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There has been considerable interest in the development of a
variety of functional inorganic nanoparticles that can be
applied in biomedical technologies, including nanotherapeu-
tics, diagnostics, biosensors, and medical imaging.[1, 2] Of
particular significance is the use of magnetic nanoparticles
for magnetic resonance imaging (MRI), cell and protein
separation, heat generation, and magnetism-induced cellular
mechanotransduction.[3,4] The ease of the synthesis of mag-
netic nanoparticles and subsequent surface modifications to
introduce additional therapeutic and diagnostic functional-
ities has enabled these systems to be employed as smart
nanomedicines that incorporate combinations of different
components.[5] Various cell-specific targeting, imaging, and
therapeutic functions can be incorporated into a single
magnetic nanoparticle which is designed for simultaneous
diagnostic and therapeutic use, without losing the individual
properties of each component.

It is known that synthetic small interfering RNA (siRNA)
can inhibit specific protein expression by suppressing a target
gene selectively at the posttranscriptional mRNA level by a
mechanism called RNA interference (RNAi).[6] siRNAs have
been studied extensively to treat various genetic diseases,
including cardiovascular diseases and various cancers.[7] The
development of appropriate carrier systems is crucial for
practical applications of siRNAs as therapeutics. However,
many siRNA-carrier systems, including cationic polymers and
lipids, possess inherent deficiencies associated with target-
cell-specific gene inhibition and biocompatibility.[8,9]

A number of inorganic nanocrystalline materials have
been emerging as potential siRNA carriers in systems devised
for simultaneous imaging and therapeutic purposes.[9b,c] Mag-
netic nanoparticles are highly attractive platform materials
for siRNA delivery owing to their unique properties which
include uniform size, biocompatibility, superior imaging
characteristics, and facile surface modification. Cell-specific
targeting strategies for high-performance magnetic nano-
particles with dual (diagnostic and therapeutic) functions also
include the immobilization of various target-specific moieties,
such as antibodies, small peptides that can be recognized by
cells, and aptamers.[10] In particular, Arg-Gly-Asp (RGD)
conjugated nanoparticles bind strongly to avb3 integrin, which
is overexpressed in both endothelial and specific cancer cells,
and internalize into the cells by receptor-mediated endocy-
tosis, whereas RGD itself does not promote the endosomal
escape of nanoparticles into the cytoplasm.[11]

In this study, we developed “all-in-one” nanoparticle
probes for simultaneous delivery and multimodal imaging.
The magnetic nanoparticle probes were conjugated with
siRNAs, cancer-cell-specific targeting moieties, and fluores-
cent dyes. Our purpose in designing the multifunctional
nanoprobe was to enable highly accurate imaging to be
carried out simultaneously with the delivery of therapeutics.
This approach is clinically important, as it can minimize
invasiveness and deleterious side effects. As a result of the
ability of the probes to target specific cells, siRNAs will be
unloaded only inside targeted cells with certain receptors; the
disulfide linkages between siRNAs and the nanoparticles
should be cleaved inside the cells. In principle, it is possible to
monitor where the probes with therapeutics are located in the
targeted areas. More specifically, magnetic nanoparticles are
useful for visualizing the location and trafficking of siRNA for
in vivo applications. However, the innate limit of spatial
resolution in MRI (ca. 100 mm) makes it impossible to
monitor the intracellular transfection of siRNA by MRI.
For this reason, the fluorescent dye is required for sensitive
subcellular visualization.

For the fabrication of multifunctional magnetic nano-
particles, manganese-doped magnetism-engineered iron
oxide (MnMEIO) nanoparticles of 15 nm in size coated
with bovine serum albumin (BSA) were used as the core
material (Figure 1a) owing to their high degree of size
monodispersity, the ease with which their surface can be
modified, and their higher magnetic moment than that of
other conventional iron oxide based magnetic nanoparti-
cles.[12] The last property translates into enhanced MRI
signals. For bioconjugation and nanoparticle delivery into
the cytoplasm of cells, cationized BSA with a pI (isoelectric
point) value of 6.1 was used.[13, 14] The primary amine groups of
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BSA on the surface of the MnMEIO nanoparticles were
converted into pyridyldisulfide groups by treatment with N-
succinimidyl-3-(2-pyridyldithio)propionate (SPDP). An
Ellman assay revealed that the nanoparticles were activated
sufficiently upon reaction with SPDP (ca. 700 SPDP func-
tional groups per particle). The SPDP-activated MnMEIO
nanoparticles were then treated with thiolated poly(ethylene
glycol) (PEG, MW 3400) functionalized with a cyclic Arg-
Gly-Asp (RGD) peptide at the distal end (HS–PEG–RGD).
The resulting nanoparticles were treated with Cy5-dye-
labeled thiolated siRNA (HS–siGFP–Cy5), which can inhibit
the expression of green fluorescence protein (GFP). siRNA
molecules were attached to the surface of nanoparticles
through disulfide bonds, which could be cleaved readily in an
intracellular environment. Arg-Gly-Asp (RGD) peptides are
known to bind specifically to avb3 integrin, which is expressed
abundantly in metastatic tumor cells and tumor endothelial
cells and is known to play a critical role in receptor-mediated
endocytosis.[11]

The constructed nanoparticle (MnMEIO–siGFP–Cy5/
PEG–RGD), in which PEGylated RGD is incorporated for
both nanoparticle stabilization and cancer-cell targeting and
siGFP–Cy5 is responsible for the inhibition of gene expres-
sion and for fluorescence imaging, is represented schemati-
cally in Figure 1a. Dynamic light scattering (DLS) analysis
shows that the hydrodynamic size of the BSA-coated
MnMEIO nanoparticle increases from 30 nm to 50 and
75 nm in MnMEIO–siGFP–Cy5 and MnMEIO–siGFP–Cy5/
PEG–RGD, respectively (Figure 1b). The zeta potential also
changes upon conjugation from �5 mV for MnMEIO to �35
and �30 mV for MnMEIO–siGFP–Cy5 and MnMEIO–
siGFP–Cy5/PEG–RGD, respectively. The increase in size
and decrease in zeta-potential values are the consequence of

the presence of highly nega-
tively charged siRNA molecules
on the nanoparticle surface.
These observations provide evi-
dence for the successful conju-
gation of siRNA molecules onto
the surface of MnMEIO nano-
particles. A parallel trend is also
apparent in the results of a gel
electrophoresis experiment
(Figure 1c). The average
number of surface-bound
siRNA molecules on each nano-
particle was 40� 1, as estimated
on the basis of a PicoGreen
assay after cleavage of the disul-
fide bonds between siRNA and
the nanoparticles with dithio-
threitol (DTT). The nanoparti-
cles are highly stable in an
aqueous suspension and retain
their colloidal stability in the
presence of NaCl at a concen-
tration of up to 500 mm at pH 5–
9 (Figure 1d). Importantly, the
relatively small size of the nano-

particles and the negative charges may aid in the reduction of
nonspecific cellular uptake and enhance the efficiency with
which cancer cells are targeted.

To confirm the specific cellular-targeting ability of these
nanoparticles, their affinity for breast-cancer cells (MDA-
MB-435) that express avb3 integrin and lung-carcinoma cells
(A549) deficient in avb3 integrin was evaluated (Figure 2a).
Each cell line was treated with the MnMEIO–siGFP–Cy5/
PEG–RGD nanoparticles (0–4 pmol) and then imaged simul-
taneously by MRI and fluorescence confocal microscopy. In
the T2*-weighted gradient echo MR images at 3.0 T for avb3

integrin positive MDA-MB-435 cells, MR contrasts were
strong and became more intense with increasing amounts of
the nanoparticles (Figure 2b). In comparison, no change in
MR contrast was observed for receptor-deficient A549 cells.
The MRI signals respond in a proportional manner to the
amount of modified nanoparticles present, which shows that
nonspecific binding to the cells does not occur. The 1/T2
values corresponding to the addition of 0, 2, and 4 pmol of the
nanoparticles were 0.00071, 0.00129, and 0.00199 ms�1 for
MDA-MB-435 cells, whereas no difference was observed in
the 1/T2 values for A549 cells regardless of whether or not the
nanoparticles were present (Figure 2c). The results of the
MRI study clearly show that the RGD-conjugated nanop-
robes bind specifically to the targeted cells. The color-coded
MR images based on 1/T2 also show this behavior (Fig-
ure 2b).

For accurate information to be attained on the subcellular
distribution of nanoparticles, fluorescence imaging, which can
identify the locations of the nanoparticles on a micrometer
scale, is essential. It is known that a specific interaction
between avb3 integrin and RGD peptides induces intra-
cellular internalization by endocytosis.[11] Because of the

Figure 1. Fabrication of multimodal MnMEIO–siGFP–Cy5/PEG–RGD. a) Synthetic scheme for MnMEIO–
siGFP–Cy5/PEG–RGD. SPDP, which forms disulfide bonds, was used as a linker. b) Hydrodynamic
diameter of MnMEIO (black dotted line), MnMEIO–siGFP–Cy5 (red dotted line), MnMEIO–siGFP–Cy5/
PEG–RGD (blue solid line). c) Agarose-gel electrophoresis showing a negative zeta potential induced by
siRNA conjugation (lane 1: MnMEIO; lane 2: MnMEIO–siGFP–Cy5; lane 3: MnMEIO–siGFP–Cy5/PEG–
RGD). d) Colloidal-stability test at varying NaCl concentrations and pH values.
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fluorescent Cy5 dye component of the MnMEIO–siGFP–
Cy5/PEG–RGD nanoparticles, the internalization of nano-
particles into receptor-positive MDA-MB-435 cells could be
visualized clearly; a strong red fluorescence was observed,
whereas no red fluorescence was observed with the receptor-
deficient A549 cells (Figure 2d). The confocal microscope
images also revealed that a considerable amount of siRNA
escaped from the endosome into the cytoplasm area of MDA-
MB-435 cells. Thus, optical imaging can be very beneficial for
the study of targeted siRNA delivery.

The important function of MnMEIO–siGFP–Cy5/PEG–
RGD nanoparticles is their use in the targeted delivery of

anticancer gene therapeutics. To probe this feature, we
undertook a model study to investigate the gene suppression
of GFP. In this study, we used MDA-MB-435-GFP and A549-
GFP cells that overexpress GFP endogenously. MnMEIO–
siGFP–Cy5/PEG–RGD nanoparticles were transfected into
the cells under the same conditions as those used in the MRI
and fluorescence imaging experiments described above.
MnMEIO–siGFP–Cy5/PEG nanoparticles without RGD
peptides were used as controls for cellular transfection. For
the avb3 integrin positive cell line (MDA-MB-435-GFP), a
significant reduction in the intensity of green fluorescence
was observed upon treatment with MnMEIO–siGFP–Cy5/
PEG-RGD nanoparticles (Figure 3a, top, middle), whereas
no notable reduction in the fluorescence signal was observed
when the receptor-deficient control cell line (A549-GFP) was
treated with the nanoparticles (Figure 3a, bottom, middle).

The results clearly demonstrate the RGD-mediated
target-gene-silencing effects of the nanoparticles. To gain
additional evidence in support of the conclusion that target-
specific gene inhibition occurs in this system, MnMEIO–
siGFP–Cy5/PEG nanoparticles that lack RGD peptides were
probed. In both receptor-positive and receptor-negative cell
lines, no noticeable changes in the fluorescence signal were
observed upon treatment with MnMEIO–siGFP–Cy5/PEG
nanoparticles lacking the RGD peptide (Figure 3a, right).
The corresponding level of GFP expression was quantified by
luminescence spectroscopy. When the amount of MnMEIO–
siGFP–Cy5/PEG–RGD was increased from 2 pmol to 4 and
6 pmol, the relative intensity of GFP fluorescence from the
cells decreased from 83 % to 65 and 67 %, respectively, for
avb3 integrin positive MDA-MB-435-GFP cells (Figure 3 b).
In contrast, no significant change in the level of GFP
expression was observed for avb3 integrin negative A549
cells when the amount of RGD-containing nanoparticles was
increased (Figure 3b). As expected, no change in fluores-
cence occurred upon treatment with MnMEIO–siGFP–Cy5/
PEG nanoparticles lacking RGD in both receptor-positive
and receptor-negative cell lines (Figure 3c). In contrast to
polyethyleneimine (PEI, MW 25kDa), a popular gene-deliv-
ery vector with a well-known “proton sponge” effect, our
system clearly demonstrates target-specific gene inhibition
(Figure 3b). Although the extent of gene inhibition was
approximately 20 % lower with the nanoparticles than with
PEI, a clear target-cell-specific gene-inhibition effect and
reduced toxicity towards cells (see the Supporting Informa-
tion) relative to that of PEI, which is known to have a severe
toxicity problem,[15] give our nanoparticles the potential for
good clinical applicability.

A specific interaction between RGD and avb3 integrin
facilitates the entry of the nanoparticles into the cells. Some of
the nanoparticles are thought to follow the endolysosomal
pathway to escape from the endosome (see the Supporting
Information).[9b, 14] The observed gene-suppression effect is
probably caused by the release of an intact siRNA species
through the cleavage of a disulfide linkage between siRNA
and the nanoparticle in the intracellular reductive environ-
ment in the presence of glutathione.[16] It is known that freed
siRNA is incorporated into the RNA-induced silencing
complex (RISC) to initiate a posttranscriptional gene-silenc-

Figure 2. Magnetic resonance and fluorescence imaging of the multi-
modal nanoparticle system. a) Schematic illustration of the target-
specific binding of the nanoparticle to avb3 integrin positive cells.
b) T2*-weighted MR images and their color maps of I,II) MDA-MB-435
and III,IV) A549 cells treated with MnMEIO–siGFP–Cy5/PEG–RGD.
Red corresponds to untreated cells and nanoparticle-treated A549
cells, and green and green-blue correspond to treated MDA-MB-435
cells. c) Values 1/T2 for cells treated with an increasing amount of
nanoparticles. d) Confocal microscopy images showing the distribution
of MnMEIO–siGFP–Cy5/PEG–RGD nanoparticles in cells. Nanoparti-
cles appear red, endosomes stained with lysotracker appear blue,
merged red and blue regions appear pink. The cell morphology is
outlined on the images.
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ing pathway in the cytoplasm (see Figure 3d). Thus, the
cleavable bonds between the nanoparticles and siRNA
appear to be essential for the induction of an RNA-

interference (RNAi) mechanistic cascade without hindering
the formation of the siRNA/RISC complex sterically.
Recently, Derfus et al. emphasized the importance of a
cleavable disulfide bond in the gene-silencing efficiency of
siRNA conjugated to nanoparticles; they found two- to
fivefold enhancements in gene silencing relative to results
with a noncleavable thioether bond.[9b] In general, an environ-
mentally sensitive bond on the nanocarrier, that is, a bond
that is cleaved by an enzyme or at a particular pH value, is
known to enhance the efficiency of the intracellular delivery
process.[17]

A TEM study of MDA-MB-435 cells treated with
MnMEIO–siGFP–Cy5/PEG–RGD nanoparticles provided
detailed information on the spatial distribution of nano-
particles within the cells. The nanoparticles (black dots in red
circles) were distributed in the endosome and cytoplasm 40 h
after treatment in a ratio of 7:3 with respect to the two
locations (Figure 4I, II, III); none were found in the nucleus
(Figure 4IV). In contrast, nanoparticles were not detected
either inside or on the surface of avb3 integrin deficient A549
cells (see Figure S1 in the Supporting Information). The

Figure 3. Gene-silencing effect of the multimodal nanoparticle systems
with (MnMEIO–siGFP–Cy5/PEG–RGD) and without a targeting moiety
(MnMEIO–siGFP–Cy5/PEG) on avb3 integrin positive (MDA-MB-435)
and avb3 integrin negative (A549) cell lines. a) The levels of GFP
fluorescence of MDA-MB-435 and A549 cells that overexpress GFP
reliably were visualized by confocal microscopy after treatment with
MnMEIO–siGFP–Cy5/PEG–RGD or MnMEIO–siGFP–Cy5/PEG.
b,c) Dose-dependent targeted GFP-gene-silencing effect mediated by
the interaction of RGD with avb3 integrin in MDA-MB-435 and A549
cells that overexpress GFP. Cells were treated with MnMEIO–siGFP–
Cy5/PEG–RGD and with MnMEIO–siGFP–Cy5/PEG as a negative
control. The GFP-expression level of nontreated cells was set as 100%,
and the gene silencing of PEI-treated cells is shown for comparison.
d) Schematic illustration of intracellular processes involving MnMEIO–
siGFP–Cy5/PEG–RGD nanoparticles, from target-specific uptake to
mRNA degradation. Figure 4. Analysis by transmission electron microscopy (TEM) of the

intracellular fate of the multimodal nanoparticle system (MnMEIO–
siGFP–Cy5/PEG–RGD) administered to MDA-MB-435 cells. Images I–
IV are magnified sections of the above TEM image: I) endosome,
II,III) cytoplasm, IV) nucleus. The black dots inside the red circles are
nanoparticles.
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nanoparticle distribution is consistent with observations in the
fluorescence confocal microscopy study (see Figure 2d).

Even though nanoparticle delivery to the cytoplasm is
important, the exact mechanisms are still unclear.[18] There
are a number of factors that can affect successful nanoparticle
delivery to the cytoplasm. For example, it has been reported
that the aid of specific peptides or proteins is important.[10c–e]

In our specific case, it is highly likely that nanoparticle
delivery to the cytoplasm from the endosome is associated
with the endolysosomal pathway.[14] As we observed above, a
coating of BSA with a pI value of 6.1 on the nanoparticles
seems to facilitate their delivery to the cytoplasm. Under
physiological buffer conditions (pH� 7), nanoparticles would
have a negative charge. However, under acidic endolysosomal
conditions (pH� 5), nanoparticle surfaces would be posi-
tively charged, which results in enhanced nanoparticle fusion
with the endosomal membrane and subsequent escape.

In this study, we have demonstrated multifunctional “all-
in-one” magnetic nanoparticles comprising a cell-specific
targeting moiety, a fluorescent dye, and therapeutic siRNA in
one system. We expect the following potential advantages for
future in vivo and clinical applications: 1) The multivalency of
the nanoparticles could be beneficial for accommodating a
variety of functional groups, so that the nanoparticles could
be potentially beneficial as an advanced multimodal nano-
platform; 2) cell-specific targeting moieties and an antibio-
fouling polymer, such as PEG, should be useful for the
specific targeting of cancer cells and reduce unwanted organ
uptake, for example, by the liver or spleen;[19] 3) most
importantly, simultaneous diagnosis and therapeutic treat-
ment, so-called theragnosis, will minimize invasiveness and
side effects.

Experimental Section
Preparation of the nanoparticles: BSA-stabilized nanoparticles were
synthesized by a previously described method with the following
slight modification:[20] BSA was cationized by chemical modification
with 2,2’-(ethylenedioxy)bis(ethylamine); the cationized BSA had a
pI value of about 6.1.[13] BSA-stabilized MnMEIO nanoparticles were
functionalized with thiolated PEG–RGD (MW 3400) and thiolated
siRNA–Cy5 by using the cross-linker SPDP: The heterofunctional
PEG derivative NH2–PEG–COOH (20 mg, Sunbio) was treated with
N-succinimidyl S-acetylthioacetate (SATA; 2 mg, Pierce, Rockford,
IL) for 2 h and desalted for purification. Purified SATA–PEG was
treated with a cyclic RGD peptide (10 mg, Peptides International)
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; 8 mg,
Sigma) for 2 h. SATA-protected PEG–RGD was then treated with
0.5m hydroxylamine in 50 mm sodium phosphate (pH 7.5) for 2 h, and
the product, HS–PEG–RGD, was purified by using HiTrap desalting
columns (GE Healthcare). siRNA that had been modified with a thiol
group at the 3’ end and labeled with Cy5 at the 5’ end (HS–siRNA–
Cy5) was synthesized by Bioneer Co. (Daejeon, Korea). Prior to
conjugation, thiol-modified siRNA was incubated with a 50 mm

dithiothreitol (DTT) solution for 2 h, and excess DTT was removed
by using a dextran desalting column (Pierce). For the conjugation of
HS–siRNA–Cy5 and HS–PEG–RGD to the MnMEIO nanoparticles
through disulfide linkages, the amino groups of the BSA-coated iron
oxide nanoparticles (1 mg) were activated with SPDP (0.2 mg). The
SPDP-modified MnMEIO nanoparticles (0.015 nmol) were resus-
pended in 10 mm phosphate-buffered saline (PBS; pH 7.5) and
treated with a 0.6-fold excess of HS–PEG–RGD or thiolated PEG

and thiolated siRNA (2 equiv) for 36 h. The resulting solution was
filtered through an Amicon Ultra-4 filter (molecular-weight cutoff
100kDa, Millipore) and resuspended in the 10 mm PBS solution. This
step was repeated seven times to remove any remaining PEG–RGD
or siRNA. To measure the amount of conjugated siRNA, the filtered
particles were incubated with 100 mm DTT for 2 h to cleave the
disulfide bonds between the siRNA and the particles, and the siRNA
was assayed by using the PicoGreen assay (Molecular Probes)
according to the recommendations of the suppliers.

Cell culture: MDA-MB-435-GFP (avb3 +) and A549-GFP cells
(avb3 �) that reliably overexpress GFP were obtained from Samyang
Co. (Daejeon, Korea). The cells were cultivated in Dulbecco modified
Eagle medium (Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum (FBS; Invitrogen), penicillin (100 unitsmL�1), and
streptomycin (100 ugmL�1) at 37 8C under a humidified 5% CO2

atmosphere.
Fluorescence imaging: Cy5-labeled MnMEIO–siGFP–Cy5/

PEG–RGD (2 and 4 pmol) was added to 1 � 104 cells cultured in a
cell-culture-chamber slide for 2 h under serum-free conditions. The
cells were washed with PBS solution three times and fixed with 1%
formaldehyde. The fixed cells were imaged by confocal laser scanning
microscopy (LSM 510, Carl Zeiss).

Magnetic resonance imaging: MDA-MB-435 and A549 cells were
treated with MnMEIO–siGFP–Cy5/PEG–RGD (2 and 4 pmol). The
nanoparticles were added to 1 � 104 cells cultured in a 12-well culture
slide for 30 min under serum-free conditions. Each well was washed
with PBS solution three times, and the cells were detached by using
trypsin/ethylenediaminetetraacetic acid (EDTA). The detached cells
were fixed with 4% formaldehyde and imaged with a 3.0 T clinical
MRI instrument with a micro-47 surface coil (Philips Achieva). T2*-
weighted MR images were obtained at room temperature. The
following parameters were used: fast spin-echo mode, point reso-
lution: 391 mm � 391 mm, section thickness: 1.0 mm, TE = 100 ms,
TR = 4000 ms, number of acquisitions: 2.

Gene suppression: To investigate targeted inhibition of the GFP
gene by MnMEIO–siRNA–Cy5/PEG–RGD, siRNA that selectively
suppresses the GFP gene was used. MDA-MB-435-GFP cells and
A549-GFP cells were seeded in a cell-culture-chamber slide or 12-
well plate at a density of 1 � 104 cells per well and cultured for 24 h
prior to transfection. The medium was then replaced with a serum-
free medium containing MnMEIO–siGFP–Cy5/PEG–RGD at vari-
ous concentrations, and cells were incubated for 4 h. After trans-
fection, the treated cells were incubated for a further 40 h in culture
medium and then washed with PBS solution three times. The washed
cells were fixed with 1% formaldehyde for confocal microscopy and
lysed with 1% triton X-100 for quantitative measurement of the level
of GFP fluorescence. The fixed cells were visualized with a confocal
laser scanning microscope (LSM 510, Carl Zeiss), and the relative
level of GFP expression in the cell lysate was measured quantitatively
by using a spectrofluorophotometer (SLM-AMINCO 8100, SLM
Instruments, Rochester, NY) at excitation and emission wavelengths
of 488 and 520 nm, respectively. The level of GFP fluorescence was
normalized to the total cellular protein content, which was deter-
mined by a micro BCA (bicinchoninic acid) assay (Pierce). TEM was
used to evaluate the location and amount of MnMEIO–siGFP–Cy5/
PEG–RGD taken up into the cells through the RGD–avb3 integrin
interaction. To quantify the nanoparticle distribution in organelles,
the nanoparticles in seven different cells were counted by TEM
analysis.
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