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Summary

Traditional methods of assessing oil quality, including oxidative stability and authenticity, often
involve time-consuming and environmentally unfriendly chemical analyses. Therefore, the aim of
the study was to investigate the possibility of using the instrumental technique of differential
scanning calorimetry (DSC) for the comprehensive characterization of cold-pressed edible oils, i.e.
flaxseed, camelina and hempseed oil, obtained from different cultivars, in terms of assessing
oxidative stability and its changes during storage as well as the possibility of assessing authenticity
of oils and detecting adulteration with refined oils. In order to assess the oxidative stability of oils,
the DSC oxidation test was used under isothermal (oxidation induction time, OIT) and non-
isothermal conditions (oxidation onset temperature, Ton), which were additionally supported by
kinetic calculations. Oxidation tests performed using different analysis conditions, i.e. at
temperatures of 120, 140, 160 °C (isothermal test) and heating rates at 1, 2, 5, 10, 15 °C/min (non-
isothermal test), showed different resistance to oxidation of two cold-pressed oils (flaxseed and
camelina oils), due to different varieties and different fatty acid composition. For a broader
characterization of the oxidation process, new parameters from the oxidation curves were
determined, such as OET (oxidation completion time), oxidation rate, oxidation length (At) and
oxidation end temperature (Tend), as well as calculations of the kinetics of the oxidation process
by determining the activation energy parameters (Ea), oxidation rate constant (k) and half-time
coefficient (ti2), which allowed for a more in-depth presentation of differences in oxidative
stability due to different varieties of flaxseed oil and camelina oil. The study also allowed for the
demonstration of strong negative correlations between DSC parameters and conventional chemical
indicators of oxidative stability, such as the peroxide value (PV) or the TOTOX index. Significant
negative linear correlations were also found between the content of a-linolenic acid and DSC
parameters (OIT, Ton) for various varieties of flaxseed and camelina oils. In order to investigate
the possibility of using DSC oxidation parameters (OIT, Ton) to distinguish fresh oils from stored
ones, the research was extended to monitor changes during 6-month storage of three oils (flaxseed,
camelina, hemp) using the DSC oxidation test (isothermal and non-isothermal), as well as chemical
oxidation indicators. Significant negative linear correlations of DSC parameters were obtained for
all oils with chemical indicators i.e. PV, p-anisidine value (pAV) and TOTOX. It was also found
that the isothermal test (OIT) at a temperature of 120 °C allowed for the most effective monitoring

of oxidative changes in oils, as for these conditions the highest correlation coefficients with



chemical indicators (PV, pAV, TOTOX) were obtained, compared to the non-isothermal test. The
obtained results indicated the potential of the DSC technique for assessing the freshness and
changes in oil stability during storage.

The second part of the research concerned the use of melting or crystallization phase
transition profiles to assess the quality of oils. The first stage focused on examining the factors
influencing the phase transition profile of oils, i.e., different scanning rates and the influence of oil
storage on the phase transition curves. It has been shown that the heating rate significantly affects
the shape of the curve, the number of peaks, their height and position as well as the enthalpy of the
transition. The heating rate of 5 °C/min was considered the most suitable for use as a fingerprint
because at this rate the profiles for different varieties of the same type of oil were most similar.
Using the melting profile of flaxseed oil, the influence of storage time was also examined using the
statistical process control method, i.e., X-bar and R control charts, to monitor thermodynamic
changes caused by 6-month storage of the oil. As a result of these studies, 16 thermodynamic
parameters were identified from the phase transition curves (peak temperature, intensity and
enthalpy of transition peaks), showing an increasing or decreasing tendency during oil storage,
which were considered as markers of oxidative changes in the oil. Additionally, 12 stable
thermodynamic parameters were determined that can be used as markers of the authenticity of
flaxseed oil.

In the next stage of the research, the possibility of using entire melting profiles in the context
of untargeted analysis, using 7471 variables of the normalized heat flux, was tested to distinguish
cold-pressed oils (flaxseed, camelina, hemp) from refined oils (rapeseed, soybean, sunflower) with
the support of chemometric methods, mainly of the Orthogonal Partial Least Squares -
Discriminant Analysis (OPLS-DA). Using this method, oils were successfully classified into six
distinct classes, representing each oil type, obtaining high coefficients R?X(cum)= 0.971 and
Q%*X(cum)= 0.887, which confirmed the reliability and predictive accuracy of the model.

In the last stage of the research, the possibility of using the DSC melting profiles of flaxseed
oil mixed with refined rapeseed oil in various concentrations was examined to detect adulteration
by comparing various classification and regression chemometric models. Regression models, in
particular the artificial neural networks (ANN) model, were the most effective in predicting the
adulterant concentrations in flaxseed oil samples, already at the level of 5% refined rapeseed oil

addition. Equally high accuracy coefficients for detecting the level of adulteration were obtained



for the Partial Least Squares (PLS) method. Among the analyzed classification models (LDA,
MARS, SVM, and ANNS), the Linear Discriminant Analysis (LDA) method showed exceptional
accuracy (99.5%) in the classification of oil samples based on the level of adulteration.

To sum up, the multi-aspect series of tests conducted allowed to demonstrate the versatility
and potential of the DSC technique combined with chemometric tools for assessing the quality of
cold-pressed oils, both fresh and stored. The use of this analytical technique to assess the stability
and authenticity of cold-pressed oils offers more sustainable alternative to traditional chemical
analyses, adapting to the changing needs of the food industry according to the principles of Green
Chemistry. The conducted research presents the possibilities of using differential scanning
calorimetry (DSC) as a reliable analytical instrument for the characterization and authentication of

cold-pressed edible oils.



Streszczenie

Tradycyjne metody oceny jakosci oleju w tym stabilno$ci oksydacyjnej czy autentycznos$ci
obejmuja czesto czasochtonne i nieprzyjazne dla sSrodowiska analizy chemiczne. Stad celem pracy
bylo zbadanie mozliwosci wykorzystania instrumentalnej techniki réznicowej kalorymetrii
skaningowej (DSC) do kompleksowej charakterystyki olejow jadalnych tloczonych na zimno, tj.
oleju Inianego, z nasion Inianki i konopnego, otrzymanych z r6znych odmian, pod katem oceny
stabilnosci oksydacyjnej 1 jej zmian w trakcie przechowywania jak rowniez mozliwosci oceny
autentycznosci olejéw 1 wykrywania ich zafalszowan olejami rafinowanymi. W celu oceny
stabilnosci oksydacyjnej olejow wykorzystano test oksydacji DSC w warunkach izotermicznych
(czas indukcji utleniania, OIT) i nieizotermicznych (temperatura poczatku utleniania, Ton), ktore
zostaly dodatkowo wsparte obliczeniami kinetycznymi. Wykonane badania oksydacji, przy
zastosowaniu roznych warunkéw analizy tj. w temperaturze 120, 140, 160 °C (test izotermiczny) i
szybkosci ogrzewania przy 1, 2, 5, 10, 15 °C/min (test nieizotermicznym), wykazaly r6zna
odpornos¢ na utlenianie dwdch olejow ttoczonych na zimno (oleju Inianego 1 oleju z Inianki), ze
wzgledu na rézne odmiany i r6zny skiad kwasow thuszczowych. Dla szerszej charakterystyki
procesu utleniania wyznaczono ponadto nowe parametry z krzywych oksydacji, takie jak OET
(czas zakonczenia utleniania), szybkos¢ utleniania, dlugos¢ utleniania (At) 1 temperatura konca
utleniania (Tend), jak rowniez wykonano obliczenia kinetyki procesu oksydacji wyznaczajac
parametry energii aktywacji (Ea), stalej szybkosci reakcji (k) i potdowkowego czasu reakcji (t1r2),
stalej oksydacji i czasu polowkowego, co pozwolito na bardziej doglebne przedstawienie réznic w
stabilno$ci oksydacyjnej ze wzgledu na rozne odmiany oleju Inianego i z nasion Inianki. Badaniu
pozwolity takze na wykazanie silnych ujemnych korelacji pomigdzy parametrami DSC a
konwencjonalnymi chemicznymi wskaznikami stabilnosci oksydacyjnej, takimi jak liczba
nadtlenkowa (PV) czy wskaznik TOTOX. Stwierdzono réwniez istotne ujemne korelacje liniowe
pomigdzy zawarto$cig kwasu a-linolenowego a parametrami DSC (OIT, Ton) dla r6znych odmian
olejow Inianych 1 z nasion Inianki. W celu zbadania mozliwo$ci wykorzystania parametrow
utleniania DSC (OIT, Ton) do odrdznienia olejow $wiezych od przechowywanych, badania
rozszerzono 0 monitorowanie zmian podczas 6-miesigcznego przechowywania trzech olejow
(Iniany, Iniankowy, konopny) za pomoca testu oksydacji DSC (izotermicznego i
nieizotermicznego), jak i chemicznych wskaznikoéw utleniania. Uzyskano istotne ujemne liniowe

korelacje parametrow DSC dla wszystkich olejow ze wskaznikami chemicznymi tj. PV, liczba



anizydynowa (pAV), wskaznik TOTOX. Uznano takze, ze test izotermiczny (OIT) w temperaturze
120 °C pozwolit najskuteczniej §ledzi¢ zmiany oksydacyjne w olejach, jako ze, dla tych warunkow
uzyskano najwyzsze wspotczynniki korelacji ze wskaznikami chemicznymi (PV, pAV, TOTOX),
w pordwnaniu z testem nieizotermicznym. Uzyskane wyniki wskazaty na potencjal techniki DSC
do oceny $wiezosci i zmian stabilnosci oleju w trakcie przechowywania.

Druga cze$¢ badan dotyczyla wykorzystania profili przejScia fazowego topnienia czy
krystalizacji do oceny jako$ci olejow. W pierwszym etapie skupiono si¢ na badaniu czynnikow
wplywajacych na profil przemiany fazowej olejow, tj. réznych szybkosci skanowania oraz wptywu
przechowywania olejow na krzywe przemian fazowych. Wykazano, ze predkos¢ ogrzewania
wplywa istotnie na ksztalt krzywej, liczbe pikow, ich wysokos$¢ 1 potozenie jak roéwniez entalpi¢
przemiany. Predkos$¢ ogrzewania, wynoszacg 5 °C/min uznano za najbardziej przydatng w celu
uzycia jako ,,odcisku palca”, gdyz dla tej predkosci profile dla r6znych odmian tego samego
rodzaju oleju charakteryzowaly si¢ najwiekszym podobienstwem. Wykorzystujac profil topnienia
oleju Inianego zbadano takze wplyw czasu przechowywania, stosujac metode statystycznej
kontroli procesu tj. karty kontrolne x-R, do monitorowania zmian termodynamicznych
wywolanych 6-miesi¢cznym przechowywaniem oleju. W wyniku tych badan zidentyfikowano z
krzywych przejscia fazowego, 16 parametrow termodynamicznych (temperatury piku,
intensywnosci 1 entalpii pikbw przemiany), wykazujagcych w trakcie przechowywania olejow
tendencje wzrostowa lub malejgca, ktéore uznano jako markery zmian oksydacyjnych oleju.
Ponadto wyznaczono 12 stabilnych parametrow termodynamicznych, ktére mogg by¢ uzyte jako
markery autentycznos$ci oleju Inianego.

W kolejnym etapie badan sprawdzono mozliwo$¢ wykorzystania catych profili topnienia w
kontekscie analizy niecelowanej, uzywajac 7471 zmiennych znormalizowanego strumienia
cieplnego, do odrdznienia olejow ttoczonych na zimno (Iniany, z Inianki, konopny) od olejéw
rafinowanych (rzepakowy, sojowy, stonecznikowy) przy wsparciu metod chemometrycznych,
gldownie analizy dyskryminacyjnej zmiennych ortogonalnych metoda czastkowych najmniejszych
kwadratow, (OPLS-DA). Za pomoca tej metody skutecznie sklasyfikowano oleje w szeSciu
odrebnych klasach, reprezentujacych kazdy typ oleju, uzyskujac wysokie wspodtczynniki
R?X(cum)= 0,971 i QX (cum)= 0,887, ktore potwierdzila niezawodno$¢ i doktadnos¢ predykcyjna

modelu.



W ostatnim etapie badan zbadano mozliwo$¢ wykorzystania profilu topnienia oleju
Inianego zmieszanego z rafinowanym olejem rzepakowym w r6znych st¢zeniach do wykrywania
zafalszowan poprzez poréwnanie roznych klasyfikacyjnych 1 regresyjnych  modeli
chemometrycznych. Modele regresji, w szczegdlnosci model sztucznych sieci neuronowych
(ANN), byt najskuteczniejszy w przewidywaniu stezen substancji falszujacej w probkach oleju
Inianego, juz na poziomie 5% dodatku rafinowanego oleju rzepakowego. ROwnie wysokie
wskazniki dobroci dopasowania modelu do wykrywania poziomu zafalszowania uzyskano dla
metody Czastkowych Najmniejszych Kwadratow (PLS). Sposrod analizowanych modeli
klasyfikacyjnych (LDA, MARS, SVM, and ANNs), dla metody Liniowej Analizy
Dyskryminacyjnej (LDA) wykazano wyjatkowa doktadnos¢ (99,5%) w klasytikacji probek oleju
na podstawie poziomu zafatszowan.

Podsumowujac, przeprowadzony wieloaspektowy cykl badan pozwolit wykazaé
wszechstronnos$¢ 1 potencjal techniki DSC w potaczeniu z narzedziami chemometrycznymi do
oceny jakosci olejow tloczonych na zimno zarowno swiezych jak 1 przechowywanych.
Wykorzystanie tej techniki analitycznej do oceny stabilnos$ci 1 autentycznos$ci olejow ttoczonych
za zimno oferuje bardziej zrownowazong alternatywe dla tradycyjnych analiz chemicznych,
dostosowujac si¢ do zmieniajacych si¢ potrzeb przemyshu spozywczego zgodnie z zasadami
Zielonej Chemii. W przeprowadzonych badaniach przedstawiono mozliwosci wykorzystania
réznicowej kalorymetrii skaningowej (DSC) jako wiarygodnego instrumentu analitycznego do

charakteryzowania i uwierzytelniania olejoéw jadalnych ttoczonych na zimno.
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1. Introduction

The food industry's unwavering focus on food authenticity is a matter of paramount
importance, ensuring products comply with their stated composition, absence of foreign
substances, production processes, geographical and botanical origins, production timelines, and
genetic makeup. Edible oils, serving as essential components of daily diet, furnish a significant
portion of essential fatty acids and other lipids that play a pivotal role in human health. The quality
and composition of these oils exert a direct influence on their nutritional value, sensory attributes,
stability and shelf life. Thus, the comprehensive characterization of edible oils is essential for
ensuring food safety and maintaining quality control standards in the food industry. The past years
have witnessed the ascendancy of cold-pressed oils like flaxseed oils, camelina oils and hempseed
oils, attributed to their exceptional nutritional content and versatile applications across industries
(Durazzo et al., 2022; Ligéza et al., 2016; Ramadan, 2020). In 2021, the global cold-pressed oils
market was valued at USD 27.05 billion, and it is expected to witness a 5.7% compound annual
growth rate (CAGR) from 2022 to 2028 (Grand View Reasearch, 2021). Notably, the cold-pressing
method has emerged as the preferred choice for crafting edible oil. This process preserves a
remarkable combination of triacylglycerols (TAGSs) and acylglycerols (mono- and diacylglycerol)
(Kozub et al., 2023), along with an array of other bioactive compounds such as phenols, sterols,
tocopherols, phospholipids, carotenoids and pigments. These oils are mainly renowned for their
high content of essential fatty acids, particularly a-linolenic acid (ALA), which is a crucial
component for human health. Flaxseed oil, derived from the seeds of the flax plant (Linum
usitatissimum L.), stands out for its exceptionally high ALA content (Teh & Birch, 2013). ALA
can be converted within the human body into beneficial compounds like eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), both of which are vital for cardiovascular and overall
health (Visentainer et al., 2005). Camelina oil, obtained from the seeds of Camelina Sativa L. plant,
also boasts a notable nutritional profile. It is rich in unsaturated fatty acids, including n-3 fatty acids
(Piravi-vanak et al., 2022), which contribute to its potential health benefits. Additionally, hempseed
oil, extracted from the seeds of the hemp plant (Cannabis Sativa L.), is recognized for its unique
combination of polyunsaturated fatty acids (PUFAS), particularly a well-balanced ratio of n-6 to n-
3 fatty acids (3:1) (Simopoulos, 2008). Consumers are increasingly interested in incorporating
cold-pressed oils from plant sources into their diets for essential nutrition. However, this trend

sometimes prioritizes marketing strategies over product quality. Given the significance of cold-

2



pressed oil production, maintaining product quality during its shelf life in supermarkets is crucial.
One major challenge about these oils is their high unsaturated fatty acid content makes them
vulnerable to oxidative degradation due to the presence of unsaturated carbon bonds (C=C). This
oxidation occurs during storage and processing and is driven by two distinct chemical mechanisms:
autoxidation and photosensitized oxidation, depending on the type of oxygen involved (30; -
atmospheric triplet oxygen, or 1O, - singlet oxygen). Autoxidation occurs when 30, reacts with
lipid free radicals, while photosensitized oxidation is triggered by exposure to light, sensitizers,
and atmospheric oxygens, resulting in the production of 'O, (Choe & Min, 2006). To assess the
degree of oxidation in these oils, an oxidation test is conducted, measuring the extent of oxidation
that can lead to the development of off-flavors, odors, and potentially harmful compounds (Gordon,
2001).

Various analytical and chemical methods are available to assess oxidative stability (Saldana
& Martinez-Monteagudo, 2013; Shahidi & Wanasundara, 2002), and the choice of method depends
on the specific application and the type of oil under analysis. When studying the shelf life of oils
and seeds over time, it is crucial to employ fast and practical methods for detecting deterioration
stages accurately. Common chemical methods used in the food industry for measuring oxidative
stability include peroxide value determination (PV), p-Anisidine value (p-AV), TOTOX value, and
acid value (AV). These methods typically provide quantitative data regarding the chemical changes
resulting from oxidation (Abramovi¢ & Abram, 2005; Momot et al., 2023). However, they rely on
the precision of the technician, the quality of chemicals and equipment, and can be labor-intensive,
expensive, and involve the use of significant amounts of potentially harmful chemicals. In line with
the green chemistry movement, there is a growing need to develop and implement instrumental
methods for assessing oil quality. On that note, thermal analysis is a vital aspect of innovative food
formulation research because temperature plays a crucial role in food production. DSC has proven
to be a valuable tool for this purpose, which has become indispensable in addressing the challenges
posed by the susceptibility of oils, especially cold-pressed oils, to oxidative degradation
(Rajagukguk et al., 2023). The methodology hinges on the quantification of heat absorbed or
liberated by a sample subjected to controlled temperature changes, in comparison to a reference
material. These methodologies encompass both isothermal and non-isothermal approaches, each
tailored for distinct objectives. Isothermal DSC experiments entail the maintenance of a constant

temperature over a stipulated period, facilitating the observation of heat flow changes. This method



technique has proven particularly invaluable in assessing for evaluating oxidative stability-a pivotal
parameter of impacting the quality longevity and category of edible oils. By subjecting oils to
elevated temperatures within an oxygen rich environment, isothermal DSC captures the initiation
and propagation of oxidation, thereby revealing the oil's susceptibility to rancidity and its overall
oxidative stability (Saldana & Martinez-Monteagudo, 2013). Conversely, non-isothermal DSC
oxidation test involves heating controlled temperature variations at the defined heating rate
(Koztowska & Gruczynska, 2018). Furthermore, DSC, as a potent analytical tool, has progressively
gained prominence in the characterization of fats and oils, notably within the domains of
authenticity assessment and quality control. The thermal profiles of phase transition collected by
DSC technique essentially can serve as distinctive "fingerprints” for each oil, enabling the
authentication of fats and oils (Tomaszewska-Gras, 2016). This method elucidates an array of
thermal properties, encompassing crystallization and melting phase transition curves, pivotal for
both authenticity assessment and adulteration detection as well as polymorphism investigation
(Sato et al., 2013). Extensive testing using DSC has been conducted on extra virgin olive oil
(EVOO) to determine its origin and detect any adulteration with other oils. DSC has also been
applied to analyze other fats and oils, including palm oil (Tan & Che Man, 2002), cocoa butter
(Kerti, 2001), and various plant oils (Marina et al., 2009; Rudakov et al., 2021; Upadhyay et al.,
2017). In the dairy industry, DSC has been employed to identify adulteration of butter with other
fats, such as vegetable oils or animal fats (Tomaszewska-Gras, 2016). Additionally, it can assess
the quality and traceability of milk and milk products (Coni et al., 1994; Nina Naquiah et al., 2017;
Tomaszewska-Gras, 2013). It has also been utilized to determine quantitively adulteration of butter
with water (Tomaszewska-Gras, 2012).

Considering the authentication of cold-pressed oils, the analysis of refined oils, such as
rapeseed, soybean, and sunflower oils, also holds significance in the food industry. These refined
oils are often cheaper and can be used to adulterate cold-pressed oils, compromising their
authenticity and nutritional value. Therefore, it becomes essential to characterize these refined oils
by various instrumental methods. The distinct melting or crystallization profiles, characterized by
endothermic and exothermic peaks, differ across oils due to their unique fatty acid compositions
(Yanty et al., 2011), thus can be used as fingerprints of edible oils and fats. By analyzing the
melting and crystallization phase transitions using DSC, substantial progress has been made in

identifying adulterants in oils and determining their origins (Barba et al., 2013; Rajagukguk et al.,



2022). Consequently, ensuring the authenticity and quality of these oils throughout their shelf life
has become paramount, given their increasing popularity and economic significance.

Innovative study approaches were taken by supporting DSC analysis with chemometric
tools, where researchers have developed authentication models that amplify DSC's efficiency in oil
characterization (Maggio et al., 2012). This burgeoning demand for authenticity control has spurred
the adoption of DSC techniques alongside chemometric analysis, culminating in a dependable
methodology for profiling edible oils. Chemometric analysis encompasses the application of
mathematical and statistical methods to unearth pertinent information from extensive datasets,
thereby unveiling concealed patterns. Researchers have found success in combining analytical
techniques with both linear and non-linear chemometric tools (Rocha et al., 2020) to create
classification and regression models for analyzing oil samples. This highlights the significance of
employing chemometric techniques such as linear discriminant analysis (LDA) (Zhang et al.,
2019), multiple linear regression (MLR) (Sim et al., 2018), multivariate adaptive regression splines
(MARS) (Rocha et al., 2012), support vector machine (SVM) (Peng et al., 2023), artificial neural
networks (ANNSs) (Giese et al., 2019), principle component analysis (PCA) (Bao et al., 2023),
orthogonal partial least squares discriminant analysis (OPLS-DA) (Yuan et al., 2020), and partial
least squares regression (PLS) (Hao et al., 2019). For example, to detect adulteration in extra virgin
olive oils, researchers have used techniques like ultraviolet ion mobility spectrometry (UV-IMS)
in combination with chemometrics such as principal component analysis (PCA) and LDA (Garrido-
Delgado et al., 2018), as well as near-infrared spectroscopy with chemometric methods (Vanstone
et al., 2018). Similar efforts have been made in assessing the authenticity of flaxseed oil using
various analytical methods combined with statistical approaches, including mid-infrared
spectroscopy (MIR) with partial least squares (PLS) (De Souza et al., 2015), gas chromatography—
mass spectrometry (GC-MS) coupled with PCA and recursive support vector machine (R-SVM)
(Sun et al., 2015), and other techniques like dielectric spectroscopy and Fourier transform infrared
spectroscopy (FTIR) along with chemometrics (Elzey et al., 2016; Zhang et al., 2019).

The ascent in popularity of novel cold-pressed oils accentuates the need for standardized
methods to detect adulteration and rancidity in the market. The persistent problem of adulterating
expensive edible oils remains a significant concern for both the edible oil industry and consumer
health. This deceptive practice, which has been recognized by experts for centuries (Carter, 1885),

primarily stems from individuals seeking to increase their profits by diluting the product (FDA,



2009). This is facilitated by the lack of reliable tools for assessing the quality of food products, as
noted by the Food and Agricultural Organization (FAO) (FAO, 2021). Despite considerable
attention from researchers, food adulteration continues to occur frequently in affluent countries
worldwide (Gelpi et al., 2002). The effort to combat this fraudulent activity places a substantial
financial burden on the global food industry, with estimates suggesting an annual cost of around
EUR 30 billion (European Commission, 2018). This underscores the economic impact of tackling
fraudulent practices within the food sector. Researchers have explored the applicability of
Differential Scanning Calorimetry (DSC) in detecting adulteration in different fats and oils, such
as olive oils, vegetable oils, and animal fats (Islam et al., 2022). DSC, as an analytical method,
offers the advantage of detecting changes related to variations in the composition of
triacylglycerols, making it a valuable tool for oil authentication. DSC measures the thermodynamic
parameters of temperature and enthalpy of phase transition without the need for chemical reagents,
distinguishing it from liquid chromatography. This approach markedly enhances DSC's efficiency
in characterizing edible oils by furnishing an inclusive and comprehensive interpretation of data. It
facilitates concurrent assessment of multiple parameters and streamlines the classification of
diverse oil samples based on their resemblances and disparities. Moreover, chemometric models
can prognosticate the quality parameters e.g., during storage of oils (Cichocki et al., 2023).

In the light of this perspective, this study aims to exploit the potential of DSC in
characterizing of edible oils, supported by the chemometric analysis in order to assess their
authenticity as well as oxidative stability. The aim of this research was threefold, as presented in
Figure 1. The primary objective was to establish a reliable and efficient approach for the
comprehensive evaluation of oxidative stability for fresh and stored oils. Secondly, the research
aimed to develop and evaluate a novel discrimination method to verify the authenticity of selected
oils during shelf life by combining DSC profiling and advanced chemometric methods. Thirdly, a
significant aspect of the research goal was to identify and quantify the presence of adulterants,
particularly refined rapeseed oil in cold-pressed flaxseed oil. By combining DSC profiling with
advanced chemometric tools, such as artificial neural networks, the research sought to provide a
comprehensive application for the feasible detection of adulterants in cold-pressed oils. The
research hypotheses to be tested include the suitability of DSC for authenticity assessment of cold-
pressed oils and the quantitative detection of adulteration with refined oils, as well as the ability of

DSC to assess deterioration of oils during storage.
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Figure 1. Diagram of the research plan.

2. Materials and methods

2.1 Materials

Figure 2 shows the process of the procuring and storing of the oil samples. Initially, 15 kg

of seeds for each cultivar or batch of flax, camelina, and hemp were obtained from various sources

and cold-pressed to extract oils.
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Figure 2. Qils procured for the experiment: three types of cold-pressed oils of different cultivars and from
different sources (flaxseed, camelina and hempseed).



Specifically, for flax (Linum usitatissimum L.), seeds of the Bukoz cultivar from the Polish
Institute of Natural Fibers and Medicinal Plants (Poznan, Poland), the Dolguniec cultivar from
SEMCO manufactory (Smitowo, Poland), the Szafir cultivar from both SEMCO manufactory and
Hodowla Roslin Strzelce Sp. z o0.0. (Strzelce, Poland), and seeds of an unknown variety from
VitaCorn company (Poznan, Poland) were collected. All hemp (Cannabis sativa L.) seeds of the
Henola cultivar originated from five different suppliers and were collected from the Polish Institute
of Natural Fibers and Medicinal Plants. Additionally, three cultivars of camelina (Camelina sativa)
seeds were obtained from five suppliers. The spring Omega cultivar seeds were purchased from
the Poznan University of Life Sciences (Agriculture Research Station Dion, Miejska Gdrka), while
the Luna and Smifowska cultivar seeds were collected from SEMCO manufactory, which acquired
seeds from various suppliers. All seeds were cold-pressed at the SEMCO manufactory under
consistent conditions, ensuring the temperature remained below 50 °C. The pressed oils were left
for 24 hours for decantation and then stored in brown glass bottles. These bottles were chosen for
storage due to their excellent protection against light exposure, particularly harmful UV rays, and
to replicate conditions similar to those available in the market. Until the characterization of the
fresh oils, samples were kept in brown glass bottles at freezing temperature (-80 °C). Later, storage
analysis was performed from the fresh condition until the sixth month of shelf life (Figure 2). For
each storage period (0, 2nd, 4th, and 6th month), freshly opened bottles of each oil samples were
used for all analyses. Throughout the shelf life, the samples were kept air-tight at room temperature
(23-25 °C) near a window to expose them to ambient natural sunlight. This approach aimed to
simulate real-life conditions that the oils might encounter during transportation, distribution, or in
consumer households. On the other hand, nine refined oils (three for each type: rapeseed,

sunflower, and soybean) were acquired from local Polish markets.

2.2 Methods
2.2.1 Fatty acid composition

Fatty acid composition was determined using Gas Chromatography-Flame lonization
Detector (GC-FID). For analysis, 15 mg of oil was dissolved in 1 mL of hexane from HPLC, Sigma
Aldrich, St. Louis, MO, USA, followed by the addition of 1 mL of 0.4 N sodium methoxide. After
stirring and leaving the samples for 15 minutes, 5 mL of distilled water was added, and the top

layer was collected. The analysis of fatty acid methyl esters was carried out using a Trace 1300



chromatograph (Thermo Fisher Scientific, Waltham, MA, USA) following the AOCS official
method (AOCS, 1997). Separation was performed on a Supelcowax 10 capillary column (30 m x
0.2 mm x 0.2 um), with an injection in the splitless mode and a sample volume of 1 pL. Hydrogen
was used as the carrier gas. The initial oven temperature was set at 160 °C and then increased to
220 °C at a rate of 12 °C per minute. The temperature was maintained at 220 °C for 20 minutes.
Fatty acids were quantified using the percentage of the area method, where their retention times
were compared to the standard 37-Component FAME Mix (Supelco, Sigma Aldrich). The analysis

was performed on all samples in two replications.

2.2.2 Color measurement

The color measurements of oils were conducted following the steps from (Choo et al., 2007)
using the Konica Minolta CM-5 spectrophotometer (Konica Minolta, Inc., Tokyo, Japan) along
with SpectraMagicNx software (Konica Minolta, Inc., Tokyo, Japan). Before initiating the
analysis, the instrument was calibrated using a CM-A213 zero calibration plate (black calibration)
to accurately measure translucent and transparent liquid samples, followed by distilled water in a
10 mm CM-A98 glass cuvette (white calibration). The research utilized the Hunter Lab scale, and
reference standard L*, a*, b* values were predefined to measure the oil color within the specified
range. The L* parameter ranged from 0 to 100, indicating the brightness of the color from black to
white. Similarly, the a* parameter determined the green (below 0) or red (above 0) tinge, depending
on the range. Another parameter considered was the b* parameter, where negative values defined
the color blue and positive values represented yellow. All samples were analyzed three times for

accuracy and reliability.

2.2.3 Chemical determination of oxidative stability

The p-anisidine value (pAV) measurements for oil samples, used to assess the level of
secondary oxidative products, were conducted following the ISO standard (ISO 6885, 2016).
Spectrophotometric measurements were taken using a quartz cuvette with a 10 mm optical path
length. For each measurement, a sample weighing 3 = 0.001 grams was used. The obtained values
were then calculated using the following equation:

pAV = (25[1.2 (A1 — A2 — Ao)])/m (2)



where Ao is the absorbance of the non-reacting sample, Al is the absorbance of the reacting
sample, A2 is an absorbance of the blank sample and m is the mass of the sample (g).

Peroxide value was determined by following the I1SO standard (1SO 3960, 2010). A sample
of 5 £ 0.001 grams was weighed for measurement. Calculations were performed using the
following equation:

PV = ((V — Vo) x Cthio X F x 1000)/m (3)

where PV is peroxide value (meq O2/kg), V-volume of titrant in test portion (ml), Vo.-ml), Cthio-
molar concentration of the sodium thiosulfate solution in mol/l, F-exact concentration of the 0.01
N thiosulfate solution, m-weighed portion of test substance (g).

In accordance with the 1SO standard (1SO 3960, 2010), the total oxidation value (TOTOX)

parameter was calculated, based on the pAV and PV values, by means of the following formula:
TOTOX = pAV + 2PV
expressing the overall rate of oil oxidation.

The acid value (AV), which indicates the extent of hydrolytic changes, was determined for
five oils following the AOCS official method (AOCS, 2009). Each measurement involved
weighing a sample of 10 £ 0.001 grams for analysis. The resulting values were calculated using
the following equation:

AV = ((A — B) X M x 56.1)/W (4)
where: AV-acid value (mg KOH/g of test portion), A-volume of standard alkali used in the titration
(ml), B-volume of standard alkali used in titrating the blank (ml), M-molarity of standard alkali,

W-mass of test portion (g).

2.2.4 Radical scavenging activity by DPPH (RSA DPPH)

The antioxidant activity of the oils was evaluated using the DDPH (2,2-diphenyl-1-
pikrylhydrazyl) method (Larrauri et al., 1998). This method assesses the oil's ability to scavenge
DPPHe radicals (0.04 mM). To carry out the evaluation, 10 pL of the oil was mixed with 990 pL
of DPPH?- radical in ethyl acetate (0.04 mM). The mixture was then incubated for one hour in the
dark at room temperature. Spectrophotometric measurements at 517 nm were performed using a
Varian Cary 1E spectrophotometer (Berlose, Australia), with ethyl acetate serving as a blank. The

results were expressed as Trolox equivalents (TE) in mmol/L. A Trolox calibration curve, ranging
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from 0 to 15 uM with a slope of 5.3668, was prepared for reference. All oils were analyzed twice

to ensure accuracy and reliability of the antioxidant activity measurements.

2.2.5 Determination of oxidative stability by DSC

The oxidative stability of the oils was assessed using the 1ISO 11357-1 (1SO, 2013) and
ASTM D3895-14 (ASTM International, 2019) methods. The measurements were conducted using
a DSC 7 Perkin Elmer equipped with an Intracooler Il and operated with Pyris software. Both
isothermal and non-isothermal protocols were employed to determine the oxidative stability
characteristics of the oils. Prior to analysis, the instrument was calibrated using indium (melting
point 156.6 °C, AHf = 28.45 J/g) and n-dodecane (melting point -9.65 °C, AHf = 216.73 J/g). A
high-purity nitrogen gas (99.99%) was used as the purge gas. For each analysis, approximately 6-
7 mg of oil sample was weighed into open aluminum pans of 50 pL (Perkin Elmer, No. 02190041)
and placed in the sample chamber, with an empty aluminum pan serving as the reference. In the
isothermal program, the temperatures of 120, 140, and 160 °C were maintained, with a constant
oxygen flow of 20 mL/min (purity 99.995%). The obtained curves provided parameters such as
oxidation induction time (OIT), oxidation end time (OET), the length of oxidation (At = OET—
OIT), and the rate of oxidation. The determination of OIT involved normalizing the oxidation DSC
curve and finding the intersection of the extrapolated baseline and the tangent line to the descending
exotherm. On the other hand, the OET value was measured at the minimum heat flow of the
exotherm, indicating the end of the propagation and the beginning of the termination stage of
oxidation.
The oxidation rate was calculated according to the following equation:

Oxidationrate = (Y1 — Y2)/At (5

where Y1-heat flow at OIT point (W/g, Y2-heat flow at OET (W/qg), At-length of oxidation (min).
The non-isothermal analyses were conducted using different heating rates of 1, 2, 5, 10, and 15
°C/min, while maintaining a constant oxygen flow of 20 mL/min. The oxidation curves obtained
from these experiments allowed for the calculation of the onset temperature (Ton) and the end
temperature (Tend) of the oxidative process. The Ton value was determined as the onset
temperature, which was found at the intersection of the extrapolated baseline and the tangent line
to the descending curve of the recorded exotherm. On the other hand, Tend value was measured as

the temperature at which the heat flow reached its minimum value, indicating the end of the
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propagation stage and the beginning of the termination stage of oxidation. To ensure accuracy and
reliability, all DSC experiments were performed twice for the analysis of the oil samples.

2.2.6 DSC Melting and Crystallization Analysis

The melting and crystallization analysis of flaxseed oils was conducted with adaptations
based on the method used for butterfat (American Oil Chemists’ Society, 2000; Tomaszewska-
Gras, 2016). The examination of the melting and crystallization properties was carried out using a
Perkin Elmer differential scanning calorimeter DSC 8500 PerkinElmer (Waltham, Massachusetts,
USA) equipped with an Intracooler 11 and operated with Pyris software (Perkin Elmer, Waltham,
Massachusetts, USA). To examine the properties of the flaxseed oil, nitrogen gas of 99.999% purity
was used as the purge gas. To calibrate the DSC calorimeter, indium (melting point 156.6 °C, AHs¢
= 28.45 J/g) and n-dodecane (melting point -9.65 °C, AHf = 216.73 J/g) were used. For each
measurement, samples weighing approximately 6—7 mg were placed in aluminum pans of 20 pL
(Perkin Elmer, No. 0219-0062, Waltham, Massachusetts, USA) and hermetically sealed. An
empty, hermetically sealed aluminum pan served as the reference. Before analysis, the samples
were heated to 30 °C for 5 minutes to melt all crystals and nuclei. The samples were then cooled
at scanning rates of 1 and 2 °C/min and heated at scanning rates of 1, 2, and 5 °C/min. Each
measurement at a specific scanning rate was completed with the appropriate calibration procedure.
Crystallization curves were recorded from 30 to -65 °C. The melting analysis commenced by
cooling the oil sample at a scanning rate of 2 °C/min, starting from a temperature of 30 °C down
to -65 °C. Subsequently, it was heated at scanning rates of 5 °C/min, covering the range from -65
°C to 30 °C. Each measurement at a specific scanning rate involved completing the calibration
procedure with the appropriate scanning rate. After conducting the analysis, the DSC files were
converted to the ASCII format and further analyzed using Origin Pro software, version 2023
(OriginLab Corporation, Northampton, MA, USA). To ensure consistent comparison, all curves
were normalized, and the baseline was subtracted, allowing the projection of DSC curves for all
investigated samples on the same scale. Various parameters were measured from the melting
curves, including peak temperature (T, °C), peak heat flow or peak height (h, W/g), area of each
peak of the transition (A), and enthalpy (AH, J/g). The peak temperature was determined at the
maximum heat flow on the curve for the selected peak, while the peak heat flow was established

as the maximum value of heat flow for the normalized peaks. Enthalpy was determined by
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integrating the area under the curve of heat flow (J/s) versus temperature (°C). For each oil sample,
two analytical repetitions were performed. Consequently, five samples of each cold-pressed oils
were analyzed in duplicate, while three samples of each refined oils were analyzed in duplicate. In
specific cases, the multicomponent DSC curves were deconvoluted using PeakFit and the nonlinear
least squares fitting procedure included in the Origin Pro software.

2.2.7 Data analysis

Results were presented as mean and standard deviation. Statistical analysis of the obtained
results was performed using Statistica 13.3 software (TIBCO Software Inc., Palo Alto, CA, USA)
and SIMCA version 16.1 (Sartorius Stedim Data Analytics AB, Umea, Sweden). Verifications of
statistical hypotheses were performed at the significance level of a = 0.05. Analysis of variance
(ANOVA) and Tukey's multiple comparisons test were used to assess the significance of
differences between means. Linear regression analysis and Pearson's linear correlation coefficient
was used to assess the significance and direction of the relationship between the selected variables.
Multivariate data analysis methods were also used to verify the goals and hypotheses undertaken
in the study. Classification and regression approaches were used to build predictive models for oils
adulteration detection as it was proposed by authors for the food analysis purpose (Efenberger-
Szmechtyk et al., 2018; Rocha et al., 2020). Principal component analysis (PCA) was used as an
unsupervised method for pattern recognition and preliminary exploration of raw data. The
following chemometric methods were used to build classification and regression models:
Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA), Artificial Neural Networks
(ANN), Support Vector Machines (SVM), Multivariate Adaptive Regression Splines (MARS),
Linear Discriminant Analysis (LDA) and Multiple Linear Regression (MLR). Cross-validation was
applied to build the models. To assess the quality of the classification models (LDA, SVM, MARS
and ANN), a confusion matrix was used from which the performance parameters (accuracy,
misclassification rate, precision, sensitivity, specificity and F1 score) were calculated. For the
OPLS-DA model, the model's performance was evaluated based on the explained variability
R?(cum), representing the goodness of fit for the X and Y variables, and the predictive variability
Q?%(cum), reflecting the predictive goodness of fit for the predicted variables. Correlation
coefficient (r), coefficient of determination(R?), adjusted R? (a modified version of R? was adjusted

for the number of predictors in the model), Akaike information criterion (AIC), Bayesian
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information criterion (BIC) and Root Mean Square Error (RMSE) were used to assess the goodness
of fit of the regression models. In addition, such statistical process control (SPC) tools as X-bar
and R (arithmetic mean and range) control charts were used to test the stability of selected melting
profile parameters during oil storage. The X-bar chart calculated the average level of the monitored
parameter, while the R chart showed the range, indicating the variation inside each sample at each
storage time point. Control limits were set at the 3-sigma level, which represents the natural

variability of the parameters monitored during storage.

3. Research goals and hypotheses
3.1 Research goals

The aim of this study was to investigate the possibility of using the instrumental technique of
differential scanning calorimetry (DSC) in the comprehensive characterization of oils in terms of
oxidative stability and authenticity assessment of three cold-pressed oils flaxseed, camelina, and
hempseed oils of various cultivars.

The main goal was to be achieved by implementing specific goals:

e Comprehensive evaluation of the oxidative stability of cold-pressed oils by isothermal and
non-isothermal DSC methods in relation to the analysis of the composition and chemical
stability indicators of flaxseed oil (A1) and camelina oil (A2)

e Assessment by the DSC isothermal and non-isothermal tests changes of oxidative stability
of three cold-pressed oils during six-month storage (A6)

e Evaluation of changes in DSC melting profiles of flaxseed oils during six-month storage
using X bar and R control charts as statistical process control tools to identify markers of
oil authenticity and deterioration (A3)

e Using the entire DSC melting profiles of three cold-pressed oils (flaxseed, camelina,
hempseed) and three refined oils (rapeseed, soybean, sunflower) as unique fingerprints for
an untargeted approach to oil authentication (A4)

e Comparison of different chemometric approaches for detecting adulteration of flaxseed oil
with refined rapeseed oil added at various concentrations (5, 10, 20, 30 and 50% w/w) using
DSC melting profiles (A5)
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3.2 Research hypotheses

In this research the following hypotheses were verified:

e The DSC technique enables to assess the different oxidative stability of cold-pressed oils,
by comparing flaxseed oil (Al) and camelina oil (A2).

e Deterioration of oil quality during storage causes a lowering of resistance to thermal
oxidation measured by DSC parameters OIT and Ton (A6).

e The DSC phase transition profiles of melting and crystallization are affected by the factors
of scanning rate (Al) and storage of oils (A3).

e The combination of untargeted DSC profiling and chemometric methods can provide the
reliable tool for the discrimination and verification of the authenticity of selected oils (A4)

e Differential scanning calorimetry is suitable for adulteration detection of cold-pressed oil
(flaxseed oil) with refined rapeseed oil by coupling with multivariate data analysis methods
(A5)

4. Results
4.1 Determination of oxidative stability by DSC techniques

DSC offers versatile tools for assessing the oxidative stability of oils through both
isothermal and non-isothermal methods. Given that oxidative stability stands as a pivotal quality
determinant for edible fats and oils, influenced by temperature fluctuations, oxygen exposure, and
fatty acid compositions, the diversified temperature regimens allow for a robust evaluation of the
oils' performance. This study placed a primary focus on investigating the thermo-oxidative stability
of cold-pressed oils, specifically flaxseed and camelina oils, employing a diverse range of analysis
conditions. Utilizing DSC methods, the research aimed to comprehensively assess the oxidation
characteristics of these oils under varying conditions, particularly accelerated temperature
programs in relation to the time of exposure. By subjecting the oils to different temperature regimes
and scanning rates, this approach allowed for a detailed examination of how these oils respond to

oxidative processes.
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4.1.1 Application of isothermal measurements by DSC to assess oxidative stability of cold
pressed oils (A1, A2)

The selection of distinct temperature programs for measuring oxidative stability in flaxseed
and camelina oils arises from the necessity to comprehensively scrutinize their behavior across a
spectrum of conditions. In isothermal measurements, the oxidative stability of the oils is assessed
at a constant temperature and the time of oil resistance to oxidation is measured. The influence of
various temperatures (120, 140 and 160 °C) on the oxidation parameters measured isothermally
has been presented in the publication (Al) for flaxseed oils and in the article (A2) for camelina
oils. The parameters used for oxidative stability studies are fundamental markers of how oils
behave at different temperatures. The indicators in a simultaneous evaluation of flaxseed and
camelina oils include the oxidation induction time (OIT), oxidation end time (OET), length of
oxidation (At), and rate of oxidation. While OIT and OET parameters indicate the initiation and
end of the oxidation process, respectively, At indicates the length of oxidation. Meanwhile, the rate
of oxidation provides a quantitative measure of how quickly oxidation occurs. These parameters
work together to provide an accurate assessment and comparison of the oxidative stability of the

oils, allowing for more informed decisions concerning their application and storage conditions.
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Figure 3. DSC oxidation curves obtained at 140 °C cold-pressed (a) flaxseed oils, and (b) camelina oils.

In Figure 3, to exemplify the nature of the oxidation, curves obtained from isothermal
measurements of cold-pressed flaxseed and camelina oils have been presented, which were
published in article (Al) for flaxseed oil, while for camelina oils in (A2). Initially, isothermal
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experiments conducted at temperatures of 120 °C and 140 °C provided critical insights into the
oxidation induction time (OIT) for both flaxseed and camelina oils, while also examining
parameters such as OET values, At, and oxidation rates. Those results enabled to show the
differences between oxidation profiles of these oils. For instance, at temperatures of 120 °C, for
flaxseed oil, OIT values ranged from approx. 37.7 to 51.2 minutes, while camelina oil displayed a
notably higher range, with values spanning from 61.4 to 76.2 minutes. Furthermore, at 140 °C, the
OIT values for both flaxseed and camelina oils decreased significantly, for flaxseed oil, there was
a reduction of approximately 4-5 times compared to the values observed at 120 °C, where OIT
values ranging from 8.7 to 11.3 minutes. While for camelina oils values were reduced approx. 3.5
times, spanning from 17.0 to 20.7 minutes. Moreover, for camelina oils, the temperature program
at 160 °C was also tested for assessing resistance to oxidation under extreme conditions. This was
motivated by higher stability of this oil at 120 °C and 140 °C. In the case of camelina oils, OIT
values measured at 160 °C ranged from 4.5 to 6.0 minutes, while for flaxseed oil it was not possible
to measure OIT at this temperature due to the lower oxidative stability. Thus, the conditions for
analysis of OIT parameter should be optimized for each oil individually.

The next parameter, length of oxidation (At) was analyzed for both oils. For flaxseed oils,
at 120 °C, At ranged from 17.9 to 20.7 minutes, and when compared to the results obtained at 140
°C, it was evident that the oxidation rate tripled, ranging from 10.0 to 11.8 minutes. Similar trend
was observed for camelina oils, at 120 °C, At spanned from 22.4 to 27.6 minutes, at 140 °C it was
between 12.2 to 13.9 minutes, and at 160 °C, At ranged from 5.4 to 6.7 minutes. Additionally, the
rate of oxidation, reflecting the speed of the oxidation process, was calculated from the DSC
oxidation curve, at 120 °C, this rate ranged from 0.02 to 0.03 W/g-min, while at 140 °C it was in
the range from 0.08 to 0.09 W/g-min. For camelina oils, it was noted that at 140 °C, the rate of
oxidation (from 0.05 to 0.06 W/g-min) was four times higher than that observed at 120 °C (from
0.01 to 0.02 W/g-min). Furthermore, in the 160 °C program, the rate of oxidation was also three to
four times higher, ranging from 0.11 to 0.21 W/g-min, compared to the 140 °C program. From the
above results, it was observed that isothermal measurement mode by DSC technique can be
efficiently employed to assess the OIT with good repeatability for both oils. Experimental trials
encompassed various cultivars of both oils, serving to validate the unique traits associated with the

oxidative stability profiles of flaxseed and camelina oils, distinguishing them from other types of
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oil. The results obtained prove the notably higher oxidative stability traits exhibited by camelina
oil when compared to flaxseed oil across various temperature programs.

Furthermore, in the article (A2), the relation between temperature of OIT analysis and the
parameters gleaned from the isothermal DSC measurements for camelina oils, encompassing OIT,
OET, At, and oxidation rate, was described by exponential functions (Figure 4). These intricate
relationships furnish a prognostic framework that elucidates how these parameters change with
temperature increase (120, 140 and 160 °C). High coefficients of determination (R%= 0.99 for OIT,
OET and At; R?= 0.96 for oxidation rate) were obtained, that underscores the statistical goodness
of fit (A2).
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Figure 4. Relationship between temperature and parameters of isothermal DSC measurements: OIT, OET,
oxidation duration (At) and rate of oxidation.

4.1.2 Application of non-isothermal measurements by DSC to assess oxidative stability of
cold pressed oils (Al, A2)

The non-isothermal measurement by DSC technique was carried out to uncover distinctive
resistance of oils to oxidation measured at dynamic conditions. The investigation was done based
on flaxseed oil (Al) and camelina oils (A2) using various heating rates of 1, 2, 5, 10 and 15 °C/min.
Two parameters were determined from the oxidation curves: the onset temperature (Ton),
corresponding to the initiation of oxidation and the end temperature (Tend), which represents the
end of the propagation stage and beginning of the termination stage, at which stable products are

formed.
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Figure 5. DSC non-isothermal oxidation curves obtained at scanning rate 5 °C/min for cold-pressed (a)
flaxseed oils, and (b) camelina oils.

In Figure 5, examples of oxidation curves for flaxseed and camelina oils obtained at
scanning rate 5 °C/min have been illustrated. It was observed for all oils higher Ton values were
obtained when using a higher heating rate, for instance of 5 °C/min compared to 2 °C/min (A1,
A2). This difference is likely due to the prolonged exposure of the oils to oxygen at the lower
heating rate. Comparing parameters of Ton for flaxseed and camelina oil samples at different
scanning rates it was shown that the differences in oxidative stability between two oils were not as
distinct as in the measurement of oxidation induction time (OIT). For instance, for flaxseed oil, at
a scanning rate of 2 °C/min, Ton values ranged from 144.0 to 146.6 °C among different cultivars,
while for camelina oil from 152.14 to 155.9 °C. For parameter of Tend for both oils, the differences
for both oils were similar, since values ranged between 157.3 to 160.8 °C for flaxseed oil and from
165.0 to 170.5 °C for camelina oil. In order to investigate the dependence of the Ton and Tend
parameters on the applied heating rate, different conditions were tested (1, 2, 5, 10 and 15 °C/min)
based on camelina oil (A2). Based on the abovementioned results for camelina oils, logarithmic
relationship was possible to evaluate between the scanning rate and the parameters of Ton and
Tend (Figure 7, A2). The data illustrates that as the scanning rate increases, the oils' onset
temperature also rises. This relationship was expressed by logarithmic functions, with high
coefficients of determination (R?=0.99 for Ton, and R?=0.90 for Tend). It was stated that these
equations can serve as predictive tools to estimate oxidation temperatures at various scanning rates.

Additionally, in studies of oils oxidation, the kinetics of oxidation were examined, as shown

in publication (A2), based on different cultivars of camelina oil and using all results obtained from

non-isothermal measurements. The Ozawa-Flynn-Wall method (Flynn & Wall, 1966), adapted by
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previous researchers (Adhvaryu et al., 2000; Qi et al., 2016; Ratusz et al., 2016), was applied to
compare the kinetic parameters of oxidation for various cultivars of camelina oil. Different values
were obtained for various cultivars of camelina oil for activation energy (Ea), which ranged from
96.49 kJ/mol to 92.17 kJ/mol, as well as for oxidation rate constants (k), which ranged from 0.25
1/min to 0.35 1/min and half-life times (t12), from 2.0 1/min to 2.7 1/min. The most stable cultivars
were characterized by the highest activation energy (Ea) and half-life times (ti2) and the lowest
oxidation rate constants (k). Other researchers have reported comparable activation energy (Ea)
values for camelina oil, falling within the range of 91.9 to 122 kJ/mol for camelina oil extracted
using different methods (Belayneh et al., 2015). The successful application of DSC for camelina
oil oxidation kinetics showed the possibility to predict by these kinetic parameters the behavior of
oil during oxidation process. By tailoring the experimental conditions and analysis procedures to
the specific characteristics of oil samples, a parallel investigation can be conducted, yielding
valuable insights into the oxidation Kinetics of this oil, and potentially contributing to a broader
understanding of the thermal behavior and stability of edible oils.

4.1.3 Relationship between DSC oxidation stability parameters and chemical indicators of

oxidative stability and fatty acid composition of cold-pressed oils

In parallel with DSC experiments on isothermal and non-isothermal oxidation,
conventional chemical characterization of oils was also performed to understand the compositional
characteristics of oils and the relationship between the two types of instrumental and traditional
measurements. Traditional chemical oxidation measurements i.e., peroxide value (PV), p-anisidine
value (pAV), TOTOX and acid value (AV) showed that both oils demonstrated good oxidative
stability parameters as freshly pressed oils and fall within acceptable limits according to the Codex
Alimentarius standards (Codex Alimentarius, 1999). Since all the peroxide values obtained were
below 7 meqO2/kg, p-anisidine values were lower than 1.0 and TOTOX below 15, it was assumed
that all the oils studied were of good quality. However, differences in oxidative stability indicators
between various cultivars of flaxseed and camelina oil were observed, for instance TOTOX values
were in the range from 3.2 to 14.8 for flaxseed (Al) and from 5.43 to 8.89 for camelina oil (A2).
Considering those differences found between cultivars of fresh cold-pressed flaxseed oils, the
analysis of the correlations between chemical indices and DSC parameters, was performed to

provide insights into the factors influencing the oxidative stability. It was established that thermo-
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oxidative stability DSC parameters (OIT, Ton) were negatively correlated with chemical indicators
like PV and TOTOX, while no correlation with pAV was found (Figure 6a). The strongest negative
correlations were observed for OIT (120 °C) and Ton (5 °C/min). It was demonstrated that higher
peroxide values were associated with lower DSC parameters, indicating various thermo-oxidative
stability in flaxseed oils depending on various cultivars (Figure 6a). The explanation for the
different oxidative stability for different varieties was sought in the different composition of fatty
acids, therefore the relationship between DSC parameters and the share of fatty acids was also
examined. Understanding the fatty acid composition is crucial as it directly impacts the oxidative
stability of the oils. In this study, both oils (flaxseed and camelina) are valued for their unsaturated
fatty acids, such as a-linolenic acid (ALA) and linoleic acid. Flaxseed oil, as it was shown in article
(Al) was characterized by its rich composition of polyunsaturated fatty acids, with a-linolenic fatty
acid (ALA, C18:3, n-3) being the dominant and unique feature. Variations in ALA content existed
among different flaxseed cultivars, ranging from 56% to 63%, which is similar to other studies
findings (Choo et al., 2007; Daun et al., 2003; Lukaszewicz et al., 2004). The remaining unsaturated
fatty acids i.e., linoleic acid (C18:2) made up the total amount of polyunsaturated fatty acid (PUFA)
between 71 and 77%. Composition of camelina oils, presented in the article (A2), was characterized
by its high content of PUFA, between 54 and 57%, among which the highest percentage was found
for a-linolenic acid (ALA, C18:3, n-3), which made up from 30 to 37% of the total fatty acids.
These results are consistent with other studies (Kurasiak-Popowska et al., 2019; Rézanska et al.,
2019; Zubr & Matthaus, 2002). Strong negative correlations were established between the
percentage of a-linolenic acid and DSC parameters (OIT, Ton). For flaxseed oil Pearson’s
correlation coefficients were between -0.57 and -0.82 (Table 7, A1) and between -0.75 and -0.91
for camelina oil (Table 3, A2). This indicates that a-linolenic acid predominantly influences the
thermo-oxidative stability of flaxseed and camelina oil, aligning with prior research findings (Mao
et al., 2020). Additionally, strong positive correlations were noted between these unsaturated fatty
acids and the oxidation rate constant (k), suggesting that higher levels of unsaturated fatty acids
led to faster oxidation reactions (A2, Table 3). In addition, also the correlation analysis between
antioxidant activity (RSA DPPH) and DSC oxidation parameters revealed strong positive
correlations (r between 0.767 and 0.973), implying that greater antioxidant activity corresponded
to higher DSC parameters (OIT, Ton), indicating enhanced thermo-oxidative stability (Table 5,
A2).
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Figure 6. PCA analysis, the loading plots for PC1 and PC2 with projection of the variables: (a) DSC
parameters, chemical indices for flaxseed oils, (b) DSC parameters, fatty acids content, RSA DPPH and b*
for camelina oils.

The analysis of relationships between different parameters based on different cultivars of
both flaxseed and camelina oils offers a comprehensive understanding of factors influencing their
oxidative stability. The isothermal approach provides insights into oxidation initiation at specific
temperatures, while the non-isothermal technique captures the oils' behavior under dynamic
temperature conditions. These methodologies collectively provide valuable insights into the oils'
performance at different temperatures and dynamic conditions, enabling informed choices for their

applications and storage.

4.1.4 Influence of storage on DSC oxidative stability parameters of cold-pressed oils (A6)

Differential scanning calorimetry is a technique that enables resistance of oils to thermal
oxidation to be measured by determining isothermally the oxidation induction time (OIT) or non-
isothermally onset temperature (Ton). Deterioration in oil quality during storage can cause a
lowering of resistance to thermal oxidation. However, there are no studies showing whether these
parameters change during shelf life. Therefore, analysis of the oxidative stability of cold-pressed
oils (flaxseed, camelina, hempseed) was conducted by considering storage time using isothermal
and non-isothermal DSC methods. A study published in the article (A6) presented DSC as a
promising alternative for assessing oxidative stability compared to conventional chemical analysis,
which precision depends strongly on the technicians. DSC offers a non-toxic, cost-effective and
environmentally friendly approach to monitor quality changes during storage. Traditionally,

chemical methods such as peroxide value determination and TOTOX value were also used as
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reference methods to monitor the deterioration in quality of oils. The study investigated the
potential of isothermal and non-isothermal DSC tests to measure parameters such as OIT and Ton,
respectively, as indicators of oxidative changes in oils. Another important aspect of this study was
that the experiments were performed on stored samples that mimic conditions similar to those
found on supermarket shelves. In Figure 7, the examples of DSC curves for a cold-pressed flaxseed
oil (Szafir variety) are shown i.e., isothermal (120 °C) and non-isothermal (5 °C/min). These curves
were analyzed to measure oxidative stability isothermally by oxidation induction time (OIT) and
non-isothermally by onset temperature (Ton) during heating in the presence of oxygen. The results
obtained throughout the experimental scheme revealed significant changes in these parameters

during the six-month storage period for the three types of oils: flaxseed, camelina and hemp seed.
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Figure 7. DSC oxidation curves for flaxseed oil (Szafir cultivar) during storage, determined (a) isothermally
(OIT at 120 °C) and (b) non-isothermally (Ton 5 °C/min).

The oxidation profiles of all oils showed, a clear trend of shifting the oxidation induction
time, (OIT) to lower values for every storage period. This shift indicates that storing oil samples
for six months leads to a reduction in OIT, implying a decrease in resistance to thermal oxidation.
Similarly, an alternative method for assessing thermal oxidation stability, namely non-isothermal,
showed decreasing trend of Ton changes within storage was observed. In this approach, oil samples
were subjected to increasing temperature at a constant heating rate (2 and 5 °C/min) (A6). The
consistent trend of decreasing oxidative stability during storage, measured as oxidation induction
time (OIT) values was confirmed for both temperatures 120 and 140 °C. Specifically, at 120 °C
changes were most noticeable, the OIT level decreased for flaxseed oil, camelina oil and hempseed
oil from 43, 72 and 51 minutes to 33, 65 and 41 minutes, respectively (Figure 3, A6). A similar

trend was observed at 140 °C, although hempseed oil was an exception at this temperature. Non-

23



isothermal measurement (Ton) confirmed changes in oils stability observed by isothermal test. Ton
values also indicated a trend of decreased oxidative stability during storage for all three oils. For
example, average Ton values at 2 °C/min decreased from 147, 154 and 147 °C to 142, 152 and 144
°C for flaxseed, camelina and hempseed oil, respectively. Similar trends were observed when the
heating rate was increased to 5 °C/min.

From the findings in Article A6, it's evident that the DSC parameters for measuring the
oxidative stability of cold-pressed oils are highly repeatable, demonstrating their consistency across
different cultivars of the same type of oil. The information regarding the coefficient of variation
(CV) for OIT and Ton measurements, as provided in the supplementary material (Table S1, A6),
further enhances the evaluation of the reliability of these measurements. Specifically, for the
measurement of OIT at 120 °C, the CV values ranged from 0.68 to 2.56%, indicating relatively
low variability among different cultivars. However, when the temperature was increased to 140 °C
for OIT measurements, the CV values showed a higher range, from 1.17 to 5.85%, suggesting a
slightly greater variability at this elevated temperature. Contrarily, for the non-isothermal
determination of Ton, there were no significant differences in the CV between the two heating
rates, 2 °C/min and 5 °C/min. The CV values were relatively consistent, ranging from 0.20 to
0.38% for the 2 °C/min rate and from 0.14 to 0.42% for the 5 °C/min rate. This consistency in the
CV values for Ton, combined with the low CV values for OIT at 120 °C, suggests that the stability
trends observed in these studies are reliable and can provide a solid basis for further statistical
analysis. Overall, these results highlight the effectiveness of DSC parameters such as OIT and Ton
as reliable indicators for monitoring the oxidative stability of cold-pressed oils over time.

For achieving the comprehensive understanding of the oils oxidation proneness, in parallel
with the DSC measurements, the oxidative stability of cold-pressed oils during storage was also
assessed using conventional chemical methods, including peroxide value (PV), acid value (AV),
p-anisidine value (pAV), and TOTOX value. All chemical indicators of oxidative stability (PV,
pAV, TOTOX, AV) for all three oils (flaxseed, camelina and hempseed oils) significantly increased
(p < 0.05) during six months of storage (Figure 1, A6). The results obtained for the chemical
indicators of deterioration in three types of oils are consistent with previous research in this field.
The elevated values of PV and p-AV during storage were also documented for camelina seed oils
in a separate study, even though the storage conditions (darkness at 8 °C for 3 weeks) differed from

those for this investigation (Abramovic et al., 2007). Moreover, there were studies indicating a
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significant increase in chemical indices (such as AV, PV, pAV) for stored flaxseed oil, which are
comparable to the findings in our study (Hasiewicz-Derkacz et al., 2015; Tanska et al., 2016). In
this part of the study the objective was to compare changes of DSC parameters (OIT and Ton)
during storage of three oils with traditional chemical indicators (PV, pAV, AV, TOTOX). Results
of Pearson’s correlation coefficients (Table 1, A6) showed strong negative correlations between
DSC parameters and chemical indices, especially for flaxseed and hemp seed oils. Furthermore, to
assess the possibility of using DSC parameters to distinguish fresh from the deteriorated oils, a
classification model was built using linear discriminant analysis (LDA). The LDA analysis (Figure
8) showed that for flaxseed and hempseed oils, the discrimination between fresh and stored oils
was very distinct, and the classification was highly accurate, while for camelina oil, the distinction
was less evident, as camelina oils proved to be more resistant to the oxidation process. The ability
to accurately discriminate between fresh and stored oils, even when considering DSC data alone,
highlights the potential of DSC analysis as a valuable tool for assessing oil stability and quality

over time.
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Figure 8. Linear discriminant analysis (LDA) performed using DSC parameters (OIT, OET, At, oxidation
rate at 120 °C and 140 °C; Ton and Tend at 2 °C/min and 5 °C/min) for cold-pressed (a) flaxseed, (b)
camelina and (c) hempseed oils during 0, 4- and 6- month storage time.

In this part of the study, it was proved that DSC parameters can effectively detect oxidative changes
in oils caused by the storage, as can traditional chemical indicators such as PV, pAV and TOTOX
value. Based on studies, significant correlations have been shown between DSC parameters and
these chemical indicators, especially for flaxseed and hemp oils. This established DSC as a reliable
tool for monitoring the oxidative degradation of oils. In regard to benefits, the use of DSC is an
environmentally friendly alternative, as it does not require the use of harmful chemicals. It is also

a time-efficient method that can measure multiple parameters, providing a comprehensive
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overview of oil quality and stability. Furthermore, the study showed that DSC parameters are
consistent across different varieties of the same oil type, increasing their reliability for further

statistical analysis.

4.2 Determination of oils authenticity and stability using DSC phase transition
4.2.1 Factors influencing DSC phase transition profile
4.2.1.1 Influence of scanning rates on DSC phase transition curves (Al)

The goal of using the DSC technique to assess the authenticity of oils required first
examining the factors influencing the change of the profile of the same oil sample. Specifically, it
emphasizes the critical importance of selecting an appropriate scanning rate in DSC experiments
when assessing the thermal properties of cold-pressed oils. The scanning rate represents the rate at
which the sample is either heated or cooled. How the scanning rate can influence the obtained DSC
curves was analyzed and presented in article (Al) based on cold-pressed flaxseed oil. Both
crystallization and melting experiments were carried out, which paved the understanding for the
phase transition phenomena occurred at different scanning rates. In this study, different parameters
of phase transition i.e., peak temperature (T), the enthalpy of melting or crystallization AH (J/g)
were calculated. The crystallization profiles are assessed to understand flaxseed oils phase
transition froma liquid to a solid-state during cooling. In the provided study, two different scanning
rates (1 °C/min and 2 °C/min) were employed to assess crystallization profiles of flaxseed oil
(showed in Figure 1, Al). It was observed that the crystallization peak temperatures for various
flaxseed oil cultivars were found to be in the range from -54.6 to -55.4 °C (1 °C/min) and from -
59.1t0 -60.2 °C (2 °C/min). The enthalpy was also measured, as the area under the peak provided
information about the heat released during the phase transition. The mean enthalpy values ranged
from -32.1 to -34.8 J/g for 1 °C/min and from -27.3 to -29.0 J/g for 2 °C/min. The mean enthalpy
values ranged from -32.1 to -34.8 J/g for 1 °C/min and from -27.3 to -29.0 J/g for 2 °C/min. The
results obtained for scanning rate 1 °C/min correlate well with the study presented by other authors
for flaxseed oils (Teh & Birch, 2013).
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Figure 9. DSC melting curves obtained with a various heating rates (1, 2, and 5 °C/min) for cold-pressed
flaxseed oils from different cultivars (a) Bukoz, (b) Dolguniec, and (c) Szafir B.

Example of phase transition melting profiles for various flaxseed cultivars, obtained at
different heating rate (1, 2, 5 °C/min) is shown in Figure 9. Compared to the crystallization profiles,
where one peak was detected, the melting profiles turned out to be more complex and therefore
more informative. These multiple peaks indicate the presence of different triacylglycerols fractions
as well as polymorphic forms. The variation in the melting profiles between flaxseed cultivars was
most visible for the heating rate of 1 °C/min., for which some melting curves exhibited two
pronounced peaks (Tm1 and Tm2), while others showed a reduction in the second peak (Tm2).
This variation in the shape of melting profile was confirmed by the enthalpy values ranging from
34.3 to 127.9 J/g. The scanning rate of 2 °C/min led to alterations in peak shape compared to 1
°C/min. Moreover, compared to the heating rate of 1 °C/min, for which the second peak (Tm2) was
detected in the range from -10.3 to -13.8 °C, for the scanning rate of 2 °C/min, higher similarity of
melting curves between cultivars was observed, suggesting that higher heating rate reduces
polymorphic transitions. While peak temperatures did not vary significantly among cultivars, the
area of peaks differed, with a range of enthalpy values from 43.1 to 50.8 J/g. Similar observation
for 1 and 2 °C/min melting profiles were found by other authors (Teh & Birch, 2013; Zhang et al.,
2014). At the heating rate of 5 °C/min, all curves exhibited a high degree of similarity, meaning
that polymorphic transitions for this scanning rate were more limited than for lower heating rates
(1 and 2 °C/min). The main peak was detected for all cultivars, along with two pronounced
shoulders peak on either side of the main peak. The temperature of the main peak (from -29.4 to -
31.9 °C) and total enthalpy of melting phase transition (from 60.4 to 63.4 J/g) did not differ

significantly among cultivars, which is in agreement with other findings (Zhang et al., 2011), where
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peak temperatures were detected between -32.5 °C and -30.7 °C, and enthalpy between 62.2 J/g
and 57.9 J/g.

The study has shown that the choice of scanning rate is crucial for each type of oil, thus
preliminary study is necessary to establish how the heating rate affects the shape of curve, the
number and position of peaks as well as the enthalpy of melting phase transition. The results
obtained at different scanning rates suggested that the repeatability of the melting profiles was the
highest at 5 °C/min, which can create a reliable fingerprint for authenticity assessment. Therefore,
this heating rate was chosen for further study in the area of oils authentication.

4.2.1.2 Influence of storage time on DSC melting curves (A3)

The effect of storage time on the DSC melting curves of different flaxseed oil varieties was
investigated to assess the stability of thermodynamic parameters and understand how storage time
affects the melting behavior of cold-pressed flaxseed oil samples. VValuable insights into the melting
profiles of phase transitions of flaxseed oils after 0, 2, 4 and 6 months of storage were obtained
(article A3). Due to the complex, overlapping nature of the melting curves, a deconvolution
analysis was performed to identify and calculate various parameters. Applying the deconvolution
algorithm, it was possible to isolate and identify four distinct peaks in the melting curve of flaxseed
oil, each corresponding to a specific phase transition or component (Figure 2, A3). This allowed
for a more detailed and accurate characterization of the thermal behavior of flaxseed oil samples,
including the identification of key parameters such as peak temperature (T), peak height (h), peak
area (A) and percentage area (P A). In this study, published in article (A3), X-bar and R control
charts tool was used to monitor changes of all those thermodynamic parameters of the melting
curve during storage of oils, in order to select stable parameter for fingerprinting as well as to
identify unstable parameters as indicators of oil deterioration. Figures 10 (a—b) demonstrates
control charts for main peak height and area parameters (h2, A2, and PA2), which exhibited
decreasing trend throughout the oil's shelf life. This trend was corroborated by the data presented
in the article (A3) (Tables 3 and 4), showing significantly lower h2, A2, and PA2 values after six
months of storage. Among four endothermic peaks, the main peak (T2) and the fourth peak (T4)
exhibited a gradual shift to higher temperatures during storage. Comparing all peak height
parameters, expressing the intensity of the phase transition phenomena, it was observed that the

intensity of the main peak (h2) and the last peak (h4) decreased significantly after six months of
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storage, while the other two smaller peaks (h1 and h3) remained relatively stable. In addition,
changes in peak area and percentage of peak area over time were monitored. The area of the
calculated for the second peak (A2) and the percentage of peak area (P A2), decreased significantly
during storage, while the area of the first and third peak (Al, A3) remained relatively unchanged,
contrasting with the increased percentages of the areas of the first and third peaks (P A1, P A3).
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Figure 10. X-bar R control charts of unstable parameters calculated from DSC melting curves for the second
peak: (a) h2, and (b) A2.

Moreover, the ratios calculated from the DSC parameters were also analyzed using control
charts, for which decreasing or increasing trends were observed as it was shown in the Figures 5
and 6 of the article (A3). All the DSC parameters (in total 16), which were identified by control
charts as unstable during storage with a decreasing or increasing trend, were considered as markers
of oils deterioration .

Parameters that remained stable throughout the storage period were selected as potential
markers of authenticity for fingerprinting purposes. A total of twelve parameters and their ratios
were derived from these peaks, serving as indicators for authentication purposes. The utilization of
X-bar and R control charts revealed that the first and third peak parameters, such as T1, hl, Al,
T3, h3, and A3, remained stable and did not cross the upper and lower control limit lines, and as
T1, h3, and A3 with minor variations (Figure 3, A3). Additionally, the ratios of those parameters
were also calculated, such as h1/h3, A1/A3, P A1/P A3, for the first and the third peak as well as
for the second and fourth peaks (h2/h4, A2/A4, and P A2/P A4) and were found to be stable (Figure
4, A3). Notably, this approach illustrates that, parameters responsible for the percentage of peak
area (P A) did not exhibit coherent properties when examined individually, as they depend on the
other peaks within the melting curve. However, when considered as ratios (P A2/P A4), these

parameters proved to be a more reliable for assessing oil quality. The importance of the percentage
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of area parameters lies in their ability to capture the overall shape and composition of the melting
curve, offering a holistic perspective on the oil's characteristics. Achievement from the study
underscored the critical importance of monitoring the melting profiles of oils, as changes in these
parameters, especially in the second peak and specific parameter ratios, were indicative of oils
authentication.

The importance of these findings lies in the potential to serve as effective indicators to
characterize oil stability and quality, providing a valuable tool to monitor and assess oil
deterioration over time, which can have significant implications for various industries dependent
on oil quality control and product shelf life. The use of control charts therefore allowed both the
selection of DCS parameters that are characteristic of flaxseed oil and do not change significantly
during storage and the identification of parameters whose changes indicate a deterioration of oil
quality during storage. These results highlight the effectiveness of DSC analysis in monitoring the
stability of oils based on their thermal properties during storage.

4.2.2 Differentiation between cold-pressed and refined oils using DSC melting profile (A4)

This part of the experiment, published in the article (A4) will shade light on the innovative
approach of using untargeted DSC analysis of the complete thermal spectrum for oil authentication
as a novel and valuable tool for quality assessment and fraud detection in the edible oil industry.
Analyzing both cold-pressed (flaxseed, camelina and hempseed) and refined (rapeseed, soybean
and sunflower) oils for authenticity purposes was considered, assuming that each oil has a unique

melting phase transition profile.
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Figure 11. DSC melting curves of cold-pressed oils at scanning rate 5 °C/min; (a) flaxseed oils; (b) camelina
oils; (c) hempseed oils.
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As presented in Figure 11, the melting profiles of flaxseed, camelina, and hempseed oils
are characterized by the appearance of multiple endothermic and exothermic (for camelina) peaks.
The peaks appeared for flaxseed and hempseed oils are endothermic in nature, indicating heat
absorption during the process, for instance, flaxseed oil exhibits four peaks at temperatures ranging
from -36.4 to -12.8 °C, while hempseed oil shows peaks at temperatures ranging from -41.0 to -
17.1 °C. Camelina oil, on the other hand, displays a unique profile with one exothermic peak at -
33.6 °C and two endothermic peaks (at -38.1 °C and -12.0 °C). The presence of an exothermic peak
during the melting phase transition of camelina seed oil was also reported at similar temperature
of -34.6 °C by other authors (Rudakov et al., 2021). Moreover the results of determination of peak
temperatures of the melting profiles of flaxseed were consistent with the results of the same authors
(Rudakov et al., 2021).

Next step of this part of the study was to analyze the melting profile of refined oils
(rapeseed, soybean and sunflower), as they are commonly used as adulterants due to their
affordable price and widespread availability, but also because they are colorless and odorless. The
melting profiles of the refined oils were characterized by the appearance of only endothermic peaks
during the melting phase transition. The differences in peak profiles of these refined oils were
illustrated in Figure 2 of the article (A4), where also parameters calculated from the DSC curves
were presented (Table 2, A4). For rapeseed oil, two endothermic peaks were observed, with the
second peak being the major one at -13.5 °C. In contrast, both soybean and sunflower oils display
more complex melting profiles, however quite similar with four (-32.2, -24.1, -18.1, -5.2 °C) and
three endothermic peaks (-32.2, -24.8, -8.6 °C) respectively. Comparable results obtained for the
melting profiles for sunflower oils with three peaks (-36.4, -27.4, -10.7 °C) and rapeseed oil with
two peaks (-23.0 °C and -15.4 °C) at a heating rate of 5 °C/min were reported (Rudakov et al.,
2021).

Considering the above results for cold-pressed and refined oils, a chemometric analysis i.e.,
principal component analysis (PCA) and orthogonal partial least squares-discriminant analysis
(OPLS-DA) were performed to differentiate and classify various oils based on their DSC melting
profiles. The chemometric analysis focused on distinguishing between three cold-pressed from
three refined oils (Figure 12a). PCA method effectively captured the underlying patterns of

variation within the dataset. The first two principal components, t[1] and t[2], collectively
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accounting for 80.8% of the total variation condensed the essential information required for
distinguishing the oils, and their high cumulative contribution underscores their significance.
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Figure 12. Distinguishing oils based on their DSC melting profiles; (a) PCA score plot; (b) OPLS-DA
score plot; CA; camelina oil; FL, flaxseed oil; HP, hempseed oil; R, rapeseed oil; SB, Soybean oil; SF,
sunflower seed oil.

OPLS-DA method (Figure 12b), on the other hand, successfully classified the oils into six distinct
classes, representing each specific oil type. The model fit was assessed through coefficients such
as R?X(cum)=0.971, R?(cum)= 0.916, and Q*X(cum)= 0.887, which collectively demonstrated the
robustness and predictive accuracy of the model. The ultimate achievement of this study is the
development of a novel approach for authenticating edible oils using their entire DSC melting
profiles, effectively treating these profiles as unique fingerprints for each oil type. These
distinctions were based on variations in the number and positions of peaks in the melting profiles,
as well as differences in thermodynamic parameters like peak temperature, peak heat flow, and
enthalpy for each oil type. The pragmatic significance of the findings lies in its potential for

detecting fraudulent practices in the oil industry.

4.3 Detection of adulteration of cold-pressed flaxseed oil with refined rapeseed oil using
DSC melting profiles (A5)

4.3.1 Changes of DSC melting profiles of flaxseed oil adulterated with rapeseed oil

DSC melting curves were analyzed to study the thermal properties of various flaxseed oil
cultivars, both pure and adulterated with refined rapeseed oil at different concentrations: 0, 5, 10,
20, 30 and 50% w/w (Figure 13). The thermal profile of flaxseed oils was examined using DSC

melting curves, which were first crystallized to the temperature -65 °C at a 2° C/min cooling rate
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prior to the heating program. A shift to higher temperatures in all three endothermic peaks was

observed as the concentration of rapeseed oil increased.
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Figure 13. DSC melting curves obtained at a 5 °C/min heating rate for Bukoz cultivar of cold-pressed
flaxseed oils adulterated with refined rapeseed oils in different concentrations (0, 5, 10, 20, 30, and 50%
w/w).

In the article (A5), Table 1 quantified these changes, revealing varying behaviors in peak
temperatures, peak heights and areas with increasing adulterant concentration. Regression analysis
demonstrated a statistically significant (p < 0.05) correlation between DSC parameters and
adulterant concentration (Figure 2, A5). Specifically, peak temperatures and the height of the third

peak increased significantly, while the height of the second peak decreased.

4.3.2 Multivariate data analysis for adulteration study

The main idea of the research described in paper (A5) was to use differential scanning
calorimetry (DSC) as an effective analytical technique for the detection of adulteration in edible
oils, specifically focusing on cold-pressed flaxseed oil adulterated with refined rapeseed oil. The
innovative aspect of this study lies in its integrative methodology, combining DSC-derived
parameters with a range of chemometric techniques, including linear discriminant analysis (LDA),
multiple linear regression (MLR), support vector machine (SVM), artificial neural networks
(ANN), principal component analysis (PCA), orthogonal least squares discriminant analysis
(OPLS-DA) and partial least squares (PLS). These techniques were used to construct both

classification and regression models. The first is used to categorize the level of oil adulteration,
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while the second quantifies the concentration of the adulterant. This approach allowed the

effectiveness of different chemometric models to be assessed and compared.

4.3.2.1 Classification models for predicting oil adulteration levels

Four classification models (LDA, MARS, SVM, and ANNSs) were evaluated for their ability
to classify adulterated oil samples using DSC parameters. Among them LDA was identified as the
most effective model, achieving a high accuracy of 99.46% and exceptional results in terms of
precision, sensitivity, and specificity. A Wilks lambda of 0.00119 and a p-value of < 0.05
confirmed the model's significance. Only one misclassification was observed in samples with 5%
adulteration, as shown in Table 2 (A5).
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Figure 14. Linear discrimination analysis plot (LDA) for cold-pressed flaxseed oil adulterated with various
concentrations of refined rapeseed oils (0, 5, 10, 20, 30, and 50% w/w).

The F1-score of 98.4% further confirmed the reliability of the model. Figure 14 illustrated
the LDA model's effectiveness in distinguishing between different classes of oil adulteration. Other
researchers also employed a LDA method to detect adulterations in peanut oil, achieving an
identification accuracy of 97% (Peng et al., 2023). The high accuracy and precision of the LDA
model make it a potential quality control tool in the food industry, especially to ensure the
authenticity of edible oils. Its ability to correctly classify adulterated samples with a high degree of
reliability provides the rationale for its use as a robust analytical method, suitable for both research
and practical applications in food technology. The second classification model was a model
constructed of Multivariate Adaptive Regression Splines (MARS). MARS is a non-parametric
procedure that models the relationship between dependent and independent variables using a set of

coefficients and basis functions. The model achieved a Generalized Cross-Validation (GCV) score
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0f 0.516 and allowed for 90.3% of correct classifications. Although it was the least effective among
the models used, its non-parametric nature makes it flexible and capable of capturing complex
relationships in the data. Next was the SVM model, which works by constructing hyperplanes in a
multidimensional feature space to segregate samples into different classes. The SVM model
achieved an accuracy rate of 97.3%, making it a potentially useful tool for classifying adulterated
and unadulterated oil samples. In another study, the classification accuracy of SVM was reported
as 96.25% while comparing chemometrics and AOCS official methods for predicting the shelf life
of edible oil (Karami et al., 2020). Although the SVM model did not prove superior to the linear
discriminant analysis (LDA) model, its high accuracy and suitability in multidimensional spaces
make it a viable alternative for detecting adulteration in edible oils. The last classification model,
ANN, employed a multilayer feed-forward neural network with various activation functions. The
model's architecture consisted of an input layer with nine neurons, each representing a different
DSC parameter. The hidden layer contained a variable number of neurons ranging from 4 to 11,
and the output layer had 6 neurons representing the concentrations of the refined oil adulterants. In
terms of performance, the ANN classification model achieved an impressive accuracy rate of
almost 98%. This high accuracy indicates that the model is highly reliable for classifying oil
samples based on their adulteration levels. Only three samples were misclassified, further attesting
to the model's robustness. This discovery can be compared with the research conducted by (Firouz
et al., 2022) where they utilized classification and quantification techniques to identify adulteration
in sesame oil and achieved a 100% accuracy rate. Of all the models constructed, the LDA model
was found to be the most effective, exhibiting the highest levels of accuracy (99.5%), precision
(98.4%), sensitivity (98.4%), specificity (99.7%) and F1 score (98.4%). Contrarily, the MARS
model was identified as the least effective, with the lowest levels of accuracy (95.7%), precision
(87%), sensitivity (87%), specificity (97.4%) and F1 score (87%). In conclusion, the obtained
classification models, in particular the LDA model, provide a strong analytical framework for the
detection of adulteration in cold-pressed flaxseed oils. Their high accuracy and precision highlight
their utility and importance in protecting the authenticity of edible oils.

The above discussion demonstrates that DSC results are very well fitted and highly relevant
to the development of chemometric classification models for the detection of adulteration in oil
samples. DSC generates multidimensional quantitative data that capture subtle thermal changes in

oil composition caused by adulteration and, therefore, when combined with chemometric models
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such as LDA, MARS, SVM and ANN, are able to establish complex relationships between DSC

parameters and the possibility of oil adulteration.

4.3.2.2. Regression models for predicting the concentration of adulterants in cold-pressed
flaxseed oils

The comprehensive study presented in the article (A5), four different regression models
were evaluated to determine their ability to predict adulteration of cold-pressed flaxseed oil with
refined rapeseed oil. The models analyzed were multiple linear regression (MLR), multivariate
adaptive regression splines (MARS), support vector machine (SVM) and artificial neural networks
(ANN). Each model was evaluated on selected statistics, including correlation coefficients,
coefficients of determination and root mean square error (RMSE), among others. The Artificial
Neural Networks (ANN) model emerged as the most effective among the four. It was characterized
by the highest correlation coefficient (r=0.996) and determination coefficient (R2=0.992),
indicating that nearly 99.2% of the variability in the dependent variable could be explained by the
independent variables in the model. The ANN model's RMSE value of 1.51 served as an additional
metric for its predictive accuracy, further attesting to its robustness. The ANN model's performance
was found to be particularly noteworthy when compared to a parallel study conducted by (Firouz
et al., 2022), who also utilized ANNs and achieved a high accuracy rate in detecting adulteration
in sesame oil.

The Multivariate Adaptive Regression Splines (MARS) model was found to be slightly less
accurate than the ANN model. It showed a high correlation coefficient of r = 0.995 and a
determination coefficient of R2 = 0.990. These indices suggest that about 99% of the variation in
the dependent variable can be explained by the independent variables in the model. The RMSE for
the MARS model was calculated at 1.65, serving as an additional indicator of model fit and
predictive accuracy. The complexity and adaptability of the MARS model in capturing non-linear
relationships in the data was also highlighted, making it a strong contender for predicting levels of
adulteration. The Support Vector Machine (SVM) model, although ranked third, still showed
significant performance with a correlation coefficient of r = 0.992 and a coefficient of
determination of R? = 0.985. The RMSE value of 2.10 for the SVM model served as an additional
measure of its predictive accuracy. The model's ability to handle nonlinear relationships in the data
was also noted, making it a viable alternative for such predictive tasks. The Multiple Linear

Regression (MLR) model, despite its statistical significance and a high F-value, was the least
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effective among the four models. It had a coefficient of determination R2 of 0.9844, which,
although high, was not as impressive as the other models. The model's performance was compared
to a study by others researchers (Sim et al., 2018), which also employed MLR for predicting
adulteration levels and found it to be feasible.

The combination of DSC results with regression models has allowed precise and reliable
quantification of adulteration in oil samples, contributing significantly to quality assurance and
authenticity verification in the food industry. The ability to quantify the extent of adulteration
allows for more targeted interventions and product recalls, minimizing risk to consumers and
potential damage to brand reputation. Furthermore, the predictive accuracy of these models has
been found to be high, making them potentially reliable tools for both industrial and regulatory
applications. Overall, the use of regression models in the detection of oil adulteration has proven

both effective and suggests that they can make a significant contribution to oil quality and safety.

4.3.2.3 Other combined multivariate methods for adulteration study

In this study, more multivariate tools were employed for the discrimination of the genuine
and adulterated flaxseed oils. Principal Component Analysis (PCA), which was used to visualize
the data structure, identified two principal components, t[1] and t[2], explaining 91.1% of the data’s
variation. The model had high R?X (cum) and Q? (cum) values (0.973 and 0.897 respectively),
indicating good data capture (Figure 4a, A5). Next, Orthogonal Partial Least Squares Discriminant
Analysis (OPLS-DA) was then applied to classify and differentiate various adulterant
concentrations in flaxseed oil samples (Figure 4b, A5). The model used 15 variables, with nine
DSC parameters as independent variables (X) and six adulterant concentrations as dependent
variables (Y), representing six distinct classes. The scatter plot in Figure 4b (A5) visually
represented the model's performance, with observations colored based on their respective class,
corresponding to different adulterant concentrations. While the OPLS-DA model exhibited a good
fit to the X data (DSC parameters) as indicated by the high R%X (cum) value of 0.986, its predictive
ability for Y data (adulterant concentrations) was somewhat limited with a Q2 (cum) value of 0.33,
as determined through cross-validation. This means that the model could predict approximately
33% of the variation in the Y data based on the DSC variables. Despite this limitation in predictive
power, the OPLS-DA method effectively separated classes, allowing for classification of

adulterated flaxseed oil samples based on DSC profiles. OPLS-DA was also evidently adopted by
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other authors to determine important variables when detecting flaxseed oil multiple adulteration
via near-infrared spectroscopy (Yuan et al., 2020). Partial Least Squares (PLS) modeling, an
alternative technique, provided even better predictive modeling example (Figure 5a, AS5), which
not only effectively reduced the dimensionality of the dataset but also captured a substantial portion
of the data's variation, as indicated by a high R?X (cum) value of 0.953. Additionally, the model
exhibited an excellent predictive ability, with a Q2 (cum) value of 0.973, signifying its capacity to
accurately estimate adulterant levels. This predictive power was further highlighted by the strong
alignment between the observed and predicted values in the graphical representation, with a
Pearson's correlation coefficient (r) of 0.995 indicating a strong linear relationship (Figure 6, AS5).
Utilizing the PLS method was reported by other researchers (Rocha et al., 2012), who employed it
to classify and quantify various types of blended biodiesel derived from peanut, corn, and canola
oils. Their findings revealed a strong correlation, with a Pearson’s correlation coefficient of 0.969
between the actual and predicted concentrations. Overall, the PLS method demonstrated superior
performance compared to other techniques, making it a valuable tool for detecting and quantifying
adulteration in flaxseed oil samples. Moreover, the VIP plot (Figure 5b, A5) served as a tool for
the selection of variables, which are crucial for the differentiation, by considering VIP values above
1. It was possible to pinpoint the key DSC parameters (T1, T2, T3, h2, h3, P2, P3) that played a

substantial role in distinguishing between pure flaxseed oil and adulterated samples.

The most important achievements of this study include the successful development of
chemometric models, for accurately predicting and classifying adulterant concentrations in
flaxseed oil. These models provided a reliable means of detecting adulterations using selected most

important DSC thermodynamic parameters of melting phase transition profile of flaxseed oil.

5. Conclusions

In conclusion, this research underscores the potential of Differential Scanning Calorimetry
(DSC) as a reliable and versatile tool for characterizing and assessing the oxidative stability and
authenticity of cold-pressed edible oils. By leveraging DSC oxidation curves as well as melting
phase transition profiles as unique fingerprints, this approach offers a promising alternative to
traditional chemical methods, enabling accurate discrimination of fresh and deteriorated oils or

between pure and adulterated oils. The main conclusions of this research can be outlined as follows:
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1. DSC isothermal (oxidative induction time, OIT) and non-isothermal (onset temperature, Ton)
tests effectively measured differences in oxidative stability between flaxseed and camelina oils as

well as between cultivars of each type of oil.

2. Strong negative correlations were found between DSC oxidation parameters (OIT, Ton) and
traditional chemical indicators (PV, TOTOX) as well as with a-linolenic acid percentage.

3 The DSC oxidation tests were demonstrated to accurately monitor the deterioration process of
three cold-pressed oils (flaxseed, camelina, hempseed) during storage. The most suitable for the
discrimination of fresh and spoiled oils was isothermal test at temperature of 120 °C, which
correlated strongly with all chemical indicators (PV, pAV, TOTOX).

4. In the study on the using DSC phase transition profile, it was shown that the scanning rate
significantly affected the thermal behavior of oils, especially in terms of polymorphic transition,
that occurred at the lowest heating rates. This finding stresses the need for careful selection of

scanning rates for fingerprinting purposes.

5. The investigation on the effect of storage time on the DSC melting curves of flaxseed oil showed
significant changes of some peaks (peak temperature, peak height and area) as was identified by

X-bar and R control charts, which were applied to monitor the deterioration process of oils.

6. It was demonstrated that, utilization of DSC untargeted profiling enabled to distinguish between
three cold-pressed oils (flaxseed, camelina, hempseed) and three refined oils (rapeseed, sunflower,
soybean), by using the entire range of melting profiles as a unique fingerprint for each type of oil.
Reliability and predictive accuracy of the OPLS-DA model was confirmed by a high coefficients
of R2X(cum)= 0.971 and Q*X(cum)= 0.887.

7. The study found that thermodynamic parameters of DSC melting curves of flaxseed oil were

highly sensitive to changes in oil composition caused by the adulteration with refined rapeseed oil.

8. Advanced chemometric methods (classification and regression), including LDA, MARS, SVM,
ANNs and OPLS-DA, were successfully applied to DSC melting profiles to detect adulteration of

cold-pressed flaxseed oil with refined rapeseed oil.
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9. Comparing the various classification models tested, the Linear Discriminant Analysis (LDA)
model exhibited exceptional performance (with 99.5% accuracy), making it a valuable tool for
categorizing oil samples based on their adulteration levels.

10. Among the regression models for predicting adulteration, the ANN model distinguished itself
with the highest correlation (R? = 0.996), followed by the PLS model, with a high ability to
accurately estimate adulterant levels (R?X (cum) = 0.986) and a strong relationship between
observed and predicted values expressed.

11. This study highlights the significance of combining untargeted DSC method with chemometric
tools for authentication of cold-pressed oils and emphasizes the importance of quality assessment
and authenticity verification in the food industry.
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Abstract: The aim of this study was to describe the thermal properties of selected cultivars of flaxseed
oil by the use of the differential scanning calorimetry (DSC) technique. The crystallization and melting
profiles were analyzed depending on different scanning rates (1, 2, 5 °C/min) as well as oxidative
induction time (OIT) isothermally at 120 °C and 140 °C, and oxidation onset temperatures (Ton)
at 2 and 5 °C/min were measured. The crystallization was manifested as a single peak, differing
for a cooling rate of 1 and 2 °C/min. The melting curves were more complex with differences
among the cultivars for a heating rate of 1 and 2 °C/min, while for 5 °C/min, the profiles did not
differ, which could be utilized in analytics for profiling in order to assess the authenticity of the
flaxseed oil. Moreover, it was observed that flaxseed oil was highly susceptible to thermal oxidation,
and its stability decreased with increasing temperature and decreasing heating rate. Significant
negative linear correlations were found between unsaturated fatty acid content (C18:2, C18:3 n-3)
and DSC parameters (OIT, Ton). Principal component analysis (PCA) also established a strong
correlation between total oxidation value (TOTOX), peroxide value (PV) and all DSC parameters of
thermo-oxidative stability.

Keywords: flaxseed oil; melting; crystallization; oxidative stability; differential scanning calorime-
try (DSC)

1. Introduction

Flax (Linum usitatissimum L.) is an important plant known and cultivated all over the
world mainly for oil and fiber. Originating from West Asia and the Mediterranean region,
flaxseed (Linum usitatissimum, Latin; meaning “very useful”) has long been cultivated
as one of the oldest multi-purpose crops in history [1]. According to the latest report in
2017 from the Food and Agriculture Organization (FAO), the approximate annual flaxseed
production worldwide reached about 2.8 million tons [2]. The cultivation of flaxseed and
the quality of the oil yield are significantly influenced by factors such as the temperate
climate zone, cultivation methods, genotype and biotic and abiotic stresses, seed moisture
at harvest, agronomic treatment, etc. [3-7]. The use of flaxseed for human consumption
dates back to ancient times, hence the revelation of the flax genome sequence in 2012 has
added a new value and attention to the study [3]. The potential nutritional benefits of
flaxseed oil are associated with its active biological compounds. Flaxseed oil comprises
outstanding quantities of polyunsaturated fatty acids (PUFA), phytoestrogenic lignans
(secoisolariciresinol diglucoside, SDG) [8], and an array of antioxidants such as phenolic
acids and flavonoids. The beneficial PUFA of flax lipids are o-linolenic acid (ALA), C18:3,
n-3 (30-70% of the total fatty acid content), linoleic, C18:2, n-6; (20% of the total fatty
acid content), and oleic acid 18:1 (30% of the total fatty acid content) [3]. ALA in flaxseed
can be metabolized to eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [9].
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Nutrients present in flaxseed oil can play a pivotal role against various inflammatory
autoimmune disorders, hypertension, diabetes, menopausal symptoms, and osteoporosis,
and improve the condition of the nervous system and proper blood circulation [2,5,10].
Considering the compelling medicinal values, flaxseed and cold-pressed flaxseed oil have
been introduced into the 9th edition of European Pharmacopoeia [11]. On the other hand,
the presence of higher ALA content in flaxseed oil can make it distinctly susceptible to
oxidation [12]. This oil is very sensitive to heat, light, exposure to oxygen and storage time,
thus it can rapidly become rancid due to its higher concentration of ALA [11].

Different cultivars of flaxseed oil have been examined in various aspects. A low-
linolenic variety, belonging to the Solin-type group (Solal), and a traditional linseed one
rich in linolenic acid (Bethune) were compared in order to assess their agronomical and
qualitative characteristics [11]. The yield, oil content and fatty acid profile of seven flax cul-
tivars from Argentina were also tested [5]. The tocochromanols and fatty acid composition
of two groups of flax genotypes were investigated by Trela et al. [3]. The seven cultivars
from Russia, Poland, Uruguay, Great Britain and Canada [6] as well as the Szafir variety
from Poland [13] and the three types of transgenic flax Linola [14] were examined in terms
of the susceptibility of flaxseed oil to peroxidation.

According to Frega, Mozzon and Lercker [15], the most important parameter for oil
quality is determined by its oxidative stability. In addition to the active oxygen method and
Rancimat method [12], there are several other analytical methods that have been developed
to estimate the freshness or oxidation ratio, i.e., peroxide value (PV), acid value (AV),
p-anisidine value (pAV) [16]. However, to minimize the duration of experiments, laborious
difficulty and the use of harmful chemicals, instrumental thermoanalytical methods are
becoming popular for the characterization of fats and oils.

Taking into account the limited scientific data on the thermal properties of specified
flaxseed cultivars, the aim of this study was to determine the melting and crystallization
curves at various scanning rates, as well as thermo-oxidative stability based on isothermal
and non-isothermal heating treatment by applying the differential scanning calorimetry
(DSC) technique in order to establish comprehensive thermodynamic characteristics for
assessing both the authenticity and stability of the flaxseed oil.

2. Results
2.1. Fatty Acid Composition

Fatty acid composition is substantial for the oxidative stability and physicochemical
and nutritional properties, thus it was analyzed in five samples of cold-pressed flaxseed
oils, the results of which are presented in Table 1. Three certified cultivars of flaxseed,
i.e., Bukoz (FL BU), Dolguniec (FL DL), Szafir (FL SZA, FL SZB) and one sample of an
unknown variety (FL NN) were taken for this study. The most abundant fatty acid in all
flaxseed oils was a-linolenic fatty acid (ALA, C18:3, n-3), which is the dominant compound
and unique feature of this oil. Flaxseed has a very high level of ALA, usually greater than
50% of the total fatty acids. Among the cultivars investigated, ALA varied from 55.91%
for sample FL NN to 63.11% for FL SZA. It is notable that for each mean value, differences
were significant (p < 0.05). The ALA content of five flaxseed oils was quite similar to
other studies: in oil from the Szafir seed variety, ALA was found at the level of 65.4% [6];
from the Bukoz seed variety at 58% [3]; between 58.87 and 60.42% was determined in
various flaxseed oils from New Zealand [17]; 64% was found in the Bethune variety from
Italy [11]; between 50 and 60% in Ethiopian flaxseed cultivars, while in samples of the
Canadian flaxseed, ALA was found to range from 52-63% [18], and the highest amount of
ALA, which yields 69%, was determined in a recently registered cultivar in Canada (VT 50;
Trademark: NuLin) [19]. In turn, a content of ALA below 50% was determined in the seven
cultivars from Argentina [5], in five cultivars from Egypt [20], in the oil from fiber-flaxseed
of an unknown variety from China (47%) [21] and from Poland [16]. The second most
abundant fatty acid in flaxseed oil was oleic fatty acid (C18:1), which yielded between 14.64
and 18.71%, with significant differences between each examined cultivar. The oils FL NN
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and FL SZB were characterized by the highest percentage of oleic acid (18.46 and 18.71%,
respectively). Among the varieties, there were also significant differences in the percentage
of linoleic acid (C18:2), for which the highest content (16.56%) was noted for sample FL BU
and the lowest (11.14%) for FL SZA. In samples of flaxseed oils, saturated acids were also
detected. The highest content of saturated FA (C16:0, C18:0) was found in samples FL NN
and FL SZB, and these samples also had the lowest ratio of unsaturated to saturated fatty
acids (9.0 and 9.1, respectively), while for FL BU this ratio was the highest, at around 11,
which is in agreement with other published results [17]. In order to determine the relations
between the content of fatty acids, correlation analysis was carried out, which showed high
positive correlations between C18:1 and C18:0 (r = 0.93), between C18:1 and C16:0 (r = 0.85)
and a negative correlation between C18:1 and C18:3 (r = —0.59). Similarly, a high positive
correlation (r = 0.83) between oleic and palmitic acid was found by other researchers [6],
while a negative correlation between oleic and linolenic acid was also confirmed by other
studies [3,17,18].

Table 1. Fatty acid composition expressed as a percentage of total fatty acid (%). Saturated fatty acid
(SFA), monounsaturated fatty acid (MUFA), polyunsaturated fatty acids (PUFA) and a ratio of n-3
to n-6 and unsaturated to saturated fatty acids (UFA /SFA) of different cultivars of cold-pressed
flaxseed oils.

Fatty Flaxseed Variety
Acid FL BU FL DL FL SZA FL SZB FL NN
12:0 0.042 4000 003240.00 00324000 00424001  0.042+0.01
14:0 0.0224£0.00  0.02240.01 00224001 00224000  0.022 +0.00
16:0 4862 +£0.03 4962 +004 48624004 515°+£001 5.03bc+0.05
16:1 00524001  0.06240.00 00624000 00624001  0.092 +0.02
17:0 00724000  0.05240.00 00624001 00724001  0.082 + 0.04
17:1 00424001 00424001 00424000 00424000  0.042+0.01
18:0 3.002+£001 40124001 399°4+004 430°+002 4549 +0.02
18:1 14642 £001  16.64°+001 161324003 18469 +0.06 18.71¢+0.00
18:2 16569 +0.03 14.77°4+007 11.142 +0.14 11.88P +0.01 14.92° +0.08
18:3n-6 02124003 02024003 01824000 0.17240.02 0202 +0.01
183n-3 59964 +005 5877P4005 63114016 59.39¢+0.06 55912 40.15
20:0 01524005 015240034 01424001 01524001  0.142 +0.01
20:1 0.1424+001  0.10240.03 00924001 0122 4+0.01 0132 +0.04
20:3 0062000 00524001 00324004 00224003  0.022 +0.03
22:0 01324001 01224001 01224001  0122+£000 0142 +0.01
24:0 0.082+0.01  0.0824+0.00 00524006 00524006  0.052+0.06
Y.SFA 8.34 9.40 9.25 9.88 10.01
YMUFA 14.87 16.84 16.32 18.68 18.96
Y.PUFA 76.79 73.78 74.45 71.45 71.04
n-3/n-6 3.6 3.9 5.6 49 3.7
UFA /SFA 11.0 9.7 9.8 9.1 9.0

abcde__.

values are mean =+ standard deviations of three measurements (1 = 3), different superscript letters within
rows indicate significant differences (p < 0.05). ZSFA—total of saturated fatty acid. ETMUFA—total of monounsat-
urated fatty acid. ZPUFA—total of polyunsaturated fatty acid. UFA /SFA—ratio of total of unsaturated fatty acid
to total of saturated fatty acid. FL BU (Bukoz Flaxseed cultivar), FL DL (Dolguniec Flaxseed cultivar), FL. SZA, FL
SZB (Szafir Flaxseed cultivar), FL. NN (Unknown Flaxseed cultivar).
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2.2. Color Measurement

Color is an important quality determinant, significant for consumers’ acceptability;
therefore, in order to determine the parameters describing color, measurements of re-
flectance at a spectrum of wavelengths from 400 to 740 nm and the calculation of three
parameters of L*, a*, b* were performed, with results given in Table 2. Among the five oil
samples analyzed, significant differences were found in mean values of L*, a* and b*, and it
is noticeable that flaxseed oil samples were characterized by a high value of b*, attributable
to yellow color. The highest yellowness (b*), redness (a*) and lightness (L*) were noted for
the Bukoz variety FL BU (136.58, 8.99, 87.86, respectively). Similar results were obtained by
Choo, Birch and Dufour [17].

Table 2. CIE LAB L¥, a*, b* values of cold-pressed flaxseed oils.

CIE LAB L*, a*, b* Values

Seeds Variety o . b
FL BU 87.86 ¢ 4 0.06 8.99 ¢ +0.07 136.58 ¢ 4 0.06
FL DL 86.21° 4 0.02 2.592 4 0.01 112.48° 4 0.04
FL SZA 74.642 4 0.08 4.86° +0.01 102.902 4 0.10
FL SZB 87.124 4+ 0.02 2.79% 4+ 0.00 120.27 € £ 0.02
FL NN 86.64 € + 0.00 5.099 +0.01 128.314 £ 0.03

abede__yalues are mean + standard deviations of three (1 = 3) measurements, different superscript letters within

rows indicate significant differences (p < 0.05). FL BU (Bukoz Flaxseed cultivar), FL DL (Dolguniec Flaxseed
cultivar), FL. SZA, FL SZB (Szafir Flaxseed cultivar), FL NN (Unknown Flaxseed cultivar).

2.3. DSC Crystallization Profiles of Cold-Pressed Flaxseed Oils

The thermal properties of fats and oils can be described by measuring thermal behavior
during the phase transition, such as crystallization or melting, but also by determining
thermal stability during chemical reactions of oxidation. All these measurements were
carried out using the analytical technique of differential scanning calorimetry. Since the
DSC procedure for investigating phase transition involved first cooling the oil sample before
heating, the crystallization curves will be discussed first. In Figure 1, the crystallization
profiles of cold pressed flaxseed oils obtained by two different scanning rates are shown,
and in Table 3 the results of crystallization temperature and enthalpy are presented. As can
be seen on the cooling curves (Figure 1), one crystallization peak for both scanning rates
(1 and 2 °C/min) was detected. Due to the high content of unsaturated fatty acids (Table 1),
crystallization phase transition takes place for both scanning rates (1 and 2 °C/min) below
a temperature of —50 °C, where for the scanning rate 1 °C/min it occurred for all five
flaxseed oils being tested in a narrow range from —55.35 to —54.59 °C, while for the
scanning rate 2 °C/min the temperature ranged from —60.24 to —59.1 °C. For both scanning
rates (1 and 2 °C/min), the mean values of temperatures between cultivars did not differ
significantly. However, it was observed that for the cultivar characterized by the highest
UFA /SFA ratio (FL BU, ratio = 11, Table 1), the lowest crystallization temperature was
observed for both scanning rates (1 and 2 °C/min). Correlation analysis between the
ratio of UFA/SFA and crystallization temperature showed that there is a negative linear
correlation with Pearson’s correlation coefficient (r) —0.87 for rate 1 °C/min and —0.88
for rate 2 °C/min. The second parameter measured for the crystallization process was the
enthalpy of the transition, which was measured as the area of the peak. The mean values
of enthalpy did not differ significantly between the various cultivars of flaxseed oil for
scanning rate 1 °C/min as well as for rate 2 °C/min. However, the values of enthalpy
obtained for scanning rate 2 °C/min were lower than for rate 1 °C/min, for which the mean
value calculated from all five cultivars was 34.12 J /g, while for scanning rate 2 °C/min it
was —28.23 J/g. The results obtained for scanning rate 1 °C/min correlate well with the
study presented by Teh and Birch [22], which reported a peak temperature at the value of



Molecules 2021, 26, 1958

50f 20

Endo Up

Normalized Heat Flow [Wig]

—53.79 °C and enthalpy 40.98 ] /g. There are no studies performed using a scanning rate of
2 °C/min to compare the results obtained.
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Figure 1. DSC crystallization curves of cold-pressed flaxseed oils from different cultivars obtained with various cooling
rates: (a) Cooling rate 1 °C/min; (b) Cooling rate 2 °C/min.

Table 3. Differential scanning calorimetry (DSC) thermodynamic parameters of crystallization
process of different cultivars of cold-pressed flaxseed oils obtained by different scanning rates.

Scanning Rate 1 °C/min Scanning Rate 2 °C /min
Seeds Variety Enthalpy Temll))iila:ture Enthalpy TemI}’)(:'l:ture
A H. [J/g] T. [°C] A Hc[J/g] T [°C]
FL BU —34.82*+£0.73 55352 +2.01 —27.34*£1.06 —60242 4190
FL DL —34332+£042 5471 +016  —27.872+054 —59.152 +0.08
FLSZA —34712£0.21 —55.172 £0.11 —28492 £090  —59.682 +0.08
FL SZB —34.66* £1.31 —54592£012  —28992+1.06  —59.43*+£0.03
FL NN —32.09? £529 54742 +£0.01 —28452+£1.22  —59.10% £ 0.07

2 value is mean = standard deviations of three (1 = 3) measurements. The same superscript letters within columns
indicate no significant differences (p < 0.05). FL. BU (Bukoz Flaxseed cultivar), FL DL (Dolguniec Flaxseed cultivar),
FL SZA, FL SZB (Szafir Flaxseed cultivar), FL NN (Unknown Flaxseed cultivar).

2.4. DSC Melting Profiles of Cold-Pressed Flaxseed Oils

Following the crystallization process, the melting phase transition of cold-pressed
flaxseed oils was also investigated at different scanning rates. Figure 2a—c depicts melting
curves obtained at different heating rates (1, 2, 5 °C/min). As can be seen in Figure 2,
the melting profiles of flaxseed oil differ from crystallization curves. Firstly, the most
discernible difference between crystallization and melting curves can be observed in the
shape of the curves. Curves obtained during crystallization are manifested by only one
peak, while melting curves are more complex because there are more peaks not separated.
In contrast to the crystallization process, where the shape of the curves was similar for both
scanning rates, in the melting process the shape of the curves and the size of the peaks
(width and height) are affected by the scanning rate. Figure 2a shows that the melting
profiles of five different cultivars of flaxseed differ for scanning rate 1 °C/min. In Table 4,
the parameters of the melting peaks (temperatures and enthalpies) obtained by scanning
rate 1 °C/min are given. The lowest values of melting temperatures and the highest of
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total enthalpy (AHm total), significantly different from other mean values, were recorded
for sample FL BU (Tm1 = —35.69 °C; Tm2 = —13.77 °C, AHm total = 127.91 J/g). All the
melting curves of the five oil samples analyzed at this rate exhibited one common peak
Tm1 in the range of —31.73 to —35.69 °C. The second peak Tm2, appearing within the
range of —10.26 to —13.77 °C, differed in size among the cultivars (Figure 2a). Teh and
Birch [22] reported similar results of temperature values obtained at rate 1 °C/min, i.e.,
—36.28 and —15.43 °C for both peaks.
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Figure 2. DSC melting curves of cold-pressed flaxseed oils from different cultivars obtained with
various heating rates: (a) Heating rate 1 °C/min; (b) Heating rate 2 °C/min; (c) Heating rate
5 °C/min.
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Table 4. DSC thermodynamic parameters of melting process of different cultivars of cold-pressed

flaxseed oils obtained by a scanning rate of 1 °C/min.

Seeds Peak Temperature [°C] Enthalpy [J/g]

Variety Tm1l Tm 2 A Hm Peak 1 A Hm Peak 2 A Hm Total
FL BU —35.69° +1.71 —1377P +1.60  35.12°+6.82 92809 +£799  127.91° £13.44
FL DL —324524+0.18  —1242°* +023 19.092+175  66.26% £0.22 85.35° 4+ 1.66
FLSZA  -33262% +020 —1244°® +051 24672 +638 71462 +6.48 71.46° +4.90
FL SZB —31.432 4+ 0.38 —10.873+1.10 26172 +028  8.09P +1.26 34272 +1.53
FL NN —31.732 £ 0.22 —102624+024 19602 +£3.04  23.85°+1.63 43452 +4.67

ab¢ yalues are mean + standard deviations of three measurements (11 = 3), different superscript letters within

columns indicate significant differences (p < 0.05). Tm1—peak temperature for peak 1, counting from the lower to
the higher temperatures. FL BU (Bukoz Flaxseed cultivar), FL DL (Dolguniec Flaxseed cultivar), FL SZA, FL SZB
(Szafir Flaxseed cultivar), FL NN (Unknown Flaxseed cultivar).

Comparing the shape of curves obtained by scanning rate 1 °C/min, it can be seen
that the melting profiles for flaxseed cultivars of Bukoz, Dolguniec and Szafir A are similar,
where two peaks, Tm1 and Tm2, are clearly visible. In the case of NN and Szafir B flaxseed
oil samples, the huge reduction in the peak Tm2 at around —10 °C was observed.

Figure 2b shows the melting curves of five flaxseed oil samples obtained with a
scanning rate of 2 °C/min. The shape of the curves differed from curves obtained with a
scanning rate of 1 °C/min. The most significant difference compared to the curves with
arate of 1 °C/min is the reduction in the second peak or its complete disappearance, as
in the case of the FL NN sample. This indicates that the heating rate of 2 °C/min is too
fast for polymorphic transition to occur, as it was by the rate 1 °C/min. Table 5 presents
the results of melting transition with a scanning rate of 2 °C/min. There are no significant
differences between the five samples of oils in mean values of peak temperatures, although
the values of melting enthalpy are significantly different. The highest total enthalpy was
observed for sample FL SZA (50.84 ] /g) and lowest for FL NN (43.12 J/g). Similarly, as
for rate 1 °C/min, the lowest values of melting temperatures were noted for the Bukoz
variety (FL BU), Tm1 = —32.89 °C and Tm2 = —11.08 °C, and the highest for sample FL
NN, Tm1 = —30.34 °C, and a second peak was not detected.

Table 5. DSC thermodynamic parameters of melting process of different cultivars of cold-pressed
flaxseed oils obtained by a scanning rate of 2 °C/min.

Seeds Peak Temperature [°C] Enthalpy [J/g]

Variety Tm1 Tm2 A Hm1 A Hm2 A Hm Total
FL BU —32.892 £2.03 —11.082 £1.98 41.96 € +2.58 2.39° +1.15 44.35b¢ +1.88
FL DL —30.662 £ 0.19 —8.722 £ 047 47.96 3 4 2.00 1.282P +0.27 49.232 +1.75
FL SZA —31.492 £0.19 —9.212 £ 046 50.09° + 1.84 0.752b +0.14 50.842 +1.76
FL SZB —30.36 2 £ 0.05 —8.56* £ 0.26 48.142b 4 2.86 0.692 +0.14 48.83 2 £297
FL NN —-30.342 £0.07 nd 43.12 3 £ 1.95 nd 43.12° +1.95

ab¢ yalues are mean + standard deviations of three measurements (1 = 3), different superscript letters within

columns indicate significant differences (p < 0.05). nd: not detected. Tm1—peak temperature for peak 1, counting
from the lower to the higher temperatures. A Hm1l—enthalpy for peak 1, counting from the lower to the higher
temperatures. FL BU (Bukoz Flaxseed cultivar), FL DL (Dolguniec Flaxseed cultivar), FL SZA, FL SZB (Szafir
Flaxseed cultivar), FL NN (Unknown Flaxseed cultivar).

Figure 2c depicts the melting curves of five oil samples obtained with a heating rate of
5 °C/min. It can be seen that all the curves differ from the curves obtained by a scanning
rate of 1 and 2 °C/min. However, they do not differ in shape among the cultivars. All
curves are very similar and repeatable with the main peak at a temperature between —29.45
and —31.88 °C, as is shown in Table 6. There were no significant differences in the mean
values of temperature nor in enthalpy. However, the lowest values of melting temperatures
were obtained for FL BU and the highest values for sample FL NN, as in the case of a
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heating rate of 1 and 2 °C/min. Moreover, it can be seen from all curves that the main
peak is composed of more than one peak, and two pronounced shoulders on both sides
of this peak are visible. The first shoulder is from around —47 °C to —35 °C, and the
second is from —27 °C to —17 °C. Additionally, a small separate shoulder was identified at
around—13 °C. The results are consistent with those obtained by Zhang et al. [10], who
studied the effect of heating on the DSC melting curve of flaxseed oil. In their experiment,
they similarly mentioned about one major peak at —31 °C and two endothermic shoulders
with a maxima at —38 °C and at —24 °C. An endothermic event was also recognized at
—13 °C. Our results obtained for scanning rate 5 °C/min also correlated well with the
study of Zhang et al. [21], which reported a peak temperature at the value of —32.53 °C
and —30.65 °C and enthalpies of 62.15 ] /g and 57.85 J /g for two different flaxseed oils.

Table 6. DSC thermodynamic parameters of melting process of different cultivars of cold-pressed
flaxseed oils obtained by a scanning rate of 5 °C/min.

Peak Temperature [°C] Enthalpy []J/gl]
Seeds Variety
Tm1 A Hm

FL BU —31.882 £0.42 60.36 2 £ 0.79
FL DL —30.152 £0.46 65.122 +0.39
FL SZA —30.532 £0.62 61332 +£1.20
FL SZB —29.452 £0.11 63.322 +1.75
FL NN —29.482 £ 0.62 63.39 2 + 0.42

2 value is mean =+ standard deviations of three measurements (1 = 3), the same superscript letters within columns
indicate no significant differences (p < 0.05). nd: not detected. FL BU (Bukoz Flaxseed cultivar), FL DL (Dolguniec
Flaxseed cultivar), FL SZA, FL SZB (Szafir Flaxseed cultivar), FL NN (Unknown Flaxseed cultivar).

Considering the impact of the fatty acid composition of flaxseed oils on the melting
temperatures, Pearson’s correlation analysis was performed between temperature value
Tml and ratio UFA /SFA for each scanning rate. The analysis revealed that for all heating
rates, Pearson’s correlation coefficients were statistically significant (p < 0.05), and the
values r were —0.98, —0.97, and —0.99, respectively, for scanning rates 1, 2, and 5 °C/min.

2.5. Isothermal Determination of Oxidative Stability by DSC Non-Isothermal Determination of
Oxidative Stability by DSC

Oxidative stability is one of the most important quality features of all edible fats
and oils because lipid peroxidation leads to their nutritional and sensory deterioration.
Polyunsaturated fatty acids, the lipid compounds most prone to oxidation in the presence
of light, oxygen or high temperature, can form free radicals, which are transformed into
aldehydes and ketones responsible for undesirable flavor. Using the DSC technique, it is
possible to create favorable conditions for lipid peroxidation, i.e., increased temperature
and oxygen atmosphere. The DSC method provides information regarding oils’ resistance
to thermal oxidation, which can be measured isothermally and non-isothermally. Figure 3
depicts the DSC curves of the isothermal determination of oxidative stability at 120 °C of
the five cold-pressed flaxseed oils. All DSC curves show a sharp exothermic decline at
the initiation of the oxidation process due to heat evolving during the oxidation reaction.
Only in the case of sample FL. NN compared to other varieties was the point of the curve’s
decline shifted to a higher value of time. Figure 4 shows graphs with results calculated
from oxidation curves presented in Figure 3. Various parameters of oxidative stability
were analyzed, i.e., oxidation induction time (OIT), oxidation end time (OET), the length
of the oxidation process At (OET-OIT) and the rate of oxidation. The time required for
the decline in exotherm was taken as the induction time OIT (min). As can be seen in
Figures 3 and 4, the best oxidative stability was exhibited by oil sample FL NN, for which
oxidation started at 51 min, while significantly lower OIT values were registered for
the sample FL DL at 43 min and FL BU at 41 min. The Szafir variety (FL SZA, FL SZB)
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was characterized by the worst oxidative stability, with OIT values around 37-38 min,
which was significantly different from the rest of the oil samples. Considering the second
parameter OET, determined from the oxidation curve at 120 °C, it was noted that this
parameter followed in the same order as was observed for OIT, and the mean values
differed significantly between each other in a similar way as for OIT. On the other hand,
another factor At, which measures the oxidation duration, ranged from 17 to 20 min with
no significant differences among the cultivars. The last parameter calculated from the DSC
oxidation curve at 120 °C was the rate of oxidation, which can express the speed of the
oxidation process. Among the various cultivars, the mean values did not differ significantly,
and ranged between 0.02 and 0.03.
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Figure 3. DSC isothermal oxidation curves obtained at 120 °C for cold-pressed flaxseed oils.
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Figure 4. Oxidative stability parameters of five cold-pressed flaxseed oils determined isothermally by DSC at 120 °C:

(a) Oxidation induction time OIT (min), oxidation end time OET (min), the oxidation duration At (min). (b) Rate of oxidation
at 120 and 140 °C. Different letters (a, b, c) indicate significant differences (p < 0.05). FL BU (Bukoz Flaxseed cultivar), FL. DL
(Dolguniec Flaxseed cultivar), FL SZA, FL SZB (Szafir Flaxseed cultivar), FL NN (Unknown Flaxseed cultivar).

In summary, five different samples of flaxseed oils started to be oxidized isothermally
at 120 °C between 37 and 51 min, and oxidation finished between 58 and 68.5 min. The
sample FL NN was characterized by the highest and significantly different values of OIT
and OET. However, the duration and rate of oxidation at 120 °C did not differ significantly
among the varieties.
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To confirm the observed resistance of some flaxseed varieties to oxidation, a further
measurement was carried out by isothermal DSC at higher temperatures than 120 °C, i.e.,
140 °C. The curves are shown in Figure 5 and the results are presented in Figure 6. It was
observed that the initiation point of oxidation appearing as the decline of exotherm (OIT)
occurred much sooner in the case of 140 °C than at 120 °C. The mean values for 140 °C
were five times lower than for 120 °C, and ranged between 8 and 11 min. It is also worth
noting that the highest OIT values were observed for the FL NN sample and the lowest for
the Szafir samples (FL SZA, FL SZB), as for the 120 °C. The values of the OET parameter
were in a similar order as for OET at 120 °C and as for OIT at 120 °C and 140 °C; the
highest values were noted for FL NN and FL DL (21.82 and 21.93 min, respectively), and
the lowest for Szafir A and B (19.51 and 20.17 min, respectively). Subsequently, the results
for the length of oxidation (At) at 140 °C were analyzed (Figure 6). It was observed that the
Szafir variety (FL SZA) was completely oxidized in the shortest time, around 10 min, and
this value was significantly different from the values obtained for the remaining four oil
samples (p < 0.05). Figure 4b shows the results of calculating the oxidation rate for 140 °C.
Compared to the results of the rate obtained at 120 °C, it can be noted that for 140 °C the
oxidation rate was three times higher for all varieties. Samples FL SZA and FL BU were
oxidized with the highest rate (0.09), whereas the other three varieties showed a rate of
0.08. However, as was the case at 120 °C, there were also no significant differences among
cultivars (p > 0.05).
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Figure 5. DSC isothermal oxidation curves obtained at 140 °C for cold-pressed flaxseed oils.
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Figure 6. Oxidative stability parameters of five cold-pressed flaxseed oils determined isothermally
by DSC at 140 °C: Oxidation induction time OIT (min), oxidation end time OET (min), the oxidation
duration At (min). Different letters (a, b, ¢) indicate significant differences (p < 0.05). FL BU (Bukoz
Flaxseed cultivar), FL DL (Dolguniec Flaxseed cultivar), FL SZA, FL SZB (Szafir Flaxseed cultivar),
FL NN (Unknown Flaxseed cultivar).
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By way of conclusion, it can be stated that for the DSC isothermal measurement of the
oxidation stability of flaxseed oils, both measurements at 120 and 140 °C confirmed the
best resistance to oxidation of sample FL. NN and the worst of the Szafir variety (FL SZA,
FL SZB).

2.6. Non-Isothermal Determination of Oxidative Stability by DSC

Figures 7 and 8 demonstrate the results of the non-isothermal measurements of thermal
stability by DSC of the five samples of flaxseed oils carried out with a scanning rate of
2 and 5 °C/min, for which the values of onset temperature (Ton) and end temperature
(Tend) were determined. Considering the scanning rate 2 °C/min, it can be observed
that for the Szafir variety (FL SZA, FL SZB), the oxidation initiation temperature (Ton)
was the lowest, i.e., 144.5 and 144.1 °C, respectively, while for sample FL NN, the highest
value was noted at 146.6 °C. However, all mean values of Ton were not significantly
different among the five flaxseed oil varieties. Along with the determination of Ton, Tend
values were also collected, which express the end of the oxidation process. As in the case
of Ton, for the Szafir variety (FL SZA, FL SZB) the values of Tend were the lowest, i.e.,
157.8 and 157.3 °C, respectively, while the highest values were observed for FL BU and
FL NN (160.8 and 160.6 °C). However, there were no significant differences between the
mean values of Ton and Tend among the five oils at a scanning rate of 2 °C/min. The
oxidative behavior of oils under increasing temperature was further tested for a higher
heating rate, i.e., 5 °C/min (Figures 7 and 8). The determination of onset time (Ton) for rate
5 °C/min confirmed the best stability of the sample of FL NN, reaching the highest level
and significantly different from the remaining four oils at a value of 162.50 °C (p < 0.05).
The Ton values for the remaining oils ranged between 157.7 and 158.5 °C and they do not
differ significantly. Similarly, the parameter of the end of oxidation (Tend) was highest
and significantly different for FL NN. Summing up, the non-isothermal DSC technique
showed that the Szafir seed variety was oxidized at the lowest temperatures for both 2
and 5 °C/min, along with the highest values for the sample FL. NN variety, indicating
significantly higher resistance to oxidation than for other varieties in both cases of rate.
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Figure 7. DSC non-isothermal oxidation curves obtained at a scanning rate 2 and 5 °C/min for
cold-pressed flaxseed oils.
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Figure 8. Oxidative stability parameters of five cold-pressed flaxseed oils determined non-
isothermally by DSC at a scanning rate of 2 and 5 °C/min. Different letters (a, b) indicate significant
differences (p < 0.05). FL BU (Bukoz Flaxseed cultivar), FL DL (Dolguniec Flaxseed cultivar), FL SZA,
FL SZB (Szafir Flaxseed cultivar), FL NN (Unknown Flaxseed cultivar).

2.7. Peroxide, p-Anisidine, TOTOX and Acid Value

In order to compare the results of the oxidative stability determined by DSC with
traditional chemical determinations, various analyses were carried out, i.e., peroxide value
(PV), as a measure of primary oxidation products, p-anisidine value (pAV), as an indicator
of nonvolatile secondary oxidation products, and acid value (AV) to measure the degree
of hydrolytic changes. Moreover, the parameter of total oxidation value (TOTOX) was
calculated based on the results of p-anisidine value and peroxide value (TOTOX = pAV+2
PV). Figure 9a depicts the values obtained from chemical analysis of pAV and PV, as well
as the calculated parameter TOTOX. Since all the peroxide values obtained were below
7 meqO;/kg, p-anisidine values were lower than 1.0 and TOTOX below 15, it can be
assumed that all the oils studied were of good quality because the requirements of the
Codex Alimentarius standard [23] for a peroxide value (<15 meqO;/kg) and of pAV < 2.0
were met. Among all the cultivars, the highest values of all three parameters were noted
for the sample FL SZB: pV = 6.9 mEqO;/kg, pAV = 0.94, and TOTOX = 14.74. In turn,
the lowest value of pV was 1.21 mEqO,/kg and TOTOX was 3.17 for sample FL NN,
although for the sample FL DL, the lowest value of pAV = 0.65 was measured. Only in
the case of pAV did the mean values not differ significantly among the cultivars (p < 0.05).
Figure 9b shows the results of acid value and acidity measurement. The acid value is
the measure of free fatty acids as a result of the hydrolytic breakdown of triglyceride
molecules. The results show that acid values ranged between 1.6 and 0.4 mg KOH/g. This
confirmed that the flaxseed oil samples represent good quality, as their acid values did not
exceed the maximum limit of 4.0 mg KOH/g of oil according to the Codex Alimentarius
standard [23]. Similar results of peroxide, anisidine and TOTOX values were obtained for
seven cold-pressed flaxseed oils sold in New Zealand by Choo, Birch and Dufour [17].
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Figure 9. Oxidative stability parameters of five cold-pressed flaxseed oils: (a) Peroxide value (PV), p-anisidine value (pAV),
total oxidation rate (TOTOX) value; (b) Acid value (AV), acidity. Different superscript letters (a, b, ¢, d) indicate significant
differences (p < 0.05). FL BU (Bukoz Flaxseed cultivar), FL DL (Dolguniec Flaxseed cultivar), FL SZA, FL SZB (Szafir
Flaxseed cultivar), FL NN (Unknown Flaxseed cultivar).

3. Discussion

In this study, differential scanning calorimetry was used to characterize the thermal
behavior of various cultivars of flaxseed oil in terms of melting and crystallization profiles
as well as thermo-oxidative stability. The crystallization analysis showed that there were no
significant differences between cultivars in peak temperature and enthalpy, although for oil
with the highest UFA /SFA ratio, the lowest crystallization temperature was observed for
both scanning rates (1 and 2 °C/min). Correlation analysis between the ratio of UFA /SFA
and crystallization temperature showed a significant, negative linear correlation with
coefficients r = —0.87 for rate 1 °C/min and r = —0.88 for rate 2 °C/min. This observation
is in line with other studies carried out on various edible oils [24].

The effect of cooling rate on the crystallization peak temperatures and enthalpies
was also found. The results obtained from crystallization indicated that the higher the
cooling rate, the lower the peak temperatures and the lower the enthalpy of transition. This
statement is in agreement with previous research conducted on butterfat [25] and other
vegetable oils [26].

The melting profiles were also analyzed by using various heating rates. Despite
variation in the shape of the melting profile between the various scanning rates, one
common peak was found at around —30 °C (Tm1) for all heating rates. Interestingly, for
heating rate 1 °C/min, differences in the shape of the melting curve were also observed
between cultivars. For the cultivar of Bukoz, Dolguniec and Szafir A, two peaks were
identified, while for NN and Szafir B the second peak was reduced. This can indicate that
the first peak, appearing at lower temperatures (Tm1), is the result of melting a less stable
o polymorph that was formed during cooling, and the second peak (Tm2) could arise from
polymorphic transition. The lower enthalpy for peak Tm1 than for peak Tm? in the case
of samples FL BU, FL DL, and FL SZA can confirm this statement because the higher the
enthalpy, the more stable the polymorph. The highest rate of polymorphic transition was
observed for the cultivar Bukoz (FL BU), with an enthalpy (AHm Peak 2) noted for the
peak Tm2 of 92.80 ] /g and the lowest for the Szafir (FL SZB) of 8.09 J/g (Table 4). The
lower enthalpy for the second peak was also observed for sample FL. NN. The similar
behavior of flaxseed oil with recrystallization and polymorphic transitions of metastable
forms at a heating rate of 1 °C/min was noted by Teh and Birch [22]. Oomah and Sitter [27]
also observed two similar transitions, the first between —35 and —33 °C and the second
between —25 and —24 °C indicative of crystalline melting corresponding to the « and 3
polymorphic forms. Similarly, a minor transition at —14 °C was detected.
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Analyzing these results, the question may arise as to what kind of compositional
differences affect this different polymorphic behavior, particularly in the case of the sample
FL SZB and FL NN. As the results of composition indicate (Table 1), for these two samples
of oils (FL SZB and FL NN) the highest percentage of oleic fatty acid (18:1), i.e., 18.46 and
18.71%, respectively, and the lowest ratio of unsaturated to saturated fatty acids (9.1 and 9.0,
respectively) were observed. In turn, for these samples the total saturated fatty acid level
was highest (9.88 and 10.01%, respectively). This indicates that the content of saturated and
unsaturated fatty acid is crucial for flaxseed triacylglycerols’ polymorphic behavior, as well
as for the peak melting temperatures. For samples with the highest percentage of saturated
fatty acid (FL SZB and FL NN), the highest melting temperatures were observed (—31.43
and —31.73 °C, respectively, for Tm1, and —10.87 and —10.26 °C, respectively, for Tm 2).
Regarding the influence of the composition of fatty acids on the melting temperatures,
correlations analysis revealed that there was a strong negative linear correlation between
melting temperature value (Tm1) and ratio UFA /SFA for all scanning rates. Statistically
significant (p < 0.05) Pearson’s correlation coefficients were obtained, i.e., —0.98, —0.97 and
—0.99, respectively, for scanning rates 1, 2, and 5 °C/min. This observation was previously
noted by Tan and Che Man [24].

Based on these results, it can be assumed that the heating rate 1 °C/min can be
considered for the differentiation of flaxseed oil cultivars, while the heating rate 5 °C/min
can be utilized as a fingerprint for the authenticity assessment of flaxseed oil.

The DSC technique is also a very convenient method for measuring thermo-oxidative
resistance to oxidation caused by oxygen and elevated temperature. It can be measured
isothermally at various temperatures or non-isothermally, in dynamic mode with various
heating rates. Five different samples of flaxseed oils started to be oxidized isothermally at
120 °C between 37 and 51 min, and oxidation finished between 58 and 68.5 min, while at
140 °C the OIT values were around 4-5 times lower. Flaxseed oil sample FL NN exhibited
significantly higher values of OIT and OET than the rest of the oils. The worst resistance
to oxidation was noted for the Szafir variety (FL SZA, FL SZB). The non-isothermal DSC
technique confirmed these observations. The Szafir seed variety oxidized at the lowest
temperatures for both rates 2 and 5 °C/min (144 °C and 157 °C, respectively), along with
the highest values for the sample FL NN variety (146.6 °C and 162.5 °C, respectively), thus
confirming significantly higher resistance to oxidation than for other varieties in both cases
of the rate. The duration and rate of isothermal oxidation analysis at 120 and 140 °C did
not differ significantly among the cultivars. However, for 140 °C the rate was three times
higher than for 120 °C. In another experiment with five flaxseed oils of the Szafir cultivar,
pressure differential scanning calorimetry (PDSC) isothermally at various temperatures
and with the oxygen flow rate of 100 mL/min was carried out by Symoniuk, Ratusz and
Krygier [13]. They obtained OIT values at 120 °C between 21.20 and 24.34 min and at
140 °C between 4.33 and 4.97 min.

In order to explain the variation in thermal resistance to oxidation among the culti-
vars, correlation analysis between fatty acid composition and DSC isothermal and non-
isothermal results was performed, the results of which are presented in Table 7. As can be
seen, high Pearson’s correlation coefficients were obtained between fatty acid C18:3 and all
DSC parameters, except for the parameter of non-isothermally measured onset temperature
(Ton) at the scanning rate of 2 °C/min. It can be concluded that -linolenic acid is predom-
inantly responsible for the thermal oxidation of flaxseed oil. This statement is in agreement
with the findings of other researchers [28]. In order to establish the relations between
thermo-oxidative stability and stability determined by chemical methods, principal compo-
nent analysis was performed. This is a method for detecting structure in the relationships
between variables and to classify the objects [29]. Principal component analysis (PCA)
was used to describe the oxidative stability of flaxseed oil measured by different methods.
Various variables were used for PCA: from isothermal DSC oxidation determination at 120
and 140 °C: OIT(120), OIT(140) and non-isothermal onset temperature at a heating rate of 2
and 5 °C/min: Ton (2), Ton (5), as well as from the chemical determination of oxidation
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stability: PV, pAV, AV, acidity, TOTOX. Using the graphical criterion, the first six principal
components, which explain 99.85% of the total variance, were derived. Figure 10 depicts
the plot of loadings, which visualizes relations between variables by analyzing the first
two principal components: PC1 and PC2. The horizontal axis corresponds to PC1, and
the vertical to PC2. The closer the variable is to the circle, the more it is correlated with
the component. The graph obtained shows that the first two PCs describe 70.05% of the
initial variability, where the first PC1 explains the observed variability in 52.26% and PC2
in 17.79%. The first component (PC1) describes the thermo-oxidative stability measured by
parameters such as OIT (120), OIT (140) and Ton (2), Ton (5), as well as PV and TOTOX. The
first PC is positively correlated with PV and TOTOX, and negatively correlated with the
rest of the variables, which were taken for the analysis, except pAV. From all sets of DSC
variables which are related to PC1, with all being located on the negative side (negative
correlations with PC1), the strongest factor loadings were noted for OIT (120), being —0.85,
and for Ton (5) of —0.84. On the opposite side of PC1, the variables of PV and TOTOX
are located, which means that there are negative correlations between them and DSC
parameters. This observation confirms that the greater the peroxide value, the lower the
DSC parameters, i.e., the lower the thermo-oxidative stability. However, it can also be seen
that variables of PV and TOTOX are strongly related to PC1 (0.69 and 0.68, respectively),
as well as to PC2 (0.56 and 0.58, respectively). Figure 10 also shows no correlation of DSC
parameters with anisidine value (pAV), as they are located perpendicular to each other,
thus the pAV variable is more related to PC2 with a factor loading of 0.73.

Table 7. Pearson’s correlation coefficients between fatty acid composition and oxidative stability
parameters measured by DSC.

C16:0 C18:0 C18:1 C18:2 18:3 n-3

OIT (120 °C) 0.08 0.37 0.39 0.53 —0.82*
OIT (140 °C) -0.21 —0.16 —0.07 0.80 * —0.63 *
Ton (2 °C/min) -0.13 0.18 0.17 0.47 -0.57
Ton (5 °C/min) 0.40 0.59 0.66 * 0.27 —0.82*

* marked correlations are significant at p < 0.05.
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Figure 10. Oxidative stability parameters of five cold-pressed flaxseed oils.
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4. Materials and Methods
4.1. Materials

We obtained three certified cultivars of flaxseed, i.e., Bukoz (FL BU), Dolguniec (FL
DL), Szafir, from two different suppliers (FL SZA, FL SZB) and one sample of unknown
variety (FL NN). All were brown-seeded flaxseed varieties, collected in 2019 from different
parts of Poland, and were used for oil cold-pressing at a temperature under 50 °C. The
pressed oils were left for 24 h for decantation and kept in brown glass bottles at freezing
temperature (—80 °C).

4.2. Fatty Acid Composition

The percentage fatty acids composition was determined by GC-FID. Fatty acid methyl
esters were prepared according to the AOCS Official Method Ce 2-66 [30]. Two drops of fat
were dissolved in 1 mL of hexane (for HPLC, Sigma Aldrich, Sp. z 0.0. Poznan, Poland).
A total of 1 mL of 0.4 N sodium methoxide was added. Samples were stirred and left for
15 min, then 5 mL of distilled water was added after and the top layer was taken. Fatty acid
methyl esters were analyzed using a Trace 1300 chromatograph (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). Separation was performed on a Supelcowax 10 capillary
column (30 m x 0.2 mm x 0.2 um). The injection was performed in splitless mode. The
sample volume was 1 uL and hydrogen was used as the carrier gas. The initial furnace
temperature was 160 °C, and was increased from 12 °C/min to 220 °C. A temperature
of 220 °C was maintained for 20 min. Fatty acid methyl esters were identified on the
basis of comparing the retention times in the sample and in the 37-Component FAME
Mix (Supelco).

4.3. Color Measurement

Color measurements of oils were carried out according to [17], using the Konica
Minolta CM-5 spectrophotometer (Konica Minolta, Inc., Tokyo, Japan) and SpectraMagicNx
software (Konica Minolta, Inc., Tokyo, Japan). The instrument was calibrated prior to
starting the analysis transmission chamber that can accurately measure both translucent
and transparent liquid samples using a CM-A213 zero calibration plate (black calibration),
followed by distilled water in a 10 mm CM-A98 glass cuvette (white calibration). The
research was conducted using the Hunter Lab scale. Reference standard L*a*b* values were
pre-defined and oil color was measured within the defined range. Parameter L* was in the
range of 0-100, and denoted the brightness of the color from black to white. Similarly, the
a* parameter, depending on the range, determined green (below 0) and red (above 0) tinge.
Another parameter determined was the b* parameter, which in the case of negative values
defined the color blue, but in the case of positive values—yellow. The samples used were
analyzed in three replications.

4.4. DSC Melting and Crystallization Analysis

Melting and crystallization analysis of flaxseed oils was carried out with modifica-
tions according to the method used for butterfat [31]. A Perkin Elmer differential scanning
calorimeter DSC 8500 PerkinElmer (Waltham, Massachusetts, USA), equipped with an Intra-
cooler II and running under Pyris software (Perkin Elmer, Waltham, Massachusetts, USA),
was used to examine the melting and crystallization properties of the flaxseed oil. Nitrogen
(99.999% purity) was the purge gas. The DSC calorimeter was calibrated using indium (m.p.
156.6 °C, AH; = 28.45 J/g) and n-dodecane (m.p. —9.65 °C, AH¢ =216.73 ]/g). Samples
of ca. 6-7 mg were weighed into aluminum pans of 20 uL (Perkin Elmer, No. 0219-0062,
Waltham, Massachusetts, USA) and hermetically sealed. The reference was an empty,
hermetically sealed aluminum pan. Prior to analysis, the samples were heated at 30 °C
for 5 min to melt all crystals and nuclei. The samples were cooled at scanning rate 1 and
2 °C/min and heated at scanning rates 1, 2, 5 °C/min. For each measurement at a given
scanning rate, the calibration procedure was completed with the correct scanning rate.
Crystallization curves were recorded from 30 to —65 °C, then, following cooling, melting
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curves were obtained from —65 to 30 °C. The temperature of each peak (Tp), the enthalpy
of melting or crystallization AH [J/g] were measured from cooling or heating curves. All
measurements were performed in triplicate for each sample.

4.5. Determination of Oxidative Stability by DSC

Oxidative stability was determined by following the ISO standard [32], and also
implementing the ASTM procedure [33]. Oil samples were studied in a DSC 7 Perkin Elmer
(Norwalk, Connecticut, USA) along with an Intracooler II operated with Pyris software
(Perkin Elmer, Waltham, Massachusetts, USA). Both the isothermal and non-isothermal
protocols were followed to determine the oxidative stability characteristics of the oils. The
instrument was calibrated using indium (m.p. 156.6 °C, AH = 28.45]/g) and n-dodecane
(m.p. —9.65 °C, AH¢ = 216.73 ] / g), while 99.99% pure nitrogen gas was used as the purge
gas. For the isothermal program, temperatures of 120 °C and 140 °C were maintained
with a constant oxygen flow of 20 mL/min. For the non-isothermal program, curves were
obtained by operating a scanning rate of 2 °C/min and 5 °C/min, respectively. Based on
the resulting curves, parameters denoted as oxidation induction time (OIT), oxidation end
time (OET), length of oxidation At (OIT-OET), and rate of oxidation were assayed. The
oxidation rate was calculated according to the following equation:

Oxidation Rate = (Y1 — Y2)/At 1)

where: Y1—heat flow at OIT point [W/g], Y2—heat flow at OET [W/g], At—length
of oxidation.

4.6. Chemical Determination of Oxidative Stability

Measurements of p-anisidine value (pAV) for oil samples, as a measure of the level
of secondary oxidative products, were carried out according to the ISO standard [34].
Spectrophotometric measurements were taken with a quartz cuvette with the 10 mm
optical path length. A sample of 3 + 0.001 g grams was weighed for measurement. The
values obtained were calculated by means of the following equation:

PAV = (25 [1.2 (A1 — A2 — Ao)])/m )

where Ao is the absorbance of the non-reacting sample, Al is the absorbance of the reacting
sample, A2 is an absorbance of the blank sample and m is the mass of the sample [g].
Peroxide value was determined by following the ISO 3960 standard [35]. A sample of
5 £ 0.001 g grams was weighed for measurement.
Calculations were performed using the following equation:

PV =((V — Vo) x Cyjo X F x 1000)/m 3)

where PV is peroxide value [meq O,/kg], V—volume of titrant in test portion [ml],
VO0—volume of titrant in blank [ml], Cy,;,—molar concentration of the sodium thiosulfate
solution in mol /1, F—exact concentration of the 0.01 N thiosulfate solution, m—weighed
portion of test substance [g].

In accordance with the ISO 3960 standard [35], the total oxidation value (TOTOX) pa-
rameter was calculated, based on the pAV and PV values, by means of the following formula:

TOTOX = pAV + 2PV, expressing the overall rate of oil oxidation.

Acid value (AV), as an indicator of the degree of hydrolytic changes, was measured in
five oils according to the AOCS official method [36]. A sample of 10 £ 0.001 g was weighed
for measurement. The resulting values were calculated using the following equation:

AV = (A — B) x M x 56.1)/W @)
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where: AV—acid value [mg KOH/g of test portion], A—volume of standard alkali used in
the titration [ml], B—volume of standard alkali used in titrating the blank [ml], M—molarity
of standard alkali, W—mass of test portion [g].

4.7. Statistical Analysis of Results

The results were presented in the form of a mean and standard deviation. The first
stage of the statistical analysis consisted of verifying ANOVA assumptions (variance homo-
geneity using the Hartley—Cochran-Bartlett test and data normality). If the assumptions
were respected, one-way analysis of variance (ANOVA) was used and Tukey’s test was
applied to create statistically homogeneous groups. In turn, when one assumption was not
confirmed, non-parametric tests were used, i.e., ANOVA and the Kruskal-Wallis rank test.
Pearson’s linear correlation coefficient was used to assess the significance of the relationship
between selected variables. Additionally, principal component analysis (PCA) was used to
assess the linear relationships between multiple variables. This analysis is an unsupervised
pattern recognition method that is used for exploring raw data. This technique is also
used to reduce the dimensionality of data sets. These methods define unique variances
(principal components) using linear combinations of the original numeric variables, and
these PCs are orthogonal (not correlated). Statistical analysis of the recorded results was
performed using Tibco Statistica 13.3 software (Tibco Software Inc., Tulsa, Oklahoma, USA)
at a significance level of oc = 0.05.

5. Conclusions

The DSC technique allowed differences in the shape of crystallization and melting
profiles obtained by different scanning rates to be identified, and the oxidative stability
of five different flaxseed oil cultivars at various thermal conditions to be measured. The
crystallization process measured using the DSC technique was manifested as a single
peak, which among the cultivars ranged between —55.35 and —54.59 °C for a cooling
rate of 1 °C/min, while for the scanning rate of 2 °C/min, the temperature ranged from
—60.24 to —59.1 °C. Analysis of the melting process at different scanning rates revealed that
melting curves were more complex, and in the case of rates 1 and 2 °C/min, the cultivars
differed in curve shape, while the profiles did not differ for a scanning rate of 5 °C/min.
Considering the results obtained from the melting process, it can be concluded that the
scanning rate had a significant influence on the behavior of the oil during melting. The
lower scanning rate of 1 °C/min affected the different melting behaviors among various
cultivars, depending on the small differences in composition (content of unsaturated and
saturated fatty acids). In the case of a higher scanning rate of 5 °C/min, the curves for all
cultivars were similar and this fact could be utilized in analytics for profiling in order to
assess the authenticity of flaxseed oil. Comparing the differences among flaxseed cultivars,
it was observed that lower melting and crystallization temperatures were noted for oils
characterized by the highest ratio of unsaturated fatty acids. Highly significant, negative
linear correlation coefficients were obtained for the relation between the crystallization
and melting peak temperatures and the ratio of UFA /SFA. The investigation of oxidation
stability by means of the DSC technique revealed that flaxseed oil is very susceptible to
thermal oxidation. The mean value calculated from all cultivars of time needed to start
oxidation (OIT) at 120 °C was 42 min, while at 140 °C it was 10 min, and for 140 °C the
rate of oxidation was three times higher than for 120 °C. In the DSC non-isothermal mode,
it was possible to measure at which temperature oxidation starts. For the heating rate of
2 °C/min, the mean value from all cultivars of onset temperature for oxidation was 145 °C,
and for a rate of 5 °C/min it was 159 °C. Significant linear correlations were found between
unsaturated fatty acid content (C18:2, C18:3 n-3) and DSC parameters of isothermally and
non-isothermally determined stability of flaxseed oils (OIT, Ton). Using PCA, it was also
established that there is a strong negative correlation between PV, TOTOX values and all
DSC parameters of the thermo-oxidative stability of flaxseed oil.
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Abstract

There is growing interest worldwide in the use of camelina oil for food as well as for biofuel purposes. For both of these
applications, oxidative stability is an important feature of the oil. Therefore, the aim of this study was to test the thermal
resistance to oxidation of three different cultivars of camelina oil i.e., Omega, Luna and Smitowska by means of isothermal
and non-isothermal differential scanning calorimetry (DSC) oxidation measurement. For isothermal DSC analysis, different
temperatures were tested (120, 140, 160 °C) and in the non-isothermal mode different scanning rates (1, 2, 5, 10, 15 °C min~!)
were used. To support the DSC data, chemical analyzes were also performed i.e., fatty acid composition, peroxide value,
p-anisidine value, acid value and radical scavenging activity by 2,2-diphenyl-1-picrylhydrazyl (RSA DPPH). The isother-
mal test indicated that for all camelina oils the oxidation induction time (OIT) decreased with an increase in temperature
on average from 69.83 min for 120 °C to 5.13 min for 160 °C. The OIT values corresponded very well with non-isothermal
DSC results, for which the onset temperatures (7,) increased with the increase of heating rate on average from 142.15 °C
for 1 °C min~! to 185.75 °C for 15 °C min~!. The parameters of DSC oxidative stability i.e., OIT as well as T, values were
negatively correlated with some unsaturated fatty acids content e.g., a-linolenic acid (C18:3, n-3) and positively with yel-
lowness b* and RSA DPPH. Oil from camelina seeds of Smitowska cultivar, which was characterized by the lowest content
of a-linolenic acid and the highest b * value of color and RSA DPPH, was the most thermally stable oil.

Keywords Camelina oil - Oxidative stability - Differential scanning calorimetry - Antioxidant activity - Oxidation induction
time - OIT - DSC non-isothermal oxidation test - Oxidation kinetics

Introduction

Recent research concerning fats and oils with diverse com-
positional characteristics and usage suggested a revised
approach toward the Camelina Sativa (L.) oil crop. This is
due to its unique agronomic features, promising and sus-
tainable oilseed quality and it is being a condensed source
of nutritive fatty acids. In the literature, Camelina Sativa
(L.) has been described mostly as an ancient crop, hence it
has been highlighted by the same authors as a good source
of edible vegetable oil, which for decades was neglected
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in industrial and commercial usage [1-5]. As early as
3000 years ago the cultivation of this crop was documented
in Europe [6], and in his early study on camelina, Budin
et al. [1] mentioned its cultivation in central Europe as an
oil-bearing crop from 600 B.C. onwards. This annual flower-
ing oilseed plant belongs to the Cruciferae (Brassicaceae)
family, which appears in spring and winter varieties [2,
5-7]. Other names of camelina that have been mentioned
are dodder oil, German sesame oil [8] or, false flax, gold of
pleasure, Siberian oilseed or wild flax [7, 9]. This yellow
flowering plant exhibits similarities with rapeseed plants'
generic characteristics, since they belong to the same fam-
ily, and is similar to flaxseed oils in terms of two highly
enriched essential n-3 fatty acids (C18:3, a-linolenic acid).
Although studies have suggested that this plant is indigenous
to Central European plain, it was replaced by the initiation
of rapeseed plants after the 1940s [2]. Therefore, interest of
camelina oil was been renewed, which resulted from the urge
to find new potential uses for this oil, such as e.g., biofuels,
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jet fuel, bio based-products, and feed [10]. Moreover, the fol-
lowing two beneficial features of this plant contribute to the
growing interest in it. The first of these is its very favorable
composition of fatty acids (high content of unsaturated fatty
acids, about 90%), and the content of antioxidant compounds
that affect high stability [1], 7, 11, 12. The second feature is
the unique ability of camelina to adapt to various climatic
and soil conditions [10]. Camelina is most often cultivated
in poor and very poor soils, probably the least sensitive to
soil water deficiency of all the plants in the Brassicaceae
[13] family. With its being one of the richest vegetal sources
of n-fatty acids, the nutritional values of camelina oil have
been studied and evaluated by scientists in recent years. It
has been shown that daily consumption of this oil brings
remarkable health benefits, which include the prevention
and treatment of hypertension, cardiovascular disease, obe-
sity and controlling blood glucose levels, LDL (low-density
lipoprotein) oxidation, neurological dysfunction [7, 14—16].
At the same time, apart from its utility in the formulation
of functional foods, and in nutraceuticals, pharmaceuticals
and cosmetics industries, the raw camelina plant has been
reported by many authors as being used as an excellent
source of biodiesel compared to canola and soybean bio-
diesels for its unique fatty acid composition and low energy
requirements during its agro life cycle [5, 15-18]. However,
the fatty acid composition of this oil depends on the cultiva-
tion conditions [14, 18, 19] or extraction methods [13, 20,
21]. Among the different extraction methods, cold pressing
is now relatively popular due to its ability to retain the bio-
active compounds in the oils, which is of great importance
from the nutritional point of view [14]. Several studies have
compared the stability of cold-pressed camelina oils with
other oils, where it has been found to be more stable than
flaxseed oil and less stable than others [22-24]. Among the
many different thermal analyzes used for oils and fats [25],
differential scanning calorimetry (DSC) is very popular for
testing the thermo-oxidative stability of oils under isother-
mal and non-isothermal conditions. Oxidative stability is
one of the crucial parameters determining oil quality. Most
methods for testing oxidative stability are based on analyz-
ing the oil at room temperature and many studies have been
performed using camelina based on the traditional chemi-
cal methods (i.e., p-anisidine value, peroxide value and acid
value determination) [4, 14, 22, 25, 26]. Due to the wide
range of applications of camelina oil, it is also important
to investigate the thermal oxidation stability of this oil by
means of differential scanning calorimetry in various tem-
perature conditions. There is little research on this topic in
the literature, and existing studies are either incomplete [20,
22, 27] or concern the conditions of altered pressure (pres-
sure differential scanning calorimetry, PDSC) [5, 6, 23],
which do not reflect the actual conditions of using the oil at
high temperatures. The novelty of these studies consists in

@ Springer

the investigation of the properties of oxidative stability of
camelina varieties originating from the Wielkopolska region
in Poland, which have not been tested in this respect so far
using the DSC technique. In this part of Poland, camelina
oil had been a traditional product since the ancient time,
which is now registered under the name "Olej rydzowy
tradycyjny" as a Traditional Speciality Guaranteed product
in the European Union and the United Kingdom. Hence,
the objective of this study was to determine the compre-
hensive characteristics of the thermo-oxidative stability of
cold-pressed camelina oils procured from five different sup-
pliers in Poland, and of various cultivars. The DSC isother-
mal and non-isothermal experiments in various conditions
were performed and the oxidation kinetic parameters were
calculated and compared with the results of peroxide value,
p-anisidine value, acid value, RSA DPPH, color and fatty
acids composition.

Experimental
Materials

Three cultivars of Camelina Sativa L. seeds were collected
during 2019 from Greater Poland region in Poland from
different suppliers i.e., SEMCO manufactory (Smitowo,
Poland) and Poznan University of Life Sciences (Dlon 4,
Miejska Goérka). Total five oils samples were investigated
from three cultivars, i.e., Omega -spring variety (CA OM),
Luna -winter variety (CA LUA, CA LUB) and Smitowska
-spring variety (CA SMA, CA SMB). Luna and Smitowska
cultivars were obtained from two suppliers of seeds (A and
B). These seeds were cold-pressed at a temperature below
50 °C. After pressing, the oils were decanted for 24 h. Dur-
ing subsequent laboratory storage, they were kept at freezing
temperature at — 80 °C in brown glass bottles.

Fatty acid composition

To determine the fatty acid composition of the camelina
seed oils, gas chromatography-Flame Ionization Detector
(GC-FID) was employed. All the samples were analyzed in
two replications. Two drops of fat were dissolved in 1 mL of
hexane (for HPLC, Sigma Aldrich). 1 mL of 0.4 N sodium
methoxide was added. The samples were stirred and left for
15 min, then 5 mL of distilled water was added and the top
layer was taken off. By following the AOCS official method
[29], fatty acid methyl esters were analyzed using a Trace
1300 chromatograph (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Separation was performed on a Supel-
cowax 10 capillary column (30 mx 0.2 mm X 0.2 pm), and
injection was performed in split less mode. The sample vol-
ume was 1 uL.. Hydrogen was used as the carrier gas. The
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initial furnace temperature was 160 °C, and was increased
from 12 °C min~! to 220 °C. The temperature of 220 °C
was maintained for 20 min. Fatty acid methyl esters were
identified on the basis of comparing the retention times in
the sample and in the 37-Component FAME Mix (Supelco).

Color measurement

Color measurements of oils were carried out using the Kon-
ica Minolta CM-5 spectrophotometer and SpectraMagicNx
software. The instrument was calibrated prior to starting the
analysis transmission chamber, which can accurately meas-
ure both translucent and transparent liquid samples using a
CM-A213 zero calibration plate (black calibration) followed
by distilled water in a 10 mm CM-A98 glass cuvette (white
calibration). The research was conducted using the Hunter
Lab scale. Parameter L* was in the range from 0 to 100, and
denoted the lightness of the color black to white. Similarly,
the a* parameter, depending on the range, was determined
by a green (below 0) and red (above 0) tinge and the b*
parameter, which in the case of negative values defined the
color blue, but in the case of positive values, this was yel-
low. The samples used were analyzed in three replications.

Determination of oxidative stability by DSC

Oxidative stability was determined by following the ISO
11357-1 [30], and also implementing the ASTM D3895-14
[31]. Oil samples were analyzed in DSC 7 Perkin Elmer
along with an Intracooler II, operated with Pyris software.
Both isothermal and non-isothermal protocol was followed
to determine the oxidative stability characteristics of the oils.
The instrument was calibrated using indium (m.p. 156.6 °C,
AH;=28.45J g~!') and n-dodecane (m.p. —9.65 °C,
AH,=216.73] g™!), while 99.99% pure nitrogen gas was
used as the purge gas. Oils samples of approximately 6—7 mg
were weighed into open aluminum pans of 50 uL (Perkin
Elmer, No. 02190041) and placed in the equipment’s sam-
ple chamber. The reference was the same open and empty
aluminum pan. For the isothermal program, temperature of
120, 140 and 160 °C was maintained with a constant oxy-
gen flow of 20 mL min~! (purity 99.995%). Based on the
obtained curves, parameters denoted as oxidation induction
time (OIT), oxidation end time (OET), length of oxida-
tion At=OET-OIT, and rate of oxidation were determined.
Determination of OIT was done after normalization of oxi-
dation DSC curve, as the intersection of the extrapolated
baseline and the tangent line to the descending exotherm,
while OET value was measured at the minimum value of
the heat flow of the exotherm, which expresses the end of
the propagation and beginning of the termination stage of
oxidation.

The oxidation rate was calculated according to the fol-
lowing equation:

oxidation rate = (Y1 — Y2)/A¢ (1

where Y/—heat flow at OIT point [W g~!], Y2—heat flow
at OET [W g~'], Ar—Ilength of oxidation [min].

The non-isothermal analyzes were carried out by apply-
ing the heating rate of 1, 2, 5, 10 and 15 °C min~!, maintain-
ing the oxygen flow 20 mL min~". From the oxidation curves
the onset temperature (7,,) and the end temperature (7.,,4)
were calculated. The value of T, was the onset temperature
determined as the intersection of the extrapolated baseline
and the tangent line to the descending curve of the recorded
exotherm, whilst, T, ; was measured as the temperature at
the minimum value of the heat flow, which represents the
end of the propagation and start of the termination stage.
Oils samples were analyzed in two replications for all DSC
experiments.

Chemical determination of oxidative stability

Measurement of p-anisidine value (pAV) as a measure of
the level of secondary oxidative products was carried out
according to ISO 6885:2016 [32]. Spectrophotometric meas-
urements were taken with a quartz cuvette with a 10 mm
optical path length. Peroxide value (PV) was determined
by following the ISO 3960:2007 procedure [33]. The
total oxidation value (TOTOX) parameter was calculated
based on the pAV and PV values by the following formula
TOTOX =pAV + 2PV, expressing the overall rate of oil oxi-
dation. Acid value (AV), as an indicator of the degree of
hydrolytic changes, was measured according to the official
AOCS method [34]. All chemical analyzes were done in
three replications.

Radical scavenging activity by DPPH (RSA DPPH)

The DDPH (2,2-diphenyl-1-pikrylhydrazyl) method was
used to evaluate the antioxidant activity of the oils. The
method is based on the ability of the oil to scavenge the
DPPH® radicals (0.04 mM). In brief, 10 uL of the oil
was added to 990 uL of DPPH® radical in ethyl acetate
(0.04 mM) and mixed. The mixture was incubated for one
hour in the dark at ambient temperature. Then, the spectro-
photometric measurements at 517 nm were performed with
a Varian Cary 1E (Berlose, Australia) using ethyl acetate as
a blanc. Results are expressed as Trolox equivalents (TE) in
mmol L™!. A Trolox calibration curve in the range from 0
to 15 uM was prepared with a slope of 5.3668. All oils were
analyzed in two replications.
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Statistical analysis of results

The results were presented in the form of mean and stand-
ard deviation. The first stage in the statistical analysis con-
sisted in verifying variance homogeneity using the Hartley-
Cochran-Bartlett test. In the case of variance homogeneity,
one-way analysis of variance (ANOVA) was used and
Tukey's test was applied to create statistically homogene-
ous groups. In turn, when variances were not homogene-
ous, non-parametric tests were used, i.e., ANOVA and the
Kruskal-Wallis rank test. Additionally, principle compo-
nent analysis (PCA) was performed to show the relation-
ships between variables and detect some patterns between
variables and objects. The analysis also enables the dataset
to be reduced from a higher to a lower dimensional level.
Statistical analysis of recorded results was performed using
Statistica 13.3 software (TIBCO Software Inc. USA) at a
significance level of ¢ =0.05.

Results

Chemical characteristics of cold-pressed camelina
oils

Fatty acid (FA) composition analysis is one of the most
important for the characterization of edible oils. The FA
profile of cold-pressed camelina seed oils is presented in
Table 1, which shows its very high content of unsaturated
fatty acids (UFA), around 90%, and low content of satu-
rated fatty acids (SFA), varying between 8.73% to 10.36%
for different cultivars. These results are in a similar range
to those obtained by other authors [18, 23]. Among the
UFAs, a-linolenic acid, C18:3, n-3 (ALA) showed prepo-
tent presence, around 30-37%, which is consistent with other
studies [5, 11, 28]. The highest amount of ALA (37.17%)
was determined in the Omega cultivar. Similar content of
ALA (36.88%) in this cultivar was also found by Kurasiak-
Popowska et al. [30]. The next most abundant UFAs were
linoleic acid, C18:2 (LA), ranging from 15.31 to 20.97%
and oleic acid, C18:1 (15.16-18.29%). Comparing camelina
cultivars, Smitowska had the highest content of LA, while
other authors reported lower or a similar content of LA, for
example, 16.1-18.6% was mentioned by Hrastar et al. [29],
and 18.5% by Berti et al. [10]. Among the other unsatu-
rated fatty acids, the eicosenoic acid C20:1 was found in a
range from 13.26 to 15.83%, which is a specific fatty acid
for camelina oil. At a relatively low level, the saturated fatty
acids (SFA) were detected: palmitic acid, C16:0 with around
5% and stearic acid, C18:0 with around 2%. Another impor-
tant parameter calculated from the results of FA composition
is the ratio of fatty acids n-3 to n-6. In our study, it was found
to be within the range from 1.4 to 2.4, where Ratusz et al.
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Fig. 1 Oxidative stability parameters of cold-pressed camelina seed
oils: peroxide value (PV), p-anisidine value (pAV), total oxidation
value (TOTOX) and acid value (AV). Different superscript letters
(a, b, ¢, d) indicate significant differences between oils (p <0.05).
Camelina seed oils: CA OM (Omega cultivar), CA SMA, CA SMB

(Smitowska cultivar) CA LUA, CA LUB (Luna cultivar). Vertical
bars denote standard deviation

[6] reported the ratio in the range from 1.79 to 2.17. Figure 1
shows the results of peroxide (PV), p-anisidine (pAV), acid
(AV) and TOTOX values determination in camelina oils.
These chemical analyses confirmed the good quality of the
freshly pressed camelina oil samples. As the oil samples are
fresh, the pAV is expected to be low, since there was not
enough time to form secondary oxidation products in the
oil. For the camelina oil varieties, pAV ranged from 0.20 to
0.28, which is comparatively lower than the values obtained
by Ratusz et al. [6] (0.22-1.48) and Symoniuk et al. [24]
(0.45-0.67). Similarly, the peroxide values for all camelina
cultivars did not exceed the required limits by the Codex Ali-
mentarius standards [31], which states that the values for PV
cannot be higher than 15 meq O,kg™". All the camelina oil
varieties were quite consistent with the PV value and ranged
from 2.63 to 4.31, which is a slightly higher range than that
obtained by Ratusz et al. [6] (0.89-3.49 meq O,kg™ "), Ratusz
et al. [5] (0.79-2.04 meq Ozkg_') and Symoniuk et al. [24]
(2.37-3.00 meq O,kg™"). On the other hand, Raczyk et al.
[23] obtained a similar range (1.20 to 4.88 meq Ozkg_l), and
Hrastar et al. [29] obtained an even higher range by experi-
menting with oils from different growing seasons (0.74 to
8.85 meq O,kg™!). For this experiment, though all the oils
PV values were relatively low, the SM B variety had the
lowest value (2.63 meq O, kg™!) and the highest was for
the Omega (CA OM) variety (4.31 meq O, kg‘l). The next
measured parameter was the acid value (AV), ranging from
0.4 to 1.90 mg KOH kg™', which obviously indicates the low
content of free acids in the oil, as they were freshly pressed.
These values are similar to those obtained by Raczyk et al.
[23] (0.53-0.89 mg KOH kg_]). Among the oils, LU A had
the lowest value at 0.43 and LU B had the highest value at
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Fig.2 DSC isothermal oxidation curves obtained at 120 °C (A), 140 °C (B), 160 °C (C) for cold-pressed camelina oils

1.90 mg KOH kg™'. The total oxidation state (TOTOX) of
these oils was also calculated and the range of values dif-
fered significantly between the varieties, ranging from 5.43
to 8.89. An almost similar range was obtained by Ratusz
et al. [6] (2.40-7.83). Another study revealed values from
3.38 to 10.22 [23], and Symoniuk et al. [24] obtained results
from 5.28 to 6.45. Among the varieties investigated in this
study, the O