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Abstract
Numerous radiolabeled peptides have been utilized for in vivo imaging of a variety of cell-surface
receptors. For applications in PET using [18F]fluorine, peptides are radiolabeled via a prosthetic
group approach. We previously developed solution-phase 18F-“click” radiolabeling and solid-phase
radiolabeling using 4-[18F]fluorobenzoic and 2-[18F]fluoropropionic acids. Here we compare the 3
different radiolabeling approaches and report the effects on PET imaging and pharmacokinetics. The
prosthetic groups did have an influence; metabolites with significantly different polarities were
observed.

Non-invasive PETa imaging has become a widely used tool for the detection of many diseases.
1 Among the available positron emitting nuclides [18F]fluorine is particularly widely used
because it can be produced on demand in medical cyclotrons and combines favorable decay-
characteristics (T1/2 = 110 min, mode of decay: 97% β+, maximum β+ energy = 0.64 MeV)
with relative chemical versatility.2 As new disease-specific imaging targets (e.g. cell surface
receptors) are being identified, there is an increased demand for targeted radiotracers.3 Peptides
are receiving much attention for in vivo cancer detection because excellent, tissue-specific
uptake can be achieved. Relying on well-established synthetic chemistries, peptides are readily
produced and modified.3 Strategies include automated syntheses with incorporation of
unnatural amino acids, peptidomimetics, and cyclization, among others, to develop compounds
with desirable pharmacokinetic properties. To make peptides amendable for PET imaging the
[18F]fluorine-radiolabel is introduced using small molecules (prosthetic groups). Examples of
[18F]-labeled peptides for PET imaging include octreotide,4 vasoactive intestinal peptide,5
integrin specific peptides,6–8 Nε-(γ-glutamyl)lysine,9 neurotensin analogs,10 human C-
peptide,11 and insulin.12

The prosthetic group approach involves at least two synthetic steps: Incorporation of [18F]
fluorine into the prosthetic group, and attachment to the peptide. Generally, the prosthetic group
itself should not negatively affect receptor binding, and the synthetic approach should be
applicable to many different peptide substrates with minimal synthetic modifications. For this,
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fast, simple chemistries amendable to automation are desirable for the preparation and
conjugation of the prosthetic group.13 Many different strategies have been explored in recent
years.2 Widely used approaches include the conjugation of free amino groups on the peptide
in solution using 18F-radiolabeled acids such as 4-[18F]fluorobenzoic ([18F]FBA) acid and 2-
[18F]fluoropropionic ([18F]FPA) acid or their activated forms, N-succinimidyl-4-[18F]
fluorobenzoate ([18F]SFB) and p-nitrophenyl 2-[18F]fluoropropionate ([18F]NFP),
respectively. The successful use of activated esters is limited to peptides bearing only one free
amino group, as otherwise a complex mixture of radiolabeled products is obtained. Also, the
low stability of [18F]SFB in solutions at a pH required for the conjugation has been found as
limiting factor in this approach.14 The conjugation of [18F]FBA and [18F]FPA to the
selectively deprotected peptide attached to a solid support has been developed to overcome the
above mentioned drawbacks.15, 16 In the solid-phase approach, the peptide is assembled on
a solid support and only the amino group for the attachment of [18F]FBA or [18F]FPA is
selectively deprotected. The prosthetic group is then conjugated to the peptide using in situ
activation, followed by simultaneous cleavage of radiolabeled peptide from the solid support
and complete side chain deprotection (Table 1, Scheme 1).

For cases where radiolabeling on solid phase is not possible or advantageous, such as
preparations involving certain post-cleavage modifications (eg. introduction of acid sensitive
groups, certain cyclizations) or workups requiring time-consuming purification procedures,
several mild, chemoselective methods have been developed to attach the radiolabeled
prosthetic group to unprotected peptides in solution (e.g. 4-[18F]fluorobenzaldehyde to an
aminooxyacetic acid or a 6-hydrazinonicotinic acid group;17, 18 [18F]fluorothiols to a
chloroacetic acid group19). All chemoselective conjugations of prosthetic groups require
modification of the peptide with a functional group that can provide a chemistry orthogonal to
all other functional groups found in the peptide.

Recently, our group successfully used the copper-catalyzed Huisgen 1,3-dipolar cycloaddition
(“click” chemistry)20, 21 to conjugate ω-[18F]fluoroalkynes to peptides functionalized with
3-azidopropionic acid (Table 1, Scheme 1).22 The formation of 1,4-disubstituted 1,2,3-
triazoles proceeded smoothly under mild conditions and the radiolabeled peptides were
obtained in a short period of time. Subsequently, this approach has been applied for
radiolabeling of different substrates with [18F]fluorine.10, 23–25 As a result of ongoing
improvements in 1,3-dipolar cycloaddition-chemistry and because of its versatility and short
reaction times “click” radiochemistry promises to become a widely used tool for preparation
of radiotracers.

Here we present an evaluation of the feasibility of in vivo imaging with a [18F]-labeled “click”
probe. A20FMDV2, a peptide that selectively binds to the integrin αvβ6, was chosen as model
peptide (Table 1).8, 26 Expression of the epithelial-specific integrin αvβ6 is tightly regulated.
It is low or undetectable in adult tissues but has been shown to be increased in many different
cancers, including colon, cervical, lung, and pancreatic cancer; the integrin has also been
αvβ6 described as a prognostic biomarker linked to poor survival.27–29,30, 31 We have shown
recently in a mouse model that [18F]FBA-A20FDMV2 (1) can be used to selectively image
αvβ6-expressing tumors.8

The same mouse model, male athymic nude mice bearing αvβ6-postitive (DX3puroβ6) and
αvβ6-negative (DX3puro, control) cell xenografts, was employed here for comparison of
[18F]FBA-A20FDMV2 (1), [18F]FPA-A20FDMV2 (2), and [18F]FC5-A20FDMV2 (3)
(Supplementary Information). Data presented compare tracer preparation, microPET imaging,
biodistribution, and an initial metabolic evaluation.
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As mentioned above, compounds 1 and 2 were prepared by solid-phase radiolabeling, while
the chemoselective “click” approach was chosen to prepare 3 from 5-[18F]fluoro-1-pentyne
and N-(3-azidopropionyl)-A20FMDV2 (Scheme 1). All prosthetic groups were attached to the
N-terminal amino group of the peptide chain. Their different chemical nature changed the
chemical properties of the radiotracer, that is size, lipophilicity, and ability to form hydrogen
bonds. The smallest prosthetic group used was [18F]FPA; it has to be noted that this prosthetic
group is obtained as a mixture of enantiomers and therefore the final radiolabeled peptide 2
was a mixture of diastereoisomers. The medium sized 4-[18F]FBA was expected to provide
the final product 1 with increased lipophilicity. Within the set of prosthetic groups evaluated,
the 1,4 disubstituted 1,2,3-triazole ([18F]FC5) in tracer 3 was the largest. However, the large
dipole moment and the ability of the nitrogen atoms in positions one and three of the triazole
ring to form hydrogen bonds decreased the lipophilicity of the final radiolabeled peptide. The
reversed-phase HPLC retention times for the three compounds corroborated these assumptions
(1 16.6 min, 2 14.7 min, and 3 14.7 min; Supporting Figure S1).

Several details are worth noting when comparing the three radiolabeling procedures
summarized in Table 1. Firstly, while labeling with [18F]FBA 13 and [18F]FPA 16, 32 followed
similar procedures, the preparation of 2 required an additional 34 minutes, owing to the required
HPLC purification of the 9-methylanthranyl 2-[18F]fluoropropionate intermediate. Secondly,
when preparing [18F]FBA and [18F]FPA for coupling, DMF (50 μL) was added to the final
solution of the [18F]FBA or [18F]FPA to minimize evaporative loss during removal of the
acetonitrile used as solvent during the preparation. A very gentle stream of nitrogen (100
cm3/min−1) and heating to not more than 100 °C were applied, as more vigorous conditions
led to substantial loss of [18F]FBA or [18F]FPA. Addition of 5–10 μg of N,N,N,N-
tetramethylammonium hydroxide, commonly used to prevent evaporative loss, negatively
affected the yield of the subsequent coupling reaction. For coupling to the peptide, the
prosthetic group (in 50 μL DMF) was withdrawn to a 1 mL fritted syringe containing the pre-
swollen resin, followed by the coupling reagent (HATU in 30 μL DMF) and the base (DIEA
in 30 μL DMF). The order of addition of the regents has been found to be crucial for the success
of the coupling. The optimal amount of the resin was 5 mg. Lower amounts led to lower yields
while higher amounts did not significantly improve them.

When comparing the solid-phase radiolabeling of A20FMDV2 to radiolabeling of other
substrates, it was found that the yields of the coupling reactions depended mostly on the size
and complexity of the peptide. They were 22 ± 4% (n = 5) and 13 ± 3% (n = 3) for coupling
of [18F]FBA or [18F]FPA, respectively, to the 20 amino acid peptide A20FMDV2. By
comparison, coupling yields for [18F]FBA to octapeptides averaged over 50%, but dropped to
about 15% for peptides containing over 50 amino acids. In general the yields for [18F]FPA
conjugation were slightly lower than those for [18F]FBA. For both prosthetic groups the yields
of TFA-mediated cleavage of the final product from the solid support and the simultaneous
removal of the side chain protecting groups were 71 ± 4% (n = 8).

“Click” radiolabeling, like any generally applicable chemoselective conjugation of a prosthetic
group to an unprotected peptide, requires modification of the peptide before the conjugation
can be performed. Here, the 3-azidopropionyl group was introduced at the N-terminus of
A20FMDV2 for the conjugation of 5-[18F]fluoro-1-pentyne. Again, in general, the yield of the
CuI catalyzed conjugation depended on the size and complexity of the peptide substrate. Short
peptides provided near quantitative yields22 but longer peptides like A20FMDV2 were
obtained in yields below 10% and required approximately 1 mg of peptide precursor.

In all three cases the radiolabeled peptides were easily separated from non-radiolabeled peptide
precursors using HPLC, based on the difference in polarities caused by introduction of the
prosthetic groups (Supporting Figure S1). Remaining amounts of unreacted [18F]FBA and
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[18F]FPA were washed away from the solid support before cleavage of the peptide from the
solid support, while unreacted 5-[18F]fluoro-1-pentyne was evaporated during the drying step.
All three 18F-fluoropeptides were characterized by co-elution with nonradioactive standards.
The specific activities of purified final products were > 37 GBq/μmol based on HPLC analysis.

Overall, the total yields of the radiolabeled products obtained from solid-phase and
chemoselective “click” approaches were comparable but several significant differences were
observed. Although the “click” approach provided the product in less than half of the time
needed for the solid-phase syntheses and in only two radiochemical steps, the solid-phase
approaches required smaller amounts of the starting material; “click” conjugation required 1
mg of purified N-(3-azidopropionyl)-A20FMDV2 versus 5 mg resin (bearing the crude
peptide) for the solid-phase syntheses. Also the solid-phase approach is more easily amendable
for automation of the radiochemical procedure. In general, the chemoselective “click” method
is faster but the solid-phase approach seems to be more versatile and cost-effective for peptides
like A20FMDV2. Thus, at least for the moment, the chemoselective “click” approach appears
to be more suitable for short peptides (or those requiring time-consuming post-cleavage
procedures) and small molecules, while the solid-phase approach appears more advantageous
for long peptide chains.

For evaluation of the effects of the prosthetic groups on pharmacokinetics, microPET and
biodistribution studies were carried out with tracers 1–3 in athymic nude mice bearing paired
human xenografts (αvβ6-positive, and αvβ6-negative control).8 MicroPET imaging data were
acquired as dynamic 4 × 15 min scans (n = 3/tracer), beginning 15 min after injection. As
depicted in Figure 1, all three tracers were able to target the αvβ6-postitive DX3puroβ6 tumor.
Tracers 1 and 3 showed better DX3puroβ6/DX3puro and DX3puroβ6/background ratios than
2. Overall, the PET data paralleled the biodistribution data, showing highest levels of activity
in kidneys and the urinary bladder (Supporting Figure S2). Thus, the radiotracer 3 prepared by
“click” chemistry can be considered comparable to other radiotracers bearing established
prosthetic groups, yielding images similar to those of the [18F]FBA-tracer 1.

Biodistribution studies revealed generally similar uptake-patterns of 1–3 for most organs and
the tumors (n = 3/tracer, 1 h p.i., Chart 1, Supporting Table S1). Renal clearance was the
dominant route of elimination, with 1 resulting in highest levels of activity in the urine (1 1082
± 279% ID/g, 2 311 ± 133% ID/g, 3 501 ± 332% ID/g), while 3 appeared to result in moderately
increased levels of radioactivity in the kidneys and the liver.

Uptake levels in the αvβ6-postive tumor 1 hour after injection were 0.66 ± 0.09% ID/g, 1.18 ±
0.28% ID/g, and 1.01±0.09% ID/g for 1, 2, and 3, respectively. While 2 showed the highest
uptake, the αvβ6-postive/αvβ6-negative tumor uptake ratio was comparatively low (1.9:1 vs
>3:1 for 1 and 3, Table 2). A similar trend was found for the αvβ6-postive tumor/blood ratio.
These differences are noteworthy as they demonstrate the effect of the prosthetic groups on
tumor-targeting and pharmacokinetics. The results are even more surprising in light of the
identical HPLC-retention times of 2 and 3. Furthermore, 1 had the longest HPLC-retention
time (highest lipophilicity), which would be expected to favor liver uptake, yet it resulted in
highest levels of radio activity in the urine.

A possible answer to this may lie in the metabolic fate of the compounds. As stated above,
renal clearance was the main route of excretion for all three tracers. When urine samples taken
1 h p.i. were analyzed by radio-HPLC, none of them contained unmetabolized radiotracer
(Supporting Figure S3). Instead, three radioactive metabolites were observed for 1 (Rt =9.0,
10.4, 10.8 min vs. Rt(1) = 16.6 min), while 2 yielded two metabolites with very short retention
times (i.e. high hydrophilicities; Rt = 2.1, 3.2 min vs. Rt(2) = 14.7 min). Similarly, two main
metabolites with intermediate retention times were detected for 3 (Rt = 5.9, 8.6 min vs. Rt(3)
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= 14.7 min). This initial analysis indicated that, despite identical peptide sequence and
comparable overall biodistribution, significant pharmacokinetic differences do exist and that
they have to be attributed to the prosthetic groups. It can be assumed that the (comparatively
minor) differences in % ID/g-values between 1, 2, and 3 seen for individual organs can be
linked at least partially to different excretion characteristics of the metabolites, as well. The
differences would likely have been more pronounced were it not for the fact that all the
metabolites examined here were more hydrophilic (i.e. had shorter HPLC retention times) than
the intact tracers, resulting in rapid renal excretion. However, such a favorable clearance
behavior can not necessarily be expected for metabolites of other tracers.

In conclusion, we compared three 18F-prosthetic groups, [18F]FBA, [18F]FPA, and [18F]FC5,
the latter introduced by “click” chemistry, for peptide radiolabeling and in vivo imaging. All
three prosthetic groups were readily introduced at the N-terminus of a tumor targeting model
peptide with similar overall radiolabeling yields; this compound was chosen as peptides are
attractive radiotracer-platforms. The “click” radiolabeling approach was fastest, but required
a relatively large amount of purified peptide precursor. During in vivo animal studies we
observed that the prosthetic groups had a noticeable effect on pharmacokinetics, notably tumor
uptake and metabolic fate, thus underscoring the necessity for the investigation of different
prosthetic groups that allow combination of convenient chemistries with favorable
pharmacokinetics for each particular tracer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative normalized transaxial sections of microPET scans (60 – 75 min p.i.) with
compounds 1, 2, and 3 in mice bearing paired human cell xenografts (αvβ6-expressing
DX3puroβ6, and αvβ6-negative parent DX3puro).
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Scheme 1.
Radiosyntheses of imaging tracers evaluated a
a Reagents and conditions: (a) K222, DMSO/Acetonitrile, 100°C; (b) (i) NaOH, 100°C, (ii)
HCl, (iii) C18 Sep-Pak; (c) HATU, DIEA, DMF; (d) (i) TFA/TIPS/H2O, (ii) HPLC; (e) (i)
K222, Acetonitrile, 100°C; (ii) HPLC; (f) TEA, DMF/Acetonitrile/H2O, 100°C; (g)
Acetonitrile, 100°C; (h) (i) CuI, Na ascorbate, DIEA, DMF/Acetonitrile/H2O, room
temperature; (ii) HPLC.
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Chart 1.
Biodistribution of tracers 1–3 in male athymic nude mice 1 h after injection (n = 3/tracer).
Levels of radioactivity in healthy tissues, as well as αvβ6-positive (DX3puroβ6) and αvβ6-
negative (DX3puro) tumors are expressed as % ID/g. a
a Data for 1 taken from Ref. 8
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Table 2
Uptake ratios for tumors and selected organs. a

Cmpd DX3puroβ6/DX3puro b DX3puroβ6/Blood DX3puroβ6/Kidneys

1 3.1:1 2.5:1 c 1:5.4 d
2 1.9:1 1.8:1 d 1:4.1 e
3 3.3:1 2.3:1 e 1:9.4 e

a
Based on biodistribution (1 h p.i.).

b
For P-values see Chart 1.

c
P < 0.01.

d
P < 0.05.

e
P < 0.001.
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