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Design of FeBi nanoparticles for imaging applications

M. Branca,™® F. Pelletier,*?, B. Cottin,™® D. Ciuculescu,*® C.-C. Lin,° R. Serra,™®
J.-G. Mattei,™® M.-J. Casanove,*” R. Tan,*® M. Respaud®® and C. Amiens**"

A variety of imaging technologies are now routinely used in the medical field, their use
Recently
nanoparticles (NPs) proved efficient to improve imaging in vivo by increasing contrast and

being continuously enlarged through the development of contrast agents.

targeting capabilities. The current trend is now focused on the development of dual contrast
agents combining two or more functionalities on the same NP. Motivated by this new
challenge we developed FeBi NPs as new nanomaterials with potential application as
contrast agent for MRI and CT imaging. In addition to the well-known use of iron in the
development MRI contrast agents, we chose Bi as CT imaging agent rather than the more
documented gold, because it possesses a larger X-ray attenuation coefficient and is much
less expensive. Two sets of NPs, with sizes around 150nm and 14nm, were synthesized
using organometallic approaches. In both cases, NPs are spherical, and contain distinct
domains of Fe and Bi, the surface being enriched in Fe, and a hydrophobic coating. This
coating differs from one sample to the other: the surface of the 150nm large NPs is coated
by amine ligands, while that of 14nm large NPs is coated by a mixture of an amine and its
hydrochloride salt. Exchange of the surface ligands to afford water soluble NPs has been
attempted. We show that only the larger NPs could be functionalized with water soluble
ligands, in agreement with the lability of their initial surface coating. Colloidal aqueous
solutions of FeBi NPs with glycoPEG ligands have been obtained.

Computed X-Ray Tomography (CT), among which bismuth

Today's capabilities in clinical diagnostic radiology have been
made possible by advances not only in diagnostic systems, but
also by the contrast media and radiopharmaceuticals that make
it possible to see, in great detail, the body's internal structures,
organs and tissues that would not otherwise be clearly seen.
Among these, nanoparticles (NPs) play an increasing role as
their larger size compared to molecular contrast agents
increases their residence time in the body. ' Superparamagnetic
Iron Oxide Nanoparticles (SPION) are already commercially
available as contrast agents for magnetic resonance imaging
(MRI), fluorescent nanoparticles (quantum dots) are also well-
known for optical detection and nanohybrids are developed to
replace the currently used iodine-based contrast agents in

This journal is © The Royal Society of Chemistry 2013

derivatives are reported as very promising.>**° The use of NPs
also facilitates the functionalization, and thus targeting, of the
contrast agent.>”®° As no single imaging modality can address
all biological questions, the next step to further improve
diagnostics lies in the development of dual contrast agents
(coupling of TI1/T2 MRI contrast agents,'™' optical and
radioemitting probes,'> MRI and fluorescent markers'® or other
optical probes,'* ultrasonography and MRI,'>'® MRI and
CT'...), which will give better resolved images and rule out
artifacts, hence help define the most appropriate treatment.'®
Especially, a dual CT/MRI contrast agent would help improve
the diagnostics of cardiovascular diseases,'® or the optimization
and follow-up of embolization therapies.?
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In this context, associating iron oxide and bismuth inside a
nano-object looks promising as 1) SPION are already in use as
MRI contrast agents, 2) bismuth NPs have been demonstrated

to give good contrast in CT***!

with low toxicity reported so
far, and 3) both materials are of low cost. It is noteworthy that a
nanohybrid associating Fe and Bi was published recently by
Andres-Verges et al.? In this work each NP consists in an iron
oxide core and a bismuth oxide shell. However, optimum
arrangement of the Fe and Bi domains in the nanohybrids
should comprise a bismuth core (to minimize bismuth
interaction with the biological material to be imaged) and an
thus

maximizing the interaction between the magnetic component

iron shell, insulating the bismuth component and

and the water protons which is important to reach a good
contrast in MRI as shown by Kim et al."”

We herein report on the organometallic synthesis of BiFe NPs
with a surface enriched in Fe. Depending on the synthetic
process, NPs of different average size (150 or 14nm) and
surface chemistry (amine or a mixture of amine and its
hydrochloride salt) could be obtained. We show that the initial
the further

functionalization of the NPs and their transfer into water, the

surface coating is a key-parameter for
first requisite before any use of these NPs as contrast agents for
biomedical imaging. Preliminary results on the X-ray opacity
and possible use of these nanohybrids as MRI contrast agents

are also reported for the NPs with the optimum size.

Experimental
Materials and methods
All the syntheses were performed under argon atmosphere by
using Fischer—Porter bottles techniques, glove box and
argon/vacuum lines. [Fe(N(SiMes),),] (>99%) was purchased
from Nanomeps, HDA(99%), and anhydrous anisole from
Sigma-Aldrich. Anisole was further purified by distillation
under argon (over sodium), degassed by the freeze-pump-thaw
technique and dried over molecular sieve (0.4nm) before use.
Bi(N(SiMes),);,”> HDA.HCI* and iPr,NH-BH,*

prepared and purified according to published procedures.

were

Dihydrogen was purchased from Air Liquide. It contained less
than 3 ppm of H,O and 2 ppm of O,. To determine the Fe and
Bi contents in the materials, elemental analyses were performed
at Antellis®® by ICP-MS (Inductively Coupled Plasma-Mass
Spectrometer), after digestion of the samples in concentrated
HNO:;.
Synthetic procedures

e Synthesis of 150nm large BiFe NPs (sample

BiFel50)

Fe(N(SiMes),),(80 mg, 0.21 mmol), Bi(N(SiMes),); (20mg,
0.03 mmol), HMDS (343 mg, 2.1 mmol) were dissolved in
anisole (18 mL, H,O < 3ppm) in a Fischer-Porter bottle in a
glove box. The homogeneous yellow-green solution was
and 1.1
diisopropylamine-borane with respect to iron (27 mg, 0.24

freezed wunder liquid nitrogen equivalent of
mmol) in anisole (4 mL) were canula-transferred in the Fischer-
Porter bottle. Slow warm-up of the reaction medium up to room

temperature afforded a dark brown solution. This homogeneous
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solution was then pressurized with 3 bar H, and heated 4h at
110°C, and 1%9h at 150°C without any stirring. A black
magnetic solid was recovered by filtration, washed with anisole
(5 mL) and dried under vacuum. (recovered mass: 16mg; Fe:
11.18% ; Bi: 5.52 % i.e. atomic composition Fe7.6Bil).
e Synthesis of 14nm large BiFe NPs (sample BiFel4)

In a typical synthesis the reaction mixture is prepared in a
glove box as follows: in a Fischer-Porter bottle,
Fe[N(Si(CH3)3)2], (376 mg, 1 mmol) and Bi[N(Si(CH;)3),]5
(68.9 mg, 0.1 mmol) are dissolved in 20mL of dry anisole.
HDA (483 mg, 2 mmol) and HDA.HCI (415 mg, 1.5 mmol) are
the

progressively from green-yellow to brown. After this, the

subsequently added. The color of solution turns
reactor is immersed in an oil bath preheated at 150°C and kept
at this temperature under magnetic stirring for 5 hours. The
reaction is then allowed to return to room temperature and the
solvent is removed by evaporation under reduced pressure. The
residue is washed with 40 mL of toluene. (recovered mass:
200mg. 15%Fe, 4%Bi)
e Control experiment
Bi[N(Si(CHj3)3),]3 (68.9 mg, 0.1 mmol) is dissolved in 20mL of
dry anisole. HDA (483 mg, 2 mmol) is subsequently added.
After this, the reactor is immersed in an oil bath preheated at
150°C and kept at this temperature under magnetic stirring. The
color of the solution turns progressively from yellow to brown
and black over a 1/2hour. Heating is continued for Shours, then
the reaction is allowed to return to room temperature and the
solvent is removed by evaporation under reduced pressure. The
solid recovered (mass: 176mg) was directly analysed by FT-IR
spectroscopy.
e  Synthesis of modified PEG ligands

LPEG1 and LPEG2 have been prepared according to already
published procedures.?’

e  Water transfer
The NPs (3mg) and the selected PEG ligand (5mg) are suspended in

a 1/1 (v/v) water /methanol mixture. After sonication for 20mn, a
homogeneous black solution is obtained. The modified NPs are
recovered by centrifugation and redispersed in water. Then, two
other centrifugation steps are carried out to remove excess PEG
ligand. The final powder is dried under vacuum (5mg). It can be
easily redispersed in water but the NPs settle after 6 (LPEG1) to
20mn (LPEG2).
Characterization techniques

e FT-IR:
FTIR spectra of Bi nanoparticles, in powder form, were
recorded in the glove box on a Bruker ALPHA spectrometer in
ATR mode on a diamond crystal.

e TEM and EDS experiments:
The nano-objects were deposited on carbon-coated copper grids
by casting a drop of a THF or anisole solution of the
nanoparticles powders.
Conventional TEM and HREM images were obtained on JEOL
microscopes respectively JEM1011 (100kV), and JEM2100F
(200kV) with a spatial resolution of 0.23nm at the TEMSCAN
facility at Université Paul-Sabatier. EDS spectra were recorded
in STEM mode on the JEOL JEM 2100F TEM-FEG (at

This journal is © The Royal Society of Chemistry 2012
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TEMSCAN, UPS) or CEM20 FEI (at CEMES) microscopes
fitted with a Bruker QUANTAX EDS system.

HREM experiments were carried out at CEMES, on a Cs-
corrected FEI TECNAI F20 microscope, with point resolution
of 0.12 nm and energy resolution of 0.8eV. The specimens
were analyzed in this microscope before oxidation thanks to the
use of a dedicated specimen holder fitted with an environmental
cell, and after 2 days of air exposure. HREM images were
acquired and processed using the Gatan Digital Micrograph
environment.

e Titration of galactose

UV-visible spectra were recorded on a Perkin Elmer Lambda 35
spectrophotometer from 2mL of the solutions placed in lem thick
glass cuvets. Galactose, was determined by the anthrone/sulfuric
acid method. Briefly, 0.5mL of D-galactose standard solutions (0,
40, 60, 80, 100, 120 ug.mL'l), or 0.5mL of NPs solutions
(50mg/mL) are introduced in a test tube in the presence of 1mL of
anthrone reactant (60mg of anthrone in 30mL of concentrated
sulfuric acid) and heated at 85°C for 10mn. 0.5 mL of the green
solutions obtained are then diluted with 2mL of concentrated sulfuric
acid. The absorbance of each of the standards and samples was
measured (626 nm) and the galactose content of the NPs was
interpolated from a standard curve prepared in this manner.

The coverage of galactose at the surface of the NPs was thus derived
knowing the % of surface atoms in the NPs dispersion (3.4% per NP
given their size and morphology). LPEG1 : 20% ; LPEG2 : <10%.

Results and discussion

Synthesis and structural characterisation

From a thermodynamic point of view, as Fe and Bi are
immiscible, Bi having the lowest surface tension and the largest
atomic radius should segregate at the surface of the NP. To
circumvent this problem we have relied on kinetically
controlled growth processes. We have already demonstrated in
the case of FeRh system that controlling the kinetics of
production of each element allowed a precise control over the
chemical order inside the NP from a Rh core/Fe shell structure
to the reverse situation, namely Fe core and Rh rich shell.?*? It
is noteworthy that this second arrangement corresponds to a
metastable chemical distribution. We thus decided to follow
this strategy to build Bi@Fe core-shell NPs. Based on previous
results, we have designed two different pathways starting in
each case from a homogeneous solution of the Bi and Fe
homoleptic  amido [Bi((N(SiMe;),);]  and
[Fe((N(SiMe3)2),].

In a first process (P1) we use amine-borane as a reducing agent

complexes:

to produce Fe atoms from [Fe((N(SiMes),),]. These atoms are
thus the the
[Bi((N(SiMe3),);] complex. A fast galvanic displacement

generated in presence  of oxidizing
follows regenerating the Fe precursor and producing Bi atoms
which evolve into Bi NPs, the core of the expected Bi@Fe NPs.
Following this first step, pressurization of the reacting medium
under 3bar H, ensures reduction of the Fe precursor and

deposition of Fe atoms on top of the first formed Bi seeds.

This journal is © The Royal Society of Chemistry 2012
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Analysis of the sample has evidenced NPs of average diameter
150nm with a bismuth enriched core and iron rich surface
(Figure 1), as the result of the very precise design of the
kinetics of reaction of each metal complex, where iron acts as a
catalyst for the reduction of the poorly reactive bismuth
precursor.’® The sample obtained is called BiFel50 in the
following.

Figure 1: top and middle: typical TEM images of NPs from
BiFel50; bottom: EDS analysis showing the chemical
distribution in the NPs.

A second possibility to kinetically differentiate the reduction of
these Fe and Bi precursors relies on the use of long chain amine
as reducing agents. To investigate this possibility we chose
hexadecylamine which is frequently used as both reducing and

Faraday Discuss., 2014, 00, 1-3 | 3



Faraday Discussions

ARTICLE

stabilizing agent in nanochemistry. A control experiment
followed by FT-IR spectroscopy shows that the Bi precursor
starts decomposing at room temperature and is fully
decomposed after 5h of reaction at 150°C (not shown). On the
other hand, literature reports that the Fe precursor requires a
temperature above 110°C to be reduced,’’ and is only fully
decomposed after 48h at 150°C. This confirms the possibility to
control the chemical order of the final BiFe NPs based on
kinetics of reactions.

TEM analysis of this material (Figure 2) evidences an average
size of 14 nm, with a standard deviation of 4 nm according to a
Gaussian fit of the size distribution. Accordingly the sample
will be called BiFel4 hereafter. A light shell and a dark
crystalline core are observed suggesting a core-shell
distribution of the two elements with bismuth the heaviest
located in the core of the NPs. However, a more careful
analysis is needed to ascertain this point, as this contrast is also
the expected contrast for a spherical object, the thicker region
of the core being much more absorbent for the incident electron
beam than the surface region. EDS analysis has been carried
out on individual NPs. As can be observed in Figure 2
(bottom), the signal over noise ratio is low due to the small size
of the objects under study (although EDS analysis was carried
out on the largest nanoparticles found in the preparation). Still,
it also suggests the presence of Bi in the core of the NPs while
the surface seems to be mainly constituted of iron. Analysis of
HREM images further allows determining the nature and
structure of the nanodomains. For this purpose, HREM images
were recorded using a dedicated TEM specimen holder fitted
with an environmental cell in order to protect the specimen
from oxidation during transfer from the glove box to the
microscope. Investigation of the outer iron layer of the NPs
evidences the presence of densely packed iron nanograins some
of them adopting a bcc structure. e.g. on Figure 3, a small bee
iron grain is observed along the [111] zone axis in the left side
of the particle. In the core of the NPs, lattice planes can be
observed, the spacing of which (0.328 nm) is in agreement with
the formation of a single crystalline bismuth domain of
rhombohedral structure.

The observed chemical order is thus in complete agreement
with the relative kinetics of reduction of the two metal
precursors which should generate Bi atoms in the reacting
medium first, and Fe ones later on. From the average thickness
of the iron shell (around 1.5 nm) and average size of the
bismuth core (around 11 nm) one can estimate the atomic
composition of the Bi@Fe nanoparticles to be around Bi,oFeg,.

Water transfer.
As produced BiFe NPs are hydrophobic and soluble only in

It is
noteworthy that the most reliable and versatile routes to obtain

organic solvents such as THF, anisole, or toluene...

large quantities of NPs of good size, shape, crystallinity, and
surface control, are developed in organic solvents and afford
hydrophobic NPs. Therefore many methodologies have been
developed to transfer them into water when required by the

4 | Faraday Discuss., 2014, 00, 1-3
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application (e.g. use in green catalysis or in the biomedical
field). Among these, three main paths arise: ligand exchange,
coating with amphiphilic ligands or polymers, or coating with a
water soluble oxide shell such as silica. These main paths are
depicted in Figure 4.

Figure 2: TEM image with size histogram of NPs from BiFel4
(top) and EDS analysis on an isolated NP (bottom)

Figure 3: HREM image of an isolated NP from BiFel4

This journal is © The Royal Society of Chemistry 2012
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Figure 4: Main approaches to transfer hydrophobic NPs into
water.

As ligand exchange at the surface of Fe NPs is well-known, we
attempted this approach to change the hydrophilic balance of
the BiFe NPs. Anticipating surface oxidation upon water
transfer, we resorted to ligands capable of a strong binding both
on iron and iron oxide surfaces such as carboxylic acid
moieties.” The chosen ligands, hereafter called LPEG1 and
LPEG2 are depicted in Figure 5. They are composed of a PEG
chain and a galactose unit to provide water solubility,
biocompatibility and futur targeting towards hepatocytes and
hepatomas. Indeed, it is reported that galactose-derivatized
superparamagnetic iron oxide NPs can be targeted specifically
to hepatocytes and hepatomas due to the presence of
asialoglycoprotein receptors on their cell surface.*® Targeting of
BiFe NPs would allow an accurate monitoring of liver cancers
by coupling CT and MRI measurements. Furthermore these
ligands bear a pendant carboxylic acid function to attach onto
iron and iron oxide surfaces.

Incubation of BiFel50 NPs with the galactose ligands lead to
its anchoring at the surface of the NPs, as schematically
represented in Figure 6 (top). Water transfer could be achieved.
This further attests the high lability of amine, and especially
HMDS, at the NPs surface.

Stability of the colloidal solution varies as a function of the
ligand used. As expected, longer PEG chains ensure better
solubility.

OH OH
H.0 (o}

AT A S
OH H )

H H

OH OH
o]

0
ke Lot

Ho OurgmOuny~ =g 0NN

OH ] H \H/\J\OH
0

Figure 5: structure of LPEG1(top) and LPEG2 (bottom)
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UV-vis estimation of galactose content was carried out
the Dreywood’s analytical method.™
coverage was found to be around 20% for LPEG1 and below
10% for LPEG2. The lower surface coverage for LPEG2 can be
explained by the ability of PEG chains to coil upon
themselves.***® However, this generally occurs for much longer
polymer chains and suggests that the galactose moiety has a
role to play in the conformation of the ligand at the surface of
the NPs. Especially one cannot discard the possibility of
interactions between the -OH groups of galactose and the Fe
surface atoms. This phenomenon can occur already for LPEG1
as the surface coverage is quite low compared to that reported
for e.g. mercapto-PEG ligands of comparable length and could
explain the limited stability of the aqueous solutions obtained.*’
Still, despite a lower coverage, NPs stabilized with LPEG2
display a better solubility in water than those stabilized by
LPEGI]. Interestingly the NPs still responded to an applied
magnetic field. This observation is important in view of the
application as MRI contrast agent as this technique relies on the
magnetization.

following Surface

*H3N

ar ar

Figure 6: tentative schematic presentation of: top: LPEGI
coating on BiFel50. bottom: HDA.HCI double layer at the
surface of BiFel4.
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Unfortunately, if amine coating could be displaced easily from
BiFel150, BiFel4 NPs prepared in the presence of HDA and its
hydrochloride salt could not be functionalized by carboxylic
acids, even with the simple oleic acid, as evidenced by IR
spectroscopy. The passivation of the Fe rich surface is
tentatively attributed to the coordination of chloride ions from
HDA.HCI. Indeed, anchoring of chloride ions has been
evidenced for cobalt NPs when chloroammonium salts were
used for their stabilization, ** and halide ions are reported to
decrease the catalytic activity of iron NPs due to strong grafting
on their surface® and tune the structure of Fe nanoparticles,
once again because of the strong interaction between Fe and
these ions.*’ Furthermore, it is noteworthy that these NPs were
slightly soluble into water after extensive washing with ethanol.
We suggest that the ammonium chloride organizes into a
double layer around the NPs thus exposing polar heads towards
the solution as shown in Figure 6 (bottom). Still, the colloidal
solutions obtained this way were only stable over a few
minutes.

From these results it is apparent that different strategies towards
surface modification must be envisaged depending on the
surface state of the NPs. Especially, BiFel4 NPs displaying the
most interesting size in view of biomedical application, a
proper method for their efficient stabilization in aqueous
solutions must be designed.

Spontaneous oxidation.

The nanoobjects described here above have been prepared
under inert atmosphere and are prone to oxidation as soon as
they are exposed to air given the high reactivity of iron,
especially at the nanoscale. It is noteworthy that this oxidation
is a desirable event in view of biomedical applications as it will
lead to nanohybrids displaying a surface state comparable to
that of the SPION presently developed as MRI contrast agents.
BiFel4 NPs displaying the most interesting size in view of
biomedical applications, spontaneous oxidation of these NPs
investigated. After one day of air exposure,
observation of the (110) lattice planes of rhombohedral Bi
(Figure 7, top) is a clear indication that the Bi core remains
unchanged. However, the iron shell around seems now fully
oxidized as attested by the observed lattice planes spacing
(circa 0.25nm). Due to the small size of the iron oxide grains, it
is difficult to establish their structural phase, especially as the
observed lattice spacing is shared by all major iron oxides.
Also, given the spontaneous character of the oxidation,
different kinds of oxides and/or hydroxides are likely to form
simultaneously. It is noteworthy that Mossbauer spectra present
a weak signal over noise ratio probably due to the high
absorption of the bismuth core preventing any investigation of
the iron oxide nature by this technique.

After longer exposure time, crystallinity of the Bi core is lost
(Figure 7, bottom) and full oxidation of the NPs is obtained. It
is important to note that oxidation of the Bi core is not a
limitation for the application envisaged as the X-Ray absorption
doesn’t depend on the oxidation state of an element.

was thus

6 | Faraday Discuss., 2014, 00, 1-3
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Figure 7: TEM images of BiFel4 after air exposure. top: after
2 days; bottom: after one year.

X-ray opacity and first MRI imaging results.

The possible activity of BiFel4 NPs as CT or MRI contrast
agent was then investigated as the suspensions of NPs in water
are magnetically responsive, evidencing the formation of a
magnetic iron oxide. However, given the configuration of the
external shell (similar to that of a hollow sphere), closure of
stray fields should lead to a very weak overall magnetization.
As a consequence of the small thickness of the shell (1 to 2.5
nm, with an inner diameter around 10nm), strong magnetic
disorder and non collinear spin structures may occur, which
could also lead to small magnetic moments carried by the
nanoparticles. These features could lead to low activity as MRI
contrast agent (to get high MRI sensitivity, the magnetic
moment should be as high as possible) if any at all. However, at
the nanoscale many surface defects are present and deviation
from a perfect spherical symmetry is expected which may

This journal is © The Royal Society of Chemistry 2012
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overcome the limitations discussed above. Preliminary tests
were carried out to check if the local field produced by the
oxide shell is strong enough to induce contrast. As the stability
of the NPs in water is limited, homogeneity of the aqueous
medium has been ascertained by gel formation with agar. Spin-
spin relaxation time (T2) weighted spin echo MR Images of Bi-
Fe nanohybrids are shown in Figure 8. Contrast enhancement
varies as a function of the increase of the concentration of the
nanomaterial, which suggests that it can be used as a contrast
agent for MRI.

Figure 8: 72-weighted MRI of the Bi-Fe hybrid nanoparticles
in agar gel at 3T as a function of Fe concentration (mmol.L™").

Compared to classical iodine based CT contrast agents, bismuth
presents the advantage of a higher attenuation coefficient of X-
Rays at 100keV due to the position of its K edge (90.8 keV).
(X-ray absorption coefficient of bismuth is 5.74 cm? g™ and that
of iodine is 1.94 cm? g”', for comparison water absorption is
only 0.171 cm 2 g "). Bismuth based NPs are thus perfectly
adapted to color CT imaging, the newest advancement in CT
imaging technology.’ However, classical CT scanners operated
at 100 kV, emit an X-ray spectrum from 30 keV to about 100
keV, with a maximum emitted intensity around 60keV. So the
attenuation properties of the elements over the range 30-100
keV need to be considered as lodine actually has better
attenuation than bismuth at voltages below Bismuth’s K-edge.
We thus investigated the properties of BiFel4 in comparison to
those of a commercial CT contrast agent: Omnipaque. This
study, carried out on a CT scanner dedicated for small animals
operated at 120 kV evidences an absorption coefficient twice
that of Omnipaque, as observed for Bi,O; NPs of similar size.*
BiFel4 is thus a promising nano-platform for dual CT and MR
imaging.

Conclusions and perspectives

In conclusion we have designed an efficient synthesis route to
well crystallized core-shell Bi-Fe NPs that spontaneously
oxidize into an intermediate Bi@FeOxide nanohybrid. As few

data are available for Bi in the NP form,*!’

the presence of Fe
in the shell of the NPs providing a protecting barrier and
isolating the Bi domain from the biological medium is
important for safety reasons. These NPs give an enhanced
contrast in CT imaging and significant contrast in MRI in vitro.
They are thus promising cheaper alternatives to the FeAu dual

contrast agents reported so far. Beyond their possible use in

This journal is © The Royal Society of Chemistry 2012
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biomedical imaging, such nanohybrids open the perspective of
a better tuning of the radiation dose in a precisely localized area
of the body during X-Ray radiotherapy.* On-going work
focuses on the optimization of their surface functionalization,
and on the investigation of their magnetic behavior to correlate
with their effect on T2 weighted MRI images.
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