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Abstract

Integrin αvβ3 and aminopeptidase N (APN, also known as CD13) are two important targets 

involved in the regulation of angiogenesis, tumor proliferation, invasion, and metastasis. In this 

study, we developed a heterodimeric tracer consisting of arginine–glycine-aspartic (RGD) and 

asparagine–glycine-arginine (NGR) peptides targeting αvβ3 and CD13, respectively, for PET 

imaging of breast cancer. The NGR peptide was first modified with N3-NOtB2 and then 

conjugated to BCN-PEG4-c(RGDyK) via copper-free click chemistry. The resulting precursor was 

purified and radiolabeled with gallium-68. Small-animal PET/CT imaging and post-imaging 

biodistribution studies were performed in mice bearing human breast cancer MCF-7, MDA-

MB-231, MDA-MB-468, and MX-1 xenografts and pulmonary metastases models. The expression 

levels of αvβ3 and CD13 in tumors were checked via immunochemical staining. The 

heterodimeric tracer was successfully synthesized and radiolabeled with gallium-68 at a molar 

activity of 45–100 MBq/nmol at the end of synthesis. It demonstrated high in vitro and in vivo 

stability. In static PET/CT imaging studies, the MCF-7 tumor could be clearly visualized and 

exhibited higher uptake at 30 min post injection of 68Ga-NGR-RGD than that of either 68Ga-RGD 

or 68Ga-NGR alone. High specificity was shown in blocking studies using Arg-Gly-Asp (RGD) 

and Asp-Gly-Arg (NGR) peptides. The MCF-7 tumor exhibited the highest uptake of 68Ga-NGR-

RGD followed by MDA-MB-231, MDA-MB-468, and MX-1 tumors. This was consistent with 

their expression levels of CD13 and αvβ3 as confirmed by western blot and immunohistochemical 

staining. Metastatic lesions in the lungs were clearly detectable on 68Ga-NGR-RGD PET/CT 

imaging in mouse models of pulmonary metastases. 68Ga-NGR-RGD, a CD13 and αvβ3 dual-

receptor targeting tracer, showed higher binding avidities, targeting efficiency, and longer tumor 
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retention time compared with 68Ga-NGR and 68Ga-RGD. Its promising in vivo performance 

makes it an ideal candidate for future clinical Monomeric translation.
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1. INTRODUCTION

Angiogenesis is an important demand to provide oxygen and nutrients for tumor growth, 

progression, invasion, and metastasis,1,2 making its targeting one of the most attractive 

approaches to the diagnosis and therapy of malignancies.3 Modulation of angiogenesis relies 

on migration and invasion of vascular endothelial cells, which are mainly regulated by 

vascular endothelial growth factor receptors (VEGFRs), matrix metalloproteases (MMPs), 

and cell adhesion receptor integrins.4 Biological markers, such as aminopeptidase N (APN/

CD13) and integrins, especially integrin αvβ3, are selectively overexpressed in the 

endothelial cells of proliferating vessels and tumor cells, participating in the progression of 

malignancy, including enhancing the invasiveness of tumor cells, proliferation, and 

angiogenesis.5–8 Given these characteristics, they are widely studied as efficient cell surface 

targets for cancer diagnosis and anticancer therapy.

RGD (Arg-Gly-Asp) and NGR (Asp-Gly-Arg) motifs have been recognized as well-known 

peptide sequences for targeting integrin αvβ3 and CD13, respectively.9 Although a series of 

monoreceptor-targeted tracers based on RGD or NGR have exhibited good in vivo 

performance for tumor imaging, these monoreceptor tracers suffer several drawbacks 

including relatively low binding affinity, short tumor retention time, and low tumor uptake.10 

Since many tumors overexpress multiple receptors, probes that can recognize multiple 

targets could acquire higher targeting affinity and efficiency than those of their 

monoreceptor peers. Therefore, a multivalent interaction strategy, which can convert low-

affinity ligands to high-avidity ones and increases the maximum binding capacity, is a 

promising strategy to overcome these drawbacks.10,11

Breast cancer is the most common type of malignancy diagnosed in women with high 

incidence and mortality rates.12 Among all women diagnosed with breast cancer, 

Gai et al. Page 2

Mol Pharm. Author manuscript; available in PMC 2020 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



approximately 50% of them develop metastases.13 Over 90% of breast cancer-related deaths 

are attributed to metastasis and metastasis-related complications.14 The commonest sites of 

metastatic spread are the lungs, bone, liver, and brain. In particular, lung metastases tend to 

occur within five years of initial diagnosis of breast cancer.15 Therefore, diagnosis and 

metastasis detection are essential for management of breast cancer. In breast cancer, the 

expression levels of αvβ3 and CD13 in serum and tumor tissue were correlated with tumor 

type, neoangiogenesis, invasiveness, metastasis, and overall survival, serving as poor 

prognostic factors.16,17 Other than diagnosis, the ligands RGD and NGR of αvβ3 and CD13 

also could be applied for cancer therapy, such as anti-angiogenesis drugs and radionuclide 

therapy.1,2,7,18 Therefore, measuring these expression levels may help monitor cancer 

progression and help in the tailoring of treatment plans.

The purpose of this study was to develop a radiolabeled heterodimeric tracer targeting both 

CD13 and integrin αvβ3 and evaluate the feasibility and preclinical diagnosis value of the 

resulting probe (68Ga-NGR-RGD) in breast cancer xenograft mice, compared with 68Ga-

labeled monomeric NGR and RGD tracers. In addition, the utility of 68Ga-NGR-RGD in 

detecting metastatic lesions was also investigated using breast cancer lung metastasis mouse 

models.

2. MATERIALS AND METHODS

2.1. Reagents and Instruments.

[68Ga]GaCl3 was produced with a 68Ge/68Ga generator (Isotope Technologies Garching 

GmbH, Garching, Germany). Peptides were purchased from Chinapeptide (Shanghai, China) 

or Gl Biochem (Shanghai, China). Endo-BCN-PEG4-NHS ester was purchased from 

Broadpharm (San Diego CA, U.S.A.). 2,2′,2″-(2-(4-isothiocyanatobenzyl)-1,4,7-

triazonane-1,4,7-triyl)triacetic acid (p-SCN-Bn-NOTA) was purchased from Macrocyclics 

(Dallas TX, U.S.A.). NOTA-Bn-thioureidocyclic(Arg-Gly-Asp-D-Tyr-Lys) (NOTA-

c(RGDyK)) and NOTA-Bn-thioureido-cyclic(Lys-Asn-Gly-Arg-Glu) (NOTA-c(KNGRE)) 

were synthesized according to published methods.19,20 All other chemicals were purchased 

from J&K Chemicals (Beijing, China), Adamas Reagent Co., Ltd., (Shanghai, China), or 

Sigma-Aldrich (St. Louis MO, U.S.A.), unless indicated otherwise. The chemicals were 

used directly without further purification. Radioactivity of all samples was quantified by an 

automatic γ counter (2470 WIZARD; PerkinElmer, Waltham MA, U.S.A.). TransPET 

Discoverist 180 small-animal PET/CT (Raycan Technology Co., Ltd., Suzhou, China) and 

lnliView-3000B small-animal PET/SPECT/CT (Novel Medical, Beijing, China) were used 

to visualize mice with xenografted tumors. High-performance liquid chromatography 

(HPLC) was performed on LC-20AT (Shimadzu Corporation, Tokyo, Japan) equipped with a 

SPD-20A UV–vis detector and a flow count radiation detector (Bioscan, Washington DC, 

U.S.A.). The radiochemical yield and radiochemical purity of the tracers were determined 

by HPLC using a 4.6 × 250 mm Luna C18 column (Phenomenex, CA, U.S.A.). The column 

was eluted at a flow rate of 1 mL/min at 25 °C with a gradient of 5%-90% MeCN/H2O with 

0.1% trifluoroacetic acid (TFA) in 10 min.
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2.2. Synthesis of NGR-RGD.

NGR-RGD was synthesized using our previously developed method.21 Briefly, the 

bifunctional chelator NO2AtBu-N3 was conjugated to the peptide NH2-PEG4-c(RGDyK), 

and N3-NOTA-PEG4-c(RGDyK) was obtained after TFA deprotection and HPLC 

purification. The cyclic peptide c(CNGRC) was modified with endo-BCN-PEG4-NHS ester 

to obtain BCN-PEG4-c(CNGRC). The heterodimeric tracer c(RGDyK)-PEG4-NOTA-click-

PEG4-c(CNGRC) (NGR-RGD) was obtained via copper-free click chemistry by mixing 

them at a molar ratio of 1:1 (Scheme S1). High-resolution mass spectrometry (HRMS) 

(Bruker SolariX 7.0 T, Bruker Daltonik, Bremen, Germany): m/z calcd for 

C94H151N27O33S2 [M + 2H]2+, 1126.0283; found, 1126.0427.

2.3. Radiolabeling.

In brief, 2 μL of NGR-RGD, NOTA-c(RGDyK), or NOTA-c(KNGRE) (2 mM) was added to 

150 μL of buffer (0.25 M sodium acetate, pH 6.8). Subsequently, 500 μL of [68Ga]GaCl3 in 

0.05 M HCl (180–400 MBq) was added and mixed. The final pH of the reaction mixture was 

approximately 4.0. Then, the reaction mixture was heated to 90 °C and reacted for 5 min. 

After cooling to room temperature, 68Ga-NGR-RGD, 68Ga-NOTA-c(RGDyK) (denoted as 
68Ga-RGD), and 68Ga-NOTA-c(KNGRE) (denoted as 68Ga-NGR) were obtained and used 

for the subsequent studies without further purification. The reaction mixture (1 μL) was 

subjected to HPLC for analysis using the method described above.

2.4. Stability and Partition Coefficient.
68Ga-NGR-RGD (14.8 MBq) was incubated in phosphate buffer saline (PBS, pH 7.4) as 

well as fresh human serum at 37 °C for 2 h. For the serum sample, an equal volume of 

acetonitrile was added to the sample, and the sample was centrifuged at a speed of 13,000g 

for 5 min for the purpose of precipitating plasma proteins. The supernatant was then 

subjected to analysis. The radiochemical purities of the tracer samples were evaluated by 

analytical HPLC under the conditions described above.

Normal BALB/c nude mice were used to evaluate the in vivo stability of 68Ga-NGR-RGD. 

Mice were anesthetized intraperitoneally with 1% sodium pentobarbital aqueous solution 

(0.1 mL/20 g mouse). Each mouse was injected via the tail vein with 68Ga-NGR-RGD (74 

MBq). A urine sample was collected at 2 h post injection (p.i.), treated with acetonitrile, and 

centrifuged to remove proteins. The supernatant was analyzed by radio-HPLC.

PBS (1.0 mL, pH 7.4) and 1-octanol (1.0 mL) were mixed. Then, 5 μL of 68Ga-NGR-RGD 

(740 kBq), 68Ga-RGD (740 kBq), or 68Ga-NGR (740 kBq) was respectively added to the 

mixed solution. The mixture was then continuously vortexed for 5 min and centrifuged 

(4000 rpm, 5 min). Samples (100 μL) of each phase were measured by a γ counter. The 

partition coefficient was calculated as follows: log P = log10(counts in 1-octanol/counts in 

PBS).

2.5. Cell Culture.

Human breast cancer cells, MCF-7, MDA-MB-231, and MDA-MB-468, were derived from 

our own laboratory preservation. MX-1 was donated by Basic Medical College of Huazhong 
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University of Science and Technology. MCF-7 and MX-1 cells were cultivated in 

Dulbecco’s modified Eagle high-glucose medium (DMEM; Gibco, Carlsbad CA, U.S.A.) 

with 10% fetal bovine serum (Sciencell, Carlsbad CA, U.S.A.), 100 mg/mL streptomycin, 

and 100 mg/mL penicillin (Solarbio, Shanghai, China) at 37 °C in a humidified incubator 

containing 5% CO2. MDA-MB-231 and MDA-MB-468 were cultivated in Leibovitz’s L-15 

medium without CO2 equilibration.

2.6. Western Blot Analysis.

MCF-7, MDA-MB-231, MDA-MB-468, and MX-1 cells were lysed with a RIPA lysis buffer 

(Beyotime, Haimen, China), and the protein concentration was determined using a BCA 

protein assay kit (Aidlab, Beijing, China). Afterward, the target protein was denatured and 

separated by SDS-PAGE and transferred to a poly-vinylidene fluoride (PVDF) membrane. 

The blots were incubated with specific primary antibodies (anti-CD13, anti-integrin αv, and 

anti-integrin β3, diluted 1:1000; Abcam, Cambridge MA, U.S.A.) followed by goat anti-

rabbit IgG/HRP (diluted 1:20000; Sungene, Tianjin, China). Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as the internal control. The membranes were detected by 

enhanced chemiluminescence (ECL kit, Beyotime) and analyzed using Quantity One 

software (Bio-Rad, Hercules CA, U.S.A.).

2.7. In Vitro Cell Uptake and Blocking Studies.

MCF-7, MDA-MB-231, MDA-MB-468, and MX-1 cells were cultivated to 80–90% 

confluence and then were counted using a cytometer (Cellometer Mini, Nexcelom 

Bioscience LLC, Lawrence MA, U.S.A.). Cells were seeded into 24-well plates (2 × 105 

cells per well, three duplicate wells in each group) one day in advance. In order to compare 

the cell uptake among the three tracers, MCF-7 was used for cell uptake measurements of 
68Ga-NGR-RGD, 68Ga-RGD, and 68Ga-NGR. Probes of 50 μL (1 pmol, 74 kBq) were 

added to each well and incubated at 37 °C for 30 min, 1 h, and 2 h. When each time point 

was reached, the supernatant of each well was removed and placed in a tube; each well was 

washed three times with pre-cooled PBS and placed in the same tube of the supernatant. The 

cells were then lysed by 1 N sodium hydroxide. Afterward, the cell lysate was placed into 

another tube, and each well was washed three times with pre-cooled PBS and placed in the 

same tube. The radioactivity of each tube was measured with a γ counter.

A blocking study was conducted in MCF-7 cells. One group of cells was only incubated 

with 68Ga-NGR-RGD (50 μL, 74 KBq) for 2 h at 37 °C. The other groups were pretreated 

with 100 times excess of nonradioactive RGD, NGR, RGD+NGR, or NGR-RGD (100 pmol) 

15 min in advance and then incubated with 68Ga-NGR-RGD (50 μL, 74 kBq) for 2 h at 37 

°C. For evaluation of the uptake of 68Ga-NGR-RGD by different tumor types, MCF-7, 

MDA-MB-231, MDA-MB-468, and MX-1 cells were used.

2.8. Animal Models.

All animal studies were conducted according to the guidelines of the Institutional Animal 

Care and Use Committee of Tongji Medical College of Huazhong University of Science and 

Technology. Female BALB/c nude mice (4–5 weeks old and 7 weeks old) were purchased 

from Beijing HFK Bioscience Co. Ltd. (Beijing, China) and raised in a specific pathogen-
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free barrier system room. For xenograft tumor models, BALB/c nude mice were 

subcutaneously injected in the right shoulder with a cell suspension of 1.0 × 107 (125 μL) 

MCF-7, MDA-MB-231, MDA-MB-468, or MX-1. The mice were subjected to the following 

experiments when tumor sizes reached 0.8–1.0 cm.

The breast cancer lung metastasis model was developed according to published procedures.
22,23 In brief, MCF-7 cells were harvested and resuspended in a mixed solution of matrigel 

and PBS. Female BALB/c nude mice were anesthetized intraperitoneally with 1% sodium 

pentobarbital aqueous solution (0.1 mL/20 g) and placed in a right lateral decubitus position. 

A 0.5 cm longitudinal incision was made at the lower edge of the scapula, and the muscle 

layer was bluntly separated to expose the ribs. Then, 20 μL cell suspensions of 

approximately 3 × 106 MCF-7 cells were injected directly into the left lobe of the lung 

through the intercostal space. Skin incisions were closed, and the mice were kept warm until 

fully alert. One month later, the mice underwent PET/CT imaging.

2.9. Animal PET/CT Imaging.

For the purpose of comparison of different tracers, each group of MCF-7 tumor xenograft 

mice were administered 68Ga-NGR-RGD, 68Ga-RGD, and 68Ga-NGR (6.5–9 MBq, 125 μL) 

via the tail vein (n = 4 each group). The mice were anesthetized and maintained with 2.0% 

isoflurane in 100% oxygen. They were placed on an examining table in the prone position 

and underwent PET/CT imaging at 30 min p.i. To assess the specificity of 68Ga-NGR-RGD, 

blocking experiments were performed in MCF-7 tumor models. The blocking agents RGD, 

NGR, RGD+NGR, and NGR-RGD (20 mg/kg, approximately 500 μg/mouse) were 

coinjected with 68Ga-NGR-RGD (6.5–9 MBq, 125 μL). The MCF-7, MDA-MB-231, MDA-

MB-468, and MX-1 tumor xenograft mice were injected via the tail vein (n = 4 each group) 

with 68Ga-NGR-RGD (6.5–9 MBq, 125 μL) and underwent a PET/CT scan at 30 min p.i.

The breast cancer lung metastasis model mice underwent a PET/CT scan at 1 h p.i. of 68Ga-

NGR-RGD (6.5–9 MBq, 125 μL, n = 3).

2.10 Biodistribution Studies.

After PET/CT scanning, all the mice were euthanized at 1 h time point, and the tissues of 

interest were collected, weighed, and counted using an automatic γ counter. The 

radioactivity of each organ and tissue was expressed as the percentage of the injected dose 

per gram of tissue (%ID/g) and corrected for radioactive decay.

2.11. Immunohistochemistry Analysis.

After PET/CT imaging, the tumor tissues were collected, fixed in 4% paraformaldehyde, and 

then dehydrated and embedded in paraffin. The tumor sections (5 μm) were dewaxed and 

rehydrated. The sections were rinsed with EDTA buffer (pH 9.0) and blocked with 3% 

hydrogen peroxide and 10% normal goat serum. The sections were incubated with primary 

antibodies (anti-CD13, anti-αvβ3, and anti-CD3; 1:100; Abcam, Cambridge MA, U.S.A.) at 

4 °C overnight. Then, the tissue slices were incubated with a secondary antibody (HRP-

labeled goat anti-rabbit IgG, diluted 1:50, Abbkine, Redlands CA, U.S.A.) at room 

temperature for 25 min. The sections were stained with 3,3′-diaminobenzidine (DAB, 
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Beyotime, Hangzhou, China) for 5 min followed by counter-staining with hematoxylin 

(Beyotime) for 1 min and were observed under light microscopy.

2.12. Statistical Analysis.

Data are expressed as mean ± SD. Statistical analysis was performed using one-way 

ANOVA or Studen’s t-test with commercial software (GraphPad Prism 8, GraphPad, Inc., 

San Diego CA, USA). P < 0.05 indicates statistical significance.

3. RESULTS

3.1. Chemical and Radiochemical Characterization.

The heterodimeric tracer NGR-RGD was characterized by HRMS and analytical HPLC. The 

labeling procedures for 68Ga-NGR-RGD, 68Ga-RGD, and 68Ga-NGR were straightforward 

with high radiochemical yields (>99%), and all radiolabeled tracers were used directly 

without further purification. The molar activity was 45–100 MBq/nmol at the end of 

synthesis. The in vitro and in vivo stability of 68Ga-NGR-RGD was tested. As shown in 

Figure 1, the proportion of the intact tracer exceeded 95% after incubation in PBS and serum 

at 37 °C for 2 h, indicating that the tracer was stable and suitable for the subsequent in vitro 

and in vivo experiments. Since 68Ga-NGR-RGD is mainly excreted by the kidney-urine 

pathway, urine samples were collected at 2 h post injection to determine its in vivo stability. 

No obvious disassociated 68Ga was observed in the urine samples (Figure 1), indicating a 

good in vivo stability. The log P values of 68Ga-NGR-RGD, 68Ga-NGR, and 68Ga-RGD 

were −3.58 ± 0.29, −2.82 ± 0.02, and −3.22 ± 0.02, respectively, showing their high 

hydrophilic nature.

3.2. Characterization of Target Protein Expression in Cells.

Western blot assay was performed to characterize the expression of target proteins in the 

four types of breast cancer cells. As shown in Figure 2, a high CD13 expression level was 

observed in MCF-7 cells, while MDA-MB-468 cells showed lower expression. No obvious 

CD13 expression was found in either MDA-MB-231 or MX-1 cells. MDA-MB-231 cells 

showed the highest expression level of integrin αv as well as integrin β3 among the four cell 

lines followed by MDA-MB-468 cells and MCF-7 cells. Expression of neither integrin αv 

nor integrin β3 was observed in MX-1 cells. Therefore, MCF-7 was expected to have the 

highest response toward the heterodimer as it overexpressed CD13, integrin αv, and integrin 

β3.

3.3. In Vitro Cell Study.

As illustrated in Figure 3A, the uptake of 68Ga-NGR-RGD by MCF-7 cells increased 

gradually over time and reached a maximum at 2 h, which was significantly higher than that 

of 68Ga-NGR (P < 0.001) and 68Ga-RGD (P < 0.001). Cell blocking studies were conducted 

to evaluate the specificity of 68Ga-NGR-RGD in vitro (Figure 3B). The uptake of 68Ga-

NGR-RGD by MCF-7 cells decreased significantly when pretreated with excess of blocking 

agents RGD (P < 0.01), NGR (P < 0.05), RGD+NGR (P < 0.05), and NGR-RGD (P < 

0.001). The uptake of 68Ga-NGR-RGD by MCF-7 cells was higher than that of MDA-

MB-231 (P < 0.01), MDA-MB-468 (P < 0.001), and MX-1 (P < 0.001) (Figure 3C).
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3.4. Small-Animal PET/CT Imaging.

PET/CT scans were conducted to investigate the in vivo tumor targeting efficiency of the 

tracers. Small-animal PET/CT scans were carried out 30 min p.i. of the heterodimeric tracer 
68Ga-NGR-RGD or either of monomeric 68Ga-RGD or 68Ga-NGR into MCF-7 xenograft 

mice. As shown in Figure 4A, 68Ga-NGR-RGD, 68Ga-RGD, and 68Ga-NGR mainly 

accumulated in kidneys and bladder, indicating renal excretion. MCF-7 tumors could be 

clearly visualized at 30 min p.i. of 68Ga-NGR-RGD and 68Ga-RGD, whereas the tumor 

uptake of 68Ga-NGR was much lower, demonstrating the decent tumor targeting efficiency 

of 68Ga-NGR-RGD and 68Ga-RGD.

To evaluate the in vivo specific uptake of 68Ga-NGR-RGD, blocking studies were conducted 

in MCF-7 xenograft mice. Uptakes of all MCF-7 tumors were decreased when coinjected 

with blocking doses of nonradioactive RGD, RGD+NGR, and NGR-RGD (Figure 4C). In 

the NGR peptide-blocking group, the MCF-7 tumor was partially blocked but still visible, 

which might be due to the rapid metabolism of the NGR peptide and the strong affinity of 

the RGD counterpart. The region of interest (ROI) was drawn to quantify the uptake of 

tumors in all groups (Figure 4B). The uptake of 68Ga-NGR-RGD (1.06 ± 0.05 %ID/g) in 

MCF-7 was higher than that of 68Ga-RGD (0.85 ± 0.10 %ID/g, P < 0.05) and 68Ga-NGR 

(0.21 ± 0.09 % ID/g, P < 0.001). The uptake of 68Ga-NGR-RGD in MCF-7 could be 

blocked by excess of unlabeled RGD (0.37 ± 0.05 % ID/g, P < 0.001), NGR (0.80 ± 0.03 

%ID/g, P < 0.001), RGD +NGR (0.31 ± 0.03 %ID/g, P < 0.001), and NGR-RGD (0.28 ± 

0.06 %ID/g, P < 0.001).

To further evaluate the utility of 68Ga-NGR-RGD in breast cancer, small-animal PET/CT 

scans were also performed in mice bearing MDA-MB-231, MDA-MB-468, and MX-1 

xenografts (Figure 5A). MDA-MB-231 tumors could be clearly visualized by 68Ga-NGR-

RGD with intensity comparable to that of MCF-7 tumors, whereas the intensity of MDA-

MB-468 tumors was much fainter. No obvious accumulation was observed in MX-1 tumors. 

The overall PET imaging results were consistent with the previous western blot studies, 

indicating the superior specificity of the developed heterodimeric tracer. The region of 

interest (ROI) was drawn to quantify the uptake of MCF-7, MDA-MB-231, MDA-MB-468, 

and MX-1 tumors (Figure 5B). The uptake of 68Ga-NGR-RGD in MCF-7 (1.03 ± 0.08 

%ID/g) was comparable to MDA-MB-231 (1.04 ± 0.06 %ID/g, P > 0.05) and higher than 

that of MDA-MB-468 (0.76 ± 0.10 %ID/g, P < 0.01) and MX-1 (0.41 ± 0.08 %ID/g, P < 

0.001).

To investigate the potential application of 68Ga-NGR-RGD in detecting metastatic lesions, 

MCF-7 xenograft models in the lung were established to simulate lung metastasis from 

breast cancer. The longest diameter of the lung metastases was 2–5 mm (3 mice, more than 

10 metastases). As shown in Figure 6A, high radioactivity accumulation was observed in the 

left lungs of all three mice. There was also a high uptake in the right lung of mouse 2, which 

were believed to be diffuse metastatic lesions (Figure 6B). The hematoxylin–eosin (HE) 

staining confirmed that these lesions were tumor tissues (Figure 6C).
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3.5. Biodistribution Studies.

Post-imaging biodistribution studies were conducted at 1 h p.i. of 68Ga-NGR-RGD, 68Ga-

RGD, or 68Ga-NGR. As shown in Figure 7A, all three tracers showed the highest 

accumulations in the kidneys (2.52 ± 0.30, 1.05 ± 0.24, and 0.87 ± 0.04 %ID/g), indicating 

that renal clearance is the major metabolic pathway, which is consistent with the imaging 

results. In MCF-7 xenograft mice, the tumor uptake of 68Ga-NGR-RGD (1.02 ± 0.16 

%ID/g) was significantly higher than that of 68Ga-RGD (0.76 ± 0.20 % ID/g, P < 0.05) and 
68Ga-NGR (0.14 ± 0.04 %ID/g, P < 0.001) (Figure 7C). Furthermore, the uptake of 68Ga-

NGR-RGD in all organs of interest was higher than that of 68Ga-RGD or 68Ga-NGR Tumor 

uptakes were significantly reduced when blocked with RGD (0.17 ± 0.04 %ID/g, P < 0.001), 

NGR (0.67 ± 0.02 %ID/g, P < 0.05), RGD+NGR (0.20 ± 0.07 %ID/g, P < 0.001), and NGR-

RGD (0.16 ± 0.04 %ID/g, P < 0.001), (Figure 7D).

The biodistribution results of 68Ga-NGR-RGD in mice bearing different kinds of breast 

cancer xenografts are shown in Figure 7B,E. The average tumor uptake of MCF-7 xenograft 

mice (1.02 ± 0.16%ID/g) was significantly higher than that of MDA-MB-231 (0.53 ± 

0.05%ID/g, P < 0.01), MDA-MB-468 (0.28 ± 0.04%ID/g, P < 0.001), and MX-1 (0.20 ± 

0.03%ID/g, P < 0.001), demonstrating the excellent ability to target tumors expressing both 

CD13 and integrin αvβ3.

3.6. Immunohistochemistry Staining in Tumor Tissues.

To further validate the in vivo expression levels of CD13 and integrin αvβ3, the tumor 

tissues were collected and immunohistochemistry was performed. As shown in Figure 5C, 

high CD13 expression levels were observed in MCF-7 tissue followed by MDA-MB-468. 

No obvious CD13 expression was found in either MDA-MB-231 or MX-1 tissues. The 

MDA-MB-231 tumor showed the highest expression level of αvβ3 among the four tumor 

tissues, while MCF-7 and MDA-MB-468 tumor tissues showed lower expression of integrin 

αvβ3. No obvious integrin αvβ3 expression was observed in MX-1. The cell junction protein 

cluster of differentiation 31 (CD31) staining was also performed to evaluate the 

vascularization of the tumors. All tumor tissues exhibited neovascularity with the MDA-

MB-231 tumor showing the highest density of blood vessels followed by the MCF-7 tumor. 

The results of tumor tissue immunohistochemistry corresponded with those of the cellular 

western blot.

4. DISCUSSION

In this study, a heterodimeric tracer was successfully synthesized and radiolabeled with 68Ga 

with high radiochemical yield and purity. To the best of our knowledge, this is the first 

investigation for the application of conjugating RGD and NGR as a heterodimeric probe for 

breast cancer imaging. The radiolabeling procedure was straightforward, and the resulting 

tracer 68Ga-NGR-RGD is stable in PBS and serum for up to 2 h. In vitro cell studies showed 

that higher uptake of 68Ga-NGR-RGD compared with its monomeric counterparts 68Ga-

NGR and 68Ga-RGD demonstrated superior targeting affinity and efficiency of 68Ga-NGR-

RGD. Cell blocking studies further validated the specific binding of 68Ga-NGR-RGD to 

both integrin αvβ3 and CD13 receptors.
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In vivo PET/CT imaging and biodistribution studies showed that MCF-7 tumors could be 

distinctly visualized by either 68Ga-NGR-RGD or 68Ga-RGD at 30 min post injection, 

whereas the tumor uptake of 68Ga-NGR-RGD was much higher than that of 68Ga-RGD at 

the 1 h time point, indicating longer tumor retention of the heterodimeric tracer 68Ga-NGR-

RGD. MCF-7 tumors could not be observed by 68Ga-NGR, which exhibited the lowest 

uptake among the three tracers. The uptake of 68Ga-NGR-RGD by all organs of interest was 

higher than that of 68Ga-RGD or 68Ga-NGR, further illustrating that the probe achieved a 

longer retention time. The significant decrease in the tumor uptake of 68Ga-NGR-RGD after 

administrating blocking doses of RGD, RGD+NGR, or NGR-RGD demonstrated the 

specificity of the tracer. It is worth noting that tumors were still visible when blocked with 

NGR, suggesting that the RGD counterpart was not blocked and contributed to the image. 

The quantitative biodistribution data were consistent with the findings on the PET/CT 

images. In summary, dimeric 68Ga-NGR-RGD displayed higher tumor uptake and longer 

tumor retention compared to monomeric 68Ga-NGR and 68Ga-RGD.

68Ga-NGR-RGD was evaluated and applied in breast cancer xenografts. MCF-7 and MDA-

MB-231 tumors could be clearly visualized at 30 min p.i. of 68Ga-NGR-RGD, 

demonstrating good tumor targeting efficiency in breast cancers expressing either integrin 

αvβ3 or CD13. However, MDA-MB-468 and MX-1 with lower or no expression of αvβ3 and 

CD13 were less visible or invisible. The uptake of 68Ga-NGR-RGD in the MCF-7 tumor 

was significantly higher than that of MDA-MB-231, MDA-MB-468, and MX-1 at 1 h p.i., 

showing better affinity of the dimer than of the monomer. Therefore, the dual-targeted 

peptide-conjugated tracer exhibited the potential to image breast tumors with comparatively 

lower expression of integrin αvβ3 or CD13. Furthermore, 68Ga-NGR-RGD showed good 

detection ability in the MCF-7 lung metastasis model.

Although the expression level of integrin αvβ3 and CD13 of the MCF-7 model selected in 

our study is relatively low,24,25 owing to the improved affinity, targeting efficiency, 

selectivity, and longer retention time of 68Ga-NGR-RGD, the tumor can still be clearly 

visualized. In fact, the two receptors are highly expressed in many other cancers, such as 

non-small-cell lung cancer, pancreatic, thyroid, colorectal, and ovarian cancer.34,35 The two 

targets were associated with tumor size, lymph node metastasis, tumor differentiation, the 

metastasis stage, and overall survival in gastric, pancreatic, and colorectal cancer.30,33,36–38 

Therefore, we believe that this dual-target probe can be used more widely, not only for 

imaging, but also for therapy to cancers and nonmalignant pathologies.

The eventual goal of this project is to develop dual-receptor targeting agents for 

radiotherapy. Even though 68Ga-NGR-RGD has better targeting efficiency and longer tumor 

retention, uptake of 68Ga-NGR-RGD in tumors is still relatively low. Therefore, an 

enhancement of its tumor uptake is highly desirable. One possible solution includes the 

incorporation of an albumin-binding moiety to prolong the blood circulation time.39

5. CONCLUSIONS

In conclusion, we have successfully developed a CD13 and integrin αvβ3 dual-receptor 

targeted tracer, 68Ga-NGR-RGD, for imaging breast cancer. The tracer exhibits high 
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radiolabeling yield and favorable stability. Preliminary in vitro and in vivo studies 

demonstrated its excellent tumor targeting efficiency for tumors with these receptors, 

rendering it as a potential reagent for future clinical translation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Chemical structure of NGR-RGD. (B) Analytical radio-HPLC chromatograms of 68Ga-

NGR-RGD (blue), 2 h in vitro stability of 68Ga-NGR-RGD in PBS (red) and serum (green), 

and 2 h in vivo stability of 68Ga-NGR-RGD in urine samples (purple).
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Figure 2. 
(A) Western blotting was performed to assess the expression levels of CD13, integrin αv, 

and integrin β3 in MCF-7, MDA-MB-231, MDA-MB-468, and MX-1 cells with GAPDH 

used as the internal control. (B) The semi-quantitative analysis was conducted through the 

integrated optical density ratio of CD13, integrin αv, and integrin β3 to GADPH (data 

represent one of three separate experiments, mean ± SD).
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Figure 3. 
(A) Uptake of 68Ga-NGR-RGD, 68Ga-NGR, and 68Ga-RGD by MCF-7 cells at 30 min, 1 h, 

and 2 h. (B) Cell uptake comparison of 68Ga-NGR-RGD with or without blocking doses of 

RGD, NGR, RGD+NGR, and NGR-RGD in MCF-7 cells. (C) Uptake of 68Ga-NGR-RGD 

in MCF-7, MDA-MB-231, MDA-MB-468, and MX-1 cells. Three duplicate wells were set 

in each group. Data are expressed as mean ± SD. (*P < 0.05, **P < 0.01, ***P < 0.001.)
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Figure 4. 
(A) Representative static PET/CT images of MCF-7 tumor xenograft mice at 30 min p.i. of 
68Ga-NGR-RGD, 68Ga-RGD, and 68Ga-NGR (each 6.5–9 MBq). (B) Tumor uptakes 

determined by quantitative analysis of PET/CT images. (C) Representative static PET/CT 

images of MCF-7 tumor xenograft mice at 30 min p.i. of 68Ga-NGR-RGD (6.5–9 MBq) 

with/without blocking agents NGR, RGD, RGD+NGR, or NGR-RGD (20 mg/kg, per 

mouse). Arrows indicate the location of tumors (n = 4 each group). (*P < 0.05, **P < 0.01, 

***P < 0.001.)
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Figure 5. 
(A) Representative static PET/CT images of MCF-7, MDA-MB-231, MDA-MB-468, and 

MX-1 tumor xenograft mice at 30 min p.i. of 68Ga-NGR-RGD (6.5–9 MBq). (B) Tumor 

uptakes determined by quantitative analysis of PET/CT images. (C) Immunohistochemistry 

assay of CD13, integrin αvβ3, and CD31 in MCF-7, MDA-MB-231, MDA-MB-468, and 

MX-1 tumors (400 ×). Arrows indicate the location of tumors (n = 4 each group).
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Figure 6. 
Small-animal PET/CT imaging and tissue HE changes of MCF-7 pulmonary metastasis 

mouse models. (A) Representative static PET/CT images of mice with MCF-7 pulmonary 

metastasis at 1 h p.i. of 68Ga-NGR-RGD (6.5–9 MBq). (B) Diffuse lesions were seen in the 

left lung. Diffused metastatic lesions were also seen in the right lung of mouse 2. (C) The 

HE staining confirmed that these lesions were tumor tissues (left 20×; right 200×). Arrows 

indicate the location of tumors.
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Figure 7. 
Biodistribution studies of 68Ga-NGR-RGD, 68Ga-RGD, and 68Ga-NGR in tumor xenograft 

mice. (A, C) Biodistribution results and tumor uptake comparisons of 68Ga-NGR-RGD, 
68Ga-RGD, and 68Ga-NGR in MCF-7 xenograft mice at 1 h p.i. (D) Tumor uptake 

comparison of 68Ga-NGR-RGD in MCF-7 tumors with or without coinjection of excess 

amounts of unlabeled RGD, NGR, RGD+NGR, and NGR-RGD at 1 h p.i. (B, E) 

Biodistribution results and tumor uptake comparisons of 68Ga-NGR-RGD in MCF-7, MDA-

MB-231, MDA-MB-468, and MX-1 xenograft mice. Data are expressed as mean ± SD (n = 

4 each group). (*P < 0.05, **P < 0.01, ***P < 0.001.)
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