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The determination of brominated flame retardants in food by liquid chromatography with tandem mass spectrometric detection: diastereoisomer specific hexabromocyclododecane and tetrabromobisphenol A Introduction Hexabromocyclododecane (HBCD) and tetrabromobisphenol A (TBBPA), see Figure 1, are brominated flame retardants (BFRs) that are used to inhibit the ignition of combustible materials and are also effective at hindering the spread of fire (D' Silva et al. 2004). They are used in the manufacture of a wide range of materials including rubbers, plastics and textiles, which are in turn used to make many different commercially available products ranging from foams and textiles in furniture and vehicles, to components in electronic devices.

HBCD is an additive BFR and can be incorporated into a material before, during or after polymerisation. TBBPA is a reactive BFR and forms chemical bonds with the material into which it is incorporated. Any unreacted or incompletely incorporated molecules have the potential to diffuse into the environment. This is of concern due to the toxic, persistent and bioaccumulative properties of the compounds and their largescale use. HBCD and TBBPA and have been detected in environmental samples such as water, air, sediment and biota [START_REF] Darnerud | Toxic effects of brominated flame retardants in man and in wildlife[END_REF][START_REF] Hakk | Metabolism in the toxicokinetics and fate of brominated flame retardants -a review[END_REF], D'Silva et al. 2004[START_REF] Tollback | Determination of the flame retardant tetrabromobisphenol A in air samples by liquid chromatography-mass spectrometry[END_REF].

It is generally accepted that the major part of human exposure to brominated pollutants such as BFRs is likely to be through the diet, as has been shown for other halogenated compounds such as chlorinated dioxins and polychlorinated biphenyls (Schecter et 'Silva et al. 2004[START_REF] Fernandes | Brominated and chlorinated dioxins and brominated flame retardants in Scottish shellfish: Methodology, occurrence and human dietary exposure[END_REF]). However, there is relatively little data published on the levels of HBCD and TBBPA in food and where data is available it is often not diastereoisomer specific for HBCD. It is desirable from a toxicological point of view to determine the concentration of each diastereoisomer separately as these may have different biological activities. It is because of this and the potential to diffuse into the environment that these compounds have become the focus of recent studies. A study into the dietary intake of BFRs by the Dutch population was carried out in 2003 with concentrations in most of the samples below the 0.02 µg/kg limit of detection (LOD) [START_REF] Sorkina | Dietary intake of brominated flame retardants by the Dutch population[END_REF]. For the samples where BFRs were detected, levels of total HBCD were reported up to 12 µg/kg for Ijsselmeer eel and up to 3.4 µg/kg for hatched eel for TBBPA. A Swedish study of biota for contaminants reported a fat weight concentration range of 4.0 -18 µg/kg total HBCD for herring landed along the Swedish Baltic coast [START_REF] Asplund | Comparison of spatial and temporal trends of methyoxylated PBDEs, PBDEs, and hexabromocyclododecane in herring along the Swedish coast[END_REF]). In the UK elevated concentrations of HBCD were detected in fish from the river Skerne, but these were caught in the vicinity of a BFR manufacturing site and were unlikely to be representative of the general levels of HBCD in fish in the UK (Food Standards Agency a). However, the data demonstrates the bioavailability and uptake potential of these contaminants.

In much of the occurrence data, HBCD is reported as total HBCD. This is because HBCD is susceptible to degradation, interconversion and adsorption during analysis using elevated temperatures such as gas chromatography (GC). Studies show that the HBCD diastereoisomers are thermally labile and interconvert at temperatures greater than 160 o C [START_REF] Remberger | The environmental occurance of HBCD in Sweden[END_REF]). Even at temperatures below 160 o C the diastereoisomers were not separated chromatographically due to peak broadening and only total HBCD concentrations were reported (the sum of α, β and γHBCD [START_REF] Hale | Polybrominated diphenyl ether flame retardants in the North American environment[END_REF]. Liquid chromatography (LC) has become popular for the separation of the diastereoisomers as it avoids the high temperatures of the GC methodologies. The selectivity and sensitivity afforded by tandem mass spectrometric (MS/MS) detection enables rapid analysis of many different sample types, determining very low concentrations of analytes [START_REF] Dodder | Analysis of hexabromocyclododecane diastereomers and enantiomers by liquid chromatography/tandem mass spectrometry: Chromatographic selectivity and ionization matrix effects[END_REF], RJ Law et al. 2006[START_REF] Suzuki | Determination of hexabromocyclododecane diastereoisomers and tetrabromobisphenol A in water and sediment by liquid chromatography/mass spectrometry[END_REF]. The UK Food Standards Agency (FSA) commissioned a study of farmed and wild fish, shellfish and fish oil dietary supplements for brominated chemicals including HBCD and TBBPA using LC-MS/MS (Food Standards Agency b). TBBPA was not detected in any of the 48 fish samples nor the 10 fish oil dietary supplement samples above the LOD (0.03 -0.05 µg/kg whole weight). The predominant HBCD diastereoisomer detected was the α diastereoisomer and the concentrations were in the ranges 0.07 -5.1 µg/kg, 0.03 -0.44 µg/kg and 0.03 -0.22 µg/kg for α, β and γHBCD respectively in the fish samples and 0.42 -5.0 µg/kg, 0.19 -0.41 µg/kg and 0.20 -0.44 µg/kg for α, β and γHBCD respectively in the fish oil samples. This paper describes the methodology and results of two studies into the levels of TBBPA and HBCD (α, β and γ diastereoisomers) in UK food: total diet study (TDS) samples from 2004, including bread, miscellaneous cereals, carcass meat, offal, meat products, poultry, fish, oils and fats, eggs, sugars and preserves, green vegetables, potatoes, other vegetables, canned vegetables, fresh fruit, fruit products, milk, dairy products and nuts, and shellfish from Scottish inshore and offshore harvesting areas. 

Materials and methods

F

Chemicals

Solutions (50 µg/mL) of the α, β and γ diastereoisomers of 1,2,5,6,9,10hexabromocyclododecane and 3,3',5,5'-tetrabromobisphenol A, and their 13 C analogues were purchased from Greyhound Chromatography and Allied Chemicals (Merseyside, UK). Methanol, hexane, dichloromethane, tetrahydrofuran, water (all HPLC fluorescence grade), anhydrous sodium sulfate (laboratory reagent grade) and concentrated sulphuric acid (analytical reagent grade) were obtained from Fisher Chemicals (Loughborough, UK). Activated silica (YMC gel) was purchased from YMC-Europe (Weselerwald, Germany). Sulfuric acid modified silica gel (40:60 w/w) was prepared in-house by adding sulfuric acid (1000 g) to activated silica (1500 g) and agitating on a roller mixer until a free-flowing powder was formed (approximately 6 h).

Samples Total diet study

Samples were collected as a part of the UK 2004 total diet study [START_REF] Peattie | Reorganization of the British total diet study for monitoring food constituents from 1981[END_REF]).

These were collected throughout the UK at fortnightly intervals and on each date a different location was chosen to reflect the UK population density. The food was prepared for consumption and combined, with the exception of beverages (Group 17), to give nineteen food groups representing the UK diet for 2004. The groups are listed in Table I. The pooled samples for the fruit, vegetable and milk based groups were freezedried due to the high water content and the resulting powders were thoroughly mixed before taking sub-samples for analysis. All other samples were analysed as received.

Samples were stored at -20 o C and re-homogenised prior to analysis.

Shellfish

Individual sub-samples of mussels, oysters and scallops were collected between January and March 2006. This period was selected to capture the pre-spawning period and coincides with the time when fat levels are highest. The samples were representatively pooled and homogenised to yield thirty-five composite analytical samples. As scallops are sometimes retailed as just adductor muscles, these samples were divided into separate adductor and gonad portions prior to pooling. Details of the sampling plan are reported elsewhere (Food Standards Agency c). Samples were stored at -20 o C and rehomogenised prior to analysis. Further details have been published elsewhere [START_REF] Fernandes | Brominated and chlorinated dioxins and brominated flame retardants in Scottish shellfish: Methodology, occurrence and human dietary exposure[END_REF]).

In-house reference material

An in-house reference material (IHRM) was prepared by adding α, β and γHBCD and TBPPA (2.5 µg of each dissolved in 1 mL tetrahydrofuran) to sunflower oil (500 g) to give a nominal concentration of 5 µg/kg. This was stirred well and stored at room temperature in the absence of light.

Extraction and clean-up procedure

In each study samples were analysed in batches. Each batch consisted of: five samples, each in duplicate; over-spiked samples in duplicate; duplicate IHRM; over-spiked IHRM; a procedural blank sample of sunflower oil (that used to prepare the IHRM, previously shown to contain no HBCD or TBBPA). Four portions of each sample were taken (20 g):

• Portions 1 and 2 were spiked with internal standards (5 ng each of 13 C αHBCD, 13 C βHBCD, 13 C γHBCD and 13 C TBBPA) and the four analytes (25 ng each of αHBCD, βHBCD, γHBCD and TBBPA), to allow recovery corrected concentrations to be determined.

• Portions 3 and 4 were spiked with only internal standard (5 ng each of 13 C αHBCD, 13 C βHBCD, 13 C γHBCD and 13 C TBBPA). Two procedural blanks were prepared and analysed in each batch by spiking anhydrous sodium sulphate (100 g) with internal standards (5 ng each of 13 C αHBCD, 13 C βHBCD, 13 C γHBCD and 13 C TBBPA). The IHRM was analysed in duplicate (5 g) in each batch along with a blank sample (5 g) of the sunflower oil (spiked with 5 ng each of 13 C αHBCD, 13 C βHBCD, 13 C γHBCD and 13 C TBBPA) and a sample of the sunflower oil (5 g) spiked at the time of extraction (5 ng each of 13 C αHBCD, 13 C βHBCD, 13 C γHBCD and 13 C TBBPA and 25 ng each of αHBCD, βHBCD, γHBCD and TBBPA).

The samples were left to allow the internal standards and spiked analytes to infuse for 30 min prior to extraction. Each sample was mixed with anhydrous sodium sulphate (100 g) and hexane:dichloromethane, 60:40 (v/v) (250 mL) was added. The mixture was homogenised using an Ultra Turrax for 1 min, left to stand for a further 15 min and sulphuric acid modified silica gel (100 g) was added. The slurry was homogenised for 5 min, filtered and the filtrate collected. The silica residue was washed with hexane:dichloromethane, 60:40 (v/v) (50 mL) and the washings were combined with the original filtrate. The filtrate and washings were transferred to a round bottom flask and reduced in volume to approximately 10 mL using a rotary evaporator. This was then quantitatively transferred to a glass vial and evaporated to dryness under nitrogen.

Methanol (120 µL) was added, the vial capped, vortex mixed for 20 seconds, ultrasonicated for 5 min, vortex mixed for another 20 seconds and the solution transferred to a LC-MS/MS glass vial. Water (30 µL) was added and the vial was capped and vortex mixed for 20 seconds. Solvent standards were prepared in the range 5 -600 ng/mL for the four analytes and analysis was carried out using LC-MS/MS in multiple reaction monitoring mode (MRM). 

LC-MS/MS analysis

A Waters (Hertsford, UK) Alliance 2695 LC system was used. The LC column was a Waters Sunfire column (C 18 ), 150 mm long, 2.1 mm internal diameter, 3.5 µm diameter silica particles, maintained at 30 o C in a thermostated column oven. The mobile phase consisted of methanol and water with a flow rate of 0.2 mL/min. A gradient was used starting at 80% methanol and changing to 100 % methanol over 20 min. An injection volume of 40 µL was used. The MS/MS system was a Micromass (Manchester, UK) Quattro Ultima triple quadrupole MS used in negative electrospray ionisation mode.

The capillary voltage was 3 kV with a source temperature of 130 o C. Desolvation gas was nitrogen at 700 L/h and the desolvation temperature was 300 o C. Collision-induced dissociation was performed using argon. MRM was used for quantification and confirmation. The channels monitored for the three HBCD diastereoisomers were 640.3>78.9 (quantification) and 640.3>81.1 (confirmation) and the internal standard channel was 652.3>78.9. These channels used a collision energy of 17 eV and a cone voltage of 35 V. The TBBPA channels were 542.9>447.7 for quantification and 542.9>419.9 for confirmation with a cone voltage of 35 V and collision energy of 17 eV. For the internal standard the 554.5>430.7 channel was monitored with a cone voltage of 50 V and collision energy of 44 eV.

Results and discussion

Method performance

In both studies quality control and quality assurance measures were taken. Linearity of the solvent standards over the concentration range 5 -600 ng/mL was rectilinear with correlation coefficients of 0.995 or greater and residual values of +/-20% or less. All samples were over spiked with each analyte to allow recovery corrected concentrations studies and this provides evidence that the method is robust enough to accommodate a wide range of food types. As there are no certified reference materials available for these analytes, an IHRM was run with every batch of samples. Sunflower oil was used to prepare the IHRM as the high lipid content makes this a challenging matrix to extract and purify. The oil was tested and shown to contain no HBCD or TBBPA so was spiked to give a concentration of 5 µg/kg. The average concentrations for this IHRM determined during the TDS samples were 5.1 µg/kg, 5.2 µg/kg, 4.9 µg/kg and 4.8 µg/kg for α, β and γHBCD and TBBPA respectively with relative standard deviation (RSD) values of 6.2%, 9.0%, 4.7% and 4.4% (n=10). For the shellfish average concentrations of 5.0 µg/kg, 4.9 µg/kg, 5.1 µg/kg and 5.0 µg/kg were determined with RSD values of 3.1%, 2.8%, 4.8% and 3.9% (n=14) for α, β and γHBCD and TBBPA respectively.

LODs were calculated as the average concentration plus two times the standard deviation of the concentration of any analyte detected in the procedural blank samples.

LOD values are given as less than (<) values in Tables I -IV when no HBCD or TBBPA were detected. These are sample specific as different masses of sample were taken depending upon the total amount of sample received. An estimation of the measurement uncertainty was calculated using the replicate samples and over-spiked samples. An average of the duplicate values was calculated and then the two individual values were normalised to the average to give a percentage value. This was then averaged out over the whole data set to give values in the range 30% -40% for the TDS study and 15% -40% for the shellfish study.

Total Diet Study for 2004

The UK Total Diet Study (TDS) is used to provide information on the dietary exposure of the general population, and different sub-groups of the population, to nutrients and [START_REF] Peattie | Reorganization of the British total diet study for monitoring food constituents from 1981[END_REF]. These studies are an essential aid to verifying that exposure to these contaminants does not give cause for health concerns.

Specified retail food samples are purchased at fortnightly intervals from different locations in the UK and are prepared for consumption and combined to produce twenty food groups representing their relevant importance in the UK diet. Table I lists the individual groups (with the exception of group 17, beverages, which was not included in this study). Analysis of one year's combined samples ensures that a large, diverse base of individual samples sourced from across the UK are included, and the composite samples represent average national dietary habits.

Table I gives the whole weight concentration of the three HBCD diastereoisomers and TBBPA detected in each TDS sample. In all cases, TBBPA was not detected above the LOD, which is also given in Table I. Overall the HBCD concentrations were low, all concentrations detected ranged from 0.02 to 0.3 µg/kg. In nine groups (meat, fish, vegetable and nut containing groups) αHBCD was the predominant diastereoisomer.

The meat and fish containing groups saw HBCD profiles with αHBCD predominating as opposed to the γ diastereoisomer that dominates in the technical and commercial standards available (Winer Sorkina et al, 2003, Food Standards Agency b, Fernandes et al. 2005). It has been reported that the αHBCD predominance is a result of selective metabolism or a biotransformation process [START_REF] Zegers | Levels of hexabromocyclododecane in harbor porpoises and common dolphins from western European seas, with evidence for stereoisomer-specific biotransformation by cytochrome P450[END_REF]

, K Law et al. 2006).

There were nine groups where no HBCD diastereoisomers were detected above the LOD. In the remaining case, fresh fruit, the αHBCD and βHBCD concentrations were the same (0.3 µg/kg). II. The UK independent Committee on Toxicity of Chemicals in Food, Consumer Products and the Environment (COT) has previously concluded that Tolerable Daily Intakes (TDIs) can not be set for HBCD as there is only limited toxicological data available (Committee on toxicity of chemicals in food, consumer products and environment, 2003). The COT did recommend a TDI of 1 mg/kg bodyweight/day for TBBPA (Committee on toxicity of chemicals in food, consumer products and environment, 2004), and the estimated upper bound dietary intakes of TBBPA were well below that value in this study.

Shellfish

Shellfish have been recognised as having the potential for bio-accumulating environmental contaminants, and some species, for example mussels, are often used as early indicators of pollution in local waters. As shellfish are a popular food in many parts of the world including the UK and the authorities are recommending increased consumption of fish and shellfish because of the associated health benefits, it is becoming increasingly important to be able to detect low levels of environmental contaminants, such as HBCD and TBBPA.

Tables III, IV and V give the average recovery corrected whole weight concentrations of the three HBCD diastereoisomers and TBBPA detected in mussel, oyster and scallop gonad and adductor muscle samples. As with the TDS samples, TBBPA was not detected above the LOD (given in Tables III, IV and V) in any of samples. This is consistent with other published studies where quoted concentrations were either below LODs or at very low levels (Winer Sorkina et al, 2003, Food TBBPA is chemically bonded into the polymer matrix, unlike HBCD. This limits the potential for release and may account for the lack of TBBPA in these samples. The most predominant HBCD diastereoisomer in the shellfish was always αHBCD. This is in sharp contrast to the commercial or technical formulations and sediments where γHBCD is dominant, but it does reflect the findings of the TDS study where αHBCD was the dominant diastereoisomer seen in animal and fish based products. αHBCD was detected in samples of mussels, oyster and scallop gonads with the highest concentrations of HBCD detected in mussels from Troustan (8.9 µg/kg, 1.6 µg/kg, 1.5 µg/kg for α, β and γHBCD respectively) and Loch Leven (1.8 µg/kg, 0.42 µg/kg, 0.32 µg/kg) and scallop gonads from Clyde 5 (1.8 µg/kg, 0.24 µg/kg, 0.16 µg/kg). HBCD levels in scallop gonads were always higher than in the corresponding adductor muscles with HBCD only being detected above the LOD in four of the ten scallop adductor samples. This is likely to be due to the higher fat content of the gonads and the lipophilicity of HBCD and TBBPA. The scallop sample Clyde 5 has the highest concentration of HBCD detected in both gonad and adductor muscle. The location of the sampling points has been reported elsewhere (Foods Standard Agency c, Fernandes et al. 2007).

The data generated from the shellfish study was used by the FSA to estimate dietary intakes of HBCD for adults from one weekly portion of shellfish in combination with the rest of the diet, and the results are presented in Table VI. Although dietary surveys of UK consumers in various age groups have been carried out, they were too few to provide robust consumption data in the case of the shellfish species included in this study. Instead dietary intakes of HBCD have been estimated from the measured concentrations assuming an average adult portion size of 70 g for all species. The upper bound dietary intakes of HBCD estimated by this method were 0.16, 0.04 and 0.02 ng/kg body weight/day for α, β and γHBCD respectively for oysters, 1.5, 0.27 and 0.25 ng/kg body weight/day for mussels and 0.29 (0.02), 0.04 (0.01) and 0.03 (0.008) ng/kg body weight/day for scallop gonads (adductor muscles). TBBPA levels were well below the TDI of 1 mg/kg body weight/day. The concentrations determined in this study were of a similar magnitude to those detected in the farmed fish and shellfish survey (Food Standards Agency b) and it is likely that the exposure to these contaminants from the shellfish investigated in this study is similarly not significant when compared to exposure from the rest of the diet.

Conclusions

A method for the extraction, clean-up and detection by LC-MS/MS of individual diastereoisomers (α, β and γ) of HBCD and TBBPA at very low levels is reported in a wide range of food types, as shown by the analysis of TDS samples and a study of shellfish. For both studies TBBPA was not detected above the LOD and concentrations of HBCD detected were generally low with αHBCD being the most predominant diastereoisomer in almost all cases. An assessment of risk carried out by the COT indicated that the levels of HBCD and TBBPA found in these foods were not thought to be of concern to human health. 
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