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Abstract: French fries are popular products worldwide. However, this product is a sufferable source
of high acrylamide due to high temperature and low moisture. The main objective of this study was to
evaluate the effect of grass pea flour (GPF), transglutaminase (TGase)-treated (GPF + TGase), chitosan
(CH), and pectin (PEC) hydrocolloid coating solutions on the formation of acrylamide, water retention
as well as on oil content. In addition, the Daily Intake (DI) and Margin of Exposure (MOE) were
calculated to estimate variations in risk assessment by applying coating solutions before frying.
Our results showed that the highest acrylamide content was detected in the control sample, reaching
a value of 2089 µg kg−1. Hydrocolloid coating solutions were demonstrated to be an effective way
to reduce acrylamide formation, with the percentage of acrylamide reduction equal to 48% for PEC,
>38% for CH, ≥37% for GPF + TGase, and >31% for GPF, respectively. We hypothesized that the
coatings were able to increase the water retention and, thus reduce the Maillard reaction, which is
responsible for acrylamide formation. In fact, the MOE value for coated French fries was increase,
resulting in being closer to the safety level to avoid carcinogenic risk. Moreover, our coatings were
effective in reducing oil uptake.

Keywords: French fries; acrylamide; hydrocolloid coating; transglutaminase; margin of exposure

1. Introduction

Acrylamide (H2C=CH–CO–NH2) is a compound that is highly soluble in water, about which
heightened concerns regarding its exposure arose in 2002 when Swedish researchers discovered its
formation when certain foods were prepared at temperatures above 120 ◦C and in the presence of low
moisture [1,2]. Its formation, at least in part, is due to the Maillard reaction between free asparagines
and reducing sugars. According to the European Food Safety Authority (EFSA), acrylamide forms
in numerous baked and/or free asparagine rich fried foods including French fries, potato crisps,
breads, biscuits, and coffee (roasted beans). Acrylamide is also known to be present in cigarette
smoke. The EFSA report in 2015 mentioned that rats and mice exposed to acrylamide have shown
some signs of developmental toxicity, increased incidence of skeletal variations, slightly impaired
body weight gain, histological changes in the central nervous system, and some neurobehavioral
effects. Acrylamide and its metabolite glycidamide (a reactive epoxide with the formula C3H5NO2)
are genotoxic and carcinogenic. Since any level of exposure to a genotoxic substance could potentially
damage DNA and lead to cancer—as also stated by the International Agency for Research on Cancer
(IARC, 1994) [3]—EFSA scientists conclude that acrylamide is a health concern [4].
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The presence of acrylamide in food products has been studied in different countries and many
food organizations have affirmed that deep-fried potato chips contain high amounts of acrylamide [5].
In addition, it was reported by Mestdagh et al. [6] that the ratio of fructose to glucose impacted
both the color and acrylamide levels of fried potato strips, with higher fructose concentrations
favoring acrylamide formation. Any factor, such as food formulation, pH, water content, temperature,
and frying time can influence the Maillard reaction, which is also responsible for acrylamide
formation [2]. French fries can contain more than 2000 µg kg−1 of acrylamide [7,8]. Recently, it has
been found that the acrylamide content of 40 potato crisp brands from the Spanish market ranged
from 108 to 2180 µg kg−1 [9]. Furthermore, the acrylamide level has recently been determined [10]
in potato crisps, corn-based extruded snacks, and other savory snacks that are very popular in Italy
together with the exposure risk assessment through the Margin of Exposure (MOE), showing that
the acrylamide ranged from 21 to 3444 µg kg−1, with the highest level in potato samples; the MOE
assessment revealed that five out of six consumer groups showed exposure values associated with an
augmented carcinogenic risk [10].

To prevent acrylamide formation during the frying process, some precautions have been
reported [11]. The simplest precautions refer to the use of potato blanching either with water or
acidic solutions, containing, for example, ascorbic acid or citric acid [12,13]. These strategies could also
be applied together with a way of choosing specific potato cultivars described as containing lower
amounts of both free asparagines and reducing sugars or controlling the storage conditions (potatoes
stored at a temperature of 6 ◦C or higher have shown a lower amount of reducing sugars) or the
recurring addition of salts in the soaking water [14]. Another more complex but expensive alternative
process could be the recurring use of the asparaginase enzyme [15].

Some authors have proven the effectiveness of hydrocolloid solutions to control the acrylamide
formation of different dried foods [16–18]. Hydrocolloids (proteins and polysaccharides) are
hydrophilic polymers that can modify the functional properties of aqueous food systems such as
thickening, gelling, and emulsifying properties [19,20]. Other studies have shown that the addition
of some hydrocolloids to food preparations could enhance water retention [21–23], thus, becoming
responsible for acrylamide reduction. In previous studies, the effect of enzyme transglutaminase
(TGase, E.C. 2.3.2.13) on different hydrocolloid film properties was investigated [24–28]. This enzyme
catalyzes the formation of isopeptide bonds among glutamine and lysine residues, thus providing
a certain degree of reticulation in the hydrocolloid-based films [26]. Rossi Marquez et al. [29]
demonstrated that a coating with whey protein/pectin film prepared in the presence of TGase resulted
in a useful way to reduce oil content in fried potatoes. Moreover, a blanching pre-treatment and
pectin coating were able to reduce the acrylamide formation in fried banana chips [16]. Additionally,
alginic acid and PEC are promising inhibitors of acrylamide formation in fried potatoes [17].
Hydrocolloid-based coatings have also been used as effective protection to reduce oil uptake [29,30].
In fact, some studies have demonstrated that pectin [31,32], methylcellulose [32–34], whey protein,
and egg white [35] were able to reduce the oil uptake in potato chips.

Hydrocolloids are effective coatings to enhance the quality of food products as reported in several
reports [26,36]. Despite their effectiveness in regulating the transmission of gases such as oxygen
and carbon dioxide besides water vapor, an increasing interest in studying their role in acrylamide
reduction in processed foods has been registered [16,17,37].

The aim of the present study was to verify whether some hydrocolloid-based coatings, used
previously in our laboratories [25,38] as effective film forming solutions, were also able to influence
the formation of acrylamide in fried potatoes, the most widespread consumed fried food worldwide.
In this study, we evaluated the effect of four different hydrocolloid coating solutions made of: (1) grass
pea flour (GPF); (2) TGase-treated (GPF + TGase); (3) chitosan (CH); and (4) pectin (PEC) in reducing
the formation of acrylamide during the frying process of potatoes, and to estimate the influence of
the coating on the MOE in fried potatoes. Finally, the effect of coatings on reducing oil uptake was
also investigated.
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2. Materials and Methods

2.1. Materials

Acrylamide standard ≥ 99.8%, catalogue No. 23701 and methanol were obtained from the
Sigma–Aldrich Chemical Company (St. Louis, MO, USA). Acetonitrile HPLC (high pressure liquid
chromatography) analytical grade, n-hexane, and formic acid were supplied from Carlo Erba reagents
srl (Milan, Italy). Water purified by a Milli-Q-RO system (Millipore, Bedford, MA, USA) was used.
Glycerol was purchased from the Merck Chemical Company (Darmstadt, Germany) whereas Oasis
HLB (Hydrophilic-Lipophilic-Balanced) 200 mg, 6 mL solid phase extraction (SPE) cartridges were from
Waters (Milford, MA, USA). The syringe filters (0.45 µm, 0.22 µm PVDF (polyvinylidene difluoride)
were from Alltech Associates (Deerfield, IL, USA). Pectin (PEC) of Citrus peel low-methylated (7%)
(Aglupectin USP (United States Pharmacopoeia)) was purchased from Silva Extracts srl (Gorle, Italy).
Chitosan (CH) was obtained from Professor R. Muzzarelli (University of Ancona, Ancona, Italy),
prepared as described by [39] with a degree of 9.0% N-acetylation. Grass pea seeds (GP) and corn
oil were from a local market (Naples, Italy) and ACTIVA WM containing Streptoverticillium Ca2+

independent TGase was supplied by Ajinomoto Co. (Tokyo, Japan; Japan product No. AJ301402,
lot No. 00.02.03).

2.2. Preparation of Coating Solutions

To obtain GP flour (GPF), seeds were ground using a variable speed laboratory blender LB 20ES
(Waring Commercial, Torrington, CT, USA), so that the GPF could pass through a 425 µm stainless
steel sieve (Octagon Digital Endecotts Limited, London, UK). GPF-based solutions were prepared by
dissolving 8.3 g of GPF (containing 24% w/w proteins) in 100 mL Milli-Q water. The solution was
shacked for 1 h and its pH was adjusted to 9.0, followed by centrifugation at 12,096× g for 10 min.
After centrifugation, 60 mL of the supernatant were taken and the pH was adjusted to 7.0, and the final
volume of 100 mL was reached with water after adding 16 µL of glycerol (8% w/w with GPF proteins).
The solution was then divided in two 50 mL falcon tubes and TGase (33 U/g of GPF proteins) was
added in only one tube; then both samples (GPF with and without TGase) were incubated for 2 h at
37 ◦C. The enzymatic reaction was stopped by adjusting the pH to 9.0. The ratio between the enzyme
and its substrate in order to have TG-mediated crosslinking of GPF the proteins, was established in
our laboratories (unpublished data). CH-based solutions (0.6% w/v) were prepared from a CH stock
solution (2% w/v of hydrochloric acid 0.1 N stirred overnight) [25] then diluted with water adjusting
the pH to 4.0; finally the solution was stirred for 30 min at 25 ◦C. PEC-based solutions (1% w/v) were
prepared according to Esposito et al. [40] from a PEC stock solution (2% w/v), then diluted with
water; the pH was adjusted to 7.5; finally the solution was stirred for 30 min at 25 ◦C. PEC and CH
concentrations were chosen according to studies reported in the literature [38].

2.3. French Fry Preparation and Frying Process

Potatoes (cultivar Musica) were obtained from the Department of Agriculture, University of
Naples “Federico II” (Naples, Italy) and stored at 4 ◦C until use. Before performing the experiments,
potatoes were cut into 1 cm × 1 cm× 6 cm sticks as described by Rossi Marquez et al. [29] and treated
as follows: 100 g of potatoes (18 sticks) were dipped for 30 s into either distilled water (sample used
as “control”) or one of the following coating solutions: (1) grass pea flour (GPF); (2) TGase-treated
(GPF + TGase); (3) chitosan (CH); and (4) pectin (PEC). Then, each sample was allowed to drip for
2 min before frying. The frying conditions were the following: 1.5 L corn oil was preheated (using a
controlled temperature deep-fryer apparatus (GIRMI, Viterbo, Italy) to the processing temperature
(170 ◦C), then the potato sticks were fried for exactly 6 min [7]. The oil was replaced with fresh oil
for each differently coated sample. Each potato stick was fried by flipping from side to side every
2 min. After frying, each sample was allowed drain for 2 min to remove the excess oil. The described
procedure was repeated three times and the results were averaged.
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2.4. Acrylamide Standard Preparation

A standard stock solution (1.0 mg/mL) was prepared by dissolving 10.0 mg of the acrylamide
standard in 10 mL of Milli-Q water by using a volumetric flask. From the stock solution, calibration
standards at different concentrations (100, 250, 500, 1000, 2000, 3000, 4000, and 5000 µg/L),
were prepared, respectively. The limit of detection (LOD) was 29.6 µg/L, and the limit of quantitation
(LOQ) was 89.1 µg/L. All series of standard solutions were stored in glass dark bottles (light-resistant)
at 4 ◦C until used (Figures S1 and S2).

2.5. Extraction of Acrylamide from the Fried Potato Strips

About 100 g of fried potato sticks, accurately weighed after cooling, were immersed in n-hexane
for 30 min to remove the oil from their surfaces [17]. The sticks were then ground with a rotary mill
Grindomix GM200, (Retsch GmbH, Haan, Germany) at a speed of 1300 rpm for 1 min. Each sample
was allowed to dry by freeze-drying before being subjected to acrylamide extraction following the
protocols reported by Wang et al. [41], and Krishna et al. [42] with some modifications: two different
Falcon tubes were set up for each sample, one for detecting acrylamide formed in the sample itself
(“basic” acrylamide), and the second one to carry out the “Recovery test” (Table S1). In both tubes,
1.0 g (dry weight) of sample, accurately weighed, was put in both tubes and only in the second one
was the 500 µg kg−1 of acrylamide standard added. In each tube, 10.0 mL of Milli-Q water were added.
The samples were extracted in an incubated shaker for 30 min at 25 ◦C and 170 rpm, then followed by
centrifugation at 7741× g for 10 min at 4 ◦C. The supernatant was filtered through a 0.45 µm syringe
filter for the clean-up of the Oasis HLB SPE cartridges. The SPE cartridge was preventively conditioned
with 2.0 mL of methanol followed by washing with 2 mL of water before loading 2.0 mL of the filtered
supernatant, the first 0.5 mL was discarded and the remaining elute collected (≈1.5 mL; exact volume
was measured by weight and converted by means of density). All extracts were kept in dark glass
vials at 4 ◦C before analysis. The clean sample extracts were further filtered through 0.2 µm nylon
syringe filters before HPLC-UV (ultra violet) analysis (Figure S3). Each analysis was performed in
triplicate. The acrylamide recovery test was between 106% and 86% (Table S1) in accordance with the
data reported in the literature.

2.6. HPLC-UV Analysis

HPLC-UV analysis was performed by using the RP-HPLC (RP: reverse phase) method on an
Agilent 1100 series HPLC instrument equipped with an on-line degasser, a dual pump, and a diode
array detector (Hewlett Packard, Wilmington, DE, USA). The column used was a Synergi™ 4 µm
Hydro-RP 80 Å HPLC Column 250 × 4.6 mm [43,44] (Phenomenex, Torrance, CA, USA). The operating
conditions were as follows: the wavelength detection was 210 nm, a gradient elution of 0.1% formic
acid (v/v) in water: acetonitrile (97:3, v/v) was applied. Solvent A was water and Solvent B was
acetonitrile, both solvents containing 0.10% (v/v) formic acid; flow rate, 1.0 mL/min. The gradient
elution program was applied as follows: 97% A (3% B) for 10 min, increased to 20% A (80% B) from
10 to 12 min, and kept at 20% A (80% B) for 5.0 min, increased to 95% B (5% A) from 17 to 19 min,
and kept at 95% B for 5 min, increased to 97% A (3% B) from 24 to 26 min, and kept for 4 min.
The injection volume was 20 µL. The total chromatographic runtime was 30 min for each sample and
the temperature was kept at 30 ◦C (GECKO 2000 “HPLC column heater”, SpectraLab Scientific Inc.,
Markham, ON, Canada) to ensure optimal separation. In all samples (acrylamide standard and fried
potato-derived), the acrylamide retention time was 4.9 min. The method presented a relative standard
deviation lower than 5% with three repetitions; this result was in accordance with the data reported
in literature.
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2.7. Daily Intake (DI) and Margin of Exposure (MOE) of Acrylamide Risk Assessment

The daily intake (DI) and consequently, the Margin of Exposure (MOE) was calculated by taking
into account the six following age groups (as stated from EFSA): Toddlers (1–3 years old); Children
(3–10 years old); Adolescents (10–18 years old); Adults (18–65 years old); Elderly (65–75 years old);
Very Elderly (more than 75 years old). DI (ng (kg body weight)−1 day−1) was calculated according to
the equation [10]:

DI =
C × Q

BW
(1)

where C is the average concentration of acrylamide detected in each fried potato samples (ng g−1),
Q is the average daily consumption of fried potato samples of each age groups (g day−1), and BW is
the body weight of each age group (kg).

The average daily consumption Q was taken from the EFSA report [4], and the BW values were
taken by Leclercq et al. [45] that considered the BW of Italian consumers belonging to the described six
age groups. The DI results were used to estimate the MOE, a parameter that indicates the level of health
concern for toxic and/or carcinogenic molecules. Here, we calculated the MOE for acrylamide, taking
into account that it is classified as both a neurotoxic and carcinogenic agent. To calculate the MOE, it is
necessary to refer to the BMDL10 = Benchmark Dose Lower confidence limit (mg (kg BW)−1 day−1),
which represents the minimum dose range of a substance that produces a clear, low level health
risk, usually in the range of 1%–10% [4]. The BMDL10 based on neurological changes (acrylamide
as neurotoxic agent) is 0.43 mg (kg BW)−1 day−1, while the BMDL10 considering acrylamide as a
carcinogenic agent is 0.17 mg (kg BW)−1 day−1, according to the EFSA report 2015 [4].

The MOE assessment was calculated according the following equation [10]:

MOE =
BMDL10

DI
(2)

2.8. Oil Content

After frying and cooling, the oil content of each ground sample (3–5 g) was determined in triplicate
and reported as a percentage on dry matter weight by n-hexane solvent extraction using the Soxhlet
method [46], and the oil reduction due to coating was calculated as per the following equation.

Oil reducing due to coating (%) =
oil content (control)− oil content (coated)

oil content (control)
× 100 (3)

2.9. Water Content Analysis

Water content of fried potato samples was determined according to AOAC (Association of
Official Analytical Chemists) [47]. After frying, the potato sticks that had been coated with a different
hydrocolloid coating solution and the control (coated with water) were dried in an oven at 105 ◦C until
constant weight was achieved. Water content, water loss during frying and water retention in all of the
samples were calculated as following:

Water content (%) =
wet weight − dry weight

wet weight
× 100 (4)

Water loss during frying (%) =
(initial water − water after frying)

initial water
× 100 (5)

Water retention (%) = (
water contant of coated

water contant of control sample
− 1)× 100 (6)
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2.10. Statistical Analysis

All the experiments were carried out in triplicate, and the data were analyzed by using the JMP
version 10.0 software (SAS Institute, Cary, NC, USA). Statistical differences were considered using the
Tukey-Kramer HSD test to be significant at p < 0.05.

3. Results and Discussion

3.1. Effect of Hydrocolloid Coating Solutions on the Acrylamide Content

The aim of the present work was to evaluate the effectiveness of hydrocolloid-based coatings
in reducing acrylamide formation in potato French fries. Acrylamide analyses, based on fat-free dry
matters (FFDM), were carried out by RP-HPLC and reported in Figure 1.

As reported in the Materials & Methods (Section 2.3), potato chips were coated by dipping with
four different hydrocolloid solutions. The first solution was made of GPF proteins, the second was
made of the same proteins enzymatically modified by means of TGase, and the third was a solution
made of 0.6% w/v CH, while the fourth one was made of 1% w/v PEC. A potato sample dipped in
distilled water was used as the control.

The highest acrylamide content was detected in the control sample, reaching a value of
2089 ± 36 µg kg−1. The results of Figure 1 show that the most effective coating solution was the
one made of PEC, since the potato samples protected by this edible film, contained only 52% w/w
of acrylamide when compared to the uncoated ones. Zeng et al. [17] tested PEC-based hydrocolloid
solutions and demonstrated their effectiveness in reducing acrylamide in both the model systems and
fried potatoes. Even though these authors obtained a 50% reduction in acrylamide content, they used a
2% pectin solution into which the samples were immersed for 5 h. These conditions are less sustainable
and, thus, more expensive than the conditions we studied in the present paper. No comparison with
previous results could be made with the GPF coating solutions since the present paper is the first
study to have used this GPF and GPF + TGase as coatings. GPF was able to reduce the acrylamide
content of 31% w/w, while in the presence of TGase, the acrylamide content was reduced to 37% w/w,
thus suggesting that the presence of peptide bonds, catalyzed by the enzyme, increased the coating
compactness and somehow influenced the acrylamide formation, probably due to the edible film
possessing a more straightened protein network with reduced pores [24–28].
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Figure 1. Effect of different hydrocolloid coatings on acrylamide content for French fries (y-axis on
the left based on fat-free dry matters (FFDM)) and % reduction of acrylamide (y-axis on the right).
Samples were coated with hydrocolloid-based coatings made of GPF, grass pea flour; GPF + TGase,
grass pea flour treated by transglutaminase; PEC, pectin; CH, chitosan. “Uncoated” represents the
control sample dipped in distilled water. Means with different letters (a–d) are significantly different
(Tukey means comparison, p < 0.05). Data reported are the average values of three repetitions. Further
experimental details are given in the text.
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Our results also showed that the ability of reducing the acrylamide content of 38% (w/w) was
exhibited by a CH coating solution, a reduction very similar to the one obtained using the coating
made of GPF treated with TGase. While the latter reduction may be related to the pore dimension,
the acrylamide reduction due to CH could be related to the high number of amino groups in this
polysaccharide. In fact, Sansano et al. [18], while investigating the effect of CH on the reduction
of acrylamide in fried batter, demonstrated that the polysaccharide influence was higher than the
one performed by reducing sugars such as fructose added to the model system. Hence, the authors
suggested that the CH amino groups might compete with free asparagine amino groups in binding the
reducing sugars, which is the first step of the reactions that ends with acrylamide formation.

3.2. Effect of Coating to Acrylamide Risk Assessment

Risk assessment is usually evaluated by the MOE, which is calculated as the ratio between the
dose at which a small but measurable adverse effect is first observed, and the daily level of intake that
accounts for both the BW and different population groups. EFSA published in its report the MOE for
acrylamide, which is classified as a substance that can be both genotoxic (neurotoxic) and carcinogenic.
Acrylamide becomes a health concern for consumers that were divided in groups according to their
ages, since the effect of exposure to a toxic/carcinogenic agent depends on the BW that is correlated,
mostly, to age. In the present study, we verified that some hydrocolloid-based coatings were effective
in reducing the acrylamide content and, thus, we also wanted to verify how the DI would change
if the potato sticks were coated before being fried. Table 1 shows the DI calculated by Equation (1)
in six different age groups. Indeed, we only excluded the Infants out of all seven groups that EFSA
considered in its reports. In fact, Infants are classified as population members that are less than one
year old and, thus, are not supposed to eat fried foods or potatoes. DI value relatives were calculated
by multiplying the concentration of acrylamide detected in the samples by the average consumption
(g day−1) in each age group. The minimum, median, and maximum of the mean values were obtained
by the EFSA through surveys across 20 European countries [4]. For the sake of brevity, Table 1 only
reports the median values.

Table 1. Dietary intake of acrylamide consumption based on the median of the estimated
consumption of fried potatoes treated with the coating solutions. Samples were coated with different
hydrocolloid-based coatings made of GPF, grass pea flour; GPF + TGase, grass pea flour treated by
transglutaminase; PEC, pectin; and CH, chitosan. “Uncoated” represents the control sample dipped in
distilled water.

Fried Potato Samples Age Groups Acrylamide Intake (ng (kg body weight)−1 day−1)

Control

Toddlers 1387
Other children 1521

Adolescents 1072
Adults 719
Elderly 536

Very elderly 417

GPF

Toddlers 952
Other children 1045

Adolescents 737
Adults 494
Elderly 368

Very elderly 287

GPF + TGase

Toddlers 877
Other children 962

Adolescents 678
Adults 455
Elderly 339

Very elderly 264
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Table 1. Cont.

Fried Potato Samples Age Groups Acrylamide Intake (ng (kg body weight)−1 day−1)

CH

Toddlers 858
Other children 941

Adolescents 663
Adults 445
Elderly 332

Very elderly 258

PEC

Toddlers 720
Other children 790

Adolescents 557
Adults 374
Elderly 279

Very elderly 217

It was clear that the presence of the coating would allow all population groups to have a lower
DI, so being more protected from the damage that acrylamide from fried potatoes could give them.
The most effective was the PEC coating, since, taking into account the median DI value, we observed
that all of them were roughly 50% less that the DI values exhibited in the control samples. We also
verified that the GPF + TGase coating was as effective as the CH-based coatings even though they gave
rise to a DI that was about 40% lower than the DI of the control. DI was useful to calculate the MOE
according to Equation (2), and considered both the neurotoxic and carcinogenic risks of acrylamide.
Thus, a BMDL10 equal to 0.17 mg (kg BW)−1 day−1 for carcinogenic risk (Figure 2, left panels) and a
BMDL10 equal to 0.43 mg (kg BW)−1 day−1 for neurotoxic risk (Figure 2, right panels) were used to
calculate the MOE in the six different age groups. Figure 2 also reports the MOE for the minimum
(Figure 2A), medium (Figure 2B), and the maximum (Figure 2C) of acrylamide consumption levels as
estimated from the EFSA throughout surveys across 20 European countries [4].

In each panel, the values of the MOE that were considered of no concern to the consumers
according to EFSA regulation are reported: 10,000 and 125 are the minimum safety levels of the MOE
for carcinogenic and neurotoxic risks, respectively. For the sake of clarity, it is worth reminding that,
since MOE is inversely proportioned to the DI of acrylamide, a lower MOE level indicates a higher
risk. Thus, as reported in Figure 2, for each age group, the MOE values were below the minimum
safety level carcinogenic risk, even though it was clear that the use of hydrocolloid-based coatings
increased the MOE values even though by only about 50%–60%. In any case, this result proved
that recurring coatings could provide advantages to consumers, especially for the ones from 1 to
65 years old. In fact, this population consumes a higher amount of fried potato than the elderly or
very old people. We want to underline that, as expected, the evaluation of the MOE indicated that the
PEC-based hydrocolloid coating was the most effective among the others tested. Regarding the MOE
values that assess safety for neurotoxic risk, we can see from the Figure 2, right panels, that a healthy
concern due to a MOE value below the 125 safety level, was for the control samples of Toddlers and
Other children groups, thus coating fried potatoes is effective in regard to maximum consumption
levels (Figure 2C on the right). In fact, for minimum and median levels (Figure 2A,B on the right),
acrylamide is not a health concern regarding neurotoxicity since the MOE values were much higher
than the minimum safety level.
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Figure 2. Margin of exposure (MOE) values for carcinogenicity (left panel) and neurotoxic (right panel)
of acrylamide through the consumption of French fries that were both uncoated and coated with
hydrocolloid coating solutions. Samples were coated with different hydrocolloid-based coatings made
of GPF, grass pea flour; GPF + TGase, grass pea flour treated by transglutaminase; PEC, pectin; and CH,
chitosan. “Uncoated” represents the control sample dipped in distilled water, across different consumer
age groups: (A) minimum, (B) median, and (C) maximum of consumption levels estimated from the
2015 EFSA report. Further experimental details are given in the text.

3.3. Effect of Coating Materials on the Water and Oil Content

It is well known that during frying, the food water content decreases, while the oil replaces water.
In a previous work, Rossi Marquez et al. [29] demonstrated the effectiveness of hydrocolloid-based
coatings in reducing oil uptake in fried potato strips by using a coating made of PEC and whey
proteins, modified by the means of TGase. In the present paper, the effectiveness of the four different
hydrocolloid-based coatings in the oil uptake was also verified. As shown in Table 2, all four types
of hydrocolloid-based coatings were effective in reducing oil content, even if the most significant
reduction was obtained with the PEC-based coatings. Regarding water, as expected according to
our hypothesis, the water content increased, reaching 56.1% (w/w) in PEC-coated samples, while the
controls exhibited 41.9% (w/w) of water. During frying, the water evaporates through the dry crust
and is substituted by oil. Oil uptake in fried foods can be considered a health concern since high
consumption of fatty acids has been related to obesity and other health problems such as heart
disease [48].
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Table 2. Effect of hydrocolloid coatings on the quality of potato French fries. Samples were coated
with different hydrocolloid-based coatings made of GPF, grass pea flour; GPF + TGase, grass pea flour
treated by transglutaminase; CH, chitosan; and PEC, pectin. “Uncoated” represents the control sample
dipped in distilled water *.

Coating
Solutions

Oil Content
(%)

Oil Reducing Due to
Coating (%)

Water
Content (%)

Water Loss During
Frying (%)

Water Retention
Due to Coating (%)

Control 20.1 ± 0.7 a – 41.9 ± 1.1 a 36.9 ± 1.1 a –
GPF 18.2 ± 0.4 b 9.3 ± 1.9 a 44.9 ± 1.1 b 33.9 ±1.1 b 7.1 ± 0.7 a

GPF + TGase 16.5 ± 0.9 b,c 15.9 ±1.6 b 49.3 ± 0.7 c 29.5 ± 0.7 c 17.5 ± 1.7 b

CH 15.7 ± 0.5 c,d 21.5 ± 2.7 c 51.3 ± 1.0 c 27.4 ± 1.3 c 22.3 ± 2.4 c

PEC 14.1 ± 0.4 d 29.4 ± 2.4 d 56.1 ± 0.6 d 22.7 ± 0.6 d 33.8 ± 1.4 d

*: Means with different letters (a–d) are significantly different per column (Tukey means comparison, p < 0.05).

As shown in Table 2, all four hydrocolloid-based coatings used in this study were able to reduce the
oil content when compared to the control, potato sticks coated with water. The most effective coating
was PEC, which was able to reduce the oil content of the fried sample by about 29.4% (w/w) and retain
33.8% (w/w) of the water content of the sample. These results were in agreement with Hua et al. [32],
since these authors indicated that the coating prepared with 1.0% (w/v) low-methoxyl sunflower head
pectin and 0.05 mol/L CaCl2 reduced the oil uptake by about 30%. Other authors [31,49] have reported
that pectin leads to a lower oil uptake. In the present paper, the effectiveness of both protein-based
hydrocolloid solutions (GPF and GPF + TGase) in reducing oil content uptake was also proven since
the oil content was reduced by 9% and 15.9%, respectively. Thus, the TGase-mediated crosslinking
was able to reduce the oil content twice when compared to the GPF sample. These results were better
than the ones obtained by Aminlari et al. [35] where, using protein-based hydrocolloids such as whey
and egg proteins, they only achieved 5% and 12% oil uptake reduction, respectively. The effectiveness
of the hydrocolloid-based coatings in reducing the excessive oil uptake can be referred to their ability
of reducing the heat transfer coefficient, as extensively discussed in the review by Kurek et al. [30].

4. Conclusions

In summary, it was demonstrated that a hydrocolloid-based coating was responsible for the
reduction in acrylamide formation due to its capability to increase water retention. For the same
reason, our hydrocolloid-based coatings were also effective in reducing oil uptake as they provided
a reduction in the heat transfer coefficient during frying. It is worth noting that, of the four types of
coatings studied, the PEC-based coating gave the best performances. We are confident that, due to
their low cost and their colorless and tasteless properties, hydrocolloids could be hopefully adopted
in the future as strategies for consumers, but also enterprises that produce commercial fried foods to
maintain a lower acrylamide content.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/8/4/147/s1,
Figure S1: HPLC chromatograms of water as blank obtained at 210 nm. The mobile phase was (97/3 v/v)
water/acetonitrile containing 0.1% v/v formic acid at 1.00 mL/min, Figure S2: HPLC chromatograms of
acrylamide standards obtained at 210 nm; acrylamide concentrations were 0.1, 0.25, 0.5, 1, 2, 3, 4, and 5 mg/L of
acrylamide. The mobile phase was (97/3 v/v) water/acetonitrile containing 0.1% v/v formic acid at 1.00 mL/min,
Figure S3: HPLC chromatograms were: A (green line ) 1000 µg/L acrylamide standard; B (violet line) acrylamide
extracted from the French fry potato sample; and C (pink line ) acrylamide from the French fry potato sample into
which 500 µg/kg acrylamide standard was added and in the sample were eluted in the best chromatographic
conditions by using mobile phasewater/acetonitrile (97/3 v/v) containing 0.1% v/v formic acid at 1.00 mL/min,
and UV detection at 210 nm, Table S1: Recovery test for acrylamide in all samples (in each sample 500 µg/kg of
standard were added) *.
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