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Preface

The purpose of this Special Issue was to host research and review papers on the past, present,

and future of radiochemical synthesis. I wished for this Issue to be about radiochemistry and related

topics. I came up with a title, “Past, Present, and Future of Radiochemical Synthesis”, in the hopes

of inspiring authors.

The Special Issue contains nine original research papers and two reviews within the area of

radiochemistry. These address how and why a certain radioactive compound has been prepared, how

a radioactive compound has taken our understanding of a biological system to a different level, how

a radiopharmaceutical can be used for treatment, and/or how a radioactive compound has improved

our understanding of a certain drug (binding pattern and/or metabolization of the drug).

I hope you enjoy reading this Special Issue. Best regards.

Svend Borup Jensen

Editor
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Abstract: Background [18F]FDG Positron Emission Tomography cannot differentiate between sterile
inflammation and infection. Therefore, we, aimed to develop more specific radiotracers fitted for
differentiation between sterile and septic infection to improve the diagnostic accuracy. Consequently,
the clinicians can refine the treatment of, for example, prosthesis-related infection. Methods:
We examined different target points; Staphylococcus aureus biofilm (68Ga-labeled DOTA-K-A9 and
DOTA-GSGK-A11), bone remodeling ([18F]NaF), bacterial cell membranes ([68Ga]Ga-Ubiquicidin),
and leukocyte trafficking ([68Ga]Ga-DOTA-Siglec-9). We compared them to the well-known glucose
metabolism marker [18F]FDG, in a well-established juvenile S. aureus induced osteomyelitis (OM)
pig model. Results: [18F]FDG accumulated in the OM lesions seven days after bacterial inoculation,
but disappointingly we were not able to identify any tracer accumulation in OM with any of the
supposedly more specific tracers. Conclusion: These negative results are, however, relevant to report
as they may save other research groups from conducting the same animal experiments and provide a
platform for developing and evaluating other new potential tracers or protocol instead.

Keywords: osteomyelitis; animal experimentation; pigs; PET/CT; [18F]FDG; [18F]NaF;
[68Ga]Ga-DOTA-K-A9; [68Ga]Ga-DOTA-GSGK-A11 [68Ga]Ga-DOTA-Siglec-9; [68Ga]Ga-ubiquicidin

1. Introduction

Staphylococcus aureus (S. aureus) causes skin, soft tissue, bone, pleuropulmonary infections,
infective endocarditis, sepsis, osteoarticular, and device-related infections [1]. To prevent disease
progression and to reduce the number of complications, it is essential to diagnose bacterial infections at
an early stage and initiate the best therapy. As stated by the WHO and others, the annual consumption
of antibiotics is increasing, and the support for its use is often insignificant [2,3]. The prevalence
of specific Multi-Drug Resistant (MDR) bacteria is associated with the usage of broad-spectrum
antibiotics, both for empiric as well as for definite therapy [4]. According to a recent report, more than
2.8 million antibiotic-resistant infections occur in the U.S. each year, and more than 35,000 people die
as a result [5]. To use the correct treatment, clinicians need to identify the location of inflammation
and discriminate between sterile lesions and infections by pathogenic microorganisms. To fit this

Molecules 2020, 25, 4329; doi:10.3390/molecules25184329 www.mdpi.com/journal/molecules
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purpose, nuclear medicine imaging techniques in combination with Computed Tomography (CT)
provide valuable information on functional and anatomical data. These imaging techniques visualize
the extent, the activity, the size, and the location of the disease. The molecular imaging techniques of
nuclear medicine, such as scintigraphy and Positron Emission Tomography (PET), are characterized by
visualizing the whole body.

However, the commonly used tracer [18F]-fluorodeoxyglucose ([18F]FDG) and [111In]-labeled
leukocytes cannot distinguish between sterile inflammation and infection. Osteomyelitis is a severe
bone infection, and the overall purpose of our project was to identify radiotracers that may improve
the scanning of the bacterial infection. We have, therefore, searched for other tracers; tracers made for
targeting the S. aureus biofilms or the infected bone lesion itself.

68Ga-labeled PET tracers are of particular interest. This radiopharmaceutical is nontoxic.
The half-life of 68 minutes makes it suitable for peptide pharmacology. 68Ga is available from
68Ge/68Ga generators and independent of reliance on local cyclotron production [6]. In vitro specificity
for bacterial binding and in vivo stability with favorable kinetics makes these radiotracers candidates
for infection imaging with PET [7].

S. aureus tends to form biofilms, especially on catheters, artificial heart valves, bone, joint prostheses,
and bone sequesters [8]. Biofilms reduce the effect of the immune response and antibiotics. As previously
described, we thus studied the applicability of two 68Ga-labeled phage-display selected dodecapeptides
with an affinity towards S. aureus biofilm: DOTA-K-A9 and DOTA-GSGK-A11 in our juvenile pig
osteomyelitis model [9].

We have previously used 99mTc-label methylene diphosphate ([99mTc]Tc-DPD) to examine bone
remodeling in pigs. We did not observe any tracer uptake in the osteomyelitis lesions [10]. We,
therefore, moved on to use [18F]NaF in the present study because [18F]NaF though acting through
similar uptake mechanisms as [99mTc]Tc-DPD, [18F]NaF is supposed to have a two-fold higher uptake
in bones and a better sensitivity for metastatic osteoblastic metastases [11].

Antimicrobial peptides, such as ubiquicidin, can distinguish between mammalian and bacterial or
fungal cells and may be targeting vector-candidates for molecular imaging due to their selectivity for
bacterial cell membranes in the innate immune system response [12]. We used a [68Ga]Ga-ubiquicidin
as a bacteria-specific imaging probe.

We also examined the vascular adhesion protein 1 (VAP-1)-targeted PET tracer [68Ga]Ga-DOTA-
Siglec-9, as an alternative to the traditional tracers for detecting infections. Sialic acid-binding
immunoglobulin-like lectin 9 (Siglec-9) is a natural ligand for VAP-1 and is expressed on monocytes
and neutrophils and is involved in leukocyte trafficking [13].

2. Results

2.1. Animal Model

Forty-five OM lesions developed in 15 pigs and none developed in the non-inoculated left control
hind limb (Table 1). Bacterial culturing and histopathology confirmed the presence of the inoculated
S. aureus strain S54F9 in the OMs.

2.2. Tracers

[68Ga]Ga-DOTA-K-A9 and [68Ga]GaDOTA-GSGK-A11

While previous evaluation in murine subcutaneous S. aureus infections showed uptake of
[68Ga]Ga-DOTA-K-A9 [9,14], we saw no increased tracer activity of the two S. aureus phage displayed
selected peptides, [68Ga]Ga-DOTA-K-A9 (Figure 1) and [68Ga]Ga-GSG-KA-11 (Figure 2) in 9 and
5, respectively, porcine OM lesions. Figure 3 shows the bio-distribution of the peptides in pigs.
Both peptides were excreted by the liver and kidneys.
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Figure 1. [68Ga]Ga-DOTA-K-A9 compared to [18F]FDG.

Figure 2. [68Ga]Ga-DOTA-GSGK-A11 compared to [18F]FDG.

Figure 3. Maximum intensity projections (MIPs) of [18F]FDG, [68Ga]Ga-DOTA-K-A9, and [68Ga]Ga-
DOTA-GSGK-A11.

[18F]FDG (left) and Ga-DOTA-K-A9 (right) accumulation is shown in an OM lesion in the right
calcaneus and distal II metatarsus of pig 4 (indicated by arrows). The lesions show sequester formation
and lysis of the cortical bone on CT in the axial view (middle). Comparable SUV scales are shown to
the right of the PET images.

[18F]FDG (left) and [68Ga]Ga-DOTA-GSGK-A11 (right) accumulation in the right distal femur of
pig 7. An OM lesion close to the medial part of the growth zone of the distal right femur with sequester
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formation and lysis of the cortical bone was revealed on the axial CT image (middle). Comparable SUV
scales are shown to the right of the PET images.

MIPs of the [18F]FDG, [68Ga]Ga-DOTA-K-A9, and [68Ga]Ga-DOTA-GSGK-A11.
CT images of two OM in the distal right femur in pig 9 in the axial view. [68Ga]Ga-ubiquicidin

and [18F]NaF compared to [18F]FDG accumulation in the same lesions. Comparable SUV scales are
shown to the right of the PET images. For a demonstration of the uptake of [18F]NaF in the growth
zones of long bones, a wider SUV-scale is used in the last picture. The CT image shows sequester
formations and lysis of the cortical bones.

2.3. [18F]NaF

We saw no accumulation of [18F]NaF in 15 OM lesions (Figure 4). [18F]NaF was distributed to the
growth zones of the bones (Figure 4) and excreted by the kidneys (Figure 5).

Figure 4. [68Ga]Ga-ubiquicidin and [18F]NaF compared to [18F]FDG.

Figure 5. MIPs of [68Ga]Ga-ubiquicidin, [18F]NaF, and [18F]FDG.

2.4. [68Ga]Ga-Ubiquicidin

We saw no accumulation of [68Ga]Ga-ubiquicidin in 12 OM lesions. [68Ga]Ga-ubiquicidin was
excreted by the kidneys (Figure 5).

5
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MIPs of the [68Ga]Ga-ubiquicidin, [18F]NaF, and [18F]FDG distribution in pig 9.

2.5. [68Ga]Ga-DOTA-Siglec-9

We saw no tracer activity neither in the early nor the late images of [68Ga]Ga-DOTA-Siglec-9 in
19 osteomyelitis lesions (Figure 6). Instead, the tracer accumulated in dorsocaudal parts of both lungs
of, for example, pig 1 (Figure 7). The CT image showed signs of infectious foci in dorsocaudal parts of
both lungs. We noticed, however, a general tendency of [68Ga]Ga-DOTA-Siglec-9 accumulation in the
dorsocaudal parts of the lungs. We also observed this in pigs that did not develop OM or pulmonary
infections (data not shown). Figure 8 demonstrates in images acquired 10 to 30 min after tracer injection,
a marked 68Ga]Ga-DOTA-Siglec-9 uptake in the margin of an inguinal abscess adjacent to the S. aureus
inoculation site. In the static images acquired after 60 min, the activity of [68Ga]Ga-DOTA-Siglec-9
decreased. Whereas the activity of [18F]FDG increased slightly in the margin of the abscess (Figure 8).

[18F]FDG and [68Ga]Ga-DOTA-Siglec-9] (early and late acquisition; 1 and 2 h) uptake in
osteomyelitis lesion in the right medial condyle of the right distal femur (indicated by an arrow) of
pig 1 and the corresponding CT (axial view). Comparable SUV scales are shown to the right of the
PET images.

The CT image (axial view) of the dorsocaudal parts of the lungs of pig 1 showed signs of
infection and partial atelectasis (arrow) and the corresponding [68Ga]Ga-DOTA-Siglec-9 uptake
in the corresponding anatomical area. Axial views of CT and PET and a MIP (side view) of
[68Ga]Ga-DOTA-Siglec-9 distribution in the pig’s body. The SUV scale bar is shown in the axial
PET image.

Pig 12 demonstrated [68Ga]Ga-DOTA-Siglec-9 uptake in 5 × 3 × 2 cm chronic inoculation abscess
(arrow) in the right inguinal region (10 to 30 min after tracer injection; this is an average image of the
frames covering 10 to 30 min, simulating a static image 10 to 30 min) and the uptake of [18F]FDG in the
same region. Note the similar uptake of [68Ga]Ga-DOTA-Siglec-9 in the growth zones of the distal
femur and proximal tibia bones and the intense uptake of [18F]FDG in the OM lesions of these bones
(with sequesters and fistulas formations) in the right hind limb. A hyperplasic medial iliacus lymph
node (broken arrow) on the right site had increased [18F]FDG uptake compared to the lymph node in
the non-infected left hind limb. In the second image, the acquisition was at 60 min post-injection of
tracers. The activity in the abscess had decreased for [68Ga]Ga-DOTA-Siglec-9 and had increased for
[18F]FDG.

2.6. [18F]FDG

[18F]FDG accumulated distinguishably in 45 of the 45 OM lesions.

Figure 6. [68Ga]Ga-DOTA-Siglec-9 compared to [18F]FDG].

6
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Figure 7. [68Ga]Ga-DOTA-Siglec-9 uptake in the lungs.

Figure 8. [68Ga]Ga-DOTA-Siglec-9 compared to [18F]FDG.

3. Discussion

A concern for the health authorities is the increasing MDR in society and its negative effect
on morbidity and mortality. Correct antibiotic use in both humans and animals reduces the threat
of antibiotic resistance. Timely and specific diagnosis of infectious diseases is essential for the
patient’s outcome. Blood cultures can detect invading microorganisms but cannot discriminate
between sterile inflammatory and bacterial infections in tissues. Imaging can reveal infection in the
body, and early imaging may help to direct the choice of antibiotic treatment and justify continued
treatment by antibiotics. Nuclear medicine techniques can visualize the whole body but the available
radiopharmaceuticals, such as [18F]FDG, are, however, not capable of distinguishing between sterile
inflammation and bacterial or fungal infections. Osteomyelitis is a severe bone infection, and the overall
purpose of our project was to identify radiotracers that may improve the scanning of bone infection.
For diagnosing OM, [18F]FDG is usable but unspecific, especially in adults. Therefore, we searched for

7
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radioactive tracers for nuclear imaging fitted for differentiation between sterile and septic inflammation
to improve the diagnostic accuracy and thus the treatment of, for example, prosthesis-related infections.

We used tracers prepared for targeting the S. aureus biofilms or the infected bone lesion itself.
We used a well-characterized juvenile porcine model, where OM was selectively induced by an also
well-characterized S. aureus strain in one hind limb leaving the contralateral hind limb for comparison.
Worldwide, S. aureus is involved in most cases of hematogenously spread OM. Hematogenously
spread OM most often affects children and elderly patients. Our juvenile porcine model has previously
demonstrated to mimic osteomyelitis in children [15].

When S. aureus enters the skin, neutrophils and macrophages migrate to the site of infection. S. aureus
avoids this imminent attack by the immune system of the host, for example, by blocking chemotaxis of
leukocytes, sequestering host antibodies, hiding from detection via polysaccharide capsule, or biofilm
formation, and resisting destruction after ingestion by phagocytes. Bacteriophages are viruses that
show no specificity for mammalian cells and infect bacteria exclusively [16]. Most bacteriophages have
specificity toward a single bacterial strain. The binding mechanism consists of the attachment of the
phages to specific surface receptors or domains located on the surface of the bacterium, subsequently
transferring their genetic material into the host cell dedicated for phage replication/reproduction.
We have previously examined two 68Ga-labeled phage-display selected peptides with affinity for
S. aureus biofilm and evaluated their potential as bacteria-specific PET imaging agents [9,14]. However,
in the present study, we saw no increased accumulation of neither [68Ga]Ga-DOTA-K-A9 nor
[68Ga]Ga-DOTA-GSGK-A11 in the porcine OM lesions, indicating that either no biofilm had formed
one week after the inoculation of S. aureus or the tracer did not bind to the biofilm in vivo, or was
metabolized before the static scan.

The static imaging was for logistic and financial purposes acquired in the same set up as the
dynamic scans. We have not analyzed the dynamic scans yet. We, therefore, do not know the kinetics of
these two tracers in juvenile pigs. The static scan 60 min after tracer-injection may have been obsolete.

The PET tracer [68Ga]Ga-DOTA-Siglec-9 binds to a protein involved in leukocyte extravasations
(vascular adhesion protein 1, VAP-1). Only recently, we have analyzed the dynamic data [13].
The uptake of [68Ga]Ga-DOTA-Siglec-9 had reversible kinetics and could be modeled with the rev2TCM
(4 k-parameters). We demonstrated that [68Ga]Ga-DOTA-Siglec-9 was metabolized very quickly and
no increased [68Ga]Ga-DOTA-Siglec-9 uptake was seen in OM [13]. However, the distribution volume
for the uptake of soft tissue infections was elevated, concluding the tracer has a role for soft tissue
infections, but not for bone infections (osteomyelitis). In the present study, we also observed an
affinity of [68Ga]Ga-DOTA-Siglec-9 for infected soft tissue (Figures 7 and 8), although the tracer was
present for a short period in this infectious compartment (Figure 8). We can conclude that static
scanning should have been earlier when visualizing infections in soft tissues, as the tracer turned
out to be reversible [13]. The reason for uptake in the lungs (Figure 7) may be due to an infection,
or it may be a result of tracer-trapping in the pulmonary tissue, as the whole-body biodistribution
of [68Ga]Ga-DOTA-Siglec-9 showed, in general, a significant uptake or accumulation in the lungs,
also in non-infected lungs. Jaakkola and coworkers demonstrated that VAP-1 was present in porcine
lung endothelium [17]. The tracer accumulation in the lungs may be an effect of high constitutional
expression of the receptor, perhaps as a consequence of the lungs being the “excretion organ” for
neutrophils. The lungs of pigs have much of the same filter-like function as the spleen in humans. Or it
may be an effect of the pulmonary intravascular macrophages in pigs [18].

Theoretically, highly infection-specific radiopharmaceuticals targeting antimicrobial peptides
such as the human antimicrobial peptide ubiquicidin seemed to be a worthy approach. The peptide
is in mammals, birds, amphibians, and insects, and it protects these animals against infection [19].
We used the small UBI 29-41 synthetic peptide, derived from humans. This UBI binds preferentially
to bacteria in vitro and not to activated leukocytes, and can distinguish bacterial infections
from inflammation with greater specificity than other UBI peptides [19–22]. We saw, however,
no increase in [68Ga]Ga-ubiquicidin accumulation in the S. aureus induced OM lesions in our study.
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The [68Ga]Ga-ubiquicidin, though human-derived, should not be species-specific. Also, the S. aureus
strain we used for inoculation in our animal model was isolated from human pneumonia. Perhaps the
mice or rabbit models, inoculated with a human-derived S. aureus strain, is not comparable to a pig
model. Healthy pigs may eliminate bacterial infections quickly and, thus, bacteria in the pigs may
not be detectable with 68Ga-labeled UBI 29-41. But it may not exclude the tracer for usage in humans.
We have not analyzed the dynamic scans yet. We, therefore, do not know the kinetics of this tracer.

It would have been optimal to analyze the tracer-kinetics before performing the static scans.
The kinetic analyses can indicate the optimal times to scan after the tracer-injections. The dynamic
scans were performed first and lasted one hour, and consequently delaying the static scans, but the
delay may not have been significant as we used [18F]- and [68Ga]-marked tracers.

S. aureus can also invade osteoblasts and can form small-colony variants in the intracellular
compartment, where they can survive in a metabolically inactive state while preserving the integrity of
the host cell [23,24]. We do not know if this was the case. And if it was, if this was the explanation for the
missing sign of osteoblast activity by both [99mTc]Tc-DPD and [18F]NaF. Another reason could be that
the infection was in its early phase before osteoblast recruitment and reparative processes took place.
[18F]NaF diffuses into the extravascular fluids of bones and is incorporated in hydroxyapatite. Thus,
the uptake of [18F]NaF reflects both blood flow and bone remodeling. We have recently demonstrated
only slightly increased blood perfusion in the infected limb compared to the not infected limb [25].
This amount of blood perfusion may not have been sufficient to increase the [18F]NaF accumulation.
It was, however, not ethically justifiable for us to keep the pigs alive for more than seven days after
they had established the S. aureus infection as human endpoints were reached. This model, therefore,
reflected acute/subacute OM.

[18F]FDG accumulated very distinguishably in the OM in our juvenile pig model, and even small
lesions were recognizable on CT images alone. The same may be the case in children as juveniles have
fewer concurring diseases and seldom degenerative changes causing inflammation of the bone and
joint tissues. [18F]FDG secures that no OM is unnoticed. We have previously addressed a possible
reduction of [18F]FDG activity in children [26].

The overall osteomyelitis project used an ambitious protocol as we scanned each pig several
times, using a combination of scanning techniques (SPECT/CT and PET/CT) and series of tracers
from 18 to 20 hours. We scheduled the scan protocol so that a new scan was not initiated until at
least five half-lives after the latest PET-tracer had passed. The exceptions occurred in some of the
pigs when the 68Ga-labeled tracer followed by the 18F-labeled tracers. It was impractical to wait the
full 5 × 67.7 min from the injection of 68Ga-labeled tracer to [18F]FDG scan. Instead, close to four
half-lives passed, and the injected activity of [18F]FDG was at least double the injected activity of the
68Ga-based tracers. The pigs were euthanized after the last scan and transported for necropsy at noon
the following day; therefore, it was possible to raise the injected activity for the final scan. Due to
the expected shorter half-lives and slightly slow uptake in OM, we gave more [68Ga]Ga-Ubiquicidin.
We would have liked to administrate the same amount as of [68Ga]Ga-DOTA-Siglec-9 but due to
the fractionate and usage of only half the activity, we were only able to synthesize half as much
[68Ga]Ga-Ubiquicidin as [68Ga]Ga-DOTA-Siglec-9. Regarding the radio-labeled phage displayed
selected peptides, [68Ga]Ga-DOTA-K-A9 and [68Ga]Ga-DOTA-GSGK-A11, we injected the maximum
amount of achieved radiotracer. The main reasons for varying injected activities were decreasing yield
from 68Ga-generator, changing 68Ga-labeling yield (especially for A11 peptide [9]), and different delays
between the time of production to the time of injection. In general, it is not easy to guess the adequate
and optimal injectable radioactivity, so we tried variable activities.
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4. Materials and Methods

4.1. Animal Model

Fifteen domestic pigs, all clinically healthy, specific pathogen-free Danish Landrace Yorkshire
cross-bred female pigs aged 8–9 weeks weighing 18.3–24.5 kg, were purchased from local commercial
pig farmers. After at least one week of acclimatization, the pigs fasted over-night. Then they
were premedicated with s-ketamine (Pfizer, Ballerup, Denmark) and midazolam (B. Braun Medical,
Frederiksberg, Denmark) intramuscularly and anesthetized with propofol (B. Braun Medical,
Frederiksberg, Denmark) intravenously. Finally, they were inoculated with a well-characterized
porcine strain of S. aureus S54F9 (approximately 10,000 CFU/kg body weight) into the femoral artery
of the right hind limb to induce OM in that limb, as described elsewhere [18]. After the onset of
clinical signs, for example, limping of the right hind limb, redness, and local swelling of the leg,
starting typically on day 3–4 after inoculation, the pigs were supplied with intramuscular procaine
benzylpenicillin (10,000 IE)/kg procaine benzylpenicillin (Penovet, Boehringer Ingelheim, Copenhagen,
Denmark) once daily until 48 h before scanning [27]. The pigs were all treated with 30–45 μg/kg
buprenorphine (Indivior, Berkshire, United Kingdom) intramuscularly thrice daily from the time
before inoculation and until scanning at day 6 and 7 after inoculation [27]. After scanning, pigs were
euthanized with an overdose of pentobarbitone (Scan Vet Animal Health, Fredensborg, Denmark) while
still under anesthesia. Humane endpoints were: anorexia for more than 24 h, superficial respiration,
the inability to stand up, or signs of systemic infection. After the inoculation, pigs were housed in
separate boxes with soft bedding, fed twice daily with a restricted standard pellet diet (DIA plus FI,
DLG, Denmark), and had ad libitum access to tap water. The environment was characterized by a
room temperature of 20 ◦C, relative humidity of 51–55%, 12 h in light/12 h in dark cycles, an exchange
of air at least eight times per hour. Pigs were fasted overnight before anesthesia.

Osteomyelitis was verified by CT imaging, necropsy, histology, and/or bacterial cultivation.
The study was approved by the Danish Animal Experimentation Board, license no. 2012-15-

2934-000123 and 2017-15-0201-01239 in accordance with 2010/63/EU. All facilities were approved by
the Danish Occupational Health Surveillance.

4.2. Tracers

4.2.1. S. aureus Biofilm (Phage Selected Peptides 68Ga-labeled DOTA-K-A9 and DOTA-GSGK-A11)

The selection, radio-synthesis, the in vitro binding, and preliminary in vivo evaluation of the two
phage display selected DOTA-peptide derivatives with an affinity towards S. aureus has previously
been described [9,14]. Briefly, in the 68Ga-labeling of DOTA-K-A9, as described in [14], the 68GaCl3
from the generator was trapped on a Varian SCX cartridge and eluted with a 5 M NaCl/5.5 M HCl
(2.5%) solution (700 μL). The following 68Ga-labeling was achieved by mixing the pre-purified 68GaCl3
with the precursor DOTA-K-A9 (70 μg, 37 nmol) in 0.1 M HEPES solution (5 mL) pH 6.5 adjusted with
30% ultrapure HCl and heated at 95 ◦C for 3.5 min. The post-purification of [68Ga]Ga-DOTA-K-A9
was performed using a C18-light cartridge, preconditioned with 50% EtOH in water solution (5 mL)
and 0.1 M HEPES (5 mL) pH 5.2 adjusted with 30% ultrapure HCl. The [68Ga]Ga-DOTA-K-A9 reaction
mixture was immediately transferred and trapped on a C18-light cartridge and rinsed with the 0.1 M
HEPES pH 5.2 (2 mL) before it was eluted with 50% EtOH in water solution (1 mL). The final formulation
(9 mL) of the product was achieved by adding isotonic saline (8 mL). The product formulation was
further diluted prior to in vivo testing, to achieve an EtOH content <5% (v/v). Synthesis time:
around 30 min. RCY: 56 ± 4%. RCP: 93 ± 1% EOS and 90 ± 1% at 2.5 h. pH: 5.1–5.7.

The 68Ga-labeling of DOTA-GSGK-A11, as described in [9], was achieved by mixing the precursor
DOTA-GSGK-A11 (70 μg, 34 nmol) in 0.1 M HEPES (5 mL) pH 6.5 adjusted with 30% ultrapure HCl
and adding the pre-purified 68Ga-eluate trapped on a Varian SCX cartridge and eluted with a 5 M
NaCl/5.5 M HCl (2.5%) solution (700 μL). The mixture was heated at 95 ◦C for 7 min before purification
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was performed using a C18-light cartridge preconditioned with a 50% EtOH in water/sodium phosphate
(2%) solution (5 mL) and isotonic saline (5 mL). After end heating, [68Ga]Ga-DOTA-GSGK-A11 was
immediately trapped on the C18-light cartridge, while non-chelated 68Ga passed through. The cartridge
was rinsed with isotonic saline (2 mL) before the purified [68Ga]Ga-DOTA-GSGK-A11 was eluted by
employing a 50% EtOH in water/sodium phosphate (2%) solution (1 mL). The final formulation of the
product for biological testing was achieved by adding isotonic saline (5 mL). Synthesis time: around
30 min. RCY: 69 ± 2%. RCP: 96 ± 3% EOS and 96 ± 2% at 2 h. pH: 6.5–7.0.

The average injected activity was a median of 760 MBq (range 348–848 MBq) of [68Ga]Ga-
DOTA-K-A9, corresponding to ~17–46 MBq/kg and median 475 MBq (range 65–500 MBq) of
[68Ga]Ga-DOTA-GSGK-A11, corresponding to ~3–23 MBq/kg. PET was performed median ~60 min
(60–61min) after injection of [68Ga]Ga-DOTA-K-A9 (pigs 4–6, Table 1) and ~62 min (62–62 min) after
injection of [68Ga]Ga-DOTA-GSGK-A11 (pigs 7–8, Table 1) in the jugular vein.

4.2.2. Bone Remodeling ([18F]NaF)

Fluoride-18 was produced via the 18O (p,n) 18F nuclear reaction using a cyclotron. The target
content was passed through a QMA-light Sep-Pak (Waters, Hedehusene, Denmark) to trap F-18.
The solution was washed with 10 mL sterile water for injection (10 mL) to remove any residual
[18O]H2O and then dried with an argon stream. [18F]NaF was set free by eluting the QMA Sep-Pak
with 10 mL NaHCO3 and 10–20 mL air into the product vial. The average injected activity was as
median 184 MBq (range 165–196 MBq), corresponding to ~8–10 MBq/kg. The PET was performed
~57 min (33–78 min) after injection of [18F]NaF (pigs 9–13, Table 1).

4.2.3. Bacterial Cell Membranes ([68Ga]Ga-Ubiquicidin)

NOTA-Ubiquicidine 29-41 acetate was obtained from ABX, Radeberg, Germany. Ultrapure Water
(metal-free water) and ultra-pure hydrochloric acid (30%) was obtained from Merck (Merck KGaA,
Darmstadt Germany) and cation exchange cartridge Strata XC 10, Phenomenex Inc., Værløse, Denmark
(Strong cation exchange) was used. Sterile water and sterile isotonic saline solution (9 mg/L) were
purchased from the Hospital Pharmacy in Aalborg. Sodium acetate was of lab-grade from Sigma Aldrich
(St. Louis, MI, USA). The synthesis was inspired by the synthesis published by Ebenhan et al. [20]
and Vilche et al. [28]. Briefly, Ga-68 was obtained by eluting a 68Ge/68Ga generator (IGG100, Eckert &
Ziegler AG Eurotope GmbH, Berlin, Germany). The generator eluate was fractionated and the 0.7 mL
fraction with the highest radioactivity was collected and used for the synthesis. In our case, this was
the fraction from 1. 6–2.3 mL (7 −/+ 2% of the radioactivity came in the early fraction 0–1.6 mL,
50 −/+ 2% came in the fraction we used, and 41 −/+ 2% came after (2.3–10 mL)). A total of 625 μL
of the 0.7 mL eluate was mixed with 30 μL sodium buffer solution (5 M, pH 5.5) and 600 μL of this
mixture was transferred into a reactor containing NOTA-Ubiquicidin 29-41 acetate (400 μg, 202 nmol,
dissolved in 64 μL metal-free water) resulting in an overall concentration of NOTA-Ubiquicidin 29-41
of 0.3045 mM. The reaction vial was placed in a water bath at a temperature of 90 ◦C for 12 min.
Sterile water (6 mL) was added. The mixture was run through a cation exchange cartridge Strata
XC 10. The reaction vial was washed with water (2 mL), and the wash was also run through the
cation exchange cartridge. Approximately 80% of the reaction mixture was trapped on the cation
exchange cartridge; approximately 17% stayed in the reactor, and 3% went through the cation exchange
cartridge. The product was released from the cation exchange cartridge by 0.5 mL 60% EtOH in sterile
water, followed by 5 mL sterile saline, leaving 8% of the radioactivity on the cation exchange cartridge.
The synthesis took 18–20 min, and the labeling yield was 162–203 MBq depended on how strong the
Ge/Ga generator was (72–74% d.c). The specific radioactivity was ~1 MBq/nmol, assuming that all
the NOTA-Ubiquicidin 29-41 applied in the synthesis ends up in the product vial. The radiochemical
purity of [68Ga]Ga-Ubiquicidin was examined using the setup described by Vilche et al. [17]. Briefly,
the radio-HPLC system consisted of Dionex Ultimate 3000 HPLC system (Dionex Denmark) and a NaI
radio detector from LabLogic (LabLogic, UK) and C-18 columns (4.6 × 150 mm, 5 μm). The HPLC
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conditions were as follows: flow rate = 1 mL/min; Channel A = 0.1% TFA/water; Channel B = 0.1%
TFA/acetonitrile. Gradient: during 0−6 min, from 100% A to 40% A; Cfrom 6–10 min isocratic 40% A.
The radiochemical purity was higher than 96% in all our syntheses.

The average injected activity was median 117 MBq (range 109–120 MBq), corresponding to
~5–6 MBq/kg. The PET was performed ~67 min (66–69 min) after injection of [68Ga]Ga-Ubiquicidin
(pigs 9–11, Table 1).

4.2.4. Leukocyte Trafficking ([68Ga]Ga-DOTA-Siglec-9)

The radioactive labeling of DOTA-Siglec-9 was previously discussed and described in detail [13,29].
Briefly, 68Ga was eluted from a GalliaPharm® 68Ge/68Ga generator (Eckert & Ziegler, Radiopharma
GmbH, Berlin, Germany) using aq HCl (10 mL, 0.1 M). Gallium was trapped on a cation exchange
cartridge (Strata-X-C 33 u Polymeric Strong, Phenomenex, Værløse Denmark), and released from
the cartridge with an acidified acetone solution (0.6 mL, made from ultrapure HCl (30%, 0.21 mL)
and sterile water (2.23 mL) in a total volume of 100 mL with acetone) from the SCX cartridge into a
preheated reaction vial (100 ◦C). The acetone contents were reduced by azeotrope evaporation (100 ◦C,
the addition of HCl (0.5 mL, 0.1 M) after 1.5 min, metal-free water (0.5 mL) after 2.5 min and HEPES
buffer (124.0 ± 2.0 mg in 500 μL metal-free water) after 5.5 min). Followed by an addition of the
DOTA-Siglec-9 peptide (40.0 μg, 16.5 nmol, dissolved in 200 μL of metal-free water. The reaction
mixture was heated for 5 min for the 68Ga incorporation to take place before it was quenched by adding
sterile water (10 mL). The product mixture was then run through a preconditioned C-18 Sep-Pak
cartridge (Waters, Hedehusene, Denmark) to trap [68Ga]Ga-DOTA-Siglec-9 (preconditioned with 67%
EtOH/33% sterile water (10 mL) followed by sterile saline (10 mL)).

The product ready for injection, [68Ga]Ga-DOTA-Siglec-9, was released from the cartridge with
ethanol (67%, 0.5 mL) followed by saline (9 mL) directly into the product vial through a sterile filter.

The radiochemical purity of [68Ga]Ga-DOTA-Siglec-9 was determined using a radio detector
coupled with a reversed-phase high-performance liquid chromatography (radio-HPLC) (Jupiter C18
column, 4.6 × 150 mm, 300 Å, 5 μm; Phenomenex, Torrance, CA, USA). The HPLC conditions were
as follows: flow rate = 1 mL/minute; λ = 274 nm; Channel A = 0.1% TFA/water; Channel B = 0.1%
TFA/acetonitrile; gradient: during 0−2 min, 82% A and 18% B; during 2−11 min, from 82% A and 18% B
to 40% A and 60% B; during 11−15 min, from 40% A and 60% B to 82% A and 18% B; during 15−20 min,
82% A and 18% B. The radio-HPLC system consisted of Dionex Ultimate 3000 HPLC system equipped
with a 4-wavelength simultaneous data collector (Dionex Denmark) and of a NaI radiodetector from
LabLogic (LabLogic, UK). The overall yield of the reaction was approximately 62% ndc with a reaction
time of approximately 25 min. The molar activity was 35 ± 10 MBq/nmol.

The average injected activity was as median 178 MBq (range 126–253 MBq), corresponding to
~8–12 MBq/kg. The PET was performed ~72 min (60–126 min, early scan) and 139 min (118–186 min,
late scan) after injection of [68Ga]Ga-DOTA-Siglec-9 (pigs 1–3 and 12–15, Table 1).

4.2.5. Glucose Metabolism ([18F]FDG)

18F were produced at the PET Center Aarhus using either a PETtrace 800 series cyclotron
(GE Healthcare, Uppsala, Sweden) or a Cyclone 18/18 cyclotron (IBA, Louvain La Neuve, Belgium).
[18F]FDG was produced by a standard procedure applying a GE Healthcare MX Tracerlab synthesizer,
Mx cassettes supplied by Rotem Industries (Arava, Israel), and chemical kits supplied by ABX GmbH
(Radeberg, Germany). Radiochemical purity was higher than 99%. The median injected activity was
125 MBq (range 94–497 MBq), corresponding to ~5–24 MBq/kg. The PET was performed ~61 min
(50–76 min) after injection of [18F]FDG (pigs 1–15, Table 1).

4.3. CT and PET

The pigs were scanned at locations; Aalborg and Aarhus PET Centers. The pigs were carefully
placed in dorsal recumbency to make sure the infected and not infected limb would be comparable
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in CT images. They were in propofol anesthesia and mechanically ventilated throughout the scan.
Reflexes, pulse, oxygen saturation, and body temperature were monitored. After unenhanced CT for
attenuation correction and anatomical co-registration, whole-body static PET imaging was performed
with 5 min per bed position in three-dimensional mode. Pigs are not designed for erect walking,
and their limbs cannot be stretched in the same manner as human extremities. Despite that, we kept
the standards for imaging of humans; views in axial, coronal, and sagittal planes. But in the thorax,
we changed the directions to cranial and caudal.

In Aalborg, to evaluate if any lytic lesions had developed, the pigs had a diagnostic CT scan
(GE VCT Discovery True 64 PET/CT scanner 2006, GE Healthcare, Chicago, Illinois, USA).

The scan fields covered 15 cm in the axial direction. PET images were reconstructed using
an ordered subset expectation maximization (OSEM) iterative algorithm (3D ViewPoint algorithm,
GE Healthcare). The reconstruction parameters were 2 iterations, 28 subsets, 128 × 128 matrix in
47 slices, (5.5 × 5.5 × 3.3) mm3 voxel size, and a 6 mm Gaussian filter.

Due to scanner replacement, later pigs were scanned on a different scanner than the previous pigs.
They were scanned on a Siemens Biograph mCT (Siemens, Erlangen, Germany) with time-of-flight
(TOF) detection. The scan field covered 22 cm in the axial direction. The images were reconstructed
with an OSEM algorithm without using the resolution recovery option (setting “Iterative + TOF”).
The reconstruction parameters were 3 iterations, 21 subsets, 400 × 400 matrix in (1.02 × 1.02 ×
2.03) mm3 voxels, and a 3 mm Gaussian filter. On both scanners, image reconstruction included
attenuation-correction based on the CT scan.

In Aarhus, all examinations were performed with Siemens Biograph TruePoint™ 64 PET/CT,
Siemens Healthineers, Erlangen, Germany. The pigs were placed in recumbency. Initially, a scout
view was obtained to secure body coverage from snout to tail. We used visually comparable PSF
reconstruction protocols (TrueX) (four iterations, 21 subsets, 3-mm Gaussian post-processing filter,
matrix size 336 × 336, voxel size (2 mm × 2 mm × 2 mm).

In the present study, only the whole-body static PET/CT scans are presented.

5. Conclusions

We report these negative results as we find them valuable to other research groups developing
new tracers for osteomyelitis. They may save other research groups from doing the same experiments
and as a platform for the development of new potential tracers, or to use other scanning protocols.
We also have an ethical responsibility to report negative results to prevent unnecessary animal studies
from being repeated by other researchers.

[18F]FDG was the best tracer for the detection of OM in peripheral bones in our juvenile pig model
seven days after S. aureus induced OM.
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Abstract: Targeted radionuclide therapy of somatostatin receptor (SST)-expressing tumors is only
partially addressed by the established somatostatin analogs having an affinity for the SST subtype
2 (SST2). Aiming to target a broader spectrum of tumors, we evaluated the bis-iodo-substituted
somatostatin analog ST8950 ((4-amino-3-iodo)-d-Phe-c[Cys-(3-iodo)-Tyr-d-Trp-Lys-Val-Cys]-Thr-NH2),
having subnanomolar affinity for SST2 and SST5, labeled with [177Lu]Lu3+ via the chelator
DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid). Human Embryonic Kidney (HEK)
cells stably transfected with the human SST2 (HEK-SST2) and SST5 (HEK-SST5) were used for
in vitro and in vivo evaluation on a dual SST2- and SST5-expressing xenografted mouse model.
natLu-DOTA-ST8950 showed nanomolar affinity for both subtypes (IC50 (95% confidence interval):
0.37 (0.22–0.65) nM for SST2 and 3.4 (2.3–5.2) for SST5). The biodistribution of [177Lu]Lu-DOTA-ST8950
was influenced by the injected mass, with 100 pmol demonstrating lower background activity than
10 pmol. [177Lu]Lu-DOTA-ST8950 reached its maximal uptake on SST2- and SST5-tumors at 1 h p.i.
(14.17 ± 1.78 and 1.78 ± 0.35%IA/g, respectively), remaining unchanged 4 h p.i., with a mean residence
time of 8.6 and 0.79 h, respectively. Overall, [177Lu]Lu-DOTA-ST8950 targets SST2-, SST5-expressing
tumors in vivo to a lower extent, and has an effective dose similar to clinically used radiolabeled
somatostatin analogs. Its main drawbacks are the low uptake in SST5-tumors and the persistent
kidney uptake.

Keywords: radiolabeled somatostatin analogs; SST2; SST5; Lu-177; targeted radionuclide therapy;
neuroendocrine tumors; dual-tumor mouse model

1. Introduction

Targeted radionuclide therapy of neuroendocrine tumors (NET) via somatostatin receptor
(SST) is proven very effective. The NETTER-1 phase III study showed that treatment with the
177Lu-labeled somatostatin analog DOTA-TATE ([1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid0, Tyr3,Thr8]-octreotate), in combination with single-dose nonradiolabeled octreotide (Sandostatin®

LAR®), significantly improved objective response, progression-free survival and quality of life versus
treatment with double-dose octreotide [1,2]. Earlier studies involving large cohorts treated with
the 90Y- or 177Lu-labeled analog DOTA-TOC ([DOTA0, Tyr3]-octreotide) support these findings [3,4].
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[177Lu]Lu-DOTA-TOC is under evaluation in the phase III trial COMPETE (NCT03049189) versus the
mTOR inhibitor, everolimus, while [177Lu]Lu-DOTA-TATE (Lutathera®) is approved by the U.S. Food
and Drug Administration (FDA) and the European Medicines Agency (EMA). As a companion to
these analogs for radionuclide therapy, two 68Ga-labeled radio-diagnostics, [68Ga]Ga-DOTA-TATE
(NETSPOT®) and [68Ga]Ga-DOTA-TOC (SOMAKIT TOC®), received FDA approval for positron
emission tomography (PET) imaging. The molecular basis of these successful approvals rests on
the high affinity of the (radio)metallated DOTA-TATE and DOTA-TOC for the somatostatin receptor
subtype 2 (SST2), which is known to be overexpressed by NET cells. However, poorly differentiated
neuroendocrine carcinoma (NEC), high-grade NETs, and to a certain extent, well-differentiated NETs,
may show low and/or heterogeneous SST2 expression [5,6], leading to suboptimal tumor targeting with
these analogs. On the other hand, these tumors may express or co-express other SST subtypes among
the five known ones (SST1-5). SST5 is the second highly expressed subtype in gastroenteropancreatic
neuroendocrine tumors (GEP-NETs) [7], behind the predominant expression of SST2 (at least in primary
tumors) and is concomitantly expressed with SST2 in 70–100% of GEP-NETs, in breast cancer, growth
hormone (GH)-secreting pituitary adenomas and in 20–50% of intestinal or bronchial NETs [5,8–10].
NETs from G1/2 to G3 show a downregulation of SST2, while SST5 is constantly present [5,11]. SST5 is
predominantly expressed, compared to SST2, in other tumors such as glioblastomas [12], tumor
capillaries of pancreatic adenocarcinomas [13] or in lung cancer [14]. There are also cases of NETs
where SST2 is absent while SST5 is present [6,15]. There are other tumors where SST5 is expressed,
while SST2 is absent, including ACTH pituitary adenoma, cervix carcinoma and ovarian carcinoma [16].
Therefore, analogs targeting SST2 and SST5 (but also other subtypes), may potentially target a broader
spectrum of various tumors and/or increase the radiation dose in a given tumor.

Most of the known analogs are synthetic cyclic octapeptides with a disulfide six-membered
ring and SST2-selectivity. We are interested in developing radiolabeled somatostatin analogs for
multireceptor subtype targeting. Replacement of key amino acids on the octreotide motif resulted in the
analog [DOTA, 1-Nal3]-octreotide (DOTA-NOC) with a high affinity for the SST2 and SST5 and lower
for the SST3 [17]. Other designs include, highly constrained bicyclic octreotide analogs, consisting of a
head-to-tail cyclization and an inner disulfide six-membered ring [18], the head-to-tail cyclo-hexapeptide
pasireotide (Signifor or SOM230) [19], cyclic nonapeptides with nondisulfide eight-membered ring [20],
and the 14mer and pseudo-14mer cyclic somatostatin-14 (SS-14) mimics, with ring-size of 12, 9, 8 and 6
amino acids—with the higher number ring favoring multireceptor subtype recognition [21]. All the
above-mentioned analogs showed certain limitations, with [68Ga]Ga-DOTA-NOC being, so far, the only
well-established analog for SST2, SST3 and SST5 targeting [22]. Clinical data with [68Ga]Ga-DOTA-NOC
indicate that multi-receptor subtype targeting is relevant for improving the diagnostic accuracy and
sensitivity of PET imaging of SST-expressing tumors [23,24]. Such clinical data on therapy are lacking.
In fact, the therapeutic equivalent [177Lu]Lu-DOTA-NOC has been evaluated in only 69 NET patients,
compared to [177Lu]Lu-DOTA-TATE, showing higher uptake in normal tissues with subsequently higher
effective dose [25]. None of the other analogs has been evaluated for targeted radionuclide therapy.

In this work, we evaluate the 177Lu-labeled somatostatin analog ST8950 ((4-amino-3-iodo)-d-
Phe-c[Cys-(3-iodo)-Tyr-d-Trp-Lys-Val-Cys]-Thr-NH2) for potential treatment of SST2- and SST5-expressing
tumors. ST8950 (identified as peptide #9 in [26] and as AP102 in [27,28] is a disulfide-bridged
bis-iodo-substituted octapeptide that exhibits sub-nanomolar affinity to SST2 and SST5 [26]. ST8950
is as potent as the natural SS-14 in its ability to inhibit growth hormone and prolactin release [26],
it has intermediate agonistic potency between octreotide and pasireotide at both subtypes [27], and it
acutely reduces growth hormone secretion without causing hyperglycemia (a known undesirable
effect of pasireotide) in a healthy rat model [28]. Our previous work demonstrated that coupling
of the chelator DOTA and complexation of Ga3+ does not alter the affinity to SST2, and while it
reduces its affinity to SST5, this still remains in a low nanomolar range [29]. [68Ga]Ga-DOTA-ST8950
showed high and specific accumulation in SST2 and SST5-expressing tumors in vivo, comparable
to [68Ga]Ga-DOTA-NOC [29]. Herein we report the comprehensive evaluation of the therapeutic
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equivalent [177Lu]Lu-DOTA-ST8950. The influence of Lu-complexation on the affinity for SST2 and
SST5 was assessed, together with the internalization and efflux rate of [177Lu]Lu-DOTA-ST8950 vs.
[177Lu]Lu-DOTA-NOC on intact cells. A series of in vivo characteristics, including the influence of
the injected peptide masses on the biodistribution, the specificity, the role of nephroprotective agents
on the kidney uptake, the pharmacokinetics over 168 h, the residence time on the tumors and critical
organs and finally the dosimetry of [177Lu]Lu-DOTA-ST8950 were assessed on a dual SST2- and
SST5-expressing xenografted model.

2. Results and Discussion

2.1. Synthesis of the (Radio)Metallated Peptide Conjugates, Stability and Lipophilicity

The natLu complexes of DOTA-ST8950 and DOTA-NOC (Figure 1) were obtained with a yield of
70–80%, based on the initial amount of peptide used.

 

Figure 1. The structural formulae of DOTA-ST8950 (DOTA-(4-amino-3-iodo)-d-Phe-c[Cys-(3-iodo)-Tyr-
d-Trp-Lys-Val-Cys]-Thr-NH2) and DOTA-NOC (DOTA-d-Phe-c[Cys-1-NaI-d-Trp-Lys-Thr-Cys]Thr(ol)).

The purity and identity were confirmed by reverse-phase high-performance liquid chromatography
(RP-HPLC) and electrospray ionization mass spectrometry (ESI-MS). The analytical data of the peptide
conjugates and their natLu complexes are reported in Table 1.

Table 1. Analytical data of the DOTA-conjugates and of their corresponding natLu complexes.

Compounds Purity (%) MW (Calculated) MW (Observed) HPLC (tr min)

DOTA-ST8950 100 1699.5 1700.1 10.51

DOTA-NOC 96 1454.6 1456.2 11.00
natLu-DOTA-ST8950 100 1870.5 1870.8 11.03
natLu-DOTA-NOC 97 1625.6 1627.3 11.52

MW: molecular weight; tr: retention time.

177Lu-labeling did not require any purification step. Radiochemical yield (non-isolated product,
estimated by radio-HPLC) was > 95% and radiochemical purity > 93%. The radiochemical purity of
[177Lu]Lu-DOTA-ST8950 without any formulation or addition of scavengers was decreased over a
period of 24 h to 74%, when the radiotracer was stored at 4 ◦C, and to 67% when it was stored at room
temperature (RT).

[177Lu]Lu-DOTA-ST8950 was found to be more lipophilic than the reference compound
[177Lu]Lu-DOTA-NOC, with log D = −1.2 ± 0.1 vs. −1.6 ± 0.1, respectively.

18



Molecules 2020, 25, 4155

2.2. Binding Affinity Studies

The results of the binding affinity for the human SST2 and SST5 are summarized in Table 2.
Conjugation of the chelate natLu-DOTA to ST8950 did not alter its binding affinity to SST2 (IC50: 0.37
vs. 0.28 nM for natLu-DOTA-ST8950 and ST8950, respectively) but reduced by more than a factor of
four its affinity to SST5 (IC50: 3.4 vs. 0.77 nM, respectively). This observation is in agreement with the
affinity data of natGa-DOTA-ST8950 having the same affinity as ST8950 for SST2, but reduced affinity
for SST5 [29]. The loss of affinity for SST5 after chelate conjugation is more prominent with natLu-DOTA
(factor of four) than with natGa-DOTA (factor of two); IC50: 3.4 nM for natLu-DOTA-ST8950 vs. 1.9 nM
for natGa-DOTA-ST8950 vs. 0.77 nM for ST8950.

Table 2. Binding affinities of the natLu-DOTA-conjugates for somatostatin receptor subtype 2 (SST2)
and SST5, compared to reference compounds.

SST2 SST5

Compounds IC50 (nM) 95% Confidence Intervals (nM) IC50 (nM) 95% Confidence Intervals (nM)

Somatostatin-14 ¥,* 0.11 0.08 to 0.15 0.35 0.22 to 0.55
ST8950 ¥ 0.28 0.19 to 0.42 0.77 0.48 to 1.2

natLu-DOTA-ST8950 0.37 0.22 to 0.65 3.4 2.3 to 5.2
natLu-DOTA-NOC 0.51 0.33 to 0.78 4.8 3.1 to 7.6

natGa-DOTA-ST8950 ¥ 0.32 0.20 to 0.50 1.9 1.1 to 3.1
natGa-DOTA-NOC ¥ 0.70 0.50 to 0.96 3.4 1.8 to 6.2

IC50: half maximal inhibitory concentration; Experiments were performed in 3 to 4 separate sessions in duplicate;
* somatostatin-14 is the natural ligand and was used as control; ¥ from [29].

The affinity of natLu-DOTA-ST8950 was compared favorably with natLu-DOTA-NOC in both
receptor subtypes (IC50: 0.37 vs. 0.51 nM in SST2 and 3.4 vs. 4.8 nM in SST5, respectively).
When compared with the native hormone SS-14, natLu-DOTA-ST8950 and natLu-DOTA-NOC had
slightly lower affinities for the SST2 and significantly lower for the SST5.

Overall, the conjugation of a chelate affects the affinity of ST8950 to SST5, but not to SST2, with the
natLu-DOTA-ST8950 having lower affinity than its natGa-equivalent. This is in agreement with the
observation made previously by Antunes et al. [30] regarding the lower affinity of natLu-DOTA-NOC,
compared to its natGa-equivalent, which was attributed to the different coordination number and
geometry between the natGa and natLu complexes.

2.3. In Vitro Characterization

2.3.1. Internalization Studies

The internalizationrate inHumanEmbryonicKidney(HEK)-somatostatinreceptorsubtype2(SST2)cells is
reportedinFigure2. [177Lu]Lu-DOTA-ST8950and[177Lu]Lu-DOTA-NOCshowedspecificandtime-dependent
cellular uptake. [177Lu]Lu-DOTA-ST8950 showed lower internalization compared with [177Lu]Lu-DOTA-NOC
(18.1 ± 0.7 vs. 26.8 ± 0.1% at 4 h, respectively). The percentage of the cell-surface-bound fraction was
very low (about 1%) in all cases, demonstrating that the cell-surface-bound radiotracer is rapidly
internalized inside the cells. This confirms their agonistic nature.

Neither of the two radiotracers had substantial internalization on HEK-SST5 cells (0.5–1.2%,
at 4 h). The lack of internalization on HEK-SST5 cells of radiolabeled analogs with an affinity for this
subtype, like [177Lu]Lu-DOTA-ST8950 and [177Lu]Lu-DOTA-NOC, has been observed by others [30,31],
while we and others confirmed these results specifically for [67Ga]Ga-DOTA-NOC [29,30] and for
[67Ga]Ga-DOTA-ST8950 [29]. Despite the lack of internalization in vitro, these analogs are able to bind
to SST5-expressing tumors in vivo [29].

Unfortunately, no in vitro data are available for [177Lu]Lu-DOTA-NOC to allow direct comparison.
Nevertheless, our internalization results on [177Lu]Lu-DOTA-NOC are in agreement with the data
reported on [111In]In-DOTA-NOC in HEK-SST2 [30]. This is also in line with the similar affinities
found for natLu-DOTA-NOC and natIn-DOTA-NOC, measured in the same assay [30].
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Figure 2. Internalization of [177Lu]Lu-DOTA-ST8950 and [177Lu]Lu-DOTA-NOC in Human Embryonic
Kidney (HEK)-SST2 at 37 ◦C. The results are expressed as % (mean ± SD) of applied activity in the
cells and normalized per million cells. All values refer to specific internalization after subtracting the
nonspecific (measured in the presence of 1000-fold excess of SS-14) from the total internalized fraction,
at each time point.

2.3.2. Efflux Studies

The cellular retention of [177Lu]Lu-DOTA-ST8950 and [177Lu]Lu-DOTA-NOC in HEK-SST2 is
presented in Figure 3. Both radiotracers showed the same efflux rate, with more than 50% remaining
inside the cells (internalized) after 4 h at 37 ◦C.

Figure 3. Cellular retention of [177Lu]Lu-DOTA-ST8950 and [177Lu]Lu-DOTA-NOC in HEK-SST2 after
2 h of incubation at 37 ◦C and acid wash to remove the cell-surface-bound fraction. The results are
expressed as % (mean ± SD) of the internalized activity.

2.4. In Vivo Evaluation of [177Lu]Lu-DOTA-ST8950 in Tumor-Bearing Mice

2.4.1. Influence of the Injected Peptide Mass

Biodistribution studies at two different peptide masses, 10 pmol and 100 pmol, were performed at
1 and 4 h p.i. to determine whether the amount of the injected peptide influences the distribution of
[177Lu]Lu-DOTA-ST8950 and its uptake in the tumors and organs. The results are reported in Table 3
and refer to a dual SST2- and SST5-tumor mouse model.
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Table 3. Biodistribution results of 10 vs. 100 pmol [177Lu]Lu-DOTA-ST8950 on dual SST2- and
SST5-expressing xenografts at 1 and 4 h p.i. The results are expressed as mean of the % injected activity
per gram of tissue (%IA/g) ± standard deviation (SD).

1 h 4 h

Organ 10 pmol * 100 pmol & p 10 pmol * 100 pmol # p

Blood 1.30 ± 0.24 0.96 ± 0.23 0.034 0.15 ± 0.02 0.09 ± 0.03 <0.001
Heart 0.84 ± 0.18 0.69 ± 0.09 0.075 0.20 ± 0.04 0.17 ± 0.03 0.140
Lung 7.12 ± 2.59 3.90 ± 0.84 0.011 3.81 ± 0.98 1.69 ± 0.40 <0.001
Liver 2.73 ± 0.59 2.60 ± 0.42 0.660 2.20 ± 0.27 2.19 ± 0.48 0.998
Pancreas 5.99 ± 1.75 6.36 ± 1.39 0.693 3.21 ± 0.50 4.38 ± 1.02 0.029
Spleen 1.82 ± 0.26 1.29 ± 0.19 0.002 0.96 ± 0.18 0.68 ± 0.11 0.001
Stomach 9.68 ± 2.34 5.63 ± 0.79 0.002 6.03 ± 1.28 4.94 ± 0.90 0.063
Intestine 3.08 ± 0.38 1.95 ± 0.65 0.006 2.29 ± 0.42 1.14 ± 0.42 <0.001
Adrenal 6.01 ± 1.15 4.23 ± 0.68 0.007 5.37 ± 1.17 5.21 ± 1.92 0.952
Kidney 11.72 ± 1.79 9.88 ± 0.99 0.045 10.84 ± 1.27 9.75 ± 1.87 0.254
Muscle 0.40 ± 0.07 0.30 ± 0.07 0.031 0.13 ± 0.02 0.10 ± 0.02 0.005
Bone 1.35 ± 0.25 0.74 ± 0.11 <0.001 1.12 ± 0.38 0.49 ± 0.11 <0.001
SST2-tumor 12.12 ± 3.94 14.17 ± 1.78 0.322 10.34 ± 2.78 15.50 ± 3.63 0.016
SST5-tumor 1.94 ± 0.46 1.78 ± 0.35 0.561 1.52 ± 0.75 1.87 ± 0.49 0.240

* n = 5, & n = 7; # n = 12; p < 0.05 statistically significant (black), p > 0.05 statistically not significant (italics).

[177Lu]Lu-DOTA-ST8950 performed better when injected in higher amounts (100 vs. 10 pmol),
as this led to a more desirable lower uptake in the blood, in the blood-rich organs, such as the spleen,
lungs, bone marrow, and in other organs, such as the intestine and stomach. The uptake in SST2- and
SST5-expressing tumors remained unchanged at 1 h p.i., but it was greater for the higher peptide mass
on SST2-tumor at 4 h p.i. For all other organs, the uptake was at the same level for both peptide masses.

The “suppressed” uptake by increasing the injected peptide mass in certain organs expressing
SST and in the blood resulted in improved tumor-to-background ratios. This has been reported in
the literature [32] and we hypothesize that it is partially attributed to receptor saturation in vivo.
Even though the binding of [177Lu]Lu-DOTA-ST8950 was only tested for the human SST2 and SST5,
which are expressed on the tumors, we contemplate that this is very similar to the mouse SST2 and
SST5, which are expressed in certain organs through the mouse body. This is because the somatostatin
receptors are highly conserved with 82–99% amino acid homology between humans and rodents,
depending on the subtype [33–35]. More specifically, 93–96% sequence identity between the human,
rat, mouse, porcine and bovine SST2 subtype and 82–83% sequence homology between human and
rodent SST5. The fact that tumor uptake was not reduced might be explained by a higher receptor
density in the tumors, compared to non-tumor-bearing organs, where only further increases in the
injected peptide mass can produce saturation. Knowing the effect of the peptide mass is essential when
therapy is being planned as it may reduce the radiation exposure of certain non-targeted organs and
possibly whole-body radiation dose, without influencing the tumor dose.

The tumor uptake of [177Lu]Lu-DOTA-ST8950 was found to be 1.8 (14.17 ± 1.78 vs. 26.27 ± 8.20%IA/g,
p = 0.0084) and 8.3 (1.78 ± 0.35 vs. 14.87 ± 5.90%IA/g, p = 0.0005) times lower in SST2- and
SST5-expressing tumors, respectively, compared with [68Ga]Ga-DOTA-ST8950 at the same time
point (1 h p.i.) and with the same peptide mass (100 pmol) [29]. Unfortunately, ex vivo histology
to confirm the in situ expression of SST2 and SST5 and compare it with the expression on the
[68Ga]Ga-DOTA-ST8950 study was not feasible. Nevertheless, the SST2 and SST5 expression on the
HEK transfected cells used on the xenograft model had been confirmed by western blot [27]. On the
other hand, [177Lu]Lu-DOTA-ST8950 had significantly lower uptake in the blood (0.96 ± 0.23 vs.
1.86 ± 0.56%IA/g, p = 0.001), the liver (2.60 ± 0.42 vs. 6.39 ± 1.93%IA/g, p = 0.0001) and the kidneys
(9.88 ± 0.99 vs. 14.13 ± 3.69%IA/g, p = 0.0095), compared with [68Ga]Ga-DOTA-ST8950, leading to
better or similar tumor-to-non tumor ratios, based on the SST2-tumor uptake.
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The discordance between 177Lu-labeled and 68Ga-labeled conjugates, such as [68Ga]Ga-/[177Lu]Lu-
DOTA-ST8950, needs to be considered for all theranostic pairs. This affects for example dosimetry
studies performed with the diagnostic companion for therapy planning. It is known that tumor-targeting
properties, pharmacokinetics and body distribution of radiotracers may be affected by selecting a
different radiometal. Therefore, each radiotracer needs to be evaluated independently and modifications
implemented accordingly to produce a “matching” pair. There are examples in the literature where
the theranostic pair consists of two radiotracers that differ not only by the radiometal, but also by the
conjugate, e.g., [68Ga]Ga-OPS202/[177Lu]Lu-OPS201 ([68Ga]Ga-NODAGA-JR11/[177Lu]Lu-DOTA-JR11)
for SST2 [36] or 68Ga-pentixafor/177Lu-pentixather for CXCR4 [37].

2.4.2. Metabolic Stability

In vivo metabolic stability of [177Lu]Lu-DOTA-ST8950 was assessed by radio-HPLC on blood
samples of mice collected at 30 and 60 min after injection of the radiotracer. [177Lu]Lu-DOTA-ST8950
showed high in vivo stability, with 90% remaining intact in the blood 60 min after injection.

2.4.3. In Vivo Specificity and Kidney Protection

The uptake of [177Lu]Lu-DOTA-ST8950 in SST-negative tumors (Table 4) was very low (0.70 ± 0.08
vs. 15.50 ± 3.63%IA/g, p < 0.0001 vs. 1.87 ± 0.49%IA/g, p = 0.0014, in SST2- and SST5-tumors, respectively),
confirming the in vivo receptor-mediated uptake (specificity).

Table 4. Biodistribution results of [177Lu]Lu-DOTA-ST8950, 4 h p.i. in SST-negative (SST(−)) tumor
and after 5 min pre-injection of lysine (20 mg/100 μL) on dual SST2- and SST5-expressing xenografts.
The results are expressed as mean of the % injected activity per gram of tissue (%IA/g) ± standard
deviation (SD).

Organ Control ¶ SST(−) xenograft ¥ Lysine §

Blood 0.09 ± 0.03 0.10 ± 0.02 0.09 ± 0.02
Heart 0.17 ± 0.03 0.18 ± 0.03 0.18 ± 0.03
Lung 1.69 ± 0.40 2.43 ± 1.21 1.78 ± 0.67
Liver 2.19 ± 0.48 2.28 ± 0.20 2.25 ± 0.37

Pancreas 4.38 ± 1.02 n.d. 4.10 ± 1.29
Spleen 0.68 ± 0.11 0.84 ± 0.06 0.73 ± 0.17

Stomach 4.94 ± 0.90 4.89 ± 0.94 2.87 ± 0.63
Intestine 1.14 ± 0.42 1.35 ± 0.14 1.05 ± 0.37
Adrenal 5.21 ± 1.92 5.45 ± 2.26 4.87 ± 1.49
Kidney 9.75 ± 1.87 8.96 ± 1.39 5.93 ± 0.56
Muscle 0.10 ± 0.02 0.15 ± 0.02 0.12 ± 0.02
Femur 0.49 ± 0.11 0.56 ± 0.24 0.55 ± 0.16

SST2-tumor 15.50 ± 3.63 - 15.07 ± 2.32
SST5-tumor 1.87 ± 0.49 - 1.69 ± 0.52
SST(-)-tumor - 0.70 ± 0.08 -

n.d. = not determined, ¶ n = 12 (see Table 3); ¥ n = 3; § n = 7.

The pre-injection of the lysine reduced the uptake of the radiotracer in the kidneys by 40%
(from 9.75 ± 1.87 to 5.93 ± 0.56%IA/g, p < 0.0001), without influencing the total-body biodistribution
and the uptake in the tumors (Table 4).

The results indicate that the cationic amino acids such as lysine and arginine that are
used for kidney protection in neuroendocrine tumor patients treated with [177Lu]Lu-DOTA-TATE
or [177Lu]Lu-DOTA-TOC [38] can also be used in combination with [177Lu]Lu-DOTA-ST8950,
with similar effects.
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2.4.4. Pharmacokinetics of [177Lu]Lu-DOTA-ST8950

The biodistribution of [177Lu]Lu-DOTA-ST8950 was studied at 1, 4, 48, 72 and 168 h p.i.
The results are presented in Table 5. [177Lu]Lu-DOTA-ST8950 was predominantly accumulated
in the SST2-expressing tumors, while its accumulation in the SST5-expressing tumors was significantly
lower. Normal distribution was also seen in the SST-expressing organs, such as the pancreas, stomach
and adrenals. The maximum tumor uptake was observed already at 1 h p.i. remaining essentially
unchanged at 4 h p.i. (SST2-tumor: 14.17 ± 1.78 and 15.50 ± 3.63%IA/g (p = 0.459), respectively and
SST5-tumor: 1.78 ± 0.35 and 1.87 ± 0.49%IA/g (p = 0.483), respectively).

Table 5. Results of the pharmacokinetics studies of [177Lu]Lu-DOTA-ST8950 (100 pmol) on dual SST2-
and SST5-expressing xenografts. The results are expressed as mean of the % injected activity per gram
of tissue (%IA/g) ± standard deviation (SD).

Organ 1 h * 4 h # 24 h 72 h 168 h

Blood 0.96 ± 0.23 0.09 ± 0.03 0.02 ± 0.00 0.01 ± 0.00 0.00 ± 0.00
Heart 0.69 ± 0.09 0.17 ± 0.03 0.08 ± 0.01 0.06 ± 0.02 0.04 ± 0.01
Lung 3.90 ± 0.84 1.69 ± 0.40 1.16 ± 0.10 0.46 ± 0.08 0.23 ± 0.09
Liver 2.60 ± 0.42 2.19 ± 0.48 1.23 ± 0.16 0.85 ± 0.21 0.54 ± 0.09

Pancreas 6.36 ± 1.39 4.38 ± 1.02 1.68 ± 0.27 0.72 ± 0.14 0.37 ± 0.05
Spleen 1.29 ± 0.19 0.68 ± 0.11 0.36 ± 0.24 0.38 ± 0.12 0.27 ± 0.05

Stomach 5.63 ± 0.79 4.94 ± 0.90 2.61 ± 0.44 1.66 ± 0.49 0.99 ± 0.04
Intestine 1.95 ± 0.65 1.14 ± 0.42 0.51 ± 0.09 0.28 ± 0.06 0.12 ± 0.02
Adrenal 4.23 ± 0.68 5.21 ± 1.92 3.81 ± 1.08 2.86 ± 1.30 1.84 ± 0.49
Kidney 9.88 ± 0.99 9.75 ± 1.87 5.99 ± 0.41 3.20 ± 0.84 1.42 ± 0.38
Muscle 0.30 ± 0.07 0.10 ± 0.02 0.06 ± 0.00 0.04 ± 0.01 0.01 ± 0.00
Femur 0.74 ± 0.11 0.49 ± 0.11 0.30 ± 0.05 0.19 ± 0.05 0.11 ± 0.01

SST2-tumor 14.17 ± 1.78 15.50 ± 3.63 9.32 ± 2.02 4.22 ± 1.43 0.79 ± 0.13
SST5-tumor 1.78 ± 0.35 1.87 ± 0.49 0.88 ± 0.16 0.35 ± 0.08 0.08 ± 0.01

* n = 7, # n = 12, n = 4 for all other groups.

The radiotracer was cleared rapidly from the blood; only 0.02 %IA/g remained in the blood at 24 h
p.i. The kidney was the second organ accumulating activity after the SST2-tumors. The kidney uptake
was high (approx. 10%IA/g) at the initial time points of the study, i.e., 1 and 4 h p.i., and was washed
out over time, without, however, being negligible 168 h later (1.42 ± 0.38%IA/g). Lung and liver also
showed considerable uptake. The uptake in the lungs was washed out quickly, while the uptake in the
liver was more persistent and mainly attributed to the lipophilicity of the radiotracer.

Figure 4 shows the area under the time–activity curve (AUC) in SST2- and SST5-tumors and also
in the liver and kidneys. The mean residence time for the SST2-tumor was 8.6 h, for the SST5-tumor
0.79 h, for the kidneys 6.3 h and for the liver 1.6 h, based on nondecay corrected biodistribution data
and normalized per gram of tumor.

Figure 4. The area under the time–activity curve (AUC) in the SST2- and SST5-tumors, in the kidneys
and the liver. These pharmacokinetic data were generated from serial independent biodistribution
experiments performed 1, 4, 24, 72 and 168 h post injection.
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The low accumulation in SST5-tumors is in contrast with the uptake of the [68Ga]Ga-DOTA-ST8950
in the same tumor model. Unfortunately, very limited biodistribution data of somatostatin analogs in
SST5-expressing tumors are available for comparison and a better understanding of these findings.
One such case is the pan-somatostatin analog [111In]In-DOTA-LLT-SS28 [39]. [111In]In-DOTA-LLT-SS28
showed 1.7 times higher accumulation in SST5-tumors (2.61 ± 0.39 vs. 1.52 ± 0.75 %IA/g, respectively),
when compared with [177Lu]Lu-DOTA-ST8950 in the same animal model and experimental conditions
(4 h after injection of 10 pmol of the radiotracer). However, [111In]In-DOTA-LLT-SS28 had 2.3 times
lower uptake in the SST2-tumor than [177Lu]Lu-DOTA-ST8950 (4.43 ± 1.52 vs. 10.34 ± 2.78%IA/g,
respectively) under the same conditions. These data are in agreement with the higher affinity of
natLu-DOTA-ST8950 vs. natIn-DOTA-LLT-SS28 for SST2 (IC50 = 0.35 vs. 1.8 nM) and the lower affinity
for SST5 (IC50 = 3.4 vs. 1.4 nM) [39].

Overall, the biodistribution profile and pharmacokinetics of [177Lu]Lu-DOTA-ST8950 follow the
profile of known radiolabeled somatostatin analogs, nevertheless, its high and persistent accumulation
in the kidneys is identified as the main drawback for targeted radionuclide therapy.

2.4.5. SPECT/CT Imaging

SPECT/CT image 4 h after injection of [177Lu]Lu-DOTA-ST8950 is shown in Figure 5. [177Lu]Lu-
DOTA-ST8950 clearly visualized the SST2-expressing tumors, but had faint uptake on the SST5 tumors,
which confirm the low uptake in SST5 xenografts in the biodistribution studies. The background
activity of [177Lu]Lu-DOTA-ST8950 was low at 4 h after injection, with abdominal uptake and kidney
uptake indicative of its renal excretion.

 

Figure 5. Maximum intensity projection (MIP) SPECT/CT images of [177Lu]Lu-DOTA-ST8950 in a dual
SST2- and SST5-expressing tumor mouse model, 4 h after injection.

2.4.6. Radiation Dosimetry Data Extrapolated to Humans

Table 6 shows the radiation dose estimate for human organs and tumors after injection of 100 pmol
[177Lu]Lu-DOTA-ST8950, based on a female phantom. The estimated whole-body radiation dose
(effective dose) of [177Lu]Lu-DOTA-ST8950 was 0.0252 mSv/MBq, which is within the expected range
for 177Lu-labeled somatostatin analogs. The radiation dose delivered to SST2-tumors was higher
by a factor of seven than the dose delivered to SST5-tumors. A higher radiation dose targeting the
SST5-expressing tumors is desirable to produce effective treatment outcomes. However, in many cases
where SST5 is co-expressed with SST2, such as the indications mentioned in the introduction, this
dual-targeting brings additive value, even if the uptake on SST5 is not at the same level as on SST2.
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Table 6. Radiation dose estimation, extrapolated from mice to humans and expressed as Mean Absorbed
Dose (mGy/MBq) for [177Lu]Lu-DOTA-ST8950. [177Lu]Lu-DOTA-TATE values estimated with the same
methodology [32] are reported only for comparison.

Organ/tissue [177Lu]Lu-DOTA-ST8950 (mGy/MBq) [177Lu]Lu-DOTA-TATE (mGy/MBq)¥

Adrenals 2.46 × 10−1 2.37 × 10−1

Intestine 5.57 × 10−2 3.38 × 10−1

Stomach 7.55 × 10−2 1.27 × 10−1

Heart 6.06 × 10−3 6.44 × 10−3

Kidneys 5.44 × 10−1 2.13 × 10−1

Liver 9.16 × 10−2 1.16 × 10−2

Lungs 1.27 × 10−2 4.07 × 10−2

Muscle 5.43 × 10−4 6.94 × 10−4

Pancreas 2.95 × 10−1 3.10 × 10−1

Red marrow 1.59 × 10−3 1.25 × 10−3

Spleen 4.66 × 10−2 3.13 × 10−2

Total body 7.01 × 10−3 7.04 × 10−3

SST2-tumor 5.07 × 10−1 3.33 × 10−1

SST5-tumor 6.89 × 10−2

Effective dose
(mSv/MBq) 2.52 × 10−2 3.17 × 10−2

¥ The results of [177Lu]Lu-DOTA-TATE refer to the injected peptide mass of 10 pmol [32].

Comparison between [177Lu]Lu-DOTA-ST8950 and the FDA approved [177Lu]Lu-DOTA-TATE is
not easy since the results of [177Lu]Lu-DOTA-TATE refer to an injected peptide mass of 10 pmol [32],
though calculated with the same methodology. However, the following comparison can be made:
(a) Given that the renal uptake and the kinetic of washout are not affected by the injected amount
of peptide, the comparison between the two radiotracers is valid. [177Lu]Lu-DOTA-ST8950 delivers
a 2.5-fold higher radiation dose to the kidneys than [177Lu]Lu-DOTA-TATE. This is a potential
limitation, due to the known nephrotoxicity of this type of treatment. Unfortunately, the higher
[177Lu]Lu-DOTA-ST8950 uptake in the kidneys, compared to [177Lu]Lu-DOTA-TATE, persists even
with the use of basic amino acids that enable kidney uptake reduction by 40% with both radiolabeled
analogs. On the other hand, SST5 co-targeting increases the radiation dose to the tumor and enhances
the therapeutic effect, compared to SST2-selective targeting. This might mitigate the additional kidney
dose by balancing the tumor-to-kidney ratio. (b) Regarding hematotoxicity, the other limiting factor in
this type of treatment, the red marrow dosimetry of [177Lu]Lu-DOTA-ST8950 is at about the same level
as with [177Lu]Lu-DOTA-TATE, therefore, there are no additional concerns than what is already known.
(c) Last, but not least, [177Lu]Lu-DOTA-ST8950 delivers a much higher radiation dose to the liver
than [177Lu]Lu-DOTA-TATE, presumably as a consequence of its lipophilicity. Nevertheless, the liver
uptake is of greater concern for the diagnostic radiotracer [68Ga]Ga-DOTA-ST8950 considering that
the liver is the first site of metastasis of NETs and low background activity is needed for good image
contrast and diagnostic accuracy.

3. Materials and Methods

All chemicals were obtained from commercial sources and used without additional purification.
ESI-MS was carried out with ESI Bruker Esquire 3000 plus (Bruker Daltonics, Billerica, MA, USA).
RP-HPLC was performed on a Bischoff instrument consisting of a LC-CaDi 22–14 interface, a UV-vis
Lambda 1010 detector and a flow-through Berthold LB509 γ-detector (BISCHOFF chromatography,
Leonberg, Germany), using a Phenomenex Jupiter Proteo 90 Å C12 (250× 4.6 mm) column (Phenomenex
Inc., California, USA). (Eluents: A =H2O (0.1% TFA), B = Acetonitrile (0.1% TFA), Gradient: 95–50%
solvent A in 15 min, Flow rate: 1.5 mL/min). Quantitative gamma counting was performed on a
COBRA 5003 γ-system well counter from Packard Instruments (Meriden, CT, USA). SPECT/CT images
were acquired using a dedicated nanoSPECT/CT system (Bioscan, Mediso, Budapest, Hungary).
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Human Embryonic Kidney (HEK) cells were stably transfected with plasmids encoding the human
SST2 and SST5 (HEK-SST2 and HEK-SST5) and cultivated as previously described [27]. The SST2 and
SST5 expression was confirmed by western blot and has been previously reported [27]. Nontransfected
HEK cells were used as negative control.

3.1. Synthesis of the (Radio)Metallated Peptide Conjugates and Stability

DOTA-ST8950 (Figure 1) was custom-made by PolyPeptide (San Diego, CA, USA). DOTA-NOC
(Figure 1) was synthesized by standard Fmoc-solid-phase peptide synthesis, purified by preparative
RP-HPLC and characterized by ESI-MS and analytical RP-HPLC (Figure 1). natLu-DOTA-ST8950
and natLu-DOTA-NOC were synthesized after incubation of the DOTA-conjugates with a 2.5-fold
excess of natLuCl3 × 6H2O (Sigma Aldrich, St. Louis, MO, USA) in ammonium acetate buffer (Sigma
Aldrich, St. Louis, MO, USA), 0.4 M, pH 5 at 95 ◦C for 30 min. Free metal ions were eliminated
via SepPak C-18 cartridge (Waters), preconditioned with methanol (Merck, Darmstadt, Germany)
and water. The reaction mixture was loaded and the free natLu was eluted with water while the
metallated peptides were eluted with ethanol, evaporated to dryness, redissolved in water and
lyophilized. The 177Lu-labeled conjugates were synthesized by dissolving 5–10 μg (3–6 nmol) of the
DOTA-conjugates in 250 μL of sodium acetate buffer (0.4 M, pH 5.0) followed by incubation with
[177Lu]LuCl3 (10–200 MBq, depending on the planned experiment) for 30 min at 95 ◦C. The stability of
[177Lu]Lu-DOTA-ST8950 under two different storage conditions, room temperature (RT) and at 4 ◦C,
was evaluated over 24 h after synthesis.

3.2. Log D Measurements

The determination of log D (pH = 7.4) was performed by the “shake-flask” method. To a
pre-saturated mixture of 500 μL 1-octanol and 500 μL of phosphate-buffered saline (PBS) (pH 7.4),
10 μL of 1 μM of the 177Lu-labeled conjugates were added. The solution was vortexed for 1 h to reach
the equilibrium and then centrifuged (3000 rpm) for 10 min. From each phase, 100 μL of the aliquot
was removed and measured in a γ-counter. Each measurement was repeated three times. Care was
taken to avoid cross-contamination between the phases. The partition coefficient was calculated as the
average of the logarithmic values (n = 3) of the ratio between the radioactivity in the organic and the
PBS phase.

3.3. Affinity Studies

The binding affinities of the natLu-DOTA-ST8950, in comparison to natLu-DOTA-NOC, were determined
on membranes of HEK-SST2 and HEK-SST5 cells. The natural hormone Somatostatin-14 (SS-14) was
used as reference compounds. 125I-labeled SS-14 (125I-SS-14, 81.4 TBq/mmol, Perkin Elmer, Waltham,
MA, USA) was used as a radioligand for the competition binding assays. Binding assays were
performed as described previously [27].

3.4. In Vitro Characterization of [177Lu]Lu-DOTA-ST8950

For all cell experiments, HEK-SST2 and HEK-SST5 were seeded at a density of 1 × 106 cells/well
in 6-well plates and incubated overnight with Dulbecco’s modified Eagle’s medium (DMEM) with 1%
Fetal Bovine Serum (FBS, Biochrom GmbH, Merck Millipore, Darmstadt, Germany) to obtain a good
cell adherence. For plating HEK-SST2 and HEK-SST5, the plates were pre-treated with a solution of
10% poly-lysine to promote the cell attachment.

3.4.1. Internalization Assay

The cells were washed with PBS and were incubated with fresh medium (DMEM with 1%
FBS) for 1 h at 37 ◦C. [177Lu]Lu-DOTA-ST8950 and [177Lu]Lu-DOTA-NOC (100 μL, 2.5 nM) were
added to the medium (0.9 mL) and the cells incubated (in triplicates) for 0.5, 1, 2 and 4 h at 37 ◦C,
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5% CO2. The internalization was stopped by removing the medium and washing the cells with
ice-cold PBS. The cells were then treated twice for 5 min with ice-cold glycine solution (0.05 mol/L,
pH 2.8), to distinguish between cell-surface-bound (acid releasable) and internalized (acid resistant)
radio-peptide. Finally, the cells were detached with 1 M NaOH at 37 ◦C. To determine nonspecific
cellular uptake, selected wells were incubated with the radio-peptide in the presence of 1000-fold excess
of SS-14. Internalization and bound rate are expressed as a percentage of the applied radioactivity.

3.4.2. Cellular Retention (Efflux) Assay

For the cellular retention studies, HEK-SST2 cells were incubated with both radio-peptides (2.5 nM)
for 120 min. The medium was then removed and the wells were washed twice with 1 mL ice-cold
PBS. The acid wash with a glycine buffer of pH 2.8 was performed twice (5 min each time) on ice to
remove the receptor-bound radio-peptide. Cells were then incubated again at 37 ◦C with fresh buffer
(DMEM with 1% FBS). After preselected time points (10, 20, 30, 60, 120 and 210 min) the external
medium was removed for quantification of radioactivity and replaced with fresh 37 ◦C medium.
The cells were solubilized in 1 M NaOH and collected for quantification.

3.5. In Vivo Evaluation of [177Lu]Lu-DOTA-ST8950 in Tumor-Bearing Mice

3.5.1. Tumor Implantation

The Veterinary Office (Department of Health) of the Cantonal Basel-Stadt approved the animal
experiments (approval no. 2799) in accordance with the Swiss regulations for animal treatment.
Female athymic Nude-Foxn1nu/Foxn1+ mice (Envigo, The Netherlands), 4–6 weeks old, were injected
subcutaneously with 107 HEK-SST2 cells in the right shoulder and 107 HEK-SST5 cells in the left
shoulder, freshly suspended in 100 μL sterile phosphate-buffered saline. The tumors were allowed to
grow for 2–3 weeks.

3.5.2. Investigation of the Influence of the Injected Peptide Mass

Groups of mice bearing dual SST2- and SST5-expressing xenografts were injected with two
different peptide doses of [177Lu]Lu-DOTA-ST8950: 10 pmol/100 μL/0.5–0.6 MBq and 100 pmol/100 μL/
0.6–1.5 MBq. The biodistribution was evaluated at 1 and 4 h post injection. At the selected time points,
the mice were sacrificed and the organs of interest were collected, rinsed, blotted, weighed and counted
in a γ-counter. The results are expressed as a percentage of injected activity per gram (%IA/g) obtained
by extrapolation from counts of an aliquot taken from the injected solution as a standard.

3.5.3. In Vivo Metabolic Stability Studies

The in vivo stability of [177Lu]Lu-DOTA-ST8950 was evaluated after intravenous injection of
(100 pmol/100 μL/9.3 MBq) into the tail vein of non-tumor-bearing mice. Blood samples were collected
at 30 and 60 min after injection in polypropylene tubes containing ethylenediaminetetraacetic acid
(EDTA). After centrifugation at 4 ◦C, the plasma was collected and 95% ethanol was added in equal
volume (1:1 v/v). The mixture was stirred, centrifuged and the supernatant was separated from the
precipitated proteins. The solution was treated with acetonitrile in equal volume (1:1, v/v) to promote
further precipitation of proteins. After centrifugation, the supernatant was filtered, diluted with water
(1:1, v/v) and analyzed by radio-RP-HPLC for the identification and quantification of the intact peptide
and possible metabolites.

3.5.4. Specificity and Kidney Protection

The in vivo SST2- and SST5-mediated uptake of [177Lu]Lu-DOTA-ST8950 was assessed in mice
bearing HEK-SST(−) negative xenografts after injection of 100 pmol/100 μL/0.3 MBq. The mice were
sacrificed 4 h p.i. and accumulation of the radiotracer in the tumors and in all organs of interest was
quantified in a γ-counter.
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The basic amino acid lysine was evaluated as a nephroprotective agent, in an attempt to
reduce the kidney uptake of [177Lu]Lu-DOTA-ST8950. Dual SST2- and SST5-expressing xenografts
were treated intravenously with lysine (20 mg/100 μL in PBS) 5 min before the administration of
[177Lu]Lu-DOTA-ST8950 (100 pmol/100 μL/0.3 MBq). Animals were sacrificed 4 h p.i. and accumulation
of the radiotracer in the tumors and in all organs of interest was quantified in a γ-counter.

3.5.5. Pharmacokinetics of [177Lu]Lu-DOTA-ST8950

Quantitative biodistribution studies of [177Lu]Lu-DOTA-ST8950 (100 pmol/100 μL/0.6–1.5 MBq)
was followed from 1 up to 168 h p.i. At the preselected time points, the mice were sacrificed and the
organs of interest were collected, rinsed, blotted, weighed and counted in a γ-counter. The results are
expressed as a percentage of injected activity per gram (%IA/g) obtained by extrapolation from counts
of an aliquot taken from the injected solution as a standard.

3.5.6. SPECT/CT Imaging

Mice bearing dual SST2- and SST5-expressing xenografts were imaged using a nano SPECT/CT
system (Bioscan, Mediso, Budapest, Hungary) 4 h after administration of [177Lu]Lu-DOTA-ST8950
(100 pmol/100 μL/6 MBq). A helical CT scan was acquired with the following parameters: current,
177 mA; voltage, 45 kVp; pitch, A helical SPECT scan was acquired using multipurpose pinhole
collimators (APT1), 20% energy window width centered symmetrically over the 208 and 113 keV
g-peaks of 177Lu, 24 projections, and 1200 s per projection. CT and SPECT images were reconstructed
and filtered using the manufacturer’s algorithm, resulting in a pixel size of 0.3 mm for the SPECT and
of 0.2 mm for the CT.

3.5.7. Dosimetry

Mice biodistribution data were used to generate time–activity curves for each radiotracer. Because
of the absence of a specific radioactivity accumulation in bones and red marrow, a linear relationship
between the blood and the red marrow residence times was assumed for estimating the red marrow
radiation dose [40]. The proportionality factor was the ratio between the red marrow mass and
the blood mass in humans. OLINDA/EXM 1.0 (OLINDA/EXM®, Vanderbilt University, USA) was
used to integrate the fitted time–activity curves and to estimate the organ and effective doses using
the whole-body adult female model. For all calculations, the assumption was made that the mouse
biodistribution, determined as the %IA/organ, was the same as the human biodistribution.

3.6. Statistics

Comparison of data was performed using unpaired two-tailed t-test with GraphPad Prism 7
software (GraphPad Software, Inc., San Diego, CA, USA). p values < 0.05 were considered significant.

4. Conclusions

The 2-iodo-substituted somatostatin analog [177Lu]Lu-DOTA-ST8950 has an affinity for the
SST2 and SST5, similarly to [177Lu]Lu-DOTA-NOC. The in vivo uptake and residence time of
[177Lu]Lu-DOTA-ST8950 is high on SST2-expressing tumors, but significantly lower on SST5-expressing
tumors. Nevertheless, SST5-targeting may provide additive value in the case of SST2 and SST5
coexpression in the same tumor, like gastroenteropancreatic neuroendocrine tumors, pituitary tumors
and gastric cancers. [177Lu]Lu-DOTA-ST8950 has an effective dose similar to [177Lu]Lu-DOTA-TATE,
however, its persistent kidney uptake is a drawback since nephrotoxicity is of concern in targeted
radionuclide therapy with radiolabeled somatostatin analogs.
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Abstract: Background: The frequent overexpression of gastrin-releasing peptide receptors (GRPRs)
in human cancers provides the rationale for delivering clinically useful radionuclides to
tumor sites using peptide carriers. Radiolabeled GRPR antagonists, besides being safer for
human use, have often shown higher tumor uptake and faster background clearance than
agonists. We herein compared the biological profiles of the GRPR-antagonist-based radiotracers
[99mTc]Tc-[N4-PEGx-DPhe6,Leu-NHEt13]BBN(6-13) (N4: 6-(carboxy)-1,4,8,11-tetraazaundecane;
PEG: polyethyleneglycol): (i) [99mTc]Tc-DB7 (x = 2), (ii) [99mTc]Tc-DB13 (x = 3), and (iii) [99mTc]Tc-DB14
(x = 4), in GRPR-positive cells and animal models. The impact of in situ neprilysin (NEP)-inhibition
on in vivo stability and tumor uptake was also assessed by treatment of mice with phosphoramidon
(PA). Methods: The GRPR affinity of DB7/DB13/DB14 was determined in PC-3 cell membranes, and
cell binding of the respective [99mTc]Tc-radioligands was assessed in PC-3 cells. Each of [99mTc]Tc-DB7,
[99mTc]Tc-DB13, and [99mTc]Tc-DB14 was injected into mice without or with PA coinjection and
5 min blood samples were analyzed by HPLC. Biodistribution was conducted at 4 h postinjection
(pi) in severe combined immunodeficiency disease (SCID) mice bearing PC-3 xenografts without
or with PA coinjection. Results: DB7, -13, and -14 displayed single-digit nanomolar affinities for
GRPR. The uptake rates of [99mTc]Tc-DB7, [99mTc]Tc-DB13, and [99mTc]Tc-DB14 in PC-3 cells was
comparable and consistent with a radioantagonist profile. The radiotracers were found to be ≈70%
intact in mouse blood and >94% intact after coinjection of PA. Treatment of mice with PA enhanced
tumor uptake. Conclusions: The present study showed that increase of PEG-spacer length in the
[99mTc]Tc-DB7–[99mTc]Tc-DB13–[99mTc]Tc-DB14 series had little effect on GRPR affinity, specific uptake
in PC-3 cells, in vivo stability, or tumor uptake. A significant change in in vivo stability and tumor
uptake was observed only after treatment of mice with PA, without compromising the favorably low
background radioactivity levels.

Keywords: gastrin-releasing peptide receptor targeting; [99mTc]Tc-radiotracer; tumor targeting;
[99mTc]Tc-DB1 mimic; PEGx-spacer; neprilysin-inhibition; phosphoramidon
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1. Introduction

The gastrin-releasing peptide receptor (GRPR) has attracted much attention in nuclear oncology
owing to its high-density expression in frequently occurring human cancers, such as prostate cancer,
mammary carcinoma, and others [1–7]. This finding can be elegantly exploited to direct diagnostic
and therapeutic radionuclides to tumor sites by means of suitably designed peptide carriers that
specifically interact with the GRPR on tumor cells [8–11]. Diagnostic imaging with gamma emitters
(e.g., 99mTc, 111In) for single-photon-emission computed tomography (SPECT) or positron emitters
(e.g., 68Ga, 64Cu) for positron-emission tomography (PET) will allow for initial diagnosis, assessment of
disease spread and progression, and selection of patients eligible for subsequent radionuclide therapy.
Molecular imaging is likewise essential for dosimetry, therapy planning, and follow-up, enabling a
patient-tailored, “theranostic” approach. Therapy per se is conducted with the respective peptide
analog carrying a suitable particle emitter (beta, alpha, or Auger electron emitter).

Several analogs of the frog 14 peptide bombesin (BBN; Pyr–Gln–Arg–Leu–Gly–Asn–Gln–
Trp–Ala–Val–Gly–His–Leu–Met–NH2) and its C-terminal BBN(6–14) fragment, showing high GRPR
affinity, have been derivatized with the appropriate chelator for stable binding of the selected medically
relevant radiometal and have been evaluated in animal models and in humans [8,11]. It should be noted
that such analogs internalize into target cells and display agonistic profiles at the GRPR. Agonism at
the GRPR, however, translates into adverse effects elicited in patients after intravenous injection of
BBN analogs and the GRPR activation that follows [12–14]. Such effects intensify at the higher peptide
doses administered during radionuclide therapy, thereby restricting the broader clinical use of GRPR
agonists. A subsequent shift of paradigm from GRPR radioagonists to antagonists revealed unexpected
benefits in their use beyond the anticipated inherent biosafety. The clearance GRPR radioantagonists,
in contrast to agonists, turned out to be much faster from physiological tissues than from tumor
sites [15]. The basis for this clinically appealing feature has not been elucidated yet, although it has
been observed for other receptor radioantagonists as well [16].

We previously reported on a series of radiolabeled analogs of the potent GRPR antagonist
[H-DPhe6,Leu-NHEt13]BBN(6–13) [17,18], generated by coupling suitable chelators to the N-terminus
via different linkers, which showed attractive pharmacokinetic profiles [19–23]. Thus, 1,4,8,11-
tetraazaundecane has been used for labeling with the pre-eminent SPECT radionuclide [99mTc]Tc,
forming octahedral monocationic trans-dioxo Tc-complexes [24]. The resulting radiotracers,
[99mTc]Tc-DB1 mimics, have displayed high GRPR affinity, fair metabolic stability in peripheral
mouse blood, and rapid localization in experimental xenografts in mice, whereas background clearance
rates varied. [99mTc]Tc-DB7, whereby 6-(carboxy)-1,4,8,11-tetraazaundecane (N4) is coupled to the
peptide N-terminus via a polyethyleneglycol (PEG)2 spacer (Figure 1), showed the highest in vivo
metabolic stability and tumor-to-pancreas ratio in mouse models [23].

Figure 1. Chemical structure of [99mTc]Tc-DB7 (PEG2), [99mTc]Tc-DB13 (PEG3), and [99mTc]Tc-DB14 (PEG4).
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In the present study, we designed two further [99mTc]Tc-DB1 mimics, with the N4 coupled to the
peptide chain via PEGx linkers of increasing chain-length: [99mTc]Tc-DB13 (x = 3), and [99mTc]Tc-DB14
(x = 4) (Figure 1). We were interested to investigate the effect of linker length on several biological
features of resulting analogs, such as GRPR affinity, cell uptake, in vivo metabolic stability,
and pharmacokinetics in mice bearing human GRPR-expressing prostate adenocarcinoma PC-3
xenografts. A further objective of this study was to assess potential improvements of the PC-3
tumor targeting and overall pharmacokinetics of [99mTc]Tc-DB7, [99mTc]Tc-DB13, and [99mTc]Tc-DB14
during transient inhibition of neprilysin (NEP) [25,26]. The latter was accomplished by coinjection
of the NEP-inhibitor phosphoramidon (PA) [27] together with each radiotracer. This methodology
was previously shown to enhance the metabolic stability of BBN and other peptide radioligands in
peripheral blood and to improve the supply of the intact radiopeptide form to tumor sites. As a result,
notably improved tumor targeting was observed in mice and recently also in patients [28–35].

2. Results

2.1. Radiolabeling and Quality Control

Radiolabeling of DB7, DB13, and DB14 with [99mTc]Tc was accomplished by 30 min incubation
at room temperature in alkaline aqueous medium containing citrate anions and SnCl2 as reductant.
Quality control of the radiolabeled products (Figure 1) included HPLC and ITLC analysis and revealed
less than 2% total radiochemical impurities ([99mTc]TcO4

−, [99mTc]Tc-citrate, and [99mTc]TcO2 × nH2O).
A single radiopeptide species was obtained at molecular activities of 20–40 MBq [99mTc]Tc/nmol peptide.
In view of the above, [99mTc]Tc-DB7, [99mTc]Tc-DB13, and [99mTc]Tc-DB14 were used without further
purification in all subsequent assays.

2.2. In Vitro Assays in PC-3 Cells

2.2.1. GRPR Affinity of Peptide Conjugates

Competition binding assays for DB7, DB13 and DB14 were performed in PC-3 cell membranes.
As shown in Figure 2, all three peptides were able to displace [125 I][I-Tyr4]BBN from GRPR binding
sites on the membranes in a monophasic and dose-dependent manner. The binding affinities of
the three analogs for the human GRPR were found comparable, DB7 (IC50 = 0.93 ± 0.01 nM),
DB13 (IC50 = 1.03 ± 0.01 nM) and DB14 (IC50 = 1.18 ± 0.09 nM), indicating little influence of the
PEGx-chain length.

Figure 2. Displacement of [125I][I-Tyr4]BBN from GRPR binding sites in PC-3 cell membranes by
increasing concentrations of DB7 (�, IC50 = 0.93 ± 0.01 nM), DB13 (�, IC50 = 1.03 ± 0.01 nM), and DB14
(�, IC50 = 1.18 ± 0.09 nM); results represent average values ± SD of three experiments performed
in triplicate.
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2.2.2. Radiotracer Uptake in PC-3 Cells

The uptake of [99mTc]Tc-DB7, [99mTc]Tc-DB13, and [99mTc]Tc-DB14 in PC-3 cells is compared
in Figure 3. In all cases, the bulk of radioactivity was found on the membrane of PC-3 cells with
only a small portion detected within the cells, consistent with a noninternalizing radioantagonist
profile [15,21]. Cell association was banned (<0.2%) in the presence of 1 μM [Tyr4]BBN, suggesting a
GRPR-mediated process (results not shown). A decline in cell uptake was observed with increasing
PEG-chain length. Thus, [99mTc]Tc-DB7 (PEG2, 2.6 ± 0.5%) showed superior cell uptake compared
with [99mTc]Tc-DB13 (PEG3, 2.0 ± 0.5%; p < 0.05) and [99mTc]Tc-DB14 (PEG4, 1.6 ± 0.2%; p < 0.001).

Figure 3. Specific uptake of [99mTc]Tc-DB7 (pink bars), [99mTc]Tc-DB13 (violet bars) and [99mTc]Tc-DB14
(gray bars) in PC-3 cells after 1 h incubation at 37 ◦C (checkered bars: internalized, solid bars: membrane
bound fractions); results represent the mean ± SD of 3 experiments performed in triplicate.

2.3. In Vivo Comparison of [99mTc]Tc-DB7, [99mTc]Tc-DB13, and [99mTc]Tc-DB14

2.3.1. Metabolic Studies in Mice

The stability of [99mTc]Tc-DB7, [99mTc]Tc-DB13, and [99mTc]Tc-DB14 in peripheral mouse blood
was assessed at 5 min postinjection (pi) via HPLC analysis of blood samples. Representative
radiochromatograms are shown in Figure 4a, revealing a 30% radiometabolite formation, and a
comparable stability across radiotracers (≈70% intact radiopeptide, p > 0.05). After treatment of
mice with PA, radiotracer stability was significantly enhanced (Figure 4b), namely, [99mTc]Tc-DB7:
70.6 ± 1.1% to 94.5 ± 1.1% intact (p < 0.0001); [99mTc]Tc-DB13: 71.2 ± 3.2% to 94.2 ± 1.3% intact
(p < 0.0001); and [99mTc]Tc-DB14: 77.9 ± 3.8% to 96.0 ± 1.0% intact (p < 0.001). These results implicate
NEP in the partial in vivo degradation of the three radioligands [28,36,37].

(a) (b) 

Figure 4. Representative HPLC radiochromatograms (System 2) of mouse blood collected 5 min after
iv injection of [99mTc]Tc-DB7 (pink lines), [99mTc]Tc-DB13 (violet lines), and [99mTc]Tc-DB14 (gray lines)
(a) without (dotted lines) or (b) with PA coinjection (solid lines); results represent average values ± SD,
n = 3.
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2.3.2. Biodistribution in PC-3 Tumor-Bearing Mice

Cumulative biodistribution data for [99mTc]Tc-DB7, [99mTc]Tc-DB13, and [99mTc]Tc-DB14 in severe
combined immunodeficiency disease (SCID) mice bearing PC-3 xenografts at 4 h pi, as %injected
activity per gram tissue (%IA/g) ± SD, can be found in Table 1 ([99mTc]Tc-DB7), Table 2 ([99mTc]Tc-DB13),
and Table 3 ([99mTc]Tc-DB14).

Table 1. Biodistribution data for [99mTc]Tc-DB7, expressed as %injected activity per gram tissue (%IA/g)
mean ± SD, n = 4, in PC-3 xenograft-bearing severe combined immunodeficiency disease (SCID) mice
at 4 h pi.

Tissue
[99mTc]Tc-DB7

Block 1 Controls PA 2

Blood 0.08 ± 0.03 0.05 ± 0.01 0.06 ± 0.02
Liver 2.11 ± 0.43 0.96 ± 0.23 0.87 ± 0.12
Heart 0.09 ± 0.03 0.04 ± 0.01 0.07 ± 0.03

Kidneys 2.38 ± 0.56 1.89 ± 0.61 1.55 ± 0.34
Stomach 0.45 ± 0.34 0.27 ± 0.17 0.22 ± 0.05
Intestines 2.85 ± 0.39 1.38 ± 0.27 1.64 ± 0.72

Spleen 1.33 ± 0.37 0.24 ± 0.07 0.28 ± 0.1
Muscle 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01
Lungs 0.55 ± 0.26 0.16 ± 0.12 0.14 ± 0.02

Pancreas 0.37 ± 0.09 p > 0.05 0.56 ± 0.2 p > 0.05 0.91 ± 0.12
Tumor 0.53 ± 0.20 p < 0.0001 4.49 ± 1.20 p < 0.0001 6.10 ± 1.1

All animals were injected with 180–230 kBq/10 pmol peptide; 1 animals co-injected with 50 μg [Tyr4]BBN for in vivo
GRPR-blockade; 2 animals co-injected with 300 μg PA for in situ inhibition of NEP.

Table 2. Biodistribution data for [99mTc]Tc-DB13, expressed as %IA/g mean ± SD, n = 4, in PC-3
xenograft-bearing SCID mice at 4 h pi.

Tissue
[99mTc]Tc-DB13

Block 1 Controls PA 2

Blood 0.09 ± 0.01 0.06 ± 0.02 0.19 ± 0.19
Liver 1.8 ± 0.15 0.75 ± 0.24 0.88 ± 0.25
Heart 0.18 ± 0.07 0.07 ± 0.03 0.16 ± 0.08

Kidneys 3.5 ± 1.59 1.83 ± 0.3 2.66 ± 1.14
Stomach 1.25 ± 0.86 0.9 ± 0.18 1.09 ± 0.47
Intestines 5.37 ± 1.34 3.69 ± 0.72 4.23 ± 0.98

Spleen 1.14 ± 0.47 0.29 ± 0.07 0.36 ± 0.13
Muscle 0.04 ± 0.02 0.03 ± 0.01 0.16 ± 0.32
Lungs 0.67 ± 0.31 0.13 ± 0.01 0.24 ± 0.08

Pancreas 0.3 ± 0.09 p > 0.05 0.75 ± 0.08 p > 0.05 1.82 ± 1.04
Tumor 1.12 ± 0.23 p < 0.0001 4.14 ± 0.78 p < 0.001 5.79 ± 1.18

All animals were injected with 180–230 kBq/10 pmol peptide; 1 animals co-injected with 50 μg [Tyr4]BBN for in vivo
GRPR-blockade; 2 animals co-injected with 300 μg PA for in situ inhibition of NEP.

All three radiotracers showed a fast blood and body clearance via the kidneys into the urine,
displaying low background radioactivity uptake even in the GRPR-rich pancreas [38] (<1%IA/g pancreas
for all three tracers). Uptake in the experimental PC-3 tumor was comparable across compounds in
control mice, [99mTc]Tc-DB7: 4.49 ± 1.20%IA/g, [99mTc]Tc-DB13: 4.14 ± 0.78%IA/g, and [99mTc]Tc-DB14
3.71 ± 1.04%IA/g (p > 0.05). This uptake was reduced in the block animal groups for [99mTc]Tc-DB7
(p < 0.0001), [99mTc]Tc-DB13 (p < 0.0001), and [99mTc]Tc-DB14 (p < 0.01), indicating GRPR-specificity.

During NEP-inhibition the uptake of the three radiotracers increased in the PC-3 tumors,
[99mTc]Tc-DB7: 6.10 ± 1.20%IA/g (p < 0.0001); [99mTc]Tc-DB13: 5.79 ± 1.18%IA/g (p < 0.001);
[99mTc]Tc-DB14: 4.00 ± 0.34%IA/g (p > 0.05). Interestingly, neither renal uptake nor pancreatic
uptake showed any significant increase after treatment of mice with PA. Representative data for the
three radiotracers in kidneys, pancreas and tumor are depicted in Figure 5.
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Table 3. Biodistribution data for [99mTc]Tc-DB14, expressed as %IA/g mean ± SD, n = 4, in PC-3
xenograft-bearing SCID mice at 4 h pi.

Tissue
[99mTc]Tc-DB14

Block 1 Controls PA 2

Blood 0.21 ± 0.13 0.06 ± 0.03 0.07 ± 0.01
Liver 1.69 ± 0.15 0.79 ± 0.32 0.93 ± 0.13
Heart 0.23 ± 0.08 0.08 ± 0.05 0.15 ± 0.03

Kidneys 7.05 ± 4.24 1.46 ± 0.25 1.79 ± 0.34
Stomach 0.85 ± 0.10 0.75 ± 0.72 0.21 ± 0.06
Intestines 6.25 ± 2.51 2.03 ± 0.81 1.83 ± 0.77

Spleen 0.89 ± 0.15 0.19 ± 0.07 0.24 ± 0.05
Muscle 0.07 ± 0.04 0.04 ± 0.03 0.03 ± 0.01
Lungs 0.78 ± 0.25 0.15 ± 0.06 0.16 ± 0.05

Pancreas 0.32 ± 0.09 p > 0.05 0.36 ± 0.09 p > 0.05 0.42 ± 0.06
Tumor 2.16 ± 0.59 p < 0.01 3.71 ± 1.04 p > 0.05 4.00 ± 0.34

All animals were injected with 180–230 kBq/10 pmol peptide; 1 animals co-injected with 50 μg [Tyr4]BBN for in vivo
GRPR-blockade; 2 animals co-injected with 300 μg PA for in situ inhibition of NEP

Figure 5. Selected biodistribution data for [99mTc]Tc-DB7 (pink bars), [99mTc]Tc-DB13 (violet bars),
and [99mTc]Tc-DB14 (gray bars) for kidneys (Ki), pancreas (Pa), and PC-3 tumors (Tu) at 4 h pi in
female SCID mice bearing subcutaneous PC-3 xenografts; results are expressed as %IA/g mean ± SD,
n = 4, without (checkered bars) or with coinjection (solid bars) of PA. Only statistical differences in
organ/tumor uptake across compounds are included in the diagram; statistical differences between
PA-treated and nontreated mice are shown in Table 1, Table 2, and Table 3.

3. Discussion

Radiotracers based on GRPR antagonists have lately attracted much attention in nuclear
medicine, largely because of their higher inherent safety for human use compared with agonists [20].
After intravenous injection to patients, antagonists seek and bind but do not activate the GRPR,
and hence they do not elicit adverse effects. Furthermore, GRPR radioantagonists often display
attractive pharmacokinetic profiles in preclinical models and in patients, as a combined result of rapid
clearance from physiological tissues and good retention in tumor sites. In fact, a general concern in the
application of GRPR radioligands for cancer theranostics has been the high-density expression of GRPR
not only on tumors, but also in physiological tissues, especially in the pancreas [38]. Previous studies
with both GRPR radioagonists and antagonists have demonstrated the significant impact of linkers,
introduced between the metal chelate and the peptide part, on pharmacokinetics [23,39–42].
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In line with these observations, we also noted marked differences in the pharmacokinetic
profiles, and especially in the tumor vs. pancreas uptake, across a series of [99mTc]Tc-based
GRPR radioantagonists, [99mTc]Tc-DB1 mimics [23]. These carry an acyclic tetraamine chelator
via different types and lengths of linkers at the N-terminus of the potent GRPR antagonist
[H-DPhe6,Leu-NHEt13]BBN(6-13) [17,18]. The PEG2-derivatized member of this series, [99mTc]Tc-DB7
(Figure 1), displayed superior tumor over pancreas uptake, as well as considerably better metabolic
stability in peripheral mouse blood.

In the present study, we were interested to find out whether the elongation of the PEG2 chain
would further improve the biological properties of resulting analogs. For this purpose, [99mTc]Tc-DB13
(PEG3) and [99mTc]Tc-DB14 (PEG4) were newly synthetized and compared to [99mTc]Tc-DB7 (Figure 1).
As revealed by competitive binding assays in PC-3 cell membranes, the elongation of PEG2, to PEG3

and PEG4 had no apparent impact on the GRPR affinity of the respective DB7, DB13, and DB14
(Figure 2). On the other hand, the resultant [99mTc]Tc radiotracers showed modest, but statistically
significant, decline of uptake in PC-3 cells in vitro as the length of the PEG linker increased from PEG2

to PEG4 (Figure 3).
In a subsequent step, we investigated the effect of PEG-chain length on the metabolic stability

of the three [99mTc]Tc radiotracers in mouse blood collected 5 min pi. This study did not reveal
any statistically significant differences across radiotracers (Figure 4a). NEP has been shown to
be a major protease in the rapid in vivo degradation of BBN and its analogs [28,36,37]. NEP is
actually an ectoenzyme abundantly present on the epithelial cells of several tissues of the body,
including vasculature walls, kidneys, lungs, and intestines, but found only in minute amounts in the
blood solute [25,26]. Therefore, its action is overlooked during in vitro incubation assays of radioligands
in plasma or serum. We previously demonstrated that coinjection of NEP inhibitors, such as PA [27],
with BBN-like radiopeptides, both agonists and antagonists, improves their metabolic stability in
circulation [28,30–34]. As a result, an appreciably higher amount of intact radiopeptide eventually
reaches tumor sites. Accordingly, tumor uptake is markedly enhanced, with clear benefits to be
gained both for imaging and therapy. Following this rationale, we decided to study the effects of in
situ inhibition of NEP on the in vivo stability of [99mTc]Tc-DB7, [99mTc]Tc-DB13, and [99mTc]Tc-DB14
coinjected with PA in the present work. It is interesting to note that once again, significant enhancement
of metabolic stability was documented for all three analogs (Figure 4b).

In order to assess how the above properties translate in terms of pharmacokinetics,
biodistribution profiles of [99mTc]Tc-DB7, [99mTc]Tc-DB13, and [99mTc]Tc-DB14 were compared
in mice bearing GRPR-positive experimental tumors at 4 h pi, without or with PA coinjection.
Firstly, we observed declining, but not statistically significant lower, uptake in the PC-3 tumors with
increasing length of the PEG chain from 2 to 4 (Figure 5), as a combined result of (i) the equivalent
GRPR affinities of DB7, DB13, and DB14, (ii) the slightly declining PC-3 cell uptake capabilities
of [99mTc]Tc-DB7, [99mTc]Tc-DB13, and [99mTc]Tc-DB13, and (iii) their similar metabolic stability.
Secondly, overall pharmacokinetics turned out to be very comparable for all three radioantagonists,
characterized by favorably low background radioactivity levels. Of particular advantage are the low
radioactivity values displayed by the three radioligands in the GRPR-rich pancreas, as well as in the
kidneys. Thirdly, treatment of mice with PA led to significant increase of tumor uptake compared with
controls (Table 1, Table 2, and Table 3) without provoking any unfavorable rise of background activity,
thereby further enhancing tumor to background contrast. Interestingly, the enhanced tumor uptake
induced by PA via in situ stabilization of analogs in mouse circulation ended up being reflected in
statistically significant differences between the PEG2/3 and PEG4 members of the series (Figure 5).

In conclusion, the effect of PEGX linker length (x = 2, 3 and 4) in a series of GRPR radioantagonists,
([99mTc]Tc-[N4-PEGx-DPhe6,Leu-NHEt13]BBN(6-13), Figure 1) had little effect on GRPR affinity,
binding in GRPR-positive PC-3 cells, metabolic stability in mouse circulation, or PC-3 tumor
targeting and overall pharmacokinetics in animal models. In all cases, tumor-to-background levels
were favorable, including those in the GRPR-rich pancreas and the kidneys. Similar observations
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have been made for other GRPR antagonists, wherein the influences of different length of PEG
linkers (x = 2, 3, 4) and different chelating moieties (NOTA: 1,4,7-triazacyclononane-1,4,7-triacetic
acid, NODAGA: 1,4,7-triazacyclononane-1-(glutaric acid)-4,7-diacetic acid, DOTA: 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid, DOTAGA: 1,4,7,10-tetraazacyclododececane-1-(glutaric
acid)-4,7,10-triacetic acid) were distinct [39,40,42]. The effects of the PEG spacer’s length on the in vivo
pharmacokinetics of resulting radioligands were found to be minor compared with those of the metal
chelate or the peptide chain applied. In all cases, however, the use of PEG linkers was shown to
favor in vivo metabolic stability and to boost background clearance, especially from the pancreas.
Notably, the above attractive properties of [99mTc]Tc-DB7, [99mTc]Tc-DB13, and [99mTc]Tc-DB14 were
further enhanced by in situ NEP inhibition, inducing tumor uptake increases without affecting the
advantageously low background radioactivity levels.

4. Materials and Methods

4.1. Chemicals and Radionuclides

All chemicals were reagent-grade and were therefore used without further purification.
The peptide conjugates DB7, DB13, and DB14 were synthesized on a solid support
and obtained from PiChem (Graz, Austria). [Tyr4]BBN (Pyr–Gln–Arg–Tyr–Gly–Asn–Gln–Trp–
Ala–Val–Gly–His–Leu–Met–NH2) was purchased from Bachem (Bubendorf, Switzerland).
PA (phosphoramidon disodium dehydrate, N-(α-rhamnopyranosyloxyhydroxyphosphinyl)-L-leucyl-
L-tryptophan × 2Na × 2H2O) was obtained from PeptaNova GmbH (Sandhausen, Germany).

Technetium-99m in the form of [99mTc]NaTcO4 was collected by elution of a [99Mo]Mo/[99mTc]Tc
generator (Ultra-Technekow™V4 Generator, Curium Pharma, Petten, The Netherlands), while [125I]NaI
in a solution of 10−5 M NaOH (10 μL) was purchased from Perkin Elmer (Waltham, MA, USA).

4.1.1. Radiolabeling

The lyophilized peptide analogs were dissolved in water to a final concentration of 1 mM and
50 μL aliquots were stored at −20 ◦C. Labeling with [99mTc]Tc was performed in an Eppendorf vial
containing 0.5 M phosphate buffer (pH 11.5, 50 μL). [99mTc]NaTcO4 eluate (410 μL, 370-550 MBq) was
added to the vial followed by 0.1 M sodium citrate (5 μL), the peptide stock solution (15 μL, 15 nmol),
and a freshly prepared SnCl2 solution in ethanol (20 μL, 20 μg). The mixture was left to react for 30 min
at room temperature and the pH was neutralised with the addition of 0.1 M HCl.

Radioiodination of [Tyr4]BBN was performed following the chloramine-T method and any
sulfoxide (Met14=O) that formed was reduced back to nonoxidized Met14 by dithiothreitol.
The [125I-Tyr4]BBN was isolated in a highly pure form by HPLC and Met was added to the purified
radioligand solution to prevent reoxidation of Met14 during storage; the resulting stock solution in
0.1% BSA-PBS was kept at −20 ◦C and aliquots thereof were used in competitive binding assays
(74 GBq/μmol).

4.1.2. Quality Control

Quality control comprised radioanalytical high-performance liquid chromatography (HPLC) and
instant thin-layer chromatography (ITLC). HPLC analyses were performed on a Waters chromatograph
coupled to a 996 photodiode array UV detector (Waters, Vienna, Austria) and a Gabi gamma
detector (Raytest RSM Analytische Instrumente GmbH, Straubenhardt, Germany). Data processing and
chromatography were controlled with the Empower Software (Waters, Milford, MA, USA). For analyses,
a Symmetry Shield RP-18 (5 μm, 4.6 mm × 150 mm) cartridge column (Waters, Eschborn, Germany)
was eluted at a 1 mL/min flow rate with a linear gradient system 1 starting from 0% B and advancing to
40% B within 20 min (solvent A = 0.1% aqueous TFA and B =MeCN). ITLC analyses were performed
on Whatman 3 mm chromatography paper strips (GE Healthcare, Chicago, IL, USA), developed up
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to 10 cm from the origin with 5 M ammonium acetate/MeOH 1/1 (v/v) for the detection of reduced
hydrolyzed technetium ([99mTc]TcO2 × nH2O), or acetone for the detection of [99mTc]TcO4

−.
All manipulations with beta- and gamma-emitting radionuclides and their solutions were

performed by trained and authorized personnel behind suitable shielding in licensed laboratories,
in compliance with European radiation safety guidelines and supervised by the Greek Atomic Energy
Commission (license #A/435/17092/2019)

4.2. In Vitro Assays

4.2.1. Cell Lines and Culture

The human prostate adenocarcinoma PC-3 cell line spontaneously expressing GRPR [43] was
obtained from LGC Standards GmbH (Wesel, Germany). All culture reagents were obtained from Gibco
BRL, Life Technologies (Grand Island, NY, USA) or from Biochrom KG Seromed (Berlin, Germany).
Cells were grown in Roswell Park Memorial Institute-1640 (RPMI-1640) medium with GlutaMAX-I
supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin, and 100μg/mL streptomycin,
and kept in a controlled humidified air containing 5% CO2 at 37 ◦C. Splitting of cells with a ratio of 1:3
to 1:5 was performed as they approached confluency, using a trypsin/EDTA (0.05%/0.02% w/v) solution.

4.2.2. Competitive Binding in PC-3 Cell Membranes

Competition binding experiments of DB7, DB14 and DB14 against [125 I][I-Tyr4]BBN were
conducted in PC-3 cell membranes. Increasing concentrations of tested peptide (10−13–10−5 M) were
mixed with the radioligand (40,000 cpm per assay tube, at a 50 pM concentration) and the membrane
homogenate in a total volume of 300 μL binding buffer (pH 7.4, 50 mM HEPES, 1% BSA, 5.5 mM MgCl2,
35 μM bacitracin). Triplicates of each concentration point were incubated for 60 min at 22 ◦C in an
Incubator-Orbital Shaker unit (MPM Instr. SrI, Bernareggio, MI, Italy). The incubation was interrupted
by adding ice-cold washing buffer (10 mM HEPES pH 7.4, 150 mM NaCl), followed by rapid filtration
over glass fiber filters (Whatman GF/B, presoaked in binding buffer) on a Brandel Cell Harvester
(Adi Hassel Ingenieur Büro, Munich, Germany). Filters were washed with cold washing buffer and
were counted for their radioactivity content in an automated well-type gamma counter [NaI(Tl) 3”
crystal, Canberra Packard Cobra Quantum series instrument]. The 50% inhibitory concentration (IC50)
values were calculated by nonlinear regression according to a one-site model applying the PRISM
6 program (Graph Pad Software, San Diego, CA, USA) and are expressed as mean ± SD of three
experiments performed in triplicate.

4.2.3. Internalization of [99mTc]Tc Radiotracers in PC-3 Cells

For internalization assays with [99mTc]Tc-DB7, [99mTc]Tc-DB13, and [99mTc]Tc-DB14, PC-3 cells
were seeded in six well plates (≈1 × 106 cells per well) 24 h before the experiment. Cells were rinsed
twice with ice-cold internalization medium (RPMI-1640 GlutaMAX-I, supplemented by 1% (v/v) FBS)
and then fresh medium was added (1.2 mL) at 37 ◦C, followed by test radiopeptide (250 fmol total
peptide in 150 μL 0.5% BSA-PBS, 100,000–200,000 cpm). Nonspecific internalization was determined
by a parallel triplicate series containing 1 μM [Tyr4]BBN. After 1 h incubation at 37 ◦C, the plates were
placed on ice, the medium was collected, and the plates were washed with 0.5% BSA-PBS (1 mL).
Membrane-bound fractions were collected by incubating the cells 2 × 5 min in acid-wash solution
(2 × 600 μL; 50 mM glycine buffer pH 2.8, 0.1 M NaCl) at room temperature. After rinsing the cells with
0.5% BSA-PBS (1 mL), internalized fractions were collected by lysing the cells with 1 N NaOH (2× 600μL).
Sample radioactivity was measured on the gamma counter and the percentage, of specific internalized
and membrane-bound fractions were calculated with Microsoft Excel (after subtracting nonspecific
from overall internalized and membrane-bound counts). Results represent specific internalized ± SD
of total added radioactivity per well from three experiments performed in triplicate.
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4.3. Animal Studies

4.3.1. Metabolic Studies in Mice

A bolus containing each of [99mTc]Tc-DB7, [99mTc]Tc-DB13, and [99mTc]Tc-DB14 (100 μL,
55.5–111 MBq, 3 nmol of total peptide in vehicle: saline/EtOH 9/1 v/v) was injected into the tail
vein of healthy male Swiss albino mice, together with vehicle (100 μL; control group), or PA (100 μL of
vehicle containing 300 μg PA; PA group). Animals were euthanized 5 min pi and blood was collected
and immediately placed in prechilled polypropylene vials containing EDTA on ice. Samples were
centrifuged at 2000× g at 4 ◦C for 10 min, and the plasma was collected and mixed with an equal
volume of MeCN and centrifuged again for 10 min at 15,000× g at 4 ◦C. The supernatant was collected
and concentrated to a small volume under a gentle N2 flux at 40 ◦C, diluted with physiological saline
(≈400 μL), and filtered through a Millex GV filter (0.22 μm). Suitable aliquots of the filtrate were
analyzed by RP-HPLC on a Symmetry Shield RP18 (5 μm, 3.9 mm × 20 mm) column (Waters, Germany),
eluted at a flow rate of 1 mL/min and adopting gradient system 2: 100% A/0% B to 50% A/50% B in
50 min; A = 0.1% TFA in H2O and B =MeCN (system 2). The elution time (tR) of intact radioligand
was determined by coinjection with a sample of the labeling reaction solution.

4.3.2. Biodistribution in SCID Mice Bearing PC-3 Xenografts

Suspensions of freshly harvested PC-3 cells (~150μL, 1.4× 107) in normal saline was subcutaneously
inoculated into the flanks of 6 week old SCID mice (NCSR “Demokritos” Animal House, 16.01 ± 2.59 g
body weight). After 3–4 weeks, palpable PC-3 tumors (108.49± 0.04 mg) had developed at the inoculation
sites and biodistribution was performed. At the day of the experiment, a bolus of [99mTc]Tc-DB7,
[99mTc]Tc-DB13, or [99mTc]Tc-DB14 (180-230 kBq, 10 pmol total peptide, in vehicle: saline/EtOH 9/1 v/v)
was intravenously injected into the tail of each mouse together with either vehicle (100 μL; control
group), PA (300 μg PA dissolved in 100 μL vehicle; PA group), or excess [Tyr4]BBN (50 μg [Tyr4]BBN
dissolved in 100 μL vehicle; block group). Animals were euthanized at 4 h pi in groups of four and
blood samples, organs of interest, and tumors were dissected, weighed, and counted in the gamma
counter. Biodistribution data were calculated as percent of injected activity per gram of tissue (%IA/g)
with the aid of suitable standards of the injected dose, using the Microsoft Excel program. Results
represent average values ± SD, n = 4.

4.3.3. Statistical Analysis

For statistical analysis of biological results, a two-way ANOVA with multiple comparisons was
used applying Tukey’s post hoc analysis (GraphPad Prism Software, San Diego, CA, USA). p-values of
<0.05 were considered to be statistically significant.

All animal studies were performed in compliance with European guidelines in supervised and
licensed facilities (EL 25 BIO 021), and the study protocols were approved by the Department of
Agriculture and Veterinary Service of the Prefecture of Athens (protocol numbers #1609 for the stability
studies and #1610 for biodistribution and imaging studies)
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Abstract: Despite promising anti-cancer properties in vitro, all titanium-based pharmaceuticals
have failed in vivo. Likewise, no target-specific positron emission tomography (PET) tracer
based on the radionuclide 45Ti has been developed, notwithstanding its excellent PET imaging
properties. In this contribution, we present liquid–liquid extraction (LLE) in flow-based recovery
and the purification of 45Ti, computer-aided design, and the synthesis of a salan-natTi/45Ti-chelidamic
acid (CA)-prostate-specific membrane antigen (PSMA) ligand containing the Glu-urea-Lys
pharmacophore. The compound showed compromised serum stability, however, no visible PET signal
from the PC3+ tumor was seen, while the ex vivo biodistribution measured the tumor accumulation
at 1.1% ID/g. The in vivo instability was rationalized in terms of competitive citrate binding followed
by Fe(III) transchelation. The strategy to improve the in vivo stability by implementing a unimolecular
ligand design is presented.

Keywords: titanium-45; PSMA; PET

1. Introduction

Since its inception in 1975 [1], PET has become one of the most useful and rapidly developing
diagnostic modalities in the field of oncology, cardiology, and neurology [2]. Following its clinical
success and rapid development, the global market for PET radiopharmaceuticals grew from $1.5 billion
in 2014 to an estimated $2.3 billion in 2019 and is expected to reach $2.8 billion by 2022 [3].
PET radiopharmaceuticals (tracers) provide functional imaging of disease by precise molecular
targeting of the affected tissue. To match the time-scale of the biological process under investigation,
PET tracers utilize a broad spectrum of positron-emitting radionuclides. Among these, radiometals are
particularly attractive as they combine widely varying half-lives with an ease of radiolabeling via kit
formulations [4]. While the radionuclides 68Ga and 82Rb still dominate the traditional clinical setting,
the use of 64Cu [5] and 89Zr [6] is on the rise in university clinics and clinical trials, and a plethora
of PET tracers based on more unconventional PET radiometals such as 44Sc, 45Ti, 55Co, and 86Y
are in development [7]. The radionuclide 45Ti occupies a special place among unconventional PET
radiometals, featuring 85% β+ decay, negligible secondary radiation, and low β+ endpoint energy
(1.04 MeV), which translates into high spatial resolution as evidenced by sharp Derenzo phantom
images [8–10]. With its 3.1 h half-life, 45Ti is well-suited for the radiolabeling of small molecules,
peptides, and antibody fragments. The three hours half-life also allows for regional distribution
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and longer transport distances compared to 68Ga, and makes it possible to perform delayed PET imaging.
The case in point is PSMA-based PET diagnostics, where imaging 3 h post-injection (p.i.) is considered
to produce the highest contrast allowing the discovery of additional lesions [11]. The production of
45Ti via the natSc(p,n)45Ti reaction is convenient and high-yielding, allowing for 4.6 GBq of activity after
one hour of irradiation of Sc foil using medical cyclotron (11.8 MeV protons, 20 μA) [10]. The naturally
monoisotopic Sc is inexpensive and readily available.

The imaging and production advantages of 45Ti are offset by the chemical challenges of recovering
the radionuclide from the irradiated Sc matrix. The high oxophilicity of Ti4+ (Ө= 1.0) [12] and propensity
for hydrolysis require strong acidities of the digestion solution ([H+] > 8 M) to avoid the formation
of titanyl species [13]. The separation of 45Ti from Sc has been previously performed using various
resins. The cation exchange resin AG 50W-X8 allowed for as much as 92.3% recovery of the 45Ti
activity from the 6 M HCl. However, the IR analysis indicated the predominance of the titanyl
[45Ti]TiOCl2 species in the dried-down sample [8]. A hydroxamic acid resin with oxalic acid elution
was also used, but the yields were modest (42%–56%) [10,14]. Higher recovery yields (93%) could
be obtained on a HypoGel 1,3-diol resin in organic solvents, but the procedure required on-resin
chelation chemistry. Recently, we reported the efficient LLE of 45Ti from Sc-containing 12 M HCl
using a guaiacol/anisole mixture [15]. The extraction is very fast and can be performed manually
at low radioactivity levels. By using a membrane-based separator with integrated pressure control,
we achieved a reliable and robust extraction with clean phase separation at high flow rates and GBq
levels of activity. However, the purification of the product from the guaiacol/anisole mixture could be
tedious and require preparative HPLC.

The efficient and stable chelation of titanium also presents a challenge. The cyclen family of popular
chelators, such as 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and its derivatives,
has not demonstrated any utility for chelating Ti4+. Although the tetradentate diamino bis-phenolato
family of ligands (salan) do allow for the fast and quantitative chelation of Ti4+, the resulting cytotoxic
Ti(salan) complexes are prone to hydrolysis [16]. Supplementing salan with dipicolinic acid (dipic)
leads to a heptacoordinate geometry around titanium and to a significant boost in the hydrolytic
stability of the resulting salan-Ti-dipic, which retains its cytotoxicity [17]. Disappointingly, the PET
radio-isotopomer [45Ti]salan-Ti-dipic showed negligible accumulation in the tumor tissue and fast
hepatobiliary excretion [18]. The difficulties in recovery and purification and the absence of an in-vivo
stable bifunctional chelator for 45Ti highlights the challenges of bringing this otherwise promising PET
radionuclide into clinics and explains why no target-specific 45Ti PET tracers have been reported so far.

In this study, we aimed at overcoming the 45Ti purification challenge by the recovery of
radiotitanium using LLE. We attempted to develop a hydrolytically stable, target-specific 45Ti-based
tracer by modifying the previously reported salan-dipic scaffold into a bifunctional chelating moiety
facilitating the labeling of a targeting vector. Given the growing importance of PSMA as a molecular
targeting vector, we sought to design the first 45Ti-containing PSMA PET tracer by accessing its
molecular compatibility with the glutamate carboxypeptidase II (GCPII, also known as PSMA) active
site in silico, synthesize the compound, and test its performance in vivo using 45Ti PET and ex vivo
organ biodistribution.

2. Results

2.1. Flexible Docking of Salan-Ti-CA-PSMA into the Active Site of GCPII

The active site of the human recombinant GCPII was modeled using the crystal structure from
the Protein Data Bank (PDB ID: 5O5T, 1.43Å resolution) containing PSMA-1007 (1) as a cognate
ligand. Since the OPLS3 force field lacked the necessary parameters for Ti, the structure (2), containing
the Glu-urea-Lys pharmacophore, the linker (Scheme 1, blue), and the chelidamic acid (CA) residue
(Scheme 1, red) were used for molecular docking. Then, the docked structure was further functionalized
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by attaching the salan-Ti-CA moiety at the benzylic ester linkage forming compound (3), which is
henceforth referred to as salan-Ti-CA-PSMA (3).

Scheme 1. The structures used in the flexible docking studies (protein: PDB ID: 5O5T). The linker
fragments are colored blue and pink; the chelidamic acid (CA) residue is red. PDB: Protein Data Bank.

The docking studies revealed striking similarities between the mode of active site binding in (3)
and in the co-crystallized (1), PSMA-1007 (Figure 1). The carbonyl group of the urea is anchored to
Zn2+ (815), in both structures, while the carboxylate groups of the P1′ formed hydrogen bonds to
Arg 210, Asn 257, Tyr 552, Tyr 700, and Lys 699 of the S1′glutamate recognition site of the protein.
The interaction with Arg 463 locks in place the thiourea carbonyl in (3) and the corresponding amide
carbonyl in (1) forcing the benzylic groups to become coplanar and occupy almost the same space
in the active site. The significant difference in binding between (1) and (3) is in the positioning of
the terminal residues. While the fluoropyridine ring of (1) is forced into a small pocket formed by Trp
541, Arg 511, and Arg 463, the bulky salan-Ti-CA chelate is protruding into a much larger opening
shaped by Arg 511, Tyr 709, Arg 181, and Lys 545. The structure (3) also lacks the stabilizing interaction
of the naphthalene residue with the hydrophobic accessory pocket of the protein, which can affect
the overall binding.

2.2. Synthesis of CA-PSMA and Nonradioactive Salan-Ti-CA-PSMA

The synthesis of the chelating pharmacophore CA-PSMA (10) is presented in Scheme 2. The room
temperature O-alkylation of the chelidamic acid diethyl ether (4) [19] with benzylic bromide (5) [20]
yielded the corresponding isothiocyanate (6), which was coupled with (7) and synthesized as described
by Maresca et al. [21] to yield (8). The ethyl esters were saponified with LiOH in tetrahydrofuran
(THF)/water, giving (9) followed by removal of the tert-butyl groups with trifluoroacetic acid (TFA)
in dichloromethane (DCM) to give CA-PSMA (10). Overall, the synthesis of CA-PSMA (10) was
performed in eight steps with the longest linear sequence of six steps and the combined yield of 28%.
The synthesis duration and relatively low overall yield challenge the potential translation into routine
production, and further optimizations of the synthesis are necessary to facilitate an efficient upscaling.
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Figure 1. (A): Overlay of the best poses for 2 (green) with the cognate ligand 1 (PSMA-1007) (orange)
as it is co-crystallized with glutamate carboxypeptidase II (GCPII) in the active site of PSMA (PDB
ID: 5O5T); (B): the corresponding binding interaction of 2 with the active site schematically depicted
in 2D; (C): the molecular surface of the protein (gray) and the best pose for 3 represented as CPK
(Corey-Pauling-Koltun) model (orange).

Scheme 2. Synthesis of CA-PSMA (10).

The (salan)Ti(OiPr)2 complex (11) synthesized as described by Chmura et al. [22] was chosen
as a precursor for the synthesis of the target compound (3) (Scheme 3). In the crowded steric environment
imposed by salan, the reaction of (11) with (10) required elevated temperature producing after 30 min
the orange-red salan-Ti-CA-PSMA (3) in 66% yield. The compound was further used as reference
material for the radio-TLC and radio-HPLC identification of [45Ti]salan-Ti-CA-PSMA ([45Ti]-3).

48



Molecules 2020, 25, 1104

Scheme 3. Synthesis of salan-Ti-CA-PSMA (3).

2.3. Production of 45Ti and Synthesis of [45Ti]salan-Ti-CA-PSMA

45Ti was produced by the (p,n) nuclear reaction from scandium foil on a 16.5 MeV GE PETtrace
cyclotron. The proton energy was degraded with an aluminum foil to approximately 13 MeV [23]
in order to decrease the co-production of titanium-44 (T 1

2
= 60 y) by the (p, 2n) nuclear reaction [24].

An experimental saturation yield of 731 ± 234 MBq/μA for thin scandium foil (127 μm) and 1429 ± 397
MBq/μA for thick scandium foil (250 μm) was obtained from irradiation for 10–30 min at 15–20 μA.
This corresponded to 66 ± 21% and 64 ± 18%, respectively, of the theoretical saturation yield, which
was estimated from cross-sections from the EXFOR database and calculated stopping power using
SRIM (Stopping and Range of Ions in Matter) software. It was attempted to achieve a larger ratio of
produced 45Ti to the mass of scandium to facilitate the purification by LLE. A large amount of scandium
challenges the purification of 45Ti, since the HCl concentration decreases when dissolving scandium
due to the formation of ScCl3 and H2, and the extraction of 45Ti is less efficient at HCl concentrations
below 11 M. Furthermore, the amount of nonradioactive titanium introduced by the scandium foil
could be reduced and thereby increase the molar activity. Hence, the thin scandium foil was preferred
and the size of the foil was reduced from 1–0.7 cm2 to 0.4 cm2, which decreased the yield of the 45Ti
production due to the increased risk of not hitting the foil with the entire proton beam profile.

45Ti was separated from scandium by LLE with guaiacol/anisole 9/1 (v/v) either in batch or by
using a Zaiput membrane separator, as described previously [15]. The extraction efficiency with
different ratios between the aqueous and organic phases is shown in Table 1. The extraction efficiency
was improved with the increased organic phase volume. However, for the further purification
of the radiotracer, a large volume of organic solvent was challenging. Hence, a ratio of 1:1.33
(aqueous/organic phase) (v/v) was preferred. Another caveat is the addition of a small amount (16 %
v/v) of pyridine to the 45Ti-containing guaiacol/anisole mixture. This neutralizes the traces of HCl in
the organic phase, which otherwise might interfere with subsequent radiotitanation.

The synthesis of [45Ti]salan-Ti-CA-PSMA ([45Ti]-3) generally followed a previously developed
procedure [18], where the radionuclide was consecutively treated with salan and then with
CA-PSMA (10) dissolved in DMSO. Different conditions were tested including reaction temperature
(60 and 80 ◦C) and time (5–60 min), concentration of salan and CA-PSMA (2–15 mM), and the addition
of pyridine.
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Table 1. The average extraction efficiency of 45Ti at different ratios between the aqueous and organic
phases. The mass of scandium foil, the HCl concentration after dissolving the scandium foil, the mass
of scandium per volume, and the number of experiments are listed.

Sc Foil (mg)
Concentration of HCl

after Dissolving Foil (M)
Sc/HCl

(mg/mL)
Aq:org Ratio

Average
Extraction %

Number of
Experiments

42–80 10.9–12.0 2.6–18.7 1:3 77.7 ± 10.8 7
22–36 11.4–11.7 7.3–12.0 1:1.33 68.0 ± 6.5 5
31–57 11.2–12.0 2.3–14.3 1:1 59.0 ± 5.8 8

A radiolabeling yield of 47% was obtained after 60 min at 60 ◦C with 15 mM of salan and CA-PSMA.
No radiolabeling was observed when the concentration of salan and CA-PSMA was decreased
to 7.6 mM. When increasing the temperature to 80 ◦C, a radiolabeling yield of 80%–85% was
observed after 15–60 min with 15 mM of salan and CA-PSMA, while no radiolabeling was observed
with 2 mM of salan and CA-PSMA. A higher radiolabeling yield could be obtained with 4 mM of salan
and CA-PSMA at 80 ◦C by adding pyridine 1/5 (v/v) to the guaiacol/anisole phase, and we found that
a reaction time of 15 min was suitable for the formation of [45Ti]salan-Ti-CA-PSMA ([45Ti]-3) (Scheme 4).
A total of 86 ± 4 % of 45Ti was present as [45Ti]salan-Ti-CA-PSMA, which was quantified and identified
by radio-HPLC/HPLC with the nonradioactive salan-Ti-CA-PSMA (3) as reference material (Figure 2).

Scheme 4. Radiosynthesis of [45Ti]salan-Ti-CA-PSMA ([45Ti]-3).

Since the radiolabeling was performed in a relatively large volume (6 mL) of high boiling point solvents,
an efficient solvent change method was sought after. To that end, the absorption on the silica, alumina
N, C18, and QMA (CO3

2−) cartridges was tested first. However, the [45Ti]salan-Ti-CA-PSMA ([45Ti]-3)
had either low affinity for the cartridge (C18 and QMA (CO3

2−)) or was difficult to elute afterwards
(silica and alumina N). The preparative HPLC (C18 column, eluents: 0.1% formic acid in Milli-Q water
(A) and ACN (B)) proved to be the method of choice for the purification of [45Ti]salan-Ti-CA-PSMA.
The fractions collected from the preparative HPLC were analyzed by analytical radio-HPLC/HPLC
in order to identify the fractions containing the product by comparing the retention time to the one
for the nonradioactive salan-Ti-CA-PSMA (3) reference material. The fractions containing the product
were collected and concentrated on a C18 cartridge and eluted in EtOH/H2O. The final formulation
of [45Ti]salan-Ti-CA-PSMA was prepared in phosphate-buffered saline (PBS)/EtOH 9/1 (v/v) at pH 7.5.
A radiochemical yield (RCY) of 13.0 ± 5.6% decay corrected (d.c.) and 5.1 ± 2.3% non-decay corrected
(n.d.c.) was obtained after purification and formulation. The relatively low RCY was partially due to
the LLE step, where 25%–40% of the total 45Ti was not extracted into the organic phase, and it was
partially due to the preparative HPLC, where only 20%–50% of the purified [45Ti]salan-Ti-CA-PSMA had
a radiochemical purity (RCP) above 95%.

50



Molecules 2020, 25, 1104

Figure 2. The radio-HPLC chromatogram of the radiolabeling solution after 15 min at 80 ◦C. The retention
time of the peak corresponding to [45Ti]salan-Ti-CA-PSMA ([45Ti]-3) was 7.9 min. Insert: The UV signal
at 420 nm of the HPLC chromatogram for the nonradioactive Salan-Ti-CA-PSMA (3). The retention time
was 7.7 min. The time difference is due to the radioactivity detector being placed after the UV detector.

2.4. Analyses and Stability Study of [45Ti]salan-Ti-CA-PSMA

The RCP of the final product in PBS buffer was 96 ± 3% (n = 7). The radionuclidic purity of
the product was determined by gamma spectroscopy using a germanium detector and was found
to be 100% as only background radiation and the three most abundant gamma lines of 45Ti (511.0,
719.6, and 1408.1 keV) [25] were detected. The molar activity of the product was 110 ± 59 GBq/μmol
(n = 7) according to the amount of nonradioactive salan-Ti-CA-PSMA (3) in the final formulation
of [45Ti]salan-Ti-CA-PSMA ([45Ti]-3) calculated by HPLC. The molar activity was also calculated
from the amount of titanium in the product found by inductively coupled plasma optical emission
spectrometry (ICP-OES) and was calculated to be 107 GBq/μmol. The nonradioactive titanium content
was expected to arise mainly from impurities from the scandium foil; however, the molar activity
was anticipated to be sufficient for the animal studies. The amount of other selected metals was
also measured by ICP-OES. The amount of scandium was <8.3 μg, the amount of zinc was <5.0 μg,
and the amount of iron was 2.0 ± 2.1 μg as found by ICP-OES.

The octanol/water partition coefficient (log P) of [45Ti]salan-Ti-CA-PSMA ([45Ti]-3) was measured
at 1.7 in PBS buffer at pH = 7.5.

The stability of [45Ti]salan-Ti-CA-PSMA in PBS buffer and in mouse serum/PBS buffer 1/1 (v/v)
at 37 ◦C and in PBS buffer at room temperature was studied over 4 h by radio-TLC (Figure 3).
The percentage of [45Ti]salan-Ti-CA-PSMA compared to other [45Ti]Ti-compounds was gradually
decreasing over time both in PBS buffer and in mouse serum to 33% in PBS buffer and to 80% in mouse
serum/PBS buffer 1/1 (v/v) after 4 h at 37 ◦C. The decomposition rate of [45Ti]salan-Ti-CA-PSMA in
PBS buffer was appreciably slower at room temperature with 69% [45Ti]salan-Ti-CA-PSMA remaining
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intact after 4 h. The radio-TLC showed that the 45Ti-containing decomposition products remained
at the baseline, suggesting titanium de-chelation and hydrolysis.

Figure 3. The stability of [45Ti]salan-Ti-CA-PSMA ([45Ti]-3) in PBS buffer at 37 ◦C (blue squares)
and at room temperature (red triangles) and in PBS/mouse serum 1/1 (v/v) at 37 ◦C (green circles).
The [45Ti]salan-Ti-CA-PSMA was quantified by radio-TLC using nonradioactive salan-Ti-CA-PSMA (3)
as reference material.

2.5. In Vivo Study in Mice

The in vivo distribution of [45Ti]salan-Ti-CA-PSMA ([45Ti]-3) in PSMA-positive tumor-bearing
mice was conducted with four animals, which all received the same batch of [45Ti]salan-Ti-CA-PSMA.
The radiotracer was administered at 4, 5.5, 6, and 7.5 h after end of synthesis (EOS), respectively,
with a maximal radiochemical purity of 69% (4 h after EOS). The molar activity was 14–30 GBq/μmol
depending on the injection time. The microPET scans (Figure 4) showed a high radioactivity
accumulation in the gallbladder and intestine. However, no visible uptake of the radiotracer in
the tumor, located at the left shoulder of each mouse, was observed. The ex vivo biodistribution
(post-mortem) for all four mice was analyzed by measuring the injected dose per gram tissue (% ID/g)
of the different organs analyzed (Figure 4). A low amount of radioactivity (1.1 ± 0.1% ID/g) was
observed in the tumor tissue; however, this amount was not notably higher than that for the other
organs, and it may arise from the blood content. A significant amount of radioactivity per weight of
organ was found in the blood (4.0 ± 0.6% ID/g) and in the liver (3.4 ± 0.3% ID/g), while the highest
accumulation per weight of organ was observed in the gallbladder (92.7 ± 40.5% ID/g). The gallbladder
of the mouse no. 1 was not analyzed since the high accumulation of radioactivity in the gallbladder
was noticed after the analysis of the microPET scan of this mouse. A relative large variation between
the three other mice was observed for this organ. This variation was expected to be due to the low
mass of the gallbladder (6–7 mg), which could cause uncertainty on the mass of the organ. The PET
images and the ex vivo biodistribution of the four mice indicated that [45Ti]salan-Ti-CA-PSMA ([45Ti]-3)
was metabolized and/or excreted through the hepatobiliary system.
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Figure 4. (left) PET/CT images (coronal plane) of one of the tumor-bearing mice (mouse no. 1) receiving
[45Ti]Salan-Ti-CA-PSMA ([45Ti]-3). Mouse no. 1 was dynamically scanned 0–75 min (left) and four
hours (right) post-injection (p.i.); (right) The ex vivo biodistribution 4 h p.i. shown as the uptake of 45Ti
in the percentage of injected dose per weight of tissue. The values were an average for the four mice,
and the error bars represent the standard deviation. The uptake in the gallbladder (green) can be read
off the right y-axis.

3. Discussion

The design of the presented PSMA ligand was guided by two major considerations.
Given the hydrolytic stability observed in previous studies [18], we based our chelator design
on the salan-Ti-dipic molecular scaffold. The functionalization with the Glu-urea-Lys residue required
an exchange of dipic for a structurally related chelidamic acid ester (4), which underwent smooth
O-alkylation with the benzylic isothiocyanate (5) and consecutive room temperature coupling with
the pharmacophore residue Glu-urea-Lys (7). The order of deprotection was important requiring
the saponification to (9) in order to prevent significant loss of yield, followed by the removal of three
tBu groups to give CA-PSMA (10). The complexation with salan of both nonradioactive and 45Ti was
almost immediate at room temperature, but the attachment of CA-PSMA required forcing conditions,
which was likely due to the crowded steric environment imposed by the octahedrally coordinated
salan. The LLE of 45Ti proved to be a reliable way to recover and purify the radionuclide from 12 M HCl
containing a significant amount of Sc. The extraction was found to be scalable and could be performed
manually at low levels of activity, or via the syringe pump-driven membrane separator [15]. The latter
could be remotely controlled and implemented as a part of an automated radiosynthesis module.

For tracers relying on tight active site binding such as PSMA, the geometrical requirements of
the chelator and the length of the linker may play the deciding role. The molecular docking studies
we performed on (2) clearly indicated that the P1′ and the P1 residues of (2) bind in the same active
conformation, as does the co-crystallized ligand PSMA-1007 (Figure 1A). The signature interactions
with the Zn2+; Arg 210, Asn 257, Tyr 552, and Tyr 700; and Lys 699 of the S1′glutamate recognitions
site, as well as with Asn 519 and Arg 534 of the S1 carboxylate recognition site of the protein
were well reproduced (Figure 1B). Furthermore, the aromatic linker of (2) (Scheme 1, blue) was
found to be co-planar to the benzylic linker in the co-crystallized PSMA-1007 (Scheme 1, pink),
making the backbones of (1) and (2) well-aligned. This alignment fidelity was also reflected in
the comparable DockScores of those compounds, (−8.9 and −12.7, respectively), predicting (2) to be
a strong binder (comparing those values with the DockScore −0.7 for a typical non-binding decoy
molecule). However, the salan-Ti-CA-PSMA (3) structurally differs from (2) in the attachment of
the chelate salan-Ti-CA. The obvious concern was that the chelate might be too sterically big to fit inside
the active site of the enzyme. Using quantum chemistry calculations we estimated that salan-Ti-CA will
occupy 780 Å3 of space. This volume is significantly larger than that Ga-DOTA occupies in the strong
binder Ga-PSMA-617 (560 Å3). However, the molecular modeling indicated that the linker is long
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enough for the chelate to extend beyond the narrow binding channel of the active site and occupy
a large funnel-shaped entrance of the enzyme (Figure 1C). The closest neighboring side-chains of
the enzyme are situated as far as 5 Å from the chelate, relieving it from any steric clashes and the need
for conformational changes in the protein.

One feature shared by many clinically tested PSMA PET tracers is their high hydrophilicity:
68Ga-PSMA-11 (logP = −4.3) and 68Ga-PSMA-617 (logP = −3.4). This predisposition to aqueous
media leads to increased accumulation in the kidney and the bladder and can interfere with
the detection of prostate lesions. Therefore, the second design consideration was an attempt to
moderate the high hydrophilicity imposed by the Glu-urea-Lys pharmacophore. The previous
efforts to increase hydrophobicity to improve tumor uptake and internalization focused on placing
the hydrophobic residues within the backbone of the inhibitor [26]. This affected binding often in
an unpredictable way. To avoid this unpredictability of modifying the linker moiety, we limited
ourselves to the non-binding chelate functionality and retained the four methyl groups the salan ligand
provided. The measured logP = 1.7 puts salan-Ti-CA-PSMA (3) in the category of highly hydrophobic
PSMA agents, yet still within the general drug-like Lipinski logP range of values (−1 to +5). Overall,
the salan-Ti-CA-PSMA structure was found to be sterically and electronically compatible with the active
site of GCII and judged to be an appropriate candidate for in-vivo testing.

The decrease in the concentration of [45Ti]salan-Ti-CA-PSMA ([45Ti]-3) in PBS/serum at 37 ◦C
(approximately 20% loss in 4 h) was a sign of the limited stability of the synthesized compound in vitro
(Figure 3). This was later confirmed by the PET and the ex vivo studies. The disappointing uptake of
[45Ti]salan-Ti-CA-PSMA in the tumor parallels that observed for salan-Ti-dipic we reported earlier [18].
In both cases, the uptake of the radiolabeled material monitored by PET was heavily dominated by
the liver and gallbladder with no visible accumulation in the tumor (Figure 4, left). The comparison
of the ex-vivo biodistribution between the two 45Ti-labeled compounds showed that tumor uptake
rose from 0.18% ID/g for [45Ti]salan-Ti-dipic to 1.1% ID/g for [45Ti]salan-Ti-CA-PSMA (Figure 4, right).
The similar PET and ex vivo biodistribution profile for the two compounds, which share essentially
the same chelate functionality, strongly suggests that the chelate is the culprit of the in vivo instability
and hepatobiliary excretion we observed. The competitive binding hypothesis can be used to rationalize
the observed behavior. Citrate is known to be a potent molecular binder for Ti(IV) [27] present in
blood in approximately 100 μM concentrations [28]. The competitive substitution of the bidentate
dipic/CA by the citrate would be close to thermoneutral and driven by the μM concentration of
citrate versus sub-nM amounts of 45Ti-labeled material. The Tinoco group has recently reported that
for highly hydrolytically stable Ti(deferasirox)2, the citrate binding facilitates the transmetallation
of Ti(IV) by labile Fe(III), which is present inside the cytosol [29]. A similar process is likely to
occur here. After the citrate substitution, [45Ti]salan-Ti-CA-PSMA ([45Ti]-3) loses its CA-PSMA (10)
moiety converting into hydrophobic [45Ti]salan-Ti(citrate), which is swept from the bloodstream by
hepatocytes. A small portion of [45Ti]salan-Ti(citrate) reacts, further releasing [45Ti]Ti(citrate)2

2−, which
is picked up by transferrin [28] and remains in the blood. In the hepatocytes, [45Ti]salan-Ti(citrate) loses
its radiotitanium by Fe(III) transmetallation in the cytosol. The hypothesis presented above suggests
a strategy for improving the in vivo stability of the titanium chelate. Finding a stronger enthalpic binder
for titanium would be an obvious chemical modification. A more practical and perhaps more productive
solution is to design a unimolecular chelator by tethering the salan and the CA functionality. This would
make the intermolecular citrate substitution thermodynamically non-competitive, effectively blocking
the transmetallation of the chelated titanium.

54



Molecules 2020, 25, 1104

4. Materials and Methods

4.1. Synthesis of CA-PSMA (10) and salan-Ti-CA-PSMA (3)

4.1.1. General

All commercially available materials were used as received without further purification.
The materials were purchased from Sigma Aldrich (Schnelldorf, Germany), except for glutamic
acid di-t-butyl ester hydrochloride (98%), OtBu-Lys-Cbz · HCl (97%), p-Tolyl isothiocyanate (97%),
carbon tetrachloride (99%), chelidamic acid monohydrate (95%), and lithium hydroxide (anhydrous,
95%), which were purchased from abcr GmbH (Karlsruhe, Germany). Anhydrous ethanol from Fluka,
methanol (LiChroSolv), DMSO (99%), and TLC plates (silica gel and silica gel 60 RP-18, F254) were
purchased from Merck (Darmstadt, Germany), and heptane (99.7%), n-hexane (97%), chloroform
(99.2%), dichloromethane (100%), ethyl acetate (99.9%), acetonitrile (99.9% gradient grade for liquid
chromatography), and toluene (HiPer Chromanorm) from VWR were used. Various cartridges
(alumina N, C18 plus, QMA, silica plus) were purchased from Waters (Milford, MA, USA) and from
ABX (Radeberg, Germany) (QMA preconditioned with CO3

2−).
NMR spectra were recorded with an Agilent 400 MR spectrometer (Santa Clara, CA, USA)

operating at 400.445 MHz (1H). For analytical HPLC, a Hitachi Chromaster (Tokyo, Japan) equipped
with a Carroll and Ramsey 105-S radio-detector and a Hitachi 5430 double diode array detector with
a Phenomenex Luna 3 μ C18 (2) column was applied. The UV-signal at 270 and 420 nm was recorded.
The eluents used were 0.1% TFA in Milli-Q water (A) and 0.1% TFA in ACN (B). The following gradient
was used with a flow rate of 0.5 mL/min: 0–0.1 min: 0% B; 0.1–1 min: 0%–45% B; 1–7 min: 45%–55% B;
7–9 min: 55%–60% B; 9–10 min: 60%–100% B, 10–12 min: 100% B; 12–14: 100%–0% B; 14–16 min: 0% B.

A Shimadzu LC-MS system (Tokyo, Japan) consisting of a CBM-20A communications bus module,
a SPD-20A UV-vis detector, a FRC-10A fraction collector, a LC-20AP preparative liquid chromatograph,
a FCV-200AL Prep Quaternary Valve, and an LC-MS-2020 was applied for preparative HPLC and Mass
spectrometry (MS). A Shim-pack GIST 5 μm C18, 20 × 250mm column was used. The eluents were 0.1%
formic acid in Milli-Q water (A) and ACN (B). A flow rate of 15 mL/min and the following gradient
were applied: 0–5 min: 0% B; 5–25 min: 0%–60 % B; 25–34 min: 60%–70% B, 34–35 min: 70%–90%
B; 35–39 min: 90% B; 39–42 min: 90%–60% B. Fractions of 3 mL were collected automatically with
the fraction collector.

4.1.2. Synthesis of diethyl-4-hydroxypyridine-2,6-dicarboxylate (4)

Compound 4 was synthesized as described previously [19]. First, 12.6 mL (173 mmol) thionyl
chloride was added to 50 mL of anhydrous ethanol in a round-bottom flask under argon flow cooled in
an ice bath. Then, 5.03 g (27 mmol) chelidamic acid was added in small portions, and the mixture was
stirred for 5 min at 0 ◦C. The mixture was stirred for 20 h at room temperature, followed by 2 h at reflux.
The solvent was removed under reduced pressure. The flask with the crude product was placed in
an ice bath, and 50 mL water was added. The mixture was neutralized with 5 mL of 10% aqueous
Na2CO3 and 5 mL of 50% aqueous ethanol. The precipitate was filtered and dried under reduced
pressure. The product was obtained as a white solid (5.49 g (85%)). 1H NMR (400 MHz, ACN-d3)
δ 7.65 (s, 2H), 4.39 (q, J = 7.1 Hz, 4H), 1.37 (t, J = 7.1 Hz, 6H).

4.1.3. Synthesis of 1-(bromomethyl)-4-isothiocyanatobenzene (5)

Compound 5 was synthesized as described previously [20]. First, 2.6 g (17.5 mmol) of p-Tolyl
isothiocyanate was dissolved in 40 mL of CCl4 in a round-bottom flask. Then, 3.2 g (18 mmol)
N-bromosuccinimide was added, followed by a small amount of benzoyl peroxide. The mixture was
stirred at reflux for 8 h and then filtered when cooled down to room temperature. The solvent was
evaporated, and the crude product was recrystallized in methanol. The product was obtained as pale
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yellow needle-like crystals (1.9 g (48%)). 1H NMR (400 MHz, DMSO-d6) δ 7.52 (d, J = 8.6 Hz, 2H), 7.42
(d, J = 8.6 Hz, 2H), 4.72 (s, 2H). 13C NMR (100 MHz, acetone-d6) δ 141.1, 141.1, 139.0, 131.6, 126.9, 33.2.

4.1.4. Synthesis of diethyl 4-((4-isothiocyanatobenzyl)oxy)pyridine-2,6-dicarboxylate (6)

All starting materials and reagents were dried under vacuum. First, 1.0 g (4.2 mmol, 1 equiv.)
of compound 4 was dissolved in 70 mL of dry N,N-dimethylformamide (DMF) in a round-bottom
flask. Then, 2.7 g (8.3 mmol, 2 equiv.) of Cs2CO3 was added. The mixture was stirred for 30 min
at room temperature. Then, 1.42 g (6.2 mmol, 1.5 equiv.) of compound 5 was dissolved in 6 mL of
dry DMF and added dropwise. The mixture was stirred for 2 h at room temperature. The reaction
mixture was filtered and DMF was removed. The crude product was dissolved in DCM, filtered,
and dried. The product was isolated as a white solid (0.85 g (53%)) by column chromatography with
chloroform/ethyl acetate 9/1 (v/v). 1H NMR (400 MHz, DMSO-d6) δ 7.81 (s, 2H), 7.57 (d, J = 8.6 Hz, 2H),
7.49 (d, J = 8.6 Hz, 2H), 5.39 (s, 2H), 4.37 (q, J = 7.1 Hz, 4H), 1.33 (t, J = 7.1 Hz, 6H). 13C NMR (100 MHz,
DMSO-d6) δ 166.0, 164.1, 149.7, 135.5, 133.6, 129.8, 129.3, 126.2, 114.4, 69.3, 61.7, 14.1.

4.1.5. Synthesis of (S)-di-tert-butyl 2-(3-((S)-6-amino-1-tert-butoxy-1-oxohexane-2-yl)ureido)
pen-tanedioate (7)

The method described by Maresca et al. was applied for the synthesis [21]. First, 1.24 g (4.2 mmol)
of triphosgene was dissolved in 20 mL of dry DCM at 0 ◦C. Then, 4.22 g (11 mmol) of OtBu-Lys-Cbz ·
HCl and 4.3 mL (24 mmol) of N,N-diisopropylethylamine (DIPEA) in 20 mL dry DCM was added
dropwise over 1 h. A solution of 3.35 g (11 mmol) OtBu2-Glu ·HCl and 4.3 mL (24 mmol) DIPEA in
20 mL of dry DCM was added in one portion, and the mixture was stirred for 1 h. The solvent was
evaporated, and the crude product was dissolved in 60 mL of ethyl acetate and washed twice with
80 mL of 2 M NaHSO4. The organic phase was washed with brine and dried over Na2SO4. Na2SO4

was removed by filtration, and the crude product was dried. The product (2.47 g (36%)) was obtained
by column chromatography with hexane/ethyl acetate 2/1 (v/v) as eluent. (The product was also
synthesized by first adding OtBu2-Glu ·HCl dropwise to the triphosgene solution and then adding
OtBu-Lys-Cbz · HCl in one portion afterwards.) 1H NMR (400 MHz, CDCl3) δ 7.32 (m, 5H), 5.24–5.12
(m, 3H), 5.09 (d, J = 5.8 Hz, 2H), 4.37–4.28 (m, 2H), 3.22–3.12 (m, 2H), 2.36–2.20 (m, 2H), 2.10–2.00
(m, 1H), 1.88–1.71 (m, 2H), 1.66–1.56 (m, 1H), 1.54–1.47 (m, 2H), 1.46–1.41 (m, 27H), 1.40–1.30 (m, 2H).
13C NMR (100 MHz, CDCl3) δ 172.6, 172.5, 172.4, 157.0, 156.7, 136.8, 128.6, 128.2, 128.2, 82.3, 81.9, 80.7,
66.7, 53.4, 53.1, 40.8, 32.7, 31.7, 29.5, 28.5, 28.2, 28.1, 22.4.

For Cbz deprotection, 0.63 g (1.0 mmol) of ammonium formate was suspended in 10 mL of EtOH.
Then, 0.62 g (1 mmol) of the Cbz-protected compound from the previous step was dissolved in 10 mL
of ethanol and added to the suspension. Then, 67 mg of 10% Pd-C was added, and the mixture was
stirred at room temperature overnight. The mixture was filtered through a celite pad, and the solvent
was removed under reduced pressure. The remaining ammonium formate was removed by dissolving
the crude product in 50 mL of DCM and washing with 50 mL of 1 M Na2CO3 aqueous solution.
The organic phase was washed with brine and dried over Na2SO4. The solvent was removed under
reduced pressure, and the product was obtained (0.41 g (84%)). 1H NMR (400 MHz, CDCl3) δ 6.41–6.20
(m, 2H), 4.36–4.26 (m, 2H), 3.07–2.92 (m, 2H), 2.34–2.89 (m, 2H), 2.12–2.01 (m, 1H), 1.89–1.61 (m, 5H),
1.55–1.38 (m, 28H), 1.28–1.23 (m, 1H). 13C NMR (100 MHz, DMSO-d6) δ 172.3, 172.0, 171.5, 157.3, 80.5,
80.3, 79.8, 53.1, 52.2, 38.6, 31.3, 30.9, 27.8, 27.7, 27.6, 22.1.

4.1.6. Synthesis of diethyl 4-((4-(3-((S)-6-(tert-butoxy)-5-(3-((S)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)
ureido)-6-oxohexyl)thioureido)benzyl)oxy)pyridine-2,6-dicarboxylate (8)

First, 0.75 g (19 mmol) of compound 6 was dissolved in 20 mL of dry DMF in a round-bottom
flask. Then, 0.95 g (19 mmol) of compound 7 was dissolved in 20 mL of dry DMF and added
dropwise to the flask. The mixture was stirred at room temperature for 30 min. The solvent was
evaporated, and the product was dried under reduced pressure. The product was purified by column
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chromatography with hexane/ethyl acetate 1/2 (v/v) and 1.36 g (82%) of compound 8 was obtained.
1H NMR (400 MHz, DMSO-d6) δ 7.81 (s, 2H), 7.44 (m, 4H), 6.28 (m, 2H), 5.31 (s, 2H), 4.38 (q, J = 7.1 Hz,
4H), 4.07–3.96 (m, 2H), 3.46 (m, 2H), 2.29–2.15 (m, 2H), 1.91–1.82 (m, 1H), 1.71–1.50 (m, 5H), 1.40–1.37
(m, 28H), 1.34 (t, J = 7.1Hz, 6H), 1.36–1.29 (m, 1H). 13C NMR (100 MHz, DMSO-d6) δ 180.3, 172.2, 171.9,
171.4, 166.1, 164.1, 157.1, 149.7, 139.5, 130.8, 128.6, 122.7, 114.3, 80.6, 80.3, 79.7, 70.0, 61.6, 53.1, 52.1, 43.6,
31.8, 28.1, 27.7, 27.6, 22.5, 14.1.

4.1.7. Synthesis of
4-((4-(3-((S)-6-(tert-butoxy)-5-(3-((S)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)ureido)-6-oxohexyl)
thioureido)benzyl)oxy)pyridine-2,6-dicarboxylic acid (9)

First, 0.25 g (0.29 mmol) of compound 8 was dissolved in 7 mL of THF and 14 mg (0.58 mmol,
2.2 equiv.) LiOH in 3 mL water was added. The mixture was stirred for 3.5 h at room temperature.
The solvent was removed under reduced pressure, and the product was obtained as the lithium salt
(0.22 g (91%)) without further purification. 1H NMR (400 MHz, DMSO-d6) δ 7.60 (d, J = 8.0 Hz, 2H),
7.55 (s, 2H), 7.36 (d, J = 8.4 Hz 2H), 6.40 (m, 2H), 5.20 (s, 2H), 4.00 (m, 2H), 3.46 (m, 2H), 2.30–2.14
(m, 2H), 1.90–1.81 (m, 1H), 1.71–1.50 (m, 5H), 1.40–1.36 (m, 27H), 1.36–1.27 (m, 2H). 13C NMR (100 MHz,
DMSO-d6) δ 180.4, 172.3, 171.9, 171.5, 167.6, 166.2, 157.2, 156.4, 140.0, 128.0, 122.5, 110.0, 80.6, 80.3, 79.7,
69.2, 53.2, 52.2, 43.5, 31.8, 30.9, 30.4, 28.2, 27.7, 27.7, 22.7.

4.1.8. Synthesis of
4-((4-(3-((S)-5-carboxy-5-(3-((S)-1,3-dicarboxypropyl)ureido)pentyl)thioureido)-benzyl)oxy)pyridine
-2,6-dicarboxylic acid (CA-PSMA) (10)

First, 0.20 g (0.24 mmol) of compound 9 was mixed with 6 mL of TFA/DCM 1/1 (v/v) and stirred
at room temperature for 2.5 h. The product was precipitated in 30 mL of cold diethyl ether and washed
three times with cold diethyl ether. The product was dried and the product was obtained as a white
solid (0.13 g (84%)). 1H NMR (400 MHz, DMSO-d6) δ 7.74 (s, 2H), 7.48 (d, J = 8.7 Hz, 2H), 7.41 (d, J =
8.5 Hz, 2H), 6.36 (m, 2H), 5.32 (s, 2H), 4.08 (m, 2H), 3.44 (m, 2H), 2.29–2.19 (m, 2H), 1.96–1.87 (m, 1H),
1.76–1.64 (m, 2H), 1.60–1.50 (m, 3H), 1.38–1.28 (m, 2H). 13C NMR (100 MHz, DMSO-d6) δ 180.3, 174.5,
174.2, 173.7, 170.1, 167.4, 164.5, 157.3, 150.3, 139.4, 128.6, 122.6, 113.2, 70.2, 52.2, 51.6, 43.7, 31.9, 29.9,
28.2, 27.5, 22.8.

4.1.9. Synthesis of
(6,6′-((ethane-1,2-diylbis(methylazanediyl))bis(methylene))bis(2,4-dimethyl-phenol))-diisopropoxide
titanium(IV) (salan)Ti(OiPr)2 (11)

(salan)Ti(OiPr)2 (11) was synthesized as described by Chmura et al. [22]. First, 0.44 g (1.5 mmol)
of titanium isopropoxide was transferred to a round-bottom flask under argon flow and dissolved in
12 mL of dry DCM. Then, 0.54 g (1.5 mmol) of salan was dissolved in 3 mL of dry DCM and added
to the round-bottom flask. The mixture was stirred for 3 h at room temperature. The solvent was
evaporated, and the crude product was recrystallized in heptane. The product was obtained as yellow
crystals (0.33 g (43 %)). 1H NMR (400 MHz, CDCl3) δ 6.89 (d, J = 1.5 Hz, 2H), 6.61 (d, J = 1.5 Hz, 2 H),
5.17 (sept., J = 6.1 Hz, 2H), 4.69 (d, J = 13.3 Hz, 2H), 3.05 (d, J = 13.3 Hz, 2H), 3.04 (d, J = 9.4 Hz, 2H), 2.41
(s, 6H), 2.24 (s, 6H), 2.22 (s, 6H), 1.73 (d, J = 9.5 Hz, 2H), 1.28 (d, J = 6.1 Hz, 6H), 1.20 (d, J = 6.1 Hz, 6H).

4.1.10. Formation of salan-Ti-CA-PSMA (3)

First, 20 mg (0.04 mmol) (salan)Ti(iOPr)2 (11) and 25 mg (0.04 mmol) of CA-PSMA (10) were
dissolved in 1.5 mL of DMSO. The reaction mixture was stirred for 30 min at 60 ◦C. The product was
precipitated in diethyl ether and washed twice with diethyl ether. Then, 20 mg of the crude product
was purified by preparative TLC (C18 plates) using ACN/H2O 1/1 (v/v) as eluent. The product was
collected from the plate (Rf: 0.5-0.6), eluted from the C18 silica with acetone, filtered, and dried (13 mg
(66 %)). 1H NMR (400 MHz, DMSO-d6) δ 7.69 (s, 2H), 7.45 (m, 4H), 6.78 (s, 2H), 6.76 (s, 2H), 6.33
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(m, 2H), 5.47 (d, J = 11.7 Hz, 1H), 5.42 (d, J = 11.7 Hz, 1H), 4.92 (d, J = 13.7 Hz, 2H), 4.08 (m, 2H), 3.44
(m, 2H), 3.32 (d, J = 13.8 Hz, 2H), 3.12 (d, J = 8.8 Hz, 2H), 2.6 (s, 6H), 2.3 (d, J = 8.9 Hz, 2H), 2.27–2.20
(m, 2H), 2.15 (s, 6H), 1.95–1.87 (m, 1H), 1.83 (s, 6H), 1.75–1.64 (m, 2H), 1.58–1.49 (m, 3H), 1.35–1.28
(m, 2H). 13C NMR (100 MHz, DMSO-d6) δ 180.2, 174.6, 174.3, 173.8, 170.6, 167.9, 157.3, 155.5, 150.9,
139.7, 135.5, 130.2, 129.6, 128.9, 127.9, 127.2, 123.8, 122.8, 111.4, 71.4, 53.1, 52.3, 51.7, 45.9, 31.9, 30.0, 28.2,
27.6, 22.8, 20.3, 15.4. MS (m/z): [M + H]+ calcd for C49H59N7O14S, 1050.96; found, 1050.

The radiolabeling conditions were tested, where 2 mL of 0.01 M (0.02 mmol) TiCl4 in 12 M HCl
was mixed with 2 mL of guaiacol/anisole 9/1 (v/v) for 10 min. The mixture was centrifuged, and the two
phases were separated with a pipette. Then, 0.4 mL pyridine was added to 1 mL of the organic phase.
Then, 4 mg (0.01 mmol) salan in 0.4 mL of DMSO was added, and the mixture was stirred at 80 ◦C
for 5 min. Then, 7.5 mg (0.01 mmol) of CA-PSMA (10) in 0.4 mL of DMSO was added, and the reaction
mixture was stirred for 30 min. The product was purified using preparative HPLC. The fractions were
analyzed by analytical HPLC, the fractions containing the product were collected, and the solvent
was evaporated. The product was dried and analyzed by NMR, which gave identical spectra to
Salan-Ti-CA-PSMA (3) synthesized by the previous method.

4.2. Production of 45Ti and Synthesis of [45Ti]salan-Ti-CA-PSMA ([45Ti]-3)

4.2.1. General

The scandium foil (250 μm and 127 μm, 99.9% pure, rare earth analysis) was purchased from Alfa
Aesar, and the aluminum foil (500 μm, 99.9%) was purchased from VWR. Hydrochloric acid (37%,
trace metal basis) was purchased from Honeywell, and guaiacol and anisole (99%) from Sigma Aldrich
were used for the LLE of 45Ti. In addition, 15 mL plastic centrifuge tubes with screw caps (SuperClear)
were purchased from VWR, and the membrane separator was purchased from Zaiput Flow Technologies.
Perfluoroalkoxy alkane (PFA) diaphragms from McMaster Carr., Pall polytetrafluoroethylene (PTFE)
membranes (0.2 μm pore size, 139 μm thickness, PTFE, polypropylene (PP) support), PFA tubing (1/16”
OD, 0.03” ID and 1/8” OD, 1/16” ID) from Idex Health and Science, and static mixers (PTFE, 10 element,
1.7 cm length, placed inside a piece of 1/8” OD, 1/16” ID PFA tubing) from Stamixco were used. Pyridine
(anhydrous, 99.8%) and ICP standards (multi-element standard solution 1 for ICP (TraceCert in 10%
HNO3), titanium standard for ICP (1000 mg/L, TraceCert in 2% HNO3), and scandium standard for
ICP (1000 mg/L, TraceCert in 5% HNO3)) from Sigma Aldrich were purchased.

45Ti was produced with a GE 16.5 MeV PETtrace cyclotron. A CRC-55tR, CII Capintec, Inc.
dose calibrator and a Princeton Gammatech LGC 5 germanium detector were used to measure
the radioactivity. For the batch LLE, an IKA ROCKER 3D digital shaker for phase mixing
and an Eppendorf 5702 centrifuge for phase separation were applied. For the LLE in flow, KDS 100
Legacy Syringe Pumps were used. A Perkin Elmer Cyclone Plus imager and a Wolf Trimline LED
illuminator were applied for radio-TLC. A Thermo Scientific iCAP 6000 Series ICP Optical Emission
Spectrometer was used for ICP-OES measurements. For microPET/CT scans, a Siemens INVEON
multimodality scanner in a docked mode (Siemens pre-clinical solutions, Knoxville, TN, US) was used.

4.2.2. Production and Purification of 45Ti

First, 0.3–2.0 GBq 45Ti was produced from 250μm or 127-μm thick scandium foil by the 45Sc(p,n)45Ti
nuclear reaction using a 16.5 MeV GE PETtrace cyclotron. A 500-μm thick aluminum foil was used to
degrade the beam energy to approximately 13 MeV. The mass of the scandium foil used in the target was
between 22 and 80 mg and the foil was cut into squares with scissors. The scandium foil was irradiated
for 20–30 min at 15–20 μA and was dissolved in 3–6 mL 12 M HCl within 5-10 min. The solution was
filtered and centrifuged. 45Ti was separated from scandium by LLE with guaiacol/anisole 9/1 (v/v) either
in flow by the membrane-based separation method or in batch mode. A Zaiput membrane separator
with a 2 mil thick PFA diaphragm for pressure control was used for the LLE in flow. The organic
and the aqueous phase were loaded in respective syringes and pumped through PFA tubing using
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two syringe pumps. An organic flow rate of 0.75 mL/min and aqueous flow rate of 0.25 mL/min were
applied. The two phases were mixed when entering a polyether ether ketone (PEEK) tee and passed
two 10-element static mixers placed in a piece of tubing. Hereafter, steady slug flow was developed
throughout 108 cm of PFA tubing, where the two phases were mixed further. Then, the mixed phases
entered the separator, where the organic phase permeated a hydrophobic PTFE/PP) membrane with
a pore size of 0.2 μm, while the aqueous phase was retained. The organic phase was collected from
the permeate outlet and the aqueous phase was collected from the retentate outlet.

For the LLE in batch mode, the two phases were mixed for 10 min using a digital shaker,
centrifuged, and separated with a pipette. The ratio between the organic and aqueous phase was 1:1,
1:1.33, or 1:3 (aq:org) with the dissolved, irradiated scandium foil in 12 M HCl as the aqueous phase
and guaiacol/anisole 9/1 (v/v) as the organic phase.

4.2.3. Formation and Purification of [45Ti]salan-Ti-CA-PSMA ([45Ti]-3)

The 45Ti-labeling was performed by mixing 0.5 mL or 2 mL of the organic phase (guaiacol/anisole)
containing 45Ti (60–130 MBq/mL, molar activity: 0.5–1.1 GBq/μmol) from the LLE with 8 mg (0.02 mmol)
of salan dissolved in 0.5 mL of DMSO at 60 ◦C for 5 min. Then, 15 mg (0.02 mmol) of CA-PSMA (10)
dissolved in 0.5 mL of DMSO was added to the reaction mixture and stirred at 60 ◦C for 60 min.

The 45Ti-labeling was also performed at 80 ◦C, where the same amount of organic phase and of
salan and CA-PSMA (10) were applied. Salan and CA-PSMA (10) were each dissolved in 0.5 mL
or 2 mL of DMSO. Finally, the labeling was performed with 4 mL of organic phase containing 45Ti
(190–225 MBq/mL, molar activity: 43–220 GBq/μmol), where 0.8 mL of pyridine and 8 mg (0.02 mmol)
of salan dissolved in 0.8 mL DMSO were added and stirred at 80 ◦C for 5 min. Then, 15 mg (0.02 mmol)
of CA-PSMA (10) dissolved in 0.8 mL of DMSO was added to the reaction mixture and stirred for 15 min
at 80 ◦C.

The formation of [45Ti]Salan-Ti-CA-PSMA ([45Ti]-3) was followed by radio-HPLC,
where the retention time of the radio peak was compared to the UV signal of salan-Ti-CA-PSMA (3).
The radiolabeling solution was diluted with toluene 1/1 (v/v) and loaded on a silica plus or an alumina
N cartridge. The cartridge was washed with toluene, and the product was eluted with 20%–50%
H2O in MeOH or BuOH/H2O/AcOH 4/1/1. It was also attempted to trap the product on a C18 plus
cartridge (conditioned with 5–10 mL EtOH followed by 5–10 mL water) and elute the product with
ACN/H2O 6/4 (v/v). The radiolabeling solution was also loaded on a QMA cartridge preconditioned
with carbonate solution and washed with water. The cartridge was washed with water and DMSO.

The radiolabeling solution was also injected onto a preparative HPLC with a C18 column,
and fractions were collected automatically. The fractions were analyzed by measuring the radioactivity
with a dose calibrator and evaluating the radiochemical identity by analytical radio-HPLC. The fractions
containing the product were collected and diluted with H2O 1/1 (v/v) before being passed through
a C18 plus cartridge (conditioned with 5–10 mL ethanol followed by 5–10 mL H2O). The cartridge was
washed with H2O and [45Ti]Salan-Ti-CA-PSMA ([45Ti]-3) was eluted in 1.5 mL ethanol/H2O 9/1 (v/v).
This solution was dried down to 50–100 μL under argon flow and was diluted with PBS buffer (pH 7.5).

4.3. Analyses and Stability Studies of [45Ti]salan-Ti-CA-PSMA ([45Ti]-3)

The RCP of the final product in PBS buffer after the end of synthesis and purification was analyzed
by radio-HPLC. The HPLC-peak expected to arise from the [45Ti]Salan-Ti-CA-PSMA ([45Ti]-3) was
identified by comparing the retention time to the one of the nonradioactive Salan-Ti-CA-PSMA (3).
The RCP was calculated by dividing the area of the [45Ti]Salan-Ti-CA-PSMA peak with the total
peak area.

The radionuclidic purity was determined by gamma spectroscopy. A Germanium detector,
which was calibrated with barium-133 and europium-152 sources, was applied. The samples containing
approximately 3 MBq of 45Ti were measured in a distance of 1 m for 0.3–3 h. 45Ti was identified from
the three gamma lines with highest intensity (511.0 keV (169.6%), 719.6 keV (0.154%), and 1408.1 keV
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(0.085%) [25]). The radionuclidic purity was calculated by dividing the activity of 45Ti with the total
activity of the sample.

The amount of metals (Ti (323.4 nm), Sc (357.2 nm), Fe (239.5, 240.4, 259.8 nm), and Zn (202.5,
206.2, 213.8 nm)) in the final product was analyzed by ICP-OES at the listed wavelengths. Then, 50 μL
of the [45Ti]Salan-Ti-CA-PSMA ([45Ti]-3) in the final eluate solution (EtOH/H2O 9/1 (v/v)) was diluted
to 10 mL with 1% HCl. The concentrations of metals were calculated from a standard curve of samples
with known concentrations. The molar activity was calculated from the amount of titanium found
by ICP-OES or from the concentration of Salan-Ti-CA-PSMA (3) calculated from the UV-signal of
the product seen on the analytical HPLC from a standard curve.

The octanol/water partition coefficient of [45Ti]Salan-Ti-CA-PSMA ([45Ti]-3) was measured by
taking 0.5 mL of the eluate from the C18 cartridge, which was evaporated to dryness. Then, 1 mL of
PBS buffer and 1 mL octanol were added to the dried product. The two phases were mixed for 2 min
and subsequently separated. The radioactivity of 0.5 mL of both phases was measured with a dose
calibrator. The partition coefficient was calculated by dividing the activity in the octanol phase
(A45Ti,octanol) with the activity in the aqueous phase (A45Ti,water), and the log P value was calculated by
Equation (1).

log P = log
A45Ti,octanol

A45Ti,water

(1)

The stability of [45Ti]Salan-Ti-CA-PSMA ([45Ti]-3) was analyzed in PBS buffer at room temperature
and 37 ◦C and in PBS buffer/mouse serum 1/1 (v/v) and PBS/H2O 1/1 (v/v) at 37 ◦C. The samples were
analyzed by radio-TLC after 0, 1, 2, 3, and 4 h using C18 TLC plates and ACN/H2O 7/3 (v/v) as eluent.
The nonradioactive Salan-Ti-CA-PSMA (3) was used as a TLC reference, and the plates were analyzed
using a Perkin Elmer Cyclone Plus imager.

4.4. Computational Studies

The geometry optimization for the chelate salan-Ti-CA and Ga-DOTA were performed using
Turbomole 7.4.1 at the BP/TZVP level, and the molecular volume was calculated using CosmothermX
19.0.1. For molecular docking studies performed using the Schrodinger 2018 suite of programs,
the crystal structure from the Protein Data Bank (PDB ID: 5O5T, 1.43Å resolution) was used. All waters
of crystallization were removed except for water 1233, which was complexed to the two zinc atoms of
the active site. The protein and the ligand were pre-processed using the default settings of the protein
and ligand preparation routines. The flexible docking was carried out at standard precision (SP) using
Glide and then refined using extra precision (XP) settings.

4.5. In Vivo Study in Mice

The in vivo studies in mice were performed at Odense University Hospital. The animal experiment
license number was 2016-15-0201-01027.

Four male Balb/c nude mice (Janvier) received an injection with 5 million PC3+ cells at the left
shoulder. The tumors were allowed to grow for 24 days. The tumor sizes were between 7 × 6
and 9 × 9.5 mm, and the mice weighed 25–27 g two days before the in vivo study. A Siemens
INVEON multimodality scanner (Siemens pre-clinical solutions, Knoxville, TN, US) was applied
for the PET/CT scans. A CT scan of 15 min was performed prior to each PET scan. The mice
were anesthetized with a mixture of 1.5%–2% isoflurane and 100% oxygen during injection of
the radiotracer and during the scans, where the mice were placed feet first in a prone position on
a heated PET/CT animal bed. Each mouse received 0.5–1.4 MBq of [45Ti]Salan-Ti-CA-PSMA ([45Ti]-3)
in PBS buffer containing 10% EtOH administered intravenously through the tail vein. The first mouse
received the [45Ti]Salan-Ti-CA-PSMA tracer 4 h EOS, while the fourth mouse received the tracer 7.5 h
EOS. The two first mice were scanned by dynamic acquisition from 0–75 min followed by 20 min
static scan four hours p.i. CT and PET images were co-registered using a transformation matrix
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and CT-based attenuation correction was applied to the PET data. The PET data was reconstructed
using an OSEM3D/MAP algorithm (matrix 128 × 128, 2 OSEM3D and 18 MAP iterations). The two
last mice received a 15 min static scan one hour p.i., followed by a 20 min static scan four hours p.i.
After the last scanning, the mice were euthanatized by cervical dislocation and dissected. The organs
were collected and weighed separately. The amount of 45Ti in the organs was measured with a gamma
well counter.

5. Conclusions

The development of titanium pharmaceuticals and radiopharmaceuticals so far has been
unsuccessful with all drug candidates consistently failing in vivo. Bringing together new methods
of 45Ti purification, computer-aided design, and synthesis of the new 45Ti-containing PSMA ligand,
this work takes another step toward creating the first target-specific 45Ti PET tracer. The molecular
docking of salan-Ti-CA-PSMA (3) into the active site of GCPII indicated the possibility of the signature
binding of the Glu-urea-Lys pharmacophore without creating prohibitive steric interaction of the protein
with the bulky salan-Ti-CA chelator. Although the new compound yielded no visible PET signature
in the tumor and poor ex vivo tumor accumulation, the analysis of the data and the literature may
suggest the involvement of competitive citrate substitution and Ti transchelation as the pathway for
in vivo de-titanation. A chemical elaboration of the structure to create a unimolecular chelator could
be a practical way to increase the in vivo stability of future 45Ti-containing radiopharmaceuticals.
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Abstract: [18F]FPEB is a positron emission tomography (PET) radiopharmaceutical used for imaging
the abundance and distribution of mGluR5 in the central nervous system (CNS). Efficient radiolabeling
of the aromatic ring of [18F]FPEB has been an ongoing challenge. Herein, five metal-free precursors
for the radiofluorination of [18F]FPEB were compared, namely, a chloro-, nitro-, sulfonium salt,
and two spirocyclic iodonium ylide (SCIDY) precursors bearing a cyclopentyl (SPI5) and a new
adamantyl (SPIAd) auxiliary. The chloro- and nitro-precursors resulted in a low radiochemical
yield (<10% RCY), whereas both SCIDY precursors and the sulfonium salt precursor produced
[18F]FPEB in the highest RCYs of 25% and 36%, respectively. Preliminary PET/CT imaging
studies with [18F]FPEB were conducted in a transgenic model of Alzheimer’s Disease (AD) using
B6C3-Tg(APPswe,PSEN1dE9)85Dbo/J (APP/PS1) mice, and data were compared with age-matched
wild-type (WT) B6C3F1/J control mice. In APP/PS1 mice, whole brain distribution at 5 min
post-injection showed a slightly higher uptake (SUV = 4.8 ± 0.4) than in age-matched controls
(SUV = 4.0 ± 0.2). Further studies to explore mGluR5 as an early biomarker for AD are underway.

Keywords: [18F]FPEB; mGluR5; positron emission tomography (PET); iodonium-ylide; Alzheimer’s
Disease (AD)

1. Introduction

L-Glutamate is the primary excitatory neurotransmitter at the majority of excitatory synapses in
the mammalian central nervous system (CNS). Signaling processes involving metabotropic glutamate
occur via membrane-bound G-protein coupled receptors (GPCRs) known as metabotropic glutamate
receptors (mGluRs). There are eight mGluR subtypes, of which the mGluR5 subtype is involved in the
excitatory signaling cascade of intracellular calcium release, playing a vital role in brain development,
learning, memory, and in maintaining synaptic plasticity [1]. Changes in mGluR5 expression have been
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identified in several neuropathological diseases and disorders including addiction, Parkinson’s disease,
post-traumatic stress disorder (PTSD), epilepsy, Huntington’s disease, and Alzheimer’s disease (AD),
making mGluR5 an attractive target for the development of new therapeutics and for monitoring the
progression of several CNS disease states [2–4]. Positron emission tomography (PET) serves as a highly
sensitive and non-invasive means of monitoring the changes in mGluR5 distribution and regulation
associated with pathophysiological conditions in the CNS [5,6]. [18F]3-Fluoro-5-[(pyridin-3-yl)ethynyl]
benzonitrile ([18F]FPEB) was developed as a mGluR5 PET ligand and is widely used in clinical
research [7,8].

The routine radiosynthesis of [18F]FPEB has traditionally been low yielding because nucleophilic
aromatic substitution by [18F]fluoride is not favored as the nitrile group is positioned meta to the
leaving group on the aromatic ring of the precursor. Furthermore, high temperature reactions are
generally required, leading to decomposition products and radiochemical impurities. [18F]FPEB is
commonly synthesized from a chloro- or nitro-precursor in low radiochemical yields (RCYs, <10%)
as shown in Table 1 (1 and 2, respectively). When initially reported by Merck Research Laboratories,
[18F]FPEB was prepared via a SNAr reaction of an aryl-chloro precursor (1) with labeled potassium
cryptand fluoride, [K222][18F], and K2CO3 as the base [9]. This reaction resulted in 5% RCY and
required microwave conditions. Like the majority of others, our development of [18F]FPEB for
human use was initiated with the commercially available nitro-precursor and a low RCY (4%) was
achieved [10]. Compound 3 is a boronic acid precursor and 4 is an arylstannane precursor that were
used in copper-mediated radiofluorinations to synthesize [18F]FPEB in decay-corrected automated
radiochemical conversions (RCC; not isolated) of 5% and 11% respectively [11,12]. Translating these
precursors for the radiopharmaceutical production of [18F]FPEB will be challenging as lower RCY
can be expected upon purification and formulation, while additional testing for residual metals will
be required.

In our efforts to optimize the efficiency of 18F-Csp2 bond formation, we discovered that the
use of harsh reaction conditions such as high temperatures and base concentrations resulted in the
increased formation of radiolabeled impurities over time. This included the hydrolyzed product
3-fluoro-5-(pyridin-2-ylethynyl)benzamide, which contributed to the low yields previously obtained
for both the chloro- and nitro-precursors [13]. Our development of spirocyclic iodonium ylide (SCIDY)
precursors for radiofluorination of non-activated aromatic rings [14] was successfully applied to the
synthesis of (5) as a novel precursor for [18F]FPEB [13,15]. The ylide precursor showed a ten-fold
increase in the radiochemical yield and a five-fold increase in molar activity (Am) of [18F]FPEB,
compared with our traditional SNAr reaction with the nitro-precursor [10], and was validated and
translated for human use [12,13].

The aim of this study was to compare the chloro- and nitro-precursors for [18F]FPEB, with
our first-generation SCIDY precursor (cyclopentyl auxiliary (5)) and new second-generation SCIDY
precursor (adamantyl auxiliary (7)) and a newly reported sulfonium salt precursor (6) for the routine
production of [18F]FPEB [16,17]. Only metal-free precursors were considered for this work to avoid the
need for additional quality control testing of residual metals in routine radiopharmaceutical production.
In light of our pilot PET imaging studies that showed increased [18F]FPEB binding in a patient with
early mild cognitive impairment [10], we also explored the use of [18F]FPEB to detect early changes in
mGluR5 expression in a transgenic murine model of AD.
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Table 1. Reported Radiosyntheses of [18F]FPEB.

 

Compound Precursor (X)

Reported
[18F]FPEB

Radiochemical
Yields (RCYs)

Radiolabeling
Method

Validated for
Human Use

Reference

(1)  5% Manual � [9]

(2)  4–10% Automated � [8,10,18,19]

(3)  5% * Automated [11]

(4)  11% * Manual [12]

(5)

 
29% Automated � [13,15]

(6)

 

55% Manual [16]

* not isolated.

2. Results and Discussion

2.1. Radiosyntheses of [18F]FPEB with Five Different Precursors

The chloro-precursor (1) was synthesized following a literature procedure, with the modification
that conventional heating was used to drive the radiofluorination instead of the previously reported
microwave conditions [9]. In our hands, a maximum 3% RCC was observed by manual synthesis at
200 °C from a 10 min reaction. In light of the low radiofluorination conversion, this precursor was not
considered for automated radiosynthesis (Table 2, Entry I). While manual radiosynthesis of [18F]FPEB
via the commercially available nitro-precursor (2) showed an RCC based on radio-HPLC analysis of
33% (n = 3) at 150 ◦C for a reaction time of 5 min, upon automation and isolation, the highest RCY was
only 4% (Table 2, Entry II). This low RCY from the nitro-precursor is consistent with other reported
production yields [8,10,18,19]. Losses experienced when translated to an automated synthesis unit
may be attributed to transfer to tubing and reaction vessels. The low yielding reaction, together with
the presence of radiochemical and UV active impurities, observed by HPLC, led us to abandon the
optimization of [18F]FPEB radiosynthesis using the nitro-precursor and explore alternative precursors.

We recently showed that using the SCIDY chemistry with a cyclopentyl auxiliary (SPI5) (5) as
the precursor for [18F]FPEB production led to a five-fold increase in RCY and a three-fold increase in
molar activity (Am) compared to the nitro-precursor. The SCIDY precursor enabled the displacement
reaction with [18F]fluoride to be conducted at milder conditions (lower temperatures and shorter
times), thereby minimizing the formation of radiochemical impurities. [18F]FPEB synthesis via the
SCIDY SPI5 auxiliary precursor was conducted on a GE TRACERlab™ FX2 N automated synthesis
module. Varying temperatures and reaction times resulted in RCYs of [18F]FPEB ranging from 19% to
23% after HPLC purification and formulation (Table 2, Entry III). [18F]FPEB production was repeated
via the SPI5 precursor using the optimal conditions (100 ◦C, Et4NHCO3 as the base and a 5 min reaction
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time) which resulted in a RCY of 25% ± 2%, with a molar activity (Am) of = 37 ± 13 GBq/μmol (n = 3),
consistent with our previous reports [13,15].

Table 2. Summary of automated radiosyntheses of [18F]FPEB (this work).

Entry
Precursor

(X=)
Base Solvent

Temperature
(◦C)

Reaction
Time (min)

RCY (%)
Am

(GBq/μmol)

I (1) K2CO3/K222 DMSO 200 10 N/A N/A

II (2) K2CO3/K222 DMSO 150 5 4 N/A

III (5)
Et4NHCO3 DMF 80 5 23 22
Et4NHCO3 DMF 80 10 19 54
Et4NHCO3 DMF 100 5 25 ± 2 * 37 ± 13 *

IV

 
Et4NHCO3 DMF 100 5 24 21

V (6)
Et4NHCO3 CH3CN 80 5 15 70
Et4NHCO3 CH3CN 100 5 26 168

KHCO3/K222 CH3CN 80 5 36 ± 6 * 77 ± 35 *

* n = 3.

These automated reaction conditions were then applied to a novel SCIDY precursor for [18F]FPEB
radiosynthesis, bearing an adamantyl-based auxiliary (SPIAd). Experimental and mechanistic studies
have shown that radiofluorination with the bulkier SPIAd auxiliary in SCIDY precursors can improve
the RCY compared to the SPI5 precursors in conventional nucleophilic aromatic substitution with
[18F]fluoride [17,20]. The SPIAd precursor (compound 7) also resulted in a 24% RCY for [18F]FPEB,
and is similar to that of the SPI5 precursor (Table 2, Entry IV). Our initial semi-preparative HPLC
purification conditions did not adequately separate the adamantyl precursor from [18F]FPEB, and
given the equivalent RCY between the two different SCIDY auxiliaries, optimization of the SPIAd
precursor reaction and/or HPLC conditions were not pursued (Supplementary Materials).

A recently reported precursor (6) based on a sulfonium salt was also applied to the manual
synthesis of [18F]FPEB and gave a reported 55% RCY [16]. Inspired by this report, we adapted the
radiochemistry precursor and methodology for automated radiofluorination with the GE TRACERlab™
FX2 N synthesis module. The reaction was conducted at varying temperatures (80 or 100 ◦C) for
5 min and with varying bases (Et4NHCO3 or KHCO3/K222) to establish optimal temperature and base
conditions, as summarized in Table 2, with the literature synthesis providing the highest yield [16].
Using [K222][18F] and the milder base (KHCO3) at 80 ◦C for 5 min (Table 2, Entry V), the sulfonium salt
precursor produced [18F]FPEB with a RCY of 36% ± 6% and Am = 77 ± 35 GBq/μmol (n = 3).

When considering which chemical route should be used to produce [18F]FPEB for clinical research,
many factors will impact this choice, including precursor availability, radiochemical yield, molar
activity, ease of automation and purification, etc. Although the nitro-precursor is currently the only
commercially available compound for [18F]FPEB production, the resulting yields are much lower than
the SCIDY and sulfonium salt precursors. The SPI5 auxiliary and the sulfonium salt precursors appear
to the be the best suited for routine radiopharmaceutical production of [18F]FPEB.

2.2. Small Animal PET/CT Imaging

mGluR5 has emerged as an imaging target in AD pathogenesis. It has been demonstrated that
soluble oligomeric amyloid-β (Aβo) induces an accumulation and over-stabilization of mGluR5,
and that Aβo up-regulates mGluR5, leading to an abnormal increase in the release of intracellular
Ca2+ [6,21–23]. Preliminary PET imaging data with [18F]FPEB showed increased brain uptake in
the transgenic model of AD versus the age-matched controls (10 month data shown in Figure 1).
Dynamic PET/CT imaging was carried out to investigate the difference in [18F]FPEB binding between
an established preclinical model of AD using 10 month old transgenic APP/PS1 mice and their
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age-matched wild-type (WT) controls. Axial, coronal, and sagittal images of the murine brains acquired
at 20 min post-injection of [18F]FPEB are presented in Figure 1A. A marked increased uptake of
radiotracer binding was observed in the brains of the transgenic mice compared with WT controls.
The time–activity curves revealed a similar initial peak uptake and brain penetration for both groups
of mice (Figure 1B). One minute after the time of injection (TOI), maximum uptake was observed in
both genotypes, (SUV > 6; whole brain VOI). By 10 min post-injection, a modest higher [18F]FPEB
retention was observed in the brain of transgenic mice (SUV = 4.8) versus WT controls (SUV = 4.0),
and as the tracer cleared from normal tissues, a significant difference (p < 0.05) was apparent at <5 min
post-injection. A comparison of the area under the curve (AUC) analysis (Figure 1C) over time for the
respected genotypes underscores the trends observed in the TACs.

Figure 1. (A) PET/CT images of [18F]FPEB 20 min post-injection in 10 month old APP/PS1 (transgenic)
mice and aged-matched wild-type (WT) B6C3F1/J (control) mice, n = 3/group. (B) Time–activity curve
for whole-brain. (C) Mean area under the curve (AUC).

In a pilot study, we found that patients with early mild cognitive impairment had an increased
brain uptake of [18F]FPEB, and that radiotracer uptake in the brain was reflective of increased mGluR5
density [10]. This observation supports the hypothesis that mGluR5 may be implicated in the early
stages of AD pathogenesis [24]. Consistent with this hypothesis and clinical research indication,
PET/CT imaging studies of [18F]FPEB uptake in a transgenic mouse model of AD also showed an
increased radiotracer uptake and retention in the brain of the APP/PS1 mice, compared with wild-type
controls. This preliminary work provides support that mGluR5 levels measured by [18F]FPEB are
potentially useful as an early biomarker of AD. Further [18F]FPEB imaging studies and biological
evaluations are underway including regional analysis of imaging data as well as ex vivo biodistribution
and autoradiography studies to evaluate this functional link between mGluR5 and AD.
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3. Materials and Methods

3.1. Materials and General Methods

Unless otherwise stated, all reagents were obtained from commercially available sources and
used without further purification. The identification of all radiochemical products was determined by
HPLC co-elution with an authentic non-radioactive standard. All RCC and RCY values are reported as
decay corrected, relative to starting [18F]fluoride (ca. 100 mCi). [18F]Fluoride was produced using a
Scanditronix MC17 cyclotron from enriched [18O]H2O through the 18O(p,n)18F reaction. Reverse-phase
high performance liquid chromatography (HPLC) was used to isolate and purify [18F]FPEB. Dynamic
PET/CT imaging experiments were conducted on a dedicated small-animal PET/CT scanner (eXplore
Vista-CT, Sedecal, Algete, Spain) equipped with VISTA-CT version 4.11 software.

3.1.1. General Chemistry and Radiochemistry Methods

Preparation of the chloro-precursor was performed as previously reported [9]. The nitro-precursor
(Lot No.: 20190401) and FPEB standard (Lot No.: 20130101) were purchased from ABX. Synthesis of the
sulfonium salt precursor and radiolabeling were performed as previously reported [16]. For manual
labeling, azeotropically dried potassium cryptand [18F]fluoride was dissolved in DMSO (3.0 mL), while
400 μL aliquots (typically 3–5 mCi) were used per reaction to dissolve the precursor in a 1 dram vial.
The reaction was heated at 150 ◦C for 5 min, then quenched with water and cooled for 3 min. Product
identity and radiochemical conversion were determined as the ratio of free [18F]fluoride to [18F]FPEB
as integrated by radio-HPLC. The manual radiolabeling of the chloro- (1) and nitro- (2) precursors
was performed as previously reported, with slight modification to the concentration and reaction time.
One milligram of 2 was dissolved in 0.4 mL [18F]fluoride in DMSO for 5 min instead of 1.5 mL for
15 min [8,18], and the chloro-reaction was conducted at high temperatures instead of under microwave
conditions [9]. For automated radiosyntheses, a GE TRACERlab™ FX2 N module with 2 and the SPI5
auxiliary SCIDY precursor (5) were performed as previously reported [13,15]. Flash chromatography
was performed on a Biotage Isolera One automated flash purification system. Biotage SNAP KP-Sil
50 g cartridges (45–60 micron) were used with a flow rate of 50 mL/min for gradient solvent systems.
Fractions were monitored and collected by UV absorbance using the internal UV detector set at 254
and 280 nm.

3.1.2. SCIDY-SPIAd Auxilary Synthesis and Characterization

The titled compound was prepared using a modified literature procedure [15]. Trifluoroacetic
acid (0.9 mL) was added to a solution of IPEB (120 mg, 0.36 mmol) in chloroform (0.12 mL). Oxone
(179 mg, 0.58 mmol) was added and the reaction mixture was stirred for 3 h, until full conversion of
starting materials was determined by TLC (SiO2 coated on polyethylene, 250 μm, with 100% EtOAc).
Volatile contents were then removed by rotary evaporation. The round bottom flask was covered
in foil and further dried under high vacuum for 5 h. The dried residue was suspended in ethanol
(1.5 mL) and (1r,3r,5r,7r)-spiro[adamantane-2,2′-[1,3]dioxane]-4′,6′-dione (67 mg, 0.54 mmol). SPIAd
was added followed by 10% Na2CO3(aq) (w/v, 1.5 mL, 0.33 M solution) in ~0.2 mL aliquots until the
pH of the reaction mixture was equal to pH 10. The reaction mixture was stirred for 5 h until full
conversion to the iodonium ylide was determined by TLC (SiO2 coated on polyethylene, 250 μm, with
10% EtOH in EtOAc, (1:9 mL v/v)). The reaction mixture was then diluted with water and extracted
with chloroform. The chloroform extracts were combined and washed with water (4 × 10 mL) and
brine (1 × 10 mL). The organic layer was dried with anhydrous MgSO4, filtered, and concentrated.
The final compound was purified by flash chromatography using a gradient 60% EtOAc in hexanes to
100% EtOAc to 5% methanol in EtOAc. Compound 7 (56 mg, 0.11 mmol) was isolated as an off-white
powder with a 41% yield.

1H NMR (500 MHz, dmso-d6) δ (ppm): 8.63 (dt, J = 4.7, 1.3 Hz, 1H), 8.31 (t, J = 1.5 Hz, 1H), 8.25 (t,
J = 1.6 Hz, 1H), 8.17 (t, J = 1.6 Hz, 1H), 7.89 (td, J = 7.7, 1.8 Hz, 1H), 7.73–7.67 (m, 1H), 7.47 (ddd, J = 7.7,
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4.8, 1.2 Hz, 1H), 2.35 (s, 2H), 1.93 (d, J = 12.3 Hz, 5H), 1.80–1.75 (m, 2H), 1.68–1.62 (m, 7H). 13C NMR
(126 MHz, dmso-d6) δ (ppm):163.10, 150.88, 141.60, 139.17, 137.54, 137.49, 136.20, 128.34, 125.05, 124.86,
117.02, 116.90, 114.37, 105.94, 92.58, 84.86, 59.00, 36.92, 35.31, 33.64, 26.38. HRMS (m/z): [M + Na]+

calcd. for C22H15IN2O4Na, 520.9974; found 520.9967.

3.1.3. General GE TRACERlab™ FX2 N Automated Synthesis Method

Cyclotron produced [18F]fluoride in enriched [18O]H2O was delivered to a GE TRACERlab™ FX2
N automated synthesis module. The [18F]fluoride was trapped on a HCO3

− anion exchange cartridge
(Chromafix® [18F] SPE) without additional conditioning and eluted with one of the following base
mixtures: Et4NHCO3 in CH3CN/H2O, 4,7,13,16,21,24-hexaoxa-1,-10,diazabicyclo [8.8.8]hexacosane
(Kryptofix 222) and KHCO3 in CH3CN/H2O or Kryptofix 222 and K2CO3 in MeOH/H2O. The
[18F]fluoride was released from the cartridge and dried under nitrogen gas at 90 ◦C, followed by
azeotropic drying with acetonitrile under nitrogen gas at 110 ◦C, producing either dry [18F]Et4NF
or [18F]KF/K222 for radiofluorination. Automated radiosyntheses were carried out with precursors
2, 5, 6, and 7. Each precursor was dissolved in either DMSO, DMF, or CH3CN and eluted into the
reaction vial with the dry [18F]fluoride, where they were heated for the specified reaction time at
varying temperatures. The reactions were then cooled to room temperature and quenched with
HPLC buffer. The mixture was diluted with water and the crude reaction mixture was injected onto a
semi-preparative HPLC column. The eluent was monitored by UV, at a wavelength of 254 nm, and
radiochemical detectors in series. The desired radiochemical product was collected and formulated by
dilution with sterile water and loaded onto a C18 Sep-Pak cartridge (pre-activated with 10 mL EtOH,
followed by 10 mL H2O). The cartridge was washed with water to remove impurities and then eluted
with dehydrated EtOH, and finally, diluted with 0.9% sodium chloride. The final radiochemical yield
of this formulated product was determined (50–60 min; see ESI). Molar activity measurements were
carried out as described in [12].

3.1.4. Preliminary Small Animal PET/CT Imaging Studies

All animal experiments were conducted in compliance with Institutional Animal Care and Use
Committee (IACUC) guidelines and the Guide for the Care and Use of Laboratory Animals. Female
wild-type B6C3F1/J mice and female transgenic B6C3-Tg(APPswe,PSEN1dE9)85Dbo/J (APP/PS1; Stock
No.: 034829-JAX or MMRRC No. 034) mice were obtained from Jackson Laboratory (Bar Harbor, ME).
Mice were provided with food and water ad libitum. Mice were subjected to PET/CT imaging studies
after being aged to 10 months. Mice were administered formulations of [18F]FPEB (~3.1–14.0 MBq
[~84–378μCi], specific activity of 5 Ci/μmol, in 200μL sterile PBS, pH7.4,≤5% v/v EtOH) via intravenous
(i.v.) tail-vein injection using a catheter. Approximately 5 min prior to recording PET images, the
mice were anesthetized by inhalation of 3–4% isoflurane (Baxter Healthcare, Deerfield, IL)/oxygen
gas mixture, and a catheter was inserted into the tail-vein, with the mice then transferred to the
scanner bed and placed in the prone position. Anesthesia was maintained with 1–2% isoflurane/oxygen
gas mixture (flow rate ~5 L/min). Co-registered dynamic PET/CT images were recorded for a total
of 20 min post-injection radiotracer injection (n = 3 per group). List-mode data were acquired for
20 min per scan using a γ-ray energy window of 250–700 keV. To ensure that the activity bolus was
measured, PET/CT data acquisition was initiated 20 s prior to injecting the radioactivity. Data were
processed by 3-dimensional Fourier re-binning (3D-FORE), and images were reconstructed using
the 2-dimensional ordered-subset expectation maximum (2D-OSEM) algorithm. Image data were
normalized to correct for the non-uniformity of response of the PET, dead-time count losses, positron
branching ratio, and physical decay to the time of injection, but no attenuation, scatter, or partial-volume
averaging correction were applied. An empirically determined system calibration factor (in units of
Bq/cps) combined with the decay corrected administered activity and the animals’ weights were used
to parameterize image activity in terms of the standardized uptake value (SUV). Manually drawn
2-dimensional regions-of-interest (ROIs) or 3-dimensional volumes-of-interest (VOIs) were used to
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determine the maximum and mean SUV radiotracer uptake in various tissues. Time–activity curves
(TACs) were generated from the ROI analysis on dynamic PET/CT data using 20 s frames. CT images
were recorded using an X-ray current of 300 μA, 360 projections, and an image size of 63.8 mm ×
63.8 mm × 46.0 mm. Data were acquired using the Vista CT 4.11 Build 701 software, and reconstructed
images were analyzed by using ASIPro VMTM software (Concorde Microsystems, Siemens Preclinical
Solutions, LLC, Knoxville, TN, USA) and VivoQuant® 1.23 (InviCRO, LLC, Boston, MA, USA).

3.2. Data Analysis and Statistics

Data and statistical analyses were performed using GraphPad Prism 5.01 (GraphPad Software,
Inc., La Jolla, CA, USA) and Microsoft Excel spreadsheets. Differences at the 95% confidence level
(p < 0.05) were considered to be statistically significant.

Supplementary Materials: The following are available online, Figures S1–S3 Semi-preparative HPLC traces of a
typical radiosynthesis of [18F]FPEB using precursor (5–7).

Author Contributions: C.V., E.M. and W.S. and N.A.S. conducted the chemistry radiochemical experiments.
A.K. and J.P.H. conducted the PET imaging experiments and analyzed the data. C.V., N.A.S and N.V. wrote the
manuscript. N.A.S., J.P.H., S.H.L. and N.V. conceived and supervised the project. All authors have read and
agreed to the published version of the manuscript.

Funding: N.V. thanks the National Institute on Ageing of the NIH (R01AG054473 and R01AG052414), the Azrieli
Foundation, the Canada Foundation for Innovation, the Ontario Research Fund, and the Canada Research Chairs
Program for support. J.P.H. thanks the Swiss National Science Foundation (SNSF Professorship PP00P2_163683
and PP00P2_190093), the European Union’s Horizon 2020 research and innovation programme/from the European
Research Council under the Grant Agreement No 676904, ERC-StG-2015, NanoSCAN, and the University of
Zurich (UZH) for financial support.

Conflicts of Interest: N.A.S., S.H.L. and N.V. have an issued patent entitled, “Iodine(III)-Mediated
Radiofluorination; US 9.434,699 B2, that is licensed to a third party; S.H.L. and N.V. have a patent entitled,
“Method of Fluorination Using Iodonium Ylides, US 9.434,699 B2. The authors declare no other conflicts of interest.

References

1. Pillai, R.; Tipre, D. Metabotropic glutamate receptor 5—A promising target in drug development and
neuroimaging. Eur. J. Nucl. Med. Mol. Imaging 2016, 43, 1151–1170. [CrossRef] [PubMed]

2. Terbeck, S.; Akkus, F.; Chesterman, L.P.; Hasler, G. The role of metabotropic glutamate receptor 5 in the
pathogenesis of mood disorders and addiction: Combining preclinical evidence with human Positron
Emission Tomography (PET) studies. Front. Mol. Neurosci. 2015. [CrossRef] [PubMed]

3. Marino, M.J.; Valenti, O.; Conn, P.J.; Conn, P.J. Glutamate Receptors and Parkinson’s Disease. Drugs Aging
2003, 20, 377–397. [CrossRef] [PubMed]

4. Alagille, D.; Dacosta, H.; Chen, Y.; Hemstapat, K.; Rodriguez, A.; Baldwin, R.M.; Conn, J.P.; Tamagnan, G.D.
Potent mGluR5 antagonists: Pyridyl and thiazolyl-ethynyl-3,5-disubstituted-phenyl series. Bioorg. Med.
Chem. Lett. 2011, 21, 3243–3247. [CrossRef]

5. Rook, J.M.; Tantawy, M.N.; Ansari, M.S.; Felts, A.S.; Stauffer, S.R.; Emmitte, K.A.; Kessler, R.M.;
Niswender, C.M.; Daniels, J.S.; Jones, C.K.; et al. Relationship between In Vivo Receptor Occupancy
and Efficacy of Metabotropic Glutamate Receptor Subtype 5 Allosteric Modulators with Different In Vitro
Binding Profiles. Neuropsychopharmacology 2014, 40, 755–765. [CrossRef]

6. Majo, V.J.; Prabhakaran, J.; Mann, J.J.; Kumar, J.S.D. PET and SPECT tracers for glutamate receptors. Drug
Discov. Today 2013, 18, 173–184. [CrossRef]

7. Wong, D.F.; Waterhouse, R.; Kuwabara, H.; Kim, J.; Chamroonrat, W.; Stabins, M.; Holt, D.P.; Dannals, R.F.;
Hamill, T.G.; Mozley, P.D.; et al. 18F-FPEB, a PET Radiopharmaceutical for Quantifying Metabotropic
Glutamate 5 Receptors: A First-in-Human Study of Radiochemical Safety, Biokinetics, and Radiation
Dosimetry. J. Nucl. Med. 2013, 54, 388–396. [CrossRef]

8. Sullivan, J.M.; Lim, K.; Labaree, D.; Lin, S.-F.; McCarthy, T.J.; Seibyl, J.P.; Tamagnan, G.; Huang, Y.; Carson, E.R.;
Ding, Y.-S.; et al. Kinetic analysis of the metabotropic glutamate subtype 5 tracer [18F]FPEB in bolus and
bolus-plus-constant-infusion studies in humans. Br. J. Pharmacol. 2012, 33, 532–541. [CrossRef]

71



Molecules 2020, 25, 982

9. Hamill, T.G.; Krause, S.; Ryan, C.; Bonnefous, C.; Govek, S.; Seiders, T.J.; Cosford, N.; Roppe, J.; Kamenecka, T.;
Patel, S.; et al. Synthesis, characterization, and first successful monkey imaging studies of metabotropic
glutamate receptor subtype 5 (mGluR5) PET radiotracers. Synapse 2005, 56, 205–216. [CrossRef]

10. Liang, S.H.; Yokell, D.L.; Jackson, R.N.; Rice, P.A.; Callahan, R.; Johnson, K.A.; Alagille, D.; Tamagnan, G.;
Collier, L.; Vasdev, N. Microfluidic continuous-flow radiosynthesis of [18F]FPEB suitable for human PET
imaging. MedChemComm 2013, 5, 432–435. [CrossRef]

11. Mossine, A.V.; Brooks, A.F.; Makaravage, K.J.; Miller, J.M.; Ichiishi, N.; Sanford, M.S.; Scott, P.J.H. Synthesis
of [18F]Arenes via the Copper-Mediated [18F]Fluorination of Boronic Acids. Org. Lett. 2015, 17, 5780–5783.
[CrossRef] [PubMed]

12. Makaravage, K.J.; Brooks, A.F.; Mossine, A.V.; Sanford, M.S.; Scott, P.J.H. Copper-Mediated Radiofluorination
of Arylstannanes with [18F]KF. Org. Lett. 2016, 18, 5440–5443. [CrossRef] [PubMed]

13. Stephenson, N.A.; Holland, J.P.; Kassenbrock, A.; Yokell, D.L.; Livni, E.; Liang, S.H.; Vasdev, N. Iodonium
ylide-mediated radiofluorination of 18F-FPEB and validation for human use. J. Nucl. Med. 2015, 56, 489–492.
[CrossRef] [PubMed]

14. Rotstein, B.; Stephenson, N.A.; Vasdev, N.; Liang, S.H. Spirocyclic hypervalent iodine(III)-mediated
radiofluorination of non-activated and hindered aromatics. Nat. Commun. 2014, 5. [CrossRef]

15. Liang, S.H.; Wang, L.; Stephenson, N.; Rotstein, B.; Vasdev, N. Facile 18F labeling of non-activated arenes
via a spirocyclic iodonium(III) ylide method and its application in the synthesis of the mGluR5 PET
radiopharmaceutical [18F]FPEB. Nat. Protoc. 2019, 14, 1530–1545. [CrossRef]

16. Gendron, T.; Sander, K.; Cybulska, K.; Benhamou, L.; Sin, P.K.B.; Khan, A.; Wood, M.; Porter, M.; Årstad, E.
Ring-Closing Synthesis of Dibenzothiophene Sulfonium Salts and Their Use as Leaving Groups for Aromatic
18F-Fluorination. J. Am. Chem. Soc. 2018, 140, 11125–11132. [CrossRef]

17. Rotstein, B.; Wang, L.; Liu, R.Y.; Patteson, J.; Kwan, E.E.; Vasdev, N.; Liang, S.H. Mechanistic studies
and radiofluorination of structurally diverse pharmaceuticals with spirocyclic iodonium(iii) ylides†
†Electronic supplementary information (ESI) available: Detailed experimental procedures, characterization
of compounds, NMR spectra and computational studies. Chem. Sci. 2016, 7, 4407–4417. [CrossRef]

18. Wang, J.Q.; Tueckmantel, W.; Zhu, A.; Pellegrino, D.; Brownell, A.L. Synthesis and preliminary biological
evaluation of 3-[18F]fluoro-5-(2-pyridinylethynyl)benzonitrile as a PET radiotracer for imaging metabotropic
glutamate receptor subtype 5. Synapse 2007, 61, 951–961. [CrossRef]

19. Lim, K.; Labaree, D.; Li, S.; Huang, Y. Preparation of the Metabotropic Glutamate Receptor 5 (mGluR5) PET
Tracer [18F]FPEB for Human Use: An Automated Radiosynthesis and a Novel One-Pot Synthesis of its
Radiolabeling Precursor. Appl. Radiat. Isot. 2014, 94, 349–354. [CrossRef]

20. Hill, D.E.; Holland, J.P. Computational studies on hypervalent iodonium(III) compounds as activated
precursors for 18F radiofluorination of electron-rich arenes. Comput. Theor. Chem. 2015, 1066, 34–46.
[CrossRef]

21. Casley, C.S.; Lakics, V.; Lee, H.-G.; Broad, L.M.; Day, T.A.; Cluett, T.; Smith, M.A.; O’Neill, M.J.; Kingston, A.E.
Up-regulation of astrocyte metabotropic glutamate receptor 5 by amyloid-β peptide. Brain Res. 2009, 1260,
65–75. [CrossRef] [PubMed]

22. Um, J.W.; Kaufman, A.C.; Kostylev, M.; Heiss, J.K.; Stagi, M.; Takahashi, H.; Kerrisk, M.E.; Vortmeyer, A.;
Wisniewski, T.; Koleske, A.J.; et al. Metabotropic Glutamate Receptor 5 Is a Coreceptor for Alzheimer Aβ

Oligomer Bound to Cellular Prion Protein. Neuron 2013, 79, 887–902. [CrossRef] [PubMed]
23. Niswender, C.M.; Conn, P.J. Metabotropic glutamate receptors: Physiology, pharmacology, and disease.

Annu. Rev. Pharmacol. Toxicol. 2010, 50, 295–322. [CrossRef] [PubMed]
24. Kumar, A.; Dhull, D.K.; Mishra, P.S. Therapeutic potential of mGluR5 targeting in Alzheimer’s disease. Front.

Neurosci. 2015, 9, 215. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are not available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

72



molecules

Article

Radiosynthesis of [18F]-Labelled Pro-Nucleotides
(ProTides)

Alessandra Cavaliere 1,2, Katrin C. Probst 2, Stephen J. Paisey 2, Christopher Marshall 2,

Abdul K. H. Dheere 3, Franklin Aigbirhio 3, Christopher McGuigan 1 and Andrew D. Westwell 1,*

1 School of Pharmacy & Pharmaceutical Sciences, Cardiff University, Redwood Building, King Edward VII
Avenue, Cardiff CF10 3NB, Wales, UK; alessandra.cavaliere@yale.edu (A.C.); McGuigan@cardiff.ac.uk (C.M.)

2 Wales Research & Diagnostic Positron Emission Tomography Imaging Centre (PETIC), School of Medicine,
Cardiff University, University Hospital of Wales, Heath Park, Cardiff CF14 4XN, Wales, UK;
katrin.probst@gmx.de (K.C.P.); PaiseySJ@cardiff.ac.uk (S.J.P.); MarshallC3@cardiff.ac.uk (C.M.)

3 Wolfson Brain Imaging Centre and Department of Clinical Neurosciences, University of Cambridge,
Cambridge CB2 0QQ, UK; akhd@kcl.ac.uk (A.K.H.D.); fia20@wbic.cam.ac.uk (F.A.)

* Correspondence: WestwellA@cf.ac.uk; Tel.: +44-(0)29-2087-5800

Received: 20 December 2019; Accepted: 1 February 2020; Published: 6 February 2020

Abstract: Phosphoramidate pro-nucleotides (ProTides) have revolutionized the field of anti-viral
and anti-cancer nucleoside therapy, overcoming the major limitations of nucleoside therapies and
achieving clinical and commercial success. Despite the translation of ProTide technology into the
clinic, there remain unresolved in vivo pharmacokinetic and pharmacodynamic questions. Positron
Emission Tomography (PET) imaging using [18F]-labelled model ProTides could directly address key
mechanistic questions and predict response to ProTide therapy. Here we report the first radiochemical
synthesis of [18F]ProTides as novel probes for PET imaging. As a proof of concept, two chemically
distinct radiolabelled ProTides have been synthesized as models of 3′- and 2′-fluorinated ProTides
following different radiosynthetic approaches. The 3′-[18F]FLT ProTide was obtained via a late
stage [18F]fluorination in radiochemical yields (RCY) of 15–30% (n = 5, decay-corrected from end of
bombardment (EoB)), with high radiochemical purities (97%) and molar activities of 56 GBq/μmol (total
synthesis time of 130 min.). The 2′-[18F]FIAU ProTide was obtained via an early stage [18F]fluorination
approach with an RCY of 1–5% (n = 7, decay-corrected from EoB), with high radiochemical purities
(98%) and molar activities of 53 GBq/μmol (total synthesis time of 240 min).

Keywords: fluorination; ProTides; fluorine-18; radiolabelling; PET imaging

1. Introduction

Clinically approved nucleoside analogues occupy a unique place in drug therapy due to their
ability to interfere in biosynthetic and metabolic pathways fundamental to aberrant cellular replication
and growth. This is particularly apparent in conditions such as cancer [1] and viral infections [2],
where nucleoside analogues are able to inhibit essential human or viral enzymes such as thymidylate
synthase or ribonucleotide reductase.

Despite their well-established value in drug therapy, nucleosides suffer from a number of
drawbacks as therapeutic agents. Cellular entry of nucleosides through the outer cell membrane requires
the active participation of concentrative and equilibrative nucleoside transporters; down-regulation of
transporters in cancer cells for example constitutes a known drug resistance mechanism [3]. Following
cellular uptake, nucleosides require activation via (normally) three successive enzyme-mediated
phosphorylation steps (Figure S1) [4]. The first kinase-mediated phosphorylation is most frequently
the rate-limiting step prior to incorporation of the active therapeutic nucleotide tri-phosphate within
targets such as DNA/RNA. The requirements for transporter-mediated cellular entry and subsequent
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phosphorylation to the active form limit the therapeutic efficacy of nucleoside analogues. For example,
the anticancer drug gemcitabine, widely used in pancreatic, non-small cell lung, ovarian and breast
cancer therapy, is associated with levels of patient response as low as 20% [5].

Given the well-established drawbacks associated with nucleoside analogues, a great deal of
research effort has been devoted towards the development of pro-nucleotides [6]. These nucleotide
derivatives are defined as analogues able to by-pass the requirement for nucleoside membrane
transporters and deliver a masked monophosphate that subsequently breaks down to a nucleotide
monophosphate, or nucleotide derivative, within the cell. The most successful approach to this problem
has been the phosphoramidate pro-nucleotides (ProTides) pioneered by McGuigan and colleagues
at Cardiff University, U.K. [6]. The ProTide approach has revolutionized the field, delivering greatly
enhanced concentrations of active nucleotide triphosphate within the diseased cell and improving
clinical efficacy in important areas of anticancer and antiviral therapy. Examples of success in the
antiviral field include the hepatitis C drug sofosbuvir (Gilead Sciences, Inc., Foster City, CA, USA),
launched in 2014 to radically address the high level of unmet medical need in this common disease
and achieving the status of the world’s top-selling drug worldwide following launch [7]. Within the
anticancer field, several agents have progressed to clinical evaluation with very promising early clinical
data. These include the gemcitabine ProTide NUC-1031 (Acelarin), discovered and developed through
a collaboration between Cardiff University and NuCana plc. Acelarin is currently in Phase III clinical
evaluation in pancreatic cancer [8].

Despite the emerging clear clinical advantages of the ProTide approach, evidence at the molecular
level for the accumulation of ProTides at the in vivo site of action is currently lacking. A potential
solution to this problem would be to label ProTides such that they were amenable to non-invasive
molecular imaging in vivo. In this regard, Positron Emission Tomography (PET) represents an attractive
solution. PET imaging is a sensitive and rapidly emerging molecular imaging technology, widely used
in prognostic and diagnostic clinical applications [9]. The basis of PET imaging is the incorporation of a
radioactive PET-emitting nuclide into the biomarker or drug molecule of interest. The positron released
then annihilates close to the site of emission by electron collision, generating two γ-rays (511 Kev) that
are detected by coincidence measurement followed by 3D image reconstruction. This annihilation
event locates the site of origin of the target molecule with a high level of sensitivity [10]. The choice of
PET isotope is crucial; amongst the many options available 18F has emerged as the non-metal nuclide of
choice due to its intermediate half-life (110 min), relatively low positron energy and exclusive positron
mode of decay [11].

The incorporation of 18F into small molecules provides significant challenges for the radiochemistry
community. The routinely utilized 18F-fluoride (dried and purified from aqueous fluoride solution
from the cyclotron nuclear reactor source) is poorly nucleophilic, and electrophilic options derived from
fluorine gas are disfavoured [12]. In addition, the half-life of 18F (110 min) means that 18F-incorporation
normally has to occur at a late stage of multi-step syntheses, where purification, QC and formulation
for patient administration is necessary within a few hours to generate a significant PET signal. These
challenges are not insurmountable, and a range of 18F-labelled biomarkers and drugs have been
produced and applied in clinical medicine. This is best exemplified by the routine use of the gold
standard PET biomarker [18F]FDG (fluorodeoxyglucose) in cancer diagnosis, staging and monitoring
of response to therapy [13].

Building on our previous experience of 18F-radiolabelling of nucleosides for PET imaging [14,15],
we set out to apply our technology to the ProTide field. Here we report the first radiosynthetic routes to
both 3′- and 2′-fluorinated model ProTides. Application of this technology could help to improve both
diagnostic and prognostic applications of ProTide technology in the clinic, with profound implications
for this exciting area of anticancer and antiviral therapy.
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2. Results and Discussion

As a proof of concept, two [18F]-radiolabelled ProTides have been synthesised. The [18F]FLuoro
Thymidine (FLT) ProTide (1) and the [18F]Fluoro-Iodo-ArabinofuranosylUracil (FIAU) ProTide (2)
(Figure 1) were our chosen model standards for 3′-fluorinated and 2′-fluorinated ProTides, respectively.

Figure 1. Structures of the [18F]FLuoroThymidine (FLT) ProTide (1) and [18F]Fluoro-Iodo-
ArabinofuranosylUracil (FIAU) (ProTide (2).

2.1. [18F]FLT- a Prototypical 3′-fluorinated ProTide

[18F]FLT, a 3′-fluorinated nucleoside, is an established PET imaging agent used as a tumour
proliferation biomarker [16]. Synthetic approaches involving a late stage [18F]-fluorination of different
precursor molecules of [18F]FLT have been extensively studied [15]. Moreover, our group has previously
reported the synthesis of a series of (non-radiolabelled) FLT ProTides that showed a relatively safe
toxicological profile compared to the parent nucleoside as well as moderate anti-HIV activity [17].
For these reasons, [18F]FLT ProTide has been selected as a target compound in this study to represent the
class of 3′-fluorinated ProTides. The choice of the phenol group as aromatic moiety and the L-alanine
ethyl ester as the amino acid ester on the phosphoramidate moiety were dictated by the accessibility of
the starting materials as well as the favourable yields associated with the coupling reactions involved
in the synthesis [17]. The radiochemical synthesis of [18F]FLT ProTide (1) was planned accordingly
taking into account the short half-life of fluorine-18 (110 min), with the [18F]fluorination occurring at
a late stage in the synthesis (Scheme 1). The challenge for this radiosynthetic plan was therefore to
identify a precursor molecule with a balanced reactivity towards the weakly nucleophilic [18F]fluoride
with stability in the harsh thermal conditions used for the radiolabelling step. A series of good leaving
groups {methanesulfonyl (mesyl); p-toluenesulfonyl (tosyl); p-nitrophenylsulfonyl (nosyl)} for the key
nucleophilic fluoride displacement reaction (intermediates 4–7) were selected for reaction optimization.

Scheme 1. Late stage fluorination approach for the synthesis of the [18F]FLT ProTide (1).

2.1.1. Synthesis of the Cold FLT ProTide Standard

A cold non-radioactive standard of the [18F]FLT ProTide was synthesized according to established
ProTide chemistry protocols (Scheme 2) [18]. The phosphorochloridate intermediate (10) was
first obtained from the L-alanine ethyl ester hydrochloride salt and the commercially available
dichlorophosphate (9) using triethylamine as base. Compound 10 was obtained as a mixture of
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diastereoisomers because of the formation of a new stereocenter at the phosphorus atom in a 1:1 Rp: Sp
ratio. Commercially available FLT (8; Carbosynth) was then reacted with the phosphorylating reagent
using tert-butyl magnesium chloride (t-BuMgCl) as a hindered base. The desired product (11) was
obtained as a mixture of diastereoisomers (1:1 Rp:Sp) with a yield of 24% and was used as standard
analytical control for studies of the radiochemical synthesis of [18F]FLT ProTide.

Scheme 2. Synthesis of the cold standard FLT ProTide. Reagents and conditions: (a) l-alanine ethyl
ester hydrochloride salt, Et3N, −78 ◦C to rt, anh. CH2Cl2, 3 h, 92%; (b) t-BuMgCl, anh. THF, 18 h, 24%.

Stability studies were performed on the non-radioactive standard to test the susceptibility of the
ProTide phosphoramidate to the high temperatures used during the [18F]fluorination. The dynamic
behaviour of the phosphoramide moiety was therefore monitored at temperatures ranging from 50 ◦C to
120 ◦C. 31P NMR spectroscopy is particularly well suited for this purpose considering the characteristic
chemical shifts at around δ 4 ppm of the phosphoramidate backbone of the FLT ProTide [17]. The two
31P NMR peaks of the diasteroisomeric mixture were observed to be stable when the compound
was heated up to 120 ◦C, confirming its stability to the high temperatures that were used during the
radiolabelling step (see Supplementary Materials, Figure S2).

2.1.2. Synthesis of a Series of Organophosphates as Precursor Molecules of the [18F]FLT ProTide

To design a late stage fluorination for the class of 3′-substituted ProTides, a multi-step synthesis
was performed to obtain a thymidine based ProTide with an anhydroxylic group in the 3′-β position of
the ribose ring. The first step consisted of the formation of the 3′-β hydroxy intermediate (13) via a
Mitzunobu reaction [18] followed by hydrolysis of the intermediate compound 12 to obtain inversion
of the stereochemistry of the hydroxylic group at the 3′ position of the thymidine. The intermediate 14

was again synthesised following the standard procedure previously described. N-methylimidazole
(NMI) was used at this time as the coupling reagent because of the presence of the free hydroxylic
group in the 3′-position that could compete with the 5′-OH group for the phosphorylation [19].

The hydroxyl group at the 3′-β position of 14 is a poor leaving group for the nucleophilic
substitution reaction with anhydrous [18F]fluoride. Therefore, the 3′-hydroxyl group was selectively
activated with a series of sulfonic esters to produce good leaving groups (4–6) for reaction with the
weakly nucleophilic [18F]fluoride, in accordance with literature precedent [11,20]. The intermediate
14 was reacted with mesyl chloride, tosyl chloride and nosyl chloride respectively in presence of a
weak base such as pyridine or Et3N with or without AgOTf as a catalyst (Scheme 3). To improve
the stability of precursor 6 and avoid competitive cyclization/elimination reaction upon reaction
with the fluorine-18 [21], protection of the NH group of the pyrimidine ring was performed with
the tert-butoxycarbonyl group (Boc). Surprisingly, the major product of the reaction observed
was the di-protected ProTide (7) bearing Boc groups at both the NH of the pyrimidine ring and
the phosphoramidate moiety. The abundance of the di-Boc protected compound compared to
the mono-protected product as result of the Boc-protection reaction, together with the need for a
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stable fluorination precursor, led us to choose the di-Boc protected product (7) for the following
radio-fluorination step.

Scheme 3. Synthetic procedure for the mesyl, tosyl and nosyl precursors. Reagents and conditions:
(a) PPh3, DIAD, anh. CH3CN, −20 ◦C to 0 ◦C, 5 h, 52%; (b) l-alanine ethyl ester hydrochloride salt, Et3N,
−78 ◦C to rt, anh. CH2Cl2, 3 h, 92%; (c) NaOH (1.5 M), CH3OH, 90 ◦C, 3 h, 64%; (d) Phosphorochloridate,
NMI, anh. THF, 25 ◦C, 18 h, nitrogen atm, 18.4%; (e) Mesyl chloride, Et3N, anh. CH2Cl2, nitrogen atm.,
0 ◦C to 25 ◦C, 1.5 h, 29.5%; (f) Tosyl chloride, pyridine, AgOTf, 0 ◦C to rt, 2 h, 35%; (g) Nosyl chloride,
pyridine, AgOTf, 0 ◦C to rt, 2 h, 60%; (h) Di-tert-butyldicarbonate, pyridine, rt, 16 h, 56%.

2.1.3. Radiochemical Synthesis of the [18F]FLT ProTide

The Eckert & Ziegler modular lab was used for the [18F]-fluorination following the schematic
described in the Supplementary Material (Figure S3). K [18F]F/K222/K2CO3 was used as the fluorinating
agent and a series of solvents and temperatures were tested to establish the best conditions for
the radio-fluorination. The methanesulfonyl (mesyl) precursor (4) and the p-toluenesulfonyl (tosyl)
precursor (5) did not give the expected [18F]-radiolabelled compound as observed from the radio
HPLC chromatograms (Figures S4 and S5 and Tables S1 and S2). The p-nitrobenzenesulfonate (nosyl)
precursor 6 was, as expected, the most reactive among the three organosulfonate leaving groups for
the SN2 reaction with the weak nucleophile [18F]fluoride [11], but lacked stability with the formation
of multiple radiolabeled polar compounds and a radiochemical yield < 1% as determined by analytical
HPLC (Figure S6 and Table S3).

To increase the stability of the precursor, two Boc protecting groups were added, as previously
described, leading to the formation of compound 7. This precursor proved to be the best substrate
for [18F]-fluorination. Radio-HPLC showed a major product (15) with a retention time at around
15 min (Figure S7). This suggested that the desired Boc radiolabelled product was formed therefore
supporting the hypothesis that the Boc double protection provides improved stability for the nosyl
precursor. The deprotection step was then carried out by adding 2 N HCl for 10 min at 95 ◦C [22] and
the final compound was then neutralised with a 2 M NaOH solution. Gratifyingly the major product
of this reaction was the [18F]FLT ProTide (1) with few other minor by-products (Scheme 4, Figure S8).

Scheme 4. 18F-fluorination of the Boc protected nosyl derivative 7 and deprotection. Reagents and
conditions: (a) 18F−, Kryptofix, anh. CH3CN, 90 ◦C, 30 min.; (b) 2 N HCl, 95 ◦C, 10 min.
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The compound was then purified by semi-preparative HPLC (Phenomenex Synergi 4μ Hydro-RP
80, C-18, 10 × 250 mm) and was eluted after 35 min at a flow rate of 3.5 mL/min using 30% CH3CN/70%
H2O as the mobile phase. To confirm the identity of the 18F-product (1), an aliquot of the purified sample
was analysed by HPLC (Phenomenex Synergi 4μ Hydro-RP 80, C-18, 4.6 × 250 mm) via co-elution with
the cold standard. The 18F-product showed a Rt of 9.5 min and the cold standard co-injected eluted at
a Rt of 9.2 min (Figure 2) confirming the identity of the [18F]FLT ProTide (1). Radiochemical reactions
were carried out using starting activities between 1.5–8 GBq, leading to final product activities of
300–580 MBq in a good radiochemical yield (RCY) of 15–30% (n = 5, decay-corrected from end of
bombardment (EoB)). High radiochemical purities (≥97%) and molar activities of 56 GBq/μmol were
obtained, and the total synthesis time was 130 min after the end of bombardment (EoB).

Figure 2. HPLC of the [18F]FLT ProTide (1). (a) Radioactive chromatogram of the purified [18F]FLT
ProTide with Rt of 9.5 min; (b) UV chromatogram of the reaction mixture co-spiked with the cold
standard (Rt: 9.2 min). HPLC system: 90% H2O/10% CH3CN, to 50% H2O/50% CH3CN.

2.2. [18F]FIAU - A Prototypical 2′-Fluorinated ProTide

2′-deoxy-2′-[18F]fluoro-1-β-D-arabinofuranosyl-5-iodouracil ([18F]FIAU), is a PET biomarker used
for imaging HSV1-tk gene expression in biological processes including transcriptional regulation,
lymphocyte migration and stem-cell tracking [23]. Building on previous developed radiosyntheses
of this tracer for PET imaging, we decided to synthesise a ProTide of [18F]FIAU (2) as a model of the
class of the 2′-fluorinated ProTides [10] introducing 18F early in the synthetic sequence as outlined in
Scheme 5.
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Scheme 5. Synthetic approach for the radiosynthesis of the [18F]FIAU ProTide (2).

2.2.1. Synthesis of the Non-Radioactive FIAU ProTide Standard

A cold standard of FIAU ProTide (21) was synthesised following the synthesis outlined in Scheme 6.
The commercially available compound 18 was firstly iodinated at the C-5 position upon reaction with
iodine and cerium ammonium nitrate to give compound 19 under previously reported conditions [24].
The ProTide 21 was synthesised using methodology described above with the exception that the
L-alanine ethyl ester was here replaced by a benzyl ester (using compound 20). The phosphoramidate
21 was obtained as a diasteroisomeric mixture for co-injection with the radiolabelled counterpart, the
[18F]FIAU ProTide, to confirm its identity by HPLC.

Scheme 6. Synthesis of the non-radioactive standard FIAU ProTide (21). Reagents and conditions: (a)
I2, Ceric ammonium nitrate, ACN, 75 ◦C, 1 h, 60%; (b) l-alanine benzyl ester hydrochloride salt, Et3N,
−75 ◦C to rt, anh. CH2Cl2, 3 h, 88%; (c) NMI, anh. THF, 0 ◦C to rt, 16 h, 10%.

2.2.2. Radiochemical Synthesis of the [18F]FIAU ProTide

The first step consisted of the radioactive fluorination of the commercially available sugar 16

bearing a triflate as leaving group according to literature precedent ([18F]fluoride, Kryptofix, anh.
CH3CN, 95 ◦C) [25]. The reaction was again carried out using the E&Z modular lab. After purification
with an alumina sep-pak [26], the radiolabelled sugar (17) was used for the next step without further
purification. When an aliquot of the radioactive mixture was co-spiked with a cold standard (Sigma
Aldrich), it showed the same retention time at around 3 min (Figure S10).

The second step consisted in the protection of the base moiety 22 with hexamethyldisilazane and
the catalyst trimethylsilyl trifluoromethanesulfonate (TMSOTf) [27] to obtain compound 23 that was
coupled with the radiolabelled sugar (17) without further purification. The glycosylation reaction led
to the formation of two anomers following removal of the TMS groups under basic conditions, the
β-anomer ([18F]FIAU) (24) and the α-anomer in a ratio 2:1 (Figure S10). Attempts to increase the speed
of the reaction by either reducing the time or using a combination of catalysts (TMSOTf and SnCl4)
led to incomplete conversion into the final product or favoured the formation of the α-anomer (ratio
β:α = 1:1.3), as shown in Table 1 [27,28]. Therefore, based on these attempts to optimise the reaction
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conditions, the synthetic pathway in Scheme 7 was established as the most suitable for synthesis of
[18F]FIAU 24.

Table 1. Tentative optimization of the glycosylation reaction.

Solvent Temperature Time Catalyst Ratio β:α

CH3CN 85 ◦C 30 min TMSOTf Incomplete
CH3CN 85 ◦C 45 min TMSOTf Incomplete
CH3CN 85 ◦C 1 h TMSOTf 2:1
CH3CN 95 ◦C 30 min TMSOTf Incomplete
CH3CN 85 ◦C 15 min TMSOTf+SnCl4 [24] 1:1.3

Scheme 7. Radiochemical synthesis of [18F]FIAU (24). Reagents and conditions: (a) 18F-, Kryptofix,
anh. CH3CN, 95 ◦C, 30 min; (b) Hexamethyldisilazane, TMSOTf, anh. dichloroethane, 85 ◦C, 2 h;
(c) anh. CH3CN, 85 ◦C, 1 h; (d) NaOCH3/CH3OH, 85 ◦C, 10 min.

Finally the last step consisted of the coupling between the [18F]FIAU (24) and the appropriate
phosphorochloridate previously synthesised according to the standard NMI promoted procedure [19].
The phosphoramidate reaction between phosphorochloridate and nucleoside under non-radioactive
conditions is reported in the literature as a room temperature reaction over 16h [19]. However, this
procedure would not be suitable for a reaction as time sensitive as one involving the short-lived
radionuclide fluorine-18 (t1/2 = 109.7 min.). For this reason, we developed an assay to observe the
progress of the phosphoramidate bond formation. The substrate of this assay was the non-radioactive
FIAU and the reaction was monitored via 31P NMR spectroscopy and HPLC chromatography.
Surprisingly we observed almost complete conversion into the ProTide after 15 min when the reaction
was conducted at mild temperatures (50 ◦C) to then reach a steady state at around 30 min (Figure 3).

Figure 3. Conversion rate of FIAU (19) into FIAU ProTide (21): % conversion to FIAU ProTide during
the coupling reaction was calculated over time at 50 ◦C using 31P NMR spectroscopy and analytical
HPLC chromatography.

We therefore applied the same conditions for the radioactive reaction and observed formation of
the final compound (2) at 50 ◦C after 15–20 min. (Scheme 8).
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Scheme 8. Synthesis of the [18F]FIAU ProTide. Reagents and conditions: (a) NMI, anh. THF, 50 ◦C,
20 min.

Satisfyingly, when an aliquot was taken to perform an analytical HPLC evaluation, [18F]FIAU
ProTide (2) was observed to be the main product of the reaction (Figure S11). The product was then
isolated via semi preparative HPLC and was eluted after 23 min at a flow rate of 3.5 mL/min using 50%
CH3CN/50% H2O as the mobile phase. An aliquot of the purified sample was analysed by analytical
HPLC via co-elution with the non-radioactive standard (Figure 4).

Figure 4. HPLC of [18F]FIAU ProTide. (a) Radioactive chromatogram of the purified [18F]FIAU ProTide
with Rt of 12.3 min; (b) UV chromatogram of the [18F]FIAU ProTide co-spiked with the non-radioactive
standard. (Rt of non-radioactive standard: 12.2 min). HPLC system: 90% H2O/10% CH3CN to 50%
H2O/50% CH3CN.

Radiochemical reactions were carried out using starting activities between 7–15 GBq, leading to
final product activities of 8–46 MBq in RCY of 1–5% (n = 7, decay-corrected from end of bombardment
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(EoB)), with high radiochemical purities (98%) and molar activities of 53 GBq/μmol. The total synthesis
time was 240 min after the end of bombardment (EoB), within the acceptable range of just over two
half-lives for future pre-clinical/clinical applications.

3. Materials and Methods

3.1. General Non-Radioactive Chemistry: Reagents and Analytical Methods

All the reagents and anhydrous solvents were purchased from Sigma-Aldrich. FLT was purchased
from Carbosynth Ltd. (Berkshire, UK). Fluka silica gel (35–70 mm) was used as stationary phase
for column chromatography. 1H NMR spectra were acquired for all known compounds whereas for
novel compounds 1H NMR, 31P NMR, 13C NMR, MS and HPLC data were acquired. 1H NMR were
measured using a Bruker Advance Ultra Shield spectrometer (500 MHz) at ambient temperature. Data
were recorded as follows: chemical shift in δ ppm from internal standard tetramethylsilane; multiplicity
(s = singlet; d = doublet; t = triplet; m =multiplet); coupling constant (Hz); integration and assignment.
13C NMR spectra were measured using a Bruker Advance Ultra Shield spectrometer (125 MHz) at
ambient temperature. Chemical shifts were recorded in ppm from the solvent resonance used as the
internal standard (e.g., CDCl3 at 77.00 ppm). 31P NMR spectra were recorded on a Bruker Advance
Ultra Shield spectrometer (202 MHz) at ambient temperature. 19F NMR spectra were recorded on a
Bruker Advance Ultra Shield (474 MHz) spectrometer at ambient temperature. High-performance
liquid chromatography (HPLC) analysis was conducted on an Agilent Technology 1200 Series System
at the PET imaging centre in Cardiff (PETIC) with an analytical reversed phase column (Phenomenex
Synergi 4μ Hydro-RP 80, C-18, 4.6 × 250 mm). Thin-layer chromatography (TLC) was conducted
on pre-coated silica gel 60 GF254 plates. Mass spectrometry analysis (LC-ESI-MS) was performed on
a Bruker micro-TOF and with an Agilent 6430 T-Quadrupole spectrometer. High-resolution mass
spectrometry (ESI-HRMS) was determined at the EPSRC National Mass Spectrometry facility at
Swansea University (Swansea, UK).

3.2. General Radiochemistry: Source, Equipment and Analytical Methods

[18F]Fluoride was produced in an IBA Cyclon 18/9 cyclotron using the 18O(p,n)18F nuclear
reaction. 18O-Enriched water (enrichment grade 98%, 2.2 mL, Nukem GmbH, Alzenau, Germany)
was irradiated with 18 MeV protons. Radiofluorinations were performed on an Eckert & Ziegler
module system. The drying procedures were performed with a vacuum pump N820 (Neuberger,
Freiburg, Germany). Semi-prep HPLC (Phenomenex Synergi 4μ Hydro-RP 80, C-18, 10 × 250 mm)
with a smartline pump 100–126 connected to the Eckert & Ziegler module system was used for the
purification of the radiolabelled products. QMA and Al sep-pak (Waters corp., Milford, MA, USA)
were used for purification of fluorine-18 intermediates. HPLC analytical evaluation was conducted on
an Agilent Technology 1200 Series System with an analytical reversed phase column (Phenomenex
Synergi 4μ Hydro-RP 80, C-18, 4.6 × 250 mm) coupled with a RAM/RAM Model 4 detector (Lablogic
System, Ltd., Sheffield, UK) for radio-HPLC purposes.

3.3. Procedures and Spectroscopic Data for the Synthesis of the [18F]FLT-ProTide

Synthesis of (2S)-ethyl-2-((chloro(phenyl)phosphoryl)amino)propanoate (10). C11H15ClNO4P; MW: 291.6.
Compound 10 was synthesized according to standard procedure [19]. Anhydrous triethylamine (2 eq;
0.662 mL; 0.480 g; 4.74 mmol) was added to the phenyldichlorophosphate (9) (1 eq; 0.354 mL; 0.500 g;
2.37 mmol) and l-alanine ethyl ester hydrochloride salt (1 eq; 0.364 g; 2.37 mmol) in anhydrous CH2Cl2
(5 mL) to obtain the final product 10 as a yellowish oil that was used without further purification. Yield:
92%. 1H NMR (500 MHz, CDCl3): δ 7.35–7.41 (m, 2H, Ar-H), 7.21–7.30 (m, 3H, Ar-H), 4.53 (m, 1H,
NH), 4.21 (m, 1H, CH), 3.95 (m, 2H, CH2), 1.51 (m, 3H, CH3), 1.23 (m, 3H, CH3). 31P NMR (202 MHz,
CDCl3): δ 7.71, 8.05. Spectroscopic data in agreement with literature [29–31].
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Synthesis of (2S)-ethyl2-(((((2R,3S,5R)-3-fluoro-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)
tetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)amino)propanoate (11). C21H27FN3O8P, MW: 499.4.
FLT (8) (1 eq; 0.100 g; 0.41 mmol) in anhydrous THF, was reacted with tBuMgCl (1.5 eq; 0.08 mL)
under nitrogen atmosphere. The reaction mixture was stirred at rt for 30 min. A solution of the
phosphorochloridate 10 (2 eq; 0.239 g; 0.82 mmol) in anhydrous THF was then added dropwise and
the reaction mixture was left to stir overnight. The solvent was then evaporated under reduced
pressure and the residue was purified by silica gel column chromatography (CH2Cl2/CH3OH from
100% CH2Cl2 to 95% CH2Cl2) to give the FLT ProTide (11) as a yellowish oil. Yield: 23.5%. Rf: 0.44
in 90% CH2Cl2/10% CH3OH TLC system. 1H NMR (500 MHz, CDCl3): δ 8.60 (br s, 1H, NH), 7.55
(s, 1H, H-6), 7.33–7.41 (m, 2H, Ar-H), 7.20–7.29 (m, 3H, Ar-H), 6.23–6.30 (m, 1H, H-1′), 5.33 (m, 1H,
H-3′), 4.43–4.53 (m, 2H, NH, H-4′), 4.21 (m, 1H, CH), 3.95 (m, 2H, CH2), 3.35-3.51 (m, 2H, H-5′, H-5”),
2.48–2.51 (m, 1H, H-2”), 2.55–2.33 (m, 1H, H-2′), 1.93–1.74 (m, 3H, CH3, thy), 1.30–1.18 (d, J = 6.9,
CH3-ala). 19F NMR (479 MHz, CDCl3): δ −173.70, −175.20. 31P NMR (202 MHz, CDCl3): δ 4.34, 4.12.
MS (ESI+): 498.1 [M − H+]. HPLC: Rt: 10.8 min; Purity > 96%; [Gradient: (0′) 95%H2O/5% CH3CN −
(5′) 50% H2O/50% CH3CN − (15′) 50% H2O/50% CH3CN − (20′) 95% H2O/5% CH3CN]. Spectroscopic
data in agreement with literature [17].

Synthesis of (3R,5R)-3-(hydroxymethyl)-8-methyl-2,3-dihydro-5H,9H-2,5-methanopyrimido[2,1-b][1,5,3]
dioxazepin-9-one (12). MF: C10H12N2O4; MW: 224.22. Thymidine (3) (1 eq, 0.250g, 1.32mmol) and
triphenylphosphine (Ph3P) (2 eq, 0.541 g, 2.64 mmol) were suspended in anhydrous acetonitrile
(20 mL) and cooled down to −15 ◦C. Diisopropylazadicarboxylate (DIAD) (2 eq, 0.406 mL, 0.417 g,
2.64 mmol) was then added dropwise maintaining the temperature below −5 ◦C with vigorous stirring.
The reaction was allowed to stir for 5h at 0 ◦C and then again cooled down to −20 ◦C. Cold ethyl acetate
(20 mL) was added and the reaction was stirred for a further 15 min. A white precipitate was formed
and was collected by Buchner filtration. The filtrate was washed with cold ethyl acetate and evaporated
to dryness. The resulting crude compound was purified by silica gel column chromatography using
90% CH2Cl2/10% CH3OH as eluent to obtain the product 12 as a white solid. Yield: 52%. Rf: 0.5. 1H
NMR (500 MHz, DMSO-d6): δ 7.55 (d, J = 1.2, 1H, ArH), 5.80 (d, J = 3.9, 1H, H-1′), 5.23 (brs, 1H, H-3′),
5.01 (t, 1H, 5′-OH), 4.20 (m, 1H, H-4′), 3.51 (m, 2H, H-5′, H-5”), 2.55 (d, J = 1.2, H-2′,1H), 2.47 (ddd, J1,8

= 19.0, J1,4 = 6.7, J1,2 = 3.0, 1H, H-2”), 1.76 (d, J = 1.1, 3H, CH3). Spectroscopic data in agreement with
literature [32].

Synthesis of 1-((2R,4R,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-5-methylpyrimidine-2,4(1H,3H)-
dione (13). MF: C10H14N2O5; MW: 242. 3′-anhydrothymidine (12) (0.200 g; 0.892 mmol) in aq. 1.5 M
NaOH (3.33 mL) was stirred in methanol (30 mL) under reflux for 3 h. Upon heating, the solution
changed colour from clear to golden-brown. The reaction was monitored by TLC chromatography.
When the conversion into the final product was confirmed, the solvent was evaporated under
reduced pressure. The resulting crude compound was purified by silica gel column chromatography
(CH2Cl2/CH3OH gradient from 100% to 90% of CH2Cl2) to obtain the final product (13) as a white
powder. Yield: 64%. Rf: 0.4 in 90% CH2Cl2/10% CH3OH TLC system. 1H NMR (500 MHz, DMSO-d6):
δ 11.24 (s, 1H, NH), 7.78 (s, 1H, H-6), 6.07 (dd, J = 8.5, 2.44, 1H, H-1′), 5.25 (d, J = 3.35, 1H, 3′-OH), 4.67
(t, J = 5.49, 1H, 5′-OH), 4.23 (m, 1H, H-3′), 3.60–3.84 (m, 3H, H-4′, H-5′ and H-5”), 2.55–2.59 (m, 1H,
H-2”), 1.84 (dd, J = 14.95, J = 2.14, 1H, H-2′), 1.76 (s, 3H, CH3). Spectroscopic data in agreement with
literature [32].

Synthesis of ((2S)-ethyl-2-(((((2R,3R,5R)-3-hydroxy-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)
tetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)amino)propanoate (14). MF: C21H28N3O9P; MW: 497.4.
Compound 14 was synthesised according to standard procedure [16]. 1-(2-deoxy-β-lyxofuranoxyl
thymidine) (13) (1 eq; 0.175 g; 0.721 mmol) was reacted with NMI (5 eq; 0.287 mL; 0.297 g, 3.62 mmol)
and ethyl-(2-chloro(phenyl)phosphorylamino)propanoate (10) (3 eq; 0.633 g; 2.17 mmol) to obtain a
crude residue that was purified by silica gel column chromatography (97% CH2Cl2/3% CH3OH) to
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afford the final compound 14 as a white solid. Yield: 18.4%. Rf: 0.4. 1H NMR (500 MHz, CDCl3): δ
7.58 (d, J = 7.0, 1H, H-6), 7.35–7.43 (m, 2H, Ar-H), 7.20–7.29 (m, 3H, Ar-H), 6.25–6.32 (m, 1H, H-1′), 5.22
(m, 1H, 3′-OH), 4.94 (m, 1H, H-3′), 4.31–4.52 (m, 2H, NH, H-4′), 3.95–4.03 (m, 1H, CH), 3.68 (d, J = 7.0,
2H, CH2-ester), 3.35 (d, J = 16.0, 2H, H-5′, H-5”), 2.48–2.51 (m, 1H, H-2”), 2.09–2.25 (m, 1H, H-2′), 1.85
(d, J = 10.1, 3H, CH3-thy), 1.23 (m, 3H, CH3-ala), 1.16 (d, J = 7.2, 3H, CH3-ester). 31P NMR (200 MHz,
CDCl3): δ 5.34, 4.98.

Synthesis of (2S)-ethyl-2-(((((2R,3R,5R)-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3-((methylsulfonyl)
oxy)tetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)amino)propanoate (4). MF: C22H30N3O11PS; MW:
575.5. Triethylamine (10 eq; 1.06 mL; 0.769 g; 7.6 mmol) and mesyl chloride (4 eq; 0.235 mL; 0.348
g; 3.04 mmol) were reacted with a solution of compound 14 (1 eq; 0.378 g; 0.76 mmol) in anhydrous
CH2Cl2 (20 mL) at 0 ◦C. The reaction mixture was stirred at 0 ◦C for 10 min and then warmed to rt and
stirred for 1.5 h. The crude mixture was diluted with sat. NaHCO3 solution and extracted with CH2Cl2.
After drying over Na2SO4, the solution was reduced under reduced pressure and the resulting crude
compound was purified by silica gel column chromatography (CH2Cl2/CH3OH gradient from 100%
CH2Cl2 to 95% CH2Cl2) to give the product 4 as a white solid. Yield: 29.5%. Rf: 0.45 in 90% CH2Cl2/10%
CH3OH TLC system. 1H NMR (500 MHz, CDCl3): δ 8.93–8.96 (s, 1H, NH, thy), 7.33–7.32 (d, J = 7.0,
1H, H-6), 7.24–7.28 (m, 2H, Ar-H), 7.10–7.15 (m, 3H, Ar-H), 6.23–6.21 (m, 2H, H-1′), 5.19–5.15 (s, 1H,
NH-ala), 3.84–4.37 (m, 7H, H-3′, H-4′, CH, H-5′, H-5”, CH2-ethyl), 2.96–3.01 (s, 3H, SO2CH3), 2.72–2.75
(m, 1H, H-2”), 2.38–2.42 (m, 1H, H-2′), 1.87 (d, J = 1.2, 3H, CH3-thy), 1.28–1.33 (m, 3H, CH3-ala),
1.19–1.16 (m, 3H, CH3-ethyl). 13C NMR (125 MHz, CDCl3) δ 173.7–173.4 (C=O, acetyl), 163.6 (C-2),
150.42 (C-1), 135.1 (C-4), 129.8 (C-2; C-6Ar), 125.2 (C-4Ar), 120.2 (C-3; C-5Ar), 111.6 (C-3), 83.5 (C-1′),
79.9 (C-3′), 77.3 (C-4′), 63.7 (C-5′), 61.7 (CH2-ethyl), 50.8 (CH-ala), 39.2 (C-2′), 38.8 (CH3-mesyl), 21.34
(CH3-ethyl), 14.04 (CH3-ala), 12.76 (CH3-thy). 31P NMR (202 MHz, CDCl3): δ 2.92, 2.63. MS(ESI+):
576.2 [M + H+]. HPLC: Rt: 13.2 min; Purity > 98%; [Gradient: (0′) 95% H2O/5% CH3CN − (5′) 50%
H2O/50% CH3CN − (15′) 50% H2O/50% CH3CN − (20′) 95% H2O/5% CH3CN].

Synthesis of (2S)-ethyl-2-(((((2R,3R,5R)-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3-(tosyloxy)
tetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)amino)propanoate (5). MF: C28H34N3O11PS; MW: 651.6.
To a solution of compound 14 (1 eq; 0.181 g; 0.364 mmol) in pyridine (5 mL), tosyl chloride (2 eq; 0.138
g; 0.727 mmol) and silver trifluoromethanesulfonate (AgOTf) (2 eq; 0.186 g; 0.727 mmol) were added at
0 ◦C. The reaction was stirred for 1 h and then slowly allowed to warm to rt and stirred for another
2 h. The reaction mixture was then diluted with EtOAc, filtered, and the filtrate was washed with
H2O and brine. The organic layer was dried over anhydrous Na2SO4 and the solvent was evaporated
under reduced pressure. The crude residue was purified by silica gel column chromatography (95%
CH2Cl2/5% CH3OH) to furnish the tosylated compound 5 as a yellowish solid. Yield: 35%. Rf: 0.55.
1H NMR (500 MHz, CDCl3) δ 7.76–7.75 (d, J = 1.9, 1H, H6 Ar), 7.34 (dd, J = 15.7, 8.6, 4H, Ar-H tosyl),
7.27–7.17 (m, 5H, Ar), 6.19–5.20 (td, J = 7.8, 2.9, 1H, H-1′), 4.45–3.74 (m, 10H), 2.72–2.61 (m, 1H, CH-ala),
2.46 (s, 3H, CH3, tosyl), 1.85 (s, 3H, CH3, thy), 1.39 (t, J = 7.2 Hz, 3H, CH3, ethyl), 1.31 (m, 3H, CH3-ala).
13C NMR (126 MHz, CDCl3) δ 173.65, 173.59 (C-ala), 163.52 (C1-thy), 150.58, 150.53 (C3-thy), 150.25,
150.19 (C1-tosyl), 145.99, 145.98 (C1-phenyl), 135.04, 134.95 (CH-thy), 133.05, 132.90 (C4-tosyl), 130.27,
130.21 (CH, C2, C6-tosyl), 129.75, 129.70 (CH, C2, C6-phenyl), 127.64, 127.58 (CH, C4-phenyl), 125.10,
120.35 (CH, C3, C5-phenyl), 120.31, 120.21 (CH, C3, C5-tosyl), 111.15, 110.98 (C3-thy), 84.22, 83.99
(CH, C1′), 80.96, 80.90 (CH, C3′), 80.72, 80.66 (CH, C4′), 63.89, 63.85 (CH2, C5′), 63.33, 63.29 (CH2,
ethyl), 50.39, 50.38 (CH, ala), 39.03 (CH2, C3′), 21.69, 21.00 (CH3-ethyl), 20.96, 20.95 (CH3-tosyl), 14.12
(CH3, ala), 12.49, 12.44 (CH3-thy). 31P NMR (202 MHz, CDCl3) δ 2.78, 2.66. MS (ESI)+: 652.2 [M + H+];
674.1 [M +Na+]. HPLC: Rt: 16.03 min; Purity > 98%; [Gradient: (0′) 95% H2O/5% CH3CN − (5′) 50%
H2O/50% CH3CN − (15′) 50% H2O/50% CH3CN − (20′) 95% H2O/5% CH3CN].

Synthesis of (S)-ethyl-2-(((((2R,3R,5R)-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3-(((4-nitrophenyl)
sulfonyl)oxy)tetrahydrofuran-2yl)methoxy)(phenoxy)phosphoryl)amino)propanoate (6). MF: C27H31N4O13PS;
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MW: 682.5. The ProTide 14 (1 eq; 1.16 g; 2.34 mmol) was dissolved in pyridine (20 mL)
at 0 ◦C. 4-nitrobenzenesulfonylchloride (nosyl chloride) (2 eq; 1.06 g; 4.79 mmol) and silver
trifluoromethanesulfonate (AgOTf) (2 eq; 1.23 g; 4.79 mmol) were added and the reaction mixture was
stirred at 0 ◦C. After 1h the reaction mixture was allowed to slowly warm to rt and stirred for another
2 h. The reaction mixture was then diluted with EtOAc, filtered, and the filtrate was washed with
H2O and brine. The organic layer was dried over anhydrous Na2SO4 and the solvent was evaporated
under reduced pressure. Purification of the crude residue was accomplished by silica gel column
chromatography (95% CH2Cl2/5% CH3OH) to give the desired compound 6 as a yellowish solid. Yield:
60%. Rf: 0.6. 1H NMR (500 MHz, CDCl3) δ 8.77–8.67 (s, 1H, NH, thy), 8.41–8.39 (d, J = 2.2, 2H-Ar,
nosyl), 8.14–8.08 (m, 2H-Ar, nosyl), 7.71 (ddd, J = 7.6, 4.7, 1.7, 1H, H6), 7.42–7.30 (m, 5H-Ar), 6.28–5.28
(m, 1H-H-1′), 4.51–3.75 (m, 7H), 2.79–2.46 (m, 1H, CH-ala), 1.96–1.86 (m, 2H, H-2′, H-2′’), 1.37 (t, J =
7.6, 3H, CH3 ester), 1.31–1.25 (m, 6H, CH3-thy, CH3-ala). 13C NMR (126 MHz, CDCl3) δ 173.66, 173.36
(C-ala), 163.48 (C2, thy), 151.13, 151.10 (C1, thy), 150.29, 150.25 (C1, nosyl), 141.45, 141.35 (C1, phenyl),
134.73, 134.67 (CH, thy), 129.86, 129.81 (CH, C2-6, nosyl), 129.15, 129.13 (CH, C2, C6, phenyl), 125.28
(CH, C4, phenyl), 124.84, 124.77 (CH, C3, C5, phenyl), 120.15, 120.11 (CH, C3, C5, nosyl), 120.06, 120.02,
111.36, 111.23 (C, C3, thy), 84.14, 84.00 (CH, C1′), 80.58, 80.52 (CH, C3′), 80.25, 80.18 (CH, C4′), 63.17,
63.14 (CH2, C5′), 62.82, 62.79 (CH2, ethyl), 50.41, 50.20 (CH, ala), 39.18, 39.16 (CH2, C2′), 20.94, 20.90
(CH3, ethyl), 14.12, 14.11 (CH3, ala), 12.58, 12.56 (CH3, thy). 31P NMR (202 MHz, CDCl3) δ 2.75, 2.48.
MS (ESI)+: 705.1 [M + Na+]. HPLC: Rt: 15.88 min; Purity > 99%; [Gradient: (0′) 95% H2O/5% CH3CN
− (5′) 50% H2O/50% CH3CN − (15′) 50% H2O/50% CH3CN − (20′) 95% H2O/5% CH3CN].

Synthesis of tert-butyl-3-((2R,4R,5R)-5-(((((tert-butoxycarbonyl)((S)-1-ethoxy-1-oxopropan-2-yl)amino)(phenoxy)
phosphoryl)oxy)methyl)-4-(((4-nitrophenyl)sulfonyl)oxy)tetrahydrofuran-2-yl)-5-methyl-2,6-dioxo-3,6-
dihydropyrimidine-1(2H)-carboxylate (7). MF: C37H47N4O17PS. MW: 882.83. The nosylated ProTide (6)
(1 eq, 0.050 g, 0.073 mmol) was dissolved in pyridine (6 mL) at rt under nitrogen atmosphere. To the
stirring solution, di(tert-butyl)dicarbonate (Boc2O) (1.3 eq, 0.021 mL, 0.020 g, 0.095 mmol) was added
dropwise and the reaction was stirred for 16h. The crude mixture was evaporated under reduced
pressure and was purified by silica gel column chromatography (CH2Cl2/CH3OH gradient from 100%
CH2Cl2 to 95% CH2Cl2) to give the final di-protected nosylated derivate 7 as a yellowish oil. Yield:
56%. Rf: 0.67 in 90% CH2Cl2/10% CH3OH as TLC system. 1H NMR (500 MHz, CDCl3) δ 8.47–8.36 (d,
2H, J = 2.2, Ar, nosyl), 8.17–8.08 (m, 2H, Ar, nosyl), 7.38 (m, 1H, Ar), 7.32–7.24 (m, 4H), 7.17 (s, 1H, thy),
6.31–6.24 (m, 1H-H-1′), 4.51–3.75 (m, 7H), 2.78–2.43 (m, 1H, CH-Ala), 2.31–2.23 (m, 1H-H-2′), 2.01 (m,
3H, CH3, thy), 1.53–1.49 (m, 9H, CH3, tert-butyl), 1.44 (m, 9H, CH3, tert-butyl), 1.38 (t, J = 7.6, 3H,
CH3, ester), 1.31 (m, 3H, CH3, ala). 13C NMR (126 MHz, CDCl3) δ 175.50, 174.29 (C, ala), 161.32 (C2,
thy), 150.13, 150.08 (C1, thy), 150.02, 150.00 (C1, nosyl) 143.51, 142.21 (C1, phenyl), 132.71, 132.23 (CH,
thy), 130.68, 129.99 (CH, C2–C6, nosyl), 129.34, 129.5 (CH, C2, C6, phenyl), 126.28 (CH, C4, phenyl),
125.79, 124.85 (CH, C3, C5, phenyl), 120.15, 120.13 (CH, C3,C5, nosyl), 120.06, 120.02, 111.36, 111.23 (C,
C3, thy), 84.13, 84.10 (CH, C1′), 80.78–80.77 (C-tert-butyl), 80.58, 80.52 (CH, C3′), 80.25, 80.18 (CH,
C4′), 63.21, 63.20 (CH2, C5′), 62.79, 62.77 (CH2, ethyl), 50.39, 50.30 (CH, ala), 39.18, 39.15 (CH2, C2′),
28.41–28.23 (CH3, tert-butyl), 20.94, 20.90 (CH3, ethyl), 14.12, 14.11 (CH3, ala), 12.58, 12.56 (CH3, thy).
31P NMR: (202 MHz, CDCl3): δ 2.61, 2.53. MS (ESI+): 905.83 [M + Na+]. HPLC: Rt: 17.1 min; Purity >
99%; [Gradient: (0′) 95% H2O/5% CH3CN − (5′) 50% H2O/50% CH3CN − (15′) 50% H2O/50% CH3CN
− (20′) 95% H2O/5% CH3CN].

Synthesis of tert-butyl-3-((2R,4S,5R)-5-((((N-((S)-1-ethoxy-1-oxopropan-2-yl)-3,3-dimethylbutanamido)(phenoxy)
phosphoryl)oxy)methyl)-4-[18F]fluoro-tetrahydrofuran-2-yl)-5-methyl-2,6-dioxo-3,6-dihydropyrimidine-1(2H)-
carboxylate (15). MF: C32H45

18FN3O11P; MW: 696.70. Aqueous [18F]fluoride (2–8 GBq) produced by the
cyclotron was trapped in a QMA cartridge and was then eluted through the cartridge by an aqueous
solution of KHCO3 and Kryptofix in CH3CN. The resulting [18F]F-/KHCO3/Kryptofix complex was
dried by an azeotropic distillation with anhydrous CH3CN (2 × 1 mL) under reduced pressure and a
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stream of nitrogen. A solution of the precursor 7 (10 mg) in anhydrous CH3CN (1 mL) was added
and the reaction was stirred for 30 min at 95 ◦C. The resulting reaction mixture was passed through
an alumina cartridge to obtain the radiolabelled product 15. The reaction mixture was analysed by
analytical radio HPLC: Rt: 15 min (analytical HPLC: (0′) 95% H2O/5% CH3CN − (5′) 50% H2O/50%
CH3CN − (15′) 50% H2O/50% CH3CN − (20′) 95% H2O/5% CH3CN).

Synthesis of ethyl ((((2R,3S,5R)-3-[18F]fluoro-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)tetrahydrofuran-
2-yl)methoxy)(phenoxy)phosphoryl)-l-alaninate (1). MF: C21H27

18FN3O8P; MW: 498.43. To the Boc
protected [18F]-radiolabelled ProTide (15), a solution of 2 N HCl (1 mL) was added and the reaction
was stirred for 10 min. The solution was then neutralised with 2 N NaOH (1 mL). The crude mixture
was then purified by semi-preparative HPLC and the desired compound was eluted after 35 min at
a flow rate of 3.5 mL/min using 70% H2O/30% CH3CN as mobile phase. The compound was then
dried under a stream of nitrogen, taken up in saline and flushed through a sterility filter to obtain
the aqueous solution of [18F]FLT ProTide (1). RCY of 15–30% (n = 5, decay-corrected from end of
bombardment (EoB)), with high radiochemical purities (97%) and molar activities of 56 GBq/μmol.
The total synthesis time was 130 min after the end of bombardment (EoB). The reaction mixture was
analyzed by analytical radio-HPLC. Analytical HPLC: (0′) 95% H2O/5% CH3CN − (5′) 50% H2O/50%
CH3CN − (15′) 50% H2O/50% CH3CN − (20′) 95% H2O/5% CH3CN); Rt: 9.5 min.

3.4. Procedures and Analytical Data for the Synthesis of the [18F]FIAU ProTide

Synthesis of 2′-deoxy-2′-α-fluoro-5-iodouridine (19). MW: 372.1; MF: C9H10FIN2O4. Iodine (1.2 eq; 1.24 g;
4.87 mmol) and ceric ammonium nitrate (CAN) (1 eq; 2.23 g; 4.062 mmol) were added to a stirring
solution of 2′-β-fluoro-2′-deoxyuridine (18) (2 eq; 2.0 g; 8.12 mmol) in anhydrous acetonitrile (50 mL).
The mixture was stirred at 75 ◦C for 1 h and was then quenched with a saturated solution of Na2S2O3

and concentrated under reduced pressure. The residue was then re-dissolved in ethyl acetate and
washed twice with saturated NaCl. The organic layer was dried over MgSO4, filtered and concentrated
to give compound 19 as a pale yellow solid. Yield: 60%. HPLC: Rt: 2.3 min; Purity > 95% (98% H2O/2%
CH3CN). 1H NMR (500 MHz, DMSO-d6): δ 11.69 (s, 1H, NH), 8.53 (s, 1H, 6-CH), 5.86 (d, J = 15.8, 1H,
1’-CH), 5.60 (d, J = 6.4, 1H, 3’-OH), 5.39 (t, J = 4.5, 1H, 3’-CH), 5.04 (dd, J = 5.2, 4.1, 1H, 2’-CH), 4.18
(ddd, J = 23.4, 11.4, 7.2, 1H, 4’-CH), 3.90 (d, J = 8.2, 1H, 5’-OH), 3.85–3.79 (m, 1H, 5’-CH), 3.63–3.58 (m,
1H, 5’-CH). 13C NMR (125 MHz, DMSO-d6): δ 167.88 (C=O), 165.01 (C=O), 145.02 (C-6), 125.19 (CH,
C-2’), 121.26 (CH, C-1’), 115.81 (CH, C-4’), 61.11 (CH, C-5), 57.30 (CH, C-3’), 45.87 (CH, C-5’). 19F NMR
(470 MHz, DMSO-d6): δ −202.09. Spectroscopic data in agreement with literature [10].

Synthesis of benzyl(chloro(phenoxy)phosphoryl)-L-alaninate (20). MW: 353.73; MF: C16H17ClNO4P.
Compound 20 was synthesised according to the standard procedure [16]. Anhydrous triethylamine
(2 eq; 1.26 mL; 0.918 g; 9.08 mmol), phenyl dichlorophosphate (1 eq; 0.678 mL; 0.958 g; 4.54 mmol) and
L-alanine benzyl ester hydrochloride salt (1 eq; 1.50 g; 4.54 mmol) were reacted to give compound 20

as a yellowish oil. Yield: 88%. 1H NMR (500 MHz, CDCl3): δ 7.54–7.47 (m, 7H, Ar-H), 7.46–7.40 (m,
3H, Ar-H), 5.27 (d, J = 8.4, 2H, CH2-ester), 4.69 (d, J = 9.9, 1H, NH), 4.13 (dd, J = 34.4, 29.8, 1H, CH-ala),
1.52 (m, 3H, CH3-ala). 31P NMR (202 MHz, CDCl3): δ 8.03, 7.75. Spectroscopic data in agreement with
literature [29–31].

Synthesis of benzyl((((2R,3R,4S,5R)-4-fluoro-3-hydroxy-5-(5-iodo-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)
tetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)-l-alaninate (21). MF: C25H26FIN3O9P; MW: 689.3.
Compound 21 was prepared according to the standard procedure [16]. 1-(3-Fluoro-4-hydroxy-5-
(hydromethyl)tetrahydrofuran-2-yl)-5-iodopyrimidine-2,4(1H,3H)-dione (19) (1 eq; 0.400 g; 1.07
mmol) and NMI (5 eq; 0.424 mL; 0.439 g; 5.35 mmol) were reacted with benzyl 2-(chloro(phenoxy)
phosphorylamino)propanoate (3 eq; 1.05 g; 3.22 mmol) (20). The crude mixture was purified by silica
gel column chromatography (CH2Cl2/CH3OH from 100% CH2Cl2 to 95% CH2Cl2) to obtain the product
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21 as a yellowish oil. Yield: 10%. 1H NMR (500 MHz, CDCl3): δ 10.59 (s, 1H, 3-NH), 7.89 (s, 1H, 6-CH),
7.53–7.48 (m, 2H, CH-phenyl), 7.45 (t, J = 8.0, 2H, CH-phenyl), 7.41–7.38 (m, 2H, CH-benz), 7.17–7.15
(m, 2H, CH-benz), 7.13 (t, J = 8.0, 1H, CH-benzyl), 7.12 (t, J = 7.4, 1H, CH-phenyl), 5.99 (m, 1H, 1’-CH),
5.79 (dd, J = 47.6, 4.6, 1H, 2’-CH), 5.14 (m, 2H, CH2-benz), 4.90 (m, 2H, 5’-CH2), 4.39 (m, 1H, 4’-CH),
4.27 (m, 1H, 3’-CH), 4.19 (m, 1H, 3’-OH), 4.02 (m, 1H, NH-ala), 3.99 (m, 1H, CH-ala), 1.29 (d, J = 7.0,
3H, CH3-ala). 13C NMR (125 MHz, CDCl3): δ 171.9 (C=O, ala), 168.12 (C=O, C-4), 144.18 (C=O, C-2),
149.0 (C-phenyl), 147.91 (C-benzyl), 145.5, 145.1 (CH, C-6), 128.31–121.48 (CH, Ar-C), 94.3 (C-5), 92.10
(CH, C-4’), 89.13 (CH, C-2’), 83.6, 82.97 (CH, C-1’), 81.08, 80.97 (CH2, C-ester), 69.61, 68.14 (CH, C-3’),
67.23 (CH, C-5’), 52.8 (CH-ala), 21.98 (CH3-ala). 19F NMR (470 MHz, CDCl3): δ -200.91, -201.15. 31P
NMR (202 MHz, CDCl3): δ 3.90, 3.86. MS (ESI)+: 690.3 [M +H+]. HPLC: Rt: 13.4 min; purity > 97%;
[Gradient: (0′) 95% H2O/5% CH3CN − (5′) 50% H2O/50% CH3CN − (15′) 50% H2O/50% CH3CN −
(20′) 95% H2O/5% CH3CN].

Synthesis of (2R,3S,4R,5R)-5-((benzoyloxy)methyl)-3-[18F]fluoro-tetrahydrofuran-2,4-diyl-dibenzoate (17).
MF: C26H21

18FO7 MW: 463.4 Aqueous [18F]fluoride (4.11 GBq), produced by the cyclotron was trapped
in a QMA cartridge before it was eluted with an aqueous solution of KHCO3 and Kryptofix in anhydrous
CH3CN. The [18F]F-/KHCO3/Kryptofix complex was dried by co-evaporation with anhydrous CH3CN
(2 × 1 mL) under reduced pressure and a stream of nitrogen. A solution of the triflate precursor (16)
(10 mg) in anhydrous CH3CN (1 mL) was added to the reaction vial and the reaction was stirred for
30 min at 95 ◦C. The mixture was passed through an alumina cartridge to obtain the radiolabelled
product 17 that was used for next step without further purification. The reaction mixture was analysed
by analytical HPLC. Rt: 8.3 min (100% H2O).

Synthesis of 5-iodo-2,4-bis((trimethylsilyl)oxy)pyrimidine (23). MF: C10H19IN2O2Si2; MW: 382.3. To a
solution of 5-iodouracil (22) (1 eq; 10 mg; 0.042 mmol) in dichloroethane (500 μL), hexamethyldisilazane
(11.4 eq; 100 μL; 0.0774 mg; 0.479 mmol) and TMSOTf (13.1 eq; 100 μL, 0.123 mg; 0.549 mmol) were
added. The mixture was stirred for 2 h at 85 ◦C and was used for next step without further purification.
The purity of the compound was assessed by analytical HPLC (Rt = 6.9 min; 88% H2O/12% CH3CN)
and LC-MS ([M + H+]: 383.2). Spectroscopic data was in agreement with literature [10].

Synthesis of 1-((2R,3S,4R,5R)-3-[18F]fluoro-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-5-iodopyrimidine-
2,4(1H,3H)-dione ([18F]FIAU) (24). MF: C9H10

18FN2O5 MW: 371.0. Compound 17 was delivered to a vial
containing 2-4-bis(trimethylsilyl)-5-iodouracil (23). The mixture was then heated at 85 ◦C for 60 min.
To this mixture, 0.5 M of NaOCH3 in CH3OH (1 mL) was then added and the reaction was stirred
at 85 ◦C for another 5 min. The precipitate was then reconstituted in water (1 mL) and neutralised
with 6 N HCl. The reaction mixture was analyzed by analytical HPLC showing the formation of the 2
anomers (α and β) of the 2′-deoxy-2′-fluoro-5-iodouridine. Analytical HPLC: 98% H2O/2% CH3CN;
Rt: α anomer 2.1 min; β anomer 2.9 min). The anomeric mixture was then purified by semi-preparative
HPLC and the target compound (24) was eluted after 7.3 min at a flow rate of 3.5 mL/min using 20%
CH3CN/80% H2O as mobile phase to obtain the final compound. HPLC: Rt: 2.1 min; 98% H2O/2%
CH3CN. Data in agreement with literature [10].

Synthesis of [18F]FIAU ProTide (2). MF: C25H26
18FIN3O9P; MW: 688.3. To [18F]FIAU (24), NMI (0.1 mL)

and a solution of benzyl-2-(chloro(benzyloxy)phosphorylamino)propanoate (20) (0.050 g) in anhydrous
THF (0.5 mL) were added together under nitrogen atmosphere. The reaction mixture was stirred
at 50 ◦C for 20 min and then dried under a flow of nitrogen, re-dissolved in CH3CN and purified
via semi-preparative HPLC. The compound 2 was eluted after 23 min at a flow rate of 3.5 mL/min
using 50% CH3CN/50% H2O as the mobile phase. The solvent was then removed from the mixture
under a stream of nitrogen. The final product was then re-formulated in saline and flushed through
a sterility filter to furnish a clean sterile aqueous solution of [18F]FIAU ProTide (2). Radiochemical
reactions were carried out using starting activities between 4–15 GBq, leading to RCY’s of 1–5% (n = 7,
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decay-corrected from end of bombardment (EoB)), with high radiochemical purities (98%) and molar
activities of 53 GBq/μmol. The total synthesis time was 240 min after the end of bombardment (EoB).
Analytical HPLC: (0′) 95% H2O/5% CH3CN - (5′) 50% H2O/50% CH3CN- (15′) 50% H2O/50% CH3CN-
(20′) 95% H2O/5% CH3CN); Rt: 12.3 min.

4. Conclusions

Phosphoramidate ProTide technology is a successful prodrug strategy to deliver nucleosides
to their target sites, reducing toxicity issues and improving the potency of their parent nucleosides.
Several fluorinated ProTides are currently being evaluated as anticancer and antiviral agents at different
stages of clinical trials. PET imaging has the potential to provide the pharmacokinetic profile of certain
drug candidates directly in vivo and therefore to predict the response to therapy. In this study we have
developed the first radiochemical synthesis of the [18F]FLT ProTide (1) chosen as a model standard
of the class of 3′-fluorinated ProTides. An automated late stage [18F]fluorination was tested on four
different precursors with the best yields obtained when using a di-Boc protected nosyl derivative (7).
The late stage fluorination and easy purification make this tracer a good candidate as a PET imaging
probe with substantial potential for clinical application.

[18F]FIAU ProTide (2) was synthesised as a model of the class of 2-‘fluorinated ProTides. Despite
the early stage introduction of the fluorine-18, we have optimized the following steps involving the
formation of the phosphoramidate bond. This optimization reduced the overall reaction time whilst
maintaining a reasonable yield and high purity of the final compound.

To our knowledge, this is the first time that [18F] radiolabelled ProTides have been synthesised.
These radiotracers have the potential in preclinical models to further elucidate the in vivo mechanism
of biodistribution and metabolism, as well as to be clinically translated for diagnostic and therapeutic
evaluation purposes.

Supplementary Materials: The following are available online. Figure S1. Internalization and metabolism of
ProTides, bypassing the first-rate limiting step of the nucleoside analogues phosphorylation cascade; Figure S2. 31P
NMR stability study; Figure S3: E&Z modular lab sketch; Figure S4: Representative analytical HPLC chromatogram
for the fluorination of the mesyl precursor 4; Figure S5: Representative analytical HPLC chromatogram for the
fluorination of the tosyl precursor 5; Figure S6: Representative analytical HPLC chromatogram for the fluorination
of the nosyl unprotected precursor 6; Figure S7: Representative analytical HPLC chromatogram of the fluorination
of the nosyl protected precursor 7; Figure S8: Representative analytical HPLC chromatogram for the deprotection of
the precursor 15 before purification; Figure S9: Representative analytical HPLC chromatogram for the fluorination
of the sugar; Figure S10: Representative analytical HPLC chromatogram of the glycosylation reaction; Figure S11:
Representative analytical HPLC chromatogram of the coupling reaction; Table S1: Radiolabelling attempts for the
mesyl precursor (compound 4); Table S2: Radiolabelling attempts for the tosyl precursor (compound 5); Table S3:
Radiolabelling attempts for the unprotected nosyl precursor (compound 6).
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Abstract: We have developed a novel fluorine-18 radiotracer, dipeptide 1, radiolabeled in two steps
from mesylate 3. The initial radiolabeling is achieved in a short reaction time (10 min) and purified
through solid-phase extraction (SPE) with modest radiochemical yields (rcy = 10 ± 2%, n = 5) in
excellent radiochemical purity (rcp > 99%, n = 5). The de-protection of the tert-butyloxycarbonyl
(Boc) and trityl group was achieved with mild heating under acidic conditions to provide 18F-tagged
dipeptide 1. Preliminary analysis of 18F-dipeptide 1 was performed to confirm uptake by peptide
transporters (PepTs) in human pancreatic carcinoma cell lines Panc1, BxPC3, and ASpc1, which are
reported to express the peptide transporter 1 (PepT1). Furthermore, we confirmed in vivo uptake
of 18F-dipeptide tracer 1 using microPET/CT in mice harboring subcutaneous flank Panc1, BxPC3,
and Aspc1 tumors. In conclusion, we have established the radiolabeling of dipeptide 1 with fluoride-18,
and demonstrated its potential as an imaging agent which may have clinical applications for the
diagnosis of pancreatic carcinomas.

Keywords: fluorine-18; peptide transporters; positron emission tomography; radiotracer

1. Introduction

The proton-coupled oligopeptide transport (POT), also called the peptide transport (PTR),
comprises a family of transporters which are found in animal, plant, yeast, archaea, and both
Gram-negative and Gram-positive bacterial cells [1–3]. In mammalian cells, the POT family is
comprised of four members (PepT1, PepT2, PHT1, and PHT2) [4,5]. These elements are responsible for
coordinating the intracellular transport of small peptides across membranes by coupling to an inwardly
directed proton gradient and negative trans-membrane electrical potential.

In humans, the normal tissue distribution of PepT1 is predominantly in the apical plasma
membrane of enterocytes in the small intestine where it helps in the absorption of nutrients and
small peptides [6,7]. It is also found in renal proximal tubular cells and in bile duct epithelial cells.
PepT2 is found in epithelial cells of the kidney tubule, lung, and cerebral cortex. PepT2 function is the
reabsorption of di/tri-peptides and peptide-like drugs from the glomerular filtrate [8]. The expression
of PepT1 and PepT2 has also been studied in tumor cells [9]. Immunohistochemistry, Western blotting,
and gene expression studies revealed that PepT1 and PepT2 are over-expressed and regulated by
different kinases in a variety of human cancer cell lines like bile duct epithelial cells and colon, prostate,
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and pancreatic cancer cell lines [10–13]. These results suggest that PepT1 and PepT2 may be clinically
useful to target as biomarkers of specific epithelial cancers. H+/Peptide transporters have been shown
to be responsible for peptide transport activity in cancer cells, including pancreatic carcinoma [9,11,14].

The dipeptide PET radiotracer, [11C]glycylsarcosine 2 (Gly-Sar) [15] has been shown to be specific
in the imaging of PepT2, with a higher specificity to distinguish between tumors versus inflammatory
tissue with respect to [18F]FDG [9,11]. The design of our dipeptide is a modification from the work
performed by Nabulsi et al. [15], in which the dipeptide Gly-Sar was radiolabeled with carbon-11 on the
internal amine. We propose here the incorporation of fluorine-18 into a dipeptide Gly-Sar derivative.
Brandsch et al. [16] lists criteria that are essential for dipeptides high-affinity substrate-receptor binding
for PepT1 and PepT2. Following these suggestions, we designed a dipeptide that possesses a free
amine and carboxyl-terminal, a bulky peptide side chain, and an overall hydrophobicity that follows
the criteria to increase PepTs binding (Figure 1).

Figure 1. Structure of [18F]FEPPG 1 and previously reported [11C]Gly-Sar 2.

Herein we report the synthesis of a novel 18F-dipeptide 1, (S)-N-(2-amino-3-(4-
(2-(fluoro-18F)ethoxy)phenyl)propanoyl)-N-methylglycine ([18F]FEPPG), that meets the criteria as
a suitable PepT binding substrate. We also demonstrate preliminary data confirming cell uptake
of the radiolabeled dipeptide by several human pancreatic carcinoma cell lines and uptake of the
[18F]FEPPG 1 by μ-PET imaging on subcutaneous human xenograft Panc1, BxPC3, and ASpc1 tumor
models in mice. This suggests that [18F]FEPPG 1 is suitable for further study to explore its specificity
as a PET tracer.

2. Results and Discussion

2.1. Gly-Sar Dipeptide Derivative Radiolabeled with Fluorine-18

In previous studies [11C]Gly-Sar (Figure 1) has been reported [17] as a PET radiotracer for mouse
heterotopic pancreatic cancer. It was suggested that [11C]Gly-Sar had an advantage over [18F]FDG
by not binding to inflammation sites allowing to differentiate between inflammatory response and
tumor. We propose the use of fluorine-18 nuclide to radiolabel a Gly-Sar dipeptide derivative since
fluorine-18 has several important advantages over carbon-11 labeled compounds. Common advantages
of fluorine-18 include a relatively high amount of theoretical molar activity (1.71 × 103 Ci/μmol),
high resolution with a low positron energy (0.64 MeV), and a half-life of 109.8 min that allows for
easier commercial distribution and longer scan times as compared to carbon-11. [18,19].

The synthesis of dipeptide 1 was a two-step procedure in which the fluorine-18 was first
incorporated in the molecule, followed by the deprotection of the tert-butyloxycarbonyl (Boc)
and tert-butyl group. Initially, solvents were screened (dimethyl sulfoxide, dimethylformamide,
and acetonitrile) at a constant temperature, time and concentration to determine the suitable reaction
media. From these tests (data not shown), deprotection performed in dimethyl sulfoxide result in
least amount of side products, in the highest overall yield; it was therefore used as the solvent in
all other subsequent reactions for the optimization of intermediate 4. Next, a series of temperatures
were studied, with 110 ◦C leading to the highest overall yield with the use of dimethyl sulfoxide as
the solvent.

The optimization of the first step was further evaluated by adjusting the amount mesylate
precursor, compound 3, used for the formation of intermediate 4 (Table 1).
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Table 1. Varying amount of starting material to produce intermediate 4.

Entry Amount of 3 (mg) % Conversion to 4

1 0.5 8
2 1.0 12
3 2.0 23
4 4.0 18

An aliquot (10 μL) of reaction media was removed after 10 min and quenched in 1 mL of 50/50 (v/v)
water/acetonitrile. This sample was evaluated by high-performance liquid chromatography (HPLC)
to determine the amount of product formed relative to unreactive fluoride-18 complex and other
impurities identified by the radiation detector. The use of 2.0 mg of compound 3 (entry 3, Table 1)
provided radiolabeling of intermediate 4 in a 23% conversion. Doubling the amount of precursor
from 1.0 mg (entry 2, Table 1) to 2.0 mg led to a 50% increase in the overall conversion of intermediate
4. However, when 4.0 mg of precursor 3 (entry 3, Table 1) was used, the conversion to radiolabeled
compound 4 had no significant increase in yield.

With the amount of starting material, solvent, and temperature determined, our attention turned
to optimizing the reaction time for the radiolabeling of intermediate 4. For this study, the initial labeling
reaction was set-up and monitored using an analytical HPLC system. Aliquots were removed at set
time points (Table 2) and the formation of desired radiolabeled species 4 was determined relative
to other peaks observed in the radio-trace. As shown in Table 2, a 19% conversion of the desired
product was attained in 10 min (entry 4). Since additional impurities were detected after 20 min
in the radio-trace, 10 min was used as the optimized time for the reaction of mesylate 3 with dry
flouride-18 complex.

Table 2. Kinetic study of the labeling of mesylate 3.

Entry Time (min) % Conversion to 4

1 0 ND
2 2 5
3 5 14
4 10 19
5 20 14
6 60 5

For purification of 18F-intermediate 4, we tested HPLC with fraction collection as well as
solid-phase extraction (SPE) cartridges. We found no detectable differences from the overall decay
corrected yield or radiochemical purity achieved with the use of either purification method (data not
shown). However, an important advantage of the SPE (t-C18) cartridge was the shortening of the
synthesis time, by approximately 30 min, making it an optimal choice.

To obtain the de-protection of both the Boc and tert-butyl group in one-step, we screened
several reaction conditions. We found that using hydrogen chloride solution (4.0 M in dioxane)
and tetrahydrofuran with mild heating (see Method A) led to the final production of [18F]FEPPG 1
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with the minimal side products [20]. The use of 6 N hydrochloric acid in dimethyl sulfoxide (see
Method B) also provided the desired radioligand (Scheme 1). When trifluoroacetic acid or higher
temperatures (hydrochloric acid, 90 ◦C) was used for the de-protection, a partial decomposition of
product was observed or sluggish reactions conditions resulted in elongated reaction times with only
mono-de-protection of the final product.

Scheme 1. Formation of desired [18F]FEPPG 1.

Purification of [18F]FEPPG 1 was achieved with the use of reverse phase HPLC (Figure 2).
The fractions collected representing the desired product were pooled together and assayed to produce
approximately 70% decay corrected yield of [18F]FEPPG 1. However, after trapping and releasing (SPE)
followed by the formulation process, less than 10% of radioligand was secured in >95% radiochemical
purity. Current work is underway with the use of different SPE cartridges.

Figure 2. HPLC chromatogram of [18F]FEPPG 1. (A) Radiotrace; (B) UV @ 280 nm. HPLC
conditions: acetonitrile: 0.1% trifluoroacetic acid (aq) solution 10/90 ramp to 90/10 over 20 min;
flow rate = 1.5 mL/min; Luna 5 u C18(2) 100 A, 250 × 4.60 nm column Agilent 1260 Infinity (Santa
Clara, CA, USA).

The overall decay corrected yield for the formation of [18F]FEPPG 1, starting from a raw solution
of aqueous fluoride-18/[18O]-enriched water (98%), was 19 ± 9% (n = 5) with an average total synthesis
time of 117 min. The chemical purity of the final product, determined by HPLC analysis, was 33 ± 5%
(n = 5) with a range of 0.5–4.8 μg/mL of the fluorine-19 isotope of FEPPG. The radiochemical purity
determined by HPLC analysis of [18F]FEPPG was determined to be 89 ± 5% (n = 5).
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2.2. Initial Testing of [18F]FEPPG in Pancreatic Carcinoma Cell Lines and Tumors

While the main goal of this work was to establish the chemical synthesis of [18F]FEPPG 1,
we performed initial cell and tumor uptake studies to ensure that newly introduced fluorine-18 moiety
did not negate cell and tumor binding previously reported in the carbon-11 analog. We therefore
performed initial cell uptake studies on Panc1, BxPC3, and AsPC1 cells, which have been reported to
express the PepTs, and found that all tested cell lines had uptake of [18F]FEPPG 1 (Figure 3A).

Figure 3. Cell uptake (A) and PET scanning (B,C) using [18F]FEPPG 1. (A) Panc1, BxPC3, and AsPC1
human pancreatic carcinoma cell uptake of [18F]FEPPG 1; (B,C) PET scanning using [18F]FEPPG 1

tracer of mice (n = 3) with heterotrophic sc tumors originated from Panc1, BxPC3, and AsPC1 cells.
Yellow arrow, sq tumor labeled by [18F]FEPPG.

Furthermore, we found similar [18F]FEPPG 1 uptake on PET imaging 30 min after injection
of 3.7–5.5 MBq (100–150 μCi) of [18F]FEPPG 1 (Figure 3B,C) in subcutaneous xenograft models of
all pancreatic cancer cell lines tested (Panc1, BxPC3, and AsPC1). As expected, higher amounts of
[18F]FEPPG 1 uptake were observed in the liver and kidneys, in line with the transporter expression
and excretion [21–23] (Figure 3B and data not shown).

In conclusion, we have a feasible synthesis pathway and initial indication of tumor uptake,
justifying further study of [18F]FEPPG 1. Our future focus is on examining receptor specificity using
unlabeled substrates of PepTs to demonstrate competition as well as defining radioligand binding
to specific PEPT transporters by transfecting either PepT1 or PepT2 into non expressing cells and
quantitating uptake of [18F]FEPPG 1 caused by each transporter.
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3. Conclusions

We have reported a new fluorine-18 labeled dipeptide 1, which is successfully synthesized in two
steps. The intermediate was radiolabeled in short reaction time (10 min) and could be easily purified by
way of solid-phase extraction (t-C18 plus cartridge), eluted with acetonitrile, dried, and used directly in
the next synthetic sequence without any further purification. The desired final product was formulated
into an isotonic injectable solution. Of significance, the final injectable product demonstrated excellent
radiochemical purity. We also performed preliminary cell and tumor uptake studies to demonstrate
retained in vitro and in vivo uptake of our new molecular entity that has an additional fluorine-18
moiety compared to the originally reported carbon-11 tracer, justifying its further study to confirm
PEPT specificity.

4. Material and Methods

4.1. General Information

Mesylate precursor 3, intermediate 4, and final product standard 1 were purchased from Syngene
International Ltd. (Bangalore, India). Hydrogen chloride solution was purchased from Sigma-Aldrich
(St. Louis, MO, USA) and used without further purification. Oxygen-18 enriched water (min. 98%) was
purchased from Advanced Accelerator Applications (Milburn, NJ, USA) and used for the cyclotron
bombardments (2.4 mL per bombardment). The cell lines (AsPC1, Panc1, and BxPC3) and culture
media were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) Company.
Fetal bovine serum came from Atlanta Biologicals (Norcross, GA, USA). DMEM was obtained from
Fisher Scientific (Pittsburg, PA, USA). Fetal bovine serum (FBS) was obtained from Atlanta Biologicals
(Norcross, GA, USA). All other reagents not listed above were of the highest grade available from
Sigma-Aldrich (St. Louis, MO, USA) and Fisher Scientific (Pittsburgh, PA, USA). Radiochemical yields
(rcy) are reported as decay corrected to the end of cyclotron target bombardment.

4.2. Animals

CrTac:NCr-Foxn1nu mice (Taconic, Rensselaer, NY, USA) referred to in text as NCr were maintained
on a normal mouse diet. All animal experiments were conducted according to protocols approved by
the Institutional Animal Care and Use Committee of Columbia University Medical Center.

4.3. Radiochemistry

4.3.1. (S)-tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)-3-(4-(2-[18F]fluoro-ethoxy)phenyl)-
N-methylpropanamido)acetate (4)

A typical procedure for the formation of radioactive intermediate 4 is as follows: [18O]-Enriched
water (98%) aqueous solution of fluoride-18, produced from a Siemens 111 RDS cyclotron (Knoxville,
TN, USA), was trapped on a pre-conditioned QMA light (Waters Corporation, Milford, MA, USA)
cartridge. A solution of 1.5 mL (1.0 mL acetonitrile, 0.5 mL water) containing cryptand 222
(15 mg of 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane) and 3.0 mg potassium carbonate,
was passed through the QMA light cartridge into a reaction vessel to provide K[222]18F complex.
This complex was dried in a heat block at 110 ◦C with a flow of argon until most of the solvent was
evaporated. The solution was further azeotroped with the use of acetonitrile (3 × 1 mL) at 110 ◦C over
a stream of argon gas. A solution of mesylate 3 (2.0 mg, 3.8 μmol) in 0.5 mL of anhydrous dimethyl
sulfoxide was added to the “dry” K[222]18F complex at 110 ◦C. After 10 min, the reaction mixture was
removed from the heat and allowed to cool. The reaction mixture was then taken up in 20 mL of water
and passed through a t-C18 plus (Waters Corporation) cartridge (activated by flushing with 10 mL
ethanol followed by 10 mL water). The cartridge was then washed with another 10 mL of water and
eluted into a test tube with 2.0 mL of acetonitrile to provide radiolabeled intermediate 4 (dcy = 10
± 2%, n = 5; rcp > 99%). Radiochemical purity of intermediate 4 was determined by HPLC. HPLC

96



Molecules 2020, 25, 643

conditions: Luna 5 μ C18(2) 100 Å column, 250 × 4.60 mm, 5 μm; acetonitrile/0.1 M ammonium formate
(aq) in 0.5% acetic acid solution 50/50 ramped to 80/20 over 20 min with a flow rate of 2.0 mL/min;
rt = 10.05 min. The newly formed intermediate was dried at 90 ◦C over a stream of argon. The dried
compound was taken to the next step.

4.3.2. (S)-2-(2-Amino-3-(4-(2-[18F]fluoroethoxy)phenyl)-N-methylpropanamido)acetic acid,
[18F]FEPPG (1)

Method A: A typical procedure for the formation dipeptide 1 is as follows: Tetrahydrofuran
(167 μL) followed by hydrogen chloride solution (833 μL, 4.0 M in dioxane) was added to dry
intermediate 4. The reaction mixture was placed in a heat block set to 60 ◦C. After 20 min, remove
from heat and allowed to cool. The reaction mixture was diluted with 9/1 (v/v) 0.1% trifluoroacetic acid
(aq)/acetonitrile (1 mL) solution and purified by HPLC (Luna 10 μ C18(2) 100 Å column, new column
250 × 10 mm; acetonitrile/0.1% trifluoroacetic acid (aq) solution 10/90 ramped to 90/10 over 30 min as
mobile phase with a flow rate of 4.0 mL/min; fractions collected from 10.00 to 10.80 min). The fractions
were pooled together and diluted with 40 mL of sterile water for injection. The reaction media were
then passed through a t-C18 light (Waters Corporation, Milford, MA, USA) cartridge (activated by
flushing with 10 mL ethanol followed by 10 mL water). The t-C18 light cartridge was then washed with
sterile water for injection (10 mL), eluted into sterile 10 mL final product vial with ethanol (0.45 mL)
followed by 0.9% saline (2.55 mL). An aliquot was removed for quality control testing.

Method B: A typical procedure for the formation of dipeptide 1 is as follows:
Dimethyl sulfoxide (20 μL) followed by 6 N hydrogen chloride (200 μL) was added to intermediate

4. The reaction mixture was placed in a heat block set to 80 ◦C. After 20 min, was removed from
heat and allowed to cool. The reaction mixture was then taken up in 50 mL of 10% sodium ascorbate
solution (pH = 7.5). An aliquot was removed for quality control testing.

Each batch of [18F]FEPPG 1 passed all required quality control tests, which included radionuclidic
purity (511 keV), chemical (HPLC, identity) and radiochemical purity (HPLC, rcp ≥ 85%),
excipients present (acetonitrile < 410 ppm, ethanol < 150,000 ppm), pH (range 4–8), and half-life
(110.0 ± 5.0 min). Radiochemical purity/identity of 1 was determined by analytical HPLC. Analytical
HPLC conditions: Luna 5 μ C18(2) 100 Å column, 250 × 4.60 mm, 5 μm; acetonitrile/0.1% trifluoroacetic
acid (aq) solution 10/90 ramped to 90/10 over 20 min with a flow rate of 1.5 mL/min; rt = 8.68 min.
Fluorine-19 derivative of 1 varied from 0.5–4.8 μg/mL, based off calibration curve (y= 1.762x, R2 = 0.996,
not forced through zero intercept) at 280 nm; molar activity (Am) = 17,000 ± 7000 MBq/μmol (460 ± 190
mCi/μmol), where n = 5.

4.4. Cell Uptake

For cell-uptake studies, Panc1, BxPC3, and AsPC1 human pancreas carcinoma cells were plated at 1
× 105 cells per well in individual 24-well plates 48 h before assay in 10% heat-inactivated FBS in DMEM
with 1/100 of anti-anti and 1/200 of glutamine. For non-specific binding control, some wells were left
without cells. [18F]FEPPG 1, at ~1.5 MBq per well (~40 μCi), was added to cells for 30 min and washed
four times with PBS. Cells were lysed with 0.1 M sodium hydroxide and the resulting gamma-activity
was measured on Hidex gamma counter (Hidex, Turku, Finland). For protein concentration, cells were
harvested using 100 μL of RIPA buffer; protein concentration was measured using colorimetric assay.

4.5. PET Experiments

CrTac:NCr-Foxn1nu mice (Taconic, Rensselaer, NY, USA) were injected sc with 1 × 106 of Panc1,
BxPC3 or AsPC1 human pancreatic carcinoma cells (ATCC) in 200 μL of Matrigel®. After tumors
reached 1 cm3, mice were injected IV with 3.7–5.5 MBq (100–150 μCi) of [18F]FEPPG 1. Static 60 min PET
was acquired 30 min after [18F]FEPPG 1 injection using Inveon micro PET scanner (Siemens, Munich,
Germany). PET images were reconstructed using the 3D-OSEM algorithm with three iterations in
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a 256 × 256 matrix, without attenuation correction (Inveon, Siemens, Munich, Germany) and analyzed
using VivoQuant ver 4 (Invicro, Boston, MA, USA).

4.6. Quantification and Statistical Analysis

Statistical analysis was performed using Prism 8.0 (GraphPad Software, San Diego, CA, USA).
All data are represented as mean ± standard error. Statistical p-values were calculated using two-tailed
Student’s t-test for unpaired samples.
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Abstract: Huntington’s disease (HD) is a fatal neurodegenerative disease caused by a CAG
expansion mutation in the huntingtin gene. As a result, intranuclear inclusions of mutant huntingtin
protein are formed, which damage striatal medium spiny neurons (MSNs). A review of Positron
Emission Tomography (PET) studies relating to HD was performed, including clinical and preclinical
data. PET is a powerful tool for visualisation of the HD pathology by non-invasive imaging of
specific radiopharmaceuticals, which provide a detailed molecular snapshot of complex mechanistic
pathways within the brain. Nowadays, radiochemists are equipped with an impressive arsenal of
radioligands to accurately recognise particular receptors of interest. These include key biomarkers
of HD: adenosine, cannabinoid, dopaminergic and glutamateric receptors, microglial activation,
phosphodiesterase 10 A and synaptic vesicle proteins. This review aims to provide a radiochemical
picture of the recent developments in the field of HD PET, with significant attention devoted to
radiosynthetic routes towards the tracers relevant to this disease.

Keywords: Huntington’s disease; mutant huntingtin; Positron Emission Tomography;
radiochemistry; fluorine-18; carbon-11; radiopharmaceuticals; [11C]raclopride; [18F]MNI-659

1. Introduction

The purpose of this review is to provide a radiochemistry focused summary of the recent
advancements in Positron Emission Tomography (PET) imaging of a rare genetic condition,
Huntington’s disease (HD). The prevalence of HD is 5 to 10 cases per 100,000 people worldwide [1].
It progresses with fatal and devastating psychiatric, cognitive and motor impairments, caused by
mutant huntingtin (mHTT) protein expression. Some excellent reviews on the molecular imaging of
HD have been published, however focusing primarily on clinical data [2–5]. This review is divided
according to HD biomarkers thought to be most affected by the pathology. For each biomarker,
a suitable PET tracer and its radiosynthesis are provided, together with the most important PET data,
both clinical and preclinical, if available. The authors’ intention is to highlight the importance of
radiochemistry and design of novel and highly specific radioligands for PET imaging, which will
further our understanding of the changes orchestrated by mutant huntingtin and may eventually lead
to the invention of disease-modifying treatments.
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1.1. Positron Emission Tomography

PET plays a pivotal part in the diagnosis and understanding of neurological pathophysiologies.
It is a non-invasive molecular imaging technique employing radiopharmaceuticals, which, after
crossing the blood–brain barrier, bind to a specific molecular target, such as a transporter or receptor,
and enable accurate tracking of changes in their function. Nowadays, PET is equipped with an array
of radiolabelled biomarkers for neuroimaging in psychiatry and neurodegenerative pathologies, such
as Parkinson’s disease (PD), Alzheimer’s disease (AD) and HD.

1.2. Huntington’s Disease

Although considerable progress has been made towards identifying some of the mechanisms
involved in the HD pathogenesis, there are currently no disease-modifying strategies available [6].
The uncovering of the huntingtin (htt) mutation in 1993 has enabled intensified research efforts with
the hope to slow down or stop progressive neuronal damage [4]. HD is an autosomal dominant disease
of the central nervous system (CNS) caused by an expansion of the CAG sequence in the huntingtin gene
(HTT), located on chromosome 4 [3,7]. As a result, the expressed huntingtin protein is a mutant (mHTT)
with an expanded polyglutamine tract. It has been proposed that a flawed proteostasis network results
from the aggregation of mHTT, initiating a cascade of devastating consequences for synchronised
neuroreceptors [8]. Individuals with 7-12 CAG tracts are usually considered healthy, whilst those with
35 suffer from HD [4]. Additionally, full penetrance and consequently, rapid progression of the disease,
is associated with more than 40 repeats [9]. There is an inverse correlation between the number of CAG
repeats and the age of HD onset, usually mid-life, but juvenile forms have also been reported [10,11].
Aggregated mHTT, also called inclusion bodies (IBs), manifests itself primarily in a brain region called
the striatum, where it causes dysfunction of medium spiny neurons (MSNs) and eventually their
death [8]. HD-affected subjects suffer from different types of impairments: motor (chorea, loss of
coordination and involuntary movements), cognitive, in the form of widely understood dementia, and
psychiatric (depression, anxiety and personality changes).

2. Indicators of Huntington’s Disease: From A to Z

Within the complex brain networks, several molecular mechanisms have been recognised for
their involvement in the HD pathogenesis. These include glucose metabolism, dopaminergic system,
phosphodiesterases and neuroinflammation. PET imaging of these biomarkers provides useful insight
into the disease progression by quantifying, for example, receptor expression and density. To the best
of our knowledge, no PET tracer targeting mHTT has been proposed to date. The emergence of such a
radioligand could aid validation of novel disease-modifying therapies aimed at lowering levels of this
neurotoxic aggregate. This review summarises the key biochemical targets within the central nervous
system which could be relevant for HD and the corresponding PET radioligands, along with their
radiosynthetic routes.

2.1. Adenosine Receptors

Somewhat less studied in the context of HD, adenosine receptors have been considered potential
biomarkers of the pathology due to their involvement in neurotransmission [12,13]. Adenosine is a
vital dopaminergic and glutamatergic modulator [14]. It acts as an inhibitory neurotransmitter by
monitoring energy levels and usage. It exerts its action through four G protein-coupled receptors, A1,
A2A, A2B and A3. A1 receptors are expressed on dynorphinergic MSNs which also co-express dopamine
D1 receptors (for a more detailed explanation of D1 receptor involvement in HD, see Section 2.3).
Enkephalinergic MSNs co-express A2A and dopamine D2 receptors. The latter are found abundantly
in the striatum and significantly less in other brain regions [15–17]. Both types have been investigated,
although not considerably in HD, with PET imaging in preclinical and clinical settings.
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2.1.1. [18F]CPFPX

[18F]CPFPX is a potent xanthine-based antagonist of the adenosine A1 receptor. Its binding
selectivity over A2A is 1200-fold [18]. The radioligand is synthesised via nucleophilic aliphatic
substitution at the tosylate leaving group in the presence of Kryptofix 222 and potassium carbonate,
followed by deprotection of the pivaloyloxymethyl group with an aqueous solution of sodium
hydroxide (Scheme 1). The average radiochemical yield (RCY) is 45 ± 7%, with molar activity values
exceeding 270 GBq/μmol. Molar activity expresses the measured radioactivity per mole of compound
and is commonly reported in GBq/μmol [19]. Radiochemical purity (RCP) exceeded 98%. In vivo
rodent experiments by Holschbach et al. and later by Bauer and co-workers, confirmed the suitability
of the tracer for A1 receptor studies, owing to favourable kinetics and behaviour in the presence of a
standard A1 desfluorinated antagonist, DPCPX [18,20].

Scheme 1. Radiolabelling of [18F]CPFPX, starting from the tosyloxy precursor 3 [18].

The tracer was used by Matusch et al. in premanifest and manifest HD individuals in an
effort to elucidate the role of adenosine A1 receptors in the pathology [21]. The former group
was divided into far and near, based on the number of years until the calculated clinical onset.
It was discovered that [18F]CPFPX binding was globally higher for the far premanifest subjects than
for the healthy controls, then levelling up for the near-to-onset subset and finally, decreasing in
the caudate nucleus (part of the striatum), frontal cortex and amygdala for the symptomatic cohort.
These results, although preliminary, suggest potential discriminatory power of adenosine A1 biomarker
for HD phenoconversion.

2.1.2. [11C]KF18446

Ishiwata et al. investigated the adequacy of adenosine A2A receptor imaging with [11C]KF18446,
another xanthine-based ligand, based on evidence that there is a marked reduction in the
receptor density of HD patients, particularly in the caudate nucleus, putamen and external globus
pallidus [22,23]. Like the caudate nucleus, putamen is part of the striatum and together, the three brain
areas are part of the so-called basal ganglia—responsible for the coordination of motor functioning.
The study was performed with the aforementioned radioligand due to its promising imaging properties.
The tracer was accessed through 11C-methylation with [11C]methyl iodide ([11C]CH3I) in the presence
of caesium carbonate in DMF at 120 ◦C (Scheme 2). Radiochemical yields ranged between 25% and
46% with molar activities of 10–72 GBq/μmol. Radiochemical purity (RCP) was higher than 99%.

Scheme 2. Radiolabelling of [11C]KF18446, starting from the desmethyl precursor 3 [23].
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In 2002, Ishiwata and colleagues published an interesting PET study in which rats had been
injected with quinolinic acid, an excitotoxin, to mimic HD pathology [23]. The compound causes
damage to the dopaminergic neurons in the striatum. PET data, co-registered with Magnetic Resonance
Imaging (MRI), were accompanied by in vitro and ex vivo autoradiography. The images displayed clear
degeneration of not only A2A, but also D1 and D2 receptors, calculated as a difference in the binding of
the tracer between the non-lesioned and lesioned sides [23].

2.2. Cannabinoid Receptors

Gaining better understanding of the implication of the endocannabinoid system in synaptic
transmission could bring us closer to unravelling the mechanism of HD and perhaps, further down
the line, designing an efficient therapeutic against it. Cannabinoid receptor type 1, CB1, is one of
the major cannabinoid receptors, belonging to the G protein-coupled family, expressed abundantly
in striatal MSNs, and overlooking the complex process of inhibitory neurotransmission [3,24].
The marked loss of CB1 receptors in post mortem human brains, described by Glass et al., was one of
the first receptor pathologies documented in HD [25]. It was most pronounced in the caudate nucleus,
putamen and globus pallidus externus, even in the very early stage of the disease [26].

2.2.1. [18F]MK-9470

PET allows for non-invasive in vivo imaging of various CNS receptors, including CB1. Van Laere
and colleagues administered a selective inverse agonist, [18F]MK-9470, to 20 manifest HD patients [27].
Loss of PET signal was detected in the caudate and putamen, as well as the grey matter of cerebrum,
brain stem and cerebellum. The HD cohort showed a significant loss of cannabinoid CB1 receptors
compared to the healthy controls. No relationship was elucidated between receptor binding and
clinical HD scales or the number of CAG repeats. With this investigation, the researchers pioneered
the use of CB1 as a biomarker for HD PET imaging.

[18F]MK-9470 can be radiolabelled by aliphatic nucleophilic substitution with [18F]F− using
the corresponding tosyloxy precursor. Thomae and co-workers published an automated Good
Manufacturing Practice (GMP) compliant radiosynthetic route towards this ligand (Scheme 3) [28].
The authors reported an average RCY of 30 ± 12% (n = 12), RCP and molar activity exceeding 95% and
370 GBq/μmol, respectively.

Scheme 3. Radiolabelling of [18C]MK-9470, starting from the tosyloxy precursor 5 [28].

2.3. Dopaminergic Receptors

Dopaminergic receptors D1 and D2 constitute another part of the complex neurotransmission
system which is affected by mHTT, mainly postsynaptically. Dysfunction of and fluctuations in
the availability of these receptors have been one of the hallmarks of HD. Approximately half of MSNs
express D1 implicated in the ”direct pathway”, while the other half expresses mainly D2 receptors
implicated in the ”indirect pathway” [29]. Postsynaptic nerve terminals which express D1 and D2

receptors, are severely affected by MSN degradation, caused by the presence of neurotoxic mHTT.
PET radioligands which visualise density changes of these receptors can also provide insight into
the pathology.
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2.3.1. [11C]SCH-23390

SCH-23390 is a potent halobenzazepine-based D1 receptor antagonist [30,31]. The active form of
this molecule is the R-enantiomer. Interestingly, in 1985, Friedman et al. began their evaluation of a
76Br-brominated version of the molecule using small animal PET [31]. In 1989, DeJesus and colleagues
evaluated the carbon-11 version of the ligand, which contains a 11C-tagged N-methyl moiety, as a
potential tracer for the imaging of CNS D1 levels [32]. Nowadays, [11C]SCH-23390 is still frequently
used in preclinical and clinical PET studies of the D1 receptor [33].

Typical radiolabelling via 11C-alkylation of the secondary amine is achieved with [11C]methyl
iodide in the presence of a mild base, such as sodium bicarbonate, in DMF at 50 ◦C [34].
DeJesus et al. described the wet method, starting with lithium aluminium hydride-mediated reduction
of cyclotron-acquired [11C]CO2, followed by iodination with hydroiodic acid to yield [11C]methyl
iodide. Radiolabelling was achieved by bubbling the resulting gaseous 11C-methylating agent
into a solution of the corresponding amine precursor and sodium hydrogen carbonate (Scheme 4).
The authors reported RCY of 72% over 30 runs (based on [11C]methyl iodide). The product obtained
was radiochemically pure; however, contaminated with approximately 5% of the desmethyl precursor.
Molar activities ranged from 370 to 8695 GBq/mmol. Halldin et al. also achieved successful
radiolabelling of [11C]SCH-23390, starting from the free base desmethyl precursor in acetone or
DMSO-DMF at elevated temperatures [35]. Radiolabelling in acetone yielded the desired tracer in 80%
RCY (based on [11C]methyl iodide) and RCP higher than 99%. Publications that followed thereafter
described radiolabelling of this tracer based on either of the protocols.

Scheme 4. A. Radiolabelling of [11C]SCH-23390, starting from the desmethyl precursor 7, described by
Halldin and colleagues [35]; B. Method from DeJesus and colleagues [34].

Sedvall and co-workers investigated the performance of the radioligand in HD-affected
individuals [36]. Five clinically diagnosed patients with motor dysfunction and one asymptomatic
gene carrier were chosen alongside five healthy male volunteers. The authors reported a 50% decrease
in D1 receptor density in the putamen in comparison to the healthy subjects. For the sole asymptomatic
HD individual, this value lied in the lower boundary of that of the healthy ones. Andrews et al.
studied the rate of dopamine D1 and D2 receptor loss over 40 months in a larger group including
9 asymptomatic, 4 symptomatic and 3 patients at risk, complemented by 7 healthy controls [37].
In the first group [11C]SCH-23390 signal was lost at a mean rate of 2% annually, with some patients
progressing actively with a mean yearly loss of 4.5%. For the manifest individuals, a mean annual
decrease of radioligand binding of 5.0% was reported.

2.3.2. [11C]NNC-112

In the aforementioned publication, the study of longitudinal D1 receptor changes was performed
with a carbon-11 based ligand, [11C]NNC-112 [38]. It is a derivative of [11C]SCH-22390 with a
benzofuran substituent in the 5-position of the central tetrahydrobenzazepine. The authors reported a
28% difference in striatal binding values between zQ175 (HD animal model) and wildtype mice
at 6 months of age, increasing further to 34% three months later. Interestingly, the diseased
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animals expressed less D1 receptors in the cortex and hippocampus than their healthy counterparts,
hence expanding the potential of D1 PET imaging in HD.

[11C]NNC-112 is administered in the active S-enantiomeric form. It is accessed in a high-yielding
(50–60%, calculated from the end of bombardment) N-11C-methylation of the enantionmerically pure
precursor with [11C]methyl triflate in acetone at room temperature (Scheme 5) [39]. Molar activity was
established at 110 GBq/μmol and RCP at more than 99%.

Scheme 5. Radiolabelling of [11C]NNC-112, starting from the enantiomerically pure desmethyl
precursor 9 [39]. RT: room temperature.

2.3.3. [11C]Raclopride

[11C]Raclopride is often used in conjunction with [11C]SCH-23390 to get a more in-depth image of
the dopaminergic system. It is a well known antagonist of D2/3 receptors, used clinically, for instance,
in parkinsonian patients [40].

Ehrin et al. were the first to publish the radiolabelling protocol of [11C]raclopride in
1985 [41]. The precursor was N-[11C]ethylated with [11C]ethyl iodide in the presence of
2,2,6,6-tetramethylpiperidine in DMF at room temperature. Presently, the tracer is produced routinely
for clinical purposes by O-methylation of the hydroxyl group with [11C]methyl iodide or [11C]methyl
triflate ([11C]CH3OTf) in the presence of an inorganic base. Langer and co-workers reported RCYs in
the range of 55–65% and molar activities of 56–74 GBq/μmol [42]. Several groups published various
optimisations to the protocol ever since, including base-free synthesis, microfluidics and captive solvent
methods, among many others [43–45]. A typical [11C]raclopride synthesis is shown in Scheme 6 below.

Scheme 6. Radiolabelling of [11C]raclopride, starting from the desmethyl precursor 11, published by
Langer and co-workers. RCY is based on [11C]methyl triflate [42]. RT: room temperature.

Antonini and co-workers examined 8 symptomatic and 10 asymptomatic HD mutation carriers
with [11C]raclopride PET, along with a 10-member healthy control group, in an effort to verify
the correlation between CAG repeat lengths and striatal degeneration and age [46]. The authors
unveiled a positive relationship between the two. Pavese et al. recruited 27 HD gene carriers with a
minimum of 39 CAG repeats—16 symptomatic and 11 asymptomatic—for D2 receptor studies with
[11C]raclopride PET [47]. Cortical reductions in D2/3 binding were analysed in conjunction with
neuropsychological tests, such as verbal fluency, Rivermead Behavioural Memory and Boston Naming
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Tests. Manifest HD subjects with decreased cortical binding of the radioligand scored lower on the tests
than those with unimpaired cortical dopaminergic system.

[11C]Raclopride was also employed in a longitudinal cross-sectional HD biomarker study in
zQ175 mice by Häggkvist and colleagues, in order to pinpoint the most powerful PET tracer to detect
subtle receptor changes [38]. This mouse model was engineered to express motor and cognitive
impairment, as well as decreased body weight with disease progression. There was a pronounced
difference in tracer uptake between heterozygous and WT animals at both 6 and 9 months of age
(Figure 1). For the earlier timepoint, this difference was 40%, then increasing further to 44% at 9 months
of age. In addition, both genotypes exhibited a decline in receptor density due to age progression,
a natural factor.

Figure 1. Average %SUV images of mice at 6 and 9 months of age acquired after [11C]raclopride
injection. Lower receptor binding was observed for zQ175 mice at both timepoints. Top row: Averaged
PET measurement, 15–63 min post-injection. Bottom row: PET co-registered to template MRI. Reprinted
from Häggkvist and colleagues [38].

2.4. GABA Receptors

Alterations of GABA, or gamma-amino butyric acid, receptor expression has also been studied in
the context of HD. GABAergic neurotransmission is severely impaired in HD - GABAergic striatal
medium spiny projection neurons are particularly targeted during the course of the disease [48,49].

2.4.1. [11C]Flumazenil

Künig et al. studied changes in GABA receptor density in 23 HD gene carriers (10 manifest
and 13 premanifest) using the PET tracer [11C]flumazenil, a potent benzodiazepine-based GABA
antagonist [50]. The authors reported reduced [11C]flumazenil binding in the caudate nucleus,
corresponding to the loss of projection neurons and consequently, GABA receptors. Interestingly,
there was no difference in tracer binding in the putamen of the symptomatic HD subjects and healthy
controls. It was proposed that an upregulatory GABA compensation mechanism was initiated,
which was absent in the premanifest cohort, where neuronal loss was much less pronounced. The study
was accompanied by the use of a D2/3 receptor radioligand, [11C]raclopride (for more about this tracer,
see Section 2.3.3), and a glucose metabolism biomarker, [18F]FDG. In summary, it was reported that
reduced binding of these two had taken place before that of [11C]flumazenil, and that this was only
evident in manifest HD gene carriers.

An efficient and rapid [11C]flumazenil radiolabelling protocol was published by Cleij et al. [51].
The typical 11C-methylation, achieved by trapping [11C]methyl iodide in a solution of the precursor,
was replaced by a captive solvent method. The precursor solution was first adsorbed onto a stainless
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steel-packed support (inside an empty HPLC guard column), through which gaseous [11C]methyl
iodide was subsequently fed. The precursor solution was hence efficiently dispersed, owing to the large
surface area of the metallic powder. Using only 40 μg of the precursor, the authors were able to obtain
the desired product with RCYs reaching 80%. Trapping efficiency of [11C]methyl iodide reached 90%.
Very high molar activities were reported, amounting to 600 GBq/μmol, typically hard to achieve with
the [11C]CO2 synthon. Due to the small size of this improvised “reactor” and reaction mixture volumes,
HPLC purification was shortened significantly, arriving at an injectable solution of [11C]flumazenil in
20 min, counted from the end of bombardment of the cyclotron target. The synthetic route towards
the tracer is shown in Scheme 7.

Scheme 7. Radiolabelling of [11C]flumazenil, starting from the desmethyl precursor 13, described by
Cleij and colleagues [51]. A solution of the precursor in DMF is exposed to [11C]methyl iodide in a
stream of helium, in a ‘micro-reactor’ column.

2.5. Glucose Metabolism

A great deal of publications have been devoted to the study of brain metabolism in the context
of HD. Metabolic glucose changes can be traced with the use of [18F]FDG PET imaging. The last
decade has witnessed major developments in the radiosynthetic route towards this PET tracer with
regard to cassette-based synthesis using automated modules produced by companies such as Trasis
and General Electric. This has enabled research institutions and hospitals to produce it in quantitative
radiochemical yields and activities allowing for scanning dozens of patients per batch. In this review,
however, we decided to focus on novel radiopharmaceuticals in order to highlight great advancements
which have been made in the field of PET radiochemistry and the ever-expanding pool of the highly
specialised molecular arsenal for HD.

2.6. Glutamatergic Receptors

Although the role of glutamate receptors in HD has been highlighted in numerous publications,
only a few studies with glutamate-targeting PET tracers have been reported [52]. Ribeiro et al.
demonstrated altered metabotropic glutamate receptor (mGluR) signalling, particularly that of group
I, in presymptomatic HD mice [53]. mGluRs are members of the G protein coupled receptor family,
receiving signal from glutamate, one of the main neurotransmitters. mGluR5, a member of the group I
mGluR subset, is highly expressed in striatal MSNs [54].

2.6.1. [11C]ABP-688

[11C]ABP-688 is a high affinity oxime-based structural analogue of the prototypic mGluR5
antagonist MPEP. Ametamey et al. described radiolabelling and preclinical evaluation of the tracer
in 2006, followed by healthy volunteer studies in 2007 [55,56]. [11C]ABP-688 was accessed via
11C-methylation of the sodium salt of the desmethyl precursor with [11C]methyl iodide at 90 ◦C
in DMF. The tracer was obtained in 35 ± 8% RCY and RCP greater than 95% (Scheme 8). Molar activity
values ranged from 100 to 200 GBq/μmol. The authors also performed an analogous investigation with
the ligand labelled with an NMR active carbon-13 nuclide. Not only was formation of the O-methylated
product confirmed, but also the E/Z isomeric ratio was established. It was demonstrated that a
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high ratio of 10:1 favouring the more potent (E)-[11C]ABP-688 can be achieved by deprotonating
the precursor with sodium hydride, followed by treatment with [11C]methyl iodide. An alternative
method involves trapping of the more reactive methylating agent, [11C]methyl triflate, in an acetone
solution of the precursor with sodium hydroxide at room temperature. Average RCY of 25 ± 5%,
at the end of synthesis, and molar activity values of 148 ± 56 GBq/μmol were obtained [57].

Scheme 8. Radiolabelling of [11C]ABP-688, starting from the desmethyl precursor 15, described by
Amatamey and colleagues [55].

Bertoglio and co-workers employed [11C]ABP-688 in a longitudinal investigation of mGlu5
receptor changes in the Q175 mouse model of HD using PET [58]. The choice of their study was
motivated by the potential of mGluR5 targeting to increase cognitive performance in an effort to
find a disease-modifying treatment for HD. Animals were scanned at 6, 9 and 13 months of age.
A clear loss of signal was reported in the striatum and cortex of the heterozygous mice in comparison
to the wildtypes. The Q175 mice displayed a significant reduction in the nondisplaceable binding
potential (BPND) values between 6 and 13 months of age. The authors were cautious about drawing
preliminary conclusions about the therapeutic potential of mGluR5 targeting, due to the dual role
mGluR5 signalling is thought to play—neuronal activation or toxicity. In addition, they highlighted
the importance of investigating age-related decline of mGluR5 availability as well as circadian-related
variations. Further investigation is required to gain a better understanding of this intricate mechanism.

2.7. Microglia

Activation of microglia in neurodegenerative diseases has been described by various groups,
yet the exact role of this mechanism is still unclear [59]. Microglia are another crucial component
of the CNS, accounting for 5–15% of the entire cellular content [60]. They are heavily involved in
neuroimmunity and one of their key roles is to maintain homeostasis and protect the system against
pathogenesis [61]. They could also act as a trigger of damage as well as initiating compensatory
action against mHTT damage. Imaging of microglia activation in HD can be performed using PET
tracers binding to the 18-kDa translocator protein (TSPO). This transmembrane domain protein,
formerly known as the peripheral benzodiazepine receptor (PBR), has a modest expression pattern in
a healthy brain, in contrast to peripheral organs such as kidneys, heart and lungs. Increased TSPO
expression has been reported in various neurodegenerative disorders, such as AD, PD and HD [60].
Consequently, the transformation from the quiescent to the activated state of the microglia has been
considered a potential biomarker of HD using TSPO ligands, such as [11C]PK11195.

2.7.1. [11C]PK11195

[11C]PK11195 is a first generation PET ligand targeting the TSPO protein. Radiolabelling,
described by Toyama et al. in 2008, was achieved with [11C]methyl iodide and sodium hydroxide
in DMSO at 100 ◦C [62]. RCYs of 20 ± 6%, with high RCP (over 98%) and moderate molar activity
(68.2 ± 18.1 GBq/μmol) at the end of synthesis were obtained (Scheme 9). In 2015, Alves and
co-workers suggested an optimised radiolabelling protocol in which the tracer was performed using a
captive solvent method, in an HPLC injection loop, with [11C]methyl iodide at room temperature [63].
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Scheme 9. Radiolabelling of [11C]PK11195, starting from the desmethyl precursor 17 [62].

The tracer was employed in a few studies with HD patients. Tai et al. recruited presymptomatic
HD gene carriers who underwent [11C]PK11195 and [11C]raclopride scans [64]. Striatal and cortical
binding values for the premanifest subjects were higher than those of the healthy volunteers. The results
pointed towards early stage microglia activation in the course of HD progression, although no
prognostic conclusion could be drawn about the age of symptom onset and [11C]PK11195 binding.
The researchers supplemented this study with follow-up multimodal imaging with PET and MRI in
a group of manifest HD individuals [59]. The results were divided regionally into brain regions of
HD manifestations (motor, cognitive and psychiatric) and levels of microglia activation, D2 receptor
and neuronal loss (measured as decreases in volume using MRI volume-of-interest analysis) for
each of the subject groups (normal brain, premanifest and manifest HD brains). An increase in
radioligand binding was observed in the sensorimotor striatum, globus pallidus, substantia nigra
and red nucleus, all the brain areas involved in motor functioning. Pathological changes in microglia
activation were reported for the first two regions for the premanifest and manifest subjects. The same
uptake pattern of the tracer was found in brain regions responsible for cognitive and psychiatric
functions (e.g., associative striatum, insula, amygdala, hypothalamus). These results provide further
evidence that activated microglia could orchestrate crucial mechanisms behind neuronal loss in HD,
although the precise mode of action is not yet well understood.

2.7.2. [18F]PBR06

In 2018, this radioligand was recognised by Simmons et al. as a potential biomarker for monitoring
the therapeutic effect of an inflammation reducing agent LM11A-31 in a mouse model of HD [65].
[18F]PBR06, a second generation TSPO ligand, was previously investigated in humans and non-human
primates by Imaizumi et al. and Fujimura et al. [66,67]. Simmons highlighted the advantage of this
[18F]fluorinated tracer over [11C]PK11195 with respect to half-life, affinity for the TSPO protein and
better signal-to-noise ratio. The authors used PET imaging after administration of LM11A-31 to R6/2
and BACHD mice, both expressing mutant huntingtin protein. The vehicle-treated transgenic animals
exhibited higher uptake of the tracer in the striatum, cortex and hippocampus, compared to wildtypes
and LM11A-31 treated counterparts. These findings correlate with data acquired with [11C]PK11195 in
manifest and premanifest HD subjects.

Synthesis of [18F]PBR06, reported by Wang et al. in 2011, was achieved on an in-house automatic
synthesis module by heating the corresponding tosyloxy precursor in the presence of potassium
carbonate and Kryptofix 222 in DMSO at 140 ◦C (Scheme 10) [68]. RCYs ranged from 30% to 60%,
with molar activity values reaching 222 GBq/μmol. This route offers an improvement with regards
to previously reported protocols by Briard et al., who performed radiolabelling with the bromo
precursor, achieving lower RCYs and molar activity values [69]. Inferior performance of the latter
can be attributed to the worse leaving group character of the bromide, in addition to problematic
separation of the tracer from precursor using high-performance liquid chromatography.
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Scheme 10. Radiolabelling of [18F]PBR06, starting from the tosyloxy precursor 19 [68].

2.8. Phosphodiesterase 10A

Phosphodiesterase 10A (PDE10A), a member of phosphodiesterases (PDEs), is an enzyme
involved in deactivation of cyclic adenosine monophosphate and cyclic guanosine monophosphate
(cAMP and cGMP, respectively). It is highly expressed in MSNs, where it regulates their excitability [70].
As mentioned earlier, MSNs are severely deregulated in various neurodegenerative pathologies,
including HD. Hebb et al. reported that reduction of striatal PDE10A expression in transgenic R6/1 and
R6/2 mice models of HD preceded motor impairment [71]. Several PET tracers targeting the enzyme
have been proposed and studied preclinically and in humans. They were described by Boscutti et al.
in their exhaustive review article in 2019 [72].

2.8.1. [18F]JNJ42249152

Radiolabelling of this PDE10A inhibitor was first described by Andrés et al. in 2011
(Scheme 11) [73]. The precursor was synthesised through an 8-step route starting from
4-hydroxybenzoic acid methyl ester. Stability of the O-mesyl protected precursor proved to be a
bottleneck in the process. Although isolation of the compound was possible, optimum results were
reached when the precursor was synthesised the day before, having been passed through a Sep-Pak C18
cartridge and dried in vacuo overnight. It was then introduced to [18F]fluoride and [18F]fluorination
proceeded with 17% RCY (based on [18F]F−, n = 8), with RCP higher than 97% after reverse-phase
HPLC purification. The average molar activity (n = 8) was established at 167 GBq/μmol. In vitro
PDE10A inhibition assays provided favourable pIC50 and lipophilicity (clogP) values of 8.8 and 3.66,
respectively, suggesting a potent ligand capable of crossing the blood–brain barrier. The authors
also performed biodistribution studies in male Wistar rats and observed a time-dependent increased
striatal accumulation and slow 2-to-30 min washout, compared to the hippocampus, cortex and
cerebellum, in line with PDE10A expression levels. The evaluation of [18F]JNJ42249152 as a PET
ligand for PDE10A imaging continued with in-human studies performed by Van Laere and co-workers
in collaboration with Janssen Pharmaceuticals [74,75]. Six healthy male volunteers were subjected
to a whole body PET/CT scan. Unsurprisingly, the radiopharmaceutical exhibited rapid uptake in
the striatum, particularly the putamen, reaching its peak at 12–15 min, and a high clearance rate.
The test-retest evaluation in a concomitant human study with healthy male subjects was characterised
by low intra-subject variability. The presence of two plasma metabolites, resulting from the cleavage of
the 3,5-dimethylpyridine motif and yielding the radioactive phenol, is one of the limitations of this
tracer. Ahmad and co-workers also tested it in an additional cohort of 5 HD sufferers, determined
to unveil the fate of PDE10A in the presence of mHTT [76]. This quest was fuelled by contradictory
data about enzyme depletion in a post-mortem striatal analysis of HD-affected individuals versus
overexpression in a mouse model of the disease. Results of this in vivo experiment provided further
evidence towards a reduction of phosphodiesterase 10 A in the presence of mHTT, however no clear
link to clinical rating scales was demonstrated (Figure 2). The authors also presented alternative
scenarios, according to which PDE10A levels were correlated with dropping cAMP levels.
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Figure 2. Mean PDE10A BPND maps, obtained with [18F]JNJ-42249152, projected on the mean group
T1 MRI for 11 healthy controls, 5 manifest and 2 premanifest HD participants (stage I). Partial volume
correction was performed. Loss of striatal PDE10A is clearly visualised in HD patients using this ligand.
Reprinted from Ahmad and colleagues [76].

22

Scheme 11. Most efficient radiolabelling of [18F]JNJ42249152, starting from the hydroxy building block
21. The precursor for labelling, the mesylate derivative of compound 21, is unstable, hence it must be
produced shortly before the reaction. It is introduced into a reactor vial with dried [18F]F− after solid
phase extraction the day before [73].

2.8.2. [18F]MNI-659

[18F]MNI-659 and its derivative [18F]MNI-654 were proposed as promising PDE10A radioligands
by Barret et al. in 2012 [77]. Studies in non-human primates exhibited the highest update in the putamen
and globus pallidus. Cerebellum, with lowest tracer accumulation, was used as a reference region for
BPND quantification. In their follow-up investigation in humans, [18F]MNI-654 was disregarded as a
potential PDE10A tracer due to slow kinetics. Its analogue, however, displayed a highly favourable in
vivo profile.

111



Molecules 2020, 25, 482

[18F]MNI-659 was accessed via SN2 substitution of the tosylate leaving group with [18F]fluoride,
in the presence of Kryptofix 222 and potassium carbonate. The reaction was performed in DMF at
100 ◦C using a TRACERlab FXFN (GE Healthcare) automated unit. Reverse-phase HPLC purification
on a C18 column yielded the injectable solution of the radioligand in 21 ± 5% RCY (n = 50). RCP was
over 99%, with molar activity values exceeding 185 GBq/μmol. The reaction is shown in Scheme 12.

Scheme 12. Radiolabelling of [18F]MNI-659, starting from the tosylate precursor 23 [77].

Plasma analysis revealed a moderate metabolic profile of the tracer, with 20% intact compound at
2 h post-injection. The presence of radioactive metabolites did not raise concern as they were more
polar than the tracer itself, hence unlikely to cross the blood–brain barrier. The highest [18F]MNI-659
uptake was recorded in the putamen, globus pallidus and caudate, in line with PDE10A expression
patterns. Peak accumulation in these bran regions was observed 10–20 min post-injection, while
cerebellum exhibited much faster washout, making it a suitable candidate for the reference region
(to assess non-specific binding).

Russell et al. evaluated the potential of [18F]MNI-659 as a PET tracer for HD imaging [78].
The cohort included nine healthy volunteers and 11 HD sufferers, of which three were ranked
as premanifest and the remaining eight as manifest. PET images revealed a clear lack of striatal
PDE10A binding among HD-affected individuals that correlated with disease severity. The same
group published a follow-up study two years later [79]. Along with the healthy controls, eight HD
patients were recruited, 2 premanifest and 6 manifest with early stage disease rating. The subjects were
scanned twice, with a one year difference in between. Loss of radioligand binding in the putamen,
caudate nucleus and globus pallidus was pronounced among the HD patients, 16.6%, 6.9% and 5.8%,
respectively, with only 1% decline for the healthy volunteers.

2.8.3. [11C]IMA-107

Another potential PET tracer for the imaging of HD was developed in collaboration with
Imanova (now Invicro). A series a potent PDE10A inhibitors was proposed and characterised in
pigs, baboons and humans [80]. The ligands all contained a central pyrazolo[1,5-a]pyrimidine unit.
The choice was narrowed down to three tracers after the results of the in vivo evaluation in pigs, where
[11C]IMA-107 displayed specific binding to PDE10A during a blocking study. The highest uptake was
noted in the striatum and kinetics were suitable for PET application. The next step involved testing
the radioligands in baboons, where kinetics were generally much slower than in the porcine brain,
yet [11C]IMA-107 proved to be the most specific tracer in the series. Studies in healthy humans showed
a similar uptake profile, with the highest standardised uptake values (SUVs) for the putamen and
globus pallidus. Reversible kinetics and favourable washout confirmed its potential as a PET tracer for
the imaging of PDE10A alterations.

Radiosynthesis of the tracer, also reported by Plisson et al., proceeded with an estimated RCY
of 30% and the tracer can be produced in clinically useful quantities. [11C]methylation of the amine
moiety with [11C]methyl iodide was achieved in the presence of tetrabutylammonium hydroxide
in DMF at 80 ◦C (Scheme 13). The total synthesis time, from the end of cyclotron bombardment to
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obtain [11C]carbon dioxide, and arriving at the formulated injectable product, was approximately
40 min. RCY was approximately 30% and RCP exceeded 95%. Moderate to good molar activity values
for human studies were obtained, 62–287 GBq/μmol. Radiolabelling with carbon-11 is particularly
beneficial during preclinical development, where a higher throughput can be achieved due to its
short half-life and consequently, the possibility to use automated modules to produce 11C-labelled
radioligands more than once within a day. Despite the presence of a fluorine atom, radiolabelling of
the scaffold with fluorine-18 was not attempted.

Scheme 13. Radiolabelling of [11C]IMA-107, starting from precursor 25 [80].

Niccolini et al. assessed the discriminatory power of this radioligand for the imaging of PDE10A
alterations in 12 early premanifest carriers of the mHTT mutation [81]. Individuals were chosen such
that the symptom onset would not appear earlier than 25 ± 6.9 years with 90% probability. The resulting
PET data were compared to those of the healthy controls. Interestingly, the tracer was able to detect
differences in PDE10A expression years before the appearance of the first clinical symptoms of HD.
Binding was reduced in the striatum and globus pallidus, with the opposite effect in the motor thalamic
nuclei and similar uptake in substantia nigra and ventral striatum. Changes of phosphodiesterase
10A expression affected the dorsolateral striatum primarily, sparing the limbic and cognitive parts.
The authors speculated that the increased [11C]IMA-107 binding in motor thalamic structures may be
a compensatory mechanism, which eventually collapses, ending in symptom manifestation.

2.9. Synaptic Vesicle Protein 2A

Synaptic vesicles play a crucial yet cryptic part of the intricate neurotransmission process.
Synaptic vesicle glycoprotein 2A, or SV2A, is expressed extensively in synaptic vesicles of the central
nervous system [82]. Levetiracetam, also known by its brand name Keppra, is an anti-epileptic drug
which binds to SV2A and impedes the action of voltage-dependent Ca2+ channels, hence reducing
neurotransmission [83]. Defective SV2A expression has been reported in various neuropathologies,
such as Alzheimer’s disease and pertinent to this review, HD. Several research articles highlighted
the potential use of SV2A as a biomarker of synaptopathies with PET [82,84].

2.9.1. [11C]UCB-J

[11C]UCB-J is a more structurally complex derivative of levetiracetam, with a central pyrrolidinone
motif. After a thorough screening, UCB Pharma proposed three potential SV2A tracers, which exhibited
favourable in vitro pharmacokinetics and were predicted to cross the blood-brain barrier [84,85].

[11C]UCB-A (Figure 3, left) evaluation in six epileptic individuals and two healthy controls
revealed slow plasma and brain kinetics, a challenge for kinetic modelling. [18F]UCB-H (Figure 3,
middle) performed better in rats and non-human primates. Further clinical evaluation of [18F]UCB-H
was positive—the tracer accumulated readily in all relevant brain regions. The lack of an accurate
reference region imposed the need for invasive arterial blood sampling in order to allow accurate
quantification, however, an image-derived input function was later proposed by Bahri and co-workers
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as a good estimate of the arterial input function [86]. [11C]UCB-J (Figure 3, right) outperformed
[11C]UCB-A and [18F]UCB-H in non-human primate and rat studies. It exhibited high uptake and very
fast kinetics, allowing convenient scanning, with the short half-life of carbon-11 in mind. Clinically,
the tracer accumulated rapidly in the brain, following the SV2A expression pattern, with washout
starting approximately 20 min post-injection.

Figure 3. Radioligands for SV2A imaging proposed by UCB Pharma [84].

Radiolabelling of [11C]UCB-J proceeds via palladium-mediated coupling of the trifluoroborate
precursor with [11C]methyl iodide, also known as Suzuki-Miyaura coupling (Scheme 14). The precursor
is usually enriched with 2–5% of the boronic acid counterpart in order to ensure efficient radiolabelling,
although the exact need for this is not entirely understood [84,87]. Reaction success is dependent
on the purity of the precursor as well as proper handling of the Pd2(dba)3 catalyst and degassing
the reaction mixture with inert gas prior to use. Nabulsi et al. reported 11 ± 4% RCY and molar
activities reaching over 566.1 GBq/μmol [87]. The scheme is presented below.

Scheme 14. Radiolabelling of [11C]UCB-J, starting from a 95:5 mix of precursors 27 and 28 [84,87].

Recently, DiFilippo and co-workers published an improved protocol for [11C]UCB-J synthesis,
having struggled to reproduce the yields provided by Nabulsi and colleagues [88]. The authors
introduced a hydrolysis step of the precursor prior to 11C-methylation, in order to generate
the corresponding boronic acid, which was then dissolved in DMF and exposed to [11C]methyl
iodide. The authors then followed the protocol of Nabulsi et al., except for the temperature—they
heated the reaction mixture at 135 ◦C for 10 min. [11C]UCB-J was obtained in 56 ± 7% RCY, with RCP
exceeding 99% and a high molar activity of 477.3 ± 133.2 GBq/μmol.

To the best of our knowledge, Bertoglio and co-workers were the first ones to employ [11C]UCB-J
in a study with a HD animal model [89]. The group described kinetic modelling of the radioligand
in 8-month-old Q175DN and wildtype mice. The tracer was synthesised on an automated module
unit (Comecer) using the previously described protocol with a 95:5 mixture of the trifluoroborate
and boronic acid precursors (Scheme 14). No RCYs were reported, but RCP over 99% and moderate
molar activity of 78 ± 23 GBq/μmol were obtained. Along with baseline scans, a blocking study with
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leviteracetam was performed. The authors reported dose-dependent blocking of the radioligand, in
line with SV2A expression. Relatively low non-specific binding was revealed. This work serves
as premise for further evaluation of the tracer in different HD animal models, with the use of
non-invasive quantification based on the one tissue compartment model (1TCM) and an image-derived
input function.

3. Conclusions

Alterations in expressions of adenosine A1 and A2, cannabinoid CB1, dopaminergic D1 and
D2 and glutamatergic mGluR5 receptors, together with activation of microglia, PDE10A and SV2A
protein dysfunction have been considered as promising biomarkers of HD. Advanced PET imaging
using potent and specific radioligands tagged with carbon-11 or fluorine-18 enable visualisation of
biochemical changes and intricate mechanisms related to these targets. As of now, no single PET tracer
binding to mutant huntingtin protein has been reported. None of the molecular targets presented in
this review can act as a stand-alone tool for HD progression monitoring, but the knowledge gathered
since the mapping of the mHTT mutation in 1993, has brought researchers even closer to understanding
the pathology and eventually, finding the highly sought after disease-modifying treatment.
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Abbreviations

The following abbreviations are used in this manuscript:

A1 and A2A Adenosine receptors
AD Alzheimer’s disease
BPND Binding potential
Bq Becquerel
CAG Cytosine-adenine-guanine
CB1 Cannabinoid receptor type 1
CNS Central nervous system
D1, D2 and D3 Dopamine receptors
DMF Dimethyl formamide
DMSO Dimethyl sulfoxide
GABA gamma-Aminobutyric acid
GMP Good manufacturing practice
HD Huntington’s disease
HPLC High performance liquid chromatography
IB Inclusion body
K222 Kryptofix 222
MeCN Acetonitrile
mHTT Mutant huntingtin
MRI Magnetic Resonance Imaging
MSN Medium spiny neuron
OTf Trifluoromethanesulfonate, triflate
PET Positron Emission Tomography
PD Parkinson’s disease
RCP Radiochemical purity; defined as the absence of other radiochemical compounds/species

RCY
Radiochemical yield; defined as the amount of activity in the product expressed as the percentage (%)
of starting activity used in the considered process, all RCYs presented in this review are decay corrected

RT Room temperature
SUV Standardised uptake value
WT Wildtype
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Abstract: There is an unmet need for late-stage 18F-fluorination strategies to label molecules with a
wide range of relevant functionalities to medicinal chemistry, in particular (hetero)arenes, aiming
to obtain unique in vivo information on the pharmacokinetics/pharmacodynamics (PK/PD) using
positron emission tomography (PET). In the last few years, Cu-mediated oxidative radiofluorination
of arylboronic esters/acids arose and has been successful in small molecules containing relatively
simple (hetero)aromatic groups. However, this technique is sparsely used in the radiosynthesis of
clinically significant molecules containing more complex backbones with several aromatic motifs.
In this work, we add a new entry to this very limited database by presenting our recent results on the
18F-fluorination of an arylboronic ester derivative of atorvastatin. The moderate average conversion
of [18F]F− (12%), in line with what has been reported for similarly complex molecules, stressed an
overview through the literature to understand the radiolabeling variables and limitations preventing
consistently higher yields. Nevertheless, the current disparity of procedures reported still hampers a
consensual and conclusive output.

Keywords: fluorine-18; radiochemistry; late-stage radiofluorination; drug development;
copper-catalyzed; boronic pinacol ester

1. Introduction

Being already a clinically established molecular imaging modality, positron emission tomography
(PET) increasingly broadened its application field by also becoming an essential partner of the
pharmaceutical industry [1,2]. Its unique combination of spatial resolution, quantification, and
detection sensitivity provides essential in vivo information at an early stage by directly measuring
tissue uptake concentrations of the radiolabeled molecules of interest. Ideally, the radionuclide should
be added to the desired molecular structure causing as little disturbance as possible, especially in
the vicinity of the active site(s), and at the latest possible stage in the process to avoid radiation loss
and exposure. Historically, radiochemistry found an unparalleled ally in nucleophilic substitution
reactions with [18F]F− [3,4]. However, this became more challenging when the focus fell on the labeling
of (hetero)arenes that are not easily reactive to aromatic nucleophilic substitutions. The ubiquitous role
of heteroaromatic pharmacophores in drug development and medicinal chemistry stressed out the
need for improved radiofluorination techniques to overcome the typically far-from-ideal electrophilic
fluorination with carrier-added [18F]F2. Recently, several methods have been published aiming for
a practical, transversal, and straightforward 18F-fluorination of electron-rich, -poor, and –neutral
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(hetero)arenes [5–15]. One of these strategies, the late-stage copper-mediated oxidative 18F-fluorination
of arylboronic ester and acid derivatives, has received great attention from radiochemistry research
groups but is still not routinely applied in the production of clinical PET radiopharmaceuticals.
Numerous basic-research proposals for improving this Cu-catalyzed reaction have been successfully
reported and conceptualized with simple heteroaromatic groups [15–33], but advanced applications to
more complex molecules with potential clinical value are sparse and generally reveal very fluctuating
18F-fluorination efficiencies [33–38]. Following previous work from our group [39], where we applied
this Cu-mediated strategy to several structurally different drug-like molecules and investigated the
influence of a range of temperature, solvents, catalyst, and precursor amounts, we aimed to go up in
terms of complexity, applicability, and relevance. As a proof-of-concept, we synthesized an arylboronic
ester derivative of atorvastatin (6), the highest-selling drug of all time and one of the most clinically
prescribed. The presence of three phenyl groups and an electron-rich pyrrole core, together with
a flexible hydrophobic side-chain, entails an increasingly challenging 18F-fluorination test to this
Cu-catalyzed strategy when compared to our previous simple drug-like molecules or even to the
majority of the molecules reported in the literature. Thus, to highlight the potentialities and drawbacks
of this radiolabeling strategy, herein we present and discuss one of the most complex labeling precursor
scaffolds that have been submitted to Cu-catalyzed radiofluorination. With this, we add a new and
significant entry to the still very structure-limited database of bioactive molecules that have been
radiolabeled via this strategy. Moreover, the existence of a radiolabeled atorvastatin analog has the
potential to become a widespread research tool to aid in the understanding of the recently reported
pleiotropic and off-target mechanisms of statins [40,41], enabling the study of cellular and subcellular
interactions through high sensitive nuclear analytical and imaging techniques. The findings using
[18F]atorvastatin (8) may then be inferred to the native molecule increasing the knowledge related to
its pharmacokinetics/pharmacodynamics, which represents a practical example of the synergy that can
exist between PET imaging and the pharmaceutical industry. As atorvastatin is a widely characterized
and registered drug, any envisaged clinical assays with this radiotracer are also facilitated by the fact
that its toxicological profile is already well described.

2. Results

The introduction of a labile boronic pinacol ester (Bpin) in the position to be radiofluorinated,
facilitates the intermediate transmetalation with [Cu(OTf)2(py)4] and further coordination to [18F]F-, to
yield, after oxidation and reductive elimination, the desired [18F]fluorobenzene derivative (Scheme 1).
With this procedure, a radioactive analog of the atorvastatin intermediate (7) was synthesized since
the original structure is preserved with the native fluorine being solely substituted by its β+-emitting
radioisotope (conserving physicochemical and biological properties).

Scheme 1. Synthesis route of Bpin precursor (6) and radiolabeling approach used in this work.
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For the 18F-fluorination of the Bpin labeling precursor (6), the aqueous [18F]F− produced in a
biomedical cyclotron was quantitatively trapped (>95%) in an anion-exchange cartridge. The presence
of an excess of basic salts and phase-transfer agents, typically used to efficiently recover the trapped
[18F]F− and enhance its reactivity, are known to be detrimental to the Cu catalyst stability, disturbing
the essential oxidation/reduction cycle for the radiolabeling. Thus, to not significantly affect [18F]F−
elution, a previously optimized [39] balanced compromise was achieved using 3.15 mg of kryptofix
2.2.2 (Krypt-2.2.2), 50 μg of K2CO3, and 0.5 mg of K2C2O4 in 1 mL 80% CH3CN (elution efficiency:
80.3% ± 2.5%, n = 7, when performed dropwise). The recovered [(Krypt-2.2.2)K+][18F]F− solution
was then azeotropically dried at 105 ◦C under gentle magnetic stirring and a light stream of argon
(directly over the solution and not in the solution), without ever letting the mixture to completely
dry. The softness of this drying step seems to be important to minimize the often significant losses
of activity by evaporation and adsorption of the [18F]F− to the borosilicate glass reaction vial walls
(Table S1). After increasing the temperature to 130 ◦C and adding an optimized [39] solution of 60 μmol
of Bpin labeling precursor (6) and 20 μmol of [Cu(OTf)2(py)4] in 0.8 mL dimethylacetamide (DMA), the
reaction mixture was left to react under vigorous stirring for 20 min, as increasing the reaction up to
60 min only improved the final [18F]F− conversion yield by approximately 3%. At the very beginning
and after 10 min of the reaction, the sealed vial was purged with 5 mL of dried atmospheric air (passed
through a P2O5 cartridge) to facilitate the re-oxidation of the copper complex, as the Cu(III) species
seem to be responsible for the nucleophilic aromatic substitution [33,42]. However, this procedure
does not appear to be relevant for the success of the reaction as the absence of it led to identical
radiolabeling results.

Although achievable, the approach used only yielded an inconsistent radiofluorination of the
labeling precursor (12% ± 11% determined by multiplying the radio-TLC conversion of [18F]F− with
radio-HPLC purity, n = 7). The absence of products of degradation and radiochemical impurities
from the chromatographic spectra (Figure S3), associated with the still visible signal of the intact Bpin
labeling precursor (6), suggests that the 18F-fluorination might have been hampered by a reduction
of the Cu catalyst reactivity. It is known from the literature that the atorvastatin side chain [43], the
presence of the two non-functionalized mono-substituted benzene rings and a pyrrole core [44], and
the basic salts in solution [16] can all influence copper oxidation states, which might explain the limited
[18F]F− conversion. Nevertheless, the radiofluorination yields obtained in this work are in line with
what has been reported for complex heteroaromatic molecules, especially if containing several phenyl
groups in its structure [33,35,38], and should still be sufficient to proceed for the development of
[18F]atorvastatin (8) preclinical screening assays after a fast and nearly quantitative deprotection of the
side chain [45] (Figure S4).

3. Discussion

The Cu-mediated oxidative 18F-fluorination strategy improved the radiochemistry field by
supplying a practical solution for the labeling of (hetero)arenes. The proof-of-concept radiofluorination
of arylboronic esters and acid derivatives, without the presence of extensive heteroaromatic functional
groups, has already been proven successful. But the translation to larger scales and more complex
biologically active molecules aimed for PET application/evaluation is generally associated with low
to moderate 18F-fluorination yields and reproducibility. The radiofluorination herein presented with
an arylboronic ester derivative of atorvastatin (6) proved to be in line with these findings and led us
to an overall review through the literature to understand the radiolabeling variables and limitations
preventing consistently higher yields. This late-stage Cu-mediated radiofluorination strategy has
already shown to be very dependent of the type and complexity of the labeling precursor used, and
very sensitive to all the processes associated with the method–from the additives used to enable
[18F]F− elution, passing through the azeotropic drying harshness, the anhydrous environment level,
and reaction solvents used, to the temperature, reagent amounts and Cu catalyst type. The base
and phase transfer catalyst amounts used for the radiolabeling of the atorvastatin intermediate have
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been previously optimized in our latest work [39]. Higher amounts invariably ended up in no
detecTable 18F-fluorination of the Bpin atorvastatin precursor (possibly due to the formation of copper
adducts [22]), and lower amounts resulted in poorer elution efficiencies without improving the final
[18F]F− conversion yield to the radiofluorinated product. The softness of the drying step can also be
essential for the procedure to not fall in one of the drawbacks of this radiolabeling methodology—the
significant reduction of [18F]F− availability for the reaction due to the extensive escape of activity
and adsorption to the borosilicate glass reaction vial walls. In our work, we reached the best results
by preventing the [(Krypt-2.2.2)K+][18F]F− solution from tumultuous boiling and harsh agitation, as
this avoids splashing of the complex to upper regions of the reaction vial that will not be in contact
with the subsequent Bpin labeling precursor/Cu-catalyst solution. Additionally, it is also beneficial to
not let the [(Krypt-2.2.2)K+][18F]F− solution completely evaporate (3 azeotropic drying cycles with
0.5 mL anhydrous acetonitrile, each one starting after the previous volume has almost vanished,
followed by the dilution with 100 μl of anhydrous DMA immediately after the last cycle has nearly
evaporated completely and the further addition of the remaining solvent with the precursor (6) and
[Cu(OTf)2(py)4]). To circumvent the downsides of azeotropic evaporation, especially when automated
where manipulation and close control of the conditions are challenging, a few solid-phase extraction
(SPE) drying procedures have been rising in the literature [21,27,28,30], some even able to avoid the
use of bases [29]. However, being very recent, they still lack a proper multicentre evaluation and
assessment into more than just simple (hetero)arenes, as some authors claim not being able to reproduce
them [38] and when attempted by us for the 18F-fluorination of the arylboronic ester derivative of
atorvastatin (6), invariably led to no detectable [18F]F− conversion (despite shown to be successful
when tested first in some of the same simple aryl boronic acid esters used in our previous work [39]).

Currently, late-stage Cu-mediated 18F-fluorination of precursors containing multi (hetero)arenes
in their structure is still very dependent on a range of variables and on the existing expertise in the
radiochemistry lab performing it. Therefore, a case-by-case optimization still seems to be necessary,
being extremely difficult to reach a standardized procedure for every labeling precursor, which might
explain the reason why the exact same methodology has been very rarely repeated in the literature.
An analysis through the Cu-mediated works published, and hereby referenced [15–39], shows that
[Cu(OTf)2(py)4] is still by far the most common catalyst used (against other options such as Cu(OTf)2,
Cu(OTf)2(associated with diverse pyridine derivatives), or Cu(CF3SO3)2), and the typical amounts
for all of them are between 5 to 30 μmol while the Bpin labeling precursor may vary from 4 to
60 μmol. The reaction temperatures are usually kept around 120 ◦C ± 10 ◦C while anhydrous DMA
and dimethylformamide (DMF) are the solvents almost exclusively reported, with the first one having
the propensity for better conversion efficacies [39] which can arguably be due to its higher boiling point
and resistance to bases. Numerous base additives (e.g., potassium oxalate/trifluoromethanesulfonate,
dimethylaminopyridine, tetraethylammonium bicarbonate/bromide, tetrabutylammonium fluoride,
and trichlorophenylethenesulfonate) have been used for [18F]F− elution, with potassium carbonate
being preferentially chosen. Carrier-added ([19F]KF) radiolabeling reactions to simulate conventional
fluorinations showed no improvement in the conversion yields [24]. The reaction times reported are
typically between 20 to 30 min, and an experiment prolonging the reaction with the arylboronic ester
derivative of atorvastatin (6) until 60 min did not result in a significant increase in [18F]F− conversion.

In summary, from the analysis of the literature, a general association can be established between
a higher concentration of reactants (and typically a 5 to 12 eq. excess of simple arylBpin precursor
over [Cu(OTf)2(py)4]), and minimizing the reaction volume and the molar ratio of the added base,
with 18F-fluorination efficiency. Nevertheless, the direct conversion of these conditions is not always
practically (and economically) achievable for complex and clinically relevant (hetero)arene precursors,
since this may result in the use of several dozens of mg of valuable precursor (as it happens with
the current arylboronic ester derivative of atorvastatin (6)) instead of just a few mg of the simple
arenes. This is also expected to have a negative impact on the final molar activity (GBq.mmol−1) of the
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radiotracer. Furthermore, the extensive use of a Cu-catalyst might bring additional issues, in terms of
by-product formation and the need for further refined purification techniques.

4. Materials and Methods

4.1. General Procedure for the Synthesis of the Arylboronic Pinacol Ester (Bpin) Labeling Precursor (6)

Solvents and reagents, including the atorvastatin intermediate standard and atorvastatin reference
(CAS 125971 95-1 and CAS 344423-98-9 from TCI Chemicals, Zwijndrecht, Belgium), were available
from commercial suppliers and used without any further purification.

A mixture of 2-benzylidene-4-methyl-3-oxo-N-phenylpentanamide (1, 5 g, 17 mmol, 1.00
equiv.), 3-ethyl-5-(2-hydroxyethyl)-4-methyl-3-thiazolium bromide (3, 1.7 g, 6.8 mmol, 0.40 equiv.),
triethylamine (5 mL, 36 mmol, 2.12 equiv.), and 4-formylphenylboronic acid pinacol ester (2, 4.9 g,
21 mmol, 1.20 equiv.) was heated at 75 ◦C under argon atmosphere with vigorous stirring for
16 h. The reaction was monitored by thin-layer chromatography (TLC) until the consumption of
the N-phenylpentanamide (1). Isopropyl alcohol (25 mL) was added, and the reaction mixture
was maintained at 25 ◦C for 4 h under stirring. The remaining solid was vacuum filtered and
washed with 25 mL of water followed by 20 mL of isopropyl alcohol. The product was dried
under high vacuum for 4 h, affording 4-methyl-3-oxo-2-(2-oxo-1-phenyl-2-(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)ethyl)-N-phenylpentanamide (4) as a yellowish crystalline solid in
approximately 14% yield (1.8 g, 2.4 mmol).

Pivalic acid (0.5 g, 4.9 mmol, 3.77 equiv.) was added, under nitrogen atmosphere, to a solution of
the previously synthesized phenylpentanamide derivative (4, 1 g, 1.3 mmol, 1.00 equiv.) and tert-butyl
2-((4R,6R)-6-(2-aminoethyl)-2,2-dimethyl-1,3-dioxan-4-yl)acetate (5, 1 g, 3.7 mmol, 2.85 equiv.) in
toluene:heptane:tetrahydrofuran (1:4:1 v/v) (20 mL). The reaction mixture was refluxed for 24 h with
azeotropic removal of water, monitored by TLC, cooled to room temperature, and extracted with
ethyl acetate (3 × 50 mL). The organic phase was washed with saturated aqueous sodium chloride
solution (50 mL). The solvent was removed under vacuum, the desired Bpin labeling precursor (6)
was obtained as a pale yellow solid in approximately 60% yield (0.6 g, 0.8 mmol) after purification by
column chromatography (petroleum ether:ethyl acetate).

4.2. Characterization Data

tert-butyl 2-((4R,6R)-6-(2-(2-isopropyl-4-phenyl-3-(phenylcarbamoyl)-5-(4-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)phenyl)-1H-pyrrol-1-yl)ethyl)-2,2-dimethyl-1,3-dioxan-4-yl)acetate (Bpin labeling precursor 6):

1H NMR (500 MHz, CDCl3) δ 7.72 (d, J = 7.9 Hz, 2 H), 7.20–7.15 (m, 9 H), 7.06 (d, J = 7.9 Hz, 2 H), 6.97
(t, J = 7.4 Hz, 1 H), 6.88 (s, 1 H), 4.17–4.07 (m, 2 H), 3.91–3.82 (m, 1 H), 3.67–3.57 (m, 2 H), 2.35 (dd,
J = 15.2, 7.3 Hz, 1 H), 2.22 (dd, J = 15.2, 5.8 Hz, 1 H), 1.72–1.58 (m, 2 H), 1.53 (dd, J = 7.1, 3.9 Hz, 6 H),
1.43 (s, 9 H), 1.34 (d, J = 2.6 Hz, 9 H), and 1.23 (s, 9 H).

13C NMR (126 MHz, CDCl3) δ 184.5, 170.3, 164.9, 141.8, 138.4, 135.1, 134.7, 134.6, 130.6, 130.6, 129.9,
128.6, 128.3, 126.5, 123.5, 121.7, 119.6, 115.4, 98.7, 83.9, 80.7, 66.4, 65.9, 42.5, 40.9, 38.5, 38.0, 35.9, 29.9,
28.1, 27.0, 26.0, 24.9, 24.5, 21.7, 21.6, and 19.7.

HRMS-ESI: m/z calcd. for C46H60BN2O7 [M + H]+ 763.452, found 763.379.

4.3. General Procedure for the Cu-mediated Radiosynthesis

All procedures involving the handling of radioactive substances were carried out in a
radiochemistry laboratory with the required conditions of radiological protection and safety.

The Cu-mediated radiolabeling procedure followed our previously optimized method using
several structurally different drug-like molecules functionalized with a Bpin leaving group [39].
The aqueous [18F]F− used in this work was produced by the 18O(p,n)18F nuclear reaction in an IBA
(Ottignies-Louvain-la-Neuve, Belgium) Cyclone 18/9 cyclotron and then loaded (approx. 1.5 GBq)
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into a polystyrene-divinylbenzene in a HCO3
− anion exchange cartridge (Chromafix 45-PS-HCO3

−)
without the need of any preconditioning. The cartridge was then washed out to a 5 mL borosilicate
glass Wheaton reaction V-vial (containing a stirring bar) with 1 mL of an 80% acetonitrile solution of
3.15 mg Krypt-2.2.2, 0.05 mg K2CO3, and 0.5 mg K2C2O4. This solution was submitted to azeotropic
drying with subsequent additions of anhydrous acetonitrile at 105 ◦C to originate moistureless
[(Krypt-2.2.2)K+][18F]F−. Then, 0.8 mL of DMA with the boronic pinacol ester derivative labeling
precursor (6, 60 μmol) was added to this same vial with the previously dissolved [Cu(OTf)2(py)4]
catalyst (20μmol, 0.33 equiv.). This reaction mixture was left under vigorous stirring at 130 ◦C for 20 min
to afford 7 after a total synthesis time of under 60 min (Figure S3). The conversion to the 18F-product
was assessed by radio-TLC (TLC-SG developed in hexane:ethyl acetate (1:1 v/v), Rf([18F]F−) = 0.0–0.2
and Rf(7) = 0.8–1.0) and radio—High performance liquid chromatography (HPLC) (SymmetryPrepTM

C18 7 μm 7.8 × 300 mm; A: sodium acetate 0.05 M pH 4.7, B: acetonitrile; 0–4 min.: 90% A, 4–15 min.:
90% A to 20% A, 15–25 min.: 20% A to 5% A, 25–33 min.: 5% A 33–34 min.: 5% A to 90% A, 34–35 min.:
90% A; flow: 6 mL.min−1.; Rf(8) ≈ 16 min Rf(7) ≈ 23 min). As a proof-of-concept, 7 was converted to
[18F]atorvastatin (8) by a fast (extra 10 min of synthesis time) and nearly quantitative deprotection
of the side chain [45] with HCl followed by NaOH. The final product (8) was then isolated (approx.
25 MBq) by HPLC (Figure S4).

5. Conclusions

Despite being potentially attainable with the Cu-mediated 18F-fluorination strategy, our goal for
an enhanced automatable approach to achieve [18F]atorvastatin (8) in a larger production scale with
practical and sufficient yields will continue, as the ultimate purpose is to proceed for the development
of preclinical screening assays and further clinical evaluation in humans. A deeper understanding
of the crucial conditions to optimize the yields obtained with the Cu-catalysed radiofluorination
was attempted but due to the disparity of data, procedures, and labeling precursors reported in the
literature, it is hardly possible to reach to a consensual and accurate conclusion. From a review of the
literature, it seems undeniable that the nature of the (hetero)arene labeling precursor plays a major role
in the efficiency of 18F-fluorination. The wise approach still seems to be to perform an individual “one
variable at a time” optimization for each scaffold to be radiolabeled, despite the fact that this might
ignore the influence of multifactorial interactions [46]. Thus, the search for more robust late-stage
radiofluorination procedures compatible with suitable heteroaromatic pharmacophores remains a very
stimulating topic that, ultimately, can lead not only to refined radiopharmaceutical drug discovery but
also to aid the pharmaceutical industry to evaluate pharmacokinetics/dynamics and better understand
certain mechanisms of action.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/23/4210/s1,
Figure S1: 1H NMR characterization of the Bpin labeling precursor, Figure S2: 13C NMR characterization of the
Bpin labeling precursor, Figure S3: Chromatographic profile of the compounds used and synthesized, Figure S4:
Chromatographic profile of [18F]atorvastatin (8), Table S1: Influence of azeotropic drying procedure in [18F]F−
availability to the radiolabeling reaction.
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Abstract: In recent years, several catalyst-free site-specific reactions have been investigated for the
efficient conjugation of biomolecules, nanomaterials, and living cells. Representative functional
group pairs for these reactions include the following: (1) azide and cyclooctyne for strain-promoted
cycloaddition reaction, (2) tetrazine and trans-alkene for inverse-electron-demand-Diels–Alder
reaction, and (3) electrophilic heterocycles and cysteine for rapid condensation/addition reaction.
Due to their excellent specificities and high reaction rates, these conjugation methods have been
utilized for the labeling of radioisotopes (e.g., radiohalogens, radiometals) to various target molecules.
The radiolabeled products prepared by these methods have been applied to preclinical research,
such as in vivo molecular imaging, pharmacokinetic studies, and radiation therapy of cancer cells.
In this review, we explain the basics of these chemical reactions and introduce their recent applications
in the field of radiopharmacy and chemical biology. In addition, we discuss the significance, current
challenges, and prospects of using bioorthogonal conjugation reactions.

Keywords: radiolabeling; bioorthogonal reaction; click chemistry; site-specific reaction; radiopharmaceuticals;
radioisotopes; molecular imaging

1. Introduction

The term ‘click chemistry’ has been introduced to describe specific chemical reactions, which are
fast, reliable and can be selectively applied to the synthesis of functional materials and biomolecule
conjugates [1–6]. Click chemistry can be broadly defined as a ligation reaction in which two reactants
are joined under ambient conditions to provide the desired product in high chemical yield and short
time [7–10]. Over the last two decades, tremendous development and progress has been achieved in
these conjugation reactions to encompass wide substrate scopes in the click reaction. Additionally,
in several cases, these ligations proceed in aqueous media without significant decrease of the selectivity
and reaction rate. Furthermore, click chemistries enable the facile isolation of the desired products
from the reaction mixtures and facilitate the removal of the non-reacted substrates and byproducts,
without the need for sophisticated separation methods [11–16]. Therefore, click chemistry-based
conjugation methods have been applied to several avenues of research, including biochemical sciences,
material sciences [17–24], drug discovery [25–28], pharmaceutical sciences [29–34], and synthesis of
radiolabeled products [35–41]. Several typically used ligation reactions which are closely related to
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click chemistry include the thiol-Michael addition reaction [42], ring-opening reactions of aziridinium
ions and epoxides [43], hydrazone and oxime formation from an aldehyde group [44] and so on.
However, these reactions showed certain disadvantages such as poor specificity and stability under
aqueous conditions, because of the reactivity of these functional groups with biomolecule residues and
water. In 2003, K. B. Sharpless and M. G. Finn et al. reported that copper(I)-catalyzed azide-alkyne
[3+2] cycloaddition reaction (CuAAC) can be employed as a new class of click reactions for rapid and
reliable bioconjugation [45]. As both azide and alkyne groups are unreactive toward protein residues
or other biomolecules, this ligation brought about a great impact and has been utilized as an efficient
site-specific ligation methodology. Later, some researchers reported that the exogenous metals used to
catalyze the click reaction (e.g., copper) could cause mild to severe cytotoxic effects and thus the use of
metal catalyst-free chemical reaction has been recommended for several applications [46]. Therefore,
catalyst-free, rapid, biocompatible, and bioorthogonal reactions such as strain-promoted azide-alkyne
cycloaddition reaction (SPAAC) [47] and inverse-electron-demand Diels–Alder reaction (IEDDA) [48]
have been developed as useful alternatives, and have been extensively used in various research fields
(Figure 1).

Figure 1. Selected bioorthogonal conjugation reactions. (1) Copper-catalyzed azide-alkyne cycloaddition
reaction (CuAAC); (2) strain-promoted azide-alkyne cycloaddition reaction (SPAAC); (3) tetrazine and
trans-alkene substrates for inverse electron-demand-Diels–Alder reaction (IEDDA); (4) condensation
reaction between 2-cyanobenzothiazole (CBT) and 1,2-aminothiol (N-terminal cysteine).

In recent years, these conjugation reactions have also been applied to the synthesis of
radioisotope-labeled molecules, which have been used for nuclear imaging using positron emission
tomography (PET) and single-photon emission computed tomography (SPECT) as well as for therapeutic
applications. Particularly, several important diagnostic radioisotopes including 11C (t1/2 = 20 min),
18F (t1/2 = 110 min), 99mTc (t1/2 = 360 min), and 68Ga (t1/2 = 68 min) have short half-lives, and thus their
radiolabeling procedures require rapid and efficient reactions which can provide reliable radiochemical
results, such as high radiochemical yield (RCY) and purity, and minimal undesired by-product
formation [49]. In this regard, the catalyst-free click reactions can be highly useful tools for radiolabeling
complex small molecules and biomacromolecules, which are sensitive to harsh reaction conditions such as
elevated temperatures, extreme pH, and the presence of metal catalysts [50]. In addition to in vitro
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radiolabeling applications, these ligation methods have also been investigated for in vivo pre-targeted
strategies for specific imaging and cancer therapy in animal xenograft models [51].

This review aims to highlight the recent and noteworthy results for the synthesis of radiolabeled molecules
using site-specific click reactions. In detail, this review will mainly focus on the following bioconjugation
reactions: (1) strain-promoted azide-alkyne cycloaddition (SPAAC); (2) inverse-electron-demand Diels–Alder
cycloaddition reaction (IEDDA); (3) rapid condensation/cycloaddition reactions based on electrophilic
heterocycles. The review will also showcase the advantages of these reactions, which have empowered
radiochemists in the production of radiolabeled products and radiopharmaceuticals for imaging and
therapeutic purposes. Finally, future directions and emerging trends of these ligation methods will
be discussed.

2. Strained Promoted Copper-Free Click Reaction for Synthesis of Radiolabeled Molecules

In Vitro Radiolabeling of Biomolecules

In SPAAC, the ring strain of cyclic alkynes such as dibenzocyclooctyne (DBCO) is used to drive the
reaction with azide groups in the absence of copper(I) catalysis [52,53]. Generally, two strategies have
been employed for SPAAC-based radiolabeling. The first is the synthesis of radiolabeled cyclooctyne
precursors, which can be used for the labeling of azide containing biomolecules, and the other is
the preparation of radioisotope-tagged azide tracers which are reacted with cyclooctyne modified
biomolecules. In 2011, Feringa group investigated SPAAC reaction for the efficient 18F-labeling of
biomolecules [54]. In this study, three 18F-labeled azides were synthesized, and the prepared tracers
were conjugated with DBCO modified bombesin peptide derivatives. Notably, the reaction proceeded
with high efficiency to provide 18F-labeled cancer-targeting peptides in 15 min with good radiochemical
yields (RCYs) (Figure 2). Particularly, radiolabeling studies using these reactions were also explored in
human plasma to determine their reactivity and specificity in biological media.

Figure 2. 18F-radiolabeling of bombesin derivative using SPAAC: a) human plasma or dimethyl
sulfoxide (DMSO), room temperature, 15 min. R = Pyr-Gln, Pyr = pyroglutamic acid, R1 =

Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2, RCY = radiochemical yield.
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Wuest et al. reported the synthesis of an 18F-labeled DBCO analog for efficient preparation
of a diagnostic probe. (Table 1, entry 1) This tracer was reacted with several azide group-bearing
geldanamycine moieties and carbohydrates to furnish the corresponding 18F-labeled products.
Importantly, these radiolabeling reactions were performed in various media, including in methanol,
DMSO/water (1:1), and bovine serum albumin, wherein the observed RCYs did not decrease
significantly [55]. Along similar lines, Carpenter et al. used a modified 18F-labeled DBCO analog
for the radiolabeling of azide conjugated substrates (Table 1, entry 2). The radiolabeling was performed
at room temperature in N,N-dimethylformamide (DMF) to afford the desired radiolabeled products [56].
The peptide A20FMDV2 (Table 1, entry 3), which has a strong binding affinity with integrinαvβ6-receptor,
was successfully labeled with 18F, using a SPAAC-based ligation. The radiolabeling of the azide group
bearing A20FMDV2 was performed at ambient temperature to give the product in 11% of isolated
RCY. The radiolabeled peptide was highly stable in rat serum, and its binding affinity towards the
target receptor was not affected. However, in vivo studies revealed its decreased targeting ability
due to the structural differences and increased lipophilicity compared to the parent structure [57].
Several other 18F-DBCO analogs have shown good RCY for the preparation of radiolabeled peptides
for targeting cancer [58,59]. To improve the efficiency of 18F radiolabeling, Roche et al. explored a new
18F-labeled azide prosthetic group, 18F-FPyZIDE (Table 1, entry 6). In their study, the radiolabeled
tracers were evaluated in both CuAAC- and SPAAC-based ligations and the labeling results showed that
both radiolabeling methods provided high RCYs under mild reaction conditions (room temperature or
40 ◦C) [60]. Evans et al. investigated the radiosynthesis of 68Ga-labeled peptide using azide group-bearing
1,4,7,10-tetraazacyclododecane-tetraacetic acid (DOTA) chelator and DBCO group conjugated cRGD
peptide (Table 1, entry 7) [61]. The developed novel bioorthogonal click reaction has been used in the
design and preparation of multimodal imaging tracers. Ghosh et al. studied a dual-modal scaffold
in which the precursor was first labeled with 68Ga using a DOTA chelator, and then, a near-infrared
(NIR)-absorbing fluorescent dye, IR Dye 800CW, was incorporated into the tracer using SPAAC ligation.
The dual-labeled tracer was then applied to the targeted imaging of a somatostatin receptor and the
quantification of its biological uptake in vivo (Table 1, entry 8) [62].

Table 1. Examples of SPAAC in labeling reactions using short half-life radioisotopes.

Entry DBCO Precursor Azide Precursor Product a RCY(%) Ref

1

R = 4-azidoaniline,
11-azido-3,6,9-trioxaundane-

1-amine,
6-azido-6-deoxyglucose,
2-azido-deoxyglucose,
azido-geldanamycin

69–98 [55]

2
R = Ph, PEGylated acid

64–75 [56]

3

R = A20FMDV2 peptide

12 [57]
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Table 1. Cont.

Entry DBCO Precursor Azide Precursor Product a RCY(%) Ref

4
R = Tyr3-octreotate peptide

95 [58]

5

R = cRGD peptide

93 [59]

6 >95 [60]

7

R = (PEG)3-DOTA-68Ga

94–100 [61]

8

R = Tyr3-octreotate peptide

80 [62]

a Products were obtained as isomeric mixtures.

Generally, most SPAAC ligations based on DBCO derivatives display second-order rate
constants in the 1–2 M−1 s−1 range with azide groups [63] due to which, the observed RCY is
not satisfactory when using low substrate concentrations. To improve reaction kinetics, 18F-labeled
oxa-dibenzocyclooctyne (ODIBO), which has a k2 value of 45 M−1 s−1, was synthesized to label azide
containing biomolecules with high efficiency (Figure 3) [64,65]. This new prosthetic group enabled
site-specific radiolabeling using much smaller amounts (about one-tenth) of azide bearing molecules
than those of DBCO-based reactions.

Figure 3. Radiolabeling of peptides or proteins using 18F-labeled ODIBO.

The study reported by Kim et al. used SPAAC ligation in both radiolabeling reaction and
purification steps [66]. For this application, 18F-labeled azide tracer was first reacted with DBCO-
modified cancer-targeting peptide (cRGD) and then the desired product was separated from unreacted
peptide substrates using an azide modified resin as a scavenger for the DBCO group. The remarkable
two-steps process provided the radiolabeled peptide in high decay-corrected RCY (92%) and
radiochemical purity (98%) (Figure 4). Notably, PET imaging and biodistribution data confirmed
the high tumor uptake value of the 18F-labeled peptides in U87MG xenograft along with significant
enhancement of the tumor to background ratio [67].

134



Molecules 2019, 24, 3567

Figure 4. 18F-radiolabeling of DBCO-modified cRGD dimer using 18F-labeled azide precursor and
polystyrene-supported azide-modified resin for purification of unreacted substrate.

SPAAC reaction has also been applied to the labeling of radioisotopes with longer half-lives,
such as radioactive metals and radioactive iodine. We reported the use of 125I-labeled azide prosthetic
groups for synthesizing radiolabeled biomolecules and nanomaterials. In this process, DBCO group
modified cRGD peptides were efficiently conjugated with 125I-labeled azides in high RCY and
radiochemical purity after HPLC purification (Figure 5) [68,69]. It was reported that 64Cu could
be labeled with cross-bridged cyclam chelator CB-TE1K1P under mild conditions. To employ this
chelator for radiolabeling biomolecules, Anderson et al. synthesized a DBCO modified chelator
(DBCO-PEG4-CB-TE1K1P) and reacted it with an azide-bearing Cetuximab by SPAAC ligation
(Figure 6). The 64Cu labeling proceeded in high RCY (>95%) at 37 ◦C, and the radiolabeled antibody
showed enhanced serum stability when compared with those of previously reported 64Cu chelators [70].

Figure 5. Radiolabeling of DBCO-conjugated cRGD peptide using 125I-labeled azide tracers.
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Figure 6. Reaction of azide-conjugated Cetuximab antibody with DBCO-conjugated crossed bridged
macrocyclic CB-TE1K1P chelator for 64Cu radiolabeling.

Yuan et al. explored the synthesis of 89Zr-labeled PET imaging agents using SPAAC ligation on the
surface of the superparamagnetic feraheme (FH). For this study, azide-functionalized FH nanoparticles
were prepared and were mixed with 89Zr under elevated temperature to deliver the 89Zr-labeled
azide-FH. In the next step, DBCO-conjugated RGD peptide, or Cy5.5 tagged protamine was reacted
with 89Zr-azide-FH to give the desired radiolabeled products with good radiochemical results and
specific radioactivity (Figure 7) [71]. This strategy provided an efficient approach for the preparation
of multimodal/multifunctional nanoprobes, which are suitable for a wide range of diagnostic and
therapeutic applications.

Figure 7. Preparation of 89Zr-labeled multifunctional nanoprobes using SPAAC ligation.

Several kinds of liposomes are known to be useful vehicles for targeted delivery in biomedical
research as well as clinically approved platforms [72]. Hood and co-workers used SPAAC ligation for
efficient conjugation between 111In-labeled liposomes and single-chain variable fragments (scFv) or
monoclonal antibodies. The radiolabeled tracer, 111In-liposomes-mAb/scFv, was used in the targeted
imaging of the platelet-endothelial cell adhesion molecule (PECAM-1) and intracellular adhesion
molecule (ICAM-1). The uptake value of 111In-liposomes/scFv into the target cells was much higher than
that of 111In-liposomes/mAb [73]. Recently, thermosensitive hydrogels comprising polyisocyanopeptide
(PIC) were labeled with 111In via a SPAAC method. In this research, azide-modified PIC hydrogel was
first conjugated with DBCO-modified diethylenetriaminepentaacetic acid (DTPA) chelator to afford the
PIC-DTPA conjugate. Next, PIC-DTPA was reacted with 111InCl3 to give the 111In-labeled PIC in high
RCY. The radiolabeled PIC was applied in a SPECT imaging study for evaluating the efficacy of PIC
gels in wound mouse models [74]. Figure 8 shows the 99mTc labeling of human serum albumin (HSA)
via a SPAAC reaction. After labeling 99mTc(CO)3 with an azide group-modified dipyridine chelator,
it was then reacted with ADIBO bearing HSA under mild condition to give the radiolabeled protein in
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high RCY (76–99%). The 99mTc-labeled HSA prepared by this procedure showed better stability in vivo,
as compared with those previously reported 99mTc-labeled HSA, which were obtained by direct 99mTc
labeling [75]. The radiolabeled HSA thus prepared, was used in blood pool imaging using SPECT.

Figure 8. SPAAC for 99mTc-based radiolabeling of human serum protein.

3. Inverse-Electron-Demand Diels–Alder Reaction for Synthesis of Radiolabeled Molecules

3.1. In Vitro Radiolabeling of Biomolecules

The inverse electron demand Diels–Alder (IEDDA) between 1,2,4,5-tetrazine and strained alkene
(such as trans-cyclooctene, TCO) is a well-established bioorthogonal reaction, which is typically
regarded as the fastest click reaction with first-order rate constants ranging up to 105 M−1 S−1 [76–79]
Since the first report on IEDDA reaction, several kinds of strained alkenes/alkynes and tetrazine analogs
have been synthesized, and these functional group pairs have been applied to the radiolabeling of
various small molecules, biomolecules, and nanomaterials [80,81]. Due to the extremely rapid reaction
rate of IEDDA under mild conditions such as room temperature, neutral pH, and in aqueous media,
this reaction has been a highly useful ligation approach for labeling radioisotopes with short half-lives.
In 2010, Fox et al. reported the IEDDA-mediated 18F-labeling of small molecules. The radiolabeled
TCO (Table 2, entry 1) could be synthesized by a nucleophilic substitution reaction of the tosylated
precursor in 71% RCY. Remarkably, the IEDDA reaction between a model tetrazine substrate and
18F-labeled TCO provided the desired product in more than 98% RCY in 10 seconds [82]. Conti et al.
applied IEEDA to the synthesis of an 18F-labeled cancer-targeting peptide [83]. The labeling reaction of
a tetrazine conjugated cRGD peptide was carried out using an 18F-labeled TCO analog, which was
prepared using a similar protocol, and delivered the radiolabeled peptide in excellent RCY (Figure 9).
The 18F-labeled cRGD thus prepared, was evaluated in the U87MG xenograft model and exhibited
clear visualization of tumor cells by PET imaging.

Table 2. IEDDA-mediated in vitro radiolabeling.

Entry Tetrazine Dienophile Product a RCY (%) Ref

1 >98 [82]

2

R = c(RGDyC) or VEGF
protein

95 c(RGDyC),
75 (VEGF) [84]

137



Molecules 2019, 24, 3567

Table 2. Cont.

Entry Tetrazine Dienophile Product a RCY (%) Ref

3

R= AZD2281

92 [85]

4

R= Cys40-exendin-4

>80 [86]

5 >99 [87]

6

R = Bombesin

46 [88]

7 >98 [89]

8

Tz-polymer anti-A33 antibody

- [90]

9

anti-VEGFR2 antibody

69 [91]

10

R = cRGD peptide, HSA
protein

>99 (cRGD), 93
(HSA) [92]

a Products were obtained as isomeric mixtures.
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Figure 9. Radiolabeling of tetrazine conjugated cRGD peptide using 18F-labeled TCO; a) DMSO, 10 s,
room temperature.

Later, the same group reported a maleimide-conjugated tetrazine analog, which was used to
incorporate the tetrazine group onto biomolecules comprising free cysteine moieties. The tetrazine
bearing biomolecules (cRGD peptide and VEGF protein) prepared by the above method was then
reacted with 18F-labeled TCO to give PET-imaging tracers for diagnosis of cancer cells in vivo (Table 2,
entry 2) [84]. Weissleder and coworkers synthesized 18F-AZD2281, a poly-ADP-ribose-polymerase 1,
as a PET imaging tracer (Table 2, entry 3). In this report, 18F-labeled TCO and a tetrazine group-bearing
AZD2281 were incubated for 3 minutes, and the crude product was purified using a magnetic
TCO-scavenger resin for removing the unreacted substrate, without the need for carrying out the
traditional HPLC purification. The process delivered the 18F-labeled AZD2281 in 92% RCY using the
scavenger-assisted method [85]. The prepared radiolabeled tracer was then evaluated in xenograft
models to visualize MDA-MB-436 tumors. Wu and coworkers extended the application of IEDDA
ligation to the radiolabeling of the exendin-4 peptide and applied the 18F-labeled exendin-4 to the
targeted imaging of GLP-1R receptor in an animal model [86]. In 2015, the Schirrmacher group reported
the novel silicon-fluoride acceptor (SiFA) labeling method, which is based on an isotopic exchange
reaction (Table 2, entry 5). This simple labeling step (19F→18F), which is based on a silicon-fluorine
scaffold, provided the 18F-labeled tetrazine in much higher RCY (78%) than those realized with other
18F chemistries [87].

Norbornene analogs are known to be reactive toward tetrazines. Although the reaction rate was
much slower than those of TCO analogs, the preparation of a norbornene substrate is straightforward.
Importantly, norbornene analogs are known to be more stable than TCO analogs, which are prone to
isomerization to their cis-isomers under physiological conditions. Knight and coworkers reported the
reaction of the tetrazine group-conjugated bombesin peptide with an 18F-labeled norbornene prosthetic
group, to provide the radiolabeled product with high efficiency and radiochemical purity (Table 2,
entry 6) [88]. In addition to the radioactive fluoride, 11C is another important cyclotron-produced
radioisotope for preclinical and clinical PET imaging. Particularly, the 11C-labeled methyl triflate and
methyl iodide are the most prominent synthons for nucleophilic methylation of alcohols, amines, and
thiols, which are commonly used for the production of various radiotracers and radiopharmaceuticals.
Herth and coworkers reported the first synthesis of an 11C-labeled tetrazine and its reaction with
a strained cyclooctene (Table 2, entry 7) [89]. The radioactive precursor [11C]CH3I was reacted with
a tetrazine-conjugated phenol group to give the desired radiolabeled tetrazine in 33% RCY, which
underwent a click reaction with a trans-cyclooctenol in 20 seconds, suggesting the suitability of this
conjugation method for preparation of radiolabeled molecules with short-lived isotopes such as 11C.
Devaraj et al. reported the development of a 68Ga-labeled tetrazine modified dextran polymer for
increasing the half-life and in vivo stability of the tracer in blood (Table 2, entry 8), and evaluated its
use in human colon cancer cells (LS174T) and xenograft models [90].

Radioactive iodines have been used for the preparation of various radiotracers for in vivo imaging
and biodistribution studies. The traditional radioiodination method via an electrophilic substitution
reaction typically provides high RCY in a short time. However, the radiolabeled tracer synthesized
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using the above reaction generally exhibited considerable deiodination in the living subjects, and the
liberated radioactive iodines rapidly accumulated in the thyroid and stomach which and resulted in high
background signals in the images. Moreover, the use of a strong oxidant that requires radioiodination
often resulted in decreased biological activity of the molecules. To address these problems, the radioactive
iodine-labeled tetrazine can be used as an alternative method for the efficient radiolabeling of biomolecules.
Valliant et al. reported the rapid radiolabeling of antibody based on IEDDA. In this study, the 125I-labeled
tetrazine analog was incubated with the TCO-modified anti-VEGFR2 for 5 minutes to afford the desired
product in 69% RCY. Interestingly, the radiolabeled antibody, which was prepared using this procedure,
displayed a 10-fold increase in stability to in vivo deiodination, then the same antibody prepared by direct
radioiodination using iodogen (Table 2, entry 9) [91]. Along similar lines, we investigated a modified
125I-labeled tetrazine tracer via oxidative halo-destannylation of the corresponding precursor (Table 2,
entry 10) [92]. The prepared radiolabeled tetrazine was then applied to the labeling of TCO derived cRGD
peptide and human serum albumin (HSA) and delivered excellent RCYs (>99%). The biodistribution
study of the 125I-labeled HSA in normal ICR mice demonstrated enhanced in vivo stability toward
deiodination than the radiolabeled HSA obtained using the conventional iodination method. Valliant
group also synthesized 123/125I-labeled carborane-tetrazine and employed it for the radiolabeling of
TCO-bound H520 cells [93].

Several radioactive metal-labeled tracers have also been prepared by IEDDA ligation for diagnostic
purposes. Lewis et al. reported tetrazine conjugated metal-chelating agents such as DOTA and
deferoxamine (DFO) for the radiolabeling of norbornene bearing trastuzumab using 64Cu or 89Zr
(Figure 10) [94]. By using this procedure, radiolabeled trastuzumab was obtained in high RCY (>80%)
and high specific radioactivity (>2.9 mCi/mg). Furthermore, PET imaging studies demonstrated
that radiolabeled antibodies were quite stable in vivo conditions and showed specific uptake in
HER2-positive BT-474 tumor cells. In 2018, IEDDA ligation was employed for the preparation of
therapeutic radioisotope-labeled human antibodies 5B1 and huA33 (Figure 11) [95]. In this study,
a tetrazine conjugated DOTA chelator was synthesized, and labeled with 225Ac, a useful therapeutic
radioisotope. The radiolabeled tetrazine tracer was then reacted with TCO-modified antibodies to
give the desired products within 5 min. This two-step method provided superior RCYs compared
to the conventional approaches used in clinical applications. In addition, the biodistribution results
demonstrated that the 225Ac-labeled antibody showed high tumor uptake values and relatively low
non-specific accumulation in normal organs.

Figure 10. IEDDA-mediated radiolabeling of trastuzumab.
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Figure 11. IEDDA-mediated synthesis of 225Ac-labeled monoclonal antibody.

Recently, Long et al. reported the radiolabeling process for microbubble, which is a contrast agent
used in ultrasound imaging and relies on an IEDDA reaction for its operation. First, a tetrazine-bearing
metal chelator (HBED-CC) was labeled with 68Ga. The TCO-modified phospholipids were then
treated with 68Ga-HBED-CC-tetrazine under mild conditions to give the 68Ga-labeled lipid molecule
(68Ga-PE). Next, the prepared 68Ga-PE was combined with other types of lipids, and the resulting
formulation was activated to form gas-filled microbubbles (Figure 12). This strategy enabled the
PET-based real-time monitoring and pharmacokinetic study of newly developed contrast agents for
ultrasound analysis [96].

Figure 12. Synthesis of 68Ga-labeled microbubble using IEDDA.
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3.2. In Vivo Pre-Targeted Imaging and Therapy

The tetrazine and TCO groups are not reactive towards amine or thiol nucleophiles and show
high reaction specificity in biological media. In addition, IEDDA can proceed with fast kinetics even at
very low reactant concentrations. Due to these reasons, IEDDA-based ligation is one of the most potent
tools for pre-targeting applications among the existing click reaction approaches. In the pre-targeted
approach, a cancer-targeting ligand and a radiolabeled small molecule are administered separately
into a living subject. Generally, the TCO (or tetrazine) conjugated tumor-targeting antibody is injected
first into the tumor xenograft model and is allowed to accumulate in the tumor cells for a certain
period (Figure 13). Next, the radiolabeled tetrazine (or TCO) group is administered after the excess
amount of antibody in healthy tissues is excreted from the body. The in vivo click reaction through the
above procedure decreases the circulation time of the radioligand and results in reduced non-specific
uptake of radioactivity in healthy tissues. Furthermore, this approach also facilitates the delivery
of radioisotopes with short half-lives, which would not be feasible with antibody-based imaging
studies [97]. Table 3 shows in vivo pre-targeted studies that were conducted using IEDDA-based
ligation in animal models.

Figure 13. General strategy for pre-targeted imaging and therapy using IEDDA.

Table 3. IEDDA-based in vivo pre-targeted approach.

Entry Biomolecule Radiotracer Animal Model Ref

1 CC49-TCO antibody 111In-labeled tetrazine
LS174T cells (Balb/C

mouse) [98]

2 CC49-TCO antibody 111In-labeled tetrazine
LS174T cells (Balb/C

mouse) [99]

3 CC49-TCO antibody 177Lu-labeled tetrazine
LS174T cells (Balb/C

mouse) [100]

4 CC49-TCO antibody 177Lu-labeled tetrazine
LS174T cells (Balb/C

mouse) [101]

5 AVP04-07-TCO diabody 177Lu-labeled tetrazine
LS174T cells (Balb/C

mouse) [102]

6 Z2395-TCO affibody
111In-labeled tetrazine
177Lu-labeled tetrazine

SKOV-3 cells (Balb/C
mouse) [103]
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Table 3. Cont.

Entry Biomolecule Radiotracer Animal Model Ref

7 PEGylated-TCO 18F-labeled tetrazine Healthy Balb/C mouse [104]

8 5B1-TCO antibody 18F-labeled tetrazine
BxPC3 cells (athymic nude

mice) [105]

9 Cetuximab-TCO antibody
Trastuzumab-TCO antibody

18F-labeled tetrazine
A431 cells (nu/nu mouse)

BT-474 cells (nu/nu mouse) [106]

10 Porous silicon-TCO
nanoparticle

18F-labeled tetrazine Healthy (Balb/C mouse) [107]

11 PSMA antagonist-tetrazine
conjugate

18F-labeled TCO
LNCaP cells (Balb/C

mouse) [108]

12 Trastuzumab-tetrazine
antibody

18F-labeled TCO
SKOV-3 cells (Balb/C

mouse) [109]

13 A33-TCO antibody 18F-labeled tetrazine
LS174T cells (Balb/C

mouse)
A431 cells (Balb/C mouse)

[110]

14 Mesoporous silica-TCO
nanoparticle

11C-labeled tetrazine Healthy Balb/C mouse [111]

15 Polyglutamic acid-TCO 11C-labeled tetrazine CT26 cell (Balb/C mouse) [112]

16 A33-TCO antibody 64Cu-labeled tetrazine SW1222 cell (mouse) [113]

17 HuA33-TCO antibody 64Cu-labeled tetrazine SW1222 cell (mouse) [114]

18 5B1-TCO antibody 64Cu-labeled tetrazine
BxPC3 and Capan-2 cells

(athymic nude mice) [115]

19 HuA33-dye-800-TCO 64Cu-labeled tetrazine SW1222 cell (mouse) [116]

20 C225-TCO antibody 68Ga-labeled tetrazine A431 cells (Balb/C mouse) [117]

21 HuA33-TCO antibody 68Ga-labeled tetrazine
SW1222 cell (CrTac:NCr-

Foxn1nu mouse) [118]

22 Bisphosphonate-TCO
conjugate

177Lu-labeled tetrazine
99mTc-labeled tetrazine

Healthy Balb/C mouse [119]

23 Bevacizumab-TCO antibody 99mTc-labeled tetrazine
B16-F10 cell (C57 Bl/6J

mouse) [120]

24 CC49-TCO antibody 212Pb-labeled tetrazine
LS174T cells (Balb/C

mouse) [121]

In 2010, the Robillard group reported their pioneering work on in vivo pre-targeted imaging of
cancers using IEDDA ligation [98]. In the first step, TCO group bearing CC49 antibody was injected to
target colon cancer cells in a mouse model. Post administration of the antibody (24 h), only a small
excess (3.4 equivalent) amount of 111In-labeled tetrazine tracer was injected into the same mouse model.
The obtained SPECT images showed the efficient delivery of the radioisotope into the tumor and
indicated a high tumor-to-normal tissue ratio (Table 3, entry 1). In the next study, the same research
group revealed that TCO could be converted to its (Z)-isomer, which is unreactive to tetrazine in the
presence of copper-containing proteins [99]. Thus, a shorter linker was introduced in the tetrazine tracer
to impede interactions with the copper-containing proteins in albumin. By this structural modification,
the reactivity and isomerization half-life of TCO was increased compared to that of the previously
used TCO analog. Later, Robillard and coworkers reported the use of tetrazine-functionalized clearing
agents as a modified pre-targeting system (Table 3, entry 3) [100]. While a portion of the administered
antibody accumulated in the tumor tissue in this approach, a significant portion of it still remained
in the blood. This accumulated antibody could cause a reduced target-to-background ratio because
IEDDA reaction is also feasible at non-specific areas in the body. To address this problem, the group
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added one more step in the animal study (Figure 14). After the TCO-modified antibody was injected
into the xenograft model to target tumor cells in vivo, the tetrazine bearing galactose-albumin conjugate
was injected as a TCO clearance agent to mask the unbound TCO-modified antibody in the blood.
The radiolabeled tetrazine was then injected to enable the IEDDA reaction at the surface of tumor site.
This approach demonstrated that the use of a clearing agent could lead to the doubling of the tetrazine
tumor uptake and a greater than 100-fold improvement of the tumor-to-blood ratio at 3 h could be
realized after injection of the radiolabeled tetrazine.

Figure 14. A modified strategy using tetrazine-bearing clearing agent.

The same group reported a pre-targeted radioimmunotherapy study using a similar strategy.
To achieve high tumor uptake and improved tumor-to-blood ratio, the group employed a linker with
higher hydrophilicity to prepare the TCO-tagged CC49 antibody [101]. In 2015, TCO-functionalized
diabody, AVP04-07 was evaluated in the pre-targeted strategy [102]. In this study, the TAG72-targeting
dimers of single-chain Fv fragments and 177Lu-labeled tetrazine tracers were evaluated in the LS174T
tumor xenograft. As the diabody showed rapid renal clearance kinetics, this strategy could provide
high tumor-to-blood ratio and low non-specific retention in the kidneys. In a related study, the authors
successfully performed an IEDDA-based pre-targeted study by employing HER2 affibody molecules
and 111In/177Lu-labeled tetrazine tracers (Table 3, entry 6) [103].

In addition to these results, several research groups have investigated a variety of pre-targeted
approaches using short half-life radioisotope-labeled TCO or tetrazine derivatives. Denk et al.
developed a novel 18F-labeled tetrazine by the direct 18F-fluorination of the tosylated precursor, which
proceeded in an RCY up to 18% (Table 3, entry 7) [104]. The PET imaging study exhibited fast
homogeneous biodistribution of the 18F-labeled tetrazine, which can also cross the blood–brain barrier.
The high reactivity of this tracer towards TCO-bearing molecules and favorable pharmacokinetic
properties indicated that 18F-labeled tetrazine can be a useful tracer for bioorthogonal PET imaging.
Lewis et al., reported 18F-based pre-targeted PET imaging studies using TCO-modified anti-CA19.9
antibody 5B1 and a 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA)-conjugated tetrazine analog.
The complexation reaction using AlCl3 and [18F]F− provided the desired radioligand in 54–65%
decay-corrected RCY [105]. The in vivo pre-targeted images displayed its effective targeting ability
with radioactivity up to 6.4% ID/g in the tumors at 4 h post administration. Sarparanta and co-workers
investigated in vivo IEDDA reaction between TCO conjugated monoclonal antibodies and 18F-labeled
tetrazine molecule [106]. For this study, TCO conjugated antibody (trastuzumab and cetuximab) was
injected into tumor-bearing (BT-474 cells and A431 cells) mice and the 18F-labeled tetrazine-containing
hydrophilic linker was injected into the same xenograft models after given time points (1, 2, or 3 days).
The highest tumor-to-background ratio was observed when the radioisotope was injected after 3 days
post the administration of the TCO-modified antibody. In addition, the 18F-labeled tetrazine was
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applied to the pre-targeted in vivo imaging of TCO-modified porous silicon nanoparticles (Table 3,
entry 10) [107]. Bormans et al. developed a new 18F-labeled TCO tracer for in vivo IEDDA. To prepare
radiolabeled TCO, the authors synthesized a dioxolane-fused TCO analog from its cis isomer by using
a micro-flow photochemistry process (Figure 15) [108]. The nucleophilic substitution of mesylated
precursor using dry K[18F]F, K222 complex provided the desired 18F-labeled tracer in 12% RCY and>99%
radiochemical purity. This product showed excellent reactivity and stability toward a tetrazine and
thus it was applied to pre-targeted PET Imaging. In this approach, a tetrazine-modified trastuzumab
monoclonal antibody was injected initially into SKOV-3 xenograft models (Figure 16). After 2 or
3 days, the 18F-labeled TCO was injected, and then the PET images were obtained after 2 h post the
administration of the radioligand. The obtained results showed that the pre-targeted imaging strategy
provided better tumor-to-muscle ratio when compared to that of control groups which did not use the
pre-targeting approach (Table 3, entry 12) [109].

Figure 15. Radiosynthesis of 18F-labeled TCO.

Figure 16. Two-step pre-targeting strategy using 18F-labeled TCO.

The radiolabeled small molecule tracers often underwent rapid renal or hepatobiliary clearance,
and therefore, the efficiency of in vivo click reactions is reduced. To increase the blood circulation
time of the functional group, the Weissleder group designed the tetrazine group-bearing polymers
comprising dextran scaffolds [110]. An 18F-labeled polymer-modified tetrazine and TCO-bearing
CD45 monoclonal antibodies were investigated in a living mouse, and the PET imaging study revealed
excellent conversion of reactants and high tumor uptake in the tumor xenograft, which suggested that
the radiolabeled polymer will be a promising candidate for pre-targeted imaging. The use of IEDDA
for pre-targeted PET imaging has also been investigated with 11C. In 2016, Mikula et al. reported
the use of 11C-labeled tetrazine for in vivo click reaction. An amino tetrazine analog was reacted
with [11C]CH3OTf to provide 11C-labeled tetrazine in 52% of RCY (Figure 17) [111], and the resulting
product exhibited high reaction rate with TCO derivatives. Furthermore, the product also showed
good stability under physiological conditions and demonstrated rapid clearance kinetics in mice.
This 11C-labeled tracer was then applied to animal imaging studies with TCO-modified mesoporous
silica nanoparticles in normal mice. Herth et al. reported the improved radiosynthesis of 11C-labeled
tetrazine for pre-targeted PET imaging (Table 3, entry 15) [112]. In this study, the radioligand was
evaluated with TCO-functionalized polyglutamic acid and indicated potential use for brain imaging.
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Figure 17. 11C-labeled tetrazine tracers for in vivo IEDDA reaction, (a) from ref [111], (b) from ref [112].

The use of the TCO-tetrazine ligation in living subjects was also extended to several metal
radioisotopes. Lewis et al. reported a pre-targeted strategy using a TCO-bearing huA33 antibody and
64Cu-labeled NOTA-tetrazine conjugate (Table 3, entry 16). In this study, a tumor-targeted antibody was
administered to SW1222 colorectal cancer xenografts, and the tetrazine tracer was then injected one-day
post administration of the antibody. This approach exhibited enhanced tumor-to-background ratio
and reduced non-specific radiation dose in normal tissues [113]. In the following study, the authors
reported a site-specific conjugation method to construct the huA33-TCO immunoconjugate by using
enzymatic transformations and a bifunctional linker [114]. A similar bioconjugation strategy was also
applied to the preparation of a TCO and fluorescent dye-bearing antibody (huA33-Dye800-TCO) for
bimodal PET/optical pre-targeted imaging of colorectal cancer cells (Table 3, entry 19) [116] using
a 64Cu-sarcophagine-based tetrazine tracer. This strategy demonstrated the non-invasive visualization
of tumors and the image-guided excision of malignant tumor tissue. Aboagye et al., synthesized
68Ga-labeled tetrazine to study its use in pre-targeted PET imaging of EGFR-expressing A431 tumor.
After administration of the TCO-bearing cetuximab, the 68Ga-labeled tracer was injected to the mouse
model, and PET imaging showed a significant improvement in the tumor-to-background ratio compared
to that with the traditional direct radiolabeling method [117]. Recently, Lewis et al. used a modified
pre-targeted PET imaging strategy for obtaining a better tumor-to-blood ratio. The authors employed
a tetrazine-modified dextran polymer to reduce injected TCO-bearing antibody, which remained in
blood circulation. After the TCO-modified antibody was injected into the xenograft model to target
tumor cells, the TCO scavenger was administrated to mask unbounded TCO modified antibody in
the blood. Next, 68Ga-labeled tetrazine radioligand was injected to allow the IEDDA reaction at the
surface of tumor cells. Further, the use of the TCO masking agent in this study showed a significant
improvement in the PET image quality and tumor-to-background ratio (Table 3, entry 21) [118].

The Valliant group demonstrated a pre-targeted strategy for bone imaging and radiotherapy
based on the IEDDA between the TCO-conjugated bisphosphonate and radiolabeled tetrazines
(Figure 18) [119]. In this experiment, TCO-bisphosphonate conjugate was first injected into an animal
model for accumulation of the dienophile in the skeleton. After 12 h post administration, 99mTc-labeled
tetrazine was administered intravenously, and the acquired SPECT/CT imaging revealed high radioactivity
in the knees and shoulder, which suggested that the TCO-bisphosphonate can be a useful probe
for targeting functionalized tetrazine in the bone tissue. A therapeutic radioisotope (177Lu)-labeled
radioligand was also investigated in the same study.

In 2018, Garcia et al. investigated an antibody pre-targeting approach using TCO-bearing
bevacizumab and 99mTc-labeled tetrazine tracer. To increase renal clearance kinetics of the radioisotope,
a hydrophilic peptide linker was introduced between tetrazine and the 6-hydrazinonicotinyl group,
which is a well-known chelator of 99mTc. The pre-targeted bevacizumab SPECT imaging was then
investigated in B16-F10 melanoma cell’s xenograft [120]. In addition to various diagnostic research,
the alpha-particle emitting radioisotope (212Pb) was applied to the pre-targeted radioimmunotherapy
by Quinn et al. (Table 4, entry 24). In this study, the LS174T tumor-bearing mice were injected with
CC49-TCO monoclonal antibody. Two doses of the tetrazine bearing Galactose-albumin as a TCO
clearing agent were injected after 30 and 48 h to remove the unbound antibodies in blood and normal
organs. Then, 212Pb-labeled tetrazine was injected for targeted tumor therapy. This pre-targeted
alpha-particle therapy successfully reduced the tumor growth and improved the survival of model
mice [121].
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Figure 18. Pre-targeted IEDDA ligation between TCO-bisphosphonate and radiolabeled tetrazine in
bone tissue.

4. Other Click Reactions Based on Aromatic Prosthetic Groups

4.1. Condensation/Addition Reactions Using Aromatic Compounds

As shown in previous sections, SPAAC and IEDDA have been two of the most frequently used
radiolabeling methods for several years. To apply these reactions in the labeling procedure, the target
molecule (e.g., peptide, antibody) needs to be modified to incorporate an artificial functional group,
which is then reacted with the radiolabeled prosthetic group. For example, a TCO analog needs
to be conjugated with the target molecule, to facilitate its reaction with a radioisotope-containing
tetrazine. Such modification of biomolecule requires additional synthetic, and purification steps.
Furthermore, the presence of excess amounts of randomly conjugated functional groups can cause
decreased biological activities of the molecules. Therefore, several labeling procedures, which do not
involve a modification of the biomolecules, have been developed. In many cases, these methods utilized
electrophilic aromatic prosthetic groups that displayed rapid reaction rates and high selectivities
toward a specific nucleophile such as thiol or 1,2-amino thiol. Table 4 summarizes recent studies on
the applications of aromatic prosthetic groups for radiolabeling reactions.

In 2012, Jeon et al. investigated the rapid condensation reaction between 18F-labeled
2-cyanobenzothiazole (18F-CBT) and N-terminal cysteine-bearing biomolecules (Table 4, entry 1) [122].
The 18F-CBT was synthesized from the corresponding tosylated precursor using K[18F]F and 18-crown-6
as the phase transfer catalyst. This radiolabeled CBT (18F-CBT) can be reacted with N-terminal cysteine
with a second-order reaction rate of ca. 9 M−1 s−1. The rapid condensation reaction between the
N-terminal cysteine-bearing dimeric cRGD peptide and the 18F-CBT provided the 18F-labeled peptide
(18F-CBT-RGD2) in a high (>80%) RCY under mild conditions, and the prepared 18F-CBT-RGD2 was
investigated for its use in specific tumor imaging in U87MG xenograft models. Later, 18F-CBT was
also applied for the efficient radiolabeling of EGFR-targeting affibody molecules (ZEFGR:1907), and
the radiolabeled affibody provided clear visualization of the A431 tumors in animal models [123].
As the heterocyclic adducts, which result from the condensation reaction between CBT and N-terminal
cysteine are hydrophobic, the injected tracers prepared by the above method showed high non-specific
uptake in normal organs. Therefore, the Seimbille group synthesized a more hydrophilic 18F-labeled
CBT tracer containing a diethylene glycol linker and 2-fluoropyridine moiety (Table 4, entry 2) The
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optimized radiolabeling condition provided 18F-labeled cancer-targeting peptide, which is more
hydrophilic than the ones reported in the previous studies [124]. The same research group also
reported the synthesis of the metal-chelating agent-conjugated CBT prosthetic groups for 68Ga-labeled
tracers for PET imaging of tumor hypoxia [125]. The rapid condensation for radiolabeling procedure
provided the desired radiotracers in high RCY under mild conditions (Table 4, entry 3). In another
study, the same group synthesized the two bifunctional chelators, the desferrioxamine B-bearing
CBT (DFO-CBT) and the cysteine-bearing CBT (DFO-Cys) for efficient radiolabeling. These chelators
were employed in the labeling with the [89Zr]Zr-oxalate and rapid conjugation with cRGD peptide.
The two-step radiochemical process exhibited high RCY under mild reaction conditions [126]. As CBT
structure contained a hydroxy group, it can be a good substrate for facile labeling of radioactive
iodines [127]. Thus, we synthesized a 125I-labeled CBT (125I-CBT) via electrophilic iodination reaction
under mild reaction conditions. The 125I-CBT was then applied to the rapid radiolabeling of N-terminal
cysteine-bearing cRGD peptide in high RCY (Table 4, entry 4).

In 2013, Barbas III group reported the chemoselective ligation of thiol-containing proteins
using methylsulfonyl derivatives [128]. They showed that phenyloxadiazole methylsulfone and
phenyltetrazole methylsulfone react rapidly and selectively with the sulfhydryl group of cysteine
residues in aqueous media under mild conditions (at neutral pH and room temperature) In addition,
the structures resulting from these ligation reactions were more stable under physiological conditions
in comparison to the corresponding products obtained by maleimide-thiol chemistry. These
advantages lead to the development of new prosthetic groups for site-specific radiolabeling reactions.
Mindt et al. reported a 18F-labeled phenyloxadiazole methylsulfone analog([18F]FPOS) for the rapid
and chemoselective radiolabeling of thiol-bearing biomolecules under mild conditions (Table 4,
entry 5) [129]. In this study, [18F]FPOS was applied to efficient radiolabeling of free thiol group-bearing
biomolecules. The radiolabeled affibody (ZHER2:2395) could be successfully applied to the PET
imaging of HER2-positive tumor cells in animal models. Recently, we have reported a radioiodinated
phenyltetrazole methylsulfone derivative as a new thiol-reactive prosthetic group (Table 4, entry 6) [130].
The 125I-labeled (4-(5-methane-sulfonyl-[1,2,3,4]tetrazole-1-yl)-phenol) (125I-MSTP) can be prepared by
using a simple iodination reaction from the phenolic precursor in high RCY (73% isolated yield) and
purity (>99%). The 125I-MSTP was used for site-specific radiolabeling of a single free-thiol-bearing
peptide and protein by using radioiodinated labeling of thiol-containing biomolecules. The radiolabeled
HSA prepared by this method exhibited enhanced in vivo stability upon deiodination compared with
radioiodinated HSA prepared by a direct iodination reaction. In 2018, Park et al. reported a novel
condensation reaction using an aryl diamine linker and 125I-labeled aldehyde prosthetic group
(Table 4, entry 7) [131]. This method was applied to rapid and efficient radiolabeling of bioactive
molecules and the labeled products showed high in vitro and in vivo stability. Samnick et al. proposed
a new phenol-reactive prosthetic group for site-specific radiolabeling reaction of tyrosine-containing
biomolecules (Table 4, entry 8) [132]. The 18F-labeled 1,2,4-triazoline-3,5-dione([18F]FS-PTAD) was
reacted with the model compounds such as phenol, l-tyrosine and N-acetyl-l-tyrosine methyl amide to
evaluate the efficacy of the labeling reaction, which proceeded rapidly under mild aqueous conditions
to furnish the corresponding radiolabeled compounds in good RCY (45–58%) within 5 min.
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Table 4. Aromatic prosthetic groups for radiolabeling reactions.

Entry Radiotracer Target Molecule Product RCY (%) Ref

1
R = cRGD2 peptide, RLuc8
protein, ZEGFR:1907 affibody

80 (cRGD), 12
(RLuc8), 41
(ZEGFR:1907)

[122,123]

2

R = cRGD peptide

7 [124]

3 99 [125]

4

R = cRGD peptide

>99 [127]

5
R= BBN peptide, ZHER2:2395

affibody

>99 (BBN), 40
(ZHER2:2395) [129]

6 HSA protein, GCQRPPR
peptide

R = HSA protein,
GCQRPPR peptide

65 (HSA), 99
(GCQRPPR) [130]

7
R = cRGD peptide, HSA

protein

99 (cRGD), 94
(HSA) [131]

8 45 [132]

4.2. Miscellaneous

Neumaier and coworkers demonstrated the 18F-radiolabeling of biomolecules using [3+2]
cycloaddition reactions between 18F-labeled nitrone and maleimide-bearing molecules [133].
This reaction can provide high efficiency for the synthesis of radiolabeled small molecules. However,
the cycloaddition reaction required elevated temperatures in organic solvents, and thus, this method was
not suitable for radiolabeling of proteins or antibodies. Continuing this theme, the same group explored
more efficient [3+2] cycloaddition reactions using 18F-labeled nitriloxides and N-hydroxyimidoyl
chloride (Figure 19). Interestingly, these radiolabeled tracers showed high reactivity with a strained
alkene and norbornene analogs under ambient temperature, suggesting that this method can be a useful
alternative to the copper-free azide–alkyne click reactions for the radiolabeling of biomolecules [134].

Recently, Wuest et al. demonstrated the first application of the sulfo-click chemistry in the
18F-labeling reaction (Figure 20). In this study, 18F-labeled thiol acids were synthesized and treated
with sulfonyl azide-modified small molecules and peptide substrates to afford the corresponding
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radiolabeled products in moderate to good RCYs [135]. Furthermore, this labeling reaction can be
selectively performed in aqueous solvents with a high degree of functional group compatibility.

Figure 19. [3+2] cycloaddition reaction using 18F-labeled nitriloxides or N-hydroxyimidoyl chloride.

Figure 20. Radiolabeling of biomolecules using sulfo-click chemistry.

Recently, a novel photochemical conjugation reaction was developed for one-pot radiolabeling of
antibodies by the Holland group [136,137]. The group synthesized the 68Ga-labeled photoactivatable
ligand, which contained an aryl azide group ([68Ga]GaNODAGA-PEG3-ArN3) (Figure 21).
The prepared radiotracer underwent a facile reaction with an amino group of the antibodies, including
GMP-grade HerceptinTM upon light irradiation (λmax ~ 365 nm) within 5 min. The radiolabeled product
was also utilized for the specific tumor imaging in SK-OV-3 tumor xenograft. A similar method was
also applied to the radiosynthesis of 89Zr-labeled antibody by using a desferrioxamine B conjugated
aryl azide group [138]. As the radiolabeling of trastuzumab has been carried out over a short time with
high efficiency and purity, this approach will be applicable for the efficient radiolabeling of various
biologically active molecules.

Figure 21. Radiolabeling of antibodies using photochemical conjugation reaction.

150



Molecules 2019, 24, 3567

5. Conclusions and Future Perspectives

In this review, we focused on recent examples that highlight the application of bioorthogonal click
chemistries for the preparation of radiolabeled products. For many years, rapid and selective
conjugation reactions including SPAAC and IEDDA have been successfully employed for the
straightforward, site-specific, and efficient labeling of various radioisotopes to the small molecules,
biomacromolecules, functional nanomaterials, and living cells. In addition, electrophilic aromatic
prosthetic groups which display fast reaction kinetics and high selectivity towards the amine or thiol
groups could also be the preferred methods for the radiolabeling procedure, because these reactions
do not need the introduction of an artificial functional group to the target the biomolecule. Regarding
future perspectives, it is anticipated that the relevance of bioorthogonal strategies will continue to be
applicable beyond the rapid labeling of a radioisotope to a target molecule of interest. For example,
the development of in vivo ligation based on IEDDA enabled the investigation of various approaches
for specific tumor imaging with decreased non-specific accumulation of radioligand in normal tissues.
Particularly, the introduction of clearing agents before administration of radiotracers demonstrated
improved tumor-to-background ratio with enhanced uptake values in the target sites. Although some
recent advancements can provide potent tools in nuclear medicine, several key challenges need to
be addressed for their further development. The functional groups and resulting adducts obtained
by bioorthogonal ligations are normally hydrophobic, which may result in non-specific uptake and
retarded excretion kinetics in a living subject. Moreover, conjugation of a relatively large functional
group to the small molecule probes or short peptides will affect their pharmacokinetic profiles and
induce undesired accumulation or retention of radioactive signals in healthy tissues. For instance, we
have synthesized 18F-labeled dimeric cRGD peptide by using the condensation reaction between CBT
and N-terminal cysteine (Table 4, entry 1). This method provided an efficient radiochemical result.
However, the hydrophobic adduct produced by the radiolabeling reaction afforded high uptake values
in normal organs, including in liver and kidneys compared with [18F]FPPRGD2, which is a clinically
approved radiopharmaceutical [122]. Such undesired biodistribution results would hamper further
investigation of new radiotracers. Therefore, development of fine-tuned functional group pairs, which
are smaller and less lipophilic, and at the same time possess high reactivity and selectivity must be
investigated to maximize specific targeting ability of the radioligand with minimal background signal.
Consequently, bioorthogonal click reactions have exhibited enormous potential for development
of radiopharmaceuticals and applications in the field of nuclear medicine. The optimization of
these ligation methods will enable the exploration of advanced theranostic strategies as well as the
investigation of sophisticated biological phenomena. We expect that these tools will continue to be used
as a key technology for the development of various radiolabeled molecules and radiopharmaceuticals,
which can offer benefits across preclinical studies and ultimately in clinical applications in the future.
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Abbreviations

CBT 2-cyanobenzothiazole
CuAAC copper(I)-catalyzed azide-alkyne [3+2] cycloaddition reaction
DBCO dibenzocyclooctyne
DFO deferoxamine
DMF N,N-dimethylformamide
DMSO dimethyl sulfoxide
DOTA 1,4,7,10-tetraazacyclododecane-tetraacetic acid
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DTPA diethylenetriaminepentaacetic acid
FH feraheme
HPLC high-performance liquid chromatography
HAS human serum albumin
ICAM-1 intercellular adhesion molecule
IEDDA inverse-electron-demand Diels–Alder reaction
MSTP (4-(5-methane-sulfonyl-[1,2,3,4]tetrazole-1-yl)-phenol)
NOTA 1,4,7-triazacyclononane-1,4,7-triacetic acid
ODIBO oxa-dibenzocyclooctyne
PBS phosphate-buffered saline
PECAM-1 platelet-endothelial cell adhesion molecule
PET positron emission tomography
PIC polyisocyanopeptide
RCY radiochemical yield
SPAAC strain-promoted azide-alkyne cycloaddition reaction
SPECT single-photon emission computed tomography
TCO trans-cyclooctene
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Abstract: To further explore the scope of our recently developed “fluorination on
Sep-Pak” method, we prepared two well-known positron emission tomography (PET) tracers
21-[18F]fluoro-16α,17α-[(R)-(1′-α-furylmethylidene)dioxy]-19-norpregn-4-ene-3,20-dione furanyl
norprogesterone ([18F]FFNP) and 16β-[18F]fluoro-5α-dihydrotestosterone ([18F]FDHT). Following the
“fluorination on Sep-Pak” method, over 70% elution efficiency was observed with 3 mg of triflate
precursor of [18F]FFNP. The overall yield of [18F]FFNP was 64–72% (decay corrected) in 40 min
synthesis time with a molar activity of 37–81 GBq/μmol (1000–2200 Ci/mmol). Slightly lower elution
efficiency (~55%) was observed with the triflate precursor of [18F]FDHT. Fluorine-18 labeling, reduction,
and deprotection to prepare [18F]FDHT were performed on Sep-Pak cartridges (PS-HCO3 and Sep-Pak
plus C-18). The overall yield of [18F]FDHT was 25–32% (decay corrected) in 70 min. The molar activity
determined by using mass spectrometry was 63–148 GBq/μmol (1700–4000 Ci/mmol). Applying this
quantitative measure of molar activity to in vitro assays [18F]FDHT exhibited high-affinity binding to
androgen receptors (Kd~2.5 nM) providing biological validation of this method.

Keywords: fluorine-18; fluorination on Sep-Pak; [18F]FFNP; [18F]FDHT; mass spectrometry;
molar activity

1. Introduction

Recently we have developed a novel method, “fluorination on Sep-Pak”, to prepare prosthetic
groups for radiofluorination of biomolecules which requires neither azeotropic drying of fluorine-18
nor addition of base [1–3]. Hence, it is less time consuming and more suitable for base and temperature
sensitive starting materials. Fluorine-18 was trapped on an anion exchange cartridge (PS-HCO3) and
dried by flowing anhydrous acetonitrile. The direct incorporation of fluorine-18 was achieved
by passing the precursor solution (0.5 mL/min) through this cartridge. Recently this method
has been expanded to prepare a variety of fluorine-18 labeled compounds via a well-established
copper-mediated radiofluorination [4]. Therefore we envisioned that “fluorination on Sep-Pak”
method might be applicable to other room temperature fluorine-18 labeling reactions. To test the
hypothesis, this radiolabeling method have been considered to prepare two well-established PET tracers
(Figure 1), 21-[18F]fluoro-16α,17α-[(R)-(1′-α-furylmethylidene)dioxy]-19-norpregn-4-ene-3,20-dione

Molecules 2019, 24, 2389; doi:10.3390/molecules24132389 www.mdpi.com/journal/molecules

160



Molecules 2019, 24, 2389

furanyl norprogesterone ([18F]FFNP) and 16β-[18F]fluoro-5α-dihydrotestosterone ([18F]FDHT) which
have been shown to have clinical relevance.

 
Figure 1. Structures of [18F]FFNP and [18F]FDHT.

Breast cancer (BC) is the most common type of cancer in women worldwide [5–7]. Estrogen receptor
alpha (ERα) and progesterone receptor (PR) are important steroid hormone receptor biomarkers
used to determine prognosis and to predict benefit from endocrine therapies for breast cancer
patients [6,7]. Advancement of early detection and treatment of breast cancer is the key parameter
for the steady decrease of breast cancer mortality. Molecular imaging is a useful technique for
early detection and quantitative measurement of disease both in primary and across metastatic sites
of disease [8]. The radioligand [18F]FFNP demonstrates high relative binding affinity to PR and
low nonspecific binding. It has been used for quantitative assessment of PR expression in vivo
using PET [9–11]. Human safety and dosimetry have been assessed for identifying PR-positive breast
cancer [12]. The literature reported procedure of radiolabeling to prepare [18F]FFNP is by a conventional
radiolabeling method using azeotropically dried [18F]KF/K222/K2CO3 and a triflate precursor (1) in
acetonitrile either at room temperature or at elevated temperature [13,14]. With this radiosynthetic
requirement for a triflate precursor and the potential clinical applications, [18F]FFNP represented an
ideal tracer for testing the “fluorination on Sep-Pak” method.

Prostate cancer (PC) is the most common cancer in men all over the world. It is the second
leading cause of death from cancer [5]. Androgen receptor (AR) is a member of the nuclear receptor
superfamily and it has a central role in prostate cancer progression [15,16]. Therefore, AR is the focus
of detection and therapeutic treatment of PC [11,17,18]. PET imaging of AR can be an important tool to
quantify expression in both primary tumors and metastatic sites simultaneously. It can also be a useful
tool for evaluation of AR-targeted therapies. Fluorine-18 labeled 16β-fluoro-5α-dihydrotestosterone
([18F]FDHT, Figure 1) has been clinically proven useful for detection and relative quantification
of AR expression [19–22]. Synthesis of [18F]FDHT was originally reported by reacting its triflate
precursor with n-[18F]Bu4NF/n-Bu4NOH in THF at 55 ◦C [23]. In this procedure, LiAlH4 was used
as reducing agent. Later the mild reducing agent, NaBH4, was used for better compatibility in an
automated synthesis module [13]. Further improvements have been reported using a fully automated
radiolabeling procedure [24]. Herein we report the radiosynthesis of [18F]FFNP and [18F]FDHT
via the “fluorination on Sep-Pak” strategy. The purity was assessed by high-performance liquid
chromatography (HPLC). The quality of the [18F]FDHT was further tested in vitro using saturation
binding assays from which the affinity (Kd) for AR was determined.

2. Results and Discussion

2.1. [18F]FFNP

Synthesis of [18F]FFNP was first reported from its triflate precursor (1) with n-Bu4N[18F]F/n-
Bu4NOH in THF at room temperature with a decay-corrected radiochemical yield (RCY) of 2–13% [9].
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D. Zhou et al. observed a better RCY with the triflate precursor which was purified without aqueous
workup [13]. Fluorination was achieved by using K[18F]F/K222/K2CO3 as a fluorinating agent for the
same triflate precursor (1) in acetonitrile. Up to 77% RCY (isolated after HPLC, decay-corrected) of
[18F]FFNP had been reported starting with 1.85 GBq (50 mCi) of [18F]fluoride in 90 min [13]. In these
literature reported methods, fluorination was achieved at room temperature, therefore we envisioned
that our recently developed “fluorination on Sep-Pak” method might be suitable to prepare [18F]FFNP.
To test this hypothesis, an acetonitrile (0.5 mL) solution of the triflate precursor (1.5 mg) was passed
through a PS-HCO3 cartridge (0.5 mL/min) containing [18F]fluoride followed by washing the cartridge
with 1 mL acetonitrile. Over 40% of trapped fluoride was eluted from the cartridge (Scheme 1, Table 1).

 
Scheme 1. Synthesis of [18F]FFNP.

Table 1. Elution conditions from the Sep-Pak to prepare [18F]FFNP.

Tracer Amount of Precursor 1 or 2 (mg)
Solvent
(0.5 mL)

Eluted from the Sep-Pak (%) a

[18F]FFNP

1.5 Acetonitrile 42

3 Acetonitrile 71–79 b

5

Acetonitrile 76

DMF 40

DMSO 49

THF 36
a Radiolabeling was performed with 0.37–0.74 GBq (10–20 mCi) of fluorine-18; b n ≥ 6.

A representative HPLC of the crude product is shown in Figure 2a. The identity of the product
was confirmed by co-injecting the crude reaction mixture with authentic nonradioactive standard,
FFNP, (Figure 2b). Inspired by this result, the fluoride elution efficiencies were tested with a higher
amount of precursor (Table 1) and over 70% elution efficiency was observed with 3 mg of the precursor.
No significant improvement of the elution efficiency was noticed by further increasing the amount of
precursor (5 mg). Literature methods used 2–4 mg of the precursor [13,14]. Fluoride incorporation
efficiencies were also tested using different solvents (Table 1). Better elution of the product was
observed with acetonitrile. After standardizing the elution efficiencies with a low amount of activity
(0.37–0.74 GBq, 10–20 mCi) the full-scale reactions were performed with high amount (6.7–8.5 GBq,
180–230 mCi) of activities. The mixture was purified by HPLC using semi-preparative column
(method B) to produce > 98% radiochemically pure (Figure 3a) product with a molar activity of
37–81 GBq/μmol (1000–2200 Ci/mmol, n = 6). The overall RCY was 64–72% (decay corrected, n = 6)
in 40 min. The identity of the product was confirmed by comparing its HPLC retention time with
co-injected authentic non-radioactive standard (Figure 3b). Using the same amount of precursor (3 mg)
as reported in the literature, comparable RCY (64–72% vs. 77%) was obtained in a shorter synthesis
time (40 min vs. 70 min). For a direct comparison of the RCY, synthesis of [18F]FFNP was performed
using [18F]KF/K2CO3/K222 with 3 mg of triflate precursor (1) following the literature method [13]. In a
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typical reaction starting with 7.2 GBq (195 mCi) of [18F]fluoride, 2.0 GBq (55 mCi) of the product was
obtained in 70 min (43% RCY, decay corrected). The lower RCY could be due to the aqueous workup
of the triflate salt precursor as reported in the literature [13]. The workup procedure for the triflate salt
in this experiment is unknown as this is from a commercial source.

 

 

Figure 2. HPLC analysis (method A) of crude reaction mixture of (a) [18F]FFNP; (b) [18F]FFNP,
co-injected with the non-radioactive standard. Solid line, in-line radio detector; dotted line, UV detector
at 254 nm.
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Figure 3. HPLC analysis (method A) of pure (a) [18F]FFNP; (b) [18F]FFNP, co-injected with the
non-radioactive standard. Solid line, in-line radiodetector; dotted line, UV detector at 254 nm.

2.2. [18F]FDHT

Fluorination efficiency to prepare intermediate 3 (Scheme 2) was similarly tested using different
conditions (Table 2). The highest fluoride incorporation efficiency was obtained using 5 mg of precursor
in 0.5 mL anhydrous tetrahydrofuran (THF) followed by washing the Sep-Pak with 1 mL acetonitrile.
The next step was to reduce the intermediate 3. The originally reported literature method used a
strong reducing agent, LiAlH4 which had been successfully replaced by a milder reducing agent,
NaBH4, for better compatibility in the automated module [13,24]. However, it has been mentioned
in the literature that the quenching of a large excess of NaBH4 with acetone is necessary, otherwise,
it can further reduce the deprotected ketone produced during the acid deprotection step, resulting in
significant decomposition of [18F]FDHT [13]. In this current method, the reduction step was performed
on the Sep-Pak by passing (1 mL/min) through an aqueous solution of NaBH4 followed by water wash,
which quantitatively reduced intermediate 3 and no quenching of NaBH4 with acetone was needed.
The deprotection step was also performed on the Sep-Pak using 6N HCl. HPLC analysis (Figure 4a)
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of the crude reaction mixture indicated the clean conversion of intermediate 3 to the final product,
[18F]FDHT. The final product was purified by HPLC on a semi-preparative column. The overall RCY
was 25–32% (decay corrected, n = 12) in a 70 min synthesis time with a radiochemical purity of >98%
by analytical HPLC (Figure 4b). The identity of the product was confirmed by comparing its HPLC
retention time with co-injected, authentic non-radioactive standard, FDHT (Figure 4c). The identity of
the product was further confirmed by comparing its mass associated with radiation peak (Figure 4d).
The RCY (25–33%, n = 12) using the Sep-Pak method was comparable with the literature method in
shorter synthesis times but used slightly higher amounts of precursor (5 mg vs. 4 mg). For a direct
comparison of the RCY, the literature method was tested with 5 mg of precursor (2) [13]. In a typical
reaction starting with 5.9 GBq (160 mCi) of [18F]fluoride, 1.8 GBq (49 mCi) (31%, decay corrected) of
the product was obtained in 90 min.
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Scheme 2. Synthesis of [18F]FDHT.

Table 2. Elution conditions from the Sep-Pak to prepare compound 3, the intermediate for [18F]FDHT.

Compound Amount of Precursor 1 or 2 (mg)
Solvent
(0.5 mL)

Eluted from the Sep-Pak (%) a

3

1.5 Acetonitrile 14

3 Acetonitrile 34

5

Acetonitrile 52

DMF 13

DMSO 27

THF 57 b

a Radiolabeling was performed with 0.37–0.74 GBq (10–20 mCi) of fluorine-18; b n ≥ 6.

 

Figure 4. Cont.

165



Molecules 2019, 24, 2389

 

 

Figure 4. HPLC analysis (method A) of (a) crude reaction mixture of [18F]FDHT; (b) pure [18F]FDHT;
(c) [18F]FDHT, co-injected with the non-radioactive standard; (d) LC/MS analysis (method E) of
[18F]FDHT in SIM mode. Solid line, in-line radiodetector; dotted line, UV detector at 254 nm (for a–c);
for d: dotted line, SIM intensity of m/z 350.
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To measure the molar activity (the measured radioactivity per mole of the compound), a calibration
curve is typically generated by using UV absorption area of known concentration of non-radioactive
standard. Using this calibration curve the mass of the labeled tracer is determined. Due to the very
poor UV absorption of FDHT (Figure 4c), it was not possible to measure the molar activity by this
method. Mass spectrometer connected to liquid chromatography (LC-MS) is a useful technique for
quality control analysis of precursors and nonradioactive standards. The mass associated with the
radioactive tracer is too low to be detected by a mass spectrometer commonly used for molecular mass
determination. Recently our group demonstrated the use of liquid chromatography/tandem mass
spectrometry (LC-MS/MS) for the optimization of fluorine-18 labeling reaction with fluorine-19 [25].
Coiller et al. developed an in-line concentration method by using a Sep-Pak to detect the mass of the
tracers [26]. We used a similar approach to characterize and determine the molar activity of [18F]FDHT
by using LC-MS system. The collected fraction of [18F]FDHT from the HPLC was trapped on the
Sep-Pak and eluting with a minimum volume of ethanol (0.2 mL) and water (0.8 mL). A calibration
curve was generated using the selected ion monitoring (SIM) of the Advion expression CMS system of a
known quantity of nonradioactive standard FDHT. Mass of [18F]FDHT (known amount of radioactivity)
was determined using this calibration curve. The molar activity determined by this method was
63–148 GBq/μmol (1700–4000 Ci/mmol, n = 12).

2.3. In Vitro Binding Assays

[18F]FDHT exhibited high-affinity binding with a Kd of 2.49 ± 0.52 nM (mean ± SE; n = 6)
determined from saturation binding studies using either DU145 AR+ (human androgen receptor)
transfected cells or tumor cytosols prepared from DU145 AR+ xenograft mouse models (Figure 5).
This Kd value compares favorably with the Kd of [3H]FDHT (2.5 nM) and IC50 of FDHT indicating the
accuracy of the molar activity measurement with this method [22,27]. From the cell assays, the AR
concentration (Bmax) was 2.97 ± 0.66 × 105 receptors per cell (mean ± SE; n = 4) which was consistent
with findings by Pandit-Taskar et al. [22]. The AR concentration in the tumor cytosols (Bmax) was
found to be 0.170 ± 0.048 femtomoles/μg protein (mean ± SE; n = 2).

Figure 5. The representative plot from an in vitro [18F]FDHT saturation binding assay using. a DU145
AR+ tumor cytosol with each point representing the average of duplicates. Bt = Btotal; Bsp = Bspecific;
Bns = Bnon-specific (determined in the presence of 10−6 M unlabeled FDHT).

3. Materials and Methods

3.1. Materials, Chemicals, and Methods

Triflate precursor for the synthesis of [18F]FFNP was purchased from ChemShuttle (Hayward, CA,
USA). Other precursors and non-radioactive standards were obtained from ABX GmbH (Radeberg,
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Germany). PBS 1X buffer (Gibco) was obtained from Life Technologies (Carlsbad, CA, USA).
Normal saline was obtained from Quality Biological (Gaithersburg, MD, USA). PD10 MiniTrapTM

columns were obtained from GE Healthcare Bioscience (Pittsburg, PA, USA). All other chemicals and
solvents were received from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification.
Fluorine-18 was obtained from the National Institutes of Health cyclotron facility (Bethesda, MD,
USA). Chromafix 30-PS-HCO3 anion-exchange cartridge was purchased from Macherey-Nagel (Düren,
Germany) and the packing material was reduced to half (~20 mg) for better elution efficiency of
[18F]fluoride [3]. Phenomenex Luna C18 (2) column (10 × 250 mm, 5 μm) was purchased from
Phenomenex (Torrance, CA, USA). All other columns and Sep-Pak cartridges used in this synthesis
were obtained from Agilent Technologies (Santa Clara, CA, USA) and Waters (Milford, MA, USA),
respectively. Sep-Pak C-18 Plus was conditioned with 5 mL ethanol, 10 mL air, and 10 mL water.
Semi-prep HPLC purification and analytical HPLC analyses for radiochemical work were performed
on an Agilent 1200 Series instrument equipped with multi-wavelength detectors. Mass spectrometry
(MS) was performed on Advion expression compact mass spectrometer (CMS) with an ESI source
(Ithaca, NY, USA). The LC inlet was Agilent 1200 series chromatographic system equipped with
1260 quaternary pump, 1260 Infinity autosampler, 1290 thermostatted column compartment, and the
radiation detector. Column flow was split (1:4) between the mass spectrometer and the radiation
detector. Instrument control and data processing were performed using Advion Mass Express and
Quant Express Software.

HPLC conditions: Method A; Column: Agilent XDB C18 column (4.6 × 150 mm, 5 μm).
Mobile phase: A: water (0.1% TFA); B: acetonitrile (0.1% TFA). Isocratic: 55% B; flow rate: 1 mL/min.
Method B; Column: Phenomenex Luna C18 (2) column (10 × 250 mm, 5 μm). Mobile phase: A: water;
B: acetonitrile. Isocratic: 55% B; flow rate: 4 mL/min. Method C; Column: Phenomenex Luna C18
(2) column (10 × 250 mm, 5 μm). Mobile phase: A: water; B: acetonitrile. Isocratic: 40% B; flow rate:
4 mL/min. Method D; Column: Agilent XDB C18 column (4.6 × 150 mm, 5 μm). Mobile phase: A: water
(0.1% TFA); B: acetonitrile (0.1% TFA). Isocratic: 55% B; flow rate: 1 mL/min. Method E; Column:
Agilent Poroshell 120 EC-C18 column (4.6 × 50 mm, 1.8 μm). Mobile phase: water (0.1% formic acid);
B: acetonitrile (0.1% formic acid). Gradient: 5% B for 1 min, 5-95% B within 5.95 min and held at 95%
B for 2 min, returned to initial conditions; flow rate: 1 mL/min. The column oven was kept at 40 ◦C
throughout the analysis. The injection volume was 20 μL.

Mass Spectrometric conditions for molar activity determination of [18F]FDHT: Mass spectrometric
data were acquired in positive ion mode with the following ESI-MS parameters: Capillary Temperature
300 ◦C, Capillary Voltage 100 ◦C, Source Voltage Offset 20V, Source Voltage Span 30V, Source Gas
Temperature 200 ◦C, ESI Voltage 3500V. Nitrogen was used as a desolvation gas. Quantification
was done using a scan/SIM switching mode. The parameters for the scan mode was set as follows:
scan range 50–800 m/z, scan time 100 ms, scan speed 7500 m/z/sec. In SIM mode dwell time was set at
300 ms for all analytes. Precursor ion (FDHT; calculated 308, found 350 [M +H + ACN], Verapamil;
calculated 454, found 455 [M + H]) along with retention time 6.0 min was used to confirm the identity
of the analyte in the sample.

3.2. Radiosynthesis of [18F]FFNP

Fluorine-18 labeled target water (7.4 GBq, 200 mCi) was diluted with 2 mL water and passed
through an anion-exchange cartridge (Chromafix 30-PS-HCO3). The cartridge was washed with
anhydrous acetonitrile (6 mL) and dried for 1 min under vacuum. The trapped [18F]fluoride from
the Sep-Pak was manually eluted (0.5 mL/min) with triflate precursor (1, 3 mg) in 0.5 mL acetonitrile.
The cartridge was flushed with 1 mL acetonitrile and collected in the same vial. The crude reaction
mixture was diluted with 2 mL of water and purified by HPLC using a semi-preparative column
(method B). The collected fraction (~15 min) was diluted with 15 mL water and [18F]FFNP was trapped
by passing the solution through an activated Sep-Pak plus C-18 cartridge. The product was eluted
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with ethanol (0.6 mL) and saline (6 mL). The identity and purity of the product were confirmed by
analytical HPLC (method A).

3.3. Radiosynthesis of [18F]FDHT

Fluorine-18 labeled target water (7.4 GBq, 200 mCi) was diluted with 2 mL water and passed
through an anion-exchange cartridge (Chromafix 30-PS-HCO3). The cartridge was washed with
anhydrous acetonitrile (6 mL) and dried for 1 min under vacuum. The trapped [18F]fluoride from the
Sep-Pak was manually eluted (0.5 mL/min) with triflate precursor (2, 5 mg) in 0.5 mL tetrahydrofuran
(THF). The cartridge was flushed with 1 mL acetonitrile, collected in the same vial and diluted with
10 mL of water. The mixture was passed through an activated Sep-Pak plus C-18 cartridge and the
cartridge was washed with 6 mL of water. An aqueous solution of sodium borohydride (NaBH4,
40 mg in 1 mL) was slowly passed through the cartridge in 1 min, and the Sep-Pak was washed with
6 mL water followed by slowly passing 6N HCl (2 mL) in 2 min. The cartridge was further washed
with 6 mL of water. The crude product was eluted with 2 mL of acetonitrile and diluted with 2 mL of
water. The product was purified by HPLC using a semi-preparative column (method C). The collected
fraction (~30 min) was diluted with 30 mL water and [18F]FDHT was trapped by passing the solution
through an activated HLB light Sep-Pak. The Sep-Pak was first eluted with 0.2 mL ethanol, the eluted
fraction was discarded. Next, the Sep-Pak was eluted with ethanol (0.2 mL) and water (0.8 mL) to the
product vial. The identity and purity of the product were confirmed by analytical HPLC (method D)
and LC/MS (method E).

3.4. Preparation of Calibration Curves for Molar Activity Determination

The molar activity was determined by LC-MS analysis. Briefly, a calibration curve in the range of
1–20 μg/mL (ppm) was prepared for FDHT using verapamil as an internal standard. The curves were
fitted least squares linear regression method by measuring the peak area ratio of the analyte to the
internal standard. The acceptable criterion for the calibration curve was a correlation coefficient (r2) of
0.99 or better, and that each back-calculated standard concentration must be within 20% deviation
from the nominal value. Signal-to-noise (S/N) of the lowest calibration level was greater than 10.

3.5. In Vitro Studies

Saturation binding studies were performed to determine the Kd of [18F]FDHT and Bmax with
DU-145 AR+ cells [human prostate cancer cells transfected with androgen receptors (AR)] or cytosol
preparations of DU-145 AR+ tumors [obtained from xenograft mouse models]. The tumor cytosols
were prepared by homogenizing the tumor tissue in 5 to 10 volumes of homogenization buffer [10 mM
Tris-HCl (pH 7.5) containing 1.5 mM EDTA] which was followed by ultracentrifugation (200,000× g;
1 h; 4 ◦C) of the homogenate. After centrifugation, cytosolic supernatants were collected and protein
concentrations determined using the Bradford method [28].

To the tumor cytosols in tubes or plated DU-145 AR+ cells (3–4× 105cells/well; 1 d prior to the assay)
increasing concentrations of [18F]FDHT (0.1–40 nM) were added to duplicate tubes; non-specific binding
was determined by adding unlabeled FDHT (10−6 M) to another set of duplicates. After incubation
(2 h, 4 ◦C), the bound [18F]FDHT was separated from the free as follows: (1) plated cells were washed
with phosphate buffered saline (PBS), treated with trypsin, and collected in vials; or (2) to the cytosol in
tubes DCC (0.4% dextran-coated charcoal) was added and pelleted by centrifugation from which the
supernatants were collected. The bound radioactivity for these samples was determined by gamma
counting (Perkin Elmer 2480 Wizard3, Shelton, CT). From the saturation studies, the Kd and Bmax

were determined from 6 to 8 concentrations of [18F]FDHT and analyzed using non-linear regression
curve fitting [one-site specific binding, PRISM (version 5.04 Windows), GraphPad Software, San Diego,
CA, USA].
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4. Conclusions

Two well-known PET tracers [18F]FFNP and [18F]FDHT have successfully been prepared by
“fluorination on Sep-Pak” method with moderate to high RCY in a short synthesis time (40–70 min).
Both reduction of intermediate 3 and deprotection of reduced intermediate to prepare final [18F]FDHT
were performed on a single Sep-Pak cartridge. Due to the poor UV absorption of FDHT the conventional
molar activity, determination method was not applicable. We developed a method to determine the
mass associated with [18F]FDHT by using LC-MS. The molar activities of [18F]FDHT determined from
this newly developed method were found to be accurate and yielded Kd values (~2.5 nM) which were
comparable to published values. This “fluorination on Sep-Pak” method might be applicable to other
room temperature fluorine-18 labeling reactions.
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