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ABSTRACT

Purpose Tumor targeting could greatly promote the perfor-
mance of magnetic nanomaterials as MRI (Magnetic
Resonance Imaging) agent for tumor diagnosis. Herein, we
reported a novel magnetic nanoparticle modified with PLA
(poly lactic acid)-PEG (polyethylene glycol)-DG (D-
glucosamine) as Tumor-targeted MRI Contrast Agent.
Methods In this work, we took use of the D-glucose passive
targeting on tumor cells, combining it on PLA-PEG through
amide reaction, and then wrapped the PLA-PEG-DG up to
the FesO4@OA NPs. The stability and anti phagocytosis of
Fe;0,@OA@PLA-PEG-DG was tested in vitro; the MRI
efficiency and toxicity was also detected in vivo.

Results These functional magnetic nanoparticles demonstrat-
ed good biocompatibility and stability both in vitro and
in vivo. Cell experiments showed that FesO,@OA@PLA-
PEG-DG nanoparticles exist good anti phagocytosis and high
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targetability. In vivo MRI images showed that the contrast
effect of FesO,@OA@PLA-PEG-DG nanoparticles
prevailed over the commercial non tumor-targeting magnetic
nanomaterials MRI agent at a relatively low dose.
Conclusions The DG can validly enhance the tumor-
targetting effect of Fe;O4@OA@PLA-PEG nanoparticle.
Maybe MRI agents with DG can hold promise as tumor-
targetting development in the future.

KEY WORDS contrast agent - D-glucosamine - Fe;O,
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ABBREVIATIONS

"|FFDG  ['®F] fluoro-2-deoxy-D-glucose

DG D-glucosamine

GLUTI Glucose transporters 1

NPs Nanoparticles

PEG Polyethylene glycol

PLA Poly lactic acid

SPIONs  Superparamagnetic iron oxide nanoparticles

INTRODUCTION

Anticancer Therapies has been widely used in cancer
therapy over the last 6 decades [1]. One of their main
defects is that these anticancer drugs cannot precisely tar-
get tumor cells within the pathologic sites, which weakens
their anticancer effects and causes severe toxic and side
effects [2-5]. A promising approach to overcome these
limitations is to covalently conjugate drugs to a targeting
ligand which can specifically bind to the tumor cells
[6-9]. Glucose, which plays a significant role in human
physiology, is an essential energy source in the process of
metabolism. Malignant tumors show an enhanced glyco-
lytic rate and a high demand of glucose, even under
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aerobic conditions [10, 11]. It is reported that glucose
transporters 1 (GLUTI) i1s the main mediator of glucose
uptake [12]. Accordingly, the increased demand for glu-
cose to supplement energy production in tumors turns
into enhanced expression and activity of GLUT1, which
can be utilized as targeting ligand for drugs [13, 14].
GLUT! activity in mammalian cells has been monitored
by radiolabeled tracers such as ['°F] fluoro-2-deoxy-D-
glucose ("*F-FDG), ['*C] 2-dcoxy-D-glucose, and ['*C]
or ["H] 3-O-methyl-D- glucose [15-18]. "*F-FDG is the
most common radiotracer of increased glucose metabo-
lism to visualize tumor activity and location with positron
emission tomography (PET) in the clinical settings. The
method is sensitive and quantitative [15, 19]. However,
"F_FDG is impractical owing to the short half-life of
the isotope for many high throughput preclinical studies.
Besides, radiolabeled tracers often exist radiotoxicity to
human organs. Therefore, it is worthwhile to alter to D-
glucosamine (DG) labeled imaging agents.

Magnetic resonance imaging (MRI) is a powerful
medical diagnostic imaging technique for soft tissue im-
aging among the imaging modalities [20]. Other advan-
tages of MRI include nonionizing radiation, multiplanar
imaging capability, the MRI images are high sensitively
and specificity, permitting in depth anatomical details in
the diagnosis of many diseases [21]. Superparamagnetic
iron oxide nanoparticles (SPIONs, FesO4 or y- FesOy)
are one of the most adopted magnetic nanoprobes for
T2 weighted MRI studies [22]. However, SPIONs in
circulation are generally susceptible to opsonization
which induces their instability and specific uptake by
the reticuloendothelial system (RES) prior to reaching
the target tissue, leading to a significant reduction in
efficiency in diagnostics and therapeutics based on nano-
particles [23-25]. It has been demonstrated that
PEGylation was a useful strategy to minimize the bio-
fouling and aggregation of SPIONs in physiological con-
ditions due to the hydrophilicity and steric repulsion of
PEG chains [26-30].

In previous, we have reported functionalized NPs as
magnetic nanoprobe targeting on tumor cells and obtained
good effects [21]. In this paper, a novel Fe;O04@Oleic
acid (OA) @poly lactic acid (PLA) - polyethylene glycol
(PEG)-DG was developed. These DG-modified nanoparti-
cles provided higher magnetic responses than the summa-
tion of the single ones, indicating better MRI effect.
Besides, thanks to the stable interaction between
Fes04@OA NPs and PLA-PEG-DG, Fe;04@OA@PLA-
PEG-DG NPs were bestowed a high ability to resist
phagocytosis by macrophages in vitro. Furthermore, the
studies on the in vivo behavior of Fe;O;@OA@PLA-
PEG-DG NPs revealed their good performance in tumor
imaging at a relatively low dose.
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EXPERIMENTAL SECTION
Materials and Characterization

All reagents and solvents were obtained from commercial
suppliers and were used without further purification. PLA-
PEG (6 k, 2 k) was purchased from Shanghai Jing Yu
Biotechnology Co., Ltd. 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC-HCI) was purchased
from Shanghai Shao Yuan Chemical Co., Ltd. N-
Hydroxysuccinimide (NHS) was purchased from Shanghai
Medpep Co., Ltd. Dulbecco’s modified eagle medium
(DMEM) was purchased from Gibco. Note that DMEM
used in our experiments contains 10% (1/V) fetal bovine
serum. Superparamagnetic Fe;O4 nanoparticles capped
with oleic acid (FesO4@OA NPs) were prepared via the
coprecipitation method according to literature [29]. The
iron contents of the FesO4@OA NPs were determined by
the colorimetric method using o-phenanthroline. FT-IR
spectra were performed on a Model VECTOR FT-IR spec-
trometer (Bruker Co., Germany). Transmission electron mi-
croscopic (TEM) analysis was carried out on a JEM-2000EX
microscope (JEOL Co., Japan). Thermogravimetric Analysis
(TGA) analyses were carried out with a Pyris 1 TGA ana-
lyzer (PerKinElmer Co., USA) at a heating rate of 20°C per
min under a nitrogen atmosphere. Dynamic Light
Scattering (DLS) experiments were run on a 90 Plus
Nanoparticle Size Analyzer (Brookhaven Instruments Co.,
USA) in the 90° backscattering mode. The zeta potential
of the samples was obtained with Zetaplus (Brookhaven
Instruments Co., USA). Magnetic properties were deter-
mined with vibrating sample magnetometer (VSM,
Lakeshore 7407) at room temperature in a field up to
10 kOe. The r2 relaxivity was measured in a 1.5 T
Eclipse MR imager (Philip Co., Netherlands). The following
pulse sequence was used fast spin echo with TR = 5500 ms,
TE = 101 ms, echo train length (ET) =16 ms. The FOV
was set at 14 cm X 14 cm with NEX = 24,

Synthesis of the PLA-PEG-DG

PLA-PEG (25.3 mg) was dissolved in 2 mL
Dimethylformamide (DMF) and 6 mL water. After 3 h stand-
ing at room temperature, EDC-HCI (550 mg), NHS (370 mg)
were added to the reaction system and the resulting mixture
was stirred for 20 min at room temperature. Then, DG
(350 mg) was added to the reaction system and the resulting
mixture was stirred forl2h at room temperature [31].
Thereafter, the resulting mixture was purified by dialysis
against water for 24 h to removal organic solvents. The solu-
tion of PLA-PEG-DG was obtained by the filtration of micro-
porous filtering films with 0.22 pm for degerming.
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Synthesis of the Fe304@OA@PLA-PEG-DG NPs

Fe;O,@OA NPs (20 mg) was dissolved in 4 ml
Tetrahydrofuran (THF) after magnetic adsorption separation
using 2 ml ethyl alcohol (EtOH). After ultrasonic oscillato,
PLA-PEG-DG (20 mg) was added to the reaction system
and the resulting mixture was ultrasonic oscillated for 5 min.
Thereafter, the resulting mixture was added into water drop
by drop, and ultrasonic oscillated for 3 min (Power = 750 W,
Pulse on: 2 s, Pulse off: 2 s) [32]. The resulting mixture was
purified by dialysis against water for 24 h to removal organic
solvents. The solution of Fe;O4,@OA@PLA-PEG-DG NPs
was obtained by the filtration of microporous filtering films
with 0.22 um for degerming.

In Vitro Cytotoxicity

The RAW 264.7 macrophages and 4 T cell line were used to
measure the in vitro cytotoxicity of Fe;O4@OA@PLA-PEG-
DG NPs. An amount of 10" RAW 264.7 macrophages and
4 T1 cells were plated in each well of 96-well plates overnight
and co-incubated with series of concentrations of Fe;O4@OA
@PLA-PEG-DG NPs at 37°C for 24 h, respectively.
Thereafter, the nanoparticles were replaced with 100 pl of
fresh culture medium containing 10 pl CCK-8, and the cells
were incubated for a further 4 h at 37°C. After cooling to
room temperature, the cells were measured using a
Microplate Reader (Bio-Rad Co., USA) at 450 nm. Cell via-
bility was expressed as percentage of absorbance in compari-
son with that of the control, which comprised the cells without
exposure to the samples.

Nanoparticles Cell Uptake

Raw 264.7 macrophages and 4 T1 cells were cultured in each
well of 24-well plates with 10* cells per well, respectively. To
compare the unspecific uptake, Resovist, Fe;O,@OA@PLA-
PEG NPs, FesO,@OA @PLA-PEG-DG NPs were added in a
final concentration of 20, 50 or 100 pg/mL per well. After 12 h,
each well was washed with PBS 3 times, treated with 0.5 mL of
4% paraformaldehyde solution for 20 min to fix the cells, and
then washed with PBS,; stained successively by Prussian blue for
ferric ions and nuclear fast red for cell nucleus, and examined by
optical microscopy. Meanwhile, to quantitatively determine the
amount of FesO4@OA NPs inside cells the intracellular amount
of iron was examined, using a JEM-2100 scanning UV-visible
range spectrophotometer (JEOL Co, Japan).

In Vivo MR Imaging
All animal experiments were performed in compliance with

guidelines set by the Animal Care Committee of the Southeast
University. To establish the experimental model of the tumor,

4 T1 cells (2 X 10° cells per mouse) were inoculated subcutane-
ously mto the proximal thigh region of BABL mice (18-22 g).
MR images were taken prior to the injection of the Fe;O4@OA
NPs samples and at appropriate ime points post injection. Mice
were anesthetized for imaging with isoflurane (1.5% vol. at 2 L
min~') via a nose cone. Body temperature was maintained at
37°C.. Physiological saline, Resovist, FesO4@OA@PLA-PEG
NPs and Fe;O,@OA@PLA-PEG-DG NPs in saline solutions
were injected intravenously through the tail vein, respectively.
Three mice were examined for each Fe;O4@OA NPs sample.
The in vivo MRI experiments were performed under the same
experiment conditions with the use of a 3 cm circular surface coil
i transmit/receive mode conducting on 7 Tesla Micro-MRI
(PharmaScan, BrukersBioSpin MRI Co., Germany). MR imag-
ing of mice was performed with Ty* flash sequence. The param-
eters were TR/TE = 3000 ms/40 ms, flip angle = 180°,
FOV = 40 mm X 40 mm, slice thickness = 1 mm, matrix
256 x 256.

Histology Study

At 2 h after the injection of physiological saline, Resovist,
Fe;0,@OA@PLA-PEG NPs and Fe;O4@OA@PLA-PEG-
DG NPs, the tumor tissues from the mice were dissected and
fixed in 10% neutral buffered formalin. The tissues were proc-
essed routinely into paraffin, sectioned at a thickness of 4 pm,
stained successively by Prussian blue for ferric ions and nucle-
ar fast red for cell nucleus, and examined by optical
MICroscopy.

Vascular Stimulation Test

Vascular irritation test of Fe;O4@OA@PLA-PEG-DG NPs
was performed by intravenous injection in rabbits, (1.85 mg/
kg, and one time per day for three days) with physiological
saline as control. Three rabbits were examined for each
group. Injection parts were observation by naked eyes 48-
96 h after the last injection. Thereafter, the ears from the
rabbit were dissected and fixed in 10% neutral buffered for-
malin. The tissues were processed routinely into paraffin,
stained successively by hematoxylin-eosin (HE) and examined
by optical microscopy.

Acute Toxicological Test

Acute Toxicological Test of Fe;O,@OA@PLA-PEG-DG
NPs was carried out by intravenous injection in mice, (4 mg
Fe/kg, and one time per day for three days) with physiological
saline as control. Five mice were examined for each group.
The mice were killed 24 h post-injection. Liver and kidneys
were dissected and fixed in 10% neutral buffered formalin.
The tissues were processed routinely into paraffin and exam-
ined by optical microscopy.
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All the animal experiments were performed in compliance
with the Guidelines of the Animal Research Ethics Board of
Southeast University. Full details of approval of the study can
be found in the approval ID: 20,080,925.

RESULTS AND DISCUSSION
Synthesis and Characterization of the PLA-PEG-DG

After the activation of the carboxylic groups on PLA-PEG
with EDC-CI and NHS, D- glucosamine is linked to PLA-
PEG via amidation reaction with large excess of D- glucos-
amine. The covalent linkage of D- glucosamine to PLA-PEG
was confirmed by the FT-IR spectrometry (Iig. 1a) and mea-
surement of D-glucosamine, using Elson-Morgan method
(Fig. 1b). Apart from the IR absorption peak at 1758 ecm ™,
characteristic of the carboxylic carbonyl groups in PLA-PEG
(C = O stretching), the FT-IR spectrum of PLA-PEG-DG
exhibits a peak at 1699 cm ™" that can be assigned to the amide
carbonyl groups, indicating the successful linkage of D- glu-
cosamine to the surface of PLA-PEG via amidation reaction.
Additionally, absorption bands at 3297 cm™ ' and 1600 cm ™',
which are attributable to the stretching and bending vibration
of amino bond of PLA-PEG-DG, respectively. Accordingly,
the results of FT-IR demonstrate explicitly the formation of
PLA-PEG-DG.

The amounts of DG on the PLA-PEG were assessed by
Elson-Morgan method [33] (Fig. 1b). DG was determined at
527 nm. As shown in Fig. 1b, the concentration of D-
glucosamine has good linearity between 4 ~ 24 pg/ml. The
reactants EDC, NHS and PLA-PEG have no ultraviolet ab-
sorption at 525 nm, which means they did not interfere with
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the determination. According to calculations, the purity of the
synthetic product is 97.99%.

Synthesis and Characterization
of Fe304@OA@PLA-PEG-DG NPs

The preparation of the Fe;O4@OA@PLA-PEG-DG NPs is
shown schematically in Scheme 1. After magnetic separation,
FesO4@OA NPs were dissolved in THF-where PLA-PEG-
DG was added. Thereafter, the resuling mixture was added
into water drop by drop, and ultrasonic oscillated. The hydro-
phobic ends of PLA-PEG-DG and the OA layers of the Fe;Oy,
NPs attached together through hydrophobic interaction.
Meanwhile the hydrophilic ends stretch in the water, achiev-
ing th.e scattering of oil soluble iron oxide into water steadily.
The resulting mixture was purified by dialysis against water
for 24 h to removal organic solvents. The solution of
Fes0,@OA@PLA-PEG-DG NPs was obtained by the filtra-
tion of microporous filtering films with 0.22 pm for
degerming.

The linkage of PLA-PEG-DG to Fe;O4@OA NPs was
confirmed by the FT-IR spectrometry (Fig. 2a), In the spec-
trum of Fe;O4@OA NPs, the strong absorption peek at
1685 cm™ ' and weak absorption peek at 1531 ecm™ ' belong
to the dissymmetrical (v, and symmetrical (vy) stretching vi-
bration peak of carboxylic carbonyl groups, which means that
a covalent bond formed between oleic acid and iron core. The
bond is linked at the surface of the iron core, which can pre-
vent the iron core from aggregating. The absorption peck at
594 cm™' belongs to the characteristic absorption peak of the
magnetic iron oxide core. In contrast with Fe;O4@OA NPs,
the strong absorption peck at 1111 em™" of the spectrum
FesO,@OA@PLA-PEG-DG NPs belongs to the

PLA-PEG PLA-PEG-DG

c /ml
b EDC NHS l oc (pg/ml)

16 120 § 24

I

Elson-Morgan

v d T d 1
400 500 600 700
Wavelength(nm)

Fig. I (a) FT-IR spectra of PLA-PEG and PLA-PEG-DG and (b) photos and absorption curves of DG solutions of different concentration after the Elson-Morgan reaction.
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Scheme | Schematic diagrams of
the preparation of
Fe3O4@OA@PLA-PEG-DG NPs.

EDC/NHS

VW PLA-PEG .

( DG

characteristic absorption peak of —CHy-O-CHy-. The broad
absorption peek at 3441 cm ™! belongs to the stretching vibra-
tion peek of amino N-H (v n.y), and the absorption peek at
1601 cm™ ' belongs to the bending vibration peek of amide N-
H (8 n.p)- Based on the results above, it shows that PLA-PEG-
DG has been decorated on the surface of FesO4@OA NPs.

The amounts of PLA-PEG-DG on the Fe;O,@OA NPs
were assessed by Thermal Gravimetric Analyzer (TGA)
(Fig. 2b). From room temperature to 700°C, the percentage
of decrease in mass of FesO,@OA NPs and
Fes0,@OA@PLA-PEG-DG NPs is 32% and 92%, respec-
tively. From room temperature to 400°C, the downtrend of
both is similarly 30% approximately. That is because the oleic
acid of the system is volatile on heating. When the tempera-
ture is above 400°C, the mass loss of FesO,@OA NPs flattens,
while Fe;O4,@OA @PLA-PEG-DG NPs, with higher content
of amphiphilic copolymer, still remains massive decline in
mass (~71%). Then the loss flattens. Based on the results of
TGA, it can be calculated that the amount of PLA-PEG-DG
on Fe;O4@OA NPs is 1.51 mmol/g Fe;O,. This PLA-PEG-
DG density has demonstrated to be high enough to stabilize
the Fe;O4@OA NPs in physiological conditions and to be
used for tumor targeting [34].

The morphological structure of Fe;O4@OA NPs and
FesO,@OA@PLA-PEG-DG NPs was analyzed by transmis-
sion electron microcopy (TEM, Fig. 2¢,d). Fe;O4@OA has
good monodispersity, the mean diameter of the particles is
5 ~ 6 nm approximately from TEM. Fe;O,@OA@PLA-
PEG-DG NPs exists as nanocluster, whose diameter is
20 ~ 40 nm approximately in average. The research shows
that these magnetic particles of nanocluster exhibit more re-
sponsive to the external magnetic field, and also have greater
relaxation rate [35—-37].

The placement stability of Fe;O4@OA@PLA-PEG-DG
NPs was investigated with hydrodynamic diameter and Zeta
potential as evaluation indexes. The hydrodynamic diameter

Hojl o/%g}gv\ o {»\volrnf\gor-l

Fe;0,@0A

’VVM( PLA-PEG-DG

+Ethanol

Magnetic
separation
——

+THF

Dialysis
—

:%;%. Fe,0,@0A @PLA-PEG-DG

was studied by DLS and Zeta potential was studied by mea-
suring the Zeta potentials. In 7 days, the hydrodynamic diam-
eter of FesO4@OA@PLA-PEG-DG NPs is (62.7 = 2.3) nm
evenly, polydispersity index is 0.107, and Zeta potential is
(—26.53 £ 2.28) mV. This notes the particles exhibit excellent
stability. In order to verify the successful modification of DG,

7 n-hexane THE
0 FsH0 @ HO

the hydrodynamic diameter and Zeta potential of
FesO,@OA@PLA-PEG NPs and PLA-PEG-DG was mea-
sured equally. Fe;04,@OA@PLA-PEG NPs provided
(64.1 £ 1.7)nm of hydrodynamic diameter and
(—30.15 £ 2.76)mV of Zeta potential, as well as PLA-PEG-
DG providing (20.5 £ 1.0)nm and (—=17.21 £ 2.06)mV. In
contrast with magnetic nanoparticles decorated with
poly(lactic-co-gycolic acid) (PLGA), PLL, the diameter of
Fe;0,@OA @PLA-PEG-DG NPs is smaller, which range
from 1 to 100 nm, thus it may avoid be phagocytized by the
RES [38, 39].

For clinical application as an MRI contrast agent, it is
critical that FesO4@OA NPs retain their magnetic properties
after the modification treatments. The magnetic properties of
Fes04,@OA@PLA-PEG-DG NPs were investigated by using
a vibrating sample magnetometer (VSM) (Fig. 2¢). As expect-
ed, these FesO,@OA @PLA-PEG-DG NPs are
superparamagnetic at room temperature and the hysteresis
loops show negligible hysteresis. The saturation magnetization
values of FesO4@OA@PLA-PEG-DG NPs is 57.79%eum/g
Fe at 25°C (Fig. 2¢), suggesting that the decoration has little
influence on the superparamagnetism of Fe;O4@OA NPs.

RAW 264.7 Macrophages Phagocytosis Experiment
of the Fe304@OA@PLA-PEG-DG NPs

To assess the ability of Fe;O4,@OA@PLA-PEG-DG NPs to
escape RES uptake, RAW 264.7 macrophages phagocytosis
experiments were conducted as a prelude for in vivo studies.
After the incubation with Resovist (a clinical approved

@ Springer
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Fig. 2 (a) FT-IR spectrums of a Fe,0,/PEG-DG NPs b o
Fe304@OA NPs and 1 i
Fe3O4@OA@PLA-PEG-DG NPs. 4
(b) Thermogravimetric analysis of ] \}88 Vee-o 7
FesO4@OA NPs and Fe;O4@OA ' .
@PLA-PEG-DG NPs. (c) = 1601 8y g o
Transmission electron micrograph = ] g - o
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SPION-based MRI contrast agent), Fe;O4@OA@PLA-PEG
NPs, and Fe;O,@OA@PLA-PEG-DG NPs for 12 h and
washing with PBS, the macrophages were stained with
Prussian blue to qualitatively determine the amount of
FesO4@OA NPs inside cells (Fig. 3). It can be observed that
most of the macrophages incubated with Resovist are stained
blue, indicating that the Resovist can be readily phagocytized
by macrophages and would remain mostly in the cytoplasm.
In marked contrast, no blue color can be detected in the cells
incubated with FesO,@OA@PLA-PEG NPs, and
Fe;04,@OA @PLA-PEG-DG NPs and subsequently stained
with Prussian blue, indicating that FesO,@OA@PLA-PEG
NPs and FesO,@OA@PLA-PEG-DG NPs both can avoid
being swallowed by macrophages effectively, and have poten-
tial stealth long circulating action.

@ Springer
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4 T1 Cells Uptake Experiment
of the Fe304@OA@PLA-PEG-DG NPs

To further assess the active targeting effect on tumor cells of
Fe;04@OA @PLA-PEG-DG NPs in vitro, 4 T1 cell uptake
experiments were carried out. After the incubation with
Fe;04@OA@PLA-PEG NPs and Fe;O4@OA@PLA-PEG-
DG NPs for 2 h and washing with PBS, the 4 T1 cells were
stained with Prussian blue to qualitatively determine the
amount of Fe;O4@OA NPs inside cells (Fig. 4). As shown in
Fig. 4, Fe;04,@OA@PLA-PEG-DG NPs was significantly
phagocytized, while no conspicuous phagocytosis of
FesO,@OA@PLA-PEG NPs observed, which indicates that
the uptake of Fe;O4,@OA @PLA-PEG-DG NPs by 4 T1 cells
is due to the DG decorated on the nanoparticles. On the other
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Fig. 3 In vitro Prussian blue staining images of macrophages RAW264.7
treated with 100 ug Fe/mL of (a) Control (b) Resovist, (c)
Fe304@OA@PLA-PEG NPs and d) Fe;04@OA@PLA-PEG-DG NPs for
12 h.

hand, the uptake is significantly decrease after pretreated with
GLUT1 antibody, which further demonstrates that the uptake
1s induced by GLUT1. Depend on the results above, we may
arrive at the conclusion that Fe;O,@OA@PLA-PEG-DG
NPs have certain active targeting effect on tumor cells
in vitro, and increase the specific uptake of tumor cells in vitro.

In Vivo MRI and Biodistribution
of the Fe304@OA@PLA-PEG-DG

In order to further assess the application potentials of
Fe;04@OA@PLA-PEG-DG NPs in cancer imaging by
MRI, its in vivo performance was investigated. Tumor-
bearing mice were prepared by subcutaneous injection of
4 T1 cells into their proximal thigh region. To evaluate the
in vivo performance of Fe;O4@OA@PLA-PEG-DG NPs
more clearly, physiological saline, Fe;O4,@OA @PLA-PEG

Control Fe:0.@0OA@PLA-PEG
NRECETISA S b
:. \ g ‘:1.‘_
g
~_‘ , &
100pum
d - N
.- o
RS o
< e 100um

Fe:0.@OA@PLA-

Fe3;0:@0A@PLA-PEG-
PEG-DG DG+GLUT1 antibody

Fig. 4 In vitro Prussian blue staining images of 4 T cells of control and 12 h
treatment with 100 ug Fe/mL, of FesO4@OA@PLA-PEG NPs,
Fe;04@OA@PLA-PEG-DG NPs and Fe;O4@OA@PLA-PEG-DG NPs
with cells pretreated with GLUT | antibody for 2 h.

NPs and Resovist were examined in parallel as references.
The saline solutions of FesO,@OA@PLA-PEG NPs,
Fes0,@OA@PLA-PEG-DG NPs and Resovist were injected
via tail vein with the dose of 4 mg Fe per kilogram body
weight. The dose of FesO4@OA NPs used in our experiments
is comparatively lower than that used in recently published
works [39—41]. The To*-weighted MR images of the mice
were record at scheduled temporal points pre- and post-injec-
tion. For the mice treated with FesO4@OA@PLA-PEG-DG
NPs, a significant decrease of the signal intensity in tumor area
is observed at 2 h post-injection (Fig. 5a,b). The relative MRI
signal decrease (RSD, %) in the region of interests (ROIs, as
indicated by the white arrows) of tumor was calculated to be
64.61 * 7.34% compared with pre-injection, revealing a mas-
sive accumulation of the FesO4@OA NPs in the tumor. For
the mice treated with Fe3O,@OA@PLA-PEG NPs, the RSD
values in ROIs of tumor were calculated to be 21.64 £ 3.78%,
which significantly smaller (P < 0.05) than that of the mice
group treated with Fe;O4@OA@PLA-PEG-DG NPs. For
the two mouse groups treated with physiological saline and
Resovist, no significant changes in tumor tissues were found at
2 h post-injection under the injected dose (Fig. 5a,b). Based on
the MRI analyses, it is reasonable to say that the
Fes0,@OA@PLA-PEG-DG NPs have much higher ability
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Fig.5 (a) T2*-weighted images at pre-injection and 2 h post-injection of 4 mg Fe/Kg of a) physiological saline, (b) Resovist (¢) Fe;O4@OA@PLA-PEG NPs and
(d) Fe304@OA@PLA-PEG-DG NPs in the regions of the tumor on the proximal thigh of the BABL/c mice. b) The signal intensity (SI) decrease at 2 h post-
injection of 4 mg Fe/Kg of physiological saline, Resovist, Fe3O4@OA@PLA-PEG NPs and Fe;O4@OA@PLA-PEG-DG NPs in the regions of the tumor on the

proximal thigh of the BABL/c mice. Results were shown as mean = SD (n = 3).

to accumulate in tumor tissue than Fe;O4@OA@PLA-PEG
NPs and Resovist, which is attributed to the specific targeting
effect of DG. Another point worth mentioning is that, the dose
of contrast agent we injected in mice is below the reported
ones, with greater RSD value, which indicates that the
Fe;04,@OA @PLA-PEG-DG NPs we made not only has
the ability of tumor targeting, but also shows greater
responding ability to the external magnetic field and larger
relaxation rate, which lead to lower To*signal intensity, and
better contrast effect [40-42]. As active targeting contrast
agent, Fe;O,@OA@PLA-PEG-DG NPs should have great
application foreground.

To further verify the MRI results and confirm the existence
of Fe;04@OA @PLA-PEG-DG NPs in tumor tissues. Liver,
spleen and tumor slices were resected at 2 h after the injection
of physiological saline, FesO4@OA@PLA-PEG NPs and
Resovist, the slices were stained successively by Prussian blue
for ferric ions and nuclear fast red solution for cell nucleus,
and then the slices were analyzed via optical microscopy. As
shown in Fig. 6, Resovist gathered largely at liver, slightly at
spleen and hardly at tumor tissues, consistent with the report-
ed literature. Meanwhile, FesO4@OA@PLA-PEG NPs and
Fe;04,@OA@PLA-PEG-DG NPs gathered slightly at liver
and spleen, significantly smaller than Resovist group, which
indicates that both Fe;O4@OA@PLA-PEG NPs and
Fe;0,@OA@PLA-PEG-DG NPs could avoid being uptake
by mononuclear macrophage, which have reverse passive
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targeting effect. FesO4@OA@PLA-PEG-DG NPs gathered
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tissues excised from BABL/c mice at 2 h post-injection of 4 mg Fe/mL of
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Fig. 7 (@) Vascular stimulation test
(near: 1.3 cm from the needle
point, far: 4.0 cm from the needle
point) (b) toxicity tests of
Fe3O4@OA@PLA-PEG-DG NPs.

which means Fe;O4@OA NPs decorated by DG exhibit great
active targeting effect. This result is consistent with the in vivo
MR image analyses.

Vascular Stimulation and Toxicity Tests of Fe304@OA
@PLA-PEG-DG NPs

It was necessary to evaluate the toxicity of Fe;O4@OA
@PLA-PEG-DG NPs, since they would eventually be used
in living body as MRI contrast agent. Vascular stimulation
test was performed by intravenous injection in rabbits at a
dose of 1.85 mg/kg. As shown in Fig. 7a, 96 h after injection,
no bleeding, thrombosis, blood vessel hyperemia, and inflam-
matory cell infiltrates were found. Toxicity test was carried out
by intravenous injection in mice at a dose of 4 mg Fe/kg. As
shown in Fig. 7b, no pathological changes were found in liver
or kidneys 24 h post-injection. These results suggest that the
Fe304@OA@PLA-PEG-DG NPs prepared by this approach
could be applied as a safe MRI contrast agent.

CONCLUSIONS

In conclusion, a novel FesO,@OA @PLA-PEG-DG NPs as
tumor-targeted MRI contrast agent was developed.
Characterizations showed that Fe;O4@OA@PLA-PEG-DG
NPs were of good stability and biocompatibility. The in vitro
and in vivo experiments demonstrated that
Fe;0,@OA@PLA-PEG-DG NPs exhibited high resistance
to phagocytosis by macrophages in vitro, and uptaked by the
RES in vivo. This endowed the Fe;O4@OA with high efli-
ciency in tumor imaging by MRI at a relatively low dose,
which prevailed over the commercial non tumor-targeting
magnetic nanomaterials MRI agent. These excellent proper-
ties resulted from the active targeting effect of the DG. Taken
together, the Fe;O4@OA@PLA-PEG-DG NPs exhibit great
potential application as MRI contrast agents for tumor
imaging.
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