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ABSTRACT: Pretargeted imaging harnessing tetrazine ligation has gained increased
interest over recent years. Targeting vectors with slow pharmacokinetics may be
visualized using short-lived radionuclides, such as fluorine-18 (18F) for positron
emission tomography (PET), and result in improved target-to-background ratios
compared to conventionally radiolabeled slowly accumulating vectors. We recently
developed different radiochemical protocols enabling the direct radiofluorination of
various tetrazine scaffolds, resulting in the development of various highly reactive and
polar 18F-labeled tetrazines as lead candidates for pretargeted imaging. Here, we
performed a direct head-to-head-comparison of our lead candidates to evaluate the
most promising for future clinical translation. For that, all 18F-labeled tetrazine-scaffolds
were synthesized in similar molar activity for improved comparability of their in vivo
pretargeting performance. Intriguingly, previously reported dicarboxylic acid lead
candidates with a net charge of −1 were outperformed by respective monocarboxylic
acid derivatives bearing a net charge of 0, warranting further evaluation of such scaffolds prior to their clinical translation.
KEYWORDS: pretargeting, bioorthogonal chemistry, tetrazine ligation, fluorine-18, phenyl-tetrazines

■ INTRODUCTION
Pretargeted imaging has become an appealing technique in
positron emission tomography (PET).1−3 Pretargeting involves
using macromolecules, typically antibodies (Abs), combined
with small molecular probes to improve imaging contrast and
reduce patient radiation exposure.1−3 This is achieved by
administering a tagged nonradioactive Ab several days before
injecting the radioactive imaging agent. The radioactive agent
can then react specifically with the tag of Ab in vivo, creating a
radiolabeled Ab for targeted imaging. This strategy is often
used for cancer diagnostics, but new data has also shown its
potential for applications in the central nervous system
(CNS).4−7 To function within a living organism, pretargeting
exploits a specific type of reaction. These reactions, based on
their properties, are referred to as bioorthogonal.8,9 Among
bioorthogonal reactions, the tetrazine ligation between a trans-
cyclooctene (TCO) and a tetrazine (Tz) has stood out as the
most promising due to its high selectivity and rapid reaction
kinetics.1,10−12 The tetrazine ligation involves an inverse-
electron-demand Diels−Alder (IEDDA) reaction followed by a
retro-Diels−Alder reaction, resulting in the formation of
nitrogen gas (Figure 1A).13 This irreversible reaction yields a
chemically stable dihydropyridazine.13 Typically, due to their
properties, TCOs are conjugated to the pretargeting vector,
such as Abs, while tetrazines are used as radionuclide carrier.12

On the other hand, a few examples have been reported where
the TCOs were used as radionuclide carrier.14−16

The first and pioneering Tzs developed for this purpose
contained chelators such as NOTA and DOTA and were thus
labeled with radiometals.17−20 Recently, new methods have
been reported for labeling highly reactive Tzs with various
covalently bound nuclides.21−26 Notably, fluorine-18 (18F) has
been extensively explored by different research groups for
labeling of several tetrazine scaffolds due to its ideal imaging
properties.27−33 In recent years, our team has developed a few
new methodologies for labeling of highly reactive tetrazines
with 18F.34−39 This work culminated with the development of
several small molecular probes based on 18F-labeled tetrazines
(Figure 1B, compounds 1−5).34−39 Compounds [18F]1 and
[18F]3 were previously published by us.35,39 Probes [18F]2 and
[18F]4 are structurally related to 1 and 3 but have a different
overall charge (net charge is 0 vs −1). Finally compound [18F]
5 was designed as a hybrid between compounds 1 and 3. All
these molecules displayed favorable pharmacokinetics in vivo
with tumor accumulation and a high tumor-to-muscle ratio. In
this article, we conducted a head-to-head study to compare in
vivo performance of our leading 18F-tetrazines. All molecules
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were tested in TCO−CC49 antibody-pretreated xenograft
mice with TAG72 overexpressing tumor cells LS174T. This
study is based on the relationship between structure and
pharmacokinetics and will assist us in selecting the most
promising 18F-labeled tetrazine and in translating its synthesis
and use in the clinic.

■ MATERIALS AND METHODS
Radiochemistry: General Information. [18F]Fluoride

was produced via the (p,n)-reaction in a cyclotron (60 mikroA
CTI Siemens or 40 mikroA Scanditronix) by irradiating
[18O]H2O with an 11 MeV (CTI siemens) or 16 MeV
(Scanditronix) proton beam. Analytical HPLC was performed
on a Dionex system connected to a P680A pump, a UVD
170U detector, and a Scansys radiodetector. The system was
controlled by Chromeleon software. Analytical HPLC method:
Thermo Fisher Ultimate with a C-18 column (Luna 5 μm
C18(2) 100 Å, 150 mm × 4.6 mm and Luna 5 μm PFP(2) 90
Å 150 mm × 4.6 mm). Eluents: A, H2O with 0.1% TFA; B,
MeCN with 0.1% TFA. Gradient from 100% A to 100% B over
12 min, back to 100% A over 3 min, flow rate 2 mL/min.
Detection was by UV absorption at δ = 254 nm on a UVD 170
U detector.
Radiochemical conversion (RCC) of all radiolabeled

compounds was determined by analyzing an aliquot of the
reaction mixture by radio-HPLC and obtained by integrating
the radioactive peaks from the reaction solution. The products
were characterized by comparing the radio-HPLC trace of the

reaction mixture to the HPLC UV traces of the authentic 19F-
reference samples, respectively.
The identity of [18F]1−5 was determined by comparing the

retention time of the product’s radio-HPLC trace with the
HPLC-UV trace of the respective 19F-references 1−5. The
decay-corrected radiochemical yield (RCY) was determined
comparing the activity of dry [18F]TBAF and that of the
product after semipreparative HPLC purification. The activity
of the HPLC-purified product was decay corrected to the time
the activity of the dry [18F]TBAF being measured. The molar
activity (Am) of [18F]1−5 was determined by integrating the
area of the UV absorbance peak corresponding to the
radiolabeled product on the HPLC chromatogram. This area
was compared to a standard row of UV peak integrals
corresponding to different injected concentrations of 1−5
(triplicate for each concentration) at the same injection
volume, allowing the calculation of the total concentration (in
μg/mL or nmol/mL) of Carrier-Tz in the formulated solution.
The activity of the HPLC sample of [18F]1−5, its total volume,
as well as the concentration of the Carrier-Tz, allowed the
calculation of the Am.
The radiochemical purity (RCP) of the formulated product

solution was assessed by integrating the area of the formulated
product radio-HPLC trace and comparing its integral to that of
any other radioactive byproducts.
Preparation of Anhydrous [18F]F Fluoride for Radio-

labeling. QMA anion exchange cartridge (Sep-Pak Accel Plus
QMA Plus Light, bicarbonate form, Waters) was washed with
EtOH (10 mL), 0.5 M K3PO4 (10 mL), and H2O (10 mL),

Figure 1. (A) The tetrazine−TCO ligation. (B) Chemical structures of the 18F-tetrazines evaluated in this study.
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and dried with air (10 mL) before use. Irradiated [18O]H2O
containing [18F]F− was passed through a preconditioned QMA
anion exchange cartridge. [18F]F− trapped on the QMA anion
exchange cartridge was then eluted with a mixture of a 20 nM
tetrabutyl ammonium salt (for [18F]1, [18F]2, and [18F]4:
Bu4NOTf; for [18F]3: Bu4NOMs) in MeOH (1 mL) into a
septum-capped 4 mL glass vial. The resulting mixture was then
concentrated to dryness at 100 °C under a continuous stream
of nitrogen (N2) for 15 min to give [18F]Bu4NF as a colorless
oil.
General Procedure for the Automated Synthesis of

[18F]1, [18F]2, and [18F]5. Automated synthesis was performed
on a Scansys Laboratorieteknik synthesis module. A solution of
either 1a (10 μmol) and Cu(OTf)2(Py)4 (15 μmol, 10.2 mg)
in dry DMA (1 mL), 2a (10 μmol) and Cu(OTf)2(Py)4 (15
μmol, 10.2 mg) in dry DMA (1 mL), or 5a (10 μmol) and
Cu(OTf)2(Py)4 (15 μmol, 10.2 mg) in dry DMA (1 mL) was
added to the reaction vial containing the dried [18F]Bu4NF
(15−17 GBq). The reaction mixture was left at 100 °C for 5
min. After cooling the mixture for 2.5 min down to
approximately 55 °C, it was quenched with 2.2 mL of H2O
+ 0.1% TFA. The crude reaction mixture was then passed
through a Sep-Pak C18 Plus cartridge previously precondition
with 10 mL of EtOH, 10 mL H2O, and 10 mL of air. The Sep-
Pak C18 Plus cartridge was then washed with H2O (7 mL) and
dried with air, followed by its elution with MeCN (3 mL) in a
septum-capped 7 mL vial filled with TFA (1 mL). The solution
was heated to 80 °C for 5 min, followed by its concentration
under a gentle nitrogen flow at 85 °C for approximately 15 min
(concentration down to 50−100 μL) and addition of 2.2 mL
of H2O + 0.1% TFA. The resolubilized solution was then
purified via semipreparative HPLC-purification (Thermo
Fisher UltiMate 3000) with a Luna 5 μm C-18(2) column
(100 Å, 250 mm × 10 mm) using an isocratic method based
on 15% EtOH/H2O + 0.1% TFA and a flow rate of 3.2 mL/
min (for [18F]1 and [18F]3) or an isocratic method based on
40% MeCN/H2O + 0.1% TFA and flow rate f 4 mL/min (for
[18F]5). The product fraction was collected in a 10 mL glass
vial filled with 1 mL of sterile 0.1 M phosphate buffer (pH
7.4). The isolated products collected from the HPLC,
approximately 2.3 GBq for [18F]1 and approximately 1 GBq
for [18F]2, and approximately was then formulated by the
dilution with PBS (pH = 7.4), adjusting the EtOH
concentration to below 5% and the final activity concentration
to approximately 100 MBq/mL. The automated synthesis
including purification and concentration of the [18F]F−,
copper-mediated radiofluorination, Sep-Pak C18 Plus cartridge
purification, deprotection, semipreparative-HPLC purification,
and formulation was performed within 90 min.
Formulation of [18F]5 was performed differently. The

isolated product collected from HPLC (approximately 0.14
GBq for [18F]5) was then diluted in 50 mL of H2O + 0.1%
TFA and passed through a Sep-Pak Light C18 cartridge, which
was previously preconditioned with EtOH (10 mL), H2O (10
mL), and dried with air (10 mL). After the whole product
solution had passed through the Sep-Pak Light C18 cartridge,
[18F]5 was eluted with EtOH (1 mL), dried at 50 °C under a
continuous stream of nitrogen for 11 min, and formulated with
0.1 M phosphate buffer (pH 7.4) with a final activity
concentration of 76 MBq/mL and an EtOH concentration
<5%. The automated synthesis including purification and
concentration of [18F]TBAF, labeling, HPLC separation, and
formulation was performed over the course of 100 min.

General Procedure for the Automated Synthesis of
[18F]3 and [18F]4. Automated synthesis was performed on a
Scansys Laboratorieteknik synthesis module. A solution of
either 7 (6.2 μmol) or 8 (6.2 μmol) in tBuOH/DMSO (5/1; 1
mL) was added to the reaction vial containing the dried
[18F]Bu4NF (15−17 GBq). The reaction was left at 100 °C for
5 min. After cooling the reaction mixture for 2.5 min down to
approximately 55 °C, it was quenched with 2.2 mL of H2O +
0.1% TFA. The crude reaction mixture was then passed
through a Sep-Pak C18 Plus cartridge previously precondition
with 10 mL of EtOH, 10 mL of H2O, and 10 mL of air. The
Sep-Pak C18 Plus cartridge was then washed with H2O (7 mL)
and dried with air, followed by its elution with MeCN (3 mL)
into a septum-capped 7 mL vial filled with TFA (1 mL). The
solution was heated to 80 °C for 5 min, followed by its
concentration under a gentle nitrogen flow at 85 °C for
approximately 15 min (concentration down to 50−100 μL)
and addition of 2.2 mL of H2O + 0.1% TFA. The resolubilized
solution was then purified via semipreparative HPLC-
purification (Thermo Fisher UltiMate 3000) with a Luna 5
μm C-18(2) column (100 Å, 250 mm × 10 mm) using an
isocratic method based on either 15% EtOH/H2O 0.1% TFA
for [18F]3 or 10% EtOH/H2O + 0.1% TFA for [18F]4 and a
flow rate of 4 mL/min ([18F]3) or 3.2 mL/min ([18F]4). The
product fraction was collected into a 10 mL glass vial filled
with 1 mL of sterile 0.1 M phosphate buffer (pH 7.4). The
isolated products collected from the HPLC, approximately 0.4
GBq for both [18F]3 and [18F]4, was then formulated by
dissolving the collected fraction in H2O (50 mL) and passing
the solution through a Sep-Pak C18 Light cartridge previously
preconditioned with 10 mL of EtOH, 10 mL of H2O, and 10
mL of air. The trapped [18F]3 and [18F]4 was then eluted with
EtOH (1 mL) and concentrated at 50 °C under a continuous
stream of nitrogen for approximately 10 min, followed by the
resolubilization in sterile 0.1 M PBS (pH 7.4) with a final
activity concentration of 57 MBq/mL ([18F]3) or 100 MBq/
mL ([18F]4) and an EtOH concentration <5%. The automated
synthesis including purification and concentration of
[18F]TBAF, labeling, HPLC separation, and formulation was
performed over the course of 100 min.
Tz Core Reactivity Test. The reaction between [18F]1−5

and TCO-PNB was performed by mixing the formulated
radiolabeled tetrazine (100 μL) with 5 μL of the commercially
available TCO-PNB ester dissolved in DMF (2 mg/mL) in an
analytical HPLC vial. The solution was gently shaken and left
for 1 min before it was injected on analytical HPLC for
analysis. The reaction was monitored by TLC and HPLC.
Antibody TCO Functionalization and ELISA. CC49

antibody was functionalized with TCO and the TCO load
quantified as described in the Supporting Information (SI).
The antigen-binding affinity of TCO-modified CC49 was
determined using an indirect ELISA assay. A 96-well plate
(Corning) was coated with 1 μg/mL mucin type I−S (Sigma-
Aldrich, M3895) in PBS and incubated at +4 °C overnight.
Next, blocking was performed with ELISA blocking buffer
(PBS, 1% BSA) for 2 h at room temperature. A 50 nM serial
dilution of TCO−CC49 and unmodified CC49 was incubated
in ELISA buffer (PBS, 0.1% BSA, 0.05% Tween-20) for 2 h at
room temperature. Subsequently, peroxidase-conjugated rabbit
antimouse IgG secondary antibody (1:2000, Thermofisher,
A16160) was added and incubated at room temperature for 1
h. ELISA was developed with TMB solution (Thermofisher,
34028), stopped with 2 M HCl, and read at 450 nm
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Cell Culture. LS174T (ATCC, USA) TAG72-expressing
human colorectal adenocarcinoma cells were grown in Eagle’s

Minimum Essential Medium (signa-Aldrich) supplemented
with 10% fetal bovine serum, 1% penicillin/streptomycin,

Table 1. Structural Scaffolds, Molecular Weight, clogD7.4, Labelling Method, Radiochemical Yield, and Net Charge of All
Investigated Tetrazine Derivatives

tetrazinea MWb scaffold R1 ClogD7.4
c labeling method RCYf net charge

1a 321.1 A −CH2COOH −6.93 CMRFd 19.9 −1
2a 263.1 A −H −2.89 CMRFd 8.4 0
3a 365.1 B −CH2COOH −6.97 SN2

e 3.4 −1
4a 307.1 B −H −3.03 SN2

e 5.1 0
5a 427.1 −5.45 CMRFd 1.2 −1

aNotes: The compounds were obtained as trifluoroacetate salt. bMolecular weight (MW) of the selected compounds. cCalculated distribution
coefficient at physiological pH (7.4) in Chemicalize software. dCopper-mediated radiofluorination. eBimolecular nucleophilic substitution.
fRadiochemical yield.

Figure 2. Radiosynthesis of [18F]1−5 prior to their injection into LS174T xenograft nude mice. (A) Radiosynthesis of [18F]1−5. (B) Analytical
HPLC of reference compounds 1−5 (UV/vis 254 nm; Rt = 1, 4.910 min; 2, 4.650 min; 3, 4.720 min; 4, 4.927; 5: 6.223 min) (dashed graphs) and
radio-HPLC of the formulated [18F]1−5 (Rt(RCP) = [18F]1, 5.020 min (>97%); [18F]2, 4.767 min (>90%a); [18F]3, 4.853 min (>96%); [18F]4,
5.057 min (>96%); [18F]5, 6.337 min (>97%)) (black graphs). (C) Radio-HPLC of the formulated [18F]1−5 before (dashed graph) and after
(black graph) the addition of TCO-PNB ester (performed 20−30 min after formulation). aRCP of [18F]2 lower than observed for previous
syntheses and purifications. HPLC conditions: Luna 5 μm C18(2) 100 Å, 150 mm × 4.6 mm eluted with a gradient of ACN with 0.1% v/v TFA
(solvent B) in water with 0.1% v/v TFA (solvent B) at 2 mL/min. Gradient: 0−1 min, 0% B; 1−11 min, 0−100% B; 11−12 min, 100% B; 12−13
min, 100−0% B; 13−15 min, 0% B.
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nonessential amino acids, and sodium pyruvate. Media was
replaced regularly, and cells were incubated in a water vapor
saturated 5% CO2 atmosphere at 37 °C. Cells were
authenticated by short tandem repeat analysis (ATCC).
In Vivo Evaluation. All animal studies are approved by the

Danish Animal Experimentation Council (2021-15-0201-
01041) and carried out in compliance with EU directive
2010/63/EU of the EU legislation on the protection of animals
used for scientific purposes. Five-week-old Balb/cAnN-
Foxn1nu/nuRj mice acquired from Janvier were housed at the
University of Copenhagen. Here, animals were kept in a 12:12
light/dark cycle and fed chow ad libitum. After a one-week
acclimatization period, 5 million LS174T cells were injected
subcutaneously on the left flank under general anesthesia in
100 μL of PBS. Approximately 10 days after inoculation, mice
were included in experiments. In a pilot experiment a suitable
antibody dose was determined by injecting 1.5, 3, 6.25, 12.5,
25, 50, or 100 μg (n = 3, each group) CC49-TCO in the lateral
tail vein 3 days prior to injection with [111In]DOTA-PEG11-
Tz ([111In]DOTA-tz) (SI, Figure S22). Two hours later, mice
were euthanized, tumors, blood, spleen, kidney, muscle, heart,
liver, and lung tissue were resected and weighed, and activity
content was determined using an automated gamma counter
(Hidex, Finland). Activity was determined as %ID/g.
For the comparison experiment, mice were randomized to

experimental groups and injected in the lateral tail vein with 50
μg of either CC49-TCO, or unmodified CC49 in 100 μL of
PBS. n = 4 for each group and each compound, except for
[18F]3, for which n = 3 for CC49-TCO and n = 2 for CC49.
Three days later, mice were injected with 4−9 MBq [18F]1−5
intravenously in 100 μL of PBS solution. Injection activities
were corrected for waste post injection. 1, 2, and 3 h after
injection, mice were PET/CT scanned (Inveon, Siemens
Medical Solutions, USA). During scans, mice were anesthe-
tized by breathing 30% oxygen enriched air containing 3.5−
4.0% sevoflourane. CT scan parameters were: 360 projections,
tube voltage 65 kV, and exposure time 440 ms, reconstructed
with 2× downsampling. PET parameters: timing window 3.438
ns, and energy window 350−650 keV. Four mice were scanned
simultaneously and body temperature kept constant by means
of a water heated bed system modified from.40 PET sinograms
were reconstructed using an OSEM3D/SP-MAP algorithm
with scatter and attenuation correction in the Inveon
Acquisition Workplace (Siemens Medical Solutions, USA).
Regions of interest (ROI) were manually drawn on the tumor,
heart ventricle, and muscle. For the abdomen, as CT scans do
not provide adequate soft tissue contrast to delineate
abdominal organ segments such as small intestine, cecum,
and colon, a spherical ROI was placed in the ventral abdominal
region, taking care not to include signal from the bladder or
kidney. Activity concentration was then expressed as %ID/g.
After final PET/CT scan, two mice from each group were
transcardially perfused with saline (flow 5 mL/min) prior to
resection of tumor, spleen, kidney, muscle, heart, liver, and
lung tissue, as to indicate signal contribution from radiolabeled
antibody in the blood. Resected tissues were weighed and
activity content determined using an automated gamma-
counter using a 20% energy window around 511 keV,and
activity concentration expressed as %ID/g.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Compounds 1−4 and

precursors 1a and 3a were synthesized as previously

described.35,39 The synthesis of compound 5 and precursors
2a, 4a, and 5a is described in detail in the Supporting
Information. All molecules, including their intermediates, were
analyzed and characterized via 1H NMR, 13C NMR
(Supporting Information). Once the precursors were synthe-
sized, the tetrazine constructs were then radiolabeled using
different methodologies (Table 1, Figure 2).
Radiochemistry. [18F]1 and [18F]3 were synthesized as

previously described.35,37,39 Similar to [18F]1, [18F]2 and [18F]
5 were obtained via copper-mediated radiofluorination and
subsequent Boc- and tert-butyl ester deprotection in a
nonoptimized decay-corrected radiochemical yield (RCY) of
9.2 ± 1.1% ([18F]2, n = 3) and 1.5 ± 0.6% ([18F]5, n = 3) after
semipreparative-HPLC purification. In contrast, precursor 4a
was subjected to aliphatic radiofluorination conditions as
previously reported by Battisti et al. for the radiosynthesis of
[18F]3.35 Unexpectedly, yellow discoloration of the reaction
mixture was observed. Subsequent deprotection and semi-
preparative HPLC-purification did not yield the desired
product [18F]4. We hypothesized that the displacement of
PO4

3− ions, used for the preconditioning, during the elution of
[18F]F− from the quaternary methylammonium (QMA) anion
exchange cartridge resulted in a too basic reaction mixture,
leading to the degradation of the Tz core of 4a. Indeed,
adjusting the preconditioning anion of the quaternary
ammonium exchange cartridge from the previously reported
PO4

3− to the nonbasic Cl− yielded [18F]4 in a not further
optimized RCY of 4.5 ± 1.0% (n = 3) after semipreparative
HPLC-purification. All radiofluorinated Tzs were reacted with
TCO-PNB to check the integrity of the tetrazine core. All
molecules showed full click with the formation of new peaks at
different retention times (Figure 2).
In Vivo Pretargeting. Subsequently, we compared [18F]

1−5 for pretargeted imaging in CC49-TCO-pretreated mice
bearing LS174T xenografts, a TAG72-expressing human
colorectal adenocarcinoma. This specific cancer was selected
as TAG-72 is a target known to induce cell internalization only
to a small extend.41 CC49 was loaded with 7.3 TCO/mAb as
described in the experimental section, and 50 μg were injected
intravenously. A previous study in the same tumor model
found a dose of 50 μg of CC49-TCO to be an optimal trade-off
between tumor %ID/g and tumor-to-organ ratios (SI, Figure
S22). TCO modification only slightly reduced the binding
affinity from 0.5 to 0.74 nM (SI, Figure S21). Three days after
CC49-TCO injection, 4−9 MBq of each 18F-labeled tracer was
injected at high molar activity (Figure 2), and PET/CT scans
acquired 1, 2, and 3 h after injection (Figure 3). Generally,
only minute tumor accumulation (<0.1% ID/g) and low blood
concentration (<0.13% ID/g) was evident for all groups
previously administered with unmodified CC49 3 h after
injection, (SI, Figure S23). Contrary, for mice pretreated with
TCO-modified CC49, tumor accumulation increased over the
investigated course of 3 h after injection of [18F]1−5 (Figure
3), whereas activity in blood remained close to initial levels (SI,
Figure S23). This indicates that tetrazine was retained in the
blood by circulating CC49-TCO antibody, and thus tumor to
blood contrast may be further improved by the use of clearing
agent or extracorporeal trapping step.42,43 The lowest tumor
uptake was evident for charged [18F]1 (0.66%ID/g). This
value was marginally lower than what we previously observed39

and can be related to several parameters. Of note, molar
activity of the radiolabeled tetrazine and TCO load of CC49 as
well as location of the nonselectively attached TCO residues to
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the antibody, may affect tumor targeting and off-target
accumulation.44 Furthermore, age as well as body size of
mice, altering the distribution volume, may give rise to
discrepancies. However, due to the comparative nature of this
study, we aimed to keep the molar activity of injected tetrazine
similar and used the same production of TCO-modified CC49
antibody for all these compounds and to perform the studies
closely spaced in time, avoiding trans−cis isomerization of
TCO. As such, previously reported higher tumor accumulation
of [18F]1, indicates possible points of optimization, but does
not discourage comparative investigation here.
Compound [18F]4 showed the highest peak tumor uptake of

1.8%ID/g 3 h after administration. Despite lower tumor
uptake, [18F]2 demonstrates higher tumor-to-muscle and
tumor-to-blood contrast (Figure 3) and 1.2%ID/g in tumor
3 h after injection. Even though [18F]3 shows similar tumor
accumulation (1.5% ID/g), it is hampered by high muscle and
blood retention as well as abdominal background, resulting in
poor tumor-to-muscle (2.5), tumor-to-abdomen (0.4), and
tumor-to-blood (0.4) ratios 3 h after administration (Figure 3).
[18F]1 and [18F]5 demonstrated poor tumor accumulation of

0.66% ID/g and 0.77% ID/g, respectively. Thus, [18F]2 and
[18F]4 appear to outperform their corresponding dicarboxylic
acid derivatives ([18F]1 and [18F]3, respectively) by virtue of
peak tumor uptake in the case of [18F]4 but higher tumor-to-
background ratio for [18F]2.
Compounds [18F]1−5 mainly differ in polarity, net charge,

and scaffold. Previous studies by Meyer and colleagues on
tetrazine scaffolds modified with a linker and chelator for
radiometal complexing found that generally, tracers with
neutral net charge appeared to circulate for longer and clear
the blood by liver and intestine.20 While we do note a slight
tendency toward increased abdominal residence of [18F]2 and
[18F]4 relative to their less lipophilic and negatively charged
counterparts ([18F]1 and [18F]3) in both pretargeted and
control animals, tetrazine scaffold appears to be dictating
abdominal retention, which is not mediated by CC49-TCO. As
such [18F]1 and [18F]2 demonstrated low abdominal retention
(0.2 and 0.6%ID/g), and surprisingly, [18F]3 and [18F]4 higher
(3.2 and 4.3%ID/g), and [18F]5 highest retention of 8.2%ID/g
(Figure 3D, and SI, Figure S23D). Contrarily, we found that
for all compounds kidney retention was ∼1%ID/g or less at ex

Figure 3. PET/CT scan of CC49-TCO pretargeted [18F]1−5 in nude mice bearing LS174T xenografts. (A) Structures investigated. (B) PET-
image derived mean tumor uptake in CC49 and CC49-TCO pretargeted. (C) Representative PET images 3 h after injection. Arrows indicate
tumors. (D) Tumor-to-muscle (T/M), tumor-to-abdomen (T/A), and tumor-to-blood (T/B) ratios.
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vivo biodistribution after final scan acquisition (SI, Figure S24),
whereas, as mentioned above, blood retention was mediated by
CC49-TCO (SI, Figure S23). This is expected due to the small
and highly polar nature of the compounds, aimed at fast renal
clearance. These findings suggest that a net charge of 0 might
be ideal to achieve higher tumor accumulation, while scaffold A
seems to have a more favorable clearance regardless of net
charge. Balancing these factors are important to achieving
favorable pharmacokinetics for diagnostic purposes. Accord-
ingly, tumor accumulation should be rapid and clearance fast
to allow for adequate tumor-to-background contrast in
combination with short-lived radionuclides, which also allows
for early imaging time points and lower dosimetry burden to
the patient.
To assess the impact of circulating in vivo radiolabeled

antibody on tumor activity levels, we transcardially perfused
half of the scanned animals immediately after the final scan.
Perfusion with saline prior to ex vivo biodistribution revealed
unchanged tumor accumulation after blood was rid from the
tissue, indicating low signal contribution from circulating
antibody in tumors (Figure 4), whereas for other organs, there
was a tendency of washout in lung and liver (SI, Figure S24.

A limitation of this study is the lack of detailed
biodistribution data for abdominal organs. Future studies will
aim at detailing these factors further, as well as identify optimal
dose regime for [18F]2 and [18F]4 relative to antibody dose.

■ CONCLUSIONS
Radiosynthesis of [18F]1−5 proceeded via previously reported
nucleophilic substitutions or copper-mediated radiofluorina-
tions. [18F]1−5 were obtained in low to moderate yield and
similar molar activities ranging between 65−114 GBq/μmol.
Compound [18F]1 was obtained in higher yields due to the
extensive optimization previously performed. To increase the
RCY of the other probes, similar studies might be required.
Regarding pre-targeting performance in vivo , [18F]4
demonstrated superior tumor accumulation but also prolonged
blood retention. Thus, [18F]2 showed the highest tumor-to-
background ratios 3 h after injection. Based on these results,
[18F]2 and [18F]4 appear to outperform their corresponding
dicarboxylic acid derivatives ([18F]1 and [18F]3, respectively),
suggesting that a net charge of 0 might be ideal to achieve
higher tumor accumulation and faster clearance. It is evident
that various factors may influence target accumulation of
pretargeted tetrazines, and further optimization of these factors

is warranted for lead compounds [18F]4 and [18F]2 prior to
clinical translation.
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