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For adequate cancer therapy, newer imaging modalities with more specific ligands for unique targets
are crucial. Underglycosylated mucin-1 (uMUC-1) antigen is an early marker of tumor development and
is widely overexpressed on most tumors. A combination of nanotechnology with optical, radionuclide,
and magnetic resonance (MR) imaging has great potential to improve cancer diagnosis and therapy. In
this study, a multimodal nanoparticle imaging system was developed that can be used for optical, MR
and positron emission tomography (PET) imaging. Cobalt ferrite magnetic nanoparticles surrounded by
fluorescent rhodamine (designated MF) within a silica shell matrix were conjugated with an aptamer
targeting uMUC-1 (designated MF-uMUC-1) and further labeled by %8Ga (designated MFR-uMUC-1) with
the help of a p-SCN-bn-NOTA chelating agent, resulting in single multimodal nanoparticles. The resultant
nanoparticles are spherical and monodispersed, as revealed by transmission electron microscopy. The
MFR-uMUC-1 nanoparticle showed specific and dose-dependent fluorescent, radioisotope and MR signals
targeting BT-20 cells expressing uMUC-1. In vivo targeting and multimodal imaging in tumor-bearing
nude mice also showed great specificity for targeting cancers with MFR-uMUC-1. The MFR-uMUC-1 probe
could be used as a single multimodal probe to visualize cancer cells by means of optical, radionuclide and
MR imaging.
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1. Introduction specific tumor-targeting molecular imaging probe is essential to

diagnose cancers at an earlier stage. The ability to image molec-

Clinical anatomical medical imaging modalities including com-
puted tomography (CT) and magnetic resonance imaging (MRI)
have been used in the diagnosis of many cancers [1]. Fluo-
rodeoxyglucose (FDG) positron emission tomography (PET) is one
of the major imaging modalities in oncology, and was recently used
to determine the degree of glucose metabolism in cancer cells [2].
FDG-PET, CT and MRI were successfully applied in targeting sev-
eral tumors with low glucose metabolism [3]. However, a highly
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ular and genetic changes is of great value. Antibodies are widely
used to target specific cellular signals, but have limitations such as
hypersensitivity response, long serum half-life and difficulties in
production. An aptamer is a small synthetic oligonucleotide that
binds to a specific target with high affinity and specificity. The
advantages of using an aptamer over antibiotic agents include a lack
of immunogenicity, small size and ease of synthesis [4,5]. Several
aptamers have been developed for targeting cancer-specific pro-
teins such as nucleolin, vascular endothelial growth factor (VEGF),
and prostate specific membrane antigens (PSMA) [6-8]. Further-
more, aptamers labeled with radioisotope or quantum dot have
shown potential as imaging ligands [9,10].

Molecular imaging plays an important role in non-invasive
visualization of molecular process and cellular function, and is
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emerging as a highly promising tool to detect disease and improve
treatment [11]. Recent progress in molecular imaging has been
reinforced by recent advancements in nanotechnology techniques.
One example of nanotechnology-based molecular imaging is the
development of multifunctional nanoparticles conjugated with
specific ligands such as antibodies, aptamers, peptides, and small
molecules that bind to specific targets [12-14]. Imaging modalities
such as optical, bioluminescence, MRI and PET are the most widely
used, each with unique advantages and disadvantages. Fluores-
cence imaging has been widely used for in vitro and in vivo cellular
imaging with great convenience. However, due to high autofluores-
cence and poor tissue penetration, the utility of in vivo fluorescence
imaging is limited. Bioluminescence has low autofluorescence and
a higher lesion-to-background ratio. However, it requires genetic
modification and has limited tissue penetration. Contrary to opti-
cal imaging methods, nuclear and MR imaging can visualize deep
signals, which is the reason these two modalities have been used
clinically. Nuclear imaging is more sensitive than MR, but image
resolution is better with MR than with PET. A multimodal imaging
approach has been suggested to overcome the limitations of each
modality. Initial multimodal approaches focused on hybrid imaging
such as PET-CT, PET-MR and MR-optical [15,16]. However, a more
detailed localization of biologic processes can be obtained using a
multimodal imaging probe, which allows visualization of different
imaging signals from optical, radioisotope and MR simultaneously.
Several multimodal imaging probes have been used for monitoring
cancers or stem cells [17-19].

Here, we developed a cancer-targeting multimodal nanoparti-
cle probe using an aptamer that can be utilized to detect cancers
with fluorescence, radionuclide and MR imaging. The aptamer was
selected to target underglycosylated mucin-1 (uMUC-1), which is
highly expressed by the majority of adenocarcinomas [20,21].

2. Materials and methods
2.1. Manufacturing MF nanoparticle

MNP@SiO,(RITC)-(PEG)/COOH/pro-N/NH, nanoparticles (MF)
containing carboxyl moieties (1.1 x 10%/nanoparticle) were pur-
chased from Biterials (Seoul, Republic of Korea). The method used
to generate the multimodal nanoparticle cancer probe with an
aptamer was performed as previously described [19]. Cobalt fer-
rite magnetic particles were mixed with a poly-vinyl pyrrolidone
(PVP, Sigma, St. Louis, MO) solution. After stabilization with PVP
solution, the cobalt-ferrite particles were centrifuged at 4000 rpm
for 10 min with acetone. Trimethoxysilane modified by fluorescent
dye RITC was prepared from aminopropyltriethoxysilane (ASP)
and RITC. The reaction mixture of tetraethoxysilane (TEOS) and
synthesized dye was injected into PVP-stabilized cobalt ferrite
particles. By adding an ammonia solution as a catalyst, polymeriza-
tion was initiated resulting in RITC-trapped silica-coated magnetic
nanoparticles (MNP@SiO,(RITC), MF). MNP@SiO,(RITC)-PEG/NH,
was formed by adding an amino and PEGylated group to the surface
of MNP@SiO,(RITC).

2.2. Construction of the MF-uMUC-1 probe

uMUC-1 aptamer was purchased from Bionics (BIONICS, Seoul,
Korea). The uMUC-1 aptamer sequence was as follows: 5-NH,-
GGGAGACAAGAATAAACGCTCAAGCAGT.

TGATCCTTTGGATACCCTGGTTCGACAGGAGGCTCACAACAGGC-
3’. The uMUC-1 mutant (uMUC-1 mt) was manufactured

with random nucleotide sequences for comparison. The
uMUC-1 mt aptamer sequence was as follows: 5-NHj-
TGCTTCGTTGAGAACTCACA.

ATTTAACAACAGAGGACATAAGCCCTACGCCCATGATCTACTGA-
CGTCCCTG-3'.

The MF-uMUC-1 probe was obtained by covalent conju-
gation of carboxyl moieties of MF particle with a 5-NH,
modified uMUC-1 aptamer using N-(3-dimethylaminoproppyl)-N-
ethylcarbodiiamide (EDC) (MF: uMUC-1 aptamer molar ratio, 1:3)
for 1h at room temperature. The MF-uMUC-1 conjugates were
washed by centrifugation at 15,000 rpm for 10 min and suspended
in buffer solution (50 mM Tris-HCI, pH 7.4). The conjugation effi-
ciency between MF particle carboxyl groups and uMUC-1 amine
groups of the aptamer was calculated by collecting each unconju-
gated probe from the supernatant after centrifugation of the MF
conjugate and measuring the concentration using a NanoDrop ND-
1000 Spectrometer (NanoDrop products, Wilmington, DE, USA).
These data are presented as the mean + standard deviation (SD)
calculated from quadruple wells.

2.3. Morphological analysis of the MF-uMUC-1 nanoparticle

Transmission electron microscopy (TEM) of MF, MF-uMUC-1,
and MF-uMUC-1 mt nanoparticles (n=3) was performed using a
JEM 1010 (JEOL, Japan) at 80 kV. Each nanoparticle was fixed using
2% formaldehyde for 10 min. Samples were prepared by placing
one drop of a dilute solution of each nanoparticle in methanol
onto a copper grid supporting a thin plastic film and then remov-
ing the remaining solvent after 2 min by applying a hot air flux.
High-resolution electron microscope digital images were recorded
with a Gatan-cooled CCD camera. Dynamic light scattering was con-
ducted to measure the size of MF, MF-uMUC-1, and MF-uMUC-1
mt nanoparticles (n=3) (Zetasizer Nano ZS system Malvern Instru-
ments, Worcestershire, UK).

2.4. Cell culture

BT-20 (a human breast cancer cell line) and Chinese hamster
ovary (CHO) cells and L132 human lung epithelial cells were pur-
chased from the Korea Cell Line Bank (Seoul, Korea). Sertoli TM4
cells were purchased from the American Type Culture Collection
(ATCC). BT-20, CHO, L132 and TM4 cells were maintained in DMEM
(Gibco, Grand Island, NY) supplemented with 10% fetal bovine
serum (FBS, Invitrogen, Grand Island, NY), 10 U/ml penicillin (Invit-
rogen, Grand Island, NY), and 10 pg/ml streptomycin. The cells
were split at regular intervals.

2.5. MTT assay

BT-20 cells were seeded onto a 24-well plate at a density of
2 x 10°/well overnight and then treated with various concentra-
tions of the MF, NF-uMUC-1 and MF-uMUC-1 mt (0,50, 100,250 and
500 pM, n = 3) for 24 h. A total of 2 mg/ml of 3-(4,5-dimethythazolz-
yl)-2,5-diphenyletrazolium bromide (MTT) solution was added to
each well (50 pl/well) and incubated for 4h at 37°C. The super-
natant was then discarded and the precipitate was dissolved in
500 ml of DMSO, after which the plates were read on a microplate
reader (Tecan Spectra, Wetzlar, Germany) at 540 nm. The viability
of cells was calculated based on a comparison of untreated cells and
those treated with MTT under the same conditions.

2.6. Western blot analysis

Quantification of uMUC-1 expression in BT-20 cells was mea-
sured by Western blot analysis. BT-20, CHO, L132 and TM4 cells
were lysed in a buffer containing 10 mM Tris-HCI (pH 7.5), 1 mM
DTT, 20% glycerol, 1 mM EDTA, and protease inhibitor mixture. Pro-
tein concentrations were determined using BCA protein kits (Pierce,



136 W,J. Kang et al. / Colloids and Surfaces B: Biointerfaces 136 (2015) 134-140

Rockford, IL), and the resulting lysates were cleared by centrifuga-
tion. Membranes were blocked in TBS-T (20 mM Tris, 137 mM Na(l,
0.1% Tween 20) containing 3% nonfat dried milk and incubated
with MUC-1 antibody (1:5000 dilution, Abcam, UK) or beta-actin
antibody (1:5000 dilution, Sigma, St. Louis, MO) for 120 min. The
membranes were then washed three times with TBS-T, and anti-
mouse IgG (H+L) was added. Immunochemical detection was
performed using WEST-zol (plus) (intron, Seongnam-si, Gyeonggi-
do, Korea) with a Las 3000.

2.7. Confocal microscopy

Cells (1x10°) were plated on sterile coverslips in a 24-
well plate. After rinsing with PBS twice, either MF-uMUC-1 or
MF-uMUC-1 mt probe was incubated with cells. After incu-
bation for 4h at 37°C, cells were fixed with gentle shaking
for 20min in 3.7% formaldehyde solution (Sigma, St. Louis,
MO). Cells were then washed three times with PBS for 10 min
and cover-slipped with a mounting medium containing 4',6-
diamidino-2-phenylindole dihydrochloride (DAPI) solution (Vector
Laboratories, Inc., CA). Confocal images were acquired by confocal
laser scanning microscopy (Carl Zeiss LSM 510, Weimer, Germany)
with excitation and emission wavelengths of 558 and 581 nm,
respectively.

2.8. Invitro fluorescence analysis

BT-20 cells were seeded onto a 24-well plate at a density of
1x10° cells per well, then incubated in a 5% CO, humidified
chamber for 24 h. The cells were subsequently incubated at 4°C
for 30 min to decrease non-specific binding. Either MF-uMUC-1 or
MF-uMUC-1mt particles were applied to BT-20 cells under serum-
free conditions. The samples were incubated at 4°C for 30 min,
and then washed twice for 10 min at RT with mild shaking. The
cells were then lysed with RIPA buffer (Thermo Fisher Scien-
tific Inc., Waltham, MA), and were transferred into dark 96-well
microplates (Chemicell GmbH, Germany). Fluorescence intensity
was measured using Infinite M200 (Tecan, GmbH, SZ, Austria) with
a scanning wavelength of 558/581 nm. All data are presented as the
mean # SD calculated from quadruple wells, and significant differ-
ences between samples were assessed using the Student’s t-test
(P<0.05).

2.9. Labeling MF-uMUC-1 with %8Ga to produce MFR-uMUC-1
particles and in vitro experiments with BT-20 cells

The MF-uMUC-1 conjugates were washed by centrifugation at
22,250 rpm for 10 min and suspended in buffer solution (50 mM
Tris—-HCl, pH 7.4). After 1 h of incubation, MF-uMUC-1 was washed
twice with Tris buffer (pH 7.4) and briefly sonicated. Binding
of MF with p-SCN-bn-NOTA (2-(p-isothiocyanatobezyl)-1,4,7-
triazacyclonane-1,4,7-triacetic acid, 500gmol~!, concentration
5mg/ml) adduct was performed at a reaction ratio of 1:5
(MF:NOTA). The reaction was performed in NAHCO3 buffer solu-
tion (pH 9) under vortex with mild shaking at 4°C overnight. To
label MF-NOTA with 68Ga, 68GaCl; was eluted from a 8Ge/%8Ga
generator using 4 ml of 0.1 M HCl (432.9 MBq, 11.7 mCi/4 ml). The
68GaCls activity used for the in vitro experiments was 37 MBq
(1mCi/340 wl). The reaction mixture was prepared by mixing
MF-NOTA with %8GaCl; adjusted to a pH of 6.5 with 0.2M
Na;HPO4/NaH,P04 buffer (Sigma, St. Louis, MO), and incubated
for 1h after brief vortexing. To monitor the labeling efficiency of
MF by 68Ga, thin layer chromatography (TLC) was performed at
each incubation time point. The reaction mixture was separated
using ITLC-SG (Instant TLC-silica gel) (Pall, Inc., Michigan) using a
0.1 M citric acid solvent, and radioactivity was measured using an

AR-2000 TLC imaging scanner (Bioscan, Inc., Washington, DC). The
68Galabeling efficiency was measured and expressed as percentage
by region of interest (ROI) measurement of ITLC-SG.

2.10. Magnetic resonance analysis

BT-20 cells (5 x 10°) were treated with MF-uMUC-1 or MF-
uMUC-1 mt at five different concentrations (0, 25, 50, 100 and
200 pM). After washing three times with PBS, cells were detached
by trypsin/EDTA. The detached cells were then fixed with 4%
paraformaldehyde. The T2-weighted MR images with a fast low-
angle shot sequences were acquired using 1.5T MRI (GE Medical
system, Milwaukee, WI).

2.11. Invivo cancer targeting and multimodal imaging

BT-20 cells (1 x 108 cells) were harvested in PBS buffer and
incorporated within a PLLA scaffold. The cell-scaffold complexes
were implanted into the right thighs of nude mice. The left thighs
were implanted with a cell-free PLLA scaffold as a control. The
implanted cells were cultured for 3 weeks until the tumors reached
100-200mm?3 in volume. Then, MFR-uMUC-1 or MF-uMUC-1 mt
were intravenously (IV) injected into the tumor-bearing nude mice
via the tail vein (n=6). For image scanning, all mice were anes-
thetized with 1% isoflurane-O, air. For in vivo dynamic positron
emission tomography (PET) images, a small-animal PET/CT scan-
ner (eXplore Vista; GE Healthcare) was used, and images were
acquired over 10 min. ROI analysis was performed by selecting the
areas of implanted right and left thighs on the images. The aver-
age number of counts per pixel was measured for both thighs.
The in vivo Fluorescence images were obtained using IVIS®-200
spectrum imaging system (Caliper Life Sciences, MA). In vivo MR
images were obtained using a 3T clinical MRI instrument with
a micro-47 surface coil (Intera; Philips Medical Systems, Best,
Netherlands). The T2-weighted MR images were measured using
the T2 Turbo Spin Echo sequences at room temperature with the
following parameters: TR=4000ms, TE=114ms, and slice thick-
ness=1.0 mm.

2.12. Statistical analysis

Data are presented as the mean + standard deviation and were
analyzed using the Student’s t-test. Pvalues less than 0.05 and 0.005
were considered statistically significant.

3. Results

3.1. Construction of the MFR-uMUC-1 particle as a tumor
targeting probe

We used a magnetic-fluorescent-radioisotope (MFR)
nanoparticle, magnetic fluorescence nanoparticle (MF) and
MNP@SiO,(RITC)-(PEG)/COOH/pro-N/NH, to construct a multi-
modal imaging probe. The MF particle was composed of magnetic
cobalt ferrite in the central core and rhodamine B isothio-
cyanate fluorescence dye (RITC, excitation/emission =555/578 nm)
coated with a silica shell [18]. Polyethylene glycol (PEG)
(1 x 104/nanoparticle), Fmoc-protected amine moieties, and a
carboxyl group surrounded the surface of the MF particles, and
was labeled with the MUC-1 aptamer and p-SCN-bn-NOTA chela-
tor. The MF nanoparticles were covalently conjugated with the
uMUC-1 aptamer or uMUC-1 mutant oligonucelotide (uMUC-1 mt)
with a molar ratio of 1:3 for 1h at room temperature using the
coupling reagent EDC (N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride, 40 nM) (Fig. 1). Transmission electron
microscopy (TEM) images showed that the MF, MF-uMUC-1 and
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Fig. 1. Schematic illustration of MFR-uMUC-1 probe synthesis. The MF particle has carboxyl group and Fmoc-protected amine moiety, which was conjugated with amine-
terminated uMUC-1 aptamer (MF-uMUC-1). $8Ga was labeled with the MF-uMUC-1 to form the MFR-uMUC-1 after reaction with p-SCN-bn-NOTA.
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Fig. 2. Characteristics of the MF-uMUC-1. (A) TEM images of MF, MF-uMUC-1 and MF-uMUC-1 mt. The scale bar = 100 nm. (B) DLS analysis of MF, MF-uMUC-1 and MF-uMUC-
1 mt. The data are displayed as the mean + SD. *P<0.05. (C) Conjugation efficiency of the MF with uMUC-1 aptamer or uMUC-1 mt oligonucleotide. The x-axis indicates the
DNA concentration (1500 pM) of uMUC-1 or uMUC-1 mt used for conjugation with the MF (black bar), and unconjugated and remained in the supernatant after centrifugal
filtration (gray bar). The y-axis represents the percentage of conjugation efficiency (gray line with triangle head) acquired by percentage of one minus decoupling efficiency.
These data were presented as the mean + SD calculated from quadruple wells. (D) MTT assay of the MF, MF-uMUC-1 and MF-uMUC-1 mt in BT-20 cells. There was no observed
significant reduction in cell viability with various concentrations (0, 50, 100, 250, and 500 pM).

MF-uMUC-1 mt nanoparticles had monodispersed spherical shape
and were crystalline (Fig. 2A). Dynamic light scattering (DLS)
analysis demonstrated that the sizes of the MF, MF-uMUC-1 and
MF-uMUC-1 mt particles were approximately 68, 81, and 85 nm,
respectively (Fig. 2B). Successful formation of MF-uMUC-1 or

MF-uMUC-1 mt was confirmed by a slight increase in diameter of
the MF nanoparticle after conjugation with the uMUC-1 aptamer
or uMUC-1mt. The coupling efficiency of the MF nanoparticle
(0.5nM) was 88.5% for uMUC-1 aptamer (1.5nM) and 81.4% for
uMUC-1 mt (1.5nM) (Fig. 2C). To validate the toxicity of the
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presented as the mean + SD calculated from quadruple wells. *P<0.05.

nanoparticles, various concentrations of MF, MF-uMUC-1 and MF-
uMUC-1 mt particles were incubated with BT-20 cells. Incubation
with the nanoparticles did not affect cell viability (Fig. 2D).

3.2. Affinity of MF-uMUC-1 in BT-20 cells

To conduct multimodal imaging of the targeting cancer using the
MFR-uMUC-1 nanoparticle, BT-20 cells were incubated with seri-
ally increasing concentrations of the MF-uMUC-1 particle. Western
blot analysis demonstrated that uMUC-1 was highly expressed
in BT-20 cells compared with three normal cell lines that do
not express uMUC-1, L132 human lung epithelial cells, TM4 cells
and CHO cells (Supplementary Fig. S1). For confocal microscopy
analysis of targeting cancers was achieved by adding multimodal
nanoparticle-conjugated uMUC-1, MF-uMUC-1 or MF-uMUC-1 mt
to BT-20 cells and three normal cell lines, L132 cells, TM4 cells and
CHO cells. The MF-uMUC-1 showed strong rhodamine fluorescence
brightness in BT-20 cells (Fig. 3A), while no fluorescence signals
were detected in three normal cell lines (Supplementary Fig. S2).
Interestingly, significant fluorescence brightness was found along
the plasma membrane of the BT-20 cells. Our confocal microscopy
finding validated the cellular membrane distribution of uMUC-
1 [22]. There was no fluorescence signal detected in the plasma
membranes of the MF-uMUC-1 mt- treated BT-20 cells. To investi-
gate the quantitative fluorescence intensities of the MF-uMUC-1
nanoparticles targeting cancer, 1x 10°> BT-20 cells were incu-
bated at 4°C for 30 min to decrease non-specific binding. Optical
targeting intensity from BT-20 cells was measured with gradu-
ally increased concentrations of the MF-uMUC-1 particles. The
results showed that the MF-uMUC-1-treated BT-20 cells revealed a
dose-dependent and significant increase in fluorescence intensity
(Fig. 3B). However, the MF-uMUC-1 mt-treated BT-20 cells showed

no significant difference in fluorescence intensity as the concen-
tration of the MF-uMUC-1 mt increased gradually. These results
represent the high specificity of the MF-uMUC-1 particle for tar-
geting BT-20 cells.

To investigate the clinical possibility of targeting cancer using
the prepared MF-uMUC-1 probe, phantom MR images of BT-20
cells were acquired. Five different concentrations (0, 25, 50, 100
and 200 pM) of either MF-uMUC-1 or MF-uMUC-1 mt were incu-
bated with BT-20 cells for 1 h. The T2-weighted MR images at 1.5T
showed a gradual decrease in the magnetic signal intensity from
BT-20 cells in proportion to serial increase in MF-uMUC-1 con-
centration (Fig. 3C). The specific relaxivity was 8.533mM~!s!
(Supplementary Fig. S3). In contrast, no difference in MR inten-
sities were observed from BT-20 cells as the concentration of the
MF-uMUC-1 mt increased.

To examine the clinical feasibility of targeting BT-20 cells
with the multimodal imaging probe conjugated with the uMUC-1
aptamer, an Fmoc-protection group was removed from the MF-
uMUC-1 nanoparticle and then labeled with %8Ga-citrate using
a NOTA chelator to form the MFR-uMUC-1 (Fig. 1). Quantita-
tive thin layer chromatography (TLC) analysis demonstrated that
approximately 32.1% of the MFR-uMUC-1 incorporated 68Ga-
citrate (Supplementary Fig. S4). After labeling with 8Ga-citrate
using NOTA chelator, BT-20 cells were treated with MFR-uMUC-1 at
various concentrations (MF particle, 25,50, 100 and 200 pM) for 1 h.
The radionuclide activity using a <y-scintillation counter demon-
strated that ®8Ga radioactivity in BT-20 cells was gradually and
significantly increased when compared with MFR-uMUC-1 mt as
the concentration of MFR-uMUC-1 increased (Fig. 3D). The radionu-
clide activity of MFR-uMUC-1 was significantly higher at 100 and
200 pM when compared to MFR-uMUC-1 mt.
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Fig. 4. In vivo multimodal imaging analysis for cancer targeting. The BT-20 cell-PLLA scaffold complexes were implanted into the right thighs (white circles) and scaffolds
without BT-20 cells were implanted into the left thighs (yellow circles) of nude mice, respectively. MFR-uMUC-1 or MFR-uMUC-1 mt were injected intravenously (IV) into the
tumor-bearing nude mice (n==6). After IV injection, targeting signals were detected only from the right thighs of the MFR-uMUC-1-injected mice. (A) Dynamic small-animal
PET images showed increased %8Ga radioactivity. (B) In vivo fluorescence image showed high fluorescence intensity. (C) The T2-weighted MR image showed a dark signal
(black arrow). No signals were detected in the left thighs of nude mice or in the right thighs of the MFR-uMUC-1 mt-injected nude mice. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

3.3. Invivo cancer targeting and multimodal imaging

For in vivo multimodal cancer imaging, BT-20 cells were incor-
porated within a PLLA scaffold and implanted into the right thighs of
nude mice. The left thighs were administered with the PLLA scaffold
without BT-20 cells. Then, MFR-uMUC-1 or MF-uMUC-1 mt was
intravenously (IV) injected into tumor-bearing mice. Radionuclide
images were obtained at 2 h after IV injection. The dynamic small-
animal PET image showed increased 68Ga radioactivity from the
right thigh of MFR-uMUC-1-injected mice (Fig. 4A). Quantitative
ROI analysis further confirmed showed the higher 68 Ga radioactiv-
ity in the right thigh of MFR-uMUC-1-injected group than that of in
the left thigh and those of MFR-uMUC-1 mt-injected group in both
thighs (Supplementary Fig. S5). The high fluorescence signal was
detected 12 h after injection from the right thigh of MFR-uMUC-
1-injected mice (Fig. 4B). The detected signals from outside the
tumors were resulted from the non-specific retention of nanopar-
ticles. Such non-specific retention is usually detected in liver,
spleen and lung mainly because of the mononuclear phagocytic
system (MPS), and the clearance of circulating nanoparticles from
the bloodstream in mice is also occur [23,24]. The MFR-uMUC-1
mt-administered mice showed rapid clearance through the blood-
stream, indicating that the MFR-uMUC-1 specifically targeted the

tumors. The MR images of other mice were obtained before and 24 h
after injection. The T2-weighted MR images showed decreased dark
signals from the right thigh of MFR-uMUC-1-injected mice (Fig. 4C).
However, there were no significant signals in fluorescence, radioac-
tivity and MR intensity in the left thighs of nude mice containing
only the PLLA scaffold or in the right thighs of MFR-uMUC-1 mt-
injected nude mice. These results demonstrated a high specificity
for targeting cancers expressing uMUC-1 in vivo.

4. Discussion

In recent years, multimodal imaging platforms with dual or
triple moieties, including reporter genes or nanoparticles, have
gained popularity [25-27]. With multimodal imaging, one modal-
ity can complement another, which is useful for overcoming the
limitations of a single imaging modality. For example, PET or MR
imaging for human application should be preceded by testing suc-
cessful optical probes in animal imaging. However, transforming
optical probes into PET or MR probes can cause structural alter-
ation, changing the probes’ affinity and distribution. In addition,
direct comparison of two different images is difficult due to limita-
tions in resolution and position changes. In order to overcome these
modality-specific limitations, a single imaging probe developed to
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be used with multiple imaging modalities would have a promising
future in both basic and clinical research.

In this study, we successfully demonstrated a multimodal
imaging probe for in vitro and in vivo cancer targeting with the
MFR-uMUC-1 nanoparticle by means of optical, radionuclide and
MR imaging of the same mouse. Triple imaging modalities demon-
strated that the MFR-uMUC-1 probe had great specificity for
targeting uMUC-1 expressed in BT-20 cells when compared to the
MFR-uMUC-1 mt probe. In addition, the pattern of quantitative
optical imaging for targeting BT-20 cells using the MFR-uMUC-1
nanoparticle was successfully reproduced by other clinical imag-
ing modalities, radionuclides and MRI. This suggests MFR-uMUC-1
could be used in a single imaging probe for targeting cancer that
would allow in vivo triple imaging modalities. For clinical applica-
tion, our multimodal probe should be improved in simultaneous
imaging. The different modalities were imaged and collected sep-
arately according to each modality. In addition, for long-term PET
imaging, additional radionuclide generators having relatively long
half-lives need to be applied.

5. Conclusion

We developed the MFR-uMUC-1 nanoparticles for targeting and
multimodal imaging of cancer in BT-20 cells. The MFR-uMUC-1
nanoparticles successfully targeted MUC-1 in BT-20 cells with high
affinity and visualized uMUC-1 by optical, radionuclide, and MRI
modalities. The MFR-uMUC-1 particle as multimodal imaging plat-
form offers a novel and powerful approach to visualizing cancer
cells in vivo. A diverse variation of MF particles with different
aptamers for various targets and imaging moieties will provide a
platform to greatly improve cancer diagnosis and treatment.
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