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Introduction

Plants and their derived products have always played a crucial role in human well-being,
ranging from food, cosmetic and medical applications. Since ancient times, the study of natural
extracts has attracted mankind, revealing that plants are rich in phytochemicals with proven
antioxidant, anti-inflammatory, antimicrobial, antitumor and prebiotic properties, among others.
If plants can be considered a sustainable source of valuable primary and specialized metabolites,
most studies on plant phytocomplex still principally adopt traditional extraction techniques, thus
requiring the use of disposable materials, energy-consuming equipment and instrumentation, and

extraction methods that employ harmful solvents.

Since the introduction of the principles of Green Analytical Chemistry, within the
trameworks of Green Chemistry, the analytical chemistry community has devoted a great deal of
effort toward the reduction (and possible elimination) of organic and toxic solvents and reagents
in the analysis procedure, the miniaturization and automation of methods, the minimization of
energy consumption, the reduction of wastes, and the reuse of solvents and materials. More
recently, attention was focused even more on the sample preparation step of the analytical
process and the ten principles of green sample preparation were introduced. Thus, great efforts
have been made to develop functional methods aimed at improving the greenness of the

extraction processes.

The development of appropriate sample preparation methods in the plant field faces
challenges as the complexity of plant systems can affect the reliable determination of target
analytes. The choice of the appropriate extraction phase is of utmost importance and is one of
the most critical parameters to be considered. In metabolomics studies, the extraction phase
should cover the widest possible array of metabolites. On the other hand, a high selectivity and
the enrichment of target analytes is required in studies dealing with the determination of specific

compounds.

The main goal of this Doctoral Thesis was to develop simple, greener and reliable
methodologies for future applications in the routine analysis of botanicals. A particular attention
was paid to the choice of the extraction phase, exploring different solvents and materials to
highlights their potential and limits, depending on the application. Among the new materials,
ionic liquids (ILs), eutectic solvents (ESs) and metal organic frameworks (MOFs) were
incorporated in different analytical applications in this Thesis. All these methods were propetly
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optimized using experimental design to maximize the amount of information obtained with the

minimum number of experiments.

To test the applicability of these methods on plant matrices, three different samples were
used as case-studies: 1725 vinifera 1., Corylus avellana 1., Cannabis sativa L... These plants are largely
exploited in the agro-food chain of our territory, producing agricultural wastes source of high-
value phytochemicals. Thus, the studies described here were focused on the valorization of these

by-products, to develop truly sustainable strategies.

This Thesis is divided in four Chapters: I) Introduction, IT) Experimental, IIT) Results and

Discussion, and IV) Conclusions.

The concept of Plant-based Chemistry and the evolution from Green Chemistry
principles to Green Sample Preparation is briefly presented in the first part of the Introduction.
A general overview of the new extraction phases developed and adopted for the study of plant

endogenous and exogenous metabolites is then described.

Chapter II concerns the experimental section, including the analytes, materials, and
instrumentation used, together with a description of the optimum procedures and the samples

analyzed.

In Chapter I11, the results obtained are presented and discussed; Section I11.1 includes the
studies on 17#s vinifera L., Section 111.2 includes the studies on Corylus avellana 1.. and Section 111.3
includes the studies on Cannabis sativa L.. For every plant, the following aspect have been
addressed: an accurate phytochemical characterization of the non-volatile fraction (using LC-
PDA-MS/MS), the development and optimization of the extraction method and preliminary 7-

vitro screenings of the biological activity to explore potential application of the obtained extracts.

Chapter IV includes the summary of the most relevant conclusions derived from Chapter

III.
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I.1 Plant-based Green Chemistry

Before the development of petroleum-based materials, plants were the main source of
products and reagents for food and non-food applications and have been largely exploited by
different cultures around the world. Indeed, plants had a fundamental role for human health
because incredible sources of primary and specialized metabolites, such as fats, dietary fibers,
sugars, antioxidants, aromas, and pigments. Despite these properties, petroleum derivatives
supplanted the use of plants in many applications, giving the way to the petroleum era. At the
beginning of 1900, the employ of fossil resources developed quickly, thanks to the progress of
extraction techniques which made them inexpensive and abundant. Moreover, petroleum
presents a quite simple and constant composition, easy to manage in chemical processes. On the
contrary, the complexity of plant matrices made challenging to isolate pure molecules!2.
However, the depletion of fossil resources and environmental concerns led to re-consider natural
products as better resources of chemicals. In this regard, regulatory institutions are developing
strategies and designing road maps to promote the efficient use of resources, the recovery of
biodiversity, and the reduction of waste and pollution, encouraging a Circular Economy
approach?. Plant-based chemistry could be one of the solutions from the past to the future as an

ecologic chemistry, with a more conscious approach.

We already know that plant and plant-based products are source of bioactive compounds
that can be exploited for health purposes, however the exploitation of plant should be regulated
to protect ecosystems and avoid plant extinction or uncontrolled harvesting. In this sense, the
valorization of agrifood by-products can play a key role. These products, such as seeds, peels,
roots, leaves, and stems, which are produced during cultivation and food processing, generate
large volumes of waste and represent a disposal problem for the agriculture and food industries.
At the same time, the unexploited plant materials are often rich in bioactive phytochemical
compounds, such as terpenoids, phenolic compounds, and alkaloids, with proven bioactivity
against several common diseases. These phytochemicals can be exploited as green and renewable
sources of nutrients and bioactive compounds for feed, functional food, and food supplement
industries*7. Moreover, enhanced extraction processes and greener technologies are now

available to reduce the environmental impact of industrial activity®?.
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Plants can also be employed as building blocks to obtain new and enhanced substances
and materials for applications in the chemical, food, biotechnology and other technical fields.
Several examples of solvents of natural origin are reported in literature as alternative to
conventional ones; among these, limonene (major component of the citrus fruit skins essential
oils), vegetable oils (produced by cold pressing from plant seeds) and 2-methyltetrahydrofuran
(obtained by hydrogenation of hemicellulose derivatives from corn cobs or sugarcane). The
availability of different functional groups on natural terpenes (highly abundant in essential oils)
makes them suitable to introduce new functionality and further be modified, to synthetize other
molecules’>10. Another interesting example of renewable and biodegradable resource of
materials are biopolymers, obtained from natural sources. This group includes polysaccharides,
protein and lipids derived from plants, being the polysaccharides the most commonly used due

to their water-solubility, gelling, and emulsifying properties!!.

The list of green chemicals, materials and technologies that can be obtained from plants
is extraordinary long making “Plant Based” Green Chemistry a valuable response to the
challenges launched by today’s world. However, it should be taken in to account that natural
products are not always necessarily better for the environment because of the chemical processes
related to the transformation of plant material®. Thus, apart from the starting material low-impact

processes should be preferred to develop truly green and sustainable strategies.

Since ancient time

Today

1.PLANT-BASED
CHEMISTRY

3.PLANT-BASED
GREEN Using plants as source of

for cosmetic
CHEMISTRY LRI .

perfumery, medicine, food
Plants and derivatives as ingredients and products,

source of :
* valuable bioactive

colors, dyes, and building
materials

compounds
* more sustainable

reagents and materials

/ \ Causing depletion of fossil
I ‘ \ resources, climate changing,
h negative impact on human

19" century health

2.PETROLEUM-BASED
CHEMISTRY

Figure .1. From Plant-based Chemistry to Plant-based Green Chemistry.

13

Apnalytical Strategies For The Characterization Of Botanicals



Introduction

I.2 From Green Chemistry to Green Sample Preparation

FOCUS of
THIS THESIS
SAMPLE
PRE-TREATMENT
Sampling — or — Measurement —— Data treatment — Results
direct analytical
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ANALYTICAL CHEMISTRY
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Green
Analytical
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Greener sample
pre-treatment

8. Armenta, S.
Garrigues, M. de la
Guardia, 2008

Lépez-Lorente, 2022

£ Anastas and
J. Warner, 1898

(b)

Figure 1. (a) General workflow of a measurement process in analytical chemistry and (b) main green
approaches developed in the chemical field.

The concept of Plant-based Chemistry is closely related to the one of Green Chemistry
(GC), which was one of the first efforts to reduce the use of hazardous reagents and introduce
green practices within the chemical field. This perspective focuses on supporting safer strategies
in the synthesis, production and application of chemicals; thus, on reducing or removing
materials which represent a hazard towards human health and the environment. In order to
achieve these goals, guidelines were provided for the first time by Anastas and Warner in their
book “Green Chemistry: Theory and Practice”, published in 19982, Apart from the acute and
chronic toxicity of chemicals for human health, particular attention was paid to direct and indirect
ecological impacts such as plant and animal toxicity and persistence in the environment. The
“core” of GC is contained in 12 principles that have been acknowledged as a reference code of

best practices for chemists to develop clean and environmentally sustainable methodologies.

At first, GC was applied to the procedures of organic synthesis and then it also involved
the analytical branch of chemistry. The incorporation of the GC principles in the analytical
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process has emerged as one of the most important research lines within the analytical chemistry
community, leading to the development of the Green Analytical Chemistry (GAC). GAC
emerged in the 2000s for the purpose of implementing sustainable development criteria to
analytical laboratories'?. In order to apply GC principles to the different conditions and
techniques of analytical chemistry, necessary adaptations were made. In particular, Galuska ez a/.
proposed some improvements regarding sampling, disposal of analytical waste, safety of the
operator and choice of methods and chemical reagents and solvents!4. Indeed, they promoted
the minimization, replacement, or elimination of harmful organic solvents in the analytical sample
preparation procedure, the improvement of the methodologies by using on-line, automated and
microextraction approaches (this way permitting a decrease of costs, number of steps and analysis

time, while allowing the development of high-throughput methods)!!.

Despite the great efforts made by the scientific community to improve the extraction
processes, forms of sample preparation are still necessary for the analysis of a large variety of
complex matrices (e.g food, plant, biological and environmental samples). Sample preparation
has a significant impact on the sustainability of the overall analysis process as it often requires
the use of disposable materials, energy-consuming equipment and instrumentation, and
extraction methods that employ harmful solvents. While GAC expects to “select direct analytical
techniques” (principle 1) to avoid pre-treatment steps, Green Sample Preparation (GSP)
principles aim to guide analytical chemists to minimize the impact of sample pre-treatment, when
direct analysis is not possible. Proposed in 2022, GSP establish guidelines on issues pertaining to
solvents, materials, waste, energy demand, miniaturization, procedure automation, and operator

safety!>.

1.2.1 Green metrics

Since the introduction of GAC, a set of tools and metrics have been developed to
“measure” objectively and globally the greenness of the analytical procedures. They can guide
chemists toward more sustainable practices, although each tools adopts its own calculations and
criteria. Indeed, every metrics consider different aspects of the analytical method and the choice
of the most suitable to used is critical and need to be guided according to the analytical

methodology employed and the information that the user want to obtain'.
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The first metrics introduced (e.g NEMI, GAPI) considered few criteria and parameters
of the method, using a qualitative classification based on a color scale, or required tedious
computing operation (e.g analytical eco-scale)!’-1%. In recent years, more user-friendly tools have
been developed, based on simple open access software where the result is presented as a
pictogram indicating qualitative and quantitative scores. Among these, one of the most popular
is AGREE and its modified version AGREEprep?*2l. While AGREE focuses on the entire
methodology and is based on the twelve principles of GAC, AGREEprep was specifically
designed to investigate the sample preparation steps by evaluating the choice of solvents,
materials and reagents used, the sample size and throughput, the amount of waste generated, the
energy consumption, and the operator safety. The environmental impact is analyzed by estimating
the method compliance to the ten principles of GSP on a scale from O to 1. The criteria are not
equal in terms of importance and they can be adjusted to the user’s requirements by assigning
them different weights. Since the improvement of sample preparation for the analysis of plant
matrices is the main goal of this Doctoral Thesis, AGREEprep metric was mainly employed to

critically evaluate the greenness of the developed methodologies.

Another interesting approach proposed by Nowak e a/. aims to consider not only the
greenness of the methods but also its analytical efficiency and productivity. The “White Analytical
Chemistry” (WAC) concept can be considered an extension of the 12 principles of GAC?2. It
evaluates the quality of methods in terms of analytical efficiency, greenness and safety, and
practical and economic aspects. For each aspect, four parameters are proposed, to each of which
a score is assigned, and a global score is calculated to measure the overall compliance of the
method to all principles. A “white” method is a balanced analysis method that fully satisfies all
parameters. Representative output obtained with the metrics described above are schematically

shown in Figure 2.
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Analytical
NEMI eco-scale GAPI
PBT?2 Hazardous Sample Solvents
prep
Score= ’ :
100 —penalty points (PPs)
/ (PP reagents, PP energy,
\ PP hazard, PP waste) o
Sample Equipment
Corrosive Waste hand}zng e
AGREEP AGREEprep°© WAC

fficiency Productivit;
Greenness

95.0

106.3 WEER] 72.1

90.7

Figure 2. Representative output of the main metrics developed to critically evaluate analytical procedure in the
chemical field.

a Persistent, bioaccumulative, toxic

b Criterion considered by the metric: 1. Direct analytical techniques should be applied to avoid sample treatment,
2. Minimal sample size and minimal number of samples are goals, 3. Measurements should be performed 7 situ,
4. Integration of analytical processes and operations saves energy and reduces the use of reagents, 5. Automated
and miniaturized methods should be selected, 6. Derivatization should be avoided, 7. Generation of a large
volume of analytical waste should be avoided, and proper management of analytical waste should be provided,
8. Multi-analyte or multi-parameter methods are preferred versus methods using one analyte at a time, 9. The
use of energy should be minimized, 10. Reagents obtained from renewable sources should be preferred, 11.
Toxic reagents should be eliminated or replaced, 12. Operatot's safety should be increased.

¢ Criterion considered by the metric: 1. Sample preparation placement, 2. Hazardous material, 3. Sustainability
and renewability of materials, 4. Waste, 5. Size economy of the sample, 6. Sample throughput, 7. Integration and
automation, 8. Energy consumption, 9. Post-sample preparation configuration for analysis, 10. Operator's safety.
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I.3 Sample preparation of vegetal matrices: how big is the challenge in analytical
chemistry?

Natural product analyses must cover a wide range of topics, starting from the study of
plant metabolomes to the quality control and determination of endogenous and exogenous
compounds. In both cases, sample preparation plays a fundamental role. In fact, as many plant
metabolites as possible should be extracted in metabolomics studies. However, a universal
extraction phase or technique is practically impossible to find due to the complexity of plant
systems and the chemical diversity of metabolites?>. On the other hand, the determination of
individual or multiple metabolites, which are often present in traces in plant materials, is required
in quality control analyses. The analytical challenge here is to develop methods that can detect
target compound(s) at low limits, as often required by regulations, meaning that proper

enrichment is required®.

The development of appropriate sample preparation methods in the plant field poses a
particular challenge, as the complexity of plant biological systems can affect the reliable
determination of target analytes. In fact, the metabolome of a plant comprises a wide variety of
compounds, ranging from different classes of primary metabolites (sugars, proteins, lipids and
nucleic acids) to a very wide range of specialized metabolites (such as terpenoids, alkaloids,
phenolic compounds and others). Another issue in plant analysis is the presence of chlorophylls
and other pigments and/or interfering compounds. These molecules are present in large
quantities in the photosynthetic parts of the plant, but they are poorly compatible with
downstream analyses, and especially with HPLC systems, because of their strong interaction with
the commonly used reverse stationary phases. At the same time, it is important to remember that
plant cells are protected by thick and robust lignhocellulosic walls that should be disrupted if

efficient extraction of intracellular metabolites is to be achieved.

Several mechanical means, including ultrasound and microwaves, can be adopted to
increase the efficiency of metabolite extraction. However, the choice of the appropriate
extraction phase is of utmost importance and one of the most critical parameters. The extraction
phase should either cover the broadest possible range of metabolites in metabolomics studies or
increase the selectivity and the enrichment of target analytes in studies dealing with the

determination of specific compounds.
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In this sense, most studies on plants still mainly use adopt traditional extraction
techniques, including liquid-liquid extraction and Soxhlet extraction, which are associated with a
high consumption of toxic organic solvents. However, the use of miniaturized techniques and
new classes of more sustainable extraction phases is gaining ground as they meet the criteria of

Green Analytical Chemistry!4.

This chapter aims to provide an overview of the extraction phases that have been
developed and adopted in recent years, for the study of endogenous and exogenous plant
metabolites. A critical evaluation of the main features of each phase will be provided as well as
some ideas for new applications in the plant field. The potential, limits and future trends of
innovative extraction solvents and sorbents will be deeply discussed. Figure 1 shows a
representative flow chart for the choice of the most suitable extraction phases, depending on the
teatures of the plant sample to be analyzed and on the goal of the study. Table 1 reports several

applications that are extensively discussed in the following sections.
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Figure 1. Flow chart to select the most suitable extraction phase for the analysis of plant samples
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I.3.1 Liquid extraction phases

The search for new green solvents has become one of the most significant topics in the
sample preparation field. In this regard, ionic liquids (ILs) and deep eutectic solvents (DESs)
have received a great deal of attention as they may be able to replace organic solvents in the
extraction of natural products.. In fact, these new solvents can be combined with a range of
extraction techniques, such as ultrasound assisted extraction (UAE) and microwave-assisted

extraction (MAE), as well as in microextraction.

3.1.1 Ionic liquids

Ionic liquids (ILs) are a class of molten salts whose physicochemical properties have
inspired the rapid development of new applications in analytical chemistry and in sample-
preparation. They are “molten salts” as they possess melting points at or below 100 °C. In most
cases, they consist of an organic cation and an organic or inorganic anion, and are characterized
by high thermal stability, low vapor pressure and varying viscosity, conductivity and miscibility

in various solvents.

The chemical structure of ILs (type of functional groups and/or anion/cation
combination) can be tailored to provide various solvation interactions (such as hydrogen
bonding, electrostatic, hydrophobic and n—n interactions) with both polar and apolar
compounds, thus giving ILs with very different properties. In addition, as they present negligible
vapor pressure at room temperature, they prevent solvent loss to the atmosphere and reduce the

environmental footprint, thus making them a sustainable alternative to organic solvents?.

Many studies have also demonstrated the ability of ionic liquids to dissolve cellulose and
other cell-wall components (such as hemicellulose and lignin), via their decrystallization 24 In
fact, the anions of ionic liquids can form strong hydrogen bonds with the hydroxyl groups of
cellulose, and thus eliminate their intramolecular hydrogen bonds and disrupt cell walls, causing
cell lysis. This ability can be exploited for the pre-treatment of plant material even before its

extraction, for instance before or during hydrodistillation to increase essential oil yield.

The above-mentioned properties have allowed ILs to find many applications as solvents
in extraction and separation processes for bioactive compounds, either in solid-liquid extractions
(SLE) or in microwave-assisted (MA) and ultrasound-assisted (UA) extractions!.
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Because of their versatility, ILs can be adopted in liquid-phase extractions of natural
products using different extraction methods. They can be used as surfactants above their critical
micellar concentration, as reported in the study presented in Section III.1.2, where 1-hexadecyl-
3-butyl imidazolium bromide was employed as I1.-based surfactant for the extraction of phenolic
compounds from s vinifera L. leaves?’. In another work, Mouckova ez al. also evaluated a set
of structurally different IL.-based surfactants for the flavonoid determination of Mangifera spp.
and Passiflora spp. leaves?8. They can also form aqueous biphasic systems (ABS) when the aqueous
IL solution is mixed with inorganic salts that promote phase separation and increase analyte(s)
enrichment. This approach has been adopted for the HPLC-UV analysis of Panax ginseng C. A.
Mey. In this study, the extraction of the analytes has been carried out by aqueous 1L-based UAE
and it has been followed by the separation of the IL phase with an ABS, using NaH2PO4%.
Finally, dispersive liquid-liquid microextraction (DLLME) can be used when dealing with liquid
samples, such as herbal teas. In this case, hydrophobic ILs are dispersed in the water solution
with the aid of a dispersive solvent and the IL-phase can be recovered and directly analyzed. In
addition, the solubility of target analytes in ILs can be optimized by changing the temperature.
An ultrasonic-assisted temperature-controlled IL-DLLME approach has recently been applied

tfor the determination of pyrethroid residues in herbal teas?.

ILs can also incorporate a paramagnetic element into their structure, either in the cation
or in the anion, leading to magnetic ionic liquids (MILs), a sub-class of ILs whose application in
sample preparation is rapidly increasing3!. MILs have found some applications in the plant field,
in particular in the extraction of sinomenine from Sinomeninm acutum (Thunb.) Rehder & E. H.
Wilson3? and of berberine from the rhizome of Cop#is spp?’. They also have been used for the
isolation of DNA from Arabidopsis thaliana (I..) Heynh. and other plants34. These compounds
have great potential for the extraction of endogenous and exogenous metabolites from vegetable
matrices because they combine all the features of ILs with the ability to exploit their paramagnetic
characteristics that enabled them to be easily separated using an external magnetic field, in a very

rapid process that avoids centrifugation and filtration steps.

ILs can also be incorporated into solid phase platforms, either alone (as polymeric ionic
liquids, PILs) or in combination with other sorbents to form composites®. PILs are
polyelectrolytes obtained through the polymerization of IL monomers. PILs not only retain the
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main features of ILs, but also present the inherent properties of polymers with enhanced
mechanical stability and conductivity properties. They can be used in solid phase microextraction
(SPME) as sorbent coatings and can be applied in both direct immersion (DI) and headspace
(HS) extraction modes and can be coupled to both HPLC and GC analysis. For instance, PIL
coatings have found use in the profiling of the volatile compounds from Echinacea spp. flowers

by HS-SPME?, coupled to GC-MS analysis.

ILs as sorbents have also been widely employed in combination with natural sorbents,
molecular imprinted polymers (MIPs) and carbon-based materials. These composites will be

better described in the next paragraphs.

Thanks to the tunability of their structure and, consequently, of their properties, ILs can
be applied to both metabolomics studies and the selective extraction of specific endogenous and
exogenous compounds. When dealing with metabolomics studies, ILs can be exploited for the
simultaneous determination of volatile and non-volatile components3’-3. In the first case, ILs
were used as additives in hydrodistillation coupled with liquid-liquid extraction (ILMHDE) for
the distillation of essential oil and the simultaneous extraction of a set of non-volatile flavonoids
from the inflorescences of Helichrysum arenarium (L.) Moench. 3. ILs can also be used in
combination with enzyme digestion, as clearly shown in a study in which a solution of 1-butyl-3-
methylimidazolium bromide and a mixture of cellulase and pectinase have been used as
pretreatment before hydrodistillation of volatile components and Soxhlet extraction of
procyanidins from pinecones of Pinus koraiensis Siebold & Zucc.® The ability to extract
hydrophilic and hydrophobic non-volatile compounds at the same time is also another interesting
application. For instance, an ionic-liquid-based ultrasonic-assisted extraction has been used to
simultaneously extract gingerols and polysaccharides from ginger (Zingiber officinale Roscoe) with
high yields and reduced extraction times for both classes of compound*. The use of temperature-
responsive hydrophobic ionic liquids (TRILs) is another alternative. In fact, TRILs are soluble in
water above a certain temperature (the upper critical solution temperature, UCST) and immiscible
below the UCST. The extraction process is carried out at high temperature, exploiting the
different polarities of the two solvents, and then the z»-situ separation and pre-concentration of
the target compounds is achieved by reducing the temperature below the UCST, meaning that

the extraction solvent will switch from being single-phase to two-phase. This approach has been
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developed specifically for the extraction of bioactive compounds from medicinal plants, and has

been applied to Chrysanthemum spp., as a case study*l.

On the other hand, the structure of ILs can be tuned for the selective recovery of plant
metabolites belonging to specific chemical classes. Numerous examples can be found in
literature, as reported in a recent review by Xiao ef a/*?. Furthermore, ILs can be exploited for the
selective extraction and pre-concentration of toxic exogenous compounds. An IL-based SPME
and an IL-based zn-sitn DLLME method have been developed for the extraction of acrylamide
from coffee*’ and an IL.-based DLLME approach has been adopted for the selective extraction

and determination of pyrethroid residues in herbal teas3.

Despite the undoubted advantages of IL.-based extractions, these molecules also have
some limitations. One drawback is the difficulty of recovering the extracted compounds because
of the negligible vapor pressure of ILs. This limit mainly affects their use in the isolation of
natural compounds rather than their analytical application. However, the poor volatility of ILs
also means that they are not directly compatible with LC-MS analyses or the direct injection into
a GC system; as a result, a back-extraction of the analytes from the IL phase is required before

their analysis.

In addition, although they were originally considered to be green chemicals, some
concerns about the toxicity and potential environmental impact of ILs have started to arise in
recent years. In fact, most of them are obtained from fossil sources and show poor degradability.
In this respect, the current trend is to design ILs to be more degradable and less toxic. ILs with
fluorine-free anions and with more biodegradable cations (e.g. pyridinium or guanidinium) have
been developed, thanks to the fact that shorter IL side chains in any of the moieties reduce their
toxicity. More eco-friendly guanidinium-based ILs have been applied in the above-mentioned
extraction of flavonoids from Mangifera spp. and Passiflora spp. leaves?®. These derivatives,
although more environmentally sustainable, still require a large amount of non-renewable
solvents in their synthesis, meaning that the use of anionic or cationic counterparts that are fully
or partly derived from natural compounds would be preferred for the development of a new
generation of bio-renewable ILs (Bio-ILs)*. For instance, matrinium-based ionic liquids, derived
from the alkaloid matrine, isolated from Sophora flavescens Aiton, showed good physicochemical
properties and low cytotoxicity*. Unfortunately, these Bio-ILs have rarely been applied in sample
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preparation and there are no applications in the plant field. Future advancements in the
development of bio-renewable ionic liquids are therefore expected and their application in the

extraction of plant matrices should be explored.

3.1.2 Deep eutectic solvents

Deep eutectic solvents are systems formed by a hydrogen-bond acceptor (HBA) and a
hydrogen-bond donor (HBD) and they are characterized by a lower melting point than the one
of the individual components. They are usually associated with ILs because they have similar
physicochemical properties, including low vapor pressure, low flammability and thermal stability.
However, DES can be prepared by incorporating ionic or neutral species. Moreover, DESs
overcome some of the limits of ILs due to their easy preparation, low cost of raw materials, as

well as their lower toxicity and higher biodegradability (when composed by natural compounds)

4649,

In this sense, DESs have been widely explored as valid alternatives to organic solvents for
the extraction of bioactive compounds from different plant materials, with a focus on non-
volatile endogenous compounds®. Of the various components that can be used to obtain a DES,
HBAs and HBDs of natural origin, such as amines, sugars, carboxylic acids and polyalcohols, are
an attractive source for the preparation of DESs. These natural deep eutectic solvents (NADES)
have found promising applications in the plant field*#->1. The solubility of most natural
compounds in NADES, can be explained by a hypothesis developed by Choi e a/>? who
proposed that NADES are naturally present in plant cells and act as a third liquid phase in living
organisms. In fact, they observed that some primary metabolites (sugars, organic acids and bases,
amino acids) naturally occur in similarly high molar ratios in the plant cells, thus probably
explaining the multistep biosynthesis of non-water-soluble compounds. In addition, several
studies have demonstrated the ability of DESs to cleave lignin-carbohydrate complexes by
disrupting covalent and hydrogen bonds, thus affecting the structure of the cell wall and

accelerating the release of the compounds*.

The heating and stirring method is the most common procedures employed to prepare
DES. . It requires the mixing of two or three components under magnetic stirring, keeping the

temperature at 40-90°C until a homogeneous liquid is formed*7:48:50.51.53.54 A range of different
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physicochemical properties were observed according to the HBA and HBD chosen, and the ratio
used. For example, the widely used HBA choline chloride [Ch*][Cl] can be combined with
polyols (e.g. ethylene glycol, glycerol...), carboxylic acids, amides, alcohols, sugars and amino
acids to give mixtures with different polarities and viscosities*’:#850:51, Viscosity is a key point
when dealing with DES because it can affect the mass transfer of analytes during extraction. The
main ways of reducing viscosity include higher extraction temperatures, which may result in the
degradation of the target compounds if not propetly controlled, and also of some HBDs and
HBAs#, and the addition of water>'. The presence of water clearly affects the polarity of the
solvent and the careful optimization of this parameter is fundamental to achieve good
performance, also considering that the presence of water may also interfere with the formation

of the hydrogen bonding network#53,

Ultrasounds#»1.54-%6 is often employed during the extraction to enhance the transfer of
analytes from the vegetal matrix to the eutectic solvent, resulting in a greener approach due to

the decrease of extraction time and energy consumption’.

A further aspect in the use of DES is the absence of harmful organic solvents, both in the
preparation of DESs and during the extraction process. As previously mentioned, the complex
composition of vegetal materials, including the presence of pigments (e.g. chlorophyll), usually
means that a pre-treatment process is needed to eliminate these interferences, and large quantities
of harmful volatile organic solvents are consumed. The percentage of water added to the eutectic
mixture prevent the transfer of chlorophyll and other apolar interferences from the plant material
to the extract*’’!. However, it is important to highlight that a certain volume of solvent is
normally used to dilute the sample before the analysis, this step is necessary to decrease the
viscosity of the final extract in order to prevent damage to the chromatographic system>+56,
Nevertheless, as discussed for ILs, the direct injection of the DESs in the chromatographic
system when LC is coupled to MS is not possible because of their low volatility and high amount
in the sample. The recovery of the target analytes from the eutectic mixture is therefore
mandatory for LC-MS analyses. This latter involves the use of macroporous resins>1.3357 or
antisolvents that disrupt the hydrogen bonding between the two components of the DES#. In
this sense, Fu ef a/> performed a purification step by SPE using a DES-modified adsorbent and

a [Ch*][Cl]-based DES for the elution of polyphenols from palm bark samples (Trachycarpus
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Sfortunei (Hook.) H. Wendl), obtaining an enrichment of the analytes without using organic

solvents and expensive SPE phases.

As mentioned above, DESs have found many applications in the plant field, mainly due
of their ability to extract a very wide range of compounds. In particular, they have been
extensively applied for the extraction of phenolic compounds that have been shown to dissolve
better in DESs than in lipids or water®. Aside from phenolic compounds, other plant specialized
metabolites have been extracted with DESs. In particular, Duan ¢z /% have thoroughly
investigated the behavior of several DESs in the extraction of various bioactive compounds,
including alkaloids, saponins and anthraquinones. For the alkaloids, carboxylic acid-based DES
(e.g. betaine-levulinic acid) resulted to be a more efficient solvent, than MeOH, which is less
suitable for the extraction of partially ionized compounds. On the other hand, acid-based DESs
are not suitable for the extraction of saponins, and better results were obtained when using
dimethylurea or methylurea as HBD. Finally, anthraquinones were poorly extracted by most
hydrophilic DES as a result of the low polarity of these compounds. In this respect, hydrophobic
DESs can be used to extend the application of these solvents to the analysis of pootly polar
compounds. For instance, a HBA consisting of methyltrioctylammonium chloride combined
with 1-propanol in a 1:4 ratio has been successfully applied for the extraction of artemisin, which
is an apolar terpenoid used in malaria treatment, from Artemisia annua 1.5°. A new generation of
hydrophobic NADES has also been developed by mixing menthol with different HBDs. The
combination of menthol and 1-propanol has been used for the isolation of taxanes from Taxus
wallichiana var. chinensis (Pilg.) Flotin (syn. Taxus chinensis (Pilg.) Rehder) needles and was found to
be more efficient than conventional solvents, such as MeOH or EtOH>*. The same HBA has
been combined with different carboxylic acids in an efficient extraction of four cannabinoids
trom Cannabis sativa L. inflorescences®. It is interesting to emphasize that the extraction yield was
not only influenced by the viscosity of the mixture, but also by the different alkyl chain lengths
of the HBD used, which may have enhanced the interactions with more lipophilic compounds.
NADES:s (together with ILs) have also been investigated in the extraction of ecdysteroids and
20-hydroxyecdysone, from spinach (Spinacia oleracea 1..). Several advantages were found, including
higher selectivity, simplicity, efficiency, and rapidity, as well as the recovery and much lower
consumption of organic solvents, compared with conventional methods®. In addition, it has

been shown that DESs are also able to enrich volatile compounds. In fact, the headspace SPME
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of the DES extracts of peppermint leaves and tobacco powder shows a richer volatile profile

than that other extracts61,62,

Very interestingly, DESs are also able to preserve the bioactivity of the compounds.
Several studies have demonstrated the ability of DESs to increase the antioxidant capacity of
natural products. For instance, the choline chloride-based extract of phenolic compounds from
Rosmarinus officinalis L., provided higher antioxidant capacity and lower degradation kinetics than
the corresponding ethanolic extract®>. NADESs composed by HBAs and HBDs that are
commonly introduced in our daily diet (such as sugars, amino acids or citric acids) can likely be
directly used for food and pharmaceutical purposes>?. However, current studies rarely investigate

the bioactivity, biotoxicity and metabolism of these derivatives.

The psychochemical characteristics and environmentally friendly profile of DESs (and in
particular NADESs) perfectly match the principles of GAC, including the replacement of
harmful organic solvents. At the same time, there is a need to overcome some drawbacks in their
use related to their viscosity, which can negatively affect extraction time (up to 2 hours),
extraction capacity and compatibility with the main analytical platforms, if not propetly

controlled.
3.2 Sorbents

A wide range of new sorbents has recently been applied in the plant field, in particular for
the clean-up and pre-concentration of specific analytes from water and organic extracts. It should
be noted that plant matrices are commonly solids, as are the sorbents, meaning that previous
sample extraction has to be carried out to allow a solid phase extraction with the sorbents. In
most cases, it is performed with organic solvents, and this decreases the sustainability of the
whole process. However, greener alternatives are available in the form of matrix solid-phase

dispersion extraction (MSPD), and via pre-extraction with the green solvents described above.

In this section, the potential of the main classes of solid sorbents that have been exploited
in the extraction of natural products will be discussed, together with their main limits and future

trends.
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3.2.1 Natural sorbents

Natural sorbents are certainly the greenest alternative to conventional materials in
extraction procedures, and respond to the growing concern for environmental sustainability and
safety. Apart from their low ecological impact, these sorbents are cheaper than with other
extraction phases, and readily available from natural sources. They include sorbents with a range
of characteristics, but the common principle is the exploitation of natural products as raw
materials for the preparation of sustainable and efficient extraction phases. Over the years, many
natural sorbents have been demonstrated to possess good extraction capacities as well as suitable

characteristics for extraction, such as mechanical strength, gelling properties and tunability!!.04,

According to literature, two main classes have been explored as sorbent phases in plant
extraction: i) biopolymers; and ii) food by-products. The first are isolated from living organisms
and consist of monomeric units (e.g. nucleotides, monosaccharides, amino acids) that are
covalently bonded to form a polymeric chain. Polysaccharides have undergone the most
widespread explorations in the extraction of endogenous and exogenous compounds from
plants. Chitosan and cellulose have been used in different formats, including as dispersants®,
SPE cartridges®, nanoparticles®’, and fibers%®, thanks to their versatility. Unlike cellulose, which
is abundant in the walls of vegetal cells, chitosan (deacylated form of chitin) is mainly derived
from the skeletons of marine animals. Both materials present surfaces that are rich in hydrophilic
groups, which can easily form hydrogen bonding and electrostatic interactions with target
analytes®. Sporopollenin, a major component of the external walls of pollen grains, is another
interesting biopolymer. It has gained attention as a sorbent material for its impressive resistance
to high temperatures and chemical treatments and, it has found application in combination with

other sorbents, such as carbon-based materials and magnetic nanoparticles®.

The use of food by-products as sorbent phases in the extraction of vegetable matrices has
been documented in the literature, and some interesting applications have been proposed”-72.
For example, Jiang ¢# al. have used crab shells from a local restaurant as the starting materials for
a chitosan-rich powder that has been used for the isolation of anthraquinones from Senna spp.
(syn. Cassia)’0. Food by-products can also be used to obtain carbon-based materials, and thus
avoid the use of fossil fuel-based precursors. Hierarchical porous carbon from banana peel
presented a large surface, rich in graphitized pores, and these pores have been exploited for their
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selective interactions with the aromatic groups of carbamate pesticides’!. Magnetic nanoparticles
with a carbon structure have been also prepared from the hydrothermal carbonization of pomelo

peel”.

The reusability of a sorbent is also an important factor that reduces analysis costs and

waste production. In general, many of these natural sorbents can be re-used several times®872,

The use of natural sorbent as such should be preferable in order to develop green
methods. In many examples, natural materials exhibit excellent extraction capacities thanks to
their specific functional groups and porous structures, which allow proper interactions with the
target analytes without further functionalization%7!. On the other hand, the functionalization
and/or combination of different sorption mechanisms can enhance extraction performance, and
several works have developed hybrid phases starting from natural sorbents. For example, the
incorporation of magnetic particles into a sorbent material is a well-known method to simplify

extraction procedures®”-7273,

Various extraction techniques have been developed for the isolation of compounds from
plant samples, and the versatility of these natural materials can grant significant benefits. Several
SPE cartridges have been prepared with chitosan®, cotton® and treated food by-products’!, with
these being simply packed into a cartridge and the compounds of interest eluted with a suitable
organic solvent. Matrix solid-phase dispersion (MSPD) is an extraction method in which a sample
is directly ground and mixed with a solid-phase sorbent and the analytes are subsequently isolated,
via adsorption, and eluted with a certain volume of solvent. Cellulose and chitosan can act as
optimal dispersants and sorbents in MSPD, and have been successfully employed for the
extraction of anthraquinones’ and caffeoylquinic acid derivatives®® from various vegetal samples.
Er et al” have coupled natural sorbents with a miniaturized version of magnetic dispersive SPE
(m-u-dSPE) to develop a truly sustainable procedure. The method only required a small amount
of chitosan nanoparticles, which were dispersed into the liquid sample, and a few microliters of

organic solvent to elute the compounds from the sorbent.

These natural materials have been designed to improve the environmental friendliness of
extraction approaches, but also to enhance the efficiency of analytical procedures. Comparisons

with common approaches have shown similar or better results in terms of sample and solvent
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volume, extraction time, LOD and RSD in many examples’’72. However, there is still a need to
deeply investigate the reproducibility of these materials, in terms of composition and analytical

performances, considering their natural origins.
3.2.2 Molecular imprinted polymers

Molecular imprinted polymers (MIPs) are a peculiar group of extraction materials with
unique “mimic molecular recognition” properties. An interaction site with high affinity for a
chosen template is formed during the synthesis of this polymeric matrix. The high selectivity of
MIPs is therefore based on the geometry of this cavity and on the presence of specific functional

groups that are complementary to the target analyte.

Regarding extraction in the plant field, MIPs are arising as a valid approach when the goal
is to isolate target compounds from the rich phytocomplex typical of plants. Indeed, most
extraction phases lack high selectivity for a specific analyte or class of compounds, meaning that
pretreatment and/or purification steps for analyte enrichment are usually necessary before
extraction. MIPs have been used for the extraction of endogenous bioactive compounds,
including molecules with widely differing chemical structures, thanks to the possibility of

obtaining tailor-made MIPs.

The synthetic protocol of MIPs involves several reagents and steps. A monomer interacts
with the template (i.e. molecule with the same or similar chemical features as the target analytes)
to form the specific cavity that characterizes every MIP. An initiator induces the polymerase
chain reaction, while the porogen assures the formation of pores that facilitate interaction with
the target analyte during extraction. Finally, a cross-linker ensures the formation of a rigid
structure, which must be preserved after the removal of the template, at the end of the
polymerization process. The choice of the reagents to use (especially the monomer) cleatly
depends on the the target compound to be isolated. Also, the correct selection of the porogen
solvent seems to play a key role in the recognition ability of MIPs and can directly influence their
morphology. Ionic liquids can be used as porogenic solvents when preparing MIPs as they form
discrete polar and non-polar microenvironments that lead to enhanced interaction between the
template and functional monomer and limit non-specific binding. In addition, ILs have been

shown to accelerate polymerization and improve the effect of imprinting. This strategy has been
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applied for the isolation of corilagin, a bioactive ellagitannin, from a Phyllanthus urinaria 1.. water
extract’®. Tonic liquids can also be used in combination with MIPs to form hybrid materials that
combine the selectivity of MIPs with the ion-exchanging and electrostatic-attraction ability of
ionic liquids. An IL—hybrid molecularly imprinted material (IL-HIM) has, in fact, been used as a
sorbent for the solid-phase extraction of two plant-growth regulators from bean sprouts, coupled
to HPLC analysis. The hybrid material is suitable for the simultaneous determination of the two
target analytes in bean sprouts, but accurate selectivity and competitive experiments showed that
the adsorption of 6-BA onto IL—HIM is based on selective imprinted recognition, whereas the

adsorption of 4-CPA is mainly dependent on ion-exchange interactions’.

While MIPs have mostly been associated with SPE, the primary goal in their use is
currently the incorporation of miniaturized extraction techniques to improve the accuracy and
precision of the method and, at the same time, decrease sample and sorbent consumption’.
However, the combination of MIPs and microextraction methods in the plant field has yet to be
thoroughly investigated. Some SPME coatings have recently been developed and successfully
used for the enrichment of low concentration bioactive compounds, such as auxins”’ and for the

rapid detection of the potentially toxic pyrrolizidine alkaloids’®.

Apart from selectivity, versatility is one of the main advantages of MIPs. Their
characteristics, including durability over a wide range of pH values and temperatures, make them
suitable for innovative applications as extraction phases. A recent review by Arabi ez al. gives a
comprehensive overview of the new trends in MIP-based SPE, including nano-scale MIPs,
composite MIPs, hollow porous MIPs and many others”™. Again, the application of these
novelties in plant field have been less frequently explored compared to other application fields
but an interesting example is the preparation of surface-imprinting MIPs that are based on boron

nitride and DESs, adopted for the isolation of flavonoids®.

Although MIPs show outstanding features, there are still some critical points. The
synthesis of MIPs requires many steps and reagents, including high amounts of toxic solvents to
remove the template. The incorporation of green materials/solvents should be considered to
avoid the large-scale consumption of hazardous substances. The synthesis of water-compatible
MIPs is another hot topic, because the presence of water can negatively affect non-covalent
binding with the analyte, decreasing interactions. However, some water-compatible MIPs, that
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can be directly used in aqueous media, have been developed. . Moreover, compounds from the
same chemical class can present quite different functional groups in their structure, and molecules
with low similarity to the template may have some difficulties interacting with MIP cavities. To
solve these problems, Sun ¢# a/ have developed an off-line two-dimensional MIP-SPE for the
extraction of ellagitannins from pomegranate8!. Ellagic acid and punicalagin MIP SPE columns

were prepared and used as the first and second dimensions, respectively.

3.2.3 Magnetic nanoparticles

Metallic materials have also found applications in microextraction approaches in the plant
field. They have been used because of their high thermal, mechanical and chemical stability, and
easy functionalization. The nanoparticles made from transition metals (Fe, Co and Ni), and from
their oxides, such as Fe3O4, are the most commonly used®. Given their superparamagnetic
properties, which permit their easy and quick isolation when applying an external magnetic field,
they have emerged as useful tools for the development of magnetic solid-phase extraction (m-

SPE) protocols that avoid centrifugation and separation steps.

Moreover, these magnetic nanoparticles (MNPs) are often modified to give composite
materials with a magnetic core and a functional shell that can provide more active sites for
adsorption, while protecting the magnetic core. These composite materials have been also
employed for the extraction of plant samples. For instance, cellulose MNPs have been developed
for the extraction and determination of polychlorobiphenyls (PCB) in juice samples® and
magnetic B-cyclodextrin (CD) modified graphene oxide nanoparticles (Fe3sO4@SiO2/GO/B-CD)
have been applied as a sorbent for m-SPE of plant growth regulators from vegetable methanolic
extracts®. MNPs that were functionalized with tetraethyl orthosilicate, 3-(trimethoxysilyl)propyl
methacrylate, polymethacrylate have been successfully adopted for the determination of
contaminants in red fruit samples (strawberties, blueberries, and raspberries) using GC-MS and

QuEChERS extraction.

MNPs that were coated with an amino-terminated supramolecular cucurbit-[6]-uril
pseudorotaxane motif have been developed for the extraction of four salvianolic acids from Sa/via

miltiorrhiza Bunge root water extracts.®. The investigated MNPs, which provided good
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recyclability and stability, showed improved adsorption capacity towards the target analytes,
compared to the non-functionalized NPs, while the combination of electrostatic interactions, van
der Waals interactions, hydrophilic interactions and hydrogen bonding was thought to be the

driving force behind the interaction between the analytes and sorbent. . .

Most of the magnetic composite nanoparticles applied in the plant field are composed of
magnetic nanoparticles coated with metal organic frameworks (MOFs) because of their large
surface areas, high porosity, uniform pore sizes and structural diversity. These composite

sorbents will be thoroughly described in the following section.

3.2.4 Reticular materials

Reticular materials are another important group of novel solid sorbents. They are large
crystalline frameworks made up of building blocks linked by either covalent or coordination
bonds, depending on the type of reticular material. These materials are characterized by
impressive porosity, good chemical and thermal stability, and by the possibility of post-synthetic
modification, which makes them suitable sorbents for microextractions.. The most common
types of reticular materials are metal-organic frameworks (MOFs) and covalent-organic
trameworks (COFs), which are mainly differentiated by the organic or inorganic nature of their
building blocks. COFs are formed by organic molecules with non-metallic light elements (C, H,
O, N, B and Si), which are then linked by covalent bonds that are ordered in two- or three-
dimensional networks, while MOFs are made up of metal ions or metallic clusters and organic
linkers as building blocks, linked by strong coordination bonds®. Of the two classes of reticular

materials, MOFs have been more widely applied in the plant field.

Mainly used for the extraction of contaminants from plant extracts, MOFs have also shown great
potential as sorbents in combination with microextraction techniques to extract active
compounds from plants and plant products. A copper-based MOF has been adopted for the
selective isolation of chamazulene from a chamomile hexane extract. The driving force behind
this selectivity is probably the chemical structure of the target compound, which is different from
the other components in the extract, as chamazulene is the only aromatic compound®’. Azeolitic
imidazolate framework has also been investigated for the selective extraction of an antioxidant
flavonoid derivative from an Caragana jubata (Pall.) Poir ethanolic extract. In this case, an

adsorption mechanism study has shown that the target compound is adsorbed onto the MOF
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surface, and that the o-phenolic hydroxyl group plays a significant role in the selective adsorption
of the investigated flavonoids®8. As a possible limitation in the use of MOFs as extraction material,
it should again be noted that the raw plant material has to be submitted to analyte pre-extraction.
In addition, attention must be paid to the fact that analytes are strongly adsorbed by MOFs,
meaning that their desorption must be carefully optimized. However, MOFs can also be used in
MSPD extractions. For instance, a zirconium-based MOF (MOF-808) has been applied for the
MSPD extraction of ginsenosides from Panax ginseng C.A. Meyer. Only two hundred microliters
of methanol were used for the elution and the collected filtrate was analyzed using UHPLC-ToF-
MS#®. As previously mentioned, MOFs are very commonly combined with magnetic
nanoparticles to increase the magnetic susceptibility. The combination of magnetic Fe2O4
nanoparticles with a zinc-based metal organic framework (MOF-5) has been successfully applied
for the extraction of colchicine, a bioactive alkaloid, from autumn and spring Colchicum spp. root
ethanolic extracts.. Colchicine sorption occurs by combination of various mechanisms such as
ion exchange, hydrogen bonding, electrostatic, n-n, and dipole-ion interaction?’. SiO2@Fe304
magnetic nanoparticles have been anchored onto an aluminum-based MOF (MIL53) and used
for the extraction of aflatoxin Bl from several herbal teas via magnetic SPE coupled with
spectrofluorimetric determination?. Furthermore, SiO2@Fe3;Os magnetic nanoparticles have
also been grafted onto a titanium-based MOF for the extraction of caffeic acid from
methanolic/water extracts and coupled to HPLC-UV analysis?2. Magnetic MOF nanoparticles
can also be adopted to speed-up the mechanochemical extraction (MCE)of analytes from plant
samples. MCE is a room-temperature process that disrupts the lipid membrane layers and cell
walls using a multi-directional, mechanical liquid collision between the sample and specialized
ceramic beads. This approach is adopted to achieve the complete release of target compounds,
while preserving their chemical integrity. It can be combined with m-SPE with Fe;O4@MOF,
meaning that the extraction of the analytes and their enrichment can be performed in one single
step with a very fast removal of the extraction phase through a simple magnet. This approach
has been successfully applied in the determination of organochlorine pesticides in tea leaves®>.
The combination of MOF with silica nanoparticles is another interesting possibility®+. In addition,
MOFs can be coated onto different materials. For instance, a zirconium-based MOF has been
coated onto cotton fibers. The sorbent, packed into a pipette tip, has been successfully used for

the extraction of phenoxy herbicides from cucumber-water extracts®>. MOFs have also been
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coated onto polymeric monolithic columns and adopted for the determination of ursolic acid
trom several ethanolic plant extracts’%?7 and of aristolochic acid from methanolic plant extracts?s.
MOFs have also been grafted onto SPME fiber? but their use in the plant field has not yet been
widely explored. As for the other sorbents, it is important to remark that further improvements
are desirable in terms of sustainability of the whole extraction process, such as the elimination of

the pre-extraction step.

3.2.5 Carbon-based materials

Carbon-based materials also present exceptional physical and chemical properties, such
as versatility, large surface areas with delocalized n-electrons, and easily modifiable surfaces. They
constitute a group of different hexagonal structures of sp? hybridized carbon atoms. A single
layer of these materials is called graphene. Together with graphene oxide (GO), and reduced
graphene oxide (rGO), they are the most used forms of carbon-based materials in analytical
chemistry. The difference between them lies in the presence of oxygen functional groups on their
surface and their water solubility; graphene and rGO are non-polar and hydrophobic, while GO
is hydrophilic. The three-dimensional forms of graphene are single or multiple wall carbon
nanotubes (CNTs). CNTs share the same exceptional properties as graphene and its derivatives,

but with a few differences as the inner walls of these materials are blocked by steric hindrance!®.

Both two and three-dimensional carbon-based materials have been applied in the plant
field although graphene and GO are rarely used alone because they are prone to form aggregates.
Tonic liquids can be adopted to prevent the aggregation of graphene, increasing, at the same time,
the ability of -7 interactions, ionic exchange, electrostatic interactions and hydrogen bonding
between the sorbent and the analytes. An IL-functionalized graphene adsorbent has, in fact, been

developed for the pipette-tip solid-phase extraction of auxins from soybean sprouts!?l.

However, graphene and, even more, GO are mainly applied to modify other sorbent to
form composites®®192. For instance, GO has been added to a composite made of sporopollenin
and Fe3O4 MNPs to increase the adsorption capacity and selectivity towards polar compound of
the sorbent material. The composite has been then adopted to the determination of polar
organophosphorus pesticides in several vegetables that had been pre-treated with water and

methanol®.
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Due to their high hydrophobicity, MWCNTSs can be successfully applied for the clean-up
of plant extract. In fact, they can provide very high chlorophyll removal and a decrease in the
matrix effect!®3. For instance, MWCNTSs have been successfully applied to remove interferences
from vegetables submitted to the QuEChERS procedure. MWCNTSs provided up to a 94%
reduction in chlorophyll and lower matrix effects compared to the commonly used primary-
secondary amine (PSA) sorbent thus making the extracts fully compatible with HPLC-MS/MS

analyses!04,

MWCNTS can also be combined with other materials to form MWCNT composites that
have been used in SPEFe;04/MWCNT composites have been used as SPE sorbents for
simultaneous determination of zearalenone and other mycotoxins in the extracts of Salvia
miltiorrhiza Bunge roots and ryzhome!% and for the extraction of a set of chiral pesticides from
several plant extracts'%. MWCNTs can also be grafted with B-cyclodextrins to increase the
absorption capacity of the composite thanks to their ability to form inclusion complexes with the
target compounds. For instance, multiwalled carbon nanotube-B-cyclodextrin composites have
been incorporated into a poly(butyl methacrylate-ethylene dimethacrylate) monolith for the
online extraction of psoralen and isopsoralen from a methanolic Cwullen corylifolinm (1..) Medik.

(syn. Psoralea corylifolia 1..) fruit extract!?7.

MWCNTSs composites incorporated in SPME fibers show a great potential also for 17 vivo
analyses. A very interesting application has been reported where MWCNTSs/polyaniline-
polypytrole@polydimethylsiloxane  (PANI-PPy@PDMS) fiber has been prepared by
electrodeposition followed by polymer surface modification for the 7z vivo extraction of pesticides

trom garlic by direct contact SPME18,

Carbon-based materials are usually used in the form of composites. The incorporation of
different materials can enhance their extraction capacity for complex samples such as those in
the plant field. However, as many other sorbents, their synthesis can be long and complex and
may require the consumption of materials and reagents, being a limitation for their use in routine

analysis.
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Table 1. Representative applications of innovative extraction phases in plant field.

Additional Extracti Analytical
Sample Analytes Phase Hona e 19“ aytiea Ref.
materials method? platform
II.-based extraction
Elaeagnus rhamnoides essentlall (t)ﬁl’ Cumiml*[Bel-< / d[fﬁ]{ l\t/fA HPLC-UV/GC- 38
(L) A-Nelson . non-volatile [C4mim]*[Br] stillation MS
compounds extraction
MIL two phase
berberine system [Ni 15
Coptidis spp. hydrochloride 2OH]*[Bt]-and / magnetic ABS HPLC-UV 3
[TEMPO-
OSO;] [Na]td
lipophilic and Temperature.
hydrophilic peratu in-sitn solid-liquid UHPLC-UV-
Chrysanthenum spp. responsive / . 4
endogeno;ls [FIMIM]* [BE < extraction QTOF-MS
compounds
DES-based extraction
ChCl/Phf
(T}’I”O‘?g‘;’ﬁ”wﬁz’gf’ polyphenols cioélbg};s / SPE HPLC-MS el
eluent
volatile
L ChCl/D(+)- . UHPLC-QTOF- 6
MenthaXpiperita L. morl;(})lteigfsnes, glucose / solid-liquid UAE MS/GC-MS
Taxcus wallichiana var. menthol/1- e 109
chinensis (Pilg) Flotin taxanes propanol / solid-liquid UAE HPLC-UV
Natural sorbent-based extraction
. trinzole carbon (from .
Fruits fungicides pomelo peel) Fe;04 m-SPE GC-MS
NPs
Azolla imbricate ffeovlauini
(Roxb. ex Griff)) carieoy’quinic chitosan / MSPD HPLC-UV 6
Nakai acid derivatives
MIP-based extraction
+ _
Phyllanthus nrinaria 1. corilagin Corilagin-MIP [BMIM}] [BE.] SPE HPLC-UV 4
Tussilago farfara L. Py:fgllfijlsne PAI-MIP / SPME UHPLC 78
MNP-based extraction
L. . . . - curcubit
é a/im miltiorrhiza salvligohc magne;t;@sﬂlca pscudorotaxan m-d-SPE. HPLC-MS o
e acds ¥ e complex
Reticular material-based extraction
gﬂl’;“;é’}’f“’”g saponins MOF-808 / u-MSPD UHPL;;QTOF‘ 8
Camellia sinensis (L.) organochlorine UHPLC- 0
Kuntze pesticides MIL-100 FesO4 m-SPE UV/GC-MS
Carbon material-based extraction
Vegetables patrabens MWCNTSs / QuI(ES%}]::?RS HPLC-MS/MS 104
. . .. PANI- DI/ in vivo/ in vitro 108
Allinm sativum L. pesticides MWCNTSs PPy@PDMS™ SPME GC-MS

2 for the acronyms of the techniques, see abbreviation list; P silica particles with polyvinyl alcohol chains modified
by N-methyl imidazole proline salt; ¢ 1-butyl-3-methyl imidazole bromine salt; 9 alkyl(2-hydroxyethyl)-
dimethylammonium bromides, sodium 4-sulfonatooxy-2,2,6,6-tetramethyl piperidine-1-yloxyl; ¢ 1-hexyl-3-
methylimidazolium tetrafluoroborate; f phenol; & microcrystalline cellulose; * 1-butyl-3-methylimidazolium
tetrafluoroborate; i pyrrolizidine alkaloid; ! gallic acid; ™ polyaniline-polypytrole@polydimethylsiloxane
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Chapter II
EXPERIMENTAL

40

Apnalytical Strategies For The Characterization Of Botanicals



Experimental

41

Apnalytical Strategies For The Characterization Of Botanicals



Experimental

I1.1 Samples

The samples object of study of this Doctoral Thesis were selected based on their

availability (local plants) and potential application in the nutraceutical and health field.

Regarding the studies on Vitis vinifera L., the following samples were employed:

@

(i)

(iif)

A mixture of green pruning residues (GPRs) and leaves of red and white grapevine
Italian cultivars harvested in an experimental vineyard located in Piedmont (North
West Italy)!10. This pool was used for the optimization of the ILs-based microwave-

assisted method developed in Section I11.1.2.

Grapevine leaves from six Canarian cultivars, kindly provided by the Canary
Agronomic Research Institute (ICIA, Tenerife, Spain), were used for the
quantification studies in Section I11.1.2. They included three white grapevine varieties
(Malvasfa Lanzarote (ML), Moscatel Alejandria (MA), and Listan Blanco (LB)), and
three red grapevine varieties (Tintilla (T), Negra Moll (NM), and Listan Negro (LN)).

Four pools of GRPs harvested in Piedmont kindly provided by the Institute of
Sciences of Food Production, National Research Council (Grugliasco, Italy) were
employed for the digestion experiment in Section III.1.3: Chardonnay and Miller

Thurgau as white grapevine and Nebbiolo and Aglianico as red grapevine.

All the samples were freeze-dried, grounded in a mortar, to obtain a fine powder, and stored in

a dryer, to prevent degradation.

Regarding the studies on Corylus avellana L., the following sample was employed:

@

Hazelnut skin as industrial by-product, kindly provided by the group of Organic
Chemistry at the department of Drug Science and Technology, University of Turin
(Section 111.2).

Regarding the studies on Cannabis sativa L., the following samples were employed:

@

Twenty-four samples of fiber-type Cannabis sativa 1.. were kindly provided by the

Institute of Sciences of Food Production, National Research Council (Grugliasco,

Italy). The plants were grown in the Western Po Valley (Italy) and the aerial parts
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(mainly stems and leaves) were collected at four progressive morphological stages,
from mid-vegetative to early flower stage, on three different land plots (A, B, and C).
The harvested samples were immediately subjected to oven-drying (in a forced-draft
oven at 65 °C to constant weight) and freeze-drying (using a lyophilizer), and
subsequently ground into a fine powder to pass a 1 mm screen with a Cyclotec mill
(Tecator, Herndon, VA, USA). A mix of all 24 samples was prepared for the
optimization of the extraction methods developed in Section II1.3.

(i) Seedless dried inflorescences of fiber-type Cannabis sativa 1.. purchased from a local
Cannabis “light” shop (Cbweed). The inflorescences were labelled as coming from
organic farming with A-THC content <0.5% (Section II1.3.5).

(i)  Hemp extract in medium chain triglycerides (MCT) from coconut oil, labelled as
“CBD oil” (7% CBD). It was purchased from a local Cannabis “light” and stored at -
18 oC to prevent degradation (Section 111.3.5).

Table 1 lists the main characteristics of the plant matrices used in this Thesis.

Table 1. Main characteristics of the samples employed in this Thesis.

Application in this

Plant NP° of samples Characteristics Thesi Reference section
esis

Vitis vinifera L. 1 (mix) GPRs? and leaves Op tmization of 1111
extraction method
Application of the

Vitis vinifera L. 6 leaves method and 1111

quantification
Vitis vinifera L. 4 GPRs In vitro digestion II1.1
Optimization of
Corylus avellana L. 1 skin extraction method, 1 111.2

vitro screening of
antioxidant activity
Optimization of
extraction method,
Cannabis sativa 1. 24 Aerial parts quantification, 7 vitro 111.3
screening of
biological activity
Optimization of

Cannabis sativa L. 1 Inflorescences extraction method, 111.3
quantification
Optimization of
Cannabis sativa .. 1 Oil extraction method, 111.3
quantification

 Green pruning residues
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I1.2 Solvents and reagents

De-ionized water (18.2 M2 cm) was obtained from a Milli-Q purification system
(Millipore, Bedford, MA, USA). HPLC and LCMS-grade acetonitrile, methanol (>99.9% purity),
acetone (>99.0% purity), formic acid (>98.0% purity), diethyl ether (>99.0% purity), ethyl acetate
(>99.5% purity), hexane (>98.5% purity), diethyl ether (>99.0% purity), ethyl acetate (>99.5%
purity), isopropanol (>99.5% purity), hydrochloric acid and potassium bromide (KBr) (>99.5%
purity) were supplied by Merck Life Science S.r.l. (Milan, Italy). Ethanol absolute was supplied
by VWR International Stl (Milan, Italy). For TH NMR analysis and 1C NMR, dimethyl sulfoxide-
ds (DMSO-dg) and chloroform-d (CDCls) was procured from Cambridge Isotope Laboratories
(Andover, MA, USA). For GC-MS analysis, pyridine and IN,O-bis(trimetilsilil)trifluoroacetamide
(BSTFA) from Merck Life Science S.r.l. were used for the derivatization of Cannabis sativa 1.

acetone extracts in Section 111.3.2.

The synthesis of the IL-based surfactants (Section III.1.2) required 1H-pyrazole-1-
carboxamidine-hydrochloride (99%), decylamine (99%), 1-butylimidazole (98%), and 1-
bromohexadecane (97%), which were supplied by Merck Life Science S.r.1

The reagents tripropylamine, trihexylamine, trioctylamine, dimethylaminoethanol, 2-
bromoethanol, 1-bromohexane, 1-bromodecane, 1-bromododecane, 1-bromotetradecane, and 1-
bromohexadecane, obtained from Merck Life Science S.rl, were used in the synthesis of
[Ch*][Br~]-modified salts. Tetrabutylammoniumbromide and tetraoctylammoniumbromide were

selected as reference commercial salts and were provided by Merck Life Science S.r.l.

For the preparation of natural eutectic solvents, (-)-menthol (CAS 2216-51-5), *linalool
(CAS 78-70-06), thymol (CAS 89-83-8), carvacrol (CAS 499-75-2), (-)-terpinen-4-ol (CAS 20126-
76-5), eugenol (CAS 97-53-0), choline chloride (CAS 67-48-1), lactic acid (CAS 79-33-4), betaine
(CAS 107-43-7), levulinic acid (CAS 123-76-2), glycerol (CAS 56-81-5) were purchased from

Merck Life Science S.r.l., while glucose and fructose were from the laboratory collection.

For the synthesis of CIM-80(A4/) MOF, aluminum nitrate nonahydrate (>98% purity),
mesaconic acid (>99% purity) and urea (>99% purity), were purchased from Merck Life Science

S.r.l.

For the 7n vitro colorimetric assays, DPPH" (1,1-diphenyl-2-picrylhydrazyl) and ABTS*

(2,2"-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt) radicals, kojic acid,
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sodium phosphate monobasic monohydrate, sodium phosphate dibasic anhydrous, L-tyrosine,
mushroom tyrosinase (8503 U/mg), dimethyl sulfoxide (DMSO), trizma base, and N-Succinyl-
Ala-Ala-Ala-p-nitroanilide elastase from potcine pancreas (5 U/mg) were purchased from Merck

Life Science S.r.l.

Depending on the matrices under study, several phytochemicals were identified and

selected as marker analytes to monitor:

Seven compounds were used as markers in 17#s vinifera 1.. samples: caftaric acid (CAS
67879-58-7) quercetin (CAS 117-39-5), quercetin-3-O-glucoside (CAS 482-35-9), quercetin 3-O-
glucuronide (CAS 22688-79-5), rutin (CAS 153-18-4), kaempferol 3-O-glucoside (CAS 480-10-4)
were acquired from Phytolab (Vestenbergsgreuth,Germany) and kaempferol 3-O-glucuronide
(CAS 22688-78-4) from Merck Life Science S.r.l. Individual standard solutions were prepared by
dissolving them in methanol at 500 mg L-!, except for caftaric acid, which was prepared at 650
mg L. Working standard solutions containing all the analytes were prepared at different

concentrations in acetonitrile, to obtain the calibrations curves.

Five compounds were used as markers in Corylus avellana L. samples: gallic acid (CAS 149-
91-7), protocatechuic acid (CAS 99-50-3), catechin (CAS 7295-85-4), procyanidin B1 (CAS
20315-25-7), quercetin 3-O-rhamnoside (CAS 522-12-3) supplied by Merck Life Science S.r.L
Individual standard solutions were prepared by dissolving each standard in ACN 5%, methanol
20%, methanol 100%, deionized water, and methanol 100%, respectively, at 1 mg mL-! and then
diluted at different concentrations to obtain the calibration curves with an external calibration

method.

Ten compounds were used as markers in Cannabis sativa L. samples: cannabidiol, CAS
13956-29-1, (CBD), cannabidiolic acid, CAS 1244-58, (CBDA), cannabichromenic acid, CAS
185505-15-1, (CBCA), cannflavin A (CAS 76735-57-4) apigenin 7-O-glucuronide (CAS 29741-
09-1), and luteolin 7-O-glucuronide (CAS 29741-10-4) were supplied by Merck Life Science S.r.1.
Acacetin (CAS 480-44-4), apigenin (CAS 520-36-5), diosmetin (CAS 520-34-3), and coumaric
acid (CAS 501-98-4) were supplied by Extrasynthese (Genay Cedex, France). Individual standard
solutions were prepared by dissolving them in MeOH at 1 mg mI.-t and MeOH 85% for luteolin
7-O-glucuronide and then diluted at different concentrations to obtain the calibration curves.

All these solutions were kept protected from light and refrigerated at -18 °C.
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I1.3 Instrumentation and equipment

A Radwag analytical balance (Radom, Poland) was used to weight reagents, standards, and
samples. An ultrasonic bath (Soltec, Sonica S3 EP 2400), a centrifuge (Remi group, Mumbai,
India), a vortex (Thermo Fisher Scientific, Rodano, Italy), a rotavapor (Phoenix instruments,
Garbsen, Germany), and a Visiprep™ SPE vacuum manifold (Merck Life Science S.r.l) were
employed for the extraction procedures. C18 solid-phase extraction (SPE) cartridges bed mass
(500 mg, volume 1 mL) (Agilent Technologies, Wilmington, DE, USA) were used for the
purification of the extracts from chlorophylls. Before SPE, the extracts were filtered with filter
paper (12 cm in diameter). Polyvinylidene fluoride (PVDF) syringe filters from CPS Analitica
(Milan, Italy) were used to filtrate all the extracts before LC/GC analysis. To ensute the absence
of any residual solvents in the hemp extract obtained with organic solvents (Section 111.3.2), the
head space of the extracts was sampled through solid-phase microextraction (HS-SPME) using a
Divinylbenzene/Carboxen/Polydimethylsyloxane (DVB/CAR/PDMS) 50/30 pm film
thickness and 2 cm length fiber from Merck (Milan, Italy), and analyzed by GC-MS. Sampling

was conducted at room temperature for 15 min

A Shimadzu Nexera X2 UHPLC system was used for qualitative analysis. It was equipped
with an SPD-M20A photodiode array detector in series with a Shimadzu LCMS triple quadrupole
system with an electrospray ionization (ESI) source (Shimadzu, Dusseldorf Germany). Mass
spectrometer operative conditions were as follows: heat block temperature, 200 °C; desolvation
line (DL) temperature, 230 °C; nebulizer gas (N2) flow rate, 3 L min'!; and drying gas (N2) flow
rate, 15 L min-!. Full scan mass spectra were acquired from 50 to 2000 m z-1, both in positive and
in negative scan modes, with an event time of 0.5 s. When protonated/deprotonated ions [M +
H]* in ESI* or [M — H]~ in ESI~ were identified, they were subjected to collision (collision
energy, —35.0 V for ESI* and 35.0 V for ESI™) in product ion scan mode with an event time of
0.2 s. Quantitative analyses were carried out with a Shimadzu UHPLC XR chromatograph
equipped with a photodiode array detector SPD-M20A (Shimadzu, Dusseldorf, Germany).
Mobile phase A was water/formic acid (99.9:0.1, v/v) and mobile phase B was
acetonitrile/formic acid (99.9:0.1 v/v) in all the analysis. The flow rate was 0.4 mL min! and the
column temperature was set at 30 °C. For the analysis of . winifera L., the best separation was
obtained using an initial composition of 5% of B, which was increased to 100% in 52 min. For

C. avellana L., the gradient was as follows: 0 to 5 min 5% phase B, 5 to 30 min 5%-15% B, 30 to
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50 min 15%-35% B, 50 to 57 min 35%-100% B. For the analysis of C. sativa L. aerial parts, the
gradient program was as follows: 0 to 2 min 15% B, 2 to 52 min 15%- 86% B, and 52 to 55 min
86% B, while for hemp inflorescences and oil the gradient program was 0 to 2 min 30% B, 2 to

42 min 30-86% B, 42 to 44 min 86% B.

GC-MS analyses were also carried out for identification purposes using a TRACE GC
Ultra gas-chromatograph platform from Thermo equipped with a Thermo 3000 Series Automatic
Sampling System (Al 3000) and hyphenated to a Thermo DSQ mass spectrometer with an
electron impact source (EI mode). GC conditions: injector temperature: 280 °C, injection mode:
split, ratio: 20:1; carrier gas: helium, and flow rate: 1 mLL min-!. Temperature program: from 50
°C to 250 °C at 3 °C min~!, and from 250 °C to 300 °C at 10 °C/min. The MS transfer line
temperature was set at 270 °C. The single quadrupole mass spectrometer was used in full scan
mode (mass range: 50—700 m z1) for the analysis of the derivatized extract of C. sativa aerial parts.
The same GC-MS conditions reported above were used except for the mass range, which was

set to 30-300 m z-1, for the analysis of residual solvents.

An Ascentis Express RP-C18 column (15 cm X 2.1 mm, 2.7 um, Supelco, Bellefonte,
USA) was employed for the analysis of hemp extracts and an InfinityLab poroshell 120 C18
poroshell column (10 cm X 4.6 mm, 4 um, Agilent, Santa Clara, USA) was used to analyze hemp
extract obtained with MOF. An Ascentis Express RP Amide column (10 cm X 2.1 mm, 2.7 um,
Supelco, Bellefonte, PA, USA) were used for the analysis of grapevin, hazelnut extracts and hemp
extracts obtained with natural ESs as well as for the ABTS* offline analysis. GC-MS analyses
were carried out on a capillary MEGA-5 MS column (5% phenyl- and 95% methyl-substituted
polysiloxane) with the following characteristics: 1: 30 m, 4: 0.25 mm, and 4 0.25 pm (MEGA,
Legnano, Italy).

To measure the hydrophobicity of the ESs, water content was analyzed by a Metrohm
831 Karl Fischer coulometric titration system (Herisau, Switzerland) before and after mixing the
solvent with water at neutral pH and 25 °C. The titration cell was filled with a Hydranal-Coulomat

AG reagent, and the contents of the chamber were stirred at 300 rpm.

For the characterization of the eutectic solvents in Section IIL.3. a FTIR-ATR
spectrometer (PerkinElmer, Waltham, Massachusetts, USA) and a Bruker (Massachusetts, USA)
600 MHz NMR spectrometer were used.

47

Apnalytical Strategies For The Characterization Of Botanicals



Experimental

Bruker (Massachusetts, USA) 600MHz and JEOL ECZR (Massachusetts, USA) 600 MHz
NMR spectrometers were used to characterize the purity of the salts and choline bromide-based

HESs (Section I11.3.4).

Differential scanning calorimetry (DSC) was performed on HESs to investigate their
thermal properties using a NETZSCH DSC 214 Polyma instrument (Selb, Germany), and all
thermograms were analyzed using NETZSCH Proteus software. The solvatochromic response
of fluorescent dyes was studied using a Synergy H1 microplate reader (Biotek, Winooski,

Vermont).

HES viscosity was measured using an AMETEK Brookfield DV1 cone and a plate
viscometer (Middleborough, MA, USA) equipped with a CPA-51Z cone spindle, at 21.6 °C.

All ESs were analyzed using Fourier transform infrared (ATR—FTIR) spectroscopy and
scanned between 4000 and 500 cm™!. All IR measurements were performed on a Bruker

VERTEX 80 FTIR spectrometer (Billerica, MA, USA).

Solvation characteristics of [Ch*]|[Br~]-based HESs were studied using inverse gas
chromatography by employing them as GC stationary phases. An Agilent 7890B gas
chromatograph (Santa Clara, USA) equipped with a flame ionization detector was employed for
IGC experiments. A deactivated fused silica capillary was procured from MEGA (Legnano,
Milano, Italy). Inlet/detector temperatures wetre kept constant at 150 °C, while a 20:1 inlet split

ratio was employed (1 mL min ~! constant f low).

CIM-80(A) MOF was characterized by powder X-ray diffraction using a PANalytical
Empyrean diffractometer (Eindhoven, The Netherlands) with Cu Ka radiation (A = 1.5418 A)
and operating with Bragg—Brentano geometry. Phase identification of the synthetized MOF's was
carried out by X-ray powder diffraction on a X'Pert Diffractometer (Panalytical, Netherlands)
operating with Brage—Brentano geometry. Data collection was carried out using Cu Ko radiation
(A4 1.5418 A) over the angular range from 5.01° to 80.00° with a total exposure time of 30 min.
The microscopic morphology of the material was examined by a JSM6300 scanning electron
microscope (JEOL, Tokyo, Japan). Figure 1 reports the comparison of X-ray between simulated
and synthesized CIM-80(A4/) MOF and the SEM images for the synthetized MOF.
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—Simulated CIM-80(Al)

—Synthesized CIM-80(Al)

Intensity (a.u.)

()
Figure 1. (a) X-ray of simulated and synthetized CIM-80(4/) and (b) SEM images.

I1.4 Procedures
4.1 Synthesis of IL-based surfactants (Section I1I.1.2)

Decylguanidinium chloride (C10Gu-Cl) used as extraction solvent in Section III1.1.2, was
synthetized by following a previously reported procedure!!!. Briefly, 1.70 mL of decylamine and
1.24 g of 1H-pyrazole-1-carboxamidine hydrochloride were dissolved in 2.5 mL of ethanol. This
solution was left under magnetic stirring at 35 °C for 48 h. Then, the IL was washed 3 times with
2.5 mL of ethanol, which was evaporated under vacuum (50 °C 150 mbar) until the viscous IL
was obtained. The IL-based surfactant 1-hexadecyl-3-butyl imidazolium bromide (C16C4Im-Br)
was synthetized as was previously described in the literature!12. Briefly, 12.4 g of 1-butylimidazole
and 33.6 g of 1-bromohexadecane were refluxed in 20 mL of isopropanol at 70 °C for 24 h under
stirring. The solvent was removed under vacuum (60 °C, 140 mbar), and the product was
dissolved in 25 mL of water. It was washed 5 times with 15 mL of ethyl acetate, and, finally, water
was evaporated under vacuum (80 °C, 70 mbar), and the product was dried in a vacuum oven, to
obtain the solid IL.-based surfactant.
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4.2 Synthesis of choline bromide-modified salts (Section II1.3.4)

Six [Ch*][Br ]-modified salts were synthesized to obtain hydrogen bond acceptors
(HBAs) with hydrophobic features. Two main classes of ammonium salts were obtained: (A)
[Nxxeon™][Br ] and (B) [Nityeon) *][Br~],where x=3 or 6 and y=10, 12, 14, or 16. Moreover, two
commercial ammonium salts, tetrabutylammonium bromide and tetraoctylammonium bromide,
were used for comparison purposes. Table 2 summarizes the reaction conditions for every salt.
For the first group (A), the synthesis protocol was modeled based on that reported by Dupont ez
al.,'3 with some modifications, and the purity was confirmed by 'H and *C NMR. Briefly, amine
and bromoethanol were dissolved in toluene and allowed to react under reflux for 48h at 110 °C.
After cooling, the solvent was removed under rotary evaporation, and the product was purified
to form a white powder. For the second group (B), the synthesis protocol was based on that
reported by Costa ez a/.!* after some modification and purity confirmed by 'H and 1*C NMR. In
this case, the alkyl halide and 2-(dimethylamino)ethanol were mixed in hexane and heated to 80
°C under reflux for 8—10h. The white solid precipitate was then filtered and washed with hexane.

All products were dried under reduced pressure and stored in a vacuum oven.

Table 2. Reaction conditions of the [Ch*][Br]-modified salts synthesized in the study.

+ -1- ar 73
[Cl? 1[Br] Reagent 1 Reagent 2 Solvent NIO! N Purification Yield Characterization  Ref.
modified salts ‘ ratio (%)
N Br] Dimethylamminoethanol 4 porodecane  Hexame — 1:14  WahWith 5o gagueNMR e
(OH) hexane
. : . 7, H
ooy Br] - Dimethylamminoethanol 4 pododecane Hexane 1211 VSRV a0 g no MR
(OH) hexane
N e 4]Br]  Dimethylamminoethanol il= Hexane 1:11 Wash with 20% ' and 3C NMR s
(OH) Bromotetradecane hexane
+1[Br Dimethylamminoethanol 1- . Wash with 0 1 13 114
N oor BT Bromohexadecane  exane 1111 hexane 70%  'Hand C NMR
Rotary
evaporation
1[Br] Tripropylamine Bromoethanol Toluene 1:1 + wash with 30% 'H and 3C NMR LS

333 20H)
diethyl ether

Rotary
evaporation,
wash with
diethyl ether
+
crystallization
in ethyl
acetate

Br] Trihexylamine Bromoethanol Toluene  1.2:1 30%  'Hand "CNMR 113

666 (20H)
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4.3 Synthesis of CIM-80(AJ) metal organic framework (Section II1.3.6)

According to the optimized procedure, 750 mg of AI(INO3)3*9H20, 260 mg of mesaconic
acid and 180 mg of urea were weighted in a Teflon lined hydrothermal autoclave, together with
30 mL of water. This mixture was left to react in an oven at 150 °C, for 24 hours. Once the
reaction was completed, the solid was quantitatively transferred in a falcon tube and washed three
times with water and three times with EtOH, to remove any unreacted residues. Before to use

the sorbent, it was activated at 100 °C for 24 hours.

4.4 Preparation of eutectic solvents (Section III.2 and III.3)

Several eutectic solvents of different nature were used as extraction solvents in the
extraction methods developed in this Thesis. All the ESs were prepared following the heat and
stirring method*. Briefly, the HBA and HBD were mixed at the selected molar ratio under
magnetic stirring for 30 min at 40 °C/60 °C depending on the components. After obtaining a
homogeneous solvent, they were dried and store in a desiccator to prevent moisture absorption

trom the atmosphere. All the ESs prepared are reported in Table 3.

Table 3. Eutectic solvents prepared in this Thesis.

Component 1 Component 2 Molar ratio Reference section
Hydrophilic
Choline chloride Lactic acid 1:1 II1.2
Choline chloride Lactic acid 1:2 1I1.2
Choline chloride Levulinic acid 1:3 1I1.2
Choline chloride Levulinic acid 1:5 II1.2
Betaine Glycerol 1:5 111.2
Betaine Lactic acid 1:2 II1.2
Betaine Lactic acid 1:3 1I1.2
Betaine Lactic acid 1:5 II1.2
Betaine Levulinic acid 1:2 1I1.2
Betaine Levulinic acid 1:3 II1.2
Betaine Levulinic acid 1:5 II1.2
Hydrophobic
Menthol Linalool 1:1 111.3
Menthol Terpinen-4-ol 1:1 II1.3
Menthol Thymol 1:1 II1.3
Menthol Carvacrol 1:1 1I1.3
Linalool Terpinen-4-ol 1:1 1I1.3
Linalool Thymol 1:1 I11.3
Linalool Carvacrol 1:1 1I1.3
Linalool Eugenol 1:1 1I1.3
Terpinen-4-ol Thymol 1:1 II1.3
Terpinen-4-ol Carvacrol 1:1 111.3
Choline bromide-based
[N 333 on*][Br] Thymol 1:2 111.3
m() 66 (20H)+] [Br] Thymol 1:2 1I1.3
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[N 1110 com*][Br] Thymol 1:2 I11.3
[N 1112 con™][Br] Thymol 1:2 111.3
[N 1114 om™][Br] Thymol 1:2 111.3
[N 1116 con™][Br] Thymol 1:2 111.3

4.5 Derivatization for GC-MS analysis (Section II11.3.2)

To confirm the identification of cannabinoid compounds, the extracts were further
analyzed by GC-MS. To prevent the decarboxylation of cannabinoid acids in the injector of the
GC, the derivatization of the acetone extract was performed before chromatographic analysis,
according to Acquadro ez al. 115, Briefly, 80 uL. of pyridine and 120 uL. of BSTFA were added to

2 mg of the extract and allowed to react for 30 min at 60 °C in a water bath.
4.6 Measurement of ESs hydrophobicity by Karl Fischer titration (Section III1.3)

The same amount (500 mg) of HES and water was gently mixed for 30s with a spatula to
avoid the formation of bubbles and then subjected to centrifugation to facilitate rapid separation
of the two phases. Finally, the HES phase was sampled using a 3 mL Luer lock tip sterile plastic
syringe, and its water content was measured. The same measurement was carried out before

mixing the ES with water.

4.7 Measurement of ESs thermal properties by DSC (Section II1.3.4)

The thermal properties of select HESs were characterized using the following protocol:
the samples were cooled from 40 to —120 °C at a rate of 10 °C min~! and subsequently heated
to 80°C at the same rate using differential scanning calorimetry (DSC). DSC thermograms were

analyzed to obtain the melting peak and/or glass transition temperatures for DESs.

4.8 Measurement of ESs polarity by solvatochromic dye method (Section II1.3.4)

To investigate the polarity of hydrophobic [Ch*|[Br~|-based HESs using the
solvatochromic dye method, the dyes 4-nitroaniline (4-NA), Nile red (NR), and N, N-diethyl-4-
nitroaniline (IN,N-DENA) were employed. Each dye was dissolved in methanol at a 0.01 M
concentration and refrigerated under 4 °C before transferring 100 pL into an Eppendorf tube. A
steady stream of nitrogen was passed through the Eppendorf tube to evaporate methanol, leaving
behind the solvatochromic dye as a thin film on the walls of the tube. A 100 pL. volume of each
HES was transferred into the Eppendorf tube and mixed thoroughly with the dye untl a

homogeneous mixture was obtained. A 20 pL volume of the resulting mixture was transferred
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into a 96-well plate to measure its solvatochromic behavior using a microplate reader. UV—Vis
molecular absorbance data was acquited through spectral scanning of HES/dye mixtures
between wave lengths of 350 and 700 nm in 1 nm increments, and the maximum absorption
wavelength (A 19 max) was recorded. Spectroscopic measurements were conducted in triplicate,

and the average of all values was calculated.
4.9 Inverse gas chromatography (Section III.3.4)

To prepare ES chromatographic columns using the static method of column preparation,
32 mg of each ES was transferred into a clean 20 mL glass vial and solubilized in 10 mL of
dichloromethane. The ES solutions were injected into 5 m segments of a deactivated fused silica
capillary, which were then sealed at one end, while the other end was connected to a vacuum,
before placing the resulting setup in a water bath maintained at 40 °C. Dichloromethane was
gradually and steadily evaporated, leaving behind a uniform thin film of ES coated on the inner
walls of the fused silica capillary having an approximate thickness of 0.20 um prior to performing
GC measurements, all columns were placed inside a gas chromatograph and thoroughly
conditioned by flowing helium (1 mL min ! constant flow) at 60 °C for 30 min. Additionally,
inverse GC measurements were conducted at 40, 50, and 60 °C by systematically varying the GC
oven temperature. Column efficiencies were measured by chromatographically separating
naphthalene (1 g L) at 60 °C and were determined to range from 1500 to 2900 plates/metet.
Probe molecules comprising volatile organic compounds such as branched and straight-chained
alcohols, nitroalkanes, and haloalkanes were dissolved in dichloromethane at the same
concentration (1 g L.™1) and injected onto the ES columns to study their chromatographic

retention.

4.10 Scavenging effect on DPPH" radicals (Section III.2 and III.3)

The capacity of the obtained extracts to scavenge the free radical DPPH" was investigated
using the method reported by Krol!'o, with some modifications. A methanolic solution
containing the DPPH" radical (25 pg mIL-1) was prepared to have an absorbance value between
0.65 and 0.72 at 515 nm and 2 mL of this solution was mixed with the extract. The mixture was
shaken vigorously and left to stand for 30 min at room temperature in the dark (until absorbance
values were stable). Reduction of the DPPH" radical was measured by monitoring the absorption

decrease at 515 nm. Different concentrations of the extract were prepared in order to obtain a
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dose-response curve. For each concentration, the DPPH scavenging effect was calculated with

the following equation:
% scavenging effect = [(Apppu—As) / Apppa] X 100

where ApppH is the absorbance of the DPPH" solution and As is the absorbance of the DPPH*
solution after addition of the sample extract. The amount of matrix used to prepare an extract
providing 50% inhibition (ECso) was calculated by the equation of the dose-response curve. The
same procedure was used to obtain the ECs of Trolox, a phenolic compound with a well-known

antioxidant capacity, which was used as a positive control to validate the procedure.
4.11 Scavenging effect on ABTS** radicals (Section III.2 and IIIL.3)

The ABTS method was applied according to Krol ez a/11¢ with some modifications. The
ABTS** radical solution was prepared by adding 5 mL of K2520s solution (0.66 mg mI1) to 5
mL of ABTS (3.84 mg mL.1) and the obtained solution was kept in the dark for 16h at —20 °C.
This solution was diluted in EtOH/water (50:50 v/v) to obtain the working reagent with an
absorbance of 0.70 + 0.02 at A = 734 nm. 2 mL. of ABTS** radical solution was added to 100 ulL.
of the extract, and the absorbance was measured after 6 min, at A = 734 nm. The ABTS*
scavenging effect was calculated as g equivalent of Trolox per kg of matrix. The Trolox

calibration curve was built up by analyzing the standard compound at concentrations ranging

from 25 to 100 mg L.

4.12 Offline combination of antioxidant assays and HPLC-PDA analysis (Section I11.3.7)

To investigate which compounds of the hemp extract prepared had a higher affinity with
DPPH* and ABTS*, an HPLC-PDA analysis was carried out before and after the reaction with
the two radicals. For DPPH", 30 uL of the hemp extract (diluted in MeOH at the concentration
providing the ECso) was mixed with 2 mL. of DPPH" reagent (25 pg mL-1), shaken vigorously,
and left to stand for 30 min at room temperature in the dark. After the reaction, the solvent was
evaporated with a gentle nitrogen steam and the dried extract was diluted with 150 uL. of MeOH
before injection into the LC system. The chromatographic profile of the extract after reaction
with the DPPH" radical solution was compared with that of the same extract before reaction,
diluted 1:5. With regard to ABTS*, 100 uL of the hemp extract at 2 g L1, diluted in EtOH, was

mixed with 2 mL of ABTS working solution, shaken vigorously, and left to stand for 6 min at

54

Apnalytical Strategies For The Characterization Of Botanicals



Experimental

room temperature in the dark. After the reaction, the solvent was evaporated with a gentle
nitrogen steam and the dried extract was diluted with 2 mL of MeOH before injection into the
LC system. The chromatographic profile of the extract after reaction with the ABTS** radical

solution was compared with that of the same extract before reaction.

4.13 Tyrosinase inhibition activity assay (Section I11.3)

The tyrosinase inhibition activity of the hemp extracts was tested with a colorimetric assay
optimized by Zengh ef al117, with slight modifications. The formation of dopachrome from L-
tyrosine was monitored by measuring the absorbance at 475 nm. The dried extracts were
previously dissolved in DMSO to obtain the concentration of 50 mg mL-!. Subsequently, 10 uL.
of this solution was added to 600 uL. of phosphate buffer 0.02 M (pH = 6.8) and 400 uL of
mushroom tyrosinase 250 U mL-!, previously dissolved in a phosphate buffer. The mixture was
pre-incubated for 6 min at 30 °C. After the pre-incubation, 500 uL of tyrosine solution in a
phosphate buffer (0.1 mg mL-") was added and the absorbance of the mixture was measured. In
particular, the absorbance was registered from time “0” to 6 min every minute to obtain a kinetic
response curve. A blank solution (without the enzyme) was used to calibrate the instrument. The
reaction progress curves were performed for the methanolic and acetone extracts, as well as for
the control (10 pL. of DMSO instead of the extract) and for a positive control (kojic acid at 0.2
mg ml1). The initial velocity (vo) of each curve, which is equivalent to the slope of the line, was

measured and the % of tyrosinase inhibition was determined as follows:
% tyrosinase inhibition = [(slope control—slope sample) / slope control] X 100

4.14 Elastase inhibition activity assay (Section III1.3)

The elastase inhibition activity of the hemp extracts prepared was tested with a
colorimetric assay optimized as reported by Bieth ez 2.8, with slight modifications. The elastase
inhibition assay is based on the spectrophotometric evaluation of the release of p-nitroaniline
from N-succinyl-Ala-Ala-Ala-p-nitroanilide, stimulated by elastase. The formation of p-
nitroaniline was determined at 410 nm. The dried extracts were dissolved in DMSO to obtain the
concentration of 50 mg mlL-1. Then, 5 pL. of this solution were added to 1345 uL. of Trizma
buffer (pH= 8) and 50 uL of elastase solution 0.6 U mL! (ratio 1:99 in Trizma buffer). During
the measurements, the temperature of the elastase solution was kept around 0—4 °C, while the

other reagents were at room temperature. The obtained mixture was pre-incubated for 6 min at

55

Apnalytical Strategies For The Characterization Of Botanicals



Experimental

30 °C and subsequently 100 pLL of substrate 1 mg mL-! solution in Trizma buffer was added. The
absorbance was registered from time “0” to 30 min every three minutes and a blank solution
(without the enzyme) was used to calibrate the instrument. The reaction progress curves were
performed for the methanolic and acetone extracts, as well as for the control (5 pl. of DMSO
instead of the extract) and positive control (ursolic acid, at ECso 5 mg mL1). The initial velocity
(vo) of each curve, which is equivalent to the slope of the line, was measured and the % of elastase

inhibition was determined with the same equation reported for tyrosinase.

I1.5 Extraction methods

Different extraction methods were developed in this Thesis depending on the material
used as extraction phase, the target analytes, and the samples analyzed. This section includes the
optimized conditions for each of those analytical methods, while the different conditions

evaluated during the optimization studies are detailed in the corresponding section of Chapter.

5.1 Microwave-assisted solid liquid extraction method using an IL-Based Surfactant
(Section III.1)

0.100 g of grapevine sample was placed in a centrifuge tube, together with the stir bar,
and 2.25 mL of 0.1 mM of an aqueous solution of the IL-based surfactant CisC4Im-Br 1L was
added. The mixture was introduced in the focused microwave system and programmed at 70 °C
and 50 W for 30 minutes, while applying magnetic stirring. Once the extraction was completed,
the mixture was left to cool to room temperature and centrifuged for 5 min at 2504 X g. The
supernatant was collected by using a Pasteur Pipette and filtrated (using PVDF syringe filters)

before injection in the LC system.

5.2 Ultrasound-assisted solid liquid extraction method using hydrophilic ESs (Section
II1.2 and IIIL.3)

100 mg of hazelnut skins were transferred in a tube together with 1 mL. of ES. The mixture
was then submitted to US for 30 minutes. After 10 seconds of vortex the sample was centrifuged
for 15 minutes at 4000 rpm and filtrated (using PVDF syringe filters) before injection in the LC

system.
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5.3 Ultrasound-assisted solid liquid extraction method using organic solvents (Section
II1.1, II1.3)

10 mL of solvent of MeOH were added to 100 mg of dried grapevine (pre and digested
samples) and a US-assisted extraction was performed for 15 min at 40 KHz at room temperature.
The liquid phase was then subjected to centrifugation at 2200Xg for 10 min while the US
extraction procedure was repeated twice on the same plant matrix to obtain an exhaustive
extraction of the target analytes. After the centrifugation, the supernatant was collected and
filtered with filter paper and the solvent was completely evaporated at 40 °C in a rotary
evaporator, under vacuum. At this point, the dried extract was subjected to an SPE procedure to
eliminate the chlorophylls which can damage the chromatographic column. For this purpose, the
extract was reconstituted with 1.5 mL of MeOH /water (40:60, v/v) and eluted with 8 mL of
MeOH /water (85:15, v/v) through a C18 cartridge (previously activated with 4 mL. of MeOH
and 4 mL of water). The obtained extract was dried with a gentle nitrogen stream, diluted to a
tinal concentration of 2 mL with ultrapure water and finally filtered (0.20 um, PVDF) before the

injection in the LC system.

5 mL of solvent (MeOH or acetone) were added to 100 mg of dried hemp sample and a
US-assisted extraction was performed for 10 min at 40 KHz at room temperature. The liquid
phase was then subjected to centrifugation at 2200Xg for 10 min while the US extraction
procedure was repeated twice on the same plant matrix to obtain an exhaustive extraction of the
target analytes. After the centrifugation, the supernatant was collected and filtered with filter
paper and the solvent was completely evaporated at 40 °C in a rotary evaporator, under vacuum.
At this point, the dried extract was subjected to an SPE procedure to eliminate the chlorophylls
which can damage the chromatographic column. For this purpose, the extract was reconstituted
with 1.5 mIL of MeOH/water (40:60, v/v) and eluted with 8 mI. of MeOH/water (85:15, v/v)
through a C18 cartridge (previously activated with 4 mL of MeOH and 4 mL of water). The
obtained extract was dried with a gentle nitrogen stream, diluted to 5 mg mL-! with MeOH /water

(85:15, v/v), and finally filtered (0.20 um, PVDF) before the injection in the LC system.

5.4 Dispersive solid-liquid microextraction method using natural ESs and [Ch*][Br7]-
based HESs (Section I11.3.4)

100 mg of hemp were transferred in a centrifuge tube with 2 mL of water (KBr 30%

aqueous solution for [Ch*]|[Br7]-based HESs) and 100 uLL of the ES. After 30 s of vortex, the
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mixture was transferred in the bath sonicator (40 KHz at 25 °C) for 10 min. Once the extraction
was completed, it was submitted to other 30 s of vortex and centrifuged for 5 min at 2200Xg.
Three different phases formed, starting from the bottom: (1) the plant, (2) water, and (3) the ES-
rich phase. To allow an easy isolation of this latter, it was re-suspended in water (2) and the
mixture (without the plant) was transferred in another tube and centrifuged again for 5 min at
2200Xg. At this point, the aqueous phase was removed with a Pasteur pipette and the remaining
upper phase (ES-rich phase) was diluted in 500 ul. of MeOH/H20 (70:30, v/v). Before the
injection in the LC system, the extract was filtered with 0.20 um, PVDF filter. The same method
was used to simulate the extraction of the reference standard compounds (luteolin-7-O-

glucuronide, apigenin-7-O-glucuronide and CBDA), without the plant.

The same procedure was followed for hemp inflorescences with few modifications. In
this case, 20 mg of plant was used and moisten with 40 uL. of EtOH before adding KBr aqueous
solution and 100 uL. of ES. The mixture was then placed in a sonic bath (40 KHz at 25 ¢ C) for
10 min after 30 s of vortexing. Once the extraction was complete, it was subjected to another 30
s of vortexing and centrifuged for 5 min at 2200Xg. Three different phases were formed, starting
from the bottom: plant, water, and the ES-rich phase. This latter was re-suspended in the water
layer, and the mixture (without the plant) was transferred in another tube and centrifuged again
for 5 min at 2200Xg. Finally, the aqueous phase was removed with a Pasteur pipette, and the
remaining upper phase (ES-rich phase) was diluted with 4 mLL of EtOH 100% and filtered before

the analysis.

For CBD oil sample, 100 mg were transferred to a centrifuge tube with 1 mL of KBr 30%
w/w aqueous solution and 100 uL of ES (N16). The mixture was then placed in a sonic bath (40
KHz at 25 °C) for 10 min after 30 s of vortexing. Once the extraction was complete, it was
subjected to another 30 s of vortexing and centrifuged for 5 min at 2200Xg. The oil and aqueous
phase were removed with a Pasteur pipette, and the remaining phase (ES-rich phase) was diluted

in 200 uL. of EtOH. The extract was filtered with a 0.20 pm PVDF filter prior to analysis.
5.5 Matrix solid-phase dispersion with MOFs (Section II1.3.6)

Under optimum conditions, 20 mg of hemp sample were placed in a mortar with 40 mg
of CIM-80(A4) MOF and this mixture was grounded with a pestle for 2 minutes. The powder

obtained was carefully transferred into a glass tube and 0.5 mL of MeOH water (85:15 v/v), was
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added. After 4 minutes of vortexing, the suspension was centrifuged at a high speed (2200xg)
for 2 minutes. The supernatant was then collected using a Pasteur pipette and filtered with 0.2

um pore size PVDF filter, before injection in the HPLC-PDA system

5.6 Reference extraction methods

For every matrix, conventional extractions were used as reference methods for the
phytochemical characterization of the samples and for comparison purposes with the new

methodologies.

For the study on 1itis vinifera 1., a method previously developed for the analysis of
grapevine leaves and GPRs!'!) was employed with slight modification. In this method, 0.100 g of
sample was weighed in a beaker, and 10 mL of MeOH water (70:30, v/v) was added. The mixtute
was placed in the ultrasonic bath at room temperature for 15 min, and then the mixture was
transferred to a centrifuge tube and centrifuged for 10 min at 2515Xg. The supernatant was then
placed in a separatory funnel, and 5 mL of hexane was added, in order to remove the chlorophylls
contained in the leaves. Two phases were obtained: the top phase, containing the green pigments,
and the hydroalcoholic phase in the bottom, containing the extracted phenolic compounds. The
latter phase was collected and evaporated in the rotary evaporator, at 50 °C, until a volume of 1
mL was obtained. Finally, the solution was poured into a graduate cylinder, and methanol was
added to reach a final volume of 2 mL. Before the injection in the LC system, the extract was

filtered using PVDF syringe filter.

For the study on Corylus avellana 1., a EtOH-based extraction method was employed. 100
mg of hazelnut skin was weighted into a flask and 5 mL of solvent (EtOH water 80:20 v/v with
0.1% of formic acid) was added with a graduated pipette. Afterwards, the flask was submitted to
US extraction for 5 minutes. Once the extraction was completed, the solvent was transferred into
a centrifuge tube. This step was repeated two times more to obtain an exhaustive extraction. The
three tubes were then submitted to centrifugation for 5 minutes at 2200Xg in order to separate
the supernatant from the not-extracted material. After centrifugation, the solvent was eliminated
by rotary evaporation, at 40 45°C. After a partial evaporation of the solvent the extract was

transferred in a vial. The remaining solvent was then evaporated under nitrogen flow. 10 mg of

the dried extract were solubilized in 1 mI. of MeOH water (20/80 v/v) and 40 uL. of this solution
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were diluted 5-fold with EtOH water (50/50 v/v) before the injection in the analytical

instrument.

For the study on Cannabis sativa 1., the MeOH-based solid—liquid extraction developed in

section I111.3.2 was used as reference method.

II1.6 Software

Experimental designs and the elaboration of the violin plots were carried out by using
Statgraphics® 18-X064 software. Statistical analysis and chemometrics were obtained with
XLSTAT statistical and data analysis solution (Addinsoft 2020, New York, NY, USA). while the
heatmap was created by wusing Morpheus software (https://software.broadinsti
tute.org/morpheus). Excel software (Microsoft Office, v.2016) was employed for the remaining
calculations. For inverse gas chromatography experiments, statistical calculations and multiple
linear regression analysis were performed using Analyze-it (Microsoft, USA). BioRender.com was

employed to create several figures of this Thesis.
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1.3.4 Quantitative analysis of polyphenols in raw and digested samples
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1.1 Introduction

Of the over 60 species belonging to 7t genus, 1/itis vinifera L. is the most known for its
economic importance in the agri-food industry. Wine production and viticulture presents several
areas of environmental concern, typical of agricultural field. This includes a large use of water,
the production of solid waste, energy and chemical use, exploitation of the land and the
consequent impact on ecosystems!!”. Even though these issues do not concern only viniculture,
it is one of the main agro-activities in the world, making necessary to improve environmental
strategies. One of the main approaches developed in recent years is the better usage of organic
waste material. For instance, many grapevine by-products, such as grape pomace, seeds, and
stems, have been investigated for their interest content in bioactive phytochemicals, mainly
polyphenols. Because of their properties, these compounds could be used as natural antioxidants
and functional food ingredients for different purposes'?. To study the composition of grapevine
by-products, sample treatment is needed to isolate the bioactive compounds of interest before
the analysis. Studies have focused on conventional solid-liquid extraction methods that normally
require numerous pretreatment steps (e.g drying, filtration, purification) and the consumption of
large amounts of organic solvents resulting in tedious and environmentally unfriendly

procedures!!?,

Taking into account the above considerations, this section aimed to develop a more
innovative approach for the valorization of [7#s vinifera L. by products. The first part of the study
focused on the improvement of the extraction method performances, using a sustainable
approach in the choice of the solvent of extraction, and in the optimization of the method to
tind the best conditions with the fewest number of experiments. On the other side, if the final
aim is to exploit by-products as food supplements or for producing functional foods, it is crucial
to support chemical data with studies on the bio-accessibility of phytochemicals during digestion.
Thus, a protocol of simulated static 7z vitro digestion was used to verify the stability of the

bioactive compounds, after the extraction process.
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Sustainable micro-scale extraction of bioactive phenolic compounds
from Vitis vinifera L. leaves with ionic liquid-based surfactants

This paragraph is reproduced from a published article
(Mastellone e al., Molecules 25, 2020, 3072)

Valorization of Vitis Vinifera leaves MW assisted solid-liquid extraction with IL-based surfactants

Bioactive phenolic

Simple, effective and Phenolic content
compounds -
green method profile of samples
Low amount of Low volume of . oo
: Italian varieties
sample extraction phase
Absence of organic Canarian
Few steps i
solvents varieties
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1.2 Sustainable micro-scale extraction of bioactive phenolic compounds from Vitis
vinifera L. leaves with ionic liquid-based surfactants

The aims of this study were the development of a truly green, fast, and reliable method
for the micro-scale extraction of bioactive phenolic compounds from grapevine leaves for
analytical purpose and the evaluation of the phytochemical pattern of the leaves of a set of
varieties of 1tis vinifera L. (harvested in the Canary Islands), in view of their possible exploitation
as a source of antioxidant compounds. The proposed method consisted of a focused-microwave-
assisted solid-liquid extraction approach (MA-SLE), using micellar aqueous solutions of an ionic
liquid-based surfactant, followed by HPLC-PDA analysis. Different ILs were evaluated, while
the experimental conditions were optimized by using an experimental design to obtain the
maximum extraction efficiency. Furthermore, the proposed method was compared in terms of
extraction capacity and greenness with an ultrasound-assisted (UA-SLE) approach and other

methods reported in the literature for the grapevine leaves analysis.

1.2.1 Preliminary extraction screening using different IL-based surfactants

One of the most important variables to consider when developing a new method is the
nature of the material to be used as extraction phase of the target compounds. Due to the
complexity of the samples under study, a liquid extraction approach was employed. Figure 1
shows the chemical structure of the two IL-based surfactants evaluated in this study, which were
selected considering their critical micelle concentration (CMC) values and their performance
under cytotoxicity studies. Furthermore, both ILs were compatible with HPLC analysis due to
their solubility in the mobile phase, thus not requiring a back-extraction of the IL extract before
the injection in the instrument. The CioGu-Cl IL-based surfactant characterizes for its low
cytotoxicity in comparison with conventional surfactants and more common IL-based
surfactants containing imidazolium moieties, which has been demonstrated by cell viability
assays!'11.121, The length of the apolar tail of this IL. confers surface active properties with CMC
values ranging from 18.6 mM!'!! to 22 mM!??, depending on the technique used for its
determination. In the case of C1sC4Im-Br IL-based surfactant, the long alkyl chain in its structure

leads to a really low CMC, with a value of 0.1 mM!2,
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A) CuGu-Cl1

MW = 235.18 g-mol
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B) C16CsIm-Br
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Figure 1. Chemical structure and main characteristics of the IL-based surfactants used in this study.

In order to evaluate the extraction capacity and behavior of the IL-based surfactants for
this specific application, both ILs were used in a microwave-assisted solid-liquid extraction (MA-
SLE) method using a mix of the leaves from Italian cultivars, and following the experimental
conditions previously reported for a similar MA-SLE procedure with food samples, but with
slight modifications!?3. With comparison purposes, the ultrasound-assisted solid-liquid extraction
(UA-SLE) method that has been applied in a previous study for this batch of Italian cultivars was

also performed!.

Figure 2 includes the peak areas obtained for the target phenolic compounds using the
conventional UA-SLE method and the MA-SLE with both IL-based surfactants. It can be
observed that the results obtained with the C16C4Im-Br IL-based surfactant and MA-SLE method
are similar to those obtained with the UA-SLE method for all the compounds, except for
quercetin (QU), for which the conventional method provided higher peak area. It is important
to point out that the conditions used for the UA-SLE method are those previously optimized for
this specific application!!?, while the MA-SLE method was performed under random preliminary
conditions (which can be clearly improved if optimized). Furthermore, QU is present in very low
amount and a lower extraction will not significantly influence the bioactivity of the extracts.
Regarding C10Gu-Cl IL-based surfactant, it revealed a limited ability of extraction for the majority
of compounds in comparison with the imidazolium IL and the UA-SLE method, in particular

for the CA, while similar results were observed for QUGlucur.
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Figure 2. Preliminary screening of the extraction performance (evaluated as peak area) of the proposed
MA-SLE method, using C10Gu-Cl and CisC4Im-Br IL-based surfactants in comparison with the UA-SLE
method used as reference method. The preliminary experimental conditions for the MA-SLE method
were 100 mg of leaves, 2.25 mL of IL-based surfactant aqueous solution at 2.5 mM for Ci6CsIm-Br and
300 mM for CioGu-Cl, MW treatment at 70 °C, and 50 W for 30 min. Legend: CA, caftaric acid; QU,
quercetin; QUGlucos, quercetin 3-O-glucoside; QUGlucur, querceting 3-O-glucuronide; RU, rutin.

Therefore, taking into account the results of this screening study, C16C4Im-Br I1.-based
surfactant was selected for the development of the MA-SLE method. Despite C10Gu-Cl presents
lower cytotoxicity in comparison with CisC4Im-Br (but that of Ci6CsIm-Br still acceptable if
compared with conventional surfactants!?!), the CMC of the imidazolium II.-based surfactant is
significantly lower (0.1 mM). This characteristic allows the use of small amounts of the IL-based
surfactant to exploit its surface-active properties. This may benefit the extraction procedure and

goes in accordance with GAC guidelines due to the reduced amounts of reagents involved in the

procedure.
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1.2.2 Optimization of the MA-SLE method using the CisCsIm-Br IL

The optimization of the MA-SLE method using aqueous solutions of the C15C4lm-Br IL-
based surfactant as extraction medium was performed with an experimental design to reduce the
number of experiments and to determine the interactions between the variables that affect the
extraction efficiency towards the target analytes. Several experimental parameters in the method
were fixed with the aim of avoiding time and energy-consuming steps, guaranteeing the use of
low amounts of sample and reagents in the procedure while considering other operational
limitations. Therefore, 0.100 g of leaves sample and 2.25 mL of the IL aqueous solution were
used, while the centrifugation step to separate the sample from the extraction solution was set to
5 min at 2504 X g. Taking into account previous studies dealing with MA-SLE methods, the MW
power was fixed at 50 W, since higher power values do notlead to better extraction efficiencies!?3.
Thus, the variables considered for the optimization of the process were the IL.-based surfactant
concentration (mM), and the extraction temperature (°C) and time (min) during the MW
treatment. Figure 3 reports the results obtained in the screening of the main variables and in the

Doechlert experimental design, during the optimization of the MA-SLE method.

Screening of the main variables Doehlert experimental design
A) Variables studied using a 2" screening study D) Distribution of variables to be optimized according to the design
Variable Ly High — gt =
value value 7 ™
/ A\ Low High
AL IL concentration (mM) 25 125 Fd \ value value
i’ A 1 _——mm
B. Extraction Temperature (°C) 55 75 1 P Factor 2

{Time) Factor 1 (mM)

C. Extraction time {min) 15 40 ‘ 0.1 25
B) Pareto chart \ J Factor 2 (min)
aretochart  ~ (gmm========c
— 15 50
A [ Factor 1
actor Central point
B E (IL concentration) P
< |5
C
l:l E) Estimated response surface
AB | [T =
BC |:|  —
0 1 2 3 4
C) Interactions plot 4
£
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Figure 3. Results obtained in the screening of the main variables and in the Doehlert experimental design,
during the optimization of the MA-SLE method. A) Variables considered in the screening process. B)
Effects of the main factors in the resulting peak area sum for all the compounds. C) Interaction among
factors for all the compounds. D) Spatial distribution of the experimental points in the Doehlert design.
E) Estimated response surface for peak areas sum for all the compounds, considering IL. concentration
and time of extraction factors.

A screening test was initially carried out to determine which of those parameters significantly
affect the extraction, with the purpose of reducing the number of variables to optimize in the
experimental design. A full two-level factorial design (27, with n = 3 variables) was used for this
preliminary study, which comprises 8 experiments combining the minimum and maximum values
considered for each factor. Moreover, 3 replicates of the central point (intermediate value for
each variable) were carried out to monitor the reproducibility of the method. The IL-based
surfactant concentration was evaluated in a range high above the CMC of the IL (CMC = 0.1
mM), and therefore the low and high limits were set at 2.5 and 12.5 mM, respectively. Regarding
the extraction temperature, a minimum value of 55 °C was required for the MW treatment, while
the maximum value was set in accordance with literature data that show the possible degradation
of phenolic compounds above 75 °C!24. The limits for the extraction time were selected for being
common times reported in the literature in MA methods. Figure 3 A) shows the ranges in which
the three variables were studied, while Table 1 includes the design matrix for the screening study.
Once the 11 experiments were performed, the extraction efficiency was evaluated in terms of the

sum of the peak areas obtained for all the target compounds at their corresponding wavelength.
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Table 1. Design matrix for the screening analysis, a 23 factorial design and 3 central points, in the optimization of
the MA-SLE method.

Experiment IL-based s'urfactant MW temperature MW 'time
concentration (mM) (°C) (min)
1 2.5 55 15
2 2.5 55 40
3 2.5 75 15
4 2.5 75 40
5 12,5 55 15
6 12,5 55 40
7 12.5 75 15
8 12,5 75 40
9 7.5 65 275
10 7.5 65 275
1 , 7.5 , 65 , 275

The Pareto chart included in Figure 3 B) shows that the IL.-based surfactant concentration
is the most influential variable on the method and, interestingly, it is inversely proportional to the
peak area value. This means that lower concentrations of C16C4Im-Br (always above the CMC)
allowed to extract higher amounts of the analytes. This behavior may be associated to the
increased viscosity of the extraction solution that has been observed when high concentrations
of long alkyl chain ILs are used, which may limit the transfer of the analytes from the sample to
the extraction phase!?>126, Both the extraction temperature and time during the MW treatment
had a positive effect on the peaks area, but in a lesser extent than the IL-based surfactant
concentration. However, in the interactions plot shown in Figure 3 C), it is observed the
intersection between extraction time and IL concentration, demonstrating the interaction
between these two factors when they are varied within the range studied. Based on these results,
the extraction temperature was set at 70 °C, while the IL concentration and the extraction time

were the factors considered for further optimization using a Doehlert experimental design.
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Table 2. Matrix of the experiments of the Doechlert design used in the optimization of the MA-SLE method,
including the coded values and the operating values.

. IL-based surfactant . .
Experimental . MW time (min)
concentration (mM)

Cp Xy C X>
1 0 1.3 0 32.5
2 1 2.5 0 32.5
3 0.5 1.9 0.866 50
4 -1 0.1 0 32.5
5 -0.5 0.7 -0.866 15
6 0.5 1.9 -0.866 15
7 -0.5 0.7 0.866 50
8 0 1.3 0 32.5
9 0 1.3 0 32.5

2 Cy and C; are the coded values for the levels of IL-based surfactant concentration (mM) and time of MW
Xi-X{

treatment (min), respectively. The relationship between coded and real values is given by: ; = a, where C;

AX;
is the coded value for the level of factor i, X; is its real value in an experiment, X l-o is the real value at the center of
the experimental domain, AX;is the step of variation of the real value, and o is the coded value limit for each
factor. The number of experiments required (N) is given by N = k? + k + Cy, where k is the number of variables
and C, is the number of center points.

Figure 3 D) shows a scheme of the spatial distribution of the different experimental points
according to the Doehlert design for 2 variables selected in this study. Table 2 includes the matrix
of the experiments carried out, which consist in 9 experiments considering the hexagonal
geometry of the design plus 3 replicates of the central point. This sophisticated experimental
design requires fewer experiments because they are more efficient and uniformly distributed
within the experimental domain, in comparison with other response surface designs commonly
used in optimization studies'?’. As it was demonstrated in the screening study, the IL-based
surfactant concentration had the strongest influence and it was studied at 5 levels in a lower
concentration range, from 0.1 mM (its CMC value) to 2.5 mM. The extraction time was assessed
at 3 levels in the same range, from 15 to 50 min. The response surface included in Figure 3 E)
was obtained considering the sum of the peak area for all the compounds in each experiment and
fitting the values to the polynomial equation using the Lagrange’s criterion'?’. It can be observed
that the maximum enhancement of the signal is obtained when the IL-based surfactant
concentration was the lowest (0.1 mM) with the extraction time between 25 and 35 min. Taking

into account these results, the optimum conditions for the MA-SLE method for the extraction
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of the target phenolic compounds were the following: 0.100 g of leaves sample, 2.25 mL of an
aqueous solution containing the CisC4lm-Br IL-based surfactant at 0.1 mM, extraction
temperature of 70 °C at 50 W, and extraction time of 30 min. Figure 4 reports the comparison
between the schemes of the extraction procedures with the proposed MA-SLE method (A) and
the reference UA-SLE method (B).

A) MA-SLE method

2.25 mL aqueous
solution C;Cglm-Br

0.1 mM) ﬂQD— Centrifugation
L) 5 min
o - Btxg HPLC-PDA
\\: )) analysis
100 mg Focused MW at 70 °C Filtration with

Vitis vinifera leaves and 50 W for 30 min, PVDF filters

under magnetic stirring
B) UA-SLE method

10 mL MeOH/H,O

(70:30) 1mL
MeOH

i Centrifugation Partial evaporation
10 min of hydroalcoholic
o TR ase
. . o _P%xs _ phase HPLC-PDA
& )) ¥ analysis
100 mg US bath for 15 min Cleaning step with Hydroalcoholic phase Filtration with
Vitis vinifera leaves hexane (5 mL) (1 mL) PVDF filters

Figure 4. Scheme of the extraction procedures from /7% vinifera leaves: A) Proposed MA-SLE method and
B) UA-SLE method used with comparison purposes, which was previously reported for this specific
application!’".

1.2.3 Influence of chlorophyll content on the method performance

One of the most important issues regarding the analysis of plant samples is the content
of strongly binding molecules, such as pigments, which eventually could compromise the
analytical performance of the chromatographic column!?®. For this reason, these pigments,
mainly chlorophylls, are usually removed before the analysis in the HPLC by using solvents or
an additional clean-up step based on solid-phase extraction methods. Indeed, in the UA-SLE
method previously reported for the same application developed in this study, a liquid-liquid
extraction (LLE) step using an apolar solvent is accomplished right after the UA extraction for
the elimination of chlorophylls, as shown in Figure 4 B). Petroleum-based solvents, which are
commonly used for the removal of these interfering substances, present many drawbacks, such
as high volatility and flammability, and high toxicity with an important impact in both the
environment and human health!. Moreover, these toxic solvents are not entirely effective for the

extraction of these pigments, and part of them still remains in the aqueous or alcoholic phase.
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Therefore, the incorporation of this tedious additional step not only increases the analysis time
but also compromises the sustainability of the entire process. In this sense, one of the goals of
the present study was the elimination of this step to ensure the development of a greener method

in terms of both energy-consumption and elimination of toxic solvents.

The presence of chlorophylls is easy to evaluate since they provide a bright green color to
the final extracts. In the case of the C10Gu-Cl IL-based surfactant used in the screening study,
the extract after the MA-SLE method (under random preliminary conditions) exhibited a strong
green color, revealing the presence of the pigments. Interestingly, the extract obtained with the
optimum MA-SLE method using the CiC4lm-Br IL-based surfactant (which uses low
concentrations of the IL) presented a similar yellowish color to that of the UA-SLE method after
the cleaning LLE step, thus supporting the scarce presence of chlorophylls in the extract. It is
important to highlight that the extraction was carried out in an almost pure aqueous medium,
with a small amount of IL (0.1 mM). This medium is not favorable for the extraction of non-
polar interferences, besides chlorophylls, such as lipids or other non-polar compounds, which

may lead to the presence of important interferences further affecting the quantification results.

1.2.4 Quantification of phenolic compounds by HPLC-PDA

After the optimization of the method and correct identification of the target compounds
in the chromatogram, their quantification was required in order to determine the concentration
of the analytes in the different samples. The external standard calibration method was used for

the quantification of the analytes in the samples.

Table 3 includes several quality analytical figures of merit of the method, including the
linearity range, the calibration sensitivity (evaluated as the calibration slope), determination
coefficients (R?), limits of detection (LODs), and limits of quantification (LOQs), for each
compound. The LODs were experimentally determined by decreasing the concentration of the
analytes until a signal to noise ratio (S/N) of 3 was obtained. The LOQs were estimated as 10/3
times the LODs and experimentally verified by injecting the standards at the predicted
concentrations. Thus, the LODs ranged from 0.5 mg-L-! for QU to 3.0 mg-L-! for CA, while the
LOQs were between 1.7 and 5.0 mg-L-! for the group of analytes. Considering the LOQ values

obtained, the calibration curves were obtained using 7 calibration levels in the range of 5 to 500
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mg-L! for all the phenolic compounds, except for CA, for which the calibration range reaches
650 mg-L-1. The R? values were higher than 0.992 in all cases, which demonstrates the good
linearity obtained in the studied calibration range. Regarding the sensitivity, QU exhibited the

highest calibration slope, which agrees with the low LOD obtained compared with the rest of

the analytes.
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Table 3. Several quality analytical parameters of the HPLC-PDA method.

A Linear .
. Slope * 2d LOD LODf
Compound max range Sy/x¢ R 1 1
1 SDb ' (mg-L™) (mg-L™)
(nm) (mg-L™)
CA 320 5—650 11154 = 272 0.997 3.0 5.0
664
RU 360 5—-500 19604 = 872 0.992 1.0 33
2422
QUGlucos 360 5—-500 13460 = 199 0.999 1.0 3.3
513
QUGlucur 360 5—-500 5560 + 110 0.998 1.0 33
283
QU 360 5—-500 20014 £ 338 0.999 0.5 1.7
937

@ wavelength used for quantification; bstandard deviation within the calibration range for n = 7 calibration levels; ¢
standard deviation of the residuals or error of the estimate; 4 determination coefficient; ¢ limit of detection,
determined by dectreasing the concentration of the standards until a S/N ratio of 3 was obtained; f limit of
quantification, estimated as 10/3 times the LOD, and experimentally verified using standards at the predicted
concentrations

1.2.5 Comparison between UA-SLE and MA-SLE method using Italian cultivars

Once the calibration curves were obtained, the analysis of the samples was carried out by
injecting the extracts after applying the proposed MA-SLE or the UA-SLE method to the Italian
leaves samples. Each extraction was performed in triplicate to express the results as the mean
concentration together with the standard deviation (SD), which is used as a measure for the
precision of the method. Furthermore, given the high concentration of some analytes in the
samples, their quantification required the dilution of the extracts with ultrapure water (1:20) to

obtain signals included within the calibration range.

Table 4 includes the concentrations of the target phenolic compounds found in the
Piedmont leaves (Italian cultivar) after their analysis by the UA-SLE HPLC-PDA and the
proposed MA-SLE HPLC-PDA method!'%12%. The results were expressed as mean values * SD
in mg g'!. A similar absolute composition was obtained using both methods, in which the most
abundant compound in the Piedmont variety was QUGlucur, followed by CA and QUGlucos.
Indeed, these results agree with those obtained in the previous study in the literature that
determined the phenolic content of the same sample!'!?. However, it is important to highlight
that the concentrations obtained after the analysis by the MA-SLE method are higher compared

with those obtained with the UA-SLE approach, especially for QUGlucur and QUGlucos. For
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these two phenolic compounds, the difference is more significant, obtaining concentrations of
32.1 £ 0.4 mg-g!and 10.3 £ 0.4 mg g ! with the MA-SLE method, and values of 17 £ 2 mg-g-!
and 5 * 1 mg-g! using the UA-SLE approach, respectively. These values demonstrate that the

proposed MA-SLE method with the IL-based surfactant provides better extraction efficiency.

Furthermore, as shown in the quantification results, lower SD values were obtained with
the MA-SLE procedure. The precision of the proposed method was also evaluated with the
relative standard deviation values (%0RSD, n=3) by performing three extractions of the Italian
cultivars in the same day (intra-day) and in three non-consecutive days within a week (inter-day).
The intra-day RSD values ranged between 4.6 and 11%, while the inter-day RSD values varied
from 6.8 to 15% for QUGlucos and RU, respectively.

Apart from the differences in the extraction performance of both methods, it is important
to highlight other advantages of the proposed MA-SLE method over the already reported UA-
SLE for the same application. As shown in Figure 4, the proposed MA-SLE method comprises
tewer steps, making the process less tedious and faster due to the elimination of the clean-up
stage, in which the chlorophylls are removed, and the solvent is partially evaporated. Moreover,
the proposed procedure is more sustainable since the extraction phase consists of an aqueous
solution of an IL.-based surfactant at a quite low concentration level (less than 10 mg of IL are
required in each extraction). Besides, the absence of organic solvents in the entire procedure in
comparison with other common MA-SLE methods reported in the literature for plant analysis
130-138 ' makes it comply with one of the most important requirements set by the GAC. Despite
other MA-SLE methods using ILs have been previously proposed in the literature for the
extraction of bioactive compounds from plant material, those methods usually incorporate a
clean-up step prior the injection in the analytical system!-141 or require the dilution of the
extract with organic solvents!#>-145. Moreover, most of these applications do not fit with the
miniaturization recommendations set by GAC!#, with the amount of plant sample and IL

solution around 0.5—1 g and 10 mL, respectively!3142-144,

1.2.6 Analysis of Canarian leaves varieties by MA-SLE HPLC-PDA

Once the adequate performance of the extraction method was demonstrated, it was used for

the determination of the phenolic composition profile of different varieties of 177s viniferaleaves.
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Some reports in the literature indicate a variation in the phenolic composition of the by-products
of Vitis vinifera depending on the variety, the characteristics of the soil, water availability, cultural
practices and climatic conditions, including temperature and luminosity!47-149. Therefore, six
different Canarian varieties were selected as samples (see Table 5). Three of them produce red
wine (LN, MN and T), while the other three yield white wine (LB, ML, MA). Moreover, with the
aim of investigating the influence of geographic position of the cultivars, the phenolic
composition profile obtained was also compared with the Italian mix cultivar previously analyzed

in this study.

Each pool of leaves was analyzed with the proposed MA-SLE HPLC-PDA method in
triplicate to express the concentration results with their corresponding SD. The data obtained

from these analyses are reported in Table 4.
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Table 4. Phenolic content in the different [is vinifera varieties analyzed in this study expressed as mg ¢! &= SD (for
3 replicates) and using the MA-SLE method and the US-SLE method for comparison purposes, together with the
amounts reported in the literature for other varieties and using different methods.

Vitis viniferavariety (method) CA RU QUGlucos QUGIlucur QU

This study
Piedmont, Italian
(US-SLE-HPLC-PDA)
Piedmont, Italian

J + + + + +
MA-SLE.HPLC-PDA) 9.8+ 0.5 0.9 £0.1 103 £ 04 32104 0.19 £ 0.01
ML, Canarian

7.2£09 0.6 £0.1 5+1 172 0.27 £ 0.01

(MASLEHPLC-PDA) 77403 48+02  81+06 3442 0.25 + 0.01
h&%ﬁiﬁfﬁ&cm A 11+2 14+01 10+ 1 65+ 9 0.20 £ 0.01
z&fgﬁgﬁ}m-m A 9.7+£09  1.05+0.07 7+1 38+ 3 0.26 + 0.07
gwiagifg“ﬁ PLCPDA) 131407  33+01  55+02 629 0.25 + 0.02
m_ggﬁ&om N 124107 19403 9+ 1 3943 0.26 + 001
&“A%aﬁléfﬁ‘; LC.PDA) 100£05 1.57+005 34+04 21+ 1 0.23 £ 0.01
Values reported in the literature

?SCEE?EPLC-MS/MS)?‘ - 0.83+0.02 58%02 - 0.13£0.03
%ﬁ?ﬁ?&?ﬁ?mmb - 0102001 B B tio o
Brazilian _ 0.03 0.82 3,78 -

(SLE-HPLC-MS/MS)¢

2 Mean values for nine different Serbian cultivars;> mean values for six different Calabrian cultivars!??; ¢ mean values
for four different Brazilian cultivars!!?.

The MA sample had the highest phenolic content among all the varieties, while LN presented
the lowest amount of total target phenolic compounds. The most significant differences were
observed for the content of QUGlucur, since an average value around 33 mg g! was obtained,
but the T and MA varieties exhibited concentrations of 62 = 9 mg ¢! and 65 £ 9 mg g1,
respectively. In the case of RU, the highest content was found in ML variety, with a concentration
of 4.8 £ 0.2 mg g -1. The concentration of QUGlucos was around 8.5 mg g1, except for the lower
content found in LN and T varieties, with values of 3.4 £ 0.4 mg ¢! and 5.5 * 0.2 mg g,
respectively. The amount of the remaining phenolic compounds CA and QU was similar in all

the samples, being QU the least abundant among all the analytes considered.
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Table 5. Vitis vinifera leaves varieties from Canary Islands, employed for the determination and quantification of
phenolic markers.

Variety name (abbreviation) Classification Leaf anatomy?

Malvasia Lanzarote (ML) White variety
Moscatel Alejandria (MA) White variety
Listan Blanco (LB) White variety
Tintilla (T) Red variety
Negro Moll (NM) Red variety
Listan Negro (LN) Red variety

a2 photos of the samples used in the study

The extracts of several of the analyzed Canarian cultivars presented additional peaks apart
trom those of the target phenolic compounds. In particular, a peak was found in the NM variety
with a similar peak area as RU (see Figure 5). Considering the UV-Vis spectrum of that peak and
the data of the analysis of Vs vinifera leaves in the literature!!?, this new peak can be tentatively

identified as vitilagin or isovitilagin.
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mAU 360 nm
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100 —|

RU

Qu

Minutes

Figure 5. Chromatographic profile of Negro Moll variety at 360 nm.

A peak before CA was also observed with a high peak area in the LN variety, but also in the

profiles of ML and NM. Two more peaks were detected in all the samples close to QUGlucur.

The results obtained from the analysis of the Canarian leaves were compared with the
phenolic composition profile of the Italian leaves mix used for the development of the proposed
MA-SLE method. As it is shown in Figure 6, a similar distribution of the target compounds was
observed, in which QUGlucur was the most abundant compound, followed by CA and
QUGTlucos. The content of RU was low in all the samples, while QU represented a very small
part of the total phenolic composition. The specific levels found for each compound in the Italian
cultivars, together with the concentrations reported in the literature for other varieties of 77
vinifera leaves from Serbia#, Italy!'?” and Brazil'!®, are included in Table 4. The QU concentration
values obtained for the Canarian samples and the Italian mix analyzed in the present study are
similar to those reported for other varieties, with values around 0.20 mg-g-l. However, it is
important to highlight that all the Canarian leaves presented a notable higher content of RU in
comparison with the other varieties, for which concentrations lower than 1 mg g'! were obtained,
while amounts up to 4.8 mg g'! were found in the samples from the Canary Islands. It is also
interesting to point out that, despite the total phenolic content of the Brazilian samples is
considerably lower, the most abundant compound in these leaves is QUGlucur, as it was
observed for the samples analyzed in the present study. Recently, it was also demonstrated that
all the compounds considered in the phenolic content profile present a similar antioxidant
effect!!0. Therefore, the antioxidant activity of the product is mainly related to the total
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concentration of phenolic compounds in the sample. Given these results, it is possible to assume
that the geographic distribution slightly influences the composition of the phenolic profile, and
the Canarian varieties that presented the highest phenolic content, may have some significant

outcomes with respect to the valorization of these by-products.

mCA RU mQUGlucos © QUGlucur mQU
90 +

80 4
70 4
60 ~
50 4
40 A

30 +

N . . l . .
0 . . T T : T l
ML MA LB T NM LN

Piedmont

Phenolic composition (mg:g™")

L J L J
T T

Canarian varieties Italian variety

Figure 6. Phenolic composition of the different 7#s vinifera vatieties analyzed in this study with the proposed
MA-SLE method using the Ci6C4Im-Br IL-based surfactant.
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Evaluating the effect of in vitro digestion on the total polyphenol content
of Vitis vinifera L. by-products

s | Digesionproces B Oupue

Vitis vinifera L. After the digestion:
green pruning residues:

Vg
o5 . .

'ee——— IN  Bio-accessible phase
oo

o0

Excreted fraction

x2 x2 ntestinal phase : Quantification of phenolic markers in the i
(Chardonnay, (Nebbiolo, ! different fractions by HPLC-PDA :
Miiller Thurgau) Aglianico) = [mumiimemii, | v SECEEEE S W T TEETEEERREREERRmmmmm e mm——— !
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1.3 Evaluating the effect of in vitro digestion on the total polyphenol content of
Vitis vinifera L. by-products

Natural compounds present in plants are considered sustainable ingredients employed in
pharmaceutical and food industries for their multiple biological activities. Polyphenols are a class
of secondary metabolites almost ubiquitous in plants and their beneficial properties are mainly
correlated to the antioxidant activity. Many studies have demonstrated the presence of
polyphenols in grape and grape by-products but fewer data are available regarding the effects of
digestive enzymes and pH conditions on the stability of these metabolites, which may affect their
bioavailability and potential activity zz vive. In this study, an zz vitro gastrointestinal digestion
process was simulated on grape by-products and the digestion products were analyzed by liquid
chromatography to evaluate the release and bioaccessibility (amount available for absorption in

the human gastrointestinal tract) of polyphenols from this matrix!%0.

1.3.1 Phytochemical characterization of Vitis vinifera L. pruning

Representative cultivars of 1iis vinifera L., harvested in Piedmont (Italy), were selected
for this study: (1) Chardonnay and Miller Thurgau as white grape and (i) Nebbiolo and Aglianico
as red grape. The samples were composed by green pruning residues of grape, GRPs, (mainly
fruitless young twists and leaves), considered a by-product of viticulture!l%. To investigate the
effect of 7n vitro gastrointestinal digestion on the total polyphenol content of the samples, the
phytochemical characterization was firstly performed on the raw matrices (before the digestion)
by UHPLC-UV-ESI-MS/MS analysis. Methanol was employed as extraction solvent to have
comparable data to the one obtained after the digestion, where a methanolic extraction were
performed on the digested GRPs. The non-volatile fraction of /. vinifera L. by-products was
extensively studied in the previous work (see Section III.1.2) and a similar chromatographic

profile was obtained (Figure 1).
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Figure 1. Representative chromatographic profile at 330 nm of the methanolic extract of Nebbiolo cultivar

The UV spectra for each peak provided a preliminary indication of the group of
compounds. The molecular weight of each peak was also defined by its mass spectral pattern,
through  the complementary correspondence  between  positive and  negative
protonated/deprotonated ions in ESI* and ESI~ modes. The product ion scan analysis of these
ions provided diagnostic fragments for each compound. The identity of 6 compounds in the
extract was confirmed by co-injection of authentic commercial standards. The identification
information of the analytes are reported in Table 1. In agreement with previous data reported for
polyphenols of 1. vinifera>119151, flavonoids were the most representative group of compounds,
in the form of O-glycosides of quercetin and kaempferol. Caftaric acid, a phenolic acid derivative,
was also found. These molecules have been used as target compounds in subsequent evaluations.
Literature data shows that, contrary to tannins and more complex compounds, smaller
polyphenols and phenolic acids seems to be more easily absorbed by intestinal mucosa and be

bioaccessible to reach the target tissues!®2.
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Table 1. List of identified (target) compounds in . vinifera GPRs extracts. For each analyte, identified compound
names, UV maximum/a, protonated/deprotonated ions, and fragment ions obtained by product ion scan mode

(PIS) are given.

Compound A max (nm) Mol. Weight [M-H]* m/z [M+H]-m/z
(g mol )

Caftaric acid 326/244 312 313 311

Rutin 354 610 611 606

Quercetin 3-O- 254/351 464 465 463

glucoside

Quercetin 3-0- 254/351 478 479 477

glucuronide

Kaempferol 3-O- 266/346 448 449 447

glucoside

Kaempferol 3-O- 265/344 462 463 461

glucuronide

Once the identification was performed, the chromatographic method was switched to a

UHPLC-PDA equipment for quantification and further analysis. The quantitative data obtained

by an external calibration method were used to estimate the amount of polyphenols before and

after the digestion. As shown in Table 2, the four samples presented a similar composition in

polyphenols before the digestion, with no major differences between the cultivars.

Table 2. Quantification data of the target compounds in 1. vinifera green pruning residues (mg g of matrix).

Sample Caftaric Rutin Quercetin 3-O-  Quercetin 3-O-  Kaempferol 3- Kaempferol 3-

acid glucoside glucuronide O—glucoside O—glucuronide
Chardonnay  39+03 0401 1.0 0.1 8.0 £ 0.9 0.2+ 0.1 0.2+ 0.1
(white berry)
Muller
Thurgau 39401  0.7+0.1 0.5+0.1 11.4 £ 0.1 0.1+0.1 03+0.1
(white berry)
Nebbiolo 20401 02%01 02+ 0.1 37408 0.1+ 0.1 0.1+ 0.1
(red berry)
Aglianico 31401  04+0.1 0.6+ 0.1 11.6 £ 0.1 0.1+0.1 02+0.1
(red berty)
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1.3.2 Digestion process

The digestion process was performed by the Universitat Politecnica de Valéncia, following
the “INFOGEST static i vitro simulation of gastrointestinal food digestion” standardized
protocol’?. Every sample of GRPs was subjected to sequential 7# vitro oral, gastric and small
intestine digestion and parameters such as electrolytes, enzymes, bile, dilution, pH and time of
digestion were adjusted according to available physiological data. At the end of the process, two
phases were obtained for every digested sample: the bioaccessible (“IN”) and the excreted
(“OUT”) fractions. This latter contains the unavailable phytochemicals that precipitate or are in
complexed form. After the digestion, all the fractions were lyophilized and received as dried
extracts. In the same digestion process, two batches of the same sample and a blank were carried
out and three separate replicates of the digestion was performed for every sample. In Figure 2 a
scheme of the digestion method is illustrated while Table 2 reported the samples analyzed and

the digested fractions obtained.

SSF + a-amilase
Oral pase N Cadl,
5g H,O dest.
pr— SGF + pepsin

cadl,

Gastric phase HCl
H,O dest.

’—.
Al aR Phenolic - =
ntestinal phase _
o Compounds. SIFge + pancreatin = 4000 rpr
Ca(l,. " . IN:bioaccessible fraction
SIF + blis .

SSF: Simulated salivary fluid NaOH OUT: Eliminated fraction (to
SGF: Simulated gastric fluid " H,O destilada colonic phase)
SIF: simulated intestinal fluid ¥

Fignre 2. Scheme of the INFOGEST static iz vitro gastrointestinal food digestion method employed in the
study.
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Table 2. Samples submitted to the digestion process and digested fractions obtained.

Sample Digestion replicate 1 Digestion replicate 2 Digestion replicate 3
Chardonnay  Replicate 1 Replicate 2 Replicate 1~ Replicate 2 Replicate 1~ Replicate 2

Blank Blank
(white berry) | (IN, OUT) (IN, OUT) (IN,OUT) (N, OUT) (IN,OUT) (N, OUT) Blank
Miller . . . . . .

Replicate 1 Replicate 2 Replicate 1~ Replicate 2 Replicate 1~ Replicate 2

Thurgau Blank Blank Blank
(white berry) (IN, OUT) (IN, OUT) (IN, OUT) (IN, OUT) (IN, OUT) (N, OUT)
Nebbiolo Replicate 1 Replicate 2 Replicate 1~ Replicate 2 Replicate 1~ Replicate 2

Blank Blank Blank
(red berry) (IN, OUT) (IN, OUT) (IN, OUT) (IN, OUT) (IN, OUT) (N, OUT)
Aglianico Replicate 1 Replicate 2 Replicate 1 Replicate 2 Replicate 1 Replicate 2

Blank Blank Blank
(red berry) (IN, OUT) (IN, OUT) (IN, OUT) (N, OUT) (IN,OUT) (IN, OUT)

1.3.4 Extraction procedure

The raw samples and digested fractions (IN, OUT) were submitted to extraction with
methanol before the analysis by UHPLC-PDA. Before selecting methanol, other organic solvents
were screened for the extraction (data no shown) with the aim to selectively isolate the target
compounds without extracting interfering substances deriving from the digestion process (e.g
salts or enzymes). The same extraction method was used to process all the sample under study.
The GRPs and the OUT fractions presented a green color (marker of the presence of
chlorophylls) contrary to the IN fractions. Probably, most of the pigments presented in the
samples passed in the extracted fractions, thus not be absorbed. In preliminary tests, a solid phase
extraction with C18 cartridges was optimized on the raw samples and OUT fractions to purify
the samples from chlorophylls. In the final method, also IN fractions were purified by SPE to
submit all the samples to the same conditions. The entire extraction procedure was adjusted
following the method previously developed for similar matrices. Briefly, 100 mg of each sample
was extracted with 10 mL of methanol in an ultrasonic bath for 15 min. The procedure was then
repeated with fresh solvent on the same matrix and the supernatant collected and centrifuged at
4500 rpm for 10 min. Afterwards, the extract was completely evaporated at 40 °C in a rotary
evaporatot, under vacuum. The dried extract was reconstituted with 1.5 mL of MeOH/water
(40:60, v/v) and eluted with 8 mL of MeOH/water (85:15, v/v) through a C18 cartridge

(previously activated with 4 ml. of MeOH and 4 ml. of water). The obtained extract was dried
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with a gentle nitrogen stream, diluted with 2 mL of water, and finally filtered before the injection

in the LC system.

1.3.5 Quantitative analysis of polyphenols in raw and digested samples

The chromatographic profile of the pre-digested samples was compared with the one
obtained for the corresponding digested fractions (IN and OUT). By a qualitative point of view,
the polyphenol composition did not seem to be affected by the digestion process. As shows in

Figure 3, the chromatogram before and after the digestion presented the same profile.

Cafraric acid
Quercetin 3-O-glucoside

<

~ Kaempferol 3-0O glusoide

sRutin

Pre-digested sample
Figure 3. Representative chromatographic profile at 330 nm of pre-digested and IN sample.

Oxidation is considered one of the major deterioration mechanisms for polyphenols
chemical instability, in fact dissolved oxygen levels negatively affect the bioaccesibility of
phenols!>3154, The digestion process was conducted under nitrogen and the contribution of
oxygen was not taken into account. Another factor that was not considered is the metabolism of
colonic microflora that can convert polyphenols into low molecular weight compounds, that are
better absorbed through the colonic barrier than their original compounds. More interesting
information were obtained from the quantitative data. Figure 4 clearly shows that for all the
samples, the majority (>60%) of the target polyphenols passed in the bioaccesible fraction (IN)

and only a smaller portion precipitated in the excreted fraction (OUT). It could be noticed that
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in some case (e.g kaempferol 3-O-glucoside in Miller Thurgau, Nebbiolo and Aglianico or
caftaric acid in Aglianico) the total amount of analyte after digestion, considering IN and OUT
fraction, is higher than the amount found in the raw samples. This could be ascribed to the fact
that the samples were subjected to a multi-step treatment, including a digestion process and an
extraction with solvent. This may have caused a loss of sample/analyte, explaining variability of
the results. However, the quantitative results are in agreement between the different cultivars and
an acceptable repeatability was obtained for both digestion (11-17% RSD) and extraction process
(8-12% RSD).
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Figure 4. Quantitative data of (a) Chardonnay, (b) Miiller Thurgau, (c) Nebbiolo and (d) Aglianico GPRs samples
before and after in vitro gastrointestinal digestion process.
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Section II1.2

Corylus avellana L.

2.1 Introduction
2.2 Exploring the behavior of hydrophilic deep eutectic solvents for the
extraction of polyphenols in Corylus avellana L. skin
2.2.1 Fingerprinting of hazelnut skin and identification of the target
compounds
2.2.2 Quantification of the target compounds
2.2.3 Optimization of the NADES-based extractions
2.3 Fast zn vitro screening of the antioxidant activity of Corylus avellana L. skin
using DPPH" and ABTS™ colorimetric assays
2.3.1 DPPH’ assay
2.3.2 ABTS™ assay
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2.1 Introduction

European hazelnut plant is a member of the family of Betulaceae, genus Corylus, species
avellana, whose name derives from the Italian city of Avella. Hazelnut is widely cultivated in
several countries and it holds considerable agricultural, food and economic value. Turkey
represents the most important world hazelnut producer, followed by Italy and China. Hazelnuts
are a good source of nutrients: they contain proteins, lipids (monounsaturated and
polyunsaturated fatty acids), carbohydrates, fiber, minerals (magnesium, zinc, selenium), vitamins
(vitamin E, vitamin B complex), phytosterols, and also phenolic antioxidants. For this reason,
hazelnut consumption can have a positive effect on human health and its benefit in reducing
cardiometabolic disease risk has been demonstrated by different studies. In the hazelnut supply
chain, a large amount of by-products as shells, skins, husks and leaves, is produced during
harvesting and processing, while kernels, which represent less than 50% of the total nut weight,
are the only portion of the plant to be used in food products. Therefore, in order to arrange a
proper and greener management of this waste, different options were explored. Specifically,
hazelnut shells and husks can have a use as raw materials for biofuels productions because of
their high lignin and cellulose content. Another potential application of hazelnut shell, skin and
husk is also suggested by their chemical composition: they are a source of phenolic compounds
which possess a certain value to be used for pharmaceutical, cosmetic, and nutraceutical purposes

because of their antioxidant and radical scavenging activities!>>-157.

The aim of the studies included in this section is to investigate the secondary metabolites
present in hazelnut skin by-products, using a more sustainable and less time-consuming
approach. Several hydrophilic natural deep eutectic solvents (NADESs) were tested for the
extraction of phenolic compounds and the antioxidant activity of the NADES-based extracts

was evaluated by spectrophotometric assays.
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Exploring the behavior of hydrophilic deep eutectic solvents
for the extraction of polyphenols in Corylus avellana L. skin
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. by-products for v | target compounds
nutraceutical purpose
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2.1 Exploring the behavior of hydrophilic deep eutectic solvents for the extraction
of polyphenols in Corylus avellana L. skin

2.1.1 Fingerprinting of hazelnut skin and identification of the target compounds

The qualitative characterization of Corylus avellana skin L. was carried out through HPLC-
PDA-ESI-MS/MS analysis. Several studies focused on the phytochemical characterization of the
hazelnut or its kernel!56.158-160 and fewer data are available on the chemical composition of the
skin. For this reason, the first part of this study was directed to the identification of the non-
volatile secondary metabolites in the hazelnut skin samples under study. For this purpose, the
hydroalcoholic extract was analyzed and the UV spectra for each peak provided a preliminary
indication of the chemical classes of the compounds. The hydroalcoholic extraction was
employed for the fingerprinting of the samples because of the low compatibility of eutectic
solvents (used in this study as alternative solvents) with the ESI source of the mass spectrometer.
In fact, the ESs employed are non-volatile and abundant and could interfere with the MS signal.
The chromatographic profile at 280 nm is shown in Figure 1.
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Figure 1. Chromatographic profile at 280 nm of the hydroalcoholic extract of hazelnut skin by HPLC-PDA.

Information about the molecular weight of the single compounds were obtained by mass
spectrometric data in SCAN mode through the complementary correspondence between positive
and negative protonated/deprotonated ions in the ESI* and ESI- modes. Based on UV and MS
data, five main informative peaks were identified or tentatively identified and selected as target

compounds for further studies. The identity was confirmed by the co-injection of the
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corresponding commercial standards. The information about the analytes under study are
reported in Table 1. The identification data were in agreement with other studies reported in
literature!36:15%.161 'wwhere gallic acid, protocatechuic acid, catechin, procyanidin B1 and quercetin
3-O-rhamnoside are identified among the main secondary metabolites in hazelnut skin.

Table 1. List of identified compounds in hazelnut skin. For each analyte, retention time, UV maximum,
protonated/deprotonated ions are reported.

Mol.

z - - +

Compound Jomax Weight M- H] [M + H]

(nm) ) m/z m/z

(g mol )

Gallic acid 270 170 169 171
Protocatechuic acid 260 154 153 155
Catechin 280 290 289 291
Procyanidin B1 dimer 280 578 577 579
Quercetin 3-O-

. 350 448 447 449
rhamnoside ) ] i

Several studies!7:102163 have reported the presence of compounds belonging to the family
of condensed tannins, in hazelnut samples. To investigate the presence of tannin compounds in
the extracts under study, the protonated/deprotonated ions obtain by UV-ESI-MS/MS analysis
were fragmented by product ion scan mode (scan range from a 100 m z! to 2000 m z7).
Comparing the molecular weight of the fragments with literature data, different condensed
tannins were identified, as shown in Table 2. The main compounds found included procyanidin
dimers with molecular weight of 594 and 730 g mol-!, corresponding to the molecular formula
C30H26013 and C37H30016 respectively; procyanidin trimers with molecular weight of 866 and
1303 g moll, corresponding to the molecular formula of C4sH38015 and C47H3540O28. Pentamers
and hexamers of procyanidins were also found: the first with molecular formula of C75Hs20O30
and C75He2031, and the second with molecular formula of CooH740O36. For tannin compounds, it
was not possible to confirm their identity with the co-injection of commercial standard

compounds, because not available.

Table 2. List of identified procyanidins in hazelnut skin hydroalcoholic extract.
105

Apnalytical Strategies For The Characterization Of Botanicals



Results and Discussions

A Retention Mol.

— - + «

Compound s time Weight [M - H] M + H] M> m/z M2 m/z Molecular

. i m/z m/z formula

(nm) (min) (g mol -

P.rocyamdm 277 10.92 594 593 595 / / C30Hz6013
dimer
Procyanidin ¢ 2505 730 723 731 / / C37H30016
dimer
P{:ocyamdln 279 18.38 866 865 867 / / CysH33018
trimer
PFocyamdm 279 33.45 1303 1302 1304 / / C47H354008
trimer
Procyanidin 278 34.18 1441 1440 1442 717 721 C75He2030
pentamer
Procyanidin 278 34 1456 1455 1457 725 729 C75H2031
pentamer
Procyanidin g 33.18 1763 1762 1764 877 881 CooH74O36
hexamer ] ) ) : - - -

2.1.2 Quantification of the target compounds

Once the marker analytes were identified, the chromatographic method was adapted on a
HPLC-PDA equipment to allow the analysis of NADES-based extracts without affecting the
ESI source. The external calibration method was employed for the quantification of the

compounds; Table 3 reports the quality analytical parameters of the HPLC-PDA.

Table 3. Quality analytical parameters of the HPLC-UV method

Analyte Calibration curve R? Linearity range (mg L)
Gallic acid y = 22870x + 9891,6 0.9982 1-40
Protocatechuic acid y = 28462x + 2707 0.9999 1-40
Catechin y = 3960x - 49,015 0.9998 1-40
Procyanidin B1 y = 3108x + 399,42 0.9995 1-40
Quercetin rhamnoside ~ y=106564x + 7845 0.9999 1-40

A stock solution of each standard (gallic acid, protocatechuic acid, catechin, procyanidin
B1 and quercetin 3 O-rhamnoside) was prepared at a concentration of 1 mg mL-l. Two mix
solution were obtained: gallic acid and procyanidin B1 in the mix A and protocatechuic acid,
catechin and quercetin 3 O-rthamnoside in mix B. To build the calibration curve, the following
working solutions of the two mix were prepared: 40, 20, 10, 5, 2.5 and 1 mg L-1. The obtained
calibration curve was employed for the quantification of the marker analytes in the hydroalcoholic
and NADES-based extracts of hazelnut skin. The quantitative data of the hydroalcoholic extract

(Table 4) were used as reference to study the performance of extraction of the natural solvents.
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Table 4. Quantification (ug g of extract) of the target compounds in the conventional extract of hazelnut skin and
using NADESs with 10% and 20% of water (n=3).

. . Protocatechuic ) . Procyanidin Quercetin-3-
Sample Gallic acid acid Catechin B1 O-rhamnoside

Hydroalcoholic extract

Hydroalcoholic 208 + 11 226 + 10 418 + 5 456 + 10 109 + 10
extract
NADES with 10% of water
[Ch*][CL]:LA 1:2 191 + 14 242+ 3 644 + 3 796 + 35 98+ 6
Bet:LA 1:5 196 + 19 259 + 12 598 + 30 768 + 31 106 + 7
Bet:Lev 1:3 182 + 10 262+ 0.1 499 + 35 556 + 2 110+5
NADES with 20% of water
[Ch*][CI]:LA 1:2 110 £ 9 163+ 15 426 + 42 296 + 15 65+5
Bet:LA 1:5 147 + 35 178 + 34 419 + 52 287 +5 74 + 18

Bet:Lev 1:3 124 + 17 117 £ 0.2 261 £2 170 + 12 44 £ 0.4

2.1.3 Optimization of the NADES-based extractions

As already mentioned, eutectic solvents have found several applications for the extraction
of natural compounds in plants. Some studies have successfully employed [Ch*][Cl]-based
NADES to extract polyphenols from hazelnut skin!®+1%, Given these promising results,
different combination of hydrophilic HBAs and HBDs were tested in this study. Betaine was also
included as component of the NADESs because, contrary to [Ch*][CL], it is included in the list
of accepted novel foods by EU7. In this way, NADESs completely food grade were prepared
with no need to eliminate the solvent after the extraction of the phenolic fraction. Table 5 reports

the combination and molar ratio prepared.
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Table 5. NADES prepared in this study. In green the mixture that form a liquid solvent at RT and in red the
combination that did not form a homogeneous liquid at RT.

HBA-HBD= Molar ratio Preparation
outcome

[Ch*][Cl] : LA b

1:2

1:1 ]
[Ch*][C1]: Lev 1:3

1:5
Bet : Gly 1:2

1:5

1:2
Bet: LA 1:3

1:5

1:2
Bet: Lev 1:3

1:5

» Ch: choline chloride, LA: lactic acid, Lev: levulinic acid, Bet: betaine, Gly: glycerol

The NADESs liquid at RT were tested for the determination of the target analytes in
hazelnut skin, using an ultrasound-assisted solid liquid extraction (UA-SLE). The NADES-based
extracts were analyzed by HPLC-PDA, using the same chromatographic parameters employed
during the identification studies. The chromatographic profile was compared with the one
obtained from the hydroalcoholic extract and no qualitative differences were observed (data not

showed).

Figure 2 reported the comparison between the hydroalcoholic and the NADES-based
extraction methods. Apart from the lower amount of solvent used, the new method resulted to

be faster to perform, not requiring the evaporation of the solvent.
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5 mL EtOH (80:20)

+0.1% HCOOH
S Partially evaporation of
”: 3 :xmm Centrifugation the hydmaknhloh( phase
° I_U min to 10mg mL" extract HPLC-PDA
& )) 2504% g analysis
100 mg US bath for 10 min Filtration with
hazelnut skin PVDF filters
@)
1 mL DES
o Centrifugation
“.— 5 minutes
. s 204> g HPLC-PDA
&_ )) r analysis
100 mg US bath for 30 min Filtration with
hazelnut skin PVDF filters

Figure 2. Comparison of the hydroalcoholic (a) and NADES-based extraction method (b).

Several green metrics have been developed in recent years to “measure” objectively
the greenness of analytical procedures. Among these, AGREEprep metric is the most suitable
to evaluate the impact of sample preparation. Figure 3 shows the comparison of the

pictograms obtained for the hydroalcoholic and NADES-based methods. The NADES-
based extraction method required a more straightforward approach and a lower quantity of

solvent compared to the conventional one, resulting in a higher score.

Hydroalcoholic NADES-based
extraction method extraction method

Figure 3. Pictograms obtained with AGREEprep metric?!, for the hydroalcoholic and NADES-based
methods

To reduce the viscosity of the solvent (fundamental parameter to favor the mass
transfer from the matrix to the solvent), different amounts of water were added after the
preparation of the NADESs. The addition of higher amount of water (> 50%) significantly

decreased the viscosity; however, it is reported in literature that content of water higher than
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50% could destroyed the hydrogen bond network between the HBA and HBD1%8. For this
reason, NADES with 10 and 20% of water content were prepared and used for the UA-SLE.
After these preliminary experiments, the NADESs with the best extraction performances
resulted to be [Ch*][CI]:LA 1:2, Bet:LA 1:5 and Bet:Lev 1:3. The quantitative results are
reported in Table 4. The quantitative results showed that the amount of analytes found in the
extracts was slightly affected by the type of HBA and HBD used. Contrary, the content of
water had a higher impact on the extraction efficiency, showing better performances with
10% of water. These results can suggest that the addition of higher volume of water could
affect the hydrogen bonding network of the DES, thus reducing the interaction with the

target analytes.
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Fast in vitro screening of the antioxidant activity of Corylus avellana L. skin
using DPPH" and ABTS* colorimetric assays

Step 1 Step 4
& A B
| AN
5::‘::?;:{;?101: Monitoring the absorbance using Determination of the rniatfl‘ll:-mg:\h:f NADESs
solution a UV spectrophotometer scavanging effect to the antioxidant activity
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2.2 Fast in vitro screening of the antioxidant activity of Corylus avellana L. skin
using DPPH" and ABTS™ colorimetric assays

Colorimetric assays are cheap and user-friendly tools to study the biological activity of plant
matrices. The combination of chromatographic and spectrophotometric data was employed to
obtain an overview of the antioxidant capacity, due to the content of phenolic compounds found
in the first part of the study. DPPH" and ABTS** iz vitro colorimetric assays were performed on
the six NADES-based extracts (both 10% and 20% water content were considered). The tests
were made in triplicate and repeated in different days to assure the repeatability and the stability

of the results obtained over time.

2.2.1 DPPH’ assay

Each extract was prepared at seven different concentrations in order to build a dose-
response curve of the scavenging activity against DPPH" radical. For all the extracts, a logarithmic
curve was obtained: further increasing the concentration of the extract did not cause an increasing
of the response, reaching a plateau of the activity. A representative example is showed in Figure
1. For each extract the mg of extract able to scavenge 50% of DPPH" solution at 25 pg mlL-!

(ECs0) was calculated using the individual formula of the calibration curve.

100.00
90.00
80.00
70.00
60,00 A
EC50
50.00

10.00

% scavangng effect

30,00
20.00
10.00

0.00
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

mg of extract
Figure 1. Representative dose-response curve and ECso of Bet:Lev 1:3 (20% of water) extract.

The values of ECso calculated for the different extracts are reported in Table 1 together

with the calibration curve equation obtained from the dose-response curve.
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Table 1. Calibration curves and ECso of the NADES-based extracts for the scavenging effect on DPPH".

NADES-based extract % of water Calibration curve ECsp (mg of extract)
[Ch*][CLI]:LA 1:2 10 y = 17.984In(x) + 71,607 0.301
Bet:LA 1:5 10 y = 17.589%In(x) + 69,596 0.328
Bet:Lev 1:3 10 y=19.755In(x)+63,091 0.516
[Ch*][CI]:LA 1:2 20 y=18.373In(x)+77,4 0.225
Bet:LA 1:5 20 y=23.698In(x)+82,677 0.252
Bet:Lev 1:3 20 y=18.324In(x)+55,616 0.736

The antioxidant activity of the NADES-based extracts was compared with Trolox, a
reference compound with well-known antioxidant properties. As for the extracts, different
concentration of Trolox (100, 75, 50 and 25 pg mL-1) were prepared to obtain a calibration curve
and calculate its ECso. Figure 2 reports the comparison between the ECso obtained for the
NADES-based extracts and Trolox. In this case, the different percentage of water did not affect
the antioxidant activity, while the presence of lactic acid as component of the solvents seemed to
positively affect the ECso. It is important to underline that in the extracts, the bioactive
metabolites were not tested as pure compounds, contrary to Trolox. The ability to scavenge
DPPH-" radical was also tested for the neat NADES, to study their possible contribution to the
overall activity of the extract. However, no activity was found for any of the NADESs used for

the extraction.

0.9000

0.7362
0.8000 T

0.7000 l

50

0.6000
0.5155

=) =)
EN n
=} 2
=} =
=] S

0.3282
0.3008

0.3000 2519
02311 0.2251

mg of extract to reach EC

0.2000

0.1000
0.0085
0.0000 —

mBet;LA +10% H20 Bet:LA +20% H20 mChCLLA +10% H20
ChCIL:LA +20% H20 H Bet:Lev +10% H20 Bet:Lev +20% H20
u Trolox

Figure 2. Amount of NADES-based extracts and Trolox necessary to obtain a scavenging effect of 50% of
the DPPH" radical.
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2.2.2 ABTS'* assay

A similar approach was used for ABTS '+ assay. In this case, the scavenging effect of the
NADES-based extracts was tested against ABTS*™ radical and the antioxidant capacity was
expressed in mg equivalent of Trolox. The calibration curve of Trolox was prepared (100, 75, 50
and 25 pg mL1) and the corresponding absorbance measured at 515 nm. The test was carried
out on the same extracts tested for DPPH* assay. Their scavenging effect against ABTS* was
related to the mg of Trolox that have an equivalent response to a gram of pure hazelnut skin
extract. As shown in Figure 3, the antioxidant capacity of the NADES-based extract tested was
similar (around 0.4 mg of Trolox corresponds to 1 g of extract) and did not seem to be affected

by the composition of the NADES.

0.500

0430 0410

0.409 0.408 0.403 0.407 0.407

0.400 I

0.350
0.300
0.250
0.200

0.150

mg eq Trolox

0.100

0.050

0.000
B ChCLLA 1:2 +10% H20 ChCLLA 1:2 +20% H20 EBet:LA 1:5 +10% H20

Bet:LA 1:5 +20% H20 mBet:Lev 1:3 +10% H20 Bet:Lev 1:3 +20% H20
Figure 3. Equivalent (mg) of Trolox corresponding to 1 g of NADES-based extracts.
Also in this case, the neat NADESs were subjected to the assay. Contrarily to the results
obtained with DPPH?", the solvents seemed to contribute to the overall scavenging effect, as
shown in Figure 4. These results suggest that, apart from their interesting solvation properties,

NADESs can increase the antioxidant power (thus the value) of the final extract, supporting their

application in the extraction of natural compounds.
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0.4500

0.4000
0.3500
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0.2500
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0.0500
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(‘h(‘l[a‘-\12+10“n (‘h(‘lIAI"*“ﬂ“’ BLL[A\SHO“ HLLIAI<+’O% Bul\.»\'!ﬂ()”/n BetLev 1:3 +20%
H20

mg eq Trolox

= Anfioxidunt aclivity of the extruct excluding the solvent B Contribution of the solvent

Figure 4. Contribution of NADES-based extracts of hazelnut skin and neat NADESs to the scavenging
activity against ABTS** radical.
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3.1 Introduction

Cannabis sativa L. 1s a dioecious (rarely monoecious) herbaceous annual plant, native of
Central Asia but easily adaptable to different geographical conditions. Historically recognized for
its textile, fiber, and chemical features, in the 1990s its cultivation was characterized by a slow
decline because of the psychotropic effects of one of its major compounds, delta’-
tetrahydrocannabinol (A%-THC)'®. Currently, a renewed interest for this species is opening the
way for its exploitation in different fields'”0. Although there is no consensus on its classification
the most common refers to a single species (C. sativa) with different chemotypes based on the
“total cannabidiol (CBD)”/“total THC” ratio. The drug type, richer in A%-THC, and the fiber
type, richer in CBD or related compounds (commonly known as hemp or industrial hemp), are
the most important from the economic point of view. The first chemotype is normally subjected
to restrictions according to the legislations of individual countries, while the second is the main
source for the market, which includes food and personal care products but also medical
formulations. Even though most attention has been on A-THC and CBD, hemp has a complex
chemistry with many different chemicals found in different part of the plants (inflorescences,
leaves, stems, and seeds). These include terpenes, carbohydrates, fatty acids, and their esters,
amides, amines, phytosterols, phenolic compounds, and non-psychotomimetic cannabinoids that
have been associated with health-promoting properties, e.g., neuroprotective, antioxidant, and
anti-inflammatory effects!’1-173. Most studies have focused on the inflorescences and their
biomarker compounds, and little information are available on leaves and stalks and on other
specialized metabolites, such as polyphenols and derivatives that are characterized by several
biomedical and pharmacological properties!’+17. Due to the complex phytochemistry of C. sativa
and the variability of its composition, it is important to have reliable and fast techniques of
analysis to characterize the plant, differentiate strains and ensure safety of use. The common
approach for the extraction and analysis of cannabinoids is a solid-liquid extraction with medium
or low polarity organic solvents, such as ethanol, methanol or hexanel!”178, Apart from the
consumption of relatively high volume of solvents, these methodologies have a significant impact
on the sustainability of the overall analysis process as they often require the use of disposable
materials, energy-consuming equipment and instrumentation. More innovative approaches have
been developed in recent years, with the aim of simplifying the extraction procedure and reducing

the toxicity and amount of extraction materials.
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Taking into account the above considerations, the aim of the studies included in this

section are:

@)

(i)

(i11)

(iv)

v)

(v1)

The characterization of the non-volatile fraction of Cannabis sativa 1.. aerial parts,
collected before flowering, using an ultrasound-assisted solid-liquid extraction
method, coupled with liquid chromatography.

The development of a more innovative and user-friendly method to extract different
phytochemicals from fiber-type hemp aerial parts, using hydrophobic eutectic
solvents.

The enhancement of the eutectic solvents physicochemical properties to improve the
extraction of the more polar compounds in the hemp samples under study.

The application of the optimized eutectic solvent-based extraction method for the
determination of cannabinoids in different hemp products available on the market.
Exploring the possibility to use a solid sorbent (MOFs) for the extraction of
phytochemical from hemp samples.

The evaluation of the biological activity (i. e antioxidant activity and enzymatic
inhibition) of hemp aerial parts by-products through colorimetric 7z vitro assays, for

possible applications in the cosmetic field.
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Characterization and biological activity of fiber-type Cannabis sativa L.
aerial parts at different growth stages

This paragraph is reproduced from a published article
(Mastellone e al., Plants 11, 2022, 419)

94 samplgg

4 x vegetative stages
(not inflorescences)

PERE R L EE R

3 x land plot
Fiber-type
Cannabis sativa L.
aerial parts 2 x method of drying
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3.2 Characterization and biological activity of fiber-type Cannabis sativa L. aerial
parts at different growth stages

3.2.1 Fingerprinting and identification of target compounds

A fundamental step in this study was the qualitative characterization of the plant sample.
According to the existing literature!74179-184 'most of the studies on Cannabis sativa L. focused on
the phytocomplex of the inflorescences and on cannabinoids which are synthetized in large
amount in these plant parts. Our samples were collected at different growth stages (before
flowering) and mainly composed by stems and leaves. The extractions, following the optimized
method, were performed both in MeOH and acetone and followed by HPLC-PDA-ESI-MS/MS
untargeted metabolite analysis. The chromatographic profile obtained at 254 nm is illustrated in
Figure 1. The UV spectra for each peak provided a preliminary indication of the classes of
compounds. The molecular weight was also defined by mass spectrometric data in SCAN mode,
through  the complementary correspondence between  positive and  negative
protonated/deprotonated ions in ESI* and ESI" modes. The product ion scan analysis of these
ions provided diagnostic fragments for each compound. Based on UV and MS data, 27
informative peaks were identified or tentatively identified and selected as target compounds for
the statistical analysis. All the information about the analytes under study are reported in Table

1.
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Table 1. List of identified and putatively identified compounds in fibet-type Cannabis sativa 1. aerial parts. For each
analyte, retention time, UV maximum, protonated/deprotonated ions, fragment ions obtained by product ion scan
mode (PIS) and identified or tentatively identified compound names are given. Identification confidence values and
references are also included. In bold, the compounds confirmed with the injection of authentic commercial reference
standards.

Mol.
Amax [M+ H]* [M-H] © M2+ Mz Aglycon Compound Identification
N° Weight Ref.
(nm) m/z m/z m/z m/z (g/mol) name levels$
(g/mol) i
1 346/252 463 461 462 287 285 286 Luteolin 7- O-glucuronide 1 175,180,185
Apigenin 7-O- B
2 336/266 447 445 446 271 269 270 K 1 175,180,185
glucuronide
Diosmetin glucuronide
3 345/250 477 475 476 301 299 300 2 2 175,180,185
derivative A
4 345/250 477 475 476 301 299 300 Diosmetin glucuronide 2 175,180,185
derivative A
5 335/267 623 621 622 285 283 284 Acacetin glycoside A 2 175,180,185
6 332/267 593 591 592 285 283 284 Acacetin glycoside B 2 175,180,185
7 328/267 607 605 606 285 283 284 Acacetin glycoside C 2 175,180,185
Acacetin glucuronide i}
8 334/267 461 459 460 285 283 284 e 2 175,180,185
detivative
9 336/266 271 269 270 / / / Apigenin 1 175,180,185
10 343/252 301 299 300 / / / Diosmetin 1 175,180,185
11 268/279 / / / / / / Not identified / /
12 268/279 / / / / / / Not identified / /
13 268/279 / / / / / / Not identified / /
14 267/334 285 283 284 / / / Acacetin 1 175,180,185
Coumaric acid
15 310 / 667 / / 163 / o 2 185
detivative
16 341/274 437 435 436 313 / / Cannflavin A 1 174,183
220/269/ Cannabidiolic acid
17 359 357 358 / / / 1 174,183
306 (CBDA)
220/268/ Cannabigerolic acid
18 361 359 360 219 / / 2 174,183
305 (CBGA)
19 263/328 327 325 326 191 / / Cannabinoid 3 174,183
220/271/ 1913132 S
20 331 329 330 / / Varinic derivative A 2 174,183
305 57,233
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220/272/ 191,257,2

21 331 329 330 / / Varinic derivative B 2 174,183
304 33
220/271/ 1912572 S
22 331 329 330 / / Varinic derivative C 2 174,183
305 33
23 268/306 347 345 346 205,175 / Cannabinoid 3 174,183
24 / 355 353 354 337,281 / / Cannabinolic acid (CBNA) 2 174,183
220/271/ A%-Tetrahydrocannabinolic
25 359 357 358 219,243 / / ) 2 174,183
304 acid (A%-THCA)
2193412 Cannabichromenic acid
26 / 359 357 358 / / 1 174,183
61 (CBCA)
27 266/305 375 373 374 233 / / Cannabinoid 3 174,183

§ Identification confidence according to the request of the Chemical Analysis Working Group (CAWG, 2007)18¢:
Level 1, identified compound (a minimum of two independent and orthogonal data, such as retention time and mass
spectrum) compared directly relative to an authentic commercial reference standard; Level 2, putatively annotated
compound (compound identified by analysis of spectral data and/or similarity to data in a public database); and
Level 3, putatively characterized compound class level.

Two main groups of compounds were identified: the more polar flavonoids and non-
psychotomimetic cannabinoids which are reported to be among the main class of phytochemicals
produced by hemp!8>187.188 The flavonoids were mainly in form of glycosides and the most
abundant (confirmed by co-injection with authentic commercial standards) were luteolin and
apigenin as O-glucuronide derivatives. Other flavonoids glycosides detected in lower amount,
including acacetin and diosmetin derivatives, were tentatively identified through their tandem mass
spectrometry fragmentation pattern. The MS/MS fragmentation gave a potential aglycon of 300 g
mol! for peak 3,4 which corresponds to diosmetin molecular weight, while for peak 5, 6, 7, 8 the
fragment was 284 g/mol’l, corresponding to acacetin. While apigenin and luteolin are normally
reported in Cannabis sativa L. phytocomplex!7>185, to the best of authors’ knowledge, no data are
available on the presence of acacetin and diosmetin glycosides in hemp samples. However, their
corresponding aglycones were found in traces in the samples and confirmed with reference
standards, supporting the identification data. Interestingly, Pollastro ez a/1%5 reported two flavones
(canniflavone 1 and 2), isolated in 1980 and only found in Cannabis, with close structural similarity

to diosmetin.

126

Apnalytical Strategies For The Characterization Of Botanicals



Results and Discussions

500000 ® MeOH extraction Acetone extraction
450000 —f
400000 —E
w00 - Flavonoids Cannabinoids
00000~ A A
250000 —E ‘ / \ [ zlo 2.2 \
200000 E ‘
180000 7 | 17 ‘ ‘
- “ Lo I16 18 19 | ‘ 25 26
o0o00 =~ 13 | 2] s |
S { | 67g 9 10 1112‘\ 14 1\5 i 1 ‘ G\\\ |2 12427
50000 {J‘m‘ e 134 5 _? - Y | D U FRURD PO VNN |1 NV W PN 1 W) GO | T W o | G | O —
o A
D,‘U L 5,‘0 e m,‘n e 15,‘0 s ‘ ZH!U L 25‘“ L SU‘D e ‘35,‘0 Y Iﬂﬂ,‘ﬂ ‘ ‘ 45!0 ‘ 50 ‘D TWI\E
@)
uv
175000 8 MeOH extraction EtOH extraction
150000-
125000%
mm}mrf
75000 o 2
- * | |
50000- 5 ) 17 o | “ 2
- ‘ 25 5
o000 1213 \ | 1) 18] a) 32 L
- I I e e | Ry | Sty ey | —
0— NN | W Y VP | WP N
T 75 oo T 2s U so s a0 225 aso 278 T 300 325 aso a7s 400 425 480 475 min

(b)

Figure 1. (a) Chromatographic profile at 254 nm of methanolic and acetone extraction of fiber-type Cannabis
sativa L. aerial parts at 5 mg mI1. For peaks identification, see Table 1 and (b) Chromatographic profile at 254
nm of methanolic and ethanolic extraction of fibet-type Cannabis sativa L. acerial parts at 5 mg mL-!. For peaks
identification, see Table 1.

In accordance with the phenotype of the plant (fiber-type), only non-psychotomimetic
cannabinoids were found. In this case, few of these terpenophenolic compounds are easily
available as commercial standards!®” and only cannabidiolic acid (CBDA), cannflavin A and
cannabichromenic acid (CBCA) were confirmed. The other analytes, which presented a similar
retentions times and maximum UV adsorption typical of cannabinoids in the acid form (around
220, 270 and 300 nm, see Table 1), were tentatively identified through their tandem mass
spectrometry fragmentation patterns which were compared with literature datal’4182183, As an
example, the main cannabinoids (peak 20, 21 and 22) in the extracts were putatively identified as
varinic acid detivatives (propyl cannabinoids) which presented protonated/deprotonated ions
331 m/ % and 329 m/, in ESIT and ESI- ionization modes, respectively, and fragmented to give

diagnostic ions at 7/ 3 313 (water loss), 257, 233, and 191 in ESI* (see Figutre 2). Among the main
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propyl cannabinoids, tetrahydrocannabiva-rinic acid (A>-THCVA) and cannabivarinic acid
(CBDVA) had similar fragments losses with some differences in ion intensity that are in

agreement with our results!83,
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Figure 2. Representative MS spectrum of peak 21 in ESI* (a) and PIS fragmentation (b) of protonated ion

331m z! (putatively identified as varinic acid derivative according to [32]).

To support these results, a GC-MS analysis of the acetone extract, which presented higher
content of cannabinoids, was carried out. In particular, the extract was derivatized with IN,O-
Bis(trimethylsilyl)trifluoroacetamide (BSTFA) before the injection, to avoid the decarboxylation
of the cannabinoid acid, which easily form the neutral species in presence of high
temperature!$$190. The GC analysis confirmed the presence of propyl cannabinoids, CBDA,
CBCA and A%-THCA, from the comparison with commercially available mass spectral libraries
and the injection of CBDA and CBCA authentic commercial standard (see Figure 3 for GC-MS
profile and spectra). As mentioned before, leaves and stem (which are the main components of
the sample under investigation) had a lower content in cannabinoids!’h!17> compared to
inflorescences and few data were available for comparison purpose. Besides CBDA, A%THCA,
CBNA, CBGA and CBCA were other predominant chemicals of the class, depending also on the

chemotype! 75188,
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Figure 3. (a) GC-MS profile of the FD acetone hemp extract, after derivatization with BSTFA and (b) MS
spectra of selected peak in the hemp extract. TMS, trimethylsilyl. See Table 1 for peak numbers.

3.2.2 Optimization of the ultrasound-assisted solid-liquid extraction method

The optimization of sample treatment before chromatographic downstream analysis is a
fundamental step to reach a better extraction efficiency. This is particularly true for complex
matrix, such as plant samples, which normally need several pre-treatments before the injection,
especially when a liquid chromatography (LC) system is employed. In this case, different variables
were taken into account for the extraction of fiber-type Cannabis sativa L. samples. In order to

simplify the optimization study, a representative mix of all the 24 samples were prepared, taking
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an equal amount from each sample. According to previous works which deal with plant
analysis'G10I9LI92 an ultrasound-assisted solid liquid extraction (UA-SLE) method was selected,
being efficient and easy to perform. Two solvents were tested for the solid-liquid extraction:
methanol (MeOH) which presents a good affinity for different classes of compounds while
acetone was reported to have a good solubility for cannabinoids!®194. This was confirmed by our
results, where the methanolic extraction allowed to extract a higher number of compounds,
belonging mainly to the classes of flavonoids and non-psychotomimetic cannabinoids, while the
acetone extraction was more effective in selectively isolating cannabinoids (see Figure 1a). Some
works report the use of ethanol for the selective extraction of cannabinoids, however our results
showed that ethanol extraction capacity was similar to that exerted from MeOH and not superior

to that of acetone (Figure 1b).

An experimental design was employed for the optimization of the other variables
considered, which include the sample amount (mg), the volume of solvent (mL), the percentage
of water in the solvent (%) (considered only for MeOH extraction) and the time of extraction
(min) with US. A full two-level factorial design (27, with n = 4/3 variables) was used for the
screening study, which comprises sixteen (MeOH) or eight (acetone) experiments combining the
minimum and maximum values considered for each factor. Moreover, three replicates of the
central point (intermediate value for each wvariable) were carried out, to monitor the
reproducibility of the method. For the sample amount the low and high limits were set at 100
and 500 mg, the volume of solvent ranged between 5 and 50 mL, while the time of extraction
with US was evaluated between 10 and 30 minutes. Regarding the percentage of water, a
maximum value of 50% was set for the extraction in MeOH, to evaluate the influence of water
in the extraction of the target analytes. For all the factors under study, the values were set with

the aim of reducing the time of analysis and consumption of materials (see Table 2).

Table 2. Variables considered in the experimental design (2" screening study).

Variable Low value High value
Sample amount (mg) 100 500
Volume of solvent (mL) 5 50
Water in the solvent (%) 0 50
Extraction time with US (min) 10 30

Once the experiments were performed, the extraction efficiency was evaluated in terms

of the peak areas obtained for all the target compounds. The results are shown in the Pareto
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charts, Figure 4. For both the solvents, the increasing of the sample amount led to a higher
extraction efficiency. However, the ratio between the peak area and the amount of sample
showed a linear trend without an exponential increasing of the performance of extraction.
Considering the good sensibility of the extraction method, already obtained with 100 mg of the
sample, the employed amount was set to the low value, also to reduce the consumption of raw
material. Regarding the methanolic extraction, the other variable which truly affect the peak area
was the content of water. While the amount of water was not significant for the flavonoids
compounds, the extraction of cannabinoids was negatively influenced by higher amount of this
polar solvent and therefore the percentage of water was set at its lower value (zero). For the
extraction in acetone, the most influential variable was the time of extraction, which again, have
a negative effect on the extraction efficiency of the cannabinoids. This may be caused by the
slight increasing of temperature during longer extraction times with US, being cannabinoid acids
sensitive to high temperatures!®. Based on these results, for both the solvents, the minimum
value for all the factor was selected as the optimum conditions. Moreover, the elimination of
water in the solvent of extraction allowed to reduce the time of solvent evaporation needed to
obtain the dried extract. Therefore, the optimized method required 100 mg of sample, 5 mL of
solvent and 10 min of extraction with US. Once the method was optimized, the exhaustivity of
the extraction was evaluated for both solvents, considering the decrease of peak area for each
compound, after five cycles of extraction on the same matrix. Three consecutive extractions
allowed to recover the 88% and 96% of the total amount of the components for MeOH and
acetone, respectively, and were therefore selected for subsequent analyses. The optimized

method was then applied for the extraction of the 24 samples of Cannabis sativa 1.
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Figure 4. Pareto charts obtained in the screening of the main variables for the methanolic (a) and acetone

extraction (b).
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3.2.3 Analysis and quantification of the phenolic compounds and cannabinoids

The most abundant phenolics and cannabinoids were quantified by LC-PDA analysis,

using the external calibration method. Several quality analytical parameters of the

chromatographic method are reported in Table 3.

Table 3. Quality analytical parameters of the HPLC-UV method.

A Linear Calibration curve
Compound range R2 . Peak quantified
equation
(nm) (mg/L)
Luteolin 7-O-glucuronide 346/252 25-150 0.9989 y = 14487x - 24394 1
Apigenin 7-O-glucuronide 336/266 10-350 0.9986 y = 20488x + 47085 2
Apigenin 336/266 0.1-25 0.9989 y = 35166x — 2365.2 9
Diosmetin 343/252 0.1-25 0.9970 y = 37180x - 1940.9 3,4,10
Acacetin 267/334 1-25 0.9990 y = 32388x + 9461.5 5,8
Coumaric acid 310 1-10 0.9950 y = 50388x + 22980 15
CBDA 7 220/270/310 7 5-50 - 0.9999  y=13839x-21.947 20,21, 22, 23, 24, 25, 26, 27

The quantification of the 24 samples was performed on the methanolic extracts which

had a more comprehensive phytochemical profile. When available, the corresponding authentic

commercial standard was used to build the calibration curve (luteolin 7-O-glucuronide, apigenin

7-O-glucuronide, apigenin, diosmetin, coumaric acid and acacetin). CBDA was employed as

reference standard for the quantification of cannabinoids since its UV maximum adsorption was

consistent with that of this class of compounds!”!. The results were illustrated in Figure 5 and

expressed as sum of compounds belonging to the same chemical class in terms of ug of

compound in 100 mg of matrix.
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Figure 5. Representation of the quantification data of hemp methanolic extracts, expressed as pg of compound
in 100 mg of sample: (a) Distribution of the target analytes in the samples (sample code: 1-4 growth stage; A-C
land plot); (b) Violin plot of quantification results for flavonoid glycosides, aglycones and cannabinoids in the
freeze-drying (FD) and oven-drying (OD) samples.

The graphs showed that the cannabinoids amount is lower compared to flavonoids
content and only traces (around 2 pg in 100 mg) of flavonoid aglycones could be detected.
Moreover, there was a clear difference between the samples lyophilized and dried in the oven. In
particular, the cannabinoids in freeze-dried samples were around 0.2% of the total content, in
agreement with data reported on hemp stem and leaves!” (ranging from 0.1 to 2%), while for
the oven-dried ones, the percentage decreased to 0.05%. Regarding the flavonoids, the difference
was less marked and ranged between 0.2% and 0.6% for oven and freeze-drying, respectively, in
accordance with literature!”>. The Violin representation (Figure 5(b)) shows a cluster of freeze-
dried samples with a higher content of cannabinoids, which differs from the trend of the other

lyophilized matrices. Compared to the previous stages, the samples at the 4™ growth stage
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presented a higher amount of cannabinoids, being near to the flowering where the synthesis of

these phytochemicals increase!®>.

3.2.4 Statistical analysis and comparison of the phytochemical profile of the samples
under study

The 24 hemp samples under study, were characterized by different growth stages, location
of growth land plot and method of drying (4 growth stages X 3 land plots X 2 methods of drying).
A multivariate statistical analysis was carried out on quantification data (17 target analytes) to
investigate the role of these factors as possible discriminants between the samples. First,
unsupervised analyses (hierarchical clustering HC and principal component analysis PCA) were
performed to investigate natural groupings existing between the samples. As already mentioned,
a clear separation between lyophilized and oven dried samples is reported in the HC with heatmap

visualization (Figure 6(a)).
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Figure 6. Main results from multivariate statistical analysis on quantification data: (a) HC based on Pearson
distances and heat-map visualization (24 samples X 17 compounds); (b) biplot of the principal component
analysis relative to the distribution of the Cannabis samples and target compounds according to the method of
drying, growth stages and landplot (OD and FD samples are highlighted in blue and green, respectively).

The FD samples were characterized by a higher amount of flavonoid glycosides and
cannabinoids which are mainly in the acid form, while the oven dried samples had a major relative
content of the corresponding flavonoids aglycones. As demonstrated by Jimenez-Garcia e al.1%,
treeze-drying seems to be a better drying method to preserve flavonoids compounds, especially
in form of glycosides, considering that they may lose the sugar and degrade to the corresponding
aglycone if exposed at high temperature (65 °C), for prolonged time. The same susceptibility is

reported for cannabinoids in the acid form although the degradation normally occurs at higher
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temperature than 65 °C. However, the prolonged time of heating in the oven could have affected
their content. Moreover, for some cannabinoids, the degradation reaction is more complex, and
it is associated with undetermined side reactions!®. These data are in agreement with PCA results
(Figure 6(b)), represented in the figure as biplot. The observations (samples) are rationally
distributed over the Cartesian plane according to the method of drying (visible along the first
principal component F1 from right to left). The biplot show the correlation between the
distribution of the samples and the compound content, with a higher amount of flavonoids
glycosides and cannabinoids in the freeze-dried samples (green color). To eliminate the strong
influence of the drying method on the sample clustering, two different PCA analysis were
conducted to study the influence of the growth stage and growth land plot on the phytocomplex
of the plant, considering as data matrix the oven-dried and freeze-dried samples, separately (data
not shown). Interestingly, the growth stage seems to have a lower impact on the contents of the
target analytes, for both methods of drying. A recent study!®>, reported a variation in the content
of cannabinoids and flavonoids before and after flowering, being the inflorescences rich of
glandular trichomes which are devoted to the production of specialized metabolites. As
mentioned before, this was confirmed for cannabinoids by the slight increase of their content at
the 4% growth stages, while for flavonoids not significant differences were highlighted. As
expected, the sample clustering was not affected by the location of the plot, being in the same

geographical area and characterized by similar growing conditions (data not shown).
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Development of a dispersive solid-liquid microextraction method
using natural eutectic solvents for a greener extraction of phytochemicals from
fiber-type Cannabis sp.

This paragraph is reproduced from a published article
(Mastellone e al., Industrial Crops & Products 187, 2022, 115476)
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3.3 Development of a dispersive solid-liquid microextraction method using

natural eutectic solvents for a greener extraction of phytochemicals from fiber-

type Cannabis sp.

3.3.1 Preparation of the eutectic solvents

A set of different natural HBA and HBD were tested for the preparation of the ESs and
after some preliminary tests, the combination menthol : linalool (1:1) resulted to be the most
promising. For this reason, similar compounds were selected as acceptor and donor and the
resulting combinations are reported in Table 1. The heat and stirring method was selected

because easy and fast to perform.

In order to minimize possible degradations caused by the exposure of the compounds at
high temperatures for prolonged time#%, 10 minutes and 40 °C were selected as optimum
conditions to obtain homogeneous and stable solvents. After their preparation, the ESs were
tollowed up at frequent intervals to monitor the formation of crystals, signal of instability. All

the solvents showed to be stable even up to a month. To prevent evaporation of the components

or moisture absorption they were sealed with parafilm and store in a desiccator.

Table 1. List of the ESs prepared in this study.

ID Component 1 Component 2 Molar ratio MethOd.Of
preparation
ML Menthol Linalool 1:1 Heat and stirring
MTe Menthol Terpinen-4-ol 1:1 Heat and stirring
MTh Menthol Thymol 1:1 Heat and stirring
MC Menthol Carvacrol 1:1 Heat and stirring
LTe Linalool Terpinen-4-ol 1:1 Heat and stirring
LTh Linalool Thymol 1:1 Heat and stirring
LC Linalool Carvacrol 1:1 Heat and stirring
LE Linalool Eugenol 1:1 Heat and stirring
TeTh Terpinen-4-ol Thymol 1:1 Heat and stirring
TeC Terpinen-4-ol Carvacrol 1:1 Heat and stirring
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3.3.2 Optimization of the dispersive solid liquid microextraction method

The combination menthol : linalool (1:1) was selected for preliminary tests and
optimization of the extraction method for the analysis of the aerial parts of fiber-type Cannabis
sativa L. dispersive solid-liquid microextraction (DSLME) method was developed with the aim of
avoiding any pre-treatment of the solid sample. In fact, plant matrices, when dispersive liquid-
liquid microextraction (DLLME) is applied, usually are previously subjected to liquid-liquid
extraction (LLE) with solvent!?’. In this case, water was simply used as co-solvent to promote
the dispersion of the ES in the hemp sample. The volume and the pH of water, the sample
amount and US time were the parameters considered in the optimization of the extraction
method. A screening test was carried out to determine which of these factors significantly
affected the extraction performances. A full two-level factorial design (27, with n = 4 variables)
was used for this preliminary study, which comprises sixteen experiments combining the
minimum and maximum values considered for each factor. Moreover, three replicates of the
central point (intermediate value for each variable) were carried out, in order to monitor the
reproducibility of the method. The volume of water was evaluated in a range to have enough
solvent to completely cover the sample and to not exceed the volume of the test tube and
therefore the low and high limits were set at 1 and 4 ml, respectively. Regarding the sample
amount, a minimum value of 50 mg and a maximum value of 100 mg were set. The limits for the
extraction time were selected as 5 and 20 minutes, being common times reported in the literature
for plant extraction based on US. Also, the pH of water was taken into account, considering the
presence of acid cannabinoids in the hemp sample, as reported in the previous study (Section

111.3.2).

With the aim of decreasing the ionization and solubility of these compounds in the water
phase, an acid environment (pH = 3) was compared to the neutral condition (pH = 7). Once the
experiments were performed, the extraction efficiency was evaluated in term of the sum of the
peaks area of the target analytes. The Pareto chart and interactions plot reported in Figure la-b
showed that none of the variables considered had a significant influence on the extraction of the

target analytes.

141

Apnalytical Strategies For The Characterization Of Botanicals



Results and Discussions

23 ¢ 3
aB | [ ] = -+ —~ ]
Az volume of H;O | [ 1 = - Y 1
B: Sample amount | =9 r 7
D: pH of aqueous phase % 1
custme | a o 1
BD g 15 1
o — 4 1
AC 2ur 1
AD il ]
D 1
7 E -
0 0.5 1 L5 2 2.5
Standardized effect Vol. of Sample US time pH
H,0 amount aqueous
phase
@ ()

Box-and-Whisker Plot

2 min 1

30 sec ‘ [

Vortex time

0 0.5 1 L5 2 25 3
Area (10%)

©
Figure 1. (a) Pareto chart of the 2 screening study, (b) interactions plot of the 27 screening study and (c) box-
and-Whisker Plot.

For this reason, the optimum conditions were chosen in order to simplify as much as
possible the procedure. The volume of water (at a neutral pH) was set at 2 mL to completely
cover the sample powder and allow an easy dispersion and separation of the ES. To easily
compare the proposed DSLME method with a conventional SLE (Section II1.3.2) already
reported for the same hemp sample, the same amount of plant (100 mg) was used. Eventually,
the US time was set at 10 minutes to reduce the time of analysis but also allow the cell disruption

and the release of the target analytes.

In addition, the effect of vortex time was considered in the optimization study, being the
fundamental step to disperse the ES in the sample. A minimum time of 30 seconds and a
maximum of 2 minutes were tested, taking into account for the higher value, the operator’s
health. In this case, an analysis of variance (ANOVA) test was carried out and no significance
difference (F-ratio 0.28, P-value 0.60) in term of the sum of the peaks area of the target analytes
was found between the two conditions and therefore 30 seconds was chosen as optimum time.

In Figure 1c, the results are shown graphically in the Box-and-Whisker plot.
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Figure 2. (a) Optimized DSLME method and (b) focus on centrifugation step.

The optimum conditions (Figure 2a) were compared versus the same procedure without
the US and the vortex steps to investigate the contribution of each step of the method to the
extraction of the compounds of interest. Moreover, one extraction was performed by adding the
ES after the US step. As reported in Figure 3, the best results were obtained with the optimized
method, for all the compounds. This suggested that (1) as already reported for solid plant sample,
US was fundamental to break the cell walls with the consequent release of the target analytes!®8;
(2) the vortex step helped to form a fine droplet of the ES in the sample, thus increasing the area
of contact between the analytes and the extraction solvent; (3) the ES did not only pre-
concentrate the analytes but also helped their extraction during the US step. In fact, as reported
for ionic liquids!'?-29, also DESs seem to be able to interact with the hydroxylic groups of
cellulose, one of the main components of the plant cell wall. This interaction helps the disruption
of the hydrogen bonding between the polymers thus favoring the releasing of the metabolites

from the cells201,
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Fignre 3. Comparison of the extraction performances (in term of peaks area) between the optimized DSLME
method (blue), the addition of the ES after US step (green), the extraction without the US step (red) and
without the vortex step (violet). For peaks identification, see Figure 5.

Before the injection in the LC system, the analytes in the ES-rich phase were diluted in a
small amount (500 uL) of MeOH H>O (70/30, v/v). Also, the percentage of water in the
hydroalcoholic diluting solution was optimized to make the final solution compatible with the
chromatographic initial solvent composition and to avoid the interference of chlorophylls in the

final extract.

3.3.3 Preliminary screening using different natural eutectic solvent and comparison with
the conventional SLE method

Once the DSLME method was optimized, all the prepared solvents (Table 1) were tested
as extraction media to analyse the phytocomplex of the aerial parts of fiber-type Cannabis sativa
L. Each extraction was performed in triplicate and the results expressed as the mean area together

with the standard deviation (SD). The results are reported in Figure 4.
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Figure 4. Comparison of the extraction performances (in term of peaks area) between the conventional SLE and
the proposed DSLME, for flavonoids and acid cannabinoids. The blue line represents the results obtained with
the MeOH-based SLE method.

The chromatogram in Figure 5 showed that the main class of compounds present in the
sample were flavonoids glycosides and the more apolar acid cannabinoids. The profile of ML as
pure solvent presented some peaks at the wavelength of interest, however they did not interfere

with the target analytes.

uv
:‘:gsgg B DSLME of hemp sample using Menthol + Linalool (1:1) solvent

30000=  m Menthol + Linalool (1:1) solvent
750007
700007
650002
600007
g 550007
g 50000
£ 450007
< 400007
350002
30000%
250007
200002 \

| | 3,56 910
150007 || M '_J_.-||__ e _III__.__ ___,J"’I‘\-‘-’*'-J‘(uhul.u!-_,\:.’%h.l_‘-|L||I||.__E|J'_J|‘.._. )

100005 | v
5000-;1 I N
o i — And

AL [
-50005 . .. T Ty

0.0 so 00 15 200 0 250 0 Taoe  sso 400 450 50.0 550 600  min
Time

Figure 5. Chromatographic profile at 270 nm of the hemp extract after DSLME with ML and of the ML as pure
solvent. Peaks identification: (1) luteolin-7-O-glucuronide, (2) apigenin-7-O-glucuronide, (3) cannabinoid A, (4)
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varinic acid derivative A, (5) varinic acid derivative B, (6) varinic acid derivative C, (7) cannabinolic acid, (8) A9-
tetrahydrocannabinolic acid, (9) cannabinoid B (10) cannabichromenic acid. For more details on identification
data see Section 111.3.2.

The SLE with MeOH as extraction solvent was more effective, compared to the ES, in
the extraction of flavonoids which are more polar, while an opposite behavior could be observed
for the acid cannabinoids. This can be explained by the hydrophobic characteristics of the ES
which resulted in a higher interaction with the less polar cannabinoids. This is particularly true
for three combinations: ML, MTe and LTe. In general, the presence of aromatic groups in the
structure of one of the components (thymol, carvacrol, eugenol) did not seem to help the
extraction. In fact, as reported in Table 3, the compounds forming the three ESs (ML, MTe and

LTe) with the best extraction performances, do not present aromatic rings in their structure.
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Table 3. Molecular weight and chemical structure of the compounds used to prepare the ESs.

Compound Molecular weight (g mol') Chemical structure

OH
Carvacrol 150.22

IR
Eugenol 164.20

OH
(£)-Linalool 154.25 |

(-)-Menthol 156.27
(-)-Terpinen-4-ol 154.25
Thymol 150.22

OH

Apart from the differences in the extraction efficiency of both methods, it is important to
also consider the sustainability of the two approaches. The SLE required the use of a larger
volume of methanol (15 mL), long evaporation time to concentrate the final extract and a
purification step with SPE to eliminate chlorophylls prior to injection in the HPLC. The
proposed DSLME is faster, comprises fewer steps and the use of a small volume (100 uL)) of a
greener solvent, thus being less tedious and easy to perform. Eventually, it could be a greener
alternative for a selective and good enrichment of acid cannabinoids, without the need of
evaporating the solvent by using nitrogen or energy.
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3.3.4 Characterization of the eutectic mixture

The three solvents that showed the best extraction performances were subjected to a

deeper characterization through FTIR, NMR and hydrophobicity measurement.
FTIR analysis

ML, MTe and LTe were characterized by FTIR spectroscopy to monitor the correct
formation of hydrogen bonding between the two components. In particular, the IR spectra of
the single components were compared with that of the solvent, to monitor the shift of the band

corresponding to the hydroxylic group.

Figure 6 shows the representative FTIR spectra of the three solvents and their
components. Regarding the single compounds, the menthol spectra showed the representative
band of the hydroxyl group at 3248 cm-1, linalool at 3381 cm-! and terpinen-4-ol at 3463 cm-1.
For ML, when the solvent is formed, the band of the hydroxyl group of menthol shifts to a higher
wavenumber than that of pure menthol and is slightly different from that of linalool. In the
tingerprinting region (between 1500 and 600 cm~') a difference between the spectra of linalool
and the solvent (e.g. 1000 cm™) can also be observed, suggesting the formation of new
interactions. A similar behavior was observed with M Te, where menthol represents the acceptor

of the hydrogen bonding, while a smaller shift of the hydroxylic band is reported for LTe.
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Figure 6. FTIR spectra of (a) menthol, linalool and ML, (b) menthol, terpinene-4-ol and MTe and (c) linalool,
terpinene-4-ol and LTe.

The stability of the ES during the extraction process was then investigated by comparing
the FTIR spectra before and after performing the DSLME. This investigation was fundamental
to understand whether the ES was responsible of the extraction and not only one of the
components since, as reported by Cao ez a/??, the presence of water could break the hydrogen
bonding of ESs, compromising their structure. Adopting the optimized method, the extraction
was simulated without the plant and the ES-rich phase isolated and submitted to FTIR analysis.
As reported in Figure 7, the profile of ML (used as reference during the optimization) before and

after the extraction were comparable, confirming that the interaction and enrichment of the target

analytes was due to the ES.
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Figure 7. FTIR spectra of ML as pure solvent and after the DSLME process.

NMR analysis

The formation of the ES and the molar ratio between the HBA and HBD was also verified
by 'H NMR. A mixture of the ES and water (in the same amount) was prepared, and the water
layer was also analyzed by 'H NMR. All spectra are reported in the Figure 8. Recently, some
concerns about the hydrophobicity of hydrophobic deep eutectic solvents (HES) arose in the
scientific community?’2. In fact, it was demonstrated that in some cases, only one of the
components of the solvent is hydrophobic and the other partly solubilizes when the ES is put in
contact with water. The NMR spectra of the water layer clearly showed that both the components
of the ES tested are characterized by a low solubility in water. These results were also supported

by the water content percentage, measured by Karl Fischer Titration (see the following

paragraph).
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Water signal

mmmmmmmmmmmmm

3() 3(b)
Fignre 8. "H NMR spectra of 1(a) ML and 1(b) its water layer, 2(a) MTe and 2(b) its water layer and 3(a) LTe
and 3(b) its water layer.
ML: 1TH NMR (600 MHz, DMSO) & 5.86 (dd, ] = 17.3,10.7 Hz, 1H), 5.14 (dd, ] = 17.4, 2.0 Hz, 1H), 5.08 (t, ]
= 6.7 Hz, 1H), 4.95 (dd, ] = 10.8, 2.0 Hz, 1H), 4.43 (s, 1H), 4.29 (d, ] = 5.6 Hz, 1H), 3.17 (tt, ] = 10.2, 4.9 Hz,
1H), 2.20 (pd, ] = 7.0, 2.6 Hz, 1H), 2.02 — 1.80 (m, 3H), 1.68 — 1.59 (m, 4H), 1.59 — 1.48 (m, 4H), 1.46 — 1.31
(m, 3H), 1.15 (s, 3H), 1.02 — 0.72 (m, 13H).
MTe: 1H NMR (600 MHz, DMSO) & 5.21 (ddt, ] = 4.4, 3.0, 1.6 Hz, 1H), 4.29 (d, ] = 5.6 Hz, 1H), 3.71 (s,
1H), 3.16 (tdd, ] = 10.1, 5.6, 4.2 Hz, 1H), 2.19 (hd, ] = 7.0, 2.7 Hz, 1H), 2.01 (dp, ] = 17.6, 2.6 Hz, 1H), 1.87 —
1.70 (m, 3H), 1.65 — 1.59 (m, 4H), 1.59 — 1.49 (m, 3H), 1.46 — 1.37 (m, 1H), 1.37 — 1.29 (m, 1H), 0.99 — 0.71
(m, 20H).
LTe: 1H NMR (600 MHz, DMSO) & 5.86 (dd, ] = 17.3, 10.7 Hz, 1H), 5.22 (tp, ] = 3.1, 1.4 Hz, 1H), 5.14 (dd,
J=17.3,2.0 Hz, 1H), 5.08 (tp, ] = 7.2, 1.4 Hz, 1H), 4.95 (dd, ] = 10.7, 2.0 Hz, 1H), 4.43 (s, 1H), 3.71 (s, 1H),
2.13-1.73 (m, 6H), 1.67 — 1.59 (m, 6H), 1.58 — 1.48 (m, 5H), 1.46 — 1.34 (m, 3H), 1.15 (s, 3H), 0.85 (dd, ] =
14.0, 6.9 Hz, 6H).

Karl Fischer titration

As report by Florindo and colleagues?3; the hydrophobicity of the ES can be evaluated
by measuring their solubility in water. Karl Fischer titration is a well-established method to
determine trace amounts of water in samples. In literature, the initial water contents of HESs
after preparation are in the range between 0.004 and 0.8 weight (wt) %, while, when mixed with
water, they vary from 0.523 to 6.938 wt% in HESs. In order to test the hydrophobicity of our
solvents, the water content was measured before and after mixing the ES with the same amount
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of water. As reported in Table 4, all the ES tested in this study were within the accepted values

for conventional HESs.

Table 4. % of water in selected ES, measured by Karl Fischer titration.

ES component 1 ES component 2 H,O content before H:,O content after
partitioning partitioning
Menthol Linalool 0.044%%0.005 0.671%%0.005
Menthol Terpinen-4-ol 0.079%+0.002 0.270%1%0.013
Linalool Tetpinen-4-ol 0.105%%0.008 0.674%10.027

3.3.5 Validation of the proposed method

The combination menthol : linalool (1:1) was selected as reference extraction solvent for
the validation of the proposed DSLME method for the extraction of the non-volatile compounds
from hemp aerial parts. The presence of a solid matrix adds more challenges in the validation
and quantification of the target analytes, compared to a liquid sample. In fact, the analytes are
subjected to different partitions: plant-aqueous phase and aqueous phase-ES. To study the
behavior of the analytes in a simpler system, some preliminary tests were carried out with the
commercial standard of luteolin 7-O-glucuronide, apigenin 7-O-glucuronide and CBDA, by
performing the extraction without the plant. This latter was used as the reference standard for all
the acid cannabinoids due to the similar physicochemical features. In agreement with the previous
results, CBDA was successfully extracted in the ES-rich phase, while the two flavonoids were
poorly recovered (Figure 9). The selectivity of the method for this class of compounds was

therefore confirmed and the validation study was focused on the acid cannabinoids.
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Figure 9. Comparison of the chromatographic profile of (a) luteolin 7-O-glucuronide, (b) apigenin 7-O-
glucuronide and (c) CBDA in the ES-rich phase versus the aqueous layer, after performing the DSLME.

Table 5 reports several quality analytical figures of merit of the method, including the A
selected for quantification, the linearity range, the calibration sensitivity (evaluated as the
calibration slope), determination coefficient (R?), limit of detection (LOD) and limit of
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quantification (LOD) of CBDA. In order to evaluate a possible carry over effect for the analytes
between consecutive analysis, a blank sample (MeOH 70%) was injected occasionally and
randomly, confirming the absence of residual peaks for all the analytes of interests. The LODs
were experimentally determined by decreasing the concentration of the analyte in the extraction
phase until a signal-to-noise ratio (S/N) of 3 was obtained. The LOQs wete estimated as S/N of
10 and experimentally verified by injecting the standard compound at the predicted

concentration. The LOD and LOQ values were 0.20 mg L1 and 0.25 mg L1, respectively.

Table 5. Figure of merits of the UHPLC-UV method for CBDA.

Linearity

Compound ™3 inge Slope ¢ R? LOD (mgL1) LOQ (mg L")
m) + SD ’
(mg LY
J’_
CBDA 270 0.5 - 50 1354942 =089 0.999 0.20 0.25

Studies on intra-day repeatability, intermediate precision and enrichment factor were
carried out to prove the improvement and applicability of the proposed method in the analysis
of acid cannabinoids in real hemp samples. The quantification data obtained from the previous
study (after assuring an exhaustive extraction of the compounds from the sample) (see Section
I11.3.2) were used as a reference value to calculate the enrichment of the analytes from the plant.
As reported in Table 6, the RSD values (intra and inter-day) for all the compounds are lower than
15%, showing a good reproducibility of the method. The enrichment factor (EF) of the proposed
method was compared to the one obtained by performing the MeOH extraction, followed by
evaporation of the solvent to concentrate the extract. The proposed DSLME with ES allowed to
obtain comparable EF to the ones of SLE with MeOH. It is however important to highlight that
in the conventional approach the extraction was repeated three times on the same matrix and the
pre-concentration of the extract required the evaporation of the solvent with consumption of

toxic organic solvents, nitrogen and energy for the rotary evaporator.
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Table 6. Quantification data for cannabinoids, expressed as pg g-1 of hemp (+SD), precision data and enrichment
factor for DSLME and the reference SLE.

ng g of plant Precision (n=3) EF
Compound
found with DSLME Intra-day Inter-day DSLME  SLE=
RSD % RSD %

Cannabinoid A 27.5 % 3.0 9.2 4.9 5 7

Varinic acid A 245.8 = 35.2 12.0 4.1 4 6

Varinic acid B 213+ 2.1 8.1 1.2 8 7

Varinic acid C 433+ 5.0 10.2 4.2 5 7

CBNA 185+ 1.7 8.0 3.4 6 6

THCA 119.4 £ 17.0 11.7 2.8 4 5

Cannabinoid B 255+ 2.6 10.4 3.9 6 6
5 5

CBCA 270+ 34 12.0 1.9

*quantitation data obtained with an exhaustive SLE204

The main features of the proposed extraction method were compared to similar
applications for the extraction of non-volatile phytochemicals from Cannabis sativa 1. plant,
reported in literature in recent years. Most of the studies focused on similar approaches, using
US-assisted extraction or maceration in organic solvents, such as methanol, ethanol and
acetone!’>179205. More innovative methodologies are employed for the analysis of cannabinoids
in non-plant origin samples, for forensic and clinical applications?’-2 (e.g blood, hair, oral fluid,
urine). As reported in Table 7, the DSLME developed in the present study, demonstrates to meet

the requirements in terms of novelty, sustainability, and reliability of the results.
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Table 7. Main features of representative extraction methods from Cannabis sativa L. samples, for the analysis of
phytochemicals by liquid chromatography.

Pre- Volume .
Sample Target treatment of Type of of Extraction time Analytical LOQ Ref.
analytes solvent platform
the sample solvent
Reference studies
Leaves, Flavonoids, . MeOH and . UHPLC-
stem cannabinoids SLE acetone 15 ml. 30 min, US> PDA/MS nre 2
Flavonoids,
Inflorescences cannabinoids, SLE EtOH 70% 5mL 30 min, US UPLC-MS nr 205
terpenoids
Flavonoids EtOH, .
Inflorescences, ) water, HCI 5 ml, 50 135 min, water
leaves, stem Lo SLE 25:10:4, mL (1) bath (2),20 min, HPLC-PDA/MS nr 210
bark, and roots Cannagmmds MeOH (1) 20 mL (2) Us 2
@ MeOH (2)
Flavonoids n-Hexane, 25 ml, 25 .
), 45 min (1) 1325 1o
Inflorescences cannabinoids SLE acetone (1) mL (1) 45 min (2) HPLC-PDA/MS mg L
) EtOH (2)  25mL (2)
This work
Leaves, Flavonoids, DSLME Hydrophobi 5 /1 10 minutes, US UHPLC-PDA 0.25 This
stem cannabinoids c ES mg ! work
aSolid liquid extraction
b Ultrasound

¢ Not reported
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New class of tunable choline bromide-based hydrophobic deep eutectic solvents
for the extraction of bioactive compounds of varying polarity
from a plant matrix

This paragraph is reproduced from a published article
(Mastellone ez al., ACS Sustainable Chem. Eng., 2023, 11, 6665—6675)

Hydrophobic
ChBr-modified HBAs

............ N
-
N

Ammonium salts

2

\
I
1
1
I
1
H : NN NN
| EBE
1
I
C e
1
I
1
1

Choline chloride f

kg

Thymol

HDESs

Physicochemical Measurement of
characterization hydrophobicity
y

Application to the extraction of
polar/apolar compounds in C. sativa

158

Apnalytical Strategies For The Characterization Of Botanicals



Results and Discussions

159

Apnalytical Strategies For The Characterization Of Botanicals



Results and Discussions

3.4 New class of tunable choline bromide-based hydrophobic deep eutectic
solvents for the extraction of bioactive compounds of varying polarity from a plant
matrix

Choline chloride([Ch*][Cl~])-based DESs were among the first eutectic mixtures reported
by Abbott ez al. in 200321 They are the most studied types of DESs due to their relative
biodegradability and the low toxicity of [Ch*][Cl"]. Moreover, [Ch*][C]l~] can form DESs with a
wider variety of HBDs, contrary to other tetraalkylammonium salts. The chemical structure of
[Ch*][CI] features a hydroxyl group on one of the alkyl chain substituents, which is not present
in the structure of other tetraalkylammonium salts. Migliorati ez a/?'?> compared through
molecular dynamics simulations the arrangement of the hydrogen bonding network when
[Ch*][Cl7] and butyltrimethylammonium chloride are mixed with urea at a 1:2 molar ratio. The
unique three-dimensional structure of these DESs affects the melting point depression, which is
larger for [Ch*][Cl]-based DES due to more favorable interactions. However, the hydrophilic
nature of [Ch*][Cl7] makes it a less favorable candidate for HDES preparation. A number of less
hydrophilic salts are commercially available and have been used to prepare HDESs, such as
tetrabutylammonium bromide / chloride, tetraoctyl ammoniumbromide / chloride, and
ethyltrioctyl ammonium bromide/chloride. Contrary to [Ch*][Cl7], these alkylammonium salts
do not feature the hydroxyl group on one of the alkyl chain substituents which, as mentioned
above, is important for the formation of the hydrogen bonding network. The main goal of this
study was to obtain a novel class of hydrophobic compounds to be used in the preparation of
HESs. The chemical structure design of these new compounds was guided according to the
tollowing features: (i) low solubility in water and (i) capacity to form a hydrogen bonding
network. The structure of choline was employed as a model, and the length of alkyl chain
substituents appended to the ammonium head group was increased to improve the
hydrophobicity and broaden the range of application of the new compounds. Contrary to other
commercial ammonium salts, the hydroxyl functional group feature of choline was maintained,

thus improving the capacity of the new compounds to form hydrogen bonding.
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3.4.1 Synthesis of [Ch*][Br-]-modified salts

The aim of the first part of this study was to synthesize hydrophobic HBAs featuring
similar chemical structure to [Ch*][Cl] through modification of its chemical structure. To obtain
compounds with higher hydrophobicity, this study focused on the synthesis of choline derivatives
with longer alkyl chain substituents, while also maintaining the hydroxyl functional group. During
preliminary tests, [Ch*][Br] derivatives were found to be faster to synthesize and with a higher
yield than the corresponding chlorine salts. Moreover, the bromide salts exhibited lower solubility
in water (data not shown). Figure 1 shows the chemical structures of the three groups of salts
prepared in this study. For synthesis of groups A and B, two different approaches were employed.
Route (A) involved reaction of 2-dimethylaminoethanol and alkyl bromide to form surfactant-
like salts featuring a more polar head and long alkyl chain substituents (Figure 1A) or route (B)
where the amine and bromoethanol were reacted to form “bulky salts”, characterized by three
carbon chain substituents of equal length as substituents of the ammonium group (Figure 1B).
Tetrabutylammonium bromide and tetraoctylammonium bromide (Figure 1C) were chosen as
representative commercial salts to compare their physicochemical properties with those of the
synthesized [Ch*][Br] derivative. The NMR spectra for all synthesized compounds are provided
in the Appendix of this Thesis.

(A) Surfactant-like choline bromide salts

[Ni110 (20H)+] [Br] MW: 310.320 g mol N1, 14(20H)+] [Br] MW: 366.428 g mol!
Br Br
\ » \ -
AT T AT i A T e N W A T
@ OH
N1112com1Br]  vw: 338374 g mot [N1116om 1BY]  nrw: 304482 g mol
Br Br
. \ .
TR NI R D A A N
OH OH
(B) Bulky choline bromide salts (C) Commercial ammonium salts
[Niss3 (20H)+] [Br] [Ngss (20H)+] [Br] [N 444471[Br] [Ngsss'][Br]
MW: 268.239 g mol*! MW: 394.482 g mol MW: 322.375 g mol MW: 546.807 g mol

R AN
P E G 4

Figure 1. Chemical structures and molecular weight of the salts used in this study, where groups (A) and (B) were
obtained by chemical synthesis and group (C) was used for comparison purposes.
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3.4.2 Choice of the most suitable HBD for the preparation of [Ch*][Br]-based HES

After synthesizing HBAs, they were used in the preparation of HESs. According to
previous reports,202213214 several examples of alcohols, carboxylic acids and natural phenolics and
terpenoids have been employed as HBDs owing to their capability of interacting via hydrogen
bonding. To reduce the number of candidates for testing, the main criteria used in choosing the
HBD for combining with the synthesized [Ch*][Br]-modified salts included the overall
hydrophobicity, capability of forming a liquid HES at room temperature, and cost. Moreover,
compounds of natural origin enhance the greenness of the solvent. Ten compounds were tested
as HBDs with different HBA/HBD ratios (see Table 1). Thymol was able to easily form liquids
with all six [Ch*][Br]-modified salts at a molar ratio of 1:2 and was therefore selected for

subsequent studies.
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Table 1. Combinations and molar ratio of [Ch*|[Br]-modified salts and HBDs tested to form HESs. In green,
ESs liquid at RT, in yellow the one liquid at 40-50 °C and in orange the one that did not form.

HBD Octanoic | Decanoi | Dodecanoi | Eugen | Linolei @) Phenylpropano | Phenylacet Tcr;)r'mn_ Thymol

HBA acid c acid c acid ol c acid Menthol ic acid ic acid ool

(N 333 (20H) B 1:4 1.2 1:4 1:2
6o6com 1P 1:4 12 12 12 i) 13 12 12

N 1110 (20H)+] [Br] 13 1:3 1:2 1:2 1:2 1:2 1:2
1112 20H) "Br] 13 1:3 1:3 1:2 1:2 1:4 1:2
1114 20H) "Br] 1:3 1:3 1:3 1:3 1:4 1:2

N 1116 20H) Br] 1:4 1:4 1:3 153 1:4 | 12

3.4.3 Evaluation of the hydrophobicity of [Ch*][Br-]-based HES

Hydrophobicity of the proposed ESs is a fundamental parameter of this work to identify
new hydrophobic solvents that can easily separate from water. Florindo and co-workers?’? have
reported that the hydrophobicity of DESs can be evaluated by measuring their miscibility in
water. The initial water content of all six synthesized salts was measured by Karl Fischer analysis
after their preparation and storage in a vacuum oven prior to measurements. The ESs were then
placed in contact with water (see experimental section for details) and the measurement repeated.
According to the literature,?’? the initial water content of HESs after preparation is reported to
be in the range between 0.01 and 0.80 wt%, while when mixed with water, it can vary from 0.52
to 0.94 wt%. For [Ch*][Br]-based HDESs, the water content after preparation varied from 0.03
wt% to 0.62 % wt and increased to 0.98 wt% - 2.69 wt% after mixing with water, as shown in
Figure 2. These results are in agreement with the reported values, proving the hydrophobic
character of the solvents. Only the [N 333 com*][Br] : 2 Thymol ES yielded a water content

higher than 10 wt% after mixing with water.
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N6 66 GO iBre]: 2 Thymel .
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IN 1116 08D #1[Br-] -2 Thymol |y
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* not possible to measure with accuracy due to a value higher than 10%.
Figure 2. Water content (wt%) of [Ch*|[Br]-based HESs measured by Katl Fischer titration, before and after
mixing in water, expressed as the mean for n=3 replicates.

Since the second part of this study involved the use of [Ch*|[Br]-based HESs as
extraction solvents in aqueous solution, the stability of these eutectic mixtures in water was also
monitored by "H NMR. As reported below, the [N 333 con*][Br] : 2 Thymol DES was found to
be partially soluble in water, revealing a higher hydrophilicity compared to the other [Ch*][Br]-
based HESs. Despite the lower hydrophobicity of the [N 333 con™][Br] : 2 Thymol ES, it was
used in subsequent studies to compare its extraction efficiency with the other [Ch*][Br]-based

HESs. The NMR spectra are provided in the Appendix of this Thesis.

3.4.4 Characterization of selected [Ch*][Br]-based HESs in terms of viscosity and
melting point

The following four representative [Ch*][Br]-based HESs belonging to the three
investigated groups of HESs were selected for measurement of viscosity, melting point and
solvation properties: [N 1110 con*][Br] : 2 Thymol and [N 1116 con*][Br] : 2 Thymol for the
surfactant-like salts, [N 333 cony™][Br] : 2 Thymol from the bulky salts, and [N 444 4%][Br] : 2
Thymol for the commercial salts. With regard to thermal properties of the investigated HESs, it
can be observed from Table 2 that HESs comprised of surfactant-like HBAs often exhibited a
melt peak while no clear melting point could be identified for those comprised of bulky salts.

The viscosity measurements, reported in Table 3, showed that HESs composed of bulky HBAs
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possessed significantly higher viscosities of up to 2228.33 cP ([N4444"][Br] : 2 Thymol HES)
compared to only 138.96 cP for the [N111020m*][Br] : 2 Thymol HES that was comprised of a

surfactant-like salt.

Table 2. Melting peak/glass transition temperatures of HESs as measured by a Thermal Advantage DSC Q2000
instrument.

HDES T, (°C)= To (°C)P
[N1 1102008 *][Br] : 2 Thymol -64.2 g
[N1116200m)*][Br] : 2 Thymol -84.0 6.9
[N3 332001 "][Br] : 2 Thymol -44.1 i

[N 4447][Br] : 2 Thymol 432 -
[Ne6 6 200m7][Br] : 2 Thymol -89.9 -

aglass transition temperature, > melting peak temperature
“” no Tm/Tg peak was observed/reported

Table 3. Viscosity data obtained at 21.6 °C for all HESs.

HES Viscosity (cP)
[N1 110201 "][Bt] : 2 Thymol 138.96
[N1116200m7][Br] : 2 Thymol 96.14
[N33320m"][Br] : 2 Thymol 1856.33
[Ni444%][Br] : 2 Thymol 2228.33

[N1 11201 *][Br] : 2 Thymol -2

([Ch*][Br]) : 2 Thymol -
+ HES resembled a chunky solid at 21.6 °C

3.4.5 Characterizing hydrophobic [Ch*][Br-]-based HESs using infrared spectroscopy

To investigate the extent of hydrogen bonding between the HBA and HBD, all HESs
were studied using ATR-FTIR spectroscopy. Figure 3a demonstrates the FTIR spectrum
obtained for the [N3 33 200m)*|[Br] HBA. Vibrational band appearing at 3240 cm! corresponds
to O-H stretching while those occurring at 2969-2880 cm-! refer to a C-H stretching of a sp?
hybridized functional group. In Figure 3b, the FTIR spectrum for the thymol HBD is being
shown. While the O-H stretching band was observed at 3283 cm!, the C-H stretching of sp? and
sp? alkyl substituents were obtained at 3067-3036 and 2958-2868 cm'!, respectively. Additionally,
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overtone bending was identified between 1875-1709 cm and bands corresponding to C=C
stretching is shown at 1621 cm!. Figure 3c demonstrates the IR imaging for the [N3 33 201 "] [Br-
] : 2 Thymol ES and bands related to functional groups of both the HBA and HBD could be
seen. It was observed that the O-H stretching band at 3263 cm! was significantly broader and
much weaker compared to the corresponding band observed for the HBA and HBD in Figures
3a and 3b, indicating strong intermolecular hydrogen bonding interactions between the ES
components in comparison to the starting materials. Similar phenomenon was noted for other
HESs compared to their components, indicating that the hydroxyl functional groups of both the
HBA and HBD engage in strong hydrogen bonding interactions with the bromide hydrogen

bond base in order to form stable HESs.
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3.4.6 Influence of HBA on HES solvation properties

Three independent methods were used to evaluate the solvation properties of
hydrophobic [Ch*][Br]-based HESs. First, the most popular fluorescent dye polarity scales were
employed. A detailed description of dyes, equations and methods used to examine raw data from
the solvatochromic dye method are provided in the Appendix of this Thesis. Given that only
thymol was employed as the HBD and the HBA/HBD ratio was kept constant at 1:2 for all
HESs, only the effect of HBA was investigated. To estimate the polarity of bulky and surfactant-
like HBAs, the nile red polarity scale (ENR) was employed. Table 4 provides the ENR values for
4 HESs examined in this study. The polarity values ranged from (50.21%0.06) to (51.33%0.05)

and were generally very similar within the same class of HBA.

Table 4. Exg polarity values and Kamlet-Taft solvent parameters for HESs composed of [N1 110 2001 *][Br], [N1116
208 t][Br], [N33320m*][Br], and [Na4447][Br] HBAs and thymol as the HBD. The Exg values and Kamlet-Taft
solvent parameters are expressed as the mean for n=3 replicates and the standard deviation for each term is
provided in parenthesis.

HES Enr (kcal/mol) oa b ke
50.33 0.83 0.39 1.00
+ 4| o ,
[N1110208"][Br] : 2 Thymol (0.05) 0.02)  (0.02) (0.03)
50.45 0.80 0.33 0.98
+ . ;
(N1 1 1620m7][Br] : 2 Thymol (0.06) 0.03)  (0.03) (0.04)
50.21 0.86 0.49 1.02
e Al o
[N3 3520 *][Br] : 2 Thymol (0.06) 0.03)  (0.01) (0.02)
51.33 0.66 0.60 0.93
+ 1. .
[Nass47][Br] s 2 Thymol (0.05) 0.03)  (0.02) (0.01)

shydrogen bond donating ability, ® hydrogen bond accepting ability, < dipolarity/polarizability (=%)

To better understand the types of solvation interactions, the same HESs were further
investigated using the Kamlet-Taft solvent parameters. Values for the hydrogen bond donating
ability (), hydrogen bond accepting ability (8), and dipolarity/polarizability (n*). The hydrogen
bond donating ability varied from (0.66%0.03) to (0.86+0.03) and was observed to be significantly
higher for HESs possessing a hydroxyl functional group in the HBA due to an additional acidic
proton. Comparing the a-term values for the [N1110200m*][Br] : 2 Thymol (0.83£0.02), [N11 16
20m*][Br] : 2 Thymol (0.80£0.03), and [N333200m*][Br] : 2 Thymol HESs (0.86+0.03) reveals
no significant difference in hydrogen bond donating ability between the bulky and surfactant-like
hydrophobic [Ch*][Br]-based HBAs. In contrast, 3-term values were found to be (0.3910.02),
(0.33£0.03), and (0.4910.01) for the [N111020m*][Br] : 2 Thymol, [N11 16201 *][Br] : 2 Thymol,
and [N3 33200m) "] [Br] : 2 Thymol HESs, respectively, indicating that the hydrogen bond accepting
ability varies significantly between bulky and surfactant-like HBAs as well as within the same
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class. The [N33320m)"][Br] : 2 Thymol ES possessed a drastically lower hydrogen bond accepting
ability compared to the [N4444%][Br] : 2 Thymol HES (0.60£0.02), which can be attributed to
the presence of an additional acidic proton on the hydroxyl functional group that can interact
with the bromide anion and reduce its hydrogen bond basicity. In addition, HESs comprised of
bulky HBAs possessed higher hydrogen bond accepting ability compared to those comprised of
surfactant-like salts, irrespective of the presence/absence of the hydroxyl functional group.
Moreover, dipolar interactions were found to range from (0.93+0.01) to (1.02+0.02) but no

specific trend could be determined for the two types of HBAs employed in this study.

HESs comprised of the [Ni1 110 2¢0m)*][Br], [N1 116 200m)*][Br], [N33 3 2001 *][Br], [N444
4T][Br], and [N¢ 6 ¢ 2001 *][Br] salts as the HBA were further examined using inverse gas
chromatography between 40 and 60 °C. Given the volatile nature of thymol, triethylene glycol
(TEG) was chosen as the HBD in the preparation of ESs for IGC studies. All salts formed a
homogenous eutectic mixture with TEG at a molar ratio of 1:4; this molar ratio was kept constant
in order to investigate the effect of HBA on ES solvation interactions. The unique solvation
interactions were deconvoluted using the Abraham solvation parameter model and a detailed
description of equations and methods used to generate system constants from the model are
provided in the Appendix of this Thesis. Dipolar interactions were generally found to vary
between (1.79£0.07) and (2.25%0.006) at 60 °C and were observed to be lower for ESs comprised
of surfactant-like HBAs compared to those composed of bulky salts. The strength of dispersive-
type interactions was generally dependent on the length of alkyl substituents on the cation with
the lowest value of (0.5210.01) obtained for the [N33320m*|[Br] : 4 TEG ES and the highest 1
term value of (0.67£0.01) exhibited by the [N1 116 20m*][Br] : 4 TEG ES. ESs comprised of
bulky salts generally offered lower dispersive-type interactions compared to those comprised of

surfactant-like HBAs.

Like most classes of ESs, hydrogen bonding was among the strongest type of solvation
interaction measured. The hydrogen bond basicity ranged from (3.76£0.11) to (4.28£0.14) at 60
°C and was often observed to be higher for ESs comprised of bulky salts compared to surfactant-
like HBAs. Within the class of bulky HBAs, ESs that possessed longer alkyl substituents in the
cation exhibited higher hydrogen bond basicity, which is consistent with the trend previously

reported for both tetraalkylammonium and [Ch*][Cl]-based ESs?!>216, In contrast, longer alkyl
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functional groups in surfactant-like HBAs resulted in lower hydrogen bond basicity, as observed
in the b-term values for the [N111020m*][Br] : 4 TEG (4.1010.09) and [N1 116 200m*][Br] : 4
TEG ESs (3.76+0.11) at 60 °C. These trends are further supported by the chromatographic
retention behavior of alcohols (provided in Table 5), which are acidic in nature and can strongly
interact with the bromide anion. Additionally, the retention characteristics of basic probe
molecules, such as N,N-DMAC, also provide insights into the relative strength of hydrogen bond
acidity in these ESs. It was observed that N,N-DMAC produced retention factors as high as
48.04 on the [Ng662(OH)™][Br] : 4 TEG ES compared to only 37.04 on the [N11162(OH)*][Br
]:4 TEG ES at 60 °C, indicating that bulky salts exhibit higher hydrogen bond acidity compared
to surfactant-like HBAs.
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Table 5. Retention factors of various probe molecules at 60 °C measured on deep eutectic solvents comprised
of choline chloride and choline acetate hydrogen bond acceptors.

ESs

Probe [N111020m*][Br]: [Ni11620m*][Br] : [N3z320m*][Br]: [Nasssa][Br] : [Negs20m*]|[Br] :

4 TEG 4 TEG 4 TEG 4 TEG 4 TEG
Methanol 0.84 0.62 1.02 1.07 0.67
Ethanol 1.01 0.80 1.21 1.33 0.88
1-Propanol 2.13 1.80 2.26 2.56 1.042
1-Butanol 4.30 3.96 4.26 5.29 5.40
1-Pentanol 8.87 8.70 7.95 10.52 11.18
Cyclopentanol 12.67 11.80 12.30 14.50 15.17
1-Hexanol 18.41 19.03 13.99 20.84 29.58
Cyclohexanol 26.14 25.92 23.29 29.00 31.94
Napthalene 48.52 55.40 49.76 59.75 61.90
Nitrobenzene 55.35 50.97 55.07 69.72 75.04
Acetophenone 44.55 40.80 44.74 51.85 54.07
Benzonitrile 28.54 25.55 30.43 37.43 36.66
Benzaldehyde 18.91 16.89 20.05 22.44 22.76
N,N-
Dimethylformamide 18.72 16.07 21.19 19.77 21.72
(N,N-DMF)
N,N-
Dimethylacetamide 37.04 35.80 42.45 40.84 48.04
(N,N-DMAC)

Despite both being totally different approaches, it is vital that the results of the Kamlet-
Taft solvent parameters and the Abraham solvation parameter model are in complete agreement
with each other for solvation interactions that can be quantified using both methods, such as
hydrogen bond basicity and dipolarity. The trend in relative strength for hydrogen bond accepting
ability () was observed to be as follows: [N1 1 16 2008™][Br] < [Ni1 1 10 208*][Br] < [N333
201 '][Br] < [Ng4447][Br]. Comparing this with the a-term for the same ESs revealed a similar
trend for the same set of ESs. Cleatly, both methods indicate that surfactant-like HBAs offer
lower hydrogen bond basicity compared to bulky salts. This is useful in explaining some trends
observed in the extraction of flavonoids and cannabinoids. It was observed that flavonoids, such
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as luteolin 7-O-glucuronide and apigenin 7-O-glucuronide, generally resulted in higher extraction

with ESs that exhibit lower hydrogen bond basicity.

3.4.7 [Ch*][Br]-based HES for the extraction of phytochemicals with different polarity
from Cannabis sativa L. samples

After characterization of the [Ch*][Br]-based HESs, their applicability in the extraction
of natural compounds was explored. Apart from the extraction performance of the new solvents,
their compatibility with liquid chromatography was also investigated since chromatographic
techniques are fundamental for the analysis and study of plant metabolome to separate and
identify the analytes of interest in complex samples. In this sense, it was important to verify that
the signal of thymol (HBD in the HESs) in the chromatogram did not interfere with the signal
of the target analytes. Moreover, blank injections of MeOH 100% were regularly repeated within

the analysis of [Ch*][Br]-based HES extracts to detect potential carry-over.

When dealing with plant matrices, solvents able to extract a wide range of phytochemicals
are fundamental in obtaining extracts representative of the plant metabolome. The simultaneous
presence of hydrophilic domains (hydroxyl group and charge of ammonium) and long alkyl chain
substituents in the structure of [Ch*][Br]-based HESs may promote the extraction of
phytochemicals with different polarity. The aerial parts of fiber-type Cannabis sativa 1. were
chosen due to the rich phytocomplex comprised of several classes of non-volatile bioactive
compounds. As reported in Section 111.3.2, the main phytochemicals identified in this matrix
were flavonoid glycosides and non-psychotomimetic cannabinoid acids. The previous study
(Section I11.3.3) on neutral HESs composed of terpenoids compounds of natural origin have
highlighted that these solvents were capable of extracting cannabinoid compounds, but less

effective in the enrichment of the flavonoid fraction.

3.4.8 Optimization of the dispersive solid-liquid microextraction (DSLME) method for
the analysis of Cannabis sativa L. aerial parts

To evaluate the extraction performance of the proposed HESs for all target analytes
identified in the hemp sample, a DSLME method was firstly applied to a mix of representative
standard compounds (e.g., luteolin 7-O-glucuronide, apigenin 7-O-glucuronide and CBDA) in an
effort to simulate their behavior in a less complex system. The DSLME approach was employed
for simplicity and speed of the procedure while also reducing the amount of solvent to improve
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the enrichment of analytes in the final HES extract. To reduce the number of experiments, the
(IN 1116 com™][Br7] : 2 Thymol) HES was selected for use in the first part of the optimization.
The extraction was performed on 10 ug of the three standards following the procedure reported

in Figure 4.

Removal of the water
phase with a pipette

+100 uL of DES
=y ==
[~ ] = —
US (10 min) Centrifugation |G Filtration ,
- . & UHPLC-PDA
2mL of water _| Vortex (30 sec) (5 min) (PVDF 0.22pum)
30% (w/v) KBr
100 mg of plant 7' \_/

500 uL of MeOH 70%

Figure 4. Dispersive solid-liquid microextraction (DSLME) method used for the extraction of phytochemicals
from fiber-type Cannabis sativa 1.. aerial parts.

To improve transfer of analytes from the water layer to the HES, the addition of aqueous
solutions of KBr (30% (w/w) and 50% (w/w)) of the saturation concentration) was also tested.
Although NaCl is usually employed,?'” KBr was used to prevent an ion exchange reaction
between the [Cl] anion of NaCl and [Br] anion of [Ch*][Br]-bases HESs during the extraction
step. Figure 5a shows the results obtained when 0% (w/w), 30% (w/w) and 50% (w/w) of KBr
salt were examined. As expected, the addition of 30% KBr decreased the solubility in water of
the three analytes, thus favoring their partitioning to the HES phase. A further increase of KBr
in the water solution (50%) improved the enrichment of CBDA, while the extraction efficiency
of flavonoid glycosides was lower compared to that observed at 30% KBr. These results are in
agreement with previous studies in which a lower extraction efficiency at very high salt
concentration was reported?'8-220, This behavior can be ascribed to the increase of viscosity of
the aqueous solution, which results in a slower mass transfer. For this reason, an aqueous solution

containing 30% of KBr was selected as optimal solvent for the following steps.
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Fignre 5. (a) Optimization of KBr content (% of saturation concentration) in the DSLME method using

the [N 1116 com ][Br] : 2 Thymol HES as solvent (n=3) and (b) evaluation of the extraction
performance (evaluated as peak area) of the HESs under study for the three target analytes: luteolin 7-
O-glucuronide, apigenin 7-O-glucuronide and CBDA. The results are expressed as the mean for n=3
replicates.

Once the method was optimized, it was applied to study the extraction performance of
the [Ch*][Br]-based HESs on pure standard compounds. Figure 5b shows the extraction
efficiencies for the three analytes, expressed as chromatographic peak areas. In general, HDESs
formed from surfactant-like salts exhibit higher extraction performance for all compounds, with
a clear predominance of the [N 1110 com*][Br7] : 2 Thymol HES in the extraction of flavonoid

glycosides, while this difference is less marked for CBDA. It is noteworthy that the lower peak

area of flavonoid glycosides, observed in [N 1116 comy™]|[Br7] : 2 Thymol extract, may be due to
the breakage of bonds between the aglycone (luteolin or apigenin) and the sugar (glucuronic acid)
during extraction. To support this, Figure 6 shows the presence of two additional peaks in the

chromatographic profile of the extract, which were identified as luteolin and apigenin aglycone.
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These peaks are not present in the other extracts, suggesting that the long alkyl chain substituents

within the [N 1116 con*|[Br] salts may undergo interaction with the glycosidic bond present in

the flavonoid glycosides.

110000~

100000 =

80000 =

1 100 150 100 00 400

20 1) 650 min

Figure 6. Chromatographic profiles at 340 nm of the DSLME of luteolin 7-O-glucuronide, apigenin 7-O-
glucuronide and CBDA standard compounds, using [N 1110 con*][Br] : 2 Thymol (light blue), [N 1116 com*][Br-
] : 2 Thymol (blue), [N 333 com][Br] : 2 Thymol (green) and [N 4444%][Br] : 2 Thymol (purple) as solvents.
Peaks identification: 1. luteolin 7-O-glucuronide, 2. apigenin 7-O-glucuronide, 3. luteolin, 4. apigenin, 5. CBDA.

The shift of the peaks in the first part of the chromatogram is due to the interference given by the salts used as
HBAs

Once the method was optimized for standard compounds, it was applied for the
extraction of the non-volatile fraction of fiber-type Cannabis sativa L. aerial parts (see Figure 4).
In this case, the extraction was carried out with all six [Ch*]|[Br]-based HESs to investigate
differences in the extraction performance between all solvents. For comparison purposes, the
optimized DSLME method was also performed with the two HESs formed by the commercial
ammonium salts and with a eutectic mixture composed of menthol and linalool. The menthol :
linalool mixture was selected as reference because it was previously employed as an extraction
solvent for the same hemp sample??!. Figure 7 shows the extraction efficiencies obtained for the
target compounds expressed as chromatographic peak areas. The behavior of the [Ch*][Br]-
based HES, when the method was applied on the plant, slightly differs from that observed in the

aqueous solution (see previous paragraph).

175

Apnalytical Strategies For The Characterization Of Botanicals



Results and Discussions

[N 1110(20H) +][Br-] : 2 Thymol =[N 11 12 (20H) +][Br-] : 2 Thymol =[N 1 1 14 (20H) +][Br-] : 2 Thymol
®[N 1116 (20H) +][Br-] : 2 Thymol =[N 3 3 3 (20H) +][Br-] : 2 Thymol [N 6 6 6 (20H) +][Br-] : 2 Thymol
[N 4444 +][Br-]:2 Thymol [N 8888 +][Br-]: 2 Thymol ® Menthol : Linalool

1200000 100000

“"°°°-|..I:I..|.i.i.:l“|.i.i

800000 Varinic derivative b Varinic derivative ¢ Cannabinoid a CBNA THCA CBCA Cannabinoid b ;

s o

B .kl |
. -l_. a ﬂ- D -cmle el & ‘ i .-l._

&
o
£

Peak area

& & o«
& \ :5‘ .-‘ ;<\ ) F

B = & ¥ . ,«‘5‘ A

' & & C <

& 4 & a¥

W .I.s’% Target analytes in the sample

Fignre 7. Extraction performance (evaluated as peak area, expressed as the mean for n=3 replicates) of the
investigated HESs in the analysis of the non-volatile fraction of fiber-type Cannabis sativa L. aerial parts. The
identification of the analytes follows the one reported in Section I11.3.2: Cannabinolic acid (CBNA),
tetrahydrocannabinolic acid (THCA), cannabichromenic acid (CBCA), varinic derivative A/B and cannabinoid
A/B were putatively identified at class level through retentions times, maximum UV adsorption and tandem
mass spectrometry fragmentation patterns.

With regard to the flavonoid fraction, the peak areas were observed to increase in
accordance with an increase of the apolar tail length (from C10 to C16) of the surfactant-like
salts. In this case, the aglycones are not detected, indicating that the plant matrix prevents
degradation of the glycosidic bond. This may explain why, contrary to extraction from aqueous
solution, the [N 1116 con*][Br7] : 2 Thymol HES was more effective than [N 1110 com*]|[Br] : 2
Thymol HES in terms of extraction performance. As previously observed in the extraction of
pure compounds, the two HESs based on [Ch*][Br]-modified bulky salts provide lower
efficiency, with higher peak areas obtained for the [N 333 con*][Br] : 2 Thymol HES. A similar
trend is observed for the HESs based on commercial salts, where the shorter chains of the [N 4
4447|[Br7] : 2 Thymol HES appears to extract more analytes compared the [N gggs][Br7] : 2
Thymol HES. The peculiar chemical structure of the surfactant-like salts characterized by a long
alkyl chain substituent may assist in interaction of the solvent with the plant’s cell wall, which is
necessary for release of the target compounds. On the other hand, larger steric hindrance around
the ammonium group in the other salts may negatively affect interaction with the analytes.

Morteover, the viscosity data obtained for selected HESs (see Table 3) shows that bulky and
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commercial salts provide higher viscosity compared to surfactant-like HESs. This suggests that
the lower extraction efficiency of HESs based on bulky and commercial salts could also be a
result of their higher viscosity, which may interfere with transfer of the analytes from the plant
to the solvent??2. This is confirmed by the extraction efficiency offered by the menthol : linalool
eutectic mixture, which is higher or similar to the bulky/commercial salt-based HESs. Despite
the higher hydrophobicity of the terpenoid mixture, the viscosity of neutral HESs is typically

much lower compared to the ionic ones??3.

Regarding cannabinoid compounds, the extraction efficiency of the different HESs is
similar to those observed for flavonoids, except for the [N 44447][Br7] : 2Thymol HES, which
tollows a similar trend to that of the [N 1116 com™][Br7] : 2 Thymol HES. This could be justified
by the lower polarity of the [N 444 4%][Br] : 2Thymol HES, which provides more favorable
interactions with cannabinoids compared to the more polar flavonoid glycosides. The high
viscosity of the [N ssss*|[Br7] : 2Thymol HES negatively affected extraction of the cannabinoid

fraction, whose peaks were not detected in the chromatographic profile.

Based on these results, the [N 1116 cony™][Br7] : 2 Thymol HES appeared to be the best
among all eutectic mixtures tested with regard to analysis of phytochemicals with different
polarity in Cannabis sativa L. aerial parts. It exhibited higher enrichment of more polar compounds
while maintaining a similar extraction efficiency of cannabinoids compared to reference menthol
: linalool hydrophobic solvent. It is also interesting to highlight that [N 11 16 com)*][Br7] and
surfactant-like salts, in general, consist of simpler and faster synthetic processes and higher yields

compared to the bulky salts, thus enabling a more reliable application in analytical procedures.

3.4.9 Stability of HESs during the extraction

Due to its capacity in undergoing hydrogen bonding, water is supposed to undergo
interaction with the hydrogen bonding network of DESs??4, For this reason, it is important to
verify their stability when performing applications involving aqueous solutions. In the DSLME
method, an aqueous solution of 30% KBr is used as co-solvent to form a dispersion of the HES
in the sample. To verify that the HES remains intact during extraction, its 'H NMR profile was
compared before and after extraction. To avoid interference of the plant and analytes in the NMR
spectra, the extraction was carried out by substituting the plant material with 2 mL of KBr
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aqueous solution. The extraction was then carried out as reported in Figure 4 and the recovered
HESs diluted in deuterated solvent and subjected to NMR measurements. For all HESs, 'TH NMR
spectra showed the presence of both the HBA and HBD after the extraction, confirming that
hydrogen bonding is intact after dispersion in water and that the entire HES is responsible for
the extraction. The molar ratio between the HBA and HBD was also monitored and showed to
be stable after extraction. The only exception was the [N 333 com*] : 2 Thymol HES, where the
molar ratio between [N 333 cont| and Thymol changed after the extraction process. In fact, part
of [N 333 comnyt] dissolved in the water phase during the extraction and it was therefore found in
lower relative amounts in the HES phase. This behavior appears to be linked to its higher
hydrophilicity, already observed in the measurement of water content. The '"H NMR spectra of
[N 333 cony™] : 2Thymol and [N 1116 cony™] : 2 Thymol before and after the extraction are shown

in Figure 8.
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Fignre 8. "TH NMR of (a) [N 333 cont|[Br] : 2 Thymol HES before extraction in KBr 30% aqueous solution,
(b) [N 333 om™][Br] : 2 Thymol HES after extraction in KBr 30% aqueous solution, (c) [N 1116 con™][Br] : 2
Thymol HES before extraction in KBr 30% aqueous solution and (d) [N 1116 com*][Bt] : 2 Thymol HES after
extraction in KBr 30% aqueous solution.
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Ultrasound-assisted dispersive solid-liquid-based microextraction method with
eutectic solvents for the determination of cannabinoids
in different hemp products

This paragraph is reproduced from a published article
(Mastellone ¢ al., Journal of chromatography B, 2024, 1232, 123967)

i tiquid micro,
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3.5 Ultrasound-assisted dispersive solid-liquid-based microextraction method
with eutectic solvents for the determination of cannabinoids in different hemp
products

This study aimed to develop a simple ultrasound-assisted dispersive solid-liquid
microextraction method coupled to HPLC-PDA detection for the analysis of cannabinoids in
different hemp products. ESs with different physicochemical features (chemical composition and
hydrophobicity) were tested to find the optimal extraction solvent for the enrichment of
cannabinoids from complex matrices. The method was optimized to be easy adaptable for the
analysis of the aerial parts of Cannabis sativa L. collected before flowering, inflorescences, and a

commercial sample called CBD oil.

3.5.1 Phytochemical characterization of the hemp samples

The qualitative characterization of the three samples was performed by UHPLC-PDA-
ESI-MS/MS metabolite analysis, in order to identify the marker compounds to monitor in this
study. The characterization focused on the specialized non-volatile metabolites. For this step, the
reference methods (see Chapter 1I, Experimental) were used to extract all the compounds of
interest from the matrices. For the aerial parts (collected before flowering), qualitative data were
obtained from the previous study (Section IIL.3.2), in which flavonoids and non-
psychotomimetic cannabinoids were identified. For the inflorescences and the CBD oil a similar
chromatographic profile was obtained, and mainly cannabinoids (CBDA and CBD as the most
abundant) were found. The identification of CBDA and CBD was confirmed by the injection of
authentic commercial reference standards. As previously reported!?>, the content of cannabinoids
in C. sativa L. is lower before flowering, while it normally increases approaching the flowering
period. On the contrary, the polyphenols are more abundant before flowering. According to the
label, the CBD oil was composed of a hemp extract obtained with food grade solvent. Due to
the high content of CBD in hemp inflorescences of the plant, this extract was probably obtained
from the flowers, justifying the similar profile of the oil and inflorescences. The information

regarding the identification of the marker analytes under study are reported in Table 1.
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Table 1. List of identified and putatively identified compounds in fiber-type Cannabis sativa L. aerial parts,
inflorescences and CBD oil.

Mol.
Compound name A max? (nm) [M + F]*® [M - FJ-< Weight
m/z m/z

(g mol?)
Aerial parts’
Luteolin 7-O-glucuronide 347/253 463 461 462
Apigenin 7-O-glucuronide 336/266 447 445 446
Varinic acid detivative A 222/270/305 331 329 330
Varinic acid derivative B 222/270/305 331 329 330
Varinic acid detivative C 222/270/305 331 329 330
Cannabinoid unknown 263/328 347 345 346
Cannabinolic acid (CBNA) n0.e 355 353 354
Tetrahydrocannabinolic acid (THCA) 222/270/305 359 357 358
Cannabichromenic acid (CBCA) n.0.c 359 357 358
Cannabinoid unknown 270/305 375 373 374
Inflorescences and CBD oil
CBDA 222/267/306 359 357 358
CBD 210/273 315 / 314

2 UV maximum adsorption, P protonated ion, cdeprotonated ion, 4 Identification data obtained from?*, ¢ n.v. — not
visible

The chromatographic profiles at 254 nm of the three samples after conventional

extraction, are illustrated in Figure 1.
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Figure 1. Chromatographic profile at 254 nm of the (a) aerial parts, (b) inflorescences and (c) CBD oil, after
performing a solid-liquid MeOH extraction coupled to HPLC-PDA detection.
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3.5.2 Chromatographic method

Two chromatographic methods were used to achieve the optimal analytical separation of
the marker analytes in the three complex samples. The presence of both more polar (flavonoids)
and less polar (cannabinoids) compounds in the extract of the aerial parts required the
optimization of a longer chromatographic method, starting with a higher percentage of water
(85% instead of 70%) as mobile phase. Moreover, 5 ul. of aerial parts and CBD oil extract
samples were injected in the UHPLC system, while the injection volume for the inflorescences
was decreased to 3 pl of sample because of the high signal of CBDA which saturated the
detector, even after dilution of the extract. The same injection volume was used in the validation

of the method.

Mix solutions of the target compounds (CBD and CBDA) were injected at increasing
concentration, using the two adopted injection volumes, for the calibration curves preparation.
Calibration curves were linear with determination coefficients(R?) higher than 0.992. The LODs
were experimentally determined by decreasing the concentration of the analyte until a signal-to-
noise ratio (S/N) of 3 was obtained. The LOQs were estimated as S/N of 10 and experimentally
verified by injecting the standard compound at the predicted concentration. The LOD ranged

between 0.03 pg mL~ ! and 1 pg mL~1, and the LOQ between 0.1 pg mIL.- ! and 4 ug mL~1.

3.5.3 Choice of the extraction solvent

Eutectic solvents (ESs) were selected as extraction materials for their desirable properties
such as low cost of raw materials, low vapor pressure (compared to conventional organic
solvents) and easy preparation??>. Moreover, the possibility to easily vary their composition allows
to overcome some limits of conventional solvents which are normally characterized by a low
chemical tunability. From previous studies??1.220) we selected two types of ESs, which have
demonstrated good extraction performances for the analysis of the aerial parts of fiber-type

Cannabis sativa L.. Table 2 reports several properties of the ESs used in this study.

187

Apnalytical Strategies For The Characterization Of Botanicals



Results and Discussions

Table 2. Properties of the eutectic solvents adopted in this study.

Molecular C iallv Molecular C sallv | Mol Water
ID | HBA: weight OMMEICIAY | HBD<  weight oramerciatly | Volat | solubility
available ‘ available ratio /
(g mol1)P (g mol1)P (wt%)d
Nig | I S 10394482 no Thymol  150.22 yes 1:2 2.41
eom*][Br]
ML Menthol 156.26¢ yes Linalool 154.25 yes 1:1 0.63

Further information about the characterization and properties of the ESs are reported in
Section 111.3.3 and II1.3.4. The first solvent (N16) is formed by a [Ch*][Br]-modified salts as
HBA and thymol as HBD, at 1:2 molar ratio. The HBA was synthetized by the authors, and it is
characterized by a long alkyl chain with 16 carbon atoms as one of the substituents of the
ammonium group. The second mixture (ML) is a natural eutectic solvent formed by menthol and
linalool at a 1:1 molar ratio. Apart from the different chemical structure of the components
forming the two ESs, they also distinguish for the different hydrophobicity, higher for the natural
ESs. The hydrophobicity was calculated by Karl Fischer titration, measuring the water content
after preparation and after mixing the solvent in water (as previously reported in Section II1.3.3

and 111.3.4).
3.5.4 Application of the extraction method on different hemp products

An ultrasound-assisted dispersive solid-liquid microextraction (UA-DSLME) method
using ESs was used for the analysis of cannabinoids in the three different hemp products. This
method was selected as an alternative of conventional extraction approaches for the simplicity
and speed of the procedure while also reducing the amount of solvent to improve the enrichment
of analytes in the final extract. The UA-DSLME was optimized in the previous work (Section
II1.3.3) for the extraction of polar and less polar compounds from the aerial part (leaves and
stems) of the plant collected before flowering. The optimized UA-DSLME was then tested on
hemp inflorescences and CBD oil to evaluate the applicability and versatility of the method on
samples with different features. Compared to leaves and stems, inflorescences are characterized
by an oily texture because of the high content of resins which are produced by glandular
trichomes, mainly present in female flowers!7#. The presence of these resins made the sample
extremely hydrophobic, preventing the plant to enter completely in contact with the aqueous
solution, used in the UA-DSLME method. During the extraction, the KBr aqueous solution acts

as co-solvent, favoring the transfer of the analytes from the sample to the ES phase. For this
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reason, the inflorescences were moistened with few microliters of EtOH 100% before adding 2
mL of KBr 30% w/w aqueous solution and 100 pL of ES. Moreover, the amount of sample to
extract (100 mg for the aerial parts) was reduced to 20 mg because of the high content of
cannabinoids which saturated the signal of the HPLC-PDA system. For the same reason, once
collected, the ES rich phase was diluted with 4 mL of EtOH 100%, instead of 500 uL. of MeOH
70%. In the case of CBD oil, only one centrifugation step was necessary to isolate the ES rich
phase which was then diluted with 200 uL. of EtOH 100%, prior to injection in the HPLC system,
because of the lower content in marker analytes. In the case of the inflorescences and CBD oil,
the final extracts were diluted in EtOH which presents a lower toxicity compared to MeOH.
Regarding the aerial parts, MeOH was used to avoid the back-extraction of chlorophylls, which
is more abundant in the herbaceous parts of the plants. When the UA-DSLME was performed
with ML for the analysis of CBD olil, it was not possible to separate the ML phase from the oil,
after the centrifugation step. Contrary to N16, ML is more hydrophobic and easily solubilized in

the oil phase. For this reason, the extraction was performed only with the [Ch*][Br]-based ES.

With the above mentioned few modifications (see Figure 2 for details), the developed
UA-DSLME method resulted to be a versatile and robust approach for the analysis of hemp

samples with different physicochemical properties.
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Figure 2. Ultrasound-assisted dispersive solid-liquid microextraction method optimized for the analysis of
different hemp products (acrial parts, inflorescences, and CBD oil). The differences between the procedures
are highlighted in yellow.
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The chromatographic profiles obtained at 254 nm, for the three hemp products, are
shown in Figure 3. As reported in our previous study??¢, N16 ES allowed to increase the
extraction of the more polar flavonoid compounds while maintaining a similar extraction
efficiency of cannabinoids compared to the reference ML hydrophobic solvent. As for the
inflorescences, the extraction of both the acidic and neutral forms of CBD was improved with
N16 solvent. The hydrophobic properties of [Ch*]|[Br~]-based HESs, together with hydrophilic
domains (hydroxyl group and charge on the ammonium group) seem to facilitate the interaction

with both polar and less polar compounds.

Apart from the extraction performance of the ESs, their compatibility with reverse
phase liquid chromatography was also investigated since chromatographic techniques are
fundamental for the analysis and study of plant metabolome to separate and identify the analytes
of interest. The single components of the ESs (menthol, linalool, N16 and thymol) were injected
to verify that the signal of the solvent (if present) did not interfere with the one of the target
analytes. Only thymol, which features an aromatic ring in its structure, absorbed at the

190

Apnalytical Strategies For The Characterization Of Botanicals



Results and Discussions

wavelengths of analysis, however its signal did not interfere the signal of the analytes, as shown
in the chromatograms reported in Figure 3. Because of the high concentration of thymol, blank
injections of MeOH 100% were regularly repeated within the analysis of the extracts to detect

potential carryover.

191

Apnalytical Strategies For The Characterization Of Botanicals



w
20000

175000 —
150000~

125000

100000 _

)—glucuronid%:

H
|

100060 —

Luteoilin7 ¢

-125000

150000 —

250000
25000 -

200000

150000 —
125000

100000
75000

50000

120000 2
110000~
100000 —
oo
K000 =
70000

0000

50000 _
10000 =
10000
20000 =

10000

|
\

JA

Results and Discussions

Thymol

Hemp aerial parts extracted with ML

M

|

, | |
I WM ot M e [ SR NN | VY |
g < R0 g =
2 [P R z
= R 2
3 £ EEZ 2
&b 2 EEE =
3 g 53°= =
ol o TTT o
~ U 99D ‘s
= gd28 = 2
g EEE G 2
5 2 53z< =2 =g
& =258z EHE
& 188 | o8
- U [}
. | ! | ! ! L ' o
100 150 200 250 00 350 00 50 s00 550 a0 win
@
<
[=]
a
&)
Tlemp inflorescenses extracted with ML
g o)
= Jas]
= | o
s g s ) S PRy TU TS Y | O fosespas = masiesagen e o
] . ; s 7 R = T
wo 150 00 50 200 350 0 450 500 min
<
=)
=2}
(&
)
g
=8
= a
a 2
~
50 0o 150 " an " s " e " ase w0 asn " san " i

©

Figure 3. Chromatographic profiles at 254 nm, obtained after the UA-DSLME coupled to UHPLC-PDA of (a)
hemp aerial parts (b) hemp inflorescences and (c) CBD oil. For name abbreviation, see Table 1.
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3.5.5 Evaluation of the matrix effect

Matrix effect is known to affect the efficiency of chromatographic separation and the
extraction efficiency of marker analytes, especially in the analysis of complex matrices 227228,
Considering the complexity of the hemp samples under study, the contribution of matrix effect
in the analysis of cannabinoids, was evaluated in the validation of the UA-DSLME approach
developed. To reduce matrix effect during calibration, different strategies are available, among
the main: (1) standard addition, (2) isotope labeled internal standard, and (3) matrix-matched
calibration. The first approach is used when a blank matrix is not available, however in the case
of analytes at high concentration (e.g. CBDA in the inflorescences) high amount of standard are
necessary to build the calibration curve. The use of stable isotope labeled internal standards (SIL-
ISs) is considered a valid approach to overcome ME, but the main disadvantages is the high cost
and stability of SIL-ISs during sample preparation (deuterium can be exchanged with hydrogen)
227To develop an affordable and easy applicable validation method, matrix-matched calibration
was selected. In this case, the marker analytes are spiked to a blank sample and a linear calibration
curve is built. The main disadvantage when studying specialized metabolites in plants is to find a
matrix exactly similar to the sample and free of the analytes under study. To overcome this
problem, an exhaustive extraction of the marker analytes was performed on the aerial parts and
inflorescences of the plant, in order to obtain a matrix with similar characteristics to the real
samples, avoiding the use of artificial matrices (made to simulate the authentic matrices in terms
of composition, salts content, analyte solubility...), which can be tedious and challenging to

prepare.

CBD oil is normally prepared by mixing CBD (usually in form of extract or inflorescences)
with a carrier oil 2. According to the label of the CBD oil used in this study, the hemp extract
rich of CBDA and CBD was solubilized in fractionated coconut oil. While in the case of aerial
parts and inflorescences, the exhausted blank matrix was employed for the validation of the
method, pure coconut oil was used for CBD oil. The comparison of the chromatographic profile

between the blank and the real samples is shown in Figure 4.
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Figure 4. Comparison of the chromatographic profile at 254 nm of the (a) aerial parts, (b) inflorescences and
(c) CBD olil, before and after an exhaustive extraction of the marker compounds.

For each sample, increasing concentrations (n=4) of CBDA (for aerial parts, where only
cannabinoid acids were present) and CBDA and CBD (inflorescences and oil) were spiked to the
blank matrix in order to build a calibration curve. The following ranges were used: 1.5 — 6 ug ml.-

I for CBDA in the aerial parts, 0.8 — 4 ug mL-! for CBDA and CBD in the inflorescences, and
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0.25 — 4 pg mI! for CBDA and 2 — 6 pg mL! for CBD in the oil. The same calibration curve
was built without the sample (blank), adding the standard mixture in water. For both the
approaches, after the addition of the standard mix, the UA-DSLME with the two ESs (ML and
N16) was performed.

The matrix effect (ME) of the three hemp extracts was calculated as the slope of the
calibration curve built on the blank matrix (ki) versus the one without the sample (k) using the

following equation 230
ky

Table 3 reports the ME value for the aerial parts, inflorescences and CBD oil after
performing the UADSLME with ML and N16. The ME ranged from 26.56 % to 83.27% with
higher values for the oil. These results highlighted the important contribution of the matrix effect
that could not be overlooked for all the tested samples. For this reason, the calibration curves

obtained in the blank matrix were used to measure the analytical performances of the method.
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Table 3. Linear equations and matrix effect (ME) under different conditions for aerial parts, inflorescences
and CBD olil after performing the UA-DSLME.

Aerial parts
Eutectic solvent ML
CBDA y = 12892x + 21655 y = 9809x + 10670 23.9
Eutectic solvent N16
CBDA y = 27909x + 64828 y = 7740x + 19854 72.3
Inflorescences
Eutectic solvent ML
CBDA y = 6687x — 643 y = 4308x + 1345 35.6
CBD y = 655x — 466 y = 482x — 315 26.6
Eutectic solvent N16
CBDA y = 6953x - 557 y = 2962x + 1509 57.4
CBD y = 751x — 851 y = 385x — 35 48.7
CBD i/
Eutectic solvent N16
CBDA y = 64438x + 4044 y = 29651x + 1909 54.0
CBD y = 5671x —-463 y = 949x + 262 83.3

3.5.6 Analytical performance of the UA-DSLME method

As described in the previous section, the method was validated using a matrix-matched
calibration, performing the entire UA-DSLME-HPLC-PDA method on blank matrices. CBDA
and CBD were used as reference standards for the validation and quantification of cannabinoid
acids and neutral, respectively, due to the similar physicochemical features. The neutral form
usually presents two UV absorbtion maxima at 210 and 270 nm, while the acid form three UV
absorbtion maxima at 220, 270 and 305 nm. Table 4 reports several quality analytical figures of
merit of the method, the linearity range, the calibration sensitivity (evaluated as the calibration
slope), determination coefficient (R?), limit of quantification (LOQ)), accuracy, enrichment factor
(EF) and intra-day RSD. The X selected for quantification of both CBDA and CBD was 270 nm.
The LOQs were estimated as S/N of 10 and experimentally verified by injecting the standard
compound at the predicted concentration. LOQ values ranged from 0.1 pg mL.= ' and 1 ug ml.~
1, depending on the matrix and solvent employed. The intra-day repeatability of the method was
evaluated in terms of RSD (%) after performing three independent experiments within the same
day. The intra-day RSD values were lower than 10%, showing a good precision of the method.
The EF was calculated at 2 pg'ml.-! concentration of the standards mix and varied between 2
and 20. The accuracy of the method was calculated by testing the capacity of the matrix-matched
calibration curves to predict a specific concentration in the real samples. The values ranged from
82% to 118%, showing a good accuracy of the developed method.
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Table 4. Analytical performance of the overall UA-DSLME method for the determination of cannabinoids using

ESs.
Working (Slope * LOQ!
Compound range SD#) R2b Sy/x¢ %0 em]t EFe Accuracyf RSDs
(pg-mL1) 103 (ug-mL-)
Aerial parts
Eutectic solvent ML
CBDA 1.5-6 9.9 0.992 5.93 1 5 108 4.59
Eutectic solvent N16
CBDA 1.5-6 7.7 0.995 5.21 0.6 6 116 2.43
Inflorescences
Eutectic solvent MLl
CBDA 0.8-4 4.6 0.998 3.35 0.3 4 99 5.71
CBD 0.8-4 0.5 0.999 0.07 0.5 20 82 3.38
Eutectic solvent N16
CBDA 0.8-4 34 0.992 7.84 0.3 5 92 1.96
CBD 0.8-4 0.4 0.992 6.88 0.5 20 91 4.69
Oil/
Eutectic solvent N16
CBDA 0.25-4 36.1 0.993 8.96 0.1 3 118 5.26
CBD 2-6 1.0 0.998 2.67 1 2 104 8.21

a Standard deviation of the slope,  Determination coefficient, ¢ Standard deviation of the residuals in percent (or
error of the estimate), 4 Limit of quantification, were estimated as S/N of 10 and experimentally verified,
Enrichment factor, calculated on a standard concentration of 2 ug-mL-1, f Accuracy, calculated on a standard
concentration of 3 pg-ml! for oil and inflorescences and 5 pg ml-! for aerial parts, 8 Intra-day relative standard
deviation (n=3)
Figure 5 shows the quantification data, expressed as mg of cannabinoids in mL of extract of aerial
parts, inflorescences, and CBD oil. The data were obtained performing the UA-DSLME method
with both ML and N16 solvent. As already observed in the comparison of the chromatographic
profile, N16 improved the enrichment of cannabinoids from the inflorescences (0.714 mg mL.-!
for CBDA and 0.357 mg mL! for CBD with N16 zersus 0.224 mg mL-1 for CBDA and 0.174 mg
mL1 for CBD with ML) while no relevant difference between the two solvent was found in the
extraction of cannabinoids from the aerial parts. Because of the impossibility to perform the
extraction of CBD oil with ML, quantification results were obtained only for N16. These results
highlighted that the characteristics of the samples under study highly affected the overall
analytical method, in terms of sample preparation and analytical performance. Even in the case
of inflorescences and aerial parts samples, where the physicochemical differences are less evident
(compared to CBD oil), the extraction performance of cannabinoids varied according to the

solvent used.
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obtained after performing the UA-DSLME with ML and N16 solvents (n=3).

3.5.7 Comparison with other extraction methods

When developing new extraction methods, it is fundamental to compare the procedure
and the analytical performance with reference methods reported in literature. Table 5 provides
several examples of extraction methods developed for the analysis of cannabinoids in the aerial
parts, inflorescences of C. satival.. and CBD oil, together with the methods reported in this study.

Organic solvents, such as EtOH or MeOH, are normally employed for the extraction of
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cannabinoids, independently from the matrix under study. Hydrophilic DESs have also been
successfully applied for the analysis of cannabinoids in hemp leaves. In the case of CBD oil, the
most common approach is the dilution of the oil before the injection into the analytical platform.
The direct injection of oil samples in the LC system can lead to some problems, depending on
the viscosity and complexity of the carrier oil used to prepare CBD oil. The dilution of the sample
can help to solve this drawback, but it can affect the enrichment of marker analytes and the limit
of detection of the method. For most of the methods reported, external calibration is used for
quantification. As shown by this study, matrix effect highly influences the response of marker

compounds and it should be taken into consideration during the validation of the method.
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Table 5. Analytical methods adopted for the determination of cannabinoids in different hemp products.

Extraction . .. .

Sample (g) Analytes Sample material Analytical Quantitative LOD= of Ref

treatment platform method CBD

(mL)
Aerial parts (no flowers)

Leavesand ¢ nnabinoids UA-DSLME ~ ESs (0.1) ~ UHPLCPDA ~ Matrix-matched = 0.3-01 - This
stems (0.1) calibration pg-ml! work
Leaves and 12 Solid-liquid UHPLC-PDA- External -
stems (0.1) cannabinoids extraction MeOH (15) MS calibration /
Leaves and Sy 0.0004-

14 Solid-liquid External 5
stem barks cannabinoids extractcilon MeOH (20) - HPLC-UV-MS calibration 0.004 "
0.4 pg ml1

Solid-liquid ~ Hydrophilic External s
Leaves (0.2) CBD extraction DESsb (5) HPLC-UV calibration /
Inflorescences
Fiber-type . .
cannabis CBDA,CBD UA-DSLME  ESs (0.1)  HPLC-PDA  Matix-matched 0.4 This
(0.02) calibration pg-mlt work
Solid-liquid
. traction
Fiber-type - e HPLC-PDA- External 0.7 -
cannabis(0.25) 4 cannabinoids [(Ei\é N EtOH (10) MS/MS calibration pug mlL1
MAE:e, SFEf)
Fiber-type e
cannabis 5 cannabinoids  oidlaud yo 5y HPLCUY Fxternal / 232
extraction calibration
(0.05)
Solid-liquid
Fiber-type extraction External 0.07 192
cannabis (0.4) CBDA, CBD (DM, UAE, EtOH (20) UPLC-PDA calibration ug ml1
MAE)
Oil
MCTs from . .
. UA- Matrix-matched 1 pg'ml- This
E(())i())nut oil CBDA, CBD DSILME ESs (0.1) HPLC-PDA calibration ’ work
lef.eren.t CBD, THC Dilution MeOH /wat HPLC.PDA Egtergal 0.25 3
cartier oil (/) er (/) calibration pg mlt
Different 11 Isopropanol External
carrier oil binoid Dilution /MeOH  HPLC-PDA Thontie / 254
0.01) cannabinoids 0.8) calibration
Hemp leaves D .
oil extract CBDA, CBD Liquid hqmd ACN (0.5) HPLC.PDA Matng—mgtched 1.94 s
extraction HxO (5) calibration pL-ml1

(0.1)

a Limit of detection, » HBA: Choline chloride, betaine, HBD: D-sorbitol, urea, oxalic acid, benzoic acid, citric acid,
ethyl tartrate, zinc chloride, lactic acid, glycerol, salicylic acid, succinic acid, mannitol, acetamide, ¢ Dynamic
maceration, 9 Ultrasound-assisted extraction, ¢ Microwave-assisted extraction, f Supercritical fluid extraction, 8
Medium chain triglycerides
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3.5.8 Measurement of greenness of the method using AGREEprep, BAGI and SPMS
metrics

Several green metrics have been developed in recent years to “measure” objectively the
greenness of analytical procedures. Every metrics consider different aspects of the analytical
method and it is important to select the most suitable metric according to the procedure
employed and the information that the user want to obtain'®. In this study, sample preparation
step was the fundamental and most critical part of the overall method. In fact, the complexity of
the matrices under study required a sample pre-treatment before the analysis in the HPLC-PDA
system. Sample preparation is known to have a significant impact on the sustainability of the
overall analysis process as they often require the use of disposable materials, energy-consuming
equipment and instrumentation, and extraction methods that employ harmful solvents. The UA-
DSLME method developed aimed to improve several of the listed aspects, anyway sample
preparation was still necessary. AGREEprep metric is the modified version of AGREE tool and
was developed to measure the impact of sample preparation 2. For this reason, AGREEprep
was selected to compare the greenness of sample preparation methods used in this study. Figure
6 shows the comparison of the pictograms obtained for the UA-DSLME on the aerial parts,
inflorescences and CBD oil, using N16 and ML solvents and the one obtained for the reference
MeOH extractions (see Chapter II). The energy consumption was measured with a Zhurui PR10
power meter plug (Zhurui, China). The overall outcome gives by the metric goes from 0 to 1,
where 1 means that the criteria of green sample preparation (GSP)!5 are completely fulfilled. As
shown in Figure 6, the UA-DSLME approaches have similar scores (around 0.5), meaning that
the principles of GSP are partially satisfied. Low values are attributed to ex siz# sample preparation
(criterion 1), due to the impossibility to integrate this step with sampling. Moreover, the
developed UA-DSLME is a manual procedure with no degree of automation (criterion 7). In
fact, specific and customized tools would be necessary to fully-automated this method. The use
of HPLC is also considered a negative aspect due to the high consumption of energy and solvent
(criterion 9). On the other hand, the use of a low volume (100 uL) of natural solvents is positively
considered by the metric. The few modifications applied for the UA-DSLME on inflorescences
allowed to obtain slight improvements to the greenness, due to the low sample amount required
(20 mg) and the replacement of MeOH with EtOH (lower number of pictograms in the material

safety data sheet) in the final dilution. Regarding CBD oil, only one centrifugation step was
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necessary to separate the sample from the ES rich phase, simplifying and reducing the number
of sample preparation steps to perform. In general, the use of N16 ES slightly reduced the
greenness of the method, due to the synthetic process necessary to obtain the [Ch*][Br]-modified
salt. However, as previously discussed, N16 can improve the extraction of some marker analytes,
thanks to its peculiar structure, justifying its application. In this regard, several authors have
highlighted that in the development of analytical methods, the greenness of a methodology
should not be at the expense of its functionality?>236. For all the three hemp samples, the use of
UA-DSLME improved the final score of the method, compared to the reference one. Regarding
the aerial parts and the inflorescences, the main drawbacks of the reference method are the use
of quite high volume (15 mL) of MeOH and the need to purify the extract by SPE, making
tedious and time-consuming the entire process. The low score obtained for the MeOH extraction
of CBD oil is due to the high energy consumption necessary to freeze the oil and separate the
MeOH layer. Moreover, this approach has a low sample throughput, because each sample require

1 hour of freezing before being analyzed.
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Figure 6. Pictograms obtained with AGREEprep?! for the UA-DSLME and reference methods using ML, N16
and MeOH solvents for the analysis of the aerial parts, inflorescences and CBD oil. Criterion considered by
the metric: 1. Sample preparation placement, 2. Hazardous material, 3. Sustainability and renewability of
materials, 4. Waste, 5. Size economy of the sample, 6. Sample throughput, 7. Integration and automation, 8.
Energy consumption, 9. Post-sample preparation configuration for analysis, 10. Operator's safety.

More recently, other metrics, namely Blue Applicability Grade Index (BAGI)?>" and
Sample Preparation Metric of Sustainability (SPMS)23 have also been introduced. The first
focuses on measuring of the productivity and practical efficiency of the method, a parameter
already introduced by Novak ¢z a/. with the concept of White Analytical Chemistry?2. The second
aims to exclusively evaluate, in term of sustainability, the sample preparation step, without

considering the sampling and the instrumental technique, parameters normally covered by other
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metrics. As for AGREEprep, the two metrics were applied to the UA-DSLME method on the
aerial parts, inflorescences and CBD oil, using N16 and ML solvents and to the MeOH reference

extractions. The pictograms are reported in Figure 7 and 8.
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Aerial parts
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Figure 7. Pictograms obtained with BAGI metric??, for the UA-DSLME and reference methods using ML, N16
and MeOH solvents for the analysis of the aerial parts, inflorescences, and CBD oil. Criterion considered by the
metric: 1. The type of analysis, 2. The number of analytes that are simultaneously determined, 3. The analytical
technique and required analytical instrumentation, 4. The number of samples that can be simultaneously treated,
5. The sample preparation, 6. The number of samples that can be analyzed per hour, 7. The type of reagents
and materials used in the analytical method, 8. The requirement for preconcentration, 9. The automation degree,
10. The amount of sample.
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Figure 8. Pictograms obtained with SPMS metric?8, for the UA-DSLME and reference methods using ML,
N16 and MeOH solvents for the analysis of the aerial parts, inflorescences, and CBD oil. Criterion considered
by the metric: 1. Sample amount, 2. Amount of extractant, 3. Nature of extractant, 4. Number of steps, 5.
Extraction time, 6. Additional steps after extraction, 7. Samples throughput, 8. Dispersion/stir, 9. Separation,
10. Temperature, 11. Waste, 12. Reusable.

Table 6 reports the final scores and the color code obtained for each method by the three
metric tools. In terms of greenness, a similar ranking was obtained by AGREEprep and SPMS,
where the UA-DSLME method with natural ESs was classified with the highest score. The
methods developed in this study, mainly differ for the sample preparation step, while the
sampling and the instrumental part are similar. Indeed, the use of a chromatographic technique

reduces the “absolute” greenness of the developed methods when evaluated with AGREEprep
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(about 50% of the maximum score in contrast to 65-80% obtained with SPMS). Moreover, it can
be observed that no difference can be seen for the UA-DSLME methods applied to solid samples
(aerial parts and inflorescences) with the SPMS metric, showing that the improvements due to
further miniaturization and the replacement of MeOH by EtOH are not recognized. The
classification given by BAGI was less effective to distinguish between the different methods,
because the criteria considered by this metric are more focused on the productivity (e.g multi-
element analysis, degree of automation) and less on the greenness of the method (e.g nature of
the extractant, operator safety). For instance, the extraction of compounds from different
chemical classes (i.e flavonoids and cannabinoids) in the aerial parts, was positively evaluated by
BAGI. Because the aim of this study was to improve the sustainability of a method applicable
for the determination of phytochemicals in different hemp matrices, AGREEprep and SPMS
gave a better understanding of the strengths and weaknesses of the developed approaches.
Because several green metrics have been proposed so far, depending on the application, it is

important to select the best tool to obtain feedback in line with the scope of the analysis.
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Table 6. Total scores of the analytical methods used in this study, obtained by AGREEprep, BAGI and SPMS

metrics.
Method Sample Extraction 4 GREEPreps  BAGI>  SPMSe
material

Developed methods
. ML 0.49 7.89
UA-DSLME Aerial parts N16 0.44 6.42
ML 0.57 7.89
UA-DSLME Inflorescences N16 0.46 6.42
UA-DSLME Oil N16 0.53 6.63

Reference methods
SLE Aerial parts MeOH 3.47
SLE Inflorescences MeOH 3.47
SLE Oil MeOH 0.38 5.47

2 Global score: from 1 if the criteria is completely fulfilled to 0 if not fulfilled, color code: from green (completely
tulfilled) to red (not fulfilled)?!, » Global score: from 100 if the criteria is completely fulfilled to 25 if not fulfilled,
color code: dark blue for high, blue for medium, light blue for low, and white for no compliance with the set
criteria®’, < Global score: from 10 if the criteria is completely fulfilled to 1 if not fulfilled, color code: green for
successful, yellow for acceptable, orange for tolerable, and red for inadequate?3s.

The determination of the chemical composition of established and emerging hemp

products is of utmost importance for regulatory authorities, to guarantee the efficacy and safety

in the use of these products. The main challenges of these analyses are related to the complex

phytochemical profile of Cannabis sativa 1. and the diversification of hemp products, that also

includes forms of cannabis available on the illicit drug market.
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Metal-organic frameworks in matrix solid-phase dispersion
for the extraction of phytochemicals from Cannabis sativa L. aerial parts

Sample: Cannabis sativa 1.
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3.6 Metal-organic frameworks in matrix solid-phase dispersion for the extraction
of phytochemicals from Cannabis sativa L. aerial parts

This Thesis has mainly investigated the extraction performances of liquid phases for the
detection of phytochemicals in plant matrices. In fact, due to the complexity of plant samples
(most of the matrices are solid), liquid phases are normally preferred since they easily interact
with the analytes of interest thanks to solvation properties. However, sorbent-based extraction
approaches have also attracted much attention due to the possibility of taking advantage of
material science technologies to prepare smart and task-specific solid materials'h197. As described
in the introduction, a number of solid sorbents have been used as extraction phase in analytical
methods. Metal-organic frameworks (MOFs) are a class of crystalline materials composed of
metal ions connected by organic ligands through coordination bonds. These materials are
characterized by the presence of accessible cages, tunnels and modifiable pores, and exhibit the
highest known surface areas. Due to their impressive features, together with their versatility,
MOFs have gained significant attention in different scientific field, including sample preparation.
In this field, MOFs are employed as sorbents in different procedures, including solid-phase
extraction and different modes of solid-phase microextraction®-2. However, few data are
available regarding the capacity of MOF to extract phytochemicals from plants. In this study, we
proposed the use of MOF as sorbent in matrix solid phase dispersion (MSPD) to extract non-
volatile phytochemicals from Cannabis sativa .. This technique consists in the direct mechanical
blending of the sample (usually a solid) with a solid sorbent, which allows to clean-up and
homogenize the matrix?¥. Cannabis sativa L. aerial parts were used as sample since this matrix has
been largely investigated in previous studies of this Thesis and the phytochemical composition

was already known.

3.6.1 Comparing extraction performances of different sorbent in matrix solid-phase
dispersion

In order to evaluate the extraction capacity and behavior of MOFs for this specific
application, CIM-80(A4/) MOF performance was compared with other sorbents, following the
experimental conditions previously reported in literature for MSPD procedures with plant

samples, with slicht modifications89.241-243,
ples, g

212

Apnalytical Strategies For The Characterization Of Botanicals



Results and Discussions

C18 were selected as conventional sorbent usually employed in MSPD, while
chitosan is a natural biopolymer that has been successfully exploited in sorbent-based
microextraction method. Several MOFs were kindly provided by the MAT4LL research
group at the Universidad de La Laguna (Tenerife, Spain) and after a preliminary screening
(data not shown) CIM-80(A4/) MOF was selected. This MOF was synthetized for the first
time by MAT4LL research group, and it presents several advantages such as stability in
water at different pH values, working temperature range from RT to 350 °C, and low

cytotoxicity?+4.

MSPD preliminary tests were performed on Cannabis sativa L. aerial parts and the
analytes under study included luteolin 7-O-glucuronide, apigenin 7-O-glucuronide as more
abundant compounds for flavonoids, and six cannabinoids compounds (three varinic
cannabinoid acid derivatives, cannabinolic acid, tetrahydrocannabinolic acid and
cannabichromenic acid). More information on phytochemical characterization of the

sample are reported in Section 111.3.2

Figure 1 includes the peak areas obtained with the different sorbents, using MPSD
method. Under not-optimized conditions, 20 mg of sample were grinded with 20 mg of
sorbent for 2 minutes. The mixture was then transferred in a glass tube with 1 mL of
MeOH 85% and vortexed for 2 minutes. To separate the solid part to the liquid phase, the
mixture was passed through a filter paper, using an empty SPE cartridge, previously
activated with 250 ul. of MeOH 85%. The extract was further filtrated with PVDF filters
before the analysis by HPLC-PDA. A “control sample” (no MSPD) was also performed,
where the plant was directly extracted with 1 mL of MeOH 85%, avoiding the grinding
step with the sorbent. In this way, the real contribution of the sorbent (considering that a
solid-liquid extraction with an organic solvent is necessary to desorb the analytes after the
extraction) was studied. In fact, it can be observed that the peak area obtained with C18
and chitosan were lower than the extraction without sorbent. This may be explained by the
fact that the desorption step was not effective to remove the target analytes that remained
bounded to the sorbent. However, CIM-80(A/) presented higher peak area for flavonoid

fraction, while for cannabinoids the difference is less marked. Taking into account these
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preliminary results, a careful optimization of every step of the extraction was carried out

to further enhance the extraction performance of this MOF.
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Figure 1. Preliminary screening of the extraction performance (evaluated as peak area) of the MSPD,
using different sorbents. The preliminary experimental conditions for the MSPD were 20 mg of sample,
20 mg of sorbent, 2 minutes of grinding, desorption with 1 mL of MecOH 85%, filtration with paper
filter in a SPE cartridge. No MSPD refers to the peak area obtained without adding the sorbent material,
cannabinoids value refers to the peak area mean of the single cannabinoid compounds.

3.6.2 Optimization of the synthesis of CIM-80(4/) MOF

The synthesis of CIM-80(A4/) MOF was based on Rocilo-Bautista ez 2/?4*, with slight
modification. Briefly, a mixture of mesaconic acid (1 mmol; 260 mg) and AI(INO3)3-9HO
(1 mmol; 750 mg) was put in 30 mL of deionized water containing 0.5 mmol of urea (60
mg), under constant stirring for 20 min. Then, the clear solution is transferred to a Teflon
lined stainless steel autoclave and kept at 150 °C for 24 h. Afterwards, the autoclave is
cooled down to room temperature, and the obtained white product is isolated by filtration,
washed three times with water and EtOH for activation, and air dried at 100 °C for 24 h.
Based on the study presented by Figueroa-Quintero e 2?4, the molar ratio of urea and
mesaconic acid (0.5:1) was modified, while maintaining constant the quantity of aluminum
nitrate and deionized water. According to the study, by modifying the acid-base ratio it is
possible to achieve high synthesis yields and materials with high crystallinity and accessible

porosity. As shown in Figure 2, the optimal molar ratio between urea and mesaconic acid
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was 3:2, allowing to obtain 50% of yield. The optimized synthesis procedure employed

during this study is schematized in Figure 3.
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Figure 2. Reaction yield% of CIM-80(A4) MOF, modifying molar ratio of urea and mesaconic acid
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Figure 3. Scheme of optimized synthesis procedure for CIM-80(4) MOF
3.6.3 Optimization of the extraction method

Before proceeding with the design of experiments for the optimization of the extraction
method, some variables (filtration step and desorption solvent) were considered individually to

reduce the number of factors to optimize in the following step.

Filtration step

To separate the solid part (sorbent + sample), a SPE-like procedure is usually employed
in MSPD applications. In our case, simple paper filters were used to mechanically separate the
two phases. Before the injection in HPLC-PDA system, a further filtration with PVDF filters
was also included to prevent column-clogging and increment of back pressure. Filtration is a
critical step of sample preparation because it can also retain the analytes of interest, decreasing
their recovery. To ensure that no significant analytes lost occurred, the extraction was performed:
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(i) without any filtration step, (ii) only with paper filtration, and (iii) only with PVDF filtration.

The results were evaluated as peak area and represented in Figure 4.
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Target analytes

m No filtration M Paper filter PVDF filtration

Fignre 4. Comparison of peak area when no filtration, filtration with paper filter and PVDF filter is employed.

Although no relevant difference was observed between the three approaches, a slight
decrease of peak area occurred when paper filtration was employed. For this reason, this step
was replaced with centrifugation (2 minutes X 2200 g), which allowed a fast separation without

consuming disposable materials. The extract was then passed through PVDF syringe filter.

Desorption solvent

When using solid sorbent, the desorption step is of utmost importance. In fact, the
material can be very effective in the extraction, but if the desorption of the target analytes is not
tulfilled, the extraction efficiency is compromised. MOFs are known to have enormous surface
area and porosity; however, desorption can be challenging because of the formation of strong
interactions. In this study, various organic solvents (normally employed for the extraction of
flavonoids and cannabinoids) were tested, including methanol, ethanol, acetonitrile, and acetone,
each prepared with 15% water content. From previous studies on the same matrix (Section
I11.3.2) this percentage of water is known to facilitate the extraction of the more polar flavonoids,
without compromising the cannabinoid fraction. Figure 5 showed the comparison between the

different solvents, performing MSPD method with CIM-80(A4J).
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Figure 5. Comparison of different organic solvents for the desorption of (i) flavonoids and (if) cannabinoids.

Methanol showed the best desorption capacity for flavonoid compounds. For
cannabinoids, the difference between the solvents was less evident, however methanol and
acetonitrile seemed to slight increase the peak area of the target analytes. In order to have good
recovery for both class of compounds, MeOH was selected as desorption solvent for further

optimization.
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Screening factorial design

Once the filtration step and desorption solvents conditions were optimized, a screening
test was carried out to determine which of the selected parameters (amount of sorbent, vortex
time, volume of desorption solvent) significantly affected the extraction. For this test, the amount
of sample was set to 20 mg (to reduce the consumption of material) the time of grinding to 2
minutes and the time of centrifugation to 2 minutes, since these timings provided a good
homogenization and a fast phase separation. A full two-level factorial design (27, with n = 3
variables) was used, which comprises eight experiments combining the minimum and maximum
values considered for each factor. Moreover, three replicates of the central point (intermediate
value for each variable) were carried out, in order to monitor the reproducibility of the method.
For the amount of MOF, the low and high limits were set at 10 and 40 mg, respectively. Regarding
the vortex time, a minimum value of 1 minutes and a maximum value of 5 minutes was set, while
the desorption volume ranged from 0.5 to 2 mL. These experimental values were selected with
the aim of avoiding time- and energy-consuming steps, guaranteeing the use of low amounts of

sample and reagents. Figure 6 reports the results obtained in the screening.
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Figure 6. Results obtained in the screening of the main variables represented as estimated response surface for
peak area sum of all target analytes.

Because all the compounds showed a similar trend, the response surface was obtained
by considering the sum of the peak area for all target analytes. It can be observed that the
maximum enhancement of the signal was obtained when 40 mg of sorbent, 4 minutes of vortex

and 0.5 mL of desorption solvent were employed. These results showed that the extraction
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efficiency was positively affected by the amount of sorbent, demonstrating its fundamental
contribution. Moreover, a longer desorption step allowed to increase the release of the target
analytes from the sorbent, also when a small volume was used. Taking into account these
results, the optimum conditions for the MSPD method for the extraction of the flavonoids
and cannabinoids were the following: 20 mg of sample, 40 mg of CIM-80(A4, 0.5 mL of
MeOH 85% for desorption, 2 minutes of vortex and centrifuge. Figure 7 reports the optimized

MSPD method.
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40 mg of MOT' MeOH 85% vortex centrifuge PVDI filters analysis

Figure 7. Scheme of the optimized MSPD extraction procedure with CIM-80(44) MOF.
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Evaluation of the biological activity of Cannabis sativa L. aerial parts: antioxidant
activity and inhibition against enzyme involved in skin aging

This paragraph is reproduced from a published article
(Mastellone e al., Plants 11, 2022, 419)
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3.7 Evaluation of the biological activity of Cannabis sativa L. aerial parts: antioxidant
activity and inhibition against enzymes involved in skin aging

3.7.1 Evaluation of the antioxidant activity

After the characterization and quantification of the main chemicals Cannabis samples, in
vitro colorimetric assays, measuring the scavenging of DPPH" and ABTS* radicals, were carried
out to investigate the potential antioxidant activity of this matrices. The screening was carried out
on the aerial parts of the plant, because of its richer phytocomplex, mainly composed of
flavonoids and cannabinoids. The antioxidant power of flavonoids and phenolic compounds is
well-documented, and it is closely linked to their chemical structures, able to reduce free-radical
formation and to scavenge free radicals?4. On the other hand, because of the growing interest in
cannabis-derived products, recent studies have been focused on the biological activity of non-
psychotomimetic cannabinoids?’-24, including the antioxidant one?2>1. As for flavonoids, the
antioxidant property is mainly related to the presence of phenolic groups easily oxidized to
quinoid forms and of unsaturated bonds found in non-olivetolic fragments of some cannabinoid

molecules?52,

Since the quantitation results (supported by statistical analysis, Section 111.3.2) showed
that the chemical pattern of the aerial parts is mainly affected by the drying conditions, the
colorimetric assays were performed on two different pools of samples, oven-drying (OD) and
treeze-drying (FD), composed by a mixture of the oven-dried and freeze-dried samples,
respectively. Moreover, a comparison between the activity of methanolic and acetone extracts
was carried out, the first being richer in flavonoids and the second in cannabinoids. Each assay

was done in triplicate and the results are summarized in Figure 1.
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Figure 1. Results of the DPPH* and ABTS** colorimetric assays: (a) g of hemp matrix to obtain 50% of inhibition
per 1 g of radical; and (b) g equivalent of (+)—6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox)
that correspond to 1 kg of hemp matrix.

To build up the DPPH" inhibition curve to extrapolate the ECso (concentration to inhibit
50% of DPPH), a range of concentrations of each extract (OD MeOH, OD acetone, FD
MeOH, and FD acetone) was chosen to obtain a linear response (see Figure 2). For the ABTS*
assay, the concentration of the extracts had to fit the Trolox response curve (absorbance as a
function of concentration). Figure 1a reports the ECso value for DPPH" radicals, and Figure 1b
the g equivalent of Trolox for ABTS*". For the DPPH assay, in which Trolox was used as
control, the MeOH extract, both the FD and OD, presented a lower value of ECso compared
to the acetone one. The higher antioxidant capacity of the methanolic extract may be related to
the presence of flavonoids, which are well-known for their antioxidant activity. The antioxidant
activity of the samples seemed to also be affected, to a lesser extent, by the sample treatment.
In particular, the FD samples, richer in bioactive compounds, exhibited a lower value of ECs.
Regarding the scavenging of ABTS, a similar behavior was observed, confirming the higher

antioxidant power of the FD MeOH extract.
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Fignre 2. Representative response curve of FD MeOH extract (a) and Trolox (b), used to measure the
scavenging effect on DPPHe and ABTS+-eradicals, respectively.

Offline Combination of Antioxidant Assays with HPLC-UV Analysis

To further investigate the contribution of the main components of the extract on the
total antioxidant power of the cannabis extracts, an HPLC-PDA analysis was coupled to the 7z
vitro colorimetric assays. Methanolic and acetone FD extracts were screened because they have
shown to better preserve the chemical composition of the plant. The chromatographic profile
was compared before and after the reaction with DPPH" and ABTS** (see Figure 3) and the %
of reduction of the most representative peaks was indicative of the interactions with the radicals
and of their scavenging ability. The results are reported in Table 1. The ABTS** offline analysis
was carried out on a different chromatographic column (RP Amide) because the peak of

ABTS** radicals coeluted with some of the target analytes.
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Figure 3. Representative chromatogram of (a) FD MeOH hemp profile before and after the reaction with
DPPH?" radicals on C18 column and(b) acetone hemp profile before and after the reaction with ABTS* on
RP-Amide column.

Among the flavonoids, luteolin 7-O-glucuronide presented the highest interaction with
both radicals (peak area reduction >95%), which is probably related to its abundance and to
the presence of an additional free hydroxylic group, compared to the other compounds of the
same class. According to literature, the ortho position of the two OH groups on the benzene
ring facilitates radical delocalization by resonance, justifying the major scavenging activity of
this compound?>3. Cannabinoids showed a clear percentage reduction in the acetone extract,
where flavonoids were not present, confirming that, although to a lower extent, they
contributed to the total antioxidant power of the plant. Literature data report that in some
cases cannabinoid acids may present a lower antioxidant activity compared to the neutral form

225

Apnalytical Strategies For The Characterization Of Botanicals



Results and Discussions

because of the hydrogen-bonding formation between the OH and COOH groups, which may
decrease the transport ability of electrons?>?2. However, the main cannabinoids found in the
extracts were in an acid form and seemed to have a similar antioxidant activity as DPPH"
radicals. A higher contribution of varinic derivative A and THCA to the total antioxidant
activity was observed in the ABTS** offline analysis.

Table 1. Percentage of peak area reduction (£SD), after the reaction with DPPH* and ABTS** radicals, for MeOH
and acetone extracts

% Peak Reduction

Compounds DPPH ABTS

MeOH Acetone MeOH acetone
Luteolin 7-O-glucuronide >95(+0.09) / >95(+0.05) /
Apigenin 7-O-glucuronide 19.6(£2.73) / 18.3(£1.13) /
Diosmetin glycoside A 24.7(+2.31) / 37.4(+2.24) /
Diosmetin glycoside B 22.3(%0.15) / / /
Acacetin glycoside A 25.7(£0.54) / 89.2(£3.04) /
Varinic derivative A 279(+1.44)  40(£5.65) / 76.5(+5.89)
Varinic derivative C 192(+1.38)  31(+2.28) / 36(+4.94)
THCA 225(1377)  424(t1.11) / 72.7(+5.73)
CBCA 4214009 521(£0.21) / 35.3(+6.11)

3.7.2 Evaluation of the inhibitory activity against tyrosinase and elastase enzymes

The chemical characterization and the previous zz uitro antioxidant assays had
demonstrated that the most promising hemp extracts were obtained from FD samples because
of the higher content in active compounds (Section I11.3.2). For this reason, preliminary 7z vitro
inhibitory activities against tyrosinase and elastase were tested on the pool composed by the
mixture of the FD samples. Mushroom tyrosinase and elastase from porcine pancreas were used
for these preliminary screenings of tyrosinase and elastase inhibition activities?>*. Again, the
activity of the acetone extract (mainly characterized by non-psychotomimetic cannabinoids) was
compared to the methanolic one, which presented a richer profile with both flavonoids and
non-psychotomimetic cannabinoids. Figures 4a and 4b show elastase and tyrosinase reaction
progress curves in the absence of any potential inhibitor (i.e., negative control, blue line), in the
presence of the investigated extracts (green and red line), and in the presence of ursolic acid and
kojic acid, which are elastase and tyrosinase reference inhibitors, respectively (i.e., positive

control).

226

Apnalytical Strategies For The Characterization Of Botanicals



Results and Discussions

120 + Negative control
Positive control (ursolic acid)
« MeOH . :
- Acetone

Absorbance
.
et

0.4000 . ] ; {

[

0,0000 Lo

-\ Time (mil%)
@

+ Negative control

.
&

Positive control (kojic acid)
* MeOH *
« Acetone .

o o

= s i o

m i A i
-

Absorbance

o
e

=
=
@

)
[ ]

S

[FIT

3 4 5 6

Time (min)

(b)

Figure 4. Reaction progress curve for (a) elastase inhibitory activity and (b) tyrosinase inhibitory activity of
negative control, ursolic acid and kojic acid (0.2 mg mI-1), MeOH hemp extract, and acetone hemp extract (50
mg mL). The linearity region is indicated by the black rectangle.

Both the MeOH and acetone extracts, tested at 50 mg mI.-!; showed only slight activity
against the selected enzymes. In particular, no inhibition was observed of elastase activity. The
addition of both extracts to the reaction mix seemed to slightly increase the reaction initial
velocities, but further experiments are needed to evaluate the presence of potential elastase
activators within the investigated extracts®>®. As regards the tyrosinase inhibitory activity, in
agreement with literature data?>12% both extracts mildly inhibited mushroom tyrosinase activity,
suggesting that, although to a minor extent, both flavonoids (higher in the methanolic one) and
non-psychotomimetic cannabinoids (higher in the acetone one) could negatively affect
tyrosinase activity. Percentages of tyrosinase inhibition of 33.17% * 2.04% and 38.46% *
1.36% were observed for the methanol and acetone extracts, respectively, when tested at a

concentration of 50 mg mL-1. The percentage of enzymatic inhibition was measured after six
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minutes of incubation to remain under the linearity range of the reaction progress curve, which
provides more accurate results?>*. These results were compared to those of kojic acids, which
displayed a significantly higher activity (ECso = 0.17 * 0.015 mg mL"), indicating that the

inhibition of the tyrosinase activity of hemp extracts is minimal.
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In this Doctoral Thesis, green sample preparation principles were applied to develop
different analytical methods for the determination of non-volatile phytochemicals in plant
matrices. The studies focused on different agri-food by-products produced in large amount in
our territory, aiming to develop more sustainable strategies, from the exploitation of the natural
source to its chemical treatment. Among the new extraction phases available, ILs, DESs and
MOFs were employed for the sample preparation of complex samples in order to investigate
their advantages and limits. In general, the studies presented demonstrated that is possible to
improve the extraction approaches (fundamental for the characterization and exploitation of
plants), by selecting the most suitable materials and techniques, without affecting the analytical

performances of the overall method.

Apart from the chemical characterization, it is fundamental to take into account also the
bioactivity and bioavailability of the compounds of interest. In fact, the use of plants as source
of phytochemicals depends not only on their content but also on their activity. For this reason,
the chemical characterization of every matrix was coupled with preliminary 7z vitro screenings to

study their biological properties.

An overview of the main conclusions derived from this Doctoral Thesis is presented

below depending on the sample, technique and the material employed as extraction phase.
Section II1.1: Vitis vinifera L.

- A microwave-assisted solid-liquid extraction (MA-SLE) method was successfully
developed for the determination of phenolic compounds from 77s vinifera L. leaves. The
method was optimized by using an experimental design and only requires an aqueous
solution of the Ci¢CsIm-Br ILL-based sutrfactant in a low concentration, due to its low
CMC in the MA-SLE procedure, followed by filtration and direct injection of the extract
in the HPLC system. The method resulted in being more effective, simpler, and eco-
friendlier in comparison with a more conventional ultrasound-assisted SLE (UA-SLE)
method, particularly due to the absence of organic solvent or cleanup steps in the whole
procedure. As an additional feature, the aqueous extractant medium avoids co-extraction
of chlorophylls and other non-polar interfering compounds from the leaves. Moreover,

the method also presented greener features compared to other strategies reported in the
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literature dealing with the use of ILs or MA methods for the analysis of plant materials.
The proposed methodology was used to determine and compare the phenolic
composition of Italian and Canarian grapevine leaves varieties. The results showed that
the distribution of the phenolic markers follows a similar pattern in all the cultivars, with
quercetin glucuronide and quercetin being the most and least abundant compounds in the
samples, respectively. In general, the Canarian varieties exhibited slightly higher total
phenolic content, in comparison with the Italian cultivars and other varieties reported in
the literature. Considering the previous studies on the potential of grapevine leaves as a
source of antioxidant compounds, these results emphasize that these by-products are a
source of nutraceutical compounds independently of the variety and geographic origin.

- The quali-quantitative comparison of polyphenol content in different ["7#s vinifera L. green
pruning residues before and after 7# vitro digestion revealed that these compounds are
highly stable under the tested conditions and the phenolic compounds are more abundant
in the bioaccessible phase than in the excreted fraction. This study demonstrated that
these matrices have some potential as sustainable source of active ingredients for
nutraceutical purposes. Further investigations should be directed to evaluate the impact
of intestinal absorption and the influence of intestinal microbiota on these

phytochemicals.
Section IV.2: Corylus avellana L.

- The primary aim of this study was to investigate whether natural deep eutectic solvents
(NADESs) could be a suitable sample preparation technique for the characterization of
polyphenols in hazelnut skin by-products. Different choline-based and betaine-based
solvents were prepared and tested. The results proved that these NADESs had the
capacity to extract all the compounds of interest with similar performances to the
hydroalcoholic extraction method. Moreover, the method was simplified, and the volume
of extraction solvent reduced. Overall, the use of these natural solvents should be
considered as a green alternative analytical approach for the valorization of hazelnut by-
products.

- After demonstrating the applicability of NADESs for the extraction of polyphenol from

hazelnut skin, the 7z vitro scavenging activity of NADES-based extracts and the contribute
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of these extraction solvents to the total antioxidant activity of the hazelnut extracts, was
investigated. Different responses were obtained using DPPH* and ABTS™ tests: in the
first experiment, a higher variability of scavenging activity between the NADES-based
extracts were observed. Moreover, the neat solvent demonstrated no contribution to the
total antioxidant activity. In the case of ABTS'™ radical, all the tested extracts showed a
similar inhibition and a slight contribution of the NADESs to the antioxidant power of
the extracts. This finding could be justified by the different structure of the two radicals

which interact in a different way with the extracts.
Section IV.2: Cannabis sativa L.

- The non-volatile fractions of fiber-type Cannabis sativa L. aerial parts (collected before
flowering) were carefully characterized by UHPLC-UV-ESI-MS/MS using an optimized
method of extraction. The method of drying, fundamental for storing the plant material,
plays a fundamental role in preserving the chemical composition of the plant, especially
for thermolabile compounds. The variation in the chemical patterns among the
investigated growth stages is less marked and only the content of cannabinoids presented
a slight increase at the stage closer to flowering. These results suggested that fiber-type
Cannabis sativa L. aerial parts can be considered a valuable natural ingredient, considering
that their chemical composition seems to be independent of the growth stage of
harvesting, provided that they are collected before the flowering stage.

- An innovative dispersive solid liquid microextraction using natural eutectic solvents as
extraction phase was proposed for the extraction of phytochemicals from fiber-type hemp
matrices. In order to obtain optimal performance in term of sustainability but also
efficiency, the dispersive solid-liquid microextraction (DSLME) method was optimized
and validated, demonstrating to be faster, greener and easier to apply compared to a
conventional SLE with MeOH, with comparable results in terms of extraction
performances. The majority of the investigated ESs demonstrated to be more selective
for cannabinoids compared to flavonoids enabling to efficiently extract this class of
compounds directly from plant materials without using organic solvents. The tunability,
stability, easy preparation, low cost and green features of the tested solvents make them

good candidates not only for analytical application but also for industrial purposes, where
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easy to handle processes are required. Further advances may be directed to study the
interaction of these eutectic solvents with other bioactive compounds with similar
chemical characteristics to cannabinoids, together with modifications of ES components
to change the solvent selectivity.

The chemical structure of choline was used as model to synthesize a new class of
hydrophobic HBAs. Six different hydrophobic [Ch*][Br ] derivatives were synthesized by
increasing the length of alkyl chain substituents while maintaining the hydroxyl functional
group. The [Ch*][Br]-modified salts were mixed with thymol to obtain HESs, which were
then characterized in terms of hydrophobicity, viscosity and solvation properties. To test
their applicability in extraction studies, [Ch*][Br]-based HESs were employed as solvents
in a DSLME method for the analysis of Cannabis sativa L. plant, characterized by a unique
phytocomplex that includes compounds with different polarity. In this regard, the
hydrophobic features of [Ch*][Br]-based HESs, together with hydrophilic domains
(hydroxyl group and charge on the ammonium group) in their structure, facilitated the
interaction with both polar and less polar compounds. In general, the lower viscosity of
the [Ch'][Br]-based HESs, compared to eutectic mixtures based on conventional
hydrophobic HBAs, promoted the extraction of flavonoids and cannabinoids. Moreover,
the extraction of flavonoids appeared to be enhanced by [Ch*][Br]-based HESs with
lower hydrogen bond basicity. Among the [Ch*][Br]-based DESs tested, the HES
comprised of the [N 1116 on™][Br] salt demonstrated higher extraction capacity, due to
its low viscosity and peculiar solvation properties. Due to the promising extraction
performances of the [Ch*][Br]-based HESs for compounds of varying polarity in C. sativa,
future advances will be directed to the application and validation of the DSLME method
to different C. sativa samples.

A simple ultrasound-assisted dispersive solid-liquid microextraction method was
developed, using two different types of eutectic solvents, one prepared with a [Ch*][Br]-
modified salts as HBA and one based on natural compounds. The UA-DSLME method
was tested for the analysis of cannabinoids in three different hemp products: the aerial
parts of Cannabis sativa 1. collected before flowering, the inflorescences of the plant and
the CBD oil, and it resulted to be easily adaptable to matrices with different

physicochemical properties. The validation of the procedure showed that the matrix effect
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played a fundamental role in the extraction efficiency of the marker analytes for the three
samples, therefore a matrix-matched calibration was employed to evaluate the analytical
performance of the methodology. The ES formed by the [Ch*][Br]-modified salt showed
better extraction performance for all the hemp products tested, but slightly lower
sustainability (a synthetic reaction is necessary) compared to the natural ES. These results
highlighted the importance to balance and consider both these aspects (greenness and
functionality) in the development of analytical methods, to obtain truly innovative,
efficient, and reliable methodologies.

The potential of CIM-80(A4) MOF as sorbent in MSPD, for the pre-treatment of Cannabis
sativa L. samples before L.C analysis, has been investigated. The methodology was carefully
optimized in all its steps, using experimental design to allows for multiple input factors to
be manipulated. CIM-80(Al) MOF showed a good applicability for MSPD procedure for
the extraction of flavonoids and cannabinoids from C. sativa. However, a more in-depth
investigation is necessary to fully understand the interaction between this material and the
target analytes. Moreover, quantitation data are fundamental to prove the applicability of
this methodology as analytical method for quality control.

The leaves and stems of the plant proved to be a valuable source of specialized metabolites
(chiefly flavonoids and non-psychotomimentic cannabinoids) and their antioxidant
activity was evaluated by colorimetric zz vitro assays (DPPH* and ABTS*). Flavonoids
presented the major influence on the antioxidant activity, but cannabinoids also showed
a contribution to the total antioxidant power of the hemp extracts. The 7 vitro inhibitory
activity against tyrosinase and elastase was also tested on methanolic and acetone extracts.
No inhibition was perceived against elastase activity and a slight inhibition of the
tyrosinase enzyme was observed for both of the extracts at high concentrations. In this
sense, further studies on the biological activity of these extracts are necessary to confirm
and support the preliminary results obtained with 7z vifro assays and to evaluate potential
toxic effects at the tested concentrations. In particular, the isolation of enriched fractions
of the more active compounds and further tests on cellular and animal models may

provide a significant contribution for safe and future applications of hemp extracts.
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Appendix
Solvatochromic dye methods

The choice of dyes employed in calculating Kamlet-Taft solvent parameters are based on

a previous approach?!5. Equations 1-4 were used to determine the (Exg) values and Kamlet-Taft

solvent parameters:
Eng (kcal/mol) = 28591 / Amax (nm) (1)
a=(19.9657 — 1.02417* — onr) / 1.6078 (2)
£ = (1.035 vpEna + 2.64 — vann) / 2.80 (3)
7% =0.314 (27.52 — vpExa) (4)
whete v =1 / (Amax X 1074

Abraham solvation parameter model

To relate chromatographic retention of analytes to individual solute-solvent interactions,

the Abraham solvation parameter model (equation 5) was employed.
Logk=c+eE+s5+ad+bB+ /(5

In equation 5, £ represents the retention factor of each probe molecule calculated using
the dead time and the retention time of each chromatographic column. The solute descriptors
(E, S, A, B, and L) are specific to analytes and represent the excess molar refraction,
dipolarity/polarizability, hydrogen bond acidity, hydrogen bond basicity, and gas-hexadecane
partition coefficient at 298 K, respectively. The system constants (e, s, a, b, and /) represent specific
solvation interactions of the DES stationary phase, where ¢ measures n-n and n-n interactions, s

the dipolarity/polarizability, « the hydrogen bond basicity, & the hydrogen bond acidity, and /

provides a measure of dispersive-type interactions.
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Figure 1."H NMR of [N 1110 con)™][Br]

H NMR (600 MHz, DMSO) & 5.27 (t, ] = 5.0 Hz, 1H), 3.83 (tdd, ] = 7.0, 4.9, 2.5 Hz, 2H),
3.44 —3.36 (m, 2H), 3.37 — 3.26 (m, 3H), 3.08 (s, 6H), 1.73 — 1.62 (m, 2H), 1.29 (d, ] = 21.6
Hz, 16H), 0.87 (td, | = 7.0, 2.5 Hz, 3H).
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Figure 2. 13C NMR of [N 1110 on*][Br]

1BC NMR (151 MHz, CDCl3) 6 66.14, 65.65, 55.88, 52.13, 31.83, 29.43, 29.40, 29.24, 29.22,
28.76, 26.29, 22.90, 22.65, 14.10.
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Fégﬂre 3. 1fl NMR Of [N 1112 (ZOH)+] [Bf]

'H NMR (600 MHz, CDCls) & 4.18 — 4.08 (m, 2H), 3.80 — 3.72 (m, 2H), 3.60 — 3.53 (m, 2H), 3.39
(s, SH), 1.90 — 1.71 (m, 2H), 1.46 — 1.21 (m, 18H), 0.88 (t, /= 7.0 Hz, 3H).
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Fégﬂre 4. 13(: NMR Of [N 1112 (ZOH)+] [Bf]

BC NMR (151 MHz, CDCI3) 6 66.16, 65.65, 55.88, 52.13, 34.09, 32.84, 31.90, 29.60, 29.53,
29.48,29.43, 29.41, 29.32, 29.23, 28.76, 28.17, 26.30, 22.91, 22.68, 14.12.

242

Apnalytical Strategies For The Characterization Of Botanicals



Appendix

»A»»M\‘()gv
TOMOD oMo
~NWwoWwo 2N
O~ v - N ™
16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2 3

Figure 5. "H NMR of [N 1114 con)™|[Br]

'H NMR (600 MHz, CDCl3) 8 5.01 (t, ] = 5.5 Hz, 1H), 4.12 (q, ] = 5.0 Hz, 2H), 3.79 — 3.71

(m, 2H), 3.60 — 3.51 (m, 2H), 3.38 (s, 5H), 1.87 — 1.71 (m, 2H), 1.44 — 1.21 (m, 22H), 0.87 (t, |
= 7.0 Hz, 3H).
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Figure 6. 1°C NMR of [N 1114 con*|[Br]

BC NMR (151 MHz, CDCI3) 6 66.13, 65.63, 55.806, 52.11, 34.07, 32.84, 31.91, 29.68, 29.64,
29.60, 29.52, 29.50, 29.42, 29.35, 29.33, 29.24, 28.75, 28.17, 26.30, 22.90, 22.67, 14.11.
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Figure 7.7"H NMR of [N 1116 con)*|[Br]

IH NMR (600 MHz, CDCL3) & 4.18 — 4.1 (m, 1H), 3.80 — 3.75 (m, 1H), 3.59 — 3.54 (m, 1H),
3.41 (d, J = 15.0 Hz, 5H), 1.90 — 1.72 (m, 2H), 1.40 — 1.22 (m, 27H), 0.90 (t, ] = 7.0 Hz, 3H).
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Figure 8.13C NMR of [N 11 16 cony*][Br]

BBC NMR (151 MHz, CDCI3) 6 66.29, 65.74, 55.94, 52.19, 34.09, 32.86, 31.94, 29.72, 29.70,
29.67,29.62, 29.55, 29.49, 29.45, 29.41, 29.37, 29.23, 28.78, 28.19, 26.30, 22.92, 22.70, 14.13.
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Figure 9. "H NMR of [N 333 conyt][Br]

'H NMR (600 MHz, DMSO) & 5.27 (t, ] = 5.2 Hz, 1H), 3.79 (q, | = 4.9 Hz, 2H), 3.36 (dd, | =
6.1, 4.2 Hz, 2H), 3.28 — 3.16 (m, 6H), 1.70 — 1.58 (m, 6H), 0.90 (t, ] = 7.3 Hz, 9H).
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Fz('gmfe 70.13C NMR of [N 333 con)t][Br]

BC NMR (151 MHz, CDCl3) & 61.23, 60.71, 55.47, 15.81, 10.81.
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Figure 17. 'TH NMR of [N 666 con)™|[Br]

IH NMR (600 MHz, CDCls) 8 4.1 (t, ] = 4.6 Hz, 2H), 3.66 — 3.54 (m, 2H), 3.43 — 3.35 (m,
6H), 1.76 — 1.61 (m, 6H), 1.46 — 1.28 (m, 18H), 0.95 — 0.85 (m, 9H).
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Figure 12.13C NMR of [N 666 con)™|[Br]

BC NMR (151 MHz, CDCl3) & 60.84, 59.77, 55.56, 31.20, 26.03, 22.43, 22.11, 13.88.
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Figure 13."H NMR of [N 1110 cont][Br] : 2 Thymol HES
'H NMR (400 MHz, CDCls) 6 7.09 (d, ] = 7.6 Hz, 2H), 6.75 — 6.68 (m, 4H), 4.16 (t, ] = 4.7

Hz, 2H), 3.76 — 3.68 (m, 2H), 3.52 — 3.42 (m, 2H), 3.32 (s, 6H), 3.19 (p, ] = 6.9 Hz, 2H), 2.28
(s, 6H), 1.80 — 1.66 (m, 2F), 1.37 — 1.23 (m, 26H), 0.91 (t, ] = 6.9 Hz, 3H).
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Figure 14.13C NMR of [N 1110 con*][Br] : 2 Thymol HDES

BBC NMR (101 MHz, CDCl3) 6 152.86, 136.49, 131.39, 126.13, 121.39, 116.12, 77.26, 66.28,
65.78, 55.97, 52.11, 31.85, 29.43, 29.39, 29.25, 29.20, 26.66, 26.26, 22.87, 22.73, 22.67, 20.89,
14.12.
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Figure 15.TH NMR of [N 1116 con™][Br] : 2 Thymol HES
'H NMR (400 MHz, CDCl3) 8 7.09 (d, ] = 7.7 Hz, 2H), 6.77 — 6.69 (m, 4H), 4.18 — 4.11 (m,

1H), 3.71 — 3.65 (m, 1H), 3.47 — 3.39 (m, 2H), 3.28 (s, 4H), 3.20 (h, ] = 6.9 Hz, 2H), 2.28 (s,
6H), 1.69 (dq, ] = 10.0, 5.5 Hz, 1H), 1.38 — 1.20 (m, 38H), 0.94 — 0.88 (m, 3H).
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Figure 16.13C NMR of [N1116cont][Br] : 2 Thymol HES
BC NMR (101 MHz, CDCl3) 6 152.96, 136.45, 131.45, 126.10, 121.31, 116.16, 77.29, 66.26,

65.78, 55.98, 52.04, 34.12, 32.87, 31.95, 29.74, 29.72, 29.69, 29.68, 29.64, 29.57, 29.52, 29.47,
29.43,29.39, 29.23, 28.80, 28.21, 26.64, 26.26, 22.806, 22.75, 22.72, 20.90, 14.15.
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PRpm

Figure 17."TH NMR of [N 333 con)t|[Br] : 2 Thymol HES
'H NMR (400 MHz, CDCls) 6 7.06 (d, ] = 7.7 Hz, 2H), 6.81 (d, ] = 1.7 Hz, 2H), 6.69 (dd, | =

7.8, 1.8 Hz, 2H), 4.15 — 4.03 (m, 2H), 3.60 — 3.50 (m, 2H), 3.38 — 3.26 (m, 6H), 3.20 (h, ] = 6.9
Hz, 2H), 2.25 (s, 6H), 1.80 — 1.62 (m, 6H), 1.23 (d, J = 7.0 Hz, 12H), 0.9 (t, ] = 7.2 Hz, 9H).
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Figure 18.13C NMR of [N 333 con™|[Br] : 2 Thymol HES

BC NMR (101 MHz, CDCl3) 6 153.22, 136.34, 131.48, 125.97, 121.04, 116.22, 61.16, 60.68,
55.50, 26.58, 22.75, 20.90, 15.71, 10.72.
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Figure 19.'TH NMR of [N 4444%][Br] : 2 Thymol HES

"B

'H NMR (400 MHz, CDCl3) 8 7.05 (d, ] = 7.7 Hz, 2H), 6.88 (dd, ] = 1.7, 0.8 Hz, 2H), 6.69 —
6.64 (m, 2H), 3.38 — 3.28 (m, 8H), 3.21 (p, ] = 7.0 Hz, 2H), 2.25 (s, 6H), 1.63 (dq, ] = 11.9, 7.6
Hz, 8H), 1.42 (h, ] = 7.4 Hz, 8H), 1.22 (d, ] = 6.9 Hz, 12H), 0.98 (t, ] = 7.3 Hz, 12H).

257

Apnalytical Strategies For The Characterization Of Botanicals



Appendix

i (S

D -

o~ \

=] ] = Y = [
i = [~ o 0 o - O = (=T M B T = =
s [ e - =R~ | — o e [ar] KD o T o -
o3 o 1o TRk @ il e P 2 e D
L [ T . il - i =, L
—_ = N Ly oo oy o
| [ I S SN - | by |

160 150 140 130 120 110 100 90 B0 70 60 L0 40 30 20 10
ppm

Figure 20.13C NMR of [N 44447][Br] : 2 Thymol HES

BC NMR (101 MHz, CDCl3) 6 153.43, 136.24, 131.38, 125.83, 120.81, 116.28, 77.30, 58.93,
26.506, 24.12, 22.75, 20.89, 19.72, 13.67.
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Figure 21. "H NMR of [N 333 com*][Br] : 2 Thymol HES before extraction in KBr 30% aqueous

solution

IH NMR (400 MHz, CDCL3) 8 7.06 (d, ] = 7.7 Hz, 3H), 6.81 (d, J = 1.7 Hz, 6H), 4.15 — 4.03
(m, 2H), 3.60 — 3.50 (m, 2H), 3.38 — 3.26 (m, 6H), 3.20 (h, ] = 6.9 Hz, 3H), 2.25 (s, 9H), 1.80
~1.62 (m, 6H), 1.23 (d, J = 7.0 Hz, 18H), 0.98 (t, ] = 7.2 Hz, 9H).
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Figure 22."H NMR of [N 333 con™|[Br] : 2 Thymol HES after extraction in KBr 30% aqueous

solution

16,08 —
554 A

A
- 4

5.68
5.99
37.4%6
5.00

=

IH NMR (400 MHz, CDCls) & 7.10 (d, ] = 7.7 Hz, 6H), 6.80 (d, ] = 1.7 Hz, 6H), 6.67— 6.54
(m, 2H), 3.40 (m, 6H), 3.33 (h, ] = 6.9 Hz, 6H), 2.30 (s, 16H), 1.79 — 1.65 (m, 6H), 1.34 (d, ] =
7.0 Hz, 37H), 0.99 (t, ] = 7.2 Hz, 9H).
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Figure 23. TH NMR of [N 1116 con*][Br] : 2 Thymol HES before extraction in KBr 30% aqueous
solution

IH NMR (600 MHz, DMSO- ) 8 9.02 (s, 2H), 6.91 (d, ] = 7.7 Hz, 2H), 6.55 — 6.48 (m, 4H),
522 (t,] = 4.9 Hz, 1H), 3.77 (d, ] = 5.1 Hz, 2H), 3.50 — 3.43 (m, 1H), 3.42 — 3.31 (m, 2H), 3.30
—3.23 (m, 2H), 3.09 (p, ] = 6.9 Hz, 2H), 3.01 (s, 5H), 2.12 (s, 6H), 2.05 (s, 3H), 1.62 (dq, ] =
15.0, 7.7 Hz, 2H), 1.26 (s, 3H), 1.20 (t, ] = 3.1 Hz, 28H), 1.08 (d, ] = 6.9 Hz, 12H), 0.81 (td, ]
=7.1,0.9 Hz, 3H).
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Figure 24. "TH NMR of [N 1116 con*][Br] : 2 Thymol HES after extraction in KBr 30% aqueous

solution

IH NMR (600 MHz, DMSO- ) § 9.02 (s, 2H), 6.91 (d, ] = 7.7 Hz, 2H), 6.53 (dd, ] = 1.7, 0.8
Hz, 2H), 6.52 — 6.48 (m, 2H), 5.22 (t, ] = 5.0 Hz, 1H), 3.77 (s, 2H), 3.53 — 3.44 (m, 1H), 3.34
(d, ] = 3.3 Hz, 1H), 3.32 (s, 2H), 3.26 (s, 1H), 3.25 (dd, ] = 16.5, 4.0 Hz, 1H), 3.09 (dq, ] =
14.0, 7.0 Hz, 2H), 3.01 (s, 5H), 2.12 (s, 6H), 2.05 (s, 4H), 1.74 (dt, ] = 14.5, 6.8 Hz, 1H), 1.32
(q,] = 7.5 Hz, 1H), 1.21 (s, 16H), 1.20 (d, ] = 1.3 Hz, 15H), 1.08 (d, ] = 6.9 Hz, 11H), 0.84 —
0.79 (m, 3H).
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Levulinic acid

Liquid-liquid extraction

Listan Negro grapevine variety
Limit of detection

Limit of quantification

Moscatel Alejandria grapevine variety
Microwave assisted extraction
Mechanochemical extraction
Medium chain triglycerides

Matrix effect

Methanol

Magnetic ionic liquid

Molecular imprinted polymer
Malvasia Lanzarote grapevine variety
Magnetic nanoparticle

Metal organic framework

Mass spectrometry

Tandem mass spectrometry

Matrix solid phase dispersion
Magnetic solid phase extraction
Microwave

Multiwalled carbon nanotube
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N,N-DENA
NADES
NEMI
NM
NMR

NR

OD

ouT
PANI
PCA

PCB
PDA
PDMS
PIL

PPy

PSA

PVC
PVDF
QU
QuEChERS
QUGlucos
QUGlucur
R2

rGO

RP

RSD

RT

RU

S/N

SD

SIL-IS
SLE

SPE
SPME
SPMS

Sy/x

T

TEG

ToF
TRIL
UAE
UCTS
UHPLC
US
UV—vis
WAC
AS-THC
AS-THCA

N,N-diethyl-4-nitroaniline dye

Natural deep eutectic solvent

National Environmental Methods Index
Negra Moll grapevine variety

Nuclear magnetic resonance

Nile red dye

Oven-drying

Extracted fraction after digestion
Polyaniline

Principal component analysis
Polychlorobiphenyl

Photo-diode array detector
Polydimethylsiloxane

Polymeric ionic liquid

Polypyrrole

Primary-secondary amine

Polyvinyl chloride

Polyvinylidene fluoride

Quercetin

Quick, Easy, Cheap, Effective, Rugged, and Safe
Quercetin-3-O-glucoside
Querceting-3-O-glucuronide
Determination coetficient

Reduced graphene oxide

Reverse phase

Relative standard deviation

Room temperature

Rutin

Signal to noise ratio

Standard deviation

Stable isotope labeled internal standard
Solid-liquid extraction

Solid phase extraction

Solid phase microextraction

Sample Preparation Metric of Sustainability
Standard deviation of the residuals or error of the estimate
Tintilla grapevine variety

Triethylene glycol

Time of flight

Temperature-responsive hydrophobic ionic liquid
Ultrasound-assisted extraction

Upper critical solution temperature
Ultra-high performance liquid chromatography
Ultrasound

Ultra-violet visible

White Analytical Chemistry
Delta’-Tetrahydrocannabinol
Delta’-Tetrahydrocannabinolic acid
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A>-THCVA Delta9-tetrahydrocannabivarinic acid
Amax Maximum wavelength of adsorption

For the abbreviations of the [Ch*][Br]-modified salts and hydrophobic NADESs, refer to Table
2 in Chapter II (Experimental) and Table 1 of Section I11.3.3, respectively.
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