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Preface to ”Current Aspects of 
 Radiopharmaceutical Chemistry”

Positron emission tomography (PET) and single-photon emission computed tomography 
(SPECT) are in vivo molecular imaging techniques which are widely used in nuclear medicine for the 
diagnosis and treatment follow-up of many major diseases. They use target-specific molecules as 
probes, which are labeled with radionuclides of short half-lives, synthesized prior to the imaging 
studies. These probes are called radiopharmaceuticals. Their design and development require a 
rather interdisciplinary process involving many different disciplines of natural sciences and 
medicine. In addition to their diagnostic and therapeutic applications in the field of nuclear medicine, 
radiopharmaceuticals are powerful tools for in vivo pharmacology during the process of pre-clinical 
drug development to identify new drug targets, investigate the pathophysiology of diseases, 
discover potential drug candidates, and evaluate the pharmacokinetics and pharmacodynamics of 
drugs in vivo. Furthermore, they allow molecular imaging studies in various small-animal models of 
disease, including genetically engineered animals. The current collection of articles provides unique 
examples covering all major aspects in the field. The first half, radiopharmacy, is more chemistry-

related, while the second half, radiopharmacology, deals with the preclinical development of 
radiopharmaceuticals.

The largest proportion of positron-emitting radionuclides is commonly produced in particle 
accelerators, usually cyclotrons. More recently, generator systems, e.g., the 68Ge/68Ga generator, 
have shown great potential as a source of positron-emitting radionuclides for PET. Gallium-68, which 
has a relatively short half-life (68 min), is particularly suitable for the labeling of peptides that show 
rapid target tissue accumulation and clearance. PET investigation of monoclonal antibodies, which 
represent one of the fastest growing therapeutic groups, requires radionuclides with much longer 
half-lives. The decay half-life of zirconium-89 (3.3 d) matches the circulation half-lives of antibodies 
(usually in the order of days); therefore, it emerged as a suitable PET radionuclide for labeling. The 
review of Bhatt et al. focuses on recent advances in zirconium-89 chelation chemistry.

Another major use of radiometals is in radionuclide therapy of cancer. Radium-223, an alpha-

emitting radionuclide, has been approved for the treatment of bone metastasis in metastatic 
castration-resistant prostate cancer. In vivo generators are thought to combine the long half-life of a 
parent radionuclide with the high decay energy of the daughter to achieve high-dose targeted 
radiotherapy. On the other hand, they suffer from the nuclear recoil effect, causing at least a partial 
release of daughter radioactive nuclei from the targeting molecule or a delivery vehicle. In such cases, 
an unwanted radioactive burden is spread over the body, and its elimination is limited. The overview 
of recent developments in this field by Kozempel et al. discusses some pitfalls of this technology 
mainly related to the nuclear recoil effect.

The radioactive metal technetium-99m is regarded as the workhorse of nuclear medicine because 
of its ideal imaging properties as a pure gamma emitter and its constant availability as generator 
nuclide with a half-life of 6 h. For its clinical use in SPECT, thorough quality assurance is important. 
The impact of different conditions on the radiopharmaceuticals quality has to be verified before 
administration to humans. The article of Uccelli et al. deals with a minor, previously neglected detail 
in quality assurance: the influence of the storage temperature on the 99mTc-radiopharmaceuticals.

The short-lived radionuclides carbon-11 and fluorine-18 have the broadest applicability in PET, in 
particular for the labeling of small molecules which are biologically active on enzymes, receptors, 
transporters, and other proteins. The development of robust methods for the incorporation of the
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radionuclides is of high importance. The article of Roslin et al. deals with the urea functional group

which is present in many small molecules and is thus an attractive target for the incorporation of

carbon-11 in the form of [11C]carbon monoxide.

Labeling with carbon-11 offers the advantage of allowing the radiolabeling of many conventional

drugs without influencing their biological activity. Accordingly, this is the method of choice for

exploratory studies, while labeling with fluorine-18 is preferred for its broader applicability in clinical

routine. The latter requires additional structure–activity studies to evaluate the effect of the fluorine

substitution on the biological activity of the labeled molecule. The review of Tago and Toyohara

summarizes the results of 11C- and 18F-labeling and the biological evaluation of the PET ligands

for imaging histone deacetylases, enzymes which are involved in epigenetic phenomena. The article

of Schröder et al. deals with the development of 18F-labelled PET ligands for molecular imaging of

the cyclic nucleotide phosphodiesterase 2A, a key enzyme in the cellular metabolism of the second

messengers cAMP and cGMP.

The molecular imaging of inflammation with PET and/or SPECT is a useful non-invasive tool to

early detect pathophysiological changes in affected human tissues and is regarded to be of particular

importance for prognostic purposes, therapy decision-making, and therapy follow-up. For over 25

years, the translocator protein 18 kDa (TSPO), formerly called peripheral benzodiazepine receptor,

has been studied as a biomarker of reactive gliosis and inflammation associated with a variety of

neuropathological conditions. The article of Vignal et al. describes an optimized radiosynthesis

of the TSPO ligand [18F]FEPPA and its evaluation as a PET radiotracer in a mouse model of brain

inflammation to facilitate the use of this radiotracer in humans. It is followed by a review of

Janssen et al. which describes alternative biological targets that have gained interest for PET imaging

of microglial activation over recent years, such as the cannabinoid receptor type 2, cyclooxygenase-2,

the P2X7 receptor, and reactive oxygen species.

An important aspect in PET radiotracer development is the characterization of metabolism

and metabolites. The investigation of radiotracer metabolism in vivo needs special consideration,

especially for neuroimaging. Because of the exceptionally great functional diversity of the brain

compared to other organs, there is a need to precisely differentiate between various brain regions

with regard to specific radiotracer binding and target density. Therefore, it has to be ensured

that the PET image is derived from the radiotracer only and not blurred by the presence of

radiolabeled, blood–brain barrier-penetrating metabolites. Consequently, the potential presence of

radiometabolites in the brain needs to be investigated and ideally excluded. The article of Ludwig

et al. is focused on the LC–MS/MS-aided identification of radiometabolites of (+)-[18F]flubatine, a

radiopharmaceutical which has successfully been used to identify deficits in cholinergic transmission

in patients with Alzheimer’s disease.

Since the development of 6-[18F]fluoro-L-DOPA ([18F]FDOPA) by Günther Firnau in 1984,

Parkinson’s disease has been a focus of molecular imaging with PET. The degeneration of

dopaminergic neurons, which can be monitored with [18F]FDOPA, is accompanied by a complex

network of molecular changes in the parkinsonian brain, which involves various enzymes, receptors,

transporters, and structural proteins, among them dopamine and sigma-1 receptors. The study of

Mann et al. investigates the influence of the cholinergic system on the D2/D3 receptor availability in

the hemiparkinsonian rat brain measured with [18F]fallypride.

[18F]FDG is the classical example of a universal PET radiopharmaceutical covering imaging tasks

in neurology, oncology, cardiology, and other fields. The article by Kranz et al. deals with two PET
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radiotracers, namely, R- and S-[18F]fluspidine, which originally were developed for use in neurology

but later turned out to be useful also for tumor imaging. They bind with high selectivity to the

sigma-1 receptor, which acts as a molecular chaperone and is involved in various neurodegenerative

disorders and overexpressed in a variety of tumors. The study provides strong evidence that both

enantiomers are suitable for the imaging of glioblastoma.

The folate receptor is another target which is highly expressed in many tumor types. Accordingly,

it has been intensively investigated for the development of therapeutics and diagnostic agents,

including those containing radionuclides. In this regard, lutetium-177-labelled radiopharmaceuticals

have the potential for combined therapeutic application and imaging with SPECT. Folic acid-derived

radiotracers usually show a high kidney accumulation, which is a major drawback for their

therapeutic use. The study of Müller et al. combines the radiofolate [177Lu]cm13 with the antifolate

pemetrexed to increase the tumor-to-kidney ratio.

In summary, I regard this Special Issue as an interesting collection of papers with some hidden

treasures for radiochemists

Peter Brust

Special Issue Editor
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Abstract: The interest in zirconium-89 (89Zr) as a positron-emitting radionuclide has grown
considerably over the last decade due to its standardized production, long half-life of 78.2 h,
favorable decay characteristics for positron emission tomography (PET) imaging and its successful
use in a variety of clinical and preclinical applications. However, to be utilized effectively in
PET applications it must be stably bound to a targeting ligand, and the most successfully used
89Zr chelator is desferrioxamine B (DFO), which is commercially available as the iron chelator
Desferal®. Despite the prevalence of DFO in 89Zr-immuno-PET applications, the development of new
ligands for this radiometal is an active area of research. This review focuses on recent advances in
zirconium-89 chelation chemistry and will highlight the rapidly expanding ligand classes that are
under investigation as DFO alternatives.

Keywords: zirconium-89; chelator; positron emission tomography

1. Introduction

Over the last four decades, molecular imaging has had a transformative effect on the way research
is conducted in academia, industry and on how medical care is managed in the clinic [1–8]. Of the
modalities available to preclinical researchers and clinicians, the popularity of the nuclear medicine
technique positron emission tomography (PET) has surged since it provides physiological data relating
to disease pathophysiology, receptor expression levels, enzyme activity and cellular metabolism
non-invasively and quantitatively [9–12]. PET imaging relies upon the unique decay characteristics of
PET radionuclides, which decay by positron emission, and are chemically attached to ligands designed
to probe biochemical phenomena in vivo [13,14]. As the radionuclide decays, it ejects a positron from
its nucleus, which after travelling a short distance, undergoes a process called annihilation with an
electron to release two 511 keV γ rays 180◦ apart. These coincident gamma rays have sufficient energy
to escape the organism and can be detected by the PET scanner. Computer-based algorithms then
convert the signal data into an image that reveals the distribution of the radiotracer within the organism.
Historically, PET isotopes such as 18F, 15O, 13N, 11C and 68Ga; which have relatively short half-lives,
were developed for use with small molecules or peptides that demonstrated rapid target tissue
accumulation and clearance, and facilitated the imaging of physiological processes within the first 24 h
of radiopharmaceutical injection [15]. However, researchers engaged in the development of monoclonal
antibodies, which represent one of the fastest growing therapeutic groups, were unable to take full
advantage of PET as a molecular imaging technique. The aforementioned radionuclides had half-lives
incompatible with the biological half-life of an antibody, and made imaging their biodistribution days
after injection extremely difficult. While several PET radionuclides such as 64Cu, 86Y and 124I have
been used in the development of mAb-based radiopharmaceuticals, they possess undesirable physical,
chemical or radioactive properties that have minimized their use [15–17]. For example, 64Cu and 86Y

Molecules 2018, 23, 638; doi:10.3390/molecules23030638 www.mdpi.com/journal/molecules1
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have half-lives, which are incompatible with the slow pharmacokinetics displayed by an antibody
in vivo. Furthermore, dehalogenation of 124I-radiolabeled antibodies in vivo coupled with the low
resolution images they produce have left the molecular imaging community with little enthusiasm
to apply this PET radionuclide for the diagnostic imaging of disease. However, the introduction
of zirconium-89 (89Zr) more than three decades ago has reinvigorated this rapidly expanding area
of research known as immuno-PET [18,19]. Its impact on antibody and nanoparticle development,
clinical trials and precision medicine strategies has been reviewed extensively [14–16,20–46].

2. Zirconium Chemistry and the Production of Zirconium-89

Zirconium, a second row transition metal, was first isolated by Berzelius in 1824 [47], and since that
time numerous inorganic and organometallic complexes of Zr have been described with zircon (ZrSiO4),
being its most widely recognized inorganic form [48–51]. Zirconium can exist in several oxidation
states including Zr(II), Zr(III) and Zr(IV), which is its preferred oxidation state [48]. Zirconium (II)
complexes are known, but they typically require p-donor ligands to enhance stability even under
inert atmosphere conditions, and even fewer reports describing the Zirconium (III) oxidation state
exist. A significant portion of knowledge regarding this element’s reactivity has been extrapolated
from hafnium (Hf) chemistry since their atomic and ionic properties yield similar chemistries with
a variety of ligands, and much of what is known about zirconium coordination chemistry has been
discovered in the context of solid-state material or catalysis development [52,53]. While research in
these areas has provided numerous societal benefits including heat and corrosion resistant coatings;
fracture resistant ceramics; and the development of catalysts that play a role in the petroleum, plastics,
and pharmaceutical industries, it has been difficult to translate this knowledge into the research fields of
radiochemistry and molecular imaging. The requirements of zirconium complexes in the latter arenas
are completely different from the former branches of scientific inquiry. For example, typical catalytic
applications require a non-aqueous environment and a zirconium complex with labile ligands [54–62],
but for molecular imaging applications, zirconium complexes must be extremely hydrophilic and inert
to ligand substitution or loss [14]. Further complicating the exploration of zirconium radioisotopes in
molecular imaging is its complex aqueous chemistry [14,16,63–65]. Currently, experimental evidence
indicates that due to its high charge and small radius, hydrated Zr(IV) exists as multiple monomeric and
polynuclear μ-oxy- and μ-hydroxy-bridged species in solution at low pH. The nature and abundance
of these species can change depending upon pH, while an increasing solution pH favors the formation
and precipitation of zirconium hydroxide species. This has made the accurate determination of stability
constants with various chelating ligands very difficult.

While several isotopes of Zr including 86Zr (t1/2: 17 h, γ 100%, Eγ = 241 keV), 88Zr (t1/2: 85 d,
γ 100%, Eγ = 390 keV), and 89Zr (t1/2: 78.4 h, β+ 22.8%, E β+max = 901 keV; 901 keV, EC 77%,
Eγ = 909 keV) can be produced on a cyclotron [66,67], 89Zr has received the most attention for
radiopharmaceutical development because of its favorable nuclear decay properties that make it
useful in the labeling of antibodies for immuno-PET applications (Figure 1) [68–70]. The availability
of carrier-free 89Zr as either zirconium-89 oxalate ([89Zr]Zr(ox)2) or zirconium-89 chloride ([89Zr]Zr
Cl4) is essential to the development of effective immuno-PET agents. Link et al. were the first to
produce 89Zr by a (p,n) reaction by bombarding 89Y foil with 13 MeV protons [18]. After irradiation,
89Zr was purified by a double extraction protocol followed by anion exchange and elution with
oxalic acid to afford 89Zr (as [89Zr]Zr(ox)2) in an 80% yield and with a purity greater than 99%.
Although incremental improvements were made in the production and purification of 89Zr soon
after that [71,72] a major advance in 89Zr production was reported by Meijs and coworkers, who
were able to produce 89Zr using the (p,n) reaction and 14 MeV protons produced on a Philips AVF
cyclotron [73]. After oxidation of the target material, other metal impurities were removed by anion
exchange chromatography using a hydroxamate-modified resin, which was chosen because of this
coordinating unit’s ability to form complexes with 89Zr(IV) under highly acidic conditions. This
allowed the 89Zr to be retained within the column while the other metal impurities were removed
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under low pH conditions. The purified 89Zr was then eluted in 95% yield using 1 M oxalic acid, which
was removed by sublimation under vacuum. Using this method the authors were able to prepare
highly pure [89Zr]Zr(ox)2 for subsequent radiochemical applications, which were later incorporated
into comprehensive procedures for preparing 89Zr-labeled antibodies [74]. Later, Holland et al.
demonstrated how to maximize recovery of isotopically pure 89Zr with an achievable molar activity of
more than 1000 Ci/nmol by examining 89Zr production as a function of cyclotron irradiation time, and
purification of the target material as a function of the concentration-dependent loading efficiencies
of the hydroxamate resin [75]. Additionally, the authors described improved processes for making
[89Zr]ZrCl4. These findings were instrumental in automating [89Zr]Zr(ox)2 production and seized
upon by other research groups, who have endeavored to increase the availability of high molar activity
[89Zr]Zr(ox)2 and [89Zr]ZrCl4 [67,76–82].

 

Figure 1. Zirconium-89 decay scheme. Zirconium-89 decays by positron emission and electron capture
to metastable yttrium-89. Metastable yttrium-89 decays by gamma emission to stable yttrium-89.

3. The Rationale for New Zirconium-89 Chelation Strategies

Medical researchers have always found inspiration in nature when developing new treatments to
combat disease. In a similar manner, chemists have developed ligands for 89Zr chelation, which
have been inspired by siderophores or the chelating agents produced by bacteria and fungi to
sequester metal ions from the environment [83–85]. The desferrioxamines are a class of iron (III)
binding-siderophores that are synthesized from the amino acids lysine and ornithine and contain a
tris-hydroxamate coordination motif [84–86]. Given Zr’s preference for hard, anionic donor groups,
and its ability to form complexes with mono-hydroxamates, it was reasonable to assume these types
of iron-binding ligands would be valuable in 89Zr radiochemistry. This rationale led Meijs et al. to
perform the first evaluation of desferrioxamine B (DFO; 1) as a 89Zr chelator, which was observed
to be highly stable in human serum (Figure 2) [87]. Since that time, many derivatives have been
prepared to facilitate bioconjugation to antibodies using the strategies depicted in Figure 3 [88,89].
Initially, the derivative, N-(S-acetyl)mercatopacetyldesferrioxamine B (SATA-DFO; 2) was prepared
for mAb coupling using a strategy that involved reacting SATA-DFO with maleimide-modified
lysine side chains on the mAb surface to yield a thioether linkage between the DFO chelator and
targeting mAb [90]. However, due to instability at physiological pH, this method was abandoned.
Later, reacting the activated 2,3,5,6-tetrafluorphenol ester-modified DFO (3) with the primary amine
side chains of solvent accessible lysine residues located on the mAb surface, Verel et al. were able
to conjugate 3 to the U36 mAb through a succinamide linkage (4) [74]. Using this conjugate the
authors then prepared [89Zr]Zr-DFO-N-SUC-U36 mAb, and evaluated it in a murine model bearing
xenografts derived from the HNX-OE, human head and neck carcinoma cell line. Tumor-to-non-target
background contrast improved over the time course of the study with tumors being easily visualized
at 72 h post-injection. Acute biodistribution studies demonstrated that radioactivity retention in tissue
was consistent with a 89Zr-labeled mAb. Despite the promising results obtained, the cumbersome
preparation strategy, which involved chelation of Fe(III) and its EDTA-mediated removal from DFO
before 89Zr radiochemistry could be performed, was also abandoned due to its complexity.

3



Molecules 2018, 23, 638

Figure 2. DFO-based bifunctional chelators for 89Zr. The coordinating units are depicted in red font.

Condensation-Mediated Amide Formation

Tetra uorphenol (TFP)-Mediated Amide Formation

N-Hydroxysuccinimide (NHS)-Mediated Amide Formation

p-Benzylisothiocyanate (NCS)-Mediated Amide Formation

S-acetylthioacetate (SATA)-Mediated Thioether Formation

Inverse Electron Demand Diels-Alder (IEDDA)-Mediated Bond Formation

 

Figure 3. Selected bioconjugation reactions used to link 89Zr-bifunctional chelators A with targeting
ligands B that are described in this text. For clarity, leaving groups and reaction conditions are
not shown.

Several years later, Perk et al. described the new bifunctional chelator p-isothiocyanato-benzyl-
desferrioxamine B (DFO-p-Phe-NCS; 5) as superior to the TFP-N-SUC-DFO and SATA-DFO BFC
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analogs [91]. The underlying conjugation strategy relied upon the stable formation of a thiourea linkage
between the antibody and the chelator, and the one-step coupling process was complete within 60 min
when the ligand and the mAb were reacted at 37 ◦C under highly basic conditions. To demonstrate
utility, the authors prepared DFO-p-Phe-NCS-U36 mAb with an achievable chelator-to-mAb ratio
of 1.5. They then compared the radiochemistry of this conjugate with that of DFO-N-SUC-U36,
which was prepared using the seven step, TFP method. Radiochemical studies demonstrated
comparable radiochemical yields were achieved for both conjugates allowing the authors to conclude
the thiourea bond did not interfere with the radiochemistry of the conjugate. Despite facile
radiochemistry, the authors did note that the NCS-derived conjugates were less stable in solution.
Although no radiolysis experiments were conducted, this instability was attributed to in situ radiolysis,
which could be mitigated by formulating the 89Zr-radiopharmaceutical in serum. In an effort to
further compare conjugation strategies, the biodistribution of [89Zr]Zr-DFO-p-Phe-NCS-U36 and
the [89Zr]Zr-DFO-N-SUC-U36 were compared in mice bearing FaDu human xenografts that were
derived from the human pharynx squamous carcinoma cell line. In vivo results were similar
for both radiopharmaceuticals indicating that the different conjugation strategies did not alter
the biodistribution in this murine model, and these results were corroborated by small animal
PET/CT imaging. After 72 h, the subcutaneous xenografts were clearly visible with excellent
image contrast. To further demonstrate the applicability of this approach, the authors also prepared
[89Zr]Zr-DFO-p-Phe-NCS-rituximab and evaluated it in a nude mouse model bearing tumors that were
derived from the A431 human squamous carcinoma cell line. Results in this model were similar to those
obtained using the U36 mAb and FaDu animal model. Since these initial reports, this strategy has been
universally adopted for preclinical research and clinical trials because of its advantages, which include
facile reaction chemistry and its adaptability to good manufacturing compliant processes (cGMP).

Despite extensive use of DFO-p-Phe-NCS in 89Zr-Immuno-PET applications, questions regarding
[89Zr]Zr-DFO instability during the extended circulation of the radiolabeled mAb in vivo have
appeared in the literature [14,16,27,92,93]. Current scientific consensus suggests that the unsaturated
coordination sphere of [89Zr]Zr-DFO in combination with perturbation by endogenous serum proteins
during the extended circulation of the mAb-based radiopharmaceutical is responsible for this observed
instability, 89Zr transchelation, and eventual deposition into the phosphate-rich hydroxylapatite
matrix found in bone [94–96]. Unfortunately, the presumed instability of the [89Zr]Zr-DFO complex
has complicated the preclinical evaluation of therapeutic antibodies and also may complicate the
interpretation of clinical trial results designed to improve clinical care [97]. These reports of instability
fueled a desire within the research community to understand the requirements needed to form a stable
89Zr complex and generate new ligands that enhance the stability of the resulting 89Zr complex [98].
The remainder of this review will discuss recent progress in 89Zr chelator research and highlight the
major coordinating units being incorporated into their design [99,100].

3.1. Zirconium-89 Chelators Containing Hydroxamate Coordinating Units

In addition to the desferrioxamines, additional siderophores have stimulated the creativity of
molecular imaging scientists. For example, Zhai et al. examined fusarine C (FSC; 6), which was
previously evaluated as a 68Ga chelator, and its triacetylated analog TFAC (7) as 89Zr chelators [101].
They are depicted in Figure 4. The design benefits of these ligands include the three hydroaxamtae
groups for 89Zr coordination, the cyclic structure to improve stability and three primary amine
groups, which are amenable to a variety of bioconjugation strategies and also offer the possibility
of multivalent targeting. Initially the authors studied TFAC radiochemistry and observed excellent
complexation kinetics. Within 90 min the hydrophilic complex, [89Zr]Zr-TFAC could be prepared
from [89Zr]Zr(ox)2 with a molar activity of 25 GBq/μmol. Interestingly, this research group also
examined the preparation of NatZr-TFAC using NatZrCl4. Analysis of their results led the research
team to support the initial claims of Holland et al., who stated that [89Zr]ZrCl4 might be superior
to [89Zr]Zr(ox)2 [75]. In vitro, [89Zr]Zr-TFAC demonstrated greater stability against EDTA challenge
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compared to [89Zr]Zr-DFO. Additionally, biodistribution and small animal PET/CT studies of
[89Zr]Zr-TFAC revealed rapid blood clearance with predominate renal excretion and minimal bone
uptake suggesting that the [89Zr]Zr-TFAC complex was stable over the short time course of the study.
In additional studies the authors prepared [89Zr]Zr-FSC-RGD and [89Zr]Zr-DFO-RGD. They then
evaluated each radiopharmaceutical using receptor binding studies and the M21 (αvβ3

+) and M21L
(αvβ3

−) human melanoma cells to determine if the new chelator had any effect on αvβ3 binding
in vitro. Results of these studies demonstrated that the [89Zr]Zr-FSC complex did not disrupt
RGD-αvβ3 binding in vitro, and this finding was corroborated using biodistribution and small
animal PET/CT studies in nude mice bearing contralateral human melanoma M21 and M21L tumors.
These studies revealed excellent retention of radioactivity in integrin positive tumors, and a complete
biodistribution profile that was consistent with RGD-based radiopharmaceuticals [102]. In a recent
publication, Summers, et al. extended the evaluation of the FSC ligand by conjugating it to the
anti-EGFR affibody, ZEGFR:23377 using a maleimide-based bioconjugation strategy to produce
FSC-ZEGFR:23377 [103]. This bioconjugate was radiolabeled in a facile manner using [89Zr]Zr(ox)2

and radiochemical methods typically used to prepare [89Zr]Zr–DFO-mAbs. Binding studies and
biodistribution studies demonstrated that antigen reactivity was retained in vitro and in vivo, but at
24 h post-injection, the radioactivity level in the bone tissues of mice receiving the radiolabeled
affibody was comparable to levels in the bones of mice receiving the [89Zr]Zr-DFO-bioconjugate.
Clearly, significant progress has been made exploring FSC and its 89Zr radiochemistry, but additional
studies to examine radioactivity levels in bone tissue at much later time points will be necessary to
fully appreciate its potential as a 89Zr-chealtor.

 

Figure 4. Hydroxamate-containing Zirconium-89 chelators inspired by the siderophores fusarine C
and desferrichrome. The coordinating units are depicted in red font.

The Boros group recently described the desferrichrome (DFC; 18)-inspired 89Zr chelators 9–15

(Figure 4) [104]. Desferrichrome (DFC; 18) is an ornithine-derived hexapeptidyl siderophore secreted
by bacteria and fungi, but to ensure accessibility of the tris-hydroxamate coordinating groups
during chelation, the naturally occurring ligand was reverse-engineered to be acyclic, and modified
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with the near infrared (NIR) dye, silicon rhodamine (SiR). Attaching the NIR dye allowed the
researchers to monitor coordination kinetics during metal complexation, to identify the Zr-DFC
complex during any subsequent purification steps and provide a multi-modal imaging platform to
describe tissue residualization after in vivo injection. Radiochemical studies demonstrated that these
ligands could be radiolabeled quantitatively at room temperature; while EDTA challenge studies,
revealed that 89Zr[Zr]-12 and [89Zr]Zr-DFO demonstrated comparable resistance to transchelation.
Although biodistribution studies involving the radiometal chelates were not reported, 14, which was
an NCS-modified version of 12, was conjugated to trastuzumab and radiolabeled with 89Zr in
order to compare its stability to DFO when incorporated into a mAb-based radiopharmaceutical.
Biodistribution studies conducted in normal C57Bl6 mice revealed accelerated blood clearance
compared to [89Zr]Zr-DFO-trastuzumab, but animals injected with [89Zr]Zr-14-trastuzumab retained
significantly more radioactivity in liver tissue, which may preclude the imaging of tumors within the
abdominal cavity. Finally, radioactivity levels in bone tissue of mice receiving either [89Zr]Zr-14- or
the [89Zr]Zr-DFO-trastuzumab were similar. Current experiments are underway to examine the NIR
properties of 15 to determine if it can be applied in a multi-modal strategy that enables preclinical
antibody development.

Siebold and coworkers described the rational design and solid phase synthesis of CTH36 (16) as
a ligand for 89Zr chelation (Figure 5) [105]. To maximize the potential of this new ligand its rational
design was predicated on extensive computational studies and several important design characteristics
including (1) the inclusion of four hydroxamate coordinating units; (2) a macrocyclic structure to
take advantage of the macrocyclic effect; (3) rotational symmetry to limit isomers; (4) hydrophilic
character; and (5) an optimal cavity size to provide a balance between ring strain and entropic effects.
They also developed Tz-CTH36 (17) and conjugated it to a transcyclooctene-modified c(RGDfK) analog
using and inverse electron demand Diels-Alder coupling strategy so that they could compare the
radiochemistry and in vitro properties of this conjugate with [89Zr]Zr-DFO-c(RGDfK). Interestingly,
both conjugates underwent facile radiolabeling, but [89Zr]Zr-CTH36-c(RGDfK) was more resistant to
EDTA challenge. The authors postulated that the higher kinetic stability of [89Zr]Zr-CTH36-c(RGDfK)
was a consequence of the rationally designed ligand and its ability to complex the 89Zr4+ ion
in an octadentate manner. However, the authors did not report any in vivo data regarding the
biodistribution of [89Zr]Zr-CTH36-c(RGDfK) or any data regarding the preparation and evaluation
of a [89Zr]Zr-CTH36-mAb conjugate. Completion of these remaining studies will be crucial in
validating this rational design approach and determining if 16 and its BFC version 17 will be useful in
89Zr-immuno-PET applications.

 

Figure 5. Macrocycle-based hydroxamate chelators for Zirconium-89. The coordinating units are
depicted in red font.

Another attempt to develop ligands that completely satisfy the 89Zr-coordination sphere was
communicated by the Smith group, who evaluated the hybrid molecule DFO-1-hydroxy-2-pyridone
(18), which was originally designed for plutonium (IV) sequestration (Figure 6) [106]. Although nuclear
magnetic resonance (NMR) analysis of NatZr-18 was not performed due its low solubility,
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the authors deduced a 1:1 metal-ligand complex using high resolution mass spectrometry.
Radiochemical experiments demonstrated that the ligand could be quantitatively radiolabeled with
excellent molar activity using comparable experimental conditions needed to prepare [89Zr]Zr-DFO,
but unlike the latter, the former radiometal complex was inert to EDTA and serum challenge.
Small animal PET/CT and acute biodistribution studies were also conducted on normal mice
injected with either [89Zr]Zr-18 or [89Zr]Zr-DFO. In contrast to the clearance profile of [89Zr]Zr-DFO,
which underwent renal excretion exclusively, [89Zr]Zr-18 demonstrated a bimodal excretion pattern.
At early time points post-injection, rapid renal clearance was observed, but as the experimental time
course progressed, hepatobiliary clearance predominated. The authors hypothesized that differences in
hydrophilicity were responsible for the dichotomous excretion pattern of the former radiometal chelate.
Moreover, radioactivity levels in the bone tissue of mice injected with [89Zr]Zr-18 were significantly
lower when compared to the radioactivity levels in the bone tissue of mice receiving [89Zr]Zr-DFO.
Although current results demonstrate promise for this hybrid ligand, the BFC version must be
evaluated before any conclusions can be made regarding its utility in 89Zr-immuno-PET applications.

 

Figure 6. Octa-coordinate chelators for 89Zr inspired by DFO. The coordinating units are depicted in
red font.

Taking cues from Guerard et al. [98], Patra and coworkers, reported the DFO analog, DFO*
(19), which was easily synthesized from the DFO-mesylate salt and the protected hydroxamic acid
precursor (Figure 6) [107]. While derivatization to introduce functional groups for bioconjugation
into 19 was facile, preparing and characterizing the NatZr-19 complex was challenging due to
its poor solubility. Nevertheless, the authors were able to deduce a 1:1 metal-to-ligand binding
motif using high resolution mass spectrometry and NRM analysis, but also noted the presence
of structural isomers, which the authors attributed to the numerous coordination modes that the
acyclic ligand can adopt during complexation of the Zr4+ ion. To understand how the addition of
the fourth hydroxamate coordinating unit influenced the radiochemistry of this ligand, the authors
prepared [89Zr]Zr-19-[NIe14]BBS(7–14) and [89Zr]Zr-DFO-[NIe14]BBS(7–14) with achievable molar
activities of 5–6 GBq-μmol−1. Although no uncomplexed 89Zr was observed in the reaction mixture,
radio-high performance liquid chromatography (HPLC) did detect the presence of isomers, which was
consistent with the NMR solution data of the non-radioactive complex. When challenged with
excess DFO, the [89Zr]Zr-19 conjugate resisted transchelation. More importantly, LogD7.4 and
in vitro binding studies using gastrin-releasing peptide receptor positive cell lines suggested that
the addition of the fourth hydroxamate coordinating unit had minimal influence on the physical
properties of the radiopharmaceuticals in vitro. Several years later, Vugts et al. extended this work
by synthesizing 20, which was prepared by reacting 19 with p-phenylenediisothiocyante, and then
conjugating it to trastuzumab to yield a bioconjugate with an observed chelator-to-mAb ratio of
0.6–0.9 [108]. Additionally, comparative radiochemistry studies revealed that [89Zr]Zr-DFO*-p-Phe-
NCS-trastuzumab and [89Zr]Zr-DFO-trastuzumab could be radiolabeled in high radiochemical yield
within 60 min, but only [89Zr]Zr-DFO*-p-Phe-NCS-trastuzumab was more stable in a variety of storage
media, and demonstrated a more robust immunoreactivity when challenged with the HER2/neu
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antigen. The authors attributed the superior in vitro stability of the DFO*-based radiopharmaceutical
to the coordinatively saturated environment that the octa-coordinate ligand, 20 provides the 89Zr4+ ion.
Biodistribution studies in nude mice bearing HER2/neu positive tumors derived from the human, N87
human gastric cancer cell line were also very descriptive. Although both radiopharmaceuticals had
very similar blood clearance profiles, animals injected with the [89Zr]Zr-DFO*-p-Phe-NCS-trastuzumab
demonstrated significantly lower radioactivity levels in liver, spleen, and bone tissue, which was
corroborated by small animal PET/CT studies in the same xenograft model. The development of 20

represents a significant achievement in 89Zr chelator design, and since recent efforts to improve the
water solubility of this ligand have been successful the radiopharmaceutical community anxiously
awaits its evaluation in a clinical setting [109–111].

Additional hydroxamate-based ligands 21–24 were reported by Boros and coworkers [112].
These ligands are depicted in Figure 7. Creatively, the authors used the macrocycles cyclen and
cyclam as molecular scaffolds, and alkylated the secondary amines within each macrocycle to yield
chelators with three or four hydroxamte-functionalized pendant arms in relatively good overall yields.
Further computational studies to optimize the length of the pendant arm generated a cyclam-based
ligand (25) that underwent facile radiolabeling to produce an [89Zr]Zr-complex with improved stability
over the cyclen-based chelators. EDTA challenge studies revealed [89Zr]Zr-25 was 95% intact after
72 h, while LogD7.4 studies revealed a comparable hydrophilicity with 89Zr-DFO. Furthermore,
biodistribution and small animal PET/CT studies in normal mice confirmed the in vitro results with
rapid renal clearance of the administered radioactivity after only 30 min. Biodistribution data obtained
24 h post-injection revealed a biodistribution pattern similar to 89Zr-DFO, but to further assess 25 as a
89Zr chelator, the authors compared the in vivo pharmacokinetics of [89Zr]Zr-25-N-SUC-trastuzumab,
which was prepared using a TFP-mediated approach, and [89Zr]Zr-DFO-trastuzumab using small
animal PET/CT in a nude mouse model bearing bilateral BT474 (HER2+) and BT20 (HER2−) human
breast cancer xenografts. As expected, efficient and specific targeting of the HER2/neu receptor was
observed with HER2+ tumors easily visualized as image contrast improved over the experimental time
course. However, image analysis and post-PET biodistribution results revealed that the radioactivity
levels in the bones of animals injected with [89Zr]Zr-25-N-SUC-trastuzumab were 9-fold higher than
that observed in the bones of mice receiving [89Zr]Zr-DFO-trastuzumab. This suggests that further
optimization of the ligand structure will be necessary to improve 89Zr-chealte stability before these
ligands are made available to the research community.

 

Figure 7. Cyclen-and cyclam-based 89Zr chelators containing hydroxamate pendant arms.
The coordinating units are depicted in red font.

9



Molecules 2018, 23, 638

3.2. Zirconium-89 Chelators Containing Hydroxyisopthalamide, Terepthalamide and Hydroxypyridinone
Coordinating Units

Over the last three decades, the prolific work by the Raymond group and others has led to the
development of a vast library of rationally designed, pre-organized ligands containing multi-dentate
catecholate, hydroxpyridinoate, hydroxyisopthalamide and terepthalamide coordinating units [86].
Although originally designed as decorporation agents for numerous radioactive ions such as plutonium
(IV), uranium (IV) and thorium (IV), the radiochemistry community has recently rediscovered these
ligands and made numerous attempts to adapt them for zirconium (IV) radiochemistry.

Bhatt et al. reported a pair of ligands containing hydroxyisopthalamide coordinating units,
which were believed to bind 89Zr in an octadentate manner through a combination of phenolic and
carbonyl oxygen atoms (Figure 8) [113]. Ligand 26 was developed as a rigid trimacrocycle comprised
of 24 and 30 member rings whereas ligand 27 formed a more flexible bimacrocycle comprised of 24 and
27 member rings. The influence of these structural differences on in vitro and in vivo behavior was
readily apparent. While both ligands could be quantitatively radiolabeled with 89Zr to yield high molar
activity radiometal complexes, the more rigid 26 required forcing conditions. However, [89Zr]Zr-26 was
more resistant to DTPA and serum challenge, and demonstrated greater in vivo stability. For example,
mice injected with [89Zr]Zr-26 retained less activity in their liver, kidney and bone tissue than did
those animals injected with [89Zr]Zr-27, but it still did not demonstrate pharmacokinetic properties
that surpassed those of [89Zr]Zr-DFO.

 

Figure 8. Bifunctional chelators for 89Zr containing hydroxyisopthalamide and terepthalamide
coordinating units. The coordinating units are depicted in red font.

Pandya et al. investigated the use of the 2,3-dihydroxyterepthalamide (TAM) coordinating units
in 89Zr-BFC design [114]. These functional groups are highly acidic and exist as di-anions at neutral pH.
The authors believed their incorporation into a macrocycle with an appropriate cavity size would yield
an octadentate ligand with high avidity for the 89Zr4+ cation [114]. Moreover, Raymond and coworkers
previously demonstrated how this coordination motif could be used to engineer the solution properties
of the resultant chelating ligand [86]. Using high dilution conditions to avoid side reactions, the authors
were able to isolate two distinct regioisomers. Regioisomer 28 was identified to have a more rigid
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structure containing two 29 atom macrocycles, while regioisomer 29 was identified as a more flexible
“clam-shell” like system composed of two-26 atom ring systems. Despite the differences in rigidity, both
ligands were quantitatively radiolabeled under the same conditions needed to prepare [89Zr]Zr-DFO,
and neither radiometal complex demonstrated transchelation when challenged with excess DTPA
or human serum. Interestingly, these complexes were more resistant to transmetallation than the
IAM analogs and illustrate the greater affinity of the TAM coordination motif for the Zr4+ cation.
Biodistribution studies conducted in normal mice revealed that the more rigid complex [89Zr]Zr-28

was more stable in vivo than [89Zr]Zr-29 and underwent more rapid clearance from all tissues over
the experimental time course. The authors asserted that since 29 was a less rigid bi-macrocycle,
the resulting 89Zr complex was more susceptible to perturbation by endogenous serum proteins and
resulted in greater transchelation of the 89Zr4+ ion. The in vivo behavior of [89Zr]Zr-28 was also
compared with [89Zr]Zr-DFO. Although both radiometal complexes demonstrated a similar clearance
pattern from the blood pool, [89Zr]Zr-28 had significantly elevated levels of radioactivity in liver and
kidney tissue, which the authors attributed to multifactorial processes including aggregation and
changes in the molecular structure of [89Zr]Zr-28 due to changes in intracellular pH within these
tissues. Finally, levels of radioactivity observed in bone tissue of mice receiving [89Zr]Zr-28 were
comparable to that of mice injected with [89Zr]Zr-DFO. Typically, low incorporation of radioactivity in
bone would stimulate further research into this ligand class, but the excessive retention of radioactivity
in kidney tissue will most likely prohibit their further development as 89Zr chelators.

The Blower group reported CP256 (30) [115], which is based upon three 1,6,-dimethyl-3-hydroxy-
pyridin-4-one groups, and is depicted in Figure 9. Although a single molecule crystal structure
was not reported, high resolution mass spectrometry analysis in conjunction with 1H and 13C-NMR
studies revealed that NatZr-30 formed with a 1:1 ligand-to-metal stoichiometric ratio. However a
high degree of fluxionality was observed within the NMR spectra and suggested to the authors
that multiple structural isomers existed in solution. Initial radiochemistry studies indicated that
30 could be quantitatively radiolabeled at a ligand concentration of 10 mM, but this became more
difficult when the concentration of the latter approached the nanomolar range. Biodistribution
studies in normal mice injected with [89Zr]Zr-30 revealed a renal excretion pattern similar to that
of [89Zr]Zr-DFO suggesting that [89Zr]Zr-30 was stable on this rapid time scale. However, stability
differences became more pronounced when the research team compared [89Zr]Zr-31-trastuzumab,
which contained the bifunctional chelating version of 30, and [89Zr]Zr-DFO-trastuzumab. At early
biodistribution time points, similar levels of radioactivity were observed in the blood pool, spleen, liver,
kidney and bone tissues regardless of the injected radiopharmaceutical. However, as the experimental
study progressed, animals injected with [89Zr]Zr-DFO-trastuzumab seemed to retain less activity
within tissue. For example, by the end of the study, the radioactivity associated with the bone
tissue of animals receiving [89Zr]Zr-31-trastuzmab was 6-fold higher than that of animals receiving
[89Zr]Zr-DFO-trastuzumab. Moreover, this accumulation of radioactivity in bone was clearly visible in
small animal PET images, and forced the authors to conclude that 31 would not be a reliable ligand for
the stable chelation of 89Zr where prolonged stability was required in vivo.

In an attempt to overcome the limitations of ligands 30 and 31, Buchwalder and coworkers
rationally designed 1,3,-propanediamine-N,N,N′,N′-tetrakis[(2-(aminoethy)-3-hydroxy-1-6-dimethyl-4
(1H)-pyridinone)acetamide] (THPN, 32), which is based upon four 3-hydroxy-4-pyridinone (3,4-HOPO)
coordinating groups, in an attempt to fully satisfy the octadentate coordination sphere preferred by the
89Zr4+ ion [116]. Although traditional synthetic routes to this ligand proved laborious, a breakthrough
was achieved when the research team adopted a microwave-assisted approach, which reduced the
reaction time from six days to six hours and substantially increased the product yield. Computational
studies and high resolution mass spectrometry of NatZr-32 revealed a 1:1 metal-to-ligand stoichiometry,
while radiochemistry studies revealed radiolabeling kinetics that were superior to DFO in the
micromolar range. LogP studies indicated that [89Zr]Zr-32 was a highly hydrophilic complex
and demonstrated a similar hydrophilicity to other [89Zr]Zr-HOPO and [89Zr]Zr-TAM complexes.
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Moreover, while serum stability and EDTA challenge studies at physiological pH revealed comparable
stability between both radiotracers, studies under low pH conditions revealed that [89Zr]Zr-32 was
more resistant to demetallation suggesting it would remain stable in vivo. Finally, in comparative
biodistribution and small animal PET/CT studies, the authors injected [89Zr]Zr-32 or [89Zr]Zr-DFO
into normal mice to evaluate the clearance of radioactivity from normal tissues. Image analysis
revealed minimal amounts of radioactivity in tissue with a majority of the injected activity being
excreted renally. A 24 h post-PET biodistribution analysis revealed a similar pharmacokinetic profile
as [89Zr]Zr-DFO, and comparable radioactivity levels were observed in the bone tissues of both
animal cohorts. Although the authors speculate that 32 could be a reasonable alternative to DFO,
biodistribution and small animal PET imaging data describing the stability of this ligand as part
of mAb-based radiopharmaceutical must be completed, and the radiopharmaceutical community
anxiously awaits these results.

 

Figure 9. Zirconium-89 chelators containing 3,4-hydroxypyridinone coordinating units.
The coordinating units are depicted in red font.

A recent academic-industrial collaboration between Genentech, Inc., Lumiphore, Inc. and
The Wake Forest School of Medicine resulted in the development of BPDETLysH22-2,3-HOPO
(33), which contained four 3,2-HOPO coordinating units (Figure 10) [93]. The novel “clam shell”
structure was envisioned to offer rapid 89Zr4+ complexation kinetics that would be similar to those
of DFO, and improved radiometal complex stability because of the pre-organized macrocyclic
design. Similar to ligands reported by Bhatt and Pandya [113,114], the synthesis of 33 involved
the condensation of tetraamine and activated diacid intermediates under high dilution conditions
to avoid oligomeric and polymeric by-products. While a 1:1 meta-to-ligand stoichiometric ratio was
observed by high resolution mass spectrometry, NMR and HPLC analysis revealed the presence
of structural isomers after NatZr4+ ion coordination. Initial radiochemistry experiments using
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the conditions described for the preparation of [89Zr]Zr-DFO revealed that this ligand could be
quantitatively radiolabeled with excellent molar activity in less than 30 min, and the resulting
hydrophilic complex was more resistant to DTPA challenge than [89Zr]Zr-DFO. Biodistribution
studies in normal mice were conducted with [89Zr]Zr-33 and [89Zr]Zr-DFO to compare the clearance
kinetics of each tracer, and revealed efficient blood clearance of both radiotracers over the 72 h
experimental time course. However elevated levels of radioactivity were observed in the kidney,
liver and bone tissues of mice receiving [89Zr]Zr-33. Next, the authors prepared the BFC version 34

and conjugated it to trastuzumab. They then compared [89Zr]Zr-2,3-HOPO-p-Phe-NCS-trastuzumab
and [89Zr]Zr-DFO-trastuzumab in a HER2/neu mouse model of ovarian carcinoma using small animal
PET/CT imaging. Time activity curves for tumor, blood, liver and bone were obtained over the 144 h
experimental time course. As expected, radioactivity in the blood pool was comparable for each cohort
regardless of the injected immuno-PET agent, and in vivo targeting of the HER2/neu tumor was
efficient suggesting that the chelator did not alter trastuzumab specificity in vivo. However, animals
receiving [89Zr]Zr-2,3-HOPO-p-Phe-NCS-trastuzumab did retain more radioactivity in liver and bone
tissues when compared to animals injected with [89Zr]Zr-DFO-trastuzumab forcing the authors
to conclude that further optimization of the macrocyclic scaffold would be necessary to improve
radiometal complex stability and make these ligands viable DFO alternatives.

 

Figure 10. Zirconium-89 chelators containing 2,3-hydroxypyridinone and 1,2-hydroxypyridinone
coordinating units. The coordinating units are depicted in red font.

To date, the most successful application of the hydroxypyridinone coordinating unit in
89Zr chelator design was published by Deri and collaborators who described the acyclic
3,4,3-(Li-1,2-HOPO) ligand 35 [117], which comprised a linear spermine backbone appended with four
1,2-hydroxypyridinone coordinating units. The acyclic nature of the ligand, the low pKa values of the
coordinating units and an ideal cavity size were believed to be important design characteristics that
would facilitate 89Zr complexation and result in an ultra-stable radiometal complex. Similar to other
ligands containing hydroxypyridinone coordinating units, 89Zr radiolabeling kinetics were rapid in
the presence of excess ligand, but during these studies, the authors noted the presence of two distinct
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species, whose formation was concentration-dependent. Experimental evidence led the research team
to hypothesize that the radiometal complex initially formed reflected a dimeric species involving
two ligands binding one 89Zr4+ ion. However, over time, this dimeric complex interconverted to a
second species, which the authors attributed to [89Zr]Zr-35 containing the expected 1:1 metal-to-ligand
stoichiometry. After isolating the later species, the authors evaluated its kinetic inertness, its resistance
to transchelation and its selectivity for 89Zr4+ ion by challenging [89Zr]Zr-35 with human serum,
excess EDTA and biologically relevant metal ions, respectively. In human serum both [89Zr]Zr-35 and
[89Zr]Zr-DFO were more than 98% intact after 7 days at 37 ◦C, but when challenged with excess EDTA
or biologically relevant metal cations, [89Zr]Zr-35 was observed to be more resistant to demetallation.
Biodistribution and small animal PET/CT studies revealed that in contrast to animals injected with
[89Zr]Zr-DFO, animals injected with [89Zr]Zr-35 displayed a biomodal excretion pattern with renal
excretion occurring at early time points and hepatobiliary clearance occurring at later time points.
Biodistribution studies indicated significantly more radioactivity in the bone tissue of mice injected
with [89Zr]Zr-35 than in the bones of mice receiving [89Zr]Zr-DFO, but the authors attributed these
observations to differences in the perfusion and clearance kinetics exhibited by the two radiometal
complexes rather than transchelation of the 89Zr into the phosphate rich bone matrix.

In a subsequent publication, Deri and coworkers reported the bifunctional chelator analog of 35,
SCN-Bn-HOPO (36) [117]. Synthesis of this molecule was non-trivial as it required the incorporation
of the p-benzylisothiocyanate pendant arm, which was used for antibody conjugation, into the
symmetrical ligand. Although deprotection steps to achieve the final BFC proved challenging,
it was eventually conjugated to trastuzumab yielding a bioconjugate with a 3:1 chealtor:mAb ratio.
Satisfyingly, the 89Zr chelation kinetics of the BFC when attached to trastuzumab were similar to the
initial ligand; to that observed with DFO-trastuzumab, and both conjugates were quantitatively
radiolabeled with a specific activity of 74 MBq/mg in less than an hour. More importantly,
both radiopharmaceuticals demonstrated immunoreactivities greater than 85% suggesting that the
presence of the [89Zr]Zr-HOPO complex on the antibody surface did not affect in vitro stability or
HER2/neu receptor affinity. The in vivo performance of both radiopharmaceuticals was compared
using small animal PET/CT imaging and acute biodistribution studies in a murine model of
HER2/neu positive breast cancer. Both agents demonstrated efficient tumor accumulation with
improving image contrast as they cleared from non-target tissues. However, mice injected with
the HOPO-based radiopharmaceutical demonstrated reduced accumulation of radioactivity in
their skeleton over the experimental time course of this study. Biodistribution data corroborated
the imaging results and revealed that the radioactivity level in the skeleton of mice receiving
[89Zr]Zr-1,2-HOPO-Bn-SCN-trastuzumab was approximately 8-fold lower than for mice receiving
the [89Zr]Zr-DFO conjugate. Accordingly, the former radiopharmaceutical afforded a better
tumor-to-bone ratio, which may be an important criterion in reducing false positive rates associated
with 89Zr-immuno-PET-based bone metastasis detection strategies [97,118]. Additionally, the improved
contrast may enable more accurate biodistribution and dosimetry in advance of targeted systemic
radiotherapy, and the successful use of this ligand in immuno-PET applications stands out as another
excellent success story in the preclinical development of 89Zr chelators.

3.3. 89Zr Chelators Containing Tetraazamacrocycles

Polyaminocarboxylate ligands, which include acyclic ligands such as ethylenediamine-
tetraacetic acid (EDTA), diethylenetriaminepentaacetic acid (DTPA) or tetraazamacrocycles such as
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA, 37) represent one ligand class that has
been at the forefront of radiopharmaceutical development for nearly half a century (Figure 11) [14,15].
While useful for stably chelating a variety of radiometals, reports describing them as 89Zr chelators are
absent in the literature despite a strong preference of Zr(IV) for polyanionic hard donor ligands and
the very impressive stability constants of some of the resulting Zr-complexes. Recently, Pandya et al.
reported their initial observations on Nat/89Zr-tetraazamacrocycle complexes by preparing Zr-37,
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Zr-38 and Zr-39 and characterizing each complex using high resolution mass spectrometry, and 1H-
and 13C-NMR [119]. Fortunately, the molecular structure of Zr-37 was elucidated by single crystal
x-ray diffraction analysis. It provided irrefutable proof of an octadentate coordination environment
where all four macrocycle nitrogen atoms and acetate pendant arms participated in Zr4+ ion
coordination. Furthermore, the compressed, square anti-prismatic geometry and low-symmetry
saddle-like ligand conformation displayed by Zr-37 was consistent with the limited number of reports
describing Zr-catalysts containing analogous ligands with a Zr(IV) metal center that lacks crystal-field
stabilization [120–128].

 

Figure 11. Zirconium-89 chelators containing tetraazamacrocycles. The coordinating units are depicted
in red font.

After completing synthesis and characterization of the reference complexes, attempts to prepare
the radioactive analogs using standard procedures published for the preparation of [89Zr]Zr-DFO
resulted in low radiochemical yields. However, the authors seized upon earlier work by Holland et al.,
who described the use of [89Zr]ZrCl4 as potential alternative to [89Zr]Zr(ox)2 in 89Zr-immuno-PET
synthesis [75]. Using this radioactive precursor, they were able to quantitatively prepare [89Zr]Zr-37,
[89Zr]Zr-38, and [89Zr]Zr-39 with specific activities that were similar to other 89Zr-complexes published
in the literature. To explain differences in ligand reactivity, the authors rationalized the Nat/89Zr
species present in solution dictated complex formation [63]. Zirconium oxalate is a highly stable
complex, even under highly acidic conditions and at very low molar concentrations. Accordingly, when
[89Zr]Zr(ox)2 is reacted with the tetraazamacrocycle, the oxalate anion’s ability to form a stable complex
in aqueous media effectively competes with the macrocycle, resulting in a low radiochemical yield of
the [89Zr]Zr-tetraazamacrocycle complex. Conversely, ZrCl4, is highly charged, oxophilic and readily
undergoes aquation in solution to form multiple μ-hydroxo-and μ-oxo-bridged species. Thus, in the
absence of a competing oxalate ligand, [89Zr]Zr-tetraazamacrocycle complex formation was favored
when [89Zr]ZrCl4 was reacted with the macro-cycle in solution [63].

In vitro, [89Zr]Zr-tetrazamacrocycle complexes demonstrated remarkable stability with [89Zr]Zr-37

being the most inert to serum, EDTA or biologically relevant metal ion challenge. Acute biodistribution
studies were also conducted to examine stability in vivo. Mice intravenously injected with [89Zr]Zr-37

retained significantly less radioactivity in their tissues compared to mice injected with [89Zr]Zr-38 or
[89Zr]Zr-39. More importantly, biodistribution and small animal PET/CT studies demonstrated
that mice injected with [89Zr]Zr-37 retained less radioactivity in their tissues than did animals
injected with [89Zr]Zr-DFO suggesting the former is superior to the latter in terms of in vivo
stability. Although results describing 37 as part of an 89Zr-immuno-PET agent are still unreported;
if successful, use of tetraazamacrocycles in 89Zr-immuno-PET may pave the way for truly theranostic
approach to targeted systemic radiotherapy since it would be possible to radiolabel one FDA
approved DOTA-mAb conjugate with 89Zr and therapeutic radionuclides [70,129–142]. This strategy
may increase dosimetric accuracy, reduce regulatory burden, and minimize costs associated with
cGMP-compliant radiopharmaceutical development, so that they may be more readily integrated into
personalized medicine strategies in the future.
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4. Conclusions

Zirconium-89 radiopharmaceutical research has progressed rapidly since this radionuclide
was first produced more than three decades ago; great strides have been made to standardize
its production, understand aqueous zirconium chemistry, and design ligands that stably chelate
this important PET isotope. As a consequence, numerous siderophore-inspired ligands containing
hydroxamate; hydroxyisopthalamide; terepthalamide, and hydroxypiridinoate coordinating units have
been scrutinized and reported to effectively chelate 89Zr. Thus far, only DFO* and HOPO derivatives
have proven effective as 89Zr-chelators when incorporated into an antibody-based radiopharmaceutical,
while others chelators still await evaluation in this context. Interest in tetraazamacrocycles as 89Zr
chelators has also increased given the recent revelation that this ligand class can form ultra-stable 89Zr
complexes. Undoubtedly, the next few years will see this highly dynamic research area yield new
insights and exciting breakthroughs in 89Zr-immuno-PET radiopharmaceutical design that will have a
transformative impact on how precision medicine strategies are implemented in the clinic.
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Abbreviations

BFC bifunctional chelator
Bq bequerel
Ci curie
DFC desferrichrome
DFO desferrioxamine B
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DTPA diethylenetriaminepentaacetic acid
EDTA ethylenediaminetetraacetic acid
FSC fusarine C
GBq gigabequerel
HOPO hydroxpyridinoate
IAM hydroxyisopthalamide
kBq kilobequerel
keV kiloelectron volt
MBq Megabequerel
mCi milicurie
MeV megaelectron volt
PET positron emission tomography
TAM terepthalamide
TFAC triacetylfusarine C

THPN
1,3-propanediamine-N,N,N′,N′-tetrakis[(2-(aminoethy)-3-hydroxy-1-6-dimethyl-
4(1H)-pyridinone)acetamide]

uCi microcurie
α++ alpha particle
β− beta minus particle
β+ positron
γ gamma photon
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Abstract: This review summarizes recent progress and developments as well as the most important
pitfalls in targeted alpha-particle therapy, covering single alpha-particle emitters as well as
in vivo alpha-particle generators. It discusses the production of radionuclides like 211At, 223Ra,
225Ac/213Bi, labelling and delivery employing various targeting vectors (small molecules, chelators
for alpha-emitting nuclides and their biomolecular targets as well as nanocarriers), general
radiopharmaceutical issues, preclinical studies, and clinical trials including the possibilities of
therapy prognosis and follow-up imaging. Special attention is given to the nuclear recoil effect
and its impacts on the possible use of alpha emitters for cancer treatment, proper dose estimation,
and labelling chemistry. The most recent and important achievements in the development of alpha
emitters carrying vectors for preclinical and clinical use are highlighted along with an outlook for
future developments.

Keywords: targeted alpha therapy; nuclear recoil; in vivo generators; radium; 223Ra; actinium;
astatine; bismuth; alpha particle; decay

1. Introduction

Targeted alpha-particle therapy (TAT) is the most rapidly developing field in nuclear medicine
and radiopharmacy. The basic advantage of TAT over commonly used β− emitting radionuclides
therapy lies in the irradiation of fewer cancer cells, micrometastases or tumors by an emission of a
single alpha particle or by a cascade of heavy alpha particles from close vicinity. The 2+ charged α

particles with high linear-energy transfer (LET) lose the maximum of their energy close to the Bragg
peak at the end of their track. The range in tissues is about 50–100 μm depending on the alpha-particle
energy. The energy deposition then occurs in a very small tissue volume and with high relative
biological effectiveness (RBE) [1]. This is fully true for single α particle decays. However, so called
in vivo generators [2] that provide, typically, four α decays, depending on the selected radionuclide
system, suffer from the nuclear recoil effect, causing at least partial release of daughter radioactive
nuclei from the targeting molecule or a delivery vehicle. In such cases, an unwanted radioactive
burden is spread over the body and its elimination is limited [3].

Even though recent developments brought significant clinical results [4,5] and novel insights into
the problem of the nuclear recoil effect were gained [6–9], neither a detailed analysis nor exhaustive
discussion has been undertaken to solve this problem. Furthermore, proper targeting and dosimetry
on a subcellular level has become crucial, and advantageous use of theranostic isotopes or theranostic
isotope pairs is becoming very important in therapy prognosis [10].
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The nuclear recoil effect causes the release of radioactive daughter nuclei from the original
radiopharmaceutical preparations. It may lead to unwanted irradiation of healthy tissues that
may cause severe radiotoxic effects like organ dysfunction (e.g., kidneys), secondary tumorigenesis,
etc. [11]. The released activity and radioactive daughter nuclei fraction as well as their metabolic
fate, therefore, need to be estimated and carefully evaluated. Additionally, the key in vivo parameters
of the radiopharmaceuticals for TAT like e.g., biological half-life, carrier in vivo stability, uptake
in the reticulo-endothelial system (RES), plasma clearance, elimination routes, etc. may play an
important role.

Dosimetric studies should separately evaluate in detail the contributions of a radiolabelled
targeted vector, its labelled metabolites, liberated mother nuclide as well as daughter recoils.
The evaluation should be performed either experimentally or using mathematical models. Various
techniques were used for ex vivo evaluation of activity distribution in tissue samples. They include,
e.g., an alpha camera [12] or a timepix detector [13] to assess the distribution in sub-organ or cellular
levels. Also the possibility of the Cherenkov radiation luminescence imaging technique for α emitters
employing the co-emitted β− radiations [14] was reported.

Several different approaches were developed regarding the carriers for TAT. Small molecules,
particularly those labelled with single α emitters, brought the advantage of fast kinetics even though
their in vivo stability was not always good. Additional approaches to mitigate radiotoxic effects
were studied, e.g., to protect kidneys [15]. Immunoactive molecules like antibodies, antibody
fragments, nanobodies or receptor-specific peptides represent another group of highly selective
targeting vectors [16].

A relatively novel concept of at least partially recoil-resistant carriers for TAT was developed.
It employs nanoconstructs composed of various nanoparticulate materials [6,8,17] that allow further
surface chemistry, including antibody targeting. However, the major disadvantageous property of
large molecular vectors, e.g., of TiO2 nanoparticles (NPs) [18], is their typical uptake in RES and slower
in vivo kinetics, e.g., when using antibody without surface detergent modulation [19].

This review tries to cover all aspects of TAT from the research and development of production
of alpha emitters and labelling techniques to the preclinical and clinical research and applications
of the developed radiopharmaceuticals. In order to estimate the potential risks and benefits of TAT,
we survey important features of different stages of radiopharmaceutical preparation and the directions
of required investigation and development.

2. Production of Alpha Emitters

Production of alpha-particle emitters includes, in general, practically all methods for preparation
of radionuclide sources—irradiation with charged particles in accelerators, neutron irradiation in a
nuclear reactor, separation from long-lived natural radionuclides and various combinations thereof [20–35].
The great advantage of nuclides decaying in a series over single alpha particle emitters is not only in
the higher energy deposition in target tissue but, thanks to the good nuclear characteristics, also the
possibility of construction of a radionuclide generator. Selected characteristics and the main production
methods for the most common alpha emitters used in various phases of research and use in nuclear
medicine are summarized in Table 1. The challenges encountered in the production of alpha emitters
were discussed in a recent review [21]; however, a wider clinical spread of alpha emitters depends
more on the end-users’ confidence and better understanding of the TAT concept that should help in
overcoming the sometimes negative historical experience (e.g., with 226Ra).
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Table 1. Summary and properties of the most relevant alpha particle emitters suitable for nuclear
medicine applications.

Radionuclide System * Half-Life Eαmax/Echain [MeV] Production Status References

149Tb 4.12 h 3.97 152Gd(p, 4n)149Tb Research [22,23]
211At 7.2 h 5.87 209Bi(α, 3n)211At Clinical trials [24,25]

229Th/ 7340 years
5.83/27.62

229Th decay
Clinical trials [26–28]225Ac// 10 days 226Ra(p, 2n)225Ac

213Bi 46 min 232Th(p, x)225Ac
227Ac/ 27 years

5.87/26.70 227Ac/227Th/223Ra decay Clinical praxis [29–32]227Th/ 18 days
223Ra 11 days

228Th/ 1.9 years
5.69/27.54 228Th/224Ra decay

Formerly in
c.p., Research [33–35]224Ra/ 3.7 days

212Pb 10.6 h

* Note that in the case of chain decaying nuclides, not all members of the decay chain are included. Further
characteristics of the mainly used chain nuclide are provided in bold.

3. General Radiopharmaceutical Issues

Direct and indirect radiolabeling methods are available for single alpha-particle emitters. Since the
nuclear recoil effect does not affect the spread of radioactive burden originating from the recoiling
radioactive daughters, particularly the 211At, a halogen that uses chemistry similar to iodine is very
attractive. Furthermore, the radiometals like 149Tb and several latter decay series members like
213Bi appear to be very promising. Radionuclides decaying by a series of several α decays release
radioactive daughter nuclei from the radiopharmaceutical preparations due to the nuclear recoil effect.
This effect complicates the labelling strategies and successful dose targeting. In its presence, both
the pharmacokinetic properties of the radiopharmaceuticals and the strategies for elimination of the
released radioactive burden need to be optimized.

3.1. Nuclear Recoil Effect and the Release of Daughter Nuclei

Due to the momentum conservation law, part of the decay energy is transferred to a daughter
nucleus. An approximate value of this energy can be calculated by the mathematical relation:

Er =
mα

Mr
Q (1)

where Er is the recoil energy, mα the rest mass of an α particle, Mr mass of the recoil and Q is the
decay energy. The energy distribution ratio between the alpha particle and the recoiling atom is
typically 98% to 2%. The amount of energy that the recoil atom reaches is some 100 keV and that is
not negligible. Such energy is sufficient to break some 10,000 chemical bonds (assuming 10 eV/one
bond). An example of such 109 keV recoil is the 219Rn with the range of some 88 nm in a water-like
environment (e.g., cells or extracellular matrix). The comparison of LET and ion ranges of α particles
and 219Rn recoils originating from 223Ra decay is shown in Figure 1 and the ranges of 219Rn recoils
in various materials are summarized in Table 2. Simulations were performed using SRIM code [36].
These factors have a direct impact on radiopharmaceutical stability and purity, as well as on dosimetry
and daughter recoils’ distribution in tissues, especially when so called in vivo generators are employed.
In some cases the radioactive recoils are removed from the radiopharmaceutical preparations and their
final formulations before use [37,38].
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(a) (b)

Figure 1. (a) Log/log plot of linear-energy transfer (LET) of α particles and 219Rn ions vs. their path
(distance) in water up to the rest; (b) Semi-log 3D plot of final at rest positions of α particles and 219Rn
ions with their xy, xz and yz plane projections. The recoil, in fact, travels in opposite direction to the
emitted α particle (common decay-event origin at x,y,z = 0,0,0).

Table 2. Ranges of 109 keV 219Rn ions in selected materials.

Material Range (nm)

Au 11
ZrO2 ICRU-712 26
Al2O3 ICRU-106 27
TiO2 ICRU-652 28
SiO2 ICRU-245 46

adult cortical bone 53
human blood 85
prostate tissue 87

water 89
nitrogen gas 76,000

To mitigate the consequences of the nuclear recoil effect in the body, we propose three methods
based on the corresponding theorems:

Theorem 1. Recoils spread mitigation by time—the spread of daughter radioactive ions takes time, so their
spread in the organism would also depend on their half-life.

Proof of Theorem 1. The blood flow measured in terms of red blood cells velocity in capillaries ranges
between about 1–3 mm/s [39]. Taking into account this value as a reference for passive transport of
radiopharmaceuticals in extracellular matrix or in a capillary blood stream, one may compare this
displacement time and the half-life of the corresponding released daughter nuclide. While only one half
of 219Rn atoms (T = 3.96 s) decay roughly in 4 s, the number of atoms of further decay series member
215Po (T = 1.78 ms) decreases to 1/1000 of its initial amount in 17.8 ms, and it thus has practically no
time to escape or to be translocated. Thus, the selection of nuclides with favorable decay properties
determines this approach.

Theorem 2. Recoils spread mitigation by nanoconstruct size/material—daughter-recoiling nuclide consumes
some of its energy while getting through the nanoconstruct.
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Proof of Theorem 2. Depending on the nanoconstruct design the stopping power of various materials
affects the recoils range. The material and size of the nanoconstruct thus determine the energy loss
of recoils in nanoconstruct material. Not only the atomic structure but also the molecular structure
and chemical-bond environment affect the stopping ability of the nanoconstruct as a whole [36].
Furthermore, the recoil ion range in nanoconstruct material is limited and its energy is significantly
decreased. In general, the stopping power increases with various parameters like atomic weight,
electronic density, bond structure, etc. The advantage of spherical nanoconstruct geometry in terms
of the stopping efficiency of the nanoconstructs is obvious, and the mother nuclide should be
preferably placed in the nanoconstruct core. On the other hand, in case of surface-bonded radionuclide,
the probability of daughter recoil ion back-implantation into the nanoconstruct is about 50%.

Theorem 3. Recoils spread mitigation by the nanoconstructs number/depot—even though the recoil ion
may escape a nanoconstruct, the probability of its back-implantation or its implantation into surrounding
nanoconstruct units is relatively high.

Proof of Theorem 3. In cases when time, nanoconstruct material and size are not sufficient to
degrade the recoils energy completely, the released ions may be trapped by a depot of surrounding
nanoconstructs or even as mentioned in Theorem 2, by the nanoconstruct itself. This proof is also
supported by the fact that both surface and intrinsic labelling strategies yielded quite similar data on in
vitro stabilities results in terms of total released activity [17]. This method is, however, limited to topical
applications of radiopharmaceuticals based on larger nanoconstruct aggregates or agglomerates.

3.2. Labelling Chemistry

A fundamental concept of small molecule labelling, e.g., the antibody fragments, peptides and also
surface-modified nanocarriers, is based on chelators conjugated throughout a spacer with the vector
or the nanocarriers themselves. Spacers are aliphatic or aromatic moieties (C4–C10 or longer) able to
establish chemical bonds (e.g., amides, esters, etc.) via nucleophilic substitution, amide formation using
carboimides (e.g., dicyclohexylcarbodiimide, diisopropylcarbodiimide) or the Schotten–Baumann
reaction of acylhalogenides with amines. The “click reactions” of azides with moieties containing triple
bonds play the most important role, e.g., the Huisgen’s 1,3-dipolar addition at elevated temperatures
resulting in 1,5- or 1,4-isomers, or Cu(I) catalyzed azide-alkine cycloaddition (preferably resulting
in 1,4-product). Cycloaddition reactions help to establish a bond between the spacers and targeted
moieties very quickly and efficiently.

Excellent chelators of trivalent metals are the azamacrocyclic ligands based on DOTA,
NOTA or TETA analogues (e.g., carboxylic or phosphonic)—see Figure 2. Most of them are
commercially available with various spacer lengths and as protected (e.g., t-butyl or benzyl) or
unprotected derivatives.

 

Figure 2. Chemical formulas of cyclic chelators.
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These chelators provide very fast trivalent ions complexation kinetics (e.g., Ga, Lu, Tb, Ac, Bi, etc.)
depending on pH and temperature. Most of them are used with coordinated stable metals (e.g., Gd) as
contrast agents in magnetic resonance imaging (MRI) and they are very often employed as chelators
for diagnostic positron emission tomography (PET) radionuclides (e.g., 68Ga) as well as beta decaying
therapeutical nuclides (e.g., 177Lu) [40–44]. During the past few years macrocyclic ligands were also
used in TAT as chelators suitable for 225Ac or 213Bi [44,45]. Thus, DOTA/NOTA like bifunctional
chelators are fulfilling the theranostic concept according to which one chelator may be employed
for multimodal diagnostic purposes or as α/β− therapeutic agents. Concerning the α emitters, it is
interesting that even though the energy released during α decay exceeds several hundred times the
Me–C, Me–O or Me–N bond energy (Me—radiometal) and the recoils are released from the carrier,
in vivo experiments indicate that the use of such delivery systems is also feasible [4,46].

As already mentioned, labelling procedures proceed quite rapidly, taking dozens of minutes at
laboratory or elevated temperatures (up to 95 ◦C) at pH = 1–5 depending on the central atom and also
ligand structure. Several studies indicate that coordination of trivalent gallium by TRAP-Pr at pH = 1–3
and room temperature is more efficient than NOTA, DOTA, TETA analogues under similar conditions.
Optimal labelling protocol was established within 10–30 min for 68Ga at pH = 3–4 (acetate or citrate
buffer) at elevated temperatures (90–95 ◦C). It was also observed that the presence of trace metal
impurities like Zn2+, Cu2+, Fe3+, Al3+, Ti4+ or Sn4+ does not significantly decrease the radiochemical
yield while gallium labelling proceeds [47,48]. This ligand is, thus, promising also for other radiometals
like 213Bi, 225Ac. However, under certain conditions macrocyclic ligands form mostly in-cage structures.
Depending on the reaction conditions and basicity of the ligands, less thermodynamically stable
out-of-cage structures may occur usually when the reaction has been performed at lower temperatures.
Employing microwave irradiation may also significantly help to ensure faster formation of in-cage
complexes. Experimental 225Ac-DOTA-PSMA-617 was synthesized in a microwave reactor at pH = 9
(TRIS buffer) within 5 min with radiochemical purity over 98% and specific activity 0.17 MBq/nmol.
Similar protocols were employed when synthesized 213Bi-DOTATOC and 213Bi-Substance P were
synthesized, hexadentate DOTA-peptide conjugate being used [49,50]. Both 213Bi and 212Bi are
considered for the purpose. A 212Pb-TCMC-trastuzumab conjugate was studied on patients with HER-2
receptor carcinoma and its toxicity, pharmacokinetics and dosimetry were investigated. However,
the use of DOTA analogues as chelators of 225Ac or 213Bi did not solve the toxicity of daughter
recoils. A very interesting alternative to the presented α emitters is the 149Tb, currently studied in a
preclinical immunotherapy. Terbium-149 was separated from isobaric and other impurities including
stable zinc by extraction with α-hydroxyisobutiric acid solution (pH = 4) and was directly added
to DOTANOC (incubation: 15 min at 95 ◦C). Subsequent high-performance liquid chromatography
(HPLC) confirmed an over 98% purity and high specific activity (5 MBq/nmol) of 149Tb-DOTANOC.
A similar approach was used for 149Tb-DOTA-folate (incubation: 10 min at 95 ◦C) [51,52]. Labelling of
monoclonal antibody CD20 rituximab with 149Tb in a mixture of ammonium acetate, ascorbic acid and
phosphate-buffered saline (PBS) buffer (pH = 5.5) and 10 min incubation at room temperature resulted
in 99% yield and specific activity of 1.11 GBq/mg. Conjugate 149Tb-rituximab was prepared using
cyclohexane diethylene triamine pentaacetic acid (CHX-A”-DTPA) [53]. This pentaacetic acid analogue
is a very interesting ring-opening chelator used in several studies with 213Bi-HuM195 on patients with
human myeloid leukemia. The TCMC and CHX-A”-DTPA chelators are shown in Figure 3.

While 225Ac, 213Bi, 149Tb and other radionuclides may be easily coordinated using macrocyclic
or DTPA chelating agents, efficient chelator for 223Ra, which is currently used in palliative treatment
of bone metastasis of prostate cancer, is still not available. Thus, direct sorption of 223Ra onto surface
or intrinsic labelling of nanocariers, e.g., nanohydroxyapatites, LaPO4, SPIONs and others was
investigated [6,8,17]. Due to the problematic chemistry of 211At several studies were focused on
the possibility of trapping astatine into a nanoconstruct (e.g., gold or silver nanoparticles (NPs),
211AtCl@US-tubes, TiO2), attached to targeting vector via a linker [54–57]. Synthesized nanoconstructs
might be stabilised with polyethyleneoxide or polyethylene glycol (PEG). Retention of the α emitter is
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also significant in liposomes, where about 81% 225Ac retention was observed but the recoil retention
was not evaluated [58]. Whereas both the labelling of nanoconstructs or liposomes and stabilization of
recoils are quite efficient in comparison with small molecules, the stability of their dispersions (e.g.,
the hydrodynamic diameter) may significantly vary depending on used material.

 

Figure 3. Chemical formulas of TCMC and CHXA”-DTPA chelators.

3.3. Targeting and Clearance

Investigation of how to deliver short-range, high LET radiation to target sites is of key importance.
Short α particle range in soft tissues favors their use in the therapy of small lesions, metastases or
system-spread diseases like some kinds of leukemia. Depending on the biochemical properties of the
radiopharmaceuticals, three targeting strategies could be defined:

1. “self-targeting” based on physiological affinity of the radioisotope to a given tissue; thus radium
tends to accumulate in bones or pertechnetate, astatine or iodide in the thyroid;

2. “passive targeting” or “blood circulation and extravasation” is based on accumulation of
nanoparticles in the areas around the tumors with leaky vasculature; commonly referred to
as the enhanced permeation and retention (EPR) effect [59];

3. “active induced targeting” based on specific ligand-receptor interactions between labelled small
molecules, peptides, mAbs and their fragments and target cells; externally activated exposure is
also possible (temperature, magnetic field or other activators) [60].

Taking into account the half-lives of the therapeutic nuclides and the recoiling daughters, their
circulation time, biodistribution and clearance play a critical role. Matching radionuclide half-lives and
pharmacokinetic profiles of the vehicle systems remains a significant criterion [61]. Radionuclides with
half-lives long enough to allow differential tumor accumulation and possibly cellular internalization
of radiolabeled molecules have some advantages in therapeutic application, but their toxicity for
non-targeted sites should be minimized. The features of recoils’ distribution in the body was discussed
by de Kruijff et al. [62]. Pharmacokinetics of the injected radiopharmaceutical could be a function of
both time and tumor size. As an example, the data of a preclinical study with 213Bi-DOTATATE in
animals bearing small and large tumors (50 and 200 mm3) using two tumor models: H69 (human small
cell lung carcinoma) and CA20948 (rat pancreatic tumor) are demonstrated in Figure 4 [63].

Different approaches have been explored to inhibit the accumulation of both parent and
daughter radionuclides in critical organs or acceleration of their clearance: co-injection of lysine
with 213Bi-labelled conjugate can reduce kidney uptake of 213Bi [64], bismuth citrate pre-treatment
blocks renal retention of 213Bi [65], and oral administration of BaSO4 known as a coprecipitating
agent of radium reduces the 223Ra accumulation in the large intestine [66]. In some cases only
locoregional therapy (not intravenous injection) is suited because of the large size or high hydrophilicity
of the delivery agent, e.g., encapsulated liposomes or multi-layered nanoconstructs [67]. Imaging
methods with the potential for in vivo evaluation of the pharmacokinetics of the radionuclides, such as
single-photon emission computed tomography (SPECT)/PET/CT imaging are of great importance for
assessing the outcome of the therapy.
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Figure 4. Selected pharmacokinetics of 213Bi-DOTATATE in H69 (A–C) and CA20948 (D–F)
tumor-bearing animals: uptake in tumors (A,D) and kidney (B,E), and radioactivity in blood (C,F) [63].

3.4. Dosimetry

The absorbed dose is defined as an energy delivered to a unit of mass (see Equation (2)).

D =
Ex [J]

mirr. [kg]
[Gy] (2)

where the dose, D is defined as a ratio of the energy Ex deposited by the radiation passage to the matter
in a unit of mass mirr. This definition is however quite general and does not reflect the specific situation
when α emitters and chain decays are used in TAT. This requires precise and accurate dose estimation
on all levels, starting from whole body biodistribution down to subcellular level. The example of 223Ra
decay that produces one α particle and recoiling 219Rn ion gives a clear picture of such situation. Let us
assume that the cell density equals 1 g/cm3, the mass mirr. taken into dose calculation is expressed as
the mass of a sphere with the diameter of the 219Rn recoil path, and the energy Ex equals the recoil total
energy deposition (109.5 keV). In the case of α particle, a sphere with the diameter of 20 μm (single
cell dimension) and only partial energy deposition calculated on the basis of LET is considered. Thus
the absorbed dose D delivered by the 219Rn recoil corresponds to 40 kGy in such small volume (total
deposited energy of 109.5 keV) while for the α particle it amounts only to 70 mGy over its single-cell
path (though the total energy deposited by an alpha particle is 1.83 MeV). To compare the dose in the
same mass (or volume), e.g., of one cell, the ratio of the doses delivered by a single α particle and 219Rn
recoil turns then to 70 mGy to 4 mGy, respectively. Thus the implications for radionuclide targeting on
the subcellular level (e.g., internalization into the nucleus or destruction of cell organelles) play an
important role and the contribution of recoil ions should not be neglected. In general, the dosimetry
should be evaluated separately in the following levels.

3.4.1. Body Level

In vivo whole body scans with α emitters may provide very helpful and quite detailed information
on the pharmacokinetic and pharmacodynamic properties of radiopharmaceuticals [68,69]. Organ
intake values, renal clearance or fecal excretion may be evaluated in this way and the recoil release
could be possibly visualized by employing the multiple energetic windows data analysis.

3.4.2. Organ and Sub-Organ Levels

The ex vivo sample measurements in animal models and also the in vivo imaging can provide
overall information on the biodistribution and organ uptake of radiopharmaceuticals [12,70].
Sub-organ distribution may also be visualized and more detailed information on target organ uptake
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compartments may be gained. Such information is again very important for the estimation of tumor
therapy prognosis since some tumors do not express their specific antigens or do not accumulate the
targeting vectors in their whole volume.

3.4.3. Cellular and Subcellular Level

Dosimetry on a cellular level should clarify the cell-death mechanisms induced by radiation and
damage of cellular compartments including DNA damage. Direct (e.g., DNA double strand breaks)
and indirect damage mechanisms (e.g., reactive oxygen species generation) should be considered and
further analysis is needed, taking into account also the recoil effects. The standard condition of the
radionuclide internalization in the cell need not be necessary. The dose distribution on a subcellular
level differs significantly for α particles and for the recoil ion—see Section 3.1. The studies published
so far did not evaluate the complete decay and the energy distribution in decay products even though
microautoradiographic techniques, in a combination with immuno-staining methods, are available [71].
Single α particle-induced damage visualized in real time was also reported [72] and the stochastic
simulation of 223Ra α particle irradiation effects on subcellular level was recently performed [73];
however, recoils were not taken into account. The cell-to-cell fluctuations in dose deposition ranged
up to about 40%. Interesting results were reported in [74]. In a simplified cellular model, the average
number of hits by α particles resulting in a 90% probability of killing exactly one cell was estimated to
range from 3.5 to 17.6. However, a better understanding of α particles and the damage induced by the
hot recoil atoms is needed to achieve precise proper dose estimation.

Contrary to the efforts of trapping the recoils, an innovative approach that is actually based on
the controlled release of recoiling atoms with radioactive nuclei was developed. A novel concept of
diffusing α emitter radiation therapy (DaRT) was proposed as a new form of brachytherapy. To treat
solid tumors, the method uses α particles employing implantable 224Ra-loaded wire sources that
continually release short-lived α particle emitting recoils that spread over a few millimeters inside the
tumor [75]. Immunogenic cell death seems to significantly influence the overall effect of the therapy.

4. Vectors for Targeted Alpha Particle Therapy

Efficient and specifically targeted carriers need to be developed in order to realize the potential
and favorable properties of α emitters. A variety of conventional and novel drug-delivery systems have
been investigated for these purposes: biological macromolecules (antibodies, antibody fragments),
small molecule compounds (peptides, affibodies) and nanocarriers/nanoconstructs.

4.1. Small Molecules

4.1.1. MABG

[211At]-meta-astatobenzylguanidine (211At-MABG) was synthesized to improve the therapeutic
effect for the treatment of malignant pheochromocytoma (PCC) and other diseases [76]. Compared
with 131I-MIBG, sufficient cellular uptake and suppression of tumor size after single administration of
211At-MABG (555 kBq/head) have been reported [77]. A kit method for the high-level synthesis of
211At-MABG was also developed [78].

4.1.2. Prostate-Specific Membrane Antigen (PSMA)

Clinical salvage therapy with 225Ac-PSMA-617 was introduced for patients with advanced mCRPC
in whom approved therapies had been ineffective. PSMA (prostate-specific membrane antigen) is
a 750 amino acid type II transmembrane glycoprotein; after binding at the tumor cell surface the
PSMA ligands are internalized allowing radioisotopes to be concentrated within the cell. A standard
treatment activity of 100 kBq/kg administered every 8 weeks presents remarkable anti-tumor activity
along with tolerable bystander effects and moderate hematological toxicity [4,5]. Figure 5 shows a
patient case with impressive results of TAT in comparison with non-effective 177Lu therapy. It was also
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shown, that 213Bi labelled PSMA targeting agents induce DNA double-strand breaks in prostate cancer
xenografts [79].

Figure 5. 68Ga-PSMA-11 positron emission tomography (PET)/computed tomography (CT) scans
of a patient comparing the initial tumor spread (A); restaging after 2 cycles of β− emitting
177Lu-PSMA-617 reveals progression (B). In contrast, restaging after second (C) and third (D) cycles
of α emitting 225Ac-PSMA-617 shows impressive response. This research was originally published
in JNM. Kratochwil et al. 225Ac-PSMA-617 for PSMA-Targeted α-Radiation Therapy of Metastatic
Castration-Resistant Prostate Cancer. J. Nucl. Med. 2016, 57(12), 1941–1944. © by the Society of Nuclear
Medicine and Molecular Imaging, Inc. [4].

4.1.3. Substance P

Clinical experience with the use of peptide carrier Substance P in TAT has recently been
reported [80,81]. Patients with recurrent glioblastoma multiforme were treated with 1–7 doses of
approx. 2 GBq 213Bi-DOTA-Substance P or 1–4 doses of 10 MBq 225Ac-DOTAGA-Substance P at
two-month intervals. Favorable toxicity profile and prolonged median survival compared to standard
therapy were observed.

4.2. Biomolecules—Antibodies

A detailed description of mAbs radiolabeling with α emitters has been recently given
elsewhere [82,83]. Here we mention only some of the clinical and preclinical studies.

Actimab-A, which represents 225Ac conjugated to lintuzumab (anti-CD33 mAb), demonstrated
safety and efficacy against acute myeloid leukemia (AML) in two phase 1 trials. Total administered
activities ranged from 37–148 kBq/kg and it was found that baseline peripheral blast count is a
highly significant predictor of objective response [84]. The phase 2 trial is currently active at 16
clinical trial sites with patients with AML, age 60 and older, who are ineligible for standard induction
chemotherapy [85].

213Bi-anti-EGFR-mAb radioimmunoconjugate was prepared by coupling 213Bi and cetuximab
via the chelating agent CHX-A”-DTPA. Intravesical instillation of 366–821 MBq of the
213Bi-anti-EGFR-mAb in 40 mL of PBS was applied in recurrent bladder cancer patients revealing
well-tolerated therapeutic efficacy [86].
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The first-in-human clinical studies of 212Pb-AR-RMX (AlphaMedixTM, Houston, TX, USA) for
therapy of neuroendocrine tumors were announced to have begun. The biodistribution and safety of
this peptide derivative vehicle targeting SSTR2-(+) neuroendocrine cancer cells were clinically evaluated
using 203Pb-AR-RMX. No acute or delayed hematological or renal toxicity was observed [87,88].

Preclinical trials of 225Ac-DOTA-anti-PD-L1-BC conjugate have demonstrated promising results
in the radioimmunotherapeutic treatment of breast cancer. PD-L1, programmed cell Death Ligand 1, is
part of an immune checkpoint system preventing autoimmunity. Anti-PD-L1 antibody (anti-PD-L1-BC)
was coupled with p-SCN-Bn-DOTA, and the resulting DOTA-anti-PD-L1-BC conjugate was then
labelled with 225Ac in sodium acetate. According to the pilot therapeutic studies a single dose of
15 kBq of the 225Ac-DOTA-anti-PD-L1-BC (3 mg/kg) increased median survival in a metastatic breast
cancer mouse model [12].

8C3 mAb, a 2nd-generation murine antibody to melanin of the IgG isotype, was labelled with
188Re or 213Bi directly or via CHXA”-DTPA chelator, respectively to prepare a new agent for therapy
of metastatic melanoma. There was statistically significant reduction of lesions in the lungs of mice
treated with either 400 mCi 188Re8C3 or 400 mCi 213Bi-8C3 mAb without any undesirable side effects.
The unlabeled mAb did not have any effect on the number of the lesions. A statistically significant
difference between the 188Re and the 213Bi treatment was not observed [89].

The efficacy of IgC1k 35A7 mAb (anti-carcinoembryonic antigen, CEA) and trastuzumab
(anti-HER2) labelled with 212Pb was estimated in vitro and in vivo in the treatment of small-volume
peritoneal carcinomatosis. A strong dose gradient was measured for 212Pb-35A7 mAb; it was much
more homogeneous for 212Pb-trastuzumab. The heterogeneity in mAb distribution was found to be
counterbalanced by the presence of bystander effects [90]. Trastuzumab was also labelled with 225Ac
and studied in a breast cancer spheroids model in vitro [91] and with 211At in athymic rat model with
implanted MCF-7/HER2-18 breast carcinoma cells, in which the median survival almost doubled [92].

The small molecule of antibody fragment anti-HER2 2Rs15d Nb was studied as a vehicle
of 225Ac [93] and 211At [94]. The labelling was performed via the bifunctional chelating agent
p-SCN-Bn-DOTA for 225Ac and three different prosthetic groups m-eATE, SGMAB, MSB for 211At
using random and site-specific labelling approaches. All prepared conjugates showed efficient degree
of internalization in HER2 + SKOV-3 cells justifying their further in vivo evaluation.

Poly(ADP-ribose)polymerase-1 (PARP-1), the nuclear protein which exhibits the ability to
target directly chromatin, was functionalized with 211At for the therapy of high-risk neuroblastoma.
The prepared 211At-MM4 conjugate demonstrated cytotoxicity to several cell lines [95].

4.3. Macromolecules and Nanoconstructs

Conceptual differences in clinical translation of the above vehicles were pointed out. For instance,
antibody conjugates target the cell surface and tend to have limited access to solid tumors [96],
whereas radiolabeled peptides are more desirable due to straightforward chemical synthesis, versatility,
easier radiolabeling, optimum clearance from the circulation, faster penetration and more uniform
distribution into tissues, and also lower immunogenicity [97,98]. Nanoparticle-based systems
have been designed to improve biodistribution, stability, specificity, pharmacological and targeting
properties, daughter retention, as well as to exploit the theranostic approach [99–101].

Nanoparticles with two layers of cold LaPO4 deposited on the core surface (LaPO4 core and core
+2 shells) were synthesized and labelled with either 223Ra or 225Ra/225Ac. The NPs were additionally
coated with GdPO4 and gold shells demonstrating retention of both parents and daughters (over
27–35 days) without diminishing the tumoricidal properties of emitted α particles. Consequent
conjugation of LaPO4 NPs to 201b mAb, targeting trombomodulin in lung endothelium was carried out
using a lipoamide polyethylene glycol (dPEG)-COOH linker. Efficacy of the NPs-antibody conjugate
system was demonstrated on reduced EMT-6 lung colonies [102,103].

Novel nuclear-recoil-resistant carriers of 223Ra based on hydroxyapatite were developed [17,104].
Two strategies were used to prepare the nanoconstructs: the surface and the intrinsic (volume) labelling.
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High labelling yields as well acceptable in vitro and in vivo stabilities over the period of 223Ra half-life
make the developed nanoconstructs promising for targeted cancer therapy, e.g., bone matrix targeting [17].
Similarly, the 223Ra labelled CaCO3 microparticles were successfully tested in a mice model with ES-2 and
SKOV3-luc intraperitoneal ovarian cancer xenografts resulting in considerably reduced tumor volume or
a survival benefit [105].

The Au-S-PEG-Substance P (5-11) bioconjugates were proposed to utilize the formation of a
strong bond between metallic gold and astatine for binding 211At to the biomolecule. Gold NPs were
conjugated with Substance P (5-11), neuropeptide fragment with high affinity to neurokinin type 1
receptors on the glioma cells, through HS-PEG-NHS linker. They were then labelled with 211At by
chemisorption on the gold surface. The radiobioconjugates were stable for 24 h in human serum
and cerebrospinal fluid, exhibiting high toxicity to glioma cancer cells. However, only local drug
application, not intravenous injection, was recommended because of their relatively large size and
high hydrophilicity [57,106].

Substance P (5-11) (SP) was also used for functionalization of nanozeolite-A loaded with 223Ra
for targeting glioma cancer cells. The small (<5%) release of the daughter radionuclides from the
prepared bioconjugate 223Ra-A-silane-PEG-SP (5-11) and the ability of zeolite NPs to re-adsorption
of recoiled 223Ra decay products (as a molecular sieve and as a cation-exchanger) along with high
receptor affinity toward NK-1 receptor expressing glioma cells in vitro make 223Ra-A-silane-PEG-SP
(5-11) promising tool for TAT [107]. Nevertheless, like the preceding vehicle it was not recommended
for intravenous injection.

Nanocarriers composed of amphiphilic block copolymers, i.e., loaded polymersomes, make it
possible to keep the recoiling 225Ac daughters and causing complete destruction of spheroidal tumors.
Nevertheless, more studies are necessary to evaluate the in vivo recoil-retention effectivity [108].

Nanocarriers in the form of lipid vesicles targeted to PSMA were labelled with 225Ac and compared
with to a PSMA-targeted radiolabeled antibody. It was found that targeted vesicles localize closer
to the nucleus while antibodies localize near the plasma membrane. Targeted vesicles cause larger
numbers of dsDNA breaks per nucleus of treated cells compared with radiolabeled mAb [109].

Interstitial vehicles in the form of pH-tunable liposomes encapsulating chelated 225Ac were
designed to enhance the penetration in solid tumors, which is usually limited for radionuclide carriers.
The liposomes were composed of 21PC:DSPA:cholesterol(chol):DSPE-PEG:Rhd-lipid. In the slightly
acidic tumor interstitium (7.4 > pH > 6.0) a pH-responsive mechanism on the liposome membrane
results in the release of the encapsulated radioactivity [110]. This study together with refs. [4,5] actually
supports the concept of DaRT therapy [75] in large solid tumors and metastases.

5. Summary

Targeted alpha-particle therapy is a very promising and effective therapeutical tool against cancer.
This brief overview of recent developments shows great potential in solving partial pitfalls of this
method mainly related to the nuclear-recoil effect. We speculate that two major strategies in TAT
field are very likely to develop further—firstly, the use of single α particle emitters and/or carriers
able to stop the spread of recoils labelled with chain α emitters; and, secondly, the use of carriers
providing controlled release of chain α particle emitters (DaRT concept). While the former field would
just apply already-known facts, the latter brings a relatively new concept in the TAT, with an overlap
to immunologic signaling and cell death. Despite the many uncertainties and problems in TAT, e.g.,
concerning the proper dose targeting, it should be pointed out that successful treatment cases in animal
models have already been reported for both strategies. Also, recent clinical trials showed that patient
benefits prevailed over potential risks. Further research is, however, needed to clarify the dosimetry on
all levels and to eliminate the unwanted spread of radioactive burden over the body and the induction
of secondary malignancies. TAT should, therefore, become additional and equivalent tools in truly
personalized medicine.
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Abstract: The influence of effective room temperature on the radiochemical purity of
99mTc-radiopharmaceuticals was reported. This study was born from the observation that in
the isolators used for the preparation of the 99mTc-radiopharmaceuticals the temperatures can
be higher than those reported in the commercial illustrative leaflets of the kits. This is due,
in particular, to the small size of the work area, the presence of instruments for heating, the continuous
activation of air filtration, in addition to the fact that the environment of the isolator used for the
99mTc-radiopharmaceuticals preparation and storage is completely isolated and not conditioned.
A total of 244 99mTc-radiopharmaceutical preparations (seven different types) have been tested
and the radiochemical purity was checked at the end of preparation and until the expiry time.
Moreover, we found that the mean temperature into the isolator was significantly higher than 25 ◦C,
the temperature, in general, required for the preparation and storage of 99mTc-radiopharmaceuticals.
Results confirmed the radiochemical stability of radiopharmaceutical products. However, as required
in the field of quality assurance, the impact that different conditions than those required by the
manufacturer on the radiopharmaceuticals quality have to be verified before human administration.

Keywords: 99mTc-radiopharmaceuticals; radiochemical purity; radiopharmaceuticals quality control

1. Introduction

Radiopharmaceuticals labelled with technetium-99m (99mTc) have been, and still are, by far
the most used conventional agents for single photon emission computed tomography (SPECT).
These radiopharmaceuticals are prepared directly in hospital sites, using commercial lyophilized
kit formulations, by introducing the 99Mo/99mTc generator-eluted 99mTc-pertechnetate into the kit and
following the manufacturer’s instruction contained in the package leaflet. The instructions concern
not only the reconstitution procedure of the kit formulation, but also the storage conditions and the
associated quality control procedures. Environmental factors, such as temperature, humidity, and/or
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Molecules 2018, 23, 661

light, intrinsic factors, such as chemical-physical properties of the reagents and excipients present
in the kit formulations, pharmaceutical composition, quality of the generator eluted [99mTc]NaTcO4,
etc., could compromise the radiochemical purity of technetium-99m radiopharmaceuticals [1–4].
In particular, these factors could cause the formation of chemical impurities inducing phenomena such
as hydrolysis and oxidation-reduction reactions. Among the impurities, residual 99mTc-pertechnetate,
as consequence of non-reduction, and the reduced hydrolyzed technetium-99m [99mTc]TcO2,
due to the pertechnetate reduction, but not the complexation of the technetium-99m [5], lead to
consequent radiochemical purity (RCP) loss of the final radiopharmaceutical. The effect of many
listed factors on RCP of some 99mTc-radiopharmaceuticals have been investigated in the past,
e.g., the technetium-99 presence excess in solution [2]; the humidity influence on radiochemical
purity of [99mTc]Tc-ECD and [99mTc]Tc-MIBI [1]; the saline storage condition, used for the preparation
of [99mTc]Tc-HMPAO [6]; and the effect of increased temperature on the labelling efficiency
of some 99mTc-radiopharmaceutilcals [7]. In particular, Maksin et al. exposed some compounds,
such as pyrophosphate (PyP), dicarboxypropane diphosphonate (DPD), dimercaptosuccinate (DMS),
and Sn-colloid, at 37 ◦C for different time intervals before labelling with 99mTc-pertechnetate.
They found that, only for 99mTc-Sn-colloids, the increased temperature exposure had no effect
on the expected labelling yield in the routine quality control. Taking into account these
results and in particular, considering that in our nuclear medicine hospital unit the preparation
of 99mTc-radiopharmaceuticals takes place inside a not conditioned isolator and, therefore,
the temperature could be significantly higher than required by manufacturer, we decided to investigate
the effect of the temperature on the radiochemical purity of radiopharmaceuticals at the end of
the preparation and during the storage before injection. In fact, while the temperature required by
manufacturers for the production of 99mTc-radiopharmaceuticals is variable, the radiolabelled kits
storage temperature value has to be <25 ◦C. Furthermore, the cited works [6,7] analyzed different
aspects from this that we have investigated.

The aim of this work was to investigate the effect of storage temperature on the radiochemical
purity of Ceretec (GE Healthcare, Milan, Italy), MAASOL (GE Healthcare, Milan, Italy), Nanocoll
(GE Healthcare, Milan, Italy), Renocis (IBA molecular Italy S.r.l., Milan, Italy), Technemibi
(Mallinckrodt, Petten, The Netherlands), Technescan HDP (Mallinckrodt, Petten, The Netherlands)
and Technescan MAG3 (Mallinckrodt, Petten, The Netherlands).

2. Materials and Methods

All materials used and the methods followed are described in the manufacturer’s instructions.
These instructions represent the reference for operators in the production and quality control of
radiopharmaceuticals. All tools and equipment described in the following sections were initially
qualified (installation qualification, operational qualification, and performance qualification) and
periodically re-qualified.

2.1. 99mTc-Radiopharmaceuticals Preparation

99Mo/99mTc Drytec generators (25 GBq of 99Mo) were purchased by GE (GE Healthcare S.r.l,
Milan, Italy). Generator elution and 99mTc-radiopharmaceuticals synthesis from kit formulation were
conducted into a class A laminar flow isolator (Murphil-Tc, MecMurphil S.r.l, Ferrara, Italy, Figure 1),
placed in a class D room.
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(a) (b)

Figure 1. Murphil-Tc (MecMurphil): the isolator (a) and the work area inside the isolator (b).

Freeze-dried kits (Table 1) have been stored until their use in a temperature-controlled refrigerator
(Medical Proget, KW control, marketed by MecMurphil S.r.l, Ferrara, Italy).

Table 1. Freeze-dried kits analyzed and the temperature required by the manufacturer for the storage
of lyophilized kits and radiopharmaceutical preparations.

Name Radiopharmaceuticals Kit Storage Conditions 1 Radiopharmaceuticals
Storage Conditions 1

Ceretec
(GE Healthcare) [99mTc]Tc-HMPAO <25 ◦C (1 year) <25 ◦C (30 min)

MAASOL
(GE Healthcare) [99mTc]Tc-albumin colloid 2–8 ◦C (2 year) <25 ◦C (6 h)

Nanocoll
(GE Healthcare) [99mTc]Tc-nanocolloid 2–8 ◦C (1 year) <25 ◦C (6 h)

Renocis
(IBA molecular) [99mTc]Tc-DMSA 2–8 ◦C (1 year) 15–25 ◦C (8h)

Technemibi
(Mallinckrodt) [99mTc]Tc-MIBI <25 ◦C (2 year) <25 ◦C (10 h)

Technescan HDP
(Mallinckrodt) [99mTc]Tc-HDP <25 ◦C (2 year) <25 ◦C (8 h)

Technescan MAG3
(Mallinckrodt) [99mTc]Tc-MAG3 2–8 ◦C (1 year) <25 ◦C (8 h)

1 The temperature and time values of storage have been obtained from the most recently approved package inserts.

Kit reconstitution was performed according to the methods described in the package insert
included within the commercial kits. In order to evaluate radiochemical purity in the worst case,
the volumes and the activities used during the reconstitution of the kit were the maximum possible.
When required by the synthesis process, e.g., in the [99mTc]Tc-MAG3 and [99mTc]Tc-MIBI production
(Table 2), a digital dry heater (AccuBlockTM, LabNet, purchased by MecMurphil S.r.l, Ferrara, Italy)
was used. After labelling with 99mTc-pertechnetate, the radiopharmaceuticals solutions were stored
inside the isolator until the complete fractionation. Continuous temperature monitoring inside the
isolator was performed using calibrated graphic recorder KT621 (Dickson, provided by the University
Hospital of Ferrara). The temperature was recorded on a 101 mm diameter paper disc using a red pen
(Figure 2).
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(a) (b)

(c)

Figure 2. Graphic recorder (a,b) diagram disks (Dickson); and (c) recorder position in the work area.

A preliminary temperature registration, in order to ascertain the temperature fluctuation,
was made for 24 h/7 days for three weeks inside the isolator (hot cell closed): on the outer edge
of the paper disc are indicated the different days of the week divided into three hours-groups;
the temperatures, printed on the disk in the range from −30 ◦C to +50 ◦C, are then detected by
a graduated scale with a precision of ±2.5 ◦C. Every Friday, the paper disk was replaced and the data
were collected and registered into datasheets. The same temperature control has been continuously
performed during all the radiochemical purity three months monitoring.

2.2. 99mTc-Radiopharmaceuticals Radiochemical Purity Assessment

The radiochemical purity (RCP) of radiopharmaceuticals was evaluated immediately after the
preparation (time = 0), in the middle and at the end of the expiry time indicated by the manufacturer
(Table 1). The radiochemical purity was measured using methods specified by manufacturer,
with the exception of Technescan (Mallinckrodt) for which the following chromatographic system
was used [8]: mobile phase, 54/45/1 (physiological/methanol/glacial acetic acid, v/v/v) and
stationary phase, RP-18 plates (Merck, Serono, Roma, Italy). The radioactivity distribution’s
determination was performed by a scanning radio-chromatography detection system for thin
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layer chromatography (Cyclone instrument equipped with a phosphor imaging screen and an
OptiQuant image analysis software; PerkinElmer, Waltham, MA, USA). The solvents were obtained
from Sigma Aldrich (Sigma-Aldrich, Milan, Italy); only methanol was obtained from VWR
(VWR International, Fontanay sous Bois, France); MilliQ (18.2 MΩ) water was obtained from a
Direct Q® system (Millipore, Darmstadt, Germany); physiological solution Fresenius KABI was
obtained from Medexitalia (Medexitalia, Roma, Italy). All mobile phases used for quality control
of radiopharmaceuticals were stored in a controlled and ventilated refrigerator (Antiscintilla 400
ECT-F-TOUCH, Fiocchetti, marketed by MecMurphil S.r.l, Ferrara, Italy); the stationary phases were
stored in a special dehumidified container. ITLC-SG and ITLC-SA plates were obtained from Agilent
Technology (Folsom, CA, USA); Whatman n.1 (Merck, Serono, Roma, Italy). Table 2 summarizes all of
the experimental variables.

Table 2. Summary of the experimental conditions. We chose to use, for each preparation, the maximum
activity and the maximum volume allowed by the manufacturer.

Compound Synthesis Quality Control System Quality Control Time

Ceretec
(GE Healthcare)

[99mTc]Tc-HMPAO
N = 24

Volume: 5 mL
Activity: 1.10 GBq 1

Incubation Time: 30 s
Package leaflet: 03/2016

TLC-SA
Methylethylketone (MEK) 0 min, 15 min, 30 min

TLC-SA
physiological solution

MAASOL
(GE Healthcare)

[99mTc]
Tc-albumin colloid

N = 24

Volume: 8 mL
Activity: 2.96 GBq

Incubation Time: 5 min
Package leaflet: 03/2015

ITLC-SG
Methanol:water

(85:15, v:v)
0 h, 3 h, 6 h

Nanocoll
(GE Healthcare)

[99mTc]Tc-nanocolloid
N = 80

Volume: 5 mL
Activity: 5.55 GBq

Incubation Time: 30 min
Package leaflet: 11/2015

TLC-SA Methanol:water
(85:15, v:v) 0 h, 3 h, 6 h

Renocis
(IBA molecular)
[99mTc]Tc-DMSA

N = 8

Volume: 6 mL
Activity: 3.70 GBq

Incubation Time: 10 min
Package leaflet: 05/2011

Whatman n.1
MEK 0 h, 4 h, 8 h

Technemibi
(Mallinckrodt)
[99mTc]Tc-MIBI

N = 24

Volume: 3 mL
Activity: 11.10 GBq

Incubation Time: 10 min, 100 ◦C
Package leaflet: 10/2014

Baker flex aluminum oxide
Ethanol >95% 0 h, 5 h, 10 h

Technescan
HDP (Mallinckrodt)

[99mTc]Tc-HDP
N = 60

Volume: 10 mL
Activity: 11.10 GBq

Incubation Time: 30 s
Package leaflet: 08/2017

TLC-SG
13.6% sodium acetate 0 h, 4 h, 8 h

TLC-SG
MEK

Technescan MAG3
(Mallinckrodt)

[99mTc]Tc-MAG3
N = 24

Volume: 10 mL
Activity: 2.96 GBq 2

Time: 10 min, 120 ◦C
Package leaflet: 02/2017

RP-18
54/45/1

(saline/methanol/glacial
acetic acid)

0 h, 4 h, 8 h

1 Fresh sodium pertechnetate (not older than 2 h) obtained by generator eluted not more than 24 h before.
2 Fresh sodium pertechnetate obtained by generator (generator not older than 1 week from manufacturing) eluted
not more than 24 h before. Where not specified, the incubation temperature during the synthesis, inside the isolator,
was detected by our measurement. Finally, the production process of 99mTc-radiopharmaceuticals is constantly
subjected to the Fill average test.

3. Results and Discussion

The illustrative leaflets of the commercial kits used for the preparation of
99mTc-radiopharmaceuticals, set out in detail all the preparations conditions, the quality controls to be
executed, the values of the radiochemical purity and storage conditions, such as the temperature to
which the radiopharmaceutical must be preserved before injection.
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The small size of the work area, the presence of instruments for heating, the continuous activation
of air filtration, the internal lighting, in addition to the fact that the environment of the isolator, used for
the preparation and holding of 99mTc-radiopharmaceuticals, is completely isolated and not conditioned
(Figure 1), could affect the temperature in the work area. At the moment, to our knowledge, there are
no conditioning-equipped isolators, for nuclear medicine, available on the market even though the
nuclear medicine community has chorally underlined this problem to the hot cells producers.

These potential discrepancies of temperatures and its influence on the radiochemical purity of
radiopharmaceuticals have been deeply investigated in this work. The first objective was to verify the
real temperature inside the isolator, with a calibrated instrument (Figure 1). The temperature required
by manufacturers for the production of radiopharmaceuticals is variable, but the storage value must be
<25 ◦C. Data were collected for three months (7 days/24 h) and the results are summarized in Table 3.
The data collected through the graphical temperature recorder were firstly transcribed and subdivided
by time slots in an Excel sheet. From these data, it was possible to determine the temperature average
values and error, on different days of the week, divided by time slots.

Table 3. Average and standard error of temperature detected on the work surface inside the isolator.

Day 1 Temperature ◦C (8:00–12:00) Temperature ◦C (12:00–18:00)

Monday 29.0 ± 1.4 30.0 ± 1.4
Tuesday 30.0 ± 1.4 30.0 ± 1.4

Wednesday 30.0 ± 1.4 29.0 ± 1.4
Thursday 30.0 ± 1.4 31.0 ± 1.4

Friday 29.0 ± 1.4 30.0 ± 1.4
Saturday/Sunday 23.0 ± 1.4 23.0 ± 1.4

1 The peak of activity (production and quality control of radiopharmaceuticals) is from Monday to Friday from
8:00 to 12:00 a.m.; Saturday and Sunday the Nuclear Medicine Unit is closed, therefore we consider 23 ◦C as the
standard temperature during the non-activity period (isolator-off). The weekly radiopharmaceuticals production
program is standardized and is repeated with minimal variations.

The results show a significant difference in temperatures compared to the reference standard
(<25 ◦C). In the afternoon the instrument used to heat is off, but, despite this, the temperature,
on average, results higher than 25 ◦C; this fact can be explained, most likely, by the operation of the
isolator ventilation systems, which causes air heating. Establishing that the internal temperature
of the isolator differed from that required for storage, we evaluated how much this temperature
difference could affect the RCP of radiopharmaceuticals during the storage period, which also
includes the fractionation of the preparation to be administered to the patients. A total of
244 99mTc-radiopharmaceutical preparations (seven different types), performed in our nuclear medicine
unit, have been tested in this work. Table 4 shows the RCP values of the preparations, reported as
the mean and standard deviation of the individual values found during the three months of the test
run. Along with these values, the temperature mean values detected during the RCP determination
were added.

The results show that the temperatures are well above the reference standards but the RCP
values are always higher than those established by manufacturers. The overall analysis of the results
showed no anomalies with respect to the radiopharmaceutical quality of the products intended for
administration to the patients at the time of preparation or at the limit of their stability. Moreover,
all “media fill” tests confirmed the sterility of the radiopharmaceutical products.
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Table 4. RCP values expressed as % media ± SD and temperature values expressed as
average ± standard error.

Radiopharmaceuticals RCP-1 (%) 1 RCP-2 (%) 2 RCP-3 (%) 3 RCP (%)
Expected Value

Ceretec
(GE Healthcare)

[99mTc]Tc-HMPAO
N = 24

98.1 (±1.0)
31.0 ◦C (±0.5)

94.8 (±1.1)
31.0 ◦C (±0.5)

94.5 (±2.1)
31.0 ◦C (±0.5) ≥80%

MAASOL
(GE Healthcare)

[99mTc]Tc-albumin
colloid
N = 24

100.0 (±0.0)
32.0 ◦C (±0.5)

100.0 (±0.0)
32.0 ◦C (±0.5)

100.0 (±0.0)
30.0 ◦C (±0.5) ≥95%

Nanocoll
(GE Healthcare)

[99mTc]Tc-nanocolloid
N = 80

99.10 (±0.09)
29.0 ◦C (±0.3)

100.0 (±0.0)
29.0 ◦C (±0.3)

99.3 (±1.2)
29.0 ◦C (±0.3) ≥95%

Renocis
(IBA molecular)
[99mTc]Tc-DMSA

N = 8

100.0 (±0.9)
33.0 ◦C (±0.9)

100.0 (±0.9)
29.0 ◦C (±0.9)

100.0 (±0.9)
29.0 ◦C (±0.9) ≥95%

Technemibi
(Mallinckrodt)
[99mTc]Tc-MIBI

N = 24

98.4 (±0.2)
29.0 ◦C (±0.5)

99.1 (±0.7)
29.0 ◦C (±0.5)

98.9 (±0.8)
29.0 ◦C (±0.5) ≥94%

Technescan HDP
(Mallinckrodt)
[99mTc]Tc-HDP

N = 60

100.0 (±1.2)
33.0 ◦C (±0.3)

98.8 (±1.6)
33.0 ◦C (±0.3)

98.9 (±1.8)
31.0 ◦C (±0.3) ≥95%

Technescan MAG3
(Mallinckrodt)

[99mTc]Tc-MAG3
N = 24

100.0 (±0.0)
30.0 ◦C (±0.5)

99.5 (±0.5)
30.0 ◦C (±0.5)

99.4 (±0.5)
29.0 ◦C (±0.5) ≥94%

1 RCP-1 = value at the end of the labelling and temperature at the time of test; 2 RCP-2 = value determined
in the middle between the labelling and the expiry time and temperature at the time of test; 3 RCP-3 = value
determined at the expiry time and temperature at the time of test; expected value is the standard value required by
the manufacturer for administration to patients.

4. Conclusions

The radiochemical purity of radiopharmaceuticals plays a key role in the protection of the patient
to which the minimum undesirable exposure must be ensured. The evaluation of the impact that
different conditions may have on the radiopharmaceuticals quality, it is crucial. The results of this work
confirmed that the temperature variability, measured inside the isolator, does not have any effect on
the radiochemical purity of radiopharmaceutical products until the expiry time. However, as required
in the field of quality assurance, an assessment of the impact that conditions, other than those required
by the manufacturer have on the radiopharmaceuticals for human use, is needed.

Acknowledgments: Products are furnished by University Hospital of Ferrara.

Author Contributions: Licia Uccelli and Alessandra Boschi conceived and designed the experiments and wrote
the paper; Petra Martini and Corrado Cittanti analyzed the data; Stefania Bertelli, Doretta Bortolotti, Elena Govoni,
Luca Lodi, Simona Romani, Samanta Zaccaria, Elisa Zappaterra, Donatella Farina, and Carlotta Rizzo performed
the experiments; and Mirco Bartolomei and Melchiore Giganti contributed reagents/materials/analysis tools and
revised the paper.

49



Molecules 2018, 23, 661

Conflicts of Interest: The authors declare no conflict of interest and declare that have not received funding,
contracts or other forms of personal or institutional funding, with companies whose products are mentioned in
the text.

References

1. Vasconcelos dos Santos, E.; Liane de Oliveira, M.; Eudes do Nascimento, J. Influence of humidity on
radiochemical purity of 99mTc-ECD and 99mTc-Sestamibi. Radioanal. Nucl. Chem. 2015, 306, 751–755.
[CrossRef]

2. Uccelli, L.; Boschi, A.; Pasquali, M.; Duatti, A.; Di Domenico, G.; Pupillo, G.; Esposito, J.; Giganti, M.;
Taibi, A.; Gambaccini, M. Influence of the Generator in-Growth Time on the Final Radiochemical Purity and
Stability of 99mTc Radiopharmaceuticals. Sci. Technol. Nucl. Install. 2013, 2013, 7. [CrossRef]

3. Norenberg, J.P.; Vaidya, M.P.; Hladik, W.B., III; Pathak, D.R.; Born, J.L.; Anderson, T.L.; Carroll, T.R. The effect
of selected preparation variables on the radiochemical purity of 99mTc-Sestamibi. J. Nucl. Med. Technol. 2005,
33, 34–41. [PubMed]

4. Sanchez, C.; Zimmer, M.; Cutrera, P.; McDonald, N.; Spies, S. Radiochemical purity and stability of generic
Tc-99m Sestamibi Kits. J. Nucl. Med. 2009, 50, 22–35.

5. Vallabhajosula, S.; Killeen, R.P.; Osborne, J.R. Altered Biodistribution of Radiopharmaceuticals: Role of
Radiochemical/Pharmaceutical Purity, Physiological, and Pharmacologic Factors. Semin. Nucl. Med. 2010,
40, 220–241. [CrossRef] [PubMed]

6. Uccelli, L.; Martini, P.; Pasquali, M.; Boschi, A. Radiochemical purity and stability of 99mTc-HMPAO in
routine Preparations. J. Radioanal. Nucl. Chem. 2017, 314, 1177–1181. [CrossRef]

7. Maksin, T.; Djokib, D.; Jankovik, D. Effect of Increased Temperature on Labelling Efficiency of Some
99mTc-Radiopharmaceuticals. Label. Compd. Radiopharm. 2001, 44 (Suppl. 1), S636–S638. [CrossRef]

8. Zolle, I. Technetium-99m Pharmaceuticals: Preparation and Quality Control in Nuclear Medicine; Springer:
Berlin, Germany, 2017; ISBN 978-3-540-33990-8.

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

© 2018 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/).

50



molecules

Article

Synthesis of 11C-Labelled Ureas by
Palladium(II)-Mediated Oxidative Carbonylation

Sara Roslin 1,*, Peter Brandt 1, Patrik Nordeman 1, Mats Larhed 2, Luke R. Odell 1

and Jonas Eriksson 1

1 Organic Pharmaceutical Chemistry, Department of Medicinal Chemistry, BMC, Uppsala University, Box 574,
SE-751 23 Uppsala, Sweden; peter.brandt@orgfarm.uu.se (P.B.); patrik.nordeman@akademiska.se (P.N.);
luke.odell@orgfarm.uu.se (L.R.O.); jonas.p.eriksson@akademiska.se (J.E.)

2 Science for Life Laboratory, Department of Medicinal Chemistry, BMC, Uppsala University, Box 574,
SE-751 23 Uppsala, Sweden; mats.larhed@orgfarm.uu.se

* Correspondence: sara.roslin@orgfarm.uu.se; Tel.: +46-018-4714282

Received: 25 September 2017; Accepted: 4 October 2017; Published: 10 October 2017

Abstract: Positron emission tomography is an imaging technique with applications in clinical settings
as well as in basic research for the study of biological processes. A PET tracer, a biologically
active molecule where a positron-emitting radioisotope such as carbon-11 has been incorporated,
is used for the studies. Development of robust methods for incorporation of the radioisotope is
therefore of the utmost importance. The urea functional group is present in many biologically
active compounds and is thus an attractive target for incorporation of carbon-11 in the form
of [11C]carbon monoxide. Starting with amines and [11C]carbon monoxide, both symmetrical
and unsymmetrical 11C-labelled ureas were synthesised via a palladium(II)-mediated oxidative
carbonylation and obtained in decay-corrected radiochemical yields up to 65%. The added advantage
of using [11C]carbon monoxide was shown by the molar activity obtained for an inhibitor of soluble
epoxide hydrolase (247 GBq/μmol–319 GBq/μmol). DFT calculations were found to support a
reaction mechanism proceeding through an 11C-labelled isocyanate intermediate.

Keywords: carbon-11; 11C-labelling; urea; carbonylation; positron emission tomography;
carbon monoxide

1. Introduction

Positron emission tomography (PET) is a non-invasive imaging technique used to visualise and
study biological processes in vivo by use of a molecular probe, a PET tracer, where a positron-emitting
radioisotope has been incorporated. PET has found extensive use in clinical applications such as oncology,
neurology and cardiology [1–3]. PET also serves as a useful technique in drug development, where PET
offers the possibility to study the distribution, kinetics and target occupancy of potential drugs in vivo [4–6].

A radioisotope commonly used in PET is carbon-11 (11C), with a half-life of 20.4 min. The natural
abundance of carbon in biologically active molecules makes carbon-11 an appealing isotope to
incorporate in PET tracers. The short half-life offers the possibility to perform several scans in
one patient during a day but it also puts time-restraints on the production of the 11C-labelled
PET tracer. Efficient incorporation of carbon-11 is therefore a key step for a successful production.
The labelling reaction should preferably be performed as the last step in the synthetic route and be a
fast, high-yielding and robust method.

Carbon-11 can be incorporated in the PET tracer via a carbonylation reaction using [11C]carbon
monoxide ([11C]CO). There are numerous carbonyl-containing biologically active molecules, thus the
11C-carbonylative labelling reaction has great potential in PET tracer development but the minute amounts
(typically 10–100 nmol), the short physical half-life and the low solubility of [11C]CO in organic solvents

Molecules 2017, 22, 1688; doi:10.3390/molecules22101688 www.mdpi.com/journal/molecules51



Molecules 2017, 22, 1688

pose particular challenges [7–9]. To achieve sufficiently fast reaction kinetics, high reagent concentrations
are needed, something that can be accomplished by confining the [11C]CO in low volume reaction
vessels [8]. However, conventional bubbling of [11C]CO into the reaction mixture in this setting typically
results in low recovery due to the low solubility of [11C]CO and efficient purging of the gas phase
as the carrier gas is vented. This problem has been approached in different ways, for example using
high-pressure autoclave reactors [10–12], [11C]CO-trapping agents [13–18], microfluidic reactors [19–21]
and an ambient pressure system [22]. The ambient pressure system, developed by Eriksson et al., uses
xenon as a carrier gas instead of helium or nitrogen. Most of the carrier gas is absorbed by the reaction
solvent, thus precluding the need for high-pressure autoclave reactors or [11C]CO-trapping reagents.

The urea moiety is a structural motif with a long history in medicinal chemistry and is found in
various drugs and biologically active compounds [23]. By offering possibilities for hydrogen bonding,
modulation of physicochemical properties and unique binding modes, therapeutic agents acting as
inhibitors at targets such as protein kinases, Hepatitis C NS3 protease and methionyl–tRNA synthetase
all contain the urea functional group (Figure 1) [23–26]. With the incorporation of the urea motif in
aspiring drugs, there is a rationale for developing a simple and reliable method for incorporation of
carbon-11 into the urea functional group.

 
Figure 1. Biologically active ureas.

[11C]Urea and 11C-labelled urea-derivatives have traditionally been synthesised from
[11C]phosgene ([11C]COCl2) [27–31] but also from [11C]cyanide [32–34], [11C]carbon dioxide
([11C]CO2) [35–41] and [11C]CO [14,42–49]. The different methods come with their own unique
limitations. Production of [11C]COCl2 is rather complicated, and the method is burdened by low
product molar activities (Am) and is less suited for the labelling of unsymmetrical ureas. [11C]HCN
also suffers from low Am and the production requires a series of chemical transformations, hence
the long reaction times. Methods utilising [11C]CO2 and [11C]CO offer improved Am and fewer or
no subsequent chemical transformations. Cyclotron-produced [11C]CO2 can be utilised directly but
fixation agents and drying agents are needed in addition to the amine/amines to be incorporated in the
11C-labelled urea. Great care must be taken to make sure that all agents used are freed of atmospheric
CO2 to avoid isotopic dilution and reduced Am. The Am reached with [11C]CO2-fixation methods
have been in the range of 25–148 GBq/μmol [36–38,41,50]. High Am is of particular importance when
imaging a less abundant target, especially in the central nervous system [51,52].

Different approaches have been employed for the synthesis of 11C-labelled ureas from [11C]CO
and amines. The first method published was a selenium-mediated carbonylation for the synthesis of a
number of symmetrical and unsymmetrical 11C-labelled ureas, where secondary amines were difficult

52



Molecules 2017, 22, 1688

to employ [42]. Rhodium(I) has mainly been used in the synthesis of unsymmetrical 11C-labelled ureas
and necessitates the use of an azide as precursor, which, according to Doi et al., converts to a nitrene
intermediate and subsequently to the 11C-labelled isocyanate when reacting with [11C]CO. [43–48].
In contrast to the case with Rh(I), palladium(II)-mediated 11C-urea syntheses can use amines as sole
precursors. Kealey et al. reported the use of a Cu(I)scorpionate complex for the trapping of [11C]CO
for a Pd(II)-mediated formation of symmetrical and unsymmetrical 11C-labelled ureas [49]. Primary,
aliphatic amines performed well as substrates, whereas anilines were found to be more challenging.
Since no 11C-labelled ureas were isolated nor any Am determined, the practical utility of the method
was difficult to assess.

To address some of the issues with the related methods and to improve the access to 11C-labelled
ureas, we here report on Pd(II)-mediated oxidative 11C-carbonylation of amines for the synthesis
of symmetrical and unsymmetrical 11C-labelled ureas. The developed protocol utilised [11C]CO,
with xenon as a carrier gas, a palladium source and amines for the isolation of 14 11C-labelled ureas.
Additionally, to demonstrate the advantage of using [11C]CO to reduce isotopic dilution, the Am was
determined for an inhibitor of soluble epoxide hydrolase (sEH, Figure 1).

2. Results and Discussion

The minute amounts of [11C]CO available for reaction and the requisite for a finished synthesis
within 2–3 half-lives of carbon-11 set the framework for a transition-metal-mediated 11C-carbonylation.
We have previously used the xenon system for ambient pressure carbonylations and demonstrated
its feasibility in synthesising amides [53,54] and sulfonyl carbamates [55]. The report by Kealey et al.
as well as our own observations that 11C-labelled ureas can form as byproducts in the synthesis of
11C-labelled amides, especially when a Pd(II) source is used as a pre-catalyst for the aminocarbonylation,
sparked our interest in exploring the Pd(II)-mediated formation of 11C-labelled ureas [14].

The investigation into the synthesis of symmetrical 11C-labelled ureas began with using
benzylamine (1) as a model amine and Pd(Xantphos)Cl2 as a Pd source [56,57]. Initially, 56%
of the [11C]CO was converted to non-volatile 11C-labelled compounds and the selectivity for
[11C]-N,N′-dibenzylurea 2 was >99%, giving a radiochemical yield (RCY) of 55% calculated from
the conversion and product selectivity (Table 1, entry 1) [58].

Table 1. Optimisation of reaction conditions for synthesis of symmetrical 11C-labelled urea.

Entry T (◦C) Time (min) Conversion a (%) Product Selectivity b (%) RCY c (%)

1 120 5 56 ± 2.2 >99 55 ± 2.1 (3)
2 120 10 83 ± 3.9 >99 82 ± 3.9 (3)
3 150 5 66 ± 4.5 96 ± 2.6 63 ± 4.3 (3)
4 150 10 90 ± 2.5 97 ± 2.1 87 ± 3.4 (3)

5 d 120 10 66 ± 1.0 >99 65 ± 1.0 (2)

Conditions: 1 (30 μmol), Pd(Xantphos)Cl2 (4 μmol), THF (400 μL). a Percentage of [11C]CO converted to non-volatile
products. Decay-corrected. b Percentage of product formed, assessed by analytical HPLC of crude reaction mixture,
after volatiles were purged. c Radiochemical yield, calculated from the conversion and product selectivity. Number
of experiments in brackets. d 10 μmol of 1.

With these encouraging results, the reaction time and temperature were altered in order to
improve the conversion. Extending the reaction time to 10 min (entry 2) increased the conversion
to 83% and returned a RCY of 82%. Raising the reaction temperature to 150 ◦C (entry 3) whilst
keeping the reaction time at 5 min did not improve the reaction to the same extent as prolonging the
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reaction time (66% conversion and 63% RCY). When heating the reaction at 150 ◦C for 10 min (entry 4),
the conversion and RCY were further improved to 90% and 87%, respectively. The gain in RCY was
minor for entry 4 as compared to entry 2 and we therefore decided to continue with the conditions as
in entry 2 to avoid unwanted side reactions caused by the high temperature. In a final experiment,
the amount of 1 was lowered to 10 μmol to test whether the conversion of [11C]CO and the selectivity
could be retained (entry 5). The conversion dropped somewhat but 2 was still obtained in 65% RCY.
Further experiments were conducted using 30 μmol of amine.

Next, the scope for symmetrical 11C-urea formation was investigated (Table 2). Symmetrical ureas
are not as abundant in medicinal chemistry as unsymmetrical ureas. There are, however, examples of
bioactive, symmetrical ureas such as [(7-amino(2-naphthyl)sulfonyl]phenylamines derivatives that
have been shown to activate insulin receptor tyrosine kinases or sulfonylated naphthyl urea derivatives
inhibiting protein arginine methyl transferases [59,60]. The products were isolated by semi-preparative
HPLC purification and the radiochemical yields are based on the amount of [11C]CO transferred to the
reaction vial [58]. Primary, aliphatic amines (2, 3 and 4) were found to be very good substrates and the
products were isolated in good radiochemical yields and in >99% radiochemical purity (RCP). The gain
in conversion that was seen when increasing the reaction time from 5 min to 10 min manifested itself
as a gain in RCY for 2 (41% compared with 65%).

Table 2. Scope for symmetrical 11C-labelled ureas.

Compound 11C-Labelled Urea Conversion a (%) RCY b (%) RCP c (%)

2

 

81 ± 5
65 ± 1

>9941 d

3

 
67 ± 4 40 ± 6 >99

4

 
71 ± 2 48 ± 4 >99

5

 
15 ± 1 4 ± 1 >99

Conditions: Amine (30 μmol), Pd(Xantphos)Cl2 (4 μmol), THF (400 μL). All experiments were performed in
duplicate. a Percentage of [11C]CO converted to non-volatile products. Decay-corrected. b Radiochemical yield.
Based on the 11C-labelled product obtained after semi-preparative HPLC and amount of [11C]CO collected in the
reaction vial. Decay-corrected. c Radiochemical purity. Determined by analytical HPLC of the isolated 11C-labelled
product. d 5 min reaction time, single experiment.

Urea 2 was isolated with 0.44 GBq 34 min after end of nuclide production (EOB) following a
5-min reaction, whereas a 10 min reaction time returned 2 with 0.83–0.88 GBq 33–36 min after EOB.
Another example of a symmetrical urea in medicinal chemistry is N,N′-dicyclohexylurea, which has
been identified as a potent inhibitor of sEH (Ki 30 nM), a discovery that sparked interest in the urea as
a scaffold for designing sEH inhibitors [61]. Notably, [11C]N,N′-dicyclohexylurea (4) was isolated in
a high RCY (48%). Aniline was found to be a sluggish substrate and 5 was only isolated in 4% RCY.
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This is in line with previous studies using either a Pd(II)-source and high concentrations of aniline
(90 μmol) or [11C]CO2-fixation methods using varying amounts of aromatic amines [35,36,49,50].
Rh(I)-mediated synthesis of aromatic 11C-labelled ureas has returned higher RCYs, albeit starting from
an aromatic azide rather than an aromatic amine [44,45]. When piperidine 6 was used as substrate,
the tetra-substituted urea was not detected.

For optimisation of the synthesis of unsymmetrical 11C-labelled ureas, 7 was chosen as the model
compound (Table 3). Starting from the same conditions as in the synthesis of symmetrical 11C-labelled
ureas, 7 was obtained in 42% RCY based on a conversion of 53% and a product selectivity of 79%
(entry 1) [58]. The ratio of symmetrical (2) versus unsymmetrical (7) formation was 12:88. Initial
optimisation was performed by changing the Pd-source (entries 2–5) [14,49]. Although the Pd-species
in entries 2–5 gave higher conversions than Pd(Xantphos)Cl2, the product selectivity was lower and
consequently the RCYs as well (7–32%). Using DMF as solvent was unfavorable for the product selectivity
(entry 6). An investigation of the temperature influence (entries 7 and 8), showed that a lowering of
the temperature to 80 ◦C, which has been used in Rh-based 11C-labelled urea syntheses, retained the
conversion whilst losing product selectivity [43]. On the other hand, heating the reaction to 150 ◦C
improved the product selectivity but, because of the lower conversion, the yield was in the same range
as in entry 1 (41% in entry 8 and 42% in entry 1). The reaction temperature was therefore kept at 120 ◦C.

Table 3. Optimisation of reaction conditions for synthesis of unsymmetrical 11C-labelled urea.

Entry Catalyst T (◦C) 6 (Equiv.) Conversion a (%)
Product Selectivity

b (%)
2:7 c RCY d (%)

1 Pd(Xantphos)Cl2 120 1 53 ± 5.6 79 ± 2.9 12:88 42 ± 5.9 (3)
2 Pd(PPh3)2Cl2 120 1 69 ± 4.1 46 ± 3.6 16:84 32 ± 3.2 (3)
3 Pd(OAc)2 + dppf 120 1 95 ± 3.5 13 ± 3.5 11:89 12 ± 4.0 (2)
4 Pd(OAc)2 + dppp 120 1 75 ± 2.5 21 ± 0.5 23:77 16 ± 0.5 (2)
5 Pd(OAc)2 + Xantphos 120 1 67 ± 9 10 ± 1 23:77 7 ± 1.5 (2)

6 e Pd(Xantphos)Cl2 120 1 43 ± 1.7 49 ± 3.6 16:84 21 ± 1.6 (3)
7 Pd(Xantphos)Cl2 80 1 57 ± 9.2 44 ± 6.8 9:91 26 ± 8.5 (3)
8 Pd(Xantphos)Cl2 150 1 44 ± 11 87 ± 4.3 9:91 41 ± 6.2 (4)
9 Pd(Xantphos)Cl2 120 2 46 ± 4.3 63 ± 2.2 9:91 29 ± 3.3 (3)

10 Pd(Xantphos)Cl2 120 5 58 ± 1.7 71 ± 3.6 2:98 42 ± 3.1 (3)
11 f Pd(Xantphos)Cl2 120 1 67 ± 1.7 89 ± 3.3 7:93 60 ± 3.4 (3)
12 g Pd(PPh3)4 120 1 93 - - -

Conditions: 1 (30 μmol), 2 (30 μmol), catalyst ([Pd] 4 μmol + ligand 4 μmol), THF (400 μL). 5 min reaction time
unless otherwise stated. a Percentage of [11C]CO converted to non-volatile products, after purge. Decay-corrected.
b Percentage of product formed, assessed by analytical HPLC of crude reaction mixture, after purge. c Product
ratio of 2 to 7, assessed by analytical HPLC of crude reaction mixture. d Radiochemical yield, calculated from the
conversion and product selectivity. Number of experiments in brackets. e DMF as solvent. f 10 min reaction time.
g Single experiment.

Next, increasing the amount of piperidine (6) was investigated (entries 9 and 10). Not surprisingly,
using five equivalents of 6 gave almost sole formation of unsymmetrical 11C-labelled urea 7 (entry 10)
whereas having two equivalents of 6 did not improve the product ratio to the same extent (entry 9).
The RCY was markedly lower in entry 9 (29%) compared to entry 1 and entry 10 (both 42%), because
of both lower conversion and inferior product selectivity. As no improvement in yield was gained
by using five equivalents of 6, the reaction time was altered next. Heating the reaction for 10 min
enhanced the conversion, the product selectivity and the ratio of 2 to 7 formed, with a 60% RCY (entry
11). A final experiment, with Pd(PPh3)4, supported the reaction to be Pd(II)-mediated as neither 2 nor
7 formed with the Pd(0)-source. The conditions in entry 11 were continued with for investigation of
the scope for synthesis of unsymmetrical 11C-labelled ureas, including sEH inhibitor 19 (Table 4).
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Compounds 7–19 were isolated by semi-preparative HPLC and the radiochemical yields are based
on the amount of [11C]CO transferred to the reaction vial [58]. Aliphatic amines were isolated in good
RCYs ranging from 12% to 41% (7–10). Another demonstration of the gain in measured radioactivity
of the product with a prolonged reaction time is seen for 7, where a 5 min reaction time led to a RCY
of 17% and 0.15 GBq isolated 37 min from EOB, whilst the 10 min reaction time gave 41% in RCY and
0.47–0.57 GBq isolated after 36–45 min from EOB. 2-(2-Aminoethyl)pyridine proved to be a challenging
substrate and 9 was isolated in 12% RCY. Here, an unknown 11C-labelled byproduct formed along with
product 9. The byproduct was not observed when amine 6 was removed. In the synthesis of 10, steric
hindrance was introduced in the primary amine, which resulted in a lower RCY compared to 7 and 8.

Table 4. Scope for unsymmetrical 11C-labelled ureas.

Compound 11C-Labelled Urea Conversion a (%) RCY b (%) RCP c (%)

7

 

65 ± 0 41 ± 6
98 ± 139 d 17 d

59 e 31 e

8

 

55 ± 4 23 ± 1
>9960 e 14 e

9

 

20 ± 0 12 ± 1 >99

10

 

35 ± 6 14 ± 4 >99

11

 

60 ± 3 f 7 ± 2 f 80 ± 7 f

59 ± 1 12 ± 0 g 97 ± 2 g

70 e 6 e 88 e

12

 

66 ± 3 9 ± 1
99 ± 174 e 21 e

13

 

67 ± 9 f 8 ± 1 f
>9988 e 28 e

14

 

63 ± 0 5 ± 1
>9983 e 6 e
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Table 4. Cont.

Compound 11C-Labelled Urea Conversion a (%) RCY b (%) RCP c (%)

15
27 ± 1 1 ± 0 90 ± 10

90 e Trace e -

16

 

12 ± 2 Trace -

17

 

51 ± 0 Trace -

18

 
66 ± 8 - -

19

 

74 41 ± 7 f 99 ± 0 f

Conditions as in entry 11, Table 2. All experiments were performed in duplicate unless otherwise stated. a Percentage
of [11C]CO converted to non-volatile products. Decay-corrected. b Radiochemical yield. Based on the 11C-labelled
product obtained after semi-preparative HPLC and amount of [11C]CO collected in the reaction vial. Decay-corrected.
c Radiochemical purity. Determined by analytical HPLC of the isolated 11C-labelled product. d 5 min reaction time, one
experiment. e 10 equiv. of 1-butanol added, single experiment. f Average of three experiments. g 3 equiv. of aniline used.

A set of aniline derivatives were also synthesised (11–14) and, similar to 5, were found to be less
reactive than their aliphatic counterparts and were isolated in RCYs varying from 5% to 12%. In the
reaction with unfunctionalised aniline, an impurity was present after the purification and 11 could only
be isolated with 80% RCP. When three equivalents of aniline were used, the RCY increased from 7% to
12% and the RCP reached 97%. Substitution in the 4-position of the aromatic ring was explored and
methoxy- and fluoro-substituents were equally tolerated (12 and 13, 8–9%), whereas the nitro group
gave a slightly lower RCY of 5% (14). It should be noted that the conversion for the reactions with
aniline derivatives were in the range of 60–67% and the product selectivities varied from 33% to 71%.
The true outcome of the reaction only became fully apparent after isolation of the respective product.
Thus, the radiochemical yields estimated for a non-isolated 11C-labelled product should be interpreted
with care as it may not fully correspond to the radiochemical yield of the isolated product. Next, cyclic
11C-labelled urea 15 was synthesised but isolated in a very low RCY (1%). An unknown 11C-labelled
byproduct formed during the reaction. This byproduct was not formed when the reference was
synthesised (even when using Pd(Xantphos)Cl2). 11C-Labelled sulfonylureas have been synthesised
from the corresponding sulfonyl azide in a Rh(I)-mediated reaction but here, synthesis of 11C-labelled
sulfonyl ureas 16 and 17 did not result any in isolable product [43]. To probe whether the trace
formation of 16 was related to the poor nucleophilicity of aniline, the amine was changed to 6 to aid in
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the plausible 11C-sulfonyl isocyanate formation and subsequent product formation to sulphonylurea
17. However, as seen in Table 4, this change did not improve the reaction outcome.

Ethanol has been found to increase the conversion of [11C]phosgene-derived ammonium
[11C]isocyanate to [11C]urea [31]. Similarly, different alcoholic additives were found to accelerate
the conversion of ammonium cyanate to urea [62]. Therefore, 10 equivalents of 1-butanol were added
to the reaction mixture of 7, 8 and 11–15. Compounds 12 and 13, were isolated with improved RCY
(21% and 28%) whereas the RCY of 7 and 8, synthesised from an aliphatic primary amine and 6, were
not improved (31% and 14%). Hence, the addition of 1-butanol could be most beneficial when a poorly
nucleophilic primary amine is used. However, the RCY of 11, 14 and 15 were not improved thus
making the hypothesis of nucleophilicity less certain. Of note is that the 11C-labelled byproduct formed
during the synthesis of 15, was isolated in a RCY of 72% when 1-butanol was added.

Lactams has previously been synthesised under Pd(II)-catalysed conditions, however, with
the conditions employed here, in particular the short reaction time and small amount of [11C]CO,
11C-labelled lactam 18 was not formed [63]. A 11C-labelled byproduct was formed, which in part
accounts for the relatively high [11C]CO-conversion (66%). The byproduct was hypothesised from
LC/MS to be [11C]N-benzyl-N-ethylbenzamide, formed by scrambling of a phenyl group from the
Pd-ligand. A subsequent synthesis of N-benzyl-N-ethylbenzamide from benzoic acid and N-ethyl
benzylamine and matching of LC retention times confirmed the identity. When the reaction mixture
was preheated, to aid in dissolution of reactants, [11C]N-benzyl-N-ethylbenzamide was formed in
25% RCY, whereas the RCY dropped to 4% when the reaction mixture was not preheated. Lastly, sEH
inhibitor 19 was synthesised in a good 41% RCY [23]. To further demonstrate the utility of the method,
with respect to molar activity, was the Am determined for 19 in two experiments. When starting from
17.8 GBq of [11C]CO, product 19 was isolated with 1.9 GBq and in a Am of 247 GBq/μmol, 43 min after
EOB. In the second experiment, when starting with 12.8 GBq of [11C]CO, 20 could be isolated with
2.1 GBq and a Am of 319 GBq/μmol, 41 min from EOB.

In Scheme 1, hypothetical paths A–E through which the reaction can proceed are presented.
A carbamoylpalladium species has been proposed by Hiwatari et al. to form as an intermediate
in the reaction [64]. Thus, hypothesising the same species will form in the present reaction with
[11C]CO, 11C-labelled carbamoylpalladium species 20 can generate 11C-labelled isocyanate 21 through
the deprotonation of 20 by an external base such as in path A. Alternatively, 21 can be formed by
a β-elimination to give a hydridopalladium(II) complex 23, which subsequently can reductively
eliminate HCl to yield Pd(0)-complex 22 (path B). The elimination depicted in path A has found
experimental support in kinetic studies where the disappearance of a carbamoylpalladium complex
was found to have a first-order dependence on the concentration of a tertiary amine [64]. Attack of a
second amine on 21 will furnish product 24. Carbamoyl chloride 25 is proposed to form in path C after
a reductive elimination from 20. As in A and B, attack of another amine gives 24. In paths D and E,
the second amine reacts directly with 20, either through initial coordination to Pd (complex 26, path D)
or through a direct attack on the carbonyl (path E).

Path A, and path B to some extent, could explain the low RCY of 5 if the weakly basic aniline
cannot deprotonate 20 and/or is slow to react with 21. However, the low RCYs of 11–14 where 6

with ease should be able to both deprotonate 20 and subsequently trap 21 to form product cannot
be rationalised in the same way. Although paths C–E are feasible on paper, previous experimental
studies support an isocyanate intermediate, i.e., path A or B, on the basis that secondary amines
does not furnish the corresponding tetra-substituted urea under the conditions explored [63–65].
Further support of path A or B is that the ratio of symmetric 11C-labelled urea 2 to unsymmetrical
11C-labelled urea 7 was here found to be approximately 1:9 and the same ratio was found when 1 and
6 were allowed to react with benzyl isocyanate. Furthermore, when performing the reaction with only
4-fluoroaniline and Pd(Xantphos)Cl2, was the presence of [11C]4-fluorophenyl isocyanate confirmed by
analytical HPLC and co-injection with 4-fluorophenyl isocyanate. Amine 6 was thereafter added and
the reaction was heated for another 10 min. A second analysis revealed that 13 had formed. However,
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the mere presence of the 11C-labelled isocyanate does not preclude the reaction from proceeding
through an alternative mechanism.

To lend further support to path A in Scheme 1, DFT-calculations were performed for the urea
formation from CO and N-methyl amine. Although a solvent model for THF was used, the accuracy of
the energies will suffer from the variation in charge for the palladium complexes on the reaction path.
However, it was reasoned that the calculations would be accurate enough to give a rough estimate of
the stability of intermediates along the reaction path (Scheme 2).

Scheme 1. Hypothetical reaction paths for 11C-labelled urea formation.

Scheme 2. Calculated free energies (kcal/mol) of intermediates along path A in Scheme 1 showing
that the path is energetically feasible.
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As shown in Scheme 2, addition of CO to the initial palladium dichloro complex A1 does not
involve any dramatic energy changes and addition of a primary amine is also feasible. Deprotonation
of the palladium-bound amine is not likely, however. Instead, the amine can attack the carbonyl directly
forming a labile N-protonated carbamoyl species. In the gas-phase, the C–N bond varies between 2.07
Å and 2.70 Å depending on whether the cation can be stabilised by the phenylphosphine or not. Upon
addition of a stabilising amine to A8, the C–N bond shortens to 1.63 Å. The carbamoyl species A9,
formed by deprotonation of A8, is the most stable intermediate on the reaction path. Base-assisted
deprotonation of this species leads to the formation of an isocyanate and the palladium(0)-complex
A14 in accordance with the first-order dependence on the concentration of a tertiary amine reported
by Hiwatari et al. [64].

3. Materials and Methods

3.1. General Chemistry Information

Reagents and solvents were obtained from Sigma-Aldrich (St. Louis, MO, USA) and Fischer
(Pittsburgh, PA, USA) and used without further purification. Thin layer chromatography (TLC) was
performed on aluminium sheets pre-coated with silica gel 60 F254 (0.2 mm, Merck KGaA, Darmstadt,
Germany). Column chromatography was performed using silica gel 60 (40–63 μm, Merck KGaA,
Darmstadt, Germany). Carbon-11 was prepared by the 14N(p,α)11C nuclear reaction using 17 MeV
protons produced by a Scanditronix MC-17 Cyclotron at PET Centre, Uppsala University Hospital,
and obtained as [11C]carbon dioxide. The target gas used was nitrogen (AGA Nitrogen 6.0) containing
0.05% oxygen (AGA Oxygen 4.8). The [11C]CO2 was transferred to the low-pressure xenon system in a
stream of helium gas and concentrated before reduction to [11C]CO, over zinc heated to 400 ◦C [22,54].
A column with Ascarite was used to trap residual [11C]CO2. Before transferring the concentrated
[11C]CO into the reaction vial, through a transfer needle placed in the capped reaction vial, the carrier
gas was changed from helium to xenon (>99.9%, 1.5 mL/min). No venting needle was required during
the transfer and, when completed, the transfer needle was removed and the reaction vial was lowered
into a heating block. Analytical reversed phase HPLC-MS was performed on a Dionex Ultimate 3000
system using 0.05% HCOOH in water and 0.05% HCOOH in acetonitrile as mobile phase with MS
detection, equipped with a C18 (Phenomenex Kinetex SB-C18 (4.8 × 50 mm)) column using a UV
diode array detector. Purity determinations were performed using C18 (Phenomenex Kinetex SB-C18
(4.8 × 50 mm)) column and Biphenyl (Phenomenex Kinetex Biphenyl (2.6 μm, 4.6 × 50 mm) column,
with UV detection at 214 nm or 254 nm. Semi-preparative reversed phase HPLC was performed on
a Gilson–Finnigan ThermoQuest AQA system equipped with Gilson GX-271 system equipped with
a C18 (Macherey-Nagel Nucleodur HTec (5 μm, 125 × 21 mm)) using 0.1% TFA in water and 0.1%
TFA in acetonitrile as eluent. Purifications of 11C-labelled ureas were performed on a VWR La Prep
Sigma system with a LP1200 pump, 40D UV detector, a Bioscan flowcount radiodetector. The identities,
concentration and radiochemical purities of the purified 11C-labeled ureas were determined with
either a VWR Hitachi Elite LaChrom system (L-2130 pump, L-2200 autosampler, L-2300 column oven,
L-2450 diode array detector in series with a Bioscan β+-flowcount radiodetector) or an Elite LaChrom
VWR International (LaPrep P206 pump, an Elite LaChrom L-2400 UV detector in series with a Bioscan
β+-flowcount detector), 8.1 mM ammonium carbonate (aq.) and acetonitrile mobile phase and Merck
Chromolith Performance RP-18e column (4.6 × 100 mm) using isotopically unmodified compounds
as references. NMR spectra were recorded on a Varian Mercury plus spectrometer (1H at 399.8 MHz,
13C at 100.5 MHz and 19F at 376.5 MHz) at ambient temperature. Chemical shifts (δ) are reported in
ppm, indirectly referenced to tetrametylsilane (TMS) via the residual solvent signal (1H: CHCl3 δ 7.26,
CD2HOD δ 3.31, (CHD2)(CD3)SO δ 2.50, (CHD2)(CD3)CO δ 2.05 13C: CDCl3 δ 77.2, CD3OD δ 49.0,
(CHD2)(CD3)SO δ 39.5, (CD3)2CO δ 29.8, 206.3.
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3.2. Synthesis of Starting Materials

3.2.1. tert-Butyl 4-hydroxypiperidine-1-carboxylate [66] CAS: 109384-19-2

4-Hydroxypiperdine (3.1 mmol) was dissolved in THF (10 mL), to which 10% NaOH (aq., 1.5 mL)
was added. Di-tert-butyl dicarbonate (1.2 equiv.) was slowly added to the reaction mixture.
After completion of the reaction, the reaction mixture was extracted with 3 × 15 mL chloroform.
The combined organic phases were washed with 15 mL Brine, dried over Na2SO4, filtered and
concentrated in vacuo. Flash column chromatography followed, using 15% ethanol in ethyl acetate
as eluent. Isolated as a white solid in 95% purity and used without further purification.1H-NMR
(400 MHz, CDCl3) δ 3.91–3.76 (m, 3H), 3.07–2.96 (m, 2H), 1.89–1.80 (m, 2H), 1.68 (d, J = 4.2 Hz, 1H),
1.50–1.46 (m, 1H), 1.45 (s, 9H), 1.43–1.39 (m, 1H).

3.2.2. tert-Butyl 4-phenoxypiperidine-1-carboxylate [66] CAS: 155989-69-8

tert-Butyl 4-hydroxypiperidine-1-carboxylate (3.1 mmol), phenol (1.0 equiv.) and PPh3 (1.0 equiv.)
were dissolved in anhydrous THF (16 mL) before addition of diisopropyl azodicarboxylate (1.0 equiv.).
The reaction mixture was stirred at room temperature for 18 h. The reaction mixture was concentrated
before purification with flash column chromatography, using 7:1 i-hexane:ethyl acetate as eluent.
Isolated as a white solid (498 mg, 59%). Rf = 0.47 (7:1 i-hexane:ethyl acetate). 1H-NMR (400 MHz,
CDCl3) δ 7.31–7.27 (m, 2H), 6.99–6.88 (m, 3H), 4.46 (hept, J = 3.5 Hz, 1H), 3.75–3.64 (m, 2H), 3.39–3.26
(m, 2H), 1.98–1.86 (m, 2H), 1.83–1.69 (m, 2H), 1.47 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 157.3, 155.0,
129.7, 121.2, 116.3, 79.7, 72.3, 40.9, 30.7, 28.5. MS-EI m/z 277.1.

3.2.3. 4-Phenoxypiperidine [66] CAS: 3202-33-3

tert-Butyl 4-phenoxypiperidine-1-carboxylate (453 mg) was dissolved in dichloromethane (10 mL).
TFA (1.4 mL) was added and the mixture was stirred at room temperature for 2.5 h. The reaction
mixture was concentrated and re-dissolved in dichloromethane (20 mL), followed by washing
with 1.5 M NaOH (20 mL). The water phase was extracted with 2 × 20 mL DCM. The combined
organic phases were dried over Na2SO4, filtered and concentrated. Purification with flash column
chromatography using 5% MeOH and 1% triethylamine (TEA) in DCM Product was isolated as a
white solid (290 mg, 96%). Rf = 0.18 (5% MeOH, 1% TEA in DCM). 1H-NMR (400 MHz, CDCl3) δ
7.30–7.25 (m, 2H), 6.96–6.89 (m, 3H), 4.39 (hept, J = 3.9 Hz, 1H), 3.20–3.12 (m, 2H), 2.80–2.72 (m, 2H),
2.24 (br. s, 1H), 2.08–1.97 (m, 2H), 1.75–1.65 (m, 2H). 13C-NMR (101 MHz, CDCl3) δ 157.4, 129.6, 121.0,
116.3 73.1, 43.8, 32.2. HPLC purity > 99%.

3.3. Synthesis of Reference Compounds

3.3.1. General Procedure for Synthesis of Reference Compounds via an Oxidative Carbonylation

The reaction was performed in a double-chamber system [67,68]. Amine/amines, Pd(OAc)2

(0.05 equiv.) and Cu(OAc)2 (0.5 equiv.) were added to the reaction chamber and dissolved in
1,4-dioxane (2 mL). In the CO-chamber was Mo(CO)6 (200 mg) dissolved in 1,4-dioxane (2 mL).
After capping of the system, 1,8-diazabicyclo[5.4.0]undec-7-ene was added to the CO-chamber.
The double-chamber system was positioned in a Dry–Syn heating block and heated to 95 ◦C. After
completion of the reaction, the reaction mixture was filtered through a short silica plug before flash
column chromatography.

3.3.2. N,N′-Dibenzylurea [69] CAS: 1466-67-7

Synthesised according to the general procedure from benzylamine (1 mmol). Purified with flash
column chromatography, using 1% MeOH and 1% AcOH in DCM as eluent. Isolated as a white powder
(74 mg, 31%). Rf = 0.23 (1% MeOH and 1% acetic acid in DCM). 1H-NMR (400 MHz, DMSO-d6) δ
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7.34–7.18 (m, 10H), 6.46 (t, J = 6.1 Hz, 2H), 4.23–4.20 (m, 4H). 13C-NMR (101 MHz, CDCl3 and MeOD)
δ 159.1, 139.3, 128.4, 127.2, 127.0, 44.0. MS-ESI [M + H+] = m/z 241.3. HPLC purity > 99%.

3.3.3. N-(2-(Pyridin-2-yl)ethyl)piperidine-1-carboxamide CAS: 1710806-84-0

Synthesised according to the general procedure from 2-(2-aminoethyl)pyridine (1.0 mmol) and
piperidine (3 equiv.). Purified with flash column chromatography, using 1% MeOH and 1% AcOH in
DCM as eluent. Isolated as a solid (49 mg, 21%). Rf = 0.16 (ethyl acetate + 1% TEA). 1H-NMR (400 MHz,
(CD3)2CO) δ 8.51−8.47 (m, 1H), 7.67 (td, J = 7.7, 1.9 Hz, 1H), 7.24 (d, J = 7.8 Hz, 1H), 7.20−7.15 (m,
1H), 6.04 (br. s, 1H), 3.54−3.47 (m, 2H), 3.33−3.27 (m, 4H), 2.94 (t, J = 7.0 Hz, 2H), 1.60−1.53 (m, 2H),
1.49−1.41 (m, 4H). 13C-NMR (101 MHz, (CD3)2CO) δ 161.2, 158.3, 150.0, 137.1, 124.0, 122.1, 45.4, 41.3,
41.2, 39.1, 39.0, 26.5, 25.4. HRMS calc: 234.1606 found: 234.1614. HPLC purity > 99%.

3.3.4. 3,4-Dihydroquinazolin-2(1H)-one [70] CAS: 66655-67-2

Synthesised according to the general procedure from 2-aminobenzylamine (1.5 mmol). Purified
twice with flash column chromatography, using 5% MeOH, 1% TEA in DCM and 1% TEA in ethyl
acetate, respectively, followed by semi-preparative purification. Isolated as a white powder (26 mg,
12%). Rf = 0.74 (5% MeOH, 1% TEA in DCM). 1H-NMR (400 MHz, (CD3)2SO) δ 8.98 (br. s, 1H),
7.12–7.04 (m, 2H), 6.84 (td, J = 7.5, 1.2 Hz, 1H), 6.79–6.73 (m, 2H), 4.29 (s, 2H). 13C-NMR (101 MHz,
(CD3)2SO) δ 154.6, 138.1, 127.6, 125.6, 120.9, 118.1, 113.5, 42.5. MS-ESI [M + H+] = m/z 149.1. HPLC
purity > 99%.

3.3.5. 2-Ethylisoindolin-1-one [71] CAS: 23967-95-5

Synthesised according to the general procedure from N-ethylbenzylamine (1 mmol). Purified with
flash column chromatography, using 3:1 i-hexane:ethyl acetate + 1% TEA. Isolated as a yellow liquid
(49 mg, 31%). Rf = 0.25 (3:1 i-hexane:ethyl acetate + 1% TEA). 1H-NMR (400 MHz, CDCl3/CD3OD) δ
7.77 (d, J = 7.5 Hz, 1H), 7.54–7.49 (m, 1H), 7.47–7.41 (m, 2H), 4.40 (s, 2H), 3.64 (q, J = 7.3 Hz, 2H), 1.25
(t, J = 7.3 Hz, 3H). 13C-NMR (101 MHz, CDCl3/CD3OD) δ 141.4, 132.7, 131.7, 128.4, 123.6, 123.0, 49.8,
37.4, 13.6 (Carbonyl carbon missing). MS-ESI [M + H+] = m/z 162.1. HPLC purity > 99%.

3.3.6. N-(2,4-Dichlorobenzyl)-4-phenoxypiperidine-1-carboxamide CAS: 950645-62-2

Synthesised according to the general procedure from 2,4-dichlorobenzylamine (0.43 mmol) and
4-phenoxypiperidine (2 equiv.). Purified with flash column chromatography, using 1% MeOH and 1%
AcOH in DCM as eluent, followed by semi-preparative chromatography. Isolated as a white powder
(47 mg, 29%). Rf = 0.53 (5% MeOH, 1% TEA in DCM). 1H-NMR (400 MHz, (CD3)2CO) δ 7.46–7.42 (m,
2H), 7.33 (dd, J = 8.2, 2.2 Hz, 1H), 7.31–7.24 (m, 2H), 7.00–6.94 (m, 2H), 6.92 (tt, J = 7.3, 1.1 Hz, 1H), 4.62
(tt, J = 7.6, 3.7 Hz, 1H), 4.45 (d, J = 5.0 Hz, 2H), 3.86–3.75 (m, 2H), 3.41–3.30 (m, 2H), 2.03–1.95 (m, 2H),
1.72–1.61 (m, 2H).13C-NMR (101 MHz, (CD3)2CO) δ 157.6, 157.5, 137.2, 133.3, 132.5, 130.3, 129.6, 128.6,
127.1, 120.8, 116.1, 72.2, 41.6, 41.2, 30.7. HRMS calc: 379.0980 found: 379.0999. HPLC purity > 99%.

3.3.7. General Procedure for the Synthesis of Reference Compounds from an Isocyanate

The isocyanate derivative (1 mmol) was dissolved in DCM (2 mL) and cooled to −10 ◦C before
piperidine (1 equiv.) in DCM (2 mL) was added under N2. The reaction was stirred under N2 for
30 min and then let to warm room temperature and stir until completion. The reaction mixture was
concentrated in vacuo and recrystallised.

3.3.8. N-Benzylpiperidine-1-carboxamide [72] CAS: 39531-35-6

Synthesised according to the general procedure from benzyl isocyanate. Recrystallised in
petroleum ether and isolated as colourless crystals (87 mg, 40%). Rf = 0.33 (3:1 i-hexane:ethyl acetate +
1% TEA). Melting point: 99–100 ◦C [73]. 1H-NMR (400 MHz, (CD3)2CO) δ 7.32–7.24 (m, 4H), 7.21–7.16
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(m, 1H), 6.27 (s, 1H), 4.35 (d, J = 5.8 Hz, 2H), 3.40–3.35 (m, 4H), 1.63–1.55 (m, 2H), 1.53–1.44 (m,
4H). 13C-NMR (101 MHz, (CD3)2CO) δ 158.3, 142.3, 128.9, 128.2, 127.3, 45.6, 44.9, 26.6, 25.4. MS-ESI
[M + H+] = m/z 219.4. HPLC purity > 99%.

3.3.9. N-Butylpiperidine-1-carboxamide CAS: 1461-79-6

Synthesised according to the general procedure from butyl isocyanate. Recrystallised in petroleum
ether and isolated as colourless crystals (150 mg, 81%). Rf = 0.15 (3:1 i-hexane:ethyl acetate + 1% TEA).
Melting point: 60–62 ◦C. 1H-NMR (400 MHz, (CD3)2CO) δ 5.73 (s, 1H), 3.35–3.26 (m, 4H), 3.16–3.09
(m, 2H), 1.60–1.52 (m, 2H), 1.51–1.39 (m, 6H), 1.37–1.24 (m, 2H), 0.88 (t, J = 7.3 Hz, 3H). 13C-NMR
(101 MHz, (CD3)2CO) δ 158.4, 45.5, 41.0, 40.9, 33.4, 33.4, 26.5, 25.4, 20.7, 14.2. HRMS calc: 185.1654
found: 185.1653. HPLC purity > 99%.

3.3.10. N-Isopropylpiperidine-1-carboxamide CAS: 10581-04-1

Synthesised according to the general procedure from isopropyl isocyanate. Recrystallised in
petroleum ether and isolated as white crystals (100 mg, 58%). Melting point: 114–121 ◦C. 1H-NMR
(400 MHz, (CD3)2SO) δ 6.02 (d, J = 7.6 Hz, 1H), 3.80–3.66 (m, 1H), 3.25–3.20 (m, 4H), 1.56–1.46 (m, 2H),
1.44–1.34 (m, 4H), 1.03 (d, J = 6.6 Hz, 6H). 13C-NMR (101 MHz, (CD3)2CO) δ 156.7, 44.2, 41.6, 25.3, 24.2,
23.0. HRMS calc: 171.1497 found: 171.1504. HPLC purity > 99%.

3.3.11. N-Phenylpiperidine-1-carboxamide [72] CAS: 2645-36-5

Synthesised according to the general procedure from phenyl isocyanate. Recrystallised in ethyl
acetate and isolated as colorless crystals (173 mg, 84%). Rf = 0.37 (3:1 i-hexane:ethyl acetate + 1%
TEA). Melting point: 168–171 ◦C. 1H-NMR (400 MHz, (CD3)2CO) δ 7.84 (br. s, 1H), 7.54–7.49 (m,
2H), 7.23–7.17 (m, 2H), 6.91 (tt, J = 7.4, 1.2 Hz, 1H), 3.50–3.44 (m, 4H), 1.67–1.59 (m, 2H), 1.58–1.49
(m, 4H). 13C-NMR (101 MHz, (CD3)2CO) δ 155.7, 141.9, 129.1, 122.4, 120.2, 45.8, 26.6, 25.3. MS-ESI
[M + H+] = m/z 205.4. HPLC purity > 99%.

3.3.12. N-(4-Methoxyphenyl)piperidine-1-carboxamide CAS: 2645-37-6

Synthesised according to the general procedure from 4-methoxyphenyl isocyanate. Recrystallised
in petroleum ether and isolated as colourless crystals (183 mg, 78%). Rf = 0.49 (3:1 i-hexane:ethyl acetate
+ 1% TEA). Melting point: 124–125 ◦C. 1H-NMR (400 MHz, (CD3)2CO) δ 7.68 (s, 1H), 7.43–7.37 (m,
2H), 6.82–6.76 (m, 2H), 3.73 (s, 3H), 3.50–3.39 (m, 4H), 1.65–1.58 (m, 2H), 1.57–1.49 (m, 4H). 13C-NMR
(101 MHz, (CD3)2CO) δ 155.9, 135.0, 122.1, 122.0, 114.3, 55.6, 45.8, 26.6, 25.3. HRMS calc: 235.1447
found: 235.1450. HPLC purity > 99%.

3.3.13. N-(4-Fluorophenyl)piperidine-1-carboxamide CAS: 60465-12-5

Synthesised according to the general procedure from 4-fluorophenyl isocyanate. Recrystallised
in ethyl acetate and isolated as colourless crystals (188 mg, 84%). Rf = 0.39 (3:1 i-hexane:ethyl acetate
+ 1% TEA). Melting point: 179–184 ◦C. 1H-NMR (400 MHz, (CD3)2CO) δ 7.90 (br. s, 1H), 7.55–7.48
(m, 2H), 7.02–6.94 (m, 2H), 3.50–3.42 (m, 4H), 1.67–1.58 (m, 2H), 1.57–1.48 (m, 4H). 13C-NMR (101
MHz, (CD3)2CO) δ 158.8 (d, J = 238.2 Hz), 155.8, 138.2 (d, J = 2.6 Hz), 121.9 (d, J = 7.5 Hz), 115.4 (d,
J = 22.3 Hz), 45.7, 26.6, 25.3. 19F-NMR (376 MHz, (CD3)2CO) δ -119.3 – -130.5. HRMS calc: 223.1247
found: 223.1245. HPLC purity > 99%.

3.3.14. N-(4-Nitrophenyl)piperidine-1-carboxamide [63] CAS: 2589-20-0

Synthesised according to the general procedure from 4-nitrophenyl isocyanate. Recrystallised
in petroleum ether and ethyl acetate and isolated as yellow crystals (223 mg, 89%). Rf = 0.39 (3:1
i-hexane:ethyl acetate + 1% TEA). Melting point: 159–162 ◦C. 1H-NMR (400 MHz, (CD3)2CO) δ

8.51–8.47 (m, 1H), 7.67 (td, J = 7.7, 1.9 Hz, 1H), 7.24 (d, J = 7.8 Hz, 1H), 7.20–7.15 (m, 1H), 6.04 (br. s,
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1H), 3.54–3.47 (m, 2H), 3.33–3.27 (m, 4H), 2.94 (t, J = 7.0 Hz, 2H), 1.60–1.53 (m, 2H), 1.49–1.41 (m, 4H).
13C-NMR (101 MHz, (CD3)2CO) δ 161.2, 158.3, 150.0, 137.1, 124.0, 122.1, 45.4, 41.3, 41.2, 39.1, 39.0, 26.5,
25.4. MS-ESI [M + H+] = m/z 250.2. HPLC purity > 99%.

3.3.15. N-Tosylpiperidine-1-carboxamide CAS: 23730-08-7

Synthesised according to the general procedure from p-toluenesulfonyl isocyanate. Recrystallised
in petroleum ether and isolated as white crystals (144 mg, 51%). Rf = 0.85 (5% MeOH, 1% TEA in DCM).
Melting point: 133–137 ◦C. 1H-NMR (400 MHz, (CD3)2SO) δ 10.75 (br. s, 1H), 7.76 (d, J = 8.2 Hz, 2H),
7.36 (d, J = 8.1 Hz, 2H), 3.29–3.23 (m, 4H), 2.38 (s, 3H), 1.54–1.46 (m, 2H), 1.43–1.35 (m, 4H). 13C-NMR
(101 MHz, (CD3)2CO) δ 151.4, 143.4, 138.7, 129.0, 128.2, 44.9, 25.6, 24.1, 20.6. HRMS calc: 283.1116
found: 283.1103. HPLC purity > 99%.

3.4. General Procedure for the Synthesis and Analysis of 11C-Labelled Ureas

Pd(Xantphos)Cl2 (4 μmol) and amine/amines (30 μmol) were added to an oven-dried, conical
glass vial followed by freshly distilled tetrahydrofuran (400 μL). [11C]CO was transferred to the capped
reaction vial and the radioactivity was measured to determine the starting amount of [11C]CO. The
reaction was heated at 120 ◦C for 10 min. When finished, the radioactivity was measured to confirm that
no radioactive material had escaped during heating. The vial was purged with N2 to remove unreacted
[11C]CO and, possibly, volatile labelled compounds formed during the reaction. The radioactivity was
measured after the purge followed by either analytical HPLC for product selectivity determination or
semi-preparative HPLC purification for 11C-labelled product isolation. Purification was performed
using either column C1 = Phenomenex Kinetex C18 (5 μm, 150 × 10.0 mm) column, C2 = Reprosil–Pur
Basic C18 (5 μm, 150 × 10.0 mm) column or C3 = Gemini NX C18 (5 μm, 250 × 10.0 mm) column
with ammonium formate buffer 50 mM (pH 3.5) (A) and acetonitrile (B) as eluents. Run time was
20 min with flow 5 mL/min followed by flushing the column with 100% B. After isolation and a
final radioactivity measurement of the 11C-labelled product, an aliquot was analysed to determine
radiochemical purity and the identity of the 11C-labelled product was confirmed using the isotopically
unmodified product as reference. The analytical method was the same for all compounds, 10–90%
acetonitrile in 10 min (flow 2 mL/min). Molar activity determinations were based on a calibration
curve, constructed with isotopically unmodified 20. For full definitions and calculations, see the
supporting materials.

3.4.1. [carbonyl-11C]N,N′-Dibenzylurea 2

Synthesised according to the general procedure (three experiments). (1) Purification method: 40%
B. Column: C1. Starting from 3.4 GBq, 0.88 GBq was isolated at 33 min from EOB; (2) Purification
method: 35% B Column: C1. Starting from 3.4 GBq, 0.83 GBq was isolated at 36 min from EOB;
(3) Purification method: 45% B Column: C3. Starting from 2.7 GBq, 0.44 GBq was isolated at 34 min
from EOB. Analytical HPLC Rt = 5.1 min.

3.4.2. [carbonyl-11C]N,N′-Dipropylurea 3

Synthesised according to the general procedure (two experiments). (1) Purification method: 0–70%
B Column: C1. Starting from 2.2 GBq, 0.24 GBq was isolated at 42 min from EOB; (2) Purification
method: 0–70% B Column: C1. Starting from 6.7 GBq, 0.62 GBq was isolated at 53 min from EOB.
Analytical HPLC Rt = 2.6 min.

3.4.3. [carbonyl-11C]N,N′-Dicyclohexylurea 4

Synthesised according to the general procedure (two experiments). (1) Purification method: 40% B
Column: C1. Starting from 3.4 GBq, 0.53 GBq was isolated at 37 min from EOB; (2) Purification method:
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35% B Column: C1. Starting from 3.8 GBq, 0.60 GBq was isolated at 41 min from EOB. Analytical
HPLC Rt = 5.6 min.

3.4.4. [carbonyl-11C]N,N′-Diphenylurea 5

Synthesised according to the general procedure (two experiments). (1) Purification method: 35%
B Column: C1. Starting from 3.0 GBq, 0.028 GBq was isolated at 50 min from EOB; (2) Purification
method: 35% B Column: C1. Starting from 6.7 GBq, 0.059 GBq was isolated at 43 min from EOB.
Analytical HPLC Rt = 5.5 min.

3.4.5. [carbonyl-11C]N-Benzylpiperidine-1-carboxamide 7

Synthesised according to the general procedure (four experiments). (1) Purification method: 35%
B Column: C1. Starting from 4.9 GBq, 0.47 GBq was isolated at 45 min from EOB; (2) Purification
method: 35% B Column: C1. Starting from 3.0 GBq, 0.57 GBq was isolated at 36 min from EOB;
(3) 5 min reaction time. Purification method: 35% B Column: C3. Starting from 2.6 GBq, 0.15 GBq was
isolated at 37 min from EOB; (4) 10 equiv. of 1-butanol added. Purification method: 35% B Column:
C3. Starting from 3.2 GBq, 0.29 GBq was isolated at 42 min from EOB. Analytical HPLC Rt = 4.9 min.

3.4.6. [carbonyl-11C]N-Butylpiperidine-1-carboxamide 8

Synthesised according to the general procedure (three experiments). (1) Purification method:
20–50% Column: C1. Starting from 3.7 GBq, 0.25 GBq was isolated at 44 min from EOB; (2) Purification
method: 20–50% Column: C1. Starting from 2.9 GBq, 0.17 GBq was isolated at 46 min from EOB; (3) 10
equiv. of 1-butanol added. Purification method: 20–50% Column: C3. Starting from 2.8 GBq, 0.093 GBq
was isolated at 49 min from EOB. Analytical HPLC Rt = 4.5 min.

3.4.7. [carbonyl-11C]N-(2-(Pyridin-2-yl)ethyl)piperidine-1-carboxamide 9

Synthesised according to the general procedure (two experiments). (1) Purification method:
20–50% B Column: C1. Starting from 3.3 GBq, 0.14 GBq was isolated at 36 min from EOB; (2) Purification
method: 20% B Column: C1. Starting from 3.7 GBq, 0.13 GBq was isolated at 39 min from EOB.
Analytical HPLC Rt = 3.8 min.

3.4.8. [carbonyl-11C]N-Isopropylpiperidine-1-carboxamide 10

Synthesised according to the general procedure (two experiments). (1) Purification method:
15–50% B Column: C1. Starting from 3.2 GBq, 0.11 GBq was isolated at 39 min from EOB; (2) Purification
method: 15–50% B Column: C1. Starting from 3.2 GBq, 0.19 GBq was isolated at 38 min from EOB.
Analytical HPLC Rt = 3.3 min.

3.4.9. [carbonyl-11C]N-Phenylpiperidine-1-carboxamide 11

Synthesised according to the general procedure (six experiments). (1) Purification method: 35% B
Column: C1. Starting from 3.6 GBq, 0.19 GBq was isolated at 40 min from EOB; (2) Purification method:
30% B Column: C1. Starting from 3.1 GBq, 0.094 GBq was isolated at 42 min from EOB; (3) 3 equiv.
aniline. Purification method: 20–50% B Column: C1. Starting from 3.6 GBq, 0.051 GBq was isolated
at 40 min from EOB; (4) 3 equiv. aniline. Purification method: 20–50%% B Column: C1. Starting
from 3.2 GBq, 0.0.058 GBq was isolated at 40 min from EOB; (5) 3 equiv. aniline. Purification method:
20–50% B Column: C1. Starting from 4.3 GBq, 0.16 GBq was isolated at 42 min from EOB; (6) 10 equiv.
of 1-butanol. Purification method: 20–50% B Column: C1. Starting from 2.7 GBq, 0.026 GBq was
isolated at 62 min from EOB. Analytical HPLC Rt = 4.7 min.
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3.4.10. [carbonyl-11C]N-(4-Methoxyphenyl)piperidine-1-carboxamide 12

Synthesised according to the general procedure (three experiments). (1) Purification method:
20–50% B Column: C1. Starting from 3.2 GBq, 0.084 GBq was isolated at 41 min from EOB;
(2) Purification method: 20–50% B Column: C1. Starting from 1.8 GBq, 0.052 GBq was isolated
at 43 min from EOB; (3) 10 equiv. 1-butanol. Purification method: 20–50% B Column: C3. Starting from
2.9 GBq, 0.16 GBq was isolated at 43 min from EOB. Analytical HPLC Rt = 4.5 min.

3.4.11. [carbonyl-11C]N-(4-Fluorophenyl)piperidine-1-carboxamide 13

Synthesised according to the general procedure (four experiments). (1) Purification method: 35%
B Column: C1. Starting from 3.7 GBq, 0.072 GBq was isolated at 46 min from EOB; (2) Purification
method: 35% B Column: C1. Starting from 3.6 GBq, 0.086 GBq was isolated at 37 min from EOB;
(3) Purification method: 35% B Column: C1. Starting from 21.7 GBq, 0.61 GBq was isolated at 37 min
from EOB; (4) 10 equiv. 1-butanol. Purification method: 35% B Column: C3. Starting from 4.3 GBq,
0.38 GBq was isolated at 40 min from EOB. Analytical HPLC Rt = 4.8 min.

3.4.12. [carbonyl-11C]N-(4-Nitrophenyl)piperidine-1-carboxamide 14

Synthesised according to the general procedure (three experiments). (1) Purification method: 40%
B Column: C1. Starting from 3.3 GBq, 0.028 GBq was isolated at 49 min from EOB; (2) Purification
method: 40% B Column: C1. Starting from 3.6 GBq, 0.059 GBq was isolated at 39 min from EOB;
(3) 10 equiv. 1-butanol. Purification method: 40% B Column: C3. Starting from 2.7 GBq, 0.007 GBq was
isolated at 96 min from EOB. Analytical HPLC Rt = 5.4 min.

3.4.13. [carbonyl-11C]3,4-Dihydroquinazolin-2(1H)-one 15

Synthesised according to the general procedure (three experiments). (1) Purification method: 20%
B Column: C1. Starting from 3.4 GBq, 0.007 GBq was isolated at 43 min from EOB; (2) Purification
method: 20% B Column: C1. Starting from 3.1 GBq, 0.018 GBq was isolated at 34 min from EOB.
Analytical HPLC Rt = 2.7 min.

3.4.14. [carbonyl-11C]N-(2,4-Dichlorobenzyl)-4-phenoxypiperidine-1-carboxamide 19

Synthesised according to the general procedure (three experiments). (1) Purification method: 60%
B Column: C1. Starting from 3.2 GBq, 0.46 GBq was isolated at 33 min from EOB; (2) Purification
method: 60% B Column: C2. Starting from 17.8 GBq, 1.9 GBq was isolated at 43 min from EOB;
(3) Purification method: 60% B Column: C3. Starting from 12.8 GBq, 2.1 GBq was isolated at 41 min
from EOB. Analytical HPLC Rt = 7.4 min.

3.5. Computational Details

The density functional theory calculations were performed in Jaguar version 9.5, release 11,
Schrodinger, Inc., New York, NY, USA, 2016 [74]. To facilitate the calculations, N-methyl amine was
used as a minimal primary amine. The geometries were optimised using the LACVP** basis set [75]
and the B3LYP-D3 a posteriori-corrected functional [76]. Vibrational analyses were performed to
characterise the stationary points identified and to calculate zero point energies. The contributions to
the free energies were calculated at a temperature of 393.15 K (120 ◦C) using the B3LYP-D3/LACVP**
geometries. For the chloride anion, an entropy of 40.97 cal K−1·mol−1 was used [77]. Solvation
energies were calculated using B3LYP-D3/LACVP**+ and the standard Poisson-Boltzmann continuum
solvation model [78] with parameters suitable for THF using the B3LYP-D3/LACVP** geometries.
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4. Conclusions

An important aspect of PET tracer development is the possibility to label aspiring tracers, to enable
their preclinical and subsequent clinical evaluation. The labelling method should give the labelled
compound with high enough radioactivity and purity to enable the study. The palladium(II)-mediated
oxidative carbonylation of aliphatic and aromatic amines presented herein is a facile and simple method
for the synthesis of 11C-labelled ureas. In total, 14 symmetrical and unsymmetrical 11C-labelled ureas
were synthesised and isolated using only [11C]CO, a Pd-source and amines as reaction components.
DFT-calculations and selectivity experiments supported a reaction proceeding via a 11C-labelled
isocyanate. The reaction outcome was largely dependent on the amine nucleophilicity, with aliphatic
amines performing better than aromatic amines as substrates. However, with the addition of 1-butanol
to the reaction mixture, the radiochemical yields of two aromatic 11C-labelled ureas were improved.
Not all aniline derivatives benefitted from the alcoholic additive, but the addition presents a viable
approach when using challenging aromatic amines in 11C-urea synthesis. Finally, the advantage of
using [11C]CO to achieve high molar activity, as opposed to other 11C-labelling synthons, was apparent
as the isolation of sEH inhibitor 19 in a good 41% radiochemical yield and with high molar activity
(247 GBq/μmol–319 Gbq/μmol).

Supplementary Materials: The following is available online: Definitions and molar activity calculations, 1H
and 13C-NMR chromatograms of all synthesised reference compounds, HPLC chromatograms of isolated
11C-compounds, DFT calculated structures of intermediates on path A.

Acknowledgments: We gratefully acknowledge the financial support from the Disciplinary domain of Medicine
and Pharmacy, Uppsala University and the King Gustaf V and Queen Victoria Freemason Foundation.

Author Contributions: S.R. synthesised the reference compounds and starting material, designed the experiments,
performed labelling experiments and drafted the manuscript. P.B. performed, analysed and summarised the
DFT-calculations. P.N. designed the experiments and performed labelling experiments. L.O. designed the
experiments and contributed with reference compounds. J.E. designed the experiments and set up the purification
method. M.L. designed the experiments. All authors contributed to the critical discussion and presentation of the
results. All authors read, commented on and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References and Note

1. Wood, K.A.; Hoskin, P.J.; Saunders, M.I. Positron emission tomography in oncology: A review. Clin. Oncol.
2007, 19, 237–255. [CrossRef] [PubMed]

2. Rocchi, L.; Niccolini, F.; Politis, M. Recent imaging advances in neurology. J. Neurol. 2015, 262, 2182–2194.
[CrossRef] [PubMed]

3. Boutagy, N.E.; Sinusas, A.J. Recent advances and clinical applications of PET cardiac autonomic nervous
system imaging. Curr. Cardiol. Rep. 2017, 19. [CrossRef] [PubMed]

4. Langer, O. Use of PET Imaging to evaluate transporter-mediated drug-drug interactions. J. Clin. Pharmacol.
2016, 56, S143–S156. [CrossRef] [PubMed]

5. Papadimitriou, L.; Smith-Jones, P.M.; Sarwar, C.M.S.; Marti, C.N.; Yaddanapudi, K.; Skopicki, H.A.;
Gheorghiade, M.; Parsey, R.; Butler, J. Utility of positron emission tomography for drug development
for heart failure. Am. Heart J. 2016, 175, 142–152. [CrossRef] [PubMed]

6. Declercq, L.D.; Vandenberghe, R.; Van Laere, K.; Verbruggen, A.; Bormans, G. Drug development in
Alzheimer’s disease: The contribution of PET and SPECT. Front. Pharmacol. 2016, 7. [CrossRef] [PubMed]

7. Colquhoun, H.M.; Thompson, D.J.; Twigg, M.W. Carbonylation—Direct Synthesis of Carbonyl Compounds;
Springer Science + Business Media: New York, NY, USA, 1991; pp. 1–281.

8. Rahman, O. Carbon monoxide in labeling chemistry and positron emission tomography tracer development:
Scope and limitations. J. Label. Compd. Radiopharm. 2015, 58, 86–98. [CrossRef] [PubMed]

9. Purwanto; Deshpande, R.M.; Chaudhari, R.V.; Delmas, H. Solubility of hydrogen, carbon monoxide, and
1-octene in various solvents and solvent mixtures. J. Chem. Eng. Data 1996, 41, 1414–1417.

10. Kihlberg, T.; Långström, B. Method and Apparatus for Production and Use of [11C]Carbon Monoxide in
Labeling Synthesis. Patent WO 02/102711 A1, 2002.

67



Molecules 2017, 22, 1688

11. Hostetler, E.D.; Burns, H.D. A remote-controlled high pressure reactor for radiotracer synthesis with
[11C]carbon monoxide. Nucl. Med. Biol. 2002, 29, 845–848. [CrossRef]

12. Kihlberg, T.; Långström, B. Biologically active 11C-labeled amides using palladium-mediated reactions with
aryl halides and [11C]carbon monoxide. J. Org. Chem. 1999, 64, 9201–9205. [CrossRef]

13. Dahl, K.; Schou, M.; Amini, N.; Halldin, C. Palladium-mediated [11C]carbonylation at atmospheric pressure:
A general method using xantphos as supporting ligand. Eur. J. Org. Chem. 2013, 1228–1231. [CrossRef]

14. Kealey, S.; Miller, P.W.; Long, N.J.; Plisson, C.; Martarello, L.; Gee, A.D. Copper(i)scorpionate complexes and
their application in palladium-mediated [11C]carbonylation reactions. Chem. Commun. 2009, 25, 3696–3698.
[CrossRef] [PubMed]

15. Dahl, K.; Schou, M.; Rahman, O.; Halldin, C. Improved yields for the palladium-mediated C-11-carbonylation
reaction using microwave technology. Eur. J. Org. Chem. 2014, 2, 307–310. [CrossRef]

16. Audrain, H.; Martarello, L.; Gee, A.; Bender, D. Utilisation of [11C]-labelled boron carbonyl complexes in
palladium carbonylation reaction. Chem. Commun. 2004, 5, 558–559. [CrossRef] [PubMed]

17. Nordeman, P.; Friis, S.D.; Andersen, T.L.; Audrain, H.; Larhed, M.; Skrydstrup, T.; Antoni, G. Rapid
and Efficient Conversion of 11CO2 to 11CO through silacarboxylic acids: Applications in Pd-mediated
carbonylations. Chem. Eur. J. 2015, 21, 17601–17604. [CrossRef] [PubMed]

18. Taddei, C.; Bongarzone, S.; Dheere, A.K.H.; Gee, A.D. [11C]CO2 to [11C]CO conversion mediated by
[11C]silanes: A novel route for [11C]carbonylation reactions. Chem. Commun. 2015, 51, 11795–11797.
[CrossRef] [PubMed]

19. Miller, P.W.; Long, N.J.; De Mello, A.J.; Vilar, R.; Audrain, H.; Bender, D.; Passchier, J.; Gee, A. Rapid
multiphase carbonylation reactions by using a microtube reactor: Applications in positron emission
tomography 11C-radiolabeling. Angew. Chem. Int. Ed. 2007, 46, 2875–2878. [CrossRef] [PubMed]

20. Kealey, S.; Plisson, C.; Collier, T.L.; Long, N.J.; Husbands, S.M.; Martarello, L.; Gee, A.D. Microfluidic reactions
using [11C]carbon monoxide solutions for the synthesis of a positron emission tomography radiotracer. Org.
Biomol. Chem. 2011, 9, 3313–3319. [CrossRef] [PubMed]

21. Dahl, K.; Schou, M.; Ulin, J.; Sjöberg, C.-O.; Farde, L.; Halldin, C. 11C-carbonylation reactions using gas–liquid
segmented microfluidics. RSC Adv. 2015, 5, 88886–88889. [CrossRef]

22. Eriksson, J.; Van Den Hoek, J.; Windhorst, A.D. Transition metal mediated synthesis using [11C]CO at low
pressure—A simplified method for 11C-carbonylation. J. Label. Compd. Radiopharm. 2012, 55, 223–228.
[CrossRef]

23. Jagtap, A.D.; Kondekar, N.B.; Sadani, A.A.; Chern, J.-W. Ureas: Applications in drug design and development.
Curr. Med. Chem. 2017, 24, 622–651. [CrossRef] [PubMed]

24. Dumas, J.; Smith, R.A.; Lowinger, T.B. Recent developments in the discovery of protein kinase inhibitors
from the urea class. Curr. Opin. Drug Discov. Dev. 2004, 7, 600–616.

25. Venkatraman, S.; Bogen, L.; Arasappan, A.; Bennett, F.; Chen, K.; Jao, E.; Liu, Y.; Lovey, R.; Hendrata, S.;
Huang, Y.; et al. Orally bioavailable hepatitis C virus NS3 protease inhibitor: A potential therapeutic agent
for the treatment of hepatitis C infection. J. Med. Chem. 2015, 49, 6074–6086. [CrossRef] [PubMed]

26. Shibata, S.; Gillespie, J.R.; Ranade, R.M.; Koh, C.Y.; Kim, J.E.; Laydbak, J.U.; Zucker, F.H.; Hol, W.G.J.;
Verlinde, C.L.M.J.; Buckner, F.S.; et al. Urea-based inhibitors of trypanosoma brucei methionyl-trna
synthetase: Selectivity and in vivo characterization. J. Med. Chem. 2012, 55, 6342–6351. [CrossRef] [PubMed]

27. Asakawa, C.; Ogawa, M.; Fujinaga, M.; Kumata, K.; Xie, L.; Yamasaki, T.; Yui, J.; Fukumura, T.; Zhang, M.R.
Utilization of [11C]phosgene for radiosynthesis of N-(2-{3-[3,5-bis(trifluoromethyl)]phenyl[11C]ureido}ethyl)
glycyrrhetinamide, an inhibitory agent for proteasome and kinase in tumors. Bioorg. Med. Chem. Lett. 2012,
22, 3594–3597. [CrossRef] [PubMed]

28. Dollé, F.; Martarello, L.; Bramoullé, Y.; Bottlaender, M.; Gee, A.D. Radiosynthesis of carbon-11-labelled
GI181771, a new selective CCK-A agonist. J. Label. Compd. Radiopharm. 2005, 48, 501–513. [CrossRef]

29. Roeda, D.; Westera, G. The Synthesis of Some 11C-labelled antiepileptic drugs with potential utility as
radiopharmaceuticals: Hydantoins and Barbiturates. Int. J. Appl. Radiat. Isot. 1981, 32, 843–845. [CrossRef]

30. Lemoucheux, L.; Rouden, J.; Sobrio, F.; Lasne, M. Debenzylation of tertiary amines using phosgene or
triphosgene: An efficient and rapid procedure for the preparation of carbamoyl chlorides and unsymmetrical
ureas. Application of carbon-11 chemistry. J. Org. Chem. 2003, 68, 7289–7297. [CrossRef] [PubMed]

68



Molecules 2017, 22, 1688

31. Roeda, D.; Dollé, F. [11C]Phosgene: A versatile reagent for radioactive carbonyl insertion into medicinal
radiotracers for positron emission tomography. Curr. Top. Med. Chem. 2010, 10, 1680–1700. [CrossRef]
[PubMed]

32. Emran, A.M.; Boothe, T.E.; Finn, R.D.; Vora, M.M.; Kothari, P.J. Preparation of 11C-urea from no-carrier-added
11C-cyanide. Int. J. Appl. Radiat. Isot. 1983, 34, 1013–1014. [CrossRef]

33. Boothe, T.E.; Emran, A.L.M.; Kothari, J. Use of 11C as a tracer for studying the synthesis of [11C]urea from
[11C]cyanide. Int. J. Appl. Radiat. Isot. 1985, 36, 141–144. [CrossRef]

34. Bera, R.K.; Hartman, N.G.; Jay, M. Continuous production of [C-11] urea for medical application. Appl. Radiat.
Isot. 1991, 42, 407–409. [CrossRef]

35. Van Tilburg, E.W.; Windhorst, A.D.; Van Der Mey, M.; Herscheid, J.D.M. One-pot synthesis of [11C]ureas via
triphenylphosphinimines. J. Label. Compd. Radiopharm. 2006, 49, 321–330. [CrossRef]

36. Schirbel, A.; Holschbach, M.H.; Coenen, H.H. N.C.A.[11C]CO2 as a safe substitute for phosgene in the
carbonylation of primary amines. J. Label. Compd. Radiopharm. 1999, 42, 537–551. [CrossRef]

37. Hicks, J.W.; Wilson, A.A.; Rubie, E.A.; Woodgett, J.R.; Houle, S.; Vasdev, N. Towards the preparation of
radiolabeled 1-aryl-3-benzyl ureas: Radiosynthesis of [11C-carbonyl] AR-A014418 by [11C]CO2 fixation.
Bioorg. Med. Chem. Lett. 2012, 22, 2099–2101. [CrossRef] [PubMed]

38. Hicks, J.W.; Parkes, J.; Tong, J.; Houle, S.; Vasdev, N.; Wilson, A.A. Radiosynthesis and ex vivo evaluation
of [11C-carbonyl]carbamate- and urea-based monoacylglycerol lipase inhibitors. Nucl. Med. Biol. 2014, 41,
688–694. [CrossRef] [PubMed]

39. Dheere, A.; Bongarzone, S.; Taddei, C.; Yan, R.; Gee, A. Synthesis of 11C-labelled symmetrical ureas via the
rapid incorporation of [11C]CO2 into aliphatic and aromatic amines. Synlett 2015, 26, 2257–2260.

40. Chakraborty, P.K.; Mangner, T.J.; Chugani, H.T. The synthesis of no-carrier-added [11C]urea from [11C]carbon
dioxide and application to [11C]uracil synthesis. Appl. Radiat. Isot. 1997, 48, 619–621. [CrossRef]

41. Dahl, K.; Collier, T.L.; Chang, R.; Zhang, X.; Sadovski, O.; Liang, S.H.; Vasdev, N. “In-Loop” [11C]CO2-fixation:
Prototype and proof-of-concept. J. Label. Compd. Radiopharm. 2017. [CrossRef] [PubMed]

42. Kihlberg, T.; Karimi, F.; Långström, B. [11C]carbon monoxide in selenium-mediated synthesis of
11C-carbamoyl compounds. J. Org. Chem. 2002, 67, 3687–3692. [CrossRef] [PubMed]

43. Åberg, O.; Långström, B. Synthesis of substituted [11C]ureas and [11C]sulphonylureas by Rh(I)-mediated
carbonylation. J. Label. Compd. Radiopharm. 2011, 54, 38–42. [CrossRef]

44. Ilovich, O.; Åberg, O.; Långström, B.; Mishania, E. Rhodium-mediated [11C]carbonylation: A library of
N-phenyl-N′-{4-(4-quinolyloxy)-phenyl}-[11C]urea derivatives as potential PET angiogenic probes. J. Label.
Compd. Radiopharm. 2009, 52, 151–157. [CrossRef]

45. Poot, A.J.; van der Wildt, B.; Stigter-van Walsum, M.; Rongen, M.; Schuit, R.C.; Hendrikse, N.H.; Eriksson, J.;
van Dongen, G.A.M.S.; Windhorst, A.D. [11C]Sorafenib: Radiosynthesis and preclinical evaluation in
tumor-bearing mice of a new TKI-PET tracer. Nucl. Med. Biol. 2013, 40, 488–497. [CrossRef] [PubMed]

46. Doi, H.; Barletta, J.; Suzuki, M.; Noyori, R.; Watanabe, Y. Synthesis of 11C-labelled N,N′-diphenylurea and
ethyl phenylcarbamate by a rhodium-promoted carbonylation via [11C]isocyanatebenzene using phenyl
azide and [11C]carbon monoxide. Org. Biomol. Chem. 2004, 2, 3063–3066. [CrossRef] [PubMed]

47. Barletta, J.; Karimi, F.; Långström, B. Synthesis of [11C-carbonyl]hydroxyureas by a rhodium-mediated
carbonylation reaction using [11C]carbon monoxide. J. Label. Compd. Radiopharm. 2006, 49, 429–436.
[CrossRef]

48. Dahl, K.; Itsenko, O.; Rahman, O.; Ulin, J.; Sjöberg, C.O.; Sandblom, P.; Larsson, L.A.; Schou, M.; Halldin, C.
An evaluation of a high-pressure 11CO carbonylation apparatus. J. Label. Compd. Radiopharm. 2015, 58,
220–225. [CrossRef] [PubMed]

49. Kealey, S.; Husbands, S.M.; Bennacef, I.; Gee, A.D.; Passchier, J. Palladium-mediated oxidative carbonylation
reactions for the synthesis of 11C-radiolabelled ureas. J. Label. Compd. Radiopharm. 2014, 57, 202–208.
[CrossRef] [PubMed]

50. Wilson, A.A.; Garcia, A.; Houle, S.; Sadovski, O.; Vasdev, N. Synthesis and application of isocyanates
radiolabeled with carbon-11. Chem. Eur. J. 2011, 17, 259–264. [CrossRef] [PubMed]

51. Gómez-vallejo, V.; Gaja, V.; Koziorowski, J.; Llop, J. Positron Emission Tomography—Current Clinical and
Research Aspects; Hsieh, C.-H., Ed.; InTech: Rijeka, Croatia, 2012; p. 183.

52. Henriksen, G.; Drzezga, A. Small Animal Imaging; Kiessling, F., Pichler, B.J., Eds.; Springer: Berlin, Germany,
2011; pp. 499–513.

69



Molecules 2017, 22, 1688

53. Roslin, S.; Rosa, M.D.; Deuther-Conrad, W.; Eriksson, J.; Odell, L.R.; Antoni, G.; Brust, P.; Larhed, M.
Synthesis and in vitro evaluation of 5-substituted benzovesamicol analogs containing N-substituted amides
as potential positron emission tomography tracers for the vesicular acetylcholine transporter. Bioorg. Med.
Chem. 2017, 25, 5095–5106. [CrossRef] [PubMed]

54. Chow, S.Y.; Odell, L.R.; Eriksson, J. Low-pressure radical 11C-aminocarbonylations of alkyl iodides via
thermal initiation. Eur. J. Org. Chem. 2016, 2016, 5980–5989. [CrossRef]

55. Stevens, M.Y.; Chow, S.Y.; Estrada, S.; Eriksson, J.; Asplund, V.; Orlova, A.; Mitran, B.; Antoni, G.; Larhed, M.;
Åberg, O.; et al. Synthesis of 11C-labeled sulfonyl carbamates through a multicomponent reaction employing
sulfonyl azides, alcohols, and [11C]CO. ChemistryOpen 2016, 5, 566–573. [CrossRef] [PubMed]

56. Martinelli, J.R.; Watson, D.A.; Freckmann, D.M.M.; Barder, T.E.; Buchwald, S.L. Palladium-catalyzed
carbonylation reactions of aryl bromides at atmospheric pressure: A general system based on xantphos.
J. Org. Chem. 2008, 73, 7102–7107. [CrossRef] [PubMed]

57. Andersen, T.L.; Friis, S.D.; Audrain, H.; Nordeman, P.; Antoni, G.; Skrydstrup, T. Efficient 11C-carbonylation
of isolated aryl palladium complexes for PET: Application to challenging radiopharmaceutical synthesis.
J. Am. Chem. Soc. 2015, 137, 1548–1555. [CrossRef] [PubMed]

58. For more information, see Supplementary Materials.
59. Lum, R.T.; Cheng, M.; Cristobal, C.P.; Goldfine, I.D.; Evans, J.L.; Keck, J.G.; Macsata, R.W.; Manchem, V.P.;

Matsumoto, Y.; Park, S.J.; et al. Design, synthesis, and structure-activity relationships of novel insulin
receptor tyrosine kinase activators. J. Med. Chem. 2008, 51, 6173–6187. [CrossRef] [PubMed]

60. Cheng, D.; Yadav, N.; King, R.W.; Swanson, M.S.; Weinstein, E.J.; Bedford, M.T. Small molecule regulators of
protein arginine methyltransferases. J. Biol. Chem. 2004, 279, 23892–23899. [CrossRef] [PubMed]

61. Shen, H.C.; Hammock, B.D. Discovery of inhibitors of soluble epoxide hydrolase: A target with multiple
potential therapeutic indications discovery of inhibitors of soluble epoxide hydrolase: A target with multiple
potential therapeutic indications RY800-C114 department of medici. J. Med. Chem. 2012, 55, 1789–1808.
[CrossRef] [PubMed]

62. Walker, J.; Kay, S.A. XLVIII—Velocity of urea formation in aqueous alcogol. J. Chem. Soc. Trans. 1897, 71,
489–508. [CrossRef]

63. Orito, K.; Miyazawa, M.; Nakamura, T.; Horibata, A.; Ushito, H.; Nagasaki, H.; Yuguchi, M.; Yamashita, S.;
Yamazaki, T.; Tokuda, M. Pd(OAc)2-Catalyzed carbonylation of amines. J. Org. Chem. 2006, 71, 5951–5958.
[CrossRef] [PubMed]

64. Hiwatari, K.; Kayaki, Y.; Okita, K.; Ukai, T.; Shimizu, I.; Yamamoto, A. Selective oxidative carbonylation of
amines to oxamides and ureas catalyzed by palladium complexes. Bull. Chem. Soc. Jpn. 2004, 77, 2237–2250.
[CrossRef]

65. Aresta, M.; Giannoccaro, P.; Tommasi, I.; Dibenedetto, A.; Maria, A.; Lanfredi, M.; Ugozzoli, F.;
Lanfredi, A.M.M.; Ugozzoli, F. Synthesis and solid state and solution characterization of mono- and di-(η 1-C)
carbamoyl-palladium complexes. New efficient palladium-catalyzed routes to carbamoyl chlorides: Key
intermediates to isocyanates, carbamic esters, and ureas. Organometallics 2000, 19, 3879–3889. [CrossRef]

66. Kiesewetter, D.O.; Eckelman, W.C. Utility of azetidinium methanesulfonates for radiosynthesis of
3-[18F]fluoropropyl amines. J. Label. Compd. Radiopharm. 2004, 47, 953–969. [CrossRef]

67. Hermange, P.; Lindhardt, A.T.; Taaning, R.H.; Bjerglund, K.; Lupp, D.; Skrydstrup, T. Ex situ generation of
stoichiometric and substoichiometric 12CO and 13CO and its efficient incorporation in palladium catalyzed
aminocarbonylations. J. Am. Chem. Soc. 2011, 133, 6061–6071. [CrossRef] [PubMed]

68. Nordeman, P.; Odell, L.R.; Larhed, M. Aminocarbonylations employing Mo(CO)6 and a bridged two-vial
system: Allowing the use of nitro group substituted aryl iodides and aryl bromides. J. Org. Chem. 2012, 77,
11393–11398. [CrossRef] [PubMed]

69. Guan, Z.H.; Lei, H.; Chen, M.; Ren, Z.H.; Bai, Y.; Wang, Y.Y. Palladium-catalyzed carbonylation of amines:
Switchable approaches to carbamates and N,N′-disubstituted ureas. Adv. Synth. Catal. 2012, 354, 489–496.
[CrossRef]

70. Paz, J.; Pérez-Balado, C.; Iglesias, B.; Muñoz, L. Carbon dioxide as a carbonylating agent in the synthesis of
2-oxazolidinones, 2-oxazinones, and cyclic ureas: Scope and limitations. J. Org. Chem. 2010, 75, 3037–3046.
[CrossRef] [PubMed]

70



Molecules 2017, 22, 1688

71. Das, S.; Addis, D.; Knöpke, L.R.; Bentrup, U.; Junge, K.; Brückner, A.; Beller, M. Selective catalytic
monoreduction of phthalimides and imidazolidine-2,4-diones. Angew. Chem. Int. Ed. 2011, 50, 9180–9184.
[CrossRef] [PubMed]

72. Lee, S.H.; Matsushita, H.; Clapham, B.; Janda, K.D. The direct conversion of carbamates to ureas using
aluminum amides. Tetrahedron 2004, 60, 3439–3443. [CrossRef]

73. Matsumura, Y.; Satoh, Y.; Onomura, O.; Maki, T. A New method for synthesis of unsymmetrical ureas
using electrochemically prepared trifluoroethyl carbamates. J. Org. Chem. 2000, 65, 1549–1551. [CrossRef]
[PubMed]

74. Bochevarov, A.D.; Harder, E.; Hughes, T.F.; Greenwood, J.R.; Braden, D.A.; Philipp, D.M.; Rinaldo, D.;
Halls, M.D.; Zhang, J.; Friesner, R.A. Jaguar: A high-performance quantum chemistry software program
with strengths in life and materials sciences. Int. J. Quantum Chem. 2013, 113, 2110–2142. [CrossRef]

75. Hay, P.J.; Wadt, W.R. Ab initio effective core potentials for molecular calculations. Potentials for K to Au
including the outermost core orbitals. J. Chem. Phys. 1985, 82, 299. [CrossRef]

76. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density
functional dispersion correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104.
[CrossRef] [PubMed]

77. Chase, M.W., Jr.; Davies, C.A.; Downey, J.R., Jr.; Frurip, D.J.; McDonald, R.A.; Syverud, A.N.
Janaf Thermochemical Tables 3rd ed. J. Phys. Chem. Ref. Data 1985, 14, 718–1856.

78. Marten, B.; Kim, K.; Cortis, C.; Friesner, R.A.; Murphy, R.B.; Ringnalda, M.N.; Sitkoff, D.; Honig, B.
New model for calculation of solvation free energies: Correction of self-consistent reaction field continuum
dielectric theory for short-range hydrogen-bonding effects. J. Phys. Chem. 1996, 100, 11775–11788. [CrossRef]

Sample Availability: Samples of the reference compounds 2, 7–15 and 17–19 are available from the authors.

© 2017 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/).

71



molecules

Review

Advances in the Development of PET Ligands
Targeting Histone Deacetylases for the Assessment of
Neurodegenerative Diseases

Tetsuro Tago and Jun Toyohara *

Research Team for Neuroimaging, Tokyo Metropolitan Institute of Gerontology, 35-2 Sakae-cho, Itabashi-ku,
Tokyo 173-0015, Japan; tago@pet.tmig.or.jp
* Correspondence: toyohara@pet.tmig.or.jp; Tel.: +81-3-3964-3241; Fax: +81-3-3964-1148

Received: 1 January 2018; Accepted: 29 January 2018; Published: 31 January 2018

Abstract: Epigenetic alterations of gene expression have emerged as a key factor in several
neurodegenerative diseases. In particular, inhibitors targeting histone deacetylases (HDACs),
which are enzymes responsible for deacetylation of histones and other proteins, show therapeutic
effects in animal neurodegenerative disease models. However, the details of the interaction between
changes in HDAC levels in the brain and disease progression remain unknown. In this review,
we focus on recent advances in development of radioligands for HDAC imaging in the brain with
positron emission tomography (PET). We summarize the results of radiosynthesis and biological
evaluation of the HDAC ligands to identify their successful results and challenges. Since 2006, several
small molecules that are radiolabeled with a radioisotope such as carbon-11 or fluorine-18 have been
developed and evaluated using various assays including in vitro HDAC binding assays and PET
imaging in rodents and non-human primates. Although most compounds do not readily cross the
blood-brain barrier, adamantane-conjugated radioligands tend to show good brain uptake. Until now,
only one HDAC radioligand has been tested clinically in a brain PET study. Further PET imaging
studies to clarify age-related and disease-related changes in HDACs in disease models and humans
will increase our understanding of the roles of HDACs in neurodegenerative diseases.

Keywords: positron emission tomography; histone deacetylase; radioligand; imaging;
neurodegenerative disease

1. Introduction

Epigenetics is defined as mitotically and/or meiotically heritable changes in gene expression
without alternations in the DNA sequence [1]. Several studies are actively examining the mechanisms
of epigenetic regulation, including DNA methylation, histone modification, and RNA-based
mechanisms [2]. In mammals, DNA methylation mainly involves the covalent addition of a methyl
group at the 5-position of a cytosine followed by a guanine (5′-CpG-3′) [3]. This modification
results in gene silencing by direct and/or indirect inhibition of transcription factor-DNA interactions.
Mechanisms of DNA methylation are divided into two classes according to the corresponding
DNA methyltransferase (DNMT): maintenance methylation carried out by DNMT1 and de novo
methylation carried out by DNMT3a and DNMT3b [4,5]. Histone posttranslational modifications
include acetylation, methylation, ubiquitination, and phosphorylation [6]. Acetylation of histones
is one of the most highly studied processes and is regulated by opposing enzymes: histone acetyl
transferases and histone deacetylases (HDACs) [7]. Acetylation of lysine residues by histone acetyl
transferases neutralizes the positive charge of histones and consequently decreases the interaction
of histones with the negatively charged phosphate group of DNA. Then, the chromatin structure
becomes relaxed, allowing easier access of transcription factors to DNA. Conversely, deacetylation of
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histones by HDACs induces gene silencing [8,9]. Histone methylation occurs mainly on lysine and
arginine residues. These residues can be methylated multiple times (lysine: three times; arginine:
twice), making the effects on gene regulation complex [1,7]. Diverse classes of RNA also regulate
gene expression [10]. For example, small interfering RNAs directed to promoter regions result in
transcriptional gene silencing through heterochromatin formation [11].

These epigenetic modifications have emerged as key factors in functions of the central nervous
system (CNS) and in the development of common neurodegenerative diseases. So far, several studies
into the role of epigenetics in CNS functions (e.g., learning and memory processes, fear memory
formation, and drug addiction) have been reported [8,12–15]. Meanwhile, neurodegenerative
diseases that may involve epigenetic alterations include Alzheimer’s disease (AD), Parkinson’s
disease, and Huntington’s disease [2]. For example, significantly reduced levels of DNA
methylation were observed in temporal neocortex neuronal nuclei in an AD monozygotic twin
compared to his normal sibling [16]. Understanding the expression of enzymes associated with
epigenetics and associated alterations in the human brain will help elucidate the pathological
mechanisms of these neurodegenerative diseases and will accelerate development of therapeutic
agents targeting epigenetics.

The noninvasive imaging technique, positron emission tomography (PET), has received increasing
attention in the past few decades, and now PET can be used to monitor various pathological changes in
the living brain with a neurodegenerative disease [17,18]. This review summarizes the recent advances
in development of PET ligands for imaging HDAC, as a representative example of an epigenetic
enzyme, in the brain. With the aim of radiolabeling compounds with affinity for HDACs, various
labeling methods using radioisotopes such as carbon-11 and fluorine-18 were investigated in previous
studies. Unfortunately, even though more than 20 HDAC imaging radioligands have been developed
since 2006, only one report describing imaging results in humans has been published. Summarizing the
current advances and issues with HDAC PET ligands will help with future development of imaging
techniques and will enable monitoring of the HDAC state in neurodegenerative diseases.

2. HDACs in the Brain

In humans, 18 HDACs can be classified into five classes based on their characteristics and
homology to yeast HDACs: class I (HDAC1, 2, 3, and 8), class IIa (HDAC4, 5, 7, and 9), class IIb
(HDAC6 and 10), class III (sirtuins, SIRT1–7), and class IV (HDAC11) [9,19]. Generally, class III sirtuins,
which are nicotinamide adenine dinucleotide-dependent deacetylases, are considered as separate from
other HDAC classes, which have zinc-dependent catalytic activity. Class I HDACs mainly reside in
the nucleus and are ubiquitously expressed. Class II HDACs shuttle between the nucleus and the
cytoplasm and deacetylate non-histone proteins [20]. Compared to class I HDACs, class II HDACs
show tissue specificity, and consequently, class II HDAC knockout mice tend to show local defects [21].
HDAC11, the only class IV HDAC, contains conserved residues in the catalytic core regions shared by
both class I and II HDACs [22].

The distribution and expression of HDACs in normal and neurodegenerative brains of mammals,
including humans, have been reported. Broide et al. conducted comprehensive gene expression
mapping of the 11 HDAC isoforms in the rat brain using high-resolution in situ hybridization in
2007 [23]. The distribution of HDAC subtypes showed overlapping and distinct patterns, suggesting
that HDACs play distinct physiological roles in the brain. Of the 11 isoforms, HDAC3, 4, 5,
and 11 demonstrated the highest expression in the brain, particularly in the cortex. In addition,
immunohistochemistry (IHC) showed that most HDACs are expressed primarily in neurons, whereas
expression in other cell types is isoform-specific or limited in the rat brain. Regarding age-related
changes in HDAC expression in rodent brain, global HDAC enzymatic activity in the hippocampus
and frontal cortex of 18-month-old rats is higher than that in 3-month-old rats [24]. In disease models,
concentrations of HDAC3 and 4 in whole brain hemispheres of 5xFAD mice, an AD model with
amyloid-β deposition, are about 1.5 times higher than those in wild-type mice [25]. Expression of
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class I and II HDACs in the non-human primate (NHP) brain was reported by Yeh et al. in a study
evaluating a radioligand for HDAC PET imaging [26]. In this report, they performed qualitative IHC
analysis of the expression of 11 HDAC isoforms in brain regions including the nucleus accumbens,
hippocampus, cortex, and cerebellum. In 2008, Lucio-Eterovic et al. assessed mRNA expression
of HDACs in the human brain with quantitative real-time polymerase chain reaction as part of
an investigation into HDAC expression levels in gliomas [27]. In normal brain tissue, expression
of class I HDACs, HDAC6, and HDAC7 is relatively low, whereas HDAC4, 5, 9, 10, and 11 show
higher expression. Anderson et al. determined HDAC expression in human brain with multiple
reaction monitoring mass spectrometry [25]. Concentrations of HDAC1 + 2, 5, and 6 were reported
as 1.10, 0.083, and 0.106 pmol/mg tissue protein, respectively, in the frontal cortex of aged controls.
In 2016, Wey et al. assessed expression levels of HDAC1, 2, 3, and 6 in human brains diagnosed
with no neuropathological abnormalities as part of a clinical study of an HDAC PET ligand [28].
The amounts of HDAC2 and 3 are significantly higher in the superior frontal gyrus relative to the
corpus callosum. The expression levels of HDAC2, 3, and 6 are comparable in the superior frontal
gyrus (0.12–0.16 pmol/mg total protein), whereas that of HDAC1 is obviously higher than others
(1.7 pmol/mg total protein). In brains with neurodegenerative disease, Ding et al. reported that
compared with aged controls, the expression of HDAC6 in the cerebral cortex and hippocampus of
AD patients is increased by 52% and 91%, respectively [29]. In a study by Anderson et al. in 2015,
the concentrations of HDAC1 + 2, 5, and 6 in the frontal cortex of AD patients were reported to be
0.7, 1.5, and 1.3 times those of aged controls [25]. Whitehouse et al. investigated the distribution and
intensity of HDAC4, 5, and 6 in FTLD with IHC [30]. HDAC4 and 6 show higher immunoreactivity
in the dentate gyrus in FTLD cases, especially in FTLD-tau Picks, compared with controls, and the
difference in HDAC6 was more prominent. No changes were observed for HDAC5 between FTLD
and controls.

3. HDAC Inhibitors

In the last two decades, many types of inhibitors against zinc-dependent HDACs have been
developed for treatment of cancer and neurodegenerative disease [21,31–33]. Typical small molecule
HDAC inhibitors can be classified into four classes: hydroxamic acids, alkanoic acids, cyclic
peptides, and ortho-aminoanilides [19]. Following the discovery of the class I and II HDAC
inhibitor, suberoylanilide hydroxamic acid (SAHA, also known as vorinostat) in 1996 [34], hydroxamic
acid-based HDAC inhibitors compose the biggest compound library of the four classes. The chemical
structure of HDAC inhibitors is generally composed of three motifs: a zinc-binding group that holds
the zinc ion of HDAC, a cap group that interacts with the protein surface in the binding pocket,
and a linker group that bridges the other two groups. For example, in SAHA, the zinc-binding,
cap, and linker groups are N-phenylformamide, hydroxamic acid, and hexane groups, respectively
(Figure 1). SAHA is the first US Food and Drug Administration (FDA)-approved HDAC inhibitor
for use in patients with cutaneous T-cell lymphoma. The anticancer effects of SAHA are thought
to be caused by modulation of both gene expression and acetylation of proteins that regulate cell
proliferation [35]. Besides SAHA, other HDAC inhibitors (e.g., panobinostat and belinostat) have been
approved by the US FDA for the treatment of cutaneous T-cell lymphoma, peripheral T-cell lymphoma,
or multiple myeloma [36,37].

HDAC inhibitors have shown promising results in preclinical studies using animal models
of neurodegenerative diseases [33,38]. Ricobaraza et al. reported that sodium 4-phenylbutyrate
treatment reverses spatial memory deficits in Tg2576 AD model mice without affecting β-amyloid
levels [39]. They attributed this effect to both activation of gene transcription by histone
deacetylation inhibition and normalization of tau hyperphosphorylation by glycogen synthase
kinase 3β inhibition. Gardian et al. showed neuroprotective effects of phenylbutylate treatment
in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinson’s disease model mice [40].
Following phenylbutylate administration, depletion of dopamine in the striatum and reduction in
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tyrosine hydroxylase-positive neurons in the substantia nigra are attenuated. In R6/2 Huntington’s
disease model mice, SAHA treatment improves motor impairment in the mice as measured with the
rotarod performance test [41].

cap
zinc-binding

linker

Figure 1. Chemical structure of SAHA. Three groups that constitute a typical HDAC inhibitor
are indicated.

Although HDAC inhibitors are expected to be promising therapeutic tools for neurodegenerative
diseases as described above, they may have adverse events [42]. HDAC inhibitors have pleiotropic
effects on the different types of cells in the CNS because they often inhibit multiple HDACs that
deacetylate a wide variety of substrates, including histones, transcription factors, and cytoplasmic
proteins [32]. For this reason, isoform-specific HDAC inhibitors are likely to broaden the application of
HDAC-targeted therapy [19]. In addition, the in vivo target engagement studies of HDAC inhibitors
using HDAC PET imaging techniques described in this review will help estimate the desired and
undesired CNS effects of the drugs.

4. Radioligands for HDACs

Radiosynthesis and preclinical characteristics of reported HDAC radioligands are summarized
in the following sections. In this review, the radioligands were classified into four groups
according to their structural properties: SAHA-based, adamantane-conjugated hydroxamic acid-based,
other carboxylic acid- and hydroxamic acid-based, and ortho-aminoanilide-based ligands. Radioligands
intended to image HDACs not only in the brain but also in tumors are included.

4.1. SAHA-Based Ligands

In 2006, radiosynthesis of the first radiolabeled ligand for imaging of HDAC expression and
activity was reported [43]. Aiming to evaluate the HDAC expression and to estimate the effectiveness
of SAHA, Mukhopadhyay et al. developed an 18F-labeled SAHA analogue, 6-([18F]fluoroacetamido)-1-
hexanoicanilide ([18F]FAHA, [18F]1) (Table 1), which has an 18F-fluoroacetamido group as a substitute
for a hydroxamic acid group. Although the fluoroacetamido group appeared to be a substrate for
HDACs because of its similarity to acetyllysine, no characterization of its binding affinity and selectivity
for HDACs was reported in the paper. Radiosynthesis of [18F]1 was achieved by 18F-fluorination with
a bromide precursor (Scheme 1). Using [18F]tetrabutylammonium fluoride ([18F]TBAF), reactions at
80 ◦C in several solvents such as acetonitrile (MeCN), tetrahydrofuran (THF), and dimethylsulfoxide
(DMSO) for 20 min gave decay-corrected radiochemical yields of only 1.0–3.8% with an average
of 1.8%, although non-radioactive fluorination with TBAF gave the desired product in >50% yield.
The authors presumed that the low radiochemical yield was caused by loss of the product during
a high-performance liquid chromatography (HPLC) purification step due to poor solubility of the
product in the aqueous HPLC eluent. Meanwhile, reactions at 115 ◦C in MeCN for 25 min using
[18F]KF/Kryptofix 2.2.2 gave [18F]1 in a decay-corrected radiochemical yield of 11 ± 1.7% after HPLC
purification. The radiochemical purity and the molar activity following this method were >99% and
>74 GBq/μmol, respectively, at the end of synthesis. Nishii et al. performed in vivo characterization of
[18F]1 in rats using PET [44,45]. The uptake of [18F]1 in the rat brain increased rapidly after intravenous
(i.v.) injection and reached 0.44% injected dose (ID)/g at 5 min post-injection (p.i.). Brain uptake

75



Molecules 2018, 23, 300

was significantly decreased (p < 0.01; t-test) by pre-treatment with SAHA [50 mg/kg; intraperitoneal
(i.p.) administration] an hour before a PET scan [44]. Tumor uptake of [18F]1 was also assessed using
human breast carcinoma xenografts in rats, and as seen in the rat brain, the uptake was inhibited by
pre-treatment with SAHA [45]. In 2009, Reid et al. reported a further biological study to evaluate
the utility of [18F]1 for PET imaging of HDAC activity [46]. They anticipated that HDAC may
cleave [18F]1 and generate a radiometabolite, [18F]fluoroacetate ([18F]FACE) (Figure 2). [18F]FACE
crosses the blood-brain barrier (BBB) and is observed as a radiometabolite of PET tracers containing
a 2-[18F]fluoroethyl group [47–50]. In vivo generation of [18F]FACE could cause high background
radioactivity and complicate interpretation of PET data [48]. Consequently, they attempted to assess
the in vivo biodistribution and metabolism of [18F]1 as well as the biodistribution of independently
synthesized [18F]FACE [51]. In baboons, almost all [18F]1 was rapidly metabolized within 5 min in
plasma, and regional differences in brain radioactivity uptake and kinetics were observed. In contrast,
[18F]FACE showed gradual and uniform uptake in the same baboon brain, and the radioactivity
peak was much smaller than that of [18F]1. Seven min after administration of [18F]1 in rats, all of the
radioactivity in the brain homogenates was in the form of [18F]FACE. Radioactivity accumulation in
the bone suggested some in vivo defluorination in rats. Altogether, they concluded that the rapid
metabolism and ability of the radiometabolite to penetrate the BBB complicated PET image analysis
and that further studies about the interaction between [18F]1 and HDACs were needed. Four years
after this study, an international research group performed an [18F]1 PET study in rhesus macaques
combining computed tomography (CT) and magnetic resonance imaging (MRI) to quantify the
rate of HDAC-mediated accumulation of [18F]1 in the brain using an optimized pharmacokinetics
model [26]. The pharmacokinetics model involved two blood plasma input functions for [18F]1 and
[18F]FACE and three tissue compartments. In their study, high substrate specificity of 1 for class IIa
HDACs was demonstrated with an in vitro assay, which was consistent with a preceding study using
trifluoroacetyl-lysine [52]. In addition to the multimodal imaging, they also assessed expression of
individual HDACs and the deacetylation status of histones in the brain with IHC, and confirmed
their heterogeneity in different brain structures and cell types. Quantitative analysis of PET/CT/MRI
showed high accumulation of [18F]1 in the nucleus accumbens and cerebellum in which high expression
levels of class IIa HDACs such as HDAC 4 and 5 are observed. These results indicated that [18F]1
accumulation in macaque brains depends on class IIa HDAC expression and activity, and consequently,
[18F]1 PET could be used for pharmacodynamics studies of class IIa HDAC inhibitors in the brain.
Recently, the utility of [18F]1 for PET imaging of lung cancer was evaluated using small animal
PET/CT and a mouse model [53]. HDACs are also expected to be promising therapeutic targets in lung
cancer [54]. A/J mice treated with 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, a tobacco-specific
precarcinogen, were used as lung cancer model mice [55]. In vivo PET imaging showed significant
[18F]1 uptake in lung tumors with a >2.0 tumor/nontumor ratio, which was slightly higher than those
of [18F]fluorodeoxyglucose and [18F]nifene, an α4β2 nicotinic receptor radioligand [56].

MeCN, 
115 °C, 
25 min [18F]1

RCY: 11-15%

[18F]KF/K.2.2.2/
K2CO3

Scheme 1. Radiosynthesis of [18F]1.

Figure 2. Chemical structure of [18F]FACE.
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In 2015, two novel 18F-labeled successors to [18F]1 were reported [57]. Bonimi et al. developed 6-
(difluoroacetamido)-1-hexanoicanilide (DFAHA, [18F]2) and 6-(trifluoroacetamido)-1-hexanoicanilide
(TFAHA, [18F]3) with improved selectivity and substrate efficiency for class IIa HDACs, which have
important roles in the brain development and function (Table 1) [61]. These ligands were rationally
designed in accordance with previous reports describing the substrate specificity of HDACs [52,62].
Non-radiolabeled 2 and 3 were synthesized from 6-amino-1-hexanoicanilide by reactions with
corresponding di/trifluoroacetic anhydride. Radiosynthesis of [18F]2 and [18F]3 was achieved in
a similar manner as that of [18F]1 (Scheme 2). For [18F]2 radiosynthesis, a bromofluoro precursor in
MeCN was added to dried [18F]KF/K.2.2.2 and then stirred at 100 ◦C for 20 min. HPLC purification
gave the desired product with a decay-corrected radiochemical yield of 25%, >95% radiochemical
purity, and molar activity of 60–70 GBq/μmol. For [18F]3 radiosynthesis, the same procedure except
18F-fluorination with additional heating at 110 ◦C for 25 min was performed to give the desired product
with a decay-corrected radiochemical yield of 22%, >95% radiochemical purity, and molar activity of
70–80 GBq/μmol. In vitro comparison of substrate affinity of 1, 2, and 3 demonstrated that substitution
of a fluorine atom for the hydrogen atom increased kcat values for class IIa HDACs and decreased vmax

values for class I HDAC8. In dynamic PET/CT imaging, high accumulation of [18F]2 and [18F]3 was
observed in rat brain regions including the cerebellum, nucleus accumbens, and hippocampus, where
class IIa HDACs are highly expressed. The brain radioactivity of [18F]3 was higher than that of [18F]2,
and it was significantly decreased by pre-treatment with SAHA (100 mg/kg; i.p. 30 min before [18F]3
i.v.). These results suggested that [18F]3 is a more suitable substrate-based radioligand to image the
expression and activity of class IIa HDACs in the brain.

[18F]2
RCY: 25%

[18F]3
RCY: 22%

MeCN, 
100 °C, 
25 min

[18F]KF/K.2.2.2

MeCN, 
100 °C, 
25 min

[18F]KF/K.2.2.2

Scheme 2. Radiosynthesis of [18F]2 and [18F]3.

In 2011, Zeglis et al. reported the synthesis and evaluation of a hydroxamic acid-based HDAC
radioligand, N1-(4-(2-fluoroethyl)phenyl)-N8-hydroxyoctanediamide (FESAHA, [18F]4) (Table 1) [58].
Unlike [18F]1 that could be an HDAC substrate, [18F]4 was expected to image the HDAC expression
itself. [18F]4 was radiosynthesized from a tosylate precursor with a one-pot, two-step reaction
(Scheme 3). The precursor was 18F-fluorinated by a reaction with [18F]TBAF in MeCN at 90 ◦C
for 20 min to obtain an 18F-intermediate, and then the solvent was removed by heating at 90 ◦C under
a slow stream of argon. After the reaction vial was cooled to 0 ◦C, a solution of hydroxylamine in
methanol was added and reacted for 30 min to convert the ethylester group into a hydroxamic acid
group. HPLC purification and formulation gave the desired product in 19 ± 9% decay-corrected
radiochemical yield and >99% radiochemical purity. The molar activity was about 2.3 GBq/μmol,
which was relatively low for an 18F-labeled ligand. To 18F-radiolabel SAHA, they positioned
a fluoroethyl group at the para position of the aniline ring. In silico modeling suggested that the
modified structure would bind to the active site of an HDAC-like protein [63]. Furthermore, in vitro
HDAC inhibition assays confirmed its submicromolar IC50 values ranging from 3 nM (HDAC6) to
474 nM (HDAC9) except 1.8 μM for HDAC4. Cell proliferation studies revealed identical cytostatic
effects for 4 and SAHA against the prostate cancer cell lines, LNCaP and PC-3, both of which have
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increased HDAC expression [35,64]. A biodistribution study of [18F]4 was performed in mice bearing
LNCaP xenografts. Tumor uptake was 2.8 ± 0.3% ID/g at 30 min p.i. and decreased with time.
Brain uptake was 1.0% ID/g or less over the course of 120 min p.i. Furthermore, significant radioactivity
accumulation was observed in the bone (9.6 ± 2.2% ID/g at 30 min p.i.), suggesting substantial
in vivo defluorination of [18F]4, which was confirmed by small animal PET imaging. Altogether,
the radiolabeling position of [18F]4 has little effect on its HDAC inhibition properties, but as a PET
ligand, structural optimization is needed due to its metabolic instability.

[18F]4
RCY: 19%

MeCN,
90 °C,
20 min

[18F]TBAF

MeOH,
0 °C,

30 min

NH2OH

Scheme 3. Radiosynthesis of [18F]4.

The same year, Hendricks et al. reported a close analogue of SAHA, N-hydroxy-N′-(4-fluoro-
phenyl)octanediamide (p-fluoro SAHA, [18F]5), for characterization of SAHA as a cancer drug
(Table 1) [59]. Non-radiolabeled p-fluoro SAHA was synthesized from 4-fluoroaniline by following
reported strategies [65]. For radiosynthesis of [18F]5, 1,4-dinitrobenzene was used as a starting reagent
(Scheme 4). The first intermediate, [18F]1-fluoro-4-nitrobenzene, was obtained by microwave heating
of dinitrobenzene and [18F]KF/K2CO3/K.2.2.2 in DMSO at 120 ◦C for 5 min. A nitro group of the
intermediate was reduced by NaBH4 and Pd/C to obtain [18F]4-fluoroaniline, and then it was isolated
by solid phase extraction (SPE). Methyl 8-chloro-8-oxooctanoate was added, and the mixture was
stirred at room temperature for 5 min. Finally, 50% hydroxylamine and 1 M NaOH in methanol
was added and reacted for 3 min to convert the methyl ester group into a hydroxamic acid group.
HPLC purification gave the desired product with 39.5 ± 6.0% decay-corrected radiochemical yield
and 97.0 ± 4.7% radiochemical purity. 5 has identical inhibitory effects as SAHA against HDAC1,
2, 3, and 6. They determined the tissue distribution of [18F]5 in mice. After i.v. injection of the
radioligand, the highest radioactivity was observed in the kidney, liver, and blood, whereas brain
uptake was the lowest. Bone uptake of radioactivity was not noticeable. They next assessed its
accumulation in tumors using a mouse with a human ovarian cancer xenograft and small animal
PET/CT. Tumor accumulation of [18F]5 was observed in a time-dependent manner, and it decreased
by 23% on pre-treatment with SAHA.

H
N

18F

O

O

O

[18F]5
RCY: 40%

DMSO,
microwave,

120 °C,
5 min

[18F]KF/K2CO3/
K.2.2.2,

r.t.,
10 min

NaBH4,
10% Pd/C

r.t.,
5 min

Methyl 
8-chloro-

8-oxooctanoate

1 M NaOH
r.t.,

3 min

NH2OH

Scheme 4. Radiosynthesis of [18F]5.
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In 2013, Seo et al. reported radiosynthesis and biological evaluation of two 11C-labeled
SAHA-based ligands ([11C]6 and [11C]7) for HDAC imaging in the brain (Table 1) [60]. [11C]6 was
synthesized from a hydroxyl precursor by a two-step reaction of 11C-methylation and conversion of
a methylester group into a hydroxamic acid group (Scheme 5). A mixture of the precursor, [11C]CH3I,
and sodium hydride in DMSO was heated to 70 ◦C for 5 min, and then hydroxylamine hydrochloride
was added. The authors used potassium cyanide as a base in the second step instead of sodium
hydroxide because of the slow reaction rate and by-product formation [66]. HPLC purification gave
the desired product in 23 ± 3% decay-corrected radiochemical yield (calculated from [11C]CH3I) and
>99% radiochemical purity. The molar activity was 10.4 ± 1.9 GBq/μmol at the time of use. Synthesis
of [11C]7, an analogue of 1, was achieved using [2-11C]CH3COCl [67] (Scheme 5). Distillation of
[2-11C]CH3COCl into a mixture of the precursor and trimethylamine in THF resulted in the formation
of [11C]7. HPLC purification gave the desired product in 48 ± 7% decay-corrected radiochemical
yield and >99% radiochemical purity. The molar activity was 6.0 ± 1.4 GBq/μmol at the time of
use. Using PET, organ uptake and clearance of [11C]6 and [11C]7 in baboons were assessed over
a 90-min period after i.v. injection. Arterial blood plasma was also collected, and the fraction of intact
radioligand was measured with HPLC at different time points during the PET scan. [11C]6 showed
poor brain uptake in baboons, and the distribution pattern was homogeneous in different brain
regions. Furthermore, no difference was observed in time-activity curves in peripheral organs between
the presence and absence of SAHA pre-treatment, suggesting that no specific binding of [11C]6
occurs in these organs. Contrary to a prediction by the authors, brain uptake of [11C]7 was also
poor even though the chemical structure of [11C]7 closely resembles that of [18F]1. They confirmed
that the unchanged [11C]7 fraction in plasma at 10 min was higher than [18F]1 (10% versus 1%),
and therefore, the difference was not due to a metabolic difference. Thus, substitution of a hydrogen
atom for a fluorine atom affected brain uptake and substrate specificity for HDACs more than expected.
In summary, these radioligands are not suitable for imaging HDACs in the brain.

[2-11C]CH3COCl

[11C]6
RCY: 23%

[11C]7
RCY: 48%

ii) NH2OH·HCl, 
NaOH, KCN, 

MeOH/THF/water
(1:1:0.4)

i) [11C]CH3I, 
NaH, DMF, 
70 °C, 5 min 

trimethylamine, 
THF

Scheme 5. Radiosynthesis of [11C]6 and [11C]7.

4.2. Adamantane-Conjugated Ligands

In 2014, the first adamantane-conjugated HDAC imaging radioligand was reported by
Hooker et al. at Massachusetts General Hospital [68]. The adamantane “lipophilic bullet” is
often conjugated to drugs to improve their brain penetrance [69–71], and adamantane-based
hydroxamates are highly potent HDAC inhibitors [72]. Based on prior reports, Wang et al. synthesized
(E)-3-(4-((((3r,5r,7r)-adamantan-1-ylmethyl)([11C]methyl)amino)methyl)phenyl)-N-hydroxyacrylamide
([11C]Martinostat, [11C]8) (Scheme 6) as a radioligand for quantification of the density of HDACs
in the CNS and major peripheral organs (Table 2). The radiosynthesis of [11C]8 was achieved by
11C-methylation of a desmethylated precursor. [11C]CH3I was trapped in a solution of the precursor in
DMSO, and the solution was heated to 110 ◦C for 4 min. HPLC purification gave the desired product
in 3–5% non-decay-corrected radiochemical yield (calculated from trapped [11C]CH3I) and ≥95%
radiochemical purity with a molar activity of 37 ± 7.4 GBq/μmol. The log D value of [11C]8 was
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2.03. In vitro inhibitory activities of 8 against HDACs were measured using recombinant human
enzymes. Low IC50 values were observed for HDAC1 (0.3 nM), 2 (2.0 nM), 3 (0.6 nM), and 6 (4.1 nM),
moderate values were observed for HDAC4 (1970 nM) and 5 (352 nM), and high values were observed
for HDAC7 (>20,000), 8 (>15,000), and 9 (>15,000). An in vitro radioligand displacement assay
with four zinc-dependent enzymes and 80 additional non-HDAC and Zn-dependent CNS targets
demonstrated that the dopamine transporter was a potential off-target binding site of [11C]8; however,
binding of 2-β-carbomethoxy-3β-(4-fluorophenyl)-[N-11C-methyl]tropane, a dopamine transporter
radioligand [73], in rat brains was not inhibited by 8. In vitro autoradiography (ARG) confirmed
specific binding of [11C]8 in rat brain sections, and the binding was completely inhibited in the
presence of excess SAHA. The authors assessed brain uptake of [11C]8 with PET imaging using both
rats and baboons. In rat brains, radioactivity accumulation was observed after i.v. injection of [11C]8,
and accumulation decreased following pre-treatment of unlabeled 8 in a dose-dependent manner.
Furthermore, brain uptake of [11C]8 was not altered by pre-treatment with the P-glycoprotein (P-gp)
inhibitor cyclosporine A (25 mg/kg, 30 min before administration of radioligand), suggesting that
[11C]8 is not a substrate of P-gp. Metabolism of [11C]8 in rat brains was not noticeable. To analyze
baboon PET data for [11C]8, a two-tissue compartmental model was used with a metabolite-corrected
plasma time-activity curve. Plasma radioactivity was rapidly cleared after i.v. injection of [11C]8,
although about 40% unchanged fraction still remained in plasma 30 min post-injection. As in rats,
high brain uptake of [11C]8 was observed in baboons, and uptake decreased following pre-treatment
with unlabeled 8 (Figure 3). Following these promising results, the same group reported in vivo
target engagement studies of a subset of HDAC inhibitors (5 hydroxamates, 4 ortho-aminoanilides,
and 1 short-chain fatty acid) using [11C]8 PET imaging in the rat brain [74]. Small molecule HDAC
inhibitors modulate CNSdisease-related behaviors in rodents [13,75]; however, direct evidence
of target engagement in the brain has not been demonstrated. In this study, they found that
i.v. pre-treatment with hydroxamates containing heterocyclic capping groups [76] 3–10 min before
[11C]8 administration resulted in 20–40% blockage of [11C]8 binding in the brain. Meanwhile,
i.p. pre-treatment with ortho-aminoanilides [75,77] resulted in limited blockage of [11C]8 binding.
To test whether adamantane could improve brain penetrance of ortho-aminoanilides like hydroxamates,
they synthesized an adamantane-conjugated ortho-aminoanilide named CN147. This novel compound
showed 25% blockage of [11C]8 binding, suggesting that it enhanced HDAC engagement in the
brain. Furthermore, an antidepressant-like effect of CN147 was confirmed with a rat behavioral test.
These results suggested the utility of [11C]8 PET as a tool for investigating in vivo target engagement
of HDAC inhibitors. Kinetic analysis with arterial plasma sampling of [11C]8 in different brain regions
of the baboon was also reported [78].

Besides [11C]8, Strebl et al., from the same group at Massachusetts General Hospital,
developed 18F-labeled adamantane- or cyclohexane-conjugated ligands in 2016 [79]. The three novel
compounds have a similar structure to [11C]8 and a fluorine atom bound directly to a benzene
ring ([18F]9–11) (Scheme 7, Table 2). [18F]9 and [18F]10 were synthesized using the same precursor,
3-(4-formyl-2-nitrostyryl)-5,5-dimethyl-1,4,2-dioxazole. A mixture of the precursor, Cs18F, and DMSO
was heated to 110 ◦C for 5 min followed by transfer into another vial containing the corresponding
amine and stirring at room temperature for 5 min. Then a saturated solution of sodium borohydride in
isopropanol was added. After stirring at 60 ◦C for 10 min, the mixture was purified by semi-preparative
HPLC. The isolated intermediate was passed through a C18 SPE cartridge and eluted with isopropanol.
Camphor sulfonic acid was added, and the mixture was heated to 110 ◦C for 30 min. HPLC purification
gave the desired products in 7% and 0.9% decay-corrected radiochemical yield for [18F]9 and [18F]10,
respectively. [18F]11 was synthesized using methyl 4-formyl-3-nitrocinnamate as the precursor.
A mixture of the precursor, [18F]KF/K2CO3/K.2.2.2, and DMSO was heated to 110 ◦C for 5 min.
After SPE with a C18 cartridge, (1-adamantylmethyl)-N-methylamine was introduced. The mixture
was reacted with NaB(CN)H3 and then purified with HPLC. Finally, a methyl ester group was
converted to a hydroxamic acid group using hydroxylamine and sodium hydroxide.
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[11C]8
RCY: 3-5%*

[11C]CH3I

DMSO,
110 °C,
4 min

Scheme 6. Radiosynthesis of [11C]8. * Non-decay corrected.

Figure 3. The total volume of distribution (VT) images from [11C]8 PET in baboon brains. Robust brain
uptake (top) of [11C]8 was decreased by pre-treatment with unlabeled 8 (bottom). (Reproduced from
Wang et al. J Med Chem; published by The American Chemical Society, 2014 [68]).

HPLC purification gave the desired product in 0.3% decay-corrected radiochemical yield. All three
compounds showed high affinity for HDAC1, 2, 3, and 6 (IC50 values: <20 nM). Brain kinetics of the
radioligands was assessed with PET imaging in rats and baboons. In rats, all radioligands showed
rapid brain uptake after injection, followed by a gradual decrease in radioactivity over the 2-h scan.
By pre-treatment with unlabeled 8, washout rates of the radioligands from the brain were increased,
and brain radioactivity decreased to about 50% of peak within 2 h. Meanwhile, PET imaging in
baboons revealed differences between the radioligands in brain kinetics. A brain standardized uptake
value (SUV) from 30 to 60 min of [18F]9, the cyclohexyl compound, was only 0.57, whereas those of
[18F]10 and [18F]11 reached 1.22 and 1.80, respectively, suggested that the adamantane group enhanced
the BBB permeability. On the other hand, the brain uptake of [18F]11 was slightly lower than that of
[11C]8 although they are close analogues. Furthermore, the regional SUV of 18F-labeled ligands in
baboon brains were compared to that of [11C]8.

Although all three radioligands showed significant correlation with [11C]8, correlation between
[18F]11 and [11C]8 was the highest. Taken together, [18F]11 exhibited comparable properties to [11C]8,
such as HDAC binding and brain uptake, although further optimization of radiosynthesis is needed.

Very recently, Strebl et al. reported synthesis and evaluation of an 18F-labeled hydroxamic
acid-based radioligand, [18F]Bavarostat ([18F]12, Scheme 8), with selectivity for HDAC6 (Table 2) [80].
HDAC6 is receiving increased attention as a therapeutic target for the neurodegenerative diseases [81].
[18F]12 has a similar structure as [18F]11 but without a vinyl group in the linker. Close approach
of a bulky moiety to the zinc-binding group is one of the factors that achieve the selectivity [82].
Radiolabeling of [18F]12 was achieved by a recently reported 18F-deoxyfluorination method [83–85]. First,
a mixture of 4-((((adamantan-1-yl)methyl)(methyl)amino)methyl)-3-hydroxybenzoate, CpRu(cod)Cl,
N,N-bis(2,6-diisopropyl)phenyl-2-chloroimidazolium chloride, and ethanol was heated to 85 ◦C for
30 min to form an η6 coordinated ruthenium–phenol complex. The resulting solution was passed
through an 18F anion-bearing anion exchange cartridge, which was flushed with MeCN and DMSO.
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The elution was heated to 130 ◦C for 30 min, and then a hydroxylamine solution was added to convert
a methyl ester group to a hydroxamic acid group. HPLC purification gave the desired product in
8.1% non-decay-corrected radiochemical yield with a molar activity of 148 GBq/μmol. Radiochemical
purity was not stated in the published article. Regarding selectivity, IC50 values of 12, determined
using recombinant enzymes, were 0.06 μM for HDAC6 and >1 μM for other HDACs. 12 also showed
selective deacetylation inhibition of α-tubulin, a substrate of HDAC6, in human induced pluripotent
stem cell-derived neural progenitor cells. In vitro ARG using rat brain sections demonstrated specific
binding of [18F]12, and the binding was blocked by the HDAC6 selective inhibitor, tubastatin A [82].
Brain kinetics of [18F]12 was assessed with PET imaging in a baboon. The brain uptake of [18F]12

reached an SUV of 3 immediately after injection and gradually decreased over a 120-min period.
Pre-treatment with 1.0 mg/kg unlabeled 12 resulted in a substantial decrease in baboon brain uptake
of [18F]12. Preliminary analysis showed a good correlation between SUV and total distribution volume
(VT). In summary, a promising HDAC6 PET radioligand with BBB permeability was successfully
developed, and further biological evaluation and optimization of radiosynthesis are awaited for
a clinical study.

[18F]9: R = cyclohexane
RCY: 7%

[18F]10: R = adamantane
RCY: 0.9%

[18F]11
RCY: 0.3%

i) [18F]CsF,
DMSO,

110 °C, 5 min
ii) RCH2NH2,

r.t., 5 min
iii) NaBH4,

iPrOH,
60 °C, 10 min

i) HPLC
ii) SPE

iii) Camphor
sulfonic acid,

iPrOH,
110 °C, 30 min

i) [18F]KF, 
K.2.2.2, DMSO,
110 °C, 5 min

ii) AdCH2NHCH3,
r.t., 5 min

iii) NaB(CN)H3,
iPrOH,

60 °C, 15 min

i) HPLC
ii) SPE

iii) NH2OH,
NaOH,

MeOH/THF,
r.t., 5 min.

Scheme 7. Radiosynthesis of [18F]9–11.

18F

N
N
H

OH
O

[18F]12
RCY: 8.1%*

i) CpRu(cod)Cl,
CIIM, EtOH,
85 °C, 30 min

ii) Anion exchange
cartridge

iii) 18F anion,
MeCN, DMSO,
130 °C, 30 min

iv) NH2OH,
5 M NaOH,

THF, MeOH,
r.t., 5 min

Scheme 8. Radiosynthesis of [18F]12. * Non-decay corrected.

4.3. Other Carboxylic Acid- and Hydroxamic Acid-Based Ligands

Pharmacokinetic evaluation of three 11C-labeled alkanoic acid-based HDAC inhibitors, n-butyric
acid, 4-phenylbutylic acid, and valproic acid, was reported by Kim et al. in 2013 (Table 3) [86].
Generally, HDAC inhibitory activities of these alkanoic acids (IC50 in the μM range) are weaker than
those of hydroxamic acid- or benzamide-based inhibitors [87]. Although these radioligands have
been used to treat several diseases including CNS diseases, information about their distribution and
pharmacokinetics in the brain was limited. The authors introduced carbon-11 at the carbonyl carbon
of carboxylic acid by reaction of 11C-carbon dioxide and the respective Grignard reagents (Scheme 9).
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Briefly, [11C]CO2 was passed through a THF solution of the precursor. The reaction was quenched by
water followed by sequential addition of 6 N hydrochloric acid and 6 N sodium hydroxide. For the
synthesis of [11C]15, the reaction was performed with non-radioactive CO2 as a carrier with heating to
45 ◦C for 2 min. The products were purified with HPLC. Radiochemical yield (decay corrected at the
end of cyclotron bombardment) and molar activity were 31–50% and 7.4–37 GBq/μmol for [11C]13,
40–55% and 7.4–30 GBq/μmol for [11C]14, and 38–50% for [11C]15, respectively (the molar activity
of [11C]15 was not mentioned). Radiochemical purities of all radioligands were greater than 98%.
Whole-body pharmacokinetics of these radioligands was determined with PET imaging in baboons.
Of the three radioligands, [11C]15 was the most stable in baboon plasma (>90% intact ligand over
90 min). PET images demonstrated very low uptake of these radioligands in the baboon brain of
less than 0.006% ID/cc, presumably due to their poor BBB penetrance. Interestingly, [11C]15 showed
relatively high heart uptake consistent with the cardiac side effects of 15 [88]. These findings obtained
by the imaging studies can help in understanding therapeutic profiles of the inhibitors.

11C OH
O

[11C]13
RCY: 31-50%

[11C]14
RCY: 40-55%

[11C]15
RCY: 38-50%

i) [11C]CO2,
THF,

r.t.
ii) H2O,

6 M HCl,
6 M NaOH

i) [11C]CO2,
THF,

r.t.
ii) H2O,

6 M HCl,
6 M NaOH

i) [11C]CO2,
THF,

45 °C, 2 min
ii) H2O,

6 M HCl,
6 M NaOH

Scheme 9. Radiosynthesis of [11C]13–15.

In 2014, Wang et al. reported the synthesis and evaluation of radiolabeled hydroxamic acid-based
ligands for HDAC imaging [89]. Aiming to investigate the brain kinetics of hydroxamates, they selected
three known HDAC inhibitors and modified their structures for 11C-labeling (Scheme 10, Table 3) [90–92].

[11C]16
RCY: 9%*

[11C]17
RCY: 3%*

[11C]18
RCY: 5%*

[11C]CH3I

Cs2CO3,
DMSO,

50 °C, 3 min

[11C]CH3I

1 M NaOH,
DMSO,

r.t., 3 min

[11C]CH3I

1 M NaOH,
DMSO,

r.t., 3 min

Scheme 10. Radiosynthesis of [11C]16–18. * Non-decay corrected.
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Radiosynthesis of [11C]16–18 was achieved by a reaction of precursors and [11C]CH3I in DMSO
in the presence of base. Radiochemical yield (non-decay corrected, calculated from trapped [11C]CH3I)
and molar activity were 9% and 29.6 ± 7.4 GBq/μmol for [11C]16, 3% and 33.3 ± 3.7 GBq/μmol for
[11C]17, and 5% and 25.9 ± 7.4 GBq/μmol for [11C]18, respectively. Chemical and radiochemical
purities were ≥95% for all radioligands. 16 and 17 showed low IC50 values against class I HDACs
(HDAC1–3) and HDAC6, whereas 18 exhibited high HDAC8 selectivity with an IC50 value of 18.3 nM.
The brain kinetics of all three radioligands was evaluated with PET imaging in rodents and NHPs.
In rats, the radioligands exhibited poor brain uptake with less than 0.25% ID/cc over a 30-min p.i.
period, and brain uptake was not changed by pre-treatment with 2 mg/kg unlabeled compound.
Brain uptake in a baboon was also very limited. Altogether, these imaging results indicated that these
radioligands are not suitable for in vivo HDAC imaging in the brain.

Lu et al. reported development of an HDAC6-selective hydroxamic acid-based radioligand [93].
[11C]19 is a 11C-labeled analogue of tubastatin A, a selective HDAC6 inhibitor with a tetrahydro-γ-
carboline structure (IC50: 15 nM for HDAC6; 1640 nM for HDAC1) (Scheme 11, Table 3) [82,94].
11C-Methylation at the piperidine nitrogen atom was achieved using a desmethyl precursor and
[11C]CH3I. [11C]CH3I was trapped in a solution of the precursor and KOH in DMSO, and the mixture
was heated to 80 ◦C for 4 min. HPLC purification gave the desired product in 7.6% radiochemical
yield from [11C]CO2 and >99% radiochemical purity. The molar activity was 96.2 GBq/μmol. IC50

values of 16 were 1.40 nM and 5180 nM for HDAC6 and HDAC1, respectively [94]. PET imaging with
a rhesus monkey demonstrated limited radioactivity in the forebrain (SUV = 0.18) and cerebellum
(SUV = 0.38). Furthermore, in rats pre-treated with a P-gp inhibitor 20 min before radioligand injection,
[11C]19 uptake in the forebrain (SUV = 0.44) and cerebellum (SUV = 0.48) was also low. The authors
assumed this low BBB permeability was due to low lipophilicity of the compound (cLogD = 1.33).

Recently, the same group explored 11C-labeling of tubastatin A at the carbonyl carbon of hydroxamic
acid using [11C]carbon monoxide [95]. [11C]CO has the potential to radiolabel a wide variety of
carbonyl-containing molecules [97], and this labeling method could be applied to other HDAC ligands
with a hydroxamic acid group. Initially, the authors attempted to synthesize [11C]20 in a one-step
palladium-mediated reaction using the iodinated precursor, hydroxylamine, and [11C]CO; however,
the decay-corrected radiochemical yield of [11C]20 was less than 10% (calculated from [11C]CO2),
and a carboxylic acid derivative was obtained as a major product. Then they tested a two-step reaction of
11C-methyl ester formation followed by conversion to a hydroxamate. The first step was achieved with
a moderate radiochemical yield of 18.5 ± 6.2%, but the second step with hydroxylamine hydrochloride
did not work. Through trial and error, they decided to investigate the use of a p-nitrophenyl ester,
with greater susceptibility toward aminolysis, as a labeled intermediate (Scheme 11).

+

[11C]19
RCY: 8%

[11C]20
RCY: 16%

[11C]CH3I

KOH,
DMSO,

80 °C, 4 min

[11C]CO

Pd2(dba)3,
Xantphos,

THF,
130 °C, 3 min

NH2OH·HCl,

P1-t-Bu,
DMSO,

ultrasound,
r.t., 3 min

Scheme 11. Radiosynthesis of [11C]19 and [11C]20.
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Using Pd2(dba)3 and Xantphos, [11C]CO insertion was successfully obtained with a radiochemical
yield of 54.6 ± 8.0%. Furthermore, after investigation into the reaction condition, the second step
with a phosphazene base gave the desired product in 16.1 ± 5.6% decay-corrected radiochemical
yield with 8.2 GBq/μmol molar activity. Aiming to evaluate the versatility of this labeling method,
three simple aryl iodides (e.g., 1-chloro-4-iodobenzene or 4-iodoanisole) were assessed. However,
although corresponding p-nitrophenyl esters were obtained in good radiochemical yields, the second
step reaction gave carboxylic acid derivatives. Taken together, [11C]20 was labeled at the carbonyl
carbon using [11C]CO, but application of the labeling method for the other hydroxamates required
further optimization.

In addition to 11C- and 18F-labeled HDAC radioligands, radio-metal-labeled ligands have also
been developed. In 2013, Meng et al. reported synthesis and biological evaluation of a 64Cu-labeled
hydroxamic acid-based radioligand (Table 3) [96]. In this study, a chelator, 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid, was conjugated to an HDAC inhibitor, CUDC-101 [98,99], with an aliphatic
linker by Huisgen cycloaddition. [64Cu]21 was labeled following a reaction of the precursor and
[64Cu]CuCl2 in ammonium acetate buffer at 60 ◦C for 1 h (Scheme 12). HPLC purification gave
the desired product in ≥98% radiochemical yield and radiochemical purity. The molar activity
was estimated to 2.4–2.9 GBq/μmol. The IC50 value of 21 against class I and II HDACs was
94.47 ± 19.92 nM. An in vitro binding assay using MDA-MB-231, a breast cancer cell line with high
HDAC expression [100], demonstrated dose-dependent inhibition of [64Cu]21 cell uptake in the
presence of CUDC-101. Subsequently, biodistribution of [64Cu]21 in mice bearing an MD-MBA-231
xenograft was evaluated. PET imaging showed tumor uptake of radioactivity (1.20 ± 0.21, 2.16 ± 0.08,
and 2.36 ± 0.31% ID/g at 2, 6, and 24 h p.i., respectively), and the uptake was reduced by half by
coinjection of 20 mg/kg CUDC-101. The mice were sacrificed immediately after the PET scan and
tissue radioactivity was measured. The biodistribution results demonstrated tumor/muscle and
tumor/blood uptake ratios of 9.61 ± 1.54 and 4.44 ± 0.88, respectively. The brain uptake is not
described in the paper probably because radioligands with a bulky motif such as metal chelators are
generally not expected to cross the BBB. These results suggested the feasibility of HDAC imaging with
radiometal-labeled ligands in cancer.

 
[64Cu]21

RCY: 98%

[64Cu]CuCl2

0.1 M NH4Ac
(pH = 5.5), 60 °C, 1 h

Scheme 12. Radiosynthesis of [64Cu]21.

4.4. Ortho-Aminoanilide-Based Ligands

In 2010, Hooker et al. reported synthesis and evaluation of the first benzamide-based HDAC
radioligand, [11C]MS-275 ([11C]22, Scheme 13), and characterized its pharmacokinetics in the brain
(Table 4) [101]. 22 (IC50: ~300 nM for HDAC1; ~8 μM for HDAC3 [102]) is a potent, long-lasting, brain
region-selective HDAC inhibitor that shows a dose-dependent increase in histone 3 acetylation in the
rat brain [103]; however, no direct evidence was obtained for BBB permeability of 22. They synthesized
[11C]22 by direct incorporation of [11C]CO2 into the carbamate carbon [104]. [11C]CO2 was trapped
in a mixture of 3-picolyl chloride hydrochloride, 4-(aminomethyl)-N-(2-aminophenyl)-benzamide
dihydrochloride, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), and DMF, which was then heated to 75 ◦C
for 7 min. HPLC purification gave the desired product in 25% decay-corrected radiochemical yield and
>98% radiochemical purity. The molar activity was 100–229 GBq/μmol. Using [11C]22, they performed
PET imaging studies in baboon and rat brains. In baboons, no radioactivity uptake was observed in
the brain after i.v. injection of [11C]22. Pre-treatment with the P-gp substrate, verapamil (0.5 mg/kg,
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i.v., 5 min before [11C]22 injection), had no influence on brain pharmacokinetics of [11C]22, suggesting
that P-gp was not involved in [11C]22 exclusion from the brain. Arterial plasma analysis demonstrated
moderate metabolic stability of [11C]22; greater than 50% of radioactivity was derived from intact
[11C]22 at 90 min p.i. A further PET study in rats also confirmed poor brain uptake of [11C]22, and brain
uptake was not altered by pre-treatment with unlabeled 19. These results suggested that MS-275 may
be not suitable for the treatment of neurodegenerative diseases targeting HDACs, but it is also likely
to have minimal unwanted CNS effects in treatment of peripheral cancer.

 

+

[11C]22
RCY: 25%

[11C]CO2

DBU,
DMF,

75 °C, 7 min.

Scheme 13. Radiosynthesis of [11C]22.

Table 4. Physiochemical properties of radiolabeled benzamide-based HDAC ligands.

Compound MW Log D RCY Target IC50 for HDACs In Vivo Properties in Rodents Reference

[11C]22 375.42 1.8 25% Class I HDAC1: 60 nM
HDAC2: 153 nM

Brain uptake: <0.10% ID/cm3 after 3 min
Metabolism: 80% of radioactivity in the

brain was unchanged [11C]22
(rat)

[101,105]

[11C]23 268.30 1.0 10–15% Class I
HDAC1: 45 nM
HDAC2: 31 nM
HDAC3: 20 nM

– [105]

[11C]24 344.45 2.1 40% Class I HDAC1: 10 nM
HDAC2: 20 nM – [105]

MW: molecular weight; RCY: radiochemical yield (decay corrected).

Seo et al. conducted PET imaging-guided systematic development of BBB-permeable HDAC
inhibitors (Table 4) [105]. They repeated radiosynthesis, performed PET imaging in the baboon brain,
and incorporated the imaging data into the compound design. For this study, several 11C-labeled
benzamides were radiosynthesized using [11C]methyl iodide, [11C]methyl triflate, and [11C]acetyl
chloride. Radiosynthesis of two representative benzamides, [11C]23 and [11C]24, is shown in
Scheme 14. 23 is the known HDAC inhibitor, CI-994, with class I HDAC selectivity (dissociation
constant: 0.055 μM for HDAC1; 0.255 μM for HDAC2; 0.024 μM for HDAC3 [106]). For [11C]23

radiosynthesis, [1-11C]CH3COCl, prepared from [11C]CO2, was added to a mixture of a precursor,
4-N,N-dimethylaminopyridine, and THF and heated to 60 ◦C for 5 min. After HPLC purification,
the fraction containing the 11C-labeled intermediate was mixed with trifluoroacetic acid, followed
by removal of the solvent in vacuo. The desired product was obtained, and the decay-corrected
radiochemical yield and radiochemical purity were 10–15% and >95%, respectively. The molar activity
was 200 MBq/μmol. For [11C]24 radiosynthesis, [11C]CH3OTf was trapped in the precursor containing
DMSO, and the mixture was heated to 50 ◦C for 3 min. HPLC purification gave the desired product
in 40% decay-corrected radiochemical yield and 99% radiochemical purity. The molar activity was
185–666 GBq/μmol. IC50 values of 24 were 0.01 μM and 0.02 μM against HDAC1 and HDAC2,
respectively. Initially, the authors assessed the BBB permeability of some compounds including
[11C]23, but brain uptake in baboon was very limited. After image-guided structural optimization,
N,N-dimethylamino derivatives such as [11C]24 demonstrated improved brain uptake (~0.015% ID/cc
at 5 min p.i.). [11C]24 showed the highest area under the curve ratio of the brain versus plasma of 7.5.
Furthermore, pre-treatment with unlabeled 24 (1 mg/kg) resulted in a decrease in VT in the range
of 13–25% compared with baseline in the cerebellum, thalamus, and temporal cortex. In this study,
the polar surface area of less than 65 appeared to be a critical property for BBB permeability, and a key
element that improved brain uptake of the benzamides was a benzylic amine.
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N
H NHBoc

O

H2N
[11C]23

RCY: 10-15%

[11C]24
RCY: 40%

i) [1-11C]CH3COCl,
THF,

DMAP,
60 °C, 5 min.
ii) HPLC
iii) TFA

[11C]CH3OTf
DMSO,

50 °C, 3 min

Scheme 14. Radiosynthesis of [11C]23 and [11C]24.

4.5. First-in-Human PET Study

Findings in HDAC radioligand studies with NHPs are summarized in Table 5. Unfortunately,
almost all HDAC radioligands showed poor BBB penetrance in PET studies with NHPs, probably due
to their low lipophilicity or metabolic instability.

Table 5. Brain PET imaging studies of HDAC radioligands in NHPs.

Compound Target Findings in PET Studies in NHPs Reference

[18F]1 Class IIa

Radioactivity accumulation was brain region specific in rhesus
macaques (~0.03% ID/g)

By 30 min p.i., almost all [18F]1 was metabolized to [18F]FACE
Radioactivity in the brain was decreased by pre-treatment with SAHA in

a dose-dependent manner

[26,46]

[11C]6
[11C]7

–
Brain uptake of both ligands was very low in baboons (~0.004% ID/cc)

The unchanged fraction of both ligands in baboon plasma was less
than 20% at 30 min p.i.

[60]

[11C]8 Class I/IIb

Regional VT (90-min scan) in the baboon brain ranged from 29.9 to 54.4 mL/cm3

Parent fraction in plasma decreased gradually (50% at 30 min p.i.
and 40% at 60 min p.i.)

The mean VT in the brain decreased by 82.3 ± 5.5% with a 1-mg/kg
blocking dose

[28,68,78]

[18F]9
[18F]10
[18F]11

Class I/IIb
Whole brain SUV30–60 min of [18F]9, [18F]10, and [18F]11 in baboons were 0.57, 1.2,

and 1.8, respectively (2.3 for [11C]8)
[18F]11 showed the highest correlation in regional brain distribution with [11C]8

[79]

[18F]12 HDAC6
Excellent brain uptake (SUV ≈ 3 around 30 min p.i.) was observed in baboons
Nonspecific binding in the brain determined with 1 mg/kg unlabeled 12 was

low (<1 SUV)
[80]

[11C]13
[11C]14
[11C]15

Class I In the baboon brain, uptake of the three ligands was low (~0.006% ID/cc) [86]

[11C]16
[11C]17

HDAC1–3/6 Brain uptake in baboons was very low over the 80-min scan time [89]

[11C]18 HDAC8 Brain uptake in baboons was very low over the 80-min scan time [89]

[11C]22 Class I

Brain uptake in baboons was very low (<0.001% ID/cc)
over the 90-min scan time

Approximately 60% of the plasma radioactivity was unchanged
ligand at 40 min p.i.

[101]

[11C]23
[11C]24

Class I

Total VT values of [11C]23 and [11C]24 in the baboon brain were
0.41 and 12 mL/cm3, respectively

The degree of VT reduction of [11C]24 by unlabeled 24 or SAHA (1 mg/kg)
ranged from 8–24% in various brain regions

[105]

Incidentally, in vivo P-gp blocking studies in rodents or NHPs were performed for some
radioligands but showed no difference in brain uptake compared to baseline, suggesting that they
are not P-gp substrates [68,93,101]. [18F]1, the first HDAC-targeting radioligand, showed a significant
accumulation of radioactivity in the rhesus macaque brain, and substrate specificity analysis and
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immunohistochemical analysis for HDAC isoforms confirmed that these results reflect the level of
class IIa HDACs in the brain [26]. However, quantitative analysis required consideration of the
influence of brain uptake of a major radiometabolite, [18F]FACE. After this report in 2013, we could
not find publications on clinical studies of [18F]1. Adamantane-conjugated hydroxamic acid-based
HDAC radioligands tended to show preferable brain uptake in PET studies with NHPs, and especially,
the study of kinetic analysis of [11C]8 is well advanced [68,79,80]. An in vivo blocking experiment
using [11C]8 PET is also expected to be a tool to estimate brain penetrance of HDAC inhibitors for CNS
diseases [74]. For 18F-labeled adamantane-conjugated ligands, further preclinical studies including
metabolism analysis and brain kinetics analysis in NHPs are awaited. Following the promising
preclinical studies, Wey and Gilbert et al. reported the first-in-human evaluation of [11C]8 PET in
2016 [28]. They conducted [11C]8 PET imaging on eight healthy volunteers (four females and four
males; 28.6 ± 7.6 years old). [11C]8 showed rapid brain uptake after injection followed by a slight
increase in brain radioactivity during 90 min p.i. Cortical SUV from 60 to 90 min was twice that
of white matter, and consequently, white matter was selected as a reference region to determine
SUV60–90 min ratios (SUVRs) (Figure 4). The lowest SUVRs were observed in the hippocampus
and amygdala (around 1.5), and the highest SUVRs were observed in the putamen and cerebellum
(around 2). VT values determined using the metabolite-corrected arterial plasma as input fraction
were stable beyond 50 min p.i., whereas information about the degree of unchanged radioligand
in plasma was not described in the paper. The regional SUV60–90 min correlated well with the VT

values (r = 0.98, p < 0.0001); therefore, SUV60–90 min may be useful for quantification of [11C]8 in future
studies without arterial blood sampling. Test-retest scans (3 h apart) in three subjects showed less
than 3% variability in SUV60–90 min. Western blotting analysis of postmortem brain tissues, which were
obtained independently from the imaging study, demonstrated that amounts of HDAC2 and 3 in the
superior frontal gyrus (gray matter) were significantly higher than those in the corpus callosum (white
matter), whereas differences in HDAC1 and 6 amounts were not significant between the superior
frontal gyrus and corpus callosum. In further biochemical profiling using a thermal shift assay, [11C]8
was confirmed to selectively bind to HDAC1, 2, and 3. Although more research is needed to evaluate
age-related and disease-related changes in HDAC expression, this study provided a critical foundation
for quantification of epigenetic activity in the human brain.

 

Figure 4. [11C]8 PET images in a first-in-human study. (A) Brain SUV images averaged from 60 to 90 min p.i.
of [11C]8 (174 MBq). PET images are overlaid on MRI; (B) [11C]8 SUVR images of eight individual subjects.
SUV60–90 min was normalized to white matter as a reference. (Reproduced with permission from Wey et al.
Sci Transl Med; The American Association for the Advancement of Science, 2016 [28]).
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5. Conclusions

Epigenetic abnormalities in the brain have been attracting more attention as therapeutic targets
for neurodegenerative diseases. In this regard, non-invasive imaging techniques that can quantify
the expression and/or activity of epigenetics-related enzymes in the living brain may deepen our
understanding of the role of epigenetics in neurodegeneration and also help in development of new
treatments; nevertheless, no clinically applicable technique currently exists. Although several types of
epigenetic enzymes are expressed, development of PET imaging ligands for HDACs is particularly
advanced at present. In this review, we summarized the radiosynthesis and preclinical characteristics
of dozens of potential HDAC PET ligands developed in this decade to identify the achievements and
challenges in the field.

Brain uptake of just under 20 HDAC radioligands has already been assessed in NHPs with PET
(Table 5); however, few of these radioligands readily enter the brain. Some radioligands showed
low brain uptake in NHPs, although they had a preferable molecular weight and lipophilicity
to cross the BBB by passive transport [107]; therefore, investigation into the background of the
poor BBB permeability could help optimize radioligands for HDAC imaging in the brain. Besides
the radioligands with binding affinity for multiple HDACs, the development of isoform-specific
ligands is also awaited because disease-related changes in HDAC expression may be isoform specific.
In this regard, evaluation of in vivo selectivity of radioligands (e.g., in vivo blocking assays using
selective HDAC inhibitors and comparison of ex vivo ARG and immunohistochemical staining in
rodent brain sections) is important in addition to in vitro HDAC inhibition assays. Moreover, PET
imaging studies with disease model animals could reveal the time course of pathological changes and
cognitive and behavioral manifestations by performing multiple longitudinal scans in the same subject.
At the moment, the adamantane-conjugated radioligand, [11C]8, seems to be the most promising
radioligand to image HDACs in the human brain. Clinical studies using [11C]8 to assess age-related
and disease-related changes in brain HDACs could provide valuable information about the roles of
HDACs in neurodegenerative diseases.
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Abstract: Specific radioligands for in vivo visualization and quantification of cyclic nucleotide
phosphodiesterase 2A (PDE2A) by positron emission tomography (PET) are increasingly gaining
interest in brain research. Herein we describe the synthesis, the 18F-labelling as well as the biological
evaluation of our latest PDE2A (radio-)ligand 9-(5-Butoxy-2-fluorophenyl)-2-(2-([18F])fluoroethoxy)-
7-methylimidazo[5,1-c]pyrido[2,3-e][1,2,4]triazine (([18F])TA5). It is the most potent PDE2A ligand out
of our series of imidazopyridotriazine-based derivatives so far (IC50 hPDE2A = 3.0 nM; IC50 hPDE10A
> 1000 nM). Radiolabelling was performed in a one-step procedure starting from the corresponding
tosylate precursor. In vitro autoradiography on rat and pig brain slices displayed a homogenous
and non-specific binding of the radioligand. Investigation of stability in vivo by reversed-phase
HPLC (RP-HPLC) and micellar liquid chromatography (MLC) analyses of plasma and brain samples
obtained from mice revealed a high fraction of one main radiometabolite. Hence, we concluded that
[18F]TA5 is not appropriate for molecular imaging of PDE2A neither in vitro nor in vivo. Our ongoing
work is focusing on further structurally modified compounds with enhanced metabolic stability.

Keywords: Phosphodiesterase 2A (PDE2A); secondary messengers; PDE2A radioligands; positron
emission tomography (PET); neuroimaging; metabolic stability; micellar liquid chromatography (MLC)

1. Introduction

The dual-substrate specific enzyme cyclic nucleotide phosphodiesterase 2A (PDE2A) degrades
the secondary messengers cyclic adenosine monophosphate (cAMP) as well as cyclic guanosine
monophosphate (cGMP) and thus, considerably affects the signaling cascades of these cyclic
nucleotides by altering their intracellular levels [1–3]. The PDE2A protein is mainly expressed
in the brain and predominantly in structures of the limbic system such as cortex, hippocampus,
striatum, substantia nigra, globus pallidus, habenulae, bulbus olfactorius, tuberculum olfactorium,
and amygdala [4,5]. This specific localization indicates a regulatory role of PDE2A in important
neuronal processes associated to learning, memory and emotion [2,3]. Therefore, PDE2A is suggested
to be involved in the pathophysiology of neurodegenerative and neuropsychiatric disorders like
Alzheimer´s disease and depression [2,3,5,6].
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Pharmacological inhibition of PDE2A activity has been proven to enhance neuronal plasticity
due to increased intracellular levels of cAMP and cGMP [2,7–11]. This effect is considered as
a highly promising approach in drug development regarding treatment of related neurological
diseases [2,6–9,12]. However, the complex relationship between PDE2A activity and pathological
changes in the brain is not entirely understood so far [2].

Accordingly, specific radioligands for in vivo imaging and quantification of PDE2A in the brain
by positron emission tomography (PET) have been gaining importance during the last years [13].
Besides the lack of brain-penetrating radiometabolites, the most significant criterion for an appropriate
PDE2A radioligand is a high selectivity versus the PDE10A protein due to the comparable distribution
pattern of both enzymes in the brain [14].

The first two PDE2A radioligands have been published in 2013 by Janssen Pharmaceutica NV
(Beerse, Belgium), [18F]B-23 [6,15], and Pfizer Inc., (New York, NY, USA) [18F]PF-05270430 [6,16]
(Figure 1). In biodistribution and microPET imaging studies in rats, [18F]B-23 showed a high uptake
in the striatum [15]. However, due to the low PDE2A/PDE10A selectivity of this radioligand
(IC50 hPDE2A = 1 nM; IC50 rPDE10A = 11 nM) and the detection of radiometabolites in the brain
(at 2 min post injection (p.i.): 4%; at 10 min p.i.: 18% of total activity) [15], [18F]B-23 is not recommended
to be suitable for molecular imaging of the PDE2A protein. The highly potent PDE2A radioligand
[18F]PF-05270430 (IC50 hPDE2A = 0.5 nM; IC50 hPDE10A > 3000 nM) has been evaluated preclinically
in monkeys [16] and already in a clinical PET study in humans [17,18]. The promising results stated
so far, such as PDE2A-specific accumulation with highest uptake in putamen, caudate and nucleus
accumbens, a good metabolic stability (intact radioligand at 120 min p.i. in plasma: 40% of total activity)
and a favorable kinetic profile [18], point out that [18F]PF-05270430 is an appropriate radioligand for
PET imaging of PDE2A in the human brain.

      

Figure 1. PDE2A radioligands developed by Janssen ([18F]B-23 [6,15]), Pfizer ([18F]PF-05270430 [6,16]),
and our group ([18F]TA3–5 [13,19,20]).

Recently, the development of three further PDE2A radioligands, [18F]TA3, [18F]TA4 and [18F]TA5

(TA stands for Triazine) (Figure 1), has been reported by our group [13,19–21].
For ([18F])TA3 and ([18F])TA4, the optimized (radio-)syntheses, the in vitro characterization as

well as the biological evaluation in mice have been described previously [19]. Briefly, these two
radioligands are suitable for imaging of the PDE2A protein in vitro as demonstrated by
the region-specific and displaceable binding in autoradiographic studies on rat brain slices.
However, [18F]TA3 and [18F]TA4 undergo a fast metabolic degradation in mice with a high fraction
of polar radiometabolites in the brain (at 30 min p.i.: >70% of total activity). It is supposed that
these radiometabolites are formed by cytochrome P450 (CYP450) enzyme-induced cleavage of the
18F-bearing alkoxyphenyl side chains resulting in the corresponding brain-penetrating 18F-alkyl
alcohols, aldehydes or carboxylic acids [22,23]. Consequently, [18F]TA3 and [18F]TA4 are not applicable
for PET neuroimaging of PDE2A [19].

It should be noted that radiotracers bearing a [18F]fluoroalkoxyphenyl group do not per se
undergo a metabolic O-dealkylation. For example, the radioligand [18F]FET (O-(2-[18F]fluoroethyl)-
L-tyrosine) for PET imaging of brain tumors [24–26] as well as the O-(2-[18F]fluoromethyl) and
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the O-(2-[18F]fluoropropyl) derivatives ([18F]FMT and [18F]FPT) demonstrated high in vivo stability
(intact [18F]FET, [18F]FMT, and [18F]FPT at 60 min p.i. in mouse plasma: > 90% of total activity [27];
intact [18F]FET at 60 min p.i. in human plasma: >90% [24,28]). Furthermore, the PDE10A radioligand
[18F]MNI-659 (2-(2-(3-(4-(2-[18F]Fluoroethoxy)phenyl)-7-methyl-4-oxo-3,4-dihydrochinazolin-2-yl)
ethyl)-4-isopropoxyisoindolin-1,3-di-on) [29–31] showed a high and region-specific accumulation in
the human brain [29,31] although it is of moderate metabolic stability (intact [18F]MNI-659 at 120 min
p.i. in human plasma: 20% of total activity [29]). Thus, it is suggested that no brain-penetrating
radiometabolites are formed indicating [18F]MNI-659 does also not undergo a CYP450-induced
cleavage of the [18F]fluoroethoxyphenyl side chain. For those reasons, we did not exclude the
fluoroalkoxy moiety in order to develop PDE2A ligands with enhanced in vivo stability compared to
[18F]TA3 and [18F]TA4. Instead, we intended to reach this purpose by changing the position of the
fluoroalkoxy group from the phenolic side chain in TA3 and TA4 to the pyridinyl moiety. Regarding
that, it has been described for diacylethylenediamine derivatives as diacylglycerol aycyltransferase-1
inhibitors that replacement of an ethoxybenzoyl group with a less lipophilic 2-ethoxypyridinyl or
2-(2,2,2-trifluoroethoxy)pyridinyl moiety revealed a significant increasing in vitro metabolic stability
in mouse, rat and human hepatic microsomal preparations [32].

Finally, our efforts led to the novel PDE2A (radio-)ligand ([18F])TA5 (Figure 1) as shortly
mentioned in former publications [13,20]. Herein, we report on the synthetic route, the 18F-labelling,
and the in vitro and in vivo characterization of ([18F])TA5 in detail.

2. Results and Discussion

2.1. Organic Syntheses and Inhibitory Potency

The synthesis of our selected lead compound TA1 comprises five steps [7], which have already
been optimized [19]. Starting from TA1 we established appropriate O-dealkylation procedures to
selectively split the alkoxy groups either (a) at the 5´-phenol moiety [19] or (b) at the 2-pyridine
function (Scheme 1).

 

Scheme 1. Syntheses of the 1-phenol TA1a [19] and the 2-pyridinol TA1b. Reagents and Conditions:
(a) 3.05 eq. BBr3 (1 M in CH2Cl2), CH2Cl2, ≤5 ◦C, 2 h; (b) 1 eq. K2CO3·1.5H2O, 1.5 eq. NH(CH3)2,
DMSO/H2O (2.5:1, v/v), 100 ◦C, 5 h and room temperature (RT) overnight.

The usage of boron tribromide for the cleavage of aromatic alkylethers is a very common
and well-known method [33–37]. However and to the best of our knowledge, the regioselective
O-dealkylation of an phenolic ether with boron tribromide in the presence of a 2-methoxy
pyridine has been described only once before [38]. This approach led to the easy accessibility
of our 5´-fluoroalkoxy derivatives (TA2–4) as well as the corresponding tosylate precursors for
18F-labelling [19]. Notably, the 2-methoxy function in TA1 generally showed a very high stability
against acidic reagents (e.g., up to 10 eq. BBr3 [19] or conc. HCl under reflux). Due to these experiences,
we supposed that the cleavage of the 2-methoxy group requires basic conditions instead of an acidic
strategy. This assumption was confirmed by the reaction of TA1 with dimethylamine as nitrogenous
nucleophile in the presence of potassium carbonate and the formation of the desired 2-pyridinol TA1b

(Scheme 1). Remarkably, similar demethylation reactions at 2-methoxy pyridines have been reported
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by using sodium thiolates [39,40] but with the herein described method, one could forego the need of
a sulfurous nucleophile that brings some advantages in the laboratory work.

Finally, the novel 2-fluoroethoxy derivative TA5 [13,20] was successfully synthesized with 63%
yield using the 2-pyridinol TA1b and fluoroethyl iodide as fluoroalkylating agent (Scheme 2).

 

Scheme 2. Syntheses of the novel 2-fluoroethoxy PDE2A ligand TA5 and the tosylate precursor TA5a.
Reagents and Conditions: (a) 1.5 eq. F-(CH2)2-I, 3 eq. K2CO3·1.5H2O, MeCN, 70–80 ◦C, 5 h and room
temperature (RT) overnight; (b) 2 eq. TosO-(CH2)2-OTos, 4 eq. K2CO3·1.5H2O, MeCN, 60–70 ◦C, 5 h
and RT overnight.

The 2-pyridinol TA1b exists in equilibrium with its cyclic amide as 2-pyridone or 2-lactam
that is suggested to be the more stable form in both the solid state and in solution [41–43]. It has
been described that reactions of metal salts of 2-pyridones with alkyl halides often result in N- and
O-alkylated product mixtures depending on the nature of the metal cation, the substitution pattern
at the pyridone ring, the molecular structure of the alkyl halide and the solvent used [44–46]. In the
herein reported synthesis, only the formation of the preferred O-fluoroethylated compound TA5

was observed, as confirmed by two-dimensional NMR spectroscopy (see Supplementary Materials).
Therefore, it is assumed that the nitrogen of the 2-pyridone in TA5 is sterically hindered against the
electrophilic attack of the fluoroethyl iodide by the adjacent imidazotriazine moiety.

Evaluation of the novel 2-fluoroethoxy derivative TA5 in an enzyme assay [7] resulted in a slightly
higher affinity towards the human PDE2A protein as compared with the lead compound TA1 (Table 1).
Above all, TA5 showed a considerably increased PDE2A/PDE10A selectivity compared to TA1 as well
as the former developed 5´-fluoroalkoxy derivatives TA2–4 and thus, TA5 is the most potent PDE2A
ligand out of this series so far [13,19,20].

Table 1. IC50 values of the novel 2-fluoroethoxy derivative TA5 for the inhibition of human PDE2A
and human PDE10A compared to our already published data for the lead compound TA1 and the
PDE2A ligands TA2–4 [13,19,20].

Ligand IC50 hPDE2A IC50 hPDE10A Selectivity Ratio PDE10A/PDE2A

TA5 (2-fluoroethoxy) 3.0 nM >1000 nM >330
TA1 (lead) 4.5 nM 670 nM 149

TA2 (5′-fluoroethoxy) 10.4 nM 77 nM 7
TA3 (5′-fluoropropoxy) 11.4 nM 318 nM 28
TA4 (5′-fluorobutoxy) 7.3 nM 913 nM 125

This tendency points out that the substitution patterns at both the 5′-phenol and the 2-pyridine
position in TA1 play a decisive role for the selectivity versus PDE10A, which is needed for PET
neuroimaging of PDE2A due to the similar distribution of both enzymes in the brain [14]. The herein
observed strong impact of the chain length of the 5′-fluoroalkoxy group in TA2–4 on the PDE2A
affinity and mainly the PDE2A/PDE10A selectivity is in accordance to the effect seen for the previously
reported imidazotriazine-based compounds where the selectivity versus PDE10A increases in the
following order: 5′-methoxy < 5′-ethoxy < 5′-propoxy < 5′-butoxy with PDE10A/PDE2A selectivity
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ratios of 3, 4, 40, and >120, respectively [7]. Notably, in this series the 2-pyridine was permanently
substituted by a methoxy function [7].

Accordingly, TA5 was selected for 18F-labelling and the corresponding tosylate precursor TA5a

was synthesized by reaction of 2-pyridinol TA1b with ethane-1,2-diyl bis(4-methylbenzenesulfonate)
in 79% yield (see Scheme 2).

2.2. Radiosynthesis, In Vitro Stability and Lipophilicity

Based on our experiences in the radiosyntheses of [18F]TA3 and [18F]TA4 [19], the optimized
parameters for the one-step 18F-labelling procedure have been adopted to generate the novel PDE2A
radioligand [18F]TA5 (Scheme 3). Nucleophilic substitution of the tosylate group of the precursor TA5a

with the anhydrous K+/[18F]F−/K222-carbonate complex in acetonitrile resulted in [18F]TA5 with a
high radiochemical yield of 65.3 ± 2.1% (n = 3; based on radio-TLC analysis of the crude product).
Stability of the precursor under the reaction conditions over 20 min was proven by HPLC and no
18F-labelled by-product was detected.

Scheme 3. One-step nucleophilic 18F-labelling procedure to generate the novel PDE2A radioligand
[18F]TA5.

Isolation of [18F]TA5 was performed by semi-preparative HPLC (tR = 34–38 min, see Figure 2)
followed by purification and concentration via solid-phase extraction on a pre-conditioned
reversed-phase (RP) cartridge and elution with absolute ethanol. After evaporation of the solvent at
70 ◦C, the radioligand was finally formulated in sterile isotonic saline with a maximum ethanol content
of 10% (v/v) for better solubility. The identity of [18F]TA5 was confirmed by analytical HPLC using an
aliquot of the final product spiked with the non-radioactive reference compound TA5 (Figure 2).

Figure 2. (A) Semi-preparative HPLC profile of the crude reaction mixture for isolation of [18F]TA5

(column: Reprosil-Pur C18-AQ, 250 × 10 mm, particle size: 10 μm; eluent: 50% MeCN/20 mM
NH4OAcaq.; flow: 5 mL/min); (B) analytical HPLC profile of the formulated radioligand
[18F]TA5 spiked with the non-radioactive reference compound TA5 (column: Reprosil-Pur C18-AQ,
250 × 4.6 mm, particle size: 5 μm; eluent: 52% MeCN/20 mM NH4OAcaq.; flow: 1 mL/min).

103



Molecules 2018, 23, 556

The novel PDE2A radioligand [18F]TA5 was synthesized with an overall radiochemical yield of
44.8 ± 5.7% (n = 3), a molar activity of 47.0 ± 7.6 GBq/μmol (n = 3, end of synthesis (EOS)) and a high
radiochemical purity of ≥99%.

In vitro stability of [18F]TA5 was proven in phosphate-buffered saline (PBS, pH 7.4), n-octanol
and pig plasma. Samples of each medium were analyzed by radio-TLC and radio-HPLC after 1 h
incubation at 37 ◦C and no degradation or defluorination of the radioligand has been observed.

The distribution coefficient of [18F]TA5 was determined by partitioning between n-octanol and
phosphate-buffered saline (PBS, pH 7.4) at ambient temperature using the conventional shake-flask
method. The obtained logD value of 2.52 ± 0.23 (n = 4) indicates a lipophilicity of [18F]TA5 which
should allow moderate passive diffusion at the blood-brain barrier. However, we observed a strong
discrepancy between the experimentally determined logD value and the calculated distribution
coefficients (ChemBioDraw Ultra 12.0 (CambridgeSoft Corporation, Cambridge, MA, USA): clogP
= 5.26; ACD/Labs 12.0: clogD7.4 = 4.78). The experimentally determined higher hydrophilicity
of [18F]TA5 could be a result of solvation effects associated with formation of hydrogen bonds or
ionization of the radioligand in the buffered aqueous system. These effects may be underestimated in
the software-based determination and thus, the calculated values of lipophilicity are often higher than
those obtained experimentally [47].

Remarkably, this has also been observed for [18F]TA4 while for [18F]TA3 the logD values obtained
from the shake-flask method correlated well with the calculated data. Compared to [18F]TA5,
the experimentally determined logD values of [18F]TA3 (3.57 [19]) and [18F]TA4 (2.99 [19]) are higher
indicating that [18F]TA5 is the least lipophilic derivative in this series. In contrast, the calculated
data show the reverse tendency. Regarding the molecular structures of the herein discussed PDE2A
ligands, we expect that the lipophilicity increases in the order TA3 < TA4 < TA5 due to the additional
methylene groups in TA4 and TA5, respectively, which corresponds with the calculated tendency.
This assumption is supported by HPLC where TA3 elutes at the shortest retention time followed by
TA4 and TA5 (gradient and isocratic mode). A probable conclusion could be: the more lipophilic
a compound is, the higher is the difference between the logD values obtained from the shake-flask
method and the calculated data for lipophilicity. Nevertheless, this postulation needs to be confirmed.

2.3. Biological Evaluation—In Vitro Autoradiography and In Vivo Metabolism

For autoradiographic studies, sagittal slices of rat and pig brain were incubated with
[18F]TA5. Non-specific binding was assessed via co-incubation with an access of either TA1 or
TA5. However, the activity pattern on both, rat and pig brain sections, showed a homogenous
and non-displaceable distribution which indicates insufficient specificity of [18F]TA5 under in vitro
conditions. This is in contrast to the demonstrated suitability of [18F]TA3 and [18F]TA4 for in vitro
imaging of PDE2A [19]. Compared to these radioligands, the lipophilicity of [18F]TA5 is suggested
to be higher as indicated by the elution order in the HPLC analyses and the calculated distribution
coefficients. This would result in an increased plasma protein binding leading to a reduced availability
of free [18F]TA5. However, up to now we have no reasonable explanation for the observed high
non-specific binding of [18F]TA5 in vitro. Notably, with availability of [18F]TA5 the in vitro and in vivo
investigations have been performed in parallel.

Encouraged by our experiences in the metabolism studies with [18F]TA3 and [18F]TA4 [19]
regarding reliable qualitative and quantitative data, radiometabolites of [18F]TA5 and parent
compound were analyzed by (i) reversed-phase HPLC (RP-HPLC) after conventional extraction
and (ii) micellar liquid chromatography (MLC [48]). Blood plasma and brain homogenate samples
were obtained from CD-1 mice at 30 min post injection of ~70 MBq of the radioligand. In both, plasma
and brain, only 7–10% of total activity were representing non-metabolized [18F]TA5 (see Figure 3).
A high fraction of a main radiometabolite [18F]M1 (~90%) was detected in RP-HPLC and MLC eluting
at a very short retention time of 3–4 min indicating a high hydrophilicity.
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Figure 3. Representative in vivo metabolism study of mouse plasma and brain samples at 30 min p.i. of
[18F]TA5 (~70 MBq): (A) RP-HPLC chromatogram of extracted plasma sample (column: Reprosil-Pur
C18-AQ, 250 x 4.6 mm, particle size: 5 μm; gradient: 10–90–10% MeCN/20 mM NH4OAcaq.; flow:
1 mL/min); (B) MLC chromatogram of directly injected plasma sample (column: Reprosil-Pur C18-AQ,
250 x 4.6 mm, particle size: 10 μm; gradient: 3-30-3% 1-PrOH/100 mM SDSaq., 10 mM Na2HPO4aq.;
flow: 1 mL/min); Tables: percentages and retention times of intact [18F]TA5 and radiometabolites from
RP-HPLC analysis after extraction and MLC analysis of directly injected samples.

The MLC method was recently established in our group for rapid analysis of
radiometabolites [19,49]. Briefly, plasma and homogenized brain samples were dissolved in aqueous
sodium dodecyl sulphate (SDS), as an important part of the MLC eluent, and injected directly into
the MLC system. There is no further work-up needed and thus, there is no loss of activity prior
analysis of the samples. Hence, it is possible to quantify the real composition of total activity in
the injected biological material. In contrast, the twofold extraction procedure is work-intensive
and time-consuming and most important, the extractability of highly polar radiometabolites from
denatured proteins might be low resulting in only a partial recovery of total activity. With the herein
applied protocol we previously observed that for [18F]fluoride [19]. Consequently, the amount of intact
radioligand would be overestimated if radiometabolites with an ionic character are formed leading to
misinterpretation of the data.

The percentages of intact [18F]TA5 achieved from the RP-HPLC analysis of the extracted samples
fit well with those from samples directly analyzed by MLC (see Figure 3). This is not surprising,
because with the conventional extraction procedure high recoveries of ≥93% of total activity were
observed. The chromatograms obtained with both methods differ only regarding the elution profile.
While in the RP-HPLC radiometabolite [18F]M2 elutes after 22 min, in the MLC it elutes already after
5 min (Figure 3). This might be a result of the various retention mechanisms in these two systems.
Therefore, analysis of biological samples with RP-HPLC as well as with MLC is beneficial to reliably
characterize the metabolic profile of a newly developed radioligand.

The highly polar main radiometabolite [18F]M1 was detected in both, plasma and brain samples,
pointing out that [18F]M1 may cross the blood-brain barrier. Regarding the identity of [18F]M1,
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it is presumed that no defluorination or formation of any ionic radiometabolite of [18F]TA5 occurs
due to the fact that ionic compounds are not completely extractable from biological material with
the method used here. Accordingly, [18F]M1 is suggested to be 2-[18F]fluoroethanol resulting from
a cytochrome P450 enzyme-induced metabolic degradation of the 18F-fluoroethoxy side chain in
[18F]TA5. This assumption is further supported by the fact that 2-[18F]fluoroethanol and the oxidized
2-[18F]fluoroacetaldehyde or 2-[18F]fluoroacetate are able to enter the brain [50–53]. To clarify whether
there is an in vivo defluorination of [18F]TA5, PET imaging or biodistribution investigations could
provide more information regarding accumulation of activity in the bones. However, due to the low
stability of [18F]TA5 in mice and formation of brain-penetrating radiometabolites we decided to abstain
from further in vivo studies with this radioligand. In conclusion, the rate of metabolic degradation
could not be reduced by moving the [18F]fluoroalkoxy group from the phenolic position in [18F]TA3

and [18F]TA4 to the pyridinyl moiety in [18F]TA5.
Finally, with the novel highly potent PDE2A ligand TA5 we have shown that changes in the

substitution pattern at the pyridinyl moiety of our imidazopyridotriazine lead compound TA1 can
significantly increase the PDE2A/PDE10A selectivity. Starting from the 2-pyridone TA1b it is possible
to introduce different substituents at the 2-pyridinyl position with or without an alkoxy linker.
Thus, our current work is focused on further structurally modified derivatives with feasibly enhanced
in vivo stability at the 2-pyridinyl side chain, for example with branched fluoroalkoxy or fluoroalkyl
groups as well as cyclic and aromatic fluorine-bearing functions [54–56].

3. Materials and Methods

3.1. General Information

Chemicals were purchased from standard commercial sources in analytical grade and were
used without further purification. Radio-/TLCs were performed on pre-coated silica gel plates
(Alugram® Xtra SIL G/UV254; Polygram® SIL G/UV254, Roth, Karlsruhe, Germany). The compounds
were localized at 254 nm (UV lamp) and/or by staining with aqueous KMnO4 solution or
ninhydrin solution. Radio-TLC was recorded using a bioimaging analyzer system (BAS-1800 II,
Fuji Photo Film, Co. Ltd., Tokyo, Japan) and images were evaluated with Aida 2.31 software
(raytest Isotopenmessgeräte GmbH, Straubenhardt, Germany). Column chromatography was
conducted on silica gel (0.06–0.20 mm, Roth). HPLC separations were performed on JASCO systems
equipped with UV detectors from JASCO and activity detectors from raytest Isotopenmessgeräte
GmbH (GABI Star, Straubenhardt, Germany).

Semi-preparative HPLC conditions were: Column: Reprosil-Pur C18-AQ, 250 × 10 mm, particle
size: 10 μm; eluent: 50% MeCN/20 mM NH4OAcaq.; flow: 5 mL/min; ambient temperature; UV
detection at 254 nm.

Analytical HPLC conditions were: Column: Reprosil-Pur C18-AQ, 250 × 4.6 mm, particle
size: 5 μm; gradient: 0–10 min: 10% MeCN, 10–35 min: 10% → 90% MeCN, 35–45 min: 90%
MeCN, 45–50 min: 90% → 10% MeCN, 50–60 min: 10% MeCN/20 mM NH4OAcaq.; isocratic: 52%
MeCN/20 mM NH4OAcaq.; flow: 1 mL/min; ambient temperature; UV detection at 254 nm. Molar
activity was determined on the base of a calibration curve (0.2–20 μg TA5) carried out under isocratic
HPLC conditions (52% MeCN/20 mM NH4OAcaq.) using chromatograms obtained at 270 nm as the
maximum of UV absorbance.

MLC conditions were: Column: Reprosil-Pur C18-AQ, 250 × 4.6 mm, particle size: 10 μm;
gradient: 0–15 min: 3% 1-PrOH, 15–40 min: 3% → 30% 1-PrOH; 40–49 min: 30% 1-PrOH, 49–50 min:
30% → 3% 1-PrOH; 50–60 min: 3% 1-PrOH/100 mM SDS, 10 mM Na2HPO4; flow: 1 mL/min; ambient
temperature; UV detection at 254 nm. Notably, a pre-column with 10 mm length was used and
frequently exchanged to expand the lifetime of the RP-column.

NMR spectra (1H, 13C, 19F) were recorded on Mercury 300/Mercury 400 (Varian, Palo Alto, CA,
USA) or Fourier 300/Avance DRX 400 Bruker (Billerica, MA, USA) instruments. The hydrogenated
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residue of deuteriated solvents and/or tetramethylsilane (TMS) were used as internal standards
for 1H-NMR (CDCl3, δH = 7.26; DMSO-d6, δH = 2.50) and 13C-NMR (CDCl3, δC = 77.2; DMSO-d6,
δC = 39.5). The chemical shifts (δ) are reported in ppm (s, singlet; d, doublet; t, triplet; q, quartet; p,
pentet (quintet); h, hexett (sextet); m, multiplet) and the related coupling constants (J) are reported
in Hz. High resolution mass spectra (ESI +/−) were recorded on an Impact IITM instrument
(Bruker Daltonics).

No-carrier-added (n.c.a.) [18F]fluoride (t1/2 = 109.8 min) was produced via the [18O(p,n)18F]
nuclear reaction by irradiation of [18O]H2O (Hyox 18 enriched water, Rotem Industries Ltd, Arava,
Israel) on a Cyclone®18/9 (iba RadioPharma Solutions, Louvain-la-Neuve, Belgium) with fixed energy
proton beam using Nirta® [18F]fluoride XL target.

3.2. Organic Syntheses

The optimized syntheses of the lead compound TA1 and the 1-phenol intermediate TA1a

are published previously [19]. All final compounds described in this manuscript meet the purity
requirements determined by HPLC, NMR and HR-MS.

3.2.1. 9-(5-Butoxy-2-fluorophenyl)-7-methylimidazo[5,1-c]pyrido[2,3-e][1,2,4]triazin-2-ol (TA1b)

Compound TA1 (0.50 g, 1 eq.) was dissolved in dimethyl sulfoxide and water (14 mL, 2.5:1,
v/v) followed by addition of K2CO3·1.5H2O (0.22 g, 1 eq.) and dimethylamine (250 μL, 1.5 eq.). The
reaction mixture was stirred at 100 ◦C for 5 h and at ambient temperature overnight. After evaporation
of the solvent, the residue was dissolved in CH2Cl2 (10 mL) and washed once with aq. saturated
solutions of NaHCO3 and NaCl, and water (5 mL each). The aqueous phase was extracted with
CH2Cl2 (5 mL). The combined organic phases were dried over Na2SO4 and filtered. Evaporation of the
solvent and subsequent purification by column chromatography (EtOAc/CH2Cl2, 1:4 to 100% EtOAc,
v/v) afforded a yellow solid of TA1b (0.31 g, 65%). 1H-NMR (400 MHz, CDCl3): δH = 0.88 (t, J = 7.4,
3H, O(CH2)3CH3); 1.31 (h-like, J = 7.3, 2H, O(CH2)2CH2CH3); 1.52–1.63 (m, 2H, OCH2CH2CH2CH3);
2.81 (s, 3H, 7-C-CH3); 3.66 (t, J = 6.6, 2H, OCH2(CH2)2CH3); 6.35 (dt, J = 9.0, 3.6, 1HAr, 4′-H); 6.64
(t, J = 9.0, 1HAr, 3′-H); 6.95 (d, J = 8.8, 1HAr, 3-H); 7.07 (dd, J = 5.6, 3.1, 1HAr, 6′-H); 8.54 (d, J = 8.8,
1HAr, 4-H); 11.08 (br s, 1H, 2-C-OH). 13C-NMR (75 MHz, CDCl3): δC = 12.4 (s, 1Cprim, 7-C-CH3); 13.9
(s, 1Cprim, O(CH2)3CH3); 19.2 (s, 1Csec, O(CH2)2CH2CH3); 31.2 (s, 1Csec, OCH2CH2CH2CH3); 68.4
(s, 1Csec, OCH2(CH2)2CH3); 112.1 (s, 1CArH, 3-C); 115.6 (d, J = 23.2, 1CArH, 3′-C); 115.9 (d, J = 2.3,
1CArH, 6′-C); 117.2 (d, J = 8.0, 1CArH, 4′-C); 119.7 (d, J = 16.3, 1CAr, 1′-C); 128.2 (s, 1CAr, 4a-C); 132.6
(s, 1CAr, 9-C); 134.9 (s, 1CAr, 10a-C); 137.6 (s, 1CAr, 7-C); 139.2 (s, 1CAr, 6a-C); 140.9 (s, 1CArH, 4-C);
154.8 (d, J = 1.9, 1CAr, 5′-C); 155.1 (d, overlap, J = 243.2, 1CAr, 2′-C); 164.9 (s, 1CAr, 2-C). 19F-NMR
(377 MHz, CDCl3): δF = −119.95 (p, J = 5.0, 1FAr, 2′-C-F).

3.2.2. 9-(5-Butoxy-2-fluorophenyl)-2-(2-fluoroethoxy)-7-methylimidazo[5,1-c]pyrido[2,3-e]-[1,2,4]
triazine (TA5)

To a solution of compound TA1b (0.31 g, 1 eq.) in MeCN (25 mL), K2CO3·1.5H2O (0.42 g, 3 eq.)
and 1-fluoro-2-iodoethane (104 μL, 1.5 eq.) were added. The yellow suspension was stirred at 70–80 ◦C
for 5 h and at ambient temperature overnight. The mixture was filtered and the solvent was evaporated.
The residue was dissolved in CH2Cl2 (10 mL), washed with water (5 mL) and then with citric acid
(5 mL, 25%). The aqueous phase was extracted with CH2Cl2 (2 mL). The combined organic phases
were dried over Na2SO4 and filtered. After evaporation of the solvent the crude product was purified
by column chromatography (EtOAc/CH2Cl2, 1:4 to 100% EtOAc, v/v) yielding a yellow solid of TA5

(0.22 g, 63%). 1H-NMR (400 MHz, DMSO-d6): δH = 0.90 (t, J = 7.4, 3H, O(CH2)3CH3); 1.41 (h-like,
J = 7.4, 2H, O(CH2)2CH2CH3); 1.67 (p-like, J = 6.6, 2H, OCH2CH2CH2CH3); 2.80 (s, 3H, 7C-CH3); 3.98
(t, distorted, J = 6.5, 3H, OCH2(CH2)2CH3, OCHH′-CH2F); 4.04 (t, poorly resolved, partly overlapped
A part of AA′BB′X, J = 3.9, 1H, OCHH′-CH2F); 4.47 (dt, poorly resolved, J = 47.7, 4.0, B part of
AA′BB′X, 2H, OCH2-CH2F); 7.08–7.16 (m, 1HAr, 4′-H); 7.17–7.25 (m, 2HAr, 4′-H, 3-H); 7.31 (t, J = 9.2,
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1HAr, 3′-H); 8.71 (d, J = 8.8, 1HAr, 4-H). 13C-NMR (75 MHz, DMSO-d6): δC = 12.4 (s, 1Cprim, 7-C-CH3);
13.6 (s, 1Cprim, O(CH2)3CH3); 18.7 (s, 1Csec, O(CH2)2CH2CH3); 30.7 (s, 1Csec, OCH2CH2CH2CH3); 66.1
(d, J = 19.1, 1Csec, OCH2CH2F); 68.0 (s, 1Csec, OCH2(CH2)2CH3); 81.1 (d, J = 167.0, 1Csec, OCH2CH2F);
112.2 (s, 1CArH, 3-C); 116.0 (d, J = 22.9, 1CArH, 3′-C); 117.4 (d, J = 8.4, 1CArH, 4′-C); 117.5 (d, J = 1.7,
1CArH, 6′-C); 120.3 (d, J = 16.6, 1CAr, 1′-C); 128.0 (s, 1CAr, 4a-C); 131.6 (s, 1CAr, 9-C); 133.4 (s, 1CAr,
10a-C); 136.7 (s, 1CAr, 7-C); 138.9 (s, 1CAr, 6a-C); 141.1 (s, 1CArH, 4-C); 154.3 (d, J = 2.2, 1CAr, 5′-C);
154.6 (d, overlapping, J = 239.9, 1CAr, 2′-C); 162.9 (s, 1CAr, 2-C). 19F-NMR (282 MHz, DMSO-d6):
δF = −122.53 (dt, J = 9.5, 4.7, 1FAr, 2′-F); −223.50 (tt, J = 47.8, 29.7, 1F, O(CH2)2F). HR-MS (ESI) m/z:
calcd. for [C21H22F2N5O2]+ = 414.1736; found = 414.1739 [M + H]+.

3.2.3. 2-((9-(5-Butoxy-2-fluorophenyl)-7-methylimidazo[5,1-c]pyrido[2,3-e][1,2,4]-triazin-2-yl)oxy)
ethyl-4-methylbenzenesulfonate (TA5a)

Compound TA1b (0.85 g, 1 eq.) was dissolved in MeCN (20 mL) and K2CO3·1.5 H2O (0.15 g,
4 eq.) and ethane-1,2-diyl bis(4-methylbenzenesulfonate) (0.17 g, 2 eq.; synthesized according to the
literature [19,57]) were added. After stirring at 60–70 ◦C for 5 h and at ambient temperature overnight,
the yellow suspension was filtered followed by evaporation of the solvent. The residue was dissolved in
CH2Cl2 (10 mL), washed once with water and citric acid (25%, 5 mL each) and then the aqueous phase
was extracted with CH2Cl2 (2 mL). The combined organic phases were dried over Na2SO4, filtered
and the solvent was evaporated. Purification by column chromatography (EtOAc/CH2Cl2, 1:5, v/v)
afforded a yellow solid of TA5a (0.10 g, 79%). 1H-NMR (400 MHz, DMSO-d6): δH = 0.92 (t, J = 7.4, 3H,
O(CH2)3CH3); 1.37–1.48 (m, 2H, O(CH2)2CH2CH3); 1.63–1.77 (m, 2H, OCH2CH2CH2CH3); 2.15 (s, 3H,
4′′-C-CH3); 2.83 (s, 3H, 7-C-CH3); 3.87–3.92 (m, 2H, OCH2CH2OTs); 3.97–4.03 (m, 4H, OCH2CH2OTs,
OCH2(CH2)2CH3); 7.03 (d, J = 8.8, 1HAr, 3-H); 7.10 (ddd, J = 9.0, 4.0, 3.1, 1HAr, 4′-H); 7.15 (dd, J = 8.6,
0.8, 2HAr, 3′′-H, 5′′-H); 7.19–7.29 (m, 2HAr, 3′-H, 6′-H); 7.56 (d, J = 8.3, 2HAr, 2′′-H, 6′′-H); 8.69 (d, J = 8.8,
1HAr, 4-H). 13C-NMR (75 MHz, DMSO-d6): δC = 12.4 (s, 1Cprim, 7-C-CH3); 13.7 (s, 1Cprim, O(CH2)3CH3);
18.7 (s, 1Csec, O(CH2)2CH2CH3); 20.8 (s, 1Cprim, 4′′-C-CH3); 30.7 (s, 1Csec, OCH2CH2CH2CH3); 64.5
(s, 1Csec, OCH2CH2OTs); 67.3 (s, 1Csec, OCH2CH2OTs); 68.1 (s, 1Csec, OCH2(CH2)2CH3); 112.3
(s, 1CArH, 3-C); 116.0 (d, J = 22.9, 1CArH, 3′-C); 117.4 (d, J = 8.1, 1CArH, 4′-C); 117.5 (d, J = 1.9, 1CArH,
6′-C); 120.1 (d, J = 16.6, 1CAr, 1′-C); 127.5 (s, 2CArH, 2′′-C, 6′′-C); 127.9 (s, 1CAr, 4a-C); 129.7 (s, 2CArH,
3′′-C, 5′′-C); 131.5 (s, 1CAr, 9-C); 131.6 (s, 1CAr, 1′′-C); 133.1 (s, 1CAr, 10a-C); 136.9 (s, 1CAr, 7-C);
138.9 (s, 1CAr, 6a-C); 140.9 (s, 1CArH, 4-C); 144.7 (s, 1CAr, 4′′-C); 154.45 (d, J = 1.9, 1CAr, 5′-C); 154.49
(d, overlap, J = 240.2, 1CAr, 2′-C); 162.5 (s, 1CAr, 2-C). 19F-NMR (282 MHz, DMSO-d6): δF = −122.41
(dt, J = 9.5, 4.9, 1FAr, 2′-F). HR-MS (ESI) m/z: calcd. for [C28H29FN5O5S]+ = 566.1867; found = 566.1868
[M + H]+.

3.3. In Vitro Affinity Assay

The inhibitory potencies of TA1–5 for human recombinant PDE2A and PDE10A proteins were
determined by BioCrea GmbH (Radebeul, Germany) [7].

3.4. Radiochemistry

The aqueous solution of no-carrier-added [18F]fluoride (1–2 GBq) was trapped on a Chromafix®

30 PS-HCO3
− cartridge (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany). The activity was

eluted with 300 μL of an aqueous K2CO3-solution (1.78 mg, 12.9 μmol) into a 4 mL V-vial containing
Kryptofix 2.2.2 (K222, 11.2 mg, 29.7 μmol) in 1 mL MeCN. The K+/[18F]F−/K222-carbonate complex
was azeotropically dried under vacuum and nitrogen flow within 7–10 min using a Discover PETwave
Microwave CEM® (75 W, 50–60 ◦C, power cycling mode). Two aliquots of MeCN (2 × 1.0 mL) were
added during the drying procedure and the final complex was dissolved in 500 μL MeCN ready
for radiolabelling.

The aliphatic radiolabelling of the tosylate TA5a (1 mg in 500 μL MeCN) was performed under
conventional heating at 80 ◦C for 15 min. Aliquots of the reaction mixture were analyzed by
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radio-TLC (EtOAc/DCM, 1:1, v/v) to determine the radiochemical yield of the crude product. After
dilution with water (1:1, v/v), the crude reaction mixture was applied to an isocratic semi-preparative
HPLC (see General Information) for isolation of the desired radioligand [18F]TA5 (tR = 34–38 min).
The collected fractions were diluted with water (total volume: 40 mL), passed through a Sep-Pak®

C18 Plus light cartridge (Waters, Milford, MA, USA; pre-conditioned with 20 mL of absolute EtOH
and 60 mL water), and eluted with 0.75 mL of absolute EtOH. Evaporation of the solvent at 70 ◦C
under a gentle nitrogen stream and subsequent formulation of the radioligand in sterile isotonic saline
containing 10% EtOH (v/v) afforded a [18F]TA5-solution usable for biological investigations.

The identity of the radioligand was proved by analytical radio-HPLC (see General Information)
of samples of [18F]TA5 spiked with the non-radioactive reference compound TA5 using a gradient and
an isocratic mode.

3.5. Investigation of In Vitro Stability and Lipophilicity (logD7.4)

In vitro stability of [18F]TA5 was studied by incubation in phosphate-buffered saline (PBS, pH 7.4),
n-octanol and pig plasma at 37 ◦C for 60 min (~5 MBq of the radioligand added to 500 μL of each
medium). Samples were taken at 15, 30 and 60 min and analyzed by radio-TLC and radio-HPLC
(see General Information).

The lipophilicity of [18F]TA5 was examined by partitioning between n-octanol and
phosphate-buffered saline (PBS, pH 7.4) at ambient temperature using the conventional shake-flask
method. The radioligand (10 μL, ~1 MBq) was added to a tube containing the n-octanol/PBS-mixture
(6 mL, 1:1, v/v, fourfold determination). The tubes were shaken for 20 min using a mechanical shaker
(HS250 basic, IKA Labortechnik GmbH & Co. KG, Staufen, Germany) followed by centrifugation
(5000 rpm for 5 min) and separation of the phases. Aliquots were taken from the organic and
the aqueous phase (1 mL each) and activity was measured with an automated gamma counter
(1480 WIZARD, Fa. Perkin Elmer, Waltham, MA, USA). The distribution coefficient (D) was
calculated as [activity (cpm/mL) in n-octanol]/[activity (cpm/mL) in PBS, pH 7.4] stated as the
decade logarithm (logD7.4).

3.6. Animal Studies

All animal procedures were approved by the Animal Care and Use Committee of Saxony
(TVV 08/13).

3.6.1. In Vitro Autoradiographic Studies

Cryosections of brains obtained from juvenile female German landrace pigs (10–13 kg) and female
SPRD rats (10–12 weeks old) were thawed, dried in a stream of cold air, and preincubated for 10 min
with incubation buffer (50 mM TRIS-HCl, pH 7.4, 120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 5 mM
MgCl2) at ambient temperature.

Brain sections were incubated with ~1 MBq/mL of [18F]TA5 in incubation buffer for 60 min at
ambient temperature. Afterwards sections were washed twice with 50 mM TRIS-HCl (pH 7.4) for 2 min
at 4 ◦C, dipped briefly in ice-cold deionized water, dried in a stream of cold air and exposed for 60 min
to an 18F-sensitive image plate that was analyzed afterwards using an image plate scanner (HD-CR 35;
Duerr NDT GmbH, Bietigheim Bissingen, Germany). Non-specific binding of the radioligand was
determined by co-incubation with 10 μM TA1 or TA5.

3.6.2. In Vivo Metabolism Studies

The radioligand [18F]TA5 (~70 MBq in 150 μL isotonic saline) was injected in female CD-1 mice
(10–12 weeks old) via the tail vein. Brain and blood samples were obtained at 30 min p.i., plasma
separated by centrifugation (14,000× g, 1 min), and brain homogenized in ~1 mL isotonic saline on
ice (10 strokes of a PTFE plunge at 1000 rpm in a borosilicate glass cylinder; Potter S Homogenizer, B.
Braun Melsungen AG, Melsungen, Germany).
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Conventional Extraction Method

The twofold extractions were performed as a double determination. Plasma (2 × 50 μL) and brain
samples (2 × 250 μL) were added each to an ice-cold acetone/water mixture (4:1, v/v; plasma or brain
sample/organic solvent, 1:4, v/v). The samples were vortexed for 1 min, incubated on ice for 10 min
(first extraction) or 5 min (second extraction) and centrifuged at 10,000 rpm for 5 min. Supernatants
were collected and the precipitates were re-dissolved in ice-cold acetone/water (100 μL) for the second
extraction. Activity of aliquots from supernatants of each extraction step and of the precipitates was
quantified using an automated gamma counter (1480 WIZARD, Fa. Perkin Elmer, Waltham, MA,
USA). The combined supernatants from both extractions were concentrated at 70 ◦C under nitrogen
stream and analyzed by radio-HPLC (see General Information). Notably, [18F]TA5 was quantitatively
extracted from the biological material as proven by in vitro incubation of the radioligand in pig plasma
and subsequent extraction applying the same protocol as for the in vivo metabolism studies.

Micellar Liquid Chromatography (MLC)

Plasma (20–50 μL) was dissolved in 100–300 μL of 200 mM aqueous SDS and injected directly
into the MLC system (2000 μL sample loop; see General Information). Homogenized brain material
(100–200 μL) was dissolved in 500 μL of 200 mM aqueous SDS, stirred at 75 ◦C for 5 min and after
cooling to ambient temperature injected into the MLC system.

4. Conclusions

The novel PDE2A radioligand [18F]TA5 proved to be not suitable for molecular imaging of
PDE2A protein in the brain due to (i) non-specific binding in vitro and (ii) formation of a high
fraction of brain-penetrating radiometabolites in vivo. Nevertheless, TA5 represents the most potent
PDE2A ligand out of our imidazopyridotriazine-based derivatives so far. Besides, further structural
modification at the side chains of the tricyclic framework is needed to possibly improve the in vitro
binding properties and the in vivo stability of upcoming compounds. Notably, the developed synthetic
strategies for the selective O-dealkylation at either the 5´-alkoxyphenyl moiety or the 2-alkoxypyridinyl
function of the lead compound TA1 are of highly importance for our ongoing work.

Supplementary Materials: The supplementary materials are available online at www.mdpi.com/1420-3049/23/
3/556/s1. General Information; NMR data of compounds TA1 (incl. HR-MS) and TA1a; Figures S1–S6: NMR
spectra of compound TA1 (1H, 13C, 19F, COSY, HSQC, HMBC); Figure S7: 1H-NMR spectrum of compound TA1a;
Figures S8–S10: NMR spectra of compound TA1b (1H, 13C-APT, 19F); Figures S11–S16: NMR spectra of compound
TA5 (1H, 13C-APT, 19F, COSY, HSQC, HMBC); Figures S17–S22: NMR spectra of compound TA5a (1H, 13C-APT,
19F, COSY, HSQC, HMBC).
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Abstract: [18F]FEPPA is a specific ligand for the translocator protein of 18 kDa (TSPO) used as
a positron emission tomography (PET) biomarker for glial activation and neuroinflammation.
[18F]FEPPA radiosynthesis was optimized to assess in a mouse model the cerebral inflammation
induced by an intraperitoneal injection of Salmonella enterica serovar Typhimurium lipopolysaccharides
(LPS; 5 mg/kg) 24 h before PET imaging. [18F]FEPPA was synthesized by nucleophilic substitution
(90 ◦C, 10 min) with tosylated precursor, followed by improved semi-preparative HPLC purification
(retention time 14 min). [18F]FEPPA radiosynthesis were carried out in 55 min (from EOB).
The non-decay corrected radiochemical yield were 34 ± 2% (n = 17), and the radiochemical
purity greater than 99%, with a molar activity of 198 ± 125 GBq/μmol at the end of synthesis.
Western blot analysis demonstrated a 2.2-fold increase in TSPO brain expression in the LPS treated
mice compared to controls. This was consistent with the significant increase of [18F]FEPPA brain total
volume of distribution (VT) estimated with pharmacokinetic modelling. In conclusion, [18F]FEPPA
radiosynthesis was implemented with high yields. The new purification/formulation with only class
3 solvents is more suitable for in vivo studies.

Keywords: [18F]FEPPA; TSPO; brain inflammation; small-animal PET imaging; radiolabeling;
radiotracer metabolism

1. Introduction

The translocator protein of 18 kDa (TSPO) is the most advance target for the non-invasive
and translational study of inflammatory processes using positron emission tomography (PET)
imaging [1]. TSPO is an outer mitochondrial membrane protein found in many cell types but there
is growing literature documenting its restricted brain expression in microglia and astrocytes [2].
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Cerebral inflammation is supported mainly by microglial cells, which are the resident immune
cells of the central nervous system (CNS) [3]. Microglia are activated in response to endogenous
signals such as beta-amyloid plaques, Tau protein [4–6], α-synuclein [6–8], or exogenous “danger”
signals such as traumatic CNS injury [9] or bacterial lipopolysaccharide (LPS) [10]. This cellular
activation leads to numerous functional and biochemical changes that involve cell morphology,
metabolism, cytokine production and some de novo protein synthesis, for instance an increase in the
ionized calcium binding adaptor molecule 1 (Iba1) and TSPO, both used as biomarkers for microglial
activation. Microglia can adopt different morphologies and multiple functions: pro-inflammatory
or reparative [11,12]. Other glial cells such as astrocytes are activated and may be involved in CNS
inflammation [13,14].

Clinical PET imaging for brain inflammation in addition to conventional biological examinations
may be a useful tool to support or reject the hypothesis of localized inflammation in the brain, to follow
this process during the disease, and to study possible links between systemic and CNS inflammation.
Neuroinflammation is known as a major factor in the pathophysiology of many neurodegenerative
diseases [15–18]. TSPO PET studies have been conducted and showed an increase in TSPO signal in
patients with Alzheimer disease [19,20], Parkinson disease [21,22], and multiple sclerosis [23,24].
More recently, clinical studies using [18F]FEPPA PET have demonstrated a brain inflammation
component in some psychiatric diseases such as schizophrenia [25] and major depressions [26].
This technology is currently being applied in humans in psychosis [27,28] or Alzheimer disease [29].

PET imaging of neuroinflammation using TSPO radioligands is rather well documented,
particularly for [11C]PK11195 and [18F]DPA-714. However, 11C-labeled radiotracers are more difficult to
manage clinically, and [11C]PK11195 is characterized by rather broad non-specific binding, which may
limit the quantification of the PET signal [30]. Hence specific radiotracers need to be developed and
optimized for clinical use. [18F]FEPPA is one of the newest TSPO PET radiotracer with greater affinity
for its target [31] and one of the two TSPO radioligand being the most advanced in clinical development
with [18F]DPA-714 for PET imaging of neuroinflammation. Both radiotracers encountered limits to
their applications, since it was shown in human three patterns of binding affinity (based on genetic
polymorphism) [32] as well as an absence of reference tissue for their quantification. The radiosynthesis
of [18F]FEPPA was first described by Wilson et al. in 2008 [31]. In this report, [18F]FEPPA purification
was assessed using semi-preparative HPLC with methanol and formic acid followed by drying
and recovery with ethanol and water, which could introduce traces of toxic solvents into the
finished product and add steps to the radiotracer formulation process. In 2013, the same team
modified their [18F]FEPPA radiosynthesis protocol by replacing the last step of the formulation with
a cartridge capture followed by rinsing and ethanol/water elution [33]. An other team has used
acetonitrile/ammonium formiate for HPLC purification which needs formulation with cartridge [34].
For human use, pharmaceutical products must limit the use of class 2 solvents (International Council
for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use Q3C) such as
methanol or acetonitrile. To achieve this, Huang et al. [35] describe a radiosynthesis with an HPLC
purification with only ethanol and water but with a great decrease in radiochemical yield.

PET studies of neuroinflammation have mostly investigated pathologies with an initially central
inflammatory process, while very few have investigated those induced by a peripheral inflammatory
stimulus. To our knowledge, the use of [18F]FEPPA to monitor brain inflammation induced by
intraperitoneal (ip) LPS injection, has never been reported. Peripheral LPS injection is often used
to induce neuroinflammation in mice [10]. However, the neuroinflammatory response may differ
depending on the mouse and/or LPS strains [36]. Although the effects of Salmonella enterica serovar
typhimurium LPS have been suggested to be more severe than E. coli LPS [37], LPS-injection models
have mainly used E. coli LPS [10,36].

The objective of this work was to develop and optimize the fully automatized radiosynthesis
of [18F]FEPPA on the Allinone automat (Trasis®) with solvents more suitable for human use (class 3,
ICH Q3C). The aim of this study was also to quantify metabolism of [18F]FEPPA in mice which is
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currently unknown, and to evaluate this radiotracer in a mouse model of neuroinflammation induced
by peripheral Salmonella enterica serovar typhimurium LPS ip injection [38].

2. Results

2.1. Automated Radiosynthesis and Characterization of [18F]FEPPA

[18F]FEPPA was synthetized according to previously published methods [31,33] with some
modifications and by using the AllInOne® module (Figure 1). [18F]FEPPA was produced with a
non-decay corrected radiochemical yield of 34% ± 2% within 55 min (n = 17) from end of bombardment.

Figure 1. (a) FEPPA Precursor (2-(2-((N-4-phenoxypyridin-3-yl)acetamido)methyl)phenoxy)ethyl
4-methylbenzenesulfonate); (b) [18F]FEPPA.

The semi-preparative HPLC mobile phase was optimized from methanol and formic acid to
ethanol and phosphoric acid. This new HPLC conditions allowed us to bypass the reformulation step
and decrease the retention time (Figure 2) from 26 min [33] to 14 min, with a satisfactory separation of
the [18F]FEPPA from its impurities. The useful fraction of the semi-preparative HPLC was collected
in a vial containing 1.5 mL of sodium bicarbonate 8.4%. This allowed the final product to reach a
physiological pH (between 6.8 and 7.3), which is more suitable for injection and stability.

Figure 2. Semi-preparative HPLC radiochromatogram.
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Quality control of the final product confirms that our semi-preparative HPLC allows a complete
separation of [18F]FEPPA from synthesis impurities (Figure 3). Retenrion time for FEPPA and the
precursor are respectively 3.5 and 4.6 min (resolution factor of 10.2). Our quality control method needs
less amount of the final product (5 μL instead of 20 μL with a HPLC column similar to the method by
Vasdev et al. [33]) and therefore reduces operator exposition during the procedure. Molar activity and
activity concentration of the final product ranged respectively from 74 to 410 GBq/μmol and from 2.3
to 4.8 GBq/mL at the end of synthesis. For all produced batches, chemical and radiochemical purity
were greater than 99% and the latter was maintained >98% over a period of 6 h in saline.

Figure 3. Analytical HPLC chromatogram (radio and UV).

2.2. Biodistribution

Figure 4 illustrates the whole body distribution of [18F]FEPPA over time from radiotracer injection
up to 120 min, using microPET imaging coupled with computerized tomography (CT). Visual analysis
demonstrated physiologic [18F]FEPPA rapid uptake in heart, lung, spleen, and kidney excretion.
In contrast, brain uptake of [18F]FEPPA is low. At 15 min mean SUV were: 3.7 for lung, 5.1 for
heart, 3.8 for kidney and 0.5 for brain. As expected, [18F]FEPPA distribution follow the basal
TSPO distribution in mice which is found in most tissues and specially in heart and kidney [39]
like [18F]DPA-714 [40]. The brain TSPO distribution explains the lack of reference tissue and the need
for kinetic modelling for quantification.
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Figure 4. [18F]FEPPA 3D PET/CT imaging from tracer injection to 120 min after in a C57BL/6 mouse.
Image at 5 s, 1 min, 15 min, 1 h ,and 2 h post-injection.

2.3. TSPO Expression in Brain by Western Blot

TSPO expression is 2.16-fold greater in whole brain of LPS injected mice (mean TSPO/GAPDH
= 0.93) as compared to control mice (mean TSPO/GAPDH = 0.43) (p = 0.004) (Figure 5). TSPO band
has been compared to molecular weight scale and confirmed at 18 kDa. GAPDH has been used as
loading reference.

Figure 5. TSPO brain expression in C57Bl6 mice for control and lipopolysaccharides (LPS) conditions.

2.4. Metabolism Study

Metabolism study has shown a rapid decrease of the parent fraction in plasma (60% at 30 min)
(Figure 6), with roughly 15% of the metabolite observed 15 min after injection, and 65% of the metabolite
120 min after radiotracer injection. In the brain, a lower metabolism was observed (96% and 77% of the
parent fraction, respectively, at 15 and 120 min after [18F]FEPPA injection). Only one metabolite was
detected other than [18F]FEPPA in both plasma and brain.
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The percentage of parent fraction determined in brain was used to obtain the time activity curve
of unmetabolized [18F]FEPPA in the brain. The percentage of plasma metabolite is part of the arterial
input function for pharmacokinetics modelization.

Figure 6. Percentage of parent fraction (unmetabolized) of [18F]FEPPA in plasma and brain for
control condition.

2.5. [18F]FEPPA Brain Time Activity Curves

The regional [18F]FEPPA time activity curves corrected for radiometabolites for whole brain,
cerebellum, cortex and hippocampus (Figure 7) showed a significantly higher cerebral distribution of
[18F]FEPPA in LPS mice as compared to controls (area under curve (AUC) in different regions, LPS vs.
control, t-test two-sided, p = 0.0063, p = 0.0179, p = 0.0126 and p = 0.0266, respectively). This significant
increase of [18F]FEPPA AUC is consistent with the overexpression of its target in brain of LPS-injected
mice despite the known and observed variability of the biological effect of LPS. The lack of reference
tissue requires a pharmacokinetic modelling to compare [18F]FEPPA brain distribution.

In accordance with data of the literature [41–43], we used a two tissue compartment plus vascular
trapping model in this study. In this model, K1 and k2 represent passage (through the blood-brain
barrier) from the blood to a nonspecific compartment (free + non specific fixation), k3 and k4 are enter
and exit from the non specific compartment to the specific one. Kb represents slow binding of the
radiotracer to the endothelium of vasculature. The most relevant parameter to assert a modification
in the distribution is the distribution volume VT. In our study, the pharmacokinetics parameters in
the whole mice brain (Table 1) showed a significant increase for K1, VT and AUC for LPS mice as
compared to control mice (t test ± Welch’s correction, one-sided, mice with a %SE > 50% for at least
one parameter were excluded). An increase in k3/k4 was also observed, although not significant.

Table 1. Pharmacokinetics parameters for [18F]FEPPA in the whole mice brain.

Group K1 (mL·cm−3·min−1) k2 (min−1) k3/k4 Kb (min−1) VT (mL·cm−3) AUC 0 to 120 min (%ID/g s−1)

Control (n = 6) 0.58 ± 0.15 0.35 ± 0.06 0.34 ± 0.13 0.53 ± 0.05 2.25 ± 0.44 11,910 ± 934
LPS (n = 5) 0.86 ± 0.18 0.36 ± 0.13 0.61 ± 0.58 0.68 ± 0.23 3.77 ± 0.41 15,940 ± 1226

p 0.0112 0.3210 0.1818 0.1092 0.0001 *** 0.0032 **

** p < 0.001, *** p < 0.0001.
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Figure 7. Parent fraction of [18F]FEPPA Time Activity Curve in %ID/g ± SD control vs. LPS. (a) Mean
in whole brain (p = 0.0063); (b) Mean in cerebellum (p = 0.0179); (c) Mean in cortex (p = 0.0126); (d) Mean
in hippocampus (p = 0.0266) (n = 8 controls and 7 LPS).

3. Discussion

In this study, we developed and optimized an easy-to-perform automated [18F]FEPPA
radiosynthesis process suitable for clinical use based on previous work of Vasdev et al. [33]. Our study
also documented plasma and brain metabolism of [18F]FEPPA in mice, allowing for demonstration
of significant changes in the brain distribution of unmetabolized [18F]FEPPA in a murine model of
peripheral inflammation using ip LPS injection.

In this radiosynthesis, a less toxic solvent was used in the mobile phase for semi-preparative
HPLC than previous studies. Indeed, according to ICH (Q3C) and the FDA, ethanol is a class 3 solvent,
whereas methanol, used previously [31,33], is class 2 and should be limited in pharmaceuticals
due to its inherent toxicity. Use of methanol requires an additional reformulation step such as
SPE cartridge capture [33] or drying and recovery with ethanol/water [31]. Besides, it still leaves
residual traces of solvent in the final product and so requires residual solvent quantification, which is
time-consuming and costly. Our new radiosynthesis conditions achieved a slightly better non-decay
corrected radiochemical yield of 39% ± 3% in 34 min, as compared to 30% ± 6% in 36 min reached by
Vasdev et al. [33], from end of azeotropic drying to the end of formulation. Berroterán-Infante et al. [34]
decribed an optimized radiosynthesis process with a high nondecay corrected radiochemical yield of
38% ± 3% (EOB) but using acetonitrile for purification and followed by formulation with cartridge.
Another study has reported a radiosynthesis process using also ethanol and water in the purification
and formulation processes with a lower radiochemical yield of 13 ± 8% in 59 min (EOB) [35].
Our optimized radiosynthesis process use ethanol, water and phosphoric acid for purification allowing
us to bypass the formulation step. This method achieved a nondecay corrected radiochemical yield of
34% ± 2% (EOB) in 55 min.
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[18F]FEPPA was produced with high radiochemical, chemical purity, and molar activity comparable
to those reported in the literature [33,34] with class 3 solvent (ethanol/water) for purification.

To evaluate this radiotracer, a dynamic μPET/CT imaging study was carried out in vivo with a
mouse model of inflammation induced by ip injection of 5 mg/kg of LPS as compared to saline-injected
control mice. The intrastriatal injection of LPS or AMPA in mice or rats is a known model of brain
inflammation. For example, a study using three differents PET TSPO radiotracers ([18F]DPA-714,
[11C]PK11195, and [18F]GE-180) in rats that have been stereotactically injected with 1 μg LPS in the
right striatum have shown that [18F]GE-180 was able to shows a higher core/contralateral ratio and
BPND when compared to (R)-[11C]PK11195, while [18F]DPA-714 did not [44]. However, the act of
introducing a needle into the brain itself may cause local inflammation that could interfere with the
experiment. We therefore chose a less invasive and easier model consisting of a single ip injection
of LPS (5 mg/kg). The Salmonella enterica serovar typhimurium LPS inflammation model is less
documented than E. coli LPS model, and some studies suggest differences in the inflammation pathways
induced. Indeed, Salmonella enterica serovar typhimurium LPS induces a greater increase in inflammatory
cytokines through toll-like receptor TLR2 [45,46]. Western blot analysis showed a significant 2.2-fold
increase in brain TSPO expression in the whole brain of LPS-injected mice as compared to control mice
24 h after LPS injection (Figure 6) which allowed to validate a positive control for the TSPO-PET brain
imaging study.

Alongside dynamic PET/CT imaging with [18F]FEPPA, the metabolism study showed the
relatively important and rapid metabolism of the radiotracer in plasma, in accordance with previous
studies [33]. Indeed, our metabolism study documented one main metabolite and a rapid decrease
of the parent fraction in plasma (Figure 6). In contrast, our study showed that [18F]FEPPA brain
metabolism was less important than in the plasma, which is in accordance with one previous study in
rats [31]. This metabolism in the plasma may be a disadvantage in terms of [18F]FEPPA use since it
makes its quantification more difficult. However, most of the TSPO radioligands available are also
known to shown significant metabolism. For example, [18F]DPA-714 parent fraction represents 11–15%
of total radioactivity in the blood 120 min after injection in rats and baboons [47].

[18F]FEPPA biodistribution in C57BL6 mice confirmed previously published results in rats and
athymic mice: rapid uptake by the lungs, heart, and spleen and excretion by the kidneys [31,33].
The whole body distribution of [18F]FEPPA (Figure 4) show the relative low uptake in brain as
compared to peripheral tissue like heart or kidney as it was expected for a TSPO radiotracer [39].
The low [18F]FEPPA brain uptake in our control mice (%ID/g in brain within 2–4%) is rather favorable
for signal/background ratio i.e., the detection of cerebral processes (Figure 4). Furthermore, our
study suggests that the time activity curve (TAC) of [18F]FEPPA corrected from brain metabolism
is significantly increased in the LPS-injected mouse group as compared to control mice (Figure 7).
This result could be explained on one hand by the significant increase of the specific target TSPO
protein expression in the brain of LPS-injected C57Bl6 mice as compared to control group, as confirmed
by western blot analysis, and on the other hand by an opening of the blood-brain barrier (BBB) [38].
BBB disruption was shown in some brain regions sush as frontal cortex, thalamus, or cerebellum in
male CD1 mice (6–10 weeks old) 24 h after one single ip injection of LPS 3 mg/kg [38].

This significant increase in [18F]FEPPA distribution in the brain of LPS-injected mice as compared
to control mice was observed consistently throughout the main brain structures/regions such as whole
brain, cortex, cerebellum, and hippocampus (Figure 7).

Pharmacokinetic parameters for [18F]FEPPA distribution in the whole brain of mice showed a
significant increase in the total distribution volume VT in LPS-injected mice as compared to control
mice. There were no other statistically significant changes in constant rates between the plasma, brain
and vascular compartments (Table 1), except for the K1, which was significantly increased in the LPS
group. K1 is the uptake rate constant for compartment 1 which represents free and non-specifically
bound tracer. This increase in K1 suggests improved [18F]FEPPA passage across the blood-brain barrier
in LPS-injected mice which could be explained by a BBB disruption. Kb (the rate of binding of the
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radiotracer to the endothelium of the vasculature [41,42]) was not modified between LPS and control
mice. This therefore suggests that the increased [18F]FEPPA VT observed in the brain is more likely due
to an increase in the TSPO expression in the brain parenchyma of LPS-treated mice. The k3/k4 ratio,
also named BPND, is the ratio at equilibrium of specifically-bound radioligand to non-displaceable
radioligand in the tissue. The increased k3/k4 ratio in the LPS-treated mice suggests higher specific
binding to TSPO. The fact that this increase in the k3/k4 ratio is not statistically significant is possibly
due to its high variability. This high k3/k4 ratio variability we have observed is consistent with the
relatively high standard deviation observed in [18F]FEPPA TAC especially in the brain of LPS injected
mice group (Figure 7). Indeed Rusjan et al. have reported that k3/k4 ratio is highly variable, and the
most reliable parameter to document an increase in [18F]FEPPA brain distribution is the increase in
VT [48]. Furthermore, the same team has reported, by Monte-Carlo simulation, that an increase or
decrease of K1 does not significantly modify VT [48].

The hypothesis in a drug/compound brain distribution increase linked to a higher cerebral blood
flow could be true only for molecules that are highly extracted by the brain. Indeed, according to the
Renkin and Crone equation [49], one of the main pharmacokinetic principles of the distribution of
molecules in tissues is that it is governed by blood flow and the ratio of blood concentration to tissue
concentration. Depending on the value of this ratio, molecules behave in two ways: (i) for molecules
that are poorly extracted by brain tissue (<30%), variations in blood flow have little or no influence on
their brain distribution; these molecules are called blood-flow independent or permeability dependent;
(ii) for molecules that are strongly extracted by brain tissue (>30%), such as glucose or oxygen, cerebral
blood flow strongly influences their brain distribution. [18F]FEPPA is a molecule with low brain
extraction (2 to 4% ID/g), and the cerebral passage of this type of molecule does not depend on the
cerebral blood flow. Similarly, the brain distribution of [11C]verapamil, which also has low brain uptake
between 1.5 and 3% of the injected dose, did not depend on cerebral blood flow [50]. Besides, in a
clinical study in healthy subjects, Rusjan et al. have shown that VT is the most robust parameter for
quantifying [18F]FEPPA uptake and that it is not modified by an increase or decrease in cerebral blood
flow [48].

The increase in [18F]FEPPA k3/k4 (although not significant) and VT in the brains of LPS-treated
mice is in accordance with an activation of pro-inflammatory microglial state with TSPO overexpression
as confirmed by western-blot analysis. This phenotype overexpresses TSPO while reparative and
mixed stages do not [51]. [18F]FEPPA is one of the main second generation TSPO radioligands being
the most advanced in clinical development to study the neuroinflammation process. It represents a
useful tool to follow neuroinflammation in longitudinal study. The [18F]FEPPA radio-synthesis method
seems easier than that of [18F]DPA-714, and the metabolism of [18F]FEPPA is less important than
that of [18F]DPA-714 [47], which is more favorable for [18F]FEPPA quantification in brain. However
the dynamic acquisition and the three patterns of binding affinity in human are hindrance (both for
[18F]DPA-714 and [18F]FEPPA) to their clinical use.

To summarize, in this study, we have developed an automated synthesis method for [18F]FEPPA
that includes HPLC purification/formulation easily performed on the Allinone® radiosynthetiser
with a nondecay corrected radiochemical yield of 34% ± 2% (EOB) in 55 min and purification
with only class 3 solvent (ethanol). The [18F]FEPPA radiotracer obtained is more suitable for
preclinical and clinical use than those obtained before. The PET imaging study using the TSPO
ligand [18F]FEPPA has allowed us to observe a significant increase in [18F]FEPPA VT in the brain
of a murine neuroinflammation model 24 h after a single ip injection of Salmonella enterica serovar
typhimurium LPS.
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4. Materials and Methods

4.1. Radiochemical Synthesis of [18F]FEPPA

4.1.1. General

All reagents and solvents were purchased from commercial suppliers (ABX, Radeberg, Germany
or Sigma-Aldrich, St Quentin Fallavier, France) and were used without further purification. Sep-Pak
QMA were purchased from ABX. [18F]fluoride ion was produced via the [18O(p,n)18F] nuclear reaction
(IBA Cyclone 18/9 cyclotron).

Radioactivity of the final product was measured with a dose calibrator (PET DOSE 5 Ci,
COMECER®, Castel Bolognese, Italy).

4.1.2. Radiosynthesis

Radiosynthesis of [18F]FEPPA was performed using an AllInOne® (Trasis, Ans, Belgium) synthesis
module and a tosylated precursor for a one-step fluorine nucleophilic aliphatic substitution, based on
the radiosynthesis previously described [31] (Figure 8).

 

Figure 8. [18F]FEPPA radiosynthesis layout on an AllInOne® module.

The list of reagents used in the automated procedure is presented in Table 2. [18F]FEPPA was
synthesized using an in-house reaction sequence described in Table 3.
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Table 2. List of reagents.

Position Reagents Quantities

5 Pre-conditioned Sep-Pak® Light QMA 1
2 (vial A) Eluent QMA (K2CO3/K222 in CH3CN/H2O, 80/20, v/v) 1 mL
8 (vial B) Precursor 5 mg

10 (vial C) CH3CN anhydrous 15 mL
11 (vial D) Mobile phase (30/70 EtOH/H2O + 0.1% phosphoric acid) 6 mL
13 (bag W) WFI 250 mL

Table 3. Reaction sequence for [18F]FEPPA radiosynthesis.

Fluorination of Precursor

1. [18F]fluoride trapping on a pre-activated QMA cartridge
2. [18F]fluoride desorption by eluent
3. Azeotropic evaporation at 110 ◦C for 10 min
4. Addition of precursor to the reactor vial
5. [18F]fluorination at 90 ◦C for 10 min
6. Cooling the reactor vial
7. Addition of HPLC mobile phase to the reactor vial

Purification of [18F]FEPPA

1. Injection on HPLC semi-preparative
2. Collection of [18F]FEPPA in 1.5 mL 8.4% sodium bicarbonate

Formulation of [18F]FEPPA

1. Dilution of the collected fraction with NaCl 0.9%
2. Sterile filtration

The aqueous [18F]fluoride target solution was loaded on a QMA (Pre-conditioned Sep-Pak®

Light QMA cartridge, ABX). The concentrated [18F]fluoride was eluted into the reactor using a
K2CO3 (3 mg) and Kryptofix (K222, 15 mg) mixed solution (1 mL, CH3CN/H2O, 80/20, v/v).
The solvents were evaporated under reduced pressure at 110 ◦C for 10 min. To the dry
residue containing the K222/potassium [18F]fluoride complex was added the tosylated precursor
(2-(2-((N-4-phenoxypyridin-3-yl)acetamido)methyl)phenoxy)ethyl 4-methylbenzenesulfonate) (5 mg)
in acetonitrile (1 mL), and the mixture was heated and maintained at 90 ◦C for 10 min. After cooling,
the radiolabeling reaction is then stopped by the addition of 3 mL of mobile phase 30/70 v/v
ethanol/water + 0.1% of phosphoric acid in the reactor. After passing through a 0.22 μm vent filter,
this solution is transferred into the injection loop and followed by rinsing with 3 mL of mobile phase.
The purification by semi-preparative HPLC (column Phenomenex Kinetex® C18 10 μm 250 × 10 mm;
Le Pecq, France) is carried out in isocratic with a solution (30/70 v/v) of ethanol/water + 0.1%
of phosphoric acid at 4 mL/min. The fraction containing [18F]FEPPA, associated to a well-defined
radioactive peak, was collected at 13–14 min. The finished product is then received in a flask containing
1.5 mL of sodium bicarbonate 8.4%. The radiotracer solution was finally passed through a 0.22 μm
Millipore filter into a sterile vial for in vivo experiments. Production was diluted in saline to reach a
volume activity of 1.8–2 GBq/mL.

4.1.3. Quality Control

The radiochemical and chemical purity, stability, and molar activity measurements were
performed by analytical HPLC. The molar activity of the radiotracer was assessed by measurement
of the injected radioactivity, and the FEPPA concentration in the sample was derived from the
UV detection.
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The identity of the labeled compound [18F]FEPPA was confirmed by co-injection with a
non-radioactive standard of FEPPA. The FEPPA concentration in the radioactive sample was obtained
using the UV-peak area ratio between the radioactive product and the standard solution.

Analytical HPLCs were performed on a Dionex Ultimate 3000 (Thermofisher Scientific, Waltham,
MA, USA) with a multi-wavelength UV Diode Array Detector (DAD) in series with a Bioscan gamma
detector (Canberra, St Quentin Yvelines, France) using a Kinetex® C18 column (50 × 2.1 mm, 2.6 μm)
H2O/CH3CN 75/25 at 0.6 mL/min. A delay time of 20 s was observed between the two detectors.

4.2. Animal Models

All animal experiments were performed in accordance with European guidelines for care of
laboratory animals (2010/63/EU) and were approved by the Animal Ethics Committee of Paris Nord.

In vivo quality control of [18F]FEPPA (biodistribution studies) was performed in 12-week-old
C57Bl/6JRj mice (Janvier, France) (n = 16). Eight mice were injected with 500 μL 0.9% NaCl by ip,
and 8 with LPS from salmonella enterica serotype typhimurium (Sigma-Aldrich, Saint Louis, MO, USA)
5 mg/kg in 500 μL 0.9% NaCl. Micro PET/CT imaging was held 24 h after the LPS injection. Brains
were removed immediately after imaging and preserved for western blot. Metabolism study was
performed in 12-week-old C57Bl/6JRj mice (Janvier, France) (n = 16).

4.3. Western Blot Analysis of TSPO

Adult mice brains were dissected and reduced in powder at −80 ◦C, immediately dissolved
in PBS with 2% SDS, and 1× EDTA-free Complete Protease Inhibitor (Roche, Basel, Switzerland).
Lysates were sonicated twice at 10 Hz (Vibra cell VCX130) and centrifuged for 30 min at 16,000 rcf at
4 ◦C. Supernatants were boiled in 5× Laemmli loading buffer. Protein content was measured using
the BCA protein assay reagent (Thermo scientific, Waltham, MA, USA). Equal amounts of proteins
(20 μg) were separated by denaturing electrophoresis in NuPAGE 4–12% Bis-Tris acetate gradient
gel (Invitrogen, Carlsbad, CA, USA) and electrotransfered to nitrocellulose membranes. Membranes
were analyzed using the following primary antibodies: rabbit anti-TSPO (Abcam, Cambridge, UK)
(1:10,000); horseradish-peroxidase-conjugated (HRP) anti-GAPDH (1:10,000); Secondary antibody used
was HRP-conjugated anti-rabbit antibodies (Amersham) (dilution 1:2000). HRP activity was visualized
by enhanced chemiluminescence (ECL) using Western Lightning plus enhanced chemoluminescence
system (Perkin Elmer, Waltham, MA, USA). Chemoluminescence imaging was performed on a LAS4000
(Fujifilm, Tokyo, Japan). GAPDH expression was used as a loading reference.

4.4. Metabolism Study

Adult mice were injected with 68.6 MBq ± 4.4 MBq of [18F]FEPPA in the tail vein. Arterial blood
sampling (intra cardiac) was done at different times (5, 15, 30, 45, 60, 75, 90, and 120 min) then followed
by exsanguination and brain removal under anesthesia (ketamine/xylazine lethal dose). Samples were
homogenized with CH3CN and then centrifuged. Pellet and supernatant were counted separately on a
gamma counter (WIZARD2®, Perkin-Elmer, Villebon-sur-Yvette, France).

Radiometabolites in supernatant were performed in HPLC on a Dionex Ultimate 3000
(Thermofisher Scientific, Courtaboeuf, France) with a multi-wavelength UV Diode Array Detector
(DAD) in series with a Bioscan gamma detector (Canberra, St Quentin Yvelines, France) with a Kinetex®

column (C18 250 × 4.6 mm, 5 μm), gradient H2O/CH3CN 60/40 to 50/50 in 5 min at 1 mL/min.

4.5. In Vivo PET/CT Imaging

PET/CT imaging was performed using Inveon micro PET/CT scanner (Siemens Medical
Solutions, Erlangen, Germany) designed for small laboratory animals. Mice were anesthetized
(isoflurane/oxygen, 2.5% for induction at 0.8–1.5 L/min, and 1–1.5% at 0.4–0.8 L/min thereafter)
during injection of [18F]FEPPA (9.9 ± 1.5 MBq) in a volume of 0.15 mL (0.22 ± 0.19 nmol of FEPPA)
via the tail vein, and during PET/CT acquisitions.
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For [18F]FEPPA biodistribution studies, dynamic mod-list PET acquisitions were performed from
time of radiotracer injection until 120 min after injection (n = 16). The dynamic list-mode contains
25 frames (5 s × 12; 60 s × 4; 5 min × 2; 15 min × 7).

The spatial resolution of Inveon PET device was 1.4 mm full-width at half-maximum at the center
of the field of view. Images were reconstructed using a 3D ordered subset expectation maximization
method including corrections for scanner dead time, scatter radiations, and randoms.

4.6. Data Analysis and Modeling

PET/CT images were visually assessed. Then quantitative analysis of PET/CT images was
performed by PMOD version 3.806 image analysis software (PMOD Technologies, Zurich, Switzerland).
For comparisons, all values of radioactivity concentrations were normalized by the injected dose and
expressed as percentage of the injected dose per g of tissue (% ID/g).

PET images were automatically rigid matched with corresponding CT and then cropped to keep
only the brain images. CT were automatically rigid matched with a T2 MRI template (M. Mirrione,
included in PMOD), and then the transformation applied to the PET image was cropped. This method
allowed us to use the atlas of the brain corresponding to the T2 MRI template.

The arterial input function was computed from plasma sampling and corrected for metabolism of
the parent ligand. A two compartment + vascular trapping 4 rate-constant kinetic model was used to
characterize [18F]FEPPA pharmacokinetics as previously described [41,42]. Model parameters were
estimated for influx constant K1 (mL·cm−3·min−1), efflux (k2) (min−1) rate of radioligand diffusion
between plasma and brain compartment. Exchange between compartments k3 and k4 (min−1) were
also estimated. Finally, the Kb (min−1) parameter that describes the rate of binding to the TSPO in the
endothelium and the macro-parameters VT (mL·cm−3) was also used to estimate the total distribution
volume for the whole brain with goodness of fit evaluated by inspection [43].

4.7. Statistical Analysis

Data are presented as mean ± SD. Statistical analysis was performed using Prism 5, version 5.0.1
(La Jolla, CA, USA). A significance value of p < 0.05 was used.
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Abstract: Neuroinflammation, which involves microglial activation, is thought to play a key role
in the development and progression of neurodegenerative diseases and other brain pathologies.
Positron emission tomography is an ideal imaging technique for studying biochemical processes
in vivo, and particularly for studying the living brain. Neuroinflammation has been traditionally
studied using radiotracers targeting the translocator protein 18 kDa, but this comes with certain
limitations. The current review describes alternative biological targets that have gained interest
for the imaging of microglial activation over recent years, such as the cannabinoid receptor type 2,
cyclooxygenase-2, the P2X7 receptor and reactive oxygen species, and some promising radiotracers for
these targets. Although many advances have been made in the field of neuroinflammation imaging,
current radiotracers all target the pro-inflammatory (M1) phenotype of activated microglia, since
the number of known biological targets specific for the anti-inflammatory (M2) phenotype that are
also suited as a target for radiotracer development is still limited. Next to proceeding the currently
available tracers for M1 microglia into the clinic, the development of a suitable radiotracer for M2
microglia would mean a great advance in the field, as this would allow for imaging of the dynamics
of microglial activation in different diseases.

Keywords: positron emission tomography; microglia; neuroinflammation

1. Microglial Activation—Focus on Imaging

Microglia are the resident immune cells of the brain and are involved in brain development,
maintenance of homeostasis, neuroinflammation and neurodegeneration [1,2]. Microglia are highly
dynamic cells, with processes surveilling the brain in homeostasis, while changing morphology to a
more amoeboid shape upon activation, for instance when encountering a pathogen or injury to the
brain. While altering morphology, cell surface receptor expression and secretion of chemokines and
cytokines are altered as well. Although there is a spectrum of activation phenotypes, and transcriptome
studies have shown microglial activation to be highly context dependent [2], microglial activation
is roughly characterized as being either classic, pro-inflammatory activation (M1) or alternative,
anti-inflammatory activation (M2). M1 microglia are recognized to produce pro-inflammatory
cytokines such as interleukin (IL)-1β and tumor necrosis factor (TNF)-α and express nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, which generates superoxide and reactive oxygen
species (ROS) [2]. On the other hand, M2 microglia promote the healing process, as well as releasing
anti-inflammatory factors like IL-10 and tumor growth factor (TGF)-β as well as other growth
factors and neurotrophic factors [2]. In vitro, the different phenotypes of activated microglia can
be characterized by looking at protein expression using, for example, immunohistochemical staining
of post mortem brain samples [3–5]. Although a great deal has been learned from these in vitro studies
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in different neurodegenerative diseases, this has not been translated to an in vivo situation, mainly
because of the difficulty of obtaining biopsy specimens from brain. For this purpose, positron emission
tomography (PET) would be the ideal medical imaging technique, as it makes use of radioactively
labeled molecules that can be specifically directed against a biological target. Traditionally, the target
for PET imaging of microglial activation has been the translocator protein 18 kDa (TSPO) [6]. However,
tracers targeting TSPO come with certain limitations, mainly due to their high non-specific binding,
low brain uptake, and the fact that a TSPO polymorphism causes large differences in binding affinity
between subjects [7–9]. In addition, TSPO has some drawbacks as a target itself, such as expression
in multiple cell types, and upregulation of TSPO has been associated with the M1 activation status
of microglia, and, to a lesser extent, with the M2 activation status [10]. Furthermore, it was recently
reported that TSPO expression increases by about nine-fold under neuroinflammatory conditions in
rodent macrophages and microglia, but in humans, no significant increase was found [11]. Moreover,
under pro-inflammatory conditions, a decrease in TSPO protein expression was observed in human
adult microglia and monocyte-derived macrophages [11]. Although more investigation, especially
in vivo, is needed, these results suggest that increased signals obtained in humans using PET tracers
targeting the TSPO do not necessarily reflect increased microglial activation, but merely provide a
measure of microglial/macrophage density. For these reasons, more and more effort is being put into
the search for new targets and tracers for PET imaging of microglial activation. Specific interest lies
in the imaging of the different microglial phenotypes. Apart from alterations in the expression of
TSPO, the expression of several other receptors and enzymes is altered during microglial activation
(Figure 1). The current review focuses on the recent progress made in the development of PET tracers for
neuroinflammation imaging, specifically for the cannabinoid receptor type 2 (CB2), cyclooxygenase-2
(COX-2), purinergic receptor P2X7 and ROS.

 

Figure 1. Molecular targets for imaging neuroinflammation in neurodegeneration. TSPO = translocator
protein 18 kDa; CB2 = cannabinoid receptor type 2; COX-2 = cyclooxygenase-2; DHE = dihydroethidium;
DHQ1 = dihydroquinoline analog.

2. PET Tracers Targeting the Cannabinoid Receptor Type 2

Cannabinoid receptors are G-protein coupled receptors, of which two subtypes are known
to date. Whereas cannabinoid receptor type 1 (CB1) is constitutively expressed in the central
nervous system (CNS), type 2 (CB2) is predominantly expressed in peripheral organs [12]. However,
CB2 is also expressed on microglia and neurons [13], and its expression in particularly microglia
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increases significantly under neuroinflammatory conditions [12,13]. As a consequence, a number
of tracers have been recently investigated in animal models of microglial activation. [11C]A-836339
(Figure 2, Ki = 0.7 nM, 425-fold selective over CB1 [14,15]) showed an increase in specific brain
uptake in mice, 5 days after systemic injection of lipopolysaccharide (LPS), compared with control
mice [14]; however, in a later study with the same tracer, Pottier et al. could not reproduce
these results in LPS-treated rats [16]. Two other rat models were included in the latter study
(α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and experimental stroke) and neither
model demonstrated increased tracer uptake [16]. Likewise, uptake of [11C]NE40 (Figure 2, Ki = 9.6 nM,
100-fold selective over CB1 [17]) was not significantly increased in brains of rats after experimental
stroke, compared with sham-operated animals [18]. In contrast to this, more recently, an increased
uptake of [11C]NE40 was observed one day after experimental stroke in rats, but uptake decreased
to baseline levels at later time-points [19]. Using an 18F-labeled analog of A-836339, [18F]29 (Figure 2,
Ki = 0.4 nM, 1000-fold selective over CB1 [20]), increased uptake was observed in brains of mice treated
with LPS, but with only 7% of intact tracer left in plasma at 30 min post injection (p.i.) [20], its rapid
metabolic degradation will hamper further application of this tracer.
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Figure 2. Radiotracers targeting the cannabinoid receptor type 2 (CB2).

Slavik et al. were able to show increased uptake in mouse brains after systemic administration
of LPS with both [11C]RS-016 (Figure 2, Ki = 0.7 nM, >10,000-fold selectivity over CB1 [21]) and
[11C]RSR-056 (Ki = 2.5 nM, >1000-fold selective over CB1 [22]), although uptake of [11C]RSR-056 could
only be blocked marginally, suggesting a high level of non-specific binding [22]. The same results could
not be obtained with analog [18F]RS-126 (Figure 2, Ki = 1.2 nM, >10,000-fold selective over CB1) [23],
and in a later in vitro study in post mortem tissue of amyotrophic lateral sclerosis (ALS) patients,
a high amount of non-specific binding was observed [24]. Therefore, another 11C-labeled analog was
synthesized, which did show increased binding to ALS patient tissue compared with control tissue,
but in vivo in mice [11C]RS-028 (Figure 2, Ki = 0.8 nM, >10,000 selective over CB1) showed rapid
washout of spleen (high abundance of CB2) and low brain uptake, leading authors to conclude this
tracer is not optimal for in vivo application [24].

To date, one tracer targeting CB2 has been investigated in humans. [11C]NE40 showed favorable
fast brain uptake and washout in healthy human subjects [25]. Unfortunately, in a follow-up
study in healthy controls and patients with Alzheimer’s disease (AD), decreased brain uptake of
[11C]NE40 in AD patients compared with healthy control subjects was shown [26], even though
upregulated expression of CB2 has been previously demonstrated in post mortem AD brain tissue [27].
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The authors concluded that the decrease in uptake in the brain of AD patients is possibly a result of
neuronal loss in late stage AD [26], leading to an overall decrease in CB2 expression, even though
CB2 may be upregulated in microglia. This is supported by a study in transgenic AD mice using
[11C]A-836339, in which increased tracer binding was observed in brains of AD mice compared
with control animals [13]. However, the transgenic model is not accompanied by neuronal loss, and
extensive immunohistochemical staining studies showed that, in control mice, CB2 expression is
mainly localized on neurons, whereas in transgenic AD mice, CB2 is mainly expressed in microglia [13].
Importantly, the intensity of the staining and thus, the expression of CB2 in neurons did not differ
between control mice and transgenic AD mice, and therefore, increased tracer uptake could be
attributed to upregulated CB2 expression in glial cells [13].

In summary, the upregulation of CB2 in neuroinflammation still needs to be further investigated.
In particular with respect to neurodegenerative diseases, as in more advanced stages of these
diseases, neuronal loss is known to occur. Therefore, CB2 may only be useful in the earliest stages of
neurodegenerative diseases. In addition, as the above described studies have shown, high selectivity
for CB2 over CB1 of radiotracers is necessary to eliminate a non-specific PET signal due to the high
abundance of CB1 in CNS.

3. PET Tracers Targeting Cyclooxygenase-2

Cyclooxygenases (COX) are involved in the arachidonic acid cascade and activation of
inflammatory pathways, such as Nuclear Factor (NF)-κB, leading to the release of prostaglandins,
chemokines, cytokines and ROS [28]. Both isoforms (COX-1 and COX-2) are expressed in the brain,
but regulatory functions and cell localization differ between the two. COX-2 has been of main
interest as a target in neuroinflammation, as its expression is low in healthy brains but is rapidly
overexpressed under inflammatory conditions [28,29]. However, COX-1 has also been implicated
as having a role in neuroinflammation [28] and conflicting evidence exists for the expression and
upregulation of COX-2 under inflammatory conditions [29]. To investigate the potential of COX-1
or COX-2 as targets for imaging of neuroinflammation, radiotracers should have high selectivity for
one isoform over the other. Only a limited amount of isoform-selective tracers have been published,
and COX-2 targeting tracers show high blood pool retention and limited uptake in target organs.
These tracers also show high amounts of non-specific binding, relatively low affinities (>50 nM)
and rapid metabolism or, in the case of 18F-labeled compounds, substantial defluorination [29,30].
Some promising COX-2 selective radiotracers are depicted in Figure 3. One of these tracers, [11C]MC1
(IC50 COX-2 = 3 nM; COX-1 > 1000 nM) [31], was recently used in a LPS-induced neuroinflammation
model in rhesus monkeys together with COX-1 selective tracer [11C]PS13 (IC50 COX-1 = 1 nM;
COX-2 > 1000 nM) [32]. Interestingly, this study showed an upregulation of COX-2, but not COX-1,
after LPS-induced neuroinflammation in rhesus monkey brains [33].

An 18F-labeled analog of celecoxib ([18F]5; Figure 3) [34] was evaluated in colorectal cancer cells
in vitro, but uptake of the tracer could not be blocked with either celecoxib or rofecoxib. Although
[18F]5 showed increased selectivity for COX-2 over COX-1 (IC50 > 100 μM) compared with celecoxib,
its IC50 value for COX-2 also decreased to 0.36 μM, which might explain the non-selectivity in
blocking experiments. In addition, although [18F]5 was metabolically stable, the tracer was quickly
cleared in vivo in COX-2 expressing tumor-bearing mice, which resulted in a lack of uptake in the
tumor compared with the uptake observed in vitro, and is therefore not a suitable candidate for
COX-2 imaging studies [34]. Another metabolically stable 18F-labeled analog of celecoxib, [18F]1
(IC50 COX-2 = 1.7 nM; IC50 COX-1 = 0.38 μM [35]), was obtained via the non-standard route of
electrochemical radiofluorination [36] to attach the fluorine-18 atom to the pyrazole ring (Figure 3).
Although this led to low yields (2% radiochemical yield) and low molar activity (~110 MBq/μmol),
[18F]1 could be a valuable COX-2 radiotracer in vivo, once, as indicated by the authors, an efficient
radiosynthesis method is identified, given its good in vitro affinity, and high metabolic stability in
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mice (>95% intact tracer at 60 min p.i. in blood), and its high brain uptake (2% ID/g in mouse brain at
60 min p.i.).

N

S
N
H

O

18F
N

CF3

O

[18F]5

N

S
H2N

O

N
CF3

O
18F

[18F]1

N

S
H2N

O

N
CF3

O

[11C]celecoxib

11CH3

O

O

SO
O11CH3

[11C]rofecoxib

N

N

O
11CH3

N
H

S
O

O

S

[11C]MC1
IC50 COX-1 > 100 μM
IC50 COX-2 = 0.36 μM

IC50 COX-1 = 8 μM
IC50 COX-2 = 40 nM

IC50 COX-1 = 0.38 μM
IC50 COX-2 = 1.7 nM

IC50 COX-1 > 1 μM
IC50 COX-2 = 3 nM

IC50 COX-1 > 15 μM
IC50 COX-2 = 19 nM

[31] [34] [35]

[37] [38]

 

Figure 3. Radiolabeled inhibitors of cyclooxygenase-2 (COX-2).

To summarize, failure to show COX-2 upregulation in animal models of neuroinflammation and
human disease may have been caused by the suboptimal properties of the tracers evaluated to date
(i.e., [11C]celecoxib [37] and [11C]rofecoxib [38]), which includes either poor selectivity for COX-2
over COX-1, or a high level of non-specific binding. Therefore, the newly developed and selective
radiotracers mentioned here (e.g., [11C]MC1) should be evaluated in human disease, to assess their
potential in a clinical setting.

4. PET Tracers Targeting the P2X7 Receptor

The P2X7 receptor (P2X7R) is expressed in multiple cell types of the myeloid cell lineage,
and although conflicting evidence exists for P2X7R expression in astrocytes and neurons, in CNS the
receptor is mainly expressed in microglia. The natural agonist of P2X7R is adenosine triphosphate (ATP),
but as the affinity of ATP for P2X7R is low, the receptor is only activated at high (mM) concentrations of
ATP. Therefore, the receptor is regarded as silent in normal physiology, but functionally upregulated
in case of an imbalance in ATP concentration in pathological conditions [39]. Activation of P2X7R
is involved in a diverse series of signaling pathways that are linked to neuroinflammation [40] and
is the key step in the activation of the inflammasome, leading to the release of pro-inflammatory
cytokines like IL-1β [39]. In addition, the generation of ROS following P2X7 receptor activation by ATP
or BzATP has been described for multiple cell types, including microglia [40,41]. P2X7R is therefore
associated with the pro-inflammatory phenotype of microglia, and its functional expression is usually
upregulated in CNS disease [39], which makes it an interesting target for both drugs and PET tracers.

Although P2X7R antagonist [11C]A-740003 (Figure 4) has already been shown to not enter
the brain [42], recently, the tritiated analog of this potent P2X7R antagonist ([3H]A-740003; IC50

hP2X7R = 40 nM; IC50 rP2X7R = 18 nM [43]) was used in an in vitro study in post mortem brain sections
of multiple sclerosis (MS) patients and rat brain sections of a rat model of MS (experimental autoimmune
encephalomyelitis; EAE) [44]. P2X7R was shown to be associated with the pro-inflammatory phenotype
of microglia, and was highly expressed in active MS lesions in human brain compared with normal
appearing white matter and chronic active lesions. In addition, in brain sections of the EAE rat model,
[3H]A-740003 binding increased during the peak of the disease (14 days after immunization). In both
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rat and human brain sections, increased tracer binding was confirmed with immunohistochemical
staining for P2X7R.
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Figure 4. Radiolabeled P2X7 receptor antagonists.

An analog of another cyanoguanidine containing compound (A-804598), was recently labeled with
fluorine-18 [45]. [18F]EFB (Figure 4) showed good affinity towards both human and rat P2X7R (Ki of
3 and 36 nM, respectively), but low brain uptake was observed in both healthy rats and rats treated
with LPS prior to PET scanning [45], and thus the application of [18F]EFB in imaging of microglial
activation will be limited.

Two carbon-11 labeled P2X7R antagonists of different compound classes (Figure 4), [11C]JNJ-54173717
(IC50 hP2X7R = 4 nM) and [11C]SMW139 (Ki hP2X7R = 32 nM [46]), were evaluated in a humanized rat
model, in which the human P2X7 receptor was locally expressed in striatum via an adeno-associated
viral vector [47,48]. Both tracers entered the rat brain and showed excellent uptake in the hP2X7R
overexpressing striatum (standardized uptake value (SUV) 0.8 and 2.1 at 10 min p.i., respectively)
compared with the contralateral striatum (SUV 0.6 and 1.4 at 10 min p.i., respectively). In addition,
[11C]JNJ-54173717 also showed high initial brain uptake (SUV 3.3) in non-human primates [47],
which likely enables translation to humans, and [11C]JNJ-54173717 is expected to proceed to clinical
evaluation. Although P2X7R overexpression in post mortem brain material of AD patients could not
be shown using [11C]SMW139 [48], a clinical study with this tracer is currently ongoing in patients
diagnosed with MS, based on the findings of P2X7R upregulation in active MS lesions described by
Beaino et al. [44].

[11C]GSK1482160 (Kd hP2X7R = 1 nM/Ki hP2X7R = 3 nM) was recently evaluated in a mouse
model of LPS-induced neuroinflammation [49] and the EAE rat model [50]. In contrast to other
studies using the LPS model of neuroinflammation [45,51] in which expression levels of Iba1 and
P2X7R were found to peak as early as 12 h post injection of LPS, the study by Territo et al. showed
highest expression of Iba1 only at 72 h p.i. Biodistribution studies in LPS-treated (5 mg/kg i.p.) and
saline-treated control mice revealed an increased uptake of [11C]GSK1482160 in LPS-treated mice
compared with saline-treated mice in all organs studied (2.9–5.7-fold) [49]. Small animal PET imaging
revealed a stable uptake in tissue within 10 minutes after tracer injection, and increased uptake in
the brains of LPS-treated mice (3.6-fold) was confirmed. In another study, [11C]GSK1482160 was
shown to enter the brains of rhesus macaques with an SUV maximum (2.7) at around 70 min p.i. [50].
The same group showed increased tracer binding in the lumbar spinal cord at the peak of the disease
in EAE rats (12–14 days post immunization) compared with healthy rats in an autoradiography study,
but failed to show this increase in vivo due to a stated insufficient affinity of [11C]GSK1482160 for the
rat P2X7R [50].
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Over the last few years, P2X7R has gained interest as a target for PET imaging of microglial
activation and may be a promising alternative for targeting TSPO. In addition, P2X7R may even be
more useful as a target for imaging of microglial activation, as it has been shown to be associated
predominantly with the pro-inflammatory microglial phenotype [44,45,49]. In in vitro situations,
in both animal models of disease and human tissue sections, P2X7R tracers have shown promise in
the ability to show the presence of neuroinflammation. However, the promising preclinical findings
still need to be confirmed in a human situation, as P2X7R overactivation may differ between diseases
and possibly even disease stages. In addition, no data are available on the actual expression levels of
P2X7R in humans, or differences therein in health and disease. To uncover the potential of targeting
P2X7R for PET imaging of microglial activation, several P2X7R tracers are currently being evaluated in
clinical trials.

5. PET Radiotracers for Imaging ROS

Oxidative stress results from the formation of pro-inflammatory microglia and astrocyte activation,
which are sources of nitric oxide (NO) and superoxide due to their increased expression of iNOS and
high levels of NADPH oxidase activity (Figure 1). Superoxide is normally removed from cells by
the action of superoxide dismutase (SOD). However, under high levels of NADPH oxidase activity,
superoxide can overwhelm these “protective mechanisms” and react with NO to form peroxynitrite
(ONOO-). Peroxynitrite is a highly reactive oxidant which can damage macromolecules within the
cytoplasm and nucleus, including DNA strand breaks, lipid peroxidation and the oxidation of sulfur
groups in proteins. The formation of DNA strand breaks is thought to lead to the activation of
cell death pathways via caspase-mediated or noncaspase-mediated mechanisms (i.e., necroptosis or
parthanatos) [52]. The development of PET radiotracers capable of imaging superoxide levels in the
CNS is expected to provide a sensitive means for imaging pro-inflammatory neuroinflammation in
neurodegenerative disorders such as AD [52]. In addition, the recognition of the role of NADPH
oxidase as a key mediator of oxidative stress via its production of superoxide has led to the
development of inhibitors of this enzyme as therapeutic targets for neurodegenerative diseases.
Therefore, the availability of a PET radiotracer for imaging superoxide levels in the CNS is expected to
serve as a sensitive measure of the therapeutic efficacy of a putative NADPH oxidase inhibitor.

The first PET radiotracer for imaging superoxide is [18F]FDMT (Figure 5), an 18F-labeled analog
of the fluorescent probe dihydroethidium (DHE), that was synthesized using “click” chemistry [53].
DHE has been previously shown to provide a sensitive measure of superoxide levels in cells and tissues,
using microscopy and optical imaging techniques [54,55]. Although [18F]FDMT showed promising
results in an animal model of adriamycin-induced model of cardiotoxicity, this radiotracer did not
cross the blood-brain barrier (BBB) and is not capable of imaging the increased levels of superoxide
that occur during neuroinflammation.

A number of radiolabeled analogs of dihydromethidium (a.k.a. hydromethidine), which is
the corresponding N-methyl analog of DHE, have been synthesized and evaluated in vitro and
in vivo [56,57]. [3H]Dihydromethidium is oxidized by both superoxide and hydroxyl radicals and has
been evaluated in animal models of stroke and cisplatin-induced nephrotoxicity [58,59]. A recent paper
has also reported the radiosynthesis and preliminary in vivo evaluation of [11C]dihydromethidium [57].
This compound shows high brain uptake in microPET imaging studies, but a detailed analysis of the
mechanisms of uptake and trapping of this radiotracer was not conducted.

In a follow-up study to their earlier work with [18F]FDMT, Mach and coworkers reported
the synthesis, in vitro characterization, and in vivo evaluation of [18F]ROStrace in an LPS-induced
mouse model of neuroinflammation [60]. In this study, the investigators reported that replacing the
corresponding triazole “click” moiety with the traditional [18F]2-fluoroethoxy group resulted in a
compound that freely crossed the BBB. A key observation in this study was the high variability in
uptake of [18F]ROStrace in the LPS-treated animals. However, when the investigators compared
the uptake of [18F]ROStrace with the degree of “sickness” following the LPS-treatment by using the
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scoring criteria outlined by Carstens and Moberg [61] for recognizing pain and distress in laboratory
animals, there was a high correlation between radiotracer uptake and degree of sickness induced by
LPS (Figure 6) [60]. The authors also conducted a detailed metabolite analysis study, confirming that
the radioactive species in the LPS-treated animals was primarily the oxidized form of [18F]ROStrace,
[18F]ox-ROStrace. Since [18F]ox-ROStrace does not cross the BBB, these results confirm the mechanism
of uptake and trapping outlined in Figure 7A. Since ROStrace is oxidized by superoxide and not
hydrogen peroxide and the hydroxyl radical, this trapping occurs via the oxidation of [18F]ROStrace to
[18F]ox-ROStrace by superoxide.
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Figure 5. Structures of the positron emission tomography (PET) radiotracers for imaging increased
levels of reactive oxygen species (ROS) in neuroinflammation.

Figure 6. The uptake of [18F]ROStrace correlates with the condition score (degree of “sickness”)
following treatment with lipopolysaccharide (LPS).

A second compound that has shown promise in imaging oxidative stress is the dihydroquinoline
analog, [11C]DHQ1 (Figure 5) [62]. [11C]DHQ1 is an analog of NADH/NADPH and has been used
previously as a redox carrier in the delivery of drugs to the CNS. It is capable of crossing the BBB
and, like the DHE analogs described above, is trapped in the brain by oxidation to a charged species
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(Figure 7B). Since pretreatment with the NOX2 inhibitor, apocyanin, results in a reduction in uptake of
[11C]DHQ1, part of its trapping mechanism can be attributed to the oxidation of the dihydro species
to the corresponding N-methylquinolinium species. However, this compound is also thought to be
a substrate for enzymes for the oxidation of NADH/NADPH in oxidative phosphorylation, so its
trapping mechanism is not limited to the presence of elevated levels of superoxide. Furthermore,
no information was provided on its relative reactivity to other oxidizing species, such as hydrogen
peroxide (H2O2) or hypochlorous acid (HOCl). Therefore, this tracer is best described as providing a
nonselective measure of oxidative stress.
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6. Concluding Remarks and Future Directions

Whereas traditionally, the development of new PET tracers for imaging of neuroinflammation
has been largely focused on improving the available ligands for TSPO, in recent years, attention has
begun to shift towards the development of radiotracers for alternative targets. Since the activation of
microglia is highly dynamic, and protein expression is dependent on both microglial phenotype and
microglial environment, (over)expression of a certain target protein may differ per disease, or even
be dependent on disease stage. Therefore, being able to visualize multiple targets in the living brain
is of utmost importance to gain more insight in this dynamic process. This is especially true for the
human situation, given the difficulty of obtaining biopsy specimens of brain tissue. As discussed in
the current review, several promising new radiotracers have been developed, targeting CB2, COX-2,
P2X7R and ROS. Although all of these targets are involved in the pro-inflammatory phenotype (M1) of
microglia, it may very well be that not every tracer/target is equally suitable for imaging microglial
activation in every disease, due to the aforementioned dynamics in protein expression in microglial
phenotypes. In addition, while radiotracers are often evaluated in rodent models of excitotoxin-induced
neuroinflammation or models of human disease, these are not necessarily representative of human
disease, as was recently also reported for TSPO [11]. To evaluate the potential of the biological targets
discussed in this review as valuable targets for PET imaging, it will be very interesting to see the
outcome of the clinical studies that are currently ongoing for several tracers. Nevertheless, all of these

138



Molecules 2018, 23, 607

targets are specific for the pro-inflammatory phenotype (M1) of activated microglia, and, to get a
complete view of the neuroinflammatory process, it is important to focus on the anti-inflammatory
phenotype (M2) as well. However, tracer development is limited by the availability of targetable
biomolecules specific for this phenotype. One target of high interest is the P2Y12 receptor (P2Y12R), a
G-protein coupled receptor that is highly overexpressed in the anti-inflammatory phenotype compared
with the pro-inflammatory and resting state phenotypes [2,63,64]. Moreover, the expression of P2Y12R
in CNS is limited to microglia only [2] and could therefore exclude any PET signals from infiltrating
monocytes and macrophages. Two recent autoradiography studies using a carbon-11 labeled P2Y12R
antagonist on brain sections of the EAE rat model and MS patients [44] and rodent stroke models and
a patient deceased from stroke [65] demonstrated the possibility of visualizing the anti-inflammatory
subset of microglia cells (i.e., M2-polarized microglia). Unfortunately, despite the fact that many
potent P2Y12R antagonists have been developed due to their use as anti-coagulants, a (radiolabeled)
compound that crosses the BBB is still lacking. The development of a brain-penetrant tracer that targets
the anti-inflammatory phenotype of activated microglia would initiate a great advance in the field of
neuroinflammation imaging, as a combined tracer study (pro- vs. anti-inflammatory) could provide
new insights into the dynamics of microglial activation in health and disease.
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Abstract: Both (+)-[18F]flubatine and its enantiomer (−)-[18F]flubatine are radioligands for the
neuroimaging of α4β2 nicotinic acetylcholine receptors (nAChRs) by positron emission tomography
(PET). In a clinical study in patients with early Alzheimer’s disease, (+)-[18F]flubatine ((+)-[18F]1) was
examined regarding its metabolic fate, in particular by identification of degradation products detected
in plasma and urine. The investigations included an in vivo study of (+)-flubatine ((+)-1) in pigs and
structural elucidation of formed metabolites by LC-MS/MS. Incubations of (+)-1 and (+)-[18F]1 with
human liver microsomes were performed to generate in vitro metabolites, as well as radiometabolites,
which enabled an assignment of their structures by comparison of LC-MS/MS and radio-HPLC
data. Plasma and urine samples taken after administration of (+)-[18F]1 in humans were examined
by radio-HPLC and, on the basis of results obtained in vitro and in vivo, formed radiometabolites
were identified. In pigs, (+)-1 was monohydroxylated at different sites of the azabicyclic ring system
of the molecule. Additionally, one intermediate metabolite underwent glucuronidation, as also
demonstrated in vitro. In humans, a fraction of 95.9 ± 1.9% (n = 10) of unchanged tracer remained in
plasma, 30 min after injection. However, despite the low metabolic degradation, both radiometabolites
formed in humans could be characterized as (i) a product of C-hydroxylation at the azabicyclic ring
system, and (ii) a glucuronide conjugate of the precedingly-formed N8-hydroxylated (+)-[18F]1.

Keywords: [18F]flubatine; NCFHEB; [18F]FLBT; radiometabolites; glucuronides; liquid chromatography–
tandem mass spectrometry (LC-MS/MS); liver microsomes; positron emission tomography (PET);
nicotinic acetylcholine receptors (nAChRs)

1. Introduction

Both enantiomers (+)-[18F]flubatine ((+)-(1S,5R,6R)-6-(6-[18F]fluoro-pyridine-3-yl)-8-azabicyclo-
[3.2.1]octane, (+)-[18F]1, Figure 1) and (−)-[18F]flubatine ((−)-[18F]1) are radioligands for imaging of
α4β2 nicotinic acetylcholine receptors (nAChRs) in brain by positron emission tomography (PET).
Their development starting from the alkaloid (−)-epibatidine [1], originally isolated from the poison
dart frog Epipedobates anthonyi, has been widely reported [2–4]. In the framework of preclinical and
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clinical studies, the metabolism of (−)-[18F]1 in pigs [5], rhesus monkeys [6–8], and in humans [3,9–11]
was examined mainly with the purpose of determination of the fraction of unchanged tracer over
time to enable a metabolite correction of the PET data obtained. In human, (−)-[18F]1 showed a high
metabolic stability [9].

 

Figure 1. Chemical structures of (+)-flubatine ((+)-1), (+)-[18F]flubatine ((+)-[18F]1) and metabolites
M1-M6, known from literature [4]. For M1, M2, and M6 the numbers in brackets refer to synthesized
references (rac-2a, rac-2b, rac-3) used in this publication. References rac-2a and rac-2b have been
described previously in [4].

For the determination of the fraction of unchanged tracer, samples of arterial blood are collected,
prepared, and analyzed by high performance liquid chromatography followed by online radioactive
detection (radio-HPLC). Alternatively, eluate fractions from HPLC separation can be collected and
inspected by a gamma counter. By radio-HPLC, in addition to the unchanged tracer, metabolites,
that still bear the radioactive nuclide, named radiometabolites, can also be detected. However,
due to the low concentrations, characterization of fluorine-18 bearing radiometabolites regarding
their chemical structures is usually not possible in a direct manner. For structural elucidation
additional investigations have to be conducted, e.g., by using the non-labelled parent compound
of the tracer and liquid chromatrography-mass spectrometry (LC-MS) or, more selective, liquid
chromatrography-tandem mass spectrometry (LC-MS/MS), instead of radio-HPLC [12]. For studying
the metabolism in vivo, the non-labelled parent compound can be administered to small animals,
e.g., rodents, in appropriate dosage to obtain samples of tissue or body liquids for examination
by LC-MS and LC-MS/MS [13]. In addition to the fact that species differences have to be
considered [14,15], in particular when making conclusions on the metabolism in humans, this approach
has the advantage of covering all possible metabolic transformations, still summarized as phase I and
phase II metabolism, but more exactly termed as ‘functionalization’ and ‘conjugation’ [16]. Drawbacks
are, for instance, a possible ion suppression in MS detection caused by residual biological matrix [17].
Furthermore, animal studies have to be approved by the responsible authorities. To circumvent
some of these issues, different in vitro models for metabolism studies have been described [18,19].
For basic investigations, especially liver microsomes, which contain cytochrome P450 enzymes and
different types of transferases [19], are a suitable means that is easy to use, and of minimal cost. Since
microsomes are also available from humans, the problem of species differences can be avoided to
some extent.

Such in vitro investigations have already been performed for (+)-1 and (−)-flubatine ((−)-1), using
liver microsomes from humans (HLM) and mice (MLM), as published by our group [4]. Incubations in
the presence of β-nicotinamide adenine dinucleotide 2’-phosphate reduced tetrasodium salt (NADPH)
resulted in the formation of hydroxylation products, provided in Figure 1. Published results from
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in vivo investigations of (+)-[18F]1 showed the formation of one metabolite, that was not characterized
further, but assumed to possibly pass the blood-brain barrier (BBB) and, therefore, confound brain PET
images [4,5].

Considering this presumption and the importance of knowledge about the metabolic fate of
a new tracer [20], we aimed to support the evaluation of (+)-[18F]1 and investigated its metabolic
pathways during a first clinical PET study, which compared the status of α4β2 nAChRs in patients
with Alzheimer’s disease (AD) and healthy controls [21]. As shown in the present publication,
we studied the metabolism of (+)-1 in pigs and elucidated the structures of metabolites. For the
first time, we investigated both phase I and II metabolism and performed incubations of (+)-1
and (+)-[18F]1 with HLM under conditions for oxidation and glucuronide conjugation. Resulting
LC-MS/MS and radio-HPLC data provided the opportunity to conclude about the identity of formed
in vitro radiometabolites. On that basis, we finally characterized radiometabolites formed in human
after administration of (+)-[18F]1.

2. Results

2.1. Radiosynthesis of (+)-[18F]1

(+)-[18F]1 was synthesized by nucleophilic substitution [22] under GMP conditions for human
application. The product was obtained with a radiochemical purity >98.0% and molar activity
>1.0 × 106 GBq/mmol as described for (−)-[18F]1 [23,24].

2.2. Synthesis of rac-8-Hydroxy-flubatine (rac-3)

Rac-8-Hydroxy-flubatine was synthesized starting from rac-1 [2] to enable identification of
the corresponding metabolite, as well as the radiometabolite by HPLC co-injection (Figure 2).
After treatment with peracetic acid the desired hydroxy compound was isolated in low yield due to
low conversion of the starting material. Attempts to purify rac-3, e.g. by preparative HPLC, did not
succeed. This can be explained by lack of stability of the N8-hydroxy function of the molecule, as it
has been proposed in literature for metabolites that contain a secondary hydroxylamine structure [25].

 

Figure 2. Synthesis of rac-8-hydroxy-flubatine (rac-3). Conditions: (a) HOOAc, 1 M NaHCO3, room
temperature, six days, 9%.

2.3. Investigation of (+)-1 in Pig–Identification of Phase I and Phase II Metabolites by LC-MS/MS

Since the structures of radiometabolites could not be identified in a direct manner, non-labelled
(+)-1 instead of (+)-[18F]1 was investigated and administered to pigs. Plasma and urine samples were
taken before, as well as 30 and 45 min, respectively, after injection. Samples were prepared by protein
precipitation with cold acetonitrile, subsequent centrifugation, and solvent evaporation. In a first
survey, the samples were screened for a set of possible phase I and phase II metabolites with aid
of the metabolite identification software LightSight (Version 2.3.0.152038, AB SCIEX, Framingham,
MA, USA). On this basis, detailed analyses were performed using multi reaction monitoring (MRM),
enhanced product ion (EPI) and MS3 scan modes for selective detection and structure elucidation of
metabolic degradation products.

In plasma and urine, (+)-1 (m/z 207.1 [M + H]+) was still detectable with high signal intensities
which indicates a high metabolic stability (Figure 3a,b). However, a series of metabolites was
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detected, generated by cytochrome P450-dependent hydroxylation reactions. Appropriate MRM
scans revealed that monohydroxylations took place exclusively at the azabicyclic ring system of the
flubatine molecule. In brief, the chromatograms (Figure 3c,d) were recorded observing an MRM
transition of m/z 223.1/110.0, which selectively detected a fluoro-azatropylium ion (m/z 110.0),
that originated from an unmodified fluoropyridyl mojety after fragmentation of the parent ion at
m/z 223.1 [M–flubatine + O + H]+. The pattern of metabolites in pigs detected in this way was similar to
those previously reported for in vitro experiments using MLM and HLM in the presence of NADPH [4].
Since, in the presented study, the same LC conditions were used as described in the mentioned
publication [4], a direct comparison of data was possible. In summary, all of the hydroxylated products
M1–M6 found in pigs were also formed in MLM, but only M4 and M6 in HLM. For the purpose of
identification and assignment of the metabolites detected in pig enhanced product ion (EPI) spectra
were recorded (Table 1). The references rac-2a and rac-2b [4], as well as the newly-synthesized rac-3
(Figure 1) were analysed in an analogue manner.

For plasma and urine samples, some of the metabolites (M3, M4) showed differing retention times.
Since a mixture of both samples showed no additional peaks, this can be attributed to influences of the
respective matrices. The metabolites M1 and M2 were identified as the C-3 exo and the C-3 endo alcohol,
respectively, as their retention times and fragmentation patterns matched that of the references rac-2a

and rac-2b (Figure 1). M3 and M4 had the same retention properties as two metabolites reported for
MLM incubation [4] and were concluded to be identical to them. M4 also matches one main metabolite
formed by HLM [4], additionally confirmed by similar EPI spectra. In contrast, M3 showed an expected
MS/MS fragmentation but the exact pattern did not correspond to the equally eluting metabolite
reported for MLM [4]. For M5 and M6 no EPI spectra could be recorded due to low concentrations.
However, for M3 and M4 the characteristic fragment ion at m/z 188.1 [M + H-NH3-H2O]+ could be
detected, which gives evidence for C-hydroxylations at the azabicyclic ring system, according to
the proposed fragmentation pathway already published [4]. The same has to be assumed for M5,
since its retention time is equal to a C-hydroxylated metabolite previously detected in considerable
amounts only after MLM incubation of (−)-flubatine [4]. Metabolite M6 eluted at the same time as the
synthesized reference rac-3 and accordingly was identified as N8-hydroxylated flubatine, which was
also observed after incubations with MLM or HLM in the cited study [4]. For the C-hydroxy isomers
M3, M4, and M5, a more exact assignment of their structures was not possible, also due to limitations
in syntheses of the respective references.

Furthermore, the phase II metabolite M7a was found. It was detected in both plasma and urine,
when an MRM transition of m/z 399.2/223.1 was monitored (Figures 3e,f and 5). The resulting
neutral loss of m/z 176.0 (C6H8O6) is characteristic for glucuronides. This proved that M7a
was formed by hydroxylation and glucuronidation of (+)-1. By contrast, a product of a sole
glucuronidation of (+)-1 could not be detected. In MS3 experiments for M7a, the primary fragment
ion at m/z 223.1 [M + H-C6H8O6]+ showed a fragmentation pattern very similar to that of the
8-hydroxy-flubatine reference rac-3. In particular the occurrence of a secondary fragment ion at
m/z 190.1 [M + H-C6H8O6-NH2OH]+ gave evidence for an N8-hydroxyl substitution present in the
detected glucuronide M7a. Additionally, another glucuronide isomer (M8a) was detectable in very
small amounts in plasma, but not investigated further.

A few additional MRM measurements showed low signal intensities and gave only indications
for further metabolites. For the MRM transition of m/z 255.1/126.0 one peak was detected at low
retention time, which could be interpreted as a product of a two-fold hydroxylation at the azabicyclic
ring system together with a hydroxylation or oxidation at the pyridine ring. Some data indicated
cysteine conjugation of hydroxylation products, but they also were of only minor importance for the
metabolic pathway.
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Figure 3. LC-MS/MS chromatograms of plasma and urine before and after injection of (+)-1 into
pigs; (a,b) detected (+)-1 (MRM m/z 207.1/110.0), (c,d) detected monohydroxylated metabolites
(MRM m/z 223.1/110.0), (e,f) detected monohydroxylated and glucuronidated metabolites (MRM
m/z 399.2/223.1). Signals in (c,d) at 5.9 min and (e) at 1.9 min are supposed to result from ion-channel
cross talks [26].

Table 1. Metabolites found in pig plasma and urine after injection of (+)-1.

Metabolite
tR (min) a MRM

Transition
EPI Fragmentation b (% Intensity in Brackets) Identification

Plasma Urine

M1 1.62 1.60 223.1/110.0 81.9 (100), 205.0 (71), 223.0 (32), 163.1 (26), 162.1 (23),
110.0 (17), 136.0 (15), 131.0 (15), 103.9 (14), 188.1 (9)

Hydroxylation

M2 1.89 1.87 223.1/110.0
223.1 (100), 136.0 (40), 110.0 (39), 162.1 (37), 180.1

(36), 188.0 (28), 179.1 (25), 114.0 (13), 124.0 (13), 206.0
(11), 160.0 (9), 138.0 (8), 142.0 (4), 205.1 (4)

M3 2.26 2.32 223.1/110.0

223.1 (100), 150.0 (63), 164.1 (44), 110.0 (42), 188.1 (41),
82.0 (39), 135.1 (31), 206.1 (18), 176.1 (16), 120.1 (14),

162.1 (12), 124.0 (12), 205.1 (12), 134.0 (12), 136.1 (12),
163.1 (10)

M4 2.31 2.40 223.1/110.0 81.9 (100), 205.1 (60), 188.0 (39), 177.1 (31), 223.1 (23),
110.0 (22), 176.1 (9), 160.0 (7)

M5 2.89 - c 223.1/110.0 no EPI spectrum due to low intensity
M6 3.96 - c 223.1/110.0 no EPI spectrum due to low intensity

M7a 5.87 5.86 399.2/223.1
205.2 (100), 223.2 (44), 136.1 (34), 203.2 (26), 110.0 (13),
162.1 (11), 177.2 (9), 83.0 (9), 207.2 (8), 189.1 (6), 109.1

(6), 190.2 (6)

Hydroxylation +
glucuronidation

a Retention time (time/min); b parameters for data acquisition described in Section 4.7.; c not detected in urine.
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2.4. In Vitro Glucuronidation of (+)-[18F]1, (+)-1, (−)-1, and rac-3 by HLM

Since hydroxylation together with subsequent glucuronidation turned out as the significant
metabolic pathway in pig, in vitro experiments were done to investigate both steps. Whilst hydroxylation
of (+)-1 and (−)-1 has already been studied and reported [4], glucuronide conjugation was investigated
for the first time. In preparation for analyses of samples from the clinical PET study radiolabeled
(+)-[18F]1 was investigated similarly.

In brief, carrier added (+)-[18F]1 was incubated with HLM under conditions for oxidation and
glucuronidation, that means in the presence of NADPH and uridine 5′-diphosphoglucuronic acid
trisodium salt (UDPGA). Prepared samples were analysed by LC-MS/MS, as well as radio-HPLC.
Furthermore, (−)-1 was incubated in the same manner, whereas the N8-hydroxy reference rac-3 was
incubated without NADPH.

For both flubatine enantiomers (+)-1 and (−)-1 monohydroxylation products were observed by
LC-MS/MS after HLM incubations as previously described by our group (Figure 4a,b) [4]. Originating
from (+)-1 and in accordance with results published, only two metabolites were detected, namely
a C-hydroxylated metabolite (M4) and N8-hydroxylated flubatine (M6), which were also detected in
pig in addition to other metabolites. Regarding the formation of glucuronides, studied for the first time,
there was no glucuronidation of (+)-1 or (−)-1, when each of them was incubated with UDPGA in
absence of NADPH. Whereas in the presence of NADPH and UDPGA, under conditions for oxidation
and glucuronidation, two products, M7a and M8a or M7b and M8b, were detected respectively by
monitoring MRM transitions of m/z 399.2/223.1 or m/z 399.2/205.1 (Figure 4a,b, Table 2). As shown in
Figure 4c, all of these four glucuronide isomers were formed when racemic 8-hydroxy-flubatine
(rac-3) was incubated in the presence of UDPGA. This proves the N8-hydroxy metabolite M6,
which corresponds to rac-3, to be the precursor metabolite for glucuronide conjugates. It should
be noted that glucuronide M7a was formed in vitro as well as in vivo from (+)-1. Though having
demonstrated the role of M6, further structural elucidation of the resulting glucuronide conjugates is
challenging. Both the N8-hydroxy function and the pyridine-N of the molecule are possible sites for
glucuronidation [27]. The finding that in the presence of UDPGA only, the N8-hydroxy derivative rac-3
underwent glucuronidation, but in contrast not (+)-1, might give an indication for assignment. Due to
the obvious necessity of the N8-hydroxy function for glucuronidations, the hypothesis can be proposed
that the pyridine-N of the molecule remained unaffected. However, conjugation at the N8-hydroxy
function gives the possibility of two structural isomers that can be formed: N-O-glucuronide and
N+(O−)-glucuronide (Figure 5), which cannot be conclusively distinguished by mass spectrometry [28].
Therefore, the metabolites M7a, M7b, M8a, and M8b were tentatively identified as N-O-glucuronides
and N+(O−)-glucuronides without an exact assignment. Remarkably, M7a and M7b eluted at later
time points than the parent enantiomers, which is very untypical for glucuronides under RP-HPLC
conditions, as it can be seen by comparison with retention properties of glucuronides reported in
literature [29]. What kind of retention mechanism might be responsible for this phenomenon remains
an open question.

Corresponding to the pattern of non-labelled metabolites detected by LC-MS/MS after HLM
incubation of carrier added (+)-[18F]1 (Figure 4a), radio-HPLC data revealed the respective in vitro
radiometabolites [18F]M4, [18F]M6, and [18F]M7a (Figure 6). These data were used for the identification
of radiometabolites formed in humans.
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Figure 4. LC-MS/MS chromatograms after HLM incubation in presence of NADPH and UDPGA
(37 ◦C, 120 min), (a) (+)-1, (b) (−)-1, (c) rac-3 (without NADPH); Monitored MRM transitions: m/z
207.1/110.0 for (+)-1 and (−)-1, m/z 223.1/110.0 for monohydroxylated metabolites (including rac-3),
m/z 399.2/205.1, 399.1/223.1 for monohydroxylated and glucuronidated metabolites.

 

Figure 5. Proposed structures and fragmentation pathways shown for glucuronide conjugates M7a
and M8a, drawn as N-O-glucuronide (A) and N+(O−)-glucuronide (B); similarly, for enantiomers M7b
and M8b.
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Table 2. Glucuronide conjugates formed by incubation with HLM.

Metabolite a tR (min) b Substrate
MRM

Transitions
EPI Fragmentation c

(% Intensity in Brackets)
Identification

M7b 6.18 (−)-1 or rac-3 399.2/223.1
399.2/205.1

205.1241 (100), 223.1 (60), 136.0 (37),
203.1 (20), 110.0 (18), 177.1 (16), 83.0
(11), 207.1 (11), 162.0 (11), 82.0 (10),

116.0 (8), 163.1 (8), 190.1 (7), 124.0 (7) Hydroxylation +
Glucuronidation d

M8a 3.60 (+)-1 or rac-3 399.2/223.1
399.2/205.1

223.1 (100), 205.1 (21), 124.1 (6), 110.2
(6), 136.0 (6), 84.9 (4), 113.0 (4)

M8b 3.22 (−)-1 or rac-3 399.2/223.1
399.2/205.1

223.1 (100), 205.1 (27), 136.1 (16), 84.9
(9), 110.0 (8), 150.0 (6), 203.2 (6), 82.9 (6),

67.9 (4), 190.1 (4), 113.0 (3)
a data for M7a, formed from (+)-1 or rac-3, correspond to those stated in Table 1; b Retention time (time/min);
c parameters for data acquisition described in Section 4.7.; d for rac-3 glucuronidation only.

2.5. Metabolism Studies of (+)-[18F]1 in Humans

2.5.1. Metabolic Stability of (+)-[18F]1 and Detection of Radiometabolites

For identification of radiometabolites formed in human, arterial blood was received from two AD
patients and eight healthy volunteers taken during PET measurements at 15 and 30 min after injection
of of (+)-[18F]1. Urine was collected from 14 subjects uniquely after 90–128 min. After centrifugation
of blood, obtained plasma was extracted with acetonitrile and the recovery of total radioactivity was
95.4 ± 2.9% (mean ± SD, n = 17; samples: 15 and 30 min after injection). Prepared samples of plasma
and untreated urine were analysed by radio-HPLC (Figure 6).

Fractions of non-metabolised (+)-[18F]1 remained very high in all samples investigated. In plasma,
15 min and 30 min after injection 97.4 ± 2.7% (mean ± SD, n = 10) and 95.9 ± 1.9% (n = 10) of (+)-[18F]1
remained unchanged, respectively, while 95.1 ± 4.5% (n = 14) were found for urine. Due to the low
number of samples from patients with AD, data could not be compared statistically with that from
human controls. However, analyses by radio-HPLC revealed no obvious differences in metabolic
degradation between both groups.

One very fast eluting degradation product was detectable at very short retention times
(3.5–4.0 min) only in seven of the plasma samples analysed in total and in five of the samples
from urine. The signal represented, on average, 1.2% and 0.6% in plasma, 15 min and 30 min
after injection, respectively, and 0.5% in urine. Due to its retention properties, it might correspond
to metabolically-formed [18F]fluoride, but was not investigated further. Generally, detection and
quantification of degradation products were limited due to low peak intensities, as shown by
representative radio-HPLC chromatograms in Figure 6. However, two formed radiometabolites could
be detected. Radiometabolite h-M1, which had a shorter retention time than (+)-[18F]1, represented
0.0−2.5%, 0.0−3.8%, and 0.0−4.9% in plasma, 15 and 30 min after injection, and urine, respectively.
For radiometabolite h-M2, which eluted after a longer retention time, fractions of 0.0−2.6%, 0.0–4.0%,
and 0.4–10.7% were determined in the same samples.

2.5.2. Identification of Radiometabolites of (+)-[18F]1 formed in Humans

Since samples obtained from human subjects were measured under the same chromatographic
conditions as samples from HLM incubations of (+)-[18F]1, radio-HPLC data were used for comparison
and assignment of the radiometabolites found in vivo (Figure 6). Both h-M1 and h-M2 are in
good accordance with the in vitro metabolites [18F]M4 and [18F]M7a, respectively, regarding their
retention times. Therefore, both radiometabolites could be identified, namely h-M1 as a product
of a C-hydroxylation at the azabicyclic ring system and h-M2 as a glucuronide conjugate of the
N8-hydroxylated (+)-[18F]1 (Figure 6).

151



Molecules 2018, 23, 464

Figure 6. Comparison of metabolic profiles of (+)-[18F]1 (in vivo vs. in vitro) and identification of
radiometabolites. Representative radio-HPLC chromatograms of samples obtained from human
subjects: (a) plasma, 15 min, (b) plasma, 30 min, (c) urine, 95 min after injection, as well as (d) after
HLM incubation (NADPH, UDPGA, TRIS, pH 8.4, 37 ◦C, 120 min). Scaling was adjusted for
each chromatogram.

3. Discussion

The presented results should be seen in the context of previous metabolism studies on both
enantiomers of flubatine and [18F]flubatine [3–11]. In particular, the characterisation of phase I
metabolites of (+)-1 formed by HLM and MLM, as well as the assignment of corresponding incubated
with radiometabolites in mouse, published by our group [4], are highly relevant for the discussion.

As shown, monohydroxylations at the azabicyclic ring system of (+)-1 were the major phase I
metabolism pathways in pig. This is in accordance with the previously reported NADPH-dependent
degradation by HLM and MLM [4], while the metabolite pattern originating from pigs was more
similar to the latter. In pigs, glucuronidation of the precedingly-formed N8-hydroxy-flubatine (M6)
revealed as very dominant and could also be demonstrated, as reported here, by incubations with HLM
in presence of NADPH and UDPGA. It can be concluded that the resulting glucuronide conjugate M7a
plays a major role in the urinary excretion of (+)-1, which, however, exhibited considerable stability.

As described in the forementioned publication [4], after injection of (+)-[18F]1 in mouse, one major
radiometabolite could not be characterized but was assumed to be a phase II metabolite. Having
comparable chromatographic properties it is now plausible that this radiometabolite corresponds to the
glucuronide [18F]M7a (h-M2). The formation of [18F]M7a can also be concluded for one radiometabolite,
that was mentioned in a previous study, that investigated (+)-[18F]1 in pigs [5].

In human, radio-HPLC analyses from plasma and even urine samples revealed very high fractions
of (+)-[18F]1. In comparison, with results already published for (−)-[18F]1, which showed a fraction
of the unchanged tracer of ~91% [9] and ~93% [10], 30 min after injection, we found that (+)-[18F]1
exhibited on average a fraction of 96% of unchanged tracer at the same time point. In vitro and in vivo
studies together with LC-MS/MS and radio-HPLC served successfully as means for characterization
of radiometabolites formed. Thus, despite their very low fractions, two degradation products could be
detected and characterized and statements about the metabolic pathway in human could be made:
In addition to its high stability, (+)-[18F]1 underwent a C-hydroxylation at the azabicyclic ring system
to form h-M1, which was equal to the in vitro formed [18F]M4. Hydroxylation at the bridgehead
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nitrogen N8 and subsequent conjugation with glucuronic acid resulted in the phase II radiometabolite
h-M2, which was equal to the in vitro formed [18F]M7a. In summary, the radiometabolites detected in
human were in good agreement with those formed by HLM. However, in pigs, a larger number of
C-hydroxylation products was found.

The metabolism of the enantiomer (−)-[18F]1 has already been investigated in preclinical in vivo
studies [5,7,8] and in human [3,9,10], but without structural elucidation of radiometabolites. It has
been reported, that in human one single metabolite was detected in low amounts by radio-HPLC
but not characterized [3]. On the basis of the results presented here, it can be assumed that this
radiometabolite corresponds to M7b. That means it is a product of N-hydroxylation of (−)-[18F]1 and
a subsequent glucuronidation.

Penetration of the blood-brain barrier by radiometabolites has a high impact on the quality of
brain PET measurements. The structures of the radiometabolites of (+)-[18F]1, namely h-M1 and h-M2,
that were identified in the present paper, show no indications, e.g., high lipophilicity, to penetrate
the human blood-brain barrier. This is in accordance with preclinical metabolism studies performed
in mice, in which a low fraction of radiometabolites (< 7%) was detected in the brain, 30 min after
injection [4].

Based on the present results and previous metabolism studies [4,5], (+)-[18F]1 could be
conclusively assessed regarding its metabolism. Indications for high metabolic stability, as they
were obtained previously from in vitro studies [4], could be validated in vivo. In particular, in human,
a fraction of 95.9 ± 1.9% (n = 10) of the unchanged tracer was detected in plasma, 30 min after injection.
Incubations with liver microsomes served as appropriate means to generate in vitro metabolites and
radiometabolites, that revealed relevant in vivo. Subsequently, in human, the two radiometabolites
detected could be characterized regarding their structures. However, due to the very low extent of
metabolic degradation of (+)-[18F]1, metabolism does not have to be considered in the description of
the arterial input function for the kinetic modelling of PET data.

4. Materials and Methods

4.1. Chemicals and Reagents

Solvents for synthesis were purchased from Merck (Darmstadt, Germany) and Fisher Scientific
(Schwerte, Germany). Chemicals were obtained from Merck, Fisher Scientific, Sigma-Aldrich
(Steinheim, Germany), C. Roth (Karlsruhe, Germany) and Machery-Nagel (Düren, Germany). (+)-1,
(−)-1, and rac-1 were purchased from ABX (Radeberg, Germany). All chemical reagents were of
highest commercially available quality and applied without further purification. The references rac-2a

and rac-2b were synthesized as previously reported [4]. Acetonitrile (gradient grade) was purchased
from VWR International (Darmstadt, Germany). Acetonitrile and water (both for LC-MS) were
purchased from Fisher Scientific. Ammonium formate (for HPLC) was purchased from Acros Organics
(Geel, Belgium). Formic acid and ammonium formate (both LC-MS), testosterone, NADPH, UDPGA,
alamethicin and MgCl2 were purchased from Sigma-Aldrich. GIBCO human liver microsomes
(HLM, pooled donors, 20 mg/mL) were purchased from Life Technologies (Darmstadt, Germany).
Dulbecco’s phosphate-buffered saline (PBS) (without Ca2+, Mg2+) was purchased from Biochrom
(Berlin, Germany).

4.2. Radiosynthesis of (+)-[18F]1

(+)-[18F]1 was synthesized under GMP conditions for human application as described for
(−)-[18F]1 [23].

4.3. Synthesis of Reference Compound rac-3

Reaction monitoring was performed by thin-layer chromatography (TLC) using TLC plastic sheets
precoated with UV254 fluorescent indicator (Polygram SIL G/UV254, Machery-Nagel). Visualization of
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spots was effected by irradiation with an UV lamp (254 nm and 366 nm; Herolab, Wiesloch, Germany).
1H Nuclear magnetic resonance (NMR) spectra were obtained with a Bruker AV500 spectrometer
(Bruker Corporation, Billerica, MA, USA). Chemical shifts are reported as δ values. Coupling constants
are reported in Hertz. Electrospray ionisation mass spectra were obtained using a Surveyor MSQ Plus
mass detector (Thermo Fisher Scientific, Dreieich, Germany).

4.3.1. (+/−)-exo-6-(6-Fluoro-pyridin-3-yl)-8-aza-bicyclo[3.2.1]octan-8-ol ((rac)-8-hydroxy-flubatine, rac-3)

Racemic flubatine (rac-1) (75 mg, 0.36 mmol) was suspended in 10.7 mL 1M sodium bicarbonate.
Peracetic acid (39%, 0.62 mL, 10 eq.) was added dropwise and the reaction mixture was stirred at
room temperature. Further 10.7 mL 1 M sodium bicarbonate and 0.62 mL peracetic acid (39%) were
added after 1, 2, and 3 days. The reaction mixture was diluted with dichloromethane after stirring for
three further days. The phases were separated and the aqueous phase was extracted two times with
dichloromethane. The combined organic phases were dried over sodium sulphate and the solvent
was removed in vacuo. The crude product was purified by column chromatography (hexane: ethyl
acetate = 1:1 + 1% triethylamine) to afford rac-3 (7.5 mg, 9%) and unreacted starting material rac-1
(36.2 mg, 48%). 1H-NMR rac-3, purity ca. 80% (CDCl3 , 500 MHz): δ = 8.19 (d, J = 2.3 Hz, 1H), 8.11 (dt,
J = 8.2 Hz, 2.6 Hz, 1H), 6.83 (dd, J = 8.6 Hz, 3.0 Hz, 1H), 3.70-3.77 (m, 1H), 3.62 (bd, J = 1.4 Hz, 1H), 3.27
(dd, J = 9.4 Hz, 6.9 Hz, 1H), 2.30-2.38 (m, 1H), 2.19 (dd, J = 13.0 Hz, 9.7 Hz, 1H), 1.43-1.87 (m, 7H). MS
(ESI +): m/z 223.2 (M + H)+.

4.4. In Vivo Metabolism Study of (+)-1 in Pigs

The animal experiment was conducted under procedures approved by the respective State Animal
Care and Use Committee and in accordance with the German Law for the Protection of Animals and
the EU directive 2010/63/EU.

A female piglet (German landrace, 15 kg, eight weeks of age, obtained from Medizinisch-
Experimentelles Zentrum, Universität Leipzig, Leipzig, Germany) was used. It was deprived of
food, but not of water, for 24 h before delivery to the laboratory. As premedication it received an i.m.
injection of 15 mg midazolam and was initially anesthetized with 1.5% isoflurane in 70% nitrous oxide
and 30% oxygen. Additionally, all incision sites were infiltrated with 1% lidocaine. The anaesthesia was
maintained throughout the surgical procedure with 0.8% isoflurane. After blank samples (t = 0 min) of
blood and urine were taken, (+)-1 was infused as bolus of 67 μg/kg in 50 mL saline into the left jugular
vein over 6 min. After 30 and 45 min samples of blood and urine, respectively, were taken and stored on
ice until further treatment. Plasma was obtained after centrifugation of blood at 4000 rpm (Megafuge
1.0R, HERAEUS) for 10 min and, using 14–20 aliquotes of 3 mL, respectively, extracted with acetonitrile
(1:3 v/v, −20 ◦C). After shaking (5 min, Vortex-Genie 2, Bohemia, New York, NY, USA), cooling on
ice and final shaking (3 min) the samples were centrifuged at 5000 rpm (Centrifuge 5424, Eppendorf,
Hamburg, Germany) for 15 min. Supernatants of combined aliquots were concentrated at 75 ◦C under
a flow of nitrogen using the DB-3D TECHNE Sample Concentrator (Biostep, Jahnsdorf, Germany) to
obtain residual volumes of ~150 μL. After filtration (Multoclear 0.45 μm, PTFE, CS-Chromatographie
Service, Langerwehe, Germany) samples were stored at 4 ◦C until investigated by LC-MS/MS. Urine
samples were prepared in the same manner.

4.5. Microsomal Incubations

All incubations with (+)-1, (−)-1, (+)-[18F]1, rac-2a, rac-2b, and rac-3 as substrate, had a final
volume of 250 μL and were performed in TRIS (pH 8.4). In the following, final concentrations are
provided in brackets. TRIS, HLM (1 mg/mL), and alamethicin (50 μg/mL, from methanolic solution)
were mixed and kept on ice for 15 min. Substrate (10 μM) and MgCl2 (2 mM) were added and the
mixture was preincubated at 37 ◦C for 3 min. After addition of analogously-preincubated NADPH
(2 mM) and UDPGA (5 mM), incubations were proceeded by gentle shaking at 37 ◦C for 120 min
using the BioShake iQ (QUANTIFOIL Instruments, Jena, Germany). After termination by adding
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1.0 mL of cold acetonitrile (−20 ◦C) and vigorous mixing for 30 s, the mixtures were stored at 4 ◦C
for 5 min. Thereafter, centrifugation at 14,000 rpm (Eppendorf Centrifuge 5424) was performed for
10 min, followed by concentration of the supernatants at 50 ◦C under a flow of nitrogen (DB-3D
TECHNE Sample Concentrator) to provide residual volumes of 40–70 μL, which were reconditioned
by adding water to obtain samples of 100 μL, which were stored at 4 ◦C until analysis by LC-MS/MS.
For HLM incubations of carrier added (+)-[18F]1, 6.7 MBq of the synthesized tracer in 20 μL TRIS was
used together with (+)-1 (10 μM) as the substrate. Prepared samples were immediately analyzed by
radio-HPLC, and by LC-MS/MS at a later time. Incubations without HLM, NADPH, UDPGA, and
substrates, respectively, were performed as negative controls, as well as to provide conditions only for
oxidation and not glucuronidation, and vice versa. As positive controls testosterone (for oxidation)
and 4-nitrophenol (for glucuronidation) were incubated at appropriate concentrations, similarly to the
protocol described above. Complete conversions of both were confirmed by RP-HPLC analyses with
UV detection.

4.6. Investigation of (+)-[18F]1 in Humans

All investigations were conducted in the framework of an approved and registered clinical
study [21].

After injection of 259–308 MBq (mean: 285 MBq, n = 14) of (+)-[18F]1 into two AD patients
and 12 healthy controls, respectively, 16 mL of arterial blood were taken from 10 subjects at
15 min and 30 min. The samples were collected directly into S-Monovettes 9 mL K3E (SARSTEDT,
Nümbrecht, Germany) and stored on ice. From 14 subjects, after 90–128 min, circa 8 mL of urine were
collected uniquely and stored on ice. Plasma was obtained by centrifugation of blood samples at
7000 rpm (UNIVERSAL 320 R, Hettich, Germany) for 7 min and extracted with acetonitrile (1:4 v/v,
10–15 aliquotes of 400 μL each). After addition of the cold extraction solvent (−35 ◦C) and shaking
for 3 min, samples were cooled at 4 ◦C, shaken for a further 3 min, and centrifuged at 7000 rpm
(Eppendorf Centrifuge 5424) for 5 min. The concentration of the supernatants at 50 ◦C under a flow of
nitrogen (Sample Concentrator DB-3D TECHNE) provided residual volumes of 40–70 μL, which were
reconditioned by adding water to obtain samples of 100 μL, which were immediately analyzed by
radio-HPLC. Urine samples were analyzed without any pretreatment.

4.7. LC-MS/MS Analyses

Analyses were performed as previously described [4] on an Agilent 1260 Infinity Quarternary LC
system (Agilent Technologies, Böblingen, Germany) coupled with a QTRAP 5500 hybrid linear ion-trap
triple quadrupole mass spectrometer (AB SCIEX, Concord, ON, Canada). Data were acquired and
processed using Analyst software (Version 1.6.1, AB SCIEX) and for further data processing Origin Pro
8.5.0G (OriginLab, Northampton, MA, USA) was used. For chromatographic separations a Poroshell
120 EC-C18-column, 50 mm × 4.6 mm, 2.7 μm (Agilent Technologies) was used. The solvent system
consisted of eluent A: aq. ammonium formate, 2.5 mM, pH 3 and eluent B: water/acetonitrile, 20:80
(v/v), containing ammonium formate, 2.5 mM, pH 3. Gradient elution (% acetonitrile) at 25 ◦C and
a flow rate of 1.0 mL/min: 0–9.0 min, 5–37%; 9.0–9.1 min, 37–80%; 9.1–11.0 min 80%; 11.0–11.1 min,
80–5%; 11.1–14.0 min, 5%. The mass spectrometer was operated in positive electrospray ionization
mode and the following parameters were: curtain gas (CUR) 40, collision gas (CAD) high, ion spray
voltage (IS) 5500, temperature (TEM) 650, ion source gas 1 (GS1) 60, and ion source gas 2 (GS2) 60.
For the multiple reaction monitoring (MRM) scan type: different MRM transitions, scan time. 40 ms;
declustering potential (DP), 126; entrance potential (EP), 10; collision energy (CE), 37; collision cell exit
potential (CXP), 14. For the enhanced product ion (EPI) scan type: product of m/z, 223.1; scan rate,
10,000 Da/s; dynamic fill time; DP, 110; EP, 10; CE, 33; collision energy spread (CES), 0. For the EPI
scan type: product of m/z, 399.2; scan rate, 10,000 Da/s; dynamic fill time; DP, 110; EP, 10; CE, 50; CES,
0. For the MS3 scan type the excitation energy (AF2) was optimized prior to data acquisition.
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4.8. Radio-HPLC

Analyses were performed on a JASCO LC-2000 system (JASCO Labor- und Datentechnik,
Gross-Umstadt, Germany) including a UV-2070 UV–VIS detector (monitoring at 254 nm) online
with a GABI Star radioactivity flow detector (raytest Isotopenmessgeräte, Straubenhardt, Germany)
with a NaI detector (2 × 2′ ′ pinhole, 16 mm × 30 mm). Chromatographic separations were
achieved using a Multospher 120 RP 18 AQ-5μ-column, 250 mm × 4.6 mm, 5 μm, including
precolumn, 10 mm × 4 mm (CS-Chromatographie Service). The solvent system consisted of eluent A:
aq. ammonium formate, 25 mM, pH 3/acetonitrile, 95:5 (v/v) and eluent B: aq. ammonium formate,
25 mM, pH 3/acetonitrile, 20:80 (v/v). Gradient elution (% acetonitrile) at a flow rate of 1.0 mL/min:
0–5 min, 5%; 5–40 min, 5–30%; 40–41 min, 30–80%; 41–51 min, 80%; 51–52 min, 80–5%; 52–62 min, 5%.

5. Conclusions

By metabolism studies in pigs and incubations with liver microsomes, supported by LC-MS/MS
and radio-HPLC, radiometabolites of (+)-[18F]1 formed in humans could be identified: one
C-hydroxylation product (h-M1) and one product of N-hydroxylation, and subsequent glucuronide
conjugation (h-M2). Due to the very low occurrence of these metabolites, (+)-[18F]1 exhibits
a tremendously high metabolic stability in human. (+)-[18F]1 is considered as a very appropriate
tracer for the molecular imaging of α4β2 nAChRs by PET.
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Abstract: Intrastriatal injection of botulinum neurotoxin A (BoNT-A) results in improved
motor behavior of hemiparkinsonian (hemi-PD) rats, an animal model for Parkinson’s disease.
The caudate–putamen (CPu), as the main input nucleus of the basal ganglia loop, is fundamentally
involved in motor function and directly interacts with the dopaminergic system. To determine
receptor-mediated explanations for the BoNT-A effect, we analyzed the dopamine D2/D3

receptor (D2/D3R) in the CPu of 6-hydroxydopamine (6-OHDA)-induced hemi-PD rats by
[18F]fallypride-PET/CT scans one, three, and six months post-BoNT-A or -sham-BoNT-A injection.
Male Wistar rats were assigned to three different groups: controls, sham-injected hemi-PD rats, and
BoNT-A-injected hemi-PD rats. Disease-specific motor impairment was verified by apomorphine
and amphetamine rotation testing. Animal-specific magnetic resonance imaging was performed for
co-registration and anatomical reference. PET quantification was achieved using PMOD software
with the simplified reference tissue model 2. Hemi-PD rats exhibited a constant increase of 23% in
D2/D3R availability in the CPu, which was almost normalized by intrastriatal application of BoNT-A.
Importantly, the BoNT-A effect on striatal D2/D3R significantly correlated with behavioral results in
the apomorphine rotation test. Our results suggest a therapeutic effect of BoNT-A on the impaired
motor behavior of hemi-PD rats by reducing interhemispheric changes of striatal D2/D3R.

Keywords: D2/D3 receptors; hemiparkinsonian rat model; Botulinum neurotoxin A; basal ganglia;
striatum; Parkinson’s disease; small animal imaging; PET/CT; [18F]fallypride; MRI

1. Introduction

Positron emission tomography (PET) using the radioligand [18F]fallypride enables in vivo
detection of disease-specific alterations of the dopaminergic system, more precisely of D2/D3 receptor
(D2/D3R) availability. Small animal PET hybrid tomographs allow imaging and quantification of
D2/D3R binding by the use of [18F]fallypride in rodent models of neurodegenerative disorders like
Parkinson’s disease (PD) [1–3]. [18F]fallypride is characterized by high sensitivity and selectivity for
D2R; for instance, administration of the D2R antagonist haloperidol blocked specific [18F]fallypride
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binding in the mouse caudate–putamen (CPu) by 95% [4,5]. Besides specific binding to D2R,
[18F]fallypride displays affinity to the D2-like D3R, about 20% of the radioligand bind to D3R
in vivo in small animals [6]. In PD a drastic loss of striatal dopamine (DA) caused by progressing
degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc) results in
imbalanced neurotransmitter systems and underlies motor complications. Moreover, due to DA
depletion and the subsequent missing inhibition of striatal cholinergic interneurons, hypercholinism is
an additional feature of PD exacerbating motor impairment [7,8]. Interestingly, there are physiological
bidirectional regulating effects of the cholinergic and dopaminergic system [9] via complex involvement
of muscarinic and nicotinic receptors on DA release from dopaminergic terminals [10,11].

For causal analysis and development of novel therapeutics for PD in preclinical research the
experimental hemiparkinsonian (hemi-PD) is an accepted animal model [12]. Unilateral injection
of 6-hydroxdopamine (6-OHDA) into the medial forebrain bundle (MFB) of rats provokes rapid
dopaminergic depletion by auto-oxidation and consequent oxidative stress [13]. The near-complete
loss of dopaminergic neurons in the SNpc via retrograde axonal transport of the toxin 6-OHDA after
stereotaxic injection into the MFB mimics a late stage of PD [14]. Current therapeutic strategies for
PD focus primarily on compensation of DA in the striatum (caudate–putamen, CPu) by either DA
precursors [15,16] or DA receptor agonists [17]. Though, clinical efficiency is limited and chronic
administrations leads to severe side effects like motor fluctuations and dyskinesia [18,19]. Other
therapeutic options target the cholinergic system mostly by blocking muscarinic receptors or by
inhibition of cholinesterase [20,21]. Systemic administration of anticholinergic substances causes
severe side effects like confusion, dry mouth, blurred vision, and cognitive impairment [22].

Recently, we demonstrated that local injection of the anticholinergic Botulinum neurotoxin A
(BoNT-A) significantly improved D2R agonist-induced asymmetric rotational behavior in hemi-PD
rats [23–26]. BoNT-A acts mainly on cholinergic neurons and inhibits distribution of acetylcholine into
the synaptic cleft via cleavage of the synaptosomal-associated protein of 25-kDa (SNAP25) [27–29]. The
intracerebral injection of BoNT-A avoids severe side effects in both the central and peripheral nervous
system [23]. Notably, intrastriatal application of BoNT-A does not cause cytotoxicity [30] or impaired
cognition [24] in rats. As known from other medical implementation, BoNT-A demonstrates a transient
therapeutic effect in hemi-PD rats that lasts up to six months post-injection [23,31]. To examine the
longitudinal cellular mechanisms of the positive BoNT-A effect on receptor level, we performed
[18F]fallypride-PET/CT scans one, three, and six months post-BoNT-A or -sham-BoNT-A injection
and quantified D2/D3R availability in controls, sham-injected hemi-PD rats, and BoNT-A-injected
hemi-PD rats.

2. Results

D2/D3R availability was analyzed longitudinally in controls (sham-6-OHDA + sham-BoNT-A,
n = 9), sham-injected hemi-PD rats (6-OHDA + sham-BoNT-A, n = 7) and BoNT-A-injected hemi-PD
rats (6-OHDA + BoNT-A, n = 10) by dynamic [18F]fallypride-PET/CT scans.

2.1. Immunohistochemistry and Behavioral Testing

To qualitatively verify successful 6-OHDA-induced dopaminergic deafferentation we performed
tyrosine hydroxylase (TH) immunostaining (for dopaminergic neurons). TH-reaction in the left
and right CPu and SN of control rats (sham-6-OHDA + sham-BoNT-A) showed no loss of
TH-reaction (Figure 1a,b). In hemi-PD rats (6-OHDA + sham-BoNT-A) an ipsilateral loss of almost
all TH-immunoreactivity was visible in the CPu and SN, indicating dopaminergic deafferentation in
the CPu due to dopaminergic cell loss in the SN (Figure 1c,d), and BoNT-A injection in hemi-PD rats
(6-OHDA + BoNT-A) did not demonstrate an additive effect on these reaction patterns (Figure 1e,f).
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Figure 1. TH-immunoreactivity in the telencephalon (left column) and the mesencephalon (right
column) of (a,b) controls (sham-6-OHDA + sham-BoNT-A) (c,d) sham-injected hemi-PD rats (6-OHDA
+ sham-BoNT-A) and (e,f) BoNT-A-injected hemi-PD rats (6-OHDA + BoNT-A). 6-OHDA or
sham-6-OHDA was unilaterally injected into the MFB of the right hemisphere and BoNT-A was
injected ipsilateral at two sites into the CPu. Controls showed symmetric TH pattern in the CPu (a,c,e;
black (left) and white (right) arrow) and SN (b,d,f; black (left) and white (right) arrow), sham-injected
hemi-PD rats demonstrated an almost complete loss of TH-positive cells in the CPu and SN and BoNT-A
injection did not influence these findings in hemi-PD rats. The scale bar applies for a–f = 1 mm.

Asymmetric rotations of hemi-PD rats were tested using apomorphine- and
amphetamine-induced rotations one month after 6-OHDA lesion. Also, the positive effect
of intrastriatally injected BoNT-A on drug-induced rotations was analyzed two weeks
after administration. All hemi-PD rats exhibited distinct apomorphine-induced rotations
contralateral to the 6-OHDA lesion before BoNT-A or sham-BoNT-A injection of 8.2 ± 3.6 rpm
(6-OHDA + sham-BoNT-A) and 9.2 ± 3.0 rpm (6-OHDA + BoNT-A), controls did not show rotational
behavior (sham-6-OHDA + sham-BoNT-A) (Figure 2a). Sham injection in hemi-PD rats slightly
decreased rotations to 4.6 ± 2.5 rpm (6-OHDA + sham-BoNT-A) and did not affect the behavior
of controls (sham-6-OHDA + sham-BoNT-A). Following BoNT-A injection rotational behavior was
reversed in hemi-PD rats to 2.2 ± 2.1 rpm (6-OHDA + BoNT-A). The positive motor effect of BoNT-A
in hemi-PD rats was significant compared to sham injections (p = 0.021) (Figure 2a). Before BoNT-A or
sham-BoNT-A injection amphetamine administration caused ipsilateral rotations in hemi-PD rats
of −7.3 ± 3.4 rpm (6-OHDA + sham-BoNT-A) and −6.6 ± 2.9 rpm (6-OHDA + BoNT-A) but not

161



Molecules 2018, 23, 587

in controls (sham-6-OHDA + sham-BoNT-A) (Figure 2b). After BoNT-A or sham-BoNT-A injection
asymmetric rotational behavior was with −12.0 ± 6.3 rpm (6-OHDA + BoNT-A) and −10.3 ± 3.5 rpm
(6-OHDA + sham-BoNT-A) further increased and BoNT-A effect was compared to sham injection not
significantly abolished. Sham-BoNT-A injection in controls (sham-6-OHDA + sham-BoNT-A) did not
result in ipsilateral rotations (Figure 2b).

 
(a) (b) 

Figure 2. Results of the rotational behavior in (a) apomorphine- and (b) amphetamine-induced testing
for controls (sham-6-OHDA + sham-BoNT-A), sham-injected hemi-PD rats (6-OHDA + sham-BoNT-A)
and BoNT-A-injected hemi-PD rats (6-OHDA + BoNT-A) displayed after 6-OHDA or sham-6-OHDA
and BoNT-A or sham-BoNT-A injection. Rotations contralateral to the injection side (clockwise)
are displayed with negative algebraic signs, anti-clockwise rotations with positive algebraic signs.
Controls did not demonstrate designated rotational behavior, hemi-PD rats exhibited strong asymmetric
drug-induced rotations that were almost completely abolished after BoNT-A injection in apomorphine
testing and slightly abolished in amphetamine testing. Significance is displayed as ** p < 0.01.

2.2. Striatal D2/D3R Availability

Qualitative analysis with parametric mapping of non-displaceable binding potential (BPnd)
revealed no obvious interhemispheric differences for controls (sham-6-OHDA + sham-BoNT-A).
However, increased signals in the right CPu of hemi-PD rats were visible (6-OHDA + sham-BoNT-A)
compared to the unaffected side. This visual right–left difference was diminished after BoNT-A
injection into the right CPu of hemi-PD rats (6-OHDA + BoNT-A) (Figure 3a–c).
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(a) 

 
(b) 

 
(c)

Figure 3. Qualitative analysis using pixel-wised parametric mapping for the parameter BPnd showing
the left and right CPu in transversal sections for (a) controls (sham-6-OHDA + sham-BoNT-A)
(b) sham-injected hemi-PD rats (6-OHDA + sham-BoNT-A) and (c) BoNT-A-injected hemi-PD rats
(6-OHDA + BoNT-A) one month after BoNT-A or sham-BoNT-A injection. A representative animal
of each experimental group was used. Controls did not reveal visual side differences, an increased
signal of BPnd distribution in the right CPu of hemi-PD rats was clearly visible and BoNT-A injection
normalized the increased signal in hemi-PD rats. The right CPu is marked with a red arrow.

For quantification the simplified reference tissue model 2 (SRTM2) was applied and BPnd was
estimated separately for the left and right striatum. Controls (sham-6-OHDA + sham-BoNT-A) revealed
no relative interhemispheric right–left differences: mean BPnd of 4.2 ± 0.8/4.2 ± 0.8 (left/right
CPu) one month post-sham-BoNT-A injection, 3.8 ± 0.8/3.7 ± 0.9 (left/right CPu) three months
post-sham-BoNT-A injection and 4.1 ± 0.7/4.1 ± 0.7 (left/right CPu) six months post-sham-BoNT-A
injection were found (Figure 4a,c; Table 1). Hemi-PD rats that received sham-BoNT-A injection
(6-OHDA + sham-BoNT-A) exhibited strong interhemispheric right–left differences of about 23%:
kinetic analysis resulted in mean BPnd values of 4.4 ± 0.6/5.5 ± 0.9 (left/right CPu) one month
post-sham-BoNT-A injection, 4.4 ± 1.1/5.5 ± 1.3 (left/right CPu) three months post-sham-BoNT-A
injection, and 4.8 ± 1.0/5.7 ± 1.0 (left/right CPu) six months post-sham-BoNT-A injection. The
contralateral CPu was never affected and displayed very stable BPnd throughout all experimental
groups and scanning time points (Figure 4a–c; Table 1). The increase in BPnd in the right CPu of
hemi-PD rats (6-OHDA + sham-BoNT-A) was significant compared to the left CPu of the same
experimental group one month post-sham-BoNT-A injection (p = 0.047) (Figure 4a) and compared to
the right CPu of controls (sham-6-OHDA + sham-BoNT-A) at all 3 examined time points (p = 0.03,
p = 0.064, p = 0.039) (Figure 4a–c). BoNT-A injection in hemi-PD rats (6-OHDA + BoNT-A) reduced
relative interhemispheric right–left difference to about 13.4%: quantification revealed mean BPnd of
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4.7 ± 0.4/5.3 ± 0.5 (left/right CPu) one month post-BoNT-A injection, 4.4 ± 1.0/5.0 ± 1.2 (left/right
CPu) three months post-BoNT-A injection and 4.4 ± 1.0/5.1 ± 1.1 (left/right CPu) six months
post-BoNT-A injection (Figure 4a–c; Table 1). The BoNT-A effect was significant compared to
the ipsilateral CPu of controls (sham-6-OHDA + sham-BoNT-A) one month post-BoNT-A injection
(p = 0.0087) and showed a transient course throughout the timeline (Figure 4a–c). A list of all individual
values for BPnd expressing D2/D3R availability separately for the left and right CPu and the relative
interhemispheric right–left difference in each of the 26 analyzed rats is displayed in Table 1.

(a) (b) 

(c)

Figure 4. Box plots for BPnd values of D2/D3R depicting median and interquartile ranges
separately for the contralateral (dark grey) and ipsilateral (light grey) CPu for controls
(sham-6-OHDA + sham-BoNT-A), sham-injected hemi-PD rats (6-OHDA + sham-BoNT-A) and
BoNT-A-injected hemi-PD rats (6-OHDA + BoNT-A) (a) one month, (b) three months, and (c) six
months post-BoNT-A or -sham-BoNT-A injection. D2/D3R availability was consistently symmetric
in controls, increased in sham-injected hemi-PD rats at all analyzed time points and was reduced to
nearly normal values after BoNT-A injection in hemi-PD rats. Significance is displayed as * p < 0.05,
** p < 0.01.
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2.3. Correlation of D2/D3R Side Differences and Behavior

A possible correlation of the degree of interhemispheric differences in D2/D3R
availability and apomorphine-induced rotations for controls (sham-6-OHDA + sham-BoNT-A),
sham-injected hemi-PD rats (6-OHDA + sham-BoNT-A) and BoNT-A-injected hemi-PD rats
(6-OHDA + BoNT-A) was examined one month post-BoNT-A or -sham-BoNT-A injection. Controls
(sham-6-OHDA + sham-BoNT-A) did not demonstrate right–left differences or rotational behavior.
With increasing right–left differences contralateral rotations of hemi-PD rats (6-OHDA + sham-BoNT-A)
increased and also the normalizing effect on interhemispheric D2/D3R differences after BoNT-A
injection (6-OHDA + BoNT-A) was connected with behavior. A highly significant relationship between
increasing right–left differences, expressing a higher D2/D3R availability in the right CPu, and the
apomorphine-induced rotational behavior was found (p = 0.0007) (Figure 5).

Figure 5. Linear correlation of right–left differences of D2/D3R availability in (%) and
apomorphine-induced rotations one month after BoNT-A or sham-BoNT-A injection for controls
(sham-6-OHDA + sham-BoNT-A), sham-injected hemi-PD rats (6-OHDA + sham-BoNT-A)
and BoNT-A-injected hemi-PD rats (6-OHDA + BoNT-A). Controls did neither demonstrate
interhemispheric differences nor rotational behavior. With increasing right–left differences also
asymmetric rotations increased in hemi-PD rats and both was normalized after BoNT-A injection.
Significance is displayed as *** p < 0.001.

3. Discussion

In this study we examined cellular mechanisms of the positive motor effect of intrastriatally
injected BoNT-A by [18F]fallypride PET/CT scans in hemi-PD rats, as BoNT-A was previously
demonstrated to abolish apomorphine-induced rotational behavior in 6-OHDA-lesioned [23–26].
The control group respected the entire surgical procedure as the minimal lesion caused by the
insertion of the syringe could lead to changes in receptor binding sites [32,33]. We did not include an
experimental group studying BoNT-A in sham-lesioned rats in our design as we assumed that BoNT-A
would not alter per se the expression of D2/D3 receptors. Indeed, we have previously performed
extensive in vitro analysis of D2/D3 receptors as well as apomorphine-induced rotational behavior in
BoNT-A-injected rats earlier and did not find major effects [31].

Hemi-PD rats demonstrated a constant contralateral rotational behavior after apomorphine
injection and rather inconsistent amphetamine-induced rotations four weeks after 6-OHDA lesion
(Figure 2a,b). A period of four weeks before behavioral testing was left to ensure maximum
dopaminergic deafferentation, as dopaminergic cell death [34] as well as consequent plasticity
effects [31] last up to four weeks after injection of 6-OHDA. Notably, increasing right–left differences of
D2/D3R availability significantly correlated with increasing asymmetry in apomorphine-induced
rotations (Figure 5). Rotational tests using the D2 agonist apomorphine or the DA releaser
amphetamine are commonly used to detect the degree of dopaminergic deafferentation in hemi-PD rats.
As apomorphine acts on increased striatal D2/D3R in the DA-depleted CPu of hemi-PD rats [35–37],
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it leads to a larger inhibition of the right CPu and as a consequence to an elevated motor urge to
the contralateral side. Resulting rotations to the left of more than four rotations per minute confirm
dopaminergic degeneration of more than 90% [25,38–40]. Amphetamine induces DA release form
nerve terminals and strongly affects the non-lesioned hemisphere of hemi-PD rats, which begin to turn
to the ipsilateral side of the 6-OHDA lesion [41]. In line with our findings, another study demonstrated
that apomorphine but not amphetamine is a reliable indicator for maximal dopaminergic cell death in
hemi-PD rats [42].

Dynamic [18F]fallypride PET/CT scans over 90 min revealed an increase of 23% in D2/D3R
availability being consistent up to six months post-6-OHDA lesion and a normalization of this
pathological imbalance after BoNT-A injection into the CPu of hemi-PD rats (Figures 3 and 4; Table 1).
Unlike [11C]raclopride, [18F]fallypride is not easily displaced by endogenous DA, as demonstrated
in monkey [43], human [44] and rat brain [45]. To cover the transient effect of BoNT-A demonstrated
previously [23], we performed longitudinal measurements using [18F]fallypride in the same rodent.
This seemed feasible as repeated measurements with [18F]fallypride PET/CT exhibited only small
variations in mice [5] and also in our study, controls (sham-6-OHDA + sham-BoNT-A) did not show
variations in BPnd comparing the three PET/CT scanning time points (Figures 3a and 4a–c ; Table 1).

Our finding of a constant increase of about 23% in D2/D3R availability in hemi-PD rats is in line
with a number of similar studies both in vitro and in vivo. Unilateral injection of 6-OHDA into the MFB
or SNpc of rats resulted in a consistent increase of D2R density of 20% to 40% subject to the injected
dosage and survival time analyzed using in vitro autoradiography [35,46–50]. Also, in vivo PET/CT
analyses with [11C]raclopride and [18F]fallypride are in accordance with our results. [11C]raclopride
PET demonstrated an ipsilateral increase of 17% to 27.7% [2] and approximately 35% [51] in D2R
availability in hemi-PD rats after MFB injection and an increase of 23% [52] and 16.6% [53] after
6-OHDA lesion of the SNpc. [18F]fallypride PET/CT scans revealed an 12% increase in D2/D3R
availability in hemi-PD rats after injection of 6-OHDA into the CPu [2].

Intrastriatally injections with BoNT-A significantly reduced the pathologically increased D2/D3R
availability in hemi-PD rats (Figures 3c and 4) and significantly abolished apomorphine-induced
rotations (Figure 2a). Apomorphine-induced rotations were also moderately decreased after
sham-BoNT-A injection in hemi-PD rats. This effect is likely to be caused by minimal mechanical
damage caused by insertion of the cannula into the CPu and injection of sham solution. One might
argue that the positive BoNT-A effect is caused by simple striatal cell death after BoNT-A injection,
as D2/D3R are localized on medium spiny neurons (MSN), presynapses of cholinergic interneurons
and boutons of dopaminergic afferents in the CPu [54–56]. Previously we demonstrated that BoNT-A
injection did neither cause striatal neuronal loss or reduced volume [26] nor death of cholinergic
interneurons in the CPu [30]. The positive BoNT-A effect diminished with increasing post-injection
time. The BoNT-A effect on D2/D3R in hemi-PD rats has been analyzed before in a quantitative
in vitro autoradiography study demonstrating a normalizing effect, which significantly correlates with
apomorphine-induced rotations [31].

A preceding study performed [11C]raclopride PET to analyze the effect of BoNT-A on pathological
increased D2/D3R and found a positive effect on pathological increased D2R availability in
hemi-PD rats [3]. Here, we extended this experimental setup by introducing a control group
(sham-6-OHDA + sham-BoNT-A) to investigate both ipsi- and contralateral effects of tissue damage
by cannula injection and increased group size to substantiate possible significant effects. Moreover,
we used the more specific radioligand [18F]fallypride instead of [11C]raclopride and conducted
animal-specific MRI scans for co-registration with CT-corrected PET data to improve data analysis by
making use of the high morphologic resolution of MRI.

Quantification was subsequently performed using SRTM2 [57] for kinetic modeling, having the
advantage of no need for arterial blood sampling and being established especially for neuroimaging
studies [58]. Application of kinetic models allows quantitative determination of transfer rates and
provides in depth understanding of physiological parameters. The cerebellum was used as the
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reference region being devoid of D2/D3R [59] and being validated as a suitable reference region for
D2/D3R before [60–62]. As spatial resolution of PET scans is a limiting factor especially in small
animals [63], we used animal-specific MRI scans for spatial normalization, thus high precision of
Voxels of interest (VOI) delineation and almost full recovery could be guaranteed in our study. Partial
volume effects (PVE) occur mostly in structures being smaller than about 2 times of the width at half
maximum of the scanner [64,65]. As our rats exhibited striatal volumes of about 35 to 50 mm2 [26,66]
and the utilized scanner is characterized by a spatial resolution of 1.5 mm, the CPu as the target region
exceeded the critical size for the occurrence of PVE. Moreover, the CPu seems to be only minimally
effected by extracranial gland and skull activity resulting from its deep localization within the brain [6].
Due to predominantly relative comparisons between hemispheres within treatment groups in our
study setup, a potentially emerging PVE would be mathematically shortened. Altogether, in this study
we decided to omit PVE correction for quantification of [18F]fallypride uptake in the CPu of hemi-PD
rats. Also in comparable studies, no correction of the PVE seemed necessary for quantification of
radioligands demonstrating very specific and region-limited binding kinetics like [18F]fallypride [2] or
[11C]raclopride [67]. Nevertheless, a methodical consideration of this aspect might be of high interest
for further investigations. Another critical point of small animal imaging is the need for anesthesia,
commonly realized by respiration of isoflurane. For analyzing the availability of D2/D3R effects of
isoflurane seem not pivotal, as the BP of D2R measured with [11C]raclopride was only marginally
changed in mice [5] and [18F]fallypride uptake did not differ in awake rats that received late isoflurane
anesthesia compared to rats under continuous anesthesia [61].

4. Materials and Methods

4.1. Animals

Twenty-six male Wistar rats (Charles River WIGA, Sulzfeld, Germany; RRID: RGD_737929)
either assigned to controls (sham-6-OHDA + sham-BoNT-A, n = 9), sham-injected hemi-PD rats
(6-OHDA + sham-BoNT-A, n = 7) or BoNT-A-injected hemi-PD rats (6-OHDA + BoNT-A, n = 10) were
included in the experiments. Housing was conducted under standard conditions (22 ± 2 ◦C, 12 h
day-and-night cycle) in a fully air-conditioned room with access to water and food ad libitum. The
research protocol and all experimental procedures fulfilled legal obligations of the animal welfare act
and were approved by the state Animal Research Committee of Mecklenburg–Western Pomerania
(LALLF M-V/7221.3-1-005/16, approval: 03/08/2016). The timeline of the experimental setup is
presented in Figure 6.

Figure 6. Timeline of the study design. Hemi-PD was unilaterally induced by 6-OHDA injection into
the right MFB. Controls received sham-6-OHDA injection. The degree of dopaminergic cell loss was
verified with apomorphine- and amphetamine-induced behavioral testing. Five to six weeks after
the 6-OHDA or sham-6-OHDA injection, rats obtained BoNT-A or sham-BoNT-A injection into the
ipsilateral CPu. The positive effect on the motor behavior of BoNT-A was then controlled in rotation
tests. Subsequently, each rat was scanned by [18F]fallypride-PET/CT analysis one, three and six months
post-BoNT-A or -sham-BoNT-A injection. A final MRI scan was performed as anatomical reference for
PET/CT imaging.
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4.2. 6-OHDA and BoNT-A Injection

Animals received 6-OHDA or sham-6-OHDA injection at a weight of 285–305 g in a stereotaxic
operation and BoNT-A or sham-BoNT-A injection five to six weeks later. Anesthesia was induced
with a ketamine-xylazine mixture (ketamine: 50 mg/kg, xylazine: 4 mg/kg). Dopaminergic cell
death was provoked by unilateral injection of 24 μg of 6-OHDA (Sigma-Aldrich, St. Louis, MO, USA)
dissolved in 4 μL 0.1 M citrate buffer into the right MFB. Sham-6-OHDA animals received only citrate
buffer. Exact coordinates of 6-OHDA or sham-6-OHDA injection were anterior-posterior = −2.3 mm,
lateral = −1.5 mm and ventral = −9.0 mm [68]. BoNT-A (Lot#13029A1; List, Campbell, CA,
USA; purchased via Quadratech, Epsom, UK) supplemented with phosphate-buffered saline
(PBS) and 0.1% bovine serum albumin (BSA) was injected at two sites into the right CPu (total
dose: 1 ng). Sham-BoNT-A animals received only PBS + BSA. Exact coordinates of BoNT-A or
sham-BoNT-A injection were anterior-posterior = +1.3 mm/−0.4 mm, lateral = −2.6 mm/−3.6 mm
and ventral = −5.5 mm/−5.5 mm [68]. For application of either 6-OHDA, BoNT-A or sham solution a
5 μL Hamilton syringe was used and the respective volume was continuously delivered over a time
span of 4 min. Afterwards, the needle was left in place for another 5 min to avoid reflux.

4.3. Immunohistochemistry

Serial brain sections showing CPu and SN were immunohistochemically reacted for TH to verify
successful 6-OHDA lesioning and to exclude an additive effect of BoNT-A. Brains were fixed with
3.7% paraformaldehyde overnight and stained with monoclonal mouse anti-TH antibody (clone TH2,
Sigma-Aldrich) following biotinylated horse anti-mouse lgG (Vector Laboratories, Burlingame, CA,
USA, 1:67). For details of the procedure see [69].

4.4. Behavioral Testing

The degree of dopaminergic cell loss and the positive motor effect of BoNT-A was evaluated
using apomorphine- and amphetamine-induced rotational behavior. Testing was performed in a
rotometer [41] four weeks after 6-OHDA or sham-6-OHDA injection and again two weeks after
BoNT-A or sham-BoNT-A injection (Figure 6). Drugs were solved in 0.9% NaCl and injected i.p.
(apomorphine: 0.25 mg/kg, amphetamine: 2.5 mg/kg). Following apomorphine injection and a
waiting time of 5 min to ensure cerebral uptake, rotations were monitored for 40 min. Rotational
behavior induced by amphetamine application was analyzed after a waiting time of 15 min throughout
a period of 60 min.

4.5. Radioligand Preparation and PET/CT Imaging

Synthesis of [18F]fallypride ([18F](S)-N-((1-allylpyrrolidin-2-yl)methyl-5-(3-fluoropropyl)-2,3-
dimethoxybenzamide) and semi-preparative HPLC for purification was conducted according to
the protocol of [70], followed by an extensive quality control. D2/D3R availability was analyzed by
dynamic [18F]fallypride PET/CT imaging over 90 min, each animal was measured one, three, and
six months post-BoNT-A or -sham-BoNT-A injection. Anesthesia was initially administered with 5%
isoflurane (AbbVie, North Chicago, IL, USA) vaporized in oxygen gas and maintained during scanning
time with 1.5–3%. Body temperature was held constant at 38 ◦C via a heating pad and respiration rate of
the animals was monitored throughout the PET/CT measurement. Each rat was placed in head-prone
position centered in the field of view of a commercially available preclinical PET/CT scanner (Inveon®,
Siemens Healthcare, Knoxville, TN, USA); performance evaluation of the system was described
by [71,72]. [18F]fallypride was injected as a bolus over 1 min via a microcatheter into the lateral tail
vein in a mean dose of 23.44 ± 1.75/24.06 ± 1.76/22.81 ± 2.03 MBq (sham-6-OHDA + sham-BoNT-A),
PET/CT 1-3), 24.52 ± 2.48, 23.84 ± 2.28, 23.88 ± 2.46 MBq (6-OHDA + Sham-BoNT-A, PET/CT 1–3)
and 22.99 ± 2.50, 22.55 ± 3.93, 21.61 ± 2.27 MBq (6-OHDA + BoNT-A, PET/CT 1–3). The acquisition
of dynamic PET as list mode data set was started immediately with the injection. PET studies were
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reconstructed as series 3D PET images of multiple frames with various time durations (6 × 10 s,
8 × 30 s, 5 × 300 s, 5 × 1800 s) with a voxel size of 0.86 mm × 0.86 mm × 0.79 mm using a 2D-ordered
subsets expectation maximization algorithm (four iterations, six subsets). Attenuation correction
was performed on the basis of whole body CT scan and PET studies were also corrected for random
coincidences, dead time, scatter and radioactive decay.

4.6. MRI Imaging

MRI was performed on anesthetized rats (1.5–3% isoflurane in oxygen) at least 10 days after
the last PET/CT examination and about eight months post-6-OHDA lesion. MRI of the rats was
conducted using a 7 Tesla small animal MRI scanner (BioSpec 70/30 AVANCE III, 7.0 T, 440 mT/m
gradient strength, Paravision software v6.01., Bruker BioSpin MRI GmbH, Ettlingen, Germany) with
a 1 H transmit resonator (inner diameter: 86 mm; vendor type-nr.: T12053V3, Bruker, Ettlingen,
Germany) and a receive-only surface coil array (2 × 2 array rat brain coil; vendor type-nr.: T11483V3,
Bruker) positioned on the head of the rats. The imaging protocol included 3D isotropic T1w FLASH
imaging sequences with transversal slice orientation, 8/45 ms TE/TR, 35 mm × 35 mm × 16 mm FOV,
200 μm × 200 μm × 200 μm resolution, 175 pixel × 175 pixel × 80 pixel matrix size, 20◦ flip angle,
12:36 min:sec acquisition time, one average and fat suppression.

4.7. Image Analysis

For qualitative and quantitative analysis PMOD v3.7 (PMOD Technologies LLC, Zurich,
Switzerland) was used. Qualitative assessment was conducted with parametric maps of the
spatial BPnd distribution by pixel-wised calculation (extracting signals from individual pixels). For
determination of BPnd, delineation of the target region (left and right striatum) as well as the reference
region (cerebellum) was conducted using an implemented MRI-based rat brain atlas [73]. Therefore,
PET data were first transformed to the standard matrix of the animal-specific MRI (3D isotropic T1w
FLASH). Two rats did not receive a MRI scan, for transformation a representative MRI of the same
experimental group was used. Two animals died during the study course and four PET/CT scanning
time points were canceled. Six PET/CT scans were excluded from analysis due to incorrect injection of
the radioligand and one due to development of a brain tumor (Table 1). Animal-specific MRI datasets
were then transformed to Schiffer matrix and the respective transformation matrix was saved. In a
final step, PET data were transformed into a Schiffer matrix using the saved transformation matrix
to guarantee maximal resolution of PET data (Figure 7a,b). All transformations were performed
using ridged matching method implemented in PMOD. VOIs for target and reference region were
then defined with the Schiffer atlas [73] (Figure 7c,d) and time–activity curves (TAC) were extracted
from dynamic PET data. For kinetic analysis the model-driven SRTM2 [54] was applied and BPnd
was estimated, being defined as the ratio of receptor density (Bmax) multiplied by the radioligand
affinity [74]. We assumed that receptor affinity was not changed in 6-OHDA-lesion rats compared to
controls as BP of [18F]fallypride is resistant to DA depletion [75–77].
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Figure 7. (a,b) Workflow of the transformation process using rigid matching. In a first step PET (input)
was transformed to the matrix of the animal-specific MRI (reference) (a). Secondly, the animal-specific
MRI (input) was transformed to the matrix of the Schiffer atlas and the transformation matrix was
saved and finally applied to PET data (b). (c,d) Example of the delineation of the left and right striatum
(purple grid) and the cerebellum (orange grid) in PET (d) with published Schiffer atlas (c) in a control
animal (sham-6-OHDA + sham-BoNT-A).

4.8. Statistical Assessment

Statistical significance was examined using IBM SPSS Statistics software version 22. To test
for the Gaussian distribution of all reported data, a Kolmogorov–Smirnov test was performed
followed by a univariate general linear model. Between-subjects post hoc ANOVA analysis of
variance was conducted with D2/D3R availability of the CPu (left/right) as the dependent variable
and the experimental group as covariate. Following, Bonferroni correction with the factor group
for each of the analyzed time points was performed (df = 5; (F = 4.598 one month post-BoNT-A
or -sham-BoNT-A; F = 3.051 three months post-BoNT-A or -sham-BoNT-A, F = 2.584 six months
post-BoNT-A or -sham-BoNT-A)). Statistical significance of apomorphine- and amphetamine-induced
behavior was analyzed by the unpaired student’s t-test. To analyze correlations of D2/D3R availability
and rotational behavior in the apomorphine-induced rotation test linear regression followed by
a two-sided Pearson correlation test was implemented. A p-value below 0.05 was considered to
indicate significance.

5. Conclusions

We here provide a longitudinal study on changes of D2/D3R availability in the 6-OHDA-induced
hemi-PD rat model. We found an increase in D2/D3R availability of 23% up to six months post-lesion,
which was significantly reduced after striatal injection of BoNT-A. Interestingly, this decrease of
pathological D2/D3R imbalance by intrastriatal BoNT-A injection significantly correlated with behavior
in the apomorphine rotation test. Altogether, our results emphasize the therapeutical capability of
BoNT-A in hemi-PD rats and provide insights in the underlying mechanisms.
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Abbreviations

BSA Bovine serum albumin
BPnd non-displaceable binding potential
BoNT-A Botulinum neurotoxin A
CPu caudate–putamen
D2/D3R D2/D3 receptor
DA dopamine
hemi-PD hemiparkinsonian
MFB medial forebrain bundle
MRI magnetic resonance imaging
MSN medium spiny neuron
PD Parkinson’s disease
PET positron emission tomography
PBS phosphate-buffered saline
PVE partial volume effect
SNAP25 synaptosomal-associated protein of 25-kDa
SN(pc) substantia nigra (pars compacta)
SRTM2 simplified reference tissue model 2
TAC time-activity curve
TH tyrosine hydroxylase
VOI voxels of interest
6-OHDA 6-hydroxdopamine
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Abstract: Sigma-1 receptors (Sig1R) are highly expressed in various human cancer cells and
hence imaging of this target with positron emission tomography (PET) can contribute to a better
understanding of tumor pathophysiology and support the development of antineoplastic drugs.
Two Sig1R-specific radiolabeled enantiomers (S)-(−)- and (R)-(+)-[18F]fluspidine were investigated
in several tumor cell lines including melanoma, squamous cell/epidermoid carcinoma, prostate
carcinoma, and glioblastoma. Dynamic PET scans were performed in mice to investigate the suitability
of both radiotracers for tumor imaging. The Sig1R expression in the respective tumors was confirmed
by Western blot. Rather low radiotracer uptake was found in heterotopically (subcutaneously)
implanted tumors. Therefore, a brain tumor model (U87-MG) with orthotopic implantation was
chosen to investigate the suitability of the two Sig1R radiotracers for brain tumor imaging. High tumor
uptake as well as a favorable tumor-to-background ratio was found. These results suggest that Sig1R
PET imaging of brain tumors with [18F]fluspidine could be possible. Further studies with this tumor
model will be performed to confirm specific binding and the integrity of the blood-brain barrier (BBB).

Keywords: [18F]fluspidine; carcinoma; glioblastoma; melanoma; sigma-1 receptor; dedicated small
animal PET/CT

1. Introduction

In clinical oncology, major efforts are dedicated to the optimization of cancer treatment either
with chemotherapeutics or radiation therapy [1]. For detection, diagnostic prognosis, and follow-up
after treatment of tumors positron emission tomography (PET) is a widely applied tool able to image
tumor-specific biochemical processes in vivo with radioactive probes [2]. One of the most widely
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applied radiotracers for that purpose is the glucose analog [18F]fluorodeoxyglucose ([18F]FDG) which
accumulates in tissues with high metabolic activity [2,3]. However, it has shown some limitations in
the detection of tumors like prostatic carcinoma DU145 [4] or PC-3 xenografts [5], A431 xenografts [6],
FaDu tumors [7], A375 tumors [8], and in U87-MG glioblastoma [9,10]. Hence, not all tumor species
show high glucose uptake (non-FDG-avid tumors) and consequently might be overlooked in a
tumor screening study [11–14]. Furthermore, for brain tumors, the high background uptake of
glucose in healthy brain makes the detection of small or low-grade tumors almost impossible [15].
Therefore, radiolabeled probes based on small molecules, amino acids, peptides, or antibodies targeting
different biomarkers, e.g., tumor metabolism, cellular proliferation, or hypoxia were developed for the
visualization and characterization of brain tumors with PET [16].

One promising approach for the use of PET radiotracers in oncology is the development of sigma
receptor (SigR) ligands [17–19]. There is evidence that both SigR subtypes, sigma-1 receptors (Sig1R)
and sigma-2 receptors (Sig2R), play important roles in cancer biology [17]. Studies with different
human and rodent tumor cell lines have proven that there exists a high density of SigR binding sites
in cancer [20]. While the Sig2R are regarded as potential markers for cellular proliferation [19,21,22],
the stress-activated Sig1R are associated with the endoplasmic reticulum interface and are involved
in the regulation of calcium signaling [23]. Furthermore, Aydar et al. has described a link between
Sig1R expression and the tumor aggressiveness [24], suggesting that this receptor subtype may be
a potential marker for the diagnosis and prognosis of (brain) tumors [23]. Hence, imaging of Sig1R
with PET might contribute to a better understanding of the tumor physiology, the pathophysiological
function of Sig1R, and the development of antineoplastic drugs [25].

Several PET radiotracers have been developed for imaging of Sig1R, such as [18F]1-3-
fluoropropyl-4-((4-cyanophenoxy)-methyl)piperidine ([18F]FPS) [26], 1-(4-[18F]fluorobenzyl)-4-
[(tetrahydrofuran-2-yl)methyl]piperazine [27], [11C]1-(3,4-dimethoxyphenethyl)-4-(3-phenylpropyl)
piperazine ([11C]SA4503) [28], [18F]6-(3-fluoropropyl)-3-(2-(azepan-1-yl)ethyl)benzo[d]thiazol-2(3H)-
one ([18F]FTC-146) [29] and the 18F-labeled 1,4-dioxa-8-azaspiro[4.5]decane derivative from our
group [30]. Recently, we developed another two promising radioligands (S)-(−)-[18F]fluspidine and
(R)-(+)- [18F]fluspidine [31,32], which both have been successfully used to image Sig1R in healthy
mice [31] and piglets [33]. Furthermore, (S)-(−)-[18F]fluspidine was applied to humans in a first-in-man
study [34]. The two enantiomers differ in their affinity towards Sig1R ((R)-(+)-fluspidine: Ki = 0.57 nM;
(S)-(−)-fluspidine: Ki = 2.3 nM), which is suggested to influence their different pharmacokinetics [33].
The S-enantiomer, showing fast and reversible binding kinetics in brain, was chosen for the first-in-man
evaluation [34]. Furthermore, a phase 1 clinical trial (drug occupancy study, ClinicalTrials.gov
identifier: NCT03019289) is currently underway to investigate (S)-(−)-[18F]fluspidine for imaging and
quantification of Sig1R in brain with pharmacokinetic modeling.

The current study was performed to investigate both enantiomers of [18F]fluspidine for their
ability to image the Sig1R availability in tumors. Starting from the cellular level, we investigated
the Sig1R synthesis with Western blot and the accumulation of (S)-(−)- and (R)-(+)-[18F]fluspidine
in the human prostatic cancer cells DU145 and PC3, as well as in the cell lines A431 and FaDu
(squamous carcinoma), A375 (malignant melanoma), and U87-MG (glioblastoma). Supported by
the promising in vitro results, PET scans with (S)-(−)-[18F]fluspidine were performed in mice
bearing five different heterotopically (peripheral) implanted tumors, representing both FDG-avid and
non-FDG-avid cancers. Furthermore, an orthotopic brain tumor model in mice was chosen and used
in PET scans to investigate the applicability of the two radiotracers with special regard to brain tumors
(pilot study).
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2. Results

2.1. Cell Specific Expression/Synthesis of Sig1R

The Sig1R expression was analyzed in lysates from melanoma (A375), squamous cell/epidermoid
carcinoma (FaDu, A431), prostate carcinoma (DU145, PC3), glioblastoma (U87-MG), and lung
carcinoma (NCI-H292) cells grown in vitro in cell culture as well as in mouse heterotopic tumor.
As demonstrated in Figure 1, we detected the Sig1R protein in all cell lines as well as in the explanted
tumor xenografts.

Figure 1. Detection of the Sig1R protein in (A) cell lysates and (B) tumor lysates. (1) HEK-S1R
(Sig1R-overexpressing, transgenic cells, positive control), (2) protein standard, (3) HEK, (4) FaDu,
(5) PC3, (6) DU145, (7) A431, (8) A375, (9) U87-MG, (10) NCI-H292. Expected band at 25 kDa. β-actin
was used as loading control.

2.2. Cellular Accumulation of [18F]fluspidine

Six human tumor cell lines were used to study the cellular accumulation (Figure 2) of
(S)-(−)-[18F]fluspidine and (R)-(+)-[18F]fluspidine in vitro following a published protocol [30].

Substantial cellular accumulation of both (S)-(−)- and (R)-(+)-[18F]fluspidine was observed in all
investigated cancer cell lines. The extent of the cellular accumulation at 120 min differs between the
cell lines and the highest cellular accumulation of (S)-(−)-[18F]fluspidine was observed for A431 and
A375 cells, with levels slightly higher than those of (R)-(+)-[18F]fluspidine. Furthermore, high cellular
accumulation of both radiotracers was observed in the two prostate carcinoma cell lines and the lowest
values were obtained with FaDu and U87-MG cells.

Blocking studies were performed using 10 μM haloperidol which significantly reduced the cellular
accumulation of both (S)-(−)- and (R)-(+)-[18F]fluspidine in the cell lines with an inhibitory effect of
35–77%. These data demonstrate specific binding of both enantiomers of [18F]fluspidine to Sig1R in all
cell lines under investigation.
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Figure 2. Cellular accumulation of (S)-(−)- and (R)-(+)-[18F]fluspidine in the human tumor cells DU145,
PC3, A431, FaDu, A375, and U87-MG in vitro. Blocking experiments were performed by preincubation
(for 10 min) with 10 μM haloperidol. Results are given as percentage of injected dose (%ID) per mg
protein (mean ± SD; n ≥ 8 for (R)-(+)-[18F]fluspidine and n = 7 for (S)-(−)-[18F]fluspidine).

2.3. Small Animal PET Imaging

Small animal PET was performed in tumor-bearing mice after i.v. injection of (S)-(−)-
[18F]fluspidine. The results obtained for the five heterotopically (peripheral) implanted tumors in
terms of standardized uptake values (SUV) or the tumor-to-muscle ratio are presented in Figure 3.
Although there is uptake of (S)-(−)-[18F]fluspidine in all investigated tumor models and the suitability
of this radioligand for detection of Sig1R in tumors was indicated by in vitro autoradiography in an
explanted heterotopic U87-MG tumor (Figure 3C), the extent of accumulation is low. The highest
accumulation of the radiotracer was observed in FaDu (squamous cell carcinoma, n = 2) and PC3
(human prostate cancer, n = 2) tumors. Furthermore, the tumor-to-muscle ratio revealed a low signal
from the surrounding tissue (Figure 3D). Administration of haloperidol did not significantly reduce
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the tracer uptake in the respective tumor models. Hence, no specific binding of (S)-(−)-[18F]fluspidine
to Sig1R was found in the heterotopically implanted tumors.

Figure 3. Small animal PET imaging in mice bearing different heterotopic tumors (n = 2/tumor
model; n = 1 for DU145 blocking) after i.v. injection of (S)-(−)-[18F]fluspidine. (A) The maximal tumor
uptake corresponds to standardized uptake values (SUV) of 0.25 and 0.6 while a blocking effect is
not visible (mean SUV ± SD). (B) Tumor-to-muscle SUV ratios of the respective animals (mean SUV
ratio ± SD). (C) In vitro Sig1R autoradiography with (S)-(−)-[18F]fluspidine of an explanted U87-MG
tumor, grown heterotopically in a mouse, with heterogeneous activity distribution. (D) Representative
coronal PET image of a FaDu tumor bearing mouse at 50–60 min p.i. (tumor highlighted, T).

Subsequently, a pilot study using small animal PET/CT after orthotopic tumor cell implantation
(U87-MG) into the brain revealed high tumor uptake and a favorable tumor-to-background ratio
(Figure 4A,E) following the administration of (S)-(−)-[18F]fluspidine (n = 2) or (R)-(+)-[18F]fluspidine
(n = 3), respectively. The PET/CT images (Figure 4B–D,F–H) showed a clear separation of tumor from
the brain. However, further PET/MR and ex vivo studies need to be performed to confirm specific
binding of the ligands in the tumor.
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Figure 4. In vivo PET/CT imaging of mice with orthotopically implanted glioblastoma cells (U87-MG)
after i.v. administration of (S)-(−)-[18F]fluspidine (n = 2) (A–D) or (R)-(+)-[18F]fluspidine (n = 3)
(E–H). (A,E) Higher SUV of the tumor compared to the whole brain up to 25 or 50 min p.i.,
(S)-(−)-[18F]fluspidine or (R)-(+)-[18F]fluspidine, resulting in tumor-to-background SUV ratios >1
and hence tumor visibility at early time points. (B–D,F–H) Summed PET and PET/CT frames from
3–15 min p.i. in coronal (B,F), sagittal (C,G) and transaxial (D,H) views (T-tumor, Cb-cerebellum).

3. Discussion

Our group has recently developed (R)-(+)- and (S)-(−)-[18F]fluspidine [31], two specific
radioligands for Sig1R PET with promising preclinical properties and distinctive kinetics [33,35].
In this publication, we investigated the suitability of both enantiomers of [18F]fluspidine to image
Sig1R in different mouse tumor models. Current investigations [30] show strong expression of Sig1R
and correlation with pathologic tumor tissue in human esophageal squamous cell carcinoma [36],
prostate cancer [37,38], myeloma [39], melanoma [20,40], and glioma [41]. To assess the expression
of the Sig1R protein in different human tumors, cell lines from epidermoid carcinoma, melanoma,
and glioblastoma were investigated with Western blot in the current study. The results showed a
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positive signal for all investigated tumor cell lines, which represent both FDG-avid- and non-FDG-avid
cancer entities, and confirmed substantial Sig1R expression in these tumor types.

Next, we investigated the accumulation and specific binding of (S)-(−)- and (R)-(+)-[18F]fluspidine
in the selected cancer cell lines in order to evaluate the potential of both radiotracers to address specific
oncological questions. In general, all the cell lines showed accumulation of both enantiomers of
[18F]fluspidine and treatment with haloperidol significantly reduced the radiotracer binding [42,43].
Although haloperidol shows affinity to other receptors (i.e., Sig2R and dopamine D2), it was used
as blocking agent in the current study as the binding of [18F]fluspidine is highly Sig1R selective [31].
Furthermore, 1′-benzyl-3-methoxy-3H-spiro[[2]benzofuran-1,4′-piperidine, the lead compound of the
ligand development resulting in [18F]fluspidine, did not show any relevant binding towards more
than 60 neurotransmitter receptors, ion channels, and neurotransmitter transporters [44,45]. Hence,
results from the blocking study confirm Sig1R specific binding of (S)-(−)- and (R)-(+)-[18F]fluspidine
in the cancer cell lines.

Given the limitations of [18F]FDG for tumor imaging, we performed in vivo investigations using
small animal dynamic PET to examine the tracer uptake and specific binding and therefore the
suitability of (S)-(−)-[18F]fluspidine as tumor imaging agent. Although we could show in vitro
the expression of Sig1R in heterotopically grown U87-MG tumor by autoradiography with
(S)-(−)-[18F]fluspidine, the analysis of the PET scans performed in human tumor xenograft models
revealed comparatively low accumulation of this radioligand in the respective tumors. It is reflected in
particular by low tumor-to-muscle ratios due to low specific signal in tumor, i.e., binding displaceable
by haloperidol. This is due to areas of necrosis in these tumor models where radiotracer accumulation is
not expected [46]. Another possible reason is that interstitial oncotic pressure generated by proliferating
cancer cells might have reduced the tumor blood flow and prohibited tracer uptake [47]. Furthermore,
the lack of specific uptake for [18F]fluspidine in heterotopic (peripheral) tumors [48,49] may be
caused by differences in the tumor microenvironment and vascularization in these models [50,51].
Additionally, as shown by Figure 3C, the heterogeneity of the tumor tissue results in different levels of
radiotracer uptake and applying ROI analysis to the whole tumor region results in low mean SUV.

In a subsequent pilot study we performed PET imaging with [18F]fluspidine in orthotopically
implanted brain tumors. In general, [18F]fluspidine has been shown to be suitable for brain
imaging [31,33,52] and thus, we hypothesize that these radioligands are suitable for imaging of Sig1R
expressing brain tumors. Preliminary data from these experiments revealed a tumor-to-background
SUV ratio (TBR) of >1 for early time points and thus visualization of the tumor in the mouse brain
appeared to be feasible. However, at this point of investigation, without having the fraction of specific
binding of both enantiomers proven with suitable experiments (e.g., pre-blocking with haloperidol or
SA4503) a comparison of [18F]fluspidine with established radiotracers is not possible. Further studies
with this orthotopic brain tumor model are ongoing to test the BBB integrity, to confirm the specific
binding and to further evaluate both enantiomers of [18F]fluspidine as brain tumor imaging agents.

4. Materials and Methods

4.1. Radiochemistry

Enantiomerically pure (S)-(−)-[18F]fluspidine and (R)-(+)-[18F]fluspidine were prepared on
a TRACERlab FXN synthesizer (GE Healthcare, Waukesha, WI, USA) as described in previous
publications [33]. The radiochemical purity of (R)-(+)- or (S)-(−)-[18F]fluspidine was >99%, and the
molar activity at the end of the synthesis was 69.2 ± 35.8 GBq/μmol (n = 9) and 56.6 ± 17.3 GBq/μmol
(n = 7), respectively.

4.2. Cell Culture

Human malignant melanoma line A375 (ATCC CRL-1619), human squamous cell/epidermoid
carcinoma cell lines FaDu (ATCC HTB-43) and A431 (ATCC CRL-1555), androgen-independent
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human malignant prostate adenocarcinoma lines PC3 (ATCC CRL-1435) and DU145 (ATCC HTB-81),
and human likely glioblastoma cell line U87-MG (ATCC HTB-14) were used. Cells were
routinely cultivated in Dulbecco’s modified Eagle’s medium (A375, A431, PC3, U87-MG), Eagle’s
Minimum Essential Medium (DU145) or RPMI 1640 medium (FaDu) supplemented with 10% (v/v)
heat-inactivated fetal calf serum (FCS), penicillin (100 U/mL), streptomycin (100 μg/mL), glutamine
(4 mM), 1% HEPES (1 M; A431 and U87-MG cells only) at 37 ◦C and 5% CO2 in a humidified incubator.
Cells were passaged twice a week by mild enzymatic dissociation using 0.25% trypsin/EDTA [30,53].

4.3. Immunoblotting (Western Blot)

Tumor samples were processed as described earlier [54]. Preparation of cell lysates, SDS-PAGE
and immunoblotting were performed as described elsewhere [55]. In brief, 40–80 μg protein per
lane was transferred to PVDF membranes using a semi-dry transfer system (Bio-Rad Laboratories,
Hercules, CA, USA). Membranes were blocked for 60–90 min with non-fat dry milk powder (5%, w/v)
in Tris-buffered saline containing 0.05% (v/v) Tween 20 (TBS-T). For detection of Sig1R, membranes
were incubated with primary antibodies in bovine serum albumin (BSA, 2% w/v) in TBS-T (PA5-30372,
1:500, Thermo Fisher Scientific (Waltham, MA, USA), (tumor samples), respectively, ab53852, 1:200,
Abcam (Cambridge, UK) (cell lysates)), followed by incubation with peroxidase-conjugated secondary
antibody (anti-rabbit IgG, A0545, 1:5000, Sigma-Aldrich, Steinheim, Germany). Proteins were
visualized using Super Signal West Pico/Femto Chemiluminescent Substrate (Thermo Fisher
Scientific) and a CELVIN®S Chemiluminescence Imaging system (Biostep, Burkhardtsdorf, Germany).
For detection of loading control, membranes were stripped and further processed using mouse
anti-β-actin antibody (A5316, 1:1000, Sigma-Aldrich) and anti-mouse IgG (A9044, 1:10,000,
Sigma-Aldrich) as described elsewhere [54].

4.4. Cellular Accumulation

Radiotracer uptake studies with (S)-(−)-[18F]fluspidine/(R)-(+)-[18F]fluspidine (stock solution
1.50–1.75 MBq/mL; molar activity at application time: 69 GBq/μmol for (R)-(+)-[18F]fluspidine and
56 GBq/μmol for (S)-(−)-[18F]fluspidine) were performed in monolayer cultures. Therefore, the
cells were seeded in 24-well plates at a density of 1.0 × 105 cells/mL and grown to confluence.
The tracer cell uptake experiments were performed in quadruplicate in PBS at 37 ◦C for 1, 10,
30, 60, and 120 min using an activity of 0.3–0.5 MBq/well for each tracer in a total volume of
500 μL (independent experiments with and without blocking, 2–3 for (R)-(+)-[18F]fluspidine and
2 for (S)-(−)-[18F]fluspidine). For blocking experiments, the cells were pre-incubated for 10 min with
10 μM of haloperidol (100 μL). After the tracer uptake was stopped with 1 mL ice-cold PBS, the
monolayer cells were washed three times with PBS and dissolved in 0.5 mL NaOH (0.1 M containing
1% sodium dodecylsulfate, w/v). The radioactivity in cell extracts was then measured with a Cobra II
gamma counter (Canberra-Packard, Meriden, CT, USA) and decay-corrected. Activity measurements
were corrected for nonspecific tracer binding determined in empty (cell-free) plates using the
same experimental conditions. Total protein concentration in cell extracts was determined by the
bicinchoninic acid assay (BCA; Pierce, Rockford, IL, USA) using bovine serum albumin as protein
standard. Uptake data for all experiments are expressed as percentage of injected dose per mg protein
(%ID/mg protein).

4.5. Heterotopic Tumor Model and Small Animal PET Imaging

Animal experiments were carried out according to the guidelines of the German Regulations for
Animal Welfare. The protocol was approved by the local Ethical Committee for Animal Experiments
(reference numbers 24D-9168.11-4/2007-2 and 24-9168.21-4/2004-1).

For the generation of subcutaneous tumors, DU145, PC3, A431, FaDu, A375, and U87-MG cells
were used and cultivated as described elsewhere [30,54]. Tumor cells were harvested, washed in
PBS, and transferred to 0.9% sodium chloride solution (5 × 106 cells/100 μL). Nine weeks old male
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(prostate cancer cells) and female (other cancer cells) NMRI Foxn1nu/nu mice (weight: 35.9 ± 4.6 g)
were purchased from Janvier Labs or from the specific pathogen-free breeding facility of the
Experimental Centre of the Faculty of Medicine Carl Gustav Carus, Technische Universität Dresden.
General anesthesia of mice was induced with inhalation of desflurane 12% (v/v) (Suprane, Baxter,
Unterschleißheim, Germany) in 40% oxygen/air (gas flow 0.5 L/min), and was maintained with
desflurane 8% (v/v). The single-cell suspension (100 μL) was subcutaneously injected into the right
hind leg of mice [56]. Tumor size was monitored trice a week by caliper measurements and tumor
volume was calculated. The animals were visually inspected daily. Tumor-bearing mice entered
imaging studies 18–24 days past tumor cell injection, when tumor size reached a volume of about 400
to 700 mm3.

For PET investigations, anesthesia was performed as described above. In the PET experiments,
7.6 ± 3.0 MBq of (S)-(−)-[18F]fluspidine or (R)-(+)-[18F]fluspidine was administered intravenously
over 1 min into a tail vein. Dynamic PET imaging was performed for up to 2 h with a dedicated small
animal tomograph (microPET P4, Siemens Medical Solutions, Knoxville, TN, USA). Data acquisition
was performed in 3D list mode. A transmission scan was carried out prior to the injection of the
radiotracer using a 57Co point source. The list mode data were sorted into sinograms using a framing
scheme of 12 × 10 s, 6 × 30 s, 5 × 300 s and 9 × 600 s frames. The frames were reconstructed by Ordered
Subset Expectation Maximization applied to 3D sinograms (OSEM3D) with 14 subsets, 6 OSEM3D
iterations, 2 maximum a posteriori (MAP) iterations, and 0.05 beta-value for smoothing and corrected
for attenuation. The pixel size was 0.8 by 0.8 by 1.2 mm, and the resolution in the center of field of
view was 1.85 mm. The reconstructed data were converted into ECAT7 format and processed using the
ROVER software (ABX GmbH, Radeberg, Germany). Summed frames from 30 to 60 min post injection
(p.i.) were used to define the regions of interest (ROI). The ROI were located over the tumor and the
muscle of the contralateral hindleg and the results expressed as SUV or SUVtumor/muscle ratio.

4.6. Orthotopic Brain Tumor Model: Stereotactic Intracranial Tumor Cell Inoculation and PET/CT Imaging

All procedures were approved by the Institutional Animal Care and Utilization Committee
(IACUC) of Yale University. The procedures for cell culture are described in detail elsewhere [57].
Mice were purchased from Charles River Laboratories. Intracranial U87-MG-luc mouse xenografts
were established in 5–6 week-old female athymic nude mice (Crl:NU(NCr)-Foxn1nu). The animals
were anesthetized via intraperitoneal injection of a ketamine/xylazine mixture. After positioning in
a stereotactic apparatus, a skin incision was made until the bregma was visible, a 0.45 mm hole was
drilled into the skull at 2 mm lateral and 0.5 mm posterior to the bregma and a 30 G needle attached
to a 10 μL Hamilton syringe was inserted 3 mm deep into the brain tissue. The needle remained for
2 min at this position followed by the injection of 50,000 U87-MG cells in 5 μL of PBS (2.5 μL/min)
into the right striatum with an UltraMicroPump (UMP3, World Precision Instruments, Sarasota, FL,
USA). After the whole volume was injected, the needle was kept in place for another 2 min and then
quickly withdrawn from the brain. The hole was closed with bone wax (Ethicon Inc., Somerville, NJ,
USA) and the incision site sutured. Finally, the mice were inspected after narcosis until they were
fully awake. For the three consecutive days after implantation the animals received s.c. injections
of Meloxicam (5 mg/kg) for pain relief and anti-inflammatory treatment. The tumor growth was
monitored weekly by bioluminescence imaging (IVIS Spectrum, PerkinElmer, Waltham, MA, USA).
PET/CT experiments were performed 4 weeks after tumor cell inoculation using the Inveon PET/CT
scanner (Siemens Medical Solutions, Knoxville, TN, USA). Dynamic PET scans were acquired for 2 h
following i.v. injection of 3.5 MBq ± 2.6 of (S)-(−)-[18F]fluspidine or (R)-(+)-[18F]fluspidine. The list
mode data were sorted into sinograms using a framing scheme of 12 × 10 s, 6 × 30 s, 5 × 300 s and
9 × 600 s frames. The frames were reconstructed by OSEM3D, corrected for attenuation based on the
CT data resulting in a pixel size of 0.78 by 0.78 by 0.8 mm and a resolution in the center of the FOV
of 1.64 mm. ROIs were defined with ROVER for whole brain and the tumor region and the results
expressed as standardized uptake value.
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5. Conclusions

In this study we investigated the feasibility for tumor imaging of two Sig1R specific radiolabeled
enantiomers of [18F]fluspidine using different mouse tumor models, with special regard to brain
tumor imaging. The results support the use of the two radiotracers as imaging agents for clinical
oncological applications. Both enantiomers of [18F]fluspidine showed promising results in the cellular
accumulation experiments and encouraged us to further investigate these radiotracers in different
tumor models. Although the heterotopic models are not suitable for PET imaging with [18F]fluspidine,
the results obtained with an orthotopic brain tumor model support the use of (S)-(−)-[18F]fluspidine
and (R)-(+)-[18F]fluspidine for brain tumor imaging. However, further studies with this orthotopic
brain tumor model will be needed to investigate the integrity of the blood-brain barrier, to confirm the
specific binding to Sig1R and to investigate the suitability of [18F]fluspidine for brain tumor imaging.
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Abstract: Folic-acid-based radioconjugates have been developed for nuclear imaging of folate receptor
(FR)-positive tumors; however, high renal uptake was unfavorable in view of a therapeutic application.
Previously, it was shown that pre-injection of pemetrexed (PMX) increased the tumor-to-kidney ratio
of radiofolates several-fold. In this study, PMX was combined with the currently best performing
radiofolate ([177Lu]cm13), which is outfitted with an albumin-binding entity. Biodistribution studies
were carried out in mice bearing KB or IGROV-1 tumor xenografts, both FR-positive tumor types.
SPECT/CT was performed with control mice injected with [177Lu]folate only and with mice that
received PMX in addition. Control mice showed high uptake of radioactivity in KB and IGROV-1
tumor xenografts, but retention in the kidneys was also high, resulting in tumor-to-kidney ratios of
~0.85 (4 h p.i.) and ~0.60 (24 h p.i.) or ~1.17 (4 h p.i.) and ~1.11 (24 h p.i.) respectively. Pre-injection
of PMX improved the tumor-to-kidney ratio to values of ~1.13 (4 h p.i.) and ~0.92 (24 h p.i.) or
~1.79 (4 h p.i.) and ~1.59 (24 h p.i.), respectively, due to reduced uptake in the kidneys. It was
found that a second injection of PMX—3 h or 7 h after administration of the radiofolate—improved
the tumor-to-kidney ratio further to ~1.03 and ~0.99 or ~1.78 and ~1.62 at 24 h p.i. in KB and
IGROV-1 tumor-bearing mice, respectively. SPECT/CT scans readily visualized the tumor xenografts,
whereas accumulation of radioactivity in the kidneys was reduced in mice that received PMX. In
this study, it was shown that PMX had a positive impact in terms of reducing the kidney uptake
of albumin-binding radiofolates; hence, the administration of PMX resulted in ~1.3–1.7-fold higher
tumor-to-kidney ratios. This is, however, a rather moderate effect in comparison to the previously
shown effect of PMX on conventional radiofolates (without albumin binder), which led to 5–6-fold
increased tumor-to-kidney ratios. An explanation for this result may be the different pharmacokinetic
profiles of PMX and long-circulating radiofolates, respectively. Despite the promising potential of
this concept, it is believed that a clinical translation would be challenging, particularly when PMX
had to be injected more than once.

Keywords: pemetrexed; folic acid; radiofolate; albumin-binder; SPECT; 177Lu; KB; IGROV-1

1. Introduction

Folic-acid-based radioconjugates have been developed and pre-clinically investigated over
the past years for the purpose of nuclear imaging of folate receptor (FR)-positive tumors using
Single Photon Emission Computed Tomography (SPECT) or Positron Emission Tomography (PET).
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Only a very limited number of candidates have been translated to clinical studies, among those
[111In]DTPA-folate and [99mTc]EC20 (EtarfolatideTM) [1,2]. [99mTc]EC20 has been used for imaging
of FR-positive malignancies enabling the selection of patients who could potentially profit from
FR-targeted chemotherapy [3–5]. PET imaging agents using 18F-labeled folate tracers are currently
under investigation for the same purposes [6,7]. The application of folate radioconjugates for targeted
radionuclide therapy would be extremely attractive, given the fact that a large variety of tumor
types express the FR, among those several gynecological cancer types, but also other frequently
occurring cancer types such as non-small cell (NSC) lung cancer [5,8]. The high accumulation of
folic acid radioconjugates in the kidneys has, however, presented a drawback in this regard [9]. A
tumor-to-kidney ratio of accumulated activity in the range of 0.1–0.2, as was the case for conventional
folate radioconjugates (without albumin binder), prevented the realization of the therapeutic concept
completely. Our group has made major efforts to develop concepts that can enable the application of
therapeutic folic acid radioconjugates [10].

We were the first to demonstrate the fact that the antifolate pemetrexed (PMX, AlimtaTM,
Figure 1a [11]) increases the tumor-to-background ratio of accumulated radioactivity when injected one
hour prior to the radiofolate [12]. This concept was further investigated in different preclinical settings
with a variety of radioligands including [111In]DTPA-folate and [99mTc]EC20 that had previously been
tested in patients [13–16]. The “antifolate effect” was reproducible in different animal models including
xenograft and syngeneic tumor mouse models [13–15]. Hence, it could be shown repeatedly by our
group and others that this concept improved the tissue distribution of any radiofolate by reducing
retention in the kidneys [17]. We were also able to demonstrate, that the combination of PMX and
[177Lu]folate can enhance the therapeutic outcome and, in addition, reduce undesired side effects
of radiofolates [18]. These findings were based on the radiosensitizing potential of PMX [19–21],
and the reduction of accumulated activity in the kidneys [12]. Even though this approach revealed to
be highly promising, the tumor-to-kidney ratio of accumulated activity was still <1 when using the
most promising folate radioconjugates (e.g., DOTA-conjugates [22]). This fact presented a hurdle for
therapeutic application of radiofolates as the risk of damage to the kidneys would be high.

More recently, we have pursued another strategy in which we modified the folate conjugate
chemically by introducing an albumin-binding entity [23]. This modification was thought to enhance
the blood circulation time of the radiofolate ([177Lu]cm09) and, hence, improve the tissue distribution
profile [23]. Indeed, this concept led to unprecedentedly high tumor-to-kidney ratios of accumulated
activity (0.5–0.7 over 5 days p.i.) and had the advantage of avoiding the use of additional medication
to reach the desired effect.

 

Figure 1. (a) Chemical structure of the antifolate pemetrexed (PMX, AlimtaTM). (b) Chemical structure
of the most promising albumin-binding DOTA-folate conjugate referred to as cm13 [24]; folic acid (red)
serves as the targeting agent; the albumin-binding entity (blue) enables binding to serum albumin and,
hence, enhanced residence time in the blood; the DOTA chelator allows stable coordination of 177Lu.

By changing the linker entity of the radiofolate, we aimed at further improving the tissue
distribution profile [24]. Integration of a short alkane spacer between folic acid and the albumin-binding
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entity was realized in compound cm13 [24] (Figure 1b). This modification appeared favorable
based on a slightly improved tumor-to-kidney ratio of accumulated radioactivity after application of
[177Lu]cm13 [24].

Based on the observation that PMX improves the tissue distribution of folate radioconjugates the
question arose whether the combined application of PMX and [177Lu]cm13 would enable a further
increase in the tumor-to-kidney ratio of accumulated radioactivity. The aim of this study was, therefore,
to combine [177Lu]cm13 and PMX in vivo by investigating a potentially positive effect on the tissue
distribution of radioactivity. Mice with KB tumor xenografts (cervical cancer type), the most often used
mouse model to test folate (radio)conjugates, were employed in the first place for this study. In addition,
we investigated mice bearing IGROV-1 tumor xenografts, an ovarian cancer model, which has been
used previously for the investigation of folate radioconjugates [15,25]. Biodistribution studies were
performed in order to investigate [177Lu]cm13 applied alone and combined with PMX injected before
(and after) the radiofolate. SPECT/CT imaging was carried out to visualize the anticipated effects.

2. Results

2.1. Biodistribution Studies

2.1.1. Biodistribution in KB and IGROV-1 Tumor-Bearing Mice

Biodistribution studies were performed at 4 h and 24 h after injection of the [177Lu]folate (5 MBq,
1 nmol per mouse) using nude mice bearing KB or IGROV-1 tumor xenografts (Tables 1–3). The uptake
of [177Lu]cm13 in KB tumors was high (22.4 ± 4.50% IA/g) at 4 h p.i. and largely retained over the
time of investigation (18.6 ± 6.80% IA/g, 24 h p.i.).

Table 1. Biodistribution data obtained in KB and IGROV-1 tumor-bearing mice, 4 h after injection
of [177Lu]folate with and without pre-injected pemetrexed (PMX). Data are shown as % IA/g tissue,
representing the average ± S.D.

[177Lu]cm13

- PMX (1) - PMX (1)

4 h p.i. 4 h p.i. 4 h p.i. 4 h p.i.

Tissue KB KB IGROV-1 IGROV-1

n = 5 n = 5 n = 4 n = 4
Blood 7.32 ± 0.85 9.13 ± 0.89 7.88 ± 1.70 10.8 ± 1.43
Lung 4.33 ± 0.44 4.92 ± 0.39 4.47 ± 0.97 6.14 ± 0.97

Spleen 1.51 ± 0.15 1.45 ± 0.06 1.74 ± 0.15 2.16 ± 0.45
Kidneys 26.5 ± 1.20 15.8 ± 2.60 **** 26.9 ± 2.90 16.9 ± 3.10 ***
Stomach 1.37 ± 0.35 1.41 ± 0.19 1.58 ± 0.47 1.83 ± 0.39
Intestines 1.29 ± 0.42 1.38 ± 0.32 1.10 ± 0.18 1.12 ± 0.20

Liver 3.88 ± 0.49 3.31 ± 0.43 3.27 ± 0.49 3.38 ± 0.56
Muscle 1.92 ± 0.25 1.55 ± 0.28 1.17 ± 0.43 1.28 ± 0.38
Bone 1.55 ± 0.10 1.67 ± 0.24 1.38 ± 0.30 1.57 ± 0.25

Tumor 22.4 ± 4.50 17.6 ± 0.90 *** 31.5 ± 5.60 29.2 ± 8.80
Salivary glands 6.78 ± 0.57 5.84 ± 1.25 6.17 ± 0.49 6.18 ± 0.88

(1) PMX (400 μg/mouse) was injected 1 h prior to the [177Lu]folate; Statistical significance is indicated by asterisks
(statistically significant difference between uptake in the tissue of control mice and PMX injected mice.) *** p ≤ 0.001;
**** p ≤ 0.0001).

Pre-injection of PMX reduced the uptake in KB tumor (17.6 ± 0.90% IA/g, p < 0.001) at 4 h p.i.,
but had no impact on the tumor uptake at later time points (22.1 ± 3.60% IA/g; 24 h p.i.). At 4 h
p.i. retention of radioactivity in the kidneys was significantly reduced when PMX was pre-injected
(15.8 ± 2.60% IA/g vs. control mice: 26.5 ± 1.20% IA/g; p < 0.0001). The same effect was observed at
24 h p.i. (24.7 ± 5.70% IA/g vs. control mice: 30.9 ± 3.90% IA/g; p < 0.01). If PMX was injected for a
second time, 3 h or 7 h after administration of the radiofolate, kidney uptake was even more effectively
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reduced at 24 h p.i. (21.8 ± 0.70% IA/g; p < 0.0001 and 21.0 ± 4.70% IA/g; p < 0.0001, respectively).
In the liver, muscles and salivary glands, PMX did not affect uptake of radiofolate significantly, even
though a slight increase in blood activity was seen at 4 h p.i. (~9.13% IA/g vs. control ~7.32% IA/g;
p > 0.05), but not at later time points (Table 1).

The uptake of the radiofolate in IGROV-1 tumor xenografts was consistently higher (31.5 ± 5.60%
IA/g; 4 h p.i. and 37.7 ± 5.10% IA/g, 24 h p.i.) than in KB tumor xenografts. Pre-injection of PMX did
not reduce the tumor uptake significantly (p > 0.05). A significant difference in tumor accumulated
radioactivity was determined, however, between groups of mice that received PMX according to
different application schemes. It is not entirely understood why the mice that received PMX only 1 h
before the application of [177Lu]folate showed the highest tumor uptake (40.7 ± 9.00% IA/g), whereas
mice that were injected with PMX 1 h before and 7 h after the radiofolate showed significantly reduced
tumor accumulation (32.9 ± 5.30; 24 h p.i.; p < 0.001). As compared to control values, PMX reduced the
uptake in the kidneys (p < 0.001) 4 h after injection of [177Lu]folate and in all cases 24 h after injection of
the radiofolate (p < 0.001). Radioactivity levels in the blood were slightly but not significantly (p > 0.05)
increased in IGROV-1 tumor-bearing mice that received PMX before the radiofolate (~10.8% IA/g, 4 h
p.i.) when compared to control mice (~7.88% IA/g, 4 h p.i.). This effect was still observable at later
time points (~1.97% IA/g, 24 h p.i. vs. control mice: ~1.46% IA/g, 24 h p.i.; p > 0.05) (Tables 1 and 3).
In the liver, muscles, and salivary glands, PMX did not have a significant effect on the retention of
the radiofolate.

Table 2. Biodistribution data obtained in KB tumor-bearing mice, 24 h after injection of [177Lu]folate
with and without pre- and post-injected pemetrexed (PMX). Data are shown as % IA/g tissue,
representing the average ± S.D.

[177Lu]cm13

- PMX (1) PMX (2) PMX (3)

24 h p.i. 24 h p.i. 24 h p.i. 24 h p.i.

Tissue KB KB KB KB

n = 4 n = 5 n = 4 n = 4
Blood 1.28 ± 0.23 1.39 ± 0.14 1.37 ± 0.17 1.31 ± 0.14
Lung 1.74 ± 0.45 1.69 ± 0.22 1.66 ± 0.15 1.60 ± 0.35

Spleen 0.69 ± 0.14 0.79 ± 0.13 0.80 ± 0.13 0.72 ± 0.15
Kidneys 30.9 ± 3.90 24.7 ± 5.70 ** 21.8 ± 0.70 **** 21.0 ± 4.70 ****
Stomach 0.77 ± 0.19 0.70 ± 0.20 0.80 ± 0.14 0.63 ± 0.21
Intestines 0.27 ± 0.07 0.47 ± 0.14 0.30 ± 0.07 0.34 ± 0.06

Liver 2.46 ± 0.16 1.91 ± 0.44 2.04 ± 0.57 2.05 ± 0.05
Muscle 1.56 ± 0.10 1.31 ± 0.25 1.17 ± 0.20 1.50 ± 0.49
Bone 1.09 ± 0.31 0.97 ± 0.15 0.85 ± 0.06 0.95 ± 0.16

Tumor 18.6 ± 6.80 22.1 ± 3.60 22.4 ± 3.20 20.9 ± 5.10
Salivary glands 4.18 ± 0.62 3.71 ± 0.33 3.39 ± 0.30 3.86 ± 0.44

(1) PMX (400 μg/mouse) was injected 1 h prior to the [177Lu]folate; (2) PMX (twice 400 μg/mouse) was injected 1
h prior to the [177Lu]folate and 3 h after [177Lu]folate; (3) PMX (twice 400 μg/mouse) was injected 1 h prior to the
[177Lu]folate and 7 h after [177Lu]folate. Statistical significance is indicated with asterisks (statistically significant
difference between uptake in the tissue of control mice and PMX injected mice). ** p ≤ 0.01; **** p ≤ 0.0001).
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Table 3. Biodistribution data obtained in IGROV-1 tumor-bearing mice, 24 h after injection of
[177Lu]folate with and without pre- and post-injected pemetrexed (PMX). Data are shown as % IA/g
tissue, representing the average ± S.D.

[177Lu]cm13

- PMX (1) PMX (2) PMX (3)

24 h p.i. 24 h p.i. 24 h p.i. 24 h p.i.

Tissue IGROV-1 IGROV-1 IGROV-1 IGROV-1

n = 4 n = 5 n = 5 n = 5
Blood 1.46 ± 0.19 1.97 ± 0.15 2.21 ± 0.29 2.08 ± 0.31
Lung 1.88 ± 0.24 2.16 ± 0.23 2.23 ± 0.25 2.21 ± 0.33

Spleen 0.92 ± 0.17 1.19 ± 0.26 1.26 ± 0.33 1.20 ± 0.30
Kidneys 34.0 ± 2.00 26.2 ± 3.50 *** 21.8 ± 2.00 **** 20.8 ± 3.40 **** (4)

Stomach 0.69 ± 0.19 0.69 ± 0.31 0.78 ± 0.13 0.65 ± 0.17
Intestines 0.49 ± 0.12 0.44 ± 0.08 0.48 ± 0.07 0.43 ± 0.14

Liver 2.75 ± 0.57 2.47 ± 0.51 2.73 ± 0.65 2.41 ± 0.49
Muscle 1.52 ± 0.19 1.36 ± 0.37 1.28 ± 0.52 1.28 ± 0.32
Bone 0.95 ± 0.11 0.96 ± 0.12 1.02 ± 0.17 0.95 ± 0.10

Tumor 37.7 ± 5.10 40.7 ± 9.00 38.6 ± 3.50 32.9 ± 5.30 (5)

Salivary glands 4.43 ± 0.63 4.28 ± 0.43 3.95 ± 1.03 3.77 ± 0.45
(1) PMX (400 μg/mouse) was injected 1 h prior to the [177Lu]folate; (2) PMX (twice 400 μg/mouse) was injected 1 h
prior to the [177Lu]folate and 3 h after [177Lu]folate; (3) PMX (twice 400 μg/mouse) was injected 1 h prior to the
[177Lu]folate and 7 h after [177Lu]folate. (4) This value was significantly different from the value obtained in mice
that received PMX 1 h before the radiofolate; (5) This value was significantly different from the values obtained in
mice that received PMX 1 h before (and 3 h after) the radiofolate. Statistical significance is indicated with asterisks
(statistically significant difference between uptake in the tissue of control mice and PMX injected mice. *** p ≤ 0.001;
**** p ≤ 0.0001).

2.1.2. Tumor-to-Background Ratios

The tumor-to-background ratios were determined at 4 h and 24 h after injection of [177Lu]folate in
order to better assess the effects of PMX. This appeared important since the absolute tumor uptake
may have varied from mouse to mouse based on the size of the tumor xenograft. In line with
the increased radioactivity in the blood 4 h after injection of the [177Lu]folate in mice that received
PMX, the tumor-to-blood ratios were significantly reduced in KB tumor-bearing mice (1.93 ± 0.18
vs. control mice: 3.05 ± 0.49; p < 0.01) as well as in IGROV-1 tumor-bearing mice (2.67 ± 0.58 vs.
control mice: 4.05 ± 0.72; p < 0.05). At 24 h after injection of the radiofolate, tumor-to-blood ratios of
KB tumor-bearing mice were in the same range among the different groups (p > 0.05). In IGROV-1
tumor-bearing mice, tumor-to-blood ratios were significantly decreased (p < 0.05) at 4 h p.i. in mice
that received PMX as well as at 24 h when PMX was applied twice (p < 0.05).

The most important parameter to assess the effect of PMX was undoubtedly the tumor-to-kidney
ratio of mice that received PMX compared to the ratio in control mice (Figure 2). In both mouse models,
an increased value was observed when PMX was applied. At 4 h after injection of [177Lu]folate,
the tumor-to-kidney ratio was significantly increased in KB tumor-bearing mice that received PMX
(1.13 ± 0.17% IA/g, 4 h p.i.; p < 0.05). An increased tumor-to-kidney ratio was also visible in the
IGROV-1 tumor mouse model, however, in this case the effect was not significant due to the large
standard deviation in the PMX-injected group.

Investigation of the 24 h-time point revealed also consistently increased tumor-to-kidney ratios
when PMX was applied. The highest ratios in KB tumor-bearing mice were observed in mice that
received PMX 1 h before and 3 h or 7 h after injection of the [177Lu]folate (1.03 ± 0.16 and 0.99 ± 0.06,
respectively). In IGROV-1 tumor-bearing mice the ratios obtained under these conditions were even
higher (1.78 ± 0.18 and 1.62 ± 0.39, respectively) but only significant when PMX was injected 1 h
before and 3 h after the radiofolate.
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Figure 2. Tumor-to-kidney ratios of mice after injection of [177Lu]folate (5 MBq, 1 nmol). (a)
Tumor-to-kidney ratios of KB tumor-bearing mice 4 h after injection of [177Lu]cm13 without pre-injected
PMX (blue) or with pre-injected PMX (yellow). (b) Tumor-to-kidney ratios of KB tumor-bearing mice
24 h after injection of [177Lu]cm13 without pre-injection of PMX (blue) or with pre-injection of PMX 1 h
before the radiofolate (yellow) or 1 h before and 3 h (green) or 7 h (red) after injection of the radiofolate.
(c) Tumor-to-kidney ratios of IGROV-1 tumor-bearing mice 4 h after injection of [177Lu]cm13 without
pre-injected PMX (blue) or with pre-injected PMX (yellow). (d) Tumor-to-kidney ratios of IGROV-1
tumor-bearing mice 24 h after injection of [177Lu]cm13 without pre-injection of PMX (blue) or with
pre-injection of PMX 1 h before the radiofolate (yellow) or 1 h before and 3 h (green) or 7 h (red) after
injection of the radiofolate. Statistically significant values are indicated with asterisks (* p ≤ 0.05).

Tumor-to-liver ratios were in the same range for mice injected with [177Lu]folate only and mice that
received [177Lu]folate combined with PMX, independent of which tumor xenograft (KB or IGROV-1)
and time point (4 h p.i. or 24 h p.i.) was investigated and whether PMX was injected only once or twice.

2.2. In Vivo SPECT/CT Experiments

KB and IGROV-1 tumor-bearing mice were used for SPECT/CT imaging studies 4 h and 24 h after
injection of the [177Lu]folate only or [177Lu]folate in combination with PMX, which was injected before
and after the radiofolate. Measurement of the whole mice immediately before the 4 h p.i.-scan revealed
that 91–95% of the injected radioactivity (non-decay corrected) was retained in the body independent
on whether the mice received PMX. After 24 h, mice that received PMX showed lower radioactivity
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retention in the body (~62% IA retained in the body, non-decay corrected) as compared to the mice
that were injected only with the [177Lu]folate (~70% IA retained in the body, non-decay corrected).
These data were in line with increased excretion through the kidneys in mice injected with PMX.

2.2.1. SPECT/CT Imaging of KB Tumor-Bearing Mice

SPECT/CT scans of KB tumor-bearing mice 4 h and 24 h after injection of the [177Lu]folate
showed high uptake of radioactivity in the tumor xenografts and accumulation of radioactivity was
also observed in the kidneys (Figure 3). Based on a visual analysis, the tumor-to-kidney ratio was ~1
and did not change significantly over the time of investigation up to 24 h p.i. In mice injected with
PMX 1 h before the administration of the [177Lu]folate, the tumor uptake was slightly increased, while
retention of radioactivity in the kidneys was reduced in comparison to the renal uptake observed in
control mice. Background activity in blood circulation was reduced over time due to efficient blood
clearance of the radiofolate. Other than that, the distribution profile of the radiofolate remained almost
identical at 24 h p.i. in the mouse that received PMX a second time 7 h after radiofolate injection.

 

Figure 3. SPECT/CT scans of tumor-bearing mice injected with [177Lu]cm13 (25 MBq; 1 nmol) shown as
maximum intensity projections (MIPs). (a) KB tumor-bearing mouse 4 h after injection of [177Lu]cm13.
(b) KB tumor-bearing mouse 4 h after injection of [177Lu]cm13 with PMX injected 1 h before the
radiofolate. (c) KB tumor-bearing mouse 24 h after injection of [177Lu]cm13. (d) KB tumor-bearing
mouse 24 h after injection of [177Lu]cm13 with PMX injected 1 h before and 7 h after the radiofolate.
(Tu = KB tumor; Ki = kidney; Bl = urinary bladder).

2.2.2. SPECT/CT Imaging of IGROV-1 Tumor-Bearing Mice

SPECT/CT studies were also performed with IGROV-1 tumor-bearing mice (Figure 4).
Radioactivity in the blood pool and heart (background activity) was visible at 4 h p.i. but not anymore
at later time points. In line with the biodistribution data, the uptake of the radiofolate was higher
in IGROV-1 tumor xenografts than in KB tumor xenografts. Based on visual analysis of the images,
the tumor-to-kidney ratios were >1 at 4 h and 24 h after injection of the [177Lu]folate. The favorable
tissue distribution profile of the [177Lu]folate observed in this model was further improved when
mice received PMX before (and after) the radiofolate injection. Accumulation of radioactivity in
lymph nodes (in the armpit region and next to salivary glands) was more pronounced in IGROV-1
tumor-bearing mice than in mice with KB tumor xenografts.
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Figure 4. SPECT/CT scans of tumor-bearing mice injected with [177Lu]cm13 (25 MBq; 1 nmol) shown
as maximum intensity projections (MIPs). (a) IGROV-1 tumor-bearing mouse 4 h after injection of
[177Lu]cm13. (b) IGROV-1 tumor-bearing mouse 4 h after injection of [177Lu]cm13 with PMX injected
1 h before the radiofolate. (c) IGROV-1 tumor-bearing mouse 24 h after injection of [177Lu]cm13. (d)
IGROV-1 tumor-bearing mouse 24 h after injection of [177Lu]cm13 with PMX injected 1 h before and
7 h after the radiofolate. (Tu = IGROV-1 tumor; Ki = kidney).

3. Discussion

In this study, we aimed at combining PMX with the currently most promising albumin-binding
radiofolate ([177Lu]cm13) in order to optimize the tumor-to-kidney ratios further. Our current results
were in agreement with those of a preliminary experiment performed with KB tumor-bearing mice
and [177Lu]cm09, the first DOTA-folate conjugate developed in our group, which was outfitted with
an albumin-binding entity (see the Supporting Information of [23]). Although PMX increased the
tumor-to-kidney ratio of conventional folate conjugates 5- to 6-fold when injected 1 h prior to the
radiofolate [12,15], it was revealed that the effect was much less pronounced when PMX was combined
with [177Lu]cm09 [23].

In this study, it was shown that PMX was able to increase the tumor-to-kidney ratio of the
albumin-binding radiofolate by a factor of ~1.3 at 4 h p.i. and by a factor of 1.5–1.7 at 24 h p.i. in
the KB tumor mouse model. The situation was similar in the IGROV-1 tumor model, in which PMX
increased the ratio by a factor ~1.5 at 4 h p.i. and by a factor of 1.4–1.6 at 24 h p.i. It was revealed that
the distribution of the albumin-binding [177Lu]folate benefited from an additional injection of PMX,
3 h or 7 h after the administration of the radiofolate, in order to further reduce the renal uptake and,
therewith, increase the tumor-to-kidney ratios.

Even though the accumulation of [177Lu]cm13 was clearly higher in IGROV-1 tumor xenografts
than in KB tumors, the reported effect was consistent in both types of tumor mouse models. In the case
of KB tumor mice the tumor-to-kidney ratios were in the range of ~1.0 when PMX was used whereas
these ratios reached values of up to ~1.8 in the case of IGROV-1 tumor-bearing mice.

When performing this study, it was observed that there were inter-individual differences with
regard to the tissue distribution of [177Lu]folate. The absolute uptake values determined in this study
were also different from previously published values; however, the tumor-to-background ratios were in
the same range [24]. The effect of PMX was not exactly the same in each mouse; hence, the interaction
between the two drugs appeared to be very sensitive and possibly dependent on other factors.
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As already observed in previous studies, the effect of PMX is critically dependent on the time of
pre-injection and injected quantity as well as on the amount of injected folate conjugate [13,23]. It is,
thus, not surprising that the effect of PMX was less pronounced when combined with long-circulating
radiofolates. The albumin-bound fraction of folate radioconjugates is not excreted since albumin is
a large protein (>60 kDa) that cannot readily be filtered in the kidneys. Hence, only the free fraction
of radiofolates (not bound to albumin) may be affected by pre-injected PMX. Most probably, PMX
was excreted already when a major fraction of the radiofolate was still circulating in the blood due
to albumin-binding. The fact that repeated injection of PMX was favorable to reduce renal uptake
supported the hypothesis that the fast pharmacokinetics of PMX is responsible for the only moderate
effect on the distribution profile of the radiofolate. A more sophisticated scheme of PMX application
using repeated injections or a slow infusion over the first hours may be successful to reduce renal
uptake of albumin-binding radiofolates more effectively. This would, however, be difficult to realize in
a clinical setting given the fact that PMX is a chemotherapeutic agent, hence potentially toxic to the
patient and not easily upscalable.

In summary, we were able to show, that a “chemical approach,” which refers to the radioligand
modification with an albumin-binder and a “pharmacological approach” referring to the pre-injection
of PMX can be combined to further improve the tumor-to-kidney ratio of accumulated radioactivity in
tumor-bearing mice. This combination led to the best tissue distribution profiles ever obtained
with radiometal-based folate conjugates so far. A clinical translation of this approach would
be challenging, however, particularly when PMX had to be applied at a dose that induces
pharmacological/chemotherapeutic effects.

4. Materials and Methods

4.1. Preparation of [177Lu]Folate

The DOTA–folate conjugate (cm13 [24], herein referred to as “folate”) previously developed by
our group was kindly provided by Merck & Cie (Schaffhausen, Switzerland). No-carrier added 177Lu
was obtained from Isotope Technologies Garching (ITG GmbH, Garching, Germany). Radiolabeling of
the folate conjugate was performed in a mixture of HCl (0.05 M) and Na-acetate (0.5 M) at pH 4.5 at
95 ◦C and an incubation time of 10 min, as previously reported [24]. Quality control of [177Lu]folate
was carried out using high-performance liquid chromatography (HPLC) as previously reported [24].

4.2. Cell Culture

Human KB tumor cells (cervical carcinoma cell line, subclone of HeLa cells, ACC-136) were
purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig,
Germany). The human ovarian tumor cell line, IGROV-1, was a kind gift of Dr. Gerrit Jansen,
Free University Medical Center Amsterdam, The Netherlands. Both cell lines were cultured under
standard conditions (37 ◦C, humidified atmosphere, 5% CO2) in folate-deficient RPMI 1640 medium
(FFRPMI, Cell Culture Technologies, Gravesano, Switzerland), supplemented with 10% fetal calf
serum, L-glutamine, and antibiotics.

4.3. In Vivo Studies

In vivo experiments were approved by the local veterinarian department and conducted in
accordance with the Swiss law of animal protection. Athymic female nude mice (CD-1 Foxn-1/nu)
were obtained from Charles River Laboratories (Sulzfeld, Germany) at the age of 5–6 weeks. All
animals were fed with a folate-deficient rodent diet (ssniff Spezialdiäten GmbH, Soest, Germany).
Mice were inoculated with 5 × 106 KB cells or 5 × 106 IGROV-1 cells in 100 μL phosphate buffered
saline (PBS) into the subcutis of each shoulder for biodistribution studies. Additional mice were
inoculated with the same number of tumor cells into the subcutis of the right shoulder for SPECT/CT
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imaging studies. For the in vivo scans, mice were anesthetized with a mixture of isoflurane (1.5–2%)
and oxygen.

4.4. Biodistribution Studies

Biodistribution studies were performed with 4-5 mice per group, 12-14 days after KB cell
inoculation and 14-16 days after IGROV-1 tumor cell inoculation. [177Lu]folate (5 MBq, 1 nmol/mouse)
was diluted in 100 μL PBS and injected into a lateral tail vein (0.05% bovine serum albumin was added
to prevent adhesion to the syringe). Pemetrexed (PMX, AlimtaTM) was diluted in saline (4 mg/mL) and
administered at defined time points (0.4 mg per injection) before and after the injection of [177Lu]folate.
The animals were sacrificed at 4 h and 24 h after administration of the [177Lu]folate. Selected tissues
and organs were collected, weighed, and radioactivity was measured using a γ-counter (PerkinElmer
Wallac Wizard 1480). The results were decay corrected and presented as a percentage of the injected
(radio)activity per gram of tissue mass (% IA/g).

4.5. Statistics

Biodistribution data were compared using a two-way ANOVA Sidak’s multiple comparisons test
(4 h p.i. time point) and a two-way ANOVA Tukey’s multiple comparisons test (24 h p.i. time point;
Graph Pad Prism version 7). Tumor-to-background ratios were compared using an unpaired t-test with
Welch’s correction (4 h p.i. time point) and ordinary one-way ANOVA Tukey’s multiple comparisons
test (24 h p.i. time point), respectively. Statistically significant differences were calculated using data
based on the average [% IA/g]-values for the radioactivity accumulation in the blood, kidneys, liver,
muscle, salivary glands and tumors. Values for tissue uptake that differed significantly from the
control group are indicated with asterisks in Tables 1–3. Statistically significant differences in tissue
uptake among the PMX-pre/post-treated mice were indicated as a footnote to Table 3. All statistically
significant differences of tumor-to-background ratios between the groups were indicated with asterisks
in Figure 2. Statistically significant values were indicated as follows: ns: p > 0.05: * p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.001; **** p ≤ 0.0001.

4.6. SPECT/CT Studies

Imaging studies were performed using a small-animal SPECT/CT camera (NanoSPECT/CTTM,
Mediso Medical Imaging Systems, Budapest, Hungary). [177Lu]folate was injected into the lateral
tail vein of tumor-bearing mice (25 MBq, ~1 nmol per mouse). SPECT scans of 38 min duration were
performed 4 h and 24 h after injection of the [177Lu]folate after CT scans of 7.30 min duration. The
images were acquired using Nucline Software (version 1.02, Mediso Ltd., Budapest, Hungary). The
reconstruction was performed using HiSPECT software, version 1.4.3049 (Scivis GmbH, Göttingen,
Germany). Images were analyzed using VivoQuant software (version 3.0, inviCRO Imaging Services
and Software, Boston, US). Gauss post-reconstruction filter (FWHM = 1 mm) was applied twice to the
SPECT images, and the scale of radioactivity was set as indicated on the images (minimum value =
3 Bq/voxel to maximum value = 30 Bq/voxel).
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