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Certified reference materials (CRMs) are a versatile tool for quality assurance in the chemical
laboratory. In the case of acrylamide analysis, the availability of appropriate materials was rather
limited. This lack of acrylamide matrix CRMs has now been overcome by the development of two
European reference materials (ERM) for the determination of acrylamide in food (crispbread, ERM-
BD272, and rusk, ERM-BD274). This article describes the preparation of the materials, provides the
results of the homogeneity and stability studies, and presents and discusses the outcome of the
certification studies. Expert laboratories from different European countries took part in the certificat-
ion studies using various analytical methods. The acrylamide mass fractions were certified to
980 ug kg~ for crispbread and 74 ug kg~ for rusk.
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INTRODUCTION

Food safety and quality are two of the most important factors
determining the consumer acceptance and purchase dynamics of
a product. Authenticity proof, detection of fraud, and determina-
tion of residues as well as contaminants are therefore in the focus
of the current interest.

For implementation of food and feed legislation, there is a
strong need for development and harmonization of analytical
methods. The official food control laboratories have to use
validated methods wherever possible, either by in-house valida-
tion of applied methods or by application of methods validated
by collaborative trials. Commission Decision 2002/657/EC of
August 2002 implementing Council Directive 96/23/EC establ-
ishes criteria and procedures for the validation of analytical
methods to ensure the quality and comparability of analytical
results generated by official laboratories. Method performance
criteria for the determination of acrylamide were recently obtained
from a method validation trial (7).

The use of reference materials (RMs) plays a key role in
internal validation procedures aiming at a performance check
of the methods. According to ISO Guide 30, a certified refer-
ence material (CRM) is defined as a RM, accompanied by a
certificate, one or more of whose property values are certified
by a procedure which establishes its traceability to an accurate
realization of the unit in which the property values are
expressed and for which each certified value is accompanied
by an uncertainty at a stated level of confidence. They are
useful tools in the verification of the accuracy of analytical
measurements and are employed in analytical quality assur-
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ance, quality control schemes, laboratory accreditation, and in
the establishment of traceability in the framework of inter-
nationally agreed standards (2, 3). They can also be used for the
process of measurement uncertainty estimation or the calibra-
tion of analytical instruments.

When Swedish scientists initially reported the occurrence
of acrylamide in a range of baked and fried food products in
2002 4, 5), a worldwide surveillance of acrylamide in food was
triggered, as the substance is classified as a probable human
carcinogen by the International Agency for Research on Cancer
(IARC). Recent studies confirmed that the main pathway of
acrylamide formation in foods during thermal processing is
linked to the Maillard reaction under particular involvement of
the amino acid asparagine (6, 7).

Since 2002, various analytical methods for the quantification of
acrylamide in foodstuffs have been developed. They are primarily
based on gas (§—10) or liquid chromatography (11 —14). In recent
years, immunoassays for acrylamide determination have been
developed as well (15, 16). Currently, two analytical methods are
widely used for acrylamide determination: LC-MS/MS without
derivatization and GC-MS after derivatization by bromination,
employing [*C5]- or [*Hs]-isotopic labeled acrylamide as internal
standard (/7—19). Both methods are suited to analyze acrylamide
in the low ug kg~ '-range.

The increased interest in acrylamide determination and meth-
od development unveiled an urgent need for CRMs, which were
not available in the commercial market at that time. To close this
gap, two new reference materials were prepared and certified at
the BAM Federal Institute for Materials Research and Testing.
At the same time, a third commercially available matrix CRM for
acrylamide determination was developed at IRMM (ERM-
BD273, toasted bread) (20).

©2009 American Chemical Society
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Figure 1. GC-MS (El) mass spectrum of 2-bromopropenamide and the
corresponding deuterated internal standard.

Crispbread and rusk are food products commonly contami-
nated with acrylamide because of production conditions favor-
able for its formation. In 2007, the annual survey and exposition
studies in Germany showed an increase of the acrylamide content
for both food products. The tolerable maximum limits (signal
values) could therefore not be reduced. This indicates a still
unresolved problem and makes further efforts necessary. Parti-
cular care should be placed on rusk as a sensible infant food.
Therefore, rusk and crispbread were selected for the preparation
of reference materials in the frame of a European reference
material (ERM) project.

This article presents the whole certification processes of ERM-
BD272, Acrylamide in Crispbread, and ERM-BD274, Acryl-
amide in Rusk.

MATERIALS AND METHODS

Candidate Reference Materials and Sample Preparation. The
matrices for the two reference materials are food products which tend to
form acrylamide during their production process. Both materials, crisp-
bread and rusk, were procured from food processing companies in
Germany and were intended for human consumption. About 34 kg of
crispbread material (BD272) was ground by a centrifugal mill (ZM 1000;
Retsch GmbH, Haan, Germany) and sieved with a mesh size smaller than
0.5 mm. A 20 kg lot of rusk (BD274) was prepared in the same way. In
order to avoid cross-contamination, the centrifugal mill was cleaned
carefully after each usage. The sieved materials were homogenized by
using a drum hoop mixer, followed by a second homogenization step and
bottling using a version of the so-called cross-riffling procedure (27). A
total of 500 units (BD272) and 200 units (BD274) were bottled in 125 mL
amber glass bottles sealed with screw caps with PTFE inserts.

Secondary Matrix Characterization and Purity of Calibrant.
Randomly selected bottles of each CRM were analyzed for their water
content by coulometric Karl Fischer titration (KFT) on a 758 KFD
Titrino (Metrohm AG, Herisau AR, Switzerland). The CHN-elemental
constitution was determined using an Elemental Analyzer (Elementar,
Hanau, Germany). The purity of the acrylamide (99+%, Merck, Darm-
stadt, Germany) used as a calibrant was confirmed by quantitative 'H
NMR analysis (Bruker DMX 400, 400.14 MHz; internal standard,
benzoic acid) at the Federal Institute for Materials Research and Testing
(BAM).

Analytical Method for Acrylamide Determination. In the present
work, the analytical method employed for material characterization
(homogeneity, stability, and certification studies) at BAM was based on
GC-MS analysis (Finnigan Ultra GC with Trace DSQ) after bromination
using deuterium-labeled [*Hs]-acrylamide (99+%, Polymer Source Inc.,
Montreal, Canada) as an internal standard. Because of the instability of
the derivatization product 2,3-dibromopropionamide, this compound is
converted to the more stable 2-bromopropenamide by adding triethyla-
mine prior to GC-MS analysis. The ions monitored for quantification were
mjz 106 for 2-bromopropenamide and m/z 153 for 2-bromo(D,)-prope-
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Table 1. Analytical Methods Employed for the Certification of ERM-BD272
Acrylamide in Crispbread

analytical method derivatization no. of laboratories
GC-MS bromination 5
GC-MS without 3
HPLC-ESI MS/MS 2-mercapto-benzoic acid 1
HPLC-ESI-MS/MS without 7

namide (Figure 1). The calibration was done by linear regression analysis
with six calibration levels, each measured in triplicate. The calibration
solutions were prepared gravimetrically directly before the analysis.

Certification Studies, Certified Values, and Uncertainties. Lab-
oratories were selected based on documented experience and proficiency
and invited to participate in the certification studies. A total of 16 (BD272)
and 8 expert laboratories (BD274) took part in the interlaboratory
comparison studies. Here, the laboratories are listed in alphabetical order:
Chemisches and Veterindruntersuchungsamt, Stuttgart, Germany; Che-
misches and Veterindruntersuchungsamt, Sigmaringen, Germany; Dublin
Public Analyst Laboratory, Dublin, Ireland; Eurofins, Wiertz-Eggert-
Jorissen, Hamburg, Germany; European Commission, Joint Research
Centre, Institute for Reference Materials and Measurements, Geel,
Belgium; Federal Institute for Materials Research and Testing, Berlin,
Germany; General Chemical State Laboratory, Food Division and Divi-
sion of Environment, Athens, Greece; German Research Centre of Food
Chemistry, Garching (three different methods were applied, and each
received a different laboratory code), Germany; Institut fiir Qualitatsfor-
derung in der Siisswarenwirtschaft Kéln, Germany; Kantonales Labor,
Ziirich, Switzerland; Lebensmittelchemisches Institut, Koln, Germany;
Lebensmittelversuchsanstalt, Wien, Austria; National Food Administra-
tion, Uppsala, Sweden; Nestlé Research Center, Lausanne, Switzerland;
VWA Keuringsdienst van Waren, Eindhoven, Netherlands.

Different methods for extraction, purification, and derivatization were
used by the participants. HPLC or GC separation techniques were applied
by all participants. The method of choice for quantification is isotope
dilution mass spectrometry using '*C-labeled or deuterated acrylamide as
internal standard. Table 1 gives an overview of the analytical methods in
the certification study of ERM-BD272. Except for the LC-MS after
derivatization with 2-mercapto-benzoic acid, the same methods were
applied in the certification study of BD274.

The assignment of a certified value for the acrylamide mass fraction,
homogeneity evaluation of the batch, investigation of long- and short-term
stability, and elaboration of an uncertainty statement were carried out in
full compliance with the internationally accepted procedures laid down in
ISO Guide 35 and GUM (22, 23).

Traceability. The acrylamide mass fraction is, although not method-
specific, clearly a parameter which is influenced by the method employed
for its determination. Previous studies on crispbread material revealed a
significant influence of the measurement technique and the composition of
the extraction solvent on the analytical results (24).

The measurement step itself takes traceability from calibration using
the pure substance (acrylamide, 99+%) and sample preparation steps
from spiking using deuterated acrylamide. The overall recovery was
estimated to be in the range of 95—105%. Remaining systematic
between-method biases are sufficiently covered by the allowance made
for the intercomparison contribution to the total uncertainty budget. The
certified values are therefore traceable to the International System of Units
(SI).

RESULTS AND DISCUSSION

The certification campaigns implied homogeneity evaluation
of the packaged units (bottles), short- and long-term stability
studies, the interlaboratory comparison for the assignment of the
certified values, and a comprehensive uncertainty budget estima-
tion also enabling statements of traceability.

Homogeneity Studies. Upon the basis of thorough batch
homogenization and the results of preliminary studies, a satisfac-
tory level of sample homogeneity was expected. For further
quantitative demonstration, 10 units were selected randomly
from the whole set of 500 crispbread bottles (12 units out of
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Table 2. Data Evaluation of Homogeneity Studies by ANOVA (F-Test)

Koch et al.

ERM matrix 824 [ug® kg2 S2Plug? kg2 test criterion® critical value F(f;, f, 5%) Uby [1g kg™ Us rel [%]
BD272 crispbread 747.64 446.03 1.68 2.21 8.68 0.80
BD274 rusk 4.574 2.348 1.948 2.067 0.746 1.35
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Figure 2. Homogeneity study BD274: 12 out of 200 bottles were randomly 0.0029:  0.0031 LU
selected. Each unit was analyzed four times. Bottle mean values and the inverse temperature [K™]

corresponding standard deviations are given.

200 rusk bottles) and analyzed four times each according to the
analytical method described above. All units were extracted and
processed once under repeatability conditions followed by a
second set of extractions and processing in a randomized manner
again and so on. Processed extracts were analyzed by GC-MS
under repeatability conditions ensuring that all extracts were
quantified against the same calibration after randomization.
Results were obtained by the standard procedure (22) using the
one-factorial analysis of variances (Table 2). The detailed homo-
geneity data for ERM-BD274 are displayed in Figure 2. Because
the test criterion is smaller than the critical value, no significant
inhomogeneity of the batch was detected. The estimated term uyy,
derived from the difference of the between- and within-groups
variances was used to include an appropriate inhomogeneity
contribution in the uncertainty budgets of the certified values.

Stability Studies. Preliminary studies showed a temperature-
driven deterioration of acrylamide contents. To quantify these
effects, selected units of the materials were submitted to acceler-
ated aging at temperatures between 4 °C and 60/70 °C (rusk/
crispbread) over periods of 1 week to 1.5 months (short-term
study) and 1 month to 12 months (long-term study). All measure-
ments were performed in the so-called isochronous scheme (25).
After respective periods of time (short-term study, weekly; long-
term study, after 1, 3, 6, and 12 months) individual units were
stored at —20 °C where no degradation was to be expected. At the
end of the stability study all units were analyzed for acrylamide
content using the same method (GC-MS after bromination)
under repeatability conditions.

For both materials, a non-negligible trend was observed for all
temperatures above 4 °C. In order to obtain estimates for the
thermal behavior of the samples especially at the storage tem-
perature, an Arrhenius model was assumed for the dependence
of the effective reaction rate k.(7) on temperature. A plot of
ker(T) over the inverse temperature is given in Figure 3. For a
complete description of the approach to stability assessment refer
to ref 26.

Obviously, the temperature dependence of the effective degra-
dation rate can be approximated by a straight line. The estimated
activation energy AE is (60.6 & 0.4) kJ mol ™' for crispbread and

Figure 3. Effective reaction rate kex(T) for acrylamide (in the crispbread
and rusk matrices) depending on the inverse temperature. The straight line
represents a linear regression over the crispbread data, and the dotted
lines are the corresponding upper and lower confidence limits of the
regression line.

Table 3. Estimation of Shelf Life at Different Storage Temperatures Based
upon Stability Testing and an Arrhenius Model

calculated shelf life (years)

storage temperature ERM-BD272 ERM-BD274
at—20°C 3.24 15.10
at+4°C 0.50 2.36
at+ 20 °C 0.13 0.78
at+ 40 °C 0.02 0.22

(47.2 £ 0.5) kJ mol ™" for the rusk material. As can be seen from
Figure 3, estimates for effective degradation rates in both matrices
are comparable at all temperatures tested. In this sense, both
matrices behave similarly and do not create additional degrada-
tion channels for the analyte under investigation. Nevertheless,
one can observe a greater data variability for the results of the
stability test on the crispbread matrix leading to a greater
confidence interval of the regression line.

By using these data and the assumed model, one can obtain an
estimate when degradation will presumably force the acrylamide
content to fall short of the lower expanded uncertainty limit of the
certified value. In the sense of a worst-case estimation, these
calculations are carried out for the effective reaction rates at the
upper confidence limit of the line as shown in Figure 3. The results
of the shelf life estimations are given in Table 3. The significant
difference in the estimated shelf life of the two materials is a
consequence of the above-mentioned worst-case estimation pro-
cedure and the larger scatter of the crispbread data. In order to
ensure a shelf life of the order of five years, an additional
allowance (i 36.73 ug kg~ ') was included in the uncertainty
budget of BD272. The calculation of u is based on the
uncertainty of the insignificant slope of the regression line
depicting the time dependence of the acrylamide content for
samples stored at —20 °C. Shelf life at a storage temperature of
—20 °C is quite considerable, exposure to room or even higher
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Figure 5. Accepted data sets of the ILC for certification of the acrylamide
content in crispbread material (BD272).

Figure 4. Plot of the mean values found by the laboratories for the sample
BD272 (normalized by the mean of laboratory means) against the
concentration of the control solution attained by the laboratory
(normalized by the known concentration of acrylamide from preparation
of the control solution).

temperatures over longer periods of time should, however, be
avoided since it decreases the time of validity of BD272 and
BD274 at the user’s end.

The first estimation of stability will continuously be updated by
further measurements of units stored at 4 and 20 °C over the
period of availability of the material (post-certification mon-
itoring).

Interlaboratory Comparison Studies (ILCs). The ILCs were
performed to assign the certified values of BD272 and BD274.
Three units of the candidate reference material were to be
analyzed by each laboratory in triplicate on three consecutive
days. All extracts were injected twice. In addition, each partici-
pant received a solution with an unknown concentration of
acrylamide in water. This solution was measured every day.
The results of the certification studies have been evaluated in
accordance with ISO Guide 35 and the specific requirements of
the ERM agreement.

Technical Evaluation. For each laboratory, the normalized
mean value determined for the sample (normalized by the mean
of laboratory means) was plotted against the recovery the
laboratory attained for the control solution. Figure 4 shows the
corresponding plot for the BD272 study. As can be seen from
the graph, 15 out of 16 laboratories group around the center.
The laboratories show both positive and negative correlation
between the sample and the control value. A clear trend cannot
be observed. One single laboratory (encircled) is distant from
the main group, showing an underestimation concerning the
control and sample value. The data set of this laboratory was
excluded from further processing because of technical reasons.
For rusk, similar considerations did not lead to the exclusion of
an outlier.

Statistical Evaluation. After the removal of one laboratory
for technical reasons, the accepted data sets were further pro-
cessed. Ina first step, the data sets were investigated for significant
influences of the laboratory itself and the investigated units using
a two-way ANOVA test. As expected, the laboratory is a
significant factor (between-laboratory variation is significantly
larger than within-lab variation), while the unit investigated is
insignificant, which is clearly in line with the results of the
conducted homogeneity tests.
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Figure 6. Accepted data sets of the ILC for certification of the acrylamide
content in rusk material (BD274).

In a second step, we tested (separately by one-way ANOVA
test on the data of each of the laboratories) whether significant
differences were detected between the three units provided to each
laboratory. Although this was not expected to occur, 4 out of the
15 laboratories detected virtual differences between their crisp-
bread units (for rusk: 6 out of 8 laboratories). This can most
probably be attributed to a considerably poor method repeat-
ability, in some cases comparable to the between-laboratory
variability.

Participants of the ILCs used different methods with different
implementations. Obviously, there was no reason for assuming
that the single values measured by the different laboratories
would belong to a common population. Single measurement
results could not be pooled, and therefore, the mean of laboratory
means was considered to be an appropriate estimate for the
certified value. This decision was justified by the outcome of the
two-way ANOVA test described above as well as by further
statistical analysis.

Statistical tests were carried out at significance levels a of 0.05
and 0.01. With the Cochran test, no observations were made at
both significance levels. Dixon, Grubbs, and Nalimov tests did not
indicate outliers (significance level of 0.01), but for the BD272
material, one laboratory was found to be a straggler in the
Nalimov test. However, this was considered insufficient for exclu-
sion, and the laboratory value was retained. The accepted data sets
taken into account for calculation are shown in Figures 5 and 6.

On the basis of the available data, the hypothesis of normality
of the data sets could not be rejected by either the Kolmogorov—
Smirnov or the skewness and kurtosis tests. The results of the
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Table 4. Statistical Evaluation of Accepted Data Sets from Interlaboratory Comparison Studies

Koch et al.

description ERM-BD272 ERM-BD274

acrylamide content Wepgr [1g kg™ '] unweighted mean of laboratory means, uncorrected for purity 988.46 74.58
uncertainty contribution from characterization tgnar [¢g kg™ ] standard deviation of the mean of laboratory means 20.65 2.86
accepted data sets after outlier exclusion 15 8

Outlier Tests at an o of 0.01 (0.05)
Dixon outlying lab means? no (no) no (no)
Grubbs (single test) outlying lab means? no (no) no (no)
Grubbs (double test) no (no) no (no)
Nalimov outlying lab means? no (yes(1)) no (no)
Cochran outlying lab variances? no (no) no (no)
Kolmogorov—Smirnov (Lilliefors version) o = 0.01 normal distribution of data? yes yes
skewness/kurtosis o = 0.01 normal distribution of data? yes yes

Table 5. Certified Values for the Acrylamide Mass Fraction of ERM-BD272
and ERM-BD274

certified reference

material acrylamide mass fraction [.eg kg™ "]
expanded
certified value, uncertainty of uncertainty of
corrected the certified the certified
ERM matrix for purity value value (k=2)
BD272 crispbread 980 45 90
BD274 rusk 74 32 7

calculations and tests for data evaluation based upon the labora-
tory means are given in Table 4.

The means of the laboratory means of 988.46 ug kg~ ' (BD272)
and 74.58 ug kg~ ' (BD274) were taken as the uncorrected (for
purity) estimate for the value to be certified and the standard
deviations of the means of laboratory means s, as the uncer-
tainty contribution from characterization by ILC (u¢par).

Certified Values and Uncertainties. The estimates of the certi-
fied value derived from the data evaluation of the ILC (Wpar)
have to be corrected for the purity of the calibration standard
(fpur) used in all of the experiments according to eq 1.

Weert = Wehar *f, i)ur (1 )

The corresponding combined uncertainty u. was appropriately
combined from the uncertainty of characterization up,,, the
contribution from a possibly undetected inhomogeneity up,
and the uncertainty of the purity correction u,,, according to
eq 2, where the index r refers to the relative uncertainties.

Mg’ r ughur, r+ utz)b, r+ ulzaur, r (2)

The purity of the calibration standard and its corresponding
uncertainty were taken from the certificate of acrylamide as
Jour = 0.995 and up,, = 0.0029 (assuming a rectangular dis-
tribution). A level of confidence of about 95% is obtained by
expansion of the combined uncertainty with a coverage factor of
k = 2, as defined in ref 23. The certified values for both ERM as
well as the combined and expanded uncertainties are summarized
in Table 5. The values are rounded according to the recommen-
dations of GUM (23) and given with respect to raw sample mass.
The water content of the reference materials was seen to remain
stable.

In summary, this article describes the development and certi-
fication of two new reference materials for acrylamide determina-
tion in foods intended for quality assurance purposes. The
development of new methods, especially LC-MS/MS techniques
and immunoassays, are a direct follow up of the unbroken interest
in reduction and control of acrylamide in foods. Considering this
situation, the availability of reliable reference materials is urgently

needed. Therefore, the presented certified reference materials
provide the basis for further improvements in quality assurance
and control. Their importance is not only useful in existing
laboratory internal quality control but also in facilitating the
validation of new analytical methods.

ABBREVIATIONS USED

ANOVA, analysis of variances; CRM, certified reference
material; ERM, European reference material; ILC, interlabora-
tory comparison study; IRMM, Institute for Reference Materials
and Measurements.
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