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Abstract
This study evaluates the content and formation of free and bound monochloropropanediol (MCPD) and bound glycidol 
(GE) in fine bakery wares from the German market. The analytical screening revealed, that free 3-MCPD can be quantified 
in products with low water and fat content, which are produced using high baking temperatures. Concentrations resulted to 
be 10.0 µg/kg (wafers), 14.1 µg/kg (crispbread) and 22.8 µg/kg (rusk) and are thus judged to be of minor significance when 
it comes to a potential introduction of a combined maximum level for free and bound species. As exception, considerable 
amounts of free 3-MCPD (maximum level of 265.4 µg/kg) were only quantified in cinnamon stars containing glycerine as 
additive. As expected, MCPDE were only quantified in products produced with refined vegetable oil (short bread, puff pastry, 
caramel biscuits, speculoos, cake, wafers, wholemeal biscuits and rusk). GE levels have already been significantly reduced 
compared to former studies, one cake showed a maximum content of 127.8 µg/kg. A model baking trial using 13C-3-MCPDE 
spiked butter as fat component in shortbread confirmed that free 3-MCPD and 2-MCPD, 3-MCPDE, 2-MCPDE or GE are 
not endogenously formed in marketable browned biscuits. A thermal or lipase-catalysed release of free 3-MCPD from its 
fatty acid esters can be excluded.
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Introduction

As an undesired foodborne toxicant, 3-monochloropropane-
1,2-diol (3-MCPD) belongs to the class of chloropropanols 
and can on one hand occur as fatty acid ester (3-MCPDE) in 
various refined edible fats and oils and, on the other hand, 
is commonly found in its free form in a wide range of foods 
like coffee, cereals, roasted fish and meat [1]. Such food-
borne toxicants may enter into finished foods in two different 
ways: “Exogenously” as a carry-over from ingredients and 
commodities or “endogenously” by formation during manu-
facturing processes applying high temperatures.

The presence of 3-MCPDE in fats and oils, as well as 
different food stuffs (e.g., salty crackers or fried potatoes) 
was first reported in 2004 [2], respectively, 2006 [3]. Today 
it is well known that 3-MCPDE, the fatty acid esters of 

the isomeric 2-monochloropropane-1,3-diol (2-MCPDE) 
and glycidyl esters (GE) will be formed during fat refin-
ing. Toxicological studies have shown that during digestion 
3-MCPDE is completely converted into free 3-MCPD [4] 
and similarly, an almost complete release of glycidol from 
GE occurs during digestion, too [5]. Toxicological evalua-
tion is, therefore, only based on their free forms. The Inter-
national Agency for Research on Cancer (IARC) classified 
free 3-MCPD as a potential carcinogen for humans (category 
2B) and the European Food Safety Authority (EFSA) pub-
lished a tolerable daily intake (TDI) of 2 µg/kg bodyweight 
based on its updated risk assessment in the year 2018 [6, 
7]. Glycidol is classified as a genotoxic carcinogen of cat-
egory 2A by IARC [8] and due to its genotoxicity, for GE 
no TDI can be established. The Regulation (EU) 2018/290 
sets maximum levels for GE in infant formulae and edible 
vegetable oils and fats. Accordingly, vegetable oils and fats 
should contain a maximum of 1000 μg/kg fat GE. Vegetable 
oils and fats used in the manufacture of foods for infants and 
young children are considered separately [9]. The currently 
discussed combined maximum levels for free and bound 
3-MCPD for vegetable oils and fats are planned to be set for 
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two categories. For unrefined oils, refined oils and fats from 
coconut, maize, rapeseed and olive (except olive pomace 
oil), sunflower, soybean and palm kernel, a maximum level 
of 1250 µg/kg fat is under discussion. Other refined vegeta-
ble oils, fish oil and oils of other marine organisms shall not 
exceed a maximum value of 2500 µg/kg fat [10].

The formation mechanisms of the three groups [free 
MCPD (2- and 3-MCPD), MCPDE (2- and 3-MCPDE) and 
GE] must be clearly distinguished. As pointed out above, 
the formation of 3-MCPDE and 2-MCPDE can be attributed 
to the refining of fats or oils, especially to the deodorisa-
tion, where undesirable substances are removed by steam 
distillation at 200–270 °C [3, 11]. Virgin, vegetable edible 
oils are, therefore, contaminated either not at all or only 
slightly by 3-MCPDE and 2-MCPDE. In general, MCPDEs 
are formed by the reaction of acylglycerols with naturally 
occurring or added chloride ions. Oil fruits, e.g., palm fruits, 
contain organic or inorganic chlorine compounds, which are 
decomposed at temperatures above 180 °C and release the 
necessary chloride ions [12]. Three mechanisms are cur-
rently proposed for the formation of MCPDE from acyl-
glycerols: (1) by direct nucleophilic substitution in a SN2 
reaction, (2) in a two-step process involving formation of 
an intermediate acyloxonium ion that is subsequently ring-
opened by chloride or (3) via GE as an intermediate [13, 
14]. The endogenous formation of free MCPD can occur via 
three different pathways: acid hydrolysis, enzymatic release 
from MCPDE and as a consequence of thermal treatment 
[13]. In the case of acid hydrolysis, such as the production 
of hydrolysed vegetable protein (HVP), glycerine, acylglyc-
erols and phospholipids react with added hydrochloric acid. 
First MCPDE is formed and further hydrolysed into MCPD 
[14]. Furthermore, an enzymatic release of free MCPD from 
its fatty acid esters is possible, this cleavage can be traced 
back to a lipase-catalysed hydrolysis during the production 
[13, 15]. Lipases are often used to improve dough proper-
ties by releasing monoacylglycerols (MAG), diacylglycer-
ols (DAG) and free fatty acids (FFA) from triacylglycer-
oles (TAG) [16, 17]. Glycerine has been identified to be an 
important precursor of MCPD [18]. Glycerine can be added 
to food as an intentional additive. According to Regulation 
(EC) No 1331/2008, its use in foodstuffs is generally permit-
ted Quantum satis [19]. Glycerine can also be formed as a 
by-product of yeast fermentation [20]. The reaction of glyc-
erine to free MCPD takes place either via the intermediate 
glycidol or via direct nucleophilic substitution (SN2) [14].

High temperatures are usually the most important factor 
in the formation of GE, which are also built to a significant 
extent during deodorisation of oils. DAGs were identified 
as the main precursors for GE formation: lipase-catalysed 
hydrolysis during ripening, harvest and transport of oil fruits 
might leads to sufficient DAG contents in vegetable oils. 
In particular, vegetable oils and fats have a high 1,2-DAG 

content, since TAG lipase has a specificity for the sn-1 and 
sn-3 position of TAG [21]. An intramolecular rearrangement 
followed by elimination of a fatty acid moiety forms GE 
above 230 °C [22–24].

Because of their formation, pathways MCPDE and GE 
are widespread in all refined vegetable oils and fats to a 
different extent, and will thus be transferred together with 
the ingredient into foods derived from them [1, 21]. For-
mer studies showed that levels of MCPDE and GE in potato 
crisps or fine bakery wares are almost exclusively caused 
by used frying or baking fats [25, 26]. The aim of the study 
was to give an overview of free and bound MCPD and bound 
glycidol in fine bakery wares from the German market and to 
find out, whether free MCPD is generated within the indus-
trial baking process. Additionally, a baking trial investigated 
the question, if free MCPD, MCPDE or GE are formed dur-
ing baking of model biscuits (marketable browned) and if 
a possible formation of free MCPD can be traced back to 
a lipase-catalysed hydrolyses or thermal release from fatty 
acid esters.

Materials and methods

Materials

All samples were provided by different German industrial 
manufacturers of fine bakery wares in the period from 
December 2018 to March 2019. Table 1 shows the details 
of the samples (in total 94). Where possible, semi-finished 

Table 1   Sample overview

Product No samples

Crispbread 10
Short bread 10
Butter biscuits 7
Puff pastry 3
Cinnamon stars 8
Gingerbread Elisen [29] 3
Russian bread 4
Wholemeal biscuits 4
Caramell biscuits 3
Speculoos 4
Brown gingerbread [29] 3
“Stollen” (loaf cake) 3
Rusk 9
Cake 6
Wafers 10
Sponge biscuit 4
Rice wafers 3
Total 94
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fine bakery wares were sourced. This was done to focus on 
the baking process only without the influence of fillings or 
coating etc. To cover the whole range of the relevant port-
folio, samples were completed with commercial products.

Preparation of short bread (model, laboratory scale)

For the model experiment, a short bread dough was pre-
pared using the recipe given in Table 2. Before mixing 
the dough, 42 g butter were spiked with 3-MCPD-1,2-bis-
palmitoylester-13C3 (13C-3-MCPDE) dissolved in toluene, 
pursuant to 2500 µg 3-MCPD per kg fat. The dough was 
mixed thoroughly with a household machine (Bosch MUM7 
CONCEPT 7300 Edition 50), rolled out to a thickness of 
5 mm and cookies with a diameter of 5.7 cm were prepared. 
The baking process was carried out in a laboratory oven 
(Heratherm OMH 100, Thermo Scientific) at three different 
temperatures 140 °C, 160 °C and 180 °C for 6, 12, 18, 24, 36 
and 72 min. Until further analysis, the cookies were stored 
deep frozen and thoroughly homogenised using a standard 
lab mill (Retsch Grindomix GM 200) before analysis.

Reagents and chemicals

3-MCPD, 3-MCPD-d5 and Phenylboronic acid (PBA) were 
purchased from Merck (Darmstadt, Germany), 2-MCPD 
was supplied by Santa Cruz Biotechnology (Heidelberg, 
Germany). 2-MCPD-d5, 3-MCPD-1,2-bis-palmitoylester-
d5, 3-MCPD-1,2-bis-palmitoylester, 2-MCPD-1,3-dipalmi-
toylester, 2-MCPD-1,3-dipalmitoylester-d5, glycidyloleat, 
glycidyloleat-d5 and 3-MCPD-1,2-bis-palmitoylester-13C3 
were purchased from Toronto Research Chemicals (Toronto, 
Canada). All solvents, gases and reagents were of analytical 
grade.

Analysis of free MCPD, MCPDE and GE

Quantification of free MCPD, MCPDE and GE was car-
ried out according to the AOAC official method 2018.12 
(first action) with minor adaptions regarding the sample 
matrix [27]. In brief, the homogenised samples (2 g) were 

weighed in screw-cap vials, spiked with the two mixtures 
of internal standards free 2-MCPD-d5 and 3-MCPD-
d5 (mixture 1: each 1 µg/mL in methanol, 100 µL) and 
3-MCPD-1,2-bis-palmitoylester-d5, 2-MCPD-1,3-dipalmi-
toylester-d5 and glycidyloleat-d5 (mixture 2: pursuant to 
5 µg/mL free 2-MCPD and glycidol equivalent and 10 µg/
mL free 3-MCPD equivalent in toluene, 200 µL).

The Heat-Ultrasonic-Pressure-supported Solvent 
Extraction (HUPsSE) described by Kuhlmann allows the 
extraction of free and bound MCPD and glycidol, cover-
ing the range of polarity using methanol and tert-butyl-
methyl-ether (tBME) [27]. To perform this HUPsSE, 5 mL 
methanol were added to each sample and the samples were 
extracted in an ultrasonic bath for 15 min at a starting tem-
perature of 65 °C. After centrifugation, each supernatant 
was transferred into a new screw-cap vial and concentrated 
under nitrogen stream at 70 °C. The remaining residue 
was extracted a second time in the same way, using 5 mL 
methanol/tBME (1:1, v:v) instead. The resulting second 
supernatant was combined with the first one and further 
concentrated in the nitrogen stream. The insoluble residue 
was extracted once more with 5 mL tBME and again the 
corresponding supernatants were combined and concen-
trated in the nitrogen stream until dryness. Subsequently, 
4 mL saturated sodium sulphate solution were added to the 
extracted and dried residue. The separation of the polar 
and non-polar phase was carried out by a double liquid/
liquid extraction using twice 2.5 mL iso-hexane/tBME 
(4:1, v:v). In the following, the two obtained fractions are 
analysed separately.

After washing the polar phase (containing free MCPD) 
twice with 2.5 mL iso-hexane/tBME (4:1, v:v), each sample 
was extracted three times with 2 mL diethyl ether followed 
by the addition of phenylboronic acid (approx. 5 mg/mL in 
diethyl ether, 100 µL) to the combined organic extracts of 
each assay. Afterwards, the assays were evaporated to dry-
ness (stream of nitrogen at 40–50 °C) and redissolved in 
iso-octane (300 µL).

After evaporating the non-polar phase (containing 
MCPDE and GE) under a stream of nitrogen at 43 °C, the 
residue was completely dissolved in 3 mL tBME. Subse-
quently, methanolic sodium hydroxid (0.6 g/100 mL in meth-
anol, 1.4 mL, stored at − 25 °C) was added to each aliquot 
and a gentle ester cleavage was carried out at − 25 °C within 
16 h. The reaction was terminated by addition of cooled 
(− 25 °C) acidified sodium bromide solution (ortho-phos-
phoric acid, 600 g/L, 2.4 mL). After removing the organic 
phase under nitrogen (43 °C), the samples were washed 
with iso-hexane (2 × 2.5 mL) and the remaining aqueous 
phase was extracted with diethyl ether (3 × 2 mL) followed 
by the addition of phenylboronic acid (approx. 5 mg/mL 
in diethyl ether, 100 µL) to the combined organic extracts 
of each assay. Afterwards, the assays were evaporated to 

Table 2   Recipe of model biscuits (short bread)

Ingredient Weight [g]

Wheat flour (type 405) 203.0
Sugar 66.5
13C-3-MCPDE spiked butter 42.0
Water 35.0
Salt 1.4
Sodium bicarbonate 1.0
Citric acid 0.4
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dryness (stream of nitrogen at 40–50 °C) and redissolved in 
iso-octane (300 µL).

GC–MS analysis was carried out using an Agilent 7890A 
gas chromatograph equipped with an Agilent S/SL-injector 
coupled to an Agilent 5975C mass selective detector. Chro-
matographic separation was achieved using a Phenomenex 
ZB-50® column (50% phenyl-50% dimethylpolysiloxane: 
30 m, id: 0.25 mm, film thickness: 0.25 µm) with 2.5 m pre-
column: Rxi-5MS® (5% phenyl-95% dimethylpolysiloxane 
30 m, id: 0.32 mm, film thickness: 0.25 µm) with helium as 
the carrier gas (1.2 mL/min). Samples (1 µL) were injected 
in pulsed splitless mode with an injection pulse pressure 
of 25 psi. The following temperature program was used: 
60 °C for 1 min, 6 °C/min to 190 °C, 30 °C/min to 280 °C, 
isothermal 10 min. MS conditions were as follows: transfer 
line 280 °C, electron ionisation mode at 70 eV, ion source 
temperature 230 °C, quadrupole temperature 150 °C.

Our single laboratory validation showed a comparable 
method performance to the data given in the official method 
[27] and meets the legal requirements of the Commission 
Implementing Regulation (EU) 2019/2093 [28]. With the 
instrumentation used, the method achieved a limit of detec-
tion (LOD) of 3 µg/kg and a limit of quantification (LOQ) 
of 5 µg/kg for free MCPD. MCPDE and GE were detect-
able above 6 µg/kg (LOD) and quantifiable above 10 µg/
kg (LOQ).

Analysis of acrylamide

The analysis of acrylamide was carried out according to the 
published method of Raters and Matissek 2018 [29].

Analysis of colour value (L‑value)

To obtain comparable baking (browning) results, the col-
our value (L-value) of each biscuit was determined using a 
Chroma-Meter CR-300 (Minolta).

Results and discussion

Free MCPD in fine bakery wares

To evaluate levels of free MCPD in fine bakery wares, all 
samples listed in Table 1 were examined. Table 3 shows the 
results obtained in detail, Fig. 1 illustrates the results of free 
MCPD: Neither free 3-MCPD nor 2-MCPD were detected 
in butter biscuits, puff pastry, russian bread, wholemeal bis-
cuits, caramel biscuits, “stollen” (loaf cake), cake or rice 
wafers. Detectable levels could be determined in nine differ-
ent categories. Short bread, gingerbread Elisen [30], specu-
loos, brown gingerbread [30] and sponge biscuit showed 
levels close above LOQ (5 µg/kg).

Cinnamon stars (n = 8) showed unexpectedly high 
amounts of free 3-MCPD (max. 265.4 µg/kg) and even free 
2-MCPD was quantified in significant levels (max. 142.8 µg/
kg). Those results were substantial higher compared to free 
MCPD levels in the other categories. The observed ratio 
of 3-MCPD: 2-MCPD was 1.8–2.0, which is significantly 
lower than reported in other studies (3-MCPD:2-MCPD, 
3:1) [20]. Based on the recipes, it was possible to distinguish 
between products with (n = 3) and without (n = 5) glycerine. 
These cinnamon stars containing glycerine (according to 

Table 3   Level of MCPD in fine bakery ware samples (median, min–max) (µg/kg)

Product n n > LOQ 3-MCPD 2-MCPD

Crispbread xmed (min–max) 10 5  < LOQ (< LOD–14.1) < LOD (< LOD– < LOD)
Short bread xmed (min–max) 10 1 < LOD (< LOD–6.8) < LOD (< LOD– < LOD)
Butter biscuits xmed (min–max) 7 0 < LOD (< LOD– < LOD) < LOD (< LOD– < LOD)
Puff pastry xmed (min–max) 3 0 < LOD (< LOD– < LOQ) < LOD (< LOD– < LOD)
Cinnamon stars xmed (min–max) 8 3 < LOQ (< LOD–265.4) < LOD (< LOD–142.8)
Gingerbread Elisen xmed (min–max) 3 1 < LOQ (< LOD–9.7)  < LOD (< LOD– < LOD)
Russian bread xmed (min–max) 4 0 < LOD (< LOD– < LOD)  < LOD (< LOD– < LOD)
Wholemeal biscuits xmed (min–max) 4 0 < LOD (< LOD– < LOQ) < LOD (< LOD– < LOD)
Caramell biscuits xmed (min–max) 3 0 < LOD (< LOD– < LOQ) < LOD (< LOD– < LOQ)
Speculoos xmed (min–max) 4 1 < LOQ (< LOD–6.3) < LOD (< LOD– < LOD)
Brown gingerbread xmed (min–max) 3 1 < LOD (< LOD– < 7.3) < LOD (< LOD– < LOQ)
“Stollen” (loaf cake) xmed (min–max) 3 0 < LOQ (< LOQ– < LOQ) < LOD (< LOD– < LOD)
Rusk xmed (min–max) 9 8 10.8 (< LOD–22.6) < LOD (< LOD– < LOQ)
Cake xmed (min–max) 6 0 < LOD (< LOD– < LOD) < LOD (< LOD– < LOD)
Wafers xmed (min–max) 10 4 < LOQ (< LOD– < 10.0) < LOD (< LOD– < LOD)
Sponge biscuit xmed (min–max) 4 1 < LOD (< LOD–5.3) < LOD (< LOD– < LOD)
Rice wafers xmed (min–max) 3 0 < LOD (< LOD– < LOD) < LOD (< LOD– < LOD)
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manufacturer’s specification approx. 2%) all showed quanti-
fiable levels of free 3-MCPD and 2-MCPD, in glycerine free 
products, free MCPD was not detectable. It is well known 
that glycerine functions as a main precursor within the for-
mation of free MCPD [18]. As described above, the reaction 
of glycerine to MCPD takes place either via the intermediate 
glycidol or via direct nucleophilic substitution (SN2). SN2 
leads to a higher yield of 3-MCPD compared to 2-MCPD, 
which leads to a deviant ratio of 3-MCPD:2-MCPD of 2:1.
[14]. In this context, increased levels can be explained and 
traced back to a formation via direct nucleophilic substitu-
tion (SN2). The formation of free MCPD can be avoided, 
e.g., using alternative additives.

Significant amounts of free 3-MCPD were found in three 
categories: rusk, crispbread and wafers. Eight of nine ana-
lysed rusk samples showed results in the range of < LOD 
(3 µg/kg) and 22.6 µg/kg, with a median at 10.8 µg/kg. Two 
consecutive baking steps and low water as well as fat con-
tents are characteristics of rusks. This high thermal input 
and the recipe-based use of yeasts as raising agent can be a 
possible explanation for the endogenous formation of free 
3-MCPD. The main precursor glycerine can be formed as 
a by-product of yeast fermentation and thus promote the 
formation of free 3-MCPD.

The free 3-MCPD levels found in crispbread were slightly 
lower, five of ten samples showed measureable results, all 
ranging between < LOD (3 µg/kg) and 14.1 µg/kg, with a 
calculated median < LOQ (5 µg/kg). Crispbread is charac-
terised by application of a high thermal load and also a low 
water and fat content. In contrast to most of the other fine 
bakery wares, the salt content of crispbread can be much 
higher (product dependent between approx. 1.3–3.0%). The 

use of yeast can vary; most crispbreads out of this study 
were produced without yeast, except that with the highest 
level of free 3-MCPD.

Four out of ten analysed wafer samples showed quantifi-
able results. The levels of free 3-MCPD ranged from < LOQ 
(5 µg/kg) to 10.0 µg/kg, with a median < 5 µg/kg (LOQ). 
Wafers are manufactured by applying high temperatures 
comparable to rusks and have a low water and fat content in 
the finished product leading to a potential for endogenous 
MCPD-formation.

Since in this part of the study, only dry and low-fat prod-
ucts showed quantifiable levels of free 3-MCPD, a release 
of 3-MCPD from its fatty acid esters as described by Sad-
owska-Rociek [13] as well as a lipase-catalysed formation 
are judged to be highly unlikely.

MCPDE and GE in fine bakery wares

Levels of fatty acid ester bound MCPD and glycidol were 
analysed in addition to the above-described results. Table 4 
summarises the results in detail. As expected from the reci-
pes, the contents of 2-MCPDE, 3-MCPDE and GE in butter 
biscuits, rice wafers, Russian bread and gingerbread Elisen 
were below LOD (6 µg/kg) in all cases. Usually, no tropical 
fats or even no additional fats are used in the production of 
these kinds of products. In contrast, all products produced 
with palm oil as ingredient (short bread, puff pastry, caramel 
biscuits, speculoos, cake, wafers, wholemeal biscuits and 
rusk) contain quantifiable results for 3-MCPDE and GE in 
varying amounts. Due to the typical ratio of 3-MCPDE to 
2-MCPDE, 2-MCPDE was quantified in fewer cases. It is 
noticeable that GE levels have already been significantly 
reduced compared to former studies [26]. This reduction 
can be attributed to the commencement of the maximum 
level for GE in vegetable fats and oils since 2018 [9]. In two 
cases, significantly higher 3-MCPDE levels were detected: 
a cake sample with 1208 µg/kg and a short bread sample 
with 1365 µg/kg. A correlation between free and bound 
3-MCPD could not be derived in both cases. It is obvious, 
that 3-MCPDE levels are depending on the types of fat used 
and their specifications as several fats can be mixed in one 
recipe.

Baking trial: laboratory scale

To verify above presented results, a baking trial (laboratory 
scale) was executed. For this purpose, a butter (spiked with 
13C-3-MCPDE) based shortbread dough was prepared and 
biscuits were cut out as described above. Spiking ensures 
a differentiation between thermally generated free MCPD 
(endogenous formation from ingredients), lipase-cata-
lysed release of free MCPD from MCPDE and thermally 
generated MCPDE. The analysis of acrylamide should be 

Fig. 1   Amounts of free 3-MCPD in analysed samples of fine bakery 
wares
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indicative for the increased thermal load. The biscuits were 
baked at six different times at 140 °C, 160 °C and 180 °C. 
Two biscuits were sampled at each time point and were ana-
lysed separately, results obtained as average.

Figure 2 displays the biscuits at several time points as 
overview. Marketable products with typical/similar degree 
of browning were obtained at 72 min at 140 °C, 24 min at 
160 °C or 12 min at 180°. Table 5 lists all results in an 
overview. 13C-3-MCPD levels were found below LOD (3 µg/
kg) at all control points and temperatures indicating that 
a release of 13C-3-MCPD from its ester has not occurred 
and can be excluded as formation mechanism. Similar find-
ings were published by Hamlet et al. [16] using a differ-
ent recipe based on baking fat [16]. As shown in Fig. 3, an 
endogenous formation of free 3-MCPD could be provoked 
in this model. Quantifiable results (> LOQ = 5 µg/kg) were 
obtained at 160 °C and 72 min baking time. At 180 °C, the 

levels of free 3-MCPD exceed the LOQ already after 24 min 
and reached a maximum value of 41.4 µg/kg at a maximal 
thermal load (72 min). The visual impression (see Fig. 2), 
supported by the level of acrylamide formed (up to 730 µg/
kg) leads to the conclusion, that an endogenous formation of 
free 3-MCPD is possible only with very high thermal input. 
Again, marketable biscuits with typical browning level do 
not show detectable levels of free 3-MCPD.  

In the same trial, an endogenous formation of 3-MCPDE, 
2-MCPDE and GE were also examined. Levels of GE 
were found in all cases below the LOQ (= 10 µg/kg) due 
to the ingredient butter. As expected, the applied tempera-
tures were not sufficient to form GE. A formation of GE 
is described above 230 °C [22]. Figure 4 lists all results 
for 3-MCPDE. Interestingly an endogenous formation of 
MCPDE could be enforced in the butter-based biscuit, attrib-
utable to 0.4% salt (see recipe in Table 2). This formation is 
likewise limited to model biscuits with the same increased 
thermal load. Quantifiable results (> LOQ = 10 µg/kg) were 
obtained at 160 °C and a baking time of 72 min. At an oven 
temperature of 180 °C, 3-MCPDE was measurable exceed-
ing the LOQ after 24 min (20.8 µg/kg). A maximal ther-
mal load (72 min, 180 °C) resulted in a 3-MCPDE content 
of 397.1 µg/kg. This model biscuit was the only sample in 
this baking trial showing 2-MCPDE (47.1 µg/kg). A for-
mer study of Mogol et al. showed comparable results [31], 
although the suggested removal of chloride is not necessary 
to minimise levels of MCPDE. Again, the following conclu-
sion can be drawn: Marketable biscuits with typical brown-
ing levels do not show quantifiable amounts of the fatty acid 
esters (3-MCPDE, 2-MCPDE or GE).

Table 4   Level of bound MCPD and glycidol in fine bakery ware samples (median, min–max) [µg/kg]

Product No samples 3-MCPDE 2-MCPDE GE

Crispbread xmed (min–max) 10 < LOD (< LOD–33.5)  < LOD (< LOD– < LOD)  < LOD (< LOD–14.0)
Short bread xmed (min–max) 10 424.8 (< LOD–1,365) 203,3 (< LOD–< 623.8) 57.7 (13.9–81.5)
Butter biscuits xmed (min–max) 7 < LOD (< LOD–LOQ) < LOD (< LOD–LOQ) < LOD (< LOD–LOQ)
Puff pastry xmed (min–max) 3 334.2 (18.8–437.8) 133.6 (67.4–135.0) 69.2 (61.7–79.3)
Cinnamon stars xmed (min–max) 8 < LOD (< LOD–34.9) < LOD (< LOD–18.5) < LOD (< LOD–51.2)
Gingerbread Elisen xmed (min–max) 3 < LOD (< LOD–LOD) < LOD (< LOD–LOD) < LOD (< LOD–LOQ)
Russian bread xmed (min–max) 4 < LOD (< LOD–LOD) < LOD (< LOD–LOD) < LOD (< LOD–LOD)
Wholemeal biscuits xmed (min–max) 4 52.7 (< LOD–95.7) 20.9 (< LOD–21.7) 30.5 (< LOD–41.7)
Caramell biscuits xmed (min–max) 3 397.4 (105.9–502.0) 158.6 (51.0–222.3) 37.5 (26.0–87.7)
Speculoos xmed (min–max) 4 659.0 (226.8–777.7) 338.2 (108.6–404.0) 20.6 (< LOQ–79.0)
Brown gingerbread xmed (min–max) 3 < LOD (< LOD–29.9) < LOD (< LOD–15.9) < LOD (< LOD–LOD)
Stollen “loaf cake” xmed (min–max) 3 < LOQ (< LOD–100.0) < LOD (< LOD–52.0) < LOQ (< LOD–37.2)
Rusk xmed (min–max) 9 35.6 (< LOQ–76.8) < LOQ (< LOD–31.6) 32.1 (< LOD–57.9)
Cake xmed (min–max) 6 37.5 (< LOD–1208) 15.2 (< LOD–546.0) 35.9 (< LOQ–127.8)
Wafers xmed (min–max) 10 17.6 (< LOD–229.9) < LOD (< LOD–112.0) < LOQ (< LOD–41.1)
Sponge xmed (min–max) 4 < LOQ (< LOD–22.4) < LOD (< LOD–11.0) < LOQ (< LOD–33.2)
Rice wafers xmed (min–max) 3 < LOD (< LOD–LOD) < LOD (< LOD–LOD) < LOD (< LOD–LOD)

Fig. 2   Development of browning over time at different temperatures
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Conclusion

This study provides an overview of free 3-MCPD, free 
2-MCPD, 3-MCPDE, 2-MCPDE and GE levels in fine 
bakery wares. In most categories, free 3-MCPD and 
2-MCPD were below LOD or LOQ, quantifiable amounts 

only reproducibly occurred in crisp bread, rusk or wafers. 
Common with these products are low water and fat con-
tents as well as high baking temperatures. A release of free 
3-MCPD from its esters can be excluded. Levels of endog-
enously formed free 3-MCPD are an order of magnitude 
below MCPDE brought in by added fats. Only glycerine 

Table 5   Level of free and 
bound MCPD species, GE and 
Acrylamide in biscuit from 
baking trial

0 min 6 min 12 min 18 min 24 min 36 min 72 min

140 °C
Free 3-MCPD [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Free 2-MCPD [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOD < LOD
13C-3-MCPD [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOD < LOD
3-MCPDE [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOD < LOD
2-MCPDE [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOD < LOD
GE [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Acrylamide [µg/kg] – 120 120 250 170 160 240

160 °C
Free 3-MCPD [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOQ 5.3
Free 2-MCPD [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOD < LOD
13C-3-MCPD [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOD < LOD
3-MCPDE [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOQ 24.1
2-MCPDE [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOD < LOD
GE [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Acrylamide [µg/kg] – 110 170 230 230 440 560

180 °C
Free 3-MCPD [µg/kg] < LOD < LOD < LOD < LOD 8.3 10.6 41.4
Free 2-MCPD [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOD < LOD
13C-3-MCPD [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOD < LOD
3-MCPDE [µg/kg] < < LOD < LOD < LOD < LOD 20.8 70.5 397.4
2-MCPDE [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOQ 47.1
GE [µg/kg] < LOD < LOD < LOD < LOD < LOD < LOD < LOD
Acrylamide [µg/kg] – 150 210 470 690 730 670

Fig. 3   Generation of free 
3-MCPD over time at differ-
ent temperatures. a–c link time 
points and browning level to 
marketable biscuit
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containing cinnamon stars showed unexpectedly high 
amounts of free 3-MCPD and 2-MCPD, as glycerine is a 
potential precursor within the formation of free MCPD. 
It can be used as an additive or formed as a by-product 
of yeast fermentation and thus promote the formation of 
free 3-MCPD.

The additionally performed baking trial revealed that free 
3-MCPD and 2-MCPD or 3-MCPDE, 2-MCPDE and GE are 
not endogenously formed in marketable browned biscuits. A 
thermal or lipase-catalyse release of free 3-MCPD from its 
fatty acid esters can be excluded in this case.
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