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Magnetic resonance imaging (MRI) is a powerful noninvasive
medical diagnostic technique that can differentiate normal tissue
from diseased tissue and lesions. An MR image is generated from
the nuclear magnetic resonance (NMR) of water protons and the
observed contrast essentially depends on the following factors: the
water proton density, the longitudinal relaxation time (T1), and the
transverse relaxation time (T2) of these protons.1 To increase the
contrast in the image, contrast agents (CAs) such as gadolinium
(Gd3+) complexes having a high longitudinal relaxivityr1 and
superparamagnetic iron oxide (SPIO) particles having a high
transverse relaxivityr2, are used.1,2 The relaxivity r is defined as
the ratio of the inverse relaxation time and the concentration of
the CAs.3 It is often reported as the parameterr2/r1 that gives an
indication as to whether CAs are employed as positive or negative
CAs. For paramagnetic (but not superparamagnetic) CAs, ther2/r1

values become relatively low. When reaching numbers below about
2, brightening is observed in theT1-weighted images, and thus such
CAs are called positive CAs.4,5

SPIOs efficiently accumulate in the liver and spleen within
minutes of their administration.6 Furthermore, tumors7 and athero-
sclerotic lesions,8 which cause thrombus formation,9 with a
substantial number of phagocytic cells and/or a significant blood
pool may show sufficient uptake of SPIOs that results in a signal
decrease of these lesions onT2-weighted sequences.7,8 Recently,
various nanoparticles were developed relying on a concept applied
for drug delivery systems (DDS) using the ability of phagocytosis
and the enhanced permeability and retention (EPR) effect.10 This
effect can be applied to tumor tissues, which have unique features
such a hypervasculature, defective vascular architecture, and a
deficient lymphatic drainage system, resulting in macromolecular
nanoparticles and lipids to preferentially accumulate and to retain
in the tumor tissue. Therefore, nanoparticles are an attractive form
of CAs for diagnostic imaging.

Most existing nanoparticulate CAs, however, are based on iron
oxides. Because of their superparamagnetic character, they have
high r2/r1 values, making them negative CAs. Meanwhile, some
nanoparticulate CAs having relatively lowr2/r1 values have been
reported (Table 1), for example, ultrasmall superparamagnetic iron
oxides (USPIO) prepared from ferumoxides (Advanced Magnetics,
Cambridge, MA),11 small particulate gadolinium oxides (SPGO),12

Gd(BDC)1.5(H2O)2 nanorods (BDC is 1,4-benzendicarboxylate),13

and GdF3 nanoparticles.14 The GdF3 particles haver2/r1 values
similar to those of Magnevist (gadolinium-diethylenetriaminepen-
taacetic acid).15 The Gd(BDC)1.5(H2O)2 nanorods have a paramag-
netic character; however, they require xanthan gum as a dispersing
aid in water. Thus, CAs, which have nanoparticulate shapes, lower
r2/r1 values, and monodispersibility in water, are desired and may

offer a higher signal-to-noise ratio and a better anatomic resolution
in T1-weighted images.16

To create such CAs, we introduced three concepts for a newly
synthesized CA: (1) nanoparticulate structure resulting in charac-
teristic pharmacokinetics,6-8 (2) paramagnetic properties producing
a low r2/r1 value for use as a positive CA and thus better contrast
for diagnosis,16 and (3) a particle coating in order to gain
monodispersibility in water, retention of water molecules in
proximity of the paramagnetic core giving a high relaxivity and
toxicity reduction.17

We synthesized inorganic-organic hybrid nanoparticles from a
suspension of gadolinium(III) nitrate hexahydrate, ammonium
hydrogen-phosphate, dextran, and water with an initial pH of 12.5
using a well-known hydrothermal synthesis method.18 The particles
were isolated by centrifugation and washed with distilled water. It
was found that the material formed a rodlike shape, consisting of
GdPO4 as a core and dextran as a coating material, and had
paramagnetic character. A dextran-coating was selected, because
of its known high biocompatibility, which is required for in vivo
applications.17 Whereas hydrothermally synthesized materials with-
out a coating generally form agglutinates in water, this dextran
coated paramagnetic gadolinium phosphate (PGP/dextran-K01)
resulted in monodisperse nanoparticles with an average hydrody-
namic diameter of 23.2( 7.8 nm (Supporting Information). To
confirm the composition and the crystallinity of the materials
synthesized in the presence and in the absence of dextran, a powder
X-ray diffraction (XRD) analysis was performed (Supporting
Information). The XRD patterns of these materials were consistent
with GdPO4 in the hydrated form. Transmission electron microscopy
(TEM) images of the PGP/dextran-K01 showed that it formed a
rodlike shape of uniform size, and the mean particle diameter was
about a 20-30 nm in the major axis and about a 6-15 nm in the
minor axis (Figure 1). A high-resolution TEM image of this nanorod
also exhibited lattice fringes and indicated a high crystallinity.
Furthermore, the coating material, dextran, was directly observed
with a thickness of less than 5 nm under the condition of a 120 kV
accelerating voltage. The existence and the identification of dextran
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Table 1. Chemical and Physical Properties of Various CAs

CA composition
r1

(mM-1s-1)

r2

(mM-1s-1) r2/r1

Magnevist Gd 3.8 4.2 1.1b

Resovist Fe2O3 + Fe3O4 25.4 151.0 5.9b

Gd(BDC)1.5(H2O)2 Gd 35.8 55.6 1.6c

USPIOa Fe2O3 21.6 44.1 2.0b

SPGO Gd2O3 4.8 16.9 3.5d

PGP/dextran-K01 GdPO4 13.9 15.0 1.1b

a USPIO was prepared from ferumoxides.b The relaxivity data were
measured at 0.47 T.c The relaxivity data were measured at 3.0 T containing
0.1% xanthan gum.d The relaxivity data were measured at 7.05 T.
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was also confirmed using Fourier transform infrared (FTIR)
spectroscopy showing peaks characteristic of dextran around 3400
cm-1, 2950-2850 cm-1, 1156 cm-1, and 1013 cm-1 corresponding
to the O-H, the C-H, the antisymmetrical C-O-C, and the C-O
stretching vibrations, respectively (Supporting Information). Al-
though the hydrothermal synthesis method applied here has
previously been used especially for the preparation of metal oxides
for ceramics and optical materials, PGP/dextran-K01 is the first
material that has a gadolinium phosphate core and a dextran coating
resulting in stable monodispersed particles in water.

To estimate ther2/r1 value of PGP/dextran-K01, relaxivity data
were obtained from clear dispersions of PGP/dextran-K01 in water.
These showed highr1 andr2 values of 13.9 and 15.0 s-1 per mM
of Gd3+, respectively, and thus 1.1 as ther2/r1 value (Table 1 and
Supporting Information), indicating that PGP/dextran-K01 is a
paramagnetic material. The paramagnetic character is also supported
by the result of a SQUID measurement (Supporting Information).
This low r2/r1 value has a significant advantage for its use as a
positive CA.5,16

Figure 2 shows the MR images of solutions of various PGP/
dextran-K01 concentrations as well as the present clinically used
positive CA Magnevist and the negative CA Resovist as a
reference.15,19TheT1-weighted images of PGP/dextran-K01 gradu-
ally become brighter with higher concentrations analogous to
Magnevist. On the contrary, the images using Resovist become
darker with higher concentrations in theT2-weighted images,
whereas those obtained with PGP/dextran-K01 show little darkening
with increasing concentration, as is the case for Magnevist. These
results agree with the relaxivity data indicating that PGP/dextran-
K01 has a significantly lowr2/r1 value and thus functions as a
positive CA.

In vivo toxicity studies have not yet been performed. However,
no significant leaching of Gd3+ from the nanoparticles has been
observed in aqueous solution (Supporting Information).

In conclusion, we have developed and succeeded in synthesizing
a dextran-coated GdPO4 nanoparticle using a hydrothermal synthesis

method in the simultaneous presence of dextran. PGP/dextran-K01
has monodispersibility in water and a significantly lowr2/r1 value
and therefore, may be a useful substitute for nanoparticulate negative
CAs based on iron oxides. Therefore, a diagnostic alternative for
MRI could become available, and the diagnostic accuracy and ease-
of-use may be improved in the fields of imaging tumors, athero-
sclerotic lesions, the lymphatic system, and others, as well as in
MR angiography (MRA).5 The next step in this investigation is to
vary the thickness of the dextran coating to attempt to optimize
the relaxivity. Finally, the application for detection of in vivo lesions
will be addressed.
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Figure 1. TEM images of GdPO4 particles without (left) and with (right,
PGP/dextran-K01) the dextran coating. (The arrow in the right picture
indicates the dextran coating material.)

Figure 2. T1-weighted (left) andT2-weighted (right) MR images of various
concentrations of CAs and water. First row: Magnevist (from the left) 5.0,
1.0, 0.5, 0.1, 0.01 mM. Second row: PGP/dextran-K01 (from the left) 2.2,
1.1, 0.5, 0.2, 0.04 mM of Gd3+. Third row: Resovist (from the left) 5.0,
1.0, 0.5, 0.1, 0.01 mM of Fe3+. Fourth row: water.
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