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Abstract

Purpose—This study aimed to create new optical surgical navigation NIRF probes for prostate 

and breast cancers.

Procedures—IR800-linker-QWAVGHLM-NH2 with linker = GSG, GGG, and G-Abz4 were 

synthesized and characterized. IC50 for bombesin receptors (BBN-R) in PC-3 prostate and T47D 

breast cancer cells, fluorescence microscopy in PC-3 cells, and NIRF imaging in mice PC-3 tumor 

xenografts were studied.

Results—GGG, GSG, and G-Abz4 derivatives had IC50 (nM) for BBN-R+ PC-3 cells=187±31, 

56 ±5, and 2.6±0.2 and T47D cells=383±1, 57.4±1.2, and 3.1±1.1, respectively. By microscopy 

the Abz4 derivative showed the highest uptake, was competed with by BBN, and had little to no 

binding to BBN-R− cells. In NIRF imaging the G-Abz4 probe was brighter than GGG probe in 

BBN-R+ tissues in vivo and tissues, tumors, and tumor slices ex vivo. Uptake could be partially 

blocked in BBN-R+ pancreas but not visibly in tumor.

Conclusions—Linker choice can dominate peptidic BBN-R binding. The G-Abz4 linker yields 

a higher affinity and specific BBN-R binder in this series of molecules.
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Introduction

Interest in receptor targeted near-infrared fluorescence (NIRF) imaging is growing because 

of its potential use in image-guided surgery (optical surgical navigation) [1]. Using probes 

that fluoresce in the NIR (650–850 nm) minimizes tissue auto-fluorescence seen at lower 

(<600 nm, e.g., hemoglobin) and higher (>900, e.g., water and lipids) wavelengths. NIRF 

probes are not radioactive, allow real-time imaging, and have a limit of detection ≤1 nM that 
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allows receptor imaging. These advantages have spurred advances in the development of 

new fluorescent dyes, molecular targeting probes, and equipment [2–4]. The most popular 

dyes available for NIRF imaging are organic cyanine molecules with molecular weights 

∼1,000 Da and excitation/emission at 700–830 nm [3]. One of the most widely used NIRF 

dyes is IRDye®800CW (IR800). It has high water solubility and stability, demonstrated low 

toxicity, high relative brightness [3], low albumin binding [5], and is available commercially 

[3, 4, 6]. There are several IR800 NIRF probes published for imaging targets on human 

tumor cells: EGFR [7, 8], EGFR-2 [9], VEGF [9, 10], GLUT [11, 12], PSMA [13, 14], 

CXCR4, and CXCR7 [15], and tumor vasculature, e.g., CD-105 [16], phosphatidylserine 

[17], phosphatidylethanolamine [18], and integrins [19].

Several hormone peptide receptors are well validated as human cancer cell targets, among 

them is the bombesin receptor (BBN-R) family [20, 21]. There are four known subtypes of 

BBN-R that belong to the 7-transmembrane G-protein coupled receptor superfamily 

(GPCR), including GRPr (gastrin-releasing peptide receptor, BB2 or BRS-2), NMB-R 

(neuromedin B receptor, BB1 or BRS-1), an orphan receptor BB3-R (BRS-3), and the 

amphibian receptor BB4-R. Ligands are known for the first two in mammals, but not for the 

last two [22]. GRPr, and sometimes NMB-R, are well documented in prostate, breast, 

gastrointestinal stromal, small-cell lung [23–28], and head and neck tumors [29], and over-

expression of BBN-R is reported in the tumor vasculature (but not cancer cells) of ovarian 

and urinary tract cancers [28, 30]. We have previously used DO3A-CH2CO-G-ABz4-

QWAVGHLM-NH2, (AMBA) labeled with 177Lu for radiotherapy [31] and 68Ga has been 

reported [32] for imaging of GRPr and NMB-R-positive PC-3 tumors. AMBA is comprised 

of amino acids 7–14 of bombesin (t-BBN), a 4-aminobenzoyl linker (G-Abz4), and 1, 4, 7, 

10-tetraazadodecaundecane-1, 4, 7, 10-tetraacetic acid (DO3A) for radio-labeling with metal 

ions. AMBA binds GRPr and NMB-R avidly (IC50=2–5 nM) with or without a chelated 

metal ion. AMBA binds in vivo to BBN-R+ xenograft tumors and BBN-R-rich normal 

pancreas in mice. During our work with AMBA, a large variety of compounds with different 

linkers were synthesized to determine optimal characteristics for systemic radiotherapy, 

including high tumor uptake and retention, and favorable dosimetry. Target binding and 

biodistribution were found to be dependent on the structure of the linker used for coupling t-

BBN with DO3A. AMBA was found to be one of the best molecules because of its G-Abz4 

linker (Fig. 1). Several publications have recently also shown that binding of t-BBN to BBN-

R, as well as other ligands of GPCR, is highly dependent on the linker structure [33–35].

Two NIRF agents for targeting BBN-R have been recently reported. The first used a GSG 

linker (G = glycine, S = serine) between t-BBN and a carbocyanine NIRF dye [36]. The 

second used a GGG linker between t-BBN and an Alexafluor 680 (AF680) NIRF dye [37]. 

In this study, we synthesized and validated three new probes: IR800-G-Abz4-t-BBN, IR800-

GGG-t-BBN, and IR800-GSG-t-BBN. The three probes were compared in vitro and two of 

them, the highest affinity (G-Abz4) and lowest affinity (GGG) BBN-R binders were 

characterized in vivo.
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Materials and Methods

Peptides

Bombesin (BBN, #20665, >95% pure Pyr-QRLGNQWAVGHLM-NH2) was purchased from 

AnaSpec (Fremont, CA USA). Human 125I-Tyr4-BBN (#NEX258050UC) was purchased 

from PerkinElmer (Waltham, MA USA). IR800-NHS ester and IR800-COOH were 

purchased from LI-COR (Lincoln, NE, USA). AMBA was a gift from Bracco, SpA (Bracco 

Diagnostics, Princeton, NJ, USA). QWAVGHLM-NH2 (t-BBN) and TSPLNIHNGQKL-N 

(HN1) were synthesized using the Fmoc solid-phase strategy. Rink amide resin (0.5 mmol/g) 

was loaded onto a reaction vessel placed on an ABI 433A automated peptide synthesizer or 

an Aapptec Endeavour 90 peptide synthesizer. For each millimoles of the amine on the resin, 

protected amino acid (4.0 mmol) was activated with 4.0 mmol of the appropriate coupling 

agent like HATU/HBTU and 8.0 mmol of DIEA for 5 min and the activated acid was 

transferred to the amine on the solid phase and the vessel was shaken for 1 h. The peptide 

along with the protection groups were then released from the resin, a process repeated twice 

with two 10-ml cocktails containing trifluoroacetic acid (TFA), phenol, tris-isopropylsilane, 

and water in a ratio of 95:2:2:1, and precipitated into methyl-tert-butyl ether. The crude 

peptide was purified by preparative HPLC on a Shimadzu LC-8A with water/acetonitrile (5–

70 % gradient), and the resulting product was pooled and freeze dried.

The purified peptide (>95 % pure by HPLC) was then conjugated to IR800-NHS ester. A 

solution of IRdye800CW-NHS ester (5.0 mg, dissolved in 50 μl DMSO and 50 μl 

acetonitrile) was added to 4.1 mg of G-Abz4-t-BBN in 500 μl sodium bicarbonate solution 

(0.1 M) at 0 °C. The resultant mixture was warmed to ambient temperature overnight and 

monitored by LC/MS (MALDI). The product was isolated by preparative HPLC on a 

Sunfire (Waters) C18 (30×250 mm, 5 μm) column with 30 ml/min flow rate. The solvent 

system consisted of the solvent A (0.1 % TFA in water) and B (0.1 % TFA in acetonitrile) 

with gradient of solvent B ascending from 5 to 65 % over 60 min. The final compound was 

collected and lyophilized to afford a greenish blue product weighing 1.7 mg. Other IR800 

compounds in Table s1 (supplemental Fig. and Table are identified with the prefix, s) were 

made using the same method.

Analysis of the purity of all of the synthesized peptides was performed using a Shimadzu 

LC-10ATvp model, Waters C18-RP analytical column (Xterra cartridge, 50×4.6 mm; flow 

rate=3 ml/min) starting at 95:5 buffer A/buffer B and then linear gradient over 10 min to 

30:70 buffer A/buffer B. For HN1, a control peptide [38], the gradient system was the same 

but ran only from 5–50 % buffer B. The purity was >95 % by relative HPLC peak area at 

220 nm. HPLC traces are shown in Fig. s1.

The dye conjugates were characterized for identity by matrix-assisted laser desorption/

ionization time-of-flight (MALDI-TOF; Table s1).

Cell Culture

Human prostate cancer cells, adenocarcinoma (PC-3) from American Type Culture 

Collection (ATCC) cat # CRL-1435, human mammary gland ductal cancer cells (T47D) cat 

# CRL-2865, and human breast cancer cells (HCC 1937) cat # CRL-2336 were maintained 
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in DMEM (Invitrogen, Carlsbad, CA), high glucose supplemented with 10 % fetal bovine 

serum (Atlanta Biologicals, Flowery Branch, GA USA), an additional 2 mM L-glutamine 

solution (Sigma-Aldrich, St. Louis, MO, USA), and 1 % Pen Strep (Invitrogen), at 37 °C 

with 5 % CO2. The cell lines were sub-cultured using 0.25 % trypsin (Invitrogen) twice per 

week. Cells were seeded in 96-well plates at ∼30,000 cells per well (counted on a Invitrogen 

Countess) in 200 μl of cell culture medium for competition assays, and eight-well collagen 

coated chamber slides at ∼70,000 cells per chamber in 300 μl of cell culture medium for 

direct assays.

Competition Radioligand Binding

Cell culture medium was removed 24 h after plating and cells were washed twice with 

binding buffer (RPMI 1640, 20 mM HEPES, 0.1 % BSA w/v, 0.5 mM PMSF, 0.1 mg/ml 

bacitracin) at room temperature (RT). Cells were placed in a 4 °C refrigerator for 30 min for 

slow cooling. All the subsequent steps used ice cold solutions and incubations were 

performed at 4 °C. Peptide mixtures for the competition assay were prepared using a 

constant concentration of 125I-Tyr4-BBN (0.22 μCi/ml), and a varied (0.1 nM – 1 μM) 

concentration of competing peptide. Cells were incubated with 70 μl of peptide mixtures in 

each well for 1 h. Each concentration of competing peptide was tested in triplicate. After 1 

h, cells were washed five times with ice-cold wash buffer (25 mM HEPES, 150 mM NaCl, 

pH 7.4). Cells were lysed by adding 200 μl of 1 N NaOH kept at 37 °C, twice to each well. 

Solutions were transferred to tubes and radioactivity was measured using an automatic 

gamma counter (PerkinElmer Wizard II, Model 2480). Data were analyzed using GraphPad 

Prism 5. The data are reported as mean ± the SE.

Direct Binding Assays in Cells

Cell culture medium was removed from eight-well chamber slides 24 h after plating and 

cells were washed twice with binding buffer at RT, then left in binding buffer at RT for 30 

min. Peptide and control dye solutions were prepared by diluting 250 μM stock solution of 

peptides and control dye in 50 % DMSO to 2 μM final concentration in the binding buffer. 

Cells were incubated with 200 μl of peptide solutions or control dye in each chamber. Each 

peptide was tested in duplicate. After 2 h incubation, cells were washed four times with 300 

μl of binding buffer and once with 300 μl of wash buffer (25 mM HEPES/150 mM NaCl at 

pH 7.4) containing 1 μg/ml 4′, 6-diamidino-2-phenylindole (DAPI). After that, the chamber 

slide scaffold was removed, a drop of aqua-poly/mount was added to each chamber, and 

chamber slides were cover-slipped and sealed with clear nail polish. Cells were observed 

and imaged with an Olympus IX81 microscope using an IR800 filter set.

Competition for Direct Binding in Cells

Cells were incubated with 200 μl of peptide mixtures containing 1.5 μM of IR800-G-Abz4-t-

BBN and 516 μM of competing peptide, either BBN or control peptide, HN1 

(TSPLNIHNGQKL-NH2) [38]. The rest of the assay was the same as the direct cell binding 

assay.
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Animal Experimental Protocols

All animal studies were conducted in compliance with animal protocols approved by The 

Ohio State University IACUC, and were conducted within Laboratory Animal Resource 

monitored facilities by trained, approved personnel. Animals were housed communally, 

three to five same-sex animals per cage, given water ad libitum, quarantined 1 week, then 

fed a diet of chlorophyll-free chow (Harlan Lab, IN, cat # TD.97184) for at least 10 days 

prior to experiments.

Nude male mice, 4 to 6 weeks old, CrTac:NCr-Foxn1
nu homozygous (Taconic Farms Inc.) 

without xenografts were injected while conscious via tail vein with 5-nmol of test compound 

in 100 μl of injection buffer (5 % ascorbic acid containing 0.025 %w/v EDTA, 0.2 mg/ml 

selenomethionine, and 0.2 % human serum albumin in phosphate-buffered saline (PBS) 

adjusted to pH 5.8 with NaOH [39]). Animals were imaged at 1–5 and 24 h to grossly 

observe clearance of the IR800 conjugates. After euthanasia, organs were excised and 

imaged (Fig. s2–s6).

For pharmacokinetics studies, normal female balb/c mice were injected with 10 nmol IR800-

G-Abz4-t-BBN or IR800-GGG-t-BBN (N=4 each) in 100 μl injection buffer via tail vein. At 

0.5, 1, 3, 6, and 24-h post-injection, 5∼10 μl of blood was collected from the saphenous vein 

and loaded into a black wall 96-well plate containing 100 μl PBS per well. The fluorescence 

intensity was counted using a synergy H4 hybrid multi-mode microplate reader (BioTech, 

VT) at 764 nm excitation/809 nm emission, then converted to counts per microliter and 

further analyzed using GraphPad Prism 5 (GraphPad Software, CA) to calculate the blood 

clearance halftime (T1/2) using a single-phase analysis, which fit better than other models.

PC-3 tumor mice were created from 4- to 6-week old nude male CrTac:NCr-Foxn1
nu 

homozygous mice (Taconic Farms Inc.). The mice were subcutaneously injected with 1×107 

PC 3 cells in 100 μl of PBS in the left flanks. Tumors were allowed to grow to ∼150 mm3. 

Each animal was injected with 10 nmol of test compound in 100 μl of injection buffer.

Imaging experiments performed in the PC-3-tumor-bearing mice used 10 nmol of IR800-G-

Abz4-BBN or IR800-GGG-t-BBN injected with (N=3) or without (N=3) an additional 100 

nmol of ABMA [31]. Animals were euthanized at 3-h post-administration and tumors and 

pancreata were excised and imaged. Pancreata were similar in size among the animals and 

were imaged in a flattened state and piled into a ball approximating the diameter of a tumor. 

Tumors were imaged as extracted, then in two cases where paired animals had different 

sized tumors, the larger tumors were trimmed with a scalpel to equalize the tumor masses.

Near Infrared Fluorescence Imaging

Whole animal and ex vivo organ images were collected using both a CRi Maestro white 

light excitation imager (CRi Inc., Woburn, MA, USA) and a laser excitation Fluobeam™ 

800 NIR imaging system (Fluoptics, Grenoble, France). The Fluobeam system excites with a 

780-nm emission laser and records with a CCD camera with >800 nm emission filtering. 

Imaging by a CRi system was performed using the NIR filter and multi-filter acquisition 

mode from 740–950 nm with 10 nm increments. The 23 spectra were separated using the 

instrument’s software. We used an uninjected mouse and the board supporting the animal 
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and organs as background. The mice were euthanized immediately prior to imaging. Whole 

body images were taken after skinning the mice. Organs were then dissected and laid out for 

ex vivo imaging. The images were also captured with the tumors sliced 2-mm thick with 

surgical scarf. Comparisons of animals and tissues were made by placing the compared 

animal or tissue set in the same image to equalize exposure times.

Statistical Analysis

To compare the fluorescence intensity in the blood between animals injected with IR800-G-

Abz4-t-BBN and IR800-GGG-t-BBN at various time points, a t test was utilized. P values 

<0.05 were considered as significant.

Results

The structures of the three new molecules are shown in Fig. 1. The amino acid sequences 

and analytical data are in Table s1. HPLC confirmed compound purity to >95 % and 

MALDI mass spectra confirmed the identity. PC-3 and T47D cells are known to over-

express human GRPr (BB2) [31] and were used for the competition assays using 125I-Tyr4-

BBN, a well-established GRPr binding radioligand [40]. The competition binding curves of 

the three conjugates and BBN, the positive control, are shown in Fig. 2, and the IC50 values 

are listed in Table 1. The BBN control IC50 values in both cell lines were in agreement with 

literature. Overall, the IC50 data span a range 400 nM with only the G-Abz4-linker 

producing a peptide conjugate that approached the BBN IC50=1–2 nM. While all three 

conjugates could be categorized as positive binders, the G-Abz4-linked conjugate had IC50 

values 20–100-fold greater than the GGG- and GSG-linked conjugates.

A similar binding affinity pattern was observed in the direct cell binding assays (Fig. 3). 

IR800-GGG-t-BBN, IR800-GSG-t-BBN, and IR800-G-Abz4-t-BBN bound to PC-3 cells to 

widely different extents (Fig. 3a). The peptides appeared to be internalized, based on the 

proximity of the observed 800 nm dye signal to the DAPI-stained nuclei. Internalization 

would be expected of the agonist t-BBN targeting peptide [31]. There was no binding or 

internalization observed with the IR800-carboxylate dye control. The IR800-G-Abz4-t-BBN 

showed the highest overall signal among the compounds as expected from the IC50 data. In 

Fig. 3b, it can be seen that the binding of IR800-G-Abz4-t-BBN to PC-3 cells was 

specifically blocked by excess BBN (∼345-fold) peptide but not by the same amount of the 

unrelated HN1 peptide (Fig. 3b, top), demonstrating the specific nature of the binding. In 

addition, the IR800-G-Abz4-t-BBN did not bind to HCC1937 cells, a breast cancer cell line 

that does not express significant BBN-R (Fig. 3b, bottom, Wang et al. [41]).

Initially, the binding of IR800-G-Abz4-t-BBN was tested in a nude mouse without a 

xenograft tumor, as BBN-R are present in pancreas [31]. Renal excretion was indicated by 

high signal in the bladder (e.g., Figs. s3–4) at early times (3–4 h) that persisted at 24 h in 

whole body images. This route has previously been shown to be predominant for AMBA 

[31], a DO3A-counterpart of IR800-G-Abz4-t-BBN, as well as for the carboxylate of IR800 

[42]. Despite rapidly accumulating and bright signal in the bladder, most tissues remained 

very bright in the early time images for all agents as the agents cleared, similar to other 

peptides labeled with IR800 [42, 43]. No signs of gross toxicity were observed at 5–40 nmol 
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intravenous doses. Excised BBN-R+ pancreas and BBN-R− muscle tissues from the G-

Abz4- and GGG-linked peptides at 3-h post-intravenous dose demonstrated (Fig. s5) 

relatively low muscle signal for both compounds, but a clear preference for the BBN-R-rich 

pancreas over muscle for the G-Abz4-linked peptide, and a barely visible difference in 

pancreas and muscle for the GGG-linked peptide.

Blood concentration vs time curves for the GGG- and the G-Abz4-linked compounds were 

similar with a half-life for blood clearance of 1.7 and 2.6 h, respectively (Fig. 4a). From 1 to 

24 h, only the 3 and 6 h time points were significantly different (P<0.05), with the GGG 

derivative lower in blood concentration. We chose 24 h imaging to compare the two 

molecules based upon earlier work with AMBA [40] in the same mouse model. Our PC-3 

cell studies and blood curves indicated similar behavior of IR800-Abz4-t-BBN and AMBA, 

and the two fluorescent molecules we compared in vivo coalesced in blood concentration at 

24-h post-administration. Another study 111In(chelate)-labeled t-BBN also found 24 h to 

have the highest tumor uptake [44]. Whole body 24 h images in PC-3 xenograft mice are 

shown in Fig. 4b. Salient features are visible in both CRi and Fluobeam images, but the CRi 

processed images appear to emphasize the feet (skin) and tail vein (injection site). IR800-G-

Abz4-t-BBN-treated mice showed tumor well above background, while IR800-GGG-t-BBN-

treated mice showed only spleen and kidneys. Euthanasia at 24 h, and extraction of BBN-R-

positive pancreas, PC-3 tumor, and muscle (BBN-R−), gave the images in Fig. 4c. The 

GGG-linked peptide barely demonstrated the relative brightness of the BBN-R-positive 

tissues over muscle. In contrast, for the G-Abz4-linked conjugate, the images clearly 

demonstrate high contrast and brightness in pancreas and PC-3 tumor tissue compared to 

muscle. To place the images on a semi-quantitative footing with similar attenuation in tissue 

we sliced the tumors into 2-mm slabs and imaged again (Fig. 4d) with the same results. We 

also saw intra-tumor heterogeneity of signal in mice dosed with IR800-G-Abz4-t-BBN. This 

was best visualized with the Fluobeam images.

To demonstrate specific binding, 10 nmol doses of IR800-peptide were coinjected with 100 

nmol of AMBA, a non-fluorescent analog. AMBA is a well-studied BBN-R agonist (BB1 

and BB2) with IC50=2–5 nM (vs 2 nM for BBN) in the same assay as in Fig. 2. Solubility 

limited the AMBA dose, but the data in Fig. 5 still indicate that 100 nmol was enough to 

demonstrate reduction in the signal of the pancreas by co-injected AMBA. Tumors were 

resistant to receptor blockade by 100 nmol AMBA.

We observed heterogeneous tumor signal (Figs. 4–6) suggestive of necrosis. In Fig. 6, we 

show an AMBA blocking experiment, along with the histology slides of the tumor whose 

signal is shown in the optical images. The H&E histology slides demonstrate the necrotic 

tissue in the central region of the tumor, accounting for the signal intensity features visible in 

the sliced tumor tissues.

Discussion

Small molecules are often sought as imaging radiopharmaceuticals because their faster 

targeting and clearance allows same-day clinical imaging and lower radiation exposure 

compared to proteins. They are also less expensive to develop for commercial clinical use. 
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However, the labeling chemistry with >0.5 kDa fluors is more likely to affect the targeting of 

small (2–5 kDa) molecules than is radiolabeling with a single atom or small moiety. Our 

data, along with the two published examples of fluor-linked-t-BBN probes (Fig. s7), 

demonstrates that both linker and fluorescent label structure can dramatically affect t-BBN 

target binding. It is especially interesting that interchanging two structurally similar bis-

cyanine dyes, AF680 and IR800, creates the poorly binding IR800-GGG-t-BBN and the 

strongly binding AF680-GGG-t-BBN in the same two cell lines (Table 1). A similar 

difference occurs when IR800CW is substituted for carbocyanine with the GSG linker. 

IR800 has several additional SO3H groups and a bulky aromatic ring in the center of its 

structure, compared to the other dyes, adding charge, probably rigidity and lipophilicity to 

the overall probe structures, each of which could influence interaction of the adjacent 

peptide with its receptor. Whatever the specific molecular interaction that reduces the 

binding strength of IR800-labeled t-BBN when the GGG and GSG linkers are used, the G-

Abz4 linker apparently insulates the t-BBN-R binding peptide from it.

Unlike nuclear images of targeted probes, the proposed clinical use of NIRF probes is 

intraoperative observation of surgical margins and guidance of sampling of excised 

specimens, and not whole body external imaging. Interpretation of NIRF optical images 

should, we think, be made qualitatively in our context due to the significant attenuation of 

light by overlying tissue. We therefore opted not to cite numerical values for the detected 

light, knowing from experience that altering the animal’s position can significantly alter the 

numbers. Some alleviation of the attenuation affect can be achieved by slicing ex vivo 
imaged tissue as we have done in Fig. 4c and Fig s6, into 2-mm slabs. This also allowed us 

to observe probe uptake heterogeneity, a feature not unexpected in rapidly growing 

xenografts, which we confirmed via H&E histology (Fig. 6). Comparing the CRi and 

Fluobeam images shows some negative effect of the processing by the CRi in the form of 

granularity.

Initial animal data (Fig. s2–4) demonstrated rapid clearance of the probes mainly through 

the renal route. Some 24 h retention in the skin was noted, but otherwise the BBN-R-rich 

pancreas was the normal target organ for the G-Abz4-linked peptide. Unlike solid tissue 

images, blood data can be quantitatively analyzed using a fluorescence plate reader if it is 

diluted identically for each sample. The data in Fig. 4a produced significantly (P<0.05) 

though not dramatically different blood clearance half-lives for the GGG and Abz4 

derivatives, with both similar in initial clearance to that reported for AF680-GGG-t-BBN 

(∼1 h initial rate). After the initial decline in signal, IR800-GGG-t-BBN appears to clear 

faster and more completely than the AF680-GGG-t-BBN (1.7 vs 4 h, respectively) [45].

Our data demonstrating the difference in target signal and signal to background between the 

strongly and weakly bound probes suggests that fairly strong binding is required for this 

probe molecule to successfully detect its receptors in imaging. Overall, both the lower 

affinity and the faster blood clearance probably contributed to the poorer tumor imaging of 

the GGG derivative.

We confirmed that the G-Abz4-linked probe could be visibly competed from its receptor in 
vivo. This was recently reported for the AF680-GGG-t-BBN probe [45]. In studies of 
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AMBA in PC-3 tumor mice, pancreas and tumor uptake of 0.2 nmol of 177LuAMBA was 

significantly competed with by co-injection ∼50 nmol of unlabeled AMBA [31]. We used 

unlabeled AMBA to attempt a similar experiment in this work but the conditions in NIRF 

imaging are not as conducive to receptor blocking experiments as in radiolabel studies 

because of the 50-fold higher mass dose in NIRF, and the solubility limits of the AMBA and 

other BBN-R binders that restrict the mass dose of AMBA to 100 nmol. We observed 

diminished pancreatic signal with AMBA blocking but not obviously diminished tumor 

signal. The data published on radiolabeled AMBA [31] with the benefit of accurate 

radiolabeled biodistributions showed that that mice PC-3 tumors contain a 3–4-fold lower 

concentration of injected 177LuAMBA than the pancreas in vivo, but that the tumors resisted 

unlabeled AMBA saturation in vivo while pancreas did not. We therefore feel confident that 

the binding to these BBN-R+ tissues by IR800-G-Abz4-t-BBN is at least significantly, if not 

totally receptor specific. Overall, the results suggest that the pancreatic receptors are 

regulated differently than those expressed on the PC-3 cells.

Conclusion

The t-BBN peptide that binds BBN-R is highly sensitive to changes in the linker that 

connects it to the fluorescent label, and apparently also to the fluorescent label structure. 

IR800-G-Abz4-t-BBN is a receptor-specific NIRF probe with strong affinity for its target 

receptors in vitro, and effective in vitro and in vivo imaging of BBN-R+.
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Fig. 1. 
Chemical structure of IR800-Linker-t-BBN molecules.
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Fig. 2. 
Competition between 125I-Tyr4-BBN and BBN-R targeted ligands for binding to PC-3 cells 

(left) and to T47D cells (right). BBN (closed circle), IR800-G-Abz4-t-BBN (open circle), 

IR800-GSG-t-BBN (triangle), and IR800-GGG-t-BBN (square). IC50 values are in Table 1.

Shrivastava et al. Page 14

Mol Imaging Biol. Author manuscript; available in PMC 2018 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
a Direct binding of IR800-G-Abz4-t-BBN, IR800-GSG-t-BBN, IR800-GGG-t-BBN, and 

IR800-carboxylate (dye control) to PC-3 cells detected by fluorescence microscopy. Nuclei 

are stained blue with DAPI; IR800 shows red. b IR800-G-Abz4-t-BBN binding to PC-3 

cells blocked by BBN (top right) but not by HN1 (top left), a peptide that does not bind 

BBN-R. IR800-G-Abz4-t-BBN binds to PC-3 (bottom left) cells but not to BBN-R-negative 

HCC1937 cells (bottom right).
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Fig. 4. 
a Blood concentration vs time curves for IR800-GGG-t-BBN and IR800-G-Abz4-t-BBN in 

balb/c mice. b, c, d CRi images (top, red) and Fluobeam images (bottom, white) of nude 

mice-bearing PC-3 xenograft tumors, 24-h post-intravenous dose of 10 nmol. b Whole body 

images of mice 1 and 3, showing tumor (T), spleen (S), and kidneys (K). c Excised whole 

tumor (T), pancreas (P), and muscle (M). d The same tumors from b. Sliced into equal 

thicknesses (2 mm). Images for mice 5 and 6 are in Supplemental Information, Figs. 6.
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Fig. 5. 
Nude mice (m7-12)-bearing PC-3 xenografts, intravenously dosed at 10 nmol IR800-Abz4-t-

BBN alone (mice marked minus sign) or coinjected with 100 nmol AMBA (mice marked 

plus sign). Tumor and pancreas were excised at 3-h post-dose and imaged by CRi (top, red) 

and Fluobeam (bottom, white). AMBA visibly diminished binding to pancreas but not 

tumor. Asterisks larger tumors in m8 and m9 were cut into sizes similar to m7 and m10. In 

m7 and m8 the pancreas are spread out; in m9 and m10, the pancreas are piled up. M11 and 

m12 not shown.
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Fig. 6. 
The unblocked tumor in mouse 11 (m11) from the blocking experiment in Fig. 5 appeared 

low in signal relative to its high signal pancreas in CRi (top panel) and Fluobeam (bottom 
panel). Histology of a central cut through the tumors of m11 and m12 demonstrated necrotic 

areas only in the tumor of m11 (bar is 200 microns).
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