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ABSTRACT: The new readily available prosthetic group,
tetrafluorophenyl 4-fluoro-3-iodobenzoate (TFIB), designed
for both molecular imaging and targeted radionuclide therapy
purposes was radiolabeled either with fluorine or iodine
radionuclides with excellent radiochemical yields and purities.
These radiolabeled tags were conjugated to N,N-diethylethy-
lenediamine to give melanin-targeting radiotracers [125I]9 and [18F]9, which were successfully evaluated by PET and gamma
scintigraphic imaging in B16F0 pigmented melanoma-bearing C57BL/6J mice. Then, radiolabeled [125I]/[18F]TFIB was used to
tag tumor-targeting peptides (i.e., PEG3[c(RGDyK)]2 and NDP-MSH targeting αvβ3 integrin and MC1R receptors, respectively)
in mild conditions and with good radiochemical yields (47−83% d.c.) and purities (>99%). The resulting radiolabeled peptides
were assessed both in vitro and by PET imaging in animal models.
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Iodine radioisotopes are the radiohalides most widely used
for the labeling of small organic compounds, peptides,

antibodies, oligonucleotides, or nanoobjects. This is due to the
remarkable physical properties of several iodine radioisotopes
(e.g., 125I, 123I, 124I, and 131I), which allow a broad range of
applications from biochemical research to nuclear medicine.1

For the radioiodination of compounds with no aromatic group
or that are sensitive to radiolabeling conditions, the most useful
technique remains the use of iodine-containing prosthetic
groups. Accordingly, a variety of radioiodinated bifunctional
agents have been developed that exploit conjugation strategies
such as acylation, hydrazone, imidate, or carbamate formation
or thiol alkylation.2−4 Among them, the best known and most
extensively studied labeling agents are two activated esters, N-
succinimidyl 3-(4-hydroxy-3-iodophenyl) propionate5 (also
called Bolton−Hunter reagent) and N-succinimidyl 3-iodoben-
zoate (SIB)6 (Figure 1). In the growing field of personalized
cancer medicine, tumor-targeted radioiodinated agents are
promising tools for multimodal or theranostic purposes.

According to the iodine radioisotope used, they can enable
imaging by single-photon emission computed tomography
(SPECT, with 123I) or positron emission tomography (PET,
with 124I) for the diagnosis and/or stratification of patients,
followed by targeted radionuclide therapy with 131I. PET, the
most sensitive functional imaging technique, is preferred.
However, the physical properties of 124I present some
limitations7 (t1/2 = 4.2 d; β+ 1.5 and 2.1 MeV, 22%) that
reduce the spatial resolution of PET images and so lead to high
patient dosimetry.
We set out to develop an isostructural prosthetic group

allowing both fluorine and iodine radiolabeling. Such a
prosthetic reagent could facilitate clinical transfer of new
tandem PET and therapeutic radiopharmaceuticals for the
following reasons: first, 18F (t1/2 = 109.8 min) is currently the
PET radionuclide of choice given its favorable nuclear and
chemical properties, including its decay process (97%, β+

emission) and low positron energy (635 keV). Second, 18F
and 131I are inexpensive, do not suffer from production
limitations, and are currently available in pharmaceutical
grade, unlike other pairs of PET-therapy radioisotopes such
as 64Cu−67Cu, 44Sc−47Sc, 86Y−90Y, or 71As−77As.8 Finally, the
radioiodinated or radiofluorinated conjugates will possess
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Figure 1. Examples of common iodinated aromatic prosthetic groups.
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similar physicochemical properties (e.g., lipophilicity, steric
hindrance, polarizability, etc.), a key parameter when
developing tumor receptor-targeting ligands.
Nevertheless, the “ideal” prosthetic group has to meet certain

criteria: (i) it should be a small organic compound with a low
steric hindrance to avoid as far as possible any modifications of
the pharmacological properties of the coupled bioactive
compound; (ii) the radiolabeled prosthetic group precursors
must be readily available for widespread use; they must be
synthesizable in very few steps starting from commercially
available reagents, with fast and reliable protocols; (iii) the
radiolabeled prosthetic group must be obtainable promptly in
high radiochemical yield, purity, and specific activity; (iv) the
coupling reaction must be fast and use mild reaction conditions,
with high selectivity, high yield, and easy purification methods;
and (v) conjugates must be stable toward in vivo dehalogena-
tion.
In this context and on the basis of our earlier work on the

development of (hetero)aromatic benzamides for PET imaging
and targeted radionuclide therapy of melanoma,9,10 we
designed the first bimodal fluorinated and iodinated prosthetic
group, the tetrafluorophenyl 4-fluoro-3-iodobenzoate (3 or
TFIB, Scheme 1), as a suitable acylating agent for the labeling

of a broad variety of compounds bearing a primary amine
function. Here we present preliminary results of the synthesis,
radiolabeling, and biological applications of TFIB, highlighting
its potential for both PET imaging and targeted radionuclide
therapy applications.
TFIB was prepared in two steps, starting from commercial 3-

amino-4-fluorobenzoic acid (1, Scheme 1): diazotization−
iodination giving compound 2 followed by esterification with
2,3,5,6-tetrafluorophenol (TFP) using an acyl chloride
intermediate.
It should be noted that the tetrafluorophenyl ester group was

chosen as the activated ester function for its high stability under
basic conditions, frequently used for amide bond formation.11,12

TFIB was thus obtained with 54% overall yield.
For radioiodination, we decided to use a (perfluoro)tin

derivative as precursor (4, Scheme 1). It allows high specific
activity radiolabeling under mild conditions and can be easily
separated from radioiodinated TFIB using FluoroFlash solid-
phase extraction cartridges (F-SPE), avoiding time-consuming

purification by HPLC.13 Precursor 4 was synthesized from
TFIB by treating (perfluoro)tin bromide with an organozinc
intermediate14 generated in situ using a cobalt-Xantphos-
catalyzed LiCl-mediated protocol.15,16 Precursor 4 was thus
prepared in a one-pot two-step procedure starting from TFIB,
with 28% overall yield.
A three-step radiolabeling strategy starting from methyl ester

7 (Schemes 1 and 2) was carried out and based, for the

radiofluorination precursor, on a trimethylammonium triflate
salt as leaving group for fluorine-18 aromatic nucleophilic
substitution. Indeed, this salt is highly soluble in organic
solvents and tends to be more reactive than compounds with
halogen or nitro leaving groups.17,18 It can also be readily
purified using a C18 solid-phase extraction cartridge (C18-
SPE). Precursor 7 was prepared in two steps, starting from
commercial methyl 4-amino-3-iodobenzoate (5): reductive
amination, in the presence of paraformaldehyde and sodium
cyanoborohydride,19 yielded quantitatively the derivative 6,
which was then methylated with methyl trifluoromethanesul-
fonate to give the quaternary ammonium triflate salt 7 in 49%
overall yield.
High specific activity radioiodination of TFIB was carried out

by iodo-demetalation of organotin 4 with iodine-125 (t1/2 =
59.9 d; γ 35 keV, Scheme 2).
It should be noted that this radioisotope was used as a

radiolabeling model for iodine-131 (t1/2 = 8.0 d; β− 606 keV,
90%, γ 365 and 637 keV, 89%) for first preclinical
developments. Precursor 4 was treated with [125I]NaI in the
presence of the gentle oxidizing agent iodogen and acetic acid,
at RT. [125I]TFIB was then purified by F-SPE (F-SPE
separation depends on the fluorine content of each loaded
compound and on the fluorophilicity of the solvents used) and
formulated on a C18-SPE. Radiolabeled prosthetic group
[125I]TFIB was finally obtained in MeCN with 60 min total
preparation time, 71% overall radiochemical yield (RCY),
radiochemical purity (RCP) > 99%, and a specific activity (SA)
of 30−35 GBq·μmol−1. [125I]TFIB in MeCN was radiochemi-
cally stable at RT for at least 4 d after preparation.
Fully automated three-step radiosynthesis of [18F]TFIB was

developed on a Raytest SynChromR&D bireactor module
(Scheme 2). Nucleophilic substitution of compound 7 by the

Scheme 1. Preparation of TFIB and Radiolabeling
Precursorsa

aReagents and conditions. (a) HCl, NaNO2, KI, 0 °C, 0.5 h then RT 3
h, 86%; (b) 1. (COCl)2, DMF, CH2Cl2, 0 °C, 0.5 h, then RT, 17 h; 2.
TFP, NEt3, CH2Cl2, RT 4 h, 63%; (c) 1. LiCl, Zn, THF,
dibromoethane, Me3SiCl, Xantphos, CoCl2, 50 °C, 3 h; 2.
tris(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)tin bromide, THF, 50
°C, 72 h, 28%; (d) paraformaldehyde, NaBH3CN, AcOH, RT, 4 h,
99%; (e) MeOTf, Et2O, RT, 4 d, 49%.

Scheme 2. Radiosyntheses of [125I/18F]TFIBa

aReagents and conditions. (a) [125I]NaI, AcOH, iodogen, MeOH, RT,
40 min, 71%; (b) [18F]KF, K222, MeCN, 80 °C, 4 min; (c) 1. NaOH
0.5 N, 50 °C, 2 min; 2. HCl 0.5 N; (d) DCC, TFP, 40 °C, 5 min,
overall RCY 32% (d.c.).
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dry [18F]KF, K222 complex (5−10 GBq) at 80 °C in MeCN
gave [18F]8 in 4 min (65−85% decay-corrected, d.c.).
Subsequent saponification with a 0.5 N aqueous NaOH
solution at 50 °C for 2 min provided [18F]2 as a sodium
carboxylate salt (99% d.c.). Acidification of the media with a 0.5
N aqueous HCl solution was then necessary to trap
intermediate [18F]2 on a C18-SPE cartridge. After elimination
of hydrophilic and charged compounds with H2O elution,
[18F]2 was eluted in the second reactor with MeCN. The
solution was further azeotroped at 100 °C for 5 min in the
presence of Bu4NOH (0.1 M/MeOH). Esterification of [18F]2
with N,N′-dicyclohexylcarbodiimide (DCC) and TFP in
MeCN at 40 °C for 5 min then yielded [18F]TFIB (68−78%
d.c.). Semipreparative HPLC purification followed by for-
mulation on a C18-SPE cartridge provided [18F]TFIB in 61
min with 32% overall RCY (d.c.), RCP > 99%, and SA of 30−
55 GBq·μmol−1. [18F]TFIB was obtained in MeCN ready for
coupling, and the solution was radiochemically stable at RT for
at least 3 h after preparation.

To validate our approach, we tested three [125I/18F]TFIB
coupling reactions (Scheme 3 and Table 1). We first
investigated the reaction between [125I/18F]TFIB and N,N-
diethylethylenediamine, providing [125I/18F]9, a benzamide
analogue of previously studied melanin-targeting ligands.9

[125I/18F]9 was obtained in a very short time (8−15 min),
with excellent RCY (>90%, d.c.) and RCP (>99%). We then
investigated coupling reactions between [125I/18F]TFIB and
well-known tumor-targeting peptides NDP-MSH20 (targeting
melanocortin type 1 receptor (MC1R), overexpressed by most
melanoma cells) and PEG3[c(RGDyK)]2

21 (targeting αvβ3
integrin, overexpressed by numerous tumor cells), affording
[125I/18F]FIB-NDP-MSH and [125I/18F]FIB-PRGD2, respec-
tively. For these reactions, carried out in mild conditions, many
parameters were optimized, such as the pH, the temperature
and duration of reaction, the total volume of solvent, and the
ratio between the volumes of acetonitrile (TFIB) and buffer
(peptide). These coupling reactions provided the radiolabeled
peptides in a short time (25−60 min) with good RCY (47−
83%, d.c.) and RCP (>99%). Chemical structures of conjugated

Scheme 3. General Synthesis Pathway for Coupling Reactions between TFIB and the Three Compounds of Interest Chosen

Table 1. Labeling Conditions and Radiochemical Data for Radiohalogenated 9, FIB-NDP-MSH, and FIB-PRGD2

compd
volume of [X]TFIB/MeCN

solution
amount of amine reagent (solvent/

volume)
reaction

temperature/time purification
preparation

time RCYa RCPb

[125I]9 2 mL 10 μL RT/10 min C18-SPE 15 min 92% >99%
[18F]9 2 mL 10 μL (MeCN/1 mL) RT/3 min C18-SPE 8 min 90% >99%
[125I]FIB-NDP-
MSH

33 μL 100 μg (borate buffer pH 8.0/100
μL)

45 °C/30 min HPLC 60 min 83% >99%

[18F]FIB-NDP-
MSH

1.2 mL 1.5 mg (borate buffer pH 8.0/1.5
mL)

50 °C/10 min HPLC 25 min 57% >99%

[125I]FIB-PRGD2 33 μL 100 μg (borate buffer pH 7.6/100
μL)

45 °C/30 min HPLC 60 min 78% >99%

[18F]FIB-PRGD2 1.2 mL 1.5 mg (borate buffer pH 7.6/1.5
mL)

50 °C/15 min HPLC 31 min 47% >99%

aRadiochemical yields are decay corrected. bRadiochemical purity determined by analytical HPLC.
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peptides were confirmed by MALDI-ToF mass spectrometry
for their nonradioactive counterparts.
The in vivo stability of [125I/18F]9 and its affinity for melanin

pigment were investigated in vivo by γ scintigraphic and PET
imaging in primary melanoma-bearing mice. For [125I/18F]9,
tumor uptakes and good clearances from nonpigmented tissues
were noted (Tables 3 and S1, Supporting Information), giving
high-contrast PET images ([18F]9, Figure 2). Moreover, the

tumor uptake values for [125I]9 and [18F]9 were quite similar
and consistent at 1 and 3 h p.i. In addition, no radio-
defluorination and only a slight radiodeiodination were
observed, indicating that [125I/18F]9 was quite stable in vivo.
To investigate the influence of the prosthetic group on the
biological properties of both peptides, in vitro competitive
receptor-binding assays were carried out (see Table 2). The

calculated IC50 value for the binding affinity to MC1R of FIB-
NDP-MSH was found to be lower than for the reference NDP-
MSH. The same trend was observed for the binding affinity to

αvβ3 integrin of FIB-PRGD2 compared with the reference
echistatin.
These results indicate that the 4-fluoro-3-iodobenzamide

moiety does not interfere with the binding properties of the
two bioactive peptides. In vivo PET imaging evaluation of
[18F]FIB-NDP-MSH and [18F]FIB-PRGD2 was conducted in
primary melanoma-bearing mice and in primary glioblastoma-
bearing mice, respectively. Considering tumor uptake (see
Table 3), results with [18F]FIB-NDP-MSH are similar to those
described for NDP-MSH radiolabeled with [125I]SIB or para-
iodo N-succinimidyl 4-iodobenzoate [125I]PIB.22,23

For [18F]FIB-PRGD2 we noted a slightly higher tumoral
uptake in αvβ3 integrin positive tumors than in those
determined with PRGD2 labeled with other 18F-prosthetic
groups.24,25 No defluorination was observed for either radio-
peptide between 1 and 3 h p.i. The observed predominant
renal-urinary clearance route is also consistent with published
results.16,17 These preliminary in vivo PET imaging results
suggest that the 4-fluoro-3-iodobenzamide moiety do not
appear to interfere with the biological activity of both tested
peptides.
In conclusion, we have developed a new prosthetic group

that can be selectively radiofluorinated or radioiodinated with
excellent radiochemical yields and purities. These radiolabeled
acylating agents were first validated on a pigmented melanoma
model through a melanin-binding benzamide approach and
then successfully applied to the labeling and PET imaging of
tumor-targeting peptides. These preliminary results encourage
us to develop a more convenient procedure for the radio-
fluorination of TFIB (i.e., reducing the number of steps and/or
the overall radiolabeling time) as well as to implement these
findings in an extensive preclinical study involving PET imaging
stratification and targeted radionuclide therapy applications.
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Figure 2. In vivo PET maximum-intensity-projection images at 1 h
after injection. (A) [18F]9 biodistribution in B16F0 primary
melanoma-bearing C57BL/6J mice. (B) [18F]FIB-NDP-MSH bio-
distribution in B16F10 primary melanoma-bearing C57BL/6J mice.
(C) [18F]FIB-PRGD2 biodistribution in U87-MG primary glioblasto-
ma-bearing nude mice. Arrows indicate the tumor (T), kidneys (K),
and bladder (Bl).

Table 2. Receptor-Binding Affinities (IC50) of Reference
Peptides and FIB Conjugates

compd MC1 receptor IC50 (pM)a αvβ3 receptor IC50 (nM)b

[125I]NDP-MSH 71 ± 4
FIB-NDP-MSH 21 ± 1
[125I]echistatin 1.40 ± 0.01
FIB-PRGD2 1.10 ± 0.60

aB16F10 murine melanoma cells. bU87-MG human glioblastoma cells.

Table 3. PET Quantitative Analysis of Tumors and Selected Tissues at 1 and 3 h after i.v. Injection of Radiotracer in Mice

compd time tumord muscled boned TMRe

[18F]9a 1 h 6.8 ± 1.9 1.1 ± 0.6 0.9 ± 0.1 6.5 ± 2.4
3 h 6.9 ± 0.5 0.4 ± 0.1 0.5 ± 0.1 15.5 ± 1.5

[18F]FIB-NDP-MSHb 1 h 1.4 ± 0.9 0.3 ± 0.2 0.4 ± 0.2 4.0 ± 0.8
3 h 0.7 ± 0.2 0.1 ± 0.0 0.2 ± 0.1 4.3 ± 1.2

[18F]FIB-PRGD2c 1 h 7.3 ± 1.0 1.6 ± 0.7 1.7 ± 0.8 5.3 ± 2.5
3 h 4.3 ± 1.0 0.9 ± 0.2 1.5 ± 0.9 4.9 ± 0.1

aB16F0 primary melanoma-bearing C57BL/6J mice. bB16F10 primary melanoma-bearing C57BL/6J mice. cU87-MG primary glioblastoma-bearing
nude mice. dData are expressed as percentage of injected dose per gram of tissue (%ID·g−1) ± SD. eTumor-to-muscle ratio.
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