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Abstract 

The combination of different bioimaging techniques, mainly in the field of oncology, 

allows circumventing the defects associated with the individual imaging modalities, thus 

providing a more reliable diagnosis. The development of multimodal endogenous probes 

that are simultaneously suitable for various imaging modalities, such as magnetic 

resonance imaging (MRI), X-ray computed tomography (CT) and luminescent imaging 

(LI) is, therefore, highly recommended. Such probes should operate in the conditions 

imposed by the newest imaging equipment, such as MRI operating at high magnetic fields 

and dual-energy CT. They should show, as well, high photoluminescence emission 

intensity for their use in optical imaging and present good biocompatibility. In this 

context, we have designed a single nanoprobe, based on a core-shell architecture, 

composed of a luminescent Eu3+:Ba0.3Lu0.7F2.7 core surrounded by an external HoF3 shell 

that confers the probe with very high magnetic transverse relaxivity at high field. An 

intermediate, optically inert Ba0.3Lu0.7F2.7 layer was interposed between the core and the 

shell to hinder Eu3+-Ho3+ cross-relaxation and avoid luminescence quenching. The 

presence of Ba and Lu, with different K-edges, allows for good X-ray attenuation at high 

and low voltages. The core-shell nanoparticles synthesized are good potential candidates 

as trimodal bioprobes for MRI at high field, dual-energy CT and luminescent imaging.  

 

Keywords: lanthanide nanoparticles, trimodal, high field MRI, dual energy CT, 

luminescence.  
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1. Introduction 

Bioimaging techniques including X-ray computed tomography (CT), magnetic resonance 

imaging (MRI) and optical imaging (OI), have been extensively employed for clinical 

diagnosis during the last few decades. These single imaging modalities have different 

capabilities and limits. CT has high penetration depth and provides excellent 3D 

anatomical information of dense tissues, but it fails for soft tissue discrimination. MRI is 

an excellent imaging technique to study soft tissues. A common limitation for clinical 

MRI and CT is related to their spatial resolution, which makes them not adequate for 

cellular imaging and molecular detail. OI and in particular photoluminescence (PL), 

offers high resolution for imaging at the cellular level thus providing functional 

information such as metabolic or biochemical processes, but suffers from limited 

penetration depth of light into tissues. The limitations of the three commented imaging 

techniques hinder the use of just one of them to diagnose difficult miscellaneous diseases 

while the combination of two or three of these techniques (multimodal bioimaging) can 

provide sufficient anatomical and functional information to meet the high demands for 

the accuracy at clinical diagnostics.1  

Contrast agents (CAs) are commonly used in bioimaging techniques to enhance the 

visibility of the target region against the surrounding. In multimodal bioimaging, a unique 

multimodal CA is preferred over the combination of single-mode ones to avoid the risk 

of toxicity and collateral effects. Lanthanide(Ln)-doped rare-earth nanoparticles (NPs) 

have become a fascinating area in this respect because of their interesting and tunable 

optical, magnetic and X-ray attenuation properties.2,3 Along with the large anti-Stokes 

shift, low background interference, and excellent photostability, Ln-doped rare earth NPs 

have largely demonstrated superior capabilities as PL imaging bioprobes.4 Moreover, 

some lanthanides, as Gd3+, Ho3+ and Dy3+, are able to relax the water protons thus 

enhancing the contrast in MRI images.5 In addition, because of the high atomic number 

of lanthanides, Ln-doped rare earth NPs have demonstrated their ability to attenuate X-

rays more strongly than commercially available X-ray CAs.6  

A large number of matrices for Ln-doped rare-earth NPs have been reported such as 

fluorides, 7,8,9 phosphates,10 oxides,11 vanadates,12 tungstates,13 and molybdates,14 but the 

first is by far the most commonly proposed for bioapplications. Specifically, extensive 

research has been carried out on multimodal Ln-doped fluoride NPs using the so-called 

core-shell (CS) architecture adequate for PL, MRI and CT imaging.15 They are generally 
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based on a luminescent core coated with a Gd3+-containing shell, which gives the NP its 

contrast capacity in MRI.16,17,18 

The rapid development of technology in the field of diagnostic medical imaging demands 

exogenous contrast agents that properly work in the conditions imposed by the latest 

equipment. For example, MRI instruments used at present in clinics range between 0.5 

and 3.0 T but the current trend in MRI technology involves the application of higher 

magnetic fields (up to 9.4 T) to obtain better signal-to-noise ratios.19 While Gd3+-based 

MRI CAs have shown their ability to relax water protons at low fields (optimum at 1 T), 

they show low performance at higher fields due to the long electronic relaxation times of 

Gd3+ ions.20 Paramagnetic lanthanide ions, especially Dy3+ and Ho3+, with short electronic 

relaxation times and high magnetic moments, increase however their capacity to relax 

water proton with increasing the strength of the external magnetic field.21 In fact, several 

Dy3+ and Ho3+ containing fluoride NPs have already been reported in the literature as 

single-mode CAs for high field MRI22,23,24,25 and as bimodal (PL/high filed MRI) 

bioprobes.26,27,28,29 The literature is, however, very scarce on Ln-based fluoride bioprobes 

that have proved good performance as trimodal PL/high filed MRI/CT CAs.30,31  

On the other hand, great efforts have also been done in the last years to improve the 

contrast efficacy and imaging performance of CT scanners. Tungsten is used as the X-ray 

tube target material in CT medical equipment which is classically operated at 140 kVp. 

A current trend in CT is the use of dual-energy CT, which uses two beams, at a lower and 

higher tube voltage (typically at 80 and 150 kV), to scan the subject. Both beams are 

differently absorbed by the different human tissues and those differences are the basis for 

which dual-energy CT identifies, enhances, or subtracts signals corresponding to different 

tissue types.32 Therefore, using a single CT CA having high contrast efficacy at different 

operating voltages would be very beneficial for both patients and doctors. To the best of 

our knowledge, only one study has been carried out in this respect using Ln NPs, which 

demonstrates the efficacy of BaYbF5 NPs as CT CAs at both high and low voltage, due 

to the different K-edge values of Ba and Yb.33  

In the present study we have designed and synthesized, for first time, a multimodal 

nanoprobe for luminescent imaging, high field MRI and dual-energy CT. The nanoprobe 

is based on uniform core-shell Eu3+:(Ba0.3Lu0.7)F2.7@(Ba0.3Lu0.7)F2.7@HoF3 NPs. Our 

design strategy involved selecting Ba and Lu as the two main X-ray absorbers that, due 

to their different K-edge values (37.4 keV and 63.3 keV, respectively), are able to 
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efficiently absorb X-rays of different energies generated at two different tube voltages, 

thus allowing dual-energy CT contrast. Eu3+-doping was used as a proof of concept to 

demonstrate the photoluminescent capability of the nanoprobe. The intermediate 

(Ba0.3Lu0.7)F2.7 shell was necessary to avoid the known cross-relaxation effect between 

Ho3+ and Eu3+.34 Finally, the NPs were conferred with MRI contrast capacity by adding 

an external HoF3 shell, which is expected to produce high contrast under a high magnetic 

field. To the best of our knowledge, this is the first report concerning with the 

development of a trimodal nanoprobe for luminescent imaging, dual energy CT and high 

field MRI. 

2. Experimental section 

2.1 Materials 

Reagents used in the present study were: Barium nitrate (Ba(NO3)2, ≥ 99%), lutetium 

acetate hydrate (Lu(OAc)3, (CH3CO2)3 Lu·xH2O, 99.9%), europium nitrate hydrate 

(Eu(NO3)3·5H2O, 99.9%), holmium nitrate hydrate (Ho(NO3)3·5H2O, 99.9%), 1-butyl-2-

methylimidazolium tetrafluoroborate ([BMIM]BF4, C8H15BF4N ≥ 97%), ethylene glycol 

(EG, C2H6O2, 99.5%) and Iohexol (≥95%). All of them were purchased from Sigma 

Aldrich. 

2.2 Synthesis of core NPs (Eu3+:Ba0.3Lu0.7F2.7). 

Synthesis of core-shell NPs was carried out using the seed-mediated heat-up method.15 In 

this strategy, the core of the core-shell NP must exist first and is utilized as seed nuclei 

for the growth of the outer shell layers. 

The core NPs were synthesized using a method previously described by us to get uniform 

Ba0.3Lu0.7F2.7 NPs,35 slightly modified to obtain Eu3+-doped Ba0.3Lu0.7F2.7 NPs. The 

method consisted in aging an EG solution (total volume = 10 mL) of lutetium acetate and 

europium acetate ([Lu + Eu] = 0.01 M), barium nitrate (0.01 M) and [BMIM]BF4 ionic 

liquid (0.5 mL) for 15 hours using an oven preheated at 120 ºC. The use of the 

[BMIM]BF4 ionic liquid in our system has a double purpose: it is the source of fluoride 

anions and can act in turn as a capping agent during the particles growth.35 The resulting 

suspension was cooled down to room temperature and washed twice with ethanol and 

once with double distilled water through centrifugation at 14000 rpm for 20 minutes. The 
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NPs were finally dispersed in distilled water. The barium concentration was kept constant 

at 0.01 M in all experiments, as so was the lanthanide (Lu + Eu) concentration, whereas 

the Eu/(Lu + Eu) molar ratio was varied from 1 % to 20 %. The resulting NPs will be 

called core NPs from now on. 

2.3 Deposition of the intermediate shell (Eu3+:Ba0.3Lu0.7F2.7@Ba0.3Lu0.7F2.7). 

60 mg of the synthesized Eu3+:Ba0.3Lu0.7F2.7 NPs were redispersed in 5.0 mL of EG with 

the help of an ultrasounds bath. Subsequently, 4.9 mL of an EG solution containing 

barium nitrate (7.5·10-3 M) and lutetium acetate (7.5·10-3 M), was added, at room 

temperature, to the NPs suspension with magnetic stirring to favor the homogenization. 

This suspension was finally admixed with 185 µL of 1-butyl-2-methylimidazolium 

tetrafluoroborate ([BMIM]BF4), under magnetic agitation, and aged for 15 hours in 

tightly closed test tubes using an oven preheated at 120 ºC.  The resulting dispersion was 

cooled down to room temperature and washed twice with ethanol and once with double 

distilled water through centrifugation at 14000 rpm for 20 minutes. For some analyses, 

the powders were dried at room temperature. 

2.4 Deposition of the external shell (Eu3+:Ba0.3Lu0.7F2.7@Ba0.3Lu0.7F2.7@HoF3). 

40 mg of the synthesized Eu3+:Ba0.3Lu0.7F2.7@Ba0.3Lu0.7F2.7 NPs were dispersed in 5.0 

mL of EG and admixed with 4.9 mL of an EG solution containing holmium nitrate 

(3.75·10-3 M). Then, 94 μL of [BMIM]BF4 was added dropwise, with magnetic stirring 

at room temperature, to the suspension, which was finally aged for 15 hours using an oven 

preheated at 120 ºC. The resulting dispersion was cooled down to room temperature and 

washed twice with ethanol and once with double distilled water. For some analyses, the 

powders were dried at room temperature. The resulting NPs will be called CS NPs from 

now on. It is important to note that further experiments were carried out to increase the 

thickness of the external shell by means of an increase of the Ho3+ concentration (from 

3.75·10-3 M to 5·10-2 M). However, they were discarded because, in all cases, a mixture 

of particles with spherical and ellipsoidal morphology was obtained because of the 

additional homogeneous nucleation of the HoF3 phase. 

2.5 Characterization techniques 
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The morphology of the NPs was examined by transmission electron microscopy (TEM, 

Phillips 200CM). The size distributions were obtained from the TEM micrographs by 

counting a hundred particles, using the free software ImageJ. The chemical composition 

of the NPs was provided by energy dispersive X-ray spectrometry (EDX) under the TEM 

while Inductively coupled plasma atomic spectroscopy (ICP-AES, Horiba Jobin Yvon, 

Ultima 2) was used to determine the quantitative compositions of the samples, which 

were previously dissolved in hydrochloride acid. 

The crystalline phase of the samples was characterized by X-ray powder diffraction 

(XRD) using a Panalytical, X’Pert Pro diffractometer (CuKα) with an X-Celerator 

detector over an angular range of 10º< 2θ < 120º, 2θ step width of 0.02º, and 10 s counting 

time. TOPAS software was used to calculate the unit cell parameters of the structure using 

the Rietveld method. Refined parameters were background coefficients, scale factor, zero, 

unit cell parameters, atomic displacement factors of the lanthanide atoms and profile 

parameters.  

The FTIR spectrum was recorded in powdered samples diluted in KBr using a JASCO 

FT/IR-6200 IRT-5000 instrument. 

Size and colloidal stability of the NPs in aqueous suspension (0.5 mg·mL-1) were obtained 

from Dynamic Light Scattering (DLS) measurements. The experiments were carried out 

using a Malvern Zetasizer Nano-ZS90 equipment, which was used as well to measure the 

Zeta potential of the suspensions.  

The excitation (λem= 593 nm) and emission (λex= 393 nm) spectra of the NPs dispersed in 

water (2.5 mg·mL-1) were measured in a Horiba Jobin Yvon spectrofluorimeter 

(Fluorolog3). Emission spectra were recorded using excitation and emission slits of 5 nm 

and 1 nm and vice versa for the excitation spectra. Eu3+ lifetime values were obtained 

from the luminescence decay curves associated with the 5D07F1 transition of Eu3+ (at 

593 nm) using an excitation wavelength of 393 nm; the latter measurements were 

recorded in powdered samples. 

Magnetic relaxivity values of the CS NPs were assessed by measuring the 1H relaxation 

times (T1 and T2) in an aqueous suspension of CS NPs containing different concentrations 

of Ho3+ (0.025, 0.05, 0.1, 0.25 and 0.5 mmol·L-1). The measurements were carried out at 

298 K using a Bruker Biospec MRI system operating at 9.4 T. Values for T1 were 
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determined using the inversion-recovery sequence while T2 values were obtained using 

the Carr-Purcell-Meiboom-Gill (CPMG) sequence. Relaxivities (r1, r2) were obtained 

from the slope of the linear fit of 1/T1 or 1/T2 vs the concentration of Ho3+ expressed in 

mM. 

X-ray absorption values of aqueous suspensions of the NPs with different concentrations 

(5, 10, 15 and 20 mg/mL) were obtained as follows: 200 µL of each suspension was 

placed in a multi-well microplate with a Milli-Q water sample for calibration. CT images 

were acquired with a Biograph mCT PET/CT scanner (Siemens-Healthineers, Germany). 

Acquisition parameters were 22 mA current, 1000 ms of exposure time per projection. 

Measurements were recorded at different operation potentials (80 kVp, 100 kVp, 120 kVp 

and 140 kVp). The image length was 10 cm with a pitch of 1 and the acquisition time was 

15 seconds. The image was reconstructed with Siemens proprietary software with the 

Filtered Back Projection algorithm and H19s convolution kernel. The resulting image 

pixel size was 0.1×0.1×0.6 mm. Images were analyzed with PMOD 4.0 software (PMOD 

Technologies LLC, Switzerland) in a greyscale (or cold scale). Spherical volumes of 

interest (VOIs) of a 2 mm radius were made within each sample to calculate the X-ray 

attenuation (HU) for each suspension. Average values of Milli-Q water and solutions 

were used to calculate Hounsfield units in the images, with attenuation of water being 0 

HU and -1000 HU for air. The CT capacity of solutions with different concentrations of 

Iohexol, a commercial iodine-based CT contrast agent, was also examined following the 

same methodology with comparative purposes.  

Cell viability studies were carried out using the MTT colorimetric assay, which is a simple 

method based on the mitochondrial succinate dehydrogenase enzyme's ability to reduce 

MTT (3-(4.5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazole bromide), yellow compound, to 

formazan, blue. The MTT assay consists of the incubation of cell culture with MTT and 

the NPs whose toxicity is to be known. The MTT is captured by viable cells and reduced 

to formazan. The amount of formazan generated is quantified by a colorimetric method 

that provides the % of viable cells in the culture. The MTT assay was carried out using 

Caco-2 cells (adenocarcinoma cells of the human colon with epithelial morphology), 

which were prepared in a Dulbecco's Modified Eagle's Medium (DMEM) supplemented 

with 5% glutamine (200 mM), 10% fetal bovine serum (FBS) and 5% penicillin (5000 

units·mL-1)/streptomycin (5mg·mL-1), at 37 ºC in an incubator with a humidified air 

atmosphere containing 4% CO2. The Caco-2 cells were arranged on a 96-well plate with 
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a density of 5000 cells per well in 0.2 mL of DMEM medium. After 24 h of culture, the 

medium was replaced by 0.2 mL of a fresh one containing the NPs in variable 

concentrations, from 25 to 300 µg·mL-1. After 24 hours of culture, this medium was 

removed and 0.18 mL of a new medium was added together with 0.02 mL of an MTT 

solution (with a concentration of 0.5 mg·mL-1 in a saline phosphate buffer (PBS)) to each 

well. Finally, and after incubating for 2 hours at 37 ºC and 5% CO2, the reaction medium 

was eliminated and the blue formazan crystals were solubilized in 0.2 mL of dimethyl 

sulfoxide (DMSO). The absorbance ([A]) of each well was read from a microplates reader 

(Biotek ELX800) at a wavelength of 570 nm. All measurements were performed in 

quintuplicate to obtain an average value and to avoid experimental errors. The relative 

cell viability (%) and error with respect to the control wells, which contain the cell culture 

medium without nanoparticles, were calculated as [A]test/[A]control x100. 

3. Results and Discussion 

The core-shell Eu3+:Ba0.3Lu0.7F2.7@Ba0.3Lu0.7F2.7@HoF3 NPs (CS NPs) were synthesized 

following the preparation process schematized in Figure 1 and described in the 

experimental section. The synthesis of the CS NPs was carried out using the seed-

mediated heat-up method, where the core of the CS NP must exist first and is utilized as 

seed nuclei for the growth of the outer shell layers.15 

3.1 Synthesis of the core NPs  

Firstly, Eu3+-doped Ba0.3Lu0.7F2.7 NPs with different Eu3+ contents (1.0, 2.5, 5, 10, and 20 

mol % Eu) were synthesized in order to optimize the Eu3+ content of the core.  Figure 2a 

shows, as an illustrative example, the TEM micrograph of the NPs containing 10 mol % 

Eu3+. They showed spherical morphology and 70 nm mean diameter. Core NPs doped 

with other Eu3+ concentrations were also spherical in shape and their diameter linearly 

increased (from 53 nm to 88 nm) with increasing Eu3+ content (from 1 mol % to 20 mol 

%) (Figure S1). The XRD pattern of the 10% Eu3+-doped core NPs is shown in Figure 3a. 

All the reflections in the pattern matched PDF 01-078-5659, corresponding to cubic 

Ba0.9Lu0.1F2.1,36 although they were shifted towards higher angles, which denotes a 

smaller unit cell, as a result of both the higher Lu/Ba ratio in our particles and the presence 

of Eu3+ (Ba2+ ionic radius = 1.42 Å; Lu3+ ionic radius = 0.977 Å; Eu3+ ionic radius= 1.066 

Å). The XRD patterns of the core NPs doped with other Eu3+ contents followed the same 
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trend (Figure S2a). The unit cell volume increases linearly with increasing Eu content 

(Figure S2b).  

The photoluminescence excitation spectrum of the 10% Eu3+-doped core NPs, recorded 

at an emission wavelength of 593 nm (corresponding to the 5D0  7F1 electronic transition 

of Eu3+) is shown in Figure 4a. It is very similar to the spectra of the rest of Eu-doped 

core NPs and shows the characteristic bands of the electronic transitions between the 4f 

levels of the Eu3+ ions, the most intense peaking at 393 nm (7F0 5L6 transition).37 The 

emission spectra of the different Eu3+-doped core NPs, suspended in water at the same 

concentration and recorded at 393 nm excitation wavelength, are shown in Figure 4b. 

They are all very similar to each other and show the bands corresponding to the 

characteristic 5D07FJ transitions of Eu3+ ions that have been labeled in the Figure. The 

emission intensity increases with increasing Eu content from 1.0 up to 10 mol% while it 

decreases at higher Eu doping levels due to the well-known concentration quenching 

effect.38 This effect can be better observed in the inset of Figure 4b, which represents the 

area under the curve of the emission spectra versus Eu concentration. The Eu doping level 

which gives the highest emission intensity in Eu-doped core NPs is 10 mol %. This 

composition was then selected as the core to fabricate the core-shell NPs. The chemical 

composition of the 10% Eu3+-doped NPs was analyzed by ICP, the resulting 

stoichiometry being Eu0.08Ba0.32Lu0.61F2.71. 

3.2 Constructing the core-shell structure 

The next step in the preparation of the core-shell NPs would consist in the deposition of 

the holmium fluoride shell on the 10% Eu3+-doped core NPs. However, it has been 

reported in the literature that a cross-relaxation is possible between Eu3+ and Ho3+ ions 

when they are sufficiently close together in the crystal lattice that could cause the 

deactivation of the luminescence of Eu3+.34 To avoid such deactivation, an optically 

inactive shell consisting of undoped Ba0.3Lu0.7F2.7 was deposited around the 10% 

Eu3+:Ba0.3Lu0.7F2.7 cores, used as seeds, following the method described in the 

experimental section. The resulting NPs preserved the spherical shape of the cores (Figure 

2b) and showed a larger mean diameter (75 nm (σ = 11)), which demonstrated the success 

of the coating and indicated a thickness of the inactive layer of around 2.5 nm. A second 

coating process was then carried out on the resulting NPs with a uniform layer of holmium 

fluoride following the method described in the experimental section. The process 



11 
 

rendered spherical CS NPs with a mean diameter of 81 nm (σ = 10) (Figure 2c), which 

allowed estimating a holmium fluoride layer thickness of ~ 3 nm.  

3.3 Crystal structure, elemental mapping and colloidal stability of the CS NPs 

The XRD pattern of the CS NPs (Figure 3b) was very similar to that of the core NPs. The 

absence of reflections characteristic of the HoF3 phase could be due to the small 

proportion of such phase together with a very small size of the HoF3 crystallites giving 

rise to very broad reflections of low intensity indistinguishable from the background.  

The global composition of the CS NPs, estimated from ICP analysis, was 5.7 mol % Eu, 

28.7 mol % Ba, 56.4 mol % Lu, and 9.3 mol % Ho. The elemental distribution in the CS 

NPs was checked by the EDS profile in an individual NP. The chemical profile along the 

blue line plotted in the HAADF image of Figure 5a for all four elements (Eu, Ba, Lu and 

Ho) (Figure 5b) is in good agreement with the global composition shown by the ICP 

analysis; the profile shows that while Ba, Lu and Eu are homogeneously distributed along 

the line, Ho is mostly found at both extremes of the line, indicating that the magnetic 

material is located in the outermost layer of the CS NP. This result is more easily 

visualized on the EDS mappings of the four different elements, recorded on the same NP 

(Figure 5c), which shows a core made out of Ba, Lu and Eu and a Ho-based shell. Very 

similar EDS mappings were obtained for any NP analyzed across the sample, which 

demonstrated the homogeneity of the preparation and the absence of phase segregation. 

It is also important to notice that the very similar composition of both the core and the 

intermediate layer does not allow distinguishing the latter by EDS/TEM, but will be 

revealed by means of luminescence measurements. 

The FTIR spectrum of the CS NPs (Figure S3) showed a set of narrow bands located at < 

500 cm-1, characteristic of fluoride matrices,39 and two bands at 3440 cm-1 and 1650 cm-

1 that indicate the presence of adsorbed water molecules on the surface of the NP.40 In 

addition, the low intensity bands marked with asterisks in the spectrum (centered at 2940, 

1450, 1370, 1080 and 1040 cm-1), corresponding to organic groups,41 suggested the 

presence of very minor amounts of adsorbed solvent molecules (EG) on the surface of the 

CS NPs. 

The average hydrodynamic diameter obtained for the CS NPs in aqueous suspension (pH 

5.5) was similar (~100 nm, Figure 6) to the mean particle size obtained from TEM 

micrographs, indicating absence of aggregation of the nanoparticles in water, very likely 
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due to the high zeta potential value of the suspension (+48 mV). This result is very 

relevant for the potential biomedical applications of the nanoparticles, which require them 

to be colloidally stable in physiological fluids.  

 

3.4. Luminescence properties of the CS NPs 

The emission spectrum of the CS NPs (Figure 7) is very similar to the one obtained for 

the core NPs (included in the same Figure). Both spectra were recorded in aqueous 

suspensions containing the same Eu concentration so that their intensities could be 

directly compared to one another. It can be observed that the HoF3 layer has no negative 

effect on the emission of the CS NPs. In order to demonstrate the need for the 

intermediate, undoped layer, the emission spectrum of 10% Eu3+:Ba0.3Lu0.7F2.7@HoF3 

NPs, recorded in the same conditions, is also shown in the Figure. In this case, the 

intensity is only half the value obtained for the CS NPs, indicating the presence of 

deactivation phenomena associated with interactions between Eu3+ and Ho3+ ions that 

take place when no intermediate layer is inserted between the core and the external 

magnetic shell. 

3.5 X-ray attenuation properties  

Figure 8 (top) shows the CT phantom images of aqueous suspensions with different 

concentrations of both CS NPs and Iohexol (commercial CA), recorded at 75 kVp where 

a higher X-ray attenuation capacity is observed for the CS NPs than for the commercial 

CA, which demonstrate the ability of our CS NPs as CA in X-ray computed tomography. 

On the other hand, due to the different K-edge values of Ba (37.4 keV) and Lu (63.3 keV), 

the CS NPs are expected to display high X-ray attenuation capacity at both low and high 

voltages of the X-ray tube. To demonstrate this hypothesis, we measured the X-ray 

attenuation of a suspension of CS NPs (5 mg/mL) using different tube voltages and 

compared the obtained values with the attenuation produced by a suspension of the same 

concentration of Iohexol measured at the same voltages (Figure 8 bottom). It can be 

observed that due to the similar K-edge values of Ba (37.4 keV)  and I (33.2 keV), the CS 

NPs and Iohexol showed relatively similar attenuation values at low voltage (80 kVp). 

However, the presence of Lu in the CS NPs, with a notably higher K-edge value (63.3 

keV) allowed for a higher attenuation value at higher voltages compared to Iohexol. This 
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result demonstrates that our CS NPs are good candidates as CT CAs at both low and high 

voltages and could, therefore, be used as CT CA in dual-energy CT analyses.   

3.6 Magnetic relaxivity 

Suspensions with different concentrations of the CS NPs were prepared and their 

longitudinal (T1) and transverse (T2) relaxation times were measured under an external 

magnetic field of 9.4 T at room temperature. Figure 9 (top) shows the 1/T1 and 1/T2 values 

as a function of the holmium molar content of the suspensions. The values could be fitted 

to straight lines whose slopes indicated the corresponding relaxivity values. The r2 value 

(237 mM-1s-1) was much higher than r1 (0.42 mM-1s-1), indicating that the CS NPs behave 

as negative CA. In fact, the T2-weighted MRI images obtained for each suspension 

(Figure 9 bottom) progressively changed from grey to black when the suspension 

concentration increased. It is important to notice that the r2 value of our CS NPs is 

significantly higher than the r2 value of 40 mM-1s-1 (at 7 T) reported for other probes with 

core-shell architecture such as NaYbF4:Tm@CaF2@NaDyF4 NPs30
 and 

NaLuF4:Yb,Tm@NaLuF4@NaDyF4 NPs28 which demonstrates the excellent MRI 

contrast capacity of our CS NPs at high magnetic field. 

3.7 Cytotoxicity study 

To determine the effect of the CS NPs on cell proliferation, their cytotoxicity was 

determined using the MTT assay on the Caco-2 cell line. As shown in Figure 10, the 

proliferation of cells slightly decreased with increasing NPs concentration but the cell 

viability was higher than 70% even at the higher value of NPs concentration analyzed, 

indicating the low cytotoxicity of the CS NPs in the concentration range 0.025 – 0.300 

mg·mL-1 with Caco-2 cells. 

4. Conclusions 

In summary, we developed a multimodal 80 nm sized nanoplatform composed of a 

Eu3+:Ba0.3Lu0.7F2.7 core and an outer HoF3 shell, separated by a Ba0.3Lu0.7F2.7 to prevent 

any Ho3+-Eu3+ cross relaxation. The core-shell NPs exhibit intense orange red 

photoluminescence during UV excitation. The outer shell conferred the NPs with a high 

transversal relaxivity value (r2 = 237 mM-1s-1) at 9.4 T, the highest reported for core-shell 

NPs at this field strength.28,30 The presence of Ba and Lu, with different K-edges, allowed 

for good X-ray attenuation at both low and high voltages, which make our NPs pioneer 
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with respect to other core-shell architectures with CT functionality.18 In conclusion, the 

luminescence, magnetic relaxivity and X-ray attenuation properties, together with the 

negligible cytotoxicity in the concentration range analyzed, make the designed CS NPs 

original and promising candidates as trimodal bioprobes for in-vivo luminescent imaging, 

MRI at high magnetic field and dual-energy CT. Further studies are in progress to assess 

the biocompatibility of the devised material in additional cell lines. 
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Figure captions 

Figure 1: Schematic illustration of the synthesis of core-shell Eu3+-doped 

Ba0.3Lu0.7F2.7@Ba0.3Lu0.7F2.7@HoF3 nanoparticles. 

Figure 2: Top: TEM micrographs of a) 10%Eu3+-doped Ba0.3Lu0.7F2.7 NPs (core NPs), b) 

10% Eu3+-doped Ba0.3Lu0.7F2.7@Ba0.3Lu0.7F2.7 NPs and c) 10% Eu-doped 

Ba0.3Lu0.7F2.7@Ba0.3Lu0.7F2.7@HoF3 NPs (CS NPs). Bottom: Histograms showing the size 

distribution of the particles shown above. 

Figure 3: XRD patterns of a) core NPs and b) CS NPs. Ticks at the bottom correspond 

to PDF 01-078-5659 (cubic Ba0.9Lu0.1F2.1). 

Figure 4: a) Photoluminescence excitation spectrum of 10% Eu3+-doped (Ba0.3Lu0.7)F2.7 

NPs (core NPs) recorded at an emission wavelength of 593 nm. b) Emission spectra of 

Ba0.3Lu0.7F2.7 NPs doped with different Eu3+ contents recorded at an excitation 

wavelength of 393 nm. The inset represents the area under the curve of the emission 

spectra versus Eu content. 

Figure 5: a) STEM-HAADF image of an individual CS NP. b) Lu, Ba, Eu and Ho EDX 

profiles along the line marked in a). c) Lu, Ba, Eu and Ho EDX mappings on the NP 

shown in a). Several NPs analyzed in the sample showed similar EDS profiles and 

mappings to the ones shown in this Figure. 

Figure 6: Size distribution of the CS NPs obtained in aqueous suspension by dynamic 

light scattering.  

Figure 7: Emission spectra of 10%Eu-doped Ba0.3Lu0.7F2.7 NPs (core NPs) (blue line), 

core-HoF3 NPs (green line), and CS NPs (red line). 

Figure 8: Top: Computed tomography phantom images of aqueous suspensions with 

different concentrations of Iohexol and CS NPs recorded at 75 kVp. Bottom: X-ray 

attenuation values in Hounsfield units versus tube voltage for 5 mg/mL suspension 

concentration of CS NPs and Iohexol. All measurements were carried out five times and 

an average value and error was estimated. 

Figure 9: Top: 1/T1 and 1/T2 proton relaxivity plots, obtained at room temperature using 

a 9.4 T magnet, versus holmium concentration. Bottom: T2-weighted magnetic resonance 
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images, obtained in the same conditions, of phantoms containing aqueous suspensions of 

CS NPs at different concentrations. 

Figure 10: Cell viability of the CS NPs determined by MTT assay. All measurements 

were performed in quintuplicate to obtain an average value; the error bar is the standard 

deviation. 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 

 

 

100 1000

 

 

In
te

ns
ity

 (
a.

u.
)

Hydrodynamic Diameter (nm)
 

 

 

 

 

 

 

 

 

 

 

 

 



26 
 

Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 

 

 

0 0.025 0.05 0.1 0.2 0.3
0

20

40

60

80

100

120

 

 
C

el
l v

ia
bi

lit
y 

(%
)

Concentration (mg/mL)
 

 

 

 

 


