging with a single
modality presents limitations for early-stage diagnosis due to
constraints in tissue penetration depth, sensitivity, specificity,
and resolution." The combination of different imaging tech-
niques with complementary characteristics allows the collection
of more comprehensive data and the achievement of more accu-
rate detection. To enable multimodality, nanoparticle- (NP-)
based contrast agents with different functionalities may be
designed and optimized for use with multiple bioimaging
techniques.*® Typically, these combine one classical backbone
technique - e.g., magnetic resonance imaging (MRI) or positron
emission tomography (PET) - with additional optical contrast
(e.g., Raman, photoacoustic, fluorescence) providing improved
molecular contrast.”™® Despite their promise, the optical
methods suffer from low penetration depth and/or low spatial
resolution,'* thereby reducing their applicability for in vivo
imaging and often restricting their use to ex vivo tissue analysis.

Here, we present complementary multimodal imaging of
MRI and X-ray fluorescence computed tomography (XFCT) via
a NP dual-mode contrast agent. Both the techniques operate
with high penetration depth and exhibit a resolution of
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nosis, improved long-term treatment monitoring, and enhanced radiotherapy planning.

~100 pm in mice.">'® MRI is the standard tool for primarily

structural and functional in vivo imaging of soft tissue.
Superparamagnetic iron oxide NPs (SPIONs) have long been
used as negative contrast agents for MRI, although the detec-
tion specificity is hampered by several confounding factors.>
XFCT is an emerging in vivo imaging technique with high
elemental specificity and multiplexing property, where CT
whole-body images are overlaid with the detected X-ray fluo-
rescence (XRF) signal from injected NP contrast agents,
enabling functional and molecular imaging.'®'” Recent studies
have focused on the design of NP contrast agents for multi-
modal bioimaging, combining XRF and optical fluorescence for
microscopic in vitro and whole-body imaging, where polymer-
coated (PVP) Ru NPs were used as XFCT contrast agents, among
others.’”'® Although there have been several attempts to design
CT-MRI contrast agents to improve the image interpretation,'
both the techniques suffer from low elemental specificity.>® In
the present work, we demonstrate complementary XFCT-MRI in
preclinical in vivo studies using ruthenium-decorated (Ru-)
SPIONs. We demonstrate a similar sensitivity for the two tech-
niques, but the spectral properties of the XFCT signal allows for
higher specificity and more accurate localization. Thus, the
complementary XFCT-MRI imaging holds promise for high-
resolution functional and molecular in vivo imaging for
improved diagnostics.*!

The key enabler for the XFCT-MRI is the use of Ru-SPIONs
as the contrast agent. Generally, the design of dual-mode NP
contrast agents includes a multi-step synthesis route, includ-
ing core formation, decoration, and functionalization with a
hydrophilic polymer to improve water dispersibility, which

This journal is © The Royal Society of Chemistry 2023
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might reduce the reproducibility and unavoidably lead to low-
yield reactions.>**® Furthermore, doping mechanisms and passi-
vation coatings have been demonstrated to directly affect the
magnetic performance of MRI contrast agents, due to alterna-
tions in the crystal lattice®®*” and reduced proton diffusion and
proton-magnetic field interaction,”® respectively. In the present
paper, Ru-SPIONs were synthesized in a one-pot polyol synthesis
process, resulting in biocompatible NPs, possessing hydrophilic
character granted by a polymer (PVP) coating for in vivo
XFCT-MRI. The magnetization of the SPIONs was demonstrated
to be unaffected by the decoration with Ru NPs. The performance
of the contrast agents with the two techniques was evaluated with
phantom sensitivity tests and in vivo preclinical studies, high-
lighting the complementarity of the two techniques.

Results and discussion
Design of the contrast agents

Achieving multimodal XFCT-MRI required a special design of
a hybrid nanostructured material presenting an MRI-active
magnetic core (SPIONs) and an XRF-active element (Ru) for
XFCT, for its absorption edge matches the X-ray source energy.
For this scope, Ru-SPIONs were synthesized through a hot-
injection polyol route in diethylene glycol (DEG), with PVP as
the capping agent (Fig. S17). Morphological and structural
characteristics of the Ru-SPIONs are presented in Fig. 1. Using
transmission electron microscopy (TEM), we identified SPIONs
and Ru NPs (Fig. 1a), displaying spherical morphology and
average diameters of 7 + 1 nm and 2.3 + 0.3 nm, respectively
(cf size distributions in Fig. 1d). Ru NPs exhibit a higher con-
trast in TEM due to their higher atomic number compared to
SPIONs (Fe, O). Furthermore, the crystal planes were studied
with high resolution- (HR-)TEM in Fig. 1b, where the (002)
plane for Ru NPs and (220) plane for SPIONs are identified. In
Fig. 2, the energy-dispersive X-ray spectroscopy (EDS) mapping
allows the discrimination of Ru NPs and SPIONs. The high-
angle annular dark field (HAADF) image underlines the
elemental difference between these NPs, due to the Rutherford
scattering, yielding brighter intensities for heavier elements
(Z-contrast image). To correctly assign the electron diffraction
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Fig. 1 Ru-SPIONs. TEM micrograph (a) showing the NP morphology;
HR-TEM (b) with two identified crystal planes for SPIONs (220) and Ru
NPs (002). Schematic representation of the multimodal contrast agent
(c) and size distribution histogram (d) of the two constituents obtained
from the TEM micrographs.
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Fig. 2 STEM-EDS analysis of Ru-SPIONs. Energy-dispersive X-ray spec-
troscopy (EDS) mapping (a) overlaid on the high-angle annular dark field
(HAADF) image. Fe Ka and Ru La intensities were used for the EDS map,
respectively in orange and blue. Corresponding bright-field (BF) image
(b) and HAADF image (c) of Ru-SPIONs. Scale bars of 5 nm. Acquired
EDS spectrum (d), highlighting the main emission peaks. Cu Ka emission
from the grid.

rings, Ru NPs and SPIONs were also synthesized separately
using the same procedure (Fig. S2t). SPIONs exhibited similar
size distribution, indicating the independence from RuCl; hot
injection. Contrarily, the different size distribution of Ru NPs
in the presence or absence of SPIONs confirms a different
nucleation mechanism. When Ru®* was reduced in the pres-
ence of SPIONS, it resulted in a faster nucleation kinetics due
to the facilitation of heterogeneous nucleation, with reduced
surface tension and lower critical radius.>®*° The presence of
SPIONs reduced the self-nucleation stage by inducing a faster
build-up of supersaturation and, therefore, smaller Ru NPs
were obtained. The homogeneous nucleation of Ru NPs in the
absence of SPIONs led, instead, to an average diameter of
3.3 nm and a broader size distribution (+0.8 nm). The crystal
structures of Ru NPs and SPIONs were analyzed with selected
area electron diffraction (SAED), where the main crystal planes
are shown (Fig. S31). Ru NPs displayed hexagonal close-packed
(hep) crystal phase,®™*> while the face-centered cubic (fcc)
crystal lattice of SPIONs was confirmed by the observed diffrac-
tion rings/peaks of magnetite (or maghemite).>*” The
absence of other diffractions permitted to exclude the exist-
ence of other impurity phases (e.g., hematite), which would
negatively affect the overall magnetization and relaxivity. Ru-
SPIONs exhibited the same crystal phases of the constituents,
as the SPION phase and structure are not influenced by the
heterogeneous nucleation of Ru NPs.

The crystal phase of Ru NPs was mainly dependent on the
precursor, rather than the solvent. As previous studies have
shown the possibility of obtaining different structures with a
polyol synthesis using either RuCl; in ethylene glycol (hcp) or
Ru(acac); in triethylene glycol (fcc),® here we show that RuCl;
in DEG also yields monodispersed Ru NPs with an hcp struc-
ture, suggesting that the Ru precursor is the critical factor for
the phase selection. The size, morphology, and crystal struc-
ture of the SPIONs were not affected by the hot injection
process and subsequent decoration with Ru NPs, conserving
their magnetite (or maghemite) crystal phase and superpara-
magnetic performance, thus highlighting some of the advan-
tages of decoration.®® The successful PVP coating was demon-
strated with thermogravimetric analysis (TGA, Fig. S4at), and
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Fourier transform infrared spectroscopy (FT-IR, Fig. S4bt).
FT-IR spectra revealed that the C=O stretching vibration band
undergoes a shift, from 1673 cm™" (PVP powder) to 1656 cm ™
in Ru-SPIONS, ascribed to the binding of the carbonyl groups
on PVP with the NPs.** The organic content estimated with
TGA is about 33%, in accordance with previous studies.*®
Whilst the Ru/Fe ratio is estimated with a combined measure-
ment with XRF and inductively-coupled plasma optical emis-
sion spectroscopy (ICP-OES), resulting in a value (~50% w/w)
close to the precursor ratio (~55% w/w). This difference is
attributed to both the unreacted Ru precursor and partial
homogeneous nucleation. Magnetic separation was employed
in the washing steps, enabling the collection of only the Ru-
SPIONSs, while excluding unreacted precursors and freestand-
ing Ru NPs in the dispersion (<10%). The PVP-coated SPIONSs
formed before the hot injection of RuCl; allow the hetero-
geneous nucleation of Ru NPs. Furthermore, the high mole-
cular weight, i.e., longer chain length, of PVP (55 kDa) led to
the formation of permanent ensembles of hybrid contrast
agents, Ru-SPIONS, as schematically illustrated in Fig. 1c.

The use of PVP as the capping agent for Ru-SPIONs has out-
lined its multiple properties in the decoration mechanism,
serving as both a passivating biocompatible surface coating,
and a scaffold for the formation of covalent ensembles and for
the heterogeneous nucleation of Ru NPs on the SPION surface.
The magnetic characteristic analysis was performed using a
vibrating-sample magnetometer (VSM), to obtain the magneti-
zation curves (Fig. S5a and S5b¥), which were then used for
the magnetic fitting (Fig. S5ct) to estimate the average size of
magnetic cores. The saturation magnetization of the bare
SPIONSs was estimated as 53.2 emu g~ ', in accordance with the
literature.®® Ru-SPIONs exhibited a saturation magnetization
of 38.4 emu g~' (normalized to the total inorganic content)
and a SPION magnetic diameter of 6.8 nm, with the absence
of coercivity (H, < 1.5 Oe). When normalized to the iron oxide
content (Fig. S5bt), the difference in saturation magnetization
between SPIONs and Ru-SPIONs is about 2%, which was
ascribed to random errors. The magnetic performance of the
SPIONs was proven to be unaffected by the Ru decoration,
indicating that the hot injection method is preferred over
doping co-reduction mechanisms.>® Contrarily to Ru-doped
magnetite, the nucleation of Ru NPs on the SPION surface
does not induce critical structural modifications which would
alter their superparamagnetic characteristic. By comparing the
size distribution of SPIONs obtained from the TEM micro-
graphs and magnetic fit, the slightly lower magnetic diameter
was ascribed to the magnetic dead layer (MDL) on the NPs.*
Furthermore, the broader magnetic size distribution was in
accordance with the previous literature.*’ The mathematical
derivation of the magnetic diameter can be found in ESL ***3

Imaging performance

The performance of Ru-SPIONs as MRI contrast agents was
evaluated with magnetic relaxivity studies on five samples
where Ru-SPIONs or SPIONs were dispersed in agarose with
various iron contents (Fig. 3 and S61).
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Fig. 3 Relaxivity of Ru-SPIONs. T>* MRI integrated intensity plot (a) as a
function of the echo time (TE) of phantom syringes with Ru-SPIONs at
different iron (Fe) concentrations in agarose. Transverse relaxivity plot
(R>*) as a function of Fe concentration (b). The insert shows one slice of
the phantom, with TE = 2.2 ms, corresponding to the integrated signal
highlighted with a dashed blue line in the intensity plot.

The intensity plots (T,* and T5) as a function of the echo
time (TE) at different concentrations of Ru-SPIONs (Fig. 3a
and S6atf) exhibited an exponential behavior, with shorter
relaxation times at higher concentrations. For example, the
concentration of iron -[Fe] is 1 mM, the T,* intensity dropped
to zero after 6 ms, due to a strong response to the NPs, com-
pared to agarose ([Fe] = 0 mM).

The five tested concentrations allowed the estimation of the
transverse relaxivities (R,* and R,) and demonstrated their linear
dependence upon the Fe concentration (Fig. 3b and S6bt).

In particular, the R, value was estimated as 142 mM ™" s,
while a value of 788 mM " s~ " was found for the transverse relax-
ivity R,*, more than two folds higher than the commercial con-
trast agents.** For this reason, T,*-weighted imaging was pursued
for the preclinical studies, to exemplify the use of these contrast
agents for complementary imaging. In comparison, the R,* relax-
ivity of bare SPIONs was estimated as 246 mM ™' s, exhibiting a
lower value than in Ru-SPIONS (Fig. S77). This effect was ascribed
to the presence of local agglomerations*> caused by the nuclea-
tion of Ru NPs on the SPION surface, leading to the increase of
local variations in the magnetic field. Contrarily to coating
mechanisms (with e.g., silica) on magnetic cores, which then
would suffer from diminished MRI performance because of the
reduced proton-magnetic field interaction,”®*® the effect of dec-
oration with Ru NPs and subsequent local agglomerations of Ru-
SPIONS led to a higher R,* relaxivity.

Phantom tests were performed to quantitatively estimate
and compare the sensitivity of MRI and XFCT when employing
Ru-SPIONSs as the contrast agents. To mimic soft tissues, one
pipette tip containing Ru-SPIONSs in agarose was inserted in a
cylindrical holder filled with agarose. In fact, the magnetic
relaxation is strongly affected by the molecular environment
for MRI imaging; while XFCT is nearly environment-indepen-
dent, provided with a self-absorption correction algorithm for
image processing and reconstruction. Phantoms with different
NP concentrations were axially imaged with both MRI and
XFCT (Fig. 4 and S8t). The contrast-to-noise ratio (CNR) was
estimated within a range of concentrations, for the evaluation
of the sensitivity for the two techniques.

This journal is © The Royal Society of Chemistry 2023
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Fig.4 MRI and XFCT phantom sensitivity. Contrast-to-noise ratio
(CNR) curves (a) for MRl and XFCT, obtained via phantom experiments
with different concentrations of Ru-SPIONs ([Rul + [Fe]). Exponential fit
(in orange) for MRI (R® = 0.98) and linear fit (in blue) for XFCT (R® =
0.98). Representative images of phantom axial slices acquired with MRI
(b) and XFCT (c) at 600 pg mL™ ([Ru] + [Fel). Scale bar indicates 5 mm.

Further details on the mathematical derivation of the CNR
can be found in ESIL,f where a unique definition of CNR was
introduced for both MRI and XFCT, permitting to consider the
average agarose signal and the Compton scattering, respect-
ively. MRI led to a saturating exponential behavior, with the
intensity dropping to zero at sufficiently high contrast agent
concentrations.”’

On the contrary, XFCT presented a linear response to the
NP concentration, within the tested range ([Ru] < 200 pg mL™).
Theoretically, non-linearities might affect higher concentrations -
due to XRF signal self-absorption within the NP accumulations —
although these were not observed in previous in vivo studies."> The
sensitivity was defined as the minimum contrast agent concen-
tration to yield CNR >2, ie., when the difference between the
signal and the background is higher than 95% of the background
noise (20). The sensitivity in MRI was estimated as [Fe] = 100 pg
mL ", while a concentration of [Ru] = 200 pg mL " was the esti-
mation of the XFCT sensitivity for these specific imaging con-
ditions (¢f Experimental section). Nevertheless, the spectral speci-
ficity in XFCT isolates the NP signal from false positives (e.g:, air
pockets in MRI) with structural information provided by the over-
laid X-ray absorption data (Fig. 4c). NPs with increased Ru/Fe ratio
would lead to a higher XFCT/MRI sensitivity ratio, which can
potentially be achieved by increasing the amount of Ru precursor
and its injection speed, to tune the Ru NP size and relative
number on the SPION surface. Furthermore, the replacement of
Ru with, e.g;, molybdenum (Mo) as the active XRF element would
further increase the XFCT sensitivity due to the lower background
from the Compton scattering, as demonstrated in previous studies
where sensitivities down to [Mo] = 50 pg mL™" could be achieved
in vivo.*®

Biocompatibility

To evaluate the biocompatibility of the synthesized nano-
structures, SPIONs, Ru NPs, and Ru-SPIONs were tested

This journal is © The Royal Society of Chemistry 2023
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in vitro, by exposing RAW 264.7 macrophages, A549 lung carci-
noma epithelial cells and primary human mesenchymal stem
cells (MSC) to a range of NP concentrations, followed by
CellTiter-Glo® (CTG) luminescent cell viability assay, which
quantifies cellular ATP levels (Fig. S9t). The tested concen-
trations were chosen to quantitatively compare the effects of the
NPs, in terms of the same metallic elemental composition. In
macrophages and mesenchymal stem cells, the bare SPIONs
exhibited higher viabilities than the unexposed control cells.
The dissolution of iron from SPIONs in endosomal acidic
environments after a phagocytic response could bias an over-
stimulation by the treatment.*®** On the contrary, Ru NPs and
Ru-SPIONs followed a similar concentration-dependent trend,
with above 85% viability at all the tested concentrations. One
possible explanation for the absence of overstimulation in Ru-
SPIONS is that Ru NPs decorated on the SPION surface would be
responsible for a limited and/or slower dissolution rate of the
iron oxide. When exposed to A549 cell line, both Ru NPs and
SPIONS were slightly cytostatic, with a reduction in cell viability
of up to ~40%. On the contrary, this was not observed in cells
exposed to Ru-SPIONSs, with viabilities always above 95%. The
overall higher nanostructure size yielded a lower cytotoxic effect,
as larger NP sizes result in a lower toxicity response, due to
reduced surface area (per unit weight) in contact with cells.>

Preclinical imaging

The first part of the animal studies consisted of postmortem
full-body imaging of mice to evaluate the performance of Ru-
SPIONs as dual-mode contrast agents for correlative imaging.
Here, one mouse received Ru-SPIONs through intraperitoneal
(IP) injection ([Ru] = 20 mg kg™*, [Fe] = 40 mg kg™") and was
imaged 24 h after the injection. In Fig. 5, the XRF projection
image of the mouse highlights local NP accumulations of up
to few millimeters in the abdominal area. The XRF projection
image is correlated with three selected T,*-weighted multi-gra-
dient-echo 3D (MGE3D) MRI slices, where the Ru-SPIONs were
co-localized, and the main agglomerations were highlighted.
The spectral specificity of XFCT permits to uniquely localize
the XRF active elements, while the effect of SPIONs in lowering

XRF
Photons
100

MRI
Intensity

10 mm

Fig. 5 Ex vivo correlative imaging. XRF projection image (color scale)
with X-ray transmission overlay (grey scale) and three selected MRI
slices of one sacrificed mouse injected with Ru-SPIONs. White circles
highlight the co-localization of Ru-SPIONs.
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the MRI relaxivity is also caused by air-filled bubbles, field
inhomogeneity, tissue interfaces, blood clots, endogenous iron
accumulation, suppressed fat, among others.>' These would
unavoidably lead to false positives.

Furthermore, the susceptibility artifacts at the air-tissue inter-
face in the lungs and their low proton density limit the use of
MRI for related studies.® Some of these confounding factors
could be overcome by using Gd(m)-based positive contrast agents
for MR, although there have been arising concerns over their
nephrotoxicity.>*>* Moreover, although a T, sequence could ame-
liorate the overall image quality, the T,* sequence did not impede
the co-registration of the signal from the contrast agents. On the
contrary, XRF signal is not affected by the local chemical environ-
ment, as it relies on an inner-shell excitation-relaxation inter-
action. Thus, it did not lead to limitations in this respect, due to
the high spectral specificity of the Ru Ka radiation. In fact, quan-
titative estimations in organs with XFCT have been shown to
accurately match the concentrations obtained via ICP.>®

The 3D spatial localization of the features was made poss-
ible by the full-body XFCT (Movie S1%), which constituted a
complementary analysis to the MRI scan. Finally, XFCT inher-
ently suffers from low soft-tissue contrast, due to the low X-ray
absorption, while MRI facilitates the co-registration of NP
accumulations and anatomic soft-tissue landmarks. The
second animal experiment demonstrated an in vivo comp-
lementary XFCT-MRI protocol, using Ru-SPIONs as the con-
trast agents. Here, four mice were injected with the same NP
concentration and imaged sequentially with MRI followed by
XRF/XFCT, 24 h (2 mice) or 48 h (2 mice) after injection.
Additionally, two other mice were used as untreated controls.

Noticeably, no visible side effects were observed in mice
injected with Ru-SPIONs compared to control mice during the
experimental period (¢f Experimental section). Furthermore, the
presence of 40 cytokines associated with inflammation was inves-
tigated with an antibody array, highlighting the absence of cyto-
kine activation in the plasma of injected mice. The corresponding
XRF projection images and MRI scans are shown in Fig. S10.f
Mice were kept under anesthesia during the scans with the two
imaging techniques, and respiratory gating was implemented for
MRI to minimize motion artifacts due to the Fourier reconstruc-
tion process.’® Images at different times (24 or 48 h) highlighted
the absence of macroscopic differences in NP distribution.

Nevertheless, the lower abdominal region was affected by
artifacts due to the presence of gas bubbles in the intestine,
decreasing the specificity of MRI in this area. In Fig. 6, we
present a combination of in vivo imaging with full-body MRI
(Fig. 6a) and XRF projection imaging (Fig. 6b), together with a
local XFCT (Fig. 6¢c and Movie S21). Here, the correlation is
demonstrated focusing on two local accumulations, marked
with yellow dashed circles.

The IP injection allowed an optimal comparison between
MRI and XFCT, as the NPs randomly distributed in the perito-
neal area, where small local accumulations were proven to be
ideal for demonstrating the imaging correlation and the com-
plementarity of the techniques. In our study, we did not
observe any behavioural or morphological side effects, sup-
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Fig. 6 In vivo XFCT-MRI. Selected MRI slice (a), full-body XRF projec-
tion image (b) and local XFCT (c) of one mouse injected with Ru-
SPIONs. The yellow dashed circles identify local accumulations of the
NPs.

ported by the high cell viabilities in the in vitro cytotoxicity
assay. The transition to intravenous injection is considered a
further step, since it represents the most common adminis-
tration route for drug delivery and diagnosis.””"*®

The detected Ru-SPION accumulations could be further
confirmed by histochemistry of organ sections from control
and injected mice using Prussian blue staining: in the pres-
ence of Fe ions, it results in a characteristic blue colour. In
mice injected with Ru-SPIONS, we observed particulate and
diffused iron in the omentum and diaphragm (Fig. S11%).
Major differences between the control and NP-administered
mice were also observed in the spleen, where particulate
material - accumulations of Ru-SPIONs - surrounded the
splenic capsule and diffused into the red pulp as Fe ions,
responsible for the scattered blue staining, in proximity of the
germinal centres (Fig. 7). The spleen is the major blood filter

Fig. 7 Histological analysis. Spleen sections of a control mouse (a and
c) and a mouse injected with Ru-SPIONs via an intraperitoneal (IP) injec-
tion ([Ru] = 20 mg kg2, [Fe] = 40 mg kg™?), and sacrificed after 48 h (b
and d). The sections are stained with Prussian Blue. Scale bars indicate
200 pm (a and b) and 50 um (c and d). Particulate material is pointed by
black arrows.

This journal is © The Royal Society of Chemistry 2023
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in mammals with a function in Fe recycling.”” The red pulp is
largely composed of chordal macrophages which have the role
of regulating the tissue inflammatory response. With their
phagocytic function, they were ascribed to be responsible of
NP clearance.’®>°

While SPIONs are subjected to rapid oxidation and dis-
solution in lysosomes,®® which might limit their application
for long-duration clinical investigations, Ru NPs exhibit a low
dissolution rate in acidic environments,® making them
promising for diagnosis and tracking of chronic diseases,”
and long-term monitoring of treatment response.®®
Furthermore, the combination with SPIONs might enable a
combined Z-enhanced radiotherapy, using Ru NPs as the
radiosensitizers and SPIONs for radiation treatment
planning.®*%

Conclusions

In this work, we designed multimodal XFCT-MRI contrast
agents and demonstrated their potential for complementary
imaging. Ru-SPIONs were obtained via a single-pot hot injec-
tion polyol synthesis, leading to biocompatible nanostructured
contrast agents. The design of multimodal hybrid contrast
agents with independent identities through decoration grants
minimal interference between the two NP kinds, whereas
doping and coating mechanisms unavoidably alter the magne-
tization properties. Here, the unaffected SPION magnetization
granted a high contrast with MRI, while Ru constituted the
XRF-active element for XFCT. Phantom tests on the imaging
performance, cytotoxicity assay with three different cell lines
and in vivo preclinical studies proved the potential of Ru-
SPIONs as contrast agents for XFCT-MRI. The detection of
MRI contrast agents suffers from several confounding factors,
potentially leading to false positives. The combination of a
high contrast for soft tissues with MRI with the elemental
selectivity and multiplexing property of XFCT could be advan-
tageous for early-tumor diagnosis, where high specificity and
sensitivity are a necessity.

Experimental

Materials

Ruthenium(m) chloride hydrate (RuCl;-H,0, Ru 40%), iron(m)
acetylacetonate (Fe(acac)s;, >99.9%), diethylene glycol (DEG,
(HOCH,CH,),0, >99%), poly(vinyl pyrrolidone) (PVP, C,H,N
(C¢HoNO),,C13H (NS, average MW = 55 kDa), acetone, Agarose
with low gelling temperature, Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), lung carcinoma
cells (A549, 86012804), and murine macrophages (RAW 264.7,
91062702) were all purchased from Sigma Aldrich (Sweden).
Primary human mesenchymal stem cells (MSC) derived from
umbilical cord were commercially obtained from PromoCell
Mediqip AB (Denmark).
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Nanoparticle synthesis

Ru-SPIONs were synthesized via a hot injection polyol method.
Briefly, Fe(acac); (2 mmol) and PVP (5 mmol, repeating units)
were dissolved in DEG (20 mL) in a three-neck flask, while
magnetically stirring. The solution was heated up to 120 °C
and kept for 15 min to evaporate traces of water. Subsequently,
the system was brought to the refluxing temperature and let
react for 2 h. The dispersion color turned from orange to
black. A solution of RuCl; (0.5 mmol) was prepared in a mix of
DEG (4.5 mL) and water (0.5 mL) and introduced to the system
via injection (1 mL min~"). The dispersion was kept reacting
for 2 h at the refluxing temperature. Subsequently, the system
was cooled down to room temperature. The dispersion was
then collected and the as-synthesized Ru-SPIONs were washed
with acetone and water employing magnetic separation. The
prepared stock was stored at 4 °C for further use. Similarly,
SPIONs and Ru NPs were independently prepared using the
same protocol, but only in the presence of the corresponding
precursor and PVP. These were instead washed and collected
by repeated centrifugations.

Nanoparticle characterization

Ru-SPIONs, SPIONs and Ru NPs were characterized with
several techniques to evaluate their morphological and func-
tional characteristics. Size and morphology were estimated
with TEM (JEM-2100F, 200 kV, JEOL): 10 pL of diluted samples
were drop-casted on copper grids and dried at room tempera-
ture. The diameter of at least 200 NPs was measured for evalu-
ation of the size distribution. SAED and HR-TEM were
employed for the determination of the crystal structure of the
synthesized NPs. STEM-EDS analyses were performed with a
FEI Titan Themis 200 with probe corrector and SuperX EDS
(Thermo Scientific).

FT-IR (ThermoFisher Scientific) and TGA (TGA550, TA
Instruments) studies were conducted for the identification and
quantification of the organic content on the NPs.
Concentration of Fe was determined via ICP-OES (iCAP 6000
series, Thermo Scientific), as 13.9 mg mL ™", after dissolving
the SPIONs in HCI. Given the slow dissolution rates of Ru NPs
in acids, often requiring microwave digestion processing,®" the
Ru concentration, therefore, was estimated with XRF (Ru Ka),
by preparing 10x diluted dispersions of Ru NPs, Ru-SPIONS,
Ru standard solution (1000 ppm) and water in 2 mL centrifuge
tubes. The acquired X-ray spectra were then utilized to estimate
the NP concentration in relation to the Ru standard
(1000 ppm), leading to a stock concentration of 6.9 mg
mL_1.17'18

For the magnetization measurements, a fixed volume
(200 pL) with a known concentration ([Fe] + [Ru]) of NPs was
dried (35 °C) in 0.2 mL centrifuge tubes. The tubes were
directly used in the vibrating-sample magnetometer (VSM,
EG&G model 155, Princeton Applied Research), with magnetic
fields up to +8 kOe. The measurement was started and ended
at positive saturation, completing a loop. The saturation mag-
netization was estimated by fitting the experimental results up
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to infinite field. To obtain the magnetic size distribution, a
domain magnetization of 446 emu per cc was used for iron
oxide,®® and a lognormal distribution was assumed for the
NPs.®” The NP stocks were tested for lipopolysaccharides (LPS)
contamination, employing the LAL assay Endosafe-PTS
(Charles River) and PTS cartridges (sensitivity of 0.005 EU
mL ™). All the stocks used for in vitro and in vivo studies pre-
sented LPS values below the maximum admissible limit of 0.1
EUmL™.

Relaxivity tests

Phantom experiments with syringes filled with agarose con-
taining several concentrations of SPIONs and Ru-SPIONs were
prepared. A dispersion with agarose in water (3%) was heated
to 50 °C while magnetically stirring. Once the dispersion
turned fully transparent, the corresponding amount of Ru-
SPIONs was introduced, to obtain a final iron concentration of
0.125, 0.25, 0.5 and 1 mm. One dispersion without NPs was
prepared as the control. After 10 min, the warm dispersions
were aspirated in 1 mL syringes, which were sealed after
cooling down. The MRI relaxivity of the NPs was performed
using a preclinical MRI 9.4T system (Bruker). The transverse
relaxivities (R, and R,*) were determined using the spin-echo
multi-slice (sems) and gradient-echo multi-slice (gems)
sequences, respectively, at different echo times (TE). The relax-
ivity was plotted as a function of the iron concentration.

Sensitivity studies

Cylindrical polylactic acid (PLA) holders were 3D-printed
(Ultimaker 2) with a 2 cm diameter (Fig. 6A) to contain a
200 pL pipette tip surrounded by agarose (Fig. 6b). The pipette
tip was filled with agarose at several concentrations of Ru-
SPIONs. The phantoms were subsequently scanned with MRI
and XFCT. T,*-Weighted MRI images of the phantoms were
acquired (TE = 1.15 ms) with the multi-gradient echo 3D
(mge3d) sequence (~2 min per slice), with a voxel size of
200 pm. XFCT images with the same voxel size and acquisition
times were acquired with our laboratory XFCT arrangement
(pencil-beam mode), employing a liquid metal-jet X-ray source
coupled to a W-C-coated multilayer Montel mirror. A
3-element photon-counting silicon-drift detector (SDD) was
used for XRF signal detection (Ru Ka) and a single SDD for
transmitted X-rays.'”> For each pixel, a full X-ray spectrum is
acquired; photons detected within 19-19.45 keV are associated
with Ru Ko radiation. The CNR for both MRI and XFCT was
estimated, and an appropriate fit was performed to estimate
the sensitivity. A detailed description can be found in the ESL.f

Cytotoxicity assays

To assess the in vitro NP biocompatibility, the CellTiter-Glo®
luminescent cell viability (CTG) assay was performed on
RAW264.7, A549, and MSC cell lines, in quadruplicates
(96-well plate). The cells were exposed to three different con-
centrations of SPIONs, Ru NPs, and Ru-SPIONs for 48 h.
Untreated cells were the negative control. The viability esti-
mated was based on the quantification of the ATP, an indicator
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of metabolically active cells. The luminescence signal was nor-
malized to the control cells.

Animal studies

Experiments with mice were approved by the regional animal
ethics committee of Northern Stockholm, Sweden (ethical
permit numbers 10 579-2020 and 15099-2021), according to
institutional and European guidelines for animal handling
and research (EU Directive 2010/63/EU for animal experi-
ments). Six-week-old female albino mice from BALB/c strain
were obtained from Taconic Biosciences (Denmark) and
housed under controlled temperature (21 + 1 °C), and humid-
ity (55 + 5%) conditions, with light-dark cycle, and ad libitum
feeding. The general conditions of the mice were assessed
prior to and during the study, checking for possible onsets of
behavioral and/or morphological changes. Ru-SPIONs were
intraperitoneally (IP) injected with 100 pL NP suspension in
PBS ([Ru] = 20 mg kg™, [Fe] = 40 mg kg™"). In the ex vivo study,
one mouse was injected and euthanized after 24 h, before
imaging, to demonstrate the correlative bioimaging with XFCT
and MRI. For the in vivo experiments, four mice were injected
and MRI and XFCT scans were performed sequentially under
anesthesia with isoflurane (Abbott, Sweden), either 24 or 48 h
after the injection. Two mice were used as control for MRI,
with no applied treatment. During the imaging sessions,
ophthalmic ointment (Oculentum simplex, APL, Sweden) was
applied to the eyes for cornea protection; temperature and res-
piration were also monitored. Extracted plasma from mice
exposed to Ru-SPIONs was tested with an inflammation anti-
body array (ab133999, Abcam).

MRI

For the ex vivo study, T,*-weighted MRI full-body images were
acquired (TE = 1.4 ms, TR = 50 ms, TI = 100 ms) with the
mge3d sequence (200 pm voxel size) for a total scanning time
of 4 h, using the preclinical MRI 9.4T system (Bruker). In vivo
imaging was performed with the gems sequence (TE = 2.3 ms,
TR = 250 ms, TI = 60 ms) with a 16 min scanning time and
voxel size of 200 x 200 x 600 pm. Respiratory gating was
employed for the imaging.

XRF/XFCT imaging

For the ex vivo experiment, a whole-body tomography was
obtained in 7.5 h by acquiring XRF projection images with 30
rotation angles (15 min per projection) with pixel size of 200 x
200 pm. For in vivo imaging, the mice previously scanned with
MRI were re-anesthetized for a single whole-body XRF projec-
tion image and local (1 cm vertical region) XFCT (45 min) with
a voxel size of 200 x 200 x 400 pm. Both MRI and XRF/XFCT
were performed within 24 h.

Histological analysis

At the imaging endpoint, the mice were euthanized. Spleen
and diaphragm samples were dissected and fixed in buffered
paraformaldehyde (PFA) and embedded in paraffin. Formalin-
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fixed paraffin embedded (FFPE) sections of ~ 10 pm were
stained with hematoxylin and eosin (H&E) and Prussian Blue.
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