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The Role of Polydimethylsiloxane in Suppressing the Evolution of Lipid Oxidation Products in Thermo-Oxidised Sunflower Oil: Influence of Stirring Processes
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Suppressing the evolution of lipid oxidation products (LOPs) in commercially available culinary oils is considered to represent a valuable health-promoting incentive since these agents have cytotoxic and genotoxic properties and have been implicated in the pathogenesis of several chronic disease states. One agent used to suppress LOPs formation is polydimethylsiloxane (PDMS). In this study, proton nuclear magnetic resonance (1H NMR) analysis was employed to evaluating the influence of increasing PDMS concentrations (6.25 × 10−7, 1.0 × 10−5, 0.025, 0.05, 0.1, 0.5, 1.0, 5.0, and 10.0 ppm) in either stirred or unstirred refined sunflower oil exposed to thermal stressing episodes continuously at 180°C for 300min with no oil replenishment. Results acquired showed that the extent of blockage of LOPs generation was correlated with increasing concentrations of PDMS. The minimal level of added PDMS required to provide a statistically significant protective role for both stirred and unstirred culinary oils when exposed to high frying temperatures was only 6.25 × 10−7 ppm. Furthermore, stirring at 250 rpm was experimentally determined to reduce the functional role PDMS. This is vital in a real world setting since the boiling process of frying may ultimately reduce the LOPs suppression activity of PDMS.
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INTRODUCTION


Background

Lipid oxidation, in the presence of oxygen at standard frying temperatures (ca. 180°C) or higher, leads to the evolution of lipid oxidation products (LOPs), which are known to exert cytotoxic and genotoxic effects towards human cells (1, 2). Classically, such LOPs include primary peroxidation products such as conjugated hydroperoxydienes and epoxy-fatty acids, along with their secondary fragmentation products, which include a range of lower-molecular-mass agents, notably toxic aldehydes, both saturated and unsaturated. Culinary oils which are employed for high-temperature frying episodes include those which are polyunsaturated-, monounsaturated- or even saturated fatty acid-rich classes, and in the Western world typically PUFA-rich sunflower, corn, soybean oils will be used for commercial restaurant frying purposes, and/or oil blends containing mixtures of differing vegetable-derived culinary oils, including rapeseed or canola oils, which alternatively contain quite high MUFA contents.

The degree of unsaturation of frying oils critically determines their susceptibility to thermo-oxidation, and markedly increases with increasing numbers of –CH=CH– units available in their molecular structures, with polyunsaturated fatty acids (PUFAs) being more highly prone to thermo-oxidation than monounsaturated fatty acids (MUFAs), which in turn are much more susceptible to oxidation than saturated fatty acids (SFAs). However, since PUFA-rich cooking oils constitute a rich source of LOPs, their continued regular and continuous use for frying purposes, domestic or commercial, presents some serious public health risks as have been reported in fried food sources (2–6). Comparatively, peroxidation-resistant MUFAs and SFAs, which are the predominant classes of FAs present in olive and coconut oils, respectively, generate much lower levels of LOPs, and only limited numbers of structurally less complex and less toxic aldehyde classes, i.e., trans-2-alkenals [also known as (E)-2-alkenals] and n-alkanals only (1, 2, 7–9).

Notably, chemical agents, both naturally present and/or synthetically designed to suppress and/or prevent the evolution of LOPs in culinary oils are currently being exploited by scientists from geographically, diverse backgrounds across the globe (10–14). One of these agents, which is yet to be extensively studied, is polydimethylsiloxane (PDMS). PDMS is odourless, colourless and transparent, and its heat-stability is largely dependent on its nominal kinematic viscosity. Being a silicone-based polymer, low concentrations of PDMS are used extensively as an anti-foaming agent for frying oils, and since it and its derivatives also form an O2-impermeable layer on culinary oil surfaces, they have the ability to enhance the resistivities of such oils against thermo-oxidative damage (15). However, as with the frying oils themselves, PDMS is incorporated into food matrices available for human ingestion when they are fried or cooked in PDMS-treated culinary oils (16).

The nature and extent of PDMS's ability to protect against the peroxidation of unsaturated fatty acids (UFAs) in culinary frying oils has been previously evaluated using classical standard experimental techniques, e.g., high-performance size exclusion chromatography (15), oxygen monitoring with a biological oxygen monitor (17), linoleoylglycerol degradation by gas chromatography (GC), tocopherol quantification by high-performance liquid-chromatography (HPLC), and determinations of the secondary oxidation product 4-hydroxy-2-(E)-nonenal by GC-electron impact mass spectrometry (MS) (18). However, these techniques are generally targeted, and are focused on only one or several analyte compounds only; moreover, several of them have a limited specificity, and are laborious and time-consuming to perform.

High-resolution nuclear magnetic resonance (NMR) analysis is a highly efficient and reliable technique, which allows the identification and quantification of a very wide range of compounds in frying oils simultaneously. Furthermore, important recent applications such as Pure Shift Yielded by Cherp Excitation (PSYCHE), and hyphenated diffusion techniques (PSYCHEiDOSY), in high-field NMR analysis allows for the resolution of small molecule resonances when present in complex multicomponent mixtures (19). In this report, a PUFA-rich culinary oil (sunflower oil), which has been shown experimentally to be highly susceptible to thermo-oxidation (3), was exposed to a continuous thermo-oxidation episode at 180°C, both with and without increasing concentrations of added PDMS. The influence of magnetic stirring agitation on the susceptibility of this common frying oil to peroxidation, and on the ability of PDMS to suppress this undesirable process, was also explored. This research builds on the impact of continuous and discontinuous thermo-oxidation on the evolution of LOPs in culinary oils (3) and the “real-world” potential consequences of such cytotoxic and genotoxic LOPs in French fries fried in reheated culinary oils over prolong period sourced from two global chain fast-food restaurants (6).



Rationale

This research investigation seeks to address the following key questions:

1. How do increasing concentrations of added PDMS protect UFAs in sunflower oil against thermo-oxidation continuously at 180°C for a 300min duration?

2. To what degree does the stirring process influence the molecular nature and concentrations of LOPs in sunflower oil thermally stressed in this manner without an oil replacement strategy?




MATERIALS AND METHODS


Culinary Oil Product Investigated

Sunflower oil samples were procured from a local supermarket in London, United Kingdom. The oil was stored in the dark in a cool, dry room at ambient temperature for not more than 72 h. until experimental analysis was conducted. The fatty acid composition was specified as 89.13% total UFAs, of which 60.87 and 28.26% were PUFAs and MUFAs, respectively, and 10.87% SFAs. This class of cooking oil was selected for these studies since it is one of most highly peroxidatively-susceptible frying oils available, and therefore generates high levels of toxic LOPs in response to thermo-oxidation induced by high frying temperatures (3). This arises from its very high content of PUFAs.



Thermo-Oxidation of Sunflower Oil Samples

Thermal stressing of sunflower oil at 180°C was conducted over a 300min period in the presence of atmospheric O2. Three replicate samples of 20.0 g quantities sunflower oil were accurately weighed on an electronic balance [±0.10 g accuracy, Mettler (UK), Model AT261] and were then thermally stressed in 100 mL beakers of the same size and type using an electronically controlled hot-plate operating at 230 V, 50 Hz, and 750 W (Model SB162, Stuart heat-stir, UK). The oil-air surface area of sunflower oil in the 100 mL beaker (of surface area 149.23 cm2) was 39.27 cm2. Thermo-oxidation of sunflower oil was performed in a continuous manner with no intermittent cooling and no oil replacement processes in place. Sampling of oil samples was performed at 60 min intervals for a total duration of 300min.



PDMS Treatment

According to Gerde et al. (17), the minimal level of PDMS required to form a satisfactory monolayer on cooking oils is equivalent to a final concentration of 25 ppb; concentrations lower than this are viewed to be ineffective. The concentration of PDMS in a typical frying medium is computable from equation 1 and the result is expressed in ppb (17).
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Where the area of container is 7.85 × 1017 Å2, area of PDMS monomer is 20 Å2, molecular weight (mw) of PDMS monomer is 7.41 × 1010 ng/mol, Avogadro's number (NA) is 6.022 × 1023, and the mass of oil is 200 g (17).

This present study sought to test the above hypothesis by working with a broader range of PDMS concentrations than those previously investigated. Concentrations of 10.0, 5.0, 1.0, 0.5, 0.1, 0.05, 0.025, 1.0 × 10−5, and 6.25 × 10−7 ppm of PDMS were prepared from the 100 ppm stock solution, and these concentrations were transferred to ensure that they fully covered the surface of 20 g sunflower oil in a 100 mL volume beaker. The PDMS-treated sunflower oil was then thermally stressed after the n-hexane solvent had evaporated.

All the above concentrations of PDMS were first tested in unstirred sunflower oil. Following that, a 300min continuous thermo-oxidation process with automatic magnetic stirring was also investigated. Using a 12 × 3mm magnetic stirrer bar (Fisher Brand), PDMS-treated sunflower oil was stirred at 250 rpm on the bottom-side of the beaker. This generated a bubbling effect or frothing in the thermally stressed oil, and this technique was critical to mimic the bubbling effect observed when frying food in culinary oil. Stirring the oil-PDMS media was mainly focused on added PDMS concentrations of 10.0, 5.0, 1.0, and 0.5 ppm, and all experiments were conducted simultaneously. Sampling and preparation of thermally stressed culinary oil samples for 1H NMR analysis is described below in section Sampling and preparation of thermally stressed sunflower Oil.



Sampling and Preparation of Thermally Stressed Sunflower Oil

Sampled oils were subjected to 1H NMR analysis using a Bruker Ultrashield 600 spectrometer (Kingston University London, London, UK) operating at 600.13 MHz frequency and 298 K probe temperature. The acquisition parameters were: 65,536 fids; 256 scans; probe temperature 300 K; spectral width 20.573 ppm; relaxation delay 1.000 s; acquisition time 4.819 s; pulse width 90°C; and total acquisition time 16 min (3).

A 0.30 mL aliquot of each sampled oil was diluted with 0.60 mL of deuterated chloroform (C2HCl3) (99.8% purity). A 0.50 mL aliquot of the resulting mixture was then thoroughly mixed with a 0.10 mL volume of the 1,3,5-tribromobenzene (TBB) quantitative internal standard (prepared by dissolving 4.14 mg TBB in 2.0 mL C2HCl3) in a 5-mm diameter NMR tube (Norrell HT, GPE Scientific). All signal resonances were referenced to tetramethylsilane (TMS) (δ = 0.000 ppm), residual C2HCl3 (δ = 7.283 ppm) and TBB (δ = 7.537 ppm). In addition, TBB served as an internal quantitative 1H NMR standard that was employed for determining 1H NMR-detectable LOPs in sampled sunflower oils (3).


Analysis of Acyl Groups and Iodine Value

The molar percentages of key fatty acyl (FA) groups and iodine values determined from the 1H NMR spectra of the oil samples were according to Guillén and Uriarte (20); Le Gresley et al. (3).



Analysis of Lipid Oxidation Products

All 1H NMR detectable LOPs analysed in the studied sunflower oil samples were identified with the aid of literature references (3, 4, 6, 21–24). The respective chemical shifts and multiplicities of the signal resonances of all identified LOPs in the studied oil samples were consistent with those published in the references cited above. Among all LOPs identified in the oils, only aldehydic LOPs were quantified. This was according to the formula proposed in the Supplementary Material of the publication by Le Gresley et al. (3).




Experimental Design and Statistical Analysis

The experimental design for this study was classified as a 3-factor analysis-of-variance (ANOVA) system with added PDMS levels (Pi), sampling time-points (Tj) and stirring status (Sk) representing fixed qualitative explanatory effects at 9, 6, and 2 levels, respectively [the between-time-points effect was included as a qualitative rather than a quantitative variable in view of the non-linearity of relationships between all aldehyde concentrations and heating times at 180°C; this is a major requirement assumption for analysis-of-covariance (ANCOVA)]. Also incorporated in the model were the three first-order PDMS level × time-point (PTij), PDMS level × stirring status (PSik) and time-point × stirring status (TSjk) interaction effects. The mathematical model for this experimental design is shown in equation 2, where yijkl, μ and eijkl represent output variable observations (individual aldehyde concentrations), the mean value in the absence of all contributory sources of variation, and fundamental error, respectively. This univariate ANOVA analysis was performed for each of the 11 aldehyde analytes individually.
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RESULTS


Characterisation of 1H NMR Spectra of Unheated Culinary Oils


Major Acyl Groups

Several sunflower oil types may vary somewhat in the degree of unsaturation; notwithstanding, the characteristic thermo-resistibilities of sunflower oils of any source will largely depend on their (PUFA):(MUFA) content ratios, along with the conditions of the frying process, e.g., temperature, duration, oil reuse extent, shallow- vs. deep-frying processes, foods fried and their water contents, etc. (3, 20). A typical 1H NMR spectrum of neat (unheated) sunflower oil evaluated in the current study, and that of a sample continuously thermally-stressed at a temperature of 180°C for a 300min period is shown in Figure 1 full assignments of the resonances therein are provided in Table 1. Characteristic resonance assignments of the acyl chain functions are in accordance with those reported by Guillén and Uriarte (20); Percival et al. (25).


[image: Figure 1]
FIGURE 1. 1H NMR spectra showing (i) major acylglycerol functions, and (ii) expanded regions of resonances A, B and D present within the 0.0–5.8 ppm regions of PDMS-treated sunflower oil thermally stressed continuously throughout a 300min duration, expanded regions of resonances A, B, and D present within the 0.0–2.3 ppm spectral range of PDMS-treated sunflower oil thermally-stressed continuously throughout a 300min duration. PDMS-S, Polydimethylsiloxane-treated sunflower oil; L, Linoleoylglycerol part-signal; O, oleoylglycerol part-signal; S, saturated fatty acid acylglycerol part-signal. Letter assignments of resonances correspond to those provided in Table 1.



Table 1. Assignment of bulk 1H NMR signals of major acylglycerol groups present in the 1H NMR profiles of PDMS-treated sunflower oil, including chemical shift values, multiplicities, and their associated functional groups.
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Accordingly, signal A is a triplet located at 0.836–0.929 ppm and is ascribable to the terminal methylic functions (–CH3) of all saturated, oleoyl and linoleoyl acyl groups [Figure 1(i)]. When expanded, the linoleoylglycerol component (L) of signal A showed a higher intensity than that of the composite oleoylglycerol/saturated fatty acid acylglycerol signal (O + S) [Figure 1(ii)A]. Signal B (δ = 1.201–1.407 ppm in all sunflower oil spectra) is a triplet ascribable to the bulk methylene protons (–(CH2)n–) of all acyl groups [Figure 1(i)]. Expanding signal B revealed that the composite linoleoylglycerol and oleoylglycerol component (L + O) to be of the highest intensity when compared to that of the saturated fatty acid acylglycerol (S) and oleoylglycerol (O) ones, in that order [Figure 1(ii)B]. The higher intensity of L observed for both signals A and B is, of course, a reflection of the high unsaturation degree of sunflower oil.

Located at 1.569–1.662 ppm is signal C, which is a multiplet assigned to β-substituted methylenic protons (–OCO–CH2-CH2-) of all acyl groups, except for those of docosahexaenoyl (DHA), eicosapentaenoyl (EPA) and arachidonoyl (ARA) groups, all of which have little or no contents in sunflower oil [Figure 1(i)]. Signal D is also a multiplet, however, signal D is assigned to the mono-allylic protons (–CH2-CH-CH–) of all acyl groups [Figure 1(i)]. When expanded, signal D of sunflower oil comprised contributions from L, O and L + O components [Figure 1(ii)D]. Overall, in agreement with the expanded chemical shift range (δ-scale) of signals A and B, the L fraction of signal D was characterised by higher intensities that were expressed over O and L+O [Figure 1(ii)D]. The expanded δ-scale of signals A, B, and D are consistent with the findings of Guillén and Uriarte (20).

Signal E of the 1H NMR spectra of sunflower oil is a doublet of triplets located at 2.271–2.357 ppm which is ascribable to the methylenic protons (–OCO–CH2-) of all acyl groups except for that of DHA [Figure 1(i)]. The bis-allylic protons (-HC–CH2-CH-) of linoleoyl acyl group resonance is labelled as signal F, which can be observed as an apparent triplet at δ = 2.743–2.798 ppm of the 1H NMR spectrum of sunflower oil [Figure 1(i)]. Signal G is a pair of doublet of doublets signals arising from the protons located on carbon atoms 1 and 3 of the glyceryl backbone (–CH2OCOR). Complementarily, the multiplet multiplicity of signal H, at 5.237–5.292 ppm, is derived from protons on carbon atom 2 of the glyceryl group (>CHOCOR) [Figure 1(i)]. Signal I, which is key in determining the overall unsaturation degree of culinary oils in general, is ascribable to olefinic protons (–CH-CH–) of several acyl groups [Figure 1(i)]. The key acyl group resonances were integrated and quantified, and modifications to these were reported in section Results.



Minor Compounds Detectable

Minor compounds, which may be naturally present in culinary oils, may. at least in principle, play significant roles in influencing the susceptibility of frying oils to thermo-oxidation, in addition to offering possible nutritional benefits to consumers. All minor compounds identified in the sunflower oil product investigated here by 1H NMR analysis are shown in Figure 2, which reveals the expanded regions of the signal resonances within 0.4–0.8 ppm and 3.7–3.8 ppm regions of the 1H NMR profiles acquired. In view of their low concentrations, which are reflected by their low resonance intensities, these minor compounds are classified under Generally Recognised As Safe (GRAS) agents (26–28). The general characteristic of each 1H NMR detectable minor compound is further highlighted in Table 2. The assignment of the 1H NMR signals of the minor compounds identified in this study are consistent with those reported by Martínez-Yusta et al. (23); Percival et al. (25).


[image: Figure 2]
FIGURE 2. 1H NMR spectra of minor compounds detectable in the 0.4–4.0 ppm regions of PDMS-treated sunflower oil thermally stressed continuously throughout a 300min duration. PDMS-S, Polydimethylsiloxane-treated sunflower oil. Letter assignments of resonances correspond to those provided in Table 2.



Table 2. Assignment of bulk 1H NMR signals of minor compounds present in the 1H NMR profiles of PDMS-treated sunflower oil, including chemical shift values, multiplicities, and their associated functional group assignments.

[image: Table 2]

Signal Q, a singlet at 0.533–0.546 ppm is ascribable to the C-18 –CH3 function of Δ7-avenasterol (Figure 2). Signal R, also a singlet and positioned at 0.677–0.690 ppm may be ascribable to the C-18 –CH3 of β-sitosterol, Δ5-campesterol or cholesterol (Figure 2). Signal S is a singlet positioned at 0.697–0.706 ppm of the 1H NMR spectra of sunflower oil. Signal S is assigned to the C-18 –CH3 of Δ5-stigmasterol and brassicasterol (Figure 2). Unlike signals Q, R and S, signal T is a doublet located at 3.705–3.730 ppm (Figure 2). Signal T is ascribable to the protons directly attached to the primary carbon (–CH2OH) of 1,2-diacylglycerols, which are chemically produced from triacylglycerols through the direct hydrolysis of triacylglycerols.

It should also be noted that the signal resonances of PDMS, which is supposed to be a singlet at 0.042 ppm, was not observable on any of the 1H NMR spectrum examined for sampled PDMS-treated sunflower oil. This may be ascribable to the lack of miscibility or limited solubility of PDMS with the studied sunflower oil. Furthermore, the size of the PDMS employed in the present study may results in its signal peak broadening, which could make it difficult to identify and characterise its signal peak on the spectra of the PDMS-treated sunflower oil.




Evolution of LOPs


Primary LOPs

Conjugated hydroperoxydienes (CHPDs) and hydroxymonoenes and olefinic resonances of alpha, beta-unsaturated aldehydes (α,β-UAs) were the primary LOPs identified in sunflower oil (Table 3; Figure 3). Two kinds of (E,E)-conjugated olefinic protons of CHPDs were detected in unheated sunflower oil. All identified signals of primary LOPs became prominent in a prolong continuous thermo-oxidation of both stirred and unstirred sunflower oil, including PDMS-treated sunflower oil (Figure 3). This was evidenced in the intensity, which is also a representation of the concentrations of the signals of primary LOPs. Comparatively, PDMS-treated sunflower oils showed lower signal intensities of primary LOPs than their respective control experiments. Unstirred PDMS-treated sunflower oil however, demonstrated a greater suppression of primary LOPs than stirred PDMS-treated sunflower oil. This was also true for the comparison between unstirred and stirred thermally stressed sunflower oil. Agitation or stirring increases the kinetic energy of reaction mixture and therefore, promotes oxygen solubility and chemical interactions of molecular oxygen with UFA. As a consequence, this leads to the evolution of LOPs. Primary LOPs are important intermediates since their evolution precedes secondary LOPs. Despite primary LOPs being undetectable in many studies, the present study employability of 600 MHz NMR, under the same processing conditions as that reported by Le Gresley et al. (3) demonstrated that they are trackable. This was also consistent with the findings of Guillén and Uriarte (20), Martínez-Yusta et al. (23) and Percival et al. (24).


[image: Figure 3]
FIGURE 3. 1H NMR spectra showing expanded 5.5–7.0 ppm regions of PDMS-treated sunflower oil thermally stressed continuously throughout a 300min duration. The expanded 1H NMR profiles reveal conjugated diene hydroperoxydienes, and hydroxymonoenes (both primary LOPs), and the olefinic resonances of α,β-unsaturated aldehydes. Broad resonances attributable to -OOH group protons present in the 8.2–8.6 ppm regions of PDMS-untreated, unheated (0 min) sunflower oil are also shown. PDMS-S, Polydimethylsiloxane-treated sunflower oil. Letter assignments of resonances correspond to those provided in Table 3.



Table 3. Assignment of 1H NMR signals of conjugated diene hydroperoxydienes and hydroxymonoenes, and olefinic resonances of α,β-unsaturated aldehydes present in the 1H NMR profiles of PDMS-treated sunflower oil, including chemical shift values, multiplicities, and their associated functional group assignments.
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Secondary LOPs

Secondary LOPs constitute the central focus of this report in view of their adverse toxicological properties. The secondary LOPs identified in this reported are presented in Table 4 and Figure 4 (epoxides and primary alcohols) and Table 5 and Figure 5 (aldehydes). It is also worth noting that epoxides can be considered as either primary or secondary, dependent on their route of formation.


Table 4. Assignment of 1H NMR signals of epoxides and primary alcohols present in the 1H NMR profiles of PDMS-treated sunflower oil, featuring chemical shift values, multiplicities, and their associated functional group assignments.

[image: Table 4]
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FIGURE 4. 1H NMR spectra showing epoxides and primary alcohols present in the expanded 2.4–4.0 ppm regions of PDMS-treated sunflower oil thermally stressed continuously throughout a 300min duration. PDMS-S, Polydimethylsiloxane-treated sunflower oil. Letter assignments of resonances correspond to those provided in Table 4.



Table 5. Assignment of –CHO functional groups of 1H NMR signals of aldehydic LOPs (secondary LOPs) present in the 1H NMR profiles of PDMS-treated sunflower oil, including chemical shift values, multiplicities, and their associated functional group assignments.
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[image: Figure 5]
FIGURE 5. 1H NMR spectra showing aldehydes detectable in the expanded 9.4–10.2 ppm regions of an untreated and PDMS-treated sunflower oil product exposed to a thermal stressing episode continuously throughout a 300min duration. PDMS-S, Polydimethylsiloxane-treated sunflower oil. Letter assignments of resonances correspond to those provided in Table 5.



Primary Alcohols

According to Figure 4, signal v, a multiplet is located at 3.918–3.955 ppm in the 1H NMR spectra of sunflower oil, is attributed to the α-CH2 protons of primary alcohols. The intensity of signal v increased with the thermo-oxidation duration of sunflower oil, as expected. At a constant temperature of 180°C, and under the same experimental conditions, the intensity of signal v was higher in stirred sunflower oil than in unstirred sunflower oil. PDMS-treatment of sunflower oil, however, considerably suppressed the intensity of signal v when compared to that of the control samples (Figure 4). Unheated sunflower oil did not, however, contain any traces of primary alcohols. This observation is consistent with the findings of Le Gresley et al. (3) and Martínez-Yusta et al. (23).



Epoxides

According to the review by Martínez-Yusta et al. (23), epoxides evolve from the thermo-oxidation of oleoyl- and linoleoylglycerol acyl chains. Typically, those two chains constitute the highest levels of UFAs present in sunflower oil, with greater amounts of the latter. The evolution of epoxides at constant temperature (180°C) accorded with the thermo-oxidation duration of sunflower oil. Similar to the trend observed for primary LOPs, the decreasing order of magnitude of epoxide concentrations amongst the conditioned sunflower oils were stirred control > unstirred control > stirred PDMS-S > unstirred PDMS-S > unheated (0 min) (Figure 4). The letter assignments of resonances illustrated in Figure 4 correspond to those provided and assigned in Table 4. Depending on the oil unsaturation degree, frying conditions and foods fried, etc., this study provided a projection of what may occur during standard frying/cooking processes conducted at this temperature. The use of 10 ppm (maximum legal limit) of PDMS for frying episodes performed at 180°C suppressed the evolution of epoxides in view of its ability to “screen” the oil surface from exposure to atmospheric O2. Therefore, it appears that PDMS has the ability to substantially diminish the levels of thermally induced epoxides in culinary oils exposed to high temperature frying episodes.



Aldehydes

Aldehydes identified in this report are of a series of categories, and these include both saturated and α,β-unsaturated aldehydes (α,β-UAs). The signals arising from α,β-UAs and saturated aldehydes in the 1H NMR spectra acquired are doublets and triplets, respectively (Figure 5; Table 5). Between the two groups, α,β-UAs are more chemically-reactive and hence more toxic, and this is ascribable to the susceptibility of the unsaturated 3-position carbon in these agents to nucleophilic attack by thiolate and amino functions present in biomolecules.

Although unidentified, the J-value of signal k (8.20 Hz) suggest that it is likely to be α,β-UAs (Figure 5). Also, signal j, which was first identified by Moumtaz et al. (4), has been proven to arise from (Z)-2-alkenals (4). Notably, there was a significant superimpositions of resonances d and e (Figure 5). At a constant temperature of 180°C, the types and intensity of aldehydic LOPs increased with increasing duration of thermo-oxidation of this oil. For all LOPs investigated, stirred sunflower oil samples gave rise to the highest content of LOPs, and this was followed by corresponding unstirred samples. However, when compared to results acquired from these experiments, PDMS treatment was found to greatly suppress aldehydic oxidation product generation throughout the 300min continuous thermo-oxidation period. Between PDMS-treated sunflower oils, stirred oil samples produced higher aldehydic oxidation product levels than those generated by unstirred PDMS-treated sunflower oils. The stirring technique employed in agitating sunflower oil in this report may be comparable to domestic or commercial frying or cooking methods. The LOPs suppression activity of PDMS prevented unidentified signal k from forming in 300min thermally stressed sunflower oil which was otherwise produced in their respective control experiments. Notwithstanding, three α,β-UAs; (E)-2-alkenals (signal a), (E,E)-2,4-alkadienals (signal b) and (Z,E)-2,4-alkadienals (signal f), as well as one saturated aldehyde class (n-alkanals, signal g) were identified and quantified in purchased unheated sunflower oil.






DISCUSSION


Thermo-Oxidation of Sunflower Oil


Chemical Modifications to Acyl Groups

1H NMR analysis revealed that the unheated sunflower oil product contained 30.04 ± 0.08% oleoyl acyl groups, 56.16 ± 0.15% linoleoyl acyl (PUFA) groups, 86.20 ± 0.09% total UFAs, and 13.80 ± 0.09% SFAs (mean ± SD values). When compared to the measurements stipulated on the product label, our 1H NMR data indicated that the oleic acyl/MUFA and SFA contents were ca. 1.8 and 2.9% higher, respectively, whereas linoleic acyl and PUFA groups were ca. 4.7 and 2.9% lower than the percentages stipulated on the product label. It is worth mentioning that the 1H NMR derivations provide molar percentage values, whereas those on the product label are w/w percentage. This explains the differences in data in the acyl groups stipulated on the product label and those derived from our 1H NMR measurements.

Thermo-oxidation of sunflower oil at 180°C for a 300min, period increased oleoyl acyl groups and SFAs, as expected; simultaneously, decreased linoleoyl acyl groups, i.e., total PUFA and total UFA groups. This is because PUFAs are more susceptible to peroxidation than MUFAs, and MUFAs more so than SFAs. Therefore, PUFA levels go down, and MUFA and SFA levels go up simultaneously as a consequence of thermo-oxidation of sunflower oil. This was in agreement to the findings of the thermo-dynamic changes in the acyl groups of sunflower oil thermally stressed at varying durations at 190°C (20), 200°C (29), and 180°C (3).

Stirring sunflower oil at 180°C resulted in a considerably higher degradation of UFA groups, whilst it simultaneously increased the formation of S(+M)FA groups, when compared to unstirred thermally stressed sunflower oil (Supplementary Figure 1). By comparison, the thermo-oxidation of linoleic fatty acyl groups, PUFAs, and UFAs, as well as IV, were less profound in unstirred sunflower oil than in stirred sunflower oil—both without PDMS treatment (Supplementary Figure 1). It was also observed that the thermo-oxidation of UFAs of sunflower oil was inversely proportional to the formation of S(+M)FA groups (Supplementary Figure 1). However, changes in oleic fatty acyl groups were in no order although their levels increased in sunflower oil with a prolong thermo-oxidation duration (Supplementary Figure 1).

Under the same experimental conditions. these modifications were more profound in stirred sunflower oil at all added PDMS concentrations. Stirring increases the motion of unsaturated triacylglycerols and ensures a greater or more rapid dissolution of oxygen molecules in thermally stressed oils, a process facilitating enhanced reactivities in thermo-oxidative reactions. Traditionally, frying or cooking food may lead to a far greater change in UFAs, since moisture from food generates energetic bubbling that underscores higher oxygen solubility. Nonetheless, factors such as the fryer and frying (deep or shallow) type, frying duration and temperature, culinary oil unsaturation degree, as well as food moisture content, composition and surface area may influence such reactivities.

Polydimethylsiloxane (PDMS) offers concentration-dependent protective effects against thermo-oxidative changes in culinary oils when exposed to high temperature frying episodes. Amongst the nine studied PDMS concentrations tested in unstirred sunflower oil here, 0.05, 0.025, 1.0 × 10−5, and 6.25 × 10−7 ppm PDMS offered little or no protective effects (Supplementary Figure 1). However, although PDMS at an added level of 1.0 ppm was ineffective in suppressing the thermo-oxidation of MUFAs, it was successful in blocking the thermo-oxidation of linoleoylglycerols. This was also reflective in the overall unsaturation degree of unstirred sunflower oil, which is also defined by the oil's IV (Supplementary Figure 1). Unlike the above PDMS concentrations, added 10.0, 5.0, 1.0, and 0.5 ppm PDMS levels significantly suppressed the thermo-oxidation of linoleic acyl groups, PUFA, and UFA, as well as further stabilising the saturated (and modified) fatty acyl groups [S(+M)FA] groups in unstirred sunflower oil (Supplementary Figure 1).

The trends observed for the nine studied PDMS concentrations in unstirred sunflower represented the rationale for focusing experiments on 10.0, 5.0, 1.0, and 0.5 ppm added PDMS concentrations in stirred sunflower oil. Similar to unstirred sunflower oil, PDMS thermo-oxidation suppressing effect of linoleic acyl groups, PUFA, and UFA acyl groups of stirred sunflower oil was also concentration-dependent with 10.0 ppm and 0.5 ppm exhibiting the maximal and minimal suppressing effects (Supplementary Figure 1). Although it has been reported that 0.05–0.06 μg cm−2 PDMS concentrations, which are approximately equivalent to the suppression potential of 0.025 ppm, is the minimal threshold level of PDMS required to provide a protective functional role at frying temperatures (17, 30), our 1H NMR investigations of the nine studied PDMS concentrations showed that 0.5 ppm was the minimum sufficient concentration, 200 centistoke (cSt) PDMS to exhibit a protective functional role in sunflower oil thermally stressed continuously at 180°C for 300min.



Evolution of LOPs

Thermo-oxidation of culinary oil can be explained by the decrease in the oil unsaturated fatty acyl groups (UFA), coupled with the synchronous increase in S(+M)FA. The presence of other minor compounds in sunflower oil, as reported in section Results, could influence the thermo-oxidation susceptibility of the oil. For instance, Δ5-stigmasterol and brassicasterol exhibit free radical scavenging potential, which could suppress the formation of LOPs to a smaller extent. Physiologically, Δ7-avenasterol is a phytosterol and the chief precursor in the biosynthesis of steroids. Δ7-avenasterol has been characterised in several plant oils and has also been reported to show antioxidant activities (31, 32). Specifically, Δ7-avenasterol is reported to reduce temperature-induced oxidation of safflower oil (33).

Secondary LOPs vary widely and constitutes one or more functional group(s). By far, literature reveals alcohols, epoxides, and carbonyls, specifically, aldehydes, ketones and/or carboxylic acids to be the most reported secondary LOPs in thermo-oxidised culinary oils Martínez-Yusta et al. (23). The evolution of secondary LOPs is dependent on the oil type and their degree of unsaturation, storage and processing conditions, oxidative conditions, and the presence and type of catalyst to speed up the oxidation processes.

Primary alcohols generally undergo substitution reactions where the hydroxyl group (–OH) is replaced by another atom or functional group of compounds. Primary alcohols are characteristically less reactive. However, they may undergo further oxidation to form aldehydes which may also become the starting material via oxidation for carboxylic acids formation.

The reactivity of epoxides spans from chemically modifying nucleic acids and dimers impairing cellular functions to macro molecules reducing their digestibility (34). Specifically, 9,10-epoxy-12-octadecenoate (leukotoxin) and 12,13-Epoxy-9-octadecenoate (isoleukotoxin) stimulates proliferation of human breast cancer cells, with only leukotoxin being potent in disrupting oestrous cycle in female rats (35). Increased pulmonary vascular permeability leading to lung injury in blood-free, physiological salt solution-perfused rat lungs under constant flow conditions was reported to be caused by leukotoxin (36). Also, an intravenous injection of 100 μmol kg−1 leukotoxin in Wistar rats was linked to the birth of inflammatory oedema (37). The detection of epoxides in thermally stressed culinary oil means the oil may possess latent toxicity to healthy cells and organs.

Aldehydes possess a carbonyl group (>C=O), which makes it polar with a greater molecular dipole moment. The >C=O governs the chemistry of aldehydes by providing a site for nucleophilic addition and also increasing the acidity of the hydrogen atom(s) attached to the alpha carbon. Aldehydic LOPs identified and quantified in sunflower oil were either α,β-UAs or saturated aldehydes. (E)-2-Alkenals; (E,E)-2,4-alkadienals; 4,5-epoxy-(E)-alkenals; 4-hydroxy-(E)-2-alkenals; 4-hydroperoxy-(E)-2-alkenals; (Z,E)-2,4-alkadienals; (Z)-2-alkenals and unidentified unsaturated aldehyde (signal k) constituted the α,β-UAs. The saturated aldehydes generated were n-alkanals, 4-oxo-alkanals and low-molecular-mass n-alkanals such as n-propanal and n-butanal.

Unheated sunflower oil was found to contain three 0.16 ± 0.01 mM (E)-2-alkenals, 0.04 ± 0.00 mM (E,E)-2,4-alkadienals, and 0.07 ± 0.01 mM (Z,E)-2,4-alkadienals, as well as 0.17 ± 0.01 mM n-alkanals. The presence of aldehydic LOPs in unheated culinary oils may be attributed to the industrial refinement processes and/or prolonged storage conditions of the oils (1, 38, 39). The concentrations of these LOPs detectable in unheated sunflower oil may present a latent health risk to consumers.

The control experiments performed, in which sunflower oil without added PDMS were analysed, and were found to contain the highest concentrations of aldehydic LOPs (Figure 6; Supplementary Figure 2). The predominant ones were (E)-2-alkenals, (E,E)-2,4-alkadienals and n-alkanals. Aldehydic LOPs that were of the lowest concentrations were 4-oxo-alkanals, low-molecular-mass n-alkanals, (Z)-2-alkenals and one of the unidentified unsaturated aldehyde (signal k). Similar to the observations made on the acylglycerol content analysis of this oil, stirring enhanced the concentrations of LOPs detectable. In addition, 240 min was observed to be the peak time of formation of some of the aldehydic LOPs in stirred thermally stressed sunflower oil samples (Figure 6; Supplementary Figure 2).


[image: Figure 6]
FIGURE 6. Suppression of aldehydic LOPs in PDMS-treated sunflower oil thermally stressed at 180°C continuously throughout a 300min period.


Aldehydic LOPs in the control experiments of stirred sunflower oil was consistently higher than those in unstirred sunflower oil. On an average, they were in excess of a factor of 1.11–1.62 in stirred sunflower oil. An exception was unidentified unsaturated aldehyde (signal k), which was, on an average, in a 1:1 ratio of stirred sunflower oil:unstirred sunflower oil (Supplementary Figure 2). The levels of some of the aldehydic LOPs characterised in this report peaked at 240 min and decreased thereafter in stirred sunflower oil. These were (E,E)-2,4-alkadienals (Supplementary Figure 2); (Z,E)-2,4-alkadienals (Figure 6); n-alkanals of low molecular weight (Supplementary Figure 2); as well as unidentified unsaturated aldehyde (signal k) (Supplementary Figure 2). In addition, 4,5-epoxy-(E)-alkenals; 4-hydroperoxy-(E)-2-alkenals; and (Z)-2-alkenals levelled at 240 min with a 0.01 mM difference between 240 and 300min of thermo-oxidation (Supplementary Figure 2). Unlike stirred sunflower oil, the concentrations of aldehydic LOPs increased in unstirred sunflower oil with respect to the oil's thermo-oxidation duration.

In a scientific report by Guillén and Uriarte (40), a volume of 4,000 mL unheated sunflower oil containing 55.05 ± 4.31% linoleoylglycerols, 34.80 ± 2.83% oleoylglycerols, 10.03 ± 0.95 SFAs, and 122.16 unit IV was submitted to a discontinuous thermo-oxidation process, with alternating room temperature storage between heating episodes and no oil replenishment in an industrial fryer (15 cm width × 30 cm length × 17 cm depth) at 190°C for an 8 h per day period for 5 days in a closed heating system. Accordingly, the total aldehyde concentrations peaked at a value of 25 mM at a thermo-oxidation duration of 2,100 min (35 h); aldehydes detectable were (E,E)-2,4-alkadienals, n-alkanals, (E)-2-alkenals, and (Z,E)-2,4-alkadienals, which peaked at 8.6, 6.6, 6.3, and 1.8 mM, respectively. In addition, 4-hydroxy-(E)-2-alkenals and 4-oxo-alkanals were both reported to peak at a level of 1.5 mM (40).

The data reported by Guillén and Uriarte (40) are, therefore, in agreement with the present study since the amounts of aldehydic LOPs peaked at a specified thermo-oxidation duration beyond which their amounts declined as heating progressed. It is worth noting that the lower boiling points of aldehydic LOPs and their subsequent loss from oils through evaporation at the time of thermo-oxidation of the oils may account for the decline in their levels. Furthermore, Gerde (18) reported that oxygen concentration in culinary oil increased with increased temperature until ca. 100°C where it abruptly decreased with increased temperature. Consequently, UFAs reacting with O2 was found to prevail over O2's dissolution in thermally stressed oils at temperatures above 100°C (18), and this may also play a significant role in aldehydic LOPs peaking at 240 min in stirred sunflower oil in the current study.

With respect to Supplementary Equation (1), the percentage polydimethylsiloxane-suppression activity [PDMS-SA (%)] of LOPs of 6.25 × 10−7, 1.0 × 10−5, 0.025, 0.05, and 0.1 ppm treatment of unstirred sunflower oil thermally stressed continuously at 180°C were largely below 50% for a specified thermo-oxidation duration (Supplementary Table 1). Amongst the PDMS-treated unstirred sunflower oil, 0.5, 1.0, 5.0, and 10.0 ppm concentrations offered PDMS-SA values that were as low as 63%. Nonetheless, most of the PDMS-SA values for LOPs generated were consistently within the 70–85% range (Supplementary Table 1). Overall, under the same experimental conditions, 0.5, 1.0, 5.0, and 10.0 ppm PDMS-treated stirred sunflower oil samples (Supplementary Table 2) were consistently lower than their corresponding 0.5, 1.0, 5.0, and 10.0 ppm PDMS-treated unstirred sunflower oils (Supplementary Table 1), respectively.

According to Freeman et al. (30), PDMS protects against thermo-oxidation by inhibiting convective currents on a frying oil's surface, and/or by constituting an oil's surface, and in this manner produces physical layers which limit the diffusion of atmospheric O2 into the oil, which is a critical requirement for induction of the lipid peroxidation process. These proposed mechanisms inhibit the thermo-oxidative damage that would have been otherwise exacerbated by the reactions of atmospheric O2 with oil UFAs. However, agitation, be it stirring or bubbling, successfully disrupts the physical layers formed by PDMS on oil's surface, and hence the lower PDMS-SA index determined in stirred sunflower oil.

Being insoluble in oil, PDMS is also established to show a protective property by being able to form droplet suspensions in the oil. The droplet suspensions of PDMS increases their zeta potential as negatively charged species, which attracts and interacts with nearby positively charged oxygen molecules and potential low molecular weight prooxidants, thereby disrupting their kinetics and suppressing the rate of formation of LOPs (16). To prove the above, PDMS was readily dissolved at room temperature in canola oil fatty acid isopropyl ester, and this was confirmed by phase contrast microscopy (16). When thermally stressed at 180°C, dissolved PDMS exhibited no antioxidant potential in the canola oil. This was marked by tracking no observable changes in the analysed oxygen content, peroxide value, and polar compound content of the studied canola oil (16).

When comparing the same concentration for stirred and unstirred sunflower oil, aldehydic LOPs in stirred sunflower oil were, 1.20– to 2.83-fold greater than those monitored in unstirred sunflower oil (Figure 6; Supplementary Figure 2). Therefore, the presence of food of varying moisture contents and the consequential vaporisation of moisture from the fryer during cooking at high temperatures are likely to disrupt the protective layer offered by PDMS. This indicates that the PUFA-protecting potential of PDMS is likely to be from the PDMS droplets which are stably scattered throughout the oil. The high negative charge of PDMS droplets produces a suspension of charged network which reduces fluidity and, inhibit convection currents (16).

According to the United States Food and Drug Administration (41), ≤10 ppm PDMS is the legal limit allowed in food products. Exceptions include milk (0 ppm), dry gelatin dessert mixes labelled for use (≤110 ppm), ready-to-serve dry gelatin dessert (≤16 ppm), as well as salt labelled for cooking purposes (≤250 ppm), whereas ≤10 ppm is present in the cooked food (26). In addition, it has been reported that the minimum concentration of PDMS required to exhibit a protective functional role towards culinary oils thermally stressed at 180°C is 0.05–0.06 μg cm−2 (30).

Assuming that PDMS monomer at 180°C has a cross-sectional area of 20–25 Å2, all PDMS is present as an oil-air interface, and therefore the lowest concentration required to form a PDMS monolayer in oil, according to equation 1 deduced by Gerde et al. (17), is equivalent to 0.025 ppm (25 ppb). By implication, it is postulated that any PDMS concentration <0.025 ppm produces no substantial protective effect in limiting or suppressing LOPs generation in culinary oils when exposed to high-temperature frying practises (17). Data provided in the current study, however, demonstrated that 0.5 ppm was the minimal concentration of PDMS required to suppress the formation of 1H NMR detectable aldehydes, in both unstirred and stirred thermo-oxidised sunflower oils (Figure 6; Supplementary Figure 2).

It should also be noted that the evolution of unidentified unsaturated aldehyde (signal k) did not commence until the 120 min thermo-oxidation time-point in PDMS-treated unstirred sunflower oil. Similarly, (Z)-2-alkenals remained undetectable until the 120 min thermo-oxidation time-point continuously in 1.0, 5.0 and 10.0 ppm PDMS-treated stirred sunflower oils when heated at 180°C. However, 0.04 ± 0.01 mM (Z)-2-alkenals were found in 0.5 ppm PDMS- treated stirred sunflower oil that had undergone exposure to thermo-oxidation for a period of 60 min (Supplementary Figure 2). The first detection of (Z)-2-alkenals in 1.0 and 10.0 ppm PDMS-treated, unstirred sunflower oil was at the 240 min time-point (Supplementary Figure 2). Differences between in the evolution times of (Z)-2-alkenals for unstirred and stirred PDMS-treated sunflower oil samples may be attributable to disruption of the protective PDMS layers on the oil's surface, which are brought about by the stirring technique.




Statistical Analytical Comparisons

Results acquired from an analysis of the ANOVA model depicted in Equation (2) are listed in Table 6. Overall, the added PDMS concentration source of variation was very highly significant for all aldehydes monitored, p-values obtained for these comparisons ranging from to 10−131 to 10−64. Further analysis involving computations of 95% confidence intervals for least square means demonstrated that even at the very low added PDMS concentration value of only 6.25 × 10−7 ppm, there was a significant decrease in culinary oil concentrations for all aldehydic LOPs monitored (p <10−4), with the exception of 4-hydroperoxy-(E)-2-alkenals, for which there was a similar level of statistical significance attained at the next higher added level (1.00 × 10−5 ppm). As expected, for all aldehydes, the heating time-point factor was also very highly significant (p <10−63 to 10−137), results clearly consistent with the propagation of the lipid peroxidation process with increasing heating periods. Likewise, the stirring effect was also statistically significant for all aldehydes except (E,E)-2,4-alkadienals; (Z,E)-2,4-alkadienals; and n-alkanals, with p-values ranging from <10−4 to 10−29, although this observation is not simply explicable. Moreover, stirring was found to give rise to elevated levels of aldehydic LOPs for all aldehydes analysed except UUA (signal k), for which there was an increase in its oil concentration observed in samples remaining unstirred.


Table 6. Statistical significance of all main sources of variation, and first-order interaction effects from ANOVA analysis of the dataset.
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For the first-order interaction effects investigated, the PTij interaction effect was significant for nearly all aldehyde variables considered (bar two), whereas those for the PSik effect were significant for all aldehydes except 3. The TSjk interaction effect was significant for all aldehydes monitored. The significance of the TSjk interaction effect can be visualised in Figure 7, where differences in the magnitudes of responses in oil (E)-2-alkenal concentrations are observable for samples which are stirred and unstirred.


[image: Figure 7]
FIGURE 7. Plot of (E)-2-alkenals mean concentrations analysed for stirred and unstirred PDMS-treated sunflower oil.





CONCLUSIONS

Stirring sunflower oil at 250 rpm increased the thermo-oxidation of sunflower oil's UFAs. Nonetheless, some of the aldehydic LOPs quantified in the stirred oil peaked at a time-point of 240 min, which was not the case for unstirred sunflower oil heated under the same experimental conditions. The thermo-oxidation of PDMS-treated sunflower oil showed that PDMS varied in its LOPs suppressive activity. In PDMS-unstirred sunflower oil, 6.25 × 10−7, 1.0 × 10−5, 0.025, and 0.05 ppm concentrations of this agent showed an average percentage polydimethylsiloxane-suppression activity [PDMS-SA (%)] ranging between 15.2 and 44.8%. Furthermore, at the 0.1 ppm PDMS concentration, PDMS-SA (%) varied from 40.5 to 56.3%. PDMS concentrations of 0.5, 1.0, 5.0, and 10.0 ppm either fully suppressed LOPs generation, or at least achieved a PDMS-SA (%) value of 68.4%. Comparatively, these percentages were lower in 0.5, 1.0, 5.0, and 10.0 ppm PDMS-treated, stirred sunflower oil. According to the present study's 1H NMR analysis findings, a 0.5 ppm PDMS concentration was found to represent the minimal threshold level of it to display a major protective functional role at the frying temperature investigated. However, the minimum added level of only 6.25 × 10−7 ppm was found to give rise to a statistically significant decrease in all aldehyde concentrations studied. Stirring both PDMS-free (control experiment) and PDMS-treated sunflower oils at 250 rpm also provided a foresight of the evolutionary behavioural characteristics that may be associated with the commercial, industrial, or domestic use of culinary oils exposed to high frying temperatures. It is also noteworthy that the presence of food is highly relevant, disturbing the airflow while retaining itself as part of the PDMS, potentially reducing its availability, or even altering the moisture loss pattern of the food and conditioning the fried product characteristics. Further investigations into the importance of food will be necessary for clearer understanding of PDMS behaviour in frying. Whilst it was evident that PDMS concentrations of 0.5, 1.0, 5.0, and 10.0 ppm were the most effective in suppressing LOPs generation, further synthetic and activity testing studies may be required to enhance its PDMS-SA (%) values in thermally stressed culinary oils exposed to frying temperatures, e.g., structural modification of the PDMS base molecule to incorporate an antioxidant, perhaps phenolic functional group.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

DN and MG: conceptualisation and resources. AL, DN, and MG: methodology and validation. GA: formal analysis and investigation. GA and AL: data curation. AL, MG, and GA: writing—original draft preparation and visualisation. DN, MG, GA, and AL: writing—review and editing. MG: experimental design and statistical analysis. AL and DN: supervision and project administration. All authors have read and agreed to the published version of the manuscript.



ACKNOWLEDGMENTS

The authors are grateful to Kingston University, UK for funding for GA and to the Doctoral Training Alliance, UK. We are also grateful for the excellent NMR technical support provided by Drs. Jean-Marie Peron and Mahboub Merzouk.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2021.721736/full#supplementary-material



REFERENCES

 1. Grootveld M, Rodado VR, Silwood CJL. Detection, monitoring, and deleterious health effects of lipid oxidation products generated in culinary oils during thermal stressing episodes. InForm. (2014) 25:614−24. doi: 10.1017/CBO9781107415324.004

 2. Grootveld M, Percival BC, Grootveld KL. Chronic non-communicable disease risks presented by lipid oxidation products in fried foods. HepatoBiliary Surg Nutr. (2018) 7:305–12. doi: 10.21037/hbsn.2018.04.01

 3. Le Gresley A, Ampem G, Grootveld M, Percival BC, Naughton DP. Characterisation of peroxidation products arising from culinary oils exposed to continuous and discontinuous thermal degradation processes. Food Funct. (2019) 10:7952–66. doi: 10.1039/C9FO02065A

 4. Moumtaz S, Percival BC, Parmar D, Grootveld KL, Jansson P, Grootveld M. Toxic aldehyde generation in and food uptake from culinary oils during frying practices: peroxidative resistance of a monounsaturate-rich algae oil. Sci Rep. (2019) 9:4125. doi: 10.1038/s41598-019-39767-1

 5. Grootveld M, Percival BC, Leenders J, Wilson PB. Potential adverse public health effects afforded by the ingestion of dietary lipid oxidation product toxins: significance of fried food sources. Nutrients. (2020) 12:974. doi: 10.3390/nu12040974

 6. Le Gresley A, Ampem G, De Mars S, Grootveld M, Naughton DP. “Real-world” evaluation of lipid oxidation products and trace metals in French fries from two chain fast-food restaurants. Front Nutr. (2021) 8:620952. doi: 10.3389/fnut.2021.620952

 7. Ibargoitia ML, Sopelana P, Guillén MD. 1H nuclear magnetic resonance monitoring of the degradation of margarines of varied compositions when heated to high temperature. Food Chem. (2014) 165:119–28. doi: 10.1016/j.foodchem.2014.05.065

 8. Poyato C, Ansorena D, Navarro-Blasco I, Astiasarán I. A novel approach to monitor the oxidation process of different types of heated oils by using chemometric tools. Food Res Int. (2014) 57:152–161. doi: 10.1016/j.foodres.2014.01.033

 9. Martínez-Yusta A, Guillén MD. Monitoring compositional changes in sunflower oil-derived deep-frying media by 1H Nuclear Magnetic Resonance. Eur J Lipid Sci Technol. (2016) 118:984–96. doi: 10.1002/ejlt.201500270

 10. Mohammadi A, Jafari SM, Esfanjani AF, Akhavan S. Application of nano-encapsulated olive leaf extract in controlling the oxidative stability of soybean oil. Food Chem. (2016) 190:513–9. doi: 10.1016/j.foodchem.2015.05.115

 11. Redondo-Cuevas L, Castellano G, Raikos V. Natural antioxidants from herbs and spices improve the oxidative stability and frying performance of vegetable oils. Int J Food Sci Tech. (2017) 52:2422–8. doi: 10.1111/ijfs.13526

 12. Mohanan A, Nickerson MT, Ghosh S. Oxidative stability of flaxseed oil: effect of hydrophilic, hydrophobic and intermediate polarity antioxidants. Food Chem. (2018) 266:524–33. doi: 10.1016/j.foodchem.2018.05.117

 13. Sordini B, Veneziani G, Servili M, Esposto S, Selvaggini R, Lorefice A, et al. A quanti-qualitative study of a phenolic extract as a natural antioxidant in the frying processes. Food Chem. (2019) 279:426–34. doi: 10.1016/j.foodchem.2018.12.029

 14. Percival BC, Zbasnik R, Schlegel V, Edgar M, Zhang J, Grootveld M. Determinations of the peroxidative susceptibilities of cod liver oils by a newly-developed 1H NMR-based method: resistance of an antioxidant-fortified product isolated from pre-fermented sources. BMC Res Notes. (2020) 13:1–7. doi: 10.1186/s13104-020-4932-6

 15. Márquez-Ruiz G, Velasco J, Dobarganes MC. Effectiveness of dimethylpolysiloxane during deep frying. Eur J Lipid Sci Technol. (2004) 106:752–8. doi: 10.1002/ejlt.200400999

 16. Totani N, Yazaki N, Yawata M. Polydimethylsiloxane droplets exhibit extraordinarily high antioxidative effects in deep-frying. J Oleo Sci. (2017) 66:329–36. doi: 10.5650/jos.ess16172

 17. Gerde JA, Hammond EG, White PJ. Influence of polydimethylsiloxane on the oxygen concentration of oils at various temperatures. J Am Oil Chem Soc. (2011) 88:925–9. doi: 10.1007/s11746-011-1762-7

 18. Gerde JA. Protective Effects of Polydimethylsiloxane in Soybean Oil at Frying Temperatures. (Graduate Theses and Dissertations) (2010). p. 11415. Available online at: https://lib.dr.iastate.edu/etd/11415 (accessed August 17, 2019).

 19. Le Gresley A, Peron JM. A semi-automatic approach to the characterisation of dark chocolate by Nuclear Magnetic Resonance and multivariate analysis. Food Chem. (2019) 275:385–9. doi: 10.1016/j.foodchem.2018.09.089

 20. Guillén MD, Uriarte PS. Contribution to further understanding of the evolution of sunflower oil submitted to frying temperature in a domestic fryer: study by 1H Nuclear Magnetic Resonance. J Agric Food Chem. (2009) 57:7790–9. doi: 10.1021/jf900510k

 21. Grootveld M, Atherton MD, Sheerin AN, Hawkes J, Blake DR, Richens TE, et al. In vivo absorption, metabolism, and urinary excretion of α,β- unsaturated aldehydes in experimental animals: relevance to the development of cardiovascular diseases by the dietary ingestion of thermally stressed polyunsaturate-rich culinary oils. J Clin Invest. (1998) 15:1210–8. doi: 10.1172/JCI1314

 22. Grootveld M, Silwood CJL, Addis P, Claxson A, Serra BB, Viana M. Health effects of oxidized heated oils. Food Res Int. (2001) 13:41–55. doi: 10.1111/j.1745-4506.2001.tb00028.x

 23. Martínez-Yusta A, Goicoechea E, Guillén MD. A review of thermo-oxidative degradation of food lipids studied by 1H NMR spectroscopy: influence of degradative conditions and food lipid nature. Compr Rev Food Sci Food Saf. (2014) 13:838–59. doi: 10.1111/1541-4337.12090

 24. Percival BC, Wann A, Zbasnik R, Schlegel V, Edgar M, Zhang J, et al. Evaluations of the peroxidative susceptibilities of cod liver oils by a 1H NMR analysis strategy: peroxidative resistivity of a natural collagenous and biogenic amine-rich fermented product. Nutrients. (2020) 12:753. doi: 10.3390/nu12030753

 25. Percival B, Savel E, Ampem G, Gibson M, Edgar M, Jafari F, et al. Molecular composition of and potential health benefits offered by natural East African virgin sunflower oil products: a 400 MHz 1H NMR analysis study. Int J Nutr. (2019) 3:22–43. doi: 10.14302/issn.2379-7835.ijn-19-2677

 26. Food and Drug Administration (FDA). Agency Response Letter GRAS Notice no. 000206. (2006). Available online at: www.fda.gov (As referenced by 28). https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=173.340 (accessed September 5, 2019).

 27. Food and Drug Administration (FDA). Agency Response Letter GRAS Notice no. 000206. (2006). Available online at: www.fda.gov (As referenced by 28). https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=101.62&SearchTerm=trans (accessed September 5, 2019).

 28. Feng S, Belwal T, Li L, Limwachiranon J, Liu X, Luo Z. Phytosterols and their derivatives: potential health-promoting uses against lipid metabolism and associated diseases, mechanism, safety issues. Compr Rev Food Sci Food Saf. (2020) 19:1243–67. doi: 10.1111/1541-4337.12560

 29. Ekiz E, Oz F. The effects of different frying oils on the formation of heterocyclic aromatic amines in meatballs and the changes in fatty acid compositions of meatballs and frying oils. J Sci Food Agric. (2019) 99:1509–18. doi: 10.1002/jsfa.9325

 30. Freeman IP, Padley FB, Sheppard WL. Use of silicones in frying oils. J Am Oil Chem Soc. (1973) 50:101–3. doi: 10.1007/BF02633557

 31. Dutta PC, Appelqvist LÅ. Saturated sterols (stanols) in unhydrogenated and hydrogenated edible vegetable oils and in cereal lipids. J Sci Fd Agric. (1996) 71:383–91. doi: 10.1002/(SICI)1097-0010(199607)71:3<383::AID-JSFA595>3.0.CO;2-4

 32. Yorulmaz HO, Konuskan DB. Antioxidant activity, sterol and fatty acid compositions of Turkish olive oils as an indicator of variety and ripening degree. J Food Sci Technol. (2017) 54:4067–77. doi: 10.1007/s13197-017-2879-y

 33. Sims RJ, Fioriti JA, Kanuk MJ. Sterol additives as polymerization inhibitors for frying oils. J Am Oil Chem Soc. (1972) 49:298–301. doi: 10.1007/BF02637578

 34. Schaich KM. Thinking outside the classical chain reaction box of lipid oxidation. Lipid Technol. (2012) 24:55–8. doi: 10.1002/lite.201200170

 35. Markaverich BM, Crowley JR, Alejandro MA, Shoulars K, Casajuna N, Mani S, et al. Leukotoxin diols from ground corncob bedding disrupt estrous cyclicity in rats and stimulate MCF-7 breast cancer cell proliferation. Environ Health Perspect. (2005) 113:1698–704. doi: 10.1289/ehp.8231

 36. Ishizaki T, Shigemori K, Nakai T, Miyabo S, Ozawa T, Chang SW, et al. Leukotoxin, 9,10-epoxy-12-octadecenoate causes edematous lung injury via activation of vascular nitric oxide synthase. Am J Physiol. (1995) 269:L65–70. doi: 10.1152/ajplung.1995.269.1.L65

 37. Hu JN, Taki F, Sugiyama S, Asai J, Izawa Y, Satake T, et al. Neutrophil-derived epoxide, 9,10-epoxy-12-octadecenoate, induces pulmonary edema. Lung. (1988) 166:327–37. doi: 10.1007/BF02714065

 38. Claxson AWD, Hawkes GE, Richardson DP, Naughton DP, Haywood RM, Chander CL, et al. Generation of lipid peroxidation products in culinary oils and fats during episodes of thermal stressing: a high field 1H NMR study. FEBS Letters. (1994) 355:81–90. doi: 10.1016/0014-5793(94)01147-8

 39. Haywood RM, Claxson AWD, Hawkes GE, Richardson DP, Naughton DP, Coumbarides G, et al. Detection of aldehydes and their conjugated hydroperoxydiene precursors in thermally-stressed culinary oils and fats: investigations using high resolution proton NMR spectroscopy. Free Radic Res. (1995) 22:44482. doi: 10.3109/10715769509147552

 40. Guillén MD, Uriarte PS. Simultaneous control of the evolution of the percentage in weight of polar compounds, iodine value, acyl groups proportions and aldehydes concentrations in sunflower oil submitted to frying temperature in an industrial fryer. Food Control. (2012) 24:50–6. doi: 10.1016/j.foodcont.2011.09.002

 41. US Food Drug Administration (USFDA). FOOD for human consumption: secondary direct food additives permitted in food for human consumption - Defoaming agents. Code of Federal Regulations Title. (2018) 21. Available online at: https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=173.340 (Accessed May 9, 2019).

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Ampem, Le Gresley, Grootveld and Naughton. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-08-721736-t006.jpg
Aldehyde Chemical shift (PDMS) (P) Time-point Stirring status

value (ppm) (min) (1) )
(E)-2-Akenals 9.48 <1071 <1071 <1072
(E.E)-2,4-Alkadienals 9.52 <1013 <10-137 ns
4,5-Epoxy-(E)-2- 954 <10-1% <1071 <1072
Alkenals
4-Hydroxy-(E)-2- 9.56 a0 <10-116 <10-2
Alkenals
4-Hydroperoxy-(E)- 958 <10-107 <1071 <1021
2-Alkenals
(Z.E)-2,4-Akadienals 9.60 <10-18 <10-10% ns
n-Alkanals 9.74 <1012 <107% ns
4-Oxo-n-Alkanals 9.78 <109 <107115 <107
n-Alkanals (low mwt) 9.80 <1079 <10-%7 <1078
(2)-2-Alkenals 10.06 <10-107 <10-10% <1074
UUA (Signal k) 10.15 <10-108 <10-6 <102

Jow mwt, low molecular weight; UUA, unidentified unsaturated aldehyde; ns, not significant.

PxT
interaction
effect

<1077
<1076
<1072

<1075

<107%2

<10-%
<1074
<107%4
<103
<1075
<1075

Pxs
interaction
effect

<1072
<102
370 x 102

<10-¢

<102

380 x 1072
<1072
<107°
<1072

ns
ns

TxS
interaction
effect

<1077
ns
<1078

<1013

<10-8

ns
ns
<1078
<1077
<1078
<10-2!





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Role of Polydimethylsiloxane in Suppressing the Evolution of Lipid Oxidation Products in Thermo-Oxidised Sunflower Oil: Influence of Stirring Processes



		Introduction



		Background



		Rationale







		Materials and Methods



		Culinary Oil Product Investigated



		Thermo-Oxidation of Sunflower Oil Samples



		PDMS Treatment



		Sampling and Preparation of Thermally Stressed Sunflower Oil



		Analysis of Acyl Groups and Iodine Value



		Analysis of Lipid Oxidation Products









		Experimental Design and Statistical Analysis







		Results



		Characterisation of 1H NMR Spectra of Unheated Culinary Oils



		Major Acyl Groups



		Minor Compounds Detectable









		Evolution of LOPs



		Primary LOPs



		Secondary LOPs



		Primary Alcohols



		Epoxides



		Aldehydes



















		Discussion



		Thermo-Oxidation of Sunflower Oil



		Chemical Modifications to Acyl Groups



		Evolution of LOPs









		Statistical Analytical Comparisons







		Conclusions



		Data Availability Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References

















OPS/images/fnut-08-721736-t005.jpg
Signal s-scale (ppm)

9.483-9.513
9.513-0.541
9.641-9.563
9.569-9.590
9.677-9.594
9.594-0.616
9.741-0.762
9.784-9.800
i 9.800-9.816

T@ -0 Qo T ®

j 10.056-10.080
3 10.144-10.170

Multiplicity

~aaaaaaq

Functional group

Condensed function Classification

~CHO (E)-2-Alkenals

-CHO (EE)-2,4-Alkadienals

~CHO 4,5-Epoxy-(E)-alkenals

-CHO 4-Hydroxy-(E)-2-alkenals

~CHO 4-Hydroperoxy-(E)-2-alkenals

-CHO (ZE)-2.4-Akadienals

~CHO n-Akanals

-CHO 4-Oxo-alkanals

~CHO n-Akanals of low-molecular-mass (ethanal,
propanal and butanal)

-CHO (2)-2-Alkenals

~CHO Unidentified unsaturated aldehyde

d, doublet; t, triplet. Letter assignments of resonances correspond to those provided in Figure 5.





OPS/images/math_2.gif
Vid =+ Pi +Tj + 5 + PT5 + PS5 + TSy + ey (2)





OPS/images/math_1.gif
PDMS Concentration
_ Area of Container x MW of Monomer
= Area of Monomer < NA x Mass of oil

[©





OPS/images/fnut-08-721736-t004.jpg
Signal

. W ™o N

v

s-scale (ppm)

2.491-2.565
2.622-2.696
2.849-2.892
2.892-2.932
3.026-3.157

3.643-3.641

3.918-3.955

Functional group

Multiplicity Condensed function Classification
m - Unidentified

m ~CHOHC- (E)-9,10-Epoxystearate

m ~CHOHC- (2)-9,10-Epoxystearate

m ~CHOHC-CHOHC- 9,10-12,13-Diepoxyoctadecancate
m ~CHOHC- 9,10-Epoxy-octadecanoate;

9,10-Epoxy-12-octadecenoate (leukotoxin);
and 12,13-Epoxy-9-octadecenoate

(isoleukotoxin)

m ~CHOHGC-CH,- 9,10-12,13-Diepoxyoctadecanoate
CHOHC-

m @-CHy Primary alcohol LOPs

m, multiplet. Letter assignments of resonances correspond to those provided in Figure 4.





OPS/images/fnut-08-721736-t003.jpg
Functional group

Signal s-scale (ppm) Multiplicity Condensed function Classification
m 5.505-5.704 dom ~CH-CH-CH-CH- (E.B)-conjugated olefinic protons of CHPDs
m 5.863-6.024 ddm ~CH-CH-CH-CH-~

m 6.236-6.345 ddd ~CH-CH-CH-CH-

m 6.431-6.565 dadtd ~CH-CH-CH-CH-

m 6525-6.589 dad —~CH-CH-CH-CH-

m 6.782-6.869 dom ~CH-CH-CH-CH-

n 5.957-6.088 dddm ~CH-CH-CH-CH- (Z,E)-conjugated olefinic protons of CHPDs
n 6.042-6.141 ddm ~CH-CH-CH-CH-

n 7.087-7.099 dadd —~CH-CH-CH-CH-

o 8.200-8.600 - -COH Hydroperoxide groups

“Distinctly identified only in the control experiment, which is PDMS-untreated, unheated (0min) sunflower oil. CHPDs, conjugated hydroperoxydienes; d, doublet; t, triplet; m, multiplet;
do, double doublet. Letter assignments of resonances correspond to those provided in Figure 3. Major, quite clearly visible CHPD signals are at ca. 6.0 and 6.5 ppm for (Z,6)-CHPDs,
and ca. 6.25 and 6.75 ppm for (E,E)-CHPDs.









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Nutrition





OPS/images/fnut-08-721736-g005.gif
St POAISS. 300 min

Sired ol 300 i

b
(BT vebrimen
S — JL






OPS/images/fnut-08-721736-g006.gif





OPS/images/fnut-08-721736-g003.gif





OPS/images/fnut-08-721736-g004.gif
Sired PDASSS, 300 min
Il

-~






OPS/images/fnut-08-721736-t002.jpg
Functional group

Signal s-scale (ppm) Multiplicity Condensed function Classification
0533-0.546 s ~CHs (C-18) A7-Avenasterol
R 0.677-0.690 s ~CH; (C-18) B-Sitosterol, A5-Campesterol (or C-18 -CHg
Cholesterol)
s 0.697-0.706 s ~CH; (C-18) A5-Stigmasterol and Brassicasterol
T 3.705-3.730 d ~CH,OH 1,2-Diacylglycerols

|, doublet. Letter assignments and characteristics correspond to those provided in Figure 2.

s, singlet;





OPS/images/fnut-08-721736-g007.gif
55

25

15

(B)-2-Alkenals (mM)

05

Mesns ((E)-2-Alkepal) - Time (min)  Stiring Status

© w » i)
Thermo-oxidation duration (i)
—o—Stiring Stamus.Stmed. —o—Stirring Stamas-nstined

w





OPS/images/fnut-08-721736-t001.jpg
Functional group

Signal s-scale (ppm) Multiplicity Condensed function Classification

A 0.836-0.929 t ~CH3 Saturated, oleoyl and linoleoyl acyl groups.

B 1.201-1.407 t ~(CHz)- Al acyl groups

(o} 1.569-1.662 m ~0CO-CH,-CH,- Acyl groups except for those of DHA, EPA
and ARA

D 1975-2.089 m ~CHp-CH-CH- Al acyl groups except for DHA

3 2.271-2.357 dt ~OCO-CH- Al acyl groups except for DHA

F 2.743-2.798 t -HC-CH,-CH- Diunsaturated -6 acyl groups

[} 4.109-4.336 dd, dd -CH,OCOR Glyceryl backbone groups

H 5.237-5.202 m >CHOCOR Glyceryl backbone groups

| 5.292-5.416 m ~CH-CH- Acyl chain olefinic functions

d, doublet; , trplet; m, multiplet; o, doublet of doublets; ci, doublet of trplets; w-6, omega-6 acyl groups; DHA, docosahexaenoyl acyl groups; EPA, eicosapentaenoyl acyl groups;
ARA, arachidonoyl acyl groups. Letter assignments and characteristics correspond to those provided in Figure 1.





OPS/images/cover.jpg
’ frontiers
in Nutrition

The Role of Polydimethylsiloxane in
Suppressing the Evolution of Lipid
Oxidation Products in
Thermo-Oxidised Sunflower Oil:
Influence of Stirring Processes





OPS/images/fnut-08-721736-g001.gif





OPS/images/fnut-08-721736-g002.gif





