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High proton relaxivity for gadolinium oxide

nanoparticles

Abstract Objective: Nanosized
materials of gadolinium oxide can
provide high-contrast enhancement
in magnetic resonance imaging
(MRI). The objective of the present
study was to investigate proton
relaxation enhancement by
ultrasmall (5 to 10 nm) Gd,O3
nanocrystals.

Materials and methods: Gd,O3
nanocrystals were synthesized by a
colloidal method and capped with
diethylene glycol (DEG). The
oxidation state of Gd,O3 was
confirmed by X-ray photoelectron
spectroscopy. Proton relaxation
times were measured with a 1.5-T
MRI scanner. The measurements
were performed in aqueous solutions
and cell culture medium (RPMI).
Results: Results showed a
considerable relaxivity increase for
the Gd;O3—DEG particles compared
to Gd-DTPA. Both T} and T»
relaxivities in the presence of
Gd;03-DEG particles were

approximately twice the
corresponding values for Gd-DTPA
in aqueous solution and even larger
in RPMI. Higher signal intensity at
low concentrations was predicted for
the nanoparticle solutions, using
experimental data to simulate a
T-weighted spin echo sequence.
Conclusion: The study indicates the
possibility of obtaining at least
doubled relaxivity compared to
Gd-DTPA using Gd,O3-DEG
nanocrystals as contrast agent. The
high T relaxation rate at low
concentrations of Gd,Oj3
nanoparticles is very promising for
future studies of contrast agents
based on gadolinium-containing
nanocrystals.
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Introduction

Magnetic resonance imaging, which is one of the most
important tools for medical image diagnostics, is charac-
terized by its high spatial resolution and unique ability
to distinguish soft tissue. There is, however, an increased
demand for new and more selective contrast agents for
better delineation of different tissues to obtain more

precise and earlier diagnosis of diseases. Molecular
processes can be studied by positron emission tomogra-
phy (PET) using radioactive tracers. Recently similar pos-
sibilities have been launched for MRI through novel types
of contrast agents, such as superparamagnetic nanoparti-
cles. New methods for magnetic tracing provide enhanced
possibilities for in vivo cell and molecular MRI [1-4].
One of the aims of the research within molecular MRI
is to achieve high sensitivity combined with high spatial
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resolution. In addition, suitable combinations of imaging
and therapeutic agents will make studies on drug delivery
and early evaluation of therapy possible.

Until now, MRI contrast agents have comprised para-
magnetic chelates or superparamagnetic iron oxide nano-
particles. Chelates of Gd3* are the most commonly used
contrast agents in clinical MRI. However, the relative
weak signal intensity enhancement of such agents makes
them less suitable for molecular imaging. Preparation of
biocompatible nanoparticles with unique magnetic prop-
erties is highly interesting for the development of the new
generation MRI contrast media [4]. Nanoparticles are
promising candidates for molecular imaging compared to
chelates because they convey the possibility of high relax-
ivity per molecular binding site. Using nanoparticles with
a ligand that is specific for a certain tissue will enhance
the local contrast due to the high relaxivity of each par-
ticle. Exploring and optimizing the contrast properties of
superparamagnetic nanoparticles are important steps in
the search for novel effective agents that allow contrast
enhancement at low concentrations.

In this study, the ability to perform proton relaxa-
tion by small gadolinium oxide nanoparticles is evaluated.
Nanocrystals of gadolinium oxide (Gd,03) coated with
diethylene glycol (DEG) were synthesized, characterized
by X-ray photoelectron spectroscopy (XPS), and investi-
gated by MRI relaxometry. Proton relaxivity of Gd,O3
particles was compared with gadolinium chelates, which
are used as contrast agents today. For comparison, it can
be mentioned that proton relaxivity for Gd,Os3 particles
of size 20 to 40nm have been investigated by McDon-
ald and Watkin [5,6]. In the present study ultrasmall
Gd, O3 particles (5 to 10 nm) were used to study the proton
relaxivity [7].

Materials and methods
Synthesis of GdO3 nanocrystals

Gadolinium oxide nanocrystals were synthesized by the polyol
method.

Gdp O3—diethylene glycol (1)

Gd(NO3)3-6H,O (2 mmol), solid NaOH (2.5mmol), and a
few drops of deionised water were dissolved in 15ml DEG
[(HOCH;,CH>),0]. The mixture was heated to 140°C, and when
the reactants had dissolved completely, the temperature was
raised to 180°C and held constant for 4 h, yielding a dark yellow
colloid. The colloid was diluted with deionised water to adjust
the gadolinium-oxide concentration to a predetermined value,
e.g., 2.5mM.

Gd, O3- diethylene glycol (2)

GdCl3-6H»0 (2 mmol) was dissolved in 10 ml DEG by heating
the mixture to 140°C. Solid NaOH (2.5 mmol) was dissolved in
Sml DEG and subsequently added to the Gd-containing solu-
tion. The temperature of the mixture was raised to 180°C and
held constant for 4 h under reflux and magnetic stirring, yielding
a dark yellow colloid. More details of the synthesis can be found
in [7-10].

Studies have shown that Gd,O3 nanocrystals prepared by
the DEG method are largely crystalline with sizes in a range of 5
to 10nm [7,9,10].

Sample preparation
X-ray Photoelectron Spectroscopy

The chemical composition of the synthesized nanoparticles were
investigated by X-ray photoelectron spectroscopy (XPS). The
XPS samples were prepared as follows: the silicon (SiOy) sub-
strates were first cleaned using a 6:1:1 mixture of MilliQ water:
HCI (37%): H,O5 (28%) for 5-10 min at 80°C followed by a 5:1:1
mixture of MilliQ water: NH3 (25%): H>O5 (28%) for 5-10 min at
80°C. After each washing step the silicon surfaces were carefully
rinsed with MilliQ water. Gd»O3-DEG was mixed with basic
MilliQ water and spin-coated onto freshly cleaned silicon (SiOy)
substrates at a rate of 2000 rpm and then immediately placed in
the XPS instrument.

Relaxivity measurements

Samples of Gd,O3-DEG, and Gd-diethylenetriamine-pentaac-
etate (Gd-DTPA, Magnevist)® were prepared in 10 mm NMR
test tubes with H,O, 1 M hydroxylamine buffer (NH,(OH)/NHj3
(OH)1) and in RPMI 1640 cell culture medium with 10% fetal
calf serum (FCS) (GIBCO, Invitrogen, Carlsbad, CA, USA) in
Gd concentrations of 0.1 to 1.6 mM. During measurement the
test tubes were immersed in a bowl with saline at 21 to 23°C,
the temperature of the scanner room. pH was measured by a
Metrohm 744-pH meter and also checked by pH-indicator strips
(Merck).

The Gd contents in nanoparticle stem solutions were
determined by inductively coupled plasma sector field mass spec-
trometry (ICP-SFMS) at Analytica AB (Lulea, Sweden). Before
measuring the concentrations the samples were diluted 1:100,000
with 1% HNOj.

X-ray Photoelectron Spectroscopy

The XPS spectra for Gd,O3-DEG(1) were recorded on a
VG instrument using unmonochromatized Al K« photons
(1,486.6eV) and a CLAM?2 analyzer. The power of the X-ray
gun was 300 W. The spectra were based upon photoelectrons
with a takeoff angle of 30° relative to the normal of the substrate
surface. The pressure in the analysis chamber was ~3 x 10710
mbar and the temperature was ~ 297 K during the measurements.
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VGX900 data analysis software was used to analyze the peak
position.

Relaxivity measurements

The T} and T, relaxation times were measured with a 1.5-T
Philips Achieva whole-body scanner using the head coil. A 2D
mixed multiecho SE interleaved with multiecho IR sequence
was used for the measurements [11]. Imaging time parameters
were varied to minimize the standard deviations in relaxation
time calculations: TE=30ms, TR (SE)=500ms, TI=150ms,
and TR (IR)=1,150ms (set 1); TE=50ms, TR (SE)="760ms,
TI=370ms, and TR (IR)=2290ms (set 2). Other MR param-
eters were: FOV=23cm, slice thickness=7 mm, number of
echoes =4.

Results
X-ray Photoelectron Spectroscopy

XPS was used to study the composition and binding
energy of GdyO3-DEG. A wide-scan spectrum of the
Gd;03-DEG(1) nanoparticles spin-coated onto a silicon
substrate is presented in Fig. 1. The most intense photo-
electron binding energy peaks are the ones at 1220 and
1188 ¢V, corresponding to Gd (3d3;2) and Gd (3ds)2),
respectively. The peak positions are consistent with the
energy level for Gd in Gd;Os [12], thus verifying the oxi-
dation state of the sample. The O (1s) peak is found at
532eV. This peak is a sum of three different oxygen-con-
taining compounds, i.e., Gd, O3, the capping DEG mole-

Intensity (a.u.)

O KLL Auger

1200 1000 800 600 400 200 0
Binding energy (eV)

Fig. 1 Wide-scan XPS spectrum of Gd,O3-DEG(1) nanoparticles
spin-coated onto a silicon substrate

cule and the silicon (SiOy) substrate. The two Si (2s) and
Si (2p) binding energy peaks at 151 and 99 eV originate
from the substrate. The film of spin-coated Gd,O3-DEG
was thin in order to minimize charging effects during the
XPS measurements. The prominent peak found at 978 eV
originates from the O (KLL) Auger line. A more detailed
analysis of the coordination geometry of the capping mol-
ecules onto the rare earth nanoparticles is published else-
where [7,13].

Relaxivity measurements

In this study, Gd>O3-DEG nanoparticles induced higher
proton relaxivities compared to Gd-DTPA chelate (Mag-
nevist®). The values of the relaxivity constants, r| and r»,
for Gd,O3-DEG and Gd-DTPA in three different media
[H>O, H,O + buffer, and cell culture medium (RPMI)] are
given in Table 1. It is clearly shown that the relaxivities
due to the nanoparticles were twice that of the chelate for
Gd;03-DEG(1) in H>O solution and almost twice that
for Gd,03-DEG(2) in buffer where in the latter r|(par-
ticle)/ri(chelate) = 1.8, ry(particle)/ ry(chelate)=1.9. In
RPMI the relaxivity differences between particles and
chelate were even more pronounced: ri(particle)/ri(che-
late) =2.6 and 2.7, ry(particle)/ra(chelate) = 3.8 and 3.5
for Gd;03-DEG(1) and GdyO3-DEG(2), respectively.
Both r; and r; for the Gd, O3 particles were substantially
increased when measured in RPMI compared to H,O
or buffer. Relative increases, r;(RPMI)/r;(H,O/buffer),
were 1.4 for both Gd,O3-DEG samples and 2.2 [Gd, 03—
DEG(1)] and 1.9 [Gd,03-DEG(2)] for r; and ry, respec-
tively. This should be compared with the less increased
relaxivity of Gd-DTPA: r;(RPMI)/r;(H;O)=1.1 and 1.2
for r1 and r, respectively.

Table 1 Relaxivity constants (r1, r2) in s~! mM~!, standard devia-
tion (SD), and P-values for Gd-DTPA and Gd,03;-DEG in H,O,
buffer, and cell culture medium (RPMI) measured at 1.5T, 21-23°C

rr SD P rp,  SD P pH

H,O0

Gd-DTPA 47 £0.1 <0.0001 5.3 £0.2 <0.0001 5.4
Gdr,O3-DEG(1) 9.2 £0.3 <0.0001 11.3 +£0.4 <0.0001 6.3-7.2
Buffer

Gd-DTPA 5.6 £0.3 <0.0001 6.2 +£0.3 <0.0001 7.2
Gd,O03-DEG(2) 9.8 £0.5 <0.0001 11.9 +£0.7 <0.0001 7.4
RPMI

Gd-DTPA 5.1 £0.1 <0.0001 6.4 +0.1 <0.0001 7.3
Gdy,O03-DEG(1) 13.2 £0.7 <0.0001 24.6 +2.3 0.0003 7.3
Gd,03-DEG(2) 139 +£0.8 <0.0001 22.3 +£1.9 0.0017 7.3
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Fig. 2 Experimentally measured relaxation rates and corresponding
calculated regression slopes. The concentration is given in mM Gd.
a,b1/7; and 1/ T, for Gd,03-DEG(1) dnd Gd-DTPA in H>O. The
regression shows a goodness of fit of 12 > 0.99 for both 1/7; and
1/T» for both samples. ¢,d 1/77 and 1/ 7> for GdyO3— DEG(Z) and
Gd-DTPA in cell culture medium (RPMI) The regression shows
a goodness of ﬁt of 2 >0.98 (1/T)), 2> 0.97 (1/T>) for Gd,03—
DEG(2), and 12 > 0.99 (1/Ty, 1/T>) for G&-DTPA. ¢, f 1/T; and
b 1/7>, for Gd,03-DEG(2) in cell culture medlum (RPMI) and
buffer The regression shows a §oodness of fit of r2 ,> 0.98 (1/Ty),
r2 > 0.97 (1/75) in RPMI and % > 0.99 (1/T}) and 12 > 0.98 (1/T>)
in buffer

The relaxation rates (1/7) and (1/73) as a function
of Gd,O3-DEG and Gd-DTPA concentration in H>O,
buffer, and cell culture medium are shown in Fig. 2. The
plots of 1/T; vs. Gd concentration show a linear relation-
ship according to:

1 1
T; (observed) - T; (0)

+ri-C, i=1,2, (1)
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where T; (observed) is the relaxation time in the presence
of the contrast agent, 7;(0) is the diamagnetic contribu-
tion to the relaxation time, r; is the relaxivity constant,
i.e., the slope of the line, and C is the Gd concentration.
The 1/T; plots for the H,O samples showed an almost
perfect linear relation with a goodness of fit > > 0.99
for both samples (Fig. 2a,b). Small deviations from the fit
were, however, observed for samples with nanoparticles
in RPMI (Fig. 2¢,d) [r? > 0.98 (1/T1), r* > 0.97 (1/T»)].
The correlation was still high, 2 > 0.99, for Gd&-DTPA in
RPMI. The relaxation rates in the presence of gadolinium
oxide nanoparticles were highly dependent on the solvent
(Fig. 2e,f). Both 1/T} and 1/ T, were significantly higher
in RPMI and buffer compared to H,O, whereas the relax-
ation for Gd-DTPA was essentially indifferent to the type
of media used in this study (data not shown). These results
were also reflected in the relaxivity constants, r; and r»,
as shown in Table 1.

Proton relaxation rates in the presence of Gd,O3—
DEG were found to be pH sensitive as both 1/7 and
1/T» decreased at higher pH (Fig. 3). The concentration
of the solution was found to influence the pH of the H,O
samples, increasing from pH=6.3 at 0.3mM to 7.2 at
1.5mM, possibly due to traces of hydroxide from the syn-
thesis. The measurements in H,O are therefore likely to
be slightly affected by the pH variation (Fig. 2a,b). How-
ever, pH did not vary with concentration for the Gd, 03—
DEG and Gd-DTPA samples in buffer (pH=7.4 and 7.2,
respectively) or in RPMI (pH =7.3).

To estimate the signal intensity for a 7T-weighted
(T1W) sequence, the measured relaxation times were in-
serted into the theoretical expression for a spin echo
sequence:

S(TR, TE) = pe 1B/ T2 (] — ¢~ TR/, Q)
254
11T,
201 11T,
:;:5
< 154 ﬁ
K
= e
< 10- n
2
5 =§:=:
o
0

Fig. 3 pH dependence of relaxation rates (1/7;) in Gd,O3-DEG(1)
H,O samples

0.9

0.8}
0.7
z
@ 0.6F
5
£
T 0.5}
o
n
0.4}
0.3 N B
/! _Gd203 DEG(1)
—— Gd-DTPA
0‘2 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Concentration, mM
0.8 T T T
—_ Gd,0,DEG(2)
07y —— G4DTPA [
0.6 B
=
2 05} B
g
E
g, 04+ B
(7]
0.3 B
0.2F 1
0'1 1 1 1 1 1 1 1
0 0.2 04 0.6 0.8 1 1.2 14 16

Concentration, mM

Fig. 4 Simulated signal intensity for Gd,O3-DEG and Gd-DTPA.
Experimental 1/77 and 1/T, values were inserted in Eq. 2 (p=1,
TR =350 ms, TE =10 ms) and curve fitted with third-degree poly-
nomials: a H>O, b cell culture medium (RPMI). The concentration
is given in mM Gd

Figure 4 shows the simulated intensity curves for
Gd,03-DEG samples compared with Gd-DTPA using
the following parameters: p = 1, TE=10ms, TR =350,ms
and curve fitting with third-degree polynomials. The sig-
nal intensity shows a behavior that is expected for para-
magnetic relaxation agents [14]. According to Eq. 2, there
is a competing effect of 77 and 7> on the signal inten-
sity. That is to say, short 7 increases the signal whereas
short 75 leads to a signal decrease, and a signal peak
occurs at intermediate concentrations. The simulated sig-
nal had higher signal intensity at lower concentrations for
Gdy03-DEG samples compared with Gd-DTPA. The
augmented signal at lower concentrations (<0.7mM)
of nanoparticle solutions were pronounced for measure-
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ments in H,O (Fig. 4a) and RPMI (Fig. 4b). The steep sig-
nal increase at low concentrations can be explained by the
high T relaxivity. At higher concentrations (= 1.0 mM)
the strong 7> effect attenuated the signal in nanoparticle-
containing samples to become lower than in Gd-DTPA
ones. The pronounced 7, shortening effect for Gd,O3
nanoparticles in cell culture medium (Table 1) explains
the fast signal decay in Fig. 4b. For the applied param-
eters in a simulated TIW sequence the Gd;O3;-DEG
samples reached the signal peak at lower concentrations
(£0.7mM) compared with the Gd-DTPA signal that
peaked outside the employed concentration range.

Discussion

In the present study proton 77 and 77 relaxation enhance-
ment by gadolinium oxide nanocrystals was obtained.
It is, to our knowledge, the first time relaxation behav-
ior for such ultrasmall (5 to 10 nm) Gd;Os3 particles are
reported. Our results showed a considerable increase in
relaxivity in the presence of Gd;O3—DEG nanoparticles
compared with Gd-DTPA. Another interesting feature
was the marked T-reducing effect and simulated signal
increase at low concentrations (<0.7mM). The concen-
tration range below 0.6 mM in plasma is most relevant
for clinical use. At the recommended dose of Magne-
vist, 0.1 mmol/kg, the detected plasma concentration of
Gd is 0.6 mM at 3 min after injection and 0.24 mM after
60 min.!

There is an inverse relationship between viscosity and
T1 and T, [15,16]. It has been shown that Gd—-DTPA
relaxivity depends on the macromolecular content of the
solvent [17]. However, the marked increase in relaxation
rates for the Gd>O3 nanoparticles in RPMI can probably
not be attributed only to increased viscosity and mac-
romolecular content. In the study by Stanisz et al. [17],
r1 increases from 4.5 s~!mM~! for Gd-DTPA in pure
saline to 5.2s~' mM~! in 10% skim milk solution. These
results correspond well with the values for Gd-DTPA
in H,O and RPMI with 10% FCS in the present study
(Table 1). However, the increase of r| and r, for Gd,O3—
DEG is more prominent than for Gd-DTPA when go-
ing from an aqueous solution to RPMI. Studies have
shown that macromolecular binding increases rotational
correlation time, resulting in an increased relaxivity [18].
We are now investigating whether binding of, e.g., pep-
tides and proteins from the cell culture medium to the

I www.fass.se, the official Swedish pharmacological information

portal.

nanoparticles is responsible for the increased relaxivity
observed in the present study.

The pH dependency was investigated in this study
since proton relaxivity of Gd chelates can be sensitive
to pH. It has been shown that prototropic exchange is
enhanced at higher pH and in buffered solutions, lead-
ing to increased relaxivity [19,20]. Gd chelates can also
be designed to give essentially constant rq in acidic solu-
tions with a marked change in the relaxivity curve at neu-
tral pH toward lower values in basic solutions [21,22]. In
those cases, it has been suggested, displacement of coor-
dinated water molecules by formation of complexes with
ions present in the aqueous solution is responsible for the
r1 decrease at high pH. The stability of nanocrystalline
Gd;03 is, of course, strongly dependent on pH. Even at
neutral pH the long-term stability of the particles is lim-
ited, implying that a considerable fraction of the material
will be present as Gd** ions. The issue will be dealt with
in detail in a forthcoming article by us.

Before considering Gd-containing nanoparticles for
clinical use, the issue of particle stability and toxicity obvi-
ously must be clarified. Free Gd3* ions are regarded as
toxic. This is a main reason why Gd-based contrast agents
must be chelated by a stable ligand, e.g., DTPA or incor-
porated into scaffolds such as liposomes, dendrimers,
or other types of polymeric structures [23]. Toxicity for
Gd-containing complexes is increased if transmetallation
with, e.g., Zn** and Ca?* occurs, leading to Gd3* release
[24]. Another consideration regarding medical applica-
tion of nanocrystals is the issue of particle agglomera-
tion. Noncoated nanoparticles tend to aggregate due to
attractive electrostatic forces [25]. Molecular coating of
the nanoparticles brings about both increased colloidal
stabilty, i.e., less agglomeration, and a suitable surface
for biofunctionalization [26]. Lebbou et al. found that
Eu’t doped Gd,Oj3 solutions are stable for months pre-
pared by the polyol route from gadolinium chloride [27].
However, submicrometric agglomerates are formed when
starting from rare earth nitrates.

In conclusion, in this study it was shown that when
using Gd;O3-DEG nanocrystals as contrast agent at
least doubled relaxivity can be obtained compared with
Gd-DTPA. The high T} relaxation rate at low Gd con-
centrations (<0.7mM) in Gd;O3—DEG nanoparticles
solutions is promising for contrast enhancement at low
doses.
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