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Abstract.
Superparamagnetic Iron Oxide Nanoparticles (SPIONs) are performing contrast agents for

Magnetic Resonance Imaging (MRI). A functionalization strategy of SPIONs based on hydrophobic
interaction is a versatile approach easily extendable to several kind of inorganic nanoparticles and
suitable to obtain stable and biocompatible systems. Here we report on the original preparation of
functionalized SPIONs with 8 nm radius exploiting the hydrophobic interaction between a
phosphocholine and an inner amphiphilic. With respect to other similarly functionalized SPIONS,
characterized by the typical nanoparticle clustering that leads to large aggregates, our
phosphocholine-decorated SPIONs are demonstrated to be monodispersed. We report the in vitro
and in vivo study that proves the effective applicability of phosphocholine-decorated SPIONs as
MRI contrast agents.

The versatility of this functionalization approach is highlighted by introducing on SPIONs surface a
ruthenium-based potential antitumoral drug, named ToThyCholRu. Even if in this case we observed
the formation of SPION clusters, ascribable to the presence of the amphiphilic ruthenium complex,
interesting and promising antiproliferative activity points at the ToThyCholRu-decorated SPIONs

as potential theranostic agents.
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Introduction.

Functionalized Superparamagnetic Iron Oxide Nanoparticles (SPIONs) have been introduced as
promising tools in the development of devices suitable for both diagnostic and therapeutic
purposes.” > SPIONs are indeed able to modify the transversal proton relaxation time (T,) of water
molecules, being an effective contrast agent for Magnetic Resonance Imaging (MRI) technique.>®
SPIONs surface offers a valuable platform for conjugation with a large variety of molecules.
Several examples of iron oxide nanoparticles functionalization are present in the literature. In these
cases their surface is coated with proteins, such as albumin’ or hemoglobin®, surfactants’ and
oligonucleotides '. Suitably designed thermoresponsive polymers'" '%, dextran'’, chitosan '* and

polyethylene glycol (PEG) '> '

are also commonly encountered. In particular, the nanoparticle
functionalization with PEG also conjugated with other molecules such as phospholipids ', is very
popular since its approval for medical applications by the United States Food & Drug
Administration (FDA) '®. Among the inorganic nanoparticles for biomedical applications, the great
success of the functionalized SPIONS, is certainly due to their recognized high biocompatibility,
their simple and low cost synthesis, and the variety functionalization approaches that can be
adopted to design the desired system. Furthermore, even a specific drug can be bound on the
nanoparticle surface thus producing a theranostic device, which is a system able to simultaneously

combine diagnosis and therapy of target pathologies. Indeed, both doxorubicin'®*° 2122

and cisplatin
have been successfully bound to nanoparticles for the antitumoral therapy. However, in most cases
the functionalization protocol is quite complex since it involves several steps and a large clustering
of SPIONSs has often been detected.

Here we report the design and preparation of small phosphocholine-functionalized SPIONs
obtained through a facile functionalization protocol. This functionalization strategy being very
versatile, perfectly matches with the increasing interest in the development of multifunctional
platforms allowing both diagnosis and therapy. Indeed, the present work took inspiration from the
great results that have been already published in the SPION research field. ***° However, our goal
was the optimization of the SPIONs functionalization strategy based on hydrophobic interaction to
introduce on the nanoparticle surface a widely reliable molecule, i.e. a phospholipid. In particular,
we evaluated the possibility that such a simple system might be competitive with the other more
sophisticated decorated-SPION's representing at the moment the most promising systems.” Some
examples of SPIONs functionalization realized through hydrophobic interactions are present in the
literature, also including the use of phospholipids in the external coating layer. In the work by

Honghong ef al. an effective functionalization protocol to obtain SPIONs coated with two layers of
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amphiphilic molecules is reported. *° In another work by Jeon et al. *’, bitailed phospholipids were
successfully introduced on the nanoparticle surface. However, while in the first case sodium alpha-
olefin sulfate is used for SPIONs functionalization and no information about the biocompatibility of
the prepared system is included, in the second work a large increment in the average size of the
functionalized nanoparticles was observed. The here reported phosphocholine-decorated SPIONs
represent the first example of SPIONs functionalized with a phospholipid in which both
biocompatibility and small size are preserved. An effective application of the functionalized
SPIONSs is given by clinical MRI scanners both in water and agar gel phantoms, as well as in a
murine model. The functionalized SPIONs have also been enriched by an amphiphilic ruthenium
complex, named ToThyCholRu, recently synthesized and proposed for cancer therapy having high
in vitro antiproliferative activity and lodged in the external coating layer. 2829 The evaluation of the
bioactivity of the ToThyCholRu-functionalized SPIONs on selected human cancer and non-cancer

cells confirmed the potential of the system as an effective theranostic device.

Experimental Section.

Dynamic Light Scattering (DLS)

DLS measurements were performed with a home-made instrument composed by a Photocor
compact goniometer, a SMD 6000 Laser Quantum 50 mW light source operating at 5325 A, a
photomultiplier (PMT-120-OP/B) and a correlator (Flex02-01D) from Correlator.com. All

measurements were performed at (25.00 + 0.05) °C with temperature controlled through the use of a
thermostat bath. In DLS, the intensity autocorrelation function, g(z) (t), is measured for the
instrument configuration corresponding to the scattering angle of 90°. The intensity autocorrelation
function is related to the electric field autocorrelation function, g(l) (t) , indicated in equation q as
the inverse Laplace transform of the distribution of the relaxation rate I' used to calculate the

translational diffusion coefficient D = F/ g

gV ()= TTA(T) exp(—%jdlnr (1)

where 7=1/T" and ¢ is the modulus of the scattering vector ¢ =47n,/Asin(6/2) ny= 1.33 is the

refractive index of the solution, A is the incident wavelength and 6 represents the scattering angle.
Inverse Laplace transforms were performed using a variation of CONTIN algorithm incorporated in

. . 31
Precision Deconvolve software”".
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For spheres diffusing in a continuum medium at infinite dilution, in the approximation of spherical
objects, the diffusion coefficient is related to the hydrodynamic radius, R,, through the Stokes—

Einstein equation:

kT
6717,D

2)

h

where £ is the Boltzmann constant, 7" is the absolute temperature and 77p=0.89¢P is the solvent
viscosity. For not spherical particles, R, represents the radius of a spherical aggregate with the
same diffusion coefficient measured. In the present system due to the high dilution it is possible to
make the approximation that 77 =7,, where 7 represents the solution viscosity. In this hypothesis,

equation (2) can be reasonably used to estimate the averaged hydrodynamic radius of the

particles.’® ¥

Small Angle Neutron Scattering (SANS)

SANS measurement on 18LPC/SPIONs were performed at 25 °C with the Loq instrument located
at ISIS Science and Technology Facilities Council, in Chilton (UK). The instrument is characterized
by a fixed two-dimensional detector positioned at 4 metres from the sample, which can detect the

positions and times of arrival of the scattered neutrons. These configuration allowed collecting data
in a range of the scattering vector modulus ¢ =47/Asin(6/2) between 0.008 A1 and 0.221 A_l,

with @ scattering angle. The investigated systems were contained in a closed quartz cell, in order to
prevent the solvent evaporation. The raw data were then corrected for background and empty cell
scattering.

SANS measurement on 18LPC-ToThyCholRu/SPIONs were performed at 25 °C with the KWS2
Diffractometer operated by Julich Centre for Neutron Science at the FRMII source located at the

Heinz Meier Leibtnitz Centre, Garching (Germany). Neutrons with a wavelength of 5 Angstrom
andA4/21 <02 were used. A two-dimensional array detector at three different wavelength

(W)/collimation (C)/sample-to-detector(D) distance combinations (WsizCsmDom, Wsa3CsmDsm and

WsaComD20m), measured neutrons scattered from the samples. These configurations allowed
collecting data in a range of the scattering vector modulus g between 0.002 Aland03 AL,
Thus, the so obtained absolute scattering cross sections d¥/dQ data were plotted as function of ¢.

Generally, the dependence of dZ/dQ from the scattering vector can be summarized as in equation 3.
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j—é=¢prP<q)S<q)+bkg 3)

where ¢, 4o, V,, P(q), S(q) represent the volume fraction of the particles, the neutron contrast,

the particle volume, the form and the structure factor of the scattering particles respectively, while

bkg is the incoherent and inelastic part of the scattered cross section, largely dependent on any

hydrogen present.

The form factor is responsible for the shape, size, size distribution of the scattering particles, while
a contribution of the structure factor can be considered when an interparticle correlation exists. The
structural information contained in both the form and the structure factor can be extrapolated by

choosing an appropriate model to fit the obtained experimental data.**

Light Microscopy

MCEF-7 cells were grown on standard sterile plastic 60 mm culture dishes by plating 5 x 10° cells.
After reaching the subconfluence, cells were incubated for 48 h with 60, 100 and 200 uM of total
lipid concentration of 18LPC and 18LPC/ToThyCholRu nanoparticles under the same experimental
conditions described above. Finally, cells were observed by a contrast-phase light microscope
(Labovert microscope, Leizt). Microphotographs at a 200 x total magnification (20 x objective and

10 x eyepiece) were taken with a standard VCR camera (Nikon).

In vivo MRI

MRI in vivo studies were performed at 3 T using a clinical scanner (Signa HDxT, GE Healthcare,
USA) equipped with a dedicated birdcage coil for small animal studies (Rapid Biomedical, Rimpar,
Germany). About 0.4 mg (600 uL) of NPs previously diluted in saline solution were manually
injected in bolus in the tail vein of Wistar rats (300 mg body weight). Male Wistar rats 10-12 weeks
old and weighing 310 + 3 g were used in the study: rats were anesthetized using Zoletil® + xylazine
(50 and 3 mg/kg respectively).

A Fast Spin Echo sequence for T, mapping was applied for the acquisition with the following
parameters: TR = 1000 ms; TE = 4.7 — 102.9 ms, Echo times = 8; FOV = 18x18 cm, slice thickness
= 3 mm; matrix = 224x224, total acquisition time = 24 sec.

Images in coronal plane were acquired in sequence for the first 5 minutes after injection to include a
few organs of interest such as liver, kidneys and myocardium. Later the acquisition was performed

at increasing time intervals, up to 60 minutes after the injection. A ROI was selected on the image
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relative to the anatomical district of interest and the corresponding T, was assessed for each
acquisition; the transverse relaxation rate (R,) was estimated as the inverse of Tb.

Experiments with animals were performed after approval by the dedicated Committee designed by
the Board of the Centre for Experimental Biology at the CNR Research Area (Pisa) and were
authorised by the Italian Ministry of Health according to current national legislation (dlg26 / 2014).
The Design and Realization of the project has been guided by the respect of European guidelines

with particular reference to the principle of the “three R” and ethical use of animals.

Results and Discussions.

Preparation and Characterization the functionalized SPIONZ.

Assessing the full stability and biocompatibility of a system under investigation for biomedical
applications is a mandatory task. SPIONs with 3 nm radius, as estimated from SAXS measurement,
have been synthesized through thermal decomposition method ** with a first coating layer
composed by oleic acid and oleylamine molecules. The size of the SPIONs together with the first
coating layer were evaluated by means of DLS, as corresponding to an hydrodynamic radius of 6

nm (for the obtained SPIONs synthesis and characterization see the Supporting Information).

Figure 1: The synthesized SPIONs are stable in non-polar solvent, such as cyclohexane, due to their oleic acid
and oleylamine coating. The organic solvent suspension has been layered on top of a 18LPC water solution. In
the water phase, the 18LPC is shared between micelle aggregates and a layer at interphase. As the cyclohexane
evaporate the nanoparticles concentrate at interphase and through the 18LPC decoration they dissolve in
water. The final result is a homogeneous water solution, in which the 18LPC-functionalized SPIONs with a
single sharp size distribution are stably dispersed.

The functionalization strategy exploits the hydrophobic tails of oleic acid and oleylamine
molecules, which are bound to the nanoparticle surface, to introduce a second layer of

biocompatible amphiphilic molecules. In the present case the 1-octadecyl-2-hydroxy-sn-glycero-3-
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phosphocholine (18LPC) was used (Figure 1). The structure of the second layer is such that
amphiphilic molecules polar heads are oriented toward the solvent, thus allowing high water
stability.

In detail, the synthesized SPIONs suspension in cyclohexane has been stratified over an aqueous
solution containing 18LPC at 4- 10~ molal concentration. Bath sonication of the biphasic system at
50 °C for about 2 h promoted the cyclohexane evaporation and the transfer into the aqueous phase
of the SPIONSs coated with the second layer of 18LPC, named 18LPC/SPIONS.

The same procedure has been used to prepare the functionalized SPIONs in which the
ToThyCholRu is included in the outer layer, named 18LPC-ToThyCholRu/SPIONs. A solution of
18LPC and ToThyCholRu with respectively 90/10 molar ratio and total concentration 4+ 107 molal
has been prepared and used to functionalize the synthesized SPIONs as previously described in the
case of pure 18LPC solution. The percentage of ToThyCholRu has been chosen on the basis of
previous experiments.”

The 18LPC/SPIONSs suspension was characterized combining DLS and SANS measurements. In
particular, DLS measurements can be used to evaluate the number of scattering populations present
within the suspension and their mean hydrodynamic radius (Ry). As reported in the equation 2, Ry, is
calculated from the diffusion coefficient of the scattering particle and thus by definition it takes into
account of both the particle size and the solvation shells that diffuse with it. On the other hand,
SANS data were analyzed to gain more details on the structure of the scattering particles. It is worth
to note that the radius estimated from SANS data, is smaller if compared to the Ry, since it does not
consider all the solvation shells around the particle.

From the DLS data, 18LPC/SPIONSs resulted to have a mean Ry of about 8 nm (figure 2). The
estimated value of the hydrodynamic radius is slightly larger than the one of the non-functionalized
SPIONs, (about 6 nm). Considering the length of the 18LPC molecules, the obtained Ry is
reasonably compatible with the formation of a second amphiphilic layer on SPIONs surface. SANS
experiment aimed to define the structure of both the inorganic and the organic components of the
functionalized SPIONs. The experimental data were treated, according to equation 4, as arising
from a population of non-interacting spherical nanoparticles having a core-shell structure. In
particular, the 18LPC/SPIONs core is composed by the Fe;O4 iron oxide, while the organic shell

includes the two amphiphilic layers.

i =2

sin qrcore _qrmrchS qrcorg
3 Vcore (pcore _pshell ) I: ( ) ( ):' "

! (70)’

PL’ore-shelI (q) :_2

V Sin qrw el _qrjg e CcoS qrg .

T3V hen (pshell 'pDJo)[ ( " ”zqr h ”)3 ( hell )]
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In the model the following scattering length density calculated considering the atomic compositions

and the molecular volumes were used: pPgSr" =6.9-107°A 2(core), phiicana = 7.8
1078A~2 (inner layer), ppiaiamine = —1.7 - 1077A~2(inner layer), pIgiSe™ =2.9-1077A2

(outer layer) and ppfst®™ = 6.3 - 107°A~2. Taking into account the composition of the organic
shell, made out of the inner layer of oleic acid and oleylamine molecules (50/50 mol/mol) and the
18LPC outer layer, its scattering length density was estimated as corresponding to 0.62 - 10 °A~2,
The very good agreement between the experimental data and the fitting model confirmed the
obtainment of functionalized SPIONs with core-shell structure. In particular, core radius value of
about 3 nm perfectly matches the one evaluated for the SPIONs (in cyclohexane suspension)
through the SAXS measurements (see Table 1 and ESI). Furthermore, the estimated shell thickness
of about 4 nm is comparable with the summed length of the oleic acid and oleylamine molecules
(inner layer) and the 18LPC molecule (outer layer). This seems to confirm that indeed two layers of
amphiphilic molecules are present on the SPIONSs surface.

Considering the differences in the meaning of the Ry and the SPIONs radius estimated by SANS
experiments, the overall SPIONs size, including both the core radius and the organic shell
thickness, is in agreement with the hydrodynamic radius resulted from the DLS measurements, if

the hydration of the outer organic shell is taken into account.
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18LPC-ToThyCholRw/SPIONSs

18LPC/SPIONs /\ o
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Figure 2: DLS and SANS data collected for both 18LPC/SPIONs and 18LPC-ToThyCholRu/SPIONs (left). Schematic
representation of functionalized SPIONs highlighting its core-shell structure together with ToThyCholRu structure

(right).

18LPC/SPIONs

Ry
(nm)

rcore
(nm)

I'shell
(nm)

(8+2)

(3.2+0.1)

(3.8 £ 0.3)

ToThyCholRu-18LPC/SPIONs

Ry (MNPs)

Ry (Cluster)

rcore

Fshell

Fcluster

(nm) (nm) (nm) (nm) (nm)

(1 +1) (30 £ 3) (2.7 £ 0.5) (3.7 £ 0.4) (20 + 1)

Table 1: Structural parameters of both 18LPC/SPIONs and 18LPC-ToThyCholRu/SPIONs obtained from
DLS and SANS data.

The same characterization based on combining DLS and SANS results was also performed on
ToThyCholRu-18LPC/SPIONs suspension. As it is shown from the R; distribution reported in

figure 2, two populations were present within the sample. Furthermore, also the analysis of the
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SANS data (Figure 2) indicated that the core-shell form factor used for 18LPC/SPIONs was not
sufficient, to fully reproduce the experimental data. In order to interpret these results, it has to be
considered that ToThyCholRu structure, reported in figure 2, is very different from 18LPC one.
Indeed, it can be demonstrated by calculations of the molecular volumes that ToThyCholRu polar
head (highlighted in green in Figure 2) is about four times larger than 18LPC polar head. Taking
into account these structural differences, it reasonable to assume that ToThyCholRu is less efficient
in guaranteeing SPION coating with respect to 18LPC, and thus cluster formation resulted to be
prometed (see detailed discussion in the ESI).

Considering the coexistence of single functionalized nanoparticles, presenting structural
characteristics close to the 18LPC/SPIONS, together with small clusters, SANS data were analyzed

according to equation 5.

[ (Q) :¢core-shell I/C()r'(.)—shell Pcore-shell +(pcluster I/cluster f)cluster + B kg (5 )
with
. . 2
1 sin(gr, ) —qr, cos(qr., s | gr, ) —qr, cos( gr,
Pcorefs/xell(q) :_2|:3I/r (pc _IOS) ( ) ( ) +3V; (ps _pm[v) ( ) ( ):|
V qr. qr,
and

. 2
sin qrc/uster — qrc/uster Cos(qrc/uster ):|

q rc‘l uster

1
Pcluster (q) = F |:3I/cluster (pcluster - pso/v)

The scattered intensity was considered as arising from a population of functionalized SPIONs with
core-shell structure and a population of nanoparticle clusters treated as a homogenous sphere. The
structural parameters that led to the best fit of the experimental data are reported in table 1. The
nanoparticles clusters present in the 18LPC-ToThyCholRu/SPIONs can be reasonably considered
spherical, as verified by Cryo-Transmission Electron Miscroscopy (Cryo-TEM) images (see ESI).
The clusters are composed by the iron oxide cores and organic molecules, which will be exposed on
the cluster surface, but still present also in the cluster core. Indeed, it is reasonable to assume that
the iron oxide cores being coated by the oleic acid and oleylamine molecules, are stuck together
through hydrophobic interaction. According to this cluster structure, it is no longer possible to
identify an inorganic core and an organic shell. Thus the clusters were treated as homogenous
sphere, having a scattering length density calculated as the average of the scattering length densities
of each components according to their composition and volume fraction. The very good agreement
obtained between the experimental data and the fitting curve built according to the described model
confirmed the interpretation of the ToThyCholRu-18LPC/SPION suspension as composed by both

single functionalized nanoparticles and small clusters with sizes less than 100nm. Furthermore, as
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evaluated from SANS data analysis the volume fraction of clusters corresponds to the 20% of the
total suspension volume, while the fraction of clusters with respect to the total particle number
present in the sample, estimated from DLS data, corresponds to 5%.

The main advantage of the proposed functionalization strategy is certainly its simplicity and the
reliability of the major component used for decorating the SPIONs, i.e. 18LPC. Functionalized
SPIONs are obtained with low increment in terms of size and no further purification step is
required. Indeed, 18LPC/SPIONs were demonstrated to be monodispersed, while a small fraction of
clusters together with single functionalized nanoparticles are observed in case of ToThyCholRu-

18LPC/SPIONS.

18LPC/SPIONs and 18LPC-ToThyCholRu/SPIONs in vitro bioscreens.

Preliminary in vitro investigations are fundamental to verify the effective biocompatibility and to
ensure the theoretical safety towards biological environment of the functionalized SPIONSs, thereby
allowing for their potential in vivo use. According to our experimental procedures, the performed
bioscreens are based on the estimation of a ‘‘cell survival index’’ deriving concurrently from the
evaluation of the cellular metabolic activity (MTT colorimetric assay) and the determination of
live/dead cells ratio (TC20 automated cell counter), as reported in the ESI.

The results emerging from a selected panel of cultured tumor and non-tumor cell lines provide
evidence for very interesting patterns, showing 18LPC/SPIONs devoid of significant biological
effects even at the higher iron concentration of 100 pg/ml (cell survival index always higher than
80% in bioscreens, see ESI for details). This outcome is an excellent starting point in the design of
effective SPIONs-based MRI contrast agents as well as of effective nanoplatforms for theranostics.
Conversely, the presence of the amphiphilic ruthenium complex ToThyCholRu on the SPIONs
surface induced a significantly enhanced bioactivity, providing relevant concentration-dependent
cytotoxic responses in the human cancer cells of different histological origin and endowed with
high replicative potential in vitro. To support the relationship between cell viability and ruthenium-
induced cytotoxicity, subconfluent cultures cells were examined by phase-contrast light microscopy
for the dynamic cell population monitoring of the morphological changes that occur during cell
death. As shown in Figure 4, in vitro exposure to 18LPC/SPIONs does not cause substantial
cytologic changes, whereas after 18LPC-ToThyCholRu/SPIONs application some morphological
modifications of the cell monolayers clearly appear. Microscopy images provide-evidence that the
reduction in cell viability is exclusively correlated to the presence of the active ruthenium and is

thereby associated with well detectable dose-dependent cytotoxic effects.
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18LPC/SPIONSs are completely free of macroscopic biological effects on healthy cultured cells. On
the other hand, 18LPC-ToThyCholRu/SPIONs show relevant cytotoxicity selectively versus human

cancer cells, thereby fully supporting their use as theranostic devices.

18LPC/SPIONs

50 ugimi

100 pg/mi

MCF-7
control cells

50 ugimi

18LPC-ToThyCholRu/SPIONs

100 uglml

Figure 4:Representative microphotographs at a 200 x magnification (20 % objective and a 10 x eyepiece) by
phase-contrast light microscopy of MCF-7 cells lines untreated (control cells) or treated for 48 h with the
indicated iron concentration of 18LPC/SPION (top line) and of 18LPC-ToThyCholRu/SPIONs (bottom line). For
the latter, the corresponding ruthenium concentrations are 6, 10 and 20 uM, respectively. The shown images are

representative of three independent experiments.

MRI Measurements.

Having proved their high biocompatibility, the 18LPC/SPIONs were injected in a small animal
model (healthy rat) to test in vivo their pharmacokinetics and the extent of the negative contrast
associated to the transverse proton relaxation time (T,) reduction. A major effect on T, relaxation
time was recorded in the liver of the animal (for both right and left side), which is consistent with
the 18LPC/SPIONSs fate, being mainly sequestered by the reticuloendothelial hepatic tissue (Kupffer
cells).** ** In particular, an increase of the transverse proton relaxation rate (R,) value was already
observed 10 minutes after the injection, reaching a maximum after 60 minutes, in agreement with a
progressive accumulation of the 18LPC/SPIONSs in the tissue for excretion (Figure 5). Conversely,
we did not detect a significant variation of R, over time in other organs such as the kidneys or the
heart. Thus, the map of relaxation rate demonstrated an efficient effect in vivo, which is promising

for future applications in targeted therapies.
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The progressive increase of the transverse relaxation rate (R,) detected over time for a Region Of
Interest (ROI) selected in the right hepatic lobe is in good agreement with previous findings
obtained for clinically used ultra-small superparamagnetic iron oxide nanoparticles (USPIONs), that
are typically recognized by the reticuloendothelial system. The 18LPC/SPIONs demonstrated a
measurable reduction in the MR signals in the rat liver after injection, indicating that they have
potential for use as T, MRI (negative) contrast agents with significant enhanced sensitivity and a

suitable blood-half life.

b 60

R2 (s-1)

. . L ! i |
0 S00 1000 1500 2000 2500 3000 3500
Time (s)

Figure 5: T-weighted image of a coronal view of the animal (Wistar rat) before injection of the 18LPC/SPIONs
(panel a) Transverse relaxation rate (R,=1/T», s™') measured after bolus injection of 1,7 pg/g in the tail vein of
18LPC/SPIONSs in 0.9% NaCl solution(panel b). The corresponding ROI (see insert in panel b) was selected in the
coronal plane covering the liver: mean=SE indicated by the gray intervals;. Representative Tr-mapping MRI image of
a coronal view after injection (t=3 min) of the 18LPC/SPIONs (panel c)

Conclusions
The design, preparation and characterization of biocompatible phosphocholine-decorated SPIONs

as effective nano-platforms for the development of theranostic devices are here described.
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During the last 10 years great efforts have been made in the synthesis and functionalization of iron
oxide nanoparticles for their applications as theranostic agents. Indeed, important results have
already been achieved, and many examples of performing and promising functionalized SPIONs
can be found in the literature. Here we have reported a further implementation of SPIONs
functionalization through hydrophobic interaction based on the use of simple and highly reliable
molecules, i.e. phospholipids. This work was inspired by the major results that the research in the
SPIONSs field have achieved within the last years. Our contribution might be seen as the application
of these results for optimizing the preparation of performing functionalized SPIONs. Indeed, we
have demonstrated through a complete physico-chemical characterization based on the combined
use of several scattering techniques, the obtainment of phosphocholine-functionalized SPIONSs,
representing the smallest example of SPIONs functionalized with a phospholipid, in which the
biocompatibility is retained. The phosphocholine-functionalized SPIONs, owing to the small
dimension, favourable long circulation and enhanced MRI T,, have been proved to be performing
contrast agents. Furthermore, the versatility of the presented SPIONs functionalization strategy was
showed by successfully introducing on SPIONs surface the ruthenium complex ToThyCholRu. As
demonstrated by the in vitro bioscreens the 18LPC-ToThyCholRu/SPIONs have high potential for
the simultaneous detection and therapy of cancer.

We believe that the present work demonstrates the possibility of obtaining performing
functionalized SPIONs as MRI contrast agents, without the need of using complex functionalizing
agents. Furthermore it does contains useful structural information about the functionalized SPIONs
that might be relevant for the researcher that are already working in this field and for those who are

at the moment approaching these kind of systems.
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