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ABSTRACT 

There is currently no clinically approved, widely used molecular imaging agent 

for in vivo detection of cell death. Such an agent would be highly useful for early 

assessment of treatment efficacy in cancer patients, as well as for monitoring many other 

diseases in which cell death plays an important role. Phosphatidylserine (PS), a 

phospholipid that is normally confined to the inner leaflet of the cell membrane, becomes 

externalized on cells undergoing cell death. The accessibility of PS on dying cells makes 

it an attractive target for a cell death imaging probe. In this study, we have radiolabelled 

and evaluated several PS-targeting biomolecules as potential candidates for positron 

emission tomography (PET) imaging of chemotherapy-induced tumour cell death, 

including the well-known PS-targeting protein annexin V and three literature-reported 

PS-binding peptides.  

Wild-type annexin V was labelled with fluorine-18 (18F) using two techniques: a 

random labelling approach that targets any of the 23 primary amines present on the 

protein, and a site-selective labelling approach that targets the protein’s single cysteine 

residue. Using an EL4 mouse lymphoma cell binding assay, we determined that both 

labelling techniques produced an 18F-labelled product that could detect cell death induced 

by chemotherapeutic agent camptothecin, and that labelling technique did not have a 

significant effect on the ability of 18F-labelled annexin V to bind to PS. 

Using a well-established mouse EL4 tumour model of cell death induced by 

combination treatment with etoposide and cyclophosphamide, we were unable to 

demonstrate the ability of 18F-annexin V to image EL4 tumour cell death in vivo. This is 

in contrast to previous reports that have shown successful preclinical imaging of 
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chemotherapy-induced cell death using 18F-labelled wild-type annexin V. Possible 

reasons for our negative result include poor penetration of 18F-annexin V into EL4 

tumours, lack of sufficient Ca2+ concentrations required for 18F-annexin V binding to PS, 

and lack of imaging during the time of greatest PS exposure.  

We also investigated three literature-reported PS-binding peptides as potential 

candidates for development of a PET agent for imaging cell death: LIKKPF, PGDLSR, 

and PS-binding peptide 6 (PSBP-6). We developed a novel competitive radiometric PS 

binding assay that revealed very poor PS-binding affinities of LIKKPF- and PGDLSR-

based peptide conjugates, while PSBP-6-based conjugates showed more favourable 

affinities.  

We radiolabelled each of the PS-binding peptides with positron-emitting 

radionuclides to develop them for PET imaging. Hexapeptides PGDLSR and LIKKPF 

were successfully labelled with 18F, but neither of these radiolabelled peptides showed 

suitable stability in vivo. PSBP-6 was conjugated with metal chelator 1,4,7-

triazacyclononane-triacetic acid (NOTA) to be labelled with radiometals gallium-68 

(68Ga) and copper-64 (64Cu). Both 68Ga-NOTA-PSBP-6 and 64Cu-NOTA-PSBP-6 

showed much better in vivo stability than the radiolabelled hexapeptides.  

Our cell binding assay showed that 64Cu-NOTA-PSBP-6 could detect 

camptothecin-induced cell death in the absence of Ca2+. However, supplementation with 

Ca2+ seemed to enhance the ability of 64Cu-NOTA-PSBP-6 to detect cells undergoing cell 

death.  Using our EL4 lymphoma tumour model, we found that 64Cu-NOTA-PSBP-6 

uptake was significantly higher in tumours receiving chemotherapeutic treatment 

compared to controls, which was apparent 5 minutes after injection with the radiopeptide. 



 IV 

However, tumour retention of 64Cu-NOTA-PSBP-6 was poor, likely due to a combination 

of low affinity for PS, rapid proteolytic breakdown in the plasma, and fast blood 

clearance.  

We also labelled PSBP-6 with fluorescein isothiocyanate (FITC), and flow 

cytometry studies showed significantly higher binding of this fluorescent peptide to EL4 

cells treated with camptothecin compared to untreated cells. Fluorescence microscopy 

studies revealed that FITC-PSBP-6 is not internalized while the cell membrane is still 

intact, but remains bound to the cell membrane.  

Further evaluation of the ability of 18F-labelled wild-type annexin V to detect 

tumour cell death in vivo will require optimization of the current EL4 model or the use of 

other preclinical tumour models of therapy-induced cell death. On the other hand, 64Cu-

labelled PS-binding peptide PSBP-6 shows promise as an alternative probe for imaging 

cell death in vivo using PET. Modifications to further improve the PS-binding affinity, 

metabolic stability, blood clearance profile and tumour retention of 64Cu-NOTA-PSBP-6 

are needed in order to “fine-tune” this radiopeptide for optimal imaging. 
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1. INTRODUCTION 

 

Cancer patients can be treated by surgery, radiation therapy, chemotherapy, or any 

combination of these methods. Monitoring patient response to therapy is very important, 

as patients with the same type of cancer frequently respond differently when given the 

same treatment1. Tumour heterogeneity between patients of the same cancer type leads to 

differences in sensitivity of each patient to therapy, particularly targeted drug therapy. 

Since each tumour displays a different genotype and set of biomarkers, they will each 

respond differently to specific targeted drugs, and this has lead to the need for 

personalized medicine2. Tumour cells can also develop drug resistance by acquiring 

adaptive mutations, leading to proliferation and progression of a new subpopulation of 

tumour cells that are unresponsive to a treatment that had previously been effective3. 

Furthermore, interpatient differences in drug metabolism rates (cytochrome p450 

activity), ABC transporter expression, diet, interactions with other drugs, and other 

environmental factors can cause differences in patient response to therapy, including the 

dose required to have an effect4. Since cytotoxic drugs often have steep dose-response 

relationships and narrow therapeutic windows, each patient must be monitored to ensure 

they are given an appropriate dose to have a therapeutic effect without too much toxicity. 

For these reasons, tumour response to therapy must be monitored in order to ensure that 

the patient is receiving effective treatment. 

The current gold standard for monitoring response to radiation therapy and 

chemotherapy in cancer patients is the use of anatomical imaging techniques such as X-

ray computed tomography (CT) and magnetic resonance imaging (MRI) to observe 
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changes in the size and morphology of tumours5. However, these methods have several 

limitations. Some tumours are not visible, such as micrometastases, and mass lesions of 

unknown activity often persist, even when therapy has effectively inactivated the cancer6. 

Changes in tumour size do not always reflect clinical condition, as patients can show 

clinical signs of disease progression without an increase in tumour size7. Tumour 

measurement reproducibility is poor due to observer variations in determining lesion 

boundary position, particularly with irregular or infiltrating lesions8. In addition, it often 

takes 6-12 weeks for therapy to produce any anatomical changes in a tumour9, and these 

changes have been shown to lag behind the physiological and metabolic response of the 

tumour10,11. If the treatment is ineffective, this results in unnecessary expense, and 

patients must endure increased toxic side effects. Delaying the initiation of a better, more 

effective therapy can also result in tumour progression and increased morbidity5. In 

addition, new tumour growth may have occurred during those 6-12 weeks, even if 

therapy invoked a response, which would result in a false negative when it could have 

been a matter of just adjusting the dose. Heterogeneity within and between tumours and 

their microenvironments complicates assessment of therapy response, as a treatment may 

have been effective at killing only a subpopulation of tumour cells or specific region of 

the tumour, while the rest of the tumour is still active12. Clearly, anatomical changes in a 

tumour should not be used as the only measure of therapy response. Changes at the 

molecular level must be monitored in order to detect microscopic events in tumour cells 

and their microenvironments, allowing for earlier assessment of therapy response and 

better understanding of the molecular response induced by therapy.  
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Although in vitro and ex vivo techniques can be used to examine molecular 

processes in tumour tissue extracted by biopsy or surgery, these procedures are invasive 

and time consuming, and do not provide information on the “whole picture”. Intratumour 

heterogeneity often results in sampling bias3, and it is difficult to do follow-up studies 

with these microscopic techniques, making them more appropriate for diagnosis rather 

than assessment of therapeutic response13. As a result, increasing attention is being 

focused on using non-invasive, in vivo functional imaging techniques such as single 

photon emission computed tomography (SPECT) and positron emission tomography 

(PET) to assess patient response to therapy. These nuclear imaging methods use 

radioactive probes (radiotracers) that bind to specific molecular targets in the body to 

visualize biological processes at the molecular level, including the presence of 

biomarkers. In order to develop a nuclear imaging probe, an appropriate target specific to 

the molecular process of interest must first be identified. A ligand that selectively binds 

to that target with high affinity, which may be a pre-existing biomolecule or can be 

rationally designed, must then be labelled with a radioactive isotope. For PET imaging, 

which is the most sensitive molecular imaging technique that produces the highest 

resolution images, the radioactive isotope used must be a positron emitter, such as iodine-

124 (124I), gallium-68  (68Ga), copper-64 (64Cu), or, most commonly, fluorine-18 (18F). 

Once injected into the patient’s body at a subpharmacological dose (tracer dose), the 

radiotracer localizes at the target, where the radioisotope emits a positron, which 

annihilates with an electron in the tissue to produce two gamma ray photons travelling in 

opposite directions14. The photons are measured by a ring of detectors surrounding the 

patient, and computer software uses these measurements to construct a three-dimensional  
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(3D) image of the location and concentration of the radiotracer. This process is depicted 

in figure 1. A radiolabelled probe should localize at the intended site at high 

concentrations, while exhibiting good blood clearance and contributing little to 

background signal, so as to produce a high target-to-background ratio15.  

 

 
Figure 1. Depiction of how a PET scan is carried out. Adapted from Li and Conti16. 

 

Many processes can be targeted in oncologic nuclear imaging. The most well-

known PET imaging agent is [18F]fluorodeoxyglucose ([18F]FDG), a radiolabelled 

analogue of glucose that is taken up into cells via glucose transporters to be metabolized. 

Thus, cell uptake of [18F]FDG is a measure of glucose metabolism, and since tumour 

cells have much higher glucose metabolism rates than normal tissues, [18F]FDG 

accumulates in tumours14. This method is excellent for diagnosis of cancer, particularly 

metastases that cannot be detected by anatomical imaging methods (figure 2).  
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Figure 2. Fused PET/CT image using [18F]FDG as radiotracer showing many 

metastases in a patient with melanoma17. 

 

It can also be used to assess the metabolic response of a tumour to therapy, and 

studies have demonstrated that changes in tumour uptake of [18F]FDG are a better 

predictor of survival than changes in tumour morphology and density14,18. However, 

some cancers such as neuroendocrine, thyroid, testicular, renal, hepatocellular and 

bladder cancers have low or variable [18F]FDG uptake, limiting the use of this radiotracer 

for measuring metabolic changes in these types of tumours18. Also, results for studies 

observing the utility of  [18F]FDG–PET in predicting patient response to therapy are 

conflicting19. A decrease in [18F]FDG uptake does not necessarily mean that a tumour is 
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regressing, as many tumours can acquire mutations that allow them to utilize other energy 

sources, such as fructose20. Furthermore, a “flare” effect is often seen with [18F]FDG–

PET, whereby a transient increase in [18F]FDG occurs in the tumour soon after treatment, 

subsequently followed by tumour regression and a decrease in [18F]FDG uptake. This can 

be due to a number of factors, including recruitment of inflammatory cells with high 

glucose metabolism to the tumour site, or induction of apoptosis in the tumour cells, 

which is an energy-dependent process21. In order to avoid false negatives due to the flare 

effect, guidelines for using [18F]FDG –PET to assess tumour response to therapy indicate 

that patients should wait between 2-12 weeks after therapy before getting a [18F]FDG–

PET scan, depending on the cancer type22. This does not allow for early, efficient 

assessment of tumour response. Apart from glucose metabolism, there are other tumour-

specific processes that can be targeted for PET monitoring of tumours, including cell 

proliferation, cell membrane metabolism, angiogenesis, tumour cell hypoxia, 

antigen/receptor expression, amino acid transport, and synthesis of DNA, proteins, and 

lipids14,18,23,24. Like with [18F]FDG–PET, observing changes in these processes only 

provides an indirect measurement of tumour response to therapy, and are not optimal for 

this purpose due to flare effects and adaptive mutations. The most direct and accurate 

way to assess tumour response to therapy would be to image cell death, for which there is 

currently no widely-used, clinically accepted method. Since tumour regression results 

from a combination of tumour cell death and decreased cancer growth, cell death 

monitoring would reveal the effect of cell death alone on tumour response. Molecular 

imaging of cell death would also capture regional tumour heterogeneity by showing areas 

of the tumour that are drug resistant. Since the molecular mechanisms underlying cell 
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death have been shown to precede changes in tumour size and morphology25,26, molecular 

imaging of cell death would allow for early assessment of treatment efficacy. Moreover, 

the ability to visualize cell death kinetics would lead to improved dosing. These 

advantages have important implications for patient care, as physicians would be able to 

adjust and optimize individual treatment regimens more efficiently. In addition, imaging 

cell death would be extremely valuable for drug development, at both the preclinical and 

clinical level. Animal models of cancer can be used to test the efficacy of novel 

treatments, and the ability to image cell death in these models using preclinical PET 

would allow researchers to better understand the molecular response induced by a drug27. 

PET imaging of cell death would also provide an earlier, more accurate indication of 

therapy response in clinical trials. The ability to screen novel drug efficacy more 

efficiently would speed up the process of drug development and reduce unnecessary 

expenses28. 

In addition to its importance in oncology, imaging cell death would also be very 

useful in monitoring a variety of pathological conditions associated with aberrant cell 

death. For example, neurodegenerative diseases such as Parkinson’s, Alzheimer’s and 

Huntington’s disease, autoimmune disorders such as rheumatoid arthritis, as well as 

cardiovascular disease are all associated with excessive, uncontrolled death of healthy 

cells29.  

 

1.1. Molecular response of tumours to anticancer therapy 

Effectiveness of an anticancer therapy depends on its ability to permanently 

inactivate tumour cells. This can occur through either cellular senescence, whereby the 
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cell undergoes permanent cell cycle arrest, or through some form of cell death30. Cellular 

senescence, which manifests in a flattened and granular phenotype as well as expression 

of the senescence-associated β-galactosidase enzyme, can initially help to limit tumour 

progression. However, the continued presence of senescent cells can actually contribute 

to tumour progression by secreting inflammatory and tumour-promoting factors into the 

microenvironment, which induces proliferation and tumourigenesis in surrounding 

cells31. Thus, the desired effect of anticancer therapy is tumour cell death. There are 

various pathways by which cells can die, although these pathways are not mutually 

exclusive and can often overlap. Many dying cells exhibit biochemical or morphological 

features from more than one pathway, and a cell that is undergoing one type of cell death 

can later switch to another mode32,33. Necrosis is an uncontrolled form of cell death 

induced by excessive, traumatic cell damage, and is characterized by cell swelling, 

organelle degradation, and plasma membrane rupture followed by a release of 

intracellular components into the surrounding environment, including cytokines and other 

pro-inflammatory factors. This often results in a local inflammatory response in the 

surrounding tissue, which can have a tumour-promoting effect, since immune 

inflammatory cells have been shown to induce cell proliferation, angiogenesis and 

tumour cell invasiveness34. Programmed necrosis, or “necroptosis”, which occurs in a 

controlled, regulated manner but still exhibits the morphological features of necrosis, can 

also occur35. Autophagy is a controlled protein degradation system that is activated when 

a cell is not getting enough nutrients, and can facilitate either cell survival or cell death, 

depending on the extent of cell starvation. This dual role has complex implications in 

tumour response to therapy, as autophagy can either contribute to tumour cell death or to 
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therapy resistance36. Autophagic cell death manifests in formation of autophagic vacuoles 

and double-membraned autophagosomes, an increase in lysosomal activity, partial 

chromatin condensation and membrane blebbing. Mitotic catastrophe, another mode of 

cell death, has gained recognition in more recent years. It is induced by deficient cell-

cycle checkpoints and cell damage leading to aberrant mitosis, and is associated with the 

formation of giant, multinucleate cells37. Although any combination of these cell death 

pathways may be induced in cancer cells by anticancer therapies, the most understood 

and well-characterized mode of cell death and perhaps the most desired effect of 

anticancer therapy is apoptosis.  

Apoptosis is a natural, tightly regulated process of programmed cell death that has 

an important role in normal physiological processes such as embryonic development, 

immune system regulation, and tissue homeostasis38. Apoptosis can be initiated by an 

intrinsic pathway or an extrinsic pathway (figure 3). The intrinsic pathway is triggered by 

intracellular stressors such as endoplasmic reticulum (ER) stress, oxidative damage, 

ischemia, and DNA damage, and is initiated when cytochrome c is released into the 

cytosol through channels on the mitochondrial membrane. Mitochondrial outer 

membrane permeablization (MOMP) and subsequent release of cytochrome c is regulated 

by the bcl-2 family of proteins. Anti-apoptotic bcl-2 proteins (bcl-2 and bcl-xl) function 

to keep mitochondrial membrane channels closed, while pro-apoptotic bcl-2 proteins 

such as bax and bak function to open the channels to release cytochrome c and initiate 

apoptosis. Other regulators of apoptosis initiation include inhibitor of apoptosis proteins 

(IAPs), which contribute to anti-apoptotic signaling, while other proteins such as 

DIABLO, which inhibits IAPs, promote apoptosis. When pro-apoptotic signals 
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overwhelm the anti-apoptotic signals, cytochrome c is released and forms a complex with 

the Apaf-1 protein, which is called the apoptosome. The apoptosome cleaves initiator 

caspase-9 (a cysteine aspartic acid-specific protease), initiating a signaling cascade of 

protease cleavages that results in the activation of executioner caspases -3, -6 and -7. 

These executioner caspases induce cell death by cleaving many different death substrates, 

whose cleavage causes critical cellular components to be destroyed39.  

 Alternatively, the extrinsic pathway functions through the activation of death 

receptors on the cell surface. Upon binding of death ligands such as tumour necrosis 

factor  (TNF) or Fas ligand (FasL), the death receptors form a death-inducing 

signaling complex (DISC) with adaptor protein FADD and initiator procaspases -8 and -

10 on the cytosolic domain of the receptor. DISC then induces cleavage/activation of 

caspases -8 and -10, which directly cleave and activate the executioner caspases. This is 

where the extrinsic and intrinsic pathways converge: the execution phase. Caspases -8 

and -10 might also cleave and activate the proapoptotic protein Bid, which induces 

cytochrome c release from the mitochondria. This demonstrates the cross-talk that occurs 

between the extrinsic and intrinsic pathways40. Anti-apoptotic protein c-FLIP contributes 

to regulatory signaling of the extrinsic pathway by inhibiting FADD and/or caspases -8/-

10. Apoptosis can also be induced by Granzyme B released from immune cells, which 

activates caspase-3 and contributes to mitochondrial disruption and pro-apoptotic 

signaling41.  
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Figure 3. Intrinsic and extrinsic pathways for initiation of apoptosis42. 

 The execution phase of apoptosis is characterized by a series of biochemical and 

morphological changes to the cell. In addition to caspase activation, MOMP coordinates 

mitochondrial membrane depolarization and plasma membrane depolarization43. 

Morphological changes include chromatin condensation, cell shrinkage, and controlled 

breakdown of cellular protein and DNA. This is followed by membrane blebbing and 

fragmentation of the cell into smaller, membrane-enclosed “apoptotic bodies” which are 

then consumed by phagocytes44. Another defining characteristic of a cell entering the 

execution phase is the redistribution and externalization of the phospholipid PS to the 

outer leaflet of the plasma membrane, which is always a feature of apoptosis, regardless 

of initiating stimulus45. “Flippase”, an ATP-dependent translocase enzyme, pumps 

aminophospholipids, including PS and phosphatidylethanolamine (PE), from the outer 
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leaflet of the plasma membrane to the inner leaflet, while another translocase protein, 

“floppase”, actively pumps cholinephospholipids, including phosphatidylcholine (PC) 

and sphingomyelin, to the outer leaflet46. These two enzymes function to maintain this 

plasma membrane asymmetry between the inner and outer leaflets of a healthy cell. 

When apoptosis is initiated, flippase and floppase are deactivated; however, the inactivity 

of these translocases is not enough to induce rapid externalization of PS to the outer 

leaflet47. Phospholipid scramblases, which are activated by the increase in calcium ion 

(Ca2+) levels upon induction of apoptosis, are responsible for the rapid redistribution of 

PS. These scramblases are passive, non-selective, bidirectional translocases that allow 

phospholipids to randomly distribute between the inner and outer leaflets48. This leads to 

a collapse in membrane asymmetry and exposure of anionic phospholipids on the outer 

membrane, occurring in a matter of minutes46. PS is the dominant anionic phospholipid 

present in the cell membrane, comprising 2-10% of the membrane phospholipids49. 

Membrane phospholipid redistribution in apoptotic cells results in exposure of 50-200 

million PS molecules50. Phagocytes recognize the externalized PS and ingest the 

apoptotic bodies in an organized manner that does not involve an inflammatory 

response51. PS exposure precedes most of the other biochemical and morphological 

changes that occur in the apoptosis cascade, making it a marker of early to late stage 

apoptosis, before engulfment by phagocytes52. In addition to apoptotic cells, PS also 

becomes gradually exposed on circulating erythrocytes as they age, which are then 

cleared by phagocytes at the end of their life cycle53. Activated platelets expose PS at 

their surface as well, helping to catalyze reactions at the cell surface to facilitate blood 

coagulation54. PS is also exposed on macrophages that are activated to engulf dying cells, 
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which seems to play a role in their ability to phagocytose55. Although PS exposure is 

most associated with apoptosis, it can also occur in other cell death pathways including 

autophagy and mitotic catastrophe56. 

The ability to image cell death in vivo using radiopharmaceutical-based nuclear 

medicine techniques would provide important information on treatment efficacy in cancer 

patients. This requires the development of a radiolabelled probe that can selectively bind 

to a molecular target specific to cell death. However, there is no known biomarker 

common to all cell death pathways outlined above that is not also common to other 

biological processes57. As mentioned before, there are several different cell death 

mechanisms that can be induced by an anticancer treatment, some more desirable than 

others (namely apoptosis). If various probes were developed to target biomarkers specific 

to each type of cell death, this would allow oncologists to observe exactly which cell 

death mechanisms are being induced by a treatment, if at all. With this information, 

medical researchers and professionals can determine which anticancer treatments are 

inducing a desired response, and which treatments should be adjusted or abandoned. Thus 

far, research efforts to develop a probe for molecular imaging of cell death have mainly 

focused on targeting the molecular markers of apoptosis, which are most abundant and 

rationally targetable. The most common cellular events that have been used as targets for 

imaging cell death are outlined in Figure 4.  
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Figure 4. Biological features of cell death typically exploited for imaging cell death58. 

 

1.2. Agents for molecular imaging of cell death 

Caspases are an attractive target for the development of an apoptosis-detecting 

probe due to their central role in the execution of apoptosis. The isatin sulphonamides are 

a family of indole derivatives that exhibit high-potency inhibition of executioner 

caspases-3 and -759. One isatin sulphonamide, (S)-1-((1-(2-fluoroethyl)-1H-[1,2,3]-

triazol-4-yl)methyl)-5-(2(2,4-difluorophenoxymethyl)-pyrrolidine-1-sulfonyl)isatin 

(ICMT-11), has been labelled with 18F for PET imaging of apoptosis, and its utility in 

detecting therapy-induced apoptosis in tumours has been demonstrated in several 

preclinical models60–62. 18F-ICMT-11 has also shown promise as a PET imaging agent for 

neoadjuvant chemotherapy-induced apoptosis in breast tumours in a recent clinical 

study63.  

Mitochondrial membrane depolarization is another feature of cell death that has 

been targeted for molecular imaging. Arylphosphonium salts are membrane-permeable 
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lipophillic cations that accumulate at the negatively-charged inner membrane of intact 

mitochondria58. Upon induction of apoptosis, the loss of mitochondrial membrane 

potential leads to a detectable loss of phosphonium cations from the mitochondria. 18F-

fluorobenzyl triphenylphosphonium is an arylphosphonium salt developed for PET 

imaging of cell death, and was able to detect response of preclinical orthotopic prostate 

tumours to treatment with docetaxel64.  

Less well-known characteristics of cell death have also been identified and 

targeted for molecular imaging of tumour response to therapy. For example, one group 

identified a specific monoclonal antibody (mAb), APOMAB, which binds to the La/SSB 

antigen that becomes accessible in dying malignant cells when cell membrane integrity is 

lost65. This antibody was able to detect tumour response to chemotherapy in a number of 

preclinical models66–68. Another group evaluated Apopep-1, a peptide that binds to 

histone H1 exposed on apoptotic and necrotic cells69,70, in preclinical studies that 

demonstrated its ability to predict response of stomach tumours to combination treatment 

with cisplatin and cituximab71. 

Small molecules from the ApoSense family have been shown to bind to apoptotic 

and necrotic cells via a mechanism that is not fully understood. These small molecules 

bind to and are transported across membranes of dying cells where they accumulate in the 

cytoplasm, while being excluded from healthy cells72,73. The most successful of these 

molecules is 18F-labelled 2-(5-fluoro-pentyl)-2-methyl-malonic acid (18F-ML-10), which 

was shown to be effective at imaging apoptosis in preclinical models of therapy-induced 

tumour apoptosis73,74, and has progressed to clinical trials for evaluation of therapy 

response in patients75–79. 
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Due to its accessibility, PS is an extremely attractive target for the development of 

a molecular imaging agent that can detect cell death. Many PS-targeting agents have been 

investigated for this purpose. Proteins that bind to PS include annexin V, annexin B1, the 

C2A domain of synaptotagmin I, and the C2 domain of lactadherin46,80. The PS-targeting 

antibody fragment PGN635 F(ab')2 binds to complexes of PS and β2-glycoprotein I, and 

has been radiolabelled with 124I for PET imaging of cell death in mouse prostate tumours 

induced by radiotherapy or docetaxel chemotherapy25. PGN635 has also been labelled 

with positron emitter zirconium-89 (89Zr) and was able to detect apoptosis in mice with 

KPL4 human breast tumours treated with paclitaxel, as well as in mice with COLO205 

human colorectal tumours treated with PRO59881. Zinc(II)-dipicolylamine (Zn2+-DPA) 

complexes have also been found to bind to PS exposed on dying cells82. Zn2+-DPA has 

been labelled with 18F for PET imaging of apoptosis, and was able to detect cell death in 

a mouse model of Hepa1-6 hepatocellular carcinoma apoptosis induced by treatment with 

adriamycin83.  

 

1.3 Annexin V-based imaging of apoptosis 

The most commonly known PS-targeting agent is annexin V, an endogenous, 36 

kDa, intracellular protein that tightly binds to PS with nanomolar affinity84,85 in the 

presence of ionized calcium86. The crystal structure of annexin V is shown in figure 5. 

 

Figure 5. Crystal structure of annexin V87. 
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The annexins are a superfamily of over 160 proteins that all exhibit Ca2+-

dependent binding to anionic phospholipids. They each contain a highly conserved 

COOH-terminal protein core that contains the Ca2+ and membrane binding sites88. 

Annexin V is a member of this superfamily, and is expressed in many eukaryotic 

organisms, including humans. This protein is mainly present in the cell cytosol, but can 

also be found in low concentrations in the blood plasma89. Bazzi and Nelsestuen 

determined that the amount of annexin V bound to PS was almost entirely determined by 

the calcium concentration90. Increasing the calcium concentration produces an increase in 

saturation levels of bound annexin V, and binding of annexin V to PS-expressing 

membranes is negatively cooperative with respect to protein concentration90. The high-

affinity binding of annexin V to PS in the presence of Ca2+ makes this protein a sensitive 

probe for detecting dying cells (figure 6). While it is most associated with the detection of 

apoptosis, it also detects other modes of cell death because PS is often expressed in cells 

undergoing autophagy and mitotic catastrophe, and any loss of cell membrane integrity 

(i.e., necrosis) allows annexin V to reach PS confined to the inner leaflet of the 

membrane56,89.  
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Figure 6. Imaging cell death using annexin V (annexin A5)91. Tracer can be 

radioactive or fluorescent. 

 

Flourescently-labelled annexin V is used as a standard staining technique to 

determine apoptosis levels in vitro via flow cytometry and confocal microscopy92. Since 

annexin V was proven to be an effective apoptosis-detecting agent in vitro, efforts to 

develop this protein as a probe for molecular imaging of apoptosis in vivo have been 

extensive. Thus, a large amount of research has focused on the development of a 

clinically suitable form of radiolabelled annexin V. Annexin V and annexin V mutants, 

which were created for easier conjugation, have been labelled with technetium-99m 

(99mTc), iodine-123 (123I), iodine-125 (125I), and indium-111 (111In) for SPECT imaging of 

apoptosis93. The most successful and extensively studied annexin V-based molecular 

imaging probe for apoptosis detection is annexin V conjugated with hydrazinonicotinic 

acid (HYNIC) complexed with 99mTc (99mTc -HYNIC-annexin V), which was first 

published by Blankenberg and colleagues94. Use of 99mTc-HYNIC-annexin V as an 
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apoptosis-detecting probe for assessment of tumour response to therapy has been 

demonstrated in a wide array of preclinical94–103 and clinical studies26,104–115. However, 

99mTc-HYNIC-annexin V shows high non-specific uptake in the kidney, liver and spleen, 

resulting in a poor tumour-to-background ratio and limiting imaging of tumours around 

these areas. SPECT is also less sensitive than PET and produces lower resolution images, 

so radiolabelling annexin V with a positron-emitting radionuclide for PET imaging of 

apoptosis would produce better quality images and allow for more sensitive imaging. 

Positron-emitting radionuclides that annexin V has been labelled with thus far include 

124I, 64Cu, 18F and 68Ga. 124I-labelled annexin V is subject to radiodeiodination in vivo, 

and failed to detect therapy-induced apoptosis in preclinical tumour models116–118. 64Cu-

labelled annexin V showed promise as an apoptosis-detecting PET agent in a preclinical 

tumour model of breast cancer treated with photodynamic therapy, but the labelling 

chemistry and targeting protocols were complex. A 68Ga-labelled annexin V mutant 

successfully detected apoptosis in a model of anti-Fas-induced liver apoptosis, but 

showed less promise when used to assess therapy response in a tumour model, as well as 

high non-specific uptake in the kidney and liver119. Of the PET tracers, 18F-labelled 

annexin V has received the most attention due to the favourable properties of 18F for PET 

imaging. This radioisotope has an optimal half life for diagnostic imaging (t1/2 = 109.8 

min), high positron emission (97%), a low positron energy of 0.64 MeV resulting in high 

resolution images and low radiation dose, and it can be produced in large amounts with 

high specific activity by a cyclotron120. Since direct labelling with ionized 18F ([18F]F-) 

requires use of harsh reaction conditions that are not compatible with biomolecules like 

proteins and peptides, labelling these biomolecules with 18F typically requires use of a 
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prosthetic group121. Radiolabelling wild-type annexin V with 18F is most commonly 

accomplished via a random labelling approach involving the N-hydroxysuccinimide 

(NHS)-containing prosthetic group N-succinimidyl-4-[18F]fluorobenzoate ([18F]SFB122), 

which can react with any of the 22 lysine residues and N-terminus present in wild-type 

annexin V123,124. This labelling approach has been carried out by several groups9,123–129, 

and the ability of [18F]SFB-labelled wild-type annexin V to image apoptosis in vivo has 

been demonstrated in preclinical models of myocardial ischemia126,129, cyclohexamide-

induced liver apoptosis123,127, and ketamine induced neuronal apoptosis129. However, only 

one group has demonstrated the utility of [18F]SFB-labelled wild-type annexin V in 

imaging a tumour model of therapy-induced apoptosis, in which mice with human head 

and neck squamous cell cancer UM-SCC-22B tumour xenografts were treated with 

doxorubicin127. Tait and colleagues suggested that since the prosthetic group [18F]SFB 

can conjugate to any of the 23 primary amine groups (-NH2) present on annexin V, this 

non-specific, amine-directed conjugation of annexin V not only results in a poorly 

characterized radiotracer, but also might disrupt crucial binding interactions130. In 

addition, if annexin V is conjugated with [18F]SFB at multiple sites, this could lead to 

disproportional signalling in PET imaging131. These concerns lead to the production of 

annexin V mutants, or “second generation annexin V”, which contain an additional short 

amino acid sequence on the N-terminus that contains a cysteine residue for easy, 

chemoselective labelling by thiol (-SH)-reactive prosthetic groups89. Site-specific 

labelling of annexin V mutants with 18F has been carried out using different maleimide-

based prosthetic groups131,132. However, availability of cysteine-containing second 

generation annexin V is limited. 



 21 

On the other hand, commercially available wild-type annexin V also contains a 

single chemically-accessible cysteine residue at position 315. No loss of binding affinity 

was observed for annexin V when Cys315 was deleted or replaced with thiol-free amino 

acids133,134. Thus, Cys315 does not appear to be required for functionality of annexin V, 

as modification of this residue does not alter its biological activity. Maleimide-containing 

prosthetic groups, which react with free thiol groups, can be used to target this single cys 

residue and thus offer a controlled, site selective approach. However, to the best of our 

knowledge, there is only one report successfully exploiting this approach for 

radiolabelling wild-type annexin V135.  Glucose-based maleimide prosthetic group 

[18F]FDG-maleimidehexyloxime ([18F]FDG-MHO) was shown to be suitable for 

bioconjugation of wild-type annexin V at Cys315135. However, it is unknown whether 

wild-type annexin V that has been site-selectively labelled at Cys315 with [18F]FDG-

MHO retains its PS binding function, as it has not yet been evaluated in vitro or in vivo.  

 

1.4. PS-binding peptides for imaging apoptosis 

When developing a biomolecule for molecular imaging, small peptides offer some 

advantages over larger proteins and antibodies. Due to their small size, peptides can 

efficiently penetrate tissues and are rapidly cleared from the blood, allowing for good 

tumour-to-background contrast. They have low immunogenicity and their production is 

simple and inexpensive136. Furthermore, procedures for chemical modification and 

radiolabelling of peptides are relatively easy. While proteins require mild reaction 

conditions to retain their structural integrity, peptides can withstand harsher conditions 

and are thus more flexible when developing conjugating/labelling procedures137. In vivo 
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metabolic stability is an important characteristic to consider when dealing with peptide-

based probes due to proteolytic degradation in the blood. However, peptides can be 

structurally modified to improve stability along with other pharmacokinetic and 

pharmacodynamic properties138. Phage display technology and other peptide screening 

techniques have provided an efficient, high-throughput way to produce libraries of 

biologically active peptides139. Using these technologies, several PS-binding peptides 

have been identified140–147. Many of these PS-targeting peptides have been investigated in 

preclinical tumour models of treatment-induced apoptosis. When modifying peptides 

with fluorescent or radioactive labels, it is desirable to introduce the label at the N-

terminus rather than on any of the amino acid side chains in order to lessen interference 

of the label with crucial binding properties of the peptide. CLSYYPSYC, or PSP1, was 

N-terminally labelled with fluorescein for optical imaging of apoptosis in H460 human 

NSCLC xenografts in nude mice, and apoptosis was induced by treatment with 

camptothecin145. In this model, treated NSCLC tumours showed significantly higher 

uptake of fluorescein-labelled PSP1 compared to untreated tumours, demonstrating its 

ability to detect therapy-induced tumour apoptosis. In another study using the same H460 

mouse tumour model, PSP1 was labelled with the fluorescent dye Cy7.5 on its N-

terminus and was able to target apoptotic tissue more efficiently than the same 

concentration of annexin V, even though the affinity of annexin V for PS was 103-fold 

greater than that of PSP1148. Another PS-targeted peptide, E3 hexapeptide (peptide 

sequence TLVSSL), was coupled to MR contrast agent ultrasmall superparamagnetic iron 

oxide (USPIO) and shown to be useful for MRI detection of radiation-induced apoptosis 

in mice with transplantable liver tumours149. Hexapeptides LIKKPF and PGDLSR, 
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identified by Burtea and colleagues140, have been conjugated with 

diethylenetriaminepentaaceticacid (DTPA) and complexed with paramagnetic MRI 

contrast agent gadolinium chloride for MRI detection of liver apoptosis induced by anti-

Fas antibody in mice140. However, this MRI contrast agent was found to have low 

sensitivity, limiting its ability to detect small changes in PS exposure140. To resolve this 

problem, the hexapeptides were coupled to USPIO nanoparticles that offer advantages 

such as higher sensitivity, and these USPIO-coupled peptides showed promise as 

apoptosis-imaging MRI agents in a mouse model of atherosclerotic apoptosis150. 

Radiolabelling these peptides for PET imaging of apoptosis would also allow for higher 

sensitivity imaging. In an effort to develop LIKKPF and PGDLSR as PET imaging 

agents for detection of therapy-induced tumour apoptosis, these peptides have previously 

been labelled with 18F151. Since simple [18F]SFB labelling of the N-termini of the 

hexapeptides was less successful, the N-terminus of each peptide was modified with a 

cysteine residue for radiolabelling with thiol-selective maleimide prosthetic group N-[6-

(4-[18F]fluoro-benzylidene)aminooxyhexyl]maleimide ([18F]FBAM)151. However, 

addition of a cysteine residue to the N-termini of these peptides resulted in a decrease in 

PS binding affinity147. Establishment of a robust method for radiolabelling original 

peptides PGDLSR and LIKKPF on their N-termini using [18F]SFB would be more ideal. 

Another PS-binding peptide, 14-mer PS-binding peptide 6 (PSBP-6, sequence 

FNFRLKAGAKIRFG), has been identified and labelled on its N-terminus with 99mTc via 

a single amino acid chelator (SAAC) for SPECT imaging of apoptosis146. This SPECT 

agent 99mTc-SAAC-PSBP-6 was evaluated in nude mice bearing B16/F10 murine 

melanoma tumours treated with paclitaxel in order to induce apoptosis. In this study, 
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biodistribution and autoradiography analyses of 99mTc-SAAC-PSBP-6 demonstrated 

much higher uptake of this tracer in tumours treated with paclitaxel versus untreated 

tumours146. Preclinical SPECT imaging studies in mice also showed an increase in 

tumour uptake of 99mTc-SAAC-PSBP-6 in B16/F10 melanoma tumours after treatment 

with paclitaxel, as well as in 38C13 lymphoma tumours after treatment with 

cyclophosphamide152. Uptake of 99mTc-SAAC-PSBP-6 also negatively correlated with 

[18F]FDG uptake in both of these tumour models, with [18F]FDG uptake significantly 

decreasing after treatment with chemotherapy152.  With such promising results 

demonstrating the utility of 99mTc-SAAC-PSBP-6 as a SPECT agent for imaging tumour 

cell death induced by chemotherapy in preclinical models, it would be useful to develop 

this 14-mer peptide as a PET imaging agent for cell death, which would provide better 

quality images and higher sensitivity.  

 

1.5 Hypothesis and objectives 

 In this study, we hypothesize that a protein or peptide that targets PS exposed on 

dying cells can be radiolabelled with a positron-emitting radionuclide and used for in vivo 

PET imaging of drug-induced tumour cell death. We have tested this hypothesis by 

focusing on four objectives:  

1) Radiolabelling PS-targeting molecules (wild-type annexin V and PS-binding 

peptides LIKKPF, PGDLSR and PSBP-6) with positron-emitting radionuclides, 

including 18F, 68Ga, and 64Cu.  

2) Evaluating the PS binding potencies of PS-targeting peptides LIKKPF, PGDLSR 

and PSBP-6 compared to annexin V.  
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3) Evaluating the ability of each PS-targeting radioligand to bind to EL4 murine 

lymphoma cells undergoing chemotherapy-induced cell death in vitro. 

4) Evaluating the ability of the PS-targeting radioligands to image tumour cell death 

in vivo using a murine EL4 tumour model of chemotherapy-induced apoptosis. 
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2. MATERIALS AND METHODS 

 

2.1. General 

Purified recombinant wild-type human annexin V (1 mg or 5 mg, lyophilized) 

was purchased from BioVision (Milpitas, USA). Deionized water was obtained from a 

Barnstead Nanopure water filtration system (Barnstead Diamond Nanopure pack organic 

free RO/DIS). All chemicals and reagents were obtained from Sigma-Aldrich® unless 

otherwise stated. No-carrier added aqueous [18F]F- was produced in-house at the 

Edmonton PET Centre using an Advanced Cyclotron System TR 19/9 cyclotron. 68Ga 

was obtained in the form of [68Ga]gallium (III) chloride ([68Ga]GaCl3) in 1 M HCl from a 

68Ge/68Ga generator (iThemba LABS, South Africa) purchased from isoSolutions, Inc., 

and was eluted using a SCINTOMICS GRP module (Fuerstenfeldbruck, Germany). 64Cu 

was produced on a CS-15 biomedical cyclotron at Washington University School of 

Medicine (St. Louis, MO) in the form of [64Cu]CuCl2 in 0.1 M HCl, which was usually 

diluted with 100 mM ammonium acetate (NH4OAc) buffer (pH 5.5). Water and buffers 

used for metal and radiometal chemistry procedures were first treated with Chelex® 100 

resin (Bio-Rad) to eliminate heavy metal contamination. Radio-thin-layer 

chromatography (radio-TLC) detection was performed using a Bioscan AR-2000 

Imaging Scanner. Semipreparative high performance liquid chromatography (HPLC) was 

performed on a Gilson system consisting of a 321 pump and a 171 diode array detector, 

and a Berthold Technologies Herm LB 500 was used as radiodetector. Analytical HPLC 

was performed on a Shimadzu system equipped with a DGU-20A5 degasser, SIL-20A 

HT autosampler, LC-20AT pump, SPD-M20A photodiode-array detector, and Ramona 
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Raytest radiodetector. All radiopeptides subjected to analytical HPLC were analyzed 

using a Phenomenex Luna® 10u C18(2) 100Å, 250 × 4.6 mm column and the following 

gradient of water/0.2% (v/v) trifluoroacetic acid (TFA) (A) and CH3CN (B): 0 min: 10% 

B, 10 min: 30% B,  10-17 min: 50% B, 17-23 min: 70% B, 23-27 min: 90% B, 27-30 

min: 90% B (flow rate = 1 mL/min). UV absorbance was monitored at 210 nm and/or 

254 nm. Rotary evaporation of product solvents was carried out using a Buchi HB 140 

Rotavapor-M with a Fisher Maxima C Plus Model M8C pump. Quantification of 

radioactive samples during radiochemistry was achieved using a Biodex ATOMLAB™ 

400 dose calibrator. Reaction parameters were carried out with an Eppendorf 

Thermomixer®. Centrifugation of samples was done in a Hettich Zentrifugen Rotina 35R 

or a Fisher Scientific Mini Centrifuge. Radioactive samples were measured using a 

PerklinElmer 2480 Automatic Gamma Counter WIZARD2®. Cells stained with Tryptan 

Blue were counted using a Bio-Rad TC10™/ TC20™ Automated Cell Counter. Flow 

cytometry was carried out using a Fluorescence Activated Cell Sorter (BD 

FACSCaliber™) bench top analyzer. For fluorescence confocal microscopy, a Zeiss LSM 

710 confocal microscope was used.  

Radio-sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

was performed on IDGel™ Express IR121S-20 precast gels (12% tris buffer), which 

were run in a Bio-Rad Mini PROTEAN® Tetra Cell with running buffer. Gels were run 

with a constant current of 30 mA for approximately 1 h, and Radio-SDS-PAGE gels were 

scanned on a Fujifilm BAS 5000 phosphor imager and analyzed by AIDA Image 

Analyzer Software Version 4.50. The gels were then stained with Coomassie® Brilliant 

Blue R-250 (Bio-Rad) for 30 min at 37 °C, and left in destaining solution overnight. 
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Bicinchoninic acid (BCA) protein assays were performed as instructed from the 

BCA Protein Assay Kit (Pierce™): standards containing bovine serum albumin (BSA) in 

phosphate-buffered saline (PBS) (pH 7.4) were prepared at concentrations of 0, 50, 100, 

200, 300, 400, 600, and 800 μg/mL. 25 μL of each concentration of standard was pipetted 

into a 96-well plate, as well as 25 μL of the sample with unknown protein content. A 

solution of 2% BCA Reagent B (Pierce™) in BCA Reagent A (Pierce™) was made, and 

200 μL of this solution was added to each well containing standard or sample. The plate 

was left to incubate for 25 min at 37 °C (Fisher Scientific Isotemp Incubator Model 546). 

Protein content in each well was then determined from absorbance measurements using a 

Molecular Devices Spectramax 340PC microplate reader.  

In-house preparations of buffers were as follows: Phosphate-buffered saline 

(PBS) (140 mM NaCl, 2.7 mM KCl, 5.4 mM Na2HPO4, 570 μM KH2PO4, pH 7.4), 2.5 

mM Ca2+ binding buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) (pH 7.4), 140 mM NaCl, 2.5 mM CaCl2), 1.25 mM Ca2+ binding buffer (10 

mM HEPES (pH 7.4), 140 mM NaCl, 1.25 mM CaCl2), Ca2+-negative binding buffer (10 

mM HEPES (pH 7.4), 140 mM NaCl), running buffer for SDS-PAGE (25 mM Tris, 192 

mM glycine, 0.1% SDS), Destaining solution (10% glacial acetic acid, 20% methanol, 

70% deionized water). 
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2.2. Synthesis of peptides, labelling precursors and cold references 

 

2.2.1. Synthesis of peptides and conjugates (general procedure) 

The 4-benzyloxybenzyl alcohol (Wang) resin, preloaded with the C-terminal 

amino acid (Phe, loading 0.61 mmol/g; Arg, 0.63 loading mmol/g), provided the solid 

support for the synthesis of peptides LIKKPF, FBz-LIKKPF, CLIKKPF, PGDLSR, FBz-

PGDLSR, and CPGDLSR. Rink Amide 4-methylbenzhydrylamine (MBHA) resin (100-

200 mesh) provided the solid support for synthesis of peptides H2N-

FNFRLKAGAKIRFG-CONH2 (PSBP-6), H2N-CFNFRLKAGAKIRFG-CONH2 (C-

PSBP-6), FBAM-CFNFRLKAGAKIRFG-CONH2 (FBAM-C-PSBP-6), and NOTA-Bz-

thiourea-Ava-FNFRLKAGAKIRFG-CONH2 (NOTA-PSBP-6). Peptides were 

synthesized by solid-phase peptide synthesis (SPPS) using a fully automated peptide 

synthesizer (Syro I, Multisyn-tech/Biotage). The used method consisted of swelling pre-

loaded resin (Wang or Rink Amide MBHA) in 2 mL of dimethylformamide (DMF) for 

15 min. Fluorenylmethyloxycarbonyl (fmoc) group deprotection was achieved by the 

treatment with 40% piperidine/DMF for 5 min and followed by a second incubation with 

20% piperidine/DMF for 15 min. Fmoc-protected amino acids or N-terminal 4-

fluorobenzoic acid (FBz) (5 eq) were activated and coupled using 5 eq of O-

benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate (HBTU), 5 eq of 

ethyl-2-cyano-2-(hydroxyimino) acetate (Oxyma), and 10 eq of N,N-

diisopropylethylamine (DIPEA) over a 60 min time period followed by washing steps 

with DMF. Incubation with an acidic cocktail containing 87.5% TFA, 5% water, 5% 

thioanisole, and 2.5% 1,2-ethanedithiol (EDT) for 3.5 h led to the cleavage of the 
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assembled peptides from the resin with simultaneous deprotection of amino acid side 

chains. The peptides were separated from the resin through a syringe filter and 

precipitated by the addition of ice-cold diethyl ether. The crude peptides were obtained 

by removing the residual ether using a syringe filter and dried under vacuum. Purification 

by HPLC and subsequent lyophilization gave sufficiently pure peptides (>95% purity 

based on HPLC analysis) as white solids. SPPS procedures and peptide quality controls 

were carried out by Cody Bergman. Conjugation of peptides with nonradioactive groups 

FBz, N-[6-(4-[18F]fluoro-benzylidene)aminooxyhexyl]maleimide (FBAM), FITC or 

NOTA were also carried out by Cody Bergman.  

 

2.2.2. Synthesis of PGDLSR 

PGDLSR was synthesized according to the general procedure starting with 50 mg 

of Fmoc-Arg-Wang resin, and purified by semi-preparative HPLC using a gradient of 

water/0.2% TFA (A) and CH3CN (B): 20% eluent B for 5 min, increased to 35% eluent B 

over an additional 5 min, then to 70% eluent B over 20 min, holding at that point for a 

final 10 min. Analysis: tR = 10.7 min. MW C26H45N9O10 calculated 643.33, found low 

resolution mass spectrometry (LR-MS) (electrospray ionization (ESI), positive) m/z 644.3 

[M + H]+, 666.3 [M + Na]+, 322.7 [M + 2H]2+. 

 

2.2.3. Synthesis of FBz-PGDLSR 

FBz-PGDLSR was synthesized according to the general procedure using 50 mg of 

FBz, and purified by semi-preparative HPLC using the same gradient used for PGDLSR 

purification. Analysis: tR = 20.6 min. MW C33FH48N9O11 calculated 765.35, found LR-
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MS (matrix-assisted laser desorption ionization (MALDI), positive) m/z 766.4 [M + H]+, 

788.4 [M + Na]+. 

 

2.2.4. Synthesis of CPGDLSR 

CPGDLSR was obtained according to the general procedure and purified by semi-

preparative HPLC using the same gradient used for PGDLSR purification. Analysis: tR = 

21.3 min. MW C29H50N10O11S calculated 746.34, found LR-MS (MALDI, positive) m/z 

747.3 [M + H]+. 

 

2.2.5. Synthesis of LIKKPF 

LIKKPF was synthesized according to the general procedure starting with 50 mg 

of Fmoc-Phe-Wang resin, and purified by semi-preparative HPLC using the same 

gradient used for PGDLSR purification. Analysis: tR = 17.0 min. MW C38H64N8O7 

calculated 744.49, found LR-MS (ESI, positive) m/z 745.5 [M + H]+, 373.3 [M + 2H]2+. 

 

2.2.6. Synthesis of FBz-LIKKPF 

FBz-LIKKPF was obtained according to the general procedure using 50 mg of 

FBz, and purified by semi-preparative HPLC using the same gradient used for PGDLSR 

purification. Analysis: tR = 23.6 min. MW C45FH67N8O9 calculated 866.51, found LR-MS 

(ESI, positive) m/z 867.5 [M + H]+, 889.5 [M + Na]+, 434.3 [M + 2H]2+. 
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2.2.7. Synthesis of CLIKKPF 

CLIKKPF was obtained according to the general procedure, and purified by semi-

preparative HPLC using the same gradient used for PGDLSR purification. Analysis: tR = 

18.9 min. MW C41H69N9O8S calculated 847.50, found LR-MS (ESI, positive) m/z 848.5 

[M + H]+, 870.5 [M + Na]+, 424.8 [M + 2H]2+. 

 

2.2.8. Synthesis of PSBP-6 

PSBP-6 was synthesized according to the general procedure starting with 50 mg 

of Rink Amide MBHA resin.  It was purified by semi-preparative HPLC using a gradient 

of water/0.2% TFA (A) and CH3CN (B):  10% eluent B for 5 min, increased to 30% 

eluent B over an additional 5 min, then to 50% eluent B over 15 minutes, then to 80% 

eluent B over 5 min, holding at that point for a final 10 min. Analysis: tR = 22.0 min. MW 

C77H122N24O15 calculated 1622.95, found LR-MS (ESI, positive) m/z 1623.9 [M + H]+, 

1661.9 [M + K]+. 

 

2.2.9. Synthesis of C-PSBP-6 

C-PSBP6 was synthesized according to the general procedure starting with 50 mg 

of Rink Amide MBHA resin, and purified by semi-preparative HPLC using the same 

gradient used to purify PSBP-6. Analysis: tR = 24.0 min. MW C80H127N25O6S calculated 

1726.00, found LR-MS (ESI, positive) m/z 1726.9 [M + H]+, 1749.9 [M + Na]+. 
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2.2.10. Synthesis of FBz-PSBP-6 

FBz-PSBP-6 was obtained according to the general procedure using 50 mg of 

FBz, and purified by semi-preparative HPLC using the same gradient used to purify 

PSBP-6. Analysis: tR = 27.8 min. MW C84H125FN24O16 calculated 1746.04, found LR-MS 

(ESI, positive) m/z 1746.1 [M + H]+, 1768.1 [M + Na]+. 

 

2.2.11. Synthesis of NOTA-Bn-thiourea-Ava-PSBP-6 (NOTA-PSBP-6) 

PSBP-6 was conjugated with metal chelating group NOTA on its N-terminal 

amino group via an aminovaleric acid (ava) spacer. NOTA-PSBP-6 was synthesized 

according to the general procedure starting with 50 mg of Rink Amide MBHA resin.  

After the final amino acid (ava), 22 mg of p-SCN-Bn-NOTA (1.1 eq to resin loading) and 

55 uL (10 eq to resin loading) of triethylamine were added to the swelled resin in 0.5 mL 

of DMF.  The resin was left to react for 17.5 h at room temperature, washed, and cleaved 

as per the general procedure. NOTA-PSBP-6 was purified by semi-preparative HPLC 

using the same gradient used to purify PSBP-6.  Analysis: tR = 26.9 min. MW 

C102H157N29O22S calculated 2172.2, found LR-MS (matrix-assisted laser desorption 

ionization-time of flight (MALDI-TOF), positive) m/z 2173.8 [M + H]+. 

 

2.2.12. Labelling NOTA-PSBP-6 with cold Ga3+ 

To synthesize cold reference Ga-NOTA-PSBP-6, 40 eq of cold GaCl3 (measured 

out under a stream of N2(g) to prevent fuming) was added to excess EDTA in 100 mM 

NH4OAc buffer (pH 5.5) and left to incubate for 5 min at room temperature. One eq of 

precursor NOTA-PSBP-6 in 100 mM ammonium acetate (NH4OAc) buffer (pH 5.5) was 
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then added to the GaCl3-EDTA mixture (2 mL total reaction volume) and incubated at 60 

°C for 1 h, after which the temperature was lowered to 37 °C and the reaction proceeded 

overnight. The Ga-NOTA-PSBP-6 product was purified by semi-preparative HPLC using 

a gradient of water/0.2% TFA (A) and CH3CN (B):  0-10 min: 10% B, 10-25 min: 

increase to 50% B, 25-30 min: increase to 80% B, 30-40 min: isocratic at 80% B. 

Analysis: tR = 29.5 min. HPLC product was lyophilized and pure peptide was obtained as 

a white powder. MW C102H154GaN29O22S calculated 2240.3, found LR-MS (MALDI-

TOF, positive) m/z 2240.5 [M + H]+. 

 

2.2.13. Labelling NOTA-PSBP-6 with cold Cu2+ 

To synthesize cold reference Cu-NOTA-PSBP-6, 30 eq of cold copper (II) 

chloride (CuCl2) was added to excess EDTA in 100 mM NH4OAc buffer (pH 6) and left 

to incubate for 30 min at room temperature. 1 eq of precursor NOTA-PSBP-6 in 100 mM 

NH4OAc buffer (pH 6) was added to the CuCl2-EDTA mixture (2 mL total reaction 

volume) and incubated at 60 °C for 1 h, after which the temperature was lowered to 37 

°C and the reaction proceeded overnight. The Cu-NOTA-PSBP-6 product was purified 

by semi-preparative HPLC using a gradient of water/0.2% TFA (A) and CH3CN (B):  0-

10 min: 10% B, 10-25 min: 50% B, 25-30 min: 80% B, 30-40 min: 80% B. Analysis: tR = 

25.8 min. HPLC product was lyophilized and pure peptide was obtained as a light green 

powder. MW C102H154CuN29O22S calculated 2234.1, found LR-MS (MALDI-TOF, 

positive) m/z 2235.4 [M + H]+. 
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2.2.14. Coupling of FBAM to CPGDLSR, CLIKKPF and C-PSBP-6 (general procedure)  

 Coupling of CPGDLSR and CLIKKPF with FBAM was achieved by adding 1 eq 

of non-radioactive FBAM in 120 µL of CH3CN to 1.5 eq of precursor peptide dissolved 

in 120 µL of PBS (pH 7.2). The two solutions were mixed and incubated for 2-2.5 h at 60 

˚C. Purification by HPLC and subsequent lyophilization gave sufficiently pure peptides 

as white solids. 

 

2.2.15. Synthesis of FBAM-CPGDLSR 

FBAM-CPGDLSR was synthesized according to the general procedure and 

purified by semi-preparative HPLC using a gradient of water/0.2% TFA (A) and CH3CN 

(B): 10% eluent B for 5 min, increased to 25% eluent B over an additional 5 min, to 50% 

eluent B over 15 min, then to 80% eluent B over 5 minutes, then holding at that point for 

a final 10 min. Analysis: tR = 31.2 min. MW C46H69FN12O14S calculated 1064.48, found 

LR-MS (MALDI, positive) m/z 1065.5 [M + H]+. 

 

2.2.16. Synthesis of FBAM-CLIKKPF 

FBAM-CLIKKPF was obtained according to the general procedure, and purified 

by semi-preparative HPLC using the same gradient used to purify FBAM-CPGDLSR. 

Analysis: tR = 32.2 min. MW C58H88FN11O11S calculated 1165.64, found LR-MS 

(MALDI, positive) m/z 1166.6 [M + H]+, 1188.6 [M + Na]+. 
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2.2.17. Synthesis of FBAM-C-PSBP-6 

The non-radioactive reference compound FBAM-C-PSBP-6 was prepared 

according to the general procedure. HPLC purification of the products was accomplished 

using a gradient of water/0.2% TFA (A) and CH3CN (B):  10% eluent B for 5 min, 

increased to 30% eluent B over an additional 5 min, then to 50% eluent B over 15 

minutes, then to 80% eluent B over 5 min, holding at that point for a final 10 min. 

Analysis: tR = 32.2 min. MW C98H147FN26O19S calculated 2044.4, found LR-MS (ESI, 

positive) m/z 2045.1 [M + H]+.   

 

2.2.18. Synthesis of FITC-Ava-PSBP-6 (FITC-PSBP-6) 

The fluorescent compound FITC-PSBP-6 was prepared according to the general 

procedure. PSBP-6 was conjugated with FITC on its N-terminal amino group via an ava 

spacer.  1 eq of FITC-N=C=S was added to the resin loading in 500 uL of 12:7:5 

Pyridine:DMF:DCM and allowed to couple overnight. HPLC purification of the products 

was accomplished using a gradient of water/0.2% TFA (A) and CH3CN (B):  10% eluent 

B for 5 min, increased to 30% eluent B over an additional 5 min, then to 50% eluent B 

over 15 minutes, then to 80% eluent B over 5 min, holding at that point for a final 10 

min. Analysis: tR =  27.4 min. MW C103H142N26O21S calculated 2112.5, found LR-MS 

(MALDI-TOF, positive) m/z 2113.8 [M + H]+.  
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2.3. Radiochemistry 

 

2.3.1. Synthesis of 18F-labelled prosthetic groups  

 

2.3.1.1. Synthesis of [18F]SFB 

The prosthetic group N-succinimidyl-4-[18F]fluorobenzoate ([18F]SFB) was 

prepared by Jenilee Way or Cody Bergman via a three-step procedure using a remotely 

controlled GE TRACERlab™ FX automated synthesis module according to Maeding et 

al153. To ensure a high radiochemical purity of [18F]SFB for radiolabelling annexin V, 1 

mL of [18F]SFB in CH3CN obtained off the GE TRACERlab™ FX module was purified 

by HPLC using a Phenomenex LUNA® C18(2) (100Å, 250 × 10 mm, 10 μm) column 

and the following gradient: solvent A: water; solvent B: CH3CN. 0 min: 15% B, 8 min: 

50% B, 9-25 min: 70% B (flow rate = 3 mL/min). At a retention time of about 15 min, 

the broad [18F]SFB peak was collected into a 50 μL pear-shaped flask, and solvent was 

removed by a rotary evaporator. The dry [18F]SFB was then used for radiolabelling 

annexin V.  

 

2.3.1.2. Synthesis of [18F]FBEM 

N-[2-(4-18F-fluorobenzamido)ethyl]maleimide ([18F]FBEM) was manually 

synthesized by Dr. James Knight from [18F]SFB in a modified version of the procedure 

reported by Cai et al154. 3 mg of N-(2-aminoethyl)maleimidetrifluoroacetate salt (the 

amine) was dissolved in 500 μL of 50 mM borate buffer (pH 8.4) and reacted with 500 

μL of [18F]SFB in CH3CN (obtained from the GE TRACERlab™ FX module) for 20 min 
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at 50 °C. [18F]FBEM was purified by HPLC using the same column and gradient that was 

used for [18F]SFB  purification, and it also eluted with a retention time of about 15 min. 

The purified [18F]FBEM solution was placed on a rotary evaporator until all solvent was 

removed, and the resulting dry [18F]FBEM was used for radiolabelling annexin V. 

 

2.3.1.3. Synthesis of [18F]FBAM 

N-[6-(4-[18F]fluoro-benzylidene)aminooxyhexyl]maleimide ([18F]FBAM)155 was 

synthesized by Jenilee Way or Cody Bergman on an automated synthesis GE 

TRACERlab™ FX module according to Kniess et al156. It was used directly from the 

automated synthesis unit for radiolabelling peptides. 

 

2.3.2. Radiolabelling wild-type annexin V with 18F-containing prosthetic groups 

I assisted Dr. James Knight with the optimization of procedures for radiolabelling 

annexin V with 18F. 

  

2.3.2.1. Labelling wild-type annexin V with [18F]SFB  

An annexin V aliquot (100-200 μg in 100 μL of either PBS (pH 7.4) or tris HCl 

buffer (pH 8.2) frozen at -20 °C) was warmed to room temperature and added to the dry 

[18F]SFB in a 50 μL pear-shaped flask, vortexed for 30 s, and then transferred to an 

eppendorf. Another 50 μL of PBS was used to rinse the walls of the flask and added to 

the reaction mixture. Minimization of liquid transfers and contact surface area with 

reaction vessels were necessary in order to reduce surface adsorption of the protein. The 

reaction mixture was then placed on the thermoshaker at 30 °C for 40 min to produce 
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[18F]SFB-annexin V. [18F]SFB-annexin V was purified by size exclusion chromatography 

(SEC) using either a PD-10 desalting column (GE Healthcare) or a 10DG desalting 

column (Bio-Rad Econo-Pac®) eluted with PBS into 250 μL fractions (8 drops per 

fraction). The collected high molecular weight fractions containing the highest activity 

were directly used for cell binding or preclinical PET imaging studies. For quality 

control, a 5 μL sample of the crude reaction mixture and a 5 μL sample of purified 

[18F]SFB-annexin V were reduced with dithiothreitol (DTT) at 95 °C for 5 min and 

subjected to SDS-PAGE. The SDS-PAGE gels were then analyzed by phosphor imaging 

and staining/destaining. Specific activity of [18F]SFB-annexin V used for animal imaging 

studies was determined by measuring the activity of a purified fraction with a dose 

calibrator, and then conducting a BCA assay to quantify the protein in the fraction. 

 

2.3.2.2. Labelling wild-type annexin V with [18F]FBEM  

Once [18F]FBEM was manually synthesized from [18F]SFB and rotovapped to 

dryness, the same procedure that was used to label annexin V with [18F]SFB was used by 

Dr. James Knight to label annexin V with [18F]FBEM. Like [18F]SFB-annexin V, 

[18F]FBEM-annexin V was purified by size exclusion chromatography and directly used 

for cell binding or preclinical PET imaging studies. SDS-PAGE was carried out on crude 

and purified samples for quality control.  
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2.3.3. Synthesis of 64Cu-NOTA-annexin V 

64Cu-NOTA-annexin V synthesis was developed and carried out by Dr. Christian 

Foerster, and the product was handed off to me for quality control and subsequent PS 

binding assays.  

 

2.3.3.1. Synthesis of NOTA-annexin V. 

In order to label wild-type annexin V with 64Cu, it was first randomly 

functionalized with NOTA through bioconjugation of p-NCS-Bn-NOTA via thiourea 

formation with primary amino groups present in the protein (lysine residues and N-

terminus). To do this, 500 µL of annexin V stock solution (23.4 µM in PBS) was re-

buffered in 2 mL of carbonate buffer (100 mM sodium bicarbonate, 280 mM of NaCl, pH 

9.15) by spin filtration (Millipore Amicon ultra-4 10k MWCO; regenerated cellulose; 

preconditioned by filtrating 1 mL of carbonate buffer at 4000 xg for 15 min at room 

temperature using a swinging bucket centrifuge). The mixture was centrifuged at 4000 xg 

for 15 min at room temperature and the filtrate was discarded. The procedure was 

repeated 3 times resulting in a dilution factor of ~50,000. Remaining annexin V was 

recovered by adding 400 µL of carbonate buffer. In order to remove potential metal ions 

non-specifically bound to annexin V, 100 µL of NOTA stock solution (11.7 mM in 

carbonate buffer) were added to the annexin V solution, and the mixture was shaken at 30 

°C for 30 min. Subsequently, 19.5 µL of p-NCS-Bn-NOTA stock solution (3.0 mM in 

carbonate buffer) was added and shaken at 30 °C for 180 min. The reaction was quenched 

by adding 1 mL NH4OAc buffer (100 mM NH4OAc, 140 mM NaCl, pH 7.4) and was 

shaken at 30 °C for 30 min. The reaction mixture was purified by spin filtration. For each 
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purification step, 3 mL of NH4OAc buffer was added and centrifuged. The final product 

was dissolved in 500 µL of 100 mM NH4OAc buffer (pH 7.4), producing a concentration 

of 0.64 mg/mL as determined by BCA protein quantification. Each annexin V molecule 

was conjugated with an average of 1.4 NOTA groups, determined by titration of NOTA-

annexin V with [64Cu]Cu(OAc)2. 

 

2.3.3.2. Labelling NOTA-annexin V with 64Cu.  

100 µL of 100 mM NH4OAc buffer (pH 5.5) was added to 90 µg (2.5 nmol) of 

NOTA1.4-annexin V. This was reacted with 15-20 MBq of [64Cu]CuCl2 at 30 °C for 45 

min to give 64Cu-labelled NOTA-annexin V. To bind free [64Cu]Cu2+ in solution and to 

remove nonspecifically annexin V-bound [64Cu]Cu2+, 5 µL of 10 mM EDTA (in 100 mM 

NH4OAc buffer; pH 5.5) was added, and the mixture was shaken for an additional 15 min 

at 30 °C. Radio-TLC of the crude reaction mixture showed radiolabelling yields of > 

95%, performed using Alugram® RP-18W UV254 (Machery-Nagel) as solid phase and 

10 mM EDTA in 100 mM NH4OAc (pH 5.5) as mobile phase (Rf of product = 0.0). SEC 

was applied to purify the product in PBS, producing radiochemical purities of  > 98%. 

For the radiometric PS binding assay studies, 64Cu-NOTA-annexin V was further diluted 

to an activity concentration of 1 kBq/µL, corresponding to 4.3 ng/µL of NOTA-annexin 

V. For quality control, a 5 μL sample of purified 64Cu-NOTA-annexin V was reduced 

with DTT at 95 °C for 5 minutes and subjected to SDS-PAGE. The SDS-PAGE gel was 

then analyzed by phosphor imaging and staining/destaining. 
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2.3.4. Radiolabelling PGDLSR with [18F]SFB 

Amine-directed prosthetic group [18F]SFB was used to label the N-terminal 

primary amino group on peptide PGDLSR. I worked with Dr. Susan Richter on 

procedure development and optimization. Approximately 0.5 mg of PGDLSR was 

dissolved in 200 μL of disodium phosphate (Na2HPO4) buffer (0.05 M, pH 9). To this 

solution, 100 μL (~100 MBq) of [18F]SFB in CH3CN obtained directly off the GE 

TRACERlab™ FX module was added, and the reaction mixture was placed on the 

thermoshaker at 60 °C for 45 min. The resulting product ([18F]FB-PGDLSR) was purified 

by semi-preparative HPLC using a Phenomenex Jupiter® 10 μm Proteo C12 (90 Å, 250 x 

10 mm) column and the following gradient of water/0.2% (v/v) TFA (A) and CH3CN 

(B): 0-10 min: 10% B, 10-25 min: increase to 50% B,  25-30 min: increase to 70% B, 30-

35 min: isocratic at 70% B, 35-39 min: increase to 90% B, 39-45 min: isocratic at 90% B 

(flow rate = 2 mL/min). Purified [18F]FB-PGDLSR was obtained at tR = 30.8 min, with 

radiochemical yields of 36 ± 7.7% (decay-corrected). Radiochemical purities of > 96% 

were achieved, as determined by analytical radio-HPLC (tR = 16.9 min).  

 

2.3.5. Radiolabelling LIKKPF with [18F]SFB 

Amine-directed prosthetic group [18F]SFB was used to label the N-terminal 

primary amino group on peptide LIKKPF. I worked with Dr. Susan Richter on procedure 

development and optimization. To prevent [18F]SFB from reacting with the two lysine 

residues present on LIKKPF, these primary amine-containing side chains were protected 

by tert-butyloxycarbonyl ("boc") protecting groups, with the C-terminus of the peptide 

still bound to resin. 200 µL DMF was added to 10 mg of boc-protected LIKKPF, 
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allowing the resin to swell for 15 min. [18F]SFB obtained from the GE TRACERlab™ 

FX module was placed on the rotary evaporator until all solvent was removed, and the 

dry [18F]SFB was dissolved in 2 x 50 μL of DMF and added to the peptide solution along 

with 100 µL of Na2PO4 buffer (0.05 M, pH 9). This mixture was left to react at 50 °C for 

45 min with vigorous shaking. The mixture was then filtered and the resulting resin-

protected product was washed with 1 mL DMF and then 1 mL DCM. To remove the boc 

protecting groups from the radiolabelled product, 300 µL of an acidic cleavage solution 

(95:4:1 TFA:H2O:trispropylsilane) was added to the boc-protected radiolabelled product, 

which was then placed on the thermoshaker at 50 °C for 20 minutes with gentle shaking. 

The resulting deprotected product ([18F]FB-LIKKPF) was then pushed through a filter to 

remove the cleaved resin, and this product-containing filtrate was purified by semi-

preparative HPLC using the same column and gradient that was used to purify [18F]FB-

PGDLSR. Purified [18F]FB-LIKKPF was obtained at tr = 31.1 min, with radiochemical 

yields of 25 ± 1.5% (decay-corrected). Radiochemical purities of > 99% were achieved, 

as determined by analytical radio-HPLC (tR = 18.8 min).  

 

2.3.6. Radiolabelling PSBP-6 with [18F]SFB 

In order to label PSBP-6 with 18F, Dr. Susan Richter and I first attempted to label 

the N-terminus of PSBP-6 with [18F]SFB in solution (no protection groups). Generally, 

200-300 μL of buffer was added to PSBP-6 (precursor), to which 100-500 μL of 

[18F]SFB in acetonitrile obtained from the GE TRACERlab™ FX module was added and 

then placed on the thermoshaker. A range of reaction parameters were tried, using 0.5-1.5 

mg of PSBP-6 (precursor) buffered in Na2HPO4 buffer (pH 9) or potassium 
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phosphate/borax buffer (pH 7.8, 8.0, 8.2 and 8.4), reaction temperatures ranging from 40-

50 °C, and reaction times between 10-30 min. Our cold reference FBz-PSBP-6 showed a 

retention time of 30.5 min when analyzed by semi-preparative HPLC using the same 

column and gradient used to purify the other two [18F]SFB-labeled peptides. However, 

when we attempted to purify the crude [18F]SFB-labeled reaction product via this HPLC 

method, we observed no product with this desired retention time. Thus, we were unable 

to synthesize our desired N-terminally labeled product in solution. 

Since PSBP-6 contains many amino acid side chains that may react with 

[18F]SFB, we also tried the labelling using resin-attached PSBP-6 with many protecting 

groups to shield these side chains from reacting. Triphenylmethyl (trt) groups were used 

to protect asparagine side chains, 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl 

(Pbf) groups were used to protect arginine side chains, and lysine residues were protected 

with boc groups (protected peptide sequence: Phe-Asn(trt)-Phe-Arg(pbf)-Leu-Lys(boc)-

Ala-Gly-Ala-Lys(boc)-Ile-Arg(pbf)-Phe-Gly-NH-Resin). About 10 mg of protected 

peptide was added to 200 μL of DMF to allow the resin to swell for 15 min. 1-2 mL of 

[18F]SFB obtained from the GE TRACERlab™ FX module was placed on the rotary 

evaporator until all solvent was removed, and the dry [18F]SFB was dissolved in 2 x 50 

μL of DMF, which was then added to the protected peptide in DMF. To this solution, 100 

μL of Na2PO4 buffer (0.05 M, pH 9) was added, and this mixture was left to react at 50 

°C for 45 min with vigorous shaking. The mixture was then filtered and the resulting 

resin-protected product was washed with 1 mL DMF and then 1 mL DCM. To remove 

the protecting groups, 300 µL of an acidic cleavage solution (95:4:1 

TFA:H2O:trispropylsilane) was added to the protected radiolabelled product, which was 



 45 

then placed on the thermoshaker at 50 °C for 20 min with gentle shaking. The resulting 

deprotected product was then pushed through a filter to remove the cleaved resin, and this 

product-containing filtrate was purified by semi-preparative HPLC. We were able to 

isolate our desired N-terminally labelled product [18F]FB-PSBP-6 at tR = 30.8 min 

(Quality control was carried out by analytical radio-HPLC (tR = 18.3 min, co-injected 

with cold reference)). However, we were only able to obtain radiochemical yields of 

<2%. Thus, labelling of PSBP-6 with 18F using [18F]SFB was unsuccessful, and a 

different 18F radiolabelling approach was required.  

 

2.3.7. Radiolabelling C-PSBP-6 with [18F]FBAM 

In order to use a thiol-directed radiolabelling approach to label PSBP-6 with 18F, 

Dr. Susan Richter and I used maleimide-containing prosthetic group [18F]FBAM to react 

with the thiol group of a cysteine residue added to the peptide N-terminus (C-PSBP-6, 

sequence CFNFRLKAGAKIRFG-CONH2). ~0.5 mg of C-PSBP-6 was first dissolved in 

100 μL of 50:50 dimethyl sulfoxide (DMSO):PBS (pH 7.4) containing 1 mM of reducing 

agent tris(2-carboxyethyl)phosphine (TCEP), which prevents disulfide bond formation 

between cysteine residues and thus dimerization of the peptide. 60 μL of [18F]FBAM in 

CH3CN (obtained off the GE TRACERlab™ FX module) was added to the peptide 

solution, and was left to react at 60 °C for 45 min. The resulting [18F]FBAM-C-PSBP-6 

product was purified by semi-preparative HPLC with a retention time of 31.9 min as 

verified by co-injection with cold reference FBAM-C-PSBP-6.  
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2.3.8. Radiolabelling NOTA-PSBP-6 with 68Ga  

Dr. Susan Richter assisted with development and optimization of the procedure 

for labelling NOTA-PSBP-6 with 68Ga. 200 μL of 4 M sodium acetate (NaOAc) buffer 

(pH 9) was added to 40 μg (20 nmol) of NOTA-PSBP-6. 600 μL (~100 MBq) of 

[68Ga]GaCl3 in 1 M HCl eluted from the 68Ge/68Ga  generator was added to the peptide 

solution to obtain a reaction pH of 3.5, which was left to react at 60 °C for 15 min. 12 μL 

of 10 mM EDTA (100 mM NH4OAc buffer; pH 5.5) was then added, and the solution 

was placed back on the thermoshaker for 10 min at 60 °C. The labelled peptide was 

purified by solid-phase extraction on an Oasis® HLB cartridge (Waters) preconditioned 

with PBS and ethanol. 68Ga-NOTA-PSBP-6 was loaded onto the cartridge with 5 mL 

PBS, and washed with another 5 mL PBS. Eluting the labelled peptide was difficult, as it 

became trapped at the top of the cartridge where it was loaded. In order to recover 68Ga-

NOTA-PSBP-6, the cartridge was flipped upside-down and the labelled peptide was 

slowly eluted (30 seconds) with ~1 mL ethanol. Quality control was carried out by radio-

TLC using two systems: EMD Merck silica gel 60 F254 TLC plates with 10 mM EDTA in 

100 mM NH4OAc as mobile phase (Rf of product = 0.0); and DC-Fertigfolien 

ALUGRAM® RP-18W/UV254 TLC plates with 1 M NH4OAc/methanol (1:1 v/v) as 

mobile phase (Rf of product = 0.0). Analytical HPLC was also used for quality control 

during metabolic stability studies, and the retention time for 68Ga-NOTA-PSBP-6 was 

16.5 min, as determined by co-injection with cold reference Ga-NOTA-PSBP-6.  
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2.3.9. Radiolabelling NOTA-PSBP-6 with 64Cu  

10-32 μL aliquots containing 2 μg (1 nmol) of precursor (NOTA-PSBP-6) were 

prepared. 100 μL of 100 mM NH4OAc buffer (pH 5.5-6) was added to the aliquot, 

followed by 5-50 MBq of [64Cu]CuCl2 in 100 mM NH4OAc buffer (pH 5.5). This 

mixture was left to react for 60 min at 60 °C. Quality control of the product was 

performed by radio-TLC using EMD Merck silica gel 60 F254 TLC plates with 10 mM 

EDTA in 100 mM NH4OAc as mobile phase (Rf of product = 0.0), semi-preparative 

HPLC using a Phenomenex LUNA® C18(2) (100Å, 250 × 10 mm, 10 μm) column and 

the following gradient of water/0.2% TFA (A) and CH3CN (B): 0-10 min: 10% B, 10-25 

min: increase to 50% B, 25-30 min: increase to 90% B, 30-35 min: isocratic at 90% B 

(flow rate = 2 mL/min) (tR = 30.1 min), or analytical HPLC using the usual peptide 

gradient (tR = 16.4 min). No purification step was necessary, as radiochemical yields of > 

95% (RCP > 95%) were obtained without purification, verified by all three quality 

control methods. The crude product in NH4OAc buffer (pH 5.5-6) was directly used for 

cell binding or preclinical PET imaging studies.  

 

2.4. Competitive radiometric PS-binding assay  

In order to examine the PS-binding potencies of the peptides, we developed a 

competitive radiometric binding assay using 64Cu-NOTA-annexin V as radiotracer. We 

also wanted to observe any effects on PS binding caused by conjugation/labelling of the 

peptides, so we conducted this assay on the following peptides, labelling precursors and 

cold references: PGDLSR, LIKKPF, FBz-PGDLSR, FBz-LIKKPF, FBAM-C-PGDLSR, 

FBAM-C-LIKKPF, PSBP-6, FBz-PSBP-6, C-PSBP-6, NOTA-PSBP-6, Ga-NOTA-
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PSBP-6, and Cu-NOTA-PSBP-6. We were unable to examine FBAM-C-PSBP-6 in this 

assay, as synthesis of this cold reference was unsuccessful. The day before the assay, 0.3-

0.5 μg of PS (1,2-Dipalmitoyl-sn-glycero-3-phospho-L-serine sodium salt, Sigma-

Aldrich) dissolved in 9:1 chloroform:methanol (further diluted in ethanol) was 

immobilized in each well of a BRANDplates® 96 well Strip Plate (Life Sciences). The 

plate was left at room temperature overnight to allow the solvent to evaporate, forming a 

light film. On the day of the experiment, the wells were washed twice with PBS to 

remove unbound PS. To reduce non-specific binding, 5% non-fat dry milk (Bio-Rad) in 

PBS was added to each well and left to incubate at room temperature for 2 h. The 

blocking buffer was removed and wells were washed twice with PBS.  

Serial dilutions of each peptide/peptide conjugate (10-7 to 10-2 M) and unlabelled, 

wild-type annexin V as internal reference (10-11 to 10-6 M) were prepared using 2.5 mM 

Ca2+ binding buffer. Binding of 64Cu-NOTA-annexin V to PS was determined in the 

presence of increasing concentrations of peptide/peptide conjugate and wild-type annexin 

V.  200 μL of each concentration of PS-binding peptide or cold annexin V was added to 

the wells in triplicate. 10 μL (10 KBq) of 64Cu-NOTA-annexin V in PBS was added to 

each well, and the plate was left to incubate at room temperature for 2 h. After 2 h, the 

wells were washed twice with Ca2+ buffer to remove any unbound ligand, and the plate 

was broken apart into individual wells. Each well was placed into a scintillation vial, and 

bound activity was counted in a Wizard gamma counter. To determine maximum binding 

of the radiotracer for normalization, 64Cu-NOTA-annexin V was added to wells that 

contained just PS and Ca2+ buffer (no competition). Nonspecific binding of 64Cu-NOTA-

annexin V was determined in wells that contained just Ca2+ buffer (no immobilized PS). 
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Data were analyzed as percent inhibition of 64Cu-NOTA-annexin V binding. 

Concentrations for half-maximum inhibition (IC50) were calculated from dose-response 

curves generated with GraphPad Prism® 5.0 software. 

 

2.5. Cell culture 

EL4 murine T-cell lymphoma cells (TIB-39™), which readily undergo apoptosis 

when introduced to cytotoxic agents, were purchased from the American Type Tissue 

Culture Center (ATCC) (Manassas, VA, USA) and maintained in RPMI 1640 medium 

(Gibco®) containing 20 mM HEPES, 10% fetal bovine serum (FBS) (Gibco®), 2 mM L-

glutamine (Invitrogen) and 1% penicillin/streptomycin (Invitrogen). Cell density was 

maintained in the range of 2 x 105 cells/mL to 2 x 106 cells/mL, and cell growth medium 

was added or changed every other day. Cells were incubated at 37 °C in a humidified 

incubator with a 5% (v/v) CO2 atmosphere (ThermoForma Series II Water Jacketed CO2 

Incubator).  

 

2.6. Inducing apoptosis in EL4 cells 

In order to evaluate the ability of each radioligand to bind to apoptotic cancer 

cells, an in vitro model of chemotherapy-induced apoptosis was used140,147,157. (s)-(+)-

camptothecin (Sigma-Aldrich), a DNA-topoisomerase I inhibitor, was used to induce 

apoptosis in EL4 cells. This in vitro model of cell death was used for subsequent cell 

binding assays. 
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2.7. Cell binding assay 

22-24 h prior to the cell binding assay, two T75 flasks were prepared containing 

15 mL of EL4 cells at a cell density of 1 million cells/mL. To one flask, 9 µL of the stock 

solution of camptothecin (2.5 mM in 1 M NaOH) was added to the 15 mL of medium to 

produce a final camptothecin concentration of 1.5 µM. To the control flask, 9 µL of 1 M 

NaOH solution was added. To prevent direct contact of 1 M NaOH and 2.5 mM 

camptothecin with the cells, NaOH/camptothecin was first added to the medium, which 

was then added to the cells. Control and treated cells were then left to incubate for one 

day at 37°C.  

 

2.7.1. Cell binding assay for 18F-labelled annexin V 

On the day of experiment, control and treated cells were spun down, growth 

medium was removed, and cells were washed once with PBS, and once with 2.5 mM 

Ca2+-containing binding buffer. Cells were resuspended in binding buffer to 5 x 106 

cells/mL. Using two 12-well plates (one for control cells and one for treated cells), 300 

µL of cell solution was added to each well. The 18F-labelled annexin V tracer being 

investigated was diluted in binding buffer to 0.5 kBq/μL, and 200 μL of this 18F-annexin 

V solution was added to each well in order to get approximately 0.1 MBq/well. Cells 

were left to incubate at room temperature for 1, 15, 30 or 60 min. At each time point, the 

cells were transferred to an eppendorf tube, rinsing the well with an additional 500 µL of 

binding buffer and adding this to the tube. Cells were spun down to form a cell pellet. 

The supernatant was removed along with any unbound tracer. The pellet was 

resuspended/washed in 500 µL of binding buffer, and this solution was transferred to a 
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new eppendorf in order to remove unbound tracer that was non-specifically stuck to the 

eppendorf tube. Cells were again spun down to get a pellet, and the supernatant removed. 

The amount of 18F-annexin V bound to the cells was then measured by a Wizard gamma 

counter. Calculated uptake values were expressed as percentage of total activity 

normalized to amount (in mg) of cellular protein content. Monica Wang assisted with 

optimization of this cell binding assay procedure. In order to acknowledge the effect of 

Ca2+ concentration on 18F-labelled annexin V binding to apoptotic cells, another set of 

cell binding assays were carried out using a lower Ca2+ concentration, 1.25 mM, which is 

suggested to be more representative of physiological Ca2+ levels158.  

To determine protein content, cells (control and treated) were lysed with 

CelLytic™ (200 μL) for 10 min at 4 °C, centrifuged at 4 °C at 10000 rpm for 8 min, and 

left in the freezer for at least one night. The lysate was then thawed and protein content 

was analyzed by a BCA protein assay. 

 

2.7.2. Cell binding assay for radiopeptides 

On the day of experiment, control and treated cells were spun down, growth 

medium was removed, and cells were washed once with PBS, and once with binding 

buffer. In order to ensure that radiopeptide binding to PS was Ca2+-independent, two sets 

of binding assays were conducted: one set of binding assays were perfomed in Ca2+-

negative binding buffer, and another set were performed in Ca2+-positive (2.5 mM CaCl2) 

binding buffer. Cells were resuspended in their respective binding buffer to 5 x 106 

cells/mL. 300 µL of the cell suspensions were aliquoted into LoBind eppendorf tubes. 

200 µL (~0.1 MBq) of radiopeptide diluted in the desired binding buffer was added to 
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each eppendorf, incubating for 1, 15, 30 and 60 min. Binding was terminated at each time 

point by centrifuging the cells at 1500 rpm for 2 min. Most of the supernatant was 

removed by aspiration (~50 μL left behind), the tubes were spun down again (1500 rpm 

for 2 min), and the rest of the supernatant was removed with a pipette. The amount of 

radiopeptide bound to the cell pellets was measured by a Wizard gamma counter.   

To determine protein content, cells (control and treated) were lysed with 

CelLytic™ (200 μL) for 10 min at 4 °C, centrifuged at 4 °C at 10000 rpm for 8 min, and 

left in the freezer for at least one night. The lysate was then thawed and protein content 

was analyzed by a BCA protein assay. 

 

2.8. Flow cytometry  

 

2.8.1. Flow cytometry using FITC-annexin V 

In order to determine the optimal concentration of camptothecin to induce 

sufficient apoptosis in EL4 cells, flow cytometry was used to evaluate apoptosis levels in 

EL4 cells treated with increasing doses of the drug. The FITC Annexin V Apoptosis 

Detection Kit 1 (BD Pharmingen™) was used to detect apoptotic cells. From this kit, 

fluorescein isothiocynate conjugated annexin V (FITC-annexin V), which binds to PS, 

was used to stain apoptotic cells. Propidium iodide (PI), a membrane impermeant nucleic 

acid stain, was used to stain cells that had lost their membrane integrity (necrotic/late 

apoptotic cells). The use of PI allowed for discrimination between early apoptotic and 

late apoptotic/necrotic cells. A 6-well plate was prepared with 3 mL of RPMI medium 

containing 3 million cells (cell density of 1 million cells/mL) in each well. Each well had 
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a different concentration of camptothecin: 0.5 µM, 1.0 µM, 1.5 µM, and 2.0 µM, and the 

control well contained just NaOH without camptothecin. The cells were left to incubate 

for 22-24 h at 37 °C. The next day, the cells were centrifuged, washed twice with PBS, 

and resuspended in Ca2+-containing binding buffer (BD Pharmingen™) to a cell density 

of 1 million cells/mL. 100 µL of each cell solution was transferred to its own flow 

cytometry tube. To each tube, 3 µL of FITC-annexin V and 3 µL of PI were added. The 

tubes were gently shaken and left to incubate in the dark for 15 min at room temperature. 

400 µL of binding buffer was then added to each tube, and apoptotic and necrotic cells in 

each tube were counted by a fluorescence activated cell sorter.  

 

2.8.2. Flow cytometry using FITC-PSBP-6 

 Flow cytometry was also used to examine the ability of FITC-PSBP-6, a 

fluorescent PS-binding peptide, to bind to apoptotic cells. EL4 cells were treated with 1.5 

μM camptothecin for 22-24 h. A fresh stock solution of 50-100 µM of FITC-PSBP-6 was 

prepared on the day of the experiment by dissolving the lyophilized peptide in DMSO 

and then diluting it in deionized water to achieve < 1% DMSO. PI from the FITC 

Annexin V Apoptosis Detection Kit 1 (BD Pharmingen™) was also used to stain the cells 

in order to discriminate between apoptotic and necrotic/late apoptotic cells. Cells were 

washed once with PBS and once with Ca2+-negative binding buffer (prepared in-house), 

then resuspended in Ca2+-negative binding buffer to 1 million cells/mL. 200 µL of cell 

solution (treated or control) was transferred to its own flow cytometry tube. To each tube, 

1 µM (final concentration) of FITC-PSBP-6 and 30 µL of PI from the BD Pharmingen kit 

were added. The tubes were left to incubate in the dark for approximately 30 min at room 
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temperature. 300 µL of binding buffer was then added to each tube, and stained cells in 

each tube were counted by a fluorescence activated cell sorter. 

 

2.9. Fluorescence confocal microscopy  

 

2.9.1. Fluorescence confocal microscopy using FITC-annexin V 

Fluorescence confocal microscopy was used to image the apoptosis-inducing 

effect of camptothecin on EL4 lymphoma cells. Only two groups of cells were imaged by 

fluorescence confocal microscopy: control (untreated) cells, and cells treated with 1.5 µM 

camptothecin, the optimal concentration to produce sufficient apoptosis levels determined 

by flow cytometry. These cells were prepared and treated using the same method that was 

used in the flow cytometry studies, one day prior to fluorescence imaging. Like the 

fluorescence staining done in the flow cytometry studies, FITC-annexin V and PI were 

used to detect apoptotic cells and necrotic cells, respectively. After 1 day of treatment, 

cells were spun down, washed once in PBS and once in binding buffer, and then 

resuspended in binding buffer to a cell density of 2 x 105 cells/mL. 30 µL of FITC-

annexin V and 30 µL of PI were added to 500 µL of this cell solution, and the cells were 

incubated in the dark at room temperature for 15 min. Cells were then spun down and 

resuspended in 1 mL binding buffer, and 500 µL of each cell solution was added to its 

own well of a Nunc™ Lab-Tek™ II Chambered Coverglass System. The cells were then 

viewed and imaged under a Zeiss confocal microscope available in the Cell Imaging 

Facility of the Cross Cancer Institute (Edmonton, Alberta). 
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2.9.2. Fluorescence confocal microscopy using FITC-PSBP-6 

In order to visualize binding of FITC-PSBP-6 to EL4 cells undergoing cell death, 

confocal microscopy was used. In addition to FITC-PSBP-6, NucView™ 405 Caspase-3 

Substrate (Biotium) was used as an additional apoptosis detecting agent. This caspase 

probe is a fluorogenic DNA dye coupled to a caspase-3/7 DEVD recognition sequence 

that is cleaved by activated caspases in apoptotic cells to release the DNA dye, which 

accumulates in apoptotic cells. PI from the FITC Annexin V Apoptosis Detection Kit 1 

(BD Pharmingen™) was also used to stain cells with non-intact membranes (late 

apoptotic/dead/necrotic cells). EL4 cells were treated with 1.5 µM of camptothecin for 

22-24 h following the same procedure as outlined above. Cells were washed once with 

PBS and once with Ca2+-negative binding buffer, then resuspended in Ca2+-negative 

binding buffer to 1 million cells/mL. 200,000 cells were added to a LoBind eppendorf 

tube and centrifuged at 3000 rpm for 2 min. The supernatant was carefully removed, and 

a 500 µL solution containing 1 µM FITC-PSBP-6, 1 µM of NucView™ 405 Caspase-3 

Substrate and 60 µL of PI from the BD Pharmingen kit in deionized water was used to 

resuspend the cell pellet. The cells were left to incubate at room temperature in the dark 

for approximately 30 min. The cells were then centrifuged, washed once with Ca2+-

negative binding buffer, and resuspended in 1 mL of Ca2+-negative binding buffer. 500 

µL of this solution was added to the well of a Nunc™ Lab-Tek™ II Chambered 

Coverglass System. The cells were then imaged under a Zeiss confocal microscope. 
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2.10. EL4 lymphoma mouse tumour model  

All animal experiments were carried out in accordance with guidelines of the 

Canadian Council on Animal Care and were approved by the local Animal Ethics 

Committee of the Cross Cancer Institute. Animals were handled by Dr. Melinda Wuest 

and Monica Wang. The EL4 lymphoma tumour model in C57/BL6 mice has been 

established previously in order to evaluate molecular probes targeting tumour apoptosis 

in vivo68. EL4 cells (1 x 106) were injected subcutaneously into the left flank of wild-type 

female C57/BL6 mice. 7-10 days after injection, mouse tumours were measured to be 

about 12-14 mm long and 7-10 mm wide (weighing approximately 500 mg), suitable for 

chemotherapy treatment and subsequent PET imaging. Apoptosis in these tumours was 

induced by intraperitoneal injection of cyclophosphamide (100 mg/kg) and etoposide (76 

mg/kg) in 50% DMSO/saline (total injected volume 100-200 μL) for either one day (for 

radiopeptide imaging studies) or two consecutive days (for 18F-annexin V imaging 

studies). After 2 consecutive days of this treatment, mice lost > 2 g of weight and 

tumours shrank to about half of their original size. 

 

2.11. Dynamic PET imaging  

EL4 tumour-bearing C57/BL6 mice were used for PET imaging experiments, 

which were performed by Dr. Melinda Wuest. Tumour uptake of radiotracer (18F-annexin 

V or 64Cu-NOTA-PSBP-6) was evaluated in both control (untreated) mice and mice 

treated with the apoptosis-inducing mixture of cyclophosphamide and etoposide. The 

animals were anesthetized through inhalation of isoflurane in 40% oxygen/60% nitrogen 

(gas flow, 1 L/min), and body temperature was maintained at 37 °C. Mice were 



 57 

immobilized in the prone position and placed in the center of the field of view of the 

Inveon® PET scanner (Siemens Preclinical Solutions, Knoxville, TN, USA). The amount 

of radioactivity present in the injection solution in a 0.5 mL syringe was determined with 

a dose calibrator, which was cross-calibrated with the scanner. The emission scan of a 60 

min dynamic PET acquisition was started. After a delay of approximately 15 s, 5-8 MBq 

of the radiotracer of interest diluted in 70-130 µL sterile saline (0.9%) or 100 mM NH-

4OAc buffer (pH 6) was injected through a tail vein catheter. Data acquisition continued 

for 60 min in 3D list mode. The list mode data were sorted into sinograms with 54 time 

frames (10×2, 8×5, 6×10, 6×20, 8×60, 10×120 and 6×300 s). The frames were 

reconstructed using maximum a posteriori (MAP) reconstruction mode. The pixel size 

was 0.085×0.085×0.12 cm, and the resolution in the centre field of view was 1.8 mm. No 

correction for partial volume effects was performed. The image files were further 

processed using the ROVER v2.0.21 software (ABX GmbH, Radeberg, Germany). 

Masks for defining 3D regions of interest (ROI) were set and the ROIs were defined by 

50% thresholding. ROI time-activity curves (TAC) were generated for subsequent data 

analysis. Standardized uptake values [SUV = (activity/mL tissue)/ (injected activity/body 

weight), mL/g] were calculated for each ROI. Dr. Melinda Wuest provided all PET 

images and time-activity curves (TACs) for the preclinical PET studies, and contributed 

to data interpretation. 

 

2.12. Determination of radiopeptide lipophilicity 

To determine the lipophilicity of radiopeptides, the shake-flask method159 was 

used. The partition coefficients of the radiopeptides were determined using n-octanol as 
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organic phase and PBS (pH 7.4) as aqueous phase. 500 μL of each phase were added to a 

LoBind eppendorf tube, to which > 1 MBq of radiopeptide was added, and the mixture 

was shaken vigorously for 5 min. The mixture was then centrifuged at 2000 rpm for 2 

min to allow the layers to separate. Aliquots of 100 μL were removed from each phase 

and the amount of radiopeptide present in each phase was measured by a Wizard gamma 

counter. Experiments were performed in triplicate, and logD7.4 values were calculated.  

 

2.13. Determination of blood distribution and metabolic stability in vivo  

3-30 MBq of radiopeptide in 100–150 μL of 10% propylene glycol in sterile 

saline (0.9%) or 100 mM NH4OAc buffer (pH 6) was injected as a bolus through a 

catheter into the tail vein of isoflurane anaesthetised BALB/c mice. Before radiopeptide 

injection, mice were heparinised by subcutaneous injection of 50 μL heparin (1000 I.U.) 

and kept under anaesthesia during the course of the experiment. At selected time points 

of 5, 15, 30 and 60 min, tail vein samples (approximately 20-50 μL) were collected 

through the catheter. Blood cells were separated by immediate centrifugation (5 min at 

13,000 rpm). Proteins within the plasma samples were precipitated by adding 100-200 μL 

methanol to the supernatant following a second centrifugation step (5 min at 13,000 rpm). 

Dr. Melinda Wuest prepared the mice, collected the blood samples and separated the 

blood components, which were then handed off to me. To determine the distribution of 

radiopeptide in the blood cells, protein and plasma, radioactivity present in each 

compartment was measured using a gamma counter. To analyze plasma samples for 

radiometabolites and original radiopeptide, the supernatant plasma fractions from each 

time point were analyzed by analytical HPLC.  
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2.14. Data analysis 

All data are expressed as means ± standard error of the mean (SEM) from three or 

more experiments. All graphs were constructed using GraphPad Prism 5.0 (GraphPad 

Software, San Diego, CA, USA). IC50 values were calculated using a nonlinear regression 

(curve fit) analysis (GraphPad Prism 5.0). Statistical differences were considered 

significant if p < 0.05, and were tested using the Student’s t-test. 
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3. RESULTS 

 

3.1. Labelling wild-type annexin V with 18F for PET imaging of cell death 

3.1.1. Radiolabelling annexin V with 18F-containing prosthetic groups 

Random labelling of the 23 primary amine groups accessible on wild-type 

annexin V was achieved via an acylation reaction with prosthetic group [18F]SFB. The 

reaction product [18F]SFB-annexin V was synthesized in decay-corrected radiochemical 

yields of 9 ± 1% (based upon [18F]SFB). Site-specific labelling of Cys315 in wild-type 

annexin V was achieved by an alkylation reaction with [18F]FBEM to make [18F]FBEM-

annexin V in decay-corrected radiochemical yields of 4 ± 2% (based upon [18F]FBEM). 

Both prosthetic groups were purified by HPLC prior to the reaction with wild-type 

annexin V. The synthesis route of randomly labelled and site-specifically labelled 18F-

annexin V is represented in figure 7.  

 

Figure 7. Random and site-specific labelling of annexin V with [18F]SFB and 

[18F]FBEM. 
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Both 18F-labelled annexin V derivatives were obtained at high radiochemical 

purity (RCP) (> 95%) after purification with SEC. Figure 8 shows the results of 

Coomassie-stained SDS-PAGE and radio-SDS-PAGE analyses of purified 18F-labelled 

annexin V derivatives, with unlabelled wild-type annexin V as reference. Conjugation of 

prosthetic groups [18F]SFB and [18F]FBEM to wild-type annexin V proceeded under mild 

condition (PBS, pH 7.4, 30 min, 30 °C), and no degradation was observed during the 

radiosynthesis of 18F-labelled annexin V as confirmed by SDS-PAGE analysis. Isolated 

radiolabelled protein corresponds with the expected molecular weight of wild-type 

annexin V derivatives of 36 kDa. 

 

Figure 8. Quality control of 18F-labelled annexin V. Stained SDS-PAGE gel (left) and 

corresponding radio-SDS-page analysis (right) of wild-type annexin V (lanes 1a and 1b), 

purified randomly labelled annexin V ([18F]SFB-annexin V) (lanes 2a and 2b), and 

purified site-specifically labelled annexin V ([18F]FBEM-annexin V) (lanes 3a and 3b). 
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3.1.2. In vitro evaluation of 18F-labelled annexin V 

 

3.1.2.1. Inducing apoptosis in EL4 cells using camptothecin 

Results from the flow cytometry studies done to assess the effect of camptothecin 

concentration on the level of apoptosis induced in EL4 cells are provided in Figure 9.  
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Figure 9. Flow cytometric analysis of EL4 cells undergoing camptothecin-induced 

apoptosis using FITC-annexin V as fluorescent stain. Proportions of EL4 cells 

undergoing apoptosis were measured as a function of camptothecin concentration (n = 3). 

 

These data show a small amount of basal cell death (17%) in the untreated (control) cell 

population due to the unstable nature of the cell line. This baseline level of cell death in 

EL4 cells has been previously reported100. Treatment with 1.5 μM of camptothecin 

induced the highest increase in total (early and late) apoptosis (as well as other PS-

exposing cell death modes) relative to untreated cells, as 56% of the cells were stained 

with FITC-annexin V. Apoptosis levels did not significantly increase when camptothecin 

concentration was increased to 2.0 μM, which induced a similar apoptosis rate of 57%. 

Based on these results, we selected a drug concentration of 1.5 μM to induce cell death in 
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EL4 cells for the cell binding assay. Confocal microscopy images of camptothecin-

treated EL4 cells stained with FITC-labelled annexin V and PI are shown in figure 10. 

These fluorescence confocal microscopy images confirm the successful induction of cell 

death in EL4 cells upon treatment with 1.5 μM of camptothecin as shown by the green 

stain from FITC-annexin V binding to PS in the treated cell population. 

 

Figure 10. Fluorescence confocal microscopy images of apoptotic EL4 cells stained 

with FITC-annexin V and PI. (A) Control (untreated) EL4 cell population; (B) EL4 cell 

population treated with 1.5 μM camptothecin for 22-24 h. Green stain: FITC-annexin V 

(early apoptosis); red stain: PI (late apoptosis/necrosis). 

 

3.1.2.2. Cell binding assay using [18F]SFB-annexin V and [18F]FBEM-annexin V  

Cell binding results showed significantly higher binding of 18F-labelled annexin V 

derivatives to EL4 mouse lymphoma cells treated with the apoptosis-inducing agent 

camptothecin compared to untreated cells over time. This finding was comparable for 

randomly labelled [18F]SFB-annexin V and site-specifically labelled [18F]FBEM-annexin 

V. After 60 min, a four-fold higher uptake of [18F]SFB-annexin V to treated EL4 cells 

was found compared to non-treated cells (Figure 11).  
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Figure 11. EL4 cell binding of [18F]SFB-annexin V. Cell binding of randomly-labelled 

[18F]SFB-annexin V was measured in untreated (control) EL4 cells and EL4 cells treated 

for 22-24 hours with 1.5 μM camptothecin (n = 3). 

 

Ionized calcium is known to be vital for PS binding of annexin V. Although most 

annexin V binding assays are carried out in 2.5 mM Ca2+, Tait and colleagues found that 

annexin V binding to PS declines rapidly over a range of 2.5-1.25 mM160. To address this 

issue, we conducted another set of cell binding studies using a Ca2+ concentration of 1.25 

mM, which is suggested to be representative of Ca2+ levels in vivo130. The results from 

these binding studies are shown in figures 12 and 13.  As expected, binding of [18F]SFB-

annexin V to both control (untreated) EL4 cells (figure 12) and cells treated with 1.5 μM 

camptothecin (Figure 13) was significantly decreased by reducing the Ca2+ concentration 

from 2.5 mM to 1.25 mM. However, the lower Ca2+ concentration did not diminish the 

preferential binding of [18F]SFB-annexin V to cells treated with camptothecin compared 

to untreated cells. After 60 min, binding of the radioligand was still three times higher in 

treated cells versus control cells.  
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Figure 12. Effect of Ca2+ concentration on control EL4 cell binding of  [18F]SFB-

annexin V. Comparison of cell binding of [18F]SFB-annexin V to untreated EL4 cells in 

the presence of higher (2.5 mM) and lower (1.25 mM) concentrations of Ca2+ (n = 3). 
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Figure 13. Effect of Ca2+ concentration on camptothecin-treated EL4 cell binding of  

[18F]SFB-annexin V. Comparison of cell binding of [18F]SFB-annexin V to EL4 cells 

treated for 22-24 h with 1.5 μM camptothecin in the presence of higher (2.5 mM) and 

lower (1.25 mM) concentrations of Ca2+ (n = 3). 
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When using site-selectively labelled [18F]FBEM-annexin V, we observed a 2.6-

fold increase in binding of the radioligand to treated EL4 cells compared to untreated 

cells (Figure 14). 
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Figure 14. EL4 cell binding of [18F]FBEM-annexin V. Cell binding of site-specifically 

labelled [18F]FBEM-annexin V was measured in untreated (control) EL4 cells and EL4 

cells treated for 22-24 hours with 1.5 μM camptothecin (n = 3). 

 

These results confirm that both randomly labelled [18F]SFB-annexin V and site-

selectively labelled [18F]FBEM-annexin V retained the ability to detect cell death in vitro. 

Both radiotracers demonstrated significantly higher binding to EL4 cells treated with 1.5 

μM camptothecin compared to untreated cells. Binding kinetics were comparable 

between [18F]SFB-annexin V and [18F]FBEM-annexin V, and no significant differences 

in the extent of binding to EL4 cells undergoing cell death were observed between the 

two 18F-labelled wild-type annexin V derivatives. This result suggests that random and 

site-selective methods for radiolabelling wild-type annexin V can provide radiotracers 

with comparable PS binding abilities.  
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3.1.3. Preclinical PET imaging of apoptosis using 18F-labelled annexin V 

After confirming the ability of [18F]SFB-annexin V and [18F]FBEM-annexin V to 

detect chemotherapy-induced cell death in vitro, we next wanted to examine the ability of 

18F-labelled annexin V to detect chemotherapy-induced cell death in tumours in vivo. 

Since we found no significant difference in PS-binding ability between randomly and 

site-specifically labelled 18F-annexin V, we used randomly labelled [18F]SFB-annexin V 

for our preclinical PET imaging studies due to the simpler, faster radiolabelling and better 

yields. The tumour uptake profile of 18F-annexin V was studied in EL4 tumour-bearing 

C57Bl6 mice treated with a chemotherapeutic mixture of 100 mg/kg cyclophosphamide + 

76 mg/kg etoposide for 2 consecutive days, using untreated EL4 tumour-bearing mice as 

controls. A baseline tumour uptake of 18F-annexin V was observed in control (untreated) 

mice, shown in figure 15. 

18F-annexin V was rapidly taken up into control EL4 tumours, where it remained 

trapped with no washout. At 10 min p.i., the control tumours had an SUV of 0.77, and no 

change in tumour uptake was observed over time (at 60 min p.i., control tumour SUV = 

0.80). This is shown in the TACs provided in figure 16. The blood clearance TAC of 18F-

annexin V shows that after 60 minutes, blood radioactivity was still higher than 

radioactivity in the EL4 tumours.  
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Figure 15. Preclinical PET/CT images of EL4 tumour uptake of 18F-labelled annexin 

V in a control (untreated) mouse. Representative coronal PET, CT and fused PET/CT 

images were obtained from an EL4 tumor-bearing control (untreated) C57BL6 mouse 90 

min after administration of 4–5 MBq of [18F]SFB-annexin V. Blue arrows indicate 

tumours. Specific activity of [18F]SFB-annexin V used for imaging was determined to be 

3.4 ± 0.8 Ci/g.  

 

 

Figure 16. TACs of the blood clearance profile and radioactivity profile in control 

(untreated) EL4 tumours in mice injected with 18F-labelled annexin V. Radioactivity 

profile of [18F]SFB-annexin V in EL4 tumours in control (untreated) C57Bl6 mice over 

time (left); Radioactivity profile of [18F]SFB-annexin V in heart vs. EL4 tumour in 

control C57Bl6 mice over time (right). 
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Although a baseline uptake of 18F-annexin V was observed in control mice, we 

failed to see an increase in tumour uptake in mice treated for 2 consecutive days with 

cyclophosphamide and etoposide (figure 17). In fact, tumour SUVs were lower in treated 

mice compared to control mice, which might be explained by the decrease in overall 

tumour volume over the 2 days of treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Preclinical PET images of EL4 tumour response to treatment with 

cyclophosphamide and etoposide using 18F-labelled annexin V as radiotracer. 
Representative maximum intensity projections (MIPs) were obtained from A) control 

(untreated) EL4 tumour-bearing C57Bl6 mice and B) EL4 tumour-bearing C57Bl6 mice 

treated with 100 mg/kg cyclophosphamide + 76 mg/kg etoposide for 2 consecutive days. 

Imaging was done 24 h after the second drug injection (48 h after first drug injection). 

Images were taken 90 min after administration of 4–5 MBq of 18F-annexin V. Blue 

arrows indicate tumours. Specific activity of [18F]SFB-annexin V used for imaging was 

determined to be 3.4 ± 0.8 Ci/g.  

 

Previous studies have found that the optimal time window for imaging apoptosis 

occurs before decreases in tumour size become visible127. Since obvious tumour 

shrinkage occurred over 2 consecutive days of treatment with cyclophosphamide and 
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etoposide, we tried imaging the mice at earlier time points post treatment, and these mice 

received just one treatment instead of two. The mice were imaged 4, 12, and 24 h after 

injection of the drug mixture. Although higher tumour SUVs were obtained for these 

earlier time points compared to the 48 h time point (likely due to smaller decreases in 

overall tumour volume), treated tumours did not show higher uptake of 18F-annexin V 

compared to control tumours at any time point post treatment (figure 18).  

 
Figure 18. Effect of treatment with cyclophosphamide and etoposide on EL4 tumour 

uptake of 18F-labelled annexin V in C57Bl6 mice. TACs were generated by measuring 

uptake of [18F]SFB-annexin V into EL4 tumours of control (untreated) C57Bl6 mice as 

well as C57Bl6 mice treated with a chemotherapeutic mixture of 100 mg/kg 

cyclophosphamide and 76 mg/kg etoposide. Treated mice were imaged 4, 12, 24 and 48 h 

after initiation of treatment. 
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3.2. Evaluation of radiolabelled PS-binding peptides for PET imaging of apoptosis 

 

3.2.1. Competitive radiometric PS binding assay to determine binding potency  

Binding of 64Cu-NOTA-annexin V to PS was challenged with different 

concentrations of peptides PGDLSR, LIKKPF, FBz-PGDLSR, FBz-LIKKPF, FBAM-C-

PGDLSR, FBAM-C-LIKKPF, PSBP-6, FBz-PSBP-6, C-PSBP-6, NOTA-PSBP-6, Ga-

NOTA-PSBP-6, and Cu-NOTA-PSBP-6, as well as wild-type annexin V, which was used 

as an internal reference. We were unable to examine FBAM-C-PSBP-6 in this assay, as 

synthesis of this cold reference was unsuccessful. Figures 19, 20 and 21 summarize the 

results from the competitive radiometric PS binding assay. PGDLSR, LIKKPF, FBz-

PGDLSR, FBz-LIKKPF, FBAM-CPGDLSR, and FBAM-CLIKKPF all gave comparable 

IC50 values in the low millimolar range (1 to 15 mM), whereas the IC50 for wild-type 

annexin V was determined to be 51 nM in the assay. Hexapeptides PGDLSR and 

LIKKPF showed lowest PS inhibition as expressed by IC50 values of 10 mM and 15 mM, 

respectively. Introduction of the 4-fluorobenzoyl (FBz) group into peptides LIKKPF and 

PGDLSR, as well as the attachment of FBAM to CPGDLSR and CLIKKPF resulted in 

slightly better inhibitory potencies: IC50(FBz-PGDLSR) = 7 mM; IC50(FBz-LIKKPF) = 4 

mM; IC50(FBAM-CPGDLSR) = 6 mM; IC50(FBAM-CLIKKPF) = 1 mM. However, all 

hexapeptides and hexapeptide derivatives were about four orders of magnitude less 

potent than annexin V in the assay (figure 19). 
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Figure 19. Inhibitory binding effect of unmodified and modified hexapeptides on PS 

binding of 64Cu-NOTA-annexin V. IC50 values are given as mean values from n single 

data values out of x experiments (n/x). 

 

Though still much less potent than the internal reference annexin V, 14-mer PSBP-6 and 

derivatives of PSBP-6 showed higher inhibitory potency than the hexapeptide 

derivatives, with IC50 values ranging from 6.4 μM to 0.6 mM (figures 20 and 21). 

Conjugation of PSBP-6 with FBz and NOTA groups increased its inhibitory potency by 

one order of magnitude, from 0.6 mM to 69 μM and 30 μM, respectively. Further 

complexation of Ga3+ and Cu2+ to NOTA-PSBP-6 did not drastically alter its potency: 

IC50(Ga-NOTA-PSBP-6) = 33 μM; IC50(Cu-NOTA-PSBP-6) = 23 μM. Modification of 

PSBP-6 with a terminal cysteine residue produced the highest inhibitory potency of 6.4 

μM. 
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Figure 20. Inhibitory binding effect of unmodified, cysteine-tagged and 

fluorobenzoylated PSBP-6 on PS binding of 64Cu-NOTA-annexin V. IC50 values are 

given as mean values from n single data values out of x experiments (n/x). 

 

Log Concentration [mol/L]%
 M

a
x

im
u

m
 P

S
 b

in
d

in
g

 o
f

6
4
C

u
-N

O
T

A
-a

n
n

e
x

in
 V

0

20

40

60

80

100

-11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1

Cold annexin V (21/7)
IC50 51 nM

NOTA-PSBP-6 (3/1)

IC50 30 mM
Ga-NOTA-PSBP-6 (3/1)

IC50 33 mM

Cu-NOTA-PSBP-6 (3/1)

IC50 23 mM

C

Log Concentration [mol/L]%
 M

a
x

im
u

m
 P

S
 b

in
d

in
g

 o
f

6
4
C

u
-N

O
T

A
-a

n
n

e
x
in

 V

0

20

40

60

80

100

-11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1

Cold annexin V (21/7)
IC50 51 nM

NOTA-PSBP-6 (3/1)

IC50 30 mM
Ga-NOTA-PSBP-6 (3/1)

IC50 33 mM

Cu-NOTA-PSBP-6 (3/1)

IC50 23 mM

C

 
 

Figure 21. Inhibitory binding effect of NOTA-conjugated PSBP-6 coordinated with 

cold Ga3+ or Cu2+ on PS binding of 64Cu-NOTA-annexin V. IC50 values are given as 

mean values from n single data values out of x experiments (n/x). 
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3.2.2. Labelling PS-binding peptides with 18F 

 

3.2.2.1. Labelling PGDLSR with 18F 

Hexapeptide PGDLSR was labelled with [18F]SFB in solution via an acylation 

reaction with its terminal amino group, giving [18F]FB-PGDLSR in decay-corrected 

radiochemical yields of 36 ± 8% (based upon [18F]SFB) with radiochemical purities of  

greater than 95%. The logD7.4 value of this radiopeptide was determined to be -1.6 ± 0.2 

(n = 3). The reaction scheme for radiolabelling PGDLSR with [18F]SFB is given in figure 

22. 

 

Figure 22. Synthesis of [18F]FB-PGDLSR. 

 

3.2.2.2. Labelling LIKKPF with 18F 

LIKKPF was labelled with [18F]SFB via an acylation reaction with its terminal 

amino group using an on-resin approach. The primary amino groups on the two lysine 

residues present on resin-attached LIKKPF were protected by boc groups, preventing side 

reactions with these side chains. N-terminally labelled [18F]FB-LIKKPF was obtained in 

decay-corrected radiochemical yields of 25 ± 2% (based upon [18F]SFB) with 

radiochemical purities of > 95%. The logD7.4 value of [18F]FB-LIKKPF was determined 
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to be -0.80 ± 0.004 (n = 3). Figure 23 gives the reaction scheme for radiolabelling 

LIKKPF with [18F]SFB using the on-resin approach. 

 

 

Figure 23.  Synthesis of [18F]FB-LIKKPF. 

 

3.2.2.3. Labelling PSBP-6 with 18F 

We first attempted to label unmodified PSBP-6 on its N-terminus via an acylation 

reaction with [18F]SFB, which was unsuccessful. PSBP-6 contains many reactive side 

chains that interfere with the synthesis of our desired product, [18F]FB-PSBP-6, which is 

singly labelled on its N-terminus. When we attempted to label the N-terminus of PSBP-6 

by protecting the reactive side chains using an on-resin approach, we were only able to 

obtain yields of < 2%, probably due to the bulky protecting groups interfering with the 

desired N terminal reaction. For this reason, we modified PSBP-6 with a terminal 

cysteine residue for thiol-directed labelling with maleimide-based prosthetic group 

[18F]FBAM. The thiol group of the terminal cys residue on C-PSBP-6 was labelled with 

[18F]FBAM via an alkylation reaction to provide [18F]FBAM-C-PSBP-6 in decay-
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corrected radiochemical yields of 41 ± 1% (n = 2) with > 95% RCP. The reaction scheme 

is provided in figure 24. 

 

 

Figure 24. Synthesis of [18F]FBAM-C-PSBP-6. 

 

Although we were able to obtain 18F-labelled C-PSBP-6 in good radiochemical 

yields using the thiol-directed reaction, this radiopeptide was difficult to dissolve in 

aqueous solutions, and tended to stick to plastic and glass containers. These limitations 

made further studies using [18F]FBAM-C-PSBP-6 impractical.  

 

3.2.3. Labelling PS-binding peptides with radiometals 

Although 18F is the most commonly used radionuclide for PET imaging, use of 

radiometals to label peptides for PET radiopharmaceutical development offers some 
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advantages. Labelling peptides with 18F typically requires use of a prosthetic group, 

resulting in lengthier, multi-step procedures that require purification steps121. To label 

peptides with positron-emitting radiometals like 68Ga or 64Cu, peptides are usually first 

conjugated with a bifunctional chelator (BFC) like NOTA, using a spacer, like ava, to 

prevent steric interference of the BFC with peptide binding properties. Once this BFC-

conjugated labelling precursor is prepared, radiolabelling the peptide by complexing the 

BFC with the radiometal of choice can usually be achieved in a simple, one-pot reaction 

using only microgram amounts of precursor. The challenges we encountered when 

labelling PSBP-6 with 18F prompted us to try labelling this 14-mer peptide with 

radiometals instead. 

 

3.2.3.1. Labelling PSBP-6 with 68Ga 

We established a procedure for radiolabelling NOTA-PSBP-6 with 68Ga, which is 

depicted in figure 25. Decay-corrected radiochemical yields of 63 ± 5% (n = 10) were 

achieved, with radiochemical purities of  > 95%. The logD7.4 value for 68Ga-NOTA-

PSBP-6 was determined to be -1.7 ± 0.03 (n = 3).  
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Figure 25. Radiolabelling NOTA-PSBP-6 with 68Ga. 

 

3.2.3.2. Labelling PSBP-6 with 64Cu 

Although we obtained 68Ga-NOTA-PSBP-6 in good radiochemical yields, we 

were able to establish an even simpler procedure for radiolabelling NOTA-PSBP-6 with 

64Cu. No purification step was necessary, as decay-corrected radiochemical yields greater 

than 95% were achieved (RCP > 95%), as determined by radio-TLC, semi-preparative 

radio-HPLC, and analytical radio-HPLC. The reaction scheme for radiolabelling NOTA-

PSBP-6 with 64Cu is provided in figure 26. Lipophilicity determination of 64Cu-NOTA-

PSBP-6 gave a logD7.4 value of -1.6 ± 0.01 (n = 3). 



 79 

 

Figure 26. Radiolabelling NOTA-PSBP-6 with 64Cu. 

 

3.2.4. Metabolic stability studies 

In vivo stability studies revealed that hexapeptide [18F]FB-PGDLSR was very 

unstable in mouse blood plasma. After just 5 minutes in the plasma, there was almost no 

detectable intact peptide (3%). Although slightly more stable than [18F]FB-PGDLSR, 

[18F]FB-LIKKPF showed very poor stability in vivo as well. 15 minutes after injection, 

45% of  [18F]FB-LIKKPF remained intact in the plasma, which decreased to 0% after 30 

minutes (data not shown).  

 The 68Ga labelled 14-mer peptide, 68Ga-NOTA-PSBP-6, showed much better in 

vivo stability compared to the 18F-labelled hexapeptides. HPLC determination of the 

presence of intact 68Ga-NOTA-PSBP-6 in mouse plasma showed 58 ± 8% intact 
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radiopeptide 15 min after injection, after which it remained stable for the next 45 min 

(figure 27).  
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Figure 27. Stability of 68Ga-NOTA-PSBP-6 in BALB/c mouse plasma over time. 

Plasma content of 68Ga-NOTA-PSBP-6 at 5, 15, 30 and 60 min p.i. was determined by 

HPLC (n = 3). 

 

The blood distribution pattern of 68Ga-NOTA-PSBP-6 is shown in figure 28. At 

30 min p.i., the radiopeptide was predominantly present in the plasma (58 ± 4%), where it 

remained over the next 30 min.  

Like 68Ga-NOTA-PSBP-6, 64Cu-NOTA-PSBP-6 showed better in vivo stability 

than 18F-labelled PGDLSR and LIKKPF. At 5 min p.i., 83 ± 4% of radioactivity in the 

plasma was attributable to intact 64Cu-NOTA-PSBP-6, which decreased to 31 ± 11% over 

the next 60 min (figure 29).  
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Figure 28. Blood distribution of 68Ga-NOTA-PSBP-6 over time. Plasma, protein and 

blood cell content of 68Ga-NOTA-PSBP-6 were measured from blood samples taken 

from BALB/c mice 5, 15, 30 and 60 min after injection of the radiopeptide (n = 3). 
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Figure 29. Stability of 64Cu-NOTA-PSBP-6 in BALB/c mouse plasma over time. 

Plasma content of 64Cu-NOTA-PSBP-6 at 5, 15, 30 and 60 min p.i. was determined by 

HPLC (n = 3). 

 

A urine sample taken at 60 min p.i. was analyzed by HPLC and showed a high 

amount of radioactivity in the form of radiometabolites, demonstrating fast renal 
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clearance. The blood distribution pattern of 64Cu-NOTA-PSBP-6, shown in figure 30, 

remained fairly constant over 60 min. At 60 min, 64Cu-NOTA-PSBP-6 content in the 

plasma was 39 ± 6%, while 41 ± 6% was bound to blood cells. Less of the radiopeptide 

was bound to blood proteins (22 ± 1%).   
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Figure 30. Blood distribution of 64Cu-NOTA-PSBP-6 over time. Plasma, protein and 

blood cell content of 64Cu-NOTA-PSBP-6 were measured from blood samples taken 

from BALB/c mice 5, 15, 30 and 60 min after injection of the radiopeptide (n = 3). 

 

3.2.5. Cell binding assay using 64Cu-NOTA-PSBP-6 

A cell binding assay was used to evaluate binding of 64Cu-NOTA-PSBP-6 to 

dying (treated with camptothecin) and control (untreated) EL4 cells. This assay was 

based on a previously described in vitro model of apoptosis140. Figure 31 summarizes the 

cellular binding of 64Cu-NOTA-PSBP-6 to control and apoptotic EL4 cells over 60 min 

of incubation. In order to confirm previous reports that PSBP-6 binding to PS is not 

dependent on Ca2+, the assay was conducted in the absence of Ca2+ (figure 31a) as well as 

in the presence of 2.5 mM Ca2+ (figure 31b). 
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Figure 31. Binding of 64Cu-NOTA-PSBP-6 to control and camptothecin-treated EL4 

cells in the absence and presence of Ca2+. (A) binding of 64Cu-NOTA-PSBP-6 to 

untreated (control) EL4 cells and EL4 cells treated for 22-24 h with 1.5 μM camptothecin 

in the absence of Ca2+ (n = 3); (B) binding of 64Cu-NOTA-PSBP-6 to untreated (control) 

EL4 cells and EL4 cells treated for 22-24 h with 1.5 μM camptothecin in the presence of 

2.5 mM Ca2+ (n = 3). 

 

Similar to 18F-labelled annexin V, 64Cu-NOTA-PSBP-6 showed baseline binding 

in control (untreated) cells (figures 31a and 31b). In the absence of Ca2+, binding of 64Cu-

NOTA-PSBP-6 to treated EL4 cells was approximately 1.5-fold higher than binding to 

control (untreated) cells, and this difference was consistent for the whole 60 min 

incubation (figure 31a). After 60 min, control cells showed 185 ± 20% radioactivity/mg 

protein, while treated cells had 286 ± 13% radioactivity/mg protein (n = 3, p < 0.05). 

Binding of 64Cu-NOTA-PSBP-6 to control (untreated) cells was comparable between 

Ca2+-negative and Ca2+-positive binding assays. However, binding of 64Cu-NOTA-PSBP-

6 to camptothecin-treated EL4 cells was significantly higher (p < 0.0007) when carried 

out in the presence of 2.5 mM Ca2+.  Binding of 64Cu-NOTA-PSBP-6 in the presence of 

Ca2+ was approximately 2-fold higher in treated cells versus control cells, with 216 ± 

11% radioactivity/mg protein in control cells and 429 ± 7% radioactivity/mg protein in 

treated cells (n = 3, p < 0.0001) (figure 31b).  
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3.2.6. Preclinical PET imaging of apoptosis in EL4 tumour-bearing mice using 64Cu-

labelled PSBP-6 

The tumour uptake profile of 64Cu-NOTA-PSBP-6 was studied in EL4 tumour-

bearing C57Bl6 mice treated with a chemotherapeutic mixture of 100 mg/kg 

cyclophosphamide + 76 mg/kg etoposide for 24 h, using untreated EL4 tumour-bearing 

mice as controls. Figure 32 provides time-activity curves (TACs) for tumour uptake of 

the radiopeptide over 60 (figure 32a) and 20 min (figure 32b), as well as for tumour vs. 

muscle uptake of the radiopeptide over 60 min (figure 32c). During the first 10 min after 

injection with 64Cu-NOTA-PSBP-6, a difference in tumour uptake between control and 

treated tumours was observed, which was most visible at approximately 5 min p.i. 

(figures 32a and 32b). At 5 min p.i., an SUV value of 0.74 ± 0.03 was obtained for 

control tumours, and an SUV value of 0.95 ± 0.04 was obtained for treated tumours, 

representing a 1.3-fold increase in 64Cu-NOTA-PSBP-6 uptake in EL4 tumours upon 

treatment with a combination of cyclophosphamide and etoposide. This difference in 

64Cu-NOTA-PSBP-6 uptake between control and treated tumours is statistically 

significant (p < 0.05). However, radioactivity in the tumours was washed out over time. 

After 10 min, the control and treated curves begin to overlap, with no detectable 

difference after this point. The corresponding muscle curves shown in figure 32c do not 

show a difference between control and treated mice, which suggests that the difference in 

64Cu-NOTA-PSBP-6 uptake between control and treated mice is indeed tumour-specific.  
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Figure 32. EL4 tumour and muscle uptake of 64Cu-NOTA-PSBP-6 in C57Bl6 mice 

in response to treatment with cyclophosphamide and etoposide. TACs were generated 

from measurement of tumour and muscle uptake of 64Cu-NOTA-PSBP-6 in both control 

(untreated) EL4 tumour-bearing mice and EL4 tumour-bearing mice treated with 100 

mg/kg cyclophosphamide + 76 mg/kg etoposide 24 h before imaging. (A) Tumour uptake 

of the radiopeptide over 60 min; (B) Tumour uptake of the radiopeptide over 20 min; (C) 

Tumour vs. muscle uptake of the radiopeptide over 60 min. Data are shown as SUV mean 

± SEM (n = 3). 
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Figures 33 and 34 summarize the results from the dynamic PET studies displaying 

PET images at 5 min p.i., since differences between control and treated tumours were 

most visible at this time. 

 

Figure 33. Representative preclinical PET images of EL4 tumour response to 

treatment with cyclophosphamide and etoposide using 64Cu-NOTA-PSBP-6 as 

radiotracer, shown as MIPs. (A): control (untreated) EL4 tumour-bearing C57Bl6 mice; 

(B): EL4 tumour-bearing C57Bl6 mice treated with 100 mg/kg cyclophosphamide + 76 

mg/kg etoposide 24 h before imaging. Images are shown as MIPs taken 5 min after a 

single tail vein injection of 64Cu-NOTA-PSBP-6.  
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Figure 34. Representative preclinical PET images of EL4 tumour response to 

treatment with cyclophosphamide and etoposide using 64Cu-NOTA-PSBP-6 as 

radiotracer, shown as coronal, sagittal and transaxial tumour slices. Images were 

taken 5 min after a single tail vein injection of 64Cu-NOTA-PSBP-6 in both (A) control 

(untreated) EL4 tumour-bearing C57Bl6 mice and (B) EL4 tumour-bearing C57Bl6 mice 

treated with 100 mg/kg cyclophosphamide + 76 mg/kg etoposide 24 h before imaging.  

 

3.3. Evaluation of fluorescently-labelled PS-binding peptides for detection of 

apoptosis 

 

3.3.1. Flow cytometry of EL4 cells using FITC-PSBP-6 

We also synthesized a fluorescently-labelled version of PSBP-6, FITC-PSBP-6, 

which we evaluated in flow cytometry experiments that examined its ability to 

fluorescently stain and thus detect apoptotic cells in vitro. The results from these 

experiments are depicted in figure 35. A low level of nonspecific binding of the 
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fluorescently-labelled peptide was observed. Binding of FITC-PSBP-6 doubled from 

baseline after treatment with apoptosis-inducing agent camptothecin. 20% of control cells 

were stained by FITC-PSBP-6, which significantly increased to 41% in treated cells (p < 

0.001).  
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Figure 35. Flow cytometric analysis of EL4 cells undergoing camptothecin-induced 

apoptosis using FITC-PSBP-6 as fluorescent stain. FITC-PSBP-6 staining was 

measured in control (untreated) EL4 cells and EL4 cells treated with 1.5 μM 

camptothecin for 22-24 h (n = 3). 1 μM of FITC-PSBP-6 was used to stain the cells. 

 

 

3.3.2. Confocal fluorescence microscopy using FITC-PSBP-6 

The ability of FITC-PSBP-6 to bind to EL4 cells undergoing camptothecin-

induced cell death was further examined using confocal fluorescence microscopy. 

Apoptotic response was visualized by staining the treated cells with FITC-PSBP-6 and 

DEVD-based fluorescent NucView 405 Caspase-3 Substrate. PI was used to distinguish 

between dead/necrotic/late apoptotic cells and early apoptotic cells. The images from 

these experiments are provided in figure 36. On cells with intact membranes (not stained 

with PI), FITC-PSBP-6 appeared to bind to just the cell membrane, without being 

internalized (figure 36b, 36c and 36d). Cells brightly stained by NucView 405 Caspase-3 

Substrate but not PI showed binding of FITC-PSBP-6 on the cell membrane, indicating 
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cells undergoing early apoptosis (figure 36a, 36b and 36d). Cells that seemed to 

internalize FITC-PSBP-6, showing heavy green stain throughout the cell, were also 

heavily stained with PI and NucView 405 Caspase-3 Substrate, marking them as late 

apoptotic (figure 36d). 

 

Figure 36. Fluorescence confocal microscopy images of EL4 cells stained with FITC-

PSBP-6, NucView 405 Caspase-3 Substrate and PI to image camptothecin-induced 

cell death. Cells were treated with 1.5 μM of camptothecin for 22-24 h before imaging. 

(A) apoptotic cells stained with NucView 405 Caspase-3 Substrate (blue); (B) cells 

stained with FITC-PSBP-6 (green); (C) necrotic/late apoptotic cells stained with PI (red); 

(D) All three stains (red, green and blue) superimposed. 
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4. DISCUSSION 
 

4.1. Comparison of wild-type annexin V radiolabelled with 18F using random vs. site-

selective approaches 

The first part of this study describes two different methods for radiolabelling 

wild-type annexin V with 18F, and evaluates the effect that radiolabelling technique has 

on the ability of this protein to detect dying cells in vitro. Radiolabelling wild-type 

annexin V with prosthetic group [18F]SFB has been reported by several groups over the 

past decades, and results from this study further confirm the feasibility of using [18F]SFB 

to label annexin V with 18F according to this random labelling method9,123–126. Although 

we obtained lower radiochemical yields (9%) of 18F-labelled annexin V than other 

groups, this can be explained by the significantly smaller amount (0.1 mg) of wild-type 

annexin V used in our reactions. Other groups reported radiochemical yields of 42-70% 

using much higher annexin V amounts in the range of 1 mg of protein9,124,125. However, 

our obtained radiochemical yield of 9% was comparable to the reported 10% 

radiochemical yield by Murakami and colleagues, who also used small amounts (0.1 mg) 

of wild-type annexin V for radiolabelling with [18F]SFB126. Toretsky and colleagues 

described a linear relationship (r2=0.89) between protein concentration and radiochemical 

yield of [18F]SFB-annexin V, which provides a good explanation for the obtained 

radiochemical yields. The fairly high cost of wild-type annexin V makes the use of small 

amounts of the protein during the radiolabelling reaction highly desirable. Moreover, 

smaller amounts of protein provide radiolabelled annexin V at higher specific 

radioactivity.   
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Successful bioconjugation of the single cysteine residue at position 315 in wild-

type annexin V was recently reported135. Glucose-based maleimide prosthetic group 

[18F]FDG-MHO gave 18F-labelled annexin V in radiochemical yields of 43-58% starting 

from 0.1 mg of wild-type annexin V. This result makes [18F]FDG-MHO a highly suitable 

prosthetic group for bioconjugation of wild-type annexin V. However, [18F]FDG-MHO is 

a rather large prosthetic group compared to [18F]SFB (figure 37). In addition to the 

maleimide group, it also contains a hydrophillic sugar moiety prone to modify the 

pharmacokinetic properties of the protein, unlike [18F]SFB, which lacks such a polar 

substitution pattern. These differences in size and pharmacokinetic profile create a 

challenge for direct comparison of wild-type annexin V labelled randomly using 

[18F]SFB versus annexin V site-specifically labelled with [18F]FDG-MHO. 
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Figure 37. Structure of [18F]FDG-MHO. 

Maleimide-containing compound [18F]FBEM is an alternative thiol-selective 

prosthetic group that is more comparable to the size of [18F]SFB. This consideration also 

applies to the corresponding [18F]FBEM-labelled annexin V derivative (figure 7). This 

makes [18F]FBEM a suitable prosthetic group for comparison with acylation agent 

[18F]SFB, despite the rather low radiochemical yield of 4% obtained for its 

bioconjugation to wild-type annexin V.  
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Our observed elevated binding of [18F]SFB-annexin V to EL4 cells treated with 

camptothecin compared to untreated cells confirms previous reports on the feasibility of 

using randomly labelled [18F]SFB-annexin V for the detection of cell death. The PS-

binding ability of [18F]SFB-annexin V has been evaluated in various other cell lines. 

Grierson and colleagues demonstrated PS-binding of [18F]SFB-annexin V with a cell 

binding assay using red blood cells (RBCs) with exposed PS124, while Zijlstra et al. 

demonstrated 60% increased binding of [18F]SFB-annexin V to UV-irradiated Jurkat 

human T-lymphoma cells compared to non-irradiated cells125. Another study by Toretsky 

et al. found 88% more binding of [18F]SFB-annexin V to TC32 sarcoma cells treated with 

etoposide compared to untreated cells9. Calcium concentration used in these annexin V 

binding assays is a point of criticism, since concentrations of 2.5-5.0 mM Ca2+ were used, 

and it is known that annexin V binding is largely Ca2+-dependent and declines rapidly 

over a range of 2.5-1.25 mM160. When we conducted another set of cell binding assays 

using a lower Ca2+ concentration of 1.25 mM, we observed a significant reduction in 18F-

labelled annexin V binding to both treated and untreated EL4 cells as expected. However, 

the lower Ca2+ concentration did not diminish the preferential binding of 18F-labelled 

annexin V to cells treated with the chemotherapeutic agent compared to untreated cells. 

Thus, our cellular binding assay remained robust even at a lower Ca2+ concentration. 

Results of the cell binding assays shown in Figures 11 and 14 confirm that both randomly 

labelled [18F]SFB-annexin V and site-specifically labelled [18F]FBEM-annexin V 

retained the ability to detect cell death in vitro. Both 18F-labelled wild-type annexin V 

derivatives demonstrated significantly higher binding to EL4 cells treated with 1.5 μM 
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camptothecin compared to untreated cells, and showed comparable binding and kinetics. 

This suggests that random and site-selective methods for radiolabelling wild-type annexin 

V provide radiotracers with comparable PS-binding abilities. In our experiments, no 

significant differences were observed in binding of both 18F-labelled annexin V 

derivatives to apoptotic cells. However, this finding is in contrast to a comparative study 

reported by Tait and colleagues, who found that amine-directed random modification of 

annexin V substantially reduced its ability to bind to PS-expressing RBCs, though it did 

not diminish it completely130. They also showed that the more conjugated annexin V is, 

the lower its PS binding ability becomes. Site-selective conjugation of an additional 

cysteine residue present in the modified amino-terminal sequence of Ala-Gly-Gly-Cys-

Gly-His of annexin V-128 (a second generation annexin V) resulted in an increased 

binding of the protein to RBCs130. However, Grierson et al. determined that even high 

[18F]SFB:annexin V molar ratios (32:1) during a 15 min incubation time for the 

conjugation reaction resulted in a rather low (2.1) average incorporation of the label into 

annexin V without loss of PS binding properties124. Only extension of the reaction time 

from 15 min to 60 min resulted in a conjugated product with compromised PS binding 

ability.  

Our described conjugation method uses HPLC-purified [18F]SFB and [18F]FBEM 

at high specific activity. Moreover, mild reaction conditions (PBS, 30 min, 30 °C, pH 

7.4) during the conjugation reactions enable introduction of the radiolabel while 

preserving the structural and functional integrity of wild-type annexin V. This was 

demonstrated by the observed comparable PS-binding ability of both randomly labelled 

and site-specifically labelled annexin V derivatives. However, given the rather low 
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radiochemical yields for [18F]FBEM-annexin V (4%) combined with the lengthier and 

more complex synthesis of maleimide-based prosthetic group [18F]FBEM, it is more 

practical to use the random labelling technique with [18F]SFB to prepare 18F-labelled 

wild-type annexin V. Radiolabelling of wild-type annexin V with the more readily 

available prosthetic group [18F]SFB provides 18F-labelled annexin V in reasonable 

radiochemical yields of around 10% while using only small amounts of wild-type 

annexin V (0.1 mg) as starting material. 

 

4.2. Limitations and challenges of using annexin V for molecular imaging of cell death 

The EL4 tumour model used in this study has been previously used to analyze 

tumour apoptosis in vivo, induced by either radiation or chemotherapy68,100,157,161. Daily 

treatment with a combination of cyclophosphamide and etoposide for 48 h has been 

shown to increase the amount of apoptosis in EL4 tumors from 4% (basal level) to 32% 

after treatment, confirmed by histological analysis using the terminal deoxynucleotidyl 

transferase-mediated deoxyuridine triphosphate nick-end labelling (TUNEL) assay161. 

Using this model, assessment of baseline (control) EL4 tumour uptake of our randomly 

labelled [18F]SFB-annexin V using dynamic PET imaging revealed rapid uptake in the 

first 10 min followed by retention of the radiotracer over 90 min (figures 15 and 16). This 

finding agrees with the results from our in vitro experiments using EL4 cells, which also 

showed a baseline binding of [18F]SFB-annexin V in control (untreated) cells.  

Although our cell binding assay also showed a significant increase in [18F]SFB-

annexin V binding in EL4 cells when treated with an apoptosis-inducing agent, this was 

not reflected in our in vivo model. We observed no increase in [18F]SFB-annexin V 
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uptake in drug-treated EL4 tumours compared to control (untreated) tumours, even when 

we tried imaging at various time points post-treatment in order to capture the time of 

maximum PS exposure in the tumour (figures 17 and 18). This finding is in contrast with 

the study done by Guo et al., who reported significant increases in 99mTc-HYNIC-annexin 

V uptake in the EL4 tumor model upon radiation-induced apoptosis, but no detectable 

baseline uptake in control (non-irradiated) tumours100. The reported absolute uptake of 

radioactivity in their EL4 tumour model was rather low (0.355 %ID/g 2 h p.i.), with only 

a 1.7 to 2.3-fold increase in uptake in the tumour upon treatment, and this group failed to 

see any increase in 99mTc-HYNIC-annexin uptake in another tumour model using 

irradiated S180 sarcoma tumours.  

Whereas absolute tumour uptake of radiolabelled annexin V and increases in 

tumour uptake upon treatment-induced apoptosis in tumour models have been quite small 

(usually a 1.5-fold increase, approximately)94,96,100,119,127,162, other preclinical models of 

apoptosis such as treatment-induced liver apoptosis have shown a drastic increase (3- to 

40-fold) in radiolabelled annexin V uptake and a much higher absolute uptake in the liver 

and other target organs117,119,123,127,163–167. For example, a 68Ga-labelled form of annexin V 

showed a 3- to 8-fold increase in uptake in mouse livers upon treatment with anti-Fas, but 

only a 1.5- to 2-fold increase in uptake in daudi lymphoma tumours upon treatment with 

cyclophosphamide, with a maximum uptake of only 0.156 %ID/g119. Similarly, Yagle et 

al. showed a 3- to 9-fold increase in uptake of [18F]SFB-annexin V into cyclohexamide-

treated liver tissue compared to healthy tissue in rats123, demonstrating that randomly 

labelled wild-type [18F]SFB-annexin V can indeed image cell death in vivo, contrary to 

the negative imaging results we obtained in our tumour model. Another preclinical study 
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that has demonstrated the feasibility of detecting cell death using randomly labelled wild-

type [18F]SFB-annexin V was carried out by Murakami and colleagues, who observed a 

3-fold higher uptake of [18F]SFB-annexin V in the infarct area of rat hearts compared to 

non-infarct areas in an ex vivo study of rat myocardial ischaemia and reperfusion126. 

Apart from our present study, there is only one other report evaluating randomly labelled 

wild-type [18F]SFB-annexin V in a tumour model of therapy-induced apoptosis127. Hu 

and colleagues examined [18F]SFB-annexin V uptake into UM-SCC-22B head and neck 

tumours in mice after treatment with chemotherapueutic agent doxorubicin, using a 

longitudinal imaging approach over several days in order to determine the most optimal 

time for imaging post-treatment (i.e., the time of greatest PS exposure)127. They imaged 

the mice at day 0, 6 h, day 1, 3 and 7 after treatment was initiated, and found that the 

most significant increase in tumour uptake of [18F]SFB-annexin V occurred 3 days post-

treatment, (1.8-fold increase from 0.89 to 1.56 %ID/g). At day 7, differences in [18F]SFB-

annexin V uptake between control and treated tumours disappeared, and the tumours had 

begun to shrink. At day 3 when tumour uptake of [18F]SFB-annexin V was highest, no 

visible changes in tumour size had occurred, suggesting that the optimal time for imaging 

with [18F]SFB-annexin V precedes decreases in tumour volume. In accordance with many 

other studies of radiolabelled annexin V, when Hu et al. measured [18F]SFB-annexin V 

uptake in mouse livers after treatment with cyclohexamide, they observed a much greater 

increase in uptake (4.3-fold)  compared to the tumour model.  

Taken together, these findings suggest that while radiolabelled annexin V appears 

to be extremely effective at imaging cell death in many preclinical models of cell death 

including treatment-induced liver apoptosis, use of this radiotracer in tumour models of 
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cell death may be more challenging. It is known that solid tumours have high interstitial 

fluid pressure due to a lack of functional intratumoural lymphatic vessels, which 

contributes to poor penetration and accumulation of targeted agents into tumours, 

particularly when using large molecules such as antibodies or proteins168,169. Although 

annexin V is not as large as other molecules like antibodies, the moderately high 

molecular weight of this protein may contribute to its poor uptake into tumours compared 

to normal tissues such as the liver, which have lower interstitial fluid pressure. 

Furthermore, solid tumours often have chaotic, disorganized vasculature, which results in 

uneven blood distribution throughout the tumour, limiting access of annexin V to regions 

with poor blood supply168. Many chemotherapeutic drugs also cause the unstable 

vasculature in tumours to collapse, further decreasing blood flow and thus annexin V 

access to the tumour170. This idea is supported by the autoradiography studies done by 

Bauwen and colleagues, which revealed non-uniform uptake of radiolabelled annexin V 

into Daudi lymphoma tumours119. While some regions of the tumour showed a 20-fold 

increase in 68Ga-labelled annexin V when treated with cyclophosphamide, other regions 

showed no increase at all. However, this might also be a result of heterogeneity of tumour 

cell response to therapy.  

Although tumour models of apoptosis show smaller increases in radiolabelled 

annexin V uptake compared to other models of apoptosis, increases in tumour uptake 

have still been significant, which we did not see in the EL4 model we used for evaluating 

[18F]SFB-annexin V. The small increases in radiolabelled annexin V uptake that appear 

to occur during a short window of time emphasize the importance of precise optimization 

of imaging protocols according to the tumour model used. Based on the findings by Hu et 
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al., it is likely that despite the inclusion of earlier time points for imaging the mice post-

treatment, we were unable to find the optimal time for imaging 

cyclophosphamide/etoposide-induced apoptosis in EL4 tumours using [18F]SFB-annexin 

V. Since the tumours had already begun to visibly decrease in size after 2 consecutive 

days of treatment, the absence of apoptotic cells in the tumours due to physiological 

removal by phagocytes resulted in a lack of [18F]SFB-annexin V uptake into the tumours. 

Thus, the dose we used to treat the tumours (100 mg/kg cyclophosphamide + 76 mg/kg 

etoposide) was possibly too high, causing rapid and extensive cell death with insufficient 

time to image the process. We then tried imaging at 4, 12 and 24 h post treatment, thus 

providing only one dose of treatment to the mice rather than two consecutive doses. At 

these earlier time points, no decreases in tumour size had occurred (figure 18). Although 

we observed higher uptake of [18F]SFB-annexin V at these earlier time points compared 

to the 48 h time point, we still did not observe an increase in uptake compared to control 

tumours. It is possible that we were simply unable to find the time of greatest PS 

exposure for imaging the tumours. Many other studies using 99mTc-HYNIC-annexin V 

uptake in tumour models of treatment-induced apoptosis have also described a need to 

optimize the time of imaging, as uptake of this radiotracer is heavily dependent on the 

amount of time between treatment and imaging, which varies according to tumour model 

and treatment type171,172. 

 Another limitation associated with annexin V-based imaging of cell death in vivo 

is the need for sufficient levels of ionized calcium in order for the protein to bind to PS. 

The ability to control Ca2+ concentration in cell-based apoptosis assays makes the use of 

annexin V probes very feasible in vitro; however, it is difficult to control in vivo Ca2+ 
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levels in the blood plasma and around the tumour tissue. The EL4 tumour model was also 

used to evaluate 111In-labeled APOMAB, a DAB4 clone of a La/SSB-specific murine 

mAb. This antibody showed significantly increased uptake in EL4 tumours after drug 

treatment, which correlated with histological analyses of tumour biomarkers of 

apoptosis66. With an entirely different mechanism of action for detection of cell death, 

APOMAB does not rely on sufficient Ca2+ levels in order to function. This may be a 

factor in explaining the ability of this antibody to image cell death in the same EL4 model 

used in our study, while [18F]SFB-annexin V was unable to image cell death in a similar 

fashion. The EL4 lymphoma model may imply special challenges for targeting PS with 

[18F]SFB-annexin V based on Ca2+ levels as well as tissue perfusion properties. Further 

studies of this EL4 tumour model would be needed in order to investigate these 

possibilities. 

 

4.3. PS-binding peptides as promising alternatives for molecular imaging of cell death 

Various peptides containing sequences LIKKPF, PGDLSR and 

FNFRLKAGAKIRFG (the amino acid sequence for PSBP-6) were evaluated for their PS 

binding abilities using a novel competitive radiometric binding assay. In this assay, PS 

was immobilized and competitive binding of 64Cu-NOTA-annexin V was measured in a 

concentration-dependent manner in the presence of all compounds tested. Peptides 

LIKKPF, PGDLSR and PSBP-6 were selected as PS-binding lead structures based on 

previous reports that have described their dissociation constants (Kd) for PS as in the 

nanomolar range140,146. Burtea et al. estimated IC50 values for PGDLSR and LIKKPF 

using an in vitro competitive PS binding assay with biotinylated annexin V as competitor, 
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reporting an IC50 value of 1.48 nM for LIKKPF and 1.33 nM for PGDLSR140.  In our 

present study, we have estimated IC50 values for PGDLSR, LIKKPF and derivatives of 

both peptides by analyzing PS-binding competition of these peptides against 64Cu-

NOTA-annexin V. Our assay revealed that all unmodified and modified versions of both 

hexapeptides displayed IC50 values in the low mM range, describing affinities of about 

four to five orders of magnitude higher than the nM IC50 value obtained for wild-type 

annexin V, our internal reference (figure 19). The found discrepancy in the determined 

IC50 values may result from different sensitivities of the detection methods used in the 

PS-immobilized in vitro assay. While Burtea et al. performed a staining reaction between 

horseradish peroxidase (HRP)-conjugated streptavidin and biotinylated annexin V140, we 

detected PS-bound 64Cu-NOTA-annexin V in our radiometric binding assay directly. This 

is important since all compounds, including annexin V, were assayed under the same 

conditions, allowing for an immediate and direct comparison of their individually 

determined IC50 values. The lack of data on directly determined IC50 values for annexin 

V in the report by Burtea et al. makes it difficult to compare the obtained IC50 values 

from both PS-binding assays. Our assay clearly demonstrated that all LIKKPF- and 

PGDLSR-based peptides (LIKKPF, PGDLSR, FBz-LIKKPF, FBz-PGDLSR, FBAM-

CLIKKPF and FBAM-CPGDLSR) exhibit significantly less potent binding to PS 

compared with wild-type annexin V. FBz- and FBAM-conjugates of both hexapeptides 

exhibited slightly better affinities than the unmodified versions, probably due to the 

addition of lipophilic groups (logPSFB=1.5, logPFBAM=3.22) that enhance peptide 

interaction with phospholipids. However, our study could not confirm high potencies of 
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LIKKPF- or PGDLSR-based peptides towards PS in the nM range as reported by Burtea 

et al140.  

The reported PS-binding peptide PSBP-6146 is a modified version of the synthetic 

14-mer peptide PSBP-0 (sequence FNFRLKAGQKIRFG) identified by Igarashi et al. in 

1995. PSBP-0 was derived from a conserved PS-specific binding site found on protein 

kinase C and PS decarboxylase, which converts PS to PE173. Although PSBP-0 was found 

to bind specifically to PS, its low affinity prompted Xiong and colleagues to produce a 

library of 14-mer peptides based on the PSBP-0 sequence in order to identify a peptide 

with higher affinity for PS146. From this peptide library, PSBP-6 was identified, 

displaying a Kd value of approximately 100 nM as determined by a surface-plasmon 

resonance (SPR) biosensory assay146. When we evaluated the PS binding potency of 

PSBP-6-based peptides using our competitive radiometric binding assay with 64Cu-

NOTA-annexin V as competitor (figures 20 and 21), we observed an IC50 value of 0.60 

mM for unmodified PSBP-6, which was about four orders of magnitude higher than that 

determined for annexin V (51 nM). It is difficult to directly compare the absolute 

affinities observed for PSBP-6 between our PS binding assay and the SPR assay used by 

Xiong and colleagues, since the methods are completely different, and we determined 

IC50 values while SPR generated Kd values. However, our IC50 value obtained for PSBP-

6 was three orders of magnitude higher than the Kd value of 100 nM determined for 

PSBP-6 by Xiong et al., which is quite a large discrepancy146. When we conjugated 

PSBP-6 on its N terminus with FBz, we found that this increased the affinity of PSBP-6 

by one order of magnitude (a decrease in IC50 from 0.60 mM to 69 μM), due to the 

addition of the lipophilic group that enhances binding to phospholipids. Addition of a 
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cysteine residue to the N-terminus of PSBP-6 resulted in an increase in affinity by two 

orders of magnitude (a decrease in IC50 from 0.60 mM to 6.4 μM). A possible 

explanation for this increase might be gleaned from previous reports that cysteine-rich 

domains are required for binding of some proteins such as Raf-1 to PS, suggesting that 

cysteine residues somehow enhance PS binding174,175. Xiong et al. next wanted to 

determine whether addition of Lys[di(2-pyridinemethyl)]-COOH, a single amino acid 

chelator (SAAC), to the N-terminus of PSBP-6 and subsequent complexation of 99mTc for 

SPECT imaging with this peptide would affect its PS binding affinity. In fact, 

conjugation of PSBP-6 with SAAC to make SAAC-PSBP-6 resulted in a peptide with 

improved binding affinity for PS due to the lipophillic nature of the SAAC, which 

strengthened interactions between the peptide and hydrophobic phospholipid. SAAC-

PSBP-6 was then complexed with rhenium (Re), which is often used as a nonradioactive 

substitute for 99mTc due to similar properties of the complexes produced by these two 

metals (figure 38)146.  

 

 

 

 
 

 
Figure 38. Structure of SAAC-PSBP-6 complexed with Re or 99mTc. Adapted from 

Xiong et al146. 

 

Complexation of SAAC-PSBP-6 with Re led to a further increase in PS-binding 

affinity of the peptide (Kd = 26 nM) due to the introduction of the positively-charged 

metal, which allows for stronger interactions with the negatively charged phospholipid 
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PS146. Thus, conjugation of PSBP-6 to Re-SAAC-PSBP-6 lead to an increase in PS 

binding affinity by almost one order of magnitude. Similarly, when we conjugated PSBP-

6 with NOTA to make NOTA-PSBP-6, we observed an improvement in PS binding 

affinity by approximately one order of magnitude for the peptide as well, from 0.6 mM to 

30 μM. The reasons for the inceased affinity of NOTA-PSBP-6 compared to PSBP-6 are 

less clear, as NOTA is a relatively hydrophilic bifunctional chelator176. Perhaps Ca2+ ions 

present in the assay buffer were recruited to the negatively charged NOTA group, 

enhancing PS binding interactions with NOTA-PSBP-6. Xiong et al. also conducted a 

competition experiment whereby a static concentration of annexin V (100 nM) was 

mixed with increasing concentratins of SAAC-PSBP-6, and they found that a SAAC-

PSBP-6 concentration of 256 nM reduced annexin V binding to PS by 50%. This would 

correspond to an IC50 value of 256 nM for SAAC-PSBP-6 competing with annexin V for 

PS. This suggests a much higher affinity of SAAC-PSBP-6 for PS compared to the 

affinities we obtained for any of our PSBP-6-based peptides, which all showed IC50 

values in the micromolar range. Complexation of NOTA-PSBP-6 with nonradioactive 

Ga3+ or Cu2+ did not induce significant changes in affinity: IC50(Ga-NOTA-PSBP-6) = 33 

μM; IC50(Cu-NOTA-PSBP-6) = 23 μM. Again, however, the different methods for 

measuring PS binding affinity of PSBP-6 as well as a lack of internal reference (i.e. 

annexin V) used in the SPR assay used by Xiong and colleagues makes it difficult to 

compare the results obtained from both PS-binding assays. It is also important to note 

that our competitive PS binding assay cannot determine whether PS binding of each 

peptide is a Ca2+-independent or Ca2+-dependent process, since adequate Ca2+ levels are 
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required in the assay in order for the competitive tracer, 64Cu-NOTA-annexin V, to 

function. 

 In order to investigate these PS-binding peptides as PS-targeting PET imaging 

probes, we developed protocols for radiolabelling them with positron-emitting isotopes. 

Hexapeptides LIKKPF and PGDLSR were labelled with 18F, which is the most 

commonly used radionuclide in clinical PET imaging due to its favourable decay 

properties (t1/2 = 110 min; β+-decay = 97%; electron capture = 3%; maximum positron 

energy = 0.63 MeV)120. In addition to giving a relatively low radiation dose to the patient, 

the high positron emission and low positron energy of 18F produce good quality images, 

while the moderate half-life allows for short imaging procedures while still allowing time 

for radiolabelling procedures. A report by Kapty et al. describes a thiol-targeted approach 

to labelling these peptides by modifying the N-terminus with a cysteine residue, which 

they then labelled with maleimide-containing prosthetic group [18F]FBAM151. They 

attempted to radiolabel LIKKPF and PGDLSR on their N-termini using the more 

common prosthetic group [18F]SFB, carrying out the reaction in Kolthoff buffer (pH 8.4) 

at 40 °C for 40 min. [18F]FB-LIKKPF and [18F]FB-PGDLSR were obtained in 

radiochemical yields of 18% and 19%, respectively. However, they could not recover the 

purified products by HPLC due to the presence of many different labelled products with 

similar retention times. In the present study, we were able to isolate purified [18F]FB-

LIKKPF and  [18F]FB-PGDLSR with improved radiochemical yields of 25% and 36%, 

respectively. In contrast to the procedure by Kapty et al. that labelled unprotected 

LIKKPF in solution with [18F]SFB, we used an on-resin labelling approach177 for 

labelling LIKKPF on solid support with protection of the two lysine residues that contain 
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NHS-reactive amino groups that can be labelled by [18F]SFB (figure 23). In this way we 

were able to achieve chemoselective labelling at the N-terminus and prevented the 

formation of multiple labelled products. We labelled PGDLSR with [18F]SFB in 

Na2HPO4 buffer (pH 9) at 60 °C for 45 min (figure 22), and were able to recover a 

relatively stable product in solution in contrast to the product identified by Kapty et al, 

which rapidly degraded before it could be isolated151. 

 We also successfully radiolabelled 14-mer PSBP-6 with 18F. We were unable to 

obtain an [18F]SFB-labelled product that was singly labelled on its N terminus due to the 

presence of many [18F]SFB-reactive side chains present on PSBP-6. The on-resin 

labelling approach was not appropriate for radiolabelling PSBP-6, as the steric hindrance 

induced by the bulky protecting groups needed for this method resulted in negligible 

yields. Instead we employed the thiol-targeted approach using [18F]FBAM as prosthetic 

group to target the cysteine residue we added to the N terminus of the peptide, obtaining 

moderate radiochemical yields of 41% (figure 24). However, the resulting peptide 

[18F]FBAM-C-PSBP-6 was very difficult to handle, as it strongly adsorbed to the surface 

of any container it was in. We did not further evaluate or characterize this peptide, but 

instead shifted our attention to radiolabelling PSBP-6 with other popular positron-

emitters.  

While use of 18F-containing prosthetic groups results in long, multi-step 

procedures often resulting in mediocre radiochemical yields, 64Cu and 68Ga labelling can 

be easily carried out in one-pot procedures resulting in extremely high yields using only 

microgram amounts of precursor peptide176. Conjugation of a peptide N terminus with a 

metal chelator, commonly a macrocyclic chelator due to better in vivo stability178, 
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provides a peptide precursor that can then be complexed with a radiometal in one step. In 

the past, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) has commonly 

been used for radiometal labelling, since diagnostic radiometals complexed by DOTA 

can be substituted for therapeutic radiometals such as 90Y or 177Lu179. However, NOTA is 

now preferable for labelling of peptides with 68Ga and 64Cu due to its rapid reaction 

kinetics under milder reaction conditions, high yields, and production of radiopeptides 

with improved targeting, better in vivo kinetics and better quality images176,180–182. The 

chelate complex of 64Cu-DOTA peptides has been shown to be unstable in vivo, with 

gradual release of 64Cu from DOTA resulting in accumulation of 64Cu in the liver183,184. A 

report by Prasanphanich and colleagues showed that labelling bombesin (BBN) peptide 

analogs with 64Cu using NOTA as chelator resulted in a targeting vector with little 

demetallation compared to 64Cu-DOTA labelled BBN tracers, resulting in less 

accumulation in the liver184. With these considerations, we chose NOTA as our chelator 

for labelling PSBP-6 with 68Ga and 64Cu.  

Using 68Ga (t1/2 = 68 min; β+-decay = 89%; electron capture = 11%; maximum 

positron energy = 1.9 MeV) to label peptides for PET imaging offers the advantage of 

easy and inexpensive access over cyclotron-produced radionuclides, since it can be 

produced in a small, in-house generator. Its short half-life is often appropriate for short-

lived peptide probes; however, its high positron energy results in lower resolution images 

and higher radiation dose to the patient185. We were able to label 20 nmol of NOTA-

conjugated PSBP-6 with 68Ga in fairly high yields of 63% within 25 min, although an 

elevated temperature of 60 °C was required to obtain these yields (figure 25). Reports for 

labelling NOTA-conjugated RGD- or BBN-based peptides with 68Ga used 5-10 nmol of 
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precursor to obtain radiochemical yields of greater than 90% after 10 min at lower 

temperatures (room temperature to 40 °C)181,186,187. However, apart from differences in 

peptide sequence, these other reports differ from our study in that they used 68Ga eluted 

in 0.1 M HCl from a 68Ge/68Ga generator, while our in-house generator eluted 68Ga in 1 

M HCl and required 4 M NaOAc buffer (pH 9) to achieve a reaction pH of 3.5.  

64Cu (t1/2 = 12.7 h; β+-decay = 17.4%; β−-decay = 38.5%; electron capture, 43%; 

maximum positron energy = 0.66 MeV) can be produced by a cyclotron in large 

quantities and at high specific activity, and its longer half-life of 12.7 h may be desirable 

if longer radiolabelling and imaging procedures are required. While its decay 

characteristics are not ideal due to the low positron emission and high β−-decay resulting 

in higher radiation doses to patients, its positron energy is similar to that of 18F, 

producing high quality PET images185. In comparison to 68Ga-NOTA-PSBP-6, we were 

able to label NOTA-PSBP-6 with 64Cu using even less precursor, and we obtained much 

higher radiochemical yields (figure 26). Labelling 1 nmol of NOTA-PSBP-6 with 64Cu at 

60 °C for 1 h resulted in the highest radiochemical yields of > 95%, and thus a 

purification step was not necessary. Another report for labelling RGD- and BBN-based 

peptides with 64Cu used 5 nmol of precursor with NaOAc as buffer instead of NH4OAc, 

reacted at 40 °C for only 15 min and were able to obtain yields of greater than 90%, with 

the products being cartridge- or HPLC-purified182,186. However, when dealing with 64Cu, 

short radiolabelling times are not as important as they are for 68Ga labelling procedures, 

because the decay half-life of 64Cu is much longer than the half life of 68Ga. 

When we examined the ability of 64Cu-NOTA-PSBP-6 to detect cell death in 

vitro, we found that, similar to [18F]SFB-annexin V, 64Cu-NOTA-PSBP-6 showed low 
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baseline binding to control EL4 cells (figure 31). In the absence and the presence of Ca2+, 

this binding significantly increased upon treatment with camptothecin 1.5-fold and 2-

fold, respectively. This observed increase is less than the 4-fold increase we observed for 

18F-labelled annexin V (both randomly- and site specifically-labelled forms), which is 

compatible with our knowledge that nonradioactive Cu-NOTA-PSBP-6 has a much lower 

affinity for PS than annexin V, as shown by our competitive PS binding assay. Xiong et 

al. examined binding of SPECT agent 99mTc-SAAC-PSBP-6 to DLD1 human colon 

carcinoma cells treated with increasing doses of tumor necrosis factor-related apoptosis-

inducing ligand (TRAIL), and found that as they increased the dose of TRAIL, binding of 

99mTc-SAAC-PSBP-6 increased146. Although direct comparison of these in vitro results 

between 99mTc-SAAC-PSBP-6 and 64Cu-NOTA-PSBP-6 is difficult since the peptides 

were analyzed using different in vitro models of cell death, both results agree that 

radiolabelled PSBP-6 can detect chemotherapy-induced tumour cell death.  

Our EL4 cell binding assay results show that 64Cu-NOTA-PSBP-6 can detect cell 

death in the absence of Ca2+, as the increase in 64Cu-NOTA-PSBP-6 binding using Ca2+ 

negative binding buffer was significantly higher in cells treated with camptothecin 

compared to control cells. We saw a significantly higher increase in 64Cu-NOTA-PSBP-6 

binding to treated cells when supplemented with 2.5 mM of Ca2+, which does not entirely 

agree with the report by Xiong et al. that there was no significant difference in Re-

SAAC-PSBP-6 binding to PS in the presence or absence of Ca2+. However, Xiong et al. 

used an SPR assay (monitoring changes in annexin V binding to PS-coated L1 sensor 

chips) to determine this Ca2+ independence rather than a cell binding assay, which might 

have caused this different result. Another possible explanation for the observed 
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discrepancy might be the partial coordination of bivalent 64Cu2+ with two of the three 

carboxylate anions available for coordination on NOTA, which leaves one negatively 

charged anion free. While there is no net negative charge on 99mTc/Re-SAAC-PSBP-6, 

the negative charge on 64Cu-NOTA-PSBP-6 might slightly interfere with binding of this 

radiopeptide to anionic PS due to electrostatic resistance. However, if Ca2+ ions are 

present, these might be recruited to the negatively charged 64Cu-NOTA complex through 

electrostatic interactions, which would neutralize the net negative charge and thus reduce 

the electrostatic resistance between 64Cu-NOTA-PSBP-6 and PS, enhancing the binding 

interactions. This idea is compatible with the similar IC50 values we obtained for NOTA-

PSBP-6, Ga-NOTA-PSBP-6 and Cu-NOTA-PSBP-6 in our competitive PS-binding 

assay, which was supplemented with Ca2+ (due to the use of annexin V as competitor). 

Although each of these three peptide conjugates have different degrees of net electrostatic 

charges, which seemingly would result in different binding affinities to the negatively 

charged phospholipid PS, the neutralization of the negative charges with Ca2+ ions might 

minimize the effect of the net charges on PS binding ability. Nonetheless, the ability of 

64Cu-NOTA-PSBP-6 to detect cell death in the absence of Ca2+ represents a significant 

advantage of this PS-targeting peptide over annexin V for imaging cell death. In fact, the 

blood plasma of animals normally contains low levels of Ca2+, which would seemingly 

enhance the binding of 64Cu-NOTA-PSBP-6 to dying cells in vivo.  

When we evaluated tumour uptake of 64Cu-NOTA-PSBP-6 in our EL4 tumour 

model, we observed a small baseline uptake of the radiopeptide in control tumours as 

expected (0.74 SUV), similar to the baseline tumour uptake of [18F]SFB-annexin V we 

saw at 10 min p.i. (0.77 SUV). However, unlike [18F]SFB-annexin V, which remained 
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trapped in the tumour once it had accumulated, tumour uptake of the radiopeptide was 

quickly followed by a rapid washout (figures 32, 33 and 34). Thus, binding of the 

radiopeptide to PS-expressing tumor cells seems to be a fast and reversible process, in 

contrast to the higher-affinity, irreversible binding of annexin V. One day after treatment 

with the chemotherapeutic mixture of cyclophosphamide (100 mg/kg) and etoposide (76 

mg/kg), EL4 tumour uptake of 64Cu-NOTA-PSBP-6 increased 1.3-fold compared to 

control tumours, which was seen at 5 min p.i. These in vivo results agree with our in vitro 

data, which showed a baseline binding of the radiopeptide in control EL4 cells as well as 

a significant increase in binding to EL4 cells treated with a chemotherapeutic agent, and 

binding of the peptide was fast, with equilibrium being reached almost immediately upon 

addition of the radiopeptide. 

 The increase in tumour uptake of 64Cu-NOTA-PSBP-6 that we observed in 

treated EL4 tumours at 5 min p.i. is supported by results seen in other tumour models of 

apoptosis using radiolabelled PSBP-6 as radiotracer. Song et al. evaluated 99mTc-SAAC-

PSBP-6 uptake into 38C13 lymphoma tumours treated with a single dose of 

cyclophosphamide (100 mg/kg), and found a 2-fold increase in tumour uptake of 99mTc-

SAAC-PSBP-6. They also found that uptake of 99mTc-SAAC-PSBP-6 into B16/F10 

melanoma tumours treated with a single dose of paclitaxel (80 mg/kg) was 2.5-fold 

higher compared to control tumours. In addition, the biodistribution study carried out by 

Xiong et al. showed a 2.6-fold increase in B16/F10 melanoma tumour uptake of 

SAAC(99mTc)-PSBP-6 upon treatment with paclitaxel146. The higher reported increases in 

uptake of SAAC(99mTc)-PSBP-6 in these other tumour models compared to the smaller 

increase in 64Cu-NOTA-PSBP-6 (1.3-fold) that we saw in our model can be attributed to 
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the very different tumour models and treatments used. Some of the challenges incurred 

by the EL4 tumour model when evaluating [18F]SFB-annexin V as cell death-detecting 

radiotracer might still apply when 64Cu-NOTA-PSBP-6 is used as tracer. The time at 

which we imaged the tumours post-treatment may not have corresponded to the time of 

greatest PS exposure, which would result in less of a tumour uptake response. 

The observed increase in uptake of 64Cu-NOTA-PSBP-6 in the EL4 model after 

just one day of treatment, which we did not see with [18F]SFB-annexin V, might have 

been achieved due to the higher tissue penetrating ability that peptides have as an 

advantage over larger proteins such as annexin V, particularly in tumours with poor blood 

supply and high interstitial fluid pressure. Differences in calcium dependency between 

PSBP-6 and annexin V may also have contributed to the discrepancy in imaging results 

we observed when imaging cyclophosphamide/etoposide-induced EL4 tumour cell death 

using 64Cu-NOTA-PSBP-6 and [18F]SFB-annexin V. Previous reports show that binding 

of PSBP-6 to PS is a calcium-independent process146, and our in vitro results confirm that 

64Cu-NOTA-PSBP-6 can detect cell death in the absence of Ca2+. However, this ability 

might be enhanced by the presence of Ca2+ (possibly at physiological concentrations 

present in the EL4 tumours). On the other hand, annexin V cannot bind PS at all in the 

absence of Ca2+, and this Ca2+ dependency combined with its poor perfusion into tumour 

tissues might explain why we failed to see any change in [18F]SFB-annexin V uptake into 

EL4 tumours, particularly if we did not image at the time of greatest PS exposure.  

In order for peptide-based radiotracers to be suitable for molecular imaging, they 

must demonstrate good metabolic stability in vivo, as this allows the radiopeptide to 

remain intact in the blood and accumulate in the target tissue at sufficient 
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concentrations188. This is because most peptides are rapidly degraded by endogenous 

peptidases in the plasma or by a rapid first pass metabolism by liver enzymes189,190. 

Burtea et al. hypothesized that LIKKPF would be more stable than PGDLSR based on 

their structures. When we carried out in vivo stability studies using [18F]FB-PGDLSR and  

[18F]FB-LIKKPF, we indeed found that  [18F]FB-LIKKPF was slightly more stable; 

however, both radiopeptides showed very poor in vivo stability. [18F]FB-LIKKPF was 

completely degraded after 30 minutes in the plasma, while [18F]FB-PGDLSR was almost 

undetectable (3% intact) in the plasma after just 5 min p.i. These radiopeptides showed 

even worse stability than their [18F]FBAM-labelled derivatives, [18F]FBAM-CLIKKPF 

and [18F]FBAM-CPGDLSR, which were developed by Kapty et al151,157. Wuest and 

colleagues reported that less than 30% of [18F]FBAM-CLIKKPF and only marginal 

amounts of [18F]FBAM-CPGDLSR remained in the mouse plasma after 15 min157. The 

poor in vivo stability of [18F]FB-PGDLSR and  [18F]FB-LIKKPF in addition to their low 

PS binding affinities determined by the competitive radiometric PS-binding assay lead us 

to cease further efforts to “fine-tune” these peptides for PET imaging of cell death and 

focus our attention on the more promising 14-mer peptide, PSBP-6.  

68Ga-NOTA-PSBP-6 showed good metabolic stability in vivo, as HPLC analysis 

showed minimal radiolysis breakdown products over 60 min (figure 27). The C terminus 

of PSBP-6 used in this study has been end-capped through conversion of the carboxylic 

acid to an amide, which prevents metabolism by exopeptidases that target the C 

terminus191. This likely contributes to the radiopeptide’s good metabolic stability, in 

addition to the good thermodynamic stability of the Ga(III) triaza complex with NOTA, 

which minimizes instability due to radiometal release from the chelator192–194. The 
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preferential distribution of 68Ga-NOTA-PSBP-6 into the blood plasma rather than blood 

cells or proteins (figure 28) can be explained by its moderately hydrophilic nature, shown 

by our obtained logD7.4 value of -1.7.  64Cu-NOTA-PSBP-6 was also shown to be 

moderately hydrophilic with a logD7.4 value of -1.6, and showed a similar blood 

distribution pattern to 68Ga-NOTA-PSBP-6, although a greater proportion of 64Cu-

NOTA-PSBP-6 was found to bind to blood cells (figure 30). Since circulating blood cells 

gradually expose PS as they age, some binding of radiolabelled PSBP-6 to blood cells 

can be reasonably expected53. Like 68Ga-NOTA-PSBP-6, 64Cu-NOTA-PSBP-6 showed 

much higher in vivo stability than 18F-labelled hexapeptides [18F]FB-PGDLSR and  

[18F]FB-LIKKPF (figure 29). Other groups have reported good in vivo stability for 64Cu-

NOTA-labelled peptide derivatives, confirming that the 64Cu-NOTA chelate complex is 

quite stable in vivo with respect to demetallation184. Interestingly, however, 64Cu-NOTA-

PSBP-6 seems to be less stable in vivo compared to the similar radiopeptide 68Ga-NOTA-

PSBP-6, with only 31 ± 11% intact radiopeptide after 60 min in the plasma. This lower 

stability of 64Cu-NOTA-PSBP-6 compared to 68Ga-NOTA-PSBP-6 might be partially due 

to the higher chelating ability of NOTA for 68Ga compared to 64Cu, resulting in a more 

stable complex for 68Ga-NOTA-PSBP-6 and thus less possibility for release of the 

radiometal193. Endogenous metal binding proteins/peptides in the plasma may also have a 

preference for 64Cu over 68Ga, which compete with NOTA resulting in transchelation of 

the metal into the plasma protein/peptide178. This finding of lower in vivo stability 

combined with the binding of 64Cu-NOTA-PSBP-6 to blood proteins, which reduces its 

plasma availability for tumour binding/uptake, likely contributes to the overall low 

uptake levels of 64Cu-NOTA-PSBP-6 in EL4 tumours over the observed 60 min time 
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frame. In addition, high levels of radioactivity were present in a urine sample taken 60 

min p.i., which suggests extensive renal clearance from the blood.  

Taken together, the lower affinity binding of 64Cu-NOTA-PSBP-6 combined with 

in vivo degradation and rapid clearance from the blood might all explain the short-lived 

tumour uptake of this radiopeptide in the EL4 tumour model. Efforts to improve the 

plasma stability of 64Cu-NOTA-PSBP-6 could be the subject of future work. This would 

involve identification of the cleavage sites on the peptide and characterization of 

metabolites, which would allow for modification of the peptide to prevent proteolytic 

cleavage by endopeptidases and enhance in vivo stability195. Once cleavage sites are 

identified, amino acids at the cleavage site can be substituted with non-natural or 

modified amino acids that cannot be recognized or cleaved by peptidases, such as D-

amino acids, N-methylated amino acids, or statine196–198. Substitution of peptide bonds for 

pseudo-peptide bonds can also shield a peptide from peptidases, and glycosylation or 

cyclization might stabilize a peptide as well199,200. Another technique for improving 

metabolic stability in vivo has recently been reported, which involves coadministration of 

an ezyme inhibitor, such as the endopeptidase inhibitor phosphoramidon, with the 

radiopeptide in order to reduce proteolytic degradation by that enzyme190. 

In order to image PSBP-6 binding to EL4 cells and examine this peptide’s 

potential as a fluorescent marker of cell death in vitro, we labelled PSBP-6 with the 

fluorescent molecule FITC. The 2-fold increase in proportion of EL4 cells stained with 

FITC-PSBP-6 upon treatment with camptothecin (figure 35), which was observed in the 

absence of Ca2+, agrees with the 1.5- to 2-fold increase in 64Cu-NOTA-PSBP-6 binding 

we observed in our radiometric cell binding assay in the absence and presence of Ca2+, 
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respectively. These studies further confirm the ability of PSBP-6 to bind to 

chemotherapy-treated, PS-exposing EL4 cells in a Ca2+-independent manner. Xiong et al. 

labelled their nonradioactive peptide, Re-SAAC-PSBP-6, with 5-carboxyfluorescein 

(FAM), and measured its ability to stain DLD1 human colon carcinoma cells that had 

been treated with TRAIL to induce greater than 50% apoptosis146. They observed a 3.4-

fold increase in cells stained with FAM-Re-SAAC-PSBP-6 (from 18% to 62% of cells) 

upon treatment with TRAIL. However, 20 μM of FAM-Re-SAAC-PSBP-6 was used to 

incubate the cells for their fluorescence studies, whereas we used a concentration of 1 μM 

of FITC-PSBP-6 for our fluorescence studies in order to induce more specific (albeit less) 

binding of the fluorescent peptide.  

Our fluorescence microscopy images revealed that FITC-PSBP-6 binds to the cell 

membrane of early apoptotic EL4 cells, but is not internalized (figure 36). This is in 

accordance with the fluorescence microscopy images obtained by Xiong et al. using 

FAM-Re-SAAC-PSBP-6 as a cell death-detecting probe, which showed that FAM-Re-

SAAC-PSBP-6 bound to the cell membrane as well, and was not internalized146. The use 

of a caspase-3 probe, NucView 405 Caspase-3 Substrate, was used as a co-stain in order 

to identify apoptotic cells. Cells with intact membranes (not stained by PI) that were 

stained by the caspase-3 probe also showed staining by FITC-PSBP-6 on the membrane, 

confirming that FITC-PSBP-6 was binding to the membranes of early apoptotic cells. 

Cells that were very heavily stained and seemed to internalize FITC-PSBP-6 were also 

heavily stained with PI, thus showing that the cell membrane was not intact and the cell 

was necrotic or in the late stages of apoptosis.  
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The results of our flow cytometry and confocal microscopy studies indicate that 

FITC-PSBP-6 can be used to detect and image camptothecin-induced cell death in vitro, 

by binding to the membranes of early apoptotic cells as well as being taken up by late 

apoptotic/necrotic cells. In the past, it was accepted that internalization was an essential 

characteristic of radiopeptides to allow accumulation and retention in tissues188,201. 

However, more recent studies have suggested that internalization may not be necessary 

for sufficient tumour uptake of a radiotracer. High-affinity G-protein coupled receptor 

(GPCR) antagonists that are not internalized have shown improved tumour uptake, 

binding and retention compared to internalized GPCR agonists due to more available 

receptor binding sites202–204. The abundancy of PS available on apoptotic cells (50-200 

million PS molecules externalized on an apoptotic cell205) may make internalization of 

PSBP-6 unnecessary for sufficient uptake into apoptotic tumour tissue. We found that, in 

vivo, uptake of PS-binding radiopeptide 64Cu-NOTA-PSBP-6 into treated EL4 tumours is 

increased compared to control tumours, probably due to a combination of 64Cu-NOTA-

PSBP-6 binding to the membranes of early apoptotic cells as well as entrance of the 

peptide into necrotic/late apoptotic cells. The poor retention of 64Cu-NOTA-PSBP-6 in 

EL4 tumours can be explained by its rather low binding affinity (IC50 = 23 μM), which is 

exacerbated by degradation in the plasma, blood cell binding, and fast blood clearance of 

the radiopeptide. However, in addition to improving the in vivo stability of 64Cu-NOTA-

PSBP-6 through modification of the peptide or coadministration of a peptidase inhibitor, 



 117 

efforts to improve the radiopeptide’s PS-binding affinity, blood clearance profile and 

retention in tumours can also be made206.  
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5. CONCLUSIONS and FUTURE DIRECTIONS 

In this study, we have shown that in addition to the previously reported method 

for randomly labelling wild-type annexin V on its 23 primary amines, wild-type annexin 

V can also be site-selectively labelled with 18F on its single, naturally-occurring cys315 

residue. Although site-selectively labelled 18F-annexin V has similar PS-binding ability to 

randomly-labelled 18F-annexin V, the more complex radiolabelling procedure as well as 

the very low radiochemical yields obtained limits further application of the site-selective 

technique.  

Despite previous reports that [18F]SFB-annexin V can effectively detect tumour 

response to treatment in other tumour models of cell death, [18F]SFB-annexin V failed to 

detect EL4 lymphoma tumour response to treatment with cyclophosphamide and 

etoposide in mice. This may be due to poor penetration of 18F-annexin V into the EL4 

tumours, lack of sufficient Ca2+ concentrations in in vivo EL4 tumours, lack of imaging 

during the time of greatest PS exposure, or any combination of these factors. 

Optimization of this EL4 tumour model might be necessary in order to find the time of 

maximum PS exposure after treatment during which to image. Optimization may include 

lessening the dose and/or imaging at more time points post-treatment. Otherwise, a 

completely different tumour model of therapy-induced cell death might be useful for 

preclinical PET imaging with [18F]SFB-annexin V. Nonetheless, these results have 

important implications that the utility of radolabelled annexin V for imaging tumour 

response to treatment is variable based on tumour characteristics and treatment protocol.   
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14-mer peptide PSBP-6, on the other hand, appears to be a promising alternative 

to annexin V for PET imaging of tumour response to chemotherapy. PSBP-6 offers 

advantages over annexin V for in vivo imaging, as it has better tissue penetration due to 

its smaller size, and it does not require Ca2+ for binding to PS, as determined by our cell 

binding assays. PSBP-6 is simple and inexpensive to produce, whereas annexin V is quite 

expensive and less readily available. Procedures for radiolabelling PSBP-6 with positron 

emitting radionuclides were much easier and resulted in markedly better radiochemical 

yields than procedures for radiolabelling annexin V. Preclinical PET images showed that 

64Cu-NOTA-PSBP-6 uptake into EL4 tumours significantly increased after treatment 

with cyclophosphamide and etoposide. However, this uptake occurred quickly within 5 

minutes, after which the radiopeptide was rapidly washed out and any differences 

between control and treated tumours were no longer visible. This poor tumour retention is 

likely due to the low binding affinity of 64Cu-NOTA-PSBP-6 we determined from our 

radiometric competitive PS binding assay (IC50 = 23 μM), the partial binding of the 

radiopeptide to blood cells, which reduces is plasma availability, as well as the observed 

poor metabolic stability and apparent rapid clearance of this radiopeptide in vivo. 

However, a major advantage of using peptide-based probes for the development of 

molecular imaging agents is that peptides can be modified to improve their 

pharmacokinetic and pharmacodynamic properties.  

As outlined previously, the metabolic stability of peptides can be improved by 

substitution of non-natural amino acids or pseudo-peptide bonds that cannot be 
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recognized or cleaved by proteolytic enzymes present in the plasma, or by 

coadministration of a peptidase inhibitor190,195,196,198,199. In addition, peptides can be 

stablilized by glycosylation or cyclization200. The blood half-life of a peptide can also be 

increased by the addition of polyethylene glycol (PEG) polymer chains to the peptide 

termini, called PEGylation, which increases the molecular mass of the peptide and 

protects it from peptidase activity200,207. In order to improve the affinity or potency of a 

peptide, the linker between chelator and peptide can be altered. For example, Parry et al. 

showed that switching from a short linker like Ava to a longer linker like aminooctanoic 

acid (Aoc) on a 64Cu-DOTA-BBN derivative significantly increased the binding potency 

of this peptide, possibly due to less interference of the radiolabel with binding 

interactions between the peptide and its receptor208. Peptide potency can also be increased 

via the multivalent effect, which can be achieved by synthesis of branched, multivalent 

peptides (dendrimers) or by conjugation of many peptides to nanoparticles209–211. 

Synthesis of a branched molecule or nanoparticle containing several PSBP-6 peptides 

would provide several PS-binding sites per probe molecule, which enhance the affinity of 

the molecule for PS, an amplified signal at the target area, as well as improved 

stability/pharmacokinetics and targeting efficiency of the probe. The use of nanoparticles 

could also increase specificity by reducing nonspecific binding211. Finally, peptides that 

show poor internalization, such as PSBP-6, can be coupled to cell-penetrating peptides, 

such as cathelicidin-derived peptide sC18, in order to facilitate internalization into the 

cell and possibly enhance tumour retention of the peptide probe212. Once the peptide can 

internalize, it can be conjugated with another molecule that binds to an intracellular 
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target, termed dual-conjugate targeting, which might enhance retention in the cell213. 

Future work should involve these types of modifications in order to improve the binding 

affinity, metabolic stability, and blood clearance of 64Cu-NOTA-PSBP-6, which might 

improve tumour retention and thus imaging ability of this radiopeptide. 
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