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ABSTRACT: The design and synthesis of a new bimodal
contrast agent for magnetic resonance imaging and optical
imaging is reported. Tunable-sized silica nanoparticles were
synthesized by a microemulsion-mediated pathway and used as
carriers for paramagnetic and luminescent probes. The near-
infrared luminescent agent was a ruthenium complex that was
directly entrapped in the silica shell to provide photo-
luminescence enhancement and to make it highly photostable
as it was protected from the surrounding environment. The
paramagnetic activity came from a Gd-DTPA derivative that
was grafted on the silica surface. NMRD profiles showed a
strong relaxivity enhancement (increase of 432% in the r1 value at 20 MHz) when the paramagnetic complex was grafted at the
nanoparticle surface, because of a reduction of its mobility. Polyethylene glycol was also grafted at the nanoparticle surface to
enhance the nanoparticle residence time in the bloodstream. A thorough characterization of the material confirmed its potential
as a very effective bimodal contrast agent.

■ INTRODUCTION

Medical imaging is the key center for the diagnosis and
treatment of pathologies. Among the numerous imaging
techniques, magnetic resonance imaging1 (MRI) has become
the most powerful tool for diagnosis owing to its high spatial
resolution, unlimited tissue penetration, and nonionizing and
noninvasive nature. Currently, most hospitals are equipped for
MRI. Nevertheless, as for any imaging tool, MRI has its
strengths and weaknesses. One can mention the lack of
sensitivity of MRI, which is usually overcome by the
administration of a contrast agent, typically gadolinium
chelates.2

In an ideal medical diagnosis, defect-free images, making it
possible to reveal any anatomical abnormalities precisely, are
recorded with the lowest possible dose of contrast agent.
Researchers are thus interested in combining imaging tools to
overcome their respective limitations. The combination of MRI
and optical imaging (OI), detecting the luminescence emitted
by a marker, offers the high spatial resolution of the former and
the high sensitivity of the latter. Such a combination of
techniques is particularly useful in preclinical imaging. It has
thus driven the need to create new kinds of contrast agents
called multimodal contrast agents because they are active in
several imaging techniques,3,4 where they show the same
biodistribution and pharmacokinetics, unlike the situation

where two agents, each specific to one of the two techniques,
are used.
Nanosized agents have captured particular attention because

of their unique chemical and physical properties.5 They are
widely used in the biomedical field, where they find applications
from diagnosis to treatment. Nanosystems are being developed
as labeling and tracking agents,6 drug carriers,7−9 and contrast
agents.10−12 At the nanoscale, these objects offer considerable
advantages; for example, the reduction in size results in an
increase in specific surface area. Consequently, nanosystems are
able to carry high payloads of vectors or reporters. In addition,
because they are captured less rapidly on account of their small
sizes, they show a longer lifetime in the bloodstream. This is of
special interest for targeting purposes.
The interest in silica nanoparticles has recently grown

because these nanoparticles are recognized as safe, biocompat-
ible, chemically inert, and not subject to microbial attacks.13,14

They also appear to be valuable materials for biomedical
purposes because of their high water dispersibility, the ease of
their surface modification for subsequent bioconjugation, and
the possibility of entraping molecules in their cores. The
chemistry of silica has also been well described.15−17
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In the present study, we report on the design of a novel
nanoparticulate multimodal contrast agent active in both MRI
and OI that can integrate multiple properties within one single
carrier particle.18

The multimodal contrast agent reported here is based on the
microemulsion-mediated synthesis of silica nanoparticles that
ultimately act as a support for paramagnetic and luminescent
moieties (Figure 1). A paramagnetic complex derived from the

well-known diethylene triamine pentaacetic acid complexed
with gadolinium (Gd-DTPA) is covalently grafted to the
surface of the nanoparticles. This constitutes an improvement
in the relaxometry properties over previously reported
nanoparticles,19 where an outer silica shell covering a
gadolinium chelate reduced the water accessibility. Our
DTPA derivative is substituted by an aminobenzyl group in
the C4 position. It has been shown through transmetalation
assessements that these derivatives are more stable and more
efficient than Gd-DTPA because they exhibit a faster exchange
of H2O molecules.20 As shown later, the resulting contrast
agent has a high relaxivity that consequently allows for a
reduction of the dose injected for an imaging session. This Gd-
DTPA derivative is also more stable than those that have
already been studied in the literature.19,21 Nanoparticles were
additionally functionalized with polyethylene glycol (PEG) to
extend their residence time within the body, as commonly
accepted,22−24 by reducing the nonspecific adsorption of
proteins, opsonizations, and subsequent capture by the
reticulo-endothelial system.25−27

To obtain activity in optical imaging, because silica
nanoparticles are optically transparent, we chose to entrap a
luminophore in their core. In this way, the luminophore is
protected from the surrounding environment and less prone to
photobleaching; consequently, its photostability is greatly
increased. Moreover, the high content of dye molecules loaded
per particle leads to signal enhancement.28 The choice of
luminophore is highly important because one of the greatest
constraints limiting the use of in vivo optical imaging is tissue
autofluorescence caused by endogenous fluorophores such as
melanin, adipose tissue, oxyhemoglobin, and deoxyhemoglobin.
To overcome this phenomenon, it is essential to work in a
window where the absorption of tissues is lower, typically from
600 to 900 nm. Tris-2,2′-bipyridyl ruthenium complex meets
this condition and, therefore, was entrapped in the nano-
particles during the microemulsion-mediated synthesis em-
ployed in this work.
As a whole, these silica nanoparticles will provide a highly

luminescent and photostable core and a paramagnetic coating

displaying high relaxivity. This new multimodal contrast agent
is therefore a good candidate for the MRI/OI combination,
thus offering access to high-resolution and high-sensitivity
analysis.

■ EXPERIMENTAL SECTION
Materials and Reagents. Tetraethoxysilane (TEOS, 99.999%),

cyclohexane (>99%), Triton X-100, sodium hydroxide (NaOH)
pellets, hydrochloric acid (HCl, 37%), hydrogen peroxide (H2O2,
35%), sodium phosphate dibasic (Na2HPO4), tris-(2,2′-bipyridyl)-
dichlororuthenium(II) hexahydrate powder [Ru(bpy)3Cl2·6H2O],
ammonium hydroxide (NH4OH), gadolinium(III) chloride hexahy-
drate (GdCl3·6H2O, 99%), and N-(3-dimethylaminopropyl)-N′-ethyl-
carbodiimide hydrochloride (EDCI) were purchased from Sigma-
Aldrich (Bornem, Belgium). Carboxyethylsilanetriol sodium salt
(CETS, 25% in water) was obtained from ABCR (Karlsruhe,
Germany). 2-(4-Aminobenzyl)diethylenetriaminepentaacetic acid (p-
NH2-Bn-DTPA) was purchased from Macrocyclics (Dallas, TX).
Hexanol (99%) was obtained from Acros Organics (Geel, Belgium).
Methoxypolyethylene glycol amine, Chelex 100, sodium dihydrogen
phosphate dihydrate (NaH2PO4·2H2O, ) and deionized water were
purchased from Fluka (Bornem, Belgium). Nitric acid (HNO3, 65%)
was purchased from Riedel-de-Haen̈ AG (Seelze, Germany). Finally,
acetone (p.a.) and ethanol (96% p.a.) were obtained from Chem Lab
(Brussels, Belgium), and centrifugal filter units (Amicon Ultra-15 10K
device) were purchased from Millipore (Brussels, Belgium).

Preparation of Sorensen’s Phosphate Buffer. Sorensen’s
phosphate buffer, consisting of disodium hydrogen phosphate and
sodium dihydrogen phosphate, was the solvent used during the
functionalization of silica nanoparticles. To prepare this buffer, 92 mL
of sodium dihydrogen phosphate ([NaH2PO4] = 0.2 M) was mixed
with 8 mL of disodium hydrogen phosphate ([Na2HPO4] = 0.2 M).

Synthesis of Luminescent Silica Nanoparticles. For each
experiment, dark glassware was used to prevent photodegradation of
the luminecent molecules. Luminescent silica nanoparticles were
synthesized by the conventional water-in-oil microemulsion synthesis
route.29−31 Eight milliliters of cyclohexane, 2 mL of hexanol, 2 mL of
Triton X-100, and 1 mL of the luminescent solution ([Ru(bpy)3Cl2] =
10−3 M in deionized water) were mixed in a dark flask under magnetic
stirring for 30 min. Subsequently, 100 μL of TEOS was added to the
flask, and the mixture was completed with the addition of 60 μL of
NH4OH after 30 min of stirring. The reaction mixture was stirred for
24 h.

Then, 50 μL of TEOS and 50 μL of CETS were added with 30 min
of stirring between the additions. As in the previous step, stirring was
maintained for 24 h.

Finally, luminescent silica nanoparticles were precipitated with 20
mL of acetone, washed five times with ethanol, and dispersed in 5 mL
of Sorensen’s phosphate buffer.

Gadolinium Complexation. First, 5.4 × 10−5 mol of p-NH2-Bn-
DTPA was dissolved in 1 mL of deionized water, and the pH of the
solution was adjusted to 7 using sodium hydroxide. One equivalent of
GdCl3 was weighed and dissolved in 1 mL of deionized water. The
gadolinium salt was slowly added to the ligand solution, and the pH of
the solution was continuously adjusted between 6 and 7 with sodium
hydroxide and hydrochloric acid solutions. The mixture was placed
under magnetic stirring for 24 h, and the pH was frequently controlled
and adjusted between 6 and 7 if needed. Finally, a small amount of
Chelex 100 was added to the mixture under stirring. After 15 min, the
solution was centrifuged, and the supernatant was recovered.

Surface Modification of Silica Nanoparticles. For each
experiment, dark glassware was used.

Paramagnetic Coating of Silica Nanoparticles. Synthesized silica
nanoparticles were placed under stirring with the paramagnetic
complex. Then, 3.5 × 10−4 mol of EDCI was dissolved in 1 mL of
Sorensen’s phosphate buffer and added to the suspension of
nanoparticles. The reaction mixture was stirred for 4 h. Subsequently,
the mixture was purified and washed with deionized water. Finally, the
volume was reduced to 2 mL using centrifugal filter devices.

Figure 1. Structure of the bimodal agent.
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PEGylation of Silica Nanoparticles. Methoxypolyethylene glycol
amine was grafted onto the surface of silica nanoparticles by the
following method.
The volume of the solution containing paramagnetic nanoparticles

was completed to 5 mL with Sorensen’s phosphate buffer. Then, 2.16
× 10−5 mol of methoxypolyethylene glycol amine (750) was dissolved
in 2 mL of Sorensen’s phosphate buffer and placed under magnetic
stirring with the paramagnetic solution. Next, 3.5 × 10−4 mol of EDCI
was dissolved in 1 mL of Sorensen’s phosphate buffer and added to the
suspension. The reaction mixture was stirred for 4 h. Subsequently, the
mixture was purified, washed with deionized water, and concentrated
to 2 mL by centrifugal filter devices.
Determination of Gd and Si Concentrations. The Gd and Si

concentrations were determined by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) analysis performed on an ISA Jobin
Yvon JY-38 Plus system (Horiba, Longjumeau, France). The
nanoparticles were digested by chemical and physical processes:
First, 300 μL of H2O2 (35%) and 600 μL of HNO3 (65%) were added
to 500 μL of stock solution. The mixture was then subjected to
microwave treatment (power ramps between 250 and 600 W) using a
Milestone MLS 1200 Mega microwave laboratory station (Apeldoom,
Netherlands). The silica and gadolinium concentrations of the
digested sample were finally measured by ICP spectroscopy.
Particle Characterization. Dynamic light scattering (DLS) was

used to estimate the hydrodynamic diameter and size distribution of
the paramagnetic-dye-doped silica nanoparticles. Measurements were
performed at 20 °C using a Zetasizer Zen 3600 particle size analyzer
(Malvern Instruments, Malvern, U.K.).
Transmission electron microscopy (TEM) analyses were performed

on a Tecnai 10 microscope (FEI, Hillsboro, OR) to obtain particle
sizes, size distributions, and morphologies. Samples were prepared

from aqueous dispersions of paramagnetic-dye-doped silica nano-
particles deposited on carbon-coated copper grids.

Atomic force microscopy (AFM) analyses were carried out on a
Multimode III AFM system with tips (model NCHV; k = 20−80 N/
m, W = 30−50 μm, f 0 = 332−379 kHz) from Bruker (Karlsruhe,
Germany). Samples with a nanoparticle concentration of 0.1 mg/mL
were deposited on freshly cleaved muscovite mica at room
temperature. Images were acquired in tapping mode in air and
analyzed with the NanoScope Analysis software from Bruker and
WSxM 5.0 software from Nanotec Electronica (Madrid, Spain).

The zeta potential of the nanoparticles was measured using a
Zetasizer Zen 3600 particle size analyzer (Malvern Instruments,
Malvern, U.K.). Measurements were performed at 25 °C and pH 7
using a standard capillary cell. The dielectric constant was set to 78.5,
and the Smoluchowski constant, f(Ka), was 1.5.

Photophysical Study. The fluorescent properties of the sample
were characterized through absorption and emission spectroscopies.

Absorbance spectra were collected on a Lambda 35 UV/vis
spectrometer (Perkin-Elmer, Wellesley, MA), whereas emission
spectra were collected on an LS55 fluorescence spectrometer
(Perkin-Elmer, Wellesley, MA).

Fluorescence images were acquired using a Biospace Lab Photon
Imager and M3 Vision software (Biospace Lab, Paris, France).

Measurement of Relaxivity. Data Acquisition. Longitudinal
relaxation times were measured at 37 °C on Bruker MINISPEC mq-20
and mq-60 spin analyzers working at 20 and 60 MHz, respectively;
these values were pooled in the nuclear magnetic relaxation dispersion
(NMRD) profiles.

NMRD profiles were collected at 37 °C over a range of resonance
frequencies extending from 0.01 to 40 MHz on a fast field-cycling
relaxometer (Stelar, Mede, Italy).

Figure 2. Synthetic route to the bimodal agent: Step 1, spontaneous formation of the microemulsion; step 2, synthesis of dye-doped silica
nanoparticles; step 3, condensation of CETS on nanoparticle surface; step 4, grafting of the paramagnetic complex; step 5, grafting of the PEG.
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Correction of the 1H NMRD Data. As silica nanoparticles are
known to contribute to the water relaxation rate at low field, uncoated
luminescent silica nanoparticles with a size similar to that of our
contrast agent were synthesized by means of the microemulsion
process, and their NMRD profile was recorded at the same silica
concentration. Their profile was fitted with the Cole−Cole model and
was subtracted from the 1H NMRD data of the paramagnetic silica
nanoparticles.
Fitting of the 1H NMRD Data. Two models were employed for the

fitting of the 1H NMRD data: the classical Solomon−Bloembergen
model in the case of the Gd-DTPA derivative32,33 and the Lipari−
Szabo model (sometimes referred to as a “model-free” approach)34,35

when the Gd-DTPA derivative was grafted on the surface of the silica
nanoparticles.
Briefly, the Lipari−Szabo model, often used to describe the

dynamics of proteins, is based on the fact that the overall rotational
motion of the nanoparticle and the internal local movements have
different time scales so that they can be considered as independent.
The slow global motion of the entire molecule is defined by the
correlation time τrg, whereas the fast local rotation (of the Gd3+

complex on the nanoparticle surface) is defined by τrl. This theory also
involves the general order parameter S2, related to the degree of spatial
restriction of the local motion. S2 = 0 indicates that the internal motion
is totally free, whereas S2 = 1 indicates that the local rotational
dynamics is determined only by the global motion.
It is known that the effect of a Gd chelate on the longitudinal

relaxation rate of water molecules (R1
p) depends on both the inner-

sphere (superscript is) and outer-sphere (superscript os) mechanisms
and is given by the equations36
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where τs1 and τs2 are the longitudinal and transverse relaxation times,
respectively, of the electron; τrg is the correlation time for global
motion; τrl is the correlation time for fast local motion; ωS and ωI are
the Larmor frequencies of the electron and proton, respectively; and S
is the order parameter.

MRI Image Acquisition. A T1-weighted MRI image of the
bimodal agent was acquired at room temperature on a 7 T
PharmaScan 70:16 imaging system (Bruker, Karlsruhe, Germany)
using a spin−echo sequence with the rapid acquisition with relaxation
enhancement (RARE) method [echo time (TE), 8.2 ms; repetition
time (TR), 500 ms; slice thickness, 1 mm; matrix, 256 × 256].

■ RESULTS AND DISCUSSION
Silica nanoparticles were synthesized by the well-described
water-in-oil (w/o) microemulsion process29−31 (Figure 2). A
w/o microemulsion is defined as a thermodynamically stable
solution of oil, water, and surfactant. Aqueous solution is
confined in nanosized droplets distributed in a continuous
domain of oil. The first step of the synthesis involves the
hydrolysis of TEOS in the presence of ammonia (basic
catalysis), and in the second step, silica nanoparticles are
formed in the micelles by the condensation of hydrolyzed silica
species while the luminophore is directly entrapped.37 Then,
the surface of the nanoparticles is treated with CETS,38 so that
the resulting nanoparticles present carboxyl groups for further
functionalization.
Microemulsion-mediated synthesis offers the advantages of

being conducted at room temperature and under atmospheric
pressure and of producing nanoparticles with a narrow size
distribution because the micelles act as nanoreactors. For
biomedical applications, the latter point is of paramount
importance because size is known to affect the biodistribution,

Figure 3. (a) TEM and (b) AFM images of nondoped silica nanoparticles coated with CETS (height scale is 45 nm).
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intracellular mobility, and metabolism of nanoparticles.39−41

Finally, this synthetic route also offers the possibility of
producing controlled-size nanoparticles by tuning the micro-
emulsion parameters.42−50 Taken together, these advantages
constitute improvements over a previous study51 in which
lanthanide-DTPA-grafted silica nanoparticles were synthesized
by a method derived from the Stöber process.
Silica nanoparticles with carboxylic functions were finally

coupled with the paramagnetic complex and PEG using EDCI.
After purification, the batch was comprehensively charac-

terized with respect to morphology, relaxometry, and photo-
physical properties. The silica and gadolinium concentrations
were quantified by ICP spectroscopy and were 10.65 and 1.55
mM, respectively.
Particle Characterization. Two types of silica nano-

particles were characterized: nondoped silica nanoparticles
coated with CETS and fluorescent paramagnetic silica nano-
particles.
Nondoped Silica Nanoparticles Coated with CETS. The

zeta potential of the nondoped silica nanoparticles coated with
CETS was measured at −27.1 ± 2.6 mV at pH 7.
The size distribution of the silica nanoparticles was

determined by several techniques.
Dynamic light scattering (DLS) was used to assess the

hydrodynamic diameter of the nanoparticles. The results

showed that a single population was present in the sample
with a mean hydrodynamic diameter (dhd) of 26 ± 1 nm and a
narrow size distribution.
Transmission electron microscopy (TEM) images show

small, uniform, and spherical nanoparticles (Figure 3a) with a
mean diameter (d) of about 26 ± 4 nm.
These results were compared to AFM measurements (Figure

3b). One can clearly distinguish small isolated nanoparticles
and larger aggregates. After tip convolution was taken into
account, particle analysis gave a mean diameter (d) equal to 27
± 4 nm and a mean height equal to 28 ± 7 nm.
The diameters obtained by the different techniques are thus

in excellent agreement. The TEM and AFM images both
showed small, uniform, and spherical nanoparticles with a
narrow size distribution.

Fluorescent Paramagnetic Silica Nanoparticles. The zeta
potential of the fluorescent paramagnetic silica nanoparticles
was −25.7 ± 1.9 mV at pH 7.
DLS measurements were performed before and after

functionalization of the silica nanoparticles. The mean dhd
value before functionalization was 36 ± 3 nm, whereas that
of the coated nanoparticles was 42 ± 4 nm.
The average thickness of the coating was thus around 3 nm.

The AFM measurements display a locally hexagonal close-
packed arrangement of uniform round-shaped objects, and one

Figure 4. AFM (a) height image (height scale from 0 to 60 nm) and (b) phase image of fluorescent paramagnetic silica nanoparticles. Inset: Enlarged
image showing hexagonal close-packing arrangement in this layer of nanoparticles.

Figure 5. Absorbance and emission spectra of fluorescent and paramagnetic silica nanoparticles.
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can clearly observe silica nanoparticles and their coating (Figure
4a). The average diameter of the entire nanoparticle was 44 ± 4
nm.
The diameters obtained by DLS and AFM measurements

were in good agreement. From the phase image (Figure 4b),
one can observe that the silica core and its coating had different
contrasts, which indicates that the structures of the silica core
and the coating were characterized by different mechanical
properties.
Photophysical Study. The choice of the fluorophore is

critical for optical imaging experiments to increase tissue
penetration.52,53 Tris-2,2′-bipyridyl ruthenium complex, a near-
infrared fluorophore that seems to be a good candidate for
optical imaging analysis, was chosen. Nevertheless, this complex
presents a Jablonski diagram slightly different from that of
organic molecules, offering a range of additional transitions.54

Ruthenium in the 2+ oxidation state is in the d6 configuration,
and exposure of the complex to a light beam of 455-nm
wavelength involves the promotion of a d electron to a ligand
antibonding orbital. This is an MLCT (metal-to-ligand charge-
transfer) transition, an S0−S1 transition in the conventional
Jablonski diagram. This results in an 1MLCT−3MLCT
transition that is effective because ruthenium is a heavy atom
and radiative emissions occur from this state at a wavelength
between 585 and 600 nm.
An absorbance spectrum was recorded on the sample ([Si] =

1.065 mM, [Gd] = 0. 155 mM) (Figure 5, solid line) and was
found to be similar to that of the ruthenium complex. Three
absorption peaks were observed: The two high-energy peaks
correspond to ligand−ligand transitions, whereas the peak of
interest is located around 455 nm with a shoulder at 429 nm.
These results confirm that the fluorophore was entrapped in
the silica shell.
The emission spectrum of the sample ([Si] = 106.5 μM,

[Gd] = 15.5 μM) (Figure 5, dashed line) shows a strong
emission around 587 nm that is ideally located in the area
where the absorbance of tissues consisting of water, fat, blood,
and proteins is the lowest.
Optical imaging experiments were performed on the sample

at different concentrations. Samples were placed in a black 96-

well plate (Figure 6) and excited at 455 nm. Positions 1 and 8
correspond to water, whereas positions 2−7 correspond to the
sample at silicon concentrations of 2.13 mM ([Gd] = 0.31
mM), 1.065 mM ([Gd] = 0.155 mM), 532.5 μM ([Gd] =
0.0775 mM), 53.25 μM ([Gd] = 7.75 μM), 5.325 μM ([Gd] =
0.775 μM), and 0.5325 μM ([Gd] = 0.0775 μM), respectively.
Wells 1 and 8 contained pure water, for which no emission

occurred when excited at 455 nm. A strong emission was clearly
observed in wells 2−4 containing fluorescent and paramagnetic
silica nanoparticles, and a weaker signal was observed in well 5.
This signal was completely lost when the silicon concentration
was 5.325 μM (wells 6 and 7).
Intensities [which are related to the number of counted

photons per unit of time per unit of area and taking into
account the spherical field view of the camera (photons s−1

cm−2 sr−1)] are plotted as a function of concentration in Figure
7. Analyses were performed three times.

Relaxometry Study. Relaxometry studies were performed
on fluorescent paramagnetic silica nanoparticles as well as on
the free paramagnetic complex in solution.
NMRD profiles are shown in Figure 8. One can clearly note

that the relaxivity of silica nanoparticles was, as expected for
slowly tumbling systems, much higher than that of the small

Figure 6. Optical imaging experiment performed on fluorescent paramagnetic silica nanoparticles (samples 1 and 8 correspond to water; samples 2−
7 correspond to silica nanoparticles diluted 5, 10, 20, 200, 2000, and 20000 times, respectively).

Figure 7. Signal intensities (photons s−1 cm−2 sr−1) recorded in wells
1−7 during the optical imaging experiments.
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complex alone. The shape of the NMRD profile of the free Gd-
DTPA derivative is characteristic of small paramagnetic
complexes55 and was easily fitted by the conventional
Solomon−Bloembergen−Morgan model, whereas the shape
of the profile of the fluorescent and paramagnetic silica
nanoparticles is typical of high-molecular-weight paramagnetic
species, confirming that the paramagnetic complex was indeed
grafted on the surface of silica nanoparticles. Conventional
paramagnetic models are not ideally suited to these kinds of
high-molecular-weight species, so the NMRD profile was fitted
according to the Lipari−Szabo model.34,35

Specific parameters can be extracted from the fitting of the
NMRD profiles (Table 1), as well as the residence time of

water molecules coordinated to the complex (τM), the
electronic relaxation time at very low field (τso), and the
correlation time for the modulation of the zero field splitting
(τv).
The global correlation time of the paramagnetic nano-

particles was more than 20 times longer than the rotational
correlation time of the free paramagnetic complex in solution,
which confirms that the paramagnetic entities were anchored
on the nanoparticles. The local correlation time (τrl) was longer
than the τr value of the free Gd-DTPA complex in solution,
again confirming that the paramagnetic complex was linked to a
nanosystem. No significant change in τv values was observed

when the complex was free or linked, whereas τso was slightly
higher when the complex was grafted onto silica nanoparticles.
As expected, grafting of the paramagnetic complex on the
surface of the nanoparticles enhanced its relaxivity by increasing
its rotational correlation time.
A T1-weighted image was captured to demonstrate the

efficiency of the probe as an MRI contrast agent (Figure 9).

Compared to water, one can clearly note a positive contrast
enhancement. Samples 3 and 4 in Figure 9 correspond to
samples 3 and 4, respectively, in the optical image (Figure 6),
which clearly demonstrates the potential of the probe in both
MRI and OI techniques.

■ CONCLUSIONS
Multimodal paramagnetic and luminescent silica nanoparticles
have been successfully synthesized by means of a micro-
emulsion-based approach. This synthetic pathway makes it
possible to produce, at room temperature, tunable-sized
nanoparticles with a narrow size distribution. This is of great
interest in biomedical applications because the size of an object
is known to play a key role in its pharmacokinetic properties.
The optical properties of the ruthenium complex were not
compromised by the incorporation of the complex in the
colorless, transparent silica matrix. Protected from the
surrounding environment, this complex exhibits high photo-
stability and strong luminescence emission in the near-infrared
range; consequently, further in vivo studies should give the best
tissue penetration expected for optical imaging. Grafting a
paramagnetic complex derived from the well-known Gd-DTPA
complex onto the surface of the nanoparticles was found to
provide dramatic relaxivity enhancement mostly due to a
reduction of the ligand mobility. Taken together, the
characterizations we performed demonstrate that the bimodal
agent is a promising candidate for the combination of MRI and
OI. Moreover, this material could also find applications in
computed tomography as an opaque contrast agent because of
the ruthenium present in the core19 of the nanoparticle and Gd
could also be used as a radiosensitizer in neutron capture
therapy.56

Further studies will encompass grafting a peptide for
molecular imaging and assessing the toxicity of the bimodal
contrast agent through cytotoxic assays.

Figure 8. NMRD profiles of the paramagnetic complex grafted on
silica nanoparticles and of Gd-DTPA derivative in solution. Relaxivities
are reported in terms of (s mM)−1 relative to [Gd3+].

Table 1. Parameters Extracted from the Fitted NMRD
Profiles

free Gd-p-NH2-Bn-
DTPA

fluorescent paramagnetic silica
nanoparticles

τr (ns) 0.09 τrg = 2.04
τrl = 0.35
S2 = 0.455

τM
a (μs) 0.1 0.1

τso (ps) 73.6 163
τv (ps) 31.8 44
aValue of τM fixed at 100 ns on the basis of previous estimations
performed on C4 derivatives of Gd-DTPA through the measurement
of the reduced transverse relaxation rate of 17O at different
temperatures.36

Figure 9. T1-weighted image of the luminescent and paramagnetic
silica nanoparticles.
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