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Prussian blue (PB) and its analogues at the nanometric scale are exciting nano-objects that

combine the advantages of molecular-based materials and nanochemistry. Herein, we
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demonstrate that ultra-small PB nanoparticles of 2-3 nm can be easily labelled with

radioactive 2*'TI" to obtain new nanoprobes as radiotracers for 201-thallium-based imaging.

Cyano-bridged coordination polymers also known under the name
Prussian Blue (PB) and its analogues (PBA) have been extensively
investigated over the past four decades due to their exciting
magnetic, photo-switchable and intercalation properties as well as for
their technological applications as pigment, molecular sieve or for
hydrogen storage.” PB has the general formula A,.Fe[Fe(CN)el.-
ww xs(A, monovalent cation; [ hexacyanoferrate vacancy) and its
structure consists in a face-centered cubic structure where Fe(ll) and
Fe(lll) ions are connected via cyano bridges leading to a three-
dimensional open-framework that allows the intercalation of cations.
Remarkably, bulk PB and PBA are effective and selective sorbents for
the capture of Cs* and TI" ions which makes these compounds
extremely interesting for decontamination procedures of the different
isotopes of these ions, radioactive or not, and their use as antidotes.”
Recently, a major effort of the research activity on PB and PBA has
been focused on their investigation at the nanometric scale. A wide
variety of PBA based nano-objects of different chemical composition,
size, shape and of tuneable surface properties have been reported.?
Among these, a particular attention was paid to the design of nano-
sized materials stabilized in aqueous solution with biocompatible
stabilizing agents for biomedical applications.*” This, nanoparticles
(NPs) of PB and certain of its analogues were found promising as
potential contrast agent for different types of imagery including
Magnetic Resonance Imaging,* computed tomography,® as optical
biomarkers® or as therapeutic agents.” However, such NPs were never
employed as a carrier of radioisotopes for the design of nano-
radiotracer for Single-Photon Emission Computed Tomography
imaging (SPECT).

**T|-based SPECT constitutes a powerful diagnostic technique widely
used in nuclear medicine, wherein the radioisotope is internalized and
the emitted radiation is captured by an external detector. More than

201

two decades ago, **TI" was the only radioactive element available to

clinicians for myocardial imaging and, despite the appearance of
9™T¢, remains extensively used for different types of myocardial

diagnostics, by intravenous (iv) administration of an aqueous TICI
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solution.? In this case, about go % of radioactive thallium ions are
cleared from the blood after the first cycle of circulation and only 10 %
of the injected activity is used for imaging. In this article, we report the
design of ultra-small **Tl-labelled PB NPs stabilized by glucose
functionalized aminotriethyleneglycol (B-GIUTEG-NH,) or amino-
polyethylene glycol (PEG-NH,), which can be used as nanocarriers of
radioactive **TI" and their potential use as radio nanoprobes for in
vivo SPECT/Computed Tomography (CT) imaging. These NPs present
: () a combination of an ultra-small size (< 5 nm) of the inorganic
cyano-bridged core with compatible ligands made from glycol chains
and/or carbohydrates covalently anchored via functional amino
groups at their surface providing the possibility of prolonged blood
circulation and glomerular clearing; (i) an excellent hydrosolubility to

a) o
Fe(BF,), 6H,0 Stabilizer s
+ T

Nay[Fe(CN),|-6H,0 H,0 - 4o
g

T oor
201T1*/PB@Stabilizer NPs
¢) OH OH

HO Oa‘/\o/\,o\/\NHz

B-GIUTEG-NH,
= Stabilizer

HN \/\,{0\/1:?/\/\“2

PEG-NH,

Schematic
TI'/PB@stabilizer
Nag 4sFe[Fe(CN)e]o.ss@(PEG-NH3)0.22
histograms of the nanoparticles’ size distribution (inset) and c) Schematic
representation of the stabilizers ((B-GIUTEG-NH, and PEG-NH,) used.

PB@stabilizer and
image of the
corresponding

Figure 1. a)
201.

representation of the
nanoparticles synthesis; b) TEM
nanoparticles and the

Nanoscale, 2012, 00, 1-3 | 1



Nanoscale

1h20min

b) Liver

c) Kidneys

d) Lungs

Figure 2. SPECT/CT images of the mice after jv injection of the 201

7h20min

TI*/PB@PEG-NH, nanoparticles for different periods of time: 20 min, 1h20, 3h20, 7h20, 26h and 48h

with a) Maximum Intensity Projection (MIP) and transversal planes showing different organs of interest b) liver, c) kidneys and d) lungs.

yield very stable colloidal solutions in water; (ii)) radioactive **TI"
entrapped within the PB network, which make them effective
nanocarriers of this monovalent ion.

The **TI"-nanocarriers were obtained by a two-step approach
comprising first the synthesis of sodium-containing PB NPs in
aqueous solution by a self-assembly reaction of the two molecular
precursors, Nas;[Fe(CN)¢] and Fe(BF,),-6H,0O, in the presence of the
biocompatible stabilizer (B-GIUTEG-NH, or PEG-NH,) and then the
post-synthetic sequestration of ***TI" (Fig. 1). The stabilizer, B-
GIUTEG-NH,,
chloroethoxy)ethoxy]ethanol and penta-acetyl-D-glucose, in 64 %
overall yields (see ESI). The sodium PB@stabilizer NPs obtained after

was prepared in three steps from 2-[2-(2-

the first step of the synthesis whose formulas are
Na, ,:.Fe[Fe(CN)glo.ss @ (B-GIUTEG-NH2), 6, and
Na, ,sFe[Fe(CN)glo.ss @ (PEG-NH,), 5, present the structural

characteristics of the bulk PB as attested by the stretching vibration of
the cyano group® at ca. 2070 cm™ as well as their powder X-Ray
diffraction (PXRD) patterns (Figure 1S, ESI).* The presence of the
stabilizing agents in both cases was confirmed by the observation of
C-H stretching vibrations bands in the 2800-2950 c¢cm™ region.
Transmission Electronic Microscopy (TEM) analysis reveals the
formation of ultra-small non-aggregated spherical NPs with a mean
size distribution of 2.4 * 0.5 nm for Na,,Fe[Fe(CN)glos6@(PEG-
NH.)o.2, (Fig. 2) and 2.4 + 0.6 nm for Na, ,.Fe[Fe(CN)¢lo.ss@(B-GIUTEG-
NH.)o6o (Fig. 25, ESI), respectively. Note that the NPs are readily
redispersible and the
corresponding solutions remain stable for several weeks. At the

in water or in physiological solution,

second step, the thallium ions were inserted into the cyano-bridged
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network of PB by simply mixing the PB@stabilizer NPs with TICl in
aqueous solution. Study of the TI" capture was first investigated by
using a non-radioactive isotope in water. The sorption kinetic curve
Na, ,sFe[Fe(CN)elo.ss @(PEG-NH.)o 22
aqueous solution of TICl at 9.2.10® M shows that the process is quite

performed for by wusing an
fast and that equilibrium is reached after 2 hours (Fig. S3, ESI). The
adsorption isotherm conducted at room temperature is shown in Fig.
4S, ESI. The curve is concave relative to the concentration axis, which
reflects the strong affinity of the NPs for the TI" sorption in a wide
range of concentration. The maximum adsorption capacity (Qmax),
which is indicative of the efficiency of the materials to capture
thallium ion determined from the plateau of the isotherms is equal to
26.6 wt%. It corresponds to the adsorption of 0.5 mole of TI" per mole
of iron. The curve is linear at low concentrations indicating that all of
the TI" is inserted into the cyano-bridged network. The structural
integrity of PB NPs after TI" absorption was confirmed by IR and PXRD
**T|*/PB@stabilizer NPs
composition was determined by elementary analysis and corresponds
to the Tlog:Fe[Fe(CN)glo.qof (B-GIUTEG-NH,)o 60
TlossFe[Fe(CN)glo.ss/(PEG-NH,), 5. Both show a stretching vibration of
cyano groups and lattice parameters similar before and after thallium

analysis of isolated whose chemical

formulas and

capture (see respectively ESI and Fig. 1S). The TEM images also show
that no change in the textural aspects of the NPs was observed after
TI" insertion (Fig. 5S, ESI). Leaching test of TI" performed for these
NPs in aqueous solution at physiological pH for 48 h confirmed their
stability without significant loss of TI" (see ESI).

A toxicity study prior to the use of these NPs in SPECT/CT was
performed.”™ MTT assays which determine the cell metabolic activity
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in the mitochondria of viable cells™ were conducted with fibroblast
BALB/c 3T3 cells and undifferentiated embryonic stem cells D3. We
selected these cell lines as model systems because the use of cells
from different embryonic origins is an important approach to
understand the cell-specific responses induced by NPs.* Cell viability
of exposure to PB@stabilizer NPs was calculated as the percentage of
tetrazolium salt reduction by viable cells in each sample and the
values were normalised by the untreated cell control. It was expressed
in terms of its IC5o (the concentration causing 50% death of the cell
population) calculated from concentration-response curves using
SPSS software.™ A MTT assay for short period of exposure (48 h) to
the BALB/c 3T3 cells and a long period exposure (10 days) to the
BALB/c  3T3 and D3
Nao.,sFe[Fe(CN)eloss @(PEG-NH.),,. NPs, the 1C50 of short exposure
corresponds to 1380 pg/mL of nanoparticles (1064-4993 pg/mL). The

cells were  carried out. For

ICs0 for 3T3 cells for long exposure was 370 pg/mL (163-1849 pg/mL),
while for D3 cell line this value was 275 pg/mL (119-2088 pg/mL). To
evaluate the genotoxicity of NPs, the Comet assay was also carried
out.” It consists of extracting and running an electrophoresis of the
single cells' DNA, and measuring the amount of DNA that migrates
(tail) for each nucleoid. The migrated fragments indicate the damage
in the genetic material. After analysis of results, no biological effects
was observed for the investigated nanoparticles (Fig. 6S, ESI). Up &
Down acute toxicity test was carried out by intravenous (iv)
single 137 mg/Kg
Na, ,sFe[Fe(CN)eloss @ (PEG-NH,),.. NPs. No mortality was achieved
into the 48h post administration and LD5o (median lethal dose) was

administration of a dose of

considered to be greater than 137 mg/Kg. Necropsy of the treated
animals did not reveal any alteration. Blood sample was collected
prior to euthanasia in order to check hematology and leukocyte
profile. Haematology revealed a slight decrease in white blood cells,
but no imbalance in the leukocyte profile was observed (Tables 1S &
2S, ESI). Despite the data from Up & Down acute toxicity assay, which
reflects that no mortality can be achieved, the haematology results
suggest a repeat dose study to verify the results. Note also that the
quantity of iv injected NPs for in vivo SPECT/CT imaging corresponds
to 7.5 mg/Kg far below the quantity injected for the toxicity tests.

201.

In order to use **Tl-labelled NPs as tracking agents for in vivo
SPECT/CT imaging, sodium-containing PB@PEG-NH, and PB@p-
GIUTEG-NH, NPs (2 mg of NPs in 500 pL of a 0.9 % NaCl aqueous
solution) were mixed with a ***TICl aqueous solution having an activity
of 10 MBg.mL™ to obtain **TI'/PB@PEG-NH, and **TI'/PB@p-
GIUTEG-NH, nanoprobes, respectively. These radio-labelled NPs (8
MBq) were iv injected into the tail vein of mice and the SPECT/CT
images were acquired at different times during 48 h. Representative
images of mice after the iv injection of **TI'/PB@PEG-NH, at
different time periods from 20 min to 48 h are shown in Fig. 2.

The 3D quantification by segmentation using dedicated software
(Inviviscope®) was performed in order to recover the information
about in vivo uptake by organs. Maximum Intensity Projections (MIPs)
images of the longitudinal plane (Fig. 2a) as well as the transversal
planes of the organs of interest (Fig. 2b-d) demonstrate the transient
passage of the radio-labelled NPs successively into the lungs (after 1h
(after then the This
biodistribution is clearly different in comparison to the commercial

201

20min), liver 3h20min) and kidneys.

TICl used as a reference standard, which is located immediately in

This journal is © The Royal Society of Chemistry 2012
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the kidney (Fig. 7S, ESI). Faster transient passage through the
pulmonary compartment was observed in the SPECT/CT images
the **TI'/PB@B-GIVTEG-NH,
nanoprobes before their clearance by natural means (liver and

obtained  using radio-labelled
kidneys) (Fig. 8S, ESI). In this case, the NPs were localised in the lungs
for the first 20 min before being transferred to the liver. To compare
data from different animals and to overcome the heterogeneity of iv
injections, quantifications data were normalized and the recorded
activity of the whole body was considered to be 100 % for each

acquisition. The uptake kinetics by the organs of interest (bladder,

lungs, kidneys, liver) at different times after a single iv dose of
nanoprobes ***TI"/PB@PEG-NH, and ***TI'/PB@B-GIUTEG-NH, as well

201

as for commercial radiotracer ***TICl are shown in Fig. 3 and Fig. 9S.
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Figure 3. Captation of 217)-Jabeled nanoparticles **'TI"/PB@PEG-NH, by organs

of interest in times after iv injection.

Comparative data confirm the difference observed between the two
nanoprobes. Thus, the PEG-enwrapped NPs, **TI'/PB@PEG-NH,,
show a high activity in the lungs for the first 2h with a subsequent pass
through the liver and in the kidneys. In contrast, the sugar—-enwrapped
NPs, ***TI'/PB@B-GIUTEG-NH,, are massively retained in the liver
from beginning even if another part will reside in the lungs for a short
time of about 20 min and in the kidneys with a gradual elimination
over a comparable time as in the previous case. The sugar-enwrapped
NPs **TI'/PB@B-GIUTEG-NH, are therefore unable just after injection
to cross in whole the liver barrier in contrast to PEG-enwrapped NPs.

To evaluate the elimination of the **TI" entrapped in Prussian Blue
NPs and compare to that of the commercial radiotracer, SPECT
activity was recorded during 48h post iv injection. The excretion from
the body by glomerular filtration is operational for the three
both Blue-based NPs
commercial **TICl as attested by the whole activity curve vs time (Fig.

radiotracers ie. studied Prussian and

201.

4). The biological half-life was estimated to be 36h for ***TI" trapped in

the NPs, which is in the same range from that observed for the

201

injection of an aqueous solution of ***TICI equal to 34h.
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Figure 4. Elimination kinetic curves for 217} |abeled nanoparticles 2DlTF/PB@B—

GIUTEG-NH, (-A-) and *°'TI'/PB@PB-GIUTEG-NH, (-®-) as well as for the
commercial °'TICI (-M-).

In conclusion, we synthesized in aqueous solution ultra-small (2—3 nm)
Prussian blue NPs stabilized with biocompatible amino PEG or
glucose functionalized aminotriethyleneglycol ligands that can be
readily labelled with non-radioactive or radioactive (***TI") thallium
isotopes. In vivo SPECT/CT imaging thereof shows that these
nanoprobes present a transient pass in the pulmonary compartments
and then in the liver being also excreted by glomerular clearing. This

201.

study shows that the distribution in time of the ***TI*-radiotracer when
inserted within a nanoparticle differs greatly from that of the
commercial **TICI salt and is also dependent on the surface
functionalization of the nanoparticle. Besides, the biological half-life
of **TI" trapped in these nanoprobes is similar to that of the

201.

commercial radiotracer ***TICIl. This study is the first example of post
iv injection SPECT/CT monitoring of coordination polymer NPs on the
small animal. It may also be viewed as the first step toward the design
of new SPECT/CT imaging radio nanoprobes based on Prussian blue

NPs that can be used for imaging of the lungs and liver.
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