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This Special Issue is dedicated to Professor Heinz H. Coenen on the occasion of his 65th birthday

In the field of radiopharmaceutical research, the development
of new radiochemistry methods has been one of the major
driving forces for positron emission tomography (PET)
imaging during the past decade. The use and availability
of the positron emitters C-11, F-18, Ga-68, Cu-64, or Zr-
89, to name a few, have enormously increased and, espe-
cially in terms of chemoselectivity and radiolabeling efficacy,
significant progress has been made. In the field of F-18
chemistry, various click chemistry-based labeling methods,
the use of the silicon-fluoride acceptor reagents, and Al-F-
NOTA complexes offer an even more simplified strategy to
introduce F-18 into biomolecules. These techniques facilitate
the syntheses of radiotracers for PET imaging studies and
thus accelerate their pronounced use in preclinical studies
and even clinical trials. A similar situation is seen in the
field of metallic positron emitters, where additional strategies
have been developed to extend and to improve radiometal
chemistry, for example, by introducing Zr-89 for the labeling
of antibodies and long-term imaging studies.

The field of radiopharmaceutical sciences has been
mainly influenced by its founders and their pioneering work.
One of the scientific pioneers of modern radiochemistry for
imaging by PET, Professor Heinz H. Coenen, is celebrating

his 65th birthday the same time this special issue was
published. He is highly recognized in the field of radio-
chemistry and molecular imaging and one of the authors of
the most cited paper in the field of nuclear medicine and
molecular imaging. He has been director of the German
Research Center in Jiilich for more than 15 years and has been
international president of the largest radiopharmaceutical
society (Society of Radiopharmaceutical Sciences, SRS).

This special issue describes many important and recent
research advancements in PET chemistry that have been
influenced by the pioneering work of Professor Heinz H.
Coenen. Additionally, this special issue is thought to create
awareness of multiple imaging applications of newly devel-
oped radiotracers and thereby encourages young researchers
to expand their projects and developments by applying these
modern techniques. However, it is clearly impossible in an
issue of this size to cover all recent developments in PET
chemistry.

We do not pretend to be infallible in collecting review
papers with such a wide variety of topics. Some of the
articles in this special issue were written by former Ph.D.
degree students of Professor Coenen and we are sure that
especially these research topics were significantly inspired


http://dx.doi.org/10.1155/2014/890540

and motivated by their early scientific work together with
Professor Heinz H. Coenen.

We were pleased that Professor Bernd Neumaier, whose
scientific mentor has been Professor Heinz H. Coenen, agreed
to perform some comments on the different contributions in
this special issue.

Olaf Prante
Roland Haubner
Patrick Riss

Foreword by Bernd Neumaier (Institute of Radiochem-
istry and Experimental Molecular Imaging and Max
Planck Institute for Neurological Research, Cologne, Ger-
many)

Broad application of noninvasive imaging techniques, espe-
cially positron emission tomography (PET) and related
hybrid methods (PET/CT and PET/MR), in clinical practice
has significantly contributed to a considerabe increase of
accuracy in clinical diagnostics. PET offers quantitative 3D-
visualization of physiological and pathological processes in
vivo using probes labeled with positron-emitting nuclides.
Moreover, PET represents a powerful tool for drug devel-
opment which allows precise assessment and validation of
their pharmacological properties at a molecular level. Fur-
thermore, novel PET-tracers enable monitoring the success
of anticancer treatment. The consistent growth of PET is
accompanied by a large unmet need for the development
of novel PET-probes including labeling techniques for the
visualization of suitable targets of various diseases.

The starting point of modern PET imaging was the intro-
duction of 2—[18F]ﬂu0r0—2—deoxy—D—qucose ([ F]FDG) in
clinical practice (1976). However, highly sophisticated prepa-
ration procedures prevented its widespread application. This
situation changed entirely after the introduction of an
efficient stereospecific synthesis of n.c.a. ["*F]JFDG using
aminopolyether supported nucleophilic '®F-substitution pro-
posed by Kurt Hamacher, Heinz H. Coenen, and Ger-
hard Stocklin in 1986. The novel radiosynthesis enabled
obtaining ["*F]FDG in amounts allowing its broad clinical
application. Moreover, this radiofluorination method has
an enormous impact on '*F-chemistry until today. That
is one of the numerous trend-setting works of Professor
Heinz H. Coenen, whose concepts influenced radiochemistry
substantially. Although his scientific work covers different
aspects of nuclear chemistry his achievements in modern
'8F-labeling chemistry are of exceptional importance. His
work on the preparation of '*F-PET-tracers from iodonium
salts as well as the production of '®F-labeled amino and fatty
acids and their application for tumor imaging are definitely
further highlights of his work. Accordingly, the present issue
is dedicated to Professor Heinz H. Coenen on the occasion
of his 65th birthday. Not surprisingly, in this issue excerpts of
his pioneering works can be found.

The majority of papers in this issue deal with '*F radio-
labeling chemistry reflecting the outstanding potential of **F
in PET imaging. The exceptional position of this radioisotope
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is based on its favorable nuclear properties (half-life and *-
decay) and easy accessibility in >50 GBq quantities.

In recent years copper-catalyzed azide-alkyne click reac-
tions have become a convenient method to introduce
8F under mild reaction conditions. Further developments
make use of more reactive 1,3-dipoles beyond azide and/or
exploit strain-promoted metal-free click chemistry to prepare
radiofluorinated compounds. This topic is reviewed by K.
Kettenbach et al.

Recently, the silicon-fluoride-acceptor isotopic exchange
(SIFA-IE) was established for 18F-labeling. This novel
approach gives rise to objective advantages such as no need
for separation of radiolabeled product from precursor and
very mild reaction conditions. The works in this field are
covered by the contribution of V. Bernard-Gauthier et al.

Further, this issue provides a deeper insight into the
radiosynthesis of small '®F-molecules as intermediates for
modular build-up syntheses. A plethora of labeling methods
for the synthesis of '*F-labeled building blocks for the con-
struction of radiofluorinated complex molecules is reviewed
by J. Ermert.

The CF; moiety is present in a large number of pharma-
ceuticals and drug candidates. The introduction of the triflu-
oromethyl group is often applied to improve pharmacological
properties of lead structures. Consequently, several methods
for introduction of 2-['*F]fluoro-2,2-difluoroethyl group in
target molecules have been proposed. They are presented in
detail by V. T. Lien and P. J. Riss.

Chemoselective '*F-fluoroglycosylation, for example, via
azide-alkyne click reactions or via oxime formation allows
preparing structurally defined '®F-labeled glycoconjugates
which often display improved in vivo kinetics and increased
metabolic stability compared to parent compounds. S.
Maschauer and O. Prante give a brief overview of the
developments in this emerging field.

'8F_Chemistry is topped off with a review on 6-L-
["®FJFDOPA, the most popular PET-neurotracer with an
exceptionally broad spectrum of applications. The paper of
M. Pretze et al. summarizes the developments in the field
of ['*F]F-DOPA syntheses using electrophilic synthesis path-
ways as well as recent developments of nucleophilic syntheses
of 6-L-['"®F][FDOPA and compares the different synthesis
strategies regarding the accessibility and applicability of the
products for human in vivo PET tumor imaging.

Radiolabeled RGD peptides are of great importance for
tumor detection since overexpression of definite integrins is
frequently associated with tumor-induced angiogenesis and
tumor metastasis. The contribution of R. Haubner et al. deals
with different labeling techniques for the production of radio-
labeled RGD-peptides. Beside different '*F-labeling methods,
an overview of other opportunities to efficiently label RDG
peptides is provided. Furthermore, novel sequences targeting
other integrin subgroups such as a5 3; are described.

Owing to very slow blood clearance and metabolism of
antibodies conventional PET emitters are unsuitable for PET
measurements. This problem can be overcome, for example,
by using the long-lived positron emitter **Zr. Strategies for
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$9Zr-labeling of antibodies and use of *Zr-labeled antibodies
for PET-imaging are outlined by E. C. J. van de Watering et al.

Since the introduction of microfluidics into PET-
chemistry in 2004 syntheses of numerous PET-tracers
based on different microfluidic setups have been described.
This method comprises numerous advantages. The most
important one, especially for the preparation of PET-tracers
labeled with very short-lived isotopes such as ''C, *N, and
150, is the reduced reaction time. The review presented by L.
Brichard et al. deals with the production of ' C-tracers using
microfluidics.

Hybrid imaging technologies which combine different
imaging modalities can provide additional clinical advan-
tages. Some of them such as PET/CT and PET/MR are already
widely applied in clinics. Despite its great potential, the
combination of PET with optical imaging (OI) still remains
in the phase of preclinical development. The paper authored
by U. Seibold et al. is devoted to the preparation of and
preclinical feasibility studies with bimodal agents for PET/OI
imaging.

The current issue has not been designed to be compre-
hensive but, instead, to demonstrate the versatility, dynamics,
and challenges of modern PET-chemistry. The efforts in this
fast growing field aim at a steady improvement of existing
and development of novel radiolabeling procedures in order
to actively implement the “from bench to bedside” approach
and, ultimately, to improve patient care.

Bernd Neumaier
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Background. Over the recent years, radiopharmaceutical chemistry has experienced a wide variety of innovative pushes towards
finding both novel and unconventional radiochemical methods to introduce fluorine-18 into radiotracers for positron emission
tomography (PET). These “nonclassical” labeling methodologies based on silicon-, boron-, and aluminium-'*F chemistry deviate
from commonplace bonding of an ['*F]fluorine atom (**F) to either an aliphatic or aromatic carbon atom. One method in particular,
the silicon-fluoride-acceptor isotopic exchange (SiFA-IE) approach, invalidates a dogma in radiochemistry that has been widely
accepted for many years: the inability to obtain radiopharmaceuticals of high specific activity (SA) via simple IE. Methodology.
The most advantageous feature of IE labeling in general is that labeling precursor and labeled radiotracer are chemically identical,
eliminating the need to separate the radiotracer from its precursor. SiFA-IE chemistry proceeds in dipolar aprotic solvents at room
temperature and below, entirely avoiding the formation of radioactive side products during the IE. Scope of Review. A great plethora
of different SiFA species have been reported in the literature ranging from small prosthetic groups and other compounds of low
molecular weight to labeled peptides and most recently affibody molecules. Conclusions. The literature over the last years (from
2006 to 2014) shows unambiguously that SiFA-IE and other silicon-based fluoride acceptor strategies relying on '®F~ leaving group
substitutions have the potential to become a valuable addition to radiochemistry.

1. Introduction

Radiopharmaceutical chemistry, besides the medicinal ratio-
nale, is undoubtedly the driving force behind tracer devel-
opment for in vivo molecular imaging. Devising new radio-
chemical methodologies to introduce radioisotopes into

organic molecules of various molecular weights and chemical
nature has been a continuing strife throughout the history
of radioactive probe development. In principle, almost any
organic compound can be radioactively labeled depending
on the nuclide, the acceptable level of derivatization which is
necessary particularly in radiometal labeling, and of course
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ScHEME 1: Early developments of silicon-['*F]fluorine-based compounds.

the position of the label itself. With the contingent of existing
labeling methods, it is possible to label nearly all com-
pounds in sufficient radiochemical yields (RCYs); however,
sometimes the required great technical effort can prevent
clinical routine production. Currently, only radiochemistries
based on coordinating radiometals such as technetium-99m
(**™Tc), which accounts for the majority of all radiophar-
maceuticals produced for single-photon emission computed
tomography (SPECT), as well as indium-111 (*'1n, for
SPECT), gallium-68 (*®Ga), and copper-64 (**Cu) both for
positron emission tomography (PET) proceeds in a kit-like
manner [1-4]. In particular, **™Tc radiochemistry evolved
over decades into fully GMP compliant (Good Manufac-
turing Practice) labeling kits where a simple addition of

the radionuclide in the chemical form of its pertechnetate

(*™TcO, ) followed by very few simple steps yields the

tracer. For other radiometals, final HPLC purification is
sometimes inevitable and the operators in the laboratory
have to possess a certain degree of technical proficiency and
equipment in order to deliver an injectable solution that
complies with GMP regulations.

Additional obstacles exist for radiolabeling with the most
extensively used PET isotope '*F The interest towards the
development of '*F-radiopharmaceuticals ensues essentially
from the low positron energy (635KeV) and the most
suitable half-life (109.7 min) of this radioisotope. As a con-
sequence, '*F is ideal for numerous PET imaging applica-
tions involving tracers of low molecular weight as well as
various biomolecules with a suitable kinetic profile. In par-
ticular, the successful and widespread use of [¥F]2-fluoro-
2-deoxy-D-glucose ([**F]FDG) has ignited the interest in
new '®F-tracers but despite its favorable nuclear properties,
'8F-radiochemistry remains often associated with relatively
cumbersome and lengthy labeling procedures. Indeed, *F-
labeling normally involves relatively large precursor quan-
tities and often requires high reaction temperatures as well
as the presence of activating reagents (e.g., strong bases plus
cryptands) leading to unwanted radioactive and chemical

side products, which need to be thoroughly separated from
the desired '*F-labeled tracer. Consequently, there are only
few examples published in the literature where the radio-
chemical labeling procedure does not require a final HPLC
purification. This is problematic due to the need for fully
GMP compliant synthesis modules, which led manufacturers
to search for solid phase based purifications to circumvent
HPLC procedures [5-7]. Moreover, the classical use of harsh
reaction conditions precludes a direct "*F-radiolabeling of
complex biomolecules not able to withstand those reaction
conditions. In such cases, the use of '®F-carbon-based pros-
thetic groups is often necessary, imposing further equipment
challenges in addition to the time-consuming aspects.

The recent development of comparatively simple, effi-
cient, and innovative labeling approaches based on silicon-
8% [5, 8-10] and boron-'*F [11-14] bond formation as well
as aluminium-'8F [14-19] chelation scaffolds each address in
part some of the major drawbacks associated with conven-
tional nucleophilic '®F-labeling on a carbon atom. Partic-
ularly, silicon-'*F labeling methods have been increasingly
exploited in recent years due to their inherent simplicity and
efficiency compared to conventional labeling strategies. The
organosilicon-based fluoride acceptor (SiFA) '*F-labeling
strategy was initially coined in reference to the isotopic
exchange (IE) approach introduced by Schirrmacher et al.
[5] (Scheme 1). A more inclusive definition of SiFAs
also comprises the alkoxysilane leaving group approach
introduced by Choudhry et al. [20] which was expanded to
hydrosilanes and silanols by the group of Ametamey [21].
The current review will detail and discuss the technical
developments and applications which have led to the current
status of ['®F]-SiFA radiochemistry as a simplified approach
towards new radiopharmaceuticals for PET imaging.

2. SiFA Labeling Chemistry

Formation of Si-F bonds is driven by the strong affinity
between silicon and fluorine as exemplified by the high
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corresponding bond energy (565kJ mol™" for Si-F versus
485k] mol™! for C-F and 318kJmol™ for Si-C). Simple
organofluorosilanes display poor kinetic stability and may be
cleaved under mild conditions in the presence of fluoride or
other silophiles due to the high polarization of Si-F bonds
which is also true for Si-O bonds. Tetravalent silicon readily
reacts with Lewis bases to form hypervalent species (both
5- and 6-coordinate) as a consequence of vacant low energy
d-orbitals. Moreover, the greater covalent radius of silicon
versus carbon contributes to the enhanced propensity of
organosilanes to undergo nucleophilic substitutions at the
silicon atom compared to their carbon-centered counter-
parts. Those characteristics build the foundation of various
nonradioactive organosilicon chemistries and are also central
to the development of [ISF]organoﬂuorosilanes for PET
imaging.

The synthesis of 18F_labeled silicon tetrafluoride (Si[lSF]F4)
via metallic hexafluoridosilicate formation from metallic
fluorides and SiF, has been known for more than half a
century in radiochemistry [22-24]. [ISF]Fluorotrimethylsi-
lane (['®F]2) was also reported as a hypothetical intermediate
from hexamethylsiloxane reaction with ['*F]HF as early as
1978 [25]. The first in vivo evaluation of silicon-'®F building
blocks was introduced by Rosenthal et al. with the radiosyn-
thesis of the volatile species ['*F]2 from chlorotrimethylsi-
lane (1; Scheme 1) [26]. The labeling proceeded efficiently
delivering ['*F]2 using no-carrier-added (nca) tetramethyl-
ammonium-['®F]fluoride (['"*F]TMAE, 80% radiochemical
yield (RCY) decay-corrected); however, upon inhalation by
rats extensive bone uptake was observed as a result of
defluorination (anionic '*F~ is rapidly taken up by the bone
apatite). This result paralleled the observed poor hydrolytic
in vitro profile of ["®F]2 which led the authors at the time
to suggest that bulkier groups at the silicon atom may be
necessary in order to generate hydrolytically stable "*F-silicon
building blocks. This original contribution was followed by
the development of variations of ['*F]fluorotrimethylsilane-
based release of dry nca "*F~ for the use in nucleophilic radio-
fluorination [27, 28].

In a more recent study, the group of Perrin provided
an innovative approach towards '*F-silicon building blocks,
synthesizing the biotin-linked alkyl tetrafluorosilicate ['*F]4
via near-quantitative carrier added radiofluorination (from
KHEF,) [11]. A typical reaction procedure involved reacting
alkyl triethoxysilane 3 with a preformed mixture of 440 uCi
of "F/H,0 from target water (['*0]JH,0) along with
130 mM KHF, (4.4 equiv.) in 200 mM NaOAc (pH 4.5). This
important development also constituted the first efficient **F~
aqueous labeling and provided, despite hydrolytic stability
concerns, the groundwork for '®F-silicon radiochemistry
developments.

In 2006, Schirrmacher et al. convincingly demonstrated
that ["*F]SiFA building blocks could be generated in high
RCYs and specific activity (SA) by means of a IE from the
corresponding- and chemically identical-'"*F-precusors
[5]. Conversion of [19F]—tBu2PhSiF (5) to the radiolabeled
['®F]-tBu,PhSiF (['®F]5) proceeded in 80-95% RCYs in

the presence [*F] /Kryptofix 2.2.2/K' in acetonitrile
(100 uL) with minimal precursor quantity (1 ug). The proto-
typical di-tert-butylphenyl-bearing SiFA ['*F]5 was obtained
in SAs of 2.7-27Cigmol™' and the methodology was
also applied to direct, unprotected labeling of SiFA-ami-
nooxy-derivatized Tyr3-octreotate at room temperature
(see Section 4). This work validated that IE at the silicon atom
(SiFA-IE) constitutes an effective and mild methodology
towards new '®F-labeled compounds. The authors also
reported an early stability study of a series of labeled SiFA
derivatives (vide infra). This result was reported almost
simultaneously with the important contribution of Choudhry
et al. establishing a silicon-leaving group approach to the
radiosynthesis of [®F]SiFA starting from an alkoxy-
substituted acceptor precursor [20]. The reaction pro-
ceeded directly from aqueous 'F~ and allowed for the
efficient conversion of tert-butyldiphenylmethoxysilane
(6) to [ISF]tert-butyldiphenylﬂuorosilane (['®F]7) at room
temperature in 5 minutes.

The leaving group methodology currently constitutes
one of the two extensively exploited strategies towards
['®F]SiFAs—the other one being the SiFA-IE. Both ap-
proaches were shown to deliver ['8F]SiFA in high RCYs and
SAs (Figure 1(a)). Yet, important distinctions exist between
the two techniques, one of which resides in the fact that the
IE typically proceeds at room temperature or below while
the Si-leaving group approach, like aliphatic and aromatic
'8F-carbon radiochemistry in general, necessitates elevated
temperatures which may be detrimental when direct labeling
of biomolecules is considered.

The efficiency of the IE, even at low temperatures, can be
attributed to the low energy barrier for the F~ isoenergetic
replacement with "*F™ in acetonitrile via the formation of a
trigonal bipyramidal siliconate anion intermediate (AGy; = 0;
negligible isotopic effect; Figure 2). Indeed, DFT calculations
in condensed phase (acetonitrile) on model SiFAs of the
type R;SiF,” indicated that AG* values associated with the
formation of siliconate intermediates from those precursors
range from 5 to 10 kcal mol ™ (Figure 1(b), upper path) [29].
On the other hand, in the gas phase, values of AG* of —50
to —40kcalmol™" were calculated in agreement with the
expected formation of thermodynamically stable organoflu-
orosiliconates (Figure 1(b), lower path) [30, 31]. Those ener-
getic differences ensue from the diminished Lewis basicity
of the fluoride anion in acetonitrile compared to that in
the gas phase, suggesting that in the former case equi-
librium is rapidly reached leading to the fast and near-
irreversible formation of ['®F]SiFA species as a consequence
of stoichiometric leverage. Kostikov et al. also experimentally
determined a characteristically low activation energy (E, =
15.7 kcal mol ") and exceptionally low preexponential factor
(A =7.9%10" M!s™}) for the SiFA-IE from the correspond-
ing Arrhenius plot [32]. These results are in contrast with the
values gained from a comparable carbon-'*F bond formation
reaction, namely, the '*F-fluorination of ethyleneglycol-di-p-
tosylate (E, = 17.0kcalmol™ and A = 2.9 x 10°M™'s7"),
and support the experimental observation that SiFA-IE



4 BioMed Research International
o
OH ¥
19 R-gj,R
sitRe 18E 5
Ry SUR, —
- High RCY (up to near-quantitative) /) IQIF AN
- Minimal precursor loading (few nmol) /) R-Si-,‘Il{{ AN
! \
Isotopic exchange - 0°C-room temperature gadioﬂuorination 195 /// '5p N 18
- High SA (1-6 Ci ymol ) I R I RN I R
- SPE purification ROLR P ,l/ . N \\\\\ R-SI'R
— / J
7
QHR \\ / /////I
R Sl',‘R N S
Ry, R, =aryl, alkyl \ o )/
AN OH S
- Up to high RCY (dependant on LG) N\ R_GuR| 7/
Leaving group - 25°C-90°C radiofluorination \\\\\ 18 F R /// ///
- High SA L
LG - HPLC purification 5 o \ O ie/
] _y. . . S O~ 0 \ L.R| 7
4R LG = H; OH; OEt,g(O/\/O)\ FO7Y ) | ResigR |/
R,7°'R, 3 o O 18
K/O\) \ F /

()

FIGURE 1: (a) Approaches towards ["*F]SiFA compounds for PET; ["F]SiFA can be obtained by either isotopic exchange or leaving
group substitution from the suitable organosilane precursors. (b) Comparison of simplified reaction coordinates for IE and leaving group
radiofluorination (from hydroxysilane in the absence of acid catalyst). Simple hypothetical siliconates intermediates are depicted. (Gas phase

= dash blue lines, MeCN = dash black lines.)
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FIGURE 2: Formation of a trigonal bipyramid siliconate anion intermediate leading to formation of ['*F]5 from ['°F]5 (gray = carbon; dark
green = silicon; blue = fluorine-19; cyan = fluorine-18; white = hydrogen).

proceeds quasi-quantitatively in many instances even at low
temperatures [32]. In contrast, 8F_radiofluorination of more
stable silanol precursors [33] (or other leaving group bearing
silanes) should be endergonic (AG > 0) and associated with
less stable hydrosiliconate intermediates in both gaseous and
condense phases as expected from bond dissociation energies
(BDEs).

An additional important distinction between IE and the
leaving group method relates to purification techniques.
Since the IE involves chemically identical entities and pro-
ceeds under mild conditions that do not lead to side products,
HPLC purification can often be avoided and purification
can be limited to solid phase cartridge extraction (SPE).
This approach is feasible irrespective of the nature of the
tracer (e.g., small fragments or biomolecules). In contrast,
HPLC purification constitutes a prerequisite of the leav-
ing group approach as chemically distinct precursors and
'8F-radiolabeled products have to be carefully separated.

Nevertheless, this method has been thoroughly developed
and adapted frequently by the radiochemistry community.
Since the initial contribution of Choudhry et al., the group of
Ametamey and coworkers has further extended the silicon-
leaving group approach methodology to hydride, hydroxy,
and alkoxy leaving groups.

Mu et al. exemplified this method with the radiosynthesis
of a series of fluorosilanes bearing alkyl ([**F]10, ['®F]11)
or aryl (["®FN15, ['®F]16) Si-linked fragments containing
various R groups (Scheme 2) [21]. Few compounds such as
the dimethyl- (8) and diisopropylethoxysilane (9) reacted
readily at 30°C whereas most substrates necessitated elevated
temperatures (65°C-90°C) in order to react with the Bp
Compounds [**F]15 and ['®F]16 were obtained in moderate
to high RCYs from the corresponding silanol and silanes (SA
of ['"®F]16 = 1.73 Ci umol™"). As expected, adding acetic acid
significantly influenced incorporation yields in the presence
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ScHEME 2: Synthesis of '*F-labeled silicon-containing model compounds with alkyl and aryl linkers by Mu et al.
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ScHEME 3: Postulated mechanism for rate enhancement in silicon fluorination using a crown ether leaving group by Al-huniti et al. conditions
(gray = carbon; red = oxygen; dark green = silicon; cyan = fluoride; purple = potassium; hydrogen omitted for simplicity).

of O-bearing leaving groups but did not modify hydride rate
departure from precursor 13.

In a recent study, the leaving group SiFA methodol-
ogy was combined with the nucleophile assisting leaving
group (NALG) strategy to generate Si-appended potassium-
chelating SiFA-based leaving groups [34, 35]. In the absence
of added Kryptofix 2.2.2, the facilitation of '®F-fluorination
in the presence of cyclic crown ethers such as in 17 compared
to acyclic polyethers or alkoxide leaving groups was clearly
established. Unfortunately, the RCYs were undermined by
the limited solubility (1-5%) of nca K'*F in the reaction
media. This issue was partially addressed by water addition
(up to 0.5% v/v) leading to an increased K8F solubility (31%),
but further addition subsequently diminished the observed
RCYs. Consequently, upon optimized conditions, ['*F]7 was
obtained in overall 10% RCY (Scheme 3). Thus, despite being
conceptually elegant and promising, this approach is signifi-
cantly hampered by '*F~ solubility issues which will possibly
be addressed in the future to establish this methodology as a
practical alternative to the simpler and straightforward SiFA-
leaving group method or IE methodology.

3. SiFA Lipophilicity and Hydrolytic Stability

Stability investigations of a series of phenyl- and tert-butyl-
bearing ['®F]SiFAs (['®F]5, ['®F]7, and ['*F]18) early on
established the importance of the tert-butyl substituents
at the silicon atom in order to achieve sufficient in vivo
stability for potential in vivo PET applications (Figure 3)
[5]. Compound [**F]18 displayed poor in vitro stability
in human serum at 374°C (t,,, = 5min) while both
['®F]5 and ['®F]7 were found to be persistently stable under
those conditions. However, only [ISF]-tBuZPhSiF (['*F)5)
showed satisfactory in vivo stability as demonstrated by
the limited '®F~ bone uptake observed upon injection into
Sprague Dawley rats. The stability trend originates from steric
hindrance in combination with the diminished silicon Lewis
acidity in the presence of fert-butyl fragments. Unfortunately,
this substitution pattern comes at the price of a significant
increase in lipophilicity which, when chemically linked to
biomolecules, may substantially impact metabolism and
biodistribution, generating unspecific uptake and leading to
poor PET imaging quality. This issue has been addressed by
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FIGURE 3: In vitro hydrolytic stability of ["*F]fluorosilanes in human serum.
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ScHEME 5: Suggested mechanism for the hydrolysis of ['*F]SiFA B-acetamide ['*F]34.

the development of lipophilicity-reducing auxiliaries which
will be discussed in Section 4.

Further confirmation of the importance of sterically
demanding SiFA substituents was provided by the detailed
and systematic investigation on hydrolytic stability led by
Hohne et al. (Table 1) [33].

The observed trends strongly correlate with the steric
nature of the silicon substituents. In particular, the presence
of bulky tert-butyl groups, combined with an aryl linker
moiety, result in remarkable stability whereas smaller alkyl
substituents progressively enhance the hydrolysis rate. Fur-
thermore, the authors also provided a detailed hydrolysis
mechanism (Scheme 4) as well as a theoretical model based
on the difference in Si-F bond lengths (A g;_p,) between the
starting SiFA structures (A) and the DFT optimized interme-
diate structure (D) (where A (;_p) > 0.19 A corresponds to
hydrolytically unstable SiFAs).

In a recent study, the group of Ametamey attempted the
radiosynthesis of a S-acetamide ['®F]SiFA (['®F]34) from the
corresponding hydrosilane precursor but instead isolated di-
tert-butyl-["*F]fluorosilanol (['*F]35) (Scheme 5) [36]. They
suggested that this conversion proceeds with an analogous
mechanism to the one encountered in the hydrolysis of f3-
ketosilanes following treatment with water [37]. This inter-
estingly constitutes the first example of a SiFA hydrolytic
stability issue involving the cleavage of the silicon-carbon
bond.

4. ["®F]SiFA Labeling of Peptides

The labelling of peptides for PET imaging has traditionally
been achieved via multistep strategies involving '®F-Sy2
reactions at carbon centers and '*F-labeled prosthetic groups.
This strategy succeeded in generating multiple peptide-based
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TasLE 1: Hydrolytic half-lives (¢, ,) of selected organofluorosilane building blocks.
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FIGURE 4: Structures of SiFA building blocks amenable to IE and peptide labeling.

PET probes for in vivo imaging [38-40] but it is inherently
hampered by its technical complexity, harsh reaction condi-
tions, and time-consuming HPLC purifications. Simplifying
such procedures by means of mild and efficient radiolabeling
approaches without HPLC purifications at one or all synthetic
stages while maintaining sufficient SA represents an impor-
tant challenge in BE_PET radiochemistry. The ["®F]SiFA
method, as well as other promising emerging technologies
such as the Al-"*F approach [14-19], is particularly well suited
to address those classical limitations.

Figure 4 presents various synthesized SiFA building
blocks bearing reactive groups for peptide conjugation
(for proteins and small molecules vide infra) [6, 32, 41-
45]. The coupling of those SiFAs to peptides prior to the
IE labeling would in theory allow for a direct and mild
" E-incorporation without subsequent HPLC purification.
Indeed, this was early demonstrated by Schirrmacher et al. [5]
with the direct radiosynthesis of ['®F]SiFA-derivatized Tyr’-
octreotate (['®F]50, Scheme 6). Despite the unprecedented
mild conditions encountered and the high '®F-fluorination
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SCHEME 6: Radiosynthesis of ['®F|SiFA-derivatized Tyr’-octreotate ([**F]50).
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ScHEME 7: Radiosynthesis of [ISF]-SiFA—p—CHO (['®F]37) for the
labeling of aminooxy derivatized peptides.

efficiency of 95-97% and 57-66% isolated RCYs (nonde-
cay corrected), the approach suffered from low SAs (0.08-
0.14 Ci ymol ™).

Subsequently, a two-step procedure which consists of the
near quantitative initial fluorination of the aldehyde [*F]37

(Scheme 7) in high SAs (>5000 Ci/mmol), followed by a rapid
C-18 SPE purification and subsequent room temperature
conjugation to N-terminal amino-oxy functionalized Tyr’-
octreotate, was reported [29] (Table 2 recapitulates selected
examples of SiFA-peptide labeling). In the same study, the
['®F]37 synthon was also efficiently applied to the labeling of a
cyclic RGD (Arg-Gly-Asp) and a PEG-conjugated bombesin
(BBN) analogue (cyclo(fK(AO-N)RGD and BZH3, resp.).

In parallel, important progress towards the direct fluo-
rination of bioactive peptides from hydrosilanes and silanol
precursors following the leaving group approach was made.
The initial report by Mu et al. illustrates the methodology with
the synthesis of two '*F-labeled tetrapeptides. The reactions
proceeded at 65-90°C with moderate incorporation of '*F
from either of the hydrosilane and the silanol (45% and 53%,
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TaBLE 2: Structure of selected [*F]-silicon-based derivatives attached to different peptide ligands and their appended linkers and lipophilicity-

reducing auxiliaries.

t-Bu
i) e (o e
t-Bu

Labeling method®/
Ent Labeled peptid Ref
ey abeled peptide SA/purification method/RCY® clerence
Octreotate Direct IE/0.08-0.14 Ci [5]
analogues pmol ! /C-18 SPE/55-65% eos
1 Prosthetic IE/6.1-18.4 Ci [29]
cRGD pmol ™ /HPLC/50-55% eos
Prosthetic IE/6.1-18.4 Ci [29]
pmol ' /HPLC/50-55% eos
2 Bombesin Prosthetic IE/6.1-18.4 Ci [29]
analogues pmol ' /HPLC/50-55% eos
Direct IE/0.78-1.5 Ci
ctreotate mo .4 Ci ymol "tor
3 0 pmol ™" (18.4 Ci ymol ' fi (47]
analogues prosthetic IE)/C-18
SPE/38 + 4% eos
Direct IE/0.78-15 Ci
ctreotate mo .4 Ci ymol ™ for
4 0 pmol ™ (18.4 Ci yumol ™ fi (47]
analogues prosthetic IE)/C-18
SPE/38 + 4% eos
5 Octreotate Direct IE/1.30 Ci [41]
analogues pmol '/C-18 SPE/34% eos
Octreotate Direct IE/1.30 Ci
6 analogues pmol'/C-18 SPE/70% eos [41]

(n=1)
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TABLE 2: Continued.

Direct from silanol/
-/HPLC/34% incorporation

Bombesin  Direct from hydrosilane/
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"Via isotopic exchange (IE) either direct or in two steps or via the leaving group approach from the specified precursor. The RCYs are reported as isolated end
of synthesis (eos) yields either decay correct (dc) or not (ndc); in the absence of available RCYs at eos, incorporation RCYs are reported.

resp.) [21]. The importance of the bulky tBu,Ph-SiFA motif
to guarantee hydrolytic stability was confirmed once more.
Both an iPr,Ph-SiFA bombesin analogue [33] and two alkyl-
linked iPr,-SiFA model tripeptides were shown to be unstable
(pH 75, phosphate buffer) [46] (Figure 5). Following the
leaving group approach, the development and first in vivo
evaluation of a [**F]SiFA labeled bombesin analogue in PC3
xenografted nude mice were subsequently reported [9, 33]
(Table 2, Entry 7). The authors reported low uptake in gastrin-
releasing peptide receptor (GRP) positive tumor bearing
mice and high unspecific binding along with prominent
hepatobiliary excretion, despite sufficient potency (ICs, =
22.9nM) based on comparison with previously characterized
successfully radiolabeled BBN analogues. The observation of
gradually increasing but overall low bone uptake suggested
that di-tert-butyl aryl ["*F]SiFA was sufficiently stable in
vivo. Hence, the poor pharmacokinetic profile observed was
reasonably ascribed to the overall high lipophilicity of the
probe imparted by the SiFA moiety.

Wangler et al. reported the synthesis, HPLC-free purifi-
cation, and in vivo evaluation of carbohydrate and car-
bohydrate/PEG derivatized ['®F]SiFA-octreotate probes for
imaging sst2-expressing tumors (AR42] xenografts; Table 2;
Entries 3 and 4). [47]. This study, based on the previously

o o)
18F'\Si/\/g\”/\)j\N ﬁ\)]\ N“"™>CO,H
PN T il H

[**F]51
0 gy ©
N
l¢] MN QLN/\COZH
>\\/\ [ H H
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FIGURE 5: Hydrolytically unstable di-iPr-SiFAs tripeptides reported
by Balentova et al.

successful use of hydrophilic linkers for enhanced tumor
uptake and optimized excretion of PET/SPECT imaging
peptides introduced by Schottelius and Antunes et al. [48-
50], established the efficiency of peptide SiFA derivatives
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ScHEME 8: Radiosynthesis of L-cysteic acid-containing SiFA bombesin analogue ['*F]54.

with lipophilicity-reducing auxiliaries as a potential strategy
for optimized PET imaging. The in vivo investigation of the
most promising PEG/glucose-linked derivative (['®F]SiFA-
Asn(AcNH-B-Glc)-PEG-Tyr’ -octrotate — ICs,(sst2) = 3.3 +
0.3nM; Table 2, Entry 4) showed enhanced tumor uptake
(7.7% ID/g at 60 min p.i.) compared to the initial negligibly
accumulating ['*F]-SiFA-Tyr’ -octreotate (entry 1). This posi-
tive, yet still nonoptimal result was attributed to the improved
hydrophilicity of the probe (log P,,, = 0.96 versus 1.59 for
[*F) -SiFA—Tyr3-octreotate) and encouraged the introduction
of hydrophilic auxiliaries as a promising lipophilicity coun-
terbalancing strategy for SiFA-peptide probe development.
This approach has since been translated into a general proce-
dure aiming at the modular cartridge-based radiosynthesis of
various ['*F]SiFA peptides in conjunction with lipophilicity-
reducing auxiliaries [51].

Two recent additional studies described further lipo-
philicity reducing auxiliaries for SiFA-peptides. Firstly,
Amigues et al. introduced a PEG/ribose ['8F]-SiFA-RGD
probe ([**F]SiFA-RiboRGD; Table 2, Entry 8) as a silicon-
based alternative with counterbalanced lipophilicity to the
well-known [**F]Galacto-RGD [52, 53]. ['*F]SiFA-RiboRGD
was obtained from the corresponding hydrosilane in satisfac-
tory yields and SA (Table 2) and the in vivo PET evaluation
suggested that the tracer might be useful in the determination
of av33 integrin expression as significant tumor uptake was
reported.

Secondly, the group of Ametamey introduced another
lipophilicity reducing strategy towards the development of
optimized ['®F]SiFA bombesin analogues [36]. The synthe-
sis of tartaric acid/L-cysteic acid-containing linked BBN

derivatives allowed for a significant lipophilicity reduction
(log D, , = 0.3 + 0.1 for ['®F]54 versus 1.3 + 0.1 for cysteic
acid free peptide-entry 7, Table 2). The in vivo evaluation of
the most potent derivative [®F]54, which was labeled in low
overall RCY of 1.8% from the hydrosilane 53, demonstrated
that the positive physicochemical alteration introduced by
the hydrophilic auxiliary correlated with improved imaging
properties (Scheme 8). Enhanced tumor accumulation and
tumor-to-blood ratio were detected in PC-3 xenografted mice
compared to the lipophilic [**F]SiFA-BBN probe.

5. ['®F]SiFA Protein Labeling

The '®F-labeling of large biomolecules, such as proteins,
antibodies, and more recently affibodies, has traditionally
been accomplished by *F-carbon prosthetic labeling agents
such as [18F]ﬂu0r0benzaldehyde ([*8F]FBA), N-(2-[4-([*®F]flu-
orobenzamido)ethyl]maleimide (['"*F]JFBEM), and N-
succinimidyl 4-['8F]fluorobenzoate ([**F]SFB) [54-57].
Notwithstanding successful conjugation of those prosthetic
groups to various proteins, their conjugation normally
requires multiple hours of technical manipulations from the
initial "*F~ drying to the delivery of the labeled proteins.
SiFA-IE, which proceeds rapidly and efficiently under mild
conditions, offers much simplified procedures towards
¥F-labeled proteins.

Initial attempts to radiolabel active esters such as
N-succinimidyl 3-(di-tert-butyl["*F]fluorosilyl)benzoate 46
([*®F]SiFB) and the pentafluorophenyl ester 47 for protein
labeling failed even under IE conditions due to the propensity
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SCHEME 9: Strategies towards the synthesis of ['*F]SiFA-labeled proteins by means of ['*F]SiFA prosthetic groups.

of those reactive moieties to hydrolyze under even slightly
basic conditions. As an alternative approach, Iovkova et al.
designed a prefunctionalization strategy involving protein
derivatization with 2-iminithiolane (57) followed by the
reaction with the SiFA maleimide ['®F]45 for the labeling of
rat serum albumin (RSA) used for blood pool PET imaging
(Scheme 9) [45]. The derivatization strategy was also applied
with success to RSA labeling with ['®F]SiFA-SH (['*F]38) [6].
Protein functionalization with sulfo-SMCC (55) followed by
treatment with ['®F]SiFA-SH obtained by IE allowed for the
isolation of ['®F]SiFA-RSA in overall 12% RCY within 20-
30 minutes. An important improvement towards simplified
labeling was reported by Rosa-Neto et al. with the first intro-
duction of a direct labeling agent, ['®F]SiFA-isothiocyanate
(['®F]41) which obviates preceding protein derivatization
[44]. Remarkably, and despite the high reactivity of the
isothiocyanate fragment, the IE proceeded nearly in quanti-
tative yields (95% RCY; rt; 10 min) and allowed for the effi-
cient direct synthesis of various '®F-labeled model proteins
(RSA, apotransferrin, and bovine IgG) in suitable SAs (2.7-
4.5 Cipmol ™).

Subsequently, the decomposition of active esters such as
['8F]SiFB (['®F]46) during radiolabeling due to the basicity
of the reaction mixture (potassium oxalate/hydroxide) was
resolved by addition of a suitable amount of oxalic acid
in order to neutralize the base present during the labeling
procedure [42]. This study showed the feasibility of the
cartridge-based synthesis of ["*F]SiFB and demonstrated the
applicability of this labeling synthon for protein labeling. This

new SiFA based approach is technically much less demanding
than the radiosynthesis of the well-known N-succinimidyl
4-["®F]fluorobenzoate (['*F]SFB), providing a simple access
to '®F-labeled proteins. This has led to the report of a
standardized protocol for protein labeling via SiFB [58]. A
straightforward labeling protocol has also been reported for
protein labeling with [**F]SiFA-SH (['*F]38) [59].

The scope of SiFA-IE has recently been extended to the
labeling of affibodies. Glaser et al. reported the efficient
synthesis of a cysteine modified human epidermal growth
factor receptor (HER2)-targeted affibody, ["*F]Zyproas01 -
Cys-SiFA (Scheme 10) [60]. This study demonstrated the
convenience and selectivity of the IE at a silicon-atom with
the efficient aqueous radiolabeling of ["*F]-Zjzro.2801-Cys-
SiFA precursor from [ISF]F_/[ISO]Hzo. Similar aqueous
procedures had previously been described for the synthesis
of a small SiFA-octreotate derivative (Scheme 7, ['*F]50)
by Schirrmacher et al. [5]; however, direct aqueous labeling
of large biomolecules such as affibodies (58 amino acids)
is remarkable. Comparison with [18F]benzaldehyde ([*®F)-
FBA) and ['®F]AI-F/NOTA protocols conclusively demon-
strated the efficiency of the SiFA-IE technique in terms of
synthesis (RCYs, purity, and SA) despite an observed inferior
in vivo profile, mainly attributed to hydrolysis leading to '*F
bone uptake.

6. Towards a Kit Formulation for SiFA-IE

Recently, a new drying method known as the “Munich
method” has been introduced by Wessmann et al. which
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ScHEME 10: Aqueous IE radiosynthesis of [*F]-Zzg.601 -Cys-SiFA by Glaser et al.
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drying method. The combination of the “Munich method” and the
simple cartridge purification achievable by IE allows for a simple kit
production procedure.

significantly simplified '*F radiochemistry compared to the
more classical and time-consuming azeotropic drying of "*F~
[61]. The technique consists of the elution of dry BE~ froman
anion exchange cartridge (SAX) with lyophilized Kryptofix
2.2.2./potassium hydroxide complex dissolved in anhydrous
acetonitrile (Figure 6).

This procedure is fast (3-5min) and fully devoid of
azeotropic drying and is easily implemented into an auto-
mated setup. The recent implementation of the “Munich
method” alongside the SiFA-IE labeling approach for peptide
and protein labeling [43, 46, 58, 59] offers unique and
unequalled simplicity, where, starting from commercially
available [18F]F_/[180]HZO, itis possible to deliver ["®F]SiFA
radiopharmaceuticals using only room temperature transfor-
mations and facile cartridge-based manipulations. Follow-
ing this approach, the '®F-labeling of complex unprotected
biomolecules becomes almost as easy as usinga *°™ Tc-kit.

7. Small Molecules

It has previously been shown that, in the absence of suitable
auxiliaries, the intrinsic lipophilicity introduced by the SiFA
moiety often results in significant alteration of the overall
physicochemical properties and in vivo biodistribution of
the bioactive compound to which they are bound. This
is especially true for ligands with low molecular weight.
Nevertheless, certain groups have studied '*F-radiolabeled
silicon-based small ligands for PET imaging and, in some
cases, obtained preliminary useful in vivo PET data.

An initial study by Bohn et al. and a follow-up investi-
gation by Joyard et al. demonstrated the synthesis, radiola-
beling, and in vivo evaluation of silicon-based analogues of
["8F]JFMISO, an established tracer for detection of hypoxia
[62, 63]. In spite of the well-known steric requirements of
the silicon atom, the authors described a series of alkyl
substituted ['®F]SiFA-FMISO analogues which resulted in
insuflicient hydrolytic stability both in vitro and in vivo
(Table 3; Entries 1 and 2). Accordingly, the dimethyl ["®F]SiFA
MISO compound (t;/, < 5min) only showed poor tumor
uptake in mice while radioactivity accumulation occurred
rapidly and significantly in bones due to the in vivo liberation
of '8F". The more stable dinaphthyl derivative (t, N =
125min) (Entry 4, Table 3) was retained in pulmonary
capillaries due to its high lipophilicity (cLogP = 6.47). After
evaluating other unstable derivatives, the authors described
the synthesis and evaluation of a promising tBu,Ph-based
['8F]SiFA tracer (Entry 7, Table 3) which was sufficiently
stable for in vivo PET evaluations in rat. Upon injection, the
tracer was shown to be heterogeneously distributed in healthy
rats but unfortunately no evaluation in animals bearing a
hypoxic tumor was reported.

Recently, Schulz et al. reported a protocol for the efficient
radiolabeling of nucleosides and nucleotides derivatized with
the SiFA building block. The labeled silylated thymidines
['8F]58 and ['®F]59 were obtained in high SA (10 Ci ymol’l)
from the corresponding hydrosilanes in 43% and 34% RCYs,
respectively (Figure 7) [64]. Despite the potential application
of those SiFA tracers as [**F]FLT surrogates, no in vivo data is
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TABLE 3: Structures of "*F-silicon-based nitroimidazoles for PET hypoxia imaging.
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*Tracers were obtained via the SiFA leaving group approach from the corresponding silyl ethers.

currently available. The described procedure was also applied
to the '®F-radiolabeling of di- and oligonucleotide probes.

In a thorough study, silicon-based D,-receptor ligands
with structures analogous to [ISF]fallypride (['*F)60) and
[ISF]desmethoxyfallypride (['®F]61) were reported (Figure 8)
[65]. Derivatization with SiFA resulted in 44-650 times
decreased affinities towards the D,-receptor compared to
fallypride (K; = 0.0965 + 0.0153nM), yet remaining in

the low nanomolar range. Upon optimization, the IE strategy
delivered tracers ['®F]62, ['®F]63, and ['®F]64 in 54-61%
RCYs and all three tracers could be purified by just using
SPE techniques. The measured SAs were in the range of
1.1-2.4Ci /,tmolfl. The most potent derivative, [**F]65 (K; =
4.21 £+ 0.41nM), was labeled in only the modest RCY while
stability issues prevented its purification following the solid-
phase method. In vivo PET data were not reported.
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FIGURE 7: Structures of '*F-labeled thymidine probes.

The most recent contribution from Hazari et al. describes
the design and evaluation of a highly potent and selective
5-HT, , homodimeric SiFA-dipropargyl glycerol derivatized
radioligand aimed at PET imaging of dimeric serotonin
receptors (Figure 9; [**F]65) [66]. This multimeric approach
is supported by the development of bivalent 5-HT ligands
based on recent evidence suggesting that some 5-HT recep-
tors exist as dimers/oligomers [67]. The tracer, ['*F]BMPPSIF,
was obtained following the leaving group approach from the
corresponding hydrosilane. The synthesis of the precursor
was achieved via double azide-alkyne Huisgen cycloaddi-
tion with two azidoethyl (2-methoxyphenyl)piperazine frag-
ments. Subsequent '*F-radiofluorination occurred in 52 +
10.5% RCY upon heating to yield ['**F]BMPPSiF with a SA of
13 Ci wmol . Brain PET imaging in rats showed high uptake
in 5-HT,, receptor rich regions. As expected, significant
reduction of the uptake in the hippocampus was detected
in serotonin-depleted rat models. Blocking studies did not
reveal significant decrease in uptake. Notably, this report con-
stitutes the first example of a SiFA-small ligand with positive
PET imaging data. Interestingly, it also suggests that when
applicable, ['®F]SiFA-based multimeric derivatization may
help compensate the overall influence on physicochemical
parameters of the SiFA moiety on small ligands.

8. SiFA: A Critical Assessment

From the very first appearance of SiFA compounds in
2006 and 2008 the groups of Ametamey and Schirrma-
cher/Wingler/Jurkschat have put extensive efforts into the

BioMed Research International

structural optimization of the SiFA building blocks. The main
drawback of this labeling technique irrespective of the actual
labeling methodology (IE or leaving group approach) is the
inherently extremely high lipophilicity hampering in vivo
application in general. The compounds of the first gener-
ation when injected into animals were almost exclusively
metabolized by the hepatobiliary system which lead to a
high liver uptake and almost zero uptake in the target tissue.
Both groups have approached this problem by introducing
hydrophilic components into the SiFA tagged molecules to
compensate for the high lipophilicity. However, this strategy
is only useful for larger biomolecules such as peptides and
proteins which tolerate an extensive structural modification.
It could be convincingly demonstrated by Niedermoser et
al. recently that highly hydrophilic SiFA derivatized somato-
statin analogues can be labeled in a one-step reaction via
IE in high RCYs and SAs of 1200-1700 Ci/mmol [68]. High
IC;, values of the SiFA-peptides in the low nanomolar range
and a very high tumor uptake of >15% in a AR42] nude
mice tumor model showed that the lipophilicity problem has
been successtully solved, paving the way for a human clinical
application in the near future. The most recently published
paper by Lindner at al. demonstrated that SiFA tagged RGD
peptides can serve as tumor imaging agents in a mouse
U87MG tumor model if hydrophilic auxiliaries are added in
combination with the SiFA labeling moiety [69]. A tumor
uptake of 5.3% ID/g was observed, clearly delineating the
tumor from other tissues. Unfortunately smaller molecules
lend themselves less towards a SiFA labeling because of the
difficulty of compensating for the SiFA lipophilicity. A small
molecule such as a typical receptor ligand for brain imaging
does not accept considerable structural modifications to
adjust the SiFA lipophilicity without seriously compromising
its binding properties to the target receptor. It is therefore
unlikely that the SiFA labeling technique will grow into a
staple for labeling molecules of small molecular weight. It
is also true that all compounds reported so far have been
only used in animal experiments. The SiFA methodology
still has to prove its usefulness in a human clinical setting.
This however requires extensive efforts and financial commit-
ments from the academic research groups and it is hoped that
the industry, which already showed interest in this labeling
technique, will help transitioning this promising labeling
technique to the clinic.

9. Conclusion

The SiFA methodology has grown over the years from a niche
methodology to a broadly applied labeling strategy towards
innovative '®F-labeled radiopharmaceuticals for PET. SiFA
radiolabeling procedures have been methodically studied
and can be easily performed using either the SiFA leaving
group approach or the SiFA-IE methodology. Moreover,
those approaches are now well-established for a great vari-
ety of structurally distinct high affinity probes such as
peptides, proteins, affibodies, and even small ligands. The
practical simplicity and mild reaction conditions of the
SiFA-IE strategy in particular represents a unique advan-
tage in '®F-labeling which, when applied in synergy with
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the recently developed Munich drying method, helps meeting
the requirements for a true kit-like '*F-labeling procedure.
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The present paper is concerned with radiochemical methodology to furnish the trifluoromethyl motif labelled with '*E. Literature
spanning the last four decades is comprehensively reviewed and radiochemical yields and specific activities are discussed.

1. Introduction

Substantial interest has been given lately to the trifluo-
romethyl group in the context of radiotracer development
for positron emission tomography (PET). PET imaging of
radiotracer distribution in living systems provides nonin-
vasive insights into biochemical transactions in vivo. PET
relies on molecular probes labelled with positron emitting
radionuclides that participate in the process of interest.
Coincident detection of 511keV photons originating from
positron-electron annihilation allows for spatial localisation
and quantification of the decaying radionuclide in tissue
with some accuracy [1-4]. Application of PET in biomedical
research, drug development, and clinical imaging creates an
immanent need for radiotracers for a variety of biological
targets.

The neutron-deficient fluorine isotope '*F is the most
frequently employed PET nuclide [5]. This is due to an
expedient half-life of 109.7 min, which facilitates commercial
distribution of '®F-radiotracers and permits convenient han-
dling of the tracer in multistep reactions and imaging studies
[1-3]. Almost exclusive decay via the 8" decay branch (97%),
paired with a very low positron energy (638 keV), effectively
limits the linear range of the emitted positron in water and
makes up for the highest image resolution compared to most
other PET nuclides. **F readily forms stable bonds to carbon
atoms, which promotes the straightforward introduction of
F atoms into most organic molecules. Using the '*O(p,n)'*F

nuclear reaction, batch production of 370 GBq ['*F]fluoride
ion (10° human doses) is routinely achievable by irradiation
of H,"®0 liquid targets. High specific radioactivity (A [A,] =
Bg/mol; >150 MBq/nmol) is a realistic expectation for radio-
tracers prepared from ['®F]fluoride ion. Likewise, high spe-
cific activity (>100 MBg/nmol) is inevitable to maintain
genuine tracer conditions for PET-imaging of saturable bio-
logical systems [1, 4-7], particularly in small animals but
even so in human subjects [8]. As such, high specific activity
is a cornerstone of the tracer principle, first introduced by
George de Hevesy [1, 6, 9]. In theory, PET may provide the
means for noninvasive observation of chemical processes in
tissues, exemplified here for receptor binding, as long as the
injected amount of the radiotracer does not lead to significant
receptor occupation (RO). Receptor occupation is closely
linked to pharmacodynamic efficacy and a pharmacological
effect can be omitted in cases when the RO is negligible.
Figures for insignificant RO have been specified to <1%-5%;
nevertheless, it has to be kept in mind that RO is a specific
characteristic of a receptor-ligand system and thus may vary
from target to target [6, 7, 9]. Hence, the specific activity of
each individual radiotracer has to meet the requirements for
noninvasive PET imaging. For these reasons, the A, is the
most important quality measure for a labelling reaction rather
than chemical or radiochemical yield.

Evidently, an abundant motif such as the trifluoromethyl
group and its presence in a large number of agrochemicals
and biologically active drug molecules is of tremendous
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TABLE 1: Survey of radiosynthetic approaches towards the radiosynthesis of [*F]trifluoroalkyl groups.
Method Year Yield/% As (reported value) comment Reference
(1) ®p-PF exchange 1979  0.5-15 Low—carrier added Ido et al. [10]
(2) Sb,0; catalysed " F-Cl substitution 1986 20-50 Low—carrier added Angelini et al. [11, 12]
Kilbourn and
1875 19 .
(3) "F-"F exchange 1990 85 Low—(0.00002-0.002 MBg/nmol) carrier added Subramanian [13]
(4) ""F-"F exchange 1993 78 Low—carrier added Aigbirhio et al. [14]
(5) "F-"F exchange 1994 15-99  Low—(0.2-16.6 MBq/nmol) [15] carrier added Satter et al. [16]
(6) "®F-Br substitution 1990 17-28  Low—(0.037 MBq/nmol) precursor separation Kilbourn et al. [17]
q p P
D d Mukherj
(7) " E-Br substitution 1993 1-4 Low—(1.5-2.5 MBg/nmol) side reaction asan [15]1 eree
(8) "8E-Br substituti 1995  45-60  Low—(0.040-0.800 MBg/nmol) side reacti Johnstrom and
-Br substitution ow—(0.040-0. q/nmol) side reactions Stone-Elander [18]
(9) BF-fluorodesulfurisation 2001 40 Low—(0.000002 MBg/nmol) carrier added Josse et al. [19]
Prabhak L.
(10) ®F-Br substitution 2007 10+2  Low—(4.4 + 1.5 MBq/nmol) side reactions rab a[za(;a neta
(11) ®F-"F exchange 2011  ~60  Low—carrier added Suehiro et al. [21]
. Aigbirhi
(12) H'®F addition 2011 52-93  Moderate (86 MBq/nmol)—side reaction Riss anc[lzz]lgblr 10
Van der B t al.
(13) "®F- substitution 2013 60+15 Not given an erm‘]rn e
(14) Nucleophilic trapping of
difluorocarbene formed in situ and Cu(l) 2013 5-87  Low—(0.1 MBg/nmol) side reactions Huiban et al. [24]

mediated trifluoromethylation with
Cu-["®*F]CF,

(15) "8F-I substitution, in situ formation of
Cu-["*F]CF,

(16) "*F-F, addition 2001  10-17

(18) "®F-selectfluor bis-triflate 2013 9-18

2014 12-93  Low—(0.15 MBg/nmol) side reactions

Low—carrier added
(17) " F-F, disproportionation 2003 22-28  Low—(0.015-0.020 MBq/nmol) carrier-added
Low—(3.3 MBg/nmol) carrier-added

Ruehl et al. [25]

Dolbier et al. [26]
Prakash et al. [27]
Mizuta et al. [28]

interest for the PET community. Consequently, earliest
attempts to access this group by nucleophilic and electrophilic
radiofluorination protocols date back into the very begin-
nings of the field of PET chemistry (see Table 1 for an over-
view).

Classical organic chemistry has seen a surge in the
development of novel trifluoromethylation strategies and
protocols [29-35], owed to the high relevance of the trifluo-
romethyl motif [36, 37]. However, translation of these most
useful and often robust and versatile protocols into radio-
chemistry is not without difficulties. Indeed, straightforward
translation of known organic reactions under stoichiometric
conditions into no-carrier-added nucleophilic radiosynthe-
sis often precipitates in adverse findings. Polyfluorinated,
organic moieties complicate nucleophilic radiofluorination
using BE_fluoride ion. Under the common conditions used,
there is an inherent vulnerability for isotopic dilution of the
labelled product with its nonradioactive analogue. Inherently
unproblematic exchange processes between carbon-bound
F and 'F anions in the reaction mixture, which do not
confound the final quality of a nonradioactive product, can
devastate the specific activity of PET radiotracers [38].

2. Nucleophilic Radiosynthesis

Nucleophilic radiofluorination remained rarely a successful
protocol prior to the advent of supramolecular chemistry
and the development of potassium selective cryptands. The
latter, when combined with mild organic potassium bases
and aqueous solutions of '®*F~ proved to be key to improve
the inherently low solubility and reactivity of fluoride ion in
dipolar aprotic solvents [39, 40].

Earliest attempts of developing suitable methodology for
the synthesis of the ['®*F]CF, group involved transient incor-
poration of an '®F label into trifluoromethylated scaffolds
via '®F-'’F isotopic exchange at high temperature as devised
by Ido et al. [10]. Shortly thereafter, Lewis acid catalysed
dechlorofluorination of chlorodifluoromethyl groups via a
straightforward protocol using H'®F and Sb,0; was utilised
in the synthesis of "*F-labelled trifluoromethyl arenes [11,
12]. Both of these procedures afforded the desired products
in only moderate yields and low specific activity. Never-
theless, isotopic exchange protocols were soon found to be
reliable protocols to achieve radiofluorination of di and tri-
fluorinated carbon centres, somewhat tolerant to the presence



BioMed Research International

o
©*

% ["FIKF
MeCN, 125°C

F 20 min, 95%

FIKE, 18 -crown-6

05 15%

['8F]HE, Sb,0;
_

220°C, 20 min
up to 44%

(8FJF-
Up to 85%

Crypt-222

18F
F
| N F
R4
—
18

O Sa
ISF F
18F
F
T
F

Ido, 1979; [10]

Angelini, 1986; [11]

Cl
Kilbourn, 1990; [25]

Satter, 1994; [27]

FIGURE 1: Nucleophilic radiosynthesis of '*F-labelled trifluoroalkyl groups using isotopic exchange and antimony mediated '*F-for-Cl

substitution.

of water [13], albeit with strict limitation for the achievable
specific activity, governed by the fact that only a fraction of
the obtained carrier-added product will actually contain the
radiolabel (see Figure 1).

However, low specific activity may not be an issue in PET
studies targeting physical or metabolic processes in vivo, for
example, in the case of the mechanisms of action of fast-
acting aerosols for anaesthesia. Similarly, radiolabelling of
chlorofluorocarbon (CFC) replacement agents such as 1,1,1,2-
tetrafluoroethane (HFA 134a) for radiotracer studies does not
require particularly high specific radioactivities. This fact was
exploited by Satter et al. and Aigbirhio et al. who labelled the
CFC replacement agent HFA 134a using an isotopic exchange
reaction on the nonradioactive analogue [14, 16, 41, 42]. Satter
et al. studied the isotopic exchange between '*F and '°F as a
means for the synthesis of ten inhalation anaesthetics, includ-
ing isoflurane and halothane, all of which possess a trifluo-
romethyl group. Labelling was achieved by heating the corre-
sponding inhalants with potassium-4,7,13,16,21,24-hexaoxa-
1,10-diazabicyclo[8.8.8]hexacosane (crypt-222) cryptate 18
complex in dimethyl sulfoxide or acetonitrile in high yields.

Various reported products were subsequently studied in
man, dog, and one compound; namely, ["*F|HFA-134a was
studied in rat using PET (Figure 1) [42].

Kilbourn et al. then resorted to a classical ‘*F-for-Br
nucleophilic substitution procedure to obtain ['*F]triflu-
oromethyl arenes under no-carrier-added conditions in an
elaborate multistep protocol. These researchers successfully
established direct nucleophilic radiofluorination of a suitable
difluorobenzylic bromide, which was subsequently employed
as a building block in the radiosynthesis of an '®F-labelled
GABA transporter ligand. The ['*FJtrifluoromethylated
product was obtained in 17-28% radiochemical yield; decay
corrected to the end of bombardment after a synthesis time

of 150 minutes over 5 steps. In the original publication, the
authors describe that the specific activity in this procedure
is confounded by the presence of inseparable labelling
precursor which is surmised to act as a biologically active
pseudocarrier (Figure 2) [17].

Further insights into the nucleophilic radiofluorination of
bromodifluoromethyl-precursors were obtained by Mukher-
jee and Das in 1993, when the team studied radiolabelling
of the selective serotonin uptake inhibitor (S)-N-methyl-y-
[4-(trifluoromethyl)phenoxy]benzenepropanamine (fluoxe-
tine) to obtain ['*F]fluoxetine as a potential radiotracer
for serotonin transporter binding sites. Radiolabeling of
a-bromo-a,«-difluoro-4-nitrotoluene with no-carrier-added
['8F]fluoride ion was described in low 2-4% yields and low
specific activity of 2.59 MBq/nmol. A strong effect of the
reaction temperature on the radiochemical yield and specific
activity of the product were studied and a negative correlation
between temperature and specific activity was observed. At
higher temperatures, products were found to contain a larger
amount of nonradioactive carrier, which had been formed
in the reaction. Overall decay-corrected yields over 2-steps
spanning a total radiosynthesis time of 150-180 min were 1-
2%. The specific activity of the product was 1.48 MBq/nmol
(Figure 2) [15, 43].

In parallel, Hammadi and Crouzel investigated radiosyn-
thesis of ["®F]fluoxetine with [*F]fluoride ion for PET
imaging studies [44]. Radiosynthesis was achieved in a
decay-corrected radiochemical yield of 9-10% and a specific
radioactivity of 3.70-5.55 MBg/nmol within 150 min from
the end of bombardment. A competing isotopic exchange
reaction was demonstrated, which the authors suspected to
reduce the specific activity of the final **F-labelled product.

Contrary to isotopic exchange reactions, wherein the
factors limiting specific activity are evidently linked to the
deliberate addition of nonradioactive carrier, the A, limiting
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FIGURE 2: "*F-for-Br nucleophilic substitution protocols yielding the ['*F]CF, motif.

factors in the studied nucleophilic substitution reaction
are less apparent. Given that a temperature dependency of
specific activity was observed by Das and Mukherjee, two
principle mechanisms come to mind: (a) dilution through
isotopic exchange with the precursor, which would effectively
sacrifice '°F to a labelled precursor molecule and yield a "°F
fluoride ion that could in itself react with the precursor and
(b) degradation of a fluorinated component in the reaction
mixture to afford a nonradioactive degradation product and

free nonradioactive fluoride ion. However, we refrain from
hypothesizing about nonvalidated theories within this paper.

Nevertheless, Johnstrom and Stone-Elander encountered
what appeared to be an example of case (b) during attempts
to synthesize the alkylating agent 2,2,2-['*F]trifluoroethyl
triflate via the nucleophilic reaction of [**F]F~ with ethyl
bromodifluoroacetate [18]. These researchers were alerted by
the observation of unlabeled ethyl trifluoroacetate produced
from ethyl 2-bromo-2,2-difluoro-acetate which reduced the
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specific activity of the product to only about 0.04 MBq/nmol
[38]. Ethyl ['8F]trifluoroacetate was synthesized from [“¥FF~
and ethyl bromodifluoroacetate in DMSO (45-60%, 5 min,
80°C) followed by distillation in a stream of nitrogen. Despite
the use of no-carrier-added ['®F]F~, the specific activity of the
final product was found to be 0.037 MBq/nmol.

Attempts to mitigate the amount of '°F released from the
substrate during the reaction were only partially successful.
Even under optimised conditions, the specific activity re-
mained below 1 MBg/nmol, which is roughly two to three
orders of magnitude below routinely achievable figures asso-
ciated with direct nucleophilic substitution reactions with
['8F]fluoride ion on aliphatic or aromatic carbon centres
(Figure 2).

Bromodifluoromethyl precursors were reconsidered in a
more recent radiosynthesis of the selective COX-2 inhibitor
4-[5-(4-methylphenyl)-3-( [18F]triﬂuor0methyl) -1H-pyrazol-
I-yl]benzenesulfonamide ([*®F]celecoxib). [**F]celecoxib
was obtained using ["*F]TBAF in DMSO at 135°C in 10 + 2%
yield with >99% radiochemical purity and a specific activity
of about 4.4 + 1.5MBqg/nmol (EOB). Although the CNS
distribution of ['*F]celecoxib mirrored COX-2 expression in
the primate brain, the radiotracer was found to be susceptible
to defluorination in vivo in rodent and baboon PET studies
[20].

A new approach to obtain the title motif of '®F-labelled
trifluorinated carbon centres was introduced by Josse et
al. in 2001 and utilized in the synthesis of '*F-labelled 2-
(2-nitroimidazol-1-yl)-N-(3,3,3-trifluoropropyl)-acetamide
([**F]EF3), a prospective PET radiotracer for tissue hypoxia.
['®F]EF3 was prepared in 3 steps from ['*F]fluoride ion via
3,3,3-["*F]trifluoropropylamine. This '‘*F-labelled building
block was obtained in 40% overall chemical yield by
oxidative "*F-fluorodesulfurization of ethyl N-phthalimido-
3-aminopropane dithioate, subsequent deprotection of
the intermediate followed by coupling with 2,3,5,6-tet-
rafluorophenyl 2-(2-nitroimidazol-1-yl) acetate in 5%
radiochemical yield within 90 min from cyclotron produced
[*®F]fluoride ion [19]. Specific activity of the final product
was limited due to the involvement of a stoichiometric
fluoride source in the original desulfurization protocol.
Later on the protocol was extended to accommodate a wider
spectrum of substrates, namely, triethyl orthothioesters and
dithioorthoesters (Figure 3) [45].

2-nitroimidazoles, such as ['®F]EE3, are used to detect
hypoxia, based on the bioreductive metabolism of the
nitroimidazole pharmacophore. This metabolism pathway
leads to the formation of covalent bioconjugates between
intracellular proteins and the imidazole core, which trap the
radiotracer within the metabolizing cells. Even though the
target compound was obtained in fairly low specific activity,
this is not a concern in the study of hypoxia. Indeed, hypoxic
tissues can accumulate considerable amounts of substance
of nitroimidazoles via an oxygen-level dependent reductive
mechanism [46].

Trifluoromisonidazole ~(1-(2-nitro-1H-imidazol-1-yl)-3-
(2,2,2-trifluoroethoxy) propan-2-ol, TFMISO) has been
considered as a nuclear magnetic resonance imaging (MRI)
agent to visualize hypoxic tissues. TEMISO was successtully
labelled with 'F in an attempt to obtain a bimodal PET/MRI
probe. In this report, '®F-labeling was achieved via 2,2,2-
['*F]trifluoroethyl p-toluenesulfonate prepared by '‘*F-'F
exchange. This reagent was used for O-'*F-trifluoroethylation
of 3-chloropropane-1,2-diol sodium salt to obtain 1,2-epoxy-
3—(2,2,2—[18F]triﬂuoroethoxy)propane. ["*F]TEMISO was
obtained in approximately 40% conversion by ring-opening
of the epoxide with 2-nitroimidazole. The researchers
“identified 2,2,2-['*F]trifluoroethyl tosylate as an excellent
['*F]trifluoroethylating agent, which can convert efficiently
an alcohol into the corresponding ['*F]trifluoroethyl ether”
(Figure 3) [21]. Evidently, the isotopic exchange mechanism
limited specific activity in congruence with the amount of
added carrier.

The utility of an '®F-labelled reagent that could be
used as an ['®*F]trifluoromethyl source for a wide variety
of different reactions was recognised by Herscheid et al.
who reported several nucleophilic approaches to obtain
[ISF]triﬂuoromethyl iodide and ['®F]trifluoromethane, res-
pectively, at the biannual symposium of the International
Society of Radiopharmaceutical Sciences [47, 48]. This
research ultimately resulted in a new strategy towards
[ISF]triﬂuoromethyl—containing compounds via ["*F]triflu-
oromethane developed by van der Born et al. Gaseous
['8F]trifluoromethane was synthesised in solution at room
temperature and trapped in a second reaction vessel. Two fur-
ther applications of the reagent have been described; ['*F]tri-
fluoromethane was subsequently used in a reaction with
carbonyl compounds to obtain ['*F]trifluoromethyl carbinols
in good yields. Unfortunately, the authors did not report a
specific activity in their communication. The reagent was
furthermore successfully employed in a preliminary study
of Cu-mediated '*F-trifluoromethylation; however, no details
are available other than a conference abstract (Figure 3) [23,
49].

We devised a procedure for the radiosynthesis of aliphatic
[ISF]triﬂuoromethyl groups involving the reaction of 1,1-
difluorovinyl precursors with ['®F]fluoride ion, which results
in the equivalent of direct nucleophilic addition of H['®F]E In
theory, this protocol could make a large pool of trifluoroethy-
lated compounds accessible for the straightforward devel-
opment of PET radiotracers [22, 50, 51]. The protocol was
optimised and applied to a set of substrates with moderate
to good outcomes, showing that the method is widely appli-
cable for the synthesis of novel radiotracers. Most notably,
2,2,2-["®Ftrifluoroethyl p-toluenesulfonate was obtained in
high radiochemical yields of up to 93% and good specific
activity of 86 MBg/nmol starting from a 5GBq batch of
BE Nevertheless, the reaction requires meticulous control
of the reaction conditions and the influence of competing
elimination reactions has to be mitigated (Figure 4) [50].

Following the report of an indirect '®F-trifluorometh-
ylation reaction by Herscheid and coworkers, Huiban et al.
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extended a published protocol for direct trifluoromethylation
by Su et al. and MacNeil and Burton to '®F-radiochemistry
[52, 53]. The reaction mechanism involves the formation
of difluorocarbene from methyl chlorodifluoroacetate in the
presence of a fluoride ion source and Cul. Under no-carrier-
added conditions, trace amounts of ['*F]fluoride ion may
only react with a small fraction of the intermediate car-
bene and form the trifluoromethylating reagent Cu-['*F]CF;,
whereas the bulk of the carbene intermediate degrades to
side products and 'F fluoride ion. In consequence, the
specific activity of the formed product is relatively low
(0.1 MBg/nmol). Nevertheless, the method was found to
tolerate a variety of substrates and may hence be of use for
the study of nonsaturable biological systems (Figure 4) [24].

Seeking an efficient method for producing ['*F]triflu-
oromethyl arenes starting from ['*F]fluoride ion within our
radiotracer development program, we have explored a route
inspired by the use of ['®F]fluoroform as an intermediate
by van der Born et al. We surmised that reactions involving

['®F]fluoroform require diligent control of the gaseous inter-
mediate, including low temperature distillation and trapping
of the product at —80°C in a secondary reaction vessel. These
conditions and technical requirements are limiting factors
with respect to the automated synthesis of high activity
batches using automated synthesiser systems. In our eyes,
widespread adoption of '*F-trifluoromethylation reactions
would strongly benefit from a straightforward nucleophilic
one-pot method generally applicable to the latest generation
of synthetic hardware. Such methodology would furthermore
feature direct installation of nucleophilic fluorine-18 in the
form of no-carrier-added ['*F]fluoride ion into candidate
radiotracers to avoid losses of radioactivity, conserve specific
radioactivity, and achieve rapid and simple radiosynthesis.
Unfortunately, we were only partially successful; although
we have shown that Cu(I) mediated 18F-‘[riﬂuoromethylation
reactions are highly efficient in the presence of a simple com-
bination of difluoroiodomethane, DIPEA, CuBr, '*F~, and an
iodo arene, we failed to overcome the known specific activity
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limitations. Nevertheless, the resulting ['*F]trifluoromethyl
arenes are obtained in sufficient yields of up to 93% in an
operationally convenient protocol, suitable for straightfor-
ward automation (Figure 4) [25].

From a mechanistic point of view, the feasibility of the
radiosynthesis of ['®F]trifluoromethylating agents such as
["*F]fluoroform or Cu-['®F]CF; in high specific activity is
questionable. In essence, the generation of the aforemen-
tioned labelling reagents would require a clean nucleophilic
substitution of an appropriate leaving group, which is not
likely to occur. Instead, the generic reaction mechanism
involves an a-elimination in the presence of base to yield
difluoromethyl carbene, which is subsequently scavenged by
[*®*F]fluoride ion in solution. The inherent low concentration
of [*®F]fluoride ion, combined with the short half-life of
difluorocarbene, which degrades to side products under
liberation of two equivalents of '°F in this pathway directly
results in isotopic dilution, which confounds achieving a high
specific activity. (Figure 5) [24, 25, 52-54].

Likewise, the intermediate organometallic reagents such
as Cu-CF; are unstable in solution; again degradation occurs
via a carbenoid pathway. In consequence, several research
groups have resorted to the deliberate addition of a soluble
source of fluoride ion under stoichiometric conditions to
stabilise the equilibrium between the carbene intermediate

and the desired reagent, thus adding further indirect proof
of the mechanistic difficulties [34, 35].

3. Electrophilic Radiosynthesis

Electrophilic methodology has been employed in the syn-
thesis of '®F-labelled perfluoroalkyl moieties, for exam-
ple, in the radiosynthesis and evaluation of the hypoxia
imaging agent 2-(2-nitro-1[H]-imidazol-1-yl)-N-(2,2,3,3,3-
[18F]pentaﬂuoropropyl)—acetamide ([*8F]EE-5) [26]. EF-5isa
compound belonging to the class of 2-nitroimidazoles. In this
case, the requirements for specific activity are fairly forgiving
and radiolabelling using electrophilic fluorine sources with
low specific activity may be considered as a viable alternative
to ["*F]fluoride ion. Consequently, stoichiometric reaction
conditions are employed and the starting materials are
consumed entirely over the course of the labelling reaction.
Addition of [**F]F, to perfluoroolefins appears to be the
method of choice in this context and yields up to 17% of
['®F]EF-5 have been achieved using carrier-added, gaseous
'8E-fluorine (Figure 5). Subsequently, Kachur et al. described
an improvement of the electrophilic addition of fluorine to a
fluorinated double bond, which was achieved by the addition
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of catalytic amounts (0.5-1%) of boron trifluoride, bromine,
or iodine, to the reaction mixture. Under these conditions
the conversion of the labelling precursor to ["*F]EF-5 was
improved by 50% [55].

More recently, a simplified procedure for radiosynthesis
of ['®F]EF5 in trifluoroacetic acid (TFA) was devised. This
new protocol allowed for straightforward automation of
the production using a commercially available radiosynthe-
sis module for routine synthesis of ["F]EE-5 in sufficient
amounts and purity for clinical PET studies. An evaluation
of the radiotracer was conducted in HCT116 xenografts with
small animal PET [56].

Another example of the use of low specific activity '*F-
F, under stoichiometric conditions for the synthesis of the
CF;-motif is the syntheses of several '®F-labelled a-triflu-
oromethyl ketones reported by Prakash et al. [27]. Reactions
of 2,2-difluoro-l-aryl-1-trimethylsiloxyethenes with [ISF]F2
at low temperature were reported to afford '®F-labelled «-
trifluoromethyl ketones in moderate to good yields within
35-40 min from the end of bombardment. Decay-corrected,
isolated yields (>99% radiochemical purity) were reported
to fall between 22-28% for radiolabeled model compounds.
Specific activities ranged from 0.015-0.020 MBq/nmol at
the end of synthesis. This method may be of use for the
radiochemical synthesis of biologically active '*F-labelled «-
trifluoromethyl ketones, however, with strict limitations since
such low specific activities may confound tracer conditions
for PET imaging of saturable biological processes (Figure 6).

Nevertheless, electrophilic fluorination may be the key
approach to overcome the issues observed with nucleophilic
fluorination attempts. This is owed to the availability of some-
what higher specific activity electrophilic labelling reagents
derived from ['®F]fluoride ion in selected PET centres.
A recent report on the reaction of readily available «,a-
difluoro- and a-fluoroarylacetic acids with ["®F]selectfluor
bis(triflate) makes accessible the corresponding [*®F]tri- and

['*F]difluoromethylarenes in two orders of magnitude higher
specific activity compared to ['*F]F,

This straightforward silver(I) catalyzed decarboxylative
fluorination reaction afforded a broad range of ["*F]triflu-
oromethyl arenes in moderate to good yields. These re-
searchers reported a specific activity of about 3 MBq/nmol
which is about twofold higher than the reported values for
nucleophilic fluorination reactions (Figure 6) [28].

4. Conclusion

In conclusion, the trifluoromethyl motif has attracted a
veritable interest from PET chemists as a relatively abundant
fluorinated functional group, which has precipitated in a
variety of novel labelling methods, some of which have been
used to synthesise radiotracers for PET imaging studies. The
major shortcoming of the available methodology is the low
specific activity, which impedes PET imaging of saturable
processes and may confound widespread application of these
methods. Hence, continued effort may be warranted to
overcome the limited scope of the available protocols and
extend the knowledge base in PET chemistry with new
methodology suitable for the radiosynthesis of '*F-labelled
trifluoromethyl groups in high specific activity.
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This brief review gives an overview of newer developments in '*F-chemistry with the focus on small ®F-labelled molecules
as intermediates for modular build-up syntheses. The short half-life (<2h) of the radionuclide requires efficient syntheses of
these intermediates considering that multistep syntheses are often time consuming and characterized by a loss of yield in each
reaction step. Recent examples of improved synthesis of '*F-labelled intermediates show new possibilities for no-carrier-added
ring-fluorinated arenes, novel intermediates for tri[**F]fluoromethylation reactions, and "*F-fluorovinylation methods.

1. Introduction

The positron emitter fluorine-18 is a commonly used radionu-
clide in molecular imaging with positron emission tomo-
graphy (PET) due to its advantageous nuclear properties.
Thus, it finds wide application as noninvasive, quantitative,
and versatile modality in medical diagnosis, research, and
drug development [1]. Fluorine-18 has a short half-life of
109.7 min which only allows time-limited syntheses and
study protocols. The methods for introducing this short-
lived radionuclide into organic molecules thus require fast
chemistry, and it is desirable to introduce the "*F-label during
the last possible synthetic step.

A further aspect is the stoichiometry of '®F-chemistry
that differs from “cold” fluorinations. The radionuclide is
produced in low (nano- to picomolar) amounts and its
concentration in reaction mixtures is several orders of mag-
nitude lower than the precursor concentration. Furthermore,
the syntheses of the radiotracers have to be performed in
closed, lead-shielded hot cells, which necessitates an easily
applicable and remote-controlled process. Thus, besides the
development of more efficient and flexible '*F-labelling
methods new technological approaches have been examined,
especially in the field of microfluidic chemistry [2-10]. The
development of a reliable '®F-labelling technique together
with an automatic synthesis module is a major prerequisite of

routine production of "*F-labelled PET radiopharmaceuticals
[11-13].

Methods for the introduction of ['®F]fluorine into
organic molecules can be divided into two groups, namely,
direct and indirect. The direct method entails introduction of
['®F]fluorine without changing the carbon skeleton structure
of the molecule. However, in many cases this necessitates the
protection of functional groups or requires other transforma-
tions like reduction or oxidation of functional groups after
introduction of radiofluorine [14].

The indirect method involves build-up syntheses, that
is, changing the carbon skeleton structure and starting
from small molecules which themselves can be easily *F-
fluorinated by nucleophilic substitution. Such small '®F-
labelled alkyl [15] or aryl [16] groups bear typically reactive
functional groups for further transformation reactions. Those
intermediates are used to synthesize more complex biological
molecules which cannot be labelled with fluorine-18 due to
mechanistic reasons or are not stable enough to tolerate direct
'8E-fluorination conditions.

In the case of '®F-labelling of macromolecules like pep-
tides, proteins, and antibodies, these small "*F-labelled inter-
mediates are commonly called “prosthetic groups.” In the last
decade progress has been made regarding the '*F-labelling of
macromolecules [17, 18]. Besides the use of prosthetic groups


http://dx.doi.org/10.1155/2014/812973

several alternative methods have also been introduced, capa-
ble of using even mild and aqueous conditions, for example,
chelated aluminum [19-21], boron- [22], and/or silicon-based
[*®F]fluoride acceptor groups [23-26]. The latter methods
were also used for the synthesis of small molecules [27].

This review focuses on new developments regarding the
use of small '®F-labelled intermediates for build-up synthe-
ses of biologically active compounds. The '*F-labelling of
macromolecules and the click chemistry approach are not
considered. Those special topics of '®F-labelling can be found
in other contributions to this issue [28-30].

2. "*F-Fluorinating Agents

As starting material for all chemical syntheses either aqueous
['8F]fluoride or gaseous [18F]F2 is used, both of which are
generally produced at a cyclotron via the '*O(p,n)'*F nuclear
reaction [31]. The nucleophilic ['8F]fluoride ion is available in
no-carrier-added (n.c.a.) form which allows the synthesis of
radiotracers with high specific activity. In contrast, in-target
produced ['*F]F, is available only in carrier-added (c.a.) form
which leads to radiotracers with low specific activity.

Historically, for important radiopharmaceuticals like
2—[18F]ﬂuoro—2—de0xy—D—glucose (["*F]FDG) and 6-['®F]
fluoro-L-dopa only electrophilic **F-fluorination was avail-
able. Today this method is rarely used because of the need of
carrier for ["®*F]F, production. Thus, the use of electrophilic
E_fluorination is limited to nontoxic compounds as well
as to those that can be applied with a low specific activity.
Also, since ['*F]F, is very reactive and '®F-labelled side prod-
ucts are formed, less reactive electrophilic 18F-agents were
developed [32]. More recently, the synthesis of N-["*F]fluoro-
benzenesulfonimide (NFSi) was described, which is a highly
stable, reactive and selective electrophilic '*F-labelling agent
and allows the synthesis of '*F-labelled allylic fluorides and
a-fluorinated ketones from allylsilanes and silyl enol ethers,
respectively [33].

An alternative method using a “posttarget” synthesis of
['*F]F, leads to moderate specific activity of up to 24.7 GBq/
pmol, starting from n.ca. ["®F]fluoride [34]. It was
recently revisited for the radiosynthesis of ['*F]selectfluor
bis(triflate), the *F-labelled form of (1-chloromethyl-4-flu-
orodiazonia-bicyclo[2.2.2]-octane bis- (tetra-fluoroborate)),
an easy to handle and stable electrophilic fluorinating reagent
(cf. Figure1) [35]. This reagent could successfully be used
for the silver(I)-mediated '®F-fluorination of electron-rich
arylstannane models and intermediates, as well as for the
preparation of 6-['®F]fluoro-L-DOPA [36], albeit all with
limited specific activity of 3.7 + 0.9 GBq/umol.

3. Aliphatic Intermediates

Aliphatic '®F-fluorination is certainly the most prominent
method for '®F-labelling [32], and important PET-radio-
tracers for clinical use are aliphatically '®F-labelled com-
pounds which fulfill these requirements, for example,
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FIGURE 1: Nuclear reactions to produce fluorine-18 and the
'8E-fluorinating agents ['*F]fluoride, ['*F]fluorine gas, and
["®F]selectfluor bis(triflate).

['"®*F]IFDG, 3'-deoxy-3'-["*F]fluorothymidine (['*F]FLT),
[ISF]ﬂuoro(m)ethylcholine, and 0-2-[18F]ﬂuor0ethyl-L—
tyrosine ([**F]FET) (cf. Figure 2) [15,37,38]. [**F]Fluoro(m)-
ethylcholine is an example for '®F-labelled endogenous
compounds, whereas ["®*F]FDG and ['®F]FLT are '*F-labelled
deoxy derivatives of the corresponding endogenous sub-
stances. In all cases a proton is replaced by a fluorine
atom without changing the carbon skeleton of the original
compound. In contrast, ['"*F]FET is an example of an
endogenous '®F-labelled compound where the introduction
of the radionuclide is performed by an '"*F-fluoroalkylation
reaction. Here, the '*F-label is introduced into the molecule
by addition of further C-atoms which means that the
skeleton of the molecule is significantly changed. Other
examples of this kind of reaction are the "*F-fluoroacylation
and '®F-fluoroamidation reactions which are widely used
for labelling of macromolecules [39], most often in aqueous
solution.

3.1. Intermediates for Nucleophilic Substitution and Other
Coupling Reactions. The synthesis of intermediates for '®F-
fluoroalkylation is characterized by a two- or three-step pro-
cedure (cf. Figure 3) [40]. First, ['®F]fluoride is introduced
into a molecule using precursors containing a good leaving
group. The **F-labelled precursor is then isolated and purified
before coupling with a further molecule.

In the first step the ['®F]fluoride has to be separated from
the target water and activated for a nucleophilic substitution
reaction. The standard conditions of these basic methods are
described in several reviews [11, 32, 41]. A simplification of
this approach was achieved by water removal on a strong
anion-exchange resin [42] or by use of strong organic bases
as additives replacing the inorganic bases or salts classically
used in the resin eluent [43-46]. Instead of trapping on anion-
exchange resins n.c.a. [®F]fluoride can also be separated by
electrochemical methods which are useful to minimize the
reaction volume especially for the use in microfluidic systems
[47-51]. The use of mixtures of nonpolar tert-alcohols with
acetonitrile as a reaction medium enhanced the reactivity
of cesium[*®F]fluoride or tetrabutylammonium ['8F]fluoride
and reduced the formation of typical by-products compared
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FIGURE 3: Pathways for aliphatic **F-labelling intermediates starting from n.c.a. ['*F]fluoride.

to those conventionally obtained only with dipolar aprotic
solvents [52, 53].

Bromine and iodine and several sulfonate derivatives
serve generally as leaving groups for a nucleophilic aliphatic
radiofluorination [15, 40, 54, 55]. Alternatively, in the case
of preparation of O-['*F]fluoromethylated aliphatic and aro-
matic ethers, the 1,2,3-triazolium triflate group serves as a
very good nucleofuge for displacement by the ['*F]fluoride
ion [56].

The purification of '®F-fluorinating agents is performed
by HPLC, solid phase extraction (SPE), or distillation. The
main challenge is the complete separation of the '*F-labelled
intermediate from the precursor which also would act as
reaction partner in the following coupling step. This leads
to unwanted side reactions which could lower the radio-
chemical yield (RCY) or necessitate a higher concentration

of the precursor for the subsequent coupling reaction. A
purification of the ** F-fluorinating agent via HPLC (or GC) is
very effective and is often used [57-59], but it is more incon-
venient for automatization [60, 61]. The use of SPE [62-64]
or a distillation process for purification is principally easier
to automate [40]. For instance, 1-bromo-3-(nitrobenzene-4-
sulfonyloxy)-propane as starting precursor will be retained in
the reaction vessel during the distillation process of 1-bromo-
3-["8F]fluoropropane, due to its very high boiling point, thus
eliminating the risk of formation of pseudocarrier [65]. In a
few cases the direct coupling of the '®F-labelled intermediate
was performed without former separation and purification
[66].

Another possibility for simplified workup is the use
of fluorous solid phase extraction (FSPE). A nucleophilic
8F_fluorination of fluorous-tagged precursors can easily be



purified by FSPE regardless of the affinity of the untagged
substrate for the stationary phase. FSPE-purified labelled
compounds can then be used in subsequent reactions or more
easily purified by HPLC before administration [67, 68]. A
similar approach was performed using molecular imprinted
polymers [69].

Coupling reactions of the '®F-fluorination agent with the
desired target molecule are performed either by the use of a
further leaving group, by the click chemistry approach [70],
by Staudinger ligation [71-73], or by Pd(0) mediated reactions
[74].

A series of arylsulfonates were prepared as nucleophile
assisting leaving groups (NALG) in which the metal chelat-
ing unit is attached to the aryl ring by an ether linker.
Under microwave irradiation and without the assistance of
a cryptand, such as Kryptofix 2.2.2, primary substrates with
selected NALGs led to a 2-3-fold improvement in radiofluori-
nation yields over traditional leaving groups [75].

3.2. Tri[**Ffluoromethyl Group. The CF; group has an elec-
tronegativity similar to that of oxygen [76] and is character-
ized by a large hydrophobic parameter as measured by the
relative partition coefficient [77]. The trifluoromethyl group
is an important pharmacophore present in many biologically
active pharmaceutical and agrochemical drugs. The increased
lipophilicity and a superior metabolic stability compared
to that of the trifluoromethyl analogues often account for
an improved activity profile [78]. Thus, radiolabelled tri-
fluoromethyl groups are of potential interest to facilitate
drug discovery. Earlier attempts to synthesize an '*F-labelled
trifluoromethyl group were also characterized by low RCY
and low specific activity due to decomposition of the target
material [79-81].

The recently published developments can be divided in
aliphatic and aromatic tri[**F]fluoromethylation reactions
(cf. Figure 3, method B).

A novel, one-step method for nucleophilic radiosyn-
thesis of aliphatic tri['®F]fluoromethyl groups using the
n.c.a. ['®F]fluoride ion under relatively mild conditions was
developed by incorporation of the radiolabel by an equiv-
alent nucleophilic addition of H[**F]F to the I-tosyl-2,2-
difluorovinyl group (cf. Figure 4). The tosylate function then
serves as leaving group in a subsequent coupling step [82,
83]. The specific activity of the tri[lgP]ﬂuoromethylether was
determined to be 86 MBq/nmol. The need of a double bond
to achieve the addition of the [*®F]fluoride limits this reaction
to aliphatic tri['®F]fluoromethylations.

Aromatic tri['*F ]fluoromethyl groups were formerly syn-
thesized using hardly accessible aromatic-CF,Br groups [84].
Two new approaches were published quite recently (cf.
Figure 5). Both methods start with an aliphatic precursor
which is first labelled with fluorine-18 and then coupled to the
benzene ring. In a two-step procedure tri[**F]fluoromethane
([*®F]fluoroform) available from difluoroiodomethane and
['8F]fluoride [85] is coupled in a copper(I) mediated reaction
to aromatic halides using potassium tert-butoxide as base.
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The RCY was determined up to 65% with a specific activ-
ity of up to 50 GBq/pumol [86]. This method has recently
been improved performing a one-pot synthesis in the pres-
ence of copper(I)bromide, N,N-diisopropyl-N-ethylamine,
and the corresponding iodoarene without separation of the
['®F]fluoroform intermediate [87]. The RCYs of the desired
tri['®F]fluoroarenes were determined with up to 90%, but no
information on the specific activities was given.

An alternative method is used in a one-pot process.
The trifluoromethylation agent ['*F]CF;Cu, generated in
situ from methyl chlorodifluoroacetate, Cul, TMEDA, and
[*®F]fluoride, is coupled to (hetero)aryl iodides in RCYs rang-
ing from 17 to 87% [88]. A drawback of this procedure is still
the relative low specific activity of 0.1 GBq/umol exemplified
so far only for 4-tri[18F]ﬂuoromethyl nitrobenzene. However,
the method enables an efficient tri-[lsF]ﬂuoromethylation
of complex molecules like [®F]fluoxetine. N-Boc protected
['*F]fluoxetine was readily prepared in 37% RCY. The subse-
quent N-Boc deprotection delivered [**F]fluoxetine with 95%
yield. A more detailed review on the scope and limitations of
the radiosynthesis of tri['®F]fluoromethyl groups is provided
as part of this special issue [89].

3.3. Palladium, Managnese and Iridium Catalyzed '® F-Fluor-
ovinylation. Transition metal catalyzed allylic substitution
is a powerful method for carbon-carbon and carbon-
heteroatom bond formation (cf. Figure 3 above, method C).
These reactions encompass a wide variety of heteroatoms (N,
O, and S) as nucleophiles [90]. In the field of 18F—chemistry
a palladium catalyzed allylic fluorination reaction was devel-
oped and transferred to n.c.a. conditions yielding *F-labelled
cinnamyl fluoride starting from ['8F]TBAE, cinnamyl methyl
carbonate, [Pd (dba), ], and triphenylphosphine in anhydrous
acetonitrile [91].

Further, a rapid allylic fluorination method utilizing
trichloroacetimidates in conjunction with an iridium catalyst
has been developed. The reaction is performed at room
temperature without the need of inert gas atmosphere and
relies on the Et;N-3HF reagent to provide branched allylic
fluorides with complete regioselectivity. This high-yielding
reaction can be carried out on a multigram scale and shows
considerable functional group tolerance. The use of Kryptofix
2.2.2/K,COj; allowed an incorporation of fluorine-18 within
10 min [92]. The RCY of allylic [*®F]fluoride was determined
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to be 38%. A specific activity for the aforementioned reac-
tions, however, was not reported.

A new method enables the facile n.c.a. '®F-labelling of
aliphatic C-H bonds in benzylic position using manganese
salen catalysts with RCY ranging from 20% to 72% within
10 min without the need for preactivation of the labelling
precursor [93].

4. Aromatic and Heteroaromatic Intermediates

4.1. "*F-Labelled Aromatic and Heteroaromatic Intermedi-
ates by Classic Approaches. Historically, the use of the
Balz-Schiemann or Wallach reaction was the first attempt
to synthesize '®F-labelled aromatic rings starting from
['8F]fluoride (cf. Figure 6, method A) [94, 95]. However,
the thermal decomposition of the corresponding aryl dia-
zonium salts and of the aryl triazenes is characterized by
low RCY, a low specific radioactivity, and extensive by-
product formation [95]. The use of tetrachloroborate or 2,4,6-
triisopropylbenzenesulfonate as counterions led to improve-
ments of the Balz-Schiemann reaction which enables the
synthesis of ['®F]fluoroarenes in 39% RCY at the n.c.a.
level, exemplified for 4-[**F]fluorotoluene [96]. In a recently
published study these nucleophilic '®F-labelling methods
were reinvestigated using polymer bound aryl diazonium
salts and aryl triazenes [97]. The solid phase supported de-
diazofluorination using arenediazonium cations, ionically
bound to a sulfonate functionalised ion exchange resin,
was, however, not suitable for nucleophilic 18F-labelling of
aromatic compounds, whereas the solid supported triazene
yielded the '*F-labelled product in a reasonable RCY of 16%.

Most successful for the introduction of fluorine-18 into
aromatic rings is the conventional aromatic nucleophilic
substitution (SyAr) reaction using the ['8F]fluoride anion to
displace a suitable leaving group from an electron deficient
benzene ring. As leaving groups serve halides, the nitro
and the trimethylammonium function. The activation of
the aromatic ring is usually achieved by suitable func-
tional groups with a-M effect like the carbonyl, carboxyl,
cyano, and nitro group [32]. These highly activating groups
especially enable the efficient introduction of ['*F]fluoride
into aromatic rings to label small '*F-intermediates for
build-up syntheses. The activating functionality is then con-
verted by reduction, oxidation, or hydrolysis to nucleophilic
groups for subsequent coupling reactions. The n.c.a. inter-
mediates 4-['®F]fluoroaniline, 4-['*F] fluorobenzylamine [98,
99], 4-['®*F]fluorobenzoic acid, or 4—[18F]ﬂu0rophenol (see
Section 3.3), which are not directly achievable by a '®F-
fluorination reaction, are obtained by these strategies (cf.
Figure 7) [16, 100]. 4—[18F]Flu0r0benzaldehyde is also used in
multicomponent reactions to yield '®F-radiotracers with the
label positioned on an aryl moiety, not susceptible to direct
nucleophilic fluorination [101].

The azocarbonyl unit is a new group for activation of
the arene ring by an SyAr mechanism. The aromatic core
of phenylazocarboxylic esters is highly activated towards
nucleophilic aromatic BE_substitution (cf. Figure 8) [102].

This kind of compounds was converted in a radical ary-
lation reaction into biaryl compounds or in substitutions
at its carbonyl unit to produce azocarboxamides. Because
of the high reactivity of the aryl radical, side products
like ['®*F]fluorobenzene and 4—[18F]ﬂuorophenol were also
formed.

The conventional nucleophilic aromatic substitution
reaction can principally be used for the n.c.a. "*F-labelling
of aromatic rings in complex molecules [14]. However, the
direct introduction of [**F]fluoride is often hampered by a
lack of activation and further functional groups, especially
those which have acidic protons. In the case of free amino,
hydroxyl, or carboxylic acid functions the use of protecting
groups is indispensable which have to be removed at the end
of synthesis. Generally, the direct "*F-labelling of complex
molecules enables the establishment of one-pot syntheses
which is advantageous of being better introduced in a
remote controlled synthesizer. In a multistep synthesis the
intermediates have often to be purified (e.g., [103]) which
hampers the installation in a synthesis module. Thus, one-pot
syntheses are normally preferable over the build-up synthesis
using several reactor vessels. There are exceptions to this rule,
for example, when the build-up synthesis gives substantially
higher RCYs [104].

In contrast to benzene, some heteroarenes like pyridine
efficiently support the Sy Ar reaction and can directly be used
to prepare '®F-labelled heteroarenes in the 2- or 4-position
[105-107]. Because of its straightforward feasibility, this
method was even applied for radiofluorination of complex
structures containing an azabenzoxazole [108], a 1,3-thiazole
[109], a fluoropurine [110], a pyridine [111-118], a quinolinol
[119], or a pyrimidine moiety [120].

4.2. New Developments on Radiofluorination of Arenes. In
general, the examination of new methods for *F-labelling
of arene rings focuses on the late stage introduction of
["®F]fluorine into complex organic molecules without the
need of any transformation reaction afterwards. This prin-
cipally simplifies the establishment of '*F-labelling meth-
ods in fully automated, remotely controlled synthesis units.
However, these new methods are also useful for the syn-
thesis of small intermediates for build-up synthesis. The
novel methods of two prominent ones, [ISF]ﬂuorophenol
and ['®F]fluoro-halobenzene, are separately described (see
Sections 4.3 and 4.4).

4.2.1. Iodonium Salts (See Figure 6, Method D, and Figure 9).
The classical approach of n.c.a. nucleophilic aromatic '*F-
substitution reactions is limited to activated arene rings.
The use of diaryliodonium salts enables the introduction
of n.c.a. ['®F]fluoride into aromatic rings without further
activation of strong electron withdrawing groups, which
was first demonstrated in 1995 [121]. The reaction via an
SyAr mechanism leads to n.c.a. [*®F]fluoroarenes and the
corresponding iodoarenes. The nucleophilic attack on the
diaryliodonium salt occurs preferably at the more electron-
deficient ring and a steric influence of substituents, especially
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FIGURE 7: '"®F-labelled aromatic small molecules available by An interesting aspect here is that the reaction of
SwAr reactions used as intermediates and further important *F-  diaryliodonium salts with ['*F]fluoride is feasible in the pres-
intermediates derived therefrom. ence of water, however, depending on the substituents present
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on the arene ring. Iodonium salts bearing a para- or ortho-
electron-withdrawing group (e.g., p-CN) reacted rapidly (~
3 min) to give the expected major [*®F]fluoroarene product
in useful, albeit moderate radiochemical yields even when the
solvent had a water content of up to 28%. Iodonium salts bear-
ing electron-withdrawing groups in metaposition (e.g., m-
NO,) or an electron-donating substituent (p-OMe) gave low
radiochemical yields under the same conditions. The finding
that ['®F]fluoroarenes, that having an ortho-alkyl substituent
or an ortho- or a para-electron withdrawing group, can be
synthesized without the need to remove irradiated water
or to add a cryptand, could be attractive in some radio-
tracer production settings, particularly as this method saves
time, avoids any need for automated drying of cyclotron-
produced [*®F]fluoride, and also avoids substantial loss of
radioactivity through adsorption onto hardware surfaces
[125].

In order to control the attack of the [**F]fluoride ion
on the diaryliodonium salts it is important that one arene
ring be more electron-rich than the ring to be labelled
with fluorine-18. Here, the use of symmetrically substituted
diaryliodonium salts [126] or the use of aryl(heteroaryl) iodo-
nium salts [127] is an alternative to direct the 18F—labelling
to the desired ring. More recently, the use of aryiodonium
ylides became of interest for this purpose. The electron-rich
status of the ylides, made, for example, from dimedone (5,5-
dimethylcyclohexane-1,3-dione), even enables the synthesis
of electron-rich arenes in high RCY [128]. This type of
precursor has recently been demonstrated to be even suitable
for complex molecules [129].

Some special intermediates like azide-containing diaryl-
iodonium salts bearing an azidomethyl group on one aryl ring
and with a 4-methoxy group on the second one enable the
synthesis of click-labelling synthons up to 50 % RCY, even in
the presence of a high fraction of water in the reaction solvent
[130].

Halopyridinyl-(4'-methoxyphenyl)iodonium  tosylates
were used to rapidly produce ['®F]fluorohalopyridines and

in useful RCYs, including the otherwise difficult to access
3-[*8F]fluorohaloisomers [131].

4.2.2. Sulfur Activated Systems (See Figure 6 and Methods E
and F). Another newer method for the '*F-labelling of non-
activated aromatic compounds makes use of triarylsulfonium
salts. The method is applicable to a wide range of substituted
aryl systems including amides [132].

A new radiosynthetic method for producing n.c.a.
['8F]fluoroarenes is based on the reactions of diaryl sul-
foxides bearing electron-withdrawing paragroups with the
['8F]fluoride ion. These reactions are relatively mild, rapid,
and efficient. However, this reaction is limited to aromatic
rings bearing an electron withdrawing function like the nitro,
cyano, or trifluoromethyl group [133].

4.2.3. Umpolungs Reactions (See Figure 6 and Methods G and
H). New concepts to synthesize '*F-labelled aromatic rings
try to achieve fluoride-derived electrophilic n.c.a. fluorina-
tion reagents by fluoride umpolung [134, 135]. A preliminary
realization of this concept was achieved by using a n.c.a.
['8F]fluoride capture by a Pd(IV) complex to form an elec-
trophilic '*F-fluorination reagent followed by a subsequent
n.ca. '®F-fluorination of palladium aryl complexes [136,
137]. Another kind of palladium catalyzed fluoride activation
enables the synthesis of 3F_labelled 1- [lsF]ﬂuoronaphthalene
in 33% RCY but only in the presence of fluoride carrier [138].
Another advanced method for a transition metal catalyzed
late-stage radiofluorination relies on a one-step oxidative '*F-
fluorination using a nickel aryl complex and a strong oxida-
tion agent [139].

[*®F]Fluoride can also be introduced into organic
molecules by electrochemical oxidative fluorination via
an aryl cation that undergoes rearomatization by loss of
a proton. Oxidation of benzene in an electrolysis cell,
using Et;N-3HF and Et;N-HCI in acetonitrile as the elec-
trolyte, gave c.a. [*®*F]fluorobenzene in 17% RCY [140] and
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['*F]fluorophenylalanine in 10.5% RCY with a specific activ-
ity of 1.2 GBg/mmol [141].

However, the aim of all these methods is the late stage
'8F_fluorination of electron-neutral and electron-rich aro-
matic compounds to simplify the synthesis of radiotracers.
Regarding the palladium and nickel reactions, the precursor
synthesis is often complex, has to be carefully handled under
inert atmosphere, and needs high synthetic experience. This
method is far from ideal, given the many reagents and
demanding reaction conditions necessary, which hamper to
fulfill a “good manufacturing practice” (GMP) pharmaceuti-
cal production [142, 143]. Thus, although principally applica-
ble, their limitation and complexity do not warrant usefulness
for the syntheses of build-up intermediates, as there are more
efficient methods available for those molecules.

4.3.N.c.a. 4—[18F]Fluorophenol. 4- [18F]Fluorophenol isaver-
satile structural unit for the synthesis of more complex
radiopharmaceuticals bearing a 4-['*F]fluorophenoxy moi-
ety. Former syntheses of n.c.a. 4-['®F]fluorophenol were
made either by a modified Balz-Schiemann reaction or by
hydrolysis of a 4-['*F]fluorobenzene diazonium salt with
radiochemical yields of only 10-15% and 15-33% within
35 and 60 min, respectively [144]. These methods required
either the preparation of an anhydrous tetrachloroborate or
a two-step synthesis from ['*F]fluoroaniline and were not
established for radiotracer production.

A more reliable preparation of n.c.a. 2- and 4-["*F]fluoro-
phenol was achieved using the Baeyer-Villiger reaction on
'8E-labelled benzaldehyde, acetophenone, or benzophenone
derivatives. Total radiochemical yields of about 25% were
received using m-chloroperbenzoic acid as oxidant in the
presence of trifluoroacetic acid [145]. The Baeyer-Villiger

reaction of '®F-labelled benzophenone derivatives containing
further electron withdrawing groups yielded up to 65%
of 4-[18F]ﬂuor0phenol within 60 min with a high radio-
chemical purity. However, a considerable disadvantage of
this method is the somewhat cumbersome work-up of the
aqueous reaction mixture in order to isolate the product for
its further use [146]. The formation of *F-labelled 4-phenol
derivatives by Baeyer-Villiger oxidation was, for example,
applied to the direct **F-fluorination of 6-['*F]fluoro-L-dopa
(147].

A novel radiochemical transformation by an oxidative
8E-fluorination of tert-butylphenols uses the concept of an
aryl umpolung (cf. Figure 10) and is also applicable to other
O-unprotected phenols. The reaction is performed at room
temperature by applying a one-pot protocol and can also be
performed in a commercially available microfluidic device
(148].

Furthermore, aryl(thienyl) iodonium salts [149] and
bis(4-benzyloxyphenyl) iodonium salts [150] have success-
fully been employed for the preparation of ['*F]fluorophenol
in a two-step procedure. Compared with the Baeyer Vil-
liger method using benzophenone derivatives, this path-
way saves 20 to 45min of preparation time and delivers
[ISF]ﬂuorophenol in an organic solution. So these methods
are more useful for subsequent coupling reactions under
anhydrous conditions. In contrast to the aryl umpolung
reaction, the iodonium strategy, however, necessitates a
deprotection step after the '*F-exchange.

4.4. N.c.a. 4-["*F]Fluorohalobenzene. Recently, the synthe-
sis of 4-['®F]fluorohalobenzenes has comprehensively been
described [151]; here a few further aspects are added.
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FIGURE 11: Most efficient one-step approaches for the n.c.a synthesis of ["*F]fluoro-halobenzenes.

1-Bromo-4-['¥F]fluorobenzene or 4-['**F]fluoro-1-iodoben-
zene serves as intermediates for C-C coupling reactions
using Grignard-, lithium- [152], or palladium-mediated reac-
tions [151, 153]. In Figure 1l the most efficient routes for
the synthesis of n.c.a. 4-['8F]fluorohalobenzenes are illus-
trated. The use of symmetrically substituted diaryliodo-
nium salts enables an eflicient one-step synthesis of n.c.a.
I-bromo-4-['®F]fluorobenzene [154] as well as n.ca. 4-
['®F]fluoro-1-iodobenzene [155]. For the latter, the precur-
sor synthesis is more challenging and has recently been
improved [156]. The precursor syntheses of iodophenyl-
thienyliodonium bromide and 4-iodophenyliodonium-(5-
[2,2-dimethyl-1,3-dioxane-4,6-dione]) ylide [157] are easier
to perform and the latter gave up to 70% RCY of 4-
['8F]fluoro-1-iodobenzene [158]. The most efficient method
for the one-step synthesis of 4-['*F]fluoro-l-iodobenzene is,
however, the use of triarylsulfonium salts [132, 159] which
leads to 90% RCY. A challenge, when using iodonium salts
as precursor for the synthesis of 4-['*F]fluorohalobenzenes,
is the formation of other nonradioactive halobenzene deriva-
tives which are normally not separated from the '®F-labelled
product and thus could hamper the final product separation.

5. Conclusion

The lack of universally useful methods for direct n.c.a.
radiofluorination of complex molecules causes the wide use
of '®F-labelled intermediates for the build-up synthesis of
radiotracers. Nevertheless, multistep build-up syntheses of
'8F-labelled radiotracers are confronted with several funda-
mental challenges, which often hamper a remotely controlled,
large scale production by this type of reactions. Time con-
suming separation steps and the use of moisture or even
air sensitive reagents complicate the automation of these
build-up syntheses. Their application is therefore limited
to specialized laboratories with the suitable equipment and
experienced staff. The use of build-up reactions then often

enables the only way to achieve the synthesis of new radio-
tracers. Once proven that a radiotracer has the potential to
be a useful radiopharmaceutical for molecular imaging, most
often ways can be found to establish its routine production via
an alternative, simpler synthetic concept and/or by optimisa-
tion. Here, the novel developments in umpolung reactions or
the improvements in iodonium chemistry in '*F-labelling of
arenes are promising methods, which might also be effective
for the late-stage '*F-fluorination of complex precursors.
However, their suitability for daily routine GMP-production
of radiopharmaceuticals remains to be elucidated.
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Noninvasive determination of integrin expression has become an interesting approach in nuclear medicine. Since the discovery
of the first "*F-labeled cyclic RGD peptide as radiotracer for imaging integrin &, f3, expression in vivo, there have been carried
out enormous efforts to develop RGD peptides for PET imaging. Moreover, in recent years, additional integrins, including a3,
and «, 3, came into the focus of pharmaceutical radiochemistry. This review will discuss the tracers already evaluated in clinical
trials and summarize the preliminary outcome. It will also give an overview on recent developments to further optimize the first-
generation compounds such as ['*F]Galacto-RGD. This includes recently developed '*F-labeling strategies and also new approaches
in ® Ga-complex chemistry. Furthermore, the approaches to develop radiopharmaceuticals targeting integrin o 8, and «, 3, will be

summarized and discussed.

1. Introduction

Integrins are heterodimeric glycoproteins consisting of an
a- and f-subunit. There are 24 different combinations of
the eight fB-units and the eighteen «-units known. The
integrins mediate cell-cell and cell-matrix interactions and
transduce signals across the plasma membrane via insight-
out and outside-in signaling [1]. Some of the integrins play
an important role during migration of endothelial as well as
tumor cells during tumor-induced angiogenesis and tumor
metastasis. Angiogenesis, the formation of new blood vessels
out of the preexisting vasculature, is a critical step in the
development and dissemination of many human tumors. A
variety of therapeutic strategies in oncology are focused on
the inhibition of tumor-induced angiogenesis [2-4]. This
includes approaches to inhibit VEGE MMP, or integrin
interactions. Concerning the integrins, most attention has
been paid to the role of integrin «,f3; and «, 35 as they are
prominent on proliferating vascular endothelial cells [5].
Thus, one of the most prominent target structures used
for the development of radiopharmaceuticals for imaging

angiogenesis is the integrin «, 35 [6]. It has been shown that
this integrin is involved in endothelial cell/matrix interaction
during tumor-induced formation of new vessels as well as
in mediation of tumor cell migration during invasion and
extravasation [7]. A series of studies using a variety of
different radiopharmaceuticals have already demonstrated
that noninvasive determination of &, 3; expression is feasible
(for review, see [6, 8]).

In contrast to the data found in a variety of inhibition
studies, which suggest a critical role for «,3; in angiogen-
esis, genetic studies indicate that the integrin «,f3; is not
required for angiogenesis [5]. An explanation for this dis-
crepancy could be findings that animals lacking e, 3; develop
compensatory changes in VEGF signaling, which permit
angiogenesis to occur during embryogenesis [9]. Anyway,
genetic ablation of the integrin «sf3;, the major fibronectin-
binding integrin, leads to severe vascular abnormalities [10]
indicating that this integrin may play an even more important
role as the integrin «, 3; in neovascularization. Additionally,
this integrin is upregulated in tumor blood vessels and plays
a role in tumor angiogenesis and tumor growth [11, 12].
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Thus, recently this integrin became another target structure
in the development of radiopharmaceuticals for imaging
angiogenesis.

A third class of tracer developed for the noninvasive
determination of integrin expression focus on the integrin
«,f3. This integrin is unique in that it is exclusively expressed
on epithelial cells [13]. It is highly upregulated during devel-
opment of lung, skin, and kidney epithelia but its expression
is low in healthy adult epithelia [14]. Elevated expression in
adults is found only during wound healing [15]. It is found
to regulate epithelial remodeling during development and
tissue repair. Thus, it became an interesting target in tracer
development because integrin «, 3¢ is also found to be highly
expressed on a variety of tumors including carcinoma of the
breast, lung, colon, stomach, and oral and skin squamous
cell carcinoma [13] and is associated with a more aggressive
disease outcome [16].

There are already a variety of reviews dealing with the
development of tracer targeting the integrins o, f5/cx, 35 [6,
8, 25-27]. On the one hand, this review will focus on
compounds which are already in clinical studies and, on the
other hand, highlight most recent aspects of the preclinical
development of tracer targeting these integrins. Moreover,
it will summarize the developments concerning radiophar-
maceuticals targeting the integrins, 53, and «,f3;, which
came most recently in the focus for PET tracer development
(Table 1).

2. Tracer Targeting Integrin « f3;/c, 3
2.1. Tracers Already in Clinical Studies

2.1.1. [*®F]Galacto-RGD. The first target structure used for
the development of radiopharmaceuticals was the integrin
«,f3; [46]. Among the great variety of compounds introduced
meanwhile, only a small set entered clinical studies. The first
compound studied in patients was ['*F]Galacto-RGD. This
compound was developed based on an optimization strategy
introducing sugar moieties to improve the pharmacokinetics
[28, 47]. Initial clinical studies showed that the tracer was well
tolerated with no severe side effects [48-50]. The effective
dose calculated from an i.v. injection of ["*F]Galacto-RGD
was found to be approximately 0.02 mSv/MBq [50], being in
the range of a routine ['"8F]JFDG-PET scan [51]. The tracer was
rapidly cleared predominately via kidneys, resulting in good
tumor/background ratios. The highest background uptake
was found in kidneys, liver, spleen, and intestine. Tumor
uptake showed high variability and standard uptake values
(SUV) ranged from 1.2 to 10. An additional study including
19 patients compared ['*F]Galacto-RGD uptake in the lesions
with immunohistochemical staining after tumor resection
using angiogenesis markers (Figure 1) [17, 49].

A good correlation between tracer uptake and «,f35;
expression as well as microvessel density was found. In
further investigations, the detection rate of a variety of
different malignant lesions was studied including sarcoma,
melanoma, renal cell cancer, squamous cell carcinoma of the
head and neck, breast cancer, and glioblastoma multiforme
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[52-54]. In general, detection of the primary tumor was
high (80%-100%) with a lower detection rate for lymph
nodes and distant metastases. It has to be mentioned that
the different studies also revealed that chronic inflammatory
lesions like villonodular synovitis can also show significant
uptake of [**F]Galacto-RGD [17], raising the same problem
as with ['*F]JFDG that the tracer does not clearly differentiate
between benign and malignant lesions. All the clinical as
well as the preclinical data (which are not discussed here)
have demonstrated that specific imaging of integrin «, f3;
expression is feasible using ['*F]Galacto-RGD and PET;
however, it has to be kept in mind that this receptor is not
only expressed on endothelial cells during neovascularization
but can also be present on the tumor cells themselves. Static
PET imaging cannot distinguish the origin of the signal; thus,
solely assessing angiogenesis is only possible if the tumor cells
do not express the receptor.

Integrin «,f; is also expressed by macrophages and
angiogenic endothelial cells in atherosclerotic lesions [55, 56].
Based on this, Beer et al. studied the potential of [ ¥F]Galacto-
RGD as a probe for imaging plaque inflaimmation and
plaque vulnerability [57]. The pilot study including 10 patients
with high-grade carotid artery stenosis scheduled for carotid
endarterectomy revealed specific tracer accumulation in
atherosclerotic carotid plagues and correlation of the tracer
uptake with «, 85 expression analyzed by immunohistochem-
ical staining of the surgical specimen. Based on the promising
initial results it was concluded that larger prospective studies
have to be carried out to fully evaluate the potential of molec-
ular imaging of integrin «,f3; expression for the assessment
of plaque inflammation in patients.

2.1.2. ["®*F]Fluciclatide. Another integrin «, 3,/ 35 targeting
PET radiopharmaceutical, which has already been studied
in patients, is [*®*F]Fluciclatide. Similar to ['*F]Galacto-
RGD, this peptide derivative includes the RGD sequence as
binding motif, but in contrast to the backbone cyclization
found in ["*F]Galacto-RGD this compound is cyclized via
a thioether and a disulfide bridge. As a pharmacokinetic
modifier, polyethylene glycol (PEG), instead of the sugar
moiety and for radiolabeling an aminooxy function, was
introduced. The labeling with *F was carried out using 4-
['®F]fluorobenzaldehyde. This approach using the chemos-
elective oxime formation for labeling clearly reduced the
synthesis time of this radiotracer compared to ['®F]Galacto-
RGD and made the clinical routine production more feasible.
In contrast to Galacto-RGD, which belongs to the family of
tracer based on the cyclic pentapeptide ¢c(RGDfV), Fluci-
clatide shows higher binding affinity for integrin «, 3; than
for integrin o, 3; [18].

In a study including 7 breast cancer patients it could be
shown that all lesions found by CT could also be detected by
['*F]Fluciclatide PET (Figure 2). In analogy to ['*F]Galacto-
RGD, a great variance in tracer uptake in the lesions was
found with SUVs ranging from 2.0 to 40.0 [18]. Interestingly,
metastases in the liver have been identified as regions of
deficit uptake, because of the high background activity in
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FIGURE 1: ["*F]Galacto-RGD PET: (A-C) patient with a soft tissue sarcoma dorsal of the right knee joint. (A) Sagittal section acquired 170 min
p.i. (B) PET/CT image fusion. (C) Immunohistochemistry of a peripheral tumor section using the anti-«,3; monoclonal antibody LM609
demonstrates intense staining predominantly of tumor vasculature. (D-F) Patient with malignant melanoma and a lymph node metastasis in
the right axilla. (D) Axial section acquired 140 min p.i. (E) PET/Ct image fusion. (F) Immunohistochemistry of the lymph node demonstrates
intense staining predominantly of tumor cells and also blood vessels (with permission from Haubner et al. [17]).

normal liver tissue. Stability studies in vivo showed 74% intact
tracer after 60 min in blood. Biodistribution and dosimetry
studies in 8 healthy volunteers showed predominately renal
excretion with the highest uptake in liver, combined walls
of the intestine, and kidneys [58]. The compound was
well tolerated with no drug-related adverse events reported.
The mean effective dose was 0.026 mSv/MBq comparable
to ["®F]Galacto-RGD. An advantage of ["®F]Fluciclatide
compared with ['*F]Galacto-RGD is the easier availability.
However, further clinical studies are needed to demon-
strate the potential of this compound for imaging integrin
a,Bs/a,Bs expression. Anyway, preclinical studies in mice
already showed that monitoring of tumor response to an
antiangiogenic sunitinib therapy using ["*F]Fluciclatide-PET
is feasible [59].

2.1.3. ['®*FJRGD-K5. RGD-K5isa closely related derivative to
Galacto-RGD. The used cyclic pentapeptide ¢(RGDfK) and
the sugar amino acid are identical for both compounds. The
difference is found in the conjugation of 2-azidoacetic acid
to the amino function of the sugar amino acid of RGD-K5
allowing labeling via “click chemistry” using 5-['*F]fluoro-1-
pentyne. Similar to the labeling strategy using oxime forma-
tion for labeling, the click chemistry approach also reduced
the overall synthesis time compared with ['8F]Galacto-RGD,
thereby increasing the availability of ["®F]RGD-KS5 [30].
Initial preclinical studies showed high affinity for inte-
grin «,; and predominantly renal elimination and high
plasma stability in mice [60, 61]. This was confirmed by
biodistribution and radiation dosimetry studies in monkeys
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FIGURE 2: ['®F]Fluciclatide PET: (a) patient with lung and pleural
metastases. (b) Intralesion heterogeneity of uptake within pleural
metastasis in PET image, which was not demonstrated as necrosis
on corresponding CT section. (c) Liver metastases imaged as
hypointense lesions because of high background signal (high uptake
in spleen is possibly due to blood pooling) (with permission from
Kenny et al. [18]).

and four healthy volunteers [62]. Organs with the highest
activity concentration were bladder, kidneys, gallbladder, and
liver. It was found that the plasma clearance half-life was
approximately 12min and that approximately 44% of the
injected activity had been excreted in the urine by end of
the study (~2.5h). No clinical significant effects on vital
signs had been found during the follow-up until 24 h after
tracer injection. Depending on the bladder-voiding model
the mean effective dose calculated was between 0.015 and
0.031mSv/MBq and thus in the range of the other RGD
tracers already in clinical studies. In an initial study with
12 breast cancer patients, ["*FJRGD-K5 PET was compared
with [**F]FDG-PET [63]. Out of 157 lesions detected using
["®F]FDG, 122 lesions could be visualized by ["®F]RGD-KS5.
In most lesions, ['*F]FDG uptake was higher as found for
["*FJRGD-KS5 with no correlation between the uptake of the
two compounds, confirming the results already found with
other RGD tracers.

214. [*Ga]NOTA-RGD. [**Ga]NOTA-RGD is the first
% Ga-labeled «,f3; integrin-targeting compound for which
initial clinical data are available. Due to the increasing
availability of corresponding *®Ge/*®Ga generators, this PET

isotope becomes an interesting alternative to '*F especially
for radiolabeling of peptides (see also below). NOTA-RGD
is produced by conjugating SCN-Bz-NOTA to the amino
function of the lysine in the cyclic pentapeptide ¢(RGDyK)
[34]. The chelator forms very stable complexes with 8 Ga,
allowing labeling in short reaction times even at room tem-
perature. The compound showed high affinity for the integrin
«,f3; in in vivo binding assays and rapid predominantly renal
excretion with good tumor-to-background ratios in murine
tumor models [34].

A biodistribution and radiation dosimetry study with
10 patients with lung cancer or lymphoma confirmed the
excretion route with the highest activity found in kidneys
and urinary bladder [64]. Comparably high radioactivity was
also found in the liver. The effective dose was between 0.021
and 0.025 mSv/MBq depending on the calculation model and
the voiding interval. Although tumor patients were included
in this study, no information concerning tumor uptake was
found. Anyway, in a preliminary study with six patients with
liver metastases of a colorectal carcinoma in three out of the
six patients increased [**Ga]NOTA-RGD uptake in the liver
lesions could be detected [65]. Moreover, the patients who
showed [*®*Ga]NOTA-RGD uptake revealed partial response
after an antiangiogenic therapy with FOLFOX and beva-
cizumab, whereas the other half showed stable or progressive
disease.

2.1.5. ['*F]Alfatide. Attempts optimizing the strategies in
labeling peptides with '®F led to the introduction of *F-
aluminum fluoride [66]. This compound behaves similarly
to radiometals concerning formation of complexes with, for
example, NOTA derivatives introducing the advantage of
using much faster and easier labeling protocols than those
needed for '*F-labeling using prosthetic group strategies. The
first compound of this class of tracer studied in patients
is the '®F-labeled dimeric RGD-peptide [**F]AIF-NOTA-
PRGD2 (['®F]Alfatide) [67]. It includes, besides the two cyclic
RGD peptides c(RGDyK) bridged via a lysine, a PEG moiety
as pharmacokinetic modifier and a Bz-NOTA moiety for
complexation of “[ISF]AIF.” In a pilot study including nine
patients with lung cancer, ['®F] Alfatide allowed identification
of all tumors with SUVs of 2.9 + 0.1 indicating a lower
variance in tumor uptake as found by most other studies
using RGD-derivatives in patients [19]. Major uptake was
found in kidneys and bladder indicating renal excretion.
Liver, spleen, and intestine showed comparable uptake as
found in the tumor (Figure 3). Kinetic modeling based on
dynamic PET scans suggested specific binding of the tracer.
Moreover, immunohistochemical staining confirmed «,3;
expression on both the tumor cells and the neovasculature of
the squamous carcinoma patients.

2.2. Recent Tracer Developments for Imaging Integrin
o, B3/a, Bs Expression. Since the first radiotracer for imaging
integrin &, 3; has been introduced in 1999 [46], a great variety
of different derivatives have been described and a selection
of optimization strategies have been introduced including
optimization of the pharmacokinetics (e.g., glycosylation



F1GURE 3: ['®F] Alfatide PET: maximum intensity projection imaging
of a patient with primary squamous carcinoma (white arrow) and
lymph node metastasis (yellow arrow) (with permission from Wan
etal. [19]).

and PEGylation), the binding affinity (multimerization), and
the labeling strategies. There are already a range of reviews
dealing with the different aspects (e.g., [6, 8]). Here, we
focus on the most recent approaches in introducing new or
optimized labeling strategies.

2.2.1. ® Ga-Labeled Derivatives. Preclinical as well as clinical
data demonstrated successful noninvasive determination of
integrin «,f3; expression with ["*F]Galacto-RGD PET (see
[17, 49, 50, 52] and above). The major drawback of this
compound is the complex and time consuming labeling
strategy using ['*F]fluoropropionic acid as prosthetic group.
One strategy to overcome this problem is based on the
introduction of ®Ga. Due to the increasing amount of com-
mercially available ®*Ga/**Ge generators [68], this isotope
becomes an interesting alternative to '°F especially when
peptide labeling is considered. Direct labeling of peptides
modified with the corresponding chelator systems with ®*Ga
avoids the time consuming preparation of prosthetic groups
usually needed for labeling peptides with **F.

First approaches to introduce ®*Ga-labeled RGD peptides
are focused on the use of DOTA-conjugated RGD peptides.
[®*Ga]DOTA-RGD showed high affinity for the integrin &, 3
in in vitro binding studies and receptor selective tracer
accumulation in a murine tumor model [35]. However,
high protein bound activity was also found compared to
the '"'In-labeled analog. The high plasma protein binding
leads to increased activity concentration in blood and to
inferior imaging properties compared with ['®F]Galacto-
RGD. Although DOTA is successfully used in DOTA-TOC
and derivatives for binding of ®*Ga, it is known that the
cyclododecane ring of DOTA does not have the optimal size
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for complexing gallium [69]. A more favorable chelating sys-
tem is the NOTA system, which contains a nine-membered
ring more suitable for binding ®*Ga. This system was initially
introduced with NOTA-RGD [34] and NODAGA-RGD [36,
70]. The later showed significantly reduced binding to plasma
proteins compared to [**Ga]DOTA-RGD resulting in equal
imaging properties in a murine tumor model as found
for ["*F]Galacto-RGD. Moreover, due to the high complex
binding constant labeling of NODAGA-RGD can be carried
out at room temperature with low amounts of peptide in
high radiochemical yield and purity. Based on these positive
results initial clinical studies are most recently started.

The last few years, alternative chelating systems have
been introduced for *®Ga-labeling of RGD peptides. This
include RGD peptides conjugated to H,dedpa derivatives
[38] and TRAP(RGD); [20]. Based on the H,dedpa scaffold
a monomeric and a dimeric tracer have been introduced
(H,-RGD-1 and H,-RGD-2). Both compounds showed rapid
%Ga-labeling at room temperature in high radiochemical
yield. The complexes were stable if challenged with trans-
ferrin and showed ICy, values determined using a com-
petitive cell binding assay of approximately 2.4 uM for the
monomeric H,-RGD-1 and approximately 0.2uM for the
dimeric H,-RGD-2. Anyway, in biodistribution as well as
small animal PET studies high activity concentration was
found in blood even 2 hours after injection making these
compounds uncompetitive with the already introduced *®Ga-
labeled derivatives. Although no log P values are described,
it is assumed that the aromatic components of the chelating
systems increase the lipophilicity which might be the reason
for this finding.

The TRAP chelator uses the similar nine-membered
ring system as found in NOTA but possesses phosphinic
acid groups instead of the carboxylic acid groups. This
modification results in two advantages: (a) due to the high
binding affinity of the chelator for gallium it allows labeling
with very low amounts of TRAP-modified peptides and (b)
due to the additional functionality of the phosphinic acid it
allows direct conjugation of up to three targeting peptides
per chelating system, making it an advantage system for
introducing the multimerization approach. Based on these
results, the trimeric TRAP(RGD); was introduced [20]. This
compound demonstrated rapid labeling using low peptide
amounts, resulting in specific activities of up to 1 TBq/pmol,
very high binding affinity for the integrin e, f3; in a compet-
itive cell binding assay, and good tumor/background ratios
in a murine tumor model. Anyway, direct comparison of
the biodistribution data in the murine M21/M21-L tumor
model with [®*Ga]NODAGA-RGD 90 min after injection
showed comparable values for both compounds indicating
that, despite better performance in vitro, the in vivo effect is
negligible (Figure 4). Most recently, [**Ga]NOPO-RGD was
introduced [37]. This chelator belongs to the “TRAP family”
with the known advantages of fast complexation Kkinetics,
high stability, and extremely high resulting specific activity.
Major difference is found in the fact that only one phosphinic
acid group is functionalized for conjugation to peptides.
Thus, multimeric compounds cannot be produced. But the
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FIGURE 4: [®*Ga] TRAP(RGD);: comparison of maximum intensity projections of microPET scans of the same M21/M21L, human melanoma
xenografted mouse (a) [ssGa]TRAP(RGD)3, (b) [*®F]Galacto-RGD, (c) [®*Ga]NODAGA-RGD (scaling adapted to show equal intensities in
M21I tumors and background. Scale indicates percentage of the maximum displayed signal level) (with permission from Notni et al. [20]).

additional hydroxymethyl groups increase the polarity of any
conjugated peptide and may improve renal elimination.

2.2.2. RGD Peptides Labeled with "“F via Click Chem-
istry Approaches. After the Cu(I)-catalyzed azide-alkyne 1,3-
cycloaddition (CuAAC) reaction (better known as the most
prominent example of “click chemistry”) was introduced for
radiolabeling with 9™ in 2006 [71], this technique was
also applied for "*F-labeling of RGD peptides. The apparent
advantages of the CuAAC reaction are mainly reflected by
their high yield under mild conditions, its chemoselectivity,
and the formation of 1,2,3-triazole with similar polarity and
size as found in an amide bond [72]. Most importantly, for
peptide labeling, there are no interferences with common
functionalities found in amino acid side chains. These aspects
make click chemistry based approaches an interesting alter-
native to common prosthetic group techniques for labeling
peptides with '*F, as highlighted by the reviews of Kettenbach
et al. [73] and Maschauer and Prante [74] within this special
issue. In general, there are two possible approaches for the
CuAAC reaction: either a '®F-labeled organoazide or a '*F-
labeled alkyne is used as prosthetic group.

In a preliminary study, a dimeric RGD peptide was
modified with an azide and as prosthetic group a '*F-
fluoro-PEG-alkyne derivative was used [31]. The product
could be achieved in good radiochemical yield. Anyway, this
procedure includes two HPLC separation steps, rendering
it unfavorable compared to other prosthetic group labeling
techniques. Glaser et al. compared the *F-labeling of RGD
peptides via oxime formation, click labeling, and S-alkylation
[29]. The prosthetic groups include [ISP]ﬂuorobenzaldehyde,

2-[18F]ﬂuoroethylazide, and [18F]ﬂu0ropropanethiol. It was
concluded that the click labeling resulted in comparable
yields as found for the fluorobenzaldehyde approach without
the need for purification of the prosthetic group. However,
2-["®F]fluoroethylazide seems to be too small to be sep-
arated from the labeled RGD peptide. For the synthesis
of [®*F]JRGD-KG5, [lgF]ﬂuoropentyne was used as prosthetic
group. With an optimized protocol for radiosynthesis the
peptide could be labeled within 70 min with 35% radio-
chemical yield (EOB) [30]. Due to the good preclinical
performance, this compound is already studied in patients
(see also above).

Introduction of sugar derivatives as pharmacokinetic
modifier has successfully been introduced with [**F]Galacto-
RGD [47] and was later also used with ['**FJRGD-K5 [30].
Maschauer et al. combined the click labeling approach with
the introduction of sugar derivatives allowing labeling as well
as pharmacokinetic optimization in one step [32, 75, 76].
Four different sugar azides have been used as prosthetic
groups, including glucose, galactose, maltose, and cellobiose
derivatives, which were conjugated via propargylglycine to
the modified RGD peptide. The overall synthesis time was in
the range of 70-75 min with decay-uncorrected radiochemi-
cal yields between 16% and 24%. A favorable performance was
found for ['"®*F]MIt-RGD, revealing comparable tumor-to-
background ratios as found for ['*F]Galacto-RGD with the
advantage of a more rapid and simplified radiosynthesis [32].

2.2.3. '"8F/"F Isotopic Exchange and '® F-Fluoride Aluminum
Complexes for Labeling RGD Peptides. Despite a great variety
of studies focused on the optimization of '*F-labeling of



10

2.40%
ID

0%
ID

(a)

BioMed Research International

2.40%
ID

0%
ID

(b)

FIGURE 5: RGD-[ISF]ArBF;: PET/CT images of (a) an unblocked and (b) a blocked mouse. Arrow marks the tumor in three perspectives

(with permission from Liu et al. [21]).

RGD peptides including some approaches with improved
labeling conditions compared to [**F]Galacto-RGD, none
of the newly introduced prosthetic group approaches can
compete with the simple and rapid labeling strategies based
on “®Ga. Thus, alternative '®F-labeling approaches have
been studied for labeling RGD peptides including isotopic
exchange strategies using silicon fluoride acceptors (SiFA)
[33] or arylfluoroborates [21] as well as complexation of an
BE_aluminum fluoride species (AlF) [77].

The SiFA method is based on '*F-labeling of p-(di-
tert-butylfluorosilyl) benzaldehyde. It has been shown that
this labeling precursor allows isotopic exchange in almost
quantitative yields, resulting in unexpected high specific
activities [33], which are even higher as specific activities
found for peptides labeled via conventional n.c.a. '*F-labeling
techniques, without HPLC purification. Conjugation of the
prosthetic group was carried out via oxime formation using
an aminooxy modified cyclic RGD peptide. Altogether, this
results in cyclo (fK(['®F]SiFA-AO-N)RGD) in high radio-
chemical yield within approximately one hour. In vitro and
in vivo evaluation of the compound still remains to be
elucidated to demonstrate the imaging properties of this RGD
derivative. However, a highly lipophilic precursor is needed
for this labeling technique, which might negatively influence
the pharmacokinetics of the radiolabeled peptides. Another
strategy using radiolabeling by isotopic exchange is based
on boron derivatives. It was shown that kit-like '*F-labeling
resulting in an ['®FJaryl trifluoroborate-containing RGD
peptide is feasible in high specific activity in reaction times
below one hour [21]. Initial small animal PET data showed
high activity concentration in bladder indicating predomi-
nantly renal elimination (Figure 5). However, despite high
specific activity tracer accumulation in a murine U87MG

glioblastoma model was comparably low; thus, further stud-
ies are needed to finally access the quality of this kind of tracer
for imaging integrin «, 3; expression.

Recently, a technique to produce the '®F-aluminum
fluoride species (AI'"®*F)** has been introduced [66] and has
shown that this compound forms stable complexes with the
NOTA ligand conjugated to peptides. After optimization
[78], this technique allows labeling of peptides in a one-
step synthesis without HPLC purification in analogy to
radiometal labeling with, for example, ®Ga or **Cu. Based on
these developments, ['*F]Alf-NOTA-RGD, has been intro-
duced [77]. In this case, labeling including HPLC could be
carried out in 40 min. In a cell binding study, the compound
showed comparable IC;, values as found for the dimeric
lead structure and high tumor uptake and rapid elimination
from the body in a murine tumor model. Comparison of
[*®F]AIE-NOTA-PRGD,, which differs in an additional PEG
linker from the initial compound, with a dimer labeled
with '®F via fluoropropionic acid as prosthetic group and
a dimer labeled with ®*Ga using small animal PET showed
comparable pharmacokinetics and quantitative parameters
for all three compounds [79]. Based on this data, the so-called
['®F] Alfatide is already studied in initial clinical trials (see
also above). Subsequently, the influence on different linker
was studied and the labeling protocol was optimized [80].
The replacement of the HPLC separation by C-18 cartridge
purification allowed production of the compound with good
radiochemical yield and high radiochemical purity within
30 min. The compounds were stable in mouse serum up to
120 min and the highest binding affinity using a cell binding
assay as well was found for NOTA-E[PEG,-c(RGDfK)],.
However, in vivo studies using a murine glioblastoma model
could not confirm the in vitro findings. The biodistribution
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FIGURE 6: [*®* Ga]a, 8,-ANT: maximum intensity projection images (MIP) of microPET scans. Upper row: mice bearing RKO (a3, -positive)
and M21 («, 3;-positive)tumor xenografts on right and left shoulder, respectively, (white arrow: M21; red arrow: RKO). Lower row: axial slices
corresponding to the white line in upper row MIP images. (a) Injection of [®*Ga]a«, 8,-ANT. (b) Blocking experiment (with permission from

Neubauer et al. [22]).

data demonstrated comparable tumor uptake for NOTA-
E[c(RGDfK)], and NOTA-E[PEG,-c(RGDfK)], but slightly
better tumor-to-background ratios are found for the latter.

3. Tracer Targeting Integrins o3, and «, 3,

As already mentioned, most work on the development of
tracer for imaging integrins is dedicated to the develop-
ment of compounds targeting the integrins o, f3; and «,f3s.
Recently, additional integrins came into the focus of interest.
These include the integrins o; 3, and o, 3.

3.1 Integrin osf;. Heckmann et al. [81] developed based
on tyrosine and azaglycine scaffolds nonpeptide antago-
nists of the integrin «;f3;. Comprehensive structure activity
relationship studies including docking experiments with a
homology model resulted in azaglycine derivatives with
low nanomolar affinity for asf, and up to 10*-fold higher
selectivity when compared with «, 3;. The superior properties
of the azaglycine derivatives compared with the tyrosine
scaffold based compounds may result from enhanced rigidity
of the first. Based on this data, one of the most promis-
ing azaglycine derivatives was modified by conjugation of
NODAGA to the alkoxy benzoic acid moiety of the osf3,
antagonist [22]. A competitive solid phase integrin binding
assay demonstrated that this modification had no influence
on binding affinity and selectivity to integrin s 3,. A murine
tumor model of mice bearing an «s 3, -positive human colon
carcinoma (RKO) on the one flank and an «,f3;-positive
human melanoma (M21) on the other flank confirmed

receptor specific uptake and allows visualization of the o 3, -
positive tumor only (Figure 6).

A common approach to search for biological active pep-
tides is based on phage display libraries. Screening a CX7C
library including a random heptapeptide sequence flanked by
two cysteine for high affinity integrin a5 f3, binder resulted
in the peptide H-Cys”-Arg-Arg-Glu-Thr-Ala-Trp-Ala-Cys* -
OH (H-C*RRETAWAC"-OH) [82]. This peptide was used as
lead structure for the development of a '®F-labeled derivative
for noninvasive imaging of integrin «;f3; expression (more
detailed information will be found in this special issue under
Haubner et al. “H-CRRETAWAC-OH, a lead structure for
the development of radiotracer targeting integrin o;3,?” [39]).
Briefly, for labeling, 2-[**F]fluoropropionic acid was used as
prosthetic group. With an isolated receptor binding assay
it was demonstrated that modification of the lead structure
reduced binding to integrin a3, by a factor of 10. Compari-
son of the binding affinity for a; 3, @, 35, and oy, 35 revealed
that selectivity was not affected. Despite high affinity for the
integrin and stability in human serum in vivo, biodistribution
data of ['®F]FProp-C*RRETAWAC*-OH using a murine
tumor model were disappointing. In fact, the highest tracer
accumulation was found for the tumor, but similar high
radioactivity concentration was found in blood. Additionally,
activity concentration in the organs remains almost constant
over the observation period of 120 min leading to tumor-to-
background ratios between 1 and 2, making this compound
not suitable for imaging integrin o 3, expression.

3.2. Integrin «o,f;. The most prominent lead structure
for the development of radiotracer for imaging integrin
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FIGURE 7: ["F]JFBA-A20FMDV2: (3) representative transaxial
microPET 45-60 min after injection. The positive («, 3¢-expressing
DX3purof6) tumors were located near the left shoulder and the
negative (control DX3puro) tumors near the right shoulder. For
comparison, (4) depicts a ["8F]FDG scan of the animal shown in (3),
obtained within 5 d. (with permission form Hausner et al. [23]).

«,f3 is the 20-amino acid peptide A20FMDV2 (sequence:
NAVPNLRGDLQVLAQKVART). The sequence is derived
from the GH loop of an envelope protein of the foot-and-
mouth diseases virus (FMDV) [83] which mediates FMDV
infection via binding to the integrin «,f3, [84, 85]. The
central binding region includes the RGD sequence followed
by an LXXL motif, where X specifies variable amino acids.
Phage display libraries indicate that the DLXXL sequence is
responsible for the high «, 5 specificity [86].

This peptide was initially labeled with a [**F]fluoroben-
zoyl group via a solid-phase labeling strategy [23]. In a
competitive binding ELISA including integrin «,f, «,f;,
a,fBs, and asf3; it was demonstrated that the N-terminal
modification has no influence on binding affinity and
selectivity. Evaluation of the tracer using a murine tumor
model including «, 3,-positive (DX3puro) and e, 3¢-negative
(DX3purof36) xenografts demonstrated receptor selective
uptake of ['*F]FBA-A20FMDV?2 (Figure 7) [23]. However,
uptake and retention in the tumor were comparably low,
which might be due to the low metabolic stability of the
compound. To improve the stability and the pharmacokinetic
behavior, polyethylene glycol (PEG) moieties have been
introduced. This resulted in ["*F]JFBA-PEG,3-A20FMDV2
and ['®F]FBA-(PEG,,),-A20FMDV2 [40]. HPLC analysis
of mouse urine samples showed increased stability of the
PEGylated compounds with only one major metabolite
detected. Also tumor retention could be significantly
improved with almost constant uptake up to 4h after
injection. However, also retention in other organs has been
increased. In particular, the introduction of a second PEG,4
unit was not beneficial due to the resulting high uptake
and retention in the kidneys. Most recently, Hausner et
al. [41] evaluated the copper-free, strain-promoted click
chemistry for '®F-labeling of A20FMDV2. This modified
click chemistry approach should eliminate the need for
potentially toxic copper catalysts. The radiotracer was readily
prepared with high radiochemical purity, but the required
cyclooctyne derivative introduces a very lipophilic moiety
which negatively influences the pharmacokinetic of the
resulting ['*F]FBA-C,-ADIBON;-PEG,-A20FMDV2. Thus,
despite receptor specific binding and good metabolic stability,
the tumor uptake was low and the radioactivity concentration
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in urine as well as gall bladder was very high, indicating both
renal and hepatobiliary elimination making this compound
not suitable for imaging integrin o, 3, expression.

Additional approaches are based on the introduction of
chelating systems for labeling with '"'In-indium or **Cu-
copper. For ''In-labeling, DTPA was conjugated to the N-
terminal end of the peptide [42]. DTPA conjugation has no
effect on peptide binding affinity and receptor specificity.
Serum stability was comparable as found for ['®*F]FBA-
A20FMDV2 with several metabolites found after 4h incu-
bation. Despite comparable low stability, tumor uptake was
higher as found for the '®F-labeled derivative. If this could
be ascribed to the different tumor models used or to a better
performance of the ["''In]DTPA-A20FMDV2, it has to be
figured out by direct comparison in the same animal model.
Extremely high radioactivity concentration was found in kid-
neys at 1 hour after injection. Other organs with comparable
uptake as found in the tumor are lower gastrointestinal tract,
gall bladder, and stomach. This seems to be due to expression
of the integrin «,f; in these organs, which were exam-
ined by immunohistochemical staining of the corresponding
paraffin-embedded murine tissue and confirmed by blocking
studies. High-resolution SPECT of mice demonstrate clear
visualization of «, 34-expressing tumors but also indicate high
activity concentration in kidneys and bladder. ['''In]DTPA-
A20FMDV2 was also used to study imaging of e, 3¢ integrin
for molecular stratification of idiopathic pulmonary fibrosis
[87]. It could be demonstrated that levels of ['''In]DTPA-
A20FMDV?2 in the lung correlated positively with hydrox-
yproline, «, 8¢ protein, and itgb6 messenger RNA levels
indicating that this technique might be feasible to be used for
stratifying therapy for patients with pulmonary fibrosis.

A study by Hu et al. [43] was designed to determine the
best candidate out of four chelating systems to label PEG -
A20FMDV2 with **Cu. This include a triazacyclononane
derivative (NOTA), a tetraazacyclododecane derivative
(DOTA), a tetraazabicyclo[6.6.2] hexadecane derivative
(CB-TE1A1P), and a hexaazabicyclo[6.6.6]icosane derivative
(BaBaSar). Independent of the chelating system, all
compounds could be labeled under mild conditions in good
radiochemical purity and specific activity. None of the chelat-
ing systems influenced the selectivity for the integrin «, 34 in
a cell binding assay. The lowest binding and internalization
were found for [**Cu]NOTA-PEG,,-A20FMDV2. Stability
studies in mouse serum after 24 hours incubation revealed the
highest amount of intact tracer for [**Cu] CB-TE1AIP-PEG -
A20FMDV2 (<45%) and the lowest for [**Cu]BaBaSar-
PEG,3-A20FMDV?2 (14%). Initial biodistribution data did
not present the best candidate. Although high positive-to-
negative tumor uptake ratios were found for [**Cu]CB-
TEIA1P-PEG,,-A20FMDV2 and for [**Cu]BaBaSar-PEG -
A20FMDV?2, there was significant higher kidney uptake
as found for the other two tracers. Another unpredicted
finding was that blocking resulted only for three compounds
in a reduced uptake in the receptor-positive tumor. For
[**Cu]NOTA-PEG,;-A20FMDV2, an unexplained increase
of tumor uptake was found. Altogether, this study dem-
onstrated that ®*Cu-labeling of A20FMDV2 derivatives is
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FIGURE 8: Cystine knot based tracer: (a) Ryl and S,2 are cystine knot peptides that contain 3 disulfide bonds, an active binding loop (black),
and a sole primary amine at N terminus used for labeling via '®F-SFB. Peptide sequences are presented with conserved residues highlighted.
(b) "*F-fluorobenzoate-R, 1 small-animal PET imaging of BxPC3 pancreatic adenocarcinoma (integrin «, 3 -positive) bearing nude mice (five-
minute static scans were acquired at 0.5, 1, and 2 h p.i.; decay-corrected coronal and transverse slices are presented; tumor (T) and kidneys

(K) are marked on images) (with permission from Hackel et al. [24]).

possible but much more detailed experiments that may be
also including alternative chelating systems are necessary
before a final decision about the best performer can be made.

To develop a more stable and effective agent for imaging
integrin «, 3¢ cysteine knot peptides were engineered which
demonstrated nanomolar affinity for this integrin [44].
Four DOTA-derivatized compounds were labeled with
%*Cu and metabolic stability was studied in mouse serum.
Two derivatives ([64Cu]DOTA—802 and [64Cu]DOTA—E02)
showed high stability with more than 95% intact tracer
after 24 hours incubation. In vivo biodistribution as well
as small animal PET demonstrated receptor specific tumor
uptake for all compounds tested but also extremely high
activity concentration in kidneys for [**Cu]DOTA-R,2,
[64Cu]DOTA-E02, and [64Cu]DOTA-R01. In a further
study Ryl and S;2, were labeled via N-succinimidyl-4-
BE_fluorobenzoate (Figure 8) [24]. In particular, Bp.
fluorobenzoate-S)2 showed high serum stability. Despite
lower stability in the in vitro assay, tumor uptake was superior
for "®F-fluorobenzoate-Ry1. For both compounds, a clear
reduction in kidney uptake was found when compared with
the ®Cu-labeled analogs. Anyway, with 16% ID/g at 1h p.i. it
remains high especially for '*F-fluorobenzoate-R 1. However,
the results from coinjection studies remained inexplicable.

For '®F-fluorobenzoate-Ry1l, at least a slight reduction in
tumor uptake was found, but no reduction was observed for
'8E-fluorobenzoate-S,2. Most recently, S,2 was modified with
a single amino acid chelator (SAAC) and labeled with 9om e
(CO); [45]. Similar to the other cysteine knot derivatives,
[*"Tc]SAAC-S,2 showed high metabolic stability and
integrin «,f; specific uptake but biodistribution studies
revealed, with exception of tumor-to-muscle ratio, that most
of the tumor-to-organ ratios are approximately one or even
clearly below one. Very high activity concentration is again
found for the kidneys, independent of the use of the serine-
rich derivative, which should avoid high kidney uptake.

4. Summary and Conclusion

Approximately 15 years ago, the first radiolabeled RGD pep-
tides were introduced to image integrin «, 3. Starting from
the initially iodinated derivatives, a great variety of different
compounds labeled with almost the whole set of available
isotopes used in nuclear medicine tracer techniques have
been described, but only a small set yet entered clinical trials.
The first and most intensively studied one is ["*F]Galacto-
RGD which showed receptor selective tracer accumulation in
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the tumor with rapid predominantly renal elimination result-
ing in good tumor-to-background ratios and low radiation
burden for the patient. The drawback of this compound is the
complex time-consuming radiosynthesis. Thus, one major
goal of the subsequently developed compounds was to opti-
mize the radiolabeling strategy. One approach was focused on
alternative '®F-labeling strategies including oxime formation,
click chemistry, isotopic exchange labeling, and introduction
of aluminum fluoride species. Another approach to develop
new PET tracer was focused on the introduction of **Ga
as an alternative to '®F for PET imaging. Based on each
of the described labeling strategies, at least one candidate
RGD peptide has entered clinical studies, with the exception
of the isotopic exchange labeling strategy. All approaches
produce the radiopharmaceutical in shorter production times
as described for ["*F]Galacto-RGD, with most significant
reductions found for the ®®Ga-labeling approach followed by
the aluminum fluoride approach. All tracers have in common
that they allow receptor specific imaging of integrin e, 85 (and
«,f35) expression, show rapid predominately renal excretion
with low radiation burden, and are well tolerated. For most
radiopharmaceuticals, a great variance in tracer uptake in
the lesions is found. One exception is the dimeric tracer
['8F]Alfatide. The initial study with nine patients resulted
in very low variance in the SUV. However, a clinical study
directly comparing different RGD tracers is lacking; thus,
a final conclusion which compound performs best is not
possible, yet. However, as there are already a variety of clinical
studies using radiolabeled RGD peptides demonstrating their
feasibility for imaging «, 85, it is now of utmost importance
to study how patients can benefit from this PET imaging
approach. Therefore, further studies have to demonstrate
whether corresponding antiangiogenic therapies can be con-
trolled using this imaging technique. Most recently, alter-
native applications are also studied including assessment of
plaque inflammation. However, again more comprehensive
studies are needed allowing a final conclusion. In parallel to
the radiopharmaceuticals already in clinical studies, a set of
new compounds and strategies are evaluated. Among this set
of candidates, several may enter clinical trials soon, including
[*®*Ga]NODAGA-RGD and [**Ga]TRAP(RGD);.

In addition to the integrins o, 35/, 35 the integrins o5 f3;
and «, 3¢ recently came into the focus of interest. Integrin
a3, might even be more important in the angiogenic process
as the integrin «,f3;; thus, initial tracer either based on
nonpeptidic scaffolds or on results from screening phage
display libraries has been developed. The performance of the
latter was not sufficient to be used for imaging integrin «; 3,
whereas the nonpeptide derivatives seem to be promising
and are the basis for further studies. Integrin «,f3; does not
seem to be involved in angiogenesis but was found to be
highly expressed on a variety of tumors. Moreover, expression
seems to correlate with pure outcome; thus, this integrin was
also used as target structure for the development of radio-
pharmaceuticals. In the present days, two lead structures are
studied. One is based on the sequence of aloop of an envelope
protein of the foot-and-mouth diseases virus and the other
is based on cystine knots. Both classes of compounds were
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radiolabeled with different isotopes, including '*F and **Cu,
and revealed receptor-specific binding in vitro and in vivo.
However, on the one hand, some of the tracers lack metabolic
stability and, on the other hand, tracer excretion is not
optimal, leading to high activity in a variety of organs includ-
ing the kidneys as the dose-limiting organ. Thus, although
initial data demonstrate that «, 5¢-specific imaging is feasible,
further optimizations are needed to find suitable compounds
for noninvasive imaging of this receptor in patients.
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At the time when the highly efficient ['*F]FDG synthesis was discovered by the use of the effective precursor 1,3,4,6-tetra-O-acetyl-
2-O-trifluoromethanesulfonyl-8-D-mannopyranose (mannose triflate) for nucleophilic **F-substitution, the field of PET in nuclear
medicine experienced a long-term boom. Thirty years later, various strategies for chemoselective '*F-labeling of biomolecules
have been developed, trying to keep up with the emerging field of radiopharmaceutical sciences. Among the new radiochemical
strategies, chemoselective '*F-fluoroglycosylation methods aim at the sweetening of pharmaceutical radiochemistry by providing
a powerful and highly valuable tool for the design of *F-glycoconjugates with suitable in vivo properties for PET imaging studies.
This paper provides a short review (reflecting the literature not older than 8 years) on the different '*F-fluoroglycosylation reactions
that have been applied to the development of various '®F-glycoconjugate tracers, including not only peptides, but also nonpeptidic

tracers and high-molecular-weight proteins.

1. Introduction

In 1984, thirty years ago, the synthesis of 1,3,4,6-tetra-O-
acetyl-2- O-trifluoromethanesulfonyl- 3-D-mannopyranose
(mannose triflate) was published by Hamacher in Carbo-
hydrate Research [1]. Meanwhile, the mannosyl precursor is
commercially available and its daily routine application for
the highly reliable and efficient radiosynthesis of 2-deoxy-
2-[18F]ﬂuoroglucose (["F]FDG, [2]) has been the major
driving force in the emerging field of positron emission
tomography (PET) within nuclear medicine. ["*FIFDG rep-
resents by far the most frequently used radiopharmaceutical
worldwide for PET imaging studies in oncology and neu-
rology [3, 4].

Among the positron emitters, F-18 represents a superior
PET radionuclide with outstanding physical characteristics
(Epmax(B*) = 635keV, t,,, = 109.7 min) allowing for multi-
step radiochemical syntheses. In recent years, various strate-
gies for chemoselective '®F-labeling reactions have been
successfully developed, facilitating the accessibility of new

PET radiopharmaceuticals [5-7]. The variety of new '®F-
labeling strategies is the focus of review articles as part of
this special issue, provided by Bernard-Gauthier et al. [8],
Kettenbach et al. [9], and Ermert [10].

In some cases it is desirable not only to use chemoselective
and mild labeling methods, but also to have the oppor-
tunity to influence the biodistribution and tracer uptake
characteristics simultaneously. Noteworthy, the glycosylation
of biomolecules, such as peptides or proteins, has been fre-
quently shown to improve the in vivo kinetics and stability in
blood and to accelerate the clearance of such glycoconjugates
in vivo [11-13]. Moreover, it has been shown by numerous
examples that glycosylation of peptides with subsequent
radiolabeling opens the way to radiotracers with improved
in vivo properties [12-16]. Not surprisingly, Sharpless’ con-
cept of “click chemistry” introduced over 10 years ago [17]
has been quickly adapted to carbohydrate chemistry in the
field of glycoscience, facilitating the synthesis of new glyco-
conjugates derived from proteins, lipids and nucleic acids,
new glycomaterials, such as glycosurfaces, glycodendrimers,
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and glycopolymers, and a wide variety of glycoconjugates in
medicinal chemistry as putative chemotherapeuticals [18].

Therefore, our group envisaged the appropriate idea
to develop a click chemistry-based '®F-fluoroglycosylation
method to provide a general approach to the radiosynthesis
of "*F-labeled glycoconjugates as effective imaging agents for
PET [19, 20].

In 2009, we reported the synthesis of a series of “clickable”
mannosides and showed their potential as '®F-labeling pre-
cursors [20], which has been the starting point of a number
of publications by others reporting on various '*F-glyco-
conjugates as new PET tracers.

This paper provides a short review (reflecting the liter-
ature not older than 8 years) on the different "*F-fluorogly-
cosylation reactions that have been applied to the develop-
ment of various '*F-glycoconjugate tracers for PET, including
not only peptides but also nonpeptidic tracers and high-
molecular-weight proteins. An overview of the radiotracers
obtained by '®*F-fluoroglycosylation is given in Tables I,
2and 3.

2. "*F-Fluoroglycosylation via
Copper-Catalyzed Azide-Alkyne
Cycloaddition (CuAAC)

In 2001, the Sharpless group introduced the term “click
chemistry” to define the most efficient chemical reactions
(17]. Click chemistry-based reactions are easy to perform,
high-yielding, highly chemoselective, and orthogonal reac-
tions that proceed without the formation of by-products
under multiple reaction conditions. The copper-catalyzed
azide-alkyne cycloaddition (CuAAC), introduced in 2002
[48, 49], is one of the most widely used click chemistry
reactions, due to its high yield and easy accessibility of the
azide and terminal alkyne reactants. Its successful adaption
to '®*F-radiosynthetic methods in order to take advantage
of its high selectivity, reliability, and speed under aqueous
mild Cu'-promoted reaction conditions has now been amply
documented [50, 51].

The synthesis of the *F-fluoroglycosylating agent 3,4,6-
tri-O-acetyl-2-deoxy-2-['*F]fluoroglucopyranosyl azide (3)
was achieved by the '®F-labeling of the precursor 3,4,6-tri-O-
acetyl-2-O-trifluoromethanesulfonyl- 8-D-mannopyranosyl
azide (1) in high radiochemical yields (RCY) as described
by Maschauer and Prante (Schemel) [20]. Very similar
to the well-known ['®F]JFDG synthesis, the yield of this
radiochemical reaction relies mainly on the chemical purity

Jfluoroglycosylation via CuA AC using 2-deoxy-2-[**F]fluoroglucopyranosyl azide 3, starting from
glycosy. g Yy g Y Y g

of the labeling precursor. In the case of mannosyl azide 1,
the synthesis was achieved by comprehensive carbohy-
drate chemistry via the pentafluoropropionyl protected f3-
mannosyl bromide and the purification of 1 was achieved
by recrystallization in ethanol. The radiolabeling reaction
according to Scheme 1 could be performed under standard
reaction condition (Kryptofix 222, K,CO;) or with a slight
modification using a mixture of K,CO;/KH,PO, so that
the solution is less basic and therefore the degradation of
the mannosyl precursor 1 during the labeling reaction is
significantly reduced, resulting in a more accurate HPLC
separation of 2 without the interference of by-products. The
CuAAC could also be performed with high RCY by omitting
the HPLC separation. However, the presence of precursor
azide 1 in the CuAAC reaction required the high alkyne
concentration of 33 mM, making it inefficient for most rare
peptides.

The applicability of the prosthetic group 3 for CuAAC
was first verified with alkyne-bearing amino acids [20]. In
ongoing studies the methodology was transferred to the
radiosynthesis of an '®F-fluoroglycosylated RGD peptide (4)
and a neurotensin peptoid (5) [19]. The optimized CuAAC
was carried out in PBS/ethanol (10:1, v/v) at 60°C with only
0.2 mM alkyne-peptide in the presence of CuSO, (4 mM) and
sodium ascorbate (12 mM). After 15-20 min the reaction was
complete and the '®F-glycopeptides were isolated by HPLC
in overall (non-decay-corrected) yields of 17-20% in a total
synthesis time of only 70-75 min (starting form [**F]fluoride)
with specific activities of 55-210 GBq/umol.

Furthermore, this "*F-fluoroglycosylation approach was
adopted in the radiosynthesis of '*F-glycoproteins [21]. The
first reaction step (‘*F-labeling of the precursor 1, Scheme 1)
was performed under standard reaction conditions and
yielded 3,4,6-tri-O-acetyl-2-deoxy-2-[ **F]fluoroglucopyran-
osyl azide 2 after HPLC separation in surprisingly low yields
of only 1.3-4.7% after 80-100 min. After deacetylation the
solution was neutralized by passing it through a cation
exchange resin and the CuAAC was performed with an
alkyne-bearing protein (6 uM) in the presence of copper(I)
bromide and a tris-triazolyl amine ligand (triethyl 2,2’,2" -
[nitrilotris(methylene-1H-1,2,3-triazole-4,1-diyl) ] triacetate,
TTMA) in sodium phosphate buffer (pH 8.2)/acetonitrile
(6:1, v/v). After 45 minutes at room temperature the RCY
of 6 was 4.1%. The observed low RCY is clearly due to the
extremely low amount of the alkyne-bearing protein that
was not available in higher amounts since it was a mutated
protein that was produced in bacteria using site-directed
mutagenesis of the protein gene.
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TaBLE 1: "*F-Fluoroglycosylated imaging probes and *F-fluoroglycosyl derivatives (*) synthesized via CuAAC.
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Structure Target Reference
@
OH N HN a
0 N=N H Epidermal growth factor
Hom N j/\N NN N CN [29]
receptor EGFR
HO 18 H/\/\IO]/ N7 P
EtO
16
HO 18 HO 18
HO F HO F
O (e]
HO HO
NN oS, on
~ HO,
“ CO-N 0O
HN HO
Q HN NN, Integrin «, 3 [30]
H
HO g © N~ NH, ~
H NH
CO—
(0] 17 Vau N
o HN O
NH
2
HO N ©
NH

*Only the F-compounds were synthesized.

In an approach toward the synthesis of selective PET
ligands for the neurotensin receptor subtype-2 (NTS2), Held
et al. synthesized a series of NT(8-13) peptide-peptoid hy-
brids with N-homo-Tyr instead of Tyr'! and variations of the
original Arg®-Arg’ leading to peptides with very high NTS2
affinity and selectivity over NTSI [22]. The sequence Nlys-
Lys-Pro-N-homo-Tyr-Ile-Leu-OH was further derivatized at
the N-terminus with propargylglycine making it suitable for
CuAAC with 2-deoxy-2-fluoroglucopyranosyl azide and 6-
deoxy-6-fluoroglucopyranosyl azide. Surprisingly, both ana-
logues 7 and 8 showed a dramatic loss of NTS2 affinity
compared to the nonglycosylated compound (110-290 nM
versus 4 nM), rendering this approach for the development
of NTS2-selective PET ligands unfavorable.

The '*F-glycosylation via CuAAC was also transferred to
the radiosyntheses of a couple of nonpeptidic compounds
[23-29]. For the radiosynthesis of an '®F-fluoroglycosylated
folate derivative by Fischer et al., the intermediate 3,4,6-tri-
O-acetyl-2-deoxy-2-["*F]fluoroglucopyranosyl azide 2 was
separated by solid phase extraction, excluding the HPLC
purification [23]. After hydrolysis, the CuAAC with folate
alkyne was performed in aqueous ethanol (38%) in the pres-
ence of Cu(OAc), (1.2 mM) and sodium ascorbate (2.4 mM).

After 15 min at 50°C the conversion was complete and the
8F.labeled product was obtained after HPLC isolation in
overall RCY of up to 25%, with a specific activity of 90 +
38 GBq/pumol. Unfortunately, the authors did not provide
any information on the amount of folate alkyne needed for
the CuAAC reaction. The stability of ["*F]FDG-folate 9 was
analyzed in human serum and murine liver microsomes and
did not reveal any defluorination or radioactive degradation
products within 120 and 60 min, respectively, at 37°C. Anal-
yses of plasma, urine, and liver tissue at 30 min postinjec-
tion (p.i.) in mice confirmed high tracer stability in vivo.
In addition, biodistribution and small-animal PET studies
were performed in nude mice bearing folate receptor- (FR-)
expressing KB-tumors. High specific uptake and retention
were found in the KB tumor and in all organs with known
FR expression (i.e., kidneys and the salivary glands) from
30 to 90 min p.i. The blood clearance was fast, resulting in
tumor-to-blood ratios of 36 + 15 at 90 min p.i. Although
the log D, , value of —4.2 indicated high hydrophilicity of
the compound, a high nonspecific accumulation in liver
and gall bladder was observed, possibly due to a carrier-
mediated uptake of the folic acid derivative 9 into the
hepatocytes.
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TaBLE 2: "*F-Fluoroglycosylated imaging probes and ’F-fluoroglycosyl derivatives (*) synthesized via oxime formation.
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TABLE 2: Continued.
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*Only the ”F compounds were synthesized.

Recently, an improved '*F-fluoroglycosylated folate con-
jugate with an albumin binding entity has been reported by
the same group [24]. This study aimed at the enhancement
of the blood circulation time of the tracer by an albumin-
binding moiety and hence improvement of the tumor-
to-kidney ratio of the radiotracer uptake. The conjugate
was radiolabelled via CuAAC using 2-deoxy-2-['*F]fluoro-
glucopyranosyl azide 3 and the alkyne-functionalized folate

precursor (2.2 mM) in the presence of Cu(OAc), (1 mM) and
sodium ascorbate (3 mM) in water/DMF (60 : 40) at 50°C for
15min in a RCY of 15%. The HPLC separated product 10 was
obtained in an overall RCY of only 1-2% after a total synthesis
time of 3h in specific activities of 20 to 50 GBq/umol.
Biodistribution and PET studies on KB tumor-bearing nude
mice 10 revealed a slow blood clearance with uptake values of
2.2% ID/g at 4h p.i.,, substantially high tumor uptake values
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TaBLE 3: ®F-Glycoconjugates synthesized by miscellaneous "*F-fluoroglycosylation.
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of 11-15% ID/g at 1-4 h p.i., and improved tumor-to-kidney
ratios of about 1. Similar to the previously published folate
9 this albumin-binding tracer (10) also showed very high
nonspecific uptake in the gall bladder.

A series of inhibitors for the matrix metalloproteinases
(MMPs) MMP-2, MMP-8 MMP-9, and MMP-13 as tools for
the visualization of activated MMPs with PET were developed
by Hugenberg et al. [25]. Therefore, the hydroxamate-based
lead structures CGS 27023A and CGS 25966 were triazole-
substituted resulting in several mini-PEG-derivatized and
glycosylated ligands. From all compounds the inhibition
potencies were determined and log D, values were calcu-
lated. The fluoroglycosylated compound displayed a log D, 4
of 0.58 and subnanomolar inhibition potencies (0.2-0.6 nM)
for the various MMPs, rendering the corresponding '*F-
glycoconjugate a potential PET tracer candidate. However,
the fluoroethyl-1,2,3-triazole derivative had a calculated
log D, , 0f 1.53 and revealed outstanding inhibition potencies
of 0.006-0.13nM (for MMP-2, -8, -9, and -13), so this
compound was chosen for radiolabeling and further studies.

An example where fluoroglycosylation leads to a com-
plete loss of affinity was reported by Banerjee et al. [26].
In their search for subtype selective dopamine D4 receptor
radioligands, a series of N-aryl piperazinyl methyl triazoles
bearing fluorine-substituted appendages was synthesized and
the target compounds were investigated for dopamine and
serotonin receptor binding. With the aim of biasing the
hydrophilicity and optimizing the D4 receptor affinity and
selectivity, a concise series of triazoles containing fluoroalkyl,
fluoroalkoxy, fluoroalkoxyphenyl, and deoxyfluoroglucosyl
substituents was studied. The glycosylated compounds 12 and
13 had low calculated log P values of about 0, but affinities
for the D4 receptor of 500nM and 340 nM, respectively,
which are 100 and 66 times lower when compared to the
fluoropropoxyphenyl compound (51nM) which had the
highest affinity for D4 in this series.

The '®F-fluoroglycosylation by CuAAC was also used
for the radiosynthesis of an ET, receptor (ET,R) ligand
[27]. Therefore the fluoroglycosyl moiety was introduced
into the lead compound PD156707 as a hydrophilic building
block. For the radiosynthesis of the glycoconjugate (14), the
appropriate alkyne (0.6 mM) was allowed to react with '*F-
glucosyl azide 3 in saline/ethanol (3:2, v/v) in the presence
of sodium ascorbate (12 mM) and CuSO, (4 mM), providing
14 in high non-decay-corrected yields (20-25%, 70 min) and
a specific activity of 41-138 GBq/pumol. The triazolyl conju-
gated fluoroglucosyl derivative had high selectivity for ET, R
(4.5nM) over ET3R (1.2 uM). The high metabolic stability
of the glycoconjugate was demonstrated by HPLC analysis
of extracts from mouse blood and gall bladder collected at
60 min p.i. Biodistribution studies on K1 tumor-bearing nude
mice revealed 14 to have fast blood clearance, low uptake in
the kidneys and liver, but a very high uptake in the bile and
intestines. This indicates that despite glycosylation the tracer
is predominantly excreted via hepatobiliary clearance, a
finding in accordance with previously studied '*F-derivatives
of PD 156707.

The radiosynthesis of a diarylpyrazole glycoconjugate,
derived from the potent NTSI antagonist SR142948A, was
also successfully performed by the click '®F-fluoroglyco-
sylation using the CuAAC reaction [28]. This nonpeptidic
NTS1 ligand was achieved by allowing 3 to react with
the alkyne-bearing diarylpyrazole precursor (0.3mM) in
saline/tetrahydrofuran (3:4, v/v) for 10 min at 60°C. The
'8F-fluoroglycosylation proceeded in a total synthesis time
of 70 min, and the '®F-glycoconjugate (15) was obtained
in a non-decay-corrected yield of 20 + 3% and a specific
activity of 35-74 GBq/umol. The log D, , was determined to
be —0.24. The glycoconjugate 15 displayed excellent affinity
toward NTS1 (K; = 1nM) and substantial stability in vivo.
Biodistribution and PET studies in nude mice bearing NTSI-
expressing HT29 tumors demonstrated excellent tumor
retention with an uptake of 0.84% ID/g at 10 min p.. and
0.74% ID/g at 60 min p.i. and fast clearance from blood and
all other organs resulting in a tumor-to-blood ratio rapidly
increasing from 0.3 to 4.4 from 10 to 60 min p.i.

In a study reported by Pisaneschi et al. 2-deoxy-2-
["®F]fluoroglucopyranosyl azide 3 was used for the radiosyn-
thesis of a new '®F-fluoroglycosylated cyanoquinoline for
PET imaging of epidermal growth factor receptor (EGFR)
[29]. In this study 3 was not isolated by HPLC, but only sepa-
rated via SPE. Subsequently, the CuAAC was performed with
the alkyne precursor (3 mM) in a mixture of PBS/acetonitrile
(96:4, v/v) in the presence of CuSO, (10 mM), sodium
ascorbate (66 mM), and bathophenanthroline disulfonic acid
disodium salt (BPDS) (6.7 mM), as an additive to stabilize
Cu(I) oxidation state, at room temperature for 5min in the
RCY of about 50%. The final '*F-labeled glycoconjugate 16
was isolated by semipreparative HPLC and obtained in 9%
non-decay-corrected yield (starting from [*®*F]fluoride) after
a total synthesis time of 90 min with a specific activity of
73 GBq/pmol. 16 was tested in vitro in a cellular uptake
experiment using A431 cells, harbouring high EGFR expres-
sion, in comparison with low EGFR-expressing MCF?7 cells,
demonstrating selective uptake in EGFR-positive cells.

Very recently, the reliability and robustness of the above
described "*F-fluoroglycosylation strategy prompted us to ex-
tend the series of '*F-fluoroglycosyl azides by introducing 6-
deoxy-6-["*F]fluoroglucopyranosyl azide and 6'-deoxy-6'-
[ISF]ﬂuoromaltosyl azide (Scheme 2) [30]. Both compounds
were synthesized from their corresponding peracetylated 6-
tosylate precursors 19 and 21 in high RCY of 84% and 61%,
respectively. The acetylated intermediates were isolated by
HPLC and subsequently hydrolyzed with NaOH (60 mM) to
give the “clickable” glycosyl azides 20 and 22. The CuAAC was
performed with alkyne-bearing RGD-peptide ¢(RGDfPra)
(0.3 mM) in saline/ethanol in the presence of CuSO, (4 mM),
sodium ascorbate (10 mM) at 60°C for 15-20 min. The RCY of
this step was about 80% for both ['*F]fluoroglycosyl deriva-
tives 17 and 18 with specific activities of 50-200 GBq/umol;
the overall yield was 16-24% (non-decay-corrected, start-
ing from ["®*F]fluoride) within a total synthesis time of 70-
75min. Both '®F-glycopeptides 17 and 18 (abbreviated by
[*®*F]6Glc-RGD and [**F]MIt-RGD, [30]) were studied in vivo
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ScHEME 2: General reaction scheme for '®F-fluoroglycosylation via CuAAC using 6-deoxy-6-['*F]fluoroglucopyranosyl azide 20 and 6'-
deoxy-6'-[ISF]ﬂuoromaltosyl azide 22; a recent example for the alkyne is cyclic peptide c(RGDfPra), as reported by Maschauer et al. [30].

using U87MG tumor-bearing nude mice and compared to the
previously published 2-deoxy-2-['*F]fluoroglucopyranosyl
RGD derivative 4 (['®F]2Glc-RGD, [19]). It was observed
that ["*F]6Glc-RGD (17) and [**F]MIt-RGD (18) showed
significantly decreased liver and kidney uptake relative to
['®F]2Glc-RGD (4). More importantly, ['**F]MIt-RGD (18)
revealed substantial tumor uptake and high retention in
the US7MG tumors comparable to that of [ISF]galacto-
RGD [14, 52], resulting in tumor-to-kidney ratios comparable
with some dimeric RGD peptides [53, 54]. Its favorable
biodistribution together with excellent clearance properties
in vivo makes ["*F]MIt-RGD (18) a viable alternative PET
tracer for imaging integrin expression.

3. "*F-Fluoroglycosylation via
Oxime Formation

The principle advantages of oxime formation by click reaction
between an aminooxy- and a carbonyl functionality for '*F-
fluoroglycosylation are its high chemoselectivity, the use of
unprotected aminooxy precursors, and the fact that coupling
with the carbonyl component can be performed in aqueous
media (pH 4-7). The formed oxime occurs in E- and Z-form
in solution, both being stable under physiological conditions.
The resulting E/Z isomeric ratio of an oxime depends on
the size of substitutes at the C=N double bond. However, as
the two isomers equilibrate very quickly in solution, the E-
and Z-forms are usually not isolated from each other, but
collectively considered as one compound.

["®F]FDG can be used for a fluoroglycosylation reaction
by oxime formation, because in aqueous solutions it under-
goes mutarotation; that is, ["®*F]FDG isomerizes between the
a- and B-anomer through the intermediate acyclic alde-
hyde (Scheme 3). The mutarotation equilibrium is sometimes
described to be favored at high temperatures (80-120°C) and
to be more efficient at acidic pH (1.5-2.5) [32, 33, 35]. This
is a drawback when using large peptides which can undergo
degradation under such high temperatures and acidic con-
ditions. The use of 5—[ISF]ﬂuoro—S—deoxyribose (['®F]FDR)
(Scheme 4) could compensate for these limitations because
the location of the fluorine at C-5 of the 5-membered ring

might facilitate the formation of the acyclic form of ["*F]JFDR

making it possible to perform the oxime formation at room
temperature at pH 6.0 with high yields [37].

An approach to use ["*F]JFDG not for direct radiola-
beling but for the preparation of a maleimidehexyloxime
prosthetic group (["®*F]FDG-MHO) for the chemoselective
'8F_labeling of thiol-containing peptides and proteins was
reported in 2008 by Wuest et al. [31]. ["*F]FDG-MHO
was prepared by conjugation of ['"*F]FDG with aminooxy-
maleimide hydrochloride (40 mM) in saline/ethanol (1:5)
at 100°C for 15 min. After HPLC isolation, ['*F]JFDG-MHO
was obtained in 42% RCY (based upon ["*F]FDG) in a
synthesis time of 45 min. The conjugation with the 36 kDa,
single thiol group-containing protein annexin-V was per-
formed in tris-buffer (pH 7.4)/ethanol (1:5, v/v) at room
temperature for 30 min. Using only low amount of the protein
(22 uM), ["®*F]JFDG-MHO-anxA5 (23) was obtained after
size-exclusion chromatography in RCY of 43-58% (based
upon ["8F]FDG-MHO) within 60 min and in specific activ-
ities of 2-4 GBq/pmol.

The first studies using ["*F]JFDG as prosthetic group
for the direct labeling of aminooxy-functionalized peptides
were published in 2009 from two different groups [32, 33].
The group of Gambhir reported the synthesis of an '*F-
labeled linear RGD peptide (["*F]JFDG-RGD, 24) and a
cyclic RGD peptide ([lsF]FDG—cyclo(RGDyK)) as the first
examples for the use of ["*F]FDG in the oxime formation
with aminooxy-peptides [32]. They prepared ['*F]FDG-
RGD (24) and ["®*F]FDG-cyclo(RGDyK) within 60-70 min
in 275% and 41% overall RCY (based on ['*F]FDQG), re-
spectively. ['"*F]JFDG was allowed to react with aminooxy-
functionalised RGD (48 mM) or aminooxy-functionalised
¢(RGDyK) (24 mM) in TFA (0.4%) in saline or TFA (0.4%)/
ethanol (16%) in saline at 100°C for 30 or 45 min, respec-
tively. They found that under these experimental conditions
maximum RCY was obtained at pH values of 1.5-2.5. When
the reaction was performed at pH 4 in ammonium acetate
buffer, no significant products were produced. Both '*F-
labeled glycopeptides were isolated by radio-HPLC and used
for small-animal PET studies with U87MG-xenografted nude
mice. At 120 min p.i. the uptake of 24 in the U87MG tumor
was quite low (0.3% ID/g), whereas the uptake in heart
was very high (3.7% ID/g). [lsF]FDG—cyclo(RGDyK) showed
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increasing uptake in the kidneys (4.7-12% ID/g) and in the
tumor (0.6-1.5% ID/g) over time (30-120 min) with tumor-
to-blood ratios of only 3 after 120 min. Unfortunately, the
authors did not provide any information on the specific
activity of the '®F-labeled glycopeptides.

Simultaneously, the use of ["®*F]FDG in oxime formation
with peptide derivatives was published by Hultsch et al. [33].
They found that the use of clinical grade ['*F]FDG containing
about 200 yug/mL glucose did not allow the radiosynthesis
of ['®F]JFDG-RGD (25) in sufficient yield. The use of a small
volume of [®F]JFDG (37 MBq) corresponding to a molar
ratio of peptide to D-glucose in the reaction mixture of
approximately 40 and a concentration of the aminooxy-
functionalized peptide of 35-50 mM leads to a high RCY of
73% for the oxime formation of 25; however, this procedure
is restricted to maximal yields of only 37 MBq. When using
a 10 times larger volume of ["*FIFDG (370 MBq) corre-
sponding to a peptide-to-glucose ratio of 4 and a peptide
concentration of 4-5mM, almost no RCY was obtained.
Instead, the nearly exclusive formation of the nonradioactive
D-glucose-RGD oxime conjugate was observed. Therefore,
n.ca. ["®F]FDG was produced by separation of the clini-
cal grade ["*FJFDG from excess glucose by radio-HPLC.
Following this strategy, the conjugation of n.c.a. ['"*F]FDG
with Boc-protected aminooxyacetyl-conjugated c¢(RGDfK)
(5 mM) was performed in DMSO/HCI (3 mM) (1:9, pH 2.5)
at130°C for 20 min, successfully leading to the oxime-coupled
25 in RCY of 56-93%. Noteworthy, the Boc-protective
group was removed thermolytically during the radiolabeling
reaction. Finally, the '®F-labeled RGD glycopeptide 25 was
studied in M21 tumor-bearing nude mice at 120 min p.i.
Compared to 24 [32], this ["®F]FDG-RGD (25) also showed

ot

R/\O—NHz \\ﬁ/N*O'\n/ > Peptide

HO OH
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a relatively high accumulation in the heart (0.9% ID/g) and
a high uptake in the tumor (2.2% ID/g) with an excellent
tumor-to-blood-ratio of 18.

Al Jammaz et al. used ['*F]JFDG as a building block
for the radiosynthesis of folate and methotrexate carbohy-
drazide conjugates 26 and 27 [34]. The respective aminooxy-
functionalized precursors (9 mM) were used in DMSO/1%
acetic acid/methanol (1:1, v/v, pH ~4.5) at 60°C for 10-
15 min. After workup using solid phase extraction (SPE) the
product conjugates 26 and 27 were obtained in overall RCY
of greater than 80% (based on starting ['"8F]FDG), with total
syntheses times of approximately 20 min and in specific activ-
ities of greater than 9 GBg/umol. The '*F-fluoroglycosylation
resulted in folate (26) and methotrexate carbohydrazide (27)
conjugates with log P values of —1.5 and —1.6, respectively.
Both glycoconjugates were stable in human serum in vitro
at 37°C for at least 4 hours. Binding affinities to folate
receptor-positive KB cells revealed binding characteristics
which were superior to binding affinities obtained for the
same compounds labeled with radiofluorinated benzene and
pyridine prosthetic groups and are comparable to that of
native folic acid (K; (26) = 1.8 nM and K, (27) = 4.7 nM).
In in vivo studies using KB tumor-bearing nude mice 26
showed a favorable biodistribution profile with low uptake
in intestine, liver, and kidney, rapid clearance from the
blood, and high specific uptake in the tumor, resulting in
tumor-to-blood and tumor-to-muscle ratios of 11.07 and 9.22,
respectively.

["*F]JFDG has also been used for the 18F-ﬂuoroglyco-
sylation of multimeric peptides applying the oxime forma-
tion strategy [35]. In this study, monomeric, dimeric, and
tetrameric neurotensin (8-13) was aminooxy-functionalized
and coupled to ["®*F]JFDG in methanol/water (2:1, v/v).
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After 30 min at 80°C the RCY was 63% or 80% when using
3mM or 75 mM peptide, respectively. A decreased RCY of
15% and 88% was achieved when using 1.4 mM or 4 mM of the
dimeric neurotensin (8-13) derivative. With the tetrameric
derivative only low RCY of 5-8% were achieved, probably due
to the very low concentration of the aminooxy-functionalized
peptide (0.7-2 mM). The monomeric labeling product could
be separated from [¥F]EDG by radio-HPLC; however, the
authors did not give any information on the specific activity
of the final '*F-labeled glycopeptide.

In the endeavor to improve the oxime conjugation step,
5-[ISF]ﬂuoro—5-deoxyribose (['8F]FDR) has been considered
as an alternative prosthetic group (Scheme 4) [36, 37, 55, 56].
The idea is that, in comparison to [18F] FDG, the 5-membered
ring sugar ['*F]JFDR with the fluorine at C-5 instead of C-6
favors the ring opening of the sugar to the aldehydic form
and therefore promotes the oxime ligation with aminooxy-
functionalized peptides even under mild reaction conditions,
such as ambient temperature and less acidic pH of 4.6.

['®F]JFDR has been synthesized starting from methyl
2,3-O-isopropylidene-5-O-(p-toluenesulfonyl)- 3-D-ribofur-
anoside (36, Scheme 4) using standard kryptate-based '*F-
labeling conditions. After HPLC isolation, which turned
out to be essential for separation of free ribose from the
'8F_labeled product, the resulting methyl 2,3-O-isopropyl-
idene-S-deoxy-S-[lsF]ﬂuororibofuranoside (37, Scheme 4)
is hydrolyzed with aqueous HCI and purified by solid phase
extraction. The average RCY for ["®F]FDR is about 35% and
the radiosynthesis takes 85min [37, 55]. This ribose-free
sugar was used for the conjugation of the two aminooxy-
functionalized RGD peptides c(RGDfK) and ¢(RGDfC) [36],
which were conjugated at room temperature in sodium
acetate buffer at pH 4.6. With a peptide concentration of
10mM the achieved RCY were 65-92% after 15 min. The
radiolabeled products 29 and 30 were purified by radio-
HPLC; however, the specific activity of the final '®F-glyco-
peptide was not reported. Cell binding experiments were
performed, revealing specific binding of 29 and 30 to
a, B;-expressing PC3 cells.

Moreover, the '®F-fluoroglycosylation by the use of
['®F]JFDR was also demonstrated using sialic acid-binding
Ig-like lectin 9 (siglec-9) [37]. Siglec-9 is peptide targeting
vascular adhesion protein 1 (VAP-1) which is a unique target
in inflammatory processes. Performing the oxime formation
reaction with ['®F]FDR in sodium acetate buffer (pH 4.6,
90mM) at room temperature, the peptide concentration
required for an adequate RCY was 15 mM, which was not
applicable in the case of a 2kDa peptide. Applying an
anilinium buffer (pH 4.6) instead, the required peptide con-
centration could be reduced to 0.3 mM and the conversion at
room temperature was 50-60% after 10 min. The '*F-labeled
glycopeptide ['"®*F]FDR-Siglec-9 (31) was isolated by HPLC
and was prepared in a total synthesis time of 120 minutes
in an overall RCY of about 27% (referred to ['®F]fluoride
at EOB) with specific activities of 36-43 GBq/pmol. Finally,
Li et al. showed that 31 was suitable for the visualization of
the inflammation focus in rats with turpentine oil induced
inflammation.
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Another approach using ["*F]JFDG and ['®F]FDR for
oxime formation with target molecules aimed at the synthesis
of cannabinoid ligands for PET imaging of the cannabinoid
receptors 1 (CB1) and 2 (CB2) [38]. Therefore, hydroxylam-
ine-functionalized Rimonabant-type pyrazoles were conju-
gated to [F]FDG and [*’F]FDR and affinities for the CBI1
and CB2 receptors were determined. In this study, FDR
proved to be superior to FDG conjugation, as the conjugation
occurred under milder conditions and at higher reaction
rate (room temperature, 20 min versus 100°C, 30 min). Com-
pared to NESSI25A, which was used as lead structure, the
resulting fluoroglycosylated ligands 32-35 showed only weak
affinities to CB1 (540-720 nM) and CB2 (310-1400 nM) and
low subtype-selectivity (CB2:CB1 = 0.7-2). Thus, the '*F-
radiosyntheses of these compounds were not performed by
the authors.

4. Miscellaneous '*F-
Fluoroglycosylation Reactions

The first study dealing with the idea of using ["*F]JFDG as *F-
fluoroglycosylating agent was reported by Prante et al. in 1999
[39] aiming at a highly selective and mild "*F-labeling method
of biomolecules by enzymatic '*F-fluoroglycosylation. The
authors succeeded in the radiosynthesis of UDP-2-deoxy-
2-[18F]ﬂuoro-oc-D-glucopyranose (UDP-["¥F]EDG, 38) as a
substrate for glycosyltransferases. The radiosynthesis started
from 1,3,4,6-tetra-O-acetyl-2-deoxy-2-["®F]fluoroglucopyra-
nose as an easily available intermediate in the [ FIFDG
synthesis, which was converted to ["*F]JFDG-1-phosphate by
MacDonald phosphorylation and further allowed to react by
enzymatic activation to obtain UDP- ['8F]FDG (38) ina RCY
0f 20% (based on ['*F]fluoride) after a total synthesis time of
110 min [40]. UDP-["*F]FDG (38) was obtained in aqueous
medium in the void volume of a solid phase cartridge for
further glycosyltransferase-mediated reactions.

Bormans and Verbruggen used an enzymatic approach
with an in situ glycosyl transfer reaction for the synthesis
of 2'—[ISF]ﬂuorodeoxylactose (39) [41]. They applied an en-
zymatic method starting from ["*F]JFDG in a mixture of
MnSO,, «a-lactalbumin, galactosyltransferase, and UDP-
galactose in HEPES buffer (pH 7.5) at 37°C for 3 h, providing
2'-[ISF]ﬂuorodeoxylactose after HPLC isolation in a RCY of
3.4%. To evaluate its usefulness for in vivo visualization of
LacZ gene expression biodistribution studies were performed
in normal mice and in Rosa-26 mice that express bacterial
LacZ in most of their tissues. 39 was cleared by urinary
excretion and was not retained in any particular organ,
neither in normal nor in Rosa-26 mice, suggesting that 39 is
not able to cross the cell membrane.

Phenix et al. used an analogue of ["*F]FDG in an
enzymatic approach for tagging acid f-glucocerebrosidase
(GCase), a recombinant enzyme formulated in Cerezyme
which is used to treat Gaucher disease [42]. In this
innovative method 2,4-dinitrophenyl-2-deoxy-['*F]-2-flu-
oro-B-D-glucopyranoside (B-DNP-['®F]JFDG) is formed
from ['®F]FDG and 1-fluoro-2,4-dinitrobenzene in aqueous
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NaHCO;/ethanol (1:1, v/v) in a one-step reaction at 37°C
yielding the '®F-labeled product in 85% RCY after 10 min.
B-DNP-['*F]FDG was isolated by HPLC and the enzymatic
approach was evaluated with the test-enzyme f-glucosidase
from Agrobacterium sp. as well as with the therapeutically
relevant enzyme GCase. '®F-labeling of glucosidase from
Agrobacterium sp. proceeded within a few minutes in high
RCY, whereas '®F-labeling of GCase was hampered by the
much higher K; value. 8F_labeled GCase (40) was obtained
in a total synthesis time of about 2.5 h in a specific activity of
~2 GBgq/pumol and was used to monitor the biodistribution
of GCase in mice. The highest uptake was observed in
macrophage-rich organs, such as the liver and spleen, as well
as in the gall bladder, kidneys, intestines, heart, and femur,
indicating elimination of 40 through renal and hepatobiliary
routes. Almost no radioactivity was detected in the brain
indicating high stability of '*F-Glc-GCase (40) as enzymatic
turnover or proteolytic degradation would result in free
['"8F]FDG which would show high uptake in the brain. The
biodistribution and PET imaging studies on animals revealed
that "*F-labeled GCase (40) is a powerful tool for monitoring
the enzyme distribution and tissue half-life in vivo by PET
with an immediate clinical application to Gaucher disease.
The authors conclude that the *F-labeling method, starting
from ['®F]FDG, could be adapted to alternative enzymes,
opening the path for application to a variety of enzyme
replacement therapies.

In one of the earlier studies on '®F-fluoroglycosylation
reactions, the radiosynthesis of a new carbohydrate-conju-
gated 2-nitroimidazole derivative starting from peracetylated
['|F]FDG as potential agent for tracking hypoxic tissues
was reported by Patt et al. [43]. Peracetylated ["*F]EDG
was isolated by semipreparative HPLC and then allowed
to react with 2-nitroimidazole (88 mM) in the presence of
Hg(CN), and SnCl, in acetonitrile at 70°C for 60 min to
give the '®F-labeled product in high RCY of 80%. After
a second HPLC isolation and Zemplén deacetylation [57]
with sodium methylate in methanol the glucose derivative
41 was subjected to cell uptake experiments in vitro and
biodistribution studies in tumor-bearing rats. However, the
uptake of the '®F-glucosylated nitroimidazole 41 in cells
under normoxic conditions was very low (0.1-0.2%) and
the in vivo data did not indicate significant tumor uptake,
rendering this radiotracer unsuitable for the detection of
hypoxic tissues in vivo by PET.

A thiol-reactive '®F-glucosyl derivative for the site-spe-
cific "®F-fluoroglycosylation of peptides was developed by
Prante et al. [44], applying the chemoselective thiol sub-
stitution reaction of mixed thiols. Aiming at the synthesis
of ®F-labeled glycosyl thiosulfonates as a “mixed thiol”
analog, peracetylated ["*F]JFDG was isolated by HPLC and
converted to the corresponding bromide [58, 59] and sub-
sequently allowed to react to the 1-phenylthiosulfonate using
sodium phenylthiosulfonate (NaPTS) and tetrabutylammo-
nium bromide in acetonitrile/DMF (4 : 1, v/v). Ac, ["*F]FGlc-
PTS was obtained in a RCY of 33% in a synthesis time
of 90 min (related to ['®F]fluoride) which was further used
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for the chemoselective '*F-fluoroglycosylation of thiols, that
is, the model peptide CAKAY and the thiol-bearing cyclo-
RGD peptide c(RGDfC). The '*F-fluoroglycosylation pro-
ceeded chemoselectively with 1 mM peptide in tris-buffer (pH
7.7)/acetonitrile (4:1, v/v) at room temperature and in high
RCY of >90% after 15 min. The total radiosynthesis, including
the preparation of the '®F-fluoroglycosylating reagent Ac;-
["®F]FGlc-PTS, peptide ligation, and final HPLC purification,
provided a non-decay-corrected yield of 13% after 130 min.
The stability of the '®F-fluoroglycosylated RGD peptide 42
was verified in human serum in vitro showing no cleavage of
the carbohydrate moiety for at least 90 min.

Transferring this method to the *F-fluoroglycosylation
of proteins, an approach for site-specific conjugation of
thiol-functionalized [ISF]ﬂuorosugars to cysteine (Cys) or
dehydroalanine (Dha, directly accessible from Cys) tagged
proteins was reported by the Davis group [45]. Direct thion-
ation of ["*F]JFDG was achieved using Lawesson’s reagent
in 1,4-dioxane at 100°C during 45min, resulting in the
formation of 2-deoxy-2-["®F]fluoro-1-thio-glucopyranose in
98% RCY. In a one-pot procedure 2-deoxy-2-['*F]fluoro-
1-thio-glucopyranose was directly used for mixed disulfide
formation with a Cys-bearing protein (3 uM) or conjugate
addition to a Dha-bearing protein (0.85 ¢M) in sodium phos-
phate buffer (pH 8.0) at room temperature or 37°C. The RCY
for the site-specific labeling procedure were between 40 and
60% after 15 min. Starting from ['8F]FDG, SS- and S-linked
2-["®F]fluoroglycoproteins 43 and 44 were synthesized in
overall RCY of 55-60% after a total synthesis time of 90 min.
The suitability of such '®F-fluoroglycosylated proteins for the
application as PET imaging agents still has to be shown.

In an attempt to synthesize a PET-MR hybrid imaging
agent ['*F]JFDG was conjugated to magnetic iron oxide nano-
particles (MNPs) [46]. The labeling precursor 3,4,6-tri-
O-acetyl-2-O-trifluoromethanesulfonyl-(N-(2-mercaptoeth-
yl))mannopyranosylamine was synthesized by reductive ami-
nation from the precursor 1,3,4,6-tetra-O-acetyl-2-O-triflu-
oromethanesulfonyl--D-mannopyranose (mannose triflate)
with 2-aminoethanethiol. The '®F-fluorination was per-
formed using standard labeling conditions in DMF at 90°C
for 20 min. SPE purified 2—de0xy—2—[ISF]ﬂuoro—(N—(Z—mer—
captoethyl))-B-D-glucopyranosylamine was added to a
FeCl; solution (25mM), followed by NaBH, (1M) at 60°C
until pH 9 was reached. Black MNPs were formed in 2h,
which were separated from the mixture by a magnet. A
similar attempt was performed by the same group for the
radiosynthesis of ["*F]JFDG conjugated gold nanoparticles 45
that were further conjugated to an anti-metadherin antibody
for targeting breast cancer cells [47].

5. Conclusion

There are several methodologies to introduce an '*F-fluo-
roglycosyl residue into a biomolecule. Besides enzymatic or
thiol-selective reactions the most frequently used ones are the
'8E_fluoroglycosylation via CuAAC and via oxime formation.
One drawback of the CuAAC supported glycosylation is
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the fact that the labeling precursor 3,4,6-tri-O-acetyl-2-O-
trifluoromethanesulfonyl- 3-D-mannopyranosyl azide (1) is
not commercially available and that its synthesis is challeng-
ing. This was circumvented by the development of the new
and very easy to synthesize precursor 2,3,4-tri-O-acetyl-6-
O-tosyl-glucopyranosyl azide 19 which has the additional
advantage that, at least in the case of glycosylated RGD
peptides [30], the resulting 6-deoxy-6-["*F]fluoroglucosyl
conjugates have favorable bioproperties compared to the 2-
deoxy-2-["*F]fluoroglucosyl derivatives.

The major advantage of the '*F-fluoroglycosylation via
oxime formation is the fact that widely available ['*F]FDG
can be used; the limitations are the difficulties associated
with the synthesis and stability of biomolecules containing
aminooxy moieties and the harsh reaction conditions (high
temperature, low pH) that are required for sufficient RCY. The
use of ['*F]FDR needs much milder reaction conditions, but
then the advantage of easy accessible ['*F]FDG is forfeited.

In conclusion, several examples published in the last few
years have shown that '*F-fluoroglycosylation is a powerful
and highly valuable tool for the radiosynthesis of '*F-glyco-
conjugates with suitable in vivo properties for PET imaging
studies.
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For many years, the main application of ['*F]F-DOPA has been the PET imaging of neuropsychiatric diseases, movement disorders,
and brain malignancies. Recent findings however point to very favorable results of this tracer for the imaging of other malignant
diseases such as neuroendocrine tumors, pheochromocytoma, and pancreatic adenocarcinoma expanding its application spectrum.
With the application of this tracer in neuroendocrine tumor imaging, improved radiosyntheses have been developed. Among these,
the no-carrier-added nucleophilic introduction of fluorine-18, especially, has gained increasing attention as it gives ['*F]JE-DOPA
in higher specific activities and shorter reaction times by less intricate synthesis protocols. The nucleophilic syntheses which were
developed recently are able to provide ['*F]E-DOPA by automated syntheses in very high specific activities, radiochemical yields,
and enantiomeric purities. This review summarizes the developments in the field of ['**F]JF-DOPA syntheses using electrophilic
synthesis pathways as well as recent developments of nucleophilic syntheses of ['*FJE-DOPA and compares the different synthesis

strategies regarding the accessibility and applicability of the products for human in vivo PET tumor imaging.

1. Introduction

The '*F-radiolabeled nonproteinogenic amino acid 3,4-
dihydroxy-6-[ISF]ﬂuoro-L-phenylalanine (['"®F]F-DOPA)
(Figure 1) has been used for over 30 years to image the
presynaptic dopaminergic system in the human brain in
order to investigate a number of CNS disorders, in particular
schizophrenia [1, 2] and Parkinson’s disease with positron
emission tomography (PET) [3, 4]. As DOPA is the precur-
sor of the neurotransmitter dopamine, the extent of accumu-
lation of ["*F]F-DOPA in the brain reflects the functional
integrity of the presynaptic dopaminergic synthesis [5] and
visualizes the activity of aromatic amino acid decarboxylase
(AADC), which converts [**F]E-DOPA to 18P—dopamine.
Likewise, the ['®*F]F-DOPA uptake can also be relevant
for determining the effects of treatment of the underlying
pathophysiology. For example, its uptake in the striatum

is increased during dopamine replacement therapies in
Parkinson’s disease [6] and modulated by administration
of dopamine D, receptor antagonist-based antipsychotic
compounds [7, 8]. As a diagnostic tool for the investigation
of the neuronal dopaminergic metabolism, a high specific
activity (SA) of ["*F]F-DOPA is not mandatory.

Incidental findings in a patient undergoing a movement
disorder diagnosis resulted in a coincidental discovery of a
malignant glioma, indicating the potential applicability of
["®F]F-DOPA also for glioma imaging [9]. In the following,
numerous studies were conducted establishing ["8F]F-DOPA
as the main diagnostic tool for brain tumor imaging giv-
ing more favorable diagnostic results than [**F]FDG [10]
(Figure 1) due to a significantly lower background accumula-
tion. Also other alternatives based on amino acids were
developed for the imaging of brain malignancies such
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FIGURE 1: Selected radiotracers applicable in (brain-)tumor imaging.

as [''C]methyl-L-methionine ([''C]CH,-MET) [11-13],
3'—deoxy—3'—L—[ISF]ﬂuorothymidine ([**F]FLT) [14, 15], or
[ISF]ﬂuoroethyl—L—tyrosine (['|F]FET) [16-19] (Figure 1)
which also exhibit the advantage to show a low physiological
accumulation in normal cerebral tissue and inflamed lesions
compared to ['*F]JFDG, thus giving more favorable results
in brain tumor imaging. Among these tracers used for
neurooncologic imaging, ['"*F]F-DOPA shows a high uptake
in the malignant tissues, thus allowing a very sensitive tumor
detection via PET imaging.

Beyond glioma imaging, recent studies have also shown
the increasing importance of ["*F]E-DOPA for the visual-
ization of various peripheral tumor entities via PET [20]
which can be attributed to the upregulation of amino acid
transporters in malignant tissues due to an often increased
proliferation [21, 22]. ["*F]F-DOPA, which is transported
via the dopamine transporter (DAT) into cells, has thus
shown diagnostic advantages in the imaging of high- and
low-grade malignancies like neuroendocrine tumors [23-
27], pheochromocytoma [28, 29], and pancreatic adenocarci-
noma [30-32] regarding diagnostic efficiency and sensitivity.
['®F]FDG on the contrary is taken up by the glucose trans-
porter not only by malignant tissues but also by inflamed
and healthy tissues exhibiting a high glucose metabolism,
resulting in low tumor-to-background ratios [10] in CNS
malignancies. The proliferation marker ["*F]FLT which accu-
mulates in malignant tissues due to an enhanced activity of
TK1 however often shows relatively low tumor uptakes [15],
favoring ['*F]F-DOPA for the PET imaging of malignancies.

Due to its increasing importance for human tumor imag-
ing, the synthesis of ["*F]F-DOPA becomes a critical measure
regarding its dissemination in clinical routine. Ideally, the
radiotracer should be easily accessible in high radiochemical
yields (RCYs) and specific activities (SAs) as well as in short
synthesis times by an automated process. Furthermore, as
it was demonstrated that b-amino acids lack a permeability
through the blood-brain barrier, an enantioselective synthe-
sis for ['®F]F-DOPA is mandatory [33].

The following review outlines the developments in
the field of ['*F]F-DOPA radiosyntheses via electrophilic

synthesis routes and the more recent synthesis improvements
via nucleophilic syntheses. The main focus of this work is
to compare the radiochemical yields (RCYs), radiochemical
purities (RCPs), enantiomeric excess (ee), synthesis times,
reliability, and a potential for automation of the different
radiosynthesis pathways.

2. Synthesis Routes for the Production of
['*FIF-DOPA

2.1. First Attempts to Synthesize [**FJF-DOPA. One of the first
fluorine-18-labeled DOPA derivatives was 5-['*F]JF-DOPA
["®F]4, synthesized via isotopic exchange by Firnau et al.
in 1973 [34] (Figure 2). In a swimming pool reactor SLi(n,
4He)’H and "*O(CH, n)'®F nuclear reactions were utilized to
produce fluorine-18 in a mixture of Li,CO; in H,SO, and
H,0. The resulting ['*F]fluoride was subsequently distilled
twice and the diazonium fluoroborate precursor 1 was added
to this solution. After the isotopic exchange reaction has
occurred, the water was removed and the residue was dried
over P,O,. The dried residue ["®F]2 was redissolved in
dioxane, filtered, and heated to 80°C. After adding xylene, the
solution was further heated to 132°C for the pyrolysis of the
diazonium["®F]fluoroborate [**F]2 for 30 min. After solvent
evaporation, HBr (48%) was added to hydrolyze [*®F]3 to the
final product 5-[**F]F-DOPA.

The resulting product ['*F]4 was obtained in high radio-
chemical purities of >95% but very low specific activities
between 2.2 and 22kBq/umol (0.2-2.0 uCi/mg). Further-
more, the enantiomeric purity of the product was not
determined, limiting the applicability of this cumbersome
synthesis route.

A significant limitation for the use of 5-["*F]E-DOPA for
in vivo imaging purposes is the accelerated O-methylation
of 5-["*F]F-DOPA in contrast to 6-["*F]F-DOPA (['*F]7,
Figure 3). This increased O-methylation rate is caused by the
fluorine atom in position 5 in direct vicinity to the hydroxyl
group in position 4 [35] and results in a significantly lower
in vivo stability of 5-['*F]E-DOPA (["*F)4, Figure 2). The
same group presented the reaction of ['*F]F, and L-DOPA
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FIGURE 2: Isotopic exchange reaction pathway for the synthesis of 5-['*F]E-DOPA [34].
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FIGURE 3: Examples for different demetallation synthesis routes for production of carrier-added ["*F]E-DOPA ([**F]7) via desilylation (A)

[42], demercuration (B) [44], and destannylation (C) [95].

in liquid hydrogen fluoride in 1984, yielding a mixture of 2-,
5-, and 6-['3F]F-DOPA in low radiochemical yields: 3.7 GBq
['*F]F, was produced from a Ne-target by a tandem Van
de Graaff accelerator to give 111 MBq (3%) 6-['*F]F-DOPA,
limiting the applicability of this synthesis pathway for a
routine production [36].

2.2. Electrophilic Syntheses. Twenty years ago, the main route
to produce ['*F]F, for electrophilic fluorination reactions
was to utilize the nuclear reaction *’Ne(d, «)'®F and a F,-
passivated Ni-target [37]. However, this reaction was limited
to facilities with a deuterium accelerator and was thus
mostly replaced by the *O(p, n)'®F nuclear reaction using
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FIGURE 4: Isotopic exchange reaction for the synthesis of carrier-added ['*F]E-DOPA [59].

a respective 'O gas target as this latter method enables the
production of higher '*F activities [37-39)].

To overcome the problem with regioselectivity [40, 41]
and the low radiochemical yields obtained by isotopic
exchange reactions, radiodemetallation reactions were pro-
posed by several groups. Thus, desilylation [42] and demer-
curation [43-46] as well as destannylation [47-52] reactions
were developed (Figure 3), of which demercuration and
destannylation gave the best results and were also adopted
to the automated routine production of ["*F]F-DOPA [53].
Table 1 compares some of the most promising approaches.
Multiple purification steps utilizing cartridges, HPLC, and
sterile membrane filters were used to remove traces of toxic
metal contaminations in the final product solutions to obtain
the radiolabeled products in acceptable purities. Neverthe-
less, using demetallation reactions in a clinical radiotracer
production, the final quality control has to include a test for
metal contaminants.

Utilizing the carrier-added electrophilic introduction
of fluorine-18, the main route to synthesize ["¥*F]F-DOPA
(["®F]7) is by using commercially available and enantiomer-
ically pure mercury or stannyl precursors such as 8 or 10
(Figure 3) in combination with automated synthesis modules
[53, 54]. The main advantages are a high enantiomeric
purity (ee >99%), short reaction times (about 50 min), and
a simplified synthesis setup [54]. However, remaining limita-
tions are the achievable radiochemical yields (25 + 3%; 0.6
2.6 GBq due to the low production yields of [**F]F, from
the cyclotron and the substantial loss of at least 50% of
activity) and specific activities (4-25 MBq/pmol). As [18F]F2
can normally be obtained in specific activities of up to
350-600 MBqg/pmol [55], the ["*F]JF-DOPA production is
not possible in high specific activities by the electrophilic
method. Another limitation is the cumbersome transport of
gaseous ['®F]F,. Further, the preparation of the precursor
compounds is expensive and the radiofluorination of the
stannyl precursors gives many side products. In order to
obtain [**F]F-DOPA in higher SAs and RCYs, it was thus
mandatory to develop another synthesis approach. The most
promising one is the nucleophilic labeling using no-carrier-
added ['"®*F]fluoride as it can be obtained in very high specific
activities of up to 314-43,000 GBq/pmol [56].

3. Nucleophilic Synthesis Strategies for the
Production of ['"*F][F-DOPA

As a tracer for the amino acid metabolism in brain malig-
nancies, a high specific activity is not mandatory for [**F]F-
DOPA. However, the increasing importance of ["8F]F-DOPA
for peripheral oncologic diagnosis and the need to produce
the radiotracer in higher radiochemical yields and specific
activities (as too low SAs of ['**F]E-DOPA were shown to pro-
duce pharmacologic effects such as carcinoid crisis by local
conversion in tumor tissue of ['*F]F-DOPA to noradrenaline,
induced by the enzymes aromatic acid decarboxylase and
dopamine S-hydroxylase [57]) resulted in efforts to develop
no-carrier-added nucleophilic labeling methods.

3.1. Isotopic Exchange. In 2001, Tierling et al. presented
the first utilization of an isotopic exchange reaction for
the synthesis of ['*F]F-DOPA [58]. This approach yielded
["8F]JF-DOPA in RCYs of 8-10% (n. d. c.) and an ee of
>85% within 70 min. Based on these results, Wagner et
al. described the utilization of the isotopic exchange reac-
tion for the radiofluorination of a 'F-precursor 12 with
tetrabutylammonium[lgF]ﬂuoride to produce ["*F]F-DOPA
in high specific activities (Figure 4) [59]. Specific activities
in the range of 1.5-2.5 GBq/umol and RCYs of 22% were
calculated to be achievable from a theoretical starting activity
of 100 GBq [*®F]fluoride [60] and 19F—precursor amounts of
23 umol. However, as the reaction was only shown for a
starting activity of 370 MBq ['®F]fluoride and 5.7 ymol ’F-
precursor and no further isotopic exchange experiments with
higher starting activities were demonstrated, the calculated
achievable yields of up to 2.5 GBq/pmol remain to be shown.

In 2013, Martin et al. implemented the method of Wagner
et al. to a GE TRACERIlab MXgpg. In preliminary experi-
ments, the automated synthesis of ["*F]F-DOPA resulted in
reproducible RCYs of 10-15% (n. d. c.), RCPs of >95%, and
ee of >98% without giving other synthesis details such as
reaction times and starting activities [61].

3.2. Nucleophilic Syntheses and Aspects of Automation. In
nucleophilic substitution reactions on aromatic rings using
['®F]fluoride, the standard leaving groups are mainly nitro-
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TaBLE 1: Selected synthesis details from electrophilic fluorination reactions for the synthesis of ['*F]F-DOPA.

Radiolabeling method Time [min] RCY [%]* Impurities in product ~ SA [MBg/umol] ee [%] Citation
. . Diksic and

Desilylation 60 L 25.2 100

Y 8 n.d. Farrokhzad ’85 [42]
L-DOPA + BF; 120 18 n. d. n.d. 100 Chirakal et al. ’86 [92]
Demercuration 65 12 <10 ppb Hg nd 97 f‘:g]lm and Jivan ’88
Demercuration 50 1 <20 ppb Hg 2.6 >99  Luxen et al.’90 [44]
Destannylation 60 25 <15ppb Sn nd 599 I[\ATl:;r]navan etal.’92
O-Pivaloyl ester of L-DOPA 60 17 +1.9 n.d. 17 + 2.5 100 Ishiwata et al. ’93 [93]
Demercuration 45-50 14° <0.05 ug/mL Hg 17-19 >98  Chaly et al. ’93 [94]
Destannylation 45-50 26 1.5-2.5ppm Sn 4.4 >99  Dollé et al. *98 [48]
Destannylation 50 25+3 <1 ug/mL CDCl, 30+£2 96 +1 F9u5c]htner etal."08
*Unless otherwise stated, RCYs are given decay corrected (d. c.) and bnondecay corrected (n. d. c.).
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FIGURE 5: Most common precursors for no-carrier-added nucleophilic radiofluorination reactions producing ['*F]E-DOPA.
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O-ally-N-9-

or trimethylammonium moieties (Figure 5) in combination
with electron withdrawing groups such as -CO, -CN, and
-NO, to enable an efficient reaction. Further, halogen
exchange reactions with substituted veratraldehyde (-Cl,
-Br, and -F) were evaluated [62]. The first nucleophilic
approaches for the synthesis of ['*F]F-DOPA gave racemates
of D- and L-isomers of the tracer which were purified by chiral
HPLC resulting in a significant loss of activity [63, 64].

To overcome these problems, new radiosyntheses were
developed based on enantiomerically pure chiral precursors
or chiral auxiliaries [65-70]. The radiolabeling reactions
using these precursors provide the product in moderate
to good RCYs accompanied by a high enantiomeric excess
of >96%. The most promising approach was published by
Lemaire et al. giving ["*F]E-DOPA in a RCY 0f 17-29% (d. c.)
and a SA of >37 GBq/umol [66]. In Table 2, selected syntheses
using different enantiomerically pure chiral precursors or
chiral auxiliaries are compared.

In addition, asymmetric synthesis routes were developed
for the radiosynthesis of ["*F]F-DOPA with higher enan-
tiomeric selectivity and higher RCYs comprising approaches
with the precursors depicted in Figure 5 and enantioselective
reactions utilizing different chiral phase-transfer catalysts
(cPTC). The results from these asymmetric approaches are
shown in Table 3.

A very promising approach for the nucleophilic synthesis
of [**F]F-DOPA yielding the product in high enantiomeric
purities was the utilization of the chiral phase-transfer
catalyst O-ally-N-9-anthracenylmethyl-cinchonidinium bro-
mide (18, Figure 6) described by Corey et al. in 1997 [71].
Based on the preliminary results of Lemaire et al. in 1999
[72] and Guillouet et al. in 2001 [73], Zhang et al. adopted
the method in 2002 [74] and presented a promising synthesis
route utilizing this cPTC 18 for the enantioselective radiosyn-
thesis of ['®*F]JF-DOPA in RCYs of 7-15%, radiochemical
purities of >99%, and an ee of 90% within 80-85min syn-
thesis time. However, special care has to be taken concerning
the trimethylammonium veratraldehyde precursor 17 which
exhibits a limited stability upon storage of the precursor for
more than six months at 0-4°C resulting in a decreasing
RCY for the radiofluorination of 17 from 40% to <10%
[75].

A limitation for this synthesis route is the achievable
enantiomeric purities as, according to the European Phar-
macopoeia monograph, the limit of the D-enantiomer in the
final solution is 2% (ee 96%) [76]. Thus, the synthesis had to
be further improved to comply with this limit. A promising
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TABLE 2: Selected synthesis parameters using chiral auxiliaries or precursors.

Precursor Time [min] RCY [%] "®F-label. RCY [%] overall® SA [GBg/pmol] ee [%] Citation

16 100-110 51 12 nd n.d.  Dingetal 90 [63]

150r16 120 n.d. 5-10 n.d. 50 (rac.) Lemaire et al. ’91 [65]

15 110 n.d. 5-10° n.d. 83-96 Lemaire et al. ’93 [67]

150r16 120 20-35; ~50 3-5° n.d. >99 Reddy et al. 93 [68]

15 90 45+5 17-29 >37 >96 Lemaire et al. ’94 [66]

15 or 16 125 n.d. 4-5° >74 98 Horti et al. 95 [69]

15 85 ~50 6-13° >7.4 98 Najafi *95 [70]

*Unless otherwise stated, RCYs are given decay corrected (d. c.) and bnondecay corrected (n. d. c.).
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FIGURE 7: Synthesis pathway for the enzymatic preparation of ['*F]F-DOPA according to Kaneko et al. [77].

approach was presented by Kaneko et al. in 1999 (Figure 7)
[77]. The enzymatic reaction step was evaluated carefully and
provided a conversion rate of 58% from ["®F]fluorocatechol
(["*F]21) to ["*F]F-DOPA ([*®F]7) under optimized condi-
tions. Despite the efficient enzymatic conversion of [**F]F-
catechol to the product, the overall RCY of ["*F]F-DOPA that
could be obtained was only 2.0% but resulted in the formation
of the product in high SAs of >200 GBq/yumol within 150 min
synthesis time. The enantiomeric excess was assumed to be
100% due to the enzymatic character of the reaction although
being not confirmed.

The automation of radiotracer syntheses is mandatory for
their wide clinical distribution as an automated process gives
the product in reproducible quality and limits the radiation
exposure to the operating personnel, enabling high starting
activities and thus the possibility to synthesize several patient
doses in one radiosynthesis.

Therefore, Lemaire et al. optimized the enantioselective
reaction using the chiral phase-transfer catalysts 18 and were
able to obtain enantiomeric excesses of about 96% when
performing the reaction in toluene at 0°C [78]. However, this
reaction setup is difficult to realize in automated processes,
due to cooling and heating steps in the same synthesis
process. Thus, an optimized synthesis route was developed,
preventing the use of diiodosilane. Aldehyde ['*F]19 and its
precursor 17 (Figure 5) were trapped on a CI8 cartridge, the

precursor 17 was removed with water from the solid support,
and ["®F]19 was reduced by aqueous NaBH, and subsequently
halogenated by HBr or HI on solid support, resulting in a
synthesis setup that could be transferred to an automated
synthesis module. Recently, this reaction setup was applied
for the radiosynthesis and online conversion from aldehyde
[F]19 to different benzyl halides [79].

Another very promising approach was presented in
2004 by Krasikova et al. [80]. An automated enantios-
elective radiosynthesis utilizing a novel substrate/catalyst
pair, namely, NiPBPGly 25 and (S)-NOBIN 26 (Figure 8),
was developed. In the key alkylation step, the electrophilic
bromide [*®F]2 reacts with the nickel complex 25 in the
presence of (S)-NOBIN to form the (S)-complex [8F]27.
This enantioselective reaction step was accomplished at room
temperature, which is favorable in terms of automation.
Subsequently, the alkylation was quenched by HI or acetic
acid before the solvent was removed in order to prevent
racemization of the (S)-complex. Different purification steps
were optimized to remove any potentially toxic substances
present during the synthesis (Ni, Br, P, or B) which was
confirmed by ICP-MS analysis of the final product. Using
this method, ['*F]E-DOPA was synthesized in an ee of 96%
and RCYs of 16 + 5% [80] in a total synthesis time of 110-
120 min. Although this approach seems to be promising, it
has not found a widespread application so far which may
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TABLE 3: Selected synthesis parameters utilizing chiral phase-transfer catalysts (cPTC) or asymmetric synthesis routes.

Precursor Method Time [min] ﬁgzag)/;l]. Ro(\:/Zra[t(l)/lt‘] A [GBg/pmol] ee [%] Citation

15 Enzymatic 150 27 2 >200 >99 Kaneko et al.’99 [77]
17 cPTC 18° 110 n.d. 10-15° 74-185 95  Guillouet et al. 01 [73]
17 cPTC18 80-85 10-40 7-15 n.d. 90 Zhangetal. 02 [74]

16 Catalyst 254 120 53 16 +5 n. d. 96 Krasikova et al. ’04 [80]
17 cPTC18 100 40-50 25-30 n.d. 96  Lemaire et al. 04 [78]
15 cPTC18 120 71 20+ 4 >50 >95 Shen et al.’09 [83]

17 cPTC 31° 63 50 36+3 >750 >97 Libert et al. 13 [86]

*Unless otherwise stated, RCYs are given decay corrected (d. c.) and Pnondecay corrected (n. d. ¢.); “see Figure 6; dsee Figure 8; “see Figure 10.

IO K['*F]F, K222 |
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-
Y NO,  5min, 180°C 18p me rt o 18g Smm It
16 ['*F]22 ['*F]23 ['*F]24
::NHZ 18p
o
I(57%),
HO
10 min, 170°C (S)-NOBIN 26, CH,Cl,,

HO 18 [ISF]7 NaOH, 5 min, r.t.

FIGURE 8: Schematic depiction of the synthesis pathway utilizing NiPBPGly 25 and (S)-NOBIN 26 as a novel substrate/catalyst pair for the
enantioselective radiosynthesis of ["*F]F-DOPA by Krasikova et al. [80].

be due to the laborious synthesis of the catalyst pair [8l,
82] and the challenging purification procedures required for
the synthesis which include self-made columns/cartridges in
order to remove intermediate reagents and side products.
The optimization efforts towards an automation for
the routine production of ['*F]F-DOPA finally resulted in
promising synthesis approaches recently. In 2009, Shen et
al. presented a method for the fully automated synthesis
for ['*F]JE-DOPA [83] utilizing the cPTC 18 which can be
performed at ambient temperature (Figure 9), combining the
methods described by Zhang et al. [74] and Lemaire et al.
[78]. By optimization of the amounts of reagents during the
alkylation process, they were able to obtain ['*F]E-DOPA in
RCYs 0f 20+4%, SAs of ~50 GBq/pmol, and ee of >95% within
120 min synthesis time. In order to obtain higher RCYs, it
is important to radiolabel the nitro precursor 15 in DMF
instead of DMSO due to oxidation processes of the aldehyde
15 occurring in DMSO [84, 85]. Furthermore, the utilization
of HBr in combination with KI in the deprotection step
resulted in higher RCYs compared to HI alone. However, as
noncharacterized substances precipitate during the synthesis,

a limitation of this method is the cumbersome maintenance
of the synthesis module after each synthesis. To overcome this
obstacle, the use of a cassette module would be favorable as
this approach would not require the elaborate purification of
the module after each use.

Libert and coworkers investigated different cPTC regard-
ing their potential to produce ['*F]JF-DOPA in the highest
enantiomeric excesses and high enantiomeric purities of
>97% could be obtained under mild reaction conditions
within short reaction times [86]. Together with the use of a
structurally optimized chiral phase-transfer catalyst (31) [71,
87] (Figure 10), a much simplified synthesis setup for automa-
tion was enabled. With this optimization, the group of Libert
and Lemaire was able to establish a fast automated synthesis
and reported product amounts of >45 GBq obtained in RCYs
0f24% (n. d. c.) and specific activities of >750 GBq/pmol [86]
within 63 minutes (Figure 10). Furthermore, utilizing cPTC
31 as the catalyst, an ee of >97% could be achieved.

3.3. Miscellaneous. In this chapter, some unconventional
approaches for the production of ['**F]F-DOPA are described.
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In 2008, Forsback et al. presented an electrophilic labeling
approach for the production of ['**F]F-DOPA in RCYs of
6.4 + 1.7% (d. c.) and SAs of 3.7 + 0.9 GBq/pumol [88]. The
key step was the synthesis of ['*F]F, in an electrical discharge
chamber by a '®F/"’F-exchange reaction. The '®F-source was
[*®*F]fluoromethane, which was mixed with a low amount
(1 umol) of carrier fluorine in neon (Ne/0.5% F,) inside the
discharge chamber. [*®F]Fluoromethane was produced from
methyliodide by a nucleophilic substitution reaction with
K["®F]F/K222 in acetonitrile. Deuterated solvents for the
synthesis of ["*F]F-DOPA like CDCl;, CD,Cl,, and C;D,O
were also investigated providing significantly higher yields
than Freon-11 [89].

In 2012, Lee et al. presented a very fast oxidative fluori-
nation approach for '®F-aryl compounds utilizing a nickel-
complex 32 and [®F]fluoride (Figure 11). Nickel complex 32
(Img), a hypervalent iodine oxidant 33 (I eq.), an aqueous

solution of ["*F]fluoride (2-5 uL, 3.7-18.5 MBq), and K222
(2.0 mg) in acetonitrile (200-500 L) at 23°C yielded a Boc-
protected [18F]F—DOPA—analogue ['®F]34 in RCYs of 15+ 7%
(n. d. c.) in less than 1 minute [90]. This might be also a useful
approach for a very fast synthesis of ['*F]F-DOPA.

In 2013, Stenhagen et al. presented an Ag-mediated
electrophilic [**F]fluorination of an enantiomerically pure
precursor. The protected arylboronic ester was transformed
to a 6-Ag-DOPA derivative with silver triflate. Next,
['8F]selectfluor bis(triflate) in acetone-d, was added. [*F]E-
DOPA was obtained after 20 min reaction at ambient temper-
ature and 5 min deprotection in RCYs of 19 + 12% and SAs of
2.6 £ 0.3 GBq/pumol [91]. These results are comparable with
the best known electrophilic approaches and could also serve
for an automated synthesis.

In summary, radiosynthesis procedures for ['*F]E-DOPA
were developed which can give the radiotracer in high RCYs,
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SAs, and enantiomeric excesses in short reaction times.
Future efforts to even further improve these results could
include the utilization of nonoxidizing solvents and micro-
wave conditions in order to achieve even higher [**F]fluoride
incorporation rates. Up to now, automated systems based on
the radiochemistry described by, for example, Wagner et al.
[59], Martin et al. [61], and Libert et al. [86] are commercially
available.

4. Conclusion

In over 30 years, the radiosynthesis of ["*F]E-DOPA was per-
formed via electrophilic and isotopic exchange routes, when
the tracer was mainly applied for the in vivo PET imaging
of central motor disorders and metabolism imaging pur-
poses. However, the main production route with ['*F]F, and
commercially available stannyl precursors provides [**F]F-
DOPA in relatively low RCYs and SAs, limiting the use of this
promising radiotracer to the imaging of neuronal function
and brain malignancies, which is still its main application.

With the discovery of the potential of ['*F]F-DOPA as
radiotracer for the imaging of peripheral malignancies such
as neuroendocrine tumors, new radiosynthesis approaches
based on nucleophilic substitution reactions were developed,
yielding ["*F]F-DOPA in higher RCYs and SAs as well as
shorter synthesis times. Here, two main approaches were
followed: one comprises the introduction of nucleophilic
['*F]fluoride into complex chiral precursors, followed by
deprotection and purification, and the other approach starts
with introduction of ['*F]fluoride into simple precursors
followed by the utilization of chiral phase-transfer catalysts
for an enantioselective synthesis of the product. These pro-
cesses can also be transferred to automated synthesis modules
allowing for a broader dissemination of this favorable radio-
tracer extending the palette of radiotracers towards a patient-
individualized precision medicine.
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Antibody based positron emission tomography (immuno-PET) imaging is of increasing importance to visualize and characterize
tumor lesions. Additionally, it can be used to identify patients who may benefit from a particular therapy and monitor the therapy
outcome. In recent years the field is focused on ¥ Zr, a radiometal with near ideal physical and chemical properties for immuno-PET.
In this review we will discuss the production of * Zr, the bioconjugation strategies, and applications in (pre-)clinical studies of *Zr-
based immuno-PET in oncology. To date, *Zr-based PET imaging has been investigated in a wide variety of cancer-related targets.
Moreover, clinical studies have shown the feasibility for 897 r-based immuno-PET to predict and monitor treatment, which could be
used to tailor treatment for the individual patient. Further research should be directed towards the development of standardized and
robust conjugation methods and improved chelators to minimize the amount of released Zr*" from the antibodies. Additionally,
further validation of the imaging method is required. The ongoing development of new *Zr-labeled antibodies directed against
novel tumor targets is expected to expand applications of **Zr-labeled immuno-PET to a valuable method in the medical imaging.

1. Introduction

Molecular biomarkers can be used to monitor, image, and
measure biological processes at molecular or cellular level.
Different types of biomarkers are known, including diagnos-
tic, prognostic, and predictive biomarkers, or a combina-
tion of these [1]. Extensive research has been done on the
development of molecular imaging biomarkers in the field of
cancer. This has led to tools that can be used to visualize and
characterize tumor lesions. An advantage of using molecular
imaging agents is the noninvasive nature of these procedures,
whereas in conventional methods a more invasive procedure
is used (e.g., blood sample or biopsy). Various imaging moda-
lities can be used for tumor visualization such as fluorescent
imaging, magnetic resonance imaging (MRI) or radionuclide
imaging with positron emission tomography (PET), or single
photon emission computed tomography (SPECT). In most

cases, the use of PET is preferred over SPECT since higher
spatial resolution images can be obtained and images can be
analyzed quantitatively more accurately with PET. Specific
uptake of molecular biomarkers can be achieved using
radiolabeled targeting agents such as antibodies, directed
against tumor-associated antigens like epidermal growth
factor receptor (EGFR) [2], human epidermal growth factor
receptor 2 (HER2), and many others. The high specificity and
affinity of radiolabeled antibodies make them attractive can-
didates as an imaging agent. For example, *Zr-labeled anti-
HER? antibodies can be used to differentiate between HER2"
and HER2™ tumors [3], also appreciating intra- and inter-
tumoral heterogeneity. An additional application of radiola-
beled antibodies is to identify patients who may benefit from
a particular therapy and monitor therapy outcome based on
the level of tumor-associated antigen expression [4]. How-
ever, the relative slow pharmacokinetics of intact antibodies
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(t;/, = 3-4 days) requires the use of radionuclides with long
half-lives (e.g., "' In (2.8 days) for SPECT or ¥Zr (3.3 days)
and T (4.2 days) for PET [5]). For antibody based PET
imaging (immune-PET) ¥ Zr has several advantages: ¥ Zr has
a half-life of 78.4 h which matches the pharmacokinetics of
antibodies and it has a relative low average positron energy of
395 keV, making it an ideal candidate for high resolution PET
imaging of slow-accumulating biomolecules. In addition,
897 r-based agents are safer to handle and more stable in vivo
making them better candidates than '**I-based agents for
clinical applications. Due to the numerous advantages of
8 7r-based immuno-PET, the field is progressing at a rapid
and exciting pace. In this review, the potential of *Zr-based
immuno-PET in oncology will be reviewed. The production
of ¥Zr, the bioconjugation strategies, and applications in
(pre-)clinical studies are discussed.

2. Radiochemical Properties of *Zr

87r decays (half-life of 78.4 h) first via positron emission and
electron capture to **™Y (half-life of 15.7s) which in turn
decays via gamma ray emission (909 keV) to the stable **Y.
With its relatively low energy positrons (average energy
395keV) *Zr provides high resolution PET images. In addi-
tion, the energy disparity between the photons (511 keV) and
the gamma rays (909 keV) prevents the latter from interfering
with the detection of 511 keV photons. In contrast, its halogen
competitor, '**I, produces high energy photons of different
energies (603keV (63.0%), 1691keV (10.9%), and 723 keV
(10.4%) [6]) which may result in random and scatter coinci-
dences and therefore in more background noise as compared
to *Zr. Hence, reconstruction of *Zr-based PET scans is
more straightforward to attain good image quality compared
to '**I. Although *Zr has many advantages over other PET
radionuclides, some essential shielding requirements during
transport and handling of **Zr are needed (half-value layer
of ¥Zr in lead is roughly 10 mm). High energy and highly
penetrating photons (909 keV) are emitted during * Zr decay
in high abundance.

3. Production of %°Zr

The first production of **Zr was done by Link et al. [7] by
a (p,n) nuclear reaction by bombarding *Y on Y foil with
13 MeV protons [5]. The produced ¥ Zr needed several purifi-
cation steps and was obtained in 80% yield with radionuclidic
purity exceeding 99%. Nowadays, many medical centers are
able to produce medical isotopes using low-energy cyclotrons
that are capable of bombarding targets with protons of low
energy (<20 MeV). Therefore, the most common route to
produce ¥ Zr is via the ¥Y (p, n) *Zr reaction on commer-
cially available Y target foils. The above route will in general
result in high yields (94-95%) and high radionuclidic purities
(>99%). Competing nuclear reaction, like (p, 2n) reactions,
can result in small amounts radionuclidic byproducts, such
as ®7Zr and ¥Y [8]. Several separation and purification
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techniques with variable outcomes are used including anion
exchange, cation exchange, and solvent extraction [9-11]. For
synthesizing such radiopharmaceuticals for patients, auto-
mated units for a clean, fast, safe, and reproducible radionu-
clide synthesis according to good manufacturing practice
(GMP) are necessary. Several groups have designed and built
automated systems for Zr [12, 13]. For example Wooten et al.
[14] reported a custom-made system to safely and routinely
produce ¥ Zr with high radionuclidic purity (>99.99%) and
satisfactory effective specific activity (5-353 mCi-umol ™"
(0.01%-0.88% of theoretical specific activity)) based on previ-
ous developments in separation and purification techniques
[9-11, 15].

4. The Need for Efficient Chelators

The release of *Zr*" from the antibodies needs to be pre-

vented, because the free radionuclide can accumulate in the
mineral bone and can associate with plasma proteins. This
leads to depositing significant doses to the bone marrow [16].
Therefore, an appropriate chelator system is necessary to min-
imize the disassociation of **Zr from the antibodies. Over the
years, several chelators have been used with different suc-
cess, such as diethylenetriaminepentaacetic acid (DTPA),
ethylenediaminetetraacetic acid (EDTA), 1,4,7,10-tetraacetic
acid (DOTA), and desferoxamine (DFO) [17]. The stability of
Zr-DOTA, Zr-DTPA, and Zr-EDTA was found to be limited.
The thermodynamic stability of Zr-DTPA is slightly higher
than that of Zr-EDTA, most likely because DTPA coordi-
natively saturates the Zr*", while EDTA requires exogenous
water molecules [18]. DFO is the most prominent chelator
of Zr**. DFO is a hexadentate siderophore containing three
hydroxamate groups for chelating metals and a primary
amine tail for conjugation to a biomolecule (Figure 1). Besides
a zirconium chelator, it is a chelating agent for several other
metal ions [19]. It demonstrated good stability, releasing less
than 0.2% of Zr*" after 24 h in serum [20] and after seven days
in serum still less than 2% demetallation occurs [21]. Several
proof-of-principle preclinical studies have been conducted
using DFO to label antibodies with 8971, however, the in vivo
stability of this complex remains an issue, because free *Zr is
observed in the bone dependent on the in vivo behavior of the
antibody [22]. Several studies have attempted to improve the
linkage between DFO and the antibody [9, 23], whereas oth-
ers have focused on improving the chelate itself [24]. Even-
tually, a ligand that is both octadentate and oxygen-rich is
believed to be the most stable Zr** chelator, since it would be
able to incorporate all eight coordination sites of zirconium
[22]. This novel high stability Zr*" ligand would in theory
minimize the uptake of liberated Zr** in the bone and other
nontargeted tissues. To date, the design, synthesis, and the
evaluation of such a Zr*" chelate requires further research.

4.1. Conjugation of Antibodies with DFO. As DFO is currently
the most promising chelator for *Zr**, conjugation of anti-
bodies with DFO will be discussed here in detail (Figure 1).
Several methods are available to conjugate DFO based on
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FIGURE 1: Schematic overview of *Zr-labeled antibody using DFO as chelator.

the reaction of an activated bifunctional chelator with a lysine
or cysteine residue of the antibody. The different conjugation
techniques do not only have different conjugation efficiencies,
but also affect the biodistribution of the radiolabeled anti-
body [22].

The earliest reports on conjugation of DFO to bioactive
molecules is based on the addition of thiols to the amino
group of DFO [20]. In this approach DFO was modified by N-
succinimidyl-S-acetylthioacetate (SATA), resulting in an S-
acetyl-protected thiol derivatized form of chelator. In parallel,
maleimide moieties were introduced in the antibody by
the reaction with 4-(N-maleimidomethyl) cyclohexane car-
boxylic acid N-hydroxysuccinimide ester (SMCC). Next, the
two formed compounds were combined and in the presence
of hydroxylamine at physiological pH the DFO-antibody
conjugate was formed. Following this early work, Verel et al.
introduced a novel conjugation approach, which was based
on an activated 2,3,5,6-tetrafluorophenol (TFP) chelate ester
which can form a stable amide bond with the e-amino-groups
of the lysine residues of the monoclonal antibody (mAb) [9].
This laborious approach consisted of 5 steps which involve (i)
the extension of DFO with succinyl anhydride, (ii) protection
of side-reactions of the hydroxamate groups of the ligand
by complexation with Fe*, (iii) formation of activated TFP
ester, (iv) conjugation of activated DFO-ester to the unmod-
ified antibody, and (v) removal of Fe* from the chelator.
Nowadays the most widely used method in preclinical *Zr-
based immuno-PET uses the conjugation strategy with N-
succinimidyl-DFO, which addresses e-amino groups of lysine
side chains [22, 25-30]. Since the Zr*" field is rapidly growing
and becoming more mainstream in the clinical setting, simple
methods for DFO conjugation preferably using commercial
available starting materials are essential. Perk et al. intro-
duced a simplified method using a commercially available
p-isothiocyanatobenzyl-DFO (DFO-Bz-NCS) chelate, which
can be directly attached to the e-aminogroups of the lysine
residues of an antibody by forming a stable thiourea linkage
[23]. Despite the fact that this method is simpler than the
N-succinimidyl-DFO chemistry, it requires more expertise
mainly because of the limited water solubility of the chelator
precursor.

A limitation of the conjugation of DFO to antibodies is
compromised immunoreactivity, because the chelator may
interfere with the antigen-binding domain of the antibody,
especially if there are lysines in or close to the complemen-
tarity determining regions of the antibody. To overcome these
limitations site-specific strategies using engineered cysteine
residues can be used in combination with thiol-reactive DFO
derivatives such as bromoacetamido-desferrioxamine (DFO-
Bac), iodoacetamido-desferrioxamine (DFO-Iac), and male-
imidocyclohexyl-desferrioxamine (DFO-CHX-Mal) [31].
The radiolabeled antibodies using these thiol-reactive DFO
derivatives were stable and showed similar characteristics
as the lysine-linked complexes. Remarkably, no significant
difference was observed between the immunoreactivity of the
site-specific complex and the lysine-linked complexes.

Another novel conjugation approach for effective labeling
of ¥Zr to antibodies is the use of click chemistry between an
acetylene group and an azide. This approach might not signif-
icantly improve the targeting of tumors compared with DFO-
based conjugation strategies; however, with this approach it
is possible to fully tailor the constructs. Furthermore, the
modular system can be used for direct comparison of bio-
conjugates with different radiometals as the the chelator-
modified antibodies are synthesized using identical ligation
conditions resulting in similar immunoreactivity and chela-
tor/antibody ratios [32]. Several studies have been reported
on bioorthogonal click chemistry [32], Staudinger ligation
[33], or catalyst-free click chemistry [34]. The click chemistry
as specialized conjugation method is expected to expand the
scope of **Zr-based PET.

5. Preclinical Studies with ¥Zr

Over the last years several *Zr-labeled antibodies directed
against different tumor types have been evaluated in preclin-
ical studies (e.g., [9, 18, 22, 35, 36]; see Table 1). Here these
developments of ® Zr-labeled antibodies in preclinical studies
will be discussed based on their tumor target.

5.1. Targeting CD20. The glycosylated phosphoprotein,
CD20, is expressed on the surface of B-cell lymphomas, hairy
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TaBLE 1: Overview of the described preclinical and clinical studies using *Zr-labeled antibodies.

Target Type of tumor Targeting vector

CD147 Pancreas 059-053

CD20* Non-Hodgkin’s lymphoma ibritumomab tiuxetan

CD44v6" Head and neck squamous cell carcinoma cmAb U36

EGFR Multiple Cetuximab

EGP-1 Prostate hRS7

GPC3 Liver aGPC3

HERI Colorectal Panitumunmab

HER2" Breast and ovarian Trastuzumab

IGF-IR Triple negative breast cancer R1507

MET Head and neck squamous cell carcinoma and gastric DN30

MN/CA IX Renal cell carcinoma cG250

PSMA Prostate 7E1L

PIGF Liver RO5323441

VEGF* Breast, head, and neck squamous cell carcinoma and ovarian Bevacizumab

*Targets evaluated in clinical studies.

leukemia, B-cell chronic lymphocytic leukemia, and mela-
noma cells. ®Zr-labeled antibodies directed against CD20
might be useful to measure and monitor the therapeutic effect
of non-Hodgkin’s lymphoma (NHL) therapy [18, 37]. The
8 7r-Desferrioxamine-rituximab, an antibody directed
against CD20, specifically targeted the human CD20 antigen
in a humanized CD20-expressing transgenic mouse model
(huCD20TM). *°Y-labeled anti-CD20 mAb ibritumomab
tiuxetan (Zevalin) is approved for treatment of patients with
relapsed and refractory NHL. In a pilot study, **Zr-labeled
ibritumomab tiuxetan was shown to have a nearly identical
biodistribution compared to **Y-labeled counterpart [18].
This indicated that a scout scan with ¥Zr-ibritumomab
immuno-PET can be used to assess, predict, and quantify the
biodistribution of **Y-ibritumomab tiuxetan.

5.2. Targeting CD44. The cell-surface glycoprotein, CD44, is
involved in many biological processes including adhesion of
cells to extracellular matrix proteins, lymphocyte-endothelial
cell interactions, metastasis formation, migration of cells, and
T cell activation/adherence [38]. The v6 splice variant of
CD44 is involved in tumorigenesis, tumor cell invasion, and
metastasis and is expressed preferentially in squamous cell
carcinomas [39]. Preclinical studies using 897 r-labeled anti-
CD44v6 chimeric monoclonal antibody cU36 demonstrated
that the tracer was able to detect small tumors in nude mice
with HNSCC xenografts [9, 40]. In addition, it was reported
that %Zr-cU36 PET imaging was a suitable candidate
for scouting of therapeutic doses of *°Y-cU36 [40, 41].
Recently, evaluation of **Zr-RG7356, an antibody directed
against the constant part of CD44, was performed in mice
bearing tumor xenografts with different levels of CD44
expression and RG7356 responsiveness, namely, MDA-MB-
231 (CD44+, responsive), PL45 (CD44+, nonresponsive), and
HepG2 (CD44-, nonresponsive) [42]. 87r-RG7356 selec-
tively targeted CD44+ responsive and nonresponsive tumors

in mice. ¥Zr-RG7356 whole body immuno-PET in healthy
cynomolgus monkeys revealed antibody uptake in spleen,
salivary gland, and bone marrow, which might be related to
the expression of CD44 in these organs. The **Zr-RG7356
uptake in the normal organs decreased with increasing dose
of unlabeled RG7356, indicating saturable targeting of CD44
in these animals.

5.3. Targeting EGFR. The epidermal growth factor receptor
(EGFR) is a member of the ErbB family. It plays a crucial role
in differentiation, proliferation, and survival of many differ-
ent tumor types, including breast, lung bladder, and colon
carcinoma [2]. The overexpression of EGFR is associated with
more aggressive tumors and poor prognosis due to the resis-
tance of treatment [43, 44]. Many mAbs have been developed
to inhibit the EGFR activation [2]. A well-known example
is cetuximab (Erbitux), a chimeric IgG, which upon binding
to the ligand-binding domain induces internalization of
EGFR and thereby blocking downstream signalling [45, 46].
Several studies showed tumor regression upon treatment
with cetuximab [47-50].

87r-labeled cetuximab was evaluated for scouting the
biodistribution of *°Y- and '”’Lu-cetuximab in tumor bear-
ing mouse and thus potentially allowing the estimation of the
radiation dose delivered to tumors and normal tissues during
radioimmunotherapy with *°Y- and '’ Lu-cetuximab [51]. It
was reported that the *Zr-immuno-PET could be used for
in vivo scouting of *°Y- and ' Lu-labeled mAbs. However,
an increased bone uptake of % Zr-cetuximab, compared with
*0Y- and ""Lu labeled cetuximab, was observed indicating
that #Zr is more efficiently incorporated in the bone com-
pared to the other radiometals (*°Y- and Y7Lu). Therefore
estimating bone marrow doses based on **Zr-bone uptake is
not straightforward. Another study investigated the relation
between the in vivo expression of EGFR and the tumor
uptake of 87 r-cetuximab [52]. In this study no clear-cut
relationship was found, suggesting that apart from antigen



BioMed Research International

Her2 Her2
(+ve) (~ve)

(a)

(% ID/g)

897 r-trastuzumab

(% ID/g)
(b)

(% ID/g)

FIGURE 2: Specificity of *Zr-trastuzumab for HER2-positive tumors. Coronal *Zr-trastuzumab, *F-FDG, and "*F-FLT PET images of
athymic nude mice bearing subcutaneous HER2-positive NCI-N87 (left) and HER2-negative MKN-74 (right) are shown. ROIs (%ID/g) for
897 r-trastuzumab, "*F-FDG, and "*F-FLT are indicated. +ve = positive; —ve = negative. This research was originally published in [3]. © by the

Society of Nuclear Medicine and Molecular Imaging, Inc.

expression other parameters determine the tumor uptake of
897 r-cetuximab.

Another approved mAb to inhibit the EGFR signalling
is panitumumab. It was the first recombinant human mon-
oclonal antibody (IgG2) approved by the FDA for the treat-
ment of patients with EGFR-expressing metastatic colorectal
cancer (mCRC) [53]. In several studies the use of panitu-
mumab for noninvasive, in vivo imaging of HERI expression
in tumors is reported [54-58]. The use of ¥ Zr-panitumumab
for immuno-PET of HERI expression was recently evaluated
in a direct comparison with '''In-panitumumab. The organ
biodistribution between '*'In- and **Zr-panitumumab was
almost identical [55]. In addition, the targeting of **Zr-
panitumumab correlated well with the HERI expression.
Recently, a standardized and straightforward stepwise ~5h
production method was reported for the production of
clinical-grade *Zr-panitumumab [59]. In this method
clinical-grade panitumumab is conjugated with DFO chelate
and subsequently radiolabeled with ®Zr resulting in high
yields (>70%) and high radiochemical purity (>98%).

5.4. Targeting HER2. Human epidermal growth factor recep-
tor 2 (HER2) is another member of the ErbB family. It is
involved in angiogenesis, differentiation, metastasis, prolifer-
ation, and cell survival upon heterodimerization with other
members of the EGF receptor family [60]. HER2 overex-
pression is found in many types of tumors including breast
and ovarian cancer. The FDA approved anti-HER2 mAb
trastuzumab (Herceptin, Genentech, CA, USA) to be used for
the treatment of HER?2 positive breast tumors, since it blocks
the HER2 activation [60]. The efficacy of the treatment is

dependent on the HER2 expression level. The HER2 expres-
sion level in a tumor is not static and may vary over time
[60]. In addition, the HER2 expression is found to be different
between the primary lesion and the distant metastatic lesions
in the same patient. Noninvasive in vivo imaging to visualize
HER2 expressing using radiolabeled trastuzumab has been
extensively investigated [29, 30, 61]. PET imaging using
87 r-trastuzumab has been performed in different murine
tumor models and accumulation of the tracer was found to
be HER?2 specific [29, 30, 61]. For example, the tumor uptake
of *¥Zr-trastuzumab in nude mice with a subcutaneous
human ovarian cancer xenografts (SK-OV-3) was high
(~30%ID/g) and the biodistribution was similar to that
of " In-trastuzumab [29]. Recently, the specificity of **Zr-
trastuzumab, '*F-FDG, and '®F-FLT PET for HER2-positive
gastric cancer was evaluated ([3]; Figure 2). The study
revealed a high specific uptake of * Zr-trastuzumab in HER2-
positive tumors, whereas '*F-FDG and "®F-FLT PET were
unable to differentiate between HER2-positive and HER2-
negative tumors. In addition, *Zr-trastuzumab was used to
quantitatively determine the HER2 expression level after
treatment. For example, after treatment with a heat shock
protein 90 (hsp90) inhibitor a significant decrease in HER2
expression could be measured based on the ¥ Zr-trastuzumab
tumor targeting [30, 62]. A combination treatment of
hsp90 inhibitor 17AAG and the EGFR/HER? tyrosine kinase
inhibitor, lapatinib, revealed an even stronger reduction of the
HER2 expression levels using *’Zr-Trastuzumab-F(ab'),
fragment as probe [63]. Additionally, the biological effect of
afatinib, an EGFR/HER2/HER4 inhibitor, in a HER2-positive
gastric xenograft models was evaluated [3]. In this model the
uptake of '*F-FDG did not change after afatinib therapy,



whereas a decrease in * Zr-trastuzumab uptake was observed
upon treatment. The lower uptake of the ¥ Zr-trastuzumab
correlated with the decreased HER2 expression as deter-
mined by immunoblots and immunohistochemistry. Thus,
897 r-trastuzumab PET might be useful for the characteriza-
tion, treatment planning, and treatment monitoring of HER-
2 positive cancers.

5.5. Targeting VEGF. Vascular endothelial growth factor
(VEGF) is a proangiogenic factor in both normal tissues and
in tumors. The overexpression of VEGF and its receptors
(VEGFR) are associated with poor prognosis [64]. The
humanized anti-VEGF mADb, bevacizumab (Avastin,
Genentech/Hoffmann-La Roche), is capable of blocking
angiogenesis by depleting VEGF and thereby preventing its
binding to the VEGFR. This neutralizes VEGF actions (see,
eg., [65-72]). A direct comparison between 87r-
bevacizumab and an irrelevant ¥ Zr-labeled IgG revealed a
significantly higher tumor uptake of *Zr-bevacizumab in
nude mice with human ovarian SK-OV-3 tumors [73].
Besides using *Zr-bevacizumab as PET tracer for non-
invasive in vivo imaging of VEGF expression in the tumor
microenvironment, potentially it can also be used to predict
or monitor an antiangiogenic response. For example, hsp90 is
crucial player in VEGF transcription and can be used to treat
ovarian tumors. In nude mice with a subcutaneous human
ovarian cancer xenografts (A2780), uptake of *Zr-
bevacizumab in the tumors correlated with the therapeutic
effect of the hsp90 inhibitor, NVP-AUY922, [74]. In another
study the effect of the mTOR inhibitor, everolimus, on the
VEGEF production was evaluated [75]. Everolimus treatment
caused decreased * Zr-bevacizumab uptake in subcutaneous
A2780 human ovarian tumor. The results were in line
with the lower VEGF-A protein levels in tumor lysates of
treated versus untreated tumors. These results indicate *Zr-
bevacizumab can be used to monitor tumor VEGF-A levels
as an early biomarker of the antiangiogenic effect of mTOR
inhibitor treatment.

87r-labeled ranibizumab, a monoclonal antibody frag-
ment (Fab) derivative of bevacizumab, was used to detect and
monitor the early antiangiogenic response to treatment with
sunitinib, a VEGFR tyrosine kinase inhibitor, in nude mice
bearing a subcutaneous A2780 human ovarian tumor or
Co0l0205 human colon cancer xenografts. * Zr-ranibizumab
PET matched better with the observed results obtained by
histology, immunohistochemistry, and tumor proliferation
and vascularization assays, than BE_FDG PET and " O-water
PET. Since ranibizumab has a serum half-life of only 2 to 6
hours, rapid and sequential follow-up PET scans are feasible
with ¥ Zr-ranibizumab [76]. Therefore, in contrast to %Zr-
bevacizumab, *Zr-ranibizumab can be used for imaging of
rapid dynamic alterations in VEGF response in tumors.

5.6. Targeting PIGF. The clinical benefits of angiogenesis
inhibitors can be compromised by the upregulation of
proangiogenic factors such as the placental growth factor
(PIGF). PIGE, a VEGF homolog, is expressed in low levels in
normal tissue and can be overexpressed in tumor cells. PIGF
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contributes to angiogenesis in pregnancy, wound healing,
ischemic conditions, and tumor growth [77, 78]. PIGF
inhibitors are able to reduce the angiogenesis and tumor cell
motility. The antitumor activity of a humanized mAb directed
against PIGF-1 and PIGF-2, RO5323441, in human tumor
xenograft models has been reported [79]. To further explore
and validate the use of RO5323441, the tumor and normal
tissue uptake of ¥ Zr-R05323441 at different time points was
evaluated in mice bearing human PIGF-expressing Huh7
hepatocellular cancer xenografts. Tumor accumulation of
89 7r-R0O5323441 was specific and time- and dose-dependent.

5.7. Targeting PSMA. Prostate-specific membrane antigen
(PSMA) is a transmembrane glycoprotein which is associated
with increased tumor progression, development of castration
resistance, and/or resistance to hormone-based treatments
[80-82]. PMSA is expressed in a limited range of normal
tissues including benign prostatic epithelium, renal proximal
tubule, small bowel, and the brain; however, the expression
level is 2 to 3 times lower than in prostate cancer speci-
mens [83]. ¥Zr-labeled anti-PSMA mAb, J591, was able to
differentiate between subcutaneous PSMA positive and neg-
ative tumors in athymic nude mice [21], making it a potential
target for clinical noninvasive identification and quantifica-
tion of PSMA-positive tumors.

5.8. Targeting CDI147. CD147, a member of the immunoglob-
ulin superfamily, is involved in many physiological functions
including embryo implantation, early stage neural network
formation, and spermatogenesis [85]. Overexpression of
CD147 is found in many types of cancer including pancreatic
cancer and induces expression of matrix metalloproteinases
(MMPs) and VEGF [86, 87]. Several (pre-)clinical studies
have been performed using anti-CD147 antibodies to inhibit
the actions of CD147 and revealed a reduction in prolifera-
tion, invasion and metastasis of tumors [88-90]. Almost 90%
of the pancreatic cancers have high CD147 expression levels
[86]. Sugyo et al. evaluated the CD147 expression in four
pancreatic cancer cell lines (MIA Paca-2, PANC-1, BxPC-3,
and AsPC-1) using the human 1251 97Ga-, or ¥Zr-labeled
anti-CD147 mAb (059-053) [84]. Additionally, the in vivo
CD147 expression was evaluated using '*I- or *Zr-labeled
059-053 in mice with s.c. and orthotopic MIA Paca-2 and
A4 (non-CD147-expressing) tumors. The biodistribution data
revealed significantly higher tumor uptake of *Zr-059-053
in MIA Paca-2 tumors than in the A4 tumors (Figure 3).
PET/CT imaging demonstrated that orthotopic MIA Paca-2
tumors could be visualized with *Zr-059-053 PET. High
expression of CDI47 is not only restricted to pancreatic
cancer, but is also found in other types of cancer including
bladder, breast, colorectal, cervical, liver, and ovarian cancer
[84-86]. Therefore, **Zr-059-053 might also be applied in
patients with these cancer types.

5.9. Targeting CAIX. Hypoxia in tumors is associated with a
poor prognosis in many tumor types since it is associated with
resistance to radiotherapy and chemotherapy. In many tumor
types carbonic anhydrase IX (CAIX) has been validated as
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FIGURE 3: In vivo biodistribution experiments in nude mice bearing MIA PaCa-2 and A4 xenografts of radiolabeled anti-CD147 antibody
059-053. Samples were collected and weighted, and radioactivity was measured at days 1 (white bars), 2 (dot bars), 4 (gray bars), and 6 (black
bars) after intravenous injection of 37 kBq each of 87r-059-053 (a) and '*°1-059-053 (b). Data are expressed as mean + SD (n = 5). *P < 0.01
versus ¥Zr-059-053 tumor uptake at each time point analyzed by ANOVA with the Student-Newman-Keuls method multiple comparison

test. This research was originally published in [84].

an intrinsic hypoxia-related cell marker [91]. Using antibod-
ies directed against CAIX it is possible to select patients
for hypoxia-targeting or -modifying treatment combined
with radiotherapy. For example, it is possible to visualize
tumor hypoxia in mice bearing s.c. SCCNij3 head and neck
squamous cell carcinomas using **Zr-cG250-F(ab'),, an anti-
CAIX antibody fragment [92]. In a direct comparison, the
tumor uptake of mAb *Zr-cG250 in mice with CAIX-
expressing clear cell renal cell carcinoma (ccRCC) xenografts
(NU-12) was significantly higher compared to that of '*I-
¢G250 [93]. This indicates that PET imaging of ccRCC tumors
with ¥Zr-cG250 could be more sensitive than **I-cG250-
PET. CAIX targeted *Zr-PET imaging is a candidate for
imaging hypoxia in different types of tumors and deserves
further exploration.

5.10. Targeting IGF-IR. The insulin like growth factor 1
receptor (IGF-1R) is a transmembrane receptor expressed in
many human cancers, including in ~35% of all triple-negative
breast carcinomas. It is involved in the proliferation, apop-
tosis, angiogenesis, and tumor invasion. Heskamp et al.
reported excellent tracer uptake of ''In-R1507 and *Zr-
R1507, a human mAb directed against IGF-1R, in mice with
s.c. SUMI49 triple-negative breast cancer xenografts [94].
This suggests that the use of ®Zr-R1507 in patient selection
of IGF-1R-targeted therapy is possible.

5.11. Targeting Met. The expression of hepatocyte growth
factor receptor tyrosine kinase (Met) was measured by PET
using "°Br or *Zr-labeled-onartuzumab, a mAb against Met
[95]. Both tracers specifically targeted Met; however, at later
time points a higher tumor uptake was observed with ¥ Zr-
Onartuzumab. This suggests that % Zr-onartuzumab is the
preferred tracer to identify Met expression in cancer patients
and possibly to predict and monitor the treatment with

Met-targeted therapeutics. In another study, the potential
of immune-PET using **Zr (residualising radionuclide) or
1241 labeled (non-residualising radionuclide) anti-Met mAb
DN30 was evaluated in mice with s.c. GLT-16 (high Met
expression) and FaDu (low Met expression) tumors [96].
The biodistribution data revealed significantly higher tumor
uptake of *Zr-DN30 than '**I-DN30 in GTL-16 tumor-
bearing mice. Similar blood levels were found indicating that
DN30 is internalized. *Zr-DN30 immuno-PET imaging was
able to visualize small tumor lesions with a higher *Zr tumor
uptake in GTL-16 than FaDu tumor-bearing mice. Addition-
ally, the correlation was high for PET-image-derived *Zr
tumor uptake and the ex vivo-assessed **Zr tumor uptake.
This indicates that ¥ Zr-labeled immuno-PET is an attractive
method to evaluate Met-targeted therapeutics.

5.12. Targeting GPC3. The glypican-3 (GPC3) is a hepato-
cellular-specific cell surface proteoglycan overexpressed in
most hepatocellular carcinomas (HCC). Sham et al. reported
excellent tracer uptake of *Zr-aGPC3, a mAb directed
against GPC3, in mice with GPC3-expressing HepG2 liver
tumors [97]. This suggests that the use of **Zr-aGPC3 to
image HCC in the liver is possible.

6. Clinical Translation of %°Zr Immuno-PET

The ¥Zr-labeled antibodies against the targets mentioned
above all show promising results for clinical translation. To
date, several clinical investigations using **Zr-labeled anti-
body constructs have been reported [1, 22, 98]. Here these
recent clinical studies will be discussed.

6.1. ¥ Zr-Labeled cU36. The first clinical trial using the *Zr-
cU36 PET to target CD44 expressing tumors showed that



the tracer was able to detect primary tumors as well as
metastases in the neck region with similar sensitivity as com-
puted tomography (CT) and magnetic resonance imaging
(MRI) [99]. The results are promising, although several issues
remain to be addressed. In the clinical study micrometastases
were missed with ¥ Zr-cU36 PET, so immuno-PET may be
less suited as a staging tool, but more suitable to characterize
tumors. Moreover, 2 out of the 20 patients developed antibod-
ies against the chimeric cU36 antibody (HACA), which may
hinder repetitive imaging procedures.

6.2.% Zr-Ibritumomab. A clinical prospective study was con-
ducted to evaluate the biodistribution and radiation dosime-
try of CD20-targeting *°Y-ibritumomab tiuxetan using **Zr-
ibritumomab tiuxetan [100]. Patients with relapsed or refrac-
tory aggressive B-cell (CD20-positive) NHL underwent a
PET scan at 1, 72 and 144 h after injection of 70 MBq 897
ibritumomab tiuxetan and again 2 weeks later after coin-
jection of 15 MBq/kg or 30 MBq/kg *°Y-ibritumomab tiuxe-
tan. The results revealed that simultaneous therapy of *°Y-
ibritumomab tiuxetan did not affect the biodistribution of
897 r-ibritumomab. A second aim of the study was to estimate
the radiation doses during radioimmunotherapy with *°Y-
ibritumomab tiuxetan based on *Zr-ibritumomab PET. The
highest *°Y absorbed dose was observed in liver (3.2 +
1.8 mGy/MBq) followed by the spleen (2.9 + 0.7 mGy/MBq).
Additionally, the correlation was high for standardized
uptake value (SUV) of 87 r-ibritumomab tiuxetan and
absorbed dose of *°Y-ibritumomab tiuxetan in the liverat 72 h
p.i. and 144 h p.i. This suggests that in the future a single *Zr-
ibritumomab tiuxetan PET scan is sufficient to optimize the
administered amount of **Y-ibritumomab tiuxetan RIT for
individual patients

6.3. ¥ Zr-Trastuzumab. In 2010, the first-in-man report of
87 r-trastuzumab for imaging of HER2-positive lesions in
patients with metastatic breast cancer was published [101].
14 Patients were included in the study that either received 10
(n=2)or50 (n =5)mg 897 r-trastuzumab if trastuzumab-
naive and 10 mg 897 r-trastuzumab (n = 7) if on trastuzumab
treatment (37 MBq 87 r-trastuzumab). Per patient at least
two PET scans were acquired between day 2 and day 5
after injection of **Zr-trastuzumab. The trastuzumab-naive
patients required a 50 mg dose for effective imaging whereas
10 mg was sufficient in the trastuzumab-treated patients. A
higher dose in the trastuzumab-naive patients was required
as an increased *Zr-trastuzumab clearance was observed
at lower doses due to presence of extracellular domains of
the HER?2 receptor in the circulation [102]. After binding of
87Zr-trastuzumab to these extracellular domains, the
immune complex was cleared by the liver and excreted in
the intestines. In patients treated with trastuzumab at the
time of injection, higher doses of *Zr-trastuzumab did not
improve imaging since complex formation was minimal.
Overall, the uptake of *Zr-trastuzumab in the tumor lesions
was high. The best time to assess tumor uptake was 4 to
5 days after injection of ®Zr-trastuzumab (Figure 4). All
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the known and even some unknown lesions were detected
with PET. Of interest, metastatic brain lesions were detected
in several patients, despite the fact that trastuzumab cannot
penetrate the blood-brain barrier. This is probably because
the blood-brain barrier in patients with brain metastasis is
disrupted allowing **Zr-trastuzumab to pass. In this study
HER2 overexpressing lesions could be distinguished
from non-HER?2 expressing lesions. These data indicate the
potential use of  Zr-trastuzumab to improve the diagnosis of
patients with HER2-positive breast cancer especially when
lesions are inaccessible for biopsy.

6.4. ® Zr-Bevacizumab. Recently, a clinical study was per-
formed to assess the use of *Zr-bevacizumab for the visu-
alization of VEGF-A in primary breast cancer [103]. In 23
patients, 26 tumors were detected by conventional imaging
modalities mammography (n = 22), ultrasound (n = 25), or
MRI (n = 1). Prior to surgery and 4 days p.i. of 37 MBq of
8 7r-bevacizumab the patients underwent a PET/CT scan of
the breasts and the axillary regions (Figure 5(a)). 25 of the
26 breast cancer nodules (96.1%) were detected using 87r-
bevacizumab. Also, a correlation between the VEGF-A pro-
tein level in the tumors observed as measured by VEGEF-
A ELISA and the tumor uptake *Zr-bevacizumab was
found (Figure 5(b)). This study provides evidence that 897r-
bevacizumab might be a potential candidate for the classifi-
cation of breast tumors and to predict and monitor the effect
of VEGF-A targeted therapies.

7. Conclusions

Clinical studies revealed that the use of **Zr-based immuno-
PET results in high spatial resolution images with high tumor
uptake and a good signal to noise ratio. Therefore, the use of
87r-labeled antibodies is very promising for noninvasive
visualization of tumor-associated antigens before, during,
and after therapy. This makes *Zr-based immuno-PET an
excellent imaging modality to predict and monitor treatment
and to tailor treatment for individual patients. However, to
fully integrate **Zr-based immuno-PET in the clinic several
hurdles still need to be overcome. For example, standard-
ized and robust methods for stable conjugation of DFO to
antibodies should become available to obtain clinical-grade
conjugates. In addition, research should focus on the devel-
opment of improved chelators to minimize the amount of
liberated Zr*". Although some direct comparison studies
between ¥Zr-based immuno-PET and immuno-PET using
other PET isotopes have been performed, and supplementary
quantitative and comprehensive comparison studies are
needed to evaluate the value of ®Zr-based immuno-PET.
Additionally, the radiation dose for patients undergoing a
87r-based immuno-PET (75 MBq of **Zr-cmAb U36) was
found to result in a mean effective dose of 0.53 to
0.66 mSv/MBq [104] which is significantly higher compared
to the mean effective dose of clinically used ' In- and **Tcm-
based tracers (mIn-IgG (75MBq) was 0.25mSv/MBq and
99Tc:m—IgG (750 MBq) was mu Sv/MBq) [105]. The high
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FIGURE 4: Examples of 897 r-trastuzumab uptake 5 days after the injection: (a) a patient with liver and bone metastases and ((b) and (c)) two
patients with multiple bone metastases. A number of lesions have been specifically indicated by arrows. This research was originally published

in [101].
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FIGURE 5: (a) Axial slices of ®Zr-bevacizumab PET from patient with primary breast tumor (1) and lymph node metastasis (2). (b) Correlation
between ¥ Zr-bevacizumab tumor uptake (x-axis) and tumor VEGF-A (y-axis) levels as measured by ELISA (Pearson r = 0.49, P = 0.04).
This research was originally published in [103]. © by the Society of Nuclear Medicine and Molecular Imaging, Inc.

radiation dose for patients will limit repeated application of
897 r-based immuno-PET [104]. However, introducing new
PET/CT scanners to allow better-quality immuno-PET
images to be obtained with a lower *Zr radioactivity
(37 MBq) dose have reduced the radiation dose [102, 103].
Furthermore, research is focusing on combining *Zr-based
immuno-PET with other imaging modalities. For example,
the use of *Zr-immuno-PET in combination with near-
infrared fluorescence (NIRF) imaging has been reported by
several groups [106-108]. The ongoing development of new
897 r-labeled antibodies directed against novel tumor targets
is believed to rapidly expand applications of **Zr-labeled
immuno-PET to a valuable method in the medical imaging.
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Due to expanding applications of positron emission tomography (PET) there is a demand for developing new techniques to
introduce fluorine-18 (¢,,, = 109.8 min). Considering that most novel PET tracers are sensitive biomolecules and that direct
introduction of fluorine-18 often needs harsh conditions, the insertion of '*F in those molecules poses an exceeding challenge.
Two major challenges during '*F-labeling are a regioselective introduction and a fast and high yielding way under mild conditions.
Furthermore, attention has to be paid to functionalities, which are usually present in complex structures of the target molecule. The
Cu-catalyzed azide-alkyne cycloaddition (CuAAC) and several copper-free click reactions represent such methods for radiolabeling
of sensitive molecules under the above-mentioned criteria. This minireview will provide a quick overview about the development of
novel '*F-labeled prosthetic groups for click cycloadditions and will summarize recent trends in copper-catalyzed and copper-free

click "®F-cycloadditions.

1. Introduction

For the application in positron emission tomography (PET)
[1], fluorine-18 provides ideal nuclear physical characteristics
for in vivo imaging. Fluorine-18 offers a half-life of 110 min, a
B*-branch of 97%, and especially a low " -energy of 635 keV,
which is responsible for a very high spatial resolution [2].
The challenges for researchers are to develop convenient '*F-
labeling strategies, which include short reaction times and
applicability for sensitive biomolecules. Especially the harsh
conditions during direct '*F-labeling pose an exceeding chal-
lenge [3, 4]. Therefore, most of the radiolabeling strategies
focus on '®F-containing prosthetic groups, which allow a sen-
sitive and bioorthogonal '*F-labeling to treat the multitude of
functional groups in those bioactive compounds with respect.

The most established method, which fulfills all mentioned
criteria, is given by click reactions. Especially the Cu(I)-
catalyzed variant of the Huisgen 1,3-dipolar cycloaddition
of terminal alkynes and azides offers a very powerful reac-
tion with high specificity and excellent yields under mild
conditions [5]. As a result, numerous PET tracers have
been synthesized using CuAAC in a widespread spectrum
of structural varieties of the prosthetic group within the

last decade. One of the latest investigations deals with a
polar clickable amino acid-based prosthetic group to further
improve the pharmacokinetic properties of radiotracers,
particularly suitable for peptides and proteins [6].

However, the need of cytotoxic copper during CuAAC
has led to the necessity of alternative fast and copper-free
click reaction strategies for radiofluorination and additionally
enabling pretargeting approaches in living systems. Those
so-called strain-promoted click reactions can be carried out
between cyclooctyne derivatives and azides (strain-promoted
azide-alkyne cycloaddition, SPAAC) [7-13] or tetrazines
(tetrazine-trans-cyclooctyne (TTCO) ligation) [14-17] as well
as between norbornene derivatives and tetrazines [18]. Espe-
cially, the TTCO ligation showed promising reaction rates,
which makes this click reaction concept very suitable for '*F-
labeling and also for in vivo application in living systems. Very
recently, new versions of '®F-click cycloadditions are added
to the range of reactions [19-25]. In this line, the first B
labeled -lactame became available via a new radio-Kinugasa
reaction [21].

As a consequence, click cycloaddition is one of the most
frequently applied methods for '*F-labeling of new bioactive
compounds, with or without a catalytic system. This can be
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FIGURE 1: Lead structures of the most important '®E-prosthetic groups applied for copper-catalyzed click '®F-fluorination.

impressively illustrated by the fact that over 50 original papers
have been published in this research area within the last eight
years.

Tables 1-3 give an overview of the '®F-prosthetic groups,
the reaction conditions and reaction partners applied for
copper-catalyzed, copper-free and other kinds of '*F-click
cycloadditions, respectively. The most important structures
of those prosthetic groups are shown in Figures 1, 3, and 5.

2. Copper-Catalyzed '*F-Click Cycloadditions

In the last decade, the copper-catalyzed azide alkyne cycload-
dition (CuAAC), which has first been reported independently
by Rostovtsev et al. [81] and Tornee et al. [82] in 2002, has
spread over almost all fields of chemistry [83-87], biology
[88-90], and material science [91, 92]. The great advan-
tage of this method is given by its outstanding efficiency,
its regiospecificity, and fast formation of 1,4-disubstituted
1,2,3-triazoles at ambient temperatures, which is particularly

suitable for "*F-labeling of sensitive biomolecules. In partic-
ular, the CuAAC enables incorporation of fluorine-18 via a
prosthetic group under mild and bioorthogonal conditions
[22-25].1,2,3-triazoles were first introduced by Michael, who
described the formation of a 1,2,3-triazole from a phenylazide
in 1893 [93]. Following this pioneering work, Dimroth, Fester,
and Huisgen described this type of reaction as a 1,3-dipolar
cycloaddition for the first time in 1963 [5].

In 2006, Marik and Sutcliffe published the application
of the CuAAC as an '®F-labeling strategy for the first time
[26]. They radiolabeled three different alkyne precursors in
radiochemical yields (RCY) of 36-81%. Afterwards they were
reacted them with azido-functionalized peptides in RCY of
54-99% and an overall reaction time of 30 min. Thus, they
could show a new, very fast, efficient, and mild 18F-labeling
strategy for complex compounds, especially appropriate for
sensitive biomolecules. Only two years later, the suitability
of this approach was demonstrated for the '®F-labeling of a
folate derivative for in vivo tumor imaging with the same
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prosthetic group, 6-['*F]fluoro-1-hexyne [30]. The radiofolate
was obtained in RCY of 25-35% and was applied to KB-
tumor bearing mice. A specific tumor accumulation could be
observed by using the folate receptor (FR) targeting concept.
Furthermore, Kim et al. used '®F-labeled alkynes as prosthetic
groups for the '®F-labeling of 2,3,4,6-tetra-O-acetyl-3-D-
glucopyranosyl azide [27], which in turn was employed to
label the ary B4 specific peptide A20FMDV2 [28].
Considering all known clickable prosthetic groups for
18F-labeling, [ISF]ﬂuoroethyl azide (['*F]FEA) is certainly
one of the most investigated clickable '®F-prosthetic groups.
Until today, about twenty different manuscripts deal with
['"®F]FEA to radiolabel a broad variety of biomolecules and
compounds. In 2007, Glaser and Arstad [31] mentioned for
the first time the preparation of ['**F]FEA with a RCY of
55% using 2-azidoethyl-4-toluenesulfonate as precursor. As
a proof of concept, they reacted ['"*F]FEA with different
terminal alkynes in very good to excellent RCY of 61-
98%. With respect to the catalytic system copper sulfate in
combination with ascorbic acid or sodium ascorbate has
mainly been used, whereas only in a few approaches copper(I)
iodide was used [37, 42]. It has been shown that addition
of bathophenanthroline disulfonate (Cu' stabilizing agent)
accelerates the 1,3-dipolar cycloaddition [36, 38, 45]. The very
good access to ['*F]FEA led to the development of a variety
of radiotracers labeled with this prosthetic group, like *F-
deoxyuridine [37], '®F-fluoro-oxothymidine (**F-FOT), or
18F—ﬂuoro—thiothymidine (*8F-FTT) [40] as well as apoptosis
markers [36] and several peptide systems [34, 44, 49]. In
2012, Smith et al. [40] described the reduction of [**F]FEA
using copper wire under acidic conditions, which is a possible
explanation of the poor yields during some click reactions.

In 2007 Sirion et al. [50] reported for the first time
['*F]fluoro-PEG, -derivatives (x = various polyethylene gly-
col (PEG) ratios) as new '®F-labeled prosthetic click groups.
These compounds showed a reduced volatility and increased
polarity compared with other '®F-labeled prosthetic groups
like ["®F]FEA or [ISF]ﬂuoroalkynes. These properties ease
their handling as well as improving the in vivo behavior of
the labeled compounds. The compounds showed a longer
circulation time and a reduced renal clearance making them
very suitable for in vivo application. Sirion et al. described
the preparation of different aliphatic and aromatic '*F-PEG-
azides and '*F-labeled alkynes in RCY of 85-94%. As a proof
of concept, they carried out cycloadditions with the ®F-
labeled prosthetic groups and the corresponding alkynes,
respectively, azides in high RCY of 71-99%. Several other
groups continued this work by using the '®F-labeled PEGy-
lated prosthetic groups for labeling cRGD derivatives [51] and
other peptides [53], nanoparticles [52, 54], or folates [55].

To increase the lipophilicity and metabolic stability of
radiotracers, ['*F]fluoro-aryl-based prosthetic groups have
been developed and investigated. In 2007, Ramenda et al.
[56] published for the first time a 4-[18F]ﬂuoro-N-methyl-
N-(prop-2-ynyl)-benzenesulfonamide (p—[lSF]F—SA), which
was obtained in RCY of 32 + 5%. Subsequently, this prosthetic
group was used for radiolabeling an azido-functionalized
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neurotensin giving a RCY of 66%. Furthermore, the same
group used the *F-aryl prosthetic group for the labeling of
human serum albumin (HSA) [57] and other proteins, phos-
phopeptides, and L-RNA [58] in good RCY. A pyridine-based
8F_prosthetic group was first introduced by Inkster et al.
[59] in 2008 by reacting [**F]FPy5yne with a model peptide
in RCY of 18.7% and an overall reaction time of 160 min.
They started from either 2-nitro- or 2-trimethylammonium
pyridine to synthesize ['®*F]FPy5yne with a RCY of 42%.
Furthermore, ['*F]pyridine derivatives have been used to
radiolabel cRGDs [60] and the D-amino acid analog of WT-
pHLIP [61].

In 2009, Vaidyanathan et al. [62] presented a pros-
thetic group based on a 4-['*F]fluorobenzoate. Propargyl-
4-["®F]fluorobenzoate (['*F]PFB), which could be obtained
in RCY of 58 + 31% within 15min. To investigate the
labeling properties of this new prosthetic group, numerous
compounds have been '®F-labeled using ['®*F]PFB with RCY
from 37% to 88% and overall reaction times of about
1h. Another approach was published by Li et al. in 2012
[63], who synthesized 4—[18F]ﬂuoro-3-nitro—N-2-propyn-1—
yl-benzamide ([**F]FNPB) for 18F—labeling of cRGDfK and
a D4 peptide, which was identified as an EGFR targeting
ligand. This approach was followed by the synthesis of I-
(azidomethyl)-4-[lgF]ﬂuorobenzene by Thonon et al. [64].
They did a multistep radiosynthesis (4 steps), where the
fluorine-18 was introduced in the first step. The desired
radiolabeled product could be obtained in a RCY of 34%
within 75min and was used itself to label a 4-ethynyl-
L-phenylalanine-containing peptide. The same prosthetic
group was also employed by Mercier et al. [65] and Flagothier
et al. [66] for 18F—labeling of siRNA. Other structural analog
prosthetic groups have also been developed by Mercier et al.
[65] and Chun and Pike [67].

To improve the in vivo behavior of peptides with respect
to blood clearance and stability, Maschauer and Prante
developed '*F-gluco-derivatives for CuA AC-radiolabeling of
Fmoc-L-propargylglycine with a RCY of 60% [68]. They
showed that the "*F-click labeling reaction was more con-
venient by using the f-anomeric derivative of the azides,
respectively, alkynes, giving very high RCY of 71 + 10%.
One year later, they published the first in vivo evaluation
of an '®F-labeled RGD peptide labeled with ['*F]JFDG-p-
Az in U87MG-tumor bearing mice showing an improved
blood clearance and stability [65, 66]. Likewise, Fischer et
al. demonstrated in 2012 that a ['*F]fluorodeoxyglycosyl
folate could be obtained in RCY of 5-25% and subse-
quent biodistribution and PET-imaging studies showed a
high and specific uptake of the radiotracer in FR-positive
tumors [70]. The variety of new '*F-labeling strategies using
8E-Fluoroglycosylation is the focus of a review article as a
part of this special issue provided by Maschauer and Prante
[94].

As another promising approach, Li et al. presented in
2013 an alkyne-functionalized aryltri-['®F]fluoroborate for
radiolabeling azido-bombesin and azido-RGD. The major
advantage of this method is the two-step, one-pot procedure
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FIGURE 2: Radiosynthesis of a new amino-acid based 18F—prosthetic group (N-propargyl-2-amino-3- [ISF]ﬂuoro—propionic acid, “[*®F]serine”)

for 18F—CuAAC—labeling of complex biomolecules. (i) [K ¢ 2.2.2]*/ BE" DMSO, 140°C, 10 min; (ii) hydrochloric acid (3.3 M), 100°C, 15 min;
for analytical purposes (sequential deprotection): (iii) sodium hydroxide (3.3 M), 60°C, 5 min; (iv) hydrochloric acid (3.3 M), 100°C, 15 min.

providing a water-soluble and noncoordinating aryltri-
[*®F]fluoroborate anion, which provided specific activities up
to 555 GBq/pmol [75, 76, 95].

Two new piperazine-based prosthetic groups, 1-(but-3-
ynyl)—4—(3—[18F]ﬂuoropropyl)piperazine ([**F]BFP) and 1-(3-
azidopropyl)-4-(3-['*F]fluoropropyl)piperazine (['*F]AFP),
have recently been developed by Pretze and Mamat [78].
Spiro salts were used as precursors, facilitating purification
by using solid phase extractions (RP-18 or SiO,-cartridges).
Both prosthetic groups could be obtained in RCY of about
30% using an automated synthesis module. To avoid Glaser
coupling, which has been observed by using ['*F]BFP for
radiolabeling of peptides, ['*FJAFP was used instead. An
important observation was the fact that the applied peptide
formed very strong complexes with the copper catalyst, which
required the use of bispidine as a strong chelating agent to
remove cytotoxic copper species.

One of the latest developments describes the synthesis
of an '®F-labeled alanine derivative as a new prosthetic click
group, reported by Schieferstein and Ross [6]. In this case,
an amino acid-based prosthetic group has been developed
to improve the pharmacokinetic profile of '*F-click-labeled
biomolecules. The prosthetic group was obtained in good
RCY of 28 + 5% from a two-step reaction as described in
Figure 2. The final "*F-labeled prosthetic group was subse-
quently reacted with an azido-RGD as model system in RCY
of 75% within 20 min.

Considering the above-mentioned prosthetic groups for
radiolabeling with fluorine-18, Table 1 summarizes important
properties of those components. It has been shown that the
integration of an '*F-propyl, '*F-ethyl, or "*F-aryl moiety
can provide an improved metabolic profile and that the
glycosylation or PEGylation can further improve the in
vivo behavior. Furthermore, for in vivo application a total
removal of the copper catalyst is essential. This could be very
challenging in the case where peptides or proteins are able to
complex copper species from the catalytic system.

3. Copper-Free "®F-Click Cycloadditions

Even though a large number of novel radiotracers using click
chemistry have been developed, none of them has entered

clinical routine to date, apart from '"*F-RGD-KS5, which is
already used in clinical trials in US. This can be explained
by the need of cytotoxic copper during radiotracer syntheses
by using copper-catalyzed 1,3-dipolar Huisgen cycloadditions
[96]. Thus, there is still a demand for facile (metal-free) and
robust "*F-labeling reactions for the syntheses of radiotracers
for imaging of malignancies in vivo. This leads to the develop-
ment of catalyst-free click-labeling approaches, which spare
copper species during labeling steps and even enable in
vivo pretargeting concept. Recent developments deal with
biocompatible strain-promoted copper-free versions of the
alkyne-azide cycloaddition (SPAAC), where the focus has
been set on derivatives of cyclooctynes and dibenzocyclooc-
tynes. First approaches focus on the reaction of '*F-labeled
cyclooctynes with azide-bearing biomolecules. On the other
hand, in further approaches cyclooctyne-carrying bioactive
compounds are used, which can be labeled with different B
labeled azides. In the beginning, only a few studies have been
reported due to the complex and low yielding syntheses of
strained cyclooctynes [10, 12, 14]. However, nowadays lots
of cyclooctyne derivatives are commercially available, which
facilitates the precursor syntheses and opens a wide range of
applications.

In 2011 Bouvet et al. [7] published the first example
of a SPAAC with '8F-labeled aza-dibenzocyclooctyne,
["*F]FB-DBCO, and a plethora of azides. The Bp.
labeled building block was synthesized via acylation of
commercially available N-(3-aminopropionyl)-5,6-dihydro-
11,12-didehydrodibenzo|[b,f]azocine with N-succinimidyl-4-
['®F]fluorobenzoate ([**F]SFB), which can be easily prepared
in an automated synthesis module [97]. The 18p_labeled
cyclooctyne could be obtained in a RCY of 85% and a purity
>95% within 60 min. The evaluation of this building block
in healthy Balb/C mice showed 60% of intact compound at
60 min p.i. and had a blood clearance half-life of 53 s. Besides,
the compound was stable in methanol and phosphate bufter
over 60min. Subsequently, [*F]FB-DBCO was reacted
with various azides as proof of principle showing different
structural complexities. In all reactions, the formation of
two regioisomers (1,4- and 1,5-triazole) has been observed
and in some cases a separation of the regioisomers by HPLC
was impossible. All "*F-labeled radiotracers were obtained
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FIGURE 3: Lead structures of the most important '®F-prosthetic groups applied for copper-free click '*F-fluorination.

in good to excellent RCY of 69-98% within an overall
reaction time of about 2h. However, the reaction rates in
these cases were much slower compared to other examples
of bioorthogonal reactions, limiting this new approach for in
vivo pretargeting applications.

A cyclooctyne derivative has been conjugated to
bombesin (aza-DBCO-BN, 9 steps) with an overall yield of
17% by Campbell-Verduyn et al. [8]. The aza-DBCO-BN was
reacted with various '®F-azides giving RCY of 19-37% within
30 min. In 2011, Arumugam et al. [9] investigated the direct
'8F-labeling of azadibenzocyclooctyne (DBCO) yielding the
'8F-labeled prosthetic group (RCY = 36%). The radiolabeling
was followed by a click reaction with an azido-octreotide
leading to the *F-labeled octreotide in a RCY of 95% within
a total reaction time of 1.5h. In contrast, other working
groups used '*F-cyclooctynes for labeling RDG-derivatives
[11] as well as further integrin-specific peptides [10, 13].

Another possibility to perform copper-free click reac-
tions is given by the inverse electron demand of the Diels
Alder cycloaddition between a cyclooctene and a tetrazine
under the release of nitrogen. The so-called tetrazine-trans-
cyclooctene ligation (T'TCO ligation) was first published by Li
etal. in 2010 [14]. Concerning the instability of the tetrazines,
it is more practical to functionalize the biomolecule with
a tetrazine followed by the reaction with an '®F-labeled
cyclooctene. The latter are much more suitable for direct
'8F-labeling than tetrazines. For this purpose a nosylate pre-
cursor was used for '*F-labeling of the cyclooctene providing
RCY of 71% within 15min. To investigate the suitability
of the '8F-prosthetic group in click reactions, the '®F-
cyclooctene was reacted with a 3,6-di(2-pyridyl)-S-tetrazine
in an excellent RCY of 98% within 10 s, showing its outstand-
ing feasibility for in vivo pretargeting approaches. These fast

reaction rates made this approach very attractive that even
' C-labeling reaction was explored using the inverse electron
demand Diels Alder cycloaddition between a cyclooctene
and a tetrazine [98]. In 2011, ®F-labeled cyclooctene was
linked to a tetrazine-RGD derivative by Selvaraj et al. [15]
with a RCY of 90% within 5min at room temperature. The
resulting '®F-labeled tracer was tested in in vivo experiments
showing a high tumor accumulation, which could selectively
be blocked. In 2012, the group of Devaraj et al. [80] published
for the first time the in vivo click reaction of ['®F]trans-
cyclooctene and a polymer-modified tetrazine (PMT). The
radiolabeled peptide '*F-PMT10 could be obtained in a RCY
of 89.2%. Whole body animal PET scans were carried out
3h p.., showing renal clearance and a widespread tissue
distribution as can be seen in Figure 4. Previously, the same
group described the synthesis of an '®F-labeled cyclooctene
with a RCY of 46.1 + 12.2%. Subsequently, this prosthetic
group was clicked with a tetrazine-modified exendin-4 in
RCY of 46.7 + 17.3% [16].

A similar strategy was published by Knight et al. in
2013, where an '®F-labeled amino-functionalized norbornene
was reacted with a tetrazine-modified peptide [18]. The '*F-
labeled norbornene was obtained using N-succinimicyl-4-
[*®*F]fluorobenzoate ([**F]SFB) in RCY of 60 + 17% within
52min. As a proof of concept, two different tetrazines, an
asymmetric dipyridyl tetrazine, and a tetrazine-modified
bombesin pegtlde were labeled with *F-labeled norbornene
derivative (["*F]NFB) in 46-97% RCY within 82 min.

Considering the copper-free click labeling of bioac-
tive compounds with fluorine-18, both the strain-promoted
alkyne-azide cycloaddition (SPAAC) and the tetrazine-trans-
cyclooctyne ligation (TTCO ligation) show promising results.
Regarding in vivo pretargeting approaches, only the TTCO
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FIGURE 4: PET and autoradiography using '*F-tetrazine agents. (a) PET/CT fusion of LSI74T tumor xenograft labeled using either trans-
cyclooctene (TCO) monoclonal antibodies (mAb TCO) or control unlabeled antibodies (mAb) followed by BE_PMT10 (polymer-modified
tetrazine). Arrows indicate location of the tumor xenograft. The bladder was omitted for clarity. (b) Imaging using autoradiography (left side)
and fluorescence slices after targeting with fluorescence TCO monoclonal antibody and '"*F-PMT10. (c) PET/CT fusion of mouse bearing A431
and LS174T tumors after targeting with anti-A33 TCO monoclonal antibodies followed by '®F-PMT10. Arrows indicate location of tumors
and the liver was omitted for clarity. (d) Autoradiography of representative 1 mm LS174T and A431 tumor slices after multistep targeting
(reprinted with permission from [80]; Copyright 2012 National Academy of Sciences of the United States of America).

ligation showed favorable results and reaction rates, which are
suitable for this application [80]. Table 2 summarizes reaction
conditions, radiochemical yields, and reaction partners of
those components.

4. New Developments in
F-Click Cycloadditions

The latest developments in metal-free '®F-click cycload-
ditions have been reported by Zlatopolskiy et al. [19-21]
(Table 3). In a first approach, the '*F-labeled building block
C-(4-['*F Ifluorophenyl)-N-phenyl nitrone was developed to
form '®F-isoxazolidines via high-yielding [3+2]cycloaddi-
tions with various maleimides [19]. C—(4—[18F]ﬂuorophenyl)—
N-phenyl nitrone was obtained from the reaction of 4-
['*F]fluorobenzaldehyde and N-phenylhydroxylamine in
high RCY of 74% with 10 min. In the subsequent click
cycloaddition step, differently substituted maleimides as
model dipolarophiles were used to form the corresponding

isoxazolidines as endo-/exoisomers in high yields of up to
>90% within 10 min. A one-pot strategy with in situ gener-
ation of C-(4-["*F]fluorophenyl)-N-phenyl nitrone provided
the desired '®F-isoxazolidines only in moderate yields of
25% and only after heating to 110°C. Under optimized
conditions, '®F-isoxazolidines were obtained from fast '*F-
click [3+2]cycloadditions.

In further studies, the same group used 4-['*F]flu-
orobenzonitrile oxide instead of C-(4-['*F]fluorophenyl)-
N-phenyl nitrone as 1,3-dipol for milder reaction con-
ditions [20] (Table 3). 4-['®F]fluorobenzonitrile oxide was
obtained in 92% RCY within 10 min from the reaction of 4-
[ISF]ﬂuorobenzaldehyde (RCY: 30-50%, 50 min [99]) with
hydroxylamine and subsequent treatment with phenyl iodine
bis(trifluoroacetate).

After the click [3+2]cycloaddition to various '*F-labeled
model 2-isoxazolines and isoxazoles was successfully tested,
the novel method was applied to three different COX-2
inhibitors (indomethacin conjugates) carrying dipolarophilic
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FIGURE 5: Lead structures of new '*F-prosthetic groups applied for click '*F-fluorination.

moieties of cyclononyne, maleimide, and propyne. The
resulting products were obtained in moderate to excellent
RCY of 81%, 55%, and 35%, respectively. It is notewor-
thy that, for the propyne derivative, the milder oxidant
[bis(acetoxy)iodo]benzene was used to avoid decomposi-
tion. Finally, the method was successfully adapted for *F-
labeling of two model dipeptide conjugates, cyclononyne-
and norbornene-$-Ala-Phe-OMe. However, the original
cycloaddition using 4-['®F]fluorobenzonitrile oxide did only
provide traces of the desired products. Consequently, 4-
['®F]fluorobenzonitrile oxide was further treated with chlo-
ramine T (CAT) in situ forming the more stable building
block N-hydroxy-4-['®*F]fluorobenzimidoyl chloride. With
the use of high precursor (peptides) amounts, the latter
enabled excellent RCY of the '®F-labeled dipeptides of up
to 88% within 10 min at room temperature [20]. Under
optimized conditions low precursor amounts of 5nmol
(cyclononyne) and 50 nmol (norbornene-f3-Ala-Phe-OMe)
still allowed RCY of 56% and 47%, respectively.

In a very recent report, Zlatopolskiy and coworkers
applied their '®F-labeled nitrone, C—(4—[18F]ﬂuorophenyl)—
N-phenyl nitrone, for the first formation of '®F-labeled
p-lactames via the Cul-catalyzed Kinugasa reaction [21]
(Table 3). The optimized reactions went smooth under very
mild conditions to give the "*F-labeled model f3-lactames in
high RCY and various isomeric mixtures of the trans- and
cis-product. In dependency on the reactivity of the terminal
alkynes, the reaction parameters needed (individual) opti-
mization regarding catalyst system, solvent, temperature, and
Cul-stabilizing ligands. As a biologically relevant molecule
the '®Flabeled nucleobase chimera was synthesized as poten-
tial PET-imaging agent for bacterial infections.

Moreover, the dipeptide 3-Ala-Phe-OMe was propiolated
and used in this radio-Kinugasa reaction to give excel-
lent RCY of 85% of the '*F-labeled dipeptide under very

mild conditions (aqueous solution, room temperature) [21].
Similarly, this new method was successfully transferred to the
18F—labeling of proteins. Bovine serum albumin (BSA) was
conjugated with 3-propiolamidopropyl chloroformate. This
propiolated BSA was successfully radiolabeled with fluorine-
18 in the radio-Kinugasa reaction.

5. Conclusions

The field of click cycloadditions had and still has a major
impact in '®F-labeling chemistry. The very mild reaction
conditions mostly applicable and the excellent efficiency of
all types of these reactions are particularly suitable for *F-
labeling. Especially, complex and sensitive biomolecules ben-
efit from this methodology. No protection group chemistry is
needed and the '*F-click cycloaddition step provides the final
radiotracer.

Besides several new '®F-labeled radiotracers are available
via click cycloadditions, and the metal-free versions even
enabled pretargeting concepts by in vivo click. The latest
development of a radio-Kinugasa reaction towards the first
'8F-B-lactames demonstrates the highly active field and the
broad applicability of '*F-click cycloadditions.
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Molecular imaging—and especially positron emission tomography (PET)—has gained increasing importance for diagnosis of
various diseases and thus experiences an increasing dissemination. Therefore, there is also a growing demand for highly affine PET
tracers specifically accumulating and visualizing target structures in the human body. Beyond the development of agents suitable
for PET alone, recent tendencies aim at the synthesis of bimodal imaging probes applicable in PET as well as optical imaging (OI),
as this combination of modalities can provide clinical advantages. PET, due to the high tissue penetration of the y-radiation emitted
by PET nuclides, allows a quantitative imaging able to identify and visualize tumors and metastases in the whole body. OI on the
contrary visualizes photons exhibiting only a limited tissue penetration but enables the identification of tumor margins and infected
lymph nodes during surgery without bearing a radiation burden for the surgeon. Thus, there is an emerging interest in bimodal
agents for PET and Ol in order to exploit the potential of both imaging techniques for the imaging and treatment of tumor diseases.
This short review summarizes the available hybrid probes developed for dual PET and OI and discusses future directions for hybrid

agent development.

1. Introduction

Within the last decades, the development of new radiotracers
for PET imaging has experienced an enormous progress due
to its enormous specificity and sensitivity in the visualization
of target tissues. Thus, a rising number of valuable com-
pounds applicable in cardiologic, neurologic, and especially
oncologic imaging were developed. However, PET alone dis-
plays alimited spatial resolution of 1-3 mm in clinical practice
and also is not able to allow a morphological correlation of
the tracer accumulation which is however especially crucial
in case of tumor diagnosis, localization, and staging. Thus,
almost all clinical PET systems sold within the last years
are combinations of PET and computed tomography (CT)

systems, integrating the strengths of both modalities: the high
specificity and sensitivity of PET making already functional
changes in tissues visible at a very early stage of disease and
the detailed morphologic information provided by CT [1].
Most recently, also combined clinical PET/MRI (magnetic
resonance imaging) systems are commercially available. The
MRI modality provides an even higher resolution and soft
tissue contrast than CT, allowing for a functional imaging
without causing any additional radiation burden to the
patient. In combination with the very high sensitivity and
specificity of PET, an almost ideal combined imaging modal-
ity is obtained for the whole-body imaging of patients [2]
although the number of hybrid agents applicable in PET/MR
imaging is very limited so far.
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Despite these favorable properties of PET/CT and also
PET/MRI systems in whole-body imaging for the identifi-
cation of target structures, these modalities exhibit certain
limitations: after having specifically identified and localized a
tumor target tissue, the resection of the tumor mass is difficult
due to the intricate intraoperative identification of tumor
margins and small metastases. Additionally, the identification
of the sentinel lymph node (SLN) which is often resected for
histology is not trivial. For this purpose, another combination
of imaging modalities could be of special interest, namely, the
combination of PET with optical imaging (OI).

Although OI is a modality with restricted applicability
for whole-body in vivo imaging due to the limited tissue
penetration of the light emitted by the fluorescent probe,
it is a valuable methodology for surface imaging applica-
tions such as intraoperative image-guided surgery due to
its favorable spatial resolution and sensitivity [3-5]. Thus,
a combined bimodal imaging consisting of an initial PET
scan using y-radiation with a high tissue penetration range
to identify and localize tumor lesions throughout the body
and a subsequent intraoperative Ol in order to identify tumor
margins and infected lymph nodes can result in a significant
clinical improvement [6-8]. Especially in breast and prostate
carcinomas as well as melanomas, the prognosis strongly
depends on the presence of lymph node metastases [9-11].
However, the secure intraoperative identification of sentinel
and infected lymph nodes is crucial for efficient diagnosis
and treatment but is difficult if the surgeon can only rely on
abnormal visual appearance and palpation to discriminate
between lymph nodes and surrounding tissues or to identify
infected nodes. The use of a specific tumor-accumulating
agent which can be visualized during surgery by optical
imaging techniques emitting light which can penetrate tissue
in a reasonable range (so that a target node can be detected
even if not already fully surgically exposed) would mean a
significant improvement for surgery (Figure 1).

The development of new combined imaging techniques
however also requires the development of the respective
hybrid imaging agents that are suitable for all involved
imaging modalities. Thus, considerable research has been
conducted in this field of hybrid contrast agents over the last
years [3, 4,12-15].

For combined PET and optical imaging, in principle, the
use of two separate molecular markers, one for PET and
one for OI (instead of using a hybrid imaging agent), would
also be possible. However, this is no optimal approach as
both agents are likely to exhibit differing biodistribution and
pharmacokinetic properties (especially in cases of relatively
small, specifically accumulating biomolecules such as pep-
tides). Hence, to achieve reliable results that are comparable
between both imaging modalities, a hybrid marker has to be
applied.

It has to be kept in mind that optical imaging is not fully
quantifiable as it is surface-weighted due to absorbance and
scattering of the photons by tissue penetration (especially
when imaging deep tissues exhibiting a low imaging agent
accumulation) and thus cannot be fully correlated to PET
imaging data [16-19]. As PET, however, is fully quantifiable
and used for whole-body imaging whereas OI is used for
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intraoperative imaging purposes only in order to identify
tumor tissues (tumor margins, small metastases, and infected
lymph nodes), the quantification of optical signals is no
critical criterion.

For OI, different classes of reporter probes detectable
by optical imaging techniques can in principle be used in
a hybrid PET/OI agent: (i) fluorescent proteins that can be
detected by bioluminescence imaging (BLI), (ii) y-emitting
radionuclides that can be visualized by Cherenkov lumi-
nescence imaging (CLI: luminescence that can be observed
when a particle travels faster than light in the examined
medium), (iii) fluorescent small dye molecules that can
ideally emit near infrared light, and (iv) quantum dots which
are semiconductor nanocrystals consisting of Cd/Te or Cd/Se
materials and whose emission characteristics can be tailored
by particle size. For all these probes that can be used in the
development of a hybrid PET/OI agent, substances emitting
light of the near-infrared and infrared spectrum (700-
900 nm) are most useful, as light of these wavelengths exhibits
the highest tissue permeability of several mm to cm in vivo
(20, 21].

Large proteins such as GFP (green fluorescent protein) or
RFP (red fluorescent protein) are in principle applicable in
the synthesis of a hybrid compound. However, they are struc-
turally demanding and would most possibly have a severe
impact on the pharmacokinetic properties of the resulting
imaging agent. Thus, it is only conceivable to use these com-
pounds in combination with particle carriers. Furthermore,
the quantum yield of these proteins is rather limited and they
do not enable near-infrared photon emissions [22], further
restricting the use of fluorescent proteins in hybrid optical
imaging agents.

In contrast, CLI using different positron-emitting radio-
nuclides has been proposed as a favorable optical imaging
technique for imaging-guided surgery [23]. This technique
does not require the conjugation of an additional fluorescent
compound in order to obtain a bimodal imaging agent. This
is favorable as an additionally conjugated fluorescent dye
can—if susceptible to the radiolabeling conditions applied—
interfere with the radiosynthesis or result in a significant
alteration of the pharmacokinetic properties of the result-
ing hybrid compound. Unfortunately, using the Cherenkov
luminescence imaging approach, one of the most valuable
properties of combined PET/OI probes to be applied in intra-
operative imaging, namely, the consecutive detection via PET
and the subsequent later resection of the tumor, cannot be
utilized. Using a hybrid compound consisting of a fluorescent
dye in addition to a radionuclide, the optical intraoperative
imaging can be performed delayed in time after identifying
and localizing the tumorous tissue by a whole-body PET
scan. By this procedure, the radionuclide at least partially
decayed before surgery, resulting in no or only low radiation
burden to the surgeon during intraoperative imaging and
resection. In contrast, using CLI for intraoperative imaging
can result in a significant radiation burden as is indicated
by a recent study, systematically investigating the potential of
CLI in a preclinical setting. In this work—when imaging an
24T activity depot located subcutaneously in 4 mm depth—an
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planning and SLN

FIGURE I: Schematic depiction of the operation principle of a PET/OI hybrid compound. After being applied to the patient in a single injection,
an initial whole-body PET scan is performed, identifying and localizing tumor and potential metastases, thus serving as a tool for surgery
planning. During the following surgical intervention, the same compound—having accumulated in the target tumor areas over time—can be
used as a marker for intraoperative image-guided surgery of the respective malignant tissues.

activity concentration of at least 0.3 mCi/mL (11.1 MBq/mL)
was necessary to obtain a detectable signal [24].

In most of the reported bimodal hybrid compounds
for PET/OI, small fluorescent dyes or quantum dots are
thus applied as they produce no ionizing radiation and are
relatively stable under physiological conditions [25-27]. This
allows for an image-guided surgery even after the decay of
the radionuclide. In addition, small fluorescent dye molecules
exhibit the advantage of being relatively small in size and thus
resultin aless prominent influence on the binding parameters
of the carrier molecule which is especially important for the
derivatization of small and medium-sized biomolecules.

2. Examples of Dually Labeled Agents
Applicable in Hybrid In Vivo PET and
Optical Imaging

Besides hybrid agents for combined PET/OI, also markers
for dual SPECT/OI have been developed over the last years,
comprising dually labeled antibodies [28, 29], peptides [30-
35], a nontargeted small molecule [36], and nanoparticles
[37-40]. However, as PET is—in contrast to SPECT—fully
quantifiable and exhibits a much higher sensitivity than the
latter, the main focus in this young field of bimodal probe
development for use in nuclear medicine and optical imaging
lies on the development of PET/OI agents, having a greater
potential for a possible clinical application.

2.1. Nontargeted Small Molecules. Apart from targeted
and nontargeted probes based on different biomolecule
or nanoparticle carriers developed for a mostly tumor

target-specific accumulation, the synthesis of several small
molecule-based bimodal labels was reported. These are
intended to be used directly without any further targeting for
imaging (Figure 2, 1-3) or could serve as a basis for a future
bimodal labeling of biologically active compounds such as
antibodies and other proteins (Figure 2, 5-8).

The imaging agents 1-3 [41-44] depicted in Figure 2 are
based on porphyrin or phthalocyanine derivatives which
can show a significant accumulation in tumor tissues and
can be used as photosensitizers thus being applicable in
photodynamic therapy. These porphyrin and phthalocyanine
derivatives were radiolabeled with '**I and **Cu in different
positions, respectively, and subjected to tumor xenograft mice
for in vivo evaluation of their PET and/or optical imaging
characteristics. Due to the missing tumor targeting entity,
the observed tumor accumulations were faint and also a
high unspecific accumulation of the compounds in nontarget
organs such as liver, spleen, gut, lung, and blood was observed
[41, 42, 44], limiting the usefulness of these compounds for in
vivo tumor imaging. The '®F-labeled Cy5.5 derivative 4 was
synthesized in a proof of concept approach to demonstrate
the applicability of a new secondary '®F-labeling precursor
for the radiolabeling of even sensitive molecules such as
cyanine dyes and was thus not investigated regarding its in
vivo characteristics. It could however be useful as hybrid label
if functionalized for a bioconjugation and introduced into a
targeting vector [45].

In contrast to compounds 1-4, hybrid agents 5-8 [46-
49] are not intended to be used directly for an in vivo
application but for conjugation to a specifically accumulating
agent such as a peptide, antibody, or antibody fragment by
different reactive functional groups (active esters, maleimide,
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and isothiocyanate). By this approach, the concomitant  of a specifically accumulating carrier molecule as well as
introduction of the radio- and the fluorescent label into the ~ the subsequent radiolabeling and in vivo evaluation of the
biomolecule is enabled and the resulting hybrid probe can  so obtained dually labeled imaging probe was so far only
be used in a targeted in vivo imaging application. However, =~ shown for 8. For this purpose, an anti-EpCAM antibody
the application of such a hybrid label for the derivatization = was first reacted with DO2A-IRDye800CW-sulfo NHS ester,
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FIGURE 3: Structures of hybrid small molecule agents intended for specific accumulation in tumor tissues.

radiolabeled with ®*Cu (8), and finally evaluated in a proof
of concept study in PC-3 xenograft mice [49]. Unfortunately,
only near-infrared fluorescence imaging (NIR-FI) whole-
body in vivo images and no PET data were shown in this
study which is most probably attributable to the foresee-
able insufficient stability of the *Cu-DO2A complex [50],
resulting in very high liver and blood accumulations of the
radionuclide compromising the in vivo PET data. In addition,
also the NIR-FI data point to a predominant liver and also
high kidney as well as lung accumulation at 40 h p.i. of the
dual-labeled antibody, limiting its potential for hybrid in vivo
tumor imaging. Thus, though not directly applicable in vivo,
these small molecule-based hybrid imaging probes reflect the
high interest in this relatively new field of hybrid PET/OI
agent development.

2.2. Dually Labeled Small Molecules and Peptides Intended
for Target-Specific Accumulation and Bimodal Target Visu-
alization by PET/OI. The introduction of a fluorescent dye
together with a radiolabel (which is either covalently attached
or complexed by a chelator system) can result in a significant
structural alteration especially in case of rather small target-
specific molecules. Nevertheless, attempts have been made to
synthesize such dually labeled small molecules and peptides,
as they usually display fast pharmacokinetics and target
accumulations and a rapid clearance from nontarget tissues,
in principle resulting in favorable high-contrast images.

Especially for the studied small molecules (Figure 3, 9-
11), the structural change by introducing two labels was
shown to result in high background and low specific tumor
accumulations. The main excretory organ was in all cases
the liver, for which a very pronounced uptake of the radi-
olabeled substances was observed, but also kidneys, spleen,
and intestines showed high accumulations of the tracers,
hampering a high tumor uptake and thus efficient tumor
visualization with PET [51, 52].

Interestingly, it could be shown in the study dealing
with the dually labeled cysteine cathepsin substrates [**Cu]9

and [**Cu]10 that the introduction of the NIR dye can
result in a favorable prolonged circulation compared to the
%4 Cu-DOTA-modified analog not comprising a fluorescent
dye [52]. This positive effect of fluorescent dye conjugation
could be confirmed by another study [16]. This prolonged
circulation was described to result not only in a higher unspe-
cific accumulation in all organs but also in a significantly
higher and at least in part specific tumor accumulation [52]
presumably due to a higher interaction probability of the
hybrid agent with its target.

Despite the disappointing results obtained with PET
imaging of the ®*Cu-labeled porphyrin-folate conjugate 11,
a clear tumor visualization was possible with fluorescence
imaging (FI) after 24 h p.i. which can be attributed to the
fact that the tumors were rather large and located directly
under the skin. Furthermore, the tumors were—from all
tissues—located nearest to the detector system, minimizing
the absorbance and scattering of the fluorescent light emitted
from the tumors whereas the photons emitted from the
excretory organs were most probably strongly attenuated [51].

Due to their larger molecular size, peptides are in
principle more likely to tolerate a derivatization with two
different labels in terms of receptor binding and in vivo
pharmacokinetics. This theoretical tendency seems in fact to
be reflected in the results obtained for dually labeled peptides.
From the duallylabeled PET radionuclide and fluorescent dye
comprising peptides available for tumor imaging so far (12—
16, Figure 4), 4 compounds, namely, 13-16, were evaluated
in vivo regarding their biodistribution properties and tumor
visualization abilities [16, 17, 25, 26, 53].

The results obtained in these studies seem to point to a
more favorable biodistribution together with higher tumor
to background ratios and higher tumor targeting specificity
in case of larger dually labeled peptidic targeting vectors.
It could, for example, be shown that for Tyr3-octreotate
(TATE), derivatized at the N-terminus with **Cu-DOTA and
at the C-terminus with a NIR dye (13), on the one hand
encouraging in vitro binding results to A427-7 tumor cell
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membranes with K; values of 0.43 nM for TATE and 11.5nM
for "™ Cu-13 could be obtained but that the agent was on
the other hand not able to visualize the respective A427-7
tumor in vivo in xenograft mice at 24h p.i. with FI [26].
Moreover, the low tumor uptake (only reaching a tumor-
to-blood ratio of about 2) could not be blocked by cold
peptide in biodistribution studies with °*Cu-13, pointing
to an unspecific tumor accumulation caused by the EPR
effect (enhanced permeability and retention effect: a passive
tumor-targeting process that results in an unspecific uptake of
compounds due to a more permeable tumor vasculature and
efficient diffusion through the tumor interstitium). Overall,
a significant accumulation of this compound could only be
observed in liver (16.824 + 1.520%ID/g), spleen (8.069 +
1.808%ID/g), and lung (1.428 +0.738%ID/g) after 1 h p.i. (for
comparison: tumor accumulation was 0.287 + 0.046%ID/g),
pointing to a too pronounced overall lipophilicity of the
compound for a successful in vivo application.

Similar effects were shown for 14, which was developed to
visualize MMP2 and 9 in vivo [25]. However, in a heterotopic
ossification model activating MMP9, a target visualization
could not be achieved by PET imaging. Using NIR-FI, the
ossification site could be visualized, but no whole-body
images were shown limiting the informative value of these
images.

In contrast to these latter studies, two examples of very
promising peptidic hybrid compounds for PET and OI
were reported. One of these—consisting of an «,f; and
«,3s-affine knottin peptide targeting tumor angiogenesis,
derivatized with Cy5.5 and DOTA via an amino acid spacer—
was radiolabeled with **Cu (15) and successfully used for
specific in vivo PET and NIR-FI of an integrin-positive
U87MG tumor in xenograft mice [17]. These favorable results
were achieved although the in vitro binding data indicated
an adverse influence of the derivatization of the peptide
with NIR dye and chelator compared to a monolabeling
with DOTA or NIR dye alone. Interestingly, comparing the
4 Cu-DOTA-monolabeled knottin peptide with the dual-
labeled one regarding in vivo biodistribution with PET, both
compounds achieve tumor-to-background ratios (TBR) of ~
4.5. However, these comparable ratios were found at different
time points: the ®*Cu-DOTA-monolabeled peptide reaches
this TBR already at 4 h p.i. whereas the same TBR is achieved
by the dually labeled peptide 15 at 24 h p.i., indicating—
as described before—a retention-prolonging effect of the
conjugated NIR dye. This is confirmed by the corresponding
NIR-FI experiment comparing the NIR-monolabeled peptide
with the dually-labeled one 15 which both reach the TBR of
~4.5at 24 h pi.

A very encouraging example of a dually labeled hybrid
compound was described recently, consisting of a cRGD-
dimer (serving as tumor-targeting vector) and Cy5.5 which
is connected to the peptidic part via a sarcophagine-derived
chelator used for 64Cu—lalbeling [16]. The radiolabeled com-
pound *Cu-16 was successfully used for the in vivo imaging
of integrin-rich U87MG tumors in a xenograft mouse model,
showing a high tumor uptake together with a stable tumor
retention (6.41 + 0.28, 6.51 + 1.45, and 5.92 + 1.57%ID/g

at 1, 4, and 20h p.i,, resp.), resulting in the highest tumor-
to-background ratios of ~7 at 20 h p.i. As described before,
this NIR dye-labeled compound °*Cu-16 showed a pro-
longed circulation together with a higher tumor accumula-
tion compared to the corresponding, nonfluorescent-labeled
derivative [16]. Furthermore, ®*Cu-16 was used for image-
guided resection of the tumor in the same animal model and
showed—in contrast to the PET images displaying a homo-
geneous tumor areal due to the physically limited spatial
resolution of ®*Cu—the presence of a metastasis near the
primary tumor, impressively demonstrating the advantages
of intraoperative optical imaging and the synergistic effects
of PET combined with OL

These favorable in vivo imaging results found for 15
and 16 are probably a result of two different effects: the
large size of the peptidic targeting vector relative to both
labels and also the introduction of both labels in only one
position of the peptidic moiety, limiting their influence on
the overall biodistribution compared to two labels introduced
in different positions of the peptide. Thus, due to the strong
potential influence of two labeling moieties introduced, the
ligand design has to be carefully considered especially when
derivatizing peptides.

2.3. Fluorescent and Radiolabeled Antibodies for Combined
PET/OI. Antibodies with their slow pharmacokinetics and
very high target specificity should be well suited as targeting
vectors for a dual-labeling approach with a PET nuclide
and a NIR dye as they exhibit a more complex structure
than small molecules and peptides resulting in a less strong
alteration of structure, binding characteristics, and thus
biodistribution properties by the concomitant conjugation of
two labels. Several different antibodies have been derivatized
with desferrioxamine [54-56] for *Zr-labeling, NOTA [57]
or DOTA [18, 58, 59] for *Cu-labeling, and the NIR dyes
800CW [54-59] or Alexa Fluor 750 [18] (Figure 5).

In all studies, it could be demonstrated that the number
of introduced derivatization sites has a crucial effect on the
biodistribution characteristics of the obtained hybrid com-
pounds. One study, for example, describes the derivatization
of an anti-CD20 IgG with ~10 chelators and ~2 fluorescent
dyes, resulting in an unfavorable biodistribution of the hybrid
compound in lymphoma-bearing mice, showing a very high
liver and spleen accumulation of the antibody. Consequently,
only a moderate tumor uptake was observed resulting in only
poor tumor visualization in vivo [18]. Reducing the number
of introduced labels, radionuclide chelator and fluorescent
dye, to ~2 per trastuzumab molecule, improved results could
be obtained in 4T1.2neu/R tumor-bearing xenograft mice,
allowing for a tumor visualization with PET as well as NIR-
FI at 24 h p.i, although tumor-to-muscle ratios of only ~2.5
were obtained [58]. Reducing the number of both labeling
moieties to 1 per anti-CD105 antibody molecule, the tumor-
to-muscle ratios could be improved to ~7 in 4T1 tumor
xenograft mouse models [56]. However, besides a tumor
uptake of ~10%ID/g, high liver, spleen, and blood uptakes
of ~16%ID/g, ~8%ID/g, and ~11%ID/g were observed at
48h p.i., respectively, impairing the in vivo imaging results.
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Nevertheless, the observed tumor uptakes were no result of
the EPR effect alone but also of a specific binding, as they
could be blocked by about 50% by coapplication of unlabeled
antibody.

Other studies, limiting the number of introduced labels
to a minimum of 0.5-0.9 equivalents of each labeling moiety
per antibody, found even more favorable biodistribution
properties such as a slowed clearance, lower liver, and higher
and prolonged tumor uptakes resulting in a clear visualization
of the tumor mass in vivo at 48 h p.i. with PET as well as NIR-
FI [54, 57]. Besides the observed impaired biodistribution
properties of high liver and spleen uptake in vivo when
conjugating several fluorescent dye molecules per antibody,
a conjugation of several dyes also results in a fluorescence
quenching effect and thus a decreased overall fluorescence
intensity, being detrimental to a successful in vivo NIR-FI of
the target tissue [54, 57]. These studies furthermore investi-
gated the correlation between organ uptakes determined by
in vivo PET and in vivo or ex vivo NIR-FI. The PET data in
these studies served as reference parameters as PET is fully
quantifiable. It was found that the deviations in measured
organ uptakes were higher for the NIR-FI data obtained in
vivo than obtained ex vivo. Also, the deviations were higher
for deeper tissues, pointing to a significant scattering and
absorbance of the NIR light, limiting the quantification of
tissue uptakes by fluorescence imaging and necessitating the
quantification of organ uptakes by PET. This is, however,
no limitation for optical imaging in terms of intraoperative
imaging settings where only qualitative images are required
for a successful tumor resection.

Besides the described general findings regarding the
negative influence of a high number of conjugated labeling
moieties on the biodistribution properties of derivatized
antibodies, one study systematically investigated the influ-
ence of the number of conjugation sites on the biodistri-
bution of dual-labeled antibodies [55]. There, the EGFR
and VEGEF targeting antibodies cetuximab and bevacizumab
were initially derivatized with on average 0.5 desferrioxamine
chelators, followed by an introduction of 0.5 to 5 800CW NIR
dyes, and the biodistribution of the resulting hybrid imaging

compounds was determined in vivo after **Zr-radiolabeling.
It could be shown that the antibody uptake into the liver
proportionally increased with the number of conjugated dyes,
whereas the tumor accumulation decreased to the same
extent.

Thus, in order to achieve optimal imaging results using a
dually labeled hybrid antibody for PET and NIR fluorescence
imaging, the development of a small molecule serving as a
dual-label would be of advantage. This molecule could consist
of a chelator for radiometal labeling, the NIR dye, and a
functionality enabling a concomitant conjugation of both
labels in only one position of the antibody, thus limiting its
structural change to an absolute minimum.

2.4. Nanoparticles as a Platform for Hybrid PET/OI Agents.
Nanoparticles—in contrast to biomolecules—exhibit the
advantage of possessing a large surface which can easily
be modified with functional groups for the conjugation
of targeting vectors, radiolabels, and fluorescent dyes. On
the other hand, they also face several problems: (i) they
necessitate a stable coating for functionalization, (ii) exhibit
a long tissue retention, (iii) only insufficient knowledge is
avaijlable about their toxicity (especially in case of quantum
dots, consisting of Cd ions and other potentially toxic metals),
metabolism, and excretion, and (iv) they strongly accumulate
in the reticuloendothelial system (RES) and thus in liver,
spleen, bone marrow, and lymph nodes. Furthermore, the
stoichiometry of the conjugated moieties is difficult to control
or quantify after reaction. Nevertheless, most of the hybrid
compounds developed for dual PET and OI so far are based
on nanoparticles as carriers.

The group of nanoparticles applicable as structural basis
for hybrid PET/OI agents consists of several different sub-
groups: polymer-based nanoparticles [60], lipid-based par-
ticles such as micelles [61] and liposomes [62], carbon-
based systems such as nanotubes [63], and also metal-based
nanoparticles such as iron oxide [5, 27, 64-67], silica [8], and
upconversion nanoparticles [68, 69] as well as quantum dots
(QDs) [70-73].
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QDs are fluorescent semiconductor nanocrystals whose
fluorescent properties can be influenced by the particle
size and composition. Furthermore, they exhibit high quan-
tum yields and photostability [74], making them interest-
ing fluorophores for the development of compounds for
hybrid PET/optical imaging when stably radiolabeled with
a positron-emitter (Figure 6(a)). Superparamagnetic iron
oxide nanoparticles on the other hand are detectable by MRI,
enabling a triple-modality imaging with PET/OI and MRI
when derivatized with fluorescent dyes and radionuclides
(Figures 6(b) and 6(c)) [27, 64]. QDs as well as iron oxide
nanoparticles have to be coated with biocompatible materials
to render them amenable for an in vivo application. This
coating can consist of different materials such as SiO, or other
inorganic material, dextran, micelles, or polyethylene glycols
(PEGs) and furthermore enables a chemical modification
of the surface of the particles with dyes, radiolabels, and
targeting vectors allowing for a target-specific accumulation
(Figures 6(d) and 6(e)). An alternative to the approach
of chemical modification of the coating of a nanoparticle
with NIR dyes in order to obtain a fluorescent agent is
the encapsulation of the fluorophore within the particle
coating (Figure 6(b)) which has been shown to result in a
much higher fluorescence signal and photostability of the
fluorescent dye than a surficial dye conjugation (Figure 6(c))
(8, 27].

An important factor in the design of particles intended
for in vivo imaging purposes is their sufficient stability over
the duration of the examination. Thus, also the radiolabel
has to be stably introduced by covalent conjugation (in case
of nonmetallic isotopes such as '®F or iodine isotopes) or
stable complex formation (in case of radiometal ions). As
the development of hybrid agents for combined PET and OI
is still in the beginning, nanoparticles which do not exhibit
a stable radionuclide introduction have also been reported.
In these cases, the particles were only incubated with the
radionuclide, “trapping” the respective radioisotope by pro-
teins used for coating of the particle surface [61], functional
groups such as primary amines [64], ionic interactions for
18F—labeling [68, 69], or the use an suboptimal chelator for
the applied radiometal [65]. In these cases, liberation of
the radionuclide was inevitable, resulting in the expectable
unfavorable biodistribution characteristics of the radiolabel
and thus low image quality. In other cases, the potential of
the labeled nanoparticles was not demonstrated as the agents
were applied via intratumoral injection [62] or incubated
with tumor cells that in the following could be visualized in
animals directly after implantation of the labeled cells [66].

In contrast, also well-designed hybrid nanoparticle
probes were described, showing highly promising results and
giving directions for further developments.

Asalready mentioned, the particle coating allows not only
for the conjugation of fluorescent dyes and radiolabels but
also for modification with a targeting vector such as peptides
or proteins for enabling a tumor-specific accumulation and
imaging, but only few examples of such targeted particles
can be found. Two of them describe the surface-modification
of ®Cu-labeled QDs with VEGF and c¢(RGDyK) for

in vivo imaging of angiogenesis and, in both cases, a VEGFR,
and «,f3; receptor-specific binding could be demonstrated
in vitro and in vivo [70, 71]. Although the major fraction
of the particles was shown to rapidly accumulate in the
reticuloendothelial system (which is attributed to their
size of about 20 nm), both particles allow a visualization
of the tumor entity in the respective tumor xenograft
mouse models. Furthermore, they show a targeting-vector
dependent accumulation as the respective particles without
a VEGF or ¢(RGDyK) derivatization show only a back-
ground level tumor accumulation. Another even more
favorable example of a hybrid nanoparticle was described
very recently. Small silica particles of 6-7 nm in diameter
comprising encapsulated NIR dye Cy5.5 were PEG-coated
in order to achieve a higher biocompatibility and lower
liver accumulation. These particles were further derivatized
on their surface with ¢(RGDyK) and radiolabeled with
24T on the tyrosine moiety of the peptide. These particles
were successfully used for whole-body PET imaging for
tumor and multiple metastases visualization (showing a very
favorable biodistribution without accumulation the RES) as
well as intraoperative imaging guidance in a spontaneous
melanoma miniswine model [8]. The intraoperative imaging
was performed using a hand-held fluorescence imaging
camera allowing for real-time fluorescence imaging and
surgical guidance. By this, it was possible to identify sentinel
lymph nodes and to discriminate between metastatic tumor
infiltration and inflammatory processes during surgery. This
example of presurgical whole-body PET imaging together
with subsequent intraoperative optical image-guided surgery
in a larger animal shows the very high clinical potential of
this approach.

In order to overcome the short circulation half-life and
rapid RES accumulation of nanoparticles, resulting in a very
low interaction probability of the imaging agent with the tis-
sue to be visualized, the use of smaller particles (<12 nm) has
been proposed [71, 73]. Furthermore, PEGs can be attached
to the particle surface. This modification slows the particle
resorption by liver and spleen [72, 73] but can in return result
in a higher bone marrow uptake of the compounds in vivo
[71, 73]. Particles comprising no targeting vector showing a
rapid accumulation in the RES can however also be useful,
especially for sentinel lymph node (SLN) mapping (Figure 1)
[27, 60].

3. Conclusion

So far, the obtained results for hybrid PET/OI agents are
variable. Nevertheless, some examples already show the high
potential of these substances for target visualization with both
imaging modalities. Future developments of dually labeled
hybrid imaging agents for PET/OI exhibiting a favorable in
vivo biodistribution and being applicable in a multimodal
clinical setting face the challenge to introduce a radiolabel
as well as a fluorescent reporter probe by at the same
time preserving the favorable pharmacokinetic properties
enabling a successful and specific target visualization.
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Promising probes developed so far comprise dually
labeled nanoparticles, antibodies, and peptides although the
agents based on each of these substance classes require a
careful optimization regarding the overall biodistribution of
the hybrid agents. Thus, one focus of future developments
could be the design of small molecules comprising the
radionuclide as well as the NIR dye enabling the ideally
site-specific, one-step dual-labeling of biomolecules, exerting
only a minor structural alteration to the targeting vector
and thus only a minor effect on its bioactivity resulting in
highly potent compounds for hybrid imaging. In case of
nanoparticles, the pharmacokinetic properties need to be
optimized in order to minimize their uptake by the RES
and to maximize their target-specific accumulation. Such
developments could then result in hybrid imaging agents
having a significant impact on whole-body in vivo target
detection by PET as well as subsequent optical imaging-
guided intraoperative curative surgery.
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