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ABSTRACT: A novel class of manganese-based dual-mode
contrast agents (DMCAs) based on the core−shell structured
manganese-loaded dual-mesoporous silica spheres (Mn-
DMSSs) for simultaneous T1- and T2-weighted magnetic
resonance imaging (MRI) has been successfully reported. The
in vitro MR tests demonstrate that the Mn-based DMCAs
display an excellent simultaneous T1-weighted and T2-
weighted MR imaging effect with a noticeably high T1
relaxivity (r1) of 10.1 mM−1s−1 and a moderately high T2
relaxivity (r2) of 169.7 mM−1s−1. The Mn-based DMCAs
exhibit negligible cytotoxicity with >80% cell viability at a
concentration of up to 200 μg/mL in human liver carcinoma (HepG2) and mouse macrophage (RAW264.7) cells after 24 h.
Confocal laser scanning microscopy (CLSM) results show that the Mn-DMSSs were internalized via endocytosis and located in
the cytoplasm but not in the nucleus. The in vivo experiment shows that the signals of rat liver increased by 29% under T1-
weighted imaging mode and decreased by 28% under T2-weighted imaging mode in 5 min postinjection of Mn-DMSSs, which
reveal that the novel Mn-loaded DMSSs can be used as both positive (T1-weighted) and negative (T2-weighted) MR contrast
agents in further biomedical applications.
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1. INTRODUCTION

Various imaging techniques including magnetic resonance
imaging (MRI), computed tomography (CT), positron
emission tomography (PET), and optical microscopy in the
bioimaging fields, have been widely employed to increase the
accuracy of disease diagnosis, especially for cancer.1−3 Among
these imaging methods, MRI is believed to be one of the most
powerful diagnostic tools due to its inherent advantages such as
noninvasiveness, safety, and high spatial resolution.4 In most
cases of clinical application, MR contrast agents are applied to
enhance the contrast, which in a way increases the sensitivity
and the quality of the images for more accurate diagnosis.5

Generally, MR contrast agents are divided into two categories:
one is paramagnetic complexes of gadolinium or manganese
ions, which can induce the local relaxation change of the nearby
water protons and mainly reduce longitudinal (T1) relaxation
time, providing positive contrast (bright signal) on the T1-
weighted MR image; the other is superparamagnetic, mostly
iron oxide-based, nanoparticles, which can shorten transverse
(T2) relaxation time, providing negative contrast (dark signal)
on the T2-weighted MR image. Up to now, different types of
MR contrast agents including Gd-based complexes or nano-

particles6−9 and manganese oxide nanoparticles10−13 for T1-
weighted imaging or iron oxide-based nanoparticles14−17 for
T2-weighted imaging have been designed and synthesized.
However, each mode contrast agent has its own unique
advantages and limitations. For example, some clinical Gd-
based contrast agents may result in potential danger such as
nephrogenic systemic fibrosis (NSF) for patients with severe
renal disease or following liver transplant, as claimed by the
Food and Drug Administration (FDA) organization since
2006.18 On the other hand, the clinical applications of iron-
oxide based contrast agents are quite limited because of
magnetic susceptibility artifacts and their negative contrast
effect, which may not be clearly distinguishable from the low-
level MR signal arising from adjacent tissues such as bone or
vasculature.19,20

Recently, there are several reports on the design and
synthesis of dual-mode contrast agents (DMCAs) by the
combination of two different modes of imaging (T1- and T2-
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weighted MR imaging) in order to improve the diagnosis
accuracy of diseases.21−27 The greatest advantage of the dual
imaging strategies is that two complementary images can be
provided simultaneously by employing a single instrumental
system, compared with other bimodal imaging technologies
(e.g., MR/optical), which need to consider the different
penetration depths and spatial/time resolutions of multiple
imaging devices. Unfortunately, most of the reported DMCAs
usually consisted of two kinds of functional species: one is
commonly Gd- or Mn-based materials for T1-weighted MR
imaging; the other is Fe-based nanoparticles for T2-weighted
MR imaging. Due to the inevitable severe interference between
these two different contrast agents,22,24,25 it is difficult to
develop high quality DMCAs with simultaneously high T1
relaxivity and T2 relaxivity. Thus, developing a class of novel
DMCAs with single component (Fe-, Mn-, and Gd-based)
without conflicting effects between the two kinds of functional
units is still a great challenge. Recently, although a new class of
iron-based DMCAs has been developed by employing
ultrasmall iron oxide (∼3 nm in diameter) as a functional
unit, their T2 relaxivities (r2) are low due to the smaller size of
iron oxide nanoparticles.28−31

Among these functional species, the manganese element is a
required trace mineral for all known living organisms. However,
it can lead to a poisoning syndrome in mammals with
neurological damage, hepatic failure, and cardiac toxicity as
larger amounts of manganese are used.32 For manganese-based
MR contrast agents, one effective method to reduce the side
effect is to increase the relaxivity of CAs to enhance the
contrast effect, resulting in the greatly lowered dosage.
Recently, manganese-based nanoparticulate systems, such as
MnO, silica-coated MnO, and hollow MnO nanoparticles have
been used as a new class of T1-weighted MR contrast
agents.10−13 Unfortunately, the longitudinal relaxivity (r1) of
these nanoparticles was still very low, which was largely due to
the enhanced shielding effect between the paramagnetic centers
in the nanocrystal lattices and water molecules resulting from
the larger particle sizes (>5 nm). Moreover, these results have
demonstrated that both longitudinal relaxivity (r1) and
transversal relaxivity (r2) were increased with the size of the
nanoparticles decreasing. Therefore, the key issue to design
high quality manganese-based DMCAs with simultaneously
high r1 and r2 values to date is the adjustment of particle
diameter of manganese oxide. In this Article, we report a novel
class of manganese-based DMCAs based on the core−shell
structured manganese-loaded dual-mesoporous silica spheres
(designated as Mn-DMSSs) for simultaneous T1- and T2-
weighted MR imaging. The Mn-DMSSs were synthesized by
utilizing an amphiphilic block copolymer (polystyrene-b-poly
(acrylic acid), PS-b-PAA) and cetyltrimethyl ammonium
bromide (CTAB) as dual-templates and a subsequent
oxidation−reduction reaction. The in vitro and in vivo MR
results show that Mn-DMSSs displayed excellent contrast
effects in both T1- and T2-weighted MR imaging.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Tetraethyl orthosilicate (TEOS, AR), potassium

permanganate (KMnO4, ≥99.5%), ammonia solution (25−28%), and
cetyltrimethyl ammonium bromide (CTAB, ≥99%) were purchased
from Shanghai Lingfeng Chemical Reagent Co. Ltd. Tetrahydrofuran
(THF, AR) and ethanol (AR) were purchased from Sinopharm
Chemical Reagent Co. LTD (Shanghai, China). The pure water with a

resistivity of 18.2 MΩ·cm was used in all of experiments. All of the
reagents were used without further purification.

2.2. Synthesis of PS-b-PAA. Amphiphilic block copolymer,
polystyrene-b-poly (acrylic acid) (PS-b-PAA), was synthesized via
sequential atomic transfer radical polymerization (ATRP) as
previously reported.33

2.3. Synthesis of DMSSs. Dual-mesoporous silica spheres were
prepared through a reported method with slight modification.34 In a
typical synthesis, 50 mg of PS100-b-PAA16 was first dissolved in 10 mL
of THF to form the organic solution. Then, the above oil solution was
poured into a mixture solution containing 40 mL of H2O, 65 mg of
CTAB, and 1.5 mL of ammonia. After stirring for 10 min, the mixture
oil−water solution was diluted with 80 mL of ethanol. After stirring for
120 min, 0.3 g of TEOS dissolved in 5 mL of ethanol was added
dropwise to the oil−water solution with continuous stirring. After
reaction for 18 h at room temperature, the sample was collected by
centrifugation (10 000 r/min, 15 min) and washed with pure water
several times. The purified sample was dried in the oven and further
calcined at 500 °C for 6 h in order to remove the surfactants (CTAB
and PS-b-PAA).

2.4. Synthesis of Mn-DMSSs. The load of manganese oxide was
achieved by the oxidation−reduction reaction between KMnO4 and
organic surfactant according to the literature reported previously.35,36

Briefly, a certain amount of KMnO4 was added into the 30 mL of the
manganese oxide loading dual-mesoporous silica spheres aqueous
solution without removal of surfactants under magnetic stirring. The
mixture solution was transferred into a water bath (40 °C), and the
reaction was continued for 4 h; then, the sample was collected by
centrifugation and washed with pure water several times to remove
unreacted species. After the sample was dried at 100 °C, the organic
surfactants were removed by calcination in air at 500 °C for 6 h.
Finally, the sample was heated in mixed H2 (5% volume percentage)
and N2 (95% volume percentage) gases at 400 °C for 2 h.

2.5. In Vitro MRI. The in vitro MR imaging experiment was
performed on a 3.0 T clinical MRI instrument (GE Signa HDx 3.0 T).
For the T2-weighted fast-recovery fast spin−echo (FR-FSE) sequence,
the following parameters were adopted: TR (repetition time) = 2000
ms, TE (echo time) = 106 ms, field of view (FOV) = 16 ms, slice
thickness = 3.0 mm, echo length = 15, matrix = 192 × 128, and
number of acquisitions = 2. For the T1-weighted fast spin−echo (FSE)
sequence, the following parameters were used: TR = 1000 ms, TE =
7.8 ms, field of view (FOV) = 16 ms, slice thickness = 3.0 mm, echo
length = 15, matrix = 128 × 128, and number of acquisitions = 2. For
MRI tests, the Mn content of the Mn-DMSSs in water was determined
by inductively coupled plasma atomic emission spectrometry (ICP-
AES).

2.6. T2 Relaxivity Measurement. Solutions of Mn-DMSSs
containing Mn at various concentrations were prepared in pure
water. MR T2 mapping experiments to obtain T2 relaxation time were
performed by using a spin−echo (SE) sequence with a 3.0 T clinical
MRI instrument (GE Signa HDx 3.0 T) with the following parameters:
TR = 4000 ms; TE = 13, 26, 39, and 52 ms. Relaxivity values of r2 were
calculated through the curve fitting of 1/T2 relaxation time (s−1)
versus the Mn concentration (mM).

2.7. T1 Relaxivity Measurement. Solution of Mn-DMSSs
containing Mn at various concentrations were prepared in pure
water. MR T1 mapping experiments to obtain T1 relaxation time were
performed by using FSE sequence with the following parameters: TR
= 1000, 2000, 3000, and 4000 ms; TE = 7.8 ms. Relaxivity values of r1
were calculated through the curve fitting of 1/T1 relaxation time (s−1)
versus the Mn concentration (mM).

2.8. In Vitro Cytotoxicity and Cellular Uptake. The in vitro
toxic effects of Mn-DMSSs were studied using two kinds of cell lines
(HepG2 and RAW 264.7). These two cell lines were cultured in
Dulbecco’s Modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum. Cells seeded in 96-well plates were cultured for 24 h
and then treated with the nanoparticles concentrations (from 10 to
400 μg per well) dissolved in the corresponding culture medium
containing 10% fetal bovine serum for 24 h. The cytotoxicity was
evaluated using the MTT conversion test. Briefly, 100 μL of MTT
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solution was added to each well. After incubation for 4 h, each well was
treated with 100 μL of DMSO with pipetting for 5 min. After the
incubation period, the optical density was measured at 490 nm. Each
result was the average of eight wells, and 100% viability was
determined from untreated cells.
To observe cellular uptake of Mn-DMSSs, 1 × 104 HepG2 cells per

well were cultured in an 8% well chamber slide (Nalgen Nunc,
Naperville, IL) and incubated with Mn-DMSSs at 100 μg/mL. After 4
and 24 h, the cells were washed with phosphate buffered saline (PBS),
fixed with 4% paraformaldehyde, and stained with 4′,6-diamidino-2-
phenylindole (DAPI, 1 Eg/mL in PBS, Roche). The fluorescence
images were acquired by confocal laser scanning microscopy (CLSM)
(LSM 510 META, Carl Zeiss, Germany).
2.9. In Vivo MRI. In vivo MR imaging was performed with

Sprague−Dawley (SD) rats (female, weight ∼200 g). All animal
procedures were in agreement with the guidelines of the Instituonal
Animal Care and Use Committee. Briefly, MR images were taken prior
to injection of nanoparticles and at appropriate intervals postinjection.
Mn-DMSSs were injected through the tail vein at a dose of 0.8 mg
Mn/kg (measured by ICP-AES). Then, the rat was taken for the MRI
test. MRI was performed using a 3.0 T clinical MRI instrument (GE
Signa HDx 3.0 T) with a fast spin−echo sequence (TR/TE = 2000/19
ms (T2), TR/TE = 85/3.5 ms (T1), flip-angle = 90°, echo length =
10, field of view = 16 cm, slice thickness = 2 mm, matrix = 512 × 512).
All MRI quantitative analyses were carried out by one radiologist.
Signal intensities (SIs) were measured in defined regions of interest
(ROI), which were in comparable locations within tumor sites.
Relative signal changed values were calculated using SI measurements
before (SIpre) and after (SIpost) injection of contrast agents, using the
formula: [(SIpost − SIpre)/SIpre] × 100; SIpost values were collected at 5
and 15 min. The standard deviation of signal intensity is derived from
a group of the ROI (n = 3).
2.10. Characterization. TEM (transmission electron microscopy)

analysis was conducted on a JEM 2100F electron microscope operated
at 200 kV. The specimens of TEM were prepared by dropping the
sample onto a copper mesh coated with an amorphous carbon film.
This mesh was then dried in air. FESEM (field emission scanning
electron microscopy) analysis was conducted on an JEOL JSM6700F
electron microscope. N2 adsorption and desorption isotherms were
measured using Quantachrome NOVA 4200e. The specific surface
area and the pore size distribution were calculated by using the
Brunauer−Emmett−Teller (BET) and Barrett−Joyner−Halenda
(BJH) methods, respectively. The mean diameter of the samples
was measured by dynamic light scattering using a Zeta potential/
particle Sizer Nicomp TM 380 ZLS (PSS Nicomp particle size system,
U.S.A.). The X-ray powder diffraction patterns were recorded on a
BRUKER-AXS diffractometer (Bruker, Germany) using Cu Kα
radiation (λ = 0.1542 nm). X-ray photoelectron spectroscopy (XPS)
experiments were performed on ESCALAB 250Xi (Thermo
Scientific).

3. RESULTS AND DISCUSSION

The formation process of Mn-DMSSs is illustrated in Scheme
1. First, in step a, core−shell structured dual-mesoporous silica

spheres without removing the templates were synthesized
according to our previously reported approach.34 In order to
encapsulate manganese, potassium permanganate (KMnO4), a
highly oxidative agent, was used to oxidize the organic
templates (e.g., CTAB) in situ by a simple oxidation−reduction
reaction,35,36 resulting in the formation of the Mn-DMSSs.
After the calcination (500 °C, 6 h) to remove the residual
organic templates (step b), the manganese-loaded dual-
mesoporous silica spheres were treated in H2/N2 atmosphere
(400 °C, 2 h), which is favorable for improving the T1-
weighted MR contrast effects (step c).37

Representative transmission electron microscopy (TEM)
images of DMSSs and Mn-DMSSs are shown in Figure 1a,b. It
can be clearly seen that well-defined core−shell structured dual-
mesoporous silica nanospheres, which have smaller pores in the
shell and ordered larger pores in the core, have been obtained
by employing two different kinds of templates (PS-b-PAA and
CTAB). After loading of manganese species, the spherical
particle morphology and core−shell structure of Mn-DMSSs
did not show visible changes, as shown in Figure 1b. Moreover,
the dual-mesoporous structure of Mn-DMSSs was also
confirmed by the N2 sorption results (see Supporting
Information, Figure S1). The specific surface area and total
volume of Mn-DMSSs were calculated to be 679 m2/g and 1.8
cm3/g, respectively. In addition, two sets of mesopores at 2.1
and 18.9 nm in diameter have been obtained as can be
identified from the corresponding distribution curve of Mn-
DMSSs, which was obtained by the Barrett−Joyner−Halenda
(BJH) method. The hydrodynamic diameter of Mn-DMSSs
determined by dynamic light scattering (DLS) is 199 nm,
demonstrating that they are monodispersed and do not
aggregate in water (see Supporting Information, Figure S2).
Noticeably, manganese oxide nanoclusters could not be
identified in the TEM images due to their small sizes (<2
nm) and high dispersity in the silica matrix, as evidenced from
the wide-angle XRD pattern of Mn-DMSSs (see Supporting
Information, Figure S3). In order to confirm the presence of
manganese species in the dual-mesoporous silica spheres, the
energy-dispersive X-ray spectroscopy (EDS) line scanning and
corresponding elemental mapping analysis were conducted, as
shown in Figure 1c. It is showed that manganese elements were
mainly located in the shell region, i.e., small pore channels of
DMSSs. It is concluded that the manganese species could be
introduced successfully into the pores of DMSSs by adopting
the simple oxidation−reduction approach. In addition, the
valence state of Mn element in Mn-DMSSs has been
characterized by XPS analysis. As shown in the Supporting
Information, Figure S4, the Mn 2p1/2 and 2p3/2 of Mn-DMSSs
before H2 reduction are mainly located at 654.2 and 642.5 eV,

Scheme 1. Formation Process of Mn-DMSSsa

a(a) Template oxidation by KMnO4 resulting in the simultaneous introduction of manganese species; (b) calcination to remove residue organic
template; (c) reduction of manganese ions to Mn2+ for enhanced MR imaging ability.
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respectively. These values are in good agreement with literature
values of Mn4+ in MnO2.

38 After reduction, the 2p3/2 of Mn-
DMSSs shifts toward a lower binding energy of 641.4 eV, which
is in correspondence with the binding energy of Mn2+ in
MnO.39 On the basis of these results, it is demonstrated that
the phase of manganese species in the pores of DMSSs might
be transformed from MnO2 to MnO under the reduction
condition.
In order to investigate the application potentials in MR

imaging, the dual mode (T1 and T2) contrast effects of Mn-
DMSSs were measured using a clinical 3.0 T MRI scanner. As
shown in the insets of Figure 2, the brighter signals in T1-
weighted images and the darker signals in T2-weighted images
can be observed at increased Mn concentrations. To
quantitatively evaluate the MR contrast enhancements, the
longitudinal (r1) and transverse (r2) relaxivity values were
calculated through the curve fitting of relaxation time versus the
metal concentration (Figure 2a,b). The results show that the r1
and r2 values of Mn-DMSSs are 10.1 and 169.7 mM−1s−1,
respectively, which are considerably higher than those of most
other kinds of reported dual mode MR contrast agents
consisting of various components (see Supporting Information,
Table S1). Further calculation shows that Mn-DMSSs possesses
an extremely high Mn2+ ions payload (approximately 9.14 ×

107) with particle relaxivities estimated to be r1 = 9.23 × 108

and r2 = 1.55 × 1010 mM−1s−1 (see Supporting Information,
Table S2). Moreover, the values (r1 and r2) are comparable to
that of the conventional T1-weighted contrast agent, Gd-DTPA
(gadolinium-diethylenetriaminepentaacetate, Magnevist, r1 =
9.6 mM−1s−1 at 3.0 T), and the well-known iron oxide-based
T2-weighted contrast agent, Feridex (r2 = 108 mM−1S−1 at 3.0
T),24 indicating that Mn-DMSSs can act as both T1- and T2-
weighted MR contrast agents.
In the present work, the high r1 value of Mn-DMSSs can be

attributed to the following three factors: the first is that much
lower KMnO4 concentration (2 mM) was employed to oxidize
the CTAB molecules compared to the previously reported
work,37 resulting in the formation of ultrasmall manganese
oxide nanoclusters highly dispersed in the pores of the DMSSs.
To test the hypothesis, we employed Mn-DMSSs prepared with
higher KMnO4 concentrations of 10 and 50 mM as two control
samples. The morphologies, diameters, and pore structures of
these samples were also analyzed by TEM, DLS, and N2
sorption techniques (see Supporting Information, Figures S5,
S6, and S7). By comparison (see Supporting Information,
Table S3 and Figure S8), it can be concluded that the r1 value
decreases at increased KMnO4 concentration, further demon-
strating that the utilization of low concentration KMnO4 is
favorable for the enhancement of T1-weighted contrast effect.
Moreover, when a very high concentration of KMnO4 (50
mM) was used, the spherical morphology was destroyed and
the smaller pores in the shell also disappeared (see Supporting
Information, Figures S6 and S7). Second, more Mn2+ ions were
produced through calcination in a reducing environment, which
can intensify the T1-weighted MR imaging as reported
previously.37 Third, the unique dual-mesoporous structure of
Mn-DMSSs could increase the diffusion rate of water molecules
inside the mesopores, further enhancing the r1 relaxivity.

40

For the high r2 value of Mn-DMSSs, the enhanced T2-
weighted contrast effect of Mn-DMSSs may be attributed to the
T2 relaxivity time shortening by ultrasmall manganese oxide
nanoclusters (<2 nm) in DMSSs. Compared with larger MnO
nanoparticles (>5 nm),10 ultrasmall manganese oxide nano-
clusters with higher surface-to-volume ratio exhibit a larger
proportion of noncompensated surface spins on the anti-

Figure 1. TEM images of DMSSs (a1, a2) and Mn-DMSSs (b1, b2). (c)
Scanning TEM image with high angle annular dark field (STEM-
HAADF) and corresponding EDS elemental mapping images and EDS
line profiles of Mn-DMSSs.

Figure 2. (a) Longitudinal (1/T1) and (b) transverse (1/T2)
relaxation rates of aqueous solutions of Mn-DMSSs. (The insets are
T1-weighted and T2-weighted MR images of Mn-DMSSs with
increased Mn concentrations 1−8: 0, 0.0025, 0.0051, 0.010, 0.020,
0.031, 0.041, and 0.051 mM.) The experimental data was obtained on
a 3.0 T MRI scanner.
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ferromagnetic core and higher magnetization values, which may
cause the shorter T2 relaxation time and thereafter the higher r2
value, which is in accordance with the previous work.41 Besides,
the samples with smaller size were synthesized by using the
same KMnO4 concentration (2 mM) as a control, and the
corresponding MR relaxivities were tested (see Supporting
Information, Figure S9 and S10) for a better understanding the
mechanism of the T2 effect of Mn-DMSSs. The r2 value was
calculated to be 166.9 mM−1s−1, which is similar to that of Mn-
DMSSs with average size of 200 nm. It indicates that the
increased r2 is independent of the size of the whole particles.
The detailed mechanism on the excellent T2 effect of Mn-
DMSSs is still under investigation, and additional analysis is
needed in our further work.
The cytotoxicity of Mn-DMSSs was evaluated by choosing

two typical kinds of cell lines (human liver carcinoma cell
HepG2 and mouse macrophage cell RAW264.7). The MTT
assay (see Supporting Information, Figure S11) revealed that
no apparent toxic effects of Mn-DMSSs were observed in 24 h
of incubation at a lower concentration (<200 μg·mL−1 or 5 μg
Mn·mL−1), but relatively low cell viabilities below 80% were
found with a large dose of nanoparticles in both normal cells
(RAW264.7) and cancer cells (HepG2). The possible reason
for the slight toxicity of Mn-DMSSs may be attributed to the
release of excess Mn ions from the acidic environment (e.g.,
endosomes or lysosomes of cells), which is similar with other
literature reported previously.32 In order to confirm the
hypothesis, the release curves of Mn ions from the Mn-
DMSSs in phosphate-buffered saline (PBS) solutions of various
pH values (7.2 and 5.5) have been tested. As shown in the
Supporting Information, Figure S12, only 4% manganese ions
were released from the Mn-DMSSs at pH values of 7.2 within
48 h. In contrast, 20% manganese ions were found leached out
from the spheres at pH 5.5. These results indicate that the
structure of Mn-DMSSs was stable at neutral environment.
More importantly, this pH-responsive property would be very
helpful for MRI contrast agents as pH values varied in different
tissues and cellular compartments. For example, the pH value
of tumor extracellular is about 6.5, while in endosomes and
lysosomes of cells, it is ca. 5.0−5.5.42,43
In addition, to investigate the cellular uptake of Mn-DMSSs,

fluorescein isothiocyanate (FITC) was grafted on the surface of
Mn-DMSSs and then observed by confocal laser scanning
microscopy (CLSM). As shown in Figure 3, it was found that
FITC-labeled Mn-DMSSs at a concentration of 100 μg·mL−1

could be efficiently endocytosized by HepG2 cells. In detail, at
4 h incubation, only spot-like green fluorescence can be
observed in the CLSM images (Figure 3a−d), demonstrating
that a small amount of Mn-DMSSs was internalized and most
of the nanoparticles were located in the membrane region. In a
prolonged time period (24 h), higher fluorescent intensity was
observed in the cytoplasm, implying that more particles were
located in the inside of cells. No fluorescent signals are seen in
the nuclei, indicating that Mn-DMSSs could not pass through
the nuclear membrane (Figure 3e−h). In addition to the time
periods, the effect of particle concentration on the cell uptake
has been investigated (see Supporting Information, Figure
S13). The results show that more particles were found
accumulated within the cytoplasm and cell membrane of
HepG2 cells as higher particle concentrations were used (200
and 400 μg·mL−1). On the basis of the above analysis, it is
concluded that both the time- and dose-dependent uptake
mechanisms influence the cell uptake process.

The in vivo MRI experiments were performed to further
demonstrate the dual mode contrast effects of Mn-DMSSs
using a SD rat as a model. As shown in Figure 4a, we acquired
the T1- and T2-weighted MR images sequentially before and
after the intravenous injection of Mn-DMSSs, with a dose of 0.5
mg Mn kg−1 of rat body weight. Compared with the
preinjection images, a significantly brightened signal in T1-
weighted MR images and a clearly darkened signal in T2-
weighted MR images can be found in the liver at the 5 min
postadministration, owing to the heavy accumulation of
nanoparticles in the mononuclear phagocyte system (MPS),
especially the Kupffer cells in the liver.44,45 Through
quantitative analysis, the MR signal intensity changes are
approximately 28% and 29% in T1 and T2 imaging in the liver
region, respectively (Figure 4b). These results show that the
novel manganese-loaded DMSSs have unique dual mode MR
imaging capability to simultaneously show excellent T1- and
T2-weighted contrast enhancement in vivo, which can provide
more comprehensive imaging information and higher diag-
nostic accuracy, particularly in the detection and diagnosis of
lesions in the liver.

Figure 3. Confocal laser scanning microscopic (CLSM) images of
HepG2 cells incubated with FITC-labeled Mn-DMSSs at a
concentration of 100 μg/mL for 4 h (a−d) and 24 h (e−h). (a1, a2;
e1, e2) The cell nuclei stained with blue 4′,6-diamidino-2-phenylindole
(DAPI) and the corresponding enlarged two-dimensional fluorescent
intensity image. (b, f) Merged image of blue (DAPI) and green
(FITC-labeled Mn-DMSSs). (c1, c2; g1, g2) The green fluorescence of
FITC and the corresponding enlarged two-dimensional fluorescent
intensity image. (d, h) Merged image of blue (DAPI), green (FITC-
labeled Mn-DMSSs), and differential interference contrast (DIC). The
scale bar is 100 μm.
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4. CONCLUSIONS
In conclusion, a new class of Mn-based DMCAs (Mn-DMSSs)
has been developed by embedding ultrasmall manganese oxide
nanoclusters in the pore channels of DMSSs using a simple
oxidation−reduction reaction. The nanosized Mn-DMSSs show
an average diameter of 199 nm, unique dual-mesoporous
nanostructure, and satisfactory dispersity in aqueous solution.
The in vitro MR tests demonstrate that the Mn-based DMCAs
display an excellent simultaneous T1-weighted and T2-
weighted MR imaging effect with a noticeably high T1
relaxivity (r1) of 10.1 mM−1s−1 and a moderately high T2
relaxivity (r2) of 169.7 mM−1s−1, which are comparable to those
obtained by using commercial Gd-based T1-type contrast agent
and clinical iron oxide-based T2-type contrast agent,
respectively. The in vivo experiment shows that the signals of
liver increased by 29% under T1-weighted imaging mode and
decreased by 28% under T2-weighted imaging mode in 5 min
postinjection of Mn-DMSSs, which is attributed to the
phagocytosis by the RES. Therefore, these kinds of Mn-loaded
DMSSs could be used as excellent dual mode MR contrast
agents for the diagnosis of diseases in further biomedical
applications.
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