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Polyethyleneimine Methylphosphonate : towards the design of a new class of macromolecular actinide chelating agent in case of human exposition

The use of uranium and to a minor extent plutonium as fuel for nuclear energy production or as components in military applications is under increasing public pressure. Uranium is weakly radioactive in its natural isotopy but its chemical toxicity, combined with its large scale industrial utilization, makes it a source of concern in terms of health impact for workers and possibly the general population. Plutonium is an artificial element that exhibits both chemical and radiological toxicities.

So far, uranium (under its form uranyl, U(VI)) or plutonium (as Pu(IV)) decorporation or protecting strategies based on molecular design have been of limited efficiency to remove the actinide once incorporated after human exposure. In all cases, after human exposure, plutonium and uranium are retained in main target organs (liver, kidneys) as well as skeleton although they exhibit differences in their biodistribution. Polymers could represent an alternative strategy as their tropism for specific target organs has been reported. We recently reported on the complexation properties of a methylcarboxylated polyethyleneimine (PEI-MC) with uranyl. In this report we extend our work to methylphosphonated polyethyleneimine (PEI-MP) and to the comparison between actinide oxidation states +IV (thorium) and +VI (uranyl). As a first step, thorium (Th(IV)) was used as a chemical surrogate of plutonium because of the difficulty of handling the latter in the laboratory. For both cations, U(VI) and Th(IV), the uptake curve of PEI-MP was recorded. The functionalized PEI-MP exhibits a maximum loading capacity comprised of between 0.56 and 0.80 mg of uranium (elemental) and 0.15 -.20 mg of thorium (elemental) per milligram of PEI-MP. Complexation sites of U(VI) and Th(IV) in model conditions close to physiological pH were then characterized with a combination of Fourier transformed Infra Red (FT-IR) and Extended X-Ray Absorption Fine Structure (EXAFS).

Although both cations exhibit different coordination modes, similar structural parameters with phosphonate functions were obtained. For example, the coordination sites are composed of fully monodentate phosphonate functions of the polymer chains. This physical chemical data represent a necessary basic chemistry approach before envisioning further biological evaluations of PEI-MP polymers towards U(VI) and Pu/Th(IV) contamination.

Introduction

The industrial utilization of uranium and to a minor extent plutonium for energy production or military applications is under increasing public pressure. As a matter of fact, recent accidents of Chernobyl and Fukushima or possible misuse of radioactive matter for threat have led to significant concern in terms of impact on the environment, on workers and possibly on the general population. Under atmospheric conditions, plutonium is mostly present at the +IV oxidation state (Pu(IV)) although valences can span from +III to +VI under reducing or oxidative conditions. Uranium has a somewhat simpler chemistry and is present under its oxocationic form {UO 2 2+ } at formal oxidation state +VI (named "uranyl" and simply referred as "U(VI)" below). Uranium and plutonium also differ in that natural uranium is weakly radioactive (its natural isotopy exhibits, at equilibrium, a mix of U-238, U-235 and U-234

)
whereas plutonium is artificial with all isotopes having a much higher specific activity. Therefore natural uranium is mainly considered as a chemical toxic and plutonium is both a radiological and chemical toxic.

After possible human exposure (contamination), plutonium and uranium (both strong acidic cations) are retained in main target organs (liver, kidneys, skeleton) although they exhibit differences in their biodistribution [START_REF] Gorden | Rational design of sequestering agents for plutonium and other actinides[END_REF] . The radiotoxicity of plutonium (all isotopes) and the chemiotoxicity of natural uranium make them nephrotoxic and carcinogenic agents [START_REF] Finkel | Relative biological effectiveness of radium and other alpha emitters in CF No. 1 female mice[END_REF][START_REF] Miller | Transformation of human osteoblast cells to the tumorigenic phenotype by depleted uranium-uranyl chloride[END_REF][START_REF] Stover | Effects of Thorotrast in Humans[END_REF] . Chronic or accidental exposure to uranium or plutonium, even at very low doses, may therefore be considered as a public threat. The retained part of the absorbed quantity of plutonium (Pu(IV)) is mainly shared between bones (50%) and liver (30%). For uranium (uranyl) it is mainly excreted (70%) from the body within a couple of hours, and partially retained in the bones (10-15%) and in the kidneys (12-25%) [START_REF] Ansoborlo | Actinide speciation in relation to biological processes[END_REF] . As mentioned, plutonium bone retention mechanisms are far less described, but their strong affinity for the high vascularized hematopoietic marrow combine with the radiotoxicity of plutonium causing severe damage to tissues and triggering bone and liver cancers [START_REF] Miller | Comparisons of the skeletal locations of putative plutonium-induced osteosarcomas in humans with those in beagle dogs and with naturally occurring tumors in both species[END_REF][START_REF] Wronski | The Microdistribution and Retention of Injected 239Pu on Trabecular Bone Surfaces of the Beagle: Implications for the Induction of Osteosarcoma[END_REF] .

As a consequence, it is critical to be able to remove or prevent incorporation of actinides in these specific sites and favor excretion. From a chemical point of view, U(VI) and Pu(IV) as the other elements of the actinide series, are hard acids (in Pearson's classification [START_REF] Pearson | Hard and Soft Acids and Bases[END_REF][START_REF] Parr | Absolute hardness: companion parameter to absolute electronegativity[END_REF] ) known to exhibit a high affinity for hard basis such as deprotonated carboxylic and phosphonic acids. In the present time, for instance, the calcium diethylenetriamine pentaacetate (CaDTPA) is the standard chelating agent for Pu(IV) to promote blood elimination [START_REF] Norwood | Therapeutic Removal of Plutonium in Humans[END_REF][START_REF] Phan | Pharmacokinetics of DTPA entrapped in conventional and long-circulating liposomes of different size for plutonium decorporation[END_REF] . Sodium bicarbonate on the other hand is the only countermeasure employed to favor U(VI) blood excretion and to limit kidney damage in case of acute uranium poisoning [START_REF] Ohmachi | Sodium bicarbonate protects uranium-induced acute nephrotoxicity through uraniumdecorporation by urinary alkalinization in rats[END_REF] . Recently, promising ligands for actinide(IV) and (III) decorporation have been developed based on catecholate (CAM) and hydroxypyridonate (HOPO) attached to spatially suitable molecular backbones [START_REF] Sturzbecher-Hoehne | Solution thermodynamic evaluation of hydroxypyridinonate chelators 3,4,3-LI(1,2-HOPO) and 5-LIO(Me-3,2-HOPO) for UO 2(VI) and Th(IV) decorporation[END_REF] . K. Raymond et al. have explored the chelating ability of CAM and HOPO derivatives for U(VI) in in vivo conditions [START_REF] Gorden | Rational design of sequestering agents for plutonium and other actinides[END_REF] and have underlined the difficulties to decorporate U(VI) once out of the blood stream (e.g. in skeleton) [START_REF] Durbin | Chelating agents for uranium(VI): 2. Efficacy and toxicity of tetradentate catecholate and hydroxypyridinonate ligands in mice[END_REF][START_REF] Durbin | New agents for in vivo chelation of uranium(VI): efficacy and toxicity in mice of multidentate catecholate and hydroxypyridinonate ligands[END_REF] . So far, these molecular strategies for decorporation are of limited efficiency in removing actinides once incorporated in the target organs. Another drawback is the lack of chemical selectivity because actinides in general act as hard acids like iron or calcium that are also essential biological elements. An alternative to the molecular strategy would be to enhance organ tropism and prevent accumulation. In that sense, polymeric chelates may represent a real breakthrough in the actinides decorporation or protecting strategy because of their higher loading capacity (larger abundance of chelating sites per mg of polymer that could enhance uptake rates), but also their indirect vectorization properties correlated to a specific biodistribution into bone, kidney or liver [START_REF] Zeevaart | Biodistribution and Pharmacokinetics of Variously Molecular Sized 117mSn(II)-Polyethyleneiminomethyl Phosphonate Complexes in the Normal Primate Model as Potential Selective Therapeutic Bone Agents[END_REF] . This effect is mainly mechanical, i.e. polymers can be retained in the main organs due to a size effect and/or enhanced binding properties (ionic, hydrogen, Van der Walls).

The highly soluble polyethyleneimine (PEI) polymer has been extensively studied in medicinal chemistry. Its functionalization is rather easy to implement [START_REF] Jäger | Branched and linear poly(ethylene imine)-based conjugates: synthetic modification, characterization, and application[END_REF] . For instance, the functionalized methyl carboxylate polyethyleneimine (PEI-MC) has been shown to complex heavy metals [START_REF] Masotti | Efficient Complexation-Ultrafiltration Process for Metal Ions Removal from Aqueous Solutions Using a Novel Carboxylated Polyethylenimine Derivative (PEI-COOH)[END_REF] and uranyl in model conditions [START_REF] Lahrouch | A Combined Spectroscopic/Molecular Dynamic Study for Investigating a Methyl-Carboxylated PEI as a Potential Uranium Decorporation Agent[END_REF] . Some studies have also reported the use, in vivo, of methylphosphonate functionalized polyethyleneimine (PEI-MP) for bone cancer imagery and scintigraphy [START_REF] Jarvis | Metal-ion speciation in blood plasma incorporating the water-soluble polymer, polyethyleneimine functionalised with methylenephosphonate groups, in therapeutic radiopharmaceuticals[END_REF] . For instance, after injection of 10-30 kDa PEI-MP it has been shown that 18% of input quantity was retained in bone and kidneys and 20% in the liver with a half time retention of less than 30 min in the liver and in the kidneys and more than 4h in the bone [START_REF] Dormehl | Biodistribution and Pharmacokinetics of Variously Sized Molecular Radiolabelled Polyethyleneiminomethyl Phosphonic Acid as a Selective Bone Seeker for Therapy in the Normal Primate Model[END_REF] . To the best of our knowledge, however, this type of phosphonate macromolecule has never been reported for uranyl or plutonium decorporation.

We report here on the complexation properties of methylphosphonated polyethyleneimine (PEI-MP) with thorium and uranyl. Thorium will be used as a plutonium chemical analogue because it is stable at unique oxidation state +IV and also because the specific activity of 232-Th is comparable to that of natural uranium which makes both of them easy to manipulate in the laboratory. Thorium has frequently been reported to mimic plutonium chemistry [START_REF] Krauskopf | Thorium and rare-earth metals as analogs for actinide elements[END_REF] , although this must always be taken with caution. Thorium is also of interest by itself as the most concentrated natural actinide in the earth's crust and also because of its use a promising alternative fuel for the next reactor generation. In any case thorium is considered here as a preliminary step before investigating plutonium. From a more general actinide chemistry point of view, thorium and uranyl are also representative of the actinide 90°C for two hours and then cooled slowly overnight. The product was separated as a viscous oil.

After decanting, this viscous oil was washed with water to form a doughy substance. This decanting/washing procedure was repeated twice. The resulting oily residue was basified with Na 2 CO 3 to pH≈5, concentrated under vacuum and then purified by ultrafiltration (1 kDa MWCO, RC membrane) and freeze-dried. This yielded 7.8 g of the water soluble polyethyleneimine methylphosphonate sodium salt.

IR analysis: ν(PO) = 1218 and 850 cm -1 .

From the elemental analysis (37.25 % C, 14.39 % N, 5.09 % H), a C/N molar ratio of 2.59 can be calculated. This ratio must be compared with the C/N ratio of 2 for the PEI monomer (C 6 H 15 N 3 ) n with n~194 resulting from the distribution 31:39:30, corresponding respectively to the percentage of primary, secondary and tertiary amine in the structure of our branched polyethyleneimine (bPEI, 25 kDa MW, Sigma-Aldrich) [START_REF] Harpe | Characterization of commercially available and synthesized polyethylenimines for gene delivery[END_REF] In this case, nearly every secondary nitrogen is branched. Based on the empirical monomer formula for the starting PEI and the resulting PEI-MP, (C 9 H 24 N 3 O 9 P 3 ) n , the experimental C/N molar ratio gives a functionalization level of 100% (see scheme 1).

Uptake curve with PEI-MP

With Nat-U(VI) 

5µL of uranyl nitrate solution (UO 2 (NO 3 ) 2 .6H 2 O [U] = 0.1 M, pH

With 232-Th(IV)

For Th(IV), nitriloacetic acid was used as a protecting ligand (at ratio Th:NTA = 1:2) in order to avoid hydrolysis that occurs typically above pH 1-2 for actinides at oxidation state +IV. A quick check of Th speciation in these conditions using JChess simulation with BASSIST data base [START_REF] Bion | BASSIST: an applied thermodynamic database for radionuclide chemistry[END_REF] 

Fourier Transform Infra Red spectroscopy (FT-IR) of PEI-MP-U

Fourier transformed Infrared Spectroscopy (FT-IR) was performed in ATR mode, using a 1 reflection diamond ATR device coupled to a Bruker tensor 27 equipped with a nitrogen-cooled MCT detector.

Spectra of the free PEI-MP polymer were performed by droplet deposition of a polymer solution (10 mg/mL) on the ATR in the mid-infrared range, between 4000 and 600 cm -1 (resolution: 2 cm -1 , 64 scans per spectrum, scan velocity: 10 kHz). Spectra of the PEI-MP-U complex were obtained after mixing 10 µL of 0.1 M uranyl nitrate (UO 2 (NO 3 ) 2 .6H 2 O) solution with 1 mg of PEI-MP which corresponds to a value of U:PEI-MP monomer molar ratio of 0.4. The pH of all samples was fixed to 7.0 by addition of sodium hydroxide (1 M). Spectra of PEI-MP-U were recorded after drying the droplets from their solution on the ATR diamond.

Extended X-ray Absorption Fine Structure (EXAFS) of PEI-MP-U and PEI-MP-Th.

Sample preparations PEI-MP-U sample: PEI-MP (5 mg) was dissolved in 150 µL of TBS buffer at pH = 7.0. 50 µL of a solution of uranyl nitrate (UO 2 (NO 3 ) 2 .6H 2 O) ([U] = 0.1 M, pH 1) was added to obtain a final uranium concentration of 2.5x10 -3 M. This corresponds to a stoichiometry of U:PEI-MP monomer molar ratio of 0.04 (this large under-stoechiometry of U ensures that the limit complex was obtained). The pH was adjusted to 7.0 by addition of sodium hydroxide (1 M). The solution was purified with ultracentrifugation onto Amicon® (MWCO 10 kDa) at 10 000 g and washed twice with TBS buffer at pH = 7.0 as described above.

PEI-MP-Th sample: PEI-MP (5 mg) were dissolved in 150 µL of TBS buffer at pH = 7.0. 100 µL of a solution of thorium nitriloacetate solution (Th(NTA) 2 ) ([Th] = 1x10 -3 M, pH = 1) was added to obtain a final Th concentration of 5x10 -4 M. This corresponds to a stoichiometry of Th:PEI-MP monomer molar ratio of 0.008 (this large under-stoechiometry of Th ensures that the limit complex was obtained). The pH was adjusted to 7.0 by addition of sodium hydroxide (1 M). The solution was purified with ultracentrifugation onto Amicon® (MWCO 10 kDa) at 10 000 g and washed twice with TBS buffer at pH = 7.0 as described above.

Data recording and processing

EXAFS experiments at the U and Th L III edge were carried out on the ROBL beamline of ESRF synchrotron facility. The ROBL beamline is devoted to the investigation of radioactive materials in the hard X-ray range. Because of the low concentration of the samples, EXAFS measurements were performed in fluorescence mode using a 13-element high purity germanium detector with specifically designed 200 µL cells (Ets CANAPLE). The ROBL beam line is equipped with a Si (111) water cooled monochromator in the channel cut mode. Two Pt coated mirrors were used for harmonic rejection. Monochromator energy calibration was performed with Y foil at 17052 eV at the edge maximum. Same conditions were used for both Th and U L III edges. Data processing was carried out using the ATHENA code [START_REF] Ravel | HEPHAESTUS: data analysis for Xray absorption spectroscopy using IFEFFIT[END_REF] . The e o energy was identified at the maximum of the absorption edge.

Data fitting

Fourier Transformation (FT) in k² was performed between 2.8 and 13.0 Å -1 for uranium and between 3.0 and 10.3 Å -1 for thorium with Hanning windows using the ARTEMIS code [START_REF] Ravel | HEPHAESTUS: data analysis for Xray absorption spectroscopy using IFEFFIT[END_REF] . Only one global amplitude factor S 0 2 and one energy threshold correction factor Δe 0 were used for all paths. Phases and amplitudes were calculated using the FEFF9 simulation code [START_REF] Rehr | Parameter-free calculations of X-ray spectra with FEFF9[END_REF] . The model for phases and amplitude calculations was taken from a quantum chemical model described and published elsewhere for U [START_REF] Safi | Osteopontin: a uranium phosphorylated binding-site characterization[END_REF] and Th [START_REF] Creff | Actinide(IV) Deposits on Bone: Potential Role of the Osteopontin-Thorium Complex[END_REF] . For U, the axial coordination number was fixed to 2 O atoms (oxo bond), as it is a usual coordination mode for uranyl. For Th, the first coordination sphere was set to 9 O atoms as it is average for Th coordination. For U, single scattering paths were considered for the oxo (O ax ), the equatorial oxygens (O eq ), as well as for the phosphorous atoms (P) of the phosphonates. Multiple scattering paths were also considered and linked to the corresponding single scattering paths :

quadruple path U-O ax -U-O ax and triple path U-O-P. Addition of a single scattering path involving chlorine atoms improved significantly the quality factor of the fit and was added (from 0.007 with Cl to 0.009 without Cl). For Th, single scattering paths were considered for the first coordination sphere oxygens, as well as for the phosphorous atoms (P) of the phosphonates. A multiple scattering path was also considered and linked to the corresponding single scattering paths : triple path U-O-P. Addition of a single scattering path involving chlorine atoms improved significantly the quality factor of the fit and was added (from 0.02 with Cl to 0.09 without Cl). For both edges, the agreement factor R (%) and the quality factor (QF = reduced CHI²) of the fit were provided from ARTEMIS.

Results and discussion

The physical chemical approach presented in this report involves model conditions in solution and is preliminary to future biological assessment. Accordingly, the uptake curves of U(VI) and Th(IV) with PEI-MP, combined with the spectroscopic analysis of the polymer complexation sites lead to the description of the physico-chemical complexation parameters of the PEI-MP polymer.

U(VI) and Th(IV) uptake curves

Hydrolysis of U(VI) and Th(IV) was avoided with two different strategies: the uptake curve of U(VI) was performed at pH = 5.0 in the absence of protecting ligand; the uptake curve of Th(IV) was performed at pH = 6.5 (in TBS buffer) in presence of 2 molecules of nitrilotriacetic acid as a protecting ligand (see experimental details for further justification). Note that in a more realistic case of contamination at physiological pH, uranyl or thorium hydrolysis is not likely to occur because several competitors are present (metabolites, peptides, proteins, carbonates etc.).

The uptake curve of U(VI) with PEI-MP is shown in Figure 1 (measurements performed in triplicate for each point). It exhibits a linear increase up to the U:PEI-MP monomer molar ratio of 1.3 -1.5.

After this point a shift in the curve appears meaning that saturation of the complexation sites has begun to occur. Note that above a U:PEI-MP monomer molar ratio of 1, the uptake curve is increasingly impinged by sorption/aggregation phenomena of the free uranyl oxocation on the polymer surface. A non negligible bias in the measurements appears resulting in an overestimation of complexed uranyl. Considering the 1.3 -2.3 ratio zone as the saturation regime, it corresponds to a maximum load comprised of between 0.56 and 0.80 mg of uranium (elemental) per milligram of PEI-MP. Comparison at this stage of our study with a realistic contamination case is difficult because chemical competition will occur in vivo for uranium complexation. On the other hand for PEI-MP, complexation from essential biological cations (like Ca 2+ for instance) may also occur. Finally the uranium distribution is time dependent.

The uptake curve of thorium by PEI-MP is shown in Figure 2 (measurements performed in triplicate for each point). As for U(VI), it exhibits a strong increase and a saturation regime that is not clearly defined. The increase of the uptake curve occurs up to a Th:PEI-MP monomer molar ratio between 1.0 -1.5 although these values must be considered as only indicative. Considering this zone as the beginning of the occurrence of a saturation regime, it would correspond to a maximum load comprised between 0.15 and 0.20 mg of thorium (elemental) per milligram of PEI-MP.

Complexation mechanism with PEI-MP in solution

For FT-IR and EXAFS experiments, pH was set to 7.0 for U(VI) and Th(IV). For U(VI) the U:PEI-MP monomer molar ratio is far below 1, thus preventing partial hydrolysis at this pH (as a confirmation, no trace of uranyl hydroxide was detected with IR and EXAFS). For Th(IV) the spectrum was difficult to analyze because of the presence of nitriloacetic acid (it will not be further discussed here).

FT-IR Spectra of PEI-MP and PEI-MP-U are compared in Figure 3, where they are shown after normalization on the 1652 cm -1 absorption band which correspond to the ammonium bands and are constant during the complexation. The spectrum of free PEI-MP exhibits a characteristic series of absorption peaks located between 1200 and 850 cm -1 corresponding to the stretching vibrations of the phosphonate functional groups. According to the literature, the phosphonate absorption bands are split into three or four peaks [START_REF] Li | Complexation of U(VI) with highly phosphorylated protein, phosvitinA vibrational spectroscopic approach[END_REF] . The first broad band at highest energy is composed of two main contributions centered at 1130 and 1103 cm -1 that may be correlated to ν as (P-O) from a mixture of protonated ROPO 3 H -and deprotonated ROPO 3 2-functions respectively [START_REF] Barkleit | Coordination of uraniul(VI) with functional groups of bacterial lipopolysaccharide studied by EXAFS and FT-IR spectrocopy[END_REF][START_REF] Persson | Structure and bonding of orthophosphate ions at the iron oxide-aqueous interface[END_REF] . The second broad absorption band is composed of two correlated contributions centered at 987 and 978 cm -1 that may correspond to ν s (P-O) also from protonated and deprotonated phosphonate functional groups respectively. This broad absorption band (1130 -1051 cm -1 ) evolves with pH and reflects possible equilibrium with protonation of the second acidic function of the phosphonates when moving from pH 7 to 5 as shown in Figure S1 of Supplementary Materials. Finally the band at the lowest energy, around 910 cm -1 , is associated to the protonated phosphnate function ν as (P-OH). It is not significantly modified from pH 5 to 7, meaning that total deprotonation does not occur in our expeirmental conditions. The ν as (P=O), classically observed at higher wavenumber (above 1200 cm -1 ) is not identifiable here. On the spectrum of PEI-MP-U, a shoulder appears at 920 cm -1 corresponding to the antisymmetric stretching mode of the transdioxo unit of U(VI). This band is red-shifted compared to its pentaaqua uranyl complex absorption band reported at 962 cm -1 . But the main modifications upon uranyl complexation, occur in the phosphonate region: the highest energy broad band splits into three well defined peaks centered at 1133, 1095 and 1052 cm -1 due to the hypochromic shift of the ν s (P-O) vibration band of the deprotonated function. The lowest energy group, at 910 cm -1 is red shifted to 885 cm -1 . The band centered at 975 cm -1 undergoes a shape modification due to intensity modulations upon complexation. This data confirm that the phosphonate functional groups of the polymer are involved in the complexation site, as expected. The red shift of the uranyl band also confirms that {UO 2 2+ } is complexed by the polymer functions and not simply adsorbed.

In order to better describe the metal complexation site, EXAFS spectra of PEI-MP-U and PEI-MP-Th at the U/Th L III edge were recorded with a U:PEI-MP monomer molar ratio of 0.04 and Th:PEI-MP monomer molar ratio of 0.008 (Figure 4a). The corresponding modulus of the Fourier transform (FT) is shown in Figure 4b and imaginary parts are shown in Supplementary materials, Figure S3.

For PEI-MP-U, the first coordination sphere is clearly composed of the short axial contribution of the two oxo bonds and of the longer equatorial contributions around R+Φ = 2.1. The best fit metrical parameters are displayed in Table 1. In the equatorial uranyl plane, 4.7(2) equatorial oxygen atoms are positioned at 2.35 Å (U-O eq ). The second coordination sphere is composed by 3.3(5) phosphorous atoms at U...P = 3.77 Å. Both U-O eq and the U...P distances correspond to the values reported by Kubici et al. for a monodentate phosphate (U…O P = 2.28 Å and U…P = 3.64Å) [START_REF] Kubicki | Quantum mechanical calculation of aqueous uranium complexes: carbonate, phosphate, organic and biomolecular species[END_REF] . They are also close to distances reported for a phosphopeptide-U complex with similar phosphonate ligation (2.32 Å for the U-O eq distance and 3.73 Å for the U...P distance [START_REF] Wronski | The Microdistribution and Retention of Injected 239Pu on Trabecular Bone Surfaces of the Beagle: Implications for the Induction of Osteosarcoma[END_REF] ). Finally considering that all the phosphonates are monodentate, this data suggests that in the uranyl equatorial plane 4.7 -3.3 = 1.4 oxygen atoms come from the solvent (water). Overall these results are also in agreement with IR data and confirm the role of the phosphonate functional group in uranyl coordination. It must be noted that an addition of chloride atoms (0.5(3) atom at 2.86 Å) was necessary in order to improve the fit in the region between R+Φ = 2.1 and 2.3 Å. Although the addition of 0.5 chlorine atoms is expected to have a weak impact on the total EXAFS amplitude it is consistent with the chemistry ([NaCl] = 150 mM in the medium) but also increases significantly the fit quality as shown in Figure S2 of the Supplementary Materials.

For PEI-MP-Th, the best fit metrical parameters are also displayed in Table 1. The first coordination sphere is composed of 9 (fixed) oxygen atoms positioned at 2.35(1) Å. The coordination number was fixed to an average value because with such large coordination the uncertainties associated with the amplitude estimation would lead to errors larger than 1 unit. The second coordination sphere is composed of 2.8( 6) phosphorous atoms at 3.90(1) Å (Th...P). The Th-O and the Th...P distances correspond to the values reported for a monodentate phosphonate from a phosphopeptide-Th complex (2.34 Å for the Th-O(P) distance and 3.85 Å for the U...P distance [START_REF] Creff | Actinide(IV) Deposits on Bone: Potential Role of the Osteopontin-Thorium Complex[END_REF] ). A similar argument for uranyl leads to the estimation that the number of water molecules in the coordination sphere is equal to 6.2.

But the value is only indicative of the total coordination number which was fixed at 9. As for the PEI-MP-U, the addition of chloride atoms as ammonium counter ions (1.8 (4) Cl at 3.12 (2) Å) was necessary in order to improve the fit in the region between R+Φ = 2.1 and 2.3 Å. The quantity of chlorine scatters is however significantly larger than for uranium. This difference may be attributed to the larger electrostatic charge and steric flexibility of thorium compared to uranyl.

The consideration of the above data leads to the estimation of PEI-MP as an interesting candidate for the future design of U(VI) and T(IV) decorporation agent of target organs (liver, kidneys for instance)

or bone (due to the affinity of phosphonate for the calcium of hydroxyapatite part). For both cations, about 3 phosphonate functional groups are involved in the first coordination sphere, and this characterizes the coordination site together with an estimate of the complex stoechiometry: between 1.3 and 1.5 U:monomer for uranyl and between 1.0 and 1.5 Th:monomer for thorium. Finally, although U(VI) and Th(IV) have very different coordination modes (typically 5+2 for U(VI) and 9-10, for Th(IV)), they show similar binding modes with respect to PEI-MP and exhibit monodentate complexation with the phosphonate functional groups at pH of investigation. Uranyl uptake with carboxylate PEI (PEI-MC) has also been previoulsy reported [START_REF] Lahrouch | A Combined Spectroscopic/Molecular Dynamic Study for Investigating a Methyl-Carboxylated PEI as a Potential Uranium Decorporation Agent[END_REF] and has shown the implication of both mono and bidentate carboxylate functions in the equatorial plane of uranyl with an average distance of 2.35 Å that is similar to the distance in PEI-MP. This suggests that this type of architecture is very flexible and could be suitable for other elements of the actinide series, given that they all behave as hard acidic cations.

Conclusion

In this work, we reported on the complexation properties of methylphosphonate polyethyleneimine, PEI-MP, and there of explored the possibility of using polymeric architectures towards designing a new class of chelating agents in case of uranyl (U(VI)) or plutonium (thorium, Th(IV), as a surrogate in the study) contamination. The physical chemical approach presented above in model conditions is preliminary to future biological assessment. The functionalized PEI-MP considered here exhibits a maximum loading capacity comprised of between 0.56 and 0. Although both cations exhibit quite different coordination modes, similar structural parameters for the phosphonate ligation were obtained for U(VI) and Th(IV). Overall, these data suggest that a macromolecular chelating approach to acting against actinide incorporation in target organs could be valuable. Studies aiming at determining the optimal molecular weight which directly impacts biodistribution and hence the toxicity and long term kinetics experiments are also required to determine whether or not the actinide complexes could be naturally excreted with time. 1.8 (4) Cl at 3.12 (2) Å,

σ 2 = 0.0092 Å 2
Uncertainties are in brackets. For U the number of oxo oxygens was fixed to 2; for Th the number of first coordination sphere oxygens was fixed to 9. S 0 2 is the global amplitude factor; e 0 is the energy threshold factor. The R factor is the agreement factor of the fit in percentage, Q is the quality factor (reduced CHI 2 ) of the fit. were shifted in ordinates. For U : Rfactor decreases from 0.6 % to 0.4 % and CHI 2 R from 9x10 -3 to 7x10 -3 . For Th : Rfactor decreases from 1.8% to 0.5% and CHI 2 R from 91x10 -3 to 21x10 -3 .
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 1 were added to 100 µL, 50 µL, 25 µL, 20 µL, 12 µL an 9 µL of PEI-MP solution in distilled water (10 mg/mL). 400 µL of TBS buffer (50 mM Tris, 150 mM NaCl) were added to each aliquot and the pH was finally adjusted to 5.0 by addition of sodium hydroxide (1 M). The corresponding U:PEI-MP monomer molar ratio is equal to 0.2, 0.4, 0.8, 1.0, 1.7 and 2.4 respectively. The six solutions of PEI-MP-U(VI) complexes (named PEI-MP-U further in the text) were purified by ultracentrifugation on Amicon® filters (Millipore, MWCO 10 kDa) at 10 000 g and washed twice with 200 µL TBS buffer at pH 5.0. The pH was set to 5.0 (and not to 7.0 as for the rest of the study) to prevent U(VI) from forming colloids when an excess of free U(VI) is present. Indeed blanks samples have been performed at pH = 5.0 in TBS buffer conditions with [U]= 5x10 -6 M. In these conditions 95 ± 2 % of the input U was recovered from the filtrate, indicating that no significant irreversible colloidal formation occured in the absence of polymer. To measure the complexed quantity of U, the Amicon® filters (containing the PEI-MP-U complex) were then digested with nitric acid (65%) into a microwave furnace for 2h (200°C). Each digested solution was dried and dissolved into a nitric acid solution at pH 1.5 before being measured by ICP-OES (Perkins Elmer Optima 8000). Each ratio was repeated 3 times in order to obtain 18 independent values.

  indicates that less than 10% of the initial Th is hydrolyzed. 20 µL of thorium nitriloacetate (Th(NTA)2 [Th] = 0.01 M, pH 1) were added to 110 µL, 55 µL, 38 µL, 28 µL, 22 µL, 15 µL, 11 µL, 9 µL and 7 µL of PEI-MP solution in distilled water (10 mg/mL). The final volume was fixed at 400 µL by addition TBS buffer (to obtain 50 mM Tris, 150 mM NaCl in each aliquots) and the pH was finally adjusted to 6.5 by addition of sodium hydroxide (1 M). The corresponding Th:PEI-MP monomer molar ratio was equal to to 0.075, 0.150, 0.220, 0.300, 0.380, 0.555, 0.760, 0.925 and 1.200 respectively. The nine solutions of PEI-MP-Th(IV) complexes (named PEI-MP-Th further in the text) were purified by ultracentrifugation on Amicon® filters (Millipore, MWCO 10 kDa) at 10 000 g and washed twice with 200 µL TBS buffer at pH = 7. To measure the quantity of PEI-MP-Th complex, the Amicon® filters were then digested with nitric acid (65%) into a microwave furnace for 2h (200°C). Each digested solution was dried and dissolved into a nitric acid solution at pH 1.5. In order to measure the quantity of Th in this fraction, 1800 µL of orange xylenol at pH 4 (10 -4 M buffered with acetate at pH = 4) were added to 200 µL of this solution. UV measurement (Agilent technologies Cary 60 UV-vis spectrometer, Tungsten lamp, ε = 85000 in these conditions at 564 nm) were repeated 3 times for each fraction in order to obtain 27 independent values. Blanks were performed in the same conditions ([Th(NTA) 2 ]) = 5x10 -4 M, pH = 6.5) in the absence of polymer. In these conditions, 92 ± 2 % of the input Th was recovered from the filtrate.

Scheme 1 .Figure 1 .

 11 Scheme 1. Representation of the monomeric unit of starting PEI (a) and PEI-MP (b) as if functionalization were equal to 100% and with an arbitrary protonation state

Figure 2 .

 2 Figure 2. Uptake curve of Th(IV) by PEI-MP at pH 7.0 (see Experimental section for details). Data are reported in triplicate for each ratio.

Figure 3 .

 3 Figure 3. FT-IR spectra in absorption mode of free PEI-MP and PEI-MP-U, pH = 7.0. Normalization was performed on the band at 1652 cm -1 (not shown) and spectra were shifted in ordinates.

Figure 4 .

 4 Figure 4. (a) Experimental and fitted EXAFS data at the U L III edge of PEI-MP-U and at the Th L III edge of PEI-MP-Th, (b) Corresponding moduli of the FT. Experimental = black line; shell fit = black dots. For the sake of clarity, all experimental/fit spectra were shifted in ordinates.

Figure S2 .

 S2 Figure S2. Imaginary parts of the Fourier transform of the EXAFS spectra at the U L III edge of PEI-MP-U and at the Th L III edge of PEI-MP-Th. Solid line = experimental, dotted line = fit with Cl contribution, dotted and dash line = fit without Cl contribution. For clarity, all experimental/fit spectra

  

  

  

  

Experimental section 1. Synthesis of Polyethyleneimine methyl phosphonate (PEI-MP) and characterization

  

	approach before envisioning further biological evaluations of PEI-MP polymers towards U(VI) and
	Pu/Th(IV) contamination.
	Analytical conditions: Ultrafiltration was carried out with stirred ultrafiltration cell (Millipore)
	equipped with ultrafiltration membrane disc filters (Pall corporation, 1 kDa MWCO, ref OM001076)
	for the polymer purification. Ultracentrifugation experiments were performed on Amicon® Ultra-15
	centrifugal filter devices (Millipore, 10 kDa MWCO) at 10 000 g for the uptake experiments.
	Phosphorous acid H 3 PO 4 , branched polyethyleneimine (βPEI, 25 kDa MW), formaldehyde was
	purchased from Sigma-Aldrich. Uranyl nitrate UO 2 (NO 3 ) 2 .6H 2 O was purchased from pro-labo. PEI-
	MP was synthesized as described elsewhere 23 . Basically, phosphorous acid H 3 PO 4 (19.1 g) was
	dissolved in concentrated HCl solution (50 mL) and heated at 80°C. Then a 37% formaldehyde
	solution (37.8 mL) was added dropwise. Branched 25 kDa PEI (10.0 g) was dissolved into water (48
	series, i.e. Th(IV) for plutonium and actinide(IV) in general and U(VI) as a representative of the
	actinyl sub-family. The first part of this study reports in model conditions the uptake curves of both
	U(VI) and Th(IV) with PEI-MP. The second part describes the characterization of the complexation
	sites close to physiological pH. In order to do so, a combination of analytical and spectroscopic
	techniques were implemented: ICP-OES (Inductively Coupled Plasma Optical Emission
	Spectrometry) and colorimetric titration with xylenol orange were used in order to estimate the uptake
	curves of U(VI) and Th(IV) with PEI-MP respectively; EXAFS (Extended X-Ray Absorption Fine
	Structure) combined with FT-IR (Fourier transformed Infra Red) were performed to characterize both
	cation coordination environments. This physical chemical data represent a necessary basic chemistry

mL) and this solution was added dropwise to the reaction mixture. The reaction mixture was stirred at
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