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Abstract

The PhD activity aimed to the evaluation of the applicability of isotopic ratio mass spectrometry
for the authenticity assessment of premium products, from the analysis of whole samples by means

of bulk stable isotope analysis to the development of advanced chromatographic approaches.

Starting from bulk analysis, a thorough investigation of Cannabis Sativa L. products was carried
out, by analysing the main stable isotopes, namely '3C/'2C, '*0/'%0, 2D/'H, N/!N, 3*S/*?S.
(Chapter 2). This research allowed determining the characteristic isotopic distribution of different
hemp parts, such as inflorescences, seeds and roots, representing a reliable authenticity range for

genuine samples.

However, despite the renowned capability of bulk analysis to evaluate the isotopic distribution of
a matrix, adulteration may sometimes involve only target components, thus requiring advanced
analytical devices prior to IRMS detection. In this concern, gas chromatography is by far the
preferred analytical method to evaluate the isotopic ratio of key separated volatile components.
Nevertheless, the coupling of gas chromatography to isotopic ratio mass spectrometry (GC-C-
IRMS) requires the condition of baseline resolution for the reliable detection of the isotopic ratios.
Due to the uneven distribution of 1*C and !*C isotopes along an entire peak of COz, co-elutions
represent a critical matter and deny the achievement of reliable data. In this concern, a deep
investigation was carried out to evaluate the applicability of monodimensional GC-C-IRMS in the
analysis of complex samples, demonstrating the need for multidimensional gas chromatography

to achieve reliable isotopic results (Chapter 5).

As well as isotopic ratio mass spectrometry, enantio-selective gas chromatography covers a key
role in the field of authenticity assessment. The production of typical enantiomeric excesses for
target volatiles is directly related to the biosyntheticpathways of the plant of origin, representing a
valuable tool to discriminate between genuine and adulterated samples. Due to the capability of
both techniques to investigate in depth the biochemical steps of the sample investigated, the main
aim was to hyphen the enantio-selective GC separation to the IRMS detection. As well as for the
monodimensional GC-C-IRMS application reported in Chapter 5, even in this case several issues
were involved by applying a monodimensional enantio-selective GC-C-IRMS approach. To these
aims, enantio-selective multidimensional gas chromatographic methods, with a simultaneous
single quadrupole and IRMS detection, were developed for the analysis of different valuable

products, such as Cannabis Sativa L. essential oils (Chapter 7), volatile organic components of
1



Moscato Giallo grapes (Chapter 8) and lemon essential oils (Chapter 9). This system allowed
evaluating simultaneously the enantiomeric and isotopic ratios of key components, clearly

reducing total time analysis.

Moreover, this coupling allows determining the specific isotopic ratio of each enantiomer
separated. Whilst most of the literature references described how no isotopic differences should
be expected between the enantiomers of the same couple, different isotopic signatures were
registered for the dextro and levorotatory enantiomers of « and f-pinene in the case of lemon
essential oils (Chapter 9). This finding paves the way for newer considerations in the field of
authenticity assessment since different essential oil types may present typical chiral isotopic

fractionation processes.
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Chapter 1

Isotopic ratio mass spectrometry (IRMS)

1.1 IRMS: basic concepts

Isotopic ratio mass spectrometry (IRMS) is an analytical technique, which is spreading ever more
for authenticity aims, since it is able to provide clearer information about the genuineness and
provenance of a wide range of products. As highlighted by a review of Meier Augenstein in 1999,
its application is covering various fields, from archaeology to forensic sciences, from geology to
food traceability [Meier Augenstein 1999]. The main analytical concept is to provide precisely an
accurate value of the abundance of the isotopic ratios in stable light elements, like carbon, oxygen,
hydrogen, nitrogen and sulphur. In this concern, an IRMS is designed to measure with high
precision small differences in the isotopic ratios of *C/'2C, 30/'°0, 2D/'H, '>N/!*N, and 3*S/**S.
As reported by Brenna et al., the term high precision needs to be intended as a standard deviation
in the range of 4-6 significant figures, obtained at the expenses of the renowned flexibility of a
common mass spectrometer [Brenna 1997]. In this concern, single quadrupoles, ion traps, and
time-of-flight mass spectrometers do not provide the sensitivity required to detect the subtle
differences in naturally-occurring isotopic abundances. For these reasons, the measurement of
stable isotopic ratios requires a specialized instrument such as the multi-collector magnetic sector
mass spectrometer, namely the IRMS system, developed for the first time by Nier in 40s [Nier
1940]. Moving to isotopic measurements, isotopic ratios are always labelled as delta (5' E)
notations, calibrated with respect to international recognized materials, having a defined amount
of stable isotopes. This procedure allows deleting any possible bias or systematic error in the
measurement. About d notation, this signature is expressed as the difference between the sample

and the primary international standards, as reported in the following formula:

i i
Rsample - Rstandard

S'E =

Rstandard

where R is the ratio between the heavier isotope with respect to the lighter one (e.g *C/!2C).
Moreover, R sample 1S always corrected with respect to R standard, Whose value changes in relation to

the element, and thus the international standard considered:
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1) VSMOW (Vienna Standard Mean Ocean Water) for both 2D/'H and '*0/'°0
2) VPDB (Vienna Peedee Belemnite) for 1*C/!2C

3) Atmospheric nitrogen for PN/N

However, since international standards can or end up or become environmentally depleted,

secondary standards have been calibrated over the time with respect to the primary ones. These

reference materials are both natural and synthetic components, provided by both the International

Atomic Energy Agency (IAEA; Vienna, Austria) and the National Institute of Standards and

Technology (NIST; Washington, DC, USA). Most of these secondary standards have been
discussed by several research groups [Valkiers 2007a, Valkiers 2007b, Brand 2014,

Schimmelmman 2016, Qi 2016].

1.2 Natural abundances and main characteristics of stable isotope elements

Table 1.1 reports the average natural abundance of the main stable isotopes in bio-elements. After

that, a brief description is provided about the characteristic isotopic distribution of such elements

in nature.
Element Stable Isotope Mean natural abundance %

'H 99.99

Hydrogen o 501
Carbon < i
BC 1.11

‘ N 99.63
Nitrogen BN 037
0 99.76

Oxygen 0 0.04
"0 0.20
S 95.00

S 0.76

Sulphur g 153
S 0.02

Table 1.1 Average natural abundance of the main stable isotopes for hydrogen, carbon, nitrogen,

oxygen and sulphur




Chapter 1: Isotopic ratio mass spectrometry (IRMS)

Carbon

Dealing with carbon distribution in natural systems, the primary carbon source needs to be
considered atmospheric COz. As reported by Longinelli et al., nowadays the ¢ °C value of
atmospheric CO2is gradually becoming more negative, until a value of -8.22 %o registered in 2003
[Longinelli 2005]. Moving to the photosynthetic cycles, once the plant absorbs the atmospheric
COz, isotopic fractionation involves. As universally demonstrated, this process involves in a
reduction of the resulting amount of '*C in the plant, and to more negative & '*Cveps values.
Moreover, since the uptake of CO:2 by the plant is strictly related to the plant itself, isotopic
fractionation will depend by the different photosynthetic cycle employed, such as Calvin (C3),
Hatch Slack (Cs4) and Crassulacean acid metabolism (CAM). As reported by Winkler 1984, Cs
plants, such as grape, flowering plants, rice, wheat, show a higher depletion in '*C with respect to
C4 ones, which follow the Hatch Slack cycle [Winkler 1984]. Therefore, as stated by Krueger,
most of the C3 plants had 6'*Cvrps values covering a range from -24 %o to -34 %o [Krueger 1982].
Due to the minor isotopic fractionation with respect to Calvin cycle, Cs plants, namely sugar cane,
marine plants, corn, showed 6'*Cvrpa values from -10 %o to -16 %o. Since CAM plants are able to
use both the photosynthetic cycles, their §'*Cvrps values generally cover a range from -12 to -30

%00.
Nitrogen

For nitrogen, as well as for carbon, only two stable isotopes exists in nature ('*N and >N). The
main source of nitrogen is the atmosphere, from which it is converted to both inorganic forms and
organic ones. As reported by Meier Augenstein, the main mechanisms related to the natural cycle
of nitrogen include nitrogen fixation, assimilation, mineralisation, nitrification and denitrification
[Meier Augenstein 2010]. In relation to which type of process involves, the nitrogen isotopic
distribution in soil may vary between a range from -10 to +15 %o. About plants, their '°N value
may vary in relation to the type of fertiliser employed (synthetic or manure), as well as due to the

isotopic fractionation during the uptake and organic compound assimilations [Bateman 2007].
Oxygen

The measurement of oxygen isotopic ratio (5'*0) refers to the abundance of the heavier isotope
80 with respect to the '°O. The variation in terms of oxygen isotopes strictly depends on the
hydrological cycles: starting from the evaporation from the oceans, the transport of atmospheric
vapour, until the precipitation and return of water in to the oceans. As reported by Clark, the 5'*0

distribution of oceanic water has a range between -1 to +0.7 %o [Clark 1997]. In earth, several
5
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factors affects oxygen isotopic fractionation. Among these, latitude plays surely a key role. After
evaporation, water vapour moves from tropical zones to the poles, where it precipitates becoming
more depleted in heavier isotopes. Contrarily, equatorial precipitations are more concentrated in
terms of heavier isotopes. As well as latitude, also altitude affects oxygen isotopic fractionation.
As reported by Forstel and Hutzen [Forstel and Hutzen 1984], different altitudes involves in a
depletion of '®0, since higher altitude corresponds to lighter vapour (differences of about -0.5%o

each 100 meter).
Hydrogen

Main considerations about 2H variation in the hydrosphere are very similar to the pattern found for
the 'O, discussed previously [Craig 1961]. Dealing with hydrogen distribution in plants,
metabolites originate from the water absorbed by the roots. In this concern, isotopic composition
in xylem reflects that of ground water. Differently with respect to carbon distribution, no relevant
differences involve for hydrogen isotopes for plants employing C3, C4 or CAM photosynthetic
cycles [Bricout 1982]. Primary metabolites are relatively depleted in deuterium, resulting in & 2H%o
from — 90 to -180 %o. This depletion is even more evident in secondary metabolites, where further

depletion involves due to kinetic isotopic effects [Winkler 1984].
Sulphur

As reported in Table 1.1, sulphur exists as four stable isotopes. However, only **S/*?S is evaluated
for isotopic determination, also due to the higher abundance of **S with respect to **S and *°S. &
34S in nature is strictly related to the availability of the inorganic compounds containing sulphur,
namely sulphur, sulphate and hydrogen sulphide gas, and their distribution in global ecosystems.
The content of heavier sulphides in the soil as well as aerobic and anaerobic growing conditions
affects 0°*S in terrestrial plants [Rubenstein and Hobson 2004]. Other factors are related to
microbial processes in the soil, fertilisation procedures as well as the sea-spray effect in coastal

areas [Attendorn & Bowen 1997].

1.3 Bulk isotopic analysis performed by EA-IRMS and TC-EA/IRMS

As stated in the first paragraph, the capability to measure isotopic ratios of light stable elements
requires an appropriate isotopic ratio mass spectrometer. In this concern, IRMS analysis can be
performed by means of different modes, involving or the analysis of the entire sample, e.g., bulk
analysis, or by means of a chromatographic separation step prior to the IRMS detection, e.g GC-
C-IRMS (discussed in Chapter 4) or HPLC-C-IRMS. Dealing with bulk analysis, the value of
isotopic ratio detected is directly dependent by all the molecules containing that specific isotope.

6
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Since the first IRMS application on honey [Doner and White 1977], this approach demonstrated
to be very useful to detect adulteration in various matrices. Nowadays, two different types of
elemental analysers are available to detect the stable isotope composition of a matrix. For the
analysis of carbon and nitrogen stable isotope ratios, an elemental analyser coupled to isotopic
ratio mass spectrometer (EA-IRMS) is usually employed. In this analysis, samples are subjected
to combustion in an oxygen atmosphere, and after that combustion products are transported by a
flow of helium as carrier gas. In this concern, after the combustion process, a reduction step is
required. While combustion produces CO2, H20 and NOx from organic molecules, reduction aims
to eliminate Oz in excess and to reduce NOx to Nz; for the elimination of water, a water trap is
usually employed. Finally, the N2 and CO: obtained by the organic molecules are separated by

means of a packed GC column, and thus detected from the mass spectrometer (Figure 1A).

Dealing with the detection of hydrogen and oxygen stable isotopes, different elemental analysers
were proposed. Samples are subjected to high thermal conversion (HTC) to produce CO and H2

prior to IRMS detection. Figure 1B resumes the main components of such an instrument.

co, Dilution

A

" v @: co,n, M:

Elemental Analyser il | Interface _,?;J M;|~ Mass spectrometer

Working gases signals J8C
T T T
Carrier gas o, Na
Working gases
co Dilution
B

H, % co

H
| cﬁo H, ?
High Temperature 1\ Interface JJL J,l Mass spectrometer

Elemental Analyser e | T T

T T Working gases signals 5180

Carrier gas co H,

o%H

Working gases

Figure 1.1 Scheme of elementar analyser (A) and high temperature elementar analyser (B)
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In general, both the analysis are performed following a series of steps, namely: 1) combustion or
thermal conversion of the sample analysed; 2) introduction of the gas into the ion source of the
IRMS by means of the interface, which limits the gases entering the ion source ; 3) ionisation of

the molecules and detection of the target ions.

1.4 Application

As reported, the employment of an EA-IRMS and of a HTC-EA-IRMS allows to provide a precise
characterization of the typical & 'E value of the main stable isotopes in nature. By these means, it
is possible to define the natural distribution of high value products, in order to protect them against
fraudulent actions. In this concern, adulteration is becoming an ever more spreading issue
nowadays. Frauds can be associated to the employment of materials of different geographical
origin or may be related to the substitution of key components with cheaper imitations. In this
concern, traceability of products is becoming a common procedure to highlight the effective
composition of high value matrices. In the light of what has been discussed above, the evaluation
of isotopic composition is one of the key parameters to be evaluated for authenticity assessment,
since it is affected by various environmental factors, as well as by climatic and geographic
conditions. Several research works have demonstrated the usefulness of a thorough investigation
of the stable isotopic pattern for a matrix. In this concern, Camin research group applied this multi
stable isotope approach for the authenticity assessment of several food products [Bontempo 2016,
Perini 2014, Camin 2012]. Dealing with the analysis of grated hard cheese, Camin was able to
differentiate the most famous PDO Parmigiano Reggiano from nine European and two extra-

European imitations [Camin 2012].

In the next chapter, a full investigation of the main stable isotopes (*H/'H, '*0/1°0, *C/!2C,
ISN/1N, 24S/22S) in Italian industrial hemp is discussed. Thanks to the approach developed,

authenticity ranges for such a matrix were defined for the first time in literature.
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Chapter 2

Isotopic Characterization of Italian Industrial Hemp
(Cannabis sativa L.) Intended for Food Use: A First
Exploratory Study

2.1 Introduction

Cannabis sativa L., commonly named hemp, is an annual and mainly dioecious plant based on the
Cs photosynthetic cycle, belonging to the family of Cannabaceae [Landi 1997]. Hemp covers a
high number of traditional and innovative application in various fields, leading to its global
distribution as an emerging high-value specialty crop [Amaducci et al., 2015; Ryz et al., 2017].
Currently, due to the increased interest by consumers on healthy food products, including
alternative gluten-free, vegan, and vegetarian diets, the consumption of hemp flour-based
products, as well as hemp seeds and oil, is spreading more and more.

From an historical point of view [Giupponi et al., 2020], since the Second World War Italy was
among the main hemp producers [Baldini et al., 2016], and after that it was still considered as one
of the most important global Cannabis industries [Cacchioni 2021]. However, different years of
plating ban have limited its commercialization so far. Only by means of the Italian Law 242/2016,
cultivation has been legalized again, only for those varieties having a content in delta-9-
Tetrahydrocannabinol (THC) lower than 0.2%. Consequently, this law allowed an increased hemp
fields’ extension from less than 500 hectares in 2013 to 4000 hectares in 2018 [Coldiretti 2020].
Due to the increased interest of the Italian market for hemp and its derived food products [Crini et
al., 2020; Giupponi et al., 2020], the Italian hemp Federation in 2021 has established the first
guidelines for its production. These documents referred to both plants employed for the production
of extracts as well as those for food use. In this concern, and to highlight the authenticity of such
evaluable product, different analytical methods were evaluated. These approaches would be useful
in the case of adulteration, especially related to the employment of foreign hemp seed oils of
doubtful origin and quality [Federcanapa, 2021a; 2021b].

Accordingly, isotopic ratio mass spectrometry (IRMS) is surely one of the most recognized

analytical approaches for the authentication and traceability of food products [Altieri ef al., 2020;
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Bontempo et al., 2020a; Wadood et al., 2019]. In literature, isotopic ratio signatures demonstrated
to be a suitable method to discriminate between biological and environmental processes, allowing
to provide typical fingerprints of a product, directly related to its geographical and ecological
origin [Portarena et al., 2014]. Dealing with Cannabis Sativa, literature references are mainly
related to the analysis of the light stable isotopes (i.e. H, C, N, O) of marijuana samples [Booth et
al.,2010; Hurley et al., 2010; Shibuya et al., 2007], in order to investigate illicit traffic by tracking
the origin of the drug plantations. In this concern, multiple applications on Cannabis Sativa, as the
possibility to describe stable isotope ratio analysis of Italian industrial hemp has never been
explored.

To these aims, this study determined a specific range of light stable isotope ratios in Italian
industrial hemp intended for food use, allowing to contribute a first isotopic database for this plant,
paving the way for further research studies on authentication and traceability of food products

obtained by hemp.
2.2 Materials and methods

2.2.1 Sampling and cultivation sites

Eighty-four samples of hemp grown in open fields, namely eight roots, twenty-six stems, thirty-
eight inflorescences, twelve seeds, and five hemp seed oil samples were hand-collected in eight
different regions of Italy between 2018 and 2019 (Figure 2.1). In relation to the Udine sampling
site in Friuli Venezia Giulia region (NE Italy; point No. 14 in Figure 2.1), all the parts of the hemp
plant (roots, stem, inflorescences, and seeds) were sampled from two different cultivations: one

grown under synthetic (nitrogen-phosphorus-potassium, NPK) and one under manure fertilization.
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Italian Sampling Sites

J ¢ 50 km
1 Baceno (VB) 8 Seren del Grappa (BL)
2 Piacenza 9 Borgo Valbelluna (BL)
. L 3 Jesi (AN) 10 Verzegnis (UD)
VR 4 Sassari 11 Tolmezzo (UD)
100 km & \ 5 Caltagirone (CT) 12 Gemona del Friuli (UD)
— ' \ 6 Predaia (TN) 13 Campoformido (UD)
5 7 Altopiano della 14 Udine
2018 sampling sites 2019 sampling sites Vigolana (TN) 15 Jolanda di Savoia (FE)

Figure 2.1 Map of 2018 (red stars) and 2019 (black circles) sampling sites.

Every sample analyzed consists of a pool of five-six plants separated into their different parts,
which were then stored in polyethylene bags and kept at -20°C until their treatment.

2.2.2 Stable isotope ratio analysis

Isotopic analysis was carried out on freeze-dried, ground, and homogenized samples, except oils
that were directly analyzed.

About 0.25 + 0.05 mg of duplicate powdered sample were weighed into silver capsules for
hydrogen (*H/'H) and oxygen ('*0/'°0) isotopic ratio analysis and introduced into a High
Temperature Conversion Elemental Analyzer (TC/EA), coupled with a Delta Plus XP Isotope
Ratio Mass Spectrometer (IRMS; Thermo Fisher Scientific GmbH, Bremen, Germany). For the
analyses of carbon (1*C/!2C), nitrogen (**N/'“N), and sulfur (**S/*2S) isotopic ratios, about 2.5 mg
of triplicate powdered sample were weighed into tin capsules and introduced into a vario EL cube
EA, coupled with an isoprime precisSION IRMS (Elementar Analysensysteme GmbH,
Langenselbold, Germany).

The isotopic ratios were reported in delta notation and calculated according to Brand & Coplen

(2012):
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‘R — R
i sample standard
SIE = P

i
Rstandard

where the superscript i indicates the mass number of the heavier isotope of element E (e.g., '*0)
and R the isotopic ratio of E (e.g., '%0/'°0) in the sample and in an internationally recognized
standard: Vienna-Standard Mean Ocean Water (V-SMOW) for °H and §'30, Vienna-Pee Dee
Belemnite (V-PDB) for §'°C, Air nitrogen for §'°N, and Vienna-Canyon Diablo Troilite (V-
CDT) for §**S. The delta values were multiplied by 1000 and expressed in %o.
Isotopic values for 6°H and ¢'3%0 were calculated against the United States Geological Survey
(USGS) international reference materials USGS54 (Canadian lodgepole pine; 6°’H and 6'%0
recommended values) and USGS56 (South African red ivorywood; 6°H, §'%0). Isotopic values
for 6'3C, "N, and 6°*S were calculated against in-house working standards, which were
themselves calibrated against the International Atomic Energy Agency (IAEA) and USGS
international reference materials IAEA-CH-6 (sucrose; 6'°C certified/recommended value),
NBS22 (mineral oil; 6'3C), USGS40 (L-glutamic acid; 6°C, 6'°N), IAEA-NO-3 (potassium
nitrate; §'°N), IAEA-SO-5 (barium sulfate; ¢**S), NBS127 (barium sulfate; 5**S), USGS42
(Tibetan human hair; 5**S), and USGS43 (Indian human hair; 6**S). For 6°H, 6'*C, §'°N, ¢'%0,
and 6°*S the uncertainty of measurements (+ 1 standard deviation) was 1, 0.1, 0.2, 0.3, and 0.3%o,
respectively.

2.2.3 Statistical analysis

To examine trends among different stable isotope ratios, only sampling sites with a minimum

number of two samples were considered. Non-parametric statistical tests were performed. The

Kruskal-Wallis test by ranks (p < 0.05) was employed for multiples comparisons, while possible

rank correlation was assessed by means of Spearman's rank correlation coefficient. Non-

parametric tests highlighted statistically significant differences among the different hemp sample

populations and correlations among variables.

2.3 Results and discussion

Dealing with the stable isotope composition of Italian industrial hemp, no research studies have
been carried out until now. Consequently, these results are the first ones obtained for hemp samples
harvested in Italy. Stable isotope composition of investigated samples is presented in Table 2.1,
divided in relation to the area and the isotopic ratios investigated. Bulk samples of hemp seed oil
were analyzed only for hydrogen and oxygen isotopes. Figures 2.2 and 2.3 show isotopic results
retrieved from inflorescences, since this was the only part of the Cannabis plant that was sampled

in all the considered areas.
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Samples o’H oBC o°N 6"%0 LAY
Area Type* n | Mean S.Dev | Mean S.Dev | Mean S.Dev | Mean S.Dev | Mean S.Dev

d "(’I’J”l‘;jz" 11| 7 293 1.9 22.0 2.0

I 7 | -107 13 -28.8 1.1 24 0.9 22.1 0.5 6.6 1.7

Ve;lzj"l‘;')”is 7| 8 5 |-284 08 | 08 09 | 239 07 | 39 17
1 -94 -28.5 0.9 241 4.7

1 -197 17.9

Predaia (TN) SD 1 -149 -30.4 5.1 20.9 5.5
I 1 -98 -28.4 2.8 22.7 59

1 6 -96 5 -29.9 0.4 1.1 1.0 214 0.7 53 24

Gemona del

Friuli (UD) 6 -103 10 -29.5 0.2 1.5 0.5 22.9 1.1 43 2.6

R 1 -110 -29.1 1.7 23.4 4.1

Baceno (VB) I 1 -95 -28.0 6.3 22.2 3.1

SDf 2 -117 1 -27.9 1.4 2.7 0.01 24.0 0.8 8.7 0.5

SDm 1 -134 -29.3 4.8 23.7 9.5
If 2 -89 4 -28.5 0.3 2.0 0.2 23.1 1.0 12.7 1.2

Im 1 -100 -28.2 4.6 233 11.5
Udine
Sf 2 -94 5 -28.0 0.7 2.7 0.6 23.6 0.2 9.3 1.5
Sm 2 -113 0.1 -29.2 0.9 52 1.9 22.2 0.4 10.9 0.4
Rf 2 -105 9 -27.5 0.7 2.9 0.6 24.2 0.6 10.2 0.7
Rm 2 -125 0.1 -28.9 0.3 4.9 0.5 22.8 0.2 11.1 0.4
Borgo
Valbelluna I 2 -100 4 -27.8 0.4 4.9 0.2 23.2 0.4 53 0.1
(BL)
I 6 -103 10 -29.1 0.8 0.6 0.8 22.6 0.6 10.8 1.0
Campoformido
(UD) 6 -103 8 -28.7 0.5 1.1 0.5 23.2 0.3 8.6 1.6
R 1 -117 -28.6 1.9 23.9 8.7
Altopiano SD 1 -141 -29.4 2.6 22.3 6.3
della Vigolana
(TN) I 1 -101 -28.7 1.3 23.5 6.1
Seren del SD 1 -138 -30.9 3.6 21.5 4.5
Grappa (BL) | 1 | 116 303 3.5 21.7 54
S? - 2 -104 16 -27.5 0.4 5.0 0.3 23.4 0.4 0.7 1.4
Piacenza

S 2 -84 2 -26.7 0.1 4.7 0.8 24.5 0.4 -1.2 0.8
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Samples o’H oC o°N 6"%0 LAY
Area Type* n | Mean S.Dev | Mean S.Dev | Mean S.Dev | Mean S.Dev | Mean S.Dev
Jolanda di 0 1 -200 20.9
Savoia (FE) 1 3| 85 18 | 275 04 | 113 72 | 233 11 | 41 07
(0] 1 -181 22.4
Jesi (AN) SD 1 -118 -28.5 10.7 237 2.8
I 1 -68 -23.6 8.3 28.6 -9.9
(0] 1 -179 24.5
Sassari SD 2 -99 7 -27.8 0.4 3.1 0.7 27.3 0.2 10.5 0.2
I 2 -86 15 -26.9 0.4 2.7 0.1 25.7 0.2 12.9 0.6
(0] 1 -173 25.6
SD 1 -104 -25.8 7.3 28.7 1.4
C"”(“ng"”e 11| -0 262 8.7 254 14
S 1 -88 -27.6 7.9 26.5 0.5
R 1 -93 -27.3 7.1 27.8 2.6
Minimum value -200 -30.9 0.6 17.9 -9.9
Maximum value -68 -23.6 11.3 28.7 12.9

Table 2.1 Stable isotope ratios (mean values and Standard Deviation (S.Dev) expressed in %o) of

Italian industrial hemp samples (Cannabis sativa L.) ordered according to the latitude of the

sampling areas (from the highest to the lowest). n refers to the number of samples analyzed.

*Samples are labeled as follow: O = Oils, SD = Seeds, I = Inflorescences, S = Stems, R = Roots.

Only for the Udine sampling area: f = grown under synthetic fertilization, m = grown under

bovine manure fertilization.
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2.3.1 Carbon, nitrogen, and sulfur stable isotope ratios in hemp

Carbon isotope ratio signatures are directly related to the photosynthetic cycle of the plant
considered, as well as to the climatic conditions of the harvesting place of the plant involved
[Bontempo et al., 2020b]. According to the biochemical pathway of the C3 plants [Carter &
Chesson, 2017], 6'3C values were found to be between —30.9 and —23.6%o (Table 2.1). Moreover,
these results were in agreement with those obtained in other studies led on hemp samples
harvested outdoor in Brazil [Shibuya et al., 2007] and USA [Hurley et al., 2010]. About our data,
Figure 2.2 showed an evident increasing trend according to the latitude decrease, since the most
negative values were found for samples collected in Northern Italy. This finding was found in
agreement with the geographical and climatic conditions of the harvesting place of the Cannabis
Sativa plant. According to previous literature studies [Bateman & Kelly, 2007], nitrogen stable
isotope ratio was considered as a marker to differentiate crops produced under conventional and
organic regime, since it is related to the type of fertilizer used for their growth. The §'°N values
may vary from 0.3 to 14.6%o in plants harvested under organic fertilization, while from —4.0 to
8.7%0 for those harvested under conventional fertilization [Inacio et al., 2015]. However, a
different behavior is shown for those crops organically grown with a fertilization strategy
consisting of nitrogen fixing plants, which involve in lower 6'°N values, within the range of
conventionally grown crops [Bontempo et al., 2020b]. In this research §'°N values fell inside the
range between 0.6 and 11.3%o, corresponding to the Cannabis inflorescences harvested at
Campoformido (Friuli Venezia Giulia) and Jolanda di Savoia (Emilia Romagna), respectively
(Table 2.1), labelled as organically grown samples. However, mean 6'°N values obtained for
samples produced at Campoformido, Seren del Grappa (Veneto), and Sassari (Sardinia), all
labeled as organically grown, fell into the conventional range (Table 2.1; Fig. 2.2). This behavior
may be linked to a fertilization strategy consisting of leguminous plants, which affected nitrogen

values of samples, lowering them [Bontempo et al., 2020b].

Noteworthy is the mean ¢'°N value (10.7%o) obtained for the seed sample harvested at Jesi (Fig.
2.1; Table 2.1). Although it was produced in a cultivation area under conventional regime, its
nitrogen isotopic data fell within the organic range, probably due to the employment of organic
fertilizers. As highlighted in several papers [Paolini 2017; Zazzo et al., 2011; Zhou et al., 2021],
sulfur stable isotope ratios is influenced by different elements, like distance from the sea,

microbial reactions, kind of soil, fertilizers employed, and anthropogenic inputs.
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About this study, most of the hemps had positive **S values ranging between 0.5 and 12.9%o,
except for Piacenza (Emilia Romagna) and Jesi sampling sites, which had negative values, —1.2
and —9.9%o, respectively (Table 2.1).

The values obtained for sulphur were found in agreement with previous results by Paolini
[Paolini 2017]. Moreover, since a limited isotopic fractionation process involves for sulfur
isotopes in plants [Carter & Chesson, 2017], 6°*S values were related to those found in the soil,
and thus in relation to the geographical origin of the samples investigated. However, some
similarities were found also between sampling sites having a different geographic origin. This
example was evident for the inflorescence samples of Udine and Sassari, and Piacenza and
Caltagirone (Sicily), which had similar mean 6**S values (12.7 and 12.9%o, 0.7 and 1.4%o,
respectively), even if they were sampled in different places in Italy. This similar behavior could
be explained by the common nature of bedrocks: carbonate for Udine and Sassari sites, and
clay/calcareous for Piacenza and Caltagirone ones [Costantini et al., 2012].

Also the sampling area of Jesi represented an exception, since the inflorescence sample had a
quite negative mean (—9.9%o; Table 2.1; Fig. 2.2), very different from the values registered for
the other hemps. This finding is maybe related to the geology of this area of Central Italy, as
highlighted by Costantini et al.
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Figure 2.2 Box-plots of 6°C, §'°N, and 6**S values, expressed in %o, of Italian industrial hemp
inflorescence samples (Cannabis sativa L.) ordered according to the latitude of the sampling
areas (from the highest to the lowest).

V-PDB = Vienna-Pee Dee Belemnite, V-CDT = Vienna-Canyon Diablo Troilite, TM = Tolmezzo (UD), VZ =
Verzegnis (UD), PD = Predaia (TN), GF = Gemona del Friuli (UD), BC = Baceno (VB), UD = Udine (f = grown
under synthetic fertilization, m = grown under bovine manure fertilization), BV = Borgo Valbelluna (BL), CF =

Campoformido (UD), AV = Altopiano della Vigolana (TN), SG = Seren del Grappa (BL), PC = Piacenza, JS =
Jolanda di Savoia (FE), JE = Jesi (AN), SS = Sassari, CT = Caltagirone (CT).
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2.3.2 Hydrogen and oxygen stable isotope ratios in hemp

Dealing with hydrogen and oxygen isotope ratios, their distribution is strongly affected by
climatic and geographical processes, which may alternatively deplete or enrich their values [Gat
1996]. Moreover, 6°’H and 6'*O values in plant organic matter depend from its primary source of
water, or irrigation or soil, since they are subjected to an enrichment process along
evapotranspiration and the cellulose synthesis by the plant [Carter & Chesson 2017].

In this research, hydrogen isotope ratios ranged from —200 to —68%o, with the lower values
registered in all the five hemp seed oils analyzed. Dealing with oxygen isotope ratios, values
ranged from 17.9 to 28.7%o (Table 2.1). Moreover, inflorescence samples showed an increasing
mean 6'0 values moving from North to South, as shown in Figure 2.3. This behavior was related
to meteorological conditions and dynamic fractionation in the hydrological cycle [Gat 1996]. The
highest 6'*0 values were found for hemps sampled in Central and Southern Italy, as in Jesi,
Sassari and Caltagirone (Table 2.1; Fig. 2.3). This behavior may be linked to two main factors:
i) the precipitation 'O values [Giustini et al., 2016], and ii) the effects of warmer climates on
evapotranspiration processes, which may further enrich hydrogen and oxygen isotopic ratios. As
well as for §'%0, positive tendency was shown also by the mean 6°H values, which are strongly
affected both by the isotopic composition of the water taken up by the plant [Silveira Lobo
Sternberg, 1989], as well as by the photosynthetic metabolism of cellulose [Yakir & De Niro,
1990]. Also in this case, the sample harvested at Jesi was an outlier for hydrogen isotopic
composition. In this concern, its less negative mean value (—68%o; Table 2.1; Fig. 2.3) could be

related to precipitation values characteristic for coastal areas [Giustini ef al., 2016].
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Figure 2.3 Box-plots of °H and §'30 values, expressed in %o, of Italian industrial hemp
inflorescence samples (Cannabis sativa L.) ordered according to the latitude of the sampling
areas (from the highest to the lowest).

V-SMOW = Vienna-Standard Mean Ocean Water, TM = Tolmezzo (UD), VZ = Verzegnis (UD), PD = Predaia
(TN), GF = Gemona del Friuli (UD), BC = Baceno (VB), UD = Udine (f = grown under synthetic fertilization, m =
grown under bovine manure fertilization), BV = Borgo Valbelluna (BL), CF = Campoformido (UD), AV =

Altopiano della Vigolana (TN), SG = Seren del Grappa (BL), PC = Piacenza, JS = Jolanda di Savoia (FE), JE =
Jesi (AN), SS = Sassari, CT = Caltagirone (CT).

2.3.3 Hydrogen and oxygen stable isotope ratios in hemp seed oil

Beside the analysis of eighty-four samples of hemp, in this study hydrogen and oxygen stable
isotope ratios were investigated in hemp seed oils. These samples were collected in five different
sampling sites, namely from North to South, Predaia, Jolanda di Savoia, Jesi, Sassari, and

Caltagirone.
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As already shown in Section 2.3.2, hydrogen and oxygen isotopic ratios were mainly influenced
by climatic and geographical conditions of the sampling areas [Tarapoulouzi ef al., 2021]. This
behavior was evident also in mean 5°H and 5'*0 values detected for hemp seed oil samples (Table
2.1). In this concern, the mean §'*0 values showed a clear trend, since increasing values were
found from Predaia (Trentino-South Tyrol, NE Italy; 17.9%o0) to Caltagirone (Sicily, S Italy;
25.6%0). As well as for oxygen isotope ratios, also for hydrogen isotope values Predaia (—197%o)
had more negative value with respect to Caltagirone (—173%o). The only exception was found for
Jolanda di Savoia (Emilia Romagna, N Italy) sampling site, which had the lowest mean value
detected in this study (—200%o; Table 2.1).

Marked differences have been detected, as expected, in mean 6*H and 6'%0 values moving from
seeds to oil samples. A mean depletion of 65%o was found for hydrogen signature, while of 2.6%.
for oxygen. In this concern, this trend is related to the depletion of the cellulosic component with
respect to the lipidic one, which is largely H depleted relative to the bulk of the organic matter
[Schmidt et al., 2003].

2.3.4 Insight on stable isotope ratios in hemp collected at Udine sampling site

Dealing with Udine sampling area in Friuli Venezia Giulia region (NE Italy; point No. 14 in Fig.
2.1), all the parts of the hemp plant were considered, starting from roots to seeds. In addition,
samples were taken from two different cultivations: or produced under synthetic (NPK) or under
bovine manure fertilization. In this concern, a marked enrichment for §'°N values (with a mean
increase of about 2.3%o) was evident for all the parts of the Cannabis plant grown under organic
fertilization, as shown in Figure 2.4. Differently, all the parts of the Cannabis plant grown under
organic fertilization showed lower mean &*H values with respect to those produced under
conventionally fertilized cultivation. This behavior was highlighted also, with a less evidence,
also by carbon and oxygen stable isotope ratios, except for inflorescences (Figure 2.4).

These trends have been reported in literature in other plants like wheat [Bontempo et al., 2016;
Georgi et al., 2005; Laursen ef al., 2013], and their behavior was supposed to be influenced by a
higher transpiration and water evaporative loss with respect to conventionally grown plants.
Additional hypotheses was related to differences in cultivation processes, related to plant density
and growth rates, affecting respiration, water uptake, and evapotranspiration. Dealing with §**S
results, more positive mean values were found for organically fertilized hemps, except for
inflorescences samples (Figure 2.4).

Moreover, a pronounced depletion was found in terms of hydrogen stable ratios in inflorescences

and seeds (with a mean decrease of about 32%o, Table 2.1), probably related to the lower cellulose
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content. As discussed by Schmidt e al. [Schmidt et al., 2003], this behavior is also related by a
higher content of lipids in seeds, observed for both organically and conventionally fertilized
cultivations (Figure 2.4). About 5'3C values, a slight decrease was observed moving from roots
to inflorescences in conventionally grown plants; differently, a slight increase was found in seeds.
However, this trend was not evident also in organically grown hemp (Figure 2.4). Moving to
nitrogen isotope ratio, no evident differences were registered in plant parts, regardless of the
fertilization strategy. Differently, in conventionally grown plants, a slight decrease for 6'%0
values was found starting from roots to inflorescences. Dealing with organically grown Cannabis,
a decrease was found from roots to stems, while a further increase from inflorescences to seeds.
This uneven behavior between ¢*H and 6'*0 may be linked to additional biochemical or source
effects [Yakir & De Niro, 1990], due to water evaporation in leaves or in relation to organic
matter synthesis [Dawson et al., 2002]. About mean §**S values, no evident patterns were
highlighted, regardless of the fertilization process (Figure 2.4). However, 6°**S values detected in
Cannabis inflorescence have been found higher with respect to those highlighted in all the other

parts of the plant, as visible in Figure 2.4.
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Figure 2.4 Box-plots of 0*°H, §"°C, §"°N, 6'%0, and §**S values, expressed in %o, of Italian
industrial hemp samples (Cannabis sativa L.) collected at Udine sampling site in Friuli Venezia
Giulia region (NE Italy), ordered according to the part of plant and the fertilization strategy
(conventional in red, organic in blue).

V-SMOW = Vienna-Standard Mean Ocean Water, V-PDB = Vienna-Pee Dee Belemnite, V-CDT = Vienna-

Canyon Diablo Troilite, R = Roots, S = Stems, I = Inflorescences, SD = Seeds, f= grown under synthetic

fertilization, m = grown under bovine manure fertilization.
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2.4. Conclusions

This research provided for the first time in literature a broad knowledge about the stable isotope
composition of the Italian industrial hemp intended for food use, representing a first reliable range
able to evaluate authenticity and traceability of this high value plant. In this concern, stable isotope
ratios demonstrated typical characteristics related to the geographical origin, fertilization
processes, and climatic conditions of the hemp growth areas. In detail, §'°C signatures, and
partially 6*H and 6'%0, highlighted how isotopic values were affected by climatic conditions, as
well as by the latitude of the investigated places. Differently, 6'°N reflected conventional or
organic fertilization processes, while 6°*S values clustered different samples, probably in relation
to the common nature of bedrocks. Dealing with hemp seed oil bulk samples, a relevant depletion
in mean ¢’H and '30 values was registered, due to the high amount of lipids in the oil. Future
studies will involve a wider sampling, with more representative areas, involving different climatic
conditions, in order to have a more robust method to trace the origin of hemp. Moreover, it will
make easier to understand the behavior of light stable isotopes in the biogeochemical processes of

the plant.
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Chapter 3

Basic concepts of gas chromatography and the
development of multidimensional gas chromatographic

systems

Gas chromatography (GC) is a technique of choice for the separation of volatile and semi-volatile
components, which are thermally stable at the temperature required for their vaporization. Its
application covers the fields of scientific investigation, environmental pollution, flavour and
fragrances, as well as modern biology and medicine. Starting from the first work in 1952 by Martin
and James with the employment of packed columns [Martin and James 1952], several step
forwards were done in terms of improved efficiency six years later by Golay, thanks to the
introduction of open-tubular capillaries [Golay 1958]. In Figure 3.1 is reported a scheme of a
typical gas chromatographic system, characterized by three independently controlled thermal

zones (injector, GC oven and detector).

Flow controller |
Injector ! ﬂ ‘
IM Mol JUA ,»wh_”
GC Oven T st
Gas carrier Capillary
column

Figure 3.1 Basic configuration of a GC system

Briefly, once the injection takes place, analytes are delivered from the injector to the column thanks
to a flow of mobile phase, which is a gas flowing from a pressurized cylinder. The column is the
heart of the system. Herein, the separation processes involve due to the different physicochemical
interactions between the stationary phase and the analytes. In relation to the different affinities for

the stationary phases, each analyte forms its own concentration band, which ends its elution
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process at different times. The end of the analytical column is directly connected to the detector,
which can provide specific information about each separated analytes (chromatogram), in relation

to its main features (quali and/or quantitative analysis).

3.1 GC figures of merit

In the present paragraph, a brief description of the main GC figures of merit will be provided.
Retention time

This term is strictly related to the time elapsed between the injection and the maximum of a
chromatographic peak. The elution of each analyte in a mixture is recorded in a chromatogram,

whose example is reported in Figure 3.2.
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Figure 3.2 GC-MS chromatogram: x axis refers to retention time, y axis refers to detector response

A chromatogram shows the elution order (time domain) of each component in a mixture (x axys),
and the relative detector response (y axis). In the case of apolar stationary phase, elution order

often follows the increasing boiling points of the analytes in the mixture.

In order to evaluate retention properties, a suitable term is the retention factor, namely k’:

tp—t
k=22 eq 3.1
to
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This term is composed by the ratio of the time of the interactions between the analyte and the
stationary phase (tr), and the time required for a totally un-retained analyte to travel along the
entire chromatographic column (to). From these observations, it’s clear that analytes having small
k’ will have low affinity with the stationary phase; differently, analytes with high £ will have high
affinity with the stationary phase with longer tr.

Another term related to retention in chromatography is the selectivity (a):

_X 3.2
a=1 eq3.

, which compares the retention time of two different eluting components. Since the relative
retention reflects the behaviour of the two different solutes, it is frequently employed to evaluate
the solute—column interactions. In order to have a good separation, o must have values >1.

Otherwise (¢ =1), a major co-elution involves.

Among the chromatographic concepts related to the retention of target analytes, the retention index
assumes a crucial importance. This approach is very useful for inter-laboratory comparison, since
it compares the retention time of a solute with respect to those of reference standard analytes,
always employed as homologous series. In the case of isothermal conditions, retention index (/)

can be calculated by means of the following formula

_ logtr(x)— logtg (z)
=100+ 100 Togtr (z+1)—10g La(2) eq 3.3

, where z corresponds to the number of carbon atoms related to the homologous series, while x is
related to the target component. When using a series of n-alkanes, an incremental index value is
assigned in relation to the total carbon number, namely 100 for methane, 200 for ethane, exc. As
an example, if an analyte elutes from the analytical column exactly halfway between heptane and

octane, its retention index will be of 750.
Band broadening

The main aim of a GC run is to obtain a suitable separation of each individual analyte in a mixture,
based on the differences in retention times. According to basic principle of chromatography,
analytes are initially injected in a sharp band, which starts naturally broadening along each step of
a GC analysis. This behaviour involves in a Gaussian distribution, defined by the retention time
and the width at the base of each corresponding chromatographic peak. In this concern, the analyst

aims to reduce peak broadening, in order to increase the number of components that can be ideally
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placed, side by side, in the chromatographic space at a suitable resolution. While retention times
are related to the thermodynamic features of the analytical column, peak width is related to the
efficiency of the analyte mass transport from stationary and mobile phase (and viceversa), and in
relation to the kinetics of sorption and desorption processes. Chromatographically, column
efficiency is described by the number of theoretical plates:

N = (%R)2 =16 (;—’2)2 = 5.54 (t—R)2 eq 3.4

Wh
Another term related to the number of theoretical plates is the height of theoretical plates, namely

H:

H= eq 3.5

2=

, where L is the length of the chromatographic column. L needs to be intended as divided into
various volume units, where a complete equilibrium of the analyte between the two phases is
reached. From these considerations, it’s clear that narrow peaks produce a higher number of

theoretical plates with respect to broader peaks.

Another step forward for the definition of band broadening was provided by Van Deemter, who
identified three different effects that contribute to peak broadening. Peak broadening was

expressed as the height of the theoretical plate (H), with the following equation

B
H=4+— +(Cs+Cy)u eq 3.6
u

where the constant 4 (eddy diffusion) was described as the chromatographic band dispersion due
to the gas flow irregularities in the column. The B-term (longitudinal molecular diffusion)
represents the peak dispersion due to the diffusion processes occurring longitudinally inside the
column, while the C-term (mass transfer) occurs in relation to a radial diffusion of the analytes.

Since these terms are directly related to /, their value should be minimized to improve efficiency.

When Golay introduced open tubular capillary columns, a new equation was needed, since this
type of modified column were different from the previous packed ones (A term). Golay proposed

a new term to describe diffusion processes in the open tubular columns:

H= + (Cs+Cy) 1 eq 3.7

o | &
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where B-term is the molecular diffusion, governed by the following equation:
B=2Dg¢ eq 3.8

where Dg is the diffusion coefficient for the analyte in the carrier gas. As visible from Golay
Equation, this term is divided by the linear velocity (@i). Thus, a high velocity will reduce the
contribution of the molecular diffusion to the peak broadening, since the analyte will spend a

reduced time in column.

As visible in Golay Equation, C term is divided into two terms: one related to the mass transfer in
the stationary phase, Cs, and one for mass transfer in the mobile phase Cu. Cs term is described by

the following formula:

2
2kdf

T 3(1+k)2Dg eq 3.9

Cs

Dealing with the ratio k /(1 + k)%, large values will be related to very high solubility in the
stationary phase. Although this ratio is strongly minimized at large values of k, a little decrease
involves with k values >20. Since a very large value may involve in very long time analysis, k
value near to 20 is the preferred solution. To reduce peak broadening for this term, film thickness
should be small, while the diffusion coefficient large. Another term of the equation, Ds, is the
diffusion coefficient of the solute in the stationary phase, while dyis the film thickness of the liquid
stationary phase. In this concern, minimization of the Cs -term can be achieved when mass transfer

into and out the stationary liquid phase is as fast as possible.
Cu term is governed by the following equation:

(1+6k+11k?)1?
© 24(1+4k)2Dg

Cu eq 3.10

, where rc is the radius of the column. Briefly, the relative importance of the C terms in Golay
equation is related to the film thickness and the column radius. In this concern, for thin films (<
0.2 um), the C-term is controlled by mass transfer in the mobile phase. Differently, for thicker
films (2-5 um), it is controlled by mass transfer in the stationary phase, while for the intermediate

films (0.2 to 2 um) both terms must be considered.
Resolution

Another way to measure the efficiency of a chromatographic column is the Resolution (Rs). The

formula describes the degree of two adjacent peaks, having retention factors k1 and k2:
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VN [a-1 k2
Rs=— [— eq 3.11
4 a k2+1

, where Rs is proportional to the square root of the number of theoretical plates N, and is influenced
by both the selectivity a and the retention factor k. These three terms describes column efficiency,
system selectivity and column retentivity. About the number of theoretical plates, if the column
length is doubled, resolution factor increases of only 1.414. This finding explains how a
considerable increase in resolution can be achieved only using very long columns. However, this
solution can lead to very long time analysis, which is not a desirable consequence. About k, an
increase in the retention factor (k) has a substantial effect on resolution, Rs, only for analytes with
low k values (< 3). Dealing with selectivity, the choice of a more selective stationary phase is
always useful, since resolution will benefit greatly. In this concern, selectivity has the greatest
effect on resolution, thus it is mandatory to choose the right stationary phase in relation to the
sample analysed. However, in the case of a complex mixture, selectivity will often provide an

improved resolution for some solutes, and a poorer for other ones.

3.2 Multidimensional gas chromatography

The development of new highly performing chromatographic systems in separation sciences needs
to be linked to the everlasting thirst of discovery of human beings, in this case of
chromatographers. Dealing with monodimensional GC systems, the employment of capillary
columns [Golay 1958] in replacement of packed ones led to a relevant increase in chromatographic
efficiency for the analysis of real samples. Several advances were achieved also by the capability
to hyphen to GC systems highly performing MS detectors, as time of flight analysers (ToF).
However, the analysis of complex matrices still represented a primary issue, since a single
chromatographic separation would not be able to provide a full characterization of overlapping
components. In this concern, mass spectrometry can help to overcome co-elution issues by
operating in selected ion monitoring (SIM) or by means of extracted ions mode. However, in the
case of components having a very similar fragmentation pattern, overlappings are restrictive, since
conventional MS detectors are not sophisticated enough to highlight clear differences. To these

aims, advanced separation systems are required.

Multidimensional gas chromatographic systems [Bertsch 1999, Mondello 2002], or performed by
heart cut (MDGC) or by comprehensive chromatography (GC x GC), filled this gaps, since the
combination of two capillary columns was able to improve the resolution of key components prior

to the detection. Separations in column chromatography are called multidimensional when
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separations are consequently performed in two or more columns, directly coupled in series to the

column when the first separation had place.

In this concern, the demand of multidimensional techniques is strictly linked to the need to increase
the peak capacity (n) of a chromatographic system. Chromatographically, peak capacity is defined
as the maximum number of components that can be placed, side by side, into the chromatographic

space at a given resolution. The formula is shown below:

VN t
n=— In (—2)+1 eq 3.12
4R ts

defined for a retention window from #1 to #2, where peak capacity is directly proportional to the
square root of efficiency (V). According to the eg 3.5 about the relation between efficiency and
the height of theoretical plates, it’s clear how the employment of longer columns, in the case of
GC runs, would be a suitable solution to increase the efficiency of a capillary column. Such a
solution would allow an optimized separation of key components. In this concern, according to eq
3.12,if R=1, a 50m long column to develop 2 x 10° plates with a peak capacity of 260. However,
as shown by Berger, a gas chromatographic profile of gasoline analysed on a 400m long capillary
column (time analysis= 11 hours) still involves in several co-elutions, although it develops 1.3 x
10° plates with a peak capacity of 1000 [Berger 1996]. In this concern, the development of
multidimensional gas chromatographic systems was required for two main aims. First, to guarantee
a relevant increase in terms of peak capacity, and secondarily to reduce total time analysis for
complex mixtures. However, the first term covers a primary importance. About this matter,
chromatographic theory teaches us that a doubling in column length results in a small increase in
the number of theoretical plates. Contrarily, what is really required in the coupling of GC columns
is not a greater number of theoretical plates, but the complementary selectivity, guaranteed by the
employment of a different stationary phase in the second dimension. The real improvement in
terms of peak capacity in a MDGC system is related to the degree of orthogonality between the
selectivity of the capillary columns in each dimension. This definition lays its basis in a critical
paper published by Giddings in 1984, with the title "Two-Dimensional Separations: Concept and
Promise". In relation to the development of 2D methods in the future, Giddings wrote: "any 2D
technology must stand on the shoulders of 1D building blocks. Whereas the thrust of 1D research
is to improve the building blocks, the thrust of of 2D research will be to find powerful and
ingenious ways of combining building blocks". Through these sentences, Giddings highlighted
how a 2D method needs the combination of building blocks, namely the combination of stationary
phases of different selectivity [Giddings 1984]. From another point of view, the choice of the 2D
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column must be accurate, since it must not worsen the separation of components already separated

in the 1D profile.

Dealing with multidimensional systems in gas chromatography, two approaches can be
distinguished. Multidimensional separations can be performed by transferring only specific
regions from the first column to the second one, by means of the heart cut mode (MDGC);
otherwise, all the sample can be transferred from the first to the second dimension by means of a
modulator in comprehensive gas chromatography (GCxGC). In the following paragraphs, a brief
description of GCxGC comprehensive approach is described, while a deeper discussion is

provided for heart cut techniques.

3.2.1 Brief description of comprehensive GCxGC systems

Comprehensive GCxGC was first introduced by Liu and Philips in 1991 [Liu and Philips 1991].
In this paper, the authors reported a GCxGC separation of a mixture of standard compounds and
of a sample of coal liquid by means of a dual-stage thermal desorption modulator (TDM).
Separation was performed by combining a capillary PEG column of dimensions 21 m x 0.25 mm
ID % 0.25 pm df as 1D, while the 2D was 1 m x 0.10 mm ID x 0.50 pm df column with a methyl
silicone stationary phase. Since the first application, GCxGC demonstrated to be advantageous for
quali-quantitative analysis with respect to MDGC, due to the capability to analyse the entire
sample in a single chromatographic run. In a MDGC system, only selected regions are subjected
to a further separation in the second dimension, while the remaining part is directed to the detector
in the first dimension, or vented off. Differently, in a GCxGC analysis, all the matter is transferred
from the 1D to the 2D. In terms of peak capacity, main differences thus involve between MDGC
and GCxGC application. Operating by means of a heart cut transfer device (MDGC), the total
number of peaks that can be placed in the separation space (nc), is the sum of that of the first and
second dimensions, the latter multiplied by number (x) of heart-cuts [nc1 + (nc2 x x)]. Differently,
in GCxGC application, the total peak capacity equals to that of the first dimension multiplied with

the second dimension (nci x ncz).

In comprehensive analysis, the heart of the system is the transfer device between the two
dimensions, called modulator. Modulator in GCxGC covers a primary importance, since it has to
accumulate the analytes from the first dimension, refocus them, and release in narrow zones (down
to 50msec peak width) in the second dimension. In this concern, the separation of components in
the 2D must be completed before further analytes are injected in the 2D, to avoid overlap of peaks

derived from different modulation cycles (wraparound). These findings explain how the second
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column analysis needs to be much faster than the first one, thus leading to 2D separation time

about 100 times more rapid than in the 1D.

3.2.2 Multidimensional gas chromatography (MDGC) performed in heart cut mode

Since the first application by Simmons and Snyder in 1958, where the authors reported a coupling
of two 50m capillary columns using a pneumatically operated diaphragm six-port valve, several
advances were done in the field of multidimensional gas chromatography [Simmons and Snyder
1958]. As reported by Tranchida in 2012, nowadays the transfer systems between the two columns
can be classified in three groups: (I) in-line valve, (II) out-line valve and (III) valveless systems
[Tranchida 2012]. For in-line valves, a valve interfaces the two columns in a direct manner;
differently out-line valves are employed to regulate the direction of gas flow towards the column
interface, while valveless systems are rarely used. Regardless of the type of system used,
multidimensional gas chromatography, performed by means of a Deans Switch transfer device
[Deans 1973], works by means of two different operational modes [Tranchida 2012, Marriott 2016,
Nolvachai 2017]. In stand-by mode, all the analytes eluting from the 1D column are directed to
the detector in the 1D. Differently, when the cut mode is activated, the stream of gas carrier leads
the target analytes from the 1D to the 2D, to perform a complementary separation prior to the
detection. As already highlighted in the previous section, this kind of system will allow a higher
peak capacity, ever more for those sample having a wide concentration of analytes. However,
increasing the amount of heart cut windows in the first dimension may complicate the separation
of the previous separated compounds in the 2D. To these aims, the capability to operate with
independent temperature programs may be beneficial to reduce this issue. In fact, MDGC
separations can take place or by employing a single oven, or by means of multi oven systems. A
very first application was demonstrated by Fenimore in 1973, where the secondary oven allowed
to use a lower temperature in the second column [Fenimore 1973]. In this concern, two oven
configuration allows to develop faster analysis, still providing higher resolution separations. By
setting a secondary oven program temperature in the 2D, the analytes transferred from the 1D can
be better re-focused, and thus orthogonally separated prior to the detection. Moreover, columns
with a low thermal stability, as chiral or wax columns, can still be used in combination with methyl
polysiloxane ones, by employing two independents temperature programs. A further way to
improve the resolution performance of a twin-capillary system can be achieved by using an

additional pressure source connected to the columns connection point.

A MDGC system, characterized by a microfluidic transfer device was proposed by Agilent
Technologies [McCurry 2003, Quimby 2007]. As already highlighted, optimal conditions for
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MDGC operations, namely stand-by, cut and backflush, are provided by employing an electronic
pressure control. The interface system is composed of five ports: two of them are connected to the
first and second column, while another one is linked to a restrictor, with the same flow resistance
as the second dimension. This requisite is important, since the pressure drop along the first column
needs to be constant during stand-by and cut. Otherwise, in cut mode the retention times will be
shifted with respect to the previous st-by analysis, denying an efficient MDGC analysis. This
restrictor is also connected to a detector to register the first-dimension separation. Figure 3.3
resumes the two operational modes, namely st-by (bypass) and cut (inject). During the st-by mode,
the solenoid valve directs the auxiliary flow to the left part of the Deans switch, which is connected
through a channel to the port of the secondary column. Herein, as visible in the Figure 3.3, the gas
flow is divided in two parts. Whilst the first part is directed to the second column, the other part is
mixed with the first-dimension flow and arrives at the restrictor. When the valve is activated, the
flow is directed on the side of the transfer device connected to the restrictor. At this level, the gas
flow is again split. In this case one part is directed to the restrictor, while the other part is mixed
with the first-column flow and directed to the second column. The main disadvantage of this
system is that the capillary linked to the stand-by detector needs to be characterized by the same
flow resistance of the secondary column: it means that both the second column and the restrictor

needs to be replaced when changing the configuration.
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Figure 3.3 Scheme of the Agilent Deans switch operating in bypass (st-by) and inject (cut) modes

Few years later Gerstel commercialized another system based on the Agilent capillary flow
technology [Sasamoto 2010], with the name “selectable 1D/2D GC-MS”. In this system, the same
mass spectrometer is able to perform both GC-MS and MDGC-MS. Since the same MS system is
employed in stand-by and cut analysis, the peaks subjected to these separations appear in the same
chromatogram. Although this system is surely interesting, it has a main drawback, related to the

uncapability to perform multiple heart cuts, which have limited its diffusion.

A further efficient MDGC system based on Deans-switch transfer device was proposed by
Shimadzu Corporation. In this system, 1 and 2" column are placed in two different ovens and
are connected by means of a thermally stable and chemically inert steel interface. This component
is placed in the 1D oven, simultaneously connected to an auxiliary pressure system and to a 1D
detector to perform stand-by analysis. As visible in Figure 3.4, the Deans-switch is composed of
three different fused silica restrictors (R1, R2, R3), able to operate in a st-by (a) and a heart cut (b)
mode. In both the operations, stand-by and cut, an auxiliary pressure system drives a constant gas

pressure to the R3 and to a two-way solenoid valve. The latter is connected to the restrictor R2,
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which can produce a pressure drop higher than that generated by R3. In this concern, in the stand-
by mode the valve is closed, and the driving pressure force will obviously lead the analytes eluted
from the 1D column to the detector in the first dimension. Differently, when the solenoid valve is

opened, the analytes from the 1D are directed to the 2D one.

With respect to previous systems, this system is able to overcome limitations associated to multiple
heart cut operations. Thanks to the configuration with three restrictors, no retention time shifts will
happen during heart cut operations, as well as the fluctuations in terms of retention times after each

run.
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Figure 3.4 Scheme of the Shimadzu Deans Switch operating in st-by (a) and cut (b) modes

Dealing with MDGC application performed by means of the Shimadzu Deans Switch, several
parameters need to be monitored to efficiently heart cut target retention windows. In a conventional
condition, with the coupling of two full length columns having the same characteristics (30m, 0.25
x 0.25), injection pressure and auxiliary pressure cover a primary importance to perform a heart
cut process with a recovery equal to 100%. Moreover, also temperature programme in both the 1D
and 2D dimensions needs to be accurately optimized, as well as temperature rate. Otherwise, a no
efficient transfer will take place since some components will remain in the first operating column
(Recovery < 100%). This issue is very limiting for quali-quantitative aims but ever more in the
case of the coupling to particular detection systems as IRMS, since it may produce unreliable data
[Juchelka 1998]. In this concern, Figure 3.5 reports an example of a working method, to be
optimized prior to perform such MDGC analysis. As visible in Figure 3.5(a), when the valve is

closed, the auxiliary pressure leads to a pressure drop related to R3, driving the components eluted
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from the 1D column to the 1D detector. In detail, the R3 generates a AP3 of 0.5 kPa, pushing the
analytes from the 1D column to the 1D detector. In the cut mode a pressure driving force pushes
the analytes coming from the 1D column to the 2D one. When the valve is opened, R2 can generate
a pressure drop (128.8 kPa) higher than that generated by R3 (129.5 kPa). It’s clear that such
pressure conditions allow to drive the analytes from the 1D (129.5 kPa) to the second one (128.8
kPa).

(@) Aux (b) A
1130,0 kPa 1 130.0 kPa
i
EV
-
l Ry wl Ry
R, (AP,=0.5 kPa) R, (AP,=1.2 kPa)
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Recovery 100%

Figure 3.5 Explained scheme of the working operation for the Shimadzu Deans Switch

Another instrument based on the Deans switch transfer device was introduced in 1991 by
Brechbiihler, named moving capillary stream switching (MCSS). This system allow the diversion
of the effluent from the 1D to the 2D by means of the movement of the 1D capillary inside an
inverted dome, as reported in Figure 3.6. By means of the combination of a transmission rod and
an electrically activated magnet, a longitudinal movement of the 1D capillary is achieved. In stand-
by mode, the 1D capillary is positioned above the middle of dome to direct the effluent to the 1D

detector. When solute transfer involves, the capillary is moved upwards to allow this transfer.
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Figure 3.6 Scheme of the Brechbiihler Deans Switch in the “no cut” and “cut” positions

As shown, MDGC systems based on Deans Switch transfer devices are surely one of the answers
to increased peak capacity for the analysis of complex samples. In the next paragraph (3.2.4) and
chapters (Chapter 4 and Chapter 6), a deep discussion will deal with their employment in the field
of preparative gas chromatography, isotopic ratio mass spectrometry and enantio-selective gas

chromatography.

3.2.3. Multidimensional preparative gas chromatography

Preparative gas chromatography (prep-GC) is an analytical technique able to guarantee the
isolation of target components from a matrix, in order to collect them for various further
application [Kim 2012]. In the case of the isolation of unknown components, the collection is
usually followed by elucidation structural analysis, as mass spectrometry (MS) and nuclear

magnetic resonance (NMR). Figure 3.7 shows a conventional prep-GC system.
Injector

DET 1

Collection
system

Figure 3.7 Scheme of a conventional monodimensional preparative gas chromatography
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As visible, at the end of the chromatographic column the eluent can be directed or to the detector
or to the collection system by a switching device. Typically, the eluent is first directed to the
detector to identify the target chromatographic zone; after, in a successive analysis that zone will
be collected. Dealing with separation system, the employment of packed column was usually
preferred in the past. Since a higher amount of sample volume can be injected for run, thus a higher
amount of target analytes can be collected. Conversely, packed columns suffer of renowned lower
efficiency with respect to capillary columns. In the case of complex natural samples, this drawback
can be really limiting. Due to the low efficiency, more than one component will be collected for
each analysis, drastically complicating the successive identification step. Complementarily, while
conventional capillary columns have a renowned higher efficiency, on the other hand the lower
capacity allow to collect only few micrograms of target analyte for run. Moreover, the injection of
high amount of sample leads to peak overloading which definitively compromise the efficiency of
the columns. In this concern, wide bore capillary columns (0.53 mm [.D.) were the most suitable
for preparative aims, since they can accommodate a larger amount of sample. However, as well as
packed columns, they suffer of low efficiency in the case of the analysis of complex samples. To
these aims, multidimensional gas chromatographic methods, by means of Deans switch transfer

device, were developed over the years to overcome these limitations.

Eyres et al., in 2008 developed a new preparative MDGC system to allow a suitable collection of
geraniol in a mixture of essential oils [Eyres 2008]. In this system, target components were heart
cut to the 2D through a programmed sequence of trap/release events, achieved by the
longitudinally modulated cryotrap (LMCS). By injecting a sample composed by lavender and
peppermint essential oils, geraniol resulted co-eluted with other six components in the first
column. Once developed the MDGC approach, at the end of the second column geraniol was

efficiently transferred by means of the Deans switch and trapped with a high degree of purity.

A very step forward in preparative gas chromatography was done in 2012, when Sciarrone et al.,
developed a novel triple deans-switch multidimensional preparative gas chromatographic system

[Sciarrone 2012, Sciarrone 2014], whose scheme is reported in Figure 3.8.
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Figure 3.8 Scheme of the MDGC preparative system developed by Sciarrone ef al. [Sciarrone
2012]

By means of the combination of three different stationary phases, namely apolar-wax-ionic liquid,
the authors demonstrated the capability to isolate key target components with a very high degree
of purity. In detail, the authors aimed to collect carotol from a complex essential oil, by comparing
both monodimensional and multidimensional systems. By means of the monodimensional
approach, carotol resulted still “contaminated” by the co-eluting peaks, with a reduced collection
purity degree. On the other hand, the multidimensional approach, performed by combining 0.53
mm [.D columns, allowed to collect carotol with a purity > 99%, drastically reducing total time
analysis. Consequently, 2.22 mg of carotol were efficiently collected in a total analysis time of

216 min.

In other application, MDGC prep system is coupled off-line to several elucidation structural
systems, as NMR, MS, FTIR to identify unknown chemical components [De Grazia 2022], prior

also to investigate its biological activity.

3.3 The coupling of gas chromatography to mass spectrometry (GC-MS)

As discussed in the previous paragraphs, gas chromatography separates components in a mixture
in relation to their retention times, and thus accordingly to their physic-chemical features.
Generally, routine GC detector as flame ionization detector (FID) produces a chromatogram,
which is the result of the different electric signals registered at the elution time of each component
from the chromatographic column. By these means, peak identification is limiting, since it depends
only on retention time, which may greatly vary modifying GC conditions. Differently, when
coupling gas chromatography to mass spectrometry (MS), each component will produce a typical
mass fragmentation spectrum, providing new helpful information for identification. The

chromatogram produced by the MS will be the sum of a series of mass spectra, related to the
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components eluted from the GC column. In this paragraph, a brief description of mass

spectrometry principles and the main mass analysers is provided.

From an historical point of view, mass spectrometry was introduced by Thomson, Aston and
Dempster at the beginnings of twentieth century [Thomson 1897, Thomson 1907, Aston 1918,
Dempster 1919].

Dealing with the coupling to GC, mass spectrometers ionizes, separates, and thus detects all the
volatiles eluted from the chromatographic column. In this concern, Figure 3.9 shows a simple

scheme of the main components of a MS.

Mass spectrum

under vacuum

Figure 3.9 Schematic of the main components of a MS system (coupled to GC)

As visible, a MS is composed of an inlet system (in this case the GC column), which works under
atmospheric conditions. Differently, ion source, mass analyser and detector operate under vacuum
conditions (from 10 to 107 bar). Vacuum is necessary in order to guarantee the integrity of the
molecules coming from the GC, as well as their reproducible ionization, run by run. These
conditions ensure that, once the ion is produced in the ion source, it will move to the mass analyser
without collision with other molecules. Dealing with the coupling to GC, a vacuum-sealed transfer
line is needed: its temperature is normally higher than that of GC oven to avoid possible re-
condensation phenomena. The most employed ionization mode in GC-MS application is surely
the electron ionization (EI). Nowadays, El is still the ionization technique of choice for the analysis
of organic molecules having low-medium polarity and a molecular mass under 1000 Da. By
applying an electron energy of about 70 eV, highly reproducible spectra are produced for each
target component, performed on the same on or different types of instruments. This discover has
carried out to the development of EI mass spectral databases, named libraries (National Institute
of Standards and Technology NIST). Coming back to electron ionization process, in an EI source,
a resistively heated metal filament, made of rhenium or tungsten, produces the beam of ionizing
electrons. Electrons are thus accelerated towards an anode and collide with the gaseous molecules
provoking their ionization. This process takes place by means of the ejection of an electron from

the analyte, according to the following formula:

45



Chapter 3: Gas chromatography and multidimensional gas chromatographic systems

M+e > M*™ +2e”

where M represents the neutral molecule in the gas phase. Once the collision takes place, a radical
cation, or an odd-electron (open-shell) ion is generated. Since only 20 eV are transferred to the
neutral molecule for ionization, it’s clear that the excess energy is responsible for other
fragmentations starting from the radical cation, leading to the typical fragmentation pattern of each

analyte.

After the ionization, molecules are led to mass analyser, which will separate the ions produced

according to their mass to charge ratio (m/z).
Single quadrupole

Quadrupole mass analyser was first described by Paul and Steinwedel in 1953 [Paul and
Steinwedel 1953]. A single quadrupole mass analyser is composed of four parallel hyperbolical
rod electrodes, having a squared configuration [Campana 1980, Miller 1986, Dawson 1986]. A

scheme is provided in Figure 3.10

Detector

Resonant fragmcn\

Non resonant fragment

X

Ton source DC and AC voltages

Figure 3.10 Schematic representation of single quadrupole mass analyser

Opposite rods are each maintained at the same potential (positive or negative), composed by a
direct-current (DC) and an alternating current (AC). When the combination of a radiofrequency
(RF) and DC is applied to the electrodes, a high frequency oscillating electric field is generated,
able to separate ions once they cross the quadrupole. Opposite rods are connected electrically in
pairs, and each pair will have the same potential with an opposite sign. Once a positive ion enters

inside the quadrupole, it will be attracted towards the negative rods. When the potential changes,
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the ion will modify its trajectory, avoiding to discharge against the negative rod. Typically, rod
voltages are modified periodically, and attraction and repulsion forces will be alternated. In this
concern, at specific values of DC and RF potentials, only target ions having a specific m/z range
will have a stable trajectory and are able to be detected (red trace in Figure 3.4). Otherwise, they
will collide in the rod with opposite sign (blue trace in Figure 3.4). In this concern, Mathieu
equations describe the theory of ion travelling along the quadrupole [McLachlan 1947].
Quadrupole mass spectrometers (qQMS) are by far the most employed analyser in GC-MS
application. Since this device is a scan mass analyser, the operator can work both through

untargeted (full scan mode) and targeted (SIM, selected ion monitoring) analysis.
Triple quadrupole mass spectrometry

Triple quadrupole is a linear combination of three quadrupoles. In this concern, only the first (q1)
and the third quadrupoles (q3) are to be considered as mass analysers since they operate with a
combination of a DC and a RF for mass selection. Differently, the second quadrupole (q2) is
normally a hexapole or an octapole with a fixed voltage, and operates as a collision cell with ion
focusing properties. By these means, the first quadrupole is set to transmit a specific m/z; the
second quadrupole produces a fragmentation, while in the third quadrupole the ions produced are
analysed. Generally, four types of scanning mode are used, namely the product ion scan, precursor

ion scan, neutral loss scan and selected reaction monitoring as visible in Figure 3.11
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Figure 3.11 Schematic of the main operational modes of a triple quadrupole mass spectrometer

Product ion scan mode is carried out by setting the first mass analyser (MS1) to a specific m/z
value, while performing a scan on a range of m/z value in the second mass analyser (MS2). This
procedure is the most known MS/MS approach, and it is typically employed for structural
elucidation aims. Contrarily, precursor ion scan is performed by scanning a mass range in MS1,
while a target m/z is set for MS2. In the neutral loss scan mode, both the mass analysers operate
with the same scan speed, while MS2 is shifted by a determined m/z value with respect to the first
one. In selected reaction monitoring, target transitions of m/z values from a precursor to specific
ions produced are monitored along the analysis. Since more transitions can be performed in an

analysis, this approach is also called multiple reaction monitoring (MRM).
Magnetic sector (Isotope ratio mass spectrometry)

Magnetic sector are by far the preferred mass analyser for precise determination of isotope ratios.
This mass analyser is superior to the quadrupole one for different reasons, as already discussed in
the Chapter 1. Thanks to its operational mode, it can be set for multiple-collector analysis,
providing high-quality peak shapes. These conditions are of primary importance for isotope ratio

analysis, since a high precision and accuracy is required (Figure 3.12).
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Figure 3.12 Scheme of the magnetic sector employed in an isotopic ratio mass spectrometer

As already discussed in the IRMS section, this type of mass spectrometer was developed by Alfred
Nier, and is also called as “Nier type” [Nier 1940]. In this instrument, ion separation in mass
analyser will depend on the different trajectory provided by the magnetic sector. Beams having
lighter ions will bend at a smaller radius with respect to beams with heavier ions. After that, the
current of each ion beam is then measured employing Faraday cups, each set at a specific m/z
value. A deep discussion related to the coupling of IRMS to GC will be provided in the next
Chapter.
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Chapter 4

The coupling of monodimensional and
multidimensional gas chromatography to isotopic ratio

mass spectrometry

4.1 Gas chromatography coupled to isotopic ratio mass spectrometry (GC-C-

IRMS)

The very first study relative to the compound specific isotopic analysis is attributed to Sano, related
to an application about '*C-labeled methyl benzoate, and its metabolites in human urine [Sano
1976]. In this research, the authors coupled a gas chromatograph to a mass spectrometer by means
of a combustion interface, which was able to produce COz. The first term used by Sano for this
application was “mass fragmentography”, and only in 1978 was substituted by Matthew and
Hayes, who introduced the term “isotope ratio monitoring GC/MS” [Matthew and Hayes 1978].
After that, Barrie in 1984 developed a dual collector system, which represented the very first gas
chromatograph coupled to combustion chamber and to isotope ratio mass spectrometry (GC-C-
IRMS). However, only from 1990 GC-C-IRMS has become commercially available [Meier
Augestein 1999], experiencing several advances along the years. In general, the instrumental
configuration of GC-C-IRMS combined the high precision of IRMS with the high purification
effect of GC separation, reducing laborious sample clean-up procedures. The main components of

a GC-C-IRMS system are shown in Figure 4.1.
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Figure 4.1 Typical instrument configuration of a GC-C-IRMS system

Briefly, the analytes separated in the GC column are directed to the combustion tube to produce
the required gases prior to IRMS detection. Dealing with 6'°C values determinations, the
combustion interface is provided with a source of Oz, in order to guarantee the formation of CO2
and H20 from the organic matter analysed. Generally, this reagent is composed of CuO, with Pt
as catalyst, able to produce O2. However, to preserve the integrity of the catalyst, the solvent from
the GC run needs to be diverted far from the furnace. Generally, the end of the 1D capillary
column, as shown in the Figure 4.1, is both connected to the combustion interface, and or to a
backflush system or a valve, to deflect the flux of solvent peak. In this concern, the valve is both
able to push the solvent peak to the backflush, and the analytes to the combustion chamber when
required. In some cases, the flux may be also directed to another detector. Dealing with carbon
isotopic application, after the combustion process, all the organic matter is converted to CO2 and
H20. However, water must be removed after combustion. Otherwise, it may interfere in the
detection of COz since it can produce HCO:", interfering with the analysis of the fragment 45
(related to "*C contribute). To overcome this limitation, the analyte stream is passed through a
semi-permeable membrane as Nafion. At this level, a dry helium counter flow is used to remove
the water. Along the process, the flow rate of the analytes is monitored by an open split, to provide
a stable flow rate to the IRMS. After the ionization, CO: ions are deflected by a magnetic sector
(section 3.3), and finally detected by Faraday cups. In the case of carbon isotopic analysis, Faraday

cups are set to detect 44, 45, 46 fragments of COx.

When developing a new method in GC-C-IRMS, much care must be paid to avoid isotopic
fractionation, since it may lead to unreliable results [Sessions 2006]. For this discussion, the term

isotopic fractionation is only related to isotopic shifts associated to chromatographic factors as
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injection, separation, and peak resolution. Starting from the injection, isotopic fractionation may
involve in the case of no-quantitative transfer from the injector. Such an issue did not influence
on-column injections at all, since all the matter is directly injected into the column. Contrarily, in
the case of split/splitless injections, it may be limiting since part of the organic matter is diverted.
However, in literature no relevant shifts in terms of isotopic ratios were reported for splitless
methods, and by applying programmable-temperature vaporizations (PTV). When using
split/splitless injectors in split mode, part of the vaporized matter is vented, while only a specific
fraction is sent to the column: in these conditions, isotopic fractionation may easily involve.
However, literature studies by Wang and Li research groups’ have not found isotopic fractionation
when operating with different split ratios [Wang 2001, Li 2001]. In this concern, Zwank et al.
compared on-column, splitless, and split (50:1) methods for volatiles, highlighting how all the
methods are suitable for IRMS application [Zwank 2003]. Beside liquid injection, also other
injections technique, as solid phase microextraction (SPME), were evaluated. In this concern,
Harris highlighted how both SPME and purge and trap procedure are reliable methods for IRMS

measurements, once optimized injection conditions [Harris 1999].

Whilst the description of injection methods highlighted how no critical fractionation processes
typically involve, on the other hand peak separation represents a critical matter. The need of a
baseline resolution for each target volatile detected by the IRMS is a cornerstone of the coupling
with gas chromatography. In the case of co-elutions between key components, unreliable results
will be detected. This issue is so much limiting that, often, different type of analysis (consisting of
different injection volumes) are needed to fully determine the 6'3C of key volatiles in a sample
[Schipilliti 2011]. In other cases, this issue has been often underestimated in literature, although it
can provide wrong isotopic results. Briefly, this matter lays its basis in the detection of the CO2
peak from the IRMS. As already shown in Figure 4.1, after the GC run the analytes are all
converted to COz, prior to the detection of the isotopomers **CO2 and *CO>. However, as reported
by several research works, these species elute at different times leading to a no homogeneous
distribution along an entire peak of COz. This behaviour was called as “chromatographic isotopic
effect”, since it involves when coupling a chromatographic system to IRMS. In this concern,
Figure 4.2 shows how the mass *CO2 (green peak) elutes 180ms earlier than mass **CO2 (blue

peak).
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Figure 4.2 Gas chromatographic isotopic effect of COz along a GC-C-IRMS analysis

If plotting this distribution in a graph, defined as S shape [Mosandl 1995], it is clear how the ratio
4344 will be more affected by the mass **COz in the initial part of the peak, while the tail will be
more influenced by the mass **CO». Dealing with HPLC-IRMS, other research groups highlighted
the opposite behaviour, since mass **COz elutes earlier than mass “*COz. Investigating on the
reasons about chromatographic isotopic effect, Matucha described how this uneven distribution
might be related to different retentive forces between the column and COz species [Matucha 1991].
In any cases, due to the uneven distribution of COz2 species along the peak, an overlap between
two target components results critical for the detection of their 5'*C values. In order to overcome
these issues, some attempts were done by employing a mathematical deconvolution to resolve
coeluting peaks [Goodman 1995], but these systems are not still incorporated into commercial
software. Moreover, in the case of co-elutions of more than two components, this approach is not
able to provide a right response. For these reasons, the employment of multidimensional gas
chromatography can represent the solution to increase the peak capacity prior to the detection, as

described in the next paragraph.

4.2 Multidimensional gas chromatography coupled to isotopic ratio mass

spectrometry (MDGC-C-IRMS)

When dealing with complex samples as flavours or environmental mixtures, sample preparation
often includes several steps in order to isolate the key components, whose isotopic determination
is required. This procedure is carried out to simplify the gas chromatographic profile prior to the
IRMS detection. Otherwise, the presence of very crowded zones along the chromatogram may
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lead to co-elutions, compromising the reliability of the method. In this concern, with the aim to
overcome complicated separation steps, and to reduce total time analysis, multidimensional gas

chromatography was considered as a suitable way to purify target components.

The coupling of MDGC to IRMS had its 30" birthday this year, starting from the very first
application by Nitz in 1992 [Nitz 1992]. As already reported in the MDGC chapter, the coupling
of two columns having different selectivity is the key concept of a multidimensional separation.
In the field of multidimensional techniques coupled to IRMS, the employment of MDGC based
on heart cut systems [Nitz 1992, Sewenig 2005, Greule 2008, Brailsford 2012, Casilli 2016, Ponsin
2017, Sciarrone 2018, Putz 2018] has covered a higher importance with respect to comprehensive
GCxGC techniques over the years. Whilst for quali-quantitative aims comprehensive GCxGC is
surely more suitable than MDGC, also due to the increased peak capacity, differently, for
compound specific isotopic analysis, the sophisticated system configuration complicated its
diffusion. In 2008 Tobias et al., developed a prototypal comprehensive GCxGC-IRMS system
[Tobias 2008]. According to comprehensive gas chromatography, the authors coupled two
different capillary columns (in terms of length, internal diameter, stationary phase film) by means
of a longitudinally modulated cryogenic system. Dealing with acquisition rate, IRMS resistors
were necessarily modified (acquisition rate =25 Hz) in order to enable a fast response for the very
sharp peaks provided by GCxGC separation, as well as the combustion tube. However, due also
to the complexity of the system, only two publications were carried out in this direction by the
same research group [Tobias 2008, Tobias 2011]. In general, the selection of specific target
components, performable by means of Deans Switch transfer devices, is more suitable to the
definition of compound specific isotopic analysis. The chromatographic separation with the
MDGC system allows the analysis of many components from complex matrices, as well as of
minor components in the presence of large amounts of main compounds. Since only selected
components are transferred, this operation does not overload the main column, which is directly
connected with the combustion oven. Since less matter is directed to the combustion, this feature
also allows a longer life for combustion tubes. Finally, with respect to comprehensive gas
chromatography, heart-cut MDGC doesn’t require highly specialized analysts in order to develop
efficient methods. However, in spite of the evident advantages related to an increased resolution
power provided by MDGC, this system is not routinely hyphenated to an IRMS detection (all the
research works published are carried out on prototypes). Indeed, searching on scientific search
engines in October 2022, very few works have been published coupling a MDGC system to IRMS.
Specifically, by searching on Scopus the key words “GC” and “IRMS”, more than 1200 results

are found; differently, by searching “MDGC” and “IRMS” less than 20.
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However, the issue associated to insufficient resolution assumes great importance for IRMS
detection, with respect to common MS systems. Such a limitation is of primary importance, since
co-elutions involve in unreliable isotopic results. Dealing with the first MDGC-C-IRMS prototype,
the system proposed by Nitz consists of a double oven equipped with capillary columns having
complementary selectivity; the transfer device was based on a Deans switch system, operating in
heart cut mode [Nitz 1992]. The author compared the performance of a monodimensional GC-C-
IRMS with a multidimensional C-IRMS. In general, the &°C values obtained by both
configurations were very similar each other for baseline separated peaks (Table 4.1). Instead, many
differences were found for components co-eluted in the monodimensional approach. In detail, Nitz
highlighted how ethyl 2-methylbutyrate and cis-3-hexen-1-ol could not be satisfactorily separated
from co-eluting substances to the extent that the determination of the isotope ratio was not possible
[Nitz 1992]. Only by means of a MDGC system, a reliable determination of the 6'°C values was
achieved. Whilst the 8"°C of ethyl 2-methylbutyrate was undetectable with a monodimensional
approach, on the other hand with a MDGC approach its 6*C value was equal to -27.20%o.
Similarly, cis-3-hexen-1-ol registered a difference of two point of 6'>C, between monodimensional

(-32.95%0) and multidimensional approach (-34.99%o).

oBC
GC-C-IRMS | 63C GC-
Number Component MDGC-C-

separation C-IRMS

IRMS

1 Ethyl 2-methylbutyrate ~ Co-eluted - -27.20

2 Trans-2-Hexenal separated -29.23 -29.71

3 1-hexanol Co-eluted -30.91 -32.49

4 Cis-3-hexen-1-ol Co-eluted -32.95 -34.99

5 Trans-2-hexen-1-ol separated -31.09 -31.12

Table 4.1 6'3C values comparison between monodimensional and multidimensional approaches

(all the standard deviations were under 0.5 %o)

In 1998, Juchelka et al., investigated in depth the potentiality of a MDGC system coupled to IRMS
detection [Juchelka 1998]. The author evaluated the response of an IRMS system comparing bulk
EA-IRMS, GC-C-IRMS and MDGC-C-IRMS analysis. As already highlighted by Nitz, in the case
of baseline resolved components, no differences are expected in terms of §'°C values. From a gas

chromatographic point of view, Juchelka et al., highlighted the need of specific cut windows for
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the transfer of each target component [Juchelka 1998]. As visible in Figure 4.3, target component
(Peak 2) in a MDGC analysis must be entirely transferred from the 1D to the 2D, in relation to the

retention time in the previous stand-by analysis.
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Figure 4.3 Data comparison between 1D st-by analysis (black trace) and 1D cut one (pink trace)

Otherwise, in the case of premature or delayed cuts, more positive or more negative 6°C values

will be obtained with respect to conditions of complete cuts, as visible in Table 4.2.

O03C (%o) 5-nonanone menthol y-decalactone
Complete cuts -27.84 -26.61 -30.05
Premature cuts -3.58 -14.70 -13.09

Delayed cuts -57.06 -71.60 -91.28

Table 4.2 6'°C values comparison among complete cuts, premature cuts and delayed cuts

In the case of anti-doping analysis, GC-C-IRMS is considered one of the preferred techniques to
unveil the presence of synthetic hormones in urine. However, several procedures, including liquid-
liquid extraction, solid phase extraction and high pressure liquid chromatography (HPLC) clean
up, are needed before the injection of the target hormones for GC-C-IRMS analysis. To these aims,
Brailsford ef al., and Casilli et al., developed efficient MDGC-C-IRMS systems, able to eliminate
the HPLC step, reducing total time analysis [Brailsford 2012, Casilli 2016].
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Moving to the field of flavour and fragrances, Sciarrone et al., developed a new MDGC-C-
IRMS/gMS system [Sciarrone 2018] for the analysis of truffles and truffle based food products
(Figure 4.4).

Injector FID

H 0 IRMS
[]

Magnet m/z
44

7 ) ,,,ff//’\i\\\ XA -

(( ) ),. Q\Q\ ,
\ /‘ ‘ \ r Combustion Oven /"
\ A / N
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Figure 4.4 Scheme of the MDGC-C-IRMS prototype developed by Sciarrone [Sciarrone 2018]

The system consisted of two GC ovens, equipped with apolar (1D) and ionic liquid stationary
phases (2D), and interfaced by means of Deans switch transfer device. In stand-by mode all the
analytes were directed to the FID in the 1D, to select a proper cut window to transfer
bismethylthiomethane for the 2D detection. With respect to other systems, the flux from the 2D
column was split to the IRMS and to a single quadruple MS (qMS). The presence of the qMS
allowed to confirm the identity of the peaks transferred from the 1D to the 2D, by comparing MS
fragmentation spectra with those recorded in MS spectral fragmentation libraries. Extra-column
band broadening has been greatly reduced thanks to the optimization of the microcombustion
furnace and to the elimination of the heart-split valve, not necessary in a multidimensional

configuration.

The next chapter will deal with a deep comparison between monodimensional and
multidimensional C-IRMS systems, and the critical errors in case of co-elutions, in order to

highlight even more the need of MDGC systems for the analysis of complex samples.
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Chapter 5

Overcoming the lack of reliability associated to
monodimensional gas chromatography coupled to
isotopic ratio mass spectrometry data by heart-cut two-

dimensional gas chromatography

5.1 Introduction

Since the earliest stages of its development, gas chromatography coupled to combustion isotopic
ratio mass spectrometry (GC-C-IRMS) has proven to be much suitable to assess the authenticity
of natural samples, based on the isotope ratio measurement of different elements of key volatile
compounds. To this regard, GC-C-IRMS has been the workhorse in different fields, including
environmental, geochemistry, drugs, food and beverage, and flavour and fragrance [Meier
Augenstein 1999]. The investigation of key elements, mainly carbon ('*C/'?C), hydrogen (D/H),
and nitrogen (>N/'“N), allowed in many cases to highlight fraudulent practices across a wide range
of food, beverages and natural ingredients [Camin 2016]. Among the latter, essential oils have
been extensively studied as key components of high economic value in cosmetics and in
the food and beverage industry, whose composition and market price may vary greatly, depending
on the geographical origin. The increasing demand for “premium quality” products has led to
fraudulent actions, aiming to imitate the composition of natural essential oils, mainly in terms of
their major volatile constituents. Different techniques have been applied to ascertain the
genuineness of essential oils successfully, by the thorough investigation of both the volatile and
non-volatile fractions [Cacciola 2017, Do 2015]. However, nowadays more sophisticated
adulteration approaches are hardly detected, by these means. GC-MS and GC-FID have been
employed successfully to detect the presence of foreign compounds in essential oils, revealing
adulterations based on the addition of cheaper oils. Likewise, the presence of synthetic compounds
remained undetectable, until investigation of the enantiomeric distribution became feasible
[Schmidt 2016]. Soon after the introduction of capillary GC columns equipped with chiral

selectors, enantio-selective (Es) GC [Gil Av 1970] has been exploited to unveil fraudulent
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additions, through the evaluation of the enantiomeric excess of specific key compounds; later on,
multidimensional Es-GC was also implemented by Schomburg et al. [Schomburg 1984]. Chiral
components in vegetable oils from different sources are characterized by distinctive enantiomeric
ratios, as related to the biosynthetic pathway and plant metabolism. Consequently, their addition
can be easily revealed down to certain percentages, if reference data are available for the genuine
samples. Chiral approaches allowed to easily detect the addition of synthetic compounds such as
limonene, linalool and linalyl acetate as racemic mixtures, resulting in final enantiomeric ratios
different from those of the original oil [Bonaccorsi 2011]. In this context, extensive work has been
carried out by Dugo’s research group, who reported the use of different approaches, including GC-
FID, GC-MS, Es-GC [Bonaccorsi 2011, Dugo 2012, Bonaccorsi 2012, Schipilliti 2012, Dugo
2010] and GC coupled to combustion-isotope ratio MS [Dugo 2012, Bonaccorsi 2012, Schipilliti
2012], for the analysis of oil volatile fraction. Aiming to make it more and more difficult to
highlight the fraudulent addition of chiral compounds from different origins, these components are
selected from natural sources with enantiomeric distribution identical or similar to that of the
genuine oil. Several chiral compounds extracted from natural sources are available on the market,
such as linalool from ho oil, coriander oil or lavandin oil, and linalyl acetate from lavandula [Do
2015]. In these cases, more sophisticated analytical tools are required to give evidence of the
characteristic parameters related to the plant origin. The measurement of the & '*C isotopic value
of the volatile fraction by means of GC-C-IRMS is a valid method to assess sample genuineness,
delivering highly precise measurements of the major sample components (£ 0.01%0—0.2%o) [Meier
Augenstein 1999]. Yet, a number of specific problems strictly linked to the operational mode of
this technique have severely limited its spreading. Even if data related to GC-C-IRMS are available
in literature since the late 70°, the feasibility of this approach has been seriously hindered by an
insufficient separation of the analytes, originated by the system dead volumes associated to the
combustion step. This has in turn resulted in low reliability of the GC-C-IRMS data obtained from
unresolved peaks. Unlike other MS approaches where neighbouring compounds, although
coeluted, can be still identified by exploiting deconvolution, extracted-ion or tandem-MS
approaches, in IRMS detection a partial peak integration would compromise the reliability of the
measurement, for the well-known chromatographic isotope effect of CO2 [Meier Augenstein 1999,
Brenna 1997]. A complete separation is thus mandatory since, differently from the cited MS
techniques, the & '*C measurement is thereby achieved after conversion of all organic components
to COz. To this purpose, the coupling of two (or more) stationary phases, characterized by different
selectivities, affords increased separation capabilities for unresolved peaks. In heart-cut two-

dimensional GC (HC-MDGC), selected fractions are transferred from a first to a second full-length
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column by means of a Deans switch device, whereas in the comprehensive mode only a short
column segment is used [Tranchida 2012]. Dealing with HC-MDGGC, it is noteworthy that, to the
best of our knowledge, very few papers have reported the use of multidimensional separation
coupled to IRMS [Nitz 1992, Juchelka 1998, Nara 2006, Brailsford 2012, Casilli 2016, Ponsin
2017, Putz 2018, Sciarrone 2018]. This gives evidence that most research is still being conducted
using one-dimensional chromatography. Moreover, most of these works reported the use of
MDGC techniques as a mean to accelerate the sample purification procedure and increase the
automation of the IRMS processes [Brailsford 2012, Casilli 2016, Putz 2018], while among the
others, little insight was made into the causes of wrong '*C/!C ratio measurements resulting from
peak coelution. The importance of applying a multidimensional separation to enhance the accuracy
and precision of isotopic measurements has been highlighted in a limited number of studies [Nitz
1992, Nara 2006, Ponsin 2017, Sciarrone 2018].

This work aims to urge IRMS practitioners to carefully evaluate the reliability of §'3C data
obtained by means of monodimensional GC-C-IRMS, given the likelihood for a few critical issues.
Although the detrimental influence of peak co-elutions is well known, this problem appears to
have been often underestimated, so far. Hereby, a set of essential oils were selected as model
samples, to provide a critical comparison of the reliability of §'*C data obtained by means of
monodimensional GC-C-IRMS, vs. MDGC-C-IRMS. In the latter, a Deans switch system already
reported in various application by our group [Mondello 2008, Panto 2015] was employed, for the
coupling to a secondary separation column, consisting of polyethylene glycol. Finally, a medium-
polarity ionic liquid phase was exploited as secondary column in the MDGC system, with the aim
to investigate the influence of the column bleeding on the 6 '*C data for late eluted components,

thanks to the higher thermal stability with respect to the polyethylene glycol column.

5.2 Materials and methods

5.2.1 Samples and sample preparation

Cold-pressed bergamot essential oil was kindly provided by Capua S.r.l. (Italy), while
helichrysum, myrtus and rose essential oil samples were purchased in a local store (Messina, Italy).
All the samples were diluted in hexane (1:10, v/v) prior to injection into the GC system. C7-C30 n-
alkane and Cs-C24 fatty acid methyl ester mix, used for the calculation of linear retention index
(LRI) values were kindly provided by Merck Life Science (Darmstadt, Germany). Indiana mix and
iodomethane (Indiana University, Bloomington, IN) were used for the calibration of the §'*C value

of the COz reference gas.
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5.2.2 Monodimensional GC-C-IRMS/qMS

The GC-C-IRMS/MS system consisted of an AOC-201 autosampler, a GC2010 Plus gas
chromatographer (Shimadzu Europa, Duisburg, Germany), directly connected via a zero dead-
volume tee-union to 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) maintained at 850 °C. A split/splitless
injector was kept at 280 °C, with a split ratio of 50:1. A capillary SLB-5ms column, 30 m x 0.25
mm i.d. X 0.25 pm dr (Merck Life Science, Darmstadt, Germany) was operated at a constant flow
rate of carrier gas (helium) of 1 mL/min. The GC oven temperature was ramped as follows: 50 °C
to 220 °C at 3 °C/min, and then to 300 °C at 20 °C/min. The gas stream from the GC column outlet
was splitted through a zero dead-volume tee-union (Valco) to the combustion chamber and
afterwards to the IRMS and to the qMS system in the ratio 10:1, via a 0.85 m x 0.25 mm i.d. and
a 1.5 m x 0.1 mm i.d. uncoated column, respectively. The qMS ion source and interface
temperature were maintained at 200 °C and 250 °C, respectively, and a mass range of 40-400 m/z
was monitored at 10 Hz of an acquisition speed. GCMS data were acquired by the GCMS solution
software ver. 4 (Shimadzu Europa, Duisburg, Germany). The separated compounds were
identified by searching their gMS spectra against the FFNSC 4.0 mass spectral library database
(Shimadzu Europa, Duisburg, Germany), using a double filter based on the spectral similarity
results and Linear Retention Index (LRI) values. The VisION IRMS (Elementar Analysensysteme
GmbH, Langenselbold, Germany) was a bench top 5 kV system equipped with an integrated gas
delivery monitoring system. The combustion chamber was equipped with a high performing
silicon carbide tube furnace for the quantitative, fractionation-free conversion of the delivered
compounds to pure gases (CO2 and H20). The CO2 produced by combustion of each component
was transferred to the IRMS, while the water produced was removed through a nafion membrane.
The following settings were applied to the VisION system: acceleration voltage, 3789.907 V; trap
current, 600.000 pA; magnet current, 3700.000 mA. IRMS data were handled by the IonOS stable
isotope data processing software ver. 4.4.3.9348 (Elementar Analysensysteme GmbH,

Langenselbold, Germany).

5.2.3 Multidimensional GC-C-IRMS/qMS

The MDGC-C-IRMS/gMS prototype configuration was the same adopted for a previous research
from our group [Sciarrone 2018]. Two GC-2010 Plus gas chromatographs (defined as GC1 and
GC2) were connected by means of a heated transfer line (Shimadzu Europa, Duisburg, Germany).

GC1 was equipped with a Deans-switch (DS) transfer device, connected to an APC unit, which
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supplied the same carrier gas (He) (Shimadzu Europa, Duisburg, Germany) allowing to divert the
first column eluent to the FID or to the second column in GC2. The split/splitless injector was
maintained at 280 °C, with a split ratio of 10:1. A capillary SLB-5ms column, 30 m % 0.25 mm
1.d. x 0.25 pm dr (Merck Life Science, Darmstadt, Germany) was operated at a constant flow rate
of carrier gas (helium) at 2.4 mL/min: a pressure programme was used from 185 to 330.0 kPa at
1.71 kPa/min. GC1 oven temperature was ramped as follows: 50 °C to 220 °C at 3 °C/min, and
then to 300 °C at 20 °C/min. The FID (330 °C; Hz flow, 40.0 mL/ min; air flow rate, 400 mL/min;
sampling rate, 80 ms equal to 12.5 Hz) was connected to the DS device via a 0.25 m % 0.18 mm
1.d. stainless steel uncoated column and used to monitor the first column eluent. GC2 was equipped
alternatively with a SUPELCOWAX 10 column, 30 m x 0.25 mm i.d. X 0.25 um dr or a SLB-
IL601 column, 30 m x 0.25 mm i.d. * 0.20 um dr (Merck Life Science, Darmstadt, Germany),
operated under the following temperature program: 50 °C (hold for 10 min) to 240 °C at 3 °C/min.
GC2 was connected on one side to the DS device while on the other side a T-union was used to
split the effluent to the qMS and C-IRMS systems (as in the monodimensional applications). A
pressure program was applied to the APC unit to maintain the carrier gas flow rate constant also
in the second column (1 mL/min): 140 kPa to 189 kPa at 1.35 kPa/min, and to a final pressure of
265 kPa at 6.61 kPa/min. The qMS and C-IRMS conditions were the same as in the
monodimensional configuration. Apart for the IRMS, all data were acquired by the MDGC
solution control software package (Shimadzu Europa, Duisburg, Germany) allowing for setting up

the DS device parameters and to monitor both the GC1 (FID) and GC2 (gMS), simultaneously.

5.3 Results and Discussion

Reliability of the data obtained in the presence of coeluted components was evaluated, for different
samples, and the extent to which such co-elutions affected the measured 8'*C values was assessed.
Apart from the insufficient separation resulting from the sample complexity, several specific
problems were taken into account, severely hampering the usefulness of this technique. Although
the coupling of IRMS to GC by means of a combustion furnace was readily recognized as a
powerful approach toward the assessment of sample genuineness, yet this technique has
traditionally suffered from several limitations/drawbacks inherent to the characteristics of the
single techniques employed. Possible sources of potential errors may be envisaged in natural
isotopic abundances, chromatographic effects, and issues related to analytes conversion to CO2

prior to IRMS measurement.
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5.3.1 Natural isotopic abundances

Attention must be paid in GC-C-IRMS applications, especially when dealing with natural samples,
which are often characterized by a medium to high complexity and, moreover, by the presence of
compounds in a wide concentration range. The sample amount to be injected should be carefully
chosen trying to compromise between the desired sensitivity and the column capacity, i.e., trying
to attain good sensitivity for the trace components, while at the same time avoiding overloading
the chromatographic column with respect to the most abundant sample constituents. In this
concern, it is furthermore crucial not to introduce insufficient quantities of analytes, in view of the
reduced sensitivity of the technique. In fact, much higher detection limits than those observed with
other MS techniques are encountered in IRMS, due to an approximately 100 times lower natural
relative abundance of '*C compared to that of '>C. To this concern, a low chromatographic
efficiency caused by dead volumes in the system, resulting in a lower signal-to-noise ratio, will
affect the sensitivity of IRMS to even a higher extent, in comparison with other detection

approaches.

5.3.2 Chromatographic effects

In the case of carbon isotopes measurement, a significant variation is observed in the ratio between
13C and '?C along the entire chromatographic peak, where higher amounts of '*C and '?C can be
found in the first and in the last part of the peak, respectively. These differences are caused by the
fact that species which are richest in the heavier isotope result in stronger C-C bond, and thus tend
to elute in the first part (front) of a peak, while the peak tail will contain molecules with higher
amounts of the lighter isotope having weaker C-C bond. Furthermore, the background ion current
can influence the determination of the correct isotope ratio values significantly, especially for low
concentrated components (low signal-to-noise ratio). Under ideal conditions, acceptable standard
deviation values of £ 0.1%o for signals of sufficient intensity are typical, increasing to about +
0.5%o for signals close to 0.5-1 nA intensity [Ricci 1994]. It is therefore evident that, especially in
the presence of analytes at small amounts, the precision of the measurements can be much affected
by fluctuations above the accepted value of + 0.5%o. This could lead to difficulties in
discriminating between the same analytes of different origin, often characterized by small

differences in the isotope ratio values measured.

5.3.3 Analytes conversion to CO;
From the IRMS standpoint, on-line combustion of the analytes to COz2is necessary before reaching
the mass spectrometer, for measurement of the isotope ratio between m/z 44, relative to '2COz, and
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m/z 45 of '*COz. This step eliminates any qualitative information about the species from which the
CO:z2 is generated. It will be impossible to assess the origin of CO2 produced by combustion of two
or more compounds which are not (or not completely) separated by the chromatography, resulting
in the incorrect evaluation of the isotope ratio. Specifically, three cases may occur: if the coelution
affects the front of the peak, a depletion of the '3C value will be observed, due to its higher
concentration in this area, causing the measurement of a more negative value. In the opposite
situation, i.e. for coelution occurring at the peak tail, a depletion of '>C will result in the
measurement of more positive values. A third case can arise if the peak of interest is completely
coeluted: such an occurrence will be not evidenced, unless CO: ratio differentiation is used, with
consequent impossibility of rectifying the isotope ratio value. Because of the foregoing, a complete
separation of the peak before its conversion to CO2 and its complete integration, from base-to-base
level, is mandatory requirement to avoid errors arising from chromatographic isotope fractionation

[Meier Augenstein 1999, Brenna 1997, Ricci 1994].

5.3.4 Column bleed

When high-boiling compounds are investigated, attention must be paid to the presence of column
bleed because of stationary phase release at the higher temperatures. While apolar stationary
phases are characterized by high thermal stability and low bleed, more polar stationary phases
suffer from lower thermal stability, and this often leads to a pronounced bleeding effect. In this
situation, the additional CO: produced by the combustion of the stationary phase will affect the
S13C data measured, especially for low-concentrated components. Nowadays, low-bleed stationary
phases based on room temperature ionic liquids (RTILs) are available, characterized by polarity
comparable to that of polyethylene glycol (SLB-IL601) phases, but with a different selectivity.
These columns thus represent a viable separation alternative, in cases where additional resolution

is required [Ragonese 2011, Anderson 2005].

5.3.5 Monodimensional vs MDGC-C-IRMS analysis

Essential oil samples of bergamot (Citrus bergamia Risso & Poiteau), helichrysum (Helichrysum
italicum (Roth) G. Don), myrtus (Myrtus communis L.) and rose oil (Rosa damascena Mill.) were
analysed in monodimensional and multidimensional conditions. Given the lack of identification
capability in IRMS detection, due to the conversion of the organic molecules to COz, the GC
effluent was splitted between the IRMS and a gMS detector. In monodimensional applications,
identification was achieved using a commercial MS database and applying a double filter,

consisting of minimum spectral similarity and a LRI tolerance window. The GCMS software
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automatically calculated LRIs for the compounds of interest referring to C7-Cso alkanes
homologous series analysed under the same chromatographic conditions.

In multidimensional separations, since MS detection was available only after the second
dimension, in order to correctly identify and then to determine a cut window for each component
of interest, LRI values were calculated according to the 'D stand-by analysis (FID) retention times
after the injection of a homologous alkane series. Heart-cuts windows corresponding to +/- 5 LRI
units were then selected for each component of interest. In fact, since an apolar stationary phase
was exploited as first dimension GC column, it is well known that a high repeatability of +/- 5 LRI
units must be expected for each component on this stationary phase [Ragonese 2011]. According
to the different peak widths, the LRI units (cut windows) were enlarged to fit the wider
chromatographic bands. After the 2D separation, the gMS spectra acquired were first filtered
according to a minimum spectral similarity of 90% within the MS database, and afterwards
selected because of the LRI values, according to the 'D separation.

In a first step, all the samples were subjected to conventional GC-C-IRMS analyses. The need to
use a combustion furnace introduces dead volumes into the system, affecting the chromatographic
separation negatively; to this concern particular precautions need to be taken, to minimize these
phenomena. In the system here described the use of a high-performance silicon carbide tubular
furnace with a small internal diameter allowed to limit the loss of efficiency as well as to preserve
the chromatographic resolution. The high efficiency separation of a bergamot essential oil sample

(see Figure 5.1) showed no significant peak broadening in the resulting GC-C-IRMS

chromatogram.
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Figure 5.1 Monodimensional GC-C-IRMS chromatogram of a bergamot essential oil sample. For

peak ID, refer to Table 5.1.

69



Chapter 5: Overcoming co-elutions issues by means of MDGC-C-IRMS

In this case, even if the composition of the bergamot essential oil includes a high number of
components, their almost homogenous distribution along the chromatographic space allows in
most cases for a satisfactory separation to be achieved by a monodimensional approach. The
absence of significant chromatographic co-elutions, which in turn would affect the accurate

estimation of the 6°C values of the sample components, is reflected in the data listed in Table 5.1.

GC-C-IRMS MDGC-C-IRMS
1D Target compound

MC Std.dev S3C  Std. dev

1 B-Pinene -29.21 0.21 -29.14 0.20
2 Limonene -29.00 0.20 -28.94 0.13
3 y-Terpinene -30.60 0.12 -31.12 0.11
4 Linalool -28.70 0.10 -28.97 0.10
5 Linalyl acetate -29.26 0.24 -29.02 0.12

Table 5.1 Comparison of the §'>C data obtained for the main terpene constituents of a bergamot
essential oil sample, analysed by conventional GC-C-IRMS and by MDGC-C-IRMS (average of

three replicates and standard deviations).

A nice correspondence was thus evidenced between the o'°C values measured after
monodimensional GC separation and those obtained after multidimensional separation of the
bergamot oil components. While the effectiveness of a conventional GC separation is evident in
such situations, on the other hand, unpredictable sources of variations in the chromatographic
profile make the employment of multidimensional GC separation highly recommendable.
Variations of peak relative amounts may be observed in samples obtained in different harvesting
periods, and this could generate unexpected coelutions. Similarly, the formation of oxidation
products may occur, leading to additional peak components in the samples, depending on the
different storage conditions and sample ageing. The latter would ultimately affect reliability of the
S13C values measured for the sample components. In other critical separations chosen as case
studies, different elution regions of the monodimensional chromatograms were selected for a
deeper study under multidimensional conditions. For a summary of the results from data

comparison later discussed, the reader is referred to Table 5.2.
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GC-C-IRMS MDGC-C-IRMS
Sample 1D Target compound

'DLRI §“C 2D LRIpames 63C
Myrtus 1 a-Terpineol 1195  -27.22 1099 -31.24

Communis L.
(Figure 1) 2 Myrtenol 1202 -43.52 1191 -30.21
1 Limonene 1030 -32.29 608 -32.36
2 a-Copaene 1375 -30.20 898 -31.30
3 Geranyl acetate 1380 -37.33 1159 -33.34
Helichrysum 4 B-Caryophyllene 1424 -31.08 996 -30.81
italicum Roth 5 trans-o-Bergamotene 1432 -11.07 985 -33.23
(Figure 2) 6  trimethyl-dec-en-dione 1434 -41.92 1289 -29.89
7 Selina-4,11-diene 1476 -27.39 1076 -30.22
8 y-Curcumene 1480 -29.75 1090 -30.04
9 o-Curcumene 1482 -37.92 1173 -33.20
Rosa 1 Limonene 1030 -27.72 608 -28.55
Damascend 2 Eucalyptol 1032 -32.78 614 -29.60
MilL. 3 .Nerol 1229 n.d. 1189 -26.28
(Figure 3) 4 Cltrone.llol 1232 -27.02 1166 -27.24
5 Geraniol 1255 -24.83 1232 -25.15

Table 5.2 Comparison of the 6'°C data obtained for selected constituents of Myrthus Communis
L., Helichrysum italicum Roth and Rosa Damascena Mill essential oil samples, analysed by
conventional GC-C-IRMS and by MDGC-C-IRMS. Linear retention indices are reported, relative
to an apolar (5%) stationary phase for the monodimensional application, and to a polar (wax)
stationary phase, used as secondary column in the multidimensional applications (n.d.: not

detected).

The first critical case investigated was myrtus (Myrtus communis L.) essential oil (Figure 5.2). As
in the case of bergamot essential oil, a high number of components were present, but in this sample,
the resolution capability of monodimensional GC was insufficient, e.g. in the case of a-terpineol

(peak 1) and myrtenol (peak 2), as can be clearly seen in Figure 5.2A.
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Figure 5.2 Myrtus Communis L. essential oil GC-C-IRMS chromatogram (upper trace) with
zoomed regions showing monodimensional (A) and multidimensional GC separation (B) of two

compounds. Peak IDs: (1) a-terpineol, (2) myrtenol.

These two compounds were characterized by slight differences in LRIs on the first dimension
(apolar) column (1195 ws 1202), resulting in an insufficient chromatographic resolution.
Comparing the 5**C values measured after a conventional GC approach with those obtained after
multidimensional GC separation (Figure 5.2B) (see Table 5.2), a significant shift of the isotope
values measured was observed for both peaks, related to the incomplete separation achieved in a
monodimensional GC separation. In the MDGC approach, the use of a more polar stationary phase
as the second separation dimension afforded additional selectivity, as it was predictable from the
LRI values known for polar phases. As for the latter, LRI values are generally calculated against
a fatty acid methyl ester homologue series (FAMESs), in place of the n-alkane mixture used for
apolar stationary phases. The higher difference in LRIrames on the secondary column (viz, 1099 vs
1191) finally led to the baseline resolution of the two compounds. As a consequence, the §'°C
value measured for a-terpineol changed from -27.22%o in monodimensional GC to -31.24%o in
multidimensional GC, while for myrtenol the same values were -43.52%0 and -30.21%.o,
respectively (see Table 5.2). A second critical case investigated was Helichrysum (Helichrysum

italicum Roth) essential oil. The overall sample composition was mainly represented by
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oxygenated monoterpenes (= 50%) and sesquiterpenes (= 15%), eluting in a limited
chromatographic space. As showed in Figure 5.3, different critical couples resulted from the
monodimensional GC-C-IRMS separation.

As for limonene (peak 1: Figure 5.3 - IA), since it eluted in the early part of the chromatogram
where few terpenes were present, it was sufficiently separated in the monodimensional approach,
and its 6°C value (-32.29%o0) was practically the same to the one measured in multidimensional
conditions (Figure 5.3 - IB), where a 5'*C value of -32.36%o was obtained. On the contrary, moving

further in the chromatogram to the busiest zone, it is clear that different co-elutions arose.
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Figure 5.3 Helichrysum italicum (Roth) G. Don essential oil GC-C-IRMS chromatogram (centre
trace) with zoomed regions showing monodimensional separation (A) and the same zone separated
by multidimensional GC (B). Peak IDs: (1) limonene, (2) a-copaene, (3) geranyl acetate, (4) pB-
caryophyllene, (5) trans-a-bergamotene, (6) trimethyl-dec-en-dione, (7) selinadiene, (8)y-

curcumene, (9) a-curcumene.

As predictable, for all the compounds investigated in this crowded part of the chromatogram, a

multidimensional approach was highly beneficial in terms of separation, affording much higher

73



Chapter 5: Overcoming co-elutions issues by means of MDGC-C-IRMS

resolution compared to the monodimensional analysis. Although the separation between o-
copaene (peak 2) and geranyl acetate (peak 3) obtained by monodimensional GC (Figure 5.3 - [TA)
apparently was not affected by a significant coelution, yet the comparison of their 5'*C values with
those achieved by multidimensional GC (Figure 5.3 — IIB) showed shifted values, according to the
mechanisms discussed earlier. In fact, the 5'*C value for a.-copaene was slightly more positive (-
30.20%o vs -31.30%0) because of the coelution occurring at the right end of the peak. However, the
variation was rather small, probably due to the lower amount of the compound eluted as the next
peak. The situation was exactly the opposite for geranyl acetate, for which an important 5'*C value
shift was measured, when comparing the monodimensional and multidimensional approaches, viz.
-37.33%o vs -33.34%o. In this case, a significantly more negative 6'°C value was obtained in
monodimensional GC, since the left-end of the peak was affected by coelution with a higher
amount of compound from the previous peak. A comparison of the 6**C values obtained for f-
caryophyllene (peak 4), eluted as a pure peak in both approaches (Figure 5.3 — IIIA and B), showed
very similar values (-31.08%o vs -30.81%o0). Likewise, an important coelution occurred in the
monodimensional GC separation between frans-o-bergamotene (peak 5, LRI 1432) and trimethyl-
dec-en-dione (peak 6, LRI 1434), with strong variations attained for 5'*C values of the coeluted
peaks, accordingly. An undoubtedly highly positive 6'°C value of -11.07%o was measured for
trans-o-bergamotene, with respect to a 6'>C value of -33.23%o after baseline separation by MDGC
(Figure 3 — IIIA and B). The same coelution generated an opposite result for trimethyl-dec-en-
dione, whose 5°C values changed from -41.92%o when partially co-eluted, to -29.89%0 when
completely separated by MDGC, as a result of the different selectivity of the polar column
(LRIrames differing by around 300 units, viz. 985 vs 1289). A further example illustrated for this
sample regards selinadiene (peak 7), y-curcumene (peak 8) and a-curcumene (peak 9). Also in
these cases, the '*C values measured after monodimensional GC (Figure 2 - IVA) were different
with respect to those obtained by MDGC measurements (Figure 5.3 - IVB), as a result of the
isotopic effect discussed earlier arising from incomplete peak separations. In fact, only few LRI
units spaced the three components on the apolar column, namely 4 LRI units between selinadiene
and y-curcumene (1476 vs 1480), and 2 LRI units between y-curcumene and a-curcumene (1480
vs 1482). The coupling of a polar secondary column in MDGC resulted in improved separation
and increased LRIrames differential, namely 14 LRI units between selina-4, 11-diene and y-
curcumene (1076 vs 1090), and 83 LRIrames units between y-curcumene and o-curcumene (1090
vs 1173). The respective 5'*C values in monodimensional and MDGC were as follows: -27.39%o
vs -30.22%o for selina-4, 11-diene, -29.75%o vs -30.04%o for y-curcumene (the highest abundant
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component, and thus the less affected by other interferences), and -37.92%o vs -33.20%o for a-
curcumene.

Another sample investigated was Rosa damascena Mill. essential oil, illustrated in Figure 5.4. The
first critical pair is represented by limonene and eucalyptol, which on the apolar column are closely
eluted peaks as reflected in their similar LRIs, viz. 1030 and 1032. Depending on the relative
amount of each component in a given sample, these two terpenes may be coeluted; such evidence
usually occurs in Citrus essential oils. In the Rosa oil, even if only a tiny coelution was observed
for these two components, shifted values were again observed when comparing the &°C
measurements: limonene (peak 1, Figure 5.4 - IA) &"°C value was slightly more positive in
monodimensional GC (-27.72%o) with respect to MDGC (Figure 5.4 - IB) (-28.55%o). Likewise,
an important variation was observed for eucalyptol (peak 2), with a more negative value in
monodimensional GC, due to the coelution of the left-end of the peak with a higher concentrated
component (-32.78%o vs -29.60%o). The most important case to be highlighted is related to nerol
(peak 3) and citronellol (peak 4), a similar situation to the limonene-eucalyptol case, with an LRI

difference of only three units on an apolar phase (1229 vs 1232).
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Figure 5.4 Rosa damascena Mill. essential oil GC-C-IRMS chromatogram (centre trace) with
zoomed regions showing mono (A) and relative separation after multidimensional GC (B). Peak

IDs: (1) limonene, (2) eucalyptol, (3) nerol, (4) citronellol, (5) geraniol.
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Differently from the previous case where low concentrated components were investigated (> 1%),
citronellol represents one of the major sample components (= 10%), and this resulted in the
complete coelution with the close-eluted nerol peak; a 6'>C value of -27.02%o was obtained (Figure
5.4 -1IA). Such a value would be regarded as a correct estimation, being compatible with C3 plants
S13C values, since the shape of the peak did not suggest the presence of a coelution, and moreover
no qualitative information was available, due to the oxidation of all the components to COz. Thus,
this can be regarded as the worst situation to be faced when dealing with a GC-C-IRMS
investigation, in which the analyst is prone to a wrong estimation of the 6'C values, caused by the
limitations of the monodimensional GC approach.

The potential and usefulness of a multidimensional GC-C-IRMS approach is more evident in such
situations. As showed in Figure 5.4 - [IB, nerol and citronellol were baseline separated by MDGC
with an inverted elution order with respect to the 'D apolar phase, with LRIrames of 1189 and 1166
on the polar secondary column, respectively. As for their 6'C value measurements, a value of -
27.24%o was obtained for citronellol, the major sample component, much similar to the value of -
27.02%o attained in monodimensional GC. Likewise, a value of -26.28%o0 was obtained for nerol,
being purified only after separation on the >D column. Also, for the next eluted peak geraniol (peak
5), the MDGC approach allowed for more accurate measurement of the 6'°C value, namely -
25.15%0 vs -24.83%0 (MDGC vs monodimensional GC). A last case involved the investigation of
a higher boiling point analyte, namely nootkatone. Due to the higher eluting temperature, when a
medium polarity stationary phase is employed as secondary column in a multidimensional column
set, the 6'3C measurement would be affected by the stationary phase release, an effect commonly
known as column bleed, causing an increased base line noise. The consequent production of CO2,
due to the combustion step, then generates a possible source of error for the evaluation of
components eluting in this retention zone. Room temperature ionic liquids (RTILs) have been
recently introduced as GC stationary phases, characterized by higher thermal stability compared
to stationary phases with same polarity degree [Ragonese 2011, Anderson 2005]. Aiming to
evaluate the influence of column bleed, an ionic liquid-based stationary phase (SLB-IL601) with a
similar polarity degree was exploited as an alternative to the polyethylene glycol secondary
column. Figure 5.5 shows the superimposed chromatograms relative to the *D elution of the
nootkatone peak. A remarkable bleeding effect is evident for the polyethylene glycol column,
while with the SLB-IL60i an almost flat baseline was observed. Concerning the &"°C
measurement, a more negative value was obtained when using the polyethylene glycol column,
with respect to that achieved on the ionic liquid stationary phase (-33.64%o vs -32.80%o). Such a

result suggests an influence of the different noise level present during the combustion of
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nootkatone before IRMS detection. In the light of this evidences, the use of a low-bleed column is

advisable for compounds which are eluted at high temperatures from a medium-polarity stationary

phase.
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Figure 5.5 Elution of nootkatone on polyethylene glycole (blue trace) and ionic liquid (brown
trace) stationary phase used as secondary columns in MDGC-C-IRMS experiments. Bleeding

observed at >200 °C column temperature.

5.4 Conclusions

The present research highlighted the common limitations to be faced when dealing with the
isotopic ratio evaluation of volatile components separated by gas chromatography. The sample
complexity plays a fundamental role in GC-C-IRMS, but unlike what is common in other
techniques, where the concept of complexity is commonly associated to a high number of
components in a sample, in this technique complexity is rather linked to the presence of highly
crowded areas of the chromatogram, rather than to the number of components. In general, any type
of co-elution should be avoided since no correction factors can be applied. Insufficient selectivity
rather than column overloading effects can lead to incomplete separation, with consequent
incorrect measurement of the isotope ratio of the analytes. In addition to cases in which clear co-
elutions are known, for which the advantage of using the multidimensional technique is evident,
also unpredictable co-elutions may occur, occasionally generated by oxidative compounds or by
compounds added for fraudulent practices. In this context, multidimensional chromatography
appears to be of fundamental importance to prevent the aforementioned problems and finally
aiming to guarantee accurate results. As with other techniques for which an MDGC approach has
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made it possible to overcome separation problems (such as GC-FID or enantio-GC), or to simplify
the work required of a mass spectrometer, also in GC-C-IRMS it is evident that multidimensional
separations play a pivotal and essential role. While, in the past, this technique could have appeared
complex and at the exclusive use of highly specialized personnel, nowadays, thanks to software
automation of the heart-cut devices, and their wide diffusion in research and quality control
laboratories, there is no reason for any IRMS analysis to be left exposed to any of the risks

described, when coupled to monodimensional GC separation.
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Chapter 6

Enantio-selective gas chromatography as a suitable tool

for authenticity assessment

6.1 Enantio-selective gas chromatography: application and multidimensional

gas chromatographic approaches (Es-MDGC)

Gil-Av in 1966 provided the very first separation of enantiomers in a gas chromatographic column
[Gil-Av 1966]. In the successive 35 years, as reported in a review by Schurig, more than 20000
separations of enantiomers were reported, involving more than 5000 chiral stationary phases, and
culminating in more than 2000 publications [Schurig 2001]. Such an interest on chiral components
is strictly related to the different behaviour of enantiomers when interacting with living beings.
From a pharmaceutical point of view, chiral drugs can be characterized also by very different
pharmacological activity, since they may register sometimes also opposite behaviours. One of the
striking case was related to thalidomide, since the (R)-enantiomer had sedative action, while its
(S)-form was teratogenic [Mellin 1962]. This report shocked the scientific community, leading to
a more attention for the use of chiral mixtures in medicine field. Consequently, the interest on
stereochemistry grew considerably, aimed to guarantee a proper separation of bioactive chiral
compounds. Dealing with the chiral GC stationary phases, pioneer works in the field were carried
out by Armstrong et al. (1990), Li et al. (1990), and Schurig and Novotny (1988), with the
employment of «, f, y derivatised cyclodextrins (CDs) [Armstrong 1990, Li 1990, Schurig 1988].
Accordingly, as reviewed by Bicchi ef al., CDs are by far the most employed chiral selectors in
the separation of volatile chiral components [Bicchi 1999]. Due to the high enantio-selectivity and
reproducibility of CDs, their use is a common application for chiral recognition. This procedure

enables the operators to analyse a high number of chiral components reliably.

Moving to an olfactory point of view, Ohloff demonstrated how differences between enantiomers
involve also from an odour perceptive point of view. In this concern, the dextrorotatory form of
citronellol was described to have a typical citronella odour, while the levorotatory form was
responsible of a geranium type odour [Rienacker 1961]. Other clear differences in odour

perception are resumed in Table 6.1.
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Compounds Odour description
Linalool (+) sweet, petitigrain (-) woody lavender
Carvone (+) caraway (-) spearmint
Menthol (+) sweet, fresh, minty (-) dusty, less minty
Limonene (+) orange (-) turpentine
Nootkatone (+) grapefruit (-) woody

Table 6.1 Varying odour description in relation to the target stereoisomer

Beside the differences in odour quality, enantiomers can show also different odour sensations, as

well as different odour intensity (odour threshold).

In the field of flavour and fragrances, the determination of enantiomeric excesses has covered a
primary importance for the analysis of valuable natural matrices. Whilst it has been very useful to
investigate the biochemical pathways of a specific sample, on the other hand it was able to provide
key information in terms of authenticity assessment. Koenig et al., evaluated the applicability of
Es-GC with modified CD for the authenticity of essential oils having high economic value; the
authors deduced that this technique is highly effective when enantiomerically pure constituents are
present in natural oils [Koenig 1997]. Otherwise, this technique is not adequate in the case of

naturally varying enantiomeric composition.

Dealing with Citrus essential oils, research group of Dugo G. ef al., extensively described the
typical enantiomeric ratios of chiral terpenes in a large variety of fruits. Figure 6.1 shows the two
enantiomers of limonene, whose enantiomeric excess is towards the dextrorotatory form in citrus

products.
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CHj CHj

H;C CH, H3C CH

(-) limonene (+) limonene

Figure 6.1 Levorotatory (-) and dextrotatory (+) form of limonene

One of the clearest examples about the paramount importance of chiral GC is surely bergamot
essential oil. In this case, chiral recognition is by far the most suitable technique for authenticity
assessment, since limonene, linalool and linalyl acetate have a typical enantiomeric excess (always
higher than 97%) in cold pressed products. Differently, their ratio changes considering distilled

products (see linalool enantiomeric ratios in Table 6.2), allowing an efficient recognition by these

means.
Compounds Cold Pressed range Distilled
Limonene (-) 1.4-2.7 1.5
Limonene (+) 98.6-97.3 98.5
Linalool (-) 99.3-99.7 61.9
Linalool (+) 0.7-0.3 38.1
Linalyl acetate (-) 99.1-99.8 >99.0
Linalyl acetate (+) 0.9-0.2 <1.0

Table 6.2 Typical enantiomeric ranges of cold pressed bergamot essential oil compared with

distilled products

However, chiral recognition may be sometimes limiting by employing monodimensional Es-GC
approaches, even more in the case of complex mixtures. In these cases, a higher probability of
peak overlaps occur, reducing the reliability of the enantiomeric ratio determined. In this concern,
sample clean-up may be considered a good compromise, in order to guarantee a reliable stereo-

differentiation of the enantiomers. Pre-separation techniques may include high performance thin-
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layer chromatography (HPTLC), as well as high performance liquid chromatography, offline
coupled to enantio-GC. By these means, enantiomeric ratios can be reliably measured by isolating
target molecules offline, net to an increased total time analysis. Otherwise, more advanced
analytical approaches can be performed by means of multidimensional gas chromatographic
(MDGC) techniques. As already demonstrated in the previous chapters, the increased peak
capacity of a MDGC approach allows a higher separation performance with respect to
monodimensional methods. As well as for isotopic ratio mass spectrometer detection, the
capability to choice selected chiral components is of paramount importance, since it reduces the

probability of peak overlappings in the second dimension.

6.2 The coupling of enantio-selective gas chromatography to isotopic ratio mass

spectrometry

As already discussed, in the case of naturally varying enantiomeric ratios, chiral recognition should
be combined with other analytical approaches. Mosandl in 1995 published the following review
“Enantioselective capillary gas chromatography and stable isotope ratio mass spectrometry in the
authenticity control of flavors and essential oils”, demonstrating the complementarity of chiral
recognition and isotope ratio mass spectrometry for authenticity assessment [Mosandl 1995]. In
detail, Mosandl stated how ‘“‘enantioselectivity and isotope discrimination, during biosynthesis
may both serve as endogenetic parameters in the authenticity control of natural flavour and
fragrance compounds”. In this concern, several research works were carried out in literature by
means of multi analytical approaches, including Es-GC and GC-C-IRMS, in order to provide a
thorough investigation of natural premium matrices. Dealing with citrus essential oils, Schipilliti
et al. evaluated both chiral and isotopic data for a thorough investigation of bergamot, lemon and
mandarin essential oils [Schipilliti 2011, Schipilliti 2012, Dugo 2012]. In this field, whilst chiral
data was useful to distinguish between cold-pressed and distilled products, IRMS signature was of
paramount importance to provide a better distinction in terms of geographical origin. Due to the
complementary capability of both the techniques to investigate in depth the biochemical pathways
of the plant, Mosandl firstly proposed a simultaneous detection by means of an on-line enantio-
GC coupled to IRMS for the analysis of j~decalactone enantiomers. This coupling allows
combining the information related to the enantiomeric excess of target components, as well as the
measurement of their isotopic ratio. Moreover, since chiral separation allows separating
enantiomers each other, the isotopic ratio mass spectrometer will be able to measure the specific
isotopic value of each target enantiomer separated. The following chapters (Chapter 7, 8, 9) will

deeply investigate the potentiality of this combined approach, from the authenticity assessment of
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Cannabis sativa L. essential oils (Chapter 7) to the chiral isotopic fractionation discovered in lemon

essential oils (Chapter 9).
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Chapter 7

Simultaneous evaluation of the enantiomeric
and carbon isotopic ratios of Cannabis sativa L.

essential oils by multidimensional gas chromatography

7.1 Introduction

Cannabis is an herbal annual plant, for which research has long been limited because of legal
restrictions across the twentieth and the beginning of the twenty-first century, due to its renowned
psychotropic activity and the related illicit use. From a normative point of view, the cultivation
has been promoted in Europe only in the last decade, specifically for those varieties, e.g., Cannabis
sativa L., with content in tetrahydrocannabinol < 0.2% (https:// eur- lex. europa. eu/ LexUr iServ/
LexUr iServ. do? uri= OJ:L: 2013: 347: 0608: 0670: IT: PDF). As a consequence of the increased
scientific interest, nowadays, hemp market and the linked manufactures are ever spreading.
Among the products derived from Cannabis sativa L., the essential oil obtained by the
inflorescences is one of the most distinctive, due to the harmonious balance between the main
monoterpene and sesquiterpene components along with their oxygenated derivatives [Sommano
2020]. Cannabis chemical composition may vary in relation to the inflorescence being fresh or dry
[Sommano 2020], its variety, and the extraction methodology used. In the last decades, steam
distillation or hydro-distillation [ Ternelli 2020] has been the most used technique for oil extraction,
as well as the innovative microwave-assisted hydro-distillation (MADH) apparatus [Fiorini 2020,
Micalizzi 2021]. In MADH extraction of the hemp inflorescences, the final yield can be maximized
by finely tuning some instrumental parameters, i.e., microwave power and time program
[Micalizzi 2021]. Alongside genuine oils obtained from the inflorescences, also reconstituted oils
obtained by natural or synthetic sources are nowadays more and more present on the market. Most
of them are declared to contain the typical hemp terpene compounds, such as a-pinene, myrcene,
and (E)-B-caryophyllene, aiming to emulate the flavor and other properties of natural cannabis
oils. Yet, no reference data are reported 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 qualitative and
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quantitative composition in terms of volatile components. However, there is no chance to highlight
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 in the authenticity assessment of
natural essential oils, proving to be one of the most effective analytical approaches for this purpose
[Mondello 2010]. In fact, chiral compounds show typical enantiomeric ratios in natural samples,
being the metabolites of specific biochemical pathways of the plant of origin. Thus, the presence
of unusual enantiomeric ratios for a given sample has often allowed unveiling fraudulent additions,
by comparison to genuine reference values, using monodimensional and multidimensional GC
[Dugo 2010, Mondello 2008, Bonaccorsi 2011]. Conversely, nowadays, key chiral components
can be selected by natural sources having identical or similar enantiomeric ratios with respect to
the sample investigated [Do 2015], thereby reducing the possibility to detect any differences
deriving from adulterations. In such cases, additional analytical techniques are needed to highlight
further typical traits of the plant of origin. Gas chromatography coupled to isotope ratio mass
spectrometry (GC-C-IRMS) is equally broadly recognized as a suitable technique to assess the
origin and genuineness of 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 the distribution of carbon stable isotopes strictly
depends on the photosynthetic carbon metabolism and the geographic origin of the plant, the
evaluation of the 5"°C values of key volatile compounds represents a powerful tool for genuineness
assessment [Sciarrone 2018, Zhang 2012, Reay 2019]. It is straightforward that a combined
approach consisting of Es-GC-C-IRMS would allow for the simultaneous evaluation of both chiral
and 6'3C values, thus enabling to detect fraudulent additions to genuine oil samples. The coupling
of chiral separation and IRMS detection was first demonstrated by Mosandl ef al. [Mosandl 1990]
for the differentiation of biotechnological and synthetic y-decalactone, and later by few more
authors [Silfer 1991, Mosandl 1995, Reichert 2000, Badea 2015]. Although representing a
powerful tool for authenticity assessment, this approach suffers from important drawbacks, which
have greatly limited its widespread diffusion. When dealing with medium-to-high complex
samples, incomplete separation of the compounds of interest may occur, due to insufficient
chromatographic resolution. Within crowded zones across a chromatogram, co-elutions would 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 be still calculated by extracting specific m/z ions. On the other

hand, this problem would negatively affect the §'°C value evaluation, due to the uneven
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distribution of carbon isotopes ('?> C and > C) along the CO: peak [Matucha 1991, Cucinotta 2021].
A slightly different retention is observable for the same molecules containing different amounts of
the two isotopes. In fact, different van der Waals dispersion forces during solute/ stationary
interaction cause an enrichment in the heavier isotope of the initial part of the peak, while the
lighter isotope will be more represented in the final part. Thus, shifted isotopic values will be
observed with respect to those of a pure peak [Matucha 1991, Cucinotta 2021], depending on
which part of the peak is co-eluted. If the co-elution affects the front of the peak, a more negative
6'3C value will be observed; on the contrary, a more positive 6'*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” can be adopted, due to the conversion of the peak components to COz. In this case,
evidence of such a situation would be only obtained by checking the CO2 ratio differentiation
[Cucinotta 2021]. Multidimensional gas chromatography exploited in the heart-cut mode (HC-
MDGC) may represent the technique of choice for this task, thanks to the higher peak resolution
afforded by the coupling of two full-length columns with different selectivity [Tranchida 2012].
In the literature, only few works have employed an MDGC system before the IRMS detection, and
among these, only one deals with the detection of enantiomers [Reichert 2000]. Whereas
cannabinoids extracted from marijuana samples have been investigated by means of compound-
specific IRMS [Muccio 2012], no data are available relative to the terpene fraction. In this
research, an Es-MDGC system coupled to IRMS via a combustion chamber (C-IRMS), and to a
quadrupole mass spectrometer (QMS), was developed. An apolar column was used as the first
dimension (1D) and a chiral cyclodextrine- based stationary phase as the second dimension (2D),
to evaluate the enantiomeric and isotopic ratios of well- separated target terpenes in cannabis oils,
for the first time. A MAHD method, earlier described by Micalizzi et al. [Micalizzi 2021], was
adopted to obtain in-house genuine oils from the fresh and dried inflorescences of different
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 6'*C values are provided for the terpene fraction
of Cannabis sativa L. essential oil samples. The data gathered from analysis of the different sample
varieties were used to establish the characteristic enantiomeric and isotopic ranges of Cannabis

sativa L. essential oil.
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7.2 Experimental section

7.2.1 Monodimensional GC-C-IRMS/qMS conditions

The system consisted of a GC2010 Plus gas chromatographer equipped with an AOC-201
autosampler (ShimadzuEuropa, Duisburg, Germany). The instrument was directly connected via
a zero dead-volume tee-union to a QP2010 Ultra quadrupole mass spectrometer (Shimadzu
Europa) and to a VisION IRMS system, preceded by a GC V furnace system (Elementar
Analysensysteme GmbH, Langenselbold, Germany) operated at 850 °C. A split/splitless injector
was maintained at 280 °C, at a split ratio 10:1. The same GC-C- IRMS/gMS system configuration

was used exploiting two different stationary phases, alternatively:

— A MEGA-DEX ASX 1 column, 25 m % 0.25 mm L[.D. x 0.25 um df (MEGA, Milano, Italy), was
used as chiral stationary phase, ramped from 50 to 220 °C at 2 °C/min.

— A capillary SLB-5ms column, 30 m x 0.25 mm LD. x 0.25 um df (Merck Life Science,

Darmstadt, Germany), was used as apolar stationary phase, ramped from 50 to 280 °C at 3 °C/min.

The columns were operated at a constant flow rate of carrier gas (helium) of 1 mL/min. A pressure
program was applied to the injector during the analyses, on the basis of the total resistance (column
+ retention gaps). For the chiral column, the program pressure started from 74 kPa, at
1.63 kPa/min, to 126 kPa. For the apolar column, the pressure was ramped from 85 to 165 kPa at
1.04 kPa/min. The column effluent was diverted to the IRMS system via a 0.85 m % 0.32 mm L.D.
uncoated column, located inside a combustion chamber, and in parallel to the qMS system via a
2m % 0.1 mm L.D. uncoated column. The qMS ion source and interface temperature was
maintained at 200 °C; a mass range 40—400 m/z was monitored at an acquisition speed of 10 Hz.
GCMS data were acquired by the GCMS solution software ver. 4 (Shimadzu Europa). Compound
identification was carried by using the FFNSC 4.0 mass spectral library database (Shimadzu
Europa), exploiting a double-filter approach based on spectral similarities and Linear Retention
Index (LRI) values. The VisION IRMS was a bench-top 5-kV system equipped with an integrated
gas delivery monitoring system. The combustion chamber was equipped with a high-performing
silicon carbide tube furnace for the quantitative, fractionation-free conversion of the delivered
compounds to pure gases (CO2 and H20). The COz produced by the combustion of each compound
was transferred to the IRMS, while the H20 produced was removed through a nafion membrane.
The system was designed with reduced dead volumes to maintain the chromatographic resolution
at the IRMS. The following settings were applied to the VisION system: acceleration voltage,
3795 V; trap current, 600 mA; magnet current, 3700 mA. An electron-impact ionization (EI) gas
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source, a variable field, stigmatically focused electromagnet for beam separation and multi-
channel Faraday collectors for beam detection were used. IRMS data were collected by IonOS
stable isotope data processing software ver. 4.5 (Elementar Analysensysteme GmbH). The apex
track integration method was exploited to automatically find the correct starting and finishing

points of the peaks.

7.2.2 Multidimensional GC-C-IRMS/qMS conditions

The MDGC-C-IRMS/gMS prototype consisted of an AOC- 20i autosampler and two GC-2010
Plus gas chromatographers (defined as GC1 and GC2), connected by means of a heated transfer
line (Shimadzu Europa). GC1 was equipped with a split/splitless injector, a flame ionization
detector (FID), and a Deans-switch (DS) transfer device. GC1 was connected to an advanced
pressure control unit (APC), which supplied the same carrier gas (He) (Shimadzu Europa) allowing
to divert the first column eluent to the FID or to the second column in the GC2. The latter was
hyphenated in parallel to a QP2010 Ultra quadrupole mass spectrometer (Shimadzu Europa) and
to a VisION IRMS system by means of a GC V furnace system (Elementar Analysensysteme
GmbH) maintained at 850 °C. The split/ splitless injector was maintained at 280 °C, at a split ratio
10:1. A constant helium flow of 1.0 mL/min was delivered to the 1D column, an SLB-5 ms 30 m
% 0.25 mm [.D. x 0.25 um df (Merck Life Science, Darmstadt, Germany). A pressure program was
used, from 185 kPa (7 min) to 247 kPa (5 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 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 FID was
connected to the DS device via a 0.25 m x 0.18 mm i.d. stainless steel uncoated column and used
to monitor the 1 D eluent. FID conditions were as follows: 330 °C; Hz flow, 40.0 mL/min; air flow
rate, 400 mL/min; sampling rate, 80 ms equal to 12.5 Hz. GC2 was equipped with a MEGA- DEX
ASX 1 chiral column 25 m %X 0.25 mm LD. x 0.25 um df (MEGA, Milano, Italy), and 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 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-volume tee-union (Valco). A pressure program was
applied to the APC device to maintain a constant carrier flow also in the 2 D column (=1 mL/min):
140 kPa (22 min) to 165 kPa (5 min), to a final pressure of 210 kPa at 1.39 kPa/min. An auxiliary
He line (sample line He), automatically controlled through a second channel of the APC unit, was
used in the furnace to allow a proper control over the open split conditions for the IRMS. Also in
this case, the APC was operated in constant flow mode, to maintain the open split in a steady state.

MS and IRMS conditions were the same used in the monodimensional approach. All the MDGC
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analyses were carried out at least in triplicate and the standard deviations for IRMS measurements

were found to be < 0.5 %eo.

7.2.3 Sample, sample preparation and standards

Fifteen samples of dry hemp inflorescences belonging to Futura 75, Kompolti, Felina 32, Tisza,
and CS (Carmagnola Selezionata) varieties and one sample of fresh hemp inflorescences of Futura
75, registered in the EU Plant variety database (https:// ec. europa. eu/ food/ plant/ plant
propagation_material/ plant variety catalogues databases/ search/ public/ index. cfm? event=
Searc hVari ety& ctl  type= A& species  id= 240& variety name= & listed  in= 0& show
current=on& show_ deleted), were provided by the Canapar group (Ragusa, Italy). Nineteen
commercial hemp oil samples, 16 reconstituted and 3 declared as naturals, were purchased from

local stores. All the samples were diluted 1:10 in n-hexane before GC analysis.

Six-hundred milliliters of ultrapure water was added to 200 g of inflorescence, and the biomass
was uniformly mixed. The resulting mixture was placed inside a 2-L ETHOS-X glass reactor and
then into a Milestone “Ethos X extractor (Milestones, Sorisole, Italy). The extraction was carried
out under previously optimized conditions [Micalizzi 2021], and the essential oils were collected

from the distillation system.

A C7-C30 n-alkane mix was used for the calculation of Linear Retention Index (LRI) values. In
order to calibrate the measured 6'°C values to the VPDB scale, the CO: reference gas was
calibrated using four reference compounds, namely iodomethane (6'°C value — 54.59%o) and three
alkanes from the Indiana mix A7: hexadecane (6'>C value: — 26.15%o), octadecane (6'°C value: —

32.70%o), and eicosane (6'*C value: — 40.91%o) (Indiana University, Bloomington, IN).

7.3 Results and Discussion

7.3.1 Extraction of the cannabis oil samples by MAHD

Extraction by MAHD 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 the soaked
biomass to facilitate the break of the oileferous glands and the release of essential oil. By this
method, the first drops of essential oil fell after about 5 min of distillation at 1200 W, at a
temperature around 94 °C. The samples selected for extraction are listed in Table 7.1. One sample
was obtained by fresh hemps of Futura 75 (sample 1), while the dry samples belonged to different
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 (Carmagnola Selezionata) (sample 16).
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Unfortunately, the high cost and the difficulties in retrieving genuine plant material have limited
the number of oil samples included in this research. This represents a common issue for studies
focused on ascertaining the genuineness ranges, since natural samples are required to assess the
characteristic 6'°C values and enantiomeric ratios. The limited size of samples available prevented
from obtaining statistically significant results, on the differences among the distinct Cannabis
sativa varieties. Nonetheless, the data gathered from analysis of the essential oil samples were used

to establish the characteristic ranges of the enantiomeric and isotopic ratios of Cannabis sativa L.

Samples Varieties Fresh or 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 Carmagnola Selezionata Dry Italy

Table 7.1 Cannabis varieties selected for essential oil extraction from hemp inflorescences
7.3.2 Monodimensional Es-GC-C-IRMS/qMS analysis
Es-GC-C-IRMS/gMS analyses were initially carried out to determine both the enantiomeric and
isotopic ratios of the genuine cannabis oils. To this purpose, a chiral MEGA-DEX ASX-1
stationary phase proved to be effective for the separation of the target enantiomers before the IRMS
determination. Still a number of issues arose in the monodimensional GC analysis of some genuine

cannabis oils, for the separation of the main chiral terpenes. This is shown in Fig. 7.1A for a Futura
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75 essential oil. As can be easily noticed, although a-pinene and B-pinene enantiomers were
efficiently separated by Es-GC-C-IRMS/gMS, co-elutions occurred with other achiral
components. In the case of (+)-a-pinene, present in higher amount with respect to heptanal, the
partial peak overlapping might have a limited influence on the peak area evaluation. Thus, it would
not affect the enantiomeric ratio assessment and the 6'>C value evaluation [Cucinotta 2021].
Otherwise, the co-elution occurring between (+)-B-pinene and another major compound (e.g.,
myrcene) introduced a critical issue. The incomplete separation in fact hindered accurate
evaluation of both the enantiomeric and isotopic ratios. Concerning the enantiomeric ratio
evaluation, the use of simultaneous qMS detection would allow resolving the chromatographic co-
elution by monitoring the extracted m/z ions of the compounds of interest. Unfortunately, the EI
spectra of monoterpene compounds will be characterized by the same fragmentation pattern and
show nearly identical fragment ions, thus precluding the use of this approach. From the IRMS
standpoint, a similar approach cannot be envisaged. All the organic matter must be converted to
CO2 before the §"°C value determination, with a consequent loss of any analyte structural
information [Matucha 1991]. Therefore, the occurrence of a co-elution involving the right part
(tail) of the peak, as for the case of (+)-B-pinene, is expected to cause a relevant positive shift of
the 6'°C value. The latter is due to the depletion of the *CO> fragment, related to a lower amount
of B-pinene molecules containing 12 C. Figure 7.1B shows a further co-elution occurred in a
Futura 75 oil, involving the (-)-limonene enantiomer and (E)-B-ocimene. Being the latter a higher
abundant compound, a wrong estimation of the §'*C value should be expected, unlike the case of
(+)-a-pinene discussed above. Moving forward in the chromatogram, further critical cases may be
observed in the sesquiterpene elution zone of a Kompolti sample (Fig. 7.1C). Selina-3,7(11)-diene
and selina-4(15),7(11)-diene compounds were successfully separated into their enantiomers;
nevertheless, the late eluting enantiomer of selina-4(15),7(11)-diene and the first eluting
enantiomer of selina-3,7(11)-diene overlap with germacrene B peak. Likewise, unreliable results
may be predicted in this case, notably a more positive 5'°C value for selina-4(15),7(11)-diene and

a more negative 6'°C value for selina-3,7(11)-diene, with respect to the true values.
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Figure 7.1. Es-GC-C-IRMS/gMS analysis showing the co-elutions of (+)-a-pinene and (+)-p-
pinene peaks (A) and (-)-limonene peak (B) in a Futura 75 essential oil, and the enantiomers of

selina diene isomers in a Kompolti essential oil (C)

7.3.3 Monodimensional GC-C-IRMS/qMS analysis

Inaccurate results were also obtained by GC-C-IRMS/qMS analysis performed on the apolar
column. As can be seen in Fig. 7.2, co-elutions affected the target oil compounds eluting in the
monoterpene and sesquiterpene zone. Figure 2A shows a partial co-elution involving limonene
and eucalyptol in a Futura 75 sample. Due to their similar LRIs on an apolar stationary phase (1030
and 1032 respectively), a partial overlap occurred, again generating unreliable results for the §'*C
values. Figure 7.2B shows the critical case of selina-4(15),7(11)-diene, identified by exploiting
double-filter 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
insight into the MS spectrum along the peak highlighted the presence of co-eluted (E)-a-bisabolene
in the peak tail. These components are characterized by the same LRI value of 1540 on the column
employed, as reported in the FFNSC 4.0 database. Figure 7.2C shows how this co-elution can be
resolved by monitoring the extracted ions from the MS total ion current (TIC) (lower trace) and
by 45/44 COz ratio differentiation at the IRMS (upper trace). In detail, m/z 93 and m/z 105 were
extracted from the TIC, being the base peaks for (E)-a-bisabolene and for selina-4(15),7(11)-diene,
respectively. The higher amount of the m/z 93 ion in the tail of the peak clearly suggested the
presence of (E)-a-bisabolene, as further confirmed by the unusual 45/44 COx ratio differentiation
reported in the upper profile. On this basis, the need to implement a multidimensional approach

emerged clearly, to increase the separation capability.
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Figure 7.2. GC-C-IRMS/gMS analysis showing the co-elutions of limonene and eucalyptol peaks
(A) and selina-4(15), 7(11)-diene, and (E)-a-bisabolene peaks (B) in a Futura 75 essential oil.
45/44 CO 2 ratio differentiation (IRMS: upper trace) and extracted ion chromatogram (QMS: lower
traces) of selina-4(15),7(11)-diene peak (C)

7.3.4 Es-MDGC-C-IRMS/qMS approach

Selection of the peaks of interest after 1 D stand-by analysis:

An MDGC method was implemented as front-end separation, before simultaneous qMS and IRMS
detection. This, in order to overcome the separation issues discussed in the “Monodimensional
GC-C-IRMS/gMS analysis” section. In detail, an apolar SLB-5 ms column was employed as 1D
column and a chiral MEGA-DEX ASX-1 as 2D. The first step of any HC-MDGC analysis involves
the identification of the peaks of interest after a 1D analysis performed in the stand-by mode (no
heart-cuts selected). Since no qualitative information was available after the 1D detector (FID),
the identity of each peak of interest was confirmed on the basis of the elution order in
monodimensional GC-MS on the same stationary phase. The experimental LRIs of the peaks
calculated for a 1D stand-by analysis were matched to the theoretical values, allowing for a £ 10
units tolerance [Bicchi 1999]. Cannabis oil samples and a C7—Cso alkane homologous series were

analysed under the same conditions and the experimental LRIs were calculated by the following

formula:

LRIx = 100n+ 100 (t Rx — t Rn)/ ((Rn+ 1 —t R n)

where n and t R n are the carbon number and retention time of the alkane eluted before the peak

of interest, and t R n + 1 is the retention time of the alkane eluted after the peak of interest.
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The oil samples were separated by MDGC prior to measurement of the §'*C values and
enantiomeric ratios of the peaks of interest. Figure 7.3 shows the 1D FID chromatogram of a
cannabis essential oil acquired in the stand-by mode on the apolar (5%) column (black trace).
Among the main chiral terpenes, a total of nine compounds were selected for the heart-cut: a-
pinene, B-pinene, limonene, linalool, a-terpineol, (E)-B-caryophyllene, selina-4(15), 7(11)-diene
and selina-3,7(11)-diene, and [-caryophyllene oxide. Minor chiral components, namely
camphene, borneol, fenchyl alcohol, and (E)-nerolidol, were not taken into consideration due to
their low amount in the oils. As shown in Table 7.2, the experimental LRI values (LRI exp ),
calculated on the 1D apolar column, ranged within + 5 units with respect to the theoretical data

(LRI theor ).

Peak no. Compound LRI theor LRI exp

1 a-pinene 933 935

2 B-pinene 978 980

3 Limonene 1030 1032
4 Linalool 1101 1103
5 o-terpineol 1195 1200
6 B-caryophyllene 1424 1427
7 Selina-4(15),7(11)-diene 1540 1544
8 Selina-3,7(11)-diene 1546 1550
9 B-caryophyllene-oxide 1587 1591

Table 7.2. The theoretical and experimental LRI values calculated for a 1D stand-by analysis of a
Kompolti oil (apolar 1 D column). LRI theor are reported in the FFNSC 4.0 mass spectral database
for the same stationary phase (SLB-5 ms)

A heart-cut window was then selected, for each compound to be transferred to the second chiral
column in the “cut” mode (pink trace in Figure 7.3).

97



Chapter 7: Evaluating isotopic and enantiomeric ratios in Cannabis EOs by means of MDGC

V (x 10,000)
104 1IR/AIN) v v VI vil|| vl
8.0
6.0
4.0
2.0

| o Y \“‘Jl ‘J_f\k \/‘_}]N\—J\J*‘M"’h!\/hL—»ﬁ—ﬁ_,_‘_%___‘_ﬁ_\J_,_m\_}kJJ Lﬁ\y\.’l\ﬂv ”““ﬁl\_n“U\\_L
00| JH [ JUL Y W1 WM Wl i

15.0 20.0 25.0 30.0 35.0 40.0 45.0 min

Figure 7.3. 1D stand-by (black chromatogram) and cut (pink chromatogram) FID analysis of a
Cannabis sativa L. essential oil. Cut windows: I: a-pinene, II: B-pinene, III: limonene, I'V: linalool,
V: a-terpineol, VI: (E)-B-caryophyllene, VII: selina-4(15),7(11)-diene and selina-3,7(11)-diene,
VIII: B-caryophyllene oxide

The combination of two chromatographic separation mechanisms provided substantial benefits
over the monodimensional approach. First, a satisfactory separation was achieved for all the
enantiomeric compounds transferred from 1D. Furthermore, all the co-elutions occurring with
other (achiral) sample components were prevented. The gain in separation attained by MDGC can

be appreciated in Fig. 7.4, showing different zoomed zones of the chromatogram.

(x1,000,000)
1edTel) o x10 }
4|5 B C
09] \a &
S =
= o ) [N & I
o |13 (8§ 3 ” ‘m 5
> s g 3 8 B g 5 |
or] || 13 S £ £ 3 & 52 % 3
=~ = X §F =S = T R 8 3
os] || - h = T 3 S B
- 232 N SOOI S 3
~ o B
| S 3 g SR = = 3
05] \ \ n S5 2 F 1 &4 2 £ S
: . e B " Ny
3 : 2l = *Tle |8 §& 55 3 'z 8
04 3| \ 5 51 8 £ | ¥ + 3% 3 & 3 5 =
2 ) g S = T - = L =
S § 9z | 2 2 3| By o3 £ '3 g
- = = = B =t ol £ =
e | - = = + 3 > L & 2§
wEr IF & &1 5 = | T \/_% % &
A3 R s f & | | ‘'R 5 © 5
1 | t \ ) i | | i = =
I A N RN A VLN / \AX
0.0 ‘ W WY s Pt S, N S e s/ PN I U AV
it T — T T T T T+ T e GT] T

350 375 400 425 520 530 540 550 600 650 660 670 680 690 700
Figure 7.4. MDGC separation of the target monoterpenes in a Futura 75 (A) and a Felina 32 (B)

essential oil sample and of the target sesquiterpenes in a Futura 75 essential oil sample (C)
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In detail, a-pinene, B-pinene, and limonene enantiomers show up as separated peaks in Fig. 7.4A,
whereas in the corresponding Es-GC-C-IRMS/gMS analysis important co- elutions occurred with
heptanal, myrcene, (E)-B-ocimene, and eucalyptol. Figure 7.4B shows the separation obtained for
linalool and a-terpineol enantiomers. Figure 7.4C shows the (E)-B-caryophyllene peak separated
from y-elemene. Noticeably, these compounds fully co-eluted on the apolar 1 D column due to the
very close LRI values (1424 vs 1432) and to the high amount of caryophyllene in the sample.
Moreover, the separation of the four enantiomers of selina diene isomers is evident in the same
chromatogram, free from overlapping with germacrene B and (E)-a-bisabolene peaks. Separation
on a single chiral column had resulted in co-elution of selina-4(15),7(11)-diene with germacrene
B, as illustrated in Fig. 7.1. Likewise, monodimensional analysis on the apolar column has led to
the co-elution with (E)-a-bisabolene, as illustrated in Fig. 7.2. After MDGC separation, only a
minor co-elution was observed between the second eluting selina-4(15),7(11)-diene peak and the
first eluting peak of selina-3,7(11)-diene enantiomers. Unfortunately, no data are available about
theelution order of these enantiomers on the chiral stationary phase used. Finally, the separation
of (E)-B-caryophylleneoxide enantiomers could be appreciated only in the dried hemp
inflorescence samples. This compound is in fact generated as a result of the oxidation occurring
upon drying of the plant material [Micalizzi 2021]. The enantiomeric ratios and 6'°C values
obtained within a single analysis for all the sample components are reported in Table 7.3 and Table
7.4. Differences were found in the qualitative and quantitative composition in monoterpenes and
sesquiterpene, according to the type of inflorescence and the variety itself. Moreover,
characteristic enantiomeric ratios and 6'°C values were observed for the target compounds in all
the sixteen genuine oils. The enantiomeric ratios of all the natural samples were in good agreement
with the literature data [Micalizzi 2021], although in this research a higher number of samples
were investigated. A marked preponderance was observed in all the hemp varieties of (+)-a-pinene
(93.4-97.1%), (+)-B-pinene (78.6-88.0%), and (-)-B-caryophyllene oxide (91.7-98.9%). Similarly
but to a lesser extent, (+)-linalool was predominant in all the varieties investigated (57.8-74.9%).
In contrast, a similar trend could not be identified for limonene and a-terpineol enantiomers, whose
enantiomeric ratios greatly varied in the samples. A racemic behavior was observed for selina
diene isomers, with only a slight predominance of the late eluted enantiomers for both the 4(15)
and 3(11) isomers. In this case, however, the elution order of the two enantiomers is unknown.
Concerning the (E)-B-caryophyllene enantiomers, the occurrence of the levorotatory form at nearly
100% is widely reported, and the data obtained hereby were in accordance with this literature
finding [Micalizzi 2021]. Dealing with isotopic distribution, differences were observed in terms

of 6"°C values among the specific varieties, as reported in Table 7.4. The 6'3C values of pure
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enantiomer peaks could be determined, after the 2D separation obtained on the chiral stationary
phase. However, for low concentrated components and depending on the enantiomeric ratio, in
few cases, only one enantiomer could be measured. A linearity test automatically performed by
the system showed consistent §'*C values in the response interval above 0.5 nA; thus, signals
below this threshold were discarded. According to the few data available in the literature, no
significant ¢'3C value differences are to be expected within enantiomers of the same molecule
[Mosandl 1990, Mosandl 1995, Reichert 2000]. In general, more negative ¢'>C values were found
for samples 13—16 (Tisza, Kompolti, and Carmagnola Selezionata) with respect to samples 1-10
(Futura 75) and 11-12 (Felina 32). Among Futura 75 samples, different values were observed

between oils of different origin, namely from Italy (samples 1-9) and Croatia (sample 10), as can

be appreciated in Figure 7.5A.
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Figure 5 (A) Comparison between the 5'3C values range of Italian Futura 75 (samples 1-9) and

Croatian Futura 75 (sample 10). (B) Results obtained by the use of (-)-(E)-B-caryophyllene

reference compound (i-ISTD)
Specifically, sample 10 showed more negative 5'°C values with respect to samples 1-9. Given the

genuineness of the Croatian oil, one of the terpene components was used as reference, to avoid the
isotopic discrimination due to the geographical origin [Mosandl 1995]. (-)- (E)-B-Caryophyllene

was chosen as isotopic internal standard (i-ISTD), being one of the characteristic compound in
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cannabis essential oil and biogenetically related to the other compounds investigated. The i-ISTD
approach allowed us to ascertain the genuineness of all the Futura samples, regardless of their
origin (Fig. 7.5B). In the case of the two selina diene isomers, the small co-elution occurring
between the second eluted enantiomer of the 4(15), 7(11) isomer and the first eluted enantiomer
of the 3,7(11) isomer was negligible to the aim of enantiomeric ratio evaluation. Yet, such a small
lack of separation significantly affected the evaluation of ¢'3C values in all the samples analyzed.
A representative example is illustrated by the 6'°C values measured for Futura 75 oil (sample 10).
Among the four peaks corresponding to the distinct enantiomers of selina diene isomers, baseline
separation was achieved only for the first (4(15),7(11)) and the fourth (3,7(11)) peaks. Thus, it
could be assumed that accurate 6'°C values were determined for these two compounds. On the
other hand, being the second and third peaks co-eluted to a very small extent, no significant §'C
value differences should be expected with respect to their relative enantiomer 6'°C values,
according to Mosandl et al. [Mosandl 1995]. Conversely, a more positive 6'*C value was measured
for the second eluted enantiomer with respect to the first eluted enantiomer of selina diene
4(15),7(11), viz., — 27.2%o vs — 29.3%0. The same discrepancy, but with an opposite trend, was
observed for the first eluted selina diene 3,7(11) enantiomer, with a more negative 6'>C value with
respect to the second eluted enantiomer, viz., — 32.0%o0 vs — 29.4%o. These findings suggest the
occurrence of isotopic fractionation (as discussed earlier), with opposite trends for co-elutions
affecting the initial (front) or final (tail) part of a peak. For this reason, the §'°C values of these
two compounds are not reported [Matucha 1991, Cucinotta 2021].
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Components

a-pinene

f-pinene

limonene

linalool

a-terpineol

(E)-p-

caryophyllene

selina-4(15)-
diene

selina-3(11)-
diene

(E)-p-
caryophyllene
oxide

©)
)
Q)
)
Q)
)
Q)
*)
Q)
*)
Q)
*)
(-1
(-1
(-1
(-1
Q)
)

Futura 75

ER%

2.9 4.0
97.1 96.0
12.0 16.7
88.0 833
287 595
713 405
29.8 30.6
70.2 694
17.0 417
83.0 583
100
38.8 437
61.2 563
38.9 440
61.1 56.0
91.7 979
8.3 2.1

Felina 32

ER%

3.9
96.1
13.5
86.5
39.9
60.1

40.5
59.5
36.6
63.4
93.9
6.1

422
57.8
50.8
49.2

100

4.0
96.0
13.0
87.0
64.4
35.6

41.4
58.6
413
58.7
96.2
3.8

Tisza

ER%

5.5
94.5
16.6
83.4
70.0
30.0

53.1
46.9

100

44.8
55.2
44.7
553
98.9
1.1

Kompolti
ER%

2.9 4.6
97.1 95.4
16.4 13.8
83.6 86.2
63.1 75.3
36.9 247
100
40.8  41.0
59.2 590
35.1 37.2
649 628
96.8  97.1
32 2.9

Carmagnola

ER%

6.6
93.4
21.4
78.6
79.0
21.0
25.1
74.9
555
445

100

42.8
57.2
40.8
59.2
98.5
1.5

Table 7.3. Enantiomeric ratios (ER %) ranges (divided for varieties) for genuine Cannabis sativa

L. oils
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Futura 75 Felina 32 Kompolti Carmagnola

Components

513C 513C 613C 613(:

a-pinene () -32.5 261 -264 -33.8 - - -
) -323 259 -30.8  -264 -32.9 -32.5 -30.8 -32.2

f-pinene (-) -28.4 - - - - - -
C3) -29.8  -23.0 -28.8 -23.1 -30.5 -30.3 -29.3 -32.2
limonene ) -30.2 -28.0 -31.1 -32.5 -30.8 -33.6
) -33.8  -27.5 313 -278 -32.9 -30.2 -33.2
linalool ) - - -30.3 - - -32.1
(+) -303  -295 -30.6 - - -31.9
a-terpineol ) -30.7 - - - -36.0

() =309 -302 - - - -

(E)-f- ) -28.00 -239 277 242 -28.9 -27.1 -26.8 -27.9
caryophyllene
© - - : : : :
selina-4(15)- (-+) -293 -245 278 -238 29.7 -29.1 -28.9 -28.7
diene
(-I1) - - - - - - - -

selina-3(11)-  (-/+) - ; - ; ; - ) ]

diene
(-+) -294 -230 -289 -242 -31.2 -30.3 -29.4 -29.0
(E)-p- () -289 -232 -2809 -235 -29.7 -29.6 -29.5 -29.9
caryophyllene
: @ - - - - - - - -
oxide

Table 7.4 5'3C ranges (divided for varieties) for the main components in genuine Cannabis
sativa L. oils
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7.3.5 Analysis of commercial samples

Nineteen commercial cannabis essential oils purchased from local stores were analysed. Among
these, three oils were declared as genuine, while the remaining were labelled as reconstituted. The
enantiomeric and §'°C values determined for these samples are shown in Table 7.5. Among the
three commercial oils labelled as genuine, all the samples showed chiral and isotopic behaviour
similar to those of a genuine sample. Most chiral and isotopic ratios determined for the
reconstituted oil samples were outside the ranges characteristic of the genuine samples. In some
oils, the terpene fraction was represented mainly by a-pinene and (E)-B-caryophyllene, as in the
case of samples 1-5, while other terpenes were found in very low concentrations or were absent.
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,
1.e., from 39.8 to 47.7% (while in the genuine samples the range was from 2.9 to 6.6%). The same
inverted ratio was observed for B-pinene enantiomers, with values for the dextrorotatory
enantiomers ranging from 2.0 to 11.6%, greatly below those of the genuine samples (78.6 to
88.0%). Similarly, (-)-linalool enantiomer was found at higher amount (> 66.0%) in all the
commercial samples with respect to the genuine ones (< 42.2%). The enantiomeric ratio of (-)-
limonene was similar for samples 1-5 (> 80.0%), while in the other cases very low ratios were
observed (< 3.3%). Those values were in all cases outside the characteristic ranges of the genuine
samples. Some of the reconstituted samples did not present a-terpineol, apart for samples 6, 10—
14 and 16 where it was present almost in a racemic form. Selina-4(15),7(11) and selina-3,7(11)
diene were not detected in all the reconstituted samples, while the enantiomeric ratio of f-
caryophyllene oxide was in agreement with the genuine oil range. Finally, (E)-B-caryophyllene
was determined only in the levo-rotatory form. Concerning the 6'3C values, the values for most
components agreed with the isotopic data obtained for the genuine samples, apart for (E)-B-
caryophyllene and B-caryophyllene oxide, which were both more negative. The latter evidence
suggests the possible addition of exogenous (E)-B-caryophyllene to the commercial samples as
one of the major oil terpenes. Such a hypothesis also gives a rationale for the more negative values

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

104



Chapter 7: Evaluating isotopic and enantiomeric ratios in Cannabis EOs by means of MDGC

Commercial Commercial Commercial Commercial

Components Reconstituted Natural EO Reconstituted Natural EO

EO ER% ER% EO 68C oiC

a-pinene “-) 39.8 82.8 2.6 5.0 -30.4 -28.0 -32.1 -31.1

) 60.2 17.2 974 950 | -31.7 -28.3 -30.7 -30.1

f-pinene “-) 88.4 98.0 11.9 19.5 | -32.0  -28.6 -30.9 -30.2

) 11.6 2.0 88.1 80.5 | -31.9 -30.3 -30.3 -28.5

Limonene “-) 0.9 95.1 42.8 54.7 | -32.1 -27.2 -31.6 -30.5

) 99.1 4.9 572 453 | -30.7 -27.8 -32.3 -29.2

linalool “) 66.1 98.2 - -31.5 -24.3 -
+) 33.9 1.8 - -29.9 -28.7 -
a-terpineol ) 43.2 50.0 - -30.8 -29.7 -
+) 56.8 50.0 - -30.6 -30.0 -
(E)-p- ) 100 100 -35.8 -32.1 -28.1 -28.1
caryophyllene
) - - - : : -
selina-4(15)- (-/*) - 394 59.5 - -29.1 -28.5
diene
(-I*) - 60.6 425 - - -
selina-3(11)- (-I1) - 40.5 425 - - -
diene
(-I*) - 59.5 57.5 - -28.8 -28.3
(E)-g- “) 98.0 100 96.5 98.6 | -394 -36.6 -28.9 -28.5
caryophyllene
. +) 2.0 - 35 1.4 - - - -
oxide

Table 7.5 Enantiomeric ratios (ER%) and 6'C ranges obtained for the commercial Cannabis

sativa L. oils, and their origin as declared on the label
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7.4 Conclusion

In this research, the enantiomeric ratios and 6'>C values of main terpene constituents of different
varieties of Cannabis sativa L. oils were determined, for the first time. A MDGC instrumentation
and method were implemented, exploiting a combination of apolar (1D) and chiral (2D) stationary
phases, with parallel MS and IRMS detection. The coupling of two separation mechanism allowed,
at first instance, to resolve most of the co-elutions observed in a monodimensional analysis
performed on any of the two columns.

A more in-depth analysis of the results revealed also the higher accuracy of the data
detected/measured by the multidimensional approach, as a consequence of the increased peak
separation.

The analysis of a set of commercial oils samples in some cases evidenced enantiomeric ratios and
S13C values outside of the typical ranges of genuine oils.

Such findings suggest the usefulness of the Es-MDGC-C-IRMS/qMS method, as an effective tool
to ascertain the genuineness and quality of these samples.

Current efforts are aimed to expand the dataset of oil samples investigated, in order to increase the

statistical confidence of the genuineness ranges established for the key oil components.
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Chapter 8

A thorough compound specific isotopic, enantiomeric
and quali-quantitative investigation of Moscato Giallo

grapes by means of advanced analytical approaches

8.1 Introduction

Volatile organic compounds (VOCs) in grapevines (Vitis vinifera L.) include a wide range of
molecules which are directly responsible for their varietal aroma. Dealing with Moscato varieties,
in general, volatile composition is mainly represented by terpenoids (monoterpenes and
sesquiterpenes), and in less content by volatile phenols, as well as aliphatic volatile compounds
(aldehydes and alcohols with a six atom carbon chain). Regarding to terpene composition, they
generally occur in two different forms, as free or glycosidically bound compounds. While free
terpenes are directly responsible for grape aroma, bound terpenes are linked to sugar moieties and
don’t immediately contribute to the flavour. Once glicosyde is hydrolysed, aroma perception will
be clearly enhanced by the higher amount of volatiles. In general, glycoside forms are higher in
concentration with respect to free terpenes in grape berries [Mateo 2000]. Moreover, as extensively
reported in literature [Flamini 2005, D’Onofrio 2016], the different terpene composition in grapes
is influenced by many factors, including stage of ripening and clearly the variety itself. In the case
of Moscato cultivars, aroma is mainly composed by terpenols, as linalool, geraniol, nerol,
citronellol and diols, delivering a typical floral flavour. However, their different quantitative
distribution is often responsible for the distinct sensorial perception of a specific variety, as in the

case of linalool for Moscato Giallo [Flamini 2005, D’Onofrio 2016, Nicolini 2013].

In order to evaluate grape berries’ volatile fraction, gas chromatography coupled to mass
spectrometry (GC-MS) is usually performed on grape berries extracts. Due to the relative low
concentration of terpenes in berries (< 1mg/kg), a concentration step is usually needed after
extraction. However, nowadays, newer analytical methods allow overcoming this limitation.
Recently, Paolini et al., described a suitable fast gas-chromatographic approach combined with

tandem mass spectrometry for the determination of the main VOCs in oenological products
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[Paolini 2018]. The higher sensitivity achieved allows avoiding previous concentration steps,

saving time, also in terms of chromatographic run.

However, alongside an extensive quali-quantitative characterization, more specific approaches are
aimed to investigate in depth the biochemical pathways of the plant of origin. Among the analytical
techniques, enantio selective gas chromatography (Es-GC) is surely one of the most recognized
methods to these aims. While terpenes quali-quantitative composition has been extensively
investigated in grapes and oenological products, their enantiomeric distribution has been little
explored in literature [Luan 2006, Song 2015]. Since plants biosynthesise their chiral metabolites
in specific enantiomeric excesses, typical trends can be described by evaluating their enantiomeric
separation in a suitable GC column. Once enantiomeric ratios for natural chiral metabolites are
determined, this criterion can be used for genuineness assessment as well as for the differentiation

among varieties and by other natural matrices.

In parallel, gas chromatography coupled to isotopic ratio mass spectrometry (GC-C-IRMS) is an
equally acknowledged approach for the authenticity assessment of a wide range of natural products
[Camin 2016]. In detail, in relation to the different uptake of COz, the evaluation of 5'°C allows to
distinguish between C3 and Cs plants, as well as in many cases by synthetic products [Sciarrone

2018].

Due to the capabilities of both techniques to explore specific traits of the plant, the simultaneous
detection of enantiomeric and isotopic ratio in an Es-GC-C-IRMS method should be considered
the most affordable approach. As a consequence, chiral and isotopic information of the target
compounds can be achieved in a single gas chromatographic run. In literature, Mosandl [Mosandl
1990] first demonstrated the suitability of this technique, differentiating synthetic and natural y-
decalactone by the evaluation of the §'3C of both enantiomers. Nevertheless, in literature, starting
from this first application, very few works were published by these means [Silfer 1991, Badea
2015, Reichert 2000, Cucinotta 2022]. In this concern, in spite of the advantages associated to this
method, a series of limitations justify the scarce information over the last decades. Whilst the
choice of the correct chiral column is surely a basic requirement to guarantee the separation of
enantiomers each other, however it may be insufficient, due to possible co-elutions with other

interfering compounds.

In this regard, if a minimal co-elution may be not significant for the determination of enantiomeric
ratios, since they can be still calculated in single ion monitoring (SIM) or extracted ion modes,

differently for isotopic evaluation it represents a critical issue, given that all the organic matter is
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burnt to CO2. An even more limiting problem is related to the different distribution of '*C and '>C
isotopes along an entire peak of COz. Due to different Van der Vaals forces, '3C isotope precedes
12C of about 150 ms, leading to wrong isotopic determinations if peaks co-elute [Meier Augenstein
1999, Matucha 1991]. As recently reported by our research group [Cucinotta 2021], a co-elution
involving the first part of the peak will lead to more negative 6'°C values; differently, more positive
0"3C values will be detected if the co-elution affects the tail. In each case, unreliable results would
be obtained. To overcome these limitations, multidimensional gas-chromatography (MDGC)
exploited in heart cut mode can provide an improved resolution, prior to the IRMS detection. To
these aims, a novel enantio MDGC-C-IRMS/gMS method was developed in order to guarantee a

baseline separation of target compounds.

For this application, seventeen grape samples belonging to Moscato Giallo variety were collected
in Trentino and Veneto along months of September and October 2021. Alongside a deep quali-
quantitative investigation by means of fast GC-QqQ/MS approach, a simultaneous detection of the
enantiomeric and isotopic ratio of the main aromatic terpenes was performed. To the best of
authors’ knowledge, it is the first time that 8'*C values of the main terpene compounds in grape

berries are reported in literature.

8.2 Materials and methods

8.2.1 Sample preparation, extraction and concentration

Seventeen different Moscato Giallo grape varieties were collected from Trentino Alto Adige and
Veneto along the months of September and October 2021 from local farmers. The choice of a
specific grape aromatic variety limited the total amount of samples investigated, although current
efforts are done to increase them. For each sample, 200 grape berries were collected with pedicles
from bunches and stored at -20°C, prior to the extraction performed by SPE cartridges (ENV+,
1g). For the extraction procedure, primarily 0.2 mL of a mixture of 1-heptanol and ethyl 3-
hydroxybutyrate, 0.5 g of gluconolactone and 0.2 mL of nonyl-B-D-glucopyranoside were added,
as reported elsewhere in literature [Paolini 2018, Gunata 1985], to 50 mL of the sample
homogenate, and diluted to 100 mL with Milli-Q water. Their addition allowed to monitor the
amount of both free and conjugated VOCs extracted. Once SPE cartridges were activated with 20
mL of methanol and 25 mL of Milli-Q water, samples were loaded to perform the extraction by
adsorption. Free VOCs were eluted with 30 mL of dichloromethane in a 100 mL glass boiling
flask, dried with anhydrous sodium sulphate, while an aliquot was picked up for GC-MS/MS
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analysis. For the concentration step, 60 mL of pentane were added into the glass boiling flask for
the formation of a low boiling azeotropic mixture. Concentration was thus performed in a bath at
40°C until 1.0 mL volume, prior to IRMS analysis. Glycosidic VOCs were eluted with 30 mL of
methanol, and this solution was first dried using a rotavapor and then dissolved in 4.5 mL of citrate
buffer at pH 5 of an enzyme with glycosidase activity (AR 2000 at 70 mg/mL in water). The
solution was thus kept in a bath at 40°C overnight to allow the release of the volatile compounds
from the glycosidic bond. After that, 0.2 mL of a mixture of 1-heptanol and ethyl 3-
hydroxybutyrate were added, and the VOCs were then extracted with SPE cartridges, and eluted
with dichloromethane, as reported for free VOCs. After the extraction an aliquot was picked up
for GC-MS/MS analysis, while the concentration step, as for free VOCs, allowed to obtain a final
volume of 1.0 mL. For enantio MDGC-C-IRMS analysis, free and bound VOCs were merged in

order to obtain a proper signal for IRMS detection.

8.2.2 GC-MS/MS conditions

Volatile organic compounds were analysed by using an Agilent Intuvo 9000 GC system coupled
with an Agilent 7000 Series Triple Quadrupole MS equipped with an electron ionisation source
operating at 70 eV. The filament current was 50 pA. Separation was obtained by injecting 2 puL in
split mode (1:5) into a DB-Wax Ultra Inert (20 m x 0.18 mm id x 0.18 um film thickness) capillary
column with constant He flow of 0.8 mL/min. The injector temperature was set at 250°C. The
oven temperature was programmed starting at 40°C for 2 minutes, raised to 55°C by 10°C/min,
then raised to 165°C by 20°C/min, and finally raised to 240°C by 40°C/ min and held at this
temperature for 5 minutes.

The mass spectra were acquired in dynamic multiple reaction monitoring (dAMRM) mode using N2
as collision gas (flow of 1.5 mL/min) and in Full Scan mode (mass range 33 - 400 m/z). The
transfer line and source temperature were set at 250°C and 230°C, respectively.

Data acquisition and analysis were performed using the Agilent Technologies MassHunter
Workstation software — Data Acquisition (ver. B.07.06) and the Agilent MassHunter Workstation

Software — Quantitative Analysis (ver. B.08.00), respectively.

8.2.3 GC-C-IRMS conditions

GC-C-IRMS analysis were led to evaluate carbon isotopic fractionation for the standards
investigated. The instrument was equipped with an auto-sampler (Triplus, Thermo Scientific), a
Trace GC Ultra (GC IsoLink + ConFlo IV, Thermo Scientific) interfaced with an isotope ratio
mass spectrometer (DELTA V, Thermo Scientific) by means of an open split interface and, in

parallel, to a single-quadrupole GC-MS (ISQ Thermo Scientific). GC separation was performed
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on a Phenomenex Zebron-Wax 30 m x 0.32 mm i.d. x 0.5 pm dr with the following temperature
program: 40°C (3 min) to 55°C at 3°C/min, to 165°C at 5°C/min, and finally to 240°C (8.5 min)
at 10°C min. Injection was performed maintaining injection port at 260°C, and by injecting 2 pL
in splitless mode with helium as carrier gas at a flow of 2 mL/min. Ion source and transfer line

temperature were maintained at 250°C, while combustion chamber temperature was set to 1000°C.

8.2.4 MDGC-C-IRMS/qMS conditions

The main structure of the MDGC-C-IRMS/qMS prototype was already described in previous
works [Sciarrone 2018, Cucinotta 2021, Cucinotta 2022]. Split/splitless injector was maintained
at 280°C, in splitless mode for 1 min, with a constant helium flow of 1.0 mL/min at the following
pressure program: 184 kPa (1 min) to 275 kPa at 1.89 kPa/min and finally to 330 kPa at 5.68
kPa/min. A SLB-5 ms 30 m % 0.25 mm i.d. x 0.25 pum dr (Merck Life Science, Darmstadt,
Germany) column was used in the 1D with the following temperature program: 40 °C (1 min) to
184 °C at 3°C/min, finally to 330 °C at 15°C/ min. FID1 was maintained at 330°C, with a constant
40.0 mL/min Hz flow and 400 mL/min air flow rate, with a sampling rate of 80 ms equal to 12.5
Hz. GC2 was equipped with a MEGA-DEX ASX 1 chiral column 25 m x 0.25 mm i.d. X 0.25 um
df (MEGA, Milano, Italy), and the temperature was ramped as follows: 40°C (11 min) to 142 (5
min) °C at 3°C/min and finally to 210°C at 8°C/min. The 2D qMS ion source and interface
temperature were maintained at 200 °C; the mass range 40-400 m/z was monitored at an acquisition
speed of 10 Hz. A pressure program was applied also to the APC device in order to maintain a
similar carrier flow in the 2D dimension (=1 mL/min): 140 kPa (11 min) to 193 kPa at 1.39
kPa/min and finally to 265 kPa at 9.8 kPa/min. After the MDGC separation, the compounds eluted
from the second column were splitted through a zero dead-volume tee-union (Valco) to the
combustion chamber and therefore to the IRMS system via a 0.85 m % 0.25 mm i.d. uncoated
column and to the qMS via a 1.5 m x 0.1 mm i.d. uncoated column. Apart for the IRMS, all data
were acquired by the MDGC solution control software package (Shimadzu, Kyoto, Japan) allowed
to setup the Deans Switch device parameters and to monitor both the GC1 (FID1) and GC2 (gqMS),
together. The VisION IRMS (Elementar Analysensysteme GmbH, Langenselbold, Germany) was
a bench top 5 kV system equipped with a monitoring gas delivery system. The combustion
chamber, maintained at 850°C, was provided with a high performing silicon carbide tube furnace
for the quantitative, fractionation-free conversion of the compounds to pure gases (CO2 and H20).
The COz2 produced by pyrolisis of each component was transferred to the IRMS, and the water was
removed through a nafion membrane. The following settings were applied to the VisION system:
acceleration voltage, 3797.66 V; trap current, 600.000 pA; magnet current, 3700.000 mA. An

electron-impact ionization (EI) gas source, a variable field, stigmatically focused electromagnet
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for beam separation and multi-channel Faraday collectors set at 44, 45, 46 m/z for beam detection
were used. IRMS results 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 find the correct starting and finishing point of
the peaks. All the analysis were led in triplicate and standard deviations for IRMS measurements

were found to be under < 0.5.

8.3. Results and discussion

8.3.1 Quali-quantitative analysis by means of fast GC-QqQ/MS

Although Moscato Giallo is broadly recognized as one of the most typical aromatic grape varieties,
few information is reported in literature about the characteristic terpenic profile, responsible for
the aroma [Flamini 2005]. However, some traits are distinctive with respect to other grape
varieties, critical to provide an unambiguous sensorial differentiation. In general, the high
concentration of terpenols represent a common characteristic in Moscato specie, while their

relative amount allows to distinguish between specific varieties[Flamini 2005, Versini 1993].

In a first step, the quali-quantitative evaluation of the 17 samples of Moscato Giallo grapes was
achieved exploiting fast GC-QqQ/MS (see Table 8.1) according to Paolini et al. [Paolini 2018],

which applied this method to different oenological products as wine and grape must.

After the extraction process the aroma profile of the grapes was evaluated in its entirety, since it
is composed by both free (Table 8.1) and bound components (Table 8.2). In details, the targeted
analysis revealed the presence of 28 free and 26 glycosidically bound with sugar moieties target

compounds.
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Volatile Organic Compounds free forms (mg/Kg)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

1-hexanol 0,08 0,05 0,09 0,08 0,10 0,13 0,16 0,08 0,08 0,11 0,07 005 0,12 0,10 0,06 0,08 0,10
trans-3-hexen-lol 0,10 0,05 0,07 0,06 0,09 0,10 0,15 0,08 008 0,09 0,06 0,04 009 0,11 003 0,09 0,09
cis-3-hexen-1ol 0,09 0,07 0,10 0,10 0,09 0,12 0,12 0,08 0,09 0,10 0,06 0,07 0,12 0,10 0,08 0,09 0,09
2-phenylethanol 0,01 0,01 0,02 0,01 001 001 001 001 001 001 001 001 001 001 001 001 001
benzyl alcohol 0,01 0,02 0,02 0,02 001 002 002 001 001 001 002 001 001 0,02 001 001 002
linalol oxide A-trans | 0,11 ' 0,19 0,13 0,12 0,09 0,12 0,17 0,15 0,14 0,08 0,17 0,08 0,10 0,06 0,05 0,09 020
linalol oxide B-cis 0,11 0,19 0,09 0,12 0,06 0,16 0,10 0,13 0,13 0,06 0,11 0,05 0,08 0,03 003 006 0,14

linalool 1,42 1,77 099 1,06 091 099 131 152 1,23 096 125 0,69 128 041 026 0,81 191
alpha-terpineol 0,01 0,02 0,01 0,01 0,01 0,01 0,01 0,02 0,02 0,01 0,01 0,01 0,01 0,00 0,00 0,01 0,02
terpinen-4-ol 0,01 o,01 o,1 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
beta-citronellol 0,00 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,00 0,00 0,01 0,00 0,01 0,00 0,00 0,01 0,01
nerol 0,01 0,01 0,01 0,01 0,01 0,01 0,02 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,02 0,01 0,01
geraniol 0,05 0,06 0,07 0,08 0,03 0,05 0,06 0,04 0,04 0,04 005 0,05 0,06 0,06 0,11 0,06 0,06
geranic acid 0,02 0,02 0,03 0,03 0,01 0,02 0,03 0,02 0,01 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,03
rose oxide I 0,01 0,01 0,01 0,01 0,01 0,01 0,01 001 0,01 0,01 0,01 001 0,01 001 0,01 0,01 0,01
rose oxide II 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 001 0,01 0,01 0,01 0,01 0,01
benzaldehyde 0,01 o,01 o,1 0,01 0,01 001 0,01 0,01 0,01 001 0,01 0,01 0,01 0,01 0,01 0,01 0,01
methyl salycilate 0,01 o,01r o,1 0,01 0,01 0,01 0,01 0,01 0,01 0,01 001 0,01 0,01 0,01 0,01 0,01 0,01
zingerone 0,01 0,01 0,01 0,01 0,01 0,01 0,01 001 0,01 0,01 0,01 001 0,01 001 001 0,01 0,01
limonene 0,01 0,01 0,01 0,01 0,01 0,01 0,01 001 0,01 0,01 0,01 001 0,01 001 0,01 0,01 0,01
beta-myrcene 0,01 0,02 0,02 0,01 0,01 001 0,01 0,02 0,01 0,02 0,02 0,01 0,02 0,01 0,01 0,01 0,02
HO-trienol 0,03 0,05 0,02 0,03 0,01 0,01 0,03 0,02 0,03 0,01 0,01 002 0,02 0,01 0,01 0,01 0,03

linalol oxide C-trans 0,30 0,51 035 0,35 0,30 0,55 048 035 032 032 051 026 034 0,17 0,15 025 0,56
linalol oxide D-cis 0,13 0,18 0,12 0,15 0,11 020 0,14 0,16 0,14 0,11 014 011 011 007 0,08 0,13 0,15
HO-diolo I 028 041 036 039 015 021 058 036 044 023 030 0,17 026 0,18 0,13 025 0,74
HO-diolo IT 025 043 027 025 019 093 042 021 029 027 039 024 029 009 016 014 033
8-Hydroxylinalool trans 0,11 0,15 0,13 0,11 0,11 0,10 0,20 0,11 0,12 008 0,19 008 0,11 0,06 0,05 0,08 0,18
8-Hydroxylinalool cis 0,02 0,04 0,02 0,02 0,03 0,04 0,03 0,03 002 002 002 003 003 0,02 0,02 0,03 0,04

Table 8.1 quali-quantitative profile of the free volatile organic compounds in Moscato Giallo

grape berries
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Volatile Organic Compounds bound forms (mg/Kg)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
1-hexanol 0,02 0,02 0,02 0,02 0,01 0,01 0,01 0,01 0,02 0,03 0,02 0,02 0,03 0,01 0,02 0,02 0,01
trans-3-hexen-1ol 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
cis-3-hexen-1ol 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
2-phenylethanol 0,04 0,05 0,05 0,03 0,04 0,07 0,04 0,03 0,04 0,06 0,05 0,05 0,05 0,04 0,04 0,05 0,03
benzyl alcohol 0,05 0,06 0,07 0,04 0,05 0,12 0,06 0,04 0,05 0,08 0,08 0,07 0,08 0,07 0,06 0,07 0,06
linalol oxide A-trans 0,08 0,09 0,06 0,07 0,05 0,14 0,09 0,07 0,07 0,08 0,11 0,05 0,09 0,05 0,05 0,05 0,12
linalol oxide B-cis 0,03 0,03 0,02 0,03 0,02 0,05 0,02 0,03 0,03 0,02 0,04 0,02 0,03 0,02 0,01 0,02 0,04

linalool 0,15 0,18 0,10 0,10 0,09 0,21 0,14 0,09 0,09 0,25 0,17 0,13 0,28 0,07 0,14 0,10 0,13
alpha-terpineol 0,03 0,03 0,02 0,02 0,02 0,03 0,03 0,03 0,03 0,03 0,03 0,02 0,04 0,02 0,02 0,03 0,03
terpinen-4-ol 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
beta-citronellol 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01

nerol 0,10 0,12 0,14 0,09 0,08 0,25 0,13 0,06 0,10 0,16 0,11 0,16 0,15 0,10 0,20 0,28 0,08

geraniol 0,35 0,54 0,46 0,36 0,33 0,91 0,41 0,22 0,39 0,58 0,39 0,48 0,61 0,41 0,68 1,09 0,25
geranic acid 0,21 0,28 0,24 0,14 0,16 0,36 0,26 0,15 0,21 0,37 0,27 0,24 0,27 0,17 0,28 0,25 0,25
rose oxide I 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
rose oxide IT 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
benzaldehyde 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
methyl salycilate 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01

zingerone 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01

HO-trienol 0,03 0,03 0,01 0,01 0,01 0,01 0,04 0,02 0,02 0,01 0,02 0,02 0,01 0,02 0,02 0,03 0,01

linalol oxide C- trans 0,02 0,01 0,01 0,01 0,01 0,02 0,03 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,03
linalol oxide D- cis 0,02 0,04 0,03 0,02 0,02 0,03 0,03 0,03 0,03 0,04 0,03 0,05 0,03 0,02 0,03 0,03 0,04
HO-diolo I 0,27 0,37 0,30 0,25 0,16 0,31 0,51 0,16 0,32 0,29 047 024 0,37 022 0,24 0,19 0,47
HO-diolo II 0,02 0,03 0,01 0,01 0,01 0,08 0,02 0,01 0,01 0,04 0,03 0,02 0,03 0,01 0,02 0,02 0,02
8-Hydroxylinalool trans 0,35 0,46 0,37 0,29 0,22 0,52 0,60 0,22 0,49 0,54 049 0,42 0,51 0,27 0,29 038 0,45
8-Hydroxylinalool ¢is 0,17 0,24 0,16 0,15 0,11 0,83 0,20 0,10 0,20 0,25 0,17 0,20 0,24 0,13 0,20 023 0,15

Table 8.2 Quali-quantitative profile of the bound volatile organic compounds in Moscato Giallo

grape berries

With respect to previous literature findings [Flamini 2005, Versini 1993], a higher amount of the
free fraction was found with respect to the glycosidic forms in most of the samples even if their

relative distribution may depend by several factors, as the ripening stage of berries or breeding.

Dealing with terpenols, linalool was the main compound in almost all the Moscato Giallo samples.
In detail, the free form was much more concentrated than its relative bound form, responsible for
the typical floral aroma. Only in Sample 16, geraniol was unexpectedly higher in concentration,
both in the glycosidic and free forms. Differently from the linalool distribution, the geraniol-bound
form was higher in concentration than the free one in all the samples investigated. To the best of
our knowledge, among the few recent references about Moscato volatiles in grapes, data dealt with

the principal aroma components of the different varieties [Flamini 2005, Versini 1993]. Only the
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report by Nicolini et al. [Nicolini 2013] provided an in-depth study on the relative composition of
the volatile terpenol fractions of different oenological products. According to this study, a similar
relative composition should be expected between grape and wine [Nicolini 2013]. The data
achieved of all the grape samples investigated in the present study were consistent with these
findings, confirming a similar volatile profile between Moscato Giallo grape and wine. In detail,
higher concentrations of the linalool oxide pyranoid forms were observed with respect to the
furanoid ones and of the trans oxide derivatives with respect to the cis ones. Dealing with diols,
3, 7-octadiene-2,6-diol-2,6-dimethyl (ho-diolo I) was always predominant with respect to 1,7-
octadiene-3,6-diol-2,6-dimethyl (ho-diolo II), as well as for 8-hydroxylinalool trans with respect

to the cis form.

According to the quali/quantitative results of the volatile fraction, the main terpenols were further

investigated by means of isotopic and chiral analyses (Section 8.3.3).

8.3.2 Evaluating the carbon isotopic fractionation along the concentration process

While for quali-quantitative analysis, samples were analysed after the extraction process, for the
isotopic analysis an additional concentration step was required. Given the lower natural relative
abundance of about 100 times of '*C than '2C, an isotopic ratio mass spectrometer suffers of
renowned higher detection limits than a common MS, which have often limited its application. As
a direct consequence, scarce information are reported in literature about the 6'>C value for samples
having very low concentrated key compounds, as in the case of terpenes in Moscato grapes. To
these aims, a concentration process was mandatory after the extraction procedure in order to obtain
a proper amount of analytes for isotopic analysis. As reported in section 8.2.1, an azeotropic
mixture was prepared adding 60 mL of pentane to the CH2Cl2» extract and brought to a boil in a
bath at 40°C until 1.5 mL volume. Concentration allowed to increase the relative amount of
terpenes prior to IRMS detection, by reducing solvent total volume. However, since evaporation
requires the overcoming of intermolecular forces, solute losses may happen besides solvent
evaporation. This phenomenon may clearly involve in carbon isotopic fractionation, leading to a
different '¥12C distribution. Isotopic fractionation during evaporation may be considered the result
of a preferential removal of molecules containing the lighter isotope (>C), with respect to the
heavier one (1*C) [Bouchard 2008, Shin 2010]. It’s clear how such conditions may largely affect
the reliability of the isotopic measurements for the key components investigated. To these aims,
preliminary tests needed to be led before the analysis of real samples. In this concern, a mixture of
three terpene standards, namely eucalyptol, geraniol and linalool, was prepared in CH2Cl2 with the
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aim to simulate sample concentration process. While eucalyptol was chosen for its relative lower
boiling temperature, linalool and geraniol were investigated being among the main terpenes in
Moscato Giallo samples. During the boiling process, aliquots were picked up at different times (t1,
t2...ts) until the final volume (ts). Each solution was thus analysed in triplicates (SD < 0.5 ¢) to
monitor possible isotopic shifts with respect to isotopic data of the starting solution (to) (Figure

8.1).
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Figure 8.1 Correlation between the 6*C value along the concentration step for eucalyptol, linalool

and geraniol; to: starting volume, te: final volume (= 1.5 mL)

As showed in all the graphs, no relevant isotopic differences (always < £0.5 ) were found with
respect to the starting solution (to) for all the terpenes. These findings confirmed the lack of isotopic

fractionation along the concentration step, allowing the isotopic measurements of real samples.

8.3.3 Monodimensional GC chiral analysis and the development of an enantio MDGC-C-
IRMS/gqMS approach

For quali-quantitative analysis the coupling of tandem mass spectrometry to monodimensional GC
provided an increased resolution power (Section 8.3.1), thanks to the selection of specific MRM
transitions for the target analytes. Differently, for isotopic ratio mass spectrometry it was

unfeasible, since the 6'>C is determined after the combustion of all the organic matter to carbon
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dioxide. Unlike other conventional MS approaches, where it is still possible to operate in selected
ion monitoring or exploiting extracted ion mode, for IRMS detection the oxidation of key
compounds to CO2 will delete any structural information. Moreover, a partial peak integration
would compromise the reliability of the measurement, due to the renowned chromatographic
isotopic effect along a peak of CO: [Cucinotta 2021, Matucha 1991]. Dealing with
monodimensional conditions (GC-C-IRMS), this configuration would lead to a series of
limitations in the case of co-elutions. Recently our research group demonstrated the limitations of
a monodimensional Es-GC approach hyphenated to an isotopic ratio mass spectrometer in the
analysis of real samples [Cucinotta 2022]. Although the choice of a specific chiral column may
guarantee the baseline separation of target enantiomers each other, co-elutions may involve with
adjacent achiral components. This case was evident also in Moscato Giallo grape samples. Figure
8.2 shows co-elutions occurring in a monodimensional chiral profile for some specific samples.
Although the selected chiral column, namely the MEGA DEX ASX-1 phase, allowed the
separation of the enantiomers of a chiral couple each other, co-elutions occurred with other
interfering peaks. As visible in Figure 8.2A, although linalool enantiomers were efficiently
separated each other, a co-elution involved with an interfering peak for 3S-linalool. The same issue
was evident for (E)-3S-linalool-8-hydroxy, which strongly co-elute with another interfering
compound on the tail. In this concern, despite the potential to simultaneously determine isotopic
and chiral ratio of key compounds, the presence of overlapping compounds severally limits the

reliability of both the measurements.
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Figure 8.2: Monodimensional chiral GC/MS analysis of a Moscato Giallo grape extract: dashed
(blue) lines highlight a co-elution for 3S-linalool; dashed (red) lines highlight a co-elution for 3S-
linalool-8-OH

As already demonstrated in a previous work [Cucinotta 2021], also a little co-elution for IRMS
detection may involve in unreliable isotopic results, as well as in a reduced repeatability. In detail,
a co-elution on the tail will involve in a wrong more positive 6**Cvpps with respect to conditions
of baseline separation, as for the case of (E)-3S-linalool-8-hydroxy, due to the depletion of '*C at
that level. Conversely, a co-elution on the first part of the peak, as for the case of 3S-linalool, will
reduce the amount of '*C at that level, resulting in a wrong more negative 5'*Cveps value. It is
noteworthy how these drawbacks have involved in very few literature references in this field
[Mosandl 1990, Badea 2015]. Consequently, due to the limitations of a monodimensional
approach, a multidimensional GC method was developed to achieve an efficient separation. In this
concern, with the aim to guarantee not only a baseline resolution from the interfering compounds,
but also the separation of each chiral terpene in its two enantiomers, an appropriate chiral column
was chosen. Multidimensional conditions were thus optimized employing an apolar column in the
'D and the chiral cyclodextrin stationary phase in the 2D. The high reproducibility in terms of
retention times on apolar columns [Bicchi 1999] allowed to choose specific and narrow cut
windows for the transfer of target terpenols after the 'D FID stand-by analysis (Figure 8.3) for
each sample. Pressure conditions, both for AFC and APC, as well as related linear velocities were
optimized in order to guarantee a complete transfer of the heart cut fractions from 'D to 2D,

mandatory to avoid isotopic fractionation. Among the different components, the most

120



Chapter 8: A deep investigation of Moscato Giallo grapes by means of multi-analytical methods

representative Moscato Giallo terpenes were selected for multiple heart cuts, for further separation
on the 2D chiral column, namely linalool, linalool oxide trans pyranoid, geraniol, 3, 7-
dimethylocta-1, 7-dien-3, 6-diol and (E)-linalool-8-hydroxy. After the 2D separation, eluate from
the chromatographic system was split to the IRMS and to the qMS. Parallel 2D qMS detection
allowed to confirm the identity of the compounds transferred from the 'D, by comparing MS

experimental spectra on spectral similarity databases (FFNSC 4.0).
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Figure 8.3 Comparison between a 'D stand-by analysis (black trace) and 'D cut ones (pink, blue,

green traces) for a Moscato grape extract.

Figure 8.4 shows the D profile after the multidimensional separation. Although the selected
terpenols were co-eluted in the 'D stand-by on the apolar column (Figure 8.3), an efficient
separation was achieved (Figure 8.4). The complementary selectivity of the selected stationary
phases allowed overcoming the limitations of a monodimensional analysis, achieving the
simultaneous determination of both enantiomeric and isotopic ratio. As illustrated, both the
enantiomers of linalool were properly resolved from the main co-eluted compound in the 'D stand-
by analysis, allowing the correct determination of both isotopic and enantiomeric ratio. Similarly,
linalool oxide cis and trans pyranoid were baseline separated each other. For the enantiomers of 3,
7-dimethylocta-1, 7-dien-3, 6-diol, unfortunately an incomplete separation did not allow the
determination of 6'3C value, but only of enantiomeric one. On the other side, linalool-E-8-hydroxy
enantiomers were well separated each other and from the co-eluted peaks in the monodimensional

chiral profile (Figure 8.2).
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Figure 8.4 °D IRMS profile of a Moscato grape extract after the multidimensional separation

8.3.4 Enantiomeric and isotopic results in Moscato Giallo samples

Once the enantio MDGC-C-IRMS/qMS approach was optimized, seventeen Moscato Giallo grape
extracts were analysed by these means. As reported in section 8.3.2 for standards, the extraction
process involved the same additional concentration step prior to IRMS detection. Since no
differences were expected in terms of isotopic distribution, in this research, free and bound forms
were simultaneously evaluated unifying the solutions before the enantio MDGC-C-IRMS analysis.
Dealing with chiral compounds, similar trends were found for all the target terpenes in all the
Moscato Giallo samples investigated (Table 8.3). Previous works by Mosandl and co-workers on
chiral terpenes allowed to assign the specific identity of each enantiomer investigated [Luan 2004,

Luan 2006].
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3,7-dimethylocta-1,7-

Linalool dien-3.6-diol (E)-linalool-hydroxy

Sample (Es) 3R 3S EE 35,6S  3S,6R EE 3R 3S EE
1 221 9779 9558  82.30 17.70  64.60 8.09 9191 83.82
2 241 9759 9518 85.22 14.78  70.44 7.08 92.92 85.84
3 3.79  96.21 9242  88.03 11.97  76.06 8.22 91.78 83.56
4 326 96.74 9348 86.09 1391  72.18 9.22 90.78 81.56
5 324 9676 9352  83.00 17.00  66.00 7.59 92.41 84.82
6 393  96.07 92.14 76.02 2398  52.04 3.75 96.25 92.50
7 256 9744 9488  82.35 17.65 64.70 7.00 93.00 86.00
8 233  97.67 9534 84.07 1593 68.14 9.46 90.54 81.08
9 2.64 9736 9472  86.15 13.85 7230 9.62 90.38 80.76
10 474 9526 90.52 80.68 1932  61.36 6.56 93.44 86.88
11 256 9744 9488  85.71 1429  71.42 7.04 92.96 85.92
12 3.66 9634 92.68 8559 1441 71.18 7.89 92.11 84.22
13 310 9690 9380 81.82 18.18 63.64 8.07 91.93 83.86
14 450 9550 91.00 8392 16.08 67.84 11.05 88.95 77.90
15 410 9590 91.80 7831 21.69 56.62 8.24 91.76 83.52
16 5,60 9440 88.80 85.00 15.00 70.00 10.37 89.63 78.96
17 249 9751 95.02 82.14 1786 64.28 8.33 91.67 83.34

Table 8.3 Enantiomeric data for the main terpenes investigated in the seventeen Moscato Grape

samples. EE: enantiomeric excess

For each chiral couple investigated, an evident enantiomeric excess (>50%) was always registered
for one of the two enantiomers, outlining a typical behaviour. Linalool was found to be
predominant in the 3S form (95.26-97.79%), as well as (E)-linalool-hydroxy (88.95-96.25%). For
3, 7-dimethylocta-1, 7-dien-3, 6-diol, the 3S, 6S form was predominant (76.02-88.03%) than the
3S, 6R enantiomer; in this case, unfortunately, no data were collected for IRMS due to the
incomplete separation involving the enantiomers. These chiral results about Moscato Giallo
samples were found generally in agreement with the previous report from Luan et al. about other
Moscato grape varieties. Dealing with IRMS detection, as well as for chiral data, 5*Cvrps values

were recorded after the 2D separation. All the signals above 0.5 nA, inside the uncertainty of the
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instrument signal, were acquired in triplicates showing a standard deviation always < 0.5 %o; on
the other hand, signals below this threshold were not taken in consideration. Due also to the
drawbacks highlighted in Section 8.3.2, this is the first time that 5'*Cveps values for key terpenes
in grapes, as well as in oenological products, are reported in literature. Moreover, considering the
evident enantiomeric excess registered for one of the two enantiomers (Table 8.3), 5'*Cvrps was
evaluated only for the main ones of each couple. Although the coupling of a chiral selector with
IRMS detection has few witnesses in literature, no significant 6'*Cveps shifts should be expected
between the enantiomers of the same chiral molecule, being the products of the same biosynthetic
pathway. Accordingly, carbon isotopic ratio of the enantiomers 3S-linalool, (E)-3S-linalool-
hydroxy, 2S, 5S-linalool oxide cis pyranoid and the achiral geraniol were acquired, as visible in

Table 8.4.

3S- 2S,SR-linalool . (E)-3 S-

linalool oxide trgns geraniol linalool-

pyranoid hydroxy

Sample 5" Cvrpp 5Cyrps 5°Cvrpp 5"Cvrps
1 -35.0 -34.2 -33.0 -33.9
2 -33.1 -32.5 -31.0 -29.8
3 -36.8 -35.9 -34.5 -33.2
4 -37.7 -37.4 -35.7 -34.5
5 -35.4 -34.3 -33.0 -33.0
6 -38.2 -36.9 -37.1 -36.1
7 -39.6 -38.8 -36.5 -36.6
8 -34.8 -33.9 -33.2 -32.9
9 -37.7 -37.2 -35.5 -34.0
10 -35.7 -34.7 -33.2 -33.7
11 -37.1 -36.9 -35.3 -33.9
12 -37.5 -36.9 -35.6 -34.7
13 -35.7 -34.7 -33.4 -32.8
14 -38.8 -37.4 -35.9 -35.2
15 -36.4 -36.0 -33.5 -34.8
16 -40.5 -39.2 -36.4 -35.5
17 -35.7 -35.2 -33.8 -33.4

Table 8.4 5'*Cvrpa value for the main enantio terpenes in the seventeen Moscato grape samples
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Dealing with isotopic results, although different absolute 5'*Cvrps values were found among the
samples investigated, a typical relative trend was found among the terpenes in terms of isotopic
distribution. These findings were satisfactory since mono-varietal samples were investigated. Due
to the high closeness in terms of geographical origin, no relevant differences were found, as
expected, among samples from Trentino and Veneto for isotopic data. In detail, 3S-linalool
registered always the most negative 5'*Cvrps value in all the samples investigated, covering a
range from -33.1 %o (Sample 2) to -40.5 %o (Sample 16). Beside 3S-linalool, geraniol and (E)-3S-
linalool-hydroxy had alternatively the most positive values in Moscato Giallo samples. As reported
by a review from van Leeuwen et al., [van Leeuwen 2014] most of the components derived from
Cs plants show 8'*Cvrps values inside the range from -24 to -34 %o. In this concern, since synthetic
standards from coal have 6'*Cvpps values from -25 %o to -30 %o, some overlappings may involve
with respect to the range of modern Cs plants, making authenticity assessment more difficult.
Differently, as shown in Table 8.4, most of the 8'*Cveps values registered for grapes, especially
for 3S-linalool, fell outside from this range. However, these unusual negative isotopic data were
immediately explained considering monoterpenes biosynthesis in grapes. In a previous research,
Luan et al., [Luan 2002] demonstrated how monoterpenes biosynthesis in grapes occurs by means
of the mevalonate-independent 1-deoxy- d-xylulose 5-phosphate/2C-methyl- d-erythritol 4-
phosphate (DOXP/MEP) pathway in plastids. However, this metabolic way is not considered as
the preferred pathway for isoprenoid biosynthesis, whose is typically performed by means of the
mevalonate acid pathway. Moreover, the differences in these two metabolic pathways reflect in a
different isotopic fractionation for the secondary metabolites [Hayes 2001]. Dealing with carbon
isotopes, Hayes [Hayes 2001] described how a higher depletion of '3C for isoprenoids is observed
in the MEP pathway with respect to the same ones synthetized by mevalonate acid pathway. These
findings were able to explain such negative isotopic values registered for terpenes in grape berries.
In agreement, samples with target volatiles having more negative 6'*Cveps values with respect to
typical Cs distribution may be very useful for authenticity assessment [Strojnik 2019, Cuchet
2019]. Dealing with fruit aromas, Strojnik et al., [Strojnik 2019] provided a clear differentiation
for VOCs in apple aromas, since synthetic standards from coal showed much more positive
S13Cvrpa values with respect to natural samples. In this concern, future studies will deal with the

analysis of commercial oenological products for authenticity aims.
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8.4 Conclusions

In this study, a full characterization of the terpenic profile in Moscato Giallo grapes was achieved
by means of the coupling of different analytical approaches. Fast GC-QqQ/MS provided a suitable
quali-quantitative investigation of the key volatiles in grapes in reduced times. Dealing with
simultaneous isotopic and chiral analysis, monodimensional Es-GC-C-IRMS analysis
demonstrated to be unsuitable to these aims. A MDGC method was thus developed, combining an
apolar column in the 'D and a chiral stationary phase in the °D one, allowing an improved
separation of the target terpenols prior to the IRMS and gMS detection. In these concern, the
analysis of Moscato Giallo grapes revealed a typical behaviour for both enantiomeric and isotopic
ratios. Current efforts are aimed to increase the database of grapes investigated, in order to evaluate

specific statistical trends, confirming the genuineness range established for natural samples.

Future studies will deal with the analysis of the Moscato Giallo wines obtained by the same grapes

used in this work, in order to evaluate isotopic and enantiomeric behaviour along winemaking.
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Chapter 9

Chiral isotopic fractionation in lemon essential oil: a

new tool for authenticity assessment?

9.1 Introduction:

Authenticity assessment for essential oils is an everlasting challenge between quality controllers
and frauds, in continuous competition. Because of increasing consumers’ request, as in the case of
citrus cold-pressed products, their commercialization is spreading ever more all over the world.
Among citrus oils, lemon essential oil has a larger economic impact in the flavour and fragrance
industry. The essential oil, mainly obtained through cold pressed extraction by the peel of the fruit,
1s widely employed in different fields, from renowned food and beverages applications, as well as
aromatherapy to newer pharmacological approaches, due to the antioxidant properties of its
components [Dosoky 2018]. Regarding the volatile fraction, it is mainly made up of olefinic
monoterpenes, such as f-pinene, limonene, j-terpinene, and in minor amounts by aldehydes, such

as citral (neral+geranial), although they largely contribute to the flavour [Mondello 2010].

Chemical composition can be easily investigated by means of gas chromatography coupled to
flame ionization detection (GC-FID) and gas chromatography coupled to mass spectrometry
(GC/MYS), although it may vary quantitatively in relation to seasonal production [Mondello 2010].
Thus, whilst an initial screening can be achieved by conventional quali-quantitative analysis, a full
evaluation can be done by means of more sophisticated analytical approaches. Enantio-selective
gas-chromatography (Es-GC) has been extensively described in the literature for its capability to
evaluate the genuineness and quality of essential oils [Schurig 2001]. In dealing with citrus fruit
essential oils, specific enantiomeric excesses are registered for key compounds, as in the case of
(+)-limonene (>95%) with respect to its levorotatory form [Mondello 2010]. Clear differences
from genuine ranges allow the unveiling of fraudulent additions, by these means. However, the
target component having a pronounced enantiomeric excess may be selected by other sources,
making authenticity assessment harder. Complementarily, gas chromatography coupled to isotopic
ratio mass spectrometry (GC-C-IRMS) is largely recognized as a powerful tool for authenticity
assessment analysis. The different COz uptake by the plant and the related biochemical pathways

allow to distinguish among Cs, C4 and CAM plants, as well as from synthetic sources [Meier
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Augenstein 1999, Sciarrone 2018, Camin 2016]. In the literature, Schipilliti et al. reported 6°C
values of the main terpenes in lemon essential oils, allowing in some cases to discern fraudulent
additions, as well as to distinguish from different geographical origins [Schipilliti 2012]. Since
both techniques deeply investigate the genuineness of natural products, a simultaneous detection
by means of enantio-selective gas chromatography coupled to isotopic ratio mass spectrometry
(Es-GC-C-IRMS) may be considered a suitable technique for authenticity aims. Such an approach
was first demonstrated by Mosandl and co-workers for the differentiation of natural and synthetic
products [Mosandl 1990], and after by a few more research groups [Silfer 1991, Badea 2015]. By
employing a single gas chromatographic method, it would be able to detect the enantiomeric
excesses and &'3C values of the target compounds, simultaneously. Despite these undeniable
advantages, even in terms of total time analysis, some drawbacks have severally limited its
widespread diffusion. Dealing with medium-high complexity samples, compounds with very
similar physic-chemical properties may involve in co-elutions along a chromatogram. Even more,
this issue may be accentuated by a chiral separation. Although the selection of a suitable
cyclodextrine-based stationary phase can efficiently resolve the enantiomers of a single chiral
couple each other, overlapping with interfering or achiral components may involve. However, if a
partial co-elution may not largely affect the calculation of enantiomeric excesses since diagnostic
m/z fragments can be still monitored in extracted ion modes, conversely it represents several
matters for isotopic evaluation. As already reported by our research group, the uneven distribution
of carbon isotopes along an entire peak of CO2 leads to unreliable more positive or negative 8'>C
values with respect to conditions of baseline separation [Matucha 1991, Cucinotta 2021]. To
overcome these limitations, multidimensional gas-chromatography (MDGC) may represent the
suitable analytical approach, thanks to the higher peak resolution achieved by the employment of
two columns with different selectivity. Enantio-selective multidimensional gas chromatography
(Es-MDGC), exploited in heart-cut mode, was first reported by Schomburg et al. [Schomburg
1984], allowing to select of specific window times in the first achiral dimension for a further chiral
separation in the second one. Starting from this first study, several works were led by these means,
also in the field of citrus essential oils [Sciarrone 2010, Hong 2017]. In this regard, Sciarrone et
al., [Sciarrone 2010] demonstrated the capability of an Es-MDGC system to solve co-elutions with
respect to a conventional Es-GC in mandarin essential oils, achieving more reliable quantitative
results. Dealing with lemon essential oils, Hong et al., [Hong 2017] employed an Es-MDGC
system for the detection of four specific chiral couples. Conversely, very few works have dealt
with the simultaneous determination of both the enantiomeric excess and the &'*C value for target

compounds [Reichert 2000, Cucinotta 2022], due to the need for a baseline resolution prior to
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IRMS detection. To these aims, in this research, a novel Es-MDGC-C-IRMS/qMS approach was
developed, employing an apolar and a chiral stationary phase in the first and second dimensions,
respectively. By these means, it was possible to simultaneously evaluate the enantiomeric excess
and the 6'*C ratio of the enantiomers of the main chiral terpenes in lemon essential oils for the first
time in literature, and the 6'>C ratio of the main achiral compounds. In this concern, the baseline
separation of pinenes enantiomers, namely (-) and (+)-a and S-pinene, allowed to register their
specific 8'°C ratios, laying the foundation for new considerations in the field of essential oil

authenticity assessment.

9.2 Materials and Methods

9.2.1 Samples

Twenty genuine cold-pressed lemon essential oils were provided by local producers in the season
2021/2022 and stored at +4 °C. Prior to the GC analysis, all the samples were diluted 1:10 in n-
hexane. A C7-Cso n-alkane mix, kindly provided by Merck Life Science (Darmstadt, Germany),
was used for the calculation of linear retention index (LRI) values. For the calibration of the & '°C
ratio with respect to VPDB scale, the CO: reference gas was calibrated using three certified alkanes
from Indiana mix A7, namely hexadecane (& '*C -26.15 %), octadecane (& '*C -32.70 %) and
eicosane (& °C -40.91 %o) (Indiana University, Bloomington, IN). Isotopic ratio measurements of

the samples of interest were done by the following formula:

Rsample — Rstandard

13, —
o= Rstandard

where R represents the abundance ratio of the heavier carbon isotope against the lighter one

(13C/12C).

9.2.2 MDGC-C-IRMS/qMS conditions

The MDGC-C-IRMS/qMS prototype was already described in previous works [Cucinotta 2021,
Cucinotta 2022], and briefly consists of 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) transfer device, connected to an advanced pressure control unit (APC), which supplied
the same carrier gas (He) (Shimadzu Europa, Duisburg, Germany) allowing to divert the first
column eluent to the FID or to the second column in the GC2. The latter was hyphenated in parallel

to a QP2010 Ultra quadrupole mass spectrometer (Shimadzu Europa, Duisburg, Germany) and to
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a VisION IRMS system by means of a GC V furnace system (Elementar Analysensysteme GmbH,
Langenselbold, Germany) maintained at 830 °C. For the current application, the split/splitless
injector was maintained at 280 °C, at a split ratio 10:1, delivering to the 'D column, an SLB-5 ms
30 m x 0.25 mm i.d. x 0.25 pm df (Merck Life Science, Darmstadt, Germany), a constant helium
flow of 1.0 mL/min. A pressure program was used, from 185 kPa (5 min) to 261 kPa at 1.89
kPa/min, to 330 kPa at 7.28 kPa/min.The GC1 oven was ramped as follows: 50 °C (5 min) to 170
°C at 3 °C/min, finally to 250 °C (4 min) at 15 °C/min. The 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 to the DS device
via a 0.25 m x 0.18 mm i.d. stainless steel uncoated column and used to monitor the 'D eluent.
GC2 was equipped with a MEGA-DEX ASX 1 chiral column 25 m X 0.25 mm i.d. x 0.25 pm df
(MEGA, Milano, Italy), and the temperature was ramped as follows: 40 °C (10 min) to 82 °C at 2
°C/min, to 220 °C (4.9 min) at 7 °C/min. The 2D column was connected at one side to the DS
device and at the other side to a zero dead-volume tee-union (Valco). The effluent was split to the
combustion chamber and to the IRMS system via a 0.85 m % 0.25 mm i.d. uncoated column and
to the gMS via a 2 m x 0.1 mm i.d. uncoated column. A pressure program was applied to the APC
device in order to maintain a constant carrier flow also in the 2D column (=1 mL/min): 140 kPa
(10 min) to 189 kPa at 1.39 kPa/min, to a final pressure of 265 kPa at 8.04 kPa/min. The qMS ion
source and interface temperature were maintained at 200 °C; the mass range 40-400 m/z was
monitored at an acquisition speed of 10 Hz. The target compounds were identified by searching
their qMS spectra against the FFNSC 4.0 mass spectral library database (Shimadzu Europa,
Duisburg, Germany), using a double filter based on spectral similarity and on a range of 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 chamber was provided with a high performing silicon carbide tube
furnace for the quantitative, fractionation-free conversion of the compounds to pure gases (CO2
and H20). The COz2 produced by pyrolisis of each component was transferred to the IRMS, while
the water produced was removed through a Nafion membrane. The system was designed with
reduced dead volumes to maintain the chromatographic integrity of the separated compounds,
preserving the chromatographic resolution at the IRMS. An auxiliary He line (sample line He),
automatically controlled through a second channel of the APC unit, was used in the furnace to
allow a proper control over the open split conditions for the IRMS. The following settings were
applied to the VisION system: acceleration voltage, 3795.007 V; trap current, 600.000 pA; magnet
current, 3700.000 mA. The APC was operated in constant flow mode, to maintain the open split

in a steady state. An electron-impact ionization (EI) gas source, a variable field, stigmatically
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focused electromagnet for beam separation and 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 ratio offset
integration method was exploited to automatically find the correct starting and finishing point of
the peaks. All the analyses were led at least in triplicate and standard deviations for IRMS

measurements were found to be under < 0.5.

9.3. Results and discussion

9.3.1 Development of an Es-MDGC-C-IRMS approach

As discussed in the introduction section, natural matrices are often characterized by the presence
of components with very wide concentration ranges, from present in traces to very abundant
compounds that can exceed 30-50% of the total composition. Consequently, different analytical
conditions are conventionally chosen with the aim of finding a compromise between these two
concentration extremes. In dealing with IRMS detection, it is necessary to pay even more attention
not to introduce insufficient quantities of analytes, due to the detection limits, obviously being
lower than the common mass spectrometers. This issue is related to the approximately 100 times
lower natural relative abundance of '*C compared to that of '?C. On the other hand, the introduction
of concentrated solutions may overload the chromatographic system. Considering a conventional
GC-C-IRMS approach, this issue can arouse the overlap of adjacent peaks or partial co-elutions
linked to peak broadening, and thus the inability to obtain baseline separated peaks. To overcome
these problems, in a previous research regarding the GC-C-IRMS analyses on lemon essential oils
[Schipilliti 2012], three chromatographic runs were performed to achieve a reliable &'°C ratio
measurement of high, medium and trace amount compounds, respectively. To this aim, different
on-column amounts of lemon essential oil were injected in the three runs: a low sample amount
was injected to measure the principal components, while an higher and a very high sample amounts
were injected to measure the low concentrated and trace components of the oil, respectively.
Whilst such a method ensures a reliable evaluation of the target compounds, on the other hand, it
was time-consuming, especially when several samples, as in the case of a citrus essential oil, are
required to be analysed. It is clear that such an approach involved also in an increased consumption
of solvent and sample, as well as an increased consumption of helium as carrier gas. In this
concern, the current research aimed first to reduce the total analysis time and cost by developing
a single chromatographic method. Moreover, following the results obtained in a previous study on

Cannabis Sativa L. essential oils [Cucinotta 2022], the main aim was not only to detect the ¢ '3C
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ratio of the terpenes of interest but also the enantiomeric ratio of the chiral volatiles,
simultaneously in a single chromatographic run. However, although the coupling of a chiral
separation to isotopic ratio mass spectrometry can offer two crucial pieces of information for
authenticity assessment in a single analysis, very few references are present in the literature [Karl
1994, Faber 1995, Frank 1995, Juchelka 1998, Reichert 2000, Cucinotta 2022]. Such a lack is
closely related to a series of limitations which have drastically limited the spread of this approach.
Among these, the insufficient chromatographic resolution surely represents the main issue. In this
concern, although the selected chiral phase can efficiently resolve all the enantiomers of the
selected chiral terpenes, co-elutions may involve achiral components, or between target achiral
components. Dealing with citrus essential oils, different research works were carried out by
employing an enantio-multidimensional gas chromatographic system prior to mass spectrometric
detection [Hong 2017, Sciarrone 2010]. As extensively reported in the literature, the insufficient
resolution represents an even more serious limitation for IRMS detection, since it involves
unreliable isotopic results [Matucha 1991, Cucinotta 2021]. For these reasons, coupling
multidimensional gas chromatography to isotopic ratio mass spectrometry represents the best
choice since a baseline separation is mandatory prior to the detection. Differently from MS
detection where diagnostic fragments can still be monitored by means of extracted ion mode or
single ion monitoring (SIM), for IRMS, this is not achievable due to the conversion of all the
organic components to COz prior to the detection. This matter is even more evident due to the
renowned chromatographic isotopic effect of the CO2 in GC, which leads to unreliable results in
the case of co-elution. Limitations about monodimensional Es-GC-C-IRMS analysis for lemon

essential oils are shown in Figure 9.1.
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Figure 9.1 (A) monodimensional GC-MS chiral profile of a lemon essential oil investigated,

showing different critical co-elutions (B and C)

Figure 9.1A shows the monodimensional chiral GC-MS chromatogram achieved for a lemon
essential oil, while Figure 9.1B and 9.1C show specific critical zones. As visible, (+) f-pinene co-
elutes with myrcene (Figure 9.1B), making unreliable the determination of the enantiomeric ratio
of Bpinene, and even more the &'°C value of (+) S-pinene. Figure 9.1C shows co-elution
involving target achiral components, namely trans-a-bergamotene, geranyl acetate and f-
caryophyllene, whose &!°C would have been surely wrong with such a monodimensional
configuration. To overcome these limitations, a multidimensional gas chromatographic approach

was developed. Since no qualitative information were available after the 'D detector (FID), the
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identity of each peak of interest was confirmed based on the elution order observed in
monodimensional GC-MS analysis employing the same apolar stationary phase. Furthermore, the
experimental LRIs of the peaks obtained after a 'D stand-by analysis were matched to the
theoretical values, within a 10 units tolerance [Cucinotta 2022]. Due to the high repeatability in
terms of retention times on the apolar column, narrow-cut windows were chosen for the transfer
of the selected terpenes from the 'D to the ?D. Figure 9.2 shows a data comparison between a st-

by (black trace) and a cut analysis (pink trace) for a lemon essential oil.
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Figure 9.2 Data comparison between 'D st-by (black trace) and 'D cut analysis (pink trace) in the

MDGC configuration

Fourteen cut windows were selected transferring from the 'D to the D o-thujene, a-pinene, 3
pinene, limonene, j~terpinene, terpinolene, linalool, a-terpineol, neral, geranial, neryl acetate,
geranyl acetate, -caryophyllene, trans-a-bergamotene and B-bisabolene. Figure 9.3 shows the D
IRMS chromatogram obtained after the chiral separation. Thanks to this approach, all the target
components were efficiently baseline resolved, allowing a reliable simultaneous determination of

the enantiomeric and isotopic data.
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Figure 9.3: 2D IRMS profile of the selected terpene components of a lemon essential oil. Green:

enantiomeric terpene, Black: achiral terpene.

Enantiomeric ratios were determined for the chiral terpene, namely a~thujene, a-pinene, S-pinene,
limonene and linalool. With respect to previous research works reported in Citrus oils book, similar

enantiomeric trends were found for all the components investigated (see Figure 9.4)
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Figure 9.4 chiral trend along the sampling from August 2020 to February 2021
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Enantiomeric excesses have been reported for the levorotatory form for most of the components
investigated, namely o-thujene, o-pinene, S-pinene, linalool, while only for limonene the

dextrorotatory form was the more abundant.

In detail, (+) limonene (see Table 1) was always found with an enantiomeric excess higher than
96% with respect to the levorotatory form. Due to the employment of a MDGC system, and the
related higher separation power, data were found more in agreement with the study of Gionfriddo
et al., with respect to the last communication reported in Citrus Oil book. Both (-) a-pinene and (-
) [~pinene were in excess with respect to the dextrorotatory form from August 2020 to February
2021, with the higher enantiomeric excess registered in the months of August and September 2020.
Dealing with o-thujene, as well as for limonene, an evident enantiomeric excess (98%) was

registered for the levorotatory form.

About IRMS data, the 6 '°C ratio of j-terpinene was determined herein for the first time in
literature, although it represents one of the main components in lemon essential oil. Only the
signals higher than 0.5 nA were considered for the determination of 6'>C ratio: (+) a-thujene, (-)
and (+) a-pinene, (-) and (+) f-pinene, (+) limonene, j~terpinene, terpinolene, neral, geranial, neryl
acetate, geranyl acetate, f~caryophyllene, trans-a-bergamotene and f-bisabolene were evaluated.
Due to the very low signals detected, (-) and (+) linalool were not taken in consideration. About
the genuine lemon essential oils analysed, most of the results were found in agreement with
previous literature data on enantiomeric and isotopic ratios [Mondello 2010, Schipilliti 2012].
However, dealing with the & '°C ratio of specific enantiomers, an unexpected isotopic data was
found for the enantiomers of both & and f-pinene in all the samples investigated. With respect to
previous findings in the field of essential oils, a different & 1*C ratio was observed among the

enantiomers of the same chiral couple as reported in Table 9.1.
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LRI LRI Enantiomeric
Target components theor exp X o13C range
5ms 5ms ratio range
(+) a-thujene <1.0 nd
i 927 930

(-) a-thujene >99.0 -25.8-28.4
(=) a-pinene 933 935 64.10-71.64 -27.7 -30.0
(+) a-pinene 35.90-28.36 -29.8 -31.7
(+) ﬁ—pmene 978 930 4.96-7.79 -27.9 -30.6
(-) P-pinene 95.04-92.21 -25.0-27.3

(-) limonene 1.65-1.95 nd
(+) limonene 1030 1032 98.35-98.05 -25.9 -28.0
y-terpinene 1058 1060 - -27.8 -30.9
terpinolene 1086 1090 - -24.9 -30.2

(-) linalool 55.58-75.66 nd

(+) linalool 1ol 1103 44.42-24.34 nd
neral 1238 1242 - -25.7 -28.3
geranial 1268 1272 - -25.9 -28.3
neryl acetate 1361 1363 - -29.2 -32.5
geranyl acetate 1380 1382 - -29.6 -32.5
trans-a-bergamotene 1432 1434 - -28.8-31.8
S-bisabolene 1508 1511 - -28.6 -31.3

Table 9.1 Main information about the key terpenes investigated in lemon essential oils. *LRI

exp. were calculated and compared to LRI theor. on SLB-5ms column.

As visible in Figure 9.5, a higher isotopic fractionation was involved for the dextrorotatory

enantiomers of both « and f~pinene with respect to the levorotatory forms.
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Figure 9.5 2D IRMS view relative to the separation of a, f-pinene enantiomers and the evident

chiral isotopic fractionation registered
A deep discussion related to these results is provided in the next paragraph.

9.3.2 Chiral terpene isotopic fractionation

In the field of flavour and fragrances Mosandl’s research group has played a pioneering role
reporting in the literature for the first time the coupling of enantio-selective gas chromatography
to isotopic ratio mass spectrometry [Mosandl 1990]. Their studies focused on the analysis of key
odorants evaluating both the enantiomeric and isotopic ratios, to differentiate genuine and
adulterated samples. Moreover, besides the capability to detect the enantiomeric ratio of a chiral
couple, as shown in the previous section, this technique allows evaluating of the & '*C ratio of each
enantiomer. Despite of the results obtained in this research for lemon essential oils (see section
3.1), most of the studies reported consistent & '*C ratio values of chiral components [Karl 1994,
Faber 1995, Frank 1995, Juchelka 1998, Reichert 2000, Cucinotta 2022]. This theme was
discussed in various research works, since two enantiomers were intended as products synthesized
in the same enzymatic pathway, then expecting identical 1*C levels. Therefore, the detection of
enantiomers with different & 1*C ratios was considered as a symptom of oil reconstitution [Frank
1995]. Only one report about genuine dill oil analysis, reported different isotopic data for the
enantiomers of a key volatile produced in a specific part of the plant [Faber 1997]. In this concern,
whilst the enantiomers of limonene produced in dill herbs had very similar 6'>C ratios, contrarily
the enantiomers of limonene produced in dill buds were found to have an unexpected difference
in terms of & '*C ratio higher than 3%o. However, from a biochemical point of view, a review of
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Rodney Croteau [Croteau 1987] resumed the typical biosynthetic steps of the main terpene
components starting from the same achiral precursor geranyl pyrophosphate (GPP). As clearly
reported, after the conversion of GPP to an allylic cation, the generation of a chiral centre leads to
two parallel pathways involved in terpene biosynthesis. Starting from the two newly formed chiral
reaction intermediates, different metabolic pathways are involved in the biosynthesis of the
specific enantiomers, as in the case of (-) and (+) a-pinene [Croteau 1987, Philipps 2003]. After
that, Lucker et al., provided new interesting insights about terpene biosynthesis in lemon essential
oils [Lucker 2002]. The authors demonstrated how four different terpene synthases of flavedo were
responsible for the production of more than 90% of the characteristic components in the oil.
Moreover, the same group highlighted how the resulting enantiomeric excess needed to be
considered as the sum of the products of the different enzymes which are responsible for the
production of specific monoterpenes in a different concentration and with specific enantiomeric
excesses. More recently, a very close link between terpene biosynthesis and carbon isotopic
fractionation was provided by a research work of Tan et al. [Tan 2018]. In this study, the authors
evaluated carbon isotopic fractionation along terpene biosynthesis. Due to a series of carbon-
carbon bonds formation and breaking, kinetic carbon isotope effects are involved. These
phenomena clearly lead to a distinct isotopic value for each terpene product, which is directly
related to its individual biosynthetic pathways. Coming back to the lemon oils analysed, these
findings were able to explain the isotopic differences between the enantiomers of the same chiral
component, since they needed to be considered as products of different metabolic pathways. In
this study, a higher isotopic fractionation was evident for the levorotatory forms with respect to
dextro ones for « and Spinene in all the lemon samples analysed as shown in Figure 9.6. As
visible, although a certain variability was observed depending by the moment of the production
season, a constant trend was observed for all the samples with the dextrorotatory forms
characterized by a higher isotopic fractionation (more negative §'°C ratio values) with respect to

the levorotatory form.
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Figure 9.6 6'°C ratio trends of o and f-pinene enantiomers in the lemon essential oils analysed.

However, besides the reasons behind the chiral isotopic fractionation, it’s clear that the sum of
these findings may open a series of perspectives in the field of the analysis of essential oils. From
a biochemical point of view, the detection of a chiral isotopic fractionation process may be useful
also to trace the biosynthetic pathways of the plants, as shown by Faber for dill [Faber 1997]. On
the other hand, this type of detection can provide an additional distinctive trait of the plant, whose

investigation is needed, even more for authenticity assessment aims.

9.4 Conclusions

The current study reports for the first time the simultaneous achievement of both enantiomeric and
isotopic data, by employing a prototype system coupling enantio-selective multidimensional gas
chromatography to isotopic ratio mass spectrometry. With respect to previous IRMS methods, the
total time analysis was clearly reduced, since both the information were obtained after a single gas
chromatographic run. Moreover, the baseline separation of the enantiomers of chiral components
provided the capability to evaluate new interesting information about their carbon isotopic ratio.
The different & '*C ratios found between the « and SB-pinene enantiomers suggest a characteristic
isotopic fractionation related to a specific biosynthetic pathway of the lemon plant. This finding
paves the way for newer considerations in the field of authenticity assessment since different
essential oil types may present typical chiral isotopic fractionation processes. Future studies will
be devoted to expand this approach also to different citrus fruits to deeply investigate their

authenticity.
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