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ABSTRACT 

Cold-pressed vegetable oils are valued for their nutritional quality and bioactive minor 

compounds but are highly susceptible to oxidative deterioration due to their high 

polyunsaturated fatty acid (PUFA) content. This dissertation addresses strategies to enhance 

oxidative stability, from seed pretreatment and green extraction processes to packaging and 

predictive modeling of degradation. 

In Part I, natural and process-level quality enhancement was investigated through 

germination and green extraction. Germination of linseed and sunflower seeds substantially 

increased antioxidant capacities and up to 37-fold more polyphenols, especially enhanced levels 

of secoisolariciresinol and a 4.1-fold longer predicted shelf-life. Furthermore, a novel approach 

to valorize press cake via green extraction produced cloudy linseed oil retaining suspended 

particles rich in antioxidants. These oils exhibited 6.3-fold higher polyphenol content, improved 

oxidative induction time (+52%) and lower hexanal levels (-93%), demonstrating that 

unfiltered, particle-enriched oils can combine sustainability and superior oxidative stability. 

Part II explored packaging and additive-based stabilization. A 56-day storage study 

revealed that sunflower oil in polylactic acid (PLA) bottles showed comparable oxidative 

stability to polyethylene terephthalate (PET) and recycled PET, while conventional 

polyethylene (PE) and bio-PE led to faster oxidation. No harmful non-intentionally added 

substances were detected in PLA, supporting its use as a sustainable packaging alternative. 

Complementarily, fortification of PUFA-rich oils with 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (PE(16:0/18:1)) increased oxidation induction time by up to 50%, 

reduced hydroperoxides and unsaturated aldehydes during storage and partially preserved 

tocopherols. Mechanistic experiments indicated that PE(16:0/18:1) decomposes 

hydroperoxides and traps carbonyls, exerting temperature-dependent antioxidative effects. 

Part III focused on identifying robust biomarkers of oil deterioration from six cold-

pressed oils over six months of storage under household conditions. Combining GC-FID, LC-

MS/MS and GC-MS datasets with statistical approaches as LASSO, Random Forest and 

correlation analysis enabled the identification of degradation fingerprints. Fatty acid depletion, 

particularly of linoleic and α-linolenic acid, emerged as the most consistent deterioration driver, 

while polyphenol degradation (e.g., p-coumaric acid, sinapic acid) and volatile formation (e.g., 

hexanal, 2,4-decadienal) revealed compound- and matrix-specific oxidation pathways. This 
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multi-marker approach was the first to systematically evaluate oil-type-specific biomarkers to 

further prediction of shelf-life. 

In conclusion, the combined approaches of natural and sustainable process 

optimizations, material innovation and advanced data-driven biomarker identification, this 

thesis contributes to a deeper mechanistic understanding of lipid oxidation and provides 

practical strategies for the valorization of by-products and extension of the shelf-life of 

vegetable oils. 
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ZUSAMMENFASSUNG 

Kaltgepresste Pflanzenöle zeichnen sich durch ihre hohe ernährungsphysiologische 

Qualität und ihren Gehalt an bioaktiven Inhaltsstoffen aus, sind jedoch aufgrund ihres hohen 

Anteils an mehrfach ungesättigten Fettsäuren (MUFS) besonders anfällig für oxidative 

Zersetzung. Diese Dissertation befasst sich mit Strategien zur Verbesserung der 

Oxidationsstabilität – von der Saatvorbehandlung und grünen Extraktionsverfahren bis hin zu 

innovativen Verpackungslösungen und der Modellierung von Abbauprozessen. 

Teil I untersuchte natürliche und prozessbezogene Ansätze zur Qualitätssteigerung 

durch Keimung und grüne Extraktion. Die Keimung von Leinsamen und Sonnenblumenkernen 

erhöhte die antioxidative Kapazität und den Polyphenolgehalt im Öl um das bis zu 37-fache, 

insbesondere durch eine Anreicherung von Secoisolariciresinol, was zu einer 4,1-fach längeren 

prognostizierten Haltbarkeit führte. Darüber hinaus ermöglichte ein neuartiger Ansatz zur 

Verwertung von Presskuchen durch grüne Extraktion die Herstellung von trübem Leinöl, das 

einen Teil suspendierte, antioxidantienreiche Partikel enthält. Diese Öle zeigten einen 6,3-fach 

höheren Polyphenolgehalt, eine um 52% verlängerte Oxidationsinduktionszeit und um 93% 

niedrigere Hexanalgehalte. Dies belegt, dass ungefilterte, partikelhaltige Öle einen 

nachhaltigen Ansatz mit verbesserter Oxidationsstabilität verbinden können. 

Teil II widmete sich der Stabilisierung durch biobasierte Verpackungsmaterialien und 

funktionellen Zusätzen. Eine 56-tägige Lagerstudie zeigte, dass Sonnenblumenöl in Flaschen 

aus Polymilchsäure (PLA) eine vergleichbare Oxidationsstabilität wie in 

Polyethylenterephthalat (PET) und recyceltem PET aufwies, während konventionelles 

Polyethylen (PE) und bio-PE zu einer schnelleren Oxidation führten. In PLA wurden keine 

schädlichen nicht absichtlich eingebrachten Stoffe (NIAS) nachgewiesen, was den Einsatz als 

nachhaltige Verpackungsalternative unterstützt. Ergänzend führte die Anreicherung PUFA-

reicher Öle mit 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamin (PE(16:0/18:1)) zu 

einer um bis zu 50% verlängerten Oxidationsinduktionszeit, einer Reduktion von 

Hydroperoxiden und ungesättigten Aldehyden während der Lagerung sowie zu einer teilweisen 

Erhaltung von Tocopherolen. Mechanistische Untersuchungen zeigten, dass PE(16:0/18:1) 

Hydroperoxide abbaut und Carbonylverbindungen abfängt und somit temperaturabhängige 

antioxidative Effekte entfaltet. 
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Teil III konzentrierte sich auf die Identifizierung robuster Biomarker. Sechs 

kaltgepresste Öle wurden dafür über sechs Monate unter haushaltsnahen Bedingungen gelagert. 

Durch die Kombination von GC-FID-, LC-MS/MS- und GC-MS-Datensätzen mit statistischen 

und maschinellen Lernverfahren (LASSO, Random Forest, Korrelationsanalyse) konnten 

ölspezifische Abbaumuster („Degradationsfingerabdrücke“) identifiziert werden. Der Abbau 

ungesättigter Fettsäuren, insbesondere von Linol- und α-Linolensäure, erwies sich als 

konsistente Treiber der Oxidation, während der Abbau bestimmter Polyphenole (z. B. p-

Cumarsäure, Sinapinsäure) und die Bildung flüchtiger Verbindungen (z. B. Hexanal, 2,4-

Decadienal) substanz- und matrixspezifische Oxidationspfade aufzeigten. Dieser Multi-

Marker-Ansatz stellt die erste systematische Studie dar, die zeigt, dass eine zuverlässige 

Vorhersage der Haltbarkeit nur durch die Integration mehrerer molekularer Indikatoren 

möglich ist. 

Zusammengefasst leisten die vorgestellten Studien durch natürliche und nachhaltige 

Prozessoptimierung, Materialinnovationen und datengetriebene Biomarkeridentifizierung 

einen Beitrag zu einem tieferen mechanistischen Verständnis der Lipidoxidation sowie zu 

praktischen Strategien zur Valorisation von Nebenströmen und Verlängerung der Haltbarkeit 

kaltgepresster Öle.  
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1    INTRODUCTION 

Feeding a population expected to surpass nine billion will strain food systems unless 

production, processing and supply chains are re-engineered to reduce waste, adapt to climate 

change and improve resilience (Godfray et al. 2010; Maitin-Shepard 2020). At the same time 

our systems already drive substantial environmental pressures and it was estimated that roughly 

a third of global anthropogenic greenhouse-gas emissions is attributed to the food supply chain. 

This underscores the urgency of staying within planetary limits (Crippa et al. 2021; Li et al. 

2024b). Meanwhile, an estimated 673 million people are facing chronic hunger, while 2.7 

billion people are overweight. The demand for agricultural production is projected to rise by 

50% by 2050 (World Health Statistics 2023) but humanity could require 80% more food by 

2100 (Depenbusch & Klasen 2019). This paradox highlights the need for circular, resource-

efficient food production and valorization of side-streams to minimize food loss along the 

whole supply chain. Globally, approximately 13–14% of food is lost between harvest and retail, 

while an additional 17% is wasted at the consumer level. In the EU alone, around 60 million 

tonnes of food are wasted every year—equivalent to about 131 kg per person and an economic 

cost exceeding €130 billion annually (Eurostat 2024). These highly alarming facts are 

summarised in Figure 1. 

 

 

 

 

 

 

Fig. 1: a) global distribution of malnutrition and overnutrition (adapted from: FAO 2013; World Health 

Statistics 2023; Katharina Buchholz 2025). b) food waste in the European Union by main economic 

sectors in 2022 (Eurostat 2024). 
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These pressures coincide with shifting demographics and disease burdens (e.g., 

obesity, diabetes) that are changing consumer preferences toward healthier, more nutritious 

foods and higher trust in safety and authenticity (Whitfield et al. 2018; Poore & Nemecek 2018). 

Concurrently, the ‘fourth industrial revolution’ is transforming agri-food systems through big 

data, internet of things (IoT), sensors, artificial intelligence (AI), robotics and interoperable data 

flows. These technologies promise tighter traceability, fraud mitigation and faster, data-driven 

quality decisions across the global value chains (Schwab 2016; Hassoun et al. 2023; 

Serazetdinova et al. 2019). The sector is moving from single-parameter testing towards 

integrated analytics and digital infrastructures that convert data into decisions at speed and scale 

(Cook & Forzani 2018; Kamilaris et al. 2019). 

Beyond production efficiency, sustainability also depends on material innovation and 

responsible packaging. In Europe, packaging represents nearly 40% of total plastic use, yet only 

about one-third is effectively recycled (OECD 2022). Plastic packaging for edible oils, often 

based on polyethylene terephthalate (PET), contributes significantly to fossil-based resource 

consumption and long-term environmental persistence, as PET can take centuries to degrade. 

Therefore, the exploration of biodegradable and renewable polymers derived from natural 

feedstocks such as corn, sugarcane or cassava starch. Among those, polylactic acid (PLA) has 

emerged as promising solution to fossil-based materials for food packaging (Taib et al. 2023). 

Still little is known about the interactions between food and biodegradable plastic alternatives 

and further research is needed regarding the migration of oligomers or microplastics into our 

daily food (Malafeev et al. 2023). Looking ahead, multiple impacts will be needed such as 

climate-smart production, circular resource use and side-stream valorization, all governed by 

science-based safety assessment and transparent regulation (Aschemann-Witzel et al. 2023; 

Onyeaka et al. 2023). Realizing these benefits will also require cross-disciplinary collaboration 

to evaluate new technologies (e.g. synthetic biology, additive manufacturing) and align them 

with nutrition, safety and costs (Habib et al. 2025). 

Edible oil production exemplifies these challenges and opportunities of aligning 

nutritional quality with sustainability. The presscake residues are mostly treated as low-value 

by-products and used as animal feed or just going to waste. However, they contain valuable 

proteins, fibers and antioxidants such as polyphenols (Herchi et al. 2015; Fruehwirth et al. 

2020). Their recovery and reintegration into food matrices support a circular bioeconomy and 

TobiasPointner
Placed Image
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contribute directly to the sustainable development goals (SDGs) on responsible consumption 

and production. Such valorization strategies can simultaneously enhance nutritional quality and 

oxidative stability while reducing environmental burden (Mannucci et al. 2023). 

Given this focus on sustainability, resource efficiency and changing eating habits, 

cold-pressed vegetable oils have become more and more popular as people pay more attention 

to healthy lifestyles. They meet the growing consumer demand for minimally processed, „clean-

label“ fats, yet pose practical challenges related to yield, oxidative stability and standardization 

across diverse oilseeds and pressing conditions (Savoire et al. 2013). According to the Codex 

Alimentarius (Codex-Stan 210-1999), cold-pressed oils must be produced solely by mechanical 

procedures, typically via screw-pressing, with minimal heat input and without the use of organic 

solvents. Processing parameters, such as moisture, temperature and screw speed strongly 

influence oil yield, sediment formation and early oxidation indices as peroxide value (PV) and 

acid value (AV) or free fatty acid (FFA) content, which makes quality control from press to 

bottle complicated (Wen et al. 2023; Rabadán et al. 2018; Kabutey et al. 2024). However, this 

process preserves a larger proportion of minor constituents compared to refined oils, resulting 

in oils naturally enriched in bioactive compounds such as polyphenols, tocopherols, carotenoids 

and chlorophylls (Rombaut et al. 2015). These compounds contribute to antioxidant potential 

and health-promoting properties (Pérez-Gálvez et al. 2020; Rodilla et al. 2023). Cold-pressed 

oils are usually high in polyunsaturated fatty acids (PUFAs) and its supplementation has been 

linked to antioxidant, anti-inflammatory and cardiometabolic benefits (Rabiej-Kozioł et al. 

2023; Vukic & Vujasinovic 2023). However, the substances that make these oils nutritionally 

valuable also render them particularly susceptible to oxidative degradation. The abundance of 

high contents of linoleic and α-linolenic acid (ALA) accelerates autoxidation and 

photooxidation, which shorten shelf-life under typical storage conditions (Pignitter et al. 2019). 

Moreover, some minor compounds such as chlorophylls can shift from antioxidant to 

prooxidant roles under light (Grajzer et al. 2020). 

Edible oils have become an essential part of our cuisine, but their susceptibility to 

oxidation poses a constant challenge for manufacturers and consumers. Achieving good 

nutritional value requires a balance between minimal processing, long shelf-life and sustainable 

use of resources. Despite advances in analytical chemistry and food technology, routine quality 
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control still relies heavily on individual markers (e.g. hexanal) and regular testings, which 

cannot detect early degradation of antioxidants or oil-specific degradation pathways due to the 

still lacking understanding in lipid oxidation pathways. Furthermore, strategies as seed 

germination, by-product utilisation and the use of biodegradable or functional packaging 

materials remain little studied yet. 

This dissertation addresses these gaps by developing an integrated approach that 

combines natural processing optimizations (germination and green extraction from oil press 

cake), material-based stabilization (aminophospholipid fortification and PLA packaging) and 

big data dependent biomarker modeling. Together, these strategies aim to enhance nutritional 

quality, oxidative stability and the predictability of shelf-life in edible oils, contributing to a 

more sustainable and scientifically grounded production. 

1.1    LIPID OXIDATION 

In edible oils, quality loss is dominated by lipid oxidation, which proceeds via the two 

principal routes autoxidation (free-radical chain) and photooxidation (sensitized ¹O₂ chemistry). 

Because cold-pressed oils are PUFA-rich, the autoxidation pathway is especially consequential 

for shelf-life and sensory change (Frankel 1980; Choe & Min 2006). 

Autoxidation follows the classical initiation–propagation–termination scheme as 

illustrated in Figure 2. An initiator abstracts a hydrogen from a bis-allylic site to form L•, which 

adds O₂ to give LOO•. This peroxyl radical then abstracts H• from another lipid, yielding a 

hydroperoxide (LOOH) plus a new L•, sustaining the chain. Radical–radical coupling (L•+L•; 

LOO•+LOO•) terminates the process. Over time, LOOH accumulates and then declines as it 

decomposes (metal/heat-catalyzed) to secondary products as aldehydes, ketones, alcohols or 

acids, that drive rancid odor or flavor (Chaiyasit et al. 2007). In practice, lipid autoxidation is a 

network of interlocking reactions that fits the classical growth/branching/termination picture 

(Farmer et al. 1942). The rate of peroxidation is governed not only by fatty-acid composition 

(PUFA ≫ MUFA) but also by the balance of pro- and antioxidants, oxygen partial pressure, 

interfacial area (oil/air) and storage conditions (temperature, light, water activity) (Belitz et al. 

2008; Choe und Min 2006; Pignitter et al. 2014). During initiation, hydrogen abstraction at bis-

allylic sites yields L•, in PUFA, radical delocalization promotes double-bond migration and 

formation of conjugated dienes, which rise with LOOH during propagation. As time proceeds, 
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LOOH undergoes metal/heat-catalyzed decomposition to secondary and even tertiary products. 

LOOH themselves are odorless, but the resulting volatile aldehydes and ketones are highly 

odor-active at low concentrations, which support sensory decline (Belitz et al. 2008; Frankel 

2005). During the induction period, endogenous and exogenous antioxidants (e.g., tocopherols, 

phenolics) quench peroxyls. As they deplete, propagation accelerates, seen as a steep rise in 

LOOH and O₂ consumption. With continued reaction, termination and LOOH decomposition 

dominate. Primary markers plateau or decline while secondary volatiles and acid value increase, 

and PUFAs steadily decrease (Frankel 2005); Pignitter & Somoza 2012). These kinetics are 

summarized in the classical autoxidation process over time in Figure 3. 

Initiation: 𝐼𝑛• + 𝐿𝐻 → 𝐼𝑛𝐻 + 𝐿•   

Propagation: 𝐿• + 𝑂2 → 𝐿𝑂𝑂
•   

 𝐿𝑂𝑂• + 𝐿𝐻 → 𝐿𝑂𝑂𝐻 + 𝐿•   

Termination: 𝐿𝑂𝑂• + 𝐿𝑂𝑂• → 𝐿𝑂𝑂𝐿 + 𝑂2   

 𝐿• + 𝐿𝑂𝑂• → 𝐿𝑂𝑂𝐿   

 𝐿• + 𝐿• → 𝐿𝐿   

Fig. 2: Simplified scheme of the radical chain reaction (Chaiyasit et al. 2007). 

 

Fig. 3: Classical autoxidation pathway over time (adapted from: Musakhanian et al. 2022; Pignitter & 

Somoza 2012) 
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In addition to autoxidation, photo-oxidation can occur in the presence of light and 

photosensitizers such as chlorophylls. When exposed to UV or visible light, these sensitizers 

(Sen) absorb energy and reach an excited singlet state (Sen*), as it is shown in Figure 4 (Wang 

et al. 2023). The excited molecule can then initiate oxidation via two competing pathways. 

In the type I mechanism, the excited sensitizer directly reacts with a substrate by 

abstracting a hydrogen atom or an electron, producing free radicals that trigger the autoxidation 

chain. In the type II mechanism, its energy is transferred to ground-state triplet oxygen (3O₂), 

generating singlet oxygen (1O₂), which is a highly reactive form that can oxidize lipids up to 

1500 times faster than triplet oxygen (Choe und Min 2006). The balance between type I and 

type II photo-oxidation depends on the Sen structure, substrate composition and oxygen 

concentration (Frankel 1980). 

1O₂ reacts directly with PUFAs through an ene-reaction, forming allylic LOOHs, as 

illustrated in Figure 5 (Frankel, 1998). This reaction leads to double-bond rearrangement and 

unlike autoxidation, can also generate unconjugated double bonds. In accordance with this 

mechanism, twice as many LOOH can form per unsaturated fatty acid as there are isolated 

double bonds in the molecule (Akoh und Min 2002). 

𝑆𝑒𝑛
ℎ𝑣
→ 𝑆𝑒𝑛∗ 

𝑆𝑒𝑛∗ + 𝑂2 
3 → 𝑆𝑒𝑛 + 𝑂2 

1  

Fig. 4: Photooxidation type-2: the triplet oxygen (3O₂) gets raised in its exited singlet state through the 

reaction with a light-activated sensitizer (Foote 1968). 

 
 

Fig. 5: Reaction of singlet oxygen directly with an unsaturated fatty acid (Belitz et al. 2008). 

 

 



1    Introduction  

7 

Apart from autoxidation and photo-oxidation, enzymatic oxidation may also occur 

when lipoxygenase (LOX) and hydroperoxidase enzymes are present. LOX catalyzes hydrogen 

abstraction from bis-allylic methylene groups in PUFA via reduction of its Fe(III)–OH cofactor, 

forming peroxyl radicals that are subsequently reduced to hydroperoxides (Lampi et al. 2020). 

1.2    ANTIOXIDANTS 

Antioxidants are compounds that slow or prevent oxidation by scavenging reactive 

species or interrupting radical chains. Physiologically seen, they modulate reactive oxygen 

species (ROS) and oxidative stress (Rhee 1999). While excessive ROS damage lipids, proteins 

and DNA, moderate ROS act as signaling molecules, activating ERK/MAPK and redox-

sensitive transcription factors (e.g. NF-κB), coordinating adaptive defenses (Loukili et al. 

2010). In lipid matrices, antioxidants work mainly by H·/e⁻ donation to peroxyl radicals (chain-

breaking), metal chelation (limiting LOOH decomposition) and ¹O₂ quenching in illuminated 

systems. Their effectiveness depends on antioxidant type and concentration as well as 

environmental factors (O₂, light, temperature, interfacial area) (Choe und Min 2006).  

In foods, processing and storage conditions have a high impact on the antioxidant 

content depending on the technology. Effects range from drastic losses due to heat-sensitivities 

or increases in carotenoid availability or phenolic-linked activity due to milder processings or 

even health related consequences (Poljsak et al. 2021). Especially in cold-pressed oils it is 

important to retain endogenous antioxidants (tocopherols, polyphenols, carotenoids, 

chlorophylls), which aid stability. However, light exposure can turn pigments into 

photosensitizers, so packaging, oxygen control and temperature remain crucial (Pignitter & 

Somoza 2012). 

Tocopherols are the primary chain-breaking antioxidants in many seed oils. They react 

rapidly with LOO· to form relatively unreactive tocopheroxyl radicals and delay propagation. 

Profiles (α, β, γ, δ) vary by oil type and are sensitive to processing and storage (Choe und Min 

2006). Carotenoids, such as β-Carotene, lutein, zeaxanthin and lycopene quench ¹O₂ and 

contribute to the specific oil type colors. Levels differ widely among oils and decline with heat 

and light exposure. Protective effects are context-dependent and carotenoids can interact with 

other pigments or phenolic substances (Herchi et al. 2015). Chlorophylls are lipophilic 
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pigments, which are responsible for green colors. In the dark they contribute together with 

phenolics to antioxidant effects, but under light + O₂ they can act as photosensitizers and 

promote type-II photooxidation. Pheophytin, commonly abundant in cold-pressed oils, shows 

similar behavior and forms from chlorophyll during heating or longer storage under light (Vukic 

und Vujasinovic 2023). 

Polyphenols are often grouped as phenolic acids, flavonoids, stilbenes and lignans. 

Phenolic acids can be further subdivided into hydroxybenzoic and hydroxycinnamic acids and 

flavonoids into flavanols, flavanones, flavones, flavonols, isoflavones and chalcones as shown 

in Figure 6. Several hundred polyphenols are known nowadays and many of them occur as 

glycosides or esters. Their antioxidant activity depends on number and position of –OH groups 

and pH (Belitz et al. 2008). Diets rich in phenolics are associated with health-promoting effects 

(e.g., cardiometabolic, anti-inflammatory) and phenolic profiles vary with botanical origin, 

cultivar and geography (Bettaieb et al., 2023). In vegetable oils, polyphenols influence 

oxidative level, interaction with free fatty acids and sensory properties, making their 

quantification and profiling increasingly important for quality research (Rezig et al. 2022). 

 
 

Fig. 6: Classification of polyphenols and sub-groups of flavonoids (adapted from: Di Lorenzo et al. 

2021) 

 



1    Introduction  

9 

1.3    ANALYTICAL TOOLS FOR SHELF-LIFE PREDICTION OF COLD-PRESSED 

OILS 

Shelf-life represents the period during which a food maintains acceptable quality being 

within legal microbiological regulations and nutritional and sensory limits under defined 

storage and distribution conditions (Man 2015). Its end point is typically identified when one 

or more critical attributes cross a rejection limit, whether due to sensory rancidity, nutrient loss 

or safety concerns. In edible oils, shelf-life is governed primarily by lipid oxidation and, to a 

lesser extent, hydrolytic and polymerization reactions (Frankel 2005). Temperature, oxygen 

availability, light exposure, moisture, and packaging permeability are dominant extrinsic 

factors, while fatty-acid unsaturation, minor antioxidant content (tocopherols, polyphenols, 

carotenoids), and processing history act as intrinsic determinants (Choe und Min 2006). 

Refined oils generally exhibit longer shelf-lives with often exceeding 12 months, 

because the refining process removes pigments, metals, and pro-oxidants, though it also 

depletes natural antioxidants. Cold-pressed oils, rich in PUFAs and bioactives, show greater 

nutritional value but markedly lower oxidative stability; realistic commercial shelf-lives range 

from 3 to 9 months under ambient storage, depending on packaging and light exposure (Velasco 

und Dobarganes 2002; Pignitter et al. 2014). For lipid-driven deterioration, accelerated shelf-

life testing commonly increases temperature and describes kinetics with the Arrhenius equation, 

which is shown in Equation 1 (Aktar und Adal 2019). However, this approach assumes single 

rate-limiting temperature dependence and constant reaction mechanisms. In practice, lipid 

oxidation pathways shift with light exposure, oxygen availability and packaging properties. 

These factors cannot be represented solely by accelerated temperature testings.  

Equ. 1: 

where  

• k is the rate constant 

• T is the absolute temperature 

• A is the pre-exponential factor or Arrhenius factor 

• Ea is the molar activation energy 

• R is the universal gas constant 

https://en.wikipedia.org/wiki/Rate_constant
https://en.wikipedia.org/wiki/Absolute_temperature
https://en.wikipedia.org/wiki/Pre-exponential_factor
https://en.wikipedia.org/wiki/Activation_energy
https://en.wikipedia.org/wiki/Universal_gas_constant


1.3    Analytical Tools for Shelf-Life Prediction of Cold-Pressed Oils  

10 

Conventional shelf-life evaluation in edible oils still relies on a limited set of chemical 

indices and periodic sampling. While these parameters are valuable for batch comparison and 

specification control, they remain insufficient for real-time or predictive assessment of 

oxidative stability (Man 2015). Traditionally, univariate markers such as the peroxide value 

(PV), anisidine value, acid value (AV), conjugated dienes and oxidative induction times (OIT) 

obtained from Rancimat or other accelerated protocols have been used to extrapolate room-

temperature stability. Although these tools are simple and standardized, they capture only a 

narrow view of the complex, multidimensional chemistry of lipid oxidation and antioxidant 

degradation. Therefore, in recent years, the assessment of oil quality and stability has shifted 

from classical univariate indices towards high-information analytical platforms that provide 

multidimensional insight into oxidative processes. Spectroscopic, chromatographic and sensor-

based techniques including Fourier transformation infrared spectra (FT-IR, FT-NIR), 

fluorescence spectroscopy, nuclear magnetic resonance (NMR), gas chromatography-mass 

spectrometry (GC-MS) and liquid chromatography (LC)-MS systems, which could generate 

complementary chemical fingerprints (Lim et al. 2025; Esteki et al. 2020; Gonzalez Viejo & 

Fuentes 2022). These datasets enable chemometric modeling of degradation kinetics and 

sensory changes, yet the selection of reliable chemical markers remains challenging. 

Correlations between analytical indices and perceived rancidity are highly matrix-dependent, 

and no universal marker has been established (Kharbach et al. 2023). Consequently, 

multivariate and machine-learning (ML) approaches are increasingly applied to integrate such 

big data to identify robust markers to better understand lipid oxidation (Zhang et al. 2025). 

In complex food systems such as cold-pressed oils, quality loss is driven by numerous 

interacting chemical reactions that generate a multitude of measurable compounds. Many of 

these substances change in a quantifiable manner with the duration of storage or sensory 

deterioration (Li et al. 2024). Such compounds, whether originating from lipid oxidation, 

antioxidant depletion or any secondary transformations could serve as biomarkers of 

degradation. In a predictive context, biomarkers act as informative proxies for overall stability 

or sensory food quality, enabling accelerated or non-destructive estimation parameters. The 

identification of reliable biomarkers requires statistical discrimination between features that 

merely fluctuate and those that genuinely track deterioration. Early approaches relied on 

correlation or univariate regression between individual analytes and storage time or rancidity 

scores. Nowadays however, multivariate or ML methods are capable of handling large variable 
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spaces, collinearity and non-linear relationships (Lin et al. 2023). These data-driven approaches 

could integrate chemical fingerprints from multiple analytical platforms and identify 

compounds whose concentration patterns most effectively describe the progression of oxidation 

or antioxidant loss. 

While classical multivariate calibration techniques such as principal component 

analysis (PCA) or partial least squares (PLS) have long been used to reduce dimensionality and 

visualize trends, recent advances in ML enable flexible, non-linear modeling of complex 

pathways. ML approaches learn relationships between predictor variables such as spectral 

intensities or compound concentrations and target variables such as storage time, quality class 

or sensory acceptance. In this way, they provide both classification and quantitative prediction 

capabilities that extend beyond traditional regression models. Among available algorithms, 

feature-selection and ensemble methods have proven particularly effective for food-quality 

modeling (Zhang et al. 2025; Li et al. 2024).  

Random forest regression (RFR) is a non-parametric ensemble learning method that 

constructs numerous decision trees on bootstrapped subsets of data and predictor variables 

(Breiman 2001). Each tree contributes a partial prediction, and the aggregated output provides 

a robust estimate less sensitive to noise or outliers, which is shown in Figure 7. RFR inherently 

models non-linear interactions and generates an importance score for each variable, quantifying 

its contribution to model accuracy or node purity. These scores enable direct ranking of 

potential biomarkers even when complex dependencies exist among predictors (Zhou et al. 

2023). 
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Fig. 7: Schematic overview of Random Forest regression (RFR) modeling for biomarker identification, 

with the ensemble of decision trees, feature importance calculation and selection of key markers 

(adopted from Zhou et al. 2023) 

In contrast to the non-linear and ensemble-based nature of RFR, regression-based 

feature-selection methods such as the Least Absolute Shrinkage and Selection Operator 

(LASSO) identify predictive variables within a linear modeling framework. LASSO regression 

performs linear modeling with an L₁-norm penalty that constrains the sum of absolute 

coefficient values (Ranstam & Cook 2018). This regularization shrinks less informative 

coefficients toward zero, thereby performing embedded variable selection while minimizing 

overfitting in high-dimensional data. The corresponding LASSO objective function is shown in 

Equation 2. Although originally a statistical regularization approach, LASSO is widely applied 

in chemometrics and ML workflows for variable selection and model simplification in high-

dimensional datasets. LASSO is particularly suited to datasets where the number of features 

exceeds the number of samples, which is a typical scenario in omics-type profiling (Li et al. 

2024). 
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Equ. 2: 
 

where 

• y = vector of observed responses (e.g., storage time or oxidation index) 

• X = matrix of predictors (e.g., compound intensities) 

• β = coefficient vector 

• N = number of samples (normalization term) 

• λ = regularization parameter controlling sparsity (penalty strength) 

Together, these tools provide complementary perspectives on new biomarker 

discovery. Despite these methodological advances, practical challenges remain in translating 

data-driven modeling into industrial food-quality control. Routine systems still rely on offline, 

single-parameter assays such as PV and accelerated oxidation tests that emphasize temperature 

while neglecting the combined effects of light exposure, oxygen intake and packaging 

interactions. Moreover, ML approaches are often applied only in exploratory research and 

rarely validated across diverse oil matrices or integrated with multi-sensor analytical data. 

1.4    USEFUL METHODS 

To characterize the nutritional quality and oxidative stability of cold-pressed oils, a 

combination of complementary analytical techniques is required. This chapter describes the 

most relevant methods applied in this field, covering the determination of fatty acid 

composition, antioxidant content and secondary lipid oxidation products, as well as supporting 

assays and instrumental approaches used to evaluate degradation kinetics and shelf-life 

behavior. 

The fatty-acid profile is critical for oil quality and assessing substrate susceptibility to 

oxidation and is commonly determined as fatty-acid methyl esters (FAMEs) by gas 

chromatography with flame-ionization detection (GC-FID). Following the classical base-

catalyzed transesterification procedure of Metcalfe and Schmitz (1961), later optimized for 

edible oils (Lall et al. 2009; Grüneis et al. 2019; Pignitter et al. 2014), oils are extracted into n-

hexane and analyzed on polar capillary columns such as ZB-WAX. Quantification relies on 
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external FAME calibration. Complementary information on relative PUFA depletion can be 

obtained by ¹H NMR from the bis-allylic proton region without derivatization (Martínez-Yusta 

and Guillén 2014). Partial hydrolysis of triacylglycerols and the formation of free fatty acids 

are routinely monitored by ¹H NMR through integration of the glycerol backbone and terminal 

methyl resonances. This approach enables direct estimation of mono- and diacylglycerols and 

complements the AV determination specified by AOCS (2017). 

The antioxidant capacity is often screened using colorimetric assays such as 

ABTS/TEAC (Re et al. 1999), DPPH (Brand-Williams et al. 1995) or FRAP (Benzie und Strain 

1996), which provide comparative but non-specific indices of redox activity. However, cold-

pressed oils include several antioxidant types such as tocopherols, polyphenols, carotenoids and 

chlorophylls. Tocopherols (α, β, γ, δ) are typically analyzed by reversed-phase HPLC with UV 

or fluorescence detection following the protocol of (Gliszczynska-Swiglo et al. 2007), using 

rac-tocol as internal standard and a C18 separation. The total phenolic content (TPC) is widely 

assessed via the Folin–Ciocalteu spectrophotometric assay as described by Singleton und Rossi 

(1965), while compound-specific phenolics are quantified by LC-MS/MS, mostly in multiple-

reaction-monitoring (MRM) mode, employing representative standards for phenolic acids, 

flavonoids and lignans (Fruehwirth et al. 2020). Untargeted phenolic profiling is achieved by 

LC-HRMS (QTOF or timsTOF) with software-assisted feature extraction. Chlorophylls and 

carotenoids are determined spectrophotometrically after cyclohexane extraction, according to 

(Herchi et al. 2015), from absorbances at approximately 670 nm and 470 nm, respectively.  

Primary oxidation products are typically analyzed via the peroxide value (PV), 

determined by iodometric titration, which still remains the reference measure for LOOHs 

(Wheeler 1932). It is the only oxidation index with Codex limits. PV is expressed as meq 

O₂ kg⁻¹ oil and complemented by the measurement of conjugated diene absorption (K232 ≈ 

231–235 nm). ¹H NMR can further differentiate total LOOHs and hydroperoxy-conjugated 

dienes by their characteristic proton resonances near 8.3–8.9 ppm (Martínez-Yusta und Guillén 

2014). Secondary lipid oxidation products are mainly aldehydes, ketones, alcohols and short-

chain acids. Those are typically analyzed by solid-phase microextraction (SPME) coupled to 

GC-MS. The microextraction concept was introduced by Arthur & Pawliszyn (1990) and 

subsequently adapted for edible oils using DVB/CAR/PDMS fibers, controlled headspace 

equilibration and split/splitless thermal desorption (Nieva-Echevarría et al. 2017). Identification 
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usually relies on spectral matching scores from databases and calibration for key volatiles.  

Accelerated shelf-life testing by the Rancimat method remains the standard for rapid 

comparison of oil stability. The technique, standardized by AOCS (1995), measures the 

oxidative induction time (OIT) at elevated temperature from the conductivity rise of volatile 

acids transported into water. OIT values obtained at different temperatures can be used for 

Arrhenius-type extrapolation to ambient storage (Aktar und Adal 2019), although accuracy 

depends on matrix composition and test setup. Complementary evaluation under realistic light 

and oxygen exposure is recommended to better represent household storage conditions. 

Together, these methods provide a comprehensive analytical framework to describe 

the compositional basis, antioxidant protection and oxidative behavior of cold-pressed oils as 

reported in the literature. 

2    AIMS AND HYPOTHESES 

As outlined in the Introduction chapter, the oxidative deterioration of PUFA-rich oils 

limits their nutritional quality, oxidative stability and shelf-life. The susceptibility of these oils 

to oxidation is governed by a complex interplay of their lipid composition, antioxidant content 

and external factors such as processing, storage and packaging conditions. To address these 

challenges, the overall goal of this doctoral thesis was to explore strategies that enhance 

nutritional quality and the stability of edible oils and provide further mechanistic understanding 

of oxidative processes through advanced analytical approaches. The work combined applied 

and fundamental investigations, aiming to promote sustainable oil production and establish oil-

type specific markers of oil deterioration. 

The research was structured into five complementary topics, each contributing to one 

or more objectives: (i) increasing the natural antioxidant potential of oils, (ii) extending their 

oxidative stability and shelf-life, (iii) implementing sustainable and circular approaches to oil 

production and storage and (iv) advancing mechanistic understanding and prediction of lipid 

oxidation. Together, these studies should generate a comprehensive understanding that links 

nutritional composition, processing strategies and lipid oxidation behaviour. 
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The first aim was to increase the antioxidant content and nutritional quality of cold-

pressed oils by exploring approaches capable of enhancing bioactive compounds. Two 

strategies were explored: seed germination prior to oil extraction and the valorization of press 

cake particles in cloudy linseed oil obtained by a green extraction method. Germination was 

expected to activate endogenous enzymatic and metabolic pathways leading to the 

accumulation of phenolic compounds, tocopherols and pigments in the seeds, which would 

subsequently be transferred via cold-pressing into the oil. Similarly, retaining fine press cake 

particles during oil extraction was anticipated to enrich the oil with antioxidants that are 

normally lost during the clarification or filtering processes. It was hypothesized that both 

approaches would yield oils with significantly improved antioxidant capacity, especially 

polyphenol content and thus enhanced oxidative stability compared to conventional cold-

pressed oil references. These studies were designed to provide insight into natural, additive-

free means of improving oil quality. 

The second objective focused on prolonging the oxidative stability and shelf-life of 

PUFA-rich oils through targeted antioxidant fortification and comprehensive degradation 

monitoring. The fortification of oils with the aminophospholipid 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (PE(16:0/18:1)) was investigated as a natural strategy to 

mitigate oxidation. This compound was chosen for its potential that aminophospholipids may 

decompose hydroperoxides or react with carbonyl compounds, thereby possibly acting as 

preventive or reactive antioxidant. It was hypothesized that PE(16:0/18:1) addition would 

increase OIT under accelerated oxidation, reduce the formation of primary and secondary 

oxidation products during storage and preserve native antioxidants such as tocopherols. 

Complementarily, a six months storage experiment across various cold-pressed oils was 

designed to monitor fatty acid degradation, polyphenol profiles and volatile compounds 

formation. It was expected that combining these data with chemometric and ML approaches 

would allow the identification of robust deterioration markers and for predictive models of oil 

stability. 

The next aim was to advance sustainability and circularity in oil processing and 

packaging. This goal was addressed from two directions. First, the valorization of press cake 

material through green extraction was expected to minimize waste and create added value by 

transferring bioactive compounds into the oil, aligning with circular economy principles. 
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Second, the potential of biodegradable polylactic acid (PLA) as an alternative to conventional 

polyethylene terephthalate (PET) packaging was assessed under realistic storage conditions. It 

was hypothesized that PLA would maintain oxidative stability comparable to PET while 

possibly reducing environmental impact and avoiding migration of non-intentionally added 

substances (NIAS). These studies collectively sought to establish process and packaging 

concepts that combine product stability with ecological responsibility. 

Beyond applied improvements, the thesis also aimed to deepen the mechanistic 

understanding of lipid oxidation pathways and antioxidant interactions in complex oil matrices. 

The progression from primary to secondary oxidation products, the depletion kinetics of 

antioxidants and the accumulation of primary and secondary lipid oxidation products were 

examined using a combination of GC-FID, LC-MS/MS, GC-MS and ¹H NMR. It was 

hypothesized that the rate and pattern of oxidation differ among oil types depending on their 

degree of unsaturated fatty acids and antioxidant profiles and that further correlating changes 

across molecular classes would clarify the sequential reactions occurring during storage. By 

integrating systematic analytical and statistical approaches, an extended understanding of 

oxidative mechanisms and their modulation by antioxidants was expected. 

Taken together, these projects were designed to provide both practical and theoretical 

advances in the stabilization of edible oils. The general hypothesis of this thesis is that the 

oxidative stability of cold-pressed, PUFA-rich oils can be improved and predicted through a 

combined strategy involving natural antioxidant enhancement, targeted phospholipid 

fortification, sustainable processing and packaging and integrated degradation biomarker 

identification. This multidisciplinary approach was expected to bring novel insights into the 

chemical drivers of oil deterioration, guide the development of stable and high-quality oil 

products and contribute to sustainable food processing practices. 
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3    PART I: NATURAL & SUSTAINABLE PROCESSES 

3.1 RESEARCH SCOPE 

Part I of this thesis focused on natural strategies to enhance the nutritional quality and 

oxidative stability of cold-pressed vegetable oils, addressing one of the key challenges limiting 

their broader use and shelf-life. Cold-pressed oils, while valued for their high content of PUFAs 

and health-promoting bioactives, are inherently prone to rapid oxidation. To overcome this 

limitation without resorting to synthetic additives or refining, this part explored two 

complementary, sustainable approaches aimed at increasing the antioxidant potential of oils. 

To achieve this, seeds were germinated before pressing and bioactive substances were enriched 

through a green extraction from press cake residues. 

The first study investigated whether controlled seed germination could naturally 

improve the nutritional profile and oxidative stability of linseed and sunflower seed oils. 

Germination activates endogenous enzymes responsible for the synthesis and release of 

antioxidant compounds such as phenolic acids, flavonoids and tocopherols, while potentially 

modifying the lipid fraction and fatty acid composition. It was hypothesized that these 

biochemical changes could delay lipid oxidation and thereby extend the predicted shelf-life of 

oils analyzed. The study combined comprehensive lipid and polyphenol profiling with 

oxidative stability assays to evaluate whether germination represents a viable, natural 

pretreatment strategy for a novel oil product. 

The second study used the concept of a cloudy linseed oil as an outcome of a green 

extraction process that intentionally retains bioactive-rich press cake particles in the oil matrix. 

This method aimed to valorize by-products from oil pressing by transferring polyphenols, 

pigments and other antioxidants from the residual cake into the oil. As a result, improved 

nutritional values and oxidative stability were expected. Unlike conventional refining or 

filtration, which remove such particles to obtain clarified oils, this approach exploited their 

presence as a functional component. The resulting cloudy linseed oils were characterized for 

their antioxidant composition, polyphenol profile, oxidative induction time and primary and 

secondary lipid oxidation markers, allowing evaluation of how suspended solids and colloidal 

structures contribute to enhanced stability and flavor quality. 
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Together, these studies demonstrate that bioprocessing and upcycling approaches can 

significantly enhance oil quality and stability without chemical additives. Both germination and 

green extraction represent sustainable, low-input strategies that align with circular economy 

principles by improving the quality of plant-based oils and reducing waste from oilseed 

processing. By elucidating the mechanisms through which naturally occurring antioxidants and 

particle-associated bioactives influence lipid oxidation, Part I provides new insights into how 

simple modifications can produce more stable and nutritionally superior cold-pressed oils. 
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Graphical Abstract 

 
 

 

Highlights 

• Germination significantly increased antioxidants in linseed oil and sunflower seed oil  

• Specific polyphenol profiles of germinated oils identified for first time using LC-MS 

• DG content significantly increased from 1.11 to 3.6 mg/g in germinated linseed oil 

• Rancimat predicted 4.10 ± 0.52-fold longer shelf-life in germinated linseed oil 

• Oil stability clearly increased despite GC-MS findings 
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Graphical Abstract 

 

 

 

 

Highlights 

• Valorization of cloudy linseed oil with press cake particles was investigated 

• Green extraction further increased polyphenol content by 530%  

• LC-MS/MS identified up to 51 polyphenols, linked to press cake turbidity 

• Oxidative induction time improved by 52% compared to clear linseed oil 

• Green extraction decreased hexanal by 93%, while alcohols like 1-octanol increased 
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4    PART II: PACKAGING AND FORTIFICATION STRATEGIES 

4.1 RESEARCH SCOPE 

Part II of this thesis explored approaches to preserve the quality and oxidative stability 

of edible oils, focusing on the role of formulation and packaging material in mitigating lipid 

oxidation during storage. While the preceding part addressed antioxidant enrichment more at 

the production level, this part concentrated on interventions, through either fortification of oils 

with natural stabilizing agents or the use of bioplastic packaging materials. Together, these 

studies aimed to clarify how both the oil composition and its packaging material determine 

shelf-life and consumer safety. 

The first study investigated the fortification of polyunsaturated, cold-pressed vegetable 

oils, namely, walnut, safflower and linseed oil, with the aminophospholipid 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphoethanolamine (PE(16:0/18:1)). Aminophospholipids are natural 

constituents of biological membranes known to exert antioxidative effects via multiple 

mechanisms, including LOOH decomposition, free-radical scavenging and carbonyl trapping. 

The study aimed to determine whether supplementation with PE(16:0/18:1) could enhance 

oxidative stability under both accelerated and household storage conditions, and whether its 

protective effects were temperature-dependent. The evaluation combined Rancimat analysis, 

¹H NMR and SPME-GC-MS to track primary and secondary oxidation markers, as well as 

tocopherol dynamics. Mechanistic assays further explored its potential to trap lipid-derived 

aldehydes. Collectively, the project provided mechanistic insight into 

phosphatidylethanolamine as a multifunctional natural antioxidant, offering a biologically 

inspired strategy to stabilize PUFA-rich oils without synthetic additives. 

The second work addressed the impact of packaging materials on lipid oxidation, 

comparing conventional plastics (PET, r-PET, PE, bio-PE) with the biodegradable alternative 

polylactic acid (PLA) during sunflower oil storage. This work assessed how different 

packaging material influence oxidation kinetics and tocopherol depletion under household-

relevant conditions. Using complementary analytical methods (peroxide value, ¹H NMR, 

SPME-GC-MS, and LC-MS/MS), the study also monitored potential migration of packaging-
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derived compounds, notably benzene and PLA-related oligomers, to evaluate food safety 

aspects. The results demonstrated that PLA provided oxidative protection comparable to PET 

up to two months  of storage, without detectable NIAS, highlighting its potential as a 

renewable and safe packaging alternative for edible oils. 

Overall, Part II bridges formulation and packaging aspects, illustrating how the internal 

composition of an oil and its external packaging material contribute to maintaining quality 

and preventing oxidation. By integrating phospholipid-based fortification with sustainable 

packaging evaluation, this part provides a comprehensive perspective on extending oil shelf-

life and reducing environmental impact through naturally derived and biodegradable 

solutions. 
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Highlights 

 

• Packaging material affects sunflower oil oxidative stability during storage. 

 

• Sunflower oil in PE and Green-PE bottles oxidizes faster than in PET or PLA bottles. 

 

• Oxidative stability of oils in PLA was similar to PET and r-PET within two months. 

 

• Benzene was detected in PET samples, no NIAS were observed in PLA samples. 

 

• PLA seems to be an alternative packaging material for edible oils replacing PET. 
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Graphical Abstract 

 

 
 

 

Highlights 

 

• Phosphatidylethanolamine (PE) addition was evaluated as an antioxidant strategy 

• PE fortification increased the oxidation induction time of three vegetable oils 

• Fortified oils showed lower levels of oxidation during simulated household storage 

• Fortification delayed γ-tocopherol consumption during storage of flaxseed oil 

• PE may act as a carbonyl scavenger specifically during heating at 100 °C 
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Abstract 

Addition of aminophospholipids has previously shown antioxidative effects in edible 

oils, yet their impact on cold-pressed vegetable oils is still unexplored, despite their high 

susceptibility to oxidation. In this study, the potential of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (PE(16:0/18:1)) to act as an antioxidant and enhance the oxidative 

stability of three cold-pressed vegetable oils (walnut, safflower seed, and flaxseed) was 

evaluated at different temperatures. Fortification with 400 µg/g PE(16:0/18:1) resulted in an 

increased oxidation induction time under accelerated oxidizing conditions (100 °C) by means 

of 26.82%-50.12%, suggesting a longer shelf-life. Proton nuclear magnetic resonance (1H 

NMR) analysis of fortified oil samples stored up to 12 weeks in household-simulated conditions 

displayed reduced contents of lipid hydroperoxides as well as certain unsaturated aldehydes, 

evidencing an improved oxidative stability. Moreover, gas chromatography-mass spectrometry 

(GC-MS) analysis of highly thermally oxidized flaxseed oil (100 °C, 10 h) revealed a decreased 

content of specific lipid-derived carbonyls when PE(16:0/18:1) was added, suggesting its 

potential to act as carbonyl scavenger upon heating. Therefore, this study highlighted the 

potential of PE(16:0/18:1) as an antioxidant to increase the oxidative stability of vegetable oils 

in a heat-dependent manner, emphasizing the importance of considering different antioxidant 

activity mechanisms depending on the temperature conditions applied. 

1. Introduction 

Edible vegetable oils, specifically those rich in polyunsaturated fatty acids (PUFA), 

are highly valued for their nutritional benefits and health-promoting properties, including anti-

inflammatory effects and protection against cardiovascular disease (Kapoor et al., 2021). 

However, their high PUFA content renders them prone to be easily affected by lipid oxidation 

during storage or thermal treatments, leading to the formation of off-flavors and toxic oxidation 
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compounds, and decreasing their nutritional value and quality (Vieira et al., 2017). 

To overcome this challenge, the food industry has traditionally used synthetic 

antioxidants, which increase the oxidative stability of the oils and enhance their shelf-life (Liu 

et al., 2025). However, current safety concerns about their long-term consumption demand the 

use of natural solutions instead (Khezerlou et al., 2022). Hence, supplementation of oils with 

natural antioxidants, including vitamin E, flavonoids, and ascorbyl palmitate, is a common 

practice (Liu et al., 2025). 

Lecithins, usually extracted from soybeans or egg yolk, are considered valuable natural 

products, with several applications in food due to their emulsifying and stabilizing properties 

(Zhao et al., 2022). Among them, aminophospholipids are particularly of interest, as they are 

known to exert antioxidant effects in lipid foods via different mechanisms, such as interaction 

with tocopherols or trapping of carbonyls, which are common secondary lipid oxidation 

products (Doert et al., 2017; Hidalgo & Zamora, 2017). For instance, Cui et al. (2015) described 

phosphatidylethanolamines to show antioxidative effects in bulk oils via reverse micelles 

formation, while Zhong et al. (2023) associated their addition with an improved oxidative 

stability in refined camellia seed oil. 

Despite these findings, investigations on whether aminophospholipids fortification can 

be a promising strategy to improve the oxidative stability of cold-pressed, PUFA-rich vegetable 

oils, and whether these effects are temperature-dependent, are lacking. This understanding is 

essential to determine the proper application of this strategy. Therefore, this study investigated 

the impact of fortification with an aminophospholipid, specifically 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (PE(16:0/18:1)), on the oxidative stability of three cold-

pressed vegetable oils, namely walnut (Juglans regia L.), safflower seed (Carthamus tinctorius 
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L.), and flaxseed (Linum usitatissimum L.) oils. These oils were selected due to their different 

PUFA composition (Al Surmi et al., 2015; Gutiérrez-Luna et al., 2022; Martínez & Maestri, 

2008). Likewise, PE(16:0/18:1) was the aminophospholipid of choice, as one of the most 

abundant phospholipids in these oils (Burkhardt, 1970; Herchi et al., 2011; Zlatanov et al., 

1999). We hypothesize that PE(16:0/18:1) fortification might improve the oxidative stability of 

these oils through distinct mechanisms depending on the temperature applied. Hence, 

experiments involving the storage of the oils under room temperature household conditions as 

well as accelerated oxidation tests were performed. 

2. Materials and methods 

2.1. Materials and chemicals 

The three organic cold-pressed vegetable oils used in this study were purchased from 

Hagenthaler Ölmanufaktur (St. Andrä-Wördern, Austria), while the aminophospholipid 

PE(16:0/18:1), used for their fortification, was obtained from Sigma-Aldrich (Vienna, Austria). 

Details on the rest of chemicals used can be found in Method S1 of the Supplementary 

Information.  

2.2. Study design 

Each vegetable oil was separated into two groups: a non-fortified control group and a 

fortified group in which 400 μg PE(16:0/18:1)/g oil was added. This concentration exceeds the 

amount of PE naturally present in the oils, while representing a common concentration for other 

natural antioxidants such as tocopherols (Savage et al., 1999). Freshly prepared samples were 

used to evaluate the influence of PE(16:0/18:1) addition on the stability of the oils under 

accelerated oxidizing conditions (section 2.3) as well as their different antioxidant capacities.  
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In addition, to evaluate whether PE(16:0/18:1) fortification has an impact on the 

oxidative stability of these oils under common household conditions, 80 g of each oil were 

stored in 250 mL clear recycled polyethylene terephthalate (rPET) bottles (Packari GmbH, 

Kirchbichl, Austria) and kept in a cabinet at room temperature (25 ± 2 °C), where they were 

exposed to cold fluorescent 12 h/12 h light/dark cycles for 12 weeks, as described by Pignitter 

et al. (2014). Experiments were done in quadruplicate, with four independent bottles per oil 

group. Aliquots of approximately 8 g were withdrawn on days 0, 1, 2, 3, 7, 14, 28, 56, 84 of 

storage, simulating consumer handling. These aliquots were then stored under argon 

atmosphere at -80 °C until further use. 

2.3. Determination of oxidative stability at 100 °C by Rancimat analysis 

The stability of freshly prepared oil samples under accelerated oxidizing conditions 

was initially evaluated via Rancimat analysis, based on Aktar and Adal (2019) and AOCS 

(1995), allowing the determination of the oxidation induction time (OIT), a marker of oxidative 

stability and shelf-life. Hence, Rancimat vessels (24 × 150 mm) containing 3.0 ± 0.1 g oil were 

connected to a Rancimat apparatus (Metrohm 892, Herisau, Switzerland), and subjected to an 

air rate of 20 L/h and a temperature of 100 °C until the OIT was detected. 

2.4. Determination of peroxide value (POV) by International Dairy Federation (IDF) assay 

To evaluate the influence of PE(16:0/18:1) addition on the oils’ oxidative stability 

during room temperature storage, hydroperoxides, as main primary lipid oxidation products, 

were determined in the oil samples from different storage days, using the IDF method 

(International Dairy Federation, 1991; Shantha & Decker, 1994), as described in Method S2. 
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2.5. Analysis of the progression of lipid oxidation by proton nuclear magnetic 

resonance (1H NMR) 

The oil aliquots from the different storage days were analyzed with a Bruker Avance 

400 spectrometer (Billerica, US) operating at 400 MHz. Briefly, 200 µL sample were mixed 

with 400 µL deuterated chloroform containing 0.03% tetramethylsilane as internal reference. 

1H NMR spectra were acquired using the parameters described by Martínez-Yusta and Guillén 

(2019): spectral width 6410 Hz, pulse width 90°, acquisition time 4.8190 s, number of scans 

64, and relaxation delay 3 s, with a total acquisition time of 8 min 38 s. The resulting spectra 

were plotted and analyzed in MestReNova 14.0 (Mestrelab Research, Santiago de Compostela, 

Spain), following Fourier transform, baseline correction and phase correction. Identification 

and quantification of the signals from different unsaturated acyl groups and various oxidation 

compounds were carried out according to previous studies (Alberdi-Cedeño et al., 2020; 

Martínez-Yusta et al., 2014), considering the proportional relation between the number of 

protons that generate the signals and their area.  

2.6. Analysis of volatile oxidation compounds by solid phase microextraction followed by gas 

chromatography-mass spectrometry (SPME/GC-MS) 

Volatile compounds analysis was carried out in the safflower seed oil samples as 

performed by Alberdi-Cedeño et al. (2020), as described in Method S3. Results were compared 

between samples using a semi-quantitative approach, via area under the curve for one the main 

ion peaks of each compound (Table S2).  
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2.7. Determination of tocopherols by high performance liquid chromatography-diode array 

detection (HPLC-DAD) 

The content of vitamin E in the oil samples from selected storage days was analyzed 

as outlined by Pignitter et al. (2014), using α-, γ-, and δ-tocopherol standard curves for 

quantification (Table S1), with rac-tocol as internal standard, as described in Method S4. 

2.8. Analysis of free radical scavenging activity by diphenyl-1-picrylhydrazyl radical (DPPH) 

assay 

The radical scavenging activity of freshly prepared non-fortified and fortified oil 

samples was assessed as described previously by Goritschnig et al. (2020), both at room 

temperature and at 100 °C (see Method S5). 

2.9. Analysis of ferric ion reducing power (FRAP) 

To test whether fortification with PE(16:0/18:1) may have an impact on the ferric 

reducing activity of the phenolic fraction of the oils, FRAP assay was carried out as in a 

previous study (Benzie & Strain, 1996). In short, phenolic extracts from fresh oil samples were 

obtained as described by Pointner et al. (2024), which were then processed according to Method 

S6. 

2.10. Determination of the metal chelating potential  

The metal chelating properties of fresh non-fortified and fortified oil samples were 

evaluated according to Zhong et al. (2012), with modifications. Briefly, 50 mg oil were 

dissolved in 1 mL 2-propanol and 200 µL resulting solution were mixed with 1740 µL ethanol 

and 20 µL 2 mmol/L iron(II) chloride solution. A total of 40 µL 5 mmol/L ferrozine was then 

added. After thoroughly mixing, 200 µL were transferred to a 96-well clear plate and left 
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standing for 10 min. The absorbance of the samples at 562 nm was subsequently measured and 

the chelation percentage was calculated as described in Eq. 1. 

Chelation (%) = 100 ∙ (1 – (Abs562S – Abs562B)/A562Ctrl)    (Eq. 1) 

where A562S, A562B, and A562Ctrl are the absorbances at 562 nm of a sample, a blank without 

ferrozine, and a control without sample, respectively. 

2.11. Evaluation of carbonyl trapping capacity under heating conditions 

To analyze the potential of PE(16:0/18:1) to trap lipid-derived carbonyls, three simple 

systems consisting of one aldehyde in combination with PE(16:0/18:1) were prepared, with 

deuterated chloroform as a matrix. Hence, stock solutions of 1.4 mmol/L PE(16:0/18:1), 6.4 

mmol/L 4-hydroxy-(E)-2-nonenal, 5.6 mmol/L (E,E)-2,4-decadienal, and 0.9 mmol/L acrolein 

were prepared, and PE(16:0/18:1) was mixed with each of the aldehydes in a PE:aldehyde molar 

ratio of 1:2, 1:5, and 1:5, for 4-hydroxy-(E)-2-nonenal, (E,E)-2,4-decadienal, and acrolein, 

respectively. These ratios were based on the fact that one PE(16:0/18:1) molecule has been 

previously suggested to react with more than one carbonyl molecule (Goritschnig et al., 2020). 

The mixtures were diluted in deuterated chloroform until reaching 600 µL and transferred to 

glass vials, where they were heated at 100 °C for 16 h. Afterwards, they were analyzed in a 

Bruker Avance 400 spectrometer as described in section 2.5, to determine their aldehyde 

content. In addition, control samples without PE were similarly processed and analyzed. 

Aldehyde signals were assigned according to Martínez-Yusta et al. (2014) as well as confirmed 

with standards. For quantification, standard curves for each aldehyde were used (Table S1). 

Additionally, to evaluate whether PE(16:0/18:1) is able to trap carbonyls in oil 

matrices under heating conditions, freshly prepared non-fortified and fortified flaxseed oil 

samples were heated at 100 °C for 10 h, as the susceptibility of this oil to oxidation during 
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thermal treatments ensures its highly oxidized state (Sun et al., 2021). Afterwards, the heated 

oil samples were analyzed by SPME/GC-MS as described in section 2.6, to identify specific 

carbonyls that may be affected by PE fortification. 

2.12. Statistical analysis 

All experiments were carried out at least in triplicate (n ≥ 3). GraphPad Prism 9.1.2 

(Boston, MA, USA) was utilized to perform the statistical analyses corresponding to normality 

of the data, homoscedasticity, and statistical significance between sample groups (p < 0.05), as 

described in Method S7.  

3. Results and discussion 

3.1. Initial evaluation of the impact of PE(16:0/18:1) fortification on the oxidative stability of 

vegetable oils by Rancimat 

To evaluate whether PE(16:0/18:1) may represent a promising antioxidant to increase 

the oxidative stability of walnut, safflower seed, and flaxseed oils, the oxidation induction time 

(OIT) of their freshly prepared non-fortified and PE-fortified versions was determined at 100 °C 

using the Rancimat method. As shown in Fig. 1, the OIT values in the control oils were 6.92 ± 

0.11 h for walnut oil, 6.79 ± 0.88 h for safflower seed oil, and 4.24 ± 0.05 h for flaxseed oil. In 

the case of the latter two, the values were in line with previous research (Al Surmi et al., 2015; 

Varas Condori et al., 2020). Interestingly, non-fortified walnut oil showed higher OIT at 100 °C 

than many other conventional walnut oils analyzed prior to this study (Martínez & Maestri, 

2008). Nevertheless, pre-existing evidence suggests a great variability in the oxidative stability 

of this oil depending on the walnut variety used for its extraction (Savage et al., 1999).  
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Regarding the fortified oils, the addition of PE(16:0/18:1) caused a significant increase 

(p < 0.01) in the OIT of all three seed oils, describing mean increments of 36.22%, 26.82%, and 

50.12% for walnut, safflower seed, and flaxseed oil, respectively. This finding strongly 

indicates that fortification with 400 µg/g PE(16:0/18:1) improves the oxidative stability of these 

oils. A higher OIT represents a marker for an enhanced shelf-life, which entails several benefits 

in edible oils, such as better quality and reduced food waste, thereby being of interest for 

consumers and industries (Blasi & Cossignani, 2020; Varas Condori et al., 2020). Therefore, 

PE fortification may be a promising strategy to increase the shelf-life of these vegetable oils. In 

this sense, a previous study demonstrated the enhancing effect of a PE mix on the shelf-life of 

refined olive oil (Hidalgo et al., 2006). However, this is the first time, to our knowledge, that 

such effect is reported for cold-pressed, PUFA-rich vegetable oils, which are particularly prone 

to oxidation and might especially benefit from this strategy. Nevertheless, limitations on 

accelerated oxidation tests have been pointed out previously, as results under heating conditions 

cannot always be extrapolated to a room temperature setup (Kreps et al., 2021). Therefore, this 

study additionally evaluated the effects of PE(16:0/18:1) fortification during storage at room 

temperature, to determine whether the role of this phospholipid might be heat-dependent. 

3.2. Oxidative stability of PE-fortified oils during 12 weeks of household storage conditions  

Since PE(16:0/18:1) fortification showed promising antioxidative effects on the oils 

under accelerated oxidative conditions, it was of interest to determine whether this effect 

translated to typical household storage. Hence, its impact during a 12-week storage period was 

investigated by assessing the content of lipid oxidation products and certain antioxidants in the 

oils. 
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3.2.1. Influence of PE fortification on primary lipid oxidation products 

The determination of the POV has allowed the determination of hydroperoxides, main 

primary lipid oxidation compounds, for almost a century (Wheeler, 1932). Hence, the IDF 

assay, a spectrophotometric-based variant of this method, was used to analyze the POV in the 

oil samples (Fig. S1). A gradual increase throughout storage was observed for all oil groups, 

displaying total mean increments between the beginning and the end of the storage period 

ranging from 5.57 to 7.79 meq O2/kg (p < 0.0001). Interestingly, the starting POV for walnut 

and flaxseed oils (Fig. S1A and C) was close to 0 meq O2/kg, while safflower seed oil exhibited 

a slightly oxidized state at the beginning of storage (Fig. S1B). Despite the gradual increase, all 

values reported were well below the established limit of 15 meq O2/kg for cold-pressed 

vegetable oils (Codex Alimentarius Commission, 1999). IDF assay did not reveal any 

significant changes (p > 0.05) due to fortification with PE(16:0/18:1) in any of the three 

vegetable oils samples, regardless of the storage day in which they were taken, suggesting that 

this antioxidant does not have an impact on the content of hydroperoxides at room temperature, 

when supplemented in the selected concentration. 

To confirm this, the degradation of polyunsaturated acyl groups and the formation of 

hydroperoxides in the oils were evaluated by 1H NMR (Fig. 2). Linolenic acyl and linoleic acyl 

groups were detected in walnut and flaxseed oils, whereas only linoleic acyl groups could be 

observed in safflower seed oil. The content of these polyunsaturated fatty acyl groups was in 

agreement with previous fatty acid composition studies in these oils (Al Surmi et al., 2015; 

Gutiérrez-Luna et al., 2022; Martínez & Maestri, 2008). Non-fortified walnut oil did not 

undergo any significant change (p > 0.05) on the molar percentage of linoleic and linolenic acyl 

groups during the whole storage period (Fig. 2A-B). Likewise, the overall effect of storage in 

PE-fortified walnut oil was negligible, as no significant difference (p > 0.05) could be found 
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between the start and end points of storage. Furthermore, the presence of externally-added 

PE(16:0/18:1) did not significantly affect the concentration of polyunsaturated acyl groups of 

walnut oil in any of the different storage days (p > 0.05). The absence of significant 

polyunsaturated acyl groups degradation for 12 weeks manifests a high oxidative stability for 

this oil, which can be further supported by the OIT value determined by Rancimat, which was, 

as explained in section 3.1, higher than the commonly reported values for this oil. Conversely, 

both non-fortified and PE-fortified safflower seed oils displayed a significant decrease (p < 

0.01) on their linoleic acyl groups after 4 weeks of storage, evidencing their oxidative 

degradation (Fig. 2C). As for flaxseed oil, both control and fortified versions showed a 

significantly decreased (p < 0.05) linolenic acyl groups content by the end of storage in 

comparison to the fresh oil samples (Fig. 2D), while no overall significant effects (p > 0.05) 

were observed on linoleic acyl groups (Fig. 2E). Indeed, linolenic acyl groups, the main acyl 

groups of flaxseed oil, have been reported to be especially prone to oxidation due to their higher 

number of double bonds (Brühl et al., 2022). 

Fortification with PE(16:0/18:1) did not result in a significantly different (p > 0.05) 

polyunsaturated acyl groups content for any of the three vegetable oils, in any of the storage 

days. Nevertheless, it should be pointed out that slight decreases on the content of these groups, 

even if not significant, may lead to an observable increase in hydroperoxides (Martínez-Yusta 

& Guillén, 2019). Therefore, the hydroperoxides content was additionally assessed by 1H NMR, 

as this technique allows the detection of signals specifically from hydroperoxide groups, with 

chemicals shifts ranging from 8.3 to 8.9 ppm (Martínez-Yusta et al., 2014). This signal could 

be detected in walnut oil from storage day 2 onwards (Fig. 2F), while safflower seed oil samples 

already contained a detectable amount of hydroperoxides at the beginning of the storage period 

(Fig 2G), which was in agreement with the POV determination. In contrast, the hydroperoxides 

signal could not be observed in flaxseed oil until day 14 (Fig. 2H). Once hydroperoxides were 
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detected, all three vegetables oils showed a gradual significant increase (p < 0.05) on their 

content, regardless of their fortification state. However, on days 56 and 84, the PE-fortified oils 

displayed a significantly lower total hydroperoxides concentration (p < 0.01) compared to the 

control oils. This apparent discrepancy with POV results may be explained by the high 

specificity of 1H NMR for particular nuclei (Barriuso et al., 2013), while the precision of iron-

based spectrophotometric determinations might be partially hindered by a series of 

interferences, as explained by Bou et al. (2008). In addition, the detection of a higher number 

of significant differences on the content of oil hydroperoxides by 1H NMR in comparison to 

traditional POV determination has also been reported before (Holler et al., 2023). Nevertheless, 

in the present study, a positive significant correlation in hydroperoxide content between 1H 

NMR and the IDF assay was still observed (R = 0.7847, p < 0.0001).  

Conjugated dienes represent another marker of the occurrence of primary lipid 

oxidation products, as hydroperoxide formation tends to involve the rearrangement of bis-

allylic radicals forming conjugated double bond systems (Amft et al., 2023). 1H NMR allowed 

the detection of hydroperoxide-associated conjugated dienes (CD-OOH) in all oils, showing 

the formation of (Z,E)-CD-OOH and, to a lesser extent, (E,E)-CD-OOH, over time (Table 1).  

Similar to the total hydroperoxides determination, the contents of (Z,E)-CD-OOH in walnut and 

flaxseed oil as well as (E,E)-CD-OOH in flaxseed oil were significantly lower (p < 0.0001) in 

the fortified oils by the end of storage, compared to their non-fortified counterparts. 

Alternatively, the lower total hydroperoxide amount in fortified safflower seed oil may be 

explained by the sum of (Z,E)-CD-OOH and (E,E)-CD-OOH rather than their individual values, 

showing a significantly lower amount (p < 0.01) than the control oil samples. 
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The constant increase of hydroperoxides over time suggests the occurrence of the 

propagation phase of lipid oxidation, with the absence of termination reactions (Pignitter & 

Somoza, 2012). Hence, our findings evidence a limiting effect on the formation of primary lipid 

oxidation products by PE(16:0/18:1) fortification, albeit moderate enough not to significantly 

alter the POV obtained by the IDF assay. 

3.2.2. Influence of PE fortification on secondary lipid oxidation products 

To further confirm the promising antioxidant role of PE(16:0/18:1) during household 

storage, the influence of PE fortification on the content of secondary lipid oxidation products 

was investigated. Different groups of carbonyl oxidation products were detected by means of 

1H NMR (Table 2). Once again, walnut oil stood out for its high oxidative stability, as only the 

presence of a small amount of 4-hydroxy-(E)-2-alkenals (0.24 ± 0.20 mmol/mol 

triacylglycerols) could be observed on the last time point of the storage period. Alternatively, 

the presence of these aldehydes could not be demonstrated in the PE-fortified walnut oil, 

evidencing the oxidative stability enhancing properties of PE(16:0/18:1) addition. On the other 

hand, the spectra of the safflower seed oil samples reported the occurrence of n-alkanals after 

4 weeks of storage, which became significantly more prominent (p < 0.05) 8 weeks later. 

However, PE-fortified safflower seed oil did not show a significantly different (p > 0.05) n-

alkanals concentration in any storage day. As for flaxseed oil, the presence of four types of 

secondary oxidation products could be demonstrated: n-alkanals, which remained stable for 

most of the storage period; (E)-2-alkenals and (E,E)-2,4-alkadienals, detected from day 56 

onwards; and 4-oxo-alkanals, only observable on day 84. Fortification of flaxseed oil with 

PE(16:0/18:1) did not have a significant impact (p > 0.05) on the content of (E)-2-alkenals and 

4-oxo-alkanals. However, it limited the content of (E,E)-2,4-alkadienals on day 56 and day 84 

samples (p < 0.01). Interestingly, fortification simultaneously increased (p < 0.05) the content 
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of n-alkanals. Therefore, while the net effect of PE(16:0/18:1) on flaxseed oil was antioxidative 

due to (E,E)-2,4-alkadienals being the major secondary oxidation products detected, these 

results point towards the complexity of the role of this aminophospholipid during oil storage. 

In order to determine whether the effects of PE(16:0/18:1) were specific on certain 

compounds, SPME/GC-MS analyses were performed. Safflower seed oil samples from early 

and late storage stages were chosen as the representative samples for this, aiming to observe 

possible significant effects not discernible by 1H NMR. Thus, several volatile oxidation 

products were identified in the safflower seed oil samples (Fig. 3A). A clear antioxidant effect 

due to fortification was observed, as the peak areas of all the compounds reported were 

significantly lower (p < 0.05) in the fortified oil at some point of storage. Many volatile 

compounds evidenced this effect throughout the whole storage period, especially alcohols such 

as 3-methyl-1-butanol, 2-methyl-1-butanol, 1-pentanol, 2,3-butanediol, 1-hexanol or 2-octen-

1-ol. Alternatively, other oxidation compounds, including pentanal, 2-heptanone, (E)-2-

heptenal, octanal, 1-octen-3-ol, γ-caprolactone, and (E)-2-octenal, only showed significantly 

reduced (p < 0.05) peak areas in comparison to non-fortified oils after at least 4 weeks. In 

agreement with the 1H NMR spectra, n-alkanals were the main group of secondary lipid 

oxidation products present in these oils, especially pentanal (Fig. 3B) and hexanal (Fig 3C). 

Both of them experienced a significant rise (p < 0.05) in the non-fortified safflower seed oil on 

the last 4 weeks of storage, while remaining stable in the PE-fortified samples. The same was 

true for (E)-2-octenal (Fig. 3E), which, along with (E)-2-heptenal, conformed the major 

unsaturated secondary oxidation compounds detected. In contrast, the formation of (E)-2-

heptenal was not completely avoided during the storage of fortified oil, although it managed to 

significantly delay it (p < 0.0001) when comparing it to the control oil (Fig. 3D).  
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Overall, these results underline the positive effects of PE(16:0/18:1) fortification on 

the quality of the three vegetable oils studied during household storage, as it can contribute to 

delay the formation of off-flavors and the production of potentially toxic aldehydes such as (E)-

2-alkenals or 4-hydroxy-(E)-2-alkenals (Vieira et al., 2017). Given the general antioxidative 

role of PE(16:0/18:1) on all volatile oxidation compounds detected in safflower oil, it can be 

likely seen as a consequence of the reduced hydroperoxides content (section 3.2.1) rather than 

a specific effect on individual oxidation compounds. Nevertheless, the occurrence of reactions 

between PE(16:0/18:1) and certain oxidation products, such as carbonyls, should not be 

completely ruled out, as the amino group from this phospholipid may be able to react with these 

compounds (Naudí et al., 2013). 

3.2.3. Impact of PE addition on the content of tocopherols 

To evaluate whether fortification with PE(16:0/18:1) influences the concentration of 

other antioxidants, namely vitamin E, during the progression of lipid oxidation, the tocopherol 

content in the oil samples from selected storage days was analyzed (Fig. 5). Different isoforms 

were found depending on the oil (γ- and δ- tocopherol in walnut oil, α-tocopherol in safflower 

oil, and γ-tocopherol in flaxseed oil), in concentrations comparable to those reported in previous 

research (Aydeniz et al., 2014; Choo et al., 2007; Kafkas et al., 2017). 1H NMR allowed the 

determination of γ-tocopherol due to its characteristic singlet signal at 6.36 ppm, while δ- and 

α-tocopherol could only be determined by HPLC-DAD, since their signal in the NMR spectrum 

overlapped with other components in the oils. Fortification with PE(16:0/18:1) did not have a 

significant impact (p > 0.05) on the γ-tocopherol content in walnut oil according to both 

techniques. In contrast, 1H NMR showed that fortification managed to significantly minimize 

(p < 0.05) the consumption of γ-tocopherol in flaxseed oil samples from days 14, 28 and 56; 

nevertheless, the signal of this tocopherol could not be detected by the end of storage in both 
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non-fortified and fortified flaxseed oils (Fig. 5B). HPLC-DAD, conversely, allowed the 

quantification of a small amount of γ-tocopherol (27.7 ± 1.0 mg/kg) on day 84 PE-fortified 

flaxseed oil, evidencing that PE(16:0/18:1) partially preserved this form of tocopherol until the 

end of the storage period. Conversely, PE fortification did not cause a significant change on the 

contents of δ-tocopherol in walnut oil and α-tocopherol in safflower seed oil.  

An extensive body of research suggests a synergism between the antioxidant activity 

of phosphatidylethanolamines and other primary antioxidants in vegetable oils, especially α-

tocopherol (Dziedzic & Hudson, 1984; Hidalgo et al., 2007; Takenaka et al., 2007). Some 

studies have even shown the regeneration of α-tocopherol by phosphatidylethanolamine 

addition (Cui et al., 2015; Doert et al., 2017). Nevertheless, these studies observed this 

interaction effect specifically under heating conditions, which may explain the absence of a 

significant impact on α-tocopherol content in safflower seed oil by PE(16:0/18:1) fortification. 

To our knowledge, there is no existing evidence that suggests the interaction between 

phosphatidylethanolamines and γ-tocopherol. Therefore, PE(16:0/18:1) might delay the 

consumption of γ-tocopherol in flaxseed oil by indirect mechanisms rather than their direct 

interaction (see section 3.3).  

3.3. Antioxidant mechanisms of PE(16:0/18:1) 

Antioxidants in edible oils are known to act via different mechanisms, such as 

scavenging of free radicals (primary antioxidants), chelation of transition metal ions or 

reduction of ferric ions (secondary antioxidants), and trapping of carbonyls (tertiary 

antioxidants) (Hidalgo & Zamora, 2017; Liu et al., 2025). In the hope of elucidating the 

antioxidant mechanism by which PE(16:0/18:1) exerted its role during storage of the three 

vegetable oils, a series of antioxidant activity assays were carried out with fresh non-fortified 
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and fortified samples of each vegetable oil (Table 3). At 25 °C, although a different degree of 

DPPH scavenging activity was found among the different vegetable oils (e.g. higher scavenging 

activity in safflower seed oil compared to walnut and flaxseed oils), the presence of externally-

added PE(16:0/18:1) did not significantly contribute (p > 0.05) to this effect in any of them, 

thereby ruling out its role as primary antioxidant at the concentration used. Likewise, 

PE(16:0/18:1) did not enhance the ferric ion reducing and metal chelating properties of the oils, 

as no significant differences (p > 0.05) between the PE-fortified and non-fortified oils were 

found by FRAP assay and metal chelating potential evaluation, respectively. As for tertiary 

antioxidant activity, the reduced content of several carbonyls in the fortified oil samples stored 

up to 12 weeks (Table 2 and Fig. 3) could indicate that PE(16:0/18:1) may exert its effect by 

trapping these carbonyls via carbonyl-amine reactions. However, as expressed in section 3.2.2, 

this is likely not the main mechanism taking place, as other volatile oxidation compounds, such 

as alcohols, as well as hydroperoxides, were equally affected. According to Saito and Ishihara 

(1997), phosphatidylethanolamines can act as hydroperoxide decomposers due to their 

ethanolamine group. Considering the results reported for the household storage samples, this is 

likely the main mechanism of the antioxidant effect observed, since the degradation of 

hydroperoxides by PE(16:0/18:1) would partially disrupt the formation of secondary oxidation 

products and hydroperoxide-derived free radicals, which would explain the preserving effect 

on γ-tocopherol in flaxseed oil. 

It should be pointed out that, as expressed in section 3.2.3, PE(16:0/18:1) might 

interact with the oils’ components differently depending on the temperature to which the 

samples were exposed. Therefore, it is reasonable to hypothesize that additional mechanisms 

might contribute to the OIT enhancing effect reported by Rancimat assay at 100 °C. In this 

sense, Goritschnig et al. (2020) showed that fortification with PE(16:0/18:1) increased the free 

radical scavenging activity of soybean oil specifically under heating conditions. Hence, DPPH 
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assay was carried out at 100 °C, to determine whether a similar situation took place in the oils 

of study. However, no such effect was observed in any of the oils (Table 3), likely due to the 

lower concentration used.  

To evaluate additional carbonyl scavenging activity in heating conditions, PE:carbonyl 

reaction systems with PE(16:0/18:1) and different model aldehydes were first analyzed, after 

heating at 100 °C for 16 h (Fig. 5A-C). As shown, PE fortification significantly decreased 

(p < 0.05) the concentration of 4-hydroxy-(E)-2-nonenal, to the point where it could not be 

detected, and acrolein, indicating that PE(16:0/18:1) reacts with them under these conditions. 

Conversely, the concentration of (E,E)-2,4-decadienal did not significantly change (p > 0.05) 

with PE addition. Therefore, the capacity of PE(16:0/18:1) to scavenge selected carbonyls at 

100 °C was demonstrated. 

To test whether a similar effect could take place in oil, volatile oxidation compounds 

were analyzed in heated fortified and non-fortified samples at 100 °C. Flaxseed oil was selected 

for this evaluation, due to its high susceptibility to thermal oxidation (Sun et al., 2021). GC-MS 

analysis revealed, in the fortified flaxseed oil, a notable reduced content (p < 0.05) of 

unsaturated aldehydes such as (E)-2-octenal, (E)-2-decenal, and (E)-2-undecenal, as well as 

nonanal (Fig. 5D-G), with the rest of the volatile compounds identified available in Table S3. 

This suggests that PE(16:0/18:1) acts as a tertiary antioxidant against these carbonyls during 

thermal treatments at 100 °C. In addition, the development of an orange color was observed 

specifically during heating of the PE-fortified flaxseed oil replicates (Fig. S2), which may be 

another marker of carbonyl-amine reactions taking place, since these have been linked to non-

enzymatic browning in lipid-rich foods (Hidalgo & Zamora, 2000). Thus, future research 

should investigate specific potential structures derived from these reactions,  to fully 

comprehend the antioxidative role of PE(16:0/18:1) and ensure its proper application. 
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4. Conclusion 

Fortification with PE(16:0/18:1) proved to be a promising strategy to enhance the 

oxidative stability, and thereby the shelf-life, of all three cold-pressed vegetable oils. While the 

effects on vegetable oils stored under household conditions were more likely due to 

PE(16:0/18:1) acting as a secondary antioxidant via hydroperoxides breakdown, heating of 

flaxseed oil at 100 °C revealed additional carbonyl scavenging activity in the PE-fortified 

samples, consequently resulting in the OIT increase determined by Rancimat analysis. This 

additional carbonyl trapping activity may be of special interest for frying oils, where toxic 

carbonyl compounds, such as (E)-2-alkenals, may form more readily during cooking. 

Therefore, this study evidenced, for the first time in cold-pressed vegetable oils, the 

temperature-dependent antioxidative role of PE(16:0/18:1). Thus, the importance of analyzing 

the effects of antioxidants in oils both under room temperature storage and accelerated 

oxidation conditions must be emphasized, as understanding their different mechanisms at play 

is crucial to ensure their correct application in the food industry. The impact of PE(16:0/18:1) 

fortification in frying oils should be studied by future research, to determine its reliability as a 

strategy to increase their oxidative stability. Lastly, upcoming studies should also investigate 

the formation of specific carbonyl-amine adducts derived from this antioxidative role and 

determine whether they are safe for consumption. 
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Figure Captions 

Fig. 1. Oxidation induction time (OIT) at 100 °C for non-fortified (control) and PE-fortified 

vegetable oils. Data is presented as mean ± SD (n ≥ 3). Different lower-case letters (a, b) 

show statistically significant difference (p < 0.01) between oils from the same seed, as 

determined by two-tailed unpaired t-test. 

Fig. 2. Peroxide value (POV) of walnut (A), safflower seed (B), and flaxseed (C) oils stored 

under household conditions. For each day of storage, ns indicates no statistically significant 

difference (p > 0.05) between a fortified oil group and its control counterpart, as 

determined by unpaired t-tests followed by Holm-Šídák’s multiple comparisons 

corrections. 

Fig. 3. Concentration of linolenic and/or linoleic acyl groups in walnut (A-B), safflower seed 

(C), and flaxseed (D-E) oils, as well as their total hydroperoxides (OOHs) content (walnut 

oil – F, safflower seed oil – G, flaxseed oil – H), after different storage times under household 



4    Part II: Packaging and Fortification Strategies  

85 

conditions. Data is presented as mean ± SD (n ≥ 3). Different in-graph lower-case letters (a, 

b, c, d, e, f) indicate statistically significant difference (p < 0.05) between storage days for 

the control oils, while different upper-case letters (A, B, C, D, E, F) show statistically 

significant difference (p < 0.05) between storage days for the fortified oils. Asterisks (*) on 

the fortified oils bars denote a statistically significant difference (p < 0.05) in comparison 

to the respective control on the same storage day. Significant differences were determined 

by two-way analysis of variance (ANOVA) or Welch’s ANOVA, followed by Tukey’s or 

Šídák’s post hoc test. TG: triacylglycerol; ND: not detected. 

Fig.4. Ratios between the peak area of volatile oxidation compounds identified in PE-

fortified safflower seed oil and their corresponding peak area in its non-fortified oil 

counterpart (A), as well as their evolution throughout storage for selected representative 

cases, namely pentanal (B), hexanal (C), 2-heptenal (D), and 2-octenal (E). Data in A is 

presented as mean fold-change (FC), whereas data in B-E is presented as mean ± SD (n ≥ 

3). Statistically significant differences between fortified and non-fortified control oils are 

indicated in A with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and **** (p < 0.0001). 

Conversely, different lower-case letters (a,b) in B-E indicate statistically significant 

difference (p < 0.05) between storage days for thecontrol oils, while different upper-case 

letters (A, B) show statistically significant difference (p < 0.05) between storage days for 

the fortified oils, as determined by two-way analysis of variance (ANOVA) followed by 

Tukey’s or Šídák’s post hoc test. AUC: area under curve.  

Fig. 5. Concentration of tocopherols in walnut (A, C, E), flaxseed (B, D) and safflower seed 

(F) oils, determined either by 1H NMR (A, B) or HPLC-DAD. Data is presented as mean ± SD 

(n ≥ 3). Different in-graph lower-case letters (a, b, c) indicate statistically significant 

difference (p < 0.05) between storage days for the control oils, while different in-graph 
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upper-case letters (A, B, C) show statistically significant difference (p < 0.05) between 

storage days for the fortified oils. Asterisks (*) on the fortified oils bars denote statistically 

significant difference (p < 0.05 in comparison to the respective control on the same storage 

day, as determined by two-way analysis of variance (ANOVA) followed by Tukey’s or 

Šídák’s post hoc test. LOD: limit of detection; ND: not detected. 

Fig. 6. Decimal logarithm of the concentration of 4-hydroxy-2-nonenal (A), 2,4-decadienal 

(B), and acrolein (C) after heating them at 100 °C for 16 h in the presence or absence of 

PE(16:0/18:1), as well as the content of 2-octenal (D), nonanal (E), 2-decenal (F), and 2- 

undecenal (G) in non-fortified and PE-fortified flaxseed oil heated at 100 °C for 10 h. Data 

is presented as mean ± SD (n ≥ 3). Different lower-case letters (a, b) show statistically 

significant difference (p < 0.05) between non-fortified (control) and PE-fortified groups, as 

determined by two-tailed unpaired t-test or Welch’s t-test. AUC: area under curve; ND: not 

detected.  
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Fig. 3 
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Fig. 4. 
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Fig. 5. 
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Fig. 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SUPPLEMENTARY MATERIAL 

 

 

Method S1. Reagents and chemicals 

Hydrochloric acid, iron(III) chloride, iron(II) chloride, ammonium thiocyanate, ammonium 

formate, α-tocopherol, γ-tocopherol, δ-tocopherol, toluene, 2,2-diphenyl-1-picrylhydrazyl 

radical (DPPH), sodium acetate trihydrate, and ferrozine were obtained from Sigma-Aldrich 

(Vienna, Austria). Iron(II) sulphate heptahydrate, barium chloride dihydrate, chloroform, 

ethanol, n-hexane, acetic acid, and MS-grade 2-propanol were all purchased from Carl Roth 

(Karlsruhe, Germany), while deuterated chloroform, 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), and 

rac-tocol were obtained from Eurisotop (Tewksbury, MA, USA), Iris Biotech (Marktredwitz, 

Germany), and Cayman Chemicals (Ann Arbor, MI, USA), respectively. Lastly, MS-grade 

water, methanol, acetonitrile, and formic acid, as well as hydrogen peroxide, were acquired from 

Avantor/VWR International (Vienna, Austria).  

Method S2. Determination of peroxide value (POV) by International Dairy Federation (IDF) 

assay  

POV was determined in the oil samples using the IDF method (International Dairy Federation, 
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1991). As described by Shantha and Decker (1994), an iron(II) chloride solution was obtained 

by gradually mixing 50 mL 8 g/L barium chloride dihydrate, 50 mL 10 g/L iron(II) sulfate 

heptahydrate, and 2 mL 10 mol/L hydrochloric acid, followed by filtration on filter paper. A total 

of 15-25 mg oil was then dissolved in 9.9 mL chloroform:methanol 7:3 mix (v/v) and 50 μL 

ammonium 0.3 g/mL thiocyanate, and 50 μL of the prepared iron(II) chloride solution were 

subsequently added. After a 5 min incubation at room temperature, samples were transferred to 

quartz cuvettes and their absorbance at 500 nm was immediately registered with a Spark® Tecan 

spectrophotometer (Männedorf, Switzerland). In addition, a calibration curve using different 

concentrations of an iron(III) chloride solution instead of oil was measured (Table S1). The POV 

of the samples was calculated as in Eq. S1: 

meq O2/kg sample = (Abs500S – Abs500B)/(k ∙ 55.84 ∙ E ∙ 2)      (Eq. S1) 

where Abs500S and Abs500B are the absorbances at 500 nm of samples and blanks, respectively; 

k is the slope of the calibration curve, 55.84 is the atomic mass of iron (g/mol), E is the initial 

weight of the sample (g), and 2 is the conversion factor to peroxide milliequivalents (meq), which 

corresponds to 2 mmol in SI units. Results are expressed in peroxide milliequivalents (meq) per 

kg oil, which corresponds to 2 mmol O2/kg in SI units.  

Method S3. Analysis of volatile oxidation compounds by solid phase microextraction followed 

by gas chromatography-mass spectrometry (SPME/GC-MS) 

The content of volatile oxidation products in the safflower seed oil samples was evaluated as 

described by Alberdi-Cedeño, Ibargoitia, and Guillén (2020), with modifications. After weighing 

2.50 ± 0.02 g oil in a 20 mL headspace brown glass vial and a 5 min equilibration period, volatile 

compounds were extracted via SPME using a fiber coated with 

divinylbenzene/carboxen/polydimethylsiloxane (50/30 μm film thickness, 1 cm length) for 55 

minutes at 50 °C, and injected into a GC-QP2010 system Ultra (Shimadzu, Korneuburg, Austria), 

with desorption time 10 min and purge time 15 min. Volatile compounds were separated in a 

Zebron ZB-5 ms column (30 m × 0.25 mm × 0.25 μm, Phenomenex, Aschaffenburg, Germany), 

with the oven temperature gradient starting at 50 °C for 5 min and subsequently increasing to 

300 °C at a rate of 5 °C/min, followed by a hold step at 300 °C for 17 min. Helium was used as 

carrier gas at a constant pressure of 117 kPa, and the injector and the interface were set at 205 °C 

and 305 °C, respectively. The temperature was 230 °C for the ion source and 150 °C for the 

quadrupole mass analyzer, with ionization energy 70 eV and mass range m/z 41-600. 

Identification of volatile compounds was carried out via matching the experimental mass spectra 
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with a commercial library (NIST, ver. 11.0), with an identity score equal or higher to 85%. For 

comparative purposes between samples, semi-quantification was done by obtaining the area 

under the curve for one the main ion peaks of each compound (Table S2).  

Method S4. Determination of tocopherols by high performance liquid chromatography-diode 

array detection (HPLC-DAD) 

The content of vitamin E in the oil samples from selected storage days was analyzed as outlined 

by Pignitter et al. (2014). Briefly, 50 mg oil were dissolved in 2-propanol and 1 µL 5 mg/mL rac-

tocol was added as internal standard. After filtration through 0.22 μm polyvinylidene fluoride 

(PVDF) syringe filters into HPLC vials, 40 µL sample were injected into a Shimadzu LC-20AD 

system coupled to a Nexera X2 SPD-M30A diode array detector. Using water and methanol as 

mobile phases A and B, respectively, tocopherols were separated on a Shim-pack VP-ODS 

column (150 mm × 4.6 mm × 5 μm) equipped with a Shim-pack GVP-ODS precolumn (10 mm 

× 4.6 mm × 5 μm), with the following gradient: 0-4 min 95-100% B; 4-34 min 100% B; 34-36 

min 100-95% B; 36-38 min 95% B. The oven temperature was set to 10 °C and the flow rate was 

0.5 mL/min. Detection wavelength was 295 nm. Data was normalized to the rac-tocol area, prior 

to quantification of α-, γ-, and δ-tocopherol via external standard curves (Table S1). 

Method S5. Analysis of free radical scavenging activity by diphenyl-1-picrylhydrazyl radical 

(DPPH) assay 

The radical scavenging activity of freshly prepared non-fortified and fortified oil samples was 

assessed as described by Goritschnig et al. (2020). In short, 0.25 µL oil sample were added to 1 

mL 0.25 mmol/L DPPH in toluene and incubated in the dark at 25 °C for 1 h. Afterwards, 100 

µL each sample were transferred to a 96-well clear plate, to measure their absorbance at 520 nm 

with a Spark® Tecan spectrophotometer. Results were expressed as the percentage of remaining 

DPPH in relation to the absorbance of blanks without oil. To test the free radical scavenging 

activity of PE(16:0/18:1) under heating conditions, the experiment was repeated with 100 °C as 

the incubation temperature. 

Method S6. Analysis of ferric ion reducing power (FRAP) 

Phenolic extracts were first obtained from freshly prepared non-fortified and fortified oil samples 

according to Pointner et al. (2024). The FRAP assay described by Benzie & Strain (1996) was 

then employed as follows: a total of 25 µL from these extracts were dissolved in 1 mL FRAP 

working solution obtained by mixing 5 mL 3.3 mg/mL TPTZ in 40 mmol/L hydrochloric acid, 5 
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mL 20 mmol/L iron(II) chloride, and 50 mL FRAP buffer, which contained 150 mg sodium 

acetate trihydrate and 800 µL acetic acid. The FRAP working solution was freshly prepared and 

warmed up to 37 °C for 30 min prior to use. Once the samples were dissolved, their content was 

transferred to a cuvette and their absorbance at 593 nm was measured after 6 min. Results were 

expressed in µmol iron(II)/L, in relation to an iron (II) sulphate heptahydrate standard curve 

(Table S1). 

Method S7. Statistical analysis 

Normal distribution of the results was evaluated by Shapiro-Wilk test, significant outliers (p < 

0.05) were excluded according to Grubb’s test, and equal variances between groups were 

evaluated by Brown-Forsythe test. When the homogeneity of variances condition was met, 

statistically significant differences (p < 0.05) between groups were evaluated by two-tailed 

unpaired t-test or one- or two-way analysis of variance (ANOVA) followed by Tukey’s or 

Šídák’s post hoc test, depending on the groups compared. In case of heterogeneity of variances, 

Welch’s t-test or Welch’s ANOVA followed by Dunett’s T3 test were used. Correlation analyses 

were carried out via two-tailed Pearson’s correlation test. For quantitative determinations, limits 

of detection (LOD) and quantification (LOQ) were determined based on a ratio of 3.3 and 10 

between the residual standard deviation of the curves and their slopes, respectively (ICH 

Harmonised Tripartite Guideline, 2005). 

 Table S1. Representative standard curves and quantification parameters used in this study. 

Analysis 
Curve 

equation 
R2 Range LOD LOQ 

Peroxide value 
y = 0.1061·x 

+ 0.0005 
0.9992 

0.5 – 4.0 

µg/mL 
0.1 µg/mL 0.3 µg/mL 

α-Tocopherol 
y = 21688·x − 

7963 
0.9995 

5.0 – 100.0 

µg/mL 
1.4 µg/mL 4.3 µg/mL 

γ-Tocopherol 
y = 27788·x + 

7059 
0.9997 

5.0 – 100.0 

µg/mL 
1.0 µg/mL 2.9 µg/mL 

δ-Tocopherol 
y = 32521·x − 

10953 
0.9996 

5.0 – 100.0 

µg/mL 
1.1 µg/mL 3.5 µg/mL 

4-hydroxy-(E)-

2-nonenal 

y = 0.0008·x 

– 0.0009 
0.9840 

6.0 – 10.0 

µg/mL 
1.6 µg/mL 4.8 µg/mL 

(E,E)-2,4-

decadienal 

y = 0.0004·x 

+ 0.0006 
0.9882 

51.0 – 102.0 

µg/mL 
15.0 µg/mL 45.6 µg/mL 

Acrolein 
y = 0.0004·x 

– 0.0020 
0.9975 

20.0 – 35.0 

µg/mL 
2.7 µg/mL 8.3 µg/mL 

LOD: Limit of detection; LOQ: Limit of quantification. 

 

 



4    Part II: Packaging and Fortification Strategies  

95 

Table S2. Volatile lipid oxidation compounds detected by GC-MS 

Volatile compound 
Retention time 

(min) 

Fragment ion 

(m/z) 

Pentanal 2.6 44 

3-Methylbutanal 2.7 58 

3-Methyl-1-butanol 3.1 55 

2-Methyl-1-butanol 3.2 41 

1-Pentanol 3.6 42 

2,3-Butanediol 4.0 45 

Hexanal 4.6 56 

(E)-2-Hexenal 6.0 41 

1-Hexanol 6.7 56 

2-Heptanone 7.4 43 

Heptanal 7.9 70 

(E)-2-Heptenal 9.9 41 

5-Ethyl-2(5H)-furanone 10.0 83 

(E,E)-2,4-Heptadienal 11.1 81 

Hexanoic acid 11.3 60 

Octanal 11.6 43 

2-Octen-1-ol 13.1 55 

4-Methyl-1-heptanol 12.0 69 

Tert-butylbenzene 12.1 119 

3,5-Octadien-2-ol 12.6 55 

γ-caprolactone 13.0 85 

(E)-2-Octenal 13.5 41 

1-Octen-3-ol 13.6 57 

3,5-Dimethylcyclohexanol 14.7 71 

Nonanal 15.0 82 

2-Nonen-1-ol 15.4 57 

(E)-2-Nonenal 16.8 55 

Decanal 18.2 43 

1,3-Di-tert-butylbenzene 19.3 175 

(E)-2-Decenal 19.9 43 

Nonanoic acid 20.0 60 

(E,E)-2,4-Decadienal 21.5 81 

(E)-2-Undecenal 22.8 43 

4,5-Epoxy-(E)-2-decenal 23.1 68 

Pentanal 2.6 44 

3-Methylbutanal 2.7 58 

3-Methyl-1-butanol 3.1 55 
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Volatile compound 

Retenti

on time 

(min) 

Fragment 

ion 

(m/z) 

2-Methyl-1-butanol 3.2 41 

1-Pentanol 3.6 42 

2,3-Butanediol 4.0 45 

Hexanal 4.6 56 

(E)-2-Hexenal 6.0 41 

1-Hexanol 6.7 56 

2-Heptanone 7.4 43 

Heptanal 7.9 70 

(E)-2-Heptenal 9.9 41 

5-Ethyl-2(5H)-

furanone 
10.0 83 

(E,E)-2,4-Heptadienal 11.1 81 

Hexanoic acid 11.3 60 

Octanal 11.6 43 

2-Octen-1-ol 13.1 55 

4-Methyl-1-heptanol 12.0 69 

Tert-butylbenzene 12.1 119 

3,5-Octadien-2-ol 12.6 55 

γ-caprolactone 13.0 85 

(E)-2-Octenal 13.5 41 

1-Octen-3-ol 13.6 57 

3,5-

Dimethylcyclohexanol 
14.7 71 

Nonanal 15.0 82 

2-Nonen-1-ol 15.4 57 

(E)-2-Nonenal 16.8 55 

Decanal 18.2 43 

1,3-Di-tert-

butylbenzene 
19.3 175 

(E)-2-Decenal 19.9 43 

Nonanoic acid 20.0 60 

(E,E)-2,4-Decadienal 21.5 81 

(E)-2-Undecenal 22.8 43 

4,5-Epoxy-(E)-2-

decenal 
23.1 68 

Data is presented as mean ± SD (n ≥ 3). Different lower-case letters (a, b) for the same compound 

indicate statistically significant difference (p < 0.05) due to PE fortification, as determined by two-tailed 

unpaired t-test or Welch’s t-test. AUC: area under curve. 
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Fig. S1. Peroxide value (POV) of walnut (A), safflower seed (B), and flaxseed (C) oils stored 

under household conditions. For each day of storage, ns indicates no statistically significant 

difference (p > 0.05) between a fortified oil group and its control counterpart, as determined by 

unpaired t-tests followed by Holm-Šídák’s multiple comparisons corrections.  
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Fig. S2. Non-fortified (left) and PE-fortified (right) flaxseed oil after heating at 100°C for 10 h.  
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5    PART III: SYSTEMATIC BIOMARKER IDENTIFICATION 

5.1 RESEARCH SCOPE 

Part III of this thesis focused on developing an analytical and data-driven approach to 

identify predictive biomarkers of oxidative degradation in cold-pressed oils. This study aimed 

to understand how and why deterioration occurs, by systematically characterizing chemical 

changes over time and further translating them into measurable indicators of shelf-life. Through 

a multi-marker ML approach, this part established a comprehensive model linking 

compositional dynamics with oxidative stability under realistic storage conditions. 

The study monitored six cold-pressed oils (black cumin, canola, sunflower, high-oleic 

sunflower, linseed and hempseed oil) over a period of six months under household conditions. 

The three complementary parameters of fatty acid profile (GC-FID), polyphenol degradation 

(LC-MS/MS) and secondary lipid oxidation product formation (SPME-GC-MS) were tracked 

over time. Together, these datasets captured the progression from primary oxidation to 

advanced volatile markers, as well as the depletion of antioxidants. 

To extract robust predictive information from this complex dataset, a biomarker 

identification pipeline was established based on Least Absolute Shrinkage and Selection 

Operator (LASSO), Random Forest regression (RFR) and correlation analysis. These models 

were applied to rank and weight the most time-responsive compounds across oils, generating 

oil-specific degradation fingerprints. Through this integrative approach oil-type-specific 

biomarkers were identified. For instance, linoleic and α-linolenic acid were ranked as main 

oxidation markers and compounds such as hexanal, 2,4-decadienal or p-coumaric acid as 

distinct deterioration markers in specific oils. 
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By merging targeted analytical data sets with multivariate modeling, Part III provides 

a quantitative foundation for predicting shelf-life and oxidative stability of cold-pressed oils. 

The results demonstrate that oil quality deterioration cannot be captured by a single marker but 

instead requires a multi-compound approach reflecting the complex interplay of fatty acid 

degradation, antioxidant consumption and volatile accumulation. Ultimately, this part 

establishes a methodological basis for future rapid detection tools, such as e-nose or NIR 

spectroscopy models, enabling real-time quality assessment of cold-pressed oils. 
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Abstract 

Cold-pressed vegetable oils are rich in PUFAs and bioactive polyphenols but are highly 

susceptible to oxidative deterioration. Six cold-pressed oils (black cumin, canola, sunflower, 

high-oleic sunflower, linseed and hempseed oil) from three Austrian suppliers each were stored 

under household-relevant conditions over six months and analyzed by GC-FID, LC-MS/MS 

and SPME-GC-MS. Biomarker identification employed Least Absolute Shrinkage and 

Selection Operator (LASSO), Random Forest regression (RFR) and correlation analysis. Fatty 

acid degradation, particularly of linoleic and α-linolenic acid, was the main driver of oxidation, 

while volatile aldehydes such as hexanal, 2,4-decadienal, and (E)-2-nonenal served as key 

secondary markers. Black cumin oil exhibited rapid loss of p-coumaric acid (−87% after 14 

days) despite its high initial phenolic content (745 ± 227 µg/g). This is the first study to 

systematically identify oil-type-specific deterioration biomarkers using an integrated, machine-

learning-based multi-marker approach, demonstrating that oxidative stability in cold-pressed 

oils is best characterized by multi-markers. 

1. Introduction 

Vegetable oils are increasingly recognized for their nutritional value due to their rich content of 

mono- and polyunsaturated fatty acids (MUFAs and PUFAs) (Koch et al., 2023). Their dietary 

consumption has been associated with various health benefits. Particularly, oils rich in PUFAs 

have been shown to positively influence blood pressure regulation and reduce the risk of 

coronary heart disease (Haque et al., 2024). However, adverse health effects such as hepatic 

inflammation may arise from the consumption of lipid oxidation products formed during 

processing or storage. Preventing oxidative degradation is therefore essential to ensure oil 
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quality and safety (Böhm et al., 2013; Kanner, 2007). 

Edible oils deteriorate via the two primary oxidative pathways, photooxidation, initiated by 

ultraviolet and visible light, and autoxidation due to oxygen exposure during storage (Pignitter 

et al., 2014; Tawfik & Huyghebaert, 1999). These reactions result in the breakdown of 

unsaturated fatty acids and the formation of volatile compounds associated with rancidity. To 

reduce the formation of these degradation products, it is recommended to store oils under 

minimal light and oxygen exposure, at lower temperatures, and in the absence of pro-oxidative 

metals (Choe & Min, 2006). Additionally, antioxidants such as tocopherols and polyphenols 

can be added or retained through minimal processing to suppress oxidation (Mehany et al., 

2025). Cold-pressed oils, while often richer in bioactive compounds, also contain high levels 

of PUFAs and are thus particularly prone to autoxidation, posing a major concern for both 

consumers and producers (Gharby et al., 2025). Secondary lipid oxidation products such as 

aldehydes and ketones are largely responsible for the characteristic off-flavors and off-odors of 

rancid oils, which negatively impact sensory quality (Geng et al., 2023). As a result, the shelf-

life of edible oils is a critical factor affecting their quality, nutritional value, and marketability 

(Grajzer et al., 2020). 

Despite advances in analytical techniques predicting the oxidative stability and shelf-life of oils 

remains challenging due to the complex interplay of chemical, physical, and environmental 

factors (Karami et al., 2020). A number of storage studies have been conducted to assess oil 

deterioration, primarily by tracking the formation of primary and secondary oxidation products 

under accelerated conditions (Cui et al., 2024; Holler et al., 2023; Pignitter et al., 2014; Tanouti 

et al., 2012). Among the most widely studied markers of oil aging are aldehydes such as 

hexanal, pentanal, and nonanal, which are derived from the oxidation of unsaturated fatty acids 

and serve as established indicators of rancidity (Parisi, 2016). Hexanal, in particular, has been 
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proposed as a universal marker due to its sensitivity and prevalence in PUFA oxidation 

(Jacobsen et al., 2008). However, its reliability as a sole marker has been questioned, as sensory 

rejection and hexanal levels do not always correlate well, especially across diverse oil matrices. 

For instance, Ampofo et al. (2022) showed that walnut oil had strong correlation between 

hexanal and rancidity at low temperatures (r ≈ 0.92), but at ambient storage (23°C), rancidity 

perception was associated with multiple other volatiles, reducing hexanal's predictive power. 

Tocopherols have also been investigated as early depletion markers, with their degradation 

kinetics suggested as predictive indicators of shelf-life (Bayram et al., 2024). In contrast, other 

antioxidant compounds such as polyphenols have rarely been studied in detail as biomarkers of 

oil stability, despite their established role in modulating lipid oxidation. This gap underscores 

the need for oil-specific degradation profiling that considers not only individual markers, but 

also the interplay of antioxidants and oxidation products over time. 

While many studies focused on either fatty acid degradation, polyphenol depletion, or volatile 

accumulation in isolation, only few have integrated these chemical classes across extended 

storage to capture full deterioration pathways. This integration is critical to identify robust 

biomarkers that reflect both oxidative susceptibility and resistance. To address this, the present 

study employed a comprehensive analytical approach combining GC-FID for fatty acid 

profiling, LC-MS/MS for polyphenol quantification and GC-MS for monitoring secondary lipid 

oxidation products. The aim was to identify robust and oil-type-specific markers for oxidative 

deterioration in six commonly consumed cold-pressed oils under household conditions over a 

period of six months. To our knowledge, no previous study has combined multivariate machine 

learning (ML) approaches with multi-class chemical profiling to derive oil-type-specific 

deterioration biomarkers. To systematically assess the predictive value of each compound, we 

applied Least Absolute Shrinkage and Selection Operator (LASSO) and Random Forest 
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regression (RFR). These approaches are widely recognized for their ability to perform feature 

selection in high-dimensional omics and food quality datasets (Li et al., 2024; W. Zhang et al., 

2025). By integrating these tools with analytical data, we aim to deepen our understanding of 

lipid oxidation pathways and support the development of future detection strategies. 

2. Materials and Methods 

2.1. Chemicals and Materials 

All solvents and reagents were of analytical or LC–MS grade. They were obtained from 

established suppliers including Carl Roth GmbH (Karlsruhe, Germany), Sigma-Aldrich 

(Vienna, Austria) and VWR International GmbH (Vienna, Austria). 

2.2. Oil Samples and Conditions of Storage Study 

Six cold-pressed vegetable oils were selected based on their diversity, fatty acid composition 

and commercial relevance: black cumin (BC), canola (CA), sunflower (SF), high-oleic 

sunflower (HOSF), linseed (LS) and hempseed oil (HS). Each oil type was sourced from three 

independent Austrian producers to account for batch variability: Schalk Mühle, Weber Michl, 

and Hagenthaler Ölmanufaktur. A total of 18 oils, with three replicates each, were included in 

the storage study. 

To simulate typical consumer storage household conditions, the oil samples were stored at 

ambient temperature (22 ± 2°C) for six months (168 days) in transparent PET bottles. Each oil 

was stored in triplicate 400 mL volumes, resulting in a total of 54 PET bottles. Samples were 

exposed to a 12 h light/12 h dark cycle using cold fluorescent lighting (~1000 lx), mimicking 

household conditions, as it can be seen in Fig S.1. Sampling was conducted at 10 time points 

(T0-T9 at day 0, 3, 7, 14, 28, 42, 56, 84, 112 and 168). At each of the pre-defined time points 

15 mL of oil was removed per bottle and stored in 15 mL polypropylene tubes at −80°C until 
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analysis. This setup allowed tracking of lipid oxidation and antioxidant degradation kinetics in 

realistic settings over a 6-month period. 

2.3. Fatty Acid Analysis by GC-FID 

The fatty acid composition of oils was determined as fatty acid methyl esters (FAMEs) using 

gas chromatography with flame ionization detection (GC-FID). Sample preparation followed 

the protocol from Lall et al. (2009) with modifications by Pignitter et al. (2014) and Grüneis et 

al. (2019) (Grüneis et al., 2019; Lall et al., 2009; Pignitter et al., 2014). Briefly, 100 mg oil was 

weighed into a 50 mL tube and spiked with 500 µL of a 1% heptadecanoic acid methyl ester 

(HME) internal standard. Derivatization was carried out with 2 mL toluene, 100 mg pyrogallol, 

and 4 mL sodium methoxide (0.5 M in methanol), incubated at 50°C for 10 min under argon, 

and neutralized with 200 µL glacial acetic acid. Extraction was performed with 5 mL n-hexane 

and 5 mL H₂O, and the organic phase was dried over anhydrous Na₂SO₄ and filtered (0.45 µm 

PVDF). 

Analyses were performed on a Shimadzu GC-2010 Plus system equipped with an AOC-20i 

autosampler and a ZB-WAX column (30 m × 0.25 mm × 0.25 µm). Injection volume was 1 µL 

(split 1:20) at 200°C, with helium as carrier gas (3 mL/min). The oven program was 60°C (2 

min), ramp 13°C/min to 150°C, then 2°C/min to 240°C. The FID was operated with N₂ (30 

mL/min), H₂ (40 mL/min), and air (400 mL/min). Samples were run in triplicate. Calibration 

was performed with external FAME standards shown in Table S1, and additional FAMEs were 

identified by retention index comparison with literature. Limits of detection (LOD) and 

quantification (LOQ) were calculated from calibration curve standard deviations. 

2.4. Polyphenol Profiling by LC-MS/MS 

Polyphenols were extracted according to a modified protocol of Singleton et al. (1965) 

(Singleton & Rossi, 1965). In brief, 3.5 g oil was extracted with 3.5 mL n-hexane and 1 mL 
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methanol:H2O (80:20, v/v), vortexed (4 min), and centrifuged (6 min, 4°C, 2280 g). The 

methanol phase was collected and pooled over three sequential extractions. After n-hexane 

washing, the combined methanol fractions were dried under nitrogen, freeze-dried, and 

reconstituted in 500 µL methanol (80%). 

Polyphenols were analyzed based on Pointner et al. (2024) (Pointner et al., 2024) on a Shimadzu 

LCMS-8040 triple quadrupole system using a Kinetex C18 column (150 × 2.1 mm, 2.6 µm, 

Phenomenex, Aschaffenburg, Germany). Mobile phases were H2O with 0.1% formic acid (A) 

and acetonitrile with 0.1% formic acid (B). The gradient elution was: 10% B (0–2 min), 10–

80% B (2–8 min), 80–100% B (8–20 min), followed by re-equilibration. Flow rate was 

0.3 mL/min, injection volume 5 µL. Electrospray ionization was used in positive and negative 

mode at ±4.5 kV depending on fragmentation with a collision energy of ±30 V. N2 was used as 

nebulizing gas (3 L/min) and drying gas (10 L/min). The desolvation line and heat block 

temperatures were set to 150°C and 350°C, respectively. Ar was used as collision gas at 230 

kPa. Multiple Reaction Monitoring (MRM) was applied in LabSolutions (v5.99 SP2, 

Shimadzu). A list of analyzed polyphenolic substances and m/z values is shown in Table S2. 

Polyphenols were put in the categories: flavan-3-ols, flavones, flavonoids, lignans, phenolic 

acids, phenolic aldehydes and stilbenes. At least one representative standard per polyphenolic 

class was used for quantification, which are shown in Table S3. Signal-to-noise ratio thresholds 

were used for limits of detection (LOD) (S/N ≥ 3) and quantification (LOQ) (S/N ≥ 10) 

determination. Data evaluation and processing was done in Skyline (v23.0) (Pino et al., 2020). 

2.5. Secondary Lipid Oxidation Product Analysis by SPME-GC-MS 

Volatiles were determined via solid-phase microextraction (SPME) coupled with GC-MS based 

on Guillén et al. (2005) and Holler et al. (2023) (Holler et al., 2023). 2.5 g oil was transferred 

into 20 mL amber headspace vials, equilibrated for 15 min, and extracted using a 
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DVB/CAR/PDMS fiber. Volatiles were analyzed using a Shimadzu GCMS-QP2010 Ultra 

equipped with a ZB-WAX column (30 m × 0.25 mm × 0.25 µm). Oven conditions were 40°C 

(5 min), ramped at 4°C/min to 280°C. The injector was set to 220°C in splitless mode (10 min 

fiber desorption). Mass spectra were recorded over m/z 40–400 at 70 eV. Compounds were 

identified using the NIST library (score >0.85), and key volatiles as hexanal, 1-hexanol, 2-

heptanone and 2-pentanone were quantified by calibration curves, which are shown in Table 

S4. GC–MS data were further processed using OpenChrom software (v1.5.0). 

2.6. Biomarker Identification and Statistical Analysis 

To identify robust biomarkers indicative of oil deterioration during storage, systematic 

multivariate statistical and ML approaches were applied to the data obtained from fatty acids 

(GC-FID), polyphenolic substances (LC-MS/MS), and secondary lipid oxidation products 

(SPME-GC-MS). Biomarkers were defined as substances where concentrations changed 

significantly and consistently with storage time. All scripts and analysis pipelines used for 

biomarker identification are available via GitHub (https://github.com/TobiPointi/Deterioration-

Biomarker-Analysis-in-Cold-Pressed-Oils.git). 

2.6.1. Data Normalization and Preprocessing 

For fatty acid data, centered log-ratio (CLR) transformation was applied to account for 

compositional constraints (Gloor et al., 2017). All datasets were normalized using z-score 

scaling (mean-centered and divided by standard deviation). Missing values were imputed using 

forward- and backward-filling strategies. Principal Component Analysis (PCA) was used to 

visualize sample clustering and variance explanation. 

2.6.2. Multivariate Analysis and Feature Selection 

Three core statistical models were used for feature selection. Least Absolute Shrinkage and 

Selection Operator (LASSO) Regression was used to penalize less informative variables 
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(Ranstam & Cook, 2018). The regularization parameter α was dynamically adapted (typically 

0.01), and a significance threshold of 20% of the maximum absolute coefficient was applied. 

Random Forest Regression (RFR) is an ensemble ML method that was applied to rank features 

by their importance in predicting storage time (Breiman, 2001; Ho, 1995). A total of 100 

estimators were used, and a dynamic significance threshold of 10% of the maximum importance 

score was applied. RFR is used as a key tool in feature ranking and biomarker discovery in 

foodomics and other high-dimensional datasets (Li et al., 2024). Spearman correlation as a non-

parametric test between compound concentrations and storage time was calculated to assess 

monotonic trends. Each compound was evaluated across all three models per oil type and 

compound class (fatty acids, polyphenols, volatiles). 

2.6.3. Composite Scoring and Ranking 

A balanced weighting was applied to reflect both model robustness and complementarity. RFR 

and LASSO were prioritized (40% each) as established feature selection approaches in high-

dimensional biomarker discovery, together with correlation (20%) due to its univariate nature 

and greater susceptibility to spurious associations. Each metric was normalized to a 0–1 scale 

using min–max normalization, and the final biomarker score was calculated for every substance 

across all oil types. The highest-scoring compounds were considered the most reliable 

indicators of oxidative deterioration. 

2.7. Statistical Testing 

Statistical tests were applied in GraphPad Prism 10.4.1. Outliers were screened using Grubbs’ 

test. One-way ANOVA followed by Tukey's post-hoc test was used to assess significance of 

concentration changes across time points. For non-parametric comparisons (e.g., day 0 vs day 

168), the Mann–Whitney U test was applied. Results were considered statistically significant 

at p-values < 0.05. 
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3. Results 

3.1 Fatty Acid Composition by GC-FID 

To provide a baseline for subsequent degradation biomarker analysis, the fatty acid composition 

of the six analyzed cold-pressed oils was determined over 168 days of storage. This 

characterization is essential, as the fatty acid proportions of saturated (SFA), monounsaturated 

(MUFA), and polyunsaturated fatty acids (PUFA) directly influence oxidative susceptibility 

(Gharby et al., 2025). 

3.1.1 Initial Fatty Acid Distribution 

The initial fatty acid composition (day 0) of the six cold-pressed oils black cumin (BC), high-

oleic sunflower (HOSF), canola (CA), sunflower (SF), linseed (LS), and hempseed (HS) is 

shown in Fig. S2. The profiles varied substantially among the oils. 

BC was characterized by a high linoleic acid content (67.87 ± 4.27%), together with palmitic 

acid (14.31 ± 0.99%). CA contained high oleic acid (55.40 ± 2.31%), linoleic acid (25.84 ± 

1.03%), and α-linolenic acid (11.28 ± 0.51%). SF was dominated by linoleic acid (63.56 ± 

2.35%). HOSF showed very high oleic acid levels (83.10 ± 3.87%), as expected for this type of 

seed. LS exhibited the highest α-linolenic acid content (65.37 ± 4.02%), while HS presented a 

balanced polyunsaturated profile with linoleic acid (60.02 ± 2.60%) and α-linolenic acid (22.00 

± 1.16%). 

3.1.2 Changes in Fatty Acids During Storage 

Significant changes in fatty acid composition occurred over the 168-day storage period under 

simulated household conditions, primarily reflecting oxidative degradation of unsaturated fatty 

acids. The magnitude and kinetics of these changes differed by oil type. The fatty acid 

degradation data is shown in Figure 1. 

In BC, linoleic acid decreased by 66.5% over the storage period, while saturated fatty acids 
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(SFAs) remained more stable. CA showed decreases of 61.5% in linoleic acid, 55.9% in α-

linolenic acid, and 28.2% in oleic acid. SF exhibited a 57.7% reduction in linoleic acid, while 

HOSF displayed a 40.8% decline in oleic acid, with smaller changes in PUFAs. LS, initially 

rich in α-linolenic acid, showed a 55.8% decline and a 53.6% reduction in linoleic acid, while 

MUFAs and SFAs remained relatively stable. HS showed decreases in both linoleic and α-

linolenic acid, whereas oleic acid and SFAs remained constant. Overall, oils with higher PUFA 

content (BC, LS, HS) exhibited the steepest reductions in fatty acids, while oils with lower 

PUFA proportions (CA, SF, HOSF) showed more moderate declines. 

3.2 Polyphenol Analysis by LC-MS/MS 

Polyphenols in edible oils serve as important antioxidants that inhibit and delay lipid oxidation 

by scavenging free radicals and chelating pro-oxidative metals, thus playing a key role in shelf-

life stability. Their profiles and concentrations were analyzed via LC-MS/MS in MRM mode. 

3.2.1 Initial Total Polyphenol Content and Class Distribution 

At the beginning of storage, the six cold-pressed oils showed clear differences in total 

polyphenol content as shown in Fig. S3. BC contained the highest levels with 745.1 ± 227.2 

µg/g, significantly exceeding all other oils (p < 0.05). The other oils (CA, SF, HOSF, LS, HS) 

showed lower concentrations ranging from 68.9 to 150.7 µg/g. 

Polyphenols were grouped into phenolic acids, flavonoids, flavones, flavan-3-ols, lignans, and 

stilbenes. The relative distribution of these classes is shown in Fig. S4. BC exhibited the most 

complex composition, dominated by phenolic acids (80%), with smaller contributions from 

flavonoids (12.5%), flavones (5.5%), and small amounts of flavan-3-ols and lignans. Stilbenes 

and phenolic aldehydes were only detected in BC. CA also contained predominantly phenolic 

acids (53%) and a notable fraction of flavones (28.1%). SF showed the highest proportion of 

flavones (51.6%). LS contained high flavone levels (44.3%) along with some lignans (7%). HS 
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displayed a more diverse profile, with phenolic acids (43.8%), flavonoids (24.4%), flavones 

(18.6%), and lignans (9%). 

3.2.2. Polyphenol Degradation over Storage Time 

The antioxidant activity of polyphenols leads to their gradual decline during storage, as these 

compounds neutralize lipid-derived radicals and chelate metal ions (Shahidi & Ambigaipalan, 

2015). All six cold-pressed oils showed a significant decrease in total polyphenol content across 

the 168-day storage period, although the extent and rate of decline varied by oil type, which is 

shown in Figure 2. BC exhibited the steepest decline, with a marked reduction already evident 

at day 3. By day 168, 95% of the initial polyphenols were degraded, resulting in 34.8 ± 17.5 

µg/g oil at the end of storage. Despite this loss, BC maintained the highest residual polyphenol 

concentration throughout the study. CA showed a gradual, near-linear decrease over time. 

HOSF, with lower initial phenolic levels, exhibited an early reduction within the first 3 days. 

SF, LS, and HS followed similar patterns, with significant decreases detected from day 3 

onward. By day 84, all three had lost more than 50% of their initial polyphenol content. 

In most oils, phenolic acids exhibited the earliest and steepest decreases, significant from day 3 

onward, whereas flavonols, flavones, and lignans showed comparatively slower declines. 

Figure 3 provides a heatmap of all 48 quantified polyphenols in BC, grouped by class, across 

storage. Phenolic acids were initially dominant and exhibited the steepest declines during 

storage. For instance, p-coumaric acid decreased from 538.2 to 13.2 µg/g (–97.5%), and quinic 

acid from 25.3 to 2.42 µg/g (–90%). The visualization highlights the rapid depletion of phenolic 

acids within the first weeks, while flavonoids, lignans, and stilbenes persisted longer. 

The full dataset of all quantified polyphenolic compounds is provided in Table S5. In CA, 

sinapic acid exhibited an early transient increase before declining to low residual levels by day 

168 (–80%). Ferulic acid and ellagic acid also decreased strongly. Herbacetin, as the most 
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abundant flavone, decreased from 19.1 to 1.41 µg/g (–93%). In SF, ellagic acid dropped from 

16.7 to 0.45 µg/g (–97%), while quercetin-3-O-glucoside decreased from 1.39 to 0.13 µg/g (–

91%) and in HOSF, ellagic acid decreased from 10.4 to 0.47 µg/g (–95%). Caffeic acid and its 

hexoside showed rapid early-phase depletion. In LS, hydroxycinnamates showed rapid loss, 

with p-coumaric acid decreasing from 6.07 µg/g to 0.53 µg/g by day 168 (–92%). Several 

linseed specific lignans such as secoisolariciresinol also diminished by about 80% over the six 

months study period. In HS, p-coumaric acid decreased from 7.2 to 0.39 µg/g (–95%), while 

kaempferol conjugates and lignans showed more gradual mid-term declines. 

Overall, large quantitative differences and specific polyphenolic fingerprints were observed 

across oils, with BC showing the highest initial levels but also the steepest absolute reductions, 

while CA, SF, HOSF, LS and HS exhibited distinct compound-specific degradation patterns. 

Together, these findings demonstrate that polyphenolic degradation is not only concentration-

dependent but also matrix-specific. Phenolic acids generally showed the fastest decay, while 

flavonoids and lignans tended to degrade more slowly. These insights support the strategic use 

of specific polyphenols as early or mid-term markers of oil stability. 

3.3 Secondary Lipid Oxidation Products via SPME-GC-MS 

Volatile compounds formed by secondary lipid oxidation are key indicators of oil deterioration 

and were monitored via SPME-GC-MS. Among the analyzed oils hexanal was quantified over 

168 days as shown in Figure 4. The formation was oil-dependent. LS and HS showed the 

strongest increases. LS rose to 18.3 ppm after 42 days, while HS increased to 6.7 ppm after 28 

days already, reached 28.9 ppm after 42 days, and remained >24 ppm thereafter. Both oils 

followed between day 14 and day 42 an exponential, pseudo-first-order pattern in the 

propagation phase: 
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𝑬𝒒𝒖. 𝟏: 𝐶𝐿𝑆(𝑡) = 0.08 ∗ e
0.15∗(𝑡−14) , (R2 = 0.998) 

𝑬𝒒𝒖. 𝟐: 𝐶𝐻𝑆(𝑡) = 0.11 ∗ e
0.14∗(𝑡−14) , (R2 = 0.991) 

where C(t) is the hexanal concentration [ppm] at time t [days]. 

By contrast, the other oils stayed an order of magnitude lower over the whole study. SF 

exhibited a transient maximum of 3.9 ppm after 84 days followed by a decrease to 1.28 ppm at 

day 168. BC rose modestly to 1.45 ppm by day 112, HOSF gradually to 0.96 ppm and CA to 

2.13 ppm by the end of storage.  

Across the different oil types tested distinct fingerprints for unsaturated alkenals (e.g., (E)-2-

nonenal, (E)-2-decenal), conjugated dienals (2,4-heptadienal, 2,4-decadienal), saturated 

aldehydes (heptanal, nonanal), furans (2-pentyl-furan, 5-ethyl-2(5)-furanone), allylic alcohols 

(2-octen-1-ol, 2-decen-1-ol, 1-octen-3-ol), and advanced markers as e.g. 4,5-epoxy-(E)-2-

decenal were evaluated. All detected and identified secondary lipid oxidation compounds over 

time of storage expressed either as quantified concentrations [ppm] or semi-quantified area 

under the curve [AuC] values are reported in Table S6 and S7. In total 20 secondary lipid 

oxidation products could be identified. 

In BC, nonanal and the electrophilic aldehyde 4,5-epoxy-(E)-2-decenal increased most 

prominently, showing 10.3- and 13.9-fold rises, respectively, by the end of storage, while 

heptanal rose 6.5-fold. Unsaturated aldehydes such as (E)-2-decenal and (E)-2-octenal 

accumulated steadily, whereas 5-ethyl-2(5)-furanone showed a transient maximum around day 

112 (3.1-fold increase). In CA, conjugated dienals were dominant, with 2,4-decadienal rising 

13-fold by day 112. Moderate increases were also observed for (E)-2-nonenal, 2,4-heptadienal 

and heptanal. SF showed a similar aldehyde profile, with a 13.1-fold increase in 2,4-decadienal 

and 3.7-fold in (E)-2-nonenal peaking after 112 days, while other dienals rose earlier. In HOSF, 
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nonanal was the most dynamic marker, increasing nearly 5-fold within 42 days. Decanal also 

rose sharply by day 84, while (E)-2-decenal increased mid-storage. LS was characterized by a 

rise of 2-pentyl-furan, which peaked at day 112 with 28.9-fold higher levels and remained 

elevated thereafter. Conjugated dienals such as 2,4-heptadienal and 2,4-decadienal also 

accumulated, together with nonanoic acid, while 1-octen-3-ol declined rapidly. In HS, (E)-2-

heptenal showed the most increase by 42.7-fold by day 84. Substantial increases were also seen 

for 2-pentyl-furan, 2,4-decadienal, and nonanoic acid, alongside moderate rises in (E)-2-

nonenal, heptanal and 5-ethyl-2(5)-furanone. These measurements highlight distinct, oil-

specific volatile fingerprints that underpin the biomarker selection discussed in the next section. 

3.4 Biomarker Identification from Oil-Specific Fingerprints 

To identify reliable indicators of oil deterioration, a comprehensive biomarker analysis was 

conducted using combined datasets from fatty acids (GC-FID), polyphenols (LC-MS/MS), and 

secondary lipid oxidation products (GC-MS). Each dataset was subjected to LASSO, RFR, and 

Spearman correlation. These were normalized (z-score), weighted and aggregated to generate 

a final ranking of potential biomarkers per oil type. This integrative strategy revealed distinct 

fingerprints of deterioration for each oil, comprising substances with the most time-responsive 

behavior across chemical classes. PCAs were performed on each dataset of fatty acids, 

polyphenols and volatiles to assess clustering patterns and variance explained. Fig. S5 illustrates 

the PCA scores and loadings for fatty acids in BC, showing a clear separation of storage stages 

along PC1 and PC2, supporting the robustness of the biomarker selection approach. The top 

biomarkers per oil type are listed in Table 1. 

For BC, linoleic acid was the fatty acid-derived marker with the highest score, reflecting the 

fatty acid degradation, while 2-decen-1-ol, (E)-2-nonenal and 2-octen-1-ol stood out among 

volatile oxidation products. Additionally, matairesinol emerged as the most relevant polyphenol 
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marker, confirming the susceptibility of lignans to degradation in this oil type. For CA, the lipid 

oxidation products 2,4-decadienal and 2,4-heptadienal were most prominent, followed by the 

fatty acids oleic acid, linoleic acid, and α-linolenic acid. Sinapic acid was highlighted as the 

key polyphenol biomarker, aligning with its well-known role in canola oil stability (Koski et 

al., 2003). In SF, the volatile aldehydes 2,4-decadienal and 2,4-heptadienal dominated the 

biomarker fingerprint, while linoleic acid and oleic acid were consistent fatty acid markers. 

Quercetin-3-O-glucuronic acid was identified as the most reliable polyphenolic marker. In 

HOSF, decanal dominated the biomarker profile, indicating its strong link to oxidative rancidity 

in this oil, while caffeic acid and quinic acid were identified as the top polyphenol-related 

markers. For LS, α-linolenic acid was the strongest biomarker, consistent with the high 

susceptibility of this highly unsaturated fatty acid to oxidation. Volatile alcohols such as 1-

hexanol and 1-octen-3-ol were also highlighted, alongside p-coumaric acid as polyphenolic 

marker. Finally, HS was best described by the decline of linoleic acid, as the strongest 

biomarker across all oils (weighted score = 1.0). In addition, 1-hexanol, 2,4-decadienal and (E)-

2-heptenal contributed to the volatile fingerprint, while chlorogenic acid was identified as the 

most significant polyphenol marker. 

Beyond the top biomarkers found, the full weighted score tables for fatty acids, polyphenols, 

and secondary lipid oxidation products are in Tables S1–S3. Overall, fatty acids tended to 

receive higher weighted scores, reflecting their strong and consistent contribution to oil 

deterioration across storage conditions. In contrast, polyphenols generally showed lower scores, 

which can be explained by their high chemical diversity and oil-specific relevance rather than 

universal predictive power. Secondary lipid oxidation products occupied an intermediate 

position, with several aldehydes and alcohols emerging as robust markers in specific oils. These 

patterns underline that a combined fingerprint across fatty acids and volatiles provides the most 
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reliable biomarker set, while polyphenols add important oil-specific resolution. 

4. Discussion 

This six-month storage study demonstrated that the oxidative deterioration of six cold-pressed 

vegetable oils is strongly influenced by their fatty acid composition, polyphenol content and 

the formation of secondary lipid oxidation products. By integrating GC-FID, LC-MS/MS, and 

GC-MS data with ML-based ranking approaches (LASSO, RFR and Spearman), it was possible 

to identify oil-type-specific biomarker fingerprints that provide mechanistic insights into 

oxidative stability and deterioration. Unlike most previous storage studies, which relied on dark 

glass or accelerated conditions, our design simulated household conditions by using transparent 

PET bottles exposed to light at ambient temperature. 

4.1 Role of Fatty Acid Composition in Oxidative Stability 

Fatty acids consistently received the highest biomarker scores across nearly all oils, highlighting 

their central role as primary substrates for lipid oxidation. This outcome aligns with the well-

established association between PUFA content and reduced oxidative stability (Choe & Min, 

2006; Koch et al., 2023). Oils rich in α-linolenic acid (LS, HS) or linoleic acid (BC, SF) 

deteriorated fastest, reflected by steep PUFA losses and sharp rises in aldehydic volatiles (e.g., 

hexanal, 2-pentylfuran). Similar kinetics have been reported for flaxseed and other n-3–rich oils 

stored under light/air exposure (Cui et al., 2024; Grajzer et al., 2020; Tanouti et al., 2012). In 

contrast, high-oleic sunflower oil (HOSF) demonstrated markedly higher oxidative stability, 

consistent with its reduced PUFA fraction and enrichment in oleic acid. Previous studies have 

also shown that high-oleic cultivars maintain lower peroxide values and volatile aldehyde 

formation compared to conventional sunflower oil (Holler et al., 2023; Pignitter et al., 2014). 

Collectively, these results confirm that baseline susceptibility is largely encoded by the degree 

of unsaturation. 
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4.2 Polyphenol Degradation 

Previous olive oil studies reported 40–60% polyphenol losses over 12 months in darkness 

(Castillo-Luna et al., 2021). By contrast under light conditions, BC with the highest initial 

phenolic concentration (745 µg/g oil) exhibited rapid early loss of -85% of its major phenolic 

substance p-coumaric acid after just 14 days, underscoring the accelerating effect of light 

exposure and transparent packaging. This pattern mirrors prior observations that classically 

reactive phenolics act as sacrificial antioxidants during propagation/termination steps (Böhm et 

al., 2013; Kanner, 2007; Toma et al., 2015) and agrees with earlier findings in black cumin seed 

extracts, where phenolic acids were consumed rapidly during oxidative challenges (Ahmad et 

al., 2013).  

Despite its steep decline, BC retained the highest residual phenolic levels after 6 months, 

supporting its relative stability compared to other PUFA-rich oils. Similar roles of specific 

phenolics were observed in other oils. Caffeic acid in HOSF and sinapic acid in CA were 

identified as relevant biomarkers, both of which have been reported as effective antioxidants in 

lipid matrices (Shahidi & Ambigaipalan, 2015). In canola oil, sinapic acid and its derivatives 

are well-documented contributors to oxidative stability, though they also undergo rapid 

photooxidative degradation in transparent packaging (Koski et al., 2003).  

Taken together, our findings show that fatty acid composition sets the baseline susceptibility to 

oxidation, while polyphenols modulate the rate and trajectory of deterioration. Oils with both 

high PUFA content (e.g., HS, LS) and lower phenolic reserves were most vulnerable, whereas 

oils with either high MUFA (HOSF) or high phenolic content (BC) resisted deterioration more 

effectively. 
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4.3 Secondary Lipid Oxidation Products as Functional Biomarkers 

Secondary lipid oxidation products, particularly volatile aldehydes, emerged as strong and oil-

type-specific markers. Compounds such as nonanal, 2,4-decadienal, and (E)-2-nonenal showed 

marked increases in several oils, consistent with their low odor thresholds and established role 

as indicators of rancidity (Crackel et al., 1988). Hexanal, often used as a universal marker of 

PUFA oxidation (Jacobsen et al., 2008; Sharma et al., 2022), accumulated exponentially in LS 

and HS. The pseudo-first-order fit was valid during the propagation phase from day 14 to 42, 

reflecting rapid exponential growth in line with their high PUFA content, while later stages 

seemed to deviate due to substrate depletion and secondary reactions. These kinetics support 

previous reports that hexanal associates with sensory rejection in PUFA-rich oils and provide 

quantitative evidence that ~1 ppm may serve as a practical threshold value for early detection 

of rancidity in household-stored oils (Clarke et al., 2020; Gharby et al., 2025; Warner & Eskin, 

1995). Nevertheless, as shown in olive and walnut oil studies (Ampofo et al., 2022) , hexanal 

alone cannot fully explain rancidity perception across matrices. 

4.4 Systematic Biomarker Identification 

By combining datasets from fatty acids, polyphenols, and volatiles, and applying ML–based 

feature selection, this study provides a new framework for biomarker discovery in edible oils. 

Similar multivariate and data-driven approaches have been successfully applied in 

metabolomics and foodomics for biomarker identification (Li et al., 2024; W. Zhang et al., 

2025). The resulting hierarchy in our study showing that fatty acids dominating biomarker 

scores, followed by secondary volatiles, and polyphenols contributing lower but meaningful 

scores reflects the mechanistic sequence of deterioration. PUFA oxidation initiates instability, 

antioxidant depletion modulates the rate, and aldehyde accumulation serves as a terminal 
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indicator of rancidity. The oil-type-specific fingerprints emphasize distinct vulnerabilities, such 

as rapid polyphenol depletion in black cumin oil, steep PUFA oxidation in linseed and 

hempseed oils, and aldehyde accumulation in sunflower and canola oils. 

4.5 Study Limitations and Outlook 

The novelty of this study lies in the systematic comparison of six cold-pressed oils from three 

different suppliers under household conditions to identify oil-type specific deterioration 

biomarkers. Our study design allowed us to capture the rapid degradation of light-sensitive 

antioxidants, with polyphenol losses already evident in the early days of storage. This effect 

was repeatedly demonstrated in other edible oils stored under illumination (Holler et al., 2023; 

Pignitter et al., 2014). By integrating chemical classes across methods and applying statistical 

learning, our study extends this work and demonstrates that deterioration cannot be reliably 

predicted by a single marker. Instead, robust oil-type-specific fingerprints emerge, offering a 

more nuanced and reliable approach to shelf-life assessment. 

Limitations include the absence of other packaging materials (e.g., amber glass), which are 

known to provide greater light protection (Castillo-Luna et al., 2021; Grajzer et al., 2020). In 

addition, the study did not include direct sensory validation or accelerated storage tests, which 

would strengthen correlations between chemical markers and consumer perception. Future 

work should therefore validate the proposed biomarker fingerprints across different packaging 

materials and link them to sensory rejection thresholds in order to establish consumer-relevant 

cutoffs. 
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5. Conclusion 

The present study provides an integrated comprehensive analysis of lipid oxidation in six cold-

pressed oils, combining big data sets of GC-FID, LC-MS/MS and GC-MS measurements to 

identify oil-type-specific deterioration biomarkers. Fatty acid composition primarily determines 

oxidative susceptibility, while phenolic antioxidants modulate the rate and secondary volatiles 

mark the endpoint of degradation. The resulting fingerprints over half a year of storage capture 

the mechanistic sequence of deterioration and explain oil-specific oxidative stability differences 

under realistic household storage conditions. 

In this study determined oil-type-specific deterioration biomarkers are not only beneficial for 

further knowledge of lipid oxidation pathways but also lay the groundwork for predictive shelf-

life models. Integration of the proposed biomarkers with rapid, non-invasive screening 

technologies such as near-infrared spectroscopy (NIR) or electronic noses (e-nose), combined 

with ML modeling could offer promising applications for real-time quality, monitoring in 

industrial and domestic contexts. Such methods could significantly contribute to reducing food 

waste by enabling early detection of oxidative spoilage. 
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Table 1: Results of the top biomarker identification for each oil type with weighted score. 

Oil Type Substance Type Substance Weighted 

Score 

Trend over 

Time 

Black cumin oil Fatty Acid Linoleic acid 0.68 ↓  
Fatty Acid Stearic acid 0.65 ↓  

Volatile 2-Decen-1-ol 0.55 ↑  
Volatile (E)-2-Nonenal 0.54 ↑  
Volatile 2-Octen-1-ol 0.42 ↑  

Polyphenol Matairesiol 0.28 ↓ 

Canola oil Volatile 2,4-Decadienal 0.95 ↑ 

 Fatty Acid Oleic acid 0.89 ↓ 

 Fatty Acid Linoleic acid 0.58 ↓ 

 Fatty Acid α-Linolenic acid 0.52 ↓ 

 Volatile 2,4-Heptadienal 0.50 ↑ 

 Polyphenol Sinapic acid 0.37 ↓ 

 Volatile 2,4-Decadienal 0.91 ↑ 

Sunflower oil Fatty Acid Linoleic acid 0.86 ↓ 

 Fatty Acid Oleic acid 0.57 ↓ 

 Volatile 2,4-Heptadienal 0.41 ↑ 

 Polyphenol Quercetin-3-O-

glucoronic acid 

0.32 ↓ 

HO sunflower oil Volatile Decanal 0.96 ↑ 

 Fatty Acid Stearic acid 0.84 ↓ 

 Fatty Acid Linoleic acid 0.78 ↓ 

 Polyphenol Caffeic acid 0.50 ↓ 

 Polyphenol Quinic acid 0.33 ↓ 

Linseed oil Fatty Acid α-Linolenic acid 0.78 ↓  
Volatile 1-Hexanol 0.56 ↑  

Fatty Acid Oleic acid 0.44 ↓  
Volatile 1-Octen-3-ol 0.43 ↑  

Polyphenol p-Coumaric acid 0.40 ↓ 

Hempseed oil Fatty Acid Linoleic acid 1.000 ↓  
Volatile 1-Hexanol 0.46 ↑  
Volatile 2,4-Decadienal 0.42 ↑  
Volatile (E)-2-Heptenal 0.36 ↑  

Polyphenol Chlorogenic acid 0.33 ↓ 
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Figure Captions 

Fig. 1: Changes in fatty acid composition [mg/g oil] during 168 days of storage for the six cold-

pressed oils under household conditions: (A) black cumin, (B) canola, (C) sunflower, (D) high-

oleic sunflower, (E) linseed and (F) hempseed oil. One-way ANOVA with Tukey’s post hoc test 

was conducted. Statistical differences are indicated with different lowercase letters (p < 0.05). 

Each data point represents the mean ± SD, n ≥ 9. 

Fig. 2: Change of total polyphenol content [µg/g oil] in six cold-pressed oils during 168 days 

of storage, measured via LC-MS/MS. (A) black cumin, (B) canola, (C) sunflower, (D) high-

oleic sunflower, (E) linseed and (F) hempseed oil. One-way ANOVA with Tukey’s post hoc 

test was conducted. Statistical differences are indicated with different lowercase letters 

(p < 0.05). Each data point represents the mean + SD, n ≥ 9.  

Fig. 3: Heatmap of quantified polyphenols in black cumin oil across six months storage. The 

color scale indicates different concentrations [µg/g oil] and the different specific polyphenolic 

substances identified and quantified were put into polyphenolic classes. Crossed-out cells are ≤ 

LOQ. Values are shown as mean, n ≥ 9. 

Fig. 4: Hexanal concentration in ppm over 168 days of storage in the six cold-pressed oils 

analyzed. One-way ANOVA with Tukey’s post hoc test was conducted. Statistical differences 

are indicated with different lowercase letters (p < 0.05). The data points represent values of 

mean ± SD, n ≥ 9.  
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Supplementary Material 

 

 

Fig. S1: Setup of storage study with 54 oil samples (black cumin, canola, sunflower, high-oleic 

sunflower, linseed and hempseed oil from three different suppliers in triplicates) in PET bottles stored 

at room temperature for 12 h under cold fluorescent light per day for six months.
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Black cumin oil

14.31%  Palmitic acid
2.13%  Stearic acid
15.03%  Oleic acid
67.87%  Linoleic acid
0.65%  Linolenic acid

High-oleic sunflower oil

6.13%  Palmitic acid
3.40%  Stearic acid
83.10%  Oleic acid
7.21%  Linoleic acid
0.16%  Linolenic acid

Canola oil

5.54%  Palmitic acid
1.92%  Stearic acid
55.42%  Oleic acid
25.84%  Linoleic acid
11.28%  Linolenic acid

Sunflower oil

5.42%  Palmitic acid
2.94%  Stearic acid
27.95%  Oleic acid
63.56%  Linoleic acid
0.14%  Linolenic acid

Linseed oil

4.59%  Palmitic acid
2.63%  Stearic acid
11.52%  Oleic acid
15.90%  Linoleic acid
65.37%  Linolenic acid

Hempseed oil

5.93%  Palmitic acid
1.61%  Stearic acid
10.43%  Oleic acid
60.02%  Linoleic acid
22.00%  Linolenic acid

 

Fig S2: Initial relative fatty acid composition [%] (at day 0) of each oil: (A) black cumin, (B) canola, 

(C) sunflower, (D) high-oleic sunflower, (E) linseed and (F) hempseed oil. Values are shown as mean, n 

≥ 9. 

 

(A) 

(C) 

(E) 

(B) 

(D) 

(F) 
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Fig. S3: Total polyphenol content in mg/kg oil in six cold-pressed oils at day 0 (T0) determined by LC-

MS/MS. One-way ANOVA was conducted. Different lowercase letters indicate significant differences 

(p < 0.05, ANOVA with Tukey’s post hoc test). Values are shown as mean + SD, n ≥ 9 

 

Fig. S4: Relative composition of polyphenol classes [%] in six cold-pressed oils at T0 (day 0), averaged 

across three suppliers. Data obtained via LC-MS/MS classification into phenolic acids, flavonoids, 

stilbenes, and lignans. Values are shown as relative mean of total polyphenol content, n ≥ 9. 

(A) 

(C) 

(E) 

(B) 

(D) 

(F) 
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Figure S5: a) Principal Component Analysis (PCA) of fatty acid profiles in black cumin oil (BC). Scores 

plot showing separation of fatty acids along the first two principal components. b) loadings plot 

illustrating the contribution of sampling time points (T0–T9, day 0 to 168) to the variance structure. 

PC1 and PC2 explain 75.9% and 18.2% of the total variance, respectively (cumulative 94.1%). 

 

Table S1: Standard curves used for the fatty acid analysis by GC-FID. x = concentration 

[g/kg oil] and y = area under the curve (AuC) and coefficient of determination (R²). 

Standard Formula R2 LOD [µg/g oil] LOQ [µg/g oil] 

Methyl palmytate y = 1.7026x - 0.1025 99.86 14 43 

Methyl stearate y = 1.2663x - 0.0452 98.67 1.82 54 

Methyl oleate y = 1.654x - 0.4769 99.63 84 255 

Methyl linoleate y = 1.7386x - 0.0844 99.91 13 39 

Methyl linolenate y = 1.3398x - 0.0057 99.90 1 4 

 

Table S2: Transition list used of all analyzed polyphenolic substances separated in classes 

with its precursor mass and product mass m/z values for data acquisition of LC-MS/MS 

analysis (MRM). 

Polyphenol 

Class 

Molecule Name Precursor [m/z] Product [m/z] 

Phenolic Acids 1,3-Dicaffeoylquinic acid 515.0 353.0, 191.0, 171.0 

Phenolic Acids 3,4-Dimethoxycinnamic 

acid 

207.1 207.1, 119.0, 103.0 

Phenolic Acids 4-hydroxybenzoic acid 137.0 119.1, 108.0, 93.0, 59.2 

Phenolic Acids 4-O-Caffeoylquinic acid 353.1 191.0, 179.0, 173.0 

a) b) 
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Polyphenol 

Class 

Molecule Name Precursor [m/z] Product [m/z] 

Flavones Amentoflavone 539.1 403.0, 377.1 

Flavonoids Apigenin 269.0 151.0, 117.0, 107.0 

Flavonoids Astragalin 447.4 284.0, 255.0, 227.0 

Phenolic Acids Caffeic acid 179.0 135.0, 107.0, 97.0 

Phenolic Acids Caffeic acid hexoside 341.1 179.0, 135.0, 103.0 

Flavonoids Chalcone 209.1 131.0, 103.0 

Phenolic Acids Chlorogenic acid 353.1 191.2, 179.0 

Phenolic Acids cis Cinnamic acid 149.1 131.0, 103.0 

Phenolic Acids Coniferyl aldehyde 177.1 162.0, 81.0 

Phenolic Acids Coumaric acid hexoside 325.1 205.0, 145.0, 117.0 

Phenolic Acids Ellagic acid 303.0 257.0, 229.0 

Flavan-3-Ol Epicatechin 289.1 245.1, 125.0, 109.0 

Flavonoids Eriodictyol 287.1 255.0, 151.0, 135.0 

Phenolic Acids Ferulic acid 195.0 177.0, 117.0, 89.0 

Phenolic Acids Gallic acid 169.0 125.0, 96.6, 79.1 

Flavan-3-Ol Gallocatechol 305.1 137.0, 125.0 

Flavones Herbacetin 303.0 169.0, 133.0, 121.0 

Flavonoids Hesperetin 303.3 177.0, 153.0 

Flavonoids Hesperidin 609.2 301.1 

Phenolic Acids Hydroxyferulic acid 209.0 165.0, 121.0 

Phenolic Acids Isoferulic acid 193.0 178.3, 133.8 

Flavonoids Isorhamnetin 315.0 151.0, 107.0 

Flavonoids Isorhamnetin 3-rutinoside 625.2 302.0 

Flavonoids Isorhamnetin-3-O-glucoside 477.1 314.0, 271.0, 243.0 

Flavonoids Kaempferol 285.1 257.0, 229.0 

Flavonoids Kaempferol-3-O-arabinoside 417.0 284.0, 255.0, 227.0 

Flavonoids Kaempferol-3-O-glucoside 447.1 285.0, 247.1 

Flavonoids Kaempferol-3-O-glucuronic 

acid 

461.1 285.0, 229.0 

Flavonoids Kaempferol-3-O-hexoxyl-

hexoside 

609.1 284.0 

Lignans Lariciresinol 359.1 330.0, 160.1 

Flavonoids Luteolin 285.0 151.0, 133.0, 107.0 

Flavonoids Luteolin-7-O-glucoside 447.1 285.0, 151.0 

Lignans Matairesinol 357.1 137.0, 122.0, 83.0 

Flavonoids Naringenin 271.2 151.0, 119.0 

Flavonoids Naringin 579.2 459.0, 271.1, 151.0 

Phenolic Acids p-coumaric acid 165.0 147.0, 119.0, 91.0 

Lignans Pinoresinol 357.1 151.0, 136.0 

Phenolic Acids Protocatechuic acid 153.0 109.0, 81.0 

Stilbenes Pterostilbene 255.1 195.0, 169.0 

Flavonoids Quercetin 301.0 151.0, 121.0, 93.0 
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Polyphenol 

Class 

Molecule Name Precursor [m/z] Product [m/z] 

Flavonoids Quercetin-3-(sinapoyl-

diglucoside)-7-glucoside 

625.1 463.0, 301.0 

Flavonoids Quercetin-3-O-glucoronic 

acid 

477.1 301.0, 151.0, 107.0 

Flavonoids Quercetin-3-O-glucoside 463.0 301.0, 271.0 

Phenolic Acids Quinic acid 191.0 93.0, 85.0 

Stilbenes Resveratrol 227.0 185.0, 143.0 

Flavonoids Rutin 609.0 300.0, 271.0 

Lignans Secoisolariciresinol 363.2 327.2, 137.1 

Lignans Secoisolariciresinol 

diglucoside 

685.0 523.0, 361.0 

Phenolic Acids Sinapic acid 223.0 163.0, 149.0 

Phenolic Acids Syringic acid 197.0 120.9, 105.8 

Phenolic Acids Syringic aldehyde 181.0 151.0, 123.0 

Phenolic Acids Vanillic acid 167.0 152.0, 108.0 

Phenolic 

Aldehyde 

Vanillin 151.0 136.0, 92.0 

 

 

Table S3: Standard curves from each of the representitive standards used for quantification of 

polyphenolic substances identified with x = concentration [µg/g oil] and y = area under the 

curve (AuC) by LC-MS/MS with limit of detection (LOD) (signal-to-noise ratio of 3) and a 

limit of quantification (LOQ) (signal-to-noise ratio of 10) and coefficient of determination 

(R²). 

Standard Formula R2 LOD [µg/g] LOQ [µg/g] 

Kaempferol y = 6976x - 7692 97.56 2.17 7.23 

Quercetin-3-glucoside y = 44641x - 95622 98.27 1.82 6.07 

Naringenin y = 131240x - 122238 98.73 1.56 5.20 

Apigenin y = 185771x - 124518 99.87 0.46 1.54 

Epicatechin y = 2059x + 32561 99.04 1.61 5.37 

Secoisolariciresinol y = 771x + 545 99.58 0.52 1.73 

Caffeic acid y = 96713x + 349596 99.83 1.31 4.39 

Ferulic acid y = 190086x - 121795 98.16 1.88 6.27 
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p-coumaric acid y = 123484x - 305192 99.13 1.29 4.29 

Gallic acid y = 28929x + 61422 99.64 0.82 2.74 

Vanillic acid y = 3721x - 1749 99.65 0.99 3.28 

4-hydroxybenzoic acid y = 23581x + 116242 99.72 0.91 3.04 

Resveratrol y = 1252x - 870 99.36 0.96 3.19 

     

 

Table S4: Secondary lipid oxidation products used for quantification. Calibration curve 

equations are shown with coefficient of determination (R²). 

Standard Formula R2 

Hexanal y = 835429x + 5432321 95.81 

2-pentanone y = 3145202x - 4562391 98.41 

2-heptanone y = 1337482x + 2163811 98.32 

1-hexanol y = 1377884x + 2764936 91.56 

   

 

 

Table S51: Targeted LC-MS/MS analysis of polyphenols in six cold-pressed oils. Data given 

as mean ± standard deviation (SD) in ppm, n=9. 
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Table S62: Quantified results of the GC-MS measurements. Data given as mean ± standard 

deviation (SD) in ppm, n=9. 

Oil Type 1-Hexanol 

[ppm] 

Hexanal 

[ppm] 

2-Heptanone 

[ppm] 

2-Pentanone 

[ppm] 

 

Black cumin 

Oil 

 

 

 

 

 

Day 0 0.00 ± 0.00 0.02 ± 0.00    

3 0.01 ± 0.00 0.08 ± 0.01    

7 0.01 ± 0.00 0.12 ± 0.02    

14 0.02 ± 0.01 0.28 ± 0.11    

28 0.06 ± 0.01 0.33 ± 0.12    

42 0.06 ± 0.02 0.66 ± 0.11    

56 0.06 ± 0.01 0.63 ± 0.06    

84 0.15 ± 0.04 1.37 ± 0.30    

112 0.17 ± 0.03 1.45 ± 0.21    

168 0.06 ± 0.01 1.17 ± 0.14    

Canola Oil      

Day 0 0.00 ± 0.00 0.02 ± 0.01    

3 0.01 ± 0.00 0.06 ± 0.01    

7 0.01 ± 0.00 0.10 ± 0.02    

14 0.02 ± 0.01 0.31 ± 0.06    

28 0.06 ± 0.02 0.45 ± 0.11    

42 0.06 ± 0.00 0.65 ± 0.19    

56 0.04 ± 0.02 0.58 ± 0.04    

84 0.08 ± 0.00 0.76 ± 0.17    

112 0.10 ± 0.02 0.84 ± 0.25    

168 0.08 ± 0.02 0.96 ± 0.18    

Sunflower Oil      

Day 0 0.02 ± 0.01 0.02 ± 0.00    

3 0.01 ± 0.01 0.04 ± 0.01    

7 0.01 ± 0.01 0.06 ± 0.01    

14 0.02 ± 0.00 0.47 ± 0.17    

28 0.06 ± 0.03 0.69 ± 0.21    
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42 0.10 ± 0.02 0.85 ± 0.38    

56 0.15 ± 0.02 1.24 ± 0.29    

84 0.11 ± 0.02 1.61 ± 0.37    

112 0.22 ± 0.05 1.81 ± 0.51    

168 0.13 ± 0.01 2.13 ± 0.12    

HO 

Sunflower Oil 

 

 

 

 

 

Day 0 0.02 ± 0.01 0.02 ± 0.00    

3 0.02 ± 0.01 0.04 ± 0.01    

7 0.01 ± 0.00 0.06 ± 0.01    

14 0.02 ± 0.00 0.47 ± 0.07    

28 0.06 ± 0.01 0.83 ± 0.13    

42 0.10 ± 0.03 0.97 ± 0.26    

56 0.15 ± 0.03 1.55 ± 0.33    

84 0.11 ± 0.02 3.87 ± 0.89    

112 0.22 ± 0.08 2.17 ± 1.09    

168 0.13 ± 0.03 1.28 ± 0.58    

Linseed Oil      

Day 0 0.04 ± 0.02 0.03 ± 0.01 0.00 ± 0.00   

3 0.05 ± 0.02 0.05 ± 0.02 0.01 ± 0.00   

7 0.06 ± 0.01 0.08 ± 0.03 0.02 ± 0.01   

14 0.12 ± 0.03 0.71 ± 0.27 0.02 ± 0.01   

28 0.30 ± 0.09 5.08 ± 1.68 0.03 ± 0.01   

42 0.46 ± 0.12 18.32 ± 6.83 0.06 ± 0.02   

56 0.64 ± 0.22 10.51 ± 2.61 0.04 ± 0.02   

84 0.58 ± 0.07 18.50 ± 3.08 0.03 ± 0.01   

112 0.60 ± 0.27 13.33 ± 2.57 0.05 ± 0.01   

168 0.37 ± 0.03 5.72 ± 1.18 0.02 ± 0.00   

Hempseed Oil      

Day 0 0.07 ± 0.01 0.07 ± 0.01 0.01 ± 0.00 0.01 ± 0.00  

3 0.09 ± 0.01 0.10 ± 0.02 0.02 ± 0.00 0.01 ± 0.00  

7 0.09 ± 0.00 0.12 ± 0.03 0.02 ± 0.01 0.01 ± 0.00  

14 0.18 ± 0.03 0.66 ± 0.20 0.02 ± 0.00 0.01 ± 0.00  

28 0.36 ± 0.07 6.73 ± 1.66 0.03 ± 0.00 0.02 ± 0.00  

42 0.51 ± 0.05 28.87 ± 2.86 0.07 ± 0.01 0.02 ± 0.00  

56 0.78 ± 0.16 24.38 ± 0.54 0.05 ± 0.01 0.03 ± 0.00  

84 0.81 ± 0.20 27.86 ± 3.61 0.06 ± 0.00 0.04 ± 0.00  

112 0.76 ± 0.06 29.61 ± 7.38 0.08 ± 0.01 0.05 ± 0.01  

168 0.73 ± 0.01 25.77 ± 8.12 0.11 ± 0.01 0.06 ± 0.01  
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Table S73: Results of volatiles analyzed via GC-MS. Data are given as mean ± standard 

deviation (SD) in area under the curve (AuC), n=9. 
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6    CONCLUSION AND OUTLOOK 

This thesis addressed challenges faced in the production and preservation of cold-

pressed vegetable oils nowadays. Due to their limited oxidative stability and short shelf-life 

strategies across the entire value chain, from natural process-level improvements to packaging 

optimization and predictive quality modeling were explored. The work demonstrated that 

oxidative deterioration can be effectively mitigated by combining biological and sustainable, 

technological and analytical innovations. The five studies presented across Parts I–III 

collectively provide a comprehensive understanding of how oil processing and storage 

conditions determine nutritional quality and shelf-life. 

Part I focused on natural and sustainable approaches to enhance the antioxidant 

potential and oxidative stability of oils through germination and green extraction. Both methods 

targeted the composition of oils, leveraging biological and process-level modifications rather 

than additive-based fortification. These studies provided the first comprehensive LC-MS/MS-

based characterization of specific polyphenolic substances in oils derived from germinated 

seeds and in cloudy linseed oil. Moreover, the concept of colloidal stabilization through retained 

bioactive particles in linseed oil was demonstrated for the first time. 

The germination study revealed that controlled sprouting of linseeds and sunflower 

seeds significantly increased antioxidant contents, particularly polyphenolic compounds, 

tocopherols, carotenoids and chlorophyll. LC-MS/MS analyses showed that up to 69 phenolic 

substances could be identified in germinated seed oils and antioxidant capacities increased 

several-fold compared to conventional oils. Rancimat measurements confirmed that the 

predicted shelf-life of germinated linseed oil was more than four times longer. These results 

highlighted germination as a viable, low-cost, and natural pre-processing step to enhance 

nutritional properties. However, before oils from germinated seeds can be considered safe for 

commercial or dietary application, potential anti-nutritional factors such as cyanogenic 

glycosides, protease inhibitors or residual enzymatic activities must be systematically analyzed 

and minimized. A comprehensive safety and compositional assessment is therefore essential to 

ensure that no unintended adverse effects are introduced as well. 
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Complementing this, the cloudy linseed oil study dealt with a green extraction process 

that retained bioactive-rich press cake particles in the oil, creating a novel “cloudy” linseed oil 

similar to non-filtered extra virgin olive oil. The cloudy oil after green extraction showed a 6.3-

fold increase in total polyphenols and a 52% improvement in oxidative induction time 

compared to conventional linseed oil. Moreover, volatile profiling by SPME-GC-MS 

demonstrated a 93% reduction in hexanal and increased formation of flavor-relevant alcohols, 

which could also influence the flavor and may mask the typical bitter taste for linseed oil. These 

findings underscored the synergistic role of suspended particles in stabilizing the oil through 

antioxidant mechanisms. The approach also valorized linseed press cake, a typical by-product 

of oil pressing, which is mostly discarded to waste. 

Together, the two studies showed that seed germination and by-product valorization 

can markedly improve the nutritional quality and oxidative stability of cold-pressed oils without 

chemical additives or refining. These approaches could contribute to the development of 

functional, clean-label oils with higher consumer acceptance and environmental sustainability. 

Part II explored more midstream interventions aiming at preserving oil quality during 

storage by altering the oil composition through natural phospholipid fortification and by 

optimizing the packaging environment by using bioplastic alternatives. 

The packaging material study complemented this part by evaluating how different 

plastics influence lipid oxidation kinetics and migration phenomena in sunflower oil. 

Conventional (PET, r-PET, PE, bio-PE) and biodegradable PLA bottles were compared under 

56 days of simulated retail conditions. Peroxide and NMR analyses demonstrated that oils 

stored in PLA bottles exhibited oxidative stability comparable to PET up to two months, 

outperforming PE and bio-PE, which showed rapid peroxide formation due to higher oxygen 

permeability. Moreover, no non-intentionally added substances (NIAS) were detected in PLA, 

while benzene migrated from PET and r-PET at trace levels (~0.15 µg/g). This work provided 

the first comprehensive evidence that PLA represents a safe, renewable and functionally 

equivalent alternative to PET for edible oil packaging. 

The aminophospholipid fortification study demonstrated for the first time that 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (PE(16:0/18:1)) acts as a temperature-

dependent antioxidant in cold-pressed oils. Fortification with 400 µg/g PE increased the OIT 
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under accelerated oxidation conditions by up to 50%, evidencing its efficacy at elevated 

temperatures. Under household storage, PE fortification led to lower LOOH accumulation and 

a significant reduction in aldehydes, particularly (E,E)-2,4-alkadienals. ¹H NMR and GC-MS 

analyses indicated that PE(16:0/18:1) might contribute to LOOH decomposition and carbonyl 

scavenging, mechanisms previously proposed for aminophospholipids, while partially 

preserving γ-tocopherol levels in flaxseed oil. These results suggest a temperature-dependent 

antioxidant behavior, dependent on the oxidative environment and may position 

aminophospholipids as promising bio-inspired stabilizers for PUFA-rich oils. 

In combination, these studies emphasize that midstream quality preservation relies on 

both oil–additive and oil–material interactions. Natural phospholipid fortification and 

biodegradable packaging converged as strategies that enhanced oxidative stability, could reduce 

waste and promote sustainable product design. Their combined application could open doors 

for the development of eco-functional packaging systems. 

Part III advanced from stabilization strategies toward predictive understanding, aiming 

to quantify and determine degradation markers in cold-pressed oils. A six-month storage study 

of six cold-pressed oil types under household-relevant conditions provided an extensive dataset 

encompassing fatty acid profiles (GC-FID), polyphenol decrease (LC-MS/MS) and secondary 

lipid oxidation products (SPME-GC-MS). This dataset was analyzed using a systematic ML–

based biomarker identification framework integrating LASSO and RFR. 

The results revealed that oxidative deterioration is oil-specific, driven by the interplay 

of fatty acid composition, antioxidant capacity and other matrix effects. Across all oils, linoleic 

and α-linolenic acid degradation emerged as the most consistent predictors of stability, while 

the accumulation of hexanal, 2,4-deca-dienal and (E)-2-nonenal represented key volatile 

markers of advanced oxidation. Although polyphenols were generally ranked lower, several 

oil-type-specific compounds exhibited strong potential as degradation biomarkers as e.g., 

caffeic acid in HO sunflower oil, p-coumaric acid in linseed oil, and chlorogenic acid in 

hempseed oil. The scoring system derived from statistical tools enabled the exploration of oil-

type-specific deterioration fingerprints, offering a better prediction framework than single-

marker approaches. 
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By demonstrating that oil stability can be modeled through multi-class, time-resolved 

biomarkers, this part may lay the foundation for predictive analytics in food lipidomics. Such 

models could be further integrated in rapid, non-invasive scanning technologies as e.g., e-nose, 

NIR or fluorescence-based monitoring. Furthermore, this approach bridges analytical chemistry 

and data science, which might enable real-time shelf-life prediction and more sustainable 

quality control systems in the oil industry in the near future.

To conclude, the three parts of this thesis established integrated approaches for 

improving, prolonging and predicting the quality of edible oils. The thesis demonstrates that 

natural bioprocessings (germination, green extraction), bio-based stabilization 

(aminophospholipids, biodegradable packaging material) and analytical modeling (biomarker 

identification) can be combined to form new strategies for the entire oil value chain. Future 

work should aim to translate these findings into industrial applications and in-situ sensing tools. 

The integration of real-time analytical techniques such as NIR spectroscopy or e- nose with 

predictive biomarker models could enable rapid classification of oil freshness and authenticity. 

Additionally, the exploration of synergistic effects between polyphenols, phospholipids and 

packaging materials could generate new functional packaging solutions with embedded 

antioxidant or oxygen-scavenging capacities. 
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