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Abstract

Preparation of small molecule based dual-modality probes remains a challenging task due to the 

complicated synthetic procedure. In this study, a novel concise and generic strategy for preparing 

dual-modality optical/PET imaging probes via photo-click chemistry was developed, in which the 

diazole photo-click linker functioned not only as a bridge between the targeting-ligand and the 

PET imaging moiety, but also as the fluorophore for optical imaging. A dual-modality AE105 

peptidic probe was successfully generated via this strategy and subsequently applied in the 

fluorescent staining of U87MG cells and the 68Ga based PET imaging of mice bearing U87MG 

xenograft. In addition, dual-modality monoclonal antibody cetuximab has also been generated via 

this strategy and labeled with 64Cu for PET imaging studies, broadening the application of this 

strategy to include the preparation of macromolecule based imaging probes.
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Dual-modality optical/PET imaging probes, which are featured by assembling optical 

imaging property and PET imaging property into one single probe to target a specific disease 

related biomarker, are considered as efficient tools for disease diagnosis and/or monitoring.1 

In particular, PET imaging allows extremely sensitive in vivo imaging without penetration 

limitations, while optical imaging allows correlated fluorescent analysis (such as fluorescent 

staining, flow cytometry, IHC staining, etc.). Compared to using monomodality optical 

probes and PET probes, respectively, such dual-modality optical/PET probes intrinsically 

offer a better correlation between results of fluorescence experiments and those of PET 

imaging, especially when the biological effect of the structural difference between 

monomodality optical probes and the corresponding PET probes is not ignorable. Therefore, 

using in vitro fluorescent staining, the targeting capability of dual-modality probes on the 

biomarkers of interest could be assessed prior to performing in vivo PET imaging.

Depending on the type of carriers, which usually serve as transportation tools targeting 

disease associated abnormal cells or tissues, most dual-modality probes can be categorized 

into liposome based,2 quantum dots based,3 polymer based,4 protein based,5 and small 

molecule based6 probes, and each of them possesses its own advantages and disadvantages. 

In particular, small molecule based probes, rendered by their relatively faster body clearance 

(reduced radio dose exposure time)7 and better quality control (minimized batch to batch 

difference)8 compared with other larger size counterparts, play an important role in the area 

of molecular imaging. However, although small molecule based dual-modality probes 

possess desirable properties, their preparation usually involved abundant and complex 

chemistry work including the multiple-step synthesis as well as the frequent use of 

protection–deprotection groups9–11 (Figure 1A), which may limit their applications in 

research and/or in clinical studies.

Bioorthogonal click chemistry, represented by the strain-promoted alkyne–azide 

cycloaddition and inverse electron demand Diels–Alder cycloaddition,12 opens a new avenue 

for preparing imaging probes13 due to its biocompatible and one-pot straightforward 

properties. However, since it is difficult to introduce two or more different clickable 

functional groups into one targeting small molecule, most imaging probes prepared by click 

chemistry possessed just one modality,14–16 and only a few dual-modality probes generated 

by click chemistry were reported.17,18 Herein, we have this problem addressed by using an 

alkene tetrazole photo-click chemistry (Figure 1B), in which the linker formed after 

conjugation not only serves as a bridge between the targeting moiety and bifunctional 
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chelator (BFC, for PET imaging), but also possesses fluorescent property (for optical 

imaging). The alkene tetrazole photo-click chemistry was developed by Dr. Lin and his co-

workers, and it enables a rapid ligation between two bioorthogonal moieties upon light-

irradiation.19 Because of its fast reaction rate (∼45 M−1 s−1,20 more than 100 times as fast as 

that of the widely used DBCO based click chemistry at ∼0.36 M−1 s−121) and capability of 

conducting both temporal and spatial controls, this promising bioorthogonal reaction has 

been utilized to generate a series of fluorescent photo-click products for the fluorescent 

imaging of living cells.22 Herein, we extend its application from preparing optical imaging 

probes for in vitro cell imaging to preparing optical/PET dual-modality probes for in vivo 

imaging. Compared to the traditional approach that usually needs at least three steps to get 

the desired probe (besides peptide and radioactive moiety modifications), our developed 

strategy takes only one step, thus significantly simplifying the preparation of dual-modality 

probes for preclinical and/or clinical applications, and will greatly benefit research groups 

without strong expertise on organic synthesis.

In a proof-of-principle study, peptidic targeting ligand AE105 (a reported antagonist of 

uPAR23,24) was functionalized with alkene and then photo-clicked with the tetrazole-

attached BFC NOTA (Figure 2A). UPAR, the urokinase-type plasminogen activator receptor, 

has been demonstrated as an important biomarker involved in the development of 

cancer.25,26 The alkene and tetrazole functionalization compounds used in this project 

(Figure 2B) were synthesized via the previously reported procedures (Scheme S1).27 As 

illustrated in Scheme 1, the AE105 on resin was functionalized with an alkene group using 

compound 1 while Boc protected NOTA (compound 5) was functionalized with a tetrazole 

group using compound 2, and then the resulting two intermedates (compound 4 and 

compound 6) could be photo-clicked to generate the dual-modality optical/PET probe 

(compound 7) in aqueous solution quickly under mild conditions. Specifically, this photo-

click reaction was carried out in phosphate buffer (pH = 7.4):acetonitrile = 1:1 solution with 

a concentration of alkene functionalized AE105 4 at 2 mM and a concentration of tetrazole 

functionalized NOTA 6 at 400 μM. Upon 2 min irradiation at 254 nm by a portable lab UV 

lamp, the reaction completed with high yield (>50%). The resulting dual-modality AE105 

probe (compound 7) was then separated by the HPLC purification and characterized by LC-

MS. In summary, both functionalization steps and the final photo-click step proceed 

smoothly, rendering it as an ideal approach for preparing dual-modality optical/PET probes. 

Besides the uPAR targeted peptidic ligand AE105, the EGFR (epidermal growth factor 

receptor) targeted cetuximab (monoclonal antibody) has also been successfully 

functionalized with acrylic-chloride in PBS buffer via the slightly modified procedures28 

and subsequently photo-clicked with compound 6 to generate corresponding dual-modality 

optical/PET imaging probes targeting EGFR (Scheme S2).

The absorption and emission spectra of the prepared dual modality AE105 probe were then 

recorded using a Cary 100 Bio UV/vis spectrophotometer and a Cary Eclipse Fluorescence 

spectrophotometer, respectively. Corresponding curves were plotted subsequently (Figure 3). 

It was found that the fluorescent pyrazoline linker exhibited a maximum absorption at 

around 360 nm and a maximum emission at around 570 nm, both values were consistent 

with the previous reported results for compounds bearing the similar fluorescent core.29
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The fluorescent property confirmed by the absorption and emission curve prompted us to 

apply the synthesized dual-modality probe in the fluorescent staining of the uPAR 

overexpressed U87MG cell line. In particular, cells were incubated with the probe for 2 h at 

room temperature. Upon removal of the medium containing the unbounded probe, cells were 

washed, fixed, and imaged by the fluorescence microscopy using a specific filter (excitation 

at 365 nm, emission at 605 ± 35 nm). Red fluorescence was observed (Figure 4A), 

indicating the successful staining of U87MG with the synthesized probe. To investigate the 

specificity of this probe toward uPAR, another blocking group was set up as a negative 

control in which 500 times excess amount of AE105 was applied together with the probe 

(compound 7). It was found that for this blocking group, only very weak fluorescence was 

observed using the same setting of the fluorescence microscopy (Figure 4B). Taking into 

account fluorescent imaging results of both groups, it could be concluded that this probe can 

specifically bind to uPAR receptors on U87MG cells.

Encouraged by the promising result obtained in the cell fluorescent staining, we then 

investigated the application of this dual-modality AE105 probe in PET imaging. Equipped 

with the NOTA chelator, this probe could be radiolabeled with 68Ga in decent specific 

activity. Briefly, 1 nmol probe was incubated with 1 mCi 68Ga in 100 μL ammonium acetate 

buffer (0.1 M, pH = 4.0). 68Ga labeling was conducted at 70 °C, and over 95% incorporation 

yield could be obtained within 30 min, leading to a specific activity of 1.0 mCi/nmol. The 

resulting 68Ga labeled probe ((68Ga)7) was then injected (tail vein) into nude mice bearing 

U87MG xenografts at their right shoulders. PET/CT imaging was subsequently performed at 

1 and 2 h after the tail vein injection. As shown in Figure 5, at different time points scanned, 

the tumor could be clearly visualized on PET images with a high signal to background ratio, 

rendering this probe as an ideal tool for the PET imaging of U87MG xenografts. Similar to 

the cell fluorescent staining study, a blocking group was step up to investigate the in vivo 

specificity of this imaging probe, in which abundant AE105 was coinjected with (68Ga)7. 

Results reflected that the intensity of the PET signal at the tumor site was significantly 

reduced in the blocking group, indicating the in vivo specific binding of this probe to uPAR. 

In addition to 68Ga, the AE105-photo-click-NOTA (compound 7) has also been successfully 

radiolabeled with other PET radioisotopes, such as 64Cu and Al18F. As mentioned before, 

besides small molecules, the antibody (cetxuimab) has also been functionalized with NOTA 

via the developed photo-click conjugation between alkene-cetuximab and compound 6. The 

cetuximab-based dual-modality PET/optical imaging probe could be radiolabeled with 64Cu 

in decent specific activity (∼10 mCi/mg) under mild conditions, and the resulting (64Cu)-

cetuximab radiotracer was successfully used for the PET imaging of EGFR expression in 

mice bearing U87MG and 4T1 (mouse original tumor, served as a negative control tumor 

which would not be bound by cetuximab) xenografts (Figure 6).

In summary, we have successfully developed a photo-click chemistry based strategy for the 

facile preparation of dual-modality optical/PET probes. The most important feature of this 

strategy is that the diazole photo-click linker between the targeting ligand and the chelator 

could also serve as the fluorescent core for the optical imaging, thus avoiding complex 

chemistry work to incorporate the optical imaging moiety. As demonstrated in the proof-of-

principle study, the uPAR- and EGFR-targeted dual-modality probes prepared via this 
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approach could be applied in cell fluorescence staining as well as in PET imaging. 

Moreover, by using the designed pair of functionalization compounds (Figure S1), different 

targeting ligands (peptides and antibodies) can be assembled with different types of 

chelators selected based on the specific radioisotopes suitable for that study, rendering this 

strategy a flexible approach for efficiently developing dual-modality optical/PET probes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Traditional approach for generating dual-modality probes. (B) Alkene tetrazole photo-

click chemistry for generating dual-modality optical/PET probes.
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Figure 2. 
(A) AE105 and NOTA; (B) Compounds for modifying peptides and chelators with the 

alkene group (compound 1) and the tetrazole group (compound 2), respectively.
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Figure 3. 
Absorption and emission curves of synthesized multimodal AE105 probe.
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Figure 4. 
Fluorescence staining of U87MG cells with synthesized dual-modality AE105 probe: (A) 

Treated with synthesized dual-modality AE105 probe only. (B) Treated with synthesized 

dual-modality AE105 probe and blocking dose of AE105.
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Figure 5. 
PET/CT imaging of mice bearing U87MG xenografts using 68Ga labeled dual-modality 

AE105 probe: (A) 1 h p.i; (B) 2 h p.i.; (C) with blockade, 1 h p.i.
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Figure 6. 
PET/CT imaging of mice bearing both U87MG and 4T1 xenografts at 48 h p.i of 64Cu 

labeled cetuximab probe: (A) the U87MG tumor was much brighter than the negative 

control 4T1 tumor; (B) coinjecting an excess amount of unlabeled cetuximab.

Sun et al. Page 12

Bioconjug Chem. Author manuscript; available in PMC 2016 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. Synthesis of the Dual-Modality AE105 Probe by the Alkene Tetrazole Photo-Click 
Chemistrya

aReagents and conditions: (a) (1) EDCI, HOBT, Et3N, DMF, rt, overnight, (2) 95%TFA, rt, 1 

h; (b) (1) DIPEA, DMF, rt, 2 h, (2). 95%TFA, rt, 1 h; (c) irradiated by UV254 nm 2 min, rt, 

5 min.
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