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N
on-invasive magnetic resonance
imaging (MRI), which does not harm
the body, provides anatomical de-

tails for diagnosis and offers a highly re-
solved contrast between the specific tissues
or organs of interest and their surrounding
tissue. In the past decade, significant efforts
in synthesizing nanosized particles has led
to increased recognition of nanoparticles as
potent MRI contrast agents because of their
diverse sizes, shapes, and surface character-
istics. The particle size, structure, composi-
tion, and crystallinity as well as surface
chemistry all strongly affect relaxivity and
contrast performance.1�7 The chelate com-
plexes and inorganic nanoparticles contain-
ing gadolinium (Gd) ions, with their high
electron spin, contribute the observable r1
(longitudinal relaxivity) contrast. Because of
the dephasing of the water proton mag-
netic moments from the magnetic field
gradient created by magnetized particles,
magnetic nanoparticles have a greater ef-
fect on r2 (transverse relaxivity) contrast. It is
known that Fe3O4 (magnetite) nanoparti-
cles are relatively friendly to the biological
system, and they have been common mag-
netic materials in numerous biomedical ap-
plications. Unfortunately, because of their
oxidized states, Fe3O4 nanoparticles have
less saturation magnetization (Ms) than do
other magnetic nanoparticles, which results
in their having a limited effect on r2 relax-
ivity. As a consequence, using nanomaterials
with higher magnetization, such as bime-
tallic ferrite nanoparticles (e.g., MnFe2O4

and CoFe2O4), has been an alternative.8

Zn2þ dopant to increase the magnetization
of Mn�Fe�O ferrite nanoparticles has also

been developed.9 However, additional tran-
sition metal ions other than iron as a con-
trast agent have always been a concern
because of their deleterious effects on
physiology.
In developing high molecular weight

contrast agents, the dimeric Gd3þ com-
plexes containing two paramagnetic centers
in the structures, [pip{Gd(DO3A)(H2O)}2] and
[bisoxa{Gd(DO3A)(H2O)}2], exhibit intermo-
lecular and intramolecular dipole�dipole
interactions between two Gd3þ ions, which
contributes to the transverse electronic re-
laxation rate.9 We have postulated that the
confined geometry of a nanoscale architec-
ture like a mesoporous structure will encap-
sulate Gd ions, affecting the transversal
relaxation rate. In this study, we show that
building a mesoporous shell over a magne-
tite particle surface with Gd3þ ions immo-
bilized inside the confined channels signi-
ficantly increased the r2 relaxivity of Fe3O4

nanoparticles. In the present study, highly
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ABSTRACT A new magnetic nanoparticle was synthesized in the form of Gd3þ-chelated

Fe3O4@SiO2. The Fe3O4 nanoparticle was octahedron-structured, was highly magnetic (∼94 emu/g),

and was the core of an encapsulating mesoporous silica shell. DOTA-NHS molecules were anchored to

the interior channels of the porous silica to chelate Gd3þ ions. Because there were Gd3þ ions within

the silica shell, the transverse relaxivity increased 7-fold from 97 s�1 mM�1 of Fe3O4 to 681

s�1 mM�1 of Gd3þ-chelated Fe3O4@SiO2 nanoparticles with r2/r1 = 486. The large transversal

relaxivity of the Gd3þ-chelated Fe3O4@SiO2 nanoparticles had an effective magnetic resonance

imaging effect and clearly imaged lymph nodes. Physiological studies of liver, spleen, kidney, and

lung tissue in mice infused with these new nanoparticles showed no damage and no cytotoxicity in

Kupffer cells, which indicated that Gd3þ-chelated Fe3O4@SiO2 nanoparticles are biocompatible.
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magnetic (94 emu/g) truncated octahedral iron oxide
nanoparticles were synthesized and then subjected to
sol�gel hydrolysis condensation, which yielded meso-
porous silica-shelled Fe3O4 nanoparticles. A new type
of T2 contrast agent, Gd

3þ-chelated Fe3O4@SiO2 nano-
particles, was formed using Gd3þ DOTA chelate an-
chored inside the pore channels of the mesoporous
shells. The Gd3þ-chelated Fe3O4@SiO2 nanoparticles
displayed a boost increase in transverse relaxivity. The
r2 relaxivities increased from 97 s�1 mM�1 of Fe3O4

to 681 s�1 mM�1 of Gd3þ-chelated Fe3O4@SiO2 with
r2/r1 = 486, which indicated that this is a promising
candidate for a T2 contrast agent. To our knowledge,
both the r2 and r2/r1 values are likely the highest values
among the reported free-standing Fe3O4 nanocontrast
agents. Usually, synthetic Fe3O4 nanoparticles display
transversal relaxivity below 200 s�1 mM�1. Hyeon
et al.10 and Cheon et al.3 have reported Fe3O4 nano-
particles with 245 s�1 mM�1 r2 and 72 r2/r1 at 1.5 T and
276 s�1 mM�1 r2 at 4.7 T, respectively. Very recently,
dendronized Fe3O4 nanoparticles were synthesized
and exhibited a high r2 of 349 s�1 mM�1 with a 44.8
r2/r1 ratio at 1.5 T.11 As examined at 7 T, the same
dendronizedmagnetites showed an increase of r2/r1 to
317 but a decreased r2 (266 s�1 mM�1). Copolymer-
modified Fe3O4 nanoparticles reached an r2 of 385 (
39 s�1mM�1.12 In addition, no published studies report
creating an effective contrast agent by combining the
two types with Gd ions and iron oxide nanoparticles.
Either a chelating strategy with Gd ions labeled on the
surface of iron oxide nanoparticles13 or a doping
method with Gd substitutions in magnetite particles14

leads to apparently decreased relaxivities, which re-
sults in a longer transverse relaxation time (T2). The
effectiveness of Gd3þ-chelated Fe3O4@SiO2 nanopar-
ticles as a contrast agent was also evaluated in vivo for
MR images of the liver, kidneys, spleen, and lymph
nodes. The detection of lymph nodes shows that Gd3þ-
chelated Fe3O4@SiO2 nanoparticles are potent T2 con-
trast agents in the diagnosis of metastatic lymph
nodes. The physiological effects of the administered
nanoparticles inmicewere evaluated by observingAST
and ALT levels, indicators of an injured or inflamed
liver, and also by observing the status of Kupffer cells.

RESULTS AND DISCUSSION

In a typical synthesis process, magnetite nanoparti-
cles were prepared using a thermal decomposition
reaction of iron acetylacetonate, Fe(acac)3, plus oleic
acid and trioctylamine. Figure 1a shows a high-resolu-
tion synchrotron X-ray powder diffraction (λ = 0.49594
Å) of as-obtained iron oxide nanoparticles with the
diffraction peaks of the crystalline cubic inverse spinel
of bulk Fe3O4 (JPCDS No. 19-0629). It is known that
Fe3O4 (magnetite) and γ-Fe2O3 (maghemite) have
close diffraction patterns. No peaks were observed at
7.6 and 8.3�, which correspond to the reflection peaks

(210) and (211), respectively, which are γ-Fe2O3 char-
acteristic reflections that represent partial ordering of
the vacancies.15,16 Themeasurements of Raman-active
modes have been reliable for differentiating iron oxide
phases. Magnetite exhibits a strong band at approxi-
mately 670 cm�1, assigned as the A1g mode, accom-
paniedwith aweak transition near 540 cm�1 due to the
T2g mode. In contrast, maghemite has three character-
istic bands of 720, 500, and 350 cm�1, which represent
the A1, E, and T1 modes, respectively. The particles
displayed a strong band located at 665 cm�1 and a very
weak transition centered at around 530 nm (Figure 1b).
Rietveld refinement, which was used to calculate
the unit cell dimension, indicated that there was no
γ-Fe2O3 in the magnetite samples (Table S1 in Sup-
porting Information). We were able to calculate the
lattice constants using a unit cell dimension of
8.38921(8) Å.
A TEM image (Figure 1c) reveals Fe3O4 nanoparticles

with an edge length of ∼22 nm. High-resolution TEM
provides structural information on Fe3O4 nanoparticles
(Figure S1 in Supporting Information). The representa-
tive magnetites exhibited a truncated rhombohedra
shape consisting of eight {111} and six {001} faces in
the [110] projection. In contrast, the projected shape
revealed as a truncated square was taken from the
zone axis [001]. These results show that the nanopar-
ticles had the shape of a truncated octahedron. Nota-
bly, the (110) reflection of R-Fe appeared in the
magnetite. Rietveld refinement showed that the
Fe3O4 particles contained 7.51% R-Fe (Figure 1a and
Table S1). An electron diffraction pattern of a single

Figure 1. (a) XRD spectrum using a high-resolution syn-
chrotron X-ray (λ = 0.49594 Å) source, (b) Raman spectrum,
(c) TEM image, and (d) ZFC�FC curve for Fe3O4 nanoparti-
cles. (e) TEM image for Fe3O4@SiO2 nanoparticles.
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[001]-oriented nanoparticle provided more detailed
information on the composition of Fe3O4 nanoparti-
cles: it showed both magnetite and metallic Fe diffrac-
tion spots (Figure S1c). In addition, we did a fast Fourier
transform (FFT) analysis on [001]-oriented 22 nm sized
nanoparticles; this yielded reconstructed FFT spot
patterns (Figure S1d). The reconstructed images fil-
tered from Fe3O4 and Fe reflection spots showed
metallic Fe embedded in magnetite nanoparticles
(Figure S1e�f). Figure 1d shows the zero-field cooling
(ZFC) and field cooling (FC) magnetization measure-
ments (M�T curves) at 100 Oe. A sharp feature ap-
peared at 120 K, corresponding to the signature of the
Verwey transition temperature (TV), an indicator of
chemical purity in magnetite. The Fe vacancies on
the octahedral sites of magnetite have a specific func-
tion for the Verwey transition.17,18 This, the Fe3þ/Fe2þ

ratio on the octahedral sites, affects magnetic behavior
and the profile of the Verwey transition. The Verwey
temperature decreases as cation vacancies increase.
Any modification of stoichiometry may suppress the
Verwey transition. Thus, our synthesis of 22 nm sized
Fe3O4 nanoparticles can be viewed with satisfactory
stoichiometry in the formation of magnetite. It should
be mentioned that the appearance of the Verwey
transition remained unchanged for the resulting Fe3O4

nanoparticles after they had been stored in the dark for
more than 4 months. The magnetization of Fe3O4

nanoparticles at 300 K exhibited a visible hysteresis,
which suggested ferromagnetismwith remanentmag-
netization (Mr) of 5.1 emu/g and coercivity (Hc) of 63 Oe
(Figure S2 in Supporting Information). The saturation
magnetization (Ms) was up to 94 emu/g (137.6 emu/
g[Fe]), which is comparable to that of bulk magnetite
(92 emu/g).
The high magnetization of Fe3O4 nanoparticles is

probably attributable to the embedded Fe. Metallic
iron might have formed inside 22 nm sized magnetite
because it uses unsaturated (double bond) precursors
(e.g., oleic acid and Fe(acac)3) or because of free radical
formation in our high-temperature thermo-decompo-
sition synthesis. Compounds with double bonds act as
reducing agents at high temperature,19 which reduces
Fe3þ to Fe0. A reaction-time dependence analysis of
Fe3O4 formation was done for the decomposition of
FeIII(acac)3 at 305 �C (Figure S3 in Supporting Infor-
mation). Interestingly, the FeO crystal appeared in the
early reaction stage (2 min) as well as in the magnetite
phase. As reaction time prolonged to 10 min, the FeO
structure diminished, and the (110) reflection peak of
metal Fe0 appeared, which implied that high-tempera-
ture annealing in the inner atmosphere induced the
conversion of FeO crystallites into Fe0 and magnetite.
TEM images (Figure S3a) showed that the particle size
decreased to 32 nm (2min), 28 nm (10min), and 22 nm
(30 min) as the reaction time increased, while the
Ms (Figure S3b) increased from 81 emu/g for 32 nm

(2min), to 86 emu/g for 28 nm (10min), and to 94 emu/
g for 22 nm (30 min). The increase of Ms value with
reaction time is likely attributable to the generation of
metallic Fe. Hysteresis occurred in the 32 nm (2 min)
and 28 nm (10 min) products, which indicated ferro-
magnetism, from the M�H measurements (300 K).
The as-preparedmagnetic nanoparticles were capped

with oleic acids and dispersed in toluene and hexane.
Oleic-acid-capped magnetite was surface-modified
with CTAB surfactants so that it would solubilize in
H2O. For CTAB surfactant coating, the van der Waals
interactions between the hydrophobic chains in oleic
acid and CTAB led to water-soluble magnetic nano-
particles with hydrophilic charged head groups of
CTAB outward giving Fe3O4@CTAB nanoparticles with
þ43.2 mV surface charges. Subsequently, the Fe3O4@
CTAB nanoparticles were further accessed using hy-
drolysis condensation of the TEOS molecules forming
the mesoporous silica shell around the nanoparticles.
The TEOS condensation reaction was done in the basic
solutionwith NaOH andCTAB added. CTABmicelle was
the organic template that interacted with the silicate
polyanion product from the base-catalyzed hydrolysis
of TEOS; this allowed the assembly of silicate polyan-
ions and CTAB surfactants to form a mesoporous silica
shell on the Fe3O4 nanoparticle surface.20�22 A similar
strategy has been used to prepare Au rod@mesopor-
ous silica21 and carbon nanotube@mesoporous silica22

nanocomposites. The Fe3O4@SiO2 nanoparticles
(Figure 1e) were composed of 18 nm thick silica shells
with pores in the range of 2�4 nm measured from
high-magnification TEM images (Figure S4). FTIR anal-
ysis characterized the Fe3O4@SiO2 nanoparticles by
showing silica-related vibration bands (Figure S5a).
We followed a reported APTES/ethanol extraction
methodbyaddingAPTES to remove theCTABsurfactants;
ethanol helped to dissolve the CTAB surfactants.23�25

FT-IR measurement indicated the disappearance of
vibration peaks (3000�2800 cm�1) associated with
CTAB surfactants (Figure S5b). APTES molecules ac-
cessed the interior surface of the pore channels and
reacted with silanol groups of mesoporous silica walls.
The APTES-treated Fe3O4@SiO2 nanoparticles were
then conjugated with DOTA-NHS molecules via amide
bonds. It should be noted that FT-IR analysis also
indicated that DOTA had attached to the surface
of APTES-treated Fe3O4@SiO2 nanoparticles, as well
(Figure S5c). The small shoulder at ∼1730 cm�1

(carboxylic acid group) and signals at 1530�1340 cm�1

(ionized carboxyl group) originated from DOTA. The
same surface modification strategy allowed us to pre-
pare DOTA-functionalized silica nanotubes in our pre-
vious work.26 The DOTA molecules render high affinity
to chelated Gd3þ ions inside the mesoporous silica
channels, yielding Gd3þ-chelated Fe3O4@SiO2 nano-
particles. The amine-functionalized silanes acted as
a linker to form amide bonds with the Gd-chelated
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complex on one side, while the siloxane linkedwith the
interior surface of the silica on the other side. Although
Gd3þ chelating on the outmost surface of mesoporous
SiO2 nanoshells cannot be excluded because of the
DOTA conjugated on the surface, previous studies27�29

have succeeded in grafting Gd chelates inside meso-
porous pores. Further performance in small-angle
X-ray scattering (SAXS) measurements discussed later
provides the evidence of Gd3þ ions immobilized inside
the pores. High-magnification TEM images of Gd3þ-
chelated Fe3O4@SiO2 nanoparticles (Figure S6) show
the same morphology as those of Fe3O4@SiO2 nano-
particles. The Gd3þ-chelated Fe3O4@SiO2 nanoparti-
cles have a positive surface charge of þ17.4 mV. XPS
analysis (Figure S7) shows a broad band in the range of
135�140 eV corresponding to Gd4d,

30 which indicates
the presence of Gd3þ ions in DOTA-functionalized
Fe3O4@SiO2 comparedwith Fe3O4@SiO2 nanoparticles.
No detection of an Fe signal is consistent with core�
shell nanostructures. The Si 2p appeared at around
103�105 eV for both Gd3þ-chelated Fe3O4@SiO2 and
Fe3O4@SiO2 samples.
The specific surface area (BET plot) of Fe3O4@SiO2

nanoparticles treatedwith APTESwas larger at 200m2/g
than that of the Fe3O4@SiO2 nanoparticles not
treated with APTES (130 m2/g) (Figure 2a). However,
the surface area of Gd3þ-chelated Fe3O4@SiO2 nano-
composites was reduced to 186 m2/g after the incor-
poration of Gd3þ. BJH analysis (Figure S8) shows pore
size distributions for Fe3O4@SiO2, APTES-treated Fe3O4@
SiO2, and Gd3þ-chelated Fe3O4@SiO2 nanoparticles.
Fe3O4@SiO2 with an average pore volume of 0.44 cm3/g

exhibits disorder and inhomogeneous pore sizes in the
range of 2 to 8 nm. When the Fe3O4@SiO2 nanoparti-
cles were treated with APTES to remove CTAB surfac-
tants, the small pore size contribution (<3 nm) increased,
and the pore volume expanded to 0.53 cm3/g. The
overall pore volume was lower (0.46 cm3/g) in Gd3þ-
chelated Fe3O4@SiO2 nanoparticles. HAADF STEM
images combined with EDS analysis in the spot-
capture mode in four different positions of a single
particle were used to characterize Fe and Gd compo-
sitions (Figure 2b�e). This clearly indicated that an Fe
signal appeared in the core (location 2) and that Gd
was included in the silica shell (locations 1, 3, and 4).
The average molar ratio of Gd/Fe was ∼0.03, which
corresponds to 7.8 wt % Gd in Fe þ Gd, with ∼4875
Gd3þ ions in a single Fe3O4@SiO2 nanoparticle based on
ICP-AES measurements. The magnetization of Fe3O4@
SiO2, and Gd3þ-chelated Fe3O4@SiO2 nanoparticles at
300Kexhibited visible hysteresis,which suggested ferro-
magnetism: Mr = 26.6 emu/g[Fe] and Hc = 87.3 Oe for
Fe3O4@SiO2, and Mr = 18.2 emu/g[Fe] and Hc = 68.2 Oe
for Gd3þ-chelated Fe3O4@SiO2 (Figure S9). The satura-
tion magnetizations (Ms) of Fe3O4@SiO2 and Gd3þ-
chelated Fe3O4@SiO2 nanoparticles were 129 emu/
g[Fe] (54 emu/g) and 122 emu/g[Fe] (51 emu/g), respec-
tively. Leaching experiments were done to study the
stability of Gd3þ-chelated Fe3O4@SiO2 nanoparticles. A
small amount (∼1.8%) of the Gd3þ ions was leached
from nanoparticles (∼4875 of Gd3þ ions per Fe3O4@
SiO2 nanoparticle) in phosphate buffered saline solu-
tion after they had been incubated for 7 days. After
they had been stored for 4 months, Gd3þ-chelated

Figure 2. (a) BET analysis for Fe3O4@SiO2, APTES-treated Fe3O4@SiO2, and Gd3þ-chelated Fe3O4@SiO2 nanoparticles. (b�e)
HAADF STEM (high angle annular dark field scanning transmission electron microscopy) image of a single Gd3þ-chelated
Fe3O4@SiO2 nanoparticle. EDS analysis in the spot-capture mode was performed in four different positions (marked as / and
labeled 1�4) of the particle using an electron beam 2 nm in diameter.
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Fe3O4@SiO2 nanoparticles remained well-dispersed in
water and exhibited no change of morphology or
particle size.
Figure 3a shows the small-angle X-ray scattering

(SAXS) data measured for the water solutions contain-
ing Fe3O4@SiO2 nanoparticles (after APTES treatment)
and shows that the Gd3þ-chelated Fe3O4@SiO2 nano-
particles infiltrated the pores of the SiO2 shell. With a
15 keV (wavelength λ = 0.827 Å) beam and a sample-
to-detector distance of 1820 cm, SAXS data analysis
was done at the BL23A SWAXS end station of the
National Synchrotron Radiation Research Center,
Taiwan.31 With Gd3þ ions adsorbed into the pores of
the SiO2 shell, giving it increased electron density, the
Gd3þ-chelated Fe3O4@SiO2 nanoparticles exhibit a
stronger scattering, especially in the lower Q region
(<0.1 Å�1) dominated by the global core�shell struc-
ture. Here, the scattered wave vector Q is defined by

4πλ�1sin θ (with 2θ as the scattering angle). In the
higherQ region, >0.12 Å�1, the scattering is dominated
by small nanopores or is filled with Gd3þ ions. A model
of polydispersed core�shell spheres for the large
Fe3O4@SiO2 nanoparticles, together with an ellipsoid
model for small nanopores in the SiO2 shell,

32
fits the

data well (Figure 3a). The fitted parameters include the
Fe3O4 core diameter of 21 ( 1 nm and the SiO2 shell
thickness of 13.6 ( 1 nm, together with a common
polydispersity of 40% in core and shell sizes. The
nanopores (which were filled with Gd3þ ions) were
fitted using an approximate shape of oblate ellipsoids
of 2 and 5 nm in the major andminor axis directions of
the ellipsoids. The structural parameters obtained from
the SAXS analysis are consistent with those observed
using the corresponding TEM images and BJH analysis.
For comparison, without nanopores in the SiO2 shell,
well-overlapped SAXS profiles for the Fe3O4@SiO2

nanoparticles (CTAB surfactants had not been re-
moved: “without nanpores”) in a pure water solution
and a similar solution with Gd3þ ions (Figure 3b) indi-
cate no Gd3þ adsorption to the nanoparticles with no
nanopores because there was CTAB inside the pores
preventing the Gd3þ from entering. “Fe3O4@SiO2 (with-
out nanopores) þ Gd3þ” indicates that Fe3O4@SiO2

nanoparticles with CTAB surfactants were physically
mixed with Gd3þ ions using GdCl3.
To access the relaxation rate and MR imaging con-

trast effect, Fe3O4@CTAB, APTES-treated Fe3O4@SiO2,
Gd3þ-chelated Fe3O4@SiO2, and commercial Resovist
nanocontrast agents using different Fe ion concentra-
tions in 0.5% agarose gel were evaluated in a 3T MRI
system.1 The T2-weighted images substantially dark-
ened as the concentrations of Fe ions increased for
all iron oxide agents. The transverse relaxation rates
(1/T2) were evaluated, giving r2 relaxivity coefficients of
97 s�1 mM�1 (Fe3O4@CTAB), 211.8 s�1 mM�1 (APTES-
treated Fe3O4@SiO2), 681 s�1 mM�1 (Gd3þ-chelated
Fe3O4@SiO2), and 91 s�1 mM�1 (Resovist). Interest-
ingly, the r2 value increased 7-fold from Fe3O4@
CTAB to Gd3þ-chelated Fe3O4@SiO2. In contrast, the
r1 relaxivity was not apparently affected, giving ∼0.9
and ∼1.4 s�1 mM�1 for Fe3O4@CTAB and Gd3þ-che-
lated Fe3O4@SiO2, respectively (Figure S10). Although
the detailed mechanisms involved in the increased
transverse relaxivity are not clear at this stage, we
hypothesize that the boost in transversal relaxivity is
attributable to the contribution of geometrical con-
finement effect, dipolar interaction between neighbor-
ing Gd3þ�Gd3þ ions, and Curie spin relaxation. As
evidenced in the case of APTES-treated Fe3O4@SiO2,
the r2 values increased from 97 (Fe3O4@CTAB) to
211.8 s�1 mM�1 after the deposition of the mesopor-
ous silica shell on the surface of Fe3O4. The confined
characteristics of themesoporous shell could have had
an important effect on the relaxation rate. The large
surface area of the porous shell confined the water

Figure 3. (a) SAXS data for the Fe3O4@SiO2 nanoparticles
with nanopores and that, with Gd3þ ions, filled in the
nanopores of the SiO2 shell. Data for Gd3þ-chelated
Fe3O4@SiO2 nanoparticles are fitted with a model of poly-
dispersed core�shell spheres (dashed curve) of large sizes
and small ellipsoid-like nanopores. (b) Overlapped SAXS
profiles for the Fe3O4@SiO2 nanoparticles without nano-
pores in a pure water solution and in a similar solution but
with Gd3þ ions.
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molecules inside the interior channels. The confined
space limited the exchange rate between water inside
the silica channels and the bulk water. It has been
demonstrated that the formation of a second coordi-
nation shell, involving hydrogen bonding between
water and polar groups of Gd3þ chelates, provided
an outer sphere contribution that caused a strong
increase in relaxivity.33 Like the Gd3þ complexes, the
trapped water inside the silica pores may result in
reduced mobility of the hydration layer that contri-
butes relaxivity. The additional mechanism might in-
volve the dipolar interaction between Gd3þ ions with
the facilitation-of-confinement characteristic. In the
development of high molecular weight contrast agents,
dimeric Gd3þ complexes containing two paramagnetic
centers in the structures, [pip{Gd(DO3A)(H2O)}2] and
[bisoxa{Gd(DO3A)(H2O)}2], have been observed to
exhibit intermolecular and intramolecular dipole�
dipole interactions between two Gd3þ ions that con-
tribute to the transverse electronic relaxation rate.9 The
r2 relaxivity of the Gd3þ-chelated Fe3O4@SiO2 nano-
particles increased to three times that of Fe3O4@SiO2.
We estimated that there were ∼4875 Gd3þ ions in the
mesoporous shell of a single Fe3O4 nanoparticle. A
considerable number of Gd3þ ions were immobilized
in the interior of the pore channels. It is possible that
the dipole�dipole coupling of the neighboring Gd3þ�
Gd3þ ions interacting with each other generated in-
creased transverse electronic relaxation. Reducing the

amount of chelated Gd3þ in Gd3þ-chelated Fe3O4@
SiO2 nanoparticles induced a decrease in r2 values of
384 s�1mM�1 (Gd/Fe∼0.02) and 275 s�1mM�1 (Gd/Fe
∼0.01) (Figure S11 in Supporting Information). Last, but
not least, preliminary examinations of T1 and T2 as a
function of magnetic field displayed typical Curie
relaxation behavior for Gd3þ-chelated Fe3O4@SiO2

nanoparticles (Gd/Fe ∼0.03). T2 relaxation time is
sensitive to magnetic field, showing faster relaxation
at higher fields (48.6 ms at 300 MHz, 33.4 ms at
400 MHz, and 19.2 ms at 500 MHz NMR), while T1 is
substantially independent (1.8 s at 300 MHz, 2.4 s at
400 MHz, and 2.6 s at 500 MHz NMR). For large
molecules at a high field, the magnetic dipolar inter-
action between water nuclear spin and the thermally
averaged electronic spin (Curie spin) associated with
paramagnetic species is strongly affected bymolecular
rotation dominating transversal relaxation.34

The large T2 shortening effect reported here af-
forded faster and better T2-weighted contrast en-
hancement for MRI applications. We began by examin-
ing the MRI effect in vivo and compared it with the MRI
effect when using commercial Resovist agent. Rats
were treated with nanoparticles (0.5 mg/kg), and
blood-oxygen-level dependence (BOLD) MR images
were acquired at different times using a clinical 3T
scanner. The BOLD technique is based on the differ-
ence in contrast-agent-induced susceptibility;including
the magnetic susceptibility difference between blood

Figure 4. Gd3þ-chelated Fe3O4@SiO2 nanoparticleswithwhich rats andmice hadbeen treated (dose: 0.5mg [Fe]/kg). (a) Color
R2* mapping of a rat liver at five time points (preinjection, 5 min, 1 h, 2.5 h, and 4 h postinjection) using a clinical 3T scanner.
(b) In vivomicro-T2-weighted imaging of mice at three time points (preinjection, 5 min, and 1 h postinjection) (white arrows,
lymphnode; red arrows, liver; blue arrows, spleen; and orange arrows, kidneys) using a 7T animalmicro-MRI system. (c) Signal
intensities in lymph nodes, kidneys, and spleen at the three time points. (d) Progressive micro-T2-weighted images of the
spleen. The red arrow indicates the follicles of the spleen.
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vessels and surrounding tissue;between the pre-
and postcontrast images. We introduced the BOLD
sequence to acquire T2* signals at different TEs and
calculated ΔR2 and ΔR2* mapping at the same time.
The ΔR2 and ΔR2* mapping reflected the degree of
contrast enhancement and the change of blood vo-
lume in the vessels.35,36 We evaluated the contrast
efficiencies of Gd3þ-chelated Fe3O4@SiO2 nanoparti-
cles and Resovist agent. Figure 4a shows the color R2*
maps generated by the Gd3þ-chelated Fe3O4@SiO2

nanoparticles; the regions of interest (ROIs) were placed
in the liver parenchyma (outside of the vascular struc-
ture of the liver graft). The imaging contrast was
immediately affected and darkened after 5 min. The
signal in the liver quickly decreased to ∼50% after
5 min, and then decayed to ∼40% after 1 h for Gd3þ-
chelated Fe3O4@SiO2 nanoparticles. Resovsit agent

showed a slow signal drop of ∼60% after 4 h (Figure
S12). Gd3þ-chelated Fe3O4@SiO2 nanoparticles display
better contrast enhancement than Resovist at same
injection time.
We further tested Gd3þ-chelated Fe3O4@SiO2 nano-

particles using a higher field with a 7T animal micro-
MRI system. The contrast signal of the lymph nodes
(white arrows), liver (red arrows), spleen (blue arrows),
and kidneys (orange arrows) were all reduced after
Gd3þ-chelated Fe3O4@SiO2 administration (Figure 4b).
The intensity of the lymph node, kidneys, and spleen
dropped to 74, 76, and 49%after 1 h, respectively, in T2-
weighted images (Figure 4c). The spleen is rich in
macrophage cells that uptake more nanoparticles,
which leads to a larger reduction in contrast. Detecting
lymph node metastasis is important during diagno-
sis, tumor staging, and subsequent clinical treatment.

Figure 5. Evaluation of the cytotoxicity of Gd3þ-chelated Fe3O4@SiO2 nanoparticles in vivo. (a) Mice were intravenously
injected with 0.5 mg [Fe]/kg of Gd3þ-chelated Fe3O4@SiO2 nanoparticles and Resovist, respectively. The serum AST and ALT
levels were determined at 2.5, 12, and 24 h postinjection. Saline was used as a control. Error bars represent standard
deviations from triplicate samples. (b) Histological analysis of liver, spleen, kidney, and lung tissue from Gd3þ-chelated
Fe3O4@SiO2 nanoparticles and compared with saline-treated and Resovist-treated mice. Mice were intravenously injected
with respective 5 mg [Fe]/kg of Gd3þ-chelated Fe3O4@SiO2 nanoparticles or Resovist for 24 h. Tissue samples were stained
with hematoxylin and eosin.
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Iron oxide nanoparticles accumulate only in the normal
nodes in the presence of macrophages. Gd3þ-chelated
Fe3O4@SiO2 nanoparticle images showed that the
lymph node had a long-axis diameter of 2.6 mm and a
short-axis diameter of 1.3 mm, which suggested that
it was potent for detecting metastatic lymph nodes
using Fe3O4/Gd nanocomposites. Furthermore, the
microstructure of the spleen was clearly visualized and
showed follicles (white spots) distributed in the spleen
(Figure 4d). The size of the follicles was estimated to be
0.6 mm. The quantitative biodistribution (liver, lungs,

kidneys, spleen, and blood) was measured in mice
intravenously injected with Gd3þ-chelated Fe3O4@
SiO2 and Resovist agent following intravenous admin-
istration at different time points (Figure S13). Both
types of iron oxide nanoparticles accumulated primar-
ily in the liver. Gd3þ-chelated Fe3O4@SiO2 reached a
peak after 2.5 h and then decreased after 12 h. The
Resovist agent exhibited a gradual decrease over time.
Because we used a substantially smaller amount of
Gd3þ ions than iron component, the distribution of
Gd3þ ionswas observed only in liver due to the detection

Figure 6. Gd3þ-chelated Fe3O4@SiO2 nanoparticles were uptaken by F4/80þ Kupffer cells without causing any cell death.
(a) FITC nanoparticles containing Gd3þ-chelated Fe3O4@SiO2 were colocalized with F4/80þ Kupffer cells. Thirty minutes
before the analysis, mice had been intravenously injected with 0.5 mg [Fe]/kg of Gd3þ-chelated Fe3O4@SiO2 containing FITC
nanoparticles or Resovist, respectively. The frozen live tissue sectionswere stainedwith anti-F4/80 antibody and then anti-rat
Alexa 594 (red). The nucleus was stained with Hoechst 33258 (blue). The arrows indicate the colocalized sites. (b) Gd3þ-
chelated Fe3O4@SiO2 nanoparticles did not eliminate F4/80þ Kupffer cells. Twenty-four hours before the histological analysis,
mice had been intravenously injectedwith 5mg [Fe]/kg of Gd3þ-chelated Fe3O4@SiO2 nanoparticles or Resovist, respectively.
The deparaffinized liver tissue sectionswere stainedwith anti-F4/80 antibody. F4/80þ Kupffer cells are stained red. The nuclei
were stained with hematoxylin (blue). (c) Number of F4/80þ Kupffer cells after treatment with saline, Resovist, and
Gd3þ-chelated Fe3O4@SiO2 nanoparticles.
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limits of the ICP-AES instrument. Iron staining showed
that Gd3þ-chelated Fe3O4@SiO2 nanoparticles were
well-distributed in the liver (Figure S14).
A characterization of physiological effects is required

for the continued development of Gd3þ-chelated
Fe3O4@SiO2 nanoparticles. When the liver is injured
or inflamed, the levels of AST and ALT and pro-inflam-
matory cytokines, including tumor necrosis factor
(TNF)-R and interleukin (IL)-6 in the blood, usually rise.
For Gd3þ-chelated Fe3O4@SiO2-treated and Resovist-
treatedmice with 0.5mg [Fe]/kg per injection dose, we
found that AST and ALT levels were slightly increased
12 h postinjection and returned to normal at 24 h
postinjection (Figure 5a). The differences in serum AST
and ALT levels between Gd3þ-chelated Fe3O4@SiO2-
treatedmice and control mice were not significant. We
did not detect any TNF-R or IL-6 levels at 0.5 or 2.5 h
postinjection. When we increased the dose of Gd3þ-
chelated Fe3O4@SiO2 nanoparticles to 5 mg [Fe]/kg,
the histological analysis of the liver, spleen, kidney, and
lung tissue also showed no change in the cellular
structures at 24 h postinjection (Figure 5b). This in-
dicated that Gd3þ-chelated Fe3O4@SiO2 nanoparticles
did not cause any apparent tissue injury or inflamma-
tion. Although AST and ALT levels in the serum of
Gd3þ-chelated Fe3O4@SiO2 nanoparticle-treated mice
were slightly higher at 12 h postinjection, we saw no
liver damage at 24 h postinjection, evenwhen the dose
had been increased to 5 mg [Fe]/kg. The transient
increase in AST and ALT levels in serum appears to be a
common response of the body because other magne-
tite nanoparticles also induced a similar response,37

including the Resovist used in our study.
To investigate Gd3þ-chelated Fe3O4@SiO2 nanopar-

ticles engulfed in liver cells, we gave mice intravenous

fluorescein isothiocyanate (FITC)-anchored Gd3þ-
chelated Fe3O4@SiO2 nanoparticles (0.5 mg [Fe]/kg).
The FITC dye molecules were encapsulated in the
porous shells of Gd3þ-chelated Fe3O4@SiO2 nanopar-
ticles to facilitate observation of their localization in
liver tissue. Figure 6a indicates that Gd3þ-chelated
Fe3O4@SiO2-containing FITC nanoparticles were colo-
calized with F4/80þ Kupffer cells at 0.5 h postinjection.
GdCl3 not only blocks phagocytosis by Kupffer cells but
also eliminates Kupffer cells.38 Althoughwe found little
leakage (∼1.8%) of Gd3þ ions after 7 days of in vitro

incubation, the cytotoxicity of Gd3þ-chelated Fe3O4@
SiO2 nanoparticles for Kupffer cells remains a concern.
After the dose had been increased to 5 mg [Fe]/kg,
Gd3þ-chelated Fe3O4@SiO2 nanoparticles did not
cause the cell death of Kupffer cells at 24 h post-
injection (Figure 6b). The estimation of the number
of F4/80þ Kupffer cells was not lower after they had
been treated with Gd3þ-chelated Fe3O4@SiO2 nano-
particles (Figure 6c). Our results suggest that Gd3þ-
chelated Fe3O4@SiO2 nanoparticles did not induce
cytotoxicity in Kupffer cells.

CONCLUSION

We synthesized a new type of magnetic nanoparti-
cle composed of Fe3O4 plus Gd3þ: a Gd3þ-chelated
Fe3O4@SiO2 nanoparticle. The immobilization of Gd3þ

ions inside the interior channels of a mesoporous silica
shell enhanced the transverse relaxation rate, which
led to a large r2 relaxivity. For short-term cytotoxicity
studies, this new T2 contrast agent showed no adverse
effect on organ tissues or Kupffer cells. With this desig-
nation strategy, we expect that additional promising T2
contrast agents using higher magnetization of the
magnetic nanoparticles will be created.

MATERIALS AND METHODS

Materials. Aminopropyltriethoxysilane (APTES, 99%) (Acros,
Thermo Fisher Scientific, Geel, Belgium), tetraethyl orthosilicate
(TEOS, 98%) (Acros), DOTA-NHS ester (Macrocyclics, Dallas, TX),
ethanol (99.9%) (J.T. Backer, Inc., Phillipsburg, NJ), L-ascorbic
acid (99.7%) (Honeywell Riedel-de Haën, Hanover, Germany),
GdCl3 3 6H2O (99.5%) (Sigma-Aldrich Co., St Louis, MO), iron(III)
acetylacetonate (97%) (Sigma-Aldrich), oleic acid (90%) (Sigma-
Aldrich), trioctylamine (98%) (Sigma-Aldrich), and cetyltri-
methylammonium bromide (CTAB, 99þ%) (Acros) were pur-
chased and used without further purification.

Synthesizing Fe3O4 Nanoparticles. In a typical synthesis process,
magnetite nanoparticles were prepared using a thermal de-
composition reaction of iron acetylacetonate, Fe(acac)3, in the
presence of oleic acid and trioctylamine.39 The 22 nm sized
Fe3O4 nanoparticles were synthesized using 1.42 g of Fe(acac)3
and 0.57 mL of oleic acid. The mixture solution was then
refluxed at 305 �C in an Ar environment. After they had been
cooled to room temperature, the precipitates were collected
and washed using a toluene/ethanol (v/v = 1:4) solution.

Surface Modifications of Magnetite Nanoparticles with CTAB. To
improve the hydrophilic nature of magnetite nanoparticles, a
typical procedure was followed: the as-synthesized nanoparticles
(22 nm, ∼2.5 mg) were centrifuged and transferred to

chloroform solutions. The chloroform solutions (0.5 mL) were
then redispersed in 4 mL CTAB solutions (0.1 M) and sonicated
formore than 2 h until the chloroform evaporated, leaving black
aqueous solutions. The resulting magnetite nanoparticles were
collected using centrifugation and then washed three times
with distilled water.

Synthesizing Gd3þ-Chelated Fe3O4@SiO2 Nanoparticles. The meso-
porous silica-coated Fe3O4 (Fe3O4@SiO2) nanoparticles were
synthesized as follows: 0.25 mL of Fe3O4@CTAB solution was
dispersed in 4.2 mL of CTAB (5.4 mM) and NaOH solution
(1.4 mM). Next, 0.024 mL of TEOS was added dropwise into
the mixture solution and stirred vigorously at 55 �C in a water
bath for 4 h. While the Fe3O4@SiO2 nanoparticles were being
prepared, some aggregates yielding black precipitates were
observed. To completely remove these aggregates, the as-
prepared Fe3O4@SiO2 colloidal solutions (black color) were
centrifuged at 3500 rpm for 5 min, and the supernatants were
collected for further preparation. Subsequently, APTES/ethanol
extraction was used to remove the CTAB from the mesoporous
silica shells of Fe3O4@SiO2 nanoparticles.23�25 The 5 mg of
Fe3O4@SiO2 nanoparticles was then suspended in ethanol at
80 �C using a reflux process. APTES (0.04 mL) was added to yield
APTES-treated Fe3O4@SiO2 nanoparticles. The APTES-treated
Fe3O4@SiO2 colloidal solutions were centrifuged at 15000 rpm
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for 15 min to remove excess CTAB surfactants. The collected
precipitates (APTES-treated Fe3O4@SiO2 nanoparticles) were
washed in ethanol. This centrifugation�washing procedure
was repeated three times. Next, the DOTA-NHS chelate agents
were used to form amide bonds with APTES molecules. In a
typical preparation, 3 mg of APTES-modified Fe3O4@SiO2 nano-
particles was suspended in 3mL of DOTA-NHS (12mM) aqueous
solution overnight. The resulting products were collected using
centrifugation and then washed three times with distilled water
to remove excess DOTA-NHS. The DOTA-conjugated Fe3O4@
SiO2 nanoparticles (3 mg) were resuspended in 3 mL of 12 mM
GdCl3 for 12 h to yield Gd3þ-chelated Fe3O4@SiO2 nanoparti-
cles. The excess Gd3þ ions were removed using centrifugation
at 14 000 rpm for 15 min, and then the collected Gd3þ-chelated
Fe3O4@SiO2 nanoparticles were washed in H2O. This centrifu-
gation�washing procedure was repeated three times. ICP
analysis was used to determine that there were no Gd3þ ions
in the supernatants after the third centrifugation. Gd3þ-che-
lated Fe3O4@SiO2 nanoparticles were incubated with the
L-ascorbic acid (1 mM) for 1 day before additional in vitro
and in vivo analyses.

In Vitro Magnetic Resonance Imaging (MRI) Assays. The experi-
ments in this study were done using a spectroscope (3T MRI
Biospec; Bruker Optik GmbH, Ettlingen, Germany).1,2 A gradient
system mounted on the table of a 3T magnet (inner diameter =
6 cm; maximal gradient strength = 1000 mT m�1) was used to
yield high-resolution images. A quadrature coil (inner diameter =
3.5 cm) was used for RF transmission and reception. For T2
measurement, the Fe3O4@CTAB, Fe3O4@SiO2, and Gd3þ-
chelated Fe3O4@SiO2 nanoparticles and the commercial Reso-
vist agent with various concentrations of iron were dispersed in
a 0.5% agarose gel solution. The acquired MRIs (matrix size =
256� 192; field of view = 60� 60 mm2; slice thickness = 3 mm)
had an in-plane resolution of 234 μm after image smoothing. T1
values were measured using a multislice multiecho sequence
with a TR of 6000 ms, a TE of 8.7 ms, and 45 inversion recovery
points (TI = 13.3�6000 ms; field of view = 60 � 60 mm2; slice
thickness = 6 mm; image matrix = 128 � 128). This allowed for
simultaneous imaging of 26 vials with 0.3 mL of contrast agent
per vial. An average signal of 50 voxels was evaluated for all TI
values. T2 values were measured with a spin�echo sequence of
TR/TE of 4000/10.1 ms, 60 echo points with 60 different echo
times, and a NEX of 5 (field of view = 60 � 60 mm2; slice
thickness = 6 mm; imaging plane = 256� 192). The resulting r1
and r2 values were measured based on the inverse relaxation
time (1/T2) versus iron ion concentrations in 0.5% agarose gel.

In Vivo Blood-Oxygen-Level Dependence (BOLD) MR Imaging. Male
Sprague�Dawley rats (6�8 weeks old) were provided by the
Chang Gung Memorial Hospital�Kaohsiung Medical Center
Laboratory Animal Center (Tainan, Taiwan). The rats were given
humane care that complied with the Chang Gung Memorial
Hospital�Kaohsiung Medical Center's Animal Experimentation
Committee guidelines. All of the experimental protocols invol-
ving live rats were reviewed and approved by the Animal
Experimentation Committee of Chang Gung Memorial Hospital�
Kaohsiung Medical Center. The rats were anesthetized with
pentobarbital (dosage: 45 mg/kg of body weight) and then
given Gd3þ-chelated Fe3O4@SiO2 nanoparticles or Resovist
(0.5 mg[Fe]/kg), dispersed in normal saline and injected via
the tail vein with a 30G needle connected to a syringe with
50 cm polyethylene tubing. MR imaging was done on a 3T
scanner (GE SIGNA EXCITE HD; GE Medical Systems, Milwaukee,
WI) with a 100 mm diameter volume coil. Pilot images (repetition
timemsec/effective echo time ms, 660/11.6; number of acquisi-
tions, four) and T2-weighted (6350/86.1; number of acquisitions,
four) fast spin�echo images were initially acquired to deter-
mine the optimal axial plane. For the BOLD MR images, in order
to measure the R2* values, a multiecho gradient echo sequence
with 9 echoes was done on each rat, which yielded nine
T2*-weighted images with echo times (TE) ranging from 2.8
to 29.6 ms in steps of 3.35 ms. Other scanning parameters
included the following: repetition time (TR) = 200 ms; flip
angle =30�; bandwidth = 31.25 kHz; field of view = 12 � 12 cm;
matrix = 192 � 192; and number of acquisitions = three.

Eighteen axial slices with a thickness of 3 mm and no gap were
acquired.

Data Analysis of BOLD MR Imaging. Using FuncTool on an
Advantage workstation (GE Healthcare Biosciences, Piscataway,
NJ), color R2 and R2* maps were generated and regions of
interest (ROIs) were placed in the liver parenchyma (outside of
the vascular structure of the liver graft) by a radiologist experi-
enced with BOLD MR imaging. More specifically, two sections
were obtained through the liver in the axial plane and up to
three ROIs were placed per section in the liver parenchyma. A
total of 6 ROIs per liver per rat were placed. Areas of obvious
susceptibility to artifacts were avoided. R2* values (1 s) were
expressed as means ( standard deviations. Statistical analyses
of liver parenchymal R2* values were done using a two-sample
t test with SPSS.

In Vivo Micro-MR Imaging. Male BALB/c mice (6�8 weeks old)
were provided by the National Taiwan University Laboratory
Animal Center (Tainan, Taiwan). All mice received humane care
in compliance with National Taiwan University's guidelines for
maintenance and use of laboratory animals in research. All of
the experimental protocols involving live mice were reviewed
and approved by the Animal Experimentation Committee of
National Taiwan University. Sequential MR images were ac-
quired in a 7T MR imager (BioSpec 70/30 USR; Bruker) equipped
with a high-performance transmitter�receiver volume coil
(BGA6-S; Bruker) (inner diameter: 6 cm) with amaximal gradient
strength of 200 mT m�1. The mice were anesthetized using 2%
isoflurane (Abbott Laboratories, Abbott Park, IL) mixed with
100% O2 delivered using a veterinary anesthesia delivery system
(ADS 1000; Engler Engineering, Hialeah, FL), and then given
Gd3þ-chelated Fe3O4@SiO2 nanoparticles (0.5 mg[Fe]/kg) dis-
persed in normal saline, and injected via the jugular vein using
PE-8 polyethylene tubing. Gd3þ-chelated Fe3O4@SiO2 nanopar-
ticles yielded a signal contrast using a TuborRARE T2 pulse
sequence (TR/TE/FA, 4000ms/33ms/180�; MTX, 256� 192� 17;
FOV, 40 � 30 � 1 mm3) and a NEX of 8.

Biodistribution of Nanocontrast Agents. BALB/C mice (male,
8�12 weeks old) were purchased from the Laboratory Animal
Center of National Cheng Kung University and maintained in
a pathogen-free facility. The mice were raised and cared for
according to the guidelines set up by the National Science
Council, Taiwan. The mouse experiments were approved by
National Cheng Kung University's Animal Care and Use Com-
mittee. Mice were injected via the tail vein with 100 μL of 0.5mg
[Fe]/kg Gd3þ-chelated Fe3O4@SiO2 nanoparticles and Resovist
(n = 3). Three additional noninjected mice were included as
controls. At 0.5, 2.5, 12, and 24 h postinjection, the mice were
euthanized, and blood and four different organs (kidneys,
spleen, liver, and lungs) were collected to quantify the iron
content using ICP-AES.

Measuring Alanine Aminotransferase (ALT) and Cytokine Levels. After
the mice had been given 100 μL of 0.5 mg [Fe]/kg Gd3þ-
chelated Fe3O4@SiO2 nanoparticles and Resovist, their blood
was collected from the retro-orbital sinus at specified time
points. The activities of serum AST and ALT were analyzed using
an automatic biochemistry analyzer (Roche Hitachi 717; Hitachi
Koki Co., Ltd., Tokyo, Japan). Serum TNF-R and IL-6 were analyzed
using an ELISA kit following the manufacturer's protocol (R&D
Systems Inc., Minneapolis, MN).

Histopathologic and Immunohistochemical Assessments. Mice were
intravenously injected with 0.5 or 5 mg/kg nanoparticles for
24 h and underwent physical evaluations. Portions of liver,
spleen, kidney, and lung tissuewere fixed in 3.7% formaldehyde
(Merck, Whitehouse Station, NJ) at room temperature and then
embedded in paraffin blocks. Tissue sections 5 μm thick were
stained with hematoxylin and eosin. The morphology of the
tissue was observed under a microscope at 10� and 20�mag-
nification. The deparaffinized tissue sections were also stained
with monoclonal rat anti-F4/80 antibody (eBioscience, San
Diego, CA) for Kupffer cells. For fluorescent imaging, tissues
were embedded in OCT and kept frozen at �80 �C. The frozen
tissues were sliced in 5 μm thick sections andmounted on glass
slides. The tissue sections were also stainedwithmonoclonal rat
anti-F4/80 antibody. Kupffer cell density was determined by
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averaging the number of F4/80þ cells in three areas of random
microscopic fields (at 200� magnification) in each section.

Tissue Iron Staining. Deparaffinized tissue sections were
stained with a modified diaminobenzidine-enhanced Perls iron
stain as previously described.40 Before they were iron stained,
the deparaffinized tissue sections were incubated for 30 min in
6 N HCl to dissolve Fe3O4. Tissue sections were then incubated
for 30 min in 1% potassium ferrocyanide in 0.12 N HCl. Endo-
genous peroxidase activity was quenched for 20 min at room
temperature in 3.7% H2O2 in phosphate buffered saline (PBS).
The sections were rinsed in PBS and incubated for 6 min in 3,
30-diaminobenzidine tetrahydrochloride (DAB) (DAB-Plus Sub-
strate Kit; Zymed Laboratories Inc., San Francisco, CA). The
nucleus was stained with hematoxylin.

Characterization. Electron micrographs were obtained using
transmission electronmicroscopes (JEOL 3010 at 300 KV, Philips
CM-200 at 200 KV, and Hitachi H-7500 TEM at 80 kV). The Raman
spectra (exposure time: 60 s) were obtained using a Renishaw
inVia Raman microscope (Renishaw plc, New Mills, Wotton-
under-Edge, Gloucestershire, UK) equipped with a 632.8 nm
air-cooled He�Ne laser as the exciting source. X-ray photoelec-
tron spectra (XPS) (VG Scientific 210) were recorded using a Mg
KR source (12 kV and 10 mA). The binding energy scale was
calibrated to 284.6 eV for the main (C ls) peak. The Fe and Gd
ions were quantified using an inductively coupled plasma
atomic emission spectrometer (ICP-AES, JY138 Spectroanalyzer;
Horiba Jobin Yvon, Inc., Edison, NJ). IR spectra were measured
using a KBr plate in a Fourier transformation infrared (FTIR) spectro-
meter (200E; Jasco International Co., Ltd., Tokyo, Japan). The zeta-
potential of the Fe3O4@CTAB nanoparticles dispersed in an aque-
ous solution (pH = 6) was measured using a Zetasizer analyzer
(Malvern Instruments Ltd., Malvern, Worcestershire, UK). TheM�H
magnetization curves at 300 Kweremeasured for Fe3O4@SiO2 and
Gd3þ-chelated Fe3O4@SiO2 nanoparticles using a magnetometer
(MPMS-7 SQUID; Quantum Design, Inc., San Diego, CA).

Crystal Cell Information. The powder X-ray diffraction patterns
of as-prepared Fe3O4 nanoparticles were recorded at the
BL01C2 beamline of the National Synchrotron Radiation Re-
search Center (NSRRC) in Taiwan. The NSRRC storage ring was
operated at 1.5 GeV with a typical current of 360 mA. The
wavelength of the incident X-rays was 0.49594 Å (25.0 keV),
delivered from the superconducting wavelength-shifting mag-
net and a Si(111) double-crystal monochromator. The diffrac-
tion patternwas recordedwith aMar345 imaging plate detector
located approximately 300 mm from the sample and with a
typical exposure duration of 2 min. The pixel size of the Mar345
was 100 μm. The one-dimensional powder diffraction profile
was converted with the FIT2D program (http://www.esrf.eu/
computing/scientific/FIT2D/) and cake-type integration. The
diffraction angles were calibrated according to the Bragg posi-
tions of Ag-Benhenate and Si powder (NBS640b) standards. The
crystal structure refinement with the Rietveld method was
performed with the GSAS program (http://www.ncnr.nist.gov/
xtal/software/gsas.html).
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