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Recent breakthroughs in the rational development of multifunctional nanocarriers have highlightened the advantage of combining the complementary forces of several imaging modalities into one single nanotool fully dedicated to the biomedical field and diagnosis applications. We introduce a novel multimodal optical-magnetic resonance imaging nanoprobe. Designed on the basis of a spinel zinc gallate structure doped with trivalent chromium and gadolinium, this nanocrystal bears the ability to serve as both a highly sensitive persistent luminescence nanoprobe for optical imaging, and a negative contrast agent for highly resolved magnetic resonance imaging (MRI). Additional proof is given that surface coverage can be modified in order to obtain stealth nanoparticles highly suitable for real-time

in vivo application in mice, showing delayed reticulo-endothelial uptake and longer circulation time after systemic injection.

Main Text:

Advances in the intelligent design of highly sophisticated nanocarriers have led to the development of several reliable platforms intended for diagnosis applications. [1] Taking advantage of the large available space within a single nanoparticle, as compared to other systems in the molecular scale, many research groups have pursued the idea that the same rationally engineered cargo could simultaneously carry multiple functions at a time. Thereby, many novel nanotechnologies were lately introduced to serve as multifunctional systems dedicated to either multimodal imaging [2,3] or hybrid imaging/therapeutic theranostic applications. [4,5] In particular, the scientific interest is focusing on the development of multimodal imaging probes associating one high sensitivity modality, such as fluorescence or positron emission tomography (PET) imaging, with one high spatial resolution modality, typically magnetic resonance imaging (MRI). [6] Recently, our group has introduced the use of persistent luminescence nanoparticles as photonic probes for optical imaging in vivo. [START_REF] Le Masne De Chermont | Proc. Natl. Acad. Sci. U S A[END_REF] These nanomaterials can be excited under a UV lamp before the injection to small animals, and emit a near-infrared persistent luminescence through living tissues, which allows real-time detection with absolute sensitivity as well as complete avoidance of the autofluorescence. We have shown that proper surface functionalization of these nanoparticles could not only be used to favor in vivo long-lasting blood circulation, [START_REF] Maldiney | [END_REF] but also to specifically target cancer cells in vitro. [9,10] In addition, the recent elucidation of the fundamental mechanism driving persistent luminescence phenomenon in diopside host led to an optimization of the crystal co-doping conditions, and unveiled a novel composition, displaying better optical characteristics for in vivo applications. [11,[START_REF] Maldiney | Proc. SPIE[END_REF] Nonetheless, despite these improved characteristics of persistent luminescence materials, [START_REF] Maldiney | [END_REF] the signal could not be followed more than 2 hours in living animals, which impeded long-term biomedical applications such as tumor-targeting. We have recently overcome this limitation by introducing a new generation of non-toxic persistent luminescence nanomaterials, based on trivalent chromium-doped zinc gallate with formula ZnGa 1.995 Cr 0.005 O 4 , which can be excited through living tissues by using low energy photons, in the red region of the visible spectrum. [14,15] This promising nanotechnology is potentially of wide applications to biologists and pharmacologists involved in cancer diagnosis, vascular biology, as well as cell therapy research.

In the present study, we report the synthesis and functionalization of a novel multimodal imaging probe, based on gadolinium-doped persistent nanophosphors, and intended for in vivo diagnosis applications in small animals. This nanocrystal bears the ability to be simultaneously used as optical probe, with the main advantage to allow real-time detection and absolute sensitivity associated with persistent luminescence properties, as well as negative contrast agent for MRI, that brings high spatial resolution along with non invasive anatomical precision.

Three major strategies can lead to the development of an efficient multimodal imaging nanoprobe (Scheme 1). The first approach relies on a surface chemical modification of the nanoparticle to add the extra modality as molecular moiety. [16] However, such surface grafting comes necessarily with a significant loss of available functional groups intended for a future functionalization with biological ligands and could hamper targeting perspectives. To circumvent this later limitation and retrieve surface accessibility, a second method can be preferred that consists in the formation of a core-shell structure, with a first modality confined within the core of the nanoparticle, while the other is distributed in the shell. [17] Such strategy, though interesting regarding the accessibility it frees on the surface of the carrier, comes with an inevitable increase in hydrodynamic diameter, depending on the overall shell thickness, that may jeopardize applications in vivo by shortening plasma half-life of the probe. Finally, the doping approach, more challenging given the few reports of success, [18] combines the advantages of the two modalities without any increase in hydrodynamic diameter or decrease in surface accessibility. We decided to apply the doping approach to our persistent luminescence nanoparticles. Briefly, nanoparticles with formula ZnGa 2(0.9975-x) Cr 0.005 Gd 2x O 4 (x = 0, 2, or 4 %), referred to as ZGO:Cr 3+ ,Gd 3+ (x %), were synthesized by sintering in air after hydrothermal crystallization of chromium/gadolinium-doped zinc gallate under pressure. [19] Results from X-ray diffraction (XRD) on bulk powders reveal the formation of pure spinel-type zinc gallate, even after significant gadolinium doping up to 4% (Figure 1).

We notice from the XRD patterns that the introduction of gadolinium in the structure is responsible for a progressive decline of resolution, with peak intensities gradually decreasing from the compound without gadolinium to the 4%-doped powder. Indeed, given the significant difference between gadolinium (0.938 Å) and gallium (0.62 Å) ionic radii, such change in the diffraction pattern is very certainly associated with a difficult crystallization of the compound probably when trying to force gadolinium in gallium sites. The persistent luminescence decline curves from Figure 2 corroborate this explanation, as we notice a loss in global signal intensity due to gadolinium doping, no matter which excitation source. Such correlation between optical properties and crystallinity has already been witnessed with several classes of luminescent materials and led to the conclusion that maximum emission intensity was usually achieved when the phosphor exhibited optimal crystallization. [START_REF] Lakshmanan | Sintering of Ceramics -New Emerging Techniques[END_REF] Despite this signal loss, Figure 2 shows that gadolinium doping is not leading to a complete quenching of persistent luminescence. Indeed, no matter which excitation source chosen between either red LEDs or UV lamp, persistent luminescence signal remains highly detectable after a two minutes activation of the powders. In addition to these first observations regarding decline kinetics, we also studied the influence of gadolinium content on the optical signature of long-lasting phosphorescence (LLP) emission. Results in Supplementary Figure S1 confirm that there is no change in the emission profile of the different compositions. As expected from the relative intensity of LED or UV excited compounds, the less intense was the persistent luminescence signal, the less resolved was the emission spectrum. Precise determination of the gadolinium content of each powder was measured by inductively coupled plasma mass spectrometry (ICP-MS). Results indicate a negligible amount of gadolinium in the compound only doped with chromium, 18.15 mg of Gd 3+ per gram of 2%doped compound and 45.37 mg of Gd 3+ per gram of 4%-doped compound which respectively corresponds to the real percentages of 1.29 % and 3.22 %. As observed on transmission electron microscopy (TEM) images (Figure 3.A to C), gadolinium doping does not seem to have any impact on the global size and shape of the nanoparticles. Moreover, energy dispersive X-ray spectroscopy (EDX) measurements were performed over large field of views and revealed a gadolinium percentage of 1% for ZGO:Cr 3+ ,Gd 3+ (2 %) and 2% for ZGO:Cr 3+ ,Gd 3+ (4 %), which is in the same order of magnitude as the percentages determined from ICP-MS measurements.

In addition, Quantitative scanning transmission electron microscopy (STEM) -EDX point analyses were performed to extract quantitative composition measurements on single nanoobjects (Figure 3.D to F). [START_REF] Alloyeau | [END_REF] These results show the inhomogeneous distribution of gadolinium doping in the nanoparticles. The gadolinium composition with respect to the gallium composition ranges from 0.25% (probe position 1) to 4.4 % (probe position 2).

Unfortunately, the high beam sensitivity of the nanoparticles prevented gadolinium distribution mapping at the nanometer scale using EDX spectrum imaging.

In vivo applications in living animals with such persistent luminescence materials are usually achieved through the extraction of nanoparticles' monodisperse distributions. [START_REF] Maldiney | [END_REF] Such size selection allows removing the aggregates, thus improving chances to get a homogeneous distribution of the probes in vivo. Thereby, we selected the same monodisperse distribution for each compound, with a mean hydrodynamic diameter of 60 nm (Supplementary Figure S2). T 1 and T 2 -weighted magnetic resonance images presented in Figure 3.A were recorded at 7T with stable colloidal solutions of ZGO nanoparticles in diluted sodium hydroxide (5mM).

The images reveal a significant effect of gadolinium-doping on both longitudinal and transversal relaxation times. Interestingly, a percentage of gadolinium as low as about 1.3 %, reached with ZGO:Cr,Gd (2%), seems to induce a noticeable effect of nanoparticles as positive and negative contrast agent. Quantitative measurements of relaxometry performed at 7T (Figure 4.A) confirm a linear dependence of relaxation rates (R 1 and R 2 ) regarding nanoparticles concentration. In both cases, the more gadolinium enters the zinc gallate structure, the more important the relaxation rates (Figure 4.B and C). On the contrary, we notice that chromium-doped ZGO nanoparticles, without gadolinium, do not have any influence on the relaxation times of water protons, either T 1 or T 2 . Indeed, the magnetic moment of Cr 3+ is weaker than that of Gd 3+ , with 4 unpaired electrons for Cr 3+ compared to 7 for Gd 3+ . Although trivalent chromium is usually listed among classical paramagnetic species with putative MRI applications, [22] the relative low concentration of dopant used to confer optical signature and final persistent luminescence characteristics to the crystals is not sufficient to provide substantial magnetic properties to the probe. A final comparison of relaxivities, calculated from relaxation rates curves presented in Figure 4.B and C, is given in Figure 4.D. The introduction of gadolinium content in chromium-doped persistent luminescence nanoparticles is responsible for a global increase of both longitudinal and transversal relaxivities (around 5 mM -1 s -1 for r 1 and above 60 mM -1 s -1 for r 2 ), while compounds only doped with chromium display almost null r 1 and r 2 (data not shown). In the case of longitudinal and transversal relaxations, increasing gadolinium content does not change the relaxivities of ZGO nanoparticles, and the r 2 /r 1 ratio remains close to 11, no matter which gadolinium concentration. Such value of the ratio, combined with the pronounced negative contrast obtained in T 2 -weighted images (Figure 4.A), strongly suggests a further use of these gadolinium/chromium-doped ZGO nanoparticles as multimodal optical imaging probe and negative T 2 -contrast agent for magnetic resonance diagnosis applications in living animals. Noteworthy, gadolinium-based contrast agents, either molecular (Gd-DTPA) [23] or in the form of small nanoparticles [2,24] (2-3 nm Gd 2 O 3 ), usually display rather low r 2 /r 1 ratios, i.e. inferior or equal to 1, associated with a global tendency to act as positive T 1 -MRI contrast agent. This trend is quite different from the one we observed with gadolinium-doped zinc gallate nanoparticles, which could be the result of size-effects responsible for a significant change in surface/volume phenomenon. [25] Indeed, surface effects being preponderant when decreasing the size of nanoparticles, protons relaxation is mostly driven by the direct interaction between water protons from the biological environment and gadolinium on the surface of the nanoparticle. On the contrary, a significant increase in nanoparticles' diameter leads to the decrease in surface/volume ratio along with a loss of the dominant interaction between protons and surface gadoliniums. In the case of gadolinium-doped ZGO nanoparticles, in which the volume effects are prevailing, the resulting MRI T 2 -effect is most likely associated with the strong interaction between the global magnetic moment of nanoparticles, which generates a local magnetic field inhomogeneity, and water protons from the solvent. Following the inner sphere theory of relaxation, individual Gd 3+ induce paramagnetic relaxation originating from the dipole-dipole interaction between the nuclear spins of the first coordination sphere ( 1 H of water) and the electron spins of the paramagnetic specie (Gd 3+ ). On the contrary, paramagnetic centers confined into a nanosized crystal generate a cooperative effect, commonly observed in inorganic ferrites such as Fe 3 O 4 , responsible for a strong magnetic moment of the nanoparticle and a predominant transverse relaxation. In relation to the outer sphere relaxation theory, these species are known as superparamagnetic. [26] The optical and magnetic properties of the two compositions, ZGO:Cr,Gd (2%) and ZGO:Cr,Gd (4%), were then compared in vivo. First, we investigated the ability of these nanoparticles to be monitored in vivo as optical probe. Nanoparticles from both compositions were suspended in 5% glucose solution, excited under UV light (6W, 254 nm) for 2 minutes, and injected in the tail vein of healthy BALB/c mice. Persistent luminescence images and accumulation kinetics are presented in Figure 5. We notice from Figure 5.A that ZGO:Cr,Gd (4%) nanoparticles are clearly detectable through living tissues with absolute sensitivity. After a short 5 minutes period, a significant amount of nanoparticles was trapped in liver. The image acquired 45 minutes after the systemic injection confirms an exclusive retention of the nanoparticles within the main reticulo-endothelial system (RES) organs, liver and spleen.

Images recorded following the injection of the other composition, ZGO:Cr,Gd (2%), displayed the same biodistribution pattern (data not shown). Such behavior of nanoparticles covered with hydroxyl groups after intravenous injection has already been observed with previous persistent luminescence nanoparticles, based on diopside host. [START_REF] Maldiney | [END_REF] Briefly, this uptake of nanoparticles by RES is very likely the result of a recognition process initiated by the interaction of nanoparticles with opsonins circulating in the blood that finally triggers their capture by phagocytes located within major RES organs, mainly Kupffer cells in liver and splenic macrophages in spleen.

Semi-quantitative analysis of persistent luminescence images allows accurate determination of the amount of nanoparticles confined in a given region of interest (ROI), compared to the whole mouse. After a preliminary ROI delimitation of the main RES organs (Figure 5.A), this analysis method was used to monitor global accumulation kinetics of persistent luminescence nanoparticles in liver and spleen (Figure 5.B). As expected in view of the similar hydrodynamic diameters and surface characteristics of ZGO:Cr,Gd (2%) and ZGO:Cr,Gd (4%), both compositions display identical accumulation kinetics in RES organs. In particular, a focus on the first 10 minutes of the accumulation curves allows unraveling the mean blood half-life of ZGO nanoparticles, estimated to be about 30 seconds. After 30 minutes, more than 80 % of the total luminescence are retrieved in liver and spleen. As the amount of nanoparticles in liver and spleen remains unchanged after 45 minutes, we decided to acquire magnetic resonance images a few minutes later. T 2 *-weighted magnetic resonance images of mice abdominal cross section are presented in Figure 6. For each composition and each mouse of the group, a reference image was recorded before the intravenous injection of magnetic persistent luminescence nanoparticles.

Comparison of Figure 6.A, reference image before the injection, with Figure 6.B and C, after the injection of ZGO:Cr,Gd (2%) and ZGO:Cr,Gd (4%) nanoparticles, clearly reveals a strong change in contrast within liver. The significant drop in signal to noise ratio, as compared to the reference mouse, evolves from 30% after the injection of ZGO:Cr,Gd (2%) nanoparticles (Figure 6.D) to 60% with ZGO:Cr,Gd (4%) nanoparticles (Figure 6.E), which represents a doubled value in comparison to the 2%-doped compound. Indeed, in terms of relaxivity expressed per weight of nanoparticles, ZGO:Cr,Gd (4%) nanoparticles are twice more efficient as MRI contrast agent compared to ZGO:Cr,Gd (2%) nanoparticles. Without gadolinium, the ZGO:Cr nanoparticles show no magnetic properties for MRI. Notably, the ZGO:Cr,Gd (4%) nanoparticles are responsible for a strong negative contrast within liver tissues (Figure 6.C), with a highly darkened and emphasized surface, as compared to liver vascularization. The magnetic resonance images, obtained from mice abdominal cross section, perfectly correlate results from Figure 5, as well as the persistent luminescence images recorded from in situ activation of the nanoparticles through living tissues, both in and ex vivo, 24 hours after their injection (Supplementary Figure S3.A and B). This global result constitutes the first report of multimodal imaging nanoparticles, based on red-excitable magnetic persistent luminescence nanoparticles, for optical-MRI detection. These novel nanoprobes not only ensure absolute detection through living tissues by using persistent luminescence, but also serve as negative contrast agent for MRI-based detection with high spatial in vivo resolution, raising thrilling perspectives for bioimaging in living animals. Note that in vivo cellular and systemic toxicity of ZGO-based nanoparticles have already been explored in a previous study that reported neither acute nor long-term toxicity of these optical nanoprobes, assessed by both biomarkers dosage from the liver and histopathological exploration of the main accumulation organs. [14] Most biological applications of nanoparticles require surface functionalization to provide either good stability in physiological medium, interesting targeting properties for in vitro binding studies, or stealth character to ensure a proper biodistribution in vivo. [27] Focusing on the use of magnetic persistent luminescence nanoparticles for in vivo bioimaging, we finally investigated, as a proof of concept, the ability to confer a stealth character to these nanoprobes in order to favor their biodistribution after systemic injection. Functionalization with polyethylene glycol (PEG) was performed on ZGO:Cr,Gd (4%) nanoparticles, providing the best contrast for MRI in vivo as well as absolute sensitivity for optical detection of persistent luminescence in healthy mice, via a two steps reaction route (Figure 7.A). Each functionalization step was characterized by zeta potential measurements. Hydroxyl-terminated nanoparticles displayed slightly positive surface charge (25.2 ± 2.38 mV). The condensation of amino-silanes is responsible for a major increase in global surface charge rising up to 38.6 ± 1.84 mV due to the presence of primary amines covering the probes. Finally, PEG grafting allows complete charge masking, with a global zeta potential dropping to the value of 0.867 ± 0.992 mV. Classical physico-chemical measurements using dynamic light scattering confirm the formation of a thick PEG layer on the surface of the nanoparticles (Supplementary Figure S4).

Following the same approach as the one applied for hydroxyl-terminated nanoparticles, we first used the persistent luminescence signal after UV excitation, prior to systemic injection, to monitor short-term biodistribution of the nanoparticles in vivo. Images obtained from the optical detection of the nanoparticles are presented in Figure 7.B. Interestingly, a close comparison of the images obtained 5 min, 45 min, and 3 hours after the injection seems to indicate a slow and progressive accumulation of the nanoparticles in spleen (black arrow in the Figure 7.B), without noticeable retention within liver. This observation was confirmed by MRI a few minutes later. T 2 *-weighted abdominal transversal images of the same mouse (Figure 7.C) clearly indicates a significant loss in signal to noise ratio homogeneously located within spleen (white arrow in the Figure 7.C), compared to the reference mouse before the injection. However, such visible changes in negative contrast around the liver were not detected by MRI, comforting the results obtained from optical detection performed with persistent luminescence, and the ability of stealth nanoparticles to successfully evade liver defense system and delay their final uptake by Kupffer cells. Such in vivo behavior raises promising perspective for a further use of these stealth nanoparticles to passively target the tumor microenvironment.

Conclusion

We have introduced the first multimodal optical-magnetic resonance imaging nanoprobe based on red-excitable magnetic persistent luminescence nanoparticles. This novel generation of gadolinium-doped imaging probes allows not only real-time optical detection through living tissues with absolute sensitivity, but also magnetic resonance imaging with high spatial resolution in vivo. In addition, we have shown that successful surface PEG grafting could be used to greatly increase the circulation time and modulate the biodistribution of these magnetic persistent luminescence nanoparticles after systemic injection to healthy mice, and significantly delay the reticulo-endothelial system uptake in vivo. The development of this new nanotechnology opens thrilling alternatives to a large panel of diagnosis techniques in the field of biomedical research. The spectra were normalized with respect to the Ga L a peak (reference peak intensity above 500 counts). F, quantitative measurements were extracted with the ratio method by using the Cliff-Lorimer factors of the Gd L a and Ga L a peaks. STEM-EDX and TEM investigations were performed with the JEOL ARM 200 F microscope operating at 200 kV. This microscope is equipped together with a CEOS aberration corrector, a cold field emission gun, and a JEOL EX-24063JGT EDX Diode. [1] In vivo systemic injections. Five weeks old female BALB/c mice (Janvier, Le Genest St.

Isle, France) were anesthetized by i.p. injection of a mixture of ketamine (85.8 mg/kg, Centravet, Plancoët, France) and xylazine (3.1 mg/kg, Bayer, Leverkusen, Germany) diluted in 150 mM NaCl. Systemic injections of 10 12 ZGO nanoparticles, dispersed in 5% sterile glucose solution, were then realized to perform imaging studies.

Optical imaging studies. Signal acquisitions were carried out using a photon-counting system based on a cooled GaAs intensified charge-coupled device (ICCD) camera (Photon-Imager; Biospace, Paris, France) without external excitation source. For all experiments, the ICCD aperture time was chosen to be three minutes. ZGO nanoparticles (10 12 in sterile 150 mM NaCl) were excited for 2 minutes under UV light (6W mercury discharge 254 nm lamp) before the injection to mice via the caudal vein. Animals were then placed on their back under the photon-counting device, and the signal acquisitions were performed. When the luminescence signal extinguishes (typically after a few hours), orange-red light (LED system, Bridgelux) was shined to the animal for two minutes to re-activate persistent luminescence nanoparticles. The signal acquisition was then immediately resumed. Accumulation kinetics was determined by the use of Biospace developed software, PhotoVision+. Experiments were conducted following the NIH recommendations and in agreement with a regional ethic committee for animal experimentation.

Magnetic resonance imaging studies. Experiments were carried out at 7 T on a vertical imaging spectrometer fitted with an ultra shielded refrigerated 300WB magnet (Bruker, Avance II, Wissembourg, France) equipped with a whole-body 40mm birdcage RF coil (Bruker) for mouse and Paravision 5 acquisition software.

For in vitro relaxivity experiments, T 2 and T 1 maps were recorded. The parameters were, for T 2 map, multiecho SE images, hermitian pulse 90° 2000 μs/ mao 180° 3000 μs TR/TE = 15s/11ms, 32 echos; for T 1 quantitation, Saturation RARE images TR = 15, 8, 3, 1.2, 0.8, 0.6, 0.3, 0.3, 0.15 and 0.03 s, RARE factor 2 , with hermitian pulse 90°/180° 3ms/1.26ms were recorded. We used FOV = 4 x 4 cm, matrix size = 256 x 192, 1 slice, 1mm thickness. For invivo experiments, an additional stand was used for the stereotaxic positioning of the animal by the head via a face mask, which provided volatile anesthesia. The mice were anesthetized with 1.3% isoflurane (TEM, Bordeaux) in a mixture of oxygen-air (1:2, 1 L.min -1 ). The animal's temperature was monitored and controlled. Breath triggering was performed using a plastic sensor located on the mouse's thorax and the physiological monitoring for respiratory gating (SA Instruments Inc.). A 5mm water reference tube was inserted parallel to the mouse.

For in vivo experiments, a 2D multislice GE sequence (TE = 5 ms) was first used for anatomical location of the liver. The experimental parameters were as follows: hermitian pulse 3 ms, 30°, TR/TE 0.5s/5ms, with a slice thickness of 1 mm, FOV = 3 x 3 cm. Images of 256 x 192 acquisition points were acquired, corresponding to an in-plane resolution of 120 m x 157 m. Then, breath triggered T 2 *-weighted abdominal transversal images, with TE = 5 ms and 10 ms, were recorded before the injection of nanoparticles and 15 minutes after the final optical images. Then on a chosen 1mm thickness slice; T 2 maps using multiecho SE (RARE, 8 echoes) were recorded (TR=8000ms, TE = 13ms). The experimental parameters were as follows: hermitian pulse 3 ms, TR/TE 05s/5ms, 16 echoes, with a slice thickness of 1 mm, FOV = 3.1 x 3 cm. Images of 256 x 192 acquisition points were acquired, corresponding to an in-plane resolution of 120 m x 157 m. MRI studies were performed in agreement with the French guidelines for animal care and in compliance with procedures approved by the appropriate institutional review committees.

Figure 2 .

 2 Figure 2. Persistent luminescence decay curves of ZGO nanoparticles.

Figure 3 .

 3 Figure 3. TEM analysis and quantitative STEM -EDX point analyses of Gd-doped ZnGa2O4 nanoparticles. From A to C, bright field TEM images of the nanoparticles with 0% (A), 2% (B) and 4% (C) gadolinium. D, STEM image showing the positions of the electron probe during the EDX nano-analyses and the corresponding composition measurements. E, EDX spectra measured at probe position 1 and 2 focused on the energy range of the Gd L a and L b peaks.The spectra were normalized with respect to the Ga L a peak (reference peak intensity above 500 counts). F, quantitative measurements were extracted with the ratio method by using the Cliff-Lorimer factors of the Gd L a and Ga L a peaks.

Figure 4 .

 4 Figure 4. Magnetic properties of ZGO nanoparticles. A, T 1 and T 2 -weighted images of ZGO nanoparticles for various concentrations of nanoparticles (T=25°C). B, Plots of R 1 values as a function of the nanoparticles concentration expressed in mg/ml. C, Plots of R 2 values as a function of the nanoparticles concentration expressed in mg/ml. D, Relaxivities r 1 and r 2 of ZGO nanoparticles suspended in 5mM NaOH at 7T (T=25°C).

Figure 5 .

 5 Figure 5. Optical detection of ZGO nanoparticles in vivo. A, Persistent luminescence images 5 and 45 minutes following the injection of UV-excited ZGO:Cr,Gd (4%) nanoparticles (n=3). Black circle corresponds to a global region of interest (ROI) comprising liver and spleen. B, Accumulation kinetics of gadolinium-doped ZGO nanoparticles within ROI.

Figure 6 .

 6 Figure 6. MRI-based detection of ZGO nanoparticles in vivo. T 2 * axial MR images of mice liver recorded at 7T (n=3). A, Reference mouse before the injection of ZGO nanoparticles. B,

Figure 7 .Scheme 1 .

 71 Figure 7. In vivo experiments with ZGO:Cr,Gd (4%)-PEG nanoparticles. A, Schematic representation of ZGO:Cr,Gd (4%) surface functionalization. B, Persistent luminescence images 5, 45 and 180 minutes following the injection of UV-excited ZGO:Cr,Gd (4%)-PEG nanoparticles. Black arrow indicates the region corresponding to spleen. C, Mice liver/spleen T 2 *-weighted axial MR images recorded at 7T, 3.5 hours following the injection of ZGO:Cr,Gd (4%)-PEG nanoparticles.
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Gadolinium-doped persistent nanophosphors as versatile tool for multimodal in vivo imaging

Thomas Maldiney, Bich-Thuy Doan, Damien Alloyeau, Michel Bessodes, Daniel Scherman, Cyrille Richard MATERIAL AND METHODS.

Chemicals.

(3-Aminopropyl)-triethoxysilane (99%) and gadolinium chloride hexahydrate (99.9%) were obtained from Sigma-Aldrich. Zinc nitrate hexahydrate (>99%) was purchased from Fluka. Gallium oxide (99.999%) and chromium (III) nitrate nonahydrate (99.99%) were purchased from Alfa Aesar. Dimethylformamide (>99.9%) was purchased from SDS. Alphamethoxy-omega-N-hydroxysuccinimide poly(ethylene glycol) PEG MW 5.000 Dalton was bought from Iris Biotech GmbH.

Preparation of ZGO nanoparticles. ZnGa 2(0.9975-x) Cr 0.005 Gd 2x O 4 nanoparticles, with x = 0, 2, or 4 %, were synthesized by hydrothermal method and low-temperature sintering in air. First, gallium nitrates were formed by reacting 8.944 mmol (respectively 8.765 or 8.585 mmol) of gallium oxide with 10 mL concentrated nitric acid (35 wt%) under hydrothermal condition at 150°C overnight. Then, a mixture of 0.044 mmol of chromium nitrates and 8.967 mmol of zinc nitrates in 10 mL of water was added to the previous solution of gallium nitrates under vigorous stirring. In the case of 2% (respectively 4%) gadolinium-doped compounds, 0.358 mmol (respectively 0.717 mmol) of gadolinium chloride were added to the previous mixture, in replacement of gallium nitrates. The resulting solution was adjusted to pH 7.5 with an ammonia solution (30 wt%), stirred for 3 hours at room temperature, and transferred into a 25