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The main objective of the preparation of the Fesz_,Ga,O4 (0.14 < x < 1.35) system was to further the
knowledge of the magnetic response of Ga*"-doped magnetite for application as MRI contrast agents.
With this purpose, monodisperse nanoparticles between 7 and 10 nm with different amounts of gallium
were prepared from an optimized protocol based on thermal decomposition of metallo-organic precur-
sors. Thorough characterization of the sample was conducted in order to understand the influence of
gallium doping on the structural, morphological and magnetic properties of the Fes_,Ga,O4 system. X-ray
diffraction and X-ray absorption near-edge structure measurements have proved the progressive incor-
poration of Ga in the spinel structure, with different occupations in both tetrahedral and octahedral sites.
Magnetization measurements as a function of field temperature have shown a clear dependence of mag-
netic saturation on the gallium content, reaching an M; value of 110 Am? kg~* at 5 K for x = 0.14 (signifi-
cantly higher than bulk magnetite) and considerably decreasing for amounts above x = 0.57 of gallium.
For this reason, nanoparticles with moderate Ga quantities were water-transferred by coating them with
the amphiphilic polymer PMAO to further analyse their biomedical potential. Cytotoxicity assays have
demonstrated that Fes_,Ga,O,@PMAO formulations with x < 0.57, which are the ones with better mag-
netic response, are not toxic for cells. Finally, the effect of gallium doping on relaxivities has been ana-
lysed by measuring longitudinal (T; ™) and transverse (T;™) proton relaxation rates at 1.4 T revealing that
nanoparticles with x = 0.14 Ga®* content present remarkable T, contrast and the nanoparticles with x =
0.26 have great potential to act as dual T;=T, contrast agents.

1. Introduction

Current research in magnetic nanoparticles (MNPs) is aimed
at applying them as T; and T, contrast enhancement magnetic
resonance imaging (MRI) agents, as drug carriers, in the gene-
ration of heat by magnetic hyperthermia or in magnetic
manipulation/cell-targeting in the biomedical field."* Fe;0,
nanoparticles are the most widely used material for these
applications thanks to their biocompatibility, stability and ver-
satility for modulating magnetic properties by tuning their
shape and size or by doping with strategic cations.>® In the
last few years, most of the applications of magnetite NPs have
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focused on the development of multimodal platforms for ther-
anostic use, for being applied in therapies like magnetic
hyperthermia and in the detection of diseases.”®

For efficient magnetic response, homogeneous magnetite
NPs with high magnetization are required as also NPs with no
remanence to prevent agglomeration.” This magnetic behav-
iour is highly suitable for applications such as T; and T, con-
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trast agents in MRI, mainly T, agents, as the innate high mag-
netic moment of the usually not very small NPs reduces the T
contrast capability."”'! Doping magnetite with different ions
such as Zn(u), Co(u) or Mn(u) has been employed to reduce the
amount of Fe(u) ions on the surface and to enhance T,
relaxivity.">"? In the case of dark contrast, the enhancement of
T, relaxivity has been exploited not only by the strategy of
doping but also by controlling morphologies and
compositions.'*™"”

Although MRI provides anatomical details with high spatial
resolution, in the case of exploring cancer staging, nuclear
imaging techniques such as positron emission tomography
(PET) or single-photon emission computed tomography
(SPECT) are also applied due to high spatial resolution. In this
way, the incorporation of ®*Ga in magnetite allows the develop-
ment of multimodal nanosystems for PET/MRI imaging.'®>°
These kinds of systems have also been proved as magnetomo-
tive ultrasound imaging (MMUS), which detect the movement
of the tissue around the NPs under a time-varying magnetic
field.*!

In this sense, gallium ferrites have aroused great interest
not only due to the possibility of their use in diagnosis as con-
trast nanomaterials in MRI or as radiopharmaceuticals but
also in medical therapies such as magnetic hyperthermia.***?
It is to be noted that despite the traditional applications of
gallium-doped ferrites for their magnetoelectrical properties,
gallium presents many biological effects in the treatment of
bone metastases, Paget's disease, postmenopausal osteoporo-
sis or in some lymphomas.>*** All this potentiality in biomedi-
cine has lavished the preparation and characterization of
gallium ferrites with different compositions with the aim of
tailoring their properties.

Nevertheless, the distribution of Ga®* ions in tetrahedral (A)
and octahedral (B) positions of the inverse spinel structure of
Fe;0, is a non-trivial issue. Although the reduced Ga®* ion
radius would suggest a preference for A sites, the synthesis con-
ditions and the different trends of nanoparticles comparing
with bulk material, make it difficult to predict a specific
behaviour.?®*”*® Considering that FeGa,0, has emerged as the
most promising material in the family of gallium ferrites, most
of the research has been focused on the preparation of Fe** sub-
stituted Fe,,,Ga,_,O4 samples. J. Ghose et al. revealed that Fe*"
ions replace Ga** ions with Fe® ion displacement to octahedral
positions until x = 0.6 when Fe*" ions probably occupy the octa-
hedral positions without displacing Fe** ions to the octahedral
positions.”® This distribution handicaps A-B interactions,
which affects the magnetic response of the material.
Additionally, it is to be noted that depending on the precursors
employed in the synthesis or the annealing conditions FeGaO;
can appear as a secondary phase, altering the trend of occu-
pation and the magnetic properties.*®

With the aim of broadening the knowledge on the struc-
tural and magnetic behaviour of gallium ferrites, six different
samples with the composition Fe;_,Ga, O, (0.14 < x < 1.35)
were prepared. All of them were synthesised by the thermal
decomposition method using the same heating-rate. To make
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them hydrophilic and biocompatible they were functionalized
with the polymer poly(maleic anhydride-alt-1-octadecene)
(PMAO). The structural characterization of synthesised
materials was carried out using X-ray diffraction (XRD) and
X-ray absorption near edge structure (XANES). The latter,
which is sensitive to local structure, provides valuable infor-
mation about the oxidation-state and site symmetry of metallic
cations. The lack of information at both Ga and Fe edges in
the literature regarding gallium ferrites makes this study an
indispensable contribution for the future research about these
phases. The size and morphology of gallium ferrite NPs were
studied by transmission electron microscopy (TEM) and the
organic matter on the surface of the NPs was quantified by
thermogravimetric analysis. In addition, a rigorous magnetic
study of the samples was performed by means of a supercon-
ducting quantum interference device (SQUID) magnetometer
and Electron Magnetic Resonance (EMR). Finally, the potential
application of the samples as MRI contrast agents has been
explored by means of relaxivity measurements.

2. Experimental
2.1. Materials

Gallium(m) (99.99%) and iron(u) (99.99%) acetylacetonates,
oleic acid (90%), oleylamine (70%), 1,2-hexadecanediol (90%)
and poly(maleic anhydride-alt-1-octadecene) (PMAO) (My =
30000-50 000 Da) were purchased from Sigma Aldrich.
Ethanol was obtained from Panreac S.A. and phosphate-
buffered saline (PBS) from Gibco. The solvents toluene and
dibenzyl ether (DBE) (98%) were purchased from Sigma-
Aldrich and used as received without purification.

2.2. Synthesis of gallium-doped Fe;0,

Fe;_,Ga,O, ferrites with different amounts of gallium were
synthetized by mixing stoichiometric proportions of gallium
(m) and iron(m) acetylacetonates (Table S1 in the ESIf). In a
three-neck flask, 3 mmol of Ga(acac); and Fe(acac); mixture,
4 mmol of oleic acid, 4 mmol of oleylamine, 8 mmol of 1,2-
hexadecanediol and 25 mL of benzyl ether were mixed and
mechanically stirred under Ar flow. The first 30 min of the
reaction was maintained without heating in order to evacuate
all the oxygen and water molecules present in the reaction
bottle. Then, the mixture was heated to 200 °C at 4 °C min™"
and maintained at that temperature for 30 min (the nucleation
phase). Thereafter, the temperature was raised to 300 °C, at
2.2 °C min™" and maintained at reflux for 90 min (the growth
phase), and the colour of the reaction mixture changed from a
reddish brown to black due to the reduction process. Finally,
the solution was cooled to R.T. and the nanoparticles were pre-
cipitated using ethanol and separated from the supernatant
with a permanent Nd magnet. The nanoparticles were twice
dispersed in toluene and precipitated in ethanol and finally
resuspended in toluene. Hydrophobic dispersions of oleic acid
coated Fe;_,Ga,O, nanoparticles, with nominal compositions
of x = 0.14, 0.3, 0.45, 0.57, 1.05 and 1.35, were obtained and

This journal is © The Royal Society of Chemistry 2022
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stored in the fridge. The GaFe,O, phase to be used as the stan-
dard was synthesized by the sol-gel method from Ga,O; and
Fe(NO;); dissolved in HNO; solution after adding citric acid
and ethylene glycol.

2.3. PMAO polymer coatings for nanoparticles

The hydrophobic samples Fe;_,Ga,O, were transferred to
water by functionalization with poly(maleic anhydride-alt-1-
octadecene) (PMAO) polymer modifying the protocol of Parak
et al.’* Thus, 2.5 mg of each sample was redispersed in 40 mL
of chloroform with corresponding amounts of PMAO
(100 monomers per nm* of nanoparticles, Table S11) and evap-
orated at 40 °C. Then, the hydrolysis of the anhydrous groups
was carried out with a solution of standard buffer solution
(SBS, pH = 9.5) at 40° C for 1 h. Then the samples were centri-
fuged for 5 min at 6000 rpm and dispersed in water.

2.4. Physical, structural, and magnetic characterization

X-Ray Diffraction (XRD) patterns of the as-synthesized dried
samples were obtained with a PANalytical X’Pert PRO diffract-
ometer with a copper anode (operated at 40 kv and 40 mA),
diffracted beam monochromator and PIXcel detector. Scans
were collected in the 10-90° 26 range, with a step size of 0.02°
and scan step speed of 1.25 s. Diffraction patterns were ana-
lysed by the Rietveld profile refinement method using the
FullProf program.®?

An inductively coupled plasma-mass ICP-MS (7700x,
Agilent Technologies) spectrophotometer was used to measure
the Fe and Ga contents of the samples. The percentage of
organic matter in the NPs was determined by thermo-
gravimetric measurements performed in a NETZSCH STA 449C
thermogravimetric analyser by heating 10 mg of the sample at
10 °C min~" under a dry Ar atmosphere.

Dynamic light scattering (DLS) and (-potential of the NPs
coated with PMAO were collected using a Zetasizer Nano-ZS
(Malvern Instruments). The TEM micrographs of both as-syn-
thesized and water-stable NPs were obtained using a JEOL JEM
2010 with an accelerating voltage of 200 kV, and a point resolu-
tion of 0.19 nm, which provides morphology images and the
corresponding crystal structures by selected-area electron
diffraction.

XANES (X-ray absorption near edge structure) spectra were
recorded at room temperature and under atmospheric con-
ditions at the XAFS beamline (11.1R) of the Elettra synchrotron
(Trieste, Italy). The beamline provides X-ray energies in the
range of 2.4-27 keV using a monochromator of a double
crystal of Si(111). The Fe K-edge (7112 eV) and Ga K-edge
(10377 eV) absorption spectra were collected in transmission
mode using ionization chambers as the detectors. Under these
conditions, the edge position can be determined with an accu-
racy of 0.2 eV. The energy edge for each sample was calibrated
by recording simultaneously the XANES spectrum of an Fe or
Ga foil placed after the sample. Samples were prepared by
mixing dried samples with polyvinylpyrrolidone (PVP) and
compacted into 10 mm diameter pills. Data on Ga,Fe;_,O,
samples and on a series of Fe standards (Fe;O, (magnetite)
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and Fe,GaO, (Ga-ferrite)) and Ga oxides ($-Ga,O;) were col-
lected. Spectra were measured up to k = 14 A™" at the Fe K-edge
and up to k = 12 A™" at the Ga K-edge with a high signal-to-
noise ratio. Two spectra were acquired and averaged for each
sample to improve the signal-to-noise ratio. Spectra were ana-
lysed using the Athena software from the Iffefit package.*

Quasi-static magnetization measurements as a function of
magnetic field, M(H), and temperature, M(T), were carried out
using a SQUID magnetometer (MPMS3, Quantum Design).
These measurements were performed by drying colloids of
NPs (~0.1 mg mL~") on semipermeable filter paper. The satur-
ation magnetization, M, at RT and 5 K was obtained from the
dried as-synthesized samples (powder) and normalized per
unit mass of inorganic matter by subtracting the weight per-
centage of organic matter determined by thermogravimetry.

The cytotoxicity assay was performed on the human colorec-
tal cancer cell line HCT116 (ATCC), which was cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) and
supplemented with 10% FBS and antibiotics at 37 °C and
under 5% CO, atmosphere. Cells were seeded in 96-well plates
at a density of 1000 cells per well and allowed to attach to the
plate before the addition of nanoparticles. After attachment,
0.1 pg (C; = 0.1 ngyp per cell) and 1 pg (C, = 1 ngyp per cell) of
NPs per well [UdMO1] were added. Proliferation was measured
at days 0, 1, 2, 3 and 4. For crystal violet staining, cells were
fixed in 4% paraformaldehyde and stained with 0.1% crystal
violet. After staining, cells were washed and 10% acetic acid
was added. Absorbance was measured at 590 nm.

Magnetic relaxivity measurements were performed using a
Bruker Minispec MQ60 instrument (Bruker Biospin GmbH,
Ettlingen, Germany) at 37 °C. All experiments were performed
using a volume of 300 pl of a dispersion of the ferrites in
water. The longitudinal relaxation times (7;) and the transver-
sal relaxation times (7T,) were determined using an inversion-
recovery (IR) and the Carr-Purcell-Meiboom-Gill (CPMG)
methods, respectively. The measurements were performed at
five different gallium concentrations (0.05, 0.1, 0.20, 0.25 and
0.35 mM Ga) in aqueous solution and three different times for
statistical correction. The final relaxivities (r, and r,) were cal-
culated from the slope of the linear fit of the inverse of the
relaxation times against the millimolar concentration of Ga.

3. Results and discussion

3.1. Structural and morphological characterization of the
samples

Gallium-doped ferrite nanoparticles were synthesized by the
thermal decomposition method by adjusting the amount of
gallium and iron precursors desired in each synthesis
[Table S1t]. Following this method, dispersions of Fe;_,Ga,O,
(0.14 < x < 1.35) nanoparticles surrounded by oleic acid and
oleylamine were obtained. Some of the samples (Fe;_,Ga,O,, X
= 0.14, 0.26 and 0.57)were water-transferred by functionali-
zation with the amphiphilic polymer PMAO in order to study
the biological viability and the possibility to be used as con-

Dalton Trans., 2022, 51, 2517-2530 | 2519


https://doi.org/10.1039/d1dt03029a

Published on 29 December 2021. Downloaded by Helmholtz Centre Berlin on 3/30/2023 10:01:07 AM.

Paper

trast agents in MRI. The real contents of gallium and iron were
calculated by ICP-AES, showing gallium percentages between
4.9 and 45% (0.14 < x < 1.35), quite near to the theoretical
values employed in the synthesis. In Table 1, the calculated
formula from the chemical analysis has been included. As
mentioned previously, the nanoparticles were prepared in the
presence of organic ligands, so the amounts of the surround-
ing oleic acid and oleylamine for the nanoparticles employed
in this study have been deducted from the thermogravimetric
curves performed in an Ar atmosphere (Fig. S1t). Although
decompositions performed in an air atmosphere would yield a
complete and cleaner decomposition of the organic groups,
oxidation processes of the inorganic core would also occur.
Thermogravimetric curves show two abrupt weight losses
corresponding to the coating ligands, and a slight decompo-
sition up to 200° C of the residual solvents can be observed.
The significant loss at %350 °C is related to decomposition of
the weakly attached surface functional coating or capping
molecules (oleic acid molecules and oleylamine) as the boiling
temperatures of oleic acid (OA) and oleylamine (OLA) are
360 °C and 364 °C, respectively. The mass loss above 600 °C
can be attributed to the decomposition of tightly linked mole-
cules or intermediate iron carbonates, together with a process
of evolution of the ferrite inorganic core.****> Weight losses
corresponding to the organic matter vary from one sample to
another in the range 15-42% (Table 1) with these differences
being related not only to NP size but also to the particle
washing process or to the relationship with the metal precur-
sors. First of all, the amounts of the gallium precursor used in
the syntheses vary due to the different thermal decomposition
window for each precursor and the nucleation and growth
kinetics change from one sample to another which, in turn,
would affect the tendency of the surfactant to be bound to the
nanoparticle surface.*® Secondly, as the gallium precursor
amounts vary, so does the crystallite size calculated by X-ray
diffraction (5-9 nm). Smaller nanoparticles with larger surface
areas provide more surface binding sites than larger NPs, so
higher amounts of ligands should be attached to particles with
smaller sizes.”” Finally, the precipitation and washing pro-
cesses performed lead to different amounts of ligands sur-
rounding the inorganic nuclei. All these processes determine

Table 1 Summary of the chemical and structural data in Fes_,Ga,O4
(0.14 < x < 1.35) samples: formula calculated from ICP analysis, percen-
tage of organic matter (O.M.), size of the crystalline domain (Dpxr) by
the Scherrer calculation from (3 1 1) and (4 0 0) reflections and particle
mean diameter obtained by TEM (Dtgm) and ‘a’ structural parameter
from the Rietveld refinement

Dpgx (nm) .

Sample O.M. (%) mean size 311-400 Dygy (nm) a (A)

Fe, 36Gap.1404 42 5(1) 6.8+1.0 8.376(4)
Fe, 73Gag»,04 32 6(1) 9.1+1.7 8.380(3)
Fe; 55Gag.450, 33 6(1) 89+50  8.374(4)
Fe, 42Gags, 04 15 7(1) 9.8+2.3  8.378(2)
Fe1.95Ga;.0504 16 9(1) 7.8+1.2 8.359(2)
Feqi65Ga;.3504 28 7(1) 8.7+1.1 8.360(3)
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the organic loading observed, thus making it impossible to
attribute only to particle size effects.

The structural characteristics of the samples have been ana-
lysed by X-ray diffraction (XRD). The patterns of the samples
consist of broad and not very well-resolved peaks because of the
small size of the crystallite domain and the amount of organic
matter covering the nanoparticles (Fig. 1). The peaks and intensi-
ties match well for the inverse spinel structure of magnetite
(Fd3m, JPCDS no. 89-0691) with no trace of secondary phases as
was deduced after the Rietveld refinements. The crystallite size
was calculated using Scherrer’s formula from the (3 1 1) and (4 0
0) reflections as the broadness of the (3 1 1) diffraction peak
could include a part of the intensity of (2 2 2) leading to inaccur-
ate results (Fig. 1b) (Table S2 in the ESI{).*® The refined structural
data from the Rietveld calculation are shown in the ESIf (Fig. S2
and Table S3 in the ESIt) and included in Table 1 as the calcu-
lated lattice parameter. These parameters vary from 8.376(3) A for
the samples with lower Ga contents to 8.360(3) A for samples
with the highest percentage of Ga. Although a linear variation of
the cell parameter with the increasing content of gallium is not
accurately observed probably due to the low quality of the diffrac-
tion patterns, a continuous decrease in the parameter can be
gathered (Fig. 1c). These decreasing values are in good accord
with the lattice parameter observed for other Ga-doped ferrites in
the literature.” Furthermore, considering the size and charge of
gallium cations (d'°), it should be expected to occupy the posi-
tions of Fe*" ions with no special preference for tetrahedral or
octahedral positions. According to V. L. Pool et al., in concen-
trations less than 20%, Ga®* ions tend to occupy tetrahedral posi-
tions of the spinel structure.”® However, other studies demon-
strate the random distribution of Ga®" between the tetrahedral
and octahedral positions, which would also result in a nonlinear
evolution of the cell parameters with gallium content.*>*"

Regarding the morphological analysis of the samples, trans-
mission electron microscopy (TEM) showed similar mor-
phologies (cuboctahedrons) and sizes in the 6-12 nm range, as
can be seen in Fig. 2. The measured sizes are rather compatible
with those previously calculated from XRD data by the Scherrer
equation, meaning that the NPs are mainly composed of single
crystals. Similar characteristics in all the nanoparticles are
expected as the same reaction conditions have been employed
in all the syntheses, mainly the same amount of oleic acid.*?
Nevertheless, a more detailed observation of the micrographs
shows that for lower gallium contents, nanoparticles are less
faceted and as the content of Ga®* increases, bigger sizes and
more prismatic (cuboctahedrons and truncated octahedrons)
particles are observed. Probably, the presence of a higher con-
centration of the Ga(acac); precursor in the synthesis that
decomposes at 198 ©°C, which is 18 °C higher than the
decomposition temperature for Fe(acac);, could delay the
nucleation process, thus shaping the growth of the particles.

3.2. X-Ray absorption near edge structure (XANES)

Although there is evidence of the evolution of crystallographic
parameters with Ga content, characterization of the nano-
particles by means of XANES could provide complementary

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) X-ray powder diffraction patterns of the Fes_,Ga,O4 (0.14 < x < 1.35) samples. (b) Zoom of the (311) diffraction peak and (c) lattice para-
meter ‘a’ obtained by Rietveld refinement versus Ga-content (x) estimated by ICP-MS.

information about metal oxidation states and site symmetry of
the cations.*® For this purpose, XANES spectra at the Fe and
Ga K-edges on Fe;_,Ga,O, and different standards have been
recorded using an Elettra synchrotron. Fig. 3 shows the XANES
spectra after background subtraction and data normaliza-
tion.* As has been previously mentioned, magnetite is an
inverse spinel where the Fe ions occupy three different sites: 8
Fe®" in octahedral sites, 8 Fe*" in tetrahedral sites, and 8 Fe*"
in octahedral ones. In contrast, Ga-ferrite (Fe,GaO,) is mostly
normal spinel in which the Ga®" cations mainly occupy the
tetrahedral sites and partially the octahedral ones while the
Fe** and Fe®' cations are located in the octahedral sites in
coexistence with some Fe®" in tetrahedral coordination.*’

Different features should be analysed in the XANES spectra
to obtain information on the oxidation state and symmetry of
the absorber: the edge position (defined as the energy at which
the value of the normalized absorption coefficient is 0.5), the
pre-edge and the post-edge regions.

According to the Fe K-edge position, slight displacements
are noted between both samples. While the edge position of
magnetite appears at 7124.3 eV, it is shifted 1.1 eV to lower
energies for the prepared Fe,GaO, sample (7123.2 eV) (Fig. 3a).
The edge position is a clear-cut indicator of the oxidation
state, thus, the edge position displaces 7 eV to lower energies
when the oxidation state decreases from Fe® to Fe*".*>*® Both
magnetite and Fe,GaO, present a mixed valence state where
the Fe’':Fe’" ratio varies from 1:2 (magnetite) to 1:1
(Fe,GaO,) and so, the observed 1.1 eV energy shift agrees with
the relative decrease of Fe*" in the Ga-ferrite.

This journal is © The Royal Society of Chemistry 2022

Secondly, notable changes are observed in the shoulder pre-
sented ~10 eV below the edge position. This pre-edge peak is
attributed to the electronic transitions from the 1s core state to
the 3d, forbidden by the dipole selection rules and the inten-
sity and position provides information about the symmetry of
the absorbing atom.*>*” The Fe,GaO, Fe K-edge XANES spec-
trum presents a broad and less intense pre-edge peak, charac-
teristic of a centrosymmetric environment of the Fe absorbing
atoms which are mostly located in octahedral coordination. In
contrast, magnetite presents a narrower and more intense
peak, confirming the presence of non-centrosymmetric sites
characteristic of tetrahedral coordination. Finally, the post-
edge region manifests the differences in the medium-range
order of the absorber atoms in magnetite and Fe,Ga0,.*>*%*°

The Fe; ,Ga,O, samples (x = 0.14, 0.27, 0.54 and 0.57)
display very similar spectra to the one of magnetite. Regarding
the edge position, a slight displacement of 0.3 eV towards
lower energies is observed for samples Fe,gsGag 1404 and
Fe, 73Gap »704, corresponding with the expected Ga concen-
tration x ~ 0.2-0.3.In contrast, for Fe,,cGay5,0, and
Fe, 4,Ga, 570, the edge positions just shifted 0.2 eV (within the
error) when higher displacements should be expected accord-
ing with the Ga concentrations obtained by ICP. The non-line-
arity of the edge position with the increasing Ga content could
suggest the existence of some Fe*" vacancies which would
modify the Fe**: Fe®* ratio, as has been previously observed,*®
considering that no secondary phases are detected in X-ray
diffraction (Fig. 1). The pre-edge region reproduces the energy
shift-tendency observed in the edge position as the presence of
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D=9.1+1.7 nm

D=9.8+2.3 nm

[

D=7.8+12nm '

Fig. 2 TEM images of samples and their log norm size distribution for Fes_,Ga,O4 (0.14 < x < 1.35) samples. Scale bar = 50 nm.

Ga in the Fe;_,Ga,O, samples barely alters the shape and
intensity of the pre-peak compared to magnetite.

Ga K-edge XANES spectra of the Fe;_,Ga,O, samples are
observed in Fig. 3c, together with the one of p-Ga,0; and
Fe,GaO,. These spectra, which exhibit a good signal-to-noise
ratio, confirm the presence of Ga in the samples. The edge
position of the synthesized nanoparticles is coincident with
the one observed in both p-Ga,0; and Fe,GaO, XANES spectra,
revealing that the oxidation state of the Ga atoms is Ga**. The
main differences between the samples, and with respect to the
Ga reference oxides, appear in the white line region. Above the
edge position, all spectra show a wide white line with a double
shoulder feature, wherein the relative intensity between those
shoulders varies progressively between samples. According
with the literature, this double shoulder feature, observed in
p-Ga,0;, is attributed to a mixed Ga*" environment.>*> On
the one hand, the existence of tetrahedrally coordinated Ga**
gives rise to the low energy peak centered around 10379 eV,
while the high energy peak, at ~10 382 eV, is attributed to the

2522 | Dalton Trans., 2022, 51, 2517-2530

Ga®" ions occupying octahedral sites. In this way, it can be
deduced that despite a mixed environment of Ga** ions in the
Fe;_,Ga,0, samples, for low gallium concentrations (as x =
0.14), Ga®* preferentially occupies tetrahedral positions and
the first shoulder is the most intense. As Ga®*" content
increases, the tetrahedral/octahedral ratio progressively
decreases until reaching the situation of the Fe,GaO, ferrite,
with an already significant tetrahedral occupation of gallium,
as previously extracted from the pre-peak information on the
Fe K-edge.

The evolution of the XANES spectra suggests that Ga and Fe
ions occupy both tetrahedral and octahedral sites, but with a
variable relation GaTd/GaOh depending on the increasing
amounts of gallium in the samples.

3.3. Magnetic characterization

The influence of the Ga content on the magnetic behavior of
the nanoparticles has been analyzed by performing magnetiza-
tion measurements with the magnetic field, M(H), and the

This journal is © The Royal Society of Chemistry 2022
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(a) Normalized XANES spectra of the Fes_,Ga,O4 sample (x = 0.14,
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0.27, 0.45 and 0.57) nanoparticles compared to reference compounds:

magnetite (FezO,4) and Ga-ferrite (Fe,GaO,). (b) Inset of the pre-edge region compared in (a). (c) Ga K-edge XANES spectra of Fesz_,Ga,O4 samples
compared to Fe;GaO4 and Ga,0s. (d) Zoom-in of the with-line region compared in (c).

temperature, M(T). The M(H) curves at 300 K and 5 K are
shown in Fig. 4. At room temperature, superparamagnetic be-
havior (SPM) can be confirmed by the absence of coercivity
(H.) and remanence (M,) in agreement with the small sizes of
the nanoparticles. Otherwise, at 5 K nanoparticles show hyster-
esis with full magnetization at fields ~0.5 mT. The saturation
magnetization (M) of the NPs corresponds to the magnetic
core since the mass has been corrected subtracting the
amount of organic matter in the samples (see Fig. S1t). It is

worth mentioning that the increase of M values with decreas-
ing Ga content in the samples, reaching a maximum value of
110(1) Am® kg™" at 5 K for a doping of x = 0.14, is significantly
higher to that of pure bulk magnetite (98 Am* kg™" at 5 K).
This variation in magnetization could also be related to nano-
particle size. The slightly lower bonding energy of Ga’*-O
(374 kJ mol™") compared to Fe**-O (407 k] mol™') should be
considered for the increase in size of the Ga,Fe; _ ,O, nano-
particles as less energy should be necessary to form Ga**-0>~

120 120
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Fig. 4 M(H) curves of the samples at (a) 300 K (b) 5 K and (c) inset of the low field region at 5 K.
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bonds, thus accelerating the growth of nanoparticles.>®>* The
saturation magnetization gradually decreases with an increase
in the amount of dopant, and so, with increasing particle size.
Magnetic and structural studies performed on Ga ferrites have
shown that both Fe’" and Ga*" ions can be present in both A
or B positions,?®??*° a fact that has been confirmed by XANES
spectroscopy earlier in the study. The distribution of gallium
in the nanoparticles with the lowest doping (x = 0.14) seems to
be favoured in the tetrahedral holes, thus increasing their
magnetic saturation value at low temperatures. However, as
the nanoparticle size and doping increase, as shown in
Fig. 3d, the distribution of gallium varies, being able to be
placed indistinctly between the tetrahedral and octahedral
gaps. Decompensation of the moments in the ferrimagnetic
network occurs, which induces the progressive reduction of
the magnetic saturation. In addition, the incorporation of
doping into the magnetite phase can bring about a lack of
balance of the interactions exchanged by the magnetic ions on
the surface of the particles, which would also affect their mag-
netic properties.” For this reason, it is believed that the larger
the nanoparticle size, the more noticeable the surface disorder
and the greater the alteration in the magnetic properties, with
all these facts being consequently related to the gallium
amount. Specifically, the saturation magnetization at RT drops
from 85 Am” kg in sample Fe, 36Gay1404 to 29 Am*> kg ™" for
Fe, 65Ga; 3504. Thus, it can be concluded that moderate Ga
contents (x ~ 0.14) are more suitable to maximize the satur-
ation magnetization in this kind of Fe;_,Ga, O, NP.

Regarding the coercivity of the samples at 5 K, the values
vary between 20 and 32 mT, which are in the range of soft
ferrite nanoparticles of similar sizes.”® The lower H, value
(20 mT) in the Fe,g¢Gay 140, sample is likely related to its
smaller average dimension (~6 nm) and, thus, to the more sig-
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nificant thermal effects. The reduced remanence (M,/Mj)
values at 5 K in all the samples are around 0.3, which signifi-
cantly deviates from the 0.5 value that the Stoner-Wohlfarth
model predicts for uniaxial single domains. This is also an
effect of the thermal fluctuations of the magnetic moments,
which are not negligible (even at low T) for NPs smaller than
10 nm.

The size of the magnetic core in the different Fe;_,Ga,O,
samples can be also estimated using the non-interacting SPM
model on the M(H) curves at RT. The magnetization of the
sample can be expressed by eqn (1) where we have considered
a diameter (D) Gaussian distribution function ( f(D)).

M(H) = Ms(emug™)
max M(emu cm*3)V(cm3)H(Oe)
x J L< kgT(erg)

)f(D)dD (1)

0

where My is the saturation magnetization and L(x) is the
Langevin function. In this way, this quantitative approach pro-
vides the mean size and dispersity of the inorganic core. Fig. 5
displays the experimental M(H) curves of the samples
Fe, g6Gap.1404 and Fe,; 95Ga; 50, together with their corres-
ponding fits (straight lines), performed by fixing the M, para-
meter to the experimental value of each sample. M(H) fittings
for the other samples are provided in Fig. S3 in the ESL{ The
obtained sizes and deviations have been summarized in
Table 2, which are pretty compatible with the average dimen-
sions obtained by TEM and DRX.

The magnetization measurements versus temperature after
zero field cooling (ZFC) and field cooling (FC) were performed
under a constant magnetic field of 10 Oe (Fig. 6). All the
samples present the typical profile of superparamagnetic NPs
where the ZFC branch presents a maximum associated with

100 O  ExpM(H),,
Fez 86Ga.1404 FIT of M(H),
Fej 95Gay 0504 100
50 _
= 1 e 50
< ' L,
o 0 ~
Z E 0
< <
= 50 . % 50
-100] | — 100 5302 0 02 04
1.5 -1 05 0 05 5 oH (T)

HoH (T)

Fig. 5 Fit of M(H) curves at R.T. for Fe, g¢Gap 1404 and Fe; 95Gas 0504 samples by the SPM model. The fits of the rest of the samples are displayed in

the ESI (Fig. S3+).
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Table 2 Summary of saturation magnetization (M), coercivity (H.) and reduced remanence (M,/M;) of the nanoparticles obtained from the hyster-
esis loops at 300 K and 5 K, average magnetic diameters (D) and dispersity (6) obtained by the fit of M(H) curves at RT and by the fit of the ZFC
branch. The average blocking temperature (Tg) and the effective magnetic anisotropy constant (K.¢) obtained from (Tg)

Dprx  Drem M RT M 5K H:.5K  Dyrrto Kefizrc_T=0  Kefr (1) (Tv)
Sample (nm)  (nm) (Am*kg™) (Am*kg™) M/M,5K (mT) (nm) Dzpcto (nm) (k] m™3) (kIm>3) (K
Fe, 56Gag. 1404 5(1) 6.8+ 1.0 85(1) 110(1) 0.35(2) 20.7(1) 59+1.1 7.2+1.1 22.0 25.1 16.3
Fe, 7,3Gag.,70,4 6(1) 9.1+1.0 65(1) 90(1) 0.27(2) 19.9(1) 6.9 £2.3 7.5+1.3 28.9 25.4 23.4
Fe, 55Gag 4504 6(1) 8.9+5.0 52(1) 64(1) 0.30(2) 26.6(1) 7.3+2.8 7.5+2.1 20.1 19.8 18.6
Fe,1,Ga0s, Os  8(1)  9.8+2.3  54(1) 65(1) 0.28(2) 31.0(1) 83+2.9  9.7+2.0 22.6 20.2 34.4
Fe; 95Gaq 0504 9(1) 7.8+1.6 37(1) 48(1) 0.37(2) 30.0(1) 11.0 £ 2.9 12.3 +1.8 14.1 12.7 40.5
Fe, 65Ga; 350, 7(1) 7.4+1.0 29(1) 52(1) 0.31(2) 32.3(1) 10.8+2.8 11.3+3 13.1 12.6 41.4

O  Exp.ZFC/FC
- Fit of ZFC

M (a.u.)

Fe, 73Gag 270,

Fe, 56Gag 140,

1 1 1

0 50 100 150 200 250 300
T (K)

Fig. 6 Experimental ZFC/FC measurements at 10 Oe (circular markers)
with the fit of the ZFC branch (solid line) for the Fes;_,Ga,O,4 set of
samples.

the blocking temperature (7g) of the system while the FC
branch shows a continuous increase in magnetization from R.
T. to low temperatures.®”

Although the maximum of the ZFC curve is usually assumed
to be the Ty of the system, it is more accurate to calculate the
average T, (T). This requires the estimation of the distribution
of energy barriers f (Tg) (Fig. S41 in the ESI).>®**° In this way,
more reliable (Tg) values can be obtained (see Table 2), which

This journal is © The Royal Society of Chemistry 2022

also leads to a more realistic estimation of the effective an-
isotropy constant K. (by the widely known eqn (2)).

_ KegtV
25 kg

B (2)

As can be observed in Table 2, (Tg) values tend to become
larger with the increasing average size of the samples, ranging
from 16 to 40 K. These values are lower than those observed
for magnetite NPs of similar sizes,*® probably because of the
softening effect of Ga®* ions in the structure. This effect can
also be deduced from the lower K. values obtained in
samples with larger gallium amount. It should be pointed out
that K. estimated from the (Tg) values represent the an-
isotropy at temperatures close to the ZFC maximum, so they
should be somewhat lower than the K¢ values at low T (=5 K)
due to the thermal dependence of the magnetic anisotropy.
K¢ values at 5 K can be obtained by fitting the ZFC branches
within the framework of the Stoner-Wohlfarth model,®* which
accounts for the contribution of both the SPM NPs and the
blocked NPs (see eqn (3)):

Ve 00
Mypc = J MS™f(D)dD +J MP f(D)dD (3)
0 Ve
MH 25 kgT
bl B
MZFCZMSTK c =TT g

The fits of ZFC branch of the whole set of Fe;_,GaO,
samples are presented in Fig. 6 by straight black lines. These
fits not only provide a value for the anisotropy constant at low
temperature but also the mean diameter and its standard devi-
ation (summarized in Table 2). The K¢ at low T are in accord-
ance with the K¢ values estimated from the (7g), further sup-
porting that the NPs become magnetically softer with increas-
ing Ga contents. Moreover, the D and ¢ estimated from the
ZFC fit are rather compatible with both the data extracted from
the M(H) curve fittings (Fig. 5) and the average dimensions
obtained from TEM and DRX analyses (see Table 2), making
these sets of outcomes fairly consistent.

Electron magnetic resonance (EMR) measurements were
carried out to obtain complementary information for the mag-
netic behaviour. Fig. 7 shows the EMR spectra recorded for the
Fe;_,Ga,O, samples in toluene colloidal dispersions. Samples
of magnetite nanoparticles, with homogeneous size, shape,
and composition, are characterized by unique and well-
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Fig. 7 Room temperature EMR spectra obtained at a frequency of 9.40
GHz for cleaned samples in toluene dispersions.

resolved lines with a g factor = 2 when nanoparticles are small.
It has been previously observed that both the broadness of the
line and the value of the resonant line, H,, vary for magnetite
NPs from one sample to another and that this variation is
strongly correlated with the degree of alignment of the internal
spin towards the applied magnetic field, that is, it depends on
the nanoparticle size.®

In accordance with these approaches, the spectra of the
Fe;_,Ga,O, nanoparticles were analysed and two kinds of
spectra were observed. The samples Fe;_,Ga, O, (x = 0.57, 1.05,
1.35) show broad and symmetric signals centered around g =
2.07. In the case of Fe;qy5Ga; 50, and Fe, ¢5Ga; 3504 the
smaller bandwidths of the spectra (AHp,,) are indicative of NPs
of homogeneous distribution of nanoparticles with smaller
sizes, in accordance with the narrow size distribution observed
in the TEM histograms (Fig. 2), which is more obvious for
Fe; 95Ga; 0504 composition with the most symmetric and
narrow signal, as can be noted in the corresponding histo-
gram. The Fe,,,Gags,0, sample shows resonant fields
between H; pin = 2766 Oe and H, . = 3700 Oe, which is quite
a broad signal indicative of the progressive alignment of spins
of nanoparticles with different sizes (Fig. 2).

For the other samples, Fe,sGag 1404, Fe,73Gay,,04 and
Fe, 55Gay 4504, despite the spectra being centered at g = 2.02
and the broadness not very noticeable, more than one com-
ponent can be observed in accordance with not very homo-
geneous samples. The small peak appearing at H, = 3300 Oe is
representative of a small population of nanoparticles with very
small size (x4 nm), which can be observed in some of the
TEM images of the samples.®” The influence of the mor-
phology and size distribution of the nanoparticles on the res-
onant fields of EMR signals masks the effects that could be
inferred by the different gallium content in the samples.

2526 | Dalton Trans., 2022, 51, 2517-2530
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3.4. Biomedical applications

After the detailed physico-chemical study of the Fe;_,Ga,O,
NPs, the biomedical potential of the samples will be discussed
next.

3.4.1. Viability of Fe;_,Ga,0,@PMAO formulations on
cells. Some of the samples, Fe, gsGag 1404, Fe, 73Gag ;0,4 and
Fe, 4,Ga, 5,04, were functionalized with poly(maleic anhydride
alt-1-octadecene) (PMAO) polymer in order to stabilize in water
solution. The handicap of this kind of recovering is the
difficulty in obtaining individual particles with polymer coat-
ings as the particles usually agglomerate. Nevertheless, hydro-
dynamic sizes were measured with dynamic light scattering
and values of 15(2), 27(3) and 126(23) nm for the
Fe,. 56Ga0 140,@PMAO, Fe, 73Gag ,,0,@PMAO and
Fe, 4,Gay 570,@PMAO respectively, were obtained, indicating a
low degree of aggregation for nanoparticles with less gallium
content (Fig. S5 in the ESIT). At the same time, the zeta poten-
tials obtained for these preparations (—39.0 (4.9), —40.7 (5.9)
and —41.8 (8.3) mV) are indicative of the stability of the
sample  colloids. = Nonetheless, in the case of
Fe, 4,Gay 570,@PMAO, the PMAO coating has not been very
effective as sizes bigger than those observed by TEM or DRX
are observed, being evident in the clusterization of the nano-
particles and the formation of agglomerates.

The cytotoxicity study presented in Fig. 8 aims to analyze if
Fe;_,Ga,O, NPs with a significant amount of Ga can impair
the viability of cells. For this study, the Fe, 4,Ga, 57,0,@PMAO
sample was selected because it presents a substantial content
of gallium while still keeping a fair magnetic moment for bio-
medical applications. The study was carried out at several time
points every 24 h until 96 h and at two different concentrations
(C1 = 0.01 pgyp per cell and C, = 0.1 pgyp per cell). Fig. 8 shows
that cells incubated with sample Fe, 4,Ga, 5;0,@PMAO grow at
the same rate as the control (cells without NPs, blue bars),
with no significant differences between the two concentrations
(C; and C,). Therefore, it can be concluded that
Fe;_,Ga,0,@PMAO formulations with x < 0.57 are not toxic
for cells in the 0.01-0.1 pgnp per cell concentration range.

14 D control
12 L1
O c
S 10
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E
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Fig. 8 Viability assay of cells incubated with sample

Fe, 42Gaps704@PMAQO using 2 different concentrations of NPs (C; =
0.01 pgnp per cell and C, = 0.1 pgnp per cell) at different time points
(from O to 96 h). Growth rates were plotted as relative increase com-
pared to 0 h. Values are represented as the mean and standard error of 3
independent experiments.
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3.4.2. Relaxivity measurements of Fe;_,Ga,O,. The ability
of a magnetic agent to modify relaxation times (7; and T5) is
described by the longitudinal (r;) and transversal relaxivity
values (r,), calculated from the slope in the plot of the concen-
tration of the contrast agent versus the corresponding 1/7; and
1/T,. In general, T, relaxation of water protons is related to the
regime of the inner sphere of paramagnetic centers where the
chemical exchange of protons occurs, and relaxation 7T, is
attributed to the regime of the external sphere where the
diffusion of the protons through the magnetic particle is domi-
nant.®? Synthesized magnetite nanoparticles with not very low
sizes and superparamagnetic behaviour are expected to behave
as T, contrast agents.’® Considering that relaxation strongly
depends on the saturation magnetization of the nanoparticles,
because of the induction of more effective magnetic relax-
ations to the water protons, the compositions with the highest
values of magnetic saturation have been selected to perform
relaxivity studies.

In this way, the longitudinal (T;) and transverse (7T5) relax-
ation times were measured for water soluble PMAO functiona-
lized Fe, g6Gag140,@PMAO, Fe,,3Gag,,0,@PMAO and
Fe, 4,Gay5;0,@PMAO nanoparticles in different concen-
trations (0.33, 0.25, 0.2, 0.1 and 0.05 mM) in distilled water at
37 °C under a field of 1.4 T, which are shown in Fig. 9. The
relaxivities (, and r,) obtained along with the r,/r; ratios are
shown in Table 3.

All the analysed samples have shown considerable high r;
and r, values, which are above the relaxivities observed for
commercial contrast agents (commercial AMI-227, SHU-555C
(p=29mM " s, r, =69 mM " s7') or for gallium ferrite
nanoparticles or other synthesized magnetite nanoparticles of
similar sizes.>” Contrast agents are usually classified according
to their relationship of relaxation; therefore, if materials show
a high r,/r; ratio they are classified as T, contrast agents,
enhancing the dark contrast and when the r; values are high
and the r,/r; ratio is close to 1, T; contrast agents are
obtained.®® In our case, different relaxation values were

A
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Table 3 Experimental relaxivity values obtained at 1.4 T for the

Fe2.86Gao1404@PMAO, Fe,73Gag 2,04@PMAO and
Fes 42Gag 5704,@PMAO samples

Sample ri (mM~'s7Y) r, (mM™'s™Y) T2l
Fe; 36Gag.140,@PMAO 51 532 10.4
Fe,. ,3Gag.»,0,@PMAO 15 131 8.7
Fe, 4,Gay 57,0,@PMAO 11 635 55

obtained depending on the gallium content. Two of the
samples present o1y ratios larger than 10
(Fe, 56Ga9.1404@PMAO and Fe, 4,Gay 5;,0,@PMAO), and they
were considered dark contrast agents. Considering that r,
values are quite dependent on magnetization, degree of crystal-
linity, size and aggregation of the nanoparticles, the high value
of magnetization at RT (85(1) Am> kg™') for
Fe, 36Gag 140,@PMAO and the tendency to agglomeration for
Fe, 4,Gay 57,0,@PMAO nanoparticles in aqueous solution (126
(23) nm) may explain the high r, values obtained.®® Ferrite NPs
have been exhaustively studied as contrast agents due to their
versatility to tune their magnetic response. Nickel doped iron
oxides with core-shell structures were prepared and relaxivities
r, and r, comparable with commercial chelated contrasts were
obtained.®” Nevertheless the research is mainly focused on
manganese and zinc substituted iron oxides due to the low cyto-
toxicity of these materials. In J. A. Peters’ review Mn-Zn ferrites
with different sizes, magnetization, coating and morphologies
were studied and only in the case of Mn,Fe,;_,O, NPs with
sizes above 18 nm and maximum magnetization (90 emu g~ ')
present transversal relaxivities above 700 mM~'s™.**® In our
case, the biocompatible Fe, g¢Gag 140,@PMAO sample with a
smaller size and smaller amount of doping cation reaches a
value of r, = 532 mM 's™" (at 1.5 T), mainly due to a proper
control of the synthetic method which yields very crystalline
and homogeneous particles. More scarce is the result concern-
ing the development of substituted ferrites to enhance longi-
tudinal relaxivity. Recently, controlling the doping amount of

200 B)
_ ° 7
o -e—Fe Ga O 7 >
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Fig. 9 Ga concentration dependent longitudinal (A) and transversal (B) relaxitivity curves of Fe,gsGap1404@PMAO, Fe;73Gagp2704,@PMAO and

Fe; 42Gag 570,@PMAO samples.
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copper (4% mol) in Fe;0, by means of microwave synthesis,
relaxivities 7, = 15.7 mM s (at 1.5 T) and r,/r; = 2.1 were
obtained. The authors claim that the thin coating recovering
the magnetic nuclei also contributes to enhance the longitudi-
nal relaxivity.®® For the Fe,-3Gag,,0,@PMAO sample, similar
relaxivities have been observed (r; and r, values, 15 and
131 mM ™ 's™", respectively; r,/r; = 8.7), also related with an ade-
quate coating. These values are also similar to those observed
for manganese substituted ferrites,® which opens up the way
for research and improvement of these materials as dual mode
T,/T, contrast agents. Taking into account the characteristics of
the nanoparticles, decreasing saturation magnetization, variable
sizes and aggregation in solution, different surface/volume
relationships and different amounts of paramagnetic cations on
the surface, which condition the temporary binding or the
diffusion of the water protons on the nanoparticles, it is
difficult to provide an accurate explanation for the enhanced
relaxation T; and T, in this system.”® Based on the results
obtained, further studies should be carried out in order to
better control the synthesis route and coating process and thus
decipher the exact position of gallium in the structure and its
impact on the magnetic response of the system. However, the
results presented here are highly promising, encouraging
further study of the role of gallium as a dopant in ferrites.

Conclusions

We have provided the successful preparation of gallium-doped
ferrites Fe;_,Ga, O, in the 0.14 < x < 1.35 range from thermal
decomposition of metallo-organic precursors, the sizes in all
the cases being lower than 10 nm. Gallium doping has not only
been proved by X-ray diffraction techniques but XANES
measurements have also corroborated the Ga*" incorporation in
the spinel lattice; in particular, Ga®" and Fe** ions occupy both
tetrahedral and octahedral sites. Nevertheless, the relationship
between tetrahedral/octahedral gallium is not maintained con-
stant but changes with the gallium content in the samples,
which clearly conditions the magnetic response of the nano-
particles. Compositions with a moderate content of Ga** (5% or
10%, (0.14 < x < 0.27) are more suitable to maximize the satur-
ation magnetization in the Fe;_,Ga,O, NP family. Specifically,
the sample Fe, goGay 1404 presents an M, of 110 Am* kg™ at low
temperature, which is above magnetite’s saturation magnetiza-
tion. The biocompatibility of water-soluble colloids of PMAO
coated Fe;_,Ga,0,@PMAO NPs offer the opportunity to address
the application of this kind of material in ‘in vivo’ biological
processes. In  fact, some of the compositions
(Fe,.86Ga9.140,@PMAO and Fe, 4,Gag 5,0,@PMAQO) perform as
enhanced negative contrast agents in MRI, and the
Fe, 73Gay,,0,@PMAO system with an intermediate ratio of
relaxation r,/r; ~ 8.7 behaves as a T; and T, dual contrast agent.
The present work has revealed that the proper tailoring of the
size of the nanoparticles, under 10 nm, together with a con-
trolled amount of Ga®* yield very promising magnetic biomater-
ials to be applied as enhanced-contrast agents.
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