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Abstract

:

Essential oils are highly volatile, aromatic concentrated extracts from plants with wide applications. In this study, fast, easy-to-use attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) was combined with chemometric techniques to verify essential oils’ taxonomy and purity. Principal component analysis (PCA) clustered 30 essential oil samples into three different groups based on plant botanical family and concentration. The first group contained highly concentrated oils from the Asteraceae family, the second group contained highly concentrated oils from the Lamiaceae family, while the last group contained three highly concentrated essential oils from different botanical families and commercial-grade essential oils. Thus, commercial-grade oil samples did not cluster with the corresponding concentrated oil samples despite their similar spectral patterns or botanical family. A loading plot identified infrared (IR) bands that correspond to carbonyl, vinyl, methyl and methylene group vibrations as the most important spectral bands that can be used as marker bands for discrimination between different botanical plant family groups. Hierarchical cluster analysis (HCA) confirmed the results obtained by PCA. ATR-FTIR spectroscopy combined with chemometric algorithms provides a direct and non-destructive method for chemotaxonomic classification of medicinal and aromatic essential oils and an assessment of their purity.
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1. Introduction


The global essential oils market has experienced steady and strong growth in almost every major end-use industry, such as food and beverage, personal care, cosmetics, and aromatherapy. Health benefits associated with essential oils use are expected to further drive their demand in pharmaceutical and medical applications. Unlike most of the conventional medicines and drugs, essential oils have no major side effects. Such qualities of essential oils are expected to be a major factor for market growth. Additionally, the rising prevalence of age- and stress-related health problems, such as cardiovascular diseases, Alzheimer’s disease, diabetes and anxiety, is creating more demand for beneficial essential oils in aromatherapy applications. Unfortunately, the high therapeutic properties and market values of essential oils [1,2,3] make them ideal candidates for potential counterfeiting or adulteration with low-quality, cheap alternatives [4,5].



The variability of essential oils from the same botanical species is determined by the chemical composition influenced by geographical and climatic factors, and especially by the method of extraction and purification. Thus, the confirmation of the identity of the essential oil is a complex issue. The rational way is to separate chemical constituents and then quantify them by different chromatographic methods (gas chromatography, HPLC) coupled with mass spectrometric detection. Analytical methods, including gas chromatography (GC) [6,7], high-performance liquid chromatography (HPLC) [8,9], nuclear magnetic resonance (NMR) spectroscopy [10] and electroanalytical techniques [11], are widely used for the analysis and evaluation of the authenticity of consumable products, with excellent accuracy and precision. However, some of these methods suffer from long analysis times, high cost and lack of portable instrumentation that limit their wide application for routine control analysis. They often involve extensive optimization of the chromatographic separation conditions for each essential oil type. In addition, reading a GC/mass spectrometry (MS) chromatogram requires skill and experience. For the quantification of constituents, standards are required as well as expected ranges for each constituent in order to determine whether their concentration is between these ranges. To address these challenges, non-destructive, easy-to-use, analytical spectroscopic methods such as infrared spectroscopy as a green tool combined with chemometric analysis have been used for authentication and quality assurance of food products [12,13]. Non-targeted fingerprinting by Fourier-transform infrared (FTIR) spectroscopy has gained popularity as an alternative to classical GC-based methods because it allows fast, green, non-destructive and cost-effective assessment of quality of essential oils [14]. The major advantage of IR spectroscopy is minimal or no sample preparation, with simple and very fast analysis. Most IR spectrometers are easy-to-use, portable and relatively inexpensive, making online sample analysis possible.



Until recently, mid-infrared spectroscopy was mainly used as a qualitative method to identify unknown pure substances by providing structural characterization based on functional groups vibration and a fingerprint spectrum (identification) or to verify quality markers in plant extracts or distillates [15]. Infrared spectra recorded from plant extracts are usually very complex, as plant extracts are multicomponent mixtures [16]. Since each functional group in a single molecule contributes to the spectral pattern, the band assignments may be difficult due to the complexity of the final spectrum as a result of peaks overlapping and vibrational mixing.



The application of chemometric tools is a very active research field for the classification and quality evaluation of food products [17]. Many studies have reported on the use of chemometric tools to classify plant foods. For example, principal component analysis (PCA) was used to outline of the similarities and differences among 16 algal species and to classify 40 wine samples based on their high-performance thin-layer chromatography (HPTLC) fingerprints [18,19]. It is well known that each plant species has a special, complex mixture of bioactive natural products, in which each component contributes to its overall bioactivity. Related botanical families often contain similar types of biologically active secondary metabolites, and an understanding of the systematic position of a medicinal plant species allows some assumptions to be made about compounds that are present. Plants from the Asteraceae and Lamiaceae family have been historically used to cure various diseases. This is because they produce a wide range of secondary metabolites with potent antibacterial, antioxidant, anti-inflammatory, antimicrobial, antiviral, and anticancer activities. The Lamiaceae family plant extracts have a higher content of phenolics (and flavonoids) than Asteraceae extracts and contain more known medicinal plants than the Asteraceae family [20,21]. The main aim of the current study was to investigate the effects of plant taxonomy or botanical origin and purity of essential oil based on their spectral fingerprint in the mid-infrared region. For that purpose, attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy was combined with pattern recognition techniques such as PCA and cluster analysis.




2. Materials and Methods


2.1. Samples


Thirty essential oil samples were analyzed. Sixteen samples of concentrated essential oils (Table 1) that were obtained by supercritical fluid extraction with natural carbon dioxide (se-CO2) were kindly donated by FLAVEX® Naturextrakte GmbH, and 14 remaining samples were commercial-grade essential oils purchased from the local market (lemongrass, two geranium oil samples, lavender, orange, two peppermint oil samples, forgive oil, breathe blend, frankincense, juniper, two rosemary samples, and bergamot essential oil).




2.2. ATR-FTIR-Spectroscopy


The FTIR spectra were acquired using a Cary 630 FTIR (Agilent Technologies Pty Ltd., Mulgrave, Australia) interfaced with an ATR (attenuated total reflectance) sampling accessory with a single bounce diamond crystal. Spectra, in the absorbance mode, were measured from 4000 cm−1 to 600 cm−1, by accumulation of 64 scans at a spectral resolution of 4 cm−1. A reference (background spectrum of air) was scanned under the same instrumental conditions before each sample measurement. Spectra were processed with Resolution Pro FTIR spectroscopy software (version 5.2.0, Agilent Technologies Pty Ltd., Mulgrave, Australia). A small drop of essential oil sample is simply placed on the surface of the diamond ATR crystal and the sample spectrum collected.



For the PCA analysis, the original 1858 spectral intensities were reduced into 254 averaged spectral values, each from five consecutive wavenumbers (dB = 5).




2.3. Principal Component Analysis


PCA analysis was performed with the Principal Component Analysis for Spectroscopy App for OriginPro®. 2019 version 9.6.0.172 (OriginLab Corporation, Northampton, MA, USA). Hierarchical cluster analyses (HCA) were performed using the PLS Toolbox software package (Eigenvector Research, Inc., Manson, WA, USA) for MATLAB (Version 7.12.0 R2011a). HCA was performed using the Ward method to calculate Euclidean distance as a measure of distance between samples.





3. Results


3.1. ATR-FTIR Spectrometry


Essential oils are concentrated solutions of volatile compounds, consisting of complex homogenous mixtures of various compounds, with more than 100 constituents present in each species (taxon). Their FTIR spectra are complex due to the spectra of individual components overlapping and the mixing of various vibrational modes. Although contributions of major components never exceed 25% of the total content, those compounds in essential oils that occur at low concentrations (<1%) do not influence the ATR-IR spectrum significantly. Thus, ATR-FTIR spectra obtained from the essential oil samples present characteristic spectral fingerprints that can be used to discriminate different plant species and chemotypes.



ATR-FTIR absorption spectra of the concentrated essential oils show the expected characteristic C-H stretch (~2900 cm−1), C=O stretch (~1700 cm−1), broad O-H stretch (~3400 cm−1) and C-O stretch (~1100 cm−1) of terpenoid components present in the essential oils (Figure 1a,b). As expected, the FTIR spectra of these oils are dominated by vibrational modes from monoterpenes which are observed at 886, 1436 and 1644 cm−1. Another useful band in terms of differential identification of the oils is the band for C=O stretching, which appears at 1740 cm−1 in lavender, rosemary and sage oil, and is shifted to lower wavenumbers in lemon myrtle, oregano (terpineol type) and peppermint oil [22,23].




3.2. Principal Components Analysis and Cluster Analysis


Principal components analysis is a method that is used to reduce a complex dataset into a smaller set of latent variables, known as principal components (PCs). With a large number of spectral bands (input variables), in order to interpret the data in a meaningful way, it is necessary to reduce the number of variables to a few linear combinations of the spectral bands that can be easily explained. The first two PCs captured most of the information and were sufficient to describe the essence of the data in the PCA correlation matrix, as is evident by the steep line that bends quickly and then flattens out. The score plot in Figure 2a,b shows clustered samples with similar values of the input spectral data (i.e., principal components). Three principal components described 69.80% of the total variability; PC1 describes 38.2% and PC2 describes 23.7%, while PC3 describes 7.9% of the total variability.



Principal component analysis showed that plant materials originating from the Asteraceae and Lamiaceae families created separate clusters along PC1. Furthermore, based on PC2, Asteraceae samples (samples 4–7) were separated from commercial samples as well as from the Lamiaceae (samples 9–16). A cluster analysis confirmed that essential oil samples extracted from plants belonging to different botanical families differ significantly in their contents and therefore have unique spectral fingerprints.



After filtering and normalization (Standard Normal Variate, SNV), the principal component analysis of 16 samples of concentrated essential oils from FLAVEX® clustered samples resulted in a two-component model that explained 69.50% of the total variance. PC1 accounted for 42.7%, while PC2 accounted for 26.8% of the total variance (Figure 2c). Samples were grouped in the same way as before with all samples, into three groups. According to PC1, Lamiaceae samples are clearly separated from the other concentrated essential oils: the latter group sub-divided in two in PC2; one composed of four samples from the Asteraceae family (samples 4–7); and the other comprising frankincense (Burseraceae family), arnica (Asteraceae family) and primrose (Primulaceae family).



The first group included four samples from the Asteraceae plant family; the second group included only 9 concentrated oils from the Lamiaceae; while the third group included frankincense, arnica and primrose essential oils that belong to different plant families.



The PC loadings plot was used to identify IR bands that are characteristic for the sample groups and have the strongest influence on each group of samples and thus contribute to the unique FTIR profile in the group (Table 2). The bands with the strongest influence on the principal components in the Lamiaceae family group essential oils are bands at ~1375 and 1450 cm−1, a broad band at 3400–3500 cm−1, in addition to a band at 842 cm−1 that was shifted to 862 cm−1 in oregano essential oil (Figure 3a). The vibrational frequencies for linalool and linalool acetate fit correctly in the vinyl group vibration RHC=CH2 at 1635–1650 cm−1, but the intensities of these peaks are very low. Linalool is found in the essential oils of over 200 plant species, belonging to different families [24]. Linalool and its ester linalyl acetate are the main constituents in lavender oil. The C=CH2 in-plane deformation vibration occurs near 1420 cm−1. Only linalool, linalyl acetate and myrcene show this band, while limonene and β-pinene show no trace of it. However, this band may be hidden under the CH2 and CH3 deformation bands near 1450 cm−1. The =CH2 in plane deformation vibration was not found as a separate band near 1410 cm−1, and was most probably hidden under the −CH3 and =CH2 absorption bands. The presence of a =CH2 group may also explain why the 1330–1410 cm−1 intensity is higher for some terpenes [22].



The CH2 deformation and asymmetrical CH3 deformation appear at 1450 cm−1, while the symmetrical CH3 deformation is near 1380 cm−1. Although the two 1450 cm−1 vibrations actually occur at two different frequencies (1460 and 1440 cm−1 as average values), the two peaks usually overlap and only one peak is observed. The integrated intensity of this band can supply information about the number of CH2 and CH3 groups present. The strong band at 1745 cm−1 for rosemary essential oil, especially in the rosemary cineole type, suggests the presence of 1,8-cineole [12]. For sage essential oil, the carbonyl stretching band at 1745 cm−1 indicates the presence of α-thujone and camphor [25].



Oregano (phenol type) and thyme essential oils, although in the same group, were separated from the other Lamiaceae plant essential oils. The loading plot for oregano and thyme suggested the importance of the FTIR area around 1380 cm−1. They also exhibit the same characteristic bands at 1458 and 1380 cm−1, but the band at 1740 cm−1 was reduced in intensity. This is clearly seen when compared to the spectrum of lavender (Figure 3b). For oregano essential oil, the signature band for carvacrol is located at ~810 cm−1, indicating C-H out-of-plane bending [26,27]. Oregano (phenol type) essential oil contains 60–80% phenolic carvacrol according to the manufacturer’s claim. The band near 1380 cm−1 has been assigned to the symmetrical CH3. Isopropyl groups produce double bends near 1370 and 1380 cm−1 (e.g., tetrahydrolinalool, tetrahydrogeraniol and their acetates). The gem dimethyl (R1R2C(CH3)2) group present in the in α- and β-pinene also produces this doublet. α- and β-pinene are two structural isomers, bicyclic monoterpenes, present in many essential oils.



The most important bands for the Asteraceae family cluster were at 726, 1465 and 1733 cm−1, together with the area between 850 and 920 cm−1. Chamomile, marigold and tagetes were very close together, while echinacea was apart from the group (Figure 2b), perhaps because the peak at 1700 cm−1 is smaller in intensity (Figure 3c). Chamomile has a double C = O band at 1711 and 1735 cm−1. Methylene =CH2 out-of-plane deformation is seen in the region around 890 cm−1. β-pinene, however, absorbs at 875 cm−1 with an increased intensity that is typical for strained ring structures with an exocyclic =CH2 group [22]. The intensity of this band in myrcene is high, due to the conjugation with the vinyl group, which shows enhanced intensities for the out-of-plane deformation frequencies. Myrcene is a typical example of an unsaturated acyclic hydrocarbon, and is detected in chamomile flower essential oil [28].



A loading plot identified significant bands at 1159 and 1743 cm−1 for the last cluster containing pure essential oils of arnica, primrose and frankincense (Figure 3d). The strong absorption at 1160 cm−1 occurs due to the presence of lipids and alcohol groups (stretching of C-O and bending of C-OH) [23]. Frankincense essential oil contains diterpene alcohols, primrose oil contains high content of polyunsaturated fatty acids, while arnica contains sesquiterpene lactones and triterpenediol esters (arnidiol/faradiol). Although alcohols show two strong bands, the band in the 1300–1450 cm−1 region is usually overlapped by CH2 and CH3 absorptions, while the second band, assigned to the C-O stretching vibration, is in the 1000–1150 cm−1 region. Primary alcohols like nerol and geraniol, due to the presence of a double bond and secondary alcohols, absorb about 50 cm−1 lower [22].





4. Discussion


The principal component analysis has clustered essential oil samples into three groups according to their similarity. Highly concentrated extracts were clustered according to the botanical family, while commercial essential oil blends were grouped together regardless of the botanical family they belong. In the first group, 4 samples of concentrated essential oils from the Asteraceae plant family were clustered together; the second group was made up with 9 samples of concentrated extracts from the Lamiaceae plant family, while the last group contained 17 samples (three remaining concentrated extracts and commercial essential oils) from different sources regardless of the claimed purity and plant source. Thus, all samples from the Lamiaceae (Mint) family and all samples from the Asteraceae (Sunflower) family were clustered together except for arnica essential oil (sample 2), that belongs to the Asteraceae family but was not clustered together with the rest of the oils from this family. Instead, arnica was clustered in the same group with concentrated frankincense and primrose oils. Arnica oil exhibits a similar ATR-FTIR spectrum to the primrose oil with a strong sharp C=O band at 1743 cm−1 and a medium wide band at 1159 cm−1 that are not present in frankincense essential oil.



Interestingly, commercial lavender, rosemary, frankincense and peppermint essential oil samples did not cluster with their corresponding concentrated extracts despite their similar spectral patterns. PCA of commercial blends could not be explained by 2D or 3D PC plots, indicating no correlation between two principal components characteristics. Commercial essential oils are usually produced by using around 20% of the named species of plant and adding in natural extractions from other essential oils to meet the standardized oil profile requirements. In contrast, the highly concentrated FLAVEX® essential oils used in this study were of 70–90% purity.



Although same oil samples produce very similar spectral fingerprints, there is a significant difference in in the ATR-FTIR spectra from concentrated essential oils and commercial-grade essential oils. Dilution of an essential oil with a non-polar organic solvent not participating in hydrogen bonding leads to significant differences in terms of the shape and intensity of the respective bands, particularly in the region from 1000–1300 cm−1. The peaks in the FTIR spectra of commercial oils samples are better separated with less overlapping IR bands. The area between 1100 and 1300 cm−1 corresponds to stretching vibrations of the C-O group, while the O-C-O band originating from primary alcohols appears in the region from 1100 to 1020 cm−1.



For example, concentrated lavender oil sample shows a clearly defined shoulder peak for the peak at 1740 cm−1 (corresponding to the vibrations of the C=O group) on the lower wavenumber side, with a clear maximum at 1685 cm−1 [29], which can be associated with the formation of a hydrogen bond between C=O and –OH groups (Figure 4).



Thus, there is more similarity in spectra from the same botanical family than between spectra of the concentrated and diluted oil samples of the same origin.



To confirm the results obtained by the PCA, a hierarchical cluster analysis (HCA) of spectra was performed (Figure 5). Unlike PCA, HCA considers all the data variability and shows the similarity or dissimilarity among each pair of samples. The goal of the clustering algorithm is to partition the objects into homogeneous groups, so the within-group similarities are large compared to similarities between the groups. The HCA results supported the results of PCA, in which concentrated essential oils samples extracted from the Lamiaceae family (samples 8–16) and from the Asteraceae family (samples 3–7) were close to each other according to the hierarchical clustering result.




5. Conclusions


The ATR-FTIR method with chemometric evaluation was successfully applied as an objective method for the qualitative discrimination of essential oils from different plant species. ATR-FTIR spectra obtained from the essential oils were used as spectral fingerprints, and PCA was applied to characteristic key spectral bands that can be used as marker bands to discriminate different plant botanical families. It was demonstrated that essential oils could be grouped based on their purity and taxonomy (botanical family) using ATR-FTIR spectra with PCA and cluster analysis.



ATR-FTIR spectroscopy offers a green, direct and cost-effective alternative analytical method for the quality control of essential oils. Vibrational spectroscopy combined with chemometric algorithms also provides an efficient and non-destructive chemotaxonomic classification of medicinal and aromatic essential oils. Furthermore, PCA analysis of IR spectra identifies characteristic key bands of the specific essential oil that allows for the discrimination of different essential oil profiles of individual oil plants among the same species (chemotypes).







Author Contributions


Conceptualization, S.A.-K.; Methodology, S.A.-K.; Investigation, S.A.-K., V.G. and D.W.M.; Resources, T.M.L.; Writing—Original Draft Preparation, S.A.-K.; Writing—Review and Editing. P.R., V.G. and D.W.M.; Visualization, D.W.M.; Project Administration, T.M.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The authors would like to acknowledge and thank FLAVEX® Naturextrakte GmbH for supplying many of the essential oils used in this work. This research did not receive any specific grant from funding agencies in the public, commercial or not-for-profit sectors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Agatonovic-Kustrin, S.; Chan, C.K.Y.; Gegechkori, V.; Morton, D.W. Models for skin and brain penetration of major components from essential oils used in aromatherapy for dementia patients. J. Biomol. Struct. Dyn. 2020, 38, 2402–2411. [Google Scholar] [CrossRef] [PubMed]

	



Agatonovic-Kustrin, S.; Kustrin, E.; Gegechkori, V.; Morton, D.W. Anxiolytic Terpenoids and Aromatherapy for Anxiety and Depression. In Reviews on New Drug Targets in Age-Related Disorders; Guest, P.C., Ed.; Springer: Cham, Switzerland, 2020; Volume 1260, pp. 283–296. [Google Scholar]

	



Agatonovic-Kustrin, S.; Kustrin, E.; Morton, D.W. Essential oils and functional herbs for healthy aging. Neural Regen. Res. 2019, 14, 441–445. [Google Scholar] [CrossRef] [PubMed]

	



Bounaas, K.; Bouzidi, N.; Daghbouche, Y.; Garrigues, S.; de la Guardia, M.; El Hattab, M. Essential oil counterfeit identification through middle infrared spectroscopy. Microchem. J. 2018, 139, 347–356. [Google Scholar] [CrossRef]

	



FDA. Economically Motivated Adulteration; Public Meeting; Request for Comment. Fed. Regist. 2009, 74, 15497–15499. [Google Scholar]

	



Blomberg, J.; Schoenmakers, P.J.; Brinkman, U.A.T. Gas chromatographic methods for oil analysis. J. Chomatogr. A 2002, 972, 137–173. [Google Scholar] [CrossRef]

	



Lim Ah Tock, M.J.; Kamatou, G.P.P.; Combrinck, S.; Sandasi, M.; Viljoen, A.M. A chemometric assessment of essential oil variation of three Salvia species indigenous to South Africa. Phytochemistry 2020, 172, 112249. [Google Scholar] [CrossRef]

	



Morlock, G.E.; Meyer, S.; Zimmermann, B.F.; Roussel, J.-M. High-performance thin-layer chromatography analysis of steviol glycosides in Stevia formulations and sugar-free food products, and benchmarking with (ultra) high-performance liquid chromatography. J. Chromatogr. A 2014, 1350, 102–111. [Google Scholar] [CrossRef]

	



Salghi, R.; Armbruster, W.; Schwack, W. Detection of argan oil adulteration with vegetable oils by high-performance liquid chromatography–evaporative light scattering detection. Food Chem. 2014, 153, 387–392. [Google Scholar] [CrossRef]

	



Tan, Z.; Reyes-Suarez, E.; Indrasena, W.; Kralovec, J.A. Novel approach to study fish oil oxidation using 1H nuclear magnetic resonance spectroscopy. J. Funct. Foods 2017, 36, 310–316. [Google Scholar] [CrossRef]

	



Apetrei, I.M.; Apetrei, C. Detection of virgin olive oil adulteration using a voltammetric e-tongue. Comput. Electron. Agric. 2014, 108, 148–154. [Google Scholar] [CrossRef]

	



Nowak, A.; Kalemba, D.; Piotrowska, M.; Czyźowska, A. Effects of thyme (Thymus vulgaris L.) and rosemary (Rosmarinus officinalis L.) essential oils on growth of Brochothrix thermosphacta. Afr. J. Microbiol. Res. 2013, 7, 3396–3404. [Google Scholar]

	



Sun, D.-W. Infrared Spectroscopy for Food Quality Analysis and Control; Academic Press: Cambridge, MA, USA, 2009. [Google Scholar]

	



Baranska, M.; Schulz, H.; Reitzenstein, S.; Uhlemann, U.; Strehle, M.A.; Krüger, H.; Quilitzsch, R.; Foley, W.; Popp, J. Vibrational spectroscopic studies to acquire a quality control method of Eucalyptus essential oils. Biopolymers 2005, 78, 237–248. [Google Scholar] [CrossRef]

	



Coates, J. Interpretation of Infrared Spectra, a Practical Approach. In Encyclopedia of Analytical Chemistry: Applications, Theory and Instrumentation; John Wiley & Sons, Ltd.: Chichester, NY, USA, 2006. [Google Scholar]

	



Sasidharan, S.; Chen, Y.; Saravanan, D.; Sundram, K.M.; Latha, L.Y. Extraction, isolation and characterization of bioactive compounds from plants’ extracts. Afr. J. Tradit. Complement. Altern. Med. 2011, 8, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Woodcock, T.; Downey, G.; Kelly, J.D.; O’Donnell, C. Geographical classification of honey samples by near-infrared spectroscopy: A feasibility study. J. Agric. Food Chem. 2007, 55, 9128–9134. [Google Scholar] [CrossRef] [PubMed]

	



Agatonovic-Kustrin, S.; Milojković-Opsenica, D.; Morton, D.W.; Ristivojević, P. Chemometric characterization of wines according to their HPTLC fingerprints. Eur. Food Res. Technol. 2017, 243, 659–667. [Google Scholar] [CrossRef]

	



Agatonovic-Kustrin, S.; Morton, D.W.; Ristivojević, P. Assessment of antioxidant activity in Victorian marine algal extracts using high performance thin-layer chromatography and multivariate analysis. J. Chomatogr. A 2016, 1468, 228–235. [Google Scholar] [CrossRef]

	



Joudi, L.; Bibalani, G.H. Exploration of medicinal species of Fabaceae, Lamiaceae and Asteraceae families in Ilkhji region, eastern Azerbaijan Province (Northwestern Iran). J. Med. Plants Res. 2010, 4, 1081–1084. [Google Scholar]

	



García-Risco, M.R.; Mouhid, L.; Salas-Pérez, L.; López-Padilla, A.; Santoyo, S.; Jaime, L.; de Molina, A.R.; Reglero, G.; Fornari, T. Biological activities of Asteraceae (Achillea millefolium and Calendula officinalis) and Lamiaceae (Melissa officinalis and Origanum majorana) plant extracts. Plant Foods Hum. Nutr. 2017, 72, 96–102. [Google Scholar] [CrossRef] [PubMed]

	



Rummens, F.H.A. A Study in Monoterpene Chemistry by Physical Methods. Ph.D. Thesis, Technische Hogeschool Eindhoven, Eindhoven, The Netherlands, 1963. [Google Scholar]

	



Oliveira, R.N.; Mancini, M.C.; Oliveira, F.C.S.d.; Passos, T.M.; Quilty, B.; Thiré, R.M.d.S.M.; McGuinness, G.B. FTIR analysis and quantification of phenols and flavonoids of five commercially available plants extracts used in wound healing. Matéria (Rio de Janeiro) 2016, 21, 767–779. [Google Scholar] [CrossRef]

	



Stashenko, E.E.; Martínez, J.R. Sampling flower scent for chromatographic analysis. J. Sep. Sci. 2008, 31, 2022–2031. [Google Scholar] [CrossRef]

	



Gudi, G.; Krahmer, A.; Kruger, H.; Schulz, H. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy on intact dried Leaves of sage (Salvia officinalis L.): Accelerated chemotaxonomic discrimination and analysis of essential oil composition. J. Agric. Food Chem. 2015, 63, 8743–8750. [Google Scholar] [CrossRef]

	



Da Costa, S.B.; Duarte, C.; Bourbon, A.I.; Pinheiro, A.C.; Serra, A.T.; Martins, M.M.; Januário, M.I.N.; Vicente, A.A.; Delgadillo, I.; Duarte, C. Effect of the matrix system in the delivery and in vitro bioactivity of microencapsulated Oregano essential oil. J. Food Eng. 2012, 110, 190–199. [Google Scholar] [CrossRef]

	



Valderrama, A.C.S.; De, G.C.R. Traceability of active compounds of essential oils in antimicrobial food packaging using a chemometric method by ATR-FTIR. Am. J. Anal. Chem. 2017, 8, 80292. [Google Scholar] [CrossRef]

	



Stanojevic, L.P.; Marjanovic-Balaban, Z.R.; Kalaba, V.D.; Stanojevic, J.S.; Cvetkovic, D.J. Chemical composition, antioxidant and antimicrobial activity of chamomile flowers essential oil (Matricaria chamomilla L.). J. Essent. Oil Bear. Plants 2016, 19, 2017–2028. [Google Scholar] [CrossRef]

	



Bendini, A.; Cerretani, L.; Di Virgilio, F.; Belloni, P.; Bonoli-Carbognin, M.; Lercker, G. Preliminary evaluation of the application of the FTIR spectroscopy to control the geographic origin and quality of virgin olive oils. J. Food Qual. 2007, 30, 424–437. [Google Scholar] [CrossRef]








[image: Applsci 10 07294 g001a 550][image: Applsci 10 07294 g001b 550] 





Figure 1. Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) superimposed spectra of concentrated essential oil samples (a) and commercial-grade essential oils (b). 






Figure 1. Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) superimposed spectra of concentrated essential oil samples (a) and commercial-grade essential oils (b).



[image: Applsci 10 07294 g001a][image: Applsci 10 07294 g001b]







[image: Applsci 10 07294 g002 550] 





Figure 2. (a) 3D and (b) 2D PCA score plots for all essential oil samples, and (c) 2D PCA score plots for concentrated essential oil samples obtained from FLAVEX®. 






Figure 2. (a) 3D and (b) 2D PCA score plots for all essential oil samples, and (c) 2D PCA score plots for concentrated essential oil samples obtained from FLAVEX®.



[image: Applsci 10 07294 g002]







[image: Applsci 10 07294 g003a 550][image: Applsci 10 07294 g003b 550] 





Figure 3. ATR-FTIR spectra for (a) Lamiaceae cluster with positive correlation (lavender, lemon myrtle, oregano terpineol type, peppermint, rosemary cineole type, rosemary plus and sage essential oils); (b) lavender against Lamiaceae cluster with negative correlation (oregano phenol type, and thyme); (c) Asteraceae cluster (chamomile, echinacea, marigold and tagetes) and (d) mixed oil samples cluster (arnica, primrose and frankincense). 
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Figure 4. Superimposed ATR-FTIR spectra of concentrated lavender essential oil sample (solid black line) and commercial-grade lavender oil samples. 
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Figure 5. Hierarchical cluster analysis (HCA) of ATR-FTIR essential oil spectra. 
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Table 1. Concentrated essential oils obtained by supercritical fluid extraction (FLAVEX®).
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	Sample No
	Extract
	Species
	Family





	1
	Frankincense carteri resin extract
	Boswellia carteri
	Burseraceae



	2
	Evening primrose seed extract
	Oenothera biennis
	Primulaceae



	3
	Arnica flower extract
	Arnica montana
	Asteraceae



	4
	Echinacea root extract
	Echinacea purpurea
	Asteraceae



	5
	Marigold flower extract
	Calendula officinalis
	Asteraceae



	6
	Tagetes flower extract
	Tagetes erecta/Tagetes patula
	Asteraceae



	7
	Chamomile flowers and flowering shoots extract
	Chamomilla recutita
	Asteraceae



	8
	Oregano phenol type leaf extract
	Origanum vulgare
	Lamiaceae



	9
	Oregano terpineol type leaf extract
	Origanum vulgare
	Lamiaceae



	10
	Sage leaf extract
	Salvia officinalis
	Lamiaceae



	11
	Lemon myrtle leaf extract
	Backhousia citriodora
	Lamiaceae



	12
	Thyme leaf extract
	Thymus vulgaris
	Lamiaceae



	13
	Rosemary extract, cineole type, and leaf extract
	Rosmarinus officinalis
	Lamiaceae



	14
	Rosemary plus, leaf extract
	Rosmarinus officinalis
	Lamiaceae



	15
	Peppermint leaf extract
	Mentha piperita
	Lamiaceae



	16
	Lavender flower extract
	Lavandula angustifolia
	Lamiaceae










[image: Table] 





Table 2. The most significant infrared (IR) bands with the strongest influence on different cluster groups.
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	Family
	Species
	ATR-IR Peaks
	Compound Assignment





	Lamiaceae family cluster
	Oregano (terpineol type), sage,

lemon myrtle,

rosemary (cineol type),

rosemary plus,

peppermint

and lavender
	~1375 and 1450 cm−1
	=CH2 in plane deformation at 1420 cm−1

(presence of =CH2 group will increase intensity of the peaks from 1330–1410 cm−1 for some terpenes) [22].

Peak at ~1450 cm−1 is a result of overlap of CH2 deformation and asymmetrical CH3 deformation (intensity of this peak is proportional to the number of CH2 and CH3 groups present)



	
	
	3400–3500 cm−1 (broad band)
	Lamiaceae family plant extracts have a higher content of phenolics (and flavonoids).



	
	
	842 cm−1 (shifted to 862 cm−1 in oregano)
	Weak skeletal vibration for isopropyl (R1R2C=CHR3 out-of-plane deformation of non-strained, weakly strained (cyclohexene derivatives) and strongly strained systems); key characteristic peak for carvacrol occurs at 862 cm−1



	
	
	1635–1650 cm−1 (low intensity peaks)
	Vibration for RHC=CH2 (linalool and linalool acetate).



	
	
	1745 cm−1
	Carbonyl stretching from α-thujone and camphor (sage essential oil)



	
	Oregano (phenol type), thyme
	1458 and 1380 cm−1
	Double bands at 1370 and 1380 cm−1 from isopropyl groups (tetrahydrolinalool, tetrahydrogeraniol and their acetates),

gem dimethyl (>C(CH3)2) in α- and β-pinene band at 1385 cm−1 could be related to bending symmetric CH3(CO) vibration of 1,8-cineole



	
	
	~810 cm−1
	C-H out-of-plane bending for carvacrol (oregano); ring vibration of thymol is seen at 807 cm−1, while for carvacrol this corresponding signal appears at 811 cm−1



	Asteraceae family cluster
	Echinacea, marigold, tagetes and chamomile
	1733 cm−1
	Carbonyl stretching (chamomile has a double C = O band at 1711 and 1735 cm−1; this band is smaller in intensity for echinacea).



	
	
	850-920 cm−1
	Methylene =CH2 out-of-plane deformation (β-pinene absorbs at 875 cm−1 due to the strained ring structure with an exocyclic =CH2 group). This band indicates the presence of myrcene in chamomile (high intensity due to the conjugation with the vinyl group)



	Mixed cluster
	Arnica, primrose and frankincense
	1159 cm−1
	Stretching of C-O and bending of C-OH due to the presence of lipids and alcohol groups in unsaturated fatty acids (primrose), diterpene alcohols (frankincense) and triterpenediol esters (arnidiol/faradiol) in arnica



	
	
	1743 cm−1
	Carbonyl stretching
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