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a b s t r a c t
Neuroblastoma accounts for 8–10% of malignancies in infants and children. It is urgent to develop an
appropriate theranostic agent for effective diagnosis and therapy of neuroblastoma. Herein, we constructed RVG peptide and IRDye800-conjugated bovine serum albumin-coated triangular gadolinium
oxide nanoplates (RVG&IRDye800-Gd2O3 TNs) as a targeting MRI agent for the diagnosis of neuroblastoma preoperation and a fluorescence imaging agent for the guidance of the precise excision of the neuroblastoma in surgery. RVG&IRDye800-Gd2O3 TNs have uniform edge length. The RVG&IRDye800-Gd2O3
TNs show remarkably enhanced affinity to both mouse- and human-derived neuroblastoma cells compared with IRDye800-Gd2O3 TNs (3.07-fold and 3.02-fold, respectively). Because of the increased accumulation in tumor cells, RVG&IRDye800-Gd2O3 TNs exhibit signals threefold to fivefold higher than
the surrounding normal tissues, which is propitious to the diagnosis of neuroblastoma preoperation
and provides real-time visual guidance of the precise excision of the neuroblastoma. Most importantly,
with the guidance of the fluorescence imaging agent, the survival rate increased from 0% to 80% 42 days
after surgery compared with that in conventional surgery. These findings indicated that the RVG peptide
combined with IRDye800-Gd2O3 TNs has the potential to improve the diagnosis and treatment of patients
with neuroblastoma.
Statement of significance
In this study, we prepared RVG peptide and IRDye800-conjugated bovine serum albumin-coated triangular gadolinium oxide nanoplates (RVG&IRDye800-Gd2O3 TNs) as a targeting MRI agent for the diagnosis
of neuroblastoma preoperation and a fluorescence imaging agent for the guidance of the precise excision
of the neuroblastoma during surgery.
Neuroblastoma was accurately located by MRI imaging, and the tumor margin could be real-time monitored through near-infrared fluorescence imaging.
The RVG&IRDye800-Gd2O3 TNs exhibit signals threefold to fivefold higher than those in the surrounding normal tissues, which is propitious to the diagnosis of the neuroblastoma preoperation and provides
real-time visual guidance of the precise excision of the neuroblastoma.
With the guidance of the fluorescence imaging agent in surgery, the survival rate increased from 0% to
80% 42 days after surgery compared with that in conventional surgery.
Ó 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
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Neuroblastoma develops from the tissues that form the sympathetic nervous system [1]. It is one of the most common solid
tumor in infants and children, which accounts for 8–10% of malignancies under 15 years of age and disproportionately 15% of
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cancer-related deaths in children (pediatric oncology deaths) [1,2].
Surgery is often performed to remove as much of the tumor as possible (resection), which had much attention to damage the function
of the normal tissues [3,4]. Thus, an imaging modality is needed to
discriminate between neuroblastoma and non-neuroblastoma
lesions [5,6]. However, in clinical settings, there is no clear evidence as to which modality is superior, as each comes with its
own inherent pros and cons [7–9]. Among all imaging modalities
in clinic, MR imaging, especially the newer techniques, plays an
important role in diagnosing and predicting the prognosis of both
primary and metastatic central nervous system (CNS) neuroblastomas, thus guiding therapy. However, it was not suitable in surgery to guide the surgery in real time. The near-infrared region
(NIR) fluorescence imaging with high sensitivity could remedy this
flaw [10–13]. Thus, the combination of MRI and fluorescence imaging could facilitate the diagnosis of the neuroblastoma and guide
its exairesis.
Compared with other cancers, an appropriate delivery platform
is critical to achieve accurate diagnosis and efficient therapy of
neuroblastoma because of the blood–brain barrier (BBB) [14].
Rabies virus glycoprotein (RVG), a short peptide derived from neurotropic rabies virus (RABV), has been employed as a targeting
ligand in achieving the successful delivery of nanodrugs to the
brain [15–19] because RVG is the only protein exposed on the
RABV particle and is the major contributor to the pathogenicity.
RVG-modified nanoparticles could mimic the RABV particle and
cross the BBB [20] and specifically bind to the nicotinic acetylcholine receptor (nAchR) on neuronal cells [20–22], which could
greatly improve the nanoparticle enrichment in the neuronal cells.
Additionally, compared with other neuroblastoma-targeting
ligands, RVG involved in the retro-axonal and trans-synaptic
spread of RABV within the central nervous system [23], which
could further elevate targeting efficiency. Therefore, RVG could
be a magic bullet in attaining the delivery of an efficient contrast
agent to the brain through receptor-mediated delivery [16,17].
An appropriate targeting ligand is essential to enhance the
enrichment of nanoparticles at the tumor site. Reasonable particle
size distribution and distinctive shape of the nanoparticles synergistically enhance the enrichment of the nanoparticles at the target
site. Capillaries of size 20 lm are located near every brain cell,
which are sealed together by tight junctions and show no fenestrations and very low pinocytosis [24]. Therefore, the appropriate size
of nanoparticles is necessary to cross the BBB and for their circulation in the brain capillaries [25]. The particle size must be controlled in a proper range (30–100 nm) to avoid leakage into the
capillaries and as much as possible reduce the susceptibility to
macrophage-based clearance [26]. Effects of the shape of nanoparticles can be as important as the size. In recent years, various materials such as self-assembled polymers [16,17,27] and metal
nanoparticles [14] have been used to construct nanostructures that
facilitate the delivery of drugs and contrast agents to the brain.
Among all the nanocarriers, the triangular nanocarriers showed
optimal tumor passive targeting accumulation compared with
nanoparticles, nanosheets, square-shaped nanocarriers, and so on
[28]. Comparison results also proved that nanoplates have higher
accumulation tendency than spherical particles near leaky blood
vessels commonly found in metastatic cancers [29,30].
In this study, RVG peptide and IRDye800-modified Gd2O3 triangular nanoplates (RVG&IRDye800-Gd2O3 TNs) were assembled
successfully (Scheme 1). The RVG&IRDye800-Gd2O3 TNs were
characterized, and the in vitro cellular uptake experiments were
evaluated. To examine the diagnostic efficacy in vivo, the
RVG&IRDye800-Gd2O3 TNs were administered to nude mice bearing subcutaneous and orthotopic neuroblastoma. MRI and fluorescence imaging were performed to investigate tumor diagnostic
efficacy, and histological assay was carried out to confirm the accu-

racy of the diagnosis. In all the experiments, there were no observable systemic side effects in vivo.
2. Materials and methods
2.1. Materials
RVG peptide (sequence: YTIWMPENPRPGTPCDIFTNSRGK
RASNGC) was purchased from Chinapeptides Co., Ltd. Bovine
serum albumin (BSA) was purchased from Sigma-Aldrich. Carboxyl
group-activated IRDye800 (IRDye800 CW-NHS ester) was obtained
from LI-COR Biosciences. Gd(NO3)3 was purchased from Aladdin
Reagents. Minimum essential medium (MEM), fetal bovine serum
(FBS), trypsin-EDTA, and penicillin/streptomycin were obtained
from Gibco Life Technologies. All other chemicals used in this study
were analytical reagent grade and used without further purification. Ultrapure water (18.2 MX/cm2, 25 °C) was used to prepare
all the solutions.
2.2. Synthesis and characterization of the RVG-modified fluorescence
Gd2O3 nanoplates
One milliliter of 10 mM Gd(NO3)3 was dropped into the BSA
solution (0.15 g dissolved in 9 mL of deionized water) under vigorous stirring. The pH of the mixture was adjusted to pH 8.0 by adding 2.0 M NaOH, and then, the reaction solution was heated
between 300 and 320 °C for 4 h under high N2 blowing, hence
resulting in the formation of the nanoplate [31]. The obtained
Gd2O3 TNs were then cooled to room temperature, followed by
dialysis for 24 h with deionized water (DI water). After that,
IRDye800 CW-NHS ester was incubated with the obtained Gd2O3
TNs for 4 h to obtain the fluorescence Gd2O3 TNs [32]. Finally,
the carboxyl group-activated RVG was added into the fluorescence
Gd2O3 TN solution [33]. After 8 h, the products were then passed
through a PD-10 column to remove unbound RVG and IRDye800
CW to obtain RVG-modified fluorescence Gd2O3 TNs
(RVG&IRDye800-Gd2O3). These obtained nanoplates were kept at
4 °C for further use.
The dye concentration was determined by ultraviolet–visible
spectroscopy at 773 nm. TEM analysis of the RVG&IRDye800Gd2O3 TNs was performed using a transmission electron microscope (HT7700, HITACHI, Japan) at 120 kV. To observe the protein
structure, the RVG&IRDye800-Gd2O3 TNs were deposited on
carbon-coated copper grids and negative stained with 1% uranyl
acetate for 1 min. The average particle size was determined by
measuring 345 particles. X-ray diffraction (XRD) analysis was performed to verify the successful synthesis of the Gd2O3 nanoplates
on a PANalytical X’Pert Pro diffractometer system using Cu Ka
radiation (k = 1.5406 Å) at a 2h scanning rate of 2 °min1 between
10° and 80°. The average diameter and dispersibility of the
RVG&IRDye800-Gd2O3 TNs were examined using a 90Plus/BIMAS dynamic light scattering analyzer (Brookhaven Instruments)
at different time points after preparation. The suspension was
diluted to an appropriate concentration of 1 mg/mL with DI water
or PBS. Six replicate samples were analyzed at room temperature.
The Gd content of the RVG&IRDye800-Gd2O3 TNs was measured
using an inductively coupled plasma atomic emission spectrometer (ICP-AES, ICPE-9800; SHMADZU, Japan) with standard Gd as
the standard. For analysis of MR relaxivity of the RVG&IRDye800Gd2O3 TNs, we diluted the suspension to 0–0.253 mM Gd concentration in PBS. Then, we measured the r2 values of the nanoplates
through a 1.0 T animal MRI (M3TM, Aspect Imaging, Israel) under
the following parameters: field of view (FOV) = 3 cm  3 cm,
repetition time (TR) = 500 ms, and echo time (TE) = 12 ms. For
the evaluating the fluorescence imaging ability of the
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Scheme 1. Synthesis of (a) the RVG modified fluorescence Gd2O3 TNs (RVG&IRDye800-Gd2O3 TNs) and (b) their application for effective cancer diagnosis.

RVG&IRDye800-Gd2O3, we diluted the suspension to 0–1.0 lg/mL in
PBS. Then, the fluorescence images of the solutions were obtained
using an IVIS spectrum imaging system (PerkinElmer, USA).
2.3. Cell culture and cell cytotoxicity
Neuroblastoma cell lines, neuro 2a (mouse-derived cell line)
and SH-SY5Y (human-derived cell line), were purchased from
Shanghai Genechem Co., Ltd. Both cell lines were cultured in
minimum essential medium (MEM, Life Technologies), 0.03% LGlutamine, 100 units/mL penicillin, and 100 lg/mL streptomycin
in 5% CO2 at 37 °C. The cell cytotoxicity of the nanoplates was
determined through standard MTT assay after incubation with
our nanoplates at different concentrations (0–5000 lg/mL).
2.4. Flow cytometry
RVG&FITC-Gd2O3 TNs were produced by a similar procedure as
that of the RVG&IRDye800-Gd2O3 TNs by replacing the IRDye800
CW-NHS ester with FITC. One-color flow cytometry was performed
to assess the fluorescence enhancing ability of RVG. Neuroblastoma cell lines (neuro 2a (mouse) and SH-SY5Y (human)) and a
normal neuro cell line (HT22) (2  105) were plated on a 12-well
culture plate and incubated for 24 h. RVG&FITC-Gd2O3 or FITCGd2O3 (with the same concentration of FITC: 0, 0.1, 0.2, 0.4, 1.0,
and 2.0 lg/mL) was added to the medium, and the cells were incubated for 1 h. Then, cells were washed twice with cold PBS, and
flow cytometry was performed using a C6 Flow CytometerÒ System

(BD Biosciences, USA). The argon ion 488-nm laser was used for
excitation, and signals from cells were collected using a 530/30nm bandpass filter. All data were analyzed using CFlowÒ Plus software (BD Biosciences, USA). The fluorescing capability of cells in
each condition was referred to as the mean fluorescence intensity
and percentage of cell uptake by the probe.
2.5. Fluorescence microscopy
Neuroblastoma cell lines (neuro 2a (mouse) and SH-SY5Y
(human)) and a normal neuro cell line (HT22) (2  105) were plated on a confocal dish and incubated for 24 h. RVG&FITC-Gd2O3
or FITC-Gd2O3 (with the same concentration of FITC, 0.4 lg/mL)
was added to the medium, and the cells were incubated for 1 h.
Cells were washed twice with cold PBS, and then, the cell membrane and nuclear acid were stained with DiI and DAPI according
to the standard procedure, respectively.[34,35] Fluorescence
microscopy was carried out using a Zeiss LSM710 laser scanning
confocal microscope (Carl Zeiss, Germany).
2.6. Tumor model
All mice were bred in specific pathogen-free (SPF) laboratory,
and all animal experiments were carried out in compliance with
the guidelines evaluated and approved by the Institutional Animal
Care and Use Committee at Peking University. The subcutaneous
and orthotopic transplantation tumor implants were established
by subcutaneous or orthotopic injection of 2  106 neuroblastoma
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cell lines in BALB/C mice (Beijing Vital River Laboratory Animal
Technology Co., Ltd.). Experiments with tumor-bearing mice were
conducted at 10 days after injection of the neuroblastoma cells.
Because the tumorigenesis rate of the SH-SY5Y is very low, we
only used SH-SY5Y orthotopic transplantation tumor model in the
live fibered confocal fluorescence microscopy experiments. In the
other in vivo experiments including fluorescence imaging and
MRI imaging experiments and survival rate experiments, the neuro
2a transplantation tumor model was used.

exposed, and spectral fluorescence images of the skull were
obtained. The excitation wavelength was 775 nm ± 10 nm, which
was developed by the NIR laser and a pass filter to over 790 nm
for emission light. All experiments were conducted in triplicate.
Histologic examination (H&E stain) was done to validate the accuracy of RVG&IRDye800-Gd2O3 TNs images.

2.7. In vivo MRI imaging and fluorescence imaging experiments

Four hours after the intravenous injection of the triangular
nanoplates, the skull of the mice was opened and the surgery
was processed under the guidance of the fluorescence imaging.
After that, the mice were fed with sufficient free food and drink.
At predetermined time points, the survival situation of mice was
observed. At day 42, the mice injected with triangular nanoplates,
followed by surgery, were euthanized, and their normal tissues
(including heart, liver, spleen, lung, kidney, pancreas, muscle,
brain, and skin) and tumor tissues were harvested and stained with
hematoxylin–eosin (H&E) to evaluate the in vivo biocompatibility
of our nanoplates.

RVG&IRDye800-Gd2O3 TNs (1000 lg/kg) were injected through
the tail vein of mice with subcutaneous transplantation tumor
implants. At different time points after the injection of
RVG&IRDye800-Gd2O3 TNs, MRI and fluorescence images were
obtained using a 1.0 T MRI system (M3TM, Aspect Imaging, Israel)
and an IVIS spectrum imaging system (PerkinElmer, USA), respectively. MRI imaging was used to determine the location of the
tumor, and fluorescence imaging was used to provide guidance
for the surgery. IRDye800-Gd2O3 TNs were used as the control
for the in vivo study to further confirm the targeting activity of
the RVG&IRDye800-Gd2O3 TNs. After craniotomy, spectral fluorescence images of the brains were obtained using the molecular
imaging navigation system developed by our group. The excitation
and emission wavelengths were 745 nm and 800 nm, respectively.
All experiments were conducted in triplicate.
2.8. Optical endoscopic bioimaging of the RVG&IRDye800-Gd2O3 TNs
Four hours after intravenous injection of the RVG&IRDye800Gd2O3 TNs (1000 lg/kg), Evans blue (20 mg/mL, 150 lL) was
injected through the tail vein, and 15 min later, two-dimensional
images of the orthotropic transplantation tumor implants were
acquired using a CellvizioÒ Dual Band instrument (Mauna Kea
Technologies, France) (488 nm and 660 nm) with fibered optical
microprobes, which permitted topographical or interior imaging
of the RVG&IRDye800-Gd2O3 TNs, and Evans blue, which was used
to visualize the blood vessels.
2.9. Semi-quantitative comparison of fluorescence intensities and
signal-to-background noise ratios of the tumors
Spectral fluorescence images of the neuroblastoma (including
neuro 2a and SH-SY5Y tumors)-bearing mice were obtained.
Semi-quantitative comparison of average fluorescence intensity
was performed at different time points. Regions of interest (ROIs)
were drawn within the tumor depicted by RVG&IRDye800-Gd2O3
TN images, and additional ROIs were drawn in the surrounding
areas without tumors to determine the fluorescence intensity
using IVIS 4.0 software. All experiments were conducted in triplicate. The signal-to-background noise ratio (STBR) was calculated
as follows:

STBR ¼

Fluorescence intesity tumor
Fluorescence intesity adjacent tissues

2.10. Assessment of the sensitivity and specificity for the detection of
orthotropic transplantation tumor implants
Spectral fluorescence imaging of neuroblastoma (only neuro 2a
tumors)-bearing mice was performed 4 h after the intravenous
injection of RVG&IRDye800-Gd2O3 TNs (1000 lg/kg). Pretreatment
with 1000 lg of RVG was also done in mice 4 h before
RVG&IRDye800-Gd2O3 TN administration. The skull was surgically

2.11. Survival rate of the mice after imaging-guided surgery and
in vivo biocompatibility of the triangular nanoplates

2.12. Statistical analyses
Statistical analyses were performed using SigmaPlot (version
13.0) and Origin (version 9.0). All data were presented as mean
± SEM. Student’s t-test was used to assess the statistical significance of the experimental results. A p-value of less than 0.05 was
considered statistically significant.
3. Results and discussion
The transmission electron microscope (TEM) images showed
that the PEG-modified Gd2O3 TNs and the RVG&IRDye800-Gd2O3
TNs were triangular with remarkable uniformity and narrow distributions in edge length ranging from 37.5 nm to 42.5 nm (Fig. 1a
and b). To verify the successful synthesis of the Gd2O3 nanoplates,
the XRD of the purified Gd2O3 nanoplates was performed. As
shown in Fig. 1c, there were four peaks at 2h = 20.068°, 28.561°,
33.250°, and 47.529°, which corresponded to 211, 222, 400, and
440 crystal planes, respectively, and matched with the JCPDS 12797 file of Gd2O3. Furthermore, the energy-dispersive X-ray spectroscopy (EDS) of RVG-Gd2O3 TNs showed the presence of C, O, S,
and Gd, suggesting the successful nanoplate fabrication and modification with BSA (Fig. 1d). The amount of Gd element in
RVG&IRDye800-Gd2O3 TNs was 10.24% in weight measured by
ICP-AES, and the amount of IRDye800 in the RVG&IRDye800Gd2O3 TNs was 1.05‰ in weight, which was determined through
the fluorescence spectrum of the supernatant after centrifugation
(10,000 rpm, 5 min). The storage stability of the RVG&IRDye800Gd2O3 TNs was also investigated. As shown in Fig. 1e and f, the
average diameter and polydispersity of the RVG&IRDye800Gd2O3 TNs remained nearly unchanged during 30 days of storage,
which indicated the RVG&IRDye800-Gd2O3 TNs have desirable
storage stability and dispersibility. Fig. 2 shows the absorption
(Fig. 2a) and fluorescence spectra (Fig. 2b) of RVG&IRDye800Gd2O3 TNs and free IRDye800. Similar absorption spectra were
observed between the RVG&IRDye800-Gd2O3 TNs and free
IRDye800, with the peak around 775 nm, indicating that the
IRDye800 was successfully conjugated on the surface of the nanoplates. However, compared with the free IRDye800, the peak of the
fluorescence spectra of the RVG&IRDye800-Gd2O3 TNs was shifted
to a longer wavelength (806 nm, red-shift), which may be due to
the change in the stage of aggregation of the IRDye800 after conjugating on the surface of the nanoplates.

Y. Jin et al. / Acta Biomaterialia 87 (2019) 223–234

227

Fig. 1. TEM images of PEG-Gd2O3 (a) and RVG&IRDye800-Gd2O3 (b); (c) XRD pattern of as-synthesized Gd2O3 TNs; (d) EDS spectrum of RVG-Gd2O3 TNs; Average diameter (e)
and polydispersity (f) of RVG&IRDye800-Gd2O3 TNs dispersed in water and PBS as a function of storage time. Data shown as means ± SD (n = 6).

Fig. 2. UV–Vis-NIR (a) and fluorescence spectra (b) of RVG&IRDye800-Gd2O3 TNs and free IRDye800.

228

Y. Jin et al. / Acta Biomaterialia 87 (2019) 223–234

Fig. 3. Cell viability of neuro 2a (a) or SH-SY5Y (b) after treatment with different concentration of RVG&IRDye800-Gd2O3 TNs after incubated for different time (n = 5).

Fig. 4. (a–f) Fluorescence intensity of different cell treated with different nanoplates: a) HT22 treated with RVG&FITC-Gd2O3 TNs, b) Neuro 2a treated with RVG&FITC-Gd2O3
TNs; c) SH-SY5Y treated with RVG&FITC-Gd2O3 TNs, d) HT22 treated with FITC-Gd2O3, e) Neuro 2a treated with FITC-Gd2O3 TNs, f) SH-SY5Y treated with FITC-Gd2O3 TNs; (g–
i) Mean fluorescence intensity of cells uptake of different kind of neuroblastoma cells after different treatment: g) HT22 cell line, h) SH-SY5Y cell line and i) Neuro 2a cell line
(n = 6).

Targeted delivery of a drug to the brain is one of the most challenging research areas in pharmaceutical sciences, and its safety is
also important. Before using the nanoplates on living cells or life,
the cytotoxicity of our nanoplates was analyzed through a stan-

dard MTT assay (Fig. 3). After incubating cells with our nanoplates
as long as 72 h with different concentrations ranging from 0 to
5 mg/mL, the cell viabilities of both SH-SY5Y and neuro 2a cell
lines were higher than 90%, which indicates the adequate biocom-
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Fig. 5. Confocal images of Neuro2a, SH-SY5Y and HT22 cells. Detection the cellular
uptake of RVG&IRDye800-Gd2O3 TNs (a) and IRDye800-Gd2O3 TNs (b). The DiI was
used to stain the cell membrane; the FITC represents the RVG&IRDye800-Gd2O3
TNs; and the DAPI was used to stain the cell nucleus; c) The average intensities from
confocal images above of different cells and nanoparticles (n = 6).

patibility of our nanoplates at the cell level. After confirming the
biocompatibility of the nanoplates, the targeting abilities of these
nanoplates toward neuro 2a and SH-SY5Y cells were studied. First,
the cellular uptake of the RVG&IRDye800-Gd2O3 TNs was detected
by flow cytometry (Fig. 4). SH-SY5Y and neuro 2a cells were cultured with RVG&FITC-Gd2O3 TNs or FITC-Gd2O3 TNs for 1 h before
analysis. As shown in Fig. 4a–f, cell fluorescence intensity enhancement was evident and clearly observed after incubation with nanoplates. The mean fluorescence intensity of the cells taken up by the
probe was analyzed (Fig. 4g–i). Compared with the FITC-Gd2O3
TNs, the cells showed significant enhancement (3.07-fold for neuro
2a and 3.02-fold for SH-SY5Y when the concentration of FITC was
1 lg/mL) in the uptake of the RVG&FITC-Gd2O3 TNs. Compared
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with the normal neuro cell line (HT22 cells), there was also a significant enhancement in the uptake of the RVG&FITC-Gd2O3 TNs
(3.27-fold for neuro 2a and 1.34-fold for SH-SY5Y when the concentration of FITC was 1 lg/mL, respectively). To further observe
the enhancement in an intuitionistic manner, confocal laser scanning microscopy was performed to evaluate the intracellular
uptake behavior and the location of the RVG&FITC-Gd2O3 TNs.
Before observation, the nuclei and cell membrane were stained
with DPAI and DiI, respectively. As shown in Fig. 5a and b, the
green fluorescence generated from the nanoplates was clearly
observed inside the tumor cells and distributed in both cytoplasm
and nuclei, indicating that the nanoplates were quickly taken up
and increased gradually with increasing incubation concentrations.
The average fluorescence intensity between different cell lines or
different nanoplates was analyzed (Fig. 5c). Compared with the
nontargeted triangular nanoplates, there were more targeted triangular nanoplates taken up by both the neuro 2a (3.16-fold
enhancement) and SH-SY5Y (2.07-fold enhancement) cells. Compared with the normal neuro cell line (HT22 cells), there was also
a significant enhancement in the uptake of the RVG&FITC-Gd2O3
TNs (3.57-fold for neuro 2a and 1.96-fold for SH-SY5Y). However,
the results were not similar with those obtained by flow cytometry, which may because the amount of the selected cells is much
lower than that in flow cytometry. These results demonstrated that
the modification of RVG could improve the cell uptake ability of
the nanoplates by cancer cells but not by the normal neuro cells,
which was very beneficial for improving the diagnostic efficiency.
The MRI contrast signals were first measured by acquiring the
phantom images of the aqueous suspensions in vitro. As shown
in Fig. 6a, progressively brighter images corresponding to higher
incremental MRI signal intensity of the RVG&IRDye800-Gd2O3
TNs were observed at increased concentrations. The MRI contrast
enhancement efficiency was calculated (Fig. 6b), and the trend
was well fit by a linear line within the analyzed range of Gd element concentrations, revealing the concentration-dependent lighting effect. It was reported that for T1 CAs small-sized NPs usually
generate greater contrast enhancement [34]. The shape of the
nanoparticles is also a dominating factor for the coercivity of
nanocrystals due to the effect of surface anisotropy [35], and shape
confinement of Gd3+-based CAs can improve the relaxation of
nearby water molecules. A high T1 relaxivity coefficient (r1) value
of 9.901 mM1s1 was acquired on a 1.0 T MR scanner for
RVG&IRDye800-Gd2O3 TNs. This value was 2.9 times as high as
that of the clinically approved samples (Magnevist, r1 = 3.4 mM1s1) under a 1.0 T magnetic field. The results showed that the r2/r1
ratio was estimated to be 1.05 (r1 = 9.901 mM1s1,
r2 = 10.428 mM1s1), which is low enough to exploit these
nanoparticles as efficient T1 contrast agents in MRI [36].
To further investigate the potential of the RVG&IRDye800Gd2O3 TNs for in vivo MRI for tumor diagnosis, neuro 2a tumorbearing BALB/C mice were intravenously (i.v.) injected with the
RVG&IRDye800-Gd2O3 TNs or IRDye800-Gd2O3 TNs (1000 lg/kg),
anesthetized, and then imaged using a small animal MRI system.
As revealed by the results in Fig. 6c, the tumor MRI signal can be
effectively enhanced by the two agents. Before injection, only weak
MRI signals could be observed in the tumor region. Four hours after
the injection, the signal in the tumor was significantly enhanced.
Most importantly, the signal in the tumor of the mice injected with
the RVG&IRDye800-Gd2O3 TNs was higher (3.9-fold enhancement)
compared with the mice injected with the IRDye800-Gd2O3 TNs.
Therefore, the results not only confirm the high performance of
the RVG&IRDye800-Gd2O3 TNs for in vivo MRI imaging but also
directly indicate the efficient positive accumulation of the
RVG&IRDye800-Gd2O3 TNs toward the tumor. In addition, we have
quantitatively analyzed the relative mean fluorescence intensity of
the subcutaneous tumor-bearing mice before and at different time
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Fig. 6. In vitro MRI (a) and fluorescence imaging (b) of the RVG-IRDye800&Gd2O3 TNs (a); the relationship between 1/T1 and the concentration of the Gd3+ ions (b); in vivo
MRI imaging of the subcutaneous tumor bearing mice at different time after RVG-IRDye800-Gd2O3 TNs injection (c); in vivo fluorescence imaging of the subcutaneous tumor
bearing mice at different time RVG-IRDye800-Gd2O3 TNs injection (f); (g) signal to background ratio of subcutaneous tumor-bearing mice before and at different time after
triangular nanoplates injection (n = 5).

points after the intravenous injection as shown in Fig. 6f, and the
STBR result shown in Fig. 6g further indicates that a high TB ratio
of RVG&IRDye800-Gd2O3 TNs provides better tumor margin
demarcation. TB values of 3.2 and 4.1 achieved by CetuximabIRDye800 have already provided sufficient support to human surgical navigation in head and neck cancer [37]. We believe the
RVG&IRDye800-Gd2O3 TNs we designed may represent a unique
opportunity in neuroblastoma imaging.
Although MRI imaging provides high sensitivity and quantitative tracking of the RVG&IRDye800-Gd2O3, essential anatomical
information is also indispensable for accurate tumor imaging. To

further supplement the MRI results and realize the intraoperative
imaging-guided tumor resection, fluorescence imaging with high
sensitivity was used to investigate the RVG&IRDye800-Gd2O3 in
neuroblastoma-bearing mice. As the RVG&IRDye800-Gd2O3 exhibited significant fluorescence signal enhancement in vitro (Fig. 6d),
in vivo fluorescence imaging of neuroblastoma-bearing mice was
conducted before and after an intravenous injection of the
RVG&IRDye800-Gd2O3 at a dose of 1000 lg/kg according to the fluorescence properties of RVG&IRDye800-Gd2O3 in vitro. A positive
fluorescence signal enhancement in the tumor was observed at
2 h postinjection of the RVG&IRDye800-Gd2O3, and the fluores-
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Fig. 7. In vivo biodistribution of RVG&IRDye800-Gd2O3 TNs and IRDye800-Gd2O3
TNs 4 h after injection analysis through ICP-AES (n = 5).

cence intensity in the tumor was enhanced with time extending
and reached a peak at 4 h postinjection. The signal decreased
slowly 8 h after injection. Similar to the MRI results, this indicated
not only effective targeting but also a rapid metabolism process of
the TNs in the tumor region. Further, the quantitative analysis of
the in vivo biodistribution 4 h after injection of the nanoplates
was performed using ICP-AES. As shown in Fig. 7, there was significant accumulation of the nanoplates at the tumor site, and most
importantly, compared with IRDye800-Gd2O3 TNs, there was accumulation of more RVG&IRDye800-Gd2O3 TNs at the tumor site
(2.80-fold). The high accumulation amount of the nanoplates,
high imaging contrast, and favorable residence time in the tumor
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make the RVG&IRDye800-Gd2O3 TNs an excellent contrast agent
for both MRI and fluorescence imaging in vivo.
For a more intuitive observation of the detection sensitivity of
the nanoplates in a murine cancer model of brain orthotropic
transplantation tumor, the skull was surgically opened 4 h after
intravenously injecting the RVG&IRDye800-Gd2O3 TNs (1000
lg/kg), and the brains were extracted. The fluorescence images
of the brain were obtained using the molecular imaging navigation
system developed by our group (Fig. 8a) or an IVIS spectrum imaging system (PerkinElmer, USA) (Fig. 8c). The fluorescence images of
the brain showed that the locations of the fluorescence signals
were in acceptable accordance with the locations of the neuroblastoma according to the black and white photographs and color photographs, with nearly no signal intensity in the normal brain
tissues (Fig. 8). Quantitative analysis of the detection sensitivity
of nanoplates suggests that signal intensities from the tumor were
approximately threefold to fivefold larger than the intensity from
the surrounding normal brain tissues (data not shown). The neuroblastoma was then analyzed by histological analysis (Fig. 8c) to
further confirm the accuracy of the nanoplates to detect the tumor.
However, when pretreated with the RVG peptide, there were no
signals at the tumor site (Fig. 8b), further indicating the adequate
tumor targeting ability and specificity of the RVG&IRDye800Gd2O3 TNs for the neuroblastoma in the brain. The amount of the
RVG&IRDye800-Gd2O3 TNs taken up was analyzed using an
ICP-AES (28.32 ± 2.56%ID/g 4 h after RVG&IRDye800-Gd2O3 TN injection and 5.12 ± 1.47%ID/g 4 h after RVG&IRDye800-Gd2O3 TN injection, which were pretreated with the RVG peptide). These findings
also indicated that the RVG&IRDye800-Gd2O3 TNs could precisely
detect the margins of the neuroblastoma in the surgical operation.
The live fibered confocal fluorescence microscope was used to
provide the microscopic images of living tissues, which could be
used to confirm the location of the RVG&IRDye800-Gd2O3 and
the distribution of the microvascular network in the tissues of

Fig. 8. (a–b) Intraoperative detection of the orthotropic neuroblastoma: a) intravenously injected with RVG&IRDye800-Gd2O3 TNs, b) pretreating with 1000 lg RVG peptide
before intravenously injected with RVG&IRDye800-Gd2O3 TNs; (c) Photography of the orthotropic neuroblastoma in organ and tissues level.
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Fig. 9. Representative live fibered confocal fluorescence microscopic (FCFM) images of the orthotopic neuroblastoma models and normal brain tissues (the green fluorescence
is the signal of the probe, the red fluorescence is the signal of the Evans blue, which was used to visualize the microvascular network and the orange fluorescence is the
mergence of these two colors). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Survival rate of the mice after different treatment. (Control T TNs:
RVG&IRDye800-Gd2O3 TNs only; Control NT TNs: IRDye800-Gd2O3 TNs only; T TNs
guided surgery: RVG&IRDye800-Gd2O3 TNs guided surgery; NT TNs guided surgery:
RDye800-Gd2O3 TNs guided surgery).

interest [27]. The location of the RVG&IRDye800-Gd2O3 and the
distribution of the microvascular network in tumor tissues and
normal brain tissues are depicted in Fig. 9. At 4 h post injection,
the fluorescence signal in the tumor of both neuro 2a and SHSY5Y exhibited significant enhancement, and the signal-to-

background noise ratio of the fluorescence in the tumor was
approximately 3–5 times higher than that in the normal brain tissues, which is in consistence with the results obtained in the
in vivo fluorescence imaging experiment at the same time point.
Compared with the nontargeting triangular nanoplates, the fluorescence signal at the tumor site also increased to threefold to fivefold, which indicated that our targeting probe significantly
increased their distribution at the tumor site, which is helpful in
the diagnosis and treatment of the neuroblastoma.
Furthermore, with the guidance of RVG&IRDye800-Gd2O3 TNs
in the process of the operation, the survival time of the mice
increased, and compared with the survival time with IRDye800Gd2O3 TNs, the survival rate increased from 50% to 80% 42 days
after surgery (Fig. 10). These results indicated that our targeting
triangular nanoplates have the potential to guide the surgery and
remarkably increased the survival rate of the mice. Most importantly, histological studies were conducted to certify biocompatibility of the RVG&IRDye800-Gd2O3. As shown in Fig. 11, after
injection of the targeting or nontargeting triangular nanoplates,
no acute toxicity or long-term toxicity was observed compared
with the PBS control group, which indicated that our probe has
adequate biocompatibility and has the potential to be used for
accurate diagnosis and precise excision in human neuroblastoma.
4. Conclusions
In summary, we have successfully developed RVG-targeting
IRDye800-conjugated BSA-coated triangular gadolinium oxide
nanoplates to achieve MRI for the diagnosis of the neuroblastoma
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Fig. 11. H&E-stained images of major organs collected from control, RVG&IRDye800-Gd2O3 TNs and IRDye800-Gd2O3 TNs groups; bars represent 50 lm.

preoperation and fluorescence imaging guidance for the precise
excision of the neuroblastoma. The in vivo MRI/fluorescence
dual-modality imaging of RVG&IRDye800-Gd2O3 TNs is helpful to
visualize the biodistribution of the nanoplates in the process of
the disease diagnosis and depict the margins of the tumor in real
time for the excision of the neuroblastoma. Compared with
IRDye800-Gd2O3 TNs, the RVG&IRDye800-Gd2O3 TNs exhibited
significantly increased tumor accumulation and survival time after
imaging-guided surgery. We believed that RVG&IRDye800-Gd2O3
TNs have great potential for the detection and precise resection
of the neuroblastoma and have the potential to improve the diagnosis and treatment of patients with neuroblastoma.
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