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ABSTRACT

Superparamagnetic maghemite core-porous silica shell nanoparticles, y-Fe:O3@SiO» (FS), with
50 nm diameter and a 10 nm core, impregnated with paramagnetic complexes b-Ln
([Ln(btfa)3(H20)2]) (where btfa = 4,4,4-trifluoro-1-phenyl-1,3-butanedione and Ln = Gd, Eu, and
Gd/Eu), performing as promising trimodal 7;-7> MRI and optical imaging contrast agents, are
reported. These nanosystems exhibit a high dispersion stability in water and no observable
cytotoxic effects, witnessed by intracellular ATP levels. The structure and superparamagnetic
properties of the maghemite core nanocrystals are preserved upon imbedding the b-Ln complexes
in the shell. Hela cells efficiently and swiftly internalize the NPs into the cytosol, with no
observable cytotoxicity below 62.5 pg mL™! concentration. These nanosystems perform better than
the free b-Gd complex as 77 (positive) contrast agents in cellular pellets, while their performance
as T> (negative) contrast agents is similar to the FS. Embedding of the b-Eu complex in the silica
pores endows the nanoparticles with strong luminescence properties. The impregnation of
gadolinium and europium complexes in a 1:1 ratio afforded a trimodal nanoplatform performing
as a luminescent probe and a double 77 and 7> MRI contrast agent even more efficient than b-Gd

used on its own, as observed in cell labeled imaging experiments and MRI cell pellets.



INTRODUCTION

Magnetic resonance imaging (MRI) is among the most powerful clinical imaging modalities
because it is non-invasive and ionizing radiation-free, providing tomographic images with large
penetration depth, outstanding spatial resolution and high soft tissue contrast, resulting mostly
from intrinsic differences in the spin-lattice (T1) and spin-spin relaxation times (T>) of tissue water
protons.! MRI contrast agents are often employed to enhance the contrast between normal and
disease tissues by significantly decreasing T1 and T, values.>® T1 contrast agents comprising
paramagnetic materials, such as Gd®" or Mn?* chelates, prompt the spin-lattice relaxation of
protons causing a positive (bright) MRI image contrast.* T, contrast agents commonly consisting
of superparamagnetic materials, such as iron-oxide nanoparticles (NPs), induce protons in their
vicinity to undergo spin-spin relaxation, originating negative (dark) MRI image contrast.5’” Their
efficacy is measured by the relaxivity, r1 or r2, defined as the paramagnetic enhancement of the
water proton relaxation rates, normalized to 1 mm metal ion concentration.?2 While conventional
MRI contrast agents respond only in a single imaging mode, NPs with multimodal capabilities
provide complementary diagnostic information. However, when hybrid imaging systems are not
available, different imaging devices must be deployed.®1!

Here, we propose a nanosystem comprising a core-shell system?2 in which the superparamagnetic
maghemite (y-Fe,Os) core is surrounded by a Stber-type silica bearing micropores® impregnated
with a given amount of a paramagnetic complex [Ln(btfa)s(H20).], here after referred to as b-Ln
(with btfa = (4,4,4-trifluoro-I-phenyl-1,3-butanedione (Scheme S1)). The ensuing nanosystems, y-
Fe203@Si02 /[Gd(btfa)sz(H20)-], are dubbed FSb-Ln, F for ferrofluid and S for silica, Ln = Gd, Eu
or Gd/Eu. In the case of Gd-bearing systems, while the Gd** complexes in direct contact with the

surrounding water molecules increase T: relaxation, the long-range magnetic field of the core



promotes T» relaxation. The microporous shell allows the modulation of the magnetic coupling
between the two materials, prompting the simultaneous generation of strong Ty and T» contrast
effects. The isostructural b-Eu complex was also embedded together with the Gd®** complex in the
silica shell pores in a 1:1 molar ratio, endowing the nanosystem with emission properties and T1-

T> relaxivity.

EXPERIMENTAL SECTION

Materials
The chemicals EuClsz-6H20 and GdCls-6H.0 (Aldrich), 4,4,4-trifluoro-l-phenyl-1,3-butanedione
(btfa, Aldrich), methanol (MeOH, Merck), sodium hydroxide (NaOH, Merck), iron (I11) chloride
hexahydrate (98%) (Aldrich), iron (Il) chloride tetrahydrate (99%) (Aldrich), iron (111) nitrate
nonahydrate (99%) (Aldrich), tetraethoxysilane (TEOS) (98%) (Aldrich), and citric acid (99.5%)
(Aldrich); Nitric acid (Aldrich) were used as received. Absolute ethanol (J.T. Baker) and ammonia
(28%) (Carlo Erba) were used as received. Celltiter-Glo Luminescent Cell Viability Assay

(Promega). All the experiments were performed in deionized Milli-Q water.

Preparation of the maghemite ferrofluid suspension
The aqueous maghemite suspension was synthesized according to published data.'? Briefly, FesO4
precipitates (black dispersion of magnetite), obtained by alkalinisation of the FeCl; and FeCls
(Fe?*/Fe3* = 1/2) aqueous mixture, were successively oxidized with 2M HNO; and 0.33 M
Fe(NO3)3.9H,0 solutions at 373K in order to obtain particles with a Fe?*/Fe3* ratio lower than
0.05. In the process, magnetite was converted into maghemite. The brown dispersion was peptized

in a 2 M HNO3 solution under vigorous stirring in order to create positive surface charges. The



acidic precipitate was isolated by magnetic separation, washed with acetone and dispersed at pH
~ 2.5 in water with nitric acid. The iron concentration was determined by volumetric titration and
ICP and the average particle size, ascertained by transmission electron microscopy (TEM), was 10

+ 1 nm, (Figure S1-A, C)

Preparation of the maghemite ferrofluid core-shell suspension
The method was derived from the so-called Stober process'* widely used for the synthesis of silica
beads with diameters from a few tens to a few hundreds of nanometers. It is based on the
hydrolysis/condensation of tetraethoxysilane (TEOS) catalyzed by ammonia in alcoholic media
(ethanol). The surface of y-Fe>Os NPs was activated by acidic (0.01 M citric acid) treatment of
colloidal suspensions. NPs were isolated by decantation on a magnet. The particles were dispersed
in water (12 mL) and peptization was performed by adding ammonia (20 pL). Then, the alkaline
solution of citrated- y-FeoO3 NPs was poured into ethanol-water-ammonia solution 75/23.5/1.5
viviv % (1 L). Appropriate amounts of TEOS precursors were added to the dispersion under mild
stirring to reach the targeted shell thickness.? Under these conditions, no secondary nucleation

was observed, in agreement with the results reported by Chen et al.®®

Preparation of b-Eu and b-Gd, complex 1 and complex 2
The synthesis followed a reported method,'® where 0.1 mmol of LnCls-6H,0 (Ln = Eu and Gd)
and 0.3 mmol of Hbtfa were dissolved in ethanol (1 mL). The pH of the solution was adjusted to
6.5 with a NaOH ethanolic solution. The resulting mixture was stirred for 24 h at room
temperature. The solvent was slowly evaporated at room temperature for 48 h. The compound

formed was washed with water and recrystallized in ethanol.



Preparation of the complex-grafted core-shell nanoparticles
The core-shell NPs suspension ca. 50 + 6 nm (Figure S1-B, D) (1.5 ml, [Fe**]= 0.0216 M) was
centrifuged and the supernatant discarded, the wet NPs were slowly re-suspended in 1 mL of an
ethanol-complex solution containing b-Eu ((2.4 mg, 2.9 umol), b-Gd (2.4 mg, 2.9 umol) or b-Eu
(1.2 mg, 1.45 pmol) and b-Gd (1.2 mg, 1.45 umol) at room temperature. The system was sonicated
for 15 min. and dried in an oven at 333K for 12h. The FSh-Ln Ln (Ln=Gd, Eu, or Gd/Eu) particles

were then re-suspended and filtered in dd H2O (5 mL).

Leaching analysis
In order to assess the possible leaching of Gd®* from the NPs, the detection of free Gd** ions was
determined by the procedures described in refs.}”-1® Briefly, xylenol orange (3.42 g, 4.7 mmol)
was dissolved in buffer solution (250 mL, acetic acid and NaOH, pH = 5.8) and the solution was
then stored at 277K for one week. Furthermore, an aqueous dispersion of FSh-Gd NPs (2 mm, 5.18
mg/mL) in the buffer solution was also stored at 277K for a week. A calibration curve was built
with free Gd** ions in solutions (0-70 uM), prepared with the buffer solution by dissolving Gd.Os3
with nitric acid (HNOs). The calibration curve was determined from the plot of the Gd**
concentration vs. the ratio of the integrated intensities of the UV-visible absorption bands at 573
and 433 nm, measured on Synergy H1 Multi-Mode Reader - BioTek Instruments (Figure S2-A)
Finally, the absorption spectrum of an aqueous dispersion of FSbh-Gd in the buffer solution was
recorded under the same experimental conditions as those used for the calibration curve data and

the amount of free Gd®* was estimated from the curve (Figure S2-B).



Physico-chemical characterization of the nanoparticles

The morphology of the samples was analyzed by electron microscopy on a Hitachi STEM HD2700
electron microscope in the scanning (SEM) and transmission (TEM) modes operated at 200 kV,
coupled with a Bruker Quantax Esprit 2.0 energy-dispersive X-ray spectroscopy (EDS) for
elemental analysis and mapping. Drops of diluted dispersions of NPs were air-dried on carbon
films deposited on 200-mesh copper grids. The excess liquid was blotted with filter paper.
Diffuse Reflectance Infrared Fourier-Transform (DRIFT) spectra were recorded on a Bruker IFS
Equinox 55FTIR spectrometer (signal averaging 64 scans at a resolution of 4 cm™ in KBr pellets
containing ca. 2 mass % of material). The zeta potential of the NPs was measured using a Zetasizer
3000HSA setup (Malvern Instruments) equipped with a He- Ne laser (50 mW, 532 nm). The zeta
potential measurement based on laser Doppler interferometry was used to measure the
electrophoretic mobility of NPs. Measurements were performed for 20 s using a standard capillary
electrophoresis cell. The dielectric constant was set to 80.4 and the Smoluchowsky constant f(ka)
was 1.5. The silica, iron, europium, and gadolinium contents were measured by inductively
coupled plasma / optical emission spectrometry ICP/MS (ES720, Varian) equipped with a
crossflow nebulizer. Solutions for each element with a concentration of 1 g/L were used to prepare
the standard solutions (SCP Science to Paris) and were used as internal standard to evaluate the
instrumental drift.

The photoluminescence spectra were recorded at room temperature with a modular double grating
excitation spectrofluorimeter with a TRIAX 320 emission monochromator (Fluorolog-3, Jobin
Yvon-Spex) coupled to a R928 Hamamatsu photomultiplier, using the front face acquisition mode.
The excitation source was a 450 W Xe arc lamp. The emission spectra were corrected for detection

and optical spectral response of the spectrofluorimeter and the excitation spectra were weighed for



the spectral distribution of the lamp intensity using a photodiode reference detector. Lifetimes were
measured with the setup described for the luminescence spectra using a pulsed Xe-Hg lamp (6 us
pulse at half width and 20-30 ps tail). The absolute emission quantum yields were measured at
room temperature using a Quantum Yield Measurement System C9920-02 from Hamamatsu with
a 150 W Xenon lamp coupled to a monochromator for wavelength discrimination, an integrating
sphere as sample chamber and a multi-channel analyzer for signal detection.

The magnetic properties of the nanoparticles were measured on a known amount of the ferrofluids
using a vibrating sample magnetometer VSM-NUVO (MOLSPIN, Newcastle Upon Tyne, U.K.).
The magnetization was studied as a function of applied magnetic field [M(H)] at a temperature of

298K.

Relaxivity and MRI phantom studies
'H longitudinal and transverse relaxation times (T1 and T2, respectively) of agueous suspensions
of NPs were measured at 9.4T (400 MHz) using a BRUKER 94/20 USR small animal scanner,
from T1 Map-RARE images of phantoms using a spin-echo sequence (TE = 12 ms, TR = 50; 250;
450; 650; 850; 1050; 1250; 1450; 1650; 1850 ms, FOV= 33x22 mm, slice thickness = 2.00 mm,
matrix = 264 x 176, resolution = 125x125 mm, 2 averages, time acquisition of 27 min and 52 sec)
and a T>-Map from a 2D Multi-Slice-Multi-Echo (MSME) sequence (TR= 4000 ms, TE = 20; 40;
60; 80; 100; 120; 140; 160; 180; 200 ms, FOV= 33x22 mm, matrix = 264 x 176, resolution =
125x125 mm, 2 averages, time acquisition of 23 min and 28 sec). All the experimental values were
corrected for the diamagnetic contributions of water under the same conditions. The relaxivity

values r1 and r2 were calculated from the slopes of the linear plots of the experimental relaxation



rates 1/T; (i = 1, 2) against the total metal concentration [M] (where M = Gd, Fe, Fe + Gd or Fe +
Gd + Eu, in mM), in accordance with:

UTi=UTip +1; [M] (i=1,2) (1)

where Tio is the relaxation time of pure water in the absence of the contrast agent (diamagnetic

contribution).

Cell cultures and in vitro cell imaging
Hela cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 %
(v/v) fetal bovine serum (FBS), 10 U/mL penicillin, and 10 pg.mL streptomycin at 310K in fully
humidified air containing 5 % COg2. The cells were fed every 2—3 d. The cells were passaged after
reaching 80 % confluency. Hela cells (5 x 10° cells/well) were plated in six-well plates and left to
adhere overnight. Then, the cells were incubated with NPs (50 pg/mL) for 1, 2 and 6 h. After
incubation, to remove non-internalized NPs, the cells were washed three times with phosphate-
buffered saline (PBS), dissociated with trypsin [0.2 % (w/v) in PBS], centrifuged and counted.
Afterwards, the samples were freeze-dried, and the presence of Fe, Si, Gd and Eu in the samples
was evaluated by ICP-MS (ES720, Varian) equipped with a crossflow nebulizer. For this purpose,
the samples were digested overnight in the presence of nitric acid (0.5 mL, 68 % w/v), and
hydrofluoric acid (0.5 mL, 48% wi/v). Dilution of the sample was performed by addition of ddH>O
(1 mL). The samples (n = 3) were analyzed by ICP-MS to quantify internalized Gd and Eu.*°

Hela cells (7 x10° cells/well) were seeded onto a 96-well plate and left to adhere. The cells were
then incubated for 4h with NPs with different concentrations (15.625, 31.25, 62.5, 125 ug.mL™).
After incubation, to remove non-internalized NPs, the cells were washed three times with

phosphate-buftfered saline (PBS). After 20h and 44h ATP production was measured by a Synergy
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H1 Multi-Mode Reader - BioTek Instruments using the Celltiter-Glo Luminescent Cell Viability
Assay (Promega).

NPs tracking was assessed on Hela cells (4 x 10* cells/well), which were treated with 50 pg/mL
FSbh-Gd, FSb-Eu or FSb-EuGd NPs for 4 hours. After the incubation periods, cells were washed
extensively with PBS and fixed with 4% paraformaldehyde, for 15min at room temperature, and
rinsed again with PBS. Cell membrane was stained with WGA (633, invitrogen), and the slides
were mounted with mounting medium (Dako). Quantification was examined with a Zeiss LSM
710 confocal microscope analysed by classical quantification tools in ImageJ software. For MRI
studies of labelled Hela cells, they were incubated with the NPs (FSb-Eu) at 310 K, under 5% CO,
for 4 hours. After this incubation, cells were washed with PBS, fixed with 4% paraformaldehyde,
for 15 min at room temperature, and rinsed again with PBS. Then, cells were detached from the
culture flasks by scraping, the cell suspensions were prepared in PBS and the cell pellets were
obtained by centrifugation at 180g during 5 min. T1-weighted MRI images of the cellular pellets
were acquired at 9.4T (400 MHz) using a BRUKER 94/20 USR small animal scanner, from Ty
Map-RARE images using a spin-echo sequence (TE = 12 ms, TR = 50; 250; 450; 650; 850; 1050;
1250; 1450; 1650; 1850 ms, FOV= 33x22 mm, slice thickness = 2.00 mm, matrix = 264 x 176,
resolution = 125x125 mm, 2 averages, time acquisition of 27 min and 52 sec) and a T>-Map from
a 2D Multi-Slice-Multi-Echo (MSME) sequence (TR= 4000 ms, TE = 20; 40; 60; 80; 100; 120;
140; 160; 180; 200 ms, FOV= 33x22 mm, matrix = 264 x 176, resolution = 125x125 mm, 2

averages, time acquisition of 23 min and 28 sec).
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RESULTS AND DISCUSSION

Synthesis and characterization of the nanoparticles

Iron oxide NPs coated with silica (y-Fe:Oz@SiO2) were synthesized by coprecipitation and
stabilized by the Stober process.'? 2° This procedure uses tetraethoxysilane (TEOS) as the silane
monomer and alcohol-water-ammonia as the medium, providing a uniform silica coating with
controllable thickness.*? Acid treatment improved the silica coating, activating the NPs surface,
and leading to a simple and reproducible method for the production of monodispersed water stable
quasi-spherical NPs, with a core average diameter of 10 + 2 nm, and a ca. 20 nm thick silica shell
(Figure 1A). The presence of the Ln®*" complex in the SiO2 shell was confirmed by energy-
dispersive X-ray spectroscopy (EDS) elemental mapping. Figure 1B-E shows that silicon and the
Ln ions are homogenously distributed throughout the shell. ICP-MS analysis was used to ascertain
the Fe/Eu and Fe/Gd elemental ratios. As the same iron-silica core/shell was used for all the NPs,
the amount of Ln** ions within the NPs can be compared based on the Fe/Ln ratios. As shown in
Table 1, the ratios obtained are within the experimental error, leading to the conclusion that b-Eu

and b-Gd are present in the shell in a 1:1 molar ratio.

Table 1. Elemental ratios of NPs determined by ICP-MS.

Nanoparticles Fe/Si ratio Fe/Euratio  Fe/Gd ratio
FS 0.018+0.003 - -

FSb-Eu 0.018+0.003 0.227+0.009 -

FSb-Gd 0.018+0.003 0.239+0.007

FSb-EuGd 0.018+0.003 0.137+0.005 0.120+0.008

Diffuse reflectance infrared Fourier transform (DRIFT) was used to identify and characterize the

bare iron oxide NPs, the effective coating of silica, and the embedded lanthanide complexes
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(Figures S3 A and B). The two characteristic peaks of bare iron oxide at 582 and 636 cm™ are
assigned to the Fe—O bonds which are ascribed respectively to the stretching mode Fe-O in
octahedral site for the first one and the Fe-O stretching modes in octahedral and tetrahedral sites
for the second one, while that around 440 cm™ is related to symmetric stretching vibration modes of
Fe—O bonds on the octahedral sites.?! The bands at 3400 and 1600 cm™ correspond to the O-H
stretching and bending vibrations of adsorbed water, respectively. The thin band at 1390 cm™ is
ascribed to the mode of elongation of the ions nitrate ions.?? Comparison of the DRIFT spectra of
SiO; and FS (y-Fe:O:@Si02) samples (Figure S3-A) lead to the assignment of all the new
absorption bands of the latter to silica, witnessing the coating of the maghemite surface.? The
additional bands at 1866 cm™, 1105 cm™, 937 cm™ and 802 cm™ (arrows on Figure S3-A) are
assigned to Si-O and Si-O-Si asymmetric stretching modes®* The presence of the lanthanide
complexes in the y-Fe203@SiO2 NPs was confirmed by the characteristic btfa ligand C=0 band at
1613 cm:, (Figure S3-B) and by the broadening of the 1000-1344 cm™ band due to the overlap

of the C-F stretching bands at 1182 cm™.
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Figure 1: TEM images of FS, FSb-Eu, FSb-Gd and FSb-EuGd. Element mapping of Fe (green),

Si (red), Eu (blue) and Gd (yellow) of the synthesized NPs. Scale bare is 40 nm.

The properties of the NPs in aqueous suspensions were studied. Zeta potential titrations as a
function of the pH (Figure S4) gave the pH range of stability and the isoelectric point: 7.0 for F
NP, 2.3 for FS NP, 3.5 for FSbh-Ln (Ln: Gd, Eu and Eu/Gd). The shift of the isoelectric point

towards lower pH values (from 7.0 to 2.3) upon silica coating provides an additional confirmation
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of a successful coating.?® Incorporation of b-Ln within the silica shell shifts the isoelectric points
again towards higher pH (from 2.3 to 3.5), with a loss of surface anionic charge. Despite this loss,
the very negative NPs zeta potential (- 40 mV) at physiological pH suggests the aqueous
suspensions should remain stable in in vivo conditions, and do not flocculate at pH 7. Leaching of
the free Ln®" cation is a major toxicity issue hindering the use of Gd** complexes as MRI contrast
agents.?® Therefore, the amount of free Gd** ions in FSh-Gd solutions was ascertained by the
xylenol orange test.}” Only 0.39% of the metal ion leached into the solution (Figure S2). As the
stability constants of b-Eu and b-Gd complexes are expected to be similar, the same leaching

profile is expected for both complexes.

Photoluminescence properties

Luminescence studies of FSb-Eu and FSb-EuGd were performed in solution and in the solid state.
Figure 2 shows for example the 300 K emission and excitation spectra of FSb-Eu in the solid state,
excited at two different wavelengths. Clearly, no energy shifts are observed for the transitions
when the wavelength is varied, indicating the presence of a single Eu*" local environment. This
conclusion is also valid for suspensions of NPs, for which the only difference relative to the solid-
state spectrum is the relative intensity of the intra-4f Stark components (Figure S5). The spectra
consist of a series of lines ascribed to the *Do—"Fo_4 transitions upon 270 and 310 nm excitation
(assigned to host excited states), providing clear evidence of host-to-Eu®" energy transfer.
Comparison of the emission spectra of b-Eu and FSb-Eu in Figure 3 (in particular the energy and
full-width-at-half-maximum of the >Do—F lines, and the energy and relative intensities of the
"F2.4 Stark components), indicates an effective interaction between the Eu** ions and the FSb host,

completely different from that observed for the b-Eu complex.
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To get further insight into the Eu*" local coordination, high resolution spectra of the 4f® emission
lines were acquired (Figure 2 C-E). The detection of a single *Do—"F line (17262 + 1 cm™) and
the J-degeneracy splitting of the ’F1 2 levels into three Stark components, observed over the entire
range of excitation wavelengths used, indicate the Eu*" cations reside in a single low-symmetry
site. The larger intensity of the electric-dipole *Do—'F> transition relatively to the intensity of the
magnetic-dipole >Dy—’F transition indicates the absence of an inversion center for the Eu’" site,

since Laporte’s rule is relaxed due to odd parity terms in the ligand field Hamiltonian.

The energy of the *Do—’Fy transition (Figure 3C) of b-Eu does not change following NPs
incorporation, supporting the absence of covalent interactions between the metal complex and the
NPs. The calculated value of the *Do—’Fo FWHM for the NPs is slightly larger (ca. 36 cm™) than
the value for the b-Eu complex (ca. 26 cm™), suggesting a larger distribution of chemical
environments for the Eu®" ions. This can be explained by changes occurring outside the
coordination polyhedron, essentially related to the physical interaction between the complex and
the silica shell. The same phenomenon takes place for the FSb-Eu NP suspension (Figure S5),

leading to the conclusion that no complex has escaped the NPs system.
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Figure 2: A) Emission spectra (300K) of FSb-Eu (solid state) excited at 270 nm (black) and 310
nm (red); B) Excitation spectra (300K) of FSb-Eu (solid state) monitored at 612 nm (blue); C) D),
and E) show a magnification of the 5Do—7Fo» transitions in A). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article).

The room-temperature °Do emission decay curves, monitored within the >Do—'F transition at 612
nm and excited at 270 nm are well-fitted by a single-exponential function (Figure S6, Table 2).
In the solid state, b-Eu and FSb-Eu present similar lifetime values, ca. t = 0.345 £ 0.006 ms. This

is because the b-Eu complex is simply imbedded in the silica shell of FS NP, with no covalent
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interactions. Interestingly, in suspension both b-Eu complex and FSh-Eu NPs present a higher
lifetime.

3Dy radiative (4,) and non—radiative (4,,) transition probabilities are calculated after reference®”
(with T! = 4, + A4,,), respectively 1.06 ms™ and 1.84 ms™!, for sample FSb-Eu in the solid state.
Comparing these values with those of the b-Eu complex (4,= 0.56 ms™! and 4,,=2.34 ms™!, Table
S1 and Figure S5), a two-fold increase is observed in the radiative transition probability rate, and
a 1.3-fold decrease in the non-radiative transition probability. Moreover, the corresponding
quantum efficiency values, (N = A, / (A, + An), are 0.37 and 0.19 for the nanoparticles and the
complex, respectively. Both T and ) compare well with literature values.?® The absolute solid-state
emission quantum yields of FSb-Eu were measured for distinct excitation wavelengths. The
maximum value, 0.01 at 310 nm, is much lower than the value of the b-Eu complex (0.20 at 375
nm?’), indicating a lower ligand-to-metal energy transfer efficiency following complex
incorporation.

The number of water molecules coordinated to the Eu®* ions (nw) was calculated based on the

empirical formula:?8

1 1

n, = 1.11 X ( —0.31) )

TEXP  TRAD
The values obtained for, respectively, FSb-Eu NP and the b-Eu complex were, respectively, 1.7
and 2.3, i.e., 2 within the experimental error (Table S1). The fact that the metal coordination
number does not change suggests the surface Si-OH groups do not coordinate to the Eu" ions,

rather they hydrogen-bond to the water molecules coordinated to the metal.

The emission spectra of FSb-EuGd (Figure S7) gave results similar to those described above,

showing that the Eu** emission features are not influenced by the Gd** incorporation.
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Figure 3: A) Emission spectra (300K) of b-Eu, (black) and FSb-Eu, (red) both excited at 270 nm;
B) Excitation spectra (300K) of b-Eu (black) and FSb-Eu (red), monitored at 612 nm; C) Expanded
SDo—"F transition for estimation of its FWHM in the complex form b-Eu (black) and NP FSb-
Eu, (red) (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article).
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Table 2. Do decay times of samples monitored at 612 nm and excited at 270 nm, at 300K.

Nanoparticles Physical state 1 (ms)

b-Eu Solid 0.345+0.006
b-Eu suspension 0.610+£0.012
FSb-Eu Solid 0.345+0.006
FSb-Eu suspension 0.642+0.012

Magnetization and relaxivity properties

The magnetic properties of the nanosystems were evaluated by field-dependent magnetization
measurements at 298 K (Figure S8). All systems showed a typical superparamagnetic behavior
and hysteresis loops in the M(H) curves with the typical Langevin-like shape. Fitting the
experimental M(H) curves yielded calculated saturation magnetization values (Ms) (per g of Fe)
of 62.1, 57.4, 55.4 and 55.2 emu-g* for F NPs, FS NPs, FSb-Gd and FSb-EuGd, respectively. The
absence of coercivity, and the size of the NPs evidence the presence of superparamagnetism. The
Ms value obtained for bare F at 298 K is lower than the typical value for bulk maghemite (78
emu-g™1).3° The Ms value of FS is smaller than the value of F, presumably due to induced spin
canting at the core-silica coating interface.® The slight further reduction of Ms for FSbh-Gd and
FSb-EuGd indicates that the diamagnetic contribution from the inserted complexes fully
counterbalances the Gd** and Eu®* paramagnetic contribution. This is confirmed by the absence of
a paramagnetic contribution to their M(H) curves, which would be visible at very low and very
high magnetic fields.

The NPs are well dispersed in water, and the suspensions remained stable for at least 24 hours,
allowing the collection of consistent water proton relaxation data, and the evaluation of their in

vitro potential as MRI contrast agents. Figure 4 shows representative T1- and T2-weighted nuclear
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magnetic resonance phantom images recorded at 9.4 T of b-Gd aqueous solutions, and suspensions
of FSb-Gd and FSb-EuGd, at increasing Gd** and Fe3* concentrations. The r1 and r, relaxivity
values are collected in Table 3, and representative plots are shown in Figure 4 C and D,
respectively. These values were calculated from the observed linear dependence of the Ri (=1/Tj, i
= 1, 2) relaxation rates on the concentration of the Gd** or Fe** ions (Equation 1), using at least

five different concentrations.

Table 3. Water 'H relaxivities, ri (i = 1, 2) (9.4 T, 400 MHz, 298 K), for the b-Gd complex and

aqueous suspensions of FS NPs, FSb-Gd, and FSb-EuGd NPs.

Sample ri(mMts?) r;(mMts?) ra r
FS 0.8+0.1% 89+22 111
b-Gd 6.5+0.4° 7.840.5° 1.2
b-Eu 1.9+0.4° 4.8+0.6° 25
FSb-Gd 27.240.2° 2930+30° 108
0.8+0.22 77.8+0.32 97
1.0+0.5¢ 75.9+0.3¢ 78
FSb-EuGd  38.8+0.2¢ 1681+3¢ 43
1.0+0.22 44.6+0.32 45
1.0+0.2f 43.4+0.6f 44

ays. [Fe]; ®vs. [Gd]; € vs. [Eu]; ¢vs. [Fe + Gd]; ¢ vs. [Gd + Eu]; fvs. [Fe + Gd + Eu]

The relaxivities of the b-Gd complex and the Gd-bearing NPs have contributions from the inner-
sphere (IS) and outer-sphere (OS) mechanisms.?> 1232 For small complexes like b-Gd, the IS
contribution depends mainly on the hydration number (g), the rotational correlation time (zz), the
water exchange rate (ke.) and the electron spin relaxation times (77 2.) of the Gd** ion according to
the Solomon-Bloembergen-Morgan (SBM) theory, while the OS contribution depends on the self-
diffusion constants of the water and complex molecules and on their distance of closest approach,

according to the Freed theory.!” All Gd-containing systems induce a bright signal enhancement in
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a concentration-dependent manner on the Ti-weighted images (Figure 4A). The r; = 6.5 my's™
observed for b-Gd is comparable to 7; values (20 MHz, 25 °C) = 7.1-10.5 my'-s! reported for

*1),2-3.12.32-34 and is higher than

small Gd** complexes with ¢ = 2 and high k. values (1-5.3 x 107 s
the value reported for the clinically used [Gd(DTPA]* complex, Magnevist (1 = 3.9 my™' s, at

the same.
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Figure 4: Ti-weighted (A) and T>-weighted (B) nuclear magnetic resonance images of aqueous
solutions of (i) b-Gd, (ii) FSb-Gd, and (iii) FSb-EuGd, as a function of Gd*" and Fe**
concentrations (Ti-weighted images: repetition time = 450 ms, echo time 12 ms; Tz-weighted
images: repetition time = 4000 ms, echo time 80 ms). Longitudinal (C) and transverse (D)

relaxation rates of aqueous solutions of b-Gd (m),FSb-Eu (),FSb-Gd (m) and FSb-EuGd (m).

For Ln-containing NPs, the IS mechanism results from the water molecules directly coordinated
to the Ln3* ions on the surface of the NPs that, for Gd**, affect the proton relaxation through contact
and dipolar terms, and for Eu®* also via a Curie term.® The r1 value depends on the hydration
number of the surface ions, and the NPs surface-to-volume ratio.> 3 The OS mechanism results
from the diffusion of the water molecules in the magnetic field inhomogeneities created by the
magnetized NPs in their vicinity, and does not contain the contact term. It depends on their distance
of closest approach to the NPs surface, and on the NPs size and magnetization.>*® The contribution
of the Fe** ions in the superparamagnetic iron oxide core contribution has been described.®

In the case of the Gd-containing NPs, the OS contribution of the iron oxide core to r1 is expected
to be negligible relative to the contribution of the Gd®* ions, as suggested by the extremely low FS
NP value r1 = 0.8 mw-s? referred to Fe. The large r1value (27.2 my™-s referred to Gd) obtained
for FSb-Gd stems from the slow rotational diffusion (longer zr) of the b-Gd complex due to its
immobilization on the silica shell, as previously observed for protein bound complexes.?3 3 The
small decrease of the inner-sphere q value expected from the value g = 1.7 obtained for the
embedded Eu®*" complex may be compensated by the efficient exchange with bulk water, and
possible accessibility of the second sphere water molecules due to the porosity of the silica shell

to water.3® For FSb-EuGd, where 50% of the btfa-coordinated Gd®* ions are replaced by Eu®*, the
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observed increase of r1 (38.8 mmt-st) relative to FSbh-Gd reflects the Curie spin relaxation
contribution of the Eu®* ions, expected at high magnetic fields and long 7= values, when the
correlation time for the dipolar coupling described by the SBM equations is governed by the
electronic relaxation times, which is the case for Eu*.%

Regarding the T2-weighted images (Figure 4B), the b-Gd complex and the Gd-labeled NPs also
display a significant signal reduction with increasing Gd or Fe concentration. The r» values of all
NPs (Table 3) are considerably higher than ri, giving r2/r1 values much larger than 2,
corresponding to a dominant T»-weighted (negative-contrast) mechanism. These effects are
dominated by the iron oxide core OS contribution to r2, as indicated by the large FFS r, value
observed. The NPs r, values decrease from 89 my?-s® for FS to 77.8 or 44.6 mm? s? after
embedding the Gd®*" and Eu**/Gd** complexes (FSbh-Gd and FSb-EuGd, respectively). Such
decrease (87 % and 50% of the original values) cannot be attributed to the reduced saturation
magnetization (Ms) of the particles, which are only reduced to 96% of the original values.*
Therefore, they strongly suggest that the paramagnetic Gd®* or Eu®* chelates have a negative
impact on the T» relaxation process of the superparamagnetic magnetite core, in agreement with
their position outside the iron oxide core.**%° Although the present NPs have lower r, values than
PEGylated SPION particles (10.6 nm) (79.2 mm?t-s?, 9.4 T)>!, possibly due to the higher water
permeability of the PEG corona relative to the silica shell, their T> contrast effect was sufficiently

strong to produce a negative contrast enhancement of the phantom images.

Internalization and cytotoxicity of NPs

The cellular internalization and cytotoxicity of the three Ln-loaded core-shell nanosystems were

evaluated. ICP-MS was used to quantify the amounts of NPs internalized by Hela cells after
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different exposure times (2, 4 and 6 hours) to 50 pg/mL NPs (Figure S9). The results indicate a
time-dependent increase of the uptake of the NPs by Hela cells, with similar internalization kinetics
for the three types of NPs. After 4 hours, all systems presented the same internalization efficiency
and, thus, this time interval was adopted in the subsequent cytotoxicity and cell imaging studies.
The NPs uptake did cause changes in the cell morphology, which were only observed after a few
hours of exposure, suggesting interference with normal cell function. A preliminary biological
effect assessment was carried out by exposing Hela cells (7x10° cell/well) to increasing NPs
concentrations (10 - 125 pg/mL) for 24 and 48 hours. Reduction of ATP levels is considered a
reliable cell viability marker.>? Cell metabolism was assessed by ATP production using a
CellTiter-Glo® Cell Viability Assay. Figure S10 shows a decrease in ATP content of Hela cells
upon increase of the concentration of NPs. Concentrations equal or higher than 125 pg/mL resulted
in a significant impairment of the ATP production relative to the control for 24 and 48 hours (P <
0.0001 or P < 0.001). Similar results were also reported for iron oxide NPs coated with silica.*
For concentrations lower than 62.5 pg/mL, the ATP production showed no significant changes
with respect to the controls for the three types of NPs (except for FSb-Gd after the first 24 hours;
however, after 48 hours the cells had recovered a normal ATP production). Thus, this preliminary
test indicates the NPs are not cytotoxic to Hela cells at concentrations below 62.5 png/mL. Further
tests should be performed to assess in more detail the NPs cytotoxicity to other cell lines.
Nevertheless, the full viability of Hela cells was ensured for the concentration of 50 pg/mL used

in our imaging studies.
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Optical and Nuclear Magnetic Resonance imaging of cells

Further insight into the cellular internalization of the NPs was gained by confocal microscopy
(Figure 5A), that enabled their observation within the cells as blue dots in the merged micrographs.
Confocal images show that both types of NPs containing Eu®* ions are evenly distributed in the
cytosol. Some particles form aggregates appearing as large and strongly fluorescent spots. To
quantify the differences in cell uptake, the fluorescence intensity of each NP entereing the cell was

estimated by calculating the mean fluorescence value per cell in the same area (Figure 5B).
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Figure 5: (A) Confocal microscopy images of FSbEu-Gd NPs-treated Hela cells; (B) Relative
fluorescence intensity of each sample represented as the mean value/cell. The three different types
of NPs were tested in each experiment, and 10-20 cells per experiment (total 30-60 cells) were
randomly selected for imaging analysis. Results are presented as mean + SD (n = 3). ** denote
data points that are statistically significant compared with each other by one-way ANOVA at 95%

confidence interval.
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As expected, FSb-Gd NPs could not be observed. Nevertheless, no statistically significant
difference was found between FSb-Eu and FSb-EuGd, as expected. In general, the intracellular
NPs fate is strongly affected by the entry route. Several endocytic pathways are known, namely:
clathrin-mediated endocytosis, caveolae-mediated endocytosis, macropinocytosis, and clathrin-
and caveolae-independent endocytosis.®*®® The identification of these pathways is vital for
understanding NPs fate but is beyond the scope of the present work. In conclusion, Eu**-containing
NPs FSbh-Eu and FSb-EuGd can be used as fluorescent probes for cell imaging.

Finally, the suitability of b-Gd complex, FSb-Gd and FSb-EuGd NPs as 71-7> multimodal
contrast agents was also investigated at 9.4 T (400 MHz) using phantoms of pelleted labeled Hela
cells (Figure 6). b-Gd complex and FS NPs were used as reference samples to evaluate the
simultaneous 77 and 7> contrast capabilities of the lanthanide-bearing NPs, respectively. As
expected, the cells labeled with the b-Gd complex appear as bright regions in the 7j-weighted
images, indicating a strong positive contrast. However, a negative contrast effect was not observed
in the 7T>-weighted image, in agreement with the >/ r; = 1.2 value. As expected, a dark signal was
observed for the cells incubated with FS, witnessing a strong negative 7> contrast, but no 7
contrast effect, in accord with the very large »»/r;=111.

Cells labeled with FSb-Gd display a bright signal enhancement in the 7i-weighted image,
although not as strong as observed in the presence of the b-Gd complex, as could be expected from
their relative 7; values (Table 3). This may be due to a higher cell uptake of b-Gd. FSb-Gd NPs
also originate a marked signal drop on the 7>-weighted image, whose intensity is similar to FS
NPs. FSb-EuGd induced a higher positive contrast effect, and a negative contrast effect on the cell

samples, compared to FSb-Gd NPs, in accord with their »; and r./r; values.
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The above results demonstrate that FSb-Gd and FSb-EuGd NPs produce both a positive and

negative contrast enhancement on the nuclear magnetic resonance images.

(i) (if) (iii) (iv) (v)
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Figure 6: 71- and T>-weighted nuclear magnetic resonance images of cellular pellet phantoms
(1) cells + b-Gd, (i1) cells + FSb-Gd, (iii) cells + FSb-EuGd (iv) cells + FS NP and (v) control: cells
(T;-weighted images: repetition time = 450 ms, echo time 12 ms; 7>-weighted images: repetition

time = 4000 ms, echo time 80 ms.

CONCLUSIONS

Superparamagnetic maghemite core-porous silica shell NPs FSb-Gd and FSb-EuGd (1:1
Eu/Gd), 50 nm in diameter and with a 10 nm core size, containing paramagnetic b-Ln (Ln = Gd,
Eu) complexes evenly distributed in the shell have been reported. Due to their negative zeta
potential, these NPs form stable water suspensions, and show no significant leaching of Gd*" ions.
FSb-Eu NPs labelled with the Eu®* complexes in the absence of the corresponding Gd** complexes
exhibit good luminescent properties, with a quantum efficiency three times larger than the free

Eu®" complex in solution. The latter properties are not deteriorated by further incorporation of
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Gd*" complexes in the FSb-EuGd system. Incorporation of such complexes causes only a 4%
decrease of the saturation magnetization (Ms) relatively to the original FSb NPs, due to negligible
spin canting effects. This is important, as Ms is a factor determining the 7, relaxivities.

FSb-Gd and FSb-EuGd NPs show r; values larger than the reference b-Gd complex in solution
due to both, the direct accessibility of the complexes embedded in the silica pores to the water
molecules, and the slow tumbling of the NPs modulating the dipole-dipole and Curie spin
relaxation mechanisms. They have slightly lower 7> values than the reference FS NPs, but their
r2/ry values are still high. The negative interference observed between the paramagnetic materials
and the superparamagnetic magnetite core, resulting from the magnetic coupling with the long-
range magnetic field produced by the core, which decreases the observed 7> values, results from

40-50 A

the location of the paramagnetic material outside the iron oxide core. synergistic 7;-1>

relaxation enhancement effect would be expected if the paramagnetic material were located inside
the superparamagnetic iron oxide core. > 3% 343

Hela cells efficiently and swiftly internalize FSb-EuGd NPs that reside in the cytosol. No
cytotoxicity was observed at cell concentrations lower than 62.5 ug mL!. 7; and T»-weighted
nuclear magnetic resonance studies of the labeled Hela cells showed that FSb-Gd and FSb-EuGd
are better 77 (positive) contrast agents than the b-Gd complex, and they are as efficient as FS NPs
as T» (negative) contrast agents. A further advantage of the in vivo use of Ln*"-labelled NPs is their
magnetic susceptibility, which causes negative contrast proportional to the magnetic moments but
does not correlate with the r; values.*® Such effects have been reported in animal brain studies

during infusion with [Dy(DTPA)]*, resulting from the difference in magnetic susceptibility

between the capillaries, containing the contrast agent, and the surrounding tissue.>’
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The shell embedding of isostructural b-Eu and b-Gd complexes in a 1:1 mole ratio in the FSb-
EuGd NPs improves the 7; contrast capacity, without compromising its 7> contrast. This
nanosystem also exhibits important optical properties, affording useful trimodal 7;-7> nuclear
magnetic resonance and optical imaging contrast agents of cells and tissues, or for in pre-clinical

animal studies.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI:

10.1021/acs.inorgchem.

Scheme S1: Structure of the btfa ligand; Figure S1: A) TEM images showing the average size
(diameter d) of the 1) core F-NPs (y-Fe203) and ii) core-shell FS-NPs (y-Fe2O3@SiO»). NPs B)
histograms with experimental size distributions of samples i) core F-NPs and ii) core-shell FS-NPs
(y-Fe203@Si10.) and corresponding calculated normal cumulative distributions for the specified
mean and standard deviation; Figure S2: A) Calibration curve and the amount of free Gd** in 2
mM of fresh FSb-Gd aqueous dispersion sample; B) the corresponding UV-visible absorption
spectra of xylenol orange solution (18 uM) containing increasing concentrations of Gd** (0-70
uM); Figure S3 A) DRIFT spectra of the NPs: F-NP (black), SiO ( blue), FS-NP (orange), A) F-
NP (black) FSb-Eu (green) FSb-Gd (blue) and FSb-EuGd (red) ¢) F-NP (black) FSb-Eu (red) and
bEu (green); Figure S4 Zeta potential titrations as a function of the pH of F-NP (black), FS-NP
(red) and FSb-Ln, (Ln = Eu, Gd or Eu/Gd 1:1), (green) in aqueous suspensions; Figure SS:
Emission spectra recorded at 300 K of FSb-Eu NPs in water suspension and in the solid state at
two different wavelengths 270 nm and 310-320 nm; Expanded *D¢—>’Fo transition of complex b-

Eu and FSb-Eu NPs in water suspensions; Figure S6: Emission decay curves (300 K) of the *Dy
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excited state of FSb-Eu, and b-Eu, monitored at 612 nm and excited at 270 nm, in the solid state
and aqueous suspension. The experimental decay curves were fitted to a single exponential decay
(r2 > 0.99); Figure S7: A) Excitation spectrum (300 K) of FSb-EuGd (solid state) monitored at
612 nm; B) Emission spectrum (300 K) of FSb-Eu (solid state) excited at 270 nm and 310 nm;
Figure S8: Magnetization vs. applied magnetic field loops between - 150 kOe and + 150 kOe at
298 K for F-NP(m),FS-NP (¢),FSb-Gd (a) and FSb-EuGd ( ); Figure S9: Quantification of FSb-
Eu, FSb-Gd and FSb-EuGd NPs in Hela cells determined by ICP-MS; Figure S10: Effect of NPs
on the metabolism of Hela cells incubated with FSb-Eu, FSb-Gd and FSb-EuGd) for 24 h and 48
h; Table S1: °Dy decay times of samples monitored at 612 nm and excited at 270 nm, at 300 K (1);
Dy radiative (A;) and non—radiative (Ax) transition probabilities are calculated after reference'

with 7' = A; + Aw); and the calculated number of water molecules in the coordination sphere of
P

the Eu’* ion (n).
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Table of Contents Synopsis: Water stable suspensions of superparamagnetic maghemite core-
microporous silica shell 50 nm NPs bearing paramagnetic Ln*" complexes (Ln = Gd, Eu) show
promising 7;-7> MRI and optical imaging contrast properties. Efficient internalization in the

cytosol of Hela cells enables MRI and optical cell imaging with no observable cytotoxic effects.
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