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This continuing educational article introduces the radiochemistry of
PET tracers that exhibit a covalently bound radiolabel with the
nuclides ''C, 3N, and '8F. The overall process of PET tracer pro-
duction is explained, starting from the production of the radionu-
clide in a cyclotron; followed by the automatization process of the
radiosynthesis, including the necessary steps for the respective
synthesis; and finalized with the requirements for quality control.
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The accessibility of molecular imaging probes for PET is built
on 3 major pillars: radionuclide production, methodology for ra-
diolabeling, and techniques for radiotracer production.

It is essential to deeply understand the molecular behavior of
the imaging probes (radiotracers) and the underlying (patho-)
physiology and interaction with the molecular target. Quantifiable
signals in PET are directly related to the radionuclide bound to the
imaging probe’s backbone. These signals are directly involved in
molecular processes and therefore enable a direct in vivo readout
of the extent of pathophysiologic changes or biodistribution within
the organism (/,2).

It is pivotal to use a commonly recognized and precise (radio-)
chemical language leading to a recently harmonized tracer nomen-
clature within the radiopharmaceutical community (3).

The aim of this article is to consolidate the basic principles of
the most important radiotracers comprising a covalent PET radio-
label (i.e., '8F, '1C, and '3N).
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RADIONUCLIDE PRODUCTION

After 80 y, the message “The cyclotron evidently proves to be a
sort of hen laying golden eggs” (Fig. 1), written by Emilio Segré to
Ernest Lawrence (4), after the discovery of technetium from a re-
sidual molybdenum strip of the first cyclotron developed by Law-
rence, is still valid. Indeed, a cyclotron is the only source of most PET
radionuclides, including ''C, 3N, and '8F. Accordingly, our golden
radionuclides are respectively produced in a cyclotron by irradiation
of 14N, 10, and '®0 with low- and medium-energy (10-20 MeV)
protons (H"), obtained after the acceleration of negative hydride
ions (H™) by means of an electric field in a growing spiral path
due to the presence of a magnetic field. After reaching the desired
energy, the beam of accelerated negative ions passes a thin foil of
graphite, which strips the electrons of the hydride ions, thus pro-
ducing the desired protons. The resulting protons are then directed to
bombard a target filled with the appropriate material, where the
irradiation and consequently the nuclear reaction take place (5).

1. 1C production (*N(p,a)!'C) involves the use of a gas target
filled with nitrogen ('*N,), which is mixed with trace amounts of
oxygen or hydrogen to obtain [''C]CO, or ['!C]CHy, respectively,
which are further used to label the desired molecule.

2. BN (%0O(p,a)'3N) is generally obtained from liquid water
(['°*O]H0).

3. I3F can be produced via 2 methods; the first one uses highly
enriched ['30]H,O as target material, and '30(p,n)'8F to yield ['*F]F;
whereas the second requires a gas target filled with 2°Ne to achieve
['8F]F, gas. For the ['®F]F, production, the target is bombarded with
deuterons ((H™") instead of protons (*°Ne(d,o)!8F).

However, '1C synthesis often involves a posttarget synthesis to
transform the relatively unreactive building blocks [''C]CO, and
['!CICH,4 to more reactive species, such as ['C]CH3I among
others. This transformation can be conducted either via a wet
procedure or via a gas-phase process.

AUTOMATION PROCESS

The production of radiotracers has become an important issue
in nuclear medicine. Synthesis time has a major influence for
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FIGURE 1. Nuclear reactions of golden radionuclides.

counteracting losses due to natural decay and radiation protection.
Therefore, the production of radiotracers is preferentially accom-
plished using a fully automated synthesizer, which should provide
easy handling. Most commonly used systems are conventional
heaters with reusable reaction vessels or a single-use cassette-
based system. The latter one can be equipped with a new cassette
for every batch and offers the possibility to modify the chemical
form of the active species (e.g., concentration or purification).
Single-use cassettes are applied for routinely produced tracers
such as ['8F]FDG. Unfortunately, these systems are not available
for demanding labeling procedures or newly developed com-
pounds, and consequently, in these cases the conventional vessel-
based module is used. Additionally, this kind of synthesizer is favorable
for optimization or establishment of new techniques.

In some cases, conventional heating systems are not sufficient for
successful radiolabeling. Therefore, rarely used techniques such
as microwave heating or microfluidic systems are advantageous. In
contrast to conventional heaters, microwaves heat a solution
uniformly, which accelerates the reaction rate and subsequently
facilitates successful product formation. Microfluidic systems are
designed for working with small volumes (nanoliter range) and
channel sizes in micrometers. Both methods offer the opportunity
to heat a reaction mixture over its boiling point due to enhanced
pressure causing a better conversion. Several radiotracers have
already been successfully produced using these techniques (6-8),
for example, ['8F]FDG and ['8F]fluoroethylcholine.

QUALITY CONTROL AND REGULATIONS

Every radiotracer for diagnosis has to be prepared on the day
of application because of the short half-life of the respective
radionuclide (*8F, 110 min; !''C, 20 min; and 3N, 10 min), and
therefore the quality of the applied radiotracer must be carefully
examined before patient administration. Quality control guidelines
are embedded in the monographs for radiopharmaceutical prod-
ucts (9). There are a variety of different laws, statutory guidelines,
and regulations regarding the correct handling, production, and
quality control in the course of a preparation process. They are
defined in the medicinal laws of every country.

The obligatory quality control parameters for intravenous
application of radiotracers are as follows: physical parameters
(osmolality, pH, and visual appearance); radionuclidic purity
(y-spectrum, calculation of half-life); radiochemical purity (radio-
active by-products); determination of molar activity and chemical
purity; solvent residues; and microbial contamination (sterility,
bacterial endotoxins).

Safe and robust chromatographic methods should be used to
keep the time frame for quality control as short as possible and
therefore the resulting activity as well as the molar activity high
(1,10,11).

['*FIFDG

The glucose analog [®FIFDG (2-['®F]fluoro-2-deoxy-p-
glucose; Fig. 2) is undoubtedly the most successful PET tracer,
allowing the visualization of energy metabolism in cells. It takes
advantage of the so-called Warburg effect, a metabolic shift to-
ward aerobic glycolysis mostly seen in tumors or inflammatory
cells, resulting in a higher demand for glucose (12). ['8F]FDG is
transported via glucose transporters and phosphorylated intracel-
lularly like glucose, but unlike the latter, it cannot be introduced
into the glycolytic pathway because of the !8F atom and is thus
accumulated. This so-called trapping mechanism and a wide scope
of applications ranging from various types of tumors to malignant
changes in brain activity have paved the way for it to become the
workhorse of PET. As alterations of glucose and hence ['8F]FDG
uptake do not reflect only pathologic processes but benign alter-
ations as well, this tracer’s versatility is its Achilles’ heel at the
same time (/).

The success story took its course in Brookhaven National
Laboratory in 1976, where ['8F]JFDG was synthesized for the first
time. In principle, ['8F]FDG can be produced via either electro-
philic addition or nucleophilic substitution. The former, original,
synthesis route used the precursor 3,4,6-tri-O-acetyl-p-glucal as a
source of a double bond to attack the electrophilic ['8F]F, gas.
This pathway, though, gave only a low yield of around 8%, as the
chemical reaction led to a mixture of radioactive and nonradioactive
fluorine-substituted mannose and glucose. Different electrophilic
agents such as acetylhypofluorite failed to improve the ['8F]FDG
production, leading to the implementation of the generally higher-
yielding nucleophilic approach using ['®F]fluoride ions. Nowadays,
the prevailing synthesis route shown in Figure 3 uses aliphatic
nucleophilic substitution with ['8F]fluoride against the triflate-leav-
ing group of the precursor 1,3,4,6-tetra-O-acetyl-2-O-trifluorome-
thanesulfonyl-3-p-mannopyranose (mannose triflate) in the presence
of the phase transfer catalyst Kryptofix 222 (Merck). The other hy-
droxyl groups are protected with acetyl groups throughout the syn-
thesis, which must be removed, usually with base or acid, to yield
['®F]FDG up to 70%-80% (13,14).

Today, ['8F]FDG synthesis is fully automated, making high
yields and reproducibility feasible. In addition, ['®F]FDG can po-
tentially be produced only once per day for all patients and even
allows distribution to other PET centers because of the relatively
long half-life of '8F.

AMINO ACIDS AND DERIVATIVES

The continuous glucose utilization by the human brain hampers
['8F]FDG PET imaging strategies for brain tumor imaging. Con-
sequently, radiolabeled amino acids (AAs) are broadly applied
in brain PET imaging because of their low uptake in healthy
brain (15,16).

The most common nuclides for labeling AAs are ''C and '8F,
with the first nuclide enabling an unaltered structure of the AA and
the second one allowing application in PET centers without on-
site production. Additionally, the desired radiolabeled AA should
be composed of more than 95% of the naturally occurring L-form,
as the D-AA has no biologic function.
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FIGURE 2. Overview on different PET tracers with covalent radiolabel: [''C]methionine (A), O-(2-['8Ffluoroethyl)-L-tyrosine (B), 3,4-dihydroxy-6-['eF]fluoro-L-
phenylalanine (C), 5-hydroxy-L-[3-'Cltryptophan (D), a-[''C]methyltryptophan (E), ['8F]FDG (F), ['*N]NHz (G), [''C]PIB (H), ['®F]flutemetamol (), ['&F]florbetaben
(), ["éFflorbetapir (K), [''C]choline (L), ['8F]fluoromethylcholine (M), ['éFIfluoroethylcholine (N), ['"8FJPSMA-1007 (O), [''CJraclopride (P), and ['8F]fallypride (Q).

A popular radiolabeled AA so far is L-[methyl-!'C]methionine
for brain tumor imaging, although its use is limited to a maximum
of 2-3 patients per production, caused by the short half-life of
HC. [''C]methionine synthesis is mostly conducted with either
L-homocysteine thiolactone hydrochloride or L-homocysteine as
precursor. Accordingly, [''C]CH;l is introduced into a mixture
of the respective precursor and a base. Purification takes place
either via solid-phase extraction or reversed-phase high-perfor-
mance liquid chromatography (HPLC). The reaction allows a
great variety of solvents, such as ethanol/water, acetone/water, or
acetonitrile (/7,18). Other precursor/synthetic routes described in
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FIGURE 3. Synthetic scheme of ['8F]FDG radiosynthesis via nucleo-
philic substitution.
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the literature were not applicable for routine production because of
their complexity or safety issues.

O-(2-['8F]fluoroethyl)-L-tyrosine (['8F]FET) displays similar up-
take and image contrast to L-[methyl-!!C]methionine (/9) but is
advantageous because of the half-life of '3F. ['3F]FET is not metab-
olized and not incorporated into protein biosynthesis but is trans-
ported via tumor cell-specific transport, which is accelerated in
malignant cells, leading to high accumulation in tumor tissue.
['8]FET was initially synthesized in a 2-step reaction consisting of
['8F]fluorination of ethylene glycol-1,2-ditosylate and subsequent
['8F]fluoroethylation of an L-tyrosine salt including HPLC purifica-
tion twice (20). An efficient routine production was presented start-
ing from O-(2-tosyloxyethyl)-N-trityl-L-tyrosine tert-butyl ester as a
precursor (1-pot reaction) (27). The procedure comprises subsequent
acidic deprotection and HPLC purification. Another approach uses
2-bromoethyl triflate as a precursor, whereby the intermediate
(['®F]bromofluoroethane) is subsequently distilled, requiring a synthe-
sis module with 2 reactors. Favorably, HPLC purification is not needed
and purification can be accomplished using simple solid-phase ex-
traction (22). Moreover, an Ni(II) complex of a (§)-tyrosine Schiff
base was presented as an enantiomerically pure labeling precursor
for ['8FIFET (23).

The nonproteinogenic AA 3,4-dihydroxy-6-['8F]fluoro-L-phe-
nylalanine (['8F]JFDOPA) reflects the presynaptic dopaminergic
synthesis and the enzyme activity of the aromatic AA decarbox-
ylase. ['8F]JFDOPA finds broad application in neuropsychiatric
diseases, headed by Parkinson disease, motion disorders, and
schizophrenia. Moreover, its application spectrum expanded to
brain tumor imaging and peripheral tumor imaging, whereby
['8F]FDOPA reflects the upregulation of AA transport in malignant
tissue as a consequence of increased proliferation. Nucleophilic
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radiofluorination approaches provide ['®F]JFDOPA in high chem-
ical yields and with high molar activities. The introduction of
fluoride-18 was either conducted using an enantiomerically pure
precursor followed by deprotection and purification or was intro-
duced in an achiral precursor, which necessitates chiral phase-
transfer catalysts to yield the enantioselective product (24,25).
Moreover, copper-mediated nucleophilic radiofluorination of the
protected L-3,4-dihydroxyphenylalanine stannane was reported
previously (26).

Currently applied PET tracers for investigating serotonin
synthesis are the tryptophan derivatives a-[''C]methyltryptophan
(['"'CJAMT) and 5-hydroxy-L-[B-!'C]tryptophan. The radiosyn-
theses for both tracers are quite complex and have multiple steps.
a-[''C]methyltryptophan is prepared by deprotonation of the re-
spective precursor with a strong base, mostly lithium diisopropyl
amine, at low temperature (-55°C-75°C). Subsequently, [''C]CH;I
is introduced into the solution, and after acidic and basic depro-
tection the final product is obtained via purification with C18
solid-phase extraction (27,28). The less applied 5-hydroxy-L-
[B-'"'Cltryptophan is synthesized via an enzymatic reaction
(29). Recently, '8F analogs of tryptophan were described en-
abling distribution of the tracers (30,31).

CHOLINE DERIVATIVES

Considering the high impact of prostate cancer in the world,
several PET tracers have been developed to image this malignancy
in vivo (32). Choline, an essential molecule for the biosynthesis of
cell membrane phospholipids, has accordingly been labeled with
1C as well as '8F (e.g., ['®F]fluoromethylcholine and [!3F]fluo-
roethylcholine) to target prostate cancer as well as brain tumors.
Although other tracers, such as [*8Ga]prostate-specific membrane
antigen (PSMA)-11, ['8F]PSMA-1007 and ['®F]IDCFBC (N-[N-[(S)-
1,3-dicarboxypropyl]carbamoyl]-4-[®F]fluorobenzyl-L-cysteine),
have shown superior results in first trials, choline derivatives are
still the most clinically used PET tracer for prostate cancer.

The synthesis of the radiolabeled choline derivatives is as follows.
For ['!C]choline, the reactive species [!!C]methyl iodide reacts
with a solution of dimethylaminoethanol in dimethylformamide to
give the product, which is purified and formulated with physiologic
saline. For ['8F]fluoromethylcholine, ['8F]F~ is dried until no
traces of water are present; posteriorly, dibromomethane is used
to produce the labeled building block, [!8F]bromofluoromethane,
which after distillation, reacts with dimethylaminoethanol to yield
the product ['8F]fluoromethylcholine. For ['®F]fluoroethylcholine,
radiosynthesis proceeds similarly to ['®F]fluoromethylcholine;
however, bromoethyltriflate is added instead of dibromomethane
to obtain the labeled compound ['8F]bromofluoroethane. Another
method uses ethylene ditosylate to afford the labeled building
block 2-['8F]fluoroethyl tosylate. Purification of all these tracers
is straightforward because of the cationic nature of the product,
which allows isolation of the product with a cation exchange resin.

['3N]NHs

The radionuclide 3N is widely applied as ['*N]NH3 ([!*N]am-
monia) for evaluating myocardial perfusion. Production of
['3N]NH; requires a cyclotron on-site and a fast synthesis proce-
dure because of the short half-life of 10.0 min. High amounts of >N
can be produced by irradiation of water ([!°OJH,0) with protons
(5). Depending on the proton energy, radiolysis in the presence of

oxygen generates the by-products ['*N]nitrite and ['3*N]nitrate.
These side products must be reduced with a catalyst, namely the
Devarda alloy, in alkaline solution, yielding 50%-90% ['3N]NH;
(33,34).

RADIOLIGANDS TARGETING SPECIFIC PROTEINS

Besides the aforementioned PET tracers, which image biologic
or physiologic functions (e.g., L-[methyl-''C]methionine and
['®F]FDG for metabolism and ['3N]NHj3 for perfusion), a plethora of
tracers that directly target specific receptors, transporters, enzymes,
and antigens is used in clinical routine, trials, or preclinical studies.

In oncology, PSMA is of peculiar and current relevance. The
expression of PSMA is upregulated in prostate cancer and
prostate metastases and can be target by the radiolabeled peptide
['8F]IPSMA-1007. The latest data indicate high tumor-to-background
ratios with excellent pharmacokinetic properties and, therefore,
suitable imaging of midget tumors and metastases. Specific PET
tracers in oncology, as ['8F]PSMA-1007, enable early diagnosis
and are an adjuvant in the planning of the ideal treatment (35).

Receptors can be targeted, either by antagonists (inhibitor of
receptor activity) or agonists (activator of signal transduction), to
image the density or the change in expression of specific targets
(e.g., receptors). The basic principle is the comparison of imaging
data between healthy controls and patients, measuring the expres-
sion levels before and after a specific treatment, or targeting a
specific receptor that is upregulated in tumors. Additionally,
specific radiolabeled substrates can provide insight into the
functionality of transporters. The representation of receptors is a
major request of clinical research targeting brain function. Plenty of
radiotracers with different targets (e.g., dopaminergic system) have
been developed, with the goal of determining pathophysiologic
changes in brain diseases, ascertaining new therapeutic approaches,
and determining therapeutic effects. Among others, ['!C]raclopride
and ['8F]fallypride are especially efficient in reflecting the D,/Ds
subtype or extrapyramidal D5 receptor, respectively, (36).

PET TRACERS FOR AMYLOID-B PLAQUES

Besides the presence of intracellular neurofibrillary tangles,
extracellular amyloid plaques in the gray matter are a pathologic
hallmark of Alzheimer disease (37). Several PET tracers have been
developed to visualize the fibrillary amyloid-3 plaques in vivo.

[''C]Pittsburgh compound B ([''C]PIB) (2-[4-(methylamino)
phenyl]-1,3-benzothiazol-6-ol) was the first PET tracer for specific
amyloid-B plaque imaging. It is a thioflavin-T analog, a fluores-
cent dye used to stain amyloid plaques in vitro. The radiosynthesis
consists of a direct ''C-methylation of the aniline moiety of the
unprotected precursor 2-(4'-aminophenyl)-6-hydroxybenzothiazole
(38). Subsequent purification takes place via reversed-phase-HPLC
(39). For widespread clinical use, '8F-labeled amyloid tracers have
been introduced, allowing distribution from a production site to
multiple PET centers.

['8F]flutemetamol (Vizamyl; GE Healthcare) is a fluoroderiva-
tive of [!!C]Pittsburgh compound B (40). The 2 other 8F-labeled
amyloid tracers, ['®F]florbetaben (Neuraceq; Piramal) and
['8F]florbetapir (AMYViD; Eli Lilly) (41—43), are derived from
stilbene. They are synthesized by direct [!8F]fluorination via nu-
cleophilic substitution of the respective N-Boc protected tosylate
precursor. To remove the N-Boc—protecting group, aqueous HCl is
added after the reaction. All 3 '8F-labeled tracers are purified by
reversed-phase-HPLC.
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CONCLUSION

The versatility and applicability of covalently bound radionu-
clides are enormous, especially as the chemical structure is not
altered (1'C) or only slightly altered (®F) compared with PET
tracers with a metal-based radiolabel. Limitations are mainly
due to the time factor and equipment, such as a cyclotron on-site,
to facilitate supplies from the production site to the PET centers.
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