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Abstract

:

There is currently a growing interest in oils characterised by specific medicinal, cosmetic, or dietary properties. For this reason, the seeds of two plants, milk thistle (Silybum marianum Gaertn) and borage (Borago officinalis L.), were studied by subjecting them to the process of cold pressing. The extracted oils were then examined in terms of their chemical composition and biological activity, and qualitatively analysed with the use of FTIR spectroscopy. The oils contained linoleic and octadecenoic acids in amounts of 47.84%, 35.31% (milk thistle oil) and 35.43%, 25.18% (borage oil). They were characterised by low water content, roughly 0.088% for thistle and 0.075% for borage, and simultaneously relatively high phosphorus content, reaching, respectively, 47.7 and 33.1 mg·kg−1. The mean peroxide value was 4.22 for milk thistle and 2.83 mmolO2·kg−1 for borage, and the acid number was 5.17 and 3.9 mgKOH·g−1, respectively. FTIR spectroscopy was used to conduct a qualitative analysis, which revealed slight discrepancies in intensity at 3005 cm−1, which confirmed differences in the content of fatty acids and oil pigments between the oils. The obtained results provided information on the applicability of the studied seeds and oils obtained therefrom as basic components of pharmaceutical and cosmetic products with potential health benefits.
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1. Introduction


The return to nature and rediscovery of its resources have become a key trend in contemporary industry, science, and consumption. The efforts to reemploy the natural properties of long-forgotten plants (such as milk thistle and borage) aim to popularise such materials in accordance with the European’s environmentally friendly policies. This is important because these plants have valuable properties facilitating the correct functioning of the human body in medicine and biocosmetics [1]. It has been reported that γ-linolenic acid contained in borage oil is effective against atopic dermatitis [2]. The research demonstrated that children who had worn undershirts coated with borage oil for 2 weeks showed improvements in their erythema and itch, which were statistically significant. Transepidermal water loss from the back was decreased. The undershirts coated with borage oil were found to be statistically effective, and had no side effects for children with mild atopic dermatitis [2]. Milk thistle has been used to treat various diseases for years. Many studies suggest a positive role for milk thistle in liver protection and regeneration [3,4,5]. Das and Mukherje [3] showed that the administration of an adequate amount of silybin restores the oxidative–antioxidant balance and reduces inflammation biomarkers and immunomodulation in induced liver oxidative stress in rats. Kwon et al. [4] found that the silymarin in milk thistle promotes hepatic glutathione production, which enhances antioxidant defences in mouse liver models. The health effects of milk thistle have also been proven in human studies. Lucena et al. [5] revealed a statistically significant reduction in lipid peroxidation in patients with alcoholic cirrhosis after the administration of silymarin from the dry extract of the fruit of the Silybum marianum plant [5].



There have been a growing number of dietary, cosmetic, and pharmaceutical breakthroughs relying on the bioactive substances present in plants rich in polyunsaturated fatty acids from the n-3 and n-6 families, as well as γ-linolenic acid (GLA), the prostaglandin precursor, with many tracing back to the two plants mentioned above. In the case of milk thistle and borage, the industrial-grade material consists primarily of seeds and the oils extracted from the same [6]. The most valuable oil is obtained in the process of cold pressing. With such treatment, both borage (Borago officinalis L.) and milk thistle (Silybum marianum L. Gaertn) can be a source of a number of valuable compounds with proven medicinal and cosmetic benefits. Such compounds are necessary ingredients of a healthy human diet that cannot be synthesised, and therefore should or even must be obtained from plant sources [7]. However, milk thistle seed oil is considered one of the most valuable products of natural origin due to its multiple and complex healing properties. Milk thistle seed oil has also been documented as a potential natural source of vitamin E and has often been recommended as a favourable edible oil [8].



Milk thistle has a number of confirmed health benefits, verified by documented research results that list it among alternative medicines facilitating the treatment of liver- and bile-related ailments [9]. Its anti-inflammatory properties allow it to be used as an ointment applied on pruritic, psoriatic, exsiccated, burned, or frostbitten skin [10].



Oils obtained from the two plants are a rich source of lipophilic compounds, tocopherols (vitamin E), counted as some of the most potent natural antioxidants, carotenoids, tocochromanols, phytosterols, and squalene, showing significant health benefits, as well as sterols (cholesterol, campesterol, stigmasterol, and sitosterol) [11], sugars (arabinose, rhamnose, xylose, and glucose), and flavonoids, contributing to protection of the liver against toxins [12].



Given the growing interest in products based on borage and milk thistle oils, it is prudent to expand our knowledge on the chemical composition and biological activity of the plants. Hence, the aim of this study was a comparative analysis of their seeds and the oils extracted from them in terms of selected primary qualitative parameters. To this end, seeds were examined for the content of fat and protein, and the oils were studied in terms of raw fat, protein, water (H2O), phosphorus (P), acid number (AN), peroxide value (PV), and free fatty acid content (FFA). The analysis included the composition of fatty acids, the content of sterols and squalene, tocopherols and tocotrienols, total chlorophyll and carotenoids, oil colour, and total polyphenols, as well as antioxidative activity (DPPH). Moreover, a qualitative analysis was conducted on the two oils using FTIR spectroscopy as a non-invasive, fast, and efficient method of determining general differences in this type of organic sample.




2. Materials and Methods


2.1. Plant Material


The studied material consisted of milk thistle (Silybum marianum L.) and borage (Borago officinalis L.) seeds, as well as oil extracted from the same. The batches of seeds harvested in 2021 were purchased from the “MIŁEX” Trade and Service Company in Lublin (Poland). The cultivars selected for the analysis were ‘Silma’ for milk thistle and ‘Variegata’ for borage. Both plants were grown in Biłgoraj (Voivodeship Lublin, Poland) in the eastern part of Poland.




2.2. Determination of Seed Moisture


The seed moisture content was determined with the drying method using a Radwag max 50/L/WH moisture analyser at 120 °C in accordance with the PN-EN ISO 665:2020 standard [13].




2.3. Determination of Fat Content


The fat content was determined in the seeds using an automatic Soxhlet apparatus (Tecator Soxtec System HT 1043 extraction unit, Gemini, Apeldoorn, Sweden). The analysis was performed in accordance with AN 310 applications [14].




2.4. Determination of Protein Content


The protein content was determined with the Kjeldahl method in accordance with the PN-EN ISO 1871:1975 standard [15]. This method involves the conversion of organic nitrogen compounds into ammonium sulphate by mineralisation with concentrated sulfuric acid in the presence of a catalyst, alkalisation of the solution, distillation with NH3, and titration of ammonia bound to boric acid by using hydrochloric acid.




2.5. Cold Pressing Seed Oil


Four kilograms of seeds from each plant were subjected to the process of cold pressing using a Farmet DUO screw press (Czech Republic). To facilitate more efficient oil extraction, the press was heated to 50 °C. The cold-pressed oil was poured into brown glass bottles and stored for 7 days to allow the natural sedimentation of impurities. Once the impurities had settled, the oil samples were ready for further analysis.




2.6. Qualitative Analysis of Fatty Acids


The analysis of the fatty acid content in the pressed oils was performed in accordance with the PN-EN ISO 12966-2:2011 standard, using the method of gas chromatography, which allows the determination of both the qualitative and quantitative composition of fatty acid ethyl esters [16].




2.7. Determination of FFA, Phosphorus, and Water


The oils were analysed for the content of free fatty acids (FFA) in accordance with the PN-EN ISO 660 standard [17]. The content of phosphorus was determined in accordance with the PN- ISO 10540-1 standard [18], and the content of water in the oils was measured using the Karl Fischer titration method on a TitrolLine 7500 KF apparatus from Donserv and Good Titration Practice™ (GTP) METTLER TOLEDO software (Version 9.0).




2.8. Chlorophyll and Carotenoid Pigment Content


Chlorophyll and carotenoid concentrations in the oil samples were assessed in cyclohexane according to the protocol of Chtourou et al. [19], with minor modifications. The absorbance of each sample was measured at 670 nm for chlorophyll and 470 nm for carotenoids using a spectrophotometer (UV-2600i, Schimadzu, Kioto in Japan). Their concentrations were calculated using formulas for chlorophylls (1) and carotenoids (2). The results are stated as mg·g−1 oil.


  Chlorophyll =  (   A  640   · 106  )  /  (  613 · 100 · d  )   



(1)






  Carotenoids =  (   A  470   · 106  )  /  (  2000 · 100 · d  )   



(2)







A: absorbance of the oil at the respective wavelength; d: thickness of the cuvette (1 cm).




2.9. Measurement of Colour Coordinates


Colour measurements were performed with the reflection method using an X-Rite 8200 spheric spectrometer with a measurement opening 12.7 in diameter. A D65 light source was used, coupled with a standard calorimetric observer working in a 10° field of view. Before each measurement, the device was calibrated using a white standard sample.



Colour coordinates were determined in accordance with the CIEL*a*b* system. The system entails colour measurements based on a numeric determination relative to three coordinates L*, a*, and b*, where L* stands for colour lightness within the range of 0 for a perfectly black body to 100 for a perfectly white body. The a* coordinate describes the shift from green (−a*) to red (+a*), and the b* coordinate from blue (−b*) to yellow (+b*). On the basis of the measured colour coordinates, the chroma (c) (3) and hue (h) (4) values were also determined for the dry material samples [20].


  c =      (   a *   )   2  +    (   b *   )   2     



(3)






  h =   tan   − 1    b a   



(4)








2.10. Total Phenol Content


The total polyphenol content of the oils analysed was determined according to the method described by Singleton and Rossi [21], with slight modifications. Oil (0.5 g) was extracted in methanol (5.0 mL) for 10 min. The methanolic extract (1.0 mL) was mixed with Folin–Ciocalteu reagent (1.5 mL). After 3 min, a 20% Na2CO3 solution (2.5 mL) was added, and the mixture was diluted to 10.0 mL with distilled water. The solution was left at room temperature. After 45 min, the mixture was centrifuged and the absorbance was calculated using a spectrophotometer (UV-2600i, Schimadzu, Kioto in Japan) at 725 nm. Values are given in milligrams of gallic acid per gram of oil.




2.11. Total Flavonoid Content


Total flavonoid content was determined according to the method described by Marinova et al. [22], with slight modifications. In a test tube was mixed 0.5 mL of methanolic extract with 2.5 mL of distilled water, followed by the addition of 0.15 mL of a 5% NaNO2 solution. The mixture was left at room temperature for 10 min. Then, 0.30 mL of 10% AlCl3·6 H2O solution was added and it was left for another 5 min, before adding 1.0 mL of 1.0 M NaOH. The mixture was increased to 5.0 mL with distilled water and mixed well. Absorbance was measured at 510 nm. The result was given as milligram of quercetin per gram of oil recovered.




2.12. Total Antioxidant Capacity DPPH


The evaluation of the antioxidative activity of the analysed oils was performed following the method described by Presch et al. [23], with slight modifications. The spectrophotometric analysis was performed on a UV-2600i spectrophotometer (Shimadzu, Kioto in Japan) using a stable free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH), at the wavelength of 517 nm. The obtained results were expressed as mg of Trolox (Sigma-Aldrich, St. Louis, MO, USA) per 100 g of oil. All the analyses were conducted in triplicate.




2.13. Determination of the Content of Phytosterols and Squalene


The content of phytosterols and squalene was measured with the method described by Szkula et al. [24]. The analysis was performed with the technique of gas chromatography on an Agilent GC 7890 B gas chromatographer coupled with a 7000 D mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). An Elite-17ms capillary column from Elmer (Perkin Elmer, Waltham, MA, USA) was used (column dimensions: 30 m × 0.25 mm × 0.25 µm). The eluent gas used was helium flowing at 1.1 mL∙min−1. The separation was performed in the temperature range from 120 °C (for 1 min) to 290 °C (for 5 min); the temperature was increased at the rate of 5 °C∙min−1. Moreover, 5α-cholestane (Sigma-Aldrich®, St. Louis, MO, USA) was used as the internal standard for the purposes of the quantitative analyses. The results were processed using Agilent ChemStation Rev B.04.02 SP1 and Amdis ver. 2.66 (NIST, Gaithersburg, MD, USA) software. All the analyses were performed in triplicate.




2.14. Determination of the Content of Tocopherols


The content of tocopherols was determined in accordance with the method described by Fromm et al. [25], with slight modifications. The measurements were performed by way of ultra-performance liquid chromatography with a spectrophotometric detector (UPLC-PDA), using an Acquity Waters UPLC PDA system (Waters, Milford, MA, USA). Here, 500 mg samples of the analysed oils were dissolved in 5 mL of isopropyl alcohol and stirred in a vortex (a 30,392,131 mini mixer, OHAUS CORPORATION, Parsippany, NJ, USA). Next, 6 mL of methanol was added and the mixture was further vortexed. Afterwards, 500 μL of the obtained mixture was diluted with 500 μL of methanol. The resulting sample was filtered and placed, in the amount of 5 μL, at the top of an Acquity CSH C18 column (1.7 µm, 100 × 1.0 mm, Waters, Milford, MA, USA). The mobile phase was composed of the following: Solvent A—acetonitrile:water (90:10, v/v); Solvent B—acetonitrile:methanol (50:50, v/v). The flow rate was 0.7 mL·min−1. The tocopherol measurements were performed at the wavelength of 290 nm. Tocopherol standards were purchased from Sigma-Aldrich (St. Louis, MO, United States). All the analyses were carried out in triplicate.




2.15. Acid Number and Peroxide Value Measurements


The acid number (AN) was determined in accordance with PN-EN ISO 660:2009 [17]. The method allows one to measure the content of free fatty acids formed during the hydrolysis of ester bonds. First, 2 g of oil was measured into a conical flask, to which 50 cm3 of a 1:1 mixture of ether and ethyl alcohol was added, as well as several drops of phenolphthalein. The resulting mixture was then titrated with a KOH solution until a pink colour was obtained. The acid value was calculated from the following formula:


  A N =   V · N · 56.1  m   



(5)







V: volume of the titrating solution; N: concentration of the titrating solution; m: mass of the sample; 56.1: conversion factor.



The peroxide value (PV) was determined in accordance with PN-EN ISO 3960:2017 [26]. It allows one to measure the content of iodine released from potassium iodide under the influence of peroxides present in the oil sample. First, 2 g of oil was measured into a conical flask. Next, 10 cm3 of chloroform was added, followed by 15 cm3 of ice-cold acetic acid and 1 cm3 of a potassium iodide solution. The content of the flask was stirred for 1 min, and then set aside for 5 min away from light. Afterwards, 75 mL of distilled water was added and the mixture was titrated with a 0.002 N solution of sodium thiosulphate in the presence of several drops of starch as an indicator. A parallel, blank test was also performed. The peroxide value was calculated from the following formula:


  L O O =    (  V −  V 1   )  · c ·   10  3   m   



(6)







V: volume of the sodium thiosulphate solution used for sample titration; V1: volume of the sodium thiosulphate solution used for the titration of the reagent blank; c: concentration of the sodium thiosulphate solution; m: mass of the sample.




2.16. Oxidative Stability Measurements


The oxidative stability was measured using a Rancimat 670 apparatus (Metrohm AG, Herisau, Switzerland). Oil samples (2.5 g) were weighed into reaction vessels and heated at 120 °C under a dry air flow of 20 L·h−1. The volatile compounds released during oxidation were collected into a cell containing distilled water, and the increasing water conductivity was continually measured. The time taken to reach the conductivity inflection point was recorded as the induction period (IP), expressed in hours. All determinations were carried out in triplicate.




2.17. FTIR Measurements


FTIR spectra were measured using the background-corrected ATR-FTIR technique (i.e., Attenuated Total Reflectance–Fourier Transform Infrared Spectroscopy) (16 scans per sample), with an HATR Ge crystal attachment (crystal truncated at 45° to allow for 10 internal reflections) in the form of a crystal plate, at room temperature T = 23 °C. All measurements were performed using a 670-Varian Spectrometer IR (Agilent, Santa Clara, CA, USA). Prior to each measurement, the crystal was cleaned using ultrapure solvents (Sigma-Aldrich, St. Louis, MO, USA). The apparatus was constantly purged with argon approximately 60 min prior to and during all measurements. The obtained infrared spectra were measured at the resolution of one 2 cm−1 within the spectral range between 3200 and 800 cm−1. The Fourier-transformed and averaged spectra were analysed and processed using Grams/AI 8.0 software (Thermo Fisher Scientific, Waltham, MA, USA).




2.18. Statistical Analysis


The statistical methods employed included one-way analysis of variance with Tukey’s test to determine the significance of differences observed between the obtained mean values. The analysis was conducted using the Statistica 13.3.1 software from StatSoft. The adopted significance threshold was α = 0.05.





3. Results


Table 1 presents the results of the analysis of the seeds’ basic chemical compositions. They revealed typical, not particularly varied moisture content of 6.55 and 6.61%, respectively, for the milk thistle and borage seeds. The analysis of fat content returned 34.34% in the borage seeds. This was 24.6% higher than the corresponding value for milk thistle seeds (25.90%). Less differentiation was observed in terms of the protein content, with the values recorded as 24.80% (borage seeds) and 29.49% (milk thistle seeds), which corresponded to a difference of 19% between the analysed samples (Table 1).



The table below (Table 2) presents the results recorded in terms of the fatty acid content in the analysed oils. Seven distinct fatty acids were identified in the milk thistle oil, and nine in the borage oil. Both samples were characterised by significant levels of polyunsaturated fatty acids n-6, including linolic acid (18:2n-6) (ALA). However, statistically significant differences were also observed. The content of linolic acid in borage oil was 26% higher than the corresponding value in milk thistle oil. The second most prominent acid identified was oleic acid (C18:1n9c). Its content also varied statistically significantly between the samples, with the value obtained for milk thistle oil exceeding the corresponding result for borage oil by 28%. Furthermore, the borage oil sample contained 19.79% of γ-linolenic acid (C18:3n6) and 2.90% of arachidic acid (C20:0). The latter two acids were not found in the milk thistle oil sample. The content of the remaining acids in the respective oils also varied to a lesser or greater degree.



Values such as the peroxide value (form of primary oxidation products), water content, and acid number (free fatty acids), as significant to the rancidification process, are key parameters considered for the purposes of quality analyses in both industrial and scientific contexts. The parameters determine the durability of the product, and consequently the economic viability of the oil. Table 3 presents some of the most important chemical parameters influencing the quality of oils used in the fuel and oil manufacturing industries. In both analysed samples, most of the measurements returned higher values in the oil extracted from milk thistle seeds. The water content in the milk thistle oil was 14.7% higher as compared to the borage oil. The content of phosphorus was 30% higher, AN 24.5% higher, PV 32.9% higher, and FFA 63.4% higher (5.2 and 1.9%). In terms of the oxidative stability parameter, the measured time was 4.53 and 4.28 h, respectively, which corresponded to a 5.5% higher value for milk thistle oil. In terms of the other parameters, such as PV or NJ, their levels observed for milk thistle oil were lower, respectively, by 32.93 and 13.34% compared to borage oil.



Table 4, Table 5 and Table 6 present the parameters responsible for the characteristic colour of the oils, as well as their antioxidative properties (Table 7). The content of total chlorophyll in borage oil was 26.17% (3.63 mg·kg−1) higher than the value for milk thistle oil. Furthermore, significant differences were observed in terms of carotenoid content as the value recorded for borage oil was 18% lower than that for milk thistle oil (Table 4).



The polyphenol content varied by 71.3% between the respective samples, with the higher level of 7.18 mgGAE·g−1 oil recorded for milk thistle oil. The corresponding value for borage oil was 4.19 mgGAE·g−1 oil.



The content of flavonoids in the analysed oils was 4.45 mg·kg−1 in milk thistle oil, which was significantly higher than in the case of borage oil (by 12.37%).



Tocopherols are important lipophilic compounds with antioxidative properties (Table 5). The concentration of tocochromanols varied by 224.5% between the analysed oils. The content of α-tocopherol (vitamin E), i.e., the most bioactive of the same, was positively verified in milk thistle oil (275.7 mg·kg−1) but was not present in borage oil. β-tocopherol was not detected in either of the samples. The content of γ-tocopherol was significantly higher in borage oil, exceeding the corresponding amount in the other sample by 34.62%. The lowest values were observed for δ-tocopherols and were the same in both samples (14.23 mg·kg−1). The free radical scavenging capacity of the studied oils determined using the common DPPH method was 1.83 and 1.54 mgTrolox·100 g−1, respectively, in milk thistle and borage oil, i.e., the discrepancy between samples amounted to 18.83%.



Table 6 presents the colour parameters of the analysed oils. The value of the L* coordinate for oil obtained from milk thistle seeds was approximately ten units lower relative to borage oil, signifying that the latter was considerably lighter. The values of the a* and b* colour coordinates, as well as the chroma value (c), were all higher for milk thistle oil, signifying that the colour could be described as more “lively”. On the other hand, the hue (h) coordinate was higher for borage oil, i.e., the hues of the respective oils were considerably different.



The table below (Table 7) lists the basic steroid compounds present in plants. The content of total sterols varied between the two analysed oil samples. The level thereof recorded for borage oil (261.33 mg·100 g−1 oil) was 33% lower than in the case of milk thistle oil (347.52 mg·100 g−1 oil). The highest specific content was observed for β-sitosterol, Δ5-campestanol, Δ7-stigmasterol, and Δ5-stigmasterol, with the differences between the two oils estimated at 11.85%, 252%, 88.94%, and 177.30%, respectively. The lowest content or a complete absence of the relevant compounds in the milk thistle sample was recorded for clerosterol, Δ5-avenasterol, brassicasterol (0 mg·100 g−1 oil), and Δ7-avenasterol (0 mg·100 g−1 oil). In the case of borage oil, the presence of campestanol, clerosterol, sitostanol, Δ5-24-stigmastadienol, and cholesterol was not detected.



The content of squalene also varied significantly between the analysed oils. It was 78.23 mg·100 g−1 oil in milk thistle oil, which was 97% higher than the corresponding value for borage oil (39.76 mg·100 g−1 oil).



The conducted analysis of Pearson’s linear correlation coefficient confirmed our expectations and revealed a close dependence between the factors considered for both oils (Table 8). There was a strong, both positive and negative, correlation between the content of phosphorus, C16:0 acid, acid number, peroxide value, iodine number, free fatty acids, and oxidative stability coefficient relative to the content of tocopherols δ, γ, α. Moreover, the same was also observed relative to sterols, polyphenols, DPPH, flavonoids, squalene, carotenoids, and chlorophylls, i.e., the group of antioxidative compounds.



Figure 1 presents the FTIR spectra measured for the respective oil samples obtained from borage (black line) and milk thistle (red line). For the sake of easier analysis and comparison, the spectra were normalised at the same intensity with the maximum at ~1741 cm−1. The samples were placed on the crystal and analysed in a neutral gas atmosphere (as described in the Section 2).



Table 9 below illustrates the characteristic bands observed for the analysed oil samples attributed to the vibrations of specific functional groups based on an extensive literature review. It should be noted that the infrared spectra of the analysed oil samples contained clear bands that could be relatively easily attributed to specific vibrations of particular functional groups characteristic of certain food ingredients. Most edible vegetable oils are composed primarily of a variety of triglyceride fractions. Differences in this respect are primarily related to the degree and form of unsaturation of acyl groups involved, and the lengths of particular chains. There is currently a constantly growing number of worldwide publications reporting studies wherein FTIR spectroscopy was used in the analysis of various vegetable oils, e.g., rape oils. It should be noted, however, that despite the above, some bands prove notoriously difficult to decisively associate with specific groups. Table 9 below provides a fairly detailed breakdown of spectral frequencies with the most important band enhancements, as well as the corresponding functional groups involved. As a general note, it should be mentioned that, in this type of biological sample, many bands tend to overlap, which renders their association with specific vibrations considerably more difficult.



The general characteristics of the presented oil samples reveal rather intensive vibrations of the methylene group, usually located within the spectral range of 1350 to 1175 cm−1. In this case, these correspond to the stretching vibrations of the -C-H bond of the -CH3 group and deformation vibrations occurring in the same group (located at ~1160 cm−1, in our case, as an enhancement of the main band with the maximum at 1372cm−1). The stretching vibrations of the ester bond ν(C-O) include two combined asymmetrical vibrations—in this case, originating from the C-C(=O)-O and O-C-C groups. The intensity of the former is significantly higher, which is typical of most oily samples. The bands are usually located in the region of ~1300 (C-C(=O)-O) and ~1000 cm−1. In our case, the same were located at 1315 and 1093 cm−1. At the same time, the bands corresponding to saturated esters, i.e., C-C(=O)-O are also found between 1240 and 1160 cm−1—in our case, at approximately 1230 cm−1. Meanwhile, vibrations of this type corresponding to unsaturated esters tend to be located at considerably lower frequencies. The characteristic O-C-O band associated with primary alcohols tends to appear within the range from 1090 to 1020 cm−1, and was present in our case at 1093 cm−1. For secondary alcohols, the band is typically found with the maximum at ~1100 cm−1; in the described case, it was present as an enhancement in the band with the light maximum at 1137 cm−1. Both mentioned ester types are present in triglyceride molecules. In turn, the band with the maximum at approximately 1230 cm−1 is often associated exclusively with the out-of-plane deformation vibrations originating from the methylene group. Further regions represented in Table 9 and Figure 1 correspond to other vibrations characteristic of food ingredients. Firstly, there is the region with the maximum at ~1458 cm−1, and, secondly, at ~1315 cm−1 (as band widening, Figure 1). The former vibrations (~1458 cm−1) originate from the methyl groups in the aliphatic chains of the analysed oils. The band with the maximum at ~905 cm−1 present in both oil samples can be attributed to the stretching vibrations of cis-substituted olefin groups, which may be additionally enhanced by the vibrations of the vinyl group.



The infrared spectra of the analysed oil samples were fairly similar, albeit not without certain discrepancies that seem fairly characteristic and therefore analytically useful.



Another characteristic area of vibrations corresponds to the band maximum at ~1741 cm−1 and originates from the stretching vibrations of the C=O group. On the shorter wavelength side, this band is enhanced with the maximum at ~1703 cm−1 corresponding to the vibrations of another carbonyl group, this one present primarily in acid groups. In turn, the band with the maximum at ~1646 cm−1 represents the stretching vibrations of the -C=C- group (cis-transformation). A very characteristic region is also found in the band with the maximum at 1458 cm−1 (already mentioned above), originating from the deformation vibrations of -C-H groupings in -CH2 and -CH3 groups (scissor vibrations).



Moving on to longer-wavelength regions, one should also mention the =C-H stretching vibrations (trans-transformation) with the maximum at ~3066 cm−1 (Table 9), originating from the vibrations of triglyceride fractions. In turn, for the stretching vibrations of =C-H in the cis-configuration, characteristic vibrations are observed with the maximum at ~3005 cm−1 (Figure 1 and Table 9). The bands with the maxima at 2951 and 2852 cm−1 correspond to the stretching vibrations of –C-H in -CH3, CH2, present in the aliphatic groups in triglycerides.



In the case of the stretching vibrations of the C=O and the corresponding spectral band, a slight enhancement is present on the short-wavelength side at ~1703 cm−1, which can be attributed to the formation of a hydrogen bond between C=O…H-O- groups.



The observed spectral differences correlate very well with the differences in the fatty acid profile presented in Table 2 and described in the first part of the paper.




4. Discussion


The water content measured in borage seeds (Table 1) was not different from the value reported by Borowy and Kapłan [37] or results obtained for four other oilseeds cultivated in Poland [38]. Considerably higher moisture content was reported by Abdel Samed et al. [39] in their study on seeds originating from 2005 and 2006 harvests in Cairo. The content of lipids (Table 1) and γ-linolenic acid (GLA) and linolic acid (LA) (Table 2) in the seeds was very similar to the values obtained by Borowy and Kapłan [37] in their study on borage seeds harvested in the south-eastern region of Poland in 2017. Similar results were also reported by Zadernowski et al. [6] in a study wherein the research material consisted of borage seeds originating from Northern Poland. As we compared our results with those reported in other countries, we observed that the lipid levels were high relative to the GLA content [40]. Similar conclusions were reached by Galwey and Shirlin [41], who emphasised the negative correlation between the two components. Discrepancies in terms of lipid and GLA content can be related to differences in borage genotypes [42], times of sowing and harvest [43,44], seed maturity [43], or overall growth conditions, such as rainfall or air temperature [44]. As suggested by Berti et al. [43], the content of oil in borage seeds increases under the conditions of physiological seed maturity.



The content of protein in the analysed seeds (Table 1) was slightly higher than corresponding results reported by Abdel Samed et al. [39] and reached 22.8%, which was comparable to the results obtained for borage seeds harvested in South-Eastern Poland [37]. In a study on flax, rape, and sunflower seeds, Budzyński and Zając [38] observed and reported similar protein content, as opposed to soya seeds, where the protein content was significantly lower.



Our results in the study on the chemical properties of milk thistle seeds were consistent with those reported by other researchers. Aziz et al. [45] studied various milk thistle cultivars originating from three cities in Pakistan and were able to demonstrate that samples from Islamabad contained more protein (blue and white cultivars: 30.09 and 27.60%) and moisture (blue and white cultivars: 6.27 and 6.90%) as compared to seeds from other cities. Very low moisture content (approximately 1%) compared to other contemporary results was reported by Malekzadeh et al. [46], likely due to factors related to climate change and the fact that the milk thistle was grown in a sandy area. On the other hand, observations made by Mahmoud et al. [47] coincide with ours in terms of fat content in milk thistle seeds. The researchers studied two Egyptian cultivars (wild and cultivated) and the values that they obtained were within the range of 28.53–29.68%. Moreover, they analysed true protein (25.25%), total carbohydrates (38.16%), and crude fibre (29.95%). The seeds of wild plants acquired greater amounts of lipids and crude fibre and less content of carbohydrates and proteins. The amino acids were similar in both wild and cultivated plants but their content varied [47]. Perez et al. [48] reported the content of oil in seeds of Asteraceae family plants as 25%.



Based on the analyses conducted for the two oils, we were able to identify seven fatty acids in borage oil and nine in milk thistle oil. The former contained the following acids: palmitic (C16:0), palmitoleic (C16:1), stearic (C18:0), oleic (C18:1 n-9), linolic (C18:2 n-6), linolenic (C18:3), and arachidic (C20:0). Other authors identified nine fatty acids in oil obtained from this plant [46,49]. The oil analysed in our study did not contain eicosenoic acid (C20:1), whose presence had been reported in milk thistle oil by Malekzadeh et al. [40]. Similarly to results published by other authors, the content of linolenic acid was dominant in our study at or above 47.84%.



In a study conducted by Tasset-Cuevas et al. [50] on cold-pressed borage oil, the reported content of linolic acid (C18:2) was 36.6%, i.e., less than observed in our study. At the same time, the content of γ-linolenic acid (C18:3) was 21.1% and was higher than measured in our case (0.22%). The results are comparable to those reported by other authors [51].



By comparing our results with those obtained by Zadernowski et al. [6] for oils pressed from borage seeds and oils obtained by means of hexane extraction, it was concluded that the basic physicochemical properties characterising “virgin” oils can vary, but do not exceed the reference values posited in the Codex Alimentarius [52]. The AN values in their pressed oils were significantly lower, while the results obtained for hexane-extracted oil were identical. The oils obtained by the cited authors were characterised by a significantly lower (by approximately 20 gJ2·100 g−1 oil) iodine number, regardless of the method of extraction. At the same time, the peroxide value measured for their oil extracted in a hydraulic press was similar to that recorded in our study. Results in terms of the oxidative stability of borage seed oil were also published by Sensidoni et al. [53]. In their study, they analysed refined, solvent-extracted oil, as well as two carbon-dioxide-extracted oils (pressure 25.3 MPa, temperature 45 °C; and pressure 30.4 MPa, temperature 55 °C). The induction times measured in their study varied within the range of 4.5 h (CO2-extracted oil at 45 °C) to 9.0 h (refined oil). The value reported for oil extracted with carbon dioxide was similar to that observed in our study. A considerably longer raw borage oil induction time of 11.17 h was reported by Szterka et al. [54]. Their conductometric analysis of the total volatile lipid compounds formed during hydroxide degradation was performed using a Methrom Rancimat device (Herisau, Switzerland) by subjecting oil samples to an airflow of 10 L∙h−1 at 100 °C. The discrepancies in terms of the oxidative stability of oils reported by different authors may be due to the methods of oil extraction used or other parameters significant to the Rancimat test.



The results of measurements conducted for the analysed milk thistle oil were partially inconsistent with the literature data. Bryś et al. [55] demonstrated that the acid and peroxide values of cold-pressed oil were 2.44 mgKOH·g−1 and 5.84 mmolO2·kg−1, respectively. In turn, Fathi-Achachlouei and Azadmard-Damirchi [49], in a study on the impact of microwave heating on milk thistle seeds of the Iranian ecotype on the properties of oil extracted therefrom, reported that the acid and peroxide values were within the range of 4.24–2.16 mgKOH·g−1 and 5.11–2.09 meqO2·kg−1, while the iodine number was 107–99 gI2·100 g−1, with the values decreasing as a result of thermal processing. A study conducted on oils from milk thistle seeds harvested in three different regions of Tunisia (Zaghouan, Bizerte, and Sousse) [56] returned results similar to our own in terms of the acid value (oil from Bizerte seeds: 5.48 mgKOH·g−1), peroxide value (oil from Sousse seeds: 4.20 meqO2·kg−1), and iodine number (oil from Zaghouan seeds: 118.32 gI2·100 g−1). The Rancimat test results reported by the authors varied from our value only in one instance, with the reported stability of milk thistle seed oil expressed as an oxidation induction time of 5.83, 8.75, and 4.55 h, respectively, for oils extracted from Bizerte, Zaghouan, and Sousse seeds. The oxidative stability registered in our study was lower than reported by Parry et al. [8] (13.3 h) and Dabbour et al. [57] (55.7 h) for oils obtained from Silybum marianum L. seeds at 80 °C and under an airflow of 7 and 20 l·h−1, respectively. The lower values of oil oxidative stability may be explained by differences in terms of the adopted measurement parameters.



Based on the available literature, differences in terms of surfactant ingredients and oil composition lead to varied responses to water content and the formation of various physical surfactant structures in vegetable oil [58]. The resulting effects may be positive, but, in most cases, the presence of phospholipids in vegetable oils triggers oxidation, negatively affecting the smell and taste of the product [58].



In the course of refining vegetable oil, phosphorus, as well as other active ingredients such as fatty acids, monoglycerides, and diglycerides, are removed in the so-called degumming process [59]. However, in cold-pressed oil, the presence of phosphorus affects oxidation and contributes to the formation of colloidal aggregates and sediments [60]. The eventual content of phosphorus in vegetable oil depends on the type of seeds, conditions of their storage, moisture content, and processing method. As follows from numerous publications, seeds of, e.g., rape or soya contain considerably more phosphorus than the oils analysed in this study. As posited by Rotkiewicz and Konopka [61], the level of this element can range from 132 to 224 mg·kg−1 depending on the initial moisture content in the seeds. In his research, McCormick [62] demonstrated that the content of phosphorus in soybean oil can be within the range of 448–1286 mg·kg−1.



The iodin number indicates the degree of fatty acids’ saturation and the oil’s oxidative stability, which in turn influences the economic viability of such products [63]. The rancidification of oils poses potential health risks, including an increased risk of cancer and inflammation, due to the formation of toxic and reactive oxidation products [64]. The iodine number measured for the analysed oil samples was within the range of typical values for commercially available seed oil products—118–123 g I2·100 g−1 [65].



In the fuel industry, it is accepted that the desirable level of FFA and water content as well as the acid number should be below, respectively, 0.06% wt., 0.5% wt., and 1 mg KOH·g−1 oil [66]. As posited by Ma and Hanna [67], the presence of water in raw oil material can reduce the FAME conversion ratio and cause saponification during transesterification reactions. Depending on the particular biological, meteorological, agricultural, and handling factors, the content of fatty acids (FFA) can vary considerably. As observed by Casas-Cardoso et al. [51], the content of FFA in borage oil can correspond to any value between 2.7 and 10.5% depending on the method of obtaining the oil. One should aim to minimise the presence of free fatty acids in the oil as they reduce the product’s commercial value. The purification of raw borage or milk thistle oil is important not only due to customer preferences but also due to its indisputable impact on the economic viability of production [23,68]. As follows from our results, the analysed oil samples were within the commercial ranges. Specifically, the content of free fatty acids in milk thistle and borage oils was, respectively, 5.2 and 1.9%.



Another parameter analysed in our study pertained to a group of compounds described as antioxidants. They increase the durability of fats by preventing rancidification resulting from the oxidation of unsaturated fatty acids. One group of primary natural antioxidants is composed of tocopherols. Due to their high bioactivity, tocopherols and tocotrienols are usually generally described as vitamin E and associated with the effects of dilating blood vessels and inhibiting blood coagulation. The antioxidative properties of oils are inherited from their chemical components, such as polyunsaturated fatty acids, sterols, tocopherols, and polyphenols [69]. The content of sterols may be influenced by the geographical location of cultivation, differences between cultivars, and the maturity of fruit [70]. In the analysed milk thistle and borage oils, the content of sterols was measured at 347.52 mg·kg−1 oil and 261.33 mg·100 g−1 oil, respectively. The results were similar to those published by other authors [71], who estimated the general content of sterols in vegetable oils as 338.46–340.37 mg·100 g−1 oil. In a study on different cultivars of milk thistle, Fathi-Achachlouei and Azadmard-Damirchi [49] described the level of β-sitosterol in seed oil as ranging from 617.9 to 689.4 mg·100 g−1 oil and for ∆7-sterol from 386.5 to 403.0 mg·100 g−1 oil. In a study on borage oil, Phillips et al. [72] demonstrated that the general content of sterols was 1098 mg·100 g−1 oil, while, in palm oil, it was 58 mg·100 g−1 oil.



Tocopherols are present in oils, in varying quantities, in four primary forms: α, β, γ, δ. Depending on the form, they show varying levels of antioxidative activity. Of all the tocochromanols, α-tocopherol (vit. E) shows 100%, β-tocopherol 50%, and γ-tocopherol 25%. Scientific evidence suggests that the content of tocopherols and phenols varies depending on the process of oil extraction employed [73,74]. Khan and Shahidi [73] observed that borage oil obtained through the process of cold pressing contained over 711 mg·kg−1 of tocopherol. In the cold-pressed borage seed oil analysed in the present study, the content of total tocopherol was 108 mg·kg−1, and in the milk thistle seed oil, it was 3541.45 mg·kg−1. Senanayake and Shahidi [74] analysed borage oil available on the market and reported tocopherol content at the level of 1976 mg·kg−1. As for studies on milk thistle oils conducted by other researchers, the products tended to have higher content of α-tocopherol as compared to other types of tocopherols (275.70 mg·kg−1) [49]. As follows from the literature data, similar amounts of this ingredient are found in sunflower oil [8].



The remaining substances include carotenoids and chlorophylls—both responsible for the characteristic colour of oils. The content of carotenoid and chlorophyll pigments in all vegetable oils depends on the type and maturity of the raw material, as well as the technology used for the extraction and refinement of the oil [75]. Both chlorophylls and carotenoids serve important physiological functions in living plants. Chlorophylls are involved in photosynthesis, while carotenoids protect plants against oxidation. The content of the ingredients may vary depending on the particular type of oil and the method of its production (refined, not refined). As posited by Mahoney et al. [76], the content of chlorophyll in oils can range from 25 mg·kg−1 in sesame oil to 3807 mg·kg−1 in unrefined hemp oil. In refined oils, this ranges from 5mg·kg−1 in rape oil to 58.5 mg·kg−1 in soybean oil. As for the content of carotenoids, in unrefined oils, it ranges from 30 mg·kg−1 in sesame seed oil to 3639 mg·kg−1 in pumpkin seed oil. In analyses conducted by Rokosik et al. [77], some oils, including milk thistle oil, showed chlorophyll content higher than measured in the presently tested oil (2.68 mg·kg−1), namely 4.82 mg·kg−1. In another study, Rahimi et al. [78] demonstrated that weather and environmental conditions influenced the content of chlorophylls and carotenoids in borage oil. At 3.96 mg·kg−1, their result was comparable to our own.



The literature provides very little data on the content of phytosterol oil. However, based on what is available, we know that phytosterols (plant sterols) are secondary components of vegetable oils and constitute a considerable portion of the non-saponifiable substances [49,79]. They contribute to reducing cholesterol levels in human blood serum [75], as well as improving the oxidative and thermal stability and overall durability of vegetable oils [80]. As evidenced by scientific research, the consumption of 1.5–3 g of plant sterols for a period of 2–3 weeks can lower the plasma levels of cholesterol by 7–12.5% [81]. Similarly to other reports, the dominant form was β-sitosterol, followed by ∆7-sterol [49].



Generally speaking, phospholipids, tocopherols, sterols, hydrocarbons (squalene), carotenoids, chlorophylls, and other compounds acting as pigments are very desirable dietarily [82]. Squalene, as the main component of polyunsaturated lipids on the skin’s surface, protects skin cells against oxidative damage caused by free radicals, while also providing moisturising and softening effects.



By comparing the FTIR spectra measured for the analysed borage and milk thistle oil samples, we observed slight discrepancies in a number of spectral regions that primarily reflected differences in the two oils’ compositions. We could clearly identify slight intensity changes at 3005 cm−1, which confirmed differences in terms of fatty acid content between the oils. The differences were also visible in the spectral fingerprint region, particularly between 1380 and 1100 cm−1. Below 1100 cm−1, we also observed discrepancies in terms of spectral intensity, although the bands were not particularly well separated and sharp. Nonetheless, the clear change in intensity may suggest, particularly in this spectral region, certain bridge connection differences between individual structural units in fatty acids. In the fingerprint region, the highest impact on the band intensity discrepancies may be attributed to the different content of fatty acids such as C18:1n9c or C18:2n-6, while, in the longer-wavelength region, the same are primarily associated with C18:3n6 and C16:0. The content of other compounds, e.g., chlorophylls, likely had a lesser impact on the discrepancies observed in the infrared spectra.




5. Conclusions


The study performed a comparative analysis of the chemical composition and antioxidative properties of two oils. Borage and milk thistle seeds were cold-pressed, and the resulting oils were subjected to chemical analyses. Based on the obtained results, the respective samples were thoroughly characterised. The seeds as such showed slightly higher content of fat and protein as compared to standard oleaginous plants, which is reflected by their market price. Both oils contained considerable amounts of nutrients, such as fatty acids, that the human organism requires but is unable to produce itself—omega 6, including arachidic acid (C20:0) and linolenic acid (C18:2n-6). Moreover, the presence of bioactive compounds such as tocopherols, carotenoids, polyphenols, and sterols indicates the viability of the analysed oils in potential cosmetic and pharmaceutical applications due to their confirmed health benefits.
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Figure 1. FTIR spectra for the analysed samples of borage oil (black line) and milk thistle oil (red line), measured in the spectral range from 800 to 3200 cm−1. The spectra were measured at room temperature. 
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Table 1. Basic chemical composition of seeds (%).
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	Material
	Moisture
	Fat Content
	Protein Content





	Milk thistle seeds
	6.55 ± 0.09
	25.90 ± 0.06 a
	29.49 ± 0.10 a



	Borage seeds
	6.61 ± 0.08
	34.34 ± 0.09 a
	24.80 ± 0.08 b







Values designated by different small letters in the columns of the table are significantly different (α = 0.05).
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Table 2. Content of fatty acids in the analysed oil samples (%).
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Fatty Acids

	
Vegetable Oils




	
Milk Thistle

	
Borage






	
C16:0

	
7.93 ± 0.81 a

	
9.94 ± 0.62 b




	
C16:1

	
0.16 ± 0.08 a

	
0.15 ± 0.04 a




	
C18:0

	
5.25 ± 0.25 a

	
5.8 ± 0.50 a




	
C18:1n9c

	
35.31 ± 1.06 a

	
25.18 ± 0.16 b




	
C18:2n-6

	
47.84 ± 0.22 a

	
35.43 ± 0.69 b




	
C18:3n6

	
nd

	
19.79 ± 0.65 b




	
C18:3

	
0.22 ± 0.06 a

	
0.54 ± 0.05 a




	
C20:0

	
3.27 ± 0.1 a

	
0.25 ± 0.04 b




	
C20:1

	
nd

	
2.90 ± 0.22 b








nd—not detected; values designated by different small letters in the columns of the table are significantly different (α = 0.05).
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Table 3. Primary physicochemical parameters in industrial oils.
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Parameter

	
Unit

	
Vegetable Oils




	
Milk Thistle

	
Borage






	
H2O

	
%

	
0.088 ± 1.23

	
0.075 ± 1.15




	
P

	
mg·kg−1

	
47.7 ± 2.31 a

	
33.1 ± 2.28 b




	
AN

	
mgKOH·g−1

	
5.17 ± 0.21 a

	
3.9 ± 0.05 b




	
PV

	
mmolO2·kg−1

	
4.22 ± 0.02 a

	
2.83 ± 0.01 b




	
NJ

	
g I2·100 g−1

	
121.47 ± 0.25 a

	
137.67 ± 2.52 b




	
Induction Time

	
h

	
4.53 ± 0.03

	
4.28 ± 0.03




	
FFA

	
%

	
5.2 ± 0.51 a

	
1.9 ± 0.17 b








Values designated by different small letters in the columns of the table are significantly different (α = 0.05).
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Table 4. Content of total chlorophylls and carotenoids in the oils.
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Parameter

	
Unit

	
Vegetable Oils




	
Milk Thistle

	
Borage






	
Chlorophyll

	
mg·kg−1

	
2.68 ± 0.03 a

	
3.63 ± 0.03 b




	
Carotenoids

	
49.85 ± 0.11 a

	
42.23 ± 0.35 b




	
Flavonoids

	
4.45 ± 0.04

	
3.96 ± 0.04




	
Polyphenols

	
mg GAE·g−1 oil

	
7.18 ± 0.05

	
4.19 ± 0.07








Values designated by different small letters in the columns of the table are significantly different (α = 0.05).
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Table 5. Phytochemical compounds with antioxidant effects in oils.






Table 5. Phytochemical compounds with antioxidant effects in oils.





	
Vegetable Oils

	
Tocopherols

	

	
DPPH




	
α

	
β

	
γ

	
δ

	
Total




	
mg·kg−1

	
mgTrolox·100 g−1






	
Milk thistle

	
275.70 ± 0.40

	
nd

	
61.50 ± 0.30 a

	
14.23 ± 0.15

	
351.43 a

	
1.83 ± 0.04




	
Borage

	
nd

	
nd

	
94.07 ± 0.25 b

	
14.23 ± 0.42

	
108.3 b

	
1.54 ± 0.03








nd—not detected; values designated by small letters in the columns of the table are significantly different (α = 0.05).
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Table 6. Colour coordinates for milk thistle and borage oils.
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	L*
	a*
	b*
	c
	H





	Milk thistle
	51.37 ± 0.59
	4.59 ± 0.41
	29.26 ± 0.43
	29.62 ± 0.43
	81.09 ± 0.80



	Borage
	60.74 ± 0.35
	0.95 ± 0.31
	26.20 ± 0.57
	26.22 ± 0.57
	87.91 ± 0.70
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Table 7. Sterol and squalene content (mg·100 g−1 oil) in oils.
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Vegetable Oils






	
Sterols

	

	
Milk Thistle

	
Borage




	
Δ5-Campestanol

	
81.19 ± 0.02 a

	
23.05 ± 0.13 b




	
Campestanol

	
5.47 ± 0.13

	
nd




	
Δ5-Stigmasterol

	
21.38 ± 0.07 a

	
7.71 ± 0.03 b




	
Clerosterol

	
1.69 ± 0.04

	
nd




	
β-Sitosterol

	
148.78 ± 0.50 a

	
133.02 ± 1.14 b




	
Sitostanol

	
4.24 ± 0.02

	
nd




	
Δ5-Avenasterol

	
1.45 ± 0.01 a

	
73.94 ± 0.03 b




	
Δ5-24-Stigmastadienol

	
3.9 ± 0.02

	
nd




	
Δ7-Stigmasterol

	
41.19 ± 0.04 a

	
21.8 ± 0.04 b




	
Cholesterol

	
38.23 ± 0.03

	
nd




	
Brassicasterol

	
nd

	
0.33 ± 0.02




	
Δ7-Avenasterol

	
nd

	
1.48 ± 0.02




	
Total

	
347.52 a

	
261.33 b




	
Squalene

	
78.23 ± 0.07 a

	
39.76 ± 0.05 b








nd—not detected; values designated by different small letters in the columns of the table are significantly different (α = 0.05).
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Table 8. Results of Pearson’s linear correlation coefficient analysis at the p < 0.05 significance level.
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	Factors
	Phosphorus
	C16:0
	Oxidative Stability
	AN
	PV
	NJ
	FFA





	Tocopherol α
	−0.909
	0.863
	0.986
	0.999
	−0.999
	−0.984
	−0.998



	Tocopherol γ
	0.913
	−0.857
	−0.986
	−0.999
	0.999
	0.984
	0.998



	Tocopherol δ
	0.909
	−0.863
	−0.986
	−0.999
	0.999
	0.984
	0.998



	Sterols
	−0.951
	0.773
	0.976
	0.982
	−0.982
	−0.959
	−0.980



	Polyphenols
	−0.904
	0.877
	0.987
	0.999
	−0.999
	−0.980
	−0.997



	DPPH
	−0.951
	0.770
	0.976
	0.982
	−0.982
	−0.959
	−0.980



	Flavonoids
	−0.925
	0.831
	0.984
	0.995
	−0.993
	−0.989
	−0.995



	Squalene
	−0.909
	0.863
	0.986
	0.999
	−0.999
	−0.984
	−0.998



	Carotenoids
	−0.905
	0.878
	0.991
	0.998
	−0.999
	−0.977
	−0.995



	Chlorophyll
	0.919
	−0.866
	−0.989
	−0.999
	0.999
	0.978
	0.996










[image: Table] 





Table 9. Locations of FTIR absorption band maxima and assignment of particular vibrations to the respective samples, borage oil and milk thistle oil, registered within the spectral range of 800–3200 cm−1 [24,27,28,29,30,31,32,33,34,35,36].






Table 9. Locations of FTIR absorption band maxima and assignment of particular vibrations to the respective samples, borage oil and milk thistle oil, registered within the spectral range of 800–3200 cm−1 [24,27,28,29,30,31,32,33,34,35,36].





	
FTIR

	
Type and Origin of Vibrations




	
Band Location (cm−1)




	
Borage Oil

	
Milk Thistle Oil






	
3005

	
3005

	
ν(=C-Hm, cis-)




	
2951

	
2950

	
νas(-CH2) and νs(-CH2) (aliphatic groups in triglycerides)




	
2918

	
2918




	
2852

	
2852




	
1741

	
1741

	
ν(-C=Ovst) in esters

ν(-C=Ovw) in acids




	
1703

	
1704




	
1646

	
1646

	
νvw(-C=C-, cis-)




	
1458

	
1458

	
δvw(-C-H) in CH2 and CH3 groups, deformation (scissor) and νvw(-C-H, cis-) deformation (wagging)




	
1372

	
1372

	
νw, m, vw(-C-H, -CH3) and deformation




	
1315

	
1315

	
δm(-C-H, -CH3)




	
1273

	
1273

	
νm(-C-O) or δm(-CH2-)




	
1230

	
1230




	
1155

	
1155

	
νst(-C-O) or δst(-CH2-)




	
1137

	
1137




	
1093

	
1093

	
νm,vw(-C-O)




	
1050–900

	
1050–900

	
δw(-HC=CH-, trans-) out-of-plane deformation or δ(-(CH2)n- and –HC=CH- (cis-) deformation (scissor)








ν—stretching vibrations, δ—deformation vibrations, s—symmetric, as—asymmetric, st—strong, w—weak.
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