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Abstract

Peptides have an important role in organism and its high quantity present in
tumors leading to development of radiolabeled peptides for tumor-specific
imaging. Once the traditional methodologies used for radiofluorination do
not work with peptides, due to their harsh conditions, other radiolabeling
strategies had to be developed to supply the need. Direct radiofluorination is
either an inefficient method, and the use of bidirectional groups, or prosthetic
groups, is needed to enable the binding between the radionuclide fluorine-18
and a peptide functionalized. New peptides radiolabeling strategies have been
developed sourcing increase the synthesis yield, its chemoselectivity, and the
binding stability, and reduce the total process time and the number of steps
required. The progress of radiofluorination methodologies led to develop-
ment of the amidation, acylation, imidation, and alkylation techniques, the
use of thiol groups, photochemical conjugation, chemoselective reactions,
and “click chemistry”, in addition to use of FDG molecule and heteroatoms
as linkers. This paper presents the main strategies used for peptides radioflu-
orination, presenting their positive and negative points, and the prosthetic
groups most used in each method.
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1. Introduction

Peptides have an important role in organism, regulating growth, cellular func-
tion, and intercellular communication in normal and tumoral tissues, through re-
ceptors [1] [2] [3] [4]. In general, tumor cells present a higher quantity of recep-
tors for peptides than normal cells, enabling the use of these peptides for visua-
lization of tumors [2] [3] [5] [6] [7]. Because of that, the research of radiolabeled
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peptides for tumor-specific imaging has increased in the last decades [5] [6] [7].

The use of radiolabeled peptides has advantages over other ligands like small
molecules, proteins, and antibodies due to small size, has a favorable pharmaco-
kinetics, with rapid clearance from blood and non-target tissues; they have high
receptor binding affinity and high tumor penetration, with low toxicity and with-
out immunogenic effects; they can have your structure easily modified to increase
their affinity, modify their biodistribution profile or change the route of excre-
tion; they can be easily synthetized with low costs and GMP grade, and easily ra-
diolabeled enabling the formulation of synthesis kits [1]-[7]. Peptides have either
a low biologic half-life by reason of their low stability to enzymatic degradation,
that can be improved by molecular modification with introduction of unnatural
aminoacids, amidation, acetylation, glycosylation and PEGylation, or by modifi-
cation in the radiolabeling strategy with introduction of chelating agents [1] [2]
(31 [5] [7] [8].

Radiolabeling of peptides is mainly represented by binding with radiometals,
as the ease of the technique. Although there are several radiometals available,
none of them has the ideal characteristics for the PET routine. The radionuclide
that comes closest to the ideal is the *F, since its low positron energy (0.635
MeV), its half live of 109.8 minutes, and its clean decay profile (97%), leading to
a high-resolution PET imaging [9] [10] [11] [12].

Direct labeling of peptides with ®F is not possible. The traditional labeling
method, nucleophilic substitution, demands extreme conditions, such as strong
bases and high temperatures, that lead to denaturing of the peptide [2] [7] [11]
[12]. The electrophilic substitution results in products with low specific activity,
mainly due to the low regioselectivity of the *F-labeling position, leading to mul-
tiple isomers [11]. Because of that, the peptides labeling is only possible through
bifunctional groups, also referred to as prosthetic groups [2] [7] [11] [12].

Prosthetic groups are bifunctional agents, with two different sites; one site al-
lows labeling of radionuclide (**F) while the other has functional groups that co-
valently bond with the peptide. These groups are developed to tolerate harsh
conditions, such as high temperatures, being thermodynamically and kinetically
stable and preventing the degradation of the radiolabeled product [2].

The use of a prosthetic group requires its previous synthesis, which adds mul-
tiple steps until the end of the radiolabeling process, increasing the total time
required for the synthesis of the radiopharmaceutical and reduces its radiochemi-
cal yield [12]. Therefore, the optimal synthesis methodology must consist of two
main steps: the first is a high yield labeling of a stable prosthetic group with '*F;
the second is a chemoselective coupling of the radiolabeled prosthetic group with a
functionalized unprotected peptide [11].

Peptide functionalization is a strategy to increase the chemoselectivity and the
stability of the prosthetic group-peptide linkage, directing where the covalent
bond should be formed. Peptides can be functionalized with groups such as
amine, aminooxy, hydrazine, alkyne, azide and others (Figure 1), depending on
the synthesis strategy chosen [2].
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Figure 1. Groups used to peptide functionalization.

In the last decades, new peptides radiolabeling strategies have been developed,
sourcing increase the synthesis yield, its chemoselectivity, and the binding sta-
bility, in addition to reducing the total process time and the number of steps re-
quired, always in search of the ideal methodology. This sourcing led to develop-
ment of the amidation, acylation, imidation, and alkylation techniques, the use
of thiol groups, photochemical conjugation, chemoselective reactions, and ‘click

chemistry’, in addition to use of FDG molecule and heteroatoms as linkers.

2. Methods of Peptide Radiofluorination

The most traditional method for peptides radiofluorination is based on the nuc-
leophilic groups present in peptides, as amidation, acylation and imidation [7]
[12] [13]. The acylation method uses a radiolabeled prosthetic group with an ac-
tivated ester and a primary amine on peptide [7] [11] [12]. Using an opposite
approach, the amidation methodology uses a radiolabeled amine for coupling
with an activated carboxylic group on the peptide, forming an amide group [7]
[11]. Once nucleophilic groups such as amino, carboxyl, and hydroxyl, can be
present in peptides, this method requires the protection of the amine groups on
side chains [7] [13] [14]. In this regard, the addition of the radiolabeled and ac-
tivated prosthetic group can be done during peptide synthesis, while the side
chain groups are still protected, using the “solid phase radiolabeling approach”
[11] [14]. The mainly eletrophic prosthetic groups that can be used in these me-
thodologies are ['*F]fluorobenzoate ([**F]SFB), 4-nitrophenyl 2-['*F]fluoropro-
prionate (['*F]NPFP), N-succinimidyl 8-[4’-(['*F]fluorobenzyl)amino]suberate
([**F]SEBS), 3-['®F]fluoro-5-nitrobenzimidate ([**F]FNB), and others [11] [15] [16].
Despite these methodologies present good conjugation yields and high in vivo
stability, use of ['*F]fluoromethylbenzoates and other similar substituted aro-
matic compounds can result in decomposition, because of the linkage low stabil-

ity, and use of deprotected groups on side chains can lead to undesired side reac-
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tions [11] [17].

The alkylation is a similar method, also based on nucleophilic groups in pep-
tides, that uses free sulthydryl groups present in peptides, mainly in cysteine re-
sidues, with thiol-reactive prosthetic groups [2] [7] [11] [12] [15]. Once the nat-
ural sulthydryl groups are not abundant in peptides, the use of thiol-reactive
prosthetic groups enable the modification in specific sites of the peptides, to in-
crease the chemoselectivity [11] [14]. In alkylation, the conjugation prosthetic
group-peptide can be made using a labeled prosthetic group with a thiol-func-
tionalized biomolecule or using labeled fluorothiol group with a haloacetylated
peptide precursor, in a reverse strategy [11]. A prosthetic group generally used
in alkylation methodology is 4-['®*F]fluorophenacyl bromide (['*F]FPB) [16].

Thiol groups can be used in other fluorolabeling strategy based on thiol-male-
imide coupling chemistry [2] [11] [16]. This approach uses the Michael addition
chemistry to couple a maleimide reagent group with peptide containing a thiol
and an amine group, resulting in highly effective products [11]. The prosthetic
groups 1-[3-(2-[*F]fluoropyridin-3-yloxy)propyl]pyrrole-2,5-dione ([**F]FPyMe),
and N-2-(4-[**F]fluorobenzamido)ethymaleimide (['"*F]JFBEM) are used in this
methodology [2].

The labeling methodology of photochemical conjugation was based on well-
established techniques used in biochemistry, such as photoaffinity labeling. This
methodology uses compounds which generate reactives species after a photolysis
reaction. In general procedures, phenylnitrenes can form substituted azepines by
nucleophilic addition. To use this method for radiofluorination, the prosthetic
group 4-azidophenacyl-[**F]fluoride (['*F]APF) is used. ["*F]APF irradiation with
UV light of 365 nm, in the presence of peptides or proteins, results in a radio-
chemical conjugation product with high yields. However, once the prosthetic
group APF has a lipophilic profile, the protein/peptide binding is affected, be-
coming highly unspecific. In addition, to achieve a satisfactory yield, high con-
centrations of the protein/peptide are required, improving the cost of the syn-
thesis [11].

As the synthesis of the prosthetic groups used in the methodologies previously
mentioned are multistep procedures, new methodologies sourcing simplifies the
process and decrease the number of steps needed were developed [2] [11] [16].

The first developed strategy was chemoselective reactions. This strategy uses
aldehydes, alkynes, or azides derivatives, labeled with '*F, to bind to a hydroxyl
amino (aminooxy) group present in a peptide, forming an oxime bond [2] [11]
[18]. This methodology demonstrated to be a highly efficient and selective reac-
tion, used for proteins, peptides, carbohydrates, and oligonucleotides fluorina-
tion [18]. In a similar strategy, the prosthetic group can be used to bind with a
hydrazino-group (hydrazinonicotinic acid-NYNIC) present in the peptide, form-
ing a hydrazone bond [11] [12] [19]. Some prosthetic groups used are 4-['*F]
fluorobenzaldehyde ([**F]FBA) and (p-(di-t-butyl['*F]fluorosilyl)benzaldehyde)
([*®F]SiFA-A) [2] [18]. All these groups are produced in one step synthesis, form
an effective bond with excellent pharmacokinetic properties and allow the use of
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unprotected peptides, just with an aminooxy functionalization [2] [11] [19].
Despite the high efficiency of this strategy, it is highly dependent on pH, peptide
concentration, reaction time and temperature [11].

All methodologies and strategies discussed above have one problem in com-
mon: products with high lipophilicity. This characteristic leads to a high non-
specific uptake in the liver, to a low tumor uptake and to a hepatobiliary excre-
tion, that limit the use of the labeled product [2] [11] [20].

Another developed strategy to simplify the process and decrease the product
lipophilicity was the Huisgen cycloaddition or “click chemistry”. This reaction is
a copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition (CuAAC) between
azides and alkynes, a highly regioselective reaction resulting in 1,4-disubstituted
1,2,3-triazoles [7] [14] [16]. This methodology is a two-step approach that can be
done through reaction of ['*F]fluoroalkynes with azido-functionalized peptides
or of PEGylated ["*F]fluoroazides with alkynyl-functionalized peptides [14] [21].
The obtained products are relatively stable, with a large dipole moment, and
with an increased polarity due the nitrogen atoms that can form hydrogen bonds
[14]. Although the “click chemistry” was an efficient, stereospecific, and high-
yielding technique, the copper cytotoxicity was a complicated obstacle [16] [22]
[23]. The duration of the reaction transformation is high and may take hours to
complete; to avoid this problem, the use of a microwave can be done [14].

To reduce the lipophilicity of radiolabeling peptides, modification into pep-
tide backbones can be done by introduction of sugar moieties, improving the
pharmacokinetic profile of the radiopharmaceutical, with lipophilicity decreas-
ing and leading to renal excretion, and without affecting the receptor affinity [2]
[4]. For this strategy, glycosylation e polyethylene glycol (PEG) conjugations can
be used [2]. In glycosylation, the radiopharmaceutical [**F]fludeoxyglucose
([**F]FDG) is used as a prosthetic group, in a highly selective reaction [24].
Beyond the advantages presented, the use of ['*F]FDG as a prosthetic group in-
creases the peptide absorption, the quality of PET images, in view of the high
tumor-tissue rate, and the metabolic stability [12] [25] [26] [27] [28]. The labe-
ling occurs between an aldehyde function and an aminooxy group present in an
unprotected peptide, forming an oxime bond [12] [24]. The reaction done in
aqueous solution leads to an equilibrium between two mutarrotational forms of
[®F]FDG: a-ciclic and S-pyranose; an acyclic intermediary, with an aldehyde
group is selectively used to the peptide labeling [12] [24] [29] [30]. Once a high
quantity of peptide is required to achieve a satisfactory yield in this methodolo-
gy, a modification in the ['"®*F]FDG structure can be done to increase the labeling
yield with a lower peptide quantity: substitution of carbon-1 by a carbonyl group,
remaining the closed structure of the ['*F]FDG backbone and avoiding the for-
mation of isomeric structures [31] [32]. Although all the advantages presented,
the principal negative point of this method is the difficulties presented to sepa-
rate the glucose-peptide conjugate [12].

The newest methodology of radiofluorination used is a one-step labeling pro-

cedure using heteroatoms, such as B, Al and Si, and macrocyclic ligands [13]
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Table 1. Strategies for peptides radiofluorination.

Methodologies

Acylation,

Amidation,

Imidation,

(Prosthetic group with an
activated ester and a primary
amine)

Alkylation
(Uses free sulthydryl groups)

Thiol groups
(Based on thiol-maleimide
coupling chemistry)

Photochemical conjugation

Chemoselective reactions

Click chemistry

Ligants compounds

(1) ['8F]fluorobenzoate (['*F]SFB),

(2) 4-nitrophenyl 2-[18F]fluoroproprionate
(['*FINPFP),

(3) N-succinimidyl
8-[4’-(["*F]fluorobenzyl)amino]suberate
(['*FISEBS),

(4) 3-[*®F]fluoro-5-nitrobenzimidate ([**F]FNB

(5) 4-["®F]fluorophenacyl bromide ([**F]FPB)

(6) 1-[3-(2-[**F]fluoropyridin-3-yloxy)
propyl]pyrrole-2,5-dione (['**F]FPyMe),

(7) N-2-(4-["®F]fluorobenzamide)ethylmaleimide

([18F]FBEM

(8) 4-azidophenacyl-["*F]fluoride (['*F]APF)

(9) 4-["®F]fluorobenzaldehyde ([**F]FBA),

(10) (p-(di-t-butyl[**F]fluorosilyl)benzaldehyde)

(['*F]SiFA-A),

(11) [*®F]fluoroethylazide,
(12) [**F]fluoroalkynes
(13) [**F]glycosyl azide

(14) [**F]fluoroalkynes
(15) [*®F]fluoroazides

Structures

(1) \
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(o]
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Continued

Heteroatoms
(B, Al and Si, and macrocyclic
ligands)

(16) cyclo-RGD-boronic ester
(17) cyclo-RGD- BF,
(18) silicon-based fluoride acceptor (SiFA)

(16), (17) /©/

(18) tBut

1

tB t
(19) Aluminium-['®F]fluoride (['*F]AIF) ! ﬂ
o/ o 0 o
IGF

[33]. Initially, the radiolabeling with alkyltrifluoroborates and *F was developed,
using aqueous solution and at room temperature [34]. The compound produced
demonstrated to have hydrolytic stability and a rapid clearance [35] [36] [37].
However, the labeling step required a carrier fluoride, leading to low specific ac-
tivities [38]. Therefore, other precursors were used, as cyclo-RGD-boronic ester
and cyclo-RGD-BF4-, achieving high specific activities [39] [40].

Using Si, ["*F]fluorosilanes can be produced from sterically-hindered silanols
and silyl hydrates, to be used in a one-step labeling procedure [41]. Peptides la-
beled with this methodology have an excellent hydrolytic stability, but with a li-
pophilic profile and a hepatobiliary excretion [42] [43] [44]. The silicon-based
fluoride acceptor (SiFA) allows “one-step” and “two-steps” radiolabeling proce-
dures, with a simple SPE purification, high specific activities, and radiochemical
yields, but resulting in the same lipophilic profile [45] [46] [47]. The lipophilicity
can be decreased by modification in the fluoride acceptor structure with addi-
tion of polyethylene glycol (PEG) spaces, carbohydrates, or quaternary ammo-
nium function [48] [49].

The aluminum-["*F]fluoride (['®F]AlF) complex can be used for peptide ra-
diolabeling. This methodology requires the use of macrocyclic ligands, such
2,2°,27-(1,4,7-triazacyclononane-1,4,7-triyl)triacetic acid (NOTA) and 1,4,7-tria-
zacyclononane-1,4-diacetate (NODA), achieving more stable ['**F]AIF complexes
and allowing to use elevate temperatures in the syntheses [33] [50]. The [**F]AIF
complex formation is highly pH dependent, with an optimal range between 4
and 5; acid and basic conditions leading to other compounds formation, to
["F]HF and insoluble species, respectively. Besides that, metallic impurities can
interfere in the yield reaction, requiring high purity reagents, and the use of
co-solvents is obligatory, increasing the radiochemical yield and the solubility of
["*F]ALF complex [50]. This methodology forms thermodynamically stable and
kinetically inert chelates, leading to very stable products, inclusive in physiolog-
ical conditions, with radiochemical yields [44] [50].

Table 1 shows the main strategies for radiolabeling peptides with '*F.
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3. Conclusion

Several methodologies were developed looking for an ideal protocol for peptides
radiofluorination, with short steps and favorable for the development research
or pre-clinical and clinicals application procedures. Although there are many in-
teresting strategies, efforts still have been made to achieve this objective, since
the ideal method remains in the peptide profile and the nature of the aminoacids
residues present in its structure. Modifications in the peptide structure can be
necessary to have satisfactory radiolabeling and now the use of prosthetic groups
has been the more attractive strategy to achieve increased radiochemical yields
and specific activities. Besides, the nature of prosthetic groups can result in more
stable bonds, increasing the physiological stability of the final compound and
allowing the use of high temperatures in the steps synthesis on the conjugation

peptide-prosthetic groups.
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