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ABSTRACT: The exploration of magnetic resonance imaging (MRI) agents
possessing excellent performances and high biosafety is of great importance for
both fundamental science research and biomedical applications. In this study, we
present that monodisperse Fe2O3 supraparticles (SPs) can act as T1-weighted MRI
agents, which not only possess a distinct off−on MRI switch in the tumor
microenvironment but also are readily excreted from living bodies due to its
quasi-amorphous structure and hierarchical topology design. First, the Fe2O3 SPs
have a surface-to-volume ratio obviously smaller than that of their building blocks
by means of self-assembly processes, which, on the one hand, causes a rather low
r1 relaxivity (0.19 mM−1 s−1) and, on the other hand, can effectively prevent their
aggregation after intravenous injection. Second, the Fe2O3 SPs have a dramatic
disassembly/degradation-induced active T1-weighted signal readout (more than 6 times the r1 value enhancement and about
20 times the r2/r1 ratio decrease) in the tumor microenvironment, resulting in a high signal-to-noise ratio for imaging
performances. Therefore, they possess excellent in vivo imaging capacity, even with a tumor size as small as 5 mm3. Third, the
disassembled/decomposed behaviors of the Fe2O3 SPs facilitate their timely clearance/excretion from living bodies. In
particular, they exhibit distinct renal clearance behavior without any kidney damage with the right dosage. Fourth, the
favorable biodegradability of the as-prepared Fe2O3 SPs can further relieve the concerns about the unclear biological effects,
particularly on nanomaterials, in general.
KEYWORDS: Fe2O3 supraparticles, active T1-weighted MRI, quasi-amorphous, renal clearance, biodegradability

Exploration of magnetic resonance imaging (MRI)
contrast agents possessing clinical prospects is signifi-
cant for both fundamental research and practical

applications. Until now, two kinds of MRI agents, namely,
paramagnetic Gd complexes and superparamagnetic iron oxide
nanoparticles (SPIO NPs), have been commercially em-
ployed.1,2 Due to the negative T2-weighted signal, SPIO NPs
not only possess poor imaging performances but also cause
magnetic susceptibility artifacts.3,4 As a result, some of them
have been withdrawn from the market.5 In contrast, Gd
complexes provide a favorable positive T1-weighted signal
output, which correspondingly dominates the present market.
However, Gd deposition in living bodies causes serious
nephrogenic systemic fibrosis for patients with decreased
renal function.6 Furthermore, recent studies indicate that Gd
deposits have been detected in the brain tissues of patients
following administration of Gd(III) contrast agents, even if
they have no severe renal dysfunction.7 As a result, the search
for other T1-weighted imaging agents has been ongoing.

Similarly, Mn2+ ions are also good T1-weighted imaging agents,
but they are also biotoxic.8,9 Compared with Gd and Mn, Fe
has better biosafety. However, it exhibits few advantages for
T1-weighted output. Recently, based on the rapid development
of nanoscience and technology, Fe-based nano-T1-weighted
imaging agents have been well-designed and fabricated. For
example, in addition to ultrasmall Fe2O3 nanocrystals, various
nanosubstrates/scaffolds, including SiO2 and graphene, have
been adopted for the corresponding fabrication.10,11 Due to the
rationally designed extremely large surface-to-volume ratio,
these Fe-based nanoimaging agents can interact with H2O
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molecules and exhibit favorable T1-weighted imaging perform-
ances even in vivo. Despite these substantial achievements,
there are a few issues and even problems that are still a
concern. First, in addition to uncertain biological effects
(graphene and SiO2 materials), the biggest issues/problems
with nanoentities are their long-term retention, which results in
various potential risks/toxicities in living bodies.12,13 Second,
these imaging agents almost exhibit constant signals at any
time and place (“always on” mode), leading to poor imaging
performances. To address this issue, active MRI design and
applications have attracted particular interest in recent years.
Based on the trigger/modulation effects of external (light, heat,
magnetism, etc.) and/or internal (tumor/inflammation micro-
environment) means/specific environments, a rationally
designed and desired off−on switch of the MRI signal is
realized, which can enhance the signal-to-noise ratio compared
with the “always on” one. To date, several Gd3+ ions14,15 and
Mn2+ ions16 based on off−on MRI nanoprobes have been
reported. However, the use of Fe-based nanoimaging agents for
active T1-weighted MRI applications, especially in vivo, has
been limited to several iron-oxide-based nanocluster systems,
in which the building blocks are synthesized by high
temperature in the organic phase.17,18 Conceivably, if these
problems and limitations can be solved by the development of
nanodesign and fabrication strategies, the corresponding
applications of nano-MRI imaging agents could be substan-
tially evolved.
To address these issues, we herein present Fe-based T1-

weighted nano-MRI agents, namely, quasi-amorphous and
hierarchical Fe2O3 supraparticles (SPs), which possess
distinctly different and special structure and topology
compared to that of their previous counterparts. In addition
to the high safety of the components, the quasi-amorphous
structure and hierarchical topology endow the SPs with several
fascinating properties for MRI applications in vivo. First, the
Fe2O3 SPs possess a distinct disassembly/degradation-induced
active T1-weighted signal readout (more than 6 times the r1
value enhancement and about 20 times the r2/r1 ratio
decrease) in the tumor microenvironment (where abundant
glutathione and H+ decompose Fe2O3 SPs into small sized
Fe2O3 NPs and even Fe3+ ions), resulting in a high signal-to-
noise ratio for tumor imaging. Therefore, they possess
excellent in vivo imaging capacity, even with a tumor size as
small as 5 mm3. Second, the disassembled/decomposed
behaviors of the Fe2O3 SPs facilitate their timely clearance/
excretion from living bodies. In particular, they exhibit distinct
renal clearance behavior without any kidney damage at the
right dosage. Third, the favorable biodegradability of the as-
prepared Fe2O3 SPs can further relieve the concerns about the
unclear biological effects, particularly on nanomaterials, in
general. Because of the excellent imaging performances, high
biosafety, as well as favorable properties (renal clearance and
biodegradation), the as-prepared quasi-amorphous and hier-
archical Fe2O3 SPs exhibit great potentials in MRI applications,
even for clinical translation research.

RESULTS AND DISCUSSION
Fe2O3 SPs are fabricated by the proposed in situ self-assembly
strategy, which is achieved using urea for dynamic pH
modulation. The gradual decomposition of urea can
progressively increase medium pH, which facilitates the self-
assembly of individual Fe2O3 NPs and forms corresponding
SPs (Figures S1 and S2). Figures 1 and 2A are the ultra-large-

and small-scale transmission electron microscopy (TEM)
images of the products, respectively. They are 15 nm in
diameter, and the size distribution (inset in Figure 1) is as low
as 7%. As described by the high-resolution (HR) TEM image
(Figure 2B and Figure S5), the products are composed of a few
3−5 nm sized subunits and result in rather rough profiles.
Because the present products have a hierarchical structure,
they are named as SPs in this contribution. During the self-
assembly processes, the NPs’ surface energies are easily
released and decreased, which is very helpful for enhancing
the colloidal stability (see below). Based on the HRTEM
result, the as-prepared products do not exhibit distinct lattice
fringes (although a few fringes are occasionally observed for
parts of the building blocks). Then, the crystallinity of the
products was detected by selected area electron diffraction
(SAED) and X-ray powder diffraction (XRD) techniques. As
shown in Figure 2C, the SAED pattern shows only diffuse
rings. Consistently, no obvious diffraction peaks are observed
in the XRD pattern (Figure 2D). These results demonstrate
that the as-prepared products are predominately amorphous in
structure.
Then, the compositions and structures of the products were

comprehensively detected. Figure 2E shows the X-ray
photoelectron spectroscopy (XPS) measurement for the Fe
2p spectrum. The two peaks at 711.7 and 725.6 eV are
attributed to Fe 2p3/2 and Fe 2p1/2 of Fe3+ ions,19,20

respectively. Furthermore, a satellite at 719.9 eV is rather
distinct, which is most pronounced for Fe2O3.

21 Based on XPS
detection, no information from Fe2+ has been observed, which
would appear at 709.3 eV.22 X-ray absorption spectroscopy
(XAS) is a powerful site-specific local structural probe. Both
synchrotron-based X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) in XAS are especially suited for determining local
structures of amorphous materials. Figure 2F,G shows the
XANES and EXAFS spectra, respectively, and the data for bulk
Fe2O3 and Fe foil are also shown for comparison. It can be
seen that the Fe K-edge XANES is very similar to that of
Fe2O3, indicating that the Fe species have the same valence
state as the Fe2O3 material. Furthermore, more structural
information about Fe was obtained by EXAFS. The Fourier
transformed (FT) k3-weighted EXAFS spectrum (Figure 2G)

Figure 1. Large-scale TEM image of the Fe2O3 SPs. The inset is the
size distribution of the Fe2O3 SPs, which is based on the statistics
of 500 SPs.
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of the sample showed three main peaks at 1.5, 2.5, and 3.1
Å,23,24 corresponding to Fe−O and Fe−Fe25,26 coordination
shells, respectively. Meanwhile, the R spaces of the sample are
close to that of Fe2O3 bulk. Based on that stated above, it can
be inferred that the products are Fe2O3 SPs. It should be noted
that the magnetization of the Fe2O3 SPs is only 0.78 emu g−1

(Figure 2H), which mainly results from their quasi-amorphous
structure.
The in vitro relaxivity and its modulation behaviors of the

Fe2O3 SPs were then studied. As shown in Figure 3F, the r1
and r2 values of the Fe2O3 SPs are 0.19 and 3.95 mM−1 S−1,
respectively. Herein, because of relatively small surface-to-
volume ratio and weak magnetism, the SPs exhibit rather low r1
relaxivity. As described in Figure 2, the Fe2O3 SPs possess
hierarchical topology and quasi-amorphous structure, which
might be disassembled and even degradable at optimal
conditions. To address these issues, the Fe2O3 SPs were
dispersed in mediums containing glutathione (GSH, 5 mM),
H+ ions (citrate buffer solution, 2 mM, pH 5.0), and GSH +
H+ (GSH, 5 mM; citrate buffer solution, 2 mM, pH 5.0). As

shown in Figure 3E and Figure S10, in all three mediums, the
color of the SPs becomes weaker and weaker with the increase
of the incubation time. Furthermore, the speeds of the color
fading are different in the three systems, namely, (GSH + H+)
> H+ > GSH. These results indicate that the Fe2O3 SPs are
probably disassembled/degradable in these mediums, and
(GSH + H+) possesses the most prominent effects. Based on
TEM detection (Figure 3A−D), the Fe2O3 SPs are
disassembled and even degradable. Herein, the medium of
(GSH + H+) has the best disassembled/degradable effects,
which can be understood as follows: The as-prepared Fe2O3
SPs are self-assembled by 3−5 nm sized Fe2O3 NPs, and the
cross-linking effects of carboxyl groups within citrate molecules
among the nanocrystals probably play an important role in the
self-assembly.27 The added H+ ions and ligands (citrate and
GSH molecules) can “attack” carboxyl groups and Fe3+ ions
(Figure S9), respectively, which causes the disassembly/
degradation of the Fe2O3 SPs (Figure 3G). Due to enhanced
“attack” effects, (H+ + GSH) medium possesses the best
performances for the disassembly/degradation. Accompanied

Figure 2. Characterizations of the Fe2O3 SPs. (A) Small-scale TEM image. (B) HRTEM image. (C) SAED and (D) XRD patterns. (E) XPS
spectrum of Fe 2p. (F) XANES and (G) EXAFS. (H) Field-dependent magnetization curve.

Figure 3. In vitro disassembly/degradation behaviors and off−on MRI switch. TEM images of the Fe2O3 SPs in (H+ and GSH) system for 0 h
(A), 3 h (B), 6 h (C), and 9 h (D). (E) Photo images corresponding to A−D. (F) Relaxivity of the Fe2O3 SPs in pure water (off) and
disassembled/degraded in the (H+ + GSH) system for 6 h. (G) Schematic figure for the disassembly/degradation of the Fe2O3 SPs in the (H+

+ GSH) system.
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by the disassembly/degradation behaviors, the r1 value
increases from 0.19 to 1.20 mM−1 S−1, and the r2/r1 value
decreases from 20.79 to 1.59 (Figure 3F). Then, the effects of a
few experimental parameters, such as reaction time and pH
values, on the disassembly/degradation of the Fe2O3 SPs were
further investigated. As shown in Figure S11, even only at 30
min reaction, an apparent size decrease of the Fe2O3 SPs is
observed; at the same time, the r1 value increases more than 3
times (from 0.19 to 0.61 mM−1 S−1), whereas the r2/r1 ratio
decreases from 20.79 to 5.23. Furthermore, such disassembly/
degradation processes can smoothly proceed in pH 6.2
medium, and only the reaction speed exhibits some decrease
(Figure S12).
It should be noted that such stimulation-induced dis-

assembled/degradable behaviors have three advantages for
MRI imaging in vivo, although in vivo situations are very
different from those in vitro. First, due to the substantial
increase of the surface-to-volume ratio, the disassembly/
degradation of the Fe2O3 SPs causes a more than 6 times
enhancement of r1 relaxivity. In fact, in addition to the
disassembly/degradation effects, a lower pH value is also
helpful for enhancing the relaxivity, as shown in Figure S13.
The possible reason is that lower pH values facilitate the
coordination interactions of water molecules and particle
surface, and then higher r1 values are obtained.28 Second, the
best disassembled/degradable condition, namely, (GSH + H+)
medium, is just the microenvironment for most tumors. So, the
present Fe2O3 SPs, due to their distinctly active r1 relaxivity
toward the tumor microenvironment, are promising for
enhancing the signal-to-noise ratio for the corresponding
MRI imaging. Third, the H+/ligand-induced disassembly/
degradation can also be conducted in lysosome (Figure S14),
which is essential for their clearance/excretion from living
bodies in time (see below).
In the following, the in vivo MRI performances of the Fe2O3

SPs were studied. To avoid their potential aggregation in
biological systems, the SPs were then modified with bovine
serum albumin (BSA) molecules for various biologically
related experiments. After BSA modification, the dynamic
light scattering (DLS) size of the Fe2O3 SPs exhibits some
increase (from 15.69 to 21.04 nm, Figure S15). To estimate
their biological applications, the cell uptake and cell
cytotoxicity tests were first conducted. Based on inductively
coupled plasma mass spectrometry (ICP-MS) detection, the
cellular uptake gradually increased with the enhancement of
incubation time. At 24 h incubation, the uptake value is 70 pg
of iron for per cell (Figure S17), which is slightly higher than
that of the 6 nm sized poly(L-lysine)-modified Fe2O3 (41 pg/
cell).29−31 Based on CCK-8 assay (Figure S18), the cell
viability can exceed 94% even if the concentration of the
incubated Fe2O3 SPs is as high as 600 μg mL−1 (in the present
contribution, all concentrations of the Fe2O3 SPs were
estimated by Fe3+ ions). These results indicate that the
Fe2O3 SPs have low toxicity and are highly biocompatible.
The MRI performances of the Fe2O3 SPs in vivo were

evaluated in a subcutaneous 4T1 breast tumor model using a
BioSpec70/20USR 7 T MRI scanner. Whole-body MR images
were obtained 10 min, 30 min, 1 h, 1.5 h, 2 h, 4 h, and 24 h
after the intravenous injection of the Fe2O3 SPs (100 μL, 3.75
mg mL−1). As shown in Figure 4A, a distinct T1-weighted
signal is observed within the tumor area 10 min after
intravenous injection of the Fe2O3 SPs. This intense signal is
then gradually decreased and nearly disappears in the following

24 h (Figure 4A,B). Meanwhile, the MRI signals of liver and
kidney organs are monitored. The signal from the kidney is
somewhat higher than that of the liver, indicating that renal
clearance probably plays an important role in the SPs’
elimination. Similar with the tumor site, the signals at the
two organs reach the maximum within 10 min, which then
gradually decreases and almost completely recovers at 24 h. To
further evaluate their tumor-targeting ability, the Fe2O3 SPs
were injected into the tail vein of nude mice bearing a small
sized tumor (∼5 mm3 in volume). The clear MRI signal can be
observed at the tumor site (Figure 4C), indicating the potential
applications of the Fe2O3 SPs for early tumor diagnosis.
Obviously, the off−on switchable MRI properties, especially in
the tumor microenvironment that induced an active T1-
weighted signal, are pivotal for high-performance imaging.
To better understand the clearance behaviors of the as-

prepared Fe2O3 SPs, healthy mice were then adopted for the
relevant experiments. After intravenous tail injection (100 μL,
3.75 mg mL−1), the MRI signals of the liver, kidney, as well as
bladder were continuously monitored. As shown in Figure 5A,
the intensity of MRI signals at the kidneys and liver is distinctly
enhanced after 10 min injection, and the signal intensity at the
kidneys is about 20% higher than that at the liver.
Furthermore, the signal intensities in both organs can be
maintained for several subsequent hours despite some gradual
decrease. Twelve hours after injection, their MRI signals
almost completely recover to that of their predose. Overall, the
MRI evolution is similar to that of the tumor-bearing mice.
Then, the MRI signals at the bladder were continuously
detected. As shown in Figure 5C, the evolution of MRI signals
at the bladder is rather coincident with that at the liver and
kidneys, and only the intensities are much higher than that of
the two organs. On this basis, it is clear that the as-proposed
Fe2O3 SPs are mainly excreted by renal clearance.
At present, it is widely believed that the injected NPs are

excreted by renal clearance as their hydrodynamic diameter is

Figure 4. Time-dependent in vivo MRI images of 4T1-tumor-
bearing nude mice after intravenous injection of the Fe2O3 SPs at
different time intervals. For A, B and C, D, the tumor sizes are
about 300 and 5 mm3, respectively. In A and C, the tumor, liver,
and kidney are circled by red, blue, and black ellipses, respectively.
The corresponding MRI intensities of A (B) and C (D) at the
tumor, liver, and kidney. The dose of the injected Fe2O3 SPs is
0.375 mg (100 μL, 3.75 mg mL−1).
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less than ∼6−8 nm.32−34 Herein, the DLS size of the BSA-
modified Fe2O3 SPs are greater than 20 nm, which is obviously
larger than that of glomerular filtration membranes. So, the
following questions are whether the Fe2O3 SPs can adequately
disassemble and degrade in time for the renal clearance and
whether the clearance causes kidney damage. To unravel these
issues, we investigated kidney function and kidney structures of
the mice after being exposed to the Fe2O3 SPs. Two renal
function markers, namely, blood urea nitrogen and serum
creatinine,35 were monitored 14 days after intravenous
injection of the Fe2O3 SPs into the mice (100 μL, 3.75 mg
mL−1). As shown in Figure 6C,D, no distinct changes in both
blood urea nitrogen and serum creatinine levels are observed
from 1 to 14 days, compared with that of noninjected mice.
For better assessment, renal histopathology studies were then
conducted. As shown in Figure 6E−H, the section of the
kidney, with both Fe2O3 SPs injected mice and the control
one, shows the presence of a renal corpuscle surrounded by
Bowman’s capsule; then, kidney tubules are lined with simple
cuboidal epithelium. Furthermore, the glomerulus, a tuft of
capillaries, also appears as a large cellular mass.36 In addition,
to further study the glomerular status, the ultrastructural
examination for glomerular endothelium and podocyte foot
processes was detected by TEM. As shown in Figure 6I−P,
podocyte morphology exhibits no changes after the injection of
the Fe2O3 SPs from 1 to 14 days, indicating that the Fe2O3 SPs
do not cause damage to the endothelium and normal podocyte
foot processes. Also, both the glomeruli and glomerular
filtration membranes remain rather normal.35,37,38 By combi-
nation of the above data, it is clear that the renal clearance
processes of the Fe2O3 SPs do not cause kidney damage. In
addition to in vitro experiments (Figure 3 and Figure S14), the
urine from an injected mouse was collected, treated, and
detected by TEM. As shown in Figure 6A,B, well-defined 2−5

nm NPs are observed in the urea samples. These data, from
both in vitro and in vivo, demonstrate that the proposed Fe2O3
SPs can disassemble/decompose into 3−5 nm sized individual
NPs and even small molecule complexes, which are small
enough for glomerular filtration barriers and excretion by renal
clearance. As shown in Figure S19, as the dose of the injected
Fe2O3 SPs is increased to 1.0 mg (100 μL, 10 mg mL−1), slight
kidney damage is observed by H&E-stained images, although
the levels of blood urea nitrogen and serum creatinine are
normal. Obviously, the injected dosage is one of critical
parameters for the corresponding applications.
In the following, as a comparison, the MRI performances

and elimination behaviors of the 4 nm sized Fe2O3 NPs
(unassembled products) were then studied. As shown in
Figure S20, the slightly large tumor (20 mm3) was imaged by
T1-weighted signals using the unassembled Fe2O3 NPs as
contrast agents. However, the NPs tend to accumulate at the
liver, as described by distinctly black T2-weighted signals, even
after 48 h injection (blue circles in Figure S20A). In contrast,
the T1-weighted signals at the bladder only exhibit a small
enhancement throughout (red circles in Figure S21). These
preliminary results indicate that the unassembled Fe2O3 NPs
are probably cleared by the liver. The possible reason is that
the Fe2O3 NPs heavily aggregate during blood circulation,
which then are captured by macrophagocytes of the liver.
Because the interaction of injected nanomaterials and living
bodies is extremely complex, the exact processes need further
research.
To further understand the pharmacokinetic behaviors of the

Fe2O3 SPs, the urine and feces of the injected mice were
collected and measured by ICP. As shown in Figure S22, high
levels of Fe were detected in the urine, particularly in the first 4
h; soon afterward, Fe levels in urine drastically decreased. For
the feces samples, despite the decreasing speed being obviously
lower than that in urine, Fe levels also reach a rather low value
after 3 days. These results indicate that Fe can be quickly
excreted from the body. It should be noted that the Fe
contents in urine are higher than that in feces at 1 day. In this
regard, renal clearance plays a major role in the excretion of
Fe2O3 SPs, which is in good agreement with the results of MRI
detection (Figure 5). Next, the clearance of the Fe2O3 SPs is
investigated by measuring the Fe contents in major organs,
namely, heart, liver, spleen, lungs, and kidneys, of mice at
different time points post i.v. injection of the SPs (100 μL, 10
mg mL−1). As shown in Figure S23, Fe levels in all measured
organs rapidly decreased after only 1.5 h to 1 day injection.
Importantly, after 3−7 days, Fe levels in these organs became
very low, demonstrating that the as-prepared Fe2O3 SPs can be
excreted from living bodies in a short time. So, the present
Fe2O3 SPs can probably avoid long-term retention/toxicity,
which is one of the biggest concerns for various nano-
medicines.
Finally, in order to evaluate whether the Fe2O3 SPs are

potentially toxic, complete necropsies and hematology are
conducted based on humanely euthanized control and treated
mice. The major organs including heart, liver, spleen, lungs,
and kidneys were examined at 20 min, 1.5 h, 1 day, 7 days, and
30 days postinjection of the Fe2O3 SPs (100 μL, 10 mg mL−1).
The histopathology shown in Figure S25 reveals no obvious
organ abnormalities and/or lesions for the mice treated with
Fe2O3 SPs, as compared with the control group. Furthermore,
abnormalities of red/white blood cells or serum chemistry are
also not detected (Figure S26), which is often relevant with

Figure 5. Time-dependent in vivo MRI of liver, kidneys, and
bladder of healthy nude mice after the injection of the Fe2O3 SPs
(100 μL, 3.75 mg mL−1). (A) In vivoMRI images of a healthy nude
mouse after intravenous injection (liver, blue ellipses; kidney, red
ellipses) of the 15 nm sized BSA-modified Fe2O3 SPs at different
time intervals. (B) Corresponding data at the liver and kidneys.
(C) In vivo MRI images of a healthy nude mouse after intravenous
injection (bladder, red ellipses) of the 15 nm sized BSA-modified
Fe2O3 SPs at different time intervals. (D) Corresponding data at
the bladder.
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organ damage and/or inflammation. In addition, for the
hematology assessment, other markers such as platelet count
and hematocrit did not show differences, all within normal
range. Liver function markers including alanine amino-
transferase, aspartate aminotransferase, and total protein of
mice after Fe2O3 SP treatment showed a slight variation
compared with those of the control group but were kept within
the normal range. So, there was no obvious hepatic toxicity.
According to the above systematic animal toxicity evaluation,
the Fe2O3 SPs are highly biocompatible even at the in vivo
level, which is probably competent as one of the MRI agents
possessing clinical application potentials.

CONCLUSIONS

In summary, we fabricate monodisperse Fe2O3 SPs in aqueous
medium and systematically study their in vivo T1-weighted
MRI performances, biodistribution, as well as metabolic
behaviors. By virtue of their quasi-amorphous and hierarchical
structures, the proposed Fe2O3 SPs not only possess high
signal-to-noise ratio but also exhibit a few favorable properties
(biocompatibility, biodegradability, easy clearance) in bio-
logical applications. This contribution, on the one hand,

provides a very promising contrast agent for MRI applications;
on the other hand, it demonstrates that the crystallinity and
topological design have profound effects on the biological
effects/performances of nanomedicines.

METHODS
Materials. FeCl3·6H2O and NaOH were purchased from

Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Sodium
citrate dihydrate and citric acid were obtained from Alfa Aesar
(Tianjin, China). Urea was bought from Sigma-Adrich Co., Ltd.
(Shanghai, China). Roswell Park Memorial Institute (RPMI-1640),
fetal bovine serum, penicillin, and streptomycin were obtained from
Gibco Invitrogen Co., Ltd. (New York, USA). BSA and GSH were
acquired from BBI Life Sciences Co., Ltd. (Shanghai, China). All
chemicals were used without purification.

Instruments. The morphology of Fe2O3 SPs was detected by
transmission electron microscopy on a Tecnai G2 20 ST (FEI, USA)
under an accelerating voltage of 200 kV. High-resolution TEM was
performed using a G2 F20 U-TWIN (FEI, USA) TEM operating at
200 kV. The hydrodynamic particle size and ζ-potential values were
examined on a Zetasizer Nano ZS series instrument (Malvern
Instruments Co., Ltd., UK) with 633 nm laser wavelength and a
measurement angle of 173° (backscatter detection) at 25 °C. Fourier
transform infrared spectra (4000−400 cm−1) were recorded by a

Figure 6. Evaluating renal function and tissue structures of kidneys for mice injected with Fe2O3 SPs. (A) TEM and (B) HRTEM images of a
mouse’s urine after injection with the Fe2O3 SPs. Levels of urea (C) and creatinine (D) in plasma of the mice after injection with the Fe2O3
SPs for various times. H&E-stained images of the kidney collected from the mice of the control one (E) and after injection with the Fe2O3
SPs for 1 day (F), 7 days (G), and 14 days (H). TEM images of glomeruli collected from the mice of control one (I,M) and after injection
with the Fe2O3 SPs for 1 day (J,N), 7 days (K,O), and 14 days (L,P). Panels M, N, O, and P are the amplification of the areas highlighted by
the red squares in I, J, K, and L, respectively. The dose of the injected Fe2O3 SPs is 0.375 mg (100 μL, 3.75 mg mL−1).
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Magna-560 spectrometer (Nicolet, Madison, WI, USA). X-ray
diffraction measurements were performed on a D8 Focus XRD
system (Bruker, Germany). X-ray photoelectron spectroscopy was
obtained on an ESCALAB 250Xi photoelectron spectrometer
(Thermo Fisher Scientific, USA). X-ray absorption fine structure
and extended XAFS spectra were obtained at the 1W1B station in
BSRF (Beijing Synchrotron Radiation Facility, China) operated with
the U-SPECT+/CT imaging system (MILABS, The Netherlands).
Magnetic measurements were performed with a PPMS-9 super-
conducting quantum interference device (SQUID) magnetometer
(Quantum Design, USA). The measurements were recorded between
−20000 and 20000 Oe at 300 K. Magnetic resonance imaging (MRI,
7 T) was performed with a BioSpec70/20USR spectrometer (Bruker,
Germany). Blood biochemistry analysis was obtained on a Chemray
240 hematology analyzer (Rayto, China). Cell viability was
determined by a Varioskan Flash microplate reader (Thermo Fisher
Scientific, USA). Fe contents in all samples were determined by
inductively coupled plasma mass spectrometry on a NexION 300X
instrument (PerkinElmer, USA). Kidney ultrastructural detection was
conducted by TEM on HT7700 (Hitachi, Japan) at 80 kV
accelerating voltage. H&E staining was done using a EVOS XL core
digital microscope (Life Technologies, USA).
Fabrication and Purification of the Fe2O3 SPs. Sodium citrate

dihydrate (0.1 g) and FeCl3·6H2O (0.045 g) were dissolved in 100
mL of deionized water in a 250 mL three-necked flask under vigorous
stirring, followed by adjustment of the pH to 5.8 with NaOH solution
(0.1 mol L−1). Then, 0.024 g of urea was added to the above solution,
which was heated to 100 °C and refluxed for 24 h. When the reaction
was finished, the solution of Fe2O3 SPs was cooled naturally to room
temperature. To purify the Fe2O3 SPs, for 2 mL of the crude solution
containing the SPs, 6 mL of isopropyl alcohol was added and mixed
adequately, which was then centrifuged at 10000 rpm for 10 min. The
obtained precipitates were redispersed into water solution and/or
freeze-dried for various characterizations and/or biological applica-
tions.
In Vitro Disassembly/Degradation Experiments. In order to

explore the experimental factors on the disassembly/degradation
behaviors of the Fe2O3 SPs. Two milliliters of the solutions containing
crude Fe2O3 SPs (four copies) was centrifuged at 10000 rpm for 10
min to purify the SPs. The obtaining precipitates were dispersed into
pure H2O solution (4 mL, pH 7.0), GSH solution (4 mL, 5 mM, pH
7.0), H+ solution (4 mL, sodium citrate buffer solution, 2 mM, pH
5.0), (GSH + H+) solution (4 mL, GSH: 5 mM; sodium citrate buffer
solution, 2 mM, pH 5.0), (GSH + H+) solution (4 mL, GSH: 5 mM;
sodium citrate buffer solution, 2 mM, pH 6.2), and phosphate-
buffered saline solution (pH 7.4). Then all the mixed solutions were
shaken at 37 °C at 100 rpm in a shaker, which were detected by TEM
and/or taking photos at different time intervals for monitoring their
reactions.
To better understand the disassembly/degradation of the Fe2O3

SPs, the purified Fe2O3 SPs were further dispersed into artificial
lysosomal liquid, and the final concentration of the Fe2O3SPs was 2
mM. Then, the mixture was kept at 37 °C. Samples were taken at
intervals of 24 h for TEM characterizations. Preparation of artificial
lysosomal liquid solution: 3.210 g of NaCl, 6.000 g of NaOH, 20.800
g of citric acid, 0.097 g of CaCl2, 0.197 g of Na2H2PO4·7H2O, 0.039 g
of Na2SO4, 0.106 g of MgCl2·6H2O, 0.059 g of glycerol, 0.077 g of
sodium citrate dehydrated, 0.090 g of sodium tartrate dehydrated,
0.085 g sodium lactate, 0.086 g of sodium pyruvate, 1.000 mL of
formaldehyde, plus deionized water to 1 L.
Animal Model. Female BALB/c nude mice and female BALB/c

mice (5 weeks old) were purchased from Beijing Weitong Lihua Co.,
Ltd. Animal experiments were reviewed by the National Nanoscience
Center Animal Ethics Committee. The 4T1 tumor model was
constructed by subcutaneously injecting the 4T1 cell suspension (100
μL, about 2 × 105 cells) into nude mice. Mouse MRI was performed
when the tumor volumes reached 300, 5, and 20 mm3.
In Vivo MRI. 4T1-tumor-bearing mice were anesthetized by being

intraperitoneally injected with 1% sodium pentobarbital. Subse-
quently, isoflurane was maintained at 1.5% for the mice. BSA-

modified Fe2O3 SPs (15 nm in diameter, 100 μL, 3.75 mg mL−1) or
BSA-modified Fe2O3 NPs (4 nm in diameter, 100 μL, 3.75 mg mL−1)
were intravenously injected into the 4T1-tumor-bearing mice. Then,
T1-weighted MRI of the injected mice at different time periods was
tested using Bruker’s small animal nuclear magnetic resonance
spectroscopy (7.0 T, TE = 5.2 ms, TR = 300 ms).

Kidney Ultrastructural Examination. Two mice in each group
were used for the TEM study on glomerular ultrastructure. One group
was injected with PBS (100 μL) via the tail vein. The other three
groups of mice (named as 1, 7, and 14 day groups) were intravenously
injected with the BSA-modified Fe2O3 SPs (15 nm in diameter, 100
μL, 3.75 mg mL−1). The mice of both groups were euthanized at
corresponding time points for short-term and long-term kidney injury
examination. Kidney tissue samples were fixed for 2 h in a mixture of
2.5% glutaraldehyde in PBS (0.1 M, pH 7.2). The samples were
postfixed, embedded, and dyed. Then the grids were observed in a
HT7700 TEM at 80 kV accelerating voltage.

In Vivo Biodistribution, Toxicity, and Metabolism Test.
Healthy female BALB/c mice were divided into six groups (five mice
in each group). One group was injected with PBS (100 μL) via the
tail vein. The other five groups of mice (named as 20 min group, 1.5 h
group, 1 day group, 7 days group, and 30 days group) were
intravenously injected with the BSA-modified Fe2O3 SPs (15 nm in
diameter, 100 μL, 10 mg mL−1). Body weight changes of the control
group and the 30 day group were recorded every day. Blood was
collected from the mice, then whole blood (60 μL) underwent
hematological analysis. In addition, the rest of the blood sample was
kept at 37 °C for 2 h and then centrifuged at 3000 rpm for 15 min.
The supernatant serum was stored at −80 °C for biochemistry
analysis using a hematology analyzer (Chemray 240). To study
histopathology, the mice were sacrificed and the heart, liver, spleen,
lungs, and kidneys were fixed with 4% paraformaldehyde tissue
fixative, embedded in paraffin, and sectioned into slices. Then, H&E
staining for pathological analysis was conducted. To investigate the
biodistribution of Fe, the major organs including heart, liver, spleen,
lungs, and kidneys were weighed and digested with concentrated
nitric acid, and Fe contents were measured by ICP-MS.

To study the in vivo excretion pathway, five healthy BALB/c mice
were placed in the metabolism cages and injected with the BSA-
modified Fe2O3 SPs (15 nm in diameter, 100 μL, 10 mg mL−1). Urine
and feces were collected at various time periods, which were digested
with concentrated nitric acid. After digestion, the contents of Fe in
each sample were tested by ICP-MS. In addition, the urine was
dialyzed for 48 h for TEM characterization.
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