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 2 

Abstract 32 

Recent times have witnessed an upsurge of interest in hemp and hemp-derived products, as driven by the scient ific 33 

findings specific to the pharmacological properties of Cannabis sativa L. and its constituents. There has been evidence 34 

that the terpene profile, along with the cannabinoid content, produces in humans the effects associated with  d if ferent 35 

strains, beyond fragrance perception. A great deal of effort has been put in developing analytical approaches to 36 

strengthen the scientific knowledge on cannabis essential oil composition and provide effective tools for ascertaining 37 

the authenticity of commercial cannabis samples. To this concern, enantio-GC-C-IRMS has proven to be eff ective in  38 

providing useful data for assessing the ranges characteristic of the genuine samples and detect any fraudulent additions. 39 

This research aimed at providing for the first time the enantiomeric and isotopic ratios of target terpenes in  ca nnabis 40 

essential oils, obtained from microwave-assisted hydro-distillation from the fresh and dried inflorescences of dif ferent  41 

cannabis varieties. Implementing multidimensional gas chromatography separation was mandatory prior to detection, in 42 

order to obtain accurate 13C and enantiomeric data from completely separated peaks. For th is purpose, a  heart -cu t 43 

method was applied, based on the coupling of an apolar first dimension column to a secondary  ch iral cyclodex trin -44 

based stationary phase. Afterwards, the data gathered from MDGC-C-IRMS/qMS analysis of a set of genuine samples 45 

were used to evaluate the quality of nineteen commercial cannabis essential oils purchased from local stores. 46 

Remarkably the data in some cases evidenced enantiomeric and δ13C ratios outside the typical ranges of genuine o ils. 47 

Such findings suggest the usefulness of the method developed to ascertain the genuineness a nd  quality o f cannabis 48 

essential oils. 49 

 50 

 51 

  52 
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1) Introduction 53 

Cannabis is an herbal annual plant, for which research has long been limited because of legal restrictions across the 20 th 54 

and the beginning of the 21st century, due to its renowned psychotropic activity a nd the related  illicit  use. From  a  55 

normative point of view, the cultivation has been promoted in Europe only in the last decade, specifically  f or those 56 

varieties, e.g Cannabis Sativa L., with content in tetrahydrocannabinol <0.2% [1]. As a consequence of the increased 57 

scientific interest, nowadays hemp market and the linked manufactures are ever spreading. Among the products derived 58 

from Cannabis Sativa L., the essential oil obtained by the inflorescences is one of  the m ost d ist inctive, due to  the 59 

harmonious balance between the main monoterpene and sesquiterpene components a long with  their oxygenated 60 

derivatives [2]. Cannabis chemical composition may vary in relation to the inflorescence being f resh  o r d ry  [2], it s 61 

variety, and the extraction methodology used. In the last decades, steam distillation or hydro-distillation [3] ha ve been 62 

the most used techniques for oil extraction, as well as the innovative microwave assisted hydrodistillation apparatus [4 -63 

5]. Thanks to the latest approach, it was possible to carry out hydro-distillation of the hemp inflorescences, and 64 

maximize the final yield by finely tuning some instrumental parameters, such as microwave power and t im e program 65 

[5]. Alongside genuine oils obtained from the inflorescences, also reconstituted oils, obtained by natural o r syn thetic 66 

sources, are nowadays more and more present on the market. Most of them are declared to contain  the typ ical hemp 67 

terpene compounds, such as -pinene, myrcene and (E)--caryophyllene, aiming to  emulate the f lavor a nd o ther 68 

properties of natural cannabis oils. Yet, no reference data are reported in the literature about the chemical composit ion  69 

of these oils. In this regard, gas chromatography coupled to flame ionization detector (GC-FID) and to mass 70 

spectrometry (GC-MS) are well suited techniques for investigation of the qualitative and quantitative composit ion o f  71 

these oils in terms of volatile components. However, there is no chance to highlight the d if ferences with  respect  to 72 

extracted genuine oils, by these means. The employment of more sophisticated analytical techniques is needed  to tackle 73 

such a task. Enantio selective gas chromatography (Es-GC) has historically pla yed  a key  ro le f o r the a uthen ticity 74 

assessment of natural essential oils, proving to be one of the most effective analytical approaches for these purposes [6]. 75 

In fact, chiral compounds show typical enantiomeric ratios in natural samples, being the metabolites of specific 76 

biochemical pathways of the plant of origin, exerting a critical role for the plant defense from external attacks. By these 77 

means, the presence of unusual enantiomeric excesses for a given sample has o f ten allowed unveiling f ra udulent 78 

additions by comparison to genuine reference values, using monodimensional and multidimensional GC systems [7 -9]. 79 

Conversely, nowadays key chiral components can be selected by natural sources having identical or similar 80 

enantiomeric ratios with respect to the sample investigated [10], thereby reducing the possib ility to detect any 81 

differences deriving from adulterations. In such cases, additional analytical techniques are needed to highligh t  f u rther 82 

typical traits of the plant of origin. Gas chromatography coupled to isotope ratio mass spectrometry  (GC -C-IRMS) is 83 
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equally broadly recognized as a suitable technique to assess the origin and genuineness of a sample. A GC -C-I RMS 84 

method can provide crucial information about the natural, synthetic or biosynthetic origin of specific compounds in  a  85 

sample, allowing in many cases to unveil fraudulent practices. Since the distribution of carbon stable isotopes st rict ly  86 

depends on the photosynthetic carbon metabolism and the geographic origin of the plant, the evaluation o f  the 13C 87 

isotopic value of key volatile compounds represents a powerful tool for genuineness assessment [11-13]. It is 88 

straightforward that a combined approach consisting of Es-GC-C-IRMS would allow for the simultaneous evaluation of 89 

both chiral and 13C isotopic ratios, thus enabling to detect fraudulent additions to genuine oil samples. The coupling of  90 

chiral separation and IRMS detection was first demonstrated by Mosandl et al. [14] for the differentiation of 91 

biotechnological and synthetic -decalactone, and later by few more authors [15-18]. Although representing a powerful 92 

tool for authenticity assessment, this approach suffers from important d rawbacks, which  have great ly lim ited it s 93 

widespread diffusion. When dealing with medium-to-high complex samples, incomplete separation of the compounds 94 

of interest may occur, due to insufficient chromatographic resolution. Within crowded zones across a chromatogram, 95 

the presence of closely retained compounds in addition to their enantiomers, may lead to co-elutions; this would in turn  96 

result in wrong evaluation of the enantiomeric and isotopic ratios. Chiral compounds can be resolved into their 97 

enantiomers on a suitable stationary phase, and in the presence of further co-elutions, the enantiomeric ratios can be still 98 

calculated by extracting specific m/z ions. On the other hand, this problem would negatively impact the 13C iso top ic 99 

ratio evaluation, due to the uneven distribution of carbon isotopes (12C and 13C) along the CO2 peak [19-20]. A sligh t ly  100 

different retention is observable for the same molecules containing differen t amount  o f the two iso topes. I n f act, 101 

different Van der Waals dispersion forces during solute/stationary interaction cause an enrichment in the heavier isotope 102 

of the initial part of the peak, while the lighter isotope will be more represented in the f inal part  o f the peak. Th us, 103 

shifted isotopic values will be observed with respect to those of a pure peak [19-20], depending on which part  o f the 104 

peak is co-eluted. If the co-elution affects the front of the peak, a more negative δ13C value will be observed; on  the 105 

contrary, a more positive δ13C value will be measured if the tail of the peak of interest is affected by co-elution . I n the 106 

case of a complete co-elution, no MS “tricks” may be used, due to the conversion of both the components to  CO2 . I n  107 

this case, evidence of such a situation would be only obtained by checking the CO2 ratio different iation [20]. Under 108 

these circumstances, multidimensional gas chromatography exploited in the heart-cut mode (HC-MDGC) may represent 109 

the technique of choice, thanks to the higher peak resolution afforded by the coupling of two full-length columns with  110 

different selectivity [21]. In the literature, only few works employed a MDGC system before the IRMS detection, a nd  111 

among these only one deals with the detection of enantiomers [17]. In this research, a n Es -MDGC-C-IRMS/qMS 112 

method was developed, by employing an apolar column as the first dimension (1D) and a chiral cyclodextrine-based 113 

stationary phase as the second dimension (2D), to evaluate the enantiomeric and isotopic ratios of well separated target  114 
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terpenes in cannabis oils, for the first time. A microwave assisted hydro-distillation (MAHD) method earlier described  115 

by Micalizzi et al. [5] was adopted to obtain in-house genuine oils from the fresh and dried inflorescences of d if ferent 116 

cannabis varieties. In parallel, commercial oils declared as reconstituted or natural were analyzed, and the results were 117 

compared to those obtained for the genuine samples extracted in-house. To the best of our knowledge, this is the f irst  118 

time that δ13C ratios are provided for the terpene fraction of Cannabis sativa L. essential oil samples. The data gathered 119 

from analysis of the different sample varieties were used to establish the characteristic enantiomeric and isotopic ranges 120 

of Cannabis sativa L. essential oil.  121 

2) Experimental section 122 

2.1 Sample preparation 123 

Fifteen dry hemp inflorescences belonging to Futura 75, Kompolti, Felina 32, Tisza and CS (Carmagnola Selezionata ) 124 

varieties and one fresh hemp inflorescence belonging to Futura 75, registered in the EU Plant variety database [22], 125 

were provided by the Canapar group, Ragusa, Italy. Nineteen commercial hemp oils, 16 reconstituted and 3 declared a s 126 

naturals, were purchased from local stores. All the samples were diluted 1:10 in n-hexane before the GC run. A C 7-C 30  127 

n-alkane mix, kindly provided by Merck Life Science (Darmstadt, Germany), was used for the calculat ion  o f linea r 128 

retention index (LRI) values. In order to calibrate the measured 13C values to the VPDB scale, the CO2 reference ga s 129 

was calibrated using four reference compounds, namely iodomethane (13C -54 .59‰) a nd th ree alkanes f rom the 130 

Indiana mix A7, i.e. hexadecane (13C -26.15‰), octadecane (13C -32.70‰) and eicosane (13C -40 .91‰) (I ndiana 131 

University, Bloomington, IN). Isotopic ratio measurements of the samples of interest  were made by  the f o llowing 132 

formula: 133 

 𝛿13𝐶 =
𝑅𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 134 

where R represents the abundance ratio of the heavier carbon isotope against the lighter one (13C/12C). 135 

All the samples were stored at +4 °C. 136 

 137 

2.2 Instrumental parameters  138 

2.2.1 Microwave-assisted-hydro-distillation (MAHD) conditions  139 

Six hundred mL of ultrapure water were added to 200 g of inflorescence, and the biomass was uniformly  m ixed . The 140 

resulting mixture was placed inside a 2 L ETHOS-X glass reactor and thus into a  Milestone “Ethos X” extractor 141 
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(Milestones, Sorisole, Italy), under previously optimized conditions [5]. Once the run was completed , essent ial o ils 142 

were collected from the distillation system.  143 

 144 

2.2.2 MDGC-C-IRMS/qMS conditions  145 

The MDGC-C-IRMS/qMS prototype consisted of an AOC-20i autosampler, two GC-2010 Plus gas chromatographers 146 

(defined as GC1 and GC2), connected by means of a heated transfer line (Shimadzu Europa, Duisburg, Germany). GC1 147 

was equipped with a split/splitless injector, a  flame ionization detector (FID) and a Deans-switch (DS) transfer device, 148 

connected to an advanced pressure control unit (APC), which supplied the same carrier gas (He) (Sh im adzu  Europa, 149 

Duisburg, Germany) allowing to divert the first column eluent to the FID or to the second column in the GC2. The latter 150 

was hyphenated in parallel to a QP2010 Ultra quadrupole mass spectrometer (Shimadzu Europa, Duisburg, Germ any) 151 

and to a VisION IRMS system by means of a GC V furnace system (Elementar Analysensyst eme GmbH, 152 

Langenselbold, Germany) maintained at 850 °C. The split/splitless injector was maintained at 280 °C, a t  a  sp lit  ra t io 153 

10:1, delivering to the 1D column, an SLB-5 ms 30 m × 0.25 mm i.d. × 0.25 μm df (Merck Life Science, Da rmstad t, 154 

Germany), a constant helium flow of 1.0 mL/min. A pressure program was used, from 185 kPa (7 min) to  247 kPa (5  155 

min) at 1.89 kPa/min, to 300 kPa at 1.89 kPa/min and finally to 330 kPa at 9.48 kPa/min. The GC1 oven was ramped as 156 

follows:  50 °C (7 min) to 227 °C at 3 °C/min with an isotherm at 150 °C (5 min), finally to 280 °C at 15 °C/min . The 157 

FID (330 °C; H2 flow, 40.0 mL/ min; air flow rate, 400 mL/min; sampling rate, 80 ms equal to 12.5 Hz) was connected 158 

to the DS device via a 0.25 m × 0.18 mm i.d. stainless steel uncoated column and used to monitor the 1D eluen t . GC2 159 

was equipped with a MEGA-DEX ASX 1 chiral column 25 m × 0.25 mm i.d. × 0.25 μm df (MEGA, Milano, Italy), and 160 

the temperature was ramped as follows: 40 °C (22 min) to 76 °C (5 min) at 2 °C/min, to 145 °C at 3 °C/min and finally  161 

to 195 °C at 8 °C/min. The 2D column was connected at one side to the DS device and at the other side to a zero dead-162 

volume tee-union (Valco). The effluent was split to the combustion chamber and to the IRMS system v ia a  0 .85 m  × 163 

0.25 mm i.d. uncoated column and to the qMS via a 2 m × 0.1 mm i.d. uncoated column.  A pressure p rogram was 164 

applied to the APC device in order to maintain a constant carrier flow also in the 2D column (≈1 mL/min): 140 kPa (22 165 

min), to 165 kPa (5 min) at 1.39 kPa/min, to a final pressure of 210 kPa at 1.39 kPa/min . The qMS ion  source a nd 166 

interface temperature were maintained at 200 °C; the mass range 40-400 m/z was monitored at an acquisition speed  o f 167 

10 Hz. The target compounds were identified by searching their qMS spectra against the FFNSC 4 .0  m ass spectral 168 

library database (Shimadzu Europa, Duisburg, Germany), using a double filter based on spectral similarity and  Linear 169 

Retention Index (LRI). The VisION IRMS (Elementar Analysensysteme GmbH, Langenselbold, Germany) was a bench 170 

top 5 kV system equipped with an integrated monitoring gas delivery system. The combustion chamber wa s p rovided  171 
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with a high performing silicon carbide tube furnace for the quantitative, fractionation-free conversion of the compounds 172 

to pure gases (CO2 and H2O). The CO2 produced by pyrolisis of each component was transferred to the IRMS, while the 173 

water produced was removed through a nafion membrane. The system was designed with reduced dead volumes to  174 

maintain the chromatographic integrity of the separated compounds, preserving the chromatographic resolut ion at  the 175 

IRMS. An auxiliary He line (sample line He), automatically controlled through a second channel of the APC unit , wa s 176 

used in the furnace to allow a proper control over the open split conditions for the IRMS. The following set t ings were 177 

applied to the VisION system: acceleration voltage, 3795.007 V; trap current, 600.000 μA; magnet current , 3700.000 178 

mA. The APC was operated in constant flow mode, to maintain the open split in a steady state. An  elect ron-impact 179 

ionization (EI) gas source, a  variable field, stigmatically focused electromagnet for beam separation and multi-channel 180 

Faraday collectors for beam detection were used. IRMS data were collected by IonOS stable isotope data p rocessing 181 

software ver. 3.0.0.5196 (Elementar Analysensysteme GmbH, Langenselbold, Germany); the apex t ra ck in tegrat ion  182 

method was exploited to automatically find the correct starting and finishing point of the peaks. All the analyses were 183 

led at least in triplicate and standard deviations for IRMS measurements were found to be under < 0.5. 184 

 185 

3. Results and discussion  186 

3.1 Extraction of the cannabis oil samples by microwave-assisted hydrodistillation (MAHD)  187 

Aiming to evaluate the isotopic and enantiomeric profile of the cannabis volat ile  f raction, MAHD ex tract ion wa s 188 

applied to sixteen genuine samples consisting of fresh and dry hemp inflorescences. By the employment of a 189 

microwave-assisted system, heat was applied to the soaked biomass to facilitate the break of the oileferous gla nds a nd 190 

the release of essential oil. By this method, the first drops of essential oil fell after about 5 min of distillation at 1200 W, 191 

at a  temperature around 94 °C. The samples selected for extraction are listed in Table 1. One sample was ob tained by 192 

fresh hemps of Futura 75 (Sample 1), while the other dry samples belonged to other varieties: 9 of Futura 75 (sa mples 193 

2-10), 2 of Felina 32 (samples 11-12), 1 of Tisza (sample 13), 2 of Kompolti (samples 14-15) and 1 of CS (Carmagnola 194 

Selezionata) (sample 16). Unfortunately, the high cost and the difficulties in retrieving genuine plant  materia l f o r o il 195 

extraction have limited the number of oil samples included in this research. This represents a common issue for stud ies 196 

focused on ascertaining of the genuineness ranges, since they involve investigation of natural samples in order to assess 197 

the characteristic 13C and enantiomeric ratios. The limited size of samples available prevented from obtaining 198 

statistical significant results in this study, on the differences among the distinct Cannabis sativa varieties. Nonetheless 199 

the data gathered from analysis of the essential oil samples were used to establish  the characterist ic ra nges o f  the 200 

enantiomeric and isotopic ratios of Cannabis sativa L. 201 
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ID Varieties Fresh/dry Origin 

1 Futura 75 fresh Italy 

2 Futura 75 dry Italy  

3 Futura 75 dry Italy  

4 Futura 75 dry Italy  

5 Futura 75 dry Italy  

6 Futura 75 dry Italy 

7 Futura 75 dry Italy  

8 Futura 75 dry Italy  

9 Futura 75 dry Italy 

10 Futura 75 dry Croatia 

11 Felina 32 dry Italy  

12 Felina 32 dry Italy  

13 Tisza dry Italy  

14 Kompolti dry Italy 

15 Kompolti dry Italy  

16 CS (Carmagnola selezionata) dry Italy 

 202 

Table 1. Cannabis varieties selected for essential oil extraction from hemp inflorescences. 203 

 204 

3.2 Monodimensional Es-GC-C-IRMS/qMS approach 205 

Es-GC-C-IRMS/qMS analyses were initially carried out in order to determine both the enantiomeric and isotopic ra tio  206 

of the genuine cannabis oils. To this purpose, a chiral column MEGA DEX-ASX-1 proved to be a suitable stat ionary  207 

phase, due to its capability to efficiently separate the target enantiomers before the IRMS determination. Nevertheless, 208 

for the main chiral terpens, a  number of issues arose in the monodimensional chiral analysis of some genuine cannabis 209 

oils, as shown in Fig. 1A for a Futura 75 essential oil. As can be easily noticed, although -pinene and -pinene 210 

enantiomers were efficiently separated in the Es-GC-C-IRMS/qMS profile, co-elutions occurred with  o ther a chira l 211 

components. In the case of (+)--pinene, present in higher amount with respect to heptanal, the partial peak overlapping 212 

might have a limited influence on the peak area evaluation for the enantiomeric ra tio  a ssessment  and on  the 13C 213 

evaluation [20]. Otherwise, the co-elution occurring between (+)--pinene and another major compound (e.g. myrcene), 214 

introduces a critical issue. In this case, the incomplete separation strongly influenced both the enantiomeric and isotopic 215 

ratio evaluation that clearly could not be achieved in an accurate manner. Concerning the enantiomeric ratio evaluation, 216 

the use of simultaneous qMS detection would in principle allow to resolve the chromatographic coelution by monitoring 217 

the extracted m/z ions of the compounds of interest. Unfortunately , in  the ca se o f  m onoterpene compounds, the 218 

respective EI MS spectra will be characterized by the same fragmentation pattern and show nearly identical f ra gment  219 

ions, thus the use of this approach is precluded. From the IRMS standpoint, a  similar approach cannot be envisaged, 220 
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since all the organic matter has to be converted to CO2 before the 13C determination, with a consequent loss o f  a ny 221 

structural information of the analytes [19]. As a consequence, the occurrence of a co-elution involv ing the righ t  pa rt 222 

(tail) of the peak is expected to cause a relevant positive shift of the 13C value, as for the case of (+) -pinene, due to  223 

the depletion of the 44CO2 fragment (lower amount of -pinene molecules containing 12C). Fig. 1B shows a further co -224 

elution in a Futura 75 oil, involving the (-)-limonene enantiomer which is partially coeluted with (E)--ocimene. In this 225 

case, being the latter a higher abundant compound, a wrong estimation of the 13C value should be expected, unlike the 226 

case of (+)--pinene discussed above. Moving forward in the chromatogram, further critical cases may be observed in  227 

the sesquiterpene elution zone of a Kompolti sample (Fig. 1C). Selina-3,7(11)-diene and of selina 4-(15), 7 (11)-d iene 228 

compounds were successfully separated into their enantiomers; nevertheless the late eluting enantiomer o f  selina 4 -229 

(15),7(11)-diene and the first eluting enantiomer of selina-3,7(11)-diene overlap with  a n in terfering peak, namely 230 

Germacrene B. Likewise, unreliable results may be predicted in this case, notably a more positive 13C value for selina 231 

4-(15),7(11)-diene and a more negative 13C value for selina-3,7(11)-diene, with respect to their true values.   232 

Please insert here Fig.1  233 

Fig. 1: Es-GC-C-IRMS/qMS analysis showing the co-elutions of: (+)−-pinene and (+)−-pinene peaks (A) and  (-)-234 

limonene peak (B) in a Futura 75 essential oil, the enantiomers of selina diene isomers in a Kompolti essential oil (C) 235 

3.3 Monodimensional GC-C-IRMS/qMS approach 236 

Inaccurate results were also obtained by the GC-C-IRMS/qMS analysis, performed on an apolar column. As can be seen 237 

in Fig. 2, co-elutions affected the peaks of the target oil compounds in the monoterpene and sesquiterpene zone. Fig. 2A 238 

shows a partial co-elution involving limonene and eucalyptol in a Futura 75 sample: due to their sim ila r LRI s on an 239 

apolar stationary phase (1030 and 1032 respectively), a  partial overlap occurred, again generating unreliable results f or 240 

the 13C values. 241 

Please insert here Fig. 2 242 

Fig. 2: GC-C-IRMS/qMS analysis showing the co-elutions of: limonene and eucalyptol peaks (A) and  sel ina 4 -(15), 243 

7(11)-diene and (E)--bisabolene peaks (B) in a Futura 75 essential oil. 45/44CO2 ratio differentiation (IRMS: upper 244 

trace) and extracted ion chromatogram (qMS: lower traces) of selina 4-15, 7(11)-diene peak (C) 245 

Fig. 2B shows the critical case of selina 4-(15),7(11)-diene, identified by exploiting double-filtered MS search based on 246 

mass spectral similarity (> 90%) and LRI (± 5 units window). Due to its Gaussian shape, it would have been regarded as 247 

a pure peak, at first sight. Yet, a  deeper investigation by monitoring the MS spectrum along the peak  h igh ligh ted  the 248 
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presence of co-eluted (E)--bisabolene in the peak tail. In fact, both components were characterized by the same LRI 249 

1540 on an apolar column. In addition, Fig. 2C shows how this coelution can be revealed by monitoring two d if ferent 250 

extracted ions from the MS total ion current (TIC) (lower trace) and by 45/44CO2 ratio d iff erent iation f o r the I RMS 251 

(upper trace). In detail, m/z 93 and m/z 105 were extracted from the TIC, being m/z 93 the base peak for (E)--252 

bisabolene and m/z 105 > m/z 93 for selina 4-(15),7(11)-diene. The higher amount of the m/z 93 ion in  the ta il o f  the 253 

peak clearly confirm the presence of  (E)--bisabolene at this level, further confirmed by the unusual 45 /44CO2  ra t io  254 

differentiation reported in the upper profile. At this point it was clear the need to implement a multidimensional 255 

approach to increase the separation capability. 256 

3.4 Multidimensional Es-GC-C-IRMS/qMS approach 257 

3.4.1 System configuration 258 

Different MDGC approaches are reported in the literature exploiting both single and double oven configurations. Apart 259 

from the economical aspect, the technical advantage of a double oven configuration relies on the capability for separate  260 

temperature program optimization for each of the columns employed. Such an instrument configuration requ ires the 261 

coupling of a GC-MS to a GC-FID system via a heated transfer line. Usually, since in a GC-MS system the 262 

spectrometer is located on the left side of the GC, the transfer line connecting to the (second) GC-FI D inst rument is 263 

located on the right side (Online resource 1). In such configuration, the GC-FID system is regarded as the first 264 

chromatographic dimension (1D) and thus the GC-MS system as the second one (2D). In this research, given  the need 265 

for splitting the second column eluate between the qMS and IRMS systems, an inverted configuration wa s chosen , in  266 

which the IRMS system was located on the right side of the MDGC system (Online resource 2). Hence, the p rim ary 267 

column (1D) and the DS device were located by the GC-MS side while the secondary column, connected to the DS, was 268 

passed through the heated transfer line and located by the GC-FID system. The latter wa s p rovided with  a  T -un ion  269 

located in the oven, connected at one side to the (2D) outlet and at the other side to two retention gaps differing in length 270 

and I.D. and directed to the two spectrometers. The configuration here described was chosen on the basis of the required 271 

split ratio of about 1:10 to the qMS and IRMS system, respectively. I t is in fact well known that IRMS detection suffers 272 

from the low natural abundance of the 13C isotope that is about 1% of the 12C isotope, leading to a proportional 273 

reduction of the sensitivity achievable. To compensate for this, a  higher resistance was required to  the qMS system, 274 

obtained via a 2 m x 0.1 mm I.D. retention gap, and a lower resistance wa s needed to  the I RMS side. I n  o rder to  275 

minimize dead volumes and preserve the chromatographic resolution, the shortest retention gap length able to  p rovide 276 

the demanded split ratio was selected, namely a 0.8 m x 0.32 mm I.D. The inverted configuration here described 277 

allowed for positioning the T-union as close as possible to the IRMS system, by means of a shorter retention gap.   278 
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3.4.2 Selection of the peaks of interest after 1D stand-by analysis 279 

In order to overcome the limitations discussed in section 3.3, an MDGC method was implemented, as front-end 280 

separation before simultaneous qMS and IRMS detection. In detail, an apolar SLB-5 ms column was employed as 1D 281 

and the chiral MEGA DEX-ASX-1 as 2D. The first step of any HC-MDGC analysis involves the identificatio n o f  the 282 

peaks of interest after a 1D analysis performed in the stand-by mode (no heart-cuts selected). Since no  qualitat ive 283 

information were available after the 1D detector (FID), the identity of each peak of interest was confirmed on the basis 284 

of the elution order observed in monodimensional GC-MS analysis on the same stationary phase.  Furthermore, the 285 

experimental LRIs of the peaks obtained after a 1D stand-by analysis were matched to the theoretical values, with in  a 286 

10 units tolerance (Online resource 3 and 4) [23]. Cannabis oil samples and an alkane homologous series C 7-C 30  287 

were analyzed within the same instrumental parameters and the experimental LRIs were calculated by  the f ollowing 288 

formula: 289 

𝐿𝑅𝐼𝑥 =
100𝑛 + 100(𝑡𝑅𝑥 − 𝑡𝑅𝑛)

( 𝑡𝑅𝑛 + 1 − 𝑡𝑅𝑛)
  (𝑒𝑞. 1) 290 

where n and 𝑡𝑅𝑛 are the carbon number and retention time of the alkane eluted before the peak of interest and  𝑡𝑅𝑛 + 1 291 

the retention time of the alkane eluted after the peak of interest. 292 

3.4.3 Multidimensional Es-GC-C-IRMS/qMS analysis 293 

The oil samples were subjected to a multidimensional separation approach prior to  determine the isotopic and 294 

enantiomeric ratios of the peaks of interest. Fig. 3 shows the 1D FID chromatogram of a cannabis essential oil acquired 295 

in the stand-by mode (black trace). Among the main chiral terpenes, a  total of nine compounds were selected  f or the 296 

heart-cut, for further separation on the 2D chiral column: -pinene, -pinene, limonene, linalool, -terp ineol, (E)--297 

caryophyllene, selina 4(15),7-11-diene and selina 3,7(11)-diene and (E)--caryophyllene oxide. Minor chiral 298 

components, namely camphene, borneol, fenchyl alcohol and (E)-nerolidol, were not taken into considerat ion  due to  299 

their low amount in the oils. As shown in Table 2, their experimental LRI values (LRI exp) ranged within ± 5 units with  300 

respect to the theoretical data (LRI 
theor

 ). 301 

Peak ID Compound LRI 
theor

 LRI 
exp

 

1 -pinene 933 935 

2 -pinene 978 980 

3 limonene 1030 1032 

4 linalool 1101 1103 

5 -terpineol 1195 1200 

6 (E)--caryophyllene 1424 1427 
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7 selina 4(15),7-11-diene 1540 1544 

8 selina 3,7(11)-diene 1546 1550 

9 (E)--caryophyllene oxide 1587 1591 

 302 

Table 2. The theoretical and experimental LRI values calculated for a 
1
D stand-by analysis of a Kompolti oil. 303 

 304 

A heart-cut window was then selected, for each compound to be transferred to the second chiral co lumn in  the “cut” 305 

mode (Pink trace in Fig. 3). 306 

Please insert here Fig. 3 307 

Fig 3. 
1
D stand-by (black chromatogram) and cut (pink chromatogram) FID analysis of a Cannabis Sativa L. essent ial 308 

oil. Cut windows: I: -pinene, II: -pinene, III: limonene, IV: linalool, V: -terpineol, VI: (E)--caryophyl lene, VII: 309 

selina 4(15),7-11-diene and selina 3,7(11)-diene, VIII: (E)--caryophyllene oxide 310 

The combination of two chromatographic separation mechanisms allowed overcoming the issues inherent  to  the 311 

monodimensional analysis; not only a satisfactory separation was achieved for each of the enant iomeric compounds 312 

transferred, but also all co-elutions of the latter with achiral sample components were prevented. Fig. 4 shows different  313 

zoomed zones of the chromatogram, illustrating the improved separation afforded for each enantiomer by the 314 

multidimensional approach. In detail, Fig. 4A shows the separation of -pinene, -pinene and limonene enan tiomers, 315 

while in the monodimensional GC-C-IRMS analysis heptanal, myrcene, (E)--ocimene and eucalyptol were co -elu ted  316 

among these chiral compounds. Fig. 4B shows the results for linalool and -terpineol enantiomers. Fig. 4C shows the 317 

(E)--caryophyllene peak separated from -elemene, obviously co-eluted on the apolar 1D column due to the very close 318 

LRI values (1424 vs 1432) and to the high amount of caryophyllene in the sample. Concerning the selina diene isomers, 319 

the separation of the four enantiomers is evident in the same chromatogram, free from overlapping with Germacrene B 320 

and (E)--bisabolene peak, which were coeluted with selina 4-(15), 7(11)-diene in the monodimensional separation on  321 

the chiral and achiral column, respectively (see Fig.1 and Fig. 2). 322 

Please insert here Fig. 4 323 

Fig. 4. MDGC profile of the target monoterpenes in a Futura 75 (A) and a Felina 32 (B) essential oil samples and  o f 324 

the target sesquiterpenes in a Futura 75 essential oil sample (C) 325 

In the MDGC approach only a minor co-elution was observed between the second eluting selina 4 -(15), 7 (11)-diene  326 

peak and the first eluting peak of selina 3,7(11)-diene enantiomers. Unfortunately, no  data a re a vailable a bout the 327 
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elution order of these enantiomers. Finally, the separation of the two enantiomers of (E)--caryophyllene ox ide wa s 328 

achieved in dried hemp inflorescence samples, thanks to the higher amount of this compound generated by  oxidation 329 

occurring during drying [5]. By the optimized Es-MDGC-C-IRMS/qMS method, it was possible to obtain in  a  single  330 

analysis the enantiomeric and isotopic ratio data of all the sample components simultaneously, which  a re reported in  331 

Table 3.  332 

Table 3. Enantiomeric and isotopic ratio data of genuine Cannabis Sativa L. oils 333 

Clear differences were found in the qualitative and quantitative composition in monoterpenes a nd sesquiterpene, a s 334 

related to the type of inflorescence and the variety itself [2,5]. Moreover, characteristic enantiomeric and isotopic ratios 335 

were found for the target compounds in all the sixteen genuine oils analyzed. The enantiomeric ratio observed for all the 336 

natural samples were in good agreement with respect to the literature data [4-5], although in  th is resea rch a  h igher 337 

number of samples were investigated. A marked preponderance was observed in all the hemp varieties for (+) -pinene 338 

(93.38-97.08%), (+) -pinene (78.56-88.03%) and for (-)-(E)--caryophyllene oxide (91.67-98.95%). An  im portant  339 

variability was observed for limonene and -terpineol, which can exceed both in the dextrorotatory and levoro tato ry 340 

forms. Among the linalool enantiomers the dextrorotatory form was predominant in all the varieties investigated (57.76-341 

74.90%). Last, in the case of selina diene isomers it was observed a racemic behavior or, being not known the elu t ion  342 

order of the two enantiomers, a  slightly predominance of the late eluted enantiomers f or bo th the 4 (15) a nd  3(11) 343 

isomers. Concerning the (E)--caryophyllene enantiomers, the occurrence of the levorotatory form at nearly  100% is 344 

widely reported in the literature, and the data acquired for the samples analyzed were a lso  in  a ccordance with  th is 345 

literature finding [4-5]. Dealing with the isotopic distribution, differences were observed in terms of 13C in relation  to  346 

the specific varieties, as reported in Table 3. Thanks to the chiral separation a chieved, the 13C ra tios o f  the pure 347 

enantiomer peaks were measured. In some cases, especially for low concentrated components a nd depending on  the 348 

enantiomeric ratio, or in the case of incomplete peak separation, only one enantiomer was measured. A linea rity  test 349 

automatically performed by the system showed a consistent 13C ratio (within the uncertainty of the instrument signal) 350 

in the response interval above 0.5 nA, thus signals below this threshold were not taken in considerat ion. Even if  the 351 

coupling of chiral chromatography to IRMS detection has been overlooked in the last decades, according to  the f ew 352 

literature data available, no significant  13C ratio differences should be expected with in enant iomers o f the same 353 

molecule [14-18]. For all the successfully separated enantiomers, 13C ratio values were measured after the 2D 354 

separation. In general, more negative  13C ratios were found for samples 13-16 (Tisza, Kompolt i, a nd Carmagnola 355 

Selezionata) with respect to samples 1-10 (Futura 75) and 11-12 (Felina 32). Focusing on the Futura 75 samples, it wa s 356 

possible to highlight some isotopic differences between oils of different origin, namely from Italy (samples 1 -9) a nd 357 
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Croatia (sample 10), which can be appreciated in Fig. 5A. Sample 10 showed more negative 13C ratios with respect  to 358 

samples 1-9. In this case, considering the genuineness of the Croatian oil, to avoid the isotopic discrimination due to the 359 

geographical origin, an isotopic internal standard (i-ISTD) was introduced, as reported by Mosandl et  a l  [16]. I n  this 360 

concern, (-)-(E)--caryophyllene was chosen as i-ISTD, being one of the characteristic compound in cannabis essential 361 

oil and biogenetically related to the other compounds under investigation. Fig. 5B shows how the use o f  the in ternal 362 

standard approach allowed confirming the genuineness of all the Futura samples, regardless of their origin.  363 

Please insert here Fig. 5 364 

Fig. 5. (A) Comparison between Italian Futura 75 13
CVPDB range (samples 1 -9) and Croatian Futura 75  sample 365 

(sample 10); (B) comparison after the employment of an isotopic-ISTD 366 

In the case of the two selina diene isomers, the small co-elution occurring at the peak base between the second elu ted  367 

enantiomer of the 4(15), 7(11) and the first eluted enantiomer of the 3, 7(11) isomers wa s negligib le  to  the  a im of  368 

enantiomeric ratio evaluation. Yet, such a small lack of separation would significantly affect the 13C evaluation  in  a ll 369 

the samples analyzed. A representative example was illustrated by the values measured for the Futura  75 o il (sa mple 370 

10).  Among the four peaks corresponding to the enantiomers of selina diene isomers, baseline separation was achieved 371 

only for the first (4(15), 7(11)) and the fourth (3, 7(11)) peaks, thus it could be assumed that the 13C ratios determined  372 

for these two compounds were accurate values. On the other hand, being the second and third peaks co-eluted to a very  373 

small extent, no significant differences were in principle foreseeable. Conversely, for the second elu ted selina d iene 374 

4(15), 7(11) enantiomer a more positive 13C ratio was measured, with respect to the first eluted enantiomer (viz., -27 .2 375 

vs -29.3‰). Whilst, the same discrepancy, but with an opposite trend, was observed for the first  elu ted  selina d iene 376 

3,7(11) enantiomer, which showed a more negative 13C ratio with respect to the second eluted enantiomer (viz., -32 .0  377 

vs -29.4‰).  These findings are in agreement with what discussed earlier about isotopic fractionation due to the 378 

chromatographic effect, with opposite trends for co-elutions affecting the initial (front) or final (tail) part of a peak. For 379 

this reason, the 13C ratios of these two compounds are not reported [11,19,20].  380 

3.4.4 Analysis of commercial samples 381 

Nineteen commercial cannabis essential oils purchased from local stores were analyzed. Among these, three o ils were 382 

declared as genuine, while the remaining as were labelled as reconstituted. The enantiomeric and 13C ratios obtained  383 

are shown in Table 4. Among the three commercial oils labeled as genuine, all the samples showed chiral and iso topic 384 

behavior similar to those of a genuine sample. 385 
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Please enter here table 4 386 

Table 4. Enantiomeric and 13C ratios obtained for the commercial Cannabis Sativa L. oils, and their origin as declared 387 

on the label. 388 

Most chiral and isotopic ratios determined for the reconstituted oil samples were outside the ranges observed f or the 389 

genuine samples. In some oils, the terpene fraction was represented mainly by -pinene and -caryophyllene, as in  the 390 

case of samples 1-5, while the other analytes were found in very low concentrations o r were a bsent. I n  detail, the 391 

enantiomeric ratios in all the reconstituted samples fell outside the range of genuineness: (-)--pinene enantiomer was > 392 

70% in samples 1-8, and close to racemic values for samples 9-16, i.e. from 39.78 to 47.67% (while in  the genuine 393 

samples the range was from 2.92 to 6.62%). The same inverted ratio was observed for the -pinene enantiomers, with  394 

values for the dextrorotatory enantiomers ranging from 2.03 to 11.56%, greatly below those o f  the genuine samples 395 

(78.56 to 88.03%). The same difference was observed also for linalool: the (-)-linalool enantiomer was found at h igher 396 

amount (> 66%) in all the commercial samples with respect to the genuine samples (<42.24%).The enantiomeric ra t io  397 

of (-)-limonene was similar for samples 1-5 (> 80%), while in the other cases very low ratios were observed (<3.31%). 398 

Those values were in all cases outside the characteristic ranges of the genuine samples. Most o f  the reconstituted  399 

samples did not present -terpineol, apart for samples 6, 10-14 and 16 where it was present pract ically  in  a  ra cemic 400 

form. Selina-4(15), 7(11) and -3, 7(11) diene were not detected in all the reconstituted samples while the enantiomeric 401 

ratio of caryophyllene oxide was in agreement with the genuine oils range. Finally, (E)--caryophyllene was determined 402 

only in the levorotatory form. Concerning the 13C ratios, for most of the components the values were in  a greement 403 

with the isotopic data obtained for the genuine samples, apart for (E)--caryophyllene and caryophyllene oxide, which 404 

were both more negative. The latter evidence suggests the possible addition of exogenous (E)--caryophyllene to  the 405 

commercial samples, as one of the major oil terpenes. Such a hypothesis also gives a rationale for the more negative 406 

values determined for caryophyllene oxide, being it produced upon oxidation of (E)--caryophyllene. 407 

4. Conclusions 408 

In this research, the enantiomeric and isotopic ratios of main terpene constituents of differen t variet ies o f Cannabis  409 

Sativa L. oils were determined, for the first time. An MDGC instrumentation and method were implemented, exploiting 410 

a combination of apolar (1D) and chiral stationary phases (2D), with parallel MS and IRMS detection. The coupling o f  411 

two separation mechanisms allowed, at first instance, for resolving most co-elutions observed in a  m onodimensional 412 

analysis performed on any of the two columns. A more in-depth analysis of the results revealed also the higher accuracy 413 

of the data detected/measured by the multidimensional approach, as a consequence of the increased peak  separation. 414 
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The analysis of a set of commercial oil samples in some cases evidenced enantiomeric a nd  δ13C ra tios ou tside the 415 

typical ranges of genuine oils. Such findings suggest the usefulness of the Es-MDGC-C-I RMS/qMS m ethod , as a n 416 

effective tool to ascertain the genuineness and quality of these samples. Current effo rts a re  devoted to  expand the 417 

dataset of oil samples investigated, so to increase the statistical confidence in the genuinity ranges established f or the 418 

key oil components.  419 

 420 
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Fig. 1: Es-GC-C-IRMS/qMS analysis showing the co-elutions of: (+)−-pinene and (+)−-pinene peaks (A) and  (-)-496 

limonene peak (B) in a Futura 75 essential oil, the enantiomers of selina diene isomers in a Kompolti essential oil (C) 497 
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 498 

Fig. 2: GC-C-IRMS/qMS analysis showing the co-elutions of: limonene and eucalyptol peaks (A) and  sel ina 4 -(15), 499 

7(11)-diene and (E)--bisabolene peaks (B) in a Futura 75 essential oil. 45/44CO2 ratio differentiation (IRMS: upper 500 

trace) and extracted ion chromatogram (qMS: lower traces) of selina 4-15, 7(11)-diene peak (C) 501 

 502 

 503 

 504 

Fig 3. 
1
D stand-by (black chromatogram) and cut (pink chromatogram) FID analysis of a Cannabis Sativa L. essent ial 505 

oil. Cut windows: I: -pinene, II: -pinene, III: limonene, IV: linalool, V: -terpineol, VI: (E)--caryophyl lene, VII: 506 

selina 4(15),7-11-diene and selina 3,7(11)-diene, VIII: (E)--caryophyllene oxide 507 

 508 
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 510 

 511 

 512 

Fig. 4. MDGC profile of the target monoterpenes in a Futura 75 (A) and a Felina 32 (B) essential oil samples and  o f 513 

the target sesquiterpenes in a Futura 75 essential oil sample (C) 514 

 515 

 516 

Fig. 5. (A) Comparison between Italian Futura 75 13
CVPDB range (samples 1 -9) and Croatian Futura 75  sample 517 

(sample 10); (B) comparison after the employment of an isotopic-ISTD 518 

 519 
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 520 

Online resource 1. Scheme of a double-oven MDGC-FID/qMS instrument.  521 

 522 

 523 

 524 

525 
Online resource 2. Scheme of a double-oven MDGC-C-IRMS/qMS instrument. 526 

 527 

 528 
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 529 

Online resource 3: GC-MS chromatogram of a Cannabis sativa L essential oil sample. For peak identification refer to  530 

Table S1 in supporting information  531 

 532 
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ID Name LRIexp LRIref  ID Name LRIexp LRIref 

1 Heptanal 906 902  40 Hexyl-Hexanoate 1385 1390 

2 Hashishene 921 921  41 7-epi-Sesquithujene  1387 1387 

3 -Thujene 925 927  42 Sativene 1396 1394 

4 -Pinene 933 933  43 α-Funebrene 1402 1403 

5 -Fenchene 950 950  44 -Longipinene 1406 1405 

6 Camphene 950 953  45 -Gurjunene 1408 1406 

7 Thuja-2,4(10)-diene 953 953  46 α-, (Z)-Bergamotene  1414 1416 

8 -Pinene 978 978  47 (E)-Caryophyllene 1421 1424 

9 6-methyl-Hept-5-en-2-one 984 986  48 γ-Elemene 1430 1432 

10 Myrcene 988 991  49 α-, (E)-Bergamotene  1434 1432 

11 -Phellandrene 1007 1007  50 α-Guaiene 1436 1438 

12 -3-Carene 1010 1009  51 Aromadendrene 1441 1438 

13 -Terpinene 1017 1018  52 (E)-Geranylacetone 1447 1450 

14 p-Cymene 1024 1025  53 (E)-, β-Farnesene 1452 1452 

15 Limonene 1029 1030  54 α-Humulene 1458 1454 

16 Eucalyptol 1032 1032  55 9-epi-(E)-Caryophyllene 1462 1464 

17 (Z)--ocimene 1035 1035  56 α-Curcumene 1480 1480 

18 (E)--ocimene 1045 1046  57 β-Selinene 1491 1492 

19 -Terpinene 1058 1058  58 Valencene 1495 1492 

20 (Z)-Sabinene hydrate 1070 1069  59 α-Selinene  1498 1501 

21 Terpinolene 1086 1086  60 α-Bulnesene  1503 1505 

22 p-Cymenene 1091 1093  61 β-Bisabolene  1508 1508 

23 Linalool 1100 1101  62 -curcumene 1510 1511 

24 (E)-Sabinene hydrate 1102 1099  63 γ-Cadinene 1515 1512 

25 Nonanal 1104 1107  64 -Cadinene 1520 1518 

26 Fenchyl alcohol 1120 1119  65 β-Sesquiphellandrene  1524 1523 

27 p-Mentha-2,8-dien-1-ol 1137 1138  66 Selina-4(15),7(11)-diene 1540 1540 

28 (E)-Pinocarveol 1142 1141  67 (E)-, α-Bisabolene 1540 1540 

29 Pinocarvone 1163 1164  68 Selina-3,7(11)-diene 1544 1546 

30 Borneol 1173 1173  69 (E)-Nerolidol 1561 1561 

31 Terpinen-4-ol  1181 1184  70 Caryophyllene oxide 1585 1587 

32 p-Cymen-8-ol 1188 1189  71 Fokienol 1600 1596 

33 α-Terpineol 1196 1195  72 Humulene epoxide II  1614 1613 

34 Myrtenol 1198 1202  73 Caryophylla-4(12),8(13)-dien-5--ol 1638 1636 

35 (E)-Carveol 1220 1223  74 Caryophylla-4(12),8(13)-dien-5--ol 1641 1642 

36 Bornyl Acetate 1284 1285  75 Intermedeol 1668 1668 

37 Tridecane 1298 1300  76 -bisabolol 1686 1688 

38 α-Ylangene 1370 1371  77 Juniper camphor  1701 1696 

39 α-Copaene 1377 1375      
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