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Biocompatibility and hydrophilicity are key factors in the design of water-soluble imaging probes, particu-
larly for *°F MRI, where perfluorocarbon contrast agents are typically highly hydrophobic. To address this
limitation, two original sultones containing a polyfluorinated pentaerythritol scaffold were developed and
evaluated as precursors of hydrophilic and sensitive 1°F MRI tags. Their ring opening with **/*®F-fluoride
led quantitatively to the corresponding polyfluorinated sulfo compounds that demonstrated water-solubi-
lity properties suitable for formulation and in vivo injection. *°F MRI studies in mice, performed with un-
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precedented low doses (<100 pM) of the stable polyfluorinated sulfo compounds, provided high-contrast
whole-body images consistent with PET imaging of their radiofluorinated analogues. These findings
demonstrate that polyfluorinated sultones are promising chemical precursors for *°F MRI and dual °F
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Introduction

Fluorine magnetic resonance imaging (*°F MRI) is an evolving
research area with high potential to advance the fields of bio-
medical and diagnostic investigations."”” Thanks to its high
magnetic resonance (MR) intrinsic sensitivity, 83% of that of
'H, along with its gyromagnetic ratio, 100% natural abun-
dance, and negligible presence in biological tissues, the '°F
nucleus produces a distinct and isolated signal in MRI. This
enables precise in vivo tracking of biological targets using suit-
able exogenous fluorinated probes.>* Thus, '°’F MRI can offer
quantitative images without tissue depth limitations and back-
ground interference. Compatible with the same MRI equip-
ment after software and pulse sequence adjustments, '°F MRI
effectively complements the widely used, high resolution 'H
MRI. Combining both techniques allows functional and meta-
bolic information to be associated with anatomical details.
However, the use of '°F MRI is hampered by a low in vivo sensi-
tivity and a lack of suitable imaging agents that are soluble in
water and biocompatible. Detectable '’F MR signals require
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MRI/*8F PET probes, enabling improved diagnostic performance.

fluorine nuclei to be present at millimolar concentrations.
This is typically achieved by designing probes that possess a
large number of NMR equivalent fluorine atoms to enhance
the "F signal, often through multiple trifluoromethyl (CF3)
groups.””” PERFECTA, a tetrabranched superfluorinated com-
pound featuring a pentaerythritol core (Fig. 1), exhibits highly
favourable chemical and structural properties for enhancing
'9F-MRI imaging sensitivity. Its four perfluoro-tert-butoxy units
provide 36 symmetrically distributed, magnetically equivalent
fluorine atoms, resulting in an intense '°F MRI signal at a dis-
tinct chemical shift of approximately —73 ppm.® However, due
to the extreme hydrophobicity of perfluorocarbon structures,
PERFECTA can only be used in encapsulated or emulsion for-
mulations within biocompatible nanovectors, enabling in vivo
administration and ensuring favorable pharmacokinetics.>'®
In the same vein, '°FIT (*°F imaging tracer, Fig. 1) has been
reported as a water dispersible waxy compound able to form
injectable micelles in physiological buffer solutions without
requiring complex formulation procedures."' 'FIT was
designed as a bispherical cone, with three fluorinated
branches forming a sphere that contains 27 equivalent fluo-
rine atoms (nine CF; groups), which generate a single intense
'9F signal around —71 ppm. The second sphere, made of four
polyethylene glycol (PEG) chains, served to enhance the
aqueous solubility of the tracer. Phantom MRI experiments at
3 T showed a detection limit of approximately 125 mM
'°F atom concentration. In vivo imaging after intravenous (i.v.)
injection in mice was successful, showing a residence half-life
of about 0.5 days with no sign of organ retention or degra-
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Fig. 1 Rationale of the work.

"FIT addresses major limitations of tra-
ditional perfluorocarbons, including heterogeneity, instability,
split '°F signals, complex formulation procedures, and pro-
longed organ retention lasting months or more. However,
'9FIT, as it stands, could not provide any specific targeting. To
this end, the tri-branched fluorinated pentaerythritol motif,
offering a strong '’F MR signal, has been successfully
exploited as a 'F MRI tag for vectorised nanomaterials, with
grafting being performed at the unsubstituted pentaerythritol
alcohol group."” Moreover, such a hydrophobic tag may nega-
tively affect the physicochemical properties, pharmacokinetics
and specific biological target recognition. Recently, the methyl-
ene trifluoroborate (CH,BF;3) group has been proposed as an
alternative to trifluoromethyl units in the azamacrocyclic che-
lating structure.”® With two equivalent BF; entities, a single
'“F MR signal was detected at —137 ppm. However, the macro-
cycle structure suffers from great lipophilicity, preventing its
solubility in physiological medium, and no in vivo evaluation
was reported. In addition, the macrocycle lacks conjugation
sites, and introducing a functional group for conjugation can
disrupt its symmetry. This loss of symmetry may alter and mul-
tiply the chemical shifts, ultimately leading to blurred MR
images. Nevertheless, the presence of BF; units opens the way
to the development of radiotracers for positron emission tom-

dation. As a result,
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ography (PET) imaging by "’F/*®F exchange. Unlike '°F MRI,
PET is a highly sensitive molecular imaging technique.'* PET
operates on the principle of detecting high energy photon
pairs emitted by annihilation of positrons with electrons,
which facilitates the quantification but provides poor spatial
resolution. Based on dose tracer administration of a radiophar-
maceutical labelled with a positron emitter, PET faces inherent
limitations that include ionizing radiation, short half-life
tracers and high cost. However, fluorine-18 is a highly attrac-
tive positron emitter radioisotope due to its favourable physi-
cal properties (¢y, = 109.7 min, 97% B' emission purity, 635
keV positron energy), its efficient production, and its well-
developed radiochemistry, allowing centralized, large-scale
preparation and off-site distribution of radiopharmaceuti-
cals." As PET and '°F MRI present distinct limitations, their
combined use could be a means to increase robustness in the
diagnostic accuracy. PET can be used for rapid assessment of
target distribution, helping to determine where higher resolu-
tion MR images should be taken to identify regions of interest.
'F MRI, which uses stable imaging agents that can be stored
for extended periods, could serve as a follow-up imaging
method after radioisotope decay. Thus, chemical tags offering
dual-modal '°F MRI and '®F PET imaging have emerged as an
advantageous solution for further investigations.'® Indeed,

This journal is © The Royal Society of Chemistry 2026
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dual tags open the way to PET-guided '°F MRI follow-up
imaging, with PET providing very high sensitivity and rapid
whole-body assessment at tracer doses, allowing the identifi-
cation of biodistribution and regions of interest, and '°F MRI
enabling background-free and long-term imaging using stable
probes. Such a complementary multimodal imaging strategy
can therefore be beneficial for pharmacokinetic studies as well
as for increasing robustness and interpretability in preclinical
imaging approaches. However, their design to achieve high
performance '°F MRI agents with high sensitivity, suitable
physicochemical features, water solubility, biocompatibility,
excellent pharmacokinetics and biological properties, and lab-
elling with fluorine-18, remains a major concern.

Besides grafting PEG chains, the introduction of a nega-
tively charged sulfonate (sulfo) group is a well-known approach
for adding hydrophilicity."” This strategy is widely encoun-
tered, for example, in the field of aromatic dyes for optical
imaging.'® An easy way to access sulfo dyes is through the
nucleophilic attack of an amine or phenolate group present in
the dye on propane sultone.’® We recently extended sultone
chemistry to the development of PET radiotracers.”® We found
that functionalized propane and butane sultones were prone
to ring-opening by cyclotron-produced '®F-fluoride to afford
8F-sulfo compounds endowed with optimized physico-
chemical properties for in vivo imaging as well as for bio-con-
jugation applications.”’>* As a representative example, the
radiotracer ['*FJFLUSONIM (Fig. 1) was designed for tumour
hypoxia PET imaging and demonstrated high contrast along
with fast background clearance due to its highly hydrophilic
properties.>® We also took advantage of the sultone reactivity
toward fluoride and amines to carry out ‘®F-radiolabeling of
proteins and glycoproteins at the lysine amino residues under
biocompatible conditions according to two sequential ring
opening reactions (i.e. radiofluorination then amination) from
a bis-sultone.”® In this context, we envisioned the design of
appropriate sultones as precursors of new °F-MRI sulfo tags
that associate, through a linker, the tris(perfluoro-tert-butyl)
pentaerythritol scaffold to an anionic sulfonic unit (Fig. 1).
The sulfo group polarity could offset the hydrophobic poly-
fluorinated moiety in order to obtain biocompatible probes
with fine-tuned physicochemical properties. The linker would
allow the sulfo group to be distanced from the perfluorinated
unit and the "F-MRI sulfo tags to be distinguished from the
PFOS (perfluorooctanesulfonic acid) class of compounds that
is now being challenged for environmental reasons.>* Herein,
we present the synthesis of the polyfluorinated sultones 1 and
2 possessing a triazolyl linker that also contribute to enhan-
cing hydrophilicity,>® and their (radio)fluorination as an appli-
cation of the sultone ring-opening strategy. The resulting **/
'8p-gulfonates 3 and 4 were evaluated as biocompatible chemi-
cal labels by PET and 'F MRI in healthy animals. The
obtained images were compared, providing information on the
in vivo behaviour of the sulfo tags in the radioactive and non-
radioactive forms (i.e. stability, pharmacokinetics, biodistribu-
tion and elimination), and also proof of concept for dual °F
MRI/PET tagging.

This journal is © The Royal Society of Chemistry 2026
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Results and discussion
Chemistry

Polyfluorinated sultones 1 and 2 were prepared according to a
three-step synthesis starting from previously described tris
(perfluoro-tert-butyl) pentaerythritol 5 and its hydroxypropyl
elongated derivative 6 (Scheme 1).%?”

Mesylation of alcohols 5 and 6 followed by displacement
with sodium azide furnished azides 7 and 8 in 70 and 98%
yields, respectively. Azides 7 and 8 were then transformed via a
copper(1)-catalyzed azide-alkyne cycloaddition (CuAAC) reac-
tion with the propargylic butane sultone®" using Cul in DMF
at 55 °C for 24 h to obtain the desired sultones 1 and 2 in 81
and 73% yields, respectively. Finally, the nucleophilic ring
opening fluorination of sultones 1 and 2 led almost quantitat-
ively to fluorosulfonates 3 and 4 by means of TBAF in a reflux-
ing acetonitrile solution for 48 h or in a refluxing DMF solu-
tion for 24 h (Scheme 1). "F NMR spectra of compounds 3
and 4 (performed using hexafluoroisopropanol (HFIP) as an
internal standard, § = —77.3 ppm) displayed a single, intense
signal at approximately —72 ppm for the 27 equivalent fluorine
atoms and a small signal at —220 ppm for the lonely fluorine
atom. These results highlight the efficiency of the synthetic
sequence: in only three steps, the targeted polyfluorinated sul-
tones were obtained in good yields and then quantitatively
converted into the corresponding fluorosulfonates. The strat-
egy thus proved to be both robust and versatile, relying on
simple transformations to deliver the desired compounds
with high selectivity and purity. The next steps will involve
assessing the radiochemistry and properties of fluorosulfo-
nates 3 and 4 to confirm their relevance for the intended
applications.

Radiochemistry

The radiosyntheses of '®F-fluorosulfonates [**F]3 and ['*F]4
were performed on a GE TRACERLab FXFN automated system
from dried ["®*F]TBAF obtained after trapping cyclotron pro-
duced '®F-fluoride (recovered in '®*0-enriched water) on a QMA
Sep-Pak cartridge, followed by elution with a solution of
TBAHCO; in a mixture of water and acetonitrile, and finally
azeotropic evaporation. Sultone 1 or 2 (8 mg) in an acetonitrile
solution (1 mL) was added to the reactor containing dried [**F]
TBAF and heating was maintained at 100 °C for 30 min
(Scheme 2). The radiolabelled fluorosulfonates [**F]3 and [**F]
4 were isolated after purification by reversed-phase semi-pre-
parative HPLC using an 80/20 (v/v) acetonitrile/water (with
0.1% TFA) mixture as an eluent, then formulated through
reverse phase SPE in a saline solution containing ethanol
(7-8%). Radiochemical conversions (RCCs) for radiofluorina-
tions were greater than 90% as revealed on the semi-prepara-
tive HPLC chromatograms in Scheme 2. These results once
again demonstrate the high efficiency of the ring-opening reac-
tion of butane sultones with '®F-fluoride. The formulation
step, although time consuming, enabled recovery of approxi-
mately 50-70% of the '®F-fluorosulfonates ['®*F]3 and ['®FJ4
after HPLC purification, indicating potential biocompatibility.
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Scheme 1 Synthesis and 1%F NMR spectra (with HFIP as an internal standard) of target probes 3 and 4. Reagents and conditions: (a) MsCl, EtzN,
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Scheme 2 Radiosynthesis of [*®F]3 and [‘®F14.

The activity yields for ['®*F]3 and ['®F]4 were 18-25% and parison of reverse phase analytical HPLC of the formulation
12-18% (n = 5), respectively, after 75 min total synthesis time solutions (radioactive detection) and of the non-radioactive
(including purification and formulation steps). The identity of products 3 and 4 (see UV traces in Fig. 2A and B). Both
'8p-fluorosulfonates ['®F]3 and [*®F]4 was confirmed by com- radioHPLC and radioTLC analyses of '®F-fluorosulfonates [*°F]
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Fig. 2 Characterization by analytical radioHPLC of formulated ['®F13 (A, top) and [*8F14 (B, top) by comparison with HPLC (UV) of references 3 (A,
bottom) and 4 (B, bottom), and radioTLC analysis of [*®F13 and [*®F14 in the formulated solution (C) and after incubation at 37 °C for 2 h in human

serum (D).

3 and ['®F]4 revealed high radiochemical purity (>99%) and a
molar activity of >200 GBq pmol ™" (>5 Ci pmol ™).

Hydrophilicity and in vitro stability

The hydrophilicity of [**F]3 and ['®*F]4 was evaluated by the
experimental determination of octanol/water and octanol/
buffer (pH 7.4) partition coefficient values, log P and log D 4,
respectively. ['®F]3 exhibits a log P value of 2.30 + 0.05 and
log D74 = 1.95 + 0.05 (n = 9). The values for ['*F]4 are slightly
higher with log P = 2.85 + 0.09 and log D, 4, = 2.48 + 0.02 (n = 9).
These values, ranging from 2 to 3, demonstrate a predomi-
nantly lipophilic character for both ['*F]3 and [**F]4, with [*°F]
4 being a little more lipophilic than ['®F]3 in accordance with
the presence of the oxypropylene chain. However, they remain
compatible with in vivo applications and they comply with the
capacity for [*®*F]3 and ['®F]4 to be solubilized in aqueous
medium containing <10% ethanol for formulation. The
charged sulfonate group in [**F]3 and [*®F]4 greatly counterba-
lances the highly hydrophobic tris(perfluoro-tert-butyl) pen-
taerythritol backbone.

The in vitro stability of ['°F]3 and ['®F]4 was evaluated by
radioTLC after incubation at 37 °C in human serum. After 2 h,
[*®F]3 and ['®F]4 were recovered totally unchanged (Fig. 2C and
D). No signs of degradation or chemical modification were
detectable, indicating that ['®°F]3 and ['®F]4 retained their
integrity under physiological conditions.

PET and '°F MRI experiments

In order to compare PET and '"°F MR, probes ['*F]3 and [**F]4
were first evaluated in healthy SWISS mice by dynamic whole

This journal is © The Royal Society of Chemistry 2026

body PET imaging over 30 min to assess the pharmacokinetics,
biodistribution and elimination. PET was coupled to anatomic
'H MRI for image registration, and time-activity curves (TAC)
were determined (Fig. 3). For both probes ['®°F]3 and ['®F]4
administered at tracer doses by i.v. injection in the tail vein,
the radioactivity was rapidly distributed within the first minute,
throughout the body, with the highest concentration observed
in the liver, where the mean standard uptake values (SUVyean)
reached around 7 at 1 min. The radioactivity uptake was much
lower in the other main organs, with the order of uptake being
as follows: heart (SUVipean & 5), lungs (SUVpean = 2) and
kidneys (SUViean & 1). From 2 min, accumulation of [*®F]3 and
['®F]4 remained high and stable in the liver with SUV ycqn values
of 10-11 that remained constant until the end of the acquisition
(30 min). The radioactivity levels declined dramatically in the
heart as well as in the lungs and kidneys, with SUVyyean values
down to around 1 at 2 min, showing no retention of both ['®F]3
and ['®F]4 in those organs. No uptake was observed in muscle
(SUVinean near 0), and penetration into the brain was non-exist-
ent, meaning no crossing of the blood-brain barrier. Thus, the
two probes ['®°F]3 and ['®F]4 were almost exclusively accumu-
lated in the liver, with no noticeable difference between them.
This hepatic retention remained stable for up to 30 minutes
without significant uptake in the other organs (heart, lungs,
and kidneys) and without renal elimination. The latter results
are in agreement with the lipophilic nature of the probes.
Probes 3 and 4 were then evaluated in healthy SWISS mice
by fluorine MRI also coupled to anatomical "H MRI (Fig. 3).
They were easily formulated in an aqueous physiological saline
solution containing 10% ethanol at a concentration of 30 mg
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Fig. 3 Whole body PET and H/*°F MRI in healthy mice after injection of [*®F]3 or 3 (A) and [**F]4 or 4 (B), and time—activity curves (TACs) for the

main organs (C and D, n = 3).

mL~", and they were administered by intraperitoneal injection
at a dose of 3 mg for 3 and 2.3 mg for 4 (<100 pL of the parent
solution), corresponding to approximately 50-75 yM '°F atom
concentrations. Based on the PET results, '°F MR images were
registered 20-40 min after injection using a FLASH '°F
sequence (TR: 150 ms, TE: 1.7 ms, FA: 30°, NEX: 128, total
acquisition time: 10 min 14 s, in-plane resolution: 1.87 x
1.87 mm?, slice thickness: 10 mm). Despite a low in vivo sensi-
tivity, "’F MR images clearly showed a signal in the peritoneal
cavity, around the injection zone, with exclusive accumulation
of the probes in the liver, consistent with PET imaging find-
ings. Thus, '°F MRI enabled the detection of probes 3 and 4 at
injected doses on the order of ~0.1 mmol kg™, which are
within the lower range of values reported for fluorinated MRI
probes, including 'FIT."" Thanks to PET imaging results, the
absence of signals in other regions in the '°F imaging was defi-
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nitively assigned to the absence of probes and not to a lack of
detection due to a too low MRI sensitivity. Such an example
illustrates the added value of PET imaging in the development
of '>F MRI probes. Overall, the present work establishes a
sultone-based chemical strategy for constructing well-defined
biocompatible polyfluorinated tags that enable ’F MRI and
also true bimodal '®F PET/'°F MRI imaging, opening up new
opportunities for the development of targeted probes combin-
ing the sensitivity of PET with the background-free and long-
term nature of '°F MRIL

Conclusions

In this study, we investigated the association of a polyfluori-
nated pentaerythritol scaffold with a sulfonate moiety as a bio-

This journal is © The Royal Society of Chemistry 2026
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compatible and sensitive '°F MRI tag. We developed two sulfo
compounds 3 and 4 endowed with hydrophilic properties,
allowing their simple formulation in a physiological medium
containing 10% ethanol and in vivo administration, and we
demonstrated that they exhibited comparable in vivo behavior.
Both sulfo compounds, 3 and 4, were efficiently radiolabelled
with fluorine-18, enabling dual '*F PET and '°F MRI. The two
imaging modalities produced consistent results, demonstrat-
ing accumulation of both labelled and unlabelled compounds
in the liver, despite their moderate lipophilicity. In addition to
the novelty of the double investigation by '®F PET and '°F MRI
imaging, '°F MRI could be realized using micromolar doses of
sulfo compounds 3 and 4. Overall, our results confirmed, once
again, that sulfo tags offer advantages for in vivo imaging. They
also illustrate the wide application field of the sultone ring
opening reaction for developing biocompatible probes.
Following this proof of concept for a biocompatible tag featur-
ing a polyfluorinated pentaerythritol scaffold associated with a
fluorosulfonate moiety, this methodology will be applied to the
development of improved promising smart polyfluorinated enti-
ties for in vivo developments by '°F MRI and dual PET/'°F MRI.
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