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Abstract: The pivotal role of vascular endothelial growth factor (VEGF) in cancer is 

underscored by the approval of bevacizumab (Bev, a humanized anti-VEGF monoclonal 

antibody) for first line treatment of cancer patients. The aim of this study was to develop 

a dual-labeled Bev for both positron emission tomography (PET) and near-infrared 

fluorescence (NIRF) imaging of VEGF. Bev was conjugated to a NIRF dye (i.e. 800CW) 

and 2-S-(4-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (p-SCN-

Bn-NOTA) before 64Cu-labeling. Flow cytometry analysis of U87MG human 

glioblastoma cells revealed no difference in VEGF binding affinity/specificity between 

Bev and NOTA-Bev-800CW. 64Cu-labeling of NOTA-Bev-800CW was achieved with 

high yield. Serial PET imaging of U87MG tumor-bearing female nude mice revealed that 

tumor uptake of 64Cu-NOTA-Bev-800CW was 4.6 ± 0.7, 16.3 ± 1.6, 18.1 ± 1.4 and 20.7 

± 3.7 %ID/g at 4, 24, 48 and 72 h post-injection respectively (n = 4), corroborated by in 

vivo/ex vivo NIRF imaging and biodistribution studies. Tumor uptake as measured by ex 

vivo NIRF imaging had a good linear correlation with the %ID/g values obtained from 

PET (R2 = 0.93). Blocking experiments and histology both confirmed the VEGF 

specificity of 64Cu-NOTA-Bev-800CW. The persistent, prominent, and VEGF-specific 

uptake of 64Cu-NOTA-Bev-800CW in the tumor, observed by both PET and NIRF 

imaging, warrants further investigation and future clinical translation of such Bev-based 

imaging agents.  
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Introduction 

 

One of the key requirements during tumor development is angiogenesis, the formation 

of new blood vessels, without which a tumor cannot grow beyond a few millimeters in 

diameter [1]. Over the last several decades, tremendous effort has been devoted to 

treating cancer by blocking the growth of new vessels that nourish tumors [2]. The 

vascular endothelial growth factor (VEGF)/VEGF receptor (VEGFR) signaling pathway 

plays a pivotal role in both normal vasculature development and many disease 

processes such as cancer [3]. VEGF-A is a homodimeric, disulfide-bound glycoprotein 

that exists in several isoforms with different numbers of amino acid residues (e.g. 

VEGF121, VEGF165, VEGF189, and VEGF206), as well as varying biological properties 

such as the ability to bind to cell surface heparin sulfate proteoglycans. The angiogenic 

actions of VEGF are mainly mediated via two endothelium-specific receptor tyrosine 

kinases, VEGFR-1 (Flt-1/FLT-1) and VEGFR-2 (Flk-1/KDR) [3].  

 

The pivotal role of VEGF/VEGFR signaling pathway in cancer is underscored by the 

approval of a humanized anti-VEGF monoclonal antibody, bevacizumab (Avastin; 

Genentech), for first line treatment of cancer patients [4]. However, although 

bevacizumab (abbreviated as “Bev” in the remaining text) improves survival of 

colorectal and lung cancer patients when used in combination with chemotherapy [5, 6], 

the benefit and/or validity of such anti-angiogenic therapy is hotly debated in many other 

solid tumor types. For example, three large randomized prospective trials of unselected 

patients with metastatic breast cancer demonstrated that addition of Bev to 



chemotherapy improves progression-free survival [7-9], which led to provisional 

approval by the Food and Drug Administration (FDA). However, meta-analyses of these 

trials showed that patients who received Bev did not survive longer than those who 

received placebo [10, 11]. Such lack of survival benefit ultimately led the FDA to begin 

revoking the approval in December 2010. Since cancer is a highly heterogeneous 

disease, one intriguing and likely explanation is that only lesions with high angiogenic 

activity will benefit from anti-angiogenic therapy. 

 

The ultimate goal of 21st century personalized medicine in cancer patient management 

is to identify the right patient population for the right therapy at the right time, as well as 

to provide quantitative, non-invasive, and accurate information about the therapeutic 

responses in real-time. Development of a Bev-based imaging agent can play important 

roles in these aspects, as well as elucidating the function and modulation of 

VEGF/VEGFR signaling during cancer development/intervention. Positron emission 

tomography (PET), very sensitive (down to 10-12 molar) and quantitative with superb 

tissue penetration, has been widely used in clinical oncology for tumor staging and 

treatment monitoring, where 18F-FDG was used as the tracer for measuring tumor 

glucose metabolism [12-15]. High resolution PET scanners continue to be developed 

and made available for imaging small animals, improving the capacity for in vivo studies 

in mice, primates, and humans. This will facilitate cross-species comparisons, which are 

critical for successful translational research studies and optimal benefit from research 

using experimental model systems. 

 



To date, Bev has been labeled with a number of PET isotopes such as 89Zr [16, 17], 124I 

[18], 86Y [19], and 64Cu [20]. In addition, it has also been investigated with various other 

imaging techniques such as single photon emission computed tomography [21, 22], 

ultrasound [23], and optical imaging [24, 25]. To the best of our knowledge, no dual-

labeled Bev has been reported yet for non-invasive imaging of VEGF with multiple 

modalities. In this study, we labeled Bev with both 64Cu and a near-infrared fluorescent 

(NIRF) dye, IRDye 800CW (Ex: 778 nm; Em: 806 nm), and investigated the in vivo 

characteristics of the dual-labeled agent in a xenograft tumor model. Clinically, such a 

dual-modality PET/NIRF agent may be useful for lesion detection, patient selection, 

therapeutic response monitoring (all with PET), image-guided surgery (with NIRF), 

among others. 

 

Materials and methods 

 

Reagents 

 

AlexaFluor488- and Cy3-labeled secondary antibodies were purchased from Jackson 

Immunoresearch Laboratories, Inc. (West Grove, CA). 2-S-(4-isothiocyanatobenzyl)-

1,4,7-triazacyclononane-1,4,7-triacetic acid (p-SCN-Bn-NOTA) and Chelex 100 resin 

(50-100 mesh) were purchased from Macrocyclics, Inc. (Dallas, TX) and Sigma-Aldrich 

(St. Louis, MO), respectively. IRDye 800CW-NHS ester was acquired from LI-COR 

Biosciences Co. (Lincoln, NE). Water and all buffers were of Millipore grade and pre-

treated with Chelex 100 resin to ensure that the aqueous solution was heavy metal-free. 



PD-10 columns were purchased from GE Healthcare (Piscataway, NJ). All other 

reaction buffers and chemicals were from Thermo Fisher Scientific (Fair Lawn, NJ). 

 

Cell line and animal model 

 

U87MG human glioblastoma cells were purchased from the American Type Culture 

Collection (ATCC, Manassas, VA) and cultured in DMEM medium (Invitrogen, Carlsbad, 

CA) with 10% fetal bovine serum at 37 ºC with 5% CO2. Cells were used for in vitro and 

in vivo experiments when they reached ~75% confluence. All animal studies were 

conducted under a protocol approved by the University of Wisconsin Institutional Animal 

Care and Use Committee. Four- to five-week-old female athymic nude mice were 

purchased from Harlan (Indianapolis, IN) and U87MG tumors were established by 

subcutaneously injecting 5 × 106 cells, suspended in 100 μL of 1:1 mixture of DMEM 

medium and Matrigel (BD Biosciences, Franklin lakes, NJ), into the front flank of mice. 

Tumor sizes were monitored every other day and mice were used for in vivo 

experiments when the diameter of tumors reached 5-8 mm. 

 

Labeling of Bev  

 

NOTA conjugation was carried out at pH 9.0, with the reaction ratio of p-SCN-Bn-

NOTA:Bev being 25:1. Subsequently, NOTA-Bev was purified using PD-10 columns 

with phosphate-buffered saline (PBS) as the mobile phase.  A molar ratio of 2:1 was 

used for the reaction between 800CW-NHS and NOTA-Bev at pH 8.5. After 



continuously stirring the reaction mixture at room temperature (RT) for 2 h, NOTA-Bev-

800CW was purified with PD-10 columns. 64Cu-labeling of NOTA-Bev-800CW (25 μg 

per 37 MBq of 64Cu) and tracer purification with PD-10 columns was carried out similar 

as described previously [26]. The radioactive fractions containing 64Cu-NOTA-Bev-

800CW were collected and passed through a 0.2 μm syringe filter for in vivo 

experiments. 

 

Flow cytometry 

 

The immunoreactivity of Bev and NOTA-Bev-800CW to U87MG cells were compared by 

fluorescence-activated cell sorting (FACS) analysis. Briefly, cells were harvested and 

suspended in cold PBS (pH 7.4) with 2% bovine serum albumin at a concentration of 5 

× 106 cells/mL. The cells were incubated with various concentrations of Bev or NOTA-

Bev-800CW (1 or 5 μg/mL) for 30 min at RT, washed three times with cold PBS, and 

centrifuged at 1,000 rpm for 5 min. After incubation with AlexaFluor488-labeled goat 

anti-human IgG (4 μg/mL) for 30 min at RT, the cells were washed and analyzed by 

FACS using a BD FACSCalibur 4-color analysis cytometer (Becton-Dickinson, San 

Jose, CA), which is equipped with 488 nm and 633 nm lasers and FlowJo analysis 

software (Tree Star, Inc., Ashland, OR).  

 

Imaging and biodistribution studies 

 

PET scans were performed using an Inveon microPET/microCT rodent model scanner 



(Siemens Medical Solutions USA, Inc.). Each U87MG tumor-bearing mouse was 

intravenously injected with 5-10 MBq of 64Cu-NOTA-Bev-800CW, adjusted to contain 

300 picomoles (pmol) of 800CW using “cold” NOTA-Bev-800CW. Five-minute static PET 

scans were performed at various time points post-injection (p.i.). The images were 

reconstructed using a maximum a posteriori (MAP) algorithm, with no attenuation or 

scatter correction. Region-of-interest (ROI) analysis of each PET scan was performed 

using vendor software (Inveon Research Workplace [IRW]) on decay-corrected whole-

body images as described previously [27], to calculate the percentage injected dose per 

gram of tissue (%ID/g) values for the U87MG tumor and several major organs. A subset 

of mice was also subjected to CT scans, with a voxel resolution of 210 µm. Fiducial 

markers were used for co-registration and images were reconstructed using the vendor 

software (Inveon Acquisition Workplace; Siemens). The CT and PET datasets were 

registered via rigid registration in IRW. 

 

Immediately after PET scanning, the mice were imaged in an IVIS Spectrum scanner 

(Caliper, Hopkinton, MA) using the excitation filter of 745 nm and emission filter of 800 

nm. All fluorescence images were acquired with 3 s exposure and longitudinal NIRF 

images for each mouse were displayed with common minimum and maximum values. 

Using vendor software, ROIs were drawn on the U87MG tumors and the average 

radiant efficiency (presented as mean ± SD in the unit of [p/sec/cm2/sr]/[µW/cm2]) within 

the ROI was used for subsequent quantitative analysis. Blocking studies were carried 

out to evaluate the VEGF specificity of 64Cu-NOTA-Bev-800CW in vivo, where a group 

of 4 mice was each injected with 2 mg of Bev within 6 h before 64Cu-NOTA-Bev-800CW 



administration and subjected to serial PET/NIRF imaging as described above.  

 

After the last in vivo PET/NIRF imaging at 72 h p.i., blood, U87MG tumor, and major 

organs/tissues were harvested and imaged ex vivo with both scanners to validate the in 

vivo findings. Biodistribution studies were also carried out to confirm that the 

quantitative tracer uptake values based on PET imaging truly represented the 

radioactivity distribution in tumor-bearing mice. Blood, U87MG tumor, and major 

organs/tissues were collected and wet-weighed. The radioactivity in each tissue was 

measured using a gamma-counter (Perkin Elmer) and presented as %ID/g. The U87MG 

tumor and mouse liver were also frozen and sectioned for histological analysis. 

 

Histology 

 

Frozen tissue slices of 5 μm thickness were fixed with cold acetone for 10 min and dried 

in the air for 30 min. After rinsing with PBS and blocking with 10% donkey serum for 30 

min at RT, the slices were incubated with Bev (2 μg/mL) for 1 h at 4 °C and visualized 

using AlexaFluor488-labeled goat anti-human IgG. All images were acquired with a 

Nikon Eclipse Ti microscope.   

 

Statistical analysis 

 

Quantitative data were expressed as mean ± SD. Means were compared using 

Student’s t-test. P values < 0.05 were considered statistically significant. The %ID/g 



values based on PET were correlated with the quantitative data obtained from ex vivo 

NIRF imaging. Applying a linear fit, the correlation coefficient (R2) was calculated to 

measure the strength of the association between the PET and ex vivo NIRF data. P 

values < 0.05 were considered to have a statistically significant linear correlation 

between the two measurements. 

 

Results 

 

In vitro investigation of NOTA-Bev-800CW 

 

Based on UV measurements, there were ~5 NOTA and ~0.8 800CW conjugated to each 

Bev molecule. Since fluorescence resonance energy transfer only occurs when two 

fluorophores are within 10 nm (about the size of an antibody), less than one 800CW per 

Bev can avoid self-quenching due to close proximity of 800CW molecules, which allows 

for accurate measurement of 800CW concentration based on its fluorescence signal. 

Such minimal NOTA/800CW conjugation of Bev did not alter its VEGF binding affinity, 

and no observable differences were found between Bev and NOTA-Bev-800CW at 1 

µg/mL or 5 µg/mL concentrations, as evidenced by FACS analysis using U87MG cells 

(Figure 1). 

  

64Cu-labeling and PET imaging 

 

64Cu-labeling and purification took 60 ± 10 min (n = 10). The decay-corrected 



radiochemical yield was > 80%, based on 25 μg of NOTA-Bev-800CW per 37 MBq 

of 64Cu, with a radiochemical purity of > 98%. The specific activity of 64Cu-NOTA-Bev-

800CW was about 1.1 GBq/mg protein, assuming complete recovery of the conjugate 

after size exclusion chromatography.  

 

The time points of 4, 24, 48, and 72 h p.i. were chosen for serial PET/NIRF scans after 

intravenous injection of 64Cu-NOTA-Bev-800CW. Coronal PET images that contain the 

U87MG tumors are shown in Figure 2A, with the quantitative data obtained from ROI 

analysis and representative PET/CT fused images of a mouse at 48 h p.i. shown in 

Figure 3. Similar as other 64Cu-labeled antibodies which typically have long circulation 

half-lives [26, 28, 29], blood pool activity of 64Cu-NOTA-Bev-800CW was prominent at 

early time points and gradually declined over time. The radioactivity in the blood was 

20.5 ± 3.8, 17.9 ± 1.8, 14.3 ± 2.2 and 13.0 ± 2.8 %ID/g at 4, 24, 48 and 72 h p.i. 

respectively, while liver uptake of 64Cu-NOTA-Bev-800CW was 14.4 ± 3.7, 17.2 ± 2.0, 

13.8 ± 2.9 and 12.8 ± 2.7 %ID/g at 4, 24, 48 and 72 h p.i. respectively (n = 4; Figure 

3A). The U87MG tumors were clearly visible by PET starting from 24 h p.i. (Figure 2A), 

with %ID/g values of 4.6 ± 0.7, 16.3 ± 1.6, 18.1 ± 1.4 and 20.7 ± 3.7 at 4, 24, 48 and 

72 h p.i. respectively (n = 4; Figure 3A).  

 

Administering a blocking dose of Bev six hours before 64Cu-NOTA-Bev-800CW injection 

reduced the tumor uptake to very low level (< 7 %ID/g; P < 0.01 at 24, 48 and 72 h p.i. 

when compared with mice injected with 64Cu-NOTA-Bev-800CW alone; Figure 2A, 3B), 

which clearly indicated VEGF specificity of the tracer in vivo. Radioactivity in the blood 



was 23.6 ± 1.8, 13.4 ± 1.7, 11.2 ± 1.4 and 10.5 ± 1.0 %ID/g at 4, 24, 48 and 72 h p.i. 

respectively, whereas liver uptake was 17.8 ± 1.8, 14.3 ± 2.0, 13.1 ± 2.0 and 11.4 ± 

1.7 %ID/g at 4, 24, 48 and 72 h p.i. respectively (n = 4; Figure 3B), both are similar to 

that of mice injected with 64Cu-NOTA-Bev-800CW alone.  

  

In vivo NIRF imaging 

 

Serial in vivo NIRF imaging of U87MG tumor-bearing mice was carried out immediately 

after the PET scans, with representative images from each group shown in Figure 2B. 

Similar as PET findings, U87MG tumors were clearly visible starting from 24 h p.i. 

Quantitative ROI analysis yielded average tumor signal intensity of 1.20×107 ± 

3.86×106, 1.92×107 ± 3.69×106, 1.52×107 ± 1.94×106 and 1.36×107 ± 3.94×106 

[p/s/cm2/sr]/[µW/cm2] at 4, 24, 48 and 72 h p.i., respectively (n = 4; Figure 4A). Pre-

injection of 2 mg of Bev per mouse before 64Cu-NOTA-Bev-800CW administration 

resulted in tumor signal intensity of 1.28×107 ± 2.56×106, 1.16×107 ± 1.04×106, 

8.93×106 ± 1.03×106 and 7.74×106 ± 1.00×106 [p/s/cm2/sr]/[µW/cm2] at 4, 24, 48 and 72 

h p.i., respectively (n = 4; Figure 4A; P < 0.05 at 24, 48 and 72 h p.i. when compared to 

mice injected with 64Cu-NOTA-Bev-800CW alone). Overall, the in vivo NIRF imaging 

results are in agreement with the PET findings, suggesting good stability of 64Cu-NOTA-

Bev-800CW in U87MG tumor-bearing mice.   

 

Ex vivo studies 

 



All mice were euthanized after the last PET scans at 72 h p.i. Major organs were 

subjected to both NIRF and PET imaging ex vivo (Figure 4C), which corroborated each 

other and are in accordance with the in vivo PET/NIRF results. Quantitative data from 

ROI analysis of major tissues, based on ex vivo NIRF imaging, are shown in Figure 4B. 

Excellent tumor contrast was observed in mice injected with 64Cu-NOTA-Bev-800CW, 

but not in the blocking group. Linear correlation between the ex vivo NIRF data 

and %ID/g values based on PET, using a total of 8 data points (U87MG tumor at 72 h 

p.i. for two groups of mice with four mice per group), gave a statistically significant (P < 

0.001) linear correlation with an R2 value of 0.93 (Figure 4D) which indicates that NIRF 

imaging can give accurate quantitative results in ex vivo settings.  

 

Biodistribution data at 72 h p.i. showed that U87MG tumor uptake of 64Cu-NOTA-Bev-

800CW was higher than that of all organs in mice (Figure 5A), thereby providing 

excellent contrast. Pre-injection of a blocking dose of Bev led to a significant decrease 

in tumor uptake of 64Cu-NOTA-Bev-800CW (P < 0.05; n = 4), corroborating the in vivo 

PET findings and strongly suggested that tumor uptake of the tracer is VEGF-A 

mediated. Overall, the quantification results obtained from biodistribution studies and 

PET scans matched very well, confirming that quantitative ROI analysis of non-invasive 

PET scans truly reflected tracer distribution in vivo.  

 

Fluorescence signal in the U87MG tumor, after immunofluorescence staining of VEGF, 

was quite heterogeneous, mainly from the tumor extracellular matrix (ECM) rather than 

the U87MG cells (Figure 5B). Such finding is in good agreement with other literature 



reports [20, 25]. We believe that the fluorescence signal of VEGF staining is not from 

the tumor vasculature since Bev does not cross-react with murine VEGF [30]. VEGF 

staining of mouse liver gave very low signal, indicating that liver does not have 

significant level of VEGF. Thus, uptake of 64Cu-NOTA-Bev-800CW in the liver was 

largely unrelated to target binding and more likely attributed to non-specific capture by 

the reticuloendothelial system (RES) and hepatic clearance of the tracer. Taken 

together, the ex vivo findings corroborated the in vivo data of 64Cu-NOTA-Bev-800CW, 

warranting further investigation and applications of this tracer.  

 

Discussion 

 

The goal of this study was to develop a VEGF-specific tracer for both PET and NIRF 

imaging, which was successfully achieved by labeling Bev with both 64Cu and the NIRF 

dye 800CW. U87MG human glioblastoma cells were used here for in vitro 

characterization of NOTA-Bev-800CW to confirm its VEGF-binding affinity/specificity. It 

has been shown that U87MG cells express three isoforms of VEGF-A, namely 

VEGF121, VEGF165, and VEGF189 at similar levels [31]. Among the at least seven 

isoforms of VEGF-A, VEGF121 is freely soluble while all VEGF189 is bound to the cell 

membrane or ECM [32]. VEGF165 exhibits an intermediary behavior (i.e. partly diffusible 

and partly bound). Since only membrane-bound VEGF can be detected by FACS 

analysis of Bev and NOTA-Bev-800CW, the fluorescence signal of U87MG cells was not 

very strong. Nonetheless, no difference between NOTA-Bev-800CW and Bev was 



observed in FACS analysis, clearly demonstrating that NOTA/800CW conjugation of 

Bev did not affect its VEGF binding affinity.  

 

In animal studies, good tumor uptake was observed for 64Cu-NOTA-Bev-800CW, which 

may be partly attributed to the high local concentration of (soluble) VEGFs at the tumor 

site. One major difference between the in vivo studies and FACS analysis of U87MG 

cells is that the imaging targets of 64Cu-NOTA-Bev-800CW are all VEGF isoforms, not 

only those on U87MG cells and the ECM but also soluble VEGF in the tumor local 

environment, whereas only membrane-bound VEGF isoforms are detected in FACS 

studies.  

  

ROI analysis of the PET data showed that 64Cu-NOTA-Bev-800CW uptake in the tumor 

kept increasing at late time points (Figure 3A), while in vivo NIRF imaging gave a 

decreasing trend of tumor uptake over time (Figure 4A). Such an interesting finding 

may be due to degradation of the tracer over time and subsequent efflux of 800CW-

containing species from the tumor, whereas 64Cu is more readily trapped inside the 

tumor (cells) like many other radiometals such as 111In and 89Zr [16, 21]. Another 

contributing factor to such observation may be that a portion of 800CW molecules lose 

the fluorescence if degraded or photobleached, which is not the case for 64Cu detection 

(all quantitative data for PET were decayed-corrected). Nevertheless, there is still a 

good linear correlation between the in vivo PET data (%ID/g) and ex vivo NIRF 

quantification (radiant efficiency) at 72 h p.i., suggesting that NIRF imaging can allow for 

relatively accurate quantification of tracer uptake ex vivo (and to a certain degree also in 



superficial tissues in vivo). However, the accuracy of quantification is much lower for 

deeper tissues of darker color, as can be seen for the liver in both in vivo and ex vivo 

NIRF imaging. In clinical settings, NIRF imaging can be used for imaging tissues close 

to the surface of the skin (e.g. breast cancer imaging), tissues accessible by endoscopy 

(such as malignant lesions in the esophagus and colon), and intraoperative visualization 

(i.e. image-guided surgery). 

 

Guiding surgery with molecularly targeted fluorescent agents has attracted enormous 

interest over the last decade. Recently, a proof-of-principle study investigating the 

potential benefit of intraoperative tumor-specific fluorescence imaging in staging and 

debulking surgery for ovarian cancer using a systemically administered targeted 

fluorescent agent (folate-FITC, which emits in the visible range) was reported [33]. The 

use of a NIRF agent, which has much better signal penetration in an imaging window 

with significantly less autofluorescence than in the visible range, is more desirable for 

surgery guidance with the development of suitable intraoperative imaging systems. The 

incorporation of two imaging labels on a single targeting ligand, where both labels were 

conjugated at a minimal level thereby exhibiting no detectable effect on the antigen 

binding affinity/specificity as demonstrated in our study, is advantageous than single 

modality imaging from regulatory perspectives. The need for comprehensive 

toxicity/dosimetry studies in multiple animal species for one agent instead of two 

separate agents (one for each imaging modality) can significantly reduce the 

development cost and facilitate future clinical translation of novel imaging agents.  

 



Over the last decade, imaging of VEGFR expression has gained enormous interest not 

only in cancer but also in many other angiogenesis-related diseases [34-44]. Due to the 

soluble and dynamic nature of VEGF proteins, imaging VEGF expression is much more 

challenging than imaging VEGFR expression and it has not been well studied. Besides 

Bev, a few other radiolabeled anti-VEGF antibodies have also been reported previously 

such as 124I-labeled VG76e [45] and HuMV833 [46]. Phase I trial of the latter revealed 

that antibody distribution and clearance was quite heterogeneous, not only between and 

within patients but also between and within individual tumors, which underscored the 

importance of patient selection to achieve maximum therapeutic effect. Imaging VEGF 

and VEGFR expression are both important for cancer diagnosis and monitoring the 

therapeutic efficacy of anti-angiogenic therapies. Examining the tumor in the same 

animals or cancer patients with both VEGF- and VEGFR-targeted tracers may give 

important insights about the expression kinetics of VEGF and VEGFRs during cancer 

development and cancer therapy. 

 

In conclusion, herein we report the development, characterization, and in vivo 

investigation of a dual-labeled Bev (with 64Cu and a NIRF dye 800CW) for both PET and 

NIRF imaging of VEGF in a xenograft tumor model. Persistent, prominent and VEGF-

specific uptake of 64Cu-NOTA-Bev-800CW in the U87MG tumor was observed with both 

imaging modalities, which was validated by various in vitro, in vivo, and ex vivo studies. 

Upon further optimization and development, such dual-labeled PET/NIRF agents can be 

translated into the clinic for many applications such as disease diagnosis, patient 

stratification, treatment monitoring, image-guided surgery, etc. 
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Figure Legends 

 

Figure 1. Flow cytometry analysis of Bev and NOTA-Bev-800CW in U87MG human 

glioblastoma cells at different concentrations. Data from various control experiments are 

also shown.  

 

Figure 2. Serial in vivo PET/NIRF imaging of U87MG tumor-bearing mice. (A) Serial 

coronal PET images at 4, 24, 48 and 72 h post-injection of 64Cu-NOTA-Bev-800CW, or 

2 mg of Bev before 64Cu-NOTA-Bev-800CW (i.e. blocking). (B) Serial NIRF images of 

the same mice in (A). The amount of 800CW injected into each mouse was ~300 pmol 

and images are representative of a group of 4 mice each. All images were acquired 

under the same condition and displayed at the same scale. Arrowheads indicate the 

U87MG tumors.  

 

Figure 3. Quantitative analysis of the PET data. (A) Time-activity curves of the blood, 

liver, U87MG tumor, and muscle upon intravenous injection of 64Cu-NOTA-Bev-800CW 

into tumor-bearing mice (n = 4). (B) Time-activity curves of the blood, liver, U87MG 

tumor, and muscle upon intravenous injection of 64Cu-NOTA-Bev-800CW, after a 

blocking dose of Bev, into tumor-bearing mice (n = 4). (C) Representative PET/CT 

images of a U87MG tumor-bearing mouse at 48 h post-injection of 64Cu-NOTA-Bev-

800CW. Arrowheads indicate the tumor. 

 

Figure 4. Ex vivo NIRF imaging and correlation with PET. (A) Signal intensity of the 



U87MG tumor in the two groups of mice, based on in vivo NIRF imaging. (B) Signal 

intensity of the U87MG tumor and major organs in the two groups of mice, based on ex 

vivo NIRF imaging at 72 h post-injection. (C) Ex vivo NIRF and PET imaging of the 

U87MG tumor and major organs in the two groups at 72 h post-injection. Images are 

representative of 4 mice per group. T: U87MG tumor, L1: liver, B1: blood, H: heart, K: 

kidney, B2: bone, L2: lung, S: spleen, M: muscle. (D) Correlation of the ex vivo NIRF 

signal intensity in all U87MG tumor-bearing mice at 72 h post-injection with the %ID/g 

values based on ROI analysis of the PET data. 

 

Figure 5. Biodistribution and histology studies. (A) Biodistribution data at 72 h post-

injection of 64Cu-NOTA-Bev-800CW, or 2 mg of Bev before 64Cu-NOTA-Bev-800CW (i.e. 

blocking). *: P < 0.05 (n = 4). (B) Immunofluorescence VEGF staining of the U87MG 

tumor and liver tissue sections. Bev and AlexaFluor488-labeled goat anti-human IgG 

were used for VEGF staining. Images were acquired under the same condition and 

displayed at the same scale. Magnification: 200×. 
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