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HIGHLIGHTS

e Core—shell nanoparticles with iron oxide cores and different coatings were obtained.

e The new nanosystems are efficient as negative contrast agent for MRI.

o The efficiency is discussed relating to the different coatings properties.

e Contrast enhancement is quantified in phantoms MRI and validated in an animal model.
e The new core—shell systems have the possibility of bio-conjugation.
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ABSTRACT

Core—shell nanoparticles (NPs) formed by superparamagnetic iron oxide NPs (SPIONs) coated with
inorganic or organically modified (ORMOSIL) sol gel silica exhibited promising properties as negative
contrast agents (CA) for MRI applications.

The potentiality of these new core—shell NPs as negative CA for MRI is demonstrated and quantified.

The longitudinal and transverse relaxivities of NPs with three different coating compositions were
studied at a 7 T magnetic field: silica (TEOS), (3-aminopropyl) triethoxysilane (APTES) and (3-
glycidoxypropyl) methyldiethoxysilane (GPTMS).

Clearly, it was found that the core—shell NPs efficiency as CA was strongly depend on the SPIONs
coating.

All the three core—shell NPs studied presented a very small effect on the longitudinal relaxation time
but a pronounced one on the transverse relaxation time, leading to a very high transverse longitudinal
relaxivities ratio, decisive for their efficiency as negative CA for MRI.

The effect of the core—shell NPs on the MRI contrast enhancement is obtained and quantified in a set
of MRI of agar phantoms obtained at 7 T magnetic field and with a imaging gradient field of 1.6 T/m. The
core—shell NPs were tested in Zebra-fish (Danio rerio) animal model. Zebra-fish MRI were obtained with
animals injected with the three core—shell NPs and the contrast enhancement validated.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

radiation during imaging process.
In other to achieve better image quality, along with faster and

Magnetic resonance imaging (MRI) is considered the most
important development in medical diagnostic since the discovery
of X-rays more than 100 years ago. This classification is due, mainly,
to the high spatial resolution and to the absence of ionizing
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safer diagnostics, MRI as evolve to high magnetic fields [1,2]. When
the contrast among neighbouring tissues is not sufficient for
diagnostic purposes, the use of chemical contrast agents (CA) may
be employed to enhance tissue contrast, by shorting the tissue/
medium longitudinal and/or transverse relaxation times.

During the last decades, the huge knowledge acquired on the
molecular/cellular process of disease has driven the necessity to
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new and more efficient CA [3—6]. The CA are based on para-
magnetic compounds or particles [7] and superparamagnetic NPs
[8,9]. Among the last, superparamagnetic iron oxide nanoparticles
(SPIONs) emerge as the most promising [10]. Recently a compre-
hensive review on SPIONs design and applications for MRI was
published [11]. The interest in superparamagnetic NPs and,
particularly, SPIONs in biomedicine far exceeds the CA application
for MRI [12]; a new imaging modality based exclusively on the
SPIONs detection, the Magnetic Particle Imaging (MPI) [13], is
attracting a lot of expectation.

Despite the relevance of SPIONs in theranosis, SPIONs need to be
coated with a biocompatible material able to: i) protect them
against agglomeration, ii) hinder their surface activity, iii) provide
chemical handles for further bioconjugation with drug molecules,
targeting ligands, etc. and iv) limit non-specific SPIONs-cell
interactions.

As for the SPIONs application here presented, the use as CA for
MRI, it is known that the coating it-self is important on the
enhancement of image contrast [14], this aspect will be explored in
this work.

Silica plays a crucial role in the structural integrity of nails, hair,
skin, overall collagen synthesis, bone mineralization and health and
in reducing metal accumulation in Alzheimer's disease, immune
system health, and reduction of the risk for atherosclerosis [15—17].
Amorphous silica has been part of human dietary either as
component in medical clay or as a food additive (labelledE551)
whereby it could enter the human body via the gasto-intestinal
tract. Due to its extremely high biocompatibility and biodegrad-
ability, SiO, arises as special material when it comes to SPIONs
coating, [18,19]. Silica-coating NPs offer high biocompatibility, high
hydrophilicity, and enormous versatility for surface modification
with a high payload capacity, a prolonged blood circulation time,
giving rise to wide range of biomedical and pharmaceutical appli-
cations, namely, gene or drug deliver, different imaging modalities
like fluorescence or actively targeted nanoprobes [20—25].
Furthermore, silica-coating increases SPIONs dispersion in aqueous
liquid media and biologic fluids, prolonging blood circulation time,
by screening the magnetic dipole attraction among the super-
paramagnetic cores, along with providing an hydrophilic surface
character.

The development of multifunctional silica-based platforms for
use in nanomedicine has reached a great deal of interest in the
scientific community [26—30].

ORMOSIL [31], has even more versatile properties than inor-
ganic silica; the presence of non-hydrolysable organic groups
allows an easier chemical conjugation/decoration of biomolecules
at the ORMOSIL surface and/or the load with either hydrophilic or
hydrophobic drugs/dyes, besides a tunable wettability of the
synthesized material by a judicious choice of the ratio of hydro-
philic to hydrophobic monomers can be achieved. ORMOSIL NPs
conjugated with fluorophores and targeting ligands have been
used in optical imaging of tumour cells in vitro [32]. The organic
groups bonded to a siloxane skeleton besides retarding the sol-
—gel process of the organoalkoxysilane acts as fillers in the silica
network, conferring some degree of flexibility to the otherwise
rigid silica matrix, changing the porosity profile besides modi-
fying the NPs colloidal chemistry. ORMOSIL NPs have also been
tested for potential use in photodynamic therapy, and as targeted
optical probes for imaging of human cervix epitheloid carcinoma
cells in vitro experiments [33] and have been tested in animal
models, namely in Zebra-fish.

Zebra-fish model presents many characteristics that make it
well suited for studies of nanomedicine, namely: a short generation
time (~3 months), large hatch size (more than 200 eggs), rapid
embryogenesis (most of the organs developed in 96 h post-

fertilization) [34,35]. Zebra-fish model will be used in this work.

In the present work, three different silica/ORMOSIL composi-
tions are studied as coatings for SPIONs to be used as negative CA
for MRI, and promising candidates for cellular and molecular
imaging.

As stated before, clinical MRI as evolve to high magnetic fields
[1,2], and this is the reason for the use of 7 T magnetic field in the
present work.

2. Materials and methods
2.1. Materials

Iron (II) chloride tetrahydrate (FeCly), iron (III) chloride hexa-
hydrate (FeCl3) and hydrochloric acid (HCI), (3-Aminopropyl) trie-
thoxysilane (APTES), aqueous ammonia solution (NH4OH, 28%) and
(3-Glycidoxypropyl) methyldiethoxysilane (GPTMS) were pur-
chased from Sigma—Aldrich; tetraethylorthosilicate (TEOS) was
purchased from Merck and ethanol (CH3CH,OH) from Panreac.

2.2. Synthesis of the core—shell NPs

SPIONs were synthesized by slight modification of the Berger
method as reported in [36], where a strong alkali is added to an
aqueous solution of iron(Il) and iron(Ill), allowing the co-
precipitation of the corresponding hydroxides, followed by fast
aging and size control of iron oxides promoted by sonication.

Briefly, iron (Il and III) chloride solutions were prepared in HCl
medium (2M): 0.3975 g of iron (II) chloride tetrahydrate (FeCl,4H,0)
was dissolved in 1 mL HCI (solution A) and 0.2702 g of iron (III)
chloride hexahydrate (FeCl36H,0) in 4 mL HCI (solution B). The two
iron solutions were mixed together (A + B), under sonication and
50 mL of aqueous ammonia solution (0.7 M) were added drop wise to
(A + B) solution, under sonication, allowing SPIONs to precipitate.
With the help of a magnet, the supernatant was discarded and SPIONs
were washed four times with ethanol to remove excess reagents, and
then left dried at 40 °C for 24 h. On the day before SPIONs coating,
SPIONs were weighted, dissolved in ethanol and left to settle over-
night in suspension, discarding the deposited agglomerates.

SPIONs were silica/ORMOSIL coated in situ by the LaMer
nucleation method [37,38].

The LaMer method, supported on the protocols described in
[24,39,40], allowed the synthesis of NPs (roughly 100 nm in
diameter), at room temperature in less than 1 h. SPIONs were used
as seeds for inorganic and hybrid silica nucleation, driven to cor-
e—shell nanostructures. In typical sol—gel process alkoxide pre-
cursors (APTES, GPTMS and TEOS) undergo hydrolysis to form
silanol groups. In a first step, the silanols link to —OH or surface
oxygens from SPIONs, and in a second step, silanols react with other
silanols or with siloxanes, allowing the silica or ORMOSIL coating
growth. Shell thickness is dependent upon the number of nucleus
available (SPIONs concentration) and upon the precursors' nature.
It is well known the effect of steric hindrance on hydrolysis and
condensation kinetcs of sol—gel reactions.

SPIONSs (47.5 mg) were added to a solution (named C) composed
by 44.7 mL of ethanol, 2.25 mL of bidistilled water and 1.15 mL of
ammonia. The resulting solution named solution (D) is magneti-
cally stirred until temperature reached 55 "C. A solution with 1.9 mL
of total precursor (solution E) is rapidly added to solution D and
ultrasonicated for 10 min. Then, this mixture is stirred at 55 °C
during 2 h. Synthesized NPs are then isolated by centrifugation
(8000 rpm) and four times washed with bidistiled water and
ethanol to remove alcohol, ammonia and eventual unreacted
chemicals. NPs are further heated at 40 °C for 24 h.

The obtained core—shell NPs will be named in the following for
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simplicity, by the coating: core—shell NPs-TEOS, NPs-GPTMS and
NPs-APTES, referring to the precursors used: tetraethylorthosilicate
(TEOS), (3-glycidoxypropyl) methyldiethoxysilane (GPTMS) and (3-
aminopropyl) triethoxysilane (APTES).

For the core—shell NPs-TEOS the only precursor used was TEOS,
for the core—shell NPs-GPTMS solution E was composed of 1:9 of
GPTMS and TEOS and for the core—shell NPs-APTES solution E was
1:9 of APTES and TEOS in molar ratio.

2.3. Core—shell NPs characterization

Particle morphology features static diameter and static diameter
distribution were observed by transmission electron microscopy
(TEM). TEM micrographs were obtained using a Hitachi H-8100,
using an applied tension of 200 kV. To analyse the samples, a
droplet of the suspension was deposited on the copper grid and
dried at room temperature.

Statistic diameters measurements were performed with Adobe
Photoshop CS5 on TEM images. The presented diameter is the mean
of 150 core—shell NPs measurement and the standard deviation is
roughly 10%.

Fourier transform infrared (FTIR) spectra were obtained using a
Nicolet 5700 in transmission mode in the medium infrared range.
The ORMOSIL NPs were finely ground and mixed with potassium
bromide, and then pressed into a disc. FTIR was used to confirm the
organic nature of the ORMOSIL NPs structure.

The total iron content of core—shell NPs was determined by
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-
AES) with a 15% uncertainty.

2.4. Nuclear magnetic relaxivities

The efficiency of a CA for MRI is measured by its longitudinal
(r1) and transverse (ry) relaxivities and their ratio. The longitu-
dinal and transverse relaxivities values measures the capacity of
the CA to alter the tissue/medium longitudinal and transverse
relaxation times, respectively. Actually, a CA changes both the
tissue/medium relaxation times, but if the main effect is on
shortening the longitudinal relaxation time the CA is classified as
positive, on the other hand, if the main effect is decreasing the
tissue/medium transverse relaxation time, the CA is labelled as
negative. An efficient negative CA presents a high ratio ry/rq
meaning that the tissue/medium T, is shorten but Ty is little
affected.

To obtain the ry and r, of the three core—shell NPs an aqueous
agar solution was prepared 0.5% in weight which simulates the
magnetic relaxation properties of human tissues [41]. With this
solution, for each core—shell NPs, a set of solutions was prepared,
with iron (I and II) concentrations ranging from 0.01 to 0.87 mM the
solutions were kept in standard 5 mm NMR tubes. The relaxation
times T; and T, were measured at 25 “C in a Bruker Avance III NMR
spectrometer, in a 7 T magnetic field (300 MHz for proton) by high
resolution spectroscopy. For the T; measurement an usual
inversion-recovery pulse sequence was used with a Tz of 15 s. For Ty
measurement 16 different inversion times were considered. The T,
was obtained with the Carr-Purcell-Meiboom-Gill sequence with
the precaution that the measurement time (two echo-time times
the number of acquired echos) always defines a time interval of
about 10 times T2 (27¢cpoNecho > 10T3). The longitudinal (1/T1) and
transverse (1/T,) relaxation rates follows:

1 1
Ti:f‘*"’i[Fe] (1)

0

where i = 1,2 represent longitudinal and transverse respectively, T;,

the relaxation time longitudinal or transverse in the absence of the
core—shell NPs, rj the longitudinal or transverse relaxivities and [Fe]
the iron concentration [42].

2.5. Phantom magnetic resonance micro-imaging

Three phantom were constructed. Each one consisted of two
5 mm standard NMR tubes: one with aqueous agar solution 0.5% in
weight (blank) and the other with the core—shell NPs in the
aqueous agar solution. The total iron (II and III) concentration in
these core—shell NPs in the aqueous solution was: 0.17 mM for the
core—shell NPs-TEOS, 0.15 mM for the core—shell NPs-GPTMS and
0.17 mM for the core—shell NPs-APTES, to allow comparison.

Magnetic resonance images were obtained in a Bruker Avance III
NMR spectrometer, in a 7 T magnetic field equipped with a imaging
magnetic gradient field of 1.6 T/m, allowing a micro-image study.
MRI of 1 mm axial slices of the phantom were collected, with a FOV
0f 1.16 x 1.16 cm? using a spin-echo pulse sequence and four images
obtained with echo-times of 15, 30, 45 and 60 ms.

2.6. Zebra-fish model

For animal model study the zebra-fish (Danio rerio) was used,
following recent works where non-mammalian vertebral animals
are used as models in nanomedicine research [43]. Danio rerio were
obtained from the facility established at the Department of Biology,
University of Aveiro, Portugal. Adult Danio rerio are maintained in
carbon-filtered water complemented with salt Instant Ocean Syn-
thetic Sea Salt (Spectrum Brands, USA), at 27.0 + 1 "C and under a
14:10 h light:dark photoperiod cycle. Conductivity is kept at
750 + 50 uS/cm, pH at 7.5 + 0.5 and the saturation of dissolved
oxygen >95%. Zebra-fish adults were fed twice daily with
commercially available artificial diet (ZM 400 Granular, ZM sys-
tems, Hampshire, UK) and brine shrimp.

Zebra-fish were anaesthetized, by immersion in tricaine meth-
anesulfonate (MS222, from Sigma—Aldrich), and transferred to
custom-made agarose gel molds, to hold them in place. They were
immediately micro injected intraperitoneal in the abdominal cavity
with IM 300 Microinjector from Narishige [44]. The administrated
dose, in the absence of reference values for these animals, was
13 mg/kg. For each core—shell NPs obtained, two zebra-fishes
groups composed of three elements were sacrificed: one group
30 min after injection and the other 48 h after injection. Also a non-
exposed control group of zebra-fishes were sacrificed at the same
biological time. Animals were euthanized with an overdose of
MS222 and preserved in Dietrich's fixative.

For the MRI study the zebra-fishes were removed from the
Dietrich's fixative and immersed in perfluoropolyether oil. MRI of
1 mm slice of the zebra-fishes were collected in axial, sagittal and
coronal directions with a FOV of 4 x 4 cm? with a spin-echo pulse
sequence (Tg of 2.5 s and a four Tg in the range 7.0—28.0 ms) with 4
excitations. Recent studies in Drosophila indicates that this cor-
e—shell NPs are biocompatible and not toxic to whole organisms
[45].

3. Results
3.1. Core—shell NPs

SPIONs have been synthesized and characterized as in a previ-
ous work [36]. Quasi-spherical, ultra small (~6 nm), narrow size
distribution SPIONs (5%Fe304 and 95%y-Fe,03) with super-
paramagnetic behaviour are the core of the core—shell NPs ob-
tained. SPIONs have been coated with three different silica-based
materials: inorganic silica (core—shell NPs-TEOS), amino-
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Table 1
Core—shell NPs mean static diameters obtained by TEM measurements.
NPs-APTES NPs-GPTMS NPs-TEOS
d (nm) 96.6 + 9.6 220+22 66.6 + 6.6
functionalized  silica  (core—shell =~ NPs-APTES) and (3-

glycidoxypropyl) methyldiethoxysilane functionalized silica (cor-
e—shell NPs-GPTMS).

Table 1 shows the core—shell NPs mean static diameter and
Fig. 1 illustrates core—shell NPs-TEOS, NPs-GPTMS and NPs-APTES
as an example of the NPs obtained.

3.2. Nuclear magnetic relaxivities

The longitudinal and transverse relaxivities were obtained from
the fit of Eq. (1) to the experimental longitudinal and transverse
relaxation rates. The experimental results and the fitting of Eq. (1)
are presented in Fig. 2 and the obtained ry, ry are shown in Table 2.

All the core—shell NPs present a negligible effect on T;, and a
large effect on T>. This result makes their use as negative CA for MRI
promising. The same negligible effect T; although in a smaller scale
was reported for a silica coated SPIONs [14].

Core—shell NPs-APTES exhibited a distinct finger print as can be
observed in Fig. 2 where transverse relaxation rate vs iron is
plotted.

A negative CA for MRI efficiency is measured by the r; value and
the rp/r; ratio. Although higher values for r, have been reported
[46], in the present work the ratio r»/rq is outstanding high, due to
the extremely low r; values. For comparison, in Table 2 the ry, 1, and
ra/r1 for a commercial CA based on SPIONSs (obtained also at 7 T) are
presented [47]. To the best of our knowledge the r,/r; ratios pre-
sented here for the first time, in particular at 7T, are the highest
observed yet. Adding to this promising result, our core—shell NPs,
in particular the core—shell NPs-APTES, is the first choice for gene
conjugation opening the door to cellular or molecular imaging [24].

3.3. Phantom MRI analysis

The obtained MRI of the three phantoms are presented in Fig. 3.
Both the core—shell NPs-TEOS and NPs-APTES presented a good
contrast. However, for the fourth echo, the core—shell NPs-APTES
presented a higher noise level. It can be observed that the worse
contrast is obtained for the core—shell NPs GPTMS, Fig. 4.

The contrast to noise ratio for the phantom images was calcu-
lated by the following procedure: three 0.1 cm? regions of interest
(ROI) were considered, a first in the core—shell NPs region (NPs) a
second in the agar region (agar) and a third in the background re-
gion (N). The signal intensity was calculated for the three regions,
Iagar, Inps and Iy. The contrast, agar core—shell NPs to noise ratio was
calculated as:

a) |
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Fig. 2. Longitudinal relaxation rate (1/T;) vs iron oxide content and transverse relax-
ation rate (1/Ty) vs iron oxide content for the three core—shell NPs.

Table 2

Longitudinal and transverse relaxivities and r,/r; ratio for the core—shell NPs
measured at a 7 T magnetic field and for Endorem a commercial CA [47] in the same
conditions.

r1 (mMs)~! ry (mMs)~! a1y
NPs-APTES 0.006 40.6 6767
NPs-GPTMS 0.026 144 554
NPs-TEOS 0.016 13.8 863
Endorem (Guerbert) 2.2 182 82.7
lagar — 1
C/N = M 2)

Iy

The C/N result for the core—shell NPs-GPTMS phantom (the
smaller obtained NPs) and for the core—shell NPs-APTES (the larger
obtained NPs) phantom are presented in Fig. 4. A superior perfor-
mance of the core—shell NPs-APTES, at least for the shorter echo-
times, was observed.

3.4. Zebra-fish MRI

No fish mortality was observed after injection and zebra-fish
behaviour was not affected during the experiment period (48 h).
The MRI contrast obtained for the zebra-fishes treated with the
different core—shell NPs presented clear differences.

Control fishes (not injected with any core—shell NPs) originated
greyish images and with low capacity of organ discrimination in the
abdominal region, Fig. 5.

MRI obtained of zebra-fishes injected with core—shell NPs-
APTES and core—shell NPs-TEOS show high definition of anatomic

structures.
i

Fig. 1. Transmission electronic microscopy of a) core—shell NPs-TEOS b) core—shell NPs-GPTMS and c) core—shell NPs-APTES. Amplification 10°.
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Agar

NPs-APTES
Agar

NPs-GPTMS
Agar

NPs-TEOS

Fig. 3. MRI of the three phantom obtained with the three core—shell NPs: first row agar and core—shell NPs-APTES, second row agar and core—shell NPs-GPTMS, last row agar and

core—shell NPs-TEOS. The MRI were obtained for echo-time 15, 30, 45 and 60 ms.

4.5
APTES

GPTMS
35

225
15

0.5

1 2 3 4
Echo number

Fig. 4. Contrast to noise ratio for images of the two phantom agar and core—shell NPs-
APTES and the agar and core—shell NPs-GPTMS obtained for the four echos corre-
sponding 15, 30, 45 and 60 ms echo-times, respectively.

In Fig. 6, longitudinal and axial slices of zebra-fish injected with
core—shell NPs-APTES are shown. In the longitudinal plans muscle
fibbers can be observed in an individualized way and with a high
level of detail that could not be observed in control zebra-fish

images, Fig. 5. In the axial plans the abdominal content also pre-
sents more contrast and detail than the one observed in the control
zebra-fishes MRI.

MRI of zebra-fishes injected with core—shell NPs-GPTMS were
also obtained although not presented for shortness. In axial images
organs and structures also present a high contrast. In longitudinal
slices the level of detail and differentiation of muscle fibbers do not
seem so good being similar to the results obtained with the control
zebra-fishes.

Fig. 7 presents MRI of zebra-fishes injected with core—shell NPs-
TEOS where a detail similar the ones injected with core—shell NPs-
APTES was observed.

As for the time delay between the injection of the core—shell
NPs and the zebra-fishes sacrifice (30 min and 48 h) no observable
difference in MRI contrast was reported.

4. Discussion
It is known [48], that the SPIONSs relaxivities depends on the NPs

magnetization and on the accessibility of water molecule to the
SPIONs mean magnetic moment y. The SPIONs magnetic moment

Fig. 5. MRI of the two zebra-fishes not injected with core—shell NPs.
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Fig. 7. MRI of two zebra-fishes injected with core—shell NPs-TEOS.

increases with the magnetic field up to saturation usq following
Langevin function L(x):

W = HsarL(X) 3)

where L(x) = 1/tanh(x) — 1/x, X = usq:B/KT, K is the Boltzmann
constant and T the temperature.

The different coatings, of the synthesized core—shell NPs gave
the opportunity for analysing different accessibility of water mol-
ecules to these SPIONs magnetic moment.

The r1 and r, of the core—shell NPs were obtained at a 7 T
magnetic field, which has to be taken into account in direct values
comparison. As referred, this high field measurement is important
since clinical MRI is evolving to higher fields.

SPIONs coating composition is very important to the CA effi-
ciency. The coating effect is being study by other researchers
[14,49] in a variety of compositions.

The negligible effect of our core—shell NPs on the longitudinal
relaxation rate, may be related to the coating effect hindering the
water access to the SPIONs magnetic moment. This effect is strongly
related with the coating thickness, the thicker the coating the
smaller r1. The NPs-APTES shows the ticker coating radius exhib-
iting the smaller r1. The presence of organic groups affects ORMOSIL
coating's thickness for identical synthesis protocol. The replace-
ment of TEOS by APTES, drive to an increase in core—shell diameter
(relatively to silica NPs), while the replacement by GPTMS lead to a
decrease. Due to both electronic and steric factors, the presence of
the organic components bonded to a siloxane or to silica backbone,
plays a role in hydrolysis and condensation rates. Steric factors
exert the greatest effect on both rates. Hydrolyses and condensa-
tion rates are retarded by steric hindrance, being lowered the most
by branched alkoxy groups, APTES and GPTMS in the present case.
This is the reason why core—shell NPs-GPTMS have smaller diam-
eter (for the same reaction time).

The SPIONs coating by silica or ORMOSIL didn't destroy the ca-
pacity of the SPIONs to create a inhomogeneous magnetic field that
enhances T, relaxation. The core—shell NPs presented interesting
transverse relaxivities for a high magnetic field (7 T). It is known
that r, decreases with the magnetic field for values above roughly
0.2T [50].

It is a fact that several SPIONs present higher r, values [14] but
the NPs here studied have outstanding ratios r/r. Since all the
synthesized NPs have the same superparamagnetic core, the
observed differences in the ratio r»/r; mus be assigned to the
coating. And by coating effect we mean (i) coating thickness (ii)
coating surface chemistry, (iii) coating porosity (pore size, pore size
distribution, pore shape, and pore surface character-hydrophilic
versus hydrophobic nature).

It is reported [49,14] that the hydrophilicity of the SPIONs
coating affect the obtained relaxivities. The different organic groups
bonded to the siloxane skeleton provides different hydrophilicity to
the obtained core—shell NPs and this reflects in the observed
relaxivities.

Silica and ORMOSIL NPs porosity study has been performed by
the authors and is reported elsewhere [51] it revels a correlation
between the coating pore size and the ratio r»/r; of the core shell
NPs. Indeed the NPs-APTES presented a pore diameters that is
roughly double that the other NPs pore diameters and the ratio r»/r;
for the NPs-APTES is much larger them the others, as can be
observed in Table 2. This fact directly relates to the accessibility of
water molecule to the NPs superparamegnetic core.

From the MRI of phantoms prepared with the core—shell NPs a
contrast enhancement for all the NPs was observed. The coating
effect is translated into image contrast. The core—shell NPs-TEOS
and NPs-APTES presented good contrast to noise ratio. For the
short echo-time images, it is roughly, twice the contrast to noise
ratio obtained for the core—shell NPs-GPTMS.

The test in zebra-fish animal model corroborates the above
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observations: the zebra-fishes injected with core—shell NPs-APTES
and the ones injected with NPs-TEOS presented, in MRI, good
anatomical detail, superior to the one shown in MRI of the control.
The zebra-fishes injected with the core—shell NPs-GPTMS, no
improvement in the anatomical detail was observed in comparison
with the control group.

5. Conclusions

In this paper the potential of three new silica-based core—shell
NPs as negative CA for MRI was demonstrated.

SPIONs coated with silica, (3-aminopropyl) trietoxysilane
(APTES) and (3-glycidoxypropyl) methyldiethoxysilane (GPTMS)
were synthesized with ~100 nm in diameter. All the studied cor-
e—shell NPs exhibited a very high ratio r»/r; > 500, for 7 T magnetic
field, resulting from a decrease in the tissue/medium T, along with
a minor effect on T;. To the best of our knowledge the highest ratio
ever reported for a SPIONS.

Furthermore, the r/r; ratio was observed to be strongly depend
on the shell-composition.

A good MRI contrast enhancement was confirmed in a set of
agar phantoms, obtained at 7 T magnetic field, with a imaging
gradient field of 1.6 T/m. The contrast enhancement for the studied
core—shell NPs; may be ordered as NPs-APTES > NPs-TEOS > NPs-
GPTMS.

Zebra-fish animal model was used to validate the MRI contrast
enhancement along with NPs innocuous. No fish mortality was
observed after injection or during the experimental period.

With these core—shell NPs it is possible to tune the relaxivities
of the obtained CA but perhaps even more interesting the possi-
bility of bio-conjugation with the core—shell NPs of ORMOSIL and
in particular with the core—shell NPs-APTES opens the molecular or
cellular imaging door.
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