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Abstract

Object Paramagnetic nanoparticles, mainly rare earth
oxides and hydroxides, have been produced these last few
years for use as MRI contrast agents. They could become
an interesting alternative to iron oxide particles. However,
their relaxation properties are not well understood.
Materials and methods Magnetometry, 'H and “H NMR
relaxation results at different magnetic fields and electron
paramagnetic resonance are used to investigate the relax-
ation induced by paramagnetic particles. When combined
with computer simulations of transverse relaxation, they
allow an accurate description of the relaxation induced by
paramagnetic particles.

Results For gadolinium hydroxide particles, both T} and
T, relaxation are due to a chemical exchange of protons
between the particle surface and bulk water, called inner
sphere relaxation. The inner sphere is also responsible for
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T, relaxation of dysprosium, holmium, terbium and erbium
containing particles. However, for these latter compounds,
T, relaxation is caused by water diffusion in the field
inhomogeneities created by the magnetic particle, the
outer-sphere relaxation mechanism. The different relaxa-
tion behaviors are caused by different electron relaxation
times (estimated by electron paramagnetic resonance).
Conclusion These findings may allow tailoring para-
magnetic particles: ultrasmall gadolinium oxide and
hydroxide particles for 7 contrast agents, with shapes
ensuring the highest surface-to-volume ratio. All the other
compounds present interesting 7, relaxation performance
at high fields. These results are in agreement with computer
simulations and theoretical predictions of the outer-sphere
and static dephasing regime theories. The T, efficiency
would be optimum for spherical particles of 40-50 nm
radius.
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Introduction

For specific applications, such as molecular and cellular
imaging, magnetic resonance imaging (MRI) requires the
use of contrast agents despite its excellent intrinsic contrast
[1]. The more efficient the contrast agent is, the more
sensitive the detection (of tagged cells or targeted tumors,
for example) will be. Besides the efforts in improvement of
classical contrast agents, such as paramagnetic ion com-
plexes [2] and iron oxide superparamagnetic particles [3],
there is a growing interest in the development of para-
magnetic particles [4-7] and their characterization [8, 9].
Paramagnetic rare-earth-containing particles (oxides,
hydroxides, fluorides ...) may be produced by a variety of
processes [10—14]. They are used for their catalytic activity
[15] or their photoluminescent properties [16—-20], but their
paramagnetic behavior opens many perspectives in MRI
and multimodal optical/MR imaging [21-25]. While iron-
oxide nanoparticles at body temperature (310 K) are fer-
rimagnetic crystals (Tnger > 310 K) in the superparamag-
netic regime (7g < 310 K) [26], paramagnetic particles are
constituted of rare-earth oxide or hydroxide with a Curie
temperature (7¢c) far below room temperature. Hence, at
room temperature, these particles are purely paramagnetic
[27]. Their magnetization is following a classical Langevin
function, but the magnetic saturation is not expected at the
magnetic fields used for MRI. Their magnetization is
simply increasing linearly with the field, as predicted by
the Langevin function at low fields. At first sight, these
paramagnetic particles do not appear to be excellent can-
didates for building efficient contrast agents; their magnetic
moment is indeed not maximal while superparamagnetic
particles present a magnetic moment aligned with the field
at ca 0.2 T. Similar as for iron oxide, the use of particles is
especially interesting for molecular targeting and cellular
imaging applications [28]: by bringing one particle to the
desired region of the body or in the cell of interest, one
transports thousands of magnetic ions at once, ensuring a
large relaxation effect [29]. Moreover, even if the para-
magnetic moment is small at the usual fields, it could
become equal and even larger to superparamagnetic
moments at larger magnetic fields. Indeed, iron oxide
particles are ferrimagnetic, which means that they contain
two magnetic lattices with opposite magnetic orientations
(partially compensating) whose resultant magnetic moment
constitutes the magnetic moment of the particle [30]. For
paramagnetic particles, when approaching magnetic satu-
ration, all the paramagnetic ions constituting the particles
will finally align in the field, resulting in a very large
magnetic moment for the particle. Of course, as previously
mentioned, the particles are far from saturation, but a rough
calculation shows that their molar magnetization is already
comparable to the one of iron oxide particles at about 10 T.
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Especially for dysprosium- or holmium-containing parti-
cles, the maximum magnetization will be the largest
achievable since these ions have the largest individual
magnetic moment (~ 10 Bohr magnetons).

In recent years, different groups [31-35] have produced
and characterized paramagnetic rare-earth-containing par-
ticles, reporting interesting properties for MRI. Gadolinium
oxide and hydroxide particles were shown to present rather
efficient T, relaxation, with relaxivities ranging from 4 to
40 s~' mM ™' at 1.5 T. On the contrary, dysprosium oxide
particles have almost negligible longitudinal relaxivity at
all fields, but they could represent an alternative 7, contrast
agent, especially for high magnetic fields, since their
transverse relaxivity increases with the field as first shown
at high fields by Norek et al. [7] and later confirmed at low
and intermediate fields and also for gadolinium hydroxide
particles [9]. However, T, and T, relaxation mechanisms of
water in the presence of these particles has never been
studied in detail except by Peters et al. for 7, and particles
in xanthan gum [7] and by our group only for gadolinium
hydroxide and dysprosium-oxide particles [9], with
incomplete conclusions. It should be mentioned that one
major drawback of the paramagnetic particles is their
possible toxicity. Indeed, without appropriate coating, they
could release free rare-earth ions in vivo with disastrous
consequences (comparable to nephrogenic systemic fibro-
sis for patients with kidney failure) [36].

In this article, we present transmission electron
microscopy (TEM), magnetometric, electron paramagnetic
resonance (EPR) and NMR 'H and H relaxation results for
Ho,O(0OH)9NO3, EryO(OH)oNO3 and Tb,O5 particles dis-
persions. The transverse relaxation induced by paramag-
netic particles—caused by the diffusion of protons around
the particle—was also simulated by a well established
Monte Carlo algorithm for a large range of particle sizes
and at different magnetic fields. New EPR and “H NMR
results are also presented for GA(OH); and Dy,O5 particles.
Relaxation theoretical models are finally confronted to the
experimental and simulation data allowing a better under-
standing of the 7 and T, relaxation, which is of importance
for the development of optimal paramagnetic particles.

Materials and methods

Dysprosium oxide, gadolinium hydroxide, holmium oxide
and erbium oxide particles dispersions (dispersive agent:
1 % Disperbyk, commercial high molecular weight block
copolymer) were purchased from Sigma-Aldrich (ref
639664, 641871, 641863, 641839 respectively). The ter-
bium oxide particles dispersion was prepared with terbium
oxide nanopowder (Sigma-Aldrich ref 634255), distilled
water and the Disperbyk dispersant agent. All the solutions
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for the NMR measurements were prepared using distilled
water. For the 7;-NMRD profiles, highly concentrated
solutions were used (up to 200 mM for Dy,Oj; particles).
pH of the solutions was about 7. The very low concentration
of free rare-earth ions in the solutions was checked by
dialysis and subsequent colorimetric analysis: the initial
solutions were dialyzed and the low concentration of rare-
earth ions in dialysis water was checked by the Arsenazo III
colorimetric test. However, one cannot exclude the pres-
ence of a small quantity of free ions in our solutions. For
example, the solubility of gadolinium hydroxide is about
1.88 x 10 g/1, which corresponds to a maximum Gd>"
concentration of 1 uM. Such a concentration would not
have been detected by the colorimetric test. For the other
compounds, this concentration could be slightly higher,
depending on the solubility. Fortunately, the influence of
these free ions on the relaxation rates of the studied dis-
persions is negligible. A mixture of distilled water and
methanol was used to discriminate between exchange and
diffusion relaxation mechanism. For 2H-NMRD, the sam-
ples were prepared with 99.9 % deuterium oxide to obtain a
large deuterium signal (Sigma-Aldrich ref 613444).

Transmission Electron Microscopy observations and
electronic diffraction were realized with a CM 20 Philips
microscope and a FEI Tecnai 12. Photon Correlation
Spectroscopy (PCS) was used to determine the hydrody-
namic size of the particles (Zétasizer Nanoseries ZEN
3600, Malvern, UK). High field magnetometry curves (up
to 8.5 T) were recorded with the Vibrating Sample Mag-
netometer (VSM) option of a Quantum Design Physical
Property Measurement System at 37 °C. The Tb40O; mag-
netometric data was obtained with a mini high field VSM
measurement system of Cryogenics, UK. X-ray diffraction
was performed on a Siemens D5000 diffractometer with a
Cu Ko source.

X-band (9.44 GHz) continuous-wave EPR spectra were
recorded on a Bruker ESP300E instrument, equipped with
a liquid Helium cryostat (Oxford Inc.) that allows cooling
down to 2.5 K. A modulation frequency of 100 kHz was
used. Microwave power, modulation amplitude and mea-
surement temperature were as indicated in the figure cap-
tions. The particle dispersions were inserted in a quartz
tube with i.d. 0.6 mm and o.d. 0.84 mm that was in turn put
in a standard X-band quartz tube (OD 4 mm). The simu-
lations were performed using the EasySpin program [37].

Relaxation time measurements were performed at low
fields on BRUKER (Germany) PC110, mq 20, PC140, mq
60 instruments and a Spintrack relaxometer operating at
magnetic fields (Bg) of 0.24, 0.47, 0.94, 1.41 and 0.67 T
respectively. BRUKER AVANCE-200 (4.7 T), BRUKER
AMX 300 (7 T) and AMX 500 (11.7 T) spectrometers were
used for the high-field measurements. 7' relaxation profiles
were recorded at 5 °C (‘H) and 37 °C ('H and *H) from

0.00023 to 0.23 T on a Spinmaster fast field cycling re-
laxometer (STELAR, Mede, Italy). Except for the other
mention in the figure legend, all the relaxation measure-
ments were performed at 37 °C. The echo-time used in the
CPMG sequence for the determination of 7, was fixed to
1 ms. The results are represented as longitudinal and
transverse relaxivities, which are defined by the increase in
the longitudinal and transverse relaxation rates due to an
increase of 1 mM in the paramagnetic ion concentration. 77
was not measured for our samples. Indeed, different tests on
the high-resolution spectrometers showed that even for
reference solutions (simply containing gadolinium ions, for
example), the value of T evaluated with the line-width of
the resonance peak was often significantly lower than the T,
value, while for such systems 7, and Tz* should be identical.
During our tests, the influence of the shims seemed to be
critical for paramagnetic particles when estimating T
maybe because of the magnetic field homogeneities created
by the particles or the presence of dispersant in our samples.
A “real” T, comparable to the value predicted by the
different microscopic relaxation theories, could be very
difficult to obtain. The erbium, holmium and terbium con-
tent of the samples were determined using Inductively
Coupled Plasma (ICP) spectroscopy (Thermo, USA), after
microwave mineralization of the suspensions with a mix-
ture of nitric acid and hydrogen peroxide.

The simulation programs were written in C++4. The
main steps of the algorithm were already described else-
where [38] and validated in [39]: briefly, a distribution of
paramagnetic particles is generated; random walks of
several protons model their diffusion in the sample. The
space jump is related to time intervals by the well-known
relation

0 = V6DAt (1)

where D is the diffusion coefficient. Paramagnetic particles
are assumed to be impenetrable. After a 90° pulse, the spin
dephasing due to the dipolar magnetic field is calculated at
each time step for each proton by the following equation:

Blot,z(?) = Z Bloc,z(rh 0i)§
i=paramagnetic particles
5. 3cos?0—1
Bioeo(r,0) = R*Beg ————— (2)

P
where R is the radius of the particle, r is the distance between
the proton and the paramagnetic particle, 6 is the angle
between the vector joining the proton to the paramagnetic
particle and the direction of the field (z-axis by convention).
A Carr—Purcell-Meiboom-Gill sequence is simulated by
computing the macroscopic nuclear magnetic moment and
considering the 180° echo pulse. The simulated echoes are
recorded and then fitted, giving the relaxation rate R, of the
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system. The following simulation parameters were used: the
periodic simulation space was composed of 25 x 27 para-
magnetic particles for the uniform distribution case. In the
linear one, 50 x 27 aggregates were generated. The space
step was chosen equal to the paramagnetic radius. A volume
fraction of 2 x 107> was used. It corresponds to approxi-
mately 0.85 mM depending on the density of the different
particles. For each simulation, 8,000-20,000 protons were
generated. Echo time was fixed at 1 ms. 2 or 3 different
simulations were computed for each set of physical
parameters. The error bars shown on the curves correspond
to twice the standard deviation.

Results

The XRD patterns (Fig. 1) of the holmium- and erbium-
containing particles is similar to the spectrum of the
yttrium-containing system Y4O(OH)oNOj [40, 41], which
could be obtained during the synthesis of yttrium oxide.
Indeed, the positions of the peaks are perfectly matching
those of the Y4O(OH)oNO; pattern. It was already shown
that a similar ytterbium-containing mineral (YbsO(OH)g
NO;) also existed [42]. The erbium- and holmium-con-
taining particles used in this work are thus composed of
Er,O(OH)oNO3; and Ho,O(OH)gNO5.The terbium-contain-
ing particles display diffraction peaks characteristic of pure
face-centered cubic Tb40; [43]. The hydrodynamic size of
the particles was 250 nm for the holmium-containing par-
ticles, 1,500 nm for the erbium-containing particles and
180 nm for the terbium-containing particles. TEM pictures
(Fig. 2) confirm these values and clearly show the rod-like
morphology of the particles. The use of the hydrodynamic
size in the rest of the paper is questionable, because of the
shape of the particles. Indeed for non spherical particles, the
hydrodynamic size underestimates the largest dimension of
the particle. However, it will be employed for the qualita-
tive comparison of the different samples.

The magnetic susceptibilities obtained by a linear
regression of the magnetization data at varying magnetic
fields (Fig. 3) are provided in Table 1. They are compatible
with the known values of these paramagnetic rare-earth ions
[44].

Water-methanol  dispersions of Ho4O(OH)gNO;,
Er,O(OH)gNOj; and terbium-oxide particles were prepared
in order to determine the relaxation mechanism, following
a previously described protocol [45]. This experimental
procedure was developed to distinguish exchange and
diffusion relaxation mechanisms. The test discriminates
according to the character of the transverse or longitudinal
relaxation in water—methanol solutions: a mono-exponen-
tial decay corresponds to diffusion, while a bi-exponential
decay indicates the contribution of a proton exchange. In
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Fig. 1 XRD spectra obtained for the (@) holmium-, (b) erbium- and
(c) terbium-containing particles

this latter case, OH protons correspond to the fast com-
ponent of the bi-exponential curve—because of their
proximity with the magnetic ion—while CH protons con-
stitute the slow fraction. The return to equilibrium of the
longitudinal magnetization is clearly bi-exponential for the
three compounds, which proves the occurrence of a proton
exchange in the longitudinal relaxation process. The evo-
lution of the transverse magnetization in a CPMG spin
echo sequence for the water—methanol solutions of the
holmium-, erbium- and terbium-containing particles is
purely mono-exponential, which shows that transverse
relaxation is caused by the diffusion of protons nearby the
paramagnetic particles.

The longitudinal NMRD relaxation profiles of terbium
oxide, and erbium- and holmium-containing particles dis-
persions are shown in Fig. 4. A Lorentzian function (3a)
was fitted to the 'H data and a sum of Lorentzian functions
(3b) for the *H data [46]:

1+ (1) B2)

T
re =ko+ k;

§—
1+ 2wr)

=k +ki |02 (3b)

+ (wr)2

In Eq. 3a, w is either the protonic (wg) or the electron
Larmor angular frequency (ws) depending on the origin of
the relaxation process, with wg = 658 wqy. In Eq. 3b, it
represents the deuterium Larmor angular frequency. 1 is the
correlation time associated with the dispersion and kg, k, are,
respectively, the offset and the amplitude of the dispersion.
The obtained values for 7, considering that @ = w, for 'H
NMRD are given in Table 2, as well as the values previously
reported for gadolinium hydroxide and dysprosium oxide
particles.
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Fig. 2 Transmisson electron microscopy of Ho,O(OH)oNOj5 (left), EryO(OH)oNO; (middle) and TbsO; (right) nanoparticles
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Fig. 3 High-field magnetometry of the Ho,O(OH)oNO3, Er,O(OH)y
NOj3 and Tb4O; nanoparticles. Previous results obtained for Dy,05
and Gd(OH)j; are also shown for comparison

The evolution of transverse relaxation rates with the
magnetic field is of special interest for paramagnetic par-
ticles, whose magnetic moment increases linearly with the
magnetic field. Figure 5 presents the evolution of the
transverse relaxation rate of the different paramagnetic
particles with the magnetic field, for a volume fraction of
particles of 2 x 107°. In fact, to allow facile comparison
between the different compounds and also with the simu-
lation results, the magnetic field is expressed in terms of
the particle’s equatorial field, which is proportional to the
magnetic field for such paramagnetic compounds. For each
type of particle, the proportionality constant between the

Table 1 Magnetic susceptibilities of the samples

equatorial field and the external field is different. It was
calculated from the susceptibility values provided in
Table 1. Figure 5 also presents the predictions of the dif-
ferent relaxation theories for different particle sizes, i.e. the
outer-sphere model (OSM, Eq. 4) and the static dephasing
regime (SDR, Eq. 5).

16 M
R, = —1pf(Aw)* withAw = o
45 3 (4)
16 16
Ry = 105 of Y M = 105 ©of7° 1’ B;
2
R =" fAw ~ R,

2 3\/§

(5)
2n
Ry = meMoM =

927n-3-fvao
where tp = R¥D. D = 3 x 107 m?/s is the water diffu-
sion coefficient at 310 K. Eq. 5 is only exact for R].
Nevertheless, it also provides a good estimate [39] of the
maximum R, when 5 < Awtp < 20.

The simulated 7, values for particles of different sizes
are presented in the same graph. Some of the corresponding
relaxivities (experience and simulation) are provided for
two different magnetic fields in Table 3. The sizes were
chosen to obtain approximately the same volume as our
samples.

The effect of the particle shape was also investigated
thanks to simulations. Figure 6 presents the 1/7, values
obtained for five different systems: a spherical particle with
a radius of 50 nm and linear aggregates of 5, 10, 20 and 50
particles with radius of respectively 29.4, 23.2, 18.4 and

Particle size (nm)

Volume
susceptibility y

Mass susceptibility
I (Am?/[Tg(ion)]

Sample Ton per (1p)

Gd(OH);—Gossuin et al. [9] 7.94 150
Dy,03—Gossuin et al. [9] 10.6 160
Ho4O(OH)9NO3 10.6 250
Er,O(OH)oNO; 9.6 1,500
TbsO4 9.7 180

37 °C 142 x 1073 0.0113
2.63 x 1073 0.0224
2.62 x 1073 0.0183
148 x 1073 0.0104
25 °C 1.80 x 1073 0.0141
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Fig. 4 a Evolution of the (a) 5
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Table 2 Correlation times obtained from the 'H and H-NMRD
profiles

IH—NMRD, correlation ZH—NMRD, correlation

time 7 (us) time 7 (us)

37 °C 5°C 37 °C
Gd(OH); 0.0239 [9] 0.0323 [9] 1.06
Dy,05 2.25 [9] 2.88 [9] 0.72
Ho,O(OH)oNO; 2.44 3.65 0.95
Er,O(OH);NO; 2.79 3.60 1.04
TbsO4 2.65 - 0.28

13.6 nm. These radius values were chosen in order to
obtain the same total particle volume in the clusters as for
the initial 50 nm sphere. Linear clusters were supposed to
be aligned with the static field. Satoh et al. [47] showed that
at equilibrium, magnetic spheres tend to form linear chains

@ Springer

Magnetic field (T)

whose axes are parallel to the magnetic field. Thus, if we
picture the paramagnetic rods as dense liner chains of small
particles, they can be supposed to be aligned with the field.
However, results for random orientations of the chains are
also presented for comparison. Figure 6 shows clearly that
a spherical shape induces higher relaxation rate and is thus
more efficient from the relaxation point of view, which was
also observed in a previous study [39].

The gadolinium hydroxide suspensions show clear EPR
spectra from room temperature down to low temperature
(10 K) (Fig. 7). At 10 K, the spectrum consists of a broad
feature at g ~ 2 and feature at g = 6.4 (Fig. 7a). The
spectrum does not show saturation up to 200 mW micro-
wave power (spectrometer upper limit of the microwave
power). The spectrum is similar to the spectra that have
been observed in zeolitic nanoparticles with relatively high
Gd*" doping [48]. This type of EPR spectra of Gd>" in
glassy systems have been shown to originate from a broad
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Fig. 5 Evolution of the transverse relaxation rate of Ho,O(OH)9NOs3,
Er,O(OH);NO; and Tb4O; nanoparticles suspensions with the
equatorial frequency shift of the particle Aw. Since Aw linearly
increases with the magnetic field, the horizontal axis can also be
considered as a magnetic field axis. However, a single magnetic field
value corresponds to a different Aw value for each compound since
the proportionality constant between Aw and the field is different for

Table 3 Transverse relaxivity of the different samples at two mag-
netic fields

r—15T r—71T
¢ 'mM™H  sT'mMTY
Gd(OH); 7.99 27.1
Dy,0; 9.66 168
Ho,O(OH)sNO; 27.2 104
Er,O(OH)sNO; 4.28 -
Tb,0; 16.3 -

Dy,03 Spheres 6.6 (1.19T) 219
simulation, R = 20 nm

Dy,05 Spheres simulation,
R = 40 nm

249 (1.19T) 373 (7.14T)

unimodal distribution of second-order crystal-field param-
eters and of asymmetry parameters [49]. Furthermore, the
g ~ 2 signal also has contributions of dipolarly interacting
Gd** sites due to the short distance between two neigh-
boring Gd ions (3.6 A) [50]. The room-temperature X-band
EPR spectrum of the gadolinium hydroxide nanoparticles
in suspension are dominated by a Lorentzian resonance at
g ~ 1963 overlaying a broader line around g =~ 2
(Fig. 7b). The latter most probably results from precipi-
tated nanoparticles (compare also to the low-temperature
EPR spectrum in Fig. 7a), while the former dominant
contribution is due to rotational averaging of the various
anisotropic interactions (electron Zeeman, zero-field and
hyperfine interactions) [48]. This allows estimating the
electronic transverse relaxation rate, 1/17,, [48, 51-53].

each compound (see supplementary material). Previous results [9]
obtained for Dy,0O3; and Gd(OH); are shown for comparison. The
relaxation rates obtained by computer simulations for different
particle sizes are also presented. Theoretical predictions of the
outer-sphere theory and static dephasing regime are represented by
the lines. All the results were normalized to a particles volumetric
fraction of 2 x 107°

L ‘LBMEAHW (6)

T h
with pp the Bohr magneton and AH,, the peak-to-peak
EPR line width (=38 & 5 mT). 15, is then estimated to be
176 £ 20 ps (at ~0.34 T).

The other nanoparticle suspensions were found to
exhibit no room-temperature CW-EPR spectrum.

At 2.25 K, a clear EPR feature is found for the frozen
suspension of EryO(OH)oNO; particles, a signal that was
found to disappear fast at higher temperatures (no signal
could be observed at 70 K), indicative of short electronic
relaxation times (Fig. 1 supplementary material). The
spectrum consists of a broad line around 100 mT, a feature
that has also be found for nanostructured SnO,:SiO, glass
ceramics with Er doping [54] and for erbium-doped f-PbF,
nanocrystals in transparent glass—ceramics [55]. The
observation of the broad powder-like resonance with main
resonance at g & 6.7 is indicative of the 411 52 ground state
[55, 56], while the considerable line-broadening can be
ascribed to dipolar interactions between the Er’" sites.

The powder of terbium-oxide nanoparticles exhibits a
broad EPR spectrum at g ~ 2 with a lorentzian shape and
linewidth of 46 mT (Fig. 2 supplemental material). This
signal arises from the Tb** sites [56] and the line broad-
ening and weak signal is again due to the close proximity
of the different Tb*" sites.

The 2.3 K CW-EPR spectrum of the dysprosium oxide
particles shows very weak features in a broad magnetic
field range [0-750 mT] (not shown), that are hardly
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Fig. 6 Effect of the shape of the particles on the transverse
relaxation. The transverse relaxation rate is presented for different
systems with the same total volume but with different geometrical
configurations; a unique sphere or linear arrangements of spheres in
order to mimic rod-like particles. The data are presented for random
and aligned orientations of the “rods”. The equatorial field of the
particles is S7.5 x 1072 T and the volumetric fraction of the particles
is2 x 107"
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Fig. 7 CW-EPR spectrum of a suspension of gadolinium hydroxide
nanoparticles (a) at 10 K and (b) at room temperature. The EPR
spectra were recorded with a microwave power of (a) 100 mW and
(b) 2 mW. A modulation amplitude of 0.8 mT was used. (c) shows the
simulation of (b) assuming a Lorentzian line with linewidth of 38 mT
and a minority broad back simulated here as a single Gaussian line
with linewidth 115 mT

distinguishable from the background. For Dy3+ (°Hysp0)
doped systems, a variety of g values have been reported
ranging from no EPR signal in the ground state up to
resonance lines at (apparent) g values of 2.6—-14 depending
on the local symmetry [56].

No EPR signals of the HosO(OH)oNO; particle sus-
pensions could be observed, even at the lowest
temperatures.

@ Springer

Discussion
Magnetic properties

Contrarily to iron oxide particles whose magnetic proper-
ties dramatically depends on the synthesis process, the
purity and the size of the obtained crystals, the magnetism
of rare-earth based particles is only depending on the type
of paramagnetic ion. The highest magnetization is obtained
for dysprosium- and holmium-containing particles. It
should be stressed that the nature of the particles and their
crystallinity is not a crucial parameter since the Curie
temperature of these compounds is very low: rare-earth
phosphates or fluorides could be used instead of oxides or
hydroxides with approximately the same magnetic prop-
erties. This is, of course, not true with iron oxide particles
which could be anti-ferromagnetic or ferrimagnetic for
different type of oxides and hydroxides [9].

T, relaxation

Longitudinal relaxation of all the particles is caused by an
inner sphere mechanism between the surface exchangeable
protons and bulk water protons (see Fig. 8). This process is
very similar to what happens for complexed paramagnetic
ions, except that the correlations times of the modulation
processes involved in the relaxation mechanism are
somehow different. In our case the paramagnetic ions
belong to a large particle whose rotation correlation time is
very large compared to paramagnetic complexes. However,
this situation is also happening for paramagnetic com-
plexes linked to a large molecule, such as albumin. To
understand the relaxation, the analysis of the NMRD pro-
files is useful. From the quantitative point of view, the
relaxation induced by Dy-, Ho-, Er- and Tb-based particles
is almost 100 times less efficient than for Gd-based parti-
cles. This is simply due to the different electron relaxation
times of these ions in the particles: it is very short for the
former group (<20 ps), while it is quite long for the latter
(176 ps), as shown by our EPR results. As the Solomon—
Bloembergen inner-sphere relaxation rate is proportional,
at low field, to the shortest correlation time, which is t, for
Dy-, Ho-, Er- and Tb-based particles, the relaxation rate is
rather small for these compounds, when compared to the
gadolinium-containing particles. The constant high field
relaxivity observed on the NMRD profiles, after the
decrease of the relaxivity, is due to this Solomon-Bloem-
bergen contribution (Fig. 8b). The amplitude of this con-
stant high field relaxivity is compatible with previous
observations for Ho’", Dy** and Er*" ions even if the
corresponding relaxivities are somehow smaller than in the
study of Bertini et al. [57] at low fields (<1.5 T), probably
because the core paramagnetic ions are not contributing to
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the inner sphere relaxation process, which lowers the ry
relaxivity of the particles. High-field measurements should
show an increase of the longitudinal relaxivity as it is
expected for these compounds, because of Curie relaxation
[58]. The origin of the decrease of low field relaxivity is
unclear. It corresponds to a long correlation time. The
Solomon—Bloembergen inner-sphere theory does not pre-
dict this behavior because of fast electronic relaxation
which should dominate all the other modulations of the
dipolar interaction between the proton and the magnetic
ion. The only relaxation mechanism independent of elec-
tron relaxation would be a simple dipolar coupling between
protons on the particle’s surface in a process similar to
what is observed for solutions of diamagnetic proteins. In
this case, the decrease of the relaxivity corresponds to
proton exchange or particle rotation. Since almost the same
correlation time is obtained for Dy-, Ho-, Er- and Tb-
containing particles, we think—by elimination—that it is
probably a proton exchange time (as illustrated in Fig. 8a).
Indeed these different particles present very various sizes
(from 150 to 1,500 nm) which should lead to very different
rotation times. This interpretation for the low field relax-
ivity may seem tricky, but it is confirmed by the ?H-NMRD
profiles of the samples. Deuterium relaxation is due to the
interaction of the *H electric quadrupolar moment with the
electric field gradient at the nucleus. It is thus independent
of the paramagnetic ion electronic relaxation. The corre-
lation time associated with the observed “H-NMRD curve
is almost the same for all the particles and it is similar to
the correlation time obtained with "H-NMRD (except for
Tb,O particles for an unknown reason). In our opinion,
this confirms our interpretation of an exchange modulation
for the *H quadrupole relaxation and for the adsorbed
protons "H-'H dipolar relaxation.

The electron relaxation of a gadolinium ion is known to
be slower compared to Dy* " Ho>", Er’™ and Tb**. Our
EPR results are providing 1,, of 176 ps for Gd*>". The
usual inner sphere relaxation is thus dominant and the
Curie relaxation is negligible. The shape of the NMRD
profile (a simple lorentzian with a large offset) and the
position of the dispersion for Gd(OH); leads to a correla-
tion time of 23.9 ns at 37 °C. However, as predicted by
inner sphere theory, the first observed dispersion is an
electronic dispersion with the inflection point at wst = 1,
which leads to a correlation time of 36 ps. This value is far
too short for the rotation time of the particle and the
exchange time of protons. We will consider it as an elec-
tron relaxation time. The value obtained by 'H-NMRD
(36 ps) is however shorter than the EPR value (176 ps).
Such a discrepancy could be explained by our crude fitting
of the NMRD profile by a lorentzian function. Usually, the
fitting procedure includes many parameters such as the
distance of closest approach and the existence of a second

sphere of hydration [53]. Following our interpretation, a
second dispersion is expected at higher field with a con-
dition (wgt = 1), it should be observed at circa 3 GHz.
This results in the large offset observed in the Gd(OH);
NMRD curve, reflecting the plateau of this high field
dispersion.

T, relaxation

Gadolinium hydroxide particles are also distancing them-
selves from the other compounds in terms of the 7T,
relaxation. Their transverse relaxation is due to a proton
exchange between the particles’ surface and bulk water
protons. This relaxation process has already been noticed
for anti-ferromagnetic ferritin and hydrated iron oxide
particles resulting in a linear increase of 1/7, with the
magnetic moment of the particles and consequently with
the external field B,. This dependence is also observed for
gadolinium hydroxide particles. However, the transverse
relaxivities are not very large even at high fields. On the
contrary, for all the other particles, the relaxation is caused
by the diffusion of the water molecules in the gradients
nearby the magnetic particles according to the outersphere
relaxation mechanism (Fig. 8c). In this case 1/T, is qua-
dratically increasing with the magnetic fields which results
in really interesting relaxivities at high magnetic fields.
However, for very high fields the OSM is no more valid
and the static dephasing regime model should be used
instead, with a linear increase of the relaxation rate with the
field. Our simulations show that the efficiency of the par-
ticles could be optimized by using spherical particles
instead of rods. This could be achieved by using particles
of different natures (rare-earth phosphate, fluoride...).
Indeed, most of the oxide and hydroxide particles described
in the literature are non spherical. The ideal 7, contrast
agent should be constituted of spherical holmium or dys-
prosium particles with a radius of about 40-50 nm. As in
the outer-sphere regime the relaxivity is proportional to the
square of the radius, very small paramagnetic particles
(R <5 nm) containing holmium, dysprosium, erbium or
terbium won’t be efficient at all, with r, < 20 s !mM~!
even at high fields, calculated from Eq. 4. At first sight, it is
not clear why gadolinium-based particles are relaxing
through an exchange in 7, and the other samples through
an outer sphere diffusion mechanism. It seems logical that
if inner sphere and outer-sphere relaxation mechanisms are
coexisting, inner sphere will dominate because of the
smaller distance of approach. This is what happens for
gadolinium-based particles. The real question is thus why
is outer-sphere dominating inner sphere for the transverse
relaxation of other particles? In our opinion this is caused
by the difference in the electron relaxation times which
cause negligible inner sphere relaxation rates for these
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Fig. 8 Schemes of the different
relaxation mechanisms
occurring in the paramagnetic
samples. Protons that don’t
contribute to the relaxation are
in grey color. Cases a and

b refer to longitudinal relaxation
and case ¢ to transverse
relaxation. Case a: at
sufficiently low field, the
electronic magnetic moment of
the paramagnetic particle is
negligible and the relaxation is
caused by the interaction
between the magnetic moments
of the hydrogen atoms (green
arrow) that lie on the particle
surface. The water molecules
(in grey) diffusing around the
particle don’t contribute to the
relaxation. Case b: at higher
field, a proton exchange occurs
at the surface of the particle and
the proton magnetic moment
(in green) interact with the
electronic magnetic moment (in
blue) that fluctuates because of
the electronic relaxation. Case
¢: for the transverse relaxation,
the relaxation mechanism is
dominated by the bulk diffusion
of proton around the magnetic
moment of the paramagnetic
particle

(a)

compounds compared to the outer-sphere contribution due
to the mean magnetic moment of the whole particle.

Conclusions

The relaxation mechanisms of different kinds of paramag-
netic particles have been investigated by experimental,
simulation and theoretical approaches. Two different
behaviors can be distinguished between the rare-earth oxides
and hydroxides. On the one side, gadolinium-oxide (or
hydroxide) nanoparticles whose longitudinal and transverse
relaxation is caused by an inner-sphere mechanism, i.e. the
exchange of protons between the particle surface and bulk
water protons. On the other side, the dysprosium-, holmium-,
erbium- and terbium-containing particles whose longitudi-
nal relaxivity is very low (and explained by an inner-sphere
mechanism), while their transverse relaxation is due to the
diffusion of water molecules nearby the particles, in the so-
called outer-sphere mechanism. These differences can be
explained by the differences in the correlation times of the
molecular tumbling involved in relaxation: exchange and
electron relaxation. The understanding of the relaxation now
allows giving advices for the development of the
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paramagnetic particles for MRI: best 7| agents will be
realized with small particles of gadolinium oxide (or
hydroxide). The shape and structure of the particles should
be chosen in order to ensure the largest surface on volume
ratio, as previously observed for gadolinium-fluoride parti-
cles [32]. Efficient 7, agents could be obtained with dys-
prosium-, holmium-, terbium- and erbium-containing
particles. Their size should be important, and their shape is
preferably spherical as shown by the simulations results.
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