
ZHOU ET AL. VOL. 8 ’ NO. 8 ’ 7976–7985 ’ 2014

www.acsnano.org

7976

August 05, 2014

C 2014 American Chemical Society

Interplay between Longitudinal
and Transverse Contrasts in Fe3O4
Nanoplates with (111) Exposed
Surfaces
Zijian Zhou,†,^ Zhenghuan Zhao,†,^ Hui Zhang,† Zhenyu Wang,‡ Xiaoyuan Chen,§ Ruifang Wang,‡

Zhong Chen,‡ and Jinhao Gao†,*

†State Key Laboratory of Physical Chemistry of Solid Surfaces, The Key Laboratory for Chemical Biology of Fujian Province, and Department of Chemical Biology,
College of Chemistry and Chemical Engineering, and ‡Department of Electronic Science and Fujian Key Laboratory of Plasma and Magnetic Resonance,
Xiamen University, Xiamen 361005, China and §Laboratory of Molecular Imaging and Nanomedicine, National Institute of Biomedical Imaging and Bioengineering,
National Institutes of Health, Bethesda, Maryland 20892, United States. ^These authors contributed equally to this work.

I
ron oxide nanomaterials are among the
most comprehensively studiedmagnetic
platforms in magnetic resonance imag-

ing (MRI) owing to their superior magnetic
properties,1�5 which triggers a large number
of versatile contrast agents for both long-
itudinal (T1) and transverse (T2)MRI contrasts.
To achieve high-performance T1 and T2 MRI
contrast agents, there is much interest in
artificial control of the magnetic behaviors
of iron oxide nanoparticles over the size,
dopant, and crystal structure.6�10 Neverthe-
less, themorphology and surface structure of
iron oxide nanomaterials were usually over-
looked when accounting for their T1 and T2
contrast enhancements. Although the theo-
ry on metal complex-based contrast agents
has been well-established over the past
decades, the investigation on the relaxation
mechanisms (especially T1 relaxation) of
magnetic nanomaterial-based contrast agents
is rare. Therefore, fundamental understand-
ing of T1 relaxivity and the relationship of

T1 and T2 contrast enhancements in nano-
material-based contrast agents is urgently
needed in the fast-growing MRI research
community.
Paramagnetic compounds as T1 contrast

agents are investigated by the Solomon,
Bloembergen, andMorgan (SBM) theory.11,12

Their contrast efficiency was realized to be
associated with the following key param-
eters during chemical exchange: the molec-
ular tumbling time (τR), proton residence
lifetime (τM), and the coordinating number
(q) of water molecules (Figure 1a). Ideally,
long τR, short τM, and large number q are
expected for contrast agents to achieve effi-
cient chemical exchange and strong T1
contrast effect.13,14 Despite the fact that
nanosized iron oxide particles can show T1
shortening, probably due to the existence of
iron on the particle surface, their T1 contrast
is often negligible as compared with the
generally strong T2 decay effect (Figure 1b).
Generally speaking, these two relaxations

* Address correspondence to
jhgao@xmu.edu.cn.

Received for review April 8, 2014
and accepted August 5, 2014.

Published online
10.1021/nn5038652

ABSTRACT Iron oxide has been developed as either T1 or T2 magnetic

resonance imaging (MRI) contrast agents by controlling the size and composition;

however, the underlying mechanism of T1 and T2 contrasts in one iron oxide entity

is still not well understood. Herein, we report that freestanding superparamag-

netic magnetite nanoplates with (111) exposed facets have significant but

interactional T1 and T2 contrast effects. We demonstrate that the main contribu-

tion of the T1 contrast of magnetic nanoplates is the chemical exchange on the iron-rich Fe3O4(111) surfaces, whereas the T2 relaxation is dominated by the

intrinsic superparamagnetism of the nanoplates with an enhanced perturbation effect. We are able to regulate the balance of T1 and T2 contrasts by

controlling structure and surface features, including morphology, exposed facets, and surface coating. This study provides an insightful understanding on

the T1 and T2 contrast mechanisms, which is urgently needed to allow more sophisticated design of high-performance MRI contrast agents.
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rely on the kinetic/dynamic experiences and behaviors
of protons surrounding the iron oxide nanomaterials.
T1 contrast enhancement is mainly related to the
innersphere regime that chemically exchanges with
the paramagnetic centers directly, and T2 is mainly
attributed to the proton's effective diffusion and inter-
action with the magnetic dipolar moment in the out-
ersphere regime (Supporting Information Figure S1
and Note).2 However, T1 relaxation in the innersphere
regime of iron oxide nanoparticles is barely exploited.
Basically, there are two strategies to regulate T1 con-
trast effect in an iron oxide system: lowering T2 con-
tribution and enhancing T1 contribution. The former
has been achieved when the size of iron oxide nano-
particles is decreased to about 3 nm with typically
paramagnetic rather than superparamagnetic behav-
iors.10,15 To enhance T1 contribution, one can fine-tune
the surface structure of superparamagnetic iron oxide
nanoparticles. As depicted in Figure 1c, a great number
of exposed paramagnetic metals on an optimal flat
surface of nanostructures with long tumbling time and
large coordinating number may promise highly effi-
cient chemical exchange. Together with intrinsic
superparamagnetic properties, the optimized iron
oxide nanostructures may have significantly strong T1
and T2 contrast abilities.
On the basis of these rationales, we report herein

the superparamagnetic magnetite nanoplates with
two exposed (111) basal planes possessing strong T1
and T2 contrast effects. These features are controlled by
the interplay between the two contributions: one is the
Feoct2‑tet1-terminated Fe3O4(111) surface on the two
planes that can greatly increase the interactions be-
tween surface paramagnetic metal ions and water
protons in their vicinity, which mainly contributes to
T1 contrast enhancement; the other is an intrinsically
high magnetic moment with unique morphology that
provides a strong local field inhomogeneity and results
in high T2 contrast enhancement. The unique surface
structure and morphology of Fe3O4 nanoplates reveal

the different factors that contribute to either T1 or T2
contrast in one nanoentity. Moreover, for the first time,
we demonstrate the interplay mechanism of T1 and T2
contrast effects at molecular levels and successfully
regulate the balance to display either T1 or T2 contrast
(or even T1�T2 dual modal) by tuning their structural
features.

RESULTS AND DISCUSSION

Synthesis and Characterization of Fe3O4 Nanoplates. The
synthesis of various types of iron oxide nanostructures
has been extensively explored.16�19 The formation of
anisotropic magnetite nanoplates with controllable
morphology and sizes is still challenging.20 We synthe-
sized the freestanding magnetite nanoplates with two
flattened hexagonal basal planes by thermal decom-
position of iron oleate in the presence of oleic acid,
sodium oleate, and benzyl ether. The edge length
and thickness of iron oxide nanoplates can be tuned
by the amount of sodium oleate in a reproducible way
and can be made at large scale (detailed in Methods).
The transmission electron microscopy (TEM) images
(Figure 2a�c) show that the obtained hexagonal nano-
plates are uniform with thicknesses of 8.8, 4.8, and
2.8 nm (denoted as IOP-8.8, IOP-4.8, and IOP-2.8,
respectively). Their UV�vis spectra strongly confir-
med the anisotropic morphology of nanoplates with
three adsorption peaks at around 220, 330, and
480 nm, indicating different sizes at three dimen-
sions (Figure S2). The X-ray diffraction patterns for
the as-synthesized Fe3O4 samples reveal a typical face-
centered cubic (fcc) magnetite structure (JCPDS 074-
0748, Figure S3). The high-resolution TEM (HRTEM)
imagesof perpendicular nanoplates (Figure 2a�c, insets)
show the interplanar spacingdistanceof about 4.8 Å, and
the flattened nanoplates (Figure 2d) reveal crossed
lattice spacing distance of about 2.9 Å corresponding
to (220) planes.20,21 These characteristics are consistent
with the typical fast Fourier transformpattern (Figure S4),
indicating the (111) basal planes of Fe3O4 nanoplates.

Figure 1. Schematic illustrations of proton phenomena in magnetic systems relating to T1 and T2 relaxations. (a) Paramag-
neticmetal complex systemand the selected key parameters to T1 relaxation of protons:molecular tumbling time (τR), proton
residence lifetime (τM), and the coordinating water molecular number (q), while the magnetic gradient field around
paramagnetic center is neglected. (b) Phenomena of proton interaction with a spherical magnetic nanoparticle system:
water molecular diffusion and chemical exchange with surface magnetic metals, related to their T2 and T1 contrast
enhancements, respectively. (c) Optimized magnetic nanoparticle with flattened metal-exposed surface and plate-shaped
morphology, which may have significant effects on molecular diffusion and chemical exchange.
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We then studied the surface characteristics on (111)
planes according to the Fe3O4 crystal structure. The
previous calculations revealed that the energetically
most favorable Feoct2‑tet1-terminated (Figure 2e,f) and
Fetet1-terminated (Figure S5) facets usually coexist on
Fe3O4(111) surface,

22,23 suggesting the presence of ade-
quate magnetic metal ions with long order on the sur-
face of Fe3O4 nanoplates.

The hysteresis curves indicate that the three Fe3O4

nanoplates exhibit typical superparamagnetic behav-
iors at 300 K and become soft ferromagnetic at 5 K
(Figure 3a�c). Note that the samples for measurement
were prepared as powder after multistep washing with
ethanol and then treatment with a plasma cleaner. The
magnetic saturation moments (Ms) of IOP-8.8, IOP-4.8,
and IOP-2.8 are 74.1, 57.6, and 34.5 emu/g Fe3O4,
suggesting a thickness-dependent crystallinity and
size-dependent magnetism in these samples. The
decline ofMs values with reduced thickness, especially
for the IOP-2.8, is probably due to the spin-canting
effect at the corner of the nanoplates (with a thickness
of 0.5�0.9 nm) and the strong demagnetization
effect.24�26 Additionally, the thermal dependence of
magnetization curves of zero field cooling (ZFC) and
field cooling (FC) also show expected differences in the
blocking temperature (TB). The high TB at around 240
and 250 K for the IOP-8.8 and IOP-4.8, respectively, are
in sharp contrast to 175 K for the IOP-2.8 (Figure 3d�f).
These results demonstrate that the alignment of mag-
netic vectors in nanoplates is highly thickness-depen-
dent, which is of great interest in the T2 relaxation study.

MRI Performance of Fe3O4 Nanoplates. To evaluate
the MRI performance of the magnetic samples, we

conducted the relaxivity and phantom studies on a
0.5 T MRI scanner (Figure 4a,b). The r1 and r2 values
are employed to characterize the relaxivity efficacy of
Fe3O4 nanoplates on longitudinal and transverse direc-
tions, respectively. Initially, we chose small mole-
cule meso-2,3-dimercaptosuccinic acid (DMSA) as a
thin layer modifying agent to endow the surface
with effective water solubility and permeability.7 The
IOP-8.8 shows an outstanding r2 value of 311.88 (
7.47 mM�1 s�1 at 0.5 T (Figure 4a and Table S1), which
is the highest among the three nanoplates (182.2 (
7.73 mM�1 s�1 for IOP-4.8 and 78.63 ( 6.41 mM�1 s�1

for IOP-2.8). The large r2 value for the IOP-8.8 is mainly
predominated by the high magnetic moment and
the large efficient radius under the external magnetic
field.9 More interestingly, there are exceptionally
large r1 values in these unique superparamagnetic
nanoplates. The IOP-8.8 and IOP-4.8 both show re-
markably large r1 values of 38.11 ( 1.04 and 43.18 (
3.33 mM�1 s�1 at 0.5 T, respectively (Figure 4a and
Table S1), which are rarely reported in the superpar-
amagnetic systems. Such large r1 values in superpara-
magnetic nanostructures are probably produced by
the highly exposed iron centers on the particle sur-
face, that is, the (111) surface of the Fe3O4 crystal. The
decrease of r1 values from IOP-4.8 to IOP-8.8 can be
ascribed to the ratio of (111) surface area to volume
(0.47 for IOP-4.8 and 0.31 for IOP-8.8). To further
confirm this assumption, we prepared the (111) en-
closed Fe3O4 octahedral nanoparticles with a (111)
surface to volume ratio of 0.28 (Figure S6).27 The r1
value of Fe3O4 octahedral nanoparticles is 21.67 (
1.89 mM�1 s�1, which is lower than those of IOP-8.8

Figure 2. Characterizations of magnetite nanoplates and their MRI measurements. Representative TEM and HRTEM (insets)
images of (a) 8.8 nm, (b) 4.8 nm, and (c) 2.8 nm thick nanoplates, with the lattice spacing distances of 4.8 Å from the
perpendicular views of nanoplates suggesting (111) planes; scale bars = 50 nm (insets: 5 nm). (d) HRTEM image of a typical
nanoplatewith crossed lattice spacing distances of 2.9 Å, indicating (220) planes; scale bar = 5 nm. (e) Perspective view and (f)
top views of the Feoct2‑tet1-terminated (111) planes of the Fe3O4 structure, indicating the iron-rich characteristics.
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and IOP-4.8 with larger (111) surface to volume ratios.
However, the r1 value of Fe3O4 octahedral nanoparti-
cles is still much larger than those of spherical nano-
particles because of the metal-exposed (111) facets
(Tables S2 and S3). This result further implies the critical
role of the metal-exposed (111) surface for their T1
contrast ability. However, there is a significant reduc-
tion of r1 value (14.36( 1.24mM�1 s�1) for the IOP-2.8,
althoughwith the highest (111) surface to volume ratio
of 0.70, which is probably due to the spin-disorder at
the corner of the ultrathin nanoplates. The disordered
metal atoms at the spin-canted corners would lead to
an ineffective coordinating and chemical exchanging
process of protons, which decreases the number of
effective exposed metal centers on the surface and
weakens the T1 contrast ability. The spin-canting effect
is often applied to explain the T1 contrast effect in small

sizedmagnetic nanoparticles, whereas themechanism
is not well understood.10,28 It is of note that the spin-
canting effect may not directly contribute to the T1
effect. The “released” T1 contrast effect in small-sized
iron oxide nanomaterials is probably caused by the
reduction ofMs and decreased r2/r1 ratio (Table S3 and
Figure S9).

For the routine MR images, the r2/r1 ratio is an
important reference to predict whether a given con-
trast agent has either T1- or T2-dominated MRI con-
trast. It was realized that high r2/r1 ratio (>8) results in
T2-dominated contrast and the lower ratio (<5) leads to
T1-dominated contrast.28,29 Our results also fit well with
this trend and show that the IOP-8.8 (r2/r1 ∼ 8.18) is a
T2-dominated and the IOP-2.8 (r2/r1 ∼ 5.47) is a
T1-dominated contrast agent, while the IOP-4.8 with
adequate T1 and T2* effects (r2/r1 ∼ 4.22) is a T1�T2

Figure 3. Magnetic hysteresis (M�H) loops and zero field cooling and field cooling curves of nanoplates. The IOP-8.8 (a,d),
IOP-4.8 (b,e), and IOP-2.8 (c,f) all indicate superparamagnetism at 300 K and ferromagnetism at 5 K (insets: magnification of
M�H curves from �3000 to 3000 Oe). The ZFC�FC results show the blocking temperature for the 8.8, 4.8, and 2.8 nm thick
nanoplates are around 240, 250, and 175 K, respectively. The M�H curves were measured at 300 and 5 K, and the thermal
dependence magnetization curves were measured at an applied magnetic field of 50 Oe.
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dual-modal contrast agent. By tuning the thickness of
the nanoplates, the T1�T2 MRI contrast abilities of IOP-
8.8, IOP-4.8, and IOP-2.8 samples can be divided into
OFF�ON,ON�ON, andON�OFF types in a seesawway
(Figure 4b), respectively.

We also performed nuclear magnetic relaxation
dispersion (NMRD) measurements for the three nano-
plates to further characterize their relaxivity tendency
as a function of applied magnetic fields (Figure 4c). At
low fields (<1 MHz), the r1 value is virtually unchanged,
which indicates a field-independent thermal equilibri-
um behavior for all the nanoplates.30 The peaks in the
1�2.5 MHz region for IOP-4.8 and IOP-2.8 are charac-
teristic of a synergistic effect in the paramagneticmetal
cluster colloids (the highly metal-exposed nanoplates
in this case) because of the fluctuations of the dipolar
magnetic coupling between nanocrystal magnetiza-
tion and the proton spins.30,31 Afterward, the rapid

drop in relaxivity with increasing magnetic fields ex-
tending to 40 MHz is probably dominated by the
relatively slow tumbling features of nanomaterials.32,33

Finally, their r1 values reveal an over 10-fold decrease at
the field up to 7 T (Figure S7 and Table S1).

Mechanism of T1 and T2 Contrast Enhancement Effects. The
nanoplates with identified surface structure enable us
to investigate the possible mechanisms of T1 contrast
enhancement at a molecular level. Starting from the
small molecule DMSA as a surface modifier, the large-
area exposed iron-rich (111) facets of Fe3O4 nanoplates
may greatly facilitate proton exchange on the surface,
accelerating T1 relaxation (Figure 5a). In addition, the
ordered metal atoms with distances of 2.9 Å on the
surface would endow protons with great opportunities
for further interaction with irons atom-by-atom when
they are hopping away from the former irons.34,35

However, spherical iron oxide nanoparticles are usually
polyhedral, and it is difficult to build a suitable surface
model because the spin-canting effect would cause a
randomly distributed magnetic spin-order on their
surface. For comparison, we synthesized various sphe-
rical iron oxide nanoparticles with different sizes by the
thermal decomposition method (Figures S8 and S9)
and coated with DMSA to achieve similar surface
modification. The iron oxide spheres with diameters
of 26, 21, and 16 nm (denoted as IO-26, IO-21, and
IO-16, respectively) have equivalent whole surface
areas to IOP-8.8 (∼2398 nm2), IOP-4.8 (∼1421 nm2),
and IOP-2.8 (∼624 nm2), respectively (Table S2). The r1
values of IO-26 (16.49( 2.87mM�1 s�1), IO-21 (11.73(
0.24 mM�1 s�1), and IO-16 (7.67 ( 1.05 mM�1 s�1) are
much lower than those of corresponding nanoplates
(Figure 5b), suggesting that there are much fewer ex-
posed irons on the surface of spherical particles. This
result indicates that the highly exposed iron ions (e.g.,
the (111) facets) on the surface of nanoplates play key
roles in their T1 contrast effects.

36 It should be noted
that T1 relaxation enhancement is also observed in
other metal-exposed facets, such as Fe3O4(100) facet
enclosed IO cubes and Fe3O4(311) facet composed IO
octapods (Figure S10). It is noteworthy that the r1
values of spherical iron oxide nanoparticles are gen-
erally increased with the increase of diameters from 3
to 26 nm (Table S3). Considering that the spin-canting
effect in spherical iron oxide nanoparticles decreases
with their sizes,24 this observation provides strong
evidence for a weakening of the T1 relaxation by the
spin-canting effect in iron oxide nanoparticles.

The understanding of proton T2 relaxation is mainly
predominated by the outersphere theory, which de-
scribes the diffusion phenomenon across the testing
areas.37,38 Hence, the T2 relaxation is governed by local
field inhomogeneity induced by magnetic nanoparti-
cles. Following Hwang and Freed's theory,37 the r2
value is proportional to the square of two key param-
eters in highly magnetized nanomaterials: Ms value

Figure 4. MRI relaxivity and phantom study. (a) Columns to
show the r1 and r2 values (0.5 T) of the three nanoplates,
respectively. (b) T1 (left) and T2 (right) MRI phantom studies
(0.5 T) of the IOP-8.8 (top), IOP-4.8 (middle), and IOP-2.8
(bottom) at different iron concentrations (mM) in 1%
agarose. The capability of displaying T1 or T2 contrasts is
denoted as ON for good contrast and OFF for poor contrast.
(c) T1 NMRD profiles of the three nanoplates as the function
of applied magnetic fields, measured by aqueous colloidal
suspensions of each samples.
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and effective radius of magnetic core (R). Basically, the
Ms value determines the local magnetic field inhomo-
geneity induced by magnetic nanomaterials; on the
other hand, the effective radius is responsible for the
field perturbation areas for the outersphere protons.
Because of the rapid random flipping of the nanoma-
terials in media, the nanoplates with anisotropic mor-
phology are recognized as a simulated sphere (or
ellipse) determined by their edge lengths (Figure 5c),
the effective radius R of a nanoplate ismuch larger than
that of a sphere with similar solid volume (Table S4).
The IO-21, IO-16, and IO-10 nanospheres have equiva-
lent solid volumes to those of IOP-8.8 (∼4841 nm3),
IOP-4.8 (∼2137 nm3), and IOP-2.8 (∼511 nm3), respec-
tively. However, their r2 values (IO-21, 232.16 ( 4.91;
IO-16, 118.83( 4.07; and IO-10, 59.38( 5.34mM�1 s�1)
are much lower than those of corresponding nano-
plates (Figure 5d), which may be ascribed to the larger
effective diameters of nanoplates (Figure 5e). More-
over, the nanoplates are considered to be able to
generate a larger area of local field inhomogeneity

compared with nanospheres under an applied mag-
netic field. We used the Landau�Lifshitz�Gilbert
equation to calculate the differences of the field in-
homogeneity induced by magnetic nanomaterials un-
der the magnetic field.39 The simulated results show a
significantly stronger local field inhomogeneity for the
nanoplates (e.g., IOP-4.8 and IOP-8.8) than the corre-
sponding spheres (e.g., IO-16 and IO-21) at distances of
2 and 4 nm from their surfaces (Figure 5f, Figure S11,
and Tables S5 and S6). These results provide direct
evidence that iron oxide nanoplates could further
increase the r2 values by the excellent field perturba-
tion ability due to the unique morphology. The mag-
nitude phase gradient mapping of the nanoplates also
reveals obviously thickness-dependent signal loss phe-
nomena (Figure S12), indicating the essential role of
the inhomogeneous magnetic field gradient for the
T2 contrast enhancement. Because of possible differ-
ences for shaped nanoplates that interact with bio-
logical cells,40,41 we did the preliminary study to test
cell viability (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl

Figure 5. Fe3O4(111) nanoplates have great effects on water diffusion and chemical exchange. (a) Nanoplate with metal-rich
(111) facets exposed on the surface facilitates water exchange in their vicinity (left), while the metals on the surface of the
spherical nanoparticle are less and randomly distributed (right). (b) Relationships of T1 relaxivity with the (111) surface of the
nanoplates, compared to spherical nanoparticles with equivalent whole surface areas. (c) Nanoplate is superior to spherical
nanoparticles in terms of inducing local field inhomogeneity, rendering a larger effective radius (R) than the latter (r) when
they are with equivalent solid volumes. The comparisons of (d) T2 relaxivity and (e) effective diameter of nanoplates and
spheres to solid volume reveal that the nanoplates with larger effective radius have stronger T2 contrast effect than
corresponding nanospheres. (f) Simulations of the inducedmagnetic field distribution of IOP-4.8, IOP-8.8, IO-16, and IO-21 at
distances of 2 and 4 nm from the surface of nanomaterials under the field of 0.5 T.
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tetrazolium bromide, MTT assay) of the three nano-
plates using two different cell lines (SMMC-7721 and
Huh-7). The results show little toxicity for nanoplates to
both cells with cell viability >90% at a maximum
concentration of 85 μg Fe/mL (Figure S13), indicating
that the nanoplates are biocompatible within biologi-
cally acceptable concentrations. The more extensive
study on the cell interaction and response to IO
nanoplates is needed in the future to systematically
evaluate biosafety issues of the nanoplates.

Surface Blocking and Particle Clustering. To further iden-
tify the T1 and T2 relaxation contributions, we empha-
sized the surface coating effect on their T1 and T2
relaxivities of the nanoplates. The small DMSA mole-
cules on nanoplates can provide a free and permeable
environment for the surrounding protons to exchange
and interact with the surface metals (Figure 6a). On the
contrary, silica coating may produce a partially perme-
able shell on the surface of nanoplates depending on
the silica thickness,42,43 which may have a significant
impact on the exchange path between protons and
surfacemetals (Figure 6b). The nanoplateswere coated
with an approximately 8 nm thick silica shell by an
inverse-micelle method (Figure S14). After the silica
coating, the r1 values of three nanoplate samples re-
veal a dramatic drop to the level of about 2 mM�1 s�1

(Figure 6c); on the other hand, the r2 values of IOP-2.8,
IOP-4.8, and IOP-8.8 were reduced to 59.38 ( 6.34,
118.73 ( 8.07, and 232.16 ( 7.91 mM�1 s�1, respec-
tively (Figure 6d). The remnant but extremely small T1
relaxivity is reasonably attributed to (i) the partially
permeable part of the silica layer that causes inevitable
water permeation to the surface of the nanoplates43

and (ii) the existence of outersphere translational

diffusion of protons, which was described by Freed
et al.44 and was also noticed in molecular con-
trast agents.45 This result suggests that the water-
permeable surface coating onmagnetic nanomaterials
is extremely important for strong interactions of sur-
rounding protons and surface metals, which results in
large T1 relaxivity. The decrease of the r2 values of
nanoplates with a silica shell may be caused by the
hindrance of the shell to the proton diffusion in the
outersphere region.

Moreover, we used IOP-4.8 as an example to
investigate the clustering effect on the T1 and T2
relaxivities. Upon the amphiphilic stearic acid�
polyetherimide (stPEI) coating, the lamellar assembly
of nanoplates led to a spherical-shaped nanostructure
with face-to-face stacking (Figure 6e). The obtained
IOP-4.8@stPEI nanostructures have diameters of about
60 nm in the TEM images and hydrodynamic sizes of
about 90 nm in aqueous solution (Figure S15). As
expected, the T2 relaxivity of the IOP-4.8@stPEI sample
increases to 338.9 ( 6.97 mM�1 s�1 probably because
the agglomerationmay produce stronger dipolar fields
than the individual nanoplates,46�48 while the decrease
and blocking of (111) exposed surfaces in the compact
nanostructures resulted in a significant drop of T1
relaxivity, from 43.18 ( 3.33 to 3.59 ( 1.01 mM�1 s�1

(Figure 6f). These results further confirm the signifi-
cant role of the metal-exposed surface to the T1 con-
trast enhancement effect of magnetic nanomaterials.
Besides, the interfacial environment of nanomaterials
may also influence the exchange and interaction of
surrounding water protons with the magnetic metal
ions on the surface, which are also crucial to the T1 and
T2 contrast effects.

Figure 6. Effects of silica coating and particle clustering on the T1 and T2 relaxations of nanoplates. (a) Small molecule DMSA-
coated nanoplates (right, TEM image, scale bar = 50 nm), showing permeablewater penetration and facile chemical exchange
on the surface. (b) Nanoplates coated with a dense SiO2 layer (right, TEM image, scale bar = 50 nm), resulting in an inefficient
permeability for surrounding water. Columns to show the changes of (c) r1 and (d) r2 values of the three nanoplates (orange,
IOP-2.8; blue, IOP-4.8; green, IOP-8.8) before and after SiO2 coating, respectively. (e) Lamellar assembly of IOP-4.8 nanoplates
by amphiphilic stearic acid�polyetherimide (stPEI) coating (right, TEM image, scale bar = 50 nm). (f) Changes of r1 (left) and
r2 (right) values of IOP-4.8 before and after stPEI coating, showing the significant r1 decrease and r2 increase by particle
clustering effect.
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CONCLUSIONS

Owing to their unique morphology and surface
structure, freestanding superparamagnetic magnetite
nanoplates with tunable thickness exhibit excellent
and interactional contributions in T1 and T2 relaxations.
We demonstrated that the morphological anisotropy
of nanoplates with enlarged efficient radius is the
main reason for their enhanced T2 contrast ability,
and the strong T1 contrast enhancement of nano-
plates is due to their large-area exposed iron-rich

Fe3O4(111) facets for efficient chemical exchanges.
We believe that the investigation on the T1 relaxivity
of superparamagnetic nanostructures at the molec-
ular level is highly significant for the MRI research
field. This work may shed new light on the basic
understanding of the T1 and T2 contrast enhance-
ment effects in magnetic nanoparticle systems
and open up new venues to rationally design high-
performance MRI contrast agents for biomedical
applications.

METHODS
Synthesis of Fe3O4 Nanoplates with Tunable Thickness. A straight-

forward synthetic route to IOP-8.8 is as follows: 0.9 g (1mmol) of
iron oleate complexwas dissolved in 10mL of benzyl ether, with
the addition of 0.16 mL (0.5 mmol) of oleic acid and 15 mg
(0.05 mmol) of sodium oleate. The solution was kept at 120 �C
for 20 min before reaching reflux and was allowed to react for
1 h before cooling to room temperature. The products were
obtained by addition of 50 mL of ethanol and centrifugation at
7000 rpm for 10min. After beingwashedwith ethanol twice, the
precipitate was dispersed in hexane and stored for further use.
The preparation of IOP-4.8 and IOP-2.8 is similar to the above
procedure except for the quantity of sodium oleate (0.1 and
0.2 mmol, respectively).

Synthesis of Fe3O4 Octahedral Nanoparticles. The synthesis of
Fe3O4 octahedral nanoparticles was followed by a modified
procedure. Briefly, iron oleate (1 mmol), oleic aicd (0.5 mmol),
sodium chloride (60 mg), and distilled water (60 μL) were mixed
with 1-octadecene (20 mL) into a three-neck flask. The system
was degassed with nitrogen, heated to 100 �C, and maintained
for 20 min. Subsequently, the solution was heated to reflux for
30 min before cooling to room temperature with a constant
heat rate of∼5 �Cpermin. The black precipitationwas obtained
by centrifugation after addition of isopropyl. The as-prepared
products were finally dispersed in hexane for further use.

DMSA Modification Strategy. The preparation of DMSA-coated
nanoparticles was carried out through a ligand exchange
process.7 For example, excess DMSA (10 mg) was dissolved in
10 mL of ultrapure water in a three-neck flask, and the as-
prepared iron oxide nanoparticles (100 μmol) dissolved in
hexane were added to the flask. The solution was then heated
to reflux for 2 h before cooling to room temperature. The
nanoparticles were obtained at down-layer, suggesting the
successful DMSA coating. The obtained water-soluble nanopar-
ticles were stored at 4 �C.

Silica Coating. In a typical experiment, 2 mL of iron oxide
nanoplates (0.6 mg/mL) was added with 1.2 mL of Co-520,
0.2mL of tetraethyl orthosilicate, 0.4mL of ammonia, and 20mL
of cyclohexane. After being stirred for 16 h at room tempera-
ture, the solution was mixed with 40 mL of ethanol and washed
three times by centrifugation (14 000 rpm, 15 min). The silica-
coated nanoplates (IOP@SiO2) were dissolved in ultrapurewater
and stored at 4 �C.

StPEI Coating Method. For the preparation of stPEI-coated
nanoplates, 5 mg of stPEI was mixed with the as-prepared IO-
4.8 (10 mg) in chloroform (2 mL). The organic solution was
slowly added into ultrapure water (4 mL) under vigorous soni-
cation, and the mixture was further shaken overnight to obtain
transparent solution. The residual chloroform was removed by
rotary evaporation, and the final aqueous solution was stored at
4 �C for further use.

MRI Relaxivity Study. The phantom study of MRI samples was
prepared in 1% agar with the Fe concentrations ranges of 400,
200, 100, 50, and 25 μM, and with water at 0 μM for comparison.
The samples for the three-sized iron oxide nanoplates and the
six-sized spherical iron oxide nanoparticles were prepared three
times (n = 3) and measured separately. The T1 and T2 relaxation

times for all the samples were measured (at 305 K) with a 0.5 T
MRI scanner and used to calculate the relaxation rates of the
samples. The T2-weighted and T1-weighted MR images for all
the samples were acquired using the MSE sequence under
the following parameters: TR/TE = 2000/60 ms (T2), TR/TE =
100/12 ms (T1), 128 � 256 matrices, repetition times = 4.

Calculation of the Induced Magnetic Fields around the Iron Oxide
Nanoparticles. A 3D numerical modeling was carried out by
solving the Landau�Lifshitz�Gilbert (LLG) equation, which is
a powerful tool for studying the magnetization process on
nanoscopic magnets. We set the external static field at 0.5 T
as in the MRI studies; the exchange stiffness constant A = 1.0�
10�6 erg/cm; Gilbert damping constant is 1.0; and the unit cell
dimensions are 1 nm � 1 nm � 1 nm. The magnetic field data
from LLG was obtained with Matlab to show the magnetic field
distribution outside the nanoplates (IOP-8.8 and IOP-4.8) or
spherical (IO-21 and IO-16) nanoparticles. We then calculated
the intensity of stray field at various distances from the surface
induced by iron oxide nanoplates and spherical nanoparticles.
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