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T
he design and synthesis of various
types of magnetic nanomaterials
have attracted tremendous research

interest in the areas of magnetic separation,
drug delivery, and contrast agents for mag-
netic resonance imaging (MRI) in biomedical
and clinical applications.1�7 MRI is one of the
most powerful noninvasive diagnosis techni-
ques with superior resolution, permitting in-
depth anatomical details in the diagnosis of
many diseases.8 Magnetic nanomaterials are
employed as MRI contrast agents to improve
the sensitivity and reliability because they are
able to alter the relaxation time of nearby
water protons to generate great contrast
effects under external magnetic fields.9,10 On
the basis of the different models of long-
itudinal (T1) and transverse (T2) relaxations,
there are two types of MRI contrast agents:
positive (T1) and negative (T2). Generally

speaking, superparamagnetic nanomaterials
(e.g., Fe3O4, MnFe2O4) are typically T2 contrast
materials,11�13 and paramagnetic nanoma-
terials (e.g., MnO, Gd2O3) are prevailing T1
contrast materials.14�16 Despite much pro-
gress in the development of T1 contrast agents
tominimize the toxicity issuesofMn2þ orGd3þ

by efficientmetal chelation strategy,17�20 they
still suffer from poor biodistribution and po-
tential release by demetalation or transmetala-
tion with other ions such as Zn2þ in blood
circulation, which results in increased risk of
nephrogenic systemic fibrosis with renal dys-
function to patients.21,22

Ultrasmall (<3 nm) iron oxide (IO) nano-
particles are able to generate T1 enhanced
images owing to low magnetization by a
strong surface spin-canting effect.23�26 How-
ever, because of the high surface energy of
such small particles, ultrasmall IOnanoparticles
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ABSTRACT We report the design and synthesis of small-sized

zwitterion-coated gadolinium-embedded iron oxide (GdIO) nanopar-

ticles, which exhibit a strong T1 contrast effect for tumor imaging

through enhanced permeation and retention effect and the ability to

clear out of the body in living subjects. The combination of spin-

canting effects and the collection of gadolinium species within small-

sized GdIO nanoparticles led to a significantly enhanced T1 contrast

effect. For example, GdIO nanoparticles with a diameter of∼4.8 nm

exhibited a high r1 relaxivity of 7.85 mM
�1

3 S
�1 and a low r2/r1 ratio of 5.24. After being coated with zwitterionic dopamine sulfonate molecules, the

4.8 nm GdIO nanoparticles showed a steady hydrodynamic diameter (∼5.2 nm) in both PBS buffer and fetal bovine serum solution, indicating a low

nonspecific protein absorption. This study provides a valuable strategy for the design of highly sensitive iron-oxide-based T1 contrast agents with relatively

long circulation half-lives (∼50 min), efficient tumor passive targeting (SKOV3, human ovarian cancer xenograft tumor as a model), and the possibility of

rapid renal clearance after tumor imaging.
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are likely to be rapidly dissolved and oxidized into Fe3þ

ions in aqueous solution, leading to their instability in
biological media. Therefore, IO-based nanoparticles
with high stability and strong T1 contrast effect are
desirable as T1 contrast agents. Normally, the spin-
canted layer in IO nanoparticles is known to be
0.5�0.9 nm thick below the surface.27,28 As depicted
in Figure 1a, IO nanoparticles with a diameter of about
5 nm are considered to have a double-layer of core
(spin-oriented)�shell (spin-canted) format. The spin-
oriented core with high susceptibility would produce a
high T2 shortening effect, which may disturb and
diminish the T1 effect induced by the spin-canted shell.
As a result, IO nanoparticles with a size larger than 5 nm
usually show a strong T2 contrast effect, while their T1
effect was negligible. Herein, we introduce the novel
small-sized (approximately 5 nm) gadolinium-embedded
iron oxide (GdIO) nanoparticles as stable and improved T1
contrast agents. The embedded Gd species can influence
the long-range order of spins in iron oxide nanoparticles
and induce an inner spin-canting effect, resulting in a fully
spin-canted structure in GdIO nanoparticles (Figure 1b).
Moreover, the collection of Gd species in GdIO nanopar-
ticles (especially near the surface) may further lead to a
great enhancement of T1 contrast effects.

15

For in vivo applications, nanoparticles are still strug-
gling due to their metabolic fate and related toxicity
issues, although we may control the interactions be-
tween nanoparticles and biological systems by tuning
the properties of nanoparticles such as size, shape, and
surface chemistry.29�33 One would expect that nano-
particles with long circulation half-lives and the lowest
likelihood of toxicity in vivo promise potential clinical
translation.34 The poor surface coating of nanoparticles
usually suffers from a high uptake of macrophages and
rapid accumulation in the mononuclear phagocyte
system (MPS; e.g., liver and spleen),35 resulting in a
short circulation half-life and long-term toxicity issues.
The ideal surface coating of T1 contrast nanomaterials
should ensure an effectivewater-exchange ratio on the
nearby surface of nanoparticles, a decrease in the
nonspecific binding to plasma proteins in biological
media, and an increase in the possibility of renal clear-
ance.36�38 Small zwitterion molecules may be the
potential candidates to achieve such water-soluble
nanoparticles by a ligand-exchange process.39 The
surface coating of nanoparticles using small zwitterion
molecules as ligands may maintain the compact and
small size of the nanoparticles, reduce nonspecific
adsorption of proteins and interparticle agglomera-
tion, increase the possibility of rapid renal clearance,
lead to a potentially long circulation half-life in vivo,40,41

and possibly deliver the host nanoparticles to leaky
vascular tumors by a passive targeting strategy. We
used the zwitterionic dopamine sulfonate (ZDS)39 mo-
lecule as an effective binding ligand to modify the
surface of small-sized GdIO nanoparticles (Figure 1c).

The ZDS-coated GdIO nanoparticles (GdIO@ZDS)
showed a small hydrodynamic diameter (HD), low
nonspecific binding to proteins, renal clearance, and
most importantly, high passive tumor targeting for T1
MRI imaging in living subjects.

RESULTS AND DISCUSSION

Preparation of Zwitterionic Small-Sized GdIO Nanoparticles.
The synthesis of monodisperse GdIO nanoparticles
with various small sizes is simple and straightforward:
we employed iron(III) acetylacetonate and gadolinium-
(III) 2,4-pentanedionate hydrate as precursors to un-
dergo a co-decomposition procedure in phenyl ether
containing 1,2-hexadecanediol, oleyl amine, and oleic
acid.42 The sizes are easily tunable by reaction time
without a size selection process. Particularly, GdIO
nanoparticles with diameters of 2.8 ( 0.5, 3.5 ( 0.8,
and 4.8( 0.6 nmwere obtained in the reaction times of
20, 30, and 50 min, respectively. We also obtained
monodisperse IO nanoparticles with a diameter of
4.9 ( 0.4 nm by similar procedures but without the
Gd precursor for comparison. For simplicity, we used 2.8,
3.5, 4.8, and 4.9 nm to represent the average diameters of
these nanoparticles (denoted as 2.8 nm GdIO, 3.5 nm
GdIO, 4.8 nm GdIO, and 4.9 nm IO, respectively). The
transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images showed that the as-
synthesized GdIO and IO nanoparticles are nearly
monodispersed with good crystallinity (Figure 2). The
energy-dispersive X-ray spectroscopy (EDS) analysis
and the XRD pattern of 4.8 nm GdIO nanoparticles indi-
cated the presence of Gd2O3 nanoclusters (Figure S1).
The electron spin resonance (ESR) spectra of 4.8 nmGdIO

Figure 1. Schematic illustration of spin phenomena in
small-sized (a) IO and (b) GdIO nanoparticles. The gadoli-
nium species (Gd2O3 nanoclusters) in GdIO nanoparticles
(∼5 nm in diameter) cause an inner spin-canting effect,
while the IO nanoparticles (∼5 nm in diameter) contain a
spin-canted surface and spin-oriented core. (c) Structure of
GdIO nanoparticles coated with zwitterionic dopamine
sulfonate (ZDS) molecules.
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nanoparticles showedanobviousdecreaseofΔHpp (from
928 to689G) andg-value (from2.47 to 2.32) compared to
those of 4.9 nm IO nanoparticles (Figure S2). This may be
attributed to the weak magnetic moments for 4.8 nm
GdIO nanoparticles caused by embedded Gd species.43

Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) was used to quantify the percentages of em-
bedded Gd3þ in all the samples. The results revealed that
the Gd3þ percentage increased with the size of the GdIO
nanoparticles (4.8 ( 1.1%, 6.5 ( 0.9%, and 7.2 ( 1.4% of
Gd3þ in GdIO nanoparticles with diameters of 2.8, 3.5, and
4.8 nm, respectively).

Wemeasured the magnetic properties of GdIO nano-
particles and 4.9 nm IO nanoparticles with a magnetic
field of up to 5 T at temperatures of 300 K (Figure 3a) and
5 K (Figure 3b), respectively. The coercivity in hysteresis
loops is negligible at 5 and 300 K in all the samples, while
the magnetic moments tend to be unsaturated even at
themaximal appliedmagnetic field of 5 T, indicating that
these four samples exhibit partially paramagnetic behav-
ior at room temperature. It is noteworthy that larger iron
oxide nanoparticles (e.g., 12 and 16 nm in diameter)
showing obvious superparamagnetism at 300 K and
ferromagnetism at 5 K were typical T2 contrast ag-
ents.25,44 Moreover, the much lower magnetic moment
of 4.8 nm GdIO nanoparticles (∼23 emu/g) than that of
4.9 nm IOnanoparticles (∼36 emu/g) at 300 K is probably
due to the lack of a spin-oriented layer, which further
demonstrated that the gadolinium species is successfully

embedded into the nanoparticles.45 The embedded
gadolinium species (e.g., Gd2O3 nanoclusters) may dis-
turb the long-range order of magnetic spins in iron oxide
nanoparticles. Together with the surface-canting effect,
the magnetic spins in the 4.8 nm GdIO nanoparticles are
proposed to be fully canted, resulting in a relatively low
magnetic moment. In the case of the 2.8 nm GdIO
nanoparticles, thegreat increment ofmagneticmoments
from 300 to 5 K may be attributed to the relative
instability due to the strong spin-canting effect.

To achieve water-soluble nanoparticles, we intro-
duced a simple method to prepare ZDS or meso-2,3-
dimercaptosuccinic acid (DMSA)46 solely coated nano-
particles through an inhomogeneous phase transfer
process. Briefly, ZDS molecules in water and the nano-
particles in hexane were mixed to form a double-layer
system, which then underwent a ligand-exchange pro-
cess. Because the chelation capability of the dopamine
moiety to the IO surface ismuch stronger than that of the
original carboxyl or aminegroups, thenanoparticleswere
gradually transferred into water by replacing oleic acid or
oleyl amine with ZDSmolecules. DMSA-coated nanopar-
ticles were obtained with similar procedures. Finally, the
aqueous samples were stored at 4 �C for further use.

Relaxivity Measurements. We performed the relaxivity
test and magnetic resonance imaging on a 7 T MRI
scanner. The GdIO nanoparticles with the sizes 2.8, 3.5,
and 4.8 nmshowed r1 values of 3.09( 0.12, 4.63( 0.08,
and 7.85 ( 0.11 mM�1

3 S
�1 (Fe þ Gd), respectively

Figure 2. TEM images (insets: HRTEM images) and size distribution analysis of as-synthesized (a, e) 2.8 nm GdIO, (b, f) 3.5 nm
GdIO, (c, g) 4.8 nm GdIO, and (d, h) 4.9 nm IO nanoparticles. Scale bar (insets): 2 nm.
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(Figure 3c and e), suggesting that 4.8 nm GdIO nano-
particlesmay have a strong T1 contrast effect. However,
the r1 value of 4.9 nm IO nanoparticles dropped to 6.14
( 0.22 mM�1

3 S
�1. It is known that gadolinium species

possessing seven unpaired electrons are excellent
candidates as T1 contrast materials. The commercial
contrast agent Gd-DTPA revealed a moderate r1 value
of 3.30 ( 0.25 mM�1

3 S
�1 under the same measured

conditions (Figure S3), indicating that 4.8 nm GdIO
nanoparticlesmay have better T1 contrast efficacy than
Gd-DTPA. It should be noted that the dose of Gd in Gd-
DTPA is about 30-fold higher than that in 4.8 nm GdIO
nanoparticles to achieve comparable T1 signal enhance-
ment. The Gd2O3 nanoclusters in GdIO nanoparticles
extended the spin-canting effect by perturbation of
long-range order magnetic spins in iron oxide nanopar-
ticles. As expected, the higher r1 value of 4.8 nm GdIO
nanoparticles compared to that of 4.9 nm IO nanoparti-
cles is probably due to the enhanced T1 shortening effect
by the collection of Gd3þ ions (especially close to the

surface of nanoparticles) and enhanced spin-canting
effect by embedding Gd species in GdIO nanoparticles.45

The r2 values of magnetic nanoparticles are highly de-
pendent on their magnetic susceptibility under external
magnetic fields.9,11 The GdIO nanoparticles with a strong
spin-canting effect exhibited low magnetic moments,
leading to a weak T2 contrast efficacy, whereas the
4.9 nm IO nanoparticles possessing the largest magnetic
moment showed the highest r2 value among these
four samples under the same experimental conditions
(Figure 3d and e). It is noteworthy that both paramag-
netic and superparamagnetic nanomaterials have T1 and
T2 shortening effects, while the r2/r1 ratio is a key factor to
evaluate the potentially preferable T1 or T2 contrast
efficacy for a givenmaterial.25 That is, the contrast agents
with lower r2/r1 ratiowould showa stronger T1 effect. The
4.8 nm GdIO nanoparticles had a remarkably low r2/r1
value of 5.24 ( 0.18 (Figure 3e), suggesting that 4.8 nm
GdIO nanoparticles are more efficient T1 contrast agents
than 2.8 nm and 3.5 nm GdIO nanoparticles (r2/r1 ratios

Figure 3. Magneticproperties andMRImeasurementsof4.9nmIO,4.8nmGdIO,3.5nmGdIO, and2.8nmGdIOnanoparticles. Field-
dependent magnetization curves (M�H) at (a) 300 K and (b) 5 K, respectively. Plots of (c) 1/T1 and (d) 1/T2 against concentrations
of totalmetal ions (FeþGd). (e) Comparison of r1 and r2 values obtained from the slopes in (c) and (d), togetherwith the r2/r1 values.
(f) T1 phantom images of 4.8, 3.5, and 2.8 nm GdIO nanoparticles with different concentrations of total metal ions (Fe þ Gd).
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are 8.56 and 7.43, respectively). These results are compar-
able to 3 nm sized iron oxide nanoparticles with an r2/r1
valueof 6.12with a3TMRI scanner reportedpreviously.25

The T1 MRI phantom study revealed that all of the small-
sized GdIO nanoparticles exhibited T1 contrast enhance-
ment (Figure 3f). However, the 4.9 nm IO nanoparticles
showed a T2 contrast effect but no obvious T1 contrast
effect (Figure S3) because of the relatively high r2/r1 ratio
of 9.59 ( 0.24 (p < 0.05 significantly different compared
to the r2/r1 value of 4.8 nmGdIOnanoparticles). However,
the coating molecules ZDS alone did not show any
detectable T1 contrast effect (Figure S3).

In Vitro and in Vivo Behavior Studies. To investigate the
size changes of ZDS- or DMSA-coated GdIO nanopar-
ticles in a biological solution, we used gel filtration
chromatography (GFC) to determine the hydrody-
namic diameters (HDs) of nanoparticles in biological
media because this system allows online and full-
spectrum analysis with high reliability and repeatabil-
ity. The GFC profiles indicated the sizes of nanoparti-
cles are inversely related to the retention times.We first
tested a group of protein standards as markers to
calibrate the HDs, for example, blue dextran (M1,
6.9 min, 29.5 nm HD), thyroglobulin (M2, 10.9 min,
18.8 nm HD), alcohol dehydrogenase (M3, 14.8 min,
10.1 nmHD), ovalbumin (M4, 16.0min, 6.1 nmHD), and
vitamin B12 (M5, 20.5 min, 1.5 nm HD). Under the same
conditions, the various ZDS-coated nanoparticles with
different sizes were nearly monodisperse with sharp
peaks of retention time (Figure 4a, i�iv). These results
showed that the HDs of ZDS-coated samples were in
the range from 1.5 to 6.1 nm (e.g., the HD of 4.8 nm

GdIO@ZDS nanoparticles is approximately 5.2 nm),
indicating the extremely thin surface coating layer
(<1 nm) on the nanoparticles. The dynamic light
scattering (DLS) results showed comparable HDs of about
4.18, 5.61, 6.50, and 7.13 nm for 2.8, 3.5, and 4.8 nm
GdIO@ZDS and 4.9 nm IO@ZDS nanoparticles, respec-
tively (FigureS4),which is consistentwith theGFCanalysis.

We then studied the GFC profiles of GdIO@ZDS and
GdIO@DMSA in PBS buffer or serum solution. Using
4.8 nm GdIO nanoparticles as an example, the GFC
results showed that GdIO@DMSA nanoparticles have a
nearly monodisperse characteristic in PBS buffer with
an HD smaller than 6.1 nm (Figure 4b, i). However, we
observed a strong peak appeared at 6.9 min while the
peak at ∼18 min disappeared after incubation with
20% fetal bovine serum (FBS) for 4 h (Figure 4b, ii),
indicating that the growth of the HD of GdIO@DMSA to
about 29 nm because of the serious nonspecific bind-
ing of the nanoparticles to serum proteins and further
aggregation of nanoparticles during the incubation.
On the contrary, GdIO@ZDS showed a steady retention
time in both PBS buffer and FBS solution (Figure 4b, iii
and iv) because the zwitterionic nanoparticles tend to
avoid nonspecific adsorption of serum proteins. The
small peak at the retention timeof 15.3min suggested the
existence of residual FBS (Figure 4b, ii), which was further
confirmedby the control experiment (Figure S5). The TEM
images also indicated the good colloidal monodispersity
of 4.8 nmGdIO@ZDSnanoparticles in both PBSbuffer and
serum solutions after 4 h incubation (Figure S6). After the
nonspecific adsorption of serum proteins, GdIO@DMSA
nanoparticleswouldbeeasily recognizedbymacrophages

Figure 4. Gel-filtration chromatography (GFC) profiles and size analysis of various nanoparticles in PBS buffer and FBS
solution. Note that the sizes of nanoparticles are inversely related to the retention times. (a) i�iv show the chromatograms of
4.9 nm IO@ZDS, 4.8 nm GdIO@ZDS, 3.5 nm GdIO@ZDS, and 2.8 nm GdIO@ZDS in PBS buffer (the absorbance of 365 nm),
respectively. (b) Comparison of chromatograms of (i, ii) 4.8 nm GdIO@DMSA and (iii, iv) 4.8 nm GdIO@ZDS in (i, iii) PBS buffer
and (ii, iv) 20%FBS solution (after 4 h incubation), respectively. Arrows in (ii) and (iv) indicate the retention timeof FBS. Protein
markers M1 (blue dextran, 29.5 nm HD), M2 (thyroglobulin, 18.8 nm HD), M3 (alcohol dehydrogenase, 10.1 nm HD), M4
(ovalbumin, 6.1 nm HD), and M5 (vitamin B12, 1.5 nm HD) are shown by arrows.
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and accumulate in tissues in theMPS, e.g., liver and spleen.
As a result, the hepatobiliary system will be a major
clearance route to degrade GdIO@DMSA nanoparticles
intometal ions in the bile, which leads to an increased risk
of toxicity. Another serious problem is that the retention of
metal ions at a high dose in the body may interfere with
other radiological tests, for example, CT imaging.41 The
4.8 nm GdIO@ZDS nanoparticles showed a very small HD
of about 5.2 nm in both PBS buffer and serum, which
ensures that the zwitterionic GdIO@ZDS nanoparticles
meet the requirement of the size threshold for renal
clearance.41 Considering the potential toxicity of heavy
metals, the systemic toxicity study (e.g., brain toxicity and
kidney damage)47�49 of GdIO nanoparticles to living
subjects shouldbe conducted in the future; the rapid renal
clearanceof nanoparticles could significantlyminimize the
long-term toxicity issues in the body. Moreover, small-
sized nanoparticles circulating in the blood may also
increase the possibility of passive targeting in tumors by
the enhanced permeation and retention (EPR) effect.

Because of the significantly different behaviors
between GdIO@ZDS and GdIO@DMSA in serum, we
investigated their circulation fate in vivo with a 7 T MRI
scanner using BALB/c mouse as a model. After intra-
venous injection of 4.8 nm GdIO@ZDS at a dose of
2.0 mg/kg (with respect to the weight of Fe3O4 and
Gd2O3 constituents compared with the mouse body
weight), T1 MR images were then acquired at the time
points of 10, 30, and 60min, respectively. We observed
a great contrast enhancement in the heart, kidneys, and
bladder at 10 min postinjection (p.i., Figure 5a and b).
The signal in the heart slightly decreased over time, while
the signals in the kidneys andbladder increasedover time.
To quantify the contrast, we calculated the signal-to-noise
ratio (SNR) by finely analyzing regions of interest (ROIs)
of the MR images and calculated the values of SNRpost/
SNRpre to represent the signal changes (Figure 5c).
The SNR values were calculated according to SNRROIs =
SIROIs/SDnoise (SI stands for signal intensity and SD stands
for standard deviation).50 The signal changes in the
heart region were 2.05( 0.04, 1.69( 0.07, and 1.5( 0.09

Figure 5. In vivo T1 MR imaging and analysis of mice after
intravenous injection of 4.8 nm GdIO@ZDS nanoparticles as
contrast agents. (a, b) MR images of mice after tail vein
injection of 4.8 nm GdIO@ZDS nanoparticles (2.0 mg/kg) at
0, 10, 30, and 60 min, respectively. Blue arrows, heart; red
dot circles, bladder; red dashed squares, kidney. (c) Quanti-
fication of signal changes (SNR ratio) in heart, bladder, and
kidney at different time points after administration (n = 3).

Figure 6. T1 MR imaging and quantificational analysis of
SKOV3 human ovarian cancer xenograft tumors after in-
travenous injection of 4.8 nm GdIO@ZDS nanoparticles. (a)
T1-weighted MR images of nude mice bearing subcutaneous
tumors (white arrows) after intravenous injectionofGdIO@ZDS
nanoparticles (2.0 mg/kg) at 30, 60, and 120 min, respectively.
The MR image before injection was acquired for comparison.
(b) Quantificational analysis of signal changes (SNR ratio) in
tumors at different time points after administration (n = 3).
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at 10, 30, and 60min p.i., respectively, indicating the slow
elimination of contrast agent from blood during circula-
tion. We estimated the half-life of GdIO@ZDS to be about
50 min in mice (Figure S7), which is much longer than
thatofGdcomplex smallmolecules,with ahighexcretion
rate (half-life of about severalminutes in small animals).51

Moreover, the bladder and kidneys displayed signifi-
cantly increased signal changes, strongly suggesting
renal excretion of the GdIO@ZDS nanoparticles. We
further confirmed the existence of Gd (4.09( 1.07μg/mL)
and Fe ions (52.45 ( 0.88 μg/mL) in urine (collected at
4 h p.i.) by inductively coupled plasma mass spectro-
scopy (ICP-MS). Renal clearance requires the final HDs of
nanoparticles of less than approximately 6 nm to undergo
glomerular filtration, tubular filtration, and finally urinary
excretion processes.36 These results indicated that the
zwitterionic coating plays an important role in optimizing
the in vivo behaviors of nanoparticles, which will likely
cause very low risk of toxicity associated with long reten-
tion and cellular catabolism in the body.

We also acquired T1 MR images of mice injected
with 4.8 nm GdIO@DMSA nanoparticles (Figures S8
and S9). Unlike the case of GdIO@ZDS, the mouse liver
exhibited obvious T1 signal changes after intravenous
injection of GdIO@DMSA nanoparticles, indicating the
high accumulation of GdIO@DMSA nanoparticles in
the liver. However, the kidneys did not show any signal
change over time. GdIO@DMSA nanoparticles with
negative surface charge had obvious nonspecific ad-
sorption of serum proteins in the blood, which led to
recognition by the immunologic system and capture
by theMPS (e.g., liver, spleen, and lymphnodes) through
endocytosis.50,52,53 The high uptake of nanoparticles by
the MPS can dramatically decrease the blood circulation
timeand increase the retention time innormal tissues (e.g.,
slow hepatic clearance), which may cause potential long-
term toxicity to the living subjects. To further validate the
biodistribution of GdIO@ZDS and GdIO@DMSA nanopar-
ticles in mice, we performed Prussian blue staining of
sections of the major organs from mice injected with the
two nanoparticles (Figure S10). Both the GdIO@ZDS and
GdIO@DMSA nanoparticles had visible blue spots in the
spleen and liver (GdIO@DMSA nanoparticles had a much
brighter staining signal in the liver than GdIO@ZDS
nanoparticles), while only GdIO@ZDS nanoparticles
showed positive staining in the kidneys and heart.

Passive Tumor Targeting and T1 Imaging. GdIO@ZDS
nanoparticles with a strong T1 contrast effect and small
HD may provide great opportunity for imaging tumors

through the EPR effect. We thus established a subcu-
taneous SKOV3 ovarian cancer model to evaluate the
passive targeting ability of 4.8 nm GdIO@ZDS nano-
particles using MRI. The efficiency of passive targeting
through leaky vasculature of a tumor is highly depen-
dent on the blood circulation half-life: the longer the
half-life, the higher the tumor uptake. After intrave-
nous injection of 4.8 nm GdIO@ZDS nanoparticles
(2.0 mg/kg), we observed the increase of T1 contrast
in the tumor over time and remarkable T1 contrast from
the surrounding normal tissue at 2 h p.i. (Figure 6a). The
signal changes in the tumorwere 1.14( 0.05, 1.64( 0.09,
and 1.72 ( 0.08 at 30, 60, and 120 min p.i., respectively
(Figure6b). The slowly increasing signal changesover time
indicated the effective uptake of contrast agents in the
tumor through the EPR effect. Taking advantage of nano-
particle-based probes with relatively long blood half-life,
theGdIOnanoparticlesweremore likely to leak into tumors
through the EPR effect compared with the molecular-
based contrast agents (e.g., Gd-DTPA). Because of the
rapid renal clearance of 4.8 nm GdIO nanoparticles, we
noticed that the signal changes in the tumor dropped
after 4 h p.i. (Figure S11). It is necessary to conduct MR
scanning within 2�4 h after administration of 4.8 nm
GdIO nanoparticles, which also meets the basic require-
ments of clinical diagnosis. The contrast agents shouldbe
cleared out of the body as soon as possible after their
performance in disease diagnosis so that there is a low
chance of toxicity, which endows them with great
potential for further clinical translation.19,54,55

CONCLUSION

In summary, we have demonstrated that small-sized
GdIO nanoparticles are excellent T1 contrast agents in
both in vitro and in vivo studies because of the collection
of gadolinium species and the enhanced inner spin-
canting within the nanoparticles. This Gd-embedding
strategy may open new avenues in the design of
iron-oxide-based nanomaterials with strong T1 contrast
enhancement. The zwitterionicdopamine sulfonate (ZDS)-
coated 4.8 nm GdIO nanoparticles with small hydrody-
namic diameter (∼5.2 nm) and minimal nonspecific bind-
ing to serum proteins in living subjects led to a relatively
long circulation half-life, efficient renal clearance, and EPR
effect-based tumor contrast. The desirable features of
small-sized GdIO@ZDS nanoparticles make these engi-
neered iron-oxide-based nanomaterials suitable candi-
dates as excellent T1 contrast agents for tumor imaging
and disease diagnosis.

MATERIALS AND METHODS
Materials. Oleylamine (tech 70%), oleic acid (tech 90%), phenyl

ether (99%), 1,2-hexadecanediol (98%), 3-hydroxytyramine hydro-
chloride, and iron(III) acetylacetonate (99%) were purchased
from Acros; gadolinium(III) 2,4-pentanedionate hydrate (99.9%),

1,3-propanesultone (99%), and meso-2,3-dimercaptosuccinic acid
were purchased from Alfa Aesar. Other reagents were purchased
from Sinopharm Chemical Reagent Co. Ltd. The Superose-6 10/
300GL columnwas purchased fromGEHealthcare Life Sciences. All
chemicals were used as received without further purification.
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Characterization. TEM and HRTEM images were recorded on a
JEM-2100 microscope at an accelerating voltage of 200 kV. The
hysteresis loop (at 300 and 5 K) was recorded on a Quantum
DesignMPMS-XL-7 system. The element analysis of Fe andGd in
the samples was measured by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) or inductively coupled
plasma mass spectroscopy (ICP-MS). The ESR spectra were
recorded on an ESR spectrometer (Bruker ESR spectrometer
EMX-10/12) at 90 K. The dynamic light scatteringmeasurements
were performed on a Malvern Zetasizer Nano ZS instrument.
The MRI measurements and T2/T1 relaxation time testing were
performed on a 7 T MRI scanner (Varian 7 T Micro MRI System).
Gel-filtration chromatography analysis was performed on a
Superose-6 10/300 GL column (GE Healthcare Life Sciences)
on an HPLC system (UltiMate 3000, DIONEX).

Synthesis of Small-Sized GdIO and IO Nanoparticles. GdIO nanopar-
ticles with various sizes were synthesized through thermal
decomposition of iron(III) acetylacetonate and gadolinium(III)
2,4-pentanedionate with different reaction times. Briefly, iron-
(III) acetylacetonate (353 mg, 1 mmol), gadolinium(III) 2,4-
pentanedionate hydrate (54 mg, 0.1 mmol), oleyl amine
(0.6 mL), oleic acid (0.6 mL), and 1,2-hexadecanediol (410 mg)
were mixed in a three-neck bottle flask containing phenyl ether
(15 mL). The solution was heated to reflux temperature with a
heating rate of 5 �C min�1 under an inert atmosphere. The 2.8,
3.5, and 4.8 nm GdIO nanoparticles were obatained by ceasing
heating at 20, 30, and 50 min after reaching reflux point,
respectively. After cooling to room temperature, excess ethanol
was added to precipitate the nanoparticles. The product was
collected by centrifugation and finally redispersed in hexane.
The synthesis of 4.9 nm IO nanoparticles was similar to the
synthesis of 4.8 nm GdIO nanoparticles but without gadolinium
precursor. All samples were stored at 4 �C for further use.

Preparation of ZDS- and DMSA-Coated Nanoparticles. The prepara-
tion of ZDS- or DMSA-coated nanoparticles was carried out
through a ligand-exchange process. For example, ZDS (10 mg)
was dissolved in 10 mL of water in a three-neck flask, and the
system was degassed with N2. The as-prepared 4.8 nm GdIO
nanoparticles (100 μmol) dissolved in hexanewere added to the
flask. The solution was then heated to reflux for 2 h before
cooling to room temperature. The nanoparticles were obtained in
the bottom layer, suggesting the successful ZDS coating. DMSA-
coated nanoparticles were prepared by changing ZDS to DMSA in
a similar manner. The obtained water-soluble nanoparticles were
further purified with a NAP-10 column and stored at 4 �C.

Gel Filtration Chromatography. We performed the GFC analysis
on a Superose-6 10/300 GL column (GE Healthcare Life
Sciences) by high-performance liquid chromatography (HPLC)
(UltiMate 3000, Dionex) monitored at the absorbance of
365 nm, using PBS buffer (1�, pH 7.4) as the mobile phase.
The flow rate was 1.0 mL/min. The calibration of hydrodynamic
diameter was performed by injecting 100 μL of protein stan-
dards containing blue dextran (2000 kDa, 29.5 nm HD), thy-
roglobulin (669 kDa, 18.0 nm HD), alcohol dehydrogenase
(150 kDa, 10.1 nm HD), ovalbumin (44 kDa, 6.13 nm HD), and
vitamin B12 (1.35 kDa, 1.5 nm HD), denoted as M1�M5 sequen-
tially. For the serum binding test, 1 μM nanoparticles were
mixed with 20% FBS solution and incubated for 4 h at 37 �C
before running a GFC column. All standards and samples were
tested in triplicate.

MRI Phantom Study. The samples for MRI phantom study were
prepared separately. Each type of nanoparticle was prepared
with concentrations of 400, 200, 100, 50, and 25 μM of total
metal ions (FeþGd) in 1% agar-containing solution. The control
sample denoted as 0 μM was prepared with purified water
containing 1% agar. The longitudinal and transverse relaxation
times were measured (at 298 K) and used for calculating the
relaxation rate of the samples. T2-weighted and T1-weighted MR
images of all the samples were acquired under the following
parameters: TR/TE=3000/60ms (T2), TR/TE=300/12ms (T1), 256�
256 matrices, repetition times = 4.

In VivoMRI Study. Animal experiments were executed accord-
ing to the protocol approved by Institutional Animal Care and
Use Committee of Xiamen University. Before in vivo experi-
ments, the GdIO@ZDS and GdIO@DMSA samples were filtered

through sterilized membrane filters (pore size 0.22 μm) and
stored in sterilized vials for further use. For in vivo MRI studies,
the transverse images of BALB/c mice were first acquired at
different slices to show the heart, kidneys, and bladder planes.
The mice were then intravenously injected with 100 μL of
4.8 nm GdIO@ZDS solution (2.0 mg/kg). Time-scale acquisition
of postinjection images at 10, 30, and 60 min were obtained
with the same slices. The T1 MR images of mice injected with
4.8 nmGdIO@DMSA solutionwere acquired in a similarmanner.
The acquisition process contained transverse and coronal
planes at the postinjection time points of 1, 2, and 4 h. All the
imageswere acquiredusing fSEMS sequence under the following
parameters: TR/TE = 300/10 ms, 256 � 256 matrices, slices = 5,
thickness = 2 mm, averages = 2, FOV = 80 � 80.

Tumor Imaging. The subcutaneous tumor model was estab-
lished on four-week-old nude mice. Suspended SKOV3 cancer
cells (50 μL) at a density of 1 � 107 cells per milliliter were
injected subcutaneously into the right front flanks. After 3�4
weeks, the tumor-bearing mice were injected with 4.8 nm
GdIO@ZDS nanoparticles (2.0 mg/kg) via tail vein. The coronal
plane images across the tumor were acquired at time points of
15, 30, 60, 120, and 240 min postinjection. The images were
acquired under the following parameters: TR/TE = 400/10 ms,
256 � 256 matrices, slices = 3, thickness = 2 mm, averages = 4,
FOV = 60 � 60.
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