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Rapid Sample Preparation Method for LC —MS/MS or GC-MS
Analysis of Acrylamide in Various Food Matrices
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A fast and easy sample preparation procedure for analysis of acrylamide in various food matrices
was developed and optimized. In its first step, deuterated acrylamide internal standard is added to
1 g of homogenized sample together with 5 mL of hexane, 10 mL of water, 10 mL of acetonitrile, 4
g of MgSQ,, and 0.5 g of NaCl. Water facilitates the extraction of acrylamide; hexane serves for
sample defatting; and the salt combination induces separation of water and acetonitrile layers and
forces the majority of acrylamide into the acetonitrile layer. After vigorous shaking of the extraction
mixture for 1 min and centrifugation, the upper hexane layer is discarded and a 1 mL aliquot of the
acetonitrile extract is cleaned up by dispersive solid-phase extraction using 50 mg of primary secondary
amine sorbent and 150 mg of anhydrous MgSO,. The final extract is analyzed either by liquid
chromatography—tandem mass spectrometry or by gas chromatography—mass spectrometry (in
positive chemical ionization mode) using the direct sample introduction technique for rugged large-
volume injection.

KEYWORDS: Acrylamide; sample preparation; liquid chromatography —mass spectrometry; gas chro-
matography—mass spectrometry; direct sample introduction

INTRODUCTION (asparagine and reducing sugars) if present in the final extract
(8). Also, the high solubility of acrylamide in water in

Acrylamld_e IS a neurotoxic compound classm_ed asa probable comparison with organic solvents complicates sample prepara-
human carcinogen and genotoxicant (1—3). Historically, acryl- tion for GC

amide as a contaminant was only thought to be an issue in water . . . . .

and its potential exposure to humans was not of serious concern. One of the pitfalls in acrylamuje a_naIyS|s arises from the
However, the relatively recent discovery of acrylamide forma- nature of the acrylamide formation in heated foods in the
tion in certain fried and baked foods and its rather high levels Maillard reaction 9, 10). If the precursors (asparagine and
(concentrations ranging up to 10 mg/kg) found in highly reducing sugars) are present in the extract, procedurt_as_mv_olvmg
consumed food products, such as potato chips and figs ( the use of elev_ated temperatures, such as hot GC |nJe(_:t|on or
brought acrylamide to the forefront of interest among scientists, S0xhlet extraction{1—13), should be avoided. Another pitfall
regulators, the industry, and consumer groups. For analytical inherent to the analytical application is the lack of acrylamide-
chemists, this issue brought a new challenge in terms of the free (blank) food matrices that would have a matrix composition

complexity and variability of food matrices to be analyzed and Similar to that of the acrylamide-containing samples. The
a demand for high sample throughput. comparison of analytical results between samples and blanks
A traditional method used for water analysis employs is an important aspect to demonstrate method performance and
conversion of acrylamide to a brominated product, which is qualitative identifications. Unfortunately, any attempt to prepare
extracted from water into a water-immiscible organic solvent Planks would yield acrylamide in the sample or an incomplete
and determined by gas chromatography (GC) with electron- 'epresentation of the sample because the Maillard reaction (a

capture or mass spectrometric (MS) detecti@n ). This nonenzymatic browning process) results in a myriad of potential
method can be applied to foodg)( but the conversion process ~reaction products, including acrylamide.
is rather time-consuming and often incomplete. A direct-GC Recent reviews (8,14—16) show that most laboratories

MS analysis of acrylamide can be accompanied by severalemploy liquid chromatography (LC)—MS for analysis of
difficulties, which include a rather nonselective MS spectrum underivatized acrylamide in food samples. As in-&@s, the
(due to the low molecular weight) and potential formation of molecular ion (m/Z2) produced in LE-MS does not provide
acrylamide in the injection port from coextracted precursors a selective detection, thus tandem MS (typically with triple
qguadrupole instruments) is mostly performed after extract
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which was used by the U.S. Food and Drug Administration
(FDA) to conduct a survey of acrylamide levels in foods in the

United States (8. )
Our objective was to develop a simple and rapid sample i i
preparation procedure for the analysis of acrylamide in various | discard (removal of fat) |
food matrices that would be directly compatible with both-+C
MS/MS and GC—MS without any solvent exchange (evapora-
tion) and/or derivatization prior to the determinative step. In i s
the method development, we used elements from the QUECh- | = +eeeeeeeeee> MeCN layer —1
ERS (quick, easy, cheap, effective, rugged, and safe) method,
such as dispersive-SPE cleanup, introduced by Anastassiades < L take 1 mL aliquot for
et al. for the analysis of pesticide residues in produce samples dispersive SPE clean-up
(19). - water layer

- excessive salts

Figure 1. Schematic picture of the solvent layer arrangement in a FEP
tube after the centrifugation of a food extract.

MATERIALS AND METHODS

Chemicals and Materials.Acrylamide (99%) and 2,3,3zehcryla-
mide (98%) standards were obtained from Sigma (St. Louis, MO) and
Cambridge Isotope Laboratories, Inc. (Andover, MA), respectively. the tube at 3450 rcf for 1 min; and (12) place the supernatant into an
Stock and working standards of acrylamide ahehcrylamide were autosampler vial for LC—MS/MS or GC—MS analysis.
prepared in acetonitrile (MeCN) or in deionized water with 0.1% formic Check Sample AnalysisThe check samples were prepared for the
acid.p-Glucose was purchased from Sigma, arabparagine was from | C—MS/MS analysis using the optimized sample preparation procedure
Eastman-Kodak (Rochester, NY). MeCN, methanol (MeOH), and described above and, for comparison purposes, also by a method
hexane were a high purity grade for residue analysis from Burdick & developed by Roach et al. at the U.S. FOW). The latter procedure
Jackson (Muckegon, MI). Deionized water was prepared by a Barnsteadconsisted of the following steps: (1) weigh 1 g of thoroughly
(Dubuque, IA) water purification system. Formic acid (98%) and homogenized sample into a 50 mL FEP centrifuge tube; (2)chdd
anhydrous MgS®were purchased from Fisher (Fair Lawn, NJ), and  acrylamide at 500 ng/g; (3) add 5 mL of hexane to peanut butter and
ACS-grade NaCl was from Mallinckrodt (Paris, KY). The MgSfias chocolate samples, and vortex the tube to dissolve/disperse the matrix;
baked for 5 h at 500C in a muffle furnace to remove phthalates and  (4) add 10 mL of deionized water to all samples; (5) shake for 20 min
residual water. Ultrahigh purity He was employed in &S as the in a shaker; (6) centrifuge the tube at 3450 rcf for 5 min (or longer if
carrier gas, and liquid-headspace supplied sdrved as nebulizer,  necessary); (7) discard the hexane layer; (8)rfites mL aliquot of
curtain, auxiliary, and collision gas in LC—MS/MS; both gases were the water extract using 0.4Bm PVDF syringe filters (Millipore;
obtained from Air Products (Allentown, PA). Bedford, MA); (9) condition Oasis HLB SPE cartridges with 3.5 mL

Sorbents tested for dispersive-SPE included primary secondary amineof MeOH followed by 3.5 mL of deionized water; (10) load the SPE
(PSA) obtained from Varian (Harbor City, CA),.&from J.T. Baker cartridge with 1.5 mL of the filtered extract; (11) allow the extract to
(Phillipsburg, NJ), graphitized carbon black (GCB) and polyamide resin pass through the sorbent column followed by a 0.5 mL water wash
Discovery DPA-6S from Supelco (Bellefonte, PA), Accucat from (do not use vacuum in any of the SPE steps); (12) elute the cartridge
Varian (Harbor City, CA), and Oasis HLB from Waters (Milford, MA).  with 1.5 mL of water, and collect the eluent for the second SPE cleanup
PSA, Gs, DPA-6S, and GCB were purchased as bulk sorbents, whereasusing the Accucat cartridge; (13) mark the outside of the Accucat
Accucat and Oasis HLB were packed in cartridges (200 mg/ 3 mL and cartridge at the height of 1 mL of liquid above the sorbent bed; (14)
200 mg/ 6 mL, respectively). To remove interference, PSA sorbent condition the Accucat cartridge with 2.5 mL of MeOH followed by
was prewashed by water followed by acetonitrile and dried in the hood. 2.5 mL of deionized water; (15) load the eluent collected from the

Food samples (potato chips, sweet potato chips, various crackersOasis HLB cartridge; (16) elute to the 1 mL mark, and then collect the
and snacks, peanut butter, chocolate, and chocolate flavored syrup) wereemainder of the eluted portion; (17) transfer the eluate into an
purchased from local supermarkets. Check samples (water, peanutautosampler vial for LC—MS/MS analysis.
butter, chocolate, coffee, and two cereal samples) were prepared by LC—MS/MS analysis. LC—MS/MS analysis was performed using
the National Food Processors Association (NFPA), Washington, DC, an Agilent 1100 LC system with a binary pump, autosampler, column
for the participants of the “2004 Acrylamide in Food” workshop heater (kept at 28C), and degasser (Agilent Technologies; Palo Alto,
organized by the Joint Institute of Food Safety and Applied Nutrition CA) interfaced to an APl 3000 triple quadrupole mass spectrometer

(JIFSAN), College Park, MD.
Optimized Sample Preparation Procedure The optimized sample
preparation procedure entailed the following steps: (1) tvdigy of

(Applied Biosystems; Toronto, ON; Canada). Sample injection volume
was 10uL. A Phenomenex Aqua C18 column (1503 mm; 5um
particle size, 125 A pore size) coupled to a C18 8 mm guard column

thoroughly homogenized sample into a 50 mL fluorinated ethylene (both from Phenomenex; Torrance, CA) was employed for the LC
propylene (FEP) centrifuge tube (Nalgene, Rochester, NY); (2) add separation. During the method development, other LC columns were
ds-acrylamide at 500 ng/g (10@L of 5 ug/mL standard ofds- also tested including a Synergi Hydro-RP (26@ mm; 4um particle
acrylamide in deionized water with 0.1% formic acid); (3) add 5 mL size, 80 A pore size) column from Phenomenex, a Prodigy ODS3 (150
of hexane using a solvent dispenser (in the case of high fatty matrices,x 3 mm; 5 um particle size, 100 A pore size) column from
such as peanut butter, vortex the tube thoroughly to solubilize/dispersePhenomenex, and an Allure PFP Propyl (268.2 mm; 5um particle

the sample in hexane); (4) add 10 mL of deionized water and 10 mL size, 60 A pore size) column from Restek (Bellefonte, PA). A Valco
of MeCN using solvent dispensers; (5)dad g of anhydrous MgS© (Houston, TX) divert valve was placed between the column outlet and
and 0.5 g of NaCl (preweighed as a salt mixture in a 20 mL vial); (6) MS source to eliminate the introduction of coextracted matrix com-
immediately, seal the tube and shake vigorously for 1 min by hand to ponents into the MS instrument prior and after acrylamide elution. The
prevent formation of crystalline agglomerates and to ensure sufficient mobile phase was 99.5:0.5 water—MeOH (at 220min for 8 min)
solvent interaction with the entire sample; (7) centrifuge the tube for 5 for elution of acrylamide (retention time 5.5 min) and 0.1% formic

min at 3450 rcf (5000 rpm using a RT6000B centrifuge from Sorvall;
Newtown, CT); (8) discard the hexane layer ($&gure 1 for the

acid in MeCN—MeOH (50:50, v/v) for the postanalysis wash (at 500
uL/min for 7 min) followed by equilibration to initial conditions. The

solvent layer arrangement in a FEP tube after the centrifugation); (9) MS determination of acrylamide arti-acrylamide was performed in

transfer 1 mL of the MeCN extracbta 2 mL minicentrifuge tube
containing 50 mg of PSA and 150 mg of anhydrous MgS®0) mix

electrospray (ESI) positive mode (using the optimized MS instrument
parameters obtained by the tuning) combined with monitoring of the

(vortex) the extract with the sorbent/desiccant for 30 s; (11) centrifuge most abundant MS/MS (precurset product) ion transitions (dwell
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time of 100 ms for each transition). For acrylamid#z 72 — 55, 44,

and 27 were monitored, whereagz 75 — 58, 44, and 30 were used
for ds-acrylamide. Relative responses (peak areas) of acrylamide vs
ds-acrylamide (transitionsvz 72— 55 andnv/z 75— 58, respectively)
were used for the calibration and quantification purposes.

GC—MS Analysis. The GC—MS analysis of acrylamide was
performed using a Saturn 2000 (Varian; Walnut Creek, CA) ion trap
MS instrument equipped with a model 3800 gas chromatograph and a.
model 1079 temperature programmable inlet. Direct sample introduction |
(DSI) was used as an injection technique. In DSI, auPGaliquot of
the sample extract was placed in a microvial (a 1.9 mm i.d., 2.5 mm
o.d., 15 mm long microvial from Scientific Instrument Services; 0
Ringoes, NJ), which was then introduced into a 3.4 mm i.d. deactivated
liner (Restek) using a manual DSI device (ChromatoProbe from Varian).
As an alternative to DSI, large volume injection (LVI) into the same
liner packed wit a 7 mmpiece of Carbofrit (Restek) was also evaluated.
The GC—MS conditions were as follows: a Stabilwax-DB (Restek)
capillary column of 20 m, 0.32 mm i.d.«m film thickness (maximum
temperature 220 C) connected & 2 m,0.15 mm i.d. deactivated
retention gap; MS transfer line temperature 10, MS ion trap
temperature 200C; MS manifold temperature 5€; MeOH as a liquid
chemical ionization (Cl) reagent; data acquisition in full scan mode
(m/z50—85); GC analysis time 11 min (acrylamide retention time 9.3
min); inlet temperature, 100C held for 3.1 min, then a 200C/min
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Figure 2. Partition of acrylamide and ds-acrylamide (in %) into the MeCN
layer in the experiments involving addition of 4 g of MgSO, and 0—4 g of
NaCl to 50 ng/mL composite solutions of acrylamide and ds-acrylamide
in water-MeCN (50:50, v/v).

tioned into MeCN layer

arti

% p

vigorous shaking for 1 min and centrifugation, the volume of
the MeCN layer was measured and the contents of acrylamide
andds-acrylamide in the MeCN layer were determined by-+C
MS/MS. The highest overall partition of acrylamide 70%)
was achieved when adding 4 g of Mggsénd 0.5 g of NaCl
ramp to 150°C (held for 3 min), then a return to 10C (held till the (seeFigure 2). In real sample analysis, salts and other polar
end of the analysis); split vent open for the initial 3 min (split ratio  food components can slightly influence acrylamide partitioning
50:1), the_n closed for 3.35 min and then open _again (split ratio 50:1 pyt, asFigure 2 demonstrates, the use of an isotopically labeled
for 2.5 min, then 15:1 for the rest of the analy§|s); oven temperature jniernal standard (gacrylamide) provides an effective com-
program, 80°C '?e"? for 6.35 min, thenla 7@/min ramp to 200C pensation for potential variability in acrylamide partitioning
(held for _2.94 min); GC carrier gas He; pressure program, 15 psi held fici ~100% relati lamid o5 la-
for 2.9 min, then a 300 psi/min ramp to 30 psi (held till the end of the eticiency ( o refative acrylamide recovery tiacry’a
analysis). mide mgiependent of the amount (_)f sa@lts added). Atse, _
acrylamide compensates for potential biases from volumetric

transfers and LC—MS or GC—MS signal variability caused by
matrix effects and/or injection volume inaccuracies as discussed

Sample Preparation Method Development and Optimiza- below.
tion. Our objective was to develop a sample preparation method As starting points in the method development, we used a 1:10
for analysis of acrylamide in various food matrices that would sample to water ratica 1 gsample size, and a shaking time of
be compatible with both LEMS/MS and GC-MS without any 20 min, which were previously demonstrated to provide
solvent exchange and/or derivatization prior to the determinative sufficient acrylamide extraction efficiency and reproducibility
step. In this respect, MeCN represents a suitable extraction(17). It should be noted that any extraction procedure that
solvent because it should offer appropriate extraction selectivity involves only shaking requires thorough sample homogenization
and is compatible with both GC and reversed-phase LC analysis.and disintegration to small particles using a food processor (or
Also, its immiscibility with hexane provides a simple cleanup a mortar and a pestle) prior to the extractid®,(20). In our
option for removal of less polar, lipophilic matrix coextractives. method, we added 10 mL of MeCM g of MgSQy, and 0.5 g
Thus, the simplest approach would involve an extraction using of NaCl to a 1 gsample and 10 mL of water in order to induce
MeCN combined with addition of hexane for extract defatting. MeCN—water phase separation and force the majority of
However, as also found previously for other extraction solvents acrylamide into the MeCN layer. Other sample to solvent ratios
(20), an addition of water was necessary to facilitate acrylamide and sample sizes were tested during the method optimization,
extraction from food samples (to swell the matrix). For example, but higher sample to solvent ratios (e.g., a 2 g sample, 10 mL
only about 30% of acrylamide was extractednfr@ g of potato of water, 10 mL of MeCN) resulted in difficult shaking due to
chips or peanut butter samples when using 10 mL of MeCN the formation of a thick mixture and/or increased-+KS signal
and 5 mL of hexane vs using the same solvent combination suppression due to a higher level of matrix coextractives. Also,
with the addition of 10 mL of water. the total volume of the extraction mixture could not exce&t

For GC analysis, the water present in the extract should bemL in order to ensure an effective shaking in the 50 mL FEP
removed prior to injection. For pesticide residue analysis, tubes (21).
Anastassiades et allg) demonstrated that a combination of For matrices with a high fat content, such as peanut butter,
anhydrous MgS® and NaCl can induce a distinct phase it was necessary to add 5 mL of hexane to the sample to
separation between water and MeCN and induce most pesticidesolubilize the fat and disperse solid particles prior to the addition
to partition into the upper MeCN layer (salting out mechanism). of water and MeCN. We decided to add hexane to all samples
To test this approach and determine the optimum salt combina-independent of their fat content because acrylamide does not

RESULTS AND DISCUSSION

tion for acrylamide extraction, we added acrylamide agd
acrylamide (both at 50 ng/mL) to FEP centrifuge tubes
containing 20 mL of waterMeCN mixture (50:50, v/v). Then,
various combinations of MgSQ(2—5 g) and NaCl (0—4 g)

were added to the tubes (the mixture must be shaken im-

mediately after the addition of MgS@o prevent formation of

partition into hexane and the addition of hexane serves as a
simple cleanup procedure for removal of less polar matrix
components as mentioned earlier.

As for MeCN and the mixture of MgSfand NacCl, they
can be added to the sample at the same time as water. No
significant differences between recoveries of acrylamide from

larger crystalline agglomerates in the presence of water). After potato chips and peanut butter samples were found when
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A) no clean-up B) dispersive PSA clean-up
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Figure 3. Overlays of LC-MS/MS chromatograms (m/z 72 — 55) of potato chip extracts prepared using different amounts of NaCl (a =0 g, b =
059, c=1¢g,d=15¢g, and e = 2 g) in the partition step and analyzed (A) before and (B) after the dispersive-SPE cleanup with PSA sorbent.

comparing a procedure involving the addition of all components Table 1. Comparison of the Check Sample Analysis Results Obtained
at the same time and shaking for 20 min vs a procedure by the Participating Laboratories (n = 18) with Results Obtained in
involving the addition of water, shaking for 20 min, then Our Laboratory by the Comparison Method (17) and by the Presented
addition of MeCN, and shaking for 20 min, followed by addition Method, for Which the Z Scores Are Shown

of MgSO, and NaCl and shaking for 20 min. Moreover, we

d . d h h haki . b d d 1 . mean comparison our
etermined that the shaking time can be reduced to 1 min .0 campje (n=18) method method  Zscore
because no significant difference was observed between 1 min AL oeredl 20 50 oiE 003
vs 20 m|n_sha!<|ng or even overn_|ght svv_ellmg _of the sample ;5 peanut butter 1033 915 1015 ~0.02
(potato chips) in water and 20 min shaking using the MeCN  aA-3 chocolate? 1205 154.0 2165 +1.93
partition procedure. The relatively fast extraction is facilitated  AA-4 coffee 157.8 1365 1445 -0.32
by vigorous shaking by hand and also by an increased AAS cereal 29.5 195 220 -0.24
AA-6 water? 205 19.0 -0.42

temperature of the extraction mixture to-445 °C due to the
exothermic hydration of MgS£19). We should note, however,
that a longer swelling time may be needed for certain samples,
such as those with burned surfaces.

After the extraction step, the mixture is centrifuged which .
results in formation of three liquid layers as showrFigure The use of 0.5 g of NaCl lowered the interference level
1. The middle MeCN layer contains the majority of acrylamide Significantly but did not lead to its complete removal.
and ds-acrylamide, whereas the upper hexane and the lower For a fast and simple cleanup, we employed a dispersive-
aqueous layers contain the least and the most polar matrixSPE procedure that involves mixing of sorbent(s) with the
compounds, respectively. It should be noted that water-basedextract in a tube to retain matrix interferants, but not the analytes
only extraction employed in many other methods gives cloudy (19). Several sorbents (and their amounts) were tested including
extracts that require filtration prior to the cleanup and/or PSA, C18, GCB, DPA-6S, Accucat, and Oasis HLB (see the
determinative steps. The use of MeCN serves for deproteiniza-Materials and Methods section for details). The PSA sorbent,
tion; thus the simple centrifugation step is sufficient to clarify Which retains compounds containing carboxylic groups, was the
the extract. Also, the elimination of filters minimizes potential Most effective in decreasing the matrix suppression effect and
in-lab contamination by acrylamide (we found acrylamide in mainly removing the interfering matrix component in the+C
water blanks filtered through nylon and polyethersulfone syringe MS/MS analysis (seBigure 3B). In the optimized dispersive-
filters). SPE procedurea 1 mL aliquot of the MeCN layer is mixed

Although the partition step was quite effective in removal of With 50 mg of PSA sorbent and 150 mg of Mgs® a
fat, salts, and some other unwanted components in LC and GCminicentrifuge tube for 30 s. The addition of MgS@moves
analysis, an additional cleanup procedure was desirable toresidual water from the extract, which is important for 6C
remove a closely eluting matrix peak and to lower matrix effects MS analysis, and it also serves for cleanup purposes (removal
in the LC—MS analysisFigure 3A shows an LC—MS/MS of compounds not soluble in dry MeCN). After centrifugation,
chromatogram of a potato chip extract with a high level of an the supernatant is placed in an autosampler vial for-MS/
interfering matrix component in the acrylamide quantitation trace MS or GC—MS analysis.
of m'z72— 55 when no NaCl was added during the extraction/ LC—MS/MS Analysis. For LC separation, a Phenomenex
partition step. The addition of NaCl decreases the polarity of Aqua C18 column was selected because its polar endcapping
the MeCN layer due to a more complete phase separation andgnabled operation with 100% aqueous conditions and provided
thus, controls extraction selectivity by reducing the content of acceptable retention and peak shape of acrylamide. In the final
more polar matrix coextractives in the extract as the amount of method, water with 0.5% MeOH addition was used as a mobile
NaCl increases. The interference is presumably the amino acidphase for acrylamide elution. Addition of 0.1% formic or acetic
valine, which was found in untreated aqueous extracts of potatoacid decreased the acrylamide signal by more than 50%, but
chips and other food samples typically analyzed for acrylamide we found that an acid addition was useful for rugged perfor-
(22) and which is known to generaig/z 72 immonium ion. mance of the method. Thus, we added 0.1% formic acid to the

@Results obtained by the participating laboratories for chocolate were rather
variable (RSD = 49.8%). ® Water sample was analyzed directly by LC-MS/MS.
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Figure 4. Overlays of LC-MS/MS chromatograms of (A) acrylamide (m/z 72 — 55) and (B) ds-acrylamide (m/z 75 — 58) obtained in chocolate, peanut
butter, coffee, and cereal check sample analyses. The internal standard ds-acrylamide was added to all samples at 500 ng/g, which corresponds to 50
ng/mL in MeCN assuming 100% recovery (100% partition into the MeCN layer). The partition of ds-acrylamide was ~75% for all tested check samples.
The arrow indicates increasing matrix suppression effect (from cereal to coffee).
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Figure 5. Correlation between acrylamide contents (in ng/g) determined by LC-MS and GC-MS techniques in potato chips (samples J, K, and L), sweet
potato chips (I), corn-based snacks (C and F), crackers (D and H), peanut butters (B and E), chocolate (G), and chocolate flavored syrup (A).

postelution column wash with MeCN—MeOH (50:50, v/v). (regression coefficients>0.995) for the tested acrylamide
Some authors washed the column with a 100% organic mobile concentration range of #2000 ng/g (3200 ng/mL in MeCN).
phase (up to 12 h) after a sequence of samd@} 1o restore ESI matrix suppression effect (measured as a relative peak area
column performance but we prefered to perform a short column of 50 ng/mLds-acrylamide injected in matrix extract vs MeCN)
wash in each analytical run in order to maintain good peak varied from 30-40% for coffee extracts to almost nonexistent
shapes and intensities throughout the sequence. for cereals (<10% difference in responses).

The injection volume of 1@L provided sufficient sensitivity Analysis of Check SamplesCheck samples (peanut butter,
and precision for the lowest calibration level (LCL) of 10 ng/g. chocolate, coffee, two cereal samples, and water) were analyzed
Although it is unusual to inject a stronger solvent into a weaker by LC—MS/MS in order to perform inter- and intralaboratory
reversed-phase mobile phase, the peak shapes and retention tim@mparison of our sample preparation procedure with other
consistency were good up to about25. At 10 ng/g, a 6.6% methods. For the intralaboratory comparison, the check samples
relative standard deviation of acrylamide to 500 nglg were also prepared by a method developed by Roach ét7l. (
acrylamide area ratio was obtained in intraday reproducibility at the U.S. FDA (see Materials and Methods for detailgple
experiments (= 4). The calibration curves obtained by using 1 shows the mean results obtained by 18 laboratories participat-
relative peak areas of acrylamide dssacrylamide (transitions  ing in the check sample testing rour2ZBj and results obtained
m/z 72 — 55 andm/z 75 — 58, respectively) were linear in our laboratory by the two different sample preparation
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A) acrylamide (m/z 72) B) d;-acrylamide (m/z 75)
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Figure 6. Overlays of DSI-GC—CI-MS chromatograms of (A) acrylamide (m/z 72) and (B) ds-acrylamide (m/z 75) obtained in chocolate flavored syrup
(sample A), peanut butter (sample B), corn-based snack (sample F), chocolate (sample G), crackers (sample H), sweet potato chips (sample 1), and
potato chips (sample J), and in a 50 ng/mL standard of ds-acrylamide in MeCN. The internal standard ds-acrylamide was added to all samples at 500
ngl/g, which corresponds to 50 ng/mL in MeCN assuming 100% recovery (100% partition into the MeCN layer). The partition of ds-acrylamide was ~75%
for the tested samples.

methods. As theZ scores demonstrate, our method gave reagent gas). The GC separation was performed using a
comparable results to other methods. It should be noted thatStabilwax-DB capillary column, which contains a bonded, base-
the results reported for chocolate by the participants were ratherdeactivated Carbowax polyethylene glycol stationary phase
variable (RSD= 49.8%) and that LEMS analysis of chocolate  suitable for the GC analysis of underivatized amines and other
samples should employ a more thorough clear4).(In the basic, N-containing compounds. GC provides greater separation
case of chocolate, th& score wast+1.93, thus close to the efficiency than LC; thus the MS/MS option in GC was not
generally acceptable limit 6f2.00. The result obtained for the  necessary to improve analytical selectivity. Also, low-volatile
chocolate sample by our method was higher vs the comparisonmatrix components, such as valine, do not volatilize and interfere
method, which otherwise provided very similar results (cor- in the GC chromatogram. In the absence of matrix coelutants,
relation coefficient of 0.999) for the other 4 samples. More than the MS/MS approach lowers detectability; therefore all our-GC
a year later, we analyzed the same chocolate sample (stored invS analyses were performed using single-stage MS detection.
freezer) side-by-side by LC—MS/MS and GC—MS and deter- 1, relatively short, wide-bore Stabilwax column was oper-
mined mean ac.rylamlde content of 196 ng/g vs 1.13 ng/g, ated in a low-pressure (LP) GC setup with a short, narrow
reSpeCt'Ve!y' This suggests the presence of an mte_rfenng restriction capillary connected to the front of the analytical
\(/:v%ilzl#avl?/;smntohtenl,_rﬁo'\\/l/sgvlfrsor%hiﬁ?agr?cg)éigt;feitcrgé?nllldihe column to prevent extension of subambient pressure conditions
cleanup procedure. As discussed below, the-G1S analys)i/s to the m;ector 26—28). j’he restnctlop capillary also s.erved as

) ’ a retention gap protecting the analytical column and increasing

offered a more selective acrylamide separation than LC—MS/ o . ) . .
sample loadability, which was also provided by a thicker film
MS and, thus, could tolerate a more complex chocolate extract. -
of the stationary phase (@m).

Figure 4A shows LC-MS/MS chromatograms of acrylamide i o L
analysis in the check sampldg&igure 4B compares responses 10 improve sensitivity, we employed a large volume injection
of ds-acrylamide obtained in the four different matrices. The (LVI)technique called direct sample introduction (DSI). In DS,
partition of ds-acrylamide was~75% in all tested matrices  UP to~30uL of the extract is placed in a disposable microvial,
(determined vs responses afacrylamide added at 50 ng/mL ~ Which is then introduced into the GC inlet liner using a probe
to ds-acrylamide-free matrix extracts). The arrow in the figure (29). This step can be automated by using an autosampler to
indicates the increasing extent of the matrix suppression effectinject a sample volume into the microvial placed in a lirg)(
for coffee and chocolate as compared to cereal and peanut buttetvhich is then inserted into the inlet (or a thermodesorption unit
samples. attached to the inlet). As in any LVI, the solvent should be

GC—MS Analysis Using Chemical lonization and DSI for evaporated and vented at conditions that provide fast and
Large Volume Injection. As for the GC-MS analysis, our goal ~ effective solvent removal without loss of analytes (it is
was to develop a method that would provide optimum selectivity preferable to leave about-2 uL of the solvent in the microvial
and sensitivity for direct acrylamide determination in our extracts serving as a keeper and/or aiding analyte focusing in the
without a need for derivatization. For acrylamide detection, we column). In our case, we introduced and evaporateg20f
used an ion trap GECI-MS with MeOH as a liquid Cl reagent  the MeCN extracts at 100C and 15 psi, with the split vent
(note: Biedermann et al.2§) previously reported direct open for 3 min. After the solvent venting step, the split vent
acrylamide analysis using GC—CI-MS with methane as a was closed, the inlet was rapidly heated to &) and the
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column head pressure was quickly ramped to 30 psi to provide to the elimination of filters and the use of the FEP tube as the
a fast transfer of acrylamide to the column. only reusable item. Moreover, the method is directly compatible
As opposed to other LVI techniques, the less volatile matrix With both LC-MS and GC-MS techniques, which provides
components remained in the disposable microvial, which is orthogonal means of analysis for confirmation purposes. This
removed from the inlet after each GC run. Thus, the DSI is especially important in the acrylamide analysis, in which no
approach prevents contamination of the GC system by non-true blank is available. The LEMS/MS approach offers more
volatile matrix coextractives, which normally leads to a shorter sensitive determination, whereas the DSI-Q0-MS method
life of the analytical column, increased demand for sample provides more selective acrylamide analysis, which is a crucial
cleanup, frequent need for system maintenance, and decreasefhctor in the case of highly complex food samples, such as
ruggedness in GC (28). In addition to this advantage, the usechocolate or cocoa.
of a microvial eliminates the need for trapping of the solvent
in an LVI liner at relatively low temperatures and, thus, avoids
excessive inlet and column cooling, which results in shorter
cycle times. In comparison to an alternate LVI approach, a
temperature of 50C was necessary to trap LQ of MeCN in

ACKNOWLEDGMENT

The authors wish to thank Somang Kim, LiMei Yun, Susan
the same liner packed with Carbofrit. The DSI injection volume Braden, and Alan. Lightfield for technlc.allassstance, Dr. 1-Pin
of 20 uL provided a reliable LCL of 25 ng/g, which was Ho _(NFPA, Washington, DC) for organizing the check sample
sufficient for the various food samples that we analyzed. The testing round, and Dr. Rebecca Wittrig (Restek, Bellefonte, PA)

calibration curves obtained by using relative peak areas of for the Allure PFP-propyl LC column.

acrylamide vdz-acrylamide (m/Z2 andm/z75, respectively)
were linear (regression coefficients0.995) for the tested
acrylamide concentration range of-28000 ng/g (2.5-200 ng/

mL in MeCN).

As mentioned in the Introduction, there is a concern related

to the potential formation of acrylamide from its precursors in
the injection port when direct GC acrylamide analysis without
derivatization is performed. Thus, a key to avoid acrylamide
formation in the inlet is to remove acrylamide precursors

(asparagine and/or reducing sugars) from the extract prior to

GC analysis. As mentioned earlier, the partition step in our
method is very effective in terms of removal of polar coextrac-

tives. Also, the PSA sorbent should retain residual asparagine

if it is present in the MeCN layer after the partition step. To

test potential acrylamide formation in the GC system, we added

10 mL of MeCN 4 g of MgSOy, and 0.5 g of NaCl to 10 mL

of 10 mM composite solution of asparagine and glucose in water

(containing 500 ng/mlds-acrylamide). After 1 min of shaking
and centrifugation, 2@L of the MeCN layer was analyzed by
DSI-GC—CI-MS before and after the PSA dispersive-SPE
cleanup. No acrylamide peak was detected in either case.

To further confirm the validity of the GEMS results, we
performed side-by-side GC—MS and LC—MS/MS analyses of
12 different food sample extracts (prepared in replicaiégure

5 compares the results, showing a good correlation between the
analyses (both the slope and correlation coefficient very close
to 1) with the exception for the chocolate sample as discussed

earlier. Figure 6 shows DSI-GC—CI-MS chromatograms of
acrylamide andds-acrylamide analysis in selected extracts.
Figure 6B compares responses df-acrylamide obtained in
the matrix samples vs 50 ng/nts-acrylamide in MeCN, which
corresponds to 100% partition efficiency. The partitiondgf
acrylamide was~75% in all tested matrices (determined vs
responses alz-acrylamide added at 50 ng/mL dg-acrylamide-
free matrix extracts). As opposed to the £MIS analysis, no
significant matrix effects were observed in the DSI-&C-
MS approach (88113% relative peak area of 50 ng/nuk-
acrylamide injected in matrix extract vs MeCN).

In conclusion, the presented sample preparation procedure
offers several advantages as compared to other published
methods, including higher sample throughput and lower costs.
It avoids time- and labor-intensive steps such as evaporation/

solvent exchange, filtration, quantitative transfers, and/or mul-

tiple SPE cleanups using traditional cartridges. Also, potential

contamination by acrylamide from labware is minimized due

LITERATURE CITED

(1) Tilson, H. A. The neurotoxicity of acrylamide: An overview.
Neurobehav. Toxicol. Teratol981,3, 445—461.

(2) Dearfield, K. L.; Douglas, G. R.; Ehling, U. H.; Moore, M. M.;
Sega, G. A.; Brusick, D. J. Acrylamide: A review of its
genotoxicity and an assessment of heritable genetic fidktat.
Res.1995,330, 71-99.

(3) International Agency for Research on Cant&RC Monographs
on the Ewvaluation of Carcinogenic Risks to humans; Lyon,
France, 1994; Vol. 60, pp 389—433.

(4) Swedish National Food Administratioimformation on acryla-
mide in food.[Online] April 24, 2002. http://www.slv.se.

(5) Hashimoto, A. Improved method for the determination of
acrylamide monomer in water by means of gas-liquid chroma-
tography with an electron-capture detecténalyst1976,101,
932-938.

(6) Andrawes, F.; Greenhouse, S.; Draney, D. Chemistry of acryl-
amide bromination for trace analysis by gas chromatography and
gas chromatography-mass spectromeiryChromatogr.1987,
399, 269—-275.

(7) Castle, L.; Campos, M.; Gilbert, J. Determination of acrylamide
monomer in hydroponically grown tomato fruit by capillary gas
chromatography-mass spectrometdy.Sci. Food Agric1991,

54, 549—-555.

8) Castle, L.; Eriksson, J. Analytical methods used to measure
acrylamide concentrations in foods AOAC Int.2005 88, 274~
284.

(9) Mottram, D. S.; Wedzicha, B. |.; Dodson, A. T. Acrylamide is
formed in the Maillard reactioniNature 2002,419, 448—449.

(10) Stadler, R. H.; Blank, I.; Varga, N.; Robert, F.; Hau, J.; Guy,
P.; Robert, M.-C.; Riediker, S. Acrylamide from Maillard
reaction productsNature 2002,419, 449—450.

(11) Grob, K.; Biedermann, M.; Hoenicke, K.; Gatermann, R.
Comment on “Soxhlet extraction of acrylamide from potato
chips” by J. R. Pedersen and J. O. OlssaAnalyst2003,128,
332. Analyst2004,129, 92.

(12) DeVries, J. W.; Post B. E. Comment on “Soxhlet extraction of
acrylamide from potato chips” by J. R. Pedersen and J. O. Olsson,
Analyst2003,128, 332.Analyst2004,129, 93-95.

(13) Tanaka, M.; Yoneda, Y.; Terada, Y.; Endo, E.; Yamada, T.
Comment on “Soxhlet extraction of acrylamide from potato
chips” by J. R.; Pedersen and J. O.; OlssAnalyst2003,128,
332. Analyst2004,129, 96-98.

(14) Zhang, Y.; Zhang, G.; Zhang, Y. Occurrence and analytical
methods of acrylamide in heat-treated foods: Review and recent
developmentsJ. Chromatogr. A2005,1075, +-21.



7008 J. Agric. Food Chem., Vol. 54, No. 19, 2006 Mastovska and Lehotay

(15) Taeymans, D.; Wood, J.; Ashby, P.; Blank, I.;, Studer, A,; by liquid chromatography tandem mass spectroscadppgric.
Stadler, R. H.; Gonde, P.; Van Eijck, P.; Lalljie, S.; Lingnert, Food Chem2004,52, 4625—4631.
H.; Lindblom, M.; Matissek, R.; Muller, D.; Tallmadge, D.; (25) Biedermann, M.; Biedermann-Brem, S.; Noti, A.; Grob, K.; Egli,
O'Brien, J.; Thompson, S.; Silvani, D.; Whitmore, T. A review P.; Méandli, H. Two GC-MS methods for the analysis of
of acrylamide: an industry perspective on research, analysis, acrylamide in foodsMitt. Lebensmittelunters. Hy@002, 93,
formation, and controlCrit. Rev. Food Sci. Nutr2004 44, 323— 638—652.
347. . ) ) (26) de Zeeuw, J.; Peene, J.; Janssen, H.-G.; Lou, X. A simple way
(16) wenazl, T; De_La _Calle, M.B.; A_nkh_am, E. Analytical meth(_)ds to speed up separations by GC-MS using short 0.53 mm columns
for the determination of acrylamide in food products: a review. and vacuum outlet conditions. High Resolut. Chromatogr
Food Addit. Contam2003,20, 885—902. 2000 23. 677—680 ) ' '

(17) Roach, J. A. G.; Andrzejewski, D.; Gay, M. L.; Nortrup, D.;
Musser, S. M. Rugged LC-MS/MS survey analysis for acryla-
mide in foods.J. Agric. Food Chem2003,51, 7547—7554.

(18) U.S. FDA, Center for Food Safety and Applied Nutrition
(CFSAN). Exploratory Data on Acrylamide in Food. [Online]
http://www.cfsan.fda.gov/~dms/acrydata.html.

(27) Mastovska, K; Lehotay, S. J.; Hajslova, J. Optimization and
evaluation of low-pressure gas chromatography-mass spectrom-
etry for the fast analysis of multiple pesticide residues in a food
commodity.J. Chromatogr. A2001,926, 291—308.

(28) Mastovska, K; Hajslova, J; Lehotay, S. J. Ruggedness and other

(19) Anastassiades, M.; Lehotay, S. J.; Stajnbaher, D.; Schenck, F. performance characteristics of low-pressure gas chromatography-
J. Fast and easy multiresidue method employing acetonitrile mass spectrometry for the fast analysis of multiple pesticide
extraction/partitioning and “dispersive solid-phase extraction” for residues in food crops. Chromatogr. A22004,1054, 335—349.
the determination of pesticide residues in proddc&OAC Int. (29) Amirav, A.; Dagan, S. A direct sample introduction device for
2003,86, 412—431. mass spectrometry studies and gas chromatography mass spec-

(20) Petersson, E. V.; Rosén, J.; Turner, C.; Danielsson, R.; Hsllena trometry analysesEur. Mass Spectron1997,3, 105—111.

K.-E. Critical factors and pitfalls affecting the extraction of  (30) Cajka, T.; Mastovska, K.; Lehotay, S. J.; Hajslova, J. Use of
acrylamide from foods: an optimisation stuéynal. Chim. Acta automated direct sample introduction with analyte protectants
2006,557, 287—295. o _ in the gas chromatographic-mass spectrometric analysis of

(21) Lehotay, S. J.; Mastovska, K.; Lightfield, A. R. Use of buffering pesticide residuesl. Sep. Sci2005,28, 1048—1060.

and other means to improve results of problematic pesticides in
a fast and easy method for residue analysis of fruits and
vegetablesJ. AOAC Int.2005,88, 615—629. Received for review May 10, 2006. Revised manuscript received July
(22) Senyuva, H. Z.; Gokmen, V. Interference-free determination of 17, 2006. Accepted July 20, 2006. This work was supported in part by
acrylamide in potato and cereal-based foods by a laboratory Specific Cooperative Agreement No. 58-1935-3-314 with Drexel Uni-
validated liquid chromatography-mass spectrometry method. versity (Philadelphia, PA) and by Research Grant Award No. US-3500-

Food Chem2006,97,_ 539—545- _ 03 from BARD, the United States-Israel Binational Agricultural
(23) Report of the Analytical Working GrouglFSAN Acrylamide Research and Development Fund. Mention of brand or firm name does
in Foods Workshop, Chicago, IL, April 14—15, 2004. not constitute an endorsement by the U.S. Department of Agriculture

(24) Delatour, T.; Perisset, A.; Goldmann, T.; Riediker, S.; Stadler, spqve others of a similar nature not mentioned.
R. H. Improved sample preparation to determine acrylamide in
difficult matrixes such as chocolate powder, cocoa, and coffee JFO61330R



