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A chemical speciation insight into the palladium nanoparticle uptake and metabolism by Sinapis alba. Exposure to Pd induces the synthesis of a Pd-histidine complex

Palladium is recognized as a technologically critical element (TCE) because of its massive use in automobile exhaust gas catalytic converters. The release of Pd into the environment in the form of nanoparticles of various size and chemical composition requires the understanding of their metabolism by leaving organisms. We provide here for the first time a chemical speciation insight into the identity of the ligands produced or used by a plant Sinapis alba L. exposed in hydropony to Pd nanoparticles and soluble Pd (nitrate). The analytical method developed was based on the concept of 2D HPLC with parallel inductively coupled plasma mass spectrometry (ICP MS) and electrospray MS detection. Size exclusion chromatography ICP MS of the plant extracts showed no difference between the speciation of Pd after the exposure to nanoparticles and after that to Pd 2+ which indicated the reactivity and dissolution of Pd nanoparticles. A comparative investigation of the Pd speciation in a control plant extract spiked with Pd 2+ and of an extract of a plant having metabolized palladium indicated the response of the Sinapis alba by the formation of a Pd-histidine complex. The complex was identified by Orbitrap MS; the HPLC-MS chromatogram produced two peaks at m/z 415.0341 each corresponding to a Pd-His2 complex. An investigation by ion-mobility MS revealed a difference in their collision cross section indicating that the complexes present varied in terms of spatial conformation. A number of other Pd complexes with different ligands (including nicotianamine) circulating in the plant were detected by but these ligands were already observed in a control plant and their concentrations were not affected by the exposure to Pd.
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Introduction

The increasing emission of platinum group elements (PGEs), resulting from their use in catalytic converters, is reflected in their growing accumulation in the environment. 1 PGEs are released into environment at a rate up to 200 ng km -1 per car, mostly as metal or metal oxide nanoparticles, mainly due to high thermochemical stress of the catalysts and mechanical abrasion. 2 The highest emission is observed for palladium, the use of which has increased significantly in last decades. Consequently, Pd concentrations in roadside soil reaching up to 700 -1 were reported. 3 The mobility and bioavailability of Pd are significantly higher than those of other platinum group metals. 4 Palladium can be taken up fairly easily by plants and small organisms. 5 Plants, situated at a low level of the food chain, play a key role in the metal (ionic and nanoparticle) cycling in the environment which raises interest in the mechanisms of the metal uptake, translocation, bioaccumulation and detoxification. [START_REF] Sinha | Bio-Nanoparticles[END_REF][START_REF] Yang | [END_REF] Organic ligands present in plant sap or bio-synthetized in roots and shoots play an important role in these processes. From the chemical point of view, these ligands can be divided into three classes, depending on which of the atoms donates an electron pair: sulfur (metallothioneins and phytochelatins), nitrogen (amino acids), or oxygen (as carboxylates, malate, citrate, malonate, succinate or oxalate. 8 In plants, the most common ligands involved in the transport and storage of metals ions include cysteine, histidine, nicotianamine, malate or citrate. 9 11 Therefore, speciation of metals in plants is of utmost importance. The recent review on speciation of technologically critical elements indicates the scarcity of data on the speciation of PGEs in plants. 12 In particular for palladium, the only information available was obtained by the fractionation of a water soluble Pd fraction showing three complexes, accounting for ca. 7% of Pd, which were not identified. 13 Our previous work demonstrated the uptake of Pd nanoparticles and their translocation to root and shoots of an edible plant (Sinapis alba L. or white mustard) associated with a decrease of particle size and their putative solubilization. 14 The goal of this research was two-fold: (i) to obtain an insight into the molecular mechanisms of the reactivity of the Pd nanoparticles by identifying ligands able to dissolve Pd and to allow its transport into shoots and leaves, and (ii) testing the hypothesis that there exists a mechanisms of synthesis of a bioligand as a response mechanism of Sinapis alba L. against Pd. Palladium is known to form stable complexes with a number of organic ligands, but none of them has been identified in a plant tissue yet. 15 17 In order to achieve the Pd speciation analysis, the concept of 2D HPLC with parallel ICP MS and electrospray MS detection proposed elsewhere was revisited and tailored to provide molecular information on Pd species. 18 First, size-exclusion chromatography was optimized in order to allow the molecular-size fractionation of the totality of the soluble Pd present resulting in a metallomics approach (targeting all the soluble forms of a metal (Pd) present). 19 Then, the fraction of interest was probed by hydrophilic ion interaction liquid chromatography (HILIC) with the parallel detection by ICP MS and Orbitrap MS/MS to identify the species present. 20 22 In addition, we explored for the first-time the spatial conformations of the produced species by ion-mobility MS.

Experimental

Reagents, standards, and solutions.

Analytical reagent grade and LC MS grade reagents used during the studies were acquired from Sigma-Aldrich (Saint Quentin Fallavier, France) unless stated otherwise. Ultrapure water (18 cm) used during the studies was obtained from Milli-Q system (Millipore, Guyancourt, France). Aqua regia was produced by mixing (3:1 v/v) concentrated HCl and HNO3 of Ultranal quality (Cheman, www.ciechtrading.com). Palladium (II) standard stock solution was diluted up to 1.9

L-1 and mixed with series of ligands solutions (3.8 L-1) in ratio 1:1. After appropriate dilution a total palladium concentration of 0.24 -1 was introduced onto ZIC HILIC column as mixtures with: cysteine, glycine, histidine, methionine, nicotianamine and glutathione. Instrumentation.

Wet digestion was carried out in a closed, microwave assisted Ethos 1 system (Milestone, www.milestonesrl.com), Size exclusion chromatography (SEC) separations were carried out on Superdex 200 (separation range: 10,000-600,000 Da) and Superdex Peptide 300 (separation range: 100-7,000 Da) columns (GE Healthcare, www3.gehealthcare.com), with a 1200 HPLC system (Agilent, www.agilent.com) equipped with an autosampler. Hydrophilic -cHILIC (150 x 2.1 mm, 3 (150 x 2,1 mm, 2,6 www.phenomenex.com). The metal elution was monitored by a 7500 or 7700 ICP-MS (Agilent) connected directly to the column outlet. For HPLC MS/MS analysis, a Dionex system (Ultimate Spectrometer (Thermo Scientific, www.thermofisher.com). The ionmobility instrument was timsTOF from Bruker (Bruker Daltonics, Bremen, Germany) coupled to an ACQUITY UPLC system (Elstree, UK). Hydroponic cultivation.

The plants Sinapis alba L. were cultivated for a period of 4 weeks in a growth chamber as described elsewhere. 23 Firstly Sinapis alba were seeded in artificial substrate (glass balls). At the cotyledon stage seedlings were transplanted into 4 L pots (9 plants per pot) uninterrupted growth, nutrient solution was spiked with an aqueous solution of Pd(NO3)2 or suspension of PdNPs in 2 mmol L -1 citrate buffer, to reach a final Pd concentration of 1.0 mg L -1 . Control plants were cultivated in parallel. The cultivations were continued for two more weeks. Then, the plants were harvested and weighed. Once divided into leaves, stems and roots, the plants tissues were submitted immediately to the extraction procedure or were air dried and homogenized in agate ball mill (www.fritsch-international.com).

Extraction of Pd compounds from plant material.

A 1 g sample of fresh plant leaves, stems and roots was grinded in a mortar in the presence of liquid nitrogen. Homogenized material was afterwards extracted with 3 ml (leaves/stems) or 6 mL (roots) of min. Simultaneous extractions were carried out for control plant organs and control plant material spiked with Pd(NO3)2. After the extraction was complete, the samples were centrifuged. The supernatants were separated from the residues, transferred to smaller containers and lyophilized. Prior to analysis, the lyophilized extracts were dissolved in water. After 90 min of shaking in ambient temperature, samples were centrifuged for 5 min (3000 rpm), and supernatants were analyzed immediately. For air dried samples, a sample of 200 mg of homogenized roots, stems or leaves was extracted with 1.5 mL of water at room temperature for 1h. Then, the mixture was centrifuged for 5 min (3000 rpf) and the obtained supernatant was analyzed immediately.

Determination of the total Pd concentration.

A sample (50-100 mg) was digested in 3.0 mL aqua regia. Digestion was carried out according to the temperature program: 0 5 min to 15 75 digestion process, the obtained solution was quantitatively transferred and diluted with water to 10 mL. Total Pd content was determined by ICP MS, the isotopes 105 Pd, 106 Pd and 108 Pd were simultaneously monitored and the quantitative determination was carried out using a calibration curve. The RF power was 1600 W and deflector voltage -9 V. The flow rates of the nebulizer, plasma and auxiliary gases were 1.0, 18.0 and 1.2 L min -1 , respectively. Chromatographic separations.

The extracts were diluted 10-fold. Injection volume was 100 separation was performed isocratically (0.7 mL min -1 ) with 100 mmol L -1 ammonium acetate (pH 7.5) as a mobile phase. For HILIC analysis, samples were diluted 1:1 with acetonitrile. Two types of HILIC columns were used. To separate compounds on -cHILIC the mobile phase was a mixture of 5 mmol L -1 ammonium acetate and acetonitrile in a gradient: 0 min -100% B; 2.5 min -100% B; 27 min -65% B; 35 min -60% B; 36 min -100% B; 46 min -100% B where A was 10% 5 mmol L -1 ammonium acetate (pH 5.5) + 80% H2O + 10% acetonitrile (ACN), while B was 10% 5 mmol L - 1 ammonium acetate (pH 5.5) + 90% ACN. 4 separated in a 200 min -1 flow rate. To separate compounds on Kinetex HILIC, as a mobile phase 25 mmol/L, pH 5.5 ammonium acetate (A) and ACN (B) were use in gradient: 0 min -95% B; 1 min 95% B; 10 min 80% B; 13.5 min 60% B; 17 min 60% B; 21 min 60% B, 30 min 95% B. 20 0.5 mL min -1 flow rate.

ICP MS detection.

The conditions were as described above. The chromatographic traces were presented for the 104 Pd isotope (11.14% abundance).
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Orbitrap MS detection.

The instrument was operated in the positive ionization mode at a 240 000 resolution. The electrospray voltage was set to 3.5 kV, the 35 and 10 units, respectively. The mass spectrum registered in the mass range 50 1000 m/z was searched for parent ions with an isotopic pattern characteristic for Pd (5 main isotopes: 104 Pd, 105 Pd, 106 Pd, 108 Pd, and 110 Pd with abundancies of 11.14, 22.33, 27.33, 26.46 and 11.72%, respectively. The search for Pd isotopic patterns in mass spectra was carried out using Compound Discoverer software program. The mass tolerance was set to 5 ppm and the intensity tolerance to 30%. For MS/MS analysis, collision energy was 30 35 kV. Ion mobility (TIMS TOF) detection.

Samples were ionized using a standard ESI source (Bruker Daltonics, Champs sur Marne, France) in positive mode. The operating conditions were 4500 V as capillary voltage, -500 V as end plate, 2.5 bars nebulizer pressure, 6.0 L min -1 dry gas and the dry heater set at set in detect mode with a 1/k0 range from 0.45 to 1.55 V s cm -2 . The acquisition rate was 2,86 Hz. The IMS service ramp of 70 ms, the IMS tunnel voltage Delta 1 of -20 V and delta 2 at -120 V were used. The TOF and TIMS calibrations were performed by infusing at 5 min -1 , a ESI-TOF tuning mix calibration standard solution from Agilent (Les Ulis, France).

Results and discussion

The growth of Sinapis alba L.in the presence of palladium No significant morphological changes were observed when comparing the plant growth with and without Pd addition, regardless of its form (soluble or nanoparticles). However, it was observed that the average stem length of plants cultivated in the presence of Pd salt was by 13% higher than in control plants, while the root length was 19% lower. A similar observation was reported by Ronchini et al. in roots of Pisum sativum exposed to 1 mg L -1 K2PdCl4, the stems also had a slightly reduced length. 24 A significant decrease of the leaves length was also observed in barley cultivated in the presence of 1-12 nm Pd nanoparticles. 25 The average biomass of white mustard cultivated with Pd addition was about 20% lower compare to the control conditions. In terms of percentage, the most noticeable decrease in biomass was observed for roots, which was in line with the observed reduced average root length. In the case of Pisum sativum, the decrease in roots biomass production was not observed until the concentration of palladium reached 10 mg L -1 . 24 The above observations lead to the conclusion that plants grown in the presence of Pd show an increase in the stem length and inhibition of root growth. This, together with the lower biomass, is indicative of plant weakness and toxicity of Pd at the investigated concentration levels. Palladium uptake and molecular mass Pd-species distribution Regardless whether Pd was provided in the form of nanoparticles or dissolved [Pd(NO3)2], it concentrated in plant roots at 638-694 and 919-932 g -1 (dry weight), respectively. The values measured in leaves (0.21 + 0.1 and 0.28 + g -1 , dry weight, respectively) and stem (0.18 + 0.01 and 0.17 + g -1 , dry weight, respectively), were much lower. Moreover, in plants cultivated with Pd nanoparticles about 7% of Pd in Sinapis alba roots, 21% in stems and 28% in leaves was present in dissolved form (inset to Fig. 1). 14 Fig. 1 shows that the morphology of the size-exclusion ICP MS chromatogram (distribution of Pd among the molecular species as a function of the molecular mass) is identical regardless of the supplied form. The chromatogram of the control samples shows no contamination from the laboratory conditions. Even if interactions of the stationary phase may considerably affect the retention of the Pdcomplexes in the molecular sieve, it can be said that most of palladium is present as low molecular weight complexes (<10 kDa). Alt and Weber showed that equal amounts of soluble palladium compounds in Lactuca sativa L. and Cichorium endivia var. crispum are were present as high (160 kDa) and low molecular weight (<10 kDa) species. 26,27 Low molecular weight complexes had not et al showed that Pd was strongly retained in roots but ca. 10% was transported to leaves and metabolized; the water soluble fraction contained ca. 70% of Pd. 13 The lower molecular mass fraction (<10 kDa) studied by SEC (exclusion limit 3,000 Da) with ICP MS detection indicated the presence of at least three peaks, but the species could not be identified. 13 Note that the chromatogram corresponding to the plant exposed to Pd-nanoparticles is less intense as only 7% palladium (Fig. 1, inset) was dissolved and could be chromatographed. The morphologies of the chromatograms of the extracts of the plants exposed to nanoparticles and to dissolved palladium were similar. Consequently, the subsequent identification studies were carried out on the extracts of Sinapis alba grown in the presence of Pd(NO3)2 which contained higher concentrations of the soluble Pd-containing compounds. Chromatograms of fresh root extracts after lyophilization and extract of dried plant material were compared (Fig. SI 1). The chromatograms show peaks of similar retention times, but subtle differences in the chromatogram morphology are observed. Please do not adjust margins Please do not adjust margins Nevertheless, regardless of the plant material preparation, the most intensive peak is eluted in time 25-30 min, which remains stable after lyophilization. Further work was carried out upon the extraction of dried tissues. Fig. 2 compares the molecular size distribution of Pd in roots, stems and leaves. It shows a strong difference in the mass distribution of the Pd-species as a function of the plant tissue with a noticeable transport of part of the palladium species found in root to stems and leaves. Nevertheless, there exist large molecular mass palladium species (high molecular mass fraction) which are not transported to the upper parts. Also, the presence of a peak at 40 min, putatively assigned as Pd 2+ indicates the need for specific ligands to assure the transport of palladium towards the upper plants of the plant.

Identification of the Pd-binding ligands biosynthesized as a function of exposure to Pd stress A plant extract contains a number of ligands which are able to complex palladium. However, no palladium complex has ever been identified in plants yet. More important is to verify whether an exposure of a plant to Pd stress triggers off the synthesis of specific ligands as a mechanism of the plant detoxification. Therefore and experiment was designed to verify such a hypothesis. For this purpose a size-exclusion chromatogram of a sample of a control plant extract spiked with Pd 2+ was compared with that of a plant extract cultivated in the presence of Pd(NO3)2. (Fig. 3). Most of peaks are common to both chromatograms. Interestingly, the most intense peak corresponding to the Pd complex is present only in the extract of plant cultivated in the presence of Pd(NO3)2. Further work aimed at the identification of this biosynthesized compound.

Identification of the biosynthesized palladium complex

The fraction corresponding to the peak of interest was collected and reinjected onto the SEC column to check the stability of the palladium species in view of their further analysis by another chromatographic mechanism (Fig. 2 SI). The retention time and the intensity of the peak were preserved which indicates the stability of the complex. The identification of the Pd-complex was carried out by HILIC electrospray MS/MS. The choice of HILIC, introduced for speciation analysis of metal complexes by Ouerdane et al. 22 , was dictated by its suitability for small polar compounds as amino acids, peptides and proteins and the compatibility of the mobile phase conditions with electrospray mass spectrometry. 28 Two types of column:

-cHILIC and Kinetex HILIC were investigated. Both columns applied were of the same length, internal diameter and the pore size. As stationary phase, the unbonded silica is applied in Kinetex column, while ZIC involves the bonding of zwitterionic phosphorylcholine functional groups to a silica backbone of the stationary phase. Following the optimization of pH and mobile phase gradient conditions a more efficient fractionation (Fig. 3 SI) was obtained using the ZIC column which was use for the further study. The optimized conditions proved to be suitable for the separation of most of Pd complexes with ligands expected to occur in a plant: glutathione, histidine, cysteine, glycine, methionine and nicotianamine produce sharp well defined peaks in the optimum separation conditions (Fig. 4 

SI).

A HILIC-ICPMS chromatogram of the fraction corresponding to the biosynthesized compound is shown in Fig. 4A. It contains 6 peaks corresponding to Pd compounds. A chromatogram obtained for the control extract spiked with Pd 2+ (Fig. 4B) shows that three of these ligands were present in the control sample, and therefore showed limited interest. A chromatogram obtained in the same separation conditions as that in Fig. 5a but using electrospray Orbitrap MS detection showed two compounds with the Pd isotopic pattern at m/z 408.038 and m/z 415.034. Extracted ion chromatograms (XICs) corresponding to these ions are presented in Fig. 4C-D. Both XICs show presence of multiple peaks: three or four for the m/z 408.038 ion and two for the m/z 415.034 ion. In order to obtain information on putative structures, the ions obtained were submitted to 
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upon exposure to PdNPs or Pd 2+ ions

The main finding is the identification of the Pd-His2 complex which accounts for the majority of palladium (40% estimated from the the chromatogram) complexed by histidine synthetized during the exposure to Pd. The Pd-histidine complex produces two peaks (Fig. 4D) which may suggest the presence of a larger biomolecule dissociated in the ESI source or the presence of different stereoisomers or other spatial conformers. The second hypothesis seems to be more probable in view to two theoretically possible structures of the complex (glycine-like or histamine-like coordination, as shown in Fig. 5B). In order to get a deeper insight into the identity of this double peak, a similar chromatogram was using ion-mobility MS detection. Fig. 6 demonstrates the presence of two Pd(His)2 forms with different collision cross sections (CCS). The ions are separated based on their differential mobility through a buffer gas. Ion mobility-mass spectrometry (IM-MS) can thus separate ions indistinguishable by mass spectrometry alone thereby enabling orthogonal specificity. Note that the synthetic Pd-His2 complex gives only one peak at the retention time of the second peak observed in the sample. In the infusion mode, two forms with slightly different ion mobility can be, however, observed in the synthetic Pd(His)2 standard. These two forms are separated in the presence of a plant extract matrix, the species with a lower CCS (179.13 2 , 0.861 V s cm -2 ) eluting first (RT 25.0 min) and that of higher mobility second (RT 26 min, 0.871 V s cm-2 , CCS: 180.20 2 ). Interestingly, a double peak in HILIC-MS was reported elsewhere for the Ni-staphylopine complex in the sample but not for the synthetic standard.29 Note the Pd-NA synthetic standard analysed by ionmobility produces only one peak. Therefore, in contrast to the Pd(His)2 complex, the multiple peaks in the Pd-NA chromatogram (Fig. 4C) are produced by chemically distinctive species. Histidine has three different metal-binding sites: carboxylate oxygen (Ocaboxyl), imidazole imidonitrogen (Nim) and aminonitrogen (Nam) and is known to be the strongest ligand for metal co-ordination among all genetically encoded amino acids. 30 Although the biosynthesis of histidine is metabolically expensive 31 , its metabolic cost is low compare to other known chelators (phytochelatins, nicotianamine) as it contains fewer atoms and does not require assimilation of sulphate. 32 Therefore, His plays a substantial role in plant growth and in metal ion homeostasis in plants. 32,33 It was shown elsewhere that histidine, together with citrates is highly involved in the detoxication process of Ni which shows many similarities to palladium. 34 It was demonstrated that nickel transport depends on the level of histidine inside the root symplasm, where metal ions could be chelated and as such transferred to xylem. 34 It was also observed that exogenous histidine applied on a plant resulted in the reduction of toxic effect of Ni. 35 The role of the Pd-nicotianamine complex

Nicotianamine is one of the well-known ligands responsible for metal binding in plant tissues. Nicotianamine complexes with zinc, nickel, copper and iron were identified in various plant species, as Lactuca sativa L 12 , Thlaspi 36 , Brassica carinata 37 and Arabidopsis 38 .

Nicotianamine facilitates the transport of Fe(II) from phloem to organs instead of taking part in long-distance transport, as in the case of Zn. 38 The results obtained by Callahan et al. show a strong correlation between Ni and NA concentrations in Thlaspi tissues. 36 . Data obtained in Brassica carinata shown induction of nicotianamine under Cu deficiency, what is in line with data concerning the role of nicotianamine in intracellular Cu delivery 37 . The high stability nicotianamine metal complexes would therefore suggest its role in dissolving Pd nanoparticles and in the transport of Pd ions in the plant.

Conclusion

Palladium, present at environmentally realistic concentrations, does not disturb the growth of Sinapis alba and does not cause significant morphological changes. It can be transported to the aerial part of the plant, but most of it remains in the roots. The exposure of Sinapis alba to palladium in the form of nanoparticles or Pd 2+ ions is accompagnied by the synthesis of the Pd(His)2 complex in the roots which is also found in the stems but hardly in leaves. Another ligand associated with the chemistry of palladium in plants was demonstrated to be nicotianamine. Complexes of similar structure Me(His)2 and Me-NA were observed for plants treated with nickel compounds, where they are responsible for chelating metal ions for long-distance transport between organs. 20,39 A number of other ligands, present in plant and able to bind Pd, do not seem to intervene in the process of the reactivity of Sinapis alba towards the Pd exposure. The study demonstrates the still largely unexplored potential of multidimensional HPLC with dual ICP MS and ESI MS/MS detection for in-vivo biological studies of metal-complexes. 

Figure 1 .

 1 Figure 1. SEC ICP MS chromatograms of Sinapis alba root extracts from the control cultivation (grey dotted line) and in the presence of PdNPs (light grey line) and Pd(NO3)2 (black line; auxiliary axis). Chromatograms were obtained using a SEC Superdex Peptide colum acetate (pH 7.5) at a flow rate of 0.7 mL min -1 . The inset shows the percentage of Pd dissolved as the results of the NP-Pd uptake.

Figure 2 .

 2 Figure 2. SEC ICP MS chromatograms of extracts of leaves (light grey dashed line), stems (black dotted line) and roots (black solid line; auxiliary axis) of Sinapis alba grown in the presence of Pd(NO3)2. Chromatograms were obtained using a SEC Superdex-200 column after injection of 100 with ammonium acetate (pH 7.5) at a flow rate of 0.7 mL min -1 .

Figure 3 .

 3 Figure 3. SEC ICP MS chromatograms of an extract of roots of Sinapis alba: control plant (cultivated with no contact with Pd (bold black line), cultivated in the presence of Pd(NO3)2 (light grey line; left axis), blank sample spiked with Pd(NO3)2 (grey line) Chromatograms were obtained using a SEC Superdex-200 column after injection of 100 acetate (pH 7.5) at a flow rate of 0.7 mL min -1 .

Fig. 5

 5 summarizes the fragmentation pathways of the identified compounds. The identity of the species: Pd-nicotianamine and Pd-His2 was confirmed by HILIC-ESI MS n analysis of the synthetic standards. An additional confirmation was obtained by the negative ionization ESI MS n analysis although fewer fragment ions were observed. The detection of the nicotianamine-characteristic m/z values at the different retention time indicates the presence of larger nicotianamine containing Pd-binding ligands which are dissociated in the ionization source.

Figure 4 .

 4 Figure 4. HILIC chromatograms of the fraction of root extract of Sinapis alba: A) extract of plant grown in the presence of Pd(NO3)2 and then fractionated by SEC (ICP MS detection); B) extract of control plant spiked with Pd(NO3)2 and then fractionated (ICP MS detection); C) extract of plant grown in the presence of Pd(NO3)2 and then fractionated by SEC (XIC corresponding to m/z 408.03814, ESI Orbitrap MS detection); D) extract of plant grown in the presence of Pd(NO3)2 and then fractionated by SEC (XIC corresponding to m/z 415.03406, ESI Orbitrap MS detection).

Figure 6 .

 6 Figure 6. HILIC ion-mobility MS investigation of Pd-His2 complex in an extract of roots of Sinapis alba cultivated in the presence of Pd(NO3)2: (A) XIC at m/z 415.0341 (B) ion mobilograms registered at the peaks appearing at RT = 25.0 min and RT = 26.0 min.

Figure 3

 3 Figure 3 SI. Effect of the choice of the HILIC stationary phase on fractionation efficiency of the plant extract size-exclusion fraction as in Fig. 3d. a) Kinetex column; b) ZIC column. See procedure for the optimum experimental conditions.

Figure 4

 4 Figure 4 SI. HILIC -ICP MS chromatograms of model palladium complexes with reduced glutathione (GSH), histidine (His), cysteine (Cys), glycine (Gly) and methionine (Met). ZicColumn. Injection of 4 L of the sample, gradient elution with a mixture of ammonium acetate (pH 5.5) and acetonitrile a flow rate of 0.2 mL min -1 .
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