


Comparative GC-MS Phytochemical Profiling and Compatibility Analysis of Nigella sativa Seeds, Sphagneticola calendulacea Leaves, and Their Combined Co-Extract
Abstract
Multi-component natural formulations are increasingly being investigated as alternative matrices for therapeutic validation. However, establishing chemical compatibility and profiling secondary metabolites without chemical degradation remain analytical challenges. This study presents a comparative gas chromatography-mass spectrometry (GC-MS) investigation of individual extracts of Nigella sativa (NS) seeds, Sphagneticola calendulacea (SC) leaves, and their combined co-extract (NS-SC), prepared using a simultaneous cold-extraction process. The total ion chromatograms mapped highly distinctive molecular profiles for each matrix. The NS profile was characterised by the volatile therapeutic quinone thymoquinone (1.44% at 12.239 min), alongside a dense fatty-acid environment comprising hexadecanoic acid (20.95%) and major unsaturated octadecadienoate derivatives (>54%). Conversely, the SC extract yielded substantial phenolic fractions (11.47%) and 1-(+)-ascorbic acid 2,6-dihexadecanoate (8.19% at 29.710 min). Notably, the combined co-extract (NS-SC) preserved active parent markers, including thymoquinone (1.96% at 12.243 min) and core phenolic compounds, while exhibiting an increased relative peak area for the ascorbic acid derivative (14.18% at 29.830 min) within a stable fatty-acid matrix. Relative percentage values were determined using total peak-area normalisation, and chemical identities were putatively assigned by mass-spectral library matching. The absence of newly generated baseline fragments or destructive cross-reactivity indicates chemical compatibility under the extraction conditions used. These findings establish a baseline phytochemical profile for the NS-SC combination matrix and support its use in future biological evaluation.
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1. Introduction
The investigation of botanical mixtures and multi-target secondary-metabolite complexes has gained significant momentum in contemporary pharmacological research [1, 2]. Traditional herbal practices frequently utilise combinations of distinct plant matrices to achieve a broader spectrum of phytochemical coverage [3]. However, from an analytical perspective, combining separate botanical matrices can lead to chemical degradation, precipitation, or unpredictable reactions during processing [4, 5]. Therefore, establishing robust analytical workflows to verify chemical compatibility, track compound retention, and map molecular profiles is critical before biological or toxicological evaluation can be undertaken [6, 7].
Nigella sativa (NS), widely known as black seed, has a well-documented phytochemical profile rich in essential lipids, structural proteins, and volatile constituents [8, 9]. Its principal active volatile monoterpene, thymoquinone, has been extensively characterised for its physicochemical properties and chemical stability in lipid carriers [10, 11]. In parallel, Sphagneticola calendulacea (SC) is valued in indigenous systems for its accumulation of polar phenols, flavonoid complexes, coumarins, and specialised organic fatty-acid derivatives [12, 13]. Although extracts of these individual botanical materials have been widely studied using gas-chromatographic approaches [14, 15], evaluation of their simultaneous co-extraction remains relevant for understanding metabolite interactions, dissolution kinetics, and structural stability within a shared matrix [16, 17].
Recent analytical studies have continued to characterise Nigella sativa seed matrices using GC- or GC-MS-based approaches, including the identification of thymoquinone and related phytochemical constituents [72, 73, 75], while a complementary analytical study quantified thymoquinone in N. sativa oil products, with results cross-validated by HPLC [74]. A recent phytochemical study of a multi-botanical formulation containing N. sativa also provides a constituent-level example of evaluating this species within a combined plant matrix [71].
This study provides a detailed comparative biochemical analysis designed to evaluate the extraction characteristics of this dual-botanical matrix. Comparative gas chromatography-mass spectrometry (GC-MS) profiling was performed on separate cold extracts of N. sativa seeds, S. calendulacea leaves, and their corresponding combined co-extract (NS-SC) [18, 19]. The primary analytical objective was to monitor retention-time (RT) metrics, evaluate relative peak-area distributions, and screen for potential destructive cross-reactions or baseline anomalies [20, 21]. Ultimately, this study aims to establish a chemical basis for evaluating the integrity and compatibility of these combined plant extracts [22, 23].
Research gap: Within the scope of this manuscript, direct comparative GC-MS evidence for the simultaneous cold ethanolic co-extraction of N. sativa seeds and S. calendulacea leaves remains insufficiently established, particularly with regard to the retention of recognisable parent markers and the absence of evident destructive chromatographic changes in the combined matrix.
Objective: Accordingly, the objective of this study is to comparatively profile individual cold extracts of N. sativa seeds and S. calendulacea leaves and their combined NS-SC co-extract by GC-MS, with emphasis on retention time, relative peak-area distributions, preservation of key parent markers, and evidence of destructive chromatographic anomalies under the specified extraction conditions.
2. Materials and Methods
2.1 Plant Collection and Authentication
Fresh leaf tissues of Sphagneticola calendulacea (L.) Pruski were harvested from natural habitats in Thaneerkulam, Thiruvallur district, Tamil Nadu, India [24]. The collected botanical specimens were processed using standard herbarium protocols, submitted to the Southern Regional Centre of the Botanical Survey of India (BSI) in Coimbatore, and formally authenticated, with an official Plant Authentication Voucher Certificate (BSI/SRC/5/23/Tech.-1042) issued [25]. High-quality dried seeds of genuine Nigella sativa L. were sourced from established traditional repositories in Chennai, Tamil Nadu, and verified against certified morphological taxonomies and standard pharmacological reference manuals [26].
2.2 Extraction Procedures
The respective botanical materials were shade-dried under regulated humidity conditions (25±2°C) and mechanically ground into fine, uniform powders using a laboratory mill [27]. For individual baseline profiles, 50 g of each powder was processed by maceration-based cold extraction using 99.9% analytical-grade ethanol as the extraction solvent at a constant solvent-to-sample ratio of 10:1 (v/w) [28, 29]. Extraction was performed over three independent sequential cycles (24 hours per cycle) at room temperature (25°C) to prevent thermal degradation of volatile monoterpenes and thermolabile oils [30]. For the combined co-extract formulation (NS-SC), equal portions (1:1 w/w; 25 g each) of N. sativa seed powder and S. calendulacea leaf powder were thoroughly homogenised under dry conditions before the extraction solvent was introduced under identical extraction volumes, temperatures, and durations [31]. This simultaneous co-extraction approach was selected to facilitate potential structural integration and molecular interaction of secondary metabolites during the liquid-dissolution phase [32]. The collected supernatant solutions from all three preparations were filtered using Whatman No. 1 membranes and concentrated under vacuum using a rotary evaporator at a regulated temperature of 40°C until dry crude extracts were obtained [33].
2.3 Gas Chromatography-Mass Spectrometry (GC-MS) Parameters
Phytochemical separation and mass-spectral mapping were performed using an Agilent 7890B gas chromatography system coupled with an Agilent 5977B Mass Selective Detector [34]. The instrument was configured with an HP-5MS fused-silica capillary column measuring 30 m in length, with an internal diameter of 0.25 mm and a film thickness of 0.25 µm [35]. High-purity helium (99.999%) served as the carrier gas and was maintained at a constant flow rate of 1.0 mL/min [36]. The injector temperature was set to 250°C, and the instrument was operated in splitless mode with an injection volume of 1.0 µL [37]. The GC column oven temperature programme was initiated at 40°C, held isothermally for 2.0 minutes, and then increased at 10°C/min to 250°C, followed by a secondary ramp of 5°C/min to a maximum plateau of 320°C, where it was held for 10.0 minutes [38]. The mass spectrometer was operated in electron-ionisation (EI) mode at 70 eV, with an ion-source temperature of 230°C and a transfer-line temperature of 280°C [39]. Mass spectra were acquired over a continuous scan range of 50-550 m/z [40]. Individual chemical components were putatively identified by correlating their characteristic mass-fragmentation peaks and specific retention times (RTs) with reference profiles in the National Institute of Standards and Technology (NIST20) and Wiley spectral libraries [41]. All analytical profiles were obtained in independent triplicates to assess the reproducibility of retention times and peak distributions [42].
3. Results and Discussion
3.1 Phytochemical Review of Nigella sativa (NS)
Baseline GC-MS analysis of the individual Nigella sativa (NS) seed extract revealed a chemical profile dominated by lipophilic constituents, essential fatty acids, and volatile monoterpenes [43]. Most notably, the principal volatile compound thymoquinone was resolved at a retention time (RT) of 12.239 minutes, accounting for a relative peak-area percentage of 1.44% [44]. A major fatty-acid component was observed at 29.920 minutes and identified as hexadecanoic acid (palmitic acid), which constituted 20.95% of the total recorded peak area [45]. Furthermore, a dense cluster of essential fatty-acid derivatives was resolved around the 32-minute mark, led by 9,12-octadecadienoic acid ethyl ester (18.81%), 9-octadecenoic acid (Z)-ethyl ester (12.52%), and 9,12-octadecadienoic acid (Z,Z)- (23.15%) [46]. Together, these unsaturated fatty acids and esters formed the principal matrix background, comprising more than 54% of the total integrated chromatographic profile, consistent with established botanical lipid baselines [47].
The detection of thymoquinone in the NS chromatogram is consistent with metabolite-mapping work showing thymoquinone among the characteristic volatile monoterpenoid constituents of N. sativa seeds [76].
3.2 Phytochemical Review of Sphagneticola calendulacea (SC)
Screening of the individual Sphagneticola calendulacea (SC) leaf extract showed a distinct, highly polar chemical profile centred on phenolic fractions and antioxidant-associated compounds. The prominence of phenolic-associated features is consistent with prior chemical and pharmacognostic descriptions of this species and related material [48, 49, 50]. The extract yielded substantial relative fractions of phenolic molecules, including phenol at 5.070 minutes (9.79%) and phenol, 5-methyl-2-(1-methylethyl)- at 13.892 minutes (1.68%), amounting to a total phenolic presence of more than 11.47%. A prominent molecular feature was observed at 29.710 minutes and was putatively identified as 1-(+)-ascorbic acid 2,6-dihexadecanoate (8.19%); use of retention-index information alongside mass spectra can strengthen such tentative GC-MS assignments [51]. The remaining spectral profile was distributed among long-chain hydrocarbons, phytosterols, and specialised fatty-acid esters, while the broader chemistry reported for this botanical taxon includes diterpene and benzofuran/coumestan constituents [52, 53].
The observed phenolic character of the SC extract is independently supported by a peer-reviewed study of methanolic S. calendulacea leaf extract that quantified appreciable total phenolic and flavonoid contents [77].
3.3 Phytochemical Comparison and Compatibility Evaluation of the Co-Extract (NS-SC)
The analytical focus of this investigation centres on comparative evaluation of the joint NS-SC chromatogram to assess chemical compatibility, an approach consistent with studies evaluating how herbal combination alters constituent dissolution and relative composition [54]. The resulting data demonstrate an integrated chemical profile rather than an unresolvable or degraded spectral pattern; combined-preparation studies likewise show that preparation can selectively alter, rather than simply erase, constituent profiles [55]. Importantly, key phytochemical markers from both individual parent plants were preserved and co-recovered within the shared solvent system, which is a useful comparative criterion in multicomponent chromatographic profiling [56]. Thymoquinone was resolved at RT 12.243 minutes with a relative area percentage of 1.96%, indicating that the volatile component of N. sativa was retained throughout dual-matrix processing; solvent-dependent thymoquinone stability and recovery have been demonstrated analytically [57]. Simultaneously, the principal phenolic compounds from SC were recovered at RT 5.071 minutes (4.36%) and RT 13.894 minutes (0.47%). Their preservation is compatible with the established occurrence of bioactive coumestan-type chemistry in this plant [58].
From an analytical-quality perspective, preservation of recognizable parent-marker features within an integrated herbal chromatographic profile is consistent with established chromatographic-fingerprinting practice, which uses whole-profile patterns to assess the identity, quality, consistency, and stability of herbal products [78].
The co-extract profile also showed a prominent relative peak-area distribution for 1-(+)-ascorbic acid 2,6-dihexadecanoate, which was 14.18% at RT 29.830 minutes; because this identity derives from library matching, it should remain a tentative annotation without confirmation by an authentic standard [59]. In parallel, the shared fatty-acid environment showed major peaks around the 32-minute mark, led by n-propyl 9,12-octadecadienoate (23.50%) and 9-octadecenoic acid (Z)-ethyl ester (27.33%), together accounting for more than 50.8% of the total integrated chromatographic area; fatty-acid-rich profiles are well documented in black cumin seed oils [60]. Because the relative peak values represent percentage contributions to the total integrated area rather than absolute quantitative measurements, these shifts reflect changes in relative chromatographic composition under co-extraction conditions [61]. Comparable multi-herb studies demonstrate that combined preparation can preserve some markers while changing the relative abundance or dissolution of others [62, 63]. Accordingly, the retention of the distinct parent peaks and the absence of newly generated baseline fragments or unexpected peak degradation in this study support chemical compatibility only under the specified extraction and analytical conditions.
Table 1: Comparative Phytochemical Screening of Key Bioactive Markers in NS, SC, and Combined NS-SC Co-Extracts via GC-MS

	Peak Reference Compound
	Primary Bio-Source
	NS Area (%)
	SC Area (%)
	NS-SC Area (%)

	Thymoquinone
	Nigella sativa
	1.44%
	Not Detected
	1.96%

	Phenol / Phenolic Derivatives
	Sphagneticola
	Not Detected
	9.79%
	4.36%

	Phenol, 5-methyl-2-(1-methylethyl)-
	Sphagneticola
	Not Detected
	1.68%
	0.47%

	1-(+)-Ascorbic acid 2,6-dihexadecanoate
	Sphagneticola
	Not Detected
	8.19%
	14.18%

	Hexadecanoic acid (Palmitic acid)
	Nigella sativa
	20.95%
	Not Detected
	4.12%

	n-Propyl 9,12-octadecadienoate
	Shared Matrix
	Not Detected
	15.13% (Total)
	23.50%

	9-Octadecenoic acid (Z)-, ethyl ester
	Nigella sativa
	12.52%
	Not Detected
	27.33%



4. Conclusion
Comparative GC-MS profiling showed that the combined cold ethanolic co-extract of Nigella sativa seeds and Sphagneticola calendulacea leaves retained major phytochemical markers detected in the corresponding individual extracts. Thymoquinone remained detectable in the combined matrix at a retention time closely comparable with that observed in the N. sativa extract, while phenolic constituents associated with the S. calendulacea extract were also retained. The co-extract further showed a prominent relative peak area for 1-(+)-ascorbic acid 2,6-dihexadecanoate and a fatty-acid-rich chromatographic profile dominated by n-propyl 9,12-octadecadienoate and 9-octadecenoic acid (Z)-ethyl ester. Because the reported values represent relative peak-area percentages rather than absolute concentrations, differences among the chromatograms should be interpreted as changes in relative composition. Within the analytical conditions used, the absence of newly generated baseline fragments or evident peak degradation supports chemical compatibility of the combined extract. These results establish a baseline for subsequent quantitative confirmation and further biological assessment.
5. Limitations and Future Recommendations
Although this investigation establishes a baseline for the chemical composition and compatibility of the NS-SC co-extract, several limitations should be noted, particularly in relation to minimum reporting and identification standards for metabolomics-style chemical analysis [64]. First, the compound identifications reported herein are based primarily on gas chromatography-mass spectrometry library matching and retention indices, which provide putative or tentative identifications rather than absolute chemical confirmation using reference standards [65]. Second, the reported peak areas reflect relative percentage compositions within the total ion chromatogram and do not represent absolute quantitative concentrations [66]. Most importantly, this research is limited to analytical chemical characterisation; natural-product development requires biological and pharmacological validation beyond compositional profiling [67, 68]. No biological models, in vitro cell-culture assays, enzyme-inhibition assays, antioxidant or anti-inflammatory evaluations, toxicity screens, or functional in vivo animal studies were performed. Consequently, no definitive claims regarding biological efficacy or pharmacological mechanisms can be made from these data. Future work should focus on validating quantitative HPLC procedures according to accepted analytical-validation principles [69], performing rigorous in vitro free-radical-scavenging and cellular-safety assays, and conducting dose-dependent in vivo studies to investigate potential biological properties and safety before specific therapeutic applications are explored [70].
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