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ABSTRACT

Positron emission tomography (PET) is a sensitive and quantitative molecular 
imaging method. Nowadays PET is widely used in the clinic, and increasingly 
in drug discovery and development. In pretargeted PET imaging, the targeting 
moiety, such as an antibody or a nanoparticle, is first let to localize and bind 
to its target and any excess is allowed to clear from the body before 
radiolabeling in vivo. The radiolabeling proceeds rapidly at the target site 
when the secondarily administered radiotracer selectively reacts with the 
firstly administered targeting moiety. The lag time between the two injections 
can be from a few hours to several days depending on the clearance rate of the 
targeting moiety. Pretargeting allows for the use of short-lived radionuclides 
in applications where traditionally their use has been hampered by the short 
physical half-life, for example in immunoimaging of monoclonal antibodies 
(mAb). The aim of pretargeting is to decrease the radiation burden of the 
subject and improve image contrast. 

In this work, a low-lipophilicity fluorine-18 labeled tetrazine tracer was 
developed and used for the pretargeting of mesoporous silicon nanoparticles 
(NP) and two mAbs, cetuximab and trastuzumab. The pretargeting was carried 
out utilizing a bioorthogonal reaction called the inverse electron-demand 
Diels-Alder cycloaddition (IEDDA). The surface of the NPs and mAbs was 
modified to have trans-cyclooctene (TCO) moieties that rapidly and selectively 
react with tetrazines upon encounter. The radiolabeling of the aminooxy-
functionalized tetrazine was achieved through 18F-fluoroglycosylation via 
oxime formation. The radiosynthesis was further optimized to omit the HPLC 
purifications that have been typically necessary for 18F-fluoroglycosylation via 
oxime formation in order to produce high molar activity end products. 

In in vitro experiments, the stability of the developed tetrazine radiotracer was 
sufficient for its intended use in in vivo pretargeting, and it rapidly reacted 
with TCO in reaction kinetic measurements. The lipophilicity of the tracer was 
low (logD7.41 ≤ 0), and the tracer showed negligible cell uptake in in vitro cell 
studies. Therefore, fast clearance through urinary elimination was expected, 
and biodistribution studies corroborated this. However, the rapid renal 
clearance was accompanied by slower hepatobiliary elimination. In the 
pretargeting of TCO-NPs, the tracer successfully localized to the nanoparticles 
and clear correlation between the efficiency of the in vivo IEDDA reaction and 
the injected amount of tracer was observed. For both of the pretargeted mAbs, 
the tumor could be clearly visualized in the PET images, and the ex vivo 
biodistribution confirmed that the radioactivity accumulation at the tumor site 
was statistically significantly higher in the pretargeted experiments than in the 
controls for nonspecific uptake. 
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ABBREVIATIONS
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1 INTRODUCTION

Positron emitting radionuclides are used in positron emission tomography 
(PET) to follow biological processes noninvasively. The physical half-lives of 
the most commonly used positron emitters are short (from few minutes to 
hours) which limits their use in long-lasting follow-up studies. However, the 
short half-life also contributes to decrease the radiation burden of the subjects 
as compared to longer-living isotopes. Pretargeting allows the use of short-
lived radionuclides in longitudinal follow-up studies lasting even over days. 
Pretargeting typically involves two steps. First, a targeting moiety, such as a 
biomolecule or nanoparticle, with a suitable functional group is administered. 
The targeting moiety is allowed to find its target (e.g. tumor, cell surface 
receptor). Then a tracer containing a complementary functional group and a 
suitable radioisotope is administered. The tracer reacts with the targeting 
moiety in vivo and its location can be detected with suitable radioactivity 
detectors, such as PET cameras. During the recent years, bioorthogonal 
reactions have shown great promise in pretargeted PET imaging. The term 
bioorthogonal chemistry refers to a chemical reaction that will neither interact 
nor interfere with a biological system when occurring within the system. A 
bioorthogonal reaction must be selective, have very fast reaction kinetics 
particularly at low concentrations, and function in the biological environment, 
such as physiological pH and temperature. The most pre-eminent 
bioorthogonal reaction at the moment is the inverse electron-demand Diels-
Alder cycloaddition (IEDDA) between an electron-deficient tetrazine (Tz) and 
a trans-cyclooctene (TCO). 

In this work, a fluorine-18 labeled Tz tracer was developed and used for the in 
vivo pretargeting of mesoporous silicon nanoparticles (NP) and monoclonal 
antibodies (mAb). The radiosynthesis of the 18F-labeled Tz was achieved by 
using 5-deoxy-5-fluoro-D-ribose as a prosthetic group to radiolabel an 
aminooxy-functionalized Tz precursor. Along the way the oxime formation 
radiolabeling strategy was optimized to omit the high performance liquid 
chromatography (HPLC) purifications. The in vitro properties of the 
developed Tz tracer were tested before moving to in vivo pretargeting 
experiments. The effect of the added carrier on the in vivo IEDDA yield was 
investigated in pretargeted experiments with NPs. The developed 18F-Tz 
successfully localized preinjected NPs confirming that pretargeted imaging 
has excellent potential in nanotheranostic PET imaging. Two mAbs were 
pretargeted in two murine xenograft models. The tumor could be clearly 
visualized in PET images despite the challenging conditions of rapidly 
internalizing target antigen and long-residing unbound mAb in circulation, 
demonstrating the potential of pretargeting in applications with intracellular 
targets.  
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2 REVIEW OF THE LITERATURE 

2.1 PET IMAGING 

2.1.1 POSITRON EMITTERS AND PRINCIPLE OF PET 

Radionuclides that decay by emitting a positron (β+) are called positron 
emitters. The emitted positron interacts with matter, namely collides with an 
electron, and two coincident 511 keV gamma rays are released in opposite 
directions (Figure 1) in an event called positron annihilation. Positron 
emission tomography (PET) utilizes positron annihilation in localizing 
radioactive signal arising from a radiotracer administered to the subject. In a 
PET scanner, the subject is surrounded by a series of scintillation detectors 
that record the coincidence signals. The data is reconstructed to 3D-image and 
when combined to structural imaging modalities such as computer 
tomography (CT) and magnetic resonance imaging (MRI), precise spatial and 
anatomical localization of the radioactive signal can be obtained. PET has high 
spatial resolution (5-6 mm clinical, 2-3 mm preclinical), and is considered 
sensitive and quantitative molecular imaging method (Cherry, 2001). 
Compared to single photon emission computed tomography (SPECT), another 
important molecular imaging technique, PET has higher sensitivity and spatial 
resolution but lacks the option to be used for multiple target imaging in one 
session since PET scanner records only the 511 keV annihilation photons 
(O'Connor and Kemp, 2006, Rudin and Weissleder, 2003). 
 

 

Figure 1 Principle of positron emission tomography. 
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The most common positron emitters used in PET imaging and their properties 
are presented in Table 1. 15O, 13N, 11C, and 18F are nowadays easily accessible 
due to the widespread availability of medical cyclotrons. 64Cu, 89Zr, and 124I are 
also produced with a cyclotron but their production is more challenging which 
is why fewer facilities produce them. Luckily, their longer half-lives enable 
their shipping to remote sites. 68Ga can be also produced with a cyclotron but 
its availability from an easy-to-use 68Ge/68Ga-generator has made it very 
popular radiolabeling nuclide. 

 

Table 1 Properties of the most commonly used positron emitters in PET imaging.

Radionuclide t½ Eβ, max
(MeV)

β+ yield
(%)

Main production
routes

15O 2.04 min 1.73 100
14N(d,n)15O (cyclotron)
15N(p,n)15O (cyclotron)

13N 9.97 min 1.20 100 16O(p,α)13N (cyclotron)
11C 20.4 min 0.96 100 14N(p,α)11C (cyclotron)

68Ga 67.7 min 1.90 89
68Ge/68Ga-generator

68Zn(p,n)68Ga (cyclotron)
18F 109.8 min 0.63 97

18O(p,n)18F (cyclotron)
20Ne(d,α)18F (cyclotron)

64Cu 12.7 h 0.65 18 64Ni(p,n)64Cu (cyclotron)
89Zr 3.3 d 0.90 23 89Y(p,n)89Zr (cyclotron)
124I 4.18 d 2.14 23

124Te(d,2n)124I (cyclotron)
124Te(p,n)124I (cyclotron)

 

Radiometal chemistry with 64Cu, 89Zr, and 68Ga has offered a facile one-step 
radiosynthetic route for the labeling of various compounds (Price and Orvig, 
2014). However, the introduction of the metal-binding ligands needed with 
radiometals may alter the pharmacological profile of the compound of interest. 
Radiometals are usually used with larger entities, such as peptides, antibodies 
and nanoparticles, where the effect of the metal-binding ligand is smaller. 
Although sometimes radiometals chelated to their ligand alter the 
pharmacokinetics of the compound of interest to favorable direction. For 
example, a positive charge of a compound may favor its urinary excretion over 
the hepatobiliary elimination route. 18F and 124I do not require a special ligand 
moiety for the labeling but the effect of their addition on the pharmacology 
and pharmacokinetics of the compound needs to be studied in detail since 
most compounds do not naturally contain them. The abundant natural 
building blocks carbon, oxygen, and nitrogen do not suffer from the same 
problem as fluorine and iodine (Miller et al., 2008). The radiotracer labeled 
with 15O, 13N, and 11C will have exactly the same structure as the unlabeled 
counterpart and behave identically in vivo. The limitation of these natural 
compound radionuclides is the short half-life that prevents multistep 
synthesis and requires on-site production. The advantages of very short half-
life is the possibility to perform multiple PET scans on the same subject during 
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the same day with relatively low radiation burden. Half-life of 18F (109.8 min) 
enables multistep synthesis and transfer of the radiopharmaceutical but also 
keeps the radiation dose low as compared to long-lived positron emitters 
(Jacobson et al., 2015). Long-lived positron emitters are optimal for 
applications that require longer follow-up time, for example monoclonal 
antibodies with slow pharmacokinetics. 

The decay characteristics of a positron emitter affect the PET image quality 
(Cherry, 2001). The lower the energy of the positron particle, the shorter the 
path it travels before annihilation translating to higher spatial resolution of 
the PET image. The challenge with radionuclides that are not pure positron 
emitters is the more complicated image reconstruction, a problem that is 
nowadays mostly resolved with advanced computational methods. Today it is 
possible to acquire good quality PET images with all of positron emitters due 
to the development of advanced computational methods and improved 
gamma detector design. Another issue with the radionuclides that are not pure 
positron emitters is the possible higher radiation burden to the subject due to 
other decay modes than annihilation based gamma emission. 

Molar activity is determined as the radioactivity per moles of labeled 
compound at a certain timepoint (Miller et al., 2008). The molar activity 
depends on the physical properties of the positron emitter and the technique 
used in the production of the radionuclide. The required molar activity 
depends on the experiment and compound of interest. High molar activity 
corresponds to a low mass dose of the radiotracer which is needed for low 
abundance receptor studies and toxic compounds. The highest molar activity 
radiopharmaceuticals are achieved with fluorine-18 and carbon-11, and they 
are used always in the most demanding of the experiments such as 
neuroreceptor studies. On the contrary, most antibody and nanoparticle 
tracers can be used with lower molar activity. 

2.1.2 RADIOTRACER APPLICATIONS FOR PET

PET imaging offers a noninvasive way to study various molecular events in 
vivo. Radiopharmaceuticals are used as diagnostic tools in medicine to 
evaluate the stage of the disease and the response to treatment especially in 
the areas of oncology, cardiology, and neurology. The biodistribution and 
pharmacokinetics of new drug candidates can be also easily studied with PET 
imaging using surrogate markers. All stages of drug development can benefit 
from the use of radiotracers (Matthews et al., 2012). PET imaging is a sensitive 
way to determine the circulation time, accumulation to target and nontarget 
tissues, and the elimination route and rate of the studied compound. High 
molar activity of radiotracers combined with high sensitivity of PET leads to 
the concept of microdosing (Bergström et al., 2003). Typical doses of 
radiotracers are in the order of nanomoles. In such a low concentrations there 
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usually is no pharmacological effect observed and even toxic compounds can 
be administered fairly safely. Entirely new compounds can be also assessed 
safely under tracer conditions. This aids the earlier selection of drug 
candidates possessing promising pharmacokinetics for further studies. 

2.1.3 PRECLINICAL STUDIES FOR PET TRACER DEVELOPMENT AND 
EVALUATION

The pharmaceutical and biological properties of a radiotracer are evaluated 
with various in vitro, ex vivo, and in vivo methods before forwarding them to 
studies in humans. In order to elucidate the stability of the radiotracer in vivo, 
it is incubated in different physiological media, such as plasma and buffer 
solutions, and at a physiologically relevant temperature (37 °C). Stability tests 
are important since signals arising from the radiotracer, its radiometabolites, 
or free detached radiolabel cannot be separated from each other with PET 
imaging. Metabolism assays are performed in vitro in tissue homogenates, cell 
and enzyme preparations, and ex vivo by collecting body fluids and organs of 
interest after radiotracer administration. The samples are analyzed with 
analytical methods, such as high-pressure liquid chromatography (HPLC), 
mass spectrometry (MS), and thin-layer chromatography (TLC) to determine 
the amount of intact radiotracer and its radiometabolites (Haaparanta et al., 
2004, Ma et al., 2010). A cell uptake assay, where the affinity and specificity of 
the radiotracer to a specific target is determined, is performed in vitro usually 
with material of human origin to avoid misinterpretation of the behavior of the 
radiotracer due to differences between species. The use of material of human 
origin in the in vitro studies provides information directly relevant to human 
studies. 

The animals used in PET imaging experiments can be studied noninvasively 
over time, which reduces the number of animals employed and reduces the 
complications caused by interindividual variation (Rudin and Weissleder, 
2003). However, in the early stages of radiotracer development, ex vivo 
autoradiography and histological staining of tissue sections are needed for 
studying the radiotracer binding in detail. Also, the only possibility to carry 
out comparison between the ex vivo biodistribution and the PET imaging data 
is during the preclinical animal studies. Nowadays the widely available high-
resolution PET scanners dedicated to small animals are used to study human 
diseases in animal models. The advances taken in the spatial resolution of PET 
scanners enabled the use of mice, and thus increasing the selection of 
transgenic animal models, in radiotracer development. Ex vivo and in vivo 
methods are used to study the pharmacokinetic and metabolism of the 
radiotracer, and in dosimetry evaluation and radiotracer target validation 
(Haaparanta et al., 2004, de Jong et al., 2017). The significant advantage of 
PET is that it is translational. The same radiotracer can be used across 
different species, thus aiding the transition from preclinical to clinical studies. 
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2.1.4 PRETARGETED PET IMAGING 

2.1.4.1 Concept 
The pretargeted imaging strategy is based on keeping apart the targeting 
moiety and the radiotracer from each other until most of the targeting moiety 
has reached its target tissue and the unbound fraction has cleared from the 
body. The approach involves the sequential administration of the vector 
(targeting moiety) and the radiotracer (Figure 2). First, the vector is 
administered. It circulates in the body, and eventually accumulates to its target 
and clears from the nontarget tissues. The radiotracer is administered after a 
predetermined lag time. It selectively binds to the vector and any unreacted 
residual of the radiotracer clears rapidly from the body. The vector can be now 
localized via the radiolabel on the tracer. The pretargeted method relies on the 
rapid and strong binding of the two components upon interaction at the site of 
interest. Both components, the vector and the radiotracer, are modified with 
complementary functional groups that selectively and exclusively react with 
each other. Sometimes a three-step pretargeted method with clearing agent is 
beneficial. The clearing agent is administered prior to the radiotracer. It assists 
the removal of any unbound vector from the body, hence improving the target 
to nontarget ratio (Goodwin et al., 1988). 

 

 

Figure 2 Principle of two-step pretargeted imaging using tumor binding antibody as an 
example of the vector. 

The pretargeted methodology is beneficial especially for tracing systems with 
slow pharmacokinetics like antibodies with blood half-lives in the order of 
days, because it significantly decreases the radiation dose of nontarget tissues 
compared to methods where the vector is directly radiolabeled before 
administration (Knight and Cornelissen, 2014, Houghton et al., 2016, Zeglis et 
al., 2013). Furthermore, the pretargeted approach allows the use of short-lived 
radionuclides in applications where long-lived radionuclides have 



REVIEW OF THE LITERATURE 

20 

traditionally been the only viable choice. The concept of pretargeting has been 
around since the 1980s (Reardan et al., 1985). Ever since the field has 
expanded and applications using a great number of different vectors and 
tracers have emerged (Altai et al., 2017, Stéen et al., 2018). 

2.1.4.2 Conventional pretargeting systems
The concept of pretargeting started with bispecific antibodies that were able to 
bind to a target antigen and a radiolabeled hapten (Goldenberg et al., 2012, 
Goldenberg et al., 2007, Reardan et al., 1985). A clinical trial with this 
approach was carried out with high tumor to nontarget tissue ratios in patients 
with colorectal carcinoma (Stickney et al., 1991). However, the binding 
constants between the bispecific antibodies and radiolabeled haptens are 
usually low (< ~10-10 M), which is why alternative systems have been 
developed. The biotin-(strept)avidin system offers high affinity binding (10-15 
M) (Hnatowich et al., 1987). This system has been used in many variations to 
pretarget antibodies, and higher tumor-to-blood ratios have been achieved 
than with directly radiolabeled antibodies (Boerman et al., 2003, Liu and 
Hnatowich, 2008, Sharkey et al., 2012a, Goldenberg et al., 2006). The 
limitations of the biotin-(strept)avidin system are the immunogenic response 
that follows the administration of (strept)avidin foreign proteins and the 
presence of endogenous biotin that could bind to target-localized 
(strept)avidin reducing the binding of radiolabeled biotin (Goldenberg et al., 
2006, Knight and Cornelissen, 2014). Also, due to the large size of 
(strept)avidin it takes considerable time for the residual (strept)avidin-
antibody conjugate to clear from the blood. Therefore, a clearing step is often 
required with biotin-(strept)avidin pretargeted systems (Yao et al., 1995, 
Forster et al., 2006). In addition to the bispecific antibody and (strept)avidin-
biotin systems, a pretargeted approach that is based on the recognition 
between two complementary oligonucleotides has been developed (Kuijpers et 
al., 1993, Wang et al., 2001, He et al., 2004). With the correct choice of the 
complementary oligomeric chains, the binding affinities can be even higher 
than with (strept)avidin-biotin system, and competing endogenous species or 
significant immunogenicity are not obstacles. Since the development of 
synthesis of oligonucleotides resistant to in vivo degradation, complementary 
oligonucleotides have been used both in pretargeted imaging and therapy (He 
et al., 2004, He et al., 2010, Liu et al., 2009, Liu et al., 2008, Liu et al., 2010, 
Liu et al., 2011a, Liu et al., 2011b, Wang et al., 2001). 

2.1.4.3 Bioorthogonal chemistry
The term bioorthogonal chemistry refers to a chemical reaction that will 
neither interact nor interfere with a biological system. Bioorthogonal reactions 
were originally developed for the tracking of biological processes in cell 
cultures and in live organisms without disturbance to the processes under 
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study. A bioorthogonal reaction must be selective, have very fast reaction 
kinetics particularly at low concentrations, and function in biological 
conditions, such as physiological temperature and pH (Sletten and Bertozzi, 
2009). The bioorthogonal species must be nontoxic, and biologically and 
chemically inert. All bioorthogonal reactions that are used in in vivo 
pretargeting are click reactions (a term introduced by Kolb, Finn, and 
Sharpless in 2001) (Kolb et al., 2001). Table 2 summarizes the most 
commonly used bioorthogonal reactions and their second order reaction rates.  

 

Table 2 Reaction rates for the most commonly used bioorthogonal reactions.

Reaction
type

Counterparts k (M-1 s-1)a References

Staudinger Phosphine
+ azide 0.0001 - 0.0077 (Lin et al., 2005, Berkel et al., 2011, 

Schilling et al., 2011)

SPAAC Cycloalkyne
+ azide 0.001 - 1.1 (Agard et al., 2006, Dommerholt et al., 

2016)

IEDDA Cycloalkyne
+ tetrazine 0.07 - 1200

(Chen et al., 2012, Lang et al., 2012b, 
Plass et al., 2012, Keinänen et al., 

2016)

IEDDA Cyclopropene
+ tetrazine 0.005 - 13 (Yang et al., 2014, Yang et al., 2012)

IEDDA Norbornene
+ tetrazine 0.04 - 20

(Devaraj et al., 2008, Schoch et al., 
2010, Lang et al., 2012a, Knight et al., 

2013, Keinänen et al., 2016)

IEDDA Trans-cyclooctene
+ tetrazine 3.1 - 30 000

(Blackman et al., 2008, Karver et al., 
2011, Taylor et al., 2011, Devaraj et al., 
2009, Rossin et al., 2010, Keinänen et 

al., 2016)
aReaction rates depend on experimental conditions (e.g. solvent, pH, temperature) and the 

structures of the reaction counterparts.

 

The Staudinger ligation between azide and phosphine functional groups was 
one of the first bioorthogonal reactions evaluated (Staudinger and Meyer, 
1919, Lin et al., 2005). The Staudinger ligation has been used in various 
complex biological systems (Berkel et al., 2011, Schilling et al., 2011). However, 
its utility in in vivo applications is hampered by the oxidation of the phosphine 
group in vivo which prevents its reaction with the azide group (Vugts et al., 
2011). Also the reaction rate of the Staudinger ligation is too slow for in vivo 
click when considering the rapid clearance of the phosphine radiotracer (Vugts 
et al., 2011). 

The strain-promoted azide-alkyne [3 + 2] cycloaddition (SPAAC) is driven by 
the relief of steric strain. The SPAAC conjugation occurs between an azide 
group and a cyclic alkyne moiety, usually a cyclooctyne. SPAAC has been 
successfully utilized for labeling biomolecules in vivo (Chang et al., 2010, 
Laughlin et al., 2008). However, Van den Bosch et al. found that especially 
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when considering the rapid blood clearance of cyclooctyne radiotracers, the 
fairly slow reaction kinetics of SPAAC ligation limited its use for in vivo 
pretargeting of an azide-modified antibody (van den Bosch et al., 2013). 
Furthermore, in some cases the binding of the cyclooctyne radiotracer to the 
serum proteins hindered their availability for the in vivo click reaction (van 
den Bosch et al., 2013). Nevertheless, Lee et al. have successfully pretargeted 
mesoporous silica nanoparticles that were let to accumulate to tumors via 
enhanced permeability and retention (EPR) effect using 18F-labeled azide as 
the radiotracer (Lee et al., 2013). 

Although SPAAC ligation has shown potential in in vivo pretargeting, another 
bioorthogonal reaction, the inverse electron-demand Diels-Alder (IEDDA) [4 
+ 2] cycloaddition, has gained more popularity due to its higher reaction rate. 
The IEDDA reaction occurs between an electron-rich dienophile and an 
electron-deficient diene (Boger, 1986). In pretargeting tetrazines are 
commonly used as dienes. The most prominent dienophiles in pretargeting 
have been norbornene and trans-cyclooctene (TCO) (Scheme 1). 
Cyclooctynes and cyclopropenes have been also employed as dienophiles in 
bioorthogonal reactions. The tetrazine-norbornene ligation is rapid enough 
for in vitro pretargeting (Devaraj et al., 2008, Knight et al., 2013), but suffers 
from sub-optimal reaction kinetics for in vivo applications. The tetrazine-TCO 
ligation possesses several orders of magnitude faster reaction rate than the 
tetrazine-norbornene ligation and has become the most utilized bioorthogonal 
reaction in in vivo pretargeting. Rossin et al. were the first to utilize the 
tetrazine-TCO ligation in live mice (Rossin et al., 2010). Today, several studies 
have reported and fine-tuned the pretargeted system based on the tetrazine-
TCO ligation. Copper-containing biomolecules rapidly isomerize TCO to cis-
cyclooctene (CCO) which prevents rapid ligation with tetrazine. This obstacle 
can be circumvented by creating steric hindrance with shorter linkers between 
the vector and the TCO moiety (Rossin et al., 2013). However, too short of a 
linker can result in the hydrophobic burying of the TCO moiety to the vector 
structure (Rahim et al., 2015). Balancing between the two concerns is usually 
required to obtain successful in vivo click reaction. Until the development of 
more stable dioxolane-fused trans-cyclooctene (d-TCO), the rapid in vivo 
isomerization of TCO to CCO prevented its use as the secondarily administered 
radiotracer. In addition to solving the stability issues of TCO, the use of 
internalizing d-TCO as radiotracer enables pretargeting of intracellular 
vectors, thus expanding the possible applications of pretargeting. The very 
promising preclinical results of IEDDA-based pretargeting have encouraged 
several research groups to start planning first studies in humans. The first 
clinical studies employing the IEDDA strategy are expected to occur in the very 
near future. 
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Scheme 1 Inverse electron-demand Diels-Alder cycloaddition (IEDDA) between tetrazine (Tz) 
and norbornene (A) and trans-cyclooctene (TCO) (B).

 

2.2 FLUORINE-18

2.2.1 PRODUCTION OF FLUORINE-18

Fluorine-18 is produced with a cyclotron either with enriched [18O]H2O target 
or with mixed gas target (Ne:F2 or 18O:F2). The more commonly used water 
target yields [18F]fluoride ion ([18F]F–) through 18O(p,n)18F nuclear reaction. 
[18F]fluoride can be produced with high yield in no-carrier-added (NCA) 
conditions which leads to high molar activity of [18F]F–: even 5180 GBq μmol-

1 have been reported (Solin et al., 1988), typically level of 185 GBq μmol-1 is 
achieved (Cai et al., 2008). [18F]F– readily dissolves in the target water making 
it easy to handle and transfer directly to the site of radiosynthesis. Gas target 
yields molecular fluorine [18F]F2 either from a 20Ne(d,α)18F (Ne:F2 target) 
nuclear reaction, or an 18O(p,n)18F nuclear reaction (18O:F2 target). The 
characteristic of using a gas target for the production of fluorine-18 is that 
nonradioactive F2 gas needs to be added as a carrier. This significantly lowers 
the molar activity of the produced fluorine-18 (typically level of 1 GBq μmol-1) 
(Teare et al., 2010). Higher molar activity electrophilic fluorination reagents 
can be produced by converting [18F]F– after irradiation to electrophilic 
fluorination reagent by using an electric discharge (55 GBq μmol-1 ) (Bergman 
and Solin, 1997), generating palladium(IV)fluoride complexes (481 GBq μmol-

1) (Kamlet et al., 2013, Lee et al., 2011), or using vacuum ultraviolet photons 
(10.3 GBq μmol-1) (Krzyczmonik et al., 2017). 
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2.2.2 LABELING RADIOPHARMACEUTICALS WITH FLUORINE-18

2.2.2.1 General radiosynthesis strategies with fluorine-18
The relatively long half-life of fluorine-18 (109.8 min) enables multistep 
synthesis and transportation of the radiopharmaceuticals to remote sites 
which are advantages over the other short-lived positron emitters. A rule of 
thumb for the duration of a radiosynthesis is less than three half-lives, 
although lot shorter synthesis times are favored to minimize the loss of 
radioactivity due to radioactive decay. Automated synthesis units are 
preferred in routine productions since they decrease the synthesis time and 
more importantly lower the radiation dose of the person carrying out the 
synthesis. Fluorine-18 is available for radiolabeling in two chemical forms: 
nucleophilic [18F]F– and electrophilic [18F]F2. The 18F-label can be attached to 
the compound of interest either directly or indirectly using prosthetic groups. 
In most cases in order to achieve regioselective 18F-labeling other functional 
groups in the precursor need to be protected during the 18F-fluorination step 
(Jacobson et al., 2015). After the 18F-fluorination the protective groups are 
removed. These actions result in the typical multi-step synthesis procedures 
in the production of 18F-radiopharmaceuticals. 

Fluorination can be done with both nucleophilic and electrophilic routes. 
Currently, the nucleophilic reactions are preferred due to the higher molar 
activity achieved and easier handling of the water-soluble fluoride ion 
compared to fluorine gas. Electrophilic fluorination is mainly used in 18F-
fluorodemetallation of electron-rich arylstannanes to produce 18F-labeled 
amino acid analogues such as 6-[18F]-fluoro-L-DOPA and 2-L-[18F]fluoro-
tyrosine (Dolle et al., 1998, Coenen et al., 2010). Yet, the development of 
strategies to produce more selective reagents for electrophilic fluorinations 
continues. For example derivatives synthesized from high molar activity 
[18F]F2 such as N-18F-fluoro-N-alkylsulfonamides and 18F-radiolabeled 
Selectfluor have been studied (Teare et al., 2010, Satyamurthy et al., 1990). 

The direct 18F-fluorination is not always feasible and 18F-labeled prosthetic 
groups are used for introducing the radiolabel to the compound of interest. 
The compound of interest either naturally has or is modified to contain a 
suitable functional group, such as an amino, carboxylate, hydroxyl or thiol 
group, that readily reacts with the prosthetic group (Miller et al., 2008, 
Jacobson et al., 2015, Cai et al., 2008). The advantage of using a prosthetic 
group for radiolabeling is the late introduction of the radioisotope. 18F-
fluoroalkylation agents, such as [18F]fluorethyltosylate, and [18F]fluoroethyl 
and [18F]fluoromethyl bromides, are used for the radiolabeling of amino, 
hydroxyl, and thiol functions (Block et al., 1987). A small 18F-fluorophenyl 
moiety can be introduced by prosthetic groups such as 
[18F]fluorobenzaldehydes and their [18F]fluorobenzyl halide derivatives 



 

25 
 

(Lemaire et al., 1992, Iwata et al., 2000, Cai et al., 2008).  Several other 
selective prosthetic groups, including N-succinimidyl-4-18F-fluorobenzoate 
([18F]SFB), 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG), and 5-deoxy-5-
[18F]fluoro-D-ribose ([18F]FDR), have been used to efficiently attach a 18F-
label to a variety of molecules (Jacobson et al., 2015, Maschauer and Prante, 
2014). The development of click reactions has increased the versatility and 
amount of prosthetic groups available in fluorine-18 chemistry (Li et al., 2010, 
Pretze et al., 2013, Jacobson et al., 2015, Galante et al., 2013, Glaser and 
Årstad, 2007).  

An interesting approach for 18F-fluorination is the conjugation of fluoride-
aluminum ([18F]F-Al) with 1,4,7-triazacyclononane-1,4,7-triacetic acid 
(NOTA) (McBride et al., 2010, McBride et al., 2009). The method combines 
the excellent physicochemical properties of fluorine-18 with the facile and 
rapid chelator-based radiolabeling. Although the utility of this chelation 18F-
labeling method is restricted by the moderate molar activity of the products 
and the possible effect of the chelator on the biodistribution of the compound 
of interest. 

2.2.2.2 Radiolabeling with [18F]fluoride
After the bombardment [18F]fluoride is dissolved in the target water which 
decreases the reactivity of [18F]F- by hydration. Commonly the [18F]F- is 
trapped to an anion exchange cartridge and subsequently eluted with a weak 
base, typically K2CO3, in acetonitrile-water solution. The eluent is evaporated 
to dryness by azeotropic distillation to restore the strong nucleophilic 
character of [18F]F- (Cai et al., 2008, Miller et al., 2008, Jacobson et al., 2015). 
In addition to the counter ion K+, the eluent contains a phase transfer catalyst, 
such as 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (K2.2.2 
or Kryptofix), which solubilizes the fluoride in organic solvents as 
K2.2.2/[18F]KF complex. K2.2.2 enhances the nucleophilicity of [18F]F- by 
chelating the counter cation K+ and separating it from the fluoride. Instead of 
K2.2.2, large cations such as cesium (Cs+) or tetrabutyl ammonium (t-Bu4N+) 
are also used (Jewett et al., 1988). To prevent the protonation and subsequent 
loss of nucleophilicity of [18F]F-, mildly basic conditions are preferred. Most 
organic substrates used as precursors are soluble in polar solvents. Therefore, 
nucleophilic 18F-fluorinations are typically carried out in polar aprotic solvents 
such as CH3CN, DMF or DMSO. 

18F-fluorination with [18F]F- is applicable for both aliphatic bimolecular (SN2) 
and aromatic (SNAr) nucleophilic substitution (Cai et al., 2008, Miller et al., 
2008, Jacobson et al., 2015). In aliphatic reactions the substitution typically 
occurs at the α-carbon of the molecule. An inversion in the configuration 
occurs when [18F]F- attacks the backside of an electron-deficient site of the 
molecule, and leaving group detaches. Good leaving groups include sulfonate 
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esters (e.g. triflate, mesylate, tosylate or nosylate) and halides (chloride, 
bromide or iodide), although with the latter radiochemical yields are usually 
lower. Isotopic and halogen exchange to yield [18F]fluorine-silicon, -boron or 
-phosphorus bonds has been utilized in applications where high apparent 
molar activity is not required (Studenov et al., 2005, Ting et al., 2005, 
Schirrmacher et al., 2006). A less frequent fluorination method with [18F]F- is 
based on ring-opening reactions (Lyle et al., 1987, Brady et al., 1989, Machulla 
et al., 2000). In aromatic nucleophilic 18F-fluorination harsher reaction 
conditions are usually required (Jacobson et al., 2015, Cai et al., 2008). The 
reaction is depended on a good leaving group (e.g. nitro or 
trimethylammonium) located at o- or p-position to an activating substituent 
(e.g. nitro or carbonyl moiety). However, when using sulfonium salts as 
leaving groups in aromatic 18F-fluorination activating groups are not 
necessarily needed (Sander et al., 2015).  Halogens are rarely used as leaving 
groups in SNAr 18F-fluorination reactions due to their poorer leaving group 
ability, although they have their place in heteroaromatic substitution reactions 
(Dolci et al., 1999). 

2.2.2.3 [18F]Fluoroglycosylation of sensitive molecules
18F-fluoroglycosylation has become a valuable tool in fluorine-18 labeling. For 
example peptides, proteins, and other sensitive molecules have been 
radiolabeled by 18F-fluoroglycosylation (Al Jammaz et al., 2015, Al Jammaz et 
al., 2012, Bouvet et al., 2017, Feni et al., 2017, Fischer et al., 2013, Fischer et 
al., 2012, Frau et al., 2013, Hofmann et al., 2015, Hultsch et al., 2009, Lang et 
al., 2013, Maschauer et al., 2014, Maschauer and Prante, 2009, Maschauer and 
Prante, 2014, Namavari et al., 2009, Rashidian et al., 2015, Richter et al., 2015, 
Wuest et al., 2008, Wuest et al., 2009, Dall'Angelo et al., 2013a, Dall'Angelo et 
al., 2013b, Kiviniemi et al., 2014, Li et al., 2013, Li et al., 2012, Li et al., 2014, 
Rinne et al., 2016, Maschauer et al., 2010). Glycosylation can have a favorable 
impact on the in vivo properties of a compound. The introduction of a 
carbohydrate moiety has been shown to improve the bioavailability, in vivo 
kinetics and stability in blood, and to accelerate the clearance of biomolecules 
(Maschauer and Prante, 2014, Moradi et al., 2016). 

The 18F-fluoroglycosyl residue is most frequently introduced into the 
compound of interest with click reactions, such as copper-catalyzed azide-
alkyne cycloaddition (CuAAC) or oxime formation. The click 18F-
fluoroglycosylation methods are very chemoselective and they can be carried 
out in aqueous solutions with high radiochemical yields, which is why they 
have gained popularity over other glycosylation methods. Other methods 
include enzymatic or thiol-selective reactions. The otherwise simple and high 
yielding radiolabeling method of click fluoroglycosylation suffers from the 
need of complicated purification techniques if high molar activity end 
products are desired. After the 18F-fluorination, the fluoroglycosyl prosthetic 
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group needs to be separated from its precursor which is usually not possible 
without the use of HPLC. If not removed, the unlabeled carbohydrate 
precursor competes with the 18F-labeled carbohydrate prosthetic group in the 
following click step. Usually the introduction of the glycosyl moiety into a 
biomolecule does not change its retention properties enough to allow 
cartridge-based solid phase extraction (SPE) purification, and thus another 
HPLC purification is required in order to produce high molar activity 18F-
fluoroglycoconjugates. Commercially available [18F]FDG is used for 
fluoroglycosylation but in most cases it requires an HPLC purification to 
remove glucose that is formed during routine production of [18F]FDG where 
the carbohydrate precursor is not removed after the fluorination step. 

2.2.3 FLUORINE-18 LABELED RADIOTRACERS FOR IN VIVO IEDDA-
BASED PRETARGETING

Ever since the IEDDA reaction between a tetrazine and a TCO showed promise 
in in vivo pretargeting, the demand for tetrazine or TCO labeled with short 
half-life radionuclide to be used as a tracer in pretargeted imaging experiments 
emerged. All eyes turned to the most used PET radionuclide in the field, 
fluorine-18, because of its easy availability due to numerous cyclotrons across 
the globe and the dense network of clinical and preclinical PET scanners. The 
half-life of fluorine-18 seemed to be optimal for pretargeted PET imaging 
applications: long enough for transportation of multiple doses from the same 
batch, yet short enough considering the radiation dose of the subject. The first 
attempts to produce 18F-tetrazines were made in 2010 (Li et al., 2010) (Table 
3). The tetrazine structure turned out be unsuitable for conventional direct 
fluorination due to the instability of tetrazines in basic conditions and their 
limited tolerance towards high temperatures. TCO was easier to radiolabel 
with fluorine-18 but unfortunately the utility of 18F-TCO for in vivo 
pretargeting is very limited (Wyffels et al., 2014). After administration the TCO 
quickly isomerizes to CCO (Rossin et al., 2013). CCO is 5 orders of magnitude 
less reactive towards tetrazines than TCO hindering the in vivo IEDDA 
reaction. 

Devaraj et al. assembled dextran scaffolds with multiple tetrazine moieties and 
radiolabeled them with 18F-TCO (Devaraj et al., 2012). These high molecular 
weight 18F-constructs were used in pretargeted PET imaging of a TCO-
modified mAb. The first small molecule fluorine-18 labeled tetrazine tracer 
was published by Denk et al (Denk et al., 2014) (Table 3). A direct fluorination 
was achieved with less reactive but more stable 3,6-dialkyltetrazine. Even with 
the more stable structure of tetrazine, the radiolabeling proceeded with low 
yields (4-18% decay corrected radiochemical yield). The fluorine-18 labeled 
3,6-dialkyltetrazine exhibited favorable pharmacokinetics and an in vivo click 
reaction was observed. Soon after, the [18F]SiFA-OH building block was used 
to efficiently radiolabel a tetrazine derivative by isotopic exchange, but the 
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reaction kinetics with TCO moiety or the influence of the relatively lipophilic 
alkylated organosilicon group on the pharmacokinetics of the compound was 
not reported (Zhu et al., 2015). The [18F]F-Al conjugation with NOTA has also 
been utilized to radiolabel tetrazines, thus circumventing the harsh reaction 
conditions of traditional direct fluorine-18 labeling (Meyer et al., 2016). The 
developed Al[18F]-NOTA-tetrazine was successfully used to pretarget a tumor-
targeting monoclonal antibody. Today a library of Al[18F]-NOTA-tetrazines 
with varying linkers has been developed and the correlation between the 
structure and success in pretargeting mAbs has been investigated in detail 
(Meyer et al., 2017). In this work, another fluorine-18 labeled tetrazine was 
developed by fluoroglycosylation using [18F]FDR as a prosthetic group 
(Keinänen et al., 2016), and it was later successfully used in pretargeting of 
nanoparticles and mAbs (Keinänen et al., 2017b, Keinänen et al., 2017a) 

 

Table 3 Fluorine-18 labeled small molecule tetrazine radiotracers for IEDDA-based 
pretargeting.

Tetrazine Radiolabeling 
method

Radiochemical 
yield (%)a Reference

Direct SN2 < 1 (Li et al., 
2010)

Direct SN2 4-18 (Denk et al., 
2014)

Isotopic
exchange 78 (Zhu et al., 

2015)

Al[18F]-
NOTA

chelation
54-65 (Meyer et 

al., 2016)

[18F]FDR as
prosthetic 

group
50

This work
(Keinänen 

et al., 2016)
aDecay-corrected to SOS

 

Recently, Darko et al. developed more stable conformationally strained TCO 
derivatives (d-TCO) and studied their stability and reaction kinetics (Darko et 
al., 2014). The in vivo properties of the new d-TCO are very promising when 
considering the possibility of pretargeting of internalizing targets (Billaud et 
al., 2017b, Billaud et al., 2017a). In addition, this approach is very appealing 
because the higher hydrophilicity of tetrazine compounds compared to that of 
TCO compounds may prevent the hydrophobic burying of the tags to the vector 
structure as reported by Rahim et al. (Rahim et al., 2015) resulting in a higher 
effective functional loading on the surface of the vector.  



 

29 
 

2.3 POTENTIAL APPLICATIONS FOR PRETARGETING

2.3.1 ANTIBODIES AND THEIR DERIVATIVES

The high affinity and specificity of antibodies enables the delivery of imaging 
and therapeutic agents to antigens associated with diseases, such as cancer 
(Knowles and Wu, 2012, Wu, 2009, Strebhardt and Ullrich, 2008). 
Unfortunately, the idea of sparing healthy tissues from the effects of the 
payload is hampered by the slow rate of clearance of antibodies due to the high 
molecular weight. In order to achieve high tumor-to-blood ratios in 
radioimmunoimaging, radionuclides with correspondingly long half-lives 
must be used (e.g. zirconium-89, t½ = 3.3 d). To decrease the radiation dose 
to the subject, the elimination properties of the antibodies have been refined 
by lowering the molecular weight. The low molecular weight vectors, including 
minibodies, diabodies and antibody fragments, have faster pharmacokinetics 
while bearing still the antigen binding component. The elimination is more 
rapid with these constructs but the high accumulation in certain nontarget 
organs, such as kidneys, creates another dosimetric issue. 

To circumvent the problems caused by the slow elimination rate of antibodies 
and the high peak accumulation of smaller constructs, another strategy, 
pretargeting, was proposed over 30 years ago (Reardan et al., 1985). The first 
pretargeted approach involved a bispecific antibody and a radiolabeled hapten 
as counterparts in the in vivo radiolabeling (Reardan et al., 1985). In 
preclinical and clinical studies with bispecific antibodies, the radioactivity 
accumulation in the tumor has been at least as high (often even several times 
higher) as with directly radiolabeled antibodies, whereas the radioactivity 
uptake in other organs and blood has been lower (Stickney et al., 1991, 
Boerman et al., 1999, Le Doussal et al., 1993). This leads to significantly 
decreased radiation burden of the subject. Soon after the development of 
bispecific antibodies, the biotin-(strept)avidin system was established for the 
pretargeting of antibodies (Boerman et al., 2003, Liu and Hnatowich, 2008, 
Goldenberg et al., 2006). After optimizing the clearing step(s) for the biotin-
(strept)avidin system, several studies in cancer patients have been conducted. 
The results have been impressive when compared to the directly radiolabeled 
antibodies. Significantly improved tumor-to-background ratios and absorbed 
doses to the tumor lesions have been obtained with the pretargeted approach. 
Another pretargeted approach based on the binding of complementary 
oligonucleotides in the targeting vector and the radiolabeled tracer, has also 
been applied to in vivo radiolabeling of antibodies with both diagnostic and 
therapeutic radionuclides (He et al., 2004, He et al., 2010, Liu et al., 2009, Liu 
et al., 2008, Liu et al., 2010, Liu et al., 2011a, Liu et al., 2011b, Wang et al., 
2001). 
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Although the aforementioned conventional pretargeted systems have shown 
their potential in pretargeted imaging and therapy, even more is expected from 
the bioorthogonal pretargeting systems. Bioorthogonal reactions have high 
affinity between the two complementary functional groups but do not suffer 
from the same disadvantages as the other systems, such as the immunogenic 
response, notably increased size of the vector, or the demand for a clearing 
step (Knight and Cornelissen, 2014). In 2010 Rossin et al. were the first to 
utilize an IEDDA-based pretargeting system in live mice (Rossin et al., 2010). 
The carbohydrate antigen TAG72 was chosen as target because of its low 
degree of internalization. Internalization of the TCO-tagged antibody after 
antigen binding would have limited the in vivo IEDDA reaction with the used 
111In-labeled tetrazine tracer. As a result, high contrast images were obtained 
and the radioactivity uptake in the blood and nontarget organs remained low. 
After that several radionuclides have been used in IEDDA-based pretargeted 
experiments with mAbs: indium-111 (t½=2.8 d) (Rossin et al., 2010, Knight et 
al., 2017), copper-64 (t½=12.7 h) (Houghton et al., 2016, Cook et al., 2016), 
technetium-99m (t½=6.0 h) (García et al., 2016), fluorine-18 (t½=109.8 min) 
(Meyer et al., 2016, Devaraj et al., 2012, Billaud et al., 2017a, Keinänen et al., 
2017a), and gallium-68 (t½=67.6 min) (Evans et al., 2014). In most cases the 
pretargeted antibodies have been chosen to be slowly internalizing or 
noninternalizing, in order to give accessible targets for the noninternalizing 
radiotracers. Also the selected antibodies have usually had the fastest 
clearance rates among mAbs and they have accumulated to the tumor surface 
at high concentration. However, a few examples with mAbs with longer 
circulation time and internalizing antigens have been reported. Traditionally 
the IEDDA-based pretargeting has involved a TCO-modified mAb and a 
tetrazine radiotracer. Recently, Billaud et al. successfully used an internalizing 
d-TCO radiotracer for pretargeting of an internalizing antibody, trastuzumab 
(Billaud et al., 2017a). The use of the internalizing secondly administered 
radiotracers extends the selection of possible targets for pretargeting, as for 
example the d-TCO radiotracer is able to cross the blood-brain barrier. With 
the conventional pretargeted systems (bispecific mAb, biotin-(strept)avidin, 
complementary oligonucleotides) internalizing antibodies have been out of 
reach but with the new bioorthogonal counterparts it is possible to modify the 
structure of the secondarily administered radiotracer and localize also 
intracellular targets. This is another aspect that makes the use of 
bioorthogonal reactions in pretargeting very appealing. 

2.3.2 NANOMEDICAL APPLICATIONS

Carrier-mediated drug delivery with nanoparticles has shown great potential 
in solving issues related to bioavailability and controlled release of 
administered drugs. Nanotheranostics combines the drug and an imaging 
agent into the same nanoscale vehicle, thus allowing for the localization of the 
nanotheranostic agent noninvasively and in real time (Lammers et al., 2010). 
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Like antibodies, nanoparticles are large entities and their accumulation to the 
target site usually takes from several hours to several days precluding thus the 
direct radiolabeling of nanotheranostics with short-lived radionuclides (Stéen 
et al., 2018). Nanoparticles could be an optimal target for pretargeted PET 
imaging because of the long circulation time needed for high target 
accumulation. Also the formulation and manufacture of the nanoparticle 
system could be done with the nonradioactive nanomaterial. This creates the 
necessary flexibility that facilitates the nanotheranostic production and the 
associated regulatory burden. 

Lee et al. utilized SPAAC-based pretargeting to localize mesoporous silica 
nanoparticles that were let to accumulate to tumor via the enhanced 
permeability and retention (EPR) effect (Lee et al., 2013). After the 
administration of a fluorine-18 labeled azide radiotracer, higher accumulation 
of radioactivity was observed at the tumor site with preinjected DBCO-
nanoparticles than in the control animals without prior injection of DBCO-
nanoparticles. Hou et al. also utilized the EPR effect to accumulate 
nanoparticles to the tumor (Hou et al., 2016). The nanoparticles were 
supramolecular constructs that opened and revealed their TCO moieties at the 
target site. A 64Cu-labeled tetrazine tracer was successfully used to localize the 
TCO-NPs 24 hours after their administration. IEDDA-based PET imaging has 
been used for pretargeting of mesoporous silica nanoparticles with 11C-labeled 
tetrazine tracer and mesoporous silicon nanoparticles with 18F-labeled 
tetrazine in healthy animals in a proof of principle studies (Denk et al., 2016, 
Keinänen et al., 2017b). All these studies with nanoparticles have 
demonstrated the potential of pretargeting in nanotheranostics. 

2.3.3 OTHERS

In addition to antibodies and nanoparticles, the pretargeted approach has 
been applied also to other vectors, such as bacteriophages and biomolecules 
(Newton et al., 2007, Newton-Northup et al., 2009, Cauchon et al., 2007, Kudo 
et al., 2011, Ueda et al., 2010, Sun and Chu, 2015, Yazdani et al., 2016, Vito et 
al., 2016). Bacteriophages have been used in SPECT and PET imaging of 
specific tissues, tumors, and antigens (Deutscher, 2010). However, their long 
clearance time through the reticuloendothelial system leads to radiation 
exposure of nontarget tissues when bacteriophages are directly radiolabeled. 
Newton et al. have applied two- and three-step biotin-(strept)avidin 
pretargeting systems with tumor-homing bacteriophages and 111In-labeled 
radiotracers (Newton-Northup et al., 2009). As common with other biotin-
(strept)avidin applications, the three-step system involving a clearing agent 
yielded the best results by clearly visualizing the tumor in SPECT images. 

Radiolabeled annexin A5 (or annexin V) has been used for the detection of 
apoptosis in various applications (Boersma et al., 2005). The drawback is the 
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high uptake and long residence time of annexin A5 in the kidneys which 
creates a risk for nephrotoxicity. In addition, the low signal-to-background 
ratio reduces the image quality in nuclear imaging studies. Cauchon et al. 
utilized a three-step biotin-(strept)avidin approach to visualize tumor 
apoptosis after therapy by PET imaging of 64Cu-labeled streptavidin injected 2 
hours after the avidin chase and 4 hours after the administration of 
biotinylated annexin A5. 

Two research groups have used pretargeting for the imaging tumor hypoxia. 
Tumor hypoxia is strongly associated with reduced therapeutic efficacy and 
persistence of the tumor. The group of H. Saji has developed a chimeric protein 
(POS) that could be used for targeting of hypoxic areas at the tumor site. Due 
to the large size of the POS, the clearance rate of the molecule was slow. This 
drawback was overcome by utilizing biotin-(strept)avidin pretargeting. With 
the lag time of 24 hours between the POS and radiotracer injections, the tumor 
region could visualized with 123I- and 18F-labeled biotin moieties and the 
radioactivity uptake in nontarget organs was significantly lower compared to 
directly radiolabeled POS (Kudo et al., 2011, Ueda et al., 2010). 99mTc-labeled 
nitroimidazole is used in solid tumor hypoxia SPECT imaging (Mei et al., 2012, 
Su et al., 2000). However, the large ligand needed for the Tc chelation reduces 
the bioactivity of the nitroimidazole leading to low tumor-to-background 
ratios. Sun et al. utilized SPAAC-based pretargeting to overcome this problem 
(Sun and Chu, 2015). Higher tumor-to-muscle and tumor-to-blood ratios were 
achieved with the pretargeted approach than with directly radiolabeled 
nitroimidazole. 

Pretargeting has also been applied to study bone metabolism utilizing IEDDA-
based pretargeting with tetrazine radiotracers labeled with 177Lu and 99mTc 
(Vito et al., 2016, Yazdani et al., 2016, Yazdani et al., 2017). A TCO-modified 
bisphosphonate was successfully localized in areas of active bone metabolism. 
The studies were more of a proof-of-principle, since no improvement 
compared to a directly labeled bisphosphonate could be achieved. However, 
the use of bisphosphonates as the targeting vector would be an interesting, 
easy, and inexpensive way to test new bioorthogonal tracers in healthy 
animals.  
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3 AIMS OF THE STUDY

The aim of this study was to develop 18F-radiolabeling method for pretargeted 
PET imaging based on the in vivo IEDDA click reaction. The specific aims 
were: 

1) to develop a fluorine-18 labeled tetrazine radiotracer using 18F-
fluoroglycosylation, 

2) to assess the suitability of the developed tetrazine radiotracer for in vivo 
IEDDA reaction, and 

3) to use the developed fluorine-18 labeled tetrazine tracer in pretargeted 
PET imaging of nanoparticles and monoclonal antibodies 
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4 MATERIALS AND METHODS

Unless otherwise noted, all reagents were purchased from commercial 
suppliers and used without further purification. All water used was ultrapure 
(> 18.2 MΩ cm-1). 1H- and 13C-NMR spectra were recorded on a Varian 
Mercury 300 spectrometer (Varian Inc., Palo Alto, CA, USA) at 27 °C. 
Chemical shifts are reported in ppm (δ) relative to tetramethylsilane (TMS) 
and calibrated using solvent residual peaks or TMS as internal standard. Data 
are shown as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 
triplet, q = quartet, quin = quintet, dd = doublet of doublets, dt = doublet of 
triplets, m = multiplet, br = broad signal), integration, and coupling constant 
(J, Hz). Bruker micrOTOF (TOF-ESI-MS, Bruker Daltonics GmbH, Bremen, 
Germany) was used for exact mass measurements. All radiolabeled products 
were analyzed by TLC and HPLC. Details for TLC and HPLC are described in 
the original articles (I-IV). 

Human tumor cell lines A431, BT-474, A549, and SKOV3 were obtained from 
the American Tissue Culture Collection (ATCC, Manassas, VA, USA). Cells 
were maintained in atmosphere containing 5% CO2 at 37 °C, and harvested 
and passaged weekly. Details of the cell culture media are described in the 
original article (III). 

All animal experiments were carried out according to the respective national 
and institutional legislation and guidelines (I-IV). Animals were group housed 
with water and food available ad libitum, and lighting was set to a 12:12 
rhythm. The animals were sacrificed under anesthesia by cervical dislocation 
or with CO2 asphyxiation followed by cervical dislocation at the designated 
time points after tracer administration. Samples of tissues and body fluids 
were collected for radioactivity measurements and weighing. Tissue samples 
were counted on an automated gamma counter.  

4.1 18F-TETRAZINE TRACER (I & III)

4.1.1 SYNTHESIS OF PRECURSORS AND REFERENCE (I)

The synthesis of 5-deoxy-5-fluoro-D-ribose (4) and its precursor, methyl 2,3-
O-isopropylidene-5-O-(p-toluenesulfonyl)-β, D-ribofuranoside (2), followed 
known procedures (Li et al., 2013, Li et al., 2012, Li et al., 2014). The synthesis 
scheme is presented in Scheme 2. 
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Scheme 2 Synthesis of precursor 2 and 5-deoxy-5-fluoro-D-ribose (4). Reagents and 
conditions: (a) i. 2,2-dimethoxypropane, acetone, perchloric acid, RT, 12 h ii. 
addition of methanol, RT, 2 h; (b) pyridine, 4-toluenesulfonyl chloride, on ice bath, 2 
h; (c) acetonitrile, TBAF, refluxed, overnight; (d) 20 mM H2SO4, refluxed, 2 h.

Tert-butyl 2-((4-(1,2,4,5-tetrazin-3-yl)benzyl)amino)-2-oxo-ethoxy 
carbamate (7) 

(Boc-aminooxy)acetic acid (5) (0.0324 g, 169.5 μmol, 1.5 eq) was dissolved in 
0.7 ml of DMF under argon atmosphere (Scheme 3). 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 
hexafluorophosphate (HATU) (0.0765 g, 201.2 μmol, 1.8 eq) was added to the 
reaction vial with 0.5 ml of DMF. The mixture was let to stir for ten minutes 
before adding (4-(1,2,4,5-tetrazin-3- yl)phenyl)methamine hydrochloride (6) 
(0.0250 mg, 111.7 μmol, 1 eq) with 2 ml of DMF. The mixture was let to stir for 
20 minutes before adding N,N-diisopropylethylamine (DIEA) (49 μl, 281.3 
μmol, 2.5 eq). After four hours ethyl acetate was added to the mixture so that 
the end volume was 25 ml. Extractions were done to remove the DMF: 10 ml 
of water, 3 x 10 ml 5 % LiCl, 20 ml 5 % LiCl, and 20 ml brine. The organic layer 
was dried with MgSO4 and evaporated to dryness. The crude product was 
purified by column chromatography (16 g SiO2, EtOAc:hexane 7:3) to yield 7 
as a pink solid (27.6 mg, yield 69%). Rf (EtOAc:hexane 7:3) 0.37; 1H-NMR 
(300 MHz, CDCl3) δ: 10.20 (s, 1H), 8.79 (br, 2H), 8.57 (d, J=8.5 Hz, 2H), 7.58 
(m, 2H), 4.63 (d, J=6.1 Hz, 2H), 4.41 (s, 2H), 1.43 (s, 9H); 13C-NMR (75 MHz, 
CDCl3) δ: 169.16, 166.47, 158.09, 157.91, 144.02, 130.65, 128.68, 83.59, 76.53, 
42.75, 28.18. 

 

Scheme 3 Synthesis of 9. Reagents and conditions: (a) HATU, DIEA, DMF, RT, 4 h, dark, 
under argon; (b) 1 M HCl in Et2O/methanol, RT, 20 h, dark; (c) 0.3 M anilinium 
acetate buffer pH 4.6, RT, 10 min
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N-(4-(1,2,4,5-tetrazin-3-yl)benzyl)-2-(aminooxy)acetamide (8) 

Compound 7 (31.625 mg, 87.8 μmol) was dissolved in methanol and 50 ml of 
1 M HCl in Et2O was added. The mixture was stirred at RT for 22 hours. Then 
the mixture was evaporated to dryness and 5 ml of methanol was added. 60 ml 
of Et2O was added and the mixture was put to the refrigerator for 4 hours for 
recrystallization. The product was filtered of as a pink solid (22.2 mg, yield 
97%). Compound 8 is very reactive so part of it was immediately packed in 
small portions (0.33 mg per vial) and put to the freezer to be used as precursor 
in radiosynthesis. The rest was used right away for the preparation of the 
reference compound 9. 

N-(4-(1,2,4,5-tetrazin-3-yl)benzyl)-2-(((5-fluoro-2,3,4- 
trihydroxypentylidene)amino)oxy)acetamide (9) 

Compound 8 (6.15 mg, 23.6 μmol, 1 eq) was dissolved in 5 ml of 0.3 M 
anilinium acetate buffer pH 4.6. 5-Deoxy-5-fluororibose (4) (0.0072 g, 47.2 
μmol, 2 eq) was added. The mixture was let to stand at RT for 10 min. Then 30 
ml of water was added and the mixture was passed through two C18 Sep- Pak 
cartridges (preconditioned with 5 ml of ethanol and 10 ml of water). 40 ml of 
water, 40 ml of 1% ethanol, and 10 ml of 2.5% ethanol were passed through 
the cartridges. 40 ml of 5% ethanol and 30 ml of 10% ethanol were passed 
through the cartridges and 1.5 ml fractions were collected. The fractions 
containing the product 9 were combined and evaporated to dryness to yield 
the product as pink solid (8.9 mg, yield 96%). The compound 9 has an imine 
double bond and exists as E/Z isomers (E:Z = 3:1). 1H-NMR (300 MHz, 
acetone) δ: 10.42 (s, 1H), 8.53 (d, J=6 Hz, 2H), 8.11 (br, 0.25H (Z)), 7.81 (br, 
0.75H (E)), 7.62 (m, 2H), 7.60 (d, J=6 Hz, 0.75H (E)), 6.95 (d, J=6 Hz, 0.25H 
(Z)), 5.18 (q, J=3.3 Hz, 0.25H (Z)), 4.73 (dd, J=15 Hz, 3 Hz, 0.25H (Z)), 4.67-
4.55 (m, 3H), 4.54 (s, 2H), 4.50-4.44 (m, 2.75H), 4.35 (d, J=3.3 Hz, 1H), 3.93-
3.83 (m, 0.75H (E)), 3.80-3.74 (m, 1H); 13C-NMR (75 MHz, acetone) δ: 170.15, 
167.10, 159.04, 154.34 (Z), 153.74 (E), 145.84, 131.78, 129.07, 128.88, 87.01 
(E), 86.82 (Z), 84.79, 73.88 (E), 73.78 (E), 73.59 (E), 72.10 (Z), 71.85 (Z), 71.23 
(Z), 42.77. TOF-ESI-MS [M+H]+ m/z calcd. 395.1474 for C16H21FN6O5+, found 
395.1482.  

4.1.2 RADIOSYNTHESIS (I)

18F-Fluoride was produced on a cyclotron in an 18O(p,n)18F reaction. 
Nucleophilic radiolabeling strategy was used to synthesize [18F]4 from the 
precursor 2 (Scheme 4). [18F]F− was trapped on a Sep-Pak quaternary methyl 
ammonium (QMA) Light anion-exchange cartridge (Waters) and eluted as a 
18F−/Kryptofix/K+ complex to a 5 ml conical vial. The 18F−/Kryptofix/K+ 
complex was dried with azeotropic distillation at 120 °C under an Ar flow (40 
ml min-1) and cooled to RT. Precursor 2 (6 mg, 16.7 μmol) in 500 μl of DNA-
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synthesis grade anhydrous acetonitrile (Merck) was added. The reaction 
mixture was heated to 108 °C for 12 min and then cooled to RT. The reaction 
mixture was diluted with 27% acetonitrile (3.3 ml) and injected into a semi-
preparative HPLC (Waters μBondapak RP C18 column, eluent: 0.1% TFA in 
water/ACN, ACN gradient 10% -> 50%, 4 ml min-1, UV detection at 215 nm). 
The [18F]3 fraction was collected into a tube containing 30 ml of water. The 
mixture was passed through two C18 Sep-Pak cartridges. [18F]3 was eluted 
with 2.5 ml of ethanol into a septum-sealed reaction vial, which was preloaded 
with 300 μl of 1 M HCl. The reaction vial was heated to 110 °C for 8 min and 
cooled down to RT.  

 

 

Scheme 4 Radiosynthesis. Reagents and conditions: (a) 18F-K2.2.2, K2CO3, CH3CN, 108 °C,
12 min; (b) i. HPLC isolation, ii. concentration, iii. HCl, 110 °C, 8 min; (c) i. 0.3 M 
anilinium acetate buffer pH 4.6, RT, 10 min, ii. HPLC isolation.

[18F]4 solution was concentrated with Ar gas flow (90 ml min-1) under heating 
at 110 °C to 1 ml. 100 μl of 3 M NaOH was added for neutralization. The 
precursor 8 in anilinium acetate buffer (350 μl, 1.2M, pH 4.6) was added and 
reaction mixture was allowed to stand for 10 min at RT. The reaction mixture 
was diluted with 3 ml of water and then injected into the semi-preparative 
HPLC (Waters μBondapak RP C18 column, eluent: ethanol/water, ethanol 
gradient 5% -> 20%, 4 ml min-1, UV detection at 215 nm). The [18F]9 fraction 
was collected, and NaCl was added to make the solution isotonic. The product 
was sterile-filtered with a 0.22 μm Millex GV filter (Millipore, Billerica, MA, 
USA). 

For PET imaging studies, the radiosynthesis was performed by trapping 
[18F]F− on a Chromafix cartridge (Macherey-Nagel, preconditioned with 2 ml 
of ethanol and 5 ml of water) and preparative column chromatography was 



MATERIALS AND METHODS 

38 

performed using Grace Altima RP C18 HPLC column. Otherwise, the synthesis 
was carried out in a similar manner as described above. 

4.1.3 STABILITY TESTS (I)

Stability tests of [18F]9 were done in PBS pH 7.41 at RT, and in mouse plasma 
(50% whole plasma in PBS pH 7.41) at 37 °C over a period of 6 h. [18F]9 was 
diluted to 1/100 in PBS (n  =  4) or 50% mouse plasma (n  =  4 until 4 hours, 
after that n = 2), and incubated in the aforementioned temperatures. Half of 
the samples were over 90% pure E isomer and half over 90% pure Z isomer. 
At the designated time points samples were taken and injected to an HPLC to 
determine the amount of intact [18F]9. 

4.1.4 LIPOPHILICITY (I)

Lipophilicity of 9 was determined with shake flask method by measuring the 
distribution coefficient of [18F]9 between 1-octanol and 0.02 M phosphate 
buffer at pH 7.41. 1-Octanol (2.0 ml) and phosphate buffer (2.0 ml) were 
pipetted into four 15 ml polypropylene centrifuge tubes containing [18F]9 
(88% of E) and into four 15 ml polypropylene centrifuge tubes containing 
[18F]9 (91% of Z). The tubes were mechanically shaken for 10 min, and 
centrifuged. From each centrifuge tube 0.5 ml of buffer and 0.5 ml of octanol 
were transferred into pre-weighed test tubes and the tubes were measured 
with a gamma counter. Radio-TLC was run from each fraction (RP-18 TLC, 
eluent: water:methanol 2:1). The results were corrected for decay, and for the 
amount of relevant isomer based on the radio-TLC. The distribution 
coefficient was calculated using formula 1: 

= ∙∙                     (1) 

where D = the distribution coefficient, o = the amount of the relevant isomer 
in octanol, Aco = activity concentration in octanol, b = the amount of the 
relevant isomer in phosphate buffer, and Acb = activity concentration in 
phosphate buffer. 

4.1.5 CELL UPTAKE ASSAY (III)

Cell uptake assay with [18F]9 was performed with three cell lines: BT-474 
(HER2+), SKOV3 (HER2+), and A549 (EGFR+). 1×106 cells were plated per 
well on six-well plates and fresh media with 150 kBq of [18F]9 was added to 
each well. The cells were incubated on a shaker at 37 ˚C for 15 min, 30 min, 60 
min, 120 min, and 240 min. At each time point, one six-well plate per cell line 
was used for separating the free, membrane-bound, and internalized fractions 
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of radioactivity. Details of the assay are given in publication III. The different 
fractions were measured with a gamma counter.  

4.1.6 CONJUGATION OF 9 WITH DIENOPHILES (I)

Equal molar amounts of 9, and dienophile 10, 11 or 12 (Scheme 5) were 
mixed in water:acetonitrile (1:1) solution. Samples were injected to TOF-ESI-
MS and HPLC for characterization. 

Scheme 5 Inverse electron demand Diels-Alder cycloaddition between 9 and different 
dienophiles.

Reaction kinetics of 9 with three different dienophiles (10, 11 and 12) were 
determined by monitoring the characteristic tetrazine absorption at 270 nm 
(studies in plasma) or 534 nm (studies in methanol) with a stopped flow 
spectrophotometer composing of J&M Analytik AG TIDAS MMS UV/VIS 
diode array, a BioLogic SFM-3000 syringe controller, and a Hamamatsu high 
power UV-VIS fiber light source. All kinetic measurements were performed 
with 9 in E/Z forms in a ratio of 3:1 and under pseudo-first-order conditions 
in triplicate. The measurements were performed in 10-to-20-fold excess of the 
dienophile at 25 °C in methanol, and for 10 also at 37 °C in mouse plasma 
(50% in PBS, pH 7.41) (Table 4). The reactant solutions were placed in the 
driver syringes of the stopped flow apparatus and the mixing of equal reactant 
volumes was achieved by triggering of the driver syringe pneumatics. 2000 
spectra were collected for each measurement. kobs (s−1) values were calculated 
using Origin 8.6 (OriginLab Corp., Northampton, MA) and the results of three 
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runs were averaged for each concentration of the dienophile using the 
standard deviation as the error. The average kobs values were then plotted 
against the concentration of the dienophile to yield the second order rate 
constants (k2, M−1 s−1) from the slope of the line and the error from the 
standard deviation in the slope calculated in Origin. 

Table 4 Conditions of reaction kinetic measurements for the IEDDA reaction between 
fluorotetrazine 9 and different dienophiles.

Dieno-
phile Solvent

Concentration
of dienophile

(mM)

Concen-
tration

of 9
(mM)

Measu-
rement

time
(s)

Interval
time
(ms)

Inte-
gration

time
(ms)

10 Plasma:PBS
1:1a 12.5 1.25 2 1 1

10 methanol 12.5, 18.75,
and 25 1.25 10 5 1

11 methanol 50, 75,
and 100 5 10 5 1

12 methanol 12.5, 18.75,
and 25 1.25 2400 250 5

a 50% mouse plasma in PBS, pH 7.41

4.1.7 BIODISTRIBUTION STUDIES IN HEALTHY MICE (I)

Biodistribution of [18F]9 was investigated in male 12-week old BALB/c mice 
(strain Ola:Hsd, Harlan, The Netherlands) after intravenous (i.v.) 
administration. For the i.v. injection and PET imaging, the animal was 
anesthetized with an inhalation of isoflurane. For the ex vivo biodistribution 
studies, [18F]9 was administered at a dose of 3.0 ± 1.2 MBq. The in vivo 
metabolite analysis was performed by radio-TLC from plasma samples after 
i.v. injection of [18F]9. For the PET imaging studies with Mediso nanoScan® 
PET-CT (Mediso, Budapest, Hungary), [18F]9 was injected at a dose of 5.2 ± 
0.6 MBq and a dynamic PET acquisition was performed over 60 min (Mediso 
Nucline acquisition software). Reconstruction software provided by Mediso 
(3D Tera-Tomo reconstruction method using OSEM) was applied according to 
the manufacturer’s instructions, including corrections for decay, random 
coincidence, dead time, and attenuation. The bed was manually removed from 
the PET-CT image. 
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4.2 MESOPOROUS SILICON NANOPARTICLES (II) 

4.2.1 TCO-MODIFICATION AND CHARACTERIZATION OF NPs 

Trans-cyclooctene terminated mesoporous silicon nanoparticles (TCO-NPs) 
were prepared at the Department of Physics and Astronomy, University of 
Turku by stepwise modification of carboxylic acid -terminated mesoporous 
silicon nanoparticles (UnTHCPSi) (Scheme 6). The hydrodynamic diameter 
(Z-average) and the surface zeta potential of the nanoparticles in each step 
were determined with dynamic light scattering (DLS) and electrophoretic 
mobility, respectively, using Malvern Zetasizer Nano ZS (Malvern Ltd., UK). 
The amount of the conjugated TCO was determined with elemental analysis 
by calculating the increase of nitrogen between azide step and final product 
using formula 2: 

= % − %3 ∙ ( )             (2) 

where NTCO = amount of conjugated TCO, %NTCO = percentage amount of 
nitrogen in TCO-modified nanoparticle sample, %NN3 = percentage amount of 
nitrogen in azide modified nanoparticle sample, M(N) = molar mass of 
nitrogen, and number 3 is used because TCO-PEG12-DBCO moiety has three 
nitrogen atoms. 

 

Scheme 6 Stepwise modification of TCO-NPs. Reagents and conditions: (a) EDC/NHS in 
ethanol, 1 h; (b) 3-azidopropylamine in chloroform; (c) TCO-PEG12-DBCO in 
chloroform. Adapted with permission from Keinänen, O. et al., 2017, ACS Omega, 
2, 62-9. Copyright © 2017 American Chemical Society 

4.2.2 AgNO3 TREATMENT 

AgNO3 treatment has been reported to increase the stability of strained TCOs 
during storage (Murrey et al., 2015). We carried out the AgNO3 treatment of 
the TCO-NPs by stirring the TCO-NPs (2 mg) and AgNO3 (25 mg) in methanol 
at RT for 1 h, after which the mixture was centrifuged and the supernatant was 
discarded. The particles were washed with water and 5.4% glucose solution 



MATERIALS AND METHODS 

42 

before dispersing them in 5.4% glucose solution for the in vitro and in vivo 
experiments. 

4.2.3 COLLOIDAL STABILITY OF THE TCO-NP SUSPENSION

The colloidal stability of the TCO-NPs with and without AgNO3 treatment was 
investigated by repeated Z-average and DLS measurements with Malvern 
Zetasizer Nano ZS. The TCO-NPs were dissolved in 5.4% glucose solution and 
left undisturbed at RT until the measurements were performed at set time 
points. 

4.2.4 IN VITRO IEDDA REACTION BETWEEN TCO-NPs AND [18F]9

We performed in vitro studies to investigate the optimal TCO to Tz ratio and 
the saturation of the TCO reaction sites. TCO-NPs with and without AgNO3 
treatment were incubated with [18F]9 in PBS (pH 7.41) at RT for 5 min (see 
Table 5 for conditions). For determination of the yield of the IEDDA reaction, 
the samples were centrifuged and the radioactivity of the supernatant 
(unreacted [18F]9) and the pellet (reacted [18F]9 with the TCO-NPs) were 
measured. As a control, unmodified nanoparticles (UnTHCPSi) were 
incubated with [18F]9 in the same conditions as above. 

Table 5 Conditions for the in vitro IEDDA reaction experiments with TCO-NPs and 
fluorotetrazine [18F]9. Volume in all experiments was 1 ml.

Experiment
Concentration range of 

NPs
(mg/ml)

Molar activity of 
[18F]9

(GBq/μmol)
TCO-NP + [18F]9 0.001-0.2 18.4
TCO-NP + [18F]9 0.005-0.2 0.18

TCO-NP (AgNO3) + [18F]9 0.0007-0.13 19.2
Control (UnTHCPSi + [18F]9) 1.0 20.3

 

4.2.5 BIODISTRIBUTION STUDIES IN HEALTHY MICE

Biodistribution of TCO-NPs was investigated in male 12-week old BALB/c 
mice (strain Ola:Hsd, Harlan, The Netherlands) after intravenous (i.v.) 
administration. For the i.v. injection and PET imaging, the animals were 
anesthetized with inhalation of isoflurane. 

4.2.5.1 Preclicked ([18F]9-TCO-nanoparticles)
TCO-nanoparticles were radiolabeled by incubating them with [18F]9 in 10% 
ethanol solution at 37 °C for 5 minutes. After incubation, the mixture was 
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centrifuged and the supernatant was discarded. The [18F]9-TCO-nanoparticles 
were washed with 5.4% glucose solution, and administered to the animals in 
5.4% glucose solution at a dose of 5.0 ± 3 MBq. The ex vivo biodistribution 
was studied at four time points: 15, 30, 60, and 120 min. 

4.2.5.2 Pretargeted TCO-nanoparticles
The in vivo reactivity of [18F]9 was studied in healthy mice after the 
administration of TCO-NPs (0.2 mg in 5.4% glucose solution, 1.42 nmol of 
TCO), which were intravenously injected 15 min or 24 h before the injection of 
[18F]9 (see Table 6 for doses). The control animals received only [18F]9 in 
0.9% NaCl solution. For NPs injected 15 min before the tracer injection, ex 
vivo biodistribution was studied at four time points: 15, 30, 60, and 120 min 
after the injection of [18F]9. For NPs injected 24 h before the tracer injection 
and AgNO3 treated TCO-NPs, ex vivo biodistribution was studied at 60 min 
after the injection of [18F]9. 

The percentage of NPs traced in vivo in the spleen on the basis of ex vivo 
biodistribution was calculated by formula 3: % /  − % /% /  ∙ 100%         (3) 

where %ID/gpretargeted NPs = the percentage of injected dose per gram of 
radioactivity in the pretargeted TCO-NPs experiment, %ID/g18F-9 = the 
percentage of injected dose per gram of radioactivity in the [18F]9 control 
experiment, and %ID/gpreclicked NPs = the percentage of injected dose per gram 
of radioactivity in the preclicked TCO-NPs experiment. 

PET imaging with Mediso nanoScan® PET-CT (Mediso, Budapest, Hungary) 
was performed with TCO-NPs for 60 min (n = 3), and PET imaging with 
Inveon Multimodality PET/CT (Siemens Medical Solutions, Knoxville, TN, 
USA) was performed with TCO-NPs for 120 min (n = 2). [18F]9 (5.2 ± 0.6 MBq) 
was injected 15 min after the injection of TCO-NPs (0.2 mg in 5.4% glucose 
solution, 1.42 nmol of TCO), and a dynamic PET acquisition started at the time 
of [18F]9 injection. Based on the CT as the anatomical reference, a quantitative 
PET analysis was performed by defining regions of interest (ROIs) with Inveon 
Research Workplace 4.1 software (Siemens Medical Solutions, Malvern, PA, 
USA). 
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4.3 ANTIBODIES (III)

Multidose formulation of cetuximab was obtained from ImClone (Erbitux), 
trastuzumab was obtained from Genentech (Herceptin), and immunoglobulin 
G (IgG) was obtained from Fisher Scientific (Human IgG, Whole Molecule 
Control, Invitrogen). Trastuzumab was purified before use to remove α-α-
trehalose dehydrate, L-histidine, and polysorbate 20 additives. Cetuximab was 
also treated analogously before use although the formulation did not include 
any possibly interfering ingredients. The purification was done with three 
altering steps of size-exclusion chromatography (PD10, GE Healthcare Life 
Sciences, Little Chalfont, Buckinghamshire, UK) and with spin-column 
centrifugation (Ultracel-50, Amicon, EMD Millipore, Billerica, MA, USA). 

4.3.1 DFO-MODIFICATION

Desferrioxamine B-p-SCN (DFO-B-p-SCN in 3-5 μl of DMSO, 5 eq) was 
incubated with the mAb (cetuximab or IgG) for 1 hour at 37 °C under mildly 
basic conditions (pH 8.5-8.7) in PBS and shaking at 500 rpm. The resulting 
DFO-mAb was purified with size-exclusion chromatography (PD10) and with 
spin-column centrifugation three times (Ultracel-50, Amicon). Matrix-
assisted laser desorption/ionization (MALDI) mass spectrometry (service 
from the Alberta Proteomics and Mass Spectrometry Facility, University of 
Alberta, Canada) was used to determine the number of DFO moieties that had 
been added to each antibody molecule. Readily conjugated DFO-trastuzumab 
was a kind gift from the Radiochemistry & Molecular Imaging Probes Core 
Facility at Memorial Sloan Kettering Cancer Center. 

4.3.2 89Zr-RADIOLABELING

Zirconium-89 was produced through proton beam bombardment of yttrium 
foil and isolated in high purity as 89Zr-oxalate at Memorial Sloan Kettering 
Cancer Center according to a previously established procedure (Holland et al., 
2009). [89Zr]Zr-DFO-antibodies were prepared by the complexation of 89Zr-
oxalate with the DFO-modified Ab. 89Zr-oxalate in 1.0 M oxalic acid was 
adjusted to pH 7.1-7.5 with 1.0 M Na2CO3. After the CO2 evolution ceased, the 
DFO-Ab (in sterile Chelex-treated PBS) was added and the reaction was mixed 
gently by aspirating with a pipette. The reaction mixture was incubated at 37 
°C for 1 hour. [89Zr]Zr-DFO-Ab was purified with size-exclusion 
chromatography (PD10) and concentrated with spin-column centrifugation 
(Ultracel-50, Amicon).  
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4.3.3 TCO-MODIFICATION

An activated succinimidyl ester of TCO ((E)-cyclooct-4-en-1-yl (2,5-
dioxopyrrolidin-1-yl) carbonate in 10-20 μl of DMSO, 40 eq) was incubated 
with the Ab for 1 hour at RT at pH 8.5-8.7 in PBS and shaking at 500 rpm. The 
TCO-Ab was purified with size-exclusion chromatography (PD10) and with 
spin-column centrifugation three times (Ultracel-50). The resulting modified 
Abs were characterized by MALDI mass spectrometry.  

4.3.4 IMMUNOREACTIVITY OF MODIFIED mAbs

The immunoreactivity of DFO-modified and TCO-modified cetuximab, and 
TCO-modified trastuzumab was determined in A431 and BT-474 cell lines, 
respectively, using a modification of the saturation binding assay. DFO-
cetuximab was radiolabeled with 89Zr as described in paragraph 4.3.2. TCO-
mAb was conjugated with [18F]9 in vitro and purified with size-exclusion 
chromatography (PD10) and with spin-column centrifugation (Ultracel-50, 
Amicon). 10 × 106 cells were put per 1.5-ml microtube (Eppendorf Protein 
LoBind) in five replicates per experiment. The amount of the used radiolabeled 
antibody ([89Zr]Zr-DFO-cetuximab, [18F]9-TCO-cetuximab, or [18F]9-TCO-
trastuzumab) was at least 1000 times less than the total amount of antibody 
binding sites present in the cells in the microtube. As a control, [18F]9 was 
incubated with the cells similar manner as [89Zr]Zr-DFO-cetuximab, [18F]9-
TCO-cetuximab, and [18F]9-TCO-trastuzumab. The radiolabeled antibody (in 
1% BSA in PBS) was added in the microtubes and the mixture was mixed well. 
The cells were incubated on ice for 60 min, after which they were centrifuged 
and the supernatant was removed to a gamma counter tube. The cells were 
washed with ice cold PBS three times by putting PBS into each tube, mixing 
the mixture, centrifuging, and collecting the supernatants to gamma counter 
tubes. All the supernatants and cell pellets were measured with a gamma 
counter. The radioactivity bound to the cells was considered as the 
immunoreactive fraction of the total radioactivity. 

4.3.5 IN VITRO PRETARGETING

For the in vitro pretargeted experiments, we used EGFR expressing A549 cells 
with TCO-cetuximab and HER2 expressing BT-474 and SKOV3 cells with 
TCO-trastuzumab. The cells (1 × 106 per well on a 6-well plate) were 
preincubated with TCO-mAb in DMEM media for 60 min at 37 °C, after which 
the TCO-mAb-containing media was removed. Then the cells were incubated 
with [18F]9 in cell media for 60 min at 37 °C. The free, cell membrane-bound, 
and internalized fractions of radioactivity were determined by automated 
gamma counting. We used three control sample sets to estimate the efficiency 
of pretargeting TCO-cetuximab and TCO-trastuzumab with [18F]9. The first 
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control had 50 eq excess of antibody incubated (60 min at 37 °C) with the cells 
before the incubation with the TCO-antibody. In the second control, 100 eq 
excess of nonradioactive 9 was added to compete with [18F]9. In the third 
control, [18F]9 was incubated alone with the cells without preincubation with 
the respective TCO-antibody.  

4.3.6 BIODISTRIBUTION STUDIES IN XENOGRAFT MODELS

Biodistribution studies were conducted in 8-10 week-old tumor-bearing 
female athymic nu/nu nude mice (Charles River, Wilmington, MA, USA) after 
i.v. administration. For all intravenous injections, conscious mice were gently 
warmed with an infrared lamp and placed on a restrainer. For the 17-β-
estradiol pellet implantation, tumor cell inoculation, and PET imaging mice 
were anesthetized with an inhalation of isoflurane. 17-β-estradiol pellets (0.72 
mg / 60-day release, Innovative Research of America, Sarasota, FL, USA) were 
surgically implanted subcutaneously six days before the BT-474 cells were 
inoculated. 5 × 106 (A431) or 5-10 × 106 (BT-474) cells were inoculated 
subcutaneously into the shoulder of mice in a 150 μl suspension of 1:1 fresh 
media/Matrigel. Appropriate size (5-10 mm in the largest diameter) of the 
tumors was achieved after two weeks from A431 inoculation and five to seven 
weeks from BT-474 inoculation. PET imaging was performed on a microPET 
Focus 120 dedicated small-animal scanner (Siemens Medical Solutions, 
Malvern, PA, USA). The image analysis was carried out with ASIPro VM 
software (Concorde Microsystems, Knoxville, TN, USA). 

4.3.6.1 [89Zr]-DFO-mAb and isotype IgG control studies
The biodistribution of 89Zr-labeled antibodies was followed with PET imaging 
at 24 h, 48 h, 72 h, 96 h, and 120 h after the injection of tracer. All antibodies 
were administered in PBS pH 7.41. Table 7 summarizes the given doses of 
antibodies. 

Table 7 Injected doses of 89Zr-labeled antibodies in [89Zr]-DFO-mAb and isotype IgG 
control studies.

Antibody Xenograft model Ab (μg) Injected dose (MBq)
[89Zr]Zr-DFO-cetuximab A431 75 12.1 ± 1.1

[89Zr]Zr-DFO-trastuzumab BT-474 20 7.4 ± 0.1
[89Zr]Zr-DFO-IgG A431 75 9.0 ± 0.3
[89Zr]Zr-DFO-IgG BT-474 20 4.1 ± 0.2
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4.3.6.2 Pretargeted experiments 
All antibodies were administered in PBS pH 7.41 and [18F]9 was administered 
in 10% ethanol in PBS pH 7.41. The lag time between the TCO-mAb and [18F]9 
injection was 24 h, 48 h or 72 h, and 48 h or 72 h in pretargeted TCO-
cetuximab and TCO-trastuzumab experiments, respectively. We investigated 
the effect of added nonradioactive 9 to the biodistribution of [18F]9 in two 
ways (Figure 3): the same molar amount of nonradioactive 9 was given to 
each animal either by mixing it directly to the [18F]9 injection (group A) or by 
giving it intravenously 5 min prior to [18F]9 injection (group B). We performed 
two blocking studies in order to ensure the specificity of the binding at the 
tumor site. In the first experiment, excess of 9 (800-900 eq to TCO) was added 
to [18F]9 injection before administration to animals that had received TCO-
mAb 72 h earlier. In the second experiment, TCO-mAb and mAb (25-fold 
excess to TCO-mAb) were administered 72 h prior the injection of [18F]9. For 
a nonspecific uptake control, TCO-IgG was administered 72 h prior the 
injection of [18F]9 to A431 and BT-474 tumor-bearing mice. Additional control 
animals received only [18F]9. Table 8 summarizes the details of the 
pretargeted experiments. 

 

 

Figure 3 Experimental scheme for pretargeted imaging studies. Both mAb groups (A and B) 
and the nonspecific IgG control received the same mass of antibody via lateral tail 
vein injection. In the mAb pretargeting experiments, the same total molar amount of 
nonradioactive 9 (TAF) was given to each animal after the designated lag time of 24 
h, 48 h, or 72 h either by mixing it directly to the [18F]9 ([18F]TAF) injection and 
reducing its molar activity (group A, n = 4) or by giving the nonradioactive 9 5 min 
prior to administration of [18F]9 (group B, n = 4). The lag time of 72 h and the single 
administration of the tracer was chosen for the experimental set up for nonspecific 
IgG control (n = 5) corresponding to the conditions in which the mAb pretargeting 
was the most successful. Reprinted with permission from Keinänen, O. et al., 2017, 
EJNMMI Research, 7, 95.
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4.4 SYNTHESIS OPTIMIZATION FOR 18F-
FLUOROGLYCOSYLATION (IV)

4.4.1 RADIOSYNTHESIS OF GLYCOSYL DERIVATIVES [18F]4 AND 
[18F]20

Table 9 and Scheme 7 represent the details for the syntheses of [18F]4 and 
[18F]20. In general, the syntheses were carried out as follows. [18F]F− was 
trapped on a Sep-Pak QMA Light anion-exchange cartridge (Waters) and 
eluted as a 18F−/K2.2.2/K+ complex to reaction vial. The 18F−/K2.2.2/K+ 
complex was dried with azeotropic distillation at 120 °C under an Ar flow 
(40 ml min-1) and cooled to RT. Carbohydrate precursor (compound 2 or 18) 
in anhydrous acetonitrile (0.5 ml) was added and the reaction was let to 
proceed in conditions described in Table 9. 4,4′-Dimethoxytrityl chloride 
(DMT-Cl) in anhydrous pyridine (0.5 ml) was added and the reaction was let 
to stand for 5 min at RT. The mixture was transferred to a vial with 30 ml of 
water, and 0.5 ml of 6 M HCl to neutralize the pyridine. The mixture was 
passed through two C18 Sep-Pak cartridges in [18F]4 synthesis and one C18 
light Sep-Pak cartridge in [18F]20 synthesis. The C18 cartridges were rinsed 
with 15 ml of water. 

The intermediate [18F]3 was eluted out with 4 ml of 50% acetonitrile into a vial 
with 400 μl of 6 M HCl. The reaction vial was heated to 110 °C for 10 min and 
cooled down to RT. For neutralization 390 μl of 6 M NaOH was added. The 
solution was concentrated with Ar gas flow (90 ml min-1) under heating at 110 
°C to 1 ml. 

In [18F]20 synthesis the removal of protective groups was done on cartridge 
by eluting the cartridge first with 2 x 0.5 ml of 1 M NaOH and then with 1 ml 
of water into a vial with 166 μl of 6 M HCl. For final purification, the solution 
was passed through a C18 light Sep-Pak cartridge and an Alumina N Sep-Pak 
cartridge. The cartridges were rinsed with 1 ml of water. 

 

Table 9 Reaction conditions in the radiosyntheses of [18F]4 and [18F]20.

Synthesis
Precursor

(mg)
Precursor

(μmol)

Reaction
temperature

(°C)

Reaction
time
(min)

DMT-Cl
(mg)

DMT-Cl
(μmol)

[18F]4 5 14.0 108 12 24 70.8
[18F]20 25 52.0 85 5 88 259.7

 



 

51 
 

 

Scheme 7 Radiosynthesis of [18F]4 and [18F]20, and oxime formation with aminooxy 
functionalized precursors 8 and 16. Reagents and conditions: (a) 18F-K2.2.2, K2CO3,
CH3CN, 108 °C, 12 min; (b) i. DMT-Cl, 5 min, RT, ii. C18 cartridge purification, iii. 
HCl, 110 °C, 8 min; (c) i. 0.3 M anilinium acetate buffer pH 4.6, RT; (d) 18F-K2.2.2, 
K2CO3, CH3CN, 85 °C, 5 min; (e) i. DMT-Cl, 5 min, RT, ii. C18 cartridge purification, 
iii. Deprotection with NaOH; (f) i. 0.3 M anilinium acetate buffer pH 4.6, heating.

4.4.2 OXIME FORMATION WITH [18F]4 AND [18F]20

The aminooxy precursor 8 or 16 (1.27 μmol) was dissolved in aniline acetate 
buffer (pH 4.6 and 330 μl) and carbohydrate prosthetic group [18F]4 or 
[18F]20 (1 ml) was added. With [18F]4 the reaction was let to proceed at RT. 
With [18F]20 three temperatures (RT, 60 °C and 85 °C) were studied. Samples 
were taken at 1 min, 5 min, 10 min, 20 min, and 30 min to follow the reaction 
with radio-TLC. The reaction mixture was diluted with 10 mM HCl, and passed 
through C18 Sep-Pak cartridge in order to get rid of any residuals of pyridine, 
aniline, and [18F]4/[18F]20. Excess of the aminooxy precursor was removed 
by passing the reaction mixture through a column filled with commercially 
available aldehyde resin (AminoLink, ThermoFisher Scientific). 
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4.5 STATISTICAL METHODS (I-IV)

Where appropriate, Welch’s t-test or two-tailed paired t-test was used to 
evaluate the statistical significance, and the probabilities of *p < 0.05, **p < 
0.005, and ***p < 0.001 were considered statistically significant. The 
statistical analysis was carried out using Origin 8.6 (OriginLab Corp., 
Northampton, MA) or IBM SPSS Statistics 22 (IBM Corporation, Armonk, NY, 
USA) software.  
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5 RESULTS

5.1 RADIOSYNTHESIS AND IN VITRO STUDIES OF 9 (I 
AND III)

5.1.1 RADIOSYNTHESIS

The production of [18F]FDR-conjugated tetrazine, [18F]9, was set up at three 
different locations. Depending on the synthesis set-up the attained DCY and 
MA of the resulting products varied (Table 10). 

Table 10 Decay-corrected yield (DCY), radiochemical purity (RCP), and molar activity 
(MA, at EOS) of the [18F]FDR-conjugated tetrazine, [18F]9 at different locations.

Site DCY (%) RCP (%) MA (GBq μmol-1)
University of Helsinki, Finland 52.1 ± 3.2 (n = 15) ˃ 99 40-540

VU Amsterdam, The Netherlands 38.6 ± 5.7 (n = 4) ˃ 99 300-800
MSKCC, NY, USA 62.3 ± 11.3 (n = 8) ˃ 99 15-38

 

5.1.2 STABILITY OF [18F]9 (I)

Stability of E and Z isomers of [18F]9 were investigated in PBS pH 7.41, and in 
mouse plasma (50% whole plasma in PBS pH 7.41). The isomers did not show 
any significant difference in their stability (Figure 4). During the 6 hours 
observation time both isomers were stable in PBS and no degradation 
products were observed. Almost 90% of the intact [18F]9 was observed after 2 
h incubation in plasma, followed by relatively fast degradation reaching 50% 
after 6 h. The plasma stability of [18F]9 was sufficiently high to use in 
pretargeted applications, since the reaction between a TCO and a tetrazine 
should occur during the first few minutes the tracer is introduced in the body. 

 

Figure 4 Stability of [18F]9 in 
PBS pH 7.41 at RT and 
mouse plasma (50% whole 
plasma in PBS pH 7.41) at 37 
°C. Adapted with permission 
from Keinänen, O. et al., 
2016, ACS Med Chem Lett, 7, 
62-66. Copyright © 2016 
American Chemical Society
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5.1.3 LIPOPHILICITY (I)

The LogD value can be used to estimate the ADMET (absorption, distribution, 
metabolism, excretion, and toxicity) properties of a compound. We measured 
the distribution coefficient of [18F]9 in physiological pH 7.41 to simulate the 
pH environment the tracer encounters inside the body. The logD7.41 values for 
E and Z isomers of [18F]9 were -0.43 ± 0.02 and -0.02 ± 0.02 (n = 4, mean ± 
s.d.), respectively. As expected, the isomers exhibited a slight difference in 
their logD7.41 values since they also had different retention times on C18 HPLC. 
In a pretargeted system, the elimination properties of the subsequently 
administered tracer are in a crucial role. The tracer should be stable and access 
the areas of the firstly administered vector but also clear from the body rapidly 
after the in vivo reaction between the vector and the tracer. Elimination of the 
tracer through the renal route is more desired than hepatobiliary excretion. 
Hepatobiliary excretion usually leads to long-residing background 
radioactivity in the intestines and hampers the quantification of radioactivity 
in nearby organs. The low logD7.41 values of [18F]9 indicated that it might 
possess good elimination profile considering its intended use in pretargeting. 
The desired fast urinary elimination was hypothesized to be aided by the three 
hydroxyl groups in [18F]FDR ([18F]4) moiety which lower the lipophilicity of 
[18F]9. 

5.1.4 CELL UPTAKE ASSAY (III)

The cell uptake assay was performed in BT-474 (HER2+), SKOV3 (HER2+), 
and A549 (EGFR+) cell lines in order to investigate if [18F]FDR-conjugated 
tetrazine ([18F]9) has cell uptake which could interfere the interpretation of 
the pretargeting results in xenograft models. The cell uptake of [18F]9 was 
found negligible (< 1%) during the four hours of observation in all studied cell 
lines (Figure 5) indicating that [18F]9 most likely stays in the extracellular 
space also in vivo. The internalized radioactivity fraction was < 0.2% of the 
total radioactivity. The results of the cell uptake assay imply that the undesired 
nonspecific binding of [18F]9 is low in vivo. 
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Figure 5 Cell uptake assay results for [18F]9 in three cell lines: BT-474 (HER/neu+), SKOV3 
(HER/neu+), and A549 (EGFR+). Adapted with permission from Keinänen, O. et al., 
2017, EJNMMI Research, 7, 95.

 

5.1.5 CONJUGATION OF 9 WITH DIENOPHILES (I)

The FDR-conjugated tetrazine 9 was successfully conjugated with dienophiles 
10, 11, and 12. Table 11 represents the TOF-ESI-MS results of the 
corresponding conjugates 13, 14, and 15. Selected HPLC chromatograms are 
presented in Figure 6. 

 

Table 11 TOF-ESI-MS results of IEDDA conjugations between 9 and different 
dienophiles.

Product Product formula Product calculated mass Found mass
13 [M+H]+ C24H34FN4O6

+ [M+H]+ 493.2457 [M+H]+ 493.2459
14 [M+H]+ C26H34FN4O6

+ [M+H]+ 517.2457 [M+H]+ 517.2467
15 [M+H]+ C24H32FN4O6

+ [M+H]+ 491.2300 [M+H]+ 491.2284
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Figure 6 HPLC chromatograms of [18F]9, 9, [18F]13, 13, [18F]14, and 14. HPLC conditions: 
Waters μBondapak C18 column, water/acetonitrile gradient elution. Adapted with 
permission from Keinänen, O. et al., 2016, ACS Med Chem Lett, 7, 62-66. 
Copyright © 2016 American Chemical Society

The second-order rate constants with different dienophiles are summarized in 
Table 12. Based on the reaction rates in methanol, fastest reaction kinetics 
were observed with 10 (TCO) and it was chosen to be used in further studies. 
As expected, significantly increased reaction rate was observed with 10 in 
mouse plasma compared to methanol. This is due to the hydrophobic effect 
that has been reported to increase IEDDA reaction rates (Wijnen et al., 1996). 
The results show that the FDR-conjugated tetrazine 9 has maintained fast 
reaction kinetics towards dienophiles despite the addition of three hydroxyl 
groups that lower the lipophilicity of the compound and consequently the 



 

57 
 

hydrophobic effect driving the rapid conjugation in aqueous solutions. Plots of 
the kinetic measurements with 10 are represented in Figure 7. 

Table 12 Second order reaction rate constants (k2) for reactions between 9 and different 
dienophiles. The k2 values are presented as mean ± s.d.

Dienophile Solvent T (°C) k2 (M-1s-1)
10 Plasma:PBS 1:1a 37 4500 ± 400
10 Methanol 25 300 ± 9
11 Methanol 25 129 ± 4
12 Methanol 25 0.35 ± 0.04

a 50% mouse plasma in PBS, pH 7.41
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Figure 7 A. Kinetic study of 9 (1.25 mM) with 10 (12.5 mM, 18.75 mM and 25 mM) in 
methanol. B. Linear dependence of pseudo first order reaction rate constants on the 
alkene concentration in methanol. C. Kinetic study of 9 (1.25 mM) with 10 (12.5 
mM) in 50% mouse plasma. Adapted with permission from Keinänen, O. et al., 
2016, ACS Med Chem Lett, 7, 62-66. Copyright © 2016 American Chemical Society
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5.2 IN VIVO STUDIES OF 9 (I)

5.2.1 EX VIVO BIODISTRIBUTION AND PET IMAGING

Ex vivo biodistribution of radioactivity after i.v. injection of the [18F]FDR-
conjugated tetrazine ([18F]9) in different time points is presented in Figure 
8. The low radioactivity uptake in the bone (< 1 %ID/g at 60 min) indicates 
low level of in vivo defluorination. [18F]9 was rapidly excreted into urine, but 
elimination via the hepatobiliary route was also observed. The moderate 
radioactivity accumulation in the liver washed out within the first hour 
indicating that due to the fluorinated 5-position in [18F]FDR ([18F]4), [18F]9  
was not recognized by ribokinase. This was desired in order to minimize the 
background radioactivity in nontarget organs.  
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Figure 8 Ex vivo biodistribution of radioactivity after i.v. administration of the [18F]FDR-
conjugated tetrazine, [18F]9. %ID/g = percentage injected dose per gram, S. I. = 
small intestines, L. I. = large intestines. Values represent mean ± standard deviation
(n = 3). Adapted with permission from Keinänen, O. et al., 2016, ACS Med Chem 
Lett, 7, 62-66. Copyright © 2016 American Chemical Society

5.2.1.1 Radiometabolites
Radiometabolite analysis was done with radio-TLC from plasma samples after 
i.v. injection of the [18F]FDR-conjugated tetrazine, [18F]9. No degradation 
products were observed at time points 15, 30, and 60 minutes after the 
injection of [18F]9 (Figure 9). However, it needs to be noted that at 60 min 
time point the radioactivity of [18F]9 in the blood was very low and the signal-
to-background ratio was poor. Since the in vivo IEDDA reaction occurs rapidly 
during the first minutes the radiotracer circulates in the body (Rossin et al., 
2010), the stability of [18F]9 is well suited for its intended use as pretargeting 
tracer. 
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Figure 9 Autoradiography images of TLC plates. A. The [18F]FDR-conjugated tetrazine 
([18F]9) reference, and plasma samples: B. 15 min, C. 30 min, and D. 60 min after 
i.v. injection of [18F]9. Adapted with permission from Keinänen, O. et al., 2016, ACS 
Med Chem Lett, 7, 62-66. Copyright © 2016 American Chemical Society

5.3 PRETARGETED MESOPOROUS SILICON 
NANOPARTICLES (II)

5.3.1 MODIFICATION OF MESOPOROUS SILICON NANOPARTICLES

The hydrodynamic radius (Z-average), polydispersity index (PdI), and zeta 
potential of the nanoparticles remained essentially the same at different stages 
of modification (Table 13) indicating that the surface of the nanoparticles was 
not heavily altered by the TCO modification. This was confirmed by elemental 
analysis: 0.64% and 0.67% of nitrogen was found for azide step and final 
product, respectively. Calculation with Formula 2 (page 42) gives 0.0071 
mmol of TCO per gram of nanoparticles. Each animal in the group that 
received nanoparticles was given a dose of 0.2 mg of TCO-NPs which 
translates to 1.42 nmol of TCO per injection. 

Table 13 Z-average, polydispersity index (PdI), and zeta potential of the PSi NPs.

Nanoparticle Z-average 
(nm) PdI Zeta potential 

(mV)
UnTHCPSi 158 ± 3 0.13 ± 0.02 -40.5 ± 2.5
N3-THCPSi 163 ± 1 0.10 ± 0.01 -40.1 ± 4.7

TCO-THCPSi 167 ± 3 0.13 ± 0.02 -39.8 ± 5.7
TCO-THCPSi (Ag-treated) 165 ± 2 0.15 ± 0.02 -40.0 ± 5.1
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5.3.2 COLLOIDAL STABILITY OF TCO-NP SUSPENSION

Colloidal stability of the TCO-NP and AgNO3 treated TCO-NP suspensions 
were investigated by repeated DLS measurements. The AgNO3 treatment was 
found to prevent the formation of large aggregates in the NP suspension 
(Table 14). 

Table 14 Colloidal stability of TCO-nanoparticles with and without AgNO3 treatment.

Time point
TCO-NP TCO-NP (AgNO3)

Z-average (nm) PdI Z-average (nm) PdI
5 min 167 ± 3 0.13 ± 0.02 165 ± 2 0.15 ± 0.02
10 min 540 ± 29 0.44 ± 0.06 264 ± 2 0.30 ± 0.03
15 min 649 ± 33 0.64 ± 0.11 261 ± 8 0.27 ± 0.05
30 min 1297 ± 122 0.48 ± 0.05 263 ± 7 0.28 ± 0.01
60 min 1552 ± 22 0.46 ± 0.17 278 ± 7 0.34 ± 0.003
120 min 2077 ± 54 0.40 ± 0.03 280 ± 0.4 0.33 ± 0.06

 

5.3.3 EX VIVO BIODISTRIBUTION OF PRECLICKED MESOPOROUS
SILICON NANOPARTICLES

The ex vivo biodistribution of radioactivity after i.v. injection of [18F]9-TCO-
NPs at different time points is presented in Figure 10. High accumulation in 
the spleen and liver is typical for nontargeted PSi-NPs (Bimbo, Sarparanta et 
al., 2010). The high lung accumulation indicates poor colloidal stability and 
the possible formation of aggregates in the formulation. The [18F]9-TCO-NP 
conjugates seemed to be metabolically stable during the observation time of 2 
h, since the radioactivity levels stayed steady for all time points. The preclicked 
NPs cleared rapidly from the blood, making them suitable for the investigation 
of the in vivo IEDDA reaction with certainty that the click reaction occurs at 
the site of NP accumulation rather than with the circulating nanocarrier in the 
blood. 
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Figure 10 Ex vivo biodistribution of radioactivity after i.v. injection of preclicked [18F]9-TCO-
NPs. %ID/g = percentage injected dose per gram, S. I. = small intestines, L. I. = 
large intestines. Values represent mean ± standard deviation (n = 3). Adapted with 
permission from Keinänen, O. et al., 2017, ACS Omega, 2, 62-9. Copyright © 2017 
American Chemical Society

5.3.4 BIODISTRIBUTION OF PRETARGETED MESOPOROUS SILICON 
NANOPARTICLES

Figures 11 and 12 represent the ex vivo biodistribution of radioactivity and 
PET images in control animals (only [18F]9 administered) and pretargeted 
experiments. In the pretargeted experiments, the TCO-NPs with or without 
AgNO3 treatment were injected 15 min or 24 h before the injection of [18F]9 in 
healthy mice. When the lag time between the TCO-NP and [18F]9 injection was 
15 min, radioactivity accumulation was observed in spleen, liver, and lungs 
which is in good agreement with the results with preclicked nanoparticles. As 
clearly visualized from the ex vivo radioactivity determination (Figure 11B) 
and time-activity curves (TAC) (Figure 12C), the binding of [18F]9 to TCO-
NPs occurs in the spleen already at the early time points with excellent target-
to-background ratio, whereas in the liver no difference between the control 
and pretargeted groups could be observed until [18F]9 had washed out. Since 
the preclicked nanoparticles cleared rapidly from the blood, the high 
radioactivity accumulation in the spleen is due to the in vivo IEDDA reaction 
in spleen rather than [18F]9 reacting with TCO-NPs in the blood and 
subsequently accumulating to the spleen. Due to the mixed urinary and 
hepatobiliary elimination of [18F]9, radioactivity accumulation was observed 
in the urinary bladder, gall bladder, and intestines in both control and 
pretargeted groups. In the preclicked experiments, high lung uptake was 
observed. Most likely it was due to the formation of aggregates in the 
nanoparticle suspension. For this reason, in pretargeted experiments a tip 
sonicator, rather than just vortex mixer and bath sonicator, was used for 
dispersing the nanoparticles before injection. Also the AgNO3 treatment 
improved the colloidal stability of the NP suspension. When the lag time 
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between the TCO-NP and [18F]9 injection was 24 h, the in vivo click reaction 
was not observed (Figure 11A). Either the reactivity of the TCO-moieties had 
been lost due to cis-trans isomerization or the nanoparticles had been 
internalized thus making them out of reach of [18F]9. Also the dissolution of 
the nanomaterial itself in vivo resulting in loss of the radiolabel cannot be 
excluded although the cycloaddition product is stable at least up to 2 h, as 
indicated by the results of preclicked NPs.  
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Figure 11 A. Ex vivo biodistribution of radioactivity 60 min after the injection of [18F]9, and
pretargeted TCO-NPs with and without AgNO3 treatment. The NPs were injected 15 
min and 24 h before the injection of [18F]9. B. Radioactivity uptake in liver and 
spleen 15 min, 30 min, and 60 min after the injection of [18F]9. The TCO-NPs were 
injected 15 min prior the injection of [18F]9. %ID/g = percentage injected dose per 
gram, S. I. = small intestines, L. I. = large intestines. Values represent mean ± 
standard deviation (n = 3). *p < 0.05, **p < 0.001. A is adapted with permission from 
Keinänen, O. et al., 2017, ACS Omega, 2, 62-9. Copyright © 2017 American 
Chemical Society
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Figure 12 Representative summed PET-CT images (summed 110-120 min): A. TCO-NPs 
administered 15 min prior [18F]9. B. Control, only [18F]9 was injected. The arrow 
indicates location of spleen. C. Time-activity curves for blood, spleen, liver, and lung 
for animals injected with TCO-NPs (0.2 mg/animal) 15 min prior injection of [18F]9 (n 
= 2). The control animals were injected only with [18F]9 (n = 2). SUV = standardized 
uptake value. Adapted with permission from Keinänen, O. et al., 2017, ACS 
Omega, 2, 62-9. Copyright © 2017 American Chemical Society 

5.3.5 EFFECT OF MOLAR ACTIVITY ON THE IEDDA REACTION 

The reaction rate of IEDDA is heavily concentration dependent since it follows 
the second-order reaction kinetics. The reaction rate can be increased by 
increasing the concentration of either of the reactants, the tetrazine or the 
dienophile. This has been one of the reasons why carrier-added tracers rather 
than high molar activity no-carrier added ones have been used in IEDDA-
based pretargeting. On the other hand, the competition between the 
radioactive tracer and the nonradioactive carrier on bioorthogonal reaction 
sites might have stronger influence on the success of the pretargeting. We 
investigated the effect of molar activity on the in vivo IEDDA reaction on the 
TCO-NPs by injecting [18F]9 with increased amount of co-injected 
nonradioactive 9. Radioactivity accumulation in the spleen was used as 
representative for the in vivo IEDDA reaction. Significant saturation of the 

C. 
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IEDDA reaction sites was observed with increased mass of the injected tracer 
(Figure 13A). With the lowest injected mass of [18F]9, approximately 25% of 
TCO-NPs (calculated with Formula 3 on page 44) could be traced in spleen 
(Figure 13B). Clearly, the TCO residues have either limited availability or 
reactivity or both in vivo. The difference is striking especially when compared 
to the IEDDA reaction yields in in vitro conditions where TCO-NPs were 
incubated with [18F]9 of two different molar activity (Figure 13C). The in 
vitro reaction yield also decreased significantly with the increased mass of the 
tracer. 
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Figure 13 A. Radioactivity uptake values in spleen in preclicked and pretargeted experiments. 
The correlation between radioactivity accumulation in spleen (%ID/g) and the 
injected amount of [18/19F]9 (y = −1.56 ln(x) + 9.02, R2 = 0.99). B. Percentage of the 
TCO-NPs traced with [18F]9 in the spleen (calculated with formula 3) as a function of 
the TCO/tetrazine ratio. C. In vitro IEDDA yield of [18F]9 with TCO-NPs in PBS pH 
7.41 (7.1 nmol TCO/mg NPs, total volume: 1 ml, reaction time: 5 min). Adapted with 
permission from Keinänen, O. et al., 2017, ACS Omega, 2, 62-9. Copyright © 2017 
American Chemical Society

5.4 PRETARGETED ANTIBODIES (III)

5.4.1 MODIFIED ANTIBODIES

The number of DFO attached per antibody, the number of TCO attached per 
antibody, and the immunoreactivities of the modified antibodies are 
summarized in Table 15.  

C.

A. B.
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Table 15 Number of DFO or TCO moieties attached per antibody and the 
immunoreactivities of modified antibodies.

Antibody DFO or TCO per Ab Immunoreactivity
DFO-cetuximab 1.84 ± 0.17 84.2 ± 1.6%
TCO-cetuximab 6.1 ± 0.1 93.9 ± 1.0%

DFO-trastuzumab 1.03 91.5 ± 5.5%
TCO-trastuzumab 4.9 ± 0.1 90.8 ± 1.9%

DFO-IgG 1.32 ± 0.25 -
TCO-IgG 2.43 ± 0.1 -

 

5.4.2 89Zr-LABELED ANTIBODIES

89Zr-labeled cetuximab and trastuzumab were used to determine the optimal 
time point for pretargeted experiments. The biodistribution of [89Zr]Zr-DFO-
IgG was used to visualize its biodistribution in A431 and BT-474 xenograft-
bearing mice. The radiochemical purities were > 99% and radiochemical yields 
were 76.3%, 79.4%, 82.3%, and 45.8% for [89Zr]Zr-DFO-cetuximab, [89Zr]Zr-
DFO-trastuzumab, [89Zr]Zr-DFO-IgG (A431 experiments), and [89Zr]Zr-DFO-
IgG (BT-474 experiments), respectively. Ex vivo biodistribution of 89Zr-
labeled antibodies and coronal, sagittal, and transverse planar PET images 
that intersect the center of the tumors are presented in Figures 14 and 15. 
Cetuximab and trastuzumab accumulated to the tumor site rapidly, but 
clearance from nontarget tissues was seen only after 72 h. However, due to the 
known internalization of the used antibodies that subsequently lowers the 
surface-residing fraction available for the IEDDA reaction, time points earlier 
than 72 h were also investigated in the pretargeting experiment in order to 
attain optimal balance between the amount of surface-bound and freely 
circulating mAb. During the observation time of 5 days 89Zr-labeled IgG 
remained mainly in the blood flow. Some nonspecific tumor uptake of 
[89Zr]Zr-DFO-IgG was observed due to the enhanced permeability and 
retention effect (EPR). 
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Figure 14 Ex vivo biodistribution of 89Zr-based radioactivity at 120 h post injection of 
cetuximab and IgG in A431 tumor-bearing mice, and trastuzumab and IgG in BT-
474 tumor-bearing mice. %ID/g = percentage injected dose per gram, S. I. = small 
intestines, L. I. = large intestines. Values represent mean ± standard deviation (n = 
3-4).
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Figure 15 PET images of same representative mice A. 11.4 MBq of [89Zr]Zr-DFO-cetuximab in 
A431 tumor-bearing mouse (n = 4), B. 7.3 MBq of [89Zr]Zr-DFO-trastuzumab in BT-
474 tumor-bearing mouse (n = 3), C. 9.0 MBq of [89Zr]Zr-DFO-IgG in A431 tumor-
bearing mouse (n = 3), and D. 4.0 MBq of [89Zr]Zr-DFO-IgG in BT-474 tumor-
bearing mouse (n = 3) at different time points after injection. Coronal planar images 
intersect the center of the tumors. The arrow indicates the location of the tumor. 
%ID/g = percentage injected dose per gram. Adapted with permission from 
Keinänen, O. et al., 2017, EJNMMI Research, 7, 95. 
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5.4.3 IN VITRO PRETARGETING OF TCO-CETUXIMAB AND TCO-
TRASTUZUMAB

In vitro pretargeting was performed in order to estimate the efficiency of 
pretargeting TCO-cetuximab and TCO-trastuzumab with [18F]9 in vivo. In 
vitro binding of [18F]9 to TCO-antibody pre-treated cells exceeded nonspecific 
uptake by untreated cells over 75-fold, 20-fold, and 15-fold in BT-474, SKOV3, 
and A549 cells, respectively (Figure 16). A significant reduction of 
radioactivity bound to cells was observed when presaturated with mAb or 
under competition with large excess of nonradioactive 9. This demonstrates 
that [18F]9 binding depends on the interaction of TCO-mAb with the target 
receptors and on the reaction between the [18F]9 and TCO, thus confirming in 
vitro pretargeting. 
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Figure 16 In vitro pretargeted TCO-cetuximab and TCO-trastuzumab. Adapted with 
permission from Keinänen, O. et al., 2017, EJNMMI Research, 7, 95.

5.4.4 IN VIVO PRETARGETING OF TCO-CETUXIMAB AND TCO-
TRASTUZUMAB

After the injection of [18F]9, the in vivo IEDDA reaction was followed with PET 
imaging. The tumor could be visualized from the PET images and the 
radioactivity accumulation at the tumor stayed constant while the background 
radioactivity washed out over time. Figure 17 represents PET images for both 
pretargeted mAbs at 4 h after the injection of [18F]9 (lag time between mAb 
and tracer injection: 72 h). There was no observable difference between groups 
A (nonradioactive 9 added to [18F]9 injection) and B (nonradioactive 9 
injected 5 min prior to [18F]9 injection) in the PET images. The ex vivo 
biodistribution results are presented in Figure 18. With cetuximab, the 
radioactivity accumulation at the tumor was highest in the 72 h group (3.54 ± 
0.45%ID/g for group A and 3.70 ± 0.13%ID/g for group B). Despite the 
addition of the nonradioactive carrier, some in vivo click reaction was still 
observed in the blood. For cetuximab, some background radioactivity was 
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observed in the liver, lung, kidney, heart, and spleen probably due to the high 
blood pool of these nontarget organs and clearance pathways through the liver 
and kidney. With cetuximab, a small decrease was observed in the 
radioactivity levels in the blood in group B at 72 h (group A, 6.60 ± 0.22%ID/g 
and group B, 4.94±1.09%ID/g), which improved the tumor-to-blood ratio 
slightly (III: Table 1). This was not observed in the other experiments. For 
trastuzumab, the radioactivity levels in the blood and at the tumor site were 
the same for different lag times and in groups A and B. Because [18F]9 
eliminates mostly through renal excretion, the highest radioactivity levels 
were observed in the urine. Rather high radioactivity levels were observed in 
the intestines due to the hepatobiliary excretion of [18F]9. 

 

 

Figure 17 PET images of pretargeted TCO-mAbs. A. Group A: 75 μg of TCO-cetuximab (3.1 
nmol of TCO) was administered 72 h prior to the injection of [18F]9 (4.3 ± 0.1 nmol), 
B. Group A: 20 μg of TCO-trastuzumab (0.65 nmol of TCO) was administered 72 h 
prior to the injection of [18F]9 (1.4 ± 0.1 nmol) (group A), C. Group B: 75 μg of TCO-
cetuximab (3.1 nmol of TCO) was administered 72 h prior to the injection of 9 (3.1 
nmol) followed by 5 min later injection of [18F]9 (1.2 ± 0.1 nmol), and D. Group B: 20 
μg of TCO-trastuzumab (0.65 nmol of TCO) was administered 72 h prior to the 
injection of 9 (0.65 nmol) followed by 5 min later injection of [18F]9 (0.6 ± 0.1 nmol). 
Coronal (I), sagittal (II), and transverse (III) planar images intersect the center of the 
tumors. Arrows indicate the locations of the tumor (T), liver (L), and intestines (In). 
%ID/g = percentage injected dose per gram. Adapted with permission from 
Keinänen, O. et al., 2017, EJNMMI Research, 7, 95. 
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Figure 18 The ex vivo biodistribution of [18F]9 ([18F]TAF) and pretargeted cetuximab (A, C) and 
pretargeted trastuzumab (B, D) in groups A (n = 4) and B (n = 4). In A and B, the 
lag time between mAb and [18F]9 injection is 72 h. All the results presented are at 4 
h after [18F]9 injection. The same molar amount of nonradioactive 9 was given to 
each animal either by adding it to the [18F]9 injection (group A) or by giving it 5 min 
prior to [18F]9 injection (group B). %ID/g = percentage injected dose per gram, S. I. 
= small intestines, L. I. = large intestines. Values represent mean ± standard 
deviation. *p < 0.05 and **p < 0.005 (two-tailed paired t-test done with IBM SPSS 
Statistics 22). Reprinted with permission from Keinänen, O. et al., 2017, EJNMMI 
Research, 7, 95. 

Blocking studies with either excess of nonradioactive 9 or excess of the mAb 
in question showed minimal radioactivity accumulation at the tumor site in 
PET images, and the ex vivo determination of the radioactivity level revealed 
a statistically significant decrease in the tumor uptake (Figure 19). This 
confirms that the uptake of [18F]9 depends on the reaction between [18F]9 and 
TCO, and on the interaction of TCO-mAb with receptors in the tumor. 
Radioactivity accumulated to a significantly lower degree in the tumors of mice 
administered nonspecific TCO-IgG as compared to those given TCO-mAb. 
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Figure 19 PET images of nonspecific uptake controls, and tumor uptake values for 
pretargeted cetuximab and trastuzumab (group A) and nonspecific uptake controls. 
Nonspecific uptake controls include pretargeted TCO-mAb with excess of 
nonradioactive 9, pretargeted TCO-mAb with excess of mAb, and TCO modified 
immunoglobulin G pretargeted with [18F]9. The results presented are at 4 h after 
[18F]9 injection. The antibody was given 72 h prior to the injection of [18F]9. Coronal 
planar images intersect the center of the tumors. The arrow indicates the location of 
the tumor. %ID/g = percentage injected dose per gram. Values represent mean ± 
standard deviation (n = 3-5). *p < 0.05 and **p < 0.005. Adapted with permission 
from Keinänen, O. et al., 2017, EJNMMI Research, 7, 95. 
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5.5 SYNTHESIS OPTIMIZATION OF 18F-
FLUOROGLYCOSYLATION (IV)

18F-Fluoroglycosylation via oxime formation typically requires two HPLC 
purifications in order to produce high molar activity end products. Here, both 
HPLC purifications were replaced with SPE and resin purification methods. 
Excess unreacted carbohydrate precursor was derivatized with DMT-Cl thus 
increasing the lipophilicity of the unreacted precursor and enabling its 
separation from the fluorinated precursor with reverse-phase C18 Sep-Pak 
cartridge. The aminooxy precursor was trapped on an aldehyde resin 
(AminoLink), and the [18F]fluorinated carbohydrates [18F]4 and [18F]20 were 
separated from the corresponding 18F-fluoroglycoconjugate end product with 
C18 Sep-Pak cartridge. 

5.5.1 [18F]4 ([18F]FDR)

After the reaction with DMT-Cl, the carbohydrate precursor 2 was not 
detected with HPLC (Figure 20). After the C18 cartridge purification and 
deprotection, the RCP and decay corrected yield of [18F]4, starting from 18F− 

(SOS), were > 99% and 80 ± 5%, respectively (n = 12). The total synthesis time 
was typically 85 min starting from 18F−. 
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Figure 20 HPLC chromatograms of the reaction mixture and the intermediates during 
synthesis of [18F]4 ([18F]FDR) after A. fluorination, B. reaction with DMT-Cl, C. C18 
purification, and D. deprotection. Ultraviolet (UV) absorbance at 254 nm.
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5.5.2 [18F]20 ([18F]FDG)

After the reaction with DMT-Cl, the carbohydrate precursor 18 was not 
detected with HPLC (Figure 21). After the C18 cartridge purification and 
deprotection, the RCP and decay corrected yield of [18F]20, starting from 
[18F]F−, were > 99% and 65 ± 7%, respectively (n = 12). The total synthesis time 
was typically 45 min starting from [18F]F−. 

 

 

Figure 21 HPLC chromatograms of the reaction mixture and the intermediates during 
synthesis of [18F]20 ([18F]FDG) after A. fluorination, B. reaction with DMT-Cl, C. C18 
purification and deprotection. Top row: ultraviolet (UV) absorbance at 254 nm. 
Bottom row: radioactivity detector.

5.5.3 OXIME FORMATION

The oxime formation reaction yields are presented in Figure 22. With 
[18F]FDR ([18F]4), the oxime formation proceeded to near completion in one 
minute at RT and the end product remained stable over the whole observation 
period of 30 minutes for both model compounds. With [18F]FDG ([18F]20), 
highest yields required heating and longer reaction time than with [18F]4. 
Table 16 summarizes the optimal reaction conditions, RCP, yield, MA, 
residual amount of the aminooxy precursor, and the total synthesis time for 
the fluoroglycoconjugates of tetrazine (9 and 21), and PSMA inhibitor (17 and 
22). Figure 23 represents HPLC chromatograms before and after 
purification with the AminoLink resin and C18 Sep-Pak cartridge for the 
[18F]FDR conjugated tetrazine ([18F]9) and the [18F]FDG conjugated PSMA 
inhibitor ([18F]22). Similar results were obtained with [18F]17 and [18F]21. 
Residual peaks of aniline and pyridine were not detected with HPLC. The limit 
of detection (LOD) with our HPLC method was 54 pmol and 253 pmol for 
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aniline and pyridine, respectively. Based on these LODs, the end products 
would contain < 0.8 nmol and < 3.8 nmol of aniline and pyridine, respectively. 

 

     

Figure 22 Oxime formation between [18F]4 ([18F]FDR) or [18F]20 ([18F]FDG) with aminooxy 
functionalized tetrazine (A) and aminooxy functionalized PSMA inhibitor (B). The
yields (mean ± standard deviation) refer to the amount of [18F]4 or [18F]20 converted 
into the desired 18F-labeled conjugate evaluated with radio-TLC. Dark gray square: 
conjugation with [18F]4 at room temperature (r.t.), black circle: conjugation with 
[18F]20 at r.t., medium gray triangle up: conjugation with [18F]20 at 60 °C, and light 
gray triangle down: conjugation with [18F]20 at 85 °C.

 

Table 16 Optimal reaction conditions, radiochemical purity (RCP), yield, molar activity 
(MA), residual amount of the aminooxy precursor, and the total synthesis time 
for the 18F-fluoroglycoconjugates.

Com-
pound

Tempe-
rature
(°C)

Reaction
time
(min)

RCP
(%)

Yielda,b

(%)
MA

(GBq/μmol)
Residual
aminooxy
precursor

(nmol)

Synthesis
timeb

(min)

9 RT 1 > 99 73 ± 7 > 800 < 0.1c 95
17 RT 1 > 99 75 ± 6 > 600 < 0.1c 95
21 60 5 > 99 35 ± 4 > 800 < 0.1c 60
22 85 30 > 99 54 ± 6 > 600 < 0.1c 85

a Decay-corrected, b Starting from 18F-, c Under limit of detection
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Figure 23 HPLC chromatograms before and after purification with the AminoLink resin and 
C18 Sep-Pak cartridge for A. [18F]FDR conjugated tetrazine ([18F]9), and B.
[18F]FDG conjugated PSMA inhibitor ([18F]22). Similar results were obtained with the 
corresponding [18F]FDR conjugate [18F]17 (PSMA inhibitor) and [18F]FDG conjugate 
[18F]21 (tetrazine). Ultraviolet (UV) absorbance at 209 nm.
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6 DISCUSSION

6.1 FLUORINE-18 LABELED TETRAZINE TRACER

The time between the radiotracer injection and imaging is dictated by the 
pharmacokinetics of the tracer and the half-life of the used radionuclide. With 
radionuclides with half-lives in the order of several hours to days, the time 
needed for the clearance of the tracer from non-target tissues plays a lesser 
role than with short-lived radionuclides, such as 18F, 11C and 68Ga, since 
imaging can be done after the tracer has cleared from nontarget tissues even if 
the elimination is not rapid. However, the effective dose to the subject is higher 
when longer-lived radionuclides are used. Fluorine-18 has a half-life of 109.8 
min, which allows multistep radiosynthesis, preparation of multiple doses 
from one batch and transportation of the radiotracer to remote sites. 
Therefore, fluorine-18 balances perfectly between the dosimetric challenges of 
longer-lived radionuclides and the synthetic limitations of short-lived gallium-
68 and carbon-11. The development of a successful pretargeted system with 
fluorine-18 labeled tracer requires careful tailoring of pharmacokinetics and 
especially elimination properties of the tracer. To avoid unwanted 
hepatobiliary excretion, resulting in long-lasting background radioactivity in 
the intestines that hampers quantification of nearby organs, renal clearance is 
preferred. 

We hypothesized that the three hydroxyl groups in the [18F]FDR ([18F]4) 
precursor would decrease the lipophilicity of [18F]9, which is desired for fast 
renal clearance. Glycosylation of small radiolabeled peptides has in fact been 
shown to reduce their hepatobiliary excretion (Haubner et al., 2001, 
Schottelius et al., 2005b, Schottelius et al., 2002, Schottelius et al., 2005a). 
We observed fast elimination of [18F]9 into urine as expected. However, 
further optimization of the pharmacokinetics of the tracer is needed, since 
excretion via the hepatobiliary route was also observed. The pharmacokinetic 
and elimination profile of the developed tracer could be modified by the 
addition of almost any linker between the tetrazine and the aminooxy groups. 
The same radiolabeling strategy could still be applied which is very appealing 
since the oxime formation with [18F]FDR ([18F]4) is a high-yield reaction with 
mild reaction conditions compatible with the instability of tetrazines. Other 
results with [18F]9 further corroborate the tempting properties of 5-deoxy-5-
[18F]fluoro-D-ribose-tetrazine.  [18F]9 showed good stability in in vivo: only 
low level of defluorination was observed (1 %ID/g in the bone at 60 min) and 
at least 99% of [18F]9 was intact 15 min after injection according to plasma 
radiometabolite analysis. The hydrophilicity of [18F]9 prevents cellular 
internalization as shown by the cell uptake studies thus decreasing nonspecific 
uptake of the radiotracer.  The radioactivity uptake in the liver was washed out 
during the first hour post injection which indicates that the fluorination at the 
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position five prevented the phosphorylation of FDR in hepatocytes. 
Consequently the possible nondesired liver accumulation due to active 
transportation and phosphorylation of ribose in the cells was minimized. 
Previously it has been reported that FDR radiolabeled at position two exhibits 
strong uniform liver accumulation indicating active transportation and 
phosphorylation by ribokinase (Evdokimov et al., 2015).  In addition, the 
reaction kinetic measurements show that 9 has maintained fast reaction 
kinetics towards dienophiles despite the presence of three hydroxyl groups 
that lower the lipophilicity of the compound and the hydrophobic effect 
driving the rapid IEDDA conjugation in aqueous solutions. 

6.2 THE POTENTIAL OF [18F]9 FOR PRETARGETED PET 
IMAGING

6.2.1 PRETARGETING OF MESOPOROUS SILICON NANOPARTICLES

We were able to trace TCO-NPs in healthy mice with [18F]9 when the lag time 
between the TCO-NPs and [18F]9 injections was 15 min. However, when the 
TCO-NPs were given 24 h prior the injection of [18F]9, we could not observe 
any in vivo click reaction. It is likely that part of the TCO moieties had lost 
their reactivity already earlier, since we were able to trace approximately 25% 
of the TCO-NPs in the spleen with 15 min lag time, whereas in in vitro 
conditions almost complete reaction was observed with considerably lower 
equivalent amount of TCO (in vivo: 70 eq of TCO to Tz, in vitro: 4 eq of TCO 
to Tz). Possible explanations for the loss of reactivity of TCO moieties are 
several. Firstly, the reactivity of TCO moieties might have been lost due to the 
known cis-trans isomerization of the double bond (Rossin et al., 2013). 
Secondly, complete cellular internalization of TCO-NPs or a plasma protein 
corona formation on the NP surface might have made the TCO-NPs 
unreachable to [18F]9. Thirdly, the dissolution of the nanomaterial might have 
resulted in the release of the TCO moieties. 

In order to prevent the cis-trans isomerization of the TCO moieties, short PEG 
linkers are recommended between the TCO and the vector material (Rossin et 
al., 2013). On the other hand, the TCO moieties are highly hydrophobic which 
might lead to the burying of the TCO moieties on the surface of the vector 
(Rahim et al., 2015). We tried to balance between these two concerns by 
choosing a PEG12-linker. We managed to keep the TCO moieties unmasked by 
the nanoparticle surface, since the in vivo click reaction was observed with the 
shorter lag time. However, the PEG-linker might have been too long to 
maintain the steric hindrance to prevent cis-trans isomerization as the results 
with 24 h lag time suggest. The TCO-NPs are not accessible to [18F]9 if the NPs 
are internalized or covered with a protein corona. Modification of the 
properties of the radiotracer are needed if completely internalizing targets are 
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to be imaged. Our results indicate that the nanoparticles might have been 
completely internalized at 24 h after administration, and the formation of a 
plasma protein corona on part of NPs surface had occurred 15 min after 
administration. The preclicked [18F]9-TCO-NPs were metabolically stable at 
least up to 2 h, but the dissolution of the nanomaterial at later time points was 
not investigated and might contribute to the results observed with the 24 h lag 
time. In short, further optimization is needed for improving the stability of the 
TCO on the UnTHCPSi nanoparticle surface, and the degree of internalization 
of the nanoparticles used in this study over time in vivo should be determined. 

Pretargeting of TCO-NPs with the 15 min lag time proved out to be a very 
efficient way to study the in vivo kinetics of the IEDDA reaction. A high 
radioactivity accumulation was observed in spleen and liver with pretargeted 
NPs. Since [18F]9 has some liver uptake at the early time points, the spleen was 
chosen as the target organ for the evaluation of the efficiency of the IEDDA 
reaction. The preclicked NPs cleared rapidly from the blood excluding thus the 
possibility to misinterpret the radioactivity uptake in the spleen originating 
from the preinjected TCO-NP first clicking in the blood and then accumulating 
to the spleen. The in vivo IEDDA reaction yield was calculated by comparing 
the preclicked and pretargeted results. However, it should be noted that the 
preclicked nanoparticles exhibited a high lung uptake probably due to the 
formation of aggregates in the NP suspension. Therefore the direct 
comparison should be used with caution as an approximate and directional 
value. Nevertheless, a clear trend between the injected mass of the radiotracer 
and the radioactivity accumulation in the spleen was observed. 

In IEDDA-based pretargeted immunoimaging nonradioactive tracer is usually 
added to the radiotracer formulation before administration. Although this 
addition lowers the molar activity of the radiotracer, the in vivo IEDDA 
reaction is more efficient than without nonradioactive tracer (van Duijnhoven 
et al., 2015). The kinetics of IEDDA reaction have been considered as one of 
the possible reasons behind this observation. Due to the second order reaction 
rate of IEDDA, the reaction rate increases with increasing concentration. The 
higher reaction rate has been speculated to be vital for successful pretargeting 
employing the IEDDA reaction, since the contact time between the firstly 
administered TCO-vector and the radiotracer in the circulation is so short. 
Here, we obtained the highest in vivo IEDDA yield with the lowest amount 
(highest MA) of the radiotracer, precluding thus the reaction rate as a reason 
behind the need for the use of carrier-added radiotracer in IEDDA-based 
pretargeting. Other factors, such as elimination rate of the radiotracer and the 
amount of the vector in the blood at the time of radiotracer injection, 
contribute more to the success of the pretargeting. 
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6.2.2 PRETARGETING OF ANTIBODIES

We investigated the IEDDA-based pretargeting under the demanding 
conditions of internalizing target antigens combined with long circulation time 
of the mAbs. PET images of pretargeted TCO-cetuximab and TCO-
trastuzumab showed radioactivity accumulation at the tumor. However, when 
compared to 89Zr-labeled mAbs the radioactivity uptake at the tumor is 
considerably lower. The reason for this is most likely the internalization of the 
target antigens, which makes them unreachable to [18F]9. Recently, Knight et 
al. have also pretargeted trastuzumab (Knight et al., 2017). They were able to 
pretarget trastuzumab in vitro but in in vivo experiments the radioactivity 
accumulation at the tumor did not reach values significantly higher than that 
in pretargeted control experiments with IgG. In our experiments, the 
radioactivity accumulated to the tumor at a higher degree in the pretargeted 
trastuzumab experiments than in the pretargeted IgG experiments, but the 
tumor uptake was not nearly as high as with directly radiolabeled [89Zr]Zr-
DFO-trastuzumab. Both pretargeting approaches clearly faced the same 
challenge of an internalizing target antigen rapidly localizing in the 
intracellular compartment beyond the reach of the radiotracer. 

Evans et al. used gallium-68 labeled tracer for pretargeting cetuximab with 23 
h lag time (Evans et al., 2014) and observed high background radioactivity in 
nontarget organs. We observed some unbound circulating antibody even with 
lag time of 72 h. We tried to circumvent the in vivo IEDDA reaction in the 
blood by adding nonradioactive carrier to the radiotracer injection either five 
minutes before the injection or mixing the carrier directly to the radiotracer 
formulation. Despite the addition of the nonradioactive carrier, in vivo click 
reaction was still observed in the blood. With the lag time of 72 h, a small 
decrease in the radioactivity levels in the blood was observed in the animals 
that received nonradioactive tracer five minutes before radiotracer injection in 
cetuximab experiments. Ultimately, in pretargeted systems with long-
circulating antibodies, an additional clearing step might be useful. Antibody-
clearing agents could reduce the amount of circulating TCO-mAb in the blood 
and improve the tumor-to-background ratio (Rossin et al., 2014). In addition, 
the clearing step could improve the IEDDA reaction yield at the tumor site and 
reduce the lag time between the antibody and tracer injections. The reduced 
lag time could in turn be beneficial with internalizing antibodies, since more 
antibody would be available on the cell surface for reacting with the 
noninternalizing radiotracer. 

In the pretargeted experiments with cetuximab, we observed highest tumor-
to-blood ratios with a lag time of 72 h. The lower amount of unbound 
circulating TCO-cetuximab in the blood flow at later time point is most likely 
the reason behind the observation. However, the downregulation of the EGFR 
receptor induced by cetuximab might also be an explanation (Fan et al., 1994). 
The internalization rate slows down at later time points compared to earlier 
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time points due to the downregulation which results in higher fraction of 
surface-bound TCO-cetuximab accessible for [18F]9. In the pretargeted 
experiments with trastuzumab, the tumor-to-blood ratios were in the same 
level with both lag times of 48 h and 72 h. With directly radiolabeled 
trastuzumab, tumor-to-blood ratios improved between time points 48 h and 
72 h due to the higher amount of trastuzumab at the tumor while the amount 
of unbound circulating trastuzumab in the blood remains unchanged between 
these time points (Holland et al., 2010, Zeglis et al., 2011). This is in line with 
our study, as we did not observe any difference in the radioactivity levels in the 
blood between the different lag times with trastuzumab. We did not observe 
an increased tumor uptake with trastuzumab with the 72 h lag time, although 
there is more trastuzumab at the tumor at 72h. This is most likely due to the 
fact that the amount of noninternalized trastuzumab at the cell surface 
available for [18F]9 is the same at both time points. 

Houghton et al. and Sharkey et al. have utilized noninternalizing tracers for 
successful pretargeting of internalizing antibodies (Houghton et al., 2016, 
Sharkey et al., 2012b). We were also able to pretarget internalizing antibodies 
with a tracer that does not internalize albeit with much more modest result. A 
more appealing approach would be to use a tracer that internalizes. In this 
case, it would be important that the unreacted radiotracer would not remain 
inside the cells, which could be challenging to achieve by tuning the 
lipophilicity of the tracer alone. Recently, Billaud et al. developed a fluorine-
18 labeled d-TCO tracer that internalizes and successfully utilized it for 
IEDDA-based pretargeting of trastuzumab (Billaud et al., 2017a). However, 
the drawback was the rather high nonspecific uptake in nontarget tissues. This 
may hinder the use of internalizing radiotracers for pretargeted imaging. 

6.3 SYNTHESIS OPTIMIZATION OF 
FLUOROGLYCOSYLATION

18F-Fluoroglycosylation via oxime formation usually requires two HPLC 
purifications. We have developed alternative methods for both of the HPLC 
purifications which decreases the synthesis time and facilitates the automation 
of any 18F-fluoroglycosylation radiosynthesis. In the radiosynthesis of 
[18F]FDR ([18F]4) and [18F]FDG ([18F]20), the excess carbohydrate precursor 
will get deprotected and hydrolyzed, leading to end product that contains 
ribose (FDR synthesis) or glucose (FDG synthesis) that will compete in the 
following oxime formation reaction. When a high molar activity oxime end 
product is desired, the carbohydrate precursor or glucose/ribose is removed 
before oxime formation, or the end product is separated from ribose/glucose 
conjugate with HPLC after the oxime formation. In our approach, the 
carbohydrate precursor is removed directly after fluorination reaction by 
adding one reaction step to the radiosynthesis of [18F]FDR and [18F]FDG. The 
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carbohydrate precursor is conjugated with DMT-Cl leading to increased 
lipophilicity of the carbohydrate precursor and enabling its separation from 
the fluorinated carbohydrate precursor with C18 Sep-Pak cartridge. The 
developed purification method was very efficient: no carbohydrate precursor 
could be detected with HPLC. A simple SPE cartridge purification trapped the 
DMT-precursor conjugate completely and high yields were obtained in the 
following oxime formation even with low concentration of aminooxy precursor 
(~1 mM). 

The aminooxy precursor and the oxime end product usually have the same 
bioactivity and very similar retention properties since the only difference 
between these compounds is the carbohydrate prosthetic group. Their 
separation from each other is usually carried out with HPLC or in the case of 
large biomolecules a sacrifice on the apparent molar activity must be made. 
We used an aldehyde resin (AminoLink) to quantitatively trap the aminooxy 
precursor after oxime formation. The developed method enables the 
production of high molar activity end products without the need of HPLC 
purification. Aminooxy functionalized precursors are used also with other 
fluorine-18 labeled aldehydes, such as 4-[18F]fluorobenzaldehyde (Glaser et 
al., 2008, Cheng et al., 2008, Poethko et al., 2004, Flavell et al., 2008, 
Schottelius et al., 2004, Namavari et al., 2008, Morris et al., 2016). The 
presented AminoLink purification method could be a valuable tool for these 
applications as well and not solely limited to glycosyl prosthetic groups. 

With the developed cartridge and resin purification methods we were able to 
achieve same level of RCP and molar activity than with HPLC purification 
methods. The total synthesis time was decreased by 25 minutes, and the 
simpler purification methods aid the development of automated synthesis of 
18F-fluoroglycosylation via oxime formation. 18F-Fluoroglycosylation is a 
handy tool for fluorine-18 radiolabeling of various molecules that cannot 
tolerate the harsh reaction conditions of direct nucleophilic fluorination. The 
versatility, mild conditions, and chemoselectivity of glycoconjugation are the 
most appealing features prompting the use of carbohydrate prosthetic groups 
for radiolabeling. 
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7 CONCLUSIONS

New glycosylated fluorine-18 labeled tetrazine tracer was developed. 
The radiolabeling proceeded with [18F]FDR as prosthetic group in mild 
reaction conditions. The tetrazine derivative exhibited fast reaction 
kinetics towards the most commonly used dienophiles in IEDDA, 
optimal stability under physiological conditions in vitro, and sufficient 
blood circulation time considering its intended use as a bioorthogonal 
reagent in vivo. The three hydroxyl groups of [18F]FDR aided the 
preferable elimination through renal excretion over hepatobiliary 
elimination. However, some tailoring of the structure of the developed 
tetrazine tracer is still needed in order to reduce the hepatobiliary 
excretion to a minimal level. 

We successfully utilized 18F-tetrazine in pretargeted PET imaging of 
TCO-NPs. However, further optimization is still needed to maintain the 
high reactivity of TCO groups to permit pretargeted imaging over the 
course of days, which would be relevant for longer circulating 
nanotheranostic agents. We investigated the efficiency of the in vivo 
IEDDA reaction with increasing molar amount of 18F-tetrazine by 
following the radioactivity accumulation in the spleen. We achieved the 
highest in vivo IEDDA yields with the lowest amount of injected 
tetrazine tracer. In conclusion, the limited number of TCOs and the 
irreversible nature of IEDDA are important factors in the success of 
IEDDA-based pretargeting. 

We pretargeted two clinically relevant monoclonal antibodies by using 
18F-tetrazine under challenging conditions, wherein the mAb is 
internalized and unbound mAb remains in circulation, and 
demonstrated that a specific, bioorthogonal IEDDA reaction takes place 
at the tumor despite these challenges. This demonstrates the potential 
of the pretargeted approach for targeting of rapidly internalizing 
antigens expanding the scope of bioorthogonal chemistry to a wider 
variety of antibodies and intracellular targets. 

We developed an efficient cartridge purification method for 18F-
fluoroglycosylation via oxime formation. The carbohydrate precursors 
of [18F]FDR and [18F]FDG were efficiently modified and removed 
before oxime formation, and the aminooxy precursors of the two model 
compounds were quantitatively trapped with an aldehyde resin. The 
oxime end products were obtained with high yield, RCP and MA, and a 
quality identical or exceeding that of synthesis products from double 
HPLC utilizing set-ups. The developed purification method enables 
simpler and faster automated radiosynthesis of 18F-glycoconjugates.
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