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ABSTRACT
Effective early detection shows the potential to reduce breast cancer mortality. This study aimed 
to establish a targeted contrast agent for Magnetic Resonance Imaging (MRI)/ultrasound dual- 
modality molecular radiography for breast cancer. The cyclic arginine-glycine-aspartate- 
gadopentetic acid-polylactic acid (cRGD and Gd-DTPA) coated by multi-functional blank poly 
(lactic-co-glycolic acid) (PLGA) nanoparticles) was successfully constructed by chemical synthesis 
method with high stability. The safety of cRGD-Gd-DTPA-PLGA was demonstrated in vitro and 
in vivo, and their affinity to breast cancer cells was revealed. Moreover, MRI/ultrasound dual- 
modality molecular radiography in vitro showed that as the concentration of contrast agent 
increased, the echo enhancement and signal intensity of MRI imaging were also elevated. The 
mouse models of human breast cancer also indicated significant target enhancements of cRGD- 
Gd-DTPA-PLGA magnetic nanoparticles in the mouse tumor. Thus, cRGD-Gd-DTPA-PLGA magnetic 
nanoparticles were suggested as qualified MRI/ultrasound dual-modality molecular radiography 
contrast agent. We further explored the targeting mechanism of cRGD-Gd-DTPA-PLGA in breast 
cancer. The results showed that αvβ3 was highly expressed in breast cancer tissues, and cRGD-Gd- 
DTPA-PLGA used for MRI/ultrasound dual-modality molecular radiography by targeting αvβ3. 
Additionally, we found that the signal-to-noise ratio of MRI was positively correlated with micro-
vessel density (MVD). The cRGD-Gd-DTPA-PLGA dynamicly and quantitatively monitored breast 
cancer by monitoring the state of neovascularization. In conclusion, in the present study, we 
successfully constructed the cRGD-Gd-DTPA-PLGA magnetic nanoparticles for MRI/ultrasound 
dual-modality molecular radiography. The cRGD-Gd-DTPA-PLGA showed potential in early detec-
tion and diagnosis of metastasis, and dynamic evaluation of the efficacy of molecular targeted 
therapy of integrin αvβ3.
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Introduction
Breast cancer is the most common female malig-
nant tumor and the leading cause of cancer death 
in women [1]. The incidence of breast cancer are 
rising, especially in some economically developed 
regions, and tends to occur in younger women [2]. 
With the deepening of breast cancer tumor marker 
research, the development of imaging diagnostic 
technology and the continuous advancement of 
omics technology, the diagnostic level of breast 
cancer has improved [3,4]. However, effective 
methods for the early specific diagnosis of breast 
cancer remain to be investigated. The early detec-
tion and standardize diagnosis to reduce mortality 
of breast cancer is still a major challenge.

Imaging is a choice in lung and breast cancer 
population screening programs. In clinical ima-
ging examinations of breast cancer, ultrasound is 
real-time, fast, convenient, and safe imaging 
method for examination and monitoring, com-
monly used in routine clinical diagnosis. 
Ultrasound imaging can visualize small cancers 
clinically and mammographically hidden in dense 
breasts [5,6]. Magnetic resonance imaging (MRI) 
with good soft tissue resolution can evaluate breast 
tissue density and morphological changes. MRI is 
a highly sensitive for all breast cancers, and has 
a modality-based advantage compared with sono-
graphy and mammography in early examination 
of invasive breast cancer [7,8]. However, the 
inspection lasts longer and cannot be imaged in 
real time, and the patients accessible to MRI are 
limited [8]. Therefore, by integrating the applica-
tion of ultrasound and MRI, we expect to improve 
the efficacy of breast cancer diagnosis as well as 
preserve the diagnostic accuracy.

The development of multimodel imaging and 
molecular biology have provided new opportu-
nities for the exploration of new imaging agents 
of biomedical imaging. Ultrasound contrast agents 
are biocolloids acting as echo-enhancers under an 
ultrasound field. There are various types of ultra-
sound contrast agents, including microbubbles, 
nanobubbles, nanodrops, and echogenic lipo-
somes. Microbubbles and nanobubbles are mainly 
comprised of phospholipids, gas, sulfur hexafluor-
ide, and fluorocarbon [9]. In spite of the wide 
application of the microsized contrast agents, 

their short in vivo half-life results in insufficient 
imaging frames of the target, while nanoparticles 
show longer tumor enhancement time compared 
to microbubbles in vivo [10]. New polymer mate-
rials, such as poly(lactic-co-glycolic acid) (PLGA), 
has also been used to prepare the shell of the 
contrast agent with good compression resistance 
and high stability [11,12]. Thus, in this study, we 
constructed the contrast agent cRGD-Gd-DTPA- 
PLGA magnetic nanoparticles for the first time 
and investigated its practicability for magnetic 
resonance/ultrasound bimodal molecular imaging 
of breast cancer. We used both in vitro and in vivo 
assays and revealed the targeting mechanism of 
cRGD-Gd-DTPA-PLGA magnetic nanoparticles 
used for MRI/ultrasound imaging. The exploration 
and advancement of contrast agents may promote 
the development of MRI/ultrasound imaging and 
the early diagnosis of breast cancer.

Integrin αvβ3 receptors are highly expressed on 
the surface of various malignant tumor cells, espe-
cially in the neovascular endothelial cell mem-
brane of malignant tumor tissues, while in 
mature vascular endothelial cells and most normal 
organ systems αvβ3 are not expressed and can 
hardly be detected [13]. Small molecule peptides 
containing arginine-glycine-aspartic acid (RGD) 
sequence are integrin αvβ3 receptor antagonists, 
with a high degree of selectivity and affinity for 
integrin αvβ3 receptors, are a class of tumor recep-
tor imaging agent with potential clinical applica-
tion value [14,15].

This study aimed to investigate the suitability 
and practicability of cRGD-Gd-DTPA-PLGA 
nanoparticles as the targeted contrast agent for 
MRI/ultrasound dual-modality molecular radio-
graphy in breast cancer. We assumed that cRGD- 
Gd-DTPA-PLGA magnetic nanoparticles used for 
MRI/ultrasound imaging by targeting αvβ3. This 
study may provide prospects in the early diagnosis 
of breast cancer.

Materials and methods

Construction of cRGD-Gd-DTPA-PLGA

The cRGD-Gd-DTPA-PLGA was constructed 
based on the previous studies [16]. The sodium 
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periodate (NaIO4, 11.1 mg) was distilled in 0.2 ml 
of distilled water and mixed thoroughly. Then, 
1 ml of Gd-DTPA was added to NaIO4 solution 
and shake well at room temperature for 30 min. 
Next, the mix was immediately reduced by 1 ml of 
ethylene glycol reducing solution and placed at 
room temperature for 30 min, then 5 mg cRGD 
was added, mixed overnight, and added into 100 μl 
of sodium borohydride solution, placed it in 
a refrigerator at 4°C for 2 h to obtain the targeted 
molecular probe cRGD-Gd-DTPA. Finally, the 
cRGD-Gd-DTPA was lotus with polylactic acid 
to finish the construction of cRGD-Gd-DTPA- 
PLGA. Transmission electron microscopy (TEM) 
was used to detect the phenotype of cRGD-Gd- 
DTPA-PLGA. Nanocapsule particle size was deter-
mined by Nicomp 380 ZLS particle size- 
potentiometer at 25°C with light intensity to 
300 ± 20 KHz.

Transmission electron microscopy

The cRGD-Gd-DTPA-PLGA was washed briefly 
with PBS and fixed in 2.5% glutaraldehyde in 
0.1 M phosphate buffer (pH 7.4) at room tempera-
ture for 30 min. Next, the pellets were post-fixed 
in 2.0% osmium tetroxide in 0.1 M phosphate 
buffer at 4°C for 2 h, dehydrated in ethanol fol-
lowed by acetone and embedded in LX-112 (Ladd, 
USA). Samples were contrasted with uranyl acetate 
followed by lead citrate and examined in a Hitachi 
HT7700 (Tokyo, Japan) at 80 kV. Digital images 
were taken using a Veleta camera (Olympus, 
Germany).

In vitro ultrasound and magnetic resonance 
imaging (MRI)

The MRI dual-modality imaging in vitro was 
performed as previously reported [17]. A series 
of samples were prepared using PBS buffer solu-
tion in various concentrations, including 0, 5, 10, 
20, 40, and 80 μM. After being fully dispersed by 
ultrasonic in a water bath, the samples have been 
combined with the control sample PBS buffer. 
Ultrasound imaging was performed by Aplio500 
color Doppler ultrasound system. MRI was per-
formed by GE Discovery 750 under 3 T magnetic 
field strength. A small animal coil was used to 

scan with the following parameters: field of view 
area 25 mm × 62 mm, layer thickness 1.0 mm, 
repetition time (TR) = 5000 ms, back wave time 
(TE) = 10.6 ms-53 ms. The sequence multicon-
trast-spin echo was pulsed, and the scan data was 
recorded and reconstructed to obtain the T2- 
weighted MRI image. Finally, the results were 
recorded and the corresponding transverse 
relaxation time (T2 value) and the relaxation 
rate (r2) of the sample were calculated.

Cell line, culture and treatment

Human breast cancer cell line MCF-7 and MDA- 
MB-435S cells and the normal breast cell MCF10A 
line were purchased from the American Type 
Culture Collection (ATCC). Cells were cultured 
in DMEM medium supplemented with 10% fetal 
bovine serum (FBS, Gibco, USA) under 37°C with 
5% CO2. For further experiment, MCF-7 and 
MDA-MB-435S cells were incubated for 1 h at 
37°C in an incubator containing 5% CO2 under 
95% saturation humidity under treatment of 
cRGD-Gd-DTPA-PLGA.

Cytotoxicity analysis of cRGD-Gd-DTPA-PLGA

Cytotoxicity of cRGD-Gd-DTPA-PLGA to cells 
was examined by a MTT assay in vitro [18]. 
Briefly, 1 × 106 MCF-7 cells were incubated in 
a 96-well plate and the cells were harvested at 0, 
12 h, 24 h, and 48 h after incubation with cRGD- 
Gd-DTPA-PLGA. Then, 100 μL of cell suspension 
were incubated with 10 μL of MTT for 4 h after 
washing with PBS. The absorbance was detected in 
the 96-well plate by a microplate reader at 450 nm. 
For in vivo assays, 20 healthy mice were randomly 
divided into 2 groups, including control and 
cRGD-Gd-DTPA-PLGA group in different con-
centrations, respectively. Blood routine examina-
tion and liver and kidney function analysis were 
performed. Histopathological analyses of liver, 
kidney, and other important organs were detected 
by H&E staining.

Analysis of αvβ3 affinity

The MCF-7 cells (1 × 106 cells) were cultured in 
DMEM medium supplemented with 10% fetal 
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bovine serum (FBS, Gibco, USA) under 37°C with 
5% CO2. The cells were treated with DiI-labeled 
cRGD-Gd-DTPA-PLGA when they reached 70– 
90% confluence and continued the incubation for 
12 h. Then the fluorescence was detected by 
a fluorescence microscope (Olympus). Flow cyto-
metry analysis was used to detect the affinity 
between cRGD-Gd-DTPA-PLGA magnetic nano-
particles and MCF-7 cells and MDA-MB-435S 
cells.

Tumor-bearing nude mouse model of human 
breast cancer

Fifteen female weighted 20–25 g at 10 weeks were 
purchased from Beijing Vital River Laboratory 
Animal Technology Co., Ltd., (Beijing, China) 
and bred in SPF animal laboratory at 21–23°C 
under a 12 h light and dark cycle. Tumor-bearing 
nude mouse model was established by injecting 
subcutaneously with 100 μL MCF-7 cells (5 × 107 

cells/mL) in the anterior shoulder [19]. 
Subsequently, the tumor-bearing nude mice were 
injected with cRGD-Gd-DTPA-PLGA magnetic 
nanoparticles at 14 days after model establishment 
by tail vein injection. Then the nude mice were 
selected for ultrasound and MRI. All the experi-
ments were approved by the Ethics Committee our 
school (GLMC202003011).

In vivo ultrasound and magnetic resonance 
imaging

The animals were anesthetized by intraperitoneal 
injection of 3% sodium pentobarbital (1 ml/100 g). 
The ultrasound treatment of the tumor was 
assessed using GE Vivid E7 ultrasonic diagnostic 
equipment, ML6-15 probe, frequency 15 MHz, 
imaging depth 2 cm. MRI was performed on 
a 3.0 T MRI scanner (GE Discovery MR 750, 
3.0 T). In order to obtain the maximum signal-to- 
noise ratio image, the orthogonal knee joint coil 
was adopted. The scan sequence used time-of- 
flight (TOF) 3D fast gradient echo sequence. 
Parameters were as follows: TR/TE = 22/5.7 ms, 
excitation angle = 15°, FOV = 8 cm × 6 cm, 
matrix = 512 × 512, layer thickness = 1.2 mm. 
Contrast to noise ratio (CNR) was used to measure 
and analyze the video intensity before and after 

contrast. CNR = ROI signal intensity-signal inten-
sity of surrounding muscle tissue/background 
noise signal intensity.

Hematoxylin-eosin (H&E) staining

The mouse tissues from different organs after dif-
ferent treatment were obtained and sliced into 
4um sections and embedded in paraffin. For 
H&E staining [20], deparaffinized sections were 
stained with hematoxylin staining solution for 3– 
5 min followed by differentiation, return blue, and 
then the slices were rinsed with running water. 
Next, they were stained with eosin staining solu-
tion for 5 min after being dehydrated with 85% 
and 95% gradient alcohol for 5 min. Finally, the 
slices were dehydrated and sealed with neutral 
gum. Images in different fields were taken by 
a microscope (Olympus).

Immunofluorescence staining

Immunofluorescence staining was used to detect the 
expression and distribution of αvβ3 and CD31 in 
breast cancer tumor tissues as previously described 
[21]. Briefly, frozen section of tumor tissue was fixed 
with 4% paraformaldehyde, embedded in paraffin 
and sliced into 4um sections. After being blocked 
with 10% goat serum for 15 min, the sections were 
then incubated with primary antibodies including 
anti-αvβ3 (Abcam) and anti-CD31 (Abcam) over-
night at 4°C. Subsequently, the cells were incubated 
with the secondary antibody Goat Anti-Mouse IgG 
H&L (Alexa Fluor® 488) (Abcam) for 1 h at 37°C in 
the dark. Then, the slices were counterstained with 
0.1 µg/ml Hoechst (Sigma-Aldrich) for 5 min. 
Images were taken using a fluorescent microscope 
(OLYMPUS, IX71). Microvessel density (MVD) was 
calculated by the CD31 immunofluorescence signal.

Statistical analysis

The data were presented as the mean ± standard 
deviation (SD) and analyzed by SPSS 19.0 software 
(SPSS Inc., USA). Differences between two groups 
and among more than two groups were analyzed 
using unpaired t test and one-way analysis of 
variance (ANOVA), respectively. P < 0.05 was 
considered statistically significant.
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Results

In this study, we constructed the cRGD-Gd-DTPA- 
PLGA nanoparticles and investigated their role as the 
targeted contrast agent for MRI/ultrasound dual- 
modality molecular radiography. We hypothesized 
that cRGD-Gd-DTPA-PLGA magnetic nanoparticles 
were used in MRI/ultrasound imaging by targeting 
αvβ3. The results of in vitro and in vivo assays indi-
cated that cRGD-Gd-DTPA-PLGA nanoparticles 
were safe and stable contrast agents, which bound to 
the breast cancer cells in vitro, and showed qualified 
results in MRI/ultrasound dual-modality molecular 
radiography. Moreover, in the breast cancer mouse 
model, cRGD-Gd-DTPA-PLGA was demonstrated 
to target αvβ3. The positive correlation between sig-
nal-to-noise ratio of MRI and microvessel density 
(MVD) also suggested the role of cRGD-Gd-DTPA- 
PLGA to monitor breast cancer progression via 
reflecting the state of neovascularization.

Characteristic analysis of cRGD-Gd-DTPA-PLGA 
magnetic nanoparticles

The cRGD-Gd-DTPA-PLGA magnetic nanoparti-
cles were successfully constructed according to the 
synthetic pathway shown in Figure 1). Transmission 
electron microscope (TEM) analysis indicated that 

the cRGD-Gd-DTPA-PLGA magnetic nanoparticles 
were spherical and numbers of Gd particles were 
evenly distributed in the shell structure (Figure 1)) 
with an average size about 31 ± 2.87 nm detected by 
Nicomp 380 ZLS particle size-potentiometer (Figure 
1)). The longitudinal (r1) and transversal (r2) relax-
ivities of cRGD-Gd-DTPA-PLGA magnetic nano-
particles were shown in Figure 1).

Safety assessment of cRGD-Gd-DTPA-PLGA 
magnetic nanoparticles

In order to ensure the safety of cRGD-Gd-DTPA- 
PLGA magnetic nanoparticles, cytotoxicity of 
cRGD-Gd-DTPA-PLGA magnetic nanoparticles 
was measured both in vitro and in vivo. The results 
of MTT assay showed that the proliferation of MCF- 
7 cells was not significantly affected after the treat-
ment of different concentrations of cRGD-Gd- 
DTPA-PLGA magnetic nanoparticles, including 0, 
10, 20, 40, and 80 μM (Figure 2)). Flow cytometry 
analysis indicated that the apoptosis rate of breast 
cancer cells was less than 10% when the concentra-
tion of cRGD-Gd-DTPA-PLGA magnetic nanopar-
ticles reached 80 μM (Figure 2)). H&E staining 
analysis indicated that all tissues and organs pre-
sented normal cell morphology, clear boundary, 

Figure 1. Characteristic analysis of cRGD-Gd-DTPA-PLGA magnetic nanoparticles.
A, Synthetic pathway of cRGD-Gd-DTPA-PLGA magnetic nanoparticles; B, TEM analysis was used to detect the phenotype of cRGD-Gd 
-DTPA-PLGA magnetic nanoparticles; C, Average size of cRGD-Gd-DTPA-PLGA magnetic nanoparticles was detected by Nicomp 380 
ZLS particle size-potentiometer; D, The longitudinal (r1) and transversal (r2) relaxivities of cRGD-Gd-DTPA-PLGA magnetic 
nanoparticles. 
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and orderly tissue structure without inflammation 
and cell injury, including heart, liver, spleen, kidney, 
lung, tumor, and muscle (Figure 2)). Furthermore, 
we found that the contents of alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST), urea 
nitrogen (BUN), and creatinine (CREA) in serum 
were not significantly changed under the treatment 
of different concentrations of cRGD-Gd-DTPA- 
PLGA magnetic nanoparticles compared with the 
control group (Figure 2)). In addition, the blood 
routine, liver, and kidney functions were also not 
affected in all mouse groups treated with different 
concentrations of cRGD-Gd-DTPA-PLGA magnetic 
nanoparticles (Figure 2)). These results indicated 
that cRGD-Gd-DTPA-PLGA magnetic nanoparti-
cles are safe contrast agents.

Ability of cRGD-Gd-DTPA-PLGA to bind with 
tumor cells in vitro
The binding ability of cRGD-Gd-DTPA-PLGA 
to MCF-7 and MDA-MB-435S cells was 
observed via laser confocal microscopy, with 
MCF10A cells as the control group. As shown 
in Figure 3), a large number of DiI-labeled 
cRGD-Gd-DTPA-PLGA nanoparticles were 
observed around MCF-7 and MDA-MB-435S 
cell membranes. In contrast, no DiI labeled 
cRGD-Gd-DTPA-PLGA nanoparticles were 
found around MCF10A cells. Flow cytometry 
analysis showed that the affinity of cRGD-Gd- 
DTPA-PLGA magnetic nanoparticles to MCF-7 
and MDA-MB-435S cells was significantly higher 
than to MCF10A cells (Figure 3)).

Figure 2. Safety assessment of cRGD-Gd-DTPA-PLGA magnetic nanoparticles.
A, MTT was used to detect the proliferation of MCF-7 cells treated with different concentration of cRGD-Gd-DTPA-PLGA 
magnetic nanoparticles, including 0, 10, 20, 40, and 80 μM; B, Flow cytometry analysis was used to detect the apoptosis 
with different concentrations of cRGD-Gd-DTPA-PLGA magnetic nanoparticles; C, H&E staining was used to detect the 
inflammation and cell injury of heart, liver, spleen, kindey, lung, tumor and muscle; D, The contents of ALT, AST, BUN, and 
CREA in serum after the treatment with different concentrations of cRGD-Gd-DTPA-PLGA magnetic nanoparticles; E, The 
blood routine, liver and kidney function affected in all mice treated with different concentrations of cRGD-Gd-DTPA-PLGA 
magnetic nanoparticles. 
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In vitro MRI/ultrasound dual-modality molecular 
radiography

To explore the ability of cRGD-Gd-DTPA- 
PLGA magnetic nanoparticles as MRI/ultra-
sound contrast agent, the MRI/ultrasound dual- 
modality molecular radiography in vitro was 
performed. The results of ultrasound imaging 
showed obvious echo enhancement in the 
lumen, which was manifested as dense, fine 
dot-like strong echoes, and no obvious sound 
shadow was observed in the rear. The echo 
enhancement in the form of fine dots continued 
to increase as the concentration of the contrast 
agent increased (Figure 4)). The MRI imaging 
with cRGD-Gd-DTPA-PLGA magnetic nano-
particles under 3 T magnetic field strength 
showed a higher signal intensity in the T2- 
weighted image and the T1/T2 value increased 
as the concentration of the contrast agent 

increased (Figure 4)). The r value of cRGD-Gd- 
DTPA-PLGA was 0.9778 (Figure 4)). The 
results of the MRI in vitro indicated that 
cRGD-Gd-DTPA-PLGA magnetic nanoparticles 
are qualified MRI/ultrasound dual-modality 
molecular radiography contrast agent.

In vivo MRI/ultrasound dual-modality molecular 
radiography

We further investigated the function of cRGD-Gd- 
DTPA-PLGA magnetic nanoparticles as MRI/ultra-
sound contrast agent in vivo. The cRGD-Gd-DTPA- 
PLGA magnetic nanoparticles were injected into 
tumor-bearing mice via the vena caudalis at 
42 µmol Gd/kg. Mice were scanned at 
15 min, 30 min, 1 h, 2 h, and 3 h following the 
contrast injection. The results of ultrasound imaging 
indicated that the contrast enhancement was 

Figure 4. In vitro MRI/ultrasound dual-modality molecular radiography.
A, Ultrasound imaging detected by the Aplio 500 ultrasound imaging system with different concentrations of cRGD-Gd-DTPA-PLGA 
magnetic nanoparticles; B, The MRI imaging with cRGD-Gd-DTPA-PLGA magnetic nanoparticles under 3 T magnetic field strength; C, 
The r value of cRGD-Gd-DTPA-PLGA in the T2-MRI imaging. *P < 0.05, **P < 0.01 vs. 0 μM. 

Figure 3. Ability of cRGD-Gd-DTPA-PLGA to bind tumor cells in vitro.
A, Laser confocal microscope was used to observe cRGD-Gd-DTPA-PLGA magnetic nanoparticles binding to MCF-7 and MDA-MB 
-435S cells; B, Flow cytometry analysis was used to detect the affinity of cRGD-Gd-DTPA-PLGA magnetic nanoparticles to MCF-7 and 
MDA-MB-435S cells. **P < 0.01 vs. Control. 
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uniform and fine, and the tumor outline was clear 
and complete. The contrast intensity increased as 
time increased compared with the control group 
(Figure 5)). T2-weighted MRI showed that the 
tumor signal was brighter than that of the other 
tissues. The tumor boundary was also distinct and 
the signal intensities of the tumors were enhanced to 
a maximum 1 h after injection, and then gradually 
decreased (Figure 5)). The signal-to-noise ratio of 
the tumor was maximal 2 h after injection and then 
gradually decreased (Figure 5)). The enhanced sig-
nal–time curve (AuC) of cRGD-Gd-DTPA-PLGA 
was calculated by the trapezoidal method. The 
results showed that cRGD-Gd-DTPA-PLGA exhib-
ited significant target enhancements in the tumor as 
contrast agent for MRI/ultrasound (Figure 5)).

The cRGD-Gd-DTPA-PLGA was used for MRI by 
targeting αvβ3

The targeting mechanism of cRGD-Gd-DTPA- 
PLGA used for MRI/ultrasound dual-modality 
molecular radiography was further explored. 
Colocalization analysis between cRGD-Gd- 
DTPA-PLGA and αvβ3 distribution in vivo was 
performed. H&E staining analysis showed the 
inflammatory cell infiltration in tumor tissues 
(Figure 6)). Western blot analysis showed that 
the protein expression of αvβ3 was significantly 
elevated in the breast cancer tumor tissues com-
pared with the control group (Figure 6)). 
Further analysis indicated that cRGD-Gd-DTPA- 
PLGA uptake and αvβ3 expression were signifi-
cantly increased in the tumor bearing mice 

Figure 5. In vivo MRI/ultrasound dual-modality molecular radiography.
A, Ultrasound imaging with cRGD-Gd-DTPA-PLGA contrast scanned at 15, 30 min, 1, 2 and 3 h following contrast injection; B, T2- 
weighted MRI for the tumor at 15, 30 min, 1, 2, and 3 h following contrast injection; C, The signal-to-noise ratio of the tumor; D, The 
enhanced signal–time curve (AuC) of cRGD-Gd-DTPA-PLGA was calculated by the trapezoidal method. *P < 0.05, **P < 0.01 vs. 
Control. 
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group compared with the control group. 
Moreover, the signal of cRGD-Gd-DTPA-PLGA 
was overlapped with the immunofluorescence 
signal of αvβ3 (Figure 6)), which suggested that 
the cRGD-Gd-DTPA-PLGA was used for MRI/ 
ultrasound dual-modality molecular radiography 
by targeting αvβ3.

Correlation analysis between signal-to-noise 
ratio of MRI and microvessel density (MVD)

To explore the correlation between signal-to- 
noise ratio of MRI and MVD, the correlation 
analysis between signal-to-noise ratio of MRI 
and MVD was performed. As shown in Figure 
7), the results of CD31 immunofluorescence 
staining analysis showed that the expression of 
CD31 was increased in the tumor tissues com-
pared with the control group. According to the 
fluorescence signaling, MVD was also signifi-
cantly elevated in breast cancer tumor compared 
with the control group (Figure 7)). Correlation 
analysis between signal-to-noise ratio of MRI and 
MVD showed that the signal-to-noise ratio of 
MRI is positively correlation with MVD (Figure 
7)), which indicated that cRGD-Gd-DTPA-PLGA 
dynamically and quantitatively monitored breast 

cancer progression in mouse models by reflecting 
the state of neovascularization.

Discussion

Increasing studies have revealed the advancement 
in the treatment of breast cancer due to the in- 
depth research on cancer pathogenesis [22]. 
However, effective methods for the early specific 
diagnosis of breast cancer remain to be explored. 
Molecular imaging technology, with the advan-
tages of non-invasiveness and high specificity, 
can realize the early and specific diagnosis of dis-
eases at the molecular and cellular level, plays an 
important role in the diagnosis of tumors [23]. In 
the present study, we established cRGD-Gd-DTPA 
-PLGA magnetic nanoparticles which were used 
for MRI/ultrasound dual-modality molecular 
radiography in breast cancer mouse models by 
targeting αvβ3.

The exploration of contrast agents promotes the 
development of MRI/ultrasound imaging and the 
early diagnosis of breast cancer. Multi-labeled par-
ticles are demanded because they can combine the 
strengths of different diagnostic methods, such as 
MRI and ultrasound [24,25]. The Gadolinium 
(Gd) with paramagnetic properties and shortened 
the T1 relaxation times of hydrogens in 

Figure 6. The cRGD-Gd-DTPA-PLGA used for MRI by targeting αvβ3.
A, H&E staining was used to detect the inflammatory cell infiltration in tumor tissues; B, Western blot analysis was used to detect the 
protein expression of αvβ3 in the tumor tissues; C, MRI signal with cRGD-Gd-DTPA-PLGA and the immunofluorescence signal of αvβ3 
in the tumor bearing mice. **P < 0.01 vs. Control. 
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neighboring water molecules, generate bright con-
trast on T1 images. The contrast agents use both 
linear and macrocyclic ligands, such as DTPA or 
DOTA [26]. However, they also have the disad-
vantage that cellular resolution is not provided, 
making it difficult to find distinct pathologies. 
Increasing attention has also been paid to PLGA 
particles as a promising platform for the develop-
ment of multifunctional devices. Studies have 
claimed that the acoustic properties can be con-
trolled by controlling the chemical compositions 
and the molecular weight of the polymers [27,28]. 
In this study, we tried to construct the contrast 
agent cRGD-Gd-DTPA-PLGA magnetic nanopar-
ticles used for MRI/ultrasound dual-modality 
molecular radiography. Clinical contrast agents 
used for MRI are accompanied with short life 
span for solid tumors and low aggregation around 
the tumors due to their low molecular weights 
[29]. To incorporate the contrast agents into 

nanoparticles, we found that the signal intensity 
was enhanced in vitro and significant target 
enhancements were achieved in vivo.

Integrin αvβ3 receptors are highly expressed on 
the surface of tumors and some tumor cells. In 
recent years, molecular imaging studies of targeted 
integrins have made great progress, and are gra-
dually applied in clinical practice. Previous studies 
have revealed that αvβ3 play the role as a unique 
receptor for the RGD motif, and RGD-containing 
peptides can specifically bind to integrins with 
high affinity and are widely used to construct 
targeted molecular probes, including PET, MRI, 
ultrasound, and multimodal imaging probes [30]. 
Based on this, this promising RGD compound 
targeting αvβ3 can be used for the early tumor 
imaging and drug delivery of breast cancer 
[31,32]. For example, a TAB-based cancer- 
targeting fluorescence probe TAB-3-cRGD has 
been successfully established and achieved the 

Figure 7. Correlation analysis between signal-to-noise ratio of MRI and microvessel density (MVD).
A, Immunofluorescence staining was used to detect the expression of CD31; B, MVD was calculated according to the fluorescence 
signaling strength in tumor; C, Correlation analysis between signal-to-noise ratio of MRI and MVD. **P < 0.01 vs. Control. 
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specific imaging of cancer cells and the in vivo 
imaging of the U87MG tumor in a mouse model 
[30]. In this study, we constructed the cRGD-Gd- 
DTPA-PLGA magnetic nanoparticles used for 
MRI/ultrasound dual-modality molecular radio-
graphy. As a multimodality and stable contrast 
agent for both MRI and ultrasound imaging, we 
have demonstrated that cRGD-Gd-DTPA-PLGA 
magnetic nanoparticles enhanced both the ultra-
sound imaging and the signal intensity of MRI and 
relaxation property in vitro and in vivo. We also 
revealed the cRGD-Gd-DTPA-PLGA was used for 
MRI/ultrasound imaging by targeting αvβ3.

In clinical practice, different imaging modes 
have their own advantages and disadvantages. 
The use of multi-mode contrast agents for multi- 
mode imaging has attracted increasing attention. 
Ultrasound contrast agent can significantly 
enhance the backscattered signal, and show 
clearer contrast on the image, complementing 
ordinary ultrasound information in diagnosis 
[33]. MRI and MRI-enhanced angiography with 
good soft tissue resolution, clearly show the 
lesion with high contrast resolution. Therefore, 
the dual-mode contrast agent with the function 
of imaging under ultrasound and MRI may 
improve the clinical diagnosis and treatment of 
breast cancer [34]. In this study, cRGD-Gd- 
DTPA-PLGA magnetic nanoparticles with high 
safety were constructed, which was capable of 
performing dual-mode imaging at the same 
time under both ultrasound and magnetic reso-
nance imaging equipment, and enhanced both 
the ultrasound imaging and the signal intensity 
of MRI and relaxation property.

In conclusion, we revealed that cRGD-Gd- 
DTPA-PLGA could be used as a multimodality 
and stable contrast agent for MRI/ultrasound dual- 
modality molecular radiography by targeting αvβ3. 
This contrast agent enhanced the ultrasound ima-
ging and the signal intensity of MRI and relaxation 
property in vitro and in vivo. The signal-to-noise 
ratio of MRI was positively correlated with MVD, 
suggesting that cRGD-Gd-DTPA-PLGA dynami-
cally and quantitatively monitored breast cancer 
in nude mouse model by reflecting the state of 
neovascularization. The findings of our study 

may shed light on the exploration of contrast 
agents for multimodal imaging.

Conclusion

In summary, we constructed the targeted con-
trast agent cRGD-Gd-DTPA-PLGA magnetic 
nanoparticles for MRI/ultrasound dual-modality 
molecular radiography for the first time. We also 
demonstrated that cRGD-Gd-DTPA-PLGA mag-
netic nanoparticles were safe contrast agents for 
MRI/ultrasound imaging. The cRGD-Gd-DTPA- 
PLGA nanoparticles bound to the breast cancer 
cells, and showed qualified results in MRI/ultra-
sound dual-modality molecular radiography. The 
cRGD-Gd-DTPA-PLGA was used for MRI/ultra-
sound imaging by targeting αvβ3. The findings 
of this study may provide options in the 
exploration of contrast agents for multimodal 
imaging.
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