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Fatty acid esters of 3-monochloro-1,2-propanediol (3-MCPDEs), of 2-monochloro-1,3-propanediol (2-
MCPDEs) and of 2,3-epoxy-1-propanol or glycidol (GEs), which are considered to be deleterious to human
health, may occur in a broad variety of food samples. A proper risk assessment of those substances
requires the availability of robust occurrence data; in this respect concerns have been raised regarding
the reliability of results obtained with the currently available methods to determine those substances in
processed food. This article presents an indirect analytical procedure for the simultaneous determination
of 3-MCPDEs, 2-MCPDEs and GEs in a wide variety of food products after extraction by pressurised
2-MCPD esters liquid extraction (PLE) and determination by gas chromatography mass-spectrometry (GC-MS). For the
Glycidyl esters differentiation of MCPDEs and GEs, the latter were first converted to monobromopropanediol esters
Food (MBPDEs) in acid aqueous solution of sodium bromide. MCPDEs and MBPDEs were then hydrolysed under
Process contaminants acidic conditions followed by derivatisation of the released free (non-esterified) form in ethyl acetate
with phenyl boronic acid (PBA). Quantification of the analytes was carried out using the isotopic labelled
analogues of both MCPDEs and GEs. Limits of detection (LODs) and limits of quantitation (LOQs) were in
the range of 7-17 mgkg~! and 13-31 mgkg~! respectively, while the working range of the method was
between LOQ and 1850 mg kg~! expressed on fat basis. The developed method was successfully applied
for the analysis of the target compounds in more than 650 different food samples covering the following
commodities: bread and rolls, fine bakery wares, smoked fish products, fried and roasted meat, potato

based snacks and fried potato products, cereal-based snacks and margarines.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The increasing concerns about possible health risks due to the
presence of fatty acid esters of 3-monochloro-1,2-propanediol and
2-monochloro-1,3-propanediol (MCPDEs) as well as of 2,3-epoxy-
1-propanol or glycidol (GEs) in processed edible oils and fats
initiated a series of actions by the European Commission (EC), the
EU Member States, but also academia, and industry [1,2]. However,
high levels of MCPDEs have been reported in refined palm oil [3,4]
as well as in infant formula [5], human breast milk [6] and various
heat processed foods [7]. Even though research on possible toxic
effects and exposure of humans to these substances has not been
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finalized yet, concerns regarding the presence of these substances
in food seem to be justified due to the confirmed release of the
MCPD/glycidol moiety from the parent esters in the human intes-
tine [8-11]. The International Agency for Research on Cancer (IARC)
classified glycidol as probably carcinogenic to humans (group 2A),
and considered 3-MCPD as a possible human carcinogen (group 2B)
[12,13]. The Scientific Committee on Food (SCF) of the European
Commission established a tolerable daily intake (TDI) of 2 mgkg~!
body weight [14], which agrees with the provisional maximum
tolerable daily intake (PMTDI) specified by the FAO/WHO Expert
Committee on Food Additives (JECFA) [15,16].

In response to that urgency, several analytical methods have
been reported for the determination of MCPDEs and GEs in edible
fats and oils, as these matrices provide the major source for expo-
sure to MCPDEs and GEs. The analytical methods published so far
follow two main routes — the determination of the MCPD and glyci-
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dol moieties after hydrolysis of the parent esters and derivatisation
of free MCPD and glycidol, and, less frequently, the determination
of intact MCPDEs and GEs. A comprehensive overview covering
aspects of different analytical approaches was recently published
by Crews et al. [17]. Direct analysis of the intact esters glycidyl
laurate, myristate, palmitate, stearate, oleate, linoleate, and linole-
nate has been successfully applied for the analysis of GEs in edible
o0il [18-20]. However, the determination of the individual MCPDEs
is limited due to the large number of possible MCPD mono- and
di- esters [18]. Furthermore, these procedures require advanced
analytical instrumentation, contributing highly to the total cost of
analysis [21]. In contrast, indirect analytical methods involve the
conversion of all native mono- and di- fatty acid esters of MCPD
and of glycidol into the free forms. Stabilization of glycidol by
conversion of the epoxide into less reactive bromo- or methoxy-
derivatives of glycerol may be performed prior or after ester hydrol-
ysis|[7,22,23]. Hydrolysis may be conducted under alkaline or acidic
conditions [7,22,23]. Derivatisation of free MCPD and monobromo-
propanediol (MBPD) or methoxypropanediol (MPD) respectively,
is finally followed by gas chromatographic-mass spectrometric
(GC-MS) measurement. Enzymatic hydrolysis of the esters has also
been used [24-26].

Indirect analytical methods are favored for routine analysis of
MCPDEs and GEs, despite issues regarding the likely mutual inter-
conversion/transformation of 3-MCPD esters and GEs and the broad
range of left-censoring limits (LC limit) among the methods [27].

A method comparison study, organized in 2012 by the Joint
Research Centre (JRC), on the determination of 3-MCPDEs and
GEs in edible oils confirmed the comparability of results obtained
after acid catalyzed and alkaline catalyzed hydrolysis of the esters,
respectively [28]. However, arecent study performed by Weisshaar,
as well as the study of the JRC highlighted that artefact forma-
tion of the two groups of compounds during analysis might cause
bias [3]. The need of harmonized analytical methodology for the
determination of MCPDEs and GEs was satisfied only for edible oils
where three indirect analytical methods were validated by collabo-
rative trial [29-31]. Additionally, one direct analytical method was
validated for the determination of GEs in edible oils [ 18]. The proce-
dures were adopted by the American Oil Chemists’ Society (AOCS)
as AOCS standard methods.

In 2013, the Scientific Panel on Contaminants in the Food Chain
(CONTAM) of the European Food Safety Authority (EFSA) issued a
Scientific Report emphasizing the need of a standardized method
to reduce the uncertainty in occurrence and exposure estimates of
MCPDEs and GEs in food [32]. The accurate determination of these
substances in food matrices remains a challenge due to the low
limits of quantitation (LOQs) required by the regulatory bodies, the
composition of the sample matrix and the varying fat content to
be dealt with [1]. Commonly, most methodologies used for deter-
mining MCPDs and GEs comprise the isolation of fat from the food
sample followed by subsampling of the fat fraction for further anal-
ysis. Some information on the performance of certain analytical
methods can be extracted from a comparative study on the deter-
mination of 3- and 2-MCPDEs in infant formula, mayonnaise, and
vegetable oil based creams and spreads, which was organized in
2011 by the German Federal Institute for Risk Assessment (BfR)
[33]. The BfR study demonstrated that pressurized liquid extrac-
tion (PLE) comprising several extraction cycles provided complete
fat extraction and high levels of analyte recovery, superior to con-
ventional extraction techniques (e.g. sonication, Soxhlet, stirring,
shaking) [33]. Besides this report only few papers report on the
performance of analytical methods for the determination of 3-
MCPDEs in food [2,5,6,34-36]. Less is known about the performance
of methods that allow besides the determination of 3-MCPDEs the
simultaneous determination of 2-MCPDEs and GEs. Kiisters et al.
[7,37] presented method performance data for the analysis of 3-

MCPDEs and GEs in a broad range of food, with large differences
in composition. However, the accuracy of the method used was
questioned by a recent study [2] due to the potential partial trans-
formation of GEs to 3-MCPD during sample preparation in alkaline
media leading to bias. Karl et al. [34] modified an analytical method
standardized by AOCS in order to determine 3- and 2-MCPDEs and
GEsin fishery products. Next to the determination of the esters, this
method also allows the determination of free 3-, 2-MCPD from the
same test portion extract.

Controversy exists on the contribution of food processing to
the generation of MCPDEs. Generation of MCPDEs was identified
in the frame of the EU funded project PROMETHEUS during baking
of cookies [38]. However, this finding was questioned, since signifi-
cant generation of MCPDEs and GEs was not observed in deep-fried
potatoes [39].

Occurrence data on MCPDEs and GEs in thermally treated prod-
ucts other than fats and oils are scarce with limited availability of
data published in peer reviewed journals [5-7,34,35].

In the context of a preliminary assessment of human exposure
to MCPDEs and GEs in thermally treated food commodities, EFSA
requested the Joint Research Centre (JRC) a Directorate General of
the European Commission to develop and validate an indirect ana-
lytical method for determining 3-MCPDEs, 2-MCPDEs, and GEs in a
wide variety of food matrices with adequate performance parame-
ters, in particular LC limits. Methods recently standardized by AOCS
for the determination of MCPDEs and GEs in edible oils and fats had
to be used as a basis for method development and optimization. For
practical reasons, the method that includes acidic transesterifica-
tion of the ester forms [29] was used as a building block for the
design of the analytical method described here. Due to the limited
scope of the analytical methods standardized by AOCS, it was nec-
essary to demonstrate the reliability of the data produced by the
analytical method proposed in this manuscript. Carefully assessed
were in this respect fat extraction yield, precision, accuracy and
sensitivity of the developed method. The stability of performance
of the analytical method was monitored via plotting of results of
QC samples in Shewhart control charts.

2. Materials and methods

2.1. Analytical standards and reagents

High purity analytical standards (>98.5%) of rac
1,2-bis-palmitoyl-3-chloropropanediol (3-MCPD), rac
1,2-bis-palmitoyl-3-chloropropanediol-Ds (3-MCPD-Ds),
1,3-distearoyl-2-chloropropanediol (2-MCPD), 1,3-distearoyl-

2-chloropropanediol-D5 (2-MCPD-Ds), glycidyl palmitate (Gly-P)
and glycidyl oleate-Ds (Gly-O-Ds) were supplied by Toronto
Research Chemicals Inc (Toronto, Canada). Individual stock solu-
tions (1000 wgmL~1) of native and isotope labelled MCPD esters
and GEs were prepared by dissolving 10 mg of each analyte in
10mL of toluene and stored at 4°C. The expiration date of the
stock standard solutions was six months. These solutions were
then mixed together and diluted with toluene to obtain a solution
of intermediate concentration at 5.4 g mL~!, which was stored at
4°C in the dark for no more than one month. 50 pL of the mixed
stable isotope labelled esters solution (5.4 wg mL~1) was used for
the spiking into the fat extract and for calibration (for internal
standardisation).

CAS registry numbers, molecular formulas and molecular
weights of the target compounds are given in Table 1.

Anhydrous tetrahydrofuran, methanol, isohexane, n-hexane,
ethyl acetate, 2,2,4-trimethylpentane (isooctane), diethyl ether,
toluene and tert-butyl methyl ether (t-BME) were of HPLC grade
purchased from either Sigma-Aldrich (Bornem, Belgium) or VWR
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Table 1

CAS number, molecular formula and molecular weight of native and labelled analytes.
Name Acronym CAS # Molecular formula Molecular Molecular Rm?

weight ester weight free
form

rac 1,2-bis-palmitoyl-3- 3-MCPD ester 51930-97-3 C35Hg7Cl04 587.36 110.54 0.1882
chloropropanediol
rac 1,2-bis-palmitoyl-3- 3-MCPD-Ds ester 1185057-55-9 C35Hg2D5Cl04 592.39 115.57 0.1951
chloropropanediol-Ds
1,3-distearoyl-2- 2-MCPD ester 26787-56-4 C39H75Cl04 643.46 110.54 0.1718
chloropropanediol
1,3-distearoyl-2- 2-MCPD-Ds ester - C39H75Cl04 648.49 115.57 0.1782
chloropropanediol-Ds
glycidyl palmitate Gly-P 7501-44-2 Ci9H3603 312.48 74.08 0.2371
glycidyl oleate-Ds Gly-0-Ds 5431-33-4-unlabelled Cy1H33D503 343.56 74.08 0.2156

3 Ry: Ratio of mol weights between the free forms of MCPD and glycidol, and the respective MCPD and glycidyl esters.

(Leuven, Belgium). Phenylboronic acid (>97%), ultra-pure sul-
phuric acid (=95%), sodium hydrogen carbonate (>99%), anhydrous
granular sodium sulphate, (>99%), ammonium sulphate (>99%),
anhydrous sodium bromide (>99.5%) were purchased from Sigma-
Aldrich and Merck (Darmstadt, Germany), respectively. Sodium
polyacrylate and sand (50-70 mesh particle size) were obtained
from Sigma-Aldrich. Ultrapure water was obtained in-house with
a Milli-Q water purification system (Millipore, Bedford, MA, USA).

The acid aqueous solution of sodium bromide (3 mgmL-1) was
prepared by mixing 180 L of a concentrated aqueous solution of
sodium bromide (1g of sodium bromide in 10 mL of ultra-pure
water) with 5.5 mL of ultra-pure water and 0.3 mL of sulphuric acid
into a 10 mL volumetric flask.

The sodium hydrogen carbonate saturated solution and ammo-
nium sulphate solution were prepared by mixing 4.8 g of NaHCO3
and 20 g of (NH,4)>S04 in 50 mL of ultra-pure water, respectively.

The sulphuric acid/methanol solution used in the acid catalyzed
transesterification reaction was prepared in a 100 mL volumetric
flask by addition of 1.8 mL of concentrated sulphuric acid to 50 mL
methanol and filling then with methanol up to volume.

2.2. Sampling

Food samples covered seven food categories including bread
and rolls, fine bakery wares, smoked fish products, fried and
roasted meat, potato based snacks and fried potato products,
cereal-based snacks and margarines. Sampling was performed
in retail stores, restaurants and from different households in
Europe covering countries such as Austria, Belgium, Czech Repub-
lic, Denmark, France, Italy, Germany, Greece, Latvia, Portugal, Spain,
The Netherlands and the United Kingdom. Samples were stored
according to the manufacturer’s recommendations and analysed
within the expiration date after their collection.

For method development and validation experiments, an extra
virgin olive oil blank sample was obtained from a local retail market
in Greece. The material was stored in the dark at room temperature.

2.3. Sample pretreatment and PLE

To ensure good extraction efficiency, portions of the solid test
samples were immersed in liquid nitrogen and then grinded and
homogenized, by means of a laboratory grinder, or mortar and
pestle, to fine homogeneous powders. Test portions of 5g were
mixed with 5g of polyacrylate and 15¢g of sand and transferred
into the pressurized liquid extraction (PLE) cell. PLEs of the target
compounds from food samples were carried out using an ASE™
300 extractor (Dionex™, Thermo Scientific™, Sunnyvale, CA, USA)
equipped with 33 mL stainless steel extraction cells. The extraction
parameters were as follows: oven temperature: 40°C, pressure:
103 bar, pre-heating time 1 min, static extraction time 5 min, heat-

ing 5 min, two static cycles, flush volume 100% of cell volume, purge
time with N, for 60s.

The extraction solvents tested in this study were based on
extractants, which were proposed in literature for the determina-
tion of MCPDEs and GEs in infant formula (a mixture of petroleum
ether/iso-hexane/acetone (P/I/Ac)=2/2/1v/v,PLEat 125°C)[33],in
different other food commodities (t-BME at room temperature) [7],
and in margarine (t-BME/n-heptane 2/1v/v at 80°C) [2]. Based on
the outcome of these tests, 100% t-BME at 40 °C was applied for all
further extractions.

To overcome the influence of the great spread of fat contents
of the test samples, internal standards were added prior to or after
the fat extraction, based on the expected fat content. For breads and
rolls, porridge and other food matrices with labelled total fat con-
tents below or equal to 5% (weight/weight), stable isotope labelled
internal standards were added directly into the PLE extraction cell
containing the test portion prior to sample extraction. If the total
fat content of the test sample exceeded the 5% threshold, stable
isotope labelled internal standards were added after the extraction
to the 100 mg portion of fat/oil that was used for further sample
preparation.

The obtained extract (~100 mL) was decanted into an evap-
oration vessel with known tare weight and evaporated with a
vacuum evaporator (Biichi Rotavapor R-114 a Waterbath B-480,
Darmstadt, Germany) at 40 °C until dryness. The extracted amount
of fat was then determined gravimetrically. Consequently, a por-
tion of 100 mg of fat/oil (+5 mg) of the remaining fat fraction was
transferred with a Pasteur pipette or a spatula into a 10 mL screw
cap glass tube along with 2 mL of anhydrous tetrahydrofuran for
reconstitution.

The whole residue was further cleaned up in case of test samples
with an expected fat content level below 5% (w/w).

Margarines, consisting mostly of lipids, were directly spiked
with stable isotope labelled internal standards and vortex-mixed
with anhydrous tetrahydrofuran.

2.4. Glycidyl ester conversion and acid transesterification

For glycidyl ester conversion into monobromopropane diol
esters, 30 L of aqueous sulphuric acid solution of sodium bromide
(3mgmL-1) were added to the sample, shaken vigorously (vortex)
and incubated at 50 °C for 15 min. The reaction was stopped by
the addition of 3.0mL of 0.6% aqueous solution of sodium hydro-
gen carbonate. To separate the oil/fat from the water phase, 2.0 mL
of n-hexane were added and vigorously mixed on a vortex mixer.
After separation of the two phases, the upper layer was transferred
to an empty test tube and evaporated at 40°C to dryness under
a gentle stream of nitrogen. Finally, the residue was dissolved in
1.0 mL of anhydrous tetrahydrofuran.
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Acid transesterification was performed with the addition of
1.8 mL sulphuric acid/methanol solution to the sample and shaken
vigorously for 10s. The mixture was incubated at 40°C for 16 h.
After the incubation period, the ester cleavage reaction was stopped
by the addition of 0.5 mL of a saturated solution of sodium hydro-
gen carbonate to the sample. Evaporation of the organic solvent
(methanol) from the mixture was performed at 40 °C under a nitro-
gen stream.

Afterwards, 1.3 mL of ammonium sulphate solution was added
to achieve a salting-out effect in the consequent extraction. Fatty
acid methyl esters were separated from the sample by two consec-
utive liquid-liquid extractions each with 1.0 mL n-hexane. Finally,
extraction of the released (free) forms of 2- and 3-MCPD as well
as 3-MBPD from the aqueous phase was accomplished three times
with 0.6 mL of ethyl acetate. The upper phases were transferred to
an empty glass test tube containing a small amount of anhydrous
granular sodium sulphate.

2.5. Derivatisation procedure

Derivatisation of the analytes was performed with phenyl
boronic acid (PBA) in organic solution instead of aqueous medium
as described in the AOCS method [29]. The benefit of this step
was lower consumption of derivatisation reagent, which provided
lower background levels, and consequently lower LODs. In par-
ticular, derivatisation was performed by adding 150 uL of the
derivatisation reagent (0.4g of phenylboronic acid in 10 mL of
diethyl ether) to the combined ethyl acetate extract. The solution
was then vortex-mixed for 15 s and incubated in an ultrasonic bath
for 5 min. To complete the derivatisation reaction, the extract was
evaporated at 40 °C to dryness under a low stream of nitrogen. The
residue was dissolved in 300 p.L of isooctane by shaking the mixture
for 10s (vortex) and finally centrifuged at 3500 rpm. The super-
natant was transferred for gas chromatographic measurement to
an empty GCvial with a glass insert of about 150 p.L of volume. Fig. 1
illustrates the analytical scheme applied for the determination of
MCPD esters and GEs in food.

2.6. Gas chromatography-mass spectrometry analysis

Gas chromatographic analysis was carried out with a Hewlett
Packard gas chromatograph 5890 Series II. The capillary column
was a DB5MS (30m x 0.25 um x 0.25mm film thickness) from
Agilent Technologies (Santa Clara, USA). Samples were injected
(1.0 nL) into the GC in pulsed splitless mode at 280 °C. The carrier
gas was helium (99.999%) set at a constant flow of 1.2 mLmin~1.
For chromatographic separation of all derivatives, the tempera-
ture was programmed as follows: 60°C for 1.0 min, from 60°C
to 150°C at 6°Cmin~!, 2.0min at 150°C and from 150°C to
300°C at 10°Cmin~!. The gas chromatograph was connected to
a Hewlett Packard Mass Spectrometer HP5971 MSD (Palo Alto, CA,
USA) operated in electron ionisation (EI) mode at 70 eV ionization
energy. The MS transfer line temperature was maintained at 300 °C,
whereas the ion source and quadrupole temperatures were 250°C
and 150°C, respectively. Full-scan mass spectra of the derivatives
were obtained over a range of m/z 50-400. Chromatograms were
recorded in selected ion monitoring (SIM) mode. For each com-
pound, the most abundant ions were selected for quantitation
except for 3-MBPD due to potential interferences. Detailed infor-
mation of the elution order, retention times and characteristic ions
used for GC-MS analysis are shown in Table 2.

Table 2
Retention times and m/z-ratios of native and stable isotope labelled MCPDs and
MBPD for GC-MS (SIM) analysis.

Compound Retention time Quantification Confirmation ion
(min) ion Q; (m/z) Q; (m/z)
3-MCPD-Ds 16.87 150 201
3-MCPD 16.95 147 196
2-MCPD-Ds 17.61 201 203
2-MCPD 17.70 196 198
3-MBPD-Ds 18.90 150 245
3-MBPD 18.96 146 240

2.7. Calculations

For the preparation of calibration standards, the actual concen-
trations were calculated for each standard/analyte applying Eq. (1).

Mg = G+ Vi %Ry (1)

Where:

M4 Equivalent of free form of native (labelled) substance in test
tube (inng)

C; Concentration of intermediate standard solution used to pre-
pare calibration standard (in g mL™1)

V; Volume of intermediate standard solution pipetted into test
tube (in pL)

Ry Ratio of mol masses of native (labelled) free forms of 3-MCPD,
2-MCPD respectively glycidol and the corresponding esters used to
prepare calibration standards.

Instrument calibration was performed with standards of the
respective esters 3-MCPD 2-MCPD, 3-MBPD, as well as their sta-
ble isotope labelled analogues. They were mixed with extra virgin
olive oil and subjected to the whole analysis procedure, starting
with the bromination of glycidyl esters, followed by acid transes-
terification and finally derivatisation. The derivatives were at the
end extracted into isooctane and analysed by GC-MS. The calibra-
tion curves were obtained by plotting the signal ratios of the PBA
derivatives of the native analytes and the PBA derivatives of the cor-
responding labelled standards on the abscissa, against the amounts
of native analytes (expressed in ng of free 3-MCPD, free 2-MCPD,
or glycidol equivalents, respectively) added into the test tube prior
to derivatisation. The calibration functions were defined for each
analyte by linear regression.

The concentration of the esterified form of analytes in the ana-
lysed fat/test portion was expressed in wg kg~! according to Eq.

(2).

( Anative 7b)

Alabelled

Xnative = 2
Wsample/fat

(2)

Xnative 1S the concentration of native analytes (in wg kg~1) in the
analysed fat/test sample.

Aqative 1S the area of the native analyte peak of the test sample

Alabelied 1 the area of the corresponding stable isotope labelled
analyte peak

a is the slope of the calibration function

b is the intercept of the calibration function

Wisample/far : @) for food matrices with total fat content > 5% (w/w):
weight of the extracted fat used for further analysis, or b) In cases
where the expected labelled total fat content of the test sample was
below or equal to 5% (weight/weight): weight of test portion; (both
values in g)

Eq. (2) provides for test samples with total fat content levels
above 5% (w/w) the result on fat basis. They were then con-
verted into the analyte content value expressed on product basis
(ngkg1) using the determined fat contents according to Eq. (3):
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5 g finely ground and < 5% fat
homogenized sample

4
> 5% fat
¥ Addition of internal standards

Pressurized liquid
extraction with TBME

Y

> 5% fat < 5% fat
Evaporation of TBME

A 4
100 + 5 mg extracted
=0 Whole residue

|

Addition of internal
standards

A\ 4

v

GE conversion to
monobromopropane
diol esters

|

Extraction of esters Discard aqueous
into n-hexane phase

|

Acidic
transesterification

|

Extraction with Discard organic
n-hexane phase

}

Extraction of released MCPD and MBPD
from aqueous phase into ethyl acetate

}

- - Evaporation of solvent and
Derivatisation with P . . -
disolution of residue in
PBA K
isooctane

|

Measurement by GC-MS

Fig. 1. Analytical scheme for the determination of 3-MCPD esters, 2-MCPD esters and GEs in food.

This approach had the benefit of providing simultaneously results

Xnative: iS the concentration of native analytes (in g kg=1) in
on fat basis and on product basis.

the analysed fat/test sample.
F Fextracted; Amount of fat extracted from the test portion (ing)
extracted

Cp = Xnative * (3) Wiample; Weight of the test portion (ing)

Wsample

C]p concentration of the native compound in the sample (in pg
kg™)
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Fig. 2. Comparison of different extraction protocols based on Pressurized Liquid Extraction (PLE) technique for complete fat recovery from a waffle sample (expressed in
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Fat extraction n-hexane
at 100°C

Fat extraction n-hexane
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Fig. 3. Analyte content measured in extracts (expressed in pgg" on fat basis) obtained from a Belgian waffle sample with different extraction protocols.

3. Results and discussion
3.1. Optimization of the extraction procedure

The extraction of both fat and analytes from food samples by
means of PLE was investigated and optimized. The optimization of
the extraction procedure included the type of organic solvent and
the extraction temperature. The setting of extraction parameters
was based on previous studies [2,7,33] and experiences made in
other areas, which also require the extraction of fat from food. The
standard fat extraction method according to Weibull-Stoldt was
avoided due to the harsh conditions, leading potentially to artefact
formation.

Fig. 2 depicts the fat extraction yields from a Belgian waffle
sample for the studied extraction protocols. This sample was char-
acterised by a labelled fat content of 22.2 g fat per 100 g product.
According to the results, all different extraction solvents provided
extraction yields agreeing with each other within 10% and with the

labelled total fat content within 5%. The extraction with t-BME/n-
heptane resulted in exceeding the labelled total fat content by 8.3%
to 17.9%. This bias in the fat determination might be attributed to
incomplete evaporation of n-heptane, which is difficult to evapo-
rate at moderate evaporation conditions (40 °C). Furthermore, the
analyte contents were determined in the extracts obtained with
the different extraction protocols. Results were expressed both on
fat (Fig. 3) and on product basis (Fig. 4). All experiments were
conducted in triplicate. The outcome indicates a high degree of
comparability of results under the applied extraction conditions.
Fat extractions experiments were also performed with other
food matrices in order to assess a potential matrix dependency.
Fig. S1 illustrates the extraction efficiency obtained with three dif-
ferent extraction protocols (n-hexane at 100 °C, t-BME at 40 °C and
a mixture of petroleum ether/iso-hexane/acetone (P/I/A) at 125°C)
for fish, potato crisps, and muffins. The fat extractions gave com-
parable results for muffins and potato crisps. A slight difference
was experienced for the smoked fish sample, for which the extrac-
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Fig. 4. Analyte content measured in extracts (expressed in pgg~' on product basis) obtained from a Belgian waffle sample with different extraction protocols.

tion procedure proposed by BfR (P/I/A at 125°C) gave about 10%
higher extraction yields compared to the extraction with t-BME at
low temperature and with n-hexane at 100 °C. Even though tem-
perature is assumed to have an influence on both the kinetics and
the thermodynamics of most extraction processes [40], the overall
results suggested that the calculated fat content was not influenced
within the studied temperature ranges. Moreover, the use of ace-
tone in the BfR protocol has the disadvantages of co-extracting the
free forms of MCPD from samples leading to overestimation of the
results, and of extracting traces of water from samples affecting the
extraction efficiency of the analytes. Manirakiza et al. [40] studied
the influence of the extraction method on the determination of total
lipids from different food samples with a mixture of n-hexane and
acetone (4:1). They identified hot solvent extraction as most suit-
able for the determination of total lipids from foods. However, this
mix had the disadvantage of co-extracting water from wet sam-
ples. Therefore, it was decided to perform the extraction with 100%
t-BME in two extraction cycles at a low temperature of 40°C in
order to prevent any undesirable artefact formation [17]. In addi-
tion, t-BME has proven to be sufficiently immiscible with water,
hence after extraction no extra partition step was required. The
average extraction efficiency of 52 extractions for the QC waffle
sample, conducted over a period of 6 months was 1.092+0.051¢g
fat/5 g sample, which corresponds to 98.4 + 4.6% of the labelled fat
content. Finally, the average extraction efficiency for all the 650
different food samples analysed in the current monitoring program
and submitted to EFSA was 97 + 10% of the labelled total fat con-
tent. These samples comprised fine bakery wares, smoked fish and
meat products, fried and roasted meat, potato-based snacks and
fried potato products and cereal-based snacks

Finally, extraction experiments using PLE with 100% of t-BME as
extraction solvent at 40°C were performed in triplicate for seven
different food products (smoked fish, potato chips, waffles, corn
flakes, smoked meat, biscuits and margarine). The powdered food
samples were spiked with a mixture of native and labelled MCPDEs
and GEs in toluene, and left to equilibrate for 1h in a fume cup-
board. As can be seen in Table 3, satisfactory mean recoveries were
obtained. They ranged for all the studied analytes between 82 % and
114 % (Table 3). The, compared to the other matrices, lower ana-
lyte recoveries observed for the corn flakes sample are explained by
the low accuracy of the determination of the fat content in this food
item, which is used for transforming results from fat basis to prod-
uct basis. The deficiency of accuracy in the determination of low
fat contents has for the proposed analytical procedure its origin in

the weighing of small amounts of fat in a large evaporation flasks.
Transfer of the extract from the large into smaller evaporation ves-
sels was avoided for the sake of sample throughput. However, the
effect of potential bias in the determination of low amounts of fat
was avoided by modifying the extraction procedure for test samples
with expected total fat contents < 5 %.

3.2. Method validation

The specificity of the method was assessed by conducting repli-
cate analyses at various analyte content levels and with various
compositions of spiked and blank edible oil samples which were
subjected to the whole analysis procedure. Sufficient separation
was achieved for the PBA derivatives of both 3-MCPD and 2-MCPD
with the applied conditions. However, the analysis of 3-MBPD
derivatives was more difficult and initial experiments showed that
the signal at m/z 146 was less affected by interferences than the
more abundant m/z 147. To ensure correct peak identification, at
least one m/z was selected as qualifier ion based on the principle
of the highest relative abundance. Attention was given to poten-
tial matrix interferences in the evaluation of the chromatograms.
Chromatographic performance remained for all analytes accept-
able in terms of peak resolution over the whole study period, which
comprised the analysis of about 650 test samples. In addition, ion
abundance ratios of target and qualifier ion peaks remained sta-
ble despite the number and composition of the samples analyzed
in this study. With the exception of 3-MBPD, the selected ions for
the PBA derivatives are in accordance with those reported by AOCS
methods [29-31].

Nine calibration levels, as described in Section 2.7, covered
the concentration range between 20pugkg'and 1850 wgkg!
expressed on fat basis. To avoid heteroscedasticity, the calibration
range was split into two parts. The lower part, which was applica-
ble to most of the analysed food samples, covered the range from
20 pgkg! to 750 wg kg1, whereas a second calibration curve was
set up for the range between 600 g kg~ to 1850 g kg~ .Linearity
of the instrument responses was evaluated for each section based
on visual inspection of the residuals of the linear regression curves
and via Mandel tests. The obtained correlation coefficients were
greater than 0.999.

As the analytical method had to be fit for the generation of
reliable data at low content levels emphasis was given to the assess-
ment of the lower limits at which analytes can be detected. In the
current study, limits of detection (LODs) and limits of quantifica-
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Fig. 5. Shewhart charts for the determination of (a) 3-MCPDEs (b) 2-MCPDEs and (c) GEs in the waffles QC sample over a period of six months.

tion (LOQs) were estimated via the standard deviation of ten spiked
extra virgin olive oil samples corresponding to the lowest point
of the calibration curve. The samples were processed applying the
whole analytical procedure. Homoscedasticity was assumed for the
content range between LOD and the spiking level, and the proba-

bilities of type I and type Il errors (o and 8 errors) were set to 0.05.
The LOD and LOQ of each analyte were calculated based on the DIN
standard 32645:2008-11 [41] according to Eqgs. (4) and (5), respec-
tively. The factors 3.86 and 7.2 take into account the number of
experiments and the chosen error probabilities.
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Table 3

Mean recovery of labelled fat content (n=6) and the target compounds (n=3) from different food matrices. Analyte recoveries are expressed on fat basis. RSD values are

given within parentheses.

Smoked fish Waffles Potato chips Corn flakes Smoked meat Biscuits Margarine
Labelled fat content 19g/100g 22g/100g 33g/100g 3g/100g 15g/100g 21g/100g 40g/100g
Fat recovery (%)(six replicates) 101 (1) 99(1) 90 (1) 41 (16) 95 (4) 98 (1) 106 (6)
Compound Average Recoveries (%)
3-MCPD from esters 99 (3) 98 (2) 101 (2) 83(2) 98 (4) 98 (5) 102 (5)
2-MCPD from esters 97 (6) 100 (1) 99 (1) 82(1) 92 (4) 99 (4) 114 (12)
3-MBPD from GEs 103 (8) 97 (2) 109 (8) 86(2) 90 (5) 95 (9) 97 (16)

Table 4 Table 5

Limits of detection (LOD) and quantification (LOQ) of MCPD esters and glycidyl esters
(prgkg! expressed in fat basis).

Compound LOD pgkg ! fat LOQ pgkg ! fat
3-MCPD from esters 7 13
2-MCPD from esters 8 15
3-MBPD from GEs 17 31

Eq. (4) was used for the estimation of LOD

Sy, B
b

X1op: content level of LOD

sy,p: standard deviation of the peak area of pseudo-blanks
b: slope of calibration curve

whereas Equation (5) was applied for LOQ

Xiop = 3.86 x

(4)

sy, B
. (5)

Xiop = 7.2 x

X10q: content level of LOQ

sy,p: standard deviation of the peak area of pseudo-blanks

b: slope of calibration curve

LODs and LOQs were far below the levels set in Commis-
sion Recommendation 2014/661/EU with levels ranging from 7 to
17 pgkg~! and from 13 to 31 wgkg~! in fat (Table 4), respectively
[1]. Considering the ration of fat content and sample weight, the
LODs and LOQs in the current study were significantly lower than
those previously obtained by other methods including the AOCS
methods [29-31].

3.3. Method performance

The application of quality control measures is necessary to iden-
tify changes in performance of the analytical system at an early
stage, and to demonstrate the stability of the measurements. Sev-
eral parameters were considered in the setup of quality control
measures.

With each batch of 10 samples, two blank samples were pre-
pared to identify interferences, carry-over etc, which might lead to
false positive results. The analyte content of the blank extra virgin
olive oil was below the LOD, whereas quantifiable amounts of the
analytes were not detected in any of the total 108 replicates.

In addition to that, one duplicate analysis of arandomly selected
test sample was carried out from each set of 12 test samples, in
order to evaluate repeatability of analysis. Moreover, data were
recorded from two extra virgin olive oil samples that were spiked
for evaluation of recovery with known amounts of the analytes.
Results for the spiked samples as well as for QC samples were
plotted on Shewhart charts. Due to the absence of long term per-
formance data, the target standard deviation for setting warning
limits and action limits were initially derived from requirements
set for the determination of free 3-MCPD in soya sauce and hydrol-
ysed vegetable protein according to the modified Horwitz equation
(Commission Regulation (EC) No 1881/2006). However, the anal-
ysis results, obtained after the analysis of the first twenty QC

Precision levels specified in Commission Regulation (EC) No 836/2011 for the deter-
mination of free 3-MCPD and precision levels applied for calculating threshold levels
for QC.

Content level Precision derived Relative
from modified precision applied
Horwitz equation for QC

<120 pgkg! 22% 11.0%

130 pgkg™! 21.6% 10.8%

250 pgkg! 19.6% 9.8%

750 pgkg! 16.6% 8.3%

samples, allowed lowering the thresholds to half of the original
values (Table 5). The warning limits equalled the reference value,
which was either represented by the spiked amount of analyte,
respectively the mean of 52 and 13 replicate analyses of the waffle
and potato chips QC samples, plus/minus two times the target stan-
dard deviations, whereas the action limits were formed with three
times the target standard deviations. Content values were given in
all charts based on the weight of the whole food.

Intermediate precision could be derived a posteriori from the
analysis results of the commercial Belgian waffle sample which was
analysed 52 times over a period of six months. From the analytical
point of view, this sample was regarded as a difficult matrix since
it contained palm oil, coconut oil, rapeseed oil, eggs, butter, flower,
sugar, yeast, salt, water and soy lecithin. Next to naturally incurred
analytes, at relevant content levels, it incorporated also substances
that were expected to potentially impact reliability of results, such
as lecithin that could negatively affect the extraction of fat or of
the analytes. However, the established QC charts for the determi-
nation of the analytes in the waffles QC sample demonstrated that
the variability of analytical results was low. The achieved interme-
diate precision relative standard deviations for the determination
of 3-MCPDEs and 2-MCPDEs were 5% and 4% respectively, which
are significantly below the 7.5% relative standard deviation used
for setting the control limits (Table 5). Intermediate precision data
are summarised for the different QC samples in Table 6. Conse-
quently, the analytical procedure was considered robust for this
sample. It could also be proven that the concentration levels of both
3-MCPDEs and 2-MCPDEs (Fig. 5) were stable in this matrix over
the period of the project. However, the GEs content expressed as
glycidol showed a negative trend from initially about 135 pgkg!
to 105 wg kg1, indicating that these analytes were not stable over
a period of four months (Fig. 5). In contrast, results of the potato
crisps sample, which was analysed 13 times over the first six weeks
of the project indicated stability of this matrix over this short period
(Fig. 6).

The trueness of the method was assessed by spiking blank extra
virgin olive oil samples with MCPD esters and GEs at two concentra-
tionlevels, 55 wgkg~—! and 737 pg kg1, respectively. These samples
were analysed 64 and 48 times over the period of the project.
Results obtained for these QC samples did not indicate significant
bias (Fig. S2, S3 and S4).
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Table 6
Intermediate precision estimates derived from the analysis of different QC samples.

Matrix (number of replicates) Spiked oil (low level) (n=64)

Spiked oil (high level) (n=48)

Waffles (n=52) Potato crisps (n=13)

%(ngkg ') %(ngkg ') % (ngkg ') % (ngkg ')
3-MCPD from esters 10.6% (55) 3.7%(737) 4.6%(250) 9.1%(78)
2-MCPD from esters 5.6% (53) 4.0% (756) 4.0%(132) 8.6% (47)
3-MBPD from glycidyl esters 15.3% (55) 4.7% (720) instable 11.0% (74)

2 Values within brackets represent the analyte content expressed as free 3-MCPD, free 2-MCPD and glycidol. The results were expressed on whole weight basis.

3.4. Applicability of the method to real samples

The concentration levels of MCPDs and GEs were in a wide vari-
ety of tested food samples in the low microgram per kilogram range.
The highest levels of both 3-MCPDEs and GEs were found in mar-
garines followed by a potato crisps sample from sliced potatoes
and fine bakery wares such as cookies, fatty cake products and
puff pastries. A similar trend was observed for 2-MCPDEs with val-
ues ranging between 40 % and 60 % below those of 3-MCPD esters.
Trace levels of all the target compounds were found in smoked fish,
smoked meat products and fried roasted meat. In contrast, bread
and bread rolls as well as cereal based products contained mostly
very low/undetectable levels of MCPD esters and GEs. These find-
ings were expected due to the low fat content of these products.
The results also suggested higher concentrations in food commodi-
ties formulated with palm oil. Reporting of detailed analysis results
would go beyond the scope of this paper. However, it should be
stressed that all obtained analytical results were provided to EFSA
for inclusion into the assessment of exposure of European citizen
to MCPD esters and glycidyl esters.

4. Conclusions

This manuscript describes the performance characteristics of
an analytical method for the simultaneous determination of fatty
acid esters of 3-MCPD, 2-MCPD and glycidol in a wide variety
of food matrices. The proposed analytical scheme proved to be
efficient and robust. The design of the method allows its implemen-
tation in routine food control laboratories. Complete fat extraction
and sufficient isolation of all the target compounds was achieved
using t-BME as extractant at a moderate temperature of 40 °C. The
obtained data confirmed compliance of method performance with
performance specifications set by the European Commission. Fur-
thermore, results for quality control samples indicated absence of
significant bias and stability of performance over time.
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