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Two analytical procedures were developed for the determination of organic pollutants and their by-products in fish matrices by GC-MS/MS and LC-MS/MS analyses, respectively.

ABSTRACT: Two analytical methods were developed for the determination of 48 organic compounds and 20 of their main by-products in fish matrices. The targeted compounds belong to various chemical classes of metabolizable (phthalates, polycyclic aromatic hydrocarbons: PAHs, insecticides: pyrethroids and N,N-diethyl-meta-toluamide: DEET) and legacy (organochlorine pesticides: OCPs, polychlorinated biphenyls: PCBs, polybrominated diphenyl ethers: PBDEs) pollutants. Analyses were performed by gas and liquid chromatographytandem mass spectrometry (GC, LC-MS/MS) in multiple reaction monitoring (MRM) and dynamic MRM, respectively. Method performances were satisfactory with results meeting the validation criteria as they achieved good linearity responses, recovery, precision and accuracy for most of the 68 investigated compounds. The methods were then applied on three feral chub (Squalius cephalus) collected from the Marne hydrographic network (France). Twenty-six parent compounds and five metabolites were systematically detected in fish matrices with substantial concentration variability within and among individuals. Phthalates and pyrethroids accounted for most of the pollutant load. Metabolite concentrations in liver samples exceeded those of parent molecules in fish muscle. This study presents two reliable methods for the determination of a wide range of contaminants and underlines the importance of metabolite analysis for a more comprehensive understanding of pollutant bioaccumulation and fate in aquatic organisms.

INTRODUCTION

Environmental release of organic pollutants through agricultural, industrial and urban sources may erode freshwater biodiversity and jeopardize ecosystem functioning [START_REF] Vörösmarty | Global threats to human water security and river biodiversity[END_REF][START_REF] Hamilton | Population-level consequences for wild fish exposed to sublethal concentrations of chemicals -a critical review[END_REF]. Fish species are often used to assess environmental contamination as their feeding strategies, life-history traits (long lifespan) and interactions with the surrounding environment (e.g. water and sediments) provide an integrated view of the aquatic pollution (Van der [START_REF] Van Der Oost | Fish bioaccumulation and biomarkers in environmental risk assessment: a review[END_REF]. In Europe, polycyclic aromatic hydrocarbons (PAHs), pesticides and plasticizers raise important concerns to freshwater ecosystems [START_REF] Malaj | Organic chemicals jeopardize the health of freshwater ecosystems on the continental scale[END_REF]. Even though fish have the capacity to metabolize and excrete those pollutants [START_REF] Barron | Biotransformation of di(2-ethylhexyl)phthalate by rainbow trout[END_REF], their biotransformation can generate toxic metabolites, which have been largely neglected in freshwater monitoring [START_REF] Fourgous | Phthalate metabolites in the European eel (Anguilla anguilla) from Mediterranean coastal lagoons[END_REF]). In addition, legacy chemicals (organochlorine pesticides: OCPs, polychlorinated biphenyls: PCBs, and polybrominated diphenyl ethers: PBDEs) are still being studied [START_REF] Ondarza | PBDEs, PCBs and organochlorine pesticides distribution in edible fish from Negro River basin, Argentinean Patagonia[END_REF][START_REF] Couderc | Occurrence of POPs and other persistent organic contaminants in the European eel (Anguilla anguilla) from the Loire estuary, France[END_REF], as their persistence and toxicity could represent a risk to the environment and human health [START_REF] Carpenter | Health effects of persistent organic pollutants: the challenge for the Pacific Basin and for the world[END_REF].

Since pollutants are mainly found in mixtures, there is a need to routinely measure as many organic compounds as possible, including their metabolites. Most of the existing analytical methods applied to aquatic organisms are restricted to a few groups of chemicals [START_REF] Teil | Occurrence of Polybrominated Diphenyl Ethers, Polychlorinated Biphenyls, and Phthalates in Freshwater Fish From the Orge River (Ile-de France)[END_REF]Chatterje et al. 2016;[START_REF] Nagyová | Validation Including Uncertainty Estimation of a GC-MS/MS Method for Determination of Selected Halogenated Priority Substances in Fish Using Rapid and Efficient Lipid Removing Sample Preparation[END_REF] and none of them include both PAHs and plasticizers, which are primarily responsible for the poor chemical status of surface water bodies in Europe (European Environment Agency 2019). In 2013, Environmental Quality Standards for biota (EQS biota ) have been defined for 11 hazardous pollutants [START_REF] Ec | Common Implementation Strategy for the Water Framework Directive[END_REF] in order to protect freshwater ecosystems, as well as human health, from the potential adverse effects of chemicals. However, current methods are not sufficient for compliance monitoring because of unreliable limits of quantification [START_REF] Malaj | Organic chemicals jeopardize the health of freshwater ecosystems on the continental scale[END_REF]. A challenging task is to develop analytical methods presenting high sensitivity and low limits of quantification to detect and quantify a larger set of hazardous compounds at trace concentrations in complex biological matrices.

This study aims to develop two analytical methods to quantify (1) 48 compounds, belonging to 6 families of organic pollutants (phthalates, PAHs, PCBs, PBDEs, OCPs and insecticides: pyrethroids and DEET), and (2) 20 of their metabolites in fish matrices using gas and liquid chromatography coupled to tandem mass spectrometry. A total of 68 compounds were targeted, including 21 listed as priority and hazardous substances [START_REF] Ec | Common Implementation Strategy for the Water Framework Directive[END_REF]. Methods performances were evaluated on muscle and liver tissues for parent compounds and on bile and liver samples for metabolites because of their nature (fluid vs tissue) and biological role (biotransformation and excretion). Once validated, these methods were applied on various fish matrices (i.e. gill, muscle, liver, stomach content, gonad and bile) of the European chub, Squalius cephalus, sampled from the Marne hydrographic network (France) known to be under agricultural and urban pressures.

MATERIALS AND METHODS

Materials and reagents

Specific equipment (glassware and polycarbonate tubes) was used for sample storage to minimize phthalates contamination. Glassware was washed twice with acetone: n-hexane (1:1, v/v) and then heated for 4 h at 400 °C. The equipment was stored with glass stoppers and wrapped in aluminum foils. Automated analytical glass syringes (ThermoFisher Scientific) were used for micro-volumes. Oasis HLB (6 mL/200 mg) and Florisil (Supelco 1 g/6 mL) cartridges were provided by Waters and Sigma-Aldrich respectively. Acetone, n-hexane, dichloromethane, ethyl acetate were supplied by Merck. Ammonium acetate, phosphoric acid and isopropanol were purchased from Sigma-Aldrich. Acetonitrile (ACN) and methanol (MetOH) were purchased from VWR Chemicals. Formic acid was provided by Carlo Erba Reagents and ultrapure water (mqH 2 O) from a Milli-Q system. 4-Methylumbelliferone (4-MU-13 C 12 ) and 4methylumbelliferyl-β-D-glucuronide were obtained from LGC standards. β-Glucuronidase (Escherichia coli K12) was provided by Sigma-Aldrich. Helium and nitrogen (99.999%) were supplied by Air Liquide. All solvents were of gas and liquid chromatography quality and free from phthalate residues.

Target analytes

In the present study, sixteen PAHs (naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene, dibenzo(a,h)anthracene, and benzo(g,h,i)perylene), seven phthalate esters (dimethyl phthalate: DMP, diethyl phthalate: DEP, n-butyl benzyl phthalate: BBP, di-n-butyl phthalate: DnBP, di-iso- 

Standards

A mixed standard solution of PAHs dissolved in cyclohexane at 10 ng/µL each was purchased from Cluzeau Info Labo. LGC standards provided a standard solution of phthalate esters in isooctane at 1000 ng/µL, OCPs at 100 ng/µL each, pyrethroids in iso-octane at different concentrations (from 10 to 200 ng/µL), PCBs in iso-octane at 10 ng/µL and PBDEs in nonane at 1 ng/µL. Isotopes labeled compounds, used as internal standards, were purchased from Cluzeau Info Labo for Phenanthrene-d 10 , Pyrene-d 10 , Benzo(a)anthracene-d 12 , PCB-30 and PCB-107, from LGC standards for DEP-d 4 , DEHP-d 4 , 13 C-permethrin and Lindane-d 6 and from BCP instruments for 13 C 12 -BDE-47 and 13 C 12 -BDE-153.

LGC standards provided all mixtures of internal standards for metabolite analysis and were purchased as follow : MnBP-13 C 12 , MEHP-13 C 12 and MiNP-13 C 12 , each one at 25 ng/μL in ACN, Trans-DCCA-d 3 , 13 C 6 -3-PBA and 13 C 6 -4-FPBA at 100 µg/mL in ACN and five OH-PAHs (2-OH-Nap-13 C 6 , 1-OH-Pyr-13 C 6 , 9-OH-Flu-13 C 6 , 1-OH-Phe-13 C 6 and 6-OH-Chr-13 C 6; ), each one at 50 µg/mL in Toluene. For each contaminant family (parent compounds and metabolites), the quantity of internal standards (IS) spiked per sample is listed in Table S1 (Supplemental data).

Sample collection

The European chub, Squalius cephalus, is one of the most abundant freshwater fish species in France and is widely distributed throughout most of northern Eurasia. Its distribution and abundance, large size, wide ecological niche as well as its tolerance to pollution represent well suited characteristics to assess anthropogenic-related pollution [START_REF] Hájková | Chub (Leuciscus cephalus) as a bioindicator of contamination of the Vltava River by synthetic musk fragrances[END_REF]). Chubs were collected in three tributaries of the Marne hydrographic network, France (Table 1) located in agricultural and densely populated urban areas. Fish were caught by electrofishing in September 2016, anesthetized with tricaine methane sulphonate (MS222, 1 g/L) and sacrificed. Only the largest individuals (n = 3 females, Table 1) from each sampling site were used to obtain enough biological material (muscle, gill, gonad, stomach content, liver and bile) for the quantification of parent compounds or metabolites. Biological material was stored at -20 °C until further treatment.

Ethics statement

The authorization required by the Article L436-9 of Environment Code for the exceptional capture of fish for scientific perspectives has been delivered by local administration authorities (Departmental Direction of Territories). More precisely, electrofishing was carried out in full accordance with the French Environment Policy (including water policy) and European standards (EN14011).

Sample Extraction and purification

Analyses of parent compounds were adapted from Sanchez-Avila et al. (2011) while for metabolites, the procedure was adapted from [START_REF] Frederiksen | Correlations between phthalate metabolites in urine, serum, and seminal plasma from young Danish men determined by isotope dilution liquid chromatography tandem mass spectrometry[END_REF] and [START_REF] Zhang | Development of a Method to Detect Three Monohydroxylated Polycyclic Aromatic Hydrocarbons in Human Urine by Liquid Chromatographic Tandem Mass Spectrometry[END_REF].

Parent compounds. Before extraction, samples were lyophilized (Alpha 1-4 LDplus, CHRIST) for 48 h and then grounded to obtain a fine powder. Freeze-dried muscle (0.5 g), liver (0.1 g), gill (0.5 g), gonad (0.5 g) and stomach content (0.5 g) samples were spiked with a mixture of all internal standards (Table S1) and stored over night at 4 °C. Solid-liquid extractions were performed by ASE 350 (Accelerated Solvent Extraction, Thermo Fisher Scientific) programmed to operate 3 extractions (5 min, 100 °C) and purging cycles (2 min, solvent flush: 100% of cell volume) using different solvents: hexane: DCM (1:1, v/v) and hexane: acetone (1:1, v/v). The extracts were concentrated to approximately 1 mL using Genevac™ Concentrator EZ-2 (Biopharma Technologies) and then down to 0.5 mL under a nitrogen stream at 62 °C. The extracts were then purified using Florisil cartridges (Supelco 1 g/6 mL) previously conditioned with 2 x 5 mL of hexane: acetone (1:1, v/v) and 2 x 5 mL of hexane: dichloromethane (1:1, v/v).

The sample extract was eluted with 2 x 5 mL of hexane: dichloromethane (1:1, v/v) and 2 x 5 mL of hexane: acetone (1:1, v/v). Prior to analysis, the extracts were concentrated using EZ-2 and the remaining solvents were evaporated under a nitrogen stream (62 °C). For each sample, a freezedried aliquot of 0.1 g of muscle, stomach content, liver, gonad and gill was analyzed to determine its lipid content. Briefly, fish matrices were sonicated during 15 min with 2 x 5 mL of hexane: isopropanol (60:40, v/v) and then centrifuged (10 min, 2500 rpm) [START_REF] Labadie | Determination of polybrominated diphenyl ethers in fish tissues by matrix solid-phase dispersion and gas chromatography coupled to triple quadrupole mass spectrometry: Case study on European eel (Anguilla anguilla) from Mediterranean coastal lagoons[END_REF].

The supernatant was deposited on a Vivaclear centrifugal filter (0.8 µm; Sartorius) and rinsed twice with 0.2 mL of hexane: isopropanol (60:40, v/v). Extracts were evaporated under a nitrogen stream (62 °C) and the residue was weighted to the nearest 0.1 mg.

Metabolites in solid matrix. Ammonium acetate (2 mL, 1 M, pH 6.5) and 4-methylumbelliferylβ-D-glucuronide (10 µL at 57.5 ng/µL; evaluates the deconjugation reaction) were added to freeze-dried liver (0.1 g) samples. The mixture was then vortexed (for 15 s), followed by 10 min of ultrasounds. Once a 10 μL of β-glucuronidase was added (from E.coli K12) to the mixture, a SW22 heated shaker water bath (90 min, 37 °C, 170 rpm; Julabo) was used for the deconjugation step. The deconjugated sample was spiked with a mixture of all surrogates and 10 µL of a 100 ng/µL 4-methylumbelliferone-13 C 12 . The addition of 1 mL mqH 2 O 1% phosphoric acid terminated the reaction. After homogenization and centrifugation (4500 rpm, 5 min), the supernatant was collected and extracted on SPE (i.e. Solid Phase Extraction) cartridges (Oasis HLB 6 mL/200 mg) previously conditioned (5 mL ACN, 5 mL mqH 2 O, 5 mL ammonium acetate 0.15 M pH 2-3). After loading, the samples were rinsed with 5 mL ammonium acetate (0.15 M) and washed with 5 mL of 1% phosphoric acid in mqH 2 O + 5 mL mqH 2 O: ACN (90:10, v/v).

After drying for 10 min, the samples were eluted with 2 x 5 mL of ACN and 2 x 5 mL of ethyl acetate. The extracts were concentrated using EZ-2 (35 min), evaporated until almost dryness under a nitrogen stream (62 °C) and resuspended with 200 µL of 0.1% formic acid in MetOH.

The resuspended solution was filtered (0.2 µm, nylon; VWR Chemicals) under centrifugation (5000 rpm, 1 min), rinsed and transferred in amber vial. All extracts were stored at -20 °C until use.

Metabolites in liquid matrix. Ammonium acetate (2 mL, 1 M, pH 6.5) and 10 µL of a 57.5 ng/µL 4-methylumbelliferyl-β-D-glucuronide were added to bile (from 50 µL to 100 µL) samples. The mixture was then vortexed (for 15 s), followed by 10 min of ultrasounds. The deconjugation and extraction steps were as described in "Metabolites in solid matrix".

Instruments and Analytical conditions

GC-MS/MS. Analyses of parent compounds were performed with an Agilent 7890 A gas chromatograph (GC) coupled to a 7000 B triple quadrupole mass spectrometer (MS/MS) (Agilent Technologies). Electron ionization (EI, +70 eV) was used to characterize the targeted compounds in the gas phase with the ionization source set at 250 °C. Molecules were separated on a Zebron SemiVolatile analytical column (30 m, 0.25 mm ID x 0.25 μm film thickness; Phenomenex) connected to a Restek deactivated silica guard column (0.25 mm ID). A 1 µL of extract was injected in splitless mode with the injector port temperature at 290 °C. Helium as carrier gas was maintained at a flow rate of 1.6 mL/min and collision gas (nitrogen) of 1.5 mL/min. The oven temperature program was as follows : 70 °C for 4 min, then increased from 70 to 150 °C at 25 °C/min, 3 °C/min to 225 °C and finally raised to 310 °C at 5 °C/min where the temperature was held for 10 min. The MS/MS transfer line temperature was set at 250 °C.

LC-MS/MS. Metabolites were chromatographed by an Agilent 1200 liquid chromatograph (LC)

interfaced to a 6410B triple quadrupole mass spectrometer system (MS/MS) (Agilent Technologies) with an electrospray ionization (ESI) source in negative mode (N2: 350 °C; gas flow: 11 L/min; capillary: 4000 V). Ten μL of extract were injected and separated using a Luna 100A-C18 column (3 × 150 mm, 3 μm; Phenomenex) with a fritted disc (0.2 µm) heated at 40 °C at a flow of 0.5 L/min. The initial mobile phase was 0.1% formic acid in MetOH : 0.1% formic acid in mqH 2 O (70:30, v/v) during 5 min followed by a 5 minutes gradient to 10% of 0.1% formic acid in mqH 2 O, a 3 minutes gradient to 0% of 0.1% formic acid in mqH 2 O and a final 2 minutes to 30% of 0.1% formic acid in mqH 2 O.

Data acquisition

Data acquisition and quantification of the results were obtained using a MassHunter workstation software B.04.00 (Agilent Technologies). Peak detection and quantification were performed using a Multiple Reaction Monitoring (MRM) and a dynamic MRM (dMRM) acquisition method for parent compounds and their metabolites, respectively. MRM and dMRM methods allow sensitive and precise quantitative analyses [START_REF] Miller | High Throughput Protein Quantitation using MRM Viewer Software and Dynamic MRM on a Triple Quadruple Mass Spectrometer[END_REF].

For MRM conditions not provided by Sanchez-Avila et al. (2011) and [START_REF] Valton | Determination of phthalates and their by-products in tissues of roach (Rutilus rutilus) from the Orge River (France)[END_REF], acquisition parameters (retention times, parent ions, collision energies, quantifier: Q and qualifier: q transitions) for forty-three compounds (internal standards and analytes; marked by '*' in Tables S2 andS3) were individually optimized using Agilent Optimizer software.

Transitions were selected following Sanchez-Avila et al. (2011) and MRM parameters for GC-MS/MS and LC-MS/MS are presented in Tables S2 andS3, respectively. Because of their incomplete separation, the respective peak of the two isomeric monoesters, MiBP and MnBP, were identified by comparison of their retention times. The hydroxylated compounds of fluorene (2-OH-Flu, 3-OH-Flu and 9-OH-Flu) and phenanthrene (1-OH-Phe, 2-OH-Phe, 3-OH-Phe, and 4-OH-Phe) were summed during peak integrations on MassHunter, quantified and expressed as the sum of all isomers (i.e. OH-Flu and Oh-Phe) because of complex chromatographic separation. A linear regression analysis of the peak area ratio versus concentration ratio was carried out to determine the concentration of each analyte. Quantification was performed by calculating the relative responses of each compound to the corresponding internal standard.

Method validation

Instrumental detection limit (IDL), limit of quantification (LOQ), recovery rate, repeatability, accuracy and matrix effects were evaluated as stated in the EU guidance document concerning the performance of analytical methods [START_REF] Ec | Commission Decision of 12 August 2002 implementing Council Directive 96/23/EC concerning the performance of analytical methods and the interpretation of results[END_REF].

Linearity. The linearity of the calibration curve for parent compounds and metabolites was evaluated by regression analysis (determination coefficient, R²) at the concentrations listed in Tables S4 andS5, which covered those found in our samples. For linearity criterion, regression coefficient (R²) higher than 0.98 was considered acceptable.

Sensitivity and procedural blank. With the less concentrated standard solution, IDLs were assessed at a signal-to-noise ratio (peak to peak) of three. The LOQs were calculated as nine times the signal-to-noise ratio using the spiked matrices. Five procedural blanks were performed to check for possible cross-contamination during laboratory procedures, following the same treatment steps than the samples. Following Laborie et al.'s (2016) method, blanks were subtracted from sample quantifications when the concentration of the targeted compound was less than four times higher than the blank. When concentration after blank correction was below the calculated LOQ value, the concentration was set to half the LOQ [START_REF] Helsel | Fabricating data: How substituting values for nondetects can ruin results, and what can be done about it[END_REF].

Recovery, repeatability and accuracy. Recovery rates (% RR) of parent compounds were assessed on replicate samples of chub muscle (n = 7) and liver (n = 6) with or without spiked solutions (i.e. to determine background levels of contamination of the procedure, Table S6). For metabolites, recovery experiments were performed on replicate chub liver (n =5) and bile (n =5) samples spiked at low and high levels (20 and 200 ng/g for liver samples; 20 and 200 ng/mL for bile samples). The repeatability of the method was assessed in terms of relative standard deviation (% RSD) of the recovery. Syringe standards (benzyl benzoate, 13 C 12 PCB-194 and bromobiphenyl 209: BB-209) were used to determine IS recoveries in muscle and liver samples for parent compounds (Table S7). To ensure data quality, certified reference materials (CRMs) were included in the method validation and matched well to our samples: EDF-2524 clean fish (Pacific herring, LGC standards) for parent compounds and SRM-3672 human urine (LGC standards) for metabolites. As the selected reference materials were not certified for all our targeted compounds, blank fish samples were spiked with native congeners.

Matrix effect. As matrix components can co-eluate and alter the ionization of target analytes, matrix effects (ME) were calculated on GC and LC-MS/MS from replicate analyses (n = 3 for bile, liver and muscle samples) for parent compounds and metabolites, following Chen et al. 

Data presentation and statistical analysis

Concentrations of parent contaminants and their metabolites were expressed in muscle, liver, stomach content, gonad and gill as ng/g of dry weight (dw) and ng/mL in bile. The relative contribution (%) to the total contamination is given as the sum of all congeners (i.e. ΣPhthalates, ΣPAHs, ΣPyrethroids, ΣOCPs, ΣPCBs and ΣPBDEs). Detection frequencies (%) of parent compounds and their metabolites were calculated in bile, liver and muscle samples. Considering metabolites, the calculated LOQ values were highly dependent on the analyzed compounds.

Thus, concentration of metabolites below the LOQ were not included into the corresponding summed value (i.e. ΣPhthalate metabolites, ΣPAH metabolites, ΣPyrethroid metabolites) to compare the contribution of each family of metabolites to the pollutant load in bile and liver samples.

RESULTS AND DICUSSION

Method performance and validation

Chromatographic runs on GC and LC-MS/MS. A total of 48 parent compounds and 20 of their metabolites were quantified within 59 min and 15 min, respectively. The searched molecules were identified based on their selected transitions, retention time and their (q/Q) ratios. Total ion chromatograms highlight the effectiveness of clean-up procedures with low or moderate (e.g. gonads) background noise (Figures 1 and S1 for parent compounds and Figure 2 for metabolites) and the sensitivity of tandem mass spectrometry. For each compound, highly linear responses were obtained over the concentration ranges tested (Tables S4 andS5). The coefficients of determination (R 2 ) were in the range 0.987-0.999 and 0.985-0.998 for parent compounds and their metabolites, respectively. Blank analyses (n = 5) constantly revealed the presence of phthalates (Mean ± SD, 165 ± 53.6 ng/g as ∑Phthalates) and PAHs (17.1 ± 12.2 ng/g as ∑PAHs). Their ubiquity in the laboratory (materials, reagents) as well as their frequent detection in the indoor air (Abdel-Shafy et al. 2016) make analyses of environmental samples with low phthalates and PAHs background contamination challenging (Fankhauser-Noti & Grob 2007) and explain the applied correction.

Sensitivity. IDL values ranged from 0.01 to 13.6 and from 0.05 to 62.5 pg on column for parent compounds and metabolites, respectively, ensuring low level detection of target analytes (Table 2 and3). Low LOQs (0.06-8.44 ng/g dw) were determined for parent compounds and their byproducts in solid matrices, although DEET, DiBP and deltamethrin presented values higher than 12 ng/g dw. Of the 45 priority pollutants listed in the Water Framework Directive, 11 substances are set with environmental quality standards applicable to biota (EQS biota, EC 2014). Our results are sufficient for compliance monitoring in biota samples since hazardous pollutants (benzo-apyrene, fluoranthene, HCB, PeCB and DEHP) exhibited LOQs equal to or below 30% of their respective EQS biota (Tables 2 andS8). MMP, 3-OH-BaP and 2-OH-Nap had LOQs above 5 ng/mL in bile samples.

Recovery and accuracy. Acceptable recoveries (70 to 120%) were achieved for most of the selected internal standards in muscle and liver samples (Table S7) and allowed for reliable analyte quantification. Parent compounds exhibited satisfactory recoveries, with values ranging from 70 and 120%. However, naphthalene, phenothrin, p,p'-DDE and some hydrocarbons of high molecular weight (HMW) (chrysene, benzo-b-fluoranthene, benzo-k-fluoranthene, benzo-apyrene, dibenzo-a,h-anthracene, benzo-g,h,i-perylene) showed lower recoveries close to 50-60% (Table 2). These recoveries are in acceptable range for these classes of contaminant as they are repeatable (RSD ≤ 20%) and in line with performance criteria set out for HMW-PAHs (RR : 50-120%, EC 2011) and pesticide residues (RR: 30-140%, EC 2017). The decreasing sensitivity of PAHs with increasing molecular weight is likely due to broader chromatographic peak and higher background noise commonly observed for molecules characterized by long retention times [START_REF] Varlet | Determination of PAH profiles by GC-MS/MS in salmon processed by four cold-smoking techniques[END_REF], Figure 1). The use of specific labelled (deuterated or 13 C enriched) internal standards should be considered to improve analytical performance for these compounds.

Parent analytes displayed good repeatability (expressed as RSD, %) with values below the acceptable limit of 20%, except for five of them (Acenaphtene, naphthalene, DEP, DnOP and BDE-28) which might be explained by their volatility. Consequently, the method was not validated for naphthalene and DnOP, whose recoveries were unsatisfactory and presented poor precision (high RSD) in muscle and liver samples.

Most of the targeted metabolites exhibited satisfactory recoveries (70-120%) in bile and liver samples. A considerable increase in recovery was obtained for MBzP, MnOP, 3-PBA and 4-FPBA as the concentration increased. MMP, MBzP, OH-Flu and OH-Phe recoveries, however, did not exceed 70% (Table 3) at low and high concentrations. With poor repeatability (RSD  20%) as well as low recovery, the method was therefore not reliable for these compounds.

Molecules with the poorest recovery yields should be integrated into summed values of compounds within the same chemical family (e.g ∑OH-PAHs), as they could still give us some information (detected or not, order of magnitude). Even if the method will underestimate the concentration of these compounds (low recovery), including them into summed values will limit biased results as they are the least detected in biota matrices (Arieses et al. 2005;[START_REF] Valton | Determination of phthalates and their by-products in tissues of roach (Rutilus rutilus) from the Orge River (France)[END_REF][START_REF] Labadie | Transferts de micropolluants dans les réseaux trophiques lotiques[END_REF].

The accuracy of the two methods was tested by analyzing reference material "EDF-2524 clean fish" and "SRM-3672 smoker's urine" for parent compounds and metabolites, respectively (Tables S9 andS10). Our measurements were in good agreement with certified values, except for three HWM-PAHs (chrysene, benzo(b) and (k)fluoranthene) and two phthalate metabolites (MEP and MEHHP) with z-score absolute values outside the acceptable range (|z-score|  3, [START_REF] Thompson | The international harmonized protocol for the proficiency of analytical chemistry laboratories (IUPAC Technical Report)[END_REF] Matrix effect. Matrix effects (%) for each analyte are presented in Tables S11 for parent compounds. Our values in muscle samples ranged from 0% for phenanthrene to 92% for permethrin and were in line with the reported literature in fish matrices [START_REF] Sapozhnikova | Multi-class, multi-residue analysis of pesticides, polychlorinated biphenyls, polycyclic aromatic hydrocarbons, polybrominated diphenyl ethers and novel flame retardants in fish using fast, low-pressure gas chromatographytandem mass spectrometry[END_REF][START_REF] Chatterjee | Multiresidue analysis of multiclass pesticides and polyaromatic hydrocarbons in fatty fish by gas chromatography tandem mass spectrometry and evaluation of matrix effect[END_REF]. For parent compounds, 67% of the targeted analytes were reported with matrix effects exceeding 20% in muscle against 50% of the analytes in liver samples. The considerable matrix effects for permethrin and cyfluthrin (92 and 36% in muscle, respectively) could explain their high recoveries (RR >120%). In addition, matrix effects were highly variable between liver and muscle samples, which could explain the significant differences in term of recovery and sensitivity of parent compounds in these matrices.

Higher matrix effects in terms of signal suppression were observed on LC-MS/MS than GC-MS/MS (Table 4) but were consistent with previous studies analyzing extracts of complex matrices [START_REF] Ramsauer | A liquid chromatography/tandem mass spectrometry (LC-MS/MS) method for the determination of phenolic polycyclic aromatic hydrocarbons (OH-PAH) in urine of non-smokers and smokers[END_REF][START_REF] Wang | Quantification of urinary mono-hydroxylated metabolites of polycyclic aromatic hydrocarbons by on-line solid phase extraction-high performance liquid chromatography-tandem mass spectrometry[END_REF]. Matrix effect in quantitative LC-MS/MS analyses of biological samples has been well documented [START_REF] Smeraglia | Matrix effects and selectivity Issues in LC-MS-MS[END_REF][START_REF] Zhou | Matrix effects and application of matrix effect factor[END_REF] and protocols have been developed to minimize and manage them. To correct for these calculated matrix effects, specific internal standards were spiked in each measured fish sample with known quantities of analyte (see "Matrix effect"). Although matrix effects cannot be completely avoided in LC-MS/MS analyses, this method appears to minimize them as all the targeted metabolites in chub liver were reported with matrix effects exceeding 20% against 9 metabolites with IS addition. Similar results were observed in bile samples.

Organic pollutants in fish matrices

The methods were applied to the determination of the targeted analyte in several biological matrices of wild fish. Muscle and bile are commonly sampled in biomonitoring program [START_REF] Kammann | PAH metabolites, GST and EROD in European eel (Anguilla anguilla) as possible indicators for eel habitat quality in German rivers[END_REF] to assess concentrations of parent compounds and their by-products, respectively. Muscle is the most abundant tissue, less subjected to seasonal variation than others matrices (e.g. reproductive organs, [START_REF] Pollock | Relations between migration, reproduction and nutrition in yellowfin bream Acanthopagrus australis[END_REF]) and bile is an excretion medium in which hydroxylated and conjugated metabolites are predominantly eliminated [START_REF] Meador | Bioaccumulation of polycyclic aromatic hydrocarbons by marine organisms[END_REF].

The application of our methods has been extended to other matrices, as they can provide further information on pollutant load depending on the exposure pathway and physicochemical properties of toxicants: gills, since they are directly exposed to the aquatic environment; the liver, as a storage and metabolically active organ in which xenobiotics are transformed into more polar and excretable forms; stomach contents for dietary exposure to pollutants; and gonads as a storage and elimination pathway.

Concentrations of organic pollutants were found to vary inconsistently within individuals (Figure S2). Since only three females were analyzed, captured after the reproduction period in one hydrographic network, results could not be generalized. Among the 68 compounds quantified, 28 parent compounds and 5 metabolites were systematically found at detectable levels in the muscle, liver and bile of chub (i.e. matrices with a calculated LOQ). DEHP, phenanthrene, permethrin, p,p'-DDE, PCB-153, BDE-47 and MiBP were the most frequently detected substances of each contaminant family in this study and previous ones [START_REF] Xu | Residual levels and health risk of polycyclic aromatic hydrocarbons in freshwater fishes from Lake Small Bai-Yang-Dian, Northern China[END_REF][START_REF] Valton | Determination of phthalates and their by-products in tissues of roach (Rutilus rutilus) from the Orge River (France)[END_REF][START_REF] Couderc | Occurrence of POPs and other persistent organic contaminants in the European eel (Anguilla anguilla) from the Loire estuary, France[END_REF][START_REF] Kampire | Distribution of polychlorinated biphenyl residues in several tissues of fish from the North End Lake, Port Elizabeth, South Africa[END_REF]. Because of the high hydrophobicity (K ow ) and low solubility of many organic contaminants, lipid contents are usually considered to explain chemical distributions in fish matrices [START_REF] Kampire | Distribution of polychlorinated biphenyl residues in several tissues of fish from the North End Lake, Port Elizabeth, South Africa[END_REF]. The highest lipid contents were measured in stomach content and gill samples; follow by liver and to a lesser extent in muscles and gonads (Table 1). Gonads (1,477-10,028 ng/g dw, ∑ parent compounds) and stomach contents (1,809-6,701 ng/g dw) were the most contaminated matrices (Figure 3A), follow by liver (712-4,542 ng/g dw) > gill (899-1,127 ng/g dw) > muscle (338-529 ng/g dw). Here, lipid contents alone could not explain the strong discrepancies of organic contaminants in chub matrices. Indeed, pollutant distributions throughout the fish body are generally governed by complex mechanisms including the analyte susceptibility to metabolic biotransformation (K m ) and its physicochemical properties (molecular weight and K ow ). Although gills are in direct contact with the aquatic environment (i.e. gill-water transfer), organic pollutant concentrations were 2 to 4 times lower than in stomach content, gonad and liver samples. This is not surprising given the moderate hydrophobicity of most target analytes (log K ow > 5). As stated in previous studies, low levels of contaminants were detected in fish muscle demonstrating that it is not the most relevant tissue to sample regarding the accumulation of organic compounds [START_REF] Zhang | Tissue Concentrations of Polybrominated Compounds in Chinese Sturgeon (Acipenser sinensis): Origin, Hepatic Sequestration, and Maternal Transfer[END_REF][START_REF] Xu | Residual levels and health risk of polycyclic aromatic hydrocarbons in freshwater fishes from Lake Small Bai-Yang-Dian, Northern China[END_REF][START_REF] Teil | Occurrence of Polybrominated Diphenyl Ethers, Polychlorinated Biphenyls, and Phthalates in Freshwater Fish From the Orge River (Ile-de France)[END_REF].

Parent compounds in chub matrices. Phthalates and pyrethroids were the most abundant metabolizable pollutants in chub. As far as we know, this is the second study aiming at quantifying pyrethroid pesticides in wild fish [START_REF] Corcellas | First report of pyrethroid bioaccumulation in wild river fish: A case study in Iberian river basins (Spain)[END_REF]. As sampling differ (whole fish vs. fish organs), further comparison (concentrations and pattern distribution of each pyrethroids) could not be achieved. A greater proportion of PAHs was measured in stomach contents compared to the remaining matrices (Figure 3A). This result suggests that the primary source of PAHs in fish is the consumption of contaminated food or the ingestion of PAHs adsorbed onto the particulate phase and sediments. The distribution of phthalates matches Teil et al.'s (2012) findings as the liver was the most contaminated chub tissue (191-3,070 ng/g dw)

follow by gonads (106-237 ng/g dw) and muscles (57-72 ng/g dw). Interestingly, levels of metabolizable pollutants were 3 to 63 times higher than those of persistent organic pollutants (POP). Despite their rapid biodegradation, metabolizable pollutants behave as persistent chemicals (pseudo persistence) as they are continually infused to the aquatic environment.

Conversely, most legacy POPs are subject to regulations and their levels have been declining

over the last decades [START_REF] Rigét | Temporal trends of persistent organic pollutants in Arctic marine and freshwater biota[END_REF]. POPs were characterized by a higher proportion of ∑PCB (20.27-657 ng/g dw) and to a lesser extent by ∑OCP (3.14-158 ng/g dw) and ∑PBDE

(1.23-12.51 ng/g dw). In liver samples, PCB concentrations were over 4 times higher than those in muscle. This result is in line with the scientific literature, as the liver accumulated higher levels of PCBs than any other organs [START_REF] Krča | Hepatic biomarker responses to organic contaminants in feral chub (Leuciscus cephalus)-laboratory characterization and field study in the Sava River, Croatia[END_REF][START_REF] Brázová | Bioaccumulation of six PCB indicator congeners in a heavily polluted water reservoir in Eastern Slovakia: tissue-specific distribution in fish and their parasites[END_REF]. Overall, the distribution patterns of legacy POPs throughout the fish body (Figure 3A) were in good agreement with previous work [START_REF] Teil | Occurrence of Polybrominated Diphenyl Ethers, Polychlorinated Biphenyls, and Phthalates in Freshwater Fish From the Orge River (Ile-de France)[END_REF][START_REF] Kampire | Distribution of polychlorinated biphenyl residues in several tissues of fish from the North End Lake, Port Elizabeth, South Africa[END_REF].

Metabolites in fish matrices. Phthalate monoesters represented up to 99% of the pollutant load (Figure 3B) in bile samples, and were the most frequently detected. Lower detection frequencies were reported for PAH and pyrethroid metabolites, with only 1-OH-Pyr detected in bile samples.

Levels of metabolites were comparable to those of parent compounds within chub liver, which strengthen the usefulness of metabolite analyses to better understand body burdens of organic pollutants in wild fish. In addition, the contributions of phthalate, PAH and pyrethroid metabolites to the total load were consistent with those reported for their parent compounds in chub liver (∑Phthalates > ∑Pyrethroid pesticides >∑PAHs, Figure 3A). Pyrethroid metabolites were quantified for the first time in wild organisms and only cis-and trans-DCCA were detected in liver samples above their LOQs. MiBP and 1-OH-Pyr were typically the dominant metabolites in bile and liver samples. Similar trends have been reported in various fish species caught in offshore [START_REF] Tomy | Polycyclic Aromatic Hydrocarbon Metabolites in Arctic Cod (Boreogadus saida) from the Beaufort Sea and Associative Fish Health Effects[END_REF], coastal [START_REF] Vuorinen | Baseline concentrations of biliary PAH metabolites in perch (Perca fluviatilis) in the open Gulf of Finland and in two coastal areas[END_REF]) and urban areas [START_REF] Valton | Determination of phthalates and their by-products in tissues of roach (Rutilus rutilus) from the Orge River (France)[END_REF].

As these metabolites have been poorly characterized in freshwater fish, with only 1-OH-Pyr and 1-OH-Phe mentioned for environmental monitoring in European guidelines (HELCOM 2013), few comparisons (e.g. concentration range, congener profiles) with previous studies were possible as they investigated diverse matrices and species from different geographical regions, resulting on highly variable results [START_REF] Kammann | PAH metabolites, GST and EROD in European eel (Anguilla anguilla) as possible indicators for eel habitat quality in German rivers[END_REF][START_REF] Ros | Determination of endocrine disrupting compounds and their metabolites in fish bile[END_REF][START_REF] Fourgous | Phthalate metabolites in the European eel (Anguilla anguilla) from Mediterranean coastal lagoons[END_REF].

CONCLUSION

These two methods were developed to determine 16 PAHs, 7 phthalates, 12 pesticides, 7 PCBs and 6 PBDEs as well as 20 of their metabolites, in fish matrices at environmental-relevant concentrations. With performance parameters meeting the validation criteria for most of the Mean contamination is expressed as ng/g of dry weight (dw) for gill, liver, stomach content, muscle and gonad samples and as ng/mL for bile samples. 

  decyl phthalate: DiBP, di-2-ethylhexyl phthalate: DEHP and di-n-octyl phthalate: DnOP), seven PCBs (PCB-28, PCB-52, PCB-101,, six PBDEs, four organochlorine pesticides (pentachlorobenzene: PeCB, hexachlorobenzene : HCB, lindane : γ-HCB and dichlorodiphenyldichloroethylene: p,p'-DDE), seven pyrethroids (bifenthrin, permethrin, phenothrin, cyfluthrin, cypermethrin, fenvarelate and deltamethrin) and DEET were analyzed.For metabolites, seven phthalate monoesters (mono-methyl phthalate: MMP, mono-ethyl phthalate (MEP), mono-iso-butyl phthalate: MiBP, mono-n-butyl phthalate: MnBP, mono-benzyl phthalate: MBzP, mono-n-octyl phthalate: MnOP and mono-2-ethylhexyl phthalate: MEHP), two oxidized by-products (mono-2-ethyl-5-oxohexyl phthalate: MEOHP and mono-2-ethyl-5hydroxyhexyl phthalate: MEHHP), eleven hydroxylated metabolites of polycyclic aromatic hydrocarbon (OH-PAH) (1-hydroxynaphthalene: 2-hydroxynaphthalene: 2-OH-Nap, 2hydroxyfluorene: 2-OH-Flu, 3-hydroxyfluorene: 3-OH-Flu, 9-hydroxyfluorene: 9-OH-Flu, 1hydroxyphenanthrene: 1-OH-Phe, 2-hydroxyphenanthrene: 2-OH-Phe, 3-hydroxyphenanthrene: 3-OH-Phe, 4-hydroxyphenanthrene: 4-OH-Phe, 1-hydroxypyrene: 1-OH-Pyr, 6hydroxychrysene: 6-OH-Chr and 3-hydroxybenzo(a)pyrene: 3-OH-BaP) and four pyrethroid metabolites (3-(2,2-dichlorovinyl)-2,2-dimethyl-1-cyclopropane: cis-DCCA and trans-DCCA, 4fluoro-3-phenoxybenzoic acid: 4-FPBA, and 3-phenoxybenzoic acid: 3-PBA) were targeted.

(

  2012): ME (%) = x 100. A positive value of ME corresponds to a matrix-induced enhancement of analyte response, whereas a negative value corresponds to a suppression effect. Matrix effects were investigated at analyte concentrations of 100 ng/g in muscle and 200 ng/mL or ng/g in bile and liver samples, respectively.

FIGURE CAPTIONS Figure 1 .

 CAPTIONS1 FIGURE CAPTIONS

  

  

TABLES Table 1 .

 TABLES1 Morphological and biological data of chub Squalius cephalus sampled in the Marne

	hydrographic network, France Muscle (n = 7)					Liver (n = 6)
	Target compound	IDL (pg inj.)	Chub 1 % RR	% RSD	Chub 2 LOQ (ng/g DW)	Chub 3 % RR	% RSD	LOQ (ng/g DW)
	Acenaphtylene		Length (cm) n = 3 0.04	103	33.9		7		41.5 n = 7 0.94	40.5 88	15	n = 3 1.93
	Acenaphtene Naphtalene		Weight (g) 0.05 0.03	93 66	442		5 39		760 0.88 5.10	77 862 58	22 53	1.93 9.64
	Anthracene Fluorene		Date 0.13 0.05	07/09/16 102 94	3 5		16/09/16 0.93 0.94	93 19/09/16 98	3.38 1.42
	Phenanthrene	Sampling location 0.11	Verneuil 97	2	Celles-les-condé 0.68	Tresmes 106	2.45
	Fluoranthene		0.29	91			10		0.26	96	1.74
	Pyrene		0.23	92			5		0.22	98	1.59
	Benzo(a)anthracene Chrysene Benzo(a)pyrene	Coordinates 0.24 0.16 0.66	49°5'42''N, 3°40'23''E 90 56 56	9 11 10		49°0'32''N, 3°34'8''E 0.28 0.84 2.14	104 48°48'46''N, 81 2°59'30''E 75	13	0.47 0.60 5.40
	Benzo(b)fluoranthene	0.09	63			7		3.07	88	0.77
	Benzo(k)fluoranthene Lipid content (%): 0.08 Gill Benzo(g,h,i)perylene 0.08 Dibenzo(a,h)anthrace 0.10	52 48 69	15.4		8 8 6		2.62 6.65 0.35 0.43	74 99 6.32 105	0.77 1.08 0.60
	ne cd)pyrene Indeno(1,2,3-	Liver Stomach content 0.28	82	14.5 3.35		8		3.19 19.8 0.51	5.89 11.7 103	1.35
	DMP		Muscle 0.01	93	6.49		9		3.09 11.5	6.51 84	15	0.92
	DEP DiBP		Gonad 0.06 0.04	89 132	5.66		17 31		2.18 2.11 2.72	97 3.01 97	12 19	11.2 30.00
	DnBP		0.28	126			4		4.51	99	6.03
	BBP		0.66	109			14		2.11	138	7.50
	DEHP		0.02	125			9		1.29	75	7.71
	DnOP		0.22	170			23		1.87	133	8.44
	Bifenthrin		1.02	101			2		0.62	101	2.70
	Permethrin		11.2	203			11		2.82	108	8.18
	Phenothrin		10.2	66			3		6.63	113	3.00
	Cyfluthrin		11.8	148			12		3.76	119	10	3.00
	Cypermethrin		13.2	124			6		3.19	105	3.38
	Fenvarelate		4.22	180			7		2.96	104	5.19
	Deltamethrin		6.43	79			11		0.82	115	14.2
	DEET		13.6	88			5		32.7	119	33.7
	PeCB		0.02	86			8		0.53	94	13	0.90
	HCB		0.06	78			4		0.20	101	0.51
	Lindane		0.11	90			2		0.50	113	3.00
	p,p'-DDE		0.02	94			11		0.18	64	11	2.63
	PCB-28		0.01	92			7		0.24	112	0.48
	PCB-52		0.03	93			5		0.09	102	0.25
	PCB-101		0.03	103			5		0.18	121	2.45
	PCB-153		0.06	87			6		0.32	90	0.18
	PCB-138		0.08	95			14		0.32	90	0.16
	PCB-118		0.19	84			17		1.98	96	2.25
	PCB-180		0.11	100			19		1.98	98	0.83
	BDE-28		0.05	72			46		0.06	100	2.65
	BDE-47		0.13	151			7		0.12	100	0.38
	BDE-100		0.32	127			4		0.26	75	3.00
	BDE-99		0.32	144			3		0.22	92	2.87
	BDE-154		0.54	94			5		0.32	74	1.96
	BDE-153		0.87	143			3		0.35	112	1.69

Table 3 .

 3 Parameters for validation of LC-MS/MS method (Instrumental Detection Limit: IDL, Limit of quantification: LOQ, Recovery rate: RR and relative standard deviation: RSD)

	Target compound	IDL (pg inj.)	Liver				LOQ ng/g dw	Bile				LOQ ng/mL
		n= 3	20 ng	a , n=5	200 ng	a , n=5	n= 10	20 ng	a , n=5	200 ng	a , n=5	n= 10
			% RR	% RSD	% RR	% RSD		% RR	% RSD	% RR	% RSD	
	MMP	0.92	62	21	40	60	10.0	68	36	37	9	13.3
	MEP	2.14	76	20	73	10	11.7	74	26	67	17	2.99
	MiBP	1.10	122	10	106	11	4.67	108	4	96	4	3.61
	MEHHP	0.58	107	9	119	14	4.35	104	7	152	11	2.72
	MnBP	1.05	102	9	93	10	5.07	91	3	103	6	4.90
	MEOHP	0.47	109	11	264	41	1.47	94	10	151	11	0.95
	MBzP	0.14	46	8	70	9	0.74	66	8	96	4	1.07
	MEHP	2.37	77	16	86	7	11.8	93	6	104	4	0.94
	MnOP	1.45	74	11	72	5	3.70	54	12	74	2	0.63
	4-MU	0.98					-					-
	2-OH-Nap	9.38	18	62	119	19	20.0	105	56	88	11	56.2
	OH-Flu	2.25	52	27	31	78	4.86	74	33	80	42	3.80
	OH-Phe	0.08	24	15	49	10	3.17	55	5	49	31	2.37
	1-OH-Pyr	1.34	29	22	71	6	1.38	78	6	68	31	1.25
	6-OH-Chr	4.50	49	8	78	10	2.26	91	13	88	13	2.92
	3-OH-BaP	62.5	96	15	86	12	19.0	111	35	16	24	42.3
	Cis-DCCA	1.31	102	10	91	5	106	79	7	95	6	2.33
	Trans-DCCA	0.87	104	8	86	9	18.2	74	21	94	5	3.46
	3-PBA	0.06	65	5	90	5	1.36	68	4	96	5	1.32
	4-FPBA	0.05	52	10	75	5	1.21	62	2	86	5	1.22

a spiking level

Table 4 .

 4 Calculated matrix effects for each metabolite analyte in bile and liver samples

	a Matrix effect corrected by IS addition
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targeted compounds, the methods were then successfully applied for reliable characterization of organic pollutants in wild fish. These analytical protocols represent a new and suitable procedure, requiring small amount of biological samples, for the quantification of a broad spectrum of molecules in complex matrices. With few adjustments, additional hazardous compounds could be incorporated in our developed methods under the operating MRM mode.

Whatever the investigated matrix, a higher proportion of metabolizable pollutants versus persistent pollutants was detected. Overall, pyrethroids and plasticizers were the prevailing organic compounds, with gonads and stomach contents being the most contaminated matrices.

Even though fish muscle and biliary fluid are a practical and suitable option to assess contaminant exposure, other organs (e.g. liver) should be considered to detect a wider range of analytes at higher concentrations. As metabolizable pollutants are rapidly transformed into more polar and excretable products, the quantification of both parent compounds and metabolites gives a comprehensive overview of the pollutant load in fish. Indeed, parent compounds in fish muscles and metabolites in liver samples were within the same order of magnitude. Thus, organisms might be more at risk than is currently perceived in biomonitoring programs since metabolites of xenobiotics could present similar of even higher toxicity level. Metabolite measurements should be used as a complementary tool for a more comprehensive assessment of the environmental contamination and the ecological risks for aquatic organisms.
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APPENDIX A. SUPPLEMENTARY MATERIAL