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Abstract: In recent years, microwave food processing has been increasingly utilized worldwide. 

Omega-3-rich oils, which have various health benefits, must be protected from heat treatment, 

including microwave heating, due to their thermosensitivity. In this study, we investigated oxidative 

stability of blends of omega-3-rich oils, such as flaxseed, sesame, and perilla oils, with extra virgin 

olive oil (EVOO) in order to reduce concentration of acrolein during microwave heating. 

Microwaving flaxseed oil increased the free acidity and the formation of undesirable and irritating 

odors (e.g., acrolein). In contrast, microwave treatment of EVOO resulted in a much lower level of 

free acidity and acrolein formation. Blending 10% EVOO in flaxseed oil enhanced the antioxidant 

capacity and effectively reduced free acidity and acrolein formation during microwave heating. The 

enhancing effect was also partially achieved in flaxseed oil blended with both 10% refined olive oil 

and α-tocopherol, which are bioactive components in EVOO. Similarly, blending 10% EVOO in 

other omega-3-rich oils, including sesame oil and perilla oil, also decreased free acidity and acrolein 

formation during microwave heating. These results suggest that blending with EVOO facilitates the 

use of omega-3-rich oils in microwave food processing while retaining their health benefits. 
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1. Introduction 

Microwave heating has gained worldwide popularity as an alternative to conventional food 

processing methods in modern households. It has high energy efficiency and reduces cooking time 
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compared to conventional heating. Therefore, microwave technology has been used in the food 

industry as a promising green technology for processes such as warming, drying, thawing, baking, 

pasteurizing, and sterilizing foods [1−4]. Despite considerable advantages over conventional food 

processing methods [5], objectionable compounds can be produced in microwaved foods. 

Particularly, microwave heating of different vegetable oils and fats leads to the formation of free 

radicals that rapidly react with atmospheric oxygen to produce hydroperoxides and secondary 

oxidation products [6−9]. 

Polyunsaturated omega-3 fatty acids, especially long-chain eicosapentaenoic and 

docosahexaenoic fatty acids, which are mainly found in fish oil, are well-known, 

health-promoting nutrients that contribute to the amelioration of age-related diseases, including 

cardiovascular diseases [10,11]. These two long-chain omega-3 fatty acids are highly susceptible to 

lipid oxidation, which can lead to serious problems, such as the loss of shelf-life, functionality, 

nutritional value, consumer acceptability, and fish oil safety [12]. Linolenic acid, a long-chain 

omega-3 fatty acid, is also found in a variety of plants and seed oils, such as flaxseed (Linum 

usitatissimum L.[Linaceae]), sesame (Sesamum indicum L. [Pedaliaceae]), and perilla (Perilla 

frutescens L. [Lamiaceae]) oils. It has been recommended that omega-3-rich oils should be 

prevented from extensive heat treatment during cooking since they are sensitive to heat, oxygen, and 

light [13]. In addition, linolenic acid is the main source of acrolein, which is an irritating and 

off-flavored compound formed during the heating of vegetable oils at high temperatures [14]. Thus, 

omega-3-rich oils are unsuitable for microwaving and conventional heat processing [15]. 

Olive oil is among the core components of the Mediterranean diet and extra virgin olive oil 

(EVOO) has numerous health benefits reported due to its high monounsaturated oleic acid content. It 

is also rich in antioxidants, such as tocopherols, phenols, and carotenes; hence it possesses the 

highest tolerance to heat among the edible oils [16]. Domestic microwaves are mostly used at a 

power of 700 W or less depending on the required food processing technique [17,18]. Intense 

microwave heating at 500 W increases free acidity and acrolein formation, even in EVOO, whereas 

this effect is hardly observed at 150 W [19]. This suggests that EVOO as a source of a natural 

antioxidant may be utilized to improve the oxidative stability of omega-3-rich oils during microwave 

heating at a lower power level. The aim of this study was to develop a method for preventing the 

thermal increase in free acidity and acrolein formation of omega-3-rich oils such as flaxseed, sesame, 

and perilla oils during low-power microwave heating using EVOO. 

2. Materials and methods 

2.1. Materials 

Oils labeled as flaxseed and sesame oils (NID, Tokyo, Japan), perilla oil (Benibana Foods Co., 

Ltd., Tokyo, Japan), EVOO (Shodoshima Healthyland Co., Ltd., Kagawa, Japan), and refined olive 

oil (ROO; Toyo Olive Co., Ltd., Kagawa, Japan) were purchased from the market. The percentage 

composition of fatty acids in flaxseed, sesame, and perilla oils, EVOO, and ROO used in this study 

are listed in Table 1. The fatty acid composition of the olive oils met the international official 

regulations edited by the International Olive Council (IOC) [20] and the European Community [21]. 

The amount of α-tocopherol (TP) in flaxseed oil and EVOO was 1.6 and 24.6 mg per 100 g of oil, 

respectively. Medium-chain triglyceride (MCT) oil was purchased from Nisshin OilliO Group, Ltd. 

https://en.wikipedia.org/wiki/Linaceae
https://en.wikipedia.org/wiki/Pedaliaceae
https://en.wikipedia.org/wiki/Lamiaceae
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(Tokyo, Japan). Acrolein (purity >95%) was purchased from Tokyo Chemical Industry (Tokyo, Japan). 

Table 1. Summary of the fatty acid composition of oils (% fatty acids). 

Fatty acids Flaxseed oil Sesame oil Perilla oil EVOO ROO 

Myristic acid (C14:0) ND ND ND ND ND 

Palmitic acid (C16:0) 5.6 ± 0.2 5.9 ± 0.2 5.9 ± 0.4 13.8 ± 0.6 8.5 ± 0.5 

Palmitoleic acid (C16:1) ND ND ND 1.3 ± 0.1 0.4 ± 0.0 

Heptadecanoic acid (C17:0) ND ND ND ND ND 

Heptadecenoic acid (C17:1) ND ND ND ND ND 

Stearic acid (C18:0) 3.9 ± 0.2 1.6 ± 0.1 1.9 ± 0.2 1.8 ± 0.1 3.3 ± 0.2 

Oleic acid (C18:1) 17.5 ± 0.7 16.2 ± 0.6 15.3 ± 0.8 70.2 ± 0.9 75.2 ± 3.5 

Linoleic acid (C18:2) 18.3 ± 0.7 14.2 ± 0.6 12.8 ± 0.7 7.8 ± 0.3 6.6 ± 0.2 

α-Linolenic acid (C18:3) 50.8 ± 2.0 58.4 ± 2.3 59.1 ± 3.4 0.8 ± 0.2 0.6 ± 0.0 

Arachidic acid (C20:0) 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 ND 

Eicosenic (C20:1) 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 ND 

Behenic acid (C22:0) 0.1 ± 0.0 ND ND 0.1 ± 0.0 0.1 ± 0.0 

Lignoceric acid (C24:0) ND ND ND ND ND 

ND = Not detected. 

2.2. Microwave heating procedure 

A household microwave oven (Panasonic NE-EH229, Osaka, Japan) was operated at 150 W. 

Three samples (20 g) for each treatment were weighed into Petri dishes (diameter: 10 cm, height: 2 

cm) [15], and then heated in a microwave oven at the center of the rotating plate (diameter: 28 cm) 

for 3, 6, 9, 12, and 15 min, with three independent experiments performed under the same conditions. 

All samples were cooled rapidly and analyzed shortly thereafter. 

2.3. Analytical procedures 

The free acidity (FA) of the oil samples was measured using an OxiTester (CDR, Ginestra 

Fiorentina, Italy) [19,22,23]. Aliquots of the oil sample (2.5 μL) were added to a prefilled cuvette. 

The fatty acid composition of oils was analyzed on a 7890B gas chromatograph (Agilent 

Technologies, Santa Clara, CA, USA) equipped with autosampler, flame ionization detector and a 30 

m DB-23 capillary column (Agilent Technologies) with internal diameter 0.25 mm and film 

thickness of 0.25 μm. α-TP content of the oils was analyzed on an LC-20AT HPLC system 

(Shimadzu Co., Kyoto, Japan) equipped with fluorescence Detector (Shimadzu RF-10AXL) and a 

YMC-Pack SIL-06 column (YMC Co., Ltd., Kyoto, Japan; particle size, 5 µm; length, 250 mm; 

internal diameter, 4.6 mm). 

2.4. Quantification of acrolein 

The headspace of the oil samples was analyzed using the method proposed by a HERACLES II 

electronic nose (Alpha MOS, Toulouse, France) [24] equipped with two identical gas 

chromatography columns working in parallel mode, namely a non-polar column (MXT-5; length, 10 
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m; internal diameter, 0.18 mm; film thickness, 0.4 μm) and a polar column (MXT-WAX; length, 10 

m; internal diameter, 0.18 mm; film thickness, 0.4 μm ), which produced two chromatograms 

simultaneously. The electronic nose was also equipped with an HS100 autosampler (CTC Analytics 

AG, Zwingen, Switzerland) to automate sample incubation and injection. The analytical conditions 

were as follows: an aliquot of the oil sample (2.0 g) was placed in a 20-mL vial, sealed with a 

magnetic cap, and placed in the autosampler, which was then placed in a HERACLES shaker oven 

and incubated for 15 min at 60 ℃ with shaking at 500 rpm. The headspace was sampled (5 mL) 

using a syringe and injected into the gas chromatograph. The thermal program started at 40 ℃ (held 

for 10 s) and then increased to 250 ℃ at a rate of 1.5 ℃ /s. The final temperature was maintained for 

60 s, and the total separation time was 120 s. The data were acquired and processed using the 

AlphaSoft v2020 software (Alpha MOS). To determine the amount of acrolein in the oil samples, a 

standard curve was established [24]. Different concentrations of acrolein were prepared in MCT oil 

and subjected to flash gas chromatography electronic nose analysis. The amount of acrolein in the oil 

samples after microwave heating was determined from the standard curve. 

2.5. Total antioxidant capacity assay 

The antioxidant power of the oil samples was evaluated using the PAO-SO test kit (Japan 

Institute for the Control of Aging, Nikken Seil Co., Ltd., Shizuoka, Japan), according to the 

manufacturer’s instructions [25,26]. This test is based on evaluating the Cu
+
 levels derived from the 

reduction of Cu
++

 by the action of antioxidant substances in the sample. Cu
+
 forms a stable complex 

with bathocuproine, whose typical optical absorption at 490 nm was determined using a microplate 

reader (SH-9000 Lab; Corona Electric Co., Ltd., Ibaraki, Japan). The values of antioxidant power 

detected in the samples were compared using a curve generated from the standard substance 

provided in the kit at known concentrations and expressed in μM. 

2.6. Statistical analysis 

Data are presented as the mean ± standard deviation (SD) from three replicates. The statistical 

significance of differences between the two groups was analyzed using the Student’s t-test in Microsoft 

Excel. The Tukey-Kramer test in Microsoft Excel was used to identify significant differences among the 

means of multiple groups. The data were analyzed by one-way analysis of variance, followed by the 

Tukey-Kramer test in Microsoft Excel. Statistical significance was set at p < 0.05. 

3. Results and discussion 

3.1. Microwave heating causes increases in free acidity and acrolein formation of flaxseed oil 

The temperature increases during the microwave heating of flaxseed oil and EVOO, as shown 

in Figure 1A. The temperature increased with increasing heating time and reached 124–129 ℃. 

There were no significant differences of the temperature changes between the two oils. 

The results from fatty acid hydrolysis in Figure 1B show the change in FA values during 

microwave heating of flaxseed oil and EVOO. The FA value of the flaxseed oil increased 

significantly during heating. It was higher for flaxseed oil heated in a microwave oven than for the 
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oil heated in a pan at 150 ℃ [27]. Such an increase was also reported by a previous study in which 

flaxseed oil was subjected to microwave heat at 1000 W [15]. In contrast, the FA value of EVOO 

was maintained below the limit established by the IOC and the European Regulation (0.80%) for 

extra virgin oils [20,21], which is consistent with previous results [19]. These observations suggest 

that flaxseed oil is sensitive to microwave heating whereas EVOO is more tolerant. 

 

Figure 1. Changes in flaxseed oil and EVOO during microwave heating based on 

temperature (A), free acidity (B), and acrolein (C). Asterisks indicate mean values at the 

same time point (p < 0.05; Student’s t-test) for triplicates. 

Omega-3 fatty acid rich-oils, such as fish oil, have an unpleasant smell even at low oxidation 

levels because during the early stages of oil oxidation, they produce acrolein as the major volatile 

compound, which may affect consumer acceptability of the oil [28]. When vegetable oils rich in 

linolenic acid are heated, acrolein, which is an irritating and off-flavor compound, is also formed in 

the oil [14]. Owing to the strong impact of acrolein on flavor deterioration, the formation of this key 

volatile compound during microwave heating should be monitored to evaluate the sensory quality of 

lipids that are susceptible to oxidative degradation [19]. Figure 1C shows the changes in the 

formation of acrolein in flaxseed oil and EVOO during microwave heating. The amount of acrolein 

in flaxseed oil rapidly increased after heating for 6 min, reaching a maximum (2.58 mg/kg) at 12 min, 

after which the acrolein level decreased rapidly. The maximum amount of acrolein observed at the 

12 min time point was still lower than the amount formed during frying at 180 ℃ [29]. Acrolein is a 

reactive monomer with a high tendency to polymerize [30]. It is possible that the excessive formation 

of acrolein increases its polymerization rate, which results in a rapid decrease in the levels of 

acrolein. Conversely, microwave heating produced only a very small increase in acrolein formation 

in the EVOO during heating. These results were consistent with previous results, which suggested 

that high amount of acrolein is formed during heating of cooking oils with high polyunsaturated fatty 

acid content, such as safflower oil, even at a low temperature (180 ℃), except for EVOO owing to 

its low content of polyunsaturated fatty acids [31]. 

These observations suggest that microwave heating at 150 W causes an increase in free acidity 

and acrolein formation of flaxseed oil, but not EVOO. 

3.2. Reducing the free acidity and acrolein formation of flaxseed oil by blending with EVOO 

Changes in free acidity and acrolein formation after microwave heating of flaxseed oil blended 

with different concentrations of EVOO were investigated. Figure 2 shows the FA values and acrolein 
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levels after microwave heating for 15 min and 12 min, respectively. These blends effectively 

maintained both the FA value and acrolein content at a low level. The reduction rates depended on 

the concentration of EVOO in the blends with flaxseed oil. This suggests that the increase in free 

acidity and acrolein formation of flaxseed oil after microwave heating can be reduced by blending 

with EVOO, since they might be caused by antioxidant factors in EVOO other than α-TP. 

Edible oils with high levels of oleic acid and low levels of linoleic acid, such as olive oil, have 

higher oxidative stability [32,33]. Therefore, ROO, which contains no minor compounds with 

antioxidant activity [34], provided a lower level of FA and acrolein content compared to that from 

flaxseed oil after microwave heating (Figure 2A and 2B). This trend was consistent with that of 

EVOO, as it might be due to the low content of polyunsaturated fatty acids present in ROO 

(Table 1) [30]. The increases in free acidity and acrolein formation were also reduced in flaxseed oil 

blended with 10% ROO. EVOO contains substantial amounts of antioxidants, such as α-TP [35]. 

Tocopherol content is in relation with many factors and among them, the cultivar of origin and the 

fruit harvest date (the ripening index) [36]. The content of α-TP in EVOO used in the present study 

was 24.6 mg/100 g. The FA value and acrolein content were also reduced in flaxseed oil 

supplemented with α-TP at the same rate as that with 10% EVOO. Moreover, flaxseed oil blended 

with both 10% ROO and α-TP had additive effects on the reduction of the FA value and the acrolein 

content compared to when each component was added alone. However, these reduction values were 

still lower than those obtained for flaxseed oil blended with 10% EVOO. 

To further evaluate the difference in free acidity and acrolein formation among the oil samples 

used in the blend, the initial antioxidant power of the oil samples was measured (Figure 3). The 

values of the antioxidant power were inversely proportional to the FA values and acrolein content of 

the oil samples (Figure 2A and 2B). The antioxidant capacity of flaxseed oil was enhanced by 

blending it with different concentrations of EVOO. An increase in the antioxidant capacity was 

achieved by adding 10% ROO or α-TP. Flaxseed oil blended with both 10% ROO and α-TP 

possessed higher antioxidant capacity than that with ROO or α-TP alone. In addition, flaxseed oil 

blended with 10% EVOO still exhibited a significantly higher antioxidant capacity than that with 

both 10% ROO and α-TP. These results suggest that EVOO contains an inhibitory agent (e.g., 

phenolic compounds) other than α-TP that reduces the free acidity and acrolein formation of flaxseed 

oil during microwave heating. 

3.3. Reducing the free acidity and acrolein formation of other linolenate-rich oils by blending with 

EVOO 

Finally, the free acidity and acrolein formation of other linoleate-rich oils, such as sesame and 

perilla oils, after microwave heating, were investigated (Table 2). The FA values of sesame and 

perilla oils increased from 0.03% to 0.19% and 0.05% to 0.13%, respectively, after microwave 

heating for 15 min. The acrolein contents of these oils dramatically increased from 0.002 to 2.16 

mg/kg and 0.004 to 1.56 mg/kg, respectively, after microwave heating for 12 min. Sesame and 

perilla oils blended with 10% EVOO possessed significantly higher initial antioxidant capacity and 

showed lower levels of FA and acrolein content than those without EVOO, after microwave heating. 

These results suggest that EVOO can be used to reduce free acidity and acrolein formation when 

microwaving foods with thermosensitive omega-3-rich oils. 
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Figure 2. Free acidity (A) and acrolein formation (B) in flaxseed oil and EVOO after 

microwave heating for 15 min and 12 min, respectively. Mean values with different 

letters are statistically different (p < 0.05; Tukey-Kramer multiple comparison test). Fl, 

flaxseed oil; Ev, EVOO; Ro, ROO. 

 

Figure 3. Initial antioxidant capacity among oil samples. Mean values with different 

letters are statistically different (p < 0.05; Tukey-Kramer multiple comparison test). Fl, 

flaxseed oil; Ev, EVOO; Ro, ROO. 

Table 2. Free acidity, acrolein formation, and initial antioxidant power in sesame and perilla 

oils with/without 10% EVOO. 

Oil samples Free acidity (%)1
 Acrolein (mg/kg)2

 Initial antioxidant power 

(μM) 

Sesame oil 0.19 ± 0.02 2.16 ± 0.078 3041 ± 214 

Sesame oil + 10% EVOO 0.13 ± 0.02* 0.33 ± 0.010* 9452 ± 597* 

Perilla oil 0.13 ± 0.05 1.56 ± 0.023 5272 ± 664 

Perilla oil + 10% EVOO 0.05 ± 0.01* 0.33 ± 0.012* 12649 ± 839* 
1,2 Data are expressed as mean ± SD (n = 3) after microwave heating at 15 min1 and 12 min2. Asterisks indicate 

significant differences between each oil blend with and without 10% EVOO (p < 0.05; Student’s t-test). 
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4. Conclusions 

Our results demonstrated that omega-3-rich oils, such as flaxseed, sesame, and perilla oils, are 

sensitive to microwave heating at 150 W, suggesting that these oils are unsuitable for cooking using 

a microwave. However, blending 10% EVOO in omega-3-rich oils could enhance the antioxidant 

capacity of the oils and maintain the FA values and low levels of acrolein formation in the oils 

during microwave heating. Therefore, EVOO can be a source of a natural antioxidant in prolonging 

food stability via its virtue in preventing increases in free acidity and acrolein formation. Since the 

consumption of EVOO also helps to reduce the risk of cardiovascular disease, blending EVOO in 

omega-3-rich oils not only allows the oils to be used safely in microwave food processing, but also 

promotes human health through the powerful cardioprotective properties. 

Acknowledgments 

The author would like to thank Editage (www.editage.com) for the English language editing. 

Conflict of interest 

The author declares no conflicts of interest. 

References 

1. Schiffmann R (1992) Microwave processing in the US food industry. Food Technol 46: 50−56. 

2. Chavan RS, Chavan SR, (2010) Microwave baking in food industry: A review. Int J Daily Sci 5: 

113−127. https://doi. org/10.3923/ijds.2010.113.127 

3. Chandrasekaran S, Ramanathan S, Basak T (2013) Microwave food processing−A review. Food 

Res Int 52: 243−261. https://doi.org/10.1016/j.foodres.2013.02.033 

4. Puligundla P, Abdullah SA, Choi W, Jun S, Oh SE, Ko S (2013) Potentials of microwave 

heating technology for select food processing applications − a brief overview and update. J 

Food Process Technol, 4: 1000278. https://doi.org/10.4172/2157-7110.1000278 

5. Giese JH (1992) Special Report: Advances in microwave food processing. Ibid 46: 118−123. 

6. Albi T, Lanzón A, Guinda A, Pérez-Camino MC, León M (1997) Microwave and conventional 

heating effects on some physical and chemical parameters of edible fats. J Agric Food Chem 45: 

3000−3003. https://doi.org/10.1021/jf970168c 

7. Albi T, Lanzón A, Guinda A, León M, Pérez-Camino MC (1997) Microwave and conventional 

heating effects on thermoxidative degradation of edible fats. J Agric Food Chem 45: 3795−3798. 

https://doi.org/10.1021/jf970181x 

8. Farag RS, Hewedi FM, Abu-Raiia SH, El-Baroty GS (1992) Comparative study on the 

deterioration of oils by microwave and conventional heating. J Food Protect 55: 722−727. 

https://doi.org/10.4315/0362-028X-55.9.722 

9. Hassanein MM, El-Shami SM, El-Mallah MH (2003) Change occurring in vegetable oils 

composition due to microwave heating. Grasas Aceites 54: 343−349. 

https://doi.org/10.3989/gya.2003.v54.i4.219 

https://doi.org/10.1021/jf970168c
https://doi.org/
https://doi.org/
https://doi.org/10.3989/gya.2003.v54.i4.219


104 

AIMS Agriculture and Food Volume 7, Issue 1, 96–105. 

10. Kris-Etherton PM, Harris WS, Appel LL (2002) Fish consumption, fish oil, omega-3 fatty acids, 

and cardiovascular disease. Circulation 106: 2747−2757. 

https://doi.org/10.1161/01.cir.0000038493.65177.94 

11. Schram LB, Nielsen CJ, Porsgaard T, Nielsen NS, Holm R, Mu H (2007) Food matrices affect 

the bioavailability of (n-3) polyunsaturated fatty acids in a single meal study in humans. Food 

Res Int 40: 1062−1068. https://doi.org/10.1016/j.foodres.2007.06.005 

12. Arab-Tehrany E, Jacquot M, Gaiani C, Imran M, Desobry S, Linder M (2012) Beneficial effects 

and oxidative stability of omega-3 long-chain polyunsaturated fatty acids. Trends Food Sci 

Technol 25: 24−33. https://doi.org/10.1016/j.tifs.2011.12.002 

13. Juita, Dlugogorski BZ, Kennedy EM, Mackie JC (2012) Low temperature oxidation of linseed oil: 

a review. Fire Sci Rev 1: 3. 

14. Endo Y, Hayashi C, Yamanaka T, Takayose K, Yamaoka M, Tsuno T, Nakajima S (2013) 

Linolenic acid as the main source of acrolein formed during heating of vegetable oils. J Am Oil 

Chem Soc 90: 959−964. https://doi.org/10.1007/s11746-013-2242-z 

15. Megahed MG (2011) Effect of microwave heating of linseed oil on the formation of primary 

and secondary oxidation products. Agric Biol J N Am 2: 673−679. 

https://doi.org/10.5251/abjna.2011.2.4.673.679 

16. Quiles JL, Ramírez-Tortosa MC, Gomez JA, Huertas JR, Mataix J (2002) Role of vitamin E and 

phenolic compounds in the antioxidant capacity,measured by ESR, of virgin olive oil, olive and 

sunflower oils after frying. Food Chem 76: 461−468. 

https://doi.org/10.1016/S0308-8146(01)00307-7 

17. Mori T, Thomas G, Markham R, White P (1992) Improved power control during microwave 

heating in biological applications. Dental Materials J 11: 197−203. 

https://doi.org/10.4012/dmj.11.197 

18. Yarmand MS, Homayouni A (2010) Quality and microstructural changes in goat meat during 

heat treatment. Meat Sci 86: 451−455. https://doi.org/10.1016/j.meatsci.2010.05.033 

19. Kishimoto N (2019) Microwave heating induces oxidative degradation of extra virgin olive oil. 

Food Sci Technol Res 25: 75−79. https://doi.org/10.3136/fstr.25.75 

20. International Olive Council (2019) Trade standard applying to olive oils and olive pomace oils. 

COI/T.15/NC No 3/Rev.13 June 2019. 

21. Commission Regulation (EEC) No 2568/91 of 11 July 1991 on the characteristics of olive oil 

and olive-residue oil and on the relevant methods of analysis (OJ L 248 5.9.1991, p. 1). 

22. Gucci R, Caruso G, Canale A, Loni A,  Raspi A,  Urbani S, Taticchi A,  Esposto S,  Servili M 

(2012) Qualitative changes of olive oils obtained from fruits damaged by Bactrocera oleae 

(Rossi). Hort Sci 47: 301−306. https://doi.org/10.21273/HORTSCI.47.2.301 

23. Kamvissis VN, Barbounis EG, Megoulas NC, Koupparis MA (2008) A novel photometric 

method for evaluation of the oxidative stability of virgin olive oils. J AOAC Int 91: 794−801. 

https://doi.org/10.1093/jaoac/91.4.794 

24. Kishimoto N, Kashiwagi A (2018) Reducing the formation of acrolein from linolenate-rich oil 

by blending with extra virgin olive oil during repeated frying of food at high temperature. Food 

Sci Technol Res 24: 1017−1020. https://doi.org/10.3136/fstr.24.1017 

25. Sasaki K, Kino S, Takeuchi M, Ochi T, Cruz GD, Tomita I (2010) Analysis of antioxidant 

activities in vegetable oils and fat soluble vitamins and biofactors by the PAO-SO method. 

Methods Mol Biol 594: 241−250. https://doi.org/10.1007/978-1-60761-411-1 

https://doi.org/10.1016/j.tifs.2011.12.002
https://doi.org/10.1007/s11746-013-2242-z
https://doi.org/10.1016/S0308-8146(01)00307-7
http://dx.doi.org/10.3136/fstr.25.75
https://eur-lex.europa.eu/legal-content/EN/AUTO/?uri=celex:31991R2568
https://eur-lex.europa.eu/legal-content/EN/AUTO/?uri=celex:31991R2568
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Loni%2c+A.%22
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Raspi%2c+A.%22
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Urbani%2c+S.%22
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Taticchi%2c+A.%22
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Esposto%2c+S.%22
https://www.cabdirect.org/cabdirect/search/?q=au%3a%22Servili%2c+M.%22


105 

AIMS Agriculture and Food Volume 7, Issue 1, 96–105. 

26. Kishimoto N, Kashiwagi A (2020) Evaluation of the process of flavoring olive oil with garlic. 

Food Sci Technol Res 26: 605−610. https://doi.org/10.3136/fstr.26.605 

27. Choo WS, Birch EJ, Dufour JP (2007) Physicochemical and stability characteristics of flaxseed 

oils during pan-heating. J Amer oil chem Soc 84: 735−740. 

https://doi.org/10.1007/s11746-007-1096-7 

28. Shibata A, Uemura M, Hosokawa M, Miyashita K (2015) Formation of acrolein in the 

autoxidation of triacylglycerols with different fatty acid compositions. J Am oil Chem Soc 92: 

1661−1670. https://doi.org/10.1007/s11746-015-2732-2 

29. Ewert A, Granvogl M, Schieberle P (2011) Development of two satble isotope dilution assays 

for the quantitation of acrolein in heat-processed fats. J Agri Food Chem 59: 3582−3589. 

https://doi.org/10.1021/jf200467x 

30. Andreyeva IV, Koton MM, Artem'eva VN, Sazanov YN, Fedorova GN (1976) The structure of 

acrolein polymers. Polymer Sci U.S.S.R. 18: 1951−1959. 

https://doi.org/10.1016/0032-3950(76)90376-2 

31. Kartragadda HR, Fullana A, Sidhu S, Carbonell-Barrachina AA (2010) Emissions of volatile 

aldehydes from heated cooking oils. Food Chem 120: 59−65. 

https://doi.org/10.1016/j.foodchem.2009.09.070 

32. Sahari MA, Ataii D, Hamedi M (2004) Characteristics of tea seed oil in comparison with 

sunflower and olive oils and its effect as a natural antioxidant. J Am Oil Chem Soc 81: 585−588. 

https://doi.org/10.1007/s11746-006-0945-0 

33. O’keefe SF, Wiley VA, Knauft A (1993) Comparison of oxidative stability of high- and 

normal-oleic peanut oils. J Am Oil Chem Soc 70: 489−492. https://doi.org/10.1007/BF02542581 

34. Leon-Camacho M, Alvarez M, Graciani E (2004) Formation of stigmasta-3,5’-diene in olive oil 

during deodorization and/or physical refining using nitrogen as stripping gas. Grasas Aceites 55: 

227−232. https://doi.org/10.3989/gya.2004.v55.i3.170 

35. Cunha S, Amaral J, Fernandes J, Oliveira M (2016) Quantification of tocopherols and 

tocotrienols in Portugese olive oils using HPLC with three different detection systems. J Agric 

Food Chem 54: 3351−3356. https://doi.org/10.1021/jf053102n 

36. Giuffrè AM (2018) The evolution of free acidity and oxidation related parameters in olive oil 

during olive ripening from cultivars grown in the region of Calabria, South Italy. Emirates J 

Food Agri 30: 539−548. https://doi.org/10.9755/EJFA.2018.V30.I7.1737 

© 2022 the Author(s), licensee AIMS Press. This is an open access 

article distributed under the terms of the Creative Commons 

Attribution License (http://creativecommons.org/licenses/by/4.0) 

https://doi.org/10.3136/fstr.26.605

