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Abstract

Background Pulmonary arterial hypertension (PAH) is a severe disease characterized by elevated blood pressure
in the pulmonary artery that can ultimately damage the right ventricle of the heart. PAH is pathophysiologically
heterogeneous, which makes early diagnosis and treatment difficult. Inflammation is thought to be an important
factor in the development and progression of this disease and may explain some of the observed interindividual
differences. In the context of both acute and chronic inflammation, neutrophil recruitment to the lung has

been suggested as a potential biomarker for studying PAH progression. However, there are currently no specific
probes for its non-invasive in vivo detection. The imaging-based gold standard for assessing inflammation is ['°F]
fluorodeoxyglucose ('®F-FDG), which is not cell specific. This highlights the urgent need for more specific molecular
probes to support personalized medicine.

Methods This study investigated the potential of magnetic nanoradiotracers based on ultrasmall iron oxide
nanoparticles, functionalized with N-cinnamoyl-F-(D)L-F-(D)L-F peptide, to detect increased neutrophil infiltration

in vivo in different PAH animal models via positron emission tomography. These nanoprobes target formyl peptide
receptor 1, which is abundantly expressed in the cell membrane of neutrophils. To assess the benefit of these
nanoprobes, their biodistribution was first assessed via magnetic resonance imaging and histology. Then, their lung
uptake was compared by positron emission tomography with that of "®F-FDG in two types of PAH animal models with
different profiles of inflammation and neutrophil infiltration: monocrotaline and double-hit Sugen-chronic hypoxia
PAH rat models.

Results Our targeted magnetic nanoradiotracer detected an increase in pulmonary neutrophil infiltration in both
PAH models and distinguished between them, which was not possible with 8F-FDG PET.

Conclusions This study underscores the importance of targeted imaging in providing an individualized and
longitudinal evaluation of heterogeneous and multifactorial diseases such as PAH. The use of targeted multimodal
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nanoprobes, for magnetic resonance/positron emission tomography imaging has the potential to facilitate the
diagnosis and monitoring of diseases, as well as the development of novel therapies.
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Introduction

Pulmonary arterial hypertension (PAH) is a complex
and life-threatening disease involving inflammatory pro-
cesses in the lungs of all patients. However, the exact tim-
ing and extent of inflammation remain unknown [1, 2].
Neutrophils, key effector cells of the innate immune sys-
tem, have recently been implicated in pathological angio-
genesis, vascular dysfunction, and disease severity [3, 4].
Therefore, neutrophils are key biomarkers for improving
our understanding of PAH and are potential novel diag-
nostic tools. Attempts to characterize their infiltration
in PAH have been unsuccessful due to the heterogene-
ity of the disease among patients and the lack of tools

to monitor specific cell populations using non-invasive
techniques. To overcome this obstacle, in vivo imaging of
neutrophils may help to characterize the pathology and
facilitate the diagnosis and treatment of PAH.
8F_fluorodeoxyglucose (**F-FDG) positron emis-
sion tomography (PET) imaging is widely used to moni-
tor inflammatory processes in PAH and other diseases
in vivo [5-7], but its limitation lies in the lack of cellu-
lar specificity, necessitating the development of novel
imaging tools. In a seminal study by Jun-Bean Park et
al,, targeted ligand-mediated imaging was shown to spe-
cifically detect macrophage infiltration in the lungs of a
monocrotaline (MCT) rat model of PAH [8]. They used
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the %8Ga-2-(p-isothiocyanatobenzyl)-1,4,7-triazacy-
clononane-1,4,7-triacetic acid (NOTA) mannosylated
human serum albumin (MSA) radiotracer, which specifi-
cally binds to the mannose receptor of macrophages. This
allowed their quantification in the lung. This approach
holds promise for more precise and specific imaging of
inflammatory processes in PAH and other diseases and
may be useful for the early diagnosis of this pathology.

Inspired by this work, we investigated the feasibil-
ity of using a similar strategy for ligand-mediated imag-
ing of neutrophils, but with nanoparticles (NPs) in the
10-50 nm diameter range, which tend to circulate in the
bloodstream for longer periods than small molecules
[9], potentially increasing their targeted accumulation
in the lung. This is due to several key factors, including
size-dependent clearance mechanisms. One of them is
renal filtration. Small molecules are rapidly cleared by
the kidneys, which efficiently filter particles smaller than
5-10 nm. In contrast, NPs in the 10-50 nm range are
large enough to avoid immediate renal clearance, allow-
ing them to remain in the circulation longer. The retic-
uloendothelial system (RES) can also be evaded by NPs
smaller than 50 nm. Larger particles (>100 nm) are easily
recognized and cleared by macrophages in the liver and
spleen. Finally, smaller nanoparticles are less affected by
margination (movement towards vessel walls) in blood
flow compared to larger particles, which helps them stay
in the central circulation longer. In conclusion, a size
range of 10-50 nm is convenient for enhancing circula-
tion times, as it is large enough to avoid rapid renal clear-
ance but small enough to evade immediate RES uptake.
This allows NPs to achieve significantly longer circulation
times than those of small molecules after intravenous
administration.

Our ligand of choice was the cycled peptide N-cinnam-
oyl-F-(D)L-F-(D)L-F (cFLFLF), an antagonist of formyl
peptide receptor 1 (FPR1) [10], which is highly expressed
on the plasma membrane of neutrophils in response to
inflammatory stimuli [11]. FLFLF has high neutrophil
binding affinity and has been successfully used to char-
acterize neutrophil infiltration in several preclinical
models, including tuberculosis, acute osteomyelitis and
pulmonary ischemia-reperfusion injury [12-14]. These
previous in vivo studies were based on more fundamen-
tal in vitro studies using FPR1-expressing cells and neu-
trophils isolated from patients to determine the binding
affinity of the peptide to this membrane receptor [14, 15].

Recently, we demonstrated that this hydrophobic pep-
tide can be covalently bound to citrate-coated ultrasmall
(~10 nm) iron oxide nanoparticles (IONPs) via carbodi-
imide chemistry when the peptide contains a terminal
lysine residue [16]. We used a fast hydrothermal micro-
wave-assisted method to prepare IONPs, which allowed
radiolabeling of the IONP core with “Ga to produce
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multimodal probes for both magnetic resonance imaging
(MRI) and PET. We demonstrated by PET imaging that
%8Ga-IONP-cFLFLF is useful for detecting acute inflam-
matory processes in the lung in a mouse model of lipo-
polysaccharide-induced inflammation [17].

In this study, we synthesized similar target-specific
iron-oxide based nanoprobes to compare neutrophil
infiltration in different PAH animal models in vivo. Using
PET imaging, we found significant differences in neu-
trophil lung infiltration between monocrotaline (MCT)
and double-hit Sugen-chronic hypoxia (SuHx) PAH rat
models. These findings were confirmed by histological
analysis. In addition, biodistribution analysis in healthy
rats using MRI data and histology revealed negligible
accumulation of these nanoprobes in the lungs. Finally,
we compared the performance of ®*Ga-IONP-cFLFLF
with that of ®F-FDG for the PET imaging of neutro-
phil infiltration. No differences in lung *F-FDG uptake
were observed, indicating the superiority of **Ga-IONP-
cFLFLF in neutrophil infiltration studies in PAH animal
models.

Methods

Synthesis of ®3Ga-IONP-cFLFLF

We first prepared citric acid-coated *®Ga-IONPs accord-
ing to the synthetic procedure of Pellico et al. [18].
Briefly, the ®*GaCl, (aq) precursor was eluted from the
8Ge/®®Ga generator with 1 mL 0.05 M HCl at a rate of
1 mL/min and added directly to a microwave tube con-
taining 18.7 mg of FeCl;-6H,0O (0.07 mmol) and sodium
citrate dihydrate (20 mg, 0.068 mmol) dissolved in 1.25
mL of Milli-Q water. The activity of this mixture was
4.59 mCi. Then, 0.25 mL of NH,NH,H,O was added,
and the microwave (Monowave 300, Anton Paar Ger-
many GmbH73760 Ostfildern-Scharnhausen Germany,
equipped with an internal temperature probe and exter-
nal IR probe) was ramped up to 100°C for 1 min, and
then held at 100°C for 10 min. The mixture was cooled to
60°C and the sample was purified using a PD-10 desalt-
ing column packed with Sephadex-25 resin (previously
activated with 25 mL of ultrapure Milli-Q water). The
sample solution was collected in a vial, yielding 2.5 mL
of ®Ga-IONP solution, the concentration of which was
measured by inductively coupled plasma-mass spectrom-
etry (ICP-MS) as [Fe]=1.28 mg/mL. Surface functional-
ization of the nano-radiotracer was achieved by mixing
2.5 mL of ®*Ga-IONP-citrate (2.75 mCi) with 13.4 mg
of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) and 16.3 mg and N-hydroxysul-
fosuccinimide (sulfo-NHS) and stirring the mixture for
30 min. Purification was performed by centrifugation
(10.35 x g, 4 min) through six AMICON 30 K filters (cut-
off 30 kDa). The retentate was resuspended in 1.5 mL of
PBS (0.01 M, pH 8), and 0.8 mg of peptide cFLFLF(K)
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with a terminal lysine residue (dissolved in 50 uL. DMSO)
was added to the solution and stirred for 1 h. The sample
was subsequently centrifuged again (10.35 x g, 4 min)
using two AMICON 30 K filters. The sample was diluted
in 400 pL of saline (0.9%) for each filter (800 pL total, 412
uCi). To prepare the final injectable doses, the appro-
priate amount of nanoparticle solution with the desired
activity was taken with a syringe before proceeding to
administration. The total synthesis time from elution was
approximately 140 min. ICP-MS: [Fe]=1.81 mg/mL in
the final solution.

Physicochemical characterization of ®Ga-IONP-cFLFLF
Decayed IONP-cFLFLF was used for physicochemi-
cal characterization. Transmission electron microscopy
(TEM) characterization was performed with a LaB6-
TEM (JEOL JEM-1400PLUS (40 kV —120 kV) instru-
ment equipped with a GATAN US1000 CCD camera
(2k x 2k). Ion-coupled mass spectrometry (ICP-MS) was
used to determine the Fe content of each sample. Both,
the hydrodynamic diameter and the zeta potential of the
NPs of the NPs were measured using a Malvern Zeta-
sizer Nano-ZS (Malvern Instruments, Malvern, UK).
X-ray photoelectron spectroscopy (XPS) experiments
were performed in a SPECS Sage HR 100 spectrometer
with a non-monochromatic X-ray source (aluminum K«
line of 1486.7 eV energy and 252 W), which was placed
perpendicular to the analyzer axis and calibrated using
the 3d5/2 line of Ag with a full width at half maximum
(FWHM) of 1.1 eV. FT-IR) spectra were measured using
a Bruker Invenio-X FT-IR spectrophotometer, controlled
using OPUS 9 software.

Magnetic relaxometry measurements

The spin-lattice and spin—spin relaxation times (T; and
T,) were measured for five concentrations of both the
IONP and IONP-cFLFLF samples to obtain r; and r, in a
Bruker Minispec MQ60 (Bruker Biospin GmbH) contrast
agent analyzer at 1.5 T and 37 °C. T, and T, were also
measured using a 7 T horizontal bore Bruker Biospec
USR 70/30 MRI system (Bruker Biospin GmbH).

Animal models of PAH and phenotypic evaluation

The biodistribution study was conducted on a group of
n=4 eight-weeks old Sprague-Dawley female rats (Jan-
vier Labs) administered with 1.49 mg/kg of Fe deter-
mined by ICP-MS. In vivo MRI studies were carried out
on a 7 T Bruker Biospec USR 70/30 MRI system (Bruker
Biospin GmbH, Ettlingen, Germany), interfaced with an
AVANCE III console and a BGA 12-S imaging gradient
insert (more information can be found in the Support-
ing Information). PH experiments were performed with
six to eight-weeks-old RjHan: Sprague-Dawley female
rats (Janvier Labs) divided into three groups (n=8/each
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group): the normoxia control (CTL), MCT and SuHx
groups. For the MCT-induced model, the rats received
a single intraperitoneal injection of 60 mg/kg MCT
(C2401, Sigma-Aldrich), which was dissolved in 1 M HCI
and neutralized with NaOH. We limited the study to
three weeks after injection.

In the SuHx model, rats were injected subcutaneously
at the beginning of the experiment with 20 mg/kg vas-
cular endothelial growth factor (VEGF) inhibitor (Sugen
5416 or Sugen; Tocris) dissolved in vehicle (polysorbate
80 0.4% [v/v], methyl cellulose 0.5% [w/v], and benzyl
alcohol 0.9% [v/v] in saline solution) and exposed to nor-
mobaric hypoxia at 10% O, inside a hypoxic workstation
(BioSpherix) for three weeks, followed by a week under
normoxia (20% O,). The CTL group received a subcu-
taneous injection of vehicle and remained normoxic
throughout the experiment. After PH induction, four
animals from each group were characterized by cardiac
MRI without contrast agents. 'F-FDG PET imaging was
performed prior to perfusion with heparinized saline for
lung and heart harvesting, generation of paraffin blocks,
and histological examination. The remaining rats (n=4)
were subjected to neutrophil-targeted imaging via ®*Ga-
IONP-cFLFLF PET and RVSP measurements. More
information about the preclinical evaluation of the PH
model can be found in the Supporting Information.

Positron emission tomography and computed tomography
(PET/CT) imaging

PET and micro-CT imaging acquisitions were sequen-
tially performed using the p (PET) and X-cube (CT)
microsystems of Molecubes® (MOLECUBES NV),
respectively. The rats were injected with the correspond-
ing radiotracers. In each case, '*F-FDG (100-180 uCi)
or %Ga-IONP-cFLFLF (65-150 puCi) were intravenously
injected through the tail vein and imaged 30 min post-
administration when both tracers were no longer in cir-
culation by static 10 min scan whole-body images (1 bed).
Anesthesia was induced by 4-5% isoflurane inhalation in
pure O, and maintained at a 1.5-2% flow rate based on
respiration-rate monitoring (60—80 bpm), and the ani-
mals were maintained warm throughout the imaging
experiment. One-bed imaging acquisition was performed
using a 511 keV£30% energetic window. CT acquisitions
were generally performed at the end of each PET scan for
anatomic information and attenuation correction, pro-
viding unambiguous localization of the radioactive sig-
nal. Reconstruction of the images was performed using
the mathematical algorithm 3D-OSEM (3D ordered sub-
set expectation maximization; 30 iterations). For each
animal, PET-CT images were co-registered and analyzed
using PMOD image analysis software (PMOD Technolo-
gies Ltd., Ziirich, Switzerland). The volumes of interest
(VOIs) were manually outlined on the organs of interest
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in the CT images. VOIs were transferred to PET images,
and activity values normalized to the initial amount of
radioactivity were obtained as the mean standard uptake
values (SUV,qan)-

Histological analysis

Lung and heart tissues were fixed with 10% formaldehyde
for 24 h at room temperature (RT), dehydrated with alco-
holic solutions, and embedded in paraffin. Lung tissues
were then cut into 5-pm sections and stained with an
elastic stain kit (HT25A-1KT, Sigma-Aldrich). The slides
were digitalized using a Cell Axio Observer microscope
(ZEN). Images (20x) were taken on a tile covering the
entire lung and stitched together to identify the pulmo-
nary arteries throughout the tissue. Five peripheral ves-
sels adjacent to the airways in the transverse orientation
(the longest side did not exceed twice the length of the
shortest side) were randomly selected from all the lung
tissues. The medial wall thickness, lumen diameter, and
medial wall cross-sectional area of the small arteries (40—
80 um outer diameter) were determined via the open-
source software Image] (version 1.53). The diameter of
the lumen was delimited to the point of greatest length
on all occasions. These measurements have facilitated the
use of two indices to quantify the type and degree of vas-
cular remodeling: percent medial wall thickness (medial
wall thickness/inner diameter X 100) and percent medial
wall area (medial wall cross-sectional area/total cross-
sectional area x 100).

Immunohistochemical (IHC) analysis

Five-micron-thick paraffin-embedded lung tissue sec-
tions were deparaffinized with xylene and ethanol at
decreasing concentrations. Antigen retrieval was per-
formed using sodium citrate buffer (pH 6) in a vegetable
steamer over a 45-min cycle, after which the mixture was
allowed to cool for 2 h at RT. The next step was involved
incubation with a drop of endogenous blocking solution
for 10 min at RT to prevent hydrogen peroxidase inhibi-
tion. After being washed with 0.1% Triton-PBS, the tis-
sues were incubated with a blocking solution (bovine
serum albumin 1% + goat serum 2% + PBS+ Triton 0.1%)
for 30 min at RT in a humid chamber. The slides were
subsequently incubated with an anti-myeloperoxidase
antibody (ab9535, Abcam) overnight at 4 °C in a humid
chamber. The following day, after washing thoroughly
with 0.1% Trinton-PBS, the slides were incubated with
the secondary antibody for 30 min at RT in a humid
chamber. Signal amplification was then performed for
30 min. Peroxidase activity was developed via DAB
working solution, and the samples were observed under
a microscope. The reaction was stopped by rinsing the
slides with deionized water before hematoxylin counter-
staining. For Prussian blue staining, paraffin-embedded
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Sect. (4 um) of the lungs mounted on glass slides were
deparaffinized with xylene and ethanol at decreasing
concentrations and then washed with distilled water.
The slides were then stained for 1 h at 60 °C with Perls
solution obtained by mixing the same quantity of 7%
potassium ferrocyanate trihydrate in Milli-Q water and
7% HCI. After being washed in water, the samples were
stained with 0.1% nuclear fast red-aluminum sulphate
solution (#1001210500, Sigma-Aldrich) for 2 min. Finally,
the samples were washed with increasing concentrations
of ethanol and xylene and mounted in synthetic mount-
ing medium (DPX).

Statistical analysis

Statistical analysis was performed using the GraphPad
9.0.2 software. One-way analysis of variance (ANOVA)
was used to correct for multiple comparisons, and the
Sidék correction was used for statistical hypothesis test-
ing. The values are presented as the mean*SD unless
otherwise noted. The p-values are represented by aster-
isks as follows: * p<0.05, ** p<0.01, *** p<0.001, and ****
p<0.0001. Differences were considered statistically sig-
nificant at P<0.05.

Results and discussion

Synthesis of cFLFLF-functionalized radiolabeled iron oxide
nanoparticles

In recent years, the synthesis of hydrophilic metal oxides
via microwave-assisted methods has facilitated the devel-
opment of time-efficient synthetic protocols for different
types of nanoparticles (NPs) [19-21]. This advancement
enables the generation of iron oxide-based NPs with
diverse chemical compositions and surface coatings, due
to their straightforward core doping and tailorable sur-
face chemistry composition [21, 22]. The core doping
process involves a library of cationic metals and radio-
isotopes, such as Mg?* or ®®Ga®*, and a mixture of them
(e.g., Zn>*/Ga>"). This modulates the relaxometric prop-
erties of iron oxide NPs for MRI or provides the emission
of positrons for PET. Moreover, subsequent chemical
modification of the coating with ligands can facilitate tar-
geted imaging of highly studied diseases such as athero-
sclerosis or cancer [23, 24]. However, some rare diseases
such as PAH could also benefit from this technology, as
demonstrated in this work.

In our study, we followed the protocol established by
Pellico et al. [16] to synthesize ®*Ga-IONP and ®*Ga-
IONP-cFLFLF (Fig. 1A) and evaluated the efficacy of the
later efficacy in distinguishing between different neu-
trophil infiltration scores in two different PAH animal
models. Both ®*Ga-IONP and ®®Ga-IONP-cFLFLF were
decayed for a minimum of 24 h before characterization
via transmission electron microscopy (TEM), dynamic
light scattering (DLS), Fourier transform infrared (FTIR)
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Fig. 1 A) Schematic representation of the synthesis of the %Ga-IONP-cFLFLF nanoradiotracer. B) TEM image of %Ga-IONPs. C) TEM image of ®Ga-IONP-
cFLFLF. D) Hydrodynamic diameter (dj) of IONPs before and after functionalization with cFLFLF(K). E) FT-IR spectra of ®Ga-IONP-cFLFLF, ®Ga-IONP, and
CFLFLF(K). F) XPS spectra of the core level of Fe 2p and N 1s (G) before and after cFLFLF(K) functionalization
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spectroscopy, and X-ray photoelectron spectroscopy
(XPS).

TEM characterization (Fig. 1B and C) revealed slight
nanoparticle clustering following surface functionaliza-
tion. This clustering was likely due to the hydrophobic
nature of the cFLFLF peptide and attractive interactions
between the nanoparticles during the drying process.
DLS measurements demonstrated a moderate increase
in the hydrodynamic diameter (d;,) of IONP after conju-
gation with cFLFLF(K). The d,, of ®®Ga-IONP and *®*Ga-
IONP-cFLFLF were determined to be 11.4+1.4 and
39.1+10.5 nm, respectively. This confirms their minimal
degree of clustering and a size range of 30—60 nm, which
is optimal for driving the membrane wrapping process
required in ligand-mediated targeting (Fig. 1D) [9]. This
size augmentation correlated with a shift in zeta potential
from —23.0+2.5 eV to -6.912.6 eV after surface modifi-
cation, which is attributable to a reduction in citrate car-
boxylic groups on the IONP surface.

A
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Furthermore, FTIR analysis of free cFLFLF(K), %8Ga-
IONP, and ®®Ga-IONP-cFLFLF confirmed the incorpora-
tion of cFLFLF(K) into the citrate-coated IONP (Fig. 1E).
This was evidenced by the simultaneous appear-
ance of characteristic bands of citrate at 1594 cm™!
and 1379 cm™! (asymmetric and symmetric stretch-
ing modes of COO") [25, 26], and the bands associated
with the cFLFLF(K) ligand at 2935 cm™}, 1621 cm™!, and
995 cm™!, corresponding to aromatic C-H stretching
and olefin groups, respectively [16, 27]. XPS further con-
firmed the incorporation of cFLFLF(K) on the NP surface
(Fig. 1F-G). Table S1 lists the atomic percentages of the
main elements of the nanoradiotracers, C, O, N, Fe, and
Zn (from %®Ga decay), showing a decrease in the relative
amount of Fe and C, and an increase in the amount of O
and N due to the cFLFLE(K) peptide coating. Figure 2F
shows the XPS spectra of the Fe 2p peaks, which high-
lights a decrease in the intensity after peptide conjuga-
tion due to the thickening of the coating. Conversely, an
increase in the N 1s intensity at 399.8 eV was observed
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Fig.2 T, andT, relaxation rates of IONP-cFLFLF in water (A) and blood plasma (B) at 1.5T. C) Longitudinal and transverse relaxivities and their correspond-

ing r,/r, ratios at 1.5 T. D) Temporal stability of r,/r, and r, in H,0
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(Fig. 2G), confirming the presence of the lysine conju-
gated peptide. In summary, the observed increase in the
nanoradiotracer d, increase in zeta potential, and shift in
chemical composition confirmed successful peptide con-
jugation, resulting in the formation of the ®*Ga-IONP-
cFLFLF nanoradiotracer.

58Ga-IONP-cFLFLF relaxometric properties

To assess the potential of *®Ga-IONP-cFLFLF as an
effective MRI/PET contrast agent, we conducted thor-
ough relaxometric analyses using a 1.5 T relaxometer in
both aqueous and blood plasma solutions with increas-
ing concentrations of nonradioactive IONP-cFLFLF
(see Fig. 2A and B). These NPs have physicochemical
properties similar to those of their radiolabeled counter-
parts, as radioisotopes are found in trace amounts [18].
Our results revealed a consistent inverse relationship
between iron concentration and longitudinal and trans-
verse T; and T, relaxation times in both types of fluid
(water and blood plasma), which is indicative of the MRI
contrast-enhancing capabilities of the IONP-cFLFLE.
The longitudinal and transverse relaxation rates (r; and
r,) shown in Fig. 2C underscore the exceptional perfor-
mance of IONP-cFLFLF as a T, or negative MRI contrast
agent. When we compared the relaxometric properties of
IONP-cFLFLF with those of IONP before peptide func-
tionalization (r;=7.6 mM™' s™! and r,=18.3 mM™! 57},
Figure S1), we observed a shift in the relaxation rates,
indicating a low degree of clustering [28], as observed in
DLS measurements (Fig. 1D). Blood plasma induced a
slight decrease in r; and an increase in r, which main-
tained the MRI contrast in the negative contrast regime.
The effect of the components of blood plasma on mag-
netic NPs depends on various factors, including the spe-
cific properties of the NPs, the composition of the blood
plasma, and the interactions between the NPs and plasma
components. Proteins in the blood plasma can create ste-
ric hindrance around magnetic NPs, reducing the mobil-
ity of water molecules near the NP surface. This reduced
mobility can decrease the efficiency of water relaxation
and thus affect both the longitudinal and transverse
relaxivities. Our results indicate that the MRI contrast
agent capabilities are not reduced in blood, but rather the
opposite, but a systematic study will be needed to under-
stand the intricate effect of the protein corona on the
relaxometric properties of these types of magnetic NPs.
Notably, our investigation of temporal contrast stability
over one week (Fig. 2D) revealed a decrease in r,/r; and r,
while maintaining negative MRI contrast behavior, which
is crucial for maintaining optimal contrast enhancement
over time.
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Biosafety and biodistribution

Before ®®*Ga-IONP-cFLFLF was evaluated for biodis-
tribution studies and targeted imaging, cell viability
assays were conducted in the HepG2 human liver cell
line (broadly used for hepatotoxicity studies) and lung
carcinoma epithelial A549 cells (Figure S2). The results
obtained with HepG2 and A549 cells indicated a neg-
ligible influence of the NPs on cell viability at iron con-
centrations as high as 150 and 75 pg/mL, respectively.
Considering the dilution effect of NPs when adminis-
tered in the blood and the Fe doses typically used for MRI
(1.8-5.4 pg/kg) [29, 30], NPs appear to be safe in terms
of cytotoxicity in both cell lines. However, to fully elu-
cidate their biosafety profile, further studies are needed
across a broader range of cell lines and at multiple time
points. These studies should investigate their effects on
for example cellular oxidative stress, potential genotoxic-
ity, and their influence on glutathione-dependent antioxi-
dant defenses [31].

In addition to these cellular assays, it is important to
analyze blood plasma biomarker levels related to poten-
tial hepatic (alanine transaminase, aspartate trans-
aminase, total bilirubin) and renal damage (blood urea
nitrogen, phosphorus) [32]. Furthermore, to assess pul-
monary safety, markers of lung inflammation should be
measured. Biomarkers such as interleukin-6 (IL-6), tumor
necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1p),
and C-reactive protein (CRP) could provide insights into
the inflammatory response in lung tissue. Elevated levels
of these markers might indicate acute or chronic inflam-
mation, which is critical to assess for potential pulmo-
nary toxicity.

Regarding the NP biodistribution, to exclude nonspe-
cific accumulation of ®®Ga-IONP-cFLFLF in the lungs, we
studied the biodistribution of control NPs (IONP-cFL-
FLF without ®®Ga) in healthy animals after similar intra-
venous administration prior to performing targeted PET
imaging assays in animal models of PAH. MRI allowed
longer scan times than PET analysis (®*Ga T ,,= 68 min)
and evaluation of the clearance and accumulation of the
NPs in different organs within 24 h. Figure 3A shows
representative T, maps in the coronal view of the ani-
mals, where the contrast of the kidneys, spleen, and liver
changed during the time course of the study due to the
accumulation of NPs. Figure 3B-D provides the average
data (n=3) of the transverse relaxation time T, for the
different organs where the NPs mainly accumulated. The
recovery of the T, value in the kidneys shown in Fig. 3B
can be explained by assuming partial renal elimination
of these NPs 24 h post-administration. Although NPs
have a mean size larger than the kidney threshold, due to
the polydispersity of the NPs, it is possible that some of
the smaller NPs undergo renal elimination, as has been
observed previously with similar NPs [21]. In contrast, in
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the case of the liver and spleen, the results indicated that
there was an initial accumulation of NPs at half an hour
that increased with time (Fig. 3C, D).

The 24-hour accumulation of IONP-cFLFLF in differ-
ent organs was investigated via Prussian blue staining,
as shown in Fig. 4. Owing to the iron-rich nature of the
spleen, even under basal conditions, it was not possible to
visualize the presence of the NPs. However, images taken
from the kidneys (Fig. 4A) revealed no detectable accu-
mulation of NPs, whereas in the liver, their presence was
evident from the characteristic blue staining observed
in Kupffer cells located in hepatic sinusoids (Fig. 4B).
Furthermore, histological samples of the lungs obtained
24 h after iv. administration demonstrated that these
NPs did not accumulate in this organ (Fig. 4C). Recently,
published results from positron emission single-parti-
cle tracking have shown that larger uncoated silica NPs
(=1 pum) accumulate persistently in the lung after intra-
venous administration, which is likely associated with

intracapillary retention after protein corona formation
[33]. Our results obtained with IONP-cFLFLF suggest
negligible lung accumulation even after i.v. administra-
tion, which may also indicate the absence of extensive NP
agglomeration in the blood, as shown by the relaxometric
properties in Fig. 2D. Finally, we performed H&E stain-
ing of various organs involved in NP clearance (Figure
S3). Histopathologic evaluation of these organs revealed
negligible inflammation and tissue necrosis after IONP-
cFLFLF administration.

Targeted imaging of neutrophil infiltration in pulmonary
arterial hypertension

The aim of our study was to demonstrate that *®Ga-
IONP-cFLELF is a suitable tool for comparing neutrophil
infiltration profiles via noninvasive molecular imaging
and to compare the results of two different preclinical
models of PAH. While no animal model of PAH perfectly
recapitulates human PAH, rodent and rat models of MCT
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Fig. 4 Histological determination of the presence of IONP-cFLFLFs in different tissues was performed via Perl’s Prussian blue staining of Fe** after 24 h of
intravenous administration, and the results were compared with those of control tissues from non-treated animals in the A) kidney, B) liver, and C) lung

and SuHx are widely used to provide important insights
into the pathogenesis and treatment of the disease [34,
35], although they have very different etiopathologies. We
use of three weeks of exposure to hypoxia and monocro-
taline-treated animals after three weeks of its administra-
tion to ensure progression of disease mechanisms in both
models, allowing a meaningful comparison of the devel-
opment and characteristics of PAH [36, 37]. Our study
aimed to further characterize the inflammatory process
in these two models using targeted PET imaging with a
novel nanoradiotracer and to compare it with '*F-FDG as
a reference for such a process. The role of neutrophils in
the pathogenesis of PAH has received little attention [38],
although the perivascular accumulation of macrophages

and neutrophils contributes to disease progression and
has been observed in MCT-induced PAH [39]. In these
two models, we measured the main indicators of PAH to
determine the degree of disease progression in each case
(Fig. 5). First, right ventricular systolic pressure (RVSP),
the gold standard diagnostic procedure for PAH [40],
was significantly elevated in both PAH models (Fig. 5A,
B), although this increase was most pronounced in the
SuHx group (Fig. 5B). Second, to assess pulmonary vas-
cular remodeling, we analyzed vessels in lung histological
preparations by measuring the medial wall thickness and
medial wall area (Fig. 5C) from histological preparations.
As shown in Fig. 5D and E, significant differences were
found between the PAH groups and the control group,
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Fig. 5 A) Representative plots of RVSP values for each animal group. B) Measurement of right ventricular pressure after disease development. Values are
presented as mean =+ SD, **p-value <0.01, ***p-value <0.001 assessed by One-way ANOVA. C) Representative images of elastic staining of arterioles in the

lung sections of each group. Measurement of vascular remodeling:

D) medial wall thickness and (E) medial wall area. Values are presented as mean+SD,

**p-value < 0.01, ***p-value <0.001 assessed by the One-way ANOVA test. F) Diagram of X-ray attenuation in different tissues quantified in HU. G) Mea-
surement of the Hounsfield Units (HU) in three VOIs of each lung image acquired by CT. H) Maximum Intensity Projection (MIP) reconstruction of CT
images of the pulmonary vasculature of perfused lungs, using a radiopaque casting agent
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with the highest values found in the SuHx group, again
suggesting more severe PAH development in the hypoxic
model. Third, vascular remodeling was also confirmed at
the end of the experiment by intravascular perfusion of
the lungs via Microfil °, which acts as an optical or com-
puted tomography (CT) contrast agent [41]. In our case,
the resulting pulmonary vascular casting was imaged by
CT imaging of the lungs, enabling complete visualization
and quantification of the pulmonary vasculature using
the typical scale in Hounsfield units (HU) (Fig. 5F, G). A
decrease in HU indicated a microvasculature reduction
in the MCT and SuHx models (Fig. 5F, G). This is vis-
ible in the different PAH models and controls shown in
Fig. 5H. The moderate loss of small blood vessels in the
MCT and SuHx groups (Fig. 5H) should be accompanied
by typical signs of PAH, such as an increase in vascula-
ture resistance due to changes in wall stiffness, vasocon-
striction, or structural changes, and, as a consequence, to
maintain cardiac output, right ventricle (RV) hypertro-
phy and RV failure in the latest phases.

Cardiac MRI (Figs. 6, S4) was used as the reference
modality to determine LV and RV function. The MRI
results revealed that the SuHx rat model exhibited a
more severe LV dysfunction (Fig. 6B-D) and RV hyper-
trophic phenotype (Fig. 6E-I) than most MCT animals
did after three weeks of disease progression. The decrease
in LV ejection fraction observed in both animal models
(Fig. 6B) is likely to be related to the observed RV dys-
function and the Frank-Starling mechanism associated
with LV underfilling due to reduced pulmonary artery
blood flow, thus maintaining a balanced output between
the ventricles. The RV hypertrophy was evidenced by a
more pronounced decrease in the RV ejection fraction
(RV EF) (Fig. 6E), an increase in the RV end-systolic
volume index (Fig. 6F), a decrease of the right ventricle
end-diastolic volume index (RV SVi) (Fig. 6H) and a clear
increase in the Fulton index (Fig. 6I) in this group. This
finding is consistent with our previous measurements
of RVSP and arterial wall thickness (Fig. 5). However,
individual MCT animals presented a severe phenotype
characterized by a septal flattening and a reduction in LV
EDVi (Fig. 6C). High heterogeneity and marked cardiac
remodeling in some MCT animals have been described
previously [42], especially using similar experimental
time frames. Compared with other studies, we decided to
shorten the period after MCT administration (to a maxi-
mum of three weeks) for ethical reasons and to avoid
the severe multiorgan toxicity of this alkaloid drug, the
consequences of which are particularly critical in the fol-
lowing weeks, when mortality increases significantly in
this model [43]. In the MCT model, despite the inter-
subject variability, signs of severe RV dysfunction are
usually found at later exposures (more than six weeks
of disease progression to induce PAH) [44]. In the trend
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toward personalized medicine, monitoring the observed
individual PAH phenotypes of different animal models is
essential for further studies in this field, and imaging is
well positioned because of the harmless characteristics of
MRI. Additional imaging-based parameters of diastolic
and systolic function obtained from cardiac MRI data
confirmed the differences and variability of this model, as
shown in Fig. 6.

After characterizing the vascular and ventricular phe-
notypes of the MCT and SuHx models and confirming
their cardiopulmonary dysfunction, we investigated the
possibility of performing neutrophil infiltration studies
via targeted PET imaging with *®Ga-IONP-cFLFLE. Our
previous work demonstrated increased uptake of this
nanoradiotracer in an acute inflammatory lung model
and minimal uptake of bare ®®Ga-IONP in the lung [16].
We hypothesized that this nanoradiotracer could also
be used to detect neutrophil recruitment in moderately
injured lungs, such as the PAH models studied here, and
to highlight critical differences in the role of neutrophil
infiltration in PAH. Briefly, ®®Ga-IONP-cFLFLFs were
synthesized and immediately administered intravenously.
PET/CT was performed to evaluate the accumulation
of the nanoradiotracer, as shown in Fig. 7. The biodis-
tribution of these NPs, except in the lungs and heart,
was similar to that observed in healthy animals (Fig. 3).
8Ga-IONP-cFLFLFs were distributed in the liver, spleen,
and kidneys, as confirmed by ex vivo gamma counting
(Figs. 7A and S5). Our results revealed greater uptake
of ®®Ga-IONP-cFLFLF in the MCT group (in both ven-
tricles) than in the SuHx and control groups (Fig. 7B, and
7C). However, the wide dispersion of the data obtained
for standardized uptake values (SUVs) indicates, like
other imaging techniques, high heterogeneity that ren-
ders the differences between groups insignificant. Despite
this cardiac heterogeneity in the MCT model, the pres-
ence of ®®Ga-IONP-cFLFLF was also significantly greater
in the lungs of this group than in those of the SuHx group
(Fig. 7D). These findings suggest that neutrophil infiltra-
tion was greater in the lungs of the MCT model than in
those of the SuHx model.

The different ®*Ga-IONP-cFLFLF distributions in
the lungs of MCT and SuHx animals may be due to the
greater number of neutrophils and the inflammatory
effect of MCT [45], which is known to cause pneumo-
toxicity [46], and acute respiratory distress [42]. Previous
studies performed with invasive techniques, have shown
that progressive MCT-induced PAH leads to increased
lung inflammation characterized by leukocyte infiltra-
tion, neutrophil activation, and increased expression of
proinflammatory cytokines [45]. In contrast, there was
no evidence of **Ga-IONP-cFLFLF accumulation in the
SuHx model within the time frame of our experiments,
despite the more severe PAH phenotype (Figs. 5A-E and
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6), likely due to the lack of neutrophil infiltration in the
lungs [46].

To verify that the greater ®®Ga-IONP-cFLFLF uptake in
the lungs of the MCT group was due to neutrophil infil-
tration, we performed histological analysis to correlate
the presence of NPs in the lungs of PAH animals with
the presence of neutrophils in the lung tissue. In clear
agreement with the PET imaging data, we observed an
increase in the number of inflammatory cells per area in
the lung tissue sections in the MCT group, as determined
by myeloperoxidase (MPO) immunostaining (Fig. 8A and
Figure S6). MPO is a marker of leukocyte recruitment
associated with inflammatory conditions and is produced
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by neutrophils, macrophages, and activated monocytes.
The staining of lung sections with MPO immunostaining
and subsequent image analysis (FIJI software) of differ-
ent regions of interest (ROI) provided a quantification of
the MPO area for the different animal groups. Figure 8B
shows increased MPO staining in MCT lung sections,
indicating increased leukocyte recruitment. In contrast,
the values obtained for the SuHx lung sections were simi-
lar to those of the control group and lower than those of
the MCT group, as observed by PET imaging (Fig. 7D).
Owing to the composition of **Ga-IONP-cFLFLF, we also
combined MPO staining with Perl’s Prussian blue, which
stains iron deposits (Fig. 8A, S7). Again, image analysis of
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Fig. 8 Quantification of neutrophils in pulmonary tissue. A) Representative images of lung tissue stained with MPO (neutrophils) and Perl Prussian blue
(iron). Bar graph showing the percentage of MPO (B) and Prussian blue (C) staining in different regions of interest (ROIs), such as the images shown in (A).

The values are provided as the mean + SD, *p-value < 0.05, ****p-value < 0.0001
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regions of interest (ROIs) in different lung sections indi-
cated a significantly greater presence of iron deposits in
the MCT model, where the in vivo ®*Ga-IONP-cFLFLF
uptake was higher. In conclusion, our results indicate
that ®®Ga-IONP-cFLELF is more sensitive than F-FDG
in detecting neutrophil accumulation in the MCT PAH
models. Furthermore, we demonstrated that **Ga-IONP-
cFLFLF constitute a valuable tool for characterizing the
diverse neutrophilic-based inflammatory profiles of dis-
tinct PAH models. Future work will need to use comple-
mentary molecular biology techniques to determine
the correlation between the overexpression of the FPR1
membrane receptor present in the cell membrane of neu-
trophils and the different stages of PAH, as well as the
differences between different animal models.

Neutrophil detection with '8F-FDG PET imaging

Finally, to compare the ability of ®®Ga-IONP-cFLFLF to
detect neutrophils with the imaging gold standard used in
the clinic to study sterile or septic inflammation [47, 48],
PET/CT with ®F-FDG radiotracer was also performed
in the two different PAH models. PET/CT images of the
cardiorespiratory system of some animals in the healthy,
MCT, and SuHx groups are shown in Fig. 9. Interestingly,
although large variability was also observed in MRI, this
PET study revealed a trend (without statistical signifi-
cance) for '8F-FDG uptake to increase exclusively in the
RV of the SuHx group compared with the healthy and
MCT groups. This higher uptake in the RV, in the con-
text of pulmonary hypertension, both in humans and ani-
mal models, has been associated with a metabolic shift of
cardiomyocytes from oxidative to glycolytic metabolism
rather than inflammation [49-51]. The results of '8E-
FDG uptake in the lung (Fig. 9D) did not coincide with
those obtained with the neutrophil-targeted nanoformu-
lation. The similar F-FDG uptake in most healthy and
PAH animals indicates that this glucose analog does not
reflect the expected dynamic changes in the number of
inflammatory cells or greater vascular cell proliferation
or vascular remodeling (Fig. 5), at least in these animal
models. Only one of the four MCT rats displays high '°F-
FDG uptake in contrast to previously published results of
other researchers [52]. The main problem with using '8F-
FDG to study neutrophil infiltration in the lung is that it
is not cell type specific. All cells will take it up, whether
they are metabolically active or not. Therefore, this tracer
is affected by many biological processes that occur in
parallel with PAH, such as the reduction of microvas-
culature or the generation of fibrosis, which obviously
affects both cell metabolism and lung cell density. In this
context, more specific tools such as our nanoradiotracer
based on ligand-mediated binding to the neutrophil cell
membrane may be more advantageous. These interest-
ing differences between the two PET tracers increase the
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value of ®Ga-IONP-cFLFLF as a specific and sensitive
radiotracer for detecting neutrophil infiltration in PAH
patients.

The relevance of inflammatory processes in the field of
PAH has been associated with the infiltration of mixed
inflammatory cells, including neutrophils, preceding
structural pulmonary vascular remodeling [53]. Their
involvement in angiogenesis and vascular dysfunction
has also been highlighted [54, 55]. Therefore, the study
of neutrophil infiltration and the development of new
contrast agents such as ®*Ga-IONP-cFLELF for the non-
invasive detection of neutrophils in PAH is crucial for
understanding the mechanisms of this disease and the
development of targeted therapies. We anticipate that
improved nanoparticle homogeneity and more sustain-
able synthetic methods will be needed to translate this
technology into the clinic. However, our work demon-
strates for the first time that it is possible to noninva-
sively detect neutrophilic infiltration in PAH models via
multimodal (MRI-PET) nanoprobes. This opens up the
possibility of using this method for preclinical studies of
disease progression under different conditions and indi-
cates that it is possible to generate drug nanocarriers that
target neutrophils by functionalization with the FLFLF
peptide.

Conclusion

This study provides promising results regarding the use
of ®8Ga-IONP-cFLFLF as a magnetic nanoradiotracer
for the targeted detection of neutrophils associated with
inflammation in PAH animal models. These findings sug-
gest that this nanoprobe can be used to investigate cell-
specific inflammatory processes in PAH and the role of
neutrophils in chronic inflammation. Our histological
data support the direct link between neutrophil infiltra-
tion and ®Ga-IONP-cFLFLF accumulation exclusively
in the lungs of MCT animals in comparison with healthy
and other types of PAH animal models. However, our
study should be extended to determine the direct correla-
tion between FPR1 membrane receptor expression levels
and lung accumulation of ®*Ga-IONP-cFLFLF.The poten-
tial applications of this MRI/PET dual-mode magnetic
nanoradiotracer extend beyond the specific animal mod-
els studied here. It may also have (pre)clinical relevance
in other pathologies, where neutrophils play a significant
role in monitoring new anti-inflammatory therapies in
pulmonary hypertension. The possibility of modifying
the surface of ®®Ga-IONP-cFLFLF with other functional
molecules, such as drugs for targeted therapies, further
enhances its potential utility.

Overall, this study underscores the importance of
imaging in providing an individualized and longitudinal
evaluation of heterogeneous and multifactorial diseases
such as PAH. The use of multimodal nanoprobes, such as
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®8Ga-IONP-cFLFLF, for MRI/PET imaging has the poten-
tial to facilitate the diagnosis and monitoring of diseases,
as well as the development of novel therapies.
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