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The efficiency of microwave-assisted extraction with saponification (MAES) for 6 determination of seven polybrominated flame retardants (polybrominated biphenyls, 7

PBBs, and polybrominated diphenyl ethers, PBDEs) in aquaculture samples is described 8 and compared with microwave-assisted extraction (MAE). Chemometric techniques 9 based on experimental designs and desirability functions were used for simultaneous 10 optimization of the operational parameters used in both MAES and MAE processes. 11 Application of MAES to this group of contaminants in aquaculture samples, which had 12 not been previously applied to this type of analytes, was shown to be superior to MAE 13 in terms of extraction efficiency, extraction time and lipid content extracted from 14 complex matrices (0.7 % as against 18% for MAE extracts). PBBs and PBDEs were 15

determined by gas chromatography with micro-electron capture detection (GC-µECD). 16

The quantification limits for the analytes were 40 -750 pg g -1 (except for which 17 was 1.43 ng g -1 ). Precision for MAES-GC-µECD (%RSD <11%) was significantly 18 better than for MAE-GC-µECD (%RSD <20%). The accuracy of both optimized 19 methods was satisfactorily demonstrated by analysis of appropriate certified reference 20 material (CRM), 22 Introduction 27

Brominated organic compounds such as polybrominated biphenyls (PBBs) and 28 polybrominated diphenyl ethers (PBDEs) have been detected in a wide variety of biota 29 including Arctic wildlife, marine fish and shellfish in the Pacific region, which 30 demonstrates that these compounds are global bioaccumulated contaminants (Zhao et al. 31 2007;[START_REF] Braune | Levels and 312 trends of organochlorines and brominated flame retardants in Ivory Gull eggs from the 313 Canadian Arctic, 1976 to 2004[END_REF]). The increasing consumption of farmed fish makes the 32 determination of polybrominated flame retardants in the fish and the identification of 33 the original sources of contamination essential for evaluating the exposure to these 34 compounds via diet and ultimately for protecting public health (ATSDR, 2004;Sjödin 35 et al. 2004;[START_REF] Stapleton | Instrumental methods and challenges in quantifying 387 polybrominated diphenyl ethers in environmental extracts: a review[END_REF][START_REF] Hites | 350 flame retardants in Northern Fulmar (Fulmarus glacialis) from the Faroe Islands. 352[END_REF]. 36 37 Although there are sensitive methods for determining PBBs and PBDEs (Covaci et al. 38 2007;[START_REF] Eljarrat | Sample handling and analysis of brominated flame 334 retardants in soil and sludge samples[END_REF][START_REF] Covaci | Determination of brominated flame 327 retardants, with emphasis on polybrominated diphenyl ethers (PBDEs) in 328 environmental and human samples-a review[END_REF], the complexity of environmental and 39 biological matrices is a major problem for an accurate quantification of low levels of 40 PBBs and PBDEs [START_REF] Hites | Polybrominated diphenyl ethers in the environment and in people: A 347 meta-analysis of concentrations[END_REF]. The required extraction step still represents an 41 analytical challenge. Classical techniques, such as the Soxhlet extraction, are time-42 consuming (24 h) and need large solvent volumes (250 mL) [START_REF] Covaci | Recent developments in the 331 analysis of brominated flame retardants and brominated natural compounds[END_REF]Vives 43 et al.2007;[START_REF] Braune | Levels and 312 trends of organochlorines and brominated flame retardants in Ivory Gull eggs from the 313 Canadian Arctic, 1976 to 2004[END_REF]. Application of microwave energy during the extraction 44 (microwave-assisted extraction, MAE) can significantly accelerate and improve the 45 yield of the process using lower volumes of solvent [START_REF] Bayen | Determination of polybrominated diphenyl ethers in 309 marine biological tissues using microwave-assisted extraction[END_REF]Belange et al. 46 of PCBs from marine sediments [START_REF] Numata | Investigation of 365 saponification for determination of polychlorinated biphenyls in marine sediments[END_REF], for analysis of trichlorobenzenes 49 in fish [START_REF] Wittmann | Trace 398 analysis of trichlorobenzenes in fish by microwave-assisted extraction and gas 399 chromatography-electron-capture detection[END_REF], and PBDEs from fish and milk samples (Ohta et al. 50 2002). Nevertheless, clean-up of the extract using solid phase extraction (SPE) is 51 required as an additional step. 52

53

The application of microwave energy combined with alkaline decomposition has been 54

previously used in developing techniques for sample preparation, such as microwave-55 assisted saponification (MAS) followed by LLE to extract PCBs or n-alkanes and 56 polycyclic aromatic hydrocarbons (PAHs) from mussels; microwave-assisted 57 decomposition (MAD) combined with MAS or MAE to eliminate organochloride 58 pesticides from sediments and mussels; and simultaneous MAE of PAHs from fish 59 samples and hydrolysis of lipids with KOH [START_REF] Xiong | Microwave-assisted extraction or saponification 402 combined with microwave-assisted decomposition applied in pre-treatment of soil or 403 mussel samples for the determination of polychlorinated biphenyls[END_REF][START_REF] Zhang | Sample pre-treatment with microwave-assisted 414 techniques[END_REF]60 Hernandez-Borges et al. 2006;[START_REF] Pena | Optimization 372 of a microwave-assisted extraction method for the analysis of polycyclic aromatic 373 hydrocarbons from fish samples[END_REF]. A MAE procedure that includes gentle 61 saponification enables shortening the analysis time and avoiding the alkaline 62 decomposition of organochlorine compounds in oyster samples [START_REF] Carro | 323 Microwave-assisted extraction and mild saponification for determination of 324 organochlorine pesticides in oyster samples[END_REF]. 63

64

The aim of the present study was to develop a new method to extract PBBs and PBDEs 65 from feed intended for farmed fish, and from scallops, clams and mussels using 66 microwave energy combined with saponification (MAES) and to compare its efficiency 67 with MAE. The results showed that MAES does not need additional clean-up steps 68 because the lipid content of the extracts is lowered by a factor of twenty six as 69 compared with MAE. Brominated compounds were determined by GC-µECD due to 70 Sulphuric acid (99 %), silica gel (60 Å pore size, 0.040-0.063 mm, 230-400 mesh), 79 HPLC-grade methanol and ethanol (99.9%) were from Merck (Darmstadt, Germany). 80

Anhydrous sodium sulphate (99%) was from BDH (Poole, UK). A mixture of PBDEs 81 (10 µg mL -1 ) in cyclohexane: 2',4,42.5%),[82][83][84][85][86][87][88][89][90][91][92][93][94][95][96][97][98][99]2',4,4',39.3%), 2',4,4', pentabromodiphenyl ether, 10.9%), 2',4,4',5,84 1.9%), 2',4,4',5,2.7%) was supplied by Dr. 85 Ehrenstorfer (Augsburg, Germany). 2',4,97%) were purchased as solids, from Supelco 87 (Bellefonte, PA, USA). A stock PBBs standard solution (400 ng mL -1 ) was used to 88 prepare the working solutions by dilution, except for the PBDEs (1400 ng mL -1 ), which 89 were used at the starting concentration. Optimization experiments were carried out on a pooled (composite) sample of a 50 g 97 homogenate of small trout feed spiked with 100 mL of n-hexane containing 1200 µL of 98 the mixture of PBDEs at 10 µg.mL -1 , 105 µL of BB-15 solution at 22.0 µg.mL -1 , and 99 150 µL of BB-49 solution at 14.2 µg.mL -1 . The n-hexane was removed by evaporation 100 to air-dryness. In preliminary experiments, samples of 0.5, 1 and 1.5 g were taken to 101 evaluate the homogenity. Relative standard deviations lower than 10% for all the 102 studied compounds were obtained when the amount of sample used for analysis was 103 above 1 g, and therefore a minimum sample size of 1 g was used for subsequent 104 experiments. Then samples were stored at room temperature in glass bottles out of light 105 exposure until the analysis. 106 107 A certified reference material (CRM) WMF-01, which contains organic contaminants in 108 fish tissue, was obtained from Wellington Laboratories (Guelph, ON, Canada). 109 110

MAES and MAE conditions. Experimental design 111

Microwave-assisted extraction was carried out in a Millestone Ethos oven (Bergamo,112 Italy). The nature and volume of solvent (hexane 15 mL mixed with 1 mL water) and 113 the power (400 w) were fixed according the results of a previous study about the 114 determination of fifteen representative organochlorine pesticides, polychlorinated 115 [START_REF] Carro | Microwave-318 assisted extraction followed by headspace solid-phase microextraction and gas 319 chromatography with mass spectrometry detection (MAE-HSSPME-GC-MS/MS) for 320 determination of polybrominated compounds in aquaculture samples[END_REF]). The other experimental conditions 116 were established on the basis of the results of the optimization studies. 117 118 The use of chemometric tools such as experimental design improves yields at all stages 119 of the analytical process, and good quality data can be obtained with minimal 120 experimental effort [START_REF] Hernández-Borges | 343 Optimization of the mcrowave-assisted saponification and extraction of organic 344 pollutants from marine biota using experimental design and artificial neural networks[END_REF][START_REF] Pena | Optimization 372 of a microwave-assisted extraction method for the analysis of polycyclic aromatic 373 hydrocarbons from fish samples[END_REF]Serôdio et al. 121 2007). We used a central composite design of a spherical domain with α = 1.682 for 122 varied from zero (undesirable response) to 100 (optimal response). The overall 141 desirability function was estimated as the geometric average of the individual 142 desirability functions. NEMROD © W software was used for the generation and the 143 evaluation of the experimental designs [START_REF] Mathieu | NemrodW Version[END_REF]. This software incorporates 144 an algorithm in the optimization process to find the maximum of the overall desirability 145 function corresponding to the optimal experimental conditions. 146 147

Clean-up of extracts 148

The extracts produced by MAES or MAE were subjected to clean-up to avoid 149 interferences and to protect the chromatographic columns from damage. Among the 150 several clean-up procedures developed for organohalogenated pollutants extracts, those 151 based on Solid-Phase Extraction (SPE) are the most convenient in practice (Karlsson et 152 al. 2006;[START_REF] Gómara | Fractionation of 339 chlorinated and brominated persistent organic pollutants in several food samples by 340 pyrenyl-silica liquid chromatography prior to GC-MS determination[END_REF][START_REF] Carro | Microwave-318 assisted extraction followed by headspace solid-phase microextraction and gas 319 chromatography with mass spectrometry detection (MAE-HSSPME-GC-MS/MS) for 320 determination of polybrominated compounds in aquaculture samples[END_REF]. In this case, 3 g of acid silica gel were 153 used to guarantee lipid removal. Acidic silica gel was prepared adding 4 g of H 2 SO 4 to 6 154 g of silica gel. [START_REF] Rodil | Multicriteria optimisation of a 375 simultaneous supercritical fluid extraction and clean-up procedure for the determination 376 of persistent organohalogenated pollutants in aquaculture samples[END_REF]. With the optimized parameters, the lipid content of 155 the extracts after SPE was less than 0.06% and 0.04% of the original lipid content as 156 measured gravimetrically when MAE (18%) or MAES (0.7%) were respectively 157 applied. The extract was concentrated to 0. The clean extracts were analysed by GC-µECD on an Agilent Technologies 6980N 164 (Avondale, PA, USA) gas chromatograph equipped with a microelectron capture 165 detector. Gas chromatography was carried out on a 30 m x 0.32 mm i.d. HP-5 (5% 166 phenyl-methylpolysiloxane) (Agilent Technologies) fused silica column (0.25 µm film 167 thickness). Helium (purity 99.999%) (Carburos Metálicos, A Coruña, Spain) was used 168 as carrier gas, at a constant pressure of 13 psi. The initial temperature was 60°C, held 169 for 2 min, then ramped at 30°C min -1 up to 170°C, and held for 2 min, followed by a 170 second ramp of 12°C min -1 up to 280°C and held for 10 min. The injector, operated in 171 splitless mode for 1 min, and detector temperatures were fixed at 250ºC and 285°C, 172 respectively. 173 174

Results and discussion 175

Optimization of extraction procedures 176 MAES 177

The results of the central composite design (Table I) indicated that low values of the 178 three factors have a negative effect on extraction yield. The only factor with a direct 179 statistically significant effect for all regression models, except those for BDE-153 and 180 BDE-154, was the volume of KOH solution. Significant interactions between the main 181 factors were also observed. Thus, a multi-criteria methodology that incorporates certain 182 compromise experimental conditions to fulfil the expectations of the analyst was 183 required (Yusá et al. 2006a and2006b;[START_REF] Carro | Microwave-318 assisted extraction followed by headspace solid-phase microextraction and gas 319 chromatography with mass spectrometry detection (MAE-HSSPME-GC-MS/MS) for 320 determination of polybrominated compounds in aquaculture samples[END_REF]. 184 185 Individual desirability functions were defined for each analyte and these individual 186 functions were combined to an overall desirability function that reflects the success in 187 of 1M KOH (methanolic or ethanolic) [START_REF] Wittmann | Trace 398 analysis of trichlorobenzenes in fish by microwave-assisted extraction and gas 399 chromatography-electron-capture detection[END_REF][START_REF] Ohta | Comparison of polybrominated diphenyl ethers in 369 fish,vegetables, and meats and levels in human milk of nursing women in Japan[END_REF]203 Llompart et al. 2001), we studied the effect of KOH concentration in the MAES of the 204 seven analytes of interest. Thus, under the optimal conditions we found for MAES, 205 

Performance evaluation of the analytical method 225

To best of our knowledge, there are no reports on the application of MAES combined 226 with GC-µECD to the analysis of PBBs and PBDEs in aquaculture samples. The 227 performance of the method was tested using spiked trout feed samples. The retention 228 times, linear ranges, coefficients of determination (R 2 ) of calibration lines, and limits of 229 detection and quantification are listed in Table II. Good correlations were obtained 230 within the intervals studied, with coefficients of determination equal to or above 0.997 231 (with the exceptions of . The limits of detection (LODs), 232 defined as the minimum amount of analyte that produces a peak with a signal-to-noise 233 ratio of 3, were below 220 pg.g -1 except for BB-15 (430 pg.g -1 ). The limits of 234 quantification (LOQs) were below 750 pg.g -1 except for BB-15 (1.43 ng.g -1 ) (Table II). 235 samples applying other analytical procedures (Karlsson et al. 2006;[START_REF] Bayen | Determination of polybrominated diphenyl ethers in 309 marine biological tissues using microwave-assisted extraction[END_REF]237 Naert et al. 2007). 238

[Insert Table II about here] 239 240 Analytical quality parameters of the proposed MAES were assessed with spiked trout 241 feed. Unspiked trout feed samples were previously analyzed in triplicate for the 242 compounds of interest and none of the investigated analytes were detected. Typical 243 chromatograms obtained for small trout feed with and without spiking, CRM WMF-01 244 and a standard solution (200 ng mL -1 of BB-15 and BB-49, respectively, and 700 ng 245 mL -1 of the total penta-BDE standard) are shown in Fig. 3. 246 [Insert Fig. 3 about here] 247 248

Comparison between MAES and MAE techniques. 249

To evaluate the applicability of the proposed MAES method for determining PBBs and 250 PBDEs in aquaculture samples, the accuracy (% recovery) and the precision (% RSD) 251 of the results were compared with those obtained when MAE was used. The 252 comparative study was made using spiked small trout feed samples. Six independent 253 extractions were performed to evaluate the reproducibility of the experimentally 254 optimized extraction methods. The right panel of Table II shows the average recoveries 255 and precision obtained for each analyte after applying MAES or MAE. The recovery 256 and the repeatability were improved by the use of MAES owing to its higher efficiency 257 to destroy lipids (Table II were quantified by GC-µECD, presenting amounts of 1.48 ± 0.1, 1.23 ± 0.01 and 1.57 ± 285 0.07 ng g -1 , respectively, which were quantified by GC-MS/MS ( 0.5 ng g -1 for LOQ of 286 BB-49 and 0.8 and 2.5 ng g -1 for LOD and LOQ of respectively). 287

[Insert Table III about 

  been applied to conventional liquid-liquid extraction (LLE) 48

  of the method, a certified reference material (WMF-01) was 72 analysed applying MAES and MAE and the values of PBDEs concentrations were 73 compared[START_REF] Stapleton | 390 Determination of polybrominated diphenyl ethers in environmental standard reference 391 materials[END_REF]

  and trout and samples of scallop, clam and mussel were obtained from 93 cultivation areas on the Galician coast (Spain). The samples were triturated and 94 homogenised in a grinder before processing. 95 96

  MAES optimization. The design consisted of three factors with five levels: extraction 123 temperature (50, 65, 85, 105 and 120 ºC), extraction time (1, 3, 6, 9 and 11 min) and 124 volume of solution of 1M KOH in methanol (5, 9, 15, 21 and 25 mL). The proposed 125 experimental design (14 experiments + three central points) is shown in Table I. For 126 MAE optimization, five levels for extraction temperature (25, 40, 65, 90 and 105 ºC) 127 and four levels for extraction time (3, 6, 7 and 9 min) were selected using a pentagonal 128 design with three central points. In both cases, the mathematical models were 129 constructed considering the % recovery of each compound studied as the response. The 130 experimental plan and the responses obtained are shown in Table I. 131 132 [Insert Table I about here] 133 134 These experimental designs led to response surfaces that served for a first graphical 135 approach to optimization. Moreover, the use of multi-criteria optimization based on the 136 construction of a desirability function for each individual response enabled the 137 identification of the best operational conditions to simultaneously extraction of PBBs 138and PBDEs using MAES or MAE[START_REF] Lewis | Pharmaceutical Experimental Design[END_REF]. Each individual desirability 139 from a family of linear or exponential continuous functions, and 140

  5 mL in a TurboVap II Station (Zymark, 158 Hopkinton, MA, USA) and finally dried in a nitrogen blow down concentrator. The 159 complete schemes for MAES and MAE are shown in Fig.

  compounds from samples. In this case, non-linear partial 188 desirability functions were chosen for the responses to be maximized. Values below 50 189 % were considered not acceptable (zero desirability), whereas values above 70 % were 190 considered optimal, although the achievement of greater recoveries by using these 191 functions can be expected. The maximum of the overall desirability function 192 corresponded to 65 ºC and 3 min of extraction temperature and time, and 9 mL of 1 M 193 KOH in methanol, and the predicted % recoveries at this point ranged from 72 to 84 %. 194 Under these experimental conditions the constraints imposed on the individual 195 desirability functions are totally fulfilled and an overall desirability of 80 % was 196 reached. The global desirability was very sensitive to small changes in the analysed 197 factors, as can be seen from contour plots of isodesirability curves (Fig.2A,2B, and 198 2C). Grey regions represent null desirability and, thus, processes reported in the literature generally use a solution 202

  experiments (n=4) were carried out with 1M, 2M and a saturated solution of KOH. The 206 best recoveries were obtained with 2M KOH and with the saturated solution. Since the 207 lowest relative standard deviations (RSDs) were observed for 2 M KOH, the pentagonal design (TableI) showed that high values of both factors 213 have a positive effect in the extraction yields, but only the extraction time had a 214 statistically significant effect for BDE-153. According to the information reported by 215 the design (TableI), the experiment run 1 (75 ºC and 9 min) provides the best extraction 216 yields for PBBs and PBDEs. Non-linear partial desirability functions were easily built 217 supporting these results. Fig. 2D shows the two-dimensional plot of this overall 218 desirability function in the experimental domain studied; grey zones corresponding to 219 zero desirability. The maximum in the desirability surface appears at 75 ºC and 9 min of 220 extraction. Since this optimum is at the upper limit of the design, some additional 221 experiments with the extraction time extended to 12 and 15 min were made. No better 222 recoveries were achieved, proving that 9 min is indeed a global maximum. 223 224

  were lower than most of previously reported for biological 236

Figure 1 .Figure 2 .Figure 3 .Figure 4 .

 1234 Figure 1. Scheme of sample preparation for MAES and MAE procedures. 423
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Pentagonal design for MAE optimization % Recovery Run Extraction temperature (ºC) Extraction time (min) BB-15 BB-49 BDE-47 BDE-100 BDE-99 BDE-154 BDE-153

  

	1	65	9	88.63 121.48	77.51	84.56	75.25	71.64	71.83
	2	105	7	73.01 108.60	68.47	77.23	67.10	61.69	60.47
	3	90	3	74.86 108.26	64.26	68.68	59.77	54.49	52.85
	4	40	3	73.59 110.22	65.33	67.12	59.11	55.39	54.92
	5	25	7	76.03 113.27	68.60	69.79	64.00	57.42	55.93
	6	65	6	77.01 106.01	60.73	61.90	55.63	48.82	49.64
	7	65	6	83.16 122.50	70.53	71.51	61.27	54.17	53.21
	8	65	6	74.13 106.07	65.95	69.44	59.70	55.43	52.11
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