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Abstract. The use of effective contrast agents in magnetic resonance imaging (MRI) has
become an international research challenge. The aim is to improve the diagnosis of some
pathologies. The preparation of contrast agent by the solid-state method using efficient
nanomaterials has attracted considerable attention due to its potential to interact with the
physical stimulus, the objective is for the signal collected to be as intense as possible.
Methods: This article proposes a simple method to prepare a nanomaterials based on
pyrophosphates and doped with Gadolinium and Cerium from solid-state reagents. Firstly,
the two phosphate nanomaterials (Pyrophosphate SrMP207) based on Gadolinium and
Cerium (SrMP207 with M=Gd and Ce) were prepared at 1,000°C to develop pure phases,
capable of increasing the contrast of the signal observed by MRI. The characterization of
these nanomaterials was mad by several techniques: X-ray diffraction (XRD) to determine
the mesh parameters; UV-visible to interpret optical properties and electronic properties;
Fourier transform infrared spectroscopy (FT-IR) to characterize the functional groups of
SrGdP207 and SrCeP207 nanomaterials. Results: The Gap energies values of two
nanomaterials showed that the SrCeP207 has a better magnetic speed 1/T1 in comparison
with the SrGdP207. Morever in T1 encoding, if the T1 relaxation time is short, the image
is much clearer. However, T2 encoding implies that if the T2 relaxation time is short, the
image is darker. Conclusion: Our nanomaterial based on Cerium SrCeP207 have a better
longitudinal relaxation. then it can be an excellent positive contrast agent.

Keywords: Gap energy; Medicine; Nanomaterials; Positive contrast agent;
Pyrophosphate.

| Introduction

Nanotechnologies constitute a field of multidisciplinary research and development, which
is based on the crossing of several scientific disciplines such as mechanics, electronics,
chemistry, and optics, biology while allowing the manipulation and characterization of
matter at the nanometric scale.

The study and modification of matter at the nanoscale gives unexpected results and
properties that are often totally different from those of the same materials at the micro or
macroscopic scale, in particular in terms of mechanical resistance, electrical conductivity,
fluorescence and chemical reactivity. Indeed, nanotechnologies allow us to manufacture
materials whose fundamental properties can be controlled (1).

Due to their varied and often unprecedented properties, the application of materials in
nanomedicine presents itself as a transversal field that promises to revolutionize therapy
and diagnostics in the health field. « Nano-theranostic» (2), by allowing the development
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of the principles of predictive medicine, personalized medicine and regenerative medicine
(3).

In magnetic resonance medical imaging, some areas are difficult to visualize. Therefore,
contrast agents needed to improve the diagnosis of some pathologies.

The nanomaterials used to formulate these contrast agents must choose to interact with the
physical stimulus so that the signal collected is as intense as possible. These agents must
exhibit zero or at least low toxicity with respect to the actual benefit (4).

The goal of contrast agent injection is to accelerate the 1 / T1 and 1 / T2 magnetic
relaxation speed of protons in water molecules, that is, to shorten the time during which
the spins of these protons return to their initial state after excitation by the radiofrequency
wave. This is what increases the contrast of the signal observed by MRI (5).

Studies have shown that Gadolinium Gd®* ion is the element of choice for manufacturing
MRI contrast agents (6). Even today it is widely used in contrast agents. However, the high
toxicity is the great inconvenience of this chemical element, this toxicity is due to its
competition with the calcium ion (Ca?*) which is involved in multiple functions essential
to the body: blood clotting, muscle contraction, nerve conduction, release of hormones.
Researchers have shown that this toxicity can be considerably reduced by trapping it in
ligand molecules: linear polyaminocarboxylates and macrocyclic. Gadolinium chelates are
then obtained, they are also called contrastophores and many of which have been marketed
4).

However, other researchers have shown in a study, the existence of Gd** ions in skin
biopsies of patients. Who underwent an MRI examination with injection of chelated
Gadolinium in the months before the first symptoms, these ions would then precipitate in
the form of Gadolinium phosphate, which would be phagocytosed by macrophages, which
would then recruit circulating fibrocytes, triggering fibrosis (5).

Consequently, the competent bodies triggered the alerts. In the United States, the Food and
Drug Administration (FDA) has issued an alert on the injection of all Gadolinium chelates,
especially in patients with severe kidney failure; while in Europe, three of the least stable
products (Omniscan®, Optimark® and Magnevist®) are contraindicated in these patients.
The European Medicines Agency (EMEA) extends the prudence recommendation to the
use of all other Gadolinium chelates in patients with severe kidney failure (7).

In addition, Cerium is the first element of the 17 lanthanides (rare earth elements) with a 4f
orbital, which gives it physicochemical properties that are required in wide fields of
application, such as: light, electricity, magnetism and other fields were witnessed (8) (1).
Indeed, the therapeutic applications of Cerium are numerous, thanks to its catalytic
properties and its relevant pharmacological properties, for example, it is used as
antiemetics, bacteriostats and antitumors (9). Currently, efforts are focused on future
applications of Cerium, in particular in nanomedicines (10) (11).

The objective of our study is to manufacture a stable and effective contrast agent based on
Cerium. Indeed, we adopted a rational approach, starting from the solid method, of two
phosphate nanomaterials (Pyrophosphate SrMP.0;) based on Gadolinium and Cerium
(SrMP20O7 with M = Gd and Ce), to make a study of characteristics and comparison
between the two nanomaterials.

I Experimental

2.1 Synthesis of materials based on Gadolinium and Cerium SrMP207 (M= Gd or Ce)
For our study, the pyrophosphates SrGdP,07 and SrCeP.0O; were synthesized by the solid-

state method.

The reagents chosen for the synthesis are: Gadolinium oxide (Gd.O3) at 99.999%, 99.99%

of SrCOs (strontium carbonate) and ammonium phosphate (NH4);HPO, and Hydrated
Cerium Acetate (CsHoCeOs .H20 ) to 99.9%

The synthesis reaction is as follows:

SrC0O3+0.5Gd203+2(NH4)2HPOs.—> SrGdP,07 +CO2+ 3H,0+4NH3+0.250;



SrCO3+CsHyCe0s.XH20+2(NH4),HPO,—> SrCeP,07+C0O,+2CH3CO,H+2NH3+7.5H,

Fig. 1. Picture of the two nano-materials SrMP207 (M = Gd or Ce) inside the alumina crucible at 25 °C

The reagent mixtures in stoichiometric proportions being carefully ground in a mortar, in
order to obtain a homogeneous mixture. Then introduced into a platinum crucible and

placed in an oven to undergo a decomposition treatment: evaporation of structural water at
160 °C, then decomposition of the organic material at 450 °C (See Figure 2).

SrCeP,07 Almond color And SrGdP,0O; White color

Fig. 2. Picture of the two nano-materials STMP207 (M = Gd or Ce) at 300 °C.

Before grinding

After grinding

Fig. 3. Picture of of the two nano-materials STMP207 (M = Gd or Ce) at 1000 °C.

This decomposition follows a heat treatment according to the diagram below.
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Fig. 4. Reagent decomposition with heat treatment cycle



i Results and Interpretation

3.1 X-Ray Diffraction

The spectra of the nanomaterials were made at room temperature using a Philips Xpert
MPD diffractometer, in CuKoa radiation stepwise scanning mode, its step value is 0.02°.
X-ray analysis of SrGdP,0; shows that this phase crystallizes in the monoclinic system
(Space group: P2 / m) with the following unit lattice parameters: a = 17.824 A; b = 3.0517
A; ¢ =17.330 (5) A. X-ray analysis of SrCeP,0; shows that this phase crystallizes in the
monoclinic system (Space group: P2 / m) with the following unit lattice parameters: a =
18941 A;b=9690A; c=14.238 A.

The Rietveld coefficients obtained reveal a good agreement between the profiles of the
observed and calculated diagrams.

Figure 4 gives the X-ray diffraction spectrum, refined by the FullProf software of the two
nanomaterials SrGdP,O7 and SrCeP;0y.
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Fig. 5. X-ray Diffraction Spectrum SrGdP207 et SrCeP207

Samples SrGdP207 SrCeP207
Cristal system Monoclinic Monoclinic
S.Group P 2/M P2/M
a(A) 17.8243 18.9416
b(A) 3.0517 9.6907
c(A) 17.3305 14.2384
v(A) 907.2986 2489.1472
Alpha(°) 90.000 90.00
Beta(®) 107.750 96.078
Gama(®) 90.000 90.00
u 0.0100 0.0100

V -0.0100 -0.0100




w 0.0050 0.00500

Rp 59.4 97.9
Rwp 62.5 61.5
Rexp 35.7 58.1

Table. 1. Structural data of SrGdP.07 and SrCeP>0O7 nanomaterials

3.2 Optical properties of pyrophosphates SrMP:07 with M = Gd and Ce
Transmittance Spectra
The pure pyrophosphates based on Gadolinium and Cerium (SrMP,0; with M = Ce and
Gd) are presented in figure 6, they were analyzed by UV-Visibile absorption spectroscopy
in order to demonstrate the absorption of Cerium and Gadolinium ions in this wavelength
range.
The Gadolinium spectrum is composed of a contribution centered at 310 nm. Our results
are similar to a study by Shadab Ali and All (12). Indeed, it is possible to distinguish the
absorption of Gd ions, having an absorption band around 320 nm. This pyrophosphate
SrGdP207 has a transmittance greater than 35% in the visible range ranging from 400 nm
to 600 nm. This band signifies an electronic transition of Gadolinium.
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Fig. 6. Transmittance spectra of STMP207 pyrophosphates with M = Ce and Gd

We note that the SrGdP,0; nanomaterial is a semiconductor with a direct gap. We also
have a transmittance equal to 40% in the near UV-visible-infrared region (from 400 to
850nm). In addition, we have an absorption band which is due to the presence of free e-
electron or that of conduction in the nanomaterial SrGdP,O7, which is naturally moves in
all directions throughout the solid, under the effect of electromagnetic fields generated by
other charged species. Indeed, this interaction of electromagnetic waves with matter can
clearly explain the optical properties of the material.

In the case of the SrCeP,0; nanomaterial, we have a wide electronic transition band; the
transmittance is greater than 65% in the near UV-visible-infrared region (from 400 to
850nm).

The Gap: To determine the optical band gap of our nanomaterials we used TAUC's law
and the Uv-visible spectrum.

ohv=a9(hv—Eg)" with n = 2 in the case (direct gap)
With a: absorption coefficient, h: Planck constant, 00: constant; Eg: gap energy;

Then the method consists in representing the (ohv)? in function (hv) the value of the gap is
obtained by the extrapolation of the linear part of the curve on the abscissa axis (hv),
figure 7.
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Fig. 7. Dependence (ahv)? of the nanomaterials SrGdP207 and SrCeP207 in terms of the photon energy in eV

The figure 7 shows the curves of the nanomaterials SrGdP207 and SrCeP207. Their
optical gap energy values are:

- Eg°t = 1.12 eV for the SrGdP,0O7 nanomaterial

- EgoPt = 1.06 eV for the SrCeP,0O7 nanomaterial.

The Urbach Energy (Disorder) : The energy of Urbach reflects the disorder state of the
material; it is related to the absorption coefficient by the following expression :

o = pe®/ED
With o absorption coefficient and photon energy (hv) and Eu is energy of Urbach.

Important Urbach energy values are shown in Figure 8 and Table 2.
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Fig. 8. Disorder by extrapolation from the variation of In(a) in terms of hv for the both nanomaterials SrGdP207 and
SrCeP20r

Pyrophosphates SrGdP,0y SrCeP,0y
EgOt (ev) 1.12 1.06

Eu (ev) 0.18 0.0

lon Radius(pm) 94 101

Table. 2. The gap energy and the Urbach energy value for the pyrophosphates SrGdP207 et SrCeP207



3.3 Infra-Red Spectroscopy

The vibrational study by infrared spectroscopy of SrGdP,O7 and SrCeP,0; nanomaterials
provides structural information, in particular the identification of the different basic groups
forming the phosphate material. In fact, the number and frequency bands distribution
depend on the nature of local symmetry of the P,O7* anion. The spectrum of SrGdP,0O;
and SrCeP,07 nanomaterials (Figure 9) shows the existence of a band around 741.82cm-1
for SrGdP,0; pyrophosphates and at 745.96cm™* for SrCeP,0; pyrophosphates attributed
respectively to asymmetric stretching vibrations and symmetrical with the P-O -P bridge.
These bands are characteristic of pyrophosphate groups (P20;*). In the 450-1300 cm!
range, frequencies related to symmetrical and antisymmetric vibration modes of end
groups (PO3)> have been highlighted. The bands around 400-700 cm™ have been
attributed to the deformation and tilting modes of the POz groups. In addition, the
existence of frequencies Vs(POs) in the infrared spectrum indicates that the ring [P207]
adopts a bent configuration.
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Fig. 9. Transmittance Spectra of SrGdP207 and SrCeP207 Nanomaterials

5;?3:& r::]:y I::rngni Assignm Frequenc;{1 I:ZEZemi Assignm
1) (%) -ent value (cmt) (%) -ent
SrGdP207 - SrCeP207 -
474,11 80 vsPO3 459,92 72 vsPO3
500,72 74 vsPO3 540,96 66,66 | vsPO3
557,26 88,11 | vsPO3 620,04 86,9 | vsPO5
635,28 92,1 vsPO3 745,96 943 | vsP-O-P

654,51 98,41 vsPO3 954,22 87,56 | vsPO7
741,82 96,38 | vsP-O-P 975,65 76,56 | vsPO3

P
950,43 82,85 | vsPO3 1010,16 76,87 | Os
vasPO3 vasPO3
1007,81 | 86,23 104599 | 60,68
P
105643 | 8775 | "9 | 100256 | 6242 | VPO
109718 | 87.95 | PO | 124012 969 | V=P
118167 | 91,95 | PO - - ;
125406 | soq1 | V=POs ; - ;
VasP03

1212 97,22 - - -
Table. 3. Allocation of bands to SrGdP207 and SrCeP207 nanomaterials




v Discussion

There are two main families of contrast agents: positive contrast agents or T; agents
(longitudinal relaxation) and negative or T contrast agents (transverse relaxation) (4).

The quality of MRI imaging relies on the gray-scale coding of the relaxation time of water
protons. Indeed, in T; encoding, if the Ti relaxation time is short, the image is much
clearer. However, T, encoding implies that if the T, relaxation time is short, the image is
darker (5).

Moreover, in a study of quantum spin liquids (13), in the presence of a gap, the
longitudinal relaxation time T; follows an activation law (exponential function in terms of
the gap energy):

T1 o< exp(Eg ks T)

With T: the temperature; Kg: Boltzmann constant.

In addition, we have demonstrated in the experimental part using UV-visible spectrometry
that the gap energy of our SrCeP,0; nanomaterial (Eg°® = 1.06 eV) is lower than that of
the SrGdP,O7 nanomaterial (Eg® = 1.12 eV).

As a result, using the activation law and the gap energy, the SrCeP,O; nanomaterial has a
reduced T1 relaxation time compared to the SrGdP,O; nanomaterial. Therefore, a better
speed of magnetic relaxation 1/T1. Indeed, our nanomaterial SrCeP,07, which is based on
Cerium, will be a good positive contrast agent.

We also noticed, in the X-ray diffraction characterization of the SrCeP,0; nanomaterial,
that the shape of the spectrum peaks is very small, this indicates that the average grain size
of our nanomaterial based on Cerium is very small;

Indeed, the widths of the spectra are directly proportional to the size of the grains (14). So
a better ability to trap water molecules in the SrCeP,0> structure.

All these elements revealed to us the idea of reinforcing this experimental result of positive
contrast agent based on SrCeP,O;. Indeed, we thought to increase the local proton
concentration by introducing a mechanism (figures 10 and 11) to our nanomaterial such
that water can easily penetrate in its internal structure. The aim is to amplify the contrast of
the observed signal.



Fig. 10. Mechanism Picture
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Fig. 11. Reaction mechanism of water molecules with the Cerium complex

V Conclusion

In magnetic resonance imaging, particularly in the use of contrast agents, the American and European
notified bodies have issued an alert on the injection of all Gadolinium chelates in patients with severe
renal insufficiency, because of the high toxicity of this chemical element Gd®*. Conversely, the relevant
catalytic and pharmacological properties of Cerium (Ce?*) have made it the subject of several therapeutic
applications.

In our study, we prepared two phosphate nanomaterials: SrGdP,O; and SrCeP,0O; by the solid-state
reaction route. The objective is to synthesize an effective nanomaterial that could be a better positive
contrast agent based on Cerium. The Gap energies values of two nanomaterials showed that the
SrCeP,07 has a better magnetic speed 1/T1 in comparison with the SrGdP,0v, so a better longitudinal
relaxation.

Therefore, our nanomaterial based on Cerium SrCeP,O7 will be a good positive contrast agent.
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