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Abstract: PET (Positron Emission Tomography) allows imagih¢he in vivo distribution

of biochemical compounds labeled with a radioactitracer, mainly 18F-FDG
(2-deoxy-2-[18F] fluoro-D-glucose). 18F only allowselatively poor spatial resolution (2-
3 mm) which does not allow imaging of small tumans specific small size tissues,
e.g. vasculature. Unfortunately, angiogenesis k&yaprocess in various physiologic and
pathologic processes and is, for instance, involwethodern anticancer approaches. Thus
ability to visualize angiogenesis could allow eadignosis and help to monitor the
response of cancer to specific chemotherapies eldrey; indirect analytical techniques are
required to assess the localization of fluorinatesnpounds at a micrometric scale.
Multimodality imaging approaches could provide aet& information on the metabolic
activity of the target tissue.

In this article, PIGE method (Particle Induced Gaamaly Emission) was used to
determine fluorinated tracers by the nuclear reactf 19F(p,fy)19F in tissues. The
feasibility of this approach was assessed on palyithated model glucose compounds and
novel peptide-based tracer designed for angiogemasiging. Our results describe the first
mapping of the biodistribution of fluorinated conypals in both vascularized normal tissue
and tumor tissue.
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1. Introduction

Angiogenesis is a process by which new capillss@®ut from pre-existing blood vessels [1]. It is
involved both in physiological and pathological peeses. Physiological angiogenesis occurs in the
female reproductive system [2] as during woundihgdB]. In contrast, pathological neo-angiogenesis
occurs in a number of diseases, such as cancéeomatoid arthritis [4]. Imaging of angiogenesis is
of great interest not only for tumors but otheriaggnesis-related diseases, such as cerebraltinfarc
both allowing earlier diagnosis and therapeutidof@tup. Current technology does not allow both
resolutive and sensitive molecular imaging duetk lof specific targeting to vessels.

Molecular imaging is the noninvasive visualizatminphysiological as well as pathological cellular
processes at a molecular level. It is used to deowharacterization anith vivo measurement of
biological processes in living animals and humdsitron emission tomography (PET), which uses
labeled molecular probes is currently considereledhe leading technology for imaging [5]. It is a
non-invasive and highly sensitive technique whidters three-dimensional imaging of radiolabeled
tracers in tissues. A PET-tracer emits a positrdncky shortly after emission, combines with an
electron, where after an annihilation takes place o 511 keV photons are emitted in opposite
directions. The resulting photons are then detebted PET scanner. This technique has two main
advantages. It is highly sensitive and, as it isebdaon biochemical behavior of tracer, it allows
functional follow-up of tumors, as well as the effef therapies. However, its main pitfall is itsqp
spatial resolution typically of 2-3 mm [6-8] which not sufficient to allow the detection of small
tumors or metastases.

In an attempt to validate molecular PET targetthatcell scale level, and afterwards to transfer
previously obtained information when performing P&®&n at the millimetric level, we inferred that
the use of a multiscale imaging method, beginniritlp wnaging stable fluorine-19 tracers at a cell
scale, could be used for further interpretatiorP&T results at a millimetric level. Among methods
allowing elemental detection with high sensitivitgd high spatial resolution, ion beam analysis and
associated imaging appeared to be a suitable melitnmdbeam analyses are based on interactions, at
both the atomic and the nuclear level, between |la@ted charged particles and the bombarded
material. These interactions lead to the emissibrparticles and multiple radiations. Energies
generated by the latter are characteristic of lbments of the sample material. lon beam analyse a
allows the quantitative imaging of the distribusonf chemical elements at a micrometric scale.
Spatial resolutions are compatible with the analgdgimolecular interactions between specific tracer
and their targets.

We have very recently described for the first tithat the detection of fluorine-19 within diluted
organic samples could be performed by PIGE ana(fZasticle Induced Gamma-ray Emission) using
the nuclear reaction 19F(pyL9F [9]. To date, PIGE is mainly used on geolodit@], environmental
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[11] and mineralized biological materials [12]. A the latter, most studies have been conducted on
teeth, but none was performed in biological tissues

We were able, for the first time, to determine guodntify the localization of fluorinated tracers in
vascularized tissues. We first performed a studygusighly concentrated solutions of two analogs of
glucose (FDG and a polyfluorinated derivative) ssess the feasibility of this approach. In a second
step, we developed a new and specific angiogenisisinated tracer, called F13-CBO-P11
(F13-cVEGI), to study its biodistribution at a noanetric scale.

2. Experimental Section
2.1. General methods

All chemicals were purchased from Sigma-Aldrich &did-Aesar. Preloaded resin and amino acids
were purchased from Novabiochem.

Reactions were followed by thin layer chromatogsaRLC) using precoated Baker silica gel
plates 60ks4 (Merck) using various eluent gradients and sparewisualized by dipping the plate in a
1% KMnO, aqueous solution followed by heating.

Peptide synthesis was performed on an Applied Biesys 433A automated peptide synthesizer by
Fmoc/t-Bu batch solid-phase synthesis (Applied Wtams).

One-dimensionalH, *C NMR, two-dimensional gradient selected hetercemrcimultiple bond
correlation (HMBC) and gradient selected heterogaickingle quantum correlation (HSQC) spectra
were recorded on a Bruker Avance 300 spectrom®€€r iHz for'H and 75 MHz for*C). Chemical
shifts are reported id values (ppm), by reference to the hydrogenatdadues of deuterated solvent as
internal standard. Signals are described as s,athdtm for singlet, doublet, triplet and multiplet
respectively.

Infrared (IR) analysis was performed on a Spotligbd FT-IR spectral imaging system equipped
with a Spectrum One spectrometer (Perkin-ElImemdéen

Mass spectra were run using a matrix-assisted eswrption ionization-time of flight (MALDI-
TOF) Reflex Ill (Bruker).

As described in our previous methodologic publ@mat9], ion beam experiments were carried out
by using 3.4 MeV proton beam (focused to 5 pum)veetid by the HVEE in-line 3.5 MeV Singletron
accelerator at the Centre d’Etudes Nucléaires dedddmx Gradignan (CENBG) on AIFIRA
(Applications Interdisciplinaires des Faisceauwodd en Région Aquitaine) platform. Data treatments,
chemical map reconstruction and definition of regad interest were made using Supavisio software.
Local concentrations of chemical elements and deptiiles of RBS spectra were performed by
SImMNRA program [13]. PyMCA software was used tdhi peaks of fluorine on PIGE spectra [14].

2.2. Synthesis of probes and precursors
3-allyl-1,2:5,6-di-O-isopropylidene-D-glucofuranos€?2). Sodium hydride (350 mg, 11.5 mmol) was

added portion-wise to a solution of 1,2:5,6-di-Ogopylidenea-D-glucofuranosél) (2 g, 7.7 mmol)
in toluene. The reaction was heated at 110 °C for Rllyl bromide (1.35 mL, 15.4 mmol) was added
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and the reaction was stirred at 110 °C for 18 hmlOwater was added and the aqueous phase was
extracted with diethyl ether (2 x 25 mL). The condd organic layers were dried over MgSahd
solvent was removed under vacuum to yield yellovaghhat was purified by chromatography (75:25
n-hexane/ethyl acetate). Compourtd (2.16 g, 94%) was obtained as a colorless oif. R
(hexane:ethylacetate 3:1) = 0.65. MS (m/z): calod &sH».0s 300.35 found 300.16'H NMR
(CDCl) & ppm: 1.27-1.46 (s, 12H, CH3), 3.79-3.86 (m, 2Hsa1-H-6b), 3.94 (m, 1H, H-3), 4.14—
4.21 (m, 4H, H-4, H-5 andK;CH=CH,), 4.51 (m, 1H, H-2), 5.14-5.28 (m, 2H, gEH=CH,); 5.84—

5.91 (m, 2H, H-1 and C}£H=CH,). *C NMR (CDCE) & ppm: 25.8-27.5 (4C, CH3), 65.0 (C-3), 67.9
(C-6), 70.1 CH,CH=CH,), 72.6 (C-4), 77.9 (C-5), 80.5 (C-2), 105.6 (C-1p8.9 and 111.7 (2C,
C(CHg),), 116.6 (CHCH=CH,); 134.3 (CHCH=CHy,).

3-(4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluoro-2-iodoAgloxy)-1,2:5,6-di-O-isopropylideneD-
glucofuranosg3). To a cooled (0 °C) and stirred solution of 1.33 rhwfothe compoun@® in 6 mL
acetonitrile and 3 mL water, 360 mg (4.28 mmolyadium bicarbonate were added under argon. Then
765 uL of 1-iodoperfluorohexane (3.3 mmol) and 429 of sodium dithionite (2.4 mmol) were added
and the mixture was allowed to warm slowly to rommperature. After 1.5 h, 100 mL of diethyl ether
were poured into the reaction mixture. The resglsolution was washed with brine and water (50 mL
of each), before drying over MggOAfter filtration the solution was evaporated toyress under
reduced pressure. The resulting crude product wsedd uvithout further purification for the
hydrodeiodination step.:Rhexane:ethylacetate 3:1) = 0.63. MS (m/z): cétedC,1H24F13106 746.30
found 746.04'H NMR (CDCk) & ppm: 1.27-1.46 (s, 12H, CH3), 2.54-2.74 (m, 2H|CH$CF),
3.03-3.09 (m, 1H, CHI), 3.79-3.86 (m, 2H, H-6a, b);63.90 (m, 2H, O8,CHI), 3.94 (m, 1H, H-3),
4.14-4.21 (m, 2H, H-4, H-5), 4.51 (m, 1H, H-2),46@, 1H, H-1).*3C NMR (CDCk) & ppm: 15.6
(CHI), 25.8-27.5 (4C, CH3), 37.6 (CE&H,CF,), 46.2 (QCH,CH]I), 65.0 (C-3), 67.9 (C-6), 72.6 (C-4),
77.9 (C-5), 80.5 (C-2), 105.6 (C-1), 108.9 and I12C, C(CH), 106.7-120.3 (CFand CER).

3-(4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluoro-nonylpky2:5,6-di-O-isopropylidene-D-glucofuranose

(4). Compound3 (2.4 g, 3.2 mmol) was dissolved in a mixture of B0 ethanol and 30 mL ethyl
acetate. After addition of 1 mL of triethylaminedab50 mg palladium on charcoal (10%), the iodine
was cleaved off in a hydrogen atmosphere (1 atn@rroght. After removal of the charcoal by
filtration, the solution was concentrated and #®ulting product purified via column chromatography
(75:25 n-hexanelethyl acetate). Compouhd(1.26 g, 63%) was obtained as a yellow oik R
(dichloromethane) = 0.36. MS (m/z): calcd fosl,5F1506 620.40 found 620.14H NMR (CDCE) &
ppm: 1.27-1.46 (s, 12H, CH3), 1.84-1.87 (m, 2H, QCH), 2.11-2.26 (M, 2H, Ci€H,CF,), 3.55-
3.70 (m, 2H, O@,CH,), 3.79-3.86 (m, 2H, H-6a, H-6b), 3.94 (m, 1H, H-814-4.21 (m, 2H, H-4,
H-5), 4.51 (m, 1H, H-2), 5.84 (d, 1H, H-1%’C NMR (CDCk) & ppm: 21.0 (OCKCH,), 25.8-27.5
(4C, CH3), 28.1 (ChCH,CF,), 66.1 (C-6), 69.1 (OH,CH,), 70.0 (C-3), 72.6 (C-4), 77.9 (C-5), 80.5
(C-2), 105.6 (C-1), 108.9 and 111.7 (2C, C@zH 106.7-120.3 (CFand ChR).

3-(4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluoro-nonylpayD-glucose (5). Compound 4 (800 mg,
1.29 mmol) was added at room temperature in 35 mitiftuoroacetic acid and 35 mL of distilled
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water. The reaction was stirred for 3 h. The sdiweas then evaporated off and remaining residues
were codistilled with ethanol and toluene (3 tireash). The resulting crude product was recrystalliz
from ethyl acetate. Compoun® (596 mg, 86%) was obtained as a white powder. R
(hexane:ethylacetate 1:1) = 0.13. MS (m/z): caled G,sH17F150s 540.27 found 540.08H NMR
(CDCl) 6 ppm: 1.63-1.68 (m, 2H, OGBH,), 2.08-2.13 (m, 2H, Ci€H,CF,), 3.11 (m, 1H, H-3),
3.35-3.46 (m, 2H, 08,CH,), 3.59-3.66 (m, 2H, H-6a, H-6b), 3.73-3.76 (m, B4, H-5), 3.81 (m,
1H, H-2), 4.26 (d, 1H, H-1}*C NMR (CDCE) 5 ppm: 22.5 (OCKCH,), 29.1 (CHCH,CF), 62.9 (C-

6), 71.5 (C-4), 72.6 (OH,CHy), 75.4 (C-5), 78.1 (C-3), 86.7 (C-2), 98.4 (C-1), 184.20.3 (CkFand
CR).

1-Allyloxy-8-Hydroxy-3,6-Dioxaoctan@). Sodium hydride (3 g, 0.08 mol) was added portiase to

a solution of triethyleneglycol (20 mL, 0.15 mat)dry THF (50 mL). The solution was stirred at room
temperature for 15 min. Then allyl bromide (4.3 rAlQ5 mol) was added and stirring was maintained
at room temperature for 1 h. Then solvent was en@d under reduced pressure and the residue was
dissolved in dichloromethane. The solution wasdittd and washed with brine (40 mL). The aqueous
phase was extracted with dichloromethane (2 x 10 ithe organic phase was dried over MgSO
and solvent were evaporated under reduced pressheeresulting yellowish oil was purified by
chromatography (n-hexane/ethyl acetate 70:30 aed 0:50). Compound (6.93 g, 73%) was
obtained as a colorless oil; thexane:ethylacetate 1:1) = 0.15. MS (m/z): cdtodCyH150, 190.24
found 190.12'H NMR (CDCk) & ppm: 3.53-3.76 (m, 12H); 3.99 (d, 2HHECH=CH,, 3Jy.41= 5.61
Hz); 5.23-5.24 (m, 2H, CH;); 5.84-5.94 (m, 1H, B=CH,). **C NMR (CDCE) & ppm: 61.6
(CH,OH); 70.2-70.5 (CkD); 72.2 CH,CH=CH,); 72.5 CH.,CH,OH); 117.1 (CH€H,); 134.6
(CH=CHpy).

1-[(p-toluenesulphonyl)oxy]-9-Allyl-3,6,9-Trioxaacte (8). A solution of compound7 (2.14 g,
11.3 mmol) in distilled triethylamine (30 mL) wasated to O °C. Then tosyl chloride was added
(3.22 g, 16.9 mmol) to the medium and was stirretbam temperature for 24 h. Then the reaction
mixture was poured into ice and ethyl acetate vaaed (100 mL). The aqueous phase was extracted
with ethyl acetate (2 x 100 mL). The combined orgéayers were washed with a 2% (v/v) acetic acid
aqueous solution and.8 (50 mL each), and then dried over MgSSolvent was removed under
vacuum to yield yellowish oil that was purified liaromatography (75:25 n-hexane/ethyl acetate).
Compound8 (3.1 g, 80%) was obtained as a colorless ail(exane:ethylacetate 1:1) = 0.64. MS
(m/z): calcd for GgH.406S 344.42 found 344.13H NMR (CDCk) & ppm: 2.44 (s, 3H, Ch:
3.52-3.66 (m, 10H, C#CH,0); 4.01 (d, 2H, E,CH=CH,, 3J4.s = 5.61 Hz); 4.14 (t, 2H, CHDTs,
3Jun = 4.7 Hz); 5.14-5.28 (m, 2H, CH#); 5.84-5.94 (m, 1H, B=CH,); 7.33 (d, 2H, CH,
334 = 8.1 Hz); 7.77 (d, 2H, CK, 3341 = 8.1 Hz).2*C NMR (CDCE) & ppm: 21.2 (CH3); 68.2—68.9
(CH,CH;0); 70.1-70.2 CH,CH=CH,, CH,CH,OTs); 71.7 (CHOTSs); 116.6 (CHEH,); 127.5-129.5
(CHar); 132.5 (GrSOy); 134.3 CH=CHy,); 144.5 (G/CHs).

N-2-(2-[2-(2-allyloxy-ethoxy)-ethoxy]-ethyl)-phtalide (9). To a solution of compoun® (3.1 g,
9 mmol) in distilled DMF (100 mL) was added potassi phthalimidate (1.83 g, 9.9 mmol). The
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solution was heated at 120 °C for 12 h and subseiyueooled to room temperature. Solvent was
evaporated under reduced pressure and the restdidue was dissolved in GEl, (100 mL). HO
(100 mL) was added. The organic phase was extragidd CH,Cl, (3 x 100 mL) and dried over
MgSQ. Filtration and evaporation of the solvent yieldeml compound9 (2.73 g, 94%). R
(hexane:ethylacetate 3:1) = 0.58. MS (m/z): caled &/H-:NOs 319.35 found 319.14'H NMR
(CDCly) & ppm: 3.34-3.47 (m, 10H, GBH,0); 3.52 (t, 2H, CkNPht, 3.4 = 5.76 Hz); 3.67 (t, 2H,
CH,CH;NPht, %y = 5.85 Hz); 3.77 (d, 2H, ,CH=CH,, *J4y = 5.61 Hz); 4.91-5.09 (m, 1H,
CH=CH,); 5.57-5.76 (m, 2H, B=CH,); 7.48-7.55 (m, 2H, CK)); 7.57-7.63 (m, 2H, CH). *C
NMR (CDCk) &6 ppm: 37.1 (CHNPht); 67.8 CH,CH,NPht); 69.3-72.0 (CKH,O); 116.9
(CH=CH.); 123.1 (CH,); 132.0 (G,); 133.8 (CH,); 134.6 CH=CH,); 168.1 (C=0). IR (cr): 2906;
2867; 1774;1713; 1615; 1107; 1006; 928.

N-2-(2-(2-[2-(4,4,5,5,6,6,7,7,8,8,9,9,9-tridecaftaenonyloxy)-ethoxy]-ethoxy)-ethyl)-phtalimidg.0).
5.6 g of compoun® (17.5 mmol) and sodium bicarbonate (4.7 g, 56 minvele added under argon in
100 mL of a cooled solution (0 °C) 2:1 acetonitvilater. Then 1-iodoperfluoroalkane (6 mL,
24.8 mmol) and sodium dithionite (5.5 g, 31.6 mmeé€re added to the medium. The reaction was
stirred at room temperature for 3 h. After comletdf the reaction (tlc control) 300 mL of diethyl
ether were poured onto the reaction mixture. Tlseltiag solution was washed with brine and water
(150 mL of each), before drying over Mg&@fter filtration the solution was evaporated wyress
under reduced pressure. The resulting crude prd@ugtg) was used without further purification for
the hydrodeiodination step.

This latter was dissolved in ethanol (100 mL), 2 woflLtriethylamine and 300 mg palladium on
charcoal (10%) were added under a hydrogen atmosplieatm) overnight. After filtration, the
solvent was evaporated under reduced pressureh@ndesulting residue was dissolved in JCH
(100 mL). Organic layer was washed withQH(2 x 50 mL) and then dried over Mg&@iltration and
evaporation of the solvent yielded to compod@d6.9 g, 56%). R(hexane:ethylacetate 1:1) = 0.63.
MS (m/z): calcd for GsH2F13NOs 639.40 found 639.13*H NMR (CDCk) & ppm: 1.46 (m, 2H,
OCH,CH,CH,CF,); 1.61 (m, 2H, OCKCH,CH,CF,); 3.32 (t, 2H, O&i,CH,CH,CF,); 3.34-3.47 (m,
10H, CHCH,0); 3.52 (t, 2H, CENPht, 33,4 = 5.76 Hz); 3.67 (t, 2H, B,CH.NPht,Ji1. = 5.85 Hz);
7.48-755 (m, 2H, CH); 7.57-7.63 (m, 2H, CK). *C NMR (CDCk) & ppm: 16.5
(OCH,CH,CH,CF,); 28.8 (OCHCH,CH.CF,); 37.1 (CHNPht); 67.8 CH,CH,NPht); 69.3-72.0
(CH.CH,0); 72.4 (CCH,CH,CH,CF,); 108.1-126.3 (CJ; 118.5 (Ck); 123.1 (CH,); 132.0 (G));
133.8 (CHy); 168.1 (C=0).

N-2-(2-[2-(4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluanonyloxy)-ethoxy]-ethoxy)-ethylamin¢ll). To a
solution of compoundlO (6.9 g, 10.8 mmol) in absolute ethanol (120 mL)svealded hydrazine
hydrate (4 mL, 43.2 mmol). The solution was heae&0 °C for 16 h. The solvent was evaporated
under reduced pressure and the resulting resideeadigaolved in CECl, (50 mL). After filtration the
solvent was evaporated and then 5.18 g of compwasdpurified by chromatography (100% £CHb
then 90:10 and 80:20 GBI,/MeOH). Then 1.7 g of compourid (89%) were obtained as a colorless
oil. R¢ (dichloromethane:methanol 19:1) = 0.25. MS (miglcd for GsHooF13NO3; 509.30 found
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509.12."H NMR (CDCk) 8 ppm: 1.46 (m, 2H, OC}H,CH,CF,); 1.61 (m, 2H, OCHCH,CH,CF);
2.82 (t, 2H, CHNH,); 3.37 (t, 2H, O®,CH,CH,CF>); 3.34-3.47 (m, 10H, C}€H,0); 3.63 (t, 2H,
CH,CH,NH,). 3C NMR (CDCE) 5 ppm: 16.5 (OCHCH,CH,CF>); 28.8 (OCHCH,CH,CF,); 41.8
(CHoNH,); 69.3-72.0 (CHCH,0); 72.4 (QCH,CH,CH,CF); 73.2 CH,CH,NH); 108.1-126.3 (CH;
118.5 (CF).

2.2.1. Protected CBO-P11 synthesis

Briefly, protected CBO-P11(cyclo(D-FPQ(Trt)IMR(Pbf)IK(Boc)PH(Trt)Q(Trt)GQM)H(Trt)IGE)
was synthesized using non commercial loaded Fma¢2&LITrt resin)-OAll for the linear chain
assembly. Subsequent Fmoc amino acids were cowded) a fourfold excess of amino acids
activated as HOBt ester by means of a 0.45 M HBTRBHsolution. Removal of the allyl protecting
group was performed before N-terminal Fmoc deptmecwith Pd(PPk), in a solution of
CHCI3/AcOH/NMM (37:2:1). Fmoc removal was achieved watlsolution of 20% piperidine in NMP
(N-methyl-2-pyrrolidone). Coupling reaction was foemed with PyBOP, HOBt and DIEA in NMP.
Final cleavage of the peptide from the resin withlmss of any side-chain protecting group was
performed with a solution of 1% TFA in GEI,. Precipitation of the product was done in coldewrat
and filtration yielded 580 mg (65%) of protected@®11 as a white solid.

F13CBO-P11(12). Protected CBO-P11 (311 mg, 93 pumol) was addedsolwion of compound 1
(100 mg, 196 umol), PyBOP (242 mg, 465 pmol), HQBt mg, 698 umol), and DIEA (152 pL,
930 pmol) in 20 mL of THF. The reaction was stir@droom temperature for 48 h. Solvent was
evaporated under reduced pressure; the produgbneempitated in cold water and filtered. The praduc
was then treated with 0.75 g of phenol in a TI8#hisole/HO/TFA solution (1:2:2:40) for 3 h at
room temperature. Final compound was precipitatenh fcold diethyl ether and filtered. The product
was purified by reverse-phase HPLC under the fatigwconditions: eluant A, 0.05% TFA in water;
eluant B, 0.05% TFA in C§CN/H20 (70/30); flow rate, 1 mL/min; detector 21 nMALDI mass
spectrometry analysis (theoretical value: 2489.48dXxperimental value: 2489.16 Da).

2.3. Injectable solutions

In preparation for the intravascular injection, 2vig of FDG is dissolved in 1 mL sterile PBS. For
the polyfluorinated glucose solution, 10 mg of grebe was added to 1 mL of polypropylene glycol
(MW = 400 g/moal). -CBO-P11 solutions were prepared in sterile PB$.t® latter, solutions were
obtained by the addition of 20 mg and 35 mg of ijgepih 1 mL sterile PBS.

2.4. Cell culture

U87 human glioma cells (ATCC) were selected forghaly as an established model for malignant
gliomas that form highly vascularized tumors. Cellsre maintained in culture using Dulbecco’s
modified Eagle’s medium (DMEM) with 10% FBS, L-ghumine (2 mmol [Y), and antibiotics
(penicillin 50 Ul mL?, streptomycin 5Qug mL™Y). Cell culture was performed in a 37 °C incubator
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with humidified atmosphere and 5% &OCells were grown to confluence, harvested after
trypsinization, and re-suspended in serum-free DMBMmplantation.

2.5. In vivo injection in the chicken chorioallaidanembrane (CAM) and sample preparation

Fertilized chicken eggs were incubated at 37 °Cairmumidified atmosphere. On day 4 of
incubation, a window was made in the shell in ortiewisualize the chorio allantoic membrane
(CAM). On embryonic day 10, in the tumor groupjreyrwas put on the CAM and U87 glioma cells (5
million cells per egg suspended in 20 pL of mediwaje deposited on the CAM within the ring after
gentle laceration of the surface. In the other gr@unylon grid was put on the CAM to allow normal
tissue to grow on the grid. After 7 days of impkn (embryonic day 17), FDG, polyfluorinated
glucose and f-CBO-P11 solutions were then injected in a bloodseé of the CAM of each egg
(100 pL per embryo). Embryos were sacrificed 6 baifter injection. All samples were removed and
shap-frozen in liquid nitrogen-chilled isopentarte-460 °C. CAM samples and normal tissue (S1,
Scheme 1) coming from nylon grid were then put argdts (2 mm-thick and 20 mm-diameter
aluminium target with a 5 mm-hole in the centre) &neeze-dried during 3 days at —30 °C in a crytosta
(CM3050S, Leica Microsystems). Tumors were conskate-80 °C until sectioning. For tumor tissue,
successive serial sections (at 100, 200 and 300wer® obtained from the CAM to the tumor (S2 to
S4, Scheme 1) using the cryostat, put on targets feeeze-dried. After sample preparation,
microphotographs were taken to monitor the exparime

Scheme 1Successive sections obtained from tumor implaate@AM.
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2.6. lon beam microanalysis

Particle Induced-ray Emission (PIGE) and Rutherford Backscatte@pgctrometry (RBS) were
performed simultaneously to determine trace elemguoantitative distribution, such as F and Fe, and
major element as C, N, and O determination, regmdgt(Figurel). Analyses were performed with
proton beam energy at 3.4 MeV in order to bensditnfa high cross section for the nuclear reaction f
fluorine [15]. Analyses were realized on zonesypidally 850 x 850 um in a scanning mode of the
proton beam. The beam was focused onto the samfées to a spot of pm in diameter, resulting in
a proton beam current of 500 pA as measured wHaraday cup below the sample. Characteristics
gamma rays emitted from elements of the target vdmtected with an ultralow energy planar
germanium detector (surface of the Ge crystal I8 &0n?, thickness 10 mm) placed at 45° from
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incident beam. The-ray detector was covered by a 100 um thick cafti@n (hole 0.2% of the total
filter surface), to protect theray detector from backscattered particles. The REasurements were
performed using a PIPS detector (passivated imgdpianar silicon) placed at 135° from the incident
beam direction.

Figure 1. Mean PIXE/PIGE spectrum obtained on biological gl@nThe counts and
respective energies can be sorted according to Ipeaition in order to produce element
maps showing gamma or x-ray intensity beam position. Analytical conditions: 3.4 MeV
proton beam; intensity 500 pA, beam diameter: 5 um.

Counts
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1000 ¢
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CaFk, micromatter standard (certified material from N)S3nd a PVDF film (polyvinylidene
difluoride, 25 pm thick) were used as external désad in order to verify the quantification proc¢gk
y-ray emission data were analyzed with the Supawsfowvare to create mask of interesting areas of
selected chemical elements. RBS data were analyiteGIMNRA code [13].

The quantification of fluorine was performed by qmarative analysis with reference standard.
PVDF films were analyzed in order to simulate tenposition and thickness of biological samples.
PyMCA software was used to fit the 110 kgeak on PIGE spectra on a PVDF film and biological
samples. The intensity of the peak in the PVDF wsesl to normalize yield in samples [14,16].

The combination of PIGE and RBS quantitative dagaewused for mass normalization jefay
emission, leading to element concentrations expcess terms ofug of element per g of dry
mass sample.

Equation of quantification can be written as follow

Yi re 1
XQ f:{_

[Fli = [F]Sref x Tref o1 T

Where: [F]i = fluorine concentration of sample k)$ref = fluorine surfacic mass of the reference
(PVDF, Cak), Yi, Yref = intensity of 110 ke peak in reference and sample i, Qi, Qref = depdsit
charge during analysis in reference and sample + Mcal mass of sample i.
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Detection limit of fluorine with these referenceasnaround 3g/g [9].
3. Results and Discussion
3.1. Synthesis of probes and precursors

The synthesis of the polyfluorinated glucose (Sahénhas been described by Schwabisch from
3-allyl-1,2:5,6-di-O-isopropylidene-D-glucofuranose(2) [17]. Briefly, the latter was generated by
treatment of the dioxolane gluco€B with allyl bromide in THF in the presence of sadilnydride.
Then compound (2) was perfluoroalkylated by dithionite-mediated dddi of the
1-iodoperfluorohexane in a solution of acetroretaind water. After hydrodeiodination with palladium
on charcoal in hydrogen atmosphere, the targetusto) was obtained by deprotection of the
compound4) with aqueous trifluoroacetic acid with a 41% oVeyeeld.

Scheme 2Synthesis of the polyfluorinated glucose.

qu@ xj%o XZL

OH — O e C6F13\/\/O

1OO>< /\/V_Z)X 3V_E) ><
ii)

O

on X
OH R <Y CoF § oO
CoFian ~© OH 6 13\/\/¢—\ro
OH ><
0
5 4

i) NaH / allyloromide ; ii) GF1al / NaeS,0s ; iii) Pd / H, ; iv) TFA

F13-CBO-P11 (Scheme 3) was obtained by amide bonddom between polyfluorinated linker
(11) and protected antiangiogenic peptide CBO-P11 [i®8]pwed by a final deprotection step.
Protected CBO-P11 was synthesized from 2-chloybtchloride resin as previously described [18].
Polyfluorinated linker(11) was synthesized from triethylene glyc@). After the obtention of
monoallyl derivative(7) (73% yield), phtalimido-allyl compoun(®) was synthesized in two steps by
treatment with tosyl chloride in triethylamine fmived by potassium phtalimidate with 80% and 94%
yield respectively. Polyfluorinated moiety was themnroduced by dithionite-mediated addition of
1-iodoperfluorohexane followed by hydroiodationlgiezl compound10), which was deprotected by
hydrazine treatment to give amino-polyfluorinatedkér (11) in 27% yield.
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Scheme 3Synthesis of the polyfluorinated peptide£EBO-P11).
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i) NaH / Allyl bromide; ii) TsCl / EN ; iii) PhtNK; iv) CsFial / Na,S,05; then Pd / H V)
Hydrazine; vi) HOBt / PyBOP / DIEA then TFA / phdidd'IS / thioanisole / water.

3.2. Samples from FDG injected CAMs

During this experiment, two types of analyses werdormed. On one hand, short analyses (2—4 h)
were realized on tumor sections in order to quefitiiorine concentration. These sections were goorl
vascularized and no specific accumulation of flneriwas observed. The aim of this first type of
analysis was to quantify the fluorine content lgcatore than to image it. On the other hand, highly
vascularized CAM samples were analyzed for permfidsp to 22 h in order to make a map of the
distribution of fluorine. The mapping of iron wasa@realized to confirm the presence of blood & th
capillaries and help the determination of fluordhstribution. The first analysis we performed was a
analysis on a CAM sample from an egg where no ithaded tracer had been injected. This blank
sample allowed us to verify that our samples didpossess naturally organic fluorine and no externa
contamination could distort the quantificationalidition, this test has shown that no other photas
emitted by a side reaction at 110 and 197 keV.

Highly concentrated solutions of FDG (0.77 and 1NsB corresponding to 1.46 and 2.9 mg of
fluorine respectively per embryo were injected. distribution of trace elements was first deterrdine
and iron and fluorine maps for normal and tumosues were obtained (Figure 2). In the normal
chorioallantoic membrane (CAM) tissue, microscopg &on mapping allowed us to visualize well
defined capillaries (Figure 2-A). Fluorine conceatittn was then determined from normalized samples
(Table 1, samples 1 and 3), showing no significdifferences in ratio between capillaries and
surrounding tissues (sample 3) (1460 + 170 pg/g ohgss of fluorine for capillaries and
1820 £ 210 pg/g dry mass of fluorine for surrougdiissue).

In tumor tissue (Figure 2-B), iron mapping indicajgossibly bleeding; we then determined an
average fluorine concentration in the tumor. Theexe no differential accumulations of fluorine
between normal and pathological tissues (1820 + /@ and 1640 = 170 pg/g dry mass of fluorine
respectively). Even at a twofold lower injected amip the same range of fluorine distribution was
obtained for sample 2 as in sample 3 (Table 1).
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Table 1. Fluorine concentration in
(0.77 and 1.53 M).

99

normal and tumor tissagposed to FDG solutions

Average fluorine concentration (ug/g)

Sample . . : Pathological
P Physiological tissue a .O ogica
tissue
Tissue Successive
(injected solution . CAM Capillaries Tumor
: sections
concentration)
Sample 1 (1.53 M) S1 1560 + 180 960 + 100 -
Sample 2 (0.77 M) S1 - - 1570 + 180
S1 1820 + 210 1460 + 170 -
S2 - - 1640 + 170
S le3(1.53M
ample 3 ( ) s3 - - 1950 + 240
S4 - - 1470 + 140

Sample 1 (S1): CAM sample (no tumor); Sample 2 (S$dnor section (no normal tissue);
Sample 3 (S1): CAM sample (no tumor); Sample 3 #534): serial tumor sections (no normal
tissue). Refer to Scheme 1 and the text for motailde

Figure 2. (A) Chemical elements distribution in CAM exposed B3(sample 3). Optical
microscopy view of a section analyzed by ion beancraprobe (above left) and

corresponding chemical element

distributions mafgerage fluorine concentration:

capillaries (zone 1: 1460 = 170 pg/g), surroundiisgues (zone 2: 1820 + 210 ug/g).
(B) Chemical elements distribution in tumor sectiopased to FDG (sample 3). Average
fluorine concentration in tumoral tissue (zone ®4Q = 170 pg/g). Min-max range bar

units are arbitrary.

I 2 I 2
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3.3. Samples from polyfluorinated glucose inje@éd

Polyfluorinated glucose, being an amphiphilic male¢c was very difficult to solubilize in PBS.
Thus a 18.5 mM solution (0.46 mg of fluorine pgeation) was prepared in polypropylene glycol.

Surprisingly, fluorine concentration in capillaridgas found to be twice lower than surrounding
tissues in both type of samples (sample 4 and bleT2). Indeed, fluorine concentrations found in
sample 4 (Table 2) were about 1290 + 150 pg/g dgssmof fluorine for capillaries and
2240 % 260 pg/g dry mass of fluorine for surrougdiissue.

Table 2. Fluorine concentrations in normal or tumor tissegposed to polyfluorinated
glucose (18.5 mM).

Average fluorine concentration (ug/g)

Sample

Physiological tissue Pathological tissue
Tissue .
(injected solution SUCC?SS'Ve CAM Capillaries Tumor
concentration) sections
(fgrgprLeM‘; s1 2240 + 260 1290 + 150 -
S1 330 £ 60 95+ 20 -
Sample 5 S2 - - 300 £ 30
(18.5 mM) S3 - - 140 £ 30
S4 - - 130 + 20

Sample 4 (S1): CAM sample (no tumor); Sample 5:(SBM sample (no tumor); Sample 5 (S2 to
S4): serial tumor sections (no normal tissue). Refé&Scheme 1 and the text for more details.

Figure 3. (A) Chemical elements distribution in CAM tissue exgbsto the
polyfluorinated glucose (sample 4). Average fluericoncentration: surrounding tissue
(zone 1: 2240 + 260 pg/g), capillaries (zone 2:0129150 pg/g). B) Chemical elements
distribution in tumor section S4 exposed to the/fhobrinated glucose (Table 2, sample 5).
Average fluorine concentration in tumoral tissuen@ 1: 130 + 20 pg/g). Min-max range
bar units are arbitrary.

A
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The same ratio was observed for sample 5. Nevedbgfluorine distribution has been determined
(Figure 3) in accordance with capillaries idengfion with iron measurements. In sample 5
(Figure 3-B, Table 2), fluorine amount decreasammfrthe CAM tissue (330 + 60 upg/g) to the
successive tumor sections (from 300 + 30 pg/g BclSse to CAM to 130 £ 20 pg/g for S4). The low
accumulation in tumor tissue is most probably du¢he fact that poorly vascularized tumors were
injected (Figure 5)

3.4. Samples from polyfluorinated CBO-P11 injeci&iV

Quantification and imaging of ;FCBO-P11 have also been performed at two different
concentrations (20 and 35 mM, which represent sty 0.49 and 0.85 mg of fluorine injected per

egqg) (Figure 4).

Table 3. Fluorine concentrations in normal and tumor tisseeposed to fluorinated
CBO-P11 solutions (20 and 35 mM).

Average fluorine concentration (ug/g)

Sample

Normal tissue Pathological tissue

Tissue .
(injected solution S:ggteizjrs];ve CAM Capillaries Tumor Capillaries
concentration)

Sample 6 S1 - - 450 + 35 610+ 70
(20 mM) S2 - - 270 £ 20 360 + 50
Sample 7 S1 - - 345+ 30 650 £ 70
(35 mM) S2 - - 215+ 35 460 + 45
?3?5mr?1||\7)8 s1 2050 + 175 6570 + 555 - -

Sample 6 (S1 and S2): serial tumor sections (nmabtissue); Sample 7 (S1 and S2): serial tumor
sections (no normal tissue); Sample 8 (S1): CAM@anino tumor). Refer to Scheme 1 and the
text for more details.

Figure 4. (A) Chemical elements distribution in CAM tissue exgmbgo k3:-CBO-P11
(sample 8). Average fluorine concentration: surcbng tissue (zone 1: 2050 + 175 ug/g),
capillaries (zone 2: 6570 + 555 pug/d@}) Chemical elements distribution in tumor section S2
exposed to ;;-CBO-P11 (sample 6). Average fluorine concentratiamor section (zone 1:
270 + 20 pg/g), capillaries (zone 2: 360 + 50 pgWih-max range bar units are arbitrary.

200 pra
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Among the studied samples, sample 6 was treatdd avik0 mM solution of -CBO-P11 and
samples 7 and 8 were treated with a 35 mM solutbr-;-CBO-P11. First, we observed an
incorporation of this fluorinated peptide in botbrmal and pathological tissues (Figure 4 and Tahle
For normal tissues (sample 8, Table 3 and Figufg, 4luorine concentration obtained are 3 times
higher in capillaries with respect to the correspog tissue (6570 + 555 pg/g for capillaries an8®0
+ 175 pg/g for surrounding tissues). In the case¢uofor sections (samples 6 and 7, Table 3), the
fluorine concentrations in capillaries are 1.5 @wmieigher than in the surrounding tissue (from
360 £ 50 to 650 + 70 ug/g for capillarieersus215 + 35 to 450 + 35 pg/g for surrounding tissues)
The low accumulation in tumor tissue is most prdpaloe to the fact that poorly vascularized tumors
were injected (Figure 5).

Figure 5. Tumor tissue with vascularisation on ring (le@AM on aluminium target (right).

3.5. Discussion

The aim of our study was to perform a first ste@imultimodal multiscale imaging approach, and
the second step would be anvivo PET imaging of tumor angiogenic areas. An ion beayaging
analysis was designed with a higher resolutionwallg the validation of biological targets at a
micrometric scale. As the experimental model, weduke chicken chorioallantoic membrane (CAM).
This is a highly vacularized extraembryonic tissbhat has been extensively used to study vascular
development [19,20] and tumor development, suclofaglioblastoma xenografted onto the CAM
[21-25]. We have imaged the distribution of threefinated compounds in the normal CAM and in
the CAM xenografted with U87 glioma cells.

The first two glucose derivatives were envisagethadels to explore the limits of detection while
the third could be considered as a proof of conaggta preliminary biological tool.

BF.FDG (2-deoxy-2-[18F]fluoro-D-glucose) is the mdisequently used radiotracer for PET
imaging. FDG is an analogue of glucose which coespissential qualities that are required for a
tracer. It does not perturb the measured systemf@lv a specific metabolic pathway. Indeed, it
enters the glycolytic pathway in the same way asage does. After the initial phosphorylation step,
the deoxy form of glucose is unable to be furthetaholized and therefore is trapped within cells [6
FDG is then concentrated in regions of higher n@talactivity, as it is known for tumors [26,27].&V
therefore used FDG model as the starting poinuoktudy.

lon beam analyses, and patrticularly PIGE analysiseveral magnitudes less sensitive than PET
(sensitivity of 10° and 10" mole/L respectively). Much larger amounts of glsedluorinated tracer
had to be injected to overcome this limitation. Tiret experiments were performed with highly
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concentrated FDG solutions (0.77 and 1.53 M). Tiscentration is much higher than physiological
glucose concentrations in the blood (7.2 mM). Astibtal blood volume of a 17-day chick embryo is
about 2 mL, injection of 100 pL of these solutionsreases blood glucose from 7.2 to 45.7 mM and
83.7 mM respectively. Our results demonstrate adgmneous fluorine distribution within capillaries
as well as in surrounding tissues (about 1600 pavgrage concentration) (Table 1). The
concentrations of fluorine detected in sample 2 &dere close to each other. However the injected
amount is twice less in the case of sample 2 thasample 3. This may be due to the high FDG
diffusion due to tissue homeostasis. These redeltsonstrate that fluorine can be detected using ion
beam analysis. In any case, the ratio of fluorinecentrations between capillaries and tissuesosecl

to one.

We next synthesized polyfluorinated tracers togase the amount of fluorine injected into embryos
necessary for PIGE detection, the first one beirguaose derivative. Previous studies on chemical
modifications of glucose have been carried outrolepto determine which glucose substitution was
the most suitable. Positions 2 and 3 seem not gnifgantly change glucose internalization and
phosphorylation in cells [28,29]. We therefore ded to insert a polyfluorinated chain on glucose
position 3 (Scheme 2). Even at an amount of fluonnected per embryo about 3 times lower than that
in samples incubated with 0.77 M FDG solution (Od® of fluorine compared to 1.46 mg) and more
than 6 times for 1.5 M FDG solution (2.9 mg of flun@), fluorine maps (Figure 3) and local mass
(Table 2) distribution could be obtained. In normtsM tissue, we obtained about 2.5 times lower
concentration in capillaries than in surroundirsguies.

To improve vascular targeting and to have in hamubtential proof of concept for imaging of
angiogenesis, we used CBO-P11 (cVEGI), a peptidehmbinds receptors involved in angiogenesis. It
has been shown that CBO-P11 inhibits angiogenesiguanor developmerin vivo in the CAM assay
and in animal experiments using rodents [30]. CBQ-Pwas first functionalized as
F13-CBO-P11 (Scheme 3) in order to enable its detedbip PIGE. As previously demonstrated [18],
the addition of chemical groups on CBO-P11 doeschange the affinity of the peptide to its binding
site. Chicken embryos were then injected with-EBO-P11 (Figure 4 and Table 3) and fluorine
concentrations/amounts measured were 3 and 1.5 tomer in surrounding tissues than in capillaries
in normal and tumor CAM tissue respectively. Thet fthat similar fluorine concentrations were
detected in sample 6 and 7 demonstrate that flearptake is not dose dependant at the amounts used
in our study.

It is important to notice that the low absolute cemtration values in tumor tissue are due to the fa
that the injected tumors were poorly vascularizddwever, in this "prevascular" state, we may
hypothesize a high expression level for growthdexteceptors. CBO-P11 exhibit a high affinity for
these, which could explain the relative higher filne concentration in tumors. capillaries than in
normal tissuers. capillaries.

4. Conclusions

This article describes for the first time the datt of organic fluorine in biological samples with
the use of PIGE. This technique was successfulppliegp to quantify fluorine in chorioallantoic
membrane (CAM) tissue and in tumors xenograftedhenCAM. It moreover allows to estimate the
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ratio of fluorine concentration between capillars@gsd surrounding tissues, either normal or tumors.
These results demonstrated that this techniquengutie *°F(p,p’)'°F reaction, is an accurate
technique for fluorine analysis and presents g@osisivity with a LOD in the low ppm range.

After validation of the experimental model usingudtinated glucose derivatives, CBO-P11
(cVEGI), an antiangiogenic peptide was functioredizvith a polyfluorinated linker and used for PIGE
analysis.

PIGE analysis is a new technique which constitthiedirst step of multimodal multiscale imaging.
It allows analyzing fluorine distribution in biolaml tissues with a precision enablirgx vivo
assessment in order that tracers effectively loiolgical targets for which they are designed. Wi
allow ex vivoimaging of labeled molecular probes and validabbtheir biological targets at a higher
resolution than PETi,e., cell scale The second step will use PET imaging which willegim vivo
information. The previously mentioned PIGE analysi compensate the lack of precision. Both
approaches used complementarily will increase thmlity of data generation for medical
cancer imaging.
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