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ABSTRACT 

Mengzhe Wang: Rapid Construction of PET Probes via Tetrazine Ligation 

(Under the direction of Dr. Zibo Li) 

 

Positron emission tomography (PET) is a non-invasive imaging modality that is widely 

used to observe metabolic process in vivo by tracking the interactions between PET probes and 

biomarkers. Facilitated by the recent development in the instrumentation and synthetic 

chemistry, clinical application of PET has been proven to be vital in theranostic uses. It 

possesses the advantages of high sensitivity, quantitative images, and great tissue penetration 

capability, all of which make it one of the most powerful molecular imaging techniques currently 

available in clinical use.  

 In order to visualize biochemical processes in vivo, corresponding PET probes are 

needed which could be synthesized based on PET radionuclides and biomolecules such as 

antibodies, proteins and peptides. 18F is the most broadly used radionuclides in PET due to the 

high positron enrichment, high specific activity and clinically attractive half-life (~110min). 

However, the low concentration of 18F and low reactivity make it challenging to be incorporated 

into biomolecules. This becomes more problematic when biomolecules become larger. It is also 

difficult to separate labeled large biomolecules (such as proteins) from unlabeled ones. As a 

result, the presence of unlabeled compound could saturate targeted receptors causing blocking 

effect in PET imaging. Therefore, the goal of this dissertation is to develop a highly efficient 

method for rapid construction of PET probes, especially large biomolecule based PET probes. 
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 To achieve this goal, we hypothesize that a radiolabeling method based on the 

biorthogonal tetrazine-trans-cyclooctene (TTCO) ligation can enable fast reaction at 

submicromolar concentration, which will allow efficient construction of PET agents in high 

specific activity. In brief, biomolecules were modified with different tetrazine derivatives while 

the trans-cyclooctene (TCO) derivatives were radiolabeled with PET imaging radioisotopes such 

as 18F or 64Cu. The fast reaction rate between tetrazines and TCOs allowed us to form radio 

labeled biomolecules in seconds at low concentrations. The labeling strategy was applied to 

peptides and proteins to construct novel PET probes. The prepared PET probes showed 

uncompromised binding affinity and good targeting property and pharmacokinetics in PET 

imaging studies. We also explored the pre-targeting concept and showed the potential of using 

radiolabeled TTCO ligation for in vivo reaction. 
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Chapter 1 INTRODUCTION 

1.1 Positron Emission Tomography 

 Positron Emission Tomography (PET) is a non-invasive molecular imaging technique 

that allows the visualization, characterization and measurement of biological process. PET 

requires a probe that consists of positron emitting radionuclide and a targeting moiety that 

specifically participates in the targeting biological process. Once the tracer is administered to the 

subject, the targeting moiety mainly contributes to the biodistribution of the tracer while the 

imaging is made possible by the special property of positrons. The emitted positron tends to 

undergo annihilation when collides with a negatively charged electron nearby. This annihilation 

will produce two 511 keV γ-rays that are 180 degree apart and these γ-rays will be detected by 

the ring shaped scintillation detectors in a PET scanner. A coincident signal is recorded if the 

detectors achieve two γ-rays simultaneously and this signal is further converted to visible light 

and electrical current by photomultiplier tubes. The coincident events are then reconstructed into 

3-dimensional image which represent the spatial distribution of the radionuclide in the subject. 

 Due to the high energy of the γ-rays produced by the annihilation, there is minimum 

penetration depth limitation in human bodies, which is one of the advantages of PET over other 

imaging modalities such as optical imaging. Furthermore, the high specific activity of PET 

tracers and high sensitivity of the γ-ray detection enables the picomolar sensitivity of PET 

imaging. With trace amount of PET tracer injected, we could evaluate their biological functions 

without affecting the natural system. Additionally, PET is a quantitative imaging modality that is 
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capable of measuring the PET tracer concentration in certain regions with high accuracy. When 

combined with other anatomical imaging modalities such as computed tomography (CT), regions 

of interests (ROIs) can be drawn on PET images to obtain quantitative data. These data can be 

further recorded along with time to measure the changes of PET tracer concentration using 

dynamic scans and can be used as an index to measure the radiation exposure to patients(1-3). 

Moreover, enzyme activity, metabolic rate and perfusions can also be quantified by analyzing the 

kinetics of PET imaging data (4-6). 

1.2 Radionuclide Selection 

 Since the radionuclides are the source of the PET imaging signal, the selection of 

radionuclide is important and highly affected by their physical and chemical properties and the 

availability of the radionuclides (2,7). Some of the commonly used radionuclides in PET are 

shown in Table 1.1. 

Table 1.1 Commonly used radionuclides in PET 

Radionuclide Half-life β+ decay % Emax (β+)/MeV 

11C 20.4min 99.8 0.96 

18F 109min 96.7 0.63 

15O 2.1min 99.9 1.7 

13N 9.97min 99.8 1.2 

66Ga 9.5h 56 4.2 

68Ga 67.6min 89 1.9 

62Cu 9.8min 98 2.9 

64Cu 12.7h 17.4 0.65 

124I 4.17d 23 2.1 
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76Br 16.2h 54.7 3.9 

86Y 14.7h 31.9 3.1 

94mTc 52min 70.2 2.4 

52Fe 8.2h 57 0.80 

  

As shown in Table 1.1, the half-life of these radionuclides ranges from a few minutes to 

several days. The criteria for choosing the suitable radionuclides is based on the radiolabeling 

procedure, biological half-life of the ligand and the transportation time from labeling site to 

imaging site. For example, if it requires a lengthy procedure to synthesize the tracer or the 

cyclotron for radionuclide production is not on imaging site, it may not be possible to use 

radionuclides with short half-life such as 11C. In some extreme conditions like 15O or 13N with 

very short half-life, the radionuclides shall be used right after production from the cyclotron or 

only after instant but high yield synthesis. Additionally, the biological half-life of targeting 

moiety is an important factor for the selection of suitable radionuclides. Long half-life isotopes 

such as 64Cu or 89Zr are better suited for radiolabeling of antibodies since it may take hours or 

days for antibodies to accumulate in targeting sites and achieve good target to background 

concentration ratio. However, this may induce high doses of radiation exposure. For molecules 

with relative lower molecular sizes, as the time required to get receptor binding equilibrium of 

these molecules is within a few minutes or hours, 18F or 11C are more suitable.  

 Other than physical half-life, the positron energy and abundance are also two important 

indexes. The positron abundance represents the percentage of the decay in positron modes, 

which is related to how much agent we need to inject in PET scan. The positron energy 

determines the distance that positron could travel after decay, which will directly affect the 
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resolution of the images acquired. For radionuclides with high positron energy such as 68Ga or 

124I, the large positron range will lead to relatively low resolution. Some other factors including 

chemical incorporation condition and specific activity shall be taken into consideration as well 

when choosing the radionuclides. In the following chapters, we will mainly focus on the 

incorporation of 18F to biomolecules since it has high positron abundance and relatively low 

positron energy. More importantly, the 109min half-life is clinical attractive since it allows 

reasonable synthesis length and transportation time while avoids high radiation exposure towards 

patient. 

1.3 Radiopharmaceuticals in Clinical and Translational Use 

 In addition to selecting suitable radionuclides, the application of PET highly depends on 

the availability of radiopharmaceuticals. In general, PET tracers fall into two categories namely 

“Metabolism Related” and “Receptor Related”. Some clinical used PET tracers or those under 

development are listed below as representative examples. 

1.3.1 Metabolism Related PET Probes 

 Upregulated metabolism rate has been observed in many cancers and inflammation sites. 

18F labeled glucose analog 18F-fluorodeoxyglucose (18F-FDG) can reflect the glycolysis level 

thus further represents the metabolism of tissues (8). After being taken up by the cell, 18F-FDG 

will undergo phosphorylation and form 18F-FDG-6-phophate like normal glucose. However, due 

to the substitution of the hydroxyl group at the C-2 position by 18F, further glycolysis is 

prevented and the molecule is trapped inside the cell before radioactive decay. Different from 

measuring the metabolism rate, monitoring the DNA synthesis is another way for tumor 

detection. 18F-fluorothymidine (18F-FLT) is one of a promising PET agent for this purpose. 18F-

FLT is phosphorylated to 3’-fluorothymidine monophosphate by thymidine kinase 1 after 
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entering the cell. The phosphorylated product is further accumulated in the cell due to the lack of 

3’-hydroxy group (9). 

 Hypoxia is another factor found in many tumors and is a sign of recurrence or metastasis 

(10). It is also a well-established index to evaluate the resistance to systematic cancer therapies 

(11,12). Generally, hypoxia imaging PET agents undergo reduction after entering the cells and 

release radicals. In the presence of sufficient O2, this process is reversible and the PET agents are 

free to leave the cells. However, in hypoxia conditions, this process is irreversible and the 

radicals will bind to intracellular macromolecules and trapped in the cells. Examples of hypoxia 

PET imaging agents include 18F-fluoromisonidasole (18F-FMISO) and Copper(II)-diacetyl-

bis(N4-methylthiosemicarbazone) (Cu-ATSM). 

1.3.2 Receptor Related PET Probes 

 The second category of PET agents is based on target receptor system. In order to 

evaluate the target expression profile, the corresponding ligands can be radiolabeled, which will 

accumulate in areas with receptor expression. Representative examples are listed below. 

Somatostatin receptors (SSTR) are a group of G protein-coupled transmembrane receptors that 

can be internalized after binding to certain specific ligands (13). Among them, SSTR2 and 

SSTR5 are overexpressed in many types of tumors including breast cancer and neuroendocrine 

tumors (14,15). Due to the heterogeneity of the SSTR expression in tumors, molecular imaging 

targeting SSTR can be a useful tool to evaluate the SSTR expression in the whole picture. 

Several octreotide (a peptide that mimics the nature somatostatin) analogues are radiolabeled 

with 68Ga via DOTA chelation to form PET tracers. 68Ga-DOTATOC and 68Ga-DOTATATE are 

two widely used candidate and both of them show uptake proportional to SSTR expression 

(16,17). Kratochwil etc used 68Ga-DOTATOC to predict the response to peptide receptor 
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radionuclide therapy in neuroendocrine tumor metastasis while Ezziddin and coworkers chose 

the same PET tracer to compare with the tumor dose when conducting radionuclide therapy 

using 177Lu-DOTATATE (18,19). All these studies showed significant correlation between 

tumor uptake of the PET tracer and the tumor dosimetry demonstrating the value of targeted PET 

imaging of somatostatin receptors. 

 Estrogen receptors are proteins found inside the cells that play key roles in cell growth, 

proliferation and differentiation (20). They have been chosen as target for therapy and imaging in 

various kinds of cancers such as breast cancer, endometrial and ovarian cancer (21-23). An 18F 

labeled PET tracer 18F-Fluoroestradiol (18F-FES) has been extensively studied to evaluate the 

estrogen receptor expression in breast cancer and showed high correlation between the tumor 

uptake and biopsy results (24,25). Additionally, the uptake of 18F-FES also showed predictive 

value in the response to endocrine therapy which makes it a useful tool for customized cancer 

therapy (26). 

 Receptor tyrosine kinases are a family of cell surface receptors that show high affinity to 

growth factors, cytokines and hormones. They have attracted great attention in oncology since 

many of them are approved to be overexpressed in different cancers and some of their inhibitors 

were chosen as PET imaging probes and therapeutic drugs (27). We will mainly discuss the 

epidermal growth factor receptor (EGFR) and human epidermal growth factor receptor 2 (HER2) 

which are two widely used biomarkers in cancer imaging. One of the major categories of PET 

tracers used to image these tyrosine kinases is radiolabeled drugs and analogues. PET imaging of 

these compounds not only provides information about the biomarker expression level but also 

the drug accumulation in the tumor, which further helps in the design of therapy plans. Several 

EGFR targeted drugs such as erlotinib and geftinib have been radiolabeled with either 11C or 18F 
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for PET probe construction and evaluated in animal models (28-30). Among them, 11C-erlotinib 

was tested in non-small cell lung cancer patients to identify the tumor accumulation of erlotinib 

and was demonstrated to be predictive to erlotinib therapy response (31). The second category of 

receptors tyrosine kinases targeted PET tracer is radiolabeled antibodies. Due to the slow kinetics 

of antibodies binding to targeting sites, antibodies are usually labeled with radionuclides with 

relatively long half-life such as 64Cu and 89Zr via chelation method. Several clinical studies were 

performed using 64Cu/89Zr-DOTA-trastuzumab to detect both primary and metastatic breast 

cancer lesions and showed reasonable tumor uptake (32-34). EGFR targeted antibody cetuximab 

was also labeled with either 64Cu or 89Zr and evaluated in human malignant mesothelioma 

tumors for EGFR mapping (35-37). 

 Angiogenesis also plays important roles in progression of aggressive tumors and many 

drugs that inhibit this process are being used in cancer therapies. PET imaging of angiogenesis 

thus provides vital information on the response of such drugs in patients. One biomarker of 

angiogenesis is the integrin αvβ3, which is a cell surface receptor that allows the signal 

transmission between the cells and extracellular matrix and contributes to the endothelial cell 

migration (38). RGD peptides show high binding affinity to integrin αvβ3 and have been 

extensively explored in constructing PET tracers. Examples with clinical data such as 68Ga 

labeled 68Ga-NOTA-RGD, 18F labeled RGD dimer 18F-FPRGD2 and 18F-alfatide showed 

considerable tumor uptake in lung cancer and renal cancer patients with reasonable target to 

background contrast (39-41). 

1.4 Challenges in PET Tracer Construction 

 As we discussed above, PET imaging is a useful tool in various aspects and PET agent 

plays critical roles in order to accurately monitor the biological processes. A PET tracer can be 
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constructed by conjugating radionuclides to targeting motif. Although 18F is the most broadly 

used in PET isotope due to its high positron efficiency, low positron energy and clinically 

attractive half-life, one major challenge in PET probe construction is the synthesis of 18F 

labeled high-molecular-weight biomolecules with high specific activity. Due to the slow rates 

for conventional conjugation chemistry, a large excess of macrobiomolecules are often required 

to obtain high yield. Since the unlabeled macrobiomolecules cannot be separated from the 

radiolabeled ones, the specific activity of the final tracer is low.  

As shown in Table 1.2, one important factor for incorporation of 18F into biomolecules at 

low concentrations is the reaction kinetic. Fast and novel labeling methods in 18F-radiochemistry 

are therefore necessary. Since the tetrazine-trans-cyclooctene (TTCO) ligation shows 

extremely fast reaction kinetic, my dissertation focuses on the development of a platform 

for fast and efficient 18F labeling of biomolecules with high specific activity. In this 

dissertation, the TTCO ligation systems are first subjected to 18F labeling to demonstrate 

the feasibility in radiochemistry. Then the systems are applied to several types of 

biomolecules for PET probes construction and the probes are evaluated both in vitro and 

in vivo. Additionally, the potential of using the TTCO ligation for pre-targeting imaging 

strategy is also explored. I believe personalized medicine will be the trend for future 

therapeutic service and various PET probes will be needed and developed as supporting 

tools. The TTCO ligation system can serve as a general platform for customized PET 

probes construction and be tailored to different applications. 
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Table 1.2 Relationship between reaction rate constant and reaction time if both reactants are at 1μM 

concentration 

k (L/(M•s)) t
1/2

 

10
6

 1 sec 

10
4

 1.7 min 

10
2

 2.8 h 

1 12 days 

10
-2

 3 years 
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Chapter 2  CURRENT STRATEGIES FOR 18F LABELING OF BIOMOLECULES 

2.1 Overview 

 PET provides functional information on molecular level by tracking the interaction 

between PET probes and biomarkers. In order to visualize such interaction, PET probes 

generally include both radionuclides and biomolecules such as antibodies, proteins or peptides 

with specific bindings to biomarkers of interest. Since 18F is the most frequently used 

radionuclide for PET imaging, much effort has been devoted into exploring the methods to 

introduce 18F to different types of biomolecules in the past few decades. In this chapter, we 

highlight the major breakthroughs of 18F labeling of biomolecules and classify them into 

two categories: 1) direct labeling methods in which 18F is directed attached to the 

biomolecules via C-F, B-F, Si-F bonds or chelation of AlF; 2) indirect labeling methods 

where an 18F labeled prosthetic group is synthesized and further conjugates to 

biomolecules.  

2.2 Direct Labeling Methods 

 In the direct labeling methods, the introduction of 18F into biomolecules usually occurs in 

the last or second last step of the radiolabeling, which can minimize the synthetic time and 

simplify the synthetic steps. This is important since the relative short half-life of 18F limits the 

time frame and available methods for biomolecules 18F labeling.  

2.2.1 18F Labeling via C-F Bond 

 Since most of the biomolecules possess carbon based backbones, the most 

straightforward strategy for 18F labeling of these biomolecules is to create a carbon-fluorine 
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bond. For aromatic biomolecules, one common method to introduce 18F is nucleophilic aromatic 

substitution. In this case, a suitable leaving group is required to be modified to the biomolecules 

before radiolabeling. As shown in Scheme 2.1A, trimethylammonium and nitro group are two 

major leaving groups that were studied. For example, Becaud and coworkers synthesized a 

biomolecule precursor containing trimethylammonium group and successfully radiolabeled with 

18F at yield up to 90% (1). Nitro group has also been explored by Jacobsen etc who prepared 

nitro modified RGD peptide and the nitro group was substituted by 18F at yield ranges from 9% 

to 19% under mild condition (2). Although these methods were proved to be feasible to 

incorporate 18F into biomolecules, both of them required relatively large amounts of 

biomolecules as substrate and potentially decreased the specific activity of the final tracer. 

 

Scheme 2.1 Direct 18F labeling methods via C-F bond 

 Other than nucleophilic aromatic substitution reaction, methods regarding aliphatic C-F 

bond formation have also been explored. As shown in Scheme 2.1B, a ring opening reaction of 

activated aziridines was introduced by Roehn’s group and several substrates were screened to 
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optimize the labeling condition and suitable activating group (3). The radiochemical yield was 

reported by be as high as 87%. However, this method required polar organic solvents and high 

temperature which limits the application in biomolecules such as proteins or antibodies.  

 Taking the advantage of some natural fluorination involved reaction is another strategy to 

form carbon-fluorine bond in radiochemistry. Fluorinase enzyme can catalyze the reaction 

between fluoride ion and certain substrates and has been utilized in 18F labeling by conjugating 

the corresponding substrates to biomolecule of interest (4,5). This method could obtain the 

product at around 12% yield within 30min but the narrow scope of substrates available was its 

main disadvantage. 

2.2.2 18F Labeling via B-F Bond 

 Boron-fluorine bond is brought into attention in 18F fluorination due to its high bond 

dissociation energy. The first application was reported by Perrin and coworkers who mixed 

arylboronic ester with aqueous carrier added 18F and successfully obtained 18F labeled compound 

with moderate yield (Scheme 2.2A)(6). This method was further explored in several studies in 

which the biomolecules were modified with boronic ester to allow 18F incorporation (7,8).  

 

Scheme 2.2 Direct 18F labeling methods via B-F bond 

 Additionally, boron-fluorine bond can also be formed prior to the radiolabeling and 

incorporate the 18F through isotope exchange method afterwards (Scheme 2.2B). This 
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mechanism allowed the kit-like 18F labeling strategy and was demonstrated by using 

trifluoroborate modified biomolecules (9). An advanced method based on this mechanism was 

also reported: Perrin’s group used 18F without drying to radiolabel a zwitterionic 

organotrifluoroborate analogue and was able to obtain reasonable yield (10,11). This method was 

soon adapted to construct several PET agents and showed promising tumor uptake (12). The 

outstanding property of this method is that it avoids the azeotropic drying of 18F and saved much 

time. However, acidic condition is needed during the labeling process and defluorination may 

happen in some cases. 

2.2.3 18F Labeling via Si-F Bond 

 The third category of direct 18F labeling is forming Si-F bond through either substitution 

or isotope exchange. The substitution method was initially reported by Ting’s team who 

radiofluorinated the triethoxysilane modified biomolecule with high yield (Scheme 2.3A) (6). 

Although the resulting PET tracer showed moderate stability in water, which already showed 

great improvement compared with the first generation 18F-fluorotrimethylsilane (13), it was still 

not stable enough for most PET applications.  

 

Scheme 2.3 Direct 18F labeling methods via Si-F bond 

 To solve this problem, an isotope exchange method was developed using di-tert-butyl 

fluorosilane as precursor (Scheme 2.3B). This evolved method allowed the construction of PET 

tracer with 50~90% yield and compatible with aqueous conditions. Mishra etc and Niedermoser 
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etc successfully applied this strategy to radiolabeled ligands that could specifically target to 

serotonin receptors and somatostatin receptors, respectively (14,15). However, this method 

shares the disadvantage with all of the isotope exchange methods that may results in low specific 

activity due to the introduction of 19F. 

2.2.4 18F Labeling via AlF chelation 

 Most of the 18F labeling protocols required lengthy procedures which usually start with 

the trap/release and azeotropic drying of 18F in complicated modules. These steps involve 

multiple synthetic procedures and high-performance liquid chromatography (HPLC) purification, 

which may eventually take 1 to 2 hours. A straightforward 18F labeling approach was developed 

according to the fact that the chelator 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) could 

form stable chelation complex with aluminum fluoride under certain conditions (Scheme 2.4) 

(16). Due to the excellent binding affinity of fluoride to Al, the 18F-metal complex is rather stable 

in vivo, which offers an efficient way to generate 18F labeled biomolecule PET tracer effectively. 

 

Scheme 2.4 Direct 18F labeling method via AlF chelation 

 This approach has broadened the possibility of 18F labeling of biomolecules and 

numerous studies using this method was reported. For instance, RGD peptide was radiolabeled 

with such strategy with around 25% yield, NTR targeted ligand NT20.3 was 18F fluorinated and 

evaluated in pancreatic cancer model while octreotide analogue was reported to be radiolabeled 

under different conditions to investigate the effects of temperature and pH (17-19). Although the 

chelation chemistry shows great efficiency and allows the synthesis without HPLC purification, 
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it requires high temperature and acidic condition which may be harsh to some of the 

biomolecules.  

2.3 Indirect Labeling Methods 

 As we mentioned before, most of the direct labeling methods are performed under harsh 

conditions that biomolecules can be denatured or lose binding affinity during labeling process. 

One alternative way to radiolabel the biomolecules with 18F is through indirect labeling method. 

Generally, an organic prosthetic group is first 18F fluorinated under the non-physiological 

conditions. Then the purified 18F labeled prosthetic group is conjugated to biomolecules under 

mild condition.  

2.3.1 18F Labeling using amine selective prosthetic groups 

 Prosthetic groups are molecules that are radiolabeled with radionuclides while retaining 

another functional group to be attached to biomolecules. Since most of the biomolecules (such as 

peptide, proteins and antibodies) consist of amino acids, free amines are abundant and are 

commonly chosen as labeling sites as long as they do not participate in binding with the target. 

So several prosthetic groups were designed with a functional group that was selectively reactive 

to amine. The most widely used amine selective prosthetic group is 18F-N-succinimidyl-4-

fluorobenzoate (18F-SFB). 18F-SFB conjugates with the biomolecules by acylation of the free 

amines on the biomolecules. The first application of 18F-SFB was developed by Dr. Zalutsky and 

Dr. Vaidyanathan who radiolabeled the 18F-SFB at 25% yield and conjugated it to a monoclonal 

antibody fragment to obtain the final agent in 40~60% yield (20). Afterwards, more studies were 

conducted to increase the labeling yield and optimize the synthesis procedures (21,22). As shown 

in Scheme 2.5A, other prosthetic groups that can react with the amines on biomolecules via 

acylation were developed, including 18F-6-fluoronicotinic acid tetrafluorophenyl ester (18F-Py-



 20 

TFP) and 18F-4-nitrophenyl-2-fluoropropionate (18F-NFP). 18F-Py-TFP has been tested in 18F 

fluorination of RGD peptide and albumin while 18F-NFP was also utilized in radiolabeling of 

RGD and PET imaging of αvβ3 in patients (23).  

 

Scheme 2.5 Indirect 18F labeling methods using amine selective prosthetic groups 

 In addition to amine acylation, oximes formation reaction is also considered when 

designing amine selective prosthetic groups for aminooxy-functionalized biomolecules. As 

shown in Scheme 2.5B, 18F-4-fluorobenzaldehyde (18F-FBA) and 18F-p-(di-tert-butyl 

fluorosilyl)benzaldehyde (18F-SiFA-A) are two examples that takes advantages of this reaction. 

Glaser and coworkers synthesized 18F-FBA and conjugated to RGD peptide to yield 18F labeled 

RGD with high specific activity (24). On the other hand, Schirrmacher etc radiolabeled 18F-

SiFA-A via isotope exchange method discussed in the previous section and further conjugated to 

Tyr3-octreotate under ambient condition (25). Although amine selective prosthetic groups offer 
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the possibility to radiolabel the unmodified biomolecule directly, the reaction rate is rather low 

and requires relative large amounts of substrates. Furthermore, the prosthetic groups will be 

randomly labeled on the biomolecule without site specificity. Thus, biomolecules with amine 

binding sites are not suitable for this labeling strategy. 

2.3.2 18F Labeling using thiol selective prosthetic groups 

 Other than amine, thiol is another commonly seen functional group in biomolecules. 

Although 18F-SFB showed possibility to react with thiol through acylation, more specific 

conjugation methods are needed to selectively react with thiol other than amine. 

 

Scheme 2.6 Indirect 18F labeling methods using thiol selective prosthetic groups 

 As shown in Scheme 2.6A, 18F-N-(4-fluorobenzyl)-2-bromoacetamide (18F-FBBA) and 

18F-N-[2-(4-fluorobenzamideo)ethyl]maleimide (18F-FBEM) are two candidates that specifically 

react with thiol functionalized biomolecules (26,27). Maleimide alkylated thiol through Michael 
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addition and was broadly used in radiolabeling of cysteine or methionine containing 

biomolecules. A variety of maleimide functionalized prosthetic groups were reported and 

conjugated to biomolecules for PET tracer construction (28-31). However, the maleimide-thiol 

bond suffers from some extent of instability under physiological conditions. Thus some more 

stable conjugation methods are explored and shown in Scheme 2.6B. 18F-2-(4-(2-

(fluoroethoxy)phenyl)-5-(methylsulfonyl)-1,3,4-oxadiazole (18F-FPOS) was synthesized by 

Chiotellis’s group and used as prosthetic group to 18F fluorinate an affibody under ambient 

condition (32). The resulting PET probe showed improved stability compared with the 

maleimide-thiol conjugated analogue. Additionally, 18F-hexafluorobenzene (18F-HFB) was 

brought into attention by Dr. Jacobsen due to its unique structure (33). This prosthetic group was 

radiolabeled with 18F via isotope exchange method and could be involved in a thiol-substitution 

reaction with multiply thiol containing biomolecules. This strategy enabled the synthesis of 18F 

labeled biomolecule multimers and was indeed used to construct RGD dimer PET tracer by the 

same group. However, all these thiol-based labeling methods require relatively large amounts of 

biomolecules and may result in low specific activity. 

2.3.3 18F Labeling using Cu-Catalyzed Azide-Alkyne Cycloaddition 

 In the past few decades, bioorthogonal reactions have become a unique tool in diverse 

fields including nuclear medicine. Since bioorthogonal chemistry can occur without interfering 

with biological process, it is highly suitable for biomolecule radiolabeling. The copper catalyzed 

azide-alkyne cycloaddition was introduced by Dr. Meldal and Dr. Sharpless in 2002 and soon 

expanded its application in radiolabeling. Different from the above mentioned prosthetic groups 

which are selective to certain functional groups on the biomolecule, the prosthetic group can be 
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either the azide moiety or the alkyne moiety in this reaction while the counter part is modified to 

the biomolecules. 

 

Scheme 2.7 Indirect 18F labeling methods using Cu-catalyzed azide-alkyne cycloaddition 

 Due to the high volatility of the 18F labeled aliphatic alkynes, researchers turned to 

radiolabel the aryl compounds with alkyne function group. The first alkyne based prosthetic 

group was 18F-fluoro-N-(prop-2-ynyl)benzamide (18F-FSA) (Scheme 2.7A), which was used to 

radiolabel several azide modified biomolecules including human serum albumin, phosphopeptide 

and oligonucleotide (34,35). Additionally, 18F-4-fluoro-3-nitro-N-2-prop-1-ynylbenzamide (18F-

FNPB) was reported by Li etc as an efficient and stable prosthetic group for Cu-catalyzed azide-

alkyne cycloaddition reaction. This molecule was radiolabeled in 58% yield and was utilized in 

peptide labeling (36). 
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 While various 18F labeled alkyne derivatives were developed, only a few azide 

derivatives were 18F fluorinated. Similar to the case in alkyne, an aliphatic 18F-fluoroethylazide 

(18F-FEA) (Scheme 2.7B) was the first to be synthesized by co-distillation with acetonitrile 

(37,38). It was then subjected to radiolabel of RGD peptide but the yield was somehow low due 

to the interaction between 18F-FEA and the copper catalyst (39). Additionally, the high volatility 

also limited its application. As shown in Scheme 2.7B, an azido aryl 18F prosthetic group, 18F-4-

fluorobenzylazide was synthesized in reasonable yield and was used to radiolabel SiRNA 

derivatives and single-stranded DNA aptamers (40-42). Although the aryl analogue was not as 

volatile as the aliphatic version, the synthesis procedure is complicated requiring multiple steps 

or complex set ups. Overall, the Cu-catalyzed azide-alkyne cycloaddition provides a new 

pathway for 18F labeling of biomolecules and shows improved efficiency compared with the 

previous discussed methods. However, some drawbacks still exist such as the involvement of 

copper and complicated purification procedures.  

2.3.4 18F Labeling using Strain-promoted Azide-Alkyne Click Reaction 

 To overcome the limitation of using copper in the azide-alkyne conjugation, azide based 

metal-free click reactions have been developed including covalent ligation of azides to strain-

promoted cycloaddition to alkynes (43-46). Due to the bent triple bond in the strained ring, the 

cyclooctyne can react with azide in the absence of copper catalyst. Similar to the copper catalyst 

cycloaddtion, the 18F labeled prosthetic group can be either cyclooctyne or azide in this click 

reaction. Initially, the cyclooctyne was radiolabeled with 18F-SFB to form 18F-

azadibenzocyclooctyne (18F-ADIBO) as prosthetic group. 18F-ADIBO was further coupled with 

azide modified peptide A20FMDV2 to construct αvβ6 targeting PET tracer (47). Additionally, our 

laboratory and collaborators reported the synthesis of 18F-oxa-dibenzocyclooctyne (18F-ODIBO) 
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(Scheme 2.8A), which is one of the most reactive cyclooctynes (>45 M-1s-1), and conjugated to 

PSMA-azide via strain-promoted azide-cyclooctyne click reaction (48). Similar to the 18F-

ADIBO, the radiochemistry worked out well but the constructed PET tracer did not show 

significant binding to the target. The poor pharmacokinetic property might be the result of the 

increased hydrophobicity introduced by the dibenzocyclooctyne moiety. To address this, our 

group developed a 18F-bicyclo[6.1.0]nonyne (18F-BCN) which was less reactive to azide but 

more hydrophilic compared with 18F-ODIBO (Scheme 2.8A). The labeling condition was 

optimized and the PET tracer showed favorable tumor uptake and tumor to background ratio 

(48). 

 

Scheme 2.8 Indirect 18F labeling methods using strain-promoted azide-alkyne click reaction 
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 Since there is not much difference in the azide moiety between the copper catalyzed 

cycloaddition and the strain promoted click reaction, 18F labeled azide prosthetic group 

developed in the copper catalyzed cycloaddition could be directly used in the strain promoted 

click reaction. As shown in Scheme 2.8B, 18F-4-fluorobenzylazide and 18F-fluorobutylazide were 

used to label ADIBO modified bombesin derivatives (49).  

2.3.5 18F Labeling using Staudinger Ligation 

 Staudinger ligation is a reaction between azide and phosphine that was first reported in 

1919 (50). Since the reaction can occur at room temperature with high yield, it is potentially 

suitable for 18F labeling of biomolecules. As shown in Scheme 2.9A, Pretze’s group was able to 

radiolabel phosphine at reasonable yield, which could be readily conjugated with azide modified 

biomolecules. Furthermore, the previously discussed 18F-FEA was used as azide prosthetic group 

and radiolabeled diarylphosphine modified amino acid derivatives. Although the Staudinger 

ligation could be carried out under biomolecule friendly condition, it suffered from low kinetics 

(~2.0 x 10-3 M-1s-1) and phosphines are oxygen sensitive (51,52). 

 

Scheme 2.9 Indirect 18F labeling methods using Staudinger ligation 

2.3.6 18F Labeling using Inverse Electron Demand Diels-Alder Click Reaction 

 Inverse electron demand Diels-Alder click reaction (IEDDA) involves the reactions 

between tetrazine and dienophiles such as norbornene, BCN and trans-cyclooctene (TCO). The 

IEDDA reaction can proceeds without any catalyst and under both organic and aqueous 



 27 

conditions. More importantly, the reaction kinetics can be as high as 3.3 x 106 M-1s-1 which 

makes it suitable for labeling with short-lived radioisotopes at dilute concentrations (53).  

 

Scheme 2.10 Indirect 18F labeling methods using inverse electron demand Diels-Alder click reaction 

 Li and coworkers synthesized 18F fluorinated BCN to label tetrazine modified 

oligonucleotide with high yield within 3min (54). Although both norbornene and BCN have been 

used as dienophile in the reaction, trans-cyclooctene derivatives remained the most reactive 

dienophile towards tetrazine. As shown in Scheme 2.10A, our group first introduced the 18F 

labeled trans-cyclooctene and applied it to the radiolabeling of dipyridyl tetrazine functionalized 

RGD peptide (55,56). In the following chapters we will discuss the details of using tetrazine 

trans-cyclooctene ligation to radiolabel biomolecules. 
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 Furthermore, the 18F labeled tetrazine moieties have also been developed. Liang’s group 

synthesized an 18F labeled tetrazine by reacting tetrazine-amine with 18F-SFB (Scheme 2.10B) 

(57). The resulting prosthetic group was coupled with TCO modified anti-Class-II and anti-

CD11B dimers with reasonable tumor uptake. AlF chelation strategy was also utilized to 

radiolabel tetrazine by Meyer and coworkers. The 18F-AlF-NOTA-tetrazine was ligated to TCO 

bearing antibodies and the resulting tracer successfully localized the pancreatic cancer xenografts 

(58). 

2.4 Limitations 

 In this chapter, a variety of methods have been explored for biomolecule 18F-labeling. As 

shown in Table 2.1, a major limitation of these labeling methods is the relatively low 

reaction rate constant which prevents them to 18F-label large biomolecules with high 

specific activity. On the contrary, the TTCO ligation we proposed here has extremely fast 

reaction kinetic and holds the great potential for large biomolecule 18F-labeling. In the 

following chapters, we report the development of radiolabeling method based on TTCO ligation 

and explore the utilization of this reaction for PET probe construction. 

Table 2.1 Reaction rate constant range for common 18F-biomolecule labeling reactions 

Reactions k (L/(M•s)) 

Acyl transfer 10
-2

~10
-1

 

Cyclooctyne click chemistry 10
-1

~10 

TTCO ligation 10
3

~10
6
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Chapter 3 THE DEVELOPMENT OF RADIOLABELED TCOS AND TETRAZINES1 

3.1 Introduction on Tetrazine Trans-cyclooctene Ligation 

 To evaluate the potential of using TTCO ligation for PET probe construction, we 

first explored the possibility of generating radiolabeled TCOs and tetrazines. Tetrazine 

trans-cyclooctene ligation (TTCO) is an inverse electron demand Diels-Alder bioorthogonal 

reaction and only produces N2 as byproduct upon cycloaddition (1). Saur et al. reported the 

quantitative kinetics between tetrazines and a series of dienophiles and demonstrated that trans-

cyclooctene was the most reactive dienophile with exceptionally fast reaction speed (2). Since 

Saur’s tetrazine substrates showed poor water stability thus unsuitable for biological application, 

our collaborator Dr. Fox’s group developed 3,6-diaryl-s-tetrazine which offered excellent 

combination of rapid reactivity and stability for bioconjugation. The reaction rate between trans-

cyclooctene and the s-tetrazine derivatives can be up to 2000 M-1 s-1 and reactive in cell media 

and cell lysate (3). The extremely fast reaction rate and biocompatibility make TTCO ligation a 

potential method for the rapid conjugation of radionuclides to biomolecules.  

 To great effect, Robillard and coworkers modified tetrazine moiety with DOTA and 

radiolabeled with 111In for tumor imaging (4). Zeglis et al. used tetrazine bearing amino acids for 

89Zr labeling of peptides applying a trans-cyclooctene which was modified with deferrioxamine, 

a chelating agent for zirconium (5). However, these studies mainly utilized radiometal labeling 

                                                 
1This chapter is partly adapted from two published research articles. The original citation are as follows:  

Wang M, Svatunek D, Rohlfing K, et al. Conformationally Strained trans-Cyclooctene (sTCO) Enables the Rapid 

Construction of 18F-PET Probes via Tetrazine Ligation. Theranostics. 2016;6:887-895. 

Wang M, Vannam R, Lambert WD, et al. Hydrophilic 18F-labeled trans-5-oxocene (oxoTCO) for efficient 

construction of PET agents with improved tumor-to-background ratios in neurotensin receptor (NTR) imaging. 

Chemical Communications. 2019;55:2485-2488. 
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and few studies reported the 18F labeled PET probes based on TTCO ligation. Here we describe 

the 18F labeling of TCO derivatives for efficient labeling of biomolecules, especially proteins 

that use to be challenge to 18F-label. Some chelator modified TCO and tetrazine analogues 

were also synthesized and labeled with radiometals for other potential applications. 

3.2 Results and Discussion 

3.2.1 18F Labeling of Trans-cyclooctenes 

3.2.1.1 18F-TCO 

 

Scheme 3.1 Labeling scheme of 18F-TCO 

To radiolabel the trans-cyclooctene moiety with 18F, we started from the first generation 

of trans-cyclooctene. By treating TCO-nosylate with 18F-TBAF in acetonitrile at 75oC for 15min, 

we were able to obtain 18F-TCO in 15.5 ± 2.5% isolation yield with over 99% radiochemical 

purity after HPLC purification (Fig 3.1a). The identity of the 18F-TCO was confirmed by 

comparing the retention time with an independently synthesized 19F-TCO standard (Fig 3.1b). 

Prior to reacting with tetrazines, we first tested the in vitro stability of 18F-TCO. After incubation 

in 1x PBS for 1h, the radio purity remained at 82.2% (Fig 3.1c). Considering the extreme fast 

reaction kinetics of TTCO ligation, the stability was reasonable for PET probe construction in 

aqueous solution. To test the reactivity of the 18F labeled TCO towards tetrazine, tetrazine 

modififed RGDyK peptide was used as a model to ligate with 18F-TCO. As shown in Fig 3.1d, 

after mixing the 18F-TCO with DiPhTz-RGDyK, the radio peak of 18F-TCO disappeared, 

indicating a complete consumption of 18F-TCO in the TTCO ligation. The ligation produced 

conjugates as a mixture of isomers (retention time at 14.9 and 15.2 min). It is worthy to point out 

that the trans-cyclooctene derivatives were not stable under acidic condition. So the TFA 
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introduced during the tetrazine-biomolecule synthesis might result in some decomposed radio 

impurities in the TTCO ligation process. 

 

Figure 3.1 HPLC profile of a) purified 18F-TCO. b) 19F-TCO. c) 18F-TCO after incubation in PBS for 1h 

at 37oC. d) Crude of 18F-TCO ligation with DiPhTz-RGDyK 

3.2.1.2 18F-sTCO 

 

Scheme 3.2 Labeling scheme of 18F-sTCO 

 With the success of the 18F labeled TCO in hand, we turned to radiolabel the second 

generation of the trans-cyclooctene with faster reaction kinetic, sTCO. sTCO was a 

conformationally strained trans-cyclooctene for which rate constants as fast as 3.3 x 106 M-1s-1 

(6). This exceptional kinetics enabled it to be the highly reactive dienophile for TTCO ligation.  

 The sTCO-tosylate precursor was dissolved in anhydrous acetonitrile and heated with 

18F-TBAF at 85oC for 10min. 18F-sTCO was obtained at 29.3 ± 5.1% isolation yield with 99% 
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radiochemical purity (Fig 3.2a). An 19F-sTCO standard was used to confirm the identity of the 

radiolabeled 18F-sTCO (Fig 3.2b). The in vitro stability of 18F-sTCO was tested by incubation in 

1X PBS for 1h and the result gave 97.5% of intact 18F-sTCO after incubation, which showed 

improved stability compared with 18F-TCO (Fig 3.2c). We also evaluated the hydrophilicity of 

18F-sTCO and the log P value was 0.95 ± 0.02. As shown in Fig 3.2d, two new peaks were 

observed in the crude reaction between 18F-sTCO and DiPhTz-RGDyK while no 18F-sTCO was 

left. This result demonstrated that 18F-sTCO remained the reactivity towards tetrazine after 

fluorination. The relatively clean background in the reaction might result from the higher 

stability of 18F-sTCO.  

 

Figure 3.2 HPLC profile of a) purified 18F-sTCO. b) 19F-sTCO. c) 18F-sTCO after incubation in PBS for 

1h at 37oC. d) Crude of 18F-sTCO ligation with DiPhTz-RGDyK 

3.2.1.3 18F-dTCO 

 

Scheme 3.3 Labeling scheme of 18F-dTCO 
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 Since the precursor for 18F-sTCO suffered from stability issue, we further explored a 

more stable derivative precursor with slightly lower rate constant to sTCO. Conformationally-

strained dioxolane-fused trans-cyclooctene (dTCO) could react with tetrazine with a second 

order rate k2=3.7 x 105 M-1s-1 (7).  

 The 18F labeling protocol for dTCO was similar to sTCO with labeling yield of 11.4 ± 

0.9% and 99% radiochemical purity after HPLC purification (Fig 3.3a and 3.3b). The partition 

coefficient of the relative hydrophilic 18F-dTCO was measured and the log P value was 0.91 ± 

0.02 which demonstrated the slightly more hydrophilic than 18F-sTCO. After incubation in 1X 

PBS for 1h, the radiochemical purity of 18F-dTCO was 86.2%, which was similar to most trans-

cyclooctene derivatives except sTCO (Fig 3.3c). The reactivity towards tetrazine after 18F 

fluorination was confirmed by mixing with DiPhTz-RGDyK. As shown in Fig 3.3d, a complete 

ligation between DiPhTz-RGDyk and 18F-dTCO occurred within seconds while only one major 

product peak was observed indicating a high yield of the ligation.  

 

Figure 3.3 HPLC profile of a) purified 18F-dTCO. b) 19F-dTCO. c) 18F-dTCO after incubation in PBS for 

1h at 37oC. d) Crude of 18F-dTCO ligation with DiPhTz-RGDyK 
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3.2.1.4 18F-oTCO 

 

Scheme 3.4 Labeling scheme of 18F-oTCO 

 Due to the relatively high hydrophobicity of both 18F-sTCO and 18F-dTCO, which might 

lead to hepatic clearance pathway with higher background signal in PET imaging, an oxygen-

containing TCO derivatives with improved water solubility properties has been described (8). 

The developed trans-5-oxocene (oTCO) was shown to have enhanced reactivity compared to 

TCO and enhanced hydrophgilicity relative to TCO, sTCO and dTCO. 

 Radiochemical synthesis was modeled after our previously described procedure for 

prepaing 18F-sTCO. oTCO-tosylate was radiolabeled with 18F-TBAF to provide 18F-oTCO with 

15.2 ± 1.9% isolation yield. The purity and identity were confirmed by HPLC and 19F-oTCO 

standard (Fig 3.4a and 3.4b). Efforts to improve the radiochemical yield by increasing the 

concentration of precursor or prolonging the reaction time were unsuccessful. While the 

radiochemical yield for tosylate displacement was moderate, it is high enough to be useful and is 

in alignment with yields obtained in many procedures for 18F probe construction (9). After 

incubation for 1 h in PBS, the radiochemical purity of 6was 85.2%, indicating a level of stability 

that was good but not as high as a cold oTCO compound stored under similar conditions (Fig 

3.4c)(8). In a previous study, we found that TCO decomposes more rapidly under conditions 

conducive to radical formation, and it may be that the radiolysis contributes to the decomposition 

of 18F-oTCO. The log P value of 18F-oTCO was 0.57 ± 0.02, which was significantly lower than 

those for 18F-sTCO and 18F-dTCO. Fig 3.4d showed the reaction crude between 18F-oTCO and 

DiPhTz-RGDyK. The major peak shift demonstrated that 18F-oTCO retained the reactivity 

towards tetrazine after radiolabeling.  
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Figure 3.4 HPLC profile of a) purified 18F-oTCO. b) 19F-oTCO. c) 18F-oTCO after incubation in PBS for 

1h at 37oC. d) Crude of 18F-oTCO ligation with DiPhTz-RGDyK 

3.2.2 64Cu Labeling of Trans-cyclooctenes 

3.2.2.1 64Cu-sTCO-PEG-DOTA 

 

Scheme 3.5 Labeling scheme of 64Cu-sTCO-PEG-DOTA 

 Despite of labeling the trans-cyclooctene derivatives with 18F, which was mainly used for 

PET imaging, we also tested the labeling with radiometals for potential radiotherapy 

applications.  

 Starting from the most reactive trans-cyclooctene derivatives, we modified the sTCO 

with DOTA which was one of the most widely used chelator for radiometal labeling. The sTCO-

PEG-DOTA was labeled with 64Cu efficiently in 0.25M NH4OAc buffer with isolation yield of 
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43.4 ± 5.8% (Fig 3.5a). The radiochemical purity was over 99% after initial purification and 

remained at 93.3% after 1h incubation in 1X PBS (Fig 3.5c). The improved stability compared 

with 18F labeled version might be due to the lower specific activity and few radiolysis. We would 

like to point out that the trans-cyclooctene derivatives were sensitive to pH, which was essential 

for radiometal chelating process. Thus, optimizing the labeling condition for trans-cyclooctene 

derivatives radiometal labeling is necessary in future studies. We also evaluated whether the 64Cu 

labeled sTCO-PEG-DOTA remained the reactivity towards tetrazine by treating it with DiPhTz-

RGDyK. As shown in Fig 3.5d, 64Cu-sTCO-PEG-DOTA was completely consumed within 

seconds indicating the ligation between 64Cu-sTCO-PEG-DOTA and DiPhTz-RGDyK. 

 

Figure 3.5 HPLC profile of a) purified 64Cu-sTCO-PEG-DOTA. b) sTCO-PEG-DOTA. c) 64Cu-sTCO-

PEG-DOTA after incubation in PBS for 1h at 37oC. d) Crude of 64Cu-sTCO-PEG-DOTA ligation with 

DiPhTz-RGDyK 
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3.2.2.2 64Cu-dTCO-PEG-DOTA 

 

Scheme 3.6 Labeling scheme of 64Cu-dTCO-PEG-DOTA 

The more hydrophilic dTCO was also modified with DOTA and subjected to 64Cu 

labeling. Under the same labeling protocol, dTCO-PEG-DOTA was able to be radiolabeled with 

64Cu at 42.9 ± 9.7% isolation yield and 99% purity after HPLC purification (Fig 3.6a). The 

stability in 1X PBS at 1h time point was 90.3% (Fig 3.6c). The reactivity towards tetrazine after 

64Cu labeling was demonstrated by ligation with DiPhTz-RGDyK. In Fig 3.6d, a new peak 

appeared with no 64Cu-dTCO-PEG-DOTA left indicating the 64Cu labeling of dTCO-PEG-

DOTA did not compromise its reactivity for TTCO ligation. 

 

Figure 3.6 HPLC profile of a) purified 64Cu-dTCO-PEG-DOTA. b) dTCO-PEG-DOTA. c) 64Cu-dTCO-

PEG-DOTA after incubation in PBS for 1h at 37oC. d) Crude of 64Cu-dTCO-PEG-DOTA ligation with 

DiPhTz-RGDyK 
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3.2.3 64Cu Labeling of Tetrazines 

3.2.3.1 64Cu-Tz-NOTA 

 

Scheme 3.7 Labeling scheme of 64Cu-Tz-NOTA 

 Similar to trans-cyclooctene, we also modified tetrazine moiety with NOTA for 

radiometal chelation. The first candidate we chose was Tz-NOTA where chelator NOTA was 

directly conjugated to Tz-NHS. As can be seen in Fig 3.7a, Tz-NOTA could be successfully 

labeled with 64Cu under the same condition as sTCO-PEG-DOTA/dTCO-PEG-DOTA. The 

isolation yield was 62.6 ± 7.7% and remained 94.5% stability after 1h incubation in 1X PBS (Fig 

3.7a, 3.7c). The reactivity of 64Cu-Tz-NOTA was tested by treating it with TCO-F and the result 

was shown in Fig 3.7d. A fully consumption of 64Cu-Tz-NOTA was observed with additional 

peaks showing up indicating the reactivity for TTCO ligation was remained after 64Cu labeling of 

the tetrazine moiety. 
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Figure 3.7 HPLC profile of a) purified 64Cu-Tz-NOTA. b) Tz-NOTA. c) 64Cu-Tz-NOTA after incubation in 

PBS for 1h at 37oC. d) Crude of 64Cu-Tz-NOTA ligation with TCO-F 

3.2.3.2 64Cu-Tz-PEG-NOTA 

 

Scheme 3.8 Labeling scheme of 64Cu-Tz-PEG-NOTA 

 In order to avoid steric hinderance when labeling large biomolecules with TTCO ligation, 

we added a space linker between the radiolabeling moiety NOTA and the TTCO ligation moiety 

tetrazine. Fig 3.8a and Fig 3.8c showed the radio HPLC profile of freshly prepared 64Cu-Tz-

PEG-NOTA and that after 1h incubation in PBS. The isolated labeling yield was 50.3 ± 9.8% 

and 1h stability was 95.8%. Similarly, adding in TCO-F to purified 64Cu-Tz-PEG-NOTA led to 
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completely consumption of 64Cu-Tz-PEG-NOTA and the ligation products with some impurities, 

which proved the retaining of the reactivity towards TCO after radiolabeling (Fig 3.8d). 

 

Figure 3.8 HPLC profile of a) purified 64Cu-Tz-PEG-NOTA. b) Tz-PEG-NOTA. c) 64Cu-Tz-PEG-NOTA 

after incubation in PBS for 1h at 37oC. d) Crude of 64Cu-Tz-PEG-NOTA ligation with TCO-F 

3.3 Conclusion 

 We have demonstrated the feasibility of radiolabeling several TCO derivatives with 18F. 

All 18F-TCOs were achieved with reasonable yield for further construction of PET probes after 

simple purification. The TCO derivatives were also successfully labeled with radiometal 64Cu for 

potential imaging and therapeutic applications. Additionally, we also proved that the tetrazine 

moiety could be labeled with 64Cu, which represents another pathway for radiolabeling of 

biomolecules. All radiolabeled compounds retained their reactivity for TTCO ligation. These 

results lay solid ground for using TTCO ligation for biomolecule radiolabeling. 



 46 

3.4 Materials and Methods 

3.4.1 General 

All commercially available reagents were purchased and used without further 

purification. All trans-cyclooctene and tetrazine-NHS ester derivatives were kindly provided by 

Dr. Joseph M. Fox from University of Delaware. Briefly, trans-cyclooctene derivatives were 

prepared from cis-cyclooctenes using photochemical flow-reaction (10). Analytical reversed-

phase HPLC using a Kinetex 5μ C18 column (250 x 4.6mm) was performed on a SPD-M30A 

photodiode array detector (Shimadzu) and model 105S single-channel radiation detector (Carroll 

& Ramsey Associates). Radio HPLC analyses were carried out at 1 mL/min flow rate. The 

mobile phase was 0.1% TFA in water for solvent A and 0.1% TFA in acetonitrile for solvent B. 

The mobile phase was kept at 95% solvent A and 5% solvent B from 0~2min and ramped to 5% 

solvent A and 95% solvent B in 20min. For HPLC analyses and purification of trans-cyclooctene 

derivatives, the solvents were switched to TFA free solvents. Mass spectrometry was obtained on 

Advion Expression CMS mass spectrometer. 

18F-TBAF was synthesized using the following protocol: Targeted water containing 18F 

was passed through a pre-conditioned QMA anion exchange cartridge for 18F trapping. The 18F 

was released by eluting the QMA cartridge with a mixture of 123 μL of 20% 

tetrabutylammonium bicarbonate and 477 μL of anhydrous acetonitrile. The elution was 

azeotropically dried at 100 oC under nitrogen and vacuum for 3 times. The obtained 18F-TBAF 

was dissolved in anhydrous acetonitrile for further use.  
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3.4.2 Radiochemistry 

3.4.2.1 18F-TCO 

 TCO-nosylate (2mg, 5.9 μmol) was dissolved in 30 μL anhydrous acetonitrile and then 

allowed to react with 18F-TBAF (200 mCi) at 75oC for 15min. The reaction was quenched with 1 

mL water. The mixture was then passed through a pre-conditioned Sep-Pak cartridge (Sep-Pak 

Plus light alumina) followed by RP-HPLC purification. The desired fraction containing product 

was collected and decay corrected yield was calculated. An aliquot of the product was loaded on 

RP-HPLC for quality control. 

3.4.2.2 18F –sTCO/18F-dTCO/18F-oTCO 

 sTCO-tosylate, dTCO-tosylate or oTCO-tosylate (2 mg) was dissolved in 30 μL 

anhydrous acetonitrile and then added with 200mCi 18F-TBAF. The reaction was kept at 85oC 

for 10min before quenching with 1 mL water. The mixture was then passed through a pre-

conditioned Sep-Pak cartridge (Sep-Pak Plus light alumina) followed by RP-HPLC purification. 

The desired fraction containing product was collected for further use. After measuring the decay 

corrected yield, an aliquot of the product was taken for quality control on RP-HPLC. 

3.4.2.3 64Cu-dTCO-PEG-DOTA/64Cu-sTCO-PEG-DOTA 

 1 mCi of 64Cu was added to dTCO-PEG-DOTA or sTCO-PEG-DOTA (10 μg in 20 μL 

water) and the pH was adjusted to 5.5 with 0.25 M NH4OAc. The mixture was incubated at 40oC 

for 40min with constant shaking before loading on RP-HPLC for analysis and purification. The 

desired fraction containing product was collected for further use. The decay corrected yield was 

calculated and a portion of the product was used as quality control. 
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3.4.2.4 64Cu-Tz-PEG-NOTA/64Cu-Tz-NOTA 

 10 μg of Tz-PEG-NOTA or Tz-NOTA in 20 μL DMSO was added with 1 mCi of 64Cu. 

The pH of mixture was adjusted to 5.5 using 0.25 M NH4OAc. The reaction was kept at 40oC for 

40min with constant shaking followed by RP-HPLC analysis and purification. The desired 

fraction containing product was collected and decay corrected yield was calculated. An aliquot of 

the product was loaded on RP-HPLC for quality control. 

3.4.3 In Vitro Stability and Reactivity for TTCO Ligation 

 Each radiolabeled compound collected from RP-HPLC was subjected to rotary 

evaporation to remove the organic solvent and the pH was adjusted to neutral using NaOH 

solution. After reconstituted in 1X PBS, a fraction of the radiolabeled compound (~1 mCi) was 

mixed with 10 nmol of either DiPhTz-RGDyK or 19F-TCO and loaded on RP-HPLC for TTCO 

ligation reactivity analysis. Another fraction of the radiolabeled compound (~100 μCi) were 

incubated in 37oC in PBS for 1h and loaded on RP-HPLC for stability analysis. 
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Chapter 4 BIOMOLECULES BASED PET PROBE CONSTRUCTION AND IMAGING 

USING TTCO LIGATION1 

 

4.1 Introduction of the Biomolecules 

 Given the fact that trans-cyclooctene and tetrazine can be radiolabeled at reasonable yield 

and maintain high reactivity towards the other counterpart, we step further to evaluate their 

application in biomolecule radiolabeling. In this chapter, we apply the TTCO radiolabeling 

method to construct two types of biomolecules: small peptides and proteins with larger 

molecular weight. Our ultimate goal is to establish the TTCO ligation method as a general tool 

for PET probes construction, which may also solve the challenges on radiolabel protein 

with 18F. 

 We first test the TTCO ligation using peptides with small molecular weight, which 

include RGD, NT20.3 and PSMA ligand.  

4.2 Radiolabeled RGD Peptide for Integrin αvβ3 Targeted Imaging 

 RGD is a tripeptide with Arg-Gly-Asp sequence and has high binding affinity and 

specificity to integrin αvβ3 (1). Integrins are transmembrane receptors, which contain alpha and 

beta subunits and mediate the adhesion of cells to extra-cellular matrix (ECM) (2). Integrins, 

especially integrin αvβ3, show significant up-regulation on activated endothelial cells and 

mediated the migration of cells during angiogenesis, which is essential for tumor growing (3-5). 

                                                 
1This chapter is partly adapted from two published research articles. The original citation are as follows:  

Wang M, Svatunek D, Rohlfing K, et al. Conformationally Strained trans-Cyclooctene (sTCO) Enables the Rapid 

Construction of 18F-PET Probes via Tetrazine Ligation. Theranostics. 2016;6:887-895. 

Wang M, Vannam R, Lambert WD, et al. Hydrophilic 18F-labeled trans-5-oxocene (oxoTCO) for efficient 

construction of PET agents with improved tumor-to-background ratios in neurotensin receptor (NTR) imaging. 

Chemical Communications. 2019;55:2485-2488. 
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αvβ3 is reported to be overexpressed in various malignant tumors including glioma and breast 

cancer and its expression level correlates with the tumor grade (6-8). Inhibition of the αvβ3 

integrin has been found to induce apoptosis of both activated endothelial cells and αvβ3 positive 

tumor cells without affecting pre-existing blood vessels (9). Furthermore, αvβ3 targeting 

molecules show great potential to deliver various therapeutic agents to tumor tissues. Molecular 

imaging of αvβ3 provides valuable information about the expression level and can help in 

selecting patients for appropriate anti-αvβ3 treatment as well as monitoring the treatment efficacy. 

RGD peptide was a well-established targeting reagent to integrin αvβ3 and several RGD based 

PET probes have been investigated including 18F-Galacto-RGD, 68Ga-NOTA-RGD and 18F-

Alfatide etc (10-13).  

4.2.118F-TCO-DiPhTz-RGDyK 

 

Scheme 4.1 Synthesis scheme of 18F-TCO-DiPhTz-RGDyK 

We started with the most well-established αvβ3 targeting agent RGDyK as a model 

peptide. The peptide was modified with diphenyl-s-tetrazine (DiPhTz) since it was reported to 

show improved metabolic stability compared with the first generation dipyridyl-s-tetrazine (14). 

We then radiolabeled it with 18F-TCO described in the previous chapter for PET probe 

construction and further evaluated its pharmacokinetics in vivo. 

As shown in Fig 4.1a, only two peaks were observed in the HPLC profile of the crude 

reaction. The peak with 15.1min retention time was the product while the peak with 19.5min 
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retention time was DiPhTz-NHS. No starting material RGDyK was observed indicating the 

complete consumption of RGDyK. Fig 4.1b showed the HPLC profile of purified DiPhTz-

RGDyK. DiPhTz-RGDyK (2.1mg, 1.4 μmol) was obtained as white powder after lyophilization 

with 87.5% yield. The product identity was confirmed by LC-MS (Fig 4.1c, m/z : [M+H]+, Calcd 

for C70H105N14O23 is 1510.7; found 1510.8) 

18F-TCO labeling was reported in the previous chapter. After mixed with DiPhTz-

RGDyK for 10 seconds at room temperature, the TTCO ligation was completed and the 18F-

TCO-DiPhTz-RGDyK was obtained at 49.2 ± 1.4% isolation yield and over 99% radiochemical 

purity after HPLC purification. The identity of the collected radio peak was confirmed by 

comparing the retention time with the independently synthesized 19F-TCO-DiPhTz-RGDyK and 

LC-MS (Fig 4.2). 

 

Figure 4.1 a) HPLC profile of crude reaction between DiPhTz-NHS and RGDyK. b) HPLC profile of 

purified DiPhTz-RGDyK. c) Mass spectrum of purified DiPhTz-RGDyK 
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Figure 4.2 HPLC profile of a) purified 18F-TCO-DiPhTz-RGDyK. b) 19F-TCO-DiPhTz-RGDyK. c) crude 

of 18F-TCO ligation with DiPhTz-RGDyK. d) Mass spectrum of purified 19F-TCO-DiPhTz-RGDyK 

 The in vivo behavior of 18F-TCO-DiPhTz-RGDyK was evaluated in αvβ3 positive human 

U87MG tumor-bearing mice (n=3). As shown in Fig 4.3, high and persistent tumor accumulation 

was observed at both 1h and 4h post injection. The tumor uptake increased from 3.9 ± 0.3 %ID/g 

at 1h post injection to 4.1 ± 0.4 %ID/g at 4h post injection. Though a relative high background 

signal was observed, this result indicated that the peptide based PET probe could be successfully 

constructed via TTCO ligation and showed reasonable tumor targeting efficiency and 

biodistribution. 
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Figure 4.3 Representative PET/CT images of U87MG tumor bearing mice at a) 1h and b) 4h post 

injection of 18F-TCO-DiPhTz-RGDyK. c) Quantitative uptake of the major organs determined from the 

PET images. Tumor regions are highlighted in orange circle 

4.2.2 18F-sTCO-DiPhTz-RGDyK 

 

Scheme 4.2 Synthesis scheme of 18F-sTCO-DiPhTz-RGDyK 

With this encouraging result in hand, we further switched the 18F-TCO to the second 

generation 18F-sTCO since it was the most reactive dienophiles currently known towards 

tetrazine (15). As shown in Fig 4.4, DiPhTz-RGDyK was successfully radiolabeled with 18F-

sTCO at 49.6 ± 4.5% isolation yield in just 10 seconds. One of the two major radio peaks 

appeared in the HPLC profile matched the corresponding 19F-sTCO-DiPhTz-RGDyK (Fig 4.4b 

and 4.4d) and the other one was likely the stereoisomers (16). The 18F-sTCO-DiPhTz-RGDyK 

can be obtained at over 99% radiochemical purity after HPLC purification (Fig 4.4a).  



 55 

 

Figure 4.4 HPLC profile of a) purified 18F-sTCO-DiPhTz-RGDyK. b) 19F-sTCO-DiPhTz-RGDyK. c) 

crude of 18F-sTCO ligation with DiPhTz-RGDyK. d) Mass spectrum of purified 19F-sTCO-DiPhTz-

RGDyK 

 Similar to 18F-TCO-DiPhTz-RGDyK, the constructed 18F-sTCO-DiPhTz-RGDyK was 

also intravenously injected into U87MG tumor bearing mice and subjected to static PET scan at 

1 and 4h post injection. As can be seen in Fig 4.5, clear tumor uptake was observed as early as 

1h post injection and the tumor became the brightest spot at 4h post injection. The quantitative 

uptake of major organs derived from the PET images were shown in Fig 4.5c. The tumor uptake 

was 6.9 ± 0.5 %ID/g and increased to 8.9 ±0.5 %ID/g at 1 and 4h post injection, respectively. 

The tumor to liver and tumor to kidney ratio was 1.6 and 2.4 at 4h post injection, respectively. 

Although the DiPhTz and sTCO system resulted in higher tumor uptake, high background signal 

was also observed which led to relatively poor tumor to background contrast.  
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Figure 4.5 Representative PET/CT images of U87MG tumor bearing mice at a) 1h and b) 4h post 

injection of 18F-sTCO-DiPhTz-RGDyK. c) Quantitative uptake of the major organs determined from the 

PET images. Tumor regions are highlighted in orange circle 

4.2.3 18F-dTCO-DiPhTz-RGDyK 

 

Scheme 4.3 Synthesis scheme of 18F-dTCO-DiPhTz-RGDyk 

 Since the sTCO was too reactive and its precursor suffered from stability issue, we 

further exchanged the TCO moiety with another analogue dTCO which was less reactive but 

more stable than sTCO. The 18F-dTCO was ligated with the DiPhTz-RGDyK in a few seconds 

and the isolation yield of the product was 53.2 ± 9.1%. The product showed 99% radiochemical 

purity after purification and was confirmed by the corresponding 19F version (Fig 4.6). 
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Figure 4.6 HPLC profile of a) purified 18F-dTCO-DiPhTz-RGDyK. b) 19F-dTCO-DiPhTz-RGDyK. c) 

crude of 18F-dTCO ligation with DiPhTz-RGDyK. d) Mass spectrum of purified 19F-dTCO-DiPhTz-

RGDyK. 

 The PET images of U87MG xenografts after injection of 18F-dTCO-DiPhTz-RGDyK was 

shown in Fig 4.7. The result was consistent to the probes constructed with DiPhTz-RGDyK and 

the other two TCOs. Persistent blood circulation of the probe was observed with increased tumor 

uptake over the 4h period. The tumor uptake was 4.4 ± 0.3 %ID/g and 4.6 ± 0.5 %ID/g at 1 and 

4h post injection, respectively. This result more firmly proved our statement that the DiPhTz-

TCOs ligation could be used in peptide based PET probes construction. 
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Figure 4.7 Representative PET/CT images of U87MG tumor bearing mice at a) 1h and b) 4h post 

injection of 18F-dTCO-DiPhTz-RGDyK. c) Quantitative uptake of the major organs determined from the 

PET images. Tumor regions are highlighted in orange circle 

4.2.4 18F-sTCO-MePhTz-RGDyK 

 

Scheme 4.4 Synthesis scheme of 18F-sTCO-MePhTz-RGDyK 

 After validating different trans-cyclooctene motifs, we then explored how the tetrazine 

moiety will affect the PET probe construction and biodistribution. We started from the 18F-

sTCO-DiPhTz-RGDyK and replaced the DiPhTz with a more hydrophilic MePhTz analogue. 

MePhTz-RGDyK was synthesized from MePhTz-NHS and RGDyK peptide (Fig 4.8). The UV 

peak at 13min corresponds to the desired product and the identity was confirmed by LC-MS m/z: 

[M+2H]2+ calcd C65H104N14O22 for 716.81; found 716.88. 



 59 

 

Figure 4.8 a) HPLC profile of crude reaction between MePhTz-NHS and RGDyK. b) HPLC profile of 

purified MePhTz-RGDyK. c) Mass spectrum of purified MePhTz-RGDyK 

 RGDyK modified with the new MePhTz could still be radiolabeled with 18F-sTCO with 

40.0 ± 4.6% isolation yield indicating the TTCO ligation allowed some buffer range for 

modification of both tetrazine and trans-cyclooctene sides. The purified 18F-sTCO-MePhTz-

RGDyK showed 99% radiochemical purity and the identity was confirmed by the 19F “cold” 

standard (Fig 4.9).  

 As shown in Fig 4.10, the in vivo behavior of 18F-sTCO-MePhTz-RGDyK was evaluated 

in U87MG xenograft. Although it demonstrated prominent tumor uptake at early time point (1.8 

± 0.4 %ID/g), a fast clearance from tumor was observed at 4h post injection (1.1 ± 0.0 %ID/g). 

This result demonstrated the feasibility of using different tetrazine to construct PET probes via 

TTCO ligation.  
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Figure 4.9 HPLC profile of a) purified 18F-sTCO-MePhTz-RGDyK. b) 19F-sTCO-MePhTz-RGDyK. c) 

crude of 18F-sTCO ligation with MePhTz-RGDyK. d) Mass spectrum of purified 19F-sTCO-MePhTz-

RGDyK 

 

Figure 4.10 Representative PET/CT images of U87MG tumor bearing mice at a) 1h and b) 4h post 

injection of 18F-sTCO-MePhTz-RGDyK. c) Quantitative uptake of the major organs determined from the 

PET images. Tumor regions are highlighted in orange circle 
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4.2.5 18F-sTCO-DiolTz-RGDyK 

 

Scheme 4.5 Synthesis scheme of 18F-sTCO-DiolTz-RGDyK 

 We also substituted the original tetrazine moiety with another tetrazine analogue DiolTz 

to further validate our statement. The DiolTz was conjugated with RGDyK via amide bond 

similarly to the DiPhTz and MePhTz analogues. The HPLC profiles of the crude and purified 

DiolTz-RGDyK were shown in Fig 4.11. LC-MS demonstrated the identity with m/z: 

[M+H+K]2+ calcd C61H103N14O24K for 727.78; found 727.92. 

 

Figure 4.11 a) HPLC profile of crude reaction between DiolTz-NHS and RGDyK. b) HPLC profile of 

purified DiolTz-RGDyK. c) Mass spectrum of purified DiolTz-RGDyK 
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 Similar to MePhTz-RGDyK, the newly constructed DiolTz-RGDyK could also be radio 

fluorinated by 18F-sTCO via TTCO ligation and the isolation yield was 41.6 ± 1.5%. The product 

was appeared as isomers with 2 close radio peaks and the later one had the retention time 

matched with the 19F-sTCO-DiolTz-RGDyK standard. The product can be readily purified with 

over 99% radiochemical purity (Fig 4.12). 

 

Figure 4.12 HPLC profile of a) purified 18F-sTCO-DiolTz-RGDyK. b) 19F-sTCO-DiolTz-RGDyK. c) 

crude of 18F-sTCO ligation with DiolTz-RGDyK. d) Mass spectrum of purified 19F-sTCO-DiolTz-RGDyK 
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Figure 4.13 Representative PET/CT images of U87MG tumor bearing mice at a) 1h and b) 4h post 

injection of 18F-sTCO-DiolTz-RGDyK. c) Quantitative uptake of the major organs determined from the 

PET images. Tumor regions are highlighted in orange circle 

 The biodistribution of 18F-sTCO-DiolTz-RGDyK in U87MG xenografts was similar to 

that of 18F-sTCO-MePhTz-RGDyK. As can be seen in Fig 4.13, the tumor was clearly localized 

with slightly lower absolute tumor uptake at both time points (1.0 ± 0.1 %ID/g and 0.7 ± 0.0 

%ID/g at 1 and 4h post injection, respectively). These results further demonstrated that replacing 

the tetrazines will not affect the tumor targeting efficiency. 

4.3 Radiolabeled NT Peptide for NTSR1 Targeted Imaging 

 The second model peptide we used was NT20.3 which was an agonist of neurotensin 

receptor 1 (NTSR1). NTSRs are transmembrane G protein-coupled receptors and consist with 3 

subtypes, NTSR1, NTSR2 and NTSR3. The NTSR1 that we are looking into can cause 

phosphorylation of various proteins such as ERK and lead to cellular proliferation when 

activated by its agonist (17-19). Overexpression of NTSR1 has been demonstrated in several 

cancer types such as 91% of invasive ductal breast carcinomas, 60% of lung adenocarcinomas, 

75% of ductal pancreatic adenocarcinomas, 90% of malignant mesothelioma, prostate cancer and 

colon adenocarcinomas (20-26). The selective and high expression of NTSR1 make it a 
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promising target for both diagnostic and treatment applications. The natural full length of 

neurotensin peptide NT contains 13 amino acids with the sequence of pGlu-Leu-Tyr-Glu-Asn-

Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu-OH (27). The core sequence to mimic its natural effect is NT 

(8-13). However due to the stability issue, a sequence modification was introduced to NT (8-13) 

and NT20.3 was created with sequence of Ac-Lys-Pro-Me-Arg-Arg-Pro-Tyr-Tle-Leu-OH (28). 

In this section we radiolabel these peptides with our TTCO ligation platform and evaluate their 

in vivo behavior in several tumor models. 

4.3.1 18F-sTCO-DiPhTz-NT 

 

Scheme 4.6 Synthesis scheme of 18F-sTCO-DiPhTz-NT 

 We first radiolabel the NT20.3 peptide with the sTCO-DiPhTz system. Figure 4.14 

showed the modification of NT20.3 with DiPhTz-NHS. The major peak at 15.2min correspond 

the DiPhTz-NT and can be obtained at 99% purity after HPLC purification. The identity was 

confirmed by LC-MS m/z: [M+2H]2+ calcd C95H152N20O26 for 995.18; found 995.15. The 

hydrophilicity of the probe was evaluated by measuring the octanol-water partition coefficient 

and the resulting logP value was -0.69 ± 0.03. 
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Figure 4.14 a) HPLC profile of crude reaction between DiPhTz-NHS and NT. b) HPLC profile of purified 

DiPhTz-NT. c) Mass spectrum of purified DiPhTz-NT 

 

Figure 4.15 HPLC profile of a) purified 18F-sTCO-DiPhTz-NT. b) 19F-sTCO-DiPhTz-NT. c) crude of 18F-

sTCO ligation with DiPhTz-NT. d) Mass spectrum of purified 19F-sTCO-DiPhTz-NT 
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 18F-sTCO-DiPhTz-NT was synthesized in the same pattern as 18F-sTCO-DiPhTz-RGDyK 

with 42.7 ± 6.2% isolation yield and 99% radiochemical purity after purification. An 

independently prepared 19F-sTCO-DiPhTz-NT was synthesized to confirm the identity of the 

obtained radio tracer. The HPLC profile of purified tracer and reaction crude was shown in Fig 

4.15. 

 The targeting efficiency of constructed PET probe was evaluated in NTSR1 positive 

pancreatic cancer model AsPC1 xenograft. As shown in Fig 4.16, the tumor uptake was 4.3 ± 0.1 

%ID/g at 1h post injection and maintained at 4.6 ± 0.1 %ID/g at 4h p.i. Though the absolute 

tumor uptake was enhanced compared with our previously reported NT analogue based PET 

probe, the overall contrast was decreased due the high signal from blood pool (29). Nevertheless, 

this result proved that the TTCO ligation could be served as a platform to construct PET probes 

for various kinds of peptide ligand. 

 

Figure 4.16 Representative PET/CT images of AsPC1 tumor bearing mice at a) 1h and b) 4h post 

injection of 18F-sTCO-DiPhTz-NT. c) Quantitative uptake of the major organs determined from the PET 

images. Tumor regions are highlighted in orange circle 
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4.3.2 18F-sTCO-DiolTz-NT 

 

Scheme 4.7 Synthesis scheme of 18F-sTCO-DiolTz-NT 

 We also screened several TTCO system combinations for NT20.3 based PET probe 

construction. As shown in Fig 4.17, DiolTz-NT was synthesized via amide bond conjugation and 

purified by RP-HPLC. The peak with 14.1min retention time showed the correct m/z: [M+2H]2+ 

calcd C86H150N20O27 for 948.12; found 948.05. 

 

Figure 4.17 a) HPLC profile of crude reaction between DiolTz-NHS and NT. b) HPLC profile of purified 

DiolTz-NT. c) Mass spectrum of purified DiolTz-NT 

 Not surprisingly, the DiolTz-NT was also successfully radiolabeled with 18F-sTCO in a 

few seconds under mild condition and the isolation yield was calculated to be 41.1 ± 9.3%. The 
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radiochemical purity of the purified PET tracer was determined to be 99% and the identity was 

confirmed by the corresponding 19F standard (Fig 4.18). The logP of this tracer was -0.98 ± 0.08, 

which is more hydrophilic than 18F-sTCO-MePhTz-NT and 18F-sTCO-DiPhTz-NT.  

 

Figure 4.18 HPLC profile of a) purified 18F-sTCO-DiolTz-NT. b) 19F-sTCO-DiolTz-NT. c) crude of 18F-

sTCO ligation with DiolTz-NT. d) Mass spectrum of purified 19F-sTCO-DiolTz-NT 

 

Figure 4.19 Representative PET/CT images of H1299 tumor bearing mice at a) 1h and b) 4h post 

injection of 18F-sTCO-DiolTz-NT. c) Quantitative uptake of the major organs determined from the PET 

images. Tumor regions are highlighted in orange circle 
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 The constructed 18F-sTCO-DiolTz-NT was subjected to static PET scan in H1299 tumor 

models. As can be seen in Fig 28, it showed clear tumor uptake at 1 and 4h post injection with 

uptakes of 1.9 ± 0.0 %ID/g and 1.4 ± 0.2 %ID/g, respectively. The tumor to muscle ratio was 7.9 

± 2.5 and 7.9 ± 0.8 at 1 and 4h post injection. These data were consistent with the previous 

results obtained from RGDyK and demonstrated that TTCO ligation can be used to construct 

various small molecular peptide based PET probes.  

4.3.3 18F-sTCO-MePhTz-NT 

 

Scheme 4.8 Synthesis scheme of 18F-sTCO-MePhTz-NT 

 Despite of DiolTz, another hydrophilic tetrazine analogue MePhTz was engineered on 

NT20.3 for TTCO ligation test and the constructed PET probe was subjected to PET imaging. 

The MePhTz-NT was synthesized in a similar pattern to MePhTz-RGDyK. The UV peak at 

14.3min on the HPLC showed the correct m/z: [M+2H]2+ calcd C90H150N20O25 for 956.15; found 

956.00 (Fig 4.20).  

 The 18F-sTCO-MePhTz-NT could be rapidly prepared by mixing the 18F-sTCO with 

MePhTz-NT and incubation at room temperature for 10 seconds. The isolation yield was 51.8 ± 

5.8% and the identity of the collected radio tracer was confirmed by coinjection with the 19F-

sTCO-MePhTz-NT standard. The purified tracer showed over 99% radiochemical purity (Fig 

4.21). The octanol-water partition coefficient of 18F-sTCO with MePhTz-NT was measured and 

the logP value was -0.87 ± 0.09. 
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Figure 4.20 a) HPLC profile of crude reaction between MePhTz-NHS and NT. b) HPLC profile of 

purified MePhTz-NT. c) Mass spectrum of purified MePhTz-NT 

 

Figure 4.21 HPLC profile of a) purified 18F-sTCO-MePhTz-NT. b) 19F-sTCO-MePhTz-NT. c) crude of 
18F-sTCO ligation with MePhTz-NT. d) Mass spectrum of purified 19F-sTCO-MePhTz-NT 
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 We then evaluated the targeting efficiency and pharmacokinetics of 18F-sTCO-MePhTz-

NT in PC3 tumor bearing mice. As can be seen in Fig 4.22, tumors were clearly visualized at 

both time points, indicating a reasonable targeting efficiency in vivo. The tumor uptake was 1.5 

± 0.1 %ID/g and 1.2 ± 0.2 %ID/g at 0.5h and 3.5h post injection, respectively. Relatively low 

background signal was observed with a tumor to muscle ratio of 6.5 ± 1.5 at 0.5h and 6.4 ± 0.5 at 

3.5h post injection. These data further demonstrated that several combinations of TTCO system 

could be utilized to construct PET probes with different pharmacokinetics while maintaining 

reasonable targeting efficiency. 

 

Figure 4.22 Representative PET/CT images of PC3 tumor bearing mice at a) 0.5h and b) 3.5h post 

injection of 18F-sTCO-MePhTz-NT. c) Quantitative uptake of the major organs determined from the PET 

images. Tumor regions are highlighted in orange circle 

4.3.4 18F-dTCO-MePhTz-NT 

 

Scheme 4.9 Synthesis scheme of 18F-dTCO-MePhTz-NT 
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 With the conclusion that the hydrophilic MePhTz can be used in TTCO ligation, we then 

combined it with several newly developed hydrophilic trans-cyclooctenes and applied in NT20.3 

peptide based PET probe construction. 

 The first TCO candidate we choose was 18F-dTCO. 18F-dTCO was successfully ligated to 

MePhTz-NT with 71.3 ± 1.2% isolation yield and the radiochemical purity could reach 99% after 

initial HPLC purification. The identity was confirmed by an independently synthesized 19F 

version of the probe (Fig 4.23). The logP value of 18F-dTCO-MePhTz-NT was -1.59 ± 0.01 

while that of 18F-sTCO-MePhTz-NT was -1.10 ± 0.04, indicating the more hydrophilic TCO 

motif would lead to a more hydrophilic TTCO ligation product.  

 

Figure 4.23 HPLC profile of a) purified 18F-dTCO-MePhTz-NT. b) 19F-dTCO-MePhTz-NT. c) crude of 
18F-dTCO ligation with MePhTz-NT. d) Mass spectrum of purified 19F-dTCO-MePhTz-NT 

 We then evaluated the targeting efficiency and pharmacokinetics of 18F-dTCO-MePhTz-

NT in PC3 tumor bearing mice. As can be seen in Fig 4.24, the tumor uptake was 2.1 ± 0.4 
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%ID/g and 0.9 ± 0.2 %ID/g at 0.5 and 3.5h post injection, respectively. The tumor to muscle 

ratio was 3.8 ± 0.9 at 0.5h and 11.9 ± 4.3 at 3.5h post injection, respectively. 

 

Figure 4.24 Representative PET/CT images of PC3 tumor bearing mice at a) 0.5h and b) 3.5h post 

injection of 18F-dTCO-MePhTz-NT. c) Quantitative uptake of the major organs determined from the PET 

images. Tumor regions are highlighted in orange circle 

4.3.5 18F-oTCO-MePhTz-NT 

 

Scheme 4.10 Synthesis scheme of 18F-oTCO-MePhTz-NT 

 We then introduced trans-5-oxocene (oTCO), which was significantly more hydrophilic 

than both dTCO and sTCO, to the TTCO ligation. The logP value for 18F-oTCO was 0.57 ± 0.02. 

The 18F-oTCO derived probe 18F-oTCO-MePhTz-NT was prepared by mixing 18F-oTCO with 

MePhTz-NT under mild condition and allowed to react for 10 seconds. As shown in Fig 4.25, no 

18F-oTCO was left indicating a complete consumption of it and the isolation yield was 72.0 ± 

3.3%. The radiochemical purity was over 99% after HPLC purification. The logP of 18F-oTCO-
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MePhTz-NT was -2.47 ± 0.05, which was much more hydrophilic than 18F-sTCO-MePhTz-NT 

and 18F-dTCO-MePhTz-NT.  

 

Figure 4.25 HPLC profile of a) purified 18F-oTCO-MePhTz-NT. b) 19F-oTCO-MePhTz-NT. c) crude of 
18F-oTCO ligation with MePhTz-NT. d) Mass spectrum of purified 19F-oTCO-MePhTz-NT 

 This PET probe constructed from a more hydrophilic trans-cyclooctene was also 

evaluated in the same PC3 tumor xenografts. As shown in Fig 4.26, tumor regions could be 

clearly localized with uptake of 1.7 ± 0.1 %ID/g and 1.1 ± 0.1 %ID/g at 0.5h and 3.5h post 

injection. Although there was not much difference in the absolute tumor uptake between this 

more hydrophilic PET probe and the previously reported sTCO and dTCO derived probes, the 

tumor to muscle ratio was significantly improved. The tumor to muscle ratio was 15.8 ± 2.2 at 

0.5h and 16.2 ± 2.3 at 3.5h post injection. Given that the tumor uptake of 18F-oTCO-MePhTz-NT 

was not significantly higher, it could be concluded that the high tumor to background ratio was 

due to the fast clearance rate at non-specific binding regions such as muscle and liver.  
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Figure 4.26 Representative PET/CT images of PC3 tumor bearing mice at a) 0.5h and b) 3.5h post 

injection of 18F-oTCO-MePhTz-NT. c) Quantitative uptake of the major organs determined from the PET 

images. Tumor regions are highlighted in orange circle 

4.3.6 64Cu-dTCO-PEG-DOTA-MePhTz-NT 

 

Scheme 4.11 Synthesis scheme of 64Cu-dTCO-PEG-DOTA-MePhTz-NT 

 As we mentioned in the previous chapter, the TTCO ligation could be used not only in 

construction of 18F labeled biomolecules but also in attaching radiometals and held potential for 

synthesis of therapeutic radio pharmaceuticals. So here we used the 64Cu labeled dTCO-PEG-

DOTA and applied it radiolabel biomolecule MePhTz-NT and evaluated its biodistribution.  

 As shown in Fig 4.27, 64Cu-dTCO-PEG-DOTA could be successfully conjugated to 

MePhTz-NT through TTCO ligation and the isolation yield was 58.0 ± 1.7%. The tracer was 
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obtained at 99% radiochemical purity after initial purification and the identity was confirmed by 

comparing the retention time with dTCO-PEG-DOTA-MePhTz-NT. 

 

Figure 4.27 HPLC profile of a) purified 64Cu-dTCO-PEG-DOTA-MePhTz-NT. b) dTCO-PEG-DOTA-

MePhTz-NT. c) crude of 64Cu-dTCO-PEG-DOTA ligation with MePhTz-NT. d) Mass spectrum of purified 

dTCO-PEG-DOTA-MePhTz-NT 

 The PET images of PC3 tumor bearing mice after intravenously injected with 64Cu-

dTCO-PEG-DOTA-MePhTz-NT were shown in Fig 4.28. Tumor was still clearly visualized at 

both time points with uptake of 0.9 ± 0.1 %ID/g and 0.9 ± 0.1 %ID/g at 1 and 4h post injection, 

respectively. Although this tracer showed decent tumor to background contrast, the absolute 

tumor uptake was not high enough for therapeutic applications. Thus, future works will be 

focused on increasing the tumor uptake of this TTCO ligation constructed radiometal PET tracer. 
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Figure 4.28 Representative PET/CT images of PC3 tumor bearing mice at a) 1h and b) 4h post injection 

of 64Cu-dTCO-PEG-DOTA-MePhTz-NT. c) Quantitative uptake of the major organs determined from the 

PET images. Tumor regions are highlighted in orange circle 

4.3.7 Effect of TTCO system on Binding Affinity of the PET Probes 

 Although reasonable targeting efficiency has been observed in several PET probes, the 

binding affinity of the TTCO ligation constructed PET probes still needs to be evaluated as the 

tumor uptake could be affected by many factors. Since we have synthesized several NT20.3 

conjugates with different combination of tetrazines and trans-cyclooctenes, we took them as an 

example and compared their binding affinity with the unmodified NT20.3 peptide. 

 As shown in Fig 4.29, PET probes with different tetrazine moieties were evaluated. 19F-

sTCO-MePhTz-NT, 19F-sTCO-DiPhTz-NT and 19F-sTCO-DiolTz-NT inhibited the binding of 

125I-NT (20.3) to H1299 cells in a dose-dependent manner. The IC50 value of 19F-sTCO-

MePhTz-NT, 19F-sTCO-DiPhTz-NT, 19F-sTCO-DiolTz-NT and parent peptide NT20.3 was 62.3 

± 3.4 nM, 73.0 ± 1.5 nM, 78.6 ± 1.7 nM and 16.7 ± 2.1 nM, respectively. This result 

demonstrated that the TTCO ligation slightly compromised the binding affinity to NTSR1 but 

the binding affinity between the modified compounds did not share much difference. 
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Figure 4.29 Competitive cell binding assays of 19F-sTCO-MePhTz-NT, 19F-sTCO-DiPhTz-NT, 19F-sTCO-

DiolTz-NT and original NT20.3 peptide 

 Additionally, the NTSR1 binding affinities of PET probes with different TCO motifs 

were tested in NTR1 positive prostate cancer cell PC3 and the results were shown in Fig 4.30. 

19F-sTCO-MePhTz-NT, 19F-dTCO-MePhTz-NT and 19F-oTCO-MePhTz-NT showed 

comparable binding affinity with the unmodified NT20.3 peptide. The IC50 value for 19F-sTCO-

MePhTz-NT, 19F-dTCO-MePhTz-NT, 19F-oTCO-MePhTz-NT and parent NT20.3 was 20.5 ± 

14.1 nM, 15.4 ± 3.4 nM, 31.6 ± 7.1 nM and 16.2 ± 2.7 nM, respectively. 

 These data demonstrated that neither the tetrazine nor the TCO moiety would 

affect the binding affinity of the parent biomolecules and further supported the hypothesis 

that TTCO ligation could be served as a platform for high specific biomolecular based PET 

probe construction 
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Figure 4.30 Competitive cell binding assays of 19F-sTCO-MePhTz-NT, 19F-dTCO-MePhTz-NT, 19F-

oTCO-MePhTz-NT and original NT20.3 peptide 

4.4 Radiolabeled PSMA Ligand for Prostate Cancer Imaging 

 Additionally, we also include a prostate specific membrane antigen (PSMA) ligand, Glu-

urea-Lys, as an example to test in the TTCO ligation system. Prostate cancer is currently the 

most common cancer in male at Europe and the United States. Over 161 thousand newly 

reported prostate cancer occurred in US during 2017, which accounted for 19% of the new 

cancer cases nationwide (30). The current standard procedure for early diagnosis of prostate 

cancer includes digital rectal exam, blood test of prostate specific antigen (PSA) and biopsy (31). 

However, the digital rectal exam is only sensitive to advanced stage of prostate cancer and 

biopsy suffers from heterogeneity of tumors (32,33). The PSA test result may be misleading 

since it can be affected by benign prostatic hypertrophy (BPH) (34,35). PSMA is a 

transmembrane protein that is highly overexpressed on massive types of prostate tumor models 

(36-38). Additionally, enhanced expression is particularly found in poorly differentiated, 
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metastatic and hormone-refractory carcinomas making it ideal target for prostate cancer imaging 

(37,39). Although some radiolabeled anti-PSMA antibodies has be approved by FDA, they only 

target the intracellular epitope of PSMA and cannot access into viable tumor cells, which limited 

their performance (40). On the contrary, the Glu-urea-Lys based small molecule PSMA inhibitor 

binds to the extracellular domain of PSMA and can be internalized and endosomally recycled, 

which lead to increased tumor uptake (41-43). Several PET tracers were established based on 

this ligand including 18F-DCFPyL, 68Ga-PSMA-11 and 68Ga-PSMA-617 etc (44-46). So here we 

utilize this ligand as another representative small biomolecule to test our TTCO radiolabeling 

system. 

4.4.1 18F-oTCO-MePhTz-PSMA 

 

Scheme 4.12 Synthesis scheme of 18F-oTCO-MePhTz-PSMA 

 As shown in Fig 4.31, the side chain of lysine in the PSMA ligand was modified with 

MePhTz via amide bond. The UV peak at 12.4min showed the correct m/z: [M+H]2+ calcd 

C50H83N8O21 for 1132.24; found 1131.90. Similar to other peptides, PSMA ligand was also 

successfully radio fluorinated through TTCO ligation and the 18F-oTCO labeling yield was 46.7 

± 1.4%. The identity of the tracer was confirmed by comparing with the 19F standard and the 

radiochemical purity was over 99% (Fig 4.32). 
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Figure 4.31 a) HPLC profile of crude reaction between MePhTz-NHS and PSMA. b) HPLC profile of 

purified MePhTz-PSMA. c) Mass spectrum of purified MePhTz-PSMA 

 

Figure 4.32 HPLC profile of a) purified 18F-oTCO-MePhTz-PSMA. b) 19F-oTCO-MePhTz-PSMA. c) 

crude of 18F-oTCO ligation with MePhTz-PSMA. d) Mass spectrum of purified 19F-oTCO-MePhTz-PSMA 
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 The constructed 18F-oTCO-MePhTz-PSMA was intravenously injected into PSMA 

positive LnCaP tumor bearing mice for static PET scan. As can be seen in Fig 4.33, the tumor 

was clearly spotted at 1h post injection with reasonable tumor to background contrast. The tumor 

uptake was 0.9 ± 0.2 %ID/g at 1h post injection. However, the tracer was rapidly cleared out 

through renal metabolic pathways and the tumor uptake was only 0.3 ± 0.1 %ID/g at 4h post 

injection. The fast clearance rate was consistent to the previously discussed probes constructed 

through MePhTz-oTCO ligation. Additionally, the small molecular weight PSMA ligand its self 

also has relatively short in vivo half-life and may contribute to the fast clearance from the tumor 

site. Nevertheless, these results demonstrated that small biomolecules could be efficiently 

constructed into PET probes with good contrast using our TTCO ligation method. 

 

Figure 4.33 Representative PET/CT images of LnCaP tumor bearing mice at a) 1h and b) 4h post 

injection of 18F-oTCO-MePhTz-PSMA. c) Quantitative uptake of the major organs determined from the 

PET images. Tumor regions are highlighted in orange circle 
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4.4.2 18F-sTCO-DiPhTz-PSMA 

 

Scheme 4.13 Synthesis scheme of 18F-sTCO-DiPhTz-PSMA 

 Although the 18F-oTCO-MePhTz-PSMA showed reasonable tumor to background 

contrast, the absolute tumor uptake was much lower than other 18F labeled PSMA ligand. Given 

that the PSMA ligand could also be used as therapeutic agents, we further applied the sTCO-

DiPhTz ligation to it aiming to increase the tumor uptake. The DiPhTz-PSMA was synthesized 

under the protocol similar to DiPhTz-RGDyK and DiPhTz-NT. A correct LC-MS result was 

found for UV peak at 16.9min. m/z: [M+H]2+ calcd C55H85N8O22 for 1210.31; found 1210.11 

(Fig 4.34). 
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Figure 4.34 a) HPLC profile of crude reaction between DiPhTz-NHS and PSMA. b) HPLC profile of 

purified DiPhTz-PSMA. c) Mass spectrum of purified DiPhTz-PSMA 

 DiPhTz-PSMA was readily labeled with 18F-sTCO in a few seconds under mild 

condition. The isolation yield was 53.5 ± 6.7% decay corrected and the radiochemical purity was 

99% after initial HPLC purification. The identity was confirmed by coinjection with the 

corresponding 19F standard (Fig 4.35). We then tested the in vivo behavior of the 18F-sTCO-

DiPhTz-PSMA in LnCaP tumor xenografts. As shown in Fig 4.36, the tumor uptake was 3.3 ± 

0.6 %ID/g at 1h post injection and maintained at 3.2 ± 0.7 %ID/g at 4h post injection. Although 

this uptake was significantly higher than that of using oTCO-MePhTz labeled tracer, it is still 

slightly lower than the widely used 18F labeled PSMA inhibitor 18F-DCFPyL (47). So future 

work will be focused on increasing the tumor uptake of the TTCO ligated PSMA inhibitor for 

theranostic applications. 
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Figure 4.35 HPLC profile of a) purified 18F-sTCO-DiPhTz-PSMA. b) 19F-sTCO-DiPhTz-PSMA. c) crude 

of 18F-sTCO ligation with DiPhTz-PSMA. d) Mass spectrum of purified 19F-sTCO-DiPhTz-PSMA 

 

Figure 4.36 Representative PET/CT images of LnCaP tumor bearing mice at a) 1h and b) 4h post 

injection of 18F-sTCO-DiPhTz-PSMA. c) Quantitative uptake of the major organs determined from the 

PET images. Tumor regions are highlighted in orange circle 
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4.5 Other Radiolabeled Peptides for PET Imaging 

4.5.1 18F-sTCO-DiPhTz-Exendin 

 

Scheme 4.14 Synthesis scheme of 18F-sTCO-DiPhTz-Exendin 

 Additionally, 18F-sTCO-DiPhTz-Exendin was designed as another candidate to validate 

the feasibility for peptide based PET probe construction via TTCO ligation. Exendin peptide 

tends to target the glucagon-like peptide 1 receptor (GLP-1R), which is mainly expressed in β-

cells and commonly used as target for insulinoma imaging (48,49). The DiPhTz-Exendin was 

synthesized by converting the DiPhTz-NHS to DiPhTz-maleimide and conjugating with the 

Exendin peptide via thiol-maleimide bond. The HPLC profile of the reaction crude and purified 

DiPhTz-Exendin was shown in Fig 4.37 and was confirmed by MALDI-TOF.  
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Figure 4.37 a) HPLC profile of crude reaction between DiPhTz-NHS and Exendin. b) HPLC profile of 

purified DiPhTz-Exendin. c) Mass spectrum of purified DiPhTz-Exendin 

 The DiPhTz-Exendin was radiolabeled with 18F-sTCO under the same protocol as 

previously discussed at 40.1 ± 1.1 % isolation yield and 99% radiochemical purity after 

purification (Fig 4.38). The following small animal PET study was conducted in INS1 tumor 

xenografts and the images were shown in Fig 4.39. In this case the tumor uptake increased from 

8.2 ± 2.9 %ID/g at 1h post injection to 11.4 ± 4.7 %ID/g at 4h post injection. This was consistent 

to what we observed in the RGDyK and NT probes, which further proved that TTCO ligation 

system could be used to radiolabel different types of peptide. 
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Figure 4.38 HPLC profile of a) purified 18F-sTCO-DiPhTz-Exendin. b) 19F-sTCO-DiPhTz-Exendin4. c) 

crude of 18F-sTCO ligation with DiPhTz-Exendin. d) Mass spectrum of purified 19F-sTCO-DiPhTz-

Exendin 

 

Figure 4.39 Representative PET/CT images of INS1 tumor bearing mice at a) 1h and b) 4h post injection 

of 18F-sTCO-DiPhTz-Exendin. c) Quantitative uptake of the major organs determined from the PET 

images. Tumor regions are highlighted in orange circle 
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4.5.2 18F-sTCO-DiPhTz-BBN 

 

Scheme 4.15 Synthesis scheme of 18F-sTCO-DiPhTz-BBN 

 We also designed a bombesin based 18F-sTCO-DiPhTz-BBN probe and evaluated the in 

vivo behavior. Bombesin has a short in vivo half-life and is quickly proteolytically degraded in 

less than 30min (50). The DiPhTz-BBN was synthesized via amide bond between DiPhTz-NHS 

and BBN and the identity was confirmed by LC-MS m/z: [M+H+K]2+ calcd C92H140N19O25SK 

for 991.64; found 991.48 (Fig 4.40). 

 

Figure 4.40 a) HPLC profile of crude reaction between DiPhTz-NHS and BBN. b) HPLC profile of 

purified DiPhTz-BBN. c) Mass spectrum of purified DiPhTz-BBN 
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Figure 4.41 HPLC profile of a) purified 18F-sTCO-DiPhTz-BBN. b) 19F-sTCO-DiPhTz-BBN. c) crude of 
18F-sTCO ligation with DiPhTz-BBN. d) Mass spectrum of purified 19F-sTCO-DiPhTz-BBN 

 The prepared DiPhTz-BBN was subjected to 18F-sTCO labeling and the isolation yield 

was 46.2 ± 3.9% and the radiochemical purity after HPLC purification was over 99%. The 

identity of the radiolabeled compound was confirmed by comparing the retention time with the 

corresponding 19F version (Fig 4.41). 

 18F-sTCO-DiPhTz-BBN was tested in prostate cancer model PC3 xenografts and the PET 

images were shown in Fig 4.42. The tumor uptake decreased from 3.2 ± 0.8 %ID/g at 1h post 

injection to 2.2 ± 0.3 %ID/g at 4h post injection.  

All the above results proved that the TTCO system provided a promising platform 

for peptide based biomolecule radiolabeling and PET probe construction. Several peptide 

candidates were screened and the PET probes demonstrated reasonable targeting 

efficiency. 
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Figure 4.42 Representative PET/CT images of PC3 tumor bearing mice at a) 1h and b) 4h post injection 

of 18F-sTCO-DiPhTz-BBN. c) Quantitative uptake of the major organs determined from the PET images. 

Tumor regions are highlighted in orange circle 

4.6 Radiolabeled HER2 Protein Ligands for HER2 Targeted Imaging 

 In addition to the peptide based biomolecules, we also utilize the TTCO ligation to 

radiolabel large biomolecules such as proteins. The protein we used was a human epidermal 

growth factor receptor 2 (HER2) ligand which was generated by Dr. Rihe Liu’s group in School 

of Pharmacy, University of North Carolina at Chapel Hill. HER2 receptor belongs to the ErbBs 

family and is a transmembrane receptor that activates intracellular signaling pathways in 

response to extracellular signals (51,52). This receptor plays a key role in cell development, 

proliferation and differentiation via two main signaling pathways (MAPK and PI3k) (53,54). The 

overexpression of this receptor on the cell surface was reported in several cancers including lung, 

gastric, ovarian, prostate and breast cancer and is always associated with poor prognosis and 

short survival (55,56). Since this receptor participates in the proliferation and migration of the 

cancer cells, it has been reported that monoclonal antibodies (mAbs) that specifically bind to 

HER2 receptor and inhibit its binding with natural ligand EGF could significantly improve 

patient survival in breast cancer (57,58). However, as only 15 to 30% of breast cancer patients 

are HER2 positive, the assessment of receptor expression is critical for patient selection and 
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tumor recurrence monitor (59,60). The standard procedure to evaluate HER2 expression level in 

clinic is biopsy, which suffers from the heterogeneous bias and discordance between primary and 

metastatic sites (61-63). To address these issues, PET imaging provides an alternative approach 

to determine the HER2 expression on the whole picture non-invasively. Several anti-HER2 

mAbs such as trastuzumab and pertuzumab have been developed into PET tracers by 

radiolabeling with 89Zr, 64Cu or 111In (64-67). Although they showed desired imaging properties, 

the low tumor penetration, slow clearance and high radiation exposure were still concerns before 

applying to further clinical applications. So we aim to use a HER2 targeting protein (~12.5 kDa) 

and construct it into PET tracer using our TTCO radiolabeling platform.  

4.6.118F-oTCO-MePhTz-HER2 

 We used the HER2 targeting ligand with 12.5 kDa molecular weight, which was kindly 

provided by our collaborator Dr. Rihe Liu from School of Pharmacy, UNC. The MePhTz was 

conjugated to HER2 proteins by reacting with amine groups on the proteins and purified by size 

exclusive PD-10 column. As shown in Fig 4.43, tetrazine’s red color was observed in the 3-4mL 

elution fraction from the PD-10 column, in which the proteins were eluted off according to the 

manufacture’s manual. This suggested that the tetrazine was successfully conjugated to the Her2 

protein. Different reaction ratio between tetrazine and HER2 protein was also explored (protein 

to tetrazine ratio of 1:5, 1:10 and 1:20). Although higher reaction ratio will lead to better labeling 

yield in the following step, the protein binding affinity will be affected by over modification. 
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Figure 4.43 Picture of PD-10 elutions during purification of MePhTz modified HER2 protein 

 The MePhTz-HER2 could also be successfully radio fluorinated with 18F-oTCO through 

TTCO ligation. The isolation yield increased with respect to the reaction ratio between tetrazine 

and HER2 proteins, which may be the result of more tetrazines were attached per protein 

molecule when using higher reaction ratio. The isolation yield was 3.6 ± 1.4% for 5:1 tetrazine to 

protein ratio samples, 7.7 ± 1.5 for 10:1 tetrazine to protein ratio samples and 11.7 ± 1.1 for 20:1 

tetrazine to protein ratio samples.  

 In order to minimize the affection of tetrazine to HER2 protein, we used the 5:1 tetrazine 

to protein ratio samples to evaluate in HER2 positive breast cancer tumor xenografts SKOV3. As 

shown in Fig 4.44, The tumor was clearly visualized at both time points with uptake of 4.8 ± 1.0 

%ID/g and 4.1 ± 0.8 %ID/g at 1 and 4h post injection, respectively. While the tumor uptake 

remained stable over 4h, the uptake of other major organs such as liver and kidney decreased 

significantly leading to an enhanced tumor to background ratio. These results proved that the 

TTCO ligation could be applied to radiolabel large biomolecules such as proteins with 18F 

and the constructed PET tracer retained good target binding capability. 
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Figure 4.44 Representative PET/CT images of SKOV3 tumor bearing mice at a) 1h and b) 4h post 

injection of 18F-oTCO-MePhTz-HER2. c) Quantitative uptake of the major organs determined from the 

PET images. Tumor regions are highlighted in orange circle 

4.7 Effect of TTCO System on Pharmacokinetic of PET Probes 

 As we can see from the previous results, different combinations of tetrazine and 

trans-cyclooctene derived PET probes showed significantly different biodistributions. In 

general, more hydrophilic TTCO system resulted in less background signal and better 

tumor to background contrast. Taking the NT20.3 based PET probes as examples, we 

calculated the tumor to muscle uptake ratio of three PET probes with the same trans-cyclooctene 

but different tetrazine moiety. As shown in Table 4.1, the tumor to muscle ratio was significantly 

improved when more hydrophilic 18F-sTCO-MePhTz and 18F-sTCO-DiolTz systems were used. 

The hydrophilicity was determined by measuring the octanol-water partition coefficient of each 

tracer. 
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Table 4.1 Tumor to muscle uptake ratio of 18F-sTCO with different NT-tetrazine derivatives in H1299 

xenografts at 1 and 4h post injection 

Tumor/Muscle 1h post injection 4h post injection logP 

18F-sTCO-MePhTz-NT 6.1 ± 1.0 6.4 ± 0.4 -0.9 ± 0.1 

18F-sTCO-DiolTz-NT 7.9 ± 2.5 7.9 ± 0.8 -1.0 ± 0.1 

18F-sTCO-DiPhTz-NT 1.6 ± 0.4 2.9 ± 0.1 -0.7 ± 0.0 

  

Similar phenomenon was observed when more hydrophilic trans-cyclooctene motifs 

were chosen while using the same tetrazine. Table 4.2 showed the tumor to muscle ratio and the 

partition coefficient of three MePhTz-NT based PET tracers. The most hydrophilic 18F-oTCO 

derived PET probe showed the highest tumor to muscle ratio at both time points. Although 18F-

dTCO-MePhTz-NT gave lower ratio compared with 18F-sTCO-MePhTz-NT at the first time 

point, the ratio significantly increased at 4h post injection. Given that the tumor uptake of 18F-

oTCO-MePhTz-NT was not the highest among the three compounds, it can be concluded that the 

high tumor to background ratio is due to low uptake in the muscle. These results proved that the 

more hydrophilic TTCO system derived PET probe showed improved tumor to background 

contrast. In general, although the TTCO ligation could be used to construct biomolecular 

based PET probes with reasonable targeting efficiency, various factors may impact the 

pharmacokinetic of the PET probes, which need to be tested in vivo. 

Table 4.2 Tumor to muscle uptake ratio of MePhTzNT with different TCO derivatives in PC3 xenografts 

at 1 and 4h post injection 

Tumor/Muscle 1h post injection 4h post injection logP 

18F-sTCO-MePhTz-NT 6.5 ± 1.5 6.4 ± 0.5 -0.9 ± 0.1 

18F-dTCO-MePhTz-NT 3.8 ± 0.9 11.9 ± 4.3 -1.6 ± 0.0 

18F-oTCO-MePhTz-NT 15.8 ± 2.2 16.2 ± 2.3 -2.5 ± 0.1 
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Another interesting finding we would like to point out is that sTCO-DiPhTz system 

derived PET probes showed enhanced blood circulation time. As demonstrated in RGDyK, 

NT and Exendin derived probes, the DiPhTz-sTCO system leads to conjugates with improved 

blood circulation leading to higher levels of tumor uptake at late time point. We then investigated 

whether this phenomenon was mainly caused by the tetrazine or the trans-cyclooctene moiety. 

When switching the sTCO to other trans-cyclooctene agents such as TCO and dTCO in the 

sTCO-DiPhTz-RGDyK system, similar result with long lasting blood pool signal and increased 

tumor uptake was observed. These data demonstrated that the TCO motif might only have minor 

impact on the enhanced blood circulation time effect and some modifications were allowed to 

maintain the long lasting in vivo half-life of the constructed PET probes. On the contrary, blood 

pool signal was reduced significantly when DiPhTz was exchanged with either MePhTz or 

DiolTz in the sTCO-DiPhTz system. Although the tumor could still be localized in both 

scenarios, the tumor uptake decreased as time passed. This difference from the DiPhTz-sTCO 

system constructed probes proved that the structure of the tetrazine may play the key role in the 

blood circulation enhancement phenomenon.  

 However, it is also noteworthy to point out that the improved blood circulation time not 

always lead to stable or increased tumor uptake. The uptake can be affected by various factors 

such as target affinity, dissociation rates, clearance rates and stability etc. The 18F-sTCO-

DiPhTz-BBN showed decreased tumor uptake even when the blood pool signal was high. Since 

bombesin has a short in vivo half-life and is proteolytically degraded in less than 30min (50). 

The signal in the blood pool might come from the intact 18F-sTCO-DiPhTz moiety while the 

targeting moiety already got degraded. 
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 To have a better understanding of enhanced blood circulation of the sTCO-DiPhTz 

system, we injected tracer 18F-sTCO-DiPhTz into normal mice and collected the blood at 1h post 

injection. After separation of the blood cells and plasma, 95.3% of the radio activity was left in 

the plasma, indicating the tracer may bind to proteins in the plasma. The plasma was then 

subjected to electrophoresis and autoradiography. As shown in Figure 4.45, the autoradiography 

revealed the presence of 18F-sTCO-DiPhTz binding proteins as radioactive band (instead of 

monomeric 18F-sTCO-DiPhTz) which coincided with the protein band visualized by Coomassie 

blue staining. Due to the abundance of proteins in mouse plasma, the radioactive band was 

identified as a mixture of hemopexin and transferrin by MALDI-TOF/TOF. In order to further 

confirm the identity of the binding protein, we incubated 18F-sTCO-DiPhTz with pure 

hemopexin and transferrin individually followed by electrophoresis and autoradiography. As 

shown in Figure 4.46, 18F-sTCO-DiPhTz binding can be seen on both proteins, whereas 

hemopexin showed stronger radioactive signal than transferrin. This suggested that the sTCO-

DiPhTz system may bind to plasma proteins like hemopexin and transferrin, thus prolonged its 

circulation time in blood. 
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Figure 4.45 Electropherogram and autoradiography of 18F-sTCO-DiPhTz in mouse plasma. 
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Figure 4.46 Electropherogram and autoradiography of 18F-sTCO-DiPhTz in hemopexin and transferrin. 

4.8 Conclusion 

 In this chapter, we have demonstrated that the TTCO ligation could be successfully 

applied to radiofluorinate biomolecules with different molecular weights for PET probe 

construction. All candidates were labeled with reasonable isolation yield and high purity after 

purification. The constructed PET probes showed reasonable tumor targeting efficiency with 

different biodistribution patterns. The DiPhTz-sTCO system showed long lasting blood 

circulation time while the more hydrophilic tetrazine and trans-cyclooctene systems showed 

higher tumor to background contrast. In summary, TTCO ligation is a versatile radiolabeling 

method to construct PET probes based on both small and large biomolecules. However, it is 
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worthwhile to point out that this labeling method is still far from clinical use. More systematic 

evaluation on the stability, toxicity, pharmacokinetic and dosimetry in primates etc. are 

necessary before clinical trial. Additionally, the synthesis procedure needs to be optimized and 

adapted to integrated modules. 

4.9 Materials and Methods 

4.9.1 General 

All chemicals were procured through commercially available sources and used without 

further purification. All trans-cyclooctene and tetrazine-NHS ester derivatives were kindly 

provided by Dr. Joseph M. Fox from University of Delaware and the HER2 ligand was provided 

by Dr. Rihe Liu from School of Pharmacy at University of North Carolina at Chapel Hill. 

RGDyK and NT20.3 peptide was purchased from C.S.Bio (CA, USA). PSMA ligand Glu-urea-

Lys was obtained from FutureChem (Seoul, Korea). Analytical RP-HPLC was equipped with a 

Kinetex 5μ C18 column (250 x 4.6mm), a SPD-M30A photodiode array detector (Shimadzu) and 

model 105S single-channel radiation detector (Carroll & Ramsey Associates). The flow rate was 

1 mL/min for radio-HPLC analysis while the mobile phase was 0.1% TFA in water for solvent A 

and 0.1% TFA in acetonitrile for solvent B. The mobile phase was kept at 95% solvent A and 5% 

solvent B from 0~2min and ramped to 5% solvent A and 95% solvent B in 20min. Mass 

spectrometry was obtained on Advion Expression CMS mass spectrometer.  

4.9.2 Chemistry and Radiochemistry 

 All peptides and PSMA ligand except Exendin4 were modified with tetrazine derivatives 

under the same protocol. Briefly, peptides or PSMA ligand (1 μmol) was dissolved in 30 μL of 

anhydrous DMSO. Tetrazine-NHS analogues (1.5 eq) were dissolved in another 30 μL of 

anhydrous DMSO and mixed with the peptides or PSMA ligand solution. DIPEA (5 μL) was 
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added to the mixture and stirred for 2h at room temperature. The reaction was quenched with 1 

mL 5% acetic acid and the crude was analyzed and purified by RP-HPLC. For Exendin4 

derivative, DiPhTz-NHS was first converted to DiPhTz-mal. 2 μmol of DiPhTz-NHS was 

dissolved in 30 μL dry DMSO followed by the addition of 3 μmol of N-(2-

Aminoethyl)maleimide in 30 μL of dry DMSO. After adding in 5 μL of DIPEA, the crude was 

incubated at room temperature for 2h and purified using RP-HPLC. DiPhTz-Mal was collected 

and lyophilized for storage. Exendin4 (1 μmol) was dissolved in 50 μL of 1X PBS before adding 

in 1.5 eq DiPhTz-mal in another 50 μL of 1X PBS. The pH was adjusted to neutral and the 

mixture was incubated at room temperature for 1h. The reaction was quenched with 1 mL 5% 

acetic acid and the crude was analyzed and purified using RP-HPLC. The 19F standard of each 

tracer was synthesized by mixing 0.1 μmol of peptide/PSMA ligand-tetrazine analogue and 0.1 

μmol of 19F-TCO derivatives. The mixture was incubated at room temperature for 1min and 

loaded on RP-HPLC for analysis and purification. 

HER2 ligand was conjugated with MePhTz-NHS under a modified protocol. HER2 

ligand (500 μg, 40nmol) was prepared in 1X PBS and adjusted to pH 8.5 using borate buffer. 

MePhTz-NHS (5, 10 or 20 eq) was dissolved in 50 μL Milli-Q water and added to the HER2 

ligand solution. The mixture was incubated at 4oC overnight and purified by size-exclusive PD-

10 column using 1X PBS as elution buffer. The elution fraction containing MePhTz-HER2 was 

collected for further use. 

Radio TTCO ligation was carried out in a similar pattern to the non-radioactive version. 

Briefly, 185 MBq of 18F-TCO analogues or 37 MBq of 64Cu-TCO analogues was mixed with 5 

nmol of peptide/PSMA ligand-tetrazine derivatives and incubated at room temperature for 10 

seconds. The crude was then subjected to radio HPLC purification. The collected fraction 
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containing product was rotary evaporated to remove organic solvent and reconstituted in 1X PBS 

for further use. For HER2 ligand radiolabeling, 185 MBq of 18F-oTCO purified by RP-HPLC 

was rotary evaporated to remove the organic solvent. The pH was adjusted to neutral using 0.1 N 

NaOH and 1X PBS. After mixing with 1 nmol of MePhTz-HER2 for 10 seconds, the crude was 

purified with PD-10 column and the 4th milliliter was collected as product. 

4.9.3 Small Animal PET Imaging 

All animal procedures were performed according to protocol approved by the UNC 

Institutional Animal Care and Use Committee. Generally, tumor bearing mice were anesthetized 

under 2% isoflurane/oxygen and intravenously injected with 3.7 MBq of each PET tracer. At 1 

and 4 h post injection, 10min static emission scans were acquired using small animal PET 

scanner (GE eXplre Vista or SuperArgus). The regions of interest (ROIs) were manually drawn 

and converted to %ID/g based on the assumption of 1g/mL tissue density.  

4.9.4 In Vitro Cell Binding Assay 

 The NTSR1 binding of NT related tracers was evaluated using a competitive binding 

assay according to our previously reported method (68). PC3 or H1299 cells were incubated with 

125I-NT(8-13) and various concentrations (0.001-10000 nM) of 19F version of tetrazine-NT-TCO 

analogues and NT(8-13). After 1h of incubation at 37oC, the cells were washed with PBS for 

three times and lysed with 0.1 N NaOH. The activity on the cells was measured by γ-counter 

(PerkinElmer). Nonlinear regression was performed with GraphPad Prism 6 and the best-fit 

inhibitory concentration (IC50) was calculated. Experiments were performed on triplicate 

samples. 
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4.9.5 Octanol-Water Partition Coefficient 

185 kBq of each 18F tracer was diluted in 500 μL PBS and 500 μL octanol. After vigorous 

mixing for 10min, the mixture was centrifuged (5min, 5000 rpm) to separate the aqueous and 

organic phases. The activity in aliquots of the organic and aqueous layers were measured by γ-

counter (PerkinElmer). 

4.9.6 Statistical Analysis 

Analyzed data were presented as mean ± standard deviation (SD). 
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Chapter 5 EXPLORATION OF PRE-TARGETING CONCEPT USING TTCO 

LIGATION 

 

5.1 Introduction to Pretargeting 

 Due to the extremely high specificity and binding affinity, antibodies can be served as an 

excellent targeting vector in both imaging and therapy. Tons of antibody based 

radiopharmaceuticals have been developed and evaluated in PET imaging and radionuclide 

therapy (1). However, one limitation of antibodies is that the large size and relatively slow 

pharmacokinetic always requires several days or even weeks before reaching the equilibrium and 

optimal biodistribution in vivo. To match with this time period, radioisotopes with half-life that 

are compatible with the biological half-life of the antibodies are needed to construct the 

radiopharmaceuticals (2). For example, 64Cu and 89Zr have been extensively used to radiolabel 

antibodies for PET imaging while 225Ac and 177Lu were chosen for radionuclide therapy (3-5). 

Although this combination may lead to high dose of activity accumulated in targeting tissue, the 

long circulation time and radioactive half-life can also result in high and unnecessary radiation 

exposure to healthy tissues such as bone marrow (6).  

 To address such concerns, one potential method is to modify the antibodies to smaller 

size while maintaining the specificity and binding affinity to the target. The modified antibodies 

should show more rapid pharmacokinetic thus radioisotopes with shorter physical half-life can be 

used and the resulting pharmaceuticals will have favorable dosimetry. A common modification 

strategy is using the truncated antibodies such as F(ab’)2, F(ab’) and scFv fragments (7). 
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However, these antibody fragments either suffer from poor specificity or lose some of the 

binding affinity, which lead to decreased uptake in targeted region and higher background signal.  

 Recently, an alternative strategy gained much attention to solve the discrepancy between 

the slow pharmacokinetic of intact antibody and the desire of reducing the radiation exposure. 

This strategy, named pretargeting, generally involves four steps. Initially, the nonradioactive 

antibody is modified with a specific tag and is systematically administered. The tagged antibody 

is allowed to circulate in the blood and accumulate in the targeting region while slowly clears 

from the bloodstream. Then a small molecular radio tracer that could specifically binds to the tag 

on the antibody is intravenously injected. Finally, the PET image is acquired after a short period 

of time during which the radiotracer binds to the tagged antibody and the excess of unbonded 

tracer rapidly clears from the body. The conflict between slow pharmacokinetic of intact 

antibody and minimizing the radiation to nontargeted tissues is avoided by individually injection 

of targeting antibody and the imaging radiotracer moiety. An ideal pretargeting system has many 

requirements ranging from the biological end to the chemistry end. For example, the target 

should be easy to access (on the cell surface other than inside the cell) and should have clear 

expression level difference between target region and background. The ligand is required to have 

reasonable binding affinity after certain modification and its pharmacokinetic property would 

allow sufficient time period to have it accumulate in the targeted region while the unbound ones 

clear from the bloodstream. Additionally, the ligand should not get internalized after binding to 

the target and should remain accessible. On the chemistry part, the tag on the ligand and the 

small molecular radio tracer should be stable and reactive enough in biological environment and 

at low concentrations. This reaction needs to be bioorthogonal as well. The radio tracer requires 

a favorable pharmacokinetic to clear out fast.  
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 The core of this pretargeting method is the in vivo conjugation between these two 

individually injected motifs. Currently, three approaches have been developed to fulfill the in 

vivo conjugation requirement, including streptavidin-biotin reaction, bispecific antibody that 

could bind both to the target and radioligand, oligonucleotide reaction with its complementary 

sequences (8-10). However, the wide application of these approaches is denied by some intrinsic 

limitations such as the immunogenicity of the streptavidin modified antibodies and the lack of 

modularity of bispecific antibody construction. 

 As discussed in the previous sections, the TTCO ligation has extremely high reaction 

kinetic which is one the most important factor for in vivo reaction. Additionally, it is a 

selective, robust and bioorthogonal reaction which makes it an excellent candidate for 

pretargeting strategy. Previously, several studies reported the feasibility of using TTCO 

ligation in pretargeting of antibodies and have proven successful (11-14). However, most of 

them used 64Cu as the radioisotope. In this chapter, we explore the possibility of using 18F 

labeled TTCO ligation in pretargeting strategy since it has shorter half-life and can exploit 

the dosimetric advantage of pretargeting further.  

5.2 Results and Discussion 

5.2.1 Pretargeting with 18F Trans-cyclooctene and Tetrazine-peptide 

 Since we have demonstrated the targeting efficiency of RGDyK derivatives in U87MG 

tumor model and the short biological half-life of peptide allowed us to finish the pretargeting in 

one day efficiently, we started the exploration of pretargeting with the DiPhTz-RGD-sTCO 

system. As shown in Figure 5.1, we intravenously injected the DiPhTz-RGDyK 1h before the 

administration of 18F-sTCO and acquired the PET images at 1 and 4h post injection of 18F-sTCO. 

Although a tumor uptake of 3.3 ± 0.0 %ID/g at 1h post injection was observed, it is not 
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significantly different from the control group in which only 18F-sTCO was administrated without 

pretargeted DiPhTz-RGDyK. The overall biodistribution of two groups were similar at both time 

points indicating the radio signal was mainly coming from the 18F-sTCO other than ligated 18F-

DiPhTz-RGDyK-sTCO. This result suggested that either the 18F-sTCO did not ligate with the 

DiPhTz-RGDyK in vivo or we failed catch the time window during which the DiPhTz-RGDyK 

was accumulated in the tumor with low concentration in the background. Additionally, although 

the 18F-sTCO showed relatively fast clearance rate from the body, it was not stable in vivo as a 

significant bone uptake was observed at 4h post injection of 18F-sTCO indicating the 

defluorination. Due to the short time window available for peptide to achieve good target to 

background contrast and the instability of 18F-sTCO, the DiPhTz-RGDyK-sTCO system was not 

a suitable combination for pretargeting strategy.  
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Figure 5.1 Representative PET/CT images of U87MG tumor bearing mice at a) 1h and b) 4h post 

injection of 18F-sTCO. c) Quantitative uptake of the major organs determined from the PET images. 

Representative PET/CT images of U87MG tumor bearing mice injected with 18F-sTCO 1h after 

pretargeting of DiPhTz-RGDyK. Images were acquired at d) 1h and e) 4h post injection of 18F-sTCO. f) 

Quantitative uptake of the major organs determined from the PET images. Tumor regions are highlighted 

in orange circle 

5.2.2 Pretargeting with 64Cu Tetrazine and TCO-antibody 

 Since 18F-trans-cyclooctenes was not stable in vivo and failed to serve as the radiolabeled 

small molecule moiety in pretargeting method, we turned to radiolabel the tetrazine and modify 

the biomolecule targeting vector with TCO tags. In the second experiment we chose the antibody 

15D3 as the targeting moiety, which was an anti-P-glycoprotein antibody and can be used to 

select patients with multidrug resistant cancer to certain P-glycoprotein derived therapies. As 

shown in Figure 5.2, the TCO-15D3 was allowed to circulate in the bloodstream for 24h before 
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injection of 64Cu-Tz-PEG-NOTA. Unfortunately, low tumor uptake (1.3%ID/g) was observed in 

the pretargeting group (Fig 5.2d, 5.2e and 5.2f) and the tumor uptake was similar to that in the 

64Cu-Tz-PEG-NOTA only group (1.1 %ID/g). However, one thing needs to be mentioned was 

that the liver uptake was significantly higher in the pretaregeting group. More importantly, 

distinct radio signal could be observed in the blood pool of the pretargeting group whereas little 

was observed in the 64Cu-Tz-PEG-NOTA group. The difference in the biodistribution indicated 

the TTCO ligation occurrence in vivo. The low tumor uptake and distinct blood pool signal 

suggested that the majority of 15D3-TCO was still circulating in the blood at the time of 

injection of 64Cu-Tz-PEG-NOTA.  

 

Figure 5.2 Representative PET/CT images of Fadu tumor bearing mice at a) 1h and b) 4h post injection 

of 64Cu-Tz-PEG-NOTA. c) Quantitative uptake of the major organs determined from the PET images. 

Representative PET/CT images of Fadu tumor bearing mice injected with 64Cu-Tz-PEG-NOTA 24h after 

pretargeting of TCO-15D3. Images were acquired at d) 1h and e) 4h post injection of 64Cu-Tz-PEG-

NOTA. f) Quantitative uptake of the major organs determined from the PET images. Tumor regions are 

highlighted in orange circle 
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5.2.3 Pretargeting with 18F TCO-8Tetrazine and TCO-antibody 

 The above experiment demonstrated that the TTCO ligation could happen in vivo. The 

unfavorable tumor uptake in the pretaregting group was mainly due to the misestimation of the 

pharmacokinetic of the 15D3-TCO. Although there were some encouraging results, the use of 

64Cu labeled small molecule did not match with the ultimate goal of pretargeting. In the 

following experiments, we switched back to 18F labeled small molecule while kept using 

tetrazine functional group in the small molecule and TCO tags on the antibody. We engineered 8 

tetrazines on a polymer core to form an 8-armed tetrazine multimer and served as a linker to 

conjugate the 18F-TCO and 15D3-TCO. As shown in Figure 5.3, 18F-TCO-8Tz conjugate was 

mainly localized in liver and kidney with uptakes of 4.0 %ID/g ± 0.9 %ID/g and 4.6 ± 0.5 %ID/g 

at 1h post injection. The tumor uptake was 2.1 ± 0.2 %ID/g at 1h and 1.4 ± 0.4 %ID/g at 4h post 

injection.  On the contrary, the 18F-TCO-8Tz-TCO-15D3 prepared in vitro showed significantly 

higher liver and kidney uptake (8.5 %ID/g and 8.3 %ID/g at 1h post injection). The 

biodistribution difference between the antibody conjugates and small molecule suggested that the 

engineered 8-armed tetrazine could successfully link the 18F-TCO and 15D3-TCO.  

 After confirmed the reactivity of 8-armed tetrazine, we proceeded to the pretargeting 

method using 15D3-TCO and 18F-TCO-8Tz. As we can see in Figure 5.4, the tumor uptake in the 

pretargeting group was 2.1 ± 0.7 %ID/g and 1.9 ± 0.3 %ID/g at 1 and 4h post injection, 

respectively. There was no significant difference between the pretargeting group and 18F-TCO-

8Tz only group (Fig 5.3a and 5.4) even when the pretargeting time period has been extended to 

48h. As we have demonstrated the feasibility of TTCO ligation occurrence in vivo, the failed 

pretargeting experiment could still be due to the misestimation of the pharmacokinetic of the 

15D3-TCO or the binding of such antibody to the tumor model we used. 
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Figure 5.3 Representative PET/CT images of Fadu tumor bearing mice at a) 1h and b) 4h post injection 

of 18F-TCO-8Tz. c) Quantitative uptake of the major organs determined from the PET images. 

Representative PET/CT images of Fadu tumor bearing mice at a) 1h and b) 4h post injection of 18F-TCO-

8Tz-TCO-15D3. c) Quantitative uptake of the major organs determined from the PET images. Tumor 

regions are highlighted in orange circle 
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Figure 5.4 Representative PET/CT images of Fadu tumor bearing mice injected with 18F-TCO-8Tz 48h 

after pretargeting of TCO-15D3. Images were acquired at a) 1h and b) 4h post injection of 18F-TCO-8Tz. 

c) Quantitative uptake of the major organs determined from the PET images. Tumor regions are 

highlighted in orange circle 

 To address this problem, we intratumorally injected the 15D3-TCO in the right tumor 

10min before systematically administration of 18F-TCO-8Tz. As shown in Figure 5.5, the right 

tumor was clearly visualized at both time points after injection of 18F-TCO-8Tz while the 

unpretargeted left tumor showed little tracer accumulation. Although the uptake in the right 

tumor (4.5 ± 0.5 %ID/g and 3.4 ± 0.3 %ID/g at 1h and 4h post injection, respectively) was lower 

than the typical uptake of antibodies, it was significantly higher than that of left tumor (1.2 ± 0.4 

%ID/g and 0.9 ± 0.2 %ID/g at 1h and 4h post injection, respectively) at both time points 

(P<0.05). This result suggested that the TTCO ligation could be applied in pretargeting strategy 

as long as the radiolabeled small molecule was injected at the right time when the antibodies 

were accumulated in the tumor and cleared out from the background. We would like to point out 

that the 18F-TCO-8Tz showed relatively long circulation time in blood and low clearance rate 

(Fig 5.3a). Thus, an 18F labeled tetrazine with faster clearance rate and reasonable stability would 

be needed for further optimization. 
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Figure 5.5 Representative PET/CT images of Fadu tumor bearing mice injected with 18F-TCO-8Tz 10min 

after intratumorally administration of TCO-15D3 (right tumor). Images were acquired at a) 1h and b) 4h 

post injection of 18F-TCO-8Tz. c) Quantitative uptake of the major organs determined from the PET 

images. Tumor regions are highlighted in orange circle 

5.3 Conclusion 

 In this chapter we demonstrated the feasibility of TTCO ligation in vivo and 

constructed the 18F-TCO-8Tz-TCO-antibody system for pretargeting. An intratumor 

“pretargeting” strategy was applied and the tumor could be successfully visualized if locally 

injected with TCO-antibody. However, the experiment was still unsuccessful when the TCO-

15D3 was systematically injected. Further works would be needed to construct a stable and fast 

cleared 18F labeled tetrazine, explore a suitable antibody and tumor model combination and 

gathering more information on the pharmacokinetic of the TCO tagged antibody. 

5.4 Materials and Methods 

5.4.1 General 

 All commercially available chemicals were purchased and used without further 

purification. All trans-cyclooctene and tetrazine-NHS ester derivatives were kindly provided by 



 120 

Dr. Joseph M. Fox from University of Delaware. Antibody 15D3 and 8Tz were provided by Dr. 

Xin Ming from School of Medicine at Wake Forest University. 

5.4.2 Chemistry and Radiochemistry 

 DiPhTz-RGDyK, 18F-sTCO, 18F-TCO and 64Cu-Tz-PEG-NOTA were synthesized as 

described in the previous chapters. TCO-15D3 was prepared using the similar protocol as 

MePhTz-Her2. Briefly, 15D3 antibody (1mg ~ 5.9nmol) was prepared in 1x PBS and the pH was 

adjusted to 8.5 using borate buffer. TCO-NHS (20 eq) was dissolved in 50 μL Milli-Q water and 

added to the 15D3 antibody solution. After overnight incubation at 4oC, the mixture was purified 

by size-exclusive PD-10 column and the elution fraction containing 15D3-TCO was collected in 

PBS. 18F-8Tz-TCO was prepared by mixing 18F-TCO with 8Tz at a molar ratio of 4:1 and 

incubated at room temperature for 10min. 18F-TCO-8Tz-TCO-15D3 was prepared by mixing 18F-

TCO-8Tz with 20 μg of 15D3-TCO and incubated at room temperature for 10min before PD-10 

purification. 

5.4.3 Pretargeted Small Animal PET Imaging 

 All animal procedures were performed according to protocol approved by the UNC 

Institutional Animal Care and Use Committee. For peptide based pretargeting experiment, 2 

groups of U87MG tumor bearing mice were included. The first group of mice were 

intravenously injected with 50 μg of DiPhTz-RGDyK. 2h post injection of DiPhTz-RGDyK, 3.7 

MBq of 18F-sTCO was injected into both groups of animals via tail vein. At 1 and 4h post 

injection of 18F-sTCO, both groups of animals were subjected to 10min static emission PET 

scans. For antibody based pretargeting experiment, 6 groups of Fadu tumor bearing mice were 

included. Group 1 received 300 μg 15D3-TCO intravenously 24h before intravenous injection of 

3.7 MBq of 64Cu-Tz-PEG-NOTA. Group 2 received intravenous injection of 3.7 MBq of 64Cu-
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Tz-PEG-NOTA only. Group 3 and group 4 were injected with 3.7 MBq of 18F-TCO-8Tz and 18F-

TCO-8Tz-TCO-15D3, respectively. Group 5 received 300 μg 15D3-TCO intravenously 48h 

before intravenous injection of 3.7 MBq of 18F-TCO-8Tz while group 6 was intratumorally 

injected with 50 μg of 15D3-TCO 10min before intravenous injection of 3.7 MBq of 18F-TCO-

8Tz. All groups of animals were subjected to 10min static scans at 1 and 4h post injection of the 

radio tracer. The regions of interest (ROIs) were manually drawn and converted to %ID/g based 

on the assumption of 1g/mL tissue density. 

5.4.4 Statistical Analysis 

Analyzed data were presented as mean ± standard deviation (SD). The comparison of 

mean values was performed with Student’s t test and the P value <0.05 was considered to be 

statistically significant. 
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Chapter 6 OTHER PET PROBES CONSTRUCTION PROJECTS 

 Despite of the application of TTCO ligation in biomolecule based PET probes 

construction, I also conducted some other PET probe synthesis projects. These projects are 

summarized in this chapter. 

6.1 18F-NHC-BF3 Adducts as Water Stable Radio-Prosthetic Groups for PET Imaging 

6.1.1 Introduction 

 Due to the intrinsic decay property of 18F, the 18F labeling strategy requires fast and 

effective reactions and preferably to be carried out in the late stages of the synthesis of the final 

tracer. Previously Dr. Perrin etc established a method to rapidly incorporate fluoride ions to 

arylboronic acids or esters and form aryltrifluoroborates with great in vivo stability (1-4). Our 

group was inspired by the remarkable stability of N-hetercyclic carbene (NHC) boron fluoride 

adducts and investigated the possibility of radiofluorination of it and usage as prosthetic groups 

for PET imaging. 

6.1.2 Results and Discussion 

 The radiofluorination of the NHC boron trifluoride adducts was carried out through 18F-

19F isotopic exchange reaction promoted by Lewis acid SnCl4. The 18F labeled compound 

showed unusually high ressitance to hydrolytic fluoride release. The stability was ascribed to its 

zwitterionic nature, with the cationic charge of the imidazolium unit acting as an electrostatic 

anchor for the boron-bound fluoride anions. Modification of the NHC backbone with a 

maleimide functionality provided access to a model peptide conjugates (H-Cys-Phe-OH), which 

showed no evidence of defluorination when being imaged in vivo. 
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Figure 6.1 Graphical abstract of 18F labeling of NHC-BF3 adduct and PET images of the constructed 

PET tracer. Sources: Adapted from Mengzhe et al (5). Reproduced by permission of The Royal Society of 

Chemistry 

6.2 Preparation of 18F-NHC-BF3 Conjugates and Their Applications in PET Imaging 

6.2.1 Introduction 

 Fluorine-18 is preferably to be incorporated into molecular tracers at the last step of the 

overall synthesis process due to its short half- life (110 minutes). Several examples demonstrated 

the feasibility of attaching biomolecules to BF3 or BF2 unit and radiofluorinate the conjugates at 

the final step (4,6,7). Previously we synthesized the 18F-NHC-BF3 prosthetic group and 

successfully radiolabeled a short peptide with great in vivo stability. Here we validated the direct 

labeling of NHC-BF3 pre-functionalized bioactive molecule and tested the in vivo behavior via 

PET imaging. 

6.2.2 Results and Discussion 

The NHC-BF3-maleimide was conjugated to three biomolecules and was successfully 

radiofluorinated via SnCl4 promoted 18F-19F isotope exchange reaction.  The resulting PET 

probes showed excellent in vitro and in vivo stability due to the zwitterionic nature of the NHC-

BF3 moiety. As shown in Fig 6.2, the probe demonstrated prominent tumor uptake with good 

tumor to background contrast. This approach allows the 18F to be introduced at late stage of the 

synthesis and provides broad applications for the radiolabelling of thiol-containing bioactive 

molecules. 



 126 

 

Figure 6.2 Graphical abstract of the synthesis of  18F-NHC-BF3-biomolecule and PET images of the 

constructed PET tracer. Sources: Adapted from Mengzhe et al (8). Published by The Royal Society of 

Chemistry 

6.3 Synthesis and In vivo Stability Studies of 18F-Zwitterionic Phosphonium 

Aryltrifluoroborate/Indomethacin Conjugates 

 

6.3.1 Introduction 

 Inspired by earlier contributions on the use of aryltrifluoroborate prosthetic groups by the 

group of Perrin (1,9,10), we showed that zwitterionic structures which combine the 

trifluoroborate unit with a proximal cationic group possess superior stability which lessens 

deactivation of the probe by fluoride anion release (11). Previously we described the synthesis 

and radiolabeling of phosphonium-trifluoroborates (12). In this study, we investigated their 

conjugation with organic derivatives as a mean to generate disease specific radiotracers. 

6.3.2 Results and Discussion 

 Zwitterionic phosphonium arytrifluoroborate complexes were synthesized with two 

different captor structures. These compounds were conjugated with indomethacin, a nonsteroidal 

anti-inflammatory drug that selectively binds to the cyclooxygenase 2 (COX-2) enzymes (13,14). 

The resulting conjugates were amendable to late stage radiofluorination via simple 18F-19F 

isotope exchange in aqueous solution. This approach afforded PET probes which have been 

tested in vivo in a murine model. One of the key findings of these animal studies was the 
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influence of the captor structure, which largely governed the biodistribution and the stability of 

the probe. 

  

Figure 6.3 Graphical abstract of 18F labeling of zwitterionic phosphonium arytrifluoroborate-

Indomethacin and PET images of the constructed PET tracer. Sources: Adapted from Mengzhe et al (15). 

Reproduced by permission of The Royal Society of Chemistry 

6.4 The efficiency of 18F labelling of a prostate specific membrane antigen ligand via strain-

promoted azide-alkyne reaction: reaction speed versus hydrophilicity 

 

6.4.1 Introduction 

 In the past few decades, bioorthogonal reactions have become a unique tool in diverse 

fields including nuclear medicine (16,17). In particular, azide based metal-free click reactions 

were found to be rapid and clean which has been successfully adapted for 18F radiolabeling. 

Previously our collaborator Dr. Popik’s group reported the synthesis of oxa-dibenzocyclooctynes 

(ODIBOs), which was one the most reactive cyclooctynes for strain promoted azide 

cycloaddition (18). In this study, we performed a side by side comparison between 18F-ODIBO 

and 18F-bicyclo[6.1.0]nonyne (18F-BCN) for PET probe construction. Both the reaction rate and 

probe hydrophilicity were explored for 18F labelling of PSMA ligands. The obtained information 

may provide guidance in selecting appropriate labelling methods for PET probe construction. 

6.4.2 Results and Discussion 

 Both ODIBO and BCN were readily radiolabeled with reasonable yield and conjugated 

with PSMA ligand yielding PET probes. Although both probes demonstrated comparable target 
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binding affinity in vitro, 18F-ODIBO-PSMA failed to provide a reasonable tumor to background 

contrast potentially due to the hydrophobicity of the ODIBO motif. The more hydrophilic BCN 

derived tracer showed much higher tumor uptake and a much higher tumor to background ratio. 

The information obtained here suggested that both reaction speed and hydrophilicity should be 

considered when selecting appropriate labeling methods for PET probe construction. 18F-ODIBO 

might be more suitable for protein labeling which requires a fast reaction rate but may be less 

affected by hydrophobicity of the labeling motif due to the large molecular weight. Nonetheless, 

other factors including the position of modification, the degree of modifica- tion, and the charge 

change could all affect the distribution of the final agents. 



 129 

 

Figure 6.4 Graphical abstract of 18F-BCN-PSMA, 18F-ODIBO-PSMA and corresponding PET images of 

the constructed PET tracer. Sources: Adapted from Mengzhe et al (19). Reproduced by permission of The 

Royal Society of Chemistry 

6.5 Molecular Imaging of P‑glycoprotein in Chemoresistant Tumors Using a Dual-Modality 

PET/Fluorescence Probe 

 

6.5.1 Introduction 

 Drug resistance remains a formidable challenge to cancer therapy. ATP-binding cassette 

(ABC) transporters, notably P- glycoprotein (Pgp), reduce cytotoxic effects of anticancer drugs 

by mediating their efflux from cancer cells, and thus become a majorcause of multidrug 

resistance (MDR) of human cancers (20-22). However, clinical translation of Pgp targeted 

therapeutics has been hindered by lack of patient preselection based on the Pgp presence in 

tumors. Thus, the success of any Pgp targeted therapeutics depends on a companion diagnostic 
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test that can detect tumoral Pgp expression in a patient and determine if favorable outcome will 

come from the specific treatments. In this study, we aimed to construct a dual PET/fluorescence 

probe with an anti-Pgp monoclonal antibody to image tumoral Pgp. 

6.5.2 Results and Discussion 

 A Pgp monoclonal antibody 15D3 was chemically modified with IRDye800 (IR800) and 

DOTA chelator. The specificity of the antibody conjugates DOTA-Pab-IR800 was verified in 

Pgp-expressing 3T3-MDR1 and control 3T3 cells. After radiolabeling with 64Cu, the probe was 

applied in small animal PET imaging of Pgp in a mouse xenograft model of NCI/ADR-Res cells 

and showed reasonable tumor uptake and tumor to background ratio. Fluorescence imaging was 

performed following PET experiments, and it demonstrated excellent tumor accumulation of this 

dual-modality probe in the NCI/ADR-Res tumors. Further, an image-guided surgery was 

successfully performed using the fluorescence modality of the probe, demonstrating potential 

utility of this probe in image-guided surgical removal of Pgp-positive drug resistant tumors in the 

patients. This study clearly demonstrated that the Pgp-targeted antibody probe, 64Cu-DOTA-Pab-

IR800, could provide a promising diagnosis tool for detection of Pgp-expressing tumors in vivo. 
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Figure 6.5 Graphical abstract of 64Cu-DOTA-Pab-IR800 and corresponding PET images. Sources: 

Adapted from Mengzhe et al (23). Reprinted with permission from Mol. pharmaceutics 2017, 14, 10, 3391-

3398. Copyright 2017 American Chemical Society 

6.6 Development of 18F-AlF-NOTA-NT as PET Agents of Neurotensin Receptor‑1 Positive 

Pancreatic Cancer 

 

6.6.1 Introduction 

 The extremely low 5-year survival rate of pancreatic cancer makes it the fourth deadliest 

human cancer in the USA and Europe (24). Several studies have suggested that neurotensin 

receptors (NTSRs) and neurotensin (NT) greatly affect the growth and survival of pancreatic 

ductal adenocarcinoma (PDAC) (25-27). Developing NTSR-targeted PET probes could therefore 

be important for the management of a pancreatic cancer patient by providing key information on 

the NTSR expression profile noninvasively. Despite the initial success on the synthesis of 18F-

labeled NT PET probes, the labeling procedure generally requires lengthy steps including 

azeotropic drying of 18F. Recently, a straightforward 18F labeling approach was developed 

according to the fact that the chelator 1,4,7- triazacyclononane-1,4,7-triacetic acid (NOTA) could 

https://pubs-acs-org.libproxy.lib.unc.edu/action/showCitFormats?doi=10.1021%2Facs.molpharmaceut.7b00420
https://pubs-acs-org.libproxy.lib.unc.edu/action/showCitFormats?doi=10.1021%2Facs.molpharmaceut.7b00420
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form stable chelation complex with aluminum fluoride under certain conditions (28). In this 

study, we reported the development of NTSR1 PET probe using AlF chelating method and 

evaluated in NTSR1 positive tumor models 

6.6.2 Results and Discussion 

 The PET probe could be simply prepared starting from aqueous 18F and purified with 

HPLC. The cell binding test demonstrated that 19F-AlF-NOTA-NT maintained high receptor-

binding affinity to NTSR1. This probe was then further evaluated in NTR1 positive pancreatic 

tumor models (AsPC-1 and PANC-1). Small animal PET studies showed a high contrast between 

tumor and background in both models at 1 and 4 h time points. A blocking experiment was 

performed to demonstrate the receptor specificity. The greatly simplified labeling procedure and 

good imaging property will allow investigators monitoring NTSR1 expression in vivo using 

NTSR PET for either diagnosis application or NTSR1-targeted treatment (theranostic).  
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Figure 6.6 Graphical abstract of 18F-AlF-NOTA-NT synthesis and corresponding PET images. Sources: 

Adapted from Mengzhe et al (29). Reprinted with permission from Mol. Pharmaceutics 2018, 15, 8, 3093-

3100. Copyright 2018 American Chemical Society 

  

https://pubs-acs-org.libproxy.lib.unc.edu/action/showCitFormats?doi=10.1021%2Facs.molpharmaceut.8b00192
https://pubs-acs-org.libproxy.lib.unc.edu/action/showCitFormats?doi=10.1021%2Facs.molpharmaceut.8b00192
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Chapter 7 SUMMARY 

7.1 Summary of Current Work 

 In this work, we developed a TTCO ligation method that enabled fast and efficient 

incorporation of 18F into complex biomolecules, leading to novel PET probes with high 

specific activity. Due to the modest nucleophilicity of fluoride and the low concentration of both 

18F and biomolecule, a labeling method with high reaction rate is needed. We utilize the TTCO 

ligation with extremely fast reaction kinetic to conjugate 18F labeled prosthetic group with 

modified biomolecules. This strategy provides a platform to radiolabel both small and large 

biomolecules with high specific activity and the pharmacokinetic of the constructed PET 

tracer can be controlled by choosing different tetrazine-trans-cyclooctene combinations. 

 For radiolabeled prosthetic groups, we have demonstrated that several types of trans-

cyclooctenes (TCO, sTCO, dTCO and oTCO) can be effectively 18F fluorinated with reasonable 

yield and remain their reactivity towards tetrazine. Additionally, these trans-cyclooctenes and 

some tetrazine derivatives can be modified with chelators and subjected to radiometal labeling. 

The radiometal labeled compounds also retain the reactivity for TTCO ligation.  

For the radiolabeling of biomolecules, we radiolabeled both small molecular weighted 

peptide and relatively large proteins with TTCO ligation. All the PET probes were constructed in 

acceptable yield with reasonable tumor targeting property and showed comparable binding 

affinity with parent biomolecules. The pharmacokinetic of the PET probes varied along with the 

hydrophilicity of the TTCO system.  
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 In the PET imaging studies, we found that the DiPhTz-sTCO system led to an enhanced 

blood circulation time of the PET tracer. This resulted in the longer retention of tracer in the 

targeted region but also higher background signal. Switching the DiPhTz to more hydrophilic 

tetrazines weakened this effect and the constructed PET tracer showed decreased tumor uptake 

but increased tumor to background ratio. The PET tracer with best imaging contrast was obtained 

when a combination of both hydrophilic tetrazine and hydrophilic trans-cyclooctene was used.  

 Additionally, we also demonstrated the feasibility of in vivo TTCO ligation. The 64Cu 

labeled Tz-PEG-NOTA was shown to be conjugated with the pre-injected TCO-15D3 antibody 

in the blood stream. Similarly, 18F-TCO-8Tz also reacted with the intratumorally injected TCO-

15D3 antibody and accumulated in the tumor. Unfortunately, the pretargeting experiment in 

which both TCO engineered antibody and 18F labeled prosthetic group were systematically 

injected was not successful. This might be due to the misestimation of the pharmacokinetic of the 

TCO modified antibody. Nevertheless, the proposed TTCO ligation can be a potential tool for 

pretargeted imaging and therapy application. 

 In order to develop and optimize a fully integrated imaging, monitoring and therapy 

system for image-guided interventions, novel and effective prognostic and therapeutic options 

are essential. Despite the great potential of using 18F labeled protein or antibodies for both 

diagnoses and therapy monitoring purposes, their application has been limited due to the 

challenges to synthesize 18F labeled large biomolecules in adequate yield with high specific 

activity. Our work develops efficient method to overcome this limitation and the success of our 

approach will have significant impact on both imaging and therapy areas. 

 At imaging level, the scope of the our 18F labeling method and pretargeting approach will 

be broad, and will be used widely to construct a series of molecular probes for imaging while 
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maintaining high specific activity for the radioactive label. In this dissertation, this major 

advancement in 18F labeling methodology will lead to the discovery of critical imaging probes 

for diagnosis and treatment monitoring in both basic and clinical research. For therapeutic 

applications, current radioimmunotherapy uses large biomolecules as carriers of radionuclides 

that emit cell-killing radiation. Based on the TTCO ligation, the pretargeted approach developed 

in this dissertation will deliver therapeutic radionuclides with limited radiation exposure towards 

normal organs and can be used in both basic and translational research. 

7.2 Innovation of Current Studies 

 These studies describe significant innovations in the following aspects: 1) The 

development of a novel 18F labeling method based on tetrazine and TCO ligation. Guided by 

calculation and enabled by novel synthetic methodology, it has been possible to achieve 

extremely fast rates (k2>250,000 M-1s-1 at room temperature). This application overcomes the 

existing limitations of introducing 18F labels to biomolecules with high specific activity. 2) Fast 

generation of batches of radiolabeled biomolecules. Biomolecules can be modified with tetrazine 

and preserved as fast labeling kit and ready for radiolabeled TCO ligation to generate batches of 

PET agents. 3) The feasibility to develop novel pre-targeted method based on the TTCO ligation. 

The pretargeted method developed in here can introduce a novel approach to deliver 

radionuclides of imaging/therapy with limited radiation exposure towards normal organs. 

7.3 Future Work 

 As discussed above, the pharmacokinetic of the TCO modified pretargeted antibody 

needs to be further explored to gain better pretargeting efficiency. Additionally, a more stable 

and fast clearing 18F labeled prosthetic group needs to be developed for pretargeting study as the 

current candidates either suffered from defluorination (18F-sTCO) or showed relatively long 
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blood circulation time (18F-TCO-8Tz). As the DiPhTz-sTCO system showed enhanced 

bloodstream retention and even increased target region uptake overtime, it could be served as a 

potential platform for therapeutic radiopharmaceuticals construction. Another interesting 

optimization can be developing module assisted synthesis of PET probes using the TTCO 

ligation. Since the tetrazine modified biomolecules can be preserved as labeling kit while the 

radiolabeling of prosthetic group and TTCO ligation process are quite generous, we can integrate 

these to the automated module to produce PET agents readily. Furthermore, investigations such 

as toxicity, stability and dosimetry need to be performed before translating to more clinical 

related studies.  

 Overall, PET is a developing technique and holds great interest in future clinical use. I 

expect that will be much evolution for the next generation of PET. On the hardware part, PET 

may be fused to other imaging modalities, not only CT but fluorescent or MRI as well. PET 

probes will also be expanded and enable personalized medicine through precision diagnostics. 

Additionally, the application of PET may not limit to oncology but also cardiology and 

neurology etc. These exciting potentials drive me to devote more works to this technique. 


