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Abstract

Recent times have witnessed anupsurge of interestin hempand hemp-derived products,as driven by the scientific
findings specific to the pharmacological properties of Cannabis sativa L. and its constituents. There hasbeenevidence
that theterpene profile, along with the cannabinoid content, produces in humans the effects associated with different
strains, beyond fragrance perception. A great deal of effort has been put in developing analytical approaches to
strengthenthe scientific knowledge on cannabis essential oil composition and provide effective tools for ascertaining
the authenticity of commercial cannabis samples. To this concern, enantio-GC-C-IRMS has proven to be effective in
providing useful data forassessing the ranges characteristic of the genuinesamples and detect any fraudulentadditions.
Thisresearch aimed at providing for the first timethe enantiomeric and isotopic ratios of target terpenes in cannabis
essential oils, obtained from microwave-assisted hydro-distillation from the fresh and dried inflorescences of dif ferent
cannabis varieties. | mplementing multidimensional gas chromatography separation was mandatory prior to detection, in
orderto obtain accurate 63C and enantiomeric data from completely separated peaks. For this purpose, a heart-cut
method was applied, based onthe coupling of anapolar first dimension column toa secondary chiral cyclodextrin -
based stationary phase. Afterwards, the data gathered from MDGC-C-IRMS/qMS analysis of a set of genuine samples
were used to evaluate the quality of nineteen commercial cannabis essential oils purchased from local stores.
Remarkably the data in some cases evidenced enantiomeric and 6*°C ratios outsidethe typicalranges of genuine oils.
Such findings suggest the usefulness of themethod developed to ascertain thegenuineness and quality of cannabis

essential oils.
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1) Introduction

Cannabis isan herbal annual plant, for which research has long been limited because of legal restrictions across the 20"
and the beginning of the 21* century, due to its renowned psychotropic activity and the related illicit use. From a
normative point of view, the cultivation has been promoted in Europeonly in the lastdecade, specifically for those
varieties, e.g Cannabis Sativa L., with contentin tetrahydrocannabinol <0.2% [1]. Asa consequenceof the increased
scientific interest, nowadays hemp market and the linked manufactures are ever spreading. Amongthe products derived
from Cannabis Sativa L., the essential oil obtained by the inflorescencesis one of the most distinctive, due to the
harmonious balance between the main monoterpene and sesquiterpene components along with their oxygenated
derivatives [2]. Cannabis chemical composition may vary in relation to the inflorescence being fresh or dry [2], its
variety, andthe extraction methodology used. Inthe lastdecades, steamdistillation or hydro-distillation[3]have been
the most used techniques for oil extraction, as well as the innovative microwaveassisted hydrodistillation apparatus [4 -
5]. Thanks to the latest approach, it was possible to carry out hydro-distillation of the hemp inflorescences, and
maximizethe final yield by finely tuning some instrumental parameters, suchas microwave powerand time program
[5]. Alongside genuine oils obtained from the inflorescences, also reconstituted oils, obtained by natural or synthetic
sources, are nowadays more and more presenton themarket. Most of them are declared tocontain the typical hemp
terpene compounds, such as a-pinene, myrcene and (E)-S-caryophyllene, aiming to emulate the flavor and other
properties of natural cannabis oils. Yet, no reference data arereported in the literature about the chemical composition
of these oils. In this regard, gas chromatography coupled to flame ionization detector (GC-FID) and to mass
spectrometry (GC-MS) are well suited techniques for investigation of the qualitativeand quantitative composition of
these oils in terms of volatile components. However, there isno chance tohighlight the differences with respect to
extracted genuine oils, by these means. The employment of more sophisticated analytical techniques is needed to tackle
such a task. Enantio selective gas chromatography (Es-GC) has historically played a key role for the authenticity
assessment of natural essential oils, proving to be oneof themost effective analytical approaches for these purposes [6].
In fact, chiral compounds show typical enantiomeric ratios in natural samples, being the metabolites of specific
biochemical pathways of the plant of origin, exertinga critical role for the plant defense from external attacks. By these
means, the presence of unusual enantiomeric excesses fora given sample has often allowed unveiling fraudulent
additions by comparisonto genuine reference values, using monodimensional and multidimensional GC systems[7-9].
Conversely, nowadays key chiral components can be selected by natural sources having identical or similar
enantiomeric ratios with respect to the sample investigated [10], thereby reducing the possibility to detect any
differences deriving from adulterations. In such cases, additional analytical techniques are neededto highlight further
typicaltraits of theplantof origin. Gas chromatography coupledto isotoperatio massspectrometry (GC-C-IRMS) is
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equally broadly recognizedas a suitable technique to assess the origin and genuinenessof a sample. A GC-C-IRMS
method can provide crucial information about the natural, synthetic or biosynthetic origin of specific compounds in a
sample, allowing in many cases to unveil fraudulent practices. Since thedistribution of carbon stable isotopes strictly
depends on the photosynthetic carbon metabolism and the geographic origin of the plant, the evaluation of the 6*3C
isotopic value of key volatile compounds represents a powerful tool for genuineness assessment [11-13]. It is
straightforward that a combined approach consisting of Es-GC-C-IRMS would allow for the simultaneous evaluation of
both chiraland §*C isotopic ratios, thus enabling to detect fraudulent additions to genuine oil samples. The coupling of
chiral separation and IRMS detection was first demonstrated by Mosandl et al. [14] for the differentiation of
biotechnologicaland synthetic j-decalactone, and later by few more authors [15-18]. Although representinga powerful
toolforauthenticity assessment, this approach suffers fromimportant drawbacks, which have greatly limited its
widespread diffusion. When dealing with medium-to-high complex samples, incomplete separation ofthe compounds
of interest may occur, dueto insufficientchromatographic resolution. Within crowded zones acrossa chromatogram,
the presenceof closely retained compounds in additionto their enantiomers, may leadto co-elutions; thiswould in turn
result in wrong evaluation of the enantiomeric and isotopic ratios. Chiral compounds can be resolved into their
enantiomers on a suitable stationary phase, and in the presence of further co-elutions, the enantiomeric ratios can bestill
calculated by extracting specific m/zions. On the other hand, this problem would negatively impact the 5*3C isotopic
ratio evaluation, due tothe uneven distribution of carbonisotopes (**C and **C) alongthe CO, peak [19-20]. Aslightly
differentretention is observable for the samemolecules containing different amount of the two isotopes. In fact,
differentVVanderWaals dispersion forces during solute/stationary interaction cause an enrichment in the heavier isotope
of the initial part of the peak, while the lighter isotope willbe more represented in the final part of the peak. Thus,
shifted isotopic values will be observed with respect tothose ofa purepeak [19-20], dependingon which part of the
peak is co-eluted. Ifthe co-elution affects the front of the peak, a more negative 5°C value will be observed; on the
contrary, a morepositive 5**C value will be measured if the tail of the peak of interest is affected by co-elution. In the
case of a complete co-elution, no MS “tricks” may be used, dueto the conversion ofboth the components to CO:. In
this case, evidenceof sucha situationwould be only obtained by checkingthe CO; ratio differentiation [20]. Under
these circumstances, multidimensional gas chromatography exploited in the heart-cut mode (HC-MDGC) may represent
the technique of choice, thanksto the higher peak resolutionafforded by the coupling of two full-length columns with
differentselectivity [21]. In the literature, only fewworks employeda MDGC system before the IRMS detection, and
amongthese only onedeals with the detectionof enantiomers [17]. In this research, an Es-MDGC-C-IRMS/gM S
method was developed, by employinganapolar columnas the first dimension (*D)and a chiralcyclodextrine-based

stationary phase as the second dimension (°D), to evaluatethe enantiomeric and isotopic ratios of well separatedtarget

4
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terpenesin cannabis oils, for the first time. A microwaveassisted hydro -distillation (MAHD) method earlier described
by Micalizziet al. [5]wasadoptedto obtain in-housegenuine oils from the freshand dried inflorescences of dif ferent
cannabis varieties. In parallel, commercial oils declared as reconstituted or natural were analyzed, and the results were
compared to those obtained for the genuine samples extracted in-house. To the best of our knowledge, this is the first
time that#™C ratios are provided for the terpene fraction of Cannabis sativa L. essential oil samples. Thedata gathered
from analysis of the different sample varieties were used to establish the characteristic enantiomeric and isotopic ranges

of Cannabis sativa L. essential oil.
2) Experimental section
2.1 Sample preparation

Fifteen dry hempinflorescences belongingto Futura 75, Kompolti, Felina 32, Tisza and CS (Carmagnola Selezionata)
varietiesand one freshhemp inflorescence belongingto Futura 75, registered in the EU Plant variety database [22],
were provided by the Canapar group, Ragusa, Italy. Nineteen commercial hemp oils, 16 reconstitutedand 3 declaredas
naturals, were purchased from local stores. Allthe samples were diluted 1:10 in n-hexane before the GC run. A C7-C3o
n-alkane mix, kindly provided by Merck Life Science (Darmmstadt, Germany), wasused forthe calculation of linear
retention index (LR1) values. In orderto calibratethe measured 5°C valuesto the VPDB scale, the CO, reference gas
was calibrated using four reference compounds, namely iodomethane (6'3C -54.59%o) and three alkanes from the
Indiana mix A7, i.e. hexadecane (6"°C -26.15%o), octadecane (5C -32.70%o) and eicosane (6*C -40.91%o) (Indiana
University, Bloomington, IN). Isotopic ratio measurements of the samples of interest were made by the following

formula:

Rsample — Rstandard
Rstandard

8§13 =

where R represents the abundanceratio of the heavier carbonisotopeagainst the lighter one (*C/*2C).

All the samples were storedat +4 °C.

2.2 Instrumental parameters
2.2.1 Microwave-assisted-hydro-distillation (MAHD) conditions

Six hundred mL of ultrapure water were added to 200 g of inflorescence, andthe biomass was uniformly mixed. The

resulting mixture was placed inside a 2 L ETHOS-X glass reactor and thus into a Milestone “Ethos X” extractor
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(Milestones, Sorisole, Italy), under previously optimized conditions [5]. Once therunwascompleted, essential oils

were collected from thedistillation system.

2.2.2 MDGC-C-IRMS/gMS conditions

The MDGC-C-IRMS/gMS prototype consisted ofan AOC-20i autosampler, two GC-2010 Plus gas chromatographers
(defined as GC1 and GC2), connected by means of a heated transfer line (Shimadzu Europa, Duisburg, Germany). GC1
was equipped with a split/splitless injector, a flame ionization detector (FID) and a Deans-switch (DS) transferdevice,
connected to an advanced pressure controlunit (APC), which supplied thesame carriergas (He) (Shimadzu Europa,
Duisburg, Germany) allowingto divert the first column eluent tothe FID or to the second columnin the GC2. The latter
was hyphenated in parallelto a QP2010 Ultra quadrupole mass spectrometer (Shimadzu Europa, Duisburg, Germany)
and to a VisION IRMS system by means of a GC V furnace system (Elementar Analysensysteme GmbH,
Langenselbold, Germany) maintainedat850 °C. The split/splitless injector was maintainedat 280°C, at a split ratio
10:1, deliveringto the D column,anSLB-5ms30m x0.25 mmi.d. x0.25 um df (Merck Life Science, Darmstadt,
Germany), a constanthelium flow of 1.0 mL/min. Apressure programwas used, from 185kPa (7 min) to 247 kPa (5
min)at 1.89 kPa/min, to 300 kPaat 1.89 kPa/min and finally to 330kPa at 9.48 kPa/min. The GC1 oven was ramped as
follows: 50 °C (7 min)to 227 °C at 3 °C/min with anisothermat 150 °C (5 min), finally to 280°Cat 15°C/min. The
FID (330 °C; Hzflow, 40.0 mL/ min; air flowrate, 400 mL/min; samplingrate, 80 msequal to 12.5Hz) was connected
to the DS device via a 0.25m x0.18 mmii.d. stainless steel uncoated columnand used to monitorthe D eluent. GC2
wasequipped witha MEGA-DEX ASX 1 chiralcolumn25mx0.25 mmid. x 0.25 um df (MEGA, Milano, Italy), and
the temperature was rampedas follows: 40 °C (22 min)to 76 °C (5 min)at 2 °C/min, to 145 °C at3 °C/min andfinally
to 195 °C at 8 °C/min. The D column was connected atoneside to the DS device and at the other side to a zero dead-
volume tee-union (Valco). The effluent was split to the combustion chamberandto theIRMSsystem viaa 0.85 m x
0.25mm i.d.uncoated column and to the gMSviaa2m x0.1 mm i.d. uncoated column. A pressure program was
applied to the APC devicein orderto maintain a constant carrier flowalso in the 2D column (=1 mL/min): 140 kPa (22
min), to 165 kPa (5 min)at 1.39 kPa/min, to a final pressure of 210 kPaat 1.39 kPa/min. The gMS ion source and
interface temperature were maintained at 200 °C; the mass range 40-400 m/z was monitoredatanacquisition speed of
10 Hz. The target compounds were identified by searchingtheirgMS spectraagainstthe FFNSC 4.0 mass spectral
library database (Shimadzu Europa, Duisburg, Germany), usinga double filter based on spectral similarity and Linear
Retention Index (LRI). The VisION IRMS (Elementar Analysensysteme GmbH, Langenselbold, Germany) was a bench

top 5 kV system equipped with an integrated monitoring gas delivery system. The combustion chamberwas provided
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with a high performing silicon carbide tube furnace for the quantitative, fractionation-free conversion of the compounds
to pure gases (CO,andH-0). The CO; produced by pyrolisis of each component was transferred to the IRMS, while the
water produced was removed through a nafion membrane. The systemwas designedwith reduced dead volumes to

maintain the chromatographic integrity of the separated compounds, preserving the chromatographic resolution at the
IRMS. An auxiliary Heline (sample line He), automatically controlled through a second channel of the APC unit, was
used in the furnace to allowa proper control over theopen split conditions for the IRMS. The following settings were

applied to the Visl ON system: acceleration voltage, 3795.007 V; trap current, 600.000 pA; magnet current, 3700.000
mA. The APC was operated in constantflow mode, to maintain the opensplitin a steadystate. An electron-impact
ionization (El) gassource, a variable field, stigmatically focused electromagnet for beam separationand multi-channel
Faraday collectors for beam detection were used. IRMS data were collected by IonOS stable isotope data processing
software ver. 3.0.0.5196 (Elementar Analysensysteme GmbH, Langenselbold, Germany); the apex track integration

method was exploited to automatically findthe correctstartingandfinishing pointof thepeaks. Allthe analyses were

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

3. Resultsand discussion

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

Aimingto evaluate the isotopic and enantiomeric profile of the cannabis volatile fraction, MAHD extraction was
applied to sixteen genuine samples consisting of fresh and dry hemp inflorescences. By the employment of a
microwave-assisted system, heat was applied to thesoaked biomass to facilitate the break of theoileferous glands and
the release of essential oil. By this method, thefirst drops of essential oil fellafterabout5 min of distillationat 1200 W,
ata temperature around 94 °C. The samples selected for extraction are listed in Table 1. One sample was obtained by
fresh hemps of Futura 75 (Sample 1), while the other dry samples belonged to other varieties: 9 of Futura 75 (samples
2-10), 2 of Felina 32 (samples 11-12), 1 of Tisza (sample 13), 2 of Kompolti (samples 14-15)and 1 of CS (Camagnola
Selezionata) (sample 16). Unfortunately, the high cost andthedifficulties in retrieving genuine plant material for oil
extractionhave limited the number of oil samples included in this research. This representsacommon issue forstudies
focusedon ascertaining of the genuineness ranges, since they involve investigation of natural samples in order to assess
the characteristic 5*C and enantiomeric ratios. The limited size of samples available prevented from obtaining
statistical significantresults in this study, on thedifferences among the distinct Cannabis sativa varieties. Nonetheless
the data gathered from analysis of theessential oil samples were used toestablish the characteristic ranges of the

enantiomeric and isotopic ratios of Cannabis sativa L.
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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(Carmagnolaselezionata) dry Italy

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

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

Es-GC-C-IRMS/gMS analyses were initially carried out in order to determine both the enantiomeric and isotopic ratio
of the genuine cannabis oils. To this purpose, a chiral column MEGA DEX-ASX-1 proved to be asuitable stationary
phase, due to its capability to efficiently separate the targetenantiomers before the IRMS determination. Nevertheless,
forthe main chiralterpens, a number of issues arose in the monodimensional chiralanalysis of some genuine cannabis
oils, as shown in Fig. 1A fora Futura 75 essential oil. As can be easily noticed, although a-pinene and S-pinene
enantiomers were efficiently separated in the Es-GC-C-IRMS/qMS profile, co-elutionsoccurred with other achiral
components. In the caseof (+)-a-pinene, presentin higheramount with respect to heptanal, the partial peak overlapping
might have a limited influence on the peak area evaluation for the enantiomeric ratio assessment and on the §'3C
evaluation [20]. Otherwise, the co-elution occurring between (+)-#-pinene and another major compound (e.g. myrcene),
introduces a critical issue. In this case, the incomplete separation strongly influenced both the enantiomeric and isotopic
ratio evaluationthat clearly could notbe achieved in anaccurate manner. Concerning the enantiomeric ratio evaluation,
the use of simultaneous qMS detectionwould in principle allowto resolve the chromatographic coelution by monitoring
the extracted m/z ions of the compounds of interest. Unfortunately, in the case of monoterpene compounds, the
respective EI MS spectra will be characterized by the same fragmentation pattern and show nearly identical fragment

ions, thus the use of thisapproach is precluded. From the IRMS standpoint, a similarapproachcannot be envisaged,
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since allthe organic matter has to be convertedto CO, before the 5*C determination, with a consequent loss of any
structural information of theanalytes [19]. Asa consequence, the occurrence ofa co-elution involving the right part
(tail) of the peak is expectedto cause a relevant positive shift ofthe 6'3C value, as for the case of (+) fpinene, due to
the depletion of the ““CO, fragment (loweramountof Spinenemolecules containing *C). Fig. 1B shows a further co-
elution ina Futura 75 oil, involving the (-)-limonene enantiomer which is partially coeluted with (E)-S-ocimene. In this
case, beingthe lattera higher abundant compound, a wrong estimation of the 5*C valueshould be expected, unlike the
case of (+)-a-pinenediscussed above. Moving forward in the chromatogram, further critical cases may be observed in
the sesquiterpene elutionzone of a Kompoltisample (Fig. 1C). Selina-3,7(11)-diene and of selina 4-(15), 7 (11)-diene
compounds were successfully separated intotheir enantiomers; nevertheless thelateelutingenantiomer of selina 4-
(15),7(11)-dieneand the first eluting enantiomer of selina-3,7(11)-diene overlap with an interfering peak, namely
Germacrene B. Likewise, unreliable results may be predicted in this case, notably a more positive 5°C valueforselina

4-(15),7(11)-diene and a more negative 53C value for selina-3,7(11)-diene, with respect to their true values.
Please insert here Fig.1

Fig. 1: Es-GC-C-IRMS/qMS analysis showing the co-elutions of: (+)-a-pinene and (+)—-F-pinene peaks (A) and (-)-

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

3.3 Monodimensional GC-C-IRMS/gMS approach

Inaccurate results were also obtained by the GC-C-IRMS/gMS analysis, performed on an apolar column. As can be seen
in Fig. 2, co-elutions affected the peaks of the targetoil compounds in the monoterpeneand sesquiterpene zone. Fig. 2A
showsa partial co-elutioninvolving limonene and eucalyptol in a Futura 75 sample: due to their similar LR1s on an
apolar stationary phase (1030 and 1032 respectively), a partial overlap occurred, again generating unreliable results for

the 5*C values.
Please inserthere Fig. 2

Fig.2: GC-C-IRMS/gMS analysis showing the co-elutions of: limonene and eucalyptol peaks (A) and selina 4-(15),
7(11)-dieneand (E)-a-bisabolene peaks (B) in a Futura 75essential oil. “**“CO;, ratio differentiation (IRMS: upper

trace) and extractedion chromatogram (gMS: lower traces) of selina 4-15, 7(11)-diene peak (C)

Fig. 2B showsthe critical case of selina 4-(15),7(11)-diene, identified by exploiting double-filtered MS search based on
mass spectral similarity (>90%) and LRI (5 units window). Due to its Gaussian shape, it would have been regarded as

a pure peak, at first sight. Yet, a deeper investigation by monitoringthe MS spectrumalongthe peak highlighted the



249

250

251

252

253

254

255

256

257
258
259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

presence of co-eluted (E)-a-bisabolene in the peak tail. In fact, both components were characterizedby the same LRI
1540 on an apolar column. Inaddition, Fig. 2C shows how this coelution can be revealed by monitoring two different
extractedions from the MStotalion current (TIC) (lower trace) and by “*4CO,ratio differentiation for the IRMS
(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)-o-
bisabolene and m/z105>m/z 93 for selina 4-(15),7(11)-diene. The higheramount of them/z 93 ion in the tail of the
peak clearly confirm the presence of (E)-a-bisaboleneatthis level, further confirmed bythe unusual ****CO, ratio

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

approachto increase the separation capability.

3.4 Multidimensional Es-GC-C-IRMS/gMS approach
3.4.1 System configuration

Different MDGC approaches are reported in the literature exploiting both single and double oven configurations. Apart
from the economical aspect, thetechnical advantage of a double oven configuration relies on the capability for separate
temperature program optimization for each of the columns employed. Suchan instrument configuration requires the
coupling of a GC-MS to a GC-FID system via a heated transfer line. Usually, since in a GC-MS system the
spectrometer is located on the left side of the GC, the transfer line connectingto the (second) GC-FID instrument is
located on the right side (Online resource 1). In such configuration, the GC-FID system is regarded as the first
chromatographic dimension (*D) and thus the GC-MS system as the second one (D). In this research, given the need
forsplitting the second column eluate betweenthe qMS and IRMS systems, an inverted configurationwas chosen, in
which the IRMS system was located on theright side of the MDGC system (Onlineresource 2). Hence, the primary
column (*D)andthe DS device were located by the GC-MS side while the secondary column, connected to the DS, was
passedthroughthe heated transfer line and located by the GC-FID system. Thelatterwas provided with a T-union
located in the oven, connected at one side to the (D) outlet and at the other side to two retention gaps differing in length
and |.D.anddirectedto the two spectrometers. The configuration here described was chosen on the basis of the required
split ratio of about1:10to the gMS and IRMS system, respectively. It isin fact wellknownthat IRMS detection suffers
from the low natural abundance of the 3C isotope that is about 1% of the **C isotope, leading to a proportional
reduction of thesensitivity achievable. To compensate for this, a higher resistance was required to the gMS system,
obtainedviaa2 mx 0.1 mm1.D.retentiongap, and a lower resistancewas needed to the IRMS side. In order to
minimize dead volumes and preserve the chromatographic resolution, the shortest retention gap lengthableto provide
the demanded split ratio was selected, namelya0.8 m x 0.32mm1.D. The inverted configuration here described

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

In order to overcome the limitations discussed in section 3.3, an MDGC method was implemented, as front-end
separation before simultaneous qMS and IRMS detection. In detail, an apolar SLB-5ms column wasemployed as ‘D
and the chiral MEGA DEX-ASX-1 as?D. The first step of any HC-MDGC analysis involves the identification of the
peaks of interest aftera ‘D analysis performed in the stand-by mode (no heart-cuts selected). Since no qualitative
informationwere available after the D detector (FID), the identity of each peak of interest was confirmed on the basis
of the elution order observed in monodimensional GC-MS analysis on the same stationary phase. Furthermore, the
experimental LRIsof the peaks obtained after a *D stand-by analysis were matched tothe theoretical values, within a
+10 unitstolerance (Onlineresource3 and 4) [23]. Cannabis oil samplesandanalkane homologous series C7-Cao
were analyzedwithin thesameinstrumental parameters andtheexperimental LR1s were calculated by the following

formula:

100n + 100(tpx — tpn)
LRIx = (eq. 1)
(tgn+1— tzn)

where nand t,n are the carbonnumber and retentiontime of the alkaneeluted before the peak of interest and tzn +1

the retentiontimeof thealkane eluted after the peak of interest.

3.4.3 Multidimensional Es-GC-C-IRMS/gMS analysis

The oil samples were subjected to a multidimensional separation approach prior to determine the isotopic and
enantiomeric ratios of the peaks of interest. Fig. 3 shows the D FID chromatogram of a cannabis essential oilacquired
in the stand-by mode (black trace). Amongthemain chiral terpenes, a total of nine compounds were selected for the
heart-cut, for further separation on the 2D chiral column: a-pinene, -pinene, limonene, linalool, a-terpineol, (E)-p-
caryophyllene, selina 4(15),7-11-diene and selina 3,7(11)-diene and (E)-g-caryophyllene oxide. Minor chiral
components, namely camphene, borneol, fenchylalcoholand (E)-nerolidol, were not taken intoconsideration due to
theirlow amount in the oils. Asshown in Table 2, theirexperimental LRI values (LRI exp) ranged within £5 units with

respect to the theoretical data (LRI, ).

Peak ID Compound LRl oo LRI,
1 a-pinene 933 935
2 Spinene 978 980
3 limonene 1030 1032
4 linalool 1101 1103
5 a-terpineol 1195 1200
6 (E)-B-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)-pBcaryophyllene oxide 1587 1591

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

A heart-cut window was thenselected, for each compoundto be transferred to the second chiralcolumn in the “cut”

mode (Pink trace in Fig. 3).
Pleaseinserthere Fig. 3

Fig 3.'D stand-by (blackchromatogram) and cut (pink chromatogram) FID analysis of a Cannabis Sativa L. essential
oil. Cutwindows: I: a-pinene, Il: S~pinene, I1l: limonene, IV: linalool, V: a-terpineol, VI: (E)-g-caryophyllene, VII:

selina4(15),7-11-dieneandselina3,7(11)-diene, VIII: (E)-S-caryophyllene oxide

The combination of two chromatographic separation mechanisms allowed overcoming the issues inherent to the
monodimensional analysis; not only a satisfactory separation was achieved for each of the enantiomeric compounds
transferred, butalso all co-elutions of the latter with achiral sample components were prevented. Fig. 4 shows different

zoomed zones of the chromatogram, illustrating the improved separation afforded for each enantiomer by the
multidimensional approach. In detail, Fig. 4 A shows the separation of a-pinene, #-pinene and limonene enantiomers,
while in the monodimensional GC-C-1RMS analysis heptanal, myrcene, (E)-S-ocimeneand eucalyptol were co-eluted
amongthese chiralcompounds. Fig. 4B shows the results for linalooland a-terpineol enantiomers. Fig. 4Cshows the
(E)-p-caryophyllene peak separated from j~elemene, obviously co-eluted onthe apolar *D columndue to the very close
LRI values (1424 vs 1432) and tothe high amount of caryophyllene in the sample. Concerningthe selina dieneisomers,
the separation of the four enantiomers is evidentin the same chromatogram, free from overlappingwith Germacrene B
and (E)-a-bisabolene peak, which were coeluted with selina 4-(15), 7(11)-diene in the monodimensional separation on

the chiralandachiral column, respectively (see Fig.1 and Fig. 2).
Please inserthere Fig.4

Fig.4.MDGC profileof thetargetmonoterpenesin a Futura 75 (A) and a Felina32 (B) essential oilsamples and of

the targetsesquiterpenesin a Futura75 essential oil sample (C)

Inthe MDGC approachonly a minor co-elutionwas observed betweenthesecondeluting selina4-(15), 7(11)-diene

peak andthefirst eluting peak of selina 3,7(11)-diene enantiomers. Unfortunately, no data are available about the
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elution order of these enantiomers. Finally, the separation of the two enantiomers of (E)-g-caryophyllene oxide was
achieved in dried hemp inflorescence samples, thanks to the higheramount of this compound generated by oxidation
occurringduringdrying [5]. By the optimized Es-MDGC-C-IRMS/qMS method, it was possible to obtain in a single
analysis the enantiomeric and isotopic ratio data of all the sample components simultaneously, which are reported in

Table 3.
Table 3. Enantiomericand isotopic ratio data of genuine Cannabis Sativa L. oils

Cleardifferences were found in the qualitative and quantitative composition in monoterpenes and sesquiterpene, as
related to thetype of inflorescenceandthe variety itself [2,5]. Moreover, characteristic enantiomeric and isotopic ratios
were found forthe targetcompounds in all the sixteen genuine oilsanalyzed. The enantiomeric ratio observed forall the
natural samples were in good agreement with respect to the literature data [4-5],although in this research a higher
number of samples were investigated. A marked preponderance was observed in allthe hemp varieties for (+) a-pinene
(93.38-97.08%), (+) f-pinene (78.56-88.03%) and for (-)-(E)-S-caryophyllene oxide (91.67-98.95%). An important
variability was observed for limonene and a-terpineol, which can exceed both in the dextrorotatory and levorotatory
forms. Amongthelinalool enantiomers the dextrorotatory formwas predominantin allthe varieties investigated (57.76-
74.90%). Last, in the case of selina diene isomers it was observed a racemic behavior or, beingnot known the elution
order of the two enantiomers, a slightly predominance of the late eluted enantiomers for both the 4(15) and 3(11)
isomers. Concerningthe (E)-f-caryophyllene enantiomers, the occurrence of the levorotatory form at nearly 100% is
widely reported in the literature, and the data acquired for thesamples analyzedwere also in accordance with this
literature finding [4-5]. Dealing with the isotopic distribution, differences were observed in terms of 5°C in relation to
the specific varieties, asreportedin Table 3. Thanks to thechiral separation achieved, the 6*3C ratios of the pure
enantiomer peaks were measured. In some cases, especially for low concentrated componentsand depending on the
enantiomeric ratio, orin the case of incomplete peak separation, only one enantiomer was measured. A linearity test
automatically performed by the system showed a consistent 5°C ratio (within the uncertainty of the instrument signal)
in the response interval above 0.5 nA, thus signals below this threshold were nottaken in consideration. Even if the
coupling of chiral chromatography to IRMS detection has been overlookedin the last decades, according to the few
literature data available, no significant 6**C ratio differences should be expected within enantiomers of the same
molecule [14-18]. For all the successfully separated enantiomers, 5*C ratio values were measured after the 2D
separation. In general, more negative 5°C ratios were found for samples 13-16 (Tisza, Kompolti, and Carmagnola
Selezionata) with respect to samples 1-10 (Futura 75)and 11-12 (Felina 32). Focusing on the Futura 75 samples, it wa s
possible to highlight some isotopic differences between oils of different origin, namely from Italy (samples 1-9) and
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Croatia (sample 10), which can be appreciatedin Fig. 5A. Sample 10 showed more negative 5*C ratios with respect to
samples 1-9. In this case, considering the genuineness of the Croatian oil, to avoid the isotopic discrimination due to the
geographical origin, an isotopic internal standard (i-ISTD) was introduced, as reported by Mosandlet al [16]. In this
concern, (-)-(E)-p-caryophyllene was chosenas i-ISTD, being one of the characteristic compound in cannabis essential
oil and biogenetically related tothe other compounds under investigation. Fig. 5B shows howtheuse of the internal

standard approachallowed confirming the genuineness of all the Futura samples, regardless of their origin.
Please inserthere Fig.5

Fig.5. (A) Comparison between Italian Futura75 6"*Cveos range (samples 1-9) and Croatian Futura 75 sample

(sample 10); (B) comparison after the employment ofan isotopic-ISTD

Inthe case ofthe twoselina diene isomers, thesmall co-elution occurring at the peak base between thesecond eluted
enantiomer of the4(15), 7(11) andthefirst eluted enantiomer of the 3, 7(11) isomers was negligible to the aim of
enantiomeric ratio evaluation. Yet, such a small lack of separationwould significantly affectthe 5*C evaluation in all
the samples analyzed. Arepresentative example was illustrated by the values measured forthe Futura 75 oil (sample
10). Amongthe four peaks corresponding to theenantiomers of selina diene isomers, baseline separation was achieved
only forthe first (4(15), 7(11)) and the fourth (3, 7(11)) peaks, thusit could be assumed thatthe 5**C ratios determined
forthese two compounds were accuratevalues. On the other hand, beingthe second andthird peaks co-elutedto avery
smallextent, no significant differences were in principle foreseeable. Conversely, forthesecond eluted selina diene
4(15),7(11) enantiomer a more positive 5°C ratio was measured, with respectto the first eluted enantiomer (viz.,-27.2
vs -29.3%o). Whilst, the samediscrepancy, butwith an opposite trend, was observed forthe first eluted selina diene
3,7(11) enantiomer, which showeda more negative 6°C ratio with respect tothe second eluted enantiomer (viz., -32.0

vs -29.4%0). These findings are in agreement with what discussed earlier about isotopic fractionation due to the

chromatographic effect, with oppositetrends for co-elutions affecting theinitial (front) or final (tail) part ofa peak. For

this reason, the 3**C ratios of thesetwo compounds are not reported [11,19,20].
3.4.4 Analysis of commercial samples

Nineteen commercial cannabis essential oils purchased from local stores were analyzed. Among these, three oils were
declaredas genuine, while the remaining as were labelled as reconstituted. Theenantiomeric and 5C ratios obtained
are shown in Table 4. Amongthe threecommercial oils labeled as genuine, allthe samples showed chiraland isotopic

behavior similarto those of a genuine sample.
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Please enter here table 4

Table 4. Enantiomeric and 6°°C ratios obtained for the commercial Cannabis Sativa L. oils, and their origin as declared

on the label.

Most chiraland isotopic ratios determined for the reconstituted oil samples were outside the ranges observed for the
genuine samples. In some oils, the terpene fraction was represented mainly by a-pinene and S-caryophyllene, asin the
case of samples 1-5, while the other analytes were foundin very low concentrations or were absent. In detail, the
enantiomeric ratios in all the reconstituted samples fell outside the range of genuineness: (-)-a-pinene enantiomer was >
70% in samples 1-8, and close to racemic values for samples 9-16, i.e.from 39.78t047.6 7% (while in the genuine
samples the range was from 2.92 to 6.62%). The same inverted ratio was observed for the S-pinene enantiomers, with
values for the dextrorotatory enantiomers ranging from 2.03 to 11.56%, greatly belowthoseof the genuine samples
(78.56 t0 88.03%). The same differencewas observed alsofor linalool: the (-)-linaloolenantiomerwasfoundat higher
amount (>66%) in allthe commercial samples with respectto the genuinesamples (<42.24%). Theenantiomeric ratio
of (-)-limonene was similar for samples 1-5 (>80%), while in the other cases very low ratios were observed (<3.31%).
Those valueswere in all cases outside the characteristic ranges of the genuine samples. Most of the reconstituted
samplesdid not present a-terpineol, apart forsamples 6, 10-14 and 16 where it was present practically in a racemic
form. Selina-4(15),7(11)and -3, 7(11) diene were notdetected in all the reconstituted samples while the enantiomeric
ratio of caryophyllene oxidewas in agreement with the genuineoils range. Finally, (E)-3-caryophyllenewas determined
only in the levorotatory form. Concerning the §**C ratios, for mostof the components the values were in agreement
with the isotopic data obtained for the genuinesamples, apart for (E)--caryophyllene and caryophyllene oxide, which
were both more negative. The latter evidence suggests the possible addition of exogenous (E)-S-caryophyllene to the
commercial samples, as oneof themajor oilterpenes. Sucha hypothesisalsogives a rationale for the more negative

values determined for caryophyllene oxide, being it produced upon oxidation of (E)-£-caryophyllene.
4. Conclusions

In this research, the enantiomeric and isotopic ratios of main terpene constituents of different varieties of Cannabis
SativalL.oilswere determined, forthefirst time. An MDGC instrumentation and method were implemented, exploiting
a combination of apolar (*D) and chiral stationary phases (°D), with parallel MS and IRMS detection. The coupling of
two separation mechanisms allowed, atfirst instance, for resolvingmostco-elutions observedina monodimensional
analysis performed onany of thetwo columns. Amore in-depth analysis of the results revealed also the higheraccuracy

of the data detected/measured by the multidimensional approach, as a consequence ofthe increased peak separation.
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415  Theanalysisof a set of commercial oil samples in some cases evidenced enantiomeric and 6*3C ratios outside the
416  typicalrangesof genuine oils. Such findings suggest the usefulness ofthe Es-MDGC-C-IRMS/qMS method, as an
417  effective toolto ascertain thegenuineness and quality of these samples. Current efforts are devoted to expand the
418  dataset of oilsamples investigated, so to increase thestatistical confidence in the genuinity ranges established for the

419  keyoilcomponents.
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Fig. 1: Es-GC-C-IRMS/qMS analysis showing the co-elutions of: (+)-a-pinene and (+)—-F-pinene peaks (A) and (-)-

limonene peak (B) in a Futura 75essential oil, the enantiomers of selinadiene isomers in a Kompolti essential oil (C)
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Fig.2: GC-C-IRMS/gMS analysis showing the co-elutions of: limonene and eucalyptol peaks (A) and selina 4-(15),

7(11)-dieneand (E)-a-bisabolene peaks (B) in a Futura 75 essential oil. “**CO; ratio differentiation (IRMS: upper

trace) and extracted ion chromatogram (qMS: lower traces) of selina 4-15, 7(11)-diene peak (C)
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Fig 3.'D stand-by (blackchromatogram) and cut (pink chromatogram) FID analysis of a Cannabis Sativa L. essential

oil. Cutwindows: I: a-pinene, II: S-pinene, lll: limonene, IV: linalool, V: a-terpineol, VI: (E)-p-caryophyllene, VII:

selina 4(15),7-11-dieneandselina3,7(11)-diene, VIII: (E)-S-caryophyllene oxide
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513 Fig.4.MDGC profileof thetargetmonoterpenesin a Futura 75 (A) and a Felina32 (B) essential oilsamples and of

514  thetargetsesquiterpenesin a Futura75 essential oil sample (C)
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517 Fig.5. (A) Comparison between Italian Futura75 6"*Cveos range (samples 1-9) and Croatian Futura 75 sample

518  (sample 10); (B) comparisonafter the employment ofan isotopic-ISTD
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Name
Heptanal
Hashishene
a-Thujene
a-Pinene
a-Fenchene
Camphene
Thuja-2,4(10)-diene
B-Pinene
6-methyl-Hept-5-en-2-one
Myrcene
a-Phellandrene
6-3-Carene
o-Terpinene
p-Cymene
Limonene
Eucalyptol
(2)-p-ocimene
(E)-p-ocimene
y-Terpinene
(2)-Sabinene hydrate
Terpinolene
p-Cymenene
Linalool
(E)-Sabinene hydrate
Nonanal
Fenchylalcohol
p-Mentha-2,8-dien-1-ol
(E)-Pinocarveol
Pinocarvone
Borneol
Terpinen-4-ol
p-Cymen-8-ol
a-Terpineol
Myrtenol
(E)-Carveol
Bornyl Acetate
Tridecane
a-Ylangene
a-Copaene

essential oil

LRIexp

906

921

925

933

950

950

953

978

984

988

1007
1010
1017
1024
1029
1032
1035
1045
1058
1070
1086
1091
1100
1102
1104
1120
1137
1142
1163
1173
1181
1188
1196
1198
1220
1284
1298
1370
1377

LRIref

902

921

927

933

950

953

953

978

986

991

1007
1009
1018
1025
1030
1032
1035
1046
1058
1069
1086
1093
1101
1099
1107
1119
1138
1141
1164
1173
1184
1189
1195
1202
1223
1285
1300
1371
1375

ID
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

Name
Hexyl-Hexanoate
7-epi-Sesquithujene
Sativene
a-Funebrene
B-Longipinene
o-Gurjunene
a-, (Z2)-Bergamotene
(E)-Caryophyllene
v-Elemene
a-, (E)-Bergamotene
a-Guaiene
Aromadendrene
(E)-Geranylacetone
(E)-, B-Farnesene
a-Humulene
9-epi-(E)-Caryophyllene
a-Curcumene
B-Selinene
Valencene
a-Selinene
a-Bulnesene
B-Bisabolene
B-curcumene
y-Cadinene
8-Cadinene
B-Sesquiphellandrene
Selina-4(15),7(11)-diene
(E)-, a-Bisabolene
Selina-3,7(11)-diene
(E)-Nerolidol
Caryophyllene oxide
Fokienol
Humuleneepoxide I

Caryophylla-4(12),8(13)-dien-5-p-ol
Caryophylla-4(12),8(13)-dien-5-a-ol

Intermedeol
a-bisabolol
Juniper camphor

LRlexp

1385
1387
1396
1402
1406
1408
1414
1421
1430
1434
1436
1441
1447
1452
1458
1462
1480
1491
1495
1498
1503
1508
1510
1515
1520
1524
1540
1540
1544
1561
1585
1600
1614
1638
1641
1668
1686
1701

Online resource4. Peakidentification obtained from the GC-MS analysis (Online material 3) of a Cannabissativa L.
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LRIves
1390
1387
1394
1403
1405
1406
1416
1424
1432
1432
1438
1438
1450
1452
1454
1464
1480
1492
1492
1501
1505
1508
1511
1512
1518
1523
1540
1540
1546
1561
1587
1596
1613
1636
1642
1668
1688
1696



