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Radioisotope-labelled nanoparticles permit novel applications in molecular imaging, while recent devel-
opments in imaging have enabled direct visualization of biological processes. While this holds true for
pathological processes that are stable in time, such as cancer, imaging approaches are limited for
phenomena that take place in the range of minutes, such as thrombotic events. Here, we take advantage
of bioorthogonal chemistry to demonstrate the concept of nanoparticle-based fast pre-targeted imaging.
Using a newly designed nanoparticle that targets platelets we show the applicability of this approach
developing thrombo-tag, an in vivo produced nanoparticle that labels thrombi. We show that thrombo-
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tag allows specific labelling of platelets that accumulate in the injured pulmonary vasculature, or that
aggregate in brains of mice suffering thrombotic processes. The fast kinetics and high specificity features
of thrombo-tag may critically expand the application of molecular imaging to the most prevalent and
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Introduction

On average, every 40 seconds a new case of stroke arises in the
US alone, making thrombo-inflammatory disease (which
includes ischemic heart disease and stroke) the single most
common underlying cause of death worldwide." Stroke is a
devastating disease with both physical and long-term disability
consequences that illustrate the dramatic consequences of
thrombotic events. Furthermore, current COVID-19 pandemic
points towards multiorganic thrombi formation as one of the
main reasons for its potentially devastating consequences.’

“Area of Cell and Developmental Biology, Fundacion Centro Nacional de
Investigaciones Cardiovasculares Carlos IIl (CNIC), 28029 Madrid, Spain.

E-mail: ahidalgo@cnic.es

bSchool of Biomedical Engineering & Imaging Sciences, King’s College London,

St. Thomas’ Hospital, London, SE1 7EH, UK

‘CIBER de Enfermedades Respiratorias (CIBERES), 28029 Madrid, Spain
INanoMedMol, Instituto de Quimica Médica, Consejo Superior de Investigaciones
Cientificas (IQM-CSIC), 28006 Madrid, Spain. E-mail: fherranz@igm.csic.es
Facultad de Farmacia, Universidad Complutense de Madrid, 28040 Madrid, Spain
JCenter for Cooperative Research in Biomaterials (CIC biomaGUNE), Basque
Research and Technology Alliance (BRTA), 2014 Donostia-San Sebastian, Spain
SIKERBASQUE, Basque Foundation for Science, Bilbao, Spain

tElectronic supplementary information (ESI) available: Further biodistribution
images. See DOI: 10.1039/d0nr04538a

{These authors contributed equally.

22978 | Nanoscale, 2020, 12, 22978-22987

Obtaining information on the size and nature of individual
patients’ thrombi is a long-sought goal that would be desirable
for clinicians to correctly set thrombolytic drug dosage and to
predict efficacy of a treatment.’

Thrombus detection in human patients by computed tom-
ography (CT) or magnetic resonance imaging (MRI) is cur-
rently performed indirectly, by visualizing the lack of blood
flow instead of the thrombus itself.* This translates into two
main bedside limitations: the inability to detect scattered or
non-occlusive thrombi, and the impossibility of directly asses-
sing the size of the thrombus. This is of importance in many
clinical settings including stroke or deep vein thrombosis.
Thus, developing new modalities for direct assessment of
thrombi in tissues is an urgent biomedical need. Molecular
imaging can be one of these new modalities.*” The remote
detection and quantification of a biological process at the cel-
lular and molecular levels is a powerful diagnostic tool that
dependent on a chemical probe providing the signal and a tar-
geted vector to the chosen biomarker. We have previously
reported the use of ®®Ga core-doped iron oxide nanoparticles
([°*®Ga]Ga-IONP) as a versatile tool for molecular imaging.®
These [*®Ga]Ga-IONP consist of a small iron oxide core, about
3 nm in size, doped with ®*Ga isotopes in the crystal structure
and coated by a thick organic layer of citrate molecules. They
can be used as a new positron emission tomography (PET)
platform and also for multimodal PET/MRI. In this sense the
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small iron oxide core has proven to be an excellent “chelator”
for ®®Ga isotopes in terms of radiolabeling efficiency and stabi-
lity. We have used this nanotracer for tumor detection,® in vivo
neutrophil labeling,” and for improved in vivo MRI signal.'’
Bioorthogonal chemistry, on the other hand, allows for the
rapid and selective in vivo conjugation of two compounds that
have been previously modified with the corresponding comp-
lementary groups. This unparalleled selectivity, even in the
presence of the complex mixture of the biological milieu (e.g.
plasma), has boosted the use of this type of chemistry. Since
the pioneering work by Bertozzi et al.'! this type of chemistry
has been used for the in vivo modification of cells,"*> DNA or
RNA" and antibodies."* Among the different types of
bioorthogonal reactions,"” tetrazine ligation is the most advan-
tageous for imaging purposes due to its fast kinetics and the
diversity of commercially available building blocks incorporat-
ing the tetrazine (TZ) and the trans-cyclooctene (TCO) moieties.
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Bioorthogonal chemistry has further allowed for the introduc-
tion of pretargeted imaging (Prel). This consists of a two-step
process where the biomolecule of interest is previously modi-
fied with one of the chemical groups participating in the
bioorthogonal reaction. In Prel this biomolecule is typically an
antibody. This modified antibody is then injected for its com-
plete biodistribution and, usually after 24-48 hours, the
imaging probe is injected. This imaging probe has been pre-
viously modified with the complementary group to that grafted
into the antibody. The use of Prel has been mainly centered in
cancer diagnosis, starting with the work by Robillard et al.'®
where it was clearly demonstrated the advantages of a delay
between the biomolecule and imaging probe injections for
tumor detection. Recently we have shown how Prel can also
allow for unparalleled detection of atherosclerosis.'” This
approach has two key advantages for nuclear imaging tech-
niques:'® firstly, it allows using short-lived radioisotopes with
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Fig. 1 Experimental design for the in vivo detection of thrombi by fast pretargeted imaging; (a) modification of antiCD41 with transcyclooctene

(TCO) groups; (b) synthesis of nanoparticles modified with tetrazine (TZ),
platelets thrombi.

This journal is © The Royal Society of Chemistry 2020

[58GalGa-IONP-TZ; (c) in vivo use of thrombo-tag for the detection of
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biomolecules that require long biodistribution times, thereby
reducing the dose the patient receives compared to the use of
long-lived radiosiotopes. Secondly, the excellent selectivity of
the reaction reduces off-target accumulation of the probe by
improving signal-to-noise ratios. However, if we consider clini-
cal scenarios of pathologies in which rapid diagnosis is
needed, traditional Prel is not an optimal choice since it nor-
mally takes more than 24 hours for the full process to be com-
pleted. This timescale is not an issue for cancer detection, the
pathology for which Prel was originally designed.'®"® However,
fast detection is critical to be clinically useful in the context of
acute thrombotic events (e.g:, stroke patients), in which it must
be implemented for much shorter timescales.

Here, we introduce fast pretargeted imaging (f-Prel), where
the two chemical components of the bioorthogonal reaction
are rapidly mixed and co-injected such that the accumulation
of the biomolecule and the bioorthogonal reaction occur sim-
ultaneously in vivo. We demonstrate that f-Prel can be used for
fast detection of biological processes without the need of a
long delay between the two injections. We take advantage of
f-Prel to develop thrombo-tag, an in vivo generated probe for
non-invasive detection of thrombus formation by PET in only
minutes, and validates its pre-clinical applicability in murine
models of ischemia/reperfusion and acute lung injury. Fig. 1
shows the experimental design followed for rapid non-invasive
detection of thrombi in vivo. The key aspects in Prel are the
biomolecule, the imaging probe and the delay between the two
injections. The biomolecule chosen to label thrombi was an
anti-CD41 antibody, an IgG targeting integrin alpha chain IIb
on the platelet membrane of platelets that accumulates in
thrombi. The anti-CD41 antibody was prepared for the tetra-
zine ligation by covalent immobilization of the TCO group
(using just 200 pg of the antibody), targeting the free amines
of the protein and controlling the stoichiometry of the reaction
to minimize the amount of TCO bound to the antibody
(Fig. 1a). We then prepared the nanotracer as previously
described,"”” by covalent binding of the TZ moiety on the
surface of the ®%Ga core-doped iron oxide nanoparticles
(Fig. 1b).

Results and discussion

Contrary to previous pretargeted experiments, time was a criti-
cal variable here. Due to the need for rapid imaging, we pre-
pared in advance the thrombo-tag building blocks so that sub-
sequent administration would allow both, TCO-antiCD41 and
[**Ga]Ga-IONP-TZ, to react in vivo after i.v. injection. In this
sense, thrombo-tag is a unique imaging probe that only exists
in vivo, once the components have been co-injected (Fig. 1c)
with images dynamically obtained up to 60 minutes after injec-
tion. We synthetized tetrazine-functionalized iron oxide nano-
particles doped with ®®*Ga as previously described.” Briefly, we
mixed precursors (FeCl; and **GaCl;) with sodium citrate, as a
coating, in a microwave vial with water. Hydrazine hydrate was
added just before the microwave protocol began. After that, we
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purified the [*®*Ga]Ga-IONP nanoparticles by gel chromato-
graphy. The citrate-coated iron oxide nanoparticles doped in
the core with ®*Ga ([*®Ga]Ga-IONP) were then functionalized
with the tetrazine groups by forming amides with free car-
boxylic groups on the surface, which made the [**Ga]Ga-IONP
functionalized with tetrazine ([**Ga]Ga-IONP-TZ, Fig. 2a). The
STEM images for [*®Ga]Ga-IONP-TZ (Fig. 2b) show small
spherical nanoparticles with a core size of 2.9 + 0.9 nm that
were well dispersed.

The Z-average (the intensity-weighted mean hydrodynamic
size of the collection of particles in the ensemble) was
measured by dynamic light scattering (DLS) showing an
average size of 7.6 = 0.3 nm for [**Ga]Ga-IONP and 18.3 +
0.7 nm for [*®Ga]Ga-IONP-TZ (Fig. 2c). This small increase in
size was expected due to the hydrophobic nature of the tetra-
zine groups.

We quantified with a TCO-dye the amount of TZ in the
sample that reacts with the [**Ga]Ga-IONP-TZ. The conjugation
conditions rendered 675 nmol of tetrazine per mmol Fe, main-
taining the hydrophilic character of the nanoparticle surface
but with enough tetrazine groups to undergo the bioorthogo-
nal reaction.'” Zeta potential measurements further confirmed
the surface modification due to the incorporation of tetrazine
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Fig. 2 (a) [°8GalGa-IONP-TZ structure; (b) scanning transmission elec-
tron microscopy images for [*8GalGa-IONP-TZ, scale bars are 10 nm
(left) and 20 nm (right); (c) Z-average hydrodynamic size values for
[°8GalGa-IONP and [*®GalGa-IONP-TZ measured by dynamic light scat-
tering (N = 3); (d) zeta potential values for [**GalGa-IONP and [®®GalGa-
IONP-TZ; (e) hydrodynamic size profiles for [*®GalGa-IONP, [*®GalGa-
IONP-TZ and [®®GalGa-IONP-antiCD41.
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with a change in the value from —36 mV to —14 mV, due to the
formation of amides with many of the free carboxylic groups
(Fig. 2d).

To demonstrate the feasibility of the bioorthogonal reaction
in vitro, we studied the coupling between TCO-antiCD41 and
the [*®Ga]Ga-IONP-TZ. We controlled the reaction by fluo-
rescent labeling of TCO-antiCD41 with aliquots of the reaction
that are analyzed at different timepoints. After the reaction
was completed, we measured the hydrodynamic size (Fig. 2e).
We found that after binding of the anti-CD41 antibody there
was a large increase in the hydrodynamic size of the nano-
particle, some in vitro cross-linking was observed as expected;
the typical size of an IgG is 14.5 nm X 8.5 nm X 4.0 nm, an
important aspect that further justified our strategy, as
explained below.

To confirm that the anti-CD41 antibody was bound to the
surface of the [*®Ga]Ga-IONP, we purified the mixture by gel
chromatography and measured the fluorescent signal. Since
we labeled the anti-CD41 antibody with Alexa647 dye, any fluo-
rescent signal from [*®*Ga]Ga-IONP was a confirmation of the
presence of the antibody on the surface. Fig. 3a shows the nor-
malized fluorescent signal for [**Ga]Ga-IONP-TZ, the dye-
labeled antibody and [*®Ga]Ga-IONP after reaction with the
antibody. There was a fluorescent signal in the nanoparticle
that corresponds to the fluorescent signal initially presented
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Fig. 3 (a) Normalized fluorescence spectra for [*®GalGa-IONP-TZ,
antiCD41-Alexa647 and [°®GalGa-IONP-antiCD41-Alexa647; (b) reaction
rates for [°®GalGa-IONP-TZ and TCO-antiCD41 tetrazine ligation
(N =3).
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in the antibody, with no signal in the initial nanoparticles,
confirming the successful bioorthogonal reaction. We studied
the kinetics of the reaction between the TCO-anti-CD41 and
[*®Ga]Ga-IONP-TZ (Fig. 3b) to form the thrombo-tag. The fluo-
rescence signal shows a rapid and reproducible reaction, with
75% of the reaction completed after 10 minutes.

To test the specificity of the thrombo-tag nanotracer, we
first used a transfusion-related acute lung injury (TRALI)
animal model.*® In this model, LPS-primed Balb/c mice are
challenged with an antibody against the major histocompat-
ibility complex (MHC-I), leading to neutrophil activation and
extensive deposition of activated platelets in the affected
lungs, which is a hallmark of the disease (Fig. 4a).>' Ex vivo
nanotracer biodistribution analyses in organs 1 h after injec-
tion of the tracer, expressed as the percentage of injected dose

Platelets Laminin

50um

Control

H&E Perls

g T

Control

TRALI

Fig. 4 Thrombo-tag in acute lung injury. (a) Immunofluorescence
staining of lungs sections from control (left) and TRALI-subjected mice
(right) showing platelet deposition in TRALI (in red). (b) Biodistribution of
thrombo-tag in the lungs in mice subject to acute lung injury (TRALI) or
control, expressed as the percentage of injected dose per gram of lung
tissue (%ID g™%). n = 3 mice per condition. (c) Histological sections of
mouse lungs stained for hematoxylin and eosin (H&E, left) or Perls
Prussian blue (right) to mark the thrombo-tag nanoparticles.
Representative image of n = 3 mice per condition. Bars show mean + s.
e.m. * p < 0.05 as determined by unpaired two-tailed t-test analysis.
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per gram of lung tissue (%ID g~ '), showed a marked increase
in nanotracer after TRALI induction (Fig. 4b, Fig. S1 and S37).

Consistently, when we stained the lungs with Perls Prussian
blue, which reacts with the iron ions of the IONP, we found
increase in platelet-bound nanoparticles in the lungs of mice
subjected to TRALI, relative to control mice (Fig. 4c).
Importantly, the method allowed us to detect traces of platelets
deposited in muscle and kidney, with a trend also in the heart
and brain of treated mice (Fig. S1). Thus, thrombo-tag was
able to specifically detect platelets immediately after binding
to a target organ in the context of acute thrombo-inflammatory
disease, and additionally identified platelet deposition in
other potentially affected organs.

We next sought to test the nanotracer in a mouse model of
acute myocardial infarction (AMI), induced by occlusion of the
left anterior descending (LAD) coronary artery, that leads to
overt inflammation and death of the cardiac tissue.” In this
model, mice typically recover rapidly and most survive the pro-
cedure for at least 24 hours.”” Importantly, however, our pre-
vious studies demonstrated that mice whose neutrophils are
deficient in CXCR4 (referred to as CXCR4*" mice) are extre-
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mely susceptible to death upon cardiac ischemia (Fig. 5a),
with most mutant mice perishing minutes after the ischemic
insult.”?

Given the rapid lethality, we hypothesized that this poor
survival might be caused by rapid thrombi formation and sec-
ondary cerebral ischemia. This contention was supported by
the rapid appearance of disseminated intravascular micro-
thrombi in these mice upon ischemia/reperfusion injury, as
assessed by intravital microscopy of the cremaster microvascu-
lature (Fig. 5b).

We analyzed the biodistribution of the thrombo-tag nano-
tracer 1 h post-injection of the tracer in WT or CXCR4*" mice,
comparing sham-operated mice with mice subject to ischemia.
While no significant differences in CD41 signal distribution
was found between the sham and AMI groups in WT mice
(which are normally protected from death; Fig. S2at), the
brains of CXCR4*™ mice subjected to AMI showed consistent
increases of thrombo-tag levels, and we found an increasing
trend for the heart and lungs (Fig. 5c and Fig. S2bf).
Confirming this observation, we detected signal in the PET/CT
images of the brains of CXCR4*N mice subjected to AMI, but

10 pm

sagittal

coronal

¥ 790000

80000

3000

Fig. 5 Thrombo-tag detects thrombi secondary to acute myocardial infarction in vivo. (a) Survival of WT and CXCR4“N mice upon AMI induction.
(b) Intravital images of the cremaster muscle microvasculature of CXCR4“N mice under ischemia/reperfusion injury shows disseminated intravascular
platelet deposition. Representative of n = 3 imaged mice. (c) Biodistribution of thrombo-tag in the brains of WT and CXCR4*N mice subjected to
acute myocardial infarction (AMI) or sham-operated, expressed as the percentage of injected dose per gram of tissue (%ID g™). n = 3-5 mice per
condition. (d) Representative PET/CT image of the CXCR4“N mice quantified in (c). The bars show mean + s.e.m. * p < 0.05; ** p < 0.01 as deter-
mined by one-way ANOVA with the Sidak’s multiple comparisons test (c) or the Mantel-Coxt Log-rank test (a).
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Fig. 6 Thrombo-tag co-localization with brain thrombi. Serial sections of brains from AMI-induced CXCR4N mice (quantified in Fig. 4c) stained for
H&E (left columns and center) and Perls Prussian blue (right columns) confirm the colocalization of thrombi with thrombo-tag nanoparticles.

Representative of n = 3 mice.

not in SHAM-operated mice (Fig. 5d). This was consistent with
our prediction that CXCR4%N mice succumbed to acute brain
stroke secondary to the AMI injury. The thrombo-tag signal
was also visible in the carotids after AMI injury (Fig. 5d), a
phenomenon most likely due to the deposition of platelets in
the vasculature, this was also found in the cremasteric venules
by intravital microscopy (Fig. 5b).

To verify the nature of the signal, we serially cut the brains
of CXCR4*N mice subjected to AMI and adjacent sections were
stained with hematoxylin/eosin and Perl Prussian blue stain-
ing to detect iron accumulation due to the thrombo-tag
uptake. We confirmed our PET/CT imaging data since thrombi
were present in the brains of CXCR4“N mice. In addition,
Prussian blue staining, which labels nanoparticles, was found
specifically in thrombi (Fig. 6). These data show that the
thrombo-tag nanotracer specifically binds to platelets in vivo,
and that it enables accurate visualization and identification of
thrombi in vivo despite the rapid kinetics of this model.

Conclusions

[*®Ga]Ga-IONP is a versatile nanotracer combining the tunable
physicochemical properties of iron oxide nanoparticles with
the unparalleled sensitivity of PET imaging. The incorporation
of ®®Ga isotope in the iron oxide core allows multiple appli-
cations without the drawbacks associated with the use of che-
lators, as in the case of transmetallation.>® Using a microwave-
driven synthesis, we obtained extremely small ®*Ga doped iron
oxide nanoparticles with a hydrodynamic size of 7.6 nm, excel-
lent colloidal stability and —36 mV of zeta potential. [**Ga]Ga-
IONP consist on an extremely small iron oxide core and a very
thick organic layer composed of citrate molecules. This makes

This journal is © The Royal Society of Chemistry 2020

it difficult to visualize them using traditional transmission
electron microscopy techniques. However, the use of scanning
transmission electron microscopy facilitates to obtain infor-
mation on the size and shape of the core. In this way, we could
confirm the formation of extremely small iron oxide cores of
about 2.9 nm, hence a thick organic layer of 4.7 nm. In terms
of radiolabeling, we obtained the [**Ga]Ga-IONP-TZ with an
activity of 188 MBq that permits the injection of small
amounts of IONP for normal image acquisitions (1.5 mg kg™).

We tested the covalent addition of the tetrazine moiety
using a number of techniques: zeta potential measurement
confirmed the modification of the citrate surface showing an
increase from —36 mV to —14 mV, the hydrodynamic size also
increased due to the in vitro tetrazine ligation with the anti-
body and, finally, the in vitro tetrazine ligation between the
[®®*Ga]Ga-IONP-TZ and the dye-labelled TCO-antiCD41 con-
firmed the reaction and therefore the successful covalent
modification. The hydrodynamic size for the in vitro conju-
gation of the antibody and the nanoparticles indicated a large
extent of cross-linking. This was expected since there are many
TZ molecules on the IONP able to bind a large amount of the
anti-CD41 antibody, which can subsequently react with more
[®®Ga]Ga-IONP-TZ (cross-linking). Contrary to this, in vivo
dilution of the compounds and the instantaneous binding of
the antibody to platelets, exposing the constant region and
blocking the variable region, minimizes the cross-linking
observed in vitro. Finally, we quantified the amount of TZ in
the [*®Ga]Ga-IONP and of TCO in the antibody by fluorescence.
Nanoparticles show 675 nmol of TZ per mmol of Fe as pre-
viously demonstrated."”

The efficacy of thrombo-tag platelet targeting was evaluated
in a well-established model of transfusion-related acute lung
injury (TRALI*®). In this model platelets are known to accumu-
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late in the lung, where they play a key role in the
pathophysiology.>"** Ex vivo biodistribution in a gammacoun-
ter depicted significant differences in lung uptake between
control and TRALI-induced mice. These results were further
confirmed by histology with the IONP clearly stained with
Prussian Blue. We also studied the applicability of thrombo-
tag biodistribution in the context of cardiac ischemia/reperfu-
sion, in a genetic background (CXCR4“™) prone to very rapid
and highly penetrant death after ischemia, for reasons that
were previously unknown.>* Remarkably, thrombo-tag allowed
us to identify differential signal in the brain when comparing
sham or wild-type animals with ischemic CXCR4*N mice. The
high accumulation in the brain appeared as clearly defined
spots instead of as disseminated signal through the organ, a
behavior that is consistent with the possibility that premature
death in CXCR4*™ mice is caused by large thrombi affecting
critical organs. These defined spots are clearly observed in the
histology of the brain, with a remarkable correlation between
the presence of platelets and thrombo-tag uptake. Other
organs potentially affected by thrombosis (lungs and heart;
Fig. S2 and S41) might help explain the dramatic mortality
rates in these mice. These findings in the context of dissemi-
nated thrombosis in the lungs, or remote thrombus formation
in the brain, validate what, to our knowledge, is one of the
most efficient non-invasive imaging methods reported to
identify thrombus to date, at least in small rodents. Because in
both models platelet aggregation on vessels or formation of
thrombi occurs within minutes of the initiating insult (anti-
MHCI antibody or ischemia), thrombo-tag demonstrates
robust applicability for events with very fast kinetics, which are
a hallmark of thromboinflammatory events. Direct radiolabel-
ing of the antibody could be considered an alternative
approach to thrombo-tag; however, this has several limitations.
First, the antibody must be modified twice in vitro, first for the
covalent addition of a chelator and then radiolabeled with the
appropriate radioisotope. This would increase the risk of vari-
able region modification, thereby reducing the in vivo activity
of the antibody. Secondly, due to the possibility of multifunc-
tionalization of nanoparticles, our results open up the possi-
bility of therapies targeting thrombi, an approach impossible
to develop with traditional probes.

Experimental section

Antibody functionalization with ¢rans-cyclooctene (Ab-TCO)

AntiCD41 antibody (200 pg) is added to an Eppendorf tube
and volume adjusted with PBS 1x to a final volume of 0.5 ml.
The pH of the solution was adjusted to 8.9-9.1 with 90 pl of
Na,CO; 0.1 M. Then, 10 pl of TCO-NHS (1 mg ml™") was added
and the reaction was kept at room temperature for 60 min in
the vortex. Afterwards, the reaction was purified by ultra-fil-
tration through 100 kDa cut off filters and dissolved in PBS 1x
to reach 0.5 ml.

Synthesis of [*®Ga]Ga-IONP. FeCl; x 6 H,O0 (75 mg,
0.28 mmol), sodium citrate hydrate (80 mg, 0.27 mmol) and
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1280 MBq of [*®*Ga]-GaCl; in HCI (0.05 M, 4 mL) were dissolved
in water (5 mL) in a microwave-adapted flask, followed by
addition of 1 mL hydrazine hydrate. The solution was ramped
to 100 °C over 54 s and held at this temperature for 10 minutes
(240 W) in a Monowave 300 microwave reactor equipped with
an internal temperature probe and an external IR probe (Anton
Paar, GmbH73760, Ostfildern-Scharnhausen, Germany). The
reaction mixture was then cooled to 60 °C and the [**Ga]Ga-
IONP product was purified by passing the mixture through a
PD-10 column to eliminate excess small reagents, including all
unincorporated nanotracer. This purification process provided
9 mL of [*®Ga]Ga-IONP with a total activity of 781 MBq
(measured 40 minutes after starting the reaction), a radiolabel-
ing yield of 92%.

Synthesis of [*®*Ga]Ga-IONP-TZ. To 650 MBq of [**Ga]Ga-
IONP (2.25 mL) were added 0.07 mmol of N-(3-dimethyl-
aminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) and
0.075 mmol of N-hydroxysulfosuccinimide sodium salt (Sulfo-
NHS). The solution was stirred for 30 min at room temperature
(r.t.) and then ultracentrifuged at 10350g through Amicon
30 kDa centrifugal filters for 4 min to remove excess reagents.
The nanoparticles were resuspended in 1.5 mL of HEPES
buffer 0.5 M, pH = 8, and 1 mg of Benzylamino tetrazine
hydrochloride dissolved in 50 pL DMSO was added to the solu-
tion. The mixture was maintained at r.t. for 60 min with stir-
ring. Finally, another ultrafiltration step was performed to
eliminate unreacted tetrazine. The nanoparticles were resus-
pended in saline solution, yielding 188 MBq (measured
120 min after starting reaction) of [**Ga]Ga-IONP-TZ, a radiola-
beling yield of 98.9%.

Thrombo-tag formulation. Thrombo-tag was prepared
immediately before to its administration. 5.5 + 2 MBq of TZ-
[®®Ga]Ga-IONP in saline 0.9% were diluted to 100 pL with
more saline 0.9%. Then, 2 pL of the AntiCD41-TCO solution in
PBS 1x were added and the mixture intravenously injected
through the mice tail vein. With this combination, approxi-
mately 1.5 mg kg™ " of Fe and 40 pg kg™ of AntiCD41 per dose
are administrated.

Quantification of TZ in [**Ga]Ga-IONP-TZ

To calculate the amount of TZ per IONP after conjugation,
fluorescent probe Cy5-TCO (Click Chemistry Tools) was used.
A calibration curve was computed by measuring fluorescence
signal of different Cy5-TCO concentrations (8, 6, 4, 2, 0.5 and
0.1 pM) at 1 = 725 nm. Then, 250 pl (0.917 mg ml~" Fe) of
[*®Ga]Ga-IONP-TZ dissolved in saline solution was mixed with
Cy5 TCO to reach a final concentration of 300 uM. The result-
ing solution was vortexed for 6 h at r.t. Once this step was com-
pleted, sample was purified by ultrafiltration with Amicon®
100 K. The final product was resuspended in saline solution
and fluorescence signal measured at 4 = 725 nm.

In vitro bioorthogonal reaction

To perform the in vitro bioorthogonal reaction, 50 pg of Alexa
647-NHS ester fluorophore was added in the conjugation step
of the antiCD41 antibody to the TCO molecule. Once conju-
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gation was complete, 200 pl of IONP-TZ (2 mg ml~") and 200 pl
of antiCD41-A647-TCO (0.4 mg ml™' antiCD41) were mixed
and allowed to react under vigorous stirring. Aliquots were
taken at different times (0 min, 5 min, 10 min, 20 min,
30 min, 60 min and 120 min). Samples were purified through
ultrafiltration 300 kDa filters to eliminate unreacted antiCD41-
A647-TCO and posteriorly, fluorescence signal at 665 nm was
measured.

Animals and ethics

All experiments were performed in 7 to 14-week-old male
C57BL/6 (acute myocardial infraction model) or Balb/c (acute
lund injury model) mice kept in a specific pathogen-free facil-
ity at Centro Nacional de Investigaciones Cardiovasculares
(CNIC) under a 12 h light/12 h dark schedule (lights on at 7
am, off at 7 pm), with water and chow available ad libitum. For
acute myocardial infraction, we also analysed CXCR4“N
mutants in the C57BL/6 background (lacking CXCR4 specifi-
cally in neutrophils, described in ref. 22). All experimental pro-
cedures were approved by the Animal Care and Ethics
Committee of CNIC and Madrid regional authorities
(PROEX277/16 and PROEX101/18).

Acute lung injury (TRALI) model

A two-event model of transfusion-related ALI was adopted for
our studies as described.>® Male Balb/c mice were injected
intraperitoneally with 0.1 mg kg™' LPS. 24 hours later, mice
received an intravenous injection of 0.5 mg kg™' anti-H2d
(clone 34-1-2s; BioXcell) antibody.

Acute myocardial infarction (AMI) model

Male 8 to 12-week-old C57BL/6 (WT or CXCR4*Y) mice were
subjected to 45 min occlusion of the left anterior descending
(LAD) coronary artery followed by 1 h reperfusion (for survival
experiments). The I/R procedure was performed as previously
described.?® Briefly, fully anesthetized animals were intubated
and temperature controlled throughout the experiment at
36.5°. Thoracotomy was then performed and the LAD was
ligated with a nylon 8/0 monofilament suture. At this point,
mice were ready for PET/CT imaging. For survival analysis,
mice were kept ligated for 45 min. At the end of the ischemia,
the chest was closed, and animals were kept with 100% O, and
analgesized with buprenorphine (subcutaneous injection,
0.1 mg kg ™).

Intravital microscopy of the cremaster muscle upon ischemia/
reperfusion injury

Mouse cremaster were prepared as previously described.”?
Upon exteriorization of the muscle we intravenously injected
fluorescent antibodies to label cellular populations. Ly6G-APC
(clone 1A8; BioXcell) for neutrophils and CD41-PE
(eBioscience) for platelets. Ischemia was achieved by occlusion
of the incoming and outgoing vessels by clamping the tissue
connecting the muscle and the animal’s body with a 15 mm
Micro Serrefine clamp (Fine Science Tools, Heidelberg,
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Germany) for 45 minutes. Reperfusion was achieved by
removal of the clamp.

PET/CT imaging

In vivo PET/CT imaging in mice was performed with a
nanoPET/CT small-animal imaging system (Mediso Medical
Imaging Systems, Budapest, Hungary). List-mode PET data
acquisition commenced immediately after injection of a bolus
of 5.5 + 2 MBq of thrombo-tag through the tail vein and con-
tinued for 60 minutes. At the end of PET, microCT was per-
formed for attenuation correction and anatomic reference. The
dynamic PET images in a 105 x 105 matrix (frame rates: 2 x
15 min, 2 x 30 min, 2 x 60 min) were reconstructed using a
Tera-Tomo 3D iterative algorithm. Images were acquired and
reconstructed with proprietary Nucline software (Mediso,
Budapest, Hungary). Images were analyzed using Amide.

Biodistribution quantification

Biodistribution was conducted in a Wizard 1470 gammacoun-
ter (PerkinElmer). Mice were euthanized 1 h after injection of
the probe. Deaths of animals were assured by cervical dis-
location and the blood extracted by cardiac puncture. Then,
organs of interest were extracted and counted in the gamma-
counter for 1 min each. Readings were decay corrected pre-
sented as the percentage injected dose per gram (%ID g™ ).

Statistical methods

Unless otherwise indicated, data are represented as mean
values + s.e.m. Paired or unpaired two-tailed t-test was used
when two groups were compared, and comparison of more
than two datasets was done using one-way analysis of variance
(ANOVA) with Turkey’s posttest. The specific test applied in a
figure is stated in the figure legend. Where applicable, normal-
ity was estimated using the D’Agostino-Pearson or Shapiro—
Wilk normality test. Log-rank analysis was used for Kaplan-
Meier survival curves. All statistical analyses were performed
using Prism v.7 (GraphPad Software). A P value below 0.05 was
considered statistically significant. * p < 0.05; ** p < 0.01.
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