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Abstract In the present work, different foods including
banana, potato, cassava, onion, garlic, polenta, rice balls
and beef patties were investigated in relation to the possible
endogenous formation of 3-monochloropropane-1,2-diol
fatty acid esters (bound 3-MCPD) and carry-over of these
contaminants from the oil due to fat uptake during frying.
For that, the samples were fried in two different types of
oil and bound 3-MCPD was determined by using an indi-
rect method based on acid transesterification and gas chro-
matography coupled to mass spectrometry analysis. The
compounds were not detected in the fried foods when corn
oil containing non-significant levels of bound 3-MCPD
(<0.05 mg kg~!) was used, indicating no endogenous for-
mation during frying. On the other hand, when the same
foods were fried in palm oil containing 1.64 mg kg~! of
bound 3-MCPD, the mean concentrations ranged from 0.12
to 0.25 mg kg~!, indicating a clear carry-over of the con-
taminants. In this case, a good correlation was observed
between the levels of the compounds in fried samples and
water loss/fat uptake.
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Introduction

It has been known since 2006 that high concentrations of
3-monochloropropane-1,2-diol fatty acid esters (bound
3-MCPD) can be found in edible oils and fats, especially in
palm oil and derived products [1-4]. These compounds are
formed during the refining process when lipids react with
chlorides at high temperatures, such as those employed in
the deodorization step [5, 6]. Polar chlorinated compounds
have been found to be the main chloride donors [7], but the
identification of the most important lipid precursors still
remains a challenge. Acidity may also play an important
role contributing to the formation of bound 3-MCPD when
oil is heated at a high temperature [8].

Bound and free 3-MCPD are process contaminants and
their occurrence in the diet may represent a public health
concern. Free 3-MCPD, which can be released from these
esters by enzymatic hydrolysis in the gastrointestinal tract,
is classified as a possible human carcinogen (group 2B)
by the International Agency for Research on Cancer [9].
Moreover, its ability to induce nephrotoxicity and affect
male fertility is well-known and a provisional maximum
tolerable daily intake (PMTDI) of 2 ug kg~! body weight
(bw) was established by the Joint FAO/WHO Expert Com-
mittee on Food Additives considering kidney proximal
tubule hyperplasia in rats [10, 11]. Recently, the European
Food Safety Authority [12] derived a more conservative
tolerable daily intake (TDI) for 3-MCPD of 0.8 pg kg™'
bw and showed that the mean exposure to this contaminant
was above the TDI for several population groups, including
infants, toddlers, and other children.

Refined oils and fats are used in many processes and
food formulations and, as expected, some previous inves-
tigations showed that fried foods may also contain signifi-
cant levels of these compounds. In fried potato products,
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concentrations between 0.10 and 0.26 mg kg~' in French
fries and 0.10-2.20 mg kg~! in potato chips were already
reported [13, 14]. Levels below 0.60 mg kg~ were
observed in fish fried products (fish fingers and fried fish)
by other authors [15]. Arisseto et al. [16] evaluated 85
samples of commercial fried foods collected in the Brazil-
ian market and verified a high number of positive samples
(75%), with concentrations up to 0.99 mg kg~'.

The contamination of fried foods with bound 3-MCPD
has been mainly attributed to the use of contaminated oil
during frying [13, 17]. However, no comprehensive study
has been carried out so far to confirm this hypothesis. Only
a recent publication showed that no endogenous formation
of bound 3-MCPD occurred during frying of potato crisps
when using high-oleic sunflower oils under typical large-
scale frying conditions, which was attributed to the fact
that the thermal input during the industrial frying of potato
crisps (160-188 °C) is notably lower than temperatures
during deodorization (up to 270 °C) [18].

Since the consumption of fried foods may represent
an important route of human exposure to 3-MCPD [12],
the factors affecting their contamination should be better
understood in order to allow the development of appropri-
ate mitigation strategies to reduce dietary intake. In this
way, the objective of this work was to provide new insights
in relation to the contamination of fried foods by bound
3-MCPD, considering: (1) different raw materials (meat,
cereals, fruit, bulbs and tubers); (2) the levels of potential
precursors and the possibility of endogenous formation in
these foods; and (3) the type of oil, its initial content of
bound 3-MCPD and carry-over due to fat uptake during
frying.

Materials and Methods
Standards and Chemicals

Analytical standards of 3-MCPD-1,2-dipalmitoyl ester
(PP-3-MCPD) and 3-MCPD-1,2-dipalmitoyl-ds ester (PP-
3-MCPD-dy) at a purity higher than 98% were purchased
from Toronto Research Chemicals (North York, ON, Can-
ada). Stock solutions at a concentration of 0.5 mg ml~!
were prepared by dissolving the standards in tetrahydro-
furan (THF, analytical grade).

Other chemicals used in the experiments included: acid
phenylboronic (PBA, 97% purity), supplied by Sigma-
Aldrich Corp. (Steinheim, Germany); methanol (HPLC
grade), acquired from Tedia Company Inc. (Fairfield,
OH, USA); tetrahydrofuran (HPLC grade), supplied by
JT Baker (USA); hexane, acetone, petroleum ether, die-
thyl ether, concentrated hydrochloric acid, sulfuric acid,
sodium bicarbonate, sodium sulfate, and ammonium sulfate

& springer AOCS &

(analytical grade), purchased from Labsynth (Diadema, SP,
Brazil); silver nitrate (99.0-100.5% purity) and potassium
chromate (>99.5% purity), acquired from Merck (Darm-
stadt, Germany); and ultrapure water, obtained from a
Milli-Q Plus system (Millipore, Bedforte, MA, USA).

Samples

The experiments were carried out using banana, potato,
cassava, onion, garlic, corn flour, rice and meat, acquired
in the local market and prepared according to common
culinary practices. Banana (variety terra) was peeled
and sliced diagonally with a thickness of 0.5 cm. Potato
(cultivar Asterix) was peeled and cut into sticks of about
1 x 1 cm cross-section and 5-10 cm length. Cassava (yel-
low root) was peeled, cut in half lengthwise, cooked in hot
water (80 °C) for 35 min, and then cut into sticks of about
5-10 cm length. Onion (brown type) was peeled and cut
into rings of about 0.5 cm thickness. Garlic (purple stripe)
was separated into cloves, soaked in water for a few min-
utes, peeled and sliced 0.1-0.2 c¢m thickness. Corn flour
(600 g) was mixed with water (3 1), cooked for 30 min at
70 °C until a firm consistency, and used to prepare polenta
sticks of about 3 x 1.5 cm after cooling. Carnaroli rice
(600 g) was mixed with boiling water (2 1), cooked for
25 min, and hand-molded into balls of about 3 cm diam-
eter. Ground beef (chuck) was molded into patties of 60 g
approximately, and then frozen.

Frying

Two experiments were conducted for each food prepared
as previously described. In the first one, the samples were
fried in corn oil with no detected levels of bound 3-MCPD
(limit of detection, LOD = 0.05 mg kg™") in order to verify
the potential endogenous formation of the contaminants.
In the second experiment, the samples were fried in palm
oil containing 1.64 #+ 0.15 mg kg~! of bound 3-MCPD
(n = 10) in order to evaluate the carry-over of the com-
pounds due to fat uptake.

Frying was carried out in an electric fryer (Orcil, Rio
de Janeiro, RJ, Brazil) using a proportion of oil/food 5:1
(w/w). The initial oil temperature and frying time were
fixed and ranged from 160 to 190 °C and 2 to 9 min,
respectively, depending on the product (Table 1). The crite-
ria used for choosing these temperatures took into account
the acceptance of the different products in terms of their
sensory characteristics and not the possible formation of
other contaminants, such as acrylamide. All frying experi-
ments were performed in duplicate and the oil was not
reused in any process.

In the present work, the fat uptake was estimated from
the difference between the lipid content of the samples
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Table 1 Frying conditions used in the experiments

Sample Initial oil Final oil Time
temperature (°C) temperature (°C)* (min)
Banana 170 174 £ 15 5.5
Potato 180 180 +0 6.0
Cassava 180 162 £ 15 4.0
Onion 160 154 +3 7.0
Garlic 160 134 £ 1 53
Polenta 180 163 +£6 7.0
Rice ball 180 180 £ 1 9.0
Beef patty 190 174 £ 1 2.0

All frying experiments were performed in duplicate

4 Mean =+ standard deviation estimate

after frying and the lipid content of the raw samples. There-
fore, the possible mass transfer mechanism between lipid
components from the matrix to the frying medium was not
taken into account.

Moisture and Volatile Compounds

The content of moisture and volatile compounds were
determined by gravimetry according to Zenebon and Pas-
cuet [19] and Horwitz et al. [20] (Method 984.25), in
duplicate. Homogenized samples of raw food (3-4 g)
were weighed into tared aluminum capsules containing
treated sand, homogenized and placed in a vacuum oven
(50 mmHg) at a temperature of 70-100 °C, until constant
weight. Homogenized samples of fried foods (10 g) were
also weighed into tared aluminum capsules containing
treated sand, homogenized and placed in a convection oven
at 103 °C until constant weight. The results were expressed
in g per 100 g of sample.

Total fat

Total fat was determined by gravimetry after acid hydroly-
sis according to Zenebon and Pascuet [19] and Horwitz et
al. [20] (Method 963.15), in duplicate. The samples (5 g)
were homogenized, mixed with 100 ml of ultrapure water
and 60 ml of concentrated hydrochloric acid. They were
then hydrolyzed for 30 min under heating. After cool-
ing, the solutions were filtered on double filter paper. The
paper containing the lipids was placed in a ventilated oven
at 80 °C for 2 h. The lipids were extracted in a Butt type
extractor with petroleum ether under reflux for 6-8 h, the
solvent removed in a rotary evaporator at 45 °C and the
flask with the residue weighed. The results were expressed
in g per 100 g of sample.

Chloride Content

Chloride ion concentration was determined by Mohr’s
method, according to Zenebon and Pascuet [19], in trip-
licate. Briefly, 10 g of the homogenized sample were
weighed into porcelain crucibles and incinerated in a muf-
fle furnace at 450 °C for 6 h. The crucibles were removed
from the furnace directly into a desiccator. The ashes were
solubilized with 100 ml deionized water into a 250-ml
conical flask and 2 ml of chromate indicator were added
(5% K,CrO, solution). The samples were titrated with
0.01 mol 17! silver nitrate solution. The endpoint of the
titration was identified as the first appearance of a red-
brown color of silver chromate. The results were expressed
in mg per 100 g of sample.

Determination of Bound 3-MCPD

To determine the levels of bound 3-MCPD in the samples,
an in-house validated indirect method based on acid trans-
esterification and gas chromatography-mass spectrometry
(GC-MS) was applied according to Arisseto et al. [16].
Briefly, the homogenized sample (5 g) was weighed into
a 50-ml centrifuge tube and 100 pl of a solution of PP-
3-MCPD-ds at 50 pg ml~! was added as internal standard.
Extraction was performed with diethyl ether (20 ml) in
an ultrasound bath for 5 min and, after centrifugation (at
3000 rpm for 5 min), an aliquot of the supernatant (4 ml)
was evaporated under a N, flow at 25-30 °C. The residue
was dissolved in THF (1 ml) before acid transesterification
(1.8 ml of sulfuric acid in methanol 1.8%, v/v) and deri-
vatization with phenylboronic acid (PBA). The analyses
were conducted on a HP 7890A gas chromatograph cou-
pled to a MSD 5975C mass spectrometer (Agilent Tech-
nologies, Palo Alto, CA, USA). The total concentration of
bound 3-MCPD was expressed as free 3-MCPD equivalent.
The analytical method (including the extraction of bound
3-MCPD from the matrix and subsequent steps) was not
validated for free 3-MCPD.

Results and Discussion

Potential Endogenous Formation of Bound 3-MCPD
During Frying

As previously mentioned, bound 3-MCPD is a group of
process contaminants formed mainly in vegetable oils and
fats during the deodorization step of the refining process
in which temperatures above 200 °C are used [5, 6]. How-
ever, as the formation of bound 3-MCPD was also verified
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Table 2 Levels (mean =+ standard deviation estimate) of chloride
(mg per 100 g) and bound 3-MCPD (mg kg™!) in foods before and
after frying

Sample Chloride Bound
3-MCPD
Raw Fried Raw Fried

Banana 119.0 £ 4.0 153.5+5.0 nd nd
Potato 73.9 £ 0.8 148.0 £5.7 nd nd
Cassava 193 +£0.9 204 £ 1.1 nd nd
Onion 19.5+0.3 455+£0.7 nd nd
Garlic 21.0£3.0 723 +5.1 nd nd
Polenta 52+04 8.7+£0.7 nd nd
Rice ball 49+0.5 59+06 nd nd
Beef patty 6.5+03 53.0+ 2.8 nd nd

Chloride was determined in triplicate and bound 3-MCPD was deter-
mined in duplicate

nd not detected (below 0.04 mg kg™")

in products treated at high temperatures, such as dark malt,
roasted coffee and biscuits [21-23] as well as in the pom-
ace drying process to obtain pomace olive oil [24], it is
necessary to investigate whether an endogenous formation
during frying is significant.

For that, selected foods were fried in corn oil with
undetected levels of bound 3-MCPD (<0.05 mg kg~ !). In
order to ensure that there would be no formation of bound
3-MCPD in the oil during heating and to avoid a possible
contamination of the food due to the frying medium, the oil
used in the experiments was first heated (without sample)
to 180 °C for 7 min. No increase in the concentration of
bound 3-MCPD was observed after heating, suggesting that
the frying medium does not represent a source of possible
contamination in the case of these experiments.

As a potential precursor of the contaminants, chloride
was evaluated in the selected foods before and after frying.
According to Table 2, chloride was found in all tested sam-
ples at mean levels varying from 4.9 to 119.0 mg per 100 g
before frying and from 5.9 to 153.5 mg per 100 g after fry-
ing. The highest concentration was verified in banana, fol-
lowed by potato. However, although the presence of this
potential precursor and the use of high temperatures, the
levels of bound 3-MCPD were below the analytical limit of
detection (<0.04 mg kg™ ') in all evaluated samples before
and after frying (Table 2), showing that there was no for-
mation of the contaminants under the applied conditions.
The content of bound 3-MCPD in the oil after frying the
foods was also measured, but non quantifiable concentra-
tions were found (all samples were below the limit of quan-
tification = 0.10 mg kg™ '), suggesting that chloride of the
foods was not able to produce measurable levels of bound
3-MCPD in the oil.
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Despite previous studies performed in model systems
about possible reaction mechanisms having demonstrated
the possibility of bound 3-MCPD formation at temperatures
from 100 °C [25], the results reported here do not support
the same evidence when real foods are used. Besides the
temperature and heating time applied in this study, which
may not have been sufficient to promote the formation of
bound 3-MCPD, the presence of chloride in the raw sam-
ples before frying may not ensure that the necessary reac-
tive species, which are still unknown, would be present in
sufficient amounts to form the contaminants.

Dingel and Matissek [18] investigated the possibility of
endogenous formation of bound 3-MCPD during the deep
frying of potato crisps in large-scale industrial production
when using high-oleic sunflower oils (HOSO). For that,
potato crisps, fresh frying oil and used frying oil were
taken from different production lines at O (fresh oil, no
crisps), 2, 4, 8, 12, 16, 20 and 24 h. The median levels of
bound 3-MCPD in the frying oils and in the corresponding
crisps varied between 0.4 and 0.5 mg kg~! (expressed as
free 3-MCPD equivalent). Since no significant change was
observed over the duration of the whole experiment, the
authors concluded that no endogenous formation of bound
3-MCPD occurs during frying of potato crisps when using
HOSO under typical large-scale frying conditions.

By using a different approach, the results presented here
confirm that bound 3-MCPD is not endogenously formed
in foods under typical frying conditions. This was observed
not only for potato but also for other foods, such as cas-
sava, banana, onion, garlic, polenta, rice ball and beef patty,
which were firstly investigated in this work.

Potential Carry-Over of Bound 3-MCPD Due to Fat
Uptake During Frying

As an endogenous formation of the contaminants dur-
ing frying was excluded according to previous results,
the same foods were then fried in palm oil containing
1.64 4 0.15 mg kg ! of bound 3-MCPD (mean =+ standard
deviation of ten samples analyzed from five containers of
10 kg each) in order to evaluate the carry-over of the com-
pounds due to fat uptake. The results concerning the con-
tent of moisture, fat and bound 3-MCPD, before and after
frying, are shown in Table 3.

Mean moisture contents varied from 63.9 to 90.2 g per
100 g before frying and from 14.6 to 57.5 g per 100 g after
frying. There was a clear moisture decrease for all evalu-
ated foods during the process. The highest water losses were
observed for garlic and onion. As for fat, mean contents
ranged from not detected (<0.10 g per 100 g) to 7.20 g per
100 g before frying and from 7.2 to 17.7 g per 100 g after
frying. Total fat clearly increased with frying, especially
for onion and garlic. Moisture decrease and fat increase are
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Table 3 Levels o Sample Moisture Fat Bound 3-MCPD

(mean = standard deviation

estimate) of moisture (g per Raw Fried Raw Fried Raw Fried

100 g), fat (g per 100 g) and

bound 3-MCPD (mg kg™') in Banana 63.9 £0.1 40.5+43 0.18 +0.00 72412 nd 0.12 +£0.02

foods before and after frying Potato 782+ 0.7 575401 nd 73+£0.1 nd 0.13 £ 0.01
Cassava 66.1 £+ 0.0 51.1 £42 0.21 +0.00 80+1.3 nd 0.12 +£0.01
Onion 90.2+0.9 509 £0.2 nd 175+ 14 nd 0.23 +£0.02
Garlic 65.5+£0.2 14.6 £ 0.4 0.16 £ 0.01 17.7 £ 0.9 nd 0.25 £ 0.04
Polenta 81.1 £0.2 55.7+0.8 0.40 £ 0.01 129+ 0.3 nd 0.14 £ 0.04
Rice ball 66.3 +0.5 424+39 0.34 +£0.01 12.1 £ 3.1 nd 0.15 £ 0.06
Beef patty 70.7 £0.3 563 £ 1.1 7.20 &+ 0.06 13.3+£0.3 nd 0.12 +£0.01

Moisture, fat and bound 3-MCPD were determined in duplicate
nd not detected (below 0.04 mg kg™' for bound 3-MCPD and below 0.10 g per 100 g for fat)
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Fig. 1 Correlation between water loss and fat uptake with levels of bound 3-MCPD in fried foods (p < 0.0001)

both expected when frying foods since this process involves
a simultaneous water loss and fat uptake [26, 27].

According to Gamble er al. [28], the increase in oil con-
tent during the frying of potato was influenced by the mois-
ture loss as the vapors start to form inside the matrix during
the process and, as a result, pores and cracks are formed
through which vapors escape. In order to compensate for
the water loss, oil penetration occurs. Other authors showed
that transport phenomena of oil during frying were also
considerably affected by the changes in matrix microstruc-
ture. From pore size distribution analysis, Alam and Takhar
[29] observed that porosity increased with frying time,
which was attributed to lower tortuosity values. As a result,
more oil was absorbed into the potato matrix.

In relation to bound 3-MCPD, Table 3 shows that con-
centrations were below the analytical limit of detection
(0.04 mg kg~') in all raw samples, but varied between
0.12 and 0.25 mg kg~' in the fried samples, which clearly
shows the carry-over of the compounds from the contami-
nated palm oil. The highest concentrations were observed

in garlic and onion, which are in accordance with our previ-
ous data on commercial fried foods that showed the highest
level of contamination (0.99 mg kg™') in a sample of fried
chopped garlic [16].

Garlic and onion also presented the highest water loss
and fat uptake, suggesting a good correlation between these
variables and the levels of bound 3-MCPD, as can be seen
in Fig. 1, which also includes the other evaluated foods. A
positive correlation between the weight of oil uptake and
the weight of water removed has already been observed
by other authors [30]. However, the positive correlation
between these variables and the levels of bound 3-MCPD
in fried foods, as observed in Fig. 1, had not been demon-
strated so far.

The expected concentration of bound 3-MCPD in the
fried foods, considering the levels of the compounds in
the oil (1.64 & 0.15 mg kg™ !) and the fat uptake, was also
estimated and compared with the measured concentra-
tion (Table 4). As can be observed, similar amounts were
verified in banana, levels above the expected concentration
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Table 4 Fat uptake and bound 3-MCPD in fried foods (expected and
measured levels)

Sample Fat uptake Bound 3-MCPD Average
(%)* (mg kg™!)? difference
(%)
Expected Measured
Banana 7012 0.12+0.02 0.12+0.02 0.0
Potato 7.3+0.1 0.12+0.00 0.13+£0.01 +8.3
Cassava 78+13 0.13+£0.02 0.12+0.01 -7.7
Onion 175+ 14 029+0.02 023+£0.02 -21.0
Garlic 175+ 0.9 029+0.01 025+£0.04 —13.8
Polenta 1254+0.3 021+£0.01 0.14+£0.04 -333
Rice ball 11.8 £3.1 0.19£0.05 0.15+£0.06 -21.1
Beef patty 6.1 £0.3 0.10£0.00 0.12+£0.01 +420.0

The expected concentration of bound 3-MCPD in fried foods was cal-
culated considering the levels of the compounds in the oil before fry-
ing (1.64 + 0.15 mg kg™ ") and the fat uptake

% Mean =+ standard deviation estimate

were obtained in potato and beef patty while cassava,
onion, garlic, polenta and rice ball were below the expected
levels of bound 3-MCPD. For most of the samples, the
observed differences may be considered low and could be
attributed to variations in the recovery rates of the analyti-
cal method (generally acceptable between 70 and 120%)
and the use of an average value of bound 3-MCPD in the
oil before frying. Other factors such as possible irreversible
reactions involving bound 3-MCPD and hydrolysis to free
3-MCPD, not yet investigated, could have some influence
in foods that presented higher differences, as polenta.

Conclusion

In the present work, the possible sources of fried foods con-
tamination by bound 3-MCPD during frying were investi-
gated. Common temperatures used during frying may not be
sufficient to induce an endogenous formation of the contami-
nants in fried foods. On the other hand, the carry-over of the
compounds due to the use of contaminated oil was clearly
observed, indicating that fat uptake constitutes the most
important route of contamination in the frying process. In
this case, the highest concentrations of bound 3-MCPD were
observed in fried garlic and onion, i.e. foods that presented
the highest water loss and fat uptake. The data reported here
provide new insights in relation to the contamination of fried
foods by bound 3-MCPD and may stimulate further studies
on the mitigation of these chemical contaminants.
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