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Abstract
Many therapeutic applications of magnetic nanoparticles involve the local administration of
nanometric iron oxide based materials as seeds for magnetothermia or drug carriers. A simple
and widespread way of controlling the process using x-ray computed tomography (CT) scanners
is desirable. The combination of iron and bismuth in one entity will increase the atenuation of x-
rays, offering such a possibility. In order to check this possibility core–shell nanocrystals of iron
oxide@bismuth oxide have been synthesized by an aqueous route and stabilized in water by
polyethylene glycol (PEG), and we have evaluated their ability to generate contrast by CT and
magnetic resonance imaging (MRI) to measure the radiopacity and proton relaxivities using
phantoms. High-resolution scanning transmission electron microscopy (STEM) revealed that the
material consists of a highly crystalline 8 nm core of maghemite and a 1 nm shell of bismuth
atoms either isolated or clustered on the nanocrystal’s surface. The comparison of μCT and MRI
images of mice acquired in the presence of the contrast shows that when local accumulations of
the magnetic nanoparticles take place, CT images are more superior in the localization of the
magnetic nanoparticles than MRI images, which results in magnetic field inhomogeneity
artifacts.
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1. Introduction

Computed tomography (CT) is a widely available tool for
medical imaging that due to the small differences in
attenuation of x-ray of soft tissues need contrast agents. The
design of colloidal systems able to actuate as contrast agents
for this technique is desirable since when properly functio-
nalized, they could have much longer circulation times in
blood than iodine-based molecular agents and present a less
harmful elimination route [1]. In addition, the evolution of
nanoparticle synthesis methods now allow them to vary not
only their composition but also their size, shape and surface
chemistry, with the possibility of integrating several func-
tionalities in one entity [2]. Several nanoparticulated CT
contrast agents have been reported based on iodine functio-
nalized polymers [3], gold nanoparticles [4], core–shell iron
oxide/tantalum oxide nanoparticles [5] and iron-platinum
alloy nanoparticles [6]. Nanoparticulated CT contrasts bear-
ing bismuth, in particular bismuth sulphide nanodots
(2–3 nm) [8–11], have obtained special attention due to a
combination of low price, low toxicity and a high x-ray
attenuation coefficient [2, 7]. This material has been suc-
cessfully prepared in large quantities and targeted to contrast
breast cancer [10]. Nanoplatelets of bismuth selenide were
also employed as a theranostic platform for CT imaging and
photodynamic treatment of cancer in an animal model [12],
and bismuth oxide/oxychloride-loaded 50 nm long nanotubes
were employed for stem cell imaging [13]. Metallic iron-
bismuth magnetic nanoparticles were recently synthesized by
the soft chemistry route, and their complex growth mechan-
ism was revealed [14].

Recently, we successfully prepared core–shell iron oxide/
bismuth oxide nanocrystals by an aqueous solution method
which allows tuning magnetic nanoparticle size and bismuth
content up to 17%, keeping the uniformity in size and shape
of the nanoparticles and keeping a high crystallinity [15]. The
aim of this work is to use this material as a model for the use
of bismuth as a label for magnetic nanomaterials and to
explore the possibilities of this material for being imaged by
MRI and CT medical scanners. To this purpose we have
doubly coated the nanocrystals with silica and a silica-PEG
polymer to obtain stable colloidal suspensions at a physio-
logical pH and to slow down the possible release of bismuth.
The dispersion has been characterized from the physico-
chemical point of view, the cell toxicity has been evaluated,
the relaxivities and x-ray attenuation have been measured
in vitro and a comparative CT and MR image study using an
animal model has been carried out.

2. Materials and methods

2.1. Materials

The silane polyethylene glycol derivative (m-PEG silane®)
MW 5000 was purchased from Lysan Bio., Inc. The iodine-
based contrast Xenetix® was supplied courtesy of Guerbet

Group; the rest of the reagents were of analytical grade pur-
chased from Sigma-Aldrich and were used as received.

2.2. Characterization

Nanoparticle size and size distribution were characterized by
transmission electron microscopy (TEM) using a JEOL-2000
FXII apparatus operated at 200 KeV. A drop of the suspen-
sions was deposited onto a carbon-coated copper grid and left
to evaporate at room temperature. The mean size (D) and the
standard deviation (SD) were evaluated from the electron
micrographs by counting around 500 particles. A close view
of the nanocrystals was done by high-resolution STEM using
a Nion UltraSTEM200 dedicated STEM operated at 200 keV
and the high angle annular dark field (HAADF) imaging
technique, which is sensitive to the square power of the
atomic number (approximately). As a result iron and bismuth
atoms could be easily distinguished.

The dried aqueous dispersions were characterized by
infrared spectroscopy in KBr pellets (Bruker IFS 66V-S), by
x-ray diffraction (Powder Diffractometer Bruker D8 Advance
with Cu Kα radiation with energy-discriminator SOLX) and
by thermogravimetry under 100 sccm of air flow and
0.5 °C min−1 (Thermal Analysis ATD/DSC/TG model Q600
TA Instruments®).

The magnetic properties of the dried samples were
determined using a vibrating sample magnetometer (VSM)
(MLVSM9 MagLab 9T, Oxford Instruments) with a saturat-
ing field of 5 T. The magnetization values were normalized to
the amount of hybrid material (FeBi) to obtain the specific
magnetization (emu/g). Saturation magnetization (Ms) was
determined by H−1 extrapolation of the magnetization values
in the high field region where a linear increase in the mag-
netization is observed.

The composition of the aqueous dispersions in iron and
bismuth was measured after the dissolution of the sample in
diluted hydrofluoric acid by inductively coupled plasma mass
spectrometry (ICP-MS). The hydrodynamic size of the dis-
persions and zeta potential was determined by photon corre-
lation spectroscopy (PCS) using a Zetasizer Nano ZS®
(Malvern Instruments Ltd).

2.3. Synthesis and coating of core/shell magnetite/bismuth
oxide nanocrystals

Core–shell bismuth-oxide-capped iron oxide nanocrystals
were prepared by oxidative precipitation [15]. The particular
product used in this study was prepared as follows: 180 mL of
ethanol/water at 50% vol containing NaOH and NaNO3 and
20 mL of H2SO4 0.2 M containing carefully deoxygenated
FeSO4 and Bi(NO3)3 were mixed in a three-neck round bot-
tom flask placed in an oil bath with mechanical stirring and
with flowing nitrogen. The concentrations of the reactants
after mixing were 6.6 × 10−2 M NaOH, 0.05M NaNO3,
2.5 × 10−3 M FeSO4 and 5 × 10−4 M Bi(NO3)3. That gives a
Bi/Fe atom ratio of 0.20 determined by ICP-MS; this pro-
portion is close to the maximum attainable without segrega-
tion of iron and bismuth oxides [15]. The system was
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maintained at 90 °C for 24 h unstirred. After that, the solution
was left to cool at room temperature, and the solid (FeBi) was
separated by magnetic decantation and washed several times
with distilled water.

In order to obtain a stable dispersion of these core–shell
nanocrystals, we first encapsulated the materials in silica after
we coated them with polyethylene glycol using m-PEG
silane®. The complete procedure is as follows: 15 mL of FeBi
(274 mg) were added drop-wise to a solution of 900 mL 2-
propanol + 22 mL NH4OH (30% NH3) + 440 μL tetraethoxy
silane (TEOS) under bubbling nitrogen and mechanical stir-
ring. The dispersion was stirred for 1 h to promote the
hydrolysis of TEOS. The silica-coated FeBi aggregates were
washed three times with 2-propanol using magnetic separa-
tion or mild centrifugation (2000 rcf and 2 h). The solvent
was then changed to acetonitrile and washed three times using
centrifugation. The final volume of the dispersion was
100 mL. For the grafting process the previously mentioned
dispersion was treated with 1.5 g of m-PEG silane® dissolved
in 150 mL acetonitrile and 35 mL water. The dispersion was
mechanically stirred (orbital stirrer) for 3 h. After the grafting
process the suspension (FeBi@SiPEG) was washed three
times with acetonitrile, one time with a mixture of acetoni-
trile/water at 50% vol and three times with water. The final
volume of the dispersion was 40 mL. In order to refine the
dispersions, the aggregates were separated by centrifugation
at 11 rcf for 10 min. Finally, the dispersion was repeatedly
dialyzed for 24 h each time in 5 L of distilled water using a
10 000 nominal cut-off molecular weight membrane. In order
to make the suspension suitable for subcutaneous adminis-
tration it was made with 1 mM in tri-sodium citrate and made
sterile by filtration through 0.22 μm or by γ-ray irradiation
with 25 KGy using standard procedures.

2.4. Measurement of the 1H water relaxation times T1 and T2
and x-ray attenuation

In order to evaluate the efficiency of the suspensions as
contrast agents for MRI measurements of the relaxation times
of water protons in the presence of FeBi@SiPEG were carried
out in a time-domain NMR benchtop system MINISPEC
MQ60 (Bruker) at 37 °C and 1.5 T using standard methods.
The relaxivities r1 and r2 (s−1 mMFe−1) were obtained from
the measured longitudinal and transversal relaxation times T1
and T2 of gelified (agar 0.5%) dispersions of FeBi@SiPEG at
concentrations below 1 mM Fe from the linear plot of 1/T1
and 1/T2 as a function of the concentration.

The x-ray attenuation coefficient of the aqueous disper-
sions of FeBi@SiPEG nanocrystals was obtained from the
images of water dispersions of the nanocrystals at different
concentrations obtained with two x-ray μ-CT systems, one
working at 50 kV (Argus® PET/CT, Sedecal S.A.) and the
other working at 110 kV in an in-house developed system. To
cover the most important x-ray contrast usage scenarios, two
different x-ray beam spectra were used: one usually employed
in small-animal preclinical imaging (peak energy of 50 kVp
and 1 mm Al added filtration) and the second one closer to
those employed in the clinical practice (110 kVp peak energy

and 0.2 mm Cu added filtration). The images were recon-
structed using the Feldkamp–Davis–Kess (FDK) algorithm
[16]. The attenuation values were estimated from 20 × 20
pixel regions of interest (ROIs) placed on a coronal slice of
the reconstructed volume over homogeneous areas of the
contrast media. To be used as a reference for the measured
values, several dilutions of iodine-based contrast Xenetix®
and pure iron oxide nanocrystals were also measured for the
same approximate range of concentrations.

2.5. Cellular uptake

In vitro studies were carried out in a human cervix adeno-
carcinoma (HeLa) cell line. The cells were grown as mono-
layer cultures in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% (v/v) foetal bovine serum
(FBS), 50 units/mL penicillin and 50 μg mL−1 streptomycin in
a humidified atmosphere containing 5% CO2 at 37 °C. The
cells were seeded in 24-well plates with or without 10 mm
square coverslips. The subconfluent HeLa cells were incu-
bated with different concentrations of FeBi@SiPEG
(0.05 mgFe mL−1, 0.01 mgBi mL−1; 0.1 mgFe mL−1,
0.02 mgBi mL−1; and 0.5 mgFe mL−1, 0.1 mgBi mL−1, all in a
culture medium) for 24 and 48 h.

The nanoparticle uptake and intracellular distribution
were qualitatively monitored via Prussian blue staining for
iron detection. Briefly, the cells preincubated with different
concentrations of nanoparticles for 24 or 48 h and were fixed
in methanol at −20 °C for 5 min, stained with an equal volume
of 4% HCl and 4% KMnO4 for 15 min and counterstained
with 0.5% neutral red for 2 min. The preparations were then
washed with distilled water, air dried and mounted in a
DePeX® medium.

The colorimetric ferrozine assay was performed for
intracellular iron quantitation [17]. The HeLa cells seeded in
24-well plates were incubated with different concentrations of
nanoparticles (0.05 mgFe mL−1, 0.01 mgBi mL−1;
0.1 mgFe mL−1, 0.02 mgBi mL−1; and 0.5 mgFe mL−1,
0.1 mgBi mL−1, all in a culture medium) for 24 h, followed by
three washes with phosphate-buffered saline (PBS). After
completely removing the PBS, cells in three wells were
trypsinized and counted to determine the number of cells per
well. The cells in the other three wells were frozen at −20 °C
for 1 h and then 500 μL of 50 nM NaOH were added to each
well for 2 h in a hummed movement camera. Aliquots of cell
lysates were transferred to 1.5 mL eppendorf and mixed with
500 μL of 10 mM HCl and 500 μL of iron-releasing reagent
consisting of a freshly mixed solution of equal volumes of
1.4 M HCl and 4.5% (w/v) KMnO4 in H2O. Then, the mix-
tures were incubated for 2 h at 60 °C within a fume hood
since chlorine gas is produced during the reaction. The
samples were left to cool to room temperature, and 150 μL of
an iron-detection reagent (6.5 mM ferrozine, 6.5 mM neocu-
proine, 2.5 M ammonium acetate and 1M ascorbic acid, all
dissolved in water) were added to each tube. After 30 min,
500 μL of the solution obtained in each tube was transferred
into a well of a 24-well plate, and the absorbance was mea-
sured at 570 nm in a SpectraFluor® spectrophotometer
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(TECAN Group Ltd). The iron content of the sample was
calculated by comparing its absorbance to that of a range of
standard concentrations of equal volume that had been pre-
pared in a way similar to that of the sample (mixture of
100 μL of FeCl3 standards (0–300 μM), 100 μL of a solution
10 mM HCl, 50 mM NaOH, 500 μL of the releasing reagent
and 1500 μL detection reagent). The intracellular iron con-
centration determined for each well of a cell culture was
normalized against the number of cells per well.

2.6. Cytotoxicity

Cell survival was evaluated by a standard methyl thiazol
tetrazolium bromide (MTT) assay and a trypan blue exclusion
test. For the MTT assay, HeLa cells seeded in 24-well plates
were incubated with nanoparticles at different concentrations
(0.05 mgFe mL−1, 0.01 mgBi mL−1; 0.1 mgFe mL−1,
0.02 mgBi mL−1; and 0.5 mgFe mL−1, 0.1 mgBi mL−1) for
24 h. Then, the cells were washed three times with PBS and
incubated for another 24 h in a culture medium (without
nanoparticles). The viability of the HeLa cells was determined
using a MTT assay [18]. Briefly, dimethylthiazolyl-diphenyl-
tetrazolium bromide was added to each well to a final con-
centration of 50 μg mL−1. The cells were incubated for 3 h,
and the formazan obtained was dissolved, adding 0.5 mL of
dimetilsulfoxide (DMSO) in each well. Finally, the optical
density was measured at 542 nm. Cell survival was expressed
as a percentage of the absorption of treated cells in compar-
ison with that of control cells (not incubated with nano-
particles). The results obtained are the mean value and
standard deviation (SD) from at least six experiments. A
statistical analysis was performed by GraphPad Prism Soft-
ware (CA, USA) using one-way analysis of variance
(ANOVA) and Tukey’s test. The threshold for significance
was P = 0.05, and the P values <0.05, <0.01 and <0.005 were
considered as significant and named with (*), (**) and (***),
respectively.

The cell viability was also quantified by the trypan blue
dye exclusion method. Briefly, after 24 h of incubation with
FeBi@SiPEG, trypsin was added to the control and treated
cells. After the cells were detached from the plate, they were
resuspended in a culture media. Equal volumes of each cell
suspension and the trypan blue solution (0.2% in PBS) were

mixed and used for cell counting by means of a hemocyt-
ometer. The blue-stained cells were considered as nonviable,
and the unstained cells were considered as viable.

2.7. Image study

The animal (an ex vivo 30 g weight mouse) received a sub-
cutaneous injection of 100 μL of FeBi@SiPEG dispersion in
the left hind leg (29 mgFe Kg−1 B.W., 10 mgBi Kg−1 B.W.).
The study was performed with a small-animal scanner for
positron electron tomography and CT (PET/CT) (Argus®
PET/CT, Sedecal S.A.) and with a preclinical 7 T MRI system
(Biospin®, Bruker). The CT study was acquired using an x-
ray beam current of 240 μA and a tube voltage of 40 kV under
similar conditions as the attenuation study. An axial MRI was
acquired using a segmented gradient echo (SNAP) sequence
operating in fast imaging with steady state precession (FISP)
mode using a linear volume coil and with the following
parameters: echo time (TE) 2 ms, repetition time (TR) 300 ms,
field of view (FOV) 4 × 2.5 cm2, matrix size 192 × 192 mm2,
slice thickness of 0.9 mm and an acquisition time of 5 min.

3. Results

3.1. Characterization of the iron bismuth nanoparticles

The chemical analysis of the sample presents a Bi/Fe atomic
ratio of 0.19 that matches the atomic ratio of the reaction
mixture. The standard observation of the FeBi nanocrystals
by TEM (figure 1(A)) shows that the sample is homogeneous
in size and shape with 8 ± 1 nm size (Supplementary Infor-
mation). The inset in figure 1(A) shows the core–shell
structure of the nanocrystals in which the core, identified as
pure iron oxide [15, 19], presents a high crystalline quality in
contrast to the bismuth-bearing shell that appears to be more
disordered. In order to gain more information on the micro-
structure of this material, we performed an electron micro-
scopy study employing the HAADF technique (figures 1(B)
and (C)). In these figures the heavier Bi atoms (not distin-
guishable under ordinary TEM observation) appear brighter
than the Fe atoms. The bismuth-bearing shell now appears
discontinuous with the Bi atoms distributed as isolated

Figure 1. Bright-field and HAADF images of FeBi nanocrystals (the bright points on figures 1(B) and (C) correspond to bismuth atoms).
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surface atoms or in small clusters of presumably bismuth
oxide. Recently, a similar sample than was employed in this
work, studied by x-ray absorption spectroscopy (XAS),
revealed that the Bi atoms do not form a well-defined Bi
oxide structure and that the bismuth shell consists in clusters
[BiO6−x (OH)x] bonded by hydroxyl bridges to the magnetic
core [19]. Nevertheless, in order to fit the x-ray powder dif-
fraction profile of FeBi by means of the Fullprof computer
program [20] we used (bismite) α-Bi2O3 JCPDS N° 76-1730
[21] as the most approximate state of bismuth in the sample
and the maghemite (γ-Fe2O3) JCPDS N° 39-1346 [22] for the
magnetic core. Figure 2 presents the result of the fitting
procedure with the superposition of the diffraction patterns
corresponding to both phases. The Scherrer sizes calculated
using the widths at half height of the deconvoluted peaks
were 6.3 nm for maghemite (311) and 2.4 nm for bismite
(120). These data are in good agreement with the TEM size,
with a nanostructure of iron oxide cores of around 7 nm and
with isolated clusters of bismuth atoms of around 1 nm on the
surface observed by HRTEM.

The x-ray attenuation was measured on phantoms of
different concentrations of FeBi in water and compared with
standard iodine-based contrast and pure iron oxide nano-
particles of the same size (figure 3(A)). As expected, the FeBi
sample presents the highest opacity against the x-rays mea-
sured by the slope of the linear plot of the CT numbers (HU)
against the concentration. The differences in attenuation
between bismuth and iodine (Xenetix®) were less important
at high energies.

3.2. Characterization of the coated iron bismuth nanoparticles

A silica coating and further modification with PEG resulted in
a stable suspension of SiPEG-coated FeBi aggregates. The
aqueous dispersion employed in this study (FeBi@SiPEG)
presented a hydrodynamic diameter of 134 ± 25 nm (inten-
sity), a Z potential of −29 ± 6 mV (pH= 7) and analytical
concentrations of iron and bismuth of 157 mM and 14.6 mM,
respectively, that gives a Bi/Fe atom ratio of 0.09
(8.7 mgFe mL−1, 3.1 mgBi mL−1). An important proportion of

bismuth was lost during the coating process due to the weak
bonding among the iron oxide and the amorphous bismuth
oxohydroxide [19]. The infrared spectrum of dry FeBi@Si-
PEG (figure 4) shows the stretching Si-O band of silica
(1008 cm−1), the stretching C-H band (2919 cm−1) and the
collective vibrations of the group O-CH2-CH2-O
(1400–1200 cm−1, 950–850 cm−1) that form the helicoidal
chain of the polyethyleneglycol [23], confirming the success
of the coating process. The thermogravimetric study shows
that the amount of polymer grafted onto the surface was 3.7%
(supplementary information).

Figure 5 depicts the hysteresis cycles of the coated sample
at room temperature and at 5 K. At room temperature the
sample presents superparamagnetic behavior with a saturation
magnetization of 48 emu g−1 and, at 5 K, a ferromagnetic
behavior with a saturation magnetization of 57.3 emu g−1 and
coercive field of 0.029 T. When those values were corrected for
the amount of bismuth, saturation magnetization went up to
70 emu g−1 and 75 emu g−1 of iron oxide at 300 K and 5 K,
respectively, which are close to the saturation magnetization of
bulk maghemite 76 emu g−1 at 300 K [24].

The relaxometric properties of the aqueous dispersions of
FeBi@SiPEG showed values of r1 = 3.65 s−1 mMFe−1 and
r2 = 175 s−1 mMFe−1 (figure 3(B)), which is similar to most of
the commercial superparamagnetic iron oxide (SPIO) nano-
particles employed as contrast agents for MRI [25].

3.3. Biological characterization

The intracellular uptake of iron oxide nanoparticles was
observed by Prussian blue staining (figure 6(A)). Clearly, the
internal amount of iron-containing cytoplasmic blue spots
depends on nanoparticle concentration and incubation time.
The cells incubated with 0.05 mgFe mL−1, 0.01 mgBi mL−1

for 24 or 48 h showed insignificant accumulation of nano-
particles (figures 6(A)(b)). In contrast, efficient internalization
(100% cell labeling efficiency) was observed after incubation
with 0.1 mgFe mL−1, 0.02 mgBi mL−1, even though intracel-
lular accumulation after 24 h of incubation was less than for
48 h (figures 6(A)(c), (f)). It is important to note that with
these concentrations, nanoparticle aggregation does not occur,
and extracellular nanoparticles were not observed. In contrast,
aggregated nanoparticles to the cell’s surface were detected at
a higher concentration (0.5 mgFe mL−1, 0.1 mgBi mL−1) with
the enhanced intracellular internalization of nanoparticles
(figures 6(A)(d), (g)). More importantly, cells incubated with
FeBi@SiPEG and stained by Prussian blue reaction did not
show a significant change in cell morphology related to
untreated (control) cells, even after 48 h of incubation. Non-
apoptotic morphological abnormalities (such as cell shrink-
age, membrane blebbing and nuclear chromatin condensation)
or necrotic alterations were observed. These findings suggest
that the FeBi@SiPEGs internalized were nontoxic to HeLa
cells at the concentration ranges and incubation times used
herein.

On the other hand, colorimetric ferrozine-based results
corroborated the previous observations (see figure 6(B)). The
quantitation of iron into HeLa cells incubated 24 h with

Figure 2. X-ray powder diffraction of FeBi core–shell nanocrystals
showing the Fe3O4 and Bi2O3 components.
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FeBi@SiPEG at 0.05 mgFe mL−1, 0.01 mgBi mL−1;
0.1 mgFe mL−1, 0.02 mgBi mL−1; and 0.5 mgFe mL−1,
0.1 mgBi mL−1 were 4.4 ± 0.9, 9.3 ± 1.2 and 43 ± 1 pg cell−1,
respectively. The basal amount of iron in untreated HeLa cells
were ∼3 pg cell−1. The statistical evaluation (one-way
ANOVA Tukey’s test) showed that after 24 h incubation the

nanoparticles’ uptake into HeLa cells depends significantly on
the concentration. However, the data on the uptake of nano-
particles by cells with 0.5 mgFe mL−1, 0.1 mgBi mL−1 should
be somewhat overestimated due to the above-mentioned
presence of nanoparticles attached to the cell membrane and
not internalized by cells.

Figure 3. Contrast agent chraracterization. (A) x-ray attenuation of sample FeBi as a function of the bismuth concentration at 50 kV (a) and
110 kV (b) in CT numbers (HU), HU = 1,000 (μ-μw)/μw, where μ and μw are the linear absorption coefficients of the sample and water,
respectively. The iodine-based commercial sample Xenetix 350® (Guerbet, France) and a dispersion of iron oxide (Fe) of the same particle
size as FeBi were shown for comparison. (B) Relaxometric plots of the coated sample FeBi@SiPEG for the determination of relaxivities 1/T1
plot (a) and 1/T2 plot (b).

Figure 4. Infrared spectrum of the coated sample FeBi@SiPEG; in
red: the infrared spectrum of the coating m-PEG Silane(R).

Figure 5. Hysteresis cycles of the dry-coated sample FeBi@SiPEG
at room temperature and at 5 K.
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Finally, MTT assays were performed at 24 h after an
incubation time period (24 or 48 h) in order to determine the
nanoparticle biocompatibility. As shown in figure 6(C), no
statistically significant cytotoxicity was detected with nano-
particles at concentrations up to 0.1 mgFemL−1,
0.02 mgBi mL−1. However, concentrations of 0.5 mgFemL−1,
0.1 mgBi mL−1 caused relatively small but statistically sig-
nificant cytotoxicity (P<0.05) related to untreated control cells.
Moreover, the results obtained by the trypan blue exclusion test,
used as the second assay to measure cell viability, confirmed the
biocompatibility of the nanoparticles analyzed. The cell survival
rate was up to 97% for all the samples. The values obtained that
represent the mean of three different experiments ±SD were
99.3 ±3.7 for the control cells and 98.7± 5.1, 97.9 ± 5.2 and
97.7 ±5.1 for the nanoparticle concentrations in increasing
order. The statistical analysis showed no significant toxicity
(P>0.05). In summary, our results showed appropriate biolo-
gical properties for FeBi@SiPEG nanoparticles in cell cultures,
which makes them promising candidates for their use in vivo: (i)
they are biocompatible and (ii) they do not accumulate in large
amounts into cells.

3.4. Dual image study

In figure 7 the μCT and MRI images acquired after a sub-
cutaneous injection of FeBi@SiPEG into the left leg of a
mouse are compared. The MRI images present a diffuse
contour of the zone where the contrast was injected and make
the observation of the surrounding areas impossible. In con-
trast to that, the μCT enables a precise determination of the
location of the contrast and its concentration (red arrow in the
coronal μCT image) or its absence if an air bubble is acci-
dentally injected (red arrow in the axial μCT image). It is clear
that the combination of μCT in the presence of bismuth
enables a clear outline of the location of the contrast, whereas
the MRI images were useless due to the artifacts caused by
the high local concentration.

4. Discussion

Cell cultures have become the first indispensable step to
evaluate nanoparticle effectiveness and safety and are used for
pre-screening nanomaterials before in vivo analysis.

Figure 6. Nanoparticle-cell interactions. (A) Images of Prussian blue staining HeLa cells incubated with FeBi@SiPEG at different
concentrations and incubation times. (a) Untreated (control) cells; (b)–(d) Cells incubated for 24 h with 0.05 mgFe mL−1, 0.01 mgBi mL−1,
0.1 mgFe mL−1, 0.02 mgBi mL−1 or 0.5 mgFe mL−1, 0.1 mgBi mL−1, respectively; (e)–(g) Cells incubated for 48 h with 0.05 mgFe mL−1,
0.01 mgBi mL−1, 0.1 mgFe mL−1, 0.02 mgBi mL−1 or 0.5 mgFe mL−1, 0.1 mgBi mL−1, respectively. Scale bar = 10 μm. (B) Uptake of
nanoparticles by a ferrozine assay. (C) Cytotoxicity of nanoparticles by a MTT test. Representative data from four independent experiments
are shown (B) and (C). Data are shown as the mean ± SD. In (B) and (C) statistical significance vs control is indicated as *P< 0.05,
**P< 0.01 and ***P< 0.005.
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Regarding this fact, successive revisions have proposed the
need for assess in vitro toxicity of nanoparticles [26–29]. The
results presented here indicate that FeBi@SiPEG did not
induce high toxicity in HeLa cells assayed by the MTT test
(surviving fraction >90%). However, cells exposed 24 h to
FeBi@SiPEG at the highest concentration used
(0.5 mgFe mL−1, 0.1 mgBi mL−1) showed minimal but sta-
tistically significant dose-dependent toxicity. These results
were similar to those obtained for pure magnetite first coated
with dimercaptosuccinic acid and then modified with PEG
polymers at the same iron concentration [30] and could not be
attributed to the liberation of ionic bismuth. Taking into
account that morphological changes that could indicate an
apoptotic cell response were not detected, the low toxicity at
this concentration detected by a MTT metabolic activity assay
could be attributed to a temporary alteration of cellular
metabolism that was probably due to FeBi@SiPEG nano-
crystals that adhered to the cell’s surface which could affect
the MTT result and not to the induction of irreversible cellular
damage. Trypan blue exclusion has been proposed as the gold
standard method to validate cell viability after magnetic
nanoparticle incubation [31]. The results obtained using a
trypan blue assay for cell count in a ferrozine assay confirmed
the biocompatibility of FeBi@SiPEG nanocrystals, and the
cell survival was >96% after 24 h incubation with
0.5 mgFe mL−1, 0.1 mgBi mL−1.

The low cytotoxicity of iron oxide nanoparticles has been
reported on extensively; see, for example, [32, 33]. Moreover,
previous studies have reported that iron oxide nanoparticles
PEG coating reduce ROS formation and therefore, may pre-
vent cell toxicity [34]. In contrast, there are few studies on the
biocompatibility of bismuth nanoparticles. Luo et al [35]
described that bismuth nanoparticles are non-toxic on HeLa
cells after 24 h of incubation with 10−7 mgBi mL−1, but at
higher concentrations (10−5 mgBi mL−1) modified bismuth
nanoparticles with either silica, amine modified silica or
polyethylene glycol were able to kill HeLa cells, and the

degree of cytotoxicity depended on the specific surface
modification [35]. More recently, Song et al [36] described
the biological effects of bismuth ferrite nanoparticles (size
range of 30–90 nm) in PC12 cells. These authors reported
(MTT) that cytotoxicity was dose-dependent, with increasing
exposure concentrations from 0.01 to 0.2 mg Bi/mL and
reached 65% when the nanoparticle concentration was 0.5 mg
Bi/mL [36].

Toxicity is a big issue concerning the systemic admin-
istration of bismuth compounds [37, 38] even though this
element is considered ‘green’ in comparison with other heavy
metals [39]. The LD66 of several ionic bismuth compounds
injected intravenously was determined in rabbits as
4.5 mgBi Kg−1 B.W (sobismol®), 2.5 mgBi Kg−1 B.W. (bis-
muth citrate) and 3.5 mgBi Kg−1 B.W. (bismuth thiogli-
collate) [40]. For a comparison the LD50 of uncoated iron
oxide nanoparticles of 9 nm size intravenously injected was
reported recently as 163.6 mgFe Kg−1 B.W. in mice [41]. For
intramuscular administration it has been reported that the
toxicity of ionic bismuth was reduced with respect to the
intravenous injection, and, for example, 85 mgBi Kg−1 B.W.
(bismuth citrate) in rabbits is considered non-toxic [42].

In general terms the toxicity of bismuth compounds
administered by intramuscular injection is highly dependent
on their solubility in water [37]. Previous works reported that
the use of bismuth sulphide nanomaterials as CT contrast
agents is justified by the extremely low solubility of Bi2S3
(Kps= 1.82 · 10−99 [43]) that enables the use of doses as high
as 340 mgBi Kg−1 B.W. of intravenous injection [10]. The
solubility of bismuth oxide at a neutral pH is 4.5 · 10−6 M,
corresponding to a solubility product of 5 · 10−38 [44], which
is much higher than that for bismuth sulphide but is low
enough to justify the low cytotoxicity of the nanocrystals
prepared in this work. Although we could not detect appre-
ciable dissolution of FeBi nanocrystals in water under soni-
cation in vitro [15], and we used a silica coating to further
reduce the bismuth leakage, we limited in this work the doses
of bismuth to 10 mgBi Kg−1 B.W., which has been considered
safe for daily oral administration (bismuth subgallate) [37] or
tolerated for intramuscular injection (bismuth citrate) [40].

Similar materials to what was proposed in this work are
the dual CT/MRI contrasts core–shell Fe2O3@Au [45] and
Fe2O3@TaOx [5], but both show transversal relaxivity values
of 95 and 82 mMFe−1 s−1, respectively, which are smaller
than the one reported in this work (175 mMFe−1 s−1). This is
probably related to the need for a larger proportion of an x-ray
absorptive element to achieve CT contrast with elements with
lower x-ray absorptivities than bismuth. In a recent paper
dextran-coated bismuth-iron oxide was tested as double
contrasts for CT and MRI; they obtained good CT contrast
due to the higher bismuth proportion (16%) but with low
transversal relaxivity (0.4 mMFe−1 s−1) [46].

Instead of the concept of dual contrast agent able to give
contrast by CT and MRI (references [5] and [45] are better
options for this), we propose the incorporation of a limited
amount of bismuth on a superparamagnetic MRI contrast
(bismuth labeling), that without reduction in relaxivity and
increase in toxicity could enable the CT assessment of the

Figure 7. Coronal and axial images taken by CT and MRI after the
subcutaneous administration of 100 μL of FeBi@SiPEG (157 mM
Fe and 14.6 mM Bi). The location of the contrast in the left leg of the
mouse was marked with an arrow in the CT pictures. The black dot
is an air bubble accidentally injected.
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local delivery of magnetic nanoparticles via intramuscular or
intratumoral injection [47]. In general, systemically admi-
nistered magnetic nanoparticles, even those functionalized
with antibodies that specifically bind to the targeted tumor, do
not result in enough of an accumulation to ensure a ther-
apeutic dose at the tumor site, and local administration is
preferable. In the case of hyperthermia treatments, the clinical
strategy usually consists of the implantation or intratumoral
injection of a concentrated suspension of magnetite nano-
particles [48]. The first study on the feasibility of thermo-
therapy using magnetic nanoparticles in human patients was
conducted by Andreas Jordan at Berlin's Charitie Hospital,
which was administered via intratumoral 0.1–0.7 mL of
aqueous dispersion of 15 nm iron oxide nanoparticles at a
concentration as high as 112 mgFe mL−1 [49]. At such an iron
concentration, the NMR image is distorted, and the CT will
be more convenient for the assessment of the distribution of
the nanoparticles into the tumor. The use of FeBi nanocrystals
that combine a high magnetic response and the possibility of
accurate detection of the bismuth shell by CT in the early
stages and by MRI in the latest, showing the final fate of the
nanoparticles, could represent a good improvement in the
treatment of cancer using magnetic carriers.

5. Conclusions

A bismuth-labeled magnetic colloid able to be detected by CT
and MRI was made using PEG-coated core–shell iron oxide-
bismuth oxide nanocomposite hybrid nanoparticles. Although
the bismuth content retained at the nanoparticle’s surface after
the coating is around 8% on a molar basis, the higher x-ray
opacity of bismuth makes the contrast CT images possible,
and due to the superparamagnetic nature of the core, these
nanoparticles also behave as a SPIO contrast agent for MRI.
In spite of the high spatial resolution of both medical image
techniques, the presence of artifacts in the MRI due to high
local iron concentrations makes the CT and MRI images
nonequivalent, making the CT image more suitable at high
concentrations and the MRI suitable at low ones. Bismuth-
labeled magnetic nanomaterials, as proposed in this work,
when included in a theranostic nanoplatform, could be
detected in the tumor at the initial stages of the drug delivery
process by CT and in the distal organs by MRI afterward,
greatly improving the traceability of the nanoparticles in the
organism, which is an important limitation in the translation
of nanoparticles into clinical practice.
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