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Olivera Koprivnjak

Received: 3 October 2022

Accepted: 24 October 2022

Published: 27 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Article

The Effect of Deep Frying French Fries and Two Types of
Iberian Pork on the Characteristics of Extra Virgin Olive Oil
and the Fried Products
Ana Isabel Carrapiso * , Eva María Otero-Bazago, José Ángel Gil-Amado and Lourdes Martín

Tecnología de Alimentos, Escuela de Ingenierías Agrarias, Universidad de Extremadura, Ctra de Cáceres s/n,
06007 Badajoz, Spain
* Correspondence: acarrapi@unex.es; Tel.: +00-34-924286200

Abstract: Although deep frying is widely used, little is known about the effect of frying different
meats on the frying oil. The aims of this study were to investigate whether the pork type influences
the characteristics of the frying oil, to compare any effects with those of French fries, and to research
whether the use of thermally damaged oil differentially affects those products. French fries and
pork from pigs reared outdoors on acorns and grass (outdoor) or indoors on a concentrated feed
(indoor) were deep-fried in either raw or previously heated olive oil. The type of product affected
most color parameters, K268 and the α-tocopherol content of the oil. The frying of outdoor pork
hardly affected the α-tocopherol content, whereas the frying of indoor pork and especially French
fries caused a significant decrease. This suggests that the meat type should be considered when
setting the frying lifespan of olive oil. Regarding the fried products, L*, moisture (only French fries)
and the malondialdehyde (MDA) content (only indoor pork) were the only parameters affected by
the previous oil damage. The outdoor pork was less susceptible to oxidation than the indoor pork
when the oil was severely damaged. Therefore, pig outdoor-based systems based on antioxidant-rich
diets might be convenient to maintain oxidation at the lowest level after frying.

Keywords: Arbequina olive oil; deep frying; oil degradation; French fries; fried Iberian pork; outdoor
meat

1. Introduction

Extra virgin olive oil is obtained solely by mechanical means without any refining, so
it maintains a part of the olive fruit antioxidants [1,2]. Deep frying causes a drop in the
content in antioxidants and other beneficial compounds and promotes reactions such as
thermal degradation, hydrolysis and oxidation [3–6], and oil–product exchanges, such as
the transfer of fat, water, bioactive, and/or oxidation compounds [4,7–10]. The stability of
olive oil against the damage caused by the deep frying process depends on factors such as
the olive cultivar, the frying time and temperature, and the type of fried food [7,8,10–14].
In addition, the use of damaged oil not only increases safety issues but can also affect the
characteristics of the fried foods [10,15].

So far, most studies on the deep frying process have focused on French fries, and
little attention has been paid to meat [7,15,16]. In this respect, there are some studies on
frying meat (reviewed in [15]), including chicken [10,17], but to our knowledge, there are
no studies researching whether frying meat from pigs reared on rich-antioxidant diets
provides any advantage in terms of the oil degradation and the oxidation status of the fried
meat. Iberian pig is a rustic breed from southwestern Europe traditionally fed outdoors on
acorns and grass in a system claimed to be more sustainable than indoor systems. Due to
economic advantages, most Iberian pigs are currently reared indoors, but it is the traditional
system that provides the most valued products, more expensive and with higher stability
against oxidation [18]. With respect to the deep frying process, traditional pork might
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have advantages compared with indoor pork regarding the resulting damage to the frying
medium and the pork oxidation.

The aims of this study were to investigate whether the type of Iberian pork influences
the degradation of the olive oil used as the deep-frying medium, compare this with the
effect of frying French fries, and determine whether the use of thermally damaged oil
differentially affects those products. The hypothesis to test was that the traditional outdoor
pork may have a protective effect on the frying oil compared to the indoor pork and French
fries, and the use of thermally damaged oil may be less detrimental for traditional pork
than for other products.

2. Materials and Methods
2.1. Olive Oil Samples and Heating Process

Six containers of 5 L of extra virgin olive oil from the Arbequina cultivar were pur-
chased from a local factory and kept at room temperature in the dark (raw oil). To obtain
thermally damaged oil, 1150 mL of olive oil was heated at 170 ◦C for 10 h using a 1 L do-
mestic deep fat fryer (Ufesa Excelis Inox Compact) and left to cool at room temperature for
10 h (heated oil). The heating treatment was replicated 12 times using two identical fryers.

Oil samples from four raw oil containers and from four heated oil replicates were
transferred into 8 mL transparent glass flasks to immediately measure the instrumental
color; oil samples were also transferred into 60 mL amber glass flasks to be kept in the dark
at −80 ◦C (for the tocopherol and phenol analyses) and at 4 ◦C (for other analyses).

2.2. The Deep Frying of French Fries and Iberian Pork Sirloin

Raw or heated oil (1050 mL) was placed in a fryer and heated at 170 ◦C. The basket
with the products (no overlapping) was then put inside the fryer, which was kept uncapped.
After frying, the basket was left to drain over the fryer for 2 min. Four replicates were
performed per oil type (raw and heated) and per product (French fries and sirloin from the
two types of pork).

For the French fries, whole potatoes were manually peeled, washed, and cut using
an electric slicer to a 6 × 1 × 1 cm size immediately before frying. In total, 30 pieces
(144.1 ± 4.1 g, mean ± standard deviation) were placed in the basket and deep fried for
5 min.

Regarding the pork, eight frozen vacuum-packed Iberian sirloin samples from two
rearing systems characterized by a different fatty acid composition (see [19,20] for differ-
ences) were used: pork from pigs fattened in an indoor system based on a conventional
concentrated feed (indoor) and pork from pigs fattened in an outdoor system based on
acorns and grass (outdoor). The sirloin samples were unfrozen and sliced into 1 cm medal-
lions using an electric slicer immediately before frying. They were placed in the basket
(141.9 ± 3.9 g for the indoor sirloin; 140.0 ± 4.0 g for the outdoor sirloin) and deep fried for
3 min.

Immediately after the fried products were drained, their instrumental color, moisture,
and texture were analyzed. The samples were frozen at −80 ◦C for the analyses of the fat
content and thiobarbituric acid reactive substances (TBARS).

After frying, the oil was left for 10 h to reach room temperature. Oil samples from each
replicate were then transferred into 8 mL transparent glass flasks to immediately measure
the instrumental color and into 60 mL amber glass flasks to be kept in the dark at −80 ◦C
(for the tocopherol and phenol analyses) and at 4 ◦C (for the other analyses).

2.3. Instrumental Color Measurement

The instrumental color of the oil and the fried products was measured using a Minolta
Chromameter CR-300 (0◦ observer angle and D65 illuminant) and the CIE L*a*b* system.
Chroma (C*) was calculated as (a*2 + b*2)0.5 and the hue angle (h◦) as arctg (b* × a*−1). For
the oil samples, five measurements were taken in transparent glass flasks (6 cm height)
filled with 8 mL of oil and placed on a white surface, and the mean value was used in the
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data analyses. For the fried products, the instrumental color was measured immediately
after frying and weighing. The measurement was repeated 10 times per batch, and the data
were averaged for statistical analysis.

2.4. Oil Quality Parameters and Anisidine Value

The free acidity, peroxide value (PV), and the extinction coefficients K232 and K268
were determined according to the European Commission Regulation 2568/91 [21] and
subsequent modifications. The anisidine value (AV) was determined according to the
UNE-EN ISO 6885:2008 standard [22]. The analyses were performed twice per sample, and
the sample mean was used in the statistical analysis. The free acidity was determined only
in four samples of the raw oil to confirm the declared values, and the other analyses were
performed on all of the samples.

2.5. The α-Tocopherol Content of Oil

The method reported by Inarejos-García, Gómez-Rico, Salvador, & Fregapane [23] was
used. Oil was dissolved in hexane, and then the solution was analyzed using a 1100 series
Agilent Technologies High Performance Liquid Chromatograph (HPLC) equipped with a
silica gel Lichrosorb Si-60-5 column (250 mm × 4.6 mm i.d., particle size 5 µm; Sugerlabor)
and a fluorescence detector (Agilent Technologies 1200 series, Waldbronn, Germany) with
excitation and emission wavelengths set at 290 and 330 nm, respectively. The flow rate
of the solvent (hexane:2-propanol, 98.5:1.5) was set at 1 mL min−1. Quantification was
performed using the calibration solutions of α-tocopherol (Sigma, Steinheim, Germany).

2.6. The Phenolic Compound Content in the Oil

The procedure was based on the method described by Gómez-Rico, Salvador, La Greca,
& Fregapane [24]: 2.5 g of oil dissolved in 6 mL of hexane was applied to a SPE column
(diol-bonded phase 500 mg/6 mL; Supelco, Bellefonte, PA, USA) previously conditioned
with 6 mL of methanol and 6 mL of hexane. The column was then washed twice with
3 mL of hexane and with 4 mL of hexane:ethylacetate (85:15). The phenolic compounds
were eluted with 15 mL of methanol. The solvent was then removed under vacuum at
35 ◦C, and the residue was re-dissolved in 250 µL of methanol:water (1:1). The, 20 µL was
injected into a 1100 series Agilent Technologies HPLC equipped with a C18 reverse phase
column (250 mm × 4.6 mm i.d. × 5 µm particle size; Phenomenex, Alcobendas, Spain) at
25 ◦C with a flow rate of 1 mL min−1 and a DAD detector (Agilent Technologies G1315B,
Waldbronn, Germany) set at 240, 280 and 335 nm. The mobile phase was water:acetic acid
(95:5) (solvent A) and acetonitrile (solvent B), which was eluted from 97.5% (A):2.5% (B) to
77% (A):33% (B) in 50 min, following by 50% (A):50% (B) for 15 min to clean up the column.
The phenolic compounds were identified by comparing their retention times with those of
standards (Sigma, Steinheim, Germany, and Extrasynthese, Genay, France) analyzed under
the same chromatographic conditions. Five phenols (hydroxytyrosol, tyrosol, luteoline,
apigenine, oleuropein) were quantified by using the calibration solutions of the standards.

2.7. Frying Losses and the Chemical Analyses of the Fried Products

The frying losses were calculated by weighing the samples immediately before and
after frying. Moisture was determined by desiccation at 102 ◦C for 24 h. The fat content was
determined by solvent extraction [25]. The thiobarbituric acid reactive substances (TBARS) test
was performed [26], and results are expressed as the malondialdehyde (MDA) concentration.

2.8. The Instrumental Texture of the Fried Products

The Warner–Bratzler shear force (WBSF) test was performed on the potato pieces
immediately after frying, weighing, and color measurement. For the sirloin medallions,
an additional cutting step with the electric slicer was included to obtain 1 cm cuboidal
strips. The computer-assisted TA.XT Plus Texture Analyzer (Exponent Stable Micro Systems
version 2.0.7.0) equipped with a HDP/90 platform, a 25-kN load cell (Exponent Stable
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Micro Systems), and a Warner–Bratzler blade (HDP/BS) at 2 mm s−1 to cut the samples
perpendicularly was used. The WBSF test was repeated 15 times per batch, and data were
averaged for the statistical analyses.

2.9. Statistical Analyses

A one-way analysis of variance (ANOVA) was performed to check the effect of heating
on the oil parameters. A two-way (type of fried product and previous heating) ANOVA
with interaction was performed on the data from the oil and from the fried products. When
the effect was significant for variables with more than two levels, a post-hoc Tukey test
was performed to compare the means. For the parameters with significant interaction, an
ANOVA simple effects test (with the Sidak adjustment when there were more than two
levels in a variable) was performed. The analyses were performed using the SPSS package
(version 27, Chicago, IL, USA). The data were expressed as the mean ± standard deviation.

3. Results and Discussion
3.1. The Characterization of the Raw and Heated Oils

The values for the quality parameters of the raw Arbequina extra virgin olive oil (free
acidity: 0.12 ± 0.01% oleic acid; peroxide value: 6.4 ± 0.3 mEq O2 kg−1; K232: 1.7 ± 0.0;
K268: 0.11 ± 0.01) were lower than the maximum allowance established by the European
Regulation 2568/91 [21] and the subsequent modifications (0.8% oleic acid, 20 mEq O2 kg−1,
2.5 and 0.22, respectively).

Table 1 shows the results obtained for both the raw oil and the oil heated at 170 ◦C
for 10 h. The heating treatment had a significant effect on most variables (all except b*, C*,
and the tyrosol content), resulting in marked changes in color, a substantial increase in
the oxidative status, and a dramatic decrease in the antioxidant (namely, α-tocopherol and
phenols) content.

Table 1. Results from the instrumental color measurement, the oxidation parameters, and the α-
tocopherol and phenol contents *.

Raw Oil Heated Oil P

L* 19.4 ± 1.6 26.5 ± 3.4 0.010
a* −1.6 ± 0.3 3.7 ± 1.7 <0.001
b* 13.8 ± 1.7 16.5 ± 2.6 0.143
h◦ −1.4 ± 0.0 1.3 ± 0.1 <0.001
C* 13.9 ± 1.7 16.9 ± 2.7 0.114

Anisidine value (AV) 3.2 ± 0.1 82.5 ± 7.8 <0.001
Peroxide value (PV) (mEq O2 kg−1) 6.4 ± 0.3 10.2 ± 0.5 <0.001
K232 1.7 ± 0.0 10.9 ± 0.6 <0.001
K268 0.11 ± 0.01 1.12 ± 0.09 <0.001

α-tocopherol (mg kg−1) 143.7 ± 12.3 4.6 ± 0.6 <0.001
Hydroxytyrosol (mg kg−1) 6.1 ± 0.7 0.7 ± 0.1 <0.001
Tyrosol (mg kg−1) 5.9 ± 0.7 5.3 ± 0.6 0.369
Luteoline (mg kg−1) 3.3 ± 0.4 1.2 ± 0.0 <0.001
Apigenine (mg kg−1) 6.4 ± 0.4 3.8 ± 0.2 <0.001
Oleuropein (mg kg−1) 106.6 ± 3.7 13.5 ± 0.5 <0.001

* The data are expressed as the mean ± standard deviation. P: statistical significance from ANOVA applied to
data for Arbequina oil before and after heating at 170 ◦C for 10 h.

Most of the instrumental color parameters (L*, a*, and h◦) were significantly affected
by heating at 170 ◦C, with a general increase in the values (Table 1). Previous studies on
commercial blends of olive oil [27] and Arbequina and Lechin oil at moderate tempera-
ture (100 ◦C) also reported an increase in L*, although for the Picual oil, a decrease was
found [28]. This inconsistent effect may be related to the differences among cultivars in
the antioxidant content, as the oil pigments are more susceptible to thermal degradation
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when the antioxidant content is lower. In this respect, the increase in L* has been related to
a decrease in the pigment content during heating [28], whereas for other oils, the opposite
effect has been related to the formation of decomposition compounds [29]. The marked
increase in a* (Table 1) was much larger than the slight trend reported at 100 ◦C in oil from
Arbequina and other olive cultivars [28] and has been related to changes in pheophytin [26],
which degrades during storage and thermal treatments [30].

All of the oxidation parameters were markedly affected by the heating treatment,
with a substantial increase (p < 0.001 for all of them, Table 1). The anisidine value (AV),
which mainly measures α,β-unsaturated aldehydes [22] formed from hydroperoxide de-
composition, was the parameter with the largest variation, with a 25-fold increase (Table 1).
The increase in AV was much more marked than the one reported at a lower temperature
(80 ◦C for 24 h) for Arbequina oil [12]. Regarding PV (which measures primary oxidation
products), the results match those from most studies, generally reporting a rise in PV caused
by heating [12,31], although a drop attributed to the decomposition of hydroperoxydes
was also reported [1,32]. With respect to K232 and K268, the results are in line with those of
previous studies [1,32].

In the case of the tocopherol and phenol contents, heating at 170 ◦C caused a significant
decrease in all of the compounds except tyrosol (Table 1). The drop was especially marked
for α-tocopherol, hydroxytyrosol and oleuropein, which decreased in concentration more
than seven times. The results are in line with previous studies performed on olive oil heated
at similar temperatures [1,10,11,13,33].

In conclusion, the results show that heating at 170 ◦C for 10 h was sufficient to obtain
severely thermally damaged Arbequina oil.

3.2. The Effect of Deep Frying French Fries and Pork Sirloin on the Raw and Previously Heated
Olive Oils

The results for the raw and previously heated oils after deep frying the French fries
and the two types of Iberian pork sirloin are shown in Table 2. According to the results
from the two-way ANOVA with interaction, the type of fried product affected five out of
the ten oil parameters included in Table 2, the previous heating affected all of them except
L*, and the interaction affected four parameters (a*, h◦, K268, and the α-tocopherol content)
(Table 2). The oil variables affected by the interaction were analyzed by performing a
simple effects test. It revealed that a* was significantly affected by the type of product fried,
both for the oil without and with previous heating (p < 0.001 and p = 0.018, respectively).
The Sidak test showed that, when the oil had not been previously heated, the oil after
frying the three products (French fries, and indoor and outdoor pork) was significantly
different in all cases, whereas when using previously heated oil, only the oils from frying
French fries and outdoor sirloin were different from each other (Table 2). Regarding h◦, the
simple effects test revealed that it was only significantly affected by the type of product
fried when using the oil without previous heating (p = 0.003; differences between the oils
used for frying French fries and both outdoor and indoor sirloin according to the Sidak test,
Table 2), but not when using the thermally damaged oil (p = 0.931). With respect to K268,
the simple effects test revealed that it was not significantly affected by the type of product
fried when using the oil without previous heating, but it was in the case of the previously
heated oil (p = 0.362 and p < 0.001, respectively), with differences between the oils used for
frying French fries and outdoor sirloin and also between the indoor and outdoor sirloin,
according to the Sidak test (Table 2). With respect to the α-tocopherol content, the simple
effects test revealed that the oil without previous heating was significantly affected by the
type of product fried (p < 0.001; differences between all pairs in the Sidak test, Table 2), but
the previously heated oil was not (p = 0.547).
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Table 2. Results from the instrumental color measurement, the oxidation parameters, and the α-
tocopherol of Arbequina olive oil after the frying process *.

Raw Oil Heated Oil P

French Fries Indoor
Sirloin

Outdoor
Sirloin French Fries Indoor

Sirloin
Outdoor
Sirloin

Product
Type

Previous
Heating Int

L* 24.1 ± 0.8 23.1 ± 1.1 22.9 ± 2.5 23.8 ± 2.7 21.2 ± 1.3 20.2 ± 3.5 0.134 0.127 0.593
a* 3 −0.7 ± 0.2c 2 0.2 ± 0.3 c 1 0.8 ± 0.3 c 1 6.2 ± 1.6 a 1,2 3.8 ± 0.6 b 2 3.0 ± 0.9 b 0.105 <0.001 <0.001
b* 19.8 ± 0.3 a 17.5 ± 2.4 ab 14.2 ± 3.1 abc 19.0 ± 2.9 a 12.7 ± 1.5 bc 9.2 ± 1.6 c <0.001 0.003 0.153
h◦ 2 −1.54 ± 0.0 b 2 0.8 ± 1.6 a 1 1.5 ± 0.0 a 1.3 ± 0.1 a 1.3 ± 0.1 a 1.2 ± 0.1 a 0.001 0.004 0.001
C* 19.8 ± 0.3 a 17.5 ± 2.4 ab 14.2 ± 3.1 bc 20.1 ± 2.4 a 13.3 ± 1.3 bc 9.8 ± 1.3 c <0.001 0.008 0.070

AV 1 6.5 ± 1.4 b 6.0 ± 0.9 b 5.2 ± 1.4 b 92.8 ± 3.1 a 80.5 ± 2.2 a 86.0 ± 21.6 a 0.376 <0.001 0.444

PV 2 (mEq O2 kg−1) 9.5 ± 0.8 bcd 7.6 ± 1.4 cd 7.0 ± 1.0 d 14.9 ± 2.5 ab 12.8 ± 1.1 ab 17.0 ± 5.3 a 0.272 <0.001 0.141
K232 1.9 ± 0.1 b 1.7 ± 0.0 b 1.5 ± 0.3 b 11.4 ± 1.1 a 10.3 ± 1.7 a 9.2 ± 3.0 a 0.258 <0.001 0.497
K268 0.19 ± 0.02 c 0.17 ± 0.02 c 0.16 ± 0.03 c 1 1.23 ± 0.03 a 1 1.13 ± 0.08 a 2 0.89 ± 0.12 b <0.001 <0.001 <0.001

α-tocopherol

(mg kg−1)
3 115.1 ± 5.3 c 2 129.0 ± 2.1 b 1 140.6 ± 7.4 a 4.6 ± 0.6 d 4.6 ± 0.5 d 4.2 ± 0.6 d <0.001 <0.001 <0.001

* Different superscript letters (abc; right) within the same row indicate significant differences at the p < 0.05
level in the Tukey test. Different superscript numbers (1,2,3; left) for the same type of oil indicate significant
differences at the p < 0.05 level in the ANOVA simple effects test and the Sidak test for the parameters with
significant interaction. The data are expressed as the mean ± standard deviation. P: statistical significance based
on a two-way (type of fried product, previous oil heating) ANOVA with interaction (Int). 1 Anisidine value.
2 Peroxide value.

To sum up, the two-way ANOVA and the simple effects test revealed that there were six
oil variables affected by the type of product fried (a*, b*, h◦, C*, K268, and the α-tocopherol
content), of which h◦ and the α-tocopherol content were affected only when the oil had not
been previously damaged and K268 only when it had been previously damaged.

The oil in which the French fries were fried generally reached the highest values for
b*, C*, and K268, whereas the oil for frying the outdoor samples reached the lowest ones.
Regarding a*, it followed the trend observed for the previously heated oil, but the opposite
trend was observed when the oil had no previous heating. The h◦ value and α-tocopherol
content of the raw oil reached the lowest values in the oil in which the French fries were
fried and the highest in the oil in which the outdoor sirloin was fried. The significant effect
of the type of product fried is in line with previous results for soybean oil after frying
chicken and dough [34].

The noticeable effect of the type of product fried on the olive oil parameters might
be related to the differences in the frying time itself but also to a different behavior in the
chemical reactions due to mass transfer during frying. Regarding the frying time, it was
adjusted to the optimal for each type of product, namely, 5 min for the French fries and
3 min for the sirloin medallions. Since a longer cooking time causes more thermal damage,
the frying time is likely to be involved in the largest values for K268 and the lowest for the
α-tocopherol content in the oil used to fry the French fries. However, this does not explain
the differences between the oils used to fry the indoor and outdoor sirloins, which had
the same frying time. This suggests that there might be additional factors involved in the
differences that affect the chemical reactions.

In this respect, a previous study on olive oil suggested that thermal degradation and
lipid migration from the food to the frying oil were the cause of the differences in some
olive oil parameters after frying dough, pork adipose tissue, and salmon fillets, all of them
with the same frying time [8]. In our experiments, the French fries were not pre-fried
and, therefore, were poor in lipids. However, pork (both the indoor and outdoor groups)
contains lipids, with a different fatty acid profile [19,20] and antioxidant content [35]
depending on the rearing system, which may have influenced the susceptibility to the oil
damage induced by the deep frying. In this regard, it has been reported that the outdoor
pork products (and their lipids) are less susceptible to damage than the indoor ones due
to the presence of natural antioxidants built up during the pig fattening period [18]. This
might explain the higher α-tocopherol content in the oil that was not previously heated
when the outdoor pork was fried compared with the indoor pork (Table 2). No evidence
of any protective effect of this antioxidant was found when the oil was already damaged,
probably because the α-tocopherol content was extremely low (Table 2). Even so, the lower
value for K268 found in the previously heated oil (thermally damaged oil) after frying
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the outdoor pork than the indoor pork and the French fries suggests that there may be a
protective effect from the outdoor pork.

Regarding the previous thermal damage of the oil itself, its effect after the deep frying
process was still marked and even increased slightly in terms of the instrumental color (L*,
a*, and h◦ were affected before frying, whereas all parameters except L* were affected after
frying) (Tables 1 and 2).

The results show that the type of fried product has a marked influence on the oil
parameters, which might influence its frying lifespan; the largest variations occurred when
the raw oil was used to fry the French fries. The differences between the oil used to fry
indoor and outdoor sirloin also revealed that the type of meat might be a relevant factor
when setting the frying lifespan of olive oil as a deep frying medium.

3.3. The Effect of Oil Damage on the Characteristics of the Fried Pork and French Fries

Table 3 shows the results for the French fries and the indoor and outdoor sirloin
medallions fried using either raw or thermally damaged (previously heated) oil.

Table 3. Results for the parameters of the fried products and significance (P) from a two-way (type of
fried product, previous oil heating) ANOVA with interaction (Int) *.

French Fries Indoor Sirloin Outdoor Sirloin P

Fried in
Raw Oil

Fried in
Heated Oil

Fried in
Raw Oil

Fried in
Heated Oil

Fried in
Raw Oil

Fried in
Heated Oil

Product
Type

Previous
Heating Int

L* 48.2 ± 2.7 c 53.0 ± 2.3 ab 52.0 ± 1.3 abc 55.1 ± 0.9 a 50.8 ± 1.3 bc 49.7 ± 1.9 bc 0.004 <0.001 0.150
a* 0.3 ± 3.1 ab −1.1 ± 3.7 b 4.2 ± 0.3 a 3.1 ± 0.7 ab 3.8 ± 0.9 a 3.9 ± 1.1 a 0.001 0.324 0.805
b* 28.4 ± 2.0 a 28.9 ± 2.5 a 18.0 ± 0.9 b 15.5 ± 0.2 b 14.9 ± 0.7 b 16.3 ± 1.3 b <0.001 0.082 0.146
h◦ −0.8 ± 1.5 b 0.0 ± 1.7 ab 1.3 ± 0.0 a 1.4 ± 0.0 a 1.3 ± 0.1 a 1.3 ± 0.1 a 0.002 0.458 0.590
C* 28.5 ± 2.0 a 29.1 ± 2.3 a 18.5 ± 0.8 b 15.8 ± 0.3 b 16.7 ± 1.5 b 15.4 ± 0.7 b <0.001 0.073 0.102

Frying losses (%) 35.3 ± 3.1 34.8 ± 4.0 31.0 ± 1.9 31.8 ± 1.1 32.8 ± 1.2 34.9 ± 2.84 0.034 0.442 0.614
Fat (mg kg−1) 56.9 ± 8.6 c 67.9 ± 10.0 bc 108.7 ± 13.2 a 104.3 ± 6.6 a 94.8 ± 7.8 a 88.2 ± 14.3 ab <0.001 0.991 0.213

Moisture (mg kg−1) 1 721.3 ± 2.3 a 2 683.4 ± 8.8 b 594.8 ± 25.5 c 592.9 ± 8.9 c 577.0 ± 4.1 c 566.1 ± 13.8 c <0.001 0.005 0.033

MDA 1 (mg kg−1) 0.71 ± 0.11 a 0.69 ± 0.25 a 1 0.19 + 0.03 b 2 0.61 ± 0.08 a 0.21 ± 0.02 b 0.29 ± 0.07 b < 0.001 0.005 0.004

Shear force (kg) 0.4 ± 0.1 b 0.4 ± 0.2 b 2.7 ± 0.9 a 2.5 ± 1.1 a 3.0 ± 0.6 a 2.6 ± 0.6 a <0.000 0.624 0.562

Work of shear (kg s−1) 2.1 ± 1.0 b 1.5 ± 1.0 b 5.5 ± 1.8 a 5.9 ± 1.9 a 7.1 ± 1.2 a 6.4 ± 1.6 a <0.001 0.810 0.497

* Different superscript letters (abc; right) within the same row indicate significant differences at the p < 0.05 level
in the Tukey test. Different superscript numbers (1,2; left) within the same product indicate significant differences
at the p < 0.05 level in the ANOVA simple effects test for the parameters with significant interaction. The data are
expressed as the mean ± standard deviation. P: significance from a two-way (type of fried product, previous oil
heating) ANOVA with interaction (Int) *. 1 Malondialdehyde.

The use of thermally damaged oil had a slight effect on the fried products: L*, mois-
ture, and the MDA content were the only parameters affected according to the two-way
ANOVA results, with a significant interaction for the two last parameters (Table 3). The
simple effects test performed on them (Table 3) revealed that the previous heating affected
only the moisture of the French fries (p < 0.001) and not that of the indoor and outdoor
sirloins (p = 0.897 and 0.180, respectively); the MDA content of the indoor sirloin had a
p value < 0.001, compared with p = 0.865 and p = 0.083 for the French fries and outdoor
sirloin, respectively.

Regarding the instrumental color of the fried products, L* was the only parameter
affected by the previous damage of the oil. The effect was especially noticeable for the
French fries (the raw oil provided less luminosity to the French fries than the previously
heated oil) according to the Tukey test (Table 3). This result is in line with that from a
previous study on loin chops, which showed a significant effect of the type of oil used as
the frying medium on L*, as well as on the colored materials measured at 420 nm, which
were attributed to differences in the development of color and the oxidative status [36].
The absence of an interaction indicates that the damage caused to the oil did not have a
differential effect depending on the type of product fried.

With respect to mass transfer and composition, the effect of oil damage was slight: the
frying losses and fat content were not affected (Table 2), and the moisture content was only
affected in the French fries according to the simple effects test.
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Regarding the frying losses, the lack of effect of frying in damaged oil is in line with
that reported for fish products [37,38]. With respect to the fat content, the lack of effect is in
line with some studies on French fries [37,39]. However, it should be noted that the effect
of frying French fries in damaged oil on the fat content has been generally inconsistent:
an increase [40], a decrease (which authors relate to sampling issues [34]), and significant
fluctuations [41] have also been reported. The inconsistency might be due to differences
among the frying procedure, the oil characteristics, and the French fries themselves (cultivar,
pre-frying treatments, etc.).

According to the simple effects test, the moisture content of only the French fries was
affected, with the raw oil providing a higher content than the previously heated oil (Table 3).
In this respect, a previous study on potatoes and hake showed a lack of effect of oil damage
on the moisture content [37], although a significant effect of the oil type on potato moisture
has also been reported [42].

The MDA content (which measures by-products from lipid oxidation) was affected by
the previous oil damage only for the indoor pork according to the simple effects test, being
higher in the indoor pork fried in the previously heated oil than in the raw oil (Table 3).
The effect is in line with the significant effect of the oil type on the MDA content reported
for fried pork loin [36]. The increase in the MDA content could be related to the absorption
of thermo-oxidized oil into the product [43]. However, the lack of effect on the outdoor
samples, where oil absorption should have been similar, suggests that there might be
additional factors involved. In this regard, the increase in the MDA content in the indoor
samples but not in the outdoor ones might be related to a larger susceptibility to oxidation
in the former, as discussed in Section 3.2. The fact that the MDA content in the outdoor
samples remained low even after frying in damaged oil confirms the benefit of using raw
meat with low susceptibility to oxidation.

With respect to the instrumental texture, the lack of effect of the oil damage (Table 3) is
in line with results from sensory studies on French fries and fish nuggets [38] and also with
the lack of effect on crust thickness in French fries [39]. However, significant fluctuations
(increases and decreases) in the hardness of French fries related to previous thermal damage
have also been reported, although there were no significant correlations between texture
and PV or AV [41], which may indicate that there is not a strong relationship between oil
damage and texture.

To sum up, the thermal damage of the frying oil had a slight effect on the instrumental
color and moisture (only significant for the French fries) and on the MDA content (only
significant for the indoor samples). The slight effect on the instrumental color and the
lack of effect on the instrumental texture suggest that most consumers might perceive no
clear differences in the French fries and no differences in the pork samples despite the
toxicological risk of using severely damaged oil. In addition, the results revealed that the
oxidation of the fried meat varied according to the type of rearing system, suggesting that
pork from systems providing antioxidant-rich diets is less susceptible to oxidation when
using damaged oil.

4. Conclusions

The noticeable effect of the type of fried product on the oil parameters confirms that
the damage caused by deep frying is not only related to the thermooxidation favored
by high temperatures but also to oil–product interactions. In this regard, frying meat
from pigs reared outdoors with an antioxidant-rich diet (outdoor pork) hardly affected the
α-tocopherol content of the oil, whereas the frying of indoor pork (from conventionally
reared pigs) and especially French fries caused a significant decrease. This suggests that
the characteristics of the meat should be considered when setting the frying lifespan of
olive oil.

Regarding the effect of deep frying using severely damaged oil on the fried products,
the results for the instrumental color and texture showed only subtle changes, suggesting
that most consumers might be unaware of the damage of the frying oil used and its health
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risk. In addition, the results suggest that outdoor pork is less susceptible to oxidation than
French fries regardless of the oil damage and less susceptible to oxidation than indoor pork
when the frying oil is severely damaged. This highlights the importance of the type of fried
product and its oxidative stability due to the repercussion on the oxidative stability of the
fried product, suggesting that outdoor rearing systems based on antioxidant-rich diets are
more convenient to maintain oxidation at the lowest level after frying.

Author Contributions: Conceptualization, A.I.C. and L.M.; methodology, A.I.C., E.M.O.-B., J.Á.G.-A.
and L.M.; formal analysis, A.I.C., E.M.O.-B., J.Á.G.-A. and L.M.; investigation, A.I.C., E.M.O.-B.,
J.Á.G.-A. and L.M.; resources, A.I.C. and L.M.; data curation, A.I.C., E.M.O.-B., J.Á.G.-A. and L.M.;
writing—original draft preparation, A.I.C.; writing—review and editing, A.I.C., E.M.O.-B., J.Á.G.-A.
and L.M.; visualization, A.I.C.; supervision, A.I.C.; project administration, A.I.C. and L.M.; fund-
ing acquisition, A.I.C. and L.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was partially funded by Junta de Extremadura and FEDER, project GR21105.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Allouche, Y.; Jimenez, A.; Gaforio, J.; Uceda, M.; Beltran, G. How heating affects extra virgin olive oil quality indexes and chemical

composition. J. Agric. Food Chem. 2007, 55, 9646–9654. [CrossRef] [PubMed]
2. Carrapiso, A.; Garcia, A.; Petron, M.; Martin, L. Effect of talc and water addition on olive oil quality and antioxidants. Eur. J. Lipid

Sci. Technol. 2013, 115, 583–588. [CrossRef]
3. Dyminska, L.; Albegar, A.M.M.; Sasiadek, W.; Kucharska, E.; Zajac, A.; Hanuza, J. Spectroscopic evidence of thermal changes in

plant oils during deep-frying-chemical and infrared studies. Plants 2022, 11, 1813. [CrossRef]
4. de Carvalho, A.G.A.; Olmo-Garcia, L.; Gaspar, B.R.A.; Carrasco-Pancorbo, A.; Castelo-Branco, V.N.; Torres, A.G. Evolution of the

metabolic profile of virgin olive oil during deep-frying: Assessing the transfer of bioactive compounds to the fried food. Food
Chem. 2022, 380, 132205. [CrossRef]

5. Santos, C.S.P.; Cruz, R.; Cunha, S.C.; Casal, S. Effect of cooking on olive oil quality attributes. Food Res. Int. 2013, 54, 2016–2024.
[CrossRef]

6. Koh, E.; Surh, J. Food types and frying frequency affect the lipid oxidation of deep frying oil for the preparation of school meals
in Korea. Food Chem. 2015, 174, 467–472. [CrossRef] [PubMed]

7. Martinez-Yusta, A.; Guillen, M. Deep-frying food in extra virgin olive oil: A study by H-1 nuclear magnetic resonance of the
influence of food nature on the evolving composition of the frying medium. Food Chem. 2014, 150, 429–437. [CrossRef] [PubMed]

8. Martinez-Yusta, A.; Guillen, M.D. Deep-frying. A study of the influence of the frying medium and the food nature, on the lipidic
composition of the fried food, using H-1 nuclear magnetic resonance. Food Res. Int. 2014, 62, 998–1007. [CrossRef]

9. Kalogianni, E.; Karastogiannidou, C.; Karapantsios, T. Effect of potato presence on the degradation of extra virgin olive oil during
frying. Int. J. Food Sci. Technol. 2010, 45, 765–775. [CrossRef]

10. Ruiz-Mendez, M.V.; Marquez-Ruiz, G.; Holgado, F.; Velasco, J. Stability of bioactive compounds in olive-pomace oil at frying
temperature and incorporation into fried foods. Foods 2021, 10, 2906. [CrossRef]

11. Casal, S.; Malheiro, R.; Sendas, A.; Oliveira, B.P.P.; Pereira, J.A. Olive oil stability under deep-frying conditions. Food Chem. Toxicol.
2010, 48, 2972–2979. [CrossRef] [PubMed]

12. Lee, J.; Lee, Y.; Choe, E. Temperature dependence of the autoxidation and antioxidants of soybean, sunflower, and olive oil. Eur.
Food Res. Technol. 2007, 226, 239–246. [CrossRef]

13. Ambra, R.; Lucchetti, S.; Pastore, G. A Review of the effects of olive oil-cooking on phenolic compounds. Molecules 2022, 27, 661.
[CrossRef]

14. Aniolowska, M.A.; Kita, A.M. The effect of raw materials on thermo-oxidative stability and glycidyl ester content of palm oil
during frying. J. Sci. Food Agric. 2016, 96, 2257–2264. [CrossRef] [PubMed]

15. Chiou, A.; Kalogeropoulos, N. Virgin Olive Oil as Frying Oil. Compr. Rev. Food Sci. Food Saf. 2017, 16, 632–646. [CrossRef]
16. Kita, A. The effect of frying on fat uptake and texture of fried potato products. Eur. J. Lipid Sci. Technol. 2014, 116, 735–740.

[CrossRef]
17. Ananey-Obiri, D.; Matthews, L.; Tahergorabi, R. Chicken processing by-product: A source of protein for fat uptake reduction in

deep-fried chicken. Food Hydrocoll. 2020, 101, 105500. [CrossRef]

http://doi.org/10.1021/jf070628u
http://www.ncbi.nlm.nih.gov/pubmed/17935291
http://doi.org/10.1002/ejlt.201200252
http://doi.org/10.3390/plants11141813
http://doi.org/10.1016/j.foodchem.2022.132205
http://doi.org/10.1016/j.foodres.2013.04.014
http://doi.org/10.1016/j.foodchem.2014.11.087
http://www.ncbi.nlm.nih.gov/pubmed/25529707
http://doi.org/10.1016/j.foodchem.2013.11.015
http://www.ncbi.nlm.nih.gov/pubmed/24360472
http://doi.org/10.1016/j.foodres.2014.05.015
http://doi.org/10.1111/j.1365-2621.2010.02188.x
http://doi.org/10.3390/foods10122906
http://doi.org/10.1016/j.fct.2010.07.036
http://www.ncbi.nlm.nih.gov/pubmed/20678538
http://doi.org/10.1007/s00217-006-0532-5
http://doi.org/10.3390/molecules27030661
http://doi.org/10.1002/jsfa.7345
http://www.ncbi.nlm.nih.gov/pubmed/26198288
http://doi.org/10.1111/1541-4337.12268
http://doi.org/10.1002/ejlt.201300276
http://doi.org/10.1016/j.foodhyd.2019.105500


Foods 2022, 11, 3394 10 of 10

18. Amaro-Blanco, G.; Delgado-Adamez, J.; Martin, M.; Ramirez, R. Active packaging using an olive leaf extract and high pressure
processing for the preservation of sliced dry-cured shoulders from Iberian pigs. Innov. Food Sci. Emerg. Technol. 2018, 45, 1–9.
[CrossRef]

19. Ordóñez, J.A.; López, M.O.; Hierro, E.; Cambero, M.I.; de la Hoz, L. Effect of diet on the fatty acid composition of adipose and
muscular tissue in Iberian pigs. Food Sci. Technol. Int. 1996, 2, 383–390. [CrossRef]

20. Carrapiso, A.; Noseda, B.; Garcia, C.; Reina, R.; del Pulgar, J.; Devlieghere, F. SIFT-MS analysis of Iberian hams from pigs reared
under different conditions. Meat Sci. 2015, 104, 8–13. [CrossRef]

21. Commission Regulation 2568/91 of 11 July 1991 on the characteristics of olive oil and olive-residue oil and on the relevant
methods of analysis. Official Journal of the European Communities, document 31991R2568, September 5, 1991. Available online:
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:31991R2568&from=en (accessed on 2 October 2022).

22. ISO 6885:2008; Aceites y Grasas de Origen Animal y Vegetal. Determinación del Índice de Anisidina. Animal and Vegetable Fats
and Oils. UNE-EN: Madrid, Spain, 2006.

23. Inarejos-Garcia, A.; Gomez-Rico, A.; Salvador, M.; Fregapane, G. Effect of preprocessing olive storage conditions on virgin olive
oil quality and composition. J. Agric. Food Chem. 2010, 58, 4858–4865. [CrossRef]

24. Gomez-Rico, A.; Salvador, M.D.; La Greca, M.; Fregapane, G. Phenolic and volatile compounds of extra virgin olive oil (Olea
europaea L. cv. Cornicabra) with regard to fruit ripening and irrigation management. J. Agric. Food Chem. 2006, 54, 7130–7136.
[CrossRef] [PubMed]

25. Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959, 37, 911–917.
[CrossRef]

26. Sorensen, G.; Jorgensen, S.S. A critical examination of some experimental variables in the 2-thiobarbituric acid (TBA) test for lipid
oxidation in meat products. Z. Lebensm. Unters. Forsch. 1996, 202, 205–210. [CrossRef]

27. Guillen-Sans, R.; Perez, F.Y.; Mira, F.H.; Chozas, M.G. Chromatic parameters and oxidation indexes for edible vegetable-oils
submitted to thermal-oxidation. J. Sci. Food Agric. 1991, 54, 619–633. [CrossRef]

28. Ceballos, C.; Moyano, M.; Vicario, I.; Alba, J.; Heredia, F. Chromatic evolution of virgin olive oils submitted to an accelerated
oxidation test. J. Am. Oil Chem. Soc. 2003, 80, 257–262. [CrossRef]

29. Xu, X.Q. A chromametric method for the rapid assessment of deep frying oil quality. J. Sci. Food Agric. 2003, 83, 1293–1296.
[CrossRef]

30. Hornero-Mendez, D.; Gandul-Rojas, B.; Minguez-Mosquera, M.I. Routine and sensitive SPE-HPLC method for quantitative
determination of pheophytin a and pyropheophytin a in olive oils. Food Res. Int. 2005, 38, 1067–1072. [CrossRef]

31. Melton, S.L.; Jafar, S.; Sykes, D.; Trigiano, M.K. Review of stability measurements for frying oils and fried food flavor. J. Am. Oil
Chem. Soc. 1994, 71, 1301–1308. [CrossRef]

32. Ancín, M.C.; Martínez, M.T. Estudio de la degradación de los aceites de oliva sometidos a fritura. I. Determinación del parámetro
que mejor cuantifica esta degradación. Grasas Aceites 1991, 1, 22–31. [CrossRef]

33. Tena, N.; Garcia-Gonzalez, D.; Aparicio, R. Evaluation of virgin olive oil thermal deterioration by fluorescence spectroscopy. J.
Agric. Food Chem. 2009, 57, 10505–10511. [CrossRef]

34. Zhang, Q.; Saleh, A.S.M.; Shen, Q. Monitoring of changes in composition of soybean oil during deep-fat frying with different
food types. J. Am. Oil Chem. Soc. 2016, 93, 69–81. [CrossRef]

35. Ramirez, R.; Contador, R.; Ortiz, A.; Garcia-Torres, S.; Lopez-Parra, M.M.; Tejerina, D. Effect of breed purity and rearing systems
on the stability of sliced Iberian dry-cured ham stored in modified atmosphere and vacuum packaging. Foods 2021, 10, 730.
[CrossRef] [PubMed]

36. Ramirez, M.R.; Cava, R. Changes in colour, lipid oxidation and fatty acid composition of pork loin chops as affected by the type
of culinary frying fat. Lwt Food Sci. Technol. 2005, 38, 726–734. [CrossRef]

37. Dobarganes, C.; Marquez-Ruiz, G.; Velasco, J. Interactions between fat and food during deep-frying. Eur. J. Lipid Sci. Technol.
2000, 102, 521–528. [CrossRef]

38. Flores-Alvarez, M.D.; Molina-Hernandez, E.F.; Hernandez-Raya, J.C.; Sosa-Morales, M.E. The Effect of food type (fish nuggets or
French fries) on oil blend degradation during repeated frying. J. Food Sci. 2012, 77, C1136–C1143. [CrossRef] [PubMed]

39. Kalogianni, E.P.; Smith, P.G. Effect of frying variables on French fry properties. Int. J. Food Sci. Technol. 2013, 48, 758–770.
[CrossRef]

40. Guillaumin, R. Kinetics of fat penetration in food. In Frying of Food. Principles, Changes, New Approaches; Varela, G., Bender, A.E.,
Morton, D.I., Eds.; Ellis Horwood: Chichester, UK, 1988; pp. 82–90.

41. Kita, A.; Lisinska, G.; Powolny, M. The influence of frying medium degradation on fat uptake and texture of French fries. J. Sci.
Food Agric. 2005, 85, 1113–1118. [CrossRef]

42. Chiou, A.; Kalogeropoulos, N.; Salta, F.; Efstathiou, P.; Andrikopoulos, N. Pan-frying of French fries in three different edible oils
enriched with olive leaf extract: Oxidative stability and fate of microconstituents. LWT-Food Sci. Technol. 2009, 42, 1090–1097.
[CrossRef]

43. Nieva-Echevarria, B.; Goicoechea, E.; Manzanos, M.J.; Guillen, M.D. The influence of frying technique, cooking oil and fish
species on the changes occurring in fish lipids and oil during shallow-frying, studied by H-1 NMR. Food Res. Int. 2016, 84, 150–159.
[CrossRef]

http://doi.org/10.1016/j.ifset.2017.09.017
http://doi.org/10.1177/108201329600200604
http://doi.org/10.1016/j.meatsci.2015.01.012
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:31991R2568&from=en
http://doi.org/10.1021/jf902486f
http://doi.org/10.1021/jf060798r
http://www.ncbi.nlm.nih.gov/pubmed/16968073
http://doi.org/10.1139/y59-099
http://doi.org/10.1007/BF01263541
http://doi.org/10.1002/jsfa.2740540413
http://doi.org/10.1007/s11746-003-0686-0
http://doi.org/10.1002/jsfa.1535
http://doi.org/10.1016/j.foodres.2005.02.022
http://doi.org/10.1007/BF02541345
http://doi.org/10.3989/gya.1991.v42.i1.1274
http://doi.org/10.1021/jf902009b
http://doi.org/10.1007/s11746-015-2743-z
http://doi.org/10.3390/foods10040730
http://www.ncbi.nlm.nih.gov/pubmed/33808212
http://doi.org/10.1016/j.lwt.2004.09.005
http://doi.org/10.1002/1438-9312(200009)102:8/9&lt;521::AID-EJLT521&gt;3.0.CO;2-A
http://doi.org/10.1111/j.1750-3841.2012.02930.x
http://www.ncbi.nlm.nih.gov/pubmed/23107039
http://doi.org/10.1111/ijfs.12024
http://doi.org/10.1002/jsfa.2076
http://doi.org/10.1016/j.lwt.2009.01.004
http://doi.org/10.1016/j.foodres.2016.03.033

	Introduction 
	Materials and Methods 
	Olive Oil Samples and Heating Process 
	The Deep Frying of French Fries and Iberian Pork Sirloin 
	Instrumental Color Measurement 
	Oil Quality Parameters and Anisidine Value 
	The -Tocopherol Content of Oil 
	The Phenolic Compound Content in the Oil 
	Frying Losses and the Chemical Analyses of the Fried Products 
	The Instrumental Texture of the Fried Products 
	Statistical Analyses 

	Results and Discussion 
	The Characterization of the Raw and Heated Oils 
	The Effect of Deep Frying French Fries and Pork Sirloin on the Raw and Previously Heated Olive Oils 
	The Effect of Oil Damage on the Characteristics of the Fried Pork and French Fries 

	Conclusions 
	References

