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During the past two decades, extensive research has been
carried out on the biomedical applications of nanostructured
materials.[1] Among these various nanomaterials, mesoporous
silica materials[2] have been intensively investigated for their
potential application as delivery vehicles[3] for small-molecule
drugs, DNA, and proteins, owing to their uniform pore size,
large surface area, and high accessible pore volume. However,
to date, there are only a few reports on the in vivo application
of mesoporous silica materials administrated by intravenous
injection,[4] because it is difficult to synthesize discrete and
monodisperse mesoporous silica particles smaller than
around 100 nm that possess high colloidal stability in a
physiological environment and small enough size to allow a
long blood circulation. In general, bigger nanoparticles (NPs)
result in more rapid uptake by the reticuloendothelial system
(RES), such as liver and spleen, but smaller NPs can escape
from phagocytes in RES and circulate through blood vessels
with a long blood half-life.[5] Although there have been
several reports on the synthesis of uniform mesoporous silica
particles smaller than 200 nm observed in TEM,[6] the
particles are not discrete but aggregated. Consequently, it is
still a challenge to synthesize discrete, monodisperse, and
size-controllable mesoporous silica NPs for in vivo applica-
tions.

Recently, multifunctional nanostructured materials have
been applied to multimodal imaging[7] and simultaneous

diagnosis and therapy.[8] In this context, the integration of
mesoporous silica with superparamagnetic monodisperse
nanocrystals to form uniform core–shell composite particles
has great potential for simultaneous bioimaging and drug
delivery. Although there have been several reports on
composite materials of magnetic nanocrystals and mesopo-
rous silica materials,[9] these materials have not been used for
in vivo applications because of their size and aggregation.
Herein, we present discrete, monodisperse, and precisely size-
controllable core–shell mesoporous silica NPs smaller than
100 nm by using single Fe3O4 nanocrystals as cores (desig-
nated as Fe3O4@mSiO2). We also demonstrate the multifunc-
tional bioapplications of the core–shell NPs for simultaneous
magnetic resonance (MR) and fluorescence imaging, and for
drug delivery.

The synthetic protocol is represented in Scheme 1.
Cetyltrimethylammonium bromide (CTAB) serves not only
as the stabilizing surfactant for the transfer of hydrophobic
Fe3O4 nanocrystals[10] to the aqueous phase[11] but also as the
organic template for the formation of mesopores in the sol–
gel reaction.[2] After removing the CTAB templates from the
as-synthesized materials by heating them at reflux in acidic
ethanol solution (pH 1.4), we collected the Fe3O4@mSiO2

particles. When we decreased the pH value of the extraction
solution below 1.0, Fe3O4 nanocrystals as well as CTAB were
fully removed from the as-synthesized Fe3O4@mSiO2, result-
ing in hollow mesoporous silica NPs (designated as H-mSiO2).
Finally, for biomedical applications, the surface of the NPs
was modified with PEG to render them biocompatible by

Scheme 1. Schematic illustration of the synthetic procedure for mag-
netite nanocrystal / mesoporous silica core–shell NPs.
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preventing the nonspecific adsorption of proteins to the NPs.
The terminal succinimidyl end group of PEG was conjugated
with the amine groups in the amine-modified Fe3O4@mSiO2.

TEM reveals that 53 and 45 nm Fe3O4@mSiO2 particles
with 15 and 22 nm Fe3O4 core, respectively, are uniform and
separated from one another (Figure 1a–c and Figures S1, S2
in the Supporting Information). The colloidal packing
observed in the TEM image (Figure 1a) clearly demonstrates
the uniformity of the NPs. The wormhole-like mesopores with
diameters of around 2–3 nm were observed in the silica shells.
The TEM image of H-mSiO2 clearly shows the central hollow
cores generated by the removal of the Fe3O4 nanocrystals
(Figure 1d–f and Figures S3, S4 in the Supporting Informa-
tion). To date, there has been no report on the successful size
control of uniform and discrete mesoporous silica NPs smaller
than 100 nm. Using our current synthetic method, we were
able to precisely control the size of the mesoporous silica NPs.
We synthesized Fe3O4@mSiO2 particles with diameters of 45,
60, 90, and 105 nm (Figure 1g–j) simply by varying the
concentration of the core nanocrystals during the formation
of the mesoporous silica shell. As the concentration of the
core nanocrystals decreased, the size of the resulting Fe3O4@
mSiO2 increased. The mesoporous silica shell can be coated

on other nanocrystals with different compositions and shapes.
For example, we successfully synthesized MnO@mSiO2 using
25 nm MnO nanocrystals that have recently been used as a T1

MRI contrast agent (Figure 1k).[12] We were also able to coat
mesoporous silica on one-dimensional nanostructures. For
example, a-FeOOH nanotubes[13] were coated with a uniform
mesoporous silica shell (Figure 1 l and Figures S5, S6 in the
Supporting Information) using a very similar synthetic
procedure to that employed for the spherical nanocrystals.
Since most uniform and highly crystalline nanocrystals are
synthesized by the thermal decomposition method[14] and are
therefore hydrophobic, our simple and highly reproducible
synthetic process can be a good protocol for the generalized
fabrication of uniform nanocrystal core /mesoporous silica
shell structures.

Fe3O4@mSiO2 has multiple functionalities applicable to
simultaneous multimodal imaging and therapy. The field-
dependent magnetism of Fe3O4@mSiO2 particles at 300 K
shows no hysteresis (Figure 2a), demonstrating that they are
superparamagnetic, which is a desirable characteristic for T2

MR contrast agents.[15] The r1 and r2 relaxivity values of the
Fe3O4@mSiO2 with 15 nm Fe3O4 core were 3.40 and
245 mm

�1 s�1, respectively (r2/r1 = 72.1). N2 adsorption/desorp-
tion isotherms (Figure 2b) and the corresponding BJH pore
size distribution (inset of Figure 2b) demonstrate that Fe3O4@
mSiO2 has well-developed 2.6 nm mesopores; the BET
surface area and the total pore volume were 481 and
1.07 cm3 g�1, respectively. For fluorescence imaging, fluores-
cein isothiocyanate (FITC) and rhodamine B isothiocyanate
(RITC) were incorporated covalently into the silica walls by
treating these dyes with 3-aminopropyltriethoxysilane and
carrying out a subsequent silica sol–gel reaction. The dye-
derivatized NPs (Fe3O4@mSiO2(F) and Fe3O4@mSiO2(R))
dispersed in water showed the typical emissions of fluorescein
and rhodamine B at 516 and 577 nm, respectively (Figure 2c).

Figure 1. TEM images of core–shell and hollow mesoporous silica
NPs. a) 53 nm Fe3O4@mSiO2 with 15 nm core. b, c) 45 nm Fe3O4@
mSiO2 with 22 nm core. d, e) H-mSiO2 from (a). f) H-mSiO2 from
(b,c). Different sized uniform 15 nm Fe3O4@mSiO2 of g) 45 nm,
h) 60 nm, i) 90 nm, and j) 105 nm. k) MnO@mSiO2. l) a-FeOOH@
mSiO2. Large-magnification TEM images of each product are supplied
in the Supporting Information.

Figure 2. Characterization of Fe3O4@mSiO2. a) Field-dependent mag-
netization at 300 K. b) N2 adsorption/desorption isotherms (inset:
pore size distribution from adsorption branch; V = pore volume,
D = pore size). c) Photoluminescence spectra of Fe3O4@mSiO2(F)
(lex = 460 nm) and Fe3O4@mSiO2(R) (lex = 520 nm). d,e) Dispersion
of Fe3O4@mSiO2 without dye functionalization, Fe3O4@mSiO2(F), H-
mSiO2(F), Fe3O4@mSiO2(R), and H-mSiO2(R) (left to right) in water
under white light (d) and UV light (e).
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All NPs of the Fe3O4@mSiO2 without the dye, the dye-
anchored Fe3O4@mSiO2, and the dye-anchored H-mSiO2

were well-dispersible in water (Figure 2d). Under UV
excitation, the dye-doped mesoporous silica NPs emitted
different colors depending on the incorporated dyes, while
there was no fluorescence from the Fe3O4@mSiO2 without the
dye (Figure 2e). The H-mSiO2 exhibited brighter fluores-
cence than the Fe3O4@mSiO2 owing to the absence of Fe3O4

nanocrystals, which partially quench the fluorescence of the
dye. Derivatization with PEG increased the colloidal stability
of the NPs in phosphate-buffered saline (PBS) solution.
Dynamic light scattering (DLS) measurements revealed that
the hydrodynamic size of Fe3O4@mSiO2(R)-PEG in PBS
solution is approximately 97 nm (Figure S7 in the Supporting
Information), demonstrating that no aggregation occurred.

Cell viability by the MTT assay (MTT= 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and pro-
liferative activity by trypan blue exclusion assays (Figure S8 in
the Supporting Information) revealed that the cell viability
and proliferation were not hindered by the presence of the
Fe3O4@mSiO2(R)-PEG up to a concentration of
10 mgFemL�1 (equal to 350 mgmL�1 Fe3O4@mSiO2(R)-PEG).
TC50 of the Fe3O4@mSiO2(R)-PEG under incubation for 6 h
was 67.5� 2.7 mg FemL�1 (Figure S9 in the Supporting Infor-
mation). We explored the cellular uptake of the Fe3O4@
mSiO2(R)-PEG by incubating MCF-7 breast cancer cells with
different concentrations of NPs in serum-containing media
for various incubation times. The fluorescence microscopy
and confocal laser scanning microscopy (CLSM) images
reveal that the uptake of Fe3O4@mSiO2(R)-PEG was dose-
and time-dependent (Figure S10 in the Supporting Informa-
tion). The NPs were spontaneously internalized into MCF-7
cells by endocytosis, and their uptake was clearly observed
within 30 min. The CLSM image of the MCF-7 cells incubated
with 2.5 mgFemL�1 of the NPs for 1 h showed that the
internalized red-emitting Fe3O4@mSiO2(R)-PEG was found
in the cytoplasm of the MCF-7 cells, but not in the nucleus
(Figure S11a in the Supporting Information). The TEM image
of the cells also provides direct evidence that a large number
of the NPs were endocytosed into the MCF-7 cells and that
the core–shell nanostructures were maintained after endocy-
tosis (Figure S11b in the Supporting Information). We
checked the in vitro multimodal imaging and drug loading
capability of the NPs. The fluorescent and T2-weighted MR
images (Figure S11c,d in the Supporting Information) of
phantoms showed that as the concentration of the NPs was
increased, a brighter fluorescence of rhodamine B and a
darker T2 signal were observed. To examine the drug delivery
of the NPs, the cytotoxic effect of doxorubicin (DOX)-loaded
Fe3O4@mSiO2(R)-PEG was tested on SK-BR-3 cells (Fig-
ure S12 in the Supporting Information). The cytotoxic
efficacy of the DOX-loaded Fe3O4@mSiO2(R)-PEG
increased as the concentration of DOX-loaded NPs was
increased, while Fe3O4@mSiO2(R)-PEG alone did not show
cytotoxicity to cancer cells even at high concentration. This
result indicates that Fe3O4@mSiO2 has a potential for drug
loading and delivery into cancer cells to induce cell death.

In preliminary in vivo animal experiments, we subcuta-
neously injected MCF-7 cells labeled with Fe3O4@

mSiO2(R)-PEG (10 mgFemL�1) and control MCF-7 cells
without labeling into each dorsal shoulder of a nude mouse.
The labeled MCF-7 cells were clearly detectable as a dark
volume of subcutaneous tumor in the T2-weighted image
(Figure 3a) and as a strong red fluorescence through an RITC
filter (Figure 3b), while the unlabeled MCF-7 cells showed
insignificant effects on both.

Then we investigated the potential for in vivo imaging of
Fe3O4@mSiO2(R)-PEG by tracking the particles� passive
tumor accumulation. It is known that when NPs with high
colloidal stability under physiological conditions and size
smaller than around 200 nm are injected intravenously, parts
of NPs accumulate preferentially at tumor sites through their
enhanced permeability and retention (EPR) effect in passive
targeting.[16] We intravenously injected the NPs into the nude
mice (n = 2) bearing tumors with diameter of 0.5 cm on their
shoulder and obtained T2-weighted MR images before
injection, and 2 h and 24 h after injection (Figure 3c). At

Figure 3. In vivo multimodal imaging using Fe3O4@mSiO2. a) In vivo
T2-weighted MR and b) fluorescence images of subcutaneously injected
MCF-7 cells labeled with Fe3O4@mSiO2(R) (10 mg Fe mL�1) and control
MCF-7 cells without labeling into each dorsal shoulder of a nude
mouse. c) In vivo T2-weighted MR images (upper row) and color maps
(lower row) of T2-weighted MR images of tumor before and after the
Fe3O4@mSiO2(R) (5 mg Fe kg�1) was intravenously injected into the
tail vein of a nude mouse implanted with MCF-7 cells. A decrease of
signal intensity on T2-weighted MR images was detected at the tumor
site (arrows). d) Photographic image and corresponding fluorescence
image of several organs and the xenograft tumor 24 h after intravenous
injection. e) Immunostaining of vasculature (brown) with anti-CD31
antibody and counterstaining of nucleus with hematocylin (blue; left),
a fluorescence image of the Fe3O4@mSiO2(R) (middle), and a merged
image (right) in sectioned tumor. The images and paraffin section of
tumor were taken after sacrifice 24 h after injection of the NPs.
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2 h after the injection, the accumulation of the NPs in tumors
could be detected in the T2-weighted MR images. Even at 24 h
after injection the NPs still remained in tumor sites. To
confirm the accumulation of Fe3O4@mSiO2(R)-PEG into the
tumor site, the mice were sacrificed 24 h after the injection
and several organs were investigated using a fluorescence
imaging system (Figure 3d). The strong fluorescence from the
tumor was observed, representing the appreciable accumu-
lation of the NPs in tumors through the EPR effect. The
accumulation in the rest of the organs, including liver and
kidney, showed the typical accumulation, consistent with
previous reports on intravenous administration of iron oxide
NPs with dextran coating.[8e]

To verify the existence of Fe3O4@mSiO2(R) in tumor
tissue, the tumor tissue in Figure 3d was sectioned and
observed under fluorescence microscopy (Figure 3e). We
performed immunostaining for CD31, which is expressed
constitutively on the surface of endothelial cells and is weakly
expressed on many peripheral leukocytes and platelets.
CD31-positive vasculatures were found in tumors, indicating
that the vasculature of tumor tissues were developed (brown
colors, left image in Figure 3e). The nuclei were stained blue
with hematocylin. The accumulated Fe3O4@mSiO2(R)-PEG
in tumor cells were observed by RITC filter (middle image in
Figure 3e). To the best of our knowledge, this is the first
report on the accumulation of intravenously injected meso-
porous silica NPs in a tumor site. Fe3O4@mSiO2(R)-PEG
particles are stable under physiological conditions and
circulate for a long enough time to accumulate in the tumor
sites through the EPR effect. In terms of their in vivo
biocompatibility, we observed no distinct toxicity in the nude
mice administered with Fe3O4@mSiO2(R)-PEG over the
monitoring period.

In conclusion, we synthesized discrete and monodisperse
mesoporous silica NPs consisting of a single Fe3O4 nano-
crystal core and a mesoporous silica shell. The size of the
mesoporous silica NPs can be easily controlled below 100 nm.
The current synthetic protocol can be generalized to produce
core–shell NPs composed of a single hydrophobic nanocrystal
core and mesoporous silica shell. The integrated capability of
the core–shell NPs to be used as MR and fluorescence
imaging agents, along with their potential use as a drug
delivery vehicle, make them a novel candidate for future
cancer diagnosis and therapy.
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