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Synthesis and characterization of rare earth orthoferrite LnFeO3 

nanoparticles for bioimaging 

Sonia L.C. Pinho,[a, b, c] João S. Amaral,[d] Alain Wattiaux,[b] Mathieu Duttine,[b] Marie-Hélène Delville,[b]* 

and Carlos F.G.C. Geraldes[e,f]* 

Dedication ((optional)) 

Abstract: A combination of sol–gel synthesis and thermal 

decomposition was developed for preparing nano-sized, perovskite-

type LnFeO3 (Ln = Eu, Gd, Tb) powders. Perovskite-type powders 

with crystalline particles of 100 nm average size, as determined by 

transmission electron microscopy (TEM), could be obtained after a 

thermal treatment at 800 °C. The perovskite nanoparticles (NPs) 

were further characterized by X-ray powder diffraction and 

Mössbauer spectroscopy. These were in agreement with the pure 

perovskite LnFeO3 structure with the expected Zeeman sextet 

corresponding to a magnetically ordered phase. Magnetization 

measurements (M(H)) at 5 K and 300 K showed a behavior that is 

dominated by antiferromagnetic interactions and weak 

ferromagnetism in EuFeO3, while for Ln = Gd,Tb they were 

dominated by the low ordering temperature Ln magnetic sublattice. 

The colloidal aqueous NPs suspensions exhibited no significant 

leaching of free Ln
3+

 ions. Their relaxivities define them as potential 

T2 MRI contrast agents for further biomedical applications. The NPs 

showed fast uptake and no cytotoxicity at concentrations below 62.5 

μg/mL with respect to Hela cells. 

Introduction 

Magnetic resonance imaging (MRI) has emerged as one of the 

most powerful clinical imaging tools due to its superb spatial 

resolution and excellent soft tissue contrast, which mostly results 

from intrinsic differences in the relaxation times (T1,2) of tissue 

water protons. The contrast between normal and diseased 

tissues can be dramatically improved by the use of contrast 

agents (CAs), namely paramagnetic Gd3+-based chelates, e.g. 

Gd-DTPA or superparamagnetic iron-oxide based nanoparticles 

(T1- and T2-shortening agents, respectively).[1-3] There is a strong 

interest in developing novel nanoparticle based CAs with 

enhanced T1 and/or T2 relaxation properties.[4-9] It was recently 

shown that gadolinium oxide (Gd2O3) nanoparticles (NPs) can 

act as T1 CAs, enhancing MRI signal intensity, due to the 

availability of Gd3+ ions at their surface to interact with water,[10, 

11] in particular for very small (5-10 nm) nanocrystals.[12-14] 

NPs with multimodal contrast imaging capabilities can offer 

synergistic advantages over those active for only a single 

modality.[15-18] Several T1-T2 bimodal CAs for MRI have been 

developed,[19] mostly integrating a superparamagnetic iron oxide 

(magnetite or maghemite) core in a Gd3+-containing 

paramagnetic shell.[20-22] However, in this arrangement, the 

strong magnetic field from the superparamagnetic core opposes 

the magnetic field created by the paramagnetic shell, decreasing 

its T1 relaxation effect.[22] If the paramagnetic material is located 

inside the superparamagnetic iron oxide, their magnetic fields 

reinforce each other, enhancing the T1 contrast. Such a 

synergistic T1-T2 relaxation effect has been reported using 

Gd2O3 ultra-small clusters embedded in iron oxide 

nanoparticles.[23]  

An alternative to generate T1-T2 relaxation effects is to use rare-

earth orthoferrite NPs. High-quality nanocrystalline rare-earth 

orthoferrites LnFeO3 (Ln = rare earth) with a perovskite structure 

have been thoroughly studied since the 1960s because of their 

unique physical and chemical properties for various applications 

such as catalysts,[24, 25] gas separators,[26] sensors[27] and opto-

magnetic materials.[28-35] The synthesis of the specific LnFeO3 

phases is very challenging, since undesired phases can co-exist. 

An example is the garnet phase (Ln3Fe5O12) with a 

thermodynamically more stable phase when compared to 

LnFeO3.
[32] As the ionic radius of the Ln3+ decreases, the 

tolerance factor, t, defined by Goldschmidt,[31, 36] becomes 

smaller than the ideal value in the 0.9-1.0 range. This indicates 

that the perovskite structure distortion increases and becomes 

less stable due the increasing Fe3+ to Ln3+ ionic radius quotient, 

as the Ln3+ ions become too small to fit ideally into their eight 

coordination interstitial sites provided by the O2- ions.[37, 38] 

Therefore, the synthesis of LnFeO3 perovskites becomes 

progressively more difficult with decreasing the ionic radius of 

the Ln element.[39, 40] The preparation of LnFeO3 has been 

achieved by many methods, including sol-gel,[41-44] 

sonochemical,[31] microwave-assisted,[45] combustion 

synthesis,[30, 46-50] hetero-bimetallic precursor methods,[32] and 

solvothermal [51] and hydrothermal synthesis.[52] 
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In this work, we report a sol-gel / auto-combustion method / 

approach to prepare monophasic nanosized LnFeO3 (Ln = Eu, 

Tb and Gd) powders. The nanomaterials were characterized by 

transmission electron microscopy (TEM), X-ray powder 

diffraction (XRD), magnetization measurements and Mössbauer 

spectroscopy. The stability of aqueous suspensions of the 

LnFeO3 nanoparticles (NPs) was also studied by zeta potential 

and Ln3+ leaching measurements. The water proton relaxation 

effects of the LnFeO3 nanoparticles were also studied, in order to 

assess their utility as CAs for MRI. Finally, the cell internalization 

and cytotoxicity of the nanoparticles in Hela cells was 

investigated. 

Results and Discussion 

Synthesis and Characterization of the Nanoparticles 

 

Aqueous suspensions of LnFeO3 NPs were synthesized by sol-

gel/auto-combustion, as described in the experimental section. 

The TEM images for LnFeO3 reveal spherical, particles with an 

average size DTEM of 100 ± 30 nm (Table 1), as illustrated in the 

case of GdFeO3
 in Figure 1.   

  

   

 

 

 

 

 

Figure 1. a) TEM image of the GdFeO3 NPs; b) histogram depicting the 

GdFeO3NPs size distribution. Size distributions for EuFeO3 and TbFeO3 are 

given in SI (Figure S1).  

The elemental analyses of the different LnFeO3 NPs (Table 1) 

show that the Ln/Fe concentration ratios are very close but not 

equal to 1.0, as expected, significant of the presence of a small 

amount of a second phase which was however difficult to 

identify due to its lack of crystallinity as shown later on. 

 

Table 1. Elemental composition of samples LnFeO3 (Ln = Eu, Gd and Tb) 

ascertained by ICP-OES and NPs size by TEM (nm) 

Ln [Ln]/[Fe] TEM (nm) 

Eu 0.98 (1) 107 ± 30 

Gd 0.98 (1) 96 ± 31 

Tb 0.92 (1) 115 ± 31 

 

Figures 2 to 4 show the X-ray diffraction profiles for the different 

compounds, which exhibit the typical Bragg reflections of the 

rare earth orthoferrites, indicating that the nanomaterials present 

a perovskite structure (space group Pbnm) and are crystalline.[37, 

38] The peak present at ~27º in the diffraction data of EuFeO3 

comes from the graphite sample holder. The diffractograms 

were fitted using the Le Bail method, considering a single phase 

of orthoferrite with a perovskite structure and the red line 

represents the model obtained with this refinement; the dashed 

green line being the difference between the experimental data 

and the fit. 

 

10 20 30 40 50 60 70 80

0

250

500

750

1000

1250

1500

1750

 

 

 data

 fit

 difference

In
te

n
s
it
y
 (

A
. 
U

.)

2 (º)


2
 = 1.3

EuFeO
3
 

 

Figure 2. (Color online) X-Ray diffraction data of EuFeO3 (solid points), best fit 

(red line) and data to fit difference (dashed green line). 
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Figure 3. ((Color online) X-Ray diffraction data of GdFeO3 (solid points), best 

fit (red line) and data to fit difference (dashed green line). JCPDS 47-0067 
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Figure 4. (Color online) X-Ray diffraction data of TbFeO3 (solid 
points), best fit (red line) and data to fit difference (dashed green 
line). 

Table 2 shows the resulting lattice parameters and goodness of 

fit values for the studied LnFeO3 samples. They are in good 

agreement with those reported in bulk samples[53] and recent 

work on micrometer-sized rare-earth orthoferrite particles[54] or 

NPs.[43] The LnFeO3 structure has a considerably distorted 

perovskite geometry, because Ln3+ (Gd3+, Eu3+, or Tb3+) has a 

coordination number of 8, whereas the A-site in the ideal 

perovskite has a coordination number of 12. This is due to the 

less favorable Fe3+ to Ln3+ ionic radius quotient with r (Fe3+)/r 

(Eu3+) ≈ 0.605, r (Fe3+)/r (Gd3+) ≈ 0.612 and r (Fe3+)/r (Tb3+) ≈ 

0.620,[55] as opposed to the 0.56 value for a typical cubic 

perovskite such as in SrTiO3. In none of these diffraction 

patterns, we were able to identify any of the usually encountered 

phases beside LnFeO3. 

 

Table 2. Lattice parameters and of the studied LnFeO3 samples. 

Compound a (nm) b (nm) c (nm) V (nm
3
) 

2 

EuFeO3 0.5369 0.5593 0.7683 0.2307 1.3 
GdFeO3 0.5350 0.5607 0.7669 0.2301 1.4 
TbFeO3 0.5328 0.5593 0.7645 0.2278 1.2 

 

Mössbauer spectroscopy 

 

Mössbauer room temperature experimental spectra of LnFeO3 

tare illustrated in Figure 5 with their calculated spectra, while the 

hyperfine parameters are gathered in Table 3. For the three 

compounds, the major contribution is described by the presence 

of a magnetically ordered sextet.[56-67] The refined values of the 

hyperfine parameters are consistent with high-spin iron(III) ions 

located at a crystallographic site in octahedral symmetry (site 1) 

in good agreement with the perovskite structure of these 

compounds. The isomer shift (δ) values determined for the 

EuFeO3 and TbFeO3 samples are very close to those reported in 

previous studies for similar compounds.[56, 57, 61, 66-68]The values 

of the hyperfine field are around 50 T, indicating that the 

hyperfine field is very close to the saturated field. These results 

are in good agreement with the XRD crystallographic studies. 

GdFeO3 is the only one to be pure within the limit of detection of 

the technique while the two other compounds, EuFeO3 and 

TbFeO3, both exhibit an additional signal, which is not 

magnetically ordered at room temperature. This minor 

component (about 3% in relative area), described by a 

quadrupole doublet with an isomer shift δ ≈ 0.15-0.20 mm/s and 

a quadrupole splitting  ≈ 0.4-0.5 mm/s, was not detected on the 

respective XRD patterns. It could be associated with an 

unidentified iron-containing impurity as suggested by the results 

of ICP elemental analyses. 

 

Figure 5. 
57

Fe room temperature Mössbauer spectra of (a) EuFeO3, 
(b) GdFeO3 and (c) TbFeO3. The refined hyperfine parameters 
associated with the magnetic sextets and paramagnetic quadrupole 
doublets are reported in Table 3. 

Table 3. Refined hyperfine parameters estimated from the analysis 
of the 

57
Fe Mössbauer spectra presented in Figure 5. δ: isomer 

shift (relative to α-Fe) at room temperature, ∆: quadrupole splitting, 
ε: quadrupole shift, H: hyperfine magnetic field, Γ: Lorentzian 
linewidth. 

Compound 
 
(mm/s) 

∆ 
(mm/s) 

2 
(mm/s) 

H 
(T) 

Γ 
(mm/s) 

area 
(%) 

EuFeO3       
sextet 0.376(4) - 0.046(5) 50.1(5) 0.44(5) 97(1) 

doublet 0.15(2) 0.51(2) - - 0.27(3) 3(1) 

GdFeO3       
sextet 0.363(4) - 0.002(5) 50.0(5) 0.34(3) 100 

TbFeO3       
sextet 0.370(4) - 0.021(5) 49.5(5) 0.44(5) 97(1) 

doublet 0.19(2) 0.37(2) - - 0.37(3) 3(1) 

 

Moreover, the high values of the Lorentzian linewidth (Γ) may 

reflect some local disorders in the iron environment (cationic 

heterogeneous distribution, site distortion) that could be related 

to the particle size and size dispersity (see Figure 1 and Table 1).  

 

Magnetization studies 

 

The magnetization of the LnFeO3 NPs was studied as a function 

of the applied magnetic field. Their magnetic behavior results 
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from the contribution of two magnetic sub-lattices: an 

antiferromagnetic iron oxide lattice with the spins coupled via a 

Fe3+- O2-- Fe3+ super exchange mechanism, and a paramagnetic 

contribution from non-coupled Ln3+ ions. Figure 6A shows the 

magnetization dependence of the EuFeO3 sample on applied 

magnetic field, at 5 K. In accordance with reports of small spin 

canting phenomena in the Fe-containing sub-lattice, resulting 

from the distorted perovskite structures, which induce weak 

ferromagnetism in this system,[31, 69, 70] we observe a small 

hysteresis with a coercive field of about 330 Oe, together with 

typical mainly antiferromagnetic behavior of the Fe sub-lattice. 
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Figure 6. Magnetization versus applied magnetic field at 5 K a) for the EuFeO3 

sample; b) for the LnFeO3 (Ln = Gd, Tb) samples. Inset shows detail at low 

field.  

Figure 6b shows the magnetization versus field dependence at 5 

K for the GdFeO3 and TbFeO3 samples. The much higher values 

of magnetization (MS) as compared to the EuFeO3 sample show 

that the magnetization versus applied field behavior at this 

temperature is dominated by the rare-earth ions. In the case of 

TbFeO3, the rare-earth sub-lattice is magnetically ordered below 

8.4 K, justifying the observed approach to saturation at 5 K.[71-73] 

Comparatively, the ordering temperature for the Gd sub-lattice in 

GdFeO3 is 2.5 K,[74] and the behavior is paramagnetic. The 

magnetization curve for GdFeO3 at 5 K is significantly different 

from that reported for much smaller (3.5-5.0 nm) GdFeO3 NPs at 

2K, with a saturation magnetization MS = 80 emu.g-1.[43] 

At 300 K, for all the LnFeO3 systems studied, there is no sign of 

saturation even at 50 KOe (5 T). In the case of EuFeO3, where 

the magnetization comes only from the Fe sub-lattice, a 

maximum value of ~2.5 emu/g is observed, as shown in Figure 7. 

For GdFeO3 and TbFeO3, these values are ~6 emu/g and ~9 

emu/g respectively. Assuming that in these two compounds the 

magnetic contribution of the Fe sublattice is similar to that 

observed in EuFeO3 at this temperature and applied field range, 

the magnetic Gd/Tb ion contribution to the total magnetization is 

comparable to that of the Fe sub-lattice.  
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Figure 7. Magnetization versus applied magnetic field for the LnFeO3 (Ln = Eu, 

Gd, Tb) samples, at 300 K. Inset shows detail at low field.  

There is nonetheless a magnetic interaction between the rare-

earth ions and the Fe lattice, as the coercive field and hysteresis 

width noticeably increase with the presence of a magnetic rare-

earth ion. The magnetization values at 300 K reported here are 

in agreement with previous reports on the properties of these 

rare-earth orthoferrite materials [50, 75-77] while coercive field 

values in the range of the hundreds of Oe are comparable to 

recent reports.[31, 32] 

 

Solution studies 

 

The zeta potential titration as a function of pH confirmed the 

negative charge of the NPs over most of the pH range 

(Supplementary Information, Figure S2), with a point of zero 

charge close to 3 providing a colloidal stability in physiological 

conditions. 

Due to the magnetic properties of the LnFeO3 NPs, they were 

tested as T1-T2 MRI CAs. Table 4 shows the water 1H relaxivity 

values (r1 and r2) and the r2/r1 ratios, measured at 20 MHz and 

298 K and 310 K, for clear suspensions of the EuFeO3, TbFeO3, 

and GdFeO3 NPs in water and compares them with literature 

data.[43] The relaxivities were obtained from the observed linear 

dependence of the Ri (Ri =1/Ti, i = 1, 2) relaxation rates on the 

concentration of the Ln3+ ions in the samples, using at least five 

independent measurements at concentrations between 0 and 2 

mM, as shown in SI Figures S3 and S4.  

The observed r1 values are quite low for all the studied samples, 

although slightly larger for Ln = Gd and Tb than for Eu. The r1 

and r2 relaxivities can have contributions from inner-sphere (IS) 

and outer-sphere (OS) mechanisms.[1, 5, 78] The IS mechanism 

results from the water molecules directly coordinated to the Ln3+ 

ions on the surface of the NPs, which affects their proton 

relaxation through contact and dipolar terms (for Gd3+) and also 

a Curie term (for the other paramagnetic Ln3+). It depends on the 
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longitudinal relaxivity of the inner-sphere water molecules 

directly coordinated to the surface Ln3+ ions, their hydration 

number, and the surface-to-volume (S/V) ratio of the NPs.[78, 79] 

The OS mechanism results from the diffusion of the water 

molecules in the magnetic field inhomogeneities created by the 

magnetized NPs in their vicinity, and does not contain the 

contact term. It depends on their distance of closest approach to 

the NPs surface, as well as on the NPs size and magnetization.[5, 

78] The very small r1 values observed for the LnFeO3 NPs of 100 

nm size (Table 4) are similar to those reported at low magnetic 

fields (0.47-1.5 T) for Dy2O3
[79, 80] and Gd2O3 

[81-83] NPs of similar 

size (20-100 nm). There are however significant differences 

relatively to the r1 data reported for analogous GdFeO3 

nanomaterials (Table 4),[43]  which have larger r1 values. This is 

attributed to the much smaller crystal size (3.5-5.0 nm) of these 

two samples. It is well-known that the r1 values for NPs increase 

as their size decreases, as the number of paramagnetic metal 

ions at the surface increases with their (S/V) ratio. Depending on 

the magnetic field, the r1 values of Gd2O3 NPs can go up to 12 

(1.5 T) or 10 s–1mM–1 (3 T) with optimal particle sizes of 1.6 and 

3.8 nm, respectively.[12, 14, 79, 83-86] 

The r2 values observed for the LnFeO3 NPs (Table 4) are 

considerably higher than r1, giving r2/r1 values much larger than 

2, which corresponds to a dominant T2-weighted (negative-

contrast) mechanism. The relative r2 values at 298 K increase in 

the order Gd < Eu < Tb, which partially disagrees with the 

relative magnetization values (Gd < Tb < Eu, Figure 7) observed 

at 0.47 T (4700 Oe), where, due to the observed hysteresis, the 

upfield M(H) traces were considered. The r2 value observed for 

EuFeO3, where the magnetization comes only from the Fe sub-

lattice, are smaller than would be expected from the OS 

mechanism.[78] The r2 values previously reported for the much 

smaller GdFeO3 NPs at 1.5 T are somewhat larger (Table 4)[43] 

as a result of the higher magnetic field (1.5 T) used in that study. 

These results can be compared with reported r2 data for 

paramagnetic Ln2O3 NPs in different experimental conditions. At 

the same magnetic field, the r2 values of the paramagnetic Ln2O3 

NPs of the same size have been found to increase with their 

magnetization, which is proportional to the square of the 

effective magnetic moment (eff) of the Ln3+ ion (in the order Eu 

< Gd < Tb).[78, 81] For the same Ln, r2 was found to increase with 

the magnetic field B0 or with B0
2. [12, 78, 80, 81] The dependence of r2 

on the particle size is more complex, as found experimentally [12, 

14, 78-87] and predicted by the OS theory.[78, 88-90] For small 

particles, the Motional Averaging Regime (MAR) operates, and 

r2 is proportional to (eff)
2B0

2 and inversely proportional to the 

radius of the NP. For large particles, the Static Diffusion Regime 

(SDR) predicts that r2 is proportional to (eff)
2B0 and that it 

becomes dependent on the time interval between two 

consecutive 180° pulses (τCP) in the Carr–Purcell–Meiboom–Gill 

(CPMG) pulse sequence used to determine the T2 values. This 

dependence is also influenced by the particle coating, as it may 

influence the distance of closest approach of the water 

molecules to the NPs surface. 

 

Table 4. 
1
H relaxivities, rip (i = 1,2), determined at 20 MHz (0.47 T), at 298 K 

and 310 K, for aqueous suspensions of EuFeO3, TbFeO3, and GdFeO3, 

compared with values from the literature. 

Compound

 size (nm) 

r1 (s
-1

mM
-1

) 
r2 

 (s
-1

mM
-1

) 
r2/ r1 

Ref. 

298 K 310 K 298 K 310 K 
298 
K 

310 
K 

 

EuFeO3 

107 ± 30 
0.20 ± 
0.01 

0.20± 
0.01 

6.18 ± 
0.06 

6.45 ± 
0.01 

30.9 32.3 
This 

work
[a]

 
TbFeO3  

 96 ± 31 
0.68 ± 
0.05 

0.41± 
0.05 

9.45 ± 
0.02 

9.38 ± 
0.01 

13.90 22.9 
This 

work
[a] 

GdFeO3      

115 ± 31 
0.60 ± 
0.02 

0.59± 
0.07 

5.65 ± 
0.02 

3.84 ± 
0.01 

9.42 6.52 
This 

work
[a]

 
GdFeO3 

dialysed 4h
 3.5 

4.5  11.3  2.5  [43] 
[b]

 

GdFeO3 
dialysed 120h

 5 
11.9  15.2  1.3  [43]

 [b]
 

Gd-DTPA 4.1  4.7  1.1  [14]
 [c]

 

[a] Measured at 0.47 T (20 MHz); [b] Measured at 1.5 T (64 MHz); [c] 

Measured at 1.5 T (64 MHz) 

 

 

Regarding the leaching of Ln3+ ions from the NPs, when we 

compare the concentration of free Ln3+ ions and the initial Ln 

within the NPs, no significant leaching of Ln3+ ions was observed 

in aqueous dispersions of the NPs stored at 4 oC for a week 

(0.42% for Eu3+, 0.87% for  Tb3+ and 1.4 % for Gd3+, see Figure 

S5), as determined quantitatively using a spectrophotometric 

xylenol orange method.[91] Values below 1.5 % were obtained 

regarding leaching of Ln3+ ions form the NPs. This is an 

important condition to minimize their in vitro and in vivo toxicity. 

 

  

Cell internalization and cytotoxicity of NPs  

 

A preliminary assessment of the biological effect of the NPs on 

cell metabolism was evaluated after exposing Hela cells (7 x 103 

cell/well) to increasing concentrations of NPs (from 7 to 250 

μg/mL) for 24 h. The uptake of NPs can cause changes in cell 

morphology, which can be observed after only a few hours of 

exposure to the NPs, suggesting interference with normal cell 

function. Reduction of ATP levels is considered a reliable cell 

viability marker.[92] Cell metabolism was assessed by ATP 

production using a CellTiter-Glo ® Cell Viability Assay. Figure 8 

shows a decrease in ATP content of cells exposed for 24 h to 

higher concentrations of NPs. NPs concentrations equal or 

higher than 62.5 μg/mL showed extremely significant impaired 

ATP production relative to control (P < 0.0001 or P < 0.01). 

Similar findings have been reported in a previous study for 

different sized Fe2O3 NPs.[93] For concentrations below 62.5 

μg/mL, the ATP production showed non-significant changes with 

respect to the controls for the three types of NPs, indicating no 

cytotoxicity of these NPs at concentrations below 62.5 μg/mL 

with respect to Hela cells. Further tests should be performed to 

assess in more detail the cytotoxicity of these particles in other 

cell lines. Nevertheless, the full viability of cells was ensured for 

the experimental concentration of 50 μg/mL used throughout our 

studies.  
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Figure 8. Effect of increasing concentrations of NPs (EuFeO3, TbFeO3 and 
GdFeO3) upon ATP production by Hela cells. Cells were incubated with the 
NPs for 4 h, washed and left for 20 h. The results are expressed as mean ± 
SD (n = 3). ** and **** denote statistical significance (P < 0.01 and P < 0.0001, 
respectively) 

 

The three systems (EuFeO3, TbFeO3 and GdFeO3) were studied 

regarding their cell internalization and cytotoxicity. The 

internalization kinetics of the NPs in Hela cells was studied for 

three different incubation times: 2, 4 and 6 h and 50 μg/mL of 

NPs. To quantify the real amounts of NPs internalized in Hela 

cells at different times, inductively coupled plasma mass 

spectrometry (ICP-MS) was used (Figure 9). The results indicate 

a time-dependent increase in the uptake of the NPs by the cells. 

The internalization kinetics of the three types of NPs is quite 

similar, where a plateau (~2.0 x 105 NPs per cell), after 4 h, is 

reached for the three systems and presents the same 

internalization efficiency with no statistical significance. 

Nevertheless, statistical difference between, the GdFeO3 and 

the EuFeO3 system, as for two different time points (4h and 6h) 

the EuFeO3 system showed less uptake. 

Figure 9. Quantification of NPs per Hela cells determined by ICP-MS analysis. 

Cells were incubated with NPs (EuFeO3, TbFeO3 and GdFeO3) for 2 h, 4 h 

and 6 h. After the incubation, the cells were washed, trypsinized and finally 

freeze-dried. The number of NPs was determined by average NPs size and 

crystal unit method. The results are expressed as mean ± SD (n = 3). **, *** 

and **** denote statistical significance (P < 0.01, P < 0.001,   and P < 0.0001, 

respectively). 

 

Conclusions 

It has been demonstrated that reproducible crystalline powders 

made of spherical, nanosized (100 ± 30 nm average diameter), 

perovskite-type LnFeO3 (Ln = Eu, Gd, Tb) particles can be 

synthesized by sol–gel auto-combustion after a thermal 

treatment at 800 °C. Characterization by X-ray powder diffraction 

and Mössbauer spectroscopy confirmed a pure perovskite LnFeO3 

structure for GdFeO3 whereas an additional 3% intensity quadrupole 

doublet was detected by Mössbauer in the case of EuFeO3 and 

TbFeO3. The field-dependent magnetization measurements at 5 K 

and 300 K revealed behaviour dominated by antiferromagnetic 

interactions and weak ferromagnetism of the Fe sub-lattice in the 

case of EuFeO3, while for Ln = Gd, Tb it becomes dominated by the 

contribution of the low ordering temperature Ln magnetic sub-lattice. 

The negatively charged colloidal aqueous NPs suspensions 

were stable and showed no significant leaching of free Ln3+ ions. 

These NPs exhibit very small r1 relaxivities and larger r2 values, 

which are proportional to their magnetization at 0.47 T (4.7 KOe). 

The NPs showed a fast uptake and no cytotoxicity at 

concentrations below 62.5 μg/mL with respect to Hela cells. 

These characteristics define them as potentially useful T2-

weighed (negative contrast) MRI contrast agents for further 

biomedical applications.  

Experimental Section 

Materials and purification methods: Fe (NO3)3•9H2O (>98%), 

Gd(NO3)3•6H2O (99.99%), Eu(NO3)3•5H2O (99.9%), 

Tb(NO3)3•5H2O (99.9%) and nitric acid were purchased from 

Sigma-Aldrich and used as received. Water was deionized 

(resistivity larger than 18 MQ). All the other reagents, of 

analytical grade, were purchased from Sigma-Aldrich and used 

without further purification. 

Preparation of the nanoparticles: According to the 

stoichiometric composition reactants, specified amounts of Fe 

(NO3)3•9H2O and hydrated Ln(NO3)3 (Ln = Eu, Gd, Tb) were first 

dissolved in nitric acid solution as follows: 1 mmol of of Fe 

(NO3)3•9H2O, 1 mmol of Eu(NO3)3 and 1 mmol HNO3. 3 mmol of 

citric acid were also dissolved into the nitric solution. The sol 

was heated in a sand bath at 200ºC in order to evaporate all the 

solvent and a brown, puffy, porous dry gel was formed. Auto-

combustion of the formed gel was induced with a flame until the 

gel burned completely into a loose powder, known as as-

synthesized powder. The calcination took place according to the 

following cycle: 1.5 h increasing sample temperature to 400 ºC, 

2 h at 400 ºC, milling the sample, 1.5 h temperature increase to 

800 ºC, mill the sample, and calcine it for 6h at 800 ºC.  

Particle Characterization: The morphologies of the 

nanoparticles were observed by TEM measurements performed 

at room temperature on a JEOL JEM-2000 FX transmission 

electron microscope using an accelerating voltage of 200 kV. 

Drops of diluted water dispersions of nanoparticles were air-

dried on amorphous carbon films deposited on 200-mesh copper 

grids. Average particle sizes (DTEM) were calculated by analyzing 

at least 250 particles randomly selected from TEM micrographs. 

The iron, europium, terbium, and gadolinium contents were 

measured by inductively coupled plasma / optical emission 

spectrometry ICP/OES (ES720, Varian) equipped with a 

crossflow nebulizer. Solutions for each element with a 

concentration of 1 g/L were used to prepare the standard 

solutions (SCP Science to Paris) and were used as internal 

standard to evaluate the instrumental drift. 

Diffraction data were obtained on a Philips X’Pert MPD PRO 

powder diffractometer in the Bragg– Brentano geometry, using 

Cu-Kα radiation (Kα1= 1.54059 Å and Kα2= 1.54441 Å, 45 kV, 40 

mA). The data collections were made in the 6–80 º 2θ range with 

a 0.02º step. Samples are shown to be single-phase, with peaks 

indexed to the D2h
16 – Pbnm space group (62). The diffraction 

data were analyzed using the Le Bail whole pattern fitting 

method, as implemented in the PowderCell software. 
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The magnetization of dried nanoparticles was measured using a 

Quantum Design MPMS-5S SQUID magnetometer. 

Magnetization values were acquired as a function of applied 

magnetic field [M(H)] by using about 10 mg of nanopowder per 

measurement. Hysteresis cycles were measured at 5 K and 300 

K at a magnetic field range of -50000 Oe to 50000 Oe. 
57Fe Mössbauer spectra were recorded at 293 K in a 

conventional transmission geometry spectrometer using a 

triangular driving, with a 30 mCi 57Co (Rh matrix) source. The 

spectra were analysed by using the least squares method 

assuming Lorentzian line shapes. The isomer shifts values are 

relative to α-Fe at 293 K. Powder samples were measured in 

acrylic holders of 1.5 mm diameter, covering all the surface area. 

When necessary, the samples were mixed with boron nitride to 

be able to cover the whole surface. 

The zeta potential of the nanoparticles in solution was assessed 

using a Zetasizer 3000HSA setup (Malvern Instruments) 

equipped with a He-Ne laser (50 mW, 532 nm). The zeta 

potential measurement based on laser Doppler interferometry 

was used to measure the electrophoretic mobility of the 

nanoparticles. Measurements were performed for 20 s using a 

standard capillary electrophoresis cell. The dielectric constant 

was set to 80.4 and the Smoluchowsky constant was 1.5. 
1H longitudinal and transverse relaxation times (T1 and T2 

respectively) of aqueous suspensions of nanoparticles were 

measured by magnetic resonance relaxometry (Bruker Minispec 

mq20 relaxometer operating at a magnetic field of 0.47 T, 

corresponding to a proton Larmor frequency of 20 MHz). T1 

values were measured using the inversion recovery pulse 

sequence, while T2
 values were measured using a Carr-Purcell-

Meiboom-Gill (CPMG) pulse sequence. A linear dependence 

between the inverse proton relaxation times (i.e. the water 

proton relaxation rates Ri = 1/Ti, i = 1, 2) and the Ln3+ 

concentration is expected for the magnetic nanomaterials, in 

accordance with the equation (1/Ti,obs) = (1/Ti,0) + ri [Ln], where 

Ti,obs (i = 1,2) is the relaxation time measured experimentally in 

the presence of the magnetic nanomaterial, Ti,0 is the relaxation 

time of pure water in the absence of the contrast agent, [M] is 

the Ln3+ concentration (mM) in the contrast agent and ri is the 

longitudinal (i = 1) or transverse (i = 2) relaxivity (i.e. proton 

relaxation rate enhancement per mM Ln3+). All the experimental 

values were corrected for the diamagnetic aqueous contributions 

under the same conditions. 

The quantification of the free Ln3+ (Ln = Eu, Gd, Tb) ions 

leached from the NPs was carried out using the 

spectrophotometric method based on the differences in the 

visible spectra of free and complexed xylenol orange dye, as 

described in the literature.[91] Briefly, 3.43 g of xylenol orange 

were dissolved in 250 mL buffer solution (acetic acid and NaOH, 

pH = 5.81) and the solution was stored at 4 ºC for one week. An 

aqueous dispersion of the LnFeO3 NPs (EuFeO3: 0.77 mM, 

GdFeO3: 1.35 mM and EuFeO3: 1.32 mM) in the buffer xylenol 

orange solution was also stored at 4º C for a week. Calibration 

curves were built with free Gd3+ ions in solutions (0–70 μM), 

prepared with the buffer solution and dissolving LnFeO3 with 

nitric acid (HNO3). The calibration curve was determined from 

the plot of the ratio between the integrated intensities of the UV-

visible absorption bands at 563 and 446 nm vs. the Ln3+ 

concentration (Fig S5A). Finally, the absorption spectrum of an 

aqueous dispersion of LnFeO3 in the buffer solution was 

recorded under the same experimental conditions used for the 

calibration curve data and the amount of free Ln3+ was estimated 

from the curve (Fig. S5B). 2 mM aqueous suspensions of the 

NPs, stored at 4 ºC for a week, were incubated in 1.5 mL of 20 

mM xylenol orange solution (pH 7.4) to allow free Ln3+ ions to 

form a complex with the arsenazo ligand. The resultant 

suspension was filtered through a 0.45 μm filter. The filtrate was 

then analysed at 0.5 nm on a Jasco V-560 UV/VIS 

spectrophotometer. Quartz cells (10 mm path length) were used. 

Water and a 0.076 mM GdCl3 solution were used as negative 

and positive controls respectively. 

Cell internalization and cytotoxicity of NPs: Hela cells were 

grown in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 10 % (v/v) fetal bovine serum (FBS), 10 

U/mL penicillin, and 10 μg/mL streptomycin at 37 °C in fully 

humidified air containing 5 % CO2. The cells were fed every 2–3 

d. The cells were passaged after reaching 80 % confluency. 

Cells (5 × 105 cells/well) were plated in six-well plates and left to 

adhere overnight. Then, the cells were incubated with EuFeO3, 

TbFeO3 and GdFeO3 (50 μg/mL) for 2, 4 and 6 h. After 

incubation, to remove non-internalized NPs, the cells were 

washed three times with phosphate-buffered saline (PBS), 

dissociated with trypsin [0.2 % (w/v) in PBS], centrifuged and 

counted. Afterwards, the samples were freeze-dried, and the 

presence of Fe, Gd and Eu, Tb in the samples was evaluated by 

ICP-MS (ICP/OES (ES720, Varian) equipped with a crossflow 

nebulizer). For this purpose, the samples were digested 

overnight in the presence of nitric acid [0.5 mL, 68 %, (w/v)], and 

hydrofluoric acid [0.5 mL, 48 % (w/v)]. Dilution of the sample was 

performed by addition of 1 mL of ddH2O. The samples (n = 3) 

were analyzed by ICP-MS to quantify internalized elements (Fe, 

Eu, Tb and Gd).[94] 

Cell toxicity was evaluated by the effect of NPs on ATP 

production. Hela cells (7 x103 cells/well) were seeded onto a 96-

well plate and left to adhere. The cells were then incubated for 

4h with NPs with different concentrations (7.8125, 15.625, 31.25, 

62.5, 125, 250 µg/mL). After incubation, to remove non-

internalized NPs, the cells were washed three times with 

phosphate-buffered saline (PBS). After 24h, ATP production was 

measured by a Celltiter-Glo Luminescent Cell Viability Assay 

(Promega) on a Synergy H1 Multi-Mode Reader (BioTek 

Instruments). 

Supporting Information (see footnote on the first page of this 

article): FigureS1. Size distributions of the a) EuFeO3and b) 

TbFeO3 NPs estimated on a minimum of 100 measurements. 

Figure S2. Zeta potential titrations as a function of pH for 

GdFeO3 (●), EuFeO3 (●) and TbFeO3 (●) NPs in aqueous 

solution. 

Figure S3. Plots of relaxation rates R1 (1/T1) as a function of 

LnFeO3 concentration 20 MHz at a) 298 K and b) 310 K the 

corresponding linear regressions.  I- Gd3+; II- Eu3+ and III- Tb3+.); 
Figure S4. Plots of relaxation rates R2 (1/T2) as a function of 

LnFeO3 concentration 20 MHz at a) 298 K and b) 310 K the 

corresponding linear regressions.  I- Gd3+; II- Eu3+and III- Tb3+. 

Figure S5. A) Spectrophotometric determination of free Ln3+ 

complexed by xylenol orange. The increase in Gd3+ 

concentration causes a decrease of the band intensity at 433nm 

and a corresponding increase of the band a t 563nm. The 

spectra were recorded in acetic buffer solution at pH 5.8 in the 
3+, 

respectively. B) Calibration curve obtained by 

spectrophotometric changes of xylenol Orange absorptions in 
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the presence of different amounts of Ln3+, and free Ln3+ from the 

respective EuFeO3, GdFeO3, and TbFeO3 NPs. 
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