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Abstract: Magnetic nanoclusters coated with ruthenium (Il) complexes doped with silica (fluorescent magnetic
nanoparticles or FMNPs) could be used for magnetic resonance imaging (MRI) and optical imaging (Ol) of human
breast cancer. To achieve the targeting imaging of tumors, the peptide cyclic-arginine-glycine-aspartic acid (RGD)
was chosen as the probe for specific targeting integrin o B, over expressed in human breast cancer MDA-MB-231
cells. The cytotoxicity tests in vitro showed little toxicity of the synthesized RGD-FMNPs with the size of 150 nm. The
in vivo study also showed no obvious acute toxicity after the injection of RGD-FMNPs in mice bearing MDA-MB-231
tumors. After 24 hours of co-culture with MDA-MB-231 cells, the cellular uptake of RGD-FMNPs significantly in-
creased compared to that of FMNPs. T -weighted (T, W) MRI demonstrated a negative enhancement in mice injected
with RGD-FMNPs approximately three times of that injected with FMNPs (12.867 + 0.451 ms vs. 4.833 + 0.513 ms,
P < 0.05). The Prussian blue staining results confirmed more RGD-FMNPs accumulated around the tumors than
FMNPs. These results demonstrated the potential application of RGD-FMNPs as a targeting molecular probe for
detection of breast cancer using MRI and Ol. The synthesized RGD-FMNPs could be potentially used for biomedical
imaging in the future.

Keywords: Fluorescent magnetic nanoparticles (FMNPs), magnetic resonance imaging (MRI), optical imaging (Ol),
ruthenium complexes, RGD, breast cancer

Introduction biological applications due to their superpara-
magnetism, high saturation magnetization and

Breast cancer is the most common cancer of rapid magnetic response to the external mag-

women except for skin cancer, and it has
become the second leading cause of cancer
deaths in women cancers [1]. The most effi-
cient way to reduce breast cancer mortality and
morbidity is early detection and diagnosis.
Thus, it is important to develop a noninvasive
imaging method for the early diagnosis of
breast cancer.

Owing to the unique magnetic features and
important applications in biomedicine and ther-
apeutics, magnetic nanoparticles (MNPs) have
attracted much attention during the past few
decades. Among the various magnetic materi-
als, superparamagnetic iron oxides (SPIOs)
have been considered as ideal candidates for

netic field. For example, SPIOs have been widely
used as contrast agents for noninvasive mag-
netic resonance imaging (MRI). In order to
enhance the sensitivity of MRI, great efforts
have been made to increase the relaxivity of
SPIOs by increasing the particle size [2].
However, there is a superparamagnetic to fer-
romagnetic transition with increasing particle
sizes. Thus, the large ferromagnetic particles
easily aggregate in physiological environments
[3, 4]. Recently, it is found that magnetic nano-
clusters (MNCs) composed of multiple small
MNPs can retain the superparamagnetic char-
acters and simultaneously, the transverse
relaxivity increases noticeably with the increas-
ing sizes of MNCs [5-11]. This phenomenon pro-
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vides great potential of MNCs for their applica-
tions in MRI.

Besides the magnetic properties, the biocom-
patibility of magnetic materials is very impor-
tant for clinical applications. Although iron is an
element of the human body, the high local con-
centration of iron cations caused by degrada-
tion of SPIOs is still toxic to organisms. On the
other hand, the aggregation of MNCs in physi-
ological environments is also a big problem
that limits their application in the biomedical
field. Surface coating can not only prevent iron
leaching in biological environments, but also
improves the dispersibility of MNCs in solution.
Silica has been used as an ideal material to
coat various metal oxides because of its excel-
lent biocompatibility and abundant Si-OH active
bonds. However, the silica shell in these works
is generally used as a protecting layer; espe-
cially, the silica coating on MNCs with fluores-
cent properties are rarely reported. The ruthe-
nium (Il) complexes can be doped into the silica
coating to form a fluorescent shell for optical
imaging. Thence the fluorescent silica coating
can combine with the magnetic properties of
MNCs, which are termed fluorescent magnetic
nanoparticles (FMNPs), to allow both Ol and
MRI. The ruthenium (Il) complexes would be
doped into the silica shell as a constituent part
of the fluorescent shell to avoid quenching due
to the aggregation of fluorescent molecules
[12-14]. Definitely, magnetic fluorescent parti-
cles can not only be used for MRI but also for
optical imaging, thus providing great promise
for tumor detection.

Targeting is another issue needs to be consid-
ered for imaging. To achieve this aim, various
biological molecules such as proteins, antibod-
ies, peptides, and oligo-nucleotides have been
demonstrated as targeting molecules. As an
important finding, RGD peptide (arginine-gly-
cine-aspartic acid) can selectively combine
with the integrin o B, which is over expressed in
several types of malignancies such as breast
cancer, glioblastoma, prostate carcinoma, and
pancreatic tumors [15-17]. The integrin is asso-
ciated with the tumor progression, invasion,
and metastasis. So the over-expression in
tumor tissues makes it an appealing target site
for imaging and therapy [18-21]. Integrin o 3,
has been proven to be over expressed in breast
carcinoma and has been utilized as a targeted
site for imaging. In this study, cyclic RGD pep-
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tides and the highly selective o, integrin
ligands were chosen as the targeting probe for
breast cancer imaging. The surface of fluores-
cent silica shell could be easily functionalized
with RGD peptides. The RGD peptides would
act as the targeting probe and could selectively
combine with the integrin & B, over expressed
in the human breast cancer cell line
MDA-MB-231.

In this study, a dual-modality contrast agent is
developed for specifically targeting imaging of
breast tumors. The magnetic core was com-
posed of MNCs, which could be detected at a
low concentration due to their high transverse
relaxivity values. The fluorescent silica shell
doped with ruthenium (Il) complexes would
combine Ol with MRI to form a contrast agent
for dual-modality imaging. To achieve the tar-
geting imaging of human breast cancer, the
RGD peptide was chosen as the molecular
probe. The targeting imaging of human breast
cancer would be achieved through the targeting
combination of the RGD peptide with the integ-
rin aVBs. The characterization and biocompati-
bility of these particles would be evaluated
both in vitro and in vivo. The feasibility of RGD-
FMNPs applications would also be evaluated in
this study.

Material and methods
Materials

The chemicals iron (lll) chloride (FeCl,), sodium
acrylate (CH, = CHCOONa), sodium acetate
(NaOAC), ethylene glycol (EG), diethylene glycol
(DEG), dichlorotris (1, 10-phenanthroline) ruthe-
nium (ll) hydrate, ethanol (EtOH, 99.5%), con-
centrated ammonia aqueous solution (25%,
wt), tetraethyl orthosilicate (TEOS), and
(3-Aminopropyl) triethoxysilane (APTES) were
purchased from Sigma-Aldrich (St. Louis, MO,
US) and used without further purification. Cyclo
(RGDyE) was provided by GL Biochem Ltd.
(Shanghai, P.R. China). The cell counting kit-8
(CCK-8) was purchased from Keygen Biotech.
Co., Ltd. (Nanjing, Jiangsu, P.R. China).

Synthesis of fluorescent magnetic nanopar-
ticles (FMNPs)

The MNCs composed of Fe 0, nanoparticles
were synthesized by the hydrothermal reaction
referring to a previously reported protocol [22].
Briefly, FeCl, (0.325 g), sodium acrylate (1.500
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g) and sodium acetate (1.500 g) were dissolved
in a mixture of EG (5.0 ml) and DEG (15.0 ml)
under magnetic stirring. Then, the homogenous
solution was transferred to a Teflon-lined stain-
less steel autoclave. The autoclave was sealed
and heated to 200°C. After reacting for 10
hours, the obtained products were washed five
times with ethanol and water. To synthesize the
FMNPs, MNCs (1.300 mg) were dispersed in an
ethanol aqueous solution (50.0 ml) containing
concentrated ammonia aqueous solution (1.7
ml, 25 wt %) and water (1.0 ml), following by the
addition of 0.3 ml of TEOS. After the mixture
was stirred at 40°C for three hours, Ru (Phen),**
ethanol solution (3.0 ml, 0.1 mg/ml) was
added, as recommended by the literature [14].
The reaction continued for another three hours,
and the obtained products were collected and
washed three times with ethanol and water.
The obtained particles were dispersed in water.

Functionalization of FMINPs

To form the RGD-FMNPs, (3-aminopropyl)
triethoxysilane (APTES) was used as a coupling
agent to attach cyclo (RGDyE) to the surface of
the FMNPs [23, 24]. The APTES-RGD was first
prepared by dissolving RGD (3.000 mg) in a
mixture solution of APTES (20.0 pl) and EtOH
(1.0 ml) and was allowed to react for 24 hours
in the dark. The FMNPs (10.000 mg) were dis-
persed into the obtained solution (0.5 ml) and
kept in dark to react for additional 24 hours.
The obtained products were washed three
times with ethanol and water, and then were
dispersed into PBS.

Characterization of FMNPs

TEM images were taken on JEOL JEM-2100
electronic microscope at 200 kV. X-ray diffrac-
tion (XRD) patterns were obtained with a Bruker
D8 focus diffractometer. The data were collect-
ed at a wavelength of 0.154 nm (40 kV, 40 mA)
and a continuous scan mode from 15.00° to
75.00° with the sampling interval of 0.02°. The
relaxivity of magnetic particles were assessed
through MRI. The phantoms were prepared by
dispersing nanoparticles containing different
concentrations of iron (0.0000, 0.0893,
0.1786, 0.2679, 0.3572, and 0.4465 mM) in
1% agarose gel and scanned with a clinical 3T
MRI scanner (TIM Trio, Siemens). Images were
acquired with a T -weighted multi-echo [eight
time echoes (TEs) ranging from 14.9 ms to
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119.2 ms], fast spin-echo sequence [Time
Relaxation (TR) = 1,850 ms, slice thickness =
1.5 mm]. The T, values were measured through
drawing regions of interest (ROIs) on T, maps.
The conjugation of RGD to the surface of
FMNPs was confirmed by Fourier transform
infrared (FTIR) spectra (Shimadzu IRPrestige-21
spectrophotometer).

Cell culture and cytotoxicity in vitro

The human breast cancer cell line MDA-MB-231
(ATCC, MD, USA) were cultured in L-15 medium
(Gibco, Invitrogen Co., Grand Island, NY, US)
supplemented with 10% FBS and 1% penicillin-
streptomycin solution at 37°C with 5% CO, and
95% humidity. The cytotoxicity in vitro was
determined by using the CCK-8 assay. Briefly,
MDA-MB-231 cells were seeded into 96-well
plates at a concentration of 10% cells per well.
After 24 hours of incubation, the medium was
removed and fresh medium with different con-
centrations (0, 20, 40, 60, 80, 100, 120, 140,
160, 180, and 200 pg/ml) of FMNPs and RGD-
FMNPs were added into the wells. Five repli-
cates were run for each concentration. After an
additional 24 hours of incubation, the medium
was removed, and the cells were rinsed three
times with PBS. Then 200 pl of fresh medium
with 10 ul of CCK-8 solution was added to each
well and incubated with the cells at 37°C, 5%
CO, for four hours. The OD values were mea-
sured at wavelength of 450 nm (A, ). The cell
viability of untreated group of cells was
assumed to be 100%. The cell viabilities of
cells treated with FMNPs and RGD-FMNPs were
calculated by the following formula:

Cell viability (100%) = [(A sample - A blank)/(A
control - A blank)] x 100%.

In vitro cellular uptake of RGD-FMNPs

MDA-MB-231 cells were seeded into six well
plates with L-15 medium. After 24 hours of
incubation, the medium was removed, and then
fresh medium containing either FMNPs or RGD-
FMNPs (100 pg/ml) was added into each well.
The plates were placed in the incubator for an
additional 24 hours to allow the particles to
interact with the cells. Three wells of cells were
harvested and fixed for TEM. The other three
wells were used for Prussian blue staining. All
the liquid in three wells was removed by aspira-
tion, and the cells were rinsed three times with

Int J Clin Exp Med 2014:7(12):4747-4758



A novel dual-modality imaging agent

600 (311)
$
S 400
= |
<o (220) | (440)
200! (111) \ (400) (511)

(422
0
20 30 40 50 60 70

20/° (2 theta)

—— FMNPs
——RGD
—— RGD-FMNPs

Transmission (%)
\2

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure 1. TEM images of the uniform sizes and shapes of MNCs (A) and FMNPs (B); XRD pattern of the small crystal-
lite size of the Fe,0, nanoparticles (C); FTIR spectra of RGD-FMNPs indicate the conjugation RGD peptide onto the

FMNPs (D).

1 x PBS. The cells were then fixed with 4% para-
formaldehyde at room temperature. After 15
minutes, each well was rinsed three times with
1 x PBS. The cells were stained with Prussian
blue and observed with an optical microscope.

In vivo MRI and acute toxicity in vivo

This study was performed according to the ani-
mal care guideline of China. All protocols were
approved by our Institutional Animal Care and
Ethics Committee of lJinling Hospital (Permit
Number: 2009449). The BALB-C nude mice
(female, 4 to 5 weeks old and 20.0 + 2.0 g)
were obtained from the Comparative Medicine
Center of the hospital. A total of 10° MDA-
MB-231 cells dispersed in 100 ul of PBS were
injected into the right side of each mouse. A MR
scan was performed on a clinical 3T MRI scan-
ner (TIM Trio, Siemens Medical Solutions,
Erlangen, Germany) three weeks after the
implantation. 12 mice were divided into two
equal groups randomly. One group was injected
with FMNPs and the other group was injected
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with RGD-FMNPs (10 mg/kg in 200 ul PBS) via
the tail vein. MRI examinations were performed
at pre-injection and six hours after the injec-
tions. After the MRI examinations, the mice
were euthanized, and the tumors were dissect-
ed for Hematoxylin/Ensin (HE) and Prussian
blue staining. Additional groups of mice (each
group n = 6) were used for the acute toxicity
tests. The mice received RGD-FMNPs at doses
of 5.0, 10.0, and 20.0 mg/kg in 200 ul PBS via
the tail vein. The control group received 200 pl
PBS injections. Animals were observed for
events indicative of acute toxicity, i.e., vital
signs, behavior, diet, and activity level, follow-
ing administration of the probe for 96 hours.

Data analysis and statistics

The post-processing of MR images was per-
formed by using software Matlab (MathWorks,
Natick, MA). Regions of interest (ROIs) were
drawn manually on T,-weighted images to
encompass the tumor regjons for T, value cal-
culation. The results were shown as mean *
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Figure 2. Magnetic properties of the synthesized nanoparticles. (A) MRI images of phantoms of MNCs (i and ii) and
FMNPs (iii and iv) containing increasing concentrations of iron (from left to the right, the concentrations were O,
0.0893, 0.1786, 0.2679, 0.3572, and 0.4465 mM respectively. The concentrations were same for each column).
The relaxivities of FMNPs and MNCs were 52.76 mM* st (A) and 61.67 mM* s* (B) respectively.
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Figure 3. Cytotoxicity analysis results with the MTT
assay. The viability of human breast cancer MDA-
MB-231 cells after 24 hours of incubation with dif-
ferent concentrations (0, 20, 40, 60, 80, 100, 120,
140, 160, 180, and 200 pg/ml) of FMNPs and RGD-
FMNPs remained above 90%.

standard deviation. Student’s t test was used
to compare the differences in decreases of T,
values between groups. P < 0.05 was consid-
ered to be statistically significant for all the
analysis.

Results
Characterization of FMINPs

The TEM images indicated that the average size
of MNCs was approximately 100 nm. The MNCs
are composed of small nanoparticles with a
size of about 10 nm. Both the MNCs and the
FMNPs were very uniform in sizes and shapes
(Figure 1A, 1B). The fluorescent silica shell is
about 20 to 30 nm, and the size of FMNPs is
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150 nm. XRD (Figure 1C) result shows sites
and intensities of the diffraction peaks are con-
sistent with the standard pattern for JCPDS
Card No. (79-0417). The samples showed very
broad peaks, indicating the ultra-fine nature
and small crystallite size of MNPs. According to
the Debye-Scherrer formula, the particle size
was determined to be 10 nm by taking the aver-
age of the sizes at the peaks (D220, D311,
D400, D422, D511 and D440 respectively).
The conjugation of RGD peptides was con-
firmed via Fourier transform infrared (FTIR-
spectra) analysis, which is shown in Figure 1D.
Characteristic bands of Amide | and Il bands at
~1,550 cm™ and 1,670 cm™ were observed on
the spectrum of RGD-FMNPs, which indicate
the presence of associated peptide bonds on
the surface of the FMNPs. In addition, N-H
stretching ~3,200 cm? of RGD peptide was
characterized. The transverse relaxivity of the
particles was measured through the MRI. The
T,-weighted images of phantoms with different
concentrations of MNCs (Figure 2A i and ii) and
FMNPs (Figure 2A iii and iv) showed decreased
signal intensity with the increasing iron concen-
tration (0, 0.0893, 0.1786, 0.2679, 0.3572,
and 0.4465 mM). The r, value of MNCs was
and FMNPs were 52.76 mM*s?, 61.67 mM*s?
respectively (Figure 2B).

Cytotoxicity in vitro and acute toxicity in vivo

The biocompatibility of nanoparticles is one of
most important characters for biomedical
application. Thus, a cytotoxicity experiment in
vitro and acute toxicity test in vivo were done to

Int J Clin Exp Med 2014;7(12):4747-4758
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Figure 4. HE staining results of representative tissue sections of mice (heart, liver, spleen, lung, kidney, and intes-
tine) after injection of RGD-FMNPs. No obvious pathological changes were observed in the different tissues.

evaluate the biocompatibility of the synthe-
sized RGD-FMNPs. The cell viabilities after
incubation with different concentrations (0, 20,
40, 60, 80, 100, 120, 140, 160, 180, 200 ug/
ml) of FMNPs and RGD-FMNPs were evaluated
by using the CCK-8 assay (Figure 3). There was
little cytotoxicity observed in the cells incubat-
ed with FMNPs. For the cells treated with RGD-
FMNPs, the cell viability was a little lower com-
pared to that of cells treated with the same
concentrations of FMNPs. However, the cell
viability remained above 90% even when treat-
ed at the concentration of 200 pyg/ml. Acute
toxicity tests were performed in vivo: all mice
survived and no abnormal reactions were
observed in vital signs, behavioral status, diet,
or activity levels 96 hours after the administra-
tion of RGD-FMNPs. The acute toxicity in vivo
was also evaluated through histological assess-
ment. The representative organs (heart, liver,
spleen, lung, kidney and intestine) were har-
vested at six hours after the injection of RGD-
FMNPs. The HE staining results (Figure 4)
appear normal in the different organs. There
were no obvious acute toxicities observed in
any organs.

Cellular uptake in vitro

The cellular uptakes of FMNPs and RGD-FMNPs
were confirmed through fluorescent microsco-
py, TEM, and Prussian blue staining (Figures 5,
6). Both FMNPs and RGD-FMNPs were able to
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enter into the human breast cancer MDA-
MB-231 cells. However, more RGD-FMNPs were
taken into the cells compared to FMNPs. The
fluorescent intensity of the particles taken into
cells was analyzed through the software Image
J (National Institutes of Health, MD, USA). The
fluorescent intensity of RGD-FMNPs (Figure 5E,
5F) was higher than that of FMNPs (Figure 5B,
5C). The arrows in Figure 6A, 6B indicate the
presence of both particles in MDA-MB-231
cells. Prussian blue staining results also con-
firmed the cellular uptake of FMNPs and RGD-
FMNPs. There was an enhanced cellular uptake
of the RGD-FMNPs (Figure 6D) compared to the
FMNPs (Figure 6C).

MRI in vivo

A MRI was performed to evaluate the applica-
tion of RGD-FMNPs as a targeting imaging con-
trast agent. T,-weighed images were taken
before and after the injection of FMNPs and
RGD-FMNPs (Figure 7). The T, values in the
tumor regions decreased six hours after injec-
tion (Figure 7B, 7E) compared to baseline imag-
es before the injection of the FMNPs (Figure
7A) or RGD-FMNPs (Figure 7D). Differences
were found in the decreases of T, values after
the injection of FMNPs and RGD-FMNPs (4.833
+ 0.513 ms vs. 12.867 + 0.451 ms, P < 0.05).
The representative T, maps were shown in
Figure 7 (AT, = 3.327 ms vs. 11.439 ms).
Prussian blue staining results showed the exis-
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Figure 5. Fluorescent microscopy results of cellular uptake of FMNPs (A-C) and RGD-FMNPs (D-F). The nuclear was
stained with DAPI (A, D) and the red color represents the Ru () doped in silica shell (B, E). The combined images
were shown in (C, F). Both particles can be taken into MDA-MB-231 cells (B, E). The fluorescent intensity of RGD-
FMNPs (E, F) was higher than that of FMNPs (B, C) through the quantitative analysis with software of Image J.

tence of RGD-FMNPs and FMNPs in tumors
(Figure 7C, 7F).

Discussion

In this study, a potential dual-modality targeting
imaging contrast agent (RGD-FMNPs) was intro-
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duced. It was conjugated with a specific target-
ing probe cyclo (RGDyE), which can recognize
integrin o B, over expressed on human breast
cancer cells. These RGD-FMNPs possess mag-
netic and fluorescent properties, which can be
used for both MRI and Ol. The targeting probe
RGD peptides could enhance the accumulation

Int J Clin Exp Med 2014;7(12):4747-4758
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Figure 6. Cellular uptakes of FMNPs and RGD-FMNPs. TEM images showing cellular uptake of FMNPs (A) and RGD-
FMNPs (B) by human breast cancer MDA-MB-231 cells. The arrows indicate the presence of nanoparticles in MDA-
MB-231 cells. The upper-right corner of (B) shows the magnified of RGD-FMNPs in MDA-MB-231 cells. Prussian blue
staining results also confirmed the cellular uptake of FMNPs (C) and RGD-FMNPs (D) by MDA-MB-231 cells.

of the particles in tumor cells for cancer
diagnosis.

The highly water soluble MNCs were synthe-
sized using a one-step hydrothermal method
[22]. Large amounts of carboxyl groups (-COOH)
present on Fe304 surface, which render these
nanoclusters very soluble in water and can be
used as templates for well defined core/shell
structures. These MNCs maintain the super-
paramagnetism and high transverse relaxivity.
Due to the high magnetization, they could be
detected at a low concentration and could be
used as negative TW or T,"W MRI contrast
agents. The MRI phantom studies showed the
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high r, values of MNCs and FMNPs. Even at
very low concentration of FMNPs, the decrease
of T,WI signal intensity was evident with
increasing TEs, which indicated FMNPs could
be potentially used as MRI contrast agents.

Silica is widely used for fluorescent dye doping
because it allows emission and excitation pho-
tons to be transmitted without any alterations,
which can be used as the coating of various
fluorescence materials [25-28]. In addition, sili-
ca is highly water-soluble and has good biocom-
patibility [29]. The cytotoxicity study in vitro
demonstrated that there was little toxicity after
coating with a silica shell. The cell viability

Int J Clin Exp Med 2014;7(12):4747-4758
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Figure 7. In vivo MRl images of mice and Prussian blue staining results of tumors. MR scans were performed be-
fore the injection as the baseline images (A, D) and post-scans (B, E) were performed at six hours after injection of
FMNPs (A, B) and RGD-FMNPs (D, E) via tail vein. The Prussian blue staining results of tumors were shown (C, F) to

confirm the existence of iron.

remained above 90% even at the highest con-
centration (200 ug/ml). The fluorescent dye Ru
() was doped into the silica shell to form a fluo-
rescent shell, which could be used for Ol. The
spherical surface of silica-coated particles
could be easily functionalized with various tar-
geting molecules. The fluorescent microscopy,
TEM and Prussian blue staining results indicat-
ed that both the FMNPs and RGD-FMNPs could
be taken into the MDA-MB-231 cells through
endocytosis. RGD peptides, which act as tar-
geting probes, can recognize and specifically
bind to integrin o B, which is over expressed in
MDA-MB-231 cells. Due to the targeting role of
RGD peptides, more RGD-MNPs would target
the MDA-MB-231 cells and the uptake of RGD-
MNPs was enhanced compared to that of
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FMNPs. Therefore it was RGD peptides that
enhanced the cellular uptake of RGD-FMNPs.
The cytotoxicity in vitro was also evaluated.
Compared to FMNPs, the cell viability was a lit-
tle lower at the same concentration. This may
be caused by the enhanced uptake of RGD-
FMNPs due to the targeting effect of the RGD
peptides. However, even at the highest concen-
tration of 200 ug/ml, the cell viability was still
above 90%. This result indicated little cytotoxic-
ity of the synthesized RGD-FMNPs and a great
potential of application of in vivo tumor imag-
ing. The HE results of the representative organs
also showed little obvious acute toxicity after
the injection of either FMNPs or RGD-FMNPs.
The different organs, including the heart, liver,
spleen, lungs and kidneys, were harvested six
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hours after the injection of the particles. There
were no obvious pathological changes in any
organs. No inflammatory reactions or necrosis
were observed in liver. The spleen also seemed
normal. There were no inflammatory nodules or
any acute injury in the lungs or other organs.
Also, no obvious degeneration or necroses
were observed in any of the organs. These find-
ings indicated that the synthesized nanoparti-
cles exhibited little toxicity and could be used
for biomedical imaging in future. All of these
results indicated the potential application of
RGD-FMNPs as an imaging agent in the bio-
medical field.

The T,-weighted MR images in vivo demonstrat-
ed the signal intensity decreased in the tumor
region after the injection of FMNPs and RGD-
FMNPs. T, maps also demonstrated the
decreased T, values of tumor regions. The
decreases of T, values were much more nota-
ble in the tumors of mice injected with RGD-
FMNPs compared to those with FMNPs (12.867
+ 0.451 ms vs. 4.833 + 0.513 ms; P < 0.05).
This result is due to the tumor targeting func-
tion of the RGD peptides. The RGD peptide
could bind with the integrin o B, expressed
both on the tumor cells and endothelial cells.
Then, the RGD-FMNPs would be internalized
through the receptor-mediated endocytosis
[30, 31]. The EPR effect combined with the act-
ing targeting effect of RGD peptides would
increase the accumulation of the RGD-FMNPs
in the tumors, which thus led to the decreases
of T, values in the tumor regions. These
decreases were also consistent with the results
of the Prussian blue staining of the tumors
(Figure 7C, 7F). These results indicate that the
RGD-FMNPs could be used as a MRI contrast
agent for detecting tumors in which the integrin
o B, is highly expressed. Integrin o B, is over
expressed not only human breast cancer, but
also many other malignant tumors such as mel-
anoma, prostate, pancreatic, ovarian, cervical,
glioblastoma, lung and colon cancer [32].
Therefore, these RGD-FMNPs can potentially
be used for improved targeting of a very wide
range of cancer types.

There were also some limitations in this study.
The maximum emission peak of the Ru (Il)
doped silica nanoparticles was approximately
588 nm at an excitation wavelength of 450 nm.
This may limit the application of imaging of
orthotopic tumors and deep organs. So intro-
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duction of another near-infrared dye will be
tried in a future study to improve this. However,
these RGD-FMNPs could still be used to quickly
identify the intra-operative boundary of tumors
via pathologic analysis or to determine whether
there are lymph nodes metastases. For real-
time optical imaging in vivo, it is better to use
the near-infrared fluorescent dyes, which have
penetration depths of up to a couple of centi-
meters. Therefore, in the future, studies will
focus on the near-infrared fluorescent dyes and
try to develop simultaneous real-time imaging
nanoparticles for both MRI and Ol.

Conclusion

The synthesized RGD-FMNPs can be used for
targeting imaging of breast cancer through MRI
and Ol. The conjugated RGD peptides can
enhance the cellular uptake in human breast
cancer MDA-MB-231 cells. This study shows
the potential application of RGD-FMNPs to be
used in biomedical targeting imaging in the
future.
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