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Acrylamide in French fries prepared at primary
school canteens
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Children are one of the most exposed groups to dietary acrylamide with ‘potato fried products’ that

account for up to half the total exposure to this contaminant. Acrylamide was measured in French fries

prepared in 31 primary school canteens randomly recruited from different Spanish regions. The mean

content was 329 μg kg−1 (from <20 to 4000 μg kg−1). French fries prepared from frozen par-fried pota-

toes reported a lower acrylamide content than those from fresh potatoes, 229 and 460 µg kg−1, respect-

ively. Only 15.7% of samples were above the benchmark levels established by the EU Regulation 2017/

2158 (500 µg kg−1). Significant differences were found according to the color of toasted (2274 µg kg−1),

dark-golden (463 µg kg−1), golden (134 µg kg−1) and light-golden (52 µg kg−1) French fries. All the

samples that were golden and light-golden showed acrylamide content below the threshold. The chro-

matic parameter a* was used as a rough classification of the French fries according to the benchmark

level. Both educational initiatives intended for food operators and managerial-technical criteria that

include the code of frying practices at public food service establishments should consider the golden

color as the target for the end-point of frying. Acrylamide exposure will be reduced and, therefore, the

risk linked to French fries consumption. This fact is especially relevant in establishments that prepare food

for schoolchildren and would help to provide healthier diets, not only from a nutritional point of view but

also from the reduction of chemical contaminants.

1. Introduction

French fries, together with coffee and cereal-based products,
are the main contributors to the dietary intake of acrylamide,1

a chemical processing contaminant classified by the
International Agency for Research on Cancer as a Group 2A
compound, which is a probable carcinogen for humans.2

Acrylamide is present in a wide range of foods and is mainly
produced through the Maillard reaction at temperatures
higher than 120 °C and at low moisture conditions, and its
precursors are the reducing sugars and the amino acid aspara-
gine.3 In 2015, the European Food Safety Authority (EFSA)
published that acrylamide in food potentially increases the
risk of developing cancer for consumers in all age groups.1

Later, in 2017, the European Commission established mitiga-
tion measures and benchmark levels for the reduction of the
presence of acrylamide in food.4

Acrylamide forms mainly in baked or fried carbohydrate-
rich foods whose raw materials are rich in the previously men-
tioned precursors. Thus, fried potatoes are prone to form acryl-

amide due to the high content of reducing sugars and aspara-
gine in the fresh tuber and the intensity of the thermal treat-
ment applied. In this regard, several recommendations
focused on acrylamide mitigation in potato-based products
have been described in Regulation 2017/2158,4 in the guidance
for industry on acrylamide in foods reported by the Food and
Drug Administration5 and in the acrylamide toolbox compiled
by FoodDrinkEurope.6 These recommendations include
actions from the selection of suitable potato varieties to the
control of potato storage, transport and processing, as well as
educational resources to the end users about adequate
cooking practices. Mitigation strategies are mainly directed to
the industrial sector, where the measures are easier to apply
due to well-controlled and more standardized processes.
Thanks to these measures, acrylamide levels in industrial fried
potatoes have decreased in the last several years, as corrobo-
rated by Mesias and Morales7 in commercial potato crisps
from the Spanish market. However, cooking practices in other
scenarios such as public establishments, catering services, res-
taurants, or particular homes are not easily controllable.
According to the EFSA, the total dietary exposure to acrylamide
could be increased up to 80% depending on the home-cooking
conditions of potato frying.1 Recently, our research group
reported acrylamide levels ranging between 24–3641 µg kg−1
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and <20–1068 µg kg−1 in French fries prepared in Spanish
households and restaurants, respectively.8,9 The wide varia-
bility found in those studies points to the importance of con-
sidering the composition of the raw material and storage con-
ditions before processing,4–6 in addition to the different culin-
ary practices when calculating the dietary exposure to acryl-
amide, a fact established by the EFSA as well.1 In this respect,
although the scientific research has explored to some extent
the variability in acrylamide formation in French fries pre-
pared in different sceneries,10,11 the information about public
establishments that are not restaurants, such as school can-
teens, are rather limited12 and controversial.13

Children are one of the most exposed groups to acrylamide,
in which the ‘potato fried products’ group represents up to
half the total consume of this contaminant.1 It is relevant to
highlight that in Spain, 36.4% of the students of early child-
hood education and 29.4% of primary school consume their
main meal of the day at school.14 School canteens have a para-
mount role in their nutrition since children can consume up
to 40% of their daily requirements at the primary school
canteen.15 French fries preparation at school canteens has
decreased in recent years due to the reduction of the consump-
tion of fatty foods as a measure included in the NAOS strategy
in Spain (Strategy for Nutrition, Physical Activity and
Prevention of Obesity).16 However, these foods are consumed
several times within the monthly menu of the schools, thus
contributing to the acrylamide exposure of schoolchildren.
The food operators from canteens have been instructed to
promote a balanced diet among scholars. Nevertheless, mitiga-
tion practices are not extensively implemented to these public
establishments, which may reduce the exposure to acrylamide
across Spain. The aim of this investigation was to evaluate
acrylamide levels in French fries prepared in primary school
canteens and to identify the impact of cooking practices on
the acrylamide content in these products.

2. Materials and methods
2.1. Chemicals and reagents

Potassium hexacyanoferrate(II) trihydrate (98%, Carrez-I) and
zinc acetate dihydrate (>99%, Carrez-II) were obtained from
Sigma (St Louis, USA). 13C3-Labelled acrylamide (99% isotopic
purity) was obtained from Cambridge Isotope Laboratories
(Andover, MA, USA). Formic acid (98%), D(+)-glucose and
methanol (99.5%) were from Panreac (Barcelona, Spain).
Deionized water was obtained from a Milli-Q Integral 5 water
purification system (Millipore, Billerica, MA, USA). All other
chemicals, solvents and reagents were of analytical grade.

2.2. Study design

Thirty-one randomly selected primary schools from three
Spanish regions located in the center (Madrid), mid-east
(Castilla La Mancha) and east of the country (Valencia) were
recruited. In the school canteens, meals are daily prepared for
primary school students aged between 6 and 12 years. Food

operators prepared the French fries following their internal
procedure. They did not receive instructions concerning the
type of the potato (fresh or deep-frozen par-fried French fries),
manipulation (peeling, cutting, soaking, blanching), frying
appliance, frying temperature or frying oil used. They followed
the internal canteen protocols for French fries frying and, in
this way, a randomized and large scenario of the canteen prac-
tices was covered. Participants were unaware of the purpose of
the research and not informed in detail about the acrylamide
issue in order to avoid any influence during the experiment.
They provided passive consent prior to completing the study,
and did not receive any incentives for their participation. The
study was conducted from May to June 2017.

2.3. Sampling

Participants received a ‘kit of sampling’ containing instruc-
tions for sampling according to the study design and contain-
ers properly coded to dispatch the samples. Food operators in
each school were asked to collect a sample of unprocessed
potatoes (fresh tuber or deep-frozen par-fried French fries) (ca.
100 g), a sample of French fries (ca. 100 g) and a sample of
frying oil (ca. 25 mL). Frying oil was collected just after the
frying of the sample. Depending on the menu programmed for
schoolchildren during the months of May and June 2017, 1 or
2 samples of potatoes per school were collected in this period,
completing a total of 51 batch (51 samples of unprocessed
potatoes, 51 samples of French fries and 51 samples of frying
oil). Unprocessed potatoes, French fries and frying oil were
frozen, placed in an airtight freezer bag and couriered to the
lab. After reception, all the samples were stored at −20 °C until
analysis.

2.4. Questionnaire

Within each school, food operators were asked to fill out a
questionnaire in order to evaluate the culinary habits and
specifically the potato frying practices, and any relevant aspect
related to the formation of acrylamide in French fries.
Questions were structured in check boxes with unique or mul-
tiple possible answers. The questionnaire was divided into five
different themes, according to (i) potato characteristics, (ii)
kitchen appliance and frying oil, (iii) pre-frying stage, (iv)
frying stage, (v) and after-frying stage. School canteens agreed
for the use of the data in the study.

2.5. Characterization of unprocessed potatoes

In this study, the term unprocessed potatoes aims to identify
the raw material intended for frying as opposed to the final
product. Canteens used fresh and deep-frozen par-fried pota-
toes. Once collected and dispatched to the lab, a batch of the
unprocessed potatoes were freeze-dried and the moisture
content was determined gravimetrically.

2.6. Determination of reducing and total sugars

The determination of the reducing sugar (glucose + fructose)
content was performed in the freeze-dried unprocessed pota-
toes as described by Miller17 with modifications from Mesias,
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Holgado, Márquez-Ruiz and Morales18 as adapted to a plate-
reader. Total sugars (glucose + fructose + sucrose) content
were obtained after acid hydrolysis from sucrose to glucose
and fructose. Results were expressed as g glucose equivalents
per kg of fresh sample. The limit of quantification (LOQ) calcu-
lated in the present study was set at 0.2 g glucose equivalents
per kg sample. Analysis was done in duplicate.

2.7. Asparagine determination by gas chromatography-flame
ionization detection (GC-FID)

The asparagine protocol was conducted according to Farkas
and Toulouee19 with some minor modifications, as described
in Mesias et al.8 Briefly, freeze-dried unprocessed potatoes
(50 mg) were weighed into 50 mL screw top tubes. Then,
25 mL of acetonitrile (25%, v/v) were added into each tube,
stirred for 30 min at room temperature and then centrifuged
at 10 000g for 10 min at 4 °C. Supernatant was collected in a
50 mL screw-top tube. Extraction was repeated with 25 mL of
25% acetonitrile. Supernatants were mixed and a 2 mL aliquot
was transferred into a microcentrifuge tube and frozen over-
night. After defrosting and centrifugation at 5000g for 5 min at
room temperature, samples were ready for derivatization and
asparagine quantification using the commercially available EZ:
faast amino acid kit (Phenomenex, Torrance, CA). 100 µL of
the extracted samples were transferred into sample preparation
vials included in the EZ:faast GC-FID free amino acid kit. The
derivatization of the potato sample extracts was performed
according to the manual provided by the manufacturer and
the asparagine was quantified using GC-FID (Agilent GC 7820A
FID) equipped with an autosampler. An amino acid dedicated
column (Zebron ZB-AAA capillary; 10 m × 0.25 mm) was used
for the separation of amino acids. The oven was set to start at
110 °C and increased at 32 °C per minute up to 320 °C. An
aliquot of the derivatized sample (1 μL) was injected at 250 °C
in split mode (15 : 1). The FID detector was set to 320 °C and
the carrier helium gas flow rate was kept at 1.5 mL min−1

during the run. An external calibration was carried out with an
asparagine standard and results were corrected according to
the recovery of norvaline, used as internal standard. Free
asparagine content was expressed as g kg−1 of fresh sample.
Analysis was done in duplicate.

2.8. Determination of CIELAB color

Color measurements were made at room temperature using a
HunterLab Spectrophotometer 150 CM-3500D colorimeter
(Hunter Associates laboratory, Stamford, Connecticut, USA).
Four independent measurements of a* (redness), b* (yellow-
ness) and L* (lightness) parameters were carried out on
different points on the surface of fried potatoes in order to
take into account the non-homogeneous distribution of the
color within the same batch of fried product or even in the
same fried potato. E index was calculated according to the fol-
lowing equation: E = (L2 + a2 + b2)1/2. The equipment was
calibrated with a standard calibration white plate CR-A43
(L*/93.80, a*/0.3156, b*/0.3319).

2.9. Visual color sorting

Three semi-trained panelists classified the fried samples after
a visual inspection with a subjective division. Previously, the
panelist established a consensus scale of darkening consider-
ing the French fry color chart by the Arvalis-Insitut du vegetal
(France), and the standard color reference chart for frozen
fried potatoes by the Munsell USDA (United States Department
of Agriculture) guidelines. French fries were visually scored
from the lightest to the brownest color, and after that, they
were sorted as light-golden, golden, dark-golden or toasted.

2.10. Acrylamide determination by liquid chromatography-
electrospray ionization-tandem mass spectrometry

Acrylamide was determined in fried samples as described by
Mesias and Morales.7 The recovery rate of acrylamide spiked to
the samples was between 90 and 106%. The relative standard
deviations (RSD) for the precision, repeatability and reproduci-
bility of the analyses were calculated as 2.8%, 1.2% and 2.5%,
respectively. The limit of the quantitation was set at 20 µg
kg−1, complying with the performance criteria set by EU
Regulation 2017/2158. The accuracy of the results was demon-
strated for potato crisps and pre-cooked French fries in four
proficiency tests launched by the Food Analysis Performance
Assessment Scheme (FAPAS) program, yielding a z-score of
−0.2 (Test 3071, Feb–March 2017) and −0.3 (Test 3080, Feb–
March 2018), 0.0 (Test 3085, Sep–Oct 2018) and 0.3 (Test 3089,
Feb-2019). Results of acrylamide were expressed as µg kg−1 of
sample. Analysis was done in triplicate.

2.11. Determination of polar compounds in oil

Total polar compounds were measured in the frying oil by a
hand-held device Testo 270 (Testo INC, New Jersey, USA),
which is a rapid method based on the dielectric constant of
the oil. Results were expressed as the percentage of total polar
material (g per 100 g oil). Analysis was done in triplicate.

2.12. Statistical analysis

Statistical analyses were performed using SPSS version 21.0
(SPSS Inc., Chicago, IL). Data are expressed as fresh weight.
Student t-test and analysis of variance (one-way and two-way
ANOVA) followed by the Fisher’s test were used to identify the
overall significance of differences between variables. The hom-
ogeneity of variances was determined with the Levene’s test.
Relationships between the different variables were evaluated
by computing Spearman’s linear correlation coefficients. All
statistical parameters were evaluated at p < 0.05 significance
level.

3. Results and discussion
3.1. Description of the primary school canteens and culinary
practices for frying potatoes

Thirty-one canteens from primary schools located in three
Spanish regions completed the study, which included a frying
test and an ad hoc questionnaire. Table 1 describes the charac-
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teristics of the potatoes and the culinary practices for frying at
each canteen. The survey showed that 56.9% of the partici-
pants used frozen potatoes (deep-frozen par-fried potatoes)
and 43.1% used fresh potatoes that preferably were stored
indoor at room temperature. French fries were mainly classic
straight cut (60.8%) and operators usually did not know the
procedence or variety of the samples (48.5%) or only knew the
procedence (42.4%). Most of the participants used electric
deep fryers (84.8%) of different capacities, and sunflower oil
(84.8%) as the frying oil. An amount of potatoes equivalent to
half of the volume of the frying pan or the frying basket
(60.6%) (potato/appliance volume) were usually fried per
batch. Most of the cooks washed the fresh potatoes before
frying (75.0%), whereas 55% applied an additional soaking
step. Nearly half of the food handlers added salt to the potato
(45.2%), and mostly after frying (38.7%). All the operators fried
in one-step and most of them (92.3%) controlled the tempera-

ture of the process to some extent. Regarding after-frying
habits, they considered the color as the main criterion that
determines the end-point of frying (72.7%) and preferred the
golden color (93.9%). Strainer (51.5%) and absorbent paper
(33.3%) were mainly used to remove the excess oil from the
fried potatoes. 48.5% of operators cleaned the oil by filtering it
with a strainer and usually replaced the oil after a specific
number of frying cycles (48.5%) or when the oil got dark
(39.4%).

3.2. Characterization of unprocessed potatoes, fried potatoes
and frying oil

Samples were analyzed for the content of acrylamide precur-
sors and parameters that may play an important role in acryl-
amide formation. Determinations included the reducing
sugars, total sugars, asparagine and moisture content in the
unprocessed potatoes, polar compounds in the frying oil and
color parameters (CIELab) in the French fries (Table 2).

The reducing sugar content in the unprocessed samples
(fresh potatoes or par-fried potatoes) ranged from 0.53 to
31.15 g kg−1 (Table 2). The mean value was 5.63 g kg−1 and the
median was set at 2.19 g kg−1. 29 of the samples were frozen
potatoes (par-fried potatoes) and 22 were fresh potatoes.
Taking into account the type of samples, it is noteworthy to
mention that the mean content of reducing sugars was 1.68 ±
0.64 g kg−1 for frozen potatoes and 10.84 ± 9.37 g kg−1 for
fresh potatoes, with significant differences among both groups
(p < 0.001). Regarding the total sugar content, a similar behav-
ior was observed. The global content ranged from 1.33 to
34.50 g kg−1 and frozen samples showed a significantly lower
mean content (5.27 g kg−1) as compared with fresh samples
(14.91 g kg−1). The low levels in reducing sugars found in
frozen potatoes were expected, since the industrial manufac-
turing of this food includes practices such as washing or
blanching in hot water that reduce the levels of reducing
sugars.20 In previous studies, Mesias et al.9 reported similar
ranges of reducing sugars in frozen potatoes used for the
preparation of French fries in Spanish restaurants. In those
samples, even 49.6% showed a reducing sugar content lower
than the limit of quantitation (0.6 g kg−1). On the other hand,
data exhibited in fresh samples were close to those reported by
Mesias et al.8 in potatoes intended for frying in Spanish
homes. The acrylamide toolbox indicated a reducing sugar
content lower than 4 g kg−1 for fresh potatoes intended for
frying6 and Regulation recommends special attention to the
level of acrylamide when the reducing sugar content in pota-
toes is higher than 15 g kg−1.4 In the present study, 16 of 22
fresh potatoes (73%) exhibited reducing sugar concentrations
higher than 4 g kg−1 and 27% (6 samples) exceeded 15 g kg−1.
Sugars in potatoes depend on factors like variety, location, fer-
tilization, storage and processing.21 Information concerning
the potato traceability and providers were not supplied by the
school canteens. However, seasonal potatoes are normally
introduced in the Spanish market by mid-June or later; there-
fore, stored potatoes would be likely used in this study (May–
June). Fresh potatoes are usually stored from mid-October to

Table 1 Description of practices in the preparation of French fries in
the different public school canteens expressed as a percentage of the
participants

Potato
Potatoes Fresh Par-fried

43.1 56.9
Storage Outdoor Indoor

0.0 100.0
Cut Straight Other

60.8 30.8
Identification Procedence Variety None Missing

42.4 3.0 48.5 6.1
Frying oil and frying appliance
Frying oil Sunflower

oil
Other

84.8 15.2
Frying appliance Frying pan Electric

deep fryer
Both

9.1 84.8 6.1
Pre-frying
Washinga Yes No

75.0 25.0
Soakinga Yes No

55.0 45.0
Salting Before frying After frying Missing

6.5 38.7 54.8
Frying
Processing One stage Other

100.0 0.0
Temperature

control
yes no
92.3 7.7

Potato/appliance
surface

<Half Half >Half Full
24.2 60.6 9.1 6.1

After-frying
End-point

criteria
Color Taste Timer Smell
72.7 9.1 12.1 6.1

Color
preference

Light Golden Toasted
0.0 93.9 6.1

Oil removal Paper Strainer Both None
33.3 51.5 12.1 3.1

Oil cleaning Strainer Grater Decantation Not reuse
48.5 15.2 9.0 27.3

Oil replacement
criteria

Frying cycles Dark color Strange
taste

Missing

48.5 39.4 6.0 6.1

aOnly refers to fresh potatoes.
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April to make this product available all through the year. The
low temperatures applied during storage promote the starch
degradation and the increase of the sugar content,22 then pro-
viding more precursors for acrylamide formation during
frying.6

Asparagine content ranged from 0.93 to 4.08 g kg−1, and
1.82 g kg−1 and 1.84 g kg−1 (Table 2) were the mean and
median values, respectively, which are in line with previous
studies.8,23,24 In this case, differences were not significant and
both fresh and frozen samples showed similar contents (mean
values 1.80 and 1.84 g kg−1, respectively). These results corro-
borate that pre-treatments applied to frozen par-fried potato
strips intended for frying mainly affect the levels of reducing
sugars but not the asparagine content of the sample, as
described by Pedreschi, Kaack and Granby.25

Moisture content in the unprocessed potatoes ranged from
63.57 to 83.47%, with a mean of 72.12% and a median of
71.43% (Table 2). The average moisture content in frozen par-
fried potatoes was 69.41%, close to the 70% recommended in
these kinds of samples,26 whereas in fresh samples, a figure of
75.69% was found. Frozen and fresh potatoes displayed signifi-
cant differences (p < 0.001), in line with previous studies.8,9

Polar compounds were measured in the frying oils, showing
a range from 3.5 to 26.3 g per 100 g oil (Table 2). The mean
value was 10.7 and the median was set at 9.8 g per 100 g oil.
Only one sample exceeded the value of 25 g per 100 g oil,
which is the limit established to control the quality of the
frying oil after a number of frying cycles.27

French fries were characterized according to the CIELab
color parameters, and a large range varied from lighter colors
(L* = 72.14) to darker colors (L* = 49.27) (Table 2). Significant
differences were observed among French fries coming from
fresh or frozen par-fried potato strips for b*, L* and E. These
results were expected due to the different reducing sugar levels

previously mentioned, since the higher sugar content pro-
motes higher browning during the frying process.6 In this
sense, significant correlations were found between the redu-
cing sugars and parameters b* (ρ = −0.531, p < 0.001), L* (ρ =
−0.490, p < 0.001), and E (ρ = −0.524, p < 0.001).

3.3. Acrylamide content in French fries prepared in school
canteens

The acrylamide content showed a high variability, ranging
from below the limit of quantitation (20 µg kg−1) to
4000 µg kg−1 (Table 2, Fig. 1). The mean was 329 ± 618 µg kg−1

and the median was 142 µg kg−1. Considering the type of
potato intended to fry, the mean levels of acrylamide were
229 µg kg−1 in French fries prepared from frozen par-fried
potatoes (gray bars in Fig. 1, range: <20–999) and 460 µg kg−1

from fresh samples (white bars in Fig. 1, range: <20–4000

Table 2 Descriptive analysis of the variables in unprocessed potatoes (sugars, asparagine, moisture), frying oil (polar compounds) and fried pota-
toes (color, acrylamide) in public school canteens

Fresh potatoes Par-fried potatoes
Whole
dataset

Mean SD Min Median P95 Max Mean SD Min Median P95 Max Mean SD

Unprocessed potatoes
Reducing sugars (g kg−1) 10.84b 9.38 1.10 7.24 30.94 31.15 1.68a 0.85 0.53 1.77 3.57 3.86 5.63 7.64
Total sugars (g kg−1) 14.91b 8.67 4.79 11.58 33.95 34.50 5.27a 1.90 1.33 5.51 8.73 8.78 9.43 7.54
Asparagine (g kg−1) 1.80a 0.65 0.93 1.71 3.83 4.08 1.84a 0.29 1.17 1.87 2.42 2.61 1.82 0.48
Moisture (%) 75.69b 5.03 65.28 76.06 83.38 83.47 69.41a 2.97 63.57 70.32 74.58 74.59 72.12 5.04

Frying oil
Polar compounds

(g per 100 g oil)
10.7a 2.4 8.0 9.75 16.75 16.8 10.7a 4.0 3.5 9.75 21.55 26.3 10.7 3.4

Fried potatoes
E 61.47a 5.35 52.49 61.04 71.10 71.47 67.80b 4.01 59.43 67.35 74.74 75.45 65.07 5.57
L* 58.86a 4.47 49.27 59.62 67.61 67.87 64.31b 3.96 56.60 64.99 70.91 72.14 61.96 5.37
a* 1.08a 3.12 −2.96 0.08 7.93 8.23 0.13a 1.87 −2.48 −0.06 3.98 4.25 0.54 2.51
b* 16.92a 3.20 11.39 17.16 22.09 22.24 21.22b 2.50 14.55 21.45 25.15 25.28 19.37 3.52

Acrylamide (µg kg−1) 460a 889 <LOQ 143 3638 4000 229a 255 <LOQ 142 957 999 329 618

SD: standard deviation. Min: minimum. Max: maximum. LOQ: limit of quantitation. P95: 95th percentile. Different letters mean significant differ-
ences between fresh and par-fried potatoes (p < 0.05).

Fig. 1 Box-and-whisker plot and distribution graph for the acrylamide
content (µg kg−1) in French fries prepared in school canteens (n = 51).
Values are mean ± SD. Dotted line indicates benchmark level for acryl-
amide in French fries.
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µg kg−1). This variability reflects the diverse culinary practices
in this randomized study. Likely, due to this variability within
each group, differences in mean values were not significant
(p > 0.05). Acrylamide concentrations were in the range
reported in previous studies on French fries from frozen par-
fried potatoes prepared by Spanish restaurants (<20–1068
µg kg−1)9 and from fresh potatoes prepared in Spanish homes
(24–3641 µg kg−1).8 Similar levels have also been reported by
other authors in this food.23,28 Regulation 2017/2158 estab-
lished the reference of 500 µg kg−1 as the benchmark level for
French fries.4 In this study, 15.7% of the samples from the
schools (n = 8) contained acrylamide concentrations above the
reference value (Fig. 2). However, it has to be highlighted that
all the samples exceeding the benchmark level were outliers of
the normal distribution.

Considering that the menus in the school canteens include
a frequency of 1–2 French fries portions per month and esti-
mating that 95 g of the mean French fries portion is consumed
by the childhood population,29 then the consumption of
French fries could account for 3.2–6.3 g day−1. Taking the
mean value for acrylamide in French fries (329 µg kg−1), the
daily dietary acrylamide exposure would range from 1.04 to
2.08 µg per student per day. The contribution of acrylamide
intake from French fries in primary school canteens would
range between 0.03–0.07 µg per kg bw per day for a 6–9 years
old student (mean body weight 30 kg)30 and between
0.02–0.05 µg per kg bw per day for those aged 10–11 (mean
body weight 45 kg).31 This exposure is much lower than data
reported in Italian schoolchildren consuming a canteen
menu.13

3.4. Factors affecting acrylamide content in French fries

Levels of acrylamide in French fries are a consequence of the
characteristics of the potatoes intended for frying and the
frying conditions, but also of the food operators regarding
their culinary habits and the final point of frying. The influ-
ence of frying oil, kitchen appliance and pre-frying stage prac-
tices, considered individually or in combination, were evalu-
ated and not significant effects were observed. Most food oper-
ators used sunflower oil (84.8%) and an electric deep fryer
(84.8%), which makes it difficult to establish a possible influ-
ence of these parameters. Regarding washing and soaking, it
must be considered that these practices are only referred to
fresh tubers (43% of the total samples), leading again to a
partial evaluation of the relationship with acrylamide for-
mation (Table 1).

The strength and direction of the relationship among the
different quantitative parameters and the acrylamide content
has been investigated by using bivariate correlations analysis.
Results were expressed as Spearman correlation coefficients
following the procedure for non-parametric variables (Table 3).
Correlations among precursors (reducing sugars and aspara-

Fig. 2 Relationship between color and acrylamide content (µg kg−1) in
French fries from school canteens. Box-and-whisker plot of acrylamide
content according to the visual color (light-golden, golden, dark-golden
and toasted) (A) and linear regression between acrylamide content and
color parameter a* (B).

Table 3 Bivariate correlations between the quantitative variables in
unprocessed potatoes, frying oil and French fries, and the formation of
acrylamide. Spearman’s correlation coefficient (ρ) and level of signifi-
cance (p value)

Rho Spearman (ρ) p Value

Unprocessed potatoes
Reducing sugars (g kg−1) 0.128 0.371
Total sugars (g kg−1) −0.1305 0.2051
Asparagine (g kg−1) 0.046 0.750
Moisture (%) −0.179 0.209
Frying oil
Polar compounds (g per 100 g oil) 0.072 0.618
French fries
E −0.302 0.031*
L* −0.406 0.003**
a* 0.884 0.000***
b* 0.252 0.075

Significant values are expressed as * (p < 0.05), ** (p < 0.01), *** (p <
0.001).

Paper Food & Function

1494 | Food Funct., 2020, 11, 1489–1497 This journal is © The Royal Society of Chemistry 2020

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
 2

01
9.

 D
ow

nl
oa

de
d 

on
 0

9/
12

/2
02

5 
10

:2
8:

11
 . 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9fo02482d


gine) in unprocessed potatoes and acrylamide content in
French fries were not significant whether all the samples were
considered together or even if they were classified as fresh or
frozen par-fried potatoes. It is known that reducing sugars are
the limiting factor of the formation of acrylamide in potato
products.32,33 A direct relationship between the reducing sugar
content in fresh tubers and acrylamide formation in French
fries has been reported when tubers are processed, sliced and
fried under controlled conditions.18,34 However, this correlation
is missing when frying under random conditions. In this sense,
although the sugars may contribute to acrylamide formation in
French fries, the different frying practices add new sources of
variability, thus increasing the uncertainty of the study.8

Moisture content and polar compounds in the frying oil
were not significantly correlated to that of acrylamide either
(Table 3). In contrast, a significant relationship between the
color in fried potatoes and acrylamide levels was observed.
According to the visual appearance, samples were classified as
light-golden, golden, dark-golden and toasted. As expected,
the most browned French fries (toasted) contained signifi-
cantly higher levels of acrylamide (mean: 2274 µg kg−1), as
compared with dark-golden (mean: 463 µg kg−1) and golden
color (mean: 134 µg kg−1) (Fig. 2A). All the samples in the
light-golden and golden groups presented acrylamide concen-
trations lower than the benchmark level set by the European
Regulation, without significant differences among these
groups. In the rest of the French fries, the percentages of
samples with acrylamide content higher than 500 µg kg−1 were
38% in dark-golden and 100% in toasted French fry groups.
This trend was corroborated by a significant correlation
between the CIElab parameters and acrylamide concentrations
(Table 3). Acrylamide was negatively correlated with L* (ρ =
−0.406; p = 0.003) and the E-index (ρ = −0.302; p = 0.031),
which indicates that the browning and lower luminosity in
fried potatoes involves greater amounts of the contaminant.
The correlation with b* did not become significant, however a
stronger relationship was exhibited by the parameter a* (ρ =
0.884; p < 0.001) (Table 3, Fig. 2B). These results are in agree-
ment with the literature, since previous studies have identified
the chromatic parameter a* as a useful predictor of the acryl-
amide formation in fried potatoes.8,9,35–38 This variable was
able to discriminate between the four types of French fries
according to the visual color. The statistical comparison of this
variable in the French fry samples grouped by each visual
color category led to significant differences (Fig. 3A). In
addition, parameter a* exhibited a trend to differentiate
samples grouped according to the acrylamide levels using the
benchmark level as the threshold (500 µg kg−1), with differ-
ences that were almost significant (p = 0.055) (Fig. 3B). The
lack of homogeneity in the potato pieces (i.e. thickness) and
the final moisture content in the French fries contributed to
increasing the variability of the process and, in consequence, a
lower strength in the statistical descriptor was observed.

The rate of acrylamide formation increases at the end of the
frying and therefore the end-point is considered a key factor.39

In order to prevent the formation of the contaminant, the end-

point of frying may be controlled to avoid excessive browning.
In this respect, educational initiatives aimed at food operators
that focus on good frying habits, such as the ideal golden
color in fried potatoes, should be proposed to reduce the acryl-
amide exposure and, therefore, the risk linked to the French
fries’ consumption. This statement agrees with Sanny
et al.,28,40 that evaluated the effect of frying instructions for
food handlers on acrylamide formation in French fries pre-
pared in food service establishments and concluded that the
training of food handlers is an effective strategy to reduce
acrylamide formation. In the present study, most operators
considered the color as the main criterion that determines the
end-point of frying potatoes and identified the golden color as
the target (Table 1). However, the high acrylamide levels found
in some of the samples suggest that these criteria are not
enough since the perception of color is subjective.

Fig. 3 Box-and-whisker plot of color parameter a* according to the
visual color (light-golden, golden, dark-golden and toasted) (A) and to
the acrylamide levels using the benchmark level as the threshold
(500 µg kg−1) (B) of French fries from school canteens.
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4. Conclusions

The present study confirms that the acrylamide content in
most French fries processed in primary school canteens
(84.3%) was below the benchmark levels established by
Regulation 2017/2158. Despite these results, the use of color
guides and/or chemometric devices based on color para-
meters, as proposed in the acrylamide Regulation, may be rec-
ommended in food service establishments for monitoring
acrylamide levels and reducing exposure to this contaminant.
This fact turns out to be relevant in public establishments,
especially in those preparing foods intended for schoolchil-
dren. In this regard, the elimination of dark golden and
toasted fries before serving could be a valuable action in avoid-
ing overexposure to acrylamide. In the last several years, school
policies have been targeted to improve diet, reducing the con-
sumption of foods rich in sugar and fat and providing
balanced lunches for students.41 Together with this initiative,
the application of measures to reduce the exposure to acryl-
amide in foods would help to provide healthier diets, not only
from a nutritional but also a toxicological point of view. The
findings provide valuable information for policy makers and
public health bodies to enhance implementation and monitor-
ing strategies for acrylamide in school canteens, and also to
food operators reviewing the code of practice in frying
potatoes.
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