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Determination of acrylamide in foods by pressurized fluid extraction and liquid chromatography-tandem mass spectrometry. Survey of Acrylamide in cereal-based foods from Spain

-32,33 0,066 Pressure (psi) 6,67 0,679 a coded units; α = 0.05 b The minimum, central and maximum values of each factor used in the P-B design were: Temperature ºC (35-55-75); time (min) (4-7-10); pressure (psi) (1000-1250-1500). c A solution containing 50 ng mL -1 of Acrylamide and 75 ng mL -1 of [ 13 

Table IV

Recovery, repeatability and within-laboratory (W-l) reproducibility of Acrylamide extracted by the ASE method in various food matrices at two incurred levels.

Matrix

Acrylamide a (ng g -1 )

Acrylamide b (ng g -1 )

Repeatability a Mean acrylamide level ± standard deviation (SD)determined by a reference method [START_REF] Roach | Rugged LC-MS/MS Survey Analysis for Acrylamide in Foods[END_REF], (n=5) b Determined by the ASE method; n = 5 c Three-day precision study, n = 5 each day. RSD: relative standard deviation %. 

Introduction

The possibility that acrylamide (2-propenamide, CAS Registry No. 79-06-1) may be formed in the heat-processing of foods was first postulated in Sweeden in 2000 [START_REF] Tareke | Acrylamide: A cooking carcinogen?[END_REF]. The same authors published a study showing relatively high levels of acrylamide in many heat-processed foods [START_REF] Tareke | Analysis of Acrylamide, a Carcinogen in Heated Foodstuffs[END_REF]. Acrylamide is formed during the Maillard reaction, and the major reactants leading to the formation of acrylamide are reducing sugars such as glucose and fructose, and the amino acid aspargine [START_REF] Mottram | Acrylamide is formed in the Maillard reaction[END_REF][START_REF] Stadler | Acrylamide from Maillard reaction products[END_REF]. In model experiments, other pathways have been identified as precursors of acrylamide such as acrolein, acrylic acid and other carbonyls (EFSA 2003).

National and international authorities have been concerned, since acrylamide has been classified as "probably carcinogenic to humans" (Group 2A) by the International Agency for Research on cancer (IARC 1994). Consequently, a worldwide monitoring of acrylamide in different food types has started [START_REF] Lineback | Overview of Acrylamide Monitoring Database[END_REF]. Extensive data on levels of acrylamide have been collected by the European Commission (EC 2005) and by the US Food and Drug Administration (FDA 2004). Among the most important matrices included in the European monitoring database are potato chips (median level: 600 µg kg -1 ), crisp bread (median level: 251 µg kg -1 ), breakfast cereals (median level: 60 µg kg -1 ), biscuits (median level: 90 µg kg -1 ) and coffee roasted (median level: 264 µg kg -1 ).

Having sensitive and robust methods that provide reliable data in the different food categories is of crucial importance for intake assessments. During the last four years, different methods have been developed to determine acrylamide in cooked and processed (baked, fried and roasted) foods [START_REF] Wenzl | Analytical methods for the determination of Acrylamide in foods products: a review[END_REF][START_REF] Taeymans | A Review of Acrylamide: An Industry Perspective on Research, Analysis, Formation, and Control[END_REF]). These methods are based either on gas chromatography-mass spectrometry (GC-MS) [START_REF] Pittet | Trace level determination of Acrylamide in cereal foods by gas chromatography-mass spectrometry[END_REF] or on LC-MS-MS [START_REF] Roach | Rugged LC-MS/MS Survey Analysis for Acrylamide in Foods[END_REF][START_REF] Riediker | Analysis of Acrylamide in food by isotope-dilution liquid chromatography coupled with electrospray ionization tandem mass spectrometry[END_REF]. Limits of quantification (LOQ) range from 30-50 µg kg -1 for LC-MS-MS down to 10-30 µg kg -1 for GC-MS. There is no significant difference between results obtained by GC-MS with derivatisation and LC-MS-MS [START_REF] Owen | Acrylamide Analysis: Assessment of Results from Six Rounds of Food Analysis Performance Assessment Scheme (FAPAS ® ) Proficiency Testing[END_REF][START_REF] Klaffke | Results from two Interlaboratory Comparison Tests Organized in Germany at the EU Level for Analysis of Acrylamide in Food[END_REF] [START_REF] Riediker | Analysis of Acrylamide in food by isotope-dilution liquid chromatography coupled with electrospray ionization tandem mass spectrometry[END_REF]), shaking at high speed [START_REF] Pittet | Trace level determination of Acrylamide in cereal foods by gas chromatography-mass spectrometry[END_REF], or in a rotating shaker [START_REF] Roach | Rugged LC-MS/MS Survey Analysis for Acrylamide in Foods[END_REF], using water as extractant. Most clean-up procedures consist of the combination of two different solidphase extractions (SPE) [START_REF] Roach | Rugged LC-MS/MS Survey Analysis for Acrylamide in Foods[END_REF][START_REF] Riediker | Analysis of Acrylamide in food by isotope-dilution liquid chromatography coupled with electrospray ionization tandem mass spectrometry[END_REF]. These procedures are laborious and time consuming. Another more simple approach has been proposed using Carrez I and Carrez II to obtain a clear solution, without further clean-up (Hoenicke et al. 2004[START_REF] Senyuva | Survey of Acrylamide in Turkish foods by an in-house validated LC-MS method[END_REF]. Like the SPE methods, these Carrez-based methods also make use of water as extractant, which difficults the concentration of the extract and, consequently, present problems to reduce the LOD.

Pressurized fluid extraction has been frequently used to extract lipophilic pollutants from environmental matrices and foods [START_REF] Dean | Extraction methods for environmental analysis[END_REF][START_REF] Yusà | Application of accelerated solvent extraction followed by gel performance chromatography and high-performance liquid chromatography for the determination of polycyclic aromatic hydrocarbons in mussel tissue[END_REF]). However, PFE has been scarcely used for the extraction of hydrophilic compounds. The use of PFE for extraction of acrylamide from food has been described by [START_REF] Cavalli | Fast determination of Acrylamide in Food Samples Using Accelerated Solvent Extraction Followed by Ion Chromatography with UV or MS Detection[END_REF]. Hoenicke et al. ( 2004) have reported some problems when extraction was performed using both water and 1% formic acid, as was proposed by Cavalli et al.

This paper presents an automated, simple and fast method for the confirmatory detection of acrylamide. It entails pressurised fluid extraction of acrylamide from food, Carrez precipitation and analysis by LC-MS-MS. The main parameters affecting the performance of the Electrospray Ionisation (ESI) interface and the PFE has been optimized using a chemometric design of experiment (DOE) approach [START_REF] Massart | Handbook of Chemometrics and Qualimetrics[END_REF][START_REF] Riter | Statistical design of experiments as a tool in mass spectrometry[END_REF].

Using the optimised method a survey of acrylamide levels in five cereal-based foods groups (potato chips, breakfast cereals, snacks, crisp bread, and biscuits) from Spanish market was carried out. 

F

Sample preparation

Serving size portions of samples were ground using a laboratory mill and sieved through a 1mm-mesh sieve. Sub-samples of the homogenate were stored at 4 ºC in high-density A total of 500 µL of Carrez I (potassium hexacyanoferrate, 150 g L -1 ) and 500 µL of Carrez II (zinc sulphate, 300 g L -1 ) were added to the acetonitrile extracts and the suspension was centrifuged at 5000 g for 15 min. at 5 ºC. Then the precipitate was washed two times with acetonitrile, and the clear supernatant was evaporated in a Turbo Vap 500 (Zymark, Idstein, Germany). Final extracts were reconstituted in 0.5 mL of water and filtered through a 0.22 µm nylon filter prior to LC-MS-MS analysis.

A method based on that reported by Roach et al. (2002) employing water as extractant and a two-step SPE clean up, was used in order to compare the method developed in this work with a more conventional extraction and clean up procedure.

ESI-MS-MS analysis

A TSQ quantum triple stage quadrupole instrument, together with Surveyor LC quaternary pump and Surveyor autosampler, from Thermo Finnigan (San Jose, CA, USA), were used.

Analytical separation was carried out on a porous graphitic carbon column Hypercarb, 50 x 2.1 mm i.d., 5 µm from Thermo Electron Corporation (San Jose, CA, USA),

The mobile phase employed for the isocratic elution of the analyte was a mixture of methanol:water (0.1% HCOOH) (3.75:96.25%, v/v) at a flow rate of 150 µL min -1 . The LC Acrylamide monomer is toxic and can be adsorbed through the skin. Gloves and safety glasses should be worn all time, and standards and sample preparation steps should be carried out in a fume cupboard.

Results and discussion

Optimisation of the ESI-MS-MS interface conditions

Screening design

Considering the literature and previous studies carried out in our laboratory, four factors (k=4) were selected as potentially affecting the ESI efficiency: spray voltage, capillary temperature, sheath gas pressure and auxiliary gas pressure.

A Plackett-Burman (P-B) design [START_REF] Massart | Handbook of Chemometrics and Qualimetrics[END_REF]) was chosen as a screening method to estimate the relative influence of the 4 factors on the analytical response (arbitrary units of peak area of ions m/z 55 and m/z 44). With this screening design the main effects are calculated with a reduced number of experiments (12 runs, 1 block), and the experiment run order was randomized to provide protection against the effect of hidden variables.

The estimated effects of the four factors and their statistical significance at 95% confidence level for responses m/z 55 and m/z 44 are shown in Table I. As can be seen in Table I, only spray voltage had a significant effect on the m/z 55 response (P< 0.05). However, for m/z 44 response, spray voltage and sheath gas pressure were significant. In consequence, both factors were selected for further optimization. For the next stage in the optimization process, the non-significant factors, capillary temperature and auxiliary gas pressure, were fixed at 200 ºC (negative effect) and 5 au (negative effect), respectively.

[ [ [ [Insert Table I about here] ] ] ]

Central composite design

In order to obtain a more accurate optimisation of the two significant ESI parameters (spray voltage and sheath gas pressure), a central composite design (CCD) was used. This type of experimental design permits the response surface to be built and the factor settings or operating conditions that maximise acrylamide response to be found.

The CCD used had a total of 13 randomised chromatographic runs, which included 4 cube points, 5 center points in cube, and 4 axial points, with an Alpha value of 1.4142. The values corresponding to every factor in each experiment and the analytical response are shown in Table II.

[ [ [ [Insert Table II about here] ] ] ]

The responses were fitted by a multiple regression equation, including second-order (curvature) and interaction terms. Three-dimensional response surface display the effect of the two independent variables on the analytical response (arbitrary units of peak area of ions m/z 55, m/z 44). Figure 1 shows the m/z 55 response surface yielded by the model.

[ [ [ [Insert Figure 1 about here] ] ] ]

The following step was to select the factors setting that maximise the acrylamide (m/z 55 and m/z 44) responses. This could be done by the "response optimiser" from response surface design in MINITAB program.

The responses surfaces were similar for the two analytical signals (m/z 55, 44) and therefore there were a factor setting that simultaneously maximises the desirability for each response (the desirability is 0.0 for the lowest values obtained in the CCD; increases as response values increase; and is 1.0 for the highest response obtained in the experiments).

We maximise a composite desirability, which combines the individual desirability of each response into a single measure. The optimised factors settings were time: Spray voltage: 

Effect of extraction solvent

Acetonitrile, metanol, acetone, and ethyl acetate were tested as extraction solvents under the following PFE operating conditions: pressure, 1500 psi; temperature, 50 ºC; static time, 5 min; cycles, 2. The experiments were carried out on the reference test material FAPAS T 3002 (potato crisps, 167 µg Kg -1 acrylamide).

Figure 2 shows representative chromatograms obtained for the four extraction solvents.

Methanol, acetone and ethyl acetate extracts contain interfering co-extractives resulting in either strong interferences or ion suppression. On the other hand, extracts produced using acetonitrile were "clear", and higher signal responses were obtained due to less ion suppression effects. For other matrices (breakfast cereals, biscuits, snacks, crisp bread) similar results were obtained. Consequently, acetonitrile was selected extractant.

It was found that the use of extraction thimbles proved to be very useful because it avoids the possible blockage of the PFE system during the extraction of the different matrices.

[ [ [ [Insert Figure 2 about here] ] ] ]

The extraction with acetonitrile followed by Carrez precipitation provides an adequate clean up similar to that provided by SPE clean up for food groups like potato chips, breakfast cereals, biscuits, crisp bread and snacks. Figure 3 compares chromatograms obtained after PSE and Carrez precipitation with other obtained by a reference method that uses water extraction and SPE clean up [START_REF] Roach | Rugged LC-MS/MS Survey Analysis for Acrylamide in Foods[END_REF]. As can be seen, both methods provide "clean" chromatograms for acrylamide, however the Carrez precipitation improves the signal-to-noise ratio of the acrylamide analytical response. III. The temperature and the pressure had both no significant effect on the extraction yield of the PLE (P> 0.05). The time is on the limit of significance (P=0.066), with a negative effect on the recovery of acrylamide.

Consequently, we select the following factor setting: temperature = 35 ºC (negative effect); pressure = 1500 psi (positive effect); time = 4 min (negative effect).

[ [ [ [Insert Table III about here] ] ] ]

Method performance

The acrylamide response was linear over a concentration range of 1-2000 µg L -1 with correlation coefficients better than 0.995.

Assessment of the accuracy was based on the analysis of acrylamide reference test materials FAPAS T3002 (potato crisps, assigned value: 167 µg Kg -1 acrylamide, satisfactory range of 97-237 µg Kg -1 ), FAPAS T3005 (crisp bread, assigned value: 707 µg Kg -1 acrylamide, satisfactory range of 468-945 µg Kg -1 ), and T3011 (potato crisps, assigned value: 1404 g Kg -1 acrylamide). The average value and their standard deviation (SD) for five repetitions were: FAPAS T3002: 170 ± 10; FAPAS T3005: 730 ± 20; FAPAS T3011: 1370 ± 40. These values are within the satisfactory range for each test material. Recovery of the developed method was studied in different incurred matrices, at two levels.

In order to determine the concentration of incurred acrylamide in the different samples, a reference method based on that reported by Roach et al. (2002) was used.

Table IV reports the results of recovery, repeatability and within-laboratory reproducibility (three-day) study carried out on four matrices at two levels each. The relative standard deviation (RSD) values ranged from 3.5 to 6.0%, and from 4.2 to 9.2 % for repeatability and within-laboratory reproducibility, respectively.

A two-sample t-test approach, at 95% confidence level, was used in order to compare both methods. For the different samples and levels P-values>0.05 were obtained. This means that no significant differences exist between both methods.

The limit of quantification (LOQ) (S/N = 10) for the different commodities was set at 5 µg Kg -1 on the basis of compliance with the confirmatory criteria.

[ [ [ [Insert Table IV about here] ] ] ]

Survey data

In this study, 62 food samples from 5 food groups were analysed for their acrylamide content. Different Spanish brands of snacks, potato chips, biscuits, crisp bread and breakfast cereals were selected from local supermarkets in Valencia during June-August

2005.

The mean concentration of acrylamide, the standard deviation (SD) in each group, and the maximum and minimum acrylamide levels found are summarised in Table V.

[ [ [ [Insert Table V about here] ] ] ]

There was a great variation in the acrylamide levels between the brands in each group of foods (see standard deviation in Table V). This high variability is mainly a result of the variability of the raw materials and processing conditions (temperature, time,. 

  Response surfaces for Acrylamide (m/z 55) obtained in the optimization of ESI parameters using a central composite design. The fixed parameters were: Capillary temperature, 200 şC; Auxiliary gas pressure, Mass chromatograms of Acrylamide extracted by PFE with A) Acetonitrile, B) Methanol, C) Acetone, and D) Ethyl acetate. 286x199mm (200 x 200 DPI) Mass chromatograms of a crisp bread sample obtained with A) water extraction and SPE clean up, and B) PFE and Carrez precipitation. 286x201mm (200 x 200 DPI)

  plastic screw-capped lids. Then a portion of the sub-sample (1g) was spiked with [ 13 C 3 ] acrylamide as internal standard to achieve a final concentration of 37.5 µg Kg -1 . The sample was ground with diatomaceous earth (DE) with a pestle and mortar and loaded into a cellulose extraction thimble and then placed in a 22-mL stainlesssteel extraction cells containing a cellulose filter in the cell outlet. The sample cells were then closed, to finger tightness, and situated in the carousel of a PFE system, Accelerated Solvent Extraction (ASE ® ) system 200 from Dionex (Sunnyvale, CA, USA).The samples were extracted with acetonitrile, using the following optimized conditions: temperature of 35 ºC with 5 min heat-up time under a pressure of 1500 psi, and three static cycles with a static time of 4 min. The flush volume amounted to 60% of the extraction cell volume. The sample cells were purged using pressurized nitrogen (125-150 psi) for 2 min.

  to the LC-MS interface within the retention time window 0.5-5 min using a diverter valve (Rheodyne, Cotati, USA). The total run time of the chromatograms was 6 min. An injection volume of 10 µL was used. The autosampler and column temperatures were 20 ºC and 26 ºC, respectively.Acrylamide was detected in positive ESI mode. The transitions monitored for acrylamide were m/z 72 > 55 at 12 V and 72 > 44 at 43 V, corresponding to C 2 H 3 CO + and CONH 2  + , respectively. For [13 C 3 ] acrylamide the transition monitored was 75 > 58 at 22 V. The ESI optimized parameters were as follows: spray voltage, 5000 V; capillary temperature, 200ºC; sheath gas pressure, 32 psi; auxiliary gas pressure, 5 arbitrary units (au). Collision gas pressure was 1.5 mTorr. Tube lens offset voltages were optimized for acrylamide using the automated optimization procedure in syringe infusion mode provided by the manufacturer.For quantification, an isotope dilution approach was used. A response curve was plotted of area response ratio for m/z 55/58 versus amount of acrylamide injected with a constant amount of [ 13 C 3 ] acrylamide. Nine-point linear calibration plots with correlation coefficient (R 2 ) > 0.995 in the range 1-2000 ng mL -1 were used. The results were reported without correction for recovery because of the use of [ 13 C 3 ] acrylamide as internal standard made this correction unnecessary.Confirmation of identity of the response is based on three criteria. First, the analyte ions m/z 55, and m/z 44 and the internal standard ion m/z 58 must occur at the same retention time. Second, the relative abundance of the analyte signals for m/z 55 and m/z 44, must be within ±20 % of the observed relative abundance recorded for an acrylamide standard of a similar concentration. Third, the three ions (m/z 55, 44, 58) must have a signal-to-noise (S/N) ratio > 3. These confirmatory criteria fulfil the requirements of the European Community for confirmatory methods(EC 2002), although this Decision is currently only applicable to residues in living animals and animal products.
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  Analytical quality assurance and safetyEach set of samples were analysed under quality-assurance protocols, including duplicate samples, reagent blanks and three quality control test materials (FAPAS test materials, crisp bread T3005, potato crisps T3002 and potato crisps T3011).During this study, the laboratory participated in one inter-laboratory proficiency testing provided by Central Science Laboratory (CSL) with a satisfactory z-score. The laboratory works under the quality assurance system established by ISO/IEC/EN 17025.

  and sheath gas pressure, 32 psi . These conditions provide a composite desirability of 0.94.

  Optimization of PFE conditionsThe main parameters that have an influence on the performance of the PFE are temperature, pressure and extraction time(Fizpatrich et al. 2000). A P-B design was chosen for screening of the relative influence of these three parameters on the recovery of acrylamide from food samples. The P-B design included 12 plus a triplicate centre point runs. Taking into account the values usually used in PFE technique for pressure and extraction time, and that acrylamide starts to discompose at temperatures above 83 ºC, the minimum and maximum values for the P-B design were: 35-75 ºC for temperature, 1000-1500 psi for pressure, and 4-10 min for static time.The estimated effects of the three factors and their statistical significance at 95% confidence level (P<0.05) are shown in Table

  α = 0.05 b The minimum and maximum values of each factor used in the P-B design were: Spray Voltage (V) (2000-5000); Sheath gas pressure (psi) (10-40); Auxiliary gas pressure (au) (5-20); Capillary Temperature (ºC) (200-350) c A solution containing 50 ng mL -1 of acrylamide and 75 ng mL -1 of [ 13 C 3 analytical response (peak area) a of central composite design used for optimization of the two significant ESI factors in the analysis ; α = 0.05 b The minimum, central and maximum values of each factor used in the P-B design were: Temperature ºC (35-55-75); time (min) (4-7-10); pressure (psi) (1000-1250-1500).c A solution containing 50 ng mL -1 of acrylamide and 75 ng mL -1 of [ 13 C 3 ] acrylamide was used and within-laboratory (W-l) reproducibility of acrylamide extracted by the ASE method in various food matrices at two incurred levels.

  

Table II

 II Experimental conditions and analytical response (peak area) a of central composite design used for optimization of the two significant ESI factors in the analysis of

	Acrylamide b F Table III Estimated effects a and P-values obtained from Plackett-Burman o design bc used in the optimization of the PLE r Factor Effect P-value	
	Factors Spray Voltage (V) Sheath Gas Pressure (psi) 3000 50 3000 15 Temperature (ºC) Run Order 1 2 -5,67 P r Area m/z 44 (au) 64506 72812 0,725 Analytical response Area m/z 55 (au) 1796581 2546153 e e Time (min)
	3 4 5 6 7 8 9 10 11 12	3900 2627 3900 4800 3900 5173 4800 3900 3900 3900	33 33 33 15 33 33 50 8 33 33	86098 66416 98794 86012 84306 107783 80590 53306 80670 83481 R e v i e w	3040198 2230607 3068004 3005588 2926011 3435103 2590584 1931181 2785549 2707467
	13 a A solution containing 50 ng mL -1 of Acrylamide and 75 ng mL -1 of [ 13 C 3 ] Acrylamide 3900 57 56764 1989331 was used b The fixed factors were: capillary temperature, 200 ºC; auxiliary gas pressure, 5 au O n au: arbitrary units. l y

  Germany) and Cambridge Isotope Laboratories Inc. (Andover, MA, USA), respectively. Stock solutions were prepared by dilution in water and stored in capped amber vials at 4 ºC. Working standard solutions for the calibration curve, were prepared by dilutions in water. Concentrations of the calibration standards were 1, 10, 25, 50, 100, 250, 500, 1000, and 2000 ng mL -1 , all with [ 13 C 3 ] acrylamide at 75 ng mL -1 .

	Experimental
	Standards and solvents
	Acrylamide (>99%) and [ 13 C 3 ] acrylamide (99% isotopic purity) were obtained from Sigma
	(Diesenhofen,
	o
	r
	P
	e e r
	R e v i e w
	O n
	l y

Ethyl acetate (SupraSolv ® grade), acetone (SupraSolv ® grade), and formic acid (analyticalreagent grade) were purchased from Merck (Darmstadt, Germany); methanol (gradient HPLC grade) and acetonitrile (Multisolvent ® HPLC, reagent grade) were supplied by Scharlau (Barcelona, Spain). Hyflo super Cell ® diatomaceous earth was supplied by Sigma-Aldrich (Steinheim, Germany). Water was Milli-Q water from a Millipore purification system. acrylamide reference test materials FAPAS T3002 (potato crisps), FAPAS T3005 (crisp bread), and T3011 (potato crisps) were provided by CSL (Central Science Laboratory, York, UK).

Oasis HLB 6 mL, 200 mg, and Oasis MCX 3 mL, 60 mg SPE cartridges were obtained from Waters (Mildford, MA, USA). Statistical data manipulation and numerical analysis of data resulting from experimental design were carried out by means of the statistical package MINITAB for Windows, Release 14 (Minitab Inc., Birmingham, UK).
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