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Abstract: Bombesin (BBN), an analog of gastrin-releasing peptide (GRP), specifically binds
to GRP receptors, which are overexpressed in human prostate cancer (PC). Here, we synthesized
a BBN-modified gadolinium oxide (Gd,O,) nanoprobe containing fluorescein (Gd,0,-5(6)-
carboxyfluorescein [FI]-polyethylene glycol [PEG]-BBN) for targeted magnetic resonance
(MR)/optical dual-modality imaging of PC. The Gd,O,-FI-PEG-BBN nanoparticles exhibited a
relatively uniform particle size with an average diameter of 52.3 nm and spherical morphology
as depicted by transmission electron microscopy. The longitudinal relaxivity (r,) of Gd,0,-FI-
PEG-BBN (r, =4.23 mM's™") is comparable to that of clinically used Magnevist (Gd-DTPA).
Fluorescence microscopy and in vitro cellular MRI demonstrated GRP receptor-specific
and enhanced cellular uptake of the Gd,O,-FI-PEG-BBN in PC-3 tumor cells. Moreover,
Gd,0O,-FI-PEG-BBN showed more remarkable contrast enhancement than the corresponding
nontargeted Gd,O,-FI-PEG according to in vivo MRI and fluorescent imaging. Tumor immuno-
histochemical analysis further demonstrated improved accumulation of the targeted nanoprobe
in tumors. BBN-conjugated Gd,O, may be a promising nanoplatform for simultaneous GRP
receptor-targeted molecular cancer diagnosis and antitumor drug delivery in future clinical
applications.

Keywords: magnetic resonance imaging, gadolinium oxide, bombesin, gastrin-releasing peptide

receptor, molecular imaging

Introduction
Prostate cancer (PC) is one of the leading causes of cancer-related deaths worldwide.!
Because of its asymptomatic and multifocal nature, it has been challenging to accurately
detect cancer lesions in early stages.? Conventional imaging, which includes magnetic
resonance imaging (MRI), computed tomography, and transrectal ultrasound, is routinely
used for PC staging and prognostic determination.’ However, there is substantial room
for improvement in the specificity and sensitivity of imaging for early staged PC.
Gastrin-releasing peptide receptors (GRPRs) are attractive targets for sensitive
molecular imaging, as they are overexpressed in human PC.* Bombesin (BBN)-based
peptides show high binding affinity to GRPRs and could be exploited as specific
tumor-targeting ligands.’ Previous studies have employed several radiolabeled BBN
derivatives for GRPR-positive tumor diagnostics and treatment with high efficacy.*
However, radionuclide imaging suffers from long scan time and ionizing radiation.
Recently, some progress has been made in tumor-targeted MR/optical dual-modality
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imaging.” MRI offers several advantages including high
anatomical resolution and a lack of harmful radiation. Fur-
thermore, real-time optical imaging is used for intraoperative
guidance during surgery. Hence, the design and development
of new BBN-based conjugates may provide noninvasive
imaging strategies for the detection and localization of GRPR
expression in vivo.

Currently, gadolinium oxide (Gd,O,) nanoparticles (NPs)
have been investigated for MR molecular imaging.!® These
NPs can provide high longitudinal relaxivities that are equal
to or even larger than clinically approved Gd-DTPA allowing
more efficient contrast enhancement.!! Moreover, Gd,0,NPs
offer a versatile platform for further multifunctionalization
through modifications, which makes them good candidates
for active tumor targeting and multimodal imaging.'?

In this study, we report the development of a 5(6)-
carboxyfluorescein (FI)-conjugated Gd,O, nanoprobe for
PC cell-specific targeted molecular imaging. Gd,0, NPs
were synthesized via a simple polyol-free synthesis at room
temperature. The long hydrophilic polyethylene glycol (PEG)
segments bearing BBN ligand facilitated specific binding to
the overexpressed GRPR, which increased tumor selectivity."
Then, the physicochemical properties and cytotoxicity of
Gd,0,-based nanoprobes were investigated. Cellular uptake
efficiency was evaluated by fluorescence microscopy, flow
cytometry and in vitro MRI. In vivo MR/optical dual-modality
imaging was performed to monitor signal enhancement in the
tumors of mice bearing GRPR-positive PC-3 xenografts.

Materials and methods

Materials and general methods
Gadolinium(IIT) acetate, dimethyl sulfoxide (DMSO), tetram-
ethylammonium hydroxide (TMAH), anhydrous EtOH, FI,
dichloromethane (DCM), a-carboxyl, w-hydroxy PEG (PEG-
2000), N-hydroxysuccinimide and 1-[3-(dimethylamino)
propyl]-3-ethylcarbodiimide hydrochloride (EDC-HCI)
were purchased from Adamas Chemical Reagents Co, Ltd
(Shanghai, People’s Republic of China). BBN, CGGG-
QWAVGHLM-NH2(7-14), was synthesized using standard
fluorenylmethoxycarbonyl (fmoc) chemistry solid phase
peptide synthesis method by Boxin Biotechnology (Xiamen,
People’s Republic of China). All other chemicals were used
without further purification.

Synthesis and sample preparations
Synthesis of the Gd,O, NPs

The Gd,0, NPs were synthesized according to previously
published methods with little modification.'* Briefly, Gd

(OAc), (670 mg, 2 mmol) was dissolved in DMSO (30 mL).
Then, TMAH (200 mg, 5.6 mmol) in EtOH (10 mL) was
added dropwise. After the total amount of TMAH was added,
the mixture was stirred for 2 h at room temperature. The
Gd,O, NPs were collected by centrifugation. The particles
were washed thoroughly by three cycles of centrifugation/
redispersion in EtOH and vacuum concentrated to give Gd,O,
(630 mg, 87%).

Synthesis of Gd,O,-FI NPs

Gd,0, (400 mg) dispersed in DMSO was reacted with 100 mg
FI, under constant stirring for 12 h at room temperature.
Gd,0, NPs were capped with a fluorescent glycol-based
conjugated carboxylate (H-L) which allowed L coordinated
to the surface of Gd,0, NPs effectively through the terminal
carboxyl group. The product was purified by centrifugation
and then washed three times with DMSO, EtOH and DCM
sequentially. The pure product was dispersed in deionized
(DI) water and freeze-dried to give Gd,O,-FI NPs
(415 mg, 83%).

Synthesis of Gd,O,-FI-PEG NPs

Gd,0O,-FINPs (200 mg) were mixed with 100 mg PEG-2000
(dissolved in 10 mL DMSO) and reacted at room temperature
under constant stirring for 12 h. PEG ligand was coordinated
with Gd,O, with terminal carboxyl group. The Gd,O,-FI-
PEG NPs were collected by centrifugation and then washed
three times with DMSO, EtOH and DCM sequentially. Then,
Gd,0,-FI-PEG NPs were obtained to remove impurities. The
NPs were added to DI water and freeze-dried to give Gd,O,-
FI-PEG NPs (228 mg, 76%).

Synthesis of fluorescent GRPR-targeted Gd,O,
(Gd,O,-FI-PEG-BBN) NPs

BBN (20 mg), EDC-HCI (20 mg) and N-hydroxysuccinimide
(10 mg) were mixed with 100 mg Gd,O,-FI-PEG that was
dispersed in DMSO. The mixture was stirred for 12 h at
room temperature and then centrifuged. Precipitates were
collected by centrifugation and washed with DMSO, EtOH
and DCM three times, respectively. The precipitate was
dispersed in DI water and freeze-dried to give Gd,O,-FI-
PEG-BBN (86 mg, 72%).

Physicochemical characterization

The particle size and morphology of the developed NPs were
observed using transmission electron microscopy (TEM)
(H-7650; HITACHI, Tokyo, Japan) operating at 200 kV.
The hydrodynamic size distribution of the particles was
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determined using dynamic light scattering (DLS) (Malvern
Zeta-sizer 3000HS; Malvern Instruments, Malvern, UK)
using a 633 nm laser. Thermal gravimetric analysis (TGA)
was performed on a STA 209 F1 Iris instrument (Netzsch,
Selb, Germany). The temperature was increased to 710°C at
arate of 10°C min™' (in 100 mL min™" helium flux). Fourier
transform infrared (FTIR) spectra were recorded on a Vector
33 FTIR spectrophotometer (Bruker, Mannheim, Germany)
using KBr pellets in the range 4,000-400 cm™. The Gd
elemental content was determined by inductively coupled
plasma atomic emission spectrometry.

Magnetic property measurements

NPs were prepared in 0, 0.25, 0.5, 1, 2, and 4 mmol/L Gd con-
centrations. Longitudinal relaxivities (r,) of these suspensions
were measured using a 3.0T MR system (Achieva TX; Philips
Healthcare, Amsterdam, the Netherlands) equipped with an
eight-channel head coil at room temperature. T1 relaxation
times for each sample were obtained using T 1-weighted spin-
echo sequences by varying repetition times (TR =100, 200,
400, 600, and 1,000 ms) with fixed echo time (TE) =10 ms,
and imaging parameters of slice thickness of 5 mm. The sig-
nal intensity of the samples was measured by defining regions
of interest in the center of each test tube, and the T1 values
were calculated accordingly using workstation software. The
r, values were calculated from the slopes of the linear fitting
of 1/T1 (s7!) versus the Gd concentration (mM).

In vitro cellular studies

Cell culture

The PC-3 cancer cell lines (GRPR positive) were gifted from
the Research Center of Clinical Medicine at Nanfang Hospital
(Guangzhou, People’s Republic of China). PC-3 cells were
grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum, penicillin
(100 U/mL) and streptomycin (100 U/mL) in a humidified
incubator at 37°C with 5% CO,.

Cytotoxicity assays

PC-3 cells were seeded in a 96-well plate at a density of 3,000
cells/well and cultured for 24 h. The culture medium was
replaced with 200 UL DMEM containing Gd,O,-FI-PEG-
BBN or control Gd,0,-FI-PEG at different concentrations
(0.125,0.25,0.5, 1, 2,4 and 8 mM Gd) and kept incubated for
24 or 48 h. Subsequently, 20 uL of MTT solution (5 mg/mL)
was added and incubated for 4 h before the addition of
150 uL of DMSO into each well to dissolve the formazan
crystals. Complete dissolution was achieved by shaking on

tabletop oscillator for 10 min. The absorbance of each well
was measured at 490 nm using a BIOTEK ELX80 enzyme-
linked immunosorbent assay reader (Winooski, VT, USA).
The control group contained cells and cell culture medium
without NPs.

Analysis of intracellular uptake by fluorescence
microscopy

PC-3 cells were seeded in six-well culture plates at a density
of 4x10° cells/well and incubated for 24 h. The medium
was then removed and replaced with 2 mL DMEM containing
Gd,0,-FI-PEG-BBN or Gd,O,-FI-PEG suspensions (0.8 mM
Gd). After incubation at 37°C for 4 h, the cells were washed
three times with PBS and fixed with 2 mL 4% paraformalde-
hyde in PBS for 20 min. Cell nuclei were then stained with
4’ 6-diamidino-2-phenylindole (DAPI). Cellular uptake was
observed using a fluorescence microscope (Olympus BX51;
Olympus Corporation, Tokyo, Japan).

Cellular uptake measured by flow cytometry

PC-3 cells were seeded in six-well plates at a density of
4x10° cells per well and incubated for 24 h. Gd,O,-FI-PEG-
BBN or Gd,0,-FI-PEG NPs (0.8 mM Gd) were added to the
wells and incubated for 4 h. The cells were harvested, and
fluorescence was measured using a BD LSRII flow cytometer
(BD Biosciences, San Jose, CA, USA).

In vitro cellular MRI

PC-3 cells were grown in DMEM containing both NPs
(0.8 mM Gd) for 4 h, and labeled cells were washed with
PBS and resuspended in 100 uL. of DMEM and 1% agarose in
Eppendorftubes. The tubes were imaged ona 3.0T MR system
with aroutine T1-weighted FSE sequence. Parameters were as
follows: TR/TE =500/10 ms, field of view =100x100x60 mm,
matrix =256x256, number of excitation =2 and thickness/
interval =4/0.5 mm.

Animal experiments and in vivo imaging
Tumor model

Animal experiments were approved by the Institutional
Animal Care and Use Committee of Southern Medical
University (Guangzhou, People’s Republic of China) and
performed in accordance with the institutional guidelines.
Animals were cared for according to the Chinese National
Guidelines for Animal Welfare. For tumor xenografts, a
mixture of 6x10° PC-3 cells suspended in 0.15 mL PBS
was injected subcutaneously into the left posterior foreleg
region of male BALB/c-nude mice (4—5 weeks old). When
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the average tumor diameter reached 1.0 cm (4—6 weeks after
implantation), the mice were randomized into two groups:
targeted Gd,O,-FI-PEG-BBN and non-targeted Gd,O,-FI-
PEG, and prepared for further imaging.

In vivo MRI

Serial MRI was performed on a 3.0T MR system (Achieva
TX; Philips Healthcare, the Netherlands) equipped with a
mouse-imaging coil before and at different time points after
injecting Gd,O,-FI-PEG-BBN or Gd,0,-FI-PEG (3 pumol Gd
in 0.2 mL, n=5 per group). Coronal T1-weighted fast spin echo
(FSE) (TR/TE =500/10 ms, field of view =100x100x17 mm,
matrix =320x224, number of excitation =3 and thick-
ness =2.0 mm) images were obtained. Pseudo-colored MRI
images were processed with ImagelJ software. To estimate the
contrast enhancement of NPs in the tumor region, changes
in the relative signal intensity were quantified based on the
regions of interest.

In vivo near-infrared fluorescent imaging

To compare the targeting ability of Gd,O,-FI-PEG-BBN
and Gd,O,-FI-PEG, fluorescent imaging was performed on
PC-3 tumor-bearing mice (n=3 per group) using a Berthold
NightOWL LB 983 in vivo imaging system (Bad Wildbad,
Germany). The excitation filter was set at 530 nm, and the
emission filter was set at 700 nm. Fluorescence images were
obtained using a cooled charge-coupled device camera with
constant exposure time and taken before and 2 h after intra-
venous injection of NPs.

Biodistribution

To study the tissue distribution of Gd,O,-FI-PEG-BBN,
mice were sacrificed, the major organs (heart, liver, spleen,
lung, kidneys and testis) were surgically removed 2 h postin-
jection, washed with PBS and imaged by IVIS® Spectrum
(PerkinElmer Inc., Waltham, MA, USA) to calculate the
average fluorescence intensities within tissues.

Histological analysis

After in vivo imaging, tumor tissues were collected and
embedded in optimal cutting temperature compound. Frozen
tumor tissue slices (5 wm) were stained with the fluorescent
dye DAPI, and images were taken using a fluorescence
microscope.

Statistical analysis

Statistical analysis was performed using a two-tailed unpaired
Student’s #-test with P<<0.05 used as the cutoff value for
significance. All values are presented as mean * standard

deviation (SD). All analyses were performed using SPSS
13.0 (SPSS Inc., Chicago, IL, USA).

Results and discussion

The preparation method of Gd,0,-FI-PEG-BBN was taken
from existing literature with slight modifications (Figure 1).!4
The initial Gd,O, NPs were prepared by alkaline hydrolysis
of Gd(OAC), in aqueous TMAH at room temperature.
To improve the biocompatibility and water solubility of
Gd,O, NPs, the PEGylation strategy was adopted."”” The
Gd, O, NPs then were capped with FI and PEG-2000 in DCM
at room temperature to obtain Gd,0,-FI-PEG, which ensure
a biocompatible and stable system and facilitate further
modification.

Physicochemical characterization

TEM was used to investigate the morphology of the devel-
oped NPs. Figure 2A shows that Gd,0,-FI-PEG-BBN NPs
were almost spherical and had a uniform size with an average
diameter of 52.3 nm. The coating layer was visible in TEM
images with negative staining. The hydrodynamic diameter
of the targeted nanoprobe was 90.6 nm with a polydispersity
index of 0.28, as measured by DLS (Figure 2B). The differ-
ence in size measurements can be attributed to the fact that
TEM and DLS showed different morphologies in the solid
and swollen states.'®

Surface coating and functionalization of the samples
were investigated by recording the FTIR spectrum. The
FTIR spectrum for Gd,O, was compared with that of Gd,O-
FI-PEG-BBN in Figure 2C. After coating Gd,O, with PEG
and FI, the observed absorption frequencies characteristic
of PEG in Gd,0,-FI-PEG-BBN included the C-O stretch
at 1,587 and 1,114 cm™, and the CH, stretch at 2,920 and
2,856 cm™!. Furthermore, the C=0 stretch at 1,716 cm™! was
prominent in HO-PEG-COOH and FI but disappeared in
Gd,0,-FI-PEG-BBN, which is consistent with NPs coated
by various carboxylic acids.!" These data implied that PEG
and FI were effectively coordinated to the surface of Gd,O,
through the terminal carboxyl group. Further modification
by BBN led to a new peak at 1,595 cm™ corresponding to
amide bond formation.

TGA was used to determine the mass drop in weight (%)
of the materials (Figure 2D). The weight loss of both devel-
oped NPs was ~20% due to the thermal decomposition of
FI at around 30°C-100°C in air. Both nanoprobes showed
significant weight loss because low molecular weight
PEG degrades at 280°C. The mass loss of Gd,O,-FI-PEG-
BBN and Gd,0,-FI-PEG produced at 700°C were 51%
and 44%, respectively. Therefore, the extra mass drop of
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TMAH 5(6)-carboxyfluorescein
Gd(OAc), —» >

Gd,0, Gd,0,FI
BBN
HO-PEG2K-COOH EDC-HCI/NHS
g % rt,12h
Gd,0,-FI-PEG Gd,0,-FI-PEG-BBN

lfvf\;k 5(6)-carboxyfluorescein — PEG , BBN

Figure | Schematic illustration of the synthesis of Gd,O,-FI-PEG-BBN.
Abbreviations: BBN, bombesin; EDC-HCI, |-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride; Fl, 5(6)-carboxyfluorescein; Gd,O,, gadolinium oxide; NHS,
N-hydroxysuccinimide; PEG, polyethylene glycol; r.t., room temperature; TMAH, tetramethylammonium hydroxide.
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Figure 2 Characterization of nanoparticles.

Notes: TEM micrograph (A) and hydrodynamic size distribution (B) of Gd,O,-FI-PEG-BBN. FTIR spectra (C) of uncoated Gd,O, and Gd,O,-FI-PEG-BBN. TGA curves
(D) of Gd,O,-FI-PEG and Gd,O,-FI-PEG-BBN. T-weighted turbo spin-echo (TSE) MR images and longitudinal relaxation r, (E) of Gd,O,-FI-PEG-BBN solutions with various
Gd concentrations.

Abbreviations: BBN, bombesin; Fl, 5(é)-carboxyfluorescein; FTIR, Fourier transform infrared spectroscopy; Gd,O,, gadolinium oxide; MR, magnetic resonance; PEG,
polyethylene glycol; TEM, transmission electron microscopy; TGA, thermal gravimetric analysis.
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Gd,0,-FI-PEG-BBN (7%) corresponded to the decomposi-
tion of the BBN coating.

Magnetic property measurements

The ability of contrast agent to alter T1 was assessed via
longitudinal relaxivity (r,). The T1-weighted MR images
(Figure 2E) revealed that MR signals of Gd,0,-FI-PEG-BBN
enhanced as the Gd concentrations increased. As indicated
by the slope of the fitting line shown in Figure 2E, the cal-
culated r, value of Gd,0,-FI-PEG-BBN was 4.23 mM™'s™",
which was comparable to that of Magnevist (4.29 mM™'s™")
reported previously.'” The relatively high r, of Gd,O,-FI-
PEG-BBN could be due to the polar C=0 group increasing
the number of exchangeable water molecules in the inner
sphere of the Gd** ions, which is known to be directly related
to contrast enhancing capacity.'® This suggests that Gd,O,-
FI-PEG-BBN can serve as a highly efficient T1-weighted
MRI contrast agent.

Cytotoxicity assay

The in vitro cytotoxicity of Gd,O,-FI-PEG and Gd,0,-FI-
PEG-BBN was evaluated by MTT viability assays. Figure 3
shows the viability of PC-3 cells incubated with both NPs
at various Gd concentrations (0—8 mM). Even at 8 mM Gd,
the cell viability remained 112.9%%3.6% after 24 h and
110.2%16.8% after 48 h incubation with Gd,O,-FI-PEG-
BBN. Similarly, no significant cell viability reduction was
observed for Gd,O,-FI-PEG. In accordance to other published

>

24 h

120

)

-

o

o
1

80 -
60 -

40

Cell viability (%

20+

0125 025 05 1 2 4 8
Gd concentration (mM)

data,"”** Gd,0,-based NPs did not present any cytotoxic
activity. These results indicated that Gd,0,-FI-PEG and
Gd,0,-FI-PEG-BBN are relatively biocompatible and have
low toxicity at this Gd concentration range.

Specificity of targeting PC-3 cells in vitro
To investigate the targeting efficacy and intracellular dis-
tribution of the developed probes, we incubated the Gd,O,
nanoprobe with GRPR-positive PC-3 cells. The green
fluorescence of FI was used for the observation of GRPR-
mediated intracellular delivery. As shown in Figure 4A, green
fluorescence was clearly observed in PC-3 cells treated with
Gd,0,-FI-PEG-BBN. However, only weak green fluores-
cence was detected in cells incubated with Gd,O,-FI-PEG.
This was attributed to the fact that BBN can remarkably
enhance NPs uptake through GRPR-mediated endocytosis.?!
Moreover, fluorescence microscopy images showed that
Gd,0,-FI-PEG-BBN fluorescence was predominantly accu-
mulated in the cytoplasm around the nucleus.

Cellular uptake by flow cytometry

The uptake of Gd,O,-FI-PEG-BBN in PC-3 cells was also
studied by flow cytometry. As shown in Figure 4B, cells incu-
bated with Gd,O,-FI-PEG-BBN NPs showed much higher flu-
orescence intensity than those incubated with Gd,O0,-FI-PEG
and the blank cells. The area under each curve was propor-
tional to the total number of fluorescent cells and was ~7.4-
fold higher in Gd,O,-FI-PEG-BBN than in non-targeted

48 h
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Gd concentration (mM)

| BN Gd,0,-FI-PEG HH Gd,0,-FI-PEG-BBN

Figure 3 Cell viability assays of PC-3 cells treated with various concentrations of Gd,O,-FI-PEG-BBN or Gd,O,-FI-PEG for 24 (A) or 48 h (B).
Abbreviations: BBN, bombesin; Fl, 5(6)-carboxyfluorescein; Gd,O,, gadolinium oxide; PEG, polyethylene glycol.

submit your manuscript

6792

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

GRPR targeted molecular cancer imaging

>

Fl

Targeted

50 pm

DAPI

Overlap

°
]
L
[
o
S
]
-
c
o
P4
50 ym 50 um 50 um
—— — EE—
B Blank control Gd,O,-FI-PEG Gd,O,-FI-PEG-BBN
200 300 A 250 ~
250 200 1
= 150 £ 200 .
g g ' g 150 A
100 A 150 4
o o , O 4501
100 A
50
r \ 50 j 501
0 -Frmr—rrr LAALLL LR RLLL S ALY o LRI T 0 ~rrrrm—rrrrm T LARLLL B
102 108 10* 10 102 108 10*  10° 102 108 104 10°
Fluorescent intensity Fluorescent intensity Fluorescent intensity
C D 250-
3 Blank control *
200 4 Non-targeted T
Targeted
o 150
P4
@ 100 4 :
50
1% Blank Non-targeted Targeted e
agarose control 0 =

Group

Figure 4 Fluorescence microscopy images (A), flow cytometry (B), T|-weighed TSE MR images (C) and MRl signal intensity plots (D) of the cellular uptake of Gd,O,-based

nanoprobes by PC-3 cells.

Notes: (A) Fl fluorescence (green), excited by green light, is shown in the left panel. DAPI counterstained nuclei (blue), excited by blue light, are shown in the middle panel.

Color overlays of green and blue fluorescence are shown in the right panel. *P<<0.05.

Abbreviations: BBN, bombesin; Fl, 5(6)-carboxyfluorescein; Gd,O,, gadolinium oxide; MRI, magnetic resonance imaging; PEG, polyethylene glycol; SNR, signal-to-noise

ratio; TSE, turbo spin-echo.

controls. This indicated that the addition of BBN peptide to
the NPs enhanced NP uptakes.

In vitro cellular MRI

The enhanced cellular uptake of the targeted nanoprobe was
further confirmed by T1-weighted MRI in vitro. Figure 4C
and D show that the T1 signal intensity of PC-3 cells incu-
bated with Gd,0,-FI-PEG-BBN increased according to Gd
concentrations. These MRI results further demonstrated

that surface functionalization by BBN enhanced the cellular
uptake efficacy of NPs by specifically binding to overex-
pressed GRPR in cancer cells.?

In vivo MRI

To investigate the tumor targeting ability of the developed
nanoprobe in vivo, serial T1-weighted images of PC-3 tumor-
bearing mice were acquired before and at different time
points after intravenous injection of Gd,0,-FI-PEG-BBN
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or Gd,0,-FI-PEG. As shown in Figure 5A, the targeted
Gd,O,-FI-PEG-BBN reached a peak MRI signal intensity 2 h
postinjection and showed more obvious and prolonged signal
enhancement in the tumor than the non-targeted probe after
injection. MRI signal intensities of PC-3 tumors before and
2 h after injection were measured and plotted in Figure 5B

A Post Post
Pre-injection 1h 2h

Targeted

Non-targeted

3,000 = Pre
."? E23 2 h post
g 2,000
@ ]
3
£
©
S 1,000
2
(/2]
0

. -
Non-targeted

Group

Targeted

Figure 5 In vivo MR imaging.

for quantitative analysis. The targeted nanoprobe resulted
in a higher enhancement ratio than the non-targeted probe
(27.9%=%5.9% versus 4.0%%2.2%, respectively, P<<0.05).
According to our in vivo MRI results, the targeted Gd,O,-
FI-PEG-BBN nanoprobe accumulated in cancerous tissues
through the enhanced permeation and retention effect and

Post Pseudocolor

4 h post 2 h

3,000

800

PC-3 tumor cell

Notes: Representative in vivo serial T1-weighted MR images (A) before and at I, 2, and 4 h postinjection of targeted Gd,O,-FI-PEG-BBN or non-targeted Gd,O,-FI-PEG
and pseudocolor maps of MR images 2 h after administering each agent. Quantitative analysis of signal intensity in the tumor region (B) of PC-3 tumor-bearing mice before
and 2 h after intravenous injection. Schematic representation (C) of GRPR-mediated intracellular delivery. *P<<0.05.

Abbreviations: BBN, bombesin; Fl, 5(6)-carboxyfluorescein; GdZOS.
polyethylene glycol.

gadolinium oxide; GRPR, gastrin-releasing peptide receptor; MR, magnetic resonance; PEG,
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exhibited active targeting ability and selectively accumulated
in the tumor sites (Figure 5C), which achieved the maximal
contrast enhancement.?

In vivo fluorescent imaging and

biodistribution

The fluorescence intensity in tumors from the Gd,0,-FI-
PEG-BBN nanoprobe was substantially greater than that
in the non-targeted group, which indicated highly specific
targeting of the Gd,O,-FI-PEG-BBN nanoprobe to PC-3
tumors (Figure 6A). As illustrated in Figure 6B, the NPs
primarily accumulated in tumors. Significant fluorescence
signal was also observed in the liver, spleen, lung, kidney and
testis (Figure 6C), similar to the in vivo behaviors of many
other nanomaterials applied in biomedicine.?*** Conversely,
the nonspecific fluorescence distribution might be due to
fluorescein dissociation from the nanoprobe. Therefore,
the long-term fate of Gd,O,-FI-PEG-BBN requires further
investigation.

A Pre

Post2 h

Targeted

Non-targeted

Figure 6 In vivo fluorescent imaging and biodistribution.

1,400

100

Histological studies

Ex vivo fluorescence microscopy was used to further verify
the accumulation of the developed nanoprobe in tumors.
As shown in Figure 7, abundant green fluorescence was seen
in tumor tissues after injecting Gd,O,-FI-PEG-BBN, but only
a little green fluorescence was observed in the non-targeted
group. This result demonstrated increased accumulation of
targeted Gd,0,-FI-PEG-BBN in tumors that exhibited clear
MRI contrast.*® These results further confirmed the GRPR
tumor-specific uptake of the targeted nanoprobe.

Conclusion

In summary, we have synthesized a BBN-modified Gd,O,-
based nanoprobe with relatively good water dispersibility
and favorable biocompatibility. PEG coating allowed modi-
fication with BBN ligand, which ensured the selective PC-3
cellular uptake, thus paving a way toward targeted delivery to
PC tissues and the visualization of its accumulation by in vitro
and in vivo MRI/fluorescent imaging. These multifunctional
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Notes: In vivo optical images (A) of nude mice bearing subcutaneous PC-3 tumor xenografts after intravenous injection of Gd,O,-FI-PEG-BBN or Gd,O,-FI-PEG. Ex vivo
fluorescence images (B) of dissected organs from mice bearing PC-3 tumors sacrificed after injecting Gd,O,-FI-PEG-BBN. Quantitative fluorescent intensities of isolated

tumors and main organs (C).

Abbreviations: BBN, bombesin; Fl, 5(6)-carboxyfluorescein; Gd,O,, gadolinium oxide; PEG, polyethylene glycol.
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Figure 7 Fluorescence microscopy images of tumor tissues after intravenously injecting targeted Gd,O,-FI-PEG-BBN or non-targeted Gd,O,-FI-PEG.
Abbreviations: BBN, bombesin; Fl, 5(6)-carboxyfluorescein; Gd,O,, gadolinium oxide; PEG, polyethylene glycol.
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Gd,0,-based NPs may be a potential nanoplatform for com-
bined molecular cancer diagnosis and targeted antitumor drug
delivery in future clinical applications.
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