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Background: The early and accurate detection afforded by imaging techniques significantly
reduces mortality in cancer patients. However, it is still a great challenge to achieve
satisfactory performance in tumor diagnosis using any single-modality imaging method.
Magnetic resonance imaging (MRI) has excellent soft tissue contrast and high spatial
resolution, but it suffers from low sensitivity. Fluorescence imaging has high sensitivity,
but it is limited by penetration depth. Thus, the combination of the two modes could result in
synergistic benefits. Here, we design and characterize a novel dual-modality MR/near-
infrared fluorescence imaging (MR/NIRFI) nanomicelle and test its imaging properties in
mouse models of breast cancer.

Methods: The nanomicelles were prepared by incorporating superparamagnetic iron oxide
(SPIO) nanoparticles into 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(poly-
ethylene glycol)-5000] micelles to which an NIRF dye and a tumor-targeted peptide (N3-Lys-
bombesin, Bom) were conjugated. The nanomicelles were characterized for particle size, zeta
potential and morphology. The transverse relaxivity, targeting specificity and imaging ability
of the nanomicelles for MR/NIRFI were also examined.

Results: The fabricated nanomicelles displayed a well-defined spherical morphology with a
mean diameter of 145+56 nm and a high transverse relaxivity (493.9 mM '-s™', 3.0T). In
MRI, the T signal reduction of tumors in the Bom-targeted group was 24.1+5.7% at 4 hrs
postinjection, whereas only a 0.1£3.4% (P=0.003) decrease was observed in the nontargeted
group. In NIRFI, the contrast increased gradually in the targeted group, and the tumor/muscle
ratio increased from 3.7+0.3 at 1 hr to 4.740.1 at 2 hrs and to 6.4+0.2 at 4 hrs. No significant
changes were observed in the nontargeted group at any time points.

Conclusion: Considering all our results, we conclude that these novel MR/NIRFI dual-
modality nanomicelles could be promising contrast agents for cancer diagnosis.
Keywords: SPIO nanoparticles, magnetic resonance imaging, near-infrared fluorescence
imaging, tumor diagnosis

Introduction

Cancer remains a great challenge to global public health and a tremendous eco-
nomic burden on society. In China, cancer is the leading cause of death, with an
estimated 4.3 million new cases and 2.9 million deaths in 2015." According to the
World Cancer Report 2014, between one-third and one-half of cancer deaths could
be avoided with prevention, early detection and treatment.” Noninvasive imaging
methods, including magnetic resonance imaging (MRI), computed tomography,
optical imaging and positron emission tomography, play an important role in
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early detection.”* Among them, MRI is one of the most
commonly used techniques. It provides the advantages of
multiparameter imaging, excellent soft tissue contrast and
high spatial resolution with no exposure to ionizing
radiation.™® Although MRI has become a powerful tech-
nique in cancer diagnosis, it suffers from low sensitivity.
Optical imaging, such as near-infrared fluorescence ima-
ging (NIRFI), is low in cost, provides images with high
sensitivity and enables real-time imaging, but exhibits
poor spatial resolution.”®* NIRFI detects fluorescence
emissions in the region of 650-900 nm, has low back-
ground tissue absorption for deeper penetration depth and
is more suitable for in vivo preclinical and clinical ima-
ging studies.”’ Therefore, the development of an MR/
NIRFI dual-modality molecular imaging probe might be
able to combine the advantages of both imaging technol-
ogies and enable better diagnostic performance for patients
with cancer.

Superparamagnetic iron oxide (SPIO) nanoparticles,
because of their low toxicity, inherent magnetic properties
and feasibility to produce iron oxide cores, have been inten-
sively investigated as promising MRI probes for 7,-weighted
(dark or negative contrast) imaging.*'®'* Adding near-infra-
red (NIR) fluorophores to SPIO agents can overcome the
intrinsic drawbacks of both imaging techniques while
achieving improved detection accuracy, and allows the easy
and accurate evaluation of the biodistribution of SPIO agents,
even at low levels.*'> However, the discrepancy in sensitiv-
ity between the two imaging modalities proves to be a chal-
lenge to the design of dual-modality MR/NIRFI probes.'®
Polymeric micelles can be used to alleviate this discrepancy
by increasing the number of MRI contrast units loaded into
the hydrophobic micelle core relative to the number of
fluorophores.'®'” The resulting high loading density of the
SPIO agents allows the detection of probes at nanomolar
concentrations.'” Furthermore, when incorporated into
micelles, SPIO nanoparticles achieve a longer blood half-
life, better
modification.'®?° Among the polymeric micelles, 1,2-dis-

biocompatibility and improved surface
tearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene
glycol) (DSPE-PEG) micelles achieve the highest transport-
ability and have been approved by the FDA for medical
applications.'**!

The surface of DSPE-PEG micelles can be easily con-
jugated with targeting moieties, promoting the specific
accumulation of SPIO nanoparticles in tumor tissue.
Targeting agents, including antibodies, proteins, peptides,
aptamers and small organic molecules, have been used in

SPIO nanoparticle systems.'® The advantages of easy
synthesis, relatively small molecular weight and low cyto-
toxicity and immunogenicity make peptides particularly
attractive for the purpose of targeting.'®** Among them,
bombesin is a 14 amino-acid peptide isolated from frog
skin and shares a homologous C-terminal seven amino-
acid sequence with mammalian gastrin-releasing peptide
and neuromedin B. Therefore, the bombesin receptor
family in mammals is comprised of gastrin-releasing pep-
tide receptor (GRPR), neuromedin B receptor and bombe-
sin receptor subtype 3.2 These bombesin receptors,
particularly GRPR, have been shown to be one of the
most overexpressed or ectopically expressed families of
G protein-coupled receptors in many common malignan-
cies, including breast cancer, lung cancer, prostate cancer,
pancreatic cancer, head/neck cancer, colon cancer, uterine
cancer, ovarian cancer, renal cell cancer, glioblastoma,
neuroblastoma, gastrointestinal carcinoids and bronchial
carcinoids.”*** Many of these malignancies have a poor
prognosis with advanced disease, and thus, there is heigh-
tened interest in the possibility of using GRPR overexpres-
sion not only to localize the tumor but also to deliver
cytotoxic agents.>* ¢ Prior to this work, there were only
four previous reports of bombesin-functionalized SPIO
nanoparticles with dextran or chitosan coatings for target-
ing prostate cancer, breast cancer or normal pancreatic
cells in vitro and/or in vivo.?’°

In this study, using SPIO nanoparticles as an MRI con-
trast agent, 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[amino(polyethylene glycol)-5000] (DSPE-PEGS5k)
micelles as a nanocarrier, Cy5 as an NIR fluorophore and N;-
Lys-bombesin (Bom) with a sequence of {Lys(N3)}
QRLGNQWAVGHLM as a targeting peptide, a dual-modal-
ity MR/NIRFI nanoprobe SPIO/DSPE-PEG5k-(Bom&Cy5)
was constructed for tumor diagnosis. The size, zeta potential,
morphology and transverse relaxivity of the SPIO/DSPE-
PEG5k-(Bom&Cy5) nanomicelles were investigated. The
toxicity and targeting efficiency in vitro and in vivo were
evaluated. Moreover, the dual-modality imaging properties
of the nanomicelles in vivo were tested using MDA-MB-231
breast xenograft models in nude mice.

Materials and methods
Materials
Hydrophobic SPIO nanoparticles were synthesized by our

laboratory and stored in hexane according to a previously
reported method.”’ DSPE-PEGS5k was purchased from
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Avanti Polar Lipids, Inc. (Alabaster, AL, USA). The NIR
dye Cy5-N-hydroxysuccinimide (Cy5-NHS) was obtained
from Xi’an Ruixi Biological Technology Co., Ltd. (Xi’an,
Shaanxi, China). The peptide Bom with a sequence of
{Lys(N3)}QRLGNQWAVGHLM was synthesized by
GenScript Biotech Corp. (Piscataway, NJ, USA). Cell
Counting Kit-8 (CCK-8) was purchased from Dojindo
Molecular Technologies, Inc. (Shanghai, China). All
reagents were of analytical grade and were used as
received.

General procedure for the synthesis of

SPIO/DSPE-PEG5k-(Bom&Cy5)
DSPE-PEG5k (10 mg, 1.7 umol) was dissolved in 10 mL
of dry tetrahydrofuran (THF). Propargyl bromide (2 mg,
17 umol) and triethylamine (2.5 mg, 26 pmol) were added,
and the solution was stirred and heated to 50°C for 24 hrs.
After the solvents were evaporated, the residue was dis-
solved in 10 mL of dichloromethane and washed three
times with water. The organic phase was dried over
sodium sulfate and removed to obtain alkynyl-modified
DSPE-PEG5k (DSPE-PEGS5k-Alky). Then, 4.5 mg of
hydrophobic SPIO nanoparticles, 3 mg of DSPE-PEG5k
and 3 mg of DSPE-PEGS5k-Alky were dissolved in 1 mL
of THF, and the mixture was added to 10 mL of Milli-Q
water under probe sonication. SPIO/DSPE-PEGS5k nano-
micelles in water (10 mL) were obtained after the evapora-
tion of THF.

Bom (1.4 mg) was dissolved in 0.2 mL of Milli-Q
water and mixed with the obtained SPIO/DSPE-PEGS5k
solution (5 mL). CuCl, (1.5 mg) and sodium ascorbate
(19 mg) were then added, and the reaction mixture was
heated in an oil bath at 50°C for 1 day. Then, 1 mg of Cy5-
NHS (dissolved in 1 mL DMSO) was added and stirred at
room temperature for 24 hrs in the dark. The expected
SPIO/DSPE-PEGS5k-(Bom&Cy5) was collected after the
resulting solution was dialyzed for 24 hrs against water
(MWCO 10 kDa cutofY).

Characterization of the nanomicelles

The morphology and structure of the nanomicelles were
characterized by transmission electron microscopy (TEM)
(H-7500; Hitachi, Tokyo, Japan). The size distribution and
zeta potential were characterized by dynamic light scatter-
ing (DLS) wusing a Malvern Zetasizer (Malvern
Instruments, Malvern, UK) at 25°C. The peptide content

was determined using a bicinchoninic acid (BCA) assay,

and the iron concentration was determined by furnace
atomic absorption spectroscopy (AA800; PerkineElmer,
Akron, OH, USA).

Relaxivity and magnetization

measurement
The MR relaxation data were acquired using a 3.0 Tesla
MR scanner (Achieva; Philips, Amsterdam, Netherlands).
Solutions of SPIO/DSPE-PEGS5k-(Bom&CyS) were pre-
pared at final Fe concentrations of 0, 0.05, 0.1, 0.2, 0.3,
0.4 and 0.5 mM. The T>-weighted images were acquired
with a spin echo sequence (TR =5000 ms; TE ranging from
12 to 500 ms). Transverse relaxation times (75) were calcu-
lated by fitting a logarithmic regression to the signal inten-
sity (SI) in images at different echo times. The relaxivity
value (r,) was determined from the slope of the transverse
relaxation rate (1/75, s ') versus the Fe concentration (mM).
Magnetic studies were carried out using an MPMS7
Quantum Design SQUID magnetometer (Quantum Design,
San Diego, CA, USA) at 300 K. A sample of SPIO/DSPE-
PEGS5k-(Bom&Cy5) solution was lyophilized and then mea-
sured with the scope of =3 T to 3 T, 4 quadrants.

Cell culture

The human breast cancer cell line MDA-MB-231 was
purchased from the Cell Bank of the Chinese Academy
of Science and cultured in Dulbecco’s modified Eagle’s
medium (HyClone, Beijing, China) supplemented with 1%
penicillin/streptomycin (Gibco, Shanghai, China) and 10%
fetal bovine serum (Gibco, Shanghai, China). The cultured
cells were maintained at 37°C and 5% CO, in a tissue
culture incubator. The human vascular endothelial cell line
HUVEC, human hepatic cell line L02 and human embryo-
nic kidney cell line HEK-293 were obtained from the Key
Laboratory of Transplant Engineering and Immunology of
Sichuan University. These cell lines were cultured under
identical conditions to those of the MDA-MB-231 cell
line. Cell lines were routinely tested to exclude myco-
plasma contamination and characterized by Chengdu
Nuohe Biotech Co., Ltd (Chendu, Sichuan, China) and
Shanghai Cinoasia Institute (Shanghai, China) using
short tandem repeat markers.

Targeting efficiency in vitro

To evaluate the targeting capability of the SPIO/DSPE-
PEG5k-(Bom&CyS5) nanomicelles in vitro, MDA-MB-231
cells were seeded in a 24-well plate containing coverslips
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at a density of 3x10% cells per well. After incubation
overnight, the solutions were replaced with serum-free
medium containing Bom-targeted nanomicelles (10 pg
Fe/mL) or nontargeted nanomicelles (10 pg Fe/mL). For
the blocking experiment, a tenfold excess of free Bom
(100 pg/mL) was added to the culture media and incubated
at 37°C for 2 hrs prior to the addition of Bom-targeted
nanomicelles. After incubation for 4 hrs, the cells were
gently washed three times with PBS and then fixed with
4% paraformaldehyde for 10 min. Then, the cells were
washed with PBS again, and the nuclei were stained with
DAPI (10 pg/mL) for 10 mins. After fixing and dye
administration, the cells were washed three times with
PBS and observed under a fluorescence microscope
(Imager Z2; Zeiss, Oberkochen, Germany).

In vitro cytotoxicity assay

The HUVEC, L02 and HEK-293 cell lines, which are
associated with the metabolism of nanoparticles in vivo,
were employed to evaluate the cytotoxicity of the SPIO/
DSPE-PEG5k-(Bom&Cy5) nanomicelles using the CCK-8
assay. Cells were seeded at a density of 5x10° cells per
well in 96-well plates and incubated for 24 hrs. Then, the
cells were treated with cell culture medium containing
gradient concentrations of the nanomicelles (equivalent
to 0, 1,2, 5, 10, 20 and 40 pg Fe/mL; n=5) and incubated
for 24 hrs. Untreated cells in growth media were used as a
control. Then, 10 pL of CCK-8 solution was added to each
well, followed by incubation for 4 hrs. The absorbance
intensity was measured at 450 nm using a microplate
reader (Huadong Electronics, Nanjing, Jiangsu, China).

In vivo toxicity analysis

For the in vivo toxicity study, BALB/c mice were
obtained from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). All animal proce-
dures were performed in accordance with the Guidelines
for the Care and Use of Laboratory Animals of Sichuan
University, and experiments were approved by the
Animal Ethics Committee of West China Hospital of
Sichuan University. Mice were separated into three
groups (n=3). SPIO/DSPE-PEGS5k-(Bom&Cy5S) at a
total dose of 300 pg Fe/mL (200 pL) was injected into
BALB/c mice via the tail vein. The untreated mice were
used as the control. The mice were sacrificed, and the
organs (heart, lung, liver, spleen and kidney) were har-
vested on the 3rd, 7th or 21st day after the nanomicelles
were delivered. The collected tissues were embedded in

paraffin, sectioned (5 pm thick) and then stained with
hematoxylin and eosin (H&E) for histological analysis.
The stained sections were observed under an optical
microscope (Leitz Optilux; Leica, Wetzlar, Germany).
Before the mice were euthanized, blood samples were
drawn from the eye socket for blood biochemistry testing.

In vivo targeting and imaging performance
The breast tumor xenograft model was established by the
subcutaneous injection of an MDA-MB-231 cell suspension
(1x10° cells/100 pL) with 30% basement membrane matrix
into the right axillary region of each female BALB/c nude
mouse. MR and NIRFTI studies were carried out when the
tumors had grown to 5-10 mm in diameter (~2 weeks after
inoculation). Mice were fed an alfalfa-free diet (AIN-93G;
OpenSource Diets, New Brunswick, NJ, USA) in order to
reduce autofluorescence from the intestine.’* Two hundred
microliters (100 pg Fe/mL) of SPIO/DSPE-PEGS5k-
(Bom&Cy5) or SPIO/DSPE-PEGS5k-Cy5 solution was
injected via the tail vein. All experiments were conducted
under complete anesthesia using 3% isoflurane.

T>-weighted MRI of the animals was performed preinjec-
tion and 1, 2 and 4 hrs postinjection using a 3.0 Tesla clinical
MRI system (Achieva; Philips, Amsterdam, Netherlands).
T,-weighted fast spin echo images were acquired with the
following parameters: TR =4000 ms, TE =66 ms, FOV =50
mm x 50 mm and slice thickness =1 mm. The MRI contrast
change in the tumor following the injection of the nanomi-
celles was quantitatively calculated using the region of inter-
est (ROI) method with ImageJ 1.8.0. The normalized SI (NSI)
was obtained by dividing the SI of the tumor ROI by the SI of
the water phantom ROI. For NIRFI, nanomicelles were
injected into the tail vein of the tumor-bearing mouse to
obtain images at the same time points postinjection using a
fluorescence imaging system (IVIS Spectrum; Caliper Life
Sciences, Alameda, CA, USA). The fluorescent SI was ana-
lyzed using Living Image 4.4 software (Caliper Life
Sciences, Alameda, CA, USA).

Histological analysis

The mice were euthanized following MR/NIRFI to collect
the tumors for histological analysis. The tissues were fixed
with 10% neutral buffered formalin, embedded in paraffin
and then sectioned (5 pm thick). Prussian blue staining
was performed to detect iron accumulation in the tissue
sections. Then, images were obtained by fluorescence
microscopy (Imager Z2; Zeiss, Oberkochen, Germany).
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Statistical analysis

Data are presented as the mean + standard deviation and
were analyzed using SPSS 22.0 software (IBM, Armonk,
NY, USA). Student’s #-test was utilized for statistical eva-
luation. A statistically significant difference was defined as
a value of P<0.05.

Results
Preparation and characterization of the

nanomicelles

A schematic diagram of the preparation of SPIO/DSPE-
PEG5k-(Bom&Cy5) is illustrated in Figure 1. Briefly, the
SPIO nanoparticles were synthesized through thermal

1*!, and then functio-

decomposition, as reported by Sun et a
nalized with polymeric micelles self-assembled by DSPE-
PEGS5k and DSPE-PEG5k-Alky. Bom and Cy5-NHS were
then introduced into the reaction medium in different steps.
The morphology, structure, size distribution and zeta poten-
tial were measured using TEM and DLS. ATEM image of the
SPIO/DSPE-PEGS5k-(Bom &Cy5) nanomicelles is shown in
Figure 2A. The image demonstrated the successful entrap-
ment of the SPIO nanoparticles into the polymeric micelles,
with the nanomicelles exhibiting a well-defined spherical
morphology (Figure 2A). The average diameter of the

= ~—"\
DSPE-PEG5k

|

= N
=

DSPE-PEG5k-Alky

SPIO/DSPE-PEGS5k-(Bom & Cy5)

Figure | Schematic diagram for the synthesis of SPIO/DSPE-PEG5k-(Bom&Cy5).
Abbreviations: SPIO, superparamagnetic iron oxide; NHS, N-hydroxysuccinimide.

9
@

Hydrophobic SPIO

Self-assembly
in water

nanomicelles without Bom was 131+45 nm, and Bom con-
jugation increased the diameter to 145+£56 nm (Figure 2B). In
addition, the zeta potential with and without Bom were simi-
lar at —2.9+1.1 mV and —0.2+0.8 mV, respectively.
Quantification of the Bom concentration using a BCA assay
showed that the amount of Bom conjugated to the nanomi-
celle surface was 94 ng per 100 pug Fe.

Relaxivity and magnetization

measurement
The magnetic relaxivity is an important parameter of
MRI contrast agents. The r, of the nanomicelles was
examined using 7T>-weighted MRI on a 3.0 Tesla MR
scanner. The negative signal of the SPIO/DSPE-PEG5k-
(Bom&CyS5) nanomicelle samples gradually increased as
the Fe concentration increased from 0 to 0.5 mM
(Figure 3A). The 1/T, values of the nanomicelles demon-
strated a linear dependency on the Fe concentration
(Figure 3B), with a high r, 0of 493.9 mM '-s ', indicating
that these nanomicelles can effectively serve as 7, con-
trast agents.

The magnetic hysteresis of the SPIO nanoparticles and
SPIO/DSPE-PEG5k-(Bom&Cy5) nanomicelles were mea-
sured using the SQUID magnetometer. Figure 3C confirms

A\}
SPIO/DSPE-PEG5k

o

N3-Lys-bombesin

CUC|2
Sodium L-ascorbate

SPIO/DSPE-PEG5k-Bom
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Figure 2 Nanomicelle characterization.
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Notes: (A) A TEM image of Bom-targeted nanomicelles (scale bar =100 nm). (B) Size distribution of Bom-targeted (blue) and nontargeted (red) nanomicelles in aqueous

solution measured by DLS.

Abbreviations: TEM, transmission electron microscopy; DLS, dynamic light scattering.
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Figure 3 Relaxivity and magnetization measurement.
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Notes: (A) T,-weighted images of SPIO/DSPE-PEG5k-(Bom&Cy5) nanomicelle samples at different iron concentrations (3.0 T, spin-echo sequence: TR =5000 ms, TE =12 ms).
(B) Chart of the change in 1/T, values with Fe concentration. (C) Hysteresis loops of the SPIO nanoparticles (black) and SPIO/DSPE-PEG5k-(Bom&Cy5) nanomicelles (red)

measured at 300 K.
Abbreviation: SPIO, superparamagnetic iron oxide.

the superparamagnetic behavior of the two samples. Under
a strong external magnetic field, the magnetization of the
two samples aligns with the field direction and reaches its
saturation value. The saturation magnetization values of
the SPIO and SPIO/DSPE-PEG5k-
(Bom&Cy5) nanomicelles were 61.0 emu/g and 41.2

nanoparticles

emu/g, respectively. The net magnetization of the two
samples returned to zero in the absence of an external
field, indicating they are superparamagnetic at room tem-
perature (300 K).

Cytotoxicity and in vivo toxicology
The HUVEC, L02 and HEK-293 cell lines, which are
associated with the metabolism of nanoparticles in vivo,

were chosen as model cells. The in vitro cytotoxicity of
the SPIO/DSPE-PEG5k-(Bom&Cy5) nanomicelles for
these cell lines was investigated using the CCK-8 assay.
As shown in Figure 4A, the nanomicelles exhibited negli-
gible cytotoxicity against HEK-293, HUVEC and L02
cells at various Fe concentrations ranging from 0 to 40
png/mL for 24 hrs, which indicated good biocompatibility
of the nanomicelles. The potential long-term toxicity of
nanomedicine is an essential concern for biomedical appli-
cations. Further experiments in vivo, including blood bio-
chemistry analysis and histology examination, were
conducted to evaluate the long-term toxicity of the SPIO/
DSPE-PEG5k-(Bom&CyS5) nanomicelles. As displayed in
Figure 4B, the serum parameters of treated mice, including
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Figure 4 Cytotoxicity and in vivo toxicology.
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Notes: (A) In vitro cell viability of HUVEC, L02 and HEK-293 cells after incubation with various concentrations of SPIO/DSPE-PEG5k-(Bom&Cy5) nanomicelles for 24 hrs.
(B) Serum biochemistry data on ALT, AST, BUN and CREA. (C) Micrographs of H&E-stained organ slices (heart, lung, liver, spleen and kidney) from mice 3 days, 7 days and
21 days after intravenous injection of SPIO/DSPE-PEG5k-(Bom&Cy5) nanomicelles (H&E staining, 40%). Scale bar =50 um.

Abbreviations: SPIO, superparamagnetic iron oxide; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CREA, creatinine.

liver function markers (alanine aminotransferase (ALT)
and aspartate aminotransferase (AST)) and kidney func-
tion indicators (blood urea nitrogen (BUN) and creatinine
(CREA)), were consistent with those of the control groups.
In addition, no noticeable abnormalities or tissue damage
in the different organs (heart, lung, liver, spleen and kid-
ney) were detected after 3, 7 and 21 days (Figure 4C),
indicating that the SPIO/DSPE-PEG5k-(Bom&Cy5) nano-
micelles exerted nonvisible effects in vivo. All the results
suggest that the SPIO/DSPE-PEG5k-(Bom&CyS5) nanomi-
celles are a high-performance contrast agent with negligi-
ble long-term toxicity, which suggests excellent potential
for in vivo biomedical applications.

Targeting efficiency in vitro

To investigate the targeting ability of the SPIO/DSPE-
PEGS5k-(Bom&Cy5) nanomicelles, a cell uptake study
using MDA-MB-231 cells was performed. The Bom-tar-
geted nanomicelles were incubated with cells and com-
pared to two controls: Bom-targeted nanomicelles with
free Bom and nontargeted nanomicelles. After incubation
for 4 hrs, the cellular uptake was observed by a

fluorescence microscope. Strong Cy5 fluorescence
revealed that a large number of nanomicelles were
attached to and entered the MDA-MB-231 cells incubated
with Bom-targeted nanomicelles, while weak fluorescence
was observed from the nontargeted group (Figure 5).
Blocking the receptor-binding sites with free Bom
decreased the uptake of targeted nanomicelles to the
level of the nontargeted nanomicelles (Figure 5), indicat-
ing that this imaging nanomicelle does in fact undergo
internalization upon receptor binding. These observations
demonstrate that the Bom-targeted nanomicelles exhibited
a strong targeting ability toward GRPR-positive cells and
might be utilized as a prospective active targeting contrast

agent.

In vivo targeting and imaging performance
We then tested the dual-modality imaging properties of the
nanomicelles in vivo using MDA-MB-231 breast xeno-
graft models in nude mice. Once the tumors reached 5-
10 mm in diameter, the nude mice were administered 200
pL (100 pg Fe/mL) of SPIO/DSPE-PEG5k-(Bom&CyS5)
or SPIO/DSPE-PEGS5k-CyS5 nanomicelles via the tail vein.
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Figure 5 Targeting performance in cells.

Notes: Fluorescence microscopy of MDA-MB-231| cells incubated with Bom-tar-
geted nanomicelles (Ist line), nontargeted nanomicelles (2nd line) and Bom-tar-
geted nanomicelles with free Bom (3rd line). From left to right are DAPI-labeled
nuclei, Cy5-labeled nanomicelles and their overlay (scale bar =50 um).

SPIO/DSPE-PEG5k
(Bom&Cy5)+Bom

All experiments were performed under complete anesthe-
sia using 3% isoflurane.

In vivo T,-weighted MRI was performed preinjection
and 1, 2 and 4 hrs after injection, respectively. The NSI was
acquired by the Slymor divided by the Slyaer phantom- For
mice receiving the Bom-targeted nanomicelles, the tumor
region in the 7,-weighted images became darker over time
(Figure 6A), indicating decreased tumor MR SI after injec-
tion. For mice receiving the nontargeted nanomicelles,
almost no changes in the signal from the tumor site were
observed (Figure 6A). MRI scans performed before and 4
hrs after targeted nanomicelles injection showed a signal
drop of 24.1+£5.7% at the tumor sites, whereas only a 0.1
+3.4% (P=0.003) signal decrease was observed in the non-
targeted group (Figure 6B). These results indicate that the
SPIO/DSPE-PEG5k-(Bom&CyS) nanomicelles enhanced
the contrast in tumor tissue and might be used as a 7»-
negative contrast agent for MRI applications. NIRF images
obtained at the same time points postinjection were then
used to track in vivo delivery of the nanomicelles. For the
targeted group, clear tumor delineation was observed at the
1 hr time point, the contrast improved over time and the
tumor/muscle ratio increased from 3.7+0.3 at 1 hr to 4.7
+0.1 at 2 hrs and to 6.4+0.2 at 4 hrs (Figure 6C and D). No
significant changes were observed in the nontargeted group
at any time points, showing a stable tumor/muscle ratio of

1.6+0.1, 1.8+0.1, 1.9+0.2 at 1 hr, 2 hrs and 4 hrs, respec-
tively (Figure 6C and D). These results further confirm the
targeting capacity of the Bom-targeted nanomicelles to
GRPR-positive tumor tissue and indicate that the in vivo
MR/NIRFI ability of the Bom-targeted nanomicelles was
significantly superior to that of the nontargeted
nanomicelles.

To improve our understanding of iron accumulation in
tumor tissue, the tissue slices were stained with Prussian
blue. Iron enrichment was detected in tumor cells from the
Bom-targeted group (Figure 7A), while no significant accu-
mulation was found in the nontargeted group (Figure 7B).

This observation correlated well with the MR/NIRFI results.

Discussion

Multimodality imaging probes have emerged as powerful
tools because of their potential for facilitating the early
diagnosis of tumors with high accuracy. However, multi-
modality imaging probes face a challenge: they must inte-
grate multiple imaging motifs with different levels of
sensitivity.””> Biocompatibility and/or target efficiency
should also be taken into account for probe design.
Targeted nanoparticle-based design is likely the platform
of choice for multimodality imaging probes owing to their
easily controlled properties and good pharmacological
characteristics.>* >’

In the present study, we developed a novel dual-mod-
ality MR/NIRFI nanomicelle by entrapping SPIO nanopar-
ticles into DSPE-PEGS5k micelles to which Cy5 and Bom
were conjugated. Physical characterization showed that the
near-neutral charged nanosized micelles were in the opti-
mum range for enhancing cellular accumulation and
biodistribution.*®** The morphology of nanomicelles also
plays a critical role in their cellular fate; spherical nano-
micelles, as observed by TEM, show more efficient inter-
nalization by tumor cells.***!

Considering that SPIO nanoparticles are FDA-approved
drugs, we used them as biodegradable and biocompatible
contrast agents for 7>-weighted MRI. A DSPE-PEGS5k coat-
ing was used to improve the SPIO nanoparticles’ solubility,
circulation time and 7,.'** The obtained SPIO/DSPE-
PEGS5k-(Bom&CyS5) nanomicelles exhibited good biocom-
patibility and safety in mice (Figure 4), which is essential
for their further clinical translation. The relaxivity charac-
terization results show that the », of the SPIO/DSPE-
PEGS5k-(Bom&Cy5) nanomicelles was ~12 times higher
than that of free SPIO nanoparticles (493.9 mM 's™' vs
2040 mM "s"),* mainly because the clustering of SPIO
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mouse xenograft tumor at different times after the intravenous injection of Bom-targeted nanomicelles and nontargeted nanomicelles. NSI=Sl¢,mor/Slwacer phantom: (€) NIRF images
and (D) average radiant efficiencies (p/s/cm?/sr)/(uW/cm?) at different times after the injection of Bom-targeted or nontargeted nanomicelles. The red arrows indicate tumors.

Abbreviations: NSI, normalized signal intensity; NIRF, near-infrared fluorescence.

Figure 7 Prussian blue staining of tumor sections.

50 pm

Notes: Prussian blue-stained tumor tissue section from mice treated with SPIO/DSPE-PEG5k-(Bom&Cy5) nanomicelles (A) and SPIO/DSPE-PEG5k-Cy5 nanomicelles (B),

respectively. The red arrows indicate SPIO nanoparticles. Scale bar =50 pm.
Abbreviation: SPIO, superparamagnetic iron oxide.

nanoparticles inside micelle cores dramatically increases
mass magnetization.*>** ¢ A high relaxivity coefficient is
a prerequisite for use as a novel 7, negative contrast agent
for sensitive MRI.

In addition, attaching a targeting group may facilitate
the enrichment of SPIO nanoparticles at the desired sites

and thereby enhance the sensitivity of MRI. Bom, a tumor-
homing peptide, has many excellent properties, including
small size, low immunogenicity, low cytotoxicity and easy
synthesis. Radiolabeled Bom and its analogs have been
GRPR-overexpressing

reported to specifically

tumors.”’ " Therefore, it is expected that the tumor

target

International Journal of Nanomedicine 2019:14

submit your manuscript

6729

Dove


http://www.dovepress.com
http://www.dovepress.com

Li et al

Dove

accumulation of SPIO nanoparticles in GRPR-overexpres-
sing cells and tumors may be improved by conjugating Bom
to the nanoparticle surface. Here, we used a facile click
reaction to conjugate Bom to DSPE-PEG5k-Alky and con-
firmed its targeting capability in vitro and in vivo. Bom can
bind specifically with GRPR overexpressed by MDA-MB-
231 cells (Figure 5), so we speculated that the MR signal
drop and fluorescence signal in the nontargeted group were
from the enhanced permeability and retention (EPR) effect,
whereas the MR signal drop and fluorescence signal at the
tumor site in the Bom-targeted group were mainly from the
Bom-mediated active targeting effect. The active targeting
effect was significantly stronger than the EPR effect of
passive targeting at the tumor site.

The SPIO/DSPE-PEG5k-(Bom&Cy5) nanomicelles
exhibit high r,, good biocompatibility and targeting speci-
ficity, and excellent image contrast in both MRI and
NIRFI, which are essential requirements for imaging con-
trast agents in particular and for any further biomedical
application in general. This research suggests that with the
homing peptide Bom as a targeting mediator and DSPE-
PEG5k micelles as a carrier, the SPIO/DSPE-PEGS5k-
(Bom&Cy5) nanomicelles have promise for systematic
toxicity reduction and tumor-targeted molecular imaging
by MR and NIRF.

Conclusion

In this study, we successfully prepared and tested a
dual-modality MR/NIRFI nanomicelle, SPIO/DSPE-
PEG5k-(Bom&Cy5). We have demonstrated that these
nanomicelles have a suitable size, high relaxivity and
the ability to bind to the GRPR overexpressed on MDA-
MB-231 cells. Dual-modality imaging in vivo revealed
that the SPIO/DSPE-PEG5k-(Bom&Cy5) nanomicelles
were effectively transported to the tumor tissue by a
Bom-mediated active targeting effect. These findings
suggest that the SPIO/DSPE-PEG5k-(Bom&CyS5) nano-
micelles, as a dual probe applicable for both MRI and
NIRFI, are promising agents for the diagnosis of cancer.
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