
 
 

 

UNIVERSITY OF CAMERINO  

SCHOOL OF ADVANCED STUDIES 

  Doctoral course in Chemical and Pharmaceutical Sciences and Biotechnology 

Curriculum: Pharmaceutical, Nutraceutical and Food Sciences  

XXXV cycle 

 

Industrial hemp (Cannabis sativa L.) waste products as a source 

of biopesticides and bioactive compounds for pharmaceutical, 

nutraceutical and cosmeceutical purposes 

 
 

Coordinator 

Prof. Sauro Vittori  

  

PhD Candidate                                                                                                                   Supervisors 

Eugenia Mazzara                                                                                               Prof. Filippo Maggi 

Prof. Riccardo Petrelli 

                                                                                                                 

 

Academic years 2020ï2022 



 
 

Index 
Abstract ................................................................................................................................. 1 

1. Introduction ................................................................................................................... 6 

1.1 Industrial hemp (Cannabis sativa L.) ........................................................................... 6 

1.1.1 Taxonomy and classification................................................................................. 6 

1.1.2 Botanical description ............................................................................................ 7 

1.2 Legal framework .......................................................................................................... 9 

1.3 European catalogue of hemp varieties ..................................................................... 11 

1.4 Industrial applications ............................................................................................... 13 

1.5 Hemp secretory structures ........................................................................................ 15 

1.6 Hemp secondary metabolites .................................................................................... 16 

1.6.1 Terpenes ............................................................................................................. 17 

1.6.2 Cannabinoids ...................................................................................................... 22 

1.6.3 Polyphenols ........................................................................................................ 24 

1.7 Hemp essential oil ..................................................................................................... 26 

1.7.1 Extraction techniques ......................................................................................... 27 

1.7.2 Chemical constituents ........................................................................................ 30 

1.7.3 Biological and pharmacological properties ........................................................ 45 

1.7.4 Encapsulation in eco-friendly formulations ....................................................... 72 

1.8 Conclusions ................................................................................................................ 74 

2. CBD-enriched hemp essential oil produced by an optimized microwave-assisted 
extraction using a central composite design ....................................................................... 75 

2.1 Work introduction and aim ....................................................................................... 75 

2.2 Materials and methods ............................................................................................. 78 

2.2.1 Plant material ..................................................................................................... 78 

2.2.2 MAE .................................................................................................................... 78 

2.2.3 Design of the experiments (DoE) ........................................................................ 78 

2.2.4 GC-FID analysis ................................................................................................... 81 

2.2.5 GC-MS analysis ................................................................................................... 81 

2.2.6 CCD analysis ........................................................................................................ 82 

2.2.7 HD ....................................................................................................................... 84 

2.2.8 Chiral GC-MS analysis ......................................................................................... 84 

2.3 Results and discussion ............................................................................................... 85 

2.3.1 DoE analysis ........................................................................................................ 85 

2.3.2 MAE optimization and model validation ............................................................ 89 

2.3.3 Comparison of EO chemical profiles obtained by HD and MAE ......................... 91 



 
 

2.3.4 Enantiomer distribution of chiral components .................................................. 98 

2.4 Conclusions .............................................................................................................. 101 

3. Insecticidal and anti-inflammatory effects of the essential oils from monoecious, 
male, and female hemp inflorescences and their encapsulation in nanoemulsions ........ 102 

3.1 Work introduction and aim ..................................................................................... 102 

3.2 Materials and methods ........................................................................................... 104 

3.2.1 Plant material ................................................................................................... 104 

3.2.2 Reagents ........................................................................................................... 104 

3.2.3 Mosquitoes ....................................................................................................... 104 

3.2.4 Cell lines ............................................................................................................ 104 

3.2.5 SD ...................................................................................................................... 105 

3.2.6 HD ..................................................................................................................... 105 

3.2.7 GC-MS analysis ................................................................................................. 105 

3.2.8 Insecticidal tests ............................................................................................... 106 

3.2.9 MTT assay ......................................................................................................... 106 

3.2.10 Gene expression analysis by TaqMan array ................................................... 106 

3.2.11 ELISA assay ...................................................................................................... 107 

3.2.12 Alkaline comet assay ...................................................................................... 107 

3.2.13 Statistical Analysis .......................................................................................... 107 

3.2.14 Preparation of EO-based NEs ......................................................................... 108 

3.2.15 NEs characterization ....................................................................................... 108 

3.3 Results and discussion ............................................................................................. 109 

3.3.1 Chemical composition of hemp EOs ................................................................. 109 

3.3.2 Toxicity of hemp EOs on mosquito larvae and pupae ...................................... 114 

3.3.3 Effect of hemp EOs in HaCaT and NHF A12 Cell Lines ...................................... 116 

3.3.4 Preparation and characterization of hemp EO NEs .......................................... 118 

3.3.5 Stability of hemp EO NEs .................................................................................. 119 

3.4 Conclusions .............................................................................................................. 121 

4. Green extraction of hemp using microwave method to recover three valuable 
fractions (essential oil, phenolic compounds, and cannabinoids): a central composite 
design optimization study ................................................................................................. 122 

4.1 Work introduction and aim ..................................................................................... 122 

4.2 Material and methods ............................................................................................. 124 

4.2.1 Plant material ................................................................................................... 124 

4.2.2 Water content determination of frozen hemp ................................................ 124 

4.2.3 MAE .................................................................................................................. 124 



 
 

4.2.4 DoE .................................................................................................................... 125 

4.2.5 Analysis of EOs .................................................................................................. 128 

4.2.6 Analysis of lyophilized aqueous extract (AE) .................................................... 129 

4.2.7 Analysis of residual biomass hexane extract (HE) ............................................ 130 

4.2.8 DoE analysis ...................................................................................................... 130 

4.2.9 MAE optimization and validation ..................................................................... 131 

4.2.10 Characterization of products from the MAE optimized runs ......................... 131 

4.3 Results and discussion ............................................................................................. 134 

4.3.1 Analysis of EOs .................................................................................................. 134 

4.3.2 Analysis of AE .................................................................................................... 139 

4.3.3 Analysis of residual biomass ............................................................................. 141 

4.3.4 Optimization and validation of MAE process ................................................... 142 

4.3.5 LC-DAD-MSn analysis of AE and HE ................................................................... 146 

4.3.6 Biological assays of AE and HE .......................................................................... 150 

4.4 Conclusions .............................................................................................................. 152 

5. Evaluation of two C. sativa extracts as antioxidant and neuroprotective agents .... 153 

5.1 Work introduction and aim ..................................................................................... 153 

5.2 Material and methods ............................................................................................. 156 

5.2.1 Chemicals and reagents .................................................................................... 156 

5.2.2 Plant material and extraction process .............................................................. 156 

5.2.3 Neurodegenerative enzymes ........................................................................... 157 

рΦнΦп !ƴǘƛƻȄƛŘŀƴǘ ǇǊƻŬƭŜ ............................................................................................ 157 

5.2.5 AE activity on Neuro-2a cells ............................................................................ 158 

5.2.6 Statistical analysis ............................................................................................. 159 

5.3 Results and discussion ............................................................................................. 160 

5.3.1 Extracts composition ........................................................................................ 160 

5.3.2 Neurodegenerative enzymes ........................................................................... 160 

рΦоΦо !ƴǘƛƻȄƛŘŀƴǘ ǇǊƻŬƭŜ ............................................................................................ 162 

5.3.4 Cell culture ........................................................................................................ 164 

5.4 Conclusions .............................................................................................................. 167 

6. Phytochemical analysis of terpenes, polyphenols, and cannabinoids and 
micromorphological characterization of 9 commercial varieties of C. sativa ................... 168 

6.1 Work introduction and aim ..................................................................................... 168 

6.2 Materials and methods ........................................................................................... 172 

6.2.1 Origin of the commercial varieties ................................................................... 172 

6.2.2 Hemp growing and harvesting ......................................................................... 172 



 
 

6.2.3 HD process ........................................................................................................ 172 

6.2.4 Analysis of volatile compounds ........................................................................ 173 

6.2.5 Spectrophotometric analysis of HD by-products ............................................. 175 

6.2.6 1H-NMR analysis of UM and DM ...................................................................... 176 

6.2.7 HPLC-DAD-MSn analysis of LE, DM and UM ..................................................... 176 

6.2.8 Multivariate statistical analysis of EOs and UM ............................................... 177 

6.2.9 Micromorphological analysis ............................................................................ 177 

6.3 Results and discussion ............................................................................................. 179 

6.3.1 Analysis of volatile compounds ........................................................................ 179 

6.3.2 Spectrophotometric analysis of LE and DM ..................................................... 191 

6.3.3 1H-NMR analysis of UM and DM ...................................................................... 193 

6.3.4 HPLC-DAD-MSn analysis of LE, DM and UM ..................................................... 194 

6.3.5 Multivariate statistical analysis of EOs and UM ............................................... 199 

6.3.6 Micromorphological analysis ............................................................................ 201 

6.4 Conclusions .............................................................................................................. 209 

7. Novel and eco-friendly microwave and ultrasound extraction technologies for 
recovering bioactive compounds from C. sativa ............................................................... 210 

7.1 Work introduction and aim ..................................................................................... 210 

7.2 Materials and methods ........................................................................................... 213 

7.2.1 Plant material ................................................................................................... 213 

7.2.2 Moisture content evaluation ............................................................................ 213 

7.2.3 Ultrasound and microwave extraction ............................................................. 213 

7.2.4 HPLC-MSn analysis of freeze dried aqueous and solid residues ....................... 215 

7.2.5 Protein content evaluation ............................................................................... 215 

7.2.6 Free amino acid profiles evaluation ................................................................. 216 

7.2.7 SEM analysis ..................................................................................................... 217 

7.2.8 Statistical analysis ............................................................................................. 217 

7.3 Results and discussion ............................................................................................. 218 

7.3.1 HPLC-MSn analysis of freeze dried aqueous and solid residues ....................... 218 

7.3.2 Protein content evaluation ............................................................................... 221 

7.3.3 FAA profiles evaluation..................................................................................... 223 

7.3.4 SEM analysis ..................................................................................................... 228 

7.4 Conclusions .............................................................................................................. 229 

8. References ................................................................................................................. 230 

 

 



 
 

List of publications 

This thesis is based on the following published papers, which were adequately adapted in 

every Chapter: 

-Fiorini, D., Scortichini, S., Bonacucina, G., Greco, N. G., Mazzara, E., Petrelli, R., Torresi, 

J., Maggi, F., & Cespi, M. (2020). Cannabidiol-enriched hemp essential oil obtained by an 

optimized microwave-assisted extraction using a central composite design. Industrial Crops 

and Products, 154, 112688. 

-Rossi, P., Cappelli, A., Marinelli, O., Valzano, M., Pavoni, L., Bonacucina, G., Petrelli, R., 

Pompei, P., Mazzara, E., Ricci, I., Maggi, F., & Nabissi, M. (2020). Mosquitocidal and anti-

inflammatory properties of the essential oils obtained from monoecious, male, and female 

inflorescences of hemp (Cannabis sativa L.) and their encapsulation in 

nanoemulsions. Molecules, 25(15), 3451. 

-Mazzara, E., Carletti, R., Petrelli, R., Mustafa, A. M., Caprioli, G., Fiorini, D., Scortichini, 

S., DallôAcqua, S., Sut, S., Nu¶ez, S., L·pez, V., Zheljazkov, V. D., Bonacucina, G., Maggi, 

F., & Cespi, M. (2022). Green extraction of hemp (Cannabis sativa L.) using microwave 

method for recovery of three valuable fractions (essential oil, phenolic compounds and 

cannabinoids): a central composite design optimization study. Journal of the Science of Food 

and Agriculture. 

-Mazzara, E., Torresi, J., Fico, G., Papini, A., Kulbaka, N., DallôAcqua, S., Sut, S., Garzoli, 

S., Mustafa, A. M., Cappellacci, L., Fiorini, D., Maggi, F., Giuliani, C., & Petrelli, R. (2022). 

A Comprehensive Phytochemical Analysis of Terpenes, Polyphenols and Cannabinoids, and 

Micromorphological Characterization of 9 Commercial Varieties of Cannabis sativa 

L. Plants, 11(7), 891. 

-Cásedas, G., Moliner, C., Maggi, F., & Mazzara, E. (2022). Evaluation of two different 

Cannabis sativa extracts as antioxidant and neuroprotective agents. Frontiers in 

Pharmacology, 3796. 

-Mazzara, E., Petrelli, R., Torresi, J., Ricciardi, R., Benelli, G., & Maggi, F. (2023). Hemp 

essential oil: an innovative product with potential industrial applications. In Current 

Applications, Approaches, and Potential Perspectives for Hemp (pp. 201-279). Academic 

Press. 

 

 

 

 

 

 



 
 

Publications not included in this thesis 

-Pavela, R., Maggi, F., Mazzara, E., Torresi, J., Cianfaglione, K., Benelli, G., & Canale, A. 

(2021). Prolonged sublethal effects of essential oils from non-wood parts of nine conifers on 

key insect pests and vectors. Industrial Crops and Products, 168, 113590. 

-Kavallieratos, N. G., Boukouvala, M. C., Ntalaka, C. T., Skourti, A., Nika, E. P., Maggi, 

F., Spinozzi, E., Mazzara, E., Petrelli, R., Lupidi, G., Giordani, C., & Benelli, G. (2021). 

Efficacy of 12 commercial essential oils as wheat protectants against stored-product beetles, 

and their acetylcholinesterase inhibitory activity. 

-Mazzara, E., Scortichini, S., Fiorini, D., Maggi, F., Petrelli, R., Cappellacci, L., Morgese, 

G., Reza Morshedloo, M., Palmieri, G. F., & Cespi, M. (2021). A design of experiment 

(DoE) approach to model the yield and chemical composition of ajowan (Trachyspermum 

ammi L.) essential oil obtained by microwave-assisted extraction. Pharmaceuticals, 14(8), 

816. 

 

-Baldassarri, C., Falappa, G., Mazzara, E., Acquaticci, L., Ossoli, E., Perinelli, D. R., 

Bonacucina, G., DallôAcqua, S., Cappellacci, L., Maggi, F., Ranjbarian, F., Hofer, A., & 

Petrelli, R. (2021). Antitrypanosomal Activity of Anthriscus Nemorosa Essential Oils and 

Combinations of Their Main Constituents. Antibiotics, 10(11), 1413. 

-Sánchez-Gómez, S., Pagán, R., Pavela, R., Mazzara, E., Spinozzi, E., Marinelli, O., Zeppa, 

L., Reza Morshedloo, M., Maggi, F., Canale, A., & Benelli, G. (2022). Lethal and sublethal 

effects of essential oil-loaded zein nanocapsules on a zoonotic disease vector mosquito, and 

their non-target impact. Industrial Crops and Products, 176, 114413. 

-Abouhosseini Tabari, M., Jafari, A. H., Maggi, F., Mazzara, E., Youssefi, M. R., 

Moghaddas, E., Yazdani Rostam, M. M., & Rezaei, F. (2022). Scolicidal activity of some 

medicinal plant essential oils on Echinococcus granulosus protoscolices. Journal of 

Essential Oil Research, 1-8. 

-Mustafa, A. M., Mazzara, E., Abouelenein, D., Angeloni, S., Nunez, S., Sagratini, G., 

López, V., Cespi, M., Vittori, S., Caprioli, G., & Maggi, F. (2022). Optimization of Solvent-

Free Microwave-Assisted Hydrodiffusion and Gravity Extraction of Morus nigra L. Fruits 

Maximizing Polyphenols, Sugar Content, and Biological Activities Using Central 

Composite Design. Pharmaceuticals, 15(1), 99.



1 
 

 

Abstract 

In the last decade, there has been a raising demand for hemp products from legal Cannabis 

sativa L. with tetrahydrocannabinol (THC) content < 0.3%, to be employed for different 

industrial uses, due to the spread of its cultivation and preference in sustainable agriculture. 

In the European Union about 25,000 hectares are grown, and more than 70 varieties are 

allowed to be cultivated in agricultural systems. During hemp processing, a massive amount 

of biomass, mostly represented by leaves and inflorescences, can be produced, and re-used 

to manufacture niche products. Among the latter, the essential oil (EO), a liquid, odorous 

product consisting mainly of monoterpenes and sesquiterpenes, can be a promising candidate 

to be employed in the next years in different sectors such as pest science, pharmaceuticals, 

cosmetics, and so on. On this basis, in Chapter 1 of this thesis, I overviewed the scientific 

literature regarding the chemical compositions of the EOs deriving from different varieties 

of industrial hemp, evidencing the potential of the use of their compounds as 

pharmaceutically active drugs, pesticides, and antimicrobial agents. 

In Chapter 2, I used the microwave-assisted extraction (MAE) to obtain a hemp EO 

enriched in bioactive constituents, especially cannabidiol (CBD), from the dry 

inflorescences of the Italian variety Carmagnola Selezionata (CS). For this aim, the operative 

parameters to enhance the EO yield and CBD content in terms of microwave irradiation 

power (W/g), extraction time (min), and water added to the plant matrix after moistening 

(%), were optimized through a central composite design (CCD) approach using a Milestone 

Ethos X device. The conventional hydrodistillation (HD) was used for comparative 

purposes. The qualitative compositions of EOs by MAE and HD were analysed by Gas 

Chromatography-Mass Spectrometry (GC-MS), whereas the quantitative detection of CBD 

and main terpenes was achieved by Gas Chromatography-Flame Ionization Detection (GC-

FID). Moreover, the enantiomeric distribution of the chiral components (Ŭ-pinene, ɓ-pinene, 

limonene, (E)-caryophyllene, and caryophyllene oxide) was evaluated by chiral 

chromatography. Results showed that the MAE treatment, using high irradiation power and 

relatively long extraction times, significantly enhanced the amount of CBD in the EO while 

maintaining high oil yield values with respect to the conventional HD. The enantiomeric 

excess of the three chiral monoterpenes was determined, with the (+)-enantiomers being 

prevalent, while (E)-caryophyllene and caryophyllene oxide were enantiomerically pure. So, 
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the MAE was successfully applied to dry hemp inflorescences to recover a CBD-rich EO 

that may be exploited in diverse industrial applications. 

In Chapter 3, I investigated the chemical composition of EOs obtained from two hemp 

varieties, namely Felina 32 and CS, employing monoecious, male, and female 

inflorescences, and their mosquitocidal properties on larvae and pupae of two main malaria 

vectors, Anopheles gambiae and An. stephensi, were evaluated. Then, to demonstrate the 

safe use of hemp EOs for operators, their potential pro- or anti-inflammatory effect along 

with their toxicological profile, were assessed on dermal fibroblasts and keratinocytes. Given 

the promising outcomes achieved by insecticidal and anti-inflammatory studies, a 

preliminary evaluation of EOs encapsulation into nanoemulsions (NEs) has been carried out 

to improve their poor physicochemical stability by developing an eco-friendly formulation. 

This work pointed out the potential application of male inflorescences, which are usually 

discarded during hemp product processing. These EOs could be exploited as potential 

sustainable botanical insecticides, due to their capability to be active against mosquitoes and 

the possibility of employing them to develop stable and safe formulations. The LC50 values 

detected in this study (<80 ppm) are lower, on average, than those of several plant EOs, with 

the advantage of exploiting an industrial waste product. From MTT assay and gene and 

protein expression analysis, EOs displayed no cytotoxicity at the appropriate doses and 

possessed an anti-inflammatory effect on the tested human cell lines. These evidences 

support further applied research on hemp EOs in order to encourage their industrial 

exploitation. 

In Chapter 4, I applied MAE as a green extraction method for boosting the yield and quality 

proýle of hemp EO when compared with other conventional extraction methods. During this 

process, two by-products are obtained, namely the aqueous residue, including bioactive 

phenolics, and the residual deterpenated biomass, which can be again extracted for 

puriýcation of phytocannabinoids. So far, the hemp industry has not exploited these 

products, although they can be precious for the food, cosmetic, nutraceutical, and 

pharmaceutical markets. This work determined and optimized the variables influencing 

MAE efýciency, namely microwave irradiation power, extraction time, and added water, 

that were studied using a CCD approach, and results were useful to optimize the extraction 

process for recovering three valuable fractions, namely EO, polyphenols and 

phytocannabinoids. The products obtained through the optimized conditions were evaluated 

in terms of yield, chemical proýle, and antioxidant potential. In addition, the by-products 

from the optimized run were further analysed for their biological activity performing both 
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enzymatic and non-enzymatic assays. The aqueous residue showed a powerful Ŭ-glucosidase 

inhibition, a good effect in terms of superoxide radical scavenging activity, a modest efýcacy 

in terms of inhibition of advanced glycation end products formation and no activity in terms 

of lipase inhibition. The residual deterpenated biomass did not display considerable 

biological activity. This study demonstrated the valorisation of industrial hemp EO and its 

by-products, resulting from a sustainable and eco-friendly extraction technique, through an 

almost waste-free approach. Cannabinoids along with other valuable bioactive constituents 

such as glycosidic þavones, may be recovered from the residues of the EO extraction, 

representing interesting compounds in the pharmaceutical, cosmetic, and nutraceutical 

sectors. 

In Chapter 5, two extracts of industrial hemp with different polarity (aqueous and hexane) 

were assessed by determining their antioxidant proýle and their neuroprotective potential on 

pharmacological targets in the central nervous system (CNS). Several assays on in vitro 

antioxidant capacity (DPPH, superoxide radical, FRAP, ORAC), as well as inhibition of 

physiological enzymes, namely acetylcholinesterase (AChE) and monoaminooxidase A 

(MAO-A) were performed to discover how these extracts may be helpful to prevent 

neurodegenerative diseases. Neuro-2a cell line was selected to evaluate the cytotoxic and 

neuroprotective potential of these extracts. Both extracts displayed notable antioxidant 

capacity in the FRAP and ORAC tests, particularly the hexane extract, and interesting results 

for the DPPH and superoxide radical uptake assays, with the aqueous extract being 

performant, especially in the latter. In enzyme inhibition assays, the aqueous extract 

exhibited AChE and MAO-A inhibitory activities, while the hexane extract only achieved 

IC50 value for AChE inhibitory bioassay. Neuro-2a tests confirmed that polyphenolic extract 

was not cytotoxic and exerted cytoprotective properties against hydrogen peroxide and 

antioxidant response, reducing reactive oxygen species (ROS) production. Thus, these 

extracts could be a source of substances with potential beneýt on human health, especially 

concerning neurodegenerative disorders. 

In Chapter 6, I investigated a novel research topic represented by new hemp breeding lines 

developed by crossbreeding of selected cultivars. In this context, the study focused on the 

phytochemical characterization of 9 hemp commercial varieties. HD was carried out in order 

to recover the EO, and also the residual water and deterpenated biomass. The terpene fraction 

was analysed by GC-FID, GC-MS, and Solid Phase Microextraction (SPME-GC-MS), 

showing diverse chemotypes. The polyphenolic profile was assessed on the residual water 

and deterpenated biomass by spectrophotometric tests, and by High-Performance Liquid 
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Chromatography-Diode-Array Detection (HPLC-DAD-MSn) and Proton Nuclear Magnetic 

Resonance (1H-NMR) analyses. The latter were used for quali-quantitative evaluation of 

cannabinoids in the deterpenated material compared with the untreated one. Moreover, the 

glandular and non-glandular indumentum of the 9 commercial cultivars was investigated by 

means of Light Microscopy (LM) and Scanning Electron Microscopy (SEM) in an attempt 

to find a potential correlation with the phytochemical and morphological traits. The EO and 

residual water were rich in monoterpene, sesquiterpene hydrocarbons, and flavonol 

glycosides, respectively, while the deterpenated biomass was revealed to be a source of 

neutral cannabinoids. The micromorphological survey allowed us to partly link the 

phytochemistry of these varieties with the hair morphotypes. This work led to the 

valorisation of several products from HD of new hemp cultivars, namely EO, residual water, 

and deterpenated biomass, that were found to be worthy of exploitation in both industrial 

and health applications. 

In Chapter 7, I reported the research work carried out abroad, specifically at Teagasc-

Agriculture and Food Development Authority and University College (UCD) in Dublin, 

Ireland. During this period, I focused on Ultrasound Assisted Extraction (UAE) and MAE 

of Finola hemp inflorescences by using two advanced and novel equipments (an UAE probe 

system and an UAE-MAE pilot scale extractor), and employing only water as extraction 

solvent, for the recovery of phenolics, cannabinoids and proteins. This variety possessed 

limited amounts of cannabinoids, especially represented by cannabidiolic acid (CBDA), and 

only traces of phenolic compounds. Regarding proteins, the obtained results were more 

satisfactory. In fact, the applied techniques allowed to recover hemp extracts with higher 

protein content than that of raw (untreated) hemp and, in some cases, with respect also to 

conventional extracts. The percentage amount of proteins was especially enhanced by adding 

ethanol to the aqueous extracts resulting from probe UAE, to facilitate their precipitation. 

The most promising extracts were characterized in terms of free amino acid (FAA) profile, 

revealing the presence of all the essential AA, with an evident improvement in their content 

with respect to raw hemp and partly to conventional extracts as well. The data were 

statistically processed through Principal Component Analysis (PCA) and cluster analysis. 

The extracts were also evaluated through LC-MS protein analysis, which is still in progress. 

The hemp residues after probe UAE were subjected to Scanning Electron Microscopy (SEM) 

for the observation of the treatment effect on the samples surface, highlighting a certain 

micro-structures modification by cavitation induced by these radiations.  



5 
 

Overall, the results of my PhD thesis provided new insights into the potential of hemp-

derived compounds as valuable sources for the pharmaceutical, nutraceutical and 

cosmeceutical markets, and for the development of innovative botanical insecticides.   
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1. Introduction  

1.1 Industrial hemp (Cannabis sativa L.) 

1.1.1 Taxonomy and classification 

Cannabis sativa L., as one of the oldest cultivated crops, originated in central Asia, and then 

it naturalized and was domesticated in much of the world, by spreading in Europe, Africa, 

and more recently in the new World, where it was absent until 1545 (Small and Cronquist, 

1976) (Figure 1). Cannabis is the type genus of Cannabaceae family, which includes 

Cannabis and Humulus genera. This family belongs to Moraceae (mulberry or fig family) 

and Urticaceae (nettle family), presenting close similarities to both families (Table 1). 

 

 

 

 

 

 

 

 

Table 1. Botanical nomenclature of C. sativa 

Kingdom Plantae 

Subkingdom Tracheobionta 

Superdivision Spermatophyta 

Division  Magnoliophyta 

Class Dicotyledons 

Order  Hamamelididae 

Family  Cannabaceae 

Genus Cannabis 

Species Cannabis sativa L. 

Figure 1. Hemp origin and distribution 
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In ñSpecies Plantarumò (1753), the Swedish botanist Linnaeus provided the species name 

for the first time, hence Cannabis sativa L., considering sativa as the only species which 

encompasses all Cannabis plants (Clarke and Merlin, 2013). In 1785, the French biologist 

Lamarck distinguished two species, Cannabis sativa as a fibrous and taller plant, and 

Cannabis indica as a more psychoactive and shorter one. Later, Cannabis ruderalis was 

introduced by Janischevsky, and the existence of these three species was supported also by 

other Russian scientists, such as Vavilov (Small, 1975). However, after further research, 

Small and Cronquist came back to the opinion that all Cannabis plants belonged to C. sativa 

as a single species, including several subspecies and varieties (Small and Cronquist, 1976). 

C. sativa populations can be also classified based on the concentration ratios of the two main 

cannabinoids found in this species, namely ȹ9-tetrahydrocannabinol (ȹ9-THC) and 

cannabidiol (CBD). In this regard, chemotype I can be identified when THC is predominant, 

with nearly missing CBD, while chemotype III refers to CBD prevalence, with almost absent 

THC. Notably, the majority of C. sativa populations belongs to chemotype II (THC:CBD Ғ 

1) (Clarke and Merlin ,2016). Minor chemotypes are IV, which characterizes plants with a 

significant amount of cannabigerol (CBG), and V, which includes varieties free of 

cannabinoids (Grassi and McPartland, 2017). 

 

1.1.2 Botanical description 

Cannabis is an erect, annual plant, medium to tall, that can grow up to 5 m during a season 

from 4 to 6 months, if exposed to a good sunlight, sufficient water and nutrients, and located 

in well-drained soils. In temperate habitats, seeds are sown in spring, and it takes them from 

3 to 7 days to germinate. The first true leaves arise above the seed leaves (cotyledons) as a 

pair of oppositely oriented single leaflets. The other leaves develop in opposing pairs, and a 

differently shaped leaf sequence grows with the second pair of leaves presenting 3 leaflets, 

the third pair having 5, and so on up to 9, 11, until 13 leaflets. The stalks quickly elongate to 

produce a bark fiber, that is useful for making textiles and cordage. Cannabis is characterized 

by an initial vigorous vegetative growth during longer days, and then it needs shorter autumn 

days to flower, completing its life cycle. Continuous dark periods of 10 to 12 h are required 

to induce flowering. Cannabis is typically dioecious, and in this case, female or male flowers 

grow on separate plants, although monoecious or hermaphrodite individuals with both sexes 
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produced on the same plant exist too. Cannabis is wind-pollinated (anemophilous), and 

when flowering starts, the differentiation of dense clusters of round, pointed flower buds 

occurs, each of them having five radial segments. As flowering continues, the number of 

leaflets per leaf decreases in both sexes, until only a small single leaflet develops below each 

pair of flowers. The leaf arrangement also changes from opposite to alternate along the main 

stalk (Clarke and Merlin, 2013). Closely clustered female flowers possess two long white, 

yellowish, or pinkish stigmas (female sexual organs receptive to pollen) protruding from 

each bract. The bract adheres strictly to the single ovary, and completely surrounds it. 

Hundreds of glandular trichomes cover the bract, and these glands and their resinous 

secretion may have a protective function towards the reproductive organs from excessive 

transpiration, along with a repellent role against pests (Small, 1975). Male flowers have 5 

light yellow or greenish petals forming the corolla. From them, 5 stamens arise, namely 

slender anthers, containing pollen. Once they release pollen, male flowers dye. Pollination 

of the female flower leads to the browning, shriveling, and eventual loss of the paired 

stigmas, as well as swelling of the fertilized ovule inside the tubular bract. After 

approximately 3 to 6 weeks, the seed reaches maturity, and then it falls to the ground, or is 

harvested and dispersed by humans. The mature, achene fruit (seed) is partially surrounded 

by the bract. The seed is slightly elongated and compressed, measuring 2 to 6 mm in length 

and 1 to 4 mm in maximum diameter. Seed weights range from 600 seeds per g in wild 

varieties to only 15 seeds per g in cultivated varieties (Clarke, 1999) (Figure 2). 

The morphology and physiology of Cannabis plant are influenced by several genetic and 

environmental variables. Key environmental factors affecting the growth and development 

of Cannabis plants are represented by temperature, sunlight, moisture, and soil conditions. 

C. sativa is tolerant of shade, although its biomass and pollen and seed production can be 

greatly reduced. Cannabis can adapt to high temperatures if there are sufficient water and 

nutrients, but it does not tolerate strong cold. At higher latitudes, hemp is commonly planted 

in late spring and harvested at the end of summer, avoiding the autumn cold temperatures 

and short days. The pubescence of glandular trichomes around the inflorescences, especially 

in female flowers, is responsible for the protection of reproductive tissues from drying out, 

slowing water loss and transpiration. Cannabis maturation and reproduction occur especially 

in subhumid to moderately arid conditions. C. sativa roots can be attacked by several fungi 

and cannot tolerate standing water. Cannabis generally grows best in open environments and 

in sandy and loamy alluvial soils; the extensive root system requires a friable but nutrient-
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rich soil, allowing proper root growth, adequate drainage, and efficient uptake of minerals 

(Clarke and Merlin, 2013). 

 

Figure 2. C. sativa structure and morphology. (A) flowering male and (B) seed-bearing female plant, actual size; (1) male 

flower, enlarged detail; (2) stamen (anther and short filament); (3) stamen; (4) pollen grains; (5) female flower with bract; 

(6) female flower without bract; (7) female flower showing ovary, longitudinal section; (8) seed (achene) with bract; (9) 

seed without bract; (10) seed, side view; (11) seed, cross-section; (12) seed, longitudinal section; (13) seed without 

pericarp 

 

1.2 Legal framework 

According to the Regulation (EC) No 73/2009 of the Council of the European Union, and 

the Regulation (EC) No 1120/2009, 1121/2009 and 1122/2009 of the European Commission, 

industrial hemp cultivation is subjected to some restrictions, especially concerning its use 

for fiber production. Fiber hemp varieties that can be cultivated must possess a THC level 

lower than 0.2% in the green parts of a standardised sample, calculated in accordance with 

the method defined by Community Regulations. Member States must check at least 30% of 

the cultivated hemp areas for industrial purposes, in order to ensure a THC level within 0.2%. 

The Law No. 242/2016 allowed hemp cultivation in Italy exclusively for fiber production or 

for other industrial uses, and not for pharmaceutical purposes. Hemp varieties that can be 

cultivated are those included in the European catalogue of plant varieties in accordance with 
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Article 17 of Council Directive 2002/53/EC of 13 June 2002 (Plant Variety Catalogues, 

Databases & Information, 1995). These plants do not fall within the drug legislation (DPR 

309/1990) because their THC content is below or equal to 0.2%. In fact, according to Article 

2, Paragraph 1, of Law No. 242/2016, the cultivation of these varieties is allowed without 

requiring authorisation, which is instead needed to grow C. sativa with higher amount of ȹ9-

THC and ȹ8-trans-THC. The law indicates the following possible uses for hemp: 

-food and cosmetics to be produced in accordance with the disciplines of these sectors; 

-semi-finished products, such as fibre, hemp hurds (shives), powders, wood chips, and fuels 

for supplies to industries and craft activities in different fields, including the energy industry. 

Hemp use as biomass for energy-production purposes is allowed only for the companyôs 

self-production of energy; 

-material for green manure practice; 

-organic material for bioengineering work or products for green building; 

-material aimed at phytoremediation of polluted sites; 

-cultivations dedicated to education and demonstration activities as well as researches 

performed by public or private institutions; 

-crops intended for horticulture. 

The State Forestry Corps are responsible for carrying out sampling and laboratory analysis 

on hemp crops, except for all the other controls made by judicial police. The procedures for 

sampling, storing and analysing samples from open field crops, for the THC quantitative 

determination of hemp varieties, are stated according to the European Union and national 

law. When sampling with crop harvesting is necessary, it must be carried out in the presence 

of the grower, who should keep a sample for any cross-checking. The seizure or destruction 

of cultivated hemp can be established by the judicial authority only when THC level in the 

plant exceeds 0.6%. The Central Narcotics Office of the General Direction for Medical 

Devices and of the Pharmaceutical Service has implemented Articles 27, 28 and 29 of DPR 

of 9 October 1990 No. 90, bearing the "Consolidated text of the laws concerning the 

discipline of narcotic drugs and psychotropic substances, prevention, treatment and 

rehabilitation of the relative states of drug addiction". The Office has also granted the first 

authorisations to the cultivation of C. sativa from certified seeds belonging to varieties 

included in the European Catalogue, for the supply of leaves and inflorescences to 
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pharmaceutical plants authorized by AIFA (Italian Medicines Agency) for the production of 

pharmaceutically active substances. The farm intending to ask for authorisation for 

cultivation, must reach an agreement with a pharmaceutical plant authorized by AIFA, and 

it will give the plant material exclusively to the chosen pharmaceutical factory, which will 

procure the biomass only from that farm according to the agreement.          

 

1.3 European catalogue of hemp varieties 

To date, 79 industrial hemp varieties have been admitted for cultivation by the European 

catalogue of plant varieties (Plant Variety Catalogues, Databases & Information, 1995). 

Agronomic and phenological traits are strongly related to the environment, so describing all 

the agronomic characteristics of hemp varieties appears to be quite complex (De Meijer, 

1995). Both industrial hemp monoecious and dioecious varieties are characterized by a short 

life cycle with respect to other plants, consequently, they are capable of adapting to a vast 

range of climatic conditions (Madia and Tofani, 1998). Monoecious varieties offer a greater 

reliability in terms of uniformity and seed production and can be harvested more easily with 

respect to the dioecious ones, being endowed with interesting industrial applications 

(Mandolino et al., 2002; Salentijn et al, 2015). Monoecious varieties were reported to yield 

high quality fiber by Grassi (2004). On the other hand, dried non-pollinated female 

inflorescences from dioecious varieties are mostly used to extract CBD, and other bioactive 

compounds such as terpenes (in the form of EO) and polyphenols (Hazekamp and 

Fischedick, 2012). Among the monoecious cultivars that are exploited for their industrial 

uses, the most investigated in this PhD work are Futura 75, Felina 32 and Uso 31. Futura 75 

and Felina 32 originated from France, where several industrial hemp varieties come from 

the cvs. ñFibrimonò. So, the so called ñconservative breedingò (breeding for maintaining the 

cultivars) of these monoecious varieties led to the production of high-quality seed or ñelite 

seedò (De Meijer, 1995). Futura 75 is grown especially for seed, biomass, and CBD 

production. It withstands different meteorological conditions, from south to north Europe. It 

possesses a long vegetative cycle (140/160 days) and, if bred outdoor, it can reach up to 4.5 

m of height at flowering in August. As for the inflorescences production, Futura 75 could 

yield from 800 to 1500 kg/ha of dry biomass. Felina 32 is one of the most employed in 

Europe to produce CBD from seeds and biomass. It grows better in colder regions, such as 

northern and central Europe. It is characterized by a quite long vegetative cycle of 130/150 
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days and, as for Futura 75, can reach up to 4.5 m at flowering in August. Felina 32 can yield 

from 600 to 1000 kg/ha of dry biomass. The Ukrainian Uso 31 variety was selected for fiber 

and seed production. It shows an early flowering with respect to other varieties. Male 

inflorescences are predominant, and this fact guarantees a significant seed production, while 

the fiber yield is lower than that of other cultivars (Grassi, 2004). Among the dioecious 

varieties, Carmagnola, Carmagnola Selezionata (CS) and Kompolti are those on which this 

research project is mainly focused. Carmagnola CS, endowed with long fibers, was selected 

and bred from the Italian landrace Carmagnola (De Meijer, 1995). It can grow well especially 

in Europe and America, and its long vegetative cycle can last up to 180 days. Carmagnola 

CS can be considered a ñtallò cultivar, because it can reach a height of 6.5 m. It flowers in 

August and from 600 to 1000 kg/ha of dry inflorescences can be obtained from this variety. 

The Hungarian dioecious variety named Kompolti was selected from an Italian variety likely 

related to Carmagnola. It is one of the most productive, especially in terms of fiber yield, 

being capable of producing over 40% dry weight of this product (Grassi, 2004). It is 

characterized by high resistance and excellent adaptability to diverse habitats. It reaches over 

3.5 m, and it can produce a huge quantity of biomass, especially in outdoor. It can be used 

also for inflorescences production, particularly in indoor (Figure 3).      
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Figure 3. C. sativa plants of some of the studied varieties. A) Felina 32 in the vegetative stage; B) Felina 32 in the 

flowering stage; C) Futura 75 in the flowering stage; D) Futura 75 dry inflorescences; E) Carmagnola CS fresh female 

inflorescence; F) Carmagnola CS dry female inflorescences  

 

 

1.4 Industrial applications 

Industrial hemp is a multipurpose crop, and its products are employed for several industrial 

uses. The plant is a precious source of wood and fibers, both obtained by its stem. The woody 

part is named hurd (shives), and is a light and absorbing material, while fibers are very 

resistant. Hemp fibers are made of 70% of cellulose, 15% of hemicellulose, 1-3% of pectin, 

3% of lignin, and the rest consists of proteins, minerals, lipids, and waxes. Each fiber 

possesses an inside space called ñlumenò, which gives the fibers lightness and breathability 

(Ranalli and Venturi, 2004). Hemp can be exploited in numerous industrial sectors, namely 

textiles production, paper manufacturing, green building, and bioplastic, and as a source of 

biofuels and energy. This crop can excellently fix CO2; notably, one square meter of hemp 

and lime removes 35 kg of CO2 from the air. The mixture made of hemp and lime possesses 

insulating and anti-moisture properties. Hemp and lime guarantee a good mechanical 

resistance and the reduction of energy costs in order to maintain temperature and moisture 



14 
 

constant levels (Crini et al., 2020). Hemp fibers are fused for producing bioplastics, and the 

obtained material shows higher quality and resistance with respect to polypropylene. 

Consequently, health risks and problems caused by pollution and materials disposal are 

minimized, because plastic from hemp can be recyclable and biodegradable (Pilla, 2011). 

When employed in the automobile field, hemp reduces cars weight by 40%, and makes them 

30% more resistant than those produced with common metal. In absence of oxygen, a sort 

of natural biodiesel can be obtained from hemp, as an alternative to conventional fuels. It is 

derived from transesterification of vegetable oils, to get a pure and renewable fuel with a 

very low environmental impact (Crini et al., 2020). Hemp, being rich in cellulose and having 

20% less lignin than trees wood, can be used also to produce paper. From one hectare of 

hemp, in few months, the same cellulose amount produced by four hectares of forest in ten 

years is obtainable. Hemp fibers do not need to be treated with acids for cellulose and then 

paper production, that is a very expensive and polluting process which is necessary for other 

types of wood. Hemp fibers are already white, and the resulting paper is immediately 

printable, without using harmful bleaching chemicals (Crini et al., 2020). In the agricultural 

sector, biopesticides made from hemp EOs could represent promising tools against different 

kinds of parasites, namely insects, mites, and also fungi (McPartland and Sheikh, 2018; 

Tabari et al., 2020). Being composed of volatile constituents named terpenes, EOs are 

sustainable and eco-friendly, differently from synthetic products that are currently used as 

insecticides. Moreover, the resistance to natural pesticides will develop more slowly, due to 

the complex composition of many EOs. So, these kinds of products could represent valuable 

candidates to be included in integrated pest management programs. Botanical insecticides 

are expected to be applied on a commercial level, especially in urban pests control, in public 

human and veterinarian health, and in the protection of stored goods. In farming, these 

pesticides would be more useful for protected crops, such as greenhouse ones, and within 

organic food production systems (Isman, 2014). Hemp can also be employed for 

cosmeceutical, nutraceutical and pharmaceutical applications. Concerning its use in 

cosmetics, hemp oil is exploited for its soothing and balancing properties. It is rich in vitamin 

E, so it counteracts free radicals, that cause aging disorders. It is used for the treatment and 

prevention of skin diseases, such as eczema, psoriasis and xerosis, and for reducing skin 

irritation and avoiding scars formation (Crini et al., 2020). Hemp, especially its seeds, can 

be used as a source of valuable ingredients for food and beverages, nutritional supplements, 

protein products and also pharmaceuticals. In fact, among the most recognised properties of 

hemp and its derivatives, the following ones can be highlighted: the antioxidant activity 
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displayed especially by tocopherols and polyphenols, along with the beneficial effects on 

cardiovascular system and against osteoporosis by omega-6 and omega-3 PUFA, and the 

potential antiepileptic, anxiolytic, antipsychotic, neuroprotective activities, and benefits 

against motility disorders and cancer particularly exerted by the main psychoactive but not 

psychotropic cannabinoid CBD (Rupasinghe et al., 2020).    

                               

1.5 Hemp secretory structures 

Hemp leaves and especially the inflorescences are endowed with glandular trichomes which 

contain interesting bioactive substances (Dayanandan and Kaufman, 1976) (Figure 4). There 

are three main types of glandular trichomes: capitate-stalked, capitate-sessile and bulbous 

trichomes. The first, as the predominant ones in older flowers, being concentrated on the 

outer surface of the bracts of female flowers and anthers of male flowers, are characterized 

by capitate glands presenting a large head on a long stalk. The capitate-sessile trichomes, 

with a short or lacking one-celled stalk and a swollen head, are particularly abundant in early 

stages of inflorescence growth, occurring in the abaxial leaf surface, petioles and stems. A 

cell disc of eight cells generally composes capitate-stalked and capitate-sessile head. 

Bulbous trichomes, the smallest ones, are spread on bracts, leaves, stems and petioles, and 

they are made of 1-2 celled stalks (Dayanandan and Kaufman, 1976; Raman et al., 2017). 

Notably, glandular trichomes are more abundant in the female flower bract than in any other 

parts. These structures emit a kind of resin between the extended cuticular membrane and 

the outer surface of the cell disc, and a secretory cavity filling the spherical head is formed. 

The resin, being more present in the capitate-stalked trichomes, consists of cannabinoids and 

other bioactive compounds such as terpenes and terpenoids, that can be collected in the form 

of an EO (Happyana et al., 2013). The exudate can represent a sort of defensive barrier 

against insects and parasites, repelling herbivores and also minimizing water losses through 

the protection of the plant from excessive heating and UV rays (Brousseau et al., 2021). The 

presence of tetrahydrocannabinolic acid (THCA) inside the secretory cavity of the trichomes 

head can be considered as an indication for distinguishing drug-type trichomes from fiber-

type ones (Ebersbach et al., 2018). Consequently, trichomes can be employed for the 

recognition of legal/illegal cannabis. In fact, fiber-type (hemp) trichomes are rich in 

cannabidiolic acid (CBDA), as well as myrcene as EO marker constituent. Non-glandular 

trichomes are also present, from the vegetative to the reproductive stage of hemp. Two types 
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of them can be distinguished: cystolithic and slender covering trichomes. Cystolithic 

trichomes, more concentrated on the adaxial leaf surface, have a conical (claw) shape and 

are formed by 15-20 epidermal cells at the base, including calcium carbonate crystals. 

Slender covering trichomes, longer than the others, are especially distributed on the abaxial 

leaf side, stems, petioles, and tepals (Raman et al., 2017). Actually, hemp EO is a niche 

product, with a valuable potential use in several fields, encompassing the biopesticides one, 

that is still unexplored. The hemp EO comprises two main fractions: monoterpenes, 

especially represented by myrcene, Ŭ-pinene and terpinolene, and sesquiterpenes, including 

mainly (E)-caryophyllene, Ŭ-humulene, and caryophyllene oxide. These compounds can 

vary qualitatively and quantitatively, based on the harvesting, storage, drying, and extraction 

methods. Additionally, genetics is a significant aspect affecting the chemical profile. 

Furthermore, hemp EO could also contain small amounts of CBD and other non-

psychotropic cannabinoids. 

 

Figure 4. Hemp trichomes 

1.6 Hemp secondary metabolites 

According to recent studies, more than 500 known plant secondary metabolites are produced 

by C. sativa, such as terpenes/terpenoids, flavonoids, and cannabinoids (Elsohly et al., 2017; 

Gonçalves et al., 2019; Solymosi and Köfalvi, 2017). Based on the presence of other 

components along with cannabinoids that may play a key function as entourage and/or 

synergistic compounds, the last two decades have been characterized by a strong research 

growth on hemp secondary metabolites. The entourage effect concept was introduced in 

1998 by Mechoulam, assuming that cannabis curative effect can be especially achieved by 

combining phytocannabinoids and terpenes/terpenoids, with respect to the use of any 

isolated and pure single constituent (Ben-Shabat et al., 1998; Russo, 2011; Russo, 2019). 
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1.6.1 Terpenes 

Monoterpenes and sesquiterpenes are synthetised in the cell plastid and cytoplasm, 

originating from dimethylallyl pyrophosphate, DMPP, and isopentenyl pyrophosphate, IPP, 

that are C5 isoprene analogues. Then, according to the óisoprene ruleô, C10 and C15 

precursors like the geranyl pyrophosphate (GPP) and farnesyl pyrophosphate (FPP), 

respectively, are produced based on head-to-tail rearrangements of C5 units (Sut et al., 

2018). Two diverse pathways can occur in plastid and cytoplasm for the synthesis of isoprene 

units, namely the methylerythritol phosphate (MEP) and mevalonate (MVP) pathways, 

respectively. Hemp terpenes/terpenoids are usually endowed with several therapeutic 

properties (e.g., antitumor, antifungal, antimicrobial, antiviral and anti-inflammatory ones), 

and the typical scent of C. sativa flowers is due to the association of around 140 of these 

volatile compounds. Terpenes are simple mono- and sesquiterpenes formed by two and three 

isoprene units, respectively, while terpenoids are modified terpenes containing different 

functional groups. Cannabis terpenes are recognised as polyvalent cannabimimetic 

molecules that can improve the pharmacological activities of cannabinoids, supporting the 

"entourage effect" theory. Some terpenes are popular and have been employed in traditional 

medicine for a long time, and others have yet to be deeply investigated. Giese et al. (2015) 

studied 108 EOs from several cannabis and hemp chemovars, showing that 13 of the 44 

detected terpenes of C. sativa are the most usual. Among these, 8 terpenes were prevalent 

and considered as belonging to a "terpene super-category": Ŭ-pinene, ɓ-pinene, myrcene, 

limonene, terpinolene, (E)-caryophyllene, Ŭ-humulene and caryophyllene oxide (Giese et 

al., 2015) (Figure 5).   

 

 

Figure 5. Structures of the main C. sativa terpenes 
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Ŭ-Pinene is a common bicyclic monoterpene endowed with interesting therapeutic 

applications (Noma and Asakawa, 2020). No affinity towards the receptors of cannabinoids 

has been observed for this compound, but it can be the predominant cannabis terpene, 

particularly in some Californian chemovars. Ŭ-Pinene pharmacological properties include 

anticancer, anti-inflammatory, antiseptic, antibacterial, bronchodilator, and gastroprotective 

ones (Salehi et al., 2019). Notably, it is capable of inhibiting acetylcholinesterase, reducing 

short-term memory impairment, which is THC users first drawback. Consequently, Ŭ-pinene 

may help to counteract dementia, where THC has shown positive effects in decreasing acute 

agitation (Russo et al., 2007). Being a potential THC's modulator, Ŭ-pinene could be 

considered as a remedy to cannabisôs adverse effects or intoxication (Russo, 2011). 

Moreover, it exerts hypnotic and anxiolytic effects, because of the direct binding to the 

GABA-A receptor, and the partial modulator activity at the benzodiazepine binding site. ɓ-

Pinene, a bicyclic monoterpene, is frequently combined with Ŭ-pinene. ɓ-Pinene possessed 

antidepressant-like and sedative properties in mice experimental models, through the 

interaction with the monoaminergic pathway (Guzman-Gutierrez et al., 2015). ɓ-Pinene is 

also responsible for supraspinal anti-nociceptive effects, by acting as a partial agonist of the 

ɛ-opioid receptors. It has been demonstrated to be an anticancer, antimicrobial, and antiviral 

agent in the same way as Ŭ-pinene. In a recent work, ɓ-pinene was tested and compared to 

the synthetic cannabinoid WIN55,212 for cannabinoid receptor 1 (CB1) activity. According 

to the preliminary in vitro results, ɓ-pinene was found to behave as a CB1 agonist. Usually, 

hypolocomotion, catalepsy, antinociception, and hypothermia, called "CB1 receptor tetrad", 

are the physiological responses that are stimulated in mice models by the activation of CB1 

receptors by CB1 agonists. Additionally, intraperitoneally injected ɓ-pinene caused a dose-

dependent rise in tail-flick thermal latency, with an anti-nociceptive effect. At a dose of 200 

mg/kg, this compound led to a significant increase in catalepsy, and a reduction of 

hypolocomotion, and core temperature. These preliminary findings suggest the induction of 

CB1-dependent behaviours in mice by ɓ-pinene and other terpenes, supporting the 

controversial "entourage effect" (Hecksel et al., 2020). The monoterpene myrcene is 

frequently detected in high amounts in several cannabis chemovars. Myrcene was reported 

to be not mutagenic and to preserve heart, brain, and skin tissues from oxidation and 

inflammation. Moreover, its efficacy as a sedative, antipsychotic, analgesic, antioxidant, and 

an antitumor agent was proven (Jansen et al., 2019; Kozioğ et al., 2014). In addition, the 
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inhibition of nitric oxide (NO) production by myrcene in human chondrocyte cells suggested 

its potential use in osteoarthritis (Rufino et al., 2015). Cannabis chemotypes containing more 

than 0.5% of myrcene produced an effect popularly named "couch-lock" (a narcotic-like 

sedative effect), while chemotypes with low levels of myrcene led the consumers to a more 

energetic "high" (Lewis et al., 2018; Russo, 2011). In mice, naloxone (a ɛ-opioid inverse 

agonist) can reverse the analgesic effect, proposing a relation between the narcotic effect and 

the interaction with opioid receptors or Ŭ-2 adrenoreceptors (Rao et al., 1990). Moreover, 

myrcene extends the barbiturate-induced sleeping time, and it can have a muscle relaxing 

effect in mice (do Vale et al., 2002). These evidences may together explain the "couch-lock" 

phenomenology. A study reported that administering 10 mg/kg of myrcene in mice 

significantly decreased the pain behaviour in the formalin test and enhanced paw lick-

latency. In this context, it was more active than morphine, and naloxone reverted the effects, 

showing the existence of an opioid-related mechanism (Paula-Freire et al., 2014). Limonene, 

a cyclic monoterpene, is one of the most recurring terpenes in cannabis chemovars. Many in 

vitro and in vivo studies ascertained that limonene possesses diverse pharmacological uses 

in humans. Besides its antiproliferative, antibacterial, antimicrobial, gastroprotective, and 

antifungal properties, it has been recognised as an excellent dietary supplement against 

cancer development (Erasto and Viljoen, 2008; Sun, 2007). Literature reports limoneneôs 

capability of acting as an antidote to THCôs excessive psychotropic drawbacks (Russo, 

2011). A strong anxiolytic effect of limonene was confirmed by several studies on a mouse 

maze model, achieved by improving serotonin and dopamine levels in the prefrontal cortex 

and hippocampus, respectively (de Moraes Pultrini et al., 2006). A nonbenzodiazepine-based 

mechanism of action was hypothesised for the anxiolytic effect because it was not reverted 

by flumazenil, although it was comparable to the diazepam one (Lima et al., 2013). 

Limonene was initially reported as an adenosine A2A receptor agonist (Park et al., 2011). 

Then, other researchers demonstrated its regulatory effects on GABAergic and dopaminergic 

neuronal activities (Zhang et al., 2019a). Due to such regulation of these two pathways by 

modulating A2A receptor activity, limonene is actually regarded as a promising natural 

anxiolytic agent (Song et al., 2021). However, it should be pointed out that limonene could 

have a synergistic effect with both THC (that is a direct A2A receptors activator) and CBD 

(which prevents the uptake of adenosine and thymidine into the cells) (Carrier et al., 2006). 

Interestingly, the ability of limonene to inhibit the biofilm formation in Staphylococcus 

aureus Rosenbach, Pseudomonas aeruginosa Schröter, and Streptococcus pyogenes 

Rosenbach pathogens was reported (Subramenium et al., 2015). Due to the interference of 



20 
 

cannabinoids with quorum-sensing in the formation of biofilms, the synergistic effects of 

cannabinoids and terpenes could potentially affect this mechanism (Soni et al., 2015). 

Concerning the chemotherapeutic properties, limonene can induce apoptosis especially in 

breast cancer. It decreased the expression of cyclin D1 in women with early-stage breast 

cancer, leading to reduced proliferation and cell-cycle interruption (Miller et al., 2013). The 

oxidative damage in lens epithelial cells was inhibited by limonene at high doses, which can 

be advantageous in preventing cataracts (Bai et al., 2016). Limonene could also contribute 

to obesity treatment, being able to enhance mitochondrial biogenesis. Research is currently 

focusing on the synergistic link between this terpene and CBD, endowed with anorexic 

effects, and the modulatory effects on microbiome balance and weight by THC (Cluny et al., 

2015; McPartland et al., 2015). Terpinolene is another cyclic monoterpene, and it can be 

found in commercial cannabis chemovars (Giese et al., 2015). In general, it characterizes 

"sativa" chemotypes (Hazekamp et al., 2016). The presence of terpinolene is linked to 

sedative effects and decreased motor activity in mice, while, in humans, this effect is 

extremely individual and controversial (Bonesi et al., 2010). Terpinolene considerably 

stimulated apoptosis at low concentrations, on the other hand, at higher dosage it exerted a 

moderately significant antiproliferative action against neuroblastoma with respect to normal 

cell lines (Aydin et al., 2013; Okumura et al., 2012). Terpinolene and diclofenac combination 

was reported to have a synergistic anti-inflammatory and analgesic effect with no common 

inconveniences like gastric injury, suggesting a role of the serotonergic system in the 

underlying mechanism (Macedo et al., 2016). Moreover, terpinolene possesses antifungal, 

larvicidal, and antioxidant properties (Aydin et al., 2013). (E)-Caryophyllene is one of the 

most recurrent hemp natural bicyclic sesquiterpenes, and it was approved by the US Food 

and Drug Administration (FDA) for food use as a "dietary cannabinoid". (E)-Caryophyllene 

has a great variety of pharmacological activities, nevertheless, it is safe, and it shows low 

toxicity and a broad therapeutic index. It holds a different structure with respect to the 

classical cannabinoids, which allows a direct interaction as a selective full agonist at CB2 

receptor (Gertsch et al., 2008; Gertsch et al., 2010). This fact was verified in several animal 

models (Horvath et al., 2012; Katsuyama et al., 2013; Paula-Freire et al., 2014). Anti-

inflammatory effects and antipruritic relief could derive from the synergism of (E)-

caryophyllene with CBD and with THC, respectively (Russo, 2011). According to some 

preclinical evidences, anxiety, and depression and also cocaine intake might be reduced by 

the administration of (E)-caryophyllene or other CB2 agonists in mice (Bahi et al., 2014; 

Galaj et al., 2021). Conversely, these effects were canceled by the administration of a CB2 
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antagonist. CB2 agonism by (E)-caryophyllene could also be related to its consistent anti-

inflammatory properties. The latter were demonstrated by some experiments in wild-type 

mice. Such CB2 receptor-dependent cannabimimetic effect was not noted in CB2-knockout 

mice, confirming CB2 receptor direct involvement (Gertsch et al., 2008). Another CB2-

dependent effect of (E)-caryophyllene was the analgesic one, evidenced in an animal model 

of neuropathic pain (Klauke et al., 2014). Here, the CB2 antagonist SR 144528 reversed the 

analgesic effect, that was absent in CB2 knockout mice. (E)-Caryophyllene gathers a 

significant potential as an antioxidant, antibacterial, immunomodulator, nephroprotective, 

neuroprotective, cardioprotective, and hepatoprotective tool (Sharma et al., 2016). 

Additionally, (E)-caryophyllene holds great anti-cancers properties (Fidyt et al., 2016; 

Machado et al., 2018). (E)-Caryophyllene could display some positive effects in a multiple 

sclerosis (MS) model, precisely an experimental autoimmune encephalomyelitis (EAE), a 

MS murine model. It inhibited the expression of pro-inflammatory cytokines, microglial 

cells, and CD4+ and CD8+ T lymphocytes, being able to alleviate EAE clinical and 

pathological parameters (Alberti et al., 2017). The neuroprotective activity by (E)-

caryophyllene has also been reported in a murine model of Parkinson's disease (PD). (E)-

Caryophyllene suppressed inflammatory cytokines levels and boosted the motor patterns of 

PD patients through glial activation reduction and dopaminergic neuron protection (Viveros-

Paredes et al., 2017). Concerning the role of the brain CB2 receptors in addiction, feeding 

behaviour, and alcohol reward, (E)-caryophyllene lowered alcohol consumption in mice, and 

the selective CB2 inverse agonist AM630 reversed this effect (Aghazadeh Tabrizi et al., 

2016; Al Mansouri et al., 2014). (E)-Caryophyllene-treated mice experienced a relief from 

inflammation and chronic and binge alcohol-induced liver injury, and these protective 

effects are mitigated in knockout animals (Varga et al., 2018). Ŭ-Humulene, the ring-opened 

isomer of (E)-caryophyllene represents one of the main sesquiterpenes in the Cannabaceae 

family members C. sativa and Humulus lupulus L. Notably, this compound is not 

characterized by CB2 activity (Zanoli and Zavatti, 2008). The traditional therapeutic uses of 

humulene-rich plants include the treatment of sleep disorders, nervousness, pain, depression, 

and anxiety, although they are not strongly supported by the literature. Ŭ-Humulene and its 

derivatives exhibited anti-allergic, cicatrizing, anti-inflammatory, antioxidant, 

gastroprotective and anticancer properties (de Lacerda Leite et al., 2021; Fernandes et al., 

2007; Legault and Pichette, 2007). Moreover, its oral and aerosol administration could have 

analgesic effects (Rogerio et al., 2009). The secretion of the chemokine IL-8 can be increased 

by Ŭ-humulene, promoting angiogenesis and contributing to the anabolic response, 
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comprising wound healing (Satsu et al., 2004). The non-toxic and non-sensitizing 

sesquiterpenoid oxide, caryophyllene oxide, can be recognised by narcotics detection dogs 

or sniffer dogs (Opdyke, 1983). The caryophyllene oxide properties encompassed 

insecticidal/antifeedant, broad-spectrum antifungal, and antiplatelet aggregation ones 

(Langenheim, 1994; Lin et al., 2003). Several anticancer activities are ascribed to this 

terpene, as well as bactericide and antioxidant properties (Coté et al., 2017). Caryophyllene 

oxide could also control different disorders such as hypertension, type 1 and type 2 diabetes, 

Parkinson's, Alzheimer's, and cardiovascular diseases (Fidyt et al., 2016). The important 

central and peripheral anti-inflammatory and analgesic activity of caryophyllene oxide have 

been reported (Chavan et al., 2010). In particular, the anti-inflammatory effect occurs 

through the inhibition of 15-lipoxygenase (15-LOX) enzyme activity. In contrast to (E)-

caryophyllene, caryophyllene oxide does not bind to the cannabinoid receptor CB2. These 

two sesquiterpenes were reported to target the immune genes, being potentially used for the 

design and development of new agents against COVID-19 (Muthuramalingam et al., 2020). 

 

1.6.2 Cannabinoids 

Cannabinoids belong to the terpenophenolics or meroterpenoids class and are made of two 

moieties, the first one generated by the MEP pathway and given by GPP, and the other one 

formed by the polyketide pathway and composed of olivetolic acid (Happyana et al., 2013). 

The two portions are condensed together to originate cannabigerolic acid (CBGA) which in 

turn is transformed in several cannabinoid acids forms by the action of different synthases 

(Figure 6).  

 

Figure 6. Cannabinoids biosynthesis 
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From a chemical point of view, CBD has a tetrahydrobiphenyl structure, made by a bicyclic 

core of olivetol, an alkylresorcinol derivative, and the monoterpene geraniol. ȹ9-THC 

(THC), which is a tricyclic dibenzopyran, can derive from CBD through an acid-catalyzed 

reaction. The chemical structure of CBD, isolated for the first time in 1940 from Minnesota 

Wild Hemp, was revealed in 1963 (Adams et al., 1940; Mechoulam and Shvo, 1963). The 

body's adipose tissue can store and accumulate THC and CBD, since they are lipophilic 

compounds. Although both THC and CBD are psychoactive molecules, THC is endowed 

with euphoric effects, while CBD, besides possessing central pharmacological activities, is 

neither euphoric nor addictive (Moreno-Sanz, 2016). CBD, among the principal constituents 

of the family of cannabinoids, is only one of several cannabinoids which are included in the 

terpenylalkylresorcinol metabolome of the Cannabis genus plants. Despite the simplicity of 

its chemical structure, CBD presents a wide variety of biological effects. CBD can reduce 

THC effects, but it is characterized by a low affinity to both CB1 and CB2 receptors. In fact, 

it could be an antagonist of both cannabinoid receptors if combined with a CB1 agonist 

(Jones et al., 2010) through a possible mechanism of CB1 receptor negative allosteric 

modulation (Rohleder et al., 2016). In addition, CBD can modify the endocannabinoidsô 

binding to cannabinoid receptors, promoting the activity of the endocannabinoid 

anandamide (AEA). The vanilloid receptor 1 (TRPV1), the peroxisome proliferator-

activated receptor-gamma (PPARgamma), the serotonin receptor type 1A (5HT1A), and the 

orphan G protein-coupled receptors GPR55 and GPR18 can behave as further potential 

targets (Gururajan and Malone, 2016). CBD has been investigated and indicated for several 

health disorders. In 2018, the FDA and in 2019, the European Medicines Agency (EMA), 

authorized Epidiolex® as the first plant-based prescription cannabinoid to treat Lennox-

Gastaut Syndrome (LGS) and Dravet Syndrome (DS), two drug-resistant epilepsy forms, in 

two-year-old patients and older, respectively (Devinsky et al., 2016; Jiang et al., 2013). This 

drug was also considered to cause a low risk of abuse and classified in Schedule V by the 

Drug Enforcement Administration (White, 2019). Epidiolex® can effectively reduce 

seizures number in LGS and DS, but actually, its precise mechanism of action is not clear. 

Given its efficacy on pediatric drug-resistant epilepsy, CBD has been affected by a consistent 

media attention. Schizophrenia, psychosis, anxiety, and sleep disorders represent additional 

clinically significant indications of CBD (Leweke et al., 2012; Mechoulam et al., 2009). 

CBD administration was observed to reduce anxiety, cognitive impairment, and discomfort 

in the speech performance of healthy volunteers subjected to a series of small randomized 

controlled clinical trials (Hurd et al., 2019; Linares et al., 2019; Masataka, 2019). Nowadays, 
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anxiety and post-traumatic stress are negative symptoms as a consequence of the COVID-

19 pandemic. Due to the recently verified anxiolytic effects of CBD, this compound could 

be a new therapeutic remedy to treat long-lasting COVID-related anxiety disorders, as 

proven by preclinical and clinical data (O'Sullivan et al., 2021). CBD was also proposed as 

an appetite stimulating agent in HIV/AIDS patients by some clinical studies (Mabou Tagne 

et al., 2020), and its role in decreasing nausea and vomiting induced by chemotherapy was 

suggested (Mortimer et al., 2019). Moreover, it has been assessed that CBD is promising in 

treating spasticity caused by multiple sclerosis or paraplegia, Parkinson's disease (Chagas et 

al., 2014), chronic pain (Foss et al., 2021), Tourette syndrome, and glaucoma (Whiting et 

al., 2015). CBD also possesses anti-inflammatory (Burstein, 2015), neuroprotective 

(Sánchez and García-Merino, 2012), and antimicrobial (Blaskovich et al., 2021) effects. Due 

to its anti-inflammatory activity, CBD is being submitted to phase II clinical trials for topical 

acne treatment and atopic dermatitis therapy. Chronic CBD administration in nicotine-

dependent mice was reported to relieve somatic withdrawal signs and withdrawal-induced 

hyperalgesia after acute and protracted abstinence. Additionally, preclinical evidence of the 

pharmacological efficacy of chronic CBD treatment on nicotine withdrawal syndrome was 

provided (Smith et al., 2021). In the last decade, the ascertained positive effects of CBD on 

human health are progressively increasing. Nevertheless, several actual uses of CBD or 

CBD-based products are not validated by research data. For instance, some of these concerns 

include the uncertain legality of unregulated commercial CBD oil products, that are popular 

among cannabis consumers. 

1.6.3 Polyphenols 

Phenolic compounds probably represent the less known and exploited class of C. sativa 

molecules. Due to the positive role of these kinds of constituents in counteracting several 

pathologies, especially those correlated with oxidative stress processes, researchersô interest 

and attention to such bioactive compounds are recently increasing (Gómez-Caravaca et al., 

2014; Jahromi et al., 2019). Hemp phenolic compounds can be divided into three main 

classes: flavonoids, stilbenoids, and lignans (Isidore et al., 2021). Flavonoids detected in 

hemp can be aglycones and glycosylated, and in total they are about 26. Among them, the 

most common are vitexin, apigenin, luteolin, rutin and quercetin, which can be frequently 

found in several plant species (Flores-Sanchez and Verpoorte, 2008), while others like 

cannflavin A and B, that are flavones combined with a geranyl group, are peculiar to C. 

sativa (Figure 7). 
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Figure 7. Structures of cannflavin A and B 

 

Cannflavins have shown significant pharmacological activities in in vivo assays, like anti-

cancer, anti-leishmanial, and anti-inflammatory ones, being more effective analgesic agents 

than aspirin (Guo et al., 2017). In particular, cannflavin A displayed neuroprotective effects 

associated with a direct inhibition of Aɓ1ï42 fibril (Eggers et al., 2019). Stilbenoids in hemp 

can be ascribed to three types, namely phenanthrenes, dihydrostilbenes, and spiroindans 

(Isidore et al., 2021). These kinds of compounds have been scarcely investigated in literature 

for their positive effects on human health. One of them, called denbinobin, demonstrated 

great pro-oxidant and pro-apoptotic properties against human leukemia cells (Sánchez-

Duffhues et al., 2009). Canniprene, a dihydrostilbene unique to hemp, presented anti-

inflammatory effects, while the most known spiroindans cannabispirone and 

cannabispirenone A exerted anti-cancer and anti-inflammatory activity (Allegrone et al., 

2017). Phenolic amides and lignanamides belong to C. sativa lignans. The first ones derive 

from the reaction between a phenolic acid and an amine like tyramine or octopamine 

(Crescente et al., 2018). Among the main hemp phenolic amides, there are N-trans-

coumaroyltyramine, found in roots, and N-trans-feruloyltyramine and N-trans-

caffeoyltyramine both detected in seeds (Slatkin et al., 1971).  Lignanamides, among which 

the most important ones are cannabisin A and B, originate by the oxidative coupling of 

phenolic amides (Leonard et al., 2021). Regarding the possible uses in the pharmaceutical 

field, N-trans-caffeoyltyramine and cannabisin A are endowed with significant antioxidant 

properties, while cannabisin B especially displayed a cytotoxic effect (Chen et al., 2012; Yan 

et al., 2015) (Figure 8). 
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Figure 8. Structures of C. sativa lignans 

  

1.7 Hemp essential oil 

The world market of hemp has been expanding in recent years, due to the increasing interest 

towards its several valuable and beneficial constituents, especially cannabinoids and, in 

particular, CBD. CBD and, in general, legal cannabis trading for industrial and medical 

purposes has spread at a rate of 35-40% per year since 2016, duplicating from 2016 to 2020. 

Among the almost 50 countries in which hemp is grown, Canada and the USA (75% of the 

market), and then China are the first ones. After them, Europe is the third hemp producer in 

the world, with 25,000 hectares of cultivations (Di Candilo, 2006). This huge development 

leads to the possibility of exploiting the whole potential of this multifaceted crop, by 

providing new products, especially from the significant amount of biomass (inflorescences 

and leaves) resulting from hemp processing. In this context, hemp EO (Figure 9) can 

represent an interesting candidate to be employed in the sectors of pest science, 

pharmaceuticals, cosmetics, and nutraceuticals. Hemp EO administration can potentially 

occur through the sublingual dispersion into drops, dilution into an aerosol and its 

consequent inhalation, or dissolution into a fixed oil to take orally. This product could also 

be included into gels, creams, and ointments to apply over the skin, or incorporated into 

micro- and nanoemulsions to preserve cultivations against pests. Notably, the EO can be 

obtained as a by-product during the plant material processing for fiber and biomaterials 

manufacturing, or deterpenation before extracting cannabinoids. 
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Figure 9. Hemp EOs 

 

 

1.7.1 Extraction techniques 

An EO is an odorous product, endowed with a complex profile, resulting from a botanically 

defined plant raw material processed by steam-distillation (SD), hydro-distillation (HD), dry 

distillation, or a suitable mechanical process without heating (for citrus), basing on the 

definitions of European Pharmacopoeia and ISO (International Organization for 

Standardization) (Ríos, 2016). SD and HD represent conventional distillation methods for 

plants EOs, both causing the vaporization of high vapor pressure constituents. Specifically, 

during the process the biomass is affected by an initial major loss of monoterpenes, as the 

most volatile components, and then a higher percentage of sesquiterpenes can be 

progressively detected in the EO (Wanas et al., 2020). The steam generated by water as the 

extraction solvent penetrates the plant material and dissolves the volatile compounds. Then, 

solvent and solutes condensation occurs, along with the separation between the upper liquid 

phase consisting of the EO and the lower one, namely water, in a Clevenger-type apparatus. 

The difference between the two techniques is that the biomass is in contact with water and 

heated to its boiling point in HD, while the steam passes through the plant material in the 

case of SD (Chemat and Boutekedjiret, 2015). In general, HD is regarded as a better method 

due to the higher amount of detected components, especially sesquiterpenes and, to a minor 

extent, CBD. This fact is due to the lower pressure involved in SD process, and the 

consequent not uniform steam penetration in the plant material. So, a longer time is 

necessary to extract higher boiling point constituents. For cannabis inflorescences HD and 
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SD, the best temperatures are 110°C and 130°C, respectively. In SD, EO yield increases with 

temperature, because of slower extraction kinetics that can determine the need for higher 

temperatures (Naz et al., 2017) (Figure 10). 

 

Figure 10. Conventional SD (left) and HD (right) 

 

Currently, novel and eco-friendly extraction techniques, including microwave-assisted 

extraction (MAE), are developing, allowing to obtain higher extraction yields and reducing 

the extraction time, saving energy and water (Fiorini et al., 2020). Microwaves have a 

frequency range from 300 MHz to 300 GHz, and they consist of two oscillating 

perpendicular fields, namely electric field, and magnetic field. Microwaves directly impact 

on polar molecules and produce heating (Letellier and Budzinski, 1999). Electromagnetic 

energy is transformed into heat through ionic conduction and dipole rotation mechanisms 

(Jain et al., 2009). The resistance of medium to ion flow determines heat generation during 

the ionic conduction mechanism. On the other hand, the frequent direction change of ions 

causes a collision between molecules, producing heat. MAE mechanism is supposed to 

include three phases: firstly, solutes separate from active sites of the sample under increased 

temperature and pressure, then the solvent diffuses across sample matrix, and finally 
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compounds are released from the sample material to solvent (Alupului et al., 2012). Several 

advantages have been ascribed to MAE of bioactive compounds from plants, such as more 

rapid heating, decreased thermal gradients, and reduced equipment size (Cravotto et al., 

2008) (Figure 11). 

 

Figure 11. Advanced MAE equipment 

 

On the other side, extractions with organic solvents and supercritical fluids (e.g., carbon 

dioxide) should not be considered as methods for producing EO. In the case of hemp, the 

product obtained is quite different from EO itself, because it contains a phytocomplex 

consisting of cannabinoids, fatty acids, waxes, phytosterols and others, that are generally not 

present in the EO pure mixture. Even if distillation is to be performed by using a trap solvent, 

like pentane or hexane, the resulting product cannot be defined as an EO, from a purely 

regulatory point of view.
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1.7.2 Chemical constituents 

A summary of the literature regarding the chemical composition of hemp EOs deriving from 

17 monoecious and 10 dioecious varieties is presented in Table 2.  

Generally, the used part of the plant for producing the EO was usually represented by dry or 

fresh inflorescences. The EO yield can be affected by several factors, such as the cultivar, 

the cropping system, the status of plant material, the climatic conditions, the harvesting time 

and storage, and the extraction method. To our knowledge, the EO yield, estimated on a dry 

matter, varied from 0.01 to 0.60% (Abdollahi et al., 2020; Ascrizzi et al., 2019) for the 

monoecious varieties, while it ranged between 0.03 and 0.26% for the dioecious ones. The 

highest value found for the yield accounted for 0.60% and referred to the EO from 

hydrodistilled Fedora 17 dry leaves (Abdollahi et al., 2020). Monoterpenes, sesquiterpenes 

and, to a minor extent, cannabinoids, were the main classes of compounds detected in the 

investigated EOs. Concerning monoecious cultivars, the major level of monoterpenes was 

registered in Tygra EO (83.5%) (Iseppi et al., 2019), while the lowest amount (under 5.0%) 

was found in the EOs from Carmaleonte, Codimono and Uso-31. Monoterpene hydrocarbons 

dominated over the oxygenated ones, indeed myrcene was identified in significant content 

in the EOs from the majority of the monoecious varieties, followed by Ŭ-pinene and then ɓ-

pinene, terpinolene, limonene, and (E)-ɓ-ocimene. In particular, myrcene was the 

predominant constituent in Bialobrzeskie (29.5-34.0 %), Ferimon (33.5%), Henola (26.7%), 

Markant (29.0%), Monoica (22.9%), Santhica 27 (33.4%), Santhica 70 (29.9%), Tygra 

(33.4%) and Zenit (28.9%) EOs, while Ŭ-pinene was the most present monoterpene of KC 

Virtus EO (25.4%). In EOs from monoecious cultivars, the maximum content of 

sesquiterpenes was observed in the EO from Fedora 17 dry leaves recovered by HD (94.2%) 

(Abdollahi et al., 2020), while the EO from Santhica 27 was the poorest in these compounds 

(14.4%). In general, sesquiterpene hydrocarbons were favoured over the oxygenated ones, 

with (E)-caryophyllene as the most abundant, followed by Ŭ-humulene. (E)-Caryophyllene 

was the most significant constituent of Fedora 17 (17.4-44.7%), Felina 32 (14.0-41.1%), and 

KC Zuzana (22.3%) EOs, and represented a noticeable fraction in Futura 75 (9.9-34.6%) 

EOs as well. Caryophyllene oxide, an oxygenated sesquiterpene, was the main component 

of Uso-31 EO (22.7-23.5%) (Pieracci et al., 2021), and other members of this fraction, such 

as humulene oxide II, 14-hydroxy-9-epi-ɓ-caryophyllene and caryophylla-4(14),8(15)-dien-
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5-ol were revealed in Carmaleonte, Codimono and Uso-31 EOs. Focusing on the 

cannabinoid fraction, the EO from hydrodistilled Felina 32 dry inflorescences had the 

greatest amount of cannabinoids among the monoecious cultivars (53.4%), but also one of 

the lowest yields (0.03-0.12%) (Pieracci et al., 2021). CBD was the most considerable 

compound in Carmaleonte (18.1-23.2%) and Codimono (19.6-21.8%) EOs. Regarding 

dioecious varieties, the highest content of monoterpenes was obtained in Tiborszallasi EO 

(82.0%) (Iseppi et al., 2019), while the minor one (under 7.0%) was collected in the EOs 

from Bernabeo, Eletta Campana and Fibrante. Again, hydrogenated monoterpenes were 

more numerous than oxygenated ones, and, among them, myrcene was the main compound 

in Dioica 88 (30.4%) and Tiborszallasi (39.2%) (Iseppi et al., 2019) EOs. It represented an 

important constituent also of Carmagnola (29.2-34.4%), Carmagnola CS (24.3-25.9%), and 

Fibranova (12.5-20.3%) EOs. Again, Ŭ-pinene, ɓ-pinene, terpinolene, limonene and (E)-ɓ-

ocimene were present as minor monoterpenes. As for the sesquiterpenes class, their most 

relevant content was in the EO from Fibrante dry inflorescences (78.5%) (Pieracci et al., 

2021) while, on the other side, Tiborszallasi EO was the poorest in sesquiterpenes (15.9%). 

(E)-Caryophyllene was the principal component of Antàl (21.6%) and Finola (29.8%) EOs 

(Iseppi et al., 2019), followed by Ŭ-humulene. The oxygenated sesquiterpenes humulene 

oxide II, 14-hydroxy-9-epi-ɓ-caryophyllene and caryophylla-4(14),8(15)-dien-5-ol were 

identified especially in Bernabeo, Eletta Campana, and Fibrante EOs. Concerning 

cannabinoids, the EO from hydrodistilled Carmagnola dry inflorescences was the richest in 

this fraction (37.7%) (Pieracci et al., 2021). CBD was the most significant compound in 

Bernabeo (14.5-25.0%), Eletta Campana (22.2-34.5%), and Fibrante (12.6-33.8%) EOs, but 

their yield values were very low. The distribution of the two main monoterpenes ɓ-myrcene 

and Ŭ-pinene (panel A) and sesquiterpenes (E)-caryophyllene and Ŭ-humulene (panel B) in 

EOs from the different hemp cultivars is illustrated in Figure 12.  
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Table 2. Chemical profile of hemp EOs from monoecious and dioecious cultivars 

Variety  
Geographic 

origin 

Site of 

cultivation 
Plant part  

Status of 

plant 

material 

Extraction method  
Yield (%, 

w/w) 
Classes (%) 

Main constituents 

(%) 
Reference 

Monoecious          

Bialobrzeskie 

Poland Poland inflorescences fresh steam distillation 0.48 (v/w) 
monoterpenes (73.6); 

sesquiterpenes (24.3);  

myrcene (34.0), 

terpinolene (15.8), 

(E)-caryophyllene 

(10.4), Ŭ-pinene 

(7.0), (E)-ɓ-ocimene 

(6.7) 

Synowiec et 

al., 2016 

Poland  France inflorescences 
not 

reported 
steam distillation not reported  

monoterpenes (74.8); 

sesquiterpenes (25.3);  

myrcene (29.5), (E)-

caryophyllene (20.0), 

Ŭ-pinene (19.4), ɓ-

pinene (7.8), 

terpinolene (7.5), 

limonene (5.7), Ŭ-

humulene (5.3) 

Iseppi et al., 

2019 

Carmaleonte Italy North Italy 

inflorescences 

and floral 

bracts 

dry hydrodistillation 0.04-0.12 

monoterpenes (1.2-

4.8); sesquiterpenes 

(61.7-63.7); 

cannabinoids (18.7-

24.2) 

cannabidiol (18.1-

23.2), caryophyllene 

oxide (11.8-16.0), 

(E)-caryophyllene 

(4.6-15.3), humulene 

oxide II (4.2-6.1), 14-

hydroxy-9-epi-ɓ-

caryophyllene (3.8-

13.5), Ŭ-humulene 

(2.6-6.9), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 2 (2.1-7.3), 

selina-3,7(11)-diene 

(1.6-5.2), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 1 (0.7-8.3)  

Pieracci et 

al., 2021 
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Codimono Italy North Italy 

inflorescences 

and floral 

bracts 

dry hydrodistillation 0.07-0.23  

monoterpenes (0.8-

5.0); sesquiterpenes 

(68.7-72.4); 

cannabinoids (20.0-

22.8) 

cannabidiol (19.6-

21.8), caryophyllene 

oxide (11.3-14.2), 

(E)-caryophyllene 

(6.6-16.2), humulene 

oxide II (4.1-6.6), Ŭ-

humulene (3.7-7.6), 

14-hydroxy-9-epi-ɓ-

caryophyllene (2.9-

13.5), caryophylla-

4(14),8(15)-dien-5-ol 

isomer 1 (2.7-7.6), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 2 (2.6-5.7) 

Pieracci et 

al., 2021 

Fedora 17 

France Iran leaves  dry hydrodistillation 0.60 
monoterpenes (2.3); 

sesquiterpenes (94.2);  

(E)-caryophyllene 

(44.7), Ŭ-humulene 

(15.1), spathulenol 

(7.2), myrcene (0.3), 

limonene (0.3) 

Abdollahi et 

al., 2020 

France  Iran inflorescences dry hydrodistillation 0.21-0.40 

monoterpenes (30.5-

34.8); sesquiterpenes 

(51.5-64.6);  

(E)-caryophyllene 

(28.7-32.2), ɓ-pinene 

(10.4-11.2), Ŭ-

humulene (9.2-10.5), 

1,8-cineole (8.4-8.7) 

Abdollahi et 

al., 2020 

France North Italy inflorescences dry  hydrodistillation 0.01-0.12 

monoterpenes (23.4-

34.0); sesquiterpenes 

(59.1-70.4); 

cannabinoids (1.3-

3.1) 

(E)-caryophyllene 

(17.4-23.4), 

caryophyllene oxide 

(6.0-8.5), Ŭ-humulene 

(5.9-8.5), 

Ŭ-pinene (4.3-14.1), 

myrcene (2.4-9.7) 

Ascrizzi et 

al., 2019 

France Italy inflorescences  
not 

reported 
steam distillation not reported 

monoterpenes (36.4); 

sesquiterpenes (56.1); 

cannabinoids (0.4) 

(E)-caryophyllene 

(21.1), myrcene 

(12.5), Ŭ-humulene 

(9.7), terpinolene 

(6.6), caryophyllene 

oxide (6.6), Ŭ-pinene 

(4.8) 

Iseppi et al., 

2019 

Felina 32 France Central Italy inflorescences dry hydrodistillation 0.10  

monoterpenes (44.3); 

sesquiterpenes (54.6); 

cannabinoids (0.1) 

(E)-caryophyllene 

(34.8), Ŭ-pinene 

(15.1), myrcene 

Rossi et al., 

2020 
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(11.8), Ŭ-humulene 

(11.4), limonene (6.0) 

France North Italy inflorescences dry hydrodistillation 0.24 
monoterpenes (35.7); 

sesquiterpenes (64.2);  

(E)-caryophyllene 

(41.1), Ŭ-pinene 

(11.1), myrcene 

(10.8), Ŭ-humulene 

(9.9), terpinolene 

(5.8) 

Da Porto et 

al., 2014 

France Central Italy inflorescences fresh steam distillation  0.10 
monoterpenes (54.2); 

sesquiterpenes (45.6);  

(E)-caryophyllene 

(23.8), Ŭ-pinene 

(16.4), myrcene 

(14.2), terpinolene 

(9.6), Ŭ-humulene 

(8.3), ɓ-pinene (5.2) 

Benelli et 

al., 2018a 

France Central Italy inflorescences  
fresh and 

dry  

hydrodistillation and 

steam distillation 
0.10-0.30 

monoterpenes (26.7-

54.2); sesquiterpenes 

(45.1-52.6); 

cannabinoids (0.1-

7.9) 

(E)-caryophyllene 

(14.0-32.7), Ŭ-pinene 

(8.1-16.4), myrcene 

(7.1-14.2), Ŭ-

humulene (5.0-11.2), 

terpinolene (3.2-9.7), 

ɓ-pinene (2.6-5.2), 

(E)-ɓ-ocimene (2.1-

5.1), cannabidiol 

(0.1-7.6) 

Fiorini et 

al., 2019 

France North Italy 

inflorescences 

and floral 

bracts 

dry hydrodistillation 0.03-0.12  

monoterpenes (0.3-

2.1); sesquiterpenes 

(38.9-62.8); 

cannabinoids (29.1-

53.4) 

cannabidiol (28.2-

51.5), caryophyllene 

oxide (7.1-10.9), 14-

hydroxy-9-epi-ɓ-

caryophyllene (5.8-

9.2), humulene oxide 

II (3.7-4.8), (E)-

caryophyllene (2.9-

11.5), caryophylla-

4(14),8(15)-dien-5-ol 

isomer 2 (2.8-3.9), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 1 (2.5-3.8), Ŭ-

humulene (1.7-4.7) 

Pieracci et 

al., 2021 

Ferimon France France inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (77.8); 

sesquiterpenes (20.0); 

cannabinoids (0.2) 

myrcene (33.5), Ŭ-

pinene (16.0), (E)-

caryophyllene (10.3), 

terpinolene (8.4), ɓ-

Iseppi et al., 

2019 
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pinene (6.5), 

limonene (4.2), Ŭ-

humulene (3.3) 

Futura 75 

France Central Italy 
inflorescences 

and leaves 
fresh steam distillation not reported 

monoterpenes (65.2); 

sesquiterpenes (29.0);  

Ŭ-pinene (19.2), 

myrcene (17.2), (E)-

caryophyllene (15.3), 

camphor (5.8) 

Marini et 

al., 2018 

France Central Italy inflorescences fresh steam distillation 0.31 (v/w) 
monoterpenes (67.0); 

sesquiterpenes (28.7);  

myrcene (20.8), Ŭ-

pinene (16.4), (E)-

caryophyllene (12.8), 

terpinolene (10.7), ɓ-

pinene (6.5) 

Nissen et 

al., 2010 

France North Italy aerial parts dry hydrodistillation  0.20 (v/w) 

monoterpenes (41.0); 

sesquiterpenes (57.2); 

cannabinoids (1.2) 

Ŭ-caryophyllene 

(21.7), (E)-

caryophyllene (9.9), 

terpinolene (9.4), 

myrcene (9.3), Ŭ-

pinene (7.8) 

Smeriglio et 

al., 2019 

France Central Italy aerial parts fresh hydrodistillation 0.28 (v/w) 
monoterpenes (33.0); 

sesquiterpenes (67.0);  

(E)-caryophyllene 

(28.0), caryophyllene 

oxide (15.0), Ŭ-

humulene (13.0), 

myrcene (11.0), Ŭ-

pinene (8.0) 

Zengin at 

al., 2018 

France Central Italy inflorescences dry steam distillation 0.20 

monoterpenes (30.8); 

sesquiterpenes (66.0); 

cannabinoids (0.2) 

(E)-caryophyllene 

(34.6), myrcene 

(13.3), Ŭ-humulene 

(11.4), Ŭ-pinene 

(9.8), caryophyllene 

oxide (4.5) 

Pellegrini et 

al., 2020 

France Central Italy 
leaves and 

inflorescences  
dry hydrodistillation 0.10-0.30 

monoterpenes (5.3-

37.9); sesquiterpenes 

(47.7-75.0); 

cannabinoids (10.2-

11.4) 

(E)-caryophyllene 

(21.4-26.1), 

cannabidiol (10.0-

11.1), Ŭ-humulene 

(7.1-8.9), 

caryophyllene oxide 

(3.0-10.5), Ŭ-pinene 

(2.0-7.8), myrcene 

(0.9-11.3), 

terpinolene (tr.-7.6) 

Benelli et 

al., 2018b  

France Italy inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (52.0); 

sesquiterpenes (42.2); 

cannabinoids (0.7) 

myrcene (19.8), (E)-

caryophyllene (14.8), 

terpinolene (9.6), Ŭ-

Iseppi et al., 

2019 
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pinene (8.4), Ŭ-

humulene (6.6), 

caryophyllene oxide 

(5.2), limonene (4.9), 

cannabidiol (0.6) 

France North Italy 

inflorescences 

and floral 

bracts 

dry hydrodistillation 0.12-0.17 

monoterpenes (1.0-

2.2); sesquiterpenes 

(69.3-71.4); 

cannabinoids (21.8-

23.5) 

cannabidiol (20.9-

22.9), (E)-

caryophyllene (11.0-

13.8), caryophyllene 

oxide (10.2-13.9), 14-

hydroxy-9-epi-ɓ-

caryophyllene (5.4-

9.1), Ŭ-humulene 

(5.0-5.8), humulene 

oxide II (4.8-4.9), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 1 (2.6-4.9), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 2 (2.6-3.7)  

Pieracci et 

al., 2021 

Henola Poland  Poland inflorescences dry hydrodistillation 0.21 
monoterpenes (50.0); 

sesquiterpenes (47.6);  

myrcene (26.7), (E)-

caryophyllene (17.5), 

limonene (10.5), Ŭ-

humulene (7.3), 

caryophyllene oxide 

(3.8), ɓ-pinene (2.5), 

Ŭ-pinene (2.2) 

Kwasnica et 

al., 2020 

KC Virtus Hungary France inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (74.3); 

sesquiterpenes (24.0); 

cannabinoids (0.1) 

Ŭ-pinene (25.4), 

myrcene (19.8), (E)-

caryophyllene (13.1), 

ɓ-pinene (9.2), 

limonene (5.3), 

terpinolene (4.0), Ŭ-

humulene (3.8) 

Iseppi et al., 

2019 

KC Zuzana Hungary France inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (61.1); 

sesquiterpenes (40.1); 

cannabinoids (0.1) 

(E)-caryophyllene 

(22.3), Ŭ-pinene 

(20.7), myrcene 

(14.5), Ŭ-humulene 

(7.5), ɓ-pinene (6.9), 

(E)-ɓ-ocimene (6.3), 

terpinolene (6.3) 

Iseppi et al., 

2019 
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Markant Holland France inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (82.7); 

sesquiterpenes (15.7); 

cannabinoids (0.2) 

myrcene (29.0), Ŭ-

pinene (14.6), (E)-

caryophyllene (7.6), 

terpinolene (6.4), (E)-

ɓ-ocimene (6.3), 

methyl chavicol 

(6.2), geranyl acetate 

(4.2)  

Iseppi et al., 

2019 

Monoica Hungary North Italy 
inflorescences 

and leaves 
fresh steam distillation 0.10 (v/w) 

monoterpenes (58.6); 

sesquiterpenes (39.0);  

myrcene (22.9), (E)-

caryophyllene (18.7), 

terpinolene (12.0), Ŭ-

pinene (7.7), Ŭ-

humulene (6.2) 

Gulluni et 

al., 2018 

Santhica 27 France France inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (82.7); 

sesquiterpenes (14.4);  

myrcene (33.4), Ŭ-

pinene (15.5), (E)-

caryophyllene (8.2), 

terpinolene (7.5), (E)-

ɓ-ocimene (5.6), ɓ-

pinene (5.3), 

limonene (4.1) 

Iseppi et al., 

2019 

Santhica 70 France France inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (64.5); 

sesquiterpenes (33.1); 

cannabinoids (0.3) 

myrcene (29.9), (E)-

caryophyllene (14.6), 

Ŭ-pinene (11.1), (E)-

ɓ-ocimene (7.1), Ŭ-

humulene (5.3), ɓ-

pinene (5.1), 

caryophyllene oxide 

(3.6) 

Iseppi et al., 

2019 

Tygra Poland France inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (83.5); 

sesquiterpenes (14.6); 

cannabinoids (0.2) 

myrcene (33.4), Ŭ-

pinene (20.3), ɓ-

pinene (8.0), (E)-

caryophyllene (7.6), 

terpinolene (7.4), 

limonene (5.6), (E)-

ɓ-ocimene (3.2), Ŭ-

humulene (2.2) 

Iseppi et al., 

2019 

Uso-31 Ukraine North Italy 

inflorescences 

and floral 

bracts 

dry hydrodistillation 0.03 

monoterpenes (1.6-

4.5); sesquiterpenes 

(71.6-76.8); 

cannabinoids (12.6-

17.4) 

caryophyllene oxide 

(22.7-23.5), 

cannabidiol (11.8-

16.4), humulene 

oxide II (9.1-9.3), 14-

hydroxy-9-epi-ɓ-

caryophyllene (7.0-

Pieracci et 

al., 2021 
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12.2), (E)-

caryophyllene (4.9-

8.7), Ŭ-humulene 

(2.9-4.1), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 1 (2.7-4.7), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 2 (2.7-5.4)  

Zenit Romania France inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (82.0); 

sesquiterpenes (16.2); 

cannabinoids (0.2) 

myrcene (28.9), Ŭ-

pinene (14.7), (E)-

caryophyllene (7.7), 

(E)-ɓ-ocimene (6.2), 

terpinolene (6.2), ɓ-

pinene (4.1), Ŭ-

humulene (2.5) 

Iseppi et al., 

2019 

Dioecious          

Antàl 
Czech 

Republic 
Italy inflorescences 

not 

reported 
steam distillation  not reported 

monoterpenes (31.1); 

sesquiterpenes (62.0); 

cannabinoids (0.1) 

(E)-caryophyllene 

(21.6), Ŭ-humulene 

(10.1), caryophyllene 

oxide (9.5), myrcene 

(8.3), Ŭ-pinene (7.4), 

(E)-ɓ-ocimene (5.0) 

Iseppi et al., 

2019 

Bernabeo Italy North Italy 

inflorescences 

and floral 

bracts 

dry hydrodistillation 0.03-0.05 

monoterpenes (0.0-

2.1); sesquiterpenes 

(55.3-70.0); 

cannabinoids (15.0-

26.9) 

cannabidiol (14.5-

25.0), caryophyllene 

oxide (14.2-14.4), 14-

hydroxy-9-epi-ɓ-

caryophyllene (5.5-

8.1), humulene oxide 

II (5.2-6.9), (E)-

caryophyllene (3.6-

10.4), Ŭ-humulene 

(2.7-6.2)  

Pieracci et 

al., 2021 

Carmagnola Italy North Italy 

inflorescences 

and floral 

bracts 

dry hydrodistillation 0.09-0.13 

monoterpenes (2.5-

9.3); sesquiterpenes 

(47.1-62.8); 

cannabinoids (22.5-

37.7) 

cannabidiol (21.9-

35.9), (E)-

caryophyllene (10.2-

14.4), caryophyllene 

oxide (7.0-13.7), Ŭ-

humulene (4.3-5.3), 

14-hydroxy-9-epi-ɓ-

caryophyllene (2.5-

Pieracci et 

al., 2021 
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7.8), humulene oxide 

II (2.4-2.7), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 1 (1.4-3.3), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 2 (1.2-4.1)  

Italy Central Italy inflorescences fresh steam distillation 0.26 (v/w) 
monoterpenes (68.4); 

sesquiterpenes (26.1);  

myrcene (29.2), Ŭ-

pinene (15.1), (E)-

caryophyllene (13.9), 

(E)-ɓ-ocimene (6.9), 

ɓ-pinene (6.4) 

Nissen et 

al., 2010 

Italy France inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (80.8); 

sesquiterpenes (16.8); 

cannabinoids (0.2) 

myrcene (34.4), Ŭ-

pinene (14.6), (E)-

caryophyllene (8.5), 

terpinolene (8.3), 

limonene (4.3), Ŭ-

humulene (2.8) 

Iseppi et al., 

2019 

Carmagnola 

CS 

Italy North Italy 

inflorescences 

and floral 

bracts 

dry hydrodistillation 0.08-0.20 

monoterpenes (1.9-

8.0); sesquiterpenes 

(54.7-60.1); 

cannabinoids (31.3-

31.4) 

cannabidiol (29.6-

30.5), caryophyllene 

oxide (9.9-11.3), (E)-

caryophyllene (9.4-

15.4), Ŭ-humulene 

(5.0 -7.5), humulene 

oxide II (3.6-4.5), 14-

hydroxy-9-epi-ɓ-

caryophyllene (3.0-

8.7), caryophylla-

4(14),8(15)-dien-5-ol 

isomer 2 (1.3-4.1), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 1 (0.9-3.8)  

Pieracci et 

al., 2021 

Italy Central Italy 
female 

inflorescences 
dry hydrodistillation 0.15 

monoterpenes (68.3); 

sesquiterpenes (29.1); 

cannabinoids (0.2) 

myrcene (24.3), (E)-

caryophyllene (19.3), 

terpinolene (13.5), Ŭ-

pinene (11.4), 

limonene (6.7) 

Rossi et al., 

2020 

Italy Central Italy 
male 

inflorescences 
fresh steam distillation 0.07 

monoterpenes (28.2); 

sesquiterpenes (71.8);  

(E)-caryophyllene 

(47.2), Ŭ-humulene 

(15.1), myrcene 

Rossi et al., 

2020 



40 
 

(10.6), Ŭ-pinene 

(8.0), limonene (4.1) 

Italy France inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (70.8); 

sesquiterpenes (27.0); 

cannabinoids (0.1) 

myrcene (25.9), Ŭ-

pinene (18.6), (E)-

caryophyllene (14.3), 

ɓ-pinene (6.1), ɓ- 

limonene (5.4), Ŭ-

humulene (4.6), 

caryophyllene oxide 

(1.3) 

Iseppi et al., 

2019 

Italy Central Italy 
female 

inflorescences 
dry 

hydrodistillation 0.14  

monoterpenes (23.7); 

sesquiterpenes (54.6); 

cannabinoids (12.2) 

(E)-caryophyllene 

(22.5), cannabidiol 

(11.5), Ŭ-humulene 

(8.9), myrcene (6.1), 

Ŭ-pinene (5.5), 

caryophyllene oxide 

(5.2) 
Fiorini et 

al., 2020 

microwave-assisted 

extraction  
0.15 

monoterpenes (22.1); 

sesquiterpenes (54.0); 

cannabinoids (16.3) 

(E)-caryophyllene 

(22.2), cannabidiol 

(14.5), Ŭ-humulene 

(9.1), Ŭ-pinene (6.0), 

caryophyllene oxide 

(5.9), myrcene (5.0) 

Dioica 88 France France inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (80.8); 

sesquiterpenes (17.6); 

cannabinoids (0.2) 

myrcene (30.4), Ŭ-

pinene (20.4), (E)-

caryophyllene (9.3), 

ɓ-pinene (8.2), 

terpinolene (8.2), 

limonene (5.5), Ŭ-

humulene (2.9) 

Iseppi et al., 

2019 

Eletta 

Campana 
Italy North Italy 

inflorescences 

and floral 

bracts 

dry hydrodistillation 0.09-0.20 

monoterpenes (0.3-

5.1); sesquiterpenes 

(56.3-65.4); 

cannabinoids (23.3-

35.1) 

cannabidiol (22.2-

34.5), caryophyllene 

oxide (9.1-10.9), Ŭ-

bisabolol (4.9-5.2), 

14-hydroxy-9-epi-ɓ-

caryophyllene (3.6-

9.1), (E)-

caryophyllene (3.1-

11.6), humulene 

oxide II (2.6-3.4), 

selina-3,7(11)-diene 

(2.3-8.6), Ŭ-humulene 

(1.8-5.4), 

Pieracci et 

al., 2021 
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caryophylla-

4(14),8(15)-dien-5-ol 

isomer 1 (1.6-3.5), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 2 (1.2-3.5)  

Fibranova 

Italy North Italy 

inflorescences 

and floral 

bracts 

dry hydrodistillation 0.06-0.14 

monoterpenes (0.3-

3.1); sesquiterpenes 

(61.5-69.2); 

cannabinoids (22.1-

33.5) 

cannabidiol (21.3-

32.1), caryophyllene 

oxide (10.2-12.0), 

(E)-caryophyllene 

(6.3-16.8), humulene 

oxide II (4.0-4.2), 14-

hydroxy-9-epi-ɓ-

caryophyllene (3.6-

10.2), Ŭ-humulene 

(2.9-6.3), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 1 (2.3-5.0), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 2 (2.2-4.8), Ŭ-

bisabolol (2.2-4.0), 

selina-3,7(11)-diene 

(2.1-5.6)  

Pieracci et 

al., 2021 

Italy Central Italy inflorescences fresh steam distillation 
0.23-0.25 

(v/w) 

monoterpenes (58.1-

63.2); sesquiterpenes 

(31.5-38.0) 

myrcene (12.5-20.3), 

Ŭ-pinene (10.9-17.0), 

(E)-caryophyllene 

(10.6-13.8), ɓ-pinene 

(8.9-9.3), Ŭ-humulene 

(5.7-6.7), (E)-ɓ-

ocimene (2.0-9.3) 

Nissen et 

al., 2010 

Fibrante Italy North Italy 

inflorescences 

and floral 

bracts 

dry hydrodistillation 0.08-0.16  

monoterpenes (3.4-

6.7); sesquiterpenes 

(52.5-78.5); 

cannabinoids (12.9-

35.5) 

cannabidiol (12.6-

33.8), (E)-

caryophyllene (10.2-

16.2), caryophyllene 

oxide (9.2-16.6), Ŭ-

humulene (5.7-7.4), 

humulene oxide II 

(3.1-7.0), 14-

hydroxy-9-epi-ɓ-

caryophyllene (2.7-

12.6), caryophylla-

Pieracci et 

al., 2021 
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4(14),8(15)-dien-5-ol 

isomer 1 (1.7-7.1), 

caryophylla-

4(14),8(15)-dien-5-ol 

isomer 2 (1.6-5.1) 

Finola Finland  France  inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (41.0); 

sesquiterpenes (57.3); 

cannabinoids (0.1) 

(E)-caryophyllene 

(29.8), Ŭ-pinene 

(11.0), Ŭ-humulene 

(10.1), myrcene (4.5), 

linalyl acetate (4.3), 

ɓ-pinene (4.1), 

caryophyllene oxide 

(2.5) 

Iseppi et al., 

2019 

Tiborszallasi Hungary France  inflorescences 
not 

reported 
steam distillation not reported 

monoterpenes (82.0); 

sesquiterpenes (15.9); 

cannabinoids (0.3) 

myrcene (39.2), Ŭ-

pinene (16.6), (E)-

caryophyllene (9.2), 

(E)-ɓ-ocimene (6.4), 

ɓ-pinene (5.3), 

terpinolene (5.2), Ŭ-

humulene (2.7) 

Iseppi et al., 

2019 
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Figure 12. Occurrence of A) Ŭ-pinene and myrcene and B) (E)-caryophyllene and Ŭ-humulene in the EOs from the 

different cultivars   

 

The predominance of monoterpenes or sesquiterpenes in the studied EOs did not generally 

seem to be influenced by the sexual reproduction of the several hemp cultivars (monoecious 

or dioecious), but probably it depended on the plant material status and extraction process. 

In fact, dried plant material allowed to obtain hemp EOs with more abundant sesquiterpenes 

with respect to monoterpenes (Abdollahi et al., 2020; Ascrizzi et al., 2019; Benelli et al., 

2018b; Da Porto et al., 2014; Fiorini et al., 2020; Pellegrini et al., 2020; Pieracci et al., 2021; 

Smeriglio et al., 2019) and, on the other hand, monoterpenes were predominant on 

sesquiterpenes in EOs from fresh inflorescences (Benelli et al., 2018a; Gulluni et al., 2018; 

Marini et al., 2018; Nissen et al., 2010; Synowiec et al., 2016). The reason could be due to 

the storage and drying processes, which decreased monoterpenes content, because they are 

more volatile than sesquiterpenes (Pieracci et al., 2021). In the same way, cannabinoids were 
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especially collected in EOs obtained by using dry biomass and, on the contrary, they were 

almost or totally absent in EOs from fresh material. This aspect indicated that drying plays 

a key role in causing the decarboxylation of cannabinoid acids to produce the corresponding 

alcohol forms (Fiorini et al. 2019), namely CBD in significant amounts and other 

cannabinoids in low levels, such as cannabichromene (CBC) and cannabidivarol (Benelli et 

al., 2018b; Fiorini et al., 2019; Pieracci et al., 2021). Besides the material status, also the 

extraction method represents a crucial parameter affecting the EO profile, relating, in 

particular, to the cannabinoids content. The traditional HD and SD were applied in almost 

all the studies presented in Table 2, and some differences in the chemical composition can 

be noted when these techniques are employed for obtaining hemp EO (Benelli et al., 2018b). 

The cannabinoids fraction was detected especially in EOs from HD (Ascrizzi et al., 2019; 

Benelli et al., 2018b; Fiorini et al., 2019; Fiorini et al., 2020; Pieracci et al., 2021), whereas 

these compounds were almost or totally missing in EOs produced by SD (Benelli et al., 

2018a; Gulluni et al., 2018; Iseppi et al., 2019; Marini et al., 2018; Nissen et al., 2010; 

Pellegrini et al., 2020; Rossi et al., 2020; Synowiec et al., 2016). HD and SD possess some 

disadvantages, in terms of energy and water consumption, and also long extraction times 

(Filly et al., 2014). Moreover, Fiorini et al. (2019) noticed that the microwaves pre-treatment 

of dry inflorescences positively affected EO yield and the amount of certain chemical 

constituents. Specifically, this process was reported to be the best to maximize CBD, (E)-

caryophyllene, and caryophyllene oxide levels in EOs, with respect to those deriving from 

non-treated biomass (Fiorini et al., 2019). Basing on these findings, innovative and 

sustainable extraction approaches have been recently elaborated and implemented and, 

among them, MAE definitely represents a reliable, productive, and rather economic strategy 

to obtain EOs (Lucchesi et al., 2004). Fiorini et al. (2020) demonstrated that MAE could be 

employed, after a suitable optimization, to increase the CBD content (14.5%) in the EO, with 

respect to HD (11.5%), making this product more appealing from a pharmaceutical 

perspective. This fact can probably be due to the higher energy penetration of microwaves, 

which contributes to an increase in the decarboxylation of CBDA into CBD (Fiorini et al., 

2020).  
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1.7.3 Biological and pharmacological properties 

Several interesting and beneficial biological effects of hemp EO result from literature 

researches, being the insecticidal, acaricidal, antimicrobial and antioxidant the most 

significant properties of this product. More recently, other pharmacological activities of 

hemp EO emerged, such as the neuroactive, anti-inflammatory, antiviral, anti-leishmanial, 

and anxiolytic ones.    

Insecticidal, acaricidal, and repellent activity 

Hemp EO is gaining attention as an interesting product with repellent and insecticidal 

potential (Mcpartland, 2019). Its effectiveness can vary depending on the used plant part 

(inflorescences, leaves, or panicles), the mode of action (namely ingestion, contact, and so 

on), and the target insect species and its development stage (Table 3). Table 3 contains the 

literature findings related to the insecticidal and acaricidal effects of hemp EO. 
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Table 3. Activity of hemp EO against several arthropod and mollusk species 

 Plant part 
Targeted pest or 

non-target species 
Tested instar Mode of action LC50 LC90 Notes Reference 

n.d. Aedes albopictus instar larvae contact/ingestion 301.560 µL/L 693.999 µl/L - Bedini et al., 2016 

n.d. Physella acuta adults contact/ingestion 35.370 µL/L n.d. 

mortality=100% 

starting from 100 

µL/L  

Bedini et al., 2016 

inflorescence

s 

Culex 

quinquefasciatus 
adults contact > 500 ɛg/cm  - Benelli et al., 2018a 

inflorescence

s 

Culex 

quinquefasciatus 

3rd instar 

larvae 
contact/ingestion 252.5 ml/L               - Benelli et al., 2018a 

inflorescence

s 
Myzus persicae adults contact 3.5 ml/L                      6.2 ml/L      - Benelli et al., 2018a 

inflorescence

s 
Musca domestica adult females contact 43.3 ɛg/adult 

213.5 

ɛg/adult 
- Benelli et al., 2018a 

inflorescence

s 
Spodoptera littoralis 

3rd instar 

larvae 
contact 152.3 ɛg/larva  - Benelli et al., 2018a 

panicles Aulacorthum solani n.d. contact n.d. n.d. 

24 h after EO 

application at 0.1%, 

pest mortality rate= 

98.20%, while after 

48 h it reached 100% 

Górski et al., 2016 

panicles Tetranychus urticae n.d. contact n.d. n.d. 

EO application at 

0.1%, pest mortality 

at 24, 48 and 72 h 

after treatment was 

83.28, 95.83 and 

98.72% 

Górski et al., 2016 

inflorescence

s 

Trogoderma 

granarium 
adults ingestion n.d. n.d. 

mortality= 6.7% at 

500 ppm and 61.1% 

at 1000 ppm, 7 days 

post-exposure 

Kavallieratos et al., 

2020 

inflorescence

s 

Trogoderma 

granarium 
larvae ingestion n.d. n.d. 

mortality= 4.4% at 

1000 ppm, 7 days 

post-exposure 

Kavallieratos et al., 

2020 
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Cv Felina 32 

inflorescence

s 

Anopheles gambiae instar larvae contact/ingestion 73.5 ppm                     n.d. 
EO at 100 ppm: 

mortality= 91.1% 
Rossi et al., 2020 

Cv Felina 32 

inflorescence

s 

Anopheles gambiae pupae contact 50.06 ppm                 n.d. 
EO at 100 ppm: 

mortality= 84.9% 
Rossi et al., 2020 

Cv 

Carmagnola 

male 

inflorescence

s 

Anopheles gambiae instar larvae contact/ingestion 75.04 ppm                 n.d. 
EO at 100 ppm: 

mortality= 89.8% 
Rossi et al., 2020 

Cv 

Carmagnola 

male 

inflorescence

s 

Anopheles gambiae pupae contact 50.27 ppm                 n.d. 
EO at 100 ppm: 

mortality= 79.7% 
Rossi et al., 2020 

Cv 

Carmagnola 

female 

inflorescence

s 

Anopheles gambiae instar larvae contact/ingestion 75.54 ppm        n.d. 
EO at 100 ppm: 

mortality= 91.6% 
Rossi et al., 2020 

Cv 

Carmagnola 

female 

inflorescence

s 

Anopheles gambiae pupae contact 41.51 ppm                 n.d. 
EO at 100 ppm: 

mortality=79.6% 
Rossi et al., 2020 

Cv 

Carmagnola 

male 

inflorescence

s 

Anopheles stephensi instar larvae contact/ingestion 75.23 ppm                 n.d. 
EO at 100 ppm: 

mortality= 89.8% 
Rossi et al., 2020 

Cv 

Carmagnola 

female 

inflorescence

s 

Anopheles stephensi instar larvae contact/ingestion 75.12 ppm                 n.d. 
EO at 100 ppm: 

mortality= 90.2% 
Rossi et al., 2020 

Cv 

Carmagnola 

male 

inflorescence

s 

Anopheles stephensi pupae contact 20.13 ppm                 n.d. 
EO at 100 ppm: 

mortality= 90.5% 
Rossi et al., 2020 
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Cv 

Carmagnola 

female 

inflorescence

s 

Anopheles stephensi pupae contact 67.19 ppm                 n.d. 
EO at 100 ppm: 

mortality= 94.2% 
Rossi et al., 2020 

Cv Felina 32 

inflorescence

s 

Anopheles stephensi instar larvae contact/ingestion 78.8 ppm                     n.d. 
EO at 100 ppm: 

mortality= 82.7% 
Rossi et al., 2020 

Cv Felina 32 

inflorescence

s 

Anopheles stephensi pupae contact 54.41 ppm                 n.d. 
EO at 100 ppm: 

mortality= 100% 
Rossi et al., 2020 

Cv Felina 32 

inflorescence

s 

Dermanyssus gallinae larvae contact 47.1 ɛg/mL                  493 ɛg/mL  - Tabari et al., 2020 

Cv Felina 32 

inflorescence

s 

Hyalomma dromedarii larvae contact 73 ɛg/mL                       517 ɛg/mL  - Tabari et al., 2020 

n.d. 
Culex 

tritaeniorhynchus 
instar larvae contact/ingestion 0.0101 mL/L                0.0295 mL/L    - Thomas et al., 2000 

n.d. Anopheles stephensi instar larvae contact/ingestion 0.026 mL/L                     0.0749 mL/L   - Thomas et al., 2000 

n.d. Aedes aegypti instar larvae contact/ingestion 0.0273 mL/L                0.0919 mL/L  - Thomas et al., 2000 

n.d. 
Culex 

quinquefasciatus 
instar larvae contact/ingestion 0.0453 mL/L                0.1803 mL/L  - Thomas et al., 2000 
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Tests performed on small arthropods with thin cuticles, for instance, aphids, some mite 

species, mosquitoes, and termites, gave the best results regarding hemp EO insecticidal, 

acaricidal, and repellent properties (Benelli et al., 2018a; Mcpartland, 2019; Tabari et al., 

2020). Notably, hemp EO caused a significant reduction in the population of the arthropods 

Aulacorthum solani Kalt., or foxglove aphid (Hemiptera: Aphididae), and Tetranychus 

urticae Koch, or two-spotted spider mite (Acari: Tetranychidae) (Górski et al., 2016). The 

tested EO aqueous emulsion solution at 0.1% led to a mortality rate of 98.20% on A. solani 

and 83.28% on T. urticae after 24 h (Górski et al., 2016). Further assays demonstrated the 

high toxicity of hemp inflorescences EO on the peach-potato aphid Myzus persicae (Sulzer) 

(Homoptera: Aphididae) (LC50=3.5 mL/L) and on the housefly Musca domestica L. 

(Diptera: Muscidae) (LC50=43.3 ɛg/adult) (Benelli et al., 2018a). Also, several mosquitoes 

being very harmful to human health were positively affected by hemp EO (Thomas et al., 

2000). The authors, by evaluating different concentrations of aqueous solution (0.06, 0.1, 

0.12, and 0.2 mL/L of water) of EO, found better LC50 and LC90 values for Culex 

tritaeniorhynchus Giles (Diptera: Culicidae) (LC50=0.0101 mL/L, LC90=0.0295 mL/L), 

followed by Aedes aegypti (L.) (Diptera: Culicidae) (LC50=0.026 mL/L, LC90=0.0749 

mL/L). Lower toxicity results were obtained for Anopheles stephensi Liston (Diptera: 

Culicidae) (LC50=0.0273 mL/L, LC90=0.0919 mL/L) and Culex quinquefasciatus Say 

(Diptera: Culicidae) (LC50=0.0453 mL/L, LC90=0.1803 mL/L). Additionally, considerable 

toxicity of hemp EO has been noted towards the Asian tiger mosquito Aedes albopictus 

(Skuse) (Diptera: Culicidae) and the freshwater snail Physella acuta (Draparnaud) 

(Mollusca: Physidae) (Bedini et al., 2016), but a certain toxicity was registered against the 

non-target insect Cloeon dipterum L. (Ephemeroptera: Baetidae) as well. The EO at a 

concentration of 0.1 mL/L determined 100% mortality of P. acuta, and LC50 values were 

0.0301 mL/L for A. albopictus, 0.2821 ml/L for C. dipterum, and 0.3537 ml/L for P. acuta 

(Bedini et al., 2016). Moderate toxicity was revealed on lepidopterans by hemp EO 

(Mcpartland, 2019). Felina 32 hemp EO was estimated to have a LC50 of 152.3 ɛg/larva on 

larvae of Spodoptera littoralis (Boisduval) (Lepidoptera: Noctuidae) (Benelli et al., 2018a). 

A marginal mortality value on stored product beetles, namely Prostephanus truncatus 

(Horn) (Coleoptera: Bostrichidae) and Trogoderma granarium Everts (Coleoptera: 

Dermestidae), was obtained for hemp EO from this variety (Kavallieratos et al., 2020). 

Specifically, its efficacy was the lowest one among the other seven EOs investigated in the 

study, with mortality rates of 6.7% at 500 ppm and 61.1% at 1000 ppm, 7 days after exposure 

(Kavallieratos et al., 2020). 
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Concerning non-target species, hemp EO was less toxic against Harmonia axyridis (Pallas) 

(Coleoptera: Coccinellidae), the multicolored Asian lady beetle (Benelli et al., 2018a) (Table 

4). 

The production of bioactive secondary metabolites like terpenes and cannabinoids can be 

responsible for the hempôs moderate resistance to insects and pests (Tabari et al., 2020). 

According to several works, arthropod deterrence may be due especially to terpenoids in C. 

sativa (Mcpartland, 2019). Hence, hemp EO main monoterpenes and sesquiterpenes have 

been tested in order to identify their potential role in inducing toxicity on different arthropods 

(Rossi et al., 2020; Tabari et al., 2020) (Table 5). The contact toxicity of hemp EO, (E)-

caryophyllene, Ŭ-humulene, Ŭ-pinene, and myrcene was evaluated at 5, 10, 20, 50, 100, and 

200 ɛg/cm3 in 50 ɛL of EtOH on the poultry mite Dermanyssus gallinae De Geer (Acari: 

Dermanyssidae), and on the eggs and larvae of the tick Hyalomma dromedarii Koch (Acari: 

Ixodidae) at 0.5, 1, 2, 5, 10, 20, and 50 ɛg/mL in 1% dimethyl sulfoxide (DMSO). As a 

result, (E)-caryophyllene and Ŭ-humulene were the principal responsible for the acaricide 

effect, making them industrially exploitable for the development of sustainable acaricide 

compounds (Table 5) (Tabari et al., 2020). Moreover, some compounds such as Ŭ-pinene, 

myrcene, (E)-caryophyllene, Ŭ-humulene and caryophyllene oxide that are common in hemp 

EO can also be detected in EOs from other plants (da Silva et al., 2015; Haselton et al., 2015; 

Sun et al., 2020) (Table 6). 
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Table 4. Effect of hemp EO on non-target invertebrate species 

 Plant part Species Tested instar Mode of action LC50 LC90 Reference 

n.d. Cloeon dipterum late instars nymphs contact/ingestion 282.174 µL/L 631.961 µL/L Bedini et al., 2016 

inflorescences Harmonia axyridis 3rd instar larvae contact non toxic non toxic Benelli et al., 2018a 

inflorescences Harmonia axyridis adults contact non toxic non toxic Benelli et al., 2018a 

inflorescences Eisenia fetida adults contact/ingestion non toxic non toxic Benelli et al., 2018a 
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 Table 5. Efficacy of the main terpenes in hemp EO on arthropod pests and vectors 

Compound Target species 
Tested 

instar 

Mode of 

action 
LC50 LC90 Notes Reference 

(E)-caryophyllene 
Hyalomma 

dromedarii 
larvae contact 15.2 ɛg/mL 89.2 ɛg/mL 

larvicidal activity >80 % when 

tested at 50 ɛg/mL 
Tabari et al., 2020 

(E)-caryophyllene 
Hyalomma 

dromedarii 
eggs contact n.d. n.d. 

highest ovicidal effect at 50 ɛg/mL, 

which completely inhibited egg 

hatching 

Tabari et al., 2020 

(E)-caryophyllene Dermanyssus gallinae larvae contact 19.7 ɛg/mL 80.9 ɛg/mL 
highest toxic effect at 200 ɛg/mL 

caused 99.33% mortality 
Tabari et al., 2020 

Ŭ-humulene 
Hyalomma 

dromedarii 
larvae contact 15.3 ɛg/mL 69.7 ɛg/mL 

larvicidal activity >80 % when 

tested at 50 ɛg/mL 
Tabari et al., 2020 

Ŭ-humulene 
Hyalomma 

dromedarii 
eggs contact n.d. n.d. 

highest ovicidal effect at 50 ɛg/mL, 

which completely inhibited egg 

hatching 

Tabari et al., 2020 

Ŭ-humulene Dermanyssus gallinae larvae contact 25.1 ɛg/mL 89.5 ɛg/mL 
highest toxic effect at 200 ɛg/mL, 

which caused 100% mortality 
Tabari et al., 2020 

myrcene 
Hyalomma 

dromedarii 
larvae contact 92.2 ɛg/mL 392 ɛg/mL - Tabari et al., 2020 

myrcene Dermanyssus gallinae larvae contact 77.8 ɛg/mL 477.3 ɛg/mL - Tabari et al., 2020 
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Table 6. Insecticidal activity of some compounds typical of hemp EO but obtained by other EOs from different plant species    

Compound Plant species Organism Stadium Mode of action LC50 LC90 Notes Reference 

(E)-caryophyllene Varronia curassavica 
Dorymyrmex 

thoracicus 
workers fumigation  1.49 ɛL/L 9.90 ɛL/L   

de Oliveira et 

al., 2019 

(E)-caryophyllene 
Plectranthus 

barbatus  
Anopheles subpictus 

instar 

larvae 
contact/ingestion 41.7 ppm n.d.   

Govindarajan 

et al., 2016 

(E)-caryophyllene 
Plectranthus 

barbatus  
Aedes albopictus 

instar 

larvae 
contact/ingestion 44.8 ppm n.d.   

Govindarajan 

et al., 2016 

(E)-caryophyllene 
Plectranthus 

barbatus  

Culex 

tritaeniorhynchus 

instar 

larvae 
contact/ingestion 48.2 ppm n.d.   

Govindarajan 

et al., 2016 

camphene 
Cheilocostus 

speciosus 

Helicoverpa 

armigera 

3rd instar 

larvae 
ingestion  10.64 ɛg/ml 20.29 ɛg/ml   

Benelli et al., 

2018c 

camphene 
Cheilocostus 

speciosus 

Helicoverpa 

armigera 
eggs contact 35.39 ɛg/ml n.d.   

Benelli et al., 

2018c 

caryophyllene oxide Syzygium aromaticum Sitophilus granarius adults contact  2.784 ɛL/mL 6945 ɛL/mL   
Plata-Rueda 

et al., 2018 

caryophyllene oxide Artemisia gilvescens  
Anopheles 

anthropophagus 

instar 

larvae 
contact  49.46 mg/l 115.38 mg/l   

Zhu and Tian, 

2013 

caryophyllene oxide Syzygium aromaticum Pediculus capitis eggs contact  n.d. n.d. 

5 mg/cm2 = % 

hatchability 

42 ± 1.7 

Yang et al., 

2003 

caryophyllene oxide Syzygium aromaticum Pediculus capitis females contact  

0.50 mg/cm2 

per > 300 

minutes 

n.d.   
Yang et al., 

2003 

caryophyllene oxide Syzygium aromaticum Tenebrio molitor larvae n.d. 
9.217 

ɛg/insect 

22.99 

ɛg/insect 

after 48 h 

exposure 

Martínez et 

al., 2018 

caryophyllene oxide Syzygium aromaticum Tenebrio molitor pupae  n.d. 
14.64 

ɛg/insect 

30.96 

ɛg/insect 

after 48 h 

exposure 

Martínez et 

al., 2018 

caryophyllene oxide Syzygium aromaticum Tenebrio molitor adults n.d. 
25.46 

ɛg/insect 

54.59 

ɛg/insect 

after 48 h 

exposure 

Martínez et 

al., 2018 

caryophyllene oxide Hyptis pectinata Aedes aegypti 
instar 

larvae 
contact/ingestion 125 µg/mL n.d. 

  

Silva et al., 

2008 

caryophyllene oxide Pinus densiflora Aedes aegypti 
instar 

larvae 
contact/ingestion 113 mg/L n.d.   

Lee and Ahn, 

2013 

caryophyllene oxide Pinus densiflora Aedes albopictus 
instar 

larvae 
contact/ingestion 107.62 mg/L n.d.   

Lee and Ahn, 

2013 

caryophyllene oxide Pinus densiflora 
Culex pipiens 

pallens 

instar 

larvae 
contact/ingestion 126.28 mg/L n.d.   

Lee and Ahn, 

2013 

https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib41
https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib41
https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib41
https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib41
https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib41
https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib41
https://www.sciencedirect.com/science/article/pii/S0147651318302227#!
https://www.sciencedirect.com/science/article/pii/S0147651318302227#!
https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib89
https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib89
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Young-Cheol++Yang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Young-Cheol++Yang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Young-Cheol++Yang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Young-Cheol++Yang
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caryophyllene oxide 
Cinnamomum 

osmophloeum 
Aedes aegypti 

instar 

larvae 
contact/ingestion 

After 24 hours 

65.6 µg/ml      

after 48 hours 

58.3 µg/ml 

after 24 

hours > 100 

µg/ml       

after 48 

hours > 100 

µg/ml 

  
Cheng et al., 

2009 

caryophyllene oxide Illicium pachyphyllum Sitophilus zeamais adults contact  34.09 ɛg/adult n.d. 
  

Liu et al., 

2012 

caryophyllene oxide Illicium pachyphyllum 
Tribolium 

castaneum 
adults contact  45.56 ɛg/adult n.d. 

  

Liu et al., 

2012 

caryophyllene oxide Illicium pachyphyllum Sitophilus zeamais adults fumigant  17.02 mg/L n.d. 
  

Liu et al., 

2012 

caryophyllene oxide Illicium pachyphyllum 
Tribolium 

castaneum 
adults fumigant  15.98 mg/L n.d. 

  

Liu et al., 

2012 

caryophyllene oxide Evodia lenticellata 
Tribolium 

castaneum 
adults fumigant  > 50 mg/L air n.d. 

  

Cao et al., 

2018a 

caryophyllene oxide Evodia lenticellata 
Lasioderma 

serricorne 
adults fumigant  > 50 mg/L air n.d. 

  

Cao et al., 

2018a 

caryophyllene oxide Evodia lenticellata 
Liposcelis 

bostrychophila 
adults fumigant  > 5 mg/L air n.d. 

  

Cao et al., 

2018a 

caryophyllene oxide Evodia lenticellata 
Tribolium 

castaneum 
adults contact  > 50 ɛg/adult n.d. 

  

Cao et al., 

2018a 

caryophyllene oxide Evodia lenticellata 
Lasioderma 

serricorne 
adults contact  37.56 ɛg/adult 

79.94 

ɛg/adult   

Cao et al., 

2018a 

caryophyllene oxide Evodia lenticellata 
Liposcelis 

bostrychophila 
adults contact  35.40 ɛg/adult 

71.29 

ɛg/adult   

Cao et al., 

2018a 

caryophyllene oxide Evodia lenticellata 
Lasioderma 

serricorne 
adults contact  31.2 ɛg/adult n.d. 

  

Cao et al., 

2018b 

caryophyllene oxide Evodia lenticellata 
Liposcelis 

bostrychophila 
adults contact  27.2 ɛg/adult n.d. 

  

Cao et al., 

2018b 

caryophyllene oxide  Origanum vulgare 
Tribolium 

castaneum 
adults 

contact and 

fumigant 

0.00018 

mg/cm3 
n.d.   

Kim et al., 

2010 

caryophyllene oxide Atalantia buxifolia 
Tribolium 

castaneum 
adults contact  > 50 ɛg/adult n.d.   

Pang et al., 

2020 

caryophyllene oxide Atalantia buxifolia 
Lasioderma 

serricorne 
adults contact  45.7 ɛg/adult 

116.6 

ɛg/adult 
  

Pang et al., 

2020 

caryophyllene oxide Atalantia buxifolia 
Liposcelis 

bostrychophila 
adults contact  46.4 ɛg/adult 

96.9 

ɛg/adult 
  

Pang et al., 

2020 

caryophyllene oxide Cephalotaxus sinensis Megoura japonica adults contact  0.13 ɛg/adult n.d. 
  

Ma et al., 

2020 
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caryophyllene oxide Cephalotaxus sinensis Plutella xylostella adults contact  0.36 ɛg/adult n.d. 
  

Ma et al., 

2020 

caryophyllene oxide Cephalotaxus sinensis Sitophilus zeamais adults contact  49.78 ɛg/adult n.d. 
  

Ma et al., 

2020 

caryophyllene oxide Cephalotaxus sinensis Megoura japonica adults fumigant  28.62 mg/L n.d. 
  

Ma et al., 

2020 

caryophyllene oxide Cephalotaxus sinensis Plutella xylostella adults fumigant  30.59 mg/L n.d. 
  

Ma et al., 

2020 

caryophyllene oxide Cephalotaxus sinensis Sitophilus zeamais adults fumigant  > 100 mg/L n.d. 
  

Ma et al., 

2020 

caryophyllene oxide Hyptis pectinata 
Acromyrmex 

balzani 
adults contact  18.97 µg/mg 

49.53 

µg/mg 
  

Feitosa-

Alcantara et 

al., 2017 

caryophyllene oxide Hyptis pectinata 
Atta sexdens 

rubropilosa 
adults contact  35.34 µg/mg 

158.92 

µg/mg 
  

Feitosa-

Alcantara et 

al., 2017 

caryophyllene oxide Hyptis pectinata 
Acromyrmex 

balzani 
adults fumigant  > 100 µL/L n.d.   

Feitosa-

Alcantara et 

al., 2017 

caryophyllene oxide Hyptis pectinata 
Atta sexdens 

rubropilosa 
adults fumigant  > 100 µL/L n.d.   

Feitosa-

Alcantara et 

al., 2017 

Ŭ-humulene 
Cheilocostus 

speciosus 

Helicoverpa 

armigera 

3rd instar 

larvae 
ingestion  20.86 ɛg/ml 41.72 ɛg/ml   

Benelli et al., 

2018c 

Ŭ-humulene 
Cheilocostus 

speciosus 

Helicoverpa 

armigera 
eggs contact 77.10 ɛg/ml n.d.   

Benelli et al., 

2018c 

Ŭ-humulene Varronia curassavica 
Dorymyrmex 

thoracicus 
workers fumigation  3.75 ɛL/L 8.68 ɛL/L   

de Oliveira et 

al., 2019 

Ŭ-humulene Humulus lupulus 
Rhyzopertha 

dominica 
n.d. repellency 0.59 ɛM/cm2 n.d.   

Bedini et al., 

2015 

Ŭ-humulene Humulus lupulus Sitophilus granarius n.d. repellency 2.95 ɛM/cm2 n.d.   
Bedini et al., 

2015 

Ŭ-humulene Syzygium aromaticum Sitophilus granarius adults contact  4.613 ɛL/mL 
9.350 

ɛL/mL 
  

Plata-Rueda 

et al., 2018 

Ŭ-humulene Syzygium aromaticum Pediculus capitis eggs contact  n.d. n.d. 

5 mg/cm2 = % 

hatchability 

48 ± 1.7 

Yang et al., 

2003 

Ŭ-humulene Syzygium aromaticum Pediculus capitis females contact  

0.50 mg/cm2 

per > 300 

minutes 

n.d.   
Yang et al., 

2003 

https://www.sciencedirect.com/science/article/pii/S0147651318302227#!
https://www.sciencedirect.com/science/article/pii/S0147651318302227#!
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Young-Cheol++Yang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Young-Cheol++Yang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Young-Cheol++Yang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Young-Cheol++Yang
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Ŭ-humulene Syzygium aromaticum Tenebrio molitor larvae n.d. 
15.27 

ɛg/insect 

30.95 

ɛg/insect 

after 48 h 

exposure 

Martínez et 

al., 2018 

Ŭ-humulene Syzygium aromaticum Tenebrio molitor pupae  n.d. 
21.41 

ɛg/insect 

40.45 

ɛg/insect 

after 48 h 

exposure 

Martínez et 

al., 2018 

Ŭ-humulene Syzygium aromaticum Tenebrio molitor adults n.d. 
31.85 

ɛg/insect 

56.76 

ɛg/insect 

after 48 h 

exposure 

Martínez et 

al., 2018 

Ŭ-humulene Pinus densiflora Aedes aegypti 
instar 

larvae 
contact/ingestion > 150 mg/L n.d. 

  

Lee and Ahn, 

2013 

Ŭ-humulene Pinus densiflora Aedes albopictus 
instar 

larvae 
contact/ingestion > 150 mg/L n.d. 

  

Lee and Ahn, 

2013 

Ŭ-humulene Pinus densiflora 
Culex pipiens 

pallens 

instar 

larvae 
contact/ingestion > 150 mg/L n.d. 

  

Lee and Ahn, 

2013 

Ŭ-humulene Ocimum basilicum Sitophilus zeamais adults fumigant  
> 0.382 

mg/cm3 
n.d.   

Kim and Lee, 

2014 

Ŭ-humulene Ocimum basilicum 
Tribolium 

castaneum 
adults fumigant  

> 0.382 

mg/cm3 
n.d.   

Kim and Lee, 

2014 

Ŭ-humulene Ocimum basilicum Sitophilus zeamais adults contact  
0.040 

mg/adult 
n.d. 

  

Kim and Lee, 

2014 

Ŭ-humulene Ocimum basilicum 
Tribolium 

castaneum 
adults contact  

0.045 

mg/adult 
n.d. 

  

Kim and Lee, 

2014 

Ŭ-humulene 
Ostericum 

viridiflorum 

Tribolium 

castaneum 
adults contact  14.23 ɛg/adult n.d.   

Zhang et al., 

2019b 

Ŭ-humulene 
Ostericum 

viridiflorum 

Liposcelis 

bostrychophila 
adults contact  

118.56 

ɛg/adult 
n.d.   

Zhang et al., 

2019b 

Ŭ-pinene 
pure 

terpenecompunds 

Callosobruchus 

chinensis 
adults 

oviposition 

reduction 
n.d. n.d. 

reduction of:                                 

17.19% at 

0.071 ɛl/cm3                                           

24.70% at 

0.142 ɛl/cm3                        

36.47% at 

0.213 ɛl/cm3               

54.17% at 

0,284 ɛl/cm3       

Chaubey, 

2015 

Ŭ-pinene 
pure 

terpenecompunds 

Callosobruchus 

chinensis 
adults fumigation  

0.688 ɛl/cm3 

air after 24 

hours 0.459 

ɛl/cm3 air 

after 48 hours 

0.427 ɛl/cm3 

air after 72 

hours 0.316 

n.d.   
Chaubey, 

2015 
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ɛl/cm3 air 

after 96 hours   

Ŭ-pinene 
pure 

terpenecompunds 

Callosobruchus 

chinensis 
adults contact  

2.73 ɛl/cm2 

after 24 hours      

2.38 ɛl/cm2 

after 48 hours      

1.94 ɛl/cm2 

after 72 hours      

1.29 ɛl/cm2 

after 96 hours   

n.d.   
Chaubey, 

2015 

Ŭ-pinene 
pure 

terpenecompunds 

Callosobruchus 

chinensis 
eggs fumigation  n.d. n.d. 

hatching 

inhibition rate 

(%HIR) 

9.72% at 0.28 

ɛl/cm3 air                                           

20.15% at 

0.42 ɛl/cm3 

air                        

42.54% at 

0.56 ɛl/cm3 

air               

57.45% at 

0,70 ɛl/cm3 

air     

Chaubey, 

2015 

Ŭ-pinene 
pure 

terpenecompunds 

Callosobruchus 

chinensis 
adults chronic exposure n.d. n.d. 

grain damage 

reduction:                                 

14.13% at 0.1 

ɛl/gm1                                           

10.83% at 0.2 

ɛl/gm1                        

8.98% at 0.4 

ɛl/gm1                       

6.23% at 0.6 

ɛl/gm1       

Chaubey, 

2015 

Ŭ-pinene 
Peucedanum 

terebinthaceum 

Tribolium 

castaneum 
n.d. fumigation  

12.15 mg/L 

air 
n.d.   

Sun et al., 

2020 

Ŭ-pinene 
Peucedanum 

terebinthaceum 

Lasioderma 

serricorne 
n.d. fumigation  

38.07 mg/L 

air 
n.d.   

Sun et al., 

2020 
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Ŭ-pinene 
Peucedanum 

terebinthaceum 

Liposcelis 

bostrychophila 
n.d. fumigation  1.43 mg/L air n.d.   

Sun et al., 

2020 

Ŭ-pinene 
Peucedanum 

terebinthaceum 

Tribolium 

castaneum 
n.d. contact  22.47 ɛg/cm2 n.d.   

Sun et al., 

2020 

Ŭ-pinene 
Peucedanum 

terebinthaceum 

Lasioderma 

serricorne 
n.d. contact  76.82 ɛg/cm2 n.d.   

Sun et al., 

2020 

Ŭ-pinene 
Peucedanum 

terebinthaceum 

Liposcelis 

bostrychophila 
n.d. contact  873.73 ɛg/cm2 n.d.   

Sun et al., 

2020 

Ŭ-pinene Cinnamomum verum  Sitophilus granarius adults contact  4.235 ɛL/mL 
8.205 

ɛL/mL 
  

Plata-Rueda 

et al., 2018 

Ŭ-pinene 
Plectranthus 

barbatus  
Anopheles subpictus 

instar 

larvae 
contact/ingestion 32.09 ɛg/ml 62.79 ɛg/ml   

Govindarajan 

et al., 2016 

Ŭ-pinene 
Plectranthus 

barbatus  
Aedes albopictus 

instar 

larvae 
contact/ingestion 34.09 ɛg/ml 67.12 ɛg/ml   

Govindarajan 

et al., 2016 

Ŭ-pinene 
Plectranthus 

barbatus  

Culex 

tritaeniorhynchus 

instar 

larvae 
contact/ingestion 36.75 ɛg/ml 69.33 ɛg/ml   

Govindarajan 

et al., 2016 

Ŭ-pinene Cinnamomum verum  Tenebrio molitor larvae n.d. 
14.02 

ɛg/insect 

27.16 

ɛg/insect 

after 48 h 

exposure 

Martínez et 

al., 2018 

Ŭ-pinene Cinnamomum verum  Tenebrio molitor pupae  n.d. 
17.58 

ɛg/insect 

35.56 

ɛg/insect 

after 48 h 

exposure 

Martínez et 

al., 2018 

Ŭ-pinene Cinnamomum verum  Tenebrio molitor adults n.d. 
29.92 

ɛg/insect 

56.44 

ɛg/insect 

after 48 h 

exposure 

Martínez et 

al., 2018 

Ŭ-pinene Eucalyptus grandis Aedes aegypti 
instar 

larvae 
contact/ingestion 15.4 ppm n.d.   

Lucia et al., 

2007 

Ŭ-pinene 
Cinnamomum 

osmophloeum 
Aedes albopictus 

instar 

larvae 
contact/ingestion 74 µg/mL n.d.   

Cheng et al., 

2009 

Ŭ-pinene   
Culex 

quinquefasciatus 

instar 

larvae 
contact/ingestion 95 µg/mL n.d.   Pavela, 2015 

Ŭ-pinene Citrus X sinensis Sitophilus zeamais adults fumigant  0.264 mg/cm3 n.d.   
Kim and Lee, 

2014 

Ŭ-pinene Citrus X sinensis 
Tribolium 

castaneum 
adults fumigant  0.273 mg/cm3 n.d.   

Kim and Lee, 

2014 

Ŭ-pinene Citrus X sinensis Sitophilus zeamais adults contact  
0.347 

mg/adult 
n.d. 

  

Kim and Lee, 

2014 

Ŭ-pinene Citrus X sinensis 
Tribolium 

castaneum 
adults contact  

0.509 

mg/adult 
n.d. 

  

Kim and Lee, 

2014 

Ŭ-pinene Juniperus formosana 
Tribolium 

castaneum 
adults contact  

25.37 

ɛg/adult; 

ɛg/cm2 

n.d. 

  

Guo et al., 

2016 

https://www.sciencedirect.com/science/article/pii/S0147651318302227#!
https://www.sciencedirect.com/science/article/pii/S0147651318302227#!
https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib41
https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib41
https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib41
https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib41
https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib41
https://www.sciencedirect.com/science/article/pii/S0378874118318671#bib41
https://bioone.org/search?author=Alejandro_Lucia
https://bioone.org/search?author=Alejandro_Lucia
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Ŭ-pinene Juniperus formosana 
Liposcelis 

bostrychophila 
adults contact  

873.73 

ɛg/adult; 

ɛg/cm2 

n.d. 

  

Guo et al., 

2016 

Ŭ-pinene Litsea cubeba 
Lasioderma 

serricorne 
adults contact  76.82 ɛg/adult n.d. 

  

Yang et al., 

2014 

Ŭ-pinene Litsea cubeba 
Liposcelis 

bostrychophila 
adults contact  

873.73 

ɛg/adult 
n.d. 

  

Yang et al., 

2014 

Ŭ-pinene   Ephestia kuehniella 
IV instar 

larvae 
ingestion  0.864 ɛl/ml n.d. 

  

Shahriari et 

al., 2018 

Ŭ-pinene Evodia rutaecarpa 
Tribolium 

castaneum 
adults contact  22.5 ɛg/adult n.d. 

  

Cao et al., 

2018b 

Ŭ-pinene Evodia rutaecarpa 
Lasioderma 

serricorne 
adults contact  76.8 ɛg/adult n.d. 

  

Cao et al., 

2018b 

Ŭ-pinene Evodia rutaecarpa 
Liposcelis 

bostrychophila 
adults contact  873.7 ɛg/adult n.d. 

  

Cao et al., 

2018b 

Ŭ-pinene  Origanum vulgare 
Tribolium 

castaneum 
adults 

contact and 

fumigant 
0.114 mg/cm3 n.d.   

Kim et al., 

2010 

Ŭ-pinene Cephalotaxus sinensis Megoura japonica adults contact  0.14 ɛg/adult n.d. 
  

Ma et al., 

2020 

Ŭ-pinene Cephalotaxus sinensis Plutella xylostella adults contact  0.42 ɛg/adult n.d. 
  

Ma et al., 

2020 

Ŭ-pinene Cephalotaxus sinensis Sitophilus zeamais adults contact  > 100 ɛg/adult n.d. 
  

Ma et al., 

2020 

Ŭ-pinene Cephalotaxus sinensis Megoura japonica adults fumigant  6.74 mg/L n.d. 
  

Ma et al., 

2020 

Ŭ-pinene Cephalotaxus sinensis Plutella xylostella adults fumigant  7.35 mg/L n.d. 
  

Ma et al., 

2020 

Ŭ-pinene Cephalotaxus sinensis Sitophilus zeamais adults fumigant  6.41 mg/L n.d. 
  

Ma et al., 

2020 

myrcene 
Peucedanum 

terebinthaceum 

Tribolium 

castaneum 
n.d. fumigation  

21.91 mg/L 

air 
n.d.   

Sun et al., 

2020 

myrcene 
Peucedanum 

terebinthaceum 

Lasioderma 

serricorne 
n.d. fumigation  n.d. n.d.   

Sun et al., 

2020 

myrcene 
Peucedanum 

terebinthaceum 

Liposcelis 

bostrychophila 
n.d. fumigation  n.d. n.d.   

Sun et al., 

2020 

myrcene 
Peucedanum 

terebinthaceum 

Tribolium 

castaneum 
n.d. contact  19.93 ɛg/cm2 n.d.   

Sun et al., 

2020 

myrcene 
Peucedanum 

terebinthaceum 

Lasioderma 

serricorne 
n.d. contact  16.61 ɛg/cm2 n.d.   

Sun et al., 

2020 

myrcene 
Peucedanum 

terebinthaceum 

Liposcelis 

bostrychophila 
n.d. contact  320.49 ɛg/cm2 n.d.   

Sun et al., 

2020 
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myrcene Citrus X sinensis Sitophilus zeamais adults fumigant  0.274 mg/cm3 n.d.   
Kim and Lee, 

2014 

myrcene Citrus X sinensis 
Tribolium 

castaneum 
adults fumigant  0.275 mg/cm3 n.d.   

Kim and Lee, 

2014 

myrcene Citrus X sinensis Sitophilus zeamais adults contact  
0.372 

mg/adult 
n.d. 

  

Kim and Lee, 

2014 

myrcene Citrus X sinensis 
Tribolium 

castaneum 
adults contact  

0.451 

mg/adult 
n.d. 

  

Kim and Lee, 

2014 

myrcene Evodia rutaecarpa Sitophilus zeamais adults fumigant  
51.33 mg/L 

air 
n.d. 

  

Liu and Du, 

2011 

myrcene Evodia rutaecarpa 
Tribolium 

castaneum 
adults fumigant  

43.59 mg/L 

air 
n.d. 

  

Liu and Du, 

2011 

myrcene Evodia rutaecarpa 
Tribolium 

castaneum 
larvae fumigant  

87.09 mg/L 

air 
n.d. 

  

Liu and Du, 

2011 
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Ingestion toxicity caused by these terpenes has been examined on arthropods of agricultural 

interest (Benelli et al., 2018c) and on those living in the urban context (de Oliveira et al., 

2019). Ŭ-Humulene from the EO of Cheilocostus speciosus (J.König) C.Specht (2006) 

rhizome was assayed on Helicoverpa armigera Hübner (Lepidoptera: Noctuidae) larvae and 

eggs, showing a LC50 of 20.86 ɛg/mL and an EC50 of 35.39 ɛg/ml respectively (Benelli et 

al., 2018c). As for urban pests, (E)-caryophyllene and Ŭ-humulene deriving from Varronia 

curassavica Jacq. had a LC50 of 3.75 and 1.49 ɛL/L, respectively, towards the ant 

Dorymyrmex thoracicus Gallardo (Formicidae: Dolichoderinae) (de Oliveira et al., 2019) 

(Table 6). In addition, some of these compounds from Peucedanum terebinthinaceum Fisch. 

EO displayed diverse contact toxicity to three stored-product insects (Sun et al., 2020). In 

fact, Ŭ-pinene exhibited LC50 values of 22.47, 76.82 ɛg/adult, and 873.73 ɛg/cm2 against 

Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), Lasioderma serricorne 

Fabricius (Coleoptera: Anobiidae) and Liposcelis bostrychophila Badonnel (Psocoptera: 

Liposcelididae), respectively. For (E)-caryophyllene, LC50 values accounted for 25.86, 

43.79 ɛg/adult, and 52.52 ɛg/cm2, respectively, and myrcene ones were 19.93, 16.61 

ɛg/adult and 320.49 ɛg/cm2, respectively. Notably, when employing a fumigation-based 

method, only Ŭ-pinene provided significant fumigant activity against T. castaneum 

(LC50=12.15 mg/L air), L. serricorne (LC50=38.07 mg/L air) and L. bostrychophila 

(LC50=1.43 mg/L air) (Sun et al., 2020). The fumigant toxicity of this monoterpene against 

other pests, namely Hypothenemus hampei Ferrari (Coleoptera: Scolytidae) (Reyes et al., 

2019), Sitophilus granarius L. (Coleoptera: Curculionidae) (Adarkwah et al., 2017), and 

Callosobruchus chinensis L. (Coleoptera: Bruchidae) (Chaubey, 2015), has been 

demonstrated. In fumigations with myrcene, the obtained outcomes have proven a 

satisfactory efficiency only with respect to T. castaneum (LC50= 21.91 mg/L air) (Sun et al., 

2020). Various conditions can influence the efficacy of previously mentioned compounds, 

namely the target insect and its growth stage (e.g., eggs, larvae or adults) along with the 

action mechanism (e.g., toxicity by contact, ingestion or fumigation) (Cao et al., 2018a, b; 

Kim et al., 2010; Liu et al., 2012; Sun et al., 2020). Caryophyllene oxide obtained from 

several EOs is endowed with high toxicity by fumigation and/or contact against key stored-

product adult insects (Cao et al., 2018a, b; Liu et al., 2012) and different mosquitoesô larvae 

(Lee and Ahn, 2013; Silva et al., 2008), having comparable effect to the synthetic insecticide 

dichlorvos for controlling pest species in urban and public health (Kim et al., 2010) (Table 

6). Myrcene and Ŭ-humulene allowed reaching an equivalent effectiveness against stored-

product insects (Kim and Lee, 2014; Liu and Du, 2011). On the other side, they were less 
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active against larvae of some mosquito species in comparison to caryophyllene oxide (Lee 

and Ahn, 2013) (Table 6). Insects of different orders were variously susceptible to Ŭ-pinene 

(for instance, LC50=0.14 ɛg/adult in Megoura japonica Matsumura and LC50=29.92 

ɛg/insect in Tenebrio molitor L.) (Ma et al., 2020; Martínez et al., 2018). The same trend 

was also observed among species belonging to the same order (e.g., LC50 on T. castaneum 

was 25.37 ɛg/adult, while on L. bostrychophila it was 873.73 ɛg/adult) (Guo et al., 2016) 

(Table 6). 

Hemp-based pesticides are promising candidates to be employed for preserving agricultural 

and public health (Benelli et al., 2018b; Mcpartland, 2019). Although the action mode in 

insects of hemp EO and its components need to be well understood, it can be supposed that 

their pest toxicity is explained through the high lipophilicity and capacity of penetration into 

the integument of larvae and cuticle of adults. Alternatively, they could pass through the 

spiracles and trachea, damaging different organs like the midgut and altering the locomotor 

activity, even up to death (Hashem et al., 2018; Plata-Rueda et al., 2020). 
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Antibacterial activity  

Literature data on the antimicrobial effects of EOs from different hemp cultivars are 

collected in Table 7. 

Generally, Gram-positive bacteria showed higher sensitivity to hemp EOs with respect to 

the Gram-negative ones. Indeed, the EOs analysed by Iseppi et al. (2019) were not active 

against Gram-negative strains. Among them, the EOs from Futura 75 and KC Zuzana, two 

monoecious cultivars, and from the dioecious Antàl exerted a significant antimicrobial effect 

on S. aureus, and MIC values (16.0, 2.0, and 2.0 µg/mL, respectively) were markedly lower 

than that found for Futura 75 EO (8000 µg/mL) in another work (Zengin at al., 2018). Futura 

75, KC Zuzana, Antàl, and also Tygra, Zenit, and Carmagnola EOs (Iseppi et al., 2019) 

displayed remarkable activity on Listeria monocytogenes, with MIC values from 2.0 to 16.0 

µg/mL. Moreover, S. aureus and L. monocytogenes showed the highest susceptibility to 

Futura 75 EO (1.25-5.0 and 2.5-5.0 µL/mL, respectively) (Pellegrini et al., 2020). Several 

Bacillus Cohn species were inhibited by the EOs studied by Iseppi et al. (2019), in particular 

by the dioecious cultivars Antàl and Carmagnola EOs (MIC results of 0.5-2.0 and 1.0-2.0 

µg/mL, respectively). The EOs from Futura 75, KC Zuzana, Antàl, and also Tygra, Zenit, 

and Carmagnola varieties (Iseppi et al., 2019) showed a noticeable antimicrobial activity 

relating to Enterococcus strains. The MIC values for Enterococcus faecalis and 

Enterococcus faecium, ascribed to Carmagnola EO (0.5-2.0 and 1.0 µg/mL, respectively), 

were minor than Futura 75 EO ones (1.0-16.0 and 1.0-8.0 µg/mL, respectively), even if this 

last variety EO was potent against three Enterococcus species. Better findings were obtained 

for Futura 75 EO rather than Carmagnola EO (1.40-1.55 vs. 1.80-1.70% v/v, respectively) 

against Enterococcus hirae Farrow & Collins and E. faecium (Nissen et al., 2010). In fact, 

these authors registered lower MIC values of Futura 75 EO, with respect to Carmagnola and 

Fibranova EOs, for almost all Gram-positive bacteria, namely Clostridium bifermentas 

(Weinberg and Séguin), Clostridium butyricum Prazmowski, Clostridium tyrobutyricum van 

Beynum and Pette, E. hirae, E. faecium, and Streptococcus salivarius Andrewes & Horder. 

The antimicrobial activity of several monoterpenes, especially myrcene and Ŭ-pinene, was 

confirmed in particular against Enterococcus and Listeria species (Iseppi et al., 2019). So, 

the inhibitory properties possessed by Futura 75, Tygra, Zenit, and Carmagnola EOs towards 

these strains probably resulted from the predominance of myrcene in their chemical profile. 

Ŭ-Pinene reached the best results on both Gram-positive and negative bacteria, with respect 

to the other investigated terpenes (Nissen et al., 2010). So, the antimicrobial effect of several 
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EOs could be due to Ŭ-pinene presence. In fact, it represented the main compound in Futura 

75 EO (Marini et al., 2018), and the second most abundant constituent of Futura 75, 

Carmagnola and Fibranova EOs (Nissen et al., 2010). In Futura 75 (Pellegrini et al., 2020; 

Zengin at al., 2018), KC Zuzana and Antàl EOs, (E)-caryophyllene was dominant on other 

compounds, probably having a pivotal function regarding the antimicrobial efficacy of these 

hemp EOs. Also, EOs from other plants were rich in (E)-caryophyllene, having an important 

antibacterial activity (Sabulal et al., 2006), and this sesquiterpene was assayed against 

several Gram-positive and negative strains, with significant results (Dahham et al., 2015). In 

this study, the lowest MIC values of hemp EOs were detected on S. aureus, and Futura 75, 

KC Zuzana, and Antàl EOs had a superior effect on this pathogen compared to other bacterial 

strains. 

Regarding Gram-negative bacteria, Futura 75 EO was the only one with an activity against 

Helicobacter pylori (Marshall), possessing a MIC value of 32.0 µg/mL and MBC value of 

64.0 µg/mL (Zengin at al., 2018). Pseudomonas fluorescens Migula, Salmonella enteritidis 

and Salmonella typhimurium Kauffmann & Edwards had a greater resistance to Futura 75 

EO administration (MIC >20 µL/mL), with respect to Gram-positive strains (Pellegrini et 

al., 2020). This could occur because of the Gram-negative bacteriaôs outer membrane, rich 

in lipopolysaccharides which have a certain permeability to hydrophilic substances but are 

not pervious to hydrophobic molecules (Pellegrini et al., 2020). As well as for Gram-positive 

species, Futura 75 EO was the most active, in comparison to Carmagnola and Fibranova 

EOs, also towards the tested Gram-negative strains (Pectobacterium carotovorum (Jones), 

Pseudomonas corrugata Roberts and Scarlett, P. fluorescens, Pseudomonas savastonoi 

(Smith), Pseudomonas syringae Van Hall, Pseudomonas viridiflava (Burkholder) and 

Pseudomonas campestris (Pammel)), with MIC values always under 2.00% v/v (Nissen et 

al., 2010). Therefore, MBC was determined only for Futura 75 EO, and major values for 

Gram-negative rather than Gram-positive bacteria were found, as a confirmation of the 

general higher susceptibility of Gram-positive strains to antimicrobial agents. The effect of 

hemp EOs on these several species can be attributed to the hydrophobicity of their 

components, with consequent permeability increase of the microbeôs cell membranes, and 

leakage of ions and other cell matter (Burt, 2004). Other action mechanisms proposed for 

EOs on bacteria are the interruption of the proton motive force, electron flow, active 

transport, and the cytoplasm coagulation. Moreover, the lipophilic hydrocarbon constituents 

of EOs can have a direct interaction with proteins, like enzymes, or modify the lipidïprotein 



65 
 

connection by accumulating in the lipid bilayer (Burt, 2004). With the purpose to expand the 

knowledge about the antimicrobial properties of hemp EOs, the antimycotic effects of three 

industrial hemp chemovars (Carmagnola CS, Eletta campana, and Futura 75) were evaluated 

on different dermatophytes causing inflammatory skin disorders, namely Arthroderma 

crocatum, Arthroderma curreyi Berk, Arthroderma gypseum, Arthroderma insingulare, 

Arthroderma quadrifidum Dawson & Gentles, Trichophyton mentagrophytes (C.P. Robin) 

Sabour, and Trichophyton rubrum (Castell.) Sabour (Table 7) (Orlando et al., 2021). All the 

tested species were inhibited by the EOs, with values of IC50 varying between 0.312 and 10 

ɛg/mL. Among the varieties, Futura 75 EO demonstrated the best mycostatic activity. 

Notably, caryophyllene oxide displayed antimycotic efficacy in an in vitro model of 

onychomycosis (Yang et al., 2000).  
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Table 7. Antibacterial and antifungal effect of hemp EOs on different microbes and dermatophytes species 

Variety  Plant part  
Main components 

(%) 
Target species MIC (µg/mL)  

MBC 

(µg/mL) 
Reference 

Futura 75 

aerial parts 

(E)-caryophyllene 

(28.0), 

caryophyllene oxide 

(15.0), Ŭ-humulene 

(13.0), myrcene 

(11.0), Ŭ-pinene 

(8.0) 

Staphylococcus 

aureus 
8000 16000 Zengin at 

al., 2018 

 

Helicobacter 

pylori 
32.0 64.0 

inflorescences 

myrcene (19.8), (E)-

caryophyllene 

(14.8), terpinolene 

(9.6), Ŭ-pinene 

(8.4), Ŭ-humulene 

(6.6), caryophyllene 

oxide (5.2), 

limonene (4.9), 

CBD (0.6) 

Staphylococcus 

aureus 
16.0 

not reported 

Iseppi et al., 

2019 

 

Staphylococcus 

epidermidis 
1.0 

Listeria 

monocytogenes 
8.0 

Enterococcus 

faecalis 
1.0-16.0 

Enterococcus 

hirae 
4.0 

Enterococcus 

faecium 
1.0-8.0 

Bacillus subtilis 4.0 

Bacillus cereus 1.0 

Bacillus 4.0-8.0 

inflorescences 

and leaves 

Ŭ-pinene (19.2), 

myrcene (17.2), (E)-

caryophyllene 

(15.3), camphor 

(5.8) 

Listeria 

monocytogenes 
not reported >2048 

Marini et 

al., 2018 

inflorescences 

(E)-caryophyllene 

(34.6), myrcene 

(13.3), Ŭ-humulene 

(11.4), Ŭ-pinene 

(9.8), caryophyllene 

oxide (4.5) 

Pseudomonas 

fluorescens 
>20 (µL/mL) 

not reported 

Pellegrini et 

al., 2020 

Salmonella 

enteritidis 
>20 (µL/mL) 

Salmonella 

typhimurium 
>20 (µL/mL) 

Brochothrix 

thermosphacta 
>20 (µL/mL) 

Enterococcus 

faecium 
>20 (µL/mL) 

Listeria 

monocytogenes 

2.5-5.0 

(µL/mL) 

2.5-5.0 

(µL/mL) 

Staphylococcus 

aureus 

1.25-5.0 

(µL/mL) 

1.25-5.0 

(µL/mL) 

inflorescences 

myrcene (20.8), Ŭ-

pinene (16.4), (E)-

caryophyllene 

(12.8), terpinolene 

(10.7), ɓ-pinene 

(6.5) 

Clostridium 

bifermentas 
1.41 (% v/v) not reported 

Nissen et 

al., 2010 

Clostridium 

butyricum 
1.76 (% v/v) not reported 

Clostridium 

sporogenes 
1.78 (% v/v) 2.83 (% v/v) 

Clostridium 

tyrobutyricum 
1.66 (% v/v) not reported 

Enterococcus 

hirae 
1.40 (% v/v) not reported 

Enterococcus 

faecium 
1.55 (% v/v) 2.56 (% v/v) 

Streptococcus 

salivarius 
1.46 (% v/v) 2.19 (% v/v) 

Pectobacterium 

carotovorum 
1.66 (% v/v) 3.12 (% v/v) 

Pseudomonas 

corrugata 
1.40 (% v/v) not reported 
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Pseudomonas 

fluorescens 
1.35 (% v/v) not reported 

Pseudomonas 

savastonoi 
1.68 (% v/v) 3.71 (% v/v) 

Pseudomonas 

syringae 
1.62 (% v/v) not reported 

Pseudomonas 

viridiflava 
1.43 (% v/v) not reported 

Pseudomonas 

campestris 
1.44 (% v/v) not reported 

inflorescences 

(E)-caryophyllene 

(19.3), Ŭ-pinene 

(14.9), myrcene 

(11.8), tetracosane 

(8.8), Ŭ-humulene 

(8.3), terpinolene 

(5.1)  

Trichophyton 

mentagrophytes 
0.79 

not reported 
Orlando et 

al., 2021 

Trichophyton 

rubrum 
0.99-6.3 

Arthroderma 

crocatum 
0.39 

Arthroderma 

quadrifidum 
0.39 

Arthroderma 

gypseum 
0.49 

Arthroderma 

curreyi 
1.57 

Arthroderma 

insingulare 
0.79 

KC Zuzana inflorescences 

(E)-caryophyllene 

(22.3), Ŭ-pinene 

(20.7), myrcene 

(14.5), Ŭ-humulene 

(7.5), ɓ-pinene 

(6.9), (E)-ɓ-

ocimene (6.3), 

terpinolene (6.3) 

Staphylococcus 

aureus 
2.0 

not reported 

Iseppi et al., 

2019 

 

Listeria 

monocytogenes 
2.0-4.0 

Enterococcus 

faecalis 
2.0-16.0 

Enterococcus 

hirae 
16.0 

Enterococcus 

faecium 
2.0-16.0 

Bacillus subtilis 8.0 

Bacillus 16.0 

Tygra inflorescences 

myrcene (33.4), Ŭ-

pinene (20.3), ɓ-

pinene (8.0), (E)-

caryophyllene (7.6), 

terpinolene (7.4), 

limonene (5.6), (E)-

ɓ-ocimene (3.2), Ŭ-

humulene (2.2) 

Listeria 

monocytogenes 
4.0 

not reported 

Iseppi et al., 

2019 

 Enterococcus 

faecalis 
4.0 

Bacillus 4.0 

Zenit inflorescences 

myrcene (28.9), Ŭ-

pinene (14.7), (E)-

caryophyllene (7.7), 

(E)-ɓ-ocimene 

(6.2), terpinolene 

(6.2), ɓ-pinene 

(4.1), Ŭ-humulene 

(2.5) 

Listeria 

monocytogenes 
4.0 

not reported 

Iseppi et al., 

2019 

 

Enterococcus 

faecalis 
4.0 

Bacillus subtilis 4.0 

Bacillus 4.0 

Antàl inflorescences 

(E)-caryophyllene 

(21.6), Ŭ-humulene 

(10.1), 

caryophyllene oxide 

(9.5), myrcene 

(8.3), Ŭ-pinene 

Staphylococcus 

aureus 
2.0 

not reported 

Iseppi et al., 

2019 

 

Staphylococcus 

epidermidis 
4.0 

Listeria 

monocytogenes 
4.0-16.0 
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(7.4), (E)-ɓ-

ocimene (5.0) 

Enterococcus 

faecalis 
1.0-2.0 

Enterococcus 

hirae 
2.0 

Enterococcus 

faecium 
2.0 

Bacillus subtilis 2.0 

Bacillus cereus 1.0 

Bacillus 0.5-2.0 

Carmagnola inflorescences 

myrcene (34.4), Ŭ-

pinene (14.6), (E)-

caryophyllene (8.5), 

terpinolene (8.3), 

limonene (4.3), Ŭ-

humulene (2.8) 

Listeria 

monocytogenes 
2.0 

not reported 

Iseppi et al., 

2019 

 

Enterococcus 

faecalis 
0.5-2.0 

Enterococcus 

faecium 
1.0 

Bacillus subtilis 2.0 

Bacillus cereus 1.0 

Bacillus 1.0-2.0 

myrcene (29.2), Ŭ-

pinene (15.1), (E)-

caryophyllene 

(13.9), (E)-ɓ-

ocimene (6.9), ɓ-

pinene (6.4) 

Clostridium 

bifermentas 
1.75 (% v/v) 

not reported 
Nissen et 

al., 2010 

Clostridium 

butyricum 
>2.00 (% v/v) 

Clostridium 

sporogenes 
>2.00 (% v/v) 

Clostridium 

tyrobutyricum 
>2.00 (% v/v) 

Enterococcus 

hirae 
1.80 (% v/v) 

Enterococcus 

faecium 
1.70 (% v/v) 

Streptococcus 

salivarius 
1.54 (% v/v) 

Pectobacterium 

carotovorum 
1.84 (% v/v) 

Pseudomonas 

corrugata 
1.81 (% v/v) 

Pseudomonas 

fluorescens 
1.71 (% v/v) 

Pseudomonas 

savastonoi 
>2.00 (% v/v) 

Pseudomonas 

syringae 
1.88 (% v/v) 

Pseudomonas 

viridiflava 
1.68 (% v/v) 

Pseudomonas 

campestris 
1.76 (% v/v) 

Carmagnola 

CS 
inflorescences 

myrcene (26.4), (E)-

caryophyllene 

(19.1), Ŭ-pinene 

(12.6), Ŭ-humulene 

(7.2), terpinolene 

(7.0)  

Trichophyton 

mentagrophytes 
0.79 

not reported 
Orlando et 

al., 2021 

Trichophyton 

rubrum 
0.99-3.15 

Arthroderma 

crocatum 
1.57 

Arthroderma 

quadrifidum 
3.15 

Arthroderma 

gypseum 
1.57 

Arthroderma 

curreyi 
1.98 

Arthroderma 

insingulare 
6.30 
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Eletta 

campana 
inflorescences 

heptacosane (23.9), 

(E)-caryophyllene 

(13.5), Ŭ-pinene 

(11.9), myrcene 

(6.8), tetracosane 

(6.0) 

Trichophyton 

mentagrophytes 
< 0.31 

not reported 
Orlando et 

al., 2021 

Trichophyton 

rubrum 
1.57-6.30 

Arthroderma 

crocatum 
1.57 

Arthroderma 

quadrifidum 
3.15 

Arthroderma 

gypseum 
3.15 

Arthroderma 

curreyi 
6.30 

Arthroderma 

insingulare 
0.99 

Fibranova inflorescences 

myrcene (12.5-

20.3), Ŭ-pinene 

(10.9-17.0), (E)-

caryophyllene 

(10.6-13.8), ɓ-

pinene (8.9-9.3), Ŭ-

humulene (5.7-6.7), 

(E)-ɓ-ocimene (2.0-

9.3) 

Clostridium 

bifermentas 

1.73-1.80 (% 

v/v) 

not reported 
Nissen et 

al., 2010 

Clostridium 

butyricum 
>2.00 (% v/v) 

Clostridium 

sporogenes 
1.69 (% v/v) 

Clostridium 

tyrobutyricum 
>2.00 (% v/v) 

Enterococcus 

hirae 

1.69-1.81 (% 

v/v) 

Enterococcus 

faecium 

1.64-1.78 (% 

v/v) 

Streptococcus 

salivarius 

1.57-1.83 (% 

v/v) 

Pectobacterium 

carotovorum 
>2.00 (% v/v) 

Pseudomonas 

corrugata 

1.76-1.78 (% 

v/v) 

Pseudomonas 

fluorescens 

1.74-1.88 (% 

v/v) 

Pseudomonas 

savastonoi 
1.81 (% v/v) 

Pseudomonas 

syringae 

1.84-1.89 (% 

v/v) 

Pseudomonas 

viridiflava 

1.79-1.84 (% 

v/v) 

Pseudomonas 

campestris 
1.89 (% v/v) 
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Antioxidant activity  

The field of natural antioxidant molecules is growing due to the possible toxicity of synthetic 

antioxidants, employed as common food and commodities preservatives, like butylated 

hydroxytoluene (BHT) and butylated hydroxyanisole (BHA). In this context, EOs as 

potential antioxidant agents can be inserted. As an example, Moroccan C. sativa EO showed 

a significant effect for the DPPH (IC50 =1.6 ± 0.1 mg/mL), for ferric reducing power (IC50 

= 0.9 Ñ 0.1 mg/mL) and for ɓ-carotene/linoleic acid assays (IC50 =1.8 ± 0.2 mg/mL) (Nafis 

et al., 2019). However, these findings were not as strong as those of BHT (IC50 from 4.2 ± 

0.1 to 7.1 Ñ 0.1 ɛg/mL) and quercetin (IC50 between 0.9 ± 0.0 and 2.3 Ñ 0.1 ɛg/mL). The 

antioxidant activity of C. sativa EO might be mostly dependent on the presence of (E)-

caryophyllene and caryophyllene oxide and, to a minor extent, less abundant compounds 

like linalool and myrcene. Two radical scavenging (DPPH and ABTS), and two reducing 

power (CUPRAC and FRAP) tests were employed to assess the scavenging/reducing effects 

of EOs from three industrial hemp cultivars, namely Futura 75, Eletta Campana, and CS 

(Menghini et al., 2021). Particularly, Eletta Campana and Futura 75 EOs exerted the highest 

antiradical properties (Menghini et al., 2021). 

 

Other activities 

The antioxidant and anti-acetylcholinesterase effects, along with the neuroactive properties 

of EOs from two different C. sativa chemovars (Chinese accession G-309 and Fibrante 

variety) were searched (Smeriglio et al., 2020). Both EOs demonstrated a stable and dose-

dependent antioxidant activity, and also had a strong acetylcholinesterase inhibitory activity, 

with an IC50 value of 57.31 and 74.64 ɛg/ml for the Chinese chemovar and Fibrante variety. 

Then, as for the cell viability and neuroactive properties of the two EOs, they allowed a 

concentration-dependent inhibition of the spontaneous electrical activity of mouse and 

human neuronal networks, and especially the Fibrante chemovar induced the most potent 

suppression of mean burst rate (IC50 of 12.0 ɛg/ml), and of mean firing rate (IC50 equal to 

10.6 ɛg/ml). The additive or synergistic effect between phytocannabinoids and terpenes 

could be the origin of the documented in vitro biological activities, even if in vivo evidences 

are still scarce. 

Hemp EOs were evaluated against tyrosinase and prostaglandin E2 in an isolated mouse skin 

model for finding a new potential use as skin protective products (Orlando et al., 2021). The 
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effects obtained by all EOs on hydrogen-peroxide-induced PGE2 level confirmed the 

possible application of hemp EOs in inflammatory skin diseases. Moreover, hemp EOs did 

not affect the cell number in an in vitro model of human H1299 lung adenocarcinoma cells, 

excluding any role on cell survival. Finally, hemp EOs were studied on transmembrane 

protease serine 2 (TMPRSS2) and angiotensin-converting enzyme 2 (ACE2), that are 

considered as promising targets in mediating SARS-CoV-2 virus entry in human cells. As a 

result, the gene expression of TMPRSS2 and ACE2 was reduced by the EOs, suggesting 

their inclusion in protection devices such as surgical masks, to be used as physical barriers 

against COVID-19 (Orlando et al., 2021).  

The pro- or anti-inflammatory activity of Carmagnola CS and Felina 32 hemp EOs has been 

recently evaluated to assess the safety of these products on health care providers by 

investigating the release of the proinflammatory cytokines in human fibroblasts and 

keratinocytes treated with etoposide (Rossi et al., 2020). For the first time, it was discovered 

through gene expression analysis and ELISA assay that the CBD-free hemp EOs do not 

cause inflammation. Hemp EOs decreased cytokines release by etoposide on skin cell lines, 

boosting the inflammatory pathways. This fact might be ascribable to Ŭ-humulene and (E)-

caryophyllene, that are endowed with in vivo anti-inflammatory activity by reducing TNF-Ŭ 

and IL-1ɓ. Notably, the toxicological and comet assays have highlighted the safety of hemp 

EOs on human cell lines, allowing their use in pharmaceutical and cosmeceutical sectors, 

through an appropriate encapsulation in nanoemulsions.  

Recently, the efficacy of hemp EOs from the three different varieties Futura 75, Carmagnola 

CS and Eletta campana was evaluated against the cutaneous leishmaniasis vector Leishmania 

tropica Wright infecting a panel of adult male BALB/c mice cells (Menghini et al., 2021). 

After a treatment of 8 weeks, all EOs positively reduced the tissue wound, more than the 

untreated control group. Eletta campana and Futura 75, as the most promising chemovars, 

displayed protective activity similar to amphotericin B, the anti-leishmanial treatment of 

choice. Their anti-leishmanial effect is consistent with their best scavenging/reducing 

profile. 

The effect of inhalation of hemp EO was explored on the nervous system in 5 healthy 

subjects. Autonomic nervous system parameters (ANS) and brain wave activities were 

registered as signals of the nervous system stimulation (Gulluni et al., 2018). Firstly, the 

inhalation of EO has been connected with an increase in skin temperature and heart rate. 
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Furthermore, these modifications of the ANS parameters were also related to the 

simultaneous implication of the parasympathetic nervous system (PNS), thanks to the 

presence of monoterpenes like limonene in hemp EO. So, limonene might have a role in the 

rise of skin temperature and heart rate. The other outcome concerned the recording of the 

mood parameters in the healthy volunteers. They experienced positive sensations after hemp 

EO inhalation. A favourable alteration of the mood state has been observed as well. The 

subjects were more relaxed, in a good mood, and more energetic. In addition, they felt a 

more intense hunger, and no more pain in case of strong headache. In conclusion, the general 

well-being could be improved by hemp EO inhalation. This anxiolytic effect on ANS might 

derive from the presence of myrcene, (E)-caryophyllene, and limonene or the EO itself. 

Finally, EO inhalation increased the power and amplitude of alpha and theta brain waves 

detected by electroencephalogram (EEG) analysis. Due to its effect on the ANS and the brain 

wave activities, the hemp EO inhalation can suggest the onset of positive and anxiolytic 

action on healthy volunteers. 

 

1.7.4 Encapsulation in eco-friendly formulations  

EO-based botanical insecticides can be applied as fumigants, granular formulations, or direct 

sprays and can display a wide range of effects, from lethal toxicity to repellence and/or 

deterrence towards pests. Consequently, pesticides made of EOs could be used with different 

modalities to control a huge number of parasites. The efficacy of these products is generally 

lower than that of synthetic pesticides, although for some pests an equal effectiveness of 

natural agents with respect to conventional ones has been observed. EOs can require higher 

use rates and periodic reapplications, especially if employed outdoor. Further challenges 

associated with the commercial application of EO-based pesticides include the availability 

of sufficient amounts of plant material, the standardization and improvement of antiparasitic 

products, the protection of technology through patents and the regulatory approval (Chow et 

al., 2005). Large scale application for commercial use of EO-based insecticides would need 

an implemented production of EOs and the introduction by pesticide manufacturers of 

specific strategies able to guarantee a stable and consistent performance of their products, 

given the variability of plant EOs chemical profile according to geographical, genetic, 

climatic, annual, or seasonal factors. In this context, hemp and its products can represent 

valid tools to counteract harmful pest species. Hemp is certainly a sustainable crop, capable 
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of absorbing heavy metals and pesticides from the soil. For this reason, it can be employed 

for phytoremediation purposes and to enrich the soil in organic carbon (> 10 t/ha). Moreover, 

it does not require a massive use of fertilizers and pesticides, thus making it suitable for 

sustainable cultivation systems (Amaducci et al., 2008). In addition, hemp could be 

introduced in crop rotations as an essential renewal crop. In particular, hemp EO 

demonstrated insecticidal, acaricidal and repellent activities, thanks especially to its 

secondary metabolites, namely terpenes and cannabinoids. In fact, there are numerous 

literature works presenting the efficacy, against several arthropods, of hemp EO main 

components deriving from other plant species. Nevertheless, further research should be 

conducted to compare their effectiveness to that of commercial insecticides, along with that 

produced by the combination of more of these molecules, with particular reference to 

synergistic and antagonistic effects (Benelli et al., 2017a, b). Of note, a fundamental goal 

would be to investigate innovative systems, like nanoemulsions (Figure 13), to guarantee 

substances efficacy and stability for potential field applications where environmental 

conditions may cause unsuccessful treatments (Pavoni et al., 2019). Last but not least, 

additional studies regarding the possible impact on non-target species and the safety profile 

of hemp-based pesticides are promptly necessary. 

 

 

Figure 13. Hemp EO-based nanoemulsion 
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1.8 Conclusions 

Industrial hemp EO can derive from hemp manufacturing and biomass deprived of terpenes 

before extracting cannabinoids, or from the extensive amounts of plant material cultivated 

worldwide. Until now, a low yield (maximum 0.60%) was reported for hemp EO, 

determining a limited industrial exploitation of this product. Several studies on the chemical 

composition of hemp EOs belonging to monoecious and dioecious varieties have been 

reviewed in this introduction chapter, pointing out the presence of characteristic marker 

compounds included into two main classes, namely monoterpene hydrocarbons and 

sesquiterpene hydrocarbons. Their quali-quantitative occurrence appeared to be affected 

especially by the extraction method and plant processing, rather than by the employed 

variety. Sometimes, also cannabinoids, in particular CBD, are present in the EO, making it 

an interesting product for pharmaceutical and cosmeceutical industries. Additionally, in the 

near future unknown cultivars will attract the attention of researchers, aimed at studying new 

potential chemotypes to be industrially exploitable. Hemp EO was subjected to laboratory 

assays that confirmed its activity against some insect vectors, mites, and pests of agricultural 

importance, representing an ideal candidate for the production of botanical insecticides 

aimed at reducing the use of conventional pesticides with damaging effects on the 

environment and human health. However, further demonstration of its efficacy on harmful 

invertebrates as well as in field studies is needed to support its exploitation. Moreover, 

research on its delivery through stable, effective, sustainable, and durable nanocarriers, 

namely microemulsions, nanoemulsions, nanoparticles, and so on, is of key importance for 

its market approval. Then, the antibacterial potential of hemp EOs seems to deserve further 

studies, especially in the veterinary field. The EO showed to be safe to beneficial organisms, 

and anti-inflammatory, and not cytotoxic on human cells. Consequently, innovative 

applications of this valuable product are expected to be introduced in the next years. 
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2. CBD-enriched hemp essential oil produced by an optimized 

microwave-assisted extraction using a central composite design 

 

2.1 Work i ntroduction  and aim  

Hemp, or ófibre-typeô cannabis, is a legal crop grown from ages all over the world and its 

fibre, seeds, leaves and flowers are used in several fields such as automobile industry, 

construction, paper, novel materials, bioenergy, textile, varnishes and inks, as well as in 

medicine, foods, nutraceuticals and cosmetics (Ranalli and Venturi, 2004).  

Hemp crop sustainability is related to the fact that it enriches the soil in organic matter, needs 

no agrochemical input and moderate fertilizer requirement, and possesses adsorption 

properties toward pesticides, that is useful in sustainable agricultural systems (Amaducci et 

al., 2008; Finnan and Styles, 2013; Vukļeviĺ et al., 2015). Indeed, hemp can be employed 

for crop rotation with wheat, barley, corn and sunflower (Finnan and Styles, 2013). Most of 

the different varieties cultivated in the EU, as the third global hemp producer (EC 

Regulation, 2004), come from France and Italy (Cappelletto et al., 2001). In Italy around 

4000 ha of hemp are cultivated by about 2000 farmers, in most cases using organic 

agriculture (EC Regulation, 2007), with a total income of ~ 40 mln ú per year.  

Nowadays, Bedrocan®, Epidiolex®, and Sativex® are examples of C. sativa-based medical 

preparations, that are used for treating chronic diseases, multiple sclerosis, neuropathic pain, 

and epilepsy (Barnes, 2006; Devinsky et al., 2018; Palmieri et al., 2019). 

The increase of massive hemp biomass production in the next years may lead to the 

valorisation of this multipurpose crop by developing innovative products (Calzolari et al., 

2017). In this context, hemp EO could be of interest for the pharmaceutical, nutraceutical 

and cosmeceutical industries and in integrated pest management programs (Benelli et al., 

2018a,b; Fiorini et al., 2019), especially against aphids, houseflies and ticks (Benelli et al., 

2018a,b; Tabari et al., 2020), adding value to the whole production chain. Moreover, it can 

meet the increasing demand for cannabis oily extracts (Fiorini et al., 2019). 

Hemp EO is an interesting non-psychotropic product made of a complex mixture of terpenes 

and cannabinoids, to which the so-called óentourage-effectô is due (Nahler et al., 2019).  

SD and HD, as the most common extraction techniques for getting hemp EO, are time-

consuming, need high energy and water input, and sometimes lead to thermal degradation 

of heat-sensitive molecules (Filly et al., 2014). Thus, more recently, solvent-free methods 

have been developed for the extraction of volatile organic compounds (VOCs) from 
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medicinal and aromatic plants (MAPs). Among them, MAE appears to be an effective, 

reliable, and sustainable technology to improve VOCs extraction from several matrices 

without using organic solvents (Lucchesi et al., 2004). This innovative and efficient 

technique works causing vibration of water and other polar molecules by microwave 

radiations, with a temperature increase and evaporation of water that breaks cells releasing 

VOCs from the matrix by azeotropic distillation (Fierascu et al., 2020). In such way, the 

diffusion of target compounds is easier and faster, saving time and energy. Regarding its 

application to the extraction of EOs, MAE showed higher yields and lower costs, with 

respect to the conventional techniques (Filly et al., 2014; Petigny et al., 2014). MAE efficacy 

is linked to the selection of suitable operative conditions. Specifically, for every plant matrix 

and solvent, the effectiveness of the extraction process depends on the solvent-to-feed ratio, 

extraction temperature and time, and microwave irradiation power. The increasing of 

microwave power and extraction time is usually connected with an improvement of the yield, 

even if this effect tends to settle after certain values. However, too much heating of the 

matrices must be avoided since it could damage some thermosensitive constituents. 

Regarding the solvent-to-feed ratio, a general trend cannot be established since the results 

are closely related to the matrix and solvent type (Veggi et al., 2012). 

Recently, our research group evidenced that pre-treatment with microwaves or oven heating 

has a pivotal effect on the modulation of the chemical profile of hemp EO, enhancing the 

content of bioactive CBD and (E)-caryophyllene (Fiorini et al., 2019). For this reason, we 

decided to optimize for the first time the MAE process to obtain a bioactive-enriched EO 

from dry inflorescences of the Italian variety Carmagnola CS through the Milestone ETHOS 

X for the microwave green extraction of natural products (Turk et al., 2018).  

For this purpose, a statistical approach, the response surface methodology (RSM) - central 

composite design (CCD), was applied to understand the relationship between the hemp 

volatile constituents, EO yield and extraction conditions, namely microwave irradiation 

power (W/g), extraction time (min) and water added to the plant matrix after moistening 

(%). The defined mathematical models were validated and then used to maximize the oil 

yield and recovery of bioactive compounds, especially CBD. The conventional HD was 

performed for 240 min for comparative purposes. The qualitative composition of EOs 

obtained by MAE and HD was evaluated by Gas Chromatography coupled to Mass 

Spectrometry (GC-MS), whereas the quantitative detection of CBD and main terpenoids was 

achieved by Gas Chromatography coupled with Flame Ionization Detection (GC-FID). The 

RSM methodology proved to be an effective tool in the optimization of MAE of some EOs 
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(Abedi et al., 2017; Mollaei et al., 2019; Petigny et al., 2014), although it has been rarely 

employed for the evaluation of the extraction efficiency on single bioactive compounds. To 

our knowledge, the optimization of the marker hemp volatile constituents as a function of 

extraction parameters has never been realized. To complete the work, we also assessed 

through chiral chromatography the enantiomeric distribution for the main hemp optically 

active components, namely Ŭ-pinene, ɓ-pinene, limonene, (E)-caryophyllene, and 

caryophyllene oxide. 
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2.2 Materials and methods 

2.2.1 Plant material 

Coop Canapa ï Società Cooperativa Agricola, San Severino Marche, Italy provided dry 

hemp inflorescences for this work. They derived from female individuals of C. sativa cv CS 

grown in Castelbellino (N 43Á30ô07.80ò; E 13Á11ô16.33ò, 200 m a.s.l.) and harvested in 

October 2018. Hemp inflorescences were dried in the dark at 20°C and 50% relative 

humidity until constant weight, then they were milled into small pieces, and kept into jute 

bags until use. 

 

2.2.2 MAE  

MAE was performed using a Milestone ETHOS X (Milestone, Italy) advanced microwave 

extractor, a multimode microwave reactor of 2.45 GHz with two magnetrons delivering a 

maximum power of 1800 W (2 x 950 W), and an infrared sensor monitoring the temperature. 

The experiments were performed at atmospheric pressure using a glass reactor (Pyrex) of 5 

L capacity sealed with a glass cover. Dry biomass (500 g) was moistened in distilled water 

(5 L) for 30 min, then drained and weighted to be processed through MAE. The system was 

used through the óFragrances set-upô, made up of a glass Clevenger-type apparatus above 

the oven condensing the volatile compounds continuously, and allowing water to return 

inside the reactor. After each extraction run, the EO, with a density of 0.893 g/mL, was 

separated from the water layer, and collected in vials closed with PTFE-silicon septa which 

were maintained at 4°C until chemical analysis. The EO yield was expressed in % (w/w). 

Three main parameters were optimized during extractions: microwave irradiation power 

(W/g of moistened biomass), extraction time (min), and water added after moistening (% of 

moistening biomass). 

 

2.2.3 Design of the experiments (DoE) 

The effect of MAE conditions on the EO yield and composition was estimated by applying 

a RSM, specifically a CCD. For a three factors study as in this case, the CCD is composed 

by: 

- 8 (23) factorial experiments, designated by the coded variables -1 or 1. 

- 6 (2*3) axial experiments, defined by the coded variables -1.682 or +1.682. 
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- 4 central experiments, specified by the coded variable 0. 

The presence of the 6 axial points set at 1.682 in addition to a 23 full factorial design ensures 

to obtain a spherical experimental domain and design rotatability. In addition, the 4 central 

points guarantee uniform precision within the experimental domain (Lewis et al., 1999a).  

The list of all the 18 extraction runs with the corresponding coded and uncoded variables is 

reported in Table 8. Each extraction run was characterized in terms of: 

- EO yield (%), determined as follow: 

Ὁὕ ώὭὩὰὨ Ϸ
ύὩὭὫὬὸ  έὪ Ὁὕ Ὣ

ύὩὭὫὬὸ  έὪ Ὠὶώ ὦὭέάὥίί Ὣ
Ͻρππ 

- Concentration of hemp marker volatile compounds (g/100 g of EO), calculated 

by GC-FID as reported in section 2.2.4 

In the DoE terminology the EO yield, and the concentration of bioactive compounds are the 

design responses, while the microwave irradiation power, extraction time, and water added 

after moistening represent the variables or factors of the design. 

 

 

 

 

 

 

 



80 
 

Table 8. MAE conditions of all the 18 runs performed according to the CCD. The set of each single factor is reported both as coded and uncoded variables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Run 
Point 

type* 

Coded variables  Uncoded variables 

Microwave 

power 

Extraction 

time 
Added water  

Microwave 

power (W/g) 

Extraction 

time (min) 

Added water 

(%) 

1 F -1 -1 -1  0.8 60.0 35.0 

2 F +1 -1 -1  1.1 60.0 35.0 

3 F -1 +1 -1  0.8 100.0 35.0 

4 F +1 +1 -1  1.1 100.0 35.0 

5 F -1 -1 +1  0.8 60.0 55.0 

6 F +1 -1 +1  1.1 60.0 55.0 

7 F -1 +1 +1  0.8 100.0 55.0 

8 F +1 +1 +1  1.1 100.0 55.0 

9 A -1.682 0 0  0.7 80.0 45.0 

10 A +1.682 0 0  1.2 80.0 45.0 

11 A 0 -1.682 0  0.95 46.4 45.0 

12 A 0 +1.682 0  0.95 113.6 45.0 

13 A 0 0 -1.682  0.95 80.0 28.2 

14 A 0 0 +1.682  0.95 80.0 61.8 

15 C 0 0 0  0.95 80.0 45.0 

16 C 0 0 0  0.95 80.0 45.0 

17 C 0 0 0  0.95 80.0 45.0 

18 C 0 0 0  0.95 80.0 45.0 

*This column defines if each experimental condition represents a Factorial (F), Axial (A) or Central (C) point. 
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2.2.4 GC-FID analysis 

Quantification of Ŭ-pinene, myrcene, terpinolene, (E)-caryophyllene, Ŭ-humulene, 

caryophyllene oxide and CBD in hemp EOs was carried out by means of GC-FID through 

an Agilent 6850 GC series. Analytical standards of the above compounds were bought from 

Sigma-Aldrich (Milan, Italy). Hemp EO was diluted (6 µL in 594 µL of analytical grade n-

hexane) and 0.5 ɛL injected in split mode (1:30) into the GC. The injector temperature was 

300°C. The carrier gas was hydrogen deriving from a generator PGH2-250 by DBS 

Analytical Instruments, Vigonza, Italy. The initial gas flow in the column was 3.7 mL/min. 

The column was a 5%-phenyl-methylpolysiloxane (HP-5, 30 m l., 0.32 mm i.d., 0.25 ɛm f.t., 

Agilent Technologies). The oven temperature was kept at 60ÁC for 3 min, then increased 

until 350ÁC at 25ÁC/min and held for 1 min, for a complete run time of 15.60 min. The FID 

temperature was thermostatted at 360°C, and hydrogen and air flow were 40 and 

400 mL/min, respectively. The quantification of the above listed marker compounds was 

achieved through their calibration curves obtained by the preparation of stock standard 

solutions at 7 different concentrations in the range 0.004-9.6 mg/mL. Correlation 

coefficients were between 0.9991 and 0.9998. ɓ-Pinene, and (E)-ɓ-ocimene were quantified 

through the calibration curve obtained for Ŭ-pinene, while limonene and 1,8-cineole were 

quantified by using the calibration curve of terpinolene. 

 

2.2.5 GC-MS analysis 

The determination of EO chemical profiles was carried on an Agilent 6890N GC-MS system 

equipped with a 5973N single quadrupole detector and an autosampler 7863 (Agilent, 

Wilmington, DE). The capillary column for peaks separation was coated with 5% 

phenylmethylpolysiloxane (HP-5MS, 30 m l. x 0.25 mm i.d., 0.1 ɛm f.t., Agilent). The oven 

was set at 60°C for 5 min, then ramp at 4°C/min up to 220°C, and finally at 11°C/min to 

280°C, isothermal for 15 min. Injector and detector temperature was 280°C. The carrier gas 

was Helium (He, 99.5%) with a flow of 1 mL/min. The EOs were diluted 1:100 in analytical-

grade n-hexane (Sigma-Aldrich) and injected in split-mode (split ratio 1:50). The mass 

spectra (MS) were gained in full scan in the range 29.0-400.0 uma through the electron 

ionization (EI) mode with an electron energy of 70 eV. For the assignment of peaks, the 

MSD ChemStation (Agilent, Version G1701DA D.01.00) and the NIST Mass Spectral 

Search Program were employed. The identification of the main components was made by 
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co-injection of authentic standards by Sigma-Aldrich. In addition, the temperature-

programmed retention indices (RIs) were calculated according to Van den Dool and Kratz 

(1963) formula: 

ὙὍὼρππὲ ρππὸὼὸὲȾὸὲρ ὸὲ; 

where n is the carbon atoms of the alkane eluting before the peak, tn and tn+1 are the retention 

times (RTs) of the alkanes eluting before and after the peak, and tx is the RT of the peak to 

assign. The consistency of RI was overlapped with the MS matching by means of the 

ADAMS, NIST 17, FFNSC3 and WILEY275 libraries (Adams, 2007; FFNSC3, 2015; NIST 

17, 2017). The relative content of peaks was determined by normalization of peak areas 

without recurring to response factors. 

 

2.2.6 CCD analysis 

Model determination and analysis 

For each response, the multilinear regression through a full quadratic model was used to 

analyse all the results of the 18 runs: 

ώ ‍ ‍Ͻὼ  ‍ Ͻὼ ‍ Ͻὼὼ 

 

Where y is the response, ɓ0 is the model constant, ɓi is the coefficient corresponding to the 

variables xi (linear terms), ɓii are the coefficients associated with the variables xii (quadratic 

term) and ɓij are the coefficients associated with the variables xij (first-order interaction 

terms).  

The fitting of the full quadratic model produces a large set of explanatory variables (the 

coefficients), and the equation could suffer from some degree of multicollinearity, with 

consequent biased parameters and sometimes with the wrong sign, and from poor prediction 

ability (overfitting) (Chatterjee and Simonoff, 2013). For these reasons, all the generated full 

quadratic models were subjected to a model reduction, namely a variable selection 

procedure, in order to increase the precision of the estimated coefficients of the retained 

variables, minimize the mean square error and, more in general, satisfy the principle of 

parsimony (Chatterjee and Simonoff, 2013; Forster, 2000). 

The model reduction has been carried out by stepwise regression in backward elimination 

mode. This procedure performed a sequence of fit beginning with the model containing all 
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the predictors, and then iteratively removing the least useful predictor, like the one with the 

lowest p-value, one by one. Among all the sets of originated models, the best one has been 

selected by evaluating the adjusted coefficient of multiple determination (R2
adj), the 

predicted coefficient of multiple determination (R2
pred), and the Mallows' Cp statistic 

(Chatterjee and Simonoff, 2013; Minitab blog, 2013; Zuccaro, 1992). 

Then, ANOVA, coefficient and residual analysis were employed to evaluate the selected 

models.  

The model fitting, selection and analysis have been performed through the Minitab 18 

evaluation statistical software. 

 

MAE optimization and model validation 

Through the models developed as indicated in the previous section it was possible to 

understand the relationships between the factors and every single response and to map the 

experimental domain. This information is sufficient to define the best experimental 

conditions only for every single response. However, in the presence of more responses, as 

in this case, the identification of the more suitable operative conditions leading to 

satisfactory results for all the responses at the same time (multiple responses optimization) 

is necessary. The multiple responses optimization has been realized by the desirability 

method. For every single response, a partial desirability function (Dp) ranging from 0 

(completely unsatisfactory results) to 1 (completely satisfactory results) has been identified. 

All the Dp are then combined determining the geometric mean, that represents the composite 

desirability function D. Similarly, D varied between 0 (at least one response is completely 

unsatisfactory) and 1 (all the responses are completely satisfactory) (Lewis et al., 1999b; 

Minitab 18 Support a, 2020).  

To optimize yield and CBD responses, a linear partial desirability function which maximizes 

the responses has been selected, setting the target values and the unacceptable limits as a 

function of the possible results obtainable in the experimental domain. 

Along with the optimized conditions, namely those with the highest D value, a further set of 

conditions with low D and consequently low performance has also been identified. These 

two sets of variables were indicated as V1 and V2, respectively. The conditions V1 and V2 

were experimentally applied during MAE, and the obtained EO yield and CBD amount were 

determined as for all the runs of the CCD sequence. The experimental values of V1 and V2 

were then compared with the predicted ones (predicted fit values and 95% prediction 

interval) (Minitab 18 Support b, 2020).  
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Multiple responses optimization (desirability), as well as the calculation of the 95% 

prediction intervals for a certain predicted value, were completed using Minitab 18 software. 

The MAE runs V1 and V2 were executed in triplicate. 

 

2.2.7 HD 

For comparative purposes with respect to MAE, the traditional HD was arranged by inserting 

500 g of dry inflorescences into a 10 L flask filled with 5 L of deionized water and equipped 

with a mantle system Falc MA (Falc Instruments, Treviglio, Italy). HD occurred by means 

of a glass Clevenger-type apparatus for 240 min. This extraction time was decided basing 

on previous studies (Benelli et al., 2018a,b; Fiorini et al., 2019). The obtained EO, 

characterized by a density of 0.886 g/mL, was recovered in vials with PTFE-silicon septa 

and stored at 4°C until further analysis. The EO yield was determined as reported in section 

2.2.3. 

 

2.2.8 Chiral  GC-MS analysis 

The enantioselective analysis was conducted using the same GC-MS system reported above 

(section 2.2.5), equipped with an Agilent HP chiral 20ɓ capillary column (ɓ-cyclodextrin, 

30 m l. x 0.25 mm i.d., 0.25 µm f.t.). The oven temperature was set as follows: initial 

temperature of 50°C, increasing to 220°C at 2°C/min then isotherm for 1 min. Inlet 

temperature was 250°C, while the MS quad and source temperatures were 150 and 250°C, 

respectively. The carrier gas was He flowing at 1 mL/min. The EO was diluted 1:100 in n-

hexane and a volume of 1 µL was injected with 1:50 split ratio. The mass acquisition 

parameters were set up as in section 2.2.5. The optically active isomers of Ŭ-pinene, ɓ-

pinene, limonene, (E)-caryophyllene and caryophyllene oxide were identified comparing RT 

and RI (calculated in relation to a mixture of C7-C30 n-alkanes, Sigma-Aldrich) with those 

of analytical standards by Sigma-Aldrich, chromatographed under the above reported GC 

conditions. Their relative content was determined by computing the peak area percentage. 
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2.3 Results and discussion 

In the current study, the optimization of the extraction of hemp EO using the ETHOS X, 

developed, and patented by Milestone, was carried out for the first time. This technology 

was able to maximize the volatile terpenes and terpenoids extraction from Cannabis plant, 

keeping the CBD content in the fresh plant material (Milestone srl, 2019). In fact, this 

method is powerful with fresh inflorescences. In this case, the EO is devoid or contains traces 

of cannabinoids (Benelli et al., 2018b; Bertoli et al., 2010; Iseppi et al., 2019). However, if 

the plant matrix is dried before extraction, decarboxylative reactions happening during this 

stage (Fiorini et al., 2019) may increase the recovery of cannabinoids, and this can be 

enhanced by the MAE process. On this basis, the operative conditions for MAE of dry hemp 

female inflorescences from the Italian variety Carmagnola CS were optimized in this work. 

 

2.3.1 DoE analysis 

The analysis of MAE procedure through a CCD approach requires to identify suitable 

mathematical models able to describe how the extraction conditions (factors) affect the 

measured responses (EO yield and concentration of bioactive compounds in it). The best 

models for each response are presented in Table 9 along with the parameters used for the 

model selection, R2adj, R
2
pred and Mallows' Cp statistic. Notably, only two responses could 

be properly modeled, namely the yield and the CBD concentration. For all the other cases, 

the very low values of R2adj and R2
pred suggest as all the tested models were completely 

unsuitable. In the case of Ŭ-pinene concentration, it was impossible to identify a model (all 

the evaluated models possessed a R2
adj lower than 0.001). In all these cases, since both the 

lack of fit and regression were not significant (Table 9), it can be concluded that the response 

variations among all the experimental runs can be mainly attributed to intrinsic variability. 

On the other hand, for the EO yield and CBD concentration, the model was adequate (not 

significant lack of fit) and described most of the variability observed (significant regression). 

The identification of a suitable model for the yield and CBD concentration allows to 

understand the relationships between the factors and responses, and also to map the response 

variation inside the experimental domain. The effect of each factor on a single response can 

be easily observed in the main effect plots (Figure 14). For both responses, all the factors 

work in the same direction, even if in a quantitative and qualitative different manner, with 

microwave power and extraction time increasing the EO yield and CBD content, while the 

amount of added water acts in the opposite direction. It is worth highlighting that the 
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microwave power and extraction time show the strongest effect, especially for the yield, 

compared with the added water. The whole effect of all variables together can be instead 

visualized using surface plots (Figure 15). These graphs were made by setting the value of 

the less relevant factor, namely the added water, to the coded value of 0 (corresponding to 

45% for the uncoded value). However, since only the linear terms are significant for the 

factor water, a variation of the water amount would simply cause a shift of the surface along 

the z axis (i.e., that of the response), without any change in the curvature shape and intensity. 

The surface plot for the yield (Figure 15A) presents a low curvature and remarks as the 

highest yield can be obtained at high microwave irradiation power and long extraction times, 

maintaining the added water percentage at the lowest level. Regarding CBD, the surface plot 

is slightly more complex, due to the major relevance of the quadratic term of microwave 

power. In this case, the surface (Figure 15B) shows a more marked curvature, and the highest 

concentrations were obtained by long extraction times at moderately high irradiation power 

(around 1.1 W/g). Also in this case, the water exerted the same effect observed for the yield.  

Regarding how the single bioactive components in the EO are related to the yield, DoE 

analysis appears to suggest as an increase in the yield could be due to a raise in the recovery 

of CBD. To confirm this hypothesis, a Pearson correlation analysis has been done between 

the yield and the concentration of all the bioactive compounds quantified by GC-FID. As a 

result, only CBD had a moderate positive correlation with the yield, resulting in a statistically 

significant (P-value of 0.0084) correlation coefficient of 0.6 (Figure 16). This may be due to 

the fact that the plant material was subjected to partial evaporation of more volatile mono- 

and sesquiterpenes during drying. Thus, the yield variation during the 18 experimental runs 

was partially because of a concomitant change in the CBD content. 
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Table 9. Evaluation of the model: coefficients of determinations (R2
adj, R2

pred), Mallows' Cp statistic and Anova results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Response Best model# R2 R2
adj R2

 pred 
Mallowsô 

Cp 

P-Value 

Regression$ 

P-Value  

Lack of fit $ 

Yield (%) 
Y= -0.0889 + 0.0902P + 0.0028T -

0.0008W ï 0.000012T2 
0.790 0.726 0.595 2.46 ***  ns 

Ŭ-Pinene (g/100 g) None >0.001 >0.001 >0.001 / / / 

ɓ-Pinene (g/100 g) Y= 1.465 + 0.0.18W 0.094 0.037 >0.001 -4.97 ns ns 

Myrcene (g/100 g) Y= -12.8 + 0.2T +0.045W-0.004TW 0.324 0.179 >0.001 -0.6 ns ns 

Limonene (g/100 g) Y= 2.44 - 1.146P +0.026W 0.275 0.178 >0.001 -1.7 ns ns 

1,8-Cineole (g/100 

g) 
Y= 0.533 + 0.009W 0.173 0.120 0.035 -5.05 ns ns 

Terpinolene (g/100 
g) 

Y= -6.3 + 0.09T +0.182W-0.002TW 0.399 0.270 0.059 2.7 ns ns 

(E)-Caryophyllene 

(g/100 g) 

Y= -96.4+ 218.7P + 0,453T +0,4W ï 

1.357PT - 2.17PW + 0.017TW 
0.622 0.415 >0.001 4.60 ns ns 

Ŭ-Humulene (g/100 
g) 

Y= -13.1+34.3P+0.34T -0,118W ï 
0.383PT 

0.379 0.188 >0.001 2.25 ns ns 

Caryophyllene oxide 

(g/100 g) 

Y= 13.1 ï 23P - 0,176T -0.173W 

+0.481PW - 0.003PW 
0.375 0.114 >0.001 3.34 ns ns 

CBD (g/100 g) 
Y= -22.4 + 57.5P + 0,04T -0,072W ï 

26.8P2 
0.771 0.701 0.611 1.77 ***  ns 

#The models are reported using uncoded coefficients 
$The results of P-value columns are reported as follows: ns = p>0.05; * 0.05<p<0.01; ** 0.01<p<0.001; *** p<0.001. 

The abbreviations in the models are as follows: P for microwave power, T for extraction time, W for water. The quadratic terms are represented by the 

quadratic exponent (i.e., T2), whereas the interactions terms by the product of two linear terms (i.e., TW). 
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Figure 14. Main effect plots of the effect of each factor on (A) the yield (%) and (B) the CBD concentration 

 

 

Figure 15. Surface plots for (A) the yield (%) and (B) the CBD concentration, showing the effect of power and time at a 

fixed level of water (45%, coded value 0) 
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Figure 16. Correlation between yield (%) and CBD concentration 

  

2.3.2 MAE optimization and model validation 

The yield and CBD content were optimized at the same time using the Desirability approach. 

In both cases, the two responses were maximized, and the global desirability function was 

plotted in Figure 17. The highest desirabilities can be found using microwave power values 

around 1.1 W/g and extraction times of about 115 min, while for microwave power values 

lower than 0.9 W/g and extraction times shorter than 60 min the desirability was 0, 

confirming unacceptable low results for yield and/or CBD concentration. For the model 

validation, two further extractions, V1 and V2, were run setting the MAE conditions in order 

to obtain the highest and lowest desirability (D = 1 and 0, respectively). The MAE 

experimental conditions, the predicted values and the 95% interval of predictions are 

illustrated in Table 10. The comparison between the predicted values and the experimentally 

obtained ones, reported in Figure 18, demonstrates the validity of the models in the 

prediction of the performance of hemp MAE. According to the optimized process, the 

highest EO yield, and CBD content were 0.15±0.04 and 9.33±0.69%, respectively. 
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Figure 17. Surface plots of the desirability, showing the effect of power and time at a fixed level of water (35%, coded 

value -1) 

 

Table 10. MAE experimental conditions, desirabilities, predicted values and the 95% interval of predictions of the two 

validation runs (V1 and V2) for the yield and CBD model 

Extraction 

MAE conditions 

Desirability  Response 
Predicted 

value 

95% 

interval of 

prediction Power (%) Time (min) Water (%)  

V1 1.05 113.6 28.2 1 

Yield % 0.149 0.112-0.186 

CBD (g/100 

g) 
11.0 8.65-13.36 

V2 0.85 65 50 0 

Yield % 0.082 0.052-0.111 

CBD (g/100 

g) 
6.15 4.09-6.91 

 

 

 

Figure 18. Comparison between predicted and experimental results of the two validation runs V1 and V2. The predicted 

results are reported as predicted value and 95% interval of prediction 
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2.3.3 Comparison of EO chemical profiles obtained by HD and MAE 

Overall, both HD and MAE (V1 optimized sample) yielded similar amounts of EOs, namely 

0.14 and 0.15%, respectively. However, MAE reduced the whole extraction time to only 115 

min with respect to 240 min necessary for HD.  

Table 11 describes the chemical composition of the EOs produced from hemp inflorescences 

processed through HD and MAE. As concerning the obtained chemical profiles, no 

qualitative differences were noted in the two chromatograms as determined by GC-MS 

(Figure 19). A total of 71 constituents were identified in the two EOs, accounting for 91.0-

92.0% of the whole compositions. The main fraction of the EOs was represented by 

sesquiterpene hydrocarbons, followed by monoterpene hydrocarbons, cannabinoids, 

oxygenated sesquiterpenes, and oxygenated monoterpenes. The principal compounds in both 

EOs (in decrescent order of relative abundance) were (E)-caryophyllene, CBD, Ŭ-humulene, 

Ŭ-pinene, caryophyllene oxide, and myrcene. These chemical profiles were qualitatively 

overlapping, at least for the major terpenoids, with those previously described by other 

researchers for the same and other hemp cultivars (Benelli et al., 2018a; Bertoli et al., 2010; 

Iseppi et al., 2019). 

It is worth noting the presence in both EOs of trace amounts of other cannabinoids like 

cannabidivarol, cannabicitran, CBC, and THC.  

When comparing the two extraction techniques using the GC-FID quantification method, 

MAE was more effective than HD in yielding higher amounts of CBD (9.3 vs 5.6%, 

respectively) and also of the main sesquiterpenes (E)-caryophyllene and Ŭ-humulene (46.5 

vs 36.1%, and 18.8 vs 14.2%, respectively). On the other side, the contents of the main 

monoterpenes were higher in the HD sample (Figure 20). The rise of the CBD content in 

MAE may be due to the superior energy penetration of microwaves that boost the 

decarboxylative reactions into the plant matrix, converting CBDA into the respective 

alcoholic form. In addition, the high energy provided to the plant material alters the 

quantitative ratio of terpenes by favouring the recovery of the high-boiling point 

sesquiterpenes over the low boiling-point monoterpenes, which can be lost during the MAE 

process. We may assume that these differences could be given by the different configurations 

of the extraction systems and/or water-plant ratio. 

The hemp EOs obtained from both extraction techniques are characterized by a complex 

composition in which phytocannabinoid-like compounds such as (E)-caryophyllene and 

CBD can be considered as the most important ones. In this respect, MAE seems to be more 
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selective for CBD than HD. Notably, MAE enhanced the recovery of CBD from the plant 

with shorter extraction times and reduced costs related to energy and water consumption 

(Filly et al., 2014). So, the obtained chemical profile appears to be interesting since (E)-

caryophyllene, a dietary phytocannabinoid with a non-cannabinoid structure, can synergize 

CBD action, as indicated by some studies (Fine and Rosenfeld, 2013; Russo, 2011). On the 

other side, the other fraction of hemp EO, made up of monoterpene hydrocarbons, such as 

Ŭ-pinene, myrcene, and terpinolene, and sesquiterpenoids, like Ŭ-humulene and 

caryophyllene oxide, may contribute to the so-called óentourage effectô in the final product. 

Consequently, the potential applications of the CBD-enriched hemp EO should be evaluated 

in future investigations. 
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Table 11. Chemical composition of hemp EOs obtained by HD and MAE 

N Componenta RIb RI LIT. c 
Relative peak area (%) 

IDd 

HD MAE (V1)  

1 2-heptanone 892 889 tre tr RI,MS 

2 heptanal 903 901 0.1 0.1 RI,MS 

3 5,5-dimethyl-1-vinylbicyclo[2.1.1]hexane 914 920 0.1 0.2 RI,MS 

4 a-thujene 921 924 tr Tr RI,MS 

5 a-pinene 926 932 5.5 (12.7)f 6.0 (10.1) Std 

6 camphene 939 946 0.1 0.1 Std 

7 sabinene 966 969 tr tr Std 

8 b-pinene 968 974 1.6 (3.6) 1.5 (2.3) Std 

9 myrcene 989 988 6.1 (13.8) 5.0 (4.7) Std 

10 a-phellandrene 1003 1002 0.1 0.1 Std 

11 d-3-carene 1007 1008 0.1 tr Std 

12 a-terpinene 1014 1014 0,1 0.1 Std 

13 p-cymene 1021 1020 0.2 0.2 Std 

14 limonene 1025 1024 2.1 (4.6) 1.9 (1.8) Std 

15 1,8-cineole 1026 1026 0.8 (1.9) 0.9 (0.7) Std 

16 (Z)-b-ocimene 1037 1032 tr tr Std 

17 (E)-b-ocimene 1046 1044 0.4 (1.2) 0.3 (0.8) Std 

18 g-terpinene 1055 1054 0.2 0.2 Std 
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19 cis-sabinene hydrate 1063 1065 0.1 0.1 RI,MS 

20 terpinolene 1084 1086 2.7 (5.2) 2.0 (1.0) Std 

21 p-cymenene 1086 1089 0.1 0.1 RI,MS 

22 trans-sabinene hydrate 1095 1098 0.1 0.1 RI,MS 

23 linalool 1100 1095 0.6 0.5 Std 

24 endo-fenchol 1108 1114 0.7 0.7 RI,MS 

25 trans-pinene hydrate 1115 1119 0.3 0.4 RI,MS 

26 trans-pinocarveol 1133 1135 0.1 0.1 Std 

27 borneol 1160 1165 0.2 0.2 Std 

28 terpinen-4-ol 1172 1174 0.5 0.5 Std 

29 p-cymen-8-ol 1183 1179 0.1 tr RI,MS 

30 a-terpineol 1186 1186 0.8 0.9 Std 

31 a-ylangene 1363 1373 0.2 0.1 RI,MS 

32 a-copaene 1367 1374 tr tr RI,MS 

33 (Z)-caryophyllene 1397 1408 0.2 0.2 RI,MS 

34 (E)-caryophyllene 1410 1417 22.5 (36.1) 22.2 (46.5) Std 

35 a-trans-bergamotene 1431 1432 0.6 0.4 RI,MS 

36 a-guaiene 1431 1437 0.6 0.3 RI,MS 

37 6,9-guaiadiene 1436 1442 0.1 tr RI,MS 

38 a-humulene 1443 1452 8.9 (14.2) 9.1 (18.8) Std 

39 allo-aromadendrene 1450 1458 0.5 0.5 RI,MS 

40 (E)-b-farnesene 1456 1454 0.2 0.2 Std 
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41 g-muurolene 1469 1478 tr tr RI,MS 

42 selina-4,11-diene 1475 1476 0.7 0.8 RI,MS 

43 b-selinene 1475 1489 2.2 2.2 RI,MS 

44 valencene 1485 1496 0.6 0.7 RI,MS 

45 a-selinene 1485 1498 1.8 1.7 RI,MS 

46 a-bulnesene 1497 1509 0.8 0.8 RI,MS 

47 d-amorphene 1499 1511 tr tr RI,MS 

48 b-bisabolene 1506 1505 0.3 0.2 RI,MS 

49 7-epi-a-selinene 1506 1520 0.3 0.2 RI,MS 

50 d-cadinene 1516 1522 0.1 0.1 RI,MS 

51 selina-4(15),7(11)-diene 1524 1544 0.8 0.8 RI,MS 

52 selina-3,7(11)-diene 1530 1538 2.2 2.2 RI,MS 

53 a-calacorene 1534 1544 0.2 0.3 RI,MS 

54 (E)-a-bisabolene 1540 1544 0.2 0.2 RI,MS 

55 (E)-nerolidol 1562 1561 0.8 0.8 Std 

56 caryophyllene oxide 1571 1583 5.2 (6.6) 5.9 (6.8) Std 

57 humulene epoxide I 1587 1587 0.3 0.3 RI,MS 

58 viridiflorol  1591 1592 0.1 0.1 RI,MS 

59 humulene epoxide II 1597 1608 1.9 2.0 RI,MS 

60 caryophylla-4(12),8(13)-dien-5a-ol 1626 1639 0.8 0.6 RI,MS 

61 caryophylla-4(12),8(13)-dien-5b-ol 1632 1639 0.3 0.4 RI,MS 

62 a-bisabolol 1678 1685 0.5 0.4 Std 
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63 eudesm-7(11)-en-4-ol 1684 1700 0.7 0.6 RI,MS 

64 hexahydrofarnesyl acetone 1844 1845 0.3 0.4 RI,MS 

65 cannabidivarol 2209 2208 0.1 0.1 RI,MS 

66 cannabicitran 2260 2261g 0.2 0.2 RI,MS 

67 cannabidiol 2420 2430g 11.5 (5.6) 14.5 (9.3) Std 

68 cannabichromene 2442 2440g 0.2 0.3 RI,MS 

69 d-9-tetrahydrocannabinol 2535 2529g 0.2 (0.1) 0.2 (0.1) RI,MS 

70 n-heptacosane 2700 2700 tr tr Std 

71 n-nonacosane 2900 2900 tr tr Std 

 Oil yield (%, w/w)   0.14 0.15  

 Total identified (%)   91.0 92.9  

 Grouped compounds (%)      

 Monoterpene hydrocarbons   19.4 17.8  

 Oxygenated monoterpenes   4.3 4.3  

 Sesquiterpene hydrocarbons   44.0 43.0  

 Oxygenated sesquiterpenes   10.6 11.0  

 Cannabinoids   12.2 16.3  

 Others   0.4 0.6  

a Order of elution is from an HP-5MS column. 
b Linear retention index according to Van den Dool and Kratz (1963). 
c RI taken from ADAMS and/or NIST 17 and FFNSC3 libraries. 
d Identification method: Std, comparison with analytical standard; RI, coherence of the calculated RI with those stored in ADAMS, NIST 17 and FFNSC3 

libraries; MS, mass spectrum overlapping with those recorded in ADAMS, NIST 17, WILEY 275 and FFNSC3 libraries. 
e Traces, relative % < 0.1. 
f Quantitative values obtained at GC-FID. 
g RI taken from Nagy et al. (2019).
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Figure 19. GC-MS chromatograms of hemp EOs by (A) HD and (B) MAE (V1). Peak numbering refers to Table 11 

 

 

Figure 20. Comparison between the marker compounds concentration in hemp EO obtained by HD and MAE V1  
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2.3.4 Enantiomer distribution of chiral components 

In this work, we determined for the first time the enantiomeric distribution and excess (EE) 

of chiral constituents in hemp EO obtained by HD and MAE for assessing its organoleptic 

and chemical-biological properties. 

The enantiomers of Ŭ-pinene, ɓ-pinene, limonene, (E)-caryophyllene and caryophyllene 

oxide were well separated with a chiral column (HP 20ɓ), in which cyclodextrins as 

stationary phase are capable of separating dextrorotary (+) from levorotary (-) enantiomers 

(Leghissa et al., 2018), and identified using GC-MS (Table 12). Actually, the elution order 

of Ŭ-pinene and ɓ-pinene enantiomers was in agreement with that of a study in which the 

same chiral stationary phase was employed (Dahmane et al., 2015). The optically active 

compounds were present in both HD and MAE EOs; notably, the three monoterpenes were 

detected as enantiomeric pairs, while the two sesquiterpenes (E)-caryophyllene and 

caryophyllene oxide were present only as the (-)-enantiomer form. These outcomes were 

consistent with the evidences from a recent work on EOs of several conifer species, where 

(E)-caryophyllene and caryophyllene oxide were found only as (-) enantiomers (Pavela et 

al., 2021). Being both EOs obtained from the same hemp cultivar, their trend in enantiomeric 

distribution and EE was very similar as shown in Table 12. However, it is important to note 

that in the MAE sample the EE was higher than that in HD sample. For Ŭ-pinene, the EE 

increased from 84.74 (HD) to 90.17% (MAE), with the predominance of (+)-Ŭ-pinene 

enantiomer; for ɓ-pinene, the increment was more accentuated, i.e., from 66.31 (HD) to 

74.17% (MAE), with the prevalence of the (+)-ɓ-pinene enantiomer; for limonene, the 

increase was lower than that of the other two monoterpenes, ranging from 82.27 (HD) to 

86.50% (MAE), with (+)-limonene being the most prevalent enantiomer. Therefore, the EO 

obtained with MAE showed the highest EE for the monoterpene fraction. It is worth noting 

that the (+)-enantiomers of Ŭ- and ɓ-pinene showed more significant biological activity, 

especially antifungal and antimicrobial, with respect to the (-)-enantiomers (da Silva et al., 

2012), and also (+)-limonene possessed more significant insecticidal activity than the (-) 

enantiomer (Malacrinò et al., 2016). The enantiomers in the hemp EO have different aroma 

descriptors. (-)-Ŭ-Pinene possesses a slightly minty scent, while the (+) enantiomer owns a 

pine-like odour; the (+)-limonene has a citrus-like note, while the (-)-limonene is 

characterized by a turpentine-like smell; ɓ-pinene has a woody-pine smell (Bordiga and 

Nollet, 2019). (-)-(E)-caryophyllene possesses a weak woody-spicy odour (Gertsch, 2008). 
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(-)-Caryophyllene oxide is the key compound responsible for marijuana and hashish 

detection by police dogs (Stahl and Kunde, 1973). 
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Table 12. Enantiomeric distribution of the major chiral components in hemp EOs by HD and MAE 

Enantiomer compound RT a RI b 
HD MAE f 

% in EO c Enant. % d ee% e % in EO c Enant. % d ee% e 

(-)-Ŭ-pinene 15.627 1022 0.97 7.63   0.33 4.92   

(+)-Ŭ-pinene 15.964 1028 11.77 92.37 84.74 6.44 95.08 90.17 

(+)-ɓ-pinene 19.24 1081 3.02 83.15 66.31 1.81 87.09 74.17 

(-)-ɓ-pinene 19.50 1085 0.61 16.85   0.27 12.91   

(+)-limonene 20.22 1097 4.15 91.14 82.27 2.48 93.25 86.50 

(-)-limonene 20.52 1102 0.40 8.86   0.18 6.75   

(-)-(E)-caryophyllene 44.74 1497 36.11 100.00 100.00 35.57 100.00 100.00 

(-)-caryophyllene oxide 57.44 1740 6.57 100.00 100.00 3.94 100.00 100.00 

a Retention time of the different enantiomers from the chiral column (HP Chiral 20ɓ). 
b Linear retention index calculated using a mixture of n-alkanes (C7-C30). 
c Absolute content of individual enantiomers in the oil; data from GC-FID analysis. 
d Relative content of enantiomeric pairs. 
e Enantiomeric excess. 
f Data refer to run 8 included in Table 8. 
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2.4 Conclusions 

Recently, the global market of CBD and hemp derivatives has been continuously spreading, 

with great importance from several points of view, namely in economics, medicine, industry, 

and agriculture. By the way, a significant increase in hemp cultivation area has occurred 

worldwide. In the US, the CBD market accounted for 200 mln $ in 2017, and is expected to 

expand further, with an increase of 2 mln $ in 2020. Noteworthy, the European Union will 

become the largest world market for hemp derivatives, and several companies have invested 

more than 500 mln $ in the production of several kinds of products (The European Cannabis 

Report, https://prohibitionpartners.com). The demand for CBD has encouraged the search 

for innovative, eco-friendly, and effective extraction processes. In this regard, the large 

amount of by-products generated by hemp fibre processing and manufacturing may represent 

a significant and cheap source for the production of valuable products such as CBD-rich 

EOs. The latter may be appealing for the pharmaceutical, nutraceutical, cosmeceutical, and 

agrochemical sectors due to its valuable bioactive constituents (Di Pierro, 2015; JastrzŃb et 

al., 2019; Lodzki et al., 2003; Park et al., 2019; Russo, 2011; Scuderi et al., 2008). Most of 

them, such as CBD and terpenoids, are considered safe, and have been included in the EU 

database on ñfood flavouringsò or in that of US GRAS substances (Russo, 2011). The 

outcomes of the present work revealed that MAE is a valid, time- and cost-saving method to 

produce bioactive hemp EOs with high content of CBD and (E)-caryophyllene. Notably, the 

MAE operative parameters play a key role in enhancing the CBD content into the final 

product. Its potential to be exploited in different commercial applications should be explored 

in future studies. Manufacturing CBD-enriched EOs may represent an added value to 

implementing the hemp production chain. 

 

 

 

 

 

 

 

https://prohibitionpartners.com/
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3. Insecticidal and anti -inflammatory effects of the essential oils from 

monoecious, male, and female hemp inflorescences and their 

encapsulation in nanoemulsions 

 

3.1 Work i ntroduction  and aim 

Malaria represents a leading cause of death and morbidity in several poor countries around 

the world. In 2017 the World Health Organization (WHO) estimated 219 million cases of 

malaria globally and 435,000 related deaths. Around US$ 3.1 billion was invested in malaria 

control and elimination efforts in the same year (WHO, 2018). Malaria is transmitted by 

infected female Anopheline mosquitoes, which inject Plasmodium parasites into the 

circulatory system causing multiple symptoms (Miller et al., 2002). There are more than 400 

described species of Anopheles, among which about 40 are important vectors of human 

malaria. Anopheles gambiae Giles and Anopheles stephensi Liston are the main malaria 

vectors in Africa and Asia, respectively (Hanafi-Bojd et al., 2012). In endemic areas, 

synthetic pesticides have been employed for larval and adult mosquito control for decades 

(Manimaran et al., 2012). Pyrethroids are the most used insecticides, but their excessive 

application is leading to the development of insecticide-resistance (Chandre et al., 1999), 

moreover they are expensive for widespread utilization in endemic countries (Sedaghat et 

al., 2011). The need for sustainable malaria control strategies and the increasing insecticide-

resistance are stimulating the search for novel natural pesticides. In this regard, plant EOs 

and their bioactive compounds can act as a promising weapon against insect vectors and 

have been identified as effective larvicides with minor mosquito resistance issues (Asase et 

al., 2005; Pavela et al., 2019). Moreover, their biodegradability  and low cost make them 

interesting products to be used in malaria control programs (Wongsrichanalai et al., 2002). 

Among the different crops available as industrial sources of EO, hemp has recently gained a 

growing interest as a potential botanical insecticide. Indeed, C. sativa inflorescences secrete 

cannabinoids and volatile terpenes as essential secondary metabolites able to naturally 

counteract phytophagous insects (Potter, 2009). In previous works hemp EO showed to be 

effective against aphids, houseflies and ticks (Benelli et al., 2018a,b; Tabari et al., 2020), in 

addition, it demonstrated to be eco-friendly since no toxicity was induced on non-target 

organisms like earthworms and ladybirds (Benelli et al., 2018b). Notably, the possible 

evolution of hemp EO-based insecticides would have several advantages, such as the lack of 

similar products on the market, the low cost of raw material, the availability of lands for 
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plant cultivation worldwide, the growing request for eco-friendly and safe products, and the 

possibility to exploit the final products also in cosmetics and pharmaceuticals (Fiorini et al., 

2019). 

Pre-clinical cell models have been employed through the use of human keratinocytes and 

dermal fibroblasts to assess the safety and toxicity of the chemical and plant-derived topical 

insect repellents and insecticides. The skin responds to various physical stimuli through the 

modulation of specific pathways. The epidermis is mainly composed of keratinocytes 

representing the 95% of the epidermal cells and having a recognized role in the beginning 

and perpetuation of skin inflammatory and immunological responses (Baroni et al., 2012; 

Hanel et al., 2013). Additionally, fibroblasts closely interact with keratinocytes and are 

implicated in wound healing (Pastar et al., 2014). Keratinocytes, as well as fibroblasts, 

release numerous pro-inflammatory mediators, namely interleukin-1 beta (IL-1 beta), IL-6, 

IL -8, tumour necrosis factor alpha (TNF alpha), under inflammation stimuli, and several 

works have highlighted that Etoposide (ETO) triggers cytokines production in human cell 

lines in vitro (Darst et al., 2004; Kawagishi et al., 2001). Consequently, the principal aim of 

this study was to verify the potential application of EOs obtained from hemp inflorescences 

to manufacture mosquitocidal formulations, along with their safety profile for operators. For 

this purpose, Felina 32 and Carmagnola CS hemp varieties were selected to obtain the EOs 

from fresh and dry material and from monoecious, male and female inflorescences through 

SD and HD, in order to verify the eventual impact of the chemical profiles variability on the 

biological properties. The potential toxic effects of the EOs were evaluated on larvae and 

pupae of An. stephensi and An. gambiae mosquitoes. Then, the potential pro- or anti-

inflammatory effect of hemp EOs was examined, in order to assess their safe use for 

operators, by investigating the release of the proinflammatory cytokines in ETO-treated 

human keratinocytes and fibroblasts. In the end, a preliminary evaluation of their 

encapsulation into nanoemulsions (NEs) has been carried out in order to reach a concrete 

application of hemp EOs. By means of nanoencapsulation, EOs poor physicochemical 

stability, limited water solubility, high volatility, and thermal decomposition can be 

overcome (Turek and Stintzing, 2013). So, the possibility to encapsulate EOs and plant 

extracts inside NEs assures stability and protection of constituents, an improvement of 

biological activity, and an increased solubility. For these reasons, the hemp EO NEs have 

been successfully prepared, characterized, and evaluated in terms of stability over time. 
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3.2 Materials and methods 

3.2.1 Plant material 

The monoecious inflorescences of C. sativa cv Felina 32 (Assocanapa, National 

Coordination for Canapiculture, Italy) were cultivated in Fiuminata (central Italy, N 

43°11'11", E 12°56'24", 318 m a.s.l.) and collected at the end of July 2017. Female and male 

inflorescences of C. sativa cv Carmagnola CS (Assocanapa), were harvested at first and 

second half of September 2018 from another cultivation of Fiuminata (central Italy, N 

43°10'40", E 12°56'59", 451 m a.s.l.). Prof. F. Maggi authenticated the herbarium specimens 

of the two cultivars, that were deposited at the Herbarium of the Centro Ricerche Floristiche 

dellôAppennino (APP), Barisciano, L'Aquila, Italy, under the codes APP 57789 and APP 

60530. In both cases, the plant biomass was represented by 15-20 cm composite material, 

including inflorescences, leaflets, and upper stems. 

3.2.2 Reagents 

Etoposide (ETO) was bought from Abcam (Milan, Italy) and diluted in sterilized water at a 

concentration of 50 mM. Each EO, prepared from monoecious Felina 32 and from male and 

female Carmagnola CS inflorescences, was used pure or diluted in DMSO for the analysis. 

3.2.3 Mosquitoes 

An. gambiae (G3 strain) and An. stephensi (Liston strain) were reared in the insectary at 

29°C ±2 and 85% ± 5 relative humidity, with photoperiod (12:12 light: dark). Adult insects 

were maintained with 5% sucrose solution ad libitum, and adult females were fed on mouse 

blood for egg-laying. Eggs were collected on wet filter paper for 48 h before hatching. 

Larvae were kept in spring water and fed with commercial fish food daily. 

3.2.4 Cell lines 

An immortalized human keratinocyte cell line (HaCaT, by Creative Bioarray, Shirley, NY, 

USA) was cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 2 mM L-

glutamine, 100 IU/ml of penicillin, 100 ɛg of streptomycin (Lonza, Allendale, NJ, USA), 

1 mM sodium pyruvate (Lonza) and kept at 37ÁC with 5% CO2 and 95% humidity. Primary 

human stabilized fibroblast cell line (NHF A12, by ATCC, LGC Standards, Milan, Italy) 

was cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 IU/ml of 

penicillin, 100 ɛg of streptomycin (Lonza), 1 mM sodium pyruvate (Lonza) and maintained 

at 37°C with 5% CO2 and 95% humidity. 
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3.2.5 SD 

To get the EO, 2500 g of cut fresh male inflorescences of Carmagnola CS were subjected to 

SD, by using an Albrigi Luigi E0106 (Stallavena di Grezzana-Verona, Italy) stainless steel 

device of 20 L capacity for 4 h, with 2 L of distilled water at the bottom of it, producing the 

steam. This apparatus was endowed with a steel Clevenger-type apparatus, and a glass 

burette to collect the EO. After being separated from water, the EO was collected in dark 

vials closed with PTFE-silicon septa and conserved at 4°C until analysis. The EO yield was 

calculated on a dry weight basis. 

3.2.6 HD 

HD was conducted on dried samples of Felina 32 monoecious inflorescences and 

Carmagnola CS female inflorescences. In both cases, 2000 g of plant material were soaked 

in a 20 L glass flask with 11 L of water, heated by a mantle system Falc MA (Falc 

Instruments, Treviglio, Italy) for 4 h. The EOs were collected by means of a glass Clevenger-

type apparatus and kept in dark glass vials in the fridge before chemical characterization and 

biological tests. The yield was measured on a dry weight basis. 

3.2.7 GC-MS analysis 

The chemical profile of hemp EOs was evaluated through an Agilent 6890N GC-MS system 

coupled to a 5973N single quadrupole detector mass spectrometer. Separation was achieved 

by a HP-5MS capillary column (5% phenylmethylpolysiloxane, 30 m l. x 0.25 mm i.d., 0.1 

ɛm f.t., Agilent). The temperature program was the following one: 60ÁC for 5 min, then 

4°C/min until 220°C, then 11°C/min to 280°C, maintained for 15 min, for a whole run time 

of 65 min. The temperature of injector and detector was 280 °C. He was the carrier gas, with 

a flow rate of 1 mL/min, and a split ratio of 1:50 was used. The acquisition of chromatograms 

was in full scan in the range 29.0-400.0 uma, using EI mode, with a 70 eV energy. Dilution 

1:100 of EOs in n-hexane was injected (2 ɛl) into the GC-MS system. The MSD 

ChemStation (Agilent, Version G1701DA D.01.00) and the NIST Mass Spectral Search 

Program were used to analyse the data. The identification of the main constituents was 

achieved by the correspondence of RIs and MS with those of ADAMS, NIST 17, FFNSC2 

and WILEY 275 libraries. Furthermore, analytical standards by Sigma-Aldrich, Milan, Italy 

were used for additional confirmation. The relative peak area percentages were obtained by 

area normalization without correction factors (Quassinti et al., 2013). 
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3.2.8 Insecticidal tests 

The larvicidal effect of the EOs was assessed according to standard procedures by WHO 

(WHO, 2005). Three hemp EOs from Felina 32 monoecious, Carmagnola CS female, and 

Carmagnola CS male inflorescences were analysed. To treat mosquitoes, the EOs were 

dissolved in DMSO 1:10. Twenty-five larvae L3 (third instar stage) and twenty-five pupae 

were put in plastic cups with water. Treatment was realized using different dilutions of the 

three EOs preparations: 50, 75, 100 and 125 ppm. Control groups were prepared by adding 

pure breeding water or DMSO (200 ɛL). Mortality of larvae and pupae was noted after 24 

h. Three independent experiments were performed. 

3.2.9 MTT assay 

Three thousand cells per well were seeded in 96-well plates. After one day of incubation, 

hemp EOs and vehicles were added, and six replicates were done for each treatment. At the 

indicated time point of 24 h, cell viability was investigated by adding 0.8 mg/ml of 3-(4,5-

dimethylthiazol-2yl)-2,5 diphenyl tetrazolium bromide MTT (Sigma Aldrich) to the media. 

The reaction was given by mitochondrial reductase that changed MTT (tetrazolium salt) 

colour from yellow to purple, with the formation of formazan crystal. After 3 h, plates were 

centrifuged, the supernatant was removed, and the pellet of salt crystals was solubilized with 

100 ɛl/well of DMSO. The absorbance of the sample against a medium alone, as background 

control, was measured with an ELISA reader microliter plate at 570 nm (BioTek 

Instruments, Winooski, VT, USA). 

3.2.10 Gene expression analysis by TaqMan array  

Total RNA was extracted using the RNeasy Mini Kit (Qiagen), and cDNA was synthesized 

with the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA) 

according to the instructions of the manufacturer. Quantitative real-time polymerase chain 

reactions (qRT-PCR) were carried out with TaqMan Array (Thermo Fisher) using the iQ5 

Multicolor Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The PCR 

conditions were 10 min at 95 °C followed by 40 cycles at 95 °C for 15 s and 60 °C for 40 s. 

The relative amount of target mRNA was calculated by the 2īȹȹCt method, using GAPDH as 

a housekeeping gene. All samples were assayed in triplicates in the same plate. Measurement 

of GAPDH levels was employed to normalize mRNA contents, and target gene levels were 

calculated by the 2īȹȹCt method. 
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3.2.11 ELISA assay 

The concentration of inflammatory cytokines released from HaCaT and NHF A12 cell lines 

after treatment with ETO combined and not with hemp EOs, was measured in cell culture 

supernatants of cells treated for 24 h. Cytokines levels were evaluated in duplicate and in 

two independent experiments through ELISA kit (Abcam). The concentrations of cytokines 

were determined by plotting the OD values in the equation curve obtained with standard, 

according to the manufacturerôs protocol. 

3.2.12 Alkaline comet assay 

Cells were plated in 6 well plates (3 x 104 cells/well) one day before treatment exposure. 

Semiconfluent cultures were treated for 24 h with hemp EOs (0.65 mg/mL) and 10 ɛM of 

ETO. Cells treated with vehicle were included in all series. The Comet assay was realized 

under alkaline conditions according to the ABCAM protocol. Briefly, after exposure to 

treatments, the cells were resuspended in 1x phosphate buffered saline (PBS) and added to 

75 ɛL of molten (37ÁC) 0.5% low-melting-point agarose gel, obtaining a cell concentration 

of 1×105 cells/mL. The agarose was pipetted onto the Comet slides. Slides were kept in 

darkness at 4°C for 10 min before adding pre-chilled lysis buffer for 45 min at 4°C in the 

dark. The slides were immersed in freshly prepared alkaline solution (0.25 M NaOH with 

0.1 ɛM EDTA, pH 12.6) for 30 min at the same conditions. Slides were then removed and 

washed twice with TBE buffer for 5 min. Gel electrophoresis was performed at 1 V/cm for 

20 min (running amperage 3ï5 mA with 25 cm distance between the two electrodes). The 

Comet slides were washed with 70% ethanol for 5 min and air-dried at room temperature for 

1 h, then 100 ɛL of diluted SYBR Green solution was placed onto each dried agarose circle. 

The slides were then read by using a fluorescence microscope (LEIKA). 

3.2.13 Statistical Analysis 

LC50 values were found by nonlinear regression using GraphPad Prism version 5.0 

(GraphPad Software, San Diego, CA, USA). The graphs regarded the mortality effect of the 

EOs on larvae and pupae of An. stephensi and An. gambiae. Data were plotted using 

STATISTICA software version 6.0. The correlation between the mortality and the EOs doses 

was assessed using linear regression analysis (FisherïSnedecor test) using GraphPad Prism 

version 8.0 (GraphPad Software, San Diego, CA, USA). Concerning MTT, RT-PCR, and 

Elisa assay, the data represent the mean and standard deviation of at least two independent 

experiments. The statistical significance was determined by Studentôs t-test and by one-way 
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ANOVA; *, # p < 0.01 or p < 0.05 (as reported in the figureôs legends). The statistical 

analysis was carried out using Prism 5.0a (Graph Pad). 

3.2.14 Preparation of EO-based NEs 

A high-energy method, precisely through a high-pressure homogenizer, was used to obtain 

NEs. Briefly, different percentages (6%, 4% w/w) of hemp EO or a 6% (w/w) of a binary 

mixture of EO and ethyl oleate (1:1 ratio) were added dropwise to a 4% (w/w) of surfactant 

(Tween 80) aqueous solution under high-speed stirring, using an Ultraturrax T25 basic, 

IKA® Werke GmbH & Co.KG, Staufen, Germany, for 5 min at 9500 rpm. The obtained 

emulsions were then homogenized by means of a French Pressure Cell Press (American 

Instrument Company, AMINCO, MY, USA) for four cycles at 130 MPa pressure. 

3.2.15 NEs characterization 

Formulations were visually inspected by a polarizing optical microscope (MT9000, Meiji 

Techno Co Ltd., Chikumazawa, Miyoshi machi, Iruma-gun, Saitama 354-0043, Japan) 

endowed with a 3-megapixel CMOS camera (Invenio 3S, DeltaPix, Denmark). Particle size 

measurements were carried out through the dynamic light scattering (DLS) technique. DLS 

analyses were performed using a Zetasizer nanoS (Malvern Instruments, Worcestershire, 

UK) equipped with a backscattered light detector working at 173ǓC. 1 mL of samples was 

inserted into disposable cuvettes and analysed at 25ǓC, following a temperature equilibration 

time of 180 s. The analysis was performed at different time points: 0 day (t0), 1 month (t1), 

3 months (t3), and 6 months (t6). 
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3.3 Results and discussion 

3.3.1 Chemical composition of hemp EOs 

The three EOs from the monoecious Felina 32 and female and male inflorescences of 

Carmagnola CS showed a yield of 0.10, 0.15, and 0.07%, respectively. These values were 

coherent with those previously presented by different authors (Benelli et al., 2018a; Bertoli 

et al., 2010; Fiorini et al., 2019). The hemp EO obtained from female inflorescences of 

Carmagnola CS had a higher yield than that of male inflorescences, and this was in 

agreement with the results by Nagy et al. (2019). The chemical compositions of the EOs 

revealed 31 totally identified constituents accounting for 97.6ï99.9% of the overall chemical 

profile. The main compounds group of Felina 32 and male Carmagnola CS EOs was 

represented by sesquiterpene hydrocarbons (52.1% and 67.7%, respectively), with (E)-

caryophyllene (34.8% and 47.2%, respectively) and Ŭ-humulene (11.4% and 15.1%, 

respectively) as the most representative ones (Figure 21). The monoterpene hydrocarbons 

were the second major fraction in these EOs (40.6% and 26.6%, respectively), with Ŭ-pinene 

(15.1% and 8.0%, respectively) and myrcene (11.8% and 10.6%, respectively) as the main 

components. As for Felina 32 EO, a previous work by Fiorini et al. (2019) demonstrated that 

sesquiterpene hydrocarbons, followed by monoterpene hydrocarbons, were the main classes 

of volatiles characterizing this cultivar. Consistently, the EO produced from fresh 

inflorescences of cv Felina 32, which was studied by Tabari et al., 2020, showed (E)-

caryophyllene and Ŭ-pinene as the predominant constituents. The EO obtained from the 

female Carmagnola CS displayed a different chemical profile, with the prevalence of 

monoterpene hydrocarbons (66.1%), like myrcene (24.3%), terpinolene (10.6%), and Ŭ-

pinene (11.4%) (Table 13). Here, the sesquiterpenes were in minor amounts (26.4%) and 

consisted of (E)-caryophyllene (19.3%) and Ŭ-humulene (6.4%). It should be noted that the 

cannabinoid class was almost missing, with CBD at trace levels or absent in the analysed 

samples. In our samples, CBD was detected in low amounts in Felina 32 and Carmagnola 

CS female dry inflorescences EOs (0.1 and 0.2%, respectively). In several other works, such 

as that by Novak and Franz (2003), relatively consistent rates of CBD (9.8ï10.9%) were 

detected in C. sativa EOs. Other differences were observed in the balanced ratio between the 

two main hemp volatile fractions, namely monoterpenes and sesquiterpenes, with the first 

ones being predominant in the EO chemical profile obtained from female inflorescences of 

Carmagnola CS, and the others representing the main fraction of the EOs obtained from 

monoecious Felina 32 and Carmagnola CS male inflorescences. Based on these outcomes, 
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it can be concluded that the type of variety (e.g., monoecious, or dioecious), the plant 

material status (e.g., fresh or dry), and the extraction method (e.g., SD or HD) are pivotal 

factors affecting the chemical profile of hemp EO. 
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Figure 21. GC-MS chromatograms of hemp EOs from monoecious Felina 32 (A), and female (B), and male (C) Carmagnola CS inflorescences. Peak numbering refers to Table 13  
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Table 13. Chemical composition of hemp EOs from monoecious, male and female inflorescences of Felina 32 and Carmagnola CS 

N Componenta RI Calc.b RI lit c % Felina 32 % Female CS % Male CS 

1 tricyclene 914 921 0.2   

2 Ŭ-thujene 921 924 0.1 0.1  

3 Ŭ-pinene 926 932 15.1 11.4 8.0 

4 camphene 939 946 0.2 0.2  

5 sabinene 966 967  0.2  

6 ɓ-pinene 968 974 5.0 5.7 3.1 

7 myrcene 989 988 11.8 24.3 10.6 

8 Ŭ-phellandrene 1003 1002  
0.4  

9 ŭ-3-carene 1008 1008  
0.4  

10 Ŭ-terpinene 1014 1014 0.1 0.3  

11 limonene 1025 1024 6.0 6.7 4.1 

12 (1,8)-cineole 1027 1026 3.5 1.4 1.6 

13 (Z)-ɓ-ocimene 1037 1032 0.1 0.2  

14 (E)-ɓ-ocimene 1047 1044 0.8 2.3 0.3 

15 ɔ-terpinene 1056 1054 0.3 0.4 0.2 

16 cis-sabinene hydrate  1064 1065 0.2   

17 terpinolene 1085 1086 0.9 13.5 0.3 

18 linalool 1101 1095  0.8  

19 (Z)-caryophyllene 1407 1408 0.3  0.6 

20 (E)-caryophyllene 1409 1417 34.8 19.3 47.2 

21 Ŭ-trans-bergamotene 1430 1432 1.0  0.5 

22 Ŭ-humulene 1443 1452 11.4 6.4 15.1 

23 allo-aromadendrene 1450 1458 0.6  0.8 

24 (E)-ɓ-farnesene 1456 1454 0.9   

25 ɓ-selinene 1476 1489 1.5 0.4 1.7 

26 Ŭ-selinene 1485 1498 1.0 0.3 1.2 

27 ŭ-cadinene 1519 1522 0.1   

28 selina-3,7(11)-diene 1531 1545 0.5  0.6 

29 caryophyllene oxide 1571 1582 2.1 2.2 3.6 

30 humulene epoxide II 1593 1608 0.4 0.5 0.5 
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a Components were eluted from a HP-5MS (30 m l., 0.25 mm i.d., 0.1 mm f.t.) column. b Liner retention index, experimentally determined using a mixture C8-C30 of alkanes. c Retention index 

value taken from literature. 

31 cannabidiol 2419 2430 0.1 0.2  

 total identified (%)    99.0 97.6 100 

 monoterpene hydrocarbons   40.6 66.1 26.6 

 oxygenated monoterpenes   3.7 2.2 1.6 

 sesquiterpene hydrocarbons   52.1 26.4 67.7 

 oxygenated sesquiterpenes    2.5 2.7 4.1 

 cannabinoids   0.1 0.2  
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3.3.2 Toxicity of hemp EOs on mosquito larvae and pupae 

An. stephensi and An. gambaie larvae and pupae were subjected to several dilutions of the 

three hemp EOs produced by the monoecious Felina 32 and female and male Carmagnola 

CS inflorescences, and the mortality was evaluated after 24 h of treatment. The doseï

response curves highlighted an insecticidal effect of the three EOs on larvae and pupae of 

An. stephensi (Figure 22) and An. gambiae (Figure 23). No activity was observed when the 

mosquitoes were exposed to pure breeding in water or DMSO (control groups). A doseï

response effect was revealed in the insecticidal activity of the three EOs in both An. stephensi 

and An. gambiae. In An. stephensi, mortality caused by hemp EO at 100 ppm was 82.7% and 

100% for Felina 32, 90.2% and 94.2% for female Carmagnola CS, and 89.8% and 90.5% for 

male Carmagnola CS on larvae and pupae, respectively. At the same concentration of 100 

ppm, the mortality obtained on An. gambiae was 91.1% and 84.9% in the case of Felina 32 

EO, 91.6% and 79.6% for female Carmagnola CS EO, and 89.8% and 79.7% for male 

Carmagnola CS EO on larvae and pupae, respectively. A mortality of 100% was registered 

when the mosquitoes (L3 and pupae) were exposed at the highest dilution of the three EOs. 

LC50 values ranged from 73.50 to 78.80 ppm for larvae and from 20.13 to 67.19 ppm for 

pupae, in An. stephensi and An. gambiae, respectively. Results for each EO evidenced a 

lower susceptibility of larvae compared to pupae (Table 14). The EOs from hemp varieties 

have been investigated as potential biopesticides in crop protection or for the control of 

mosquito and fly vectors (Pavela et al., 2017). In previous studies, hemp EOs have displayed 

toxicity against mosquitoes and snails (Bedini et al., 2016; Thomas et al., 2000). Our studies 

confirmed the strong toxicity of Felina 32 and Carmagnola CS hemp EOs against larvae and 

pupae of the main malaria vectors An. stephensi and An. gambiae, in Asia and Africa, 

respectively. The lower LC50 of pupae compared to larvae could be due to the different 

metabolic traits of these developmental stages of the mosquitoes. Our results proved that the 

investigated hemp EOs are highly active against both preadult stages, with LC50 values under 

80 ppm, which is an important threshold value to consider a natural product as a valuable 

ingredient for botanical insecticides formulations (Pavela, 2015b). The LC50 values found in 

this work are lower than the average of those of many EOs obtained from other plants 

(Mahnaz et al., 2012), with the advantage of using an industrial waste product. The mortality 

of mosquitoes may be determined mainly by Ŭ-pinene, myrcene, terpinolene, (E)-

caryophyllene, and Ŭ-humulene, which were present in an abundant content in the analysed 

hemp EOs. In fact, myrcene and Ŭ-pinene were among the most significant constituents of 
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C. sativa EO studied by Bedini et al. (2016), which were effective against the Asian tiger 

mosquito Aedes albopictus. In the works by Benelli et al. (2018b, a), the toxicity of hemp 

EOs on C. quinquefasciatus was connected to the presence of Ŭ-pinene, myrcene, (E)-

caryophyllene, and terpinolene as the major constituents. (E)-Caryophyllene and Ŭ-

humulene, the major sesquiterpenes of hemp EO, have shown considerable mosquitocidal 

and acaricidal effects (Da Silva et al., 2015; Novak and Franz, 2003). 

 

 

Figure 22. Doseïresponse curve of insecticidal activity of the three EOs on An. stephensi preadults. Larvae (A) and pupae 

(B) were exposed for 24 h to different dilutions of hemp EOs (50, 75, 100, and 125 ppm). The level of susceptibility of 

both larvae and pupae to the EOs was found to be statistically significant (as reported in figure) 

 

 

 

 

Figure 23. Doseïresponse curve of insecticidal activity of the three EOs on An. gambiae preadults. Larvae (A) and 

pupae (B) were exposed for 24 h to different dilutions of EOs (50, 75, 100, and 125 ppm). The level of susceptibility of 

both larvae and pupae to the EOs was found to be statistically significant (as reported in figure)  
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Table 14. LC50 values of the three studied EOs against larvae and pupae of An. stephensi and An. gambiae 

Mosquito Species  LC50
a 

Larvae 

  LC 50
a 

Pupae 

 

 Felina 32 Female CS Male CS Felina 32 Female CS Male CS 

An. stephensi 78.8 75.12 75.23 54.41 67.19 20.13 

An. gambiae 73.5 75.54 75.04 50.06 41.51 50.27 

a
LC50 is expressed in ppm. 

 

3.3.3 Effect of hemp EOs in HaCaT and NHF A12 Cell Lines 

The cytotoxic effect of hemp EOs (derived from male and female inflorescences of 

Carmagnola CS) was studied in HaCaT (human keratinocytes) and NHF A12 fibroblasts cell 

lines by MTT assay (Figure 24). Cells were treated for 24 h with different dilutions, from 

1040 mg/mL to 0.163 mg/mL. The EO from male Carmagnola CS exerted higher 

cytotoxicity than the EO from female Carmagnola CS. However, NHF A12 showed a 

greater resistance (Figure 24). The IC50 values for the EO from male Carmagnola CS were 

2.23 ± 0.09 and 3.71 ± 0.1 mg/mL, on HaCaT and NHF A12 cells, respectively, while for 

the EO from female Carmagnola CS, the IC50 values were higher than 5.2 mg/mL. For a 

further evaluation of the potential anti-inflammatory effects of hemp EOs, the ones 

obtained from male and female inflorescences of Carmagnola CS were first tested in both 

cell lines, at 0.65 mg/mL. 

 

 

Regarding the EOs effects on cell damage, the results showed that the two EOs did not cause 

cellular damage and DNA fragmentation at 0.65 mg/mL. Instead, ETO, used at a cytotoxic 

dose, demonstrated cell damage and DNA fragmentation. Therefore, the EOs at the 

appropriate dilution did not lead to any damage to either cell line (Figure 25). 

Figure 24. (A) HaCaT and (B) NHF A12 viability after treatment with different concentrations of EOs. Both cell 

lines were treated with different concentrations of male and female Carmagnola CS EOs, and cell viability was 

evaluated after 24 h post-treatment. * p < 0.05 vs vehicle  
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Through the analysis of cytokine gene expression profiles, the modulation of the main 

proinflammatory genes in HaCaT and NHF A12 cell lines treated with the two EOs and their 

combination with ETO, at 24 h post-treatment, was evaluated (Figure 26). ETO, at low 

doses, induced an inflammatory effect. According to the results, the EOs did not modulate 

the basal levels of the analysed cytokines and the transcription factor STAT-3. However, 

both EOs were active in reducing the ETO-induced inflammatory pathways.  

 

Figure 25. Comet assay. (A) HaCaT and (B) NHF A12 cell lines were treated with EOs from female and male Carmagnola 

CS at 0.65 mg/mL and cell damage was analysed by Comet assay, 24 h post-treatment. ETO was used as a positive control  

 

 

 

Cytokine levels in the culture medium were evaluated in HaCaT and NHF A12 cell lines 

treated with the two EOs from male and female inflorescences of Carmagnola CS and their 

combination with ETO, at 24 h post-treatment (Figure 27). The results evidenced that the 

two hemp EOs did not modulate the basal levels of the cytokines, but both were effective in 

reducing the ETO-induced inflammatory cytokines released in the culture medium.               

To our knowledge, information on the anti-inflammatory effect of hemp EOs is very limited. 

Figure 26. Transcriptional modulation of cytokines genes in HaCaT (A) and NHF A12 (B) cell lines. Cell 

lines treated with hemp EOs from female and male Carmagnola CS (0.65 mg/mL) alone or in combination 

with ETO (0.01 mM). Gene expression was represented as relative expression compared to GAPDH. * p < 

0.05 vs vehicle, # p < 0.05 vs ETO 



118 
 

On the other side, some authors (Sangiovanni et al., 2019) found that CBD-enriched extracts 

can reduce IL-8 and Nf-əB pathways. However, in this study, it was confirmed that the CBD-

free hemp EOs did not stimulate but could revert an inflammatory condition, reducing the 

release of the cytokine induced by ETO, on skin cell lines, suggesting their safe use by 

operators. Among the various hemp EO detected compounds, (E)-caryophyllene and Ŭ-

humulene have been described as anti-inflammatory agents in vivo through a reduction of 

IL -1ɓ and TNF-Ŭ release. This effect was comparable to that of the positive control drug, 

dexamethasone (Fernandes et al., 2007). 

 

3.3.4 Preparation and characterization of hemp EO NEs 

NEs are colloidal systems offering the great advantage of being able to encapsulate a higher 

amount of oil phase with respect to similar nanosystems, such as microemulsions. Moreover, 

they need a very low amount of surfactant with a SOR (surfactantïoil ratio) recorded 

between 1 and 2, compared to that of microemulsions, which is generally higher than 2 (SOR 

> 2). However, NEs are energetically disadvantaged nanosystems; thus, an external energetic 

input is necessary for their formation. In this regard, to achieve EO NEs, samples were 

subjected to a pressure of 130 MPa, selected after evaluating different operating pressure, 

from 50 to 150 MPa. After a preliminary screening using a model oil phase, the quantitative 

composition of the NEs has been chosen as follows: 6% (w/w) of the oil phase was 

Figure 27. Hemp EOs reduced ETO inflammatory effect in HaCaT (A) and NHF A12 (B) cell lines. The 

IL-1 beta, IL-6, and TNF protein levels were quantified in culture medium. Amounts of cytokines were 

reported as pg/mL. * p < 0.05 vs vehicle, # p < 0.05 vs ETO 
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emulsified in the aqueous medium by adding 4% (w/w) of surfactant, Tween 80. However, 

this composition was not suitable for the encapsulation of the EO from female inflorescences 

of Carmagnola CS; in fact, formulations A8 and A9 had a high PDI (polydispersity index) 

value at t0, indicating the polydispersity of the size distribution, with a particle population 

with a mean diameter higher than 500 nm. Additionally, after 1 month of storage, instability 

phenomena, like creaming and phase separation, occurred in the samples. In this regard, the 

EO amount was reduced to 4% (w/w) to obtain a stable monodispersed system, having a 

mean diameter within 200 nm and a PDI value lower than 0.3. Although the reduction of the 

oil phase led to slight system improvement, samples A8B and A9B revealed their instability 

between 1 and 2 months after their preparation, undergoing phase separation. Then, ethyl 

oleate was added, being commonly used as an oily phase in such systems, to overcome 

instability issues related to the physicochemical properties of the EO. In fact, ethyl oleate 

demonstrated good solvent properties, making the oil phase more homogeneous by allowing 

a better dispersion and encapsulation of active ingredients. The minimum EOïethyl oleate 

ratio leading to a good dispersion of the EO in the oil phase was fixed at 1:1. Thus, keeping 

the amount of oil phase constant at 6% (w/w), systems were composed of 3% EO, 3% ethyl 

oleate, 4% Tween 80, and water. Samples A10 and A21 showed a monomodal size 

distribution with a size in the nanometric range, below 200 nm, that is the limit established 

by some authors for the definition of a nanosystem. 

3.3.5 Stability of hemp EO NEs 

Samples A10 and A21 were characterized by an optimal stability at room temperature, 

evaluated at several time points, for a total storage period of six months. As described in 

Figure 28, the size of the oil droplets remained almost unchanged, confirming the 

thermodynamic stability of these systems. In particular, A10 possesses Z-average and PDI 

Figure 28. DLS traces of A10 and A21 NEs after a storage 

period of six months 
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values of 177.9 nm and 0.173, respectively, while A21 has Z-average and PDI values of 

138.4 nm and 0.245, respectively. 

Despite hemp EOs showed potential as ingredients of botanical insecticides, their extensive 

use should be restricted due to the poor physicochemical properties of EOs in general. 

Indeed, they show several limitations, namely high volatility, thermal decomposition, low 

water solubility, and stability issues (Pavoni et al., 2019). In this regard, nanotechnology 

could support the exploitation of EOs through their encapsulation into stable formulations, 

such as NEs, overcoming such limitations (Pavoni et al., 2019b). In addition, being biphasic 

colloidal systems, NEs allow the dispersity of the EOs into an aqueous medium, which is a 

fundamental property for a pesticide. So, at the end of the screening on the quali/quantitative 

composition of the prepared hemp EOs based NEs, 3% of hemp EO was encapsulated into 

a nanoemulsified system to ensure its stability over time. Although several works reported 

an increased bioavailability of EOs encapsulated into nanoformulations, additional research 

about the insecticidal effectiveness of hemp EO-based NEs is required. 
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3.4 Conclusions 

In the present work, the potential application of the EOs obtained from industrial hemp as 

mosquitocidal agents was investigated. The three tested EOs, deriving from different 

cultivars and plant parts, expressed efficacy in killing the two malaria vectors, An. gambiae 

and An. stephensi. The LC50 values registered in this study are, on average, lower than those 

of many plant EOs, with the advantage of employing an industrial waste product. Notably, 

this work emphasized that the male inflorescences, which are usually discarded during the 

industrial hemp processing, might be a sustainable source of larvicidal molecules. The 

bioactivity detected in the larvicidal assays may be entirely due to the terpenoid fraction of 

the EOs since cannabinoids were almost missing. In addition, the toxicological assays and 

Comet assays evidenced the safety of the hemp EOs at certain doses on human cell lines, 

while the gene expression analysis, along with the ELISA test, demonstrated their anti-

inflammatory potential and safety profile for the first time. This result may lead to new 

possibilities for the use of hemp EOs in pharmaceuticals and cosmeceuticals. For this reason, 

stable nanoemulsions were prepared to assure better water dispersity and chemical stability 

over time, as well as to reduce the high volatility of EOs, making them ready-to-use products 

to be further studied as larvicidal and anti-inflammatory agents. 
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4. Green extraction of hemp using microwave method to recover three 

valuable fractions (essential oil, phenolic compounds, and 

cannabinoids): a central composite design optimization study 

 

4.1 Work introduction and aim  

Industrial or fiber hemp is an ideal eco-friendly crop for sustainable agriculture (Amaducci 

et al., 2008). Currently, it is employed on an industrial level to manufacture textiles, paper, 

food, cosmetics, drugs, green building, biofuels, and bioplastics. In these last years, the 

previously unseen hemp and CBD market increment represents a great opportunity for the 

stakeholders involved in the production chain to exploit the crop's full potential in terms of 

production and development of new products, especially from a pharmaceutical perspective. 

Hemp EO fits into this context as a promising item with multifaceted applications in the 

pharmaceuticals, nutraceuticals, cosmetics, and pest science (Rossi et al., 2020). The 

composition of hemp EO, consisting mainly of monoterpenes, sesquiterpenes, and little 

amounts of non-psychotropic cannabinoids, can vary depending on the crop variety, the part 

used (leaves or inflorescences), the harvest period, the state of the processed material (fresh 

or dried), and the extraction technology (conventional distillation or more advanced 

methods), making its chemical profile highly flexible according to the final destination of 

this product (Fiorini et al., 2019; Fiorini et al., 2020). Recently, more sophisticated 

techniques for the extraction of EOs, including MAE, have been investigated to maximize 

their recovery and modulate their chemical profiles. MAE relies on the water heating 

generated by microwaves into the vacuole of plant cells determining the volatilization of 

low-boiling point compounds that can then be collected through a condenser apparatus 

(Lucchesi et al., 2004b). Notably, MAE is significantly more effective than conventional 

HD, resulting in higher or comparable yields with shorter extraction times and lower energy 

and water consumption (Chemat et al., 2013).  

During MAE of hemp material, two main by-products remain into the reactor, namely the 

aqueous residue, which is expected to contain water soluble constituents such as flavonoids 

(Gunjeviĺ et al., 2021), and the deterpenated hemp biomass, that could be a source of 

phytocannabinoids. However, to date, the utilization of these by-products generated from a 

single step MAE procedure has not been implemented since research on their potential 

appears to be limited. Consequently, the aim of the present study was to optimize MAE in 

order to produce high quality EO, aqueous extract rich in polyphenols, and residual biomass 
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as a source of phytocannabinoids, with potential application in several industries like food, 

cosmetics, nutraceuticals, and pharmaceuticals. The effects of the applied extraction 

conditions have been evaluated through a CCD approach. This statistical tool can be 

employed to rationalize the work and objectively evaluate the results by analysing the 

variables having an impact on the process at the same time. The parameters microwave 

irradiation power (MP), extraction time (ET), and added water into the reactor (W%) have 

been identified as the crucial ones for the process and represent the topic of this study. The 

qualitative and quantitative composition of the obtained three fractions were assessed by 

GC-FID, GC-MS, and high-performance liquid chromatography-diode array detection-mass 

spectrometry (HPLC-DAD-MS) techniques. Moreover, the total phenolic and flavonoid 

content, and the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenger activity of the 

aqueous residue extracts were evaluated by spectrophotometric assays. Finally, due to the 

fact that hemp products are poorly known for their potential application in metabolic 

disorders such as obesity and diabetes, the inhibitory enzyme properties of the extracts 

obtained through the MAE optimized conditions were estimated on Ŭ-glucosidase, lipase, 

and xanthine oxidase, and for advanced glycation end products (AGE) formation inhibition. 
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4.2 Material and methods 

4.2.1 Plant material 

The monoecious inflorescences of C. sativa cv Futura 75 were cultivated in a field of 

Fiuminata (central Italy, 43Á10ǋ40ǋǋ N, 12Á56ǋ59ǋǋ E, 451 m a.s.l.) and harvested in the first 

three weeks of August 2020. The codex CAME#27834 was used for the archiviation of a 

voucher specimen in the Herbarium Camerinensis of the School of Biosciences and 

Veterinary Medicine, University of Camerino, Italy. The samples were represented by 20-

30 cm inflorescences with leaves and upper stems. The sampling process was carefully 

carried out in order to guarantee the samples uniformity in terms of flowers, leaves and stems 

quantity. The fresh hemp samples were readily frozen at - 20°C after being received and 

stored until use. 

4.2.2 Water content determination of frozen hemp 

The moisture content was evaluated on three samples of Futura 75 frozen inflorescences 

randomly collected (about 2.5 g each), after being heated at 100°C on a thermo balance 

(Scaltec SMO 01, Scaltec instruments GmbH, Heiligenstadt, Germany). The biomass 

average moisture content accounted for 71.3% ± 0.8. 

4.2.3 MAE  

The MAE to obtain EO was performed through the advanced microwave extraction system 

Milestone ETHOS X (Milestone, Italy). The apparatus consisted of a microwave reactor of 

2.45 GHz, with an infrared sensor monitoring the temperature, and two magnetrons 

delivering a total maximum power of 1800 W. All the extraction runs were carried out at 

atmospheric pressure using a Pyrex glass reactor of 5 L capacity sealed with a glass cover. 

The system was endowed with a stainless steel Clevenger-type apparatus above the reactor, 

(óFragrances set-upô), and a Chiller Smart H150-2100S, provided by Labtech srl (Sorisole, 

Bergamo, Italy), maintained the condensation temperature at 8°C. Eighteen different 

experiments were realized through the variation of the operative conditions, namely 

microwave irradiation power (MP, W/g), extraction time (ET, min), and water added to the 

hemp in the reactor (W%), as reported in section 4.2.4. The EO was separated from the 

aqueous layer, and then collected in glass vials closed with PTFE-silicone septa and kept at 

4°C until the following analysis. After the process, two other products have been collected 

from the reactor, namely aqueous residue and deterpenated biomass. The aqueous residue 
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was recovered immediately after MAE, filtered with filter paper, and stored at - 20°C before 

analysis; on the other hand, the deterpenated biomass in the reactor was collected and dried 

at 60°C in a Biosec desiccator (Tauro Essiccatori, Vanzo Nuovo, Vicenza, Italy) for around 

24 h, until no weight loss was registered, and finally it was stored in the dark at room 

temperature (Figure 29). 

    

Figure 29. Picture of the three products obtained by MAE (i.e., EO, aqueous residue and residual deterpenated biomass) 

 

4.2.4 DoE 

A CCD was employed to evaluate the effect of the MAE extraction conditions (MP, ET, and 

W%) on the yield and features of all the obtained products, namely EO, aqueous residue, 

and deterpenated biomass. The design included eighteen experimental runs, composed of 23 

factorial points (indicated by the coded variables -1 or 1), 2*3 axial points (indicated by the 

coded variables -1.682 or +1.682), and four replications of the central point (indicated by 

the coded variable 0) (Lewis et al., 1999a). The selection of this composite design allowed 

to define a spherical experimental domain along with spherical isovariance lines on the 

surface (rotatability), also ensuring uniform precision within the experimental domain 

(Lewis et al., 1999a). 
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All the experimental runs and their operative conditions are reported in Table 15. All the 

extraction runs were carried out by processing 1 kg of the moist matrix (the relative amount 

of fresh plant and water changed from run to run according to the parameter W% in Table 

15). The MP ranged between 0.7 and 1.5 W/g to obtain a maximum absolute value of 1.77 

W/g (axial points at +1.682), which, for 1 kg of processed product, corresponded to 1770 W, 

a value close to 1800 W, representing the highest limit of the apparatus. The duration of the 

extraction process (parameter ET) was set basing on the results of our previous study on 

MAE (Fiorini et al., 2020). 

From each extraction run three different products were obtained (Figure 29): 

1) EO, evaluated in terms of: 

- Yield  

EO yield (%)=(weight of EO (g))/(weight of dry biomass (g))Ā100 

- Content of volatile main compounds (g/100 g of EO), quantified by GC-FID as 

described in the section 4.2.5 

2) Lyophilized aqueous extract (AE) (section 4.2.6), evaluated in terms of: 

- Yield 

AE yield (mg/100g)=(weight of lyophilized aqueous residue (mg))/(weight of fresh biomass 

(g))Ā100 

- Total polyphenol content (determined as indicated in the section 4.2.6); 

- Total flavonoid content (determined as indicated in the section 4.2.6); 

- Antioxidant activity (determined as indicated in the section 4.2.6); 

 

3) Residual biomass hexane extract (HE), evaluated in terms of: 

- Concentration of the main phytocannabinoid, CBD (g/100 g of dry biomass), 

determined as indicated in the section 4.2.7 
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Table 15. Experimental conditions both in uncoded and coded variables of the 18 runs carried out according to the screening design. In the final columns also the absolute values of total 

microwave power applied, and the amount of water and plant added in the microwave reactor are reported 

Run 
Coded variables  Uncoded variables  Absolute values 

MP ET W  
MP 

(W/g) 

ET 

(min) 
W (%)  MP (W) 

Water 

added (g) 

Fresh hemp 

added (g) 

1 -1 -1 -1  0.7 80 13  700 130 870 

2 1 -1 -1  1.5 80 13  1500 130 870 

3 -1 1 -1  0.7 140 13  700 130 870 

4 1 1 -1  1.5 140 13  1500 130 870 

5 -1 -1 1  0.7 80 50  700 500 500 

6 1 -1 1  1.5 80 50  1500 500 500 

7 -1 1 1  0.7 140 50  700 500 500 

8 1 1 1  1.5 140 50  1500 500 500 

9 -1.68 0 0  0.43 110 31.5  427 315 685 

10 1.68 0 0  1.77 110 31.5  1773 315 685 

11 0 -1.68 0  1.1 59.5 31.5  1100 315 685 

12 0 1.68 0  1.1 160.5 31.5  1100 315 685 

13 0 0 -1.68  1.1 110 0.4  1100 4 996 

14 0 0 1.68  1.1 110 62.6  1100 626 374 

15 0 0 0  1.1 110 31.5  1100 315 685 

16 0 0 0  1.1 110 31.5  1100 315 685 

17 0 0 0  1.1 110 31.5  1100 315 685 

18 0 0 0  1.1 110 31.5  1100 315 685 
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4.2.5 Analysis of EOs 

Density determination 

The density of the eighteen EOs produced by MAE was calculated at 20°C with a digital 

density meter endowed with an oscillating U-tube (DA-100M, Metler Toledo). The obtained 

average density value was 0.883 g/mL ± 0.002. 

GC-FID analysis 

Eleven EO compounds, namely Ŭ-pinene, ɓ-pinene, myrcene, limonene, 1,8-cineole, (E)-ɓ-

ocimene, terpinolene, (E)-caryophyllene, Ŭ-humulene, caryophyllene oxide, and CBD were 

quantified in the EOs by GC-FID equipment. Their analytical standards were purchased from 

Sigma-Aldrich (Milan, Italy) and were employed to build the calibration curves in the range 

from 0.005 to 10 mg/mL. Before the analysis, 6 ɛL of hemp EOs were diluted in 594 ɛL of 

n-hexane (LC-MS) and 0.5 ɛL injected in split mode (1:30) into an Agilent 6850 GC with 

an HP-5 coated capillary column (HP-5, 30 m l., 0.32 mm i.d., 0.25 ɛm f.t., Agilent 

Technologies). The injector temperature was 300°C, and hydrogen was produced with a 

generator PGH2-250 (DBS Analytical Instruments, Vigonza, Italy) as the carrier gas. The 

gas flow was at 3.7 mL/min. The whole run time was 15.60 min. In particular, the GC oven 

temperature was held at 60°C for 3 min, then it was raised to 350°C at 25°C/min and 

maintained for 1 min. FID temperature was 360°C, with a hydrogen and air flow of 40 and 

400 mL/min, respectively.  

GC-MS analysis 

The EOs chemical composition was qualitatively analysed by using an Agilent 6890N GC-

MS system coupled with a 5973N single quadrupole detector and a 7863 autosampler 

(Agilent, Wilmington, DE, USA), along with a capillary HP-5MS column (5% 

phenylmethylpolysiloxane, 30 m l., 0.25 mm i.d., 0.1 µm f.t., Agilent). The oven temperature 

was held at 60°C for 5 min, then raised at 4°C/min till 220°C, and finally at 11°C/min to 

280°C. In addition, 1 mL/min was the flow rate of the carrier gas He (99.5%). After dilution 

1:100 in LC-MS n-hexane, the EOs were injected with an electron energy of 70 eV in split-

mode. The identification of the EOs major constituents was made by co-injection of 

analytical standards, while the other compounds were found by the comparison of RIs and 

MS to those reported in the literature (Adams, 2007; FFNSC 2, 2012; NIST 17, 2017). 
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4.2.6 Analysis of lyophilized aqueous extract (AE) 

Sample treatment 

The frozen samples were dried until constant weight with a BUCHI LyovaporÊ L-200 

freeze-dryer (B¿chi Labortechnik AG, Flawil, Switzerland) at ī54ÁC, with 0.05 mbar 

pressure and 10°C shelf temperature. Then, dried samples were milled with a mortar and 

pestle to obtain a fine brownish powder. Sealed dried powders were stored at 4°C until 

analysis. 

Total polyphenol content (TPC)  

The Folin-Ciocalteu method described by Mustafa et al. (2016) was used to evaluate the total 

polyphenol content (TPC), with some modifications: 0.5 mL of aqueous extract solutions (1 

mg/mL), inserted in test tubes, along with 2.5 mL of FolinïCiocalteu reagent solution 

(diluted 10 times in water) and 7 mL of 7.5% Na2CO3 solution were mixed. Then, the 

reaction mixture was kept in the dark for 2 h at room temperature and sample absorption was 

measured spectrophotometrically at 735 nm with a Cary 8454 UV-Vis spectrophotometer 

(Agilent Technologies, Woburn, Massachusetts, USA). The calibration curve of gallic acid 

was constructed and used to quantify TPC in the AE. The obtained results were produced as 

the average of two measurements and the TPC was expressed as mg of gallic acid equivalents 

(GAE) per 100 g of dry extract (DE). 

Total flavonoid content (TFC) 

The TFC was assessed according to Chen et al. (2018) with slight changes: 0.5 mL of 

aqueous extract solutions (1 mg/mL) were combined with 0.15 mL of NaNO2 (0.5 M), then 

3.2 mL of 30% MeOH and 0.15 mL of 0.3 M AlCl3·6H2O were added with shaking. After 5 

min, 1 mL of 1 M NaOH was included. Then, the absorbance of the mixed solution was 

recorded at 506 nm against the blank reagent using a UV-Vis spectrophotometer (Agilent 

Technologies, Cary 8454, Woburn, Massachusetts, USA). The calibration curve of rutin was 

made with a range of concentrations (100-1000 ppm) under the same conditions. The TFC 

was reported as mg of rutin equivalents (RE) per 100 g of dried extract (DE), by performing 

the analyses in duplicate. 

Antioxidant activity  

The antioxidant activity of AE was evaluated spectrophotometrically against DPPH free 

radical as follows (Mustafa et al., 2016): 0.5 mL of AE aqueous solutions were mixed with 
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4.5 mL of 0.1 mM DPPH, dissolved in ethanol. After incubation of the mixture for 30 min 

at room temperature in the dark, the DPPH color disappearance was registered 

spectrophotometrically (Agilent, Cary 8454 UV-Vis) at 517 nm. A calibration curve was 

constructed by using Trolox as the reference antioxidant, and the results were indicated as 

mg of Trolox equivalents (TE) per kg of dried extract (DE). Experiments were carried out 

in duplicate. 

4.2.7 Analysis of residual biomass hexane extract (HE)  

Sample pre-treatment and extraction 

The residual biomass samples from the 18 extraction runs were treated and extracted 

according to the THC determination procedure by the European Union (European 

Commission, 2017). Briefly, after drying, the stems and seeds bigger than 2 mm were 

discarded, while the remaining material was reduced to a size lower than 1.0 mm through an 

electric mill MFC (IKA-Werk, Staufen, Germany). Then, 100 mg of dry hemp powder were 

mixed with 5 mL of analytical grade n-hexane (Sigma-Aldrich, Milan, Italy), and extracted 

for 20 min at room temperature, using an ultrasound bath (AU-220, Argo Lab, Carpi, Italy). 

After 10 min of centrifugation at 5000 rpm, the supernatant (HE) was separated and dried 

with MgSO4. 

GC-FID analysis of HE 

CBD was quantified in HE from residual biomass in compliance with the European 

Commission (European Commission, 2017). Briefly, 0.5 ɛL of samples were injected into 

GC-FID apparatus and analysed following the same procedure for the EOs (section 4.2.5). 

The same analysis has been performed, for comparative purposes, on the fresh biomass not 

processed through MAE. 

4.2.8 DoE analysis 

The results of each single response for all the 18 runs of the CCD were analysed by 

multilinear regression using a full quadratic model: 

ώ ‍ В ‍Ͻὼ В ‍ Ͻὼ В ‍ Ͻὼὼ   

Where y is the response, ɓ0 is the model constant, ɓi is the coefficient corresponding to the 

variables xi (linear terms), ɓii are the coefficients associated with the variables xii (quadratic 

term) and ɓij are the coefficients associated with the variables xij (first-order interaction 
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terms). All the full quadratic models were then subjected to a variable selection procedure 

(model reduction) to improve the precision of the estimated coefficients of the retained 

variables, minimize the mean square error and, generally, satisfy the principle of parsimony 

(Chatterjee and Simonoff, 2013; Forster, 2000). The model reduction process was performed 

by using the stepwise regression operating in backward elimination mode. The adjusted 

coefficient of multiple determination (R2
adj), the predicted coefficient of multiple 

determination (R2pred) and the Mallows' Cp statistic were used as the parameters to select the 

best model among all the obtained ones from the stepwise regression (Chatterjee and 

Simonoff, 2013). Variance (ANOVA), coefficient, and residual analyses were employed to 

evaluate all the final models. Minitab 18 evaluation statistical software was used to perform 

the model fitting, reduction, selection, and analysis. 

4.2.9 MAE optimization and validation 

All the models defined from the DoE analysis were employed to optimize the MAE process, 

namely, to identify the best operative conditions able to provide satisfactory results for all 

the selected responses for the three obtained products (EO, AE, and HE) at the same time. 

The multiple responses optimization was performed through the desirability technique 

(Candioti et al., 2014; Lewis et al., 1999b). The partial desirability function Dp aimed to 

maximize the responses was selected for all the responses. The composite desirability 

function D was estimated as the geometric mean of all the Dp for all the combinations of the 

three studied parameters, namely MP, ET, and W%. D varies between 0 (at least one 

response is completely unsatisfactory) and 1 (all the responses are completely satisfactory). 

A surface map of D was constructed and used to identify the regions where D was the highest 

and closest to 1. Two different sets of experimental conditions (V1 and V2) were identified, 

and the predicted responses, along with their 95% prediction intervals, were measured. The 

runs V1 and V2 were realized, and the obtained results were compared with the desirability 

predictions. 

4.2.10 Characterization of products from the MAE optimized runs 

The EO, AE, and HE deriving from V1 and V2 MAE runs (optimized runs) were 

characterized for all the parameters used for DoE (sections 4.2.4-4.2.7). 
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LC-DAD-MSn analysis of AE and HE 

The AE and HE from the best extraction (V1) were further evaluated using an HPLC-DAD-

MSn apparatus. Briefly, samples were weighed and extracted (20 mg/mL MeOH) for 10 min 

using an ultrasound bath. They were centrifuged at 13000 rpm for 15 min, and the 

supernatants were analysed. The LC-MSn system was an Agilent 1260 quaternary pump 

coupled to both 1260 Agilent DAD and a Varian MS 500 Mass spectrometer equipped with 

Electrospray (ESI) ion source. A Synergi Polar-RP 80A column (100 x 4.6 mm, 4 µm) was 

used as a stationary phase. A mixture of 1% formic acid in water (A) and acetonitrile (B) 

represented the mobile phase; the gradient was the following one: 0 min, 5% B; 30 min, 

100% B; 32 min, 100% B; 32.5 min, 5% B; 34 min, 5% B. The flow rate was set at 0.4 

µL/min. Injection volume was 10 µL, and the temperature was 30°C. The data collection 

through DAD was made in the ɚ range of 200-640 nm. MS data were acquired in the m/z 

range of 100-2000, both in positive and negative ion mode. The fragmentation pattern of the 

most intense ion species was reached using the turbo data depending on the scanning 

(TDDS) function. The MS parameters were set as follows: needle voltage, 4.9 kV; shield 

voltage, 600 V; capillary voltage, 80 V; RF loading, 80%; nebulizing gas pressure, 25 psi 

(nitrogen); drying gas pressure, 15 psi; drying gas temperature, 300ÁC. Identification of the 

compounds was achieved by comparison with the literature and reference compounds if  

available. For compoundsô quantification, rutin, quercetin, chlorogenic acid, CBD, and 

CBDA were used. Standard solutions preparation in the concentration range 1-100 µg/mL 

was made to build the calibration curves. Limit of detection (LOD) and limit of 

quantification (LOQ) were 0.03 and 0.09 ɛg/mL, respectively, for CBD and CBDA. 

Biological assays of AE and HE 

AE and HE from V1 best extraction were analysed for biological activities through 

enzymatic and non-enzymatic assays (Ŭ-glucosidase, AGEs, lipase and superoxide radicals 

inhibition). 

The capacity of hemp extracts to inhibit Ŭ-glucosidase was evaluated at 405 nm in a 96-well 

microplate reader (Kazeem et al., 2013). Each well contained 50 µL of sample and 100 µL 

of the enzyme (1 U/mL) solved in the buffer (12.5 mM Na2HPO4, 3.3 mM NaH2PO4; pH = 

6.9). After 10 min of incubation at room temperature, 50 µL of pNPG (3 mM) were added 

and incubated at 37°C for 15 min, then absorbance was read. Acarbose was employed as the 

positive control. 
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The non-enzymatic inhibition of AGEs formation by the hemp extracts AE and HE was 

evaluated in 96 black well-plates by fluorescence (Spínola and Castilho, 2017; Stirban et al., 

2014). 50 ɛL of bovine serum albumin (BSA) solution (10 mg/mL), 80 ɛL of 0.1 M 

phosphate buffer (containing sodium azide 3 mM, pH = 7.4), 50 ɛL of fructose solution (0.5 

M) and 20 ɛL of sample extracts (serial dilutions) were mixed. After incubation for 24 h at 

37°C, plates were analysed at an excitation wavelength of 355 nm and emission wavelength 

of 460 nm. Aminoguanidine (AMG), an experimental drug used in the treatment of diabetes, 

was employed as the positive control.  

The capacity of extracts to inhibit lipase was assessed in 96 well plates. 40 µL of extract 

solution (serial dilutions) were mixed with 40 µL of enzyme (2.5 mg/mL in 0.1 M phosphate 

buffer, pH = 7.0) previously centrifugated at 2000 rpm for 7 min, and 20 µL of substrate 

solution (10 mM p-nitrophenyl butyrate, p-NPB). After incubation for 10 min at 37°C, 

absorbance was read at 405 nm, and Orlistat was used as the positive control. 

The xanthine/xanthine oxidase assay was performed for the measurement of the capacity of 

AE and HE to scavenge superoxide radicals (Spínola et al., 2018). 90 µM xanthine, 16 mM 

Na2CO3, and 22.8 µM nitro blue tetrazolium (NBT) were dissolved in a phosphate bu er 18 

mM (pH = 7), for a total volume of 240 µL. Then, 30 µL of sample and 30 µL of xanthine 

oxidase (168 U/L) were added to let the reaction start. The mixture was incubated for 2 min 

at 37°C. Absorbance was monitored at 560 nm, and the activity of hemp extracts was 

evaluated by the transformation of NBT to the blue chromogen dye by the superoxide radical 

O2
ī. 

The inhibition for each assay was measured through the following formula, using either 

absorbance or fluorescence value, depending on the procedure: 

Inhibition (%) = [(Valuecontrol - Valuesample)/Valuecontrol] × 100 

For each test, the IC50 value was calculated by non-linear regression (Prism version 5.0, 

GraphPad Inc., San Diego, CA, USA). 
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4.3 Results and discussion 

The present work has presented for the first time the application of statistical tools for the 

study and optimization of the variables involved in the MAE of fresh hemp inflorescences. 

All the obtainable products, namely the EO, the AE, and the HE could be industrially 

exploited as valuable sources of terpenes, polyphenols, and phytocannabinoids, respectively. 

This study paved the way for the set-up of an extraction process with almost no waste, where 

each of the obtained products represents a precious resource. 

4.3.1 Analysis of EOs 

The EO yield obtained by MAE was 0.412% w/w ± 0.124. The mean quantitative 

composition of the EO from the 18 runs was obtained by GC-FID analysis and is represented 

in Figure 30, along with the chromatogram showing the chemical profile of the EO from run 

No 8. The detailed qualitative composition of EOs from runs No 1, 8, and 10, characterized 

by GC-MS analysis, is reported in Table 16. The multiple regression (DoE analysis) of yields 

and content of EO constituents generated reliable mathematical models (that were able to 

describe the responses correctly) only for a limited number of responses, namely the yield 

and the concentration of CBD, terpinolene, myrcene, limonene, and 1,8-cineole. All these 

responses were characterized by a significant regression and an R2
adj > 0.58. For all the other 

responses, the models did not fit the experimental data in a satisfactory way, as confirmed 

by values of R2adj < 0.5 and, in some cases, by a statistically not significant regression (as 

for (E)-ɓ-ocimene, Ŭ-humulene, (E)-caryophyllene, and caryophyllene oxide). 

The models obtained by multiple regression and their evaluation parameters are described 

in Table 17. Only the responses reasonably well fitted were described. Interestingly, the 

goodness of how the responses are modelled is consistent with data from a previous work 

(Fiorini et al., 2020). In the latter, the CCD was utilized to study the relevance of MAE 

experimental parameters on EO obtained from dry hemp biomass, demonstrating that only 

the yield and the concentration of a limited number of volatiles are sensitive to the extraction 

parameters. The two responses better described by the models, namely the yield and CBD 

content (R2
adj > 0.72 and P-Value of regression < 0.001), are depicted in Figure 31 through 

the responses surface plots. In both cases, the two responses were maximized by high values 

of MP, while the ET was a statistically significant parameter only for the CBD amount. 

These results are qualitatively comparable to those obtained before during the MAE of EO 

from dry hemp biomass (Fiorini et al., 2020), highlighting that the experimental parameters 

MP and ET act in the same way independently by the hemp storage treatment (drying or 



135 
 

freezing). However, notable quantitative differences can be seen. In fact, the mean yield of 

EO from fresh hemp was around 4 times higher than those previously obtained from dry 

samples using the same experimental approach. This result is not surprising since an increase 

of EO yield of around 3-8 times has been previously indicated comparing fresh and dry 

material subjected to HD (Fiorini et al., 2019) and MAE (Micalizzi et al., 2021). Another 

key point to be underlined is the absolute value of the yield in comparison with those 

obtained in other studies carried out with MAE on fresh samples. In the present work, the 

average yield of all the runs was 0.41% ± 0.12, remarkably higher than those reported by 

Gunjevic et al. (2021) (0.16-0.24%) and Micalizzi et al. (2021) (0.11-0.27%). Considering 

that part of these differences may be due to the different hemp varieties compared, the 

reasons for such relevant differences can be explained by the applied experimental 

conditions. In fact, if the MP used in these reports is determined as in this study, specifically 

the power applied for g of processed product (hemp with water), the applied maximum 

power would result in 0.21-0.29 W/g and 0.75 W/g for the two studies mentioned above, 

respectively. Here, all the 18 runs were carried out using a MP between 0.43 and 1.77 W/g, 

and the multiple regression model (Table 17) clearly indicated that the EO yield strongly 

depended on the MP. According to the model developed in the current study, a yield of 0.1-

0.3% (the range reported in the literature) can be obtained at MP values lower than 0.6-0.8 

W/g (as a function of ET), that are those effectively applied by the other authors (Gunjevic 

et al., 2021; Micalizzi et al., 2021). 

The average amount of CBD in the EOs, as quantified by GC-FID analysis, was 2.24 ± 1.32 

g/100 g with a maximum value of 4.76 g/100 g at high MP and long ET (run No 8). In this 

case, the comparison with literature data for EOs from dry hemp (Fiorini et al., 2020) gives 

opposite results regarding the yield, in fact, operating with fresh samples would provide a 

higher quantity of EO but lower CBD content. Again, this result agreed with previous reports 

both for HD (Fiorini et al., 2019) and MAE (Micalizzi et al., 2021), and could be explained 

by partial evaporation of the more volatile terpenes during sample pre-treatment (e.g., 

drying, grinding and storage).  

Regarding the absolute values of CBD, the literature comparison is quite complex due to 

significant differences in the applied analytical procedures. However, when data were 

acquired similarly and reported as the concentration in the EO, the general results seemed to 

be similar (Micalizzi et al., 2021), although the results from the latter researchers were 

obtained using milder conditions (lower MP, and shorter ET) with respect to those of the 

present study. 
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Figure 30. A) Qualitative chemical profile of EO (run No 8) obtained by GC-FID analysis and B) average quantitative 

composition of the EO obtained by the 18 MAE runs carried out according to CCD 
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Table 16. Chemical composition of hemp EOs produced during MAE runs No 1, 8, and 10 

N° Componenta RIb  

RI 

lit. c Relative peak area (%)     IDd 

    MAE   

       run 1 run 8  run 10  

1 

5,5-dimethyl-1-

vinylbicyclo[2.1.1]hexane 919 920 0.3 0.2 0.2 RI,MS 

2 a-thujene 927 924 0.1 tre 0.1 RI,MS 

3 a-pinene 933 932 21.8 19.5 20.6 Std 

4 camphene 948 946 0.2 0.2 0.2 Std 

5 b-pinene 976 974 5.6 5.2 5.6 Std 

6 myrcene 992 988 17.6 16.7 16.8 Std 

7 a-phellandrene 1004 1002 0.2 0.2 0.3 Std 

8 ŭ-3-carene 1010 1008 0.6 0.6 1.0 Std 

9 a-terpinene 1017 1014 0.1 0.1 0.2 Std 

10 p-cymene 1025 1020 0.2 0.2 0.2 Std 

11 limonene 1029 1024 2.3 1.8 2.1 Std 

12 1,8-cineole 1031 1026 0.2 0.1 0.1 Std 

13 (Z)-b-ocimene 1039 1032 0.3 0.3 0.3 Std 

14 (E)-b-ocimene 1049 1044 4.0 4.3 4.2 Std 

15 g-terpinene 1059 1054 0.1 0.1 0.2 Std 

16 terpinolene 1088 1086 8.2 8.9 12.4 Std 

17 (E)-caryophyllene 1421 1417 21.9 22.0 21.0 Std 

18 a-trans-bergamotene 1437 1432 1.8 1.7 1.4 RI,MS 

19 a-humulene 1455 1452 6.6 6.9 6.4 Std 

20 (E)-b-farnesene 1458 1454 1.5 1.4 1.1 Std 

21 allo-aromadendrene 1463 1458 0.7 0.8 0.5 RI,MS 

22 selina-4,11-diene 1486 1476 0.2 0.2 0.1 RI,MS 

23 b-selinene 1488 1489 0.9 1.0 0.6 RI,MS 

24 a-selinene 1497 1498 0.8 0.9 0.5 RI,MS 

25 ŭ-cadinene 1526 1522 0.1 0.1  RI,MS 

26 selina-4(15),7(11)-diene 1537 1544 0.5 0.3 0.2 RI,MS 

27 selina-3,7(11)-diene 1544 1538 1.1 0.8 0.6 RI,MS 

28 caryophyllene oxide 1586 1583 1.3 3.2 1.5 Std 

29 humulene epoxide II 1612 1608 0.2 0.7 0.2 RI,MS 

30 cannabidiol 2430 2430 tr 0.5 0.2 Std 

31 cannabichromene 2438 2440  tr tr RI,MS 

        

 Total identified (%)   99.2 99.1 98.8  
a Order of elution by an HP-5MS column (30 m x 0.25 mm, 0.1 µm). 
b Linear retention index according to Van den Dool and Kratz (1963). 
c RI from ADAMS and/or NIST 17 and FFNSC3 libraries. 
d Identification method: Std, comparison with analytical standard; RI, coherence of the calculated RI with those reported 

in ADAMS, NIST 17 and FFNSC3 libraries. MS, mass spectrum overlapping with those recorded in ADAMS, NIST 17, 

WILEY 275 and FFNSC3 libraries. 
e Traces, relative %<0.1.   
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Table 17. Best mathematical models for some of the responses and their evaluation parameters: coefficients of determinations (R2
adj and R2

pred), Mallows' Cp statistic and ANOVA results (P-

values of regression and lack of fit). The responses reported in this table are exclusively those having a statistically significant regression (P-Value regr < 0.05) and an adjusted multiple 

regression coefficient higher than 0.5 

Producta Response Best modelb R2 R2
adj R2

pred 
Mallowô

s Cp 

P-

Value 

regrc 

P-

Value 

LOFc 

EO 

yield (ml/Kg) 
y= -0.347 + 1.008 MP + 0.001 

ET- 0.339 MP2 
0.776 0.728 0.253 0.82 ***  ns 

myrcene 

(g/100 g) 

y= 24.46 -10.85MP-0.146ET -

0.070W +0.001ET2 -0.084MP*ET 

-0.087MP*W + 0.002 ET*W 

0.765 0.583 0.004 7.13 *  ns 

limonene 

(g/100 g) 

y= 5.196 -2.304MP-0.036ET 

+0.020W +1.0800MP2 -

0.015MP*W  

0.823 0.658 0.214 8.53 *  ns 

1,8-cineole 

(g/100 g) 

y= 1.838 +0.071MP-0.017ET -

0.009W -0.004 MP*W   
0.805 0.689 0.169 5.81 **  ns 

terpinolene 

(g/100 g) 

y= 3.83 -7.96MP+0.139ET +5.05 

MP2 -0.036 MP*ET   
0.804 0.716 0.652 5.65 **  ns 

CBD (g/100 

g) 

y= -4.016 + 3.218MP + 0.020ET 

+ 0.013W 
0.828 0.788 0.692 0.43 ***  ns 

AE 

Yield 

(mg/100 g) 

y= -534 + 904MP + 20.58W ï 

485MP2 
0.892 0.870 0.779 0.29 ***  ns 

TPC (mg 

GAE/g AE) 

y= 82.9 + 11.35MP -0.141ET 

+1.357Wï 0.016W2 
0.667 0.546 0.359 1.34 *  ns 

TFC (mg 

rutin eq./g 

AE) 

y= 123.6 + 6.42MP -1.525ET 

+0.567W +0.005ET2-0.010W2+ 

0.005ET*W 

0.854 0.757 0.451 4.56 **  ns 

DPPH (mg 

TROLOX 

eq./g AE) 

y= -29.5 + 140MP +0.099ET 

+0.217W ï 55.9MP2 
0.748 0.657 0.389 1.61 **  ns 

HE 
CBD 

(g/100g) 

None of the tested models is able to describe the CBD amount in the biomass residue as a 

function of the experimental conditions applied during MAE (for all the tested models the 

regression was not statistically significant) 

a EO, essential oil; AE, lyophilized aqueous extract; HE, residual biomass hexane extract. 

b The models are reported using the coefficients calculated from the uncoded variables. 
c The results of P-value columns are reported as follows: ns = P > 0.05; * 0.05 < P < 0.01; ** 0.01 < P < 0.001; *** P < 0.001 
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Figure 31. Surface plots for the yield (%) and the CBD concentration. The plots show the effect of MP and ET keeping 

constant the added water at the coded level of 0 (the added water was never a relevant parameter for yield (%) and the 

CBD amount) 

 

4.3.2 Analysis of AE 

Yield, TPC, TFC and antioxidant activity 

One of the waste products of MAE is represented by the aqueous residue, resulting mainly 

from the added water for the MAE process and the moisture of the fresh biomass (the water 

content of fresh hemp was 71.3 ± 0.8%). According to previous studies, this aqueous residue 

should be rich in valuable water-soluble compounds such as polyphenols (Driniĺ et al., 2020; 

Mateġiĺ et al., 2021). The DoE analysis was carried out on the process yield, TPC and TFC, 

and DPPH radical scavenging activity. All the four responses were well described by the 

models (R2
adj > 0.54, and regression was always statistically significant). The models and 

their evaluation parameters are reported in Table 17, while the graphical representation of 

the models through the surface plots is given in Figure 32.  

The description of the AE yield by the model was very adequate, resulting in being almost 

completely dependent on the W%. When this was under 10%, the model predicted a yield 

equal to 0, which is in accordance with the results of runs No 10 and 13, where no aqueous 

residue (and consequently no AE) was obtained. Notably, both runs were characterized by 

low and very low amounts of W%, respectively. Similar results were found for the TFC 

(W% is the main parameter), even if, in this case, the ET is an important factor as well. On 

the other hand, the DPPH results depended mainly on the MP parameter, while the TPC, 

despite being significantly affected in a statistically significant manner by all the investigated 

factors, was characterized by a low variability, which probably explains the poorer 

regression performance with respect to the other AE responses (Table 17). A comparison of 

these results with the literature appears difficult. In fact, although there are two other studies 

on the DoE analysis of microwave-assisted liquid extraction of antioxidant compounds from 
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cannabis (Driniĺ et al., 2020; Mateġiĺ et al., 2021), these were focused on the extraction of 

antioxidants by means of organic solvents, without recovering the EO, and consequently are 

not relevant to the results from this work. For instance, TPC results by Driniĺ et al. (2020) 

are in the range of 0.8-2.7 mg GAE/mL, those of Mateġiĺ at al. (2021) in the range of 5-35 

mg GAE/gdry biomass, while the ones of this study are in the range of 94-125 mg GAE/gAE. The 

TPC results of the present work can only be compared with that of Gunjevic et al. (2021), 

who used a similar procedure although for a single sample, which is a major limitation. They 

obtained a value of 55 mg GAE/glyophilized extract, which is about half of the average value 

found in our study, accounting for 109.5 ± 9.3 mg GAE/gAE). According to the regression 

model obtained for TPC, a value of around 50 mg GAE/glyophilized extract can be obtained 

operating at very low MP, which is compatible with the power value of 0.21 W/g, applied 

by Gunjevic et al. (2021). 

 

Figure 32. Surface plots showing the effect of the two most relevant parameters on the AE yield, TPC, TFC and antioxidant 

capacity. In each graph, the not reported experimental parameter was always not statistically significant and, when present 

in the models, it was kept constant at the coded level of 0  
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4.3.3 Analysis of residual biomass  

CBD content in HE 

The obtained residual biomass was the remaining material after MAE of the EO and removal 

of the aqueous residue. This residual biomass could represent a valuable source of 

phytocannabinoids, since MAE of EO reduces the content of this fraction only in a marginal 

way Gunjevic et al. (2021), while the aqueous residue is mainly composed of hydrophilic 

compounds (Driniĺ et al., 2020; Mateġiĺ et al., 2021). No burning of the residual biomass 

samples was noted during the 18 MAE runs, meaning that all the different experimental 

conditions applied during the CCD do not completely lead to water evaporation with 

consequently quick temperature increment (temperature above 100°C), sample burning, and 

organic compounds degradation. 

After the 18 extraction runs the average amount of CBD still included in the residual biomass 

was equal to 2.35 ± 0.47 g/100 gdry biomass. The initial CBD amount (in no MAE-treated 

samples) was 3.10 ± 0.25 g/100 gdry biomass. Therefore, the amount of CBD still available after 

MAE was 75.84% ± 15.01 relative to its amount prior to MAE.  

The multiple regression of CBD amount in the residual biomass was not statistically 

significant, namely no relationships can be identified between the CBD in the residual 

biomass and the MAE operative parameters. This result could be due to several factors, such 

as an effective absence of any relationships between response and parameters, the use of 

inadequate mathematical models, or an excessive variability of the results. The variability 

between the repeated runs (from No 15 to 18) and the others was comparable (values of 

coefficient of variation of 19.28% vs. 17.03%) (Figure 33). So, the issues in multiple 

regression of CBD appear to be related to the intrinsic variability of CBD in the samples. 

 

Figure 33. Comparison between the CBD concentration in the residual biomass of the 

unreplicated runs (from No 1 to 13) and the replicated runs (from No 15 to 18) 
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4.3.4 Optimization and validation of MAE process 

The optimization process was performed only on the responses that can be efficiently 

modelled, and which are considered relevant for the quality of the whole MAE process, 

namely the EO yield and CBD content, and the AE yield, TPC, TFC, and antioxidant 

efficacy. All these responses varied in a different manner as a function of the experimental 

parameters. As an example, the yield and CBD amount in the EO were not influenced by the 

amount of the W%, while they could be maximized operating at high MP. On the other side, 

the AE yield required high W%, while the MP displayed no effect at all.  

A general overview of how the experimental parameters maximize all the six responses at 

the same time can be obtained, mapping the variation of D (composite desirability) as a 

function of the MP, ET, and W%. Since there are three independent and one dependent 

variables, the W% was maintained constant at a fixed level of 62, 55, 48, 41, 34, and 27% 

(panels A-F in Figure 34) to obtain a 3D surface map. The surface map presented two distinct 

areas with a desirability higher than 0, meaning that all the considered responses were all 

together over the minimum level of acceptability. Notably, the two areas had their maximum 

at a high level of W% (> 48%) and tended to lower and to disappear with the decrease of the 

W%. This behaviour as a function of the water was mainly related to the yield of AE, that 

was strongly affected by the amount of W%. The two areas were both located at 

medium/high MP values, but they differed in the length of the extraction process. From the 

analysis of the partial desirability function (Dp), the biggest area, characterized by 

medium/high MP and long ET, allowed to satisfactorily maximize all the responses with the 

exception of TPC (Dp around 0.3), while the smaller zone, at medium/high MP and short 

ET, ensured poor performances in terms of TFC and CBD content in the EO (Dp around 0.2 

and 0.1 for TFC and CBD, respectively). The presence of two separate areas where D is 

higher than 0 could be explained by the uncommon behaviour of TFC, which showed two 

maxima at long and short ET (Figure 32).  

The model validation was carried out by running two further extractions, V1 and V2, 

selecting the experimental parameters as those assuring peaks in the two different areas 

where D was higher than 0. Notably, the V1 run can be identified as the optimized extraction 

since it possesses the highest D value among all the possible ones. The applied experimental 

conditions, the D values, the predicted values, and the 95% interval of predictions are 

presented in Table 18. The results obtained in the validation runs were close to the predicted 
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ones and always within the limit of 95% interval of prediction (Figure 35), confirming the 

reliability of the model obtained with the DoE analysis.
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Figure 34. 3D surface map depicting the variation of D (composite desirability) as a function of the MP, ET, and W%. The W% was kept constant at a fixed level of 62, 55, 48, 41, 34 and 27% 

(panels A-F, respectively) 
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Table 18. Applied experimental conditions, D values, predicted values, and 95% interval of predictions of the validation runs V1 and V2 

Validation 

run 

 MAE conditions 

Composite 

desirability  
Responses  

Predicted 

value 

95% 

interval of 

prediction 
Microwave 

power (W/g) 

Extraction 

time          

(min) 

Added water      

(%) 

V1 1.5 160.5 55.4 0.68 

EO yield 0.55 0.38-0.72 

EO CBD 4.7 3.1-6.3 

AE yield 870 547-1194 

AE TPC 109 93-127 

AE TFC 73 53-92 

AE DPPH 83 61-105 

V2 1.5 79.2 60.6 0.42 

EO yield 0.48 0.32-0.63 

EO CBD 3.2 1.6-4.7 

AE yield 978 647-1309 

AE TPC 118 101-136 

AE TFC 68 51-85 

AE DPPH 76 54-97 
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Figure 35. Comparison of the results obtained from the runs V1 and V2 against the desirability predicted values  

 

4.3.5 LC-DAD-MSn analysis of AE and HE 

The run V1 represented the optimized extraction using the MAE-based developed method 

having the highest D value. In order to support a possible industrial application of AE and 

HE deriving from this best extraction, a comprehensive HPLC-DAD-MSn analysis was 

carried out. 

Bioactive compoundsô identity was assessed through reference compounds and literature 

data, furthermore, annotation of other derivatives was obtained by comparison of our data 

with literature as indicated in Table 19 and Table 20, which contain the HPLC-DAD-MSn 

analysis results for AE and HE, respectively. The total content of flavonoids and other 

phenolic derivatives in AE sample was 78.38 and 8.87 mg/g, respectively. As previously 

indicated, luteolin-glucuronide (m/z 461) and apigenin-glucuronide (m/z 445) were the most 
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significant compounds (André et al., 2020). Other apigenin and luteolin derivatives were 

also found, along with gallocatechin, which were all present in remarkable amounts. HPLC-

MSn in positive ion mode was employed to evaluate the presence of cannabinoids. In the AE 

only CBD was quantified, while other cannabinoids were below the limit of detection. The 

amount of CBD was 0.85 mg/g. The results showed that AE obtained by the optimized MAE 

conditions could be a source of bioactive phenolic constituents, notably glycosidic flavones, 

with phytocannabinoids being almost missing (Table 19). The abundance of these bioactive 

compounds may explain the significant values obtained in terms of TPC (99 ± 8.9 mg GAE/g 

AE), TFC (78 ± 4.7 mg rutin eq./g AE), and DPPH radical scavenging activity (92 ± 5.5 mg 

TROLOX eq./g AE). 

Regarding HE composition, all the phenolic constituents that were found in AE were not 

present in HE, which was expected because the hexane extraction of phenolics and their 

glycosylated forms is highly unlikely due to solubility issues. On the other side, HE was 

characterized by a significant amount of cannabinoids, with CBD as the most abundant one. 

The residual material, although treated with MAE, still represents a noteworthy source of 

cannabinoids to be further exploited on an industrial level. Literature data mention a medium 

value of 2-3% (w/w) of CBDA, and around 0.5% (w/w) of CBD for Futura 75 (Mandrioli et 

al., 2019). So, our results indicated that mostly decarboxylated and partially non 

decarboxylated cannabinoids were left in the plant material after MAE. Notably, CBD was 

by far the predominant compound (160.5 mg/g). Other minor cannabinoids present in the 

neutral form were cannabinol (15 mg/g), a tetrahydrocannabinol isomer (9.7 mg/g), and 

hydroxycannabidiol (3.9 mg/g). The HPLC analyses evidenced that MAE did not completely 

decarboxylate all acid forms of cannabinoids since CBDA (14.4 mg/g), its derivative (4.3 

mg/g), cannabidivarinic acid (3.0 mg/g) and hydroxycannabidivarinic acid derivative (2.4 

mg/g) were detected in the extract (Table 20). Notably, the ratio of 

cannabinoids/cannabinoid acids was 7.5 in HE obtained from the residual biomass, while 

the same ratio obtained from untreated plant material was mostly < 0.1, with large amounts 

of acid forms.  

In conclusion, the by-product generated during MAE can be re-used for extraction and 

purification of cannabinoids that are mostly present in decarboxylated forms, with CBD as 

the most representative component. An important fraction of polyphenols such as glycosidic 

flavones can be recovered as well, giving certainly an added value for the pharmaceutical 

and cosmetic markets. 
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Table 19. Constituents of AE from run V1 as evaluated by LC-DAD-MSn analysis  

Constituent 
Retention 

time (min) 
[M+H] - MS2 MS3 

Concentration 

(mg/g) 
Reference 

Flavonoids      

apigenin 6,8-di C-

glucoside* 
8.6 593 

503 473 383 

353 
383 353 5.99±0.08 

Benayad and 

Gómez-

Cordovés 

(2014) 

luteolin di-C-hexoside 9.2 609 
489 429 357 

327 
299 284 6.94±0.06 

Nagy et al. 

(2019) 

luteolin C-(hexoside-O-

rhamnoside) 
9.6 593 

473 429 357 

327 
299 284 4.61±0.05 

Nagy et al. 

(2019)  

vitexin 2ǌO glucoside* 9.7 593 473 413 293 293 7.22±0.07 
Shrestha et al. 

(2020) 

apigenin C-(hexoside-

O-rhamnoside) 
10.1 577 457 413 293 293 1.72±0.02 

Nagy et al. 

(2019) 

eriodictyol-7-O-

glucoside* 
10.6 449 269 

251 225 

209 
3.77±0.02 

Friġļiĺ et al., 

2016 

luteolin-7-O-

glucuronide* 
10.9 461 

285 381 357 

327 

241 217 

199 175 

151 

31.10±0.10 
Nagy et al. 

(2019) 

apigenin glucuronide 11.9 445 269 
225 183 

151 
15.43±0.08 

Nagy et al. 

(2019) 

O-methyl luteolin 

glucuronide 
12.4 475 299 284 0.62±0.01 

Nagy et al. 

(2019) 

total     78.38  

other phenolics       

(-)-gallocatechin 1.7 305 175 147 131 2.70±0.03 
Yuzuak et al. 

(2018) 

caffeoyl-O-hexoside 1.8 341 179 161 143 2.72±0.04 
Yuzuak et al. 

(2018) 

protocatechuic acid 

hexoside 
6.1 315 153 109 0.79±0.01 

Dall'Acqua et 

al. (2020) 

unidentified 12.2 551 
389 371 345 

327 

327 317 

301 
2.67±0.02  

total     8.87  

 

organic acids 
      

citric acid* 2.5 191 173 111 67 2.15±0.03  

cannabinoids      

cannabidiol * 28.3 315 
259 233 193 

135 123 

231 217 

189 161 
0.85±0.01  

* indicates identification with reference standards. 
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Table 20. Constituents of HE from run V1 as evaluated by LC-DAD-MSn analysis 

Constituents 
Retention 

time (min) 
[M+H] + MS2 MS3 

Concentration 

(mg/g) 
Reference 

Cannabinoids 

(neutral forms) 
     

hydroxy- 

tetrahydrocannabinol 
24.8 331 

313 273 221 

205 193 181 

133 

271 243 

231 193 
1.90±0.05 

Maralikova 

and 

Weinmann 

(2004) 

unidentified cannabinoid 25.6 315 
259 233 193 

135 123 

231 217 

189 161 
3.04±0.07  

cannabidivarin* 26.1 287 
231 205 193 

165 153 135 
3.37±0.08 

McRae and 

Melanson 

(2020) 

hydroxy-cannabidiol 27.8 331 313 193 

271 257 

243 231 

193 

3.85±0.06 

Maralikova 

and 

Weinmann 

(2004) 

cannabidiol * 28.3 315 
259 233 193 

135 123 

231 217 

189 161 
160.45±0.11  

cannabinol* 29.7 311 293 241 223 
223 208 

195 
14.95±0.09 

McRae and 

Melanson 

(2020) 

tetrahydrocannabinol 

isomer 1 
30.3 315 

259 233 193 

135 123 

231 217 

189 161 
2.74±0.04 

McRae and 

Melanson 

(2020) 

tetrahydrocannabinol 

isomer 2 
30.7 315 

259 233 193 

135 123 

231 217 

189 161 
9.70±0.08 

McRae and 

Melanson 

(2020) 

cannabicyclol 31.3 315 
259 233 193 

135 123 

231 217 

189 161 
0.09±0.01 

McRae and 

Melanson 

(2020) 

total     200.10  

unidentified 30.9 593 533 
461 433 

477 417 
9.78±0.08  

cannabinoids (acid forms)      

hydroxy-cannabidivarinic 

acid derivative 
22.3 347 329 311 205 2.38±0.03  

cannabidivarinic acid 23.5 329 311 268 173 3.04±0.03 
Nagy et al. 

(2019) 

hydroxy-cannabidivarinic 

acid derivative 
24.1 345 327 309 309 285 1.36±0.02  

hydroxy-cannabidivarinic 

acid derivative 
24.6 345 

327 285 271 219 

191 
0.85±0.01  

cannabidiolic acid * 27.7 357 339 
324 295 

271 227 
14.35±0.09  

cannabidiolic acid 

derivative  
29.0 525 339 

295 271 

227 
4.28±0.06  

total     26.25  

geranyl-flavones      

cannflavin C* 25.0 435 - - 0.01±0.01 
 Pavlovic et 

al. (2019) 

cannflavin A* 26.9 435 420 351 
336 323 

309 
0.26±0.01 

Pavlovic et al. 

(2019) 

total     0.27  

* indicates identification with reference standards. 
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4.3.6 Biological assays of AE and HE 

HPLC-DAD-MSn analysis revealed a significant amount of phenolic constituents and 

cannabinoids in AE and HE, respectively. Literature data indicate that these compounds 

possess enzyme inhibition capacity (Ma et al., 2021; Proença et al., 2017). For this reason, 

AE and HE were subjected to different bioassays to determine their biological effects in 

terms of antidiabetic and anti-obesity potential. In this respect, these extracts were tested as 

enzyme (Ŭ-glucosidase and lipase) inhibitors but also for their capacity to reduce the 

formation of AGEs and superoxide radicals. 

Table 21 shows the results of the IC50 values for the different assays; it can be noted that AE 

was the most promising extract in terms of Ŭ-glucosidase inhibition and as a superoxide 

radical scavenger. Both AE and HE were able to inhibit AGEs formation, but none of them 

could act as lipase inhibitors (Figure 36). It is worth noting that AE is more potent than the 

reference drug acarbose as a glucosidase inhibitor; this aspect is probably due to the specific 

phenolic profile of this extract, particularly in terms of flavonoids. In fact, the report by 

Proença et al. (2017) evidenced the efficacy of flavonoids in inhibiting Ŭ-glucosidase.  

Natural Ŭ-glucosidase inhibitors have already been found in C. sativa samples (Ma et al., 

2021; Ren et al., 2016). In particular, Ma et al. (2021) described the moderate inhibitory 

effect of CBD on Ŭ-glucosidase, while the same activity was reported for oligopeptides from 

hemp seed protein, by Ren et al. (2016). Anyway, this is the first time that hemp by-products 

of EO extraction are presented as interesting substances endowed with bioactive compounds 

exerting antidiabetic and antioxidant potential. Both AE and HE were capable of inhibiting 

the formation of AGEs, a property never reported before. Consequently, polyphenolic 

compounds detected in AE are responsible for these effects; on the other hand, HE could not 

inhibit Ŭ-glucosidase, probably because phytocannabinoids do not behave as strong enzyme 

inhibitors, at least in the Ŭ-glucosidase and pancreatic lipase tests. Orlistat is a well-known 

drug acting as a pancreatic lipase inhibitor in overweight and obese patients. Although it is 

not a polyphenolic compound, certain flavonoids like quercetin have proven the capacity to 

inhibit pancreatic lipase (Buchholz and Melzig, 2015). However, in this case AE does not 

include quercetin, which could explain in part the lack of activity and the fact that most of 

the flavonoids in AE are in the form of glycosides, avoiding enzymeïcompound interactions 

in pancreatic lipase (Buchholz and Melzig, 2015). Thus, it can be deduced that hemp 

hydrophilic compounds with radical scavenging, AGEs and glucosidase inhibitory activities 

might be very useful to treat metabolic disorders.
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Table 21. Inhibitory activities of the extracts (IC50 values presented in Õg/mL) in the Ŭ-glucosidase, superoxide radical scavenging and AGEs assays. Data were represented as mean ± standard 

deviation (n = 3); -, not determined due to very low activity. Lipase inhibition was not detected 

 Ŭ-Glucosidase Superoxide radical 

scavenging 

AGEs 

AE 164.1±10.08 7.06±2.13 169.1 

HE - 63.84±2.86 183.5±71.61 

Acarbose 294.34±34.18 - - 

Gallic acid - 0.034±0.016 - 

AMG  - - 63.42±14.46 
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Figure 36. Radical scavenging activity against superoxide radicals generated by the xanthine/xanthine oxidase system
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4.4 Conclusions 

The MAE process of the hemp EO and its by-products AE and HE was investigated and 

optimized using a DoE statistical approach. The used operative parameters (MP, ET, and 

W%) affected in a different manner the quality and quantity of the obtained products, with 

the exception of the HE. All the studied responses, yields, CBD content in the EO, and the 

polyphenols, flavonoids, and radical scavenging activity of AE, were optimized 

(maximized) by applying high MP and ET, using W% in the range of 50-60%. The optimized 

conditions were experimentally validated, and the two obtained by-products were further 

evaluated for composition and biological activity. The AE was rich in phenolic compounds, 

especially glycosidic flavones, and acted as a superoxide radical scavenger, AGEs, and Ŭ-

glucosidase inhibitor. The latter activity is particularly promising since the AE performed 

considerably better than the reference compound acarbose. The HE presented a significant 

content of cannabinoids, especially in the decarboxylated forms, CBD being the predominant 

one. It could reduce AGEs formation and scavenge superoxide radicals, even in less extent 

than AE. The results of this study support the valorisation of industrial hemp EO and the by-

products of its extraction, representing a sustainable and eco-friendly method with almost 

no waste. Cannabinoids along with other valuable bioactive compounds such as glycosidic 

flavones, may be obtained from the residues of the EO extraction, being interesting 

molecules for the pharmaceutical, cosmetic, and nutraceutical sectors. In addition to the 

known applications, this work also suggests the potential use of the AE as an adjuvant in the 

treatment of metabolic disorders such as type 2 diabetes and obesity. 

 

 

 

 

 

 

 

 

 

 



153 
 

5. Evaluation of two C. sativa extracts as antioxidant and 

neuroprotective agents 

 

5.1 Work introduction and aim  

C. sativa, used since antiquity as a source of ýber, food, oil, and medicines, as well as for 

recreational and religious purposes (Russo et al., 2008), contains a series of chemically 

active compounds such as cannabinoids, terpenes, þavonoids and alkaloids (Andre et al., 

2016). Flavonoids are a class of phenolic and, therefore water-soluble compounds from 

plants with proven positive effects on numerous common diseases such as chronic 

inþammation, cancer, neurodegenerative disorders, cardiovascular complications, and 

hypoglycemia (Cermak, 2007; Chen and Luo, 2010). Flavonoids are classiýed based on their 

structural variations, the most representative being þavones, þavonols, þavanones, 

anthocyanins, and chalcones (Peñarrieta et al., 2014). The major þavonoids found in C. 

sativa are þavone glycosides among which luteolin-7-O-glucuronide and apigenin 

glucuronide are the most significant compounds (Bautista et al., 2021). In contrast, 

phytocannabinoids are lipophilic constituents and are distinguished into neutral 

cannabinoids (with no carboxyl group), and cannabinoid acids (with a carboxyl group). In 

C. sativa, cannabinoids are biosynthesized and accumulated as cannabinoid acids and then 

decarboxylated to their neutral forms. In this manner, CBDA and THCA are produced from 

CBGA, from which the neutral forms CBD and THC are obtained by decarboxylation 

(Sirikantaramas and Taura, 2017). Despite the structural similarity between CBD and THC, 

CBD has low agonism for cannabinoid receptors. Current evidence indicates that CBD 

possesses anticonvulsant, antispasmodic, anxiolytic, anti-nausea, anti-rheumatoid arthritis, 

and neuroprotective activities (Ibeas Bih et al., 2015). Recently, CBD has been reported to 

act as an inverse agonist of orphan G-protein coupled receptors like GPR3, GPR6, and 

GPR12, suggesting new therapeutic applications of CBD for Alzheimerôs and Parkinsonôs 

disease, cancer, and infertility (Laun et al., 2018). Phytocannabinoids and polyphenols from 

C. sativa can affect redox balance by modifying the level and activity of oxidants and 

antioxidants (Pellati et al., 2018a). Similarly to other antioxidants, CBD, THC, and 

þavonoids of this plant interrupt the chain reactions of free radicals, neutralizing them or 

converting them into less active forms. Furthermore, they counteract oxidative conditions 

by preventing the formation of superoxide radicals, which are especially generated by 

xanthine oxidase, and also decrease the production of reactive oxygen species (ROS) by 
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chelating transition metal ions (Atalay et al., 2019; Pollastro et al., 2017). Oxidative stress 

has been related to chronic inþammation in neurodegenerative disorders such as 

Alzheimerôs, Parkinsonôs disease, and amyotrophic lateral sclerosis (ALS), with an 

increasing number of elderly individuals suffering from it (Peng et al., 2020). The brain is 

especially susceptible to oxidative stress and damage, due to its high oxygen consumption, 

its scarce antioxidant defences, and its high content of polyunsaturated fats, which are very 

prone to oxidation (Rodriguez-Martin et al., 2019). CBD displays antioxidant effects that 

depend on its chemical structure, demonstrating neuroprotective properties by reducing 

oxidative parameters and enhancing cell viability. Campos et al. (2016) observed that, in 

patients with Alzheimerôs or multiple sclerosis who have been pre-treated with CBD, the 

accumulation of ROS, lipid peroxidation, caspase-3 levels, and DNA fragmentation had 

been decreased in stimulated pheochromocytoma (PC12) cells. Some reports suggest that 

THC also is endowed with neuroprotective properties since it inhibits the decrease in 

dopamine content and tyrosine hydroxylase activity by reducing oxidative stress (Junior et 

al., 2019). Another work on PC12 and neuroblastoma (SH-SY5Y) cells subjected to 6-

hydroxydopamine (6-OHDA) and supplemented with polyphenols such as protocatechuic 

acid (PCA), gallic acid, cyanidin, and delphinidin metabolites, confirmed an increase in the 

activity and expression of antioxidant proteins regulated by nuclear factor-erythroid factor 

2-related factor 2 (Nrf2) (Chandrasekhar et al., 2018; Zhang et al., 2015). Moreover, luteolin 

is a neuroprotective þavonoid that inhibits nitric oxide (NO), hydrogen peroxide (H2O2), and 

malondialdehyde (MDA), and normalizes superoxide dismutase (SOD), 

acetylcholinesterase (AChE), and glutathione S-transferase activities in rats (Akinrinde and 

Adebiyi, 2019). In addition, apigenin has shown to be a natural anti-carcinogenic, anti-

inþammatory, and antioxidant scavenger against oxidative stress, and also to increase 

intracellular antioxidant defences, as well as it has been investigated for Alzheimerôs disease 

model as a potential drug in mice (Nabavi et al., 2018). Because of the beneýts of different 

compounds from C. sativa (mainly CBD and THC), the idea of producing medicines or food 

supplements based on cannabinoids has been recently reinforced. That is why the approval 

of some cannabinoids by the FDA has opened the horizon for the application of these natural 

drugs as medicines. In June 2018, the FDA approved the ýrst CBD drug called EpidiolexÈ, 

for the treatment of refractory epilepsy (ERT), including Lennox-Gastaut syndrome (LGS) 

and Dravet syndrome (SD), and Sativex®, a drug based on THC and CBD, for the treatment 

of spasticity induced by multiple sclerosis (Li et al., 2020). On the other side, the 
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pharmacological potential of the more polar fraction of C. sativa extract, with þavone 

glycosides as the major constituents, is little known. 

For this reason, the aim of this work is to clarify the antioxidant properties of two extracts 

of industrial C. sativa (hemp), namely the lipophilic (hexanoic) fraction, vastly composed of 

phytocannabinoids, and the hydrophilic (aqueous) fraction, containing mainly polyphenols 

such as þavones. The pharmacological role of these extracts as neuroprotective agents can 

be considered after these encouraging results. 
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5.2 Material and methods 

5.2.1 Chemicals and reagents 

Neuro-2a (N2a) cell line was provided by the Collection (ATCC, Manassas, VA, United 

States) while MTT, BSA, penicillin, streptomycin, DPPH, Trolox, Monoamine oxidase A 

(MAO-A), Trizma base, 4-aminoantipyrine, 5,5ǋ-dithiobis-(2-nitrobenzoic acid) (DTNB), 

tyramine, levodopa (L-DOPA), horseradish peroxidase, 2,2ǋ-azobis (2-methyl- 

propionamidine)-di-hydrochloride (AAPH), hydrogen peroxide (30%), vanillic acid, 

tyrosinase, 2,4,6-Tris (2-pyridyl)-1,3,5-triazine (TPTZ), galantamine, 2ǋ,7ǋ- 

Dichlorodihydroþuorescein Diacetate (DCFH-DA), xanthine, ferrous sulfate (FeSO4), 

AChE, and acetylthiocholine iodide (ATCI) were obtained from Sigma- Aldrich (Madrid, 

Spain). Clorgiline and Ŭ-kojic were from Cymit química (Barcelona, Spain). Moreover, 

Na2CO3, HCl, NaCl, DMSO, methanol, and potassium phosphate were supplied from 

Panreac (Barcelona, Spain). Dulbeccoôs modiýed Eagleôs medium (DMEM), FBS, NBT and 

xanthine oxidase were bought from Vidrafoc (Barcelona, Spain) and iron chloride (FeCl3) 

from Laboaragon (Zaragoza, Spain). All reagents used were of analytical grade. 

5.2.2 Plant material and extraction process 

Futura 75 hemp frozen inþorescences, grown in Fiuminata (central Italy; 43Á 10ǋ 40ǌ N, 12Á 

56ǋ 59ǌ E; 451 m asl), were used to produce the extracts by MAE, employing a Milestone 

ETHOS X system (Milestone, Italy) (Mazzara et al., 2022a). The process was realized by 

applying a microwave power of 1.5 W/g, an extraction time of 160.5 min, and a percentage 

of added water into the reactor of 55.4%. The two products, namely the aqueous extract and 

residual biomass, were recovered from the reactor to be studied. Before analysis, the aqueous 

extract was ýltered, stored at ī20ÁC, and then lyophilized through a BUCHI Lyovapor L-

200 (B¿chi Labortechnik AG, Flawil, Switzerland) at ī54ÁC, 10ÁC shelf temperature, and 

0.05 mbar pressure. The obtained lyophilized aqueous extract (AE) was ground with a mortar 

and pestle, and the powder was stored at 4°C until characterization. On the other side, the 

residual biomass was subjected to drying for 24 h at 60°C in a ventilated oven (Biosec, Tauro 

Essiccatori, Vanzo Nuovo, Vicenza, Italy), and kept at room temperature in the dark. Then, 

it was milled by a MFC, IKA-Werk (Staufen, Germany), and extracted with analytical-grade 

n-hexane (Sigma-Aldrich) in an ultrasound bath (AU-220, Argo Lab, Carpi, Italy) for 20 

min at room temperature, to obtain the residual biomass hexane extract (HE). 

 



157 
 

5.2.3 Neurodegenerative enzymes 

A wide range of concentrations of both hemp extracts was selected to inhibit MAO-A and 

AChE, which are CNS related enzymes with important pharmacological applications. 

Acetylcholinesterase inhibition assay 

The samples were tested for AChE inhibition through the Ellmanôs method with slightly 

changes (Rhee et al., 2001). Each well contained a mix of ATCI (15 mM), DTNB (3 mM) 

in a Tris-HCl buffer (50 mM, pH = 8); BSA, and selected range of concentrations for samples 

or buffer (control). After all, AChE enzyme (0.22 U/L) was added to begin the reaction. 

Galantamine was used as the reference drug. Optical density was read in a 96-well plate at 

405 nm 13 times. 

Monoamine oxidase-A inhibition assay 

Hemp extracts were evaluated for MAO-A inhibition as previously described by Olsen et al. 

(2008). Each well contained a specific range of concentrations for hemp extracts or buffer 

(control), chromogenic solution (0.8 mM vanillic acid, 417 mM 4-aminoantipyrine and 

horseradish peroxidase (4 U/mL) in potassium phosphate buffer pH = 7.6), tyramine (3 mM) 

and MAO-A (8 U/mL). Clorgiline was used as the reference drug. The absorbance was read 

at 490 nm every 5 min for 30 min in a FLUOstar Omega microplate reader (BMG Labtech, 

Ortenberg, Germany). 

5.2.4 Antioxidant proýle 

Antioxidant capacity was determined by four complementary methods, namely DPPH, 

superoxide radical, FRAP, and ORAC. 

DPPH scavenging capacity 

The neutralization of DPPH radicals was carried out according to the modiýcations by López 

et al. (2007). The same parts of extracts and DPPH solutions (0.04 mg/ml in methanol) were 

mixed in a 96-well plate. Antiradical activity was measured at 516 nm after incubation in 

the dark for 30 min at room temperature. Ascorbic acid was employed as a positive standard. 

Superoxide radical reduction by xanthine/xanthine oxidase system 

The substrate xanthine and the enzyme xanthine oxidase can be employed to evaluate the 

potential reduction of superoxide radical by the formation of the NBT-radical superoxide 

complex. As well as DPPH assay, several dilutions were prepared to establish IC50 values. 
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The assay was performed in a 96-well microplate containing a mix of diluted concentrations 

(30ï1,000 ɛg/ml) of hemp extracts/buffer, Na2CO3 (16 mM), NBT (22.8 µM), xanthine (90 

µM), and xanthine oxidase (0.168 U/mL). Ascorbic acid was used as a positive standard. 

Then, the mix reaction was incubated for 2 min at 37°C, and absorbance was read at 560 nm 

(Rodríguez-Chávez et al., 2015). 

Ferric reducing antioxidant power (FRAP) 

FRAP assay was realized to evaluate antioxidant properties of hemp extracts. The reaction 

measures the reduction of TPTZ to a blue product using FeCl3 and buffer solution at 595 nm 

(Fernández-Moriano et al., 2016). Hemp extracts were combined with fresh daily FRAP 

reagent and incubated for 30 min at 37°C. Then, FeSO4 was used as a standard to indicate 

results as µmol Fe2+/g extract. 

Oxygen radical absorbance capacity (ORAC) 

ORAC assay revealed the capacity of hemp extracts to scavenge peroxyl radicals. The 

procedure was modified from Dávalos et al. (2004), and Trolox (100 µM) was the 

antioxidant reference compound. Samples were incubated with þuorescein (116 nM) for 10 

min at 37°C in a dark plate. Then, AAPH (40 mM) was included to the wells and 

þuorescence loss was determined at excitation and emission wavelengths of 485 nm and 520 

nm, respectively. The spectrophotometer Synergy H1 BioTek was employed for this assay, 

and results were expressed as µmol Trolox equivalents (TE)/mg sample. 

5.2.5 AE activity on Neuro-2a cells 

Cell culture 

Neuro-2a cells (ATCC® CCL-131) were defrosted and cultured in 10% FBS-supplemented 

high-glucose DMEM and 1% penicillin-streptomycin, seeded in a T25 þask, and placed into 

the incubator (5% CO2, 37°C). The experiments occurred between passages 12ï18. Density 

for a 96-well plate was 1 × 104 cells/well to perform each assay. 

Treatment solutions 

Stock solutions of AE (1.000 ɛg/ml) were prepared in sterilized PBS. The sample was 

vortexed and ýltered with a 0.22-Õm syringe ýlter. Hydrogen peroxide (1,000 µM) was 

prepared daily and added to the cells at a ýnal concentration of 300 ÕM (1 h) inducing 

oxidative stress in the cells. 
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MTT assay 

Mitochondrial response was determined by MTT assay. Initially , the cytotoxicity of the 

extract was evaluated in the concentration range 25ï1,000 ɛg/ml. In addition, the 

cytoprotective properties of AE and HE were assessed on Neuro-2a running again in a 

different condition by using hydrogen peroxide (300 µM) as a neurotoxic agent causing 

oxidative stress for 1 h. After that time, the prooxidant was removed, and cells were cultured 

for 24 h in 1% FBS-supplemented high-glucose DMEM. After treatments, MTT solution 

was added to the cells and, after formazan crystals were dissolved, absorbance was read at 

550 nm using a Synergy H1 BioTek microplate reader (Agilent Technologies, Madrid, 

Spain). Results were indicated as percentage of control, and experiments were carried out at 

least four times. 

ROS production 

Neuro-2a cells were treated with different concentrations of hemp AE and HE, and hydrogen 

peroxide simultaneously. Intracellular ROS were revealed by using DCFH-DA as a 

þuorescent probe. The experiment was performed based on the protocol reported by LeBel 

et al. (1992), with some adjustments. ROS generation was detected at 480 nm of excitation 

and 510 nm of emission at 37°C for 90 min. 

Microscopy 

Direct visual observation of the treated cells for any morphological changes or toxicity was 

carried out under an inverted microscope (Leica DMi1, 40x and 100x). Images were taken 

with Leica Las X software. 

5.2.6 Statistical analysis 

At least three independent biological replicates (i.e., independent passages in independent 

experiments/stimulations) were realized for all experiments on three different days. The bar 

graphs represent mean +SEM or 95% CI. Non-linear regression was selected to calculate 

IC50 inhibitory assays. Groups were compared via Studentôs t-test or ANOVA followed by 

Dunnettôs multiple comparison test through GraphPad Prism 8 software as reported in the 

ýgure legends. Differences considered as signiýcant (p < 0.05) are indicated with asterisk 

(p) within graphs. 
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5.3 Results and discussion 

5.3.1 Extracts composition 

AE and HE chemical composition is described in Mazzara et al. (2022a). HPLC-DAD-MSn 

analysis carried out on AE and HE showed a considerable amount of several bioactive 

constituents, that could be valorised on an industrial level, in particular in the pharmaceutical 

and nutraceutical sectors. Specifically, AE was rich in phenolic derivatives and, among 

them, luteolin-7-O-glucuronide and apigenin glucuronide were the most significant ones 

(31.1 and 15.4 mg/g, respectively). The cannabinoids fraction in AE was almost absent, 

indeed only CBD was revealed, and in low content (0.85 mg/g) (Mazzara et al., 2022a). On 

the other side, HE presented a notable cannabinoids proýle, especially in the decarboxylated 

form, with CBD as the most abundant one (160.5 mg/g). Notably, the extraction method did 

not cause a complete decarboxylation of cannabinoid acids, as confirmed by the presence of 

some of them in HE, such as CBDA (14.4 mg/g). Thus, this work evidenced that AE could 

be used as a source of glycosidic þavones, whereas HE could be exploited to recover 

phytocannabinoids. 

5.3.2 Neurodegenerative enzymes 

Figure 37 represents the inhibitory capacity of hemp extracts on CNS enzymes. Both extracts 

were able to inhibit AChE enzyme while HE could not reach IC50 value for MAO-A enzyme 

at tested concentrations. Every tested compound reached 100% of AChE inhibition, as it can 

be observed in Figure 37A. Clearly, galantamine exhibited a lower IC50 meaning in 1 ɛg/ml, 

while AE and HE possessed IC50 values of 502 and 640 ɛg/ml, respectively. MAO-A 

inhibition was described in Figure 37B; clorgiline, which was the reference drug, displayed 

an IC50 value of 0.02 ɛg/ml. On the other side, AE was characterized by an IC50 value of 315 

ɛg/ml and reached the total inhibition of the enzyme. Regarding AChE inhibition assay 

results, a dose-dependent relationship was observed (Figure 37A). The extreme difference 

between the IC50 values of galantamine, the reference drug used in Alzheimerôs, and hemp 

extracts indicated that cannabinoids exert dose-dependent activity, at high doses, for the 

inhibition of AChE. On the other side, the study by Sugarman and collaborators reported 

that cannabinoids could induce inhibition of the release of acetylcholine, contributing to 

acute cognitive deýcits by binding to the presynaptic CB1-R sited in cholinergic nerve 

terminals (Sugarman et al., 2019). Taken together, these data suggest that cannabinoids act 

on the cholinergic system and raise the question of whether increasing acetylcholine levels 
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pharmacologically can counteract the cognitive effects of cannabinoids by administration of 

an acetylcholinesterase inhibitor like galantamine or polyphenols. There is only an article 

focusing on luteolin-7-O-glucuronide, which is the major þavonoid of AE, and Callicarpa 

maingayi King & Gamble, although an IC50 value was not achieved for AChE inhibition 

(Ado et al., 2019). This is because phytochemical composition plays a key role on this kind 

of bioassays. Concerning MAO-A inhibition, while AE IC50 value was 315 ɛg/ml, HE was 

not able to reach the IC50. Almost no studies have been found on the MAO-A enzyme 

regarding C. sativa, for instance an aqueous extract exhibited an IC50 value of 50.12 ɛg/ml 

(Rea et al., 2020), a slightly lower result than the one obtained in this work. It is worth noting 

that CBD from hashish has no effect on the activity of MAO-A in brain tissues, which 

explains why HE did not show any inhibitory effect on this enzyme (Chan and Duncan, 

2021). Moreover, cannabinoids reduce MAO activity at really high-level concentrations 

(Fiġar, 2010). 
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Figure 37. CNS enzyme inhibitions. IC50 values were calculated by non- linear regression. (A) AChE inhibition proýles 

of hemp extracts and galantamine. (B) MAO-A inhibition proýles of AE and clorgiline 
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5.3.3 Antioxidant proýle 

In order to evaluate the antioxidant proýle of the extracts, four different methods have been 

used, namely DPPH and superoxide radical scavenging, FRAP, and ORAC assays. Figure 

38A describes the DPPH scavenging capacity of both hemp extracts and ascorbic acid as 

reference component. A non-linear regression was displayed, and IC50 values were reached 

for each compound. These values were 5 ɛg/ml for ascorbic acid, 60 ɛg/ml for AE, and 97 

ɛg/ml for HE. For improving the antioxidant background, superoxide radical scavenger 

activity was obtained by xanthine/xanthine oxidase system (Figure 38B), where IC50 values 

were 1, 9, and 127 ɛg/ml for ascorbic acid, AE, and HE, respectively. In addition, ORAC 

and FRAP assays fulýlled the antioxidant proýle of hemp extracts. AE showed 0.91 ɛmol 

TE/g sample, and 17.75 ɛmol Fe2+/g extract, while HE displayed 7.37 ɛmol TE/g sample, 

and 21.94 ɛmol Fe2+/g extract. Regarding the antioxidant activity by hemp extracts against 

the production of DPPH radicals, previous works indicate that antioxidant activity is closely 

related to polyphenols, which have strong antioxidant properties. In them, a signiýcant 

correlation was noted between the phenolic concentration and antioxidant activity 

determined by the DPPH method (Pajaǵ et al., 2014). Luteolin-7-O-glucuronide and 

apigenin glucuronide were isolated from Patrinia villosa (Thunb.), and IC50 value was 0.011 

ɛg/ml in both cases (Liu et al., 2022a), but it was 141.9 ɛg/ml for a CBD and THC extract 

(Hacke et al., 2019). The xanthine/xanthine oxidase assay was carried out to measure the 

capacity of the extracts to scavenge superoxide radicals, and the obtained results agree with 

those of the article on which this study is based, since the IC50 values were 7.06 ɛg/ml and 

63.84 ɛg/ml (Mazzara et al., 2022a). Besides, the þavonoid luteolin-7-O-glucuronide 

obtained an IC50 of 0.24 ɛg/ml (Roza et al., 2016), supporting polyphenols from AE as 

excellent radical superoxide scavengers. No previous reports were found regarding apigenin 

glucuronide nor CBD and THC. The FRAP assay evaluates the antioxidant power through 

the reduction of the complex of ferric ions (Fe3+) to that of ferrous ions (Fe2+), assuming an 

intense blue colour produced by antioxidants in acid media (Gulcin, 2020). The analysis of 

this test yielded results of 21.94 ɛmol Fe2+eq/g for HE, and 17.75 ɛmol Fe2+eq/g for AE. A 

similar study analysed C. sativa EO and CBD, with results of 12.9 ɛmol Fe2+eq/g and 10.8 

ɛmol Fe2+eq/g (Benelli et al., 2018b), respectively. From both studies, it can be deduced that 

the presence of CBD and other phytocannabinoids probably contributed to the antioxidant 

activity of the extract and, depending on the harvest and cultivar conditions, the 

physicochemical composition could alter the antioxidant proýle. 
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The ORAC analysis measures the ability of antioxidants to absorb oxygen radicals, which 

can be easily quantiýed by þuorescence proportional to the breaking of oxygen chains as 

previously described. The results for this assay denote a much higher antioxidant capacity 

to neutralize peroxyl radicals by HE. In a study carried out by Teh et al., an extract of C. 

sativa had an ORAC result of 0.246 ɛmol TE/g (Teh et al., 2016), suggesting that the 

phytocannabinoids of this cultivar possess a great antioxidant power for the ORAC test, 

having obtained results almost four times higher for AE and up to 30 times higher for HE. 

Not only the total content but also the type of phenolic compounds (chemical structure, 

number, and position of the hydroxyl group, nature of the substitutions in the aromatic rings) 

play a very important role in the antioxidant activity (Kolniak-Ostek, 2016). This would 

explain why AE expressed a lower IC50 in this study, but also most of the solvents used in 

these assays were water-miscible, which may help to dissolve the extract better with respect 

to HE which is less polar. 
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Figure 38. Antioxidant proýle. IC50 were calculated by non-linear regression. (A) DPPH inhibition of hemp extracts. (B) 

Hemp extracts scavenge superoxide radicals generated by the xanthine/xanthine oxidase system. Ascorbic acid was used 

as reference antioxidant 
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5.3.4 Cell culture 

MTT assay 

Figure 39A reports the Neuro-2a mitochondrial response to AE. A vast range of 

concentrations was tested in these neurons. Lower concentrations of this polyphenolic 

extract (25ï50 ɛg/ml) enhanced mitochondrial activity even more than control cells (Figure 

39C). Higher concentrations of 400 and 500 ɛg/ml started to reduce mitochondrial activity 

which is related to a reduction of neuronal viability, but no signiýcant differences were 

obtained, meaning that this extract is not cytotoxic. The same concentrations were taken for 

HE, determining cytotoxicity. Results were expressed over control cells. Consequently, the 

cytoprotective effect of the extract was assessed against a prooxidant agent (H2O2, 300 µM) 

on Neuro-2a cells. For this purpose, the concentrations with the best results in the previous 

assay were selected. As seen in Figure 39B, cotreatments (hemp extract dilutions and H2O2) 

led to signiýcant differences against H2O2-treated (53%) cells by ameliorating cell viability. 

These concentrations (25ï200 ɛg/ml) increased cell viability in 20ï30% over insulted 

neurons. As AE is a novel fraction from hemp extraction, no previous works have been found 

in the literature on these neurons, but some studies on luteolin and apigenin were detected. 

MTT assay showed that the polar fraction of C. sativa is not cytotoxic, even more, it 

enhanced mitochondrial activity at low concentrations (25 and 50 ɛg/ml), as conýrmed by 

Figures 39A, C. Once these cells were exposed to a toxic agent like H2O2, the extract 

demonstrated a great neuroprotective effect on this radical producer, neutralizing reactive 

oxygen species. Signiýcant differences were achieved in each concentration tested, and the 

lowest concentration (25 ɛg/ml) showed less signiýcant differences due to the concentration 

of H2O2, being too high to counteract its action for that period, although the rest of the 

concentrations determined a greater mitochondrial response against the prooxidant. 
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Figure 39. Mitochondrial response. (A) Cytotoxicity of Neuro-2a cells after exposure to different concentrations of AE. 

(B) Cytoprotective effects of AE versus hydrogen peroxide (300 µM). (C) Inverted microscope images of Neuro-2a cells 

(0ï500 ɛg/ml) Note: **p < 0.01 versus H2O2; **** p < 0.001 versus H2O2; ####p < 0.001 versus control 

 

ROS production 

ROS detection demonstrated the antioxidant potential of AE (Figure 40). In this 90 min 

assay, Neuro-2a cells were simultaneously exposed to different AE concentrations and H2O2. 

Since T = 0, these dilutions counteracted the effect of the free radicals generated by the 

prooxidant. These reactive oxygen species produced by H2O2-treated cells maintained 

around 220ï270% over control cells, while cotreated cells (hemp + H2O2) decreased this 

production below 200%. Even more, the last measurements continued to reduce ROS 

production, almost reaching values of control cells. Mira et al. (2015) investigated Angelica 

shikokiana Makino impact on Neuro-2a exposed to H2O2, determining that luteolin protected 

cells from neurotoxicity and it was able to scavenge intracellular ROS at 50 and 100 ɛM. As 

shown in Figure 40, the four tested concentrations exhibited signiýcant differences since the 

ýrst moment. What stands out in this ýgure is the general pattern of the extract, which 

decreases intracellular reactive oxygen species along the experiment versus the toxic agent. 

Indian researchers tested Grewia tiliaefolia Vahl, a rich source of þavonoids such as vitexin, 

on Neuro-2a subjected to glutamate (5 mM). The accumulation of this neurotransmitter is 

involved in Alzheimerôs disease. G. tiliaefolia treatments (25ï100 ɛg/ml) reduced oxidative 

stress damage by decreasing the production of intracellular ROS, and cell viability was 

barely affected (Malar et al., 2018).  
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Figure 40. ROS production in Neuro-2a cells subjected to oxidative stress by H2O2 (300 µM) and treatments with AE (25ï200 

ɛg/ml). Data are expressed as percentage over control cells, and the assay was carried out for 90 min to measure intracellular 

ROS production. Note: ####p < 0.0001 versus control. Signiýcant differences appeared at the starting point for H2O2-N2a cells 

over control cells. Since 0 min, 25 and 50 ɛg/ml pre-treatments were associated with signiýcant differences (p < 0.0001). 

However, 100 and 200 ɛg/ml pre-treatments were associated with signiýcant differences (p < 0.0005 and p < 0.05, respectively). 

From 70 min and above, highest signiýcant differences were reached (p < 0.0001) for all treatments against H2O2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  



167 
 

5.4 Conclusions 

In conclusion, this work provided new insights into the biological activities of two different 

C. sativa extracts. It was evidenced that these extracts represent a valuable and interesting 

natural source of bioactive compounds with great antioxidant properties, potentially able to 

prevent neurodegenerative diseases. However, among the several tests, the outcomes showed 

that these extracts are more effective in terms of antioxidant content. It should be considered 

that both extracts showed a striking antioxidant capacity for the FRAP and ORAC assays, 

especially HE, and an interesting proýle for the DPPH and superoxide radical scavenging 

tests, with AE especially standing out in the latter. Concerning the enzyme inhibition tests, 

polyphenols from AE showed a higher response than phytocannabinoids from HE. Finally, 

further research is required to better understand the mechanism of action of these extracts as 

antioxidants and pharmacological agents. These results are very promising, considering 

every hemp derivative essential for industrial and technological development in the food, 

pharmaceutical and cosmetic sectors. 
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6. Phytochemical analysis of terpenes, polyphenols, and cannabinoids 

and micromorphological characterization of 9 commercial varieties 

of C. sativa 

 

6.1 Work i ntroduction  and aim 

Hemp has been cultivated for a long time in different parts of the world, and recently has 

been recognised as a good opportunity for agriculture production. Hemp fibers are 

considered stronger than other natural ones and are used to produce sustainable and durable 

fabrics and textiles. Hemp is also a source of cellulose and, consequently of high-quality 

paper, in particular for the cigarette market. In addition, hemp can be a building material for 

insulating constructions, and as an alternative to common plastics, especially in the 

automobile field (Carus and Sarmento, 2016). Hemp can also be exploited as an energy 

source, in the form of biofuels, and as a decontaminant agent in polluted soils containing 

heavy metals (Ahmad et al., 2016). From a nutritional perspective, hemp, and mainly its 

seeds, endowed with a valuable fatty acids and proteins profile, are gaining interest as 

healthy ingredients of food products and beverages for humans and animals. Seeds are rich 

in unsaturated oils, and they possess a significant amount of phytosterols and unsaponifiable 

fractions (Liang et al., 2015). Hemp seed oil and its constituents can be recovered by pressing 

or extracted with supercritical CO2 (Aladiĺ et al., 2014; Grij· et al., 2019). The composition 

rich in unsaturated fatty acids makes hemp seed oil valuable for cosmetic or for 

dermatological uses. As recently examined (Mnekin and Ripoll, 2021), hemp seed oil can 

be useful for topical applications, moreover also the non-psychotropic main hemp 

cannabinoid CBD has recently been added to the list of the ingredients for cosmetic 

production, so offering new possibilities for the development of hemp products. Indeed, so 

far, CBD use has been authorized in the cosmeceutical industry (Mnekin and Ripoll, 2021). 

Notably, in the case of medicinal applications, some issues may be raised. To date, CBD 

(Epidiolex) has been registered as a drug also in the EU, for the treatment of some forms of 

epilepsy (Nabbout and Thiele, 2020). CBD regulation in the food or food supplements field 

is not uniform in Europe; consequently, CBD products can be manufactured in some 

countries as food supplements but cannot be produced or sold in others. Many studies have 

been performed in the recent years on CBD's potential applications in medicine, but CBD-

fortified or CBD-labelled health products and CBD-associated health claims lack a stringent 

scientific basis (Nelson at al., 2020). Nowadays, many researchers are investigating CBD 
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and other cannabinoids for possible uses in healthcare, medicine, food supplements, and 

cosmetics. In this respect, enhancing the knowledge of different hemp varieties or cultivars 

to obtain products enriched in specific phytoconstituents may be advantageous. In addition, 

hemp inflorescences, usually considered as waste material for the fiber industry, are actually 

valuable sources of volatile constituents, especially terpenes, produced and released by hemp 

trichomes in the form of a yellowish and odorous EO (Bertoli et al., 2010; Fiorini et al., 

2019; Fiorini et al., 2020). Among these secondary metabolites, cannabinoids and terpenes 

are contained in a sort of resin secreted by capitate-stalked glandular hairs located on flower 

bracts and, to a minor extent, by capitate sessile and bulbous trichomes also present on other 

vegetative organs (Happyana et al., 2013). Morphological characterization of hemp 

trichomes plays a vital role in forensic inspections and legal/illegal cannabis recognition. 

Due to the high variability in C. sativa morphological characteristics, the study of these 

anatomical features seems to be important for cultivarsô classification and description 

(Raman et al., 2017). For these reasons, the conventional optical, electron, and fluorescence 

microscopy, and the more performing Raman spectroscopy (Ebersbach et al., 2018) have 

been used for cannabinoids localization and analysis in cannabis trichomes. As a source of 

certified new products, hemp EO is attracting attention in the agrochemical, cosmeceutical, 

pharmaceutical, and nutraceutical sectors (Zheljazkov et al., 2020). Indeed, this EO 

displayed repellent, acaricidal (Górski et al., 2016; Tabari et al., 2020), and insecticidal 

properties (Benelli et al., 2018a; Thomas et al., 2000), being exploitable for the development 

of safe botanical pesticides in organic farming and parasites control programs, alternatively 

to traditional synthetic products (Thakore, 2006). Hemp EO can also be used as a scent in 

cosmetics, like perfumes, and soaps (Crini et al., 2020), and it exerts antifungal, anti-

inflammatory (Orlando et al., 2021), antiprotozoal, and antioxidant (Menghini et al., 2021) 

activity, suggesting its potential pharmacological use in infective diseases, in the form of 

dermatological preparations, and as an ingredient for protective masks against COVID-19 

(Orlando et al., 2021). In addition, the capability of hemp EO to improve the shelf-life of 

trout fillets, due to its antimicrobial properties, being increased by nano-encapsulation, was 

recently evidenced (Majidiyan et al., 2022). These results supported the further use of hemp 

EO in green active packaging to preserve food safety and quality. Along with EO, two still 

under-studied additional by-products, namely the residual water and the deterpenated plant 

material, are produced by the distillation of hemp inflorescences. The aqueous residues could 

be rich in phenolic components that can be obtained by safe solvents, like ethanol and water 

(Mateġiĺ et al., 2021). Industrial hemp polyphenols are attractive bioactive compounds that 
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can reduce the progression of cardiovascular and neurodegenerative diseases, asthma, 

inflammatory conditions, tumours, and other disorders (Andre et al., 2016). Among cannabis 

typical flavones, cannflavin A and B are particularly interesting constituents, with anti-

inflammatory (Werz et al., 2014), antiparasitic (Pollastro et al., 2018), anti-cancer, and 

antiviral effects (Bautista et al., 2021). Flavonoids are endowed with antioxidant and radical 

scavenger activity, so they contribute to plant protection, especially from UV light. Indeed, 

cannflavin A was found at a high level in hemp varieties subjected to strong solar radiation 

and cold temperature (Calzolari et al., 2017). The inflorescences and, to a minor extent, the 

leaves can also be good sources of cannabinoids, especially CBD, mostly present in the 

acidic form, and the heating of plant material at about 100°C causes decarboxylation of these 

compounds. So, hemp biomass, especially after heating, can be used to extract CBD and 

other minor cannabinoids. In fact, some authors recently affirmed that hemp deterpenated 

material should be no more regarded as a waste (Vuerich et al., 2019), because it could still 

contain phytocannabinoids, subjected to decarboxylation during distillation (Zheljazkov and 

Maggi, 2021). CBD is actually very interesting for several applications, and less studied 

minor cannabinoids, such as CBG, can be equally promising from a pharmaceutical 

perspective. Specific cultivars rich in rarer cannabinoids could represent a novel research 

field, and also a source of innovative products (Smith et al., 2022). As an example, the 

French cultivar Santhica, with a notable CBG content, could be used to develop new hemp 

strains for the valorisation of this cannabinoid (Clarke and Merlin, 2016). Actually, CBD 

and CBG, used in combination, displayed antioxidant and anti-inflammatory activity 

(Mammana et al., 2019), as well as antidiabetic (Smeriglio et al., 2018), and antimicrobial 

(Zagoģen et al., 2021) potential. In particular, CBG counteracted cachexia induced by 

chemotherapy (Brierley et al., 2019), and was found to be effective against several cancer 

cell lines, including glioblastoma (Lah et al., 2021). Moreover, CBG may be a therapeutic 

candidate against inflammatory bowel disease (Borrelli et al., 2013). The majority of the 

published papers on C. sativa relates to industrial hemp certified varieties or legal cannabis 

for recreational and therapeutic uses, while studies on cannabis commercial cultivars with 

low THC content are limited. Crossbreeding of specific varieties with notable terpenoids and 

phytocannabinoids profiles could lead to obtain novel hemp breeding lines with different 

biological properties, and with potential industrial applications, such as antiseptics, and 

biopesticides (Rocha et al., 2020). On this basis, the studyôs aim is to carry out a complete 

phytochemical analysis of several commercial strains of hemp, cultivated for research 

purposes and to make craft beers. Our work explored the possibility to obtain 3 high-value 
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products from hemp inflorescences HD, namely EO, residual water, and plant material. The 

EO and residual water can be considered as sources of volatile terpenes and polyphenols, 

respectively. In addition, the strong heating during the distillation process will probably 

induce decarboxylation of cannabinoids in the plant deterpenated material. In this research, 

9 diverse hemp commercial cultivars have been employed as training model plants to 

confirm the value of this complete extraction process. This study also aimed at creating new 

opportunities for the development of a smart extraction approach to valorise hemp by-

products, supporting their further exploitation in the pharmaceutical, nutraceutical, 

cosmeceutical, and food fields. Thus, to justify this approach, a comprehensive 

micromorphological and histochemical study of glandular and non-glandular hairs has been 

performed in an attempt to correlate the phytochemistry and morphological traits of these 

commercial varieties with the morphotype, abundance, distribution, and secretory products 

of trichomes. 
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6.2 Materials and methods 

6.2.1 Origin of the commercial varieties 

The investigated C. sativa 9 commercial varieties, named 24 K, Gorilla Glue, Lemon Conti 

Kush, Lemon Conti Kush New, Fresh Mountain, Amnesia Cookies, Pablito, White Shark, 

and Venom OG, were provided by the farm Everweed of G.Di Vietri & C. SS, sited in the 

municipality of Amandola, district of Ascoli Piceno, central Italy, in Monti Sibillini  National 

Park. The varieties were produced by crossbreeding between EU-authorised cultivars, which 

has not been fully revealed due to possible patent protection. Precisely, 24 K and Gorilla 

Glue originated from Carmagnola CS male inflorescences. Lemon Conti Kush, Fresh 

Mountain, and Amnesia Cookies derived from male inflorescences of Kompolti, and Pablito 

was generated from Santhica 70. Moreover, White Shark and Venom OG were obtained by 

replanting 24 K seeds, while Lemon Conti Kush seeds were used to obtain Lemon Conti 

Kush New. Voucher specimens of the 9 hemp cultivars were kept in the Herbarium 

Camerinensis of the School of Bioscience and Veterinary Medicine at the University of 

Camerino. 

6.2.2 Hemp growing and harvesting  

Hemp plants were grown in the semi-hilly fields of the farm Everweed. After 18 h of light 

at the vegetative stage, the agamic reproduction with cuttings was performed. The cuttings 

were then located in a hydroponic greenhouse, where they took root. The plants were moved 

to the ground, and they grew to about 60 cm in height. Drip irrigation and NPK 

macronutrients were used, without employing pesticides, herbicides, and chemical 

fertilizers. The inflorescences harvesting occurred from September to the second week of 

October 2020. Larger leaves were then eliminated, and the plants were air-dried through fans 

and dehumidifiers in the dark. After being slowly dried, flowers were separated from 

branches, and smaller leaves were mechanically and, if necessary, manually removed. The 

product, indicated as untreated material (UM), consisting of female inflorescences of the 9 

varieties, was placed in plastic bags under vacuum and kept in the dark, until use. 

6.2.3 HD process 

200 g of UM for each variety were hydrodistilled in a 10 L round flask, filled with 6 L of 

distilled water, to obtain the EOs. The material was soaked for 30 min before the process. A 

Falc MA heating mantle (Falc Instruments, Treviglio, Italy), and a Clevenger-type apparatus 
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were used for the extraction, that was performed for 5 h. The obtained EOs were separated 

from the water layer and collected in glass vials, to be maintained at 4°C until following 

analysis. The EOs yields were evaluated on a dry matter basis (w/w). Along with EOs, two 

other products were recovered after the process, namely the water and plant material, 

remaining in the round flask. The aqueous residues were filtered with filter paper and kept 

at -20°C, while the deterpenated biomass was dried for 24 h at 60°C in a Biosec desiccator 

(Tauro Essiccatori, Vanzo Nuovo, Vicenza, Italy), and stored at room temperature in 

darkness for further analyses. 

6.2.4 Analysis of volatile compounds  

GC-FID analysis of EOs 

The analysed EO marker components were Ŭ-pinene, ɓ-pinene, myrcene, limonene, 1,8-

cineole, (E)-ɓ-ocimene, terpinolene, (E)-caryophyllene, Ŭ-humulene, caryophyllene oxide, 

CBD, and THC. The analytical standards of these compounds by Sigma Aldrich (Milan, 

Italy) were injected to make the calibration curves in the range 0.005-10 mg/mL. The EOs 

of the 9 commercial hemp varieties were diluted 1:100 in analytical grade n-hexane, and 0.5 

ɛL of the solution analysed in split mode (1:30). The used HP-5 coated capillary column 

(HP-5, 30 m l., 0.32 mm i.d., 0.25 ɛm f.t., Agilent Technologies) was placed in an Agilent 

6850 GC system. A generator PGH2-250 (DBS Analytical Instruments, Vigonza, Italy) was 

employed to generate hydrogen flowing at 3.7 mL/min. The temperature of the injector was 

set at 300°C, while that of GC oven was fixed as follows: 60°C for 3 min, then 350°C at 

25°C/min for 1 min. The FID detector temperature was 360°C, and the hydrogen and air 

flow were at 40 and 400 mL/min, respectively. 

GC-MS analysis of EOs 

The qualitative chemical evaluation of the EOs from the 9 varieties was achieved through 

an Agilent 8890 GC, endowed with a single quadrupole Agilent 5977B Mass Spectrometer 

(MSD) (Santa Clara, California, USA), and a PAL RTC 120 autosampler (CTC Analytics 

AG, Zwingen, Switzerland). The non-polar HP5-MS (5% phenylmethylpolysiloxane; 30 m 

l., 0.25 mm i.d., 0.25 Õm f.t.) and the polar DB-WAX (polyethylene glycol; 60 m l., 0.25 

mm i.d., 0.25 ɛm f.t.) columns were employed as stationary phases. He flowed at 1 mL/min. 

The oven temperature programs were the following: for HP5-MS column, 60°C for 5 min, 

then up to 220°C at 4°C/min, so until 280°C at 11 °C/min, for 15 min, and at the end to 

300°C at 15°C/min for 0.5 min; for DB-WAX column, 60°C for 5 min, raised to 220°C at 4 
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°C/min, and then to 250°C at 11°C/min, for 15 min. The EOs were diluted 1:100 in LC-MS 

n-hexane, and the injection occurred in split mode (1:200). Data acquisition was in SCAN 

mode (40-400 m/z), and data analysis was made through MSD ChemStation software 

(Agilent, Version G1701DA D.01.00), using NIST Mass Spectral Search Program for the 

NIST/EPA/NIH EI and NIST Tandem Mass Spectral Library v. 2.3. n-Alkanes mix (C8-C30, 

Supelco, Bellefonte, CA, USA) was injected to measure RIs, and EOs compounds were 

identified by correspondence between their RIs and MS and those of commercial libraries, 

in particular ADAMS in the case of the analysis by HP5-MS column, and NIST 17 when 

DB-WAX column was employed (Adams, 2007; NIST 17, 2017). Relative abundance 

represented by peak area percentages was reached by normalization without correction 

factors. 

Chiral GC-MS analysis of EOs 

The enantiomeric pairs of Ŭ-pinene, ɓ-pinene, limonene, linalool, (E)-caryophyllene, and 

caryophyllene oxide in the 9 EOs were separated with an Agilent HP 20ɓ capillary column 

(20% ɓ-cyclodextrin, 30 m l., 0.25 mm i.d., 0.25 ɛm f.t.). The used GC-MS apparatus, along 

with the EOs dilution and injection mode, were the same described in the previous section 

(GC-MS analysis of EOs). The oven temperature was programmed at 50 °C, increased to 

220 °C at 2 °C/min for 1 min. The injector temperature was set at 250 °C, while the ionization 

source and quadrupole temperatures were 230 °C and 150 °C, respectively. The analytical 

standards (Sigma-Aldrich) of (+) and (-)-Ŭ-pinene, (-)-ɓ-pinene, (+)-limonene, (-)-linalool, 

(-)-(E)-caryophyllene, and (-)-caryophyllene oxide were injected as reference components. 

SPME-GC-MS analysis of UM 

The analysis of the volatile composition of UM took place in a solid-phase microextraction 

(SPME) device from Supelco (Bellefonte, PA) with 1 cm fiber coated with 50/30 ɛm 

DVB/CAR/PDMS (divinylbenzene/carboxen/polydimethylsiloxane). The experimental 

parameters for the sampling were represented by an equilibration time of 30 min, and a 

sampling time of 60 min at 35°C. Then, the SPME fiber was introduced in the injector of the 

GC-MS system kept at 250°C and working as below. A GC-FID coupled with a MS system 

(Clarus 500 model Perkin Elmer-Waltham, MA, USA) was used. The capillary column was 

a Varian Factor Four VF-1, and the optimized temperature set-up was from 70°C to 120°C 

at 6°C/min, and from 120°C to 220°C at 7°C/min for 10 min. The compounds were identified 

by comparison between their calculated LRIs and those related to a mix of n-alkanes. 
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Moreover, the matching of their MS against commercial libraries (NIST) was carried out. 

All analyses were realized in triplicate, and the results were indicated as average percentages 

measured by peak area normalization from GC-FID chromatograms, without using an 

internal standard or correction factors. 

6.2.5 Spectrophotometric analysis of HD by-products 

Samples treatment 

The remaining water after EOs distillation was freeze-dried at ī54ÁC and 0.05 mbar, through 

a BUCHI LyovaporÊ L-200 freeze-dryer by Büchi Labortechnik AG, Flawil, Switzerland. 

The lyophilized extracts (LE) were milled in a mortar, and the resulting powders were stored 

at 4°C until further analyses. 

TPC 

The TPC in LE was evaluated according to the Folin-Ciocalteu method (Mustafa et al., 

2016b), with little changes. Briefly, 0.5 mL of aqueous solutions of LE (1 mg/mL), to which 

2.5 mL of FolinïCiocalteu reagent solution (diluted 10 times in water) and 7 mL of 7.5% 

Na2CO3 solution have been added, were kept at room temperature in the dark for 2 h. The 

spectrophotometric test was performed with a Cary 8454 UV-Vis (Agilent Technologies, 

Woburn, Massachusetts, USA) at 735 nm. The calibration curve of gallic acid was used to 

evaluate the TPC, which was expressed as the mean of two experiments, and indicated as 

mg of gallic acid equivalents (GAE) per gram of dry extract (DE). The TPC was also 

determined for the dried deterpenated material (DM). In this case, 1 g of DM was extracted 

with 10 ml of a 50% ethanol aqueous solution in an ultrasound bath, and 0.5 mL of the 

supernatant were subjected to the spectrophotometric assay, in compliance with the same 

previous procedure. The results were reported as mg GAE per gram of dry hemp (DW).      

TFC 

The TFC determination was carried out by following the procedure by Chen et al. (2018), 

with some modifications. Specifically, 0.5 mL of LE solutions in water (1.5 mg/mL) were 

treated with 0.15 mL of NaNO2 (0.5 M), with the further addition of 3.2 mL of 30% MeOH 

and 0.15 mL of AlCl3·6H2O (0.3 M) with stirring. After the addition of 1 mL of NaOH (1 

M) 5 min later, the absorbance of the mixture was determined spectrophotometrically at 506 

nm. Rutin calibration curve (100-1000 ppm) was realized, and results were reported as mg 

of rutin equivalents (RE) per gram of DE. DM was extracted with a 50% ethanol solution in 
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water also for TFC evaluation, by operating as for TPC analysis of DM. The 

spectrophotometric test was performed as already described in this section, and the data were 

indicated as mg RE per gram of DW.    

Radical scavenging activity 

The antioxidant activity was assessed in accordance with Mustafa et al. (2016b), by using 

DPPH free radicals. In detail, 4.5 mL of DPPH in EtOH (0.1 mM) were added to the aqueous 

solutions of LE (0.5 mL), to be then maintained at room temperature in the dark for 30 min. 

The test was carried out at 517 nm, by means of the same spectrophotometer used for TPC 

and TFC evaluation. The radical scavenging activity was indicated, relating to Trolox 

calibration curve, as mg of Trolox equivalents (TE) per gram of DE. Concerning DM, the 

same ethanol/water extracts were produced, as for the two previous spectrophotometric 

assays, and then they were analysed as explained in the current section. The antioxidant 

capacity was measured as mg TE per gram of DW. 

6.2.6 1H-NMR analysis of UM and DM 

As a preliminary characterization, UM and DM were subjected to 1H-NMR analysis. 

Precisely, 100 mg of ground samples were added to 800 µL of CDCl3, and then sonicated 

for 10 min and centrifuged. The supernatant was inserted in NMR tube, whereas the plant 

material was dried under nitrogen flow, and then extracted again with deuterated methanol 

and also with water, sonicated for 10 min and centrifuged. Also in these cases, the liquid 

portions were collected in NMR tubes and analysed. The spectra were procured using a 

Bruker Ultrashield Plus 400MHz spectrometer. 

6.2.7 HPLC-DAD-MSn analysis of LE, DM and UM 

An Agilent 1260 chromatograph with an autosampler and a DAD, interfaced with a Varian 

MS 500 ion trap mass spectrometer, was used to analyse phenolic compounds and 

cannabinoids in LE, DM, and UM of the 9 hemp commercial varieties. For the quantification 

of flavonoids and minor compounds, the column was an Agilent Eclipse XDB C18 (3.0 m x 

150 mm x 3.5 ɛm), and the mobile phase was a mixture of 1% formic acid in water (A) and 

acetonitrile (B). Initially , the gradient was 95% A, and in 30 min it achieved 100% B, with 

a flow rate of 0.4 mL/min. Data collection by DAD occurred in the ɚ range of 200-400 nm. 

MS system was equipped with ESI ion source, which was employed in negative ion mode. 

The MS conditions were as follows: spray chamber temperature, 45°C; needle voltage, 4700 
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V; capillary voltage, 85 V; RF loading, 80%; nebulizing gas pressure, 25 psi (nitrogen); 

drying gas pressure, 15 psi; drying gas temperature, 300ÁC. Spectra were acquired in the 50-

1000 m/z range, and chromatograms were obtained in the TDDS mode, generating 

fragmentation spectra for the most intense ionic species. For the cannabinoids analysis, an 

Agilent XDB (4.6 m x 250 mm x 5.0 ɛm) was the used stationary phase. The gradient of 

elution was performed with water 1% formic acid (A), acetonitrile (B), and methanol (C). 

Gradient started with 30% A and 70% B, and in 20 min reached 70% B and 30% C, and then 

in 23 min it arrived at 100% C, remaining isocratic up to 33 min. Data detection through 

DAD was in the ɚ range of 200-400 nm. ESI-MS spectra were collected in positive ion mode 

for the neutral cannabinoids, and in negative ion mode for the acidic ones. Molecules were 

identified based on m/z values and RT, and by comparison with authentic standards. For 

quantification, standard solutions in concentration between 0.1 and 100 ɛg/mL were 

prepared to develop calibration curves. For this purpose, CBD, CBDA, THC, and THCA 

were employed to quantify cannabinoids, while rutin and quercetin-3-O-glucoside for 

phenols amount determination. LE, DM and UM samples were finely milled and about 200 

mg were weighted and extracted with 25 mL of MeOH/H2O 70:30. The extracts were 

sonicated in an ultrasound bath for 15 min and centrifuged, and then the supernatants were 

placed in HPLC vials for the analyses. 

6.2.8 Multivariate statistical analysis of EOs and UM 

Principal Component Analysis (PCA) was conducted on the compositions of EOs and UM 

of the 9 commercial varieties, through STATISTICA software v. 7.1 (Stat Soft Italia S.r.l., 

Vigonza, Italy). GC-FID and SPME data (section 6.3.1) for terpenes, and HPLC results 

(section 6.3.4) for polyphenols and cannabinoids were used to build the score and loading 

plots, by replacing the missing values with 0.001.  

6.2.9 Micromorphological analysis 

A micromorphological survey of female inflorescences (bracts, bracteoles, and inflorescence 

axes) of each hemp cultivar was performed through light microscopy (LM) and scanning 

electron microscopy (SEM) to record the features of the glandular indumentum. The samples 

were collected at comparable anthesis phenological stages. At least ten replicates per each 

plant part were investigated to assess the variability of the micromorphological 

characteristics. The trichome distribution was qualitatively evaluated using the following 

symbols: (-) missing, not observed in any of the replicates; (±) sporadic in no more than four 
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replicates; (+) present in all the replicates; (++) abundant in all the replicates with a 

distribution on the total organ surface. 

LM  

The studied fresh plant parts were preliminarily observed by LM using hand-cut sections. 

The histochemical dyes used to characterize the chemical nature of the secretory products of 

the glandular trichomes were Toluidine Blue as a general dye (Beccari and Mazzi, 1966), 

Nadi reagent for terpenes (David and Carde, 1964), Alcian Blue for mucopolysaccharides 

(Beccari and Mazzi, 1966), and Ferric Trichloride for polyphenols (Gahan, 1984). Control 

stainings were simultaneously performed. Observations were carried out under a Leitz DM-

RB Fluo optical microscope endowed with a Nikon digital camera. 

SEM 

Small hand-prepared segments of each plant part were FAA-fixed for 7 days, dehydrated in 

ascending ethanol series up to absolute, critical-point-dried, mounted on stubs and carbon 

gold-coated. Observations were done under a Zeiss® EVO MA15 SEM working at 10 kV at 

the Interdepartmental Center for Electron Microscopy and Microanalysis Services 

(M.E.M.A.) of the University of Florence (Florence, Italy). 
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6.3 Results and discussion 

6.3.1 Analysis of volatile compounds 

Analysis of EOs yields 

The yields of the EOs from the 9 investigated commercial hemp samples varied from 0.485% 

in Pablito to 1.814% w/w in Amnesia Cookies (Table 22). It is notable that in literature, the 

highest yield for hemp EO was found to be 0.60% (Abdollahi et al., 2020b), so the values 

detected in this work were remarkably higher than those obtained for the EOs from the 

certified European hemp cultivars (Fiorini et al., 2019; Rossi et al., 2020). The EO yield can 

be affected by several parameters, like genetics, plant biomass condition, environment and 

climate, post-harvesting, and drying processes, etc. For this study, only non-pollinated 

female inflorescences were exploited, and this fact could justify the significant EOs yields 

obtained. Indeed, pollination of Cannabis plants should be avoided to assure EO yields twice 

as high as those coming from pollinated flowers (Meier and Mediavilla, 1998). Some stress 

conditions, such as the temperature variations characterizing the harvesting period of the 9 

varieties, could increase the production of EO, being cannabinoids and terpenes secreted as 

plant defence agents (Pate, 1994). In addition, the slow air drying in the dark, by protecting 

the biomass against sun light, prevented the inflorescences from humidity and degradation 

by microorganisms, with the consequent conservation of the aroma and organoleptic 

characteristics of each variety.     

Table 22. GC-FID analysis data for the 9 commercial varieties EOs and their yields (%)  

        

Compound Hemp variety 

 

White 

Shark 

Lemon 

Conti 

Kush 

New 

Lemon 

Conti 

Kush 

Venom 

OG 
Pablito 24K 

Fresh 

Mountain 

Amnesia 

Cookies 

Gorilla  

Glue 

                                     (g/100 g) 

Ŭ-pinene 8.53 3.24 11.48 21.19 8.35 0.73 9.32 21.16 0.74 

ɓ-pinene 3.59 2.78 4.67 4.79 3.21 0.68 3.66 7.45 0.82 

myrcene 20.28 11.14 17.13 10.57 12.56 8.12 27.46 29.23 7.16 

limonene 9.17 5.97 3.38 4.28 3.30 4.18 4.10 2.20 6.79 

1,8-cineole 0.07 0.13 0.04 0.07 0.03 0.02 0.04 0.04 0.02 

(E)-ɓ-ocimene 0.10 4.51 0.16 0.05 0.06 0.03 0.02 0.02 0.03 

terpinolene 9.51 30.47 1.33 1.65 0.52 3.69 0.25 0.18 0.27 

(E)-

caryophyllene 10.79 10.40 11.91 17.19 18.15 18.12 19.70 18.91 18.94 

Ŭ-humulene 2.96 3.04 4.46 4.64 6.82 5.35 5.51 8.57 4.86 

caryophyllene 

oxide 3.52 3.34 3.88 5.60 7.97 8.00 1.28 3.93 6.62 

CBD 5.54 2.91 4.26 5.25 3.13 4.02 3.86 2.30 3.06 

THC 0.13 0.09 0.10 0.13 0.12 0.12 0.12 0.20 0.20 

Yields (%) 0.64 1.51 1.03 0.86 0.49 1.08 1.23 1.81 1.33 



180 
 

GC-FID quantitative analysis of hemp EOs main constituents 

The quantitative GC-FID analysis results for the 9 EOs, reported in Table 22, evidenced the 

presence, as the major terpenes, of Ŭ-pinene, myrcene, terpinolene, and (E)-caryophyllene. 

The highest amount of Ŭ-pinene was found in Venom OG (21.2 g/100 g), while Amnesia 

Cookies was the richest in myrcene (29.2 g/100 g). The best concentration of terpinolene 

was detected in Lemon Conti Kush New (30.5 g/100 g), while (E)-caryophyllene achieved 

the greatest content in Fresh Mountain (19.7 g/100 g). Limonene, Ŭ-humulene, and 

caryophyllene oxide were present in minor quantities than those obtained for the above 

constituents (for a maximum of 9.2 g/100 g in White Shark, 8.6 g/100 g in Amnesia Cookies 

and 8.0 g/100 g in 24 K). The other terpenes, namely 1,8-cineole and (E)-ɓ-ocimene, were 

quantified at a very low level in all the studied EOs. CBD content varied between 2.3 g/100 

g in Amnesia Cookies and 5.5 g/100 g in White Shark EOs. It is worth specifying that in all 

the analysed EOs the THC content was within the limit of 0.2%, which is far below that 

established by EU regulation for industrial hemp plants (Table 22). 

GC-MS analysis of EOs 

A comprehensive GC-MS analysis was performed by means of two columns of different 

polarity, namely HP-5MS and DB-WAX, to overview the chemical profiles of the 9 EOs. 

The outcomes of the two analyses were comparable, confirming the presence of the same 

main compounds in each variety. Interestingly, the more non-polar HP-5MS stationary phase 

allowed to find, for several constituents, higher relative abundancies, with respect to those 

obtained by the more polar DB-WAX column. For this reason, Table 23 shows the 

percentage values provided by the analysis run with the HP-5MS column. 
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Table 23. GC-MS analysis results for the EOs of the 9 hemp commercial varieties 

        Variety         

    

  

Pablito 

White 

Shark 

Gorilla 

Glue 24K 

Fresh 

Mountain 

Venom   

OG 

Lemon 

Conti 

Kush 

Lemon 

Conti 

Kush New 

Amnesia 

Cookies  

N Componenta 

RIb 

HP-

5MS 

RI c lit. 

non-

polar 

RId 

DB-

WAX  

RIe 

lit. 

polar % HP-5MS ID f 

    
  

          
1 heptanal 901 901 1187 1184 0.9 0.3 0.2 0.2 0.2 0.3 0.6 0.1 trg RI,MS 

2 Ŭ-thujene 926 924 1028 1025  0.1  0.2   tr 0.3 tr RI,MS 

3 Ŭ-pinene 932 933 1026 1027 9.0 11.3 0.7 0.2 11.0 23.3 12.5 3.5 24.6 Std 

4 camphene 947 946 1071 1063 0.1 0.3 0.1 0.2 0.2 0.4 0.2 0.1 0.3 Std 

5 ɓ-pinene 975 974 1114 1112 3.0 4.2 0.7 0.2 4.0 5.0 4.8 2.7 8.2 Std 

6 myrcene 990 988 1164 1165 10.7 21.5 6.6 0.2 26.0 9.7 14.9 9.5 27.1 Std 

7 Ŭ-phellandrene 1004 1002 1169 1167 tr 0.5   tr tr tr 1.3 tr Std 

8 ŭ-3-carene 1009 1008 1153 1152  0.4     tr 1.0  Std 

9 Ŭ-terpinene 1016 1014 1184 1193 tr 0.4  0.1 tr tr tr 1.3 tr Std 

10 limonene 1027 1024 1203 1193 2.7 10.2 6.8 4.6 3.9 3.9 2.8 5.4 1.8 Std 

11 1,8-cineole 1030 1026 1217 1212 0.1 tr  1.5  tr  0.1 0.2 Std 

12 (Z)-ɓ-ocimene 1038 1032    tr    tr  tr  Std 

13 (E)-ɓ-ocimene 1048 1044 1253 1252 tr tr     tr 4.0  Std 

14 ɔ-terpinene 1058 1054 1250 1257 tr 0.3 tr 0.3  tr 0.1 1.0 tr Std 

15 terpinolene 1087 1086 1288 1282 0.3 11.8 0.3 0.4 0.2 0.1 1.0 30.2 0.1 RI,MS 

16 linalool 1099 1095 1547 1549 0.2 1.0 0.9 2.9 0.1 1.0 0.4 0.4 tr Std 

17 endo-fenchol 1112 1114 1589 1582 0.2 0.8 1.7 1.0 0.8 0.7 0.6 0.4 tr RI,MS 

18 trans-pinene hydrate 1120 1119   0.1 0.5 1.1 0.6 0.5 0.4 0.4 0.3 tr RI,MS 

19 borneol 1164 1165 1711 1701 0.1 0.2 0.4 0.3 0.2 0.3 0.2 0.1 tr Std 

20 Ŭ-terpineol 1189 1186 1703 1698 0.3 1.0 1.4 1.3 0.6 0.7 0.4 1.0 0.1 Std 

21 hexyl isobutanoate 1192 1191     0.1   tr 0.3   RI,MS 

22 sativene 1393 1390     0.1  tr  0.1 tr  RI,MS 

23 Ŭ-cis-bergamotene 1416 1411 1577 1577  0.1 0.1 0.2 tr 0.1 0.1   RI,MS 
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24 (E)-caryophyllene 1420 1417 1612 1612 15.5 11.4 17.6 19.9 16.0 17.1 10.7 8.2 15.3 Std 

25 Ŭ-trans-bergamotene 1436 1432 1594 1583 0.2 1.0 1.3 1.4 0.4 0.7 0.9 0.1 0.1 RI,MS 

26 Ŭ-guaiene 1439 1439     tr  2.8     RI,MS 

27 Ŭ-humulene 1455 1452 1685 1667 6.5 3.0 4.7 6.3 4.7 4.9 4.1 2.4 7.6 Std 

28 (E)-ɓ-farnesene 1457 1454 1668 1674 0.1 1.1 1.2 1.5 0.2 0.6 0.8 0.1 tr Std 

29 allo-aromadendrene 1462 1458   0.1  tr 0.2 tr tr 0.2 tr tr RI,MS 

30 ɔ-muurolene 1478 1478     0.1  0.1  0.1   RI,MS 

31 ɔ-curcumene 1480 1481     0.1 tr      RI,MS 

32 ɓ-selinene 1487 1489 1736 1734 0.8 0.2 0.2  0.6 0.1 0.5 0.6 1.3 RI,MS 

33 valencene 1494 1496   0.2  0.4   0.1   0.1 RI,MS 

34 Ŭ-selinene 1496 1498 1740 1737 0.7 0.2 0.5 0.1 0.8 0.1 0.8 0.7 1.1 RI,MS 

35 ɓ-dihydro-agarofuran 1501 1503   0.1 tr 0.1 0.1  0.1 tr tr tr RI,MS 

36 Ŭ-bulnesene 1507 1509   0.1    6.3     RI,MS 

37 ɓ-bisabolene 1509 1505 1734 1727 0.7 0.1 1.4 1.9 1.1 0.1 1.6 0.6 0.1 RI,MS 

38 ɓ-curcumene 1512 1514    0.1 0.2 0.2  tr 0.1   RI,MS 

39 sesquicineole 1515 1515   tr 0.1 0.1 0.5 0.1 0.2 0.3 tr  RI,MS 

40 zonarene 1522 1528   0.1 tr 0.9  0.3 tr    RI,MS 

41 selina-4(15),7(11)-diene 1536 1544   0.3 0.1 7.1  3.5 0.1 5.0 3.4 0.1 RI,MS 

42 selina-3,7(11)-diene 1543 1538 1796 1791  0.3 12.5  7.8 0.3 8.7 6.4 0.7 RI,MS 

43 (E)-Ŭ-bisabolene 1543 1544 1780 1784 1.7   1.8      RI,MS 

44 caryophyllene oxide 1584 1582 2008 2005 0.8 0.2 0.2 0.5 0.6 1.0 0.4 0.1 0.1 Std 

45  guaiol 1598 1600 2100 2103 7.5 3.0 5.8 9.7 tr 5.9 3.3 2.1 2.1 RI,MS 

46 eudesmol-5-epi-7-epi-Ŭ 1606 1607   0.4 0.1 0.2 0.4  0.2 0.1 0.1 tr RI,MS 

47 10-epi-ɔ-eudesmol 1621 1622 2124 2137 7.6 4.1 7.0 10.2 tr 6.5 4.6 3.1 3.0 RI,MS 

48 ɔ-eudesmol 1633 1630   1.7 0.5 0.8 1.5  1.0 0.5 0.3 0.3 RI,MS 

49 ɓ-eudesmol 1651 1649   3.1 1.3 1.8 3.4 tr 2.3 1.1 0.7 0.7 RI,MS 

50 Ŭ-eudesmol 1654 1652   4.3 2.0 2.8 4.7 0.2 3.2 1.7 1.1 1.1 RI,MS 

51 eudesmol-7-epi-Ŭ 1659 1658   0.8 0.3 0.5 0.9  0.6 0.3 0.1 0.1 RI,MS 

52 bulnesol 1668 1670 2201 2196 6.0 2.6 4.4 7.2  3.9 2.7 1.7 1.7 RI,MS 

53 Ŭ-bisabolol 1684 1685 2215 2219 8.6 0.2 2.7 8.4 4.3 0.5 5.2 1.9 tr Std 

54 eudesm-7(11)-4-ol 1697 1700   tr tr 0.1  tr tr 0.3 0.1  RI,MS 
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55 cannabidiol 2427 2430   0.2 0.6 0.2 0.4 0.5 1.0 0.5 0.1 0.1 Std 

56 cannabichromene 2434 2440   tr tr tr tr tr tr tr tr tr RI,MS 

                

 Total identified (%)     96.07 97.51 96.13 95.42 98.13 96.63 93.80 96.47 98.42  

a Order of compounds is according to their elution from the HP-5MS column. 
b Linear retention index calculated using a mixture of n-alkanes (C8ïC30) with respect to HP-5MS column. 
c Retention index values for non-polar columns taken from ADAMS library. 
d Linear retention index calculated using a mixture of n-alkanes (C8ïC30) with respect to the DB-WAX column. 
e Retention index values for polar columns taken from NIST 17 library. 
f Peak assignment method: Std, comparison with an available analytical standard; MS, MS matching with those stored in ADAMS, WILEY 275, NIST 17 and FFNSC2 libraries; RI, comparison 
of the calculated RI with those reported in ADAMS, NIST 17 and FFNSC2 libraries. 
g tr, traces (% < 0.1). 
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Among monoterpenes, Ŭ-pinene, myrcene, and terpinolene were again the main constituents 

detected in the EOs from the 9 commercial varieties. Only Venom OG presented Ŭ-pinene 

as the predominant terpene, as shown by GC-FID analysis. In fact, this compound accounted 

for 23.3% of the entire chemical composition, followed by (E)-caryophyllene (17.1%). 

Myrcene was the prevalent constituent of the EOs from Amnesia Cookies, Fresh Mountain, 

White Shark, and Lemon Conti Kush (27.1%, 26.0%, 21.5%, and 14.9% of the whole profile, 

respectively), confirming the GC-FID results (Table 22). Besides myrcene, Amnesia 

Cookies EO also displayed a significant content of Ŭ-pinene (24.6%), and (E)-caryophyllene 

(15.6%). In addition to myrcene, other abundant components were (E)-caryophyllene 

(16.0%) and Ŭ-pinene (11.0%) in Fresh Mountain, and terpinolene (11.8%), (E)-

caryophyllene (11.4%), Ŭ-pinene (11.3%) and limonene (10.2%) in White Shark. Myrcene 

was followed by Ŭ-pinene (12.5%) and (E)-caryophyllene (10.7%) in Lemon Conti Kush. 

Conversely, Lemon Conti Kush New EO was characterized by terpinolene as the 

predominant component, accounting for 30.2% of the total composition, followed by 

myrcene (9.5%). This EO also presented the highest content of terpinolene among all the 

EOs, as shown by GC-FID analysis outcomes. Differently from the previous ones, 24 K, 

Gorilla Glue, and Pablito EOs especially contained sesquiterpenes. Among them, (E)-

caryophyllene was the predominant compound, in agreement with GC-FID evidence, since 

it represented 19.9, 17.6, and 15.5% in the 3 EOs, respectively. It was followed by 10-epi-

ɔ-eudesmol (10.2%) and guaiol (9.7%) in 24 K, and by selina-3,7(11)-diene (12.5%) and 

selina-4(15),7(11)-diene (7.1%) in Gorilla Glue. If compared to the other EOs, Pablito 

included a more remarkable relative percentage of Ŭ-bisabolol (8.6%). Regarding 

cannabinoids, the only ones found in the 9 commercial varieties EOs were CBD and CBC. 

While CBC was detected only in traces in all the EOs, CBD content ranged between 0.1% 

and 0.6%, except in Venom OG, where it achieved 1.0% (Table 23). The above-reported 

GC-MS outcomes evidenced a certain variability in the chemical profile of the studied EOs, 

among each other and also, in some cases, in comparison to those obtained by the certified 

industrial hemp cultivars, which gave origin to these 9 commercial varieties. Indeed, Pablito 

EO showed the prevalence of (E)-caryophyllene and other sesquiterpenes, while its original 

monoecious variety Santhica 70 was described to be richer in monoterpenes, especially 

myrcene, although its EO was collected by SD (Iseppi et al., 2019). 24 K and Gorilla Glue, 

originated by Carmagnola CS, showed sesquiterpenes and, in particular, (E)-caryophyllene 

as predominant constituents; notably, Carmagnola EO from steam-distilled fresh 

inflorescences presented a higher amount of monoterpenes, especially myrcene (Nissen et 
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al., 2010), but a more considerable (E)-caryophyllene and sesquiterpenes amount when HD 

of dry inflorescences was performed (Pieracci et al., 2021). Concerning Lemon Conti Kush, 

Fresh Mountain, and Amnesia Cookies, deriving from Kompolti variety, a remarkable 

abundance of myrcene and other monoterpenes was registered in their EOs. This fact was in 

accordance with some literature reports, where Kompolti EO from dried inflorescences 

resulted to be richer in the same compounds, with respect to sesquiterpenes (Palmieri et al., 

2021). So, it may be deduced that such differences in the occurrence of mono- and 

sesquiterpenes in hemp EOs appear to depend on the extraction method and especially on 

the plant material status. Notably, in some EOs from the 9 commercial varieties, several 

sesquiterpenes structurally different from (E)-caryophyllene were found at noteworthy level 

(Figure 41). Among them, 10-epi-ɔ-eudesmol and guaiol in 24 K, selina-3,7(11)-diene and 

selina-4(15),7(11)-diene in Gorilla Glue, and also Ŭ-bisabolol in Pablito could be cited 

(Table 23). These sesquiterpenes were not common in hemp EOs from other studies. For 

example, they were absent in Kompolti EO analysed by Novak et al. (2001), while in Bertoli 

et al. (2010), selina-3,7(11)-diene and Ŭ-bisabolol were identified, but in amounts lower than 

1%, like all the other detected minor sesquiterpenes, within Carmagnola EO. 

 

Figure 41. Chemical structures of the main sesquiterpenes in the 9 EOs  
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Chiral GC-MS analysis of EOs 

The EOs from the 9 commercial cultivars were analysed also through chiral GC-MS 

technique to assess the enantiomeric distribution of Ŭ-pinene, ɓ-pinene, limonene, linalool, 

(E)-caryophyllene, and caryophyllene oxide. This analysis could be useful to detect the 

origin of the EO samples basing on the enantiomeric ratio shown by the main terpenes. In 

this respect, Table 24 indicates the ratios within the enantiomeric pairs of these chiral 

compounds. Both the enantiomers of Ŭ-pinene and limonene were found in all the varieties. 

For Ŭ-pinene, the prevalence of the (+)-form was noted, whereas the (-)-enantiomeric form 

was the predominant one for limonene. No significant differences in the enantiomeric ratios 

were obtained for these two components, among the 9 investigated varieties. On the other 

side, ɓ-pinene and linalool presented a higher variability in the enantiomeric ratios. Indeed, 

in general, the (+)-enantiomer of ɓ-pinene was the main one, although only the (-)-form was 

present in EOs from two varieties, namely 24 K and Gorilla Glue. Additionally, the 

prevalence of the (+)-enantiomer of linalool was revealed, and it was the only identified form 

in Fresh Mountain, Gorilla Glue and Venom OG EOs. It is worth specifying that the elution 

order of the enantiomeric forms of Ŭ-pinene and ɓ-pinene was in compliance with that of 

one of our previous studies, where an identical column was employed (Fiorini et al., 2020). 

Notably, (+)-Ŭ-pinene and (+)-ɓ-pinene, as the major enantiomers in the 9 EOs, were 

indicated to be endowed with antibacterial and antifungal properties (da Silva et al., 2012). 

Regarding sesquiterpenes, (E)-caryophyllene and caryophyllene oxide were detected 

exclusively in the (-)-enantiomeric form (Table 24), as demonstrated by another work on 

hemp EOs (Fiorini et al., 2020). From this evidence, it can be concluded that the 

enantiomeric ratio for the main volatile terpenes does not lead to a differentiation of the 

various hemp varieties, except for 24 K and Gorilla Glue, which exhibited the predominance 

of (ī)-ɓ-pinene. 

 

 

 

 

 



187 
 

Table 24. Chiral GC-MS analysis results for the EOs of the 9 commercial cultivars 

        Variety                                                                                                                    Enant. % 
 

Ŭ-pinene 

(-):(+) 

ɓ-pinene 

(+):(-) 

limonene 

(-):(+) 

linalool 

(-):(+) 

(E)-caryophyllene 

(+):(-) 

caryophyllene oxide 

(+):(-) 

White Shark 11.6:88.4 70.9:29.1 93.5:6.5 8.4:91.6 0:100 0:100 

Lemon Conti Kush 4.9:95.1 78.4:21.6 92.4:7.6 6.9:93.1 0:100 0:100 

Lemon Conti Kush 

New 
3.2:96.8 66.4:33.6 91.4:8.6 34.8:65.2 0:100 0:100 

Pablito 1.6:98.5 84.8:15.2 90.4:9.6 12.3:87.7 0:100 0:100 

Fresh Mountain 7.8:92.2 74.6:25.4 93.0:7.0 0:100 0:100 0:100 

Amnesia Cookies 2.9:97.1 88.6:11.4 74.1:25.9 28.2:71.8 0:100 0:100 

24 K 7.0:93.0 0:100 97.4:2.6 2.8:97.2 0:100 0:100 

Venom OG 4.6:95.4 81.0:19.0 87.9:12.1 0:100 0:100 0:100 

Gorilla Glue 7.9:92.1 0:100 97.4:2.6 0:100 0:100 0:100 
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SPME-GC-MS analysis of UM 

The UM of the investigated hemp commercial cultivars was evaluated for the organoleptic 

and aromatic features through SPME technique coupled to GC-MS. The analysed volatile 

constituents belonged to the monoterpene and sesquiterpene fractions, and, among them, Ŭ-

pinene, myrcene, terpinolene, and (E)-caryophyllene represented the main components 

(Table 25). Myrcene was the predominant volatile of Pablito (35.2%), White Shark (44.6%), 

Fresh Mountain (39.2%), and Amnesia Cookies (37.2%) varieties, confirming the results 

from GC-FID and GC-MS analyses of EOs. Terpinolene was the most significant compound 

in Lemon Conti Kush New UM (24.1%), and, to a minor extent, in White Shark (17.1%), as 

described by the previous analyses on EOs. Regarding sesquiterpenes, 24 K, Gorilla Glue, 

and also Venom OG and Lemon Conti Kush presented higher levels of (E)-caryophyllene 

(50.3, 43.8, 36.5 and 25.7%, respectively). In accordance with EOs GC-MS analysis 

outcomes, selina-3,7(11)-diene and selina-4(15),7(11)-diene were found especially in 

Gorilla Glue UM (10.0 and 6.3%, respectively) and, in minor amounts, in Lemon Conti Kush 

and Lemon Conti Kush New (Table 25). Concerning sesquiterpenes, literature information 

suggested that a mountain environment could induce their production, in particular (E)-

caryophyllene and Ŭ-humulene, and other minor ones, such as selina-3,7(11)-diene 

(Giupponi et al., 2020). In the mentioned study, Kompolti dry inflorescences cultivated in a 

mountainous area, and analysed with DVB/CAR/PDMS fiber, as in this work, were 

characterized by significant contents of the above sesquiterpenes, with respect to those 

recovered from lowland plants. In contrast to our research findings, the almost complete 

absence of less frequent components, such as selina diene-, bisabolene-, and eudesmol-type 

sesquiterpenes, should be highlighted in other publications on SPME analysis of 

inflorescences by different hemp varieties, including Carmagnola and Carmagnola CS 

(Bertoli et al., 2010). However, the used DVB/CAR/PDMS fiber was identified as the most 

performing for extracting volatile constituents from C. sativa inflorescences (Pellati et al., 

2018b). 
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Table 25. SPME-GC-MS analysis results for UM of the 9 commercial varieties  

  No Compound 
Lemon Conti 

Kush 

Fresh 

Mountain 
24 K 

Gorilla 

Glue 
White Shark Venom OG 

Lemon Conti 

Kush New 

Amnesia 

Cookies 
Pablito 

  

    

% 

    

1 Ŭ-thujene     tr  0.2   

2 Ŭ-pinene 14.4 10.7 1.5 1.4 12.0 3.6 2.0 18.3 12.4 

3 camphene 0.2 0.2 tr 0.1 0.2 0.4  0.2 0.2 

4 ɓ-pinene 6.1     6.8  6.4  

5 myrcene 21.3 39.2 18.3 15.0 44.6 31.8 15.9 37.2 35.2 

6 Ŭ-phellandrene     0.6  0.9 tr 0.3 

7 Ŭ-terpinene         0.2 

8 limonene 3.8 3.8 6.2 8.3 11.0 8.2 5.4 1.8 5.9 

9 p-cymene     0.1     

10 (Z)-ɓ-ocimene    0.1 0.1 1.1 5.5  1.2 

11 ɔ-terpinene     0.3  0.4  0.2 

12 p-cymenene     0.2     

13 terpinolene 1.7 1.0 5.2 2.7 17.1 1.3 24.1 tr 9.2 

14 cis-ocimenol         0.2 

15 copaene         0.1 

16 aristolene        0.1  

17 fenchol 0.1  0.2 0.4 0.1     

18 
butanoic acid, hexyl 

ester 
0.2         

19 Ŭ-terpineol 0.3 0.1 0.5 0.6 0.4 0.3 0.4   
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20 ylangene 0.3      0.1   

21 Ŭ-santalene 0.2  0.3 0.4 tr 0.1    

22 trans-Ŭ-bergamotene   0.9 0.4      

23 ɓ-caryophyllene 25.7 23.1 50.3 43.8 10.9 36.5 22.8 23.0 21.8 

24 Ŭ-guaiene  3.6    0.4    

25 Ŭ-himachalene 2.3 1.7        

26 (E)-ɓ-farnesene 0.2  0.4       

27 ɓ-bisabolene   3.2 2.2      

28 a-humulene 7.1 5.1 10.6 7.4 1.9 8.0 5.6 9.0 6.5 

29 aromadendrene 0.3  0.2       

30 ɓ-eudesmene 0.6 0.7   0.2   1.3 0.7 

31 Ŭ-farnesene 0.1 0.1  0.5   0.6   

32 ŭ-selinene       0.4 0.4  

33 valencene    0.4      

34 ŭ-guaiene  5.8    0.7  1.1  

35 ɓ-sesquiphellandrene 0.1         

36 ŭ-cadinene 0.1         

37 trans-Ŭ-bisabolene 1.9 1.6 2.1   0.3 2.4 0.6 1.1 

38 
selina-4(15),7-(11)-

diene 
5.1 0.3  6.3   5.2  1.8 

39 selina-3,7(11)-diene 7.6 3.0  10.0 0.1 0.3 7.9 0.3 2.6 

40 guaia-3,9-diene         0.4 

 Total identified (%)  99.7 100.0 99.9 100.0 99.8 99.8 99.8 99.7 100.0 
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6.3.2 Spectrophotometric analysis of LE and DM 

The two HD by-products, namely the water and plant biomass remaining in the round flask, 

were collected, and treated to obtain LE and DM, as described in sections 6.2.3. and 6.2.5. 

LE and DM, obtained by the 9 commercial varieties, were evaluated for their TPC and TFC, 

and also for the antioxidant activity in order to establish their potential reutilization in 

pharmaceutical, nutraceutical, and cosmeceutical applications. In this respect, Table 26 

reports the results of the spectrophotometric assays carried out on the LE. The lowest and 

highest TPC and TFC were registered in Fresh Mountain and Lemon Conti Kush New, 

respectively (between 40.4 and 72.2 mg GAE/g DE for TPC, and from 18.2 to 46.3 mg RE/g 

DE for TFC). In addition, the DPPH radical scavenging activity of LE ranged from 90.3 to 

143.0 mg TE/g DE in Fresh Mountain and Venom OG, respectively. Considering the studies 

on the antioxidant capacity of EU-approved hemp water extracts, Orlando et al. (2020) 

recorded TPC, TFC, and DPPH values of 21.2 mg GAE/gextract, 7.1 mg RE/gextract and 14.9 

mg TE/gextract, respectively, for Futura 75 freeze-dried aqueous extract. As another example, 

a TPC value of around 55.0 mg GAE/gextract was found by Gunjevic et al. (2021) for the 

lyophilized extract from the residual water after Monoica hemp EO distillation. Interestingly, 

the TPC, TFC, and DPPH levels, for all the 9 varieties of the current work, were much higher 

than those obtained by Orlando et al. (2020). The TPC values for only Fresh Mountain and 

Lemon Conti Kush LE were lower than that detected by Gunjevic et al. (2021), as well. 

Notably, the TPC and TFC levels for LE obtained from all the studied hemp varieties (apart 

from Fresh Mountain), were markedly above those reported for aqueous extracts of mulberry 

fruits (39.6 and 18.5 mg GAE/gextract for TPC and TFC, respectively), that are well known 

and appreciated for their antioxidant capacity (Mustafa et al., 2022). 

Table 26. TPC, TFC, and DPPH radical scavenging activity results for LE of the 9 commercial varieties  

Variety  TPC 

(mg GAE/g DE) 

TFC 

(mg RE/g DE) 

DPPH 

(mg TE/g DE) 

Lemon Conti Kush New 72.18 46.30 142.33 

Lemon Conti Kush 54.74 30.00 111.89 

Pablito  66.28 41.63 135.33 

Fresh Mountain  40.38 18.15 90.33 

24 K  65.00 40.37 138.11 

Venom OG  69.62 42.96 143.00 

Amnesia Cookies 57.82 25.56 109.67 

White Shark  62.69 30.78 115.89 

Gorilla Glue  57.56 31.48 120.78 
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As supposed, due to the high water solubility of these components, polyphenols and 

flavonoids contents, and also the antioxidant activity in DM (Table 27) resulted to be lower 

than those of LE. Nevertheless, DM could still represent a potential source of phenolic 

constituents, responsible for preventing oxidation damaging effects. The TPC values were 

in the range 15.5-23.9 mg GAE/g DW, achieving the minimum and maximum level in 

Lemon Conti Kush and Venom OG DM, respectively. In the case of TFC, the results varied 

between 8.3 mg RE/g DW in Amnesia Cookies and 22.0 mg RE/g DW in 24 K, while DPPH 

scavenging activity ranged from 24.1 to 41.7 mg TE/g DW in Fresh Mountain and Venom 

OG, respectively. For comparative purposes, the same spectrophotometric assays were also 

carried out on the dry inflorescences of Carmagnola CS, Santhica 70, and Kompolti that 

were extracted with an ethanol-water 1:1 solution. As a result, the 9 commercial varieties 

showed an increased TPC, TFC, and DPPH profile with respect to the values obtained for 

the original certified ones (Table 27). These outcomes were verified by literature data: for 

example, André et al. (2020) reported a total phenolic content between 4.7 and 16.5 mg 

GAE/g DW for methanol:water extracts from Santhica 70 dried inflorescences. In addition, 

Driniĺ et al. (2018) found TPC values from 9.3 to 17.1 mg GAE/g DW for Helena aerial 

parts extracts (50% ethanol in water). This solvent:water ratio, which was also selected in 

this research to perform the tests, ensured the best extraction efficiency for phenolic 

constituents (Driniĺ et al., 2018). Basing on the provided evidence, LE and DM from the 9 

hemp commercial cultivars could represent valuable products potentially exploitable for 

their antioxidant effects. Notably, LE, currently considered as a waste of the distillation, 

represent a valuable product to be used from an industrial perspective. 

Table 27. TPC, TFC, and DPPH radical scavenging activity results for DM of the 9 commercial varieties  

Variety  TPC 

(mg GAE/g DW) 

TFC 

(mg RE/g DW) 

DPPH 

(mg TE/g DW) 

Lemon Conti Kush  15.51 12.58 25.07 

Pablito  16.31 13.58 36.84 

Fresh Mountain  16.13 10.33 24.11 

24k  23.00 22.00 39.07 

Venom OG  23.90 20.08 41.67 

Amnesia Cookies  15.82 8.33 26.62 

White Shark  18.10 13.58 34.40 

Gorilla Glue  20.28 16.92 38.62 

Carmagnola CS 9.54 3.25 13.04 

Santhica   12.36 4.33 10.22 

Kompolti   15.10 6.50 15.56 
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6.3.3 1H-NMR analysis of UM and DM 

To assess multiple possibilities to extract valuable compounds from residual biomass 

deriving from EO distillation, the 1H-NMR approach was employed, as a first general 

attempt, to establish the observable changes in composition before and after HD of the 9 

hemp varieties. For this reason, UM and DM were used to carry out 1H-NMR experiments, 

and samples were extracted using solvents in sequence with increasing polarity. As a result, 

UM chloroform extract presented cannabinoid acidic forms, UM methanol extract showed a 

limited amount of phenolics and sugars, while UM water extract contained sugars (Figure 

42). On the other side, DM chloroform extract was characterized by the presence of 

cannabinoids, but CBDA was mostly decarboxylated, being transformed into CBD (Figure 

43). DM methanol and water extracts included a limited amount of phenolics. Thus, the 

preliminary investigation by 1H-NMR revealed that DM, with respect to UM, showed 

decarboxylated cannabinoids, being potentially useful as starting material for the recovery 

of these bioactive phytoconstituents. 

 

Figure 42. 1H-NMR spectra depicting the composition of UM chloroform, methanol, and water extracts 
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Figure 43. 1H-NMR spectra depicting the cannabinoids profiles of UM and DM chloroform extract 

 

6.3.4 HPLC-DAD-MSn analysis of LE, DM and UM 

The HPLC-DAD-MSn analysis of flavones in the 9 commercial varieties allowed to identify 

11 components, namely luteolin, apigenin, quercetin glycosides, and the hemp-specific 

flavonoids cannflavin A and B. Furthermore, also the lignanamides cannabisin A and B were 

found and quantified. These compounds have been previously identified mainly in the seeds 

and are recognised as markers for hemp (Chen et al., 2012). UM presented large differences 

in the content of these 11 phenolic derivatives. Among them, luteolin glucuronide was 

detected in a larger amount (more than 7.0 mg/g in Pablito UM and 4.2 mg/g in Lemon Conti 

Kush UM). Considering the sum of all the phenolic and lignanamide derivatives, Pablito 

UM presented these constituents in higher amounts, accounting for more than 12.0 mg/g in 

total. Regarding DM, a general reduction in the content of the 11 quantified compounds was 

noted, probably due to water dilavation during the HD process. Nevertheless, DM still 

included a significant amount of some phenolics. Interestingly, not all the compounds were 

dilavated during EO distillation, such as cannflavins, presenting low water solubility, that 

were quantified in an equivalent amount in UM and DM of most of the varieties. On the 

other side, glycosidic flavonoids, such as luteolin glycosides or rutin, which are in general 

more soluble in water at high temperatures, were less present in DM than in UM (Table 28). 
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LE was characterized by significant amounts of phenolic compounds (Table 29). Very high 

contents of rutin have been detected in Venom OG, White Shark, 24 K, and Lemon Conti 

Kush LE. Other cultivars, for example Fresh Mountain, presented only a limited 

concentration (0.3 mg/g) of rutin. Vitexin-2ôô-O-glucoside was found in a significant amount 

in Venom OG (5.0 mg/g), Lemon Conti Kush (3.5 mg/g), and 24 K (3.2 mg/g). As expected, 

cannabinoids in LE were present at negligible levels, because of their poor water solubility. 

UM and DM were also investigated for their cannabinoid profile, and results are resumed in 

Table 30. As previously shown by the preliminary study by 1H-NMR, all the varieties, as 

supposed, were rich in acidic forms of cannabinoids, in particular CBDA. The cultivar 

Pablito presented CBGA as the most significant cannabinoid. Very scarce amounts of THC 

have been detected, and the highest levels were all below 0.2 mg/g. Comparing the contents 

of cannabinoids in UM and DM, most of the CBDA has been converted to CBD in DM. 

Indeed, DM exhibited a larger amount of CBD, with respect to the corresponding UM, due 

to decarboxylation process and conversion of CBDA in CBD. The cannabinoids levels were 

considerably higher than some values published on Finola and Futura varieties (Pavlovic et 

al., 2019), and they were comparable with those of other works indicating the amount of 

CBD in several hemp cultivars grown in Slovenia (Glivar et al., 2020). 
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Table 28. HPLC-DAD-MSn characterization of flavonoids in UM and DM from the 9 varieties 

 

 

 

 

 

 

 

Compound      Variety 

 
White Shark 24 K 

Lemon Conti 

Kush 

Lemon Conti 

Kush New 
Pablito Venom OG Gorilla Glue 

Fresh 

Mountain 

Amnesia 

Cookies 

 UM DM UM DM UM DM UM DM UM DM UM DM UM DM UM DM UM DM 

                   mg/g 

cannabisin A 0.18 0.02 0.07 0.02 0.25 0.03 0.58  0.06 0.01 0.57 0.02 0.86 0.12 0.03 0.01 0.05 0.08 

cannabisin B 0.38 0.12 0.05 0.05 0.12 0.14 1.35  0.23 0.02 0.82 0.08 0.81 0.13 0.02 0.004 0.54 0.12 

luteolin-C-hexoside-O-

rutinoside 
0.72 0.05 0.05 0.05 0.16 0.03 0.63 0.03 0.50 0.03 0.66 0.12 0.51 0.02 0.18  0.38 0.06 

rutin 0.53 0.04 0.30 0.02 0.33 0.03 0.33 0.06 0.07 0.11 0.51 0.03 0.27 0.04 0.03 0.03 0.21 0.03 

luteolin-hexoside-hexoside 0.16 0.04 0.12 0.04 0.13 0.02 0.06 0.03 0.50 0.02 0.15 0.06 0.04 0.02 0.01  0.18 0.06 

vitexin 2''-O-glucoside 0.12 0.03 0.12 0.05 0.09 0.02 0.17 0.04 0.30 0.07 0.29 0.03 0.15 0.02 0.17 0.04 0.05 0.03 

apigenin-hexoside-glucuronide 0.20 0.06 0.15 0.03 0.17 0.54 0.06 0.02 0.12 0.03 0.18 0.03 0.13 0.46 0.16 0.04 0.13 0.02 

luteolin 7-glucuronide 2.77 0.56 3.11 0.69 4.18 0.12 2.58 0.99 7.26 1.49 3.52 0.30 3.10 0.12 1.43 0.29 2.00 0.30 

apigenin 7-glucuronide 0.94 0.27 0.46 0.13 0.67 0.07 0.23 0.20 0.21 0.37 0.02 0.15 0.37 0.07 0.48 0.13 0.63 0.14 

cannflavin B 0.89 0.88 0.72 0.75 0.67 0.43 0.36 0.9 0.51 0.56 0.58 0.42 0.33 0.25 0.34 0.51 0.35 0.43 

cannflavin A 1.13 1.38 2.08 2.66 0.38 1.92 1.46 2.43 2.15 2.87 0.53 0.74 1.35 1.41 0.97 1.3 0.68 0.16 
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Table 29. HPLC-DAD-MSn characterization of flavonoids in LE from the 9 varieties 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound Variety  

 
White Shark 24 K 

Lemon 

Conti Kush 

Lemon Conti 

Kush New 
Pablito 

Venom 

OG 

Gorilla  

Glue 

Fresh 

Mountain 

Amnesia 

Cookies 

 (mg/g) 

cannabisin A 0.33 0.39 0.22 0.30 0.57 0.11 0.33 0.33 0.12 

cannabisin B 0.71 2.57 2.37 0.35 3.03 3.57 0.30 0.22 0.18 

luteolin-C-hexoside-O-rutinoside 0.23 1.18 0.51 0.50 1.48 1.39 2.51 0.22 0.32 

rutin 7.93 7.93 8.79 0.35 5.63 12.18 0.75 0.30 0.58 

luteolin-hexoside-hexoside 0.21 0.20 0.49 2.35 0.21 0.34 0.21 0.38 0.21 

vitexin 2''-O-glucoside 0.29 3.19 3.48 0.63 0.55 5.01 0.40 0.57 0.37 

apigenin-hexoside-glucuronide 1.12 0.79 1.43 0.32 1.84 1.21 0.79 0.46 0.32 

luteolin 7-glucuronide 0.05 0.30 0.20 0.27 0.22 0.05 0.29 0.34 0.22 

apigenin 7-glucuronide 0.22 0.07 0.04 0.27 0.23 0.22 0.31 0.23 0.08 

cannflavin B 0.05 0.04 0.08 0.23 0.09 0.16 0.12 0.06 0.20 

cannflavin A 0.24 0.19 0.15 0.27 0.12 0.20 0.62 0.20 0.24 
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Table 30. HPLC-DAD-MSn characterization of cannabinoids in UM and DM from the 9 varieties 

Compound Variety  

 
White Shark 24K 

Lemon Conti 

Kush 

Lemon Conti 

Kush New 
Pablito 

Venom 

OG 

Gorilla  

Glue 
Fresh Mountain Amnesia Cookies 

 UM DM UM DM UM DM UM DM UM DM UM DM UM DM UM DM UM DM 

              mg/g 

CBDA 46.12 0.68 59.07 2.34 46.92 1.22 62.45 2.95 20.68 0.35 53.70 1.45 63.52 2.61 67.77 2.44 64.14 2.40 

CBD 0.35 1.56 0.74 2.89 0.43 2.38 0.72 3.71 0.16 0.61 0.56 3.25 0.94 3.93 1.10 4.58 0.77 4.04 

CBGA 2.11 0.46 3.07 0.43 0.99 0.41 0.54 0.32 23.50 0.50 3.25 0.41 4.91 0.45 3.26 0.42 2.24 0.43 

CBG 0.13 0.16  0.28  0.12 0.11 0.82 0.26 2.57 0.14 0.58 0.17 0.93 0.05 0.48 0.14 0.85 

CBN 0.44 1.13 0.35 0.11 0.38 0.13 0.04   0.14 0.08     0.33 0.07 0.08 

THC 0.10 0.01 0.13 0.11 0.09 0.05 0.01    0.07 0.02 0.16  0.14 0.02 0.05  

CBC 0.46 0.05 0.34 0.27 0.25 0.15    0.56 0.13 0.65    0.01   

THCA 0.88 0.68 0.31 0.14 1.30 0.02 0.23 0.16 0.01 0.01 0.10 0.13    0.38   
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6.3.5 Multivariate statistical analysis of EOs and UM 

PCA was performed to better visualize, within the 9 commercial varieties, the behaviour of 

the main compounds ascribed to the three studied fractions, namely terpenes, polyphenols, 

and cannabinoids in the plant material (inflorescences). 

The first PCA (Figure 44A) was carried out to identify the correlation groups for terpenes 

occurrence in EOs, based on GC-FID analysis results. The plots indicated 53.56% of data 

variability on the first principal component (PC 1), and 29.61% on the second one (PC 2). 

The variance was due mainly to terpinolene and, to a minor extent, to Ŭ-pinene and myrcene 

on PC 1, and to (E)-caryophyllene and caryophyllene oxide on PC 2. Precisely, Lemon Conti 

Kush New variety was differentiated by the high content of terpinolene, while Fresh 

Mountain and Amnesia Cookies were distinguishable for the significant presence of Ŭ-

pinene and myrcene. The other cultivars can be included in the third correlation group, 

characterized by the sesquiterpenes predominance. 

Another PCA (Figure 44B) was realized on terpenes relative abundances obtained by SPME 

analysis of UM, confirming the clustering of the first PCA conducted on EOs. Indeed, data 

variability, accounting for 58.38% along with the first PC and 24.03% along with the second 

one, was again caused by terpinolene, Ŭ-pinene, and myrcene among monoterpenes, and by 

the sesquiterpene (E)-caryophyllene. So, the 9 varieties were grouped here, reflecting the 

trend observed in the first PCA. 
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Figure 44. (A) Representation of PCA score and loading plots reporting hemp varieties and components found in the 9 

EOs. (B) Representation of PCA score and loading plots representing hemp varieties and volatiles obtained by SPME 

The third PCA was performed on terpenes, polyphenols, and cannabinoids fractions 

simultaneously (Figure 45), employing data referring to the dry biomass weight. In this case, 

PC 1 and PC 2 showed 92.89% and 4.75% of variability, respectively. The data distribution 

was influenced especially by CBDA on the first PC and CBGA on the second PC. Pablito 

cultivar was identified as the one with the highest content of CBGA, and, on the other side, 

the CBDA-rich cluster contained most of the studied varieties, namely Fresh Mountain, 

Gorilla Glue, Amnesia Cookies, 24 K, and Lemon Conti Kush New. 

 

Figure 45. Representation of PCA score and loading plots describing hemp varieties and their amounts of terpenes, 

polyphenols, and cannabinoids 
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The last PCA regarded exclusively the polyphenolic profile of the 9 commercial varieties 

UM (Figure 46). The plots represented 78.49% of the variation in PC 1 and 8.95% in PC 2. 

On the first PC, the data variability was affected mostly by luteolin glucuronide, which was 

prevalent in the Pablito variety; on the second PC, cannflavin A emerged as the main 

phenolic component in 24 K and Fresh Mountain. 

 

Figure 46. Representation of PCA score and loading plots representing hemp varieties and the main polyphenols in UM 

 

To summarize, the 9 hemp commercial varieties were clustered, by means of PCA analyses, 

on the basis of volatile compounds abundance, and also phenols and cannabinoids content. 

Concerning the aromatic profile, apart from Lemon Conti Kush New, characterized by 

terpinolene prevalence, the cultivars could be divided as Ŭ-pinene/myrcene-rich, and (E)-

caryophyllene-rich ones. Regarding polyphenols and cannabinoids, Pablito was one of the 

most promising varieties, because it was marked by the highest amount of luteolin 

glucuronide, and also of CBGA. For this reason, it presented important differences with 

respect to the other cultivars, in which CBDA was predominant. 

6.3.6 Micromorphological analysis 

The pistillate flowers of C. sativa are grouped into pairs in crowded, short pauciflore 

inflorescences at the axillae or terminals of branches. The flower, subtended by a bract, 

consists of one unilocular ovary and of two elongated, hairy stigmas. A hood-shaped 

bracteole surrounds the base of the ovary, a typical characteristic of the family Cannabaceae. 

The micromorphological investigation on the studied cultivars involved bracts, bracteoles, 

and inflorescence axes. Within the same variety, the indumentum features proved consistent 

across the replicates, as regards trichome morphotypes, distribution pattern, and density on 

the analysed plant parts. In all the studied hemp cultivars, the plant epidermis was densely 
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covered by an indumentum made of different trichome morphotypes (Table 31; Figure 47-

49).   
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Table 31. Distribution pattern of the glandular and non-glandular trichomes in the investigated C. sativa varieties   

 Trichome distribution: (+) present in all the replicates; (++) abundant in all the replicates 

 

 

Plant part Trichome  

morphotype 
24 K Gorilla Glue 

Lemon Conti 

Kush 

Fresh  

Mountain 

Amnesia 

Cookies 
Pablito White Shark Venon OG 

Lemon Conti 

Kush New 

bract 

hair-like lithocysts ++ ++ + ++ ++ + ++ ++ + 

bulbous ++ ++ ++ ++ ++ ++ ++ ++ ++ 

capitate-stalked ++ ++ ++ ++ ++ ++ ++ ++ ++ 

capitate sessile + + + + + + + + + 

bracteole 

hair-like lithocysts ++ ++ + ++ ++ + ++ + + 

bulbous + + + + ++ + + + + 

capitate-stalked ++ ++ ++ ++ ++ ++ ++ ++ ++ 

capitate sessile ++ + ++ + ++ ++ + ++ ++ 

inflorescence 

axis 

hair-like lithocysts + + + ++ ++ ++ + + + 

bulbous + + + ++ ++ ++ + ++ + 

capitate-stalked + + ++ ++ ++ ++ + ++ ++ 

capitate sessile + + + + + + + + + 
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Figure 47. SEM micrographs showing the trichome morphotypes in the investigated C. sativa varieties. (a) General view 

of the bract abaxial surface with hair-like lithocysts, capitate-stalked, capitate-sessile, and bulbous trichomes; (b) short hair-

like lithocysts; (c) long hair-like lithocysts; (d) particular with groups of capitate-stalked and bulbous trichomes; (e, f) 

capitate-sessile trichomes; (g-k) capitate-stalked trichomes with diverse elongation degree of the pseudo-stalk; (l) bulbous 

trichome. Scale bars = 100 µm (a-k); 20 µm (l) 
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Figure 48. SEM micrographs showing the trichome distribution pattern on bracts and bracteoles of the investigated C. 

sativa varieties. (a, b) 24 K hemp variety: abaxial surfaces of bract (a) and bracteole (b); (c, d) Gorilla Glue hemp variety: 

abaxial surfaces of bract (c) and bracteole (d); (e, f) Lemon Conti Kush hemp variety: abaxial surfaces of bract (e) and 

bracteole (f); (g, h) Fresh Mountain hemp variety: abaxial surfaces of bract (g) and bracteole (h); (i, j) Amnesia Cookies 

hemp variety: abaxial surfaces of bract (i) and bracteole (j). Scale bars = 200 µm (a, c-i); 250 µm (b, j)  
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Figure 49. SEM micrographs showing the trichome distribution pattern on bracts and bracteoles of the investigated C. 

sativa varieties. (a, b) Pablito hemp variety: abaxial surfaces of bract (a) and bracteole (b); (c, d) White Shark hemp variety: 

abaxial surfaces of bract (c) and bracteole (d); (e, f) Venom OG hemp variety: abaxial surfaces of bract (e) and bracteole 

(f); (g, h) Lemon Conti Kush New hemp variety: abaxial surfaces of bract (g) and bracteole (h). Scale bars = 500 µm (a-g); 

200 µm (h) 
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Hooked hair-like lithocysts were observed on the bract, bracteole, and inflorescence axis 

surfaces. They were simple and unicellular with an acute apex; the cell diameter was 

progressively smaller from the base to the apex (Figure 47). The cuticle was smooth in 

Venom OG (Figure 47), and characterized by micropapillae, sometimes lacking on the basal 

cells, in all the other investigated varieties. The overall length of this hair kind resulted to be 

variable, being lower on the interveinal regions of bracts and bracteoles and higher along the 

vein systems. Their distribution patterning and the composition of the cystoliths were 

employed in the past in the forensic identification of marijuana (Evert, 2006). In previous 

literature reports, glandular trichomes of several morphotypes were defined under diverse, 

controversial terms over time (Brousseau et al., 2021; Casiraghi et al., 2018; Happyana et 

al., 2013; Mahlberg and Kim, 2004; Raman et al., 2017). Hence, an update of trichome 

terminology would be highly convenient to redefine the gland morphotypes. However, the 

current terminology has been adopted here and, consistently with the critical considerations 

by Casiraghi et al. (2018), two main trichome groups have been recognized. The first was 

capitate, with a head made up of 8ï16 cells arranged in a single disc and a multiseriate stalk 

composed of 4ï8 cell rows. The secretory head was surrounded by a broad storing chamber, 

giving to the apex of each trichome a spherical shape. Cuticular rupture is often observed in 

SEM micrographs, in the form of a detached cap or following a horizontal line of apparent 

fragility in the diametrical region of the head. The stalk had a variable length because of the 

diverse elongation degree of the epidermal multiseriate stalk (pseudo-stalks) supporting it. 

Therefore, the so-called capitate-stalked glands and capitate sessile glands were grouped 

together. They invariably co-occurred on the inflorescence axis, on bract, and especially on 

bracteoles in all the analysed cultivars. The second group was bulbous, with a uni- or 

bicellular head, a short, biseriate stalk and a 2-foot cell lying at the level with the epidermis 

(Mahlberg and Kim, 2004). Their distribution on the surfaces of all the examined plant parts 

has been recorded. In general, neither the density rate, neither the distribution pattern of the 

different types of trichomes represented characteristics with diagnostic value for the varietal 

recognition (Table 31). However, the diverse elongation degree and the variable diameter of 

the pseudo-stalks of the capitate-stalked trichomes appeared as micro-characters useful in 

the recognition of some examined varieties. In fact, in Lemon Conti Kush and Lemon Conti 

Kush New the pseudo-stalk appeared typically shorter and wider at the base with respect to 

the other investigated cultivars. Due to the dense indumentum and to the overall small size 

of bulbous hairs, histochemical observation through light microscopy mostly involved 

capitate glands. Copious secretory products fully covering the head and the stalk of capitates 
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were noted. They mainly consisted of terpenes, both for capitate-stalked and capitate sessile 

hairs, as suggested by the intense positive responses to the NADI reagent, with a minor 

polyphenolic fraction, as indicated by the green-brownish colorations after the application 

of the Ferric Trichloride stain (Figure 50). The bulbous hairs occasionally displayed faintly 

positive responses to terpenes and polyphenols. The cannabinoid production, however, takes 

place mainly in the capitate trichomes, especially the stalked ones, as it was largely 

demonstrated by gas-liquid chromatographic evidence, by the identification of the candidate 

biosynthetic genes (Happyana et al., 2013), and by CARS microscopy (Ebersbach et al., 

2018). 

 

Figure 50. LM micrographs showing the results of the histochemical investigation on the glandular trichomes in the 

investigated C. sativa varieties. (a-b) Capitate-stalked trichome: Nadi reagent (a), Ferric Trichloride (b); (c-d) Capitate 

sessile trichome: Nadi reagent; (e-f) Bulbous trichome: Nadi reagent (e), Ferric Trichloride (f). Scale bars = 20 µm 
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6.4 Conclusions 

The new outcomes of this work opened up new possibilities for the hemp working area. In 

addition to the most known uses and applications of hemp, its aerial parts, especially the 

inflorescences, can be exploited to obtain EO by HD, a niche, and valuable product to be 

used especially in the field of perfumes and in agriculture as natural pest-control agent, 

although new applications are yet to be evaluated. Regarding the residual fractions after HD, 

the aqueous extract resulted to be rich in phenolic constituents, thus it can be a source of 

antioxidant compounds used as an additive in food and cosmetics. Moreover, the 

deterpenated material was revealed to still contain an important amount of decarboxylated 

cannabinoids, representing a valuable starting material for the extraction of these compounds 

for the pharmaceutical market. The micromorphological and histochemical investigation on 

the studied hemp commercial cultivars allowed, for the first time, to establish a connection 

between the hair morphotypes and their phytochemical profiles. However, neither the 

trichomes density rate, neither the distribution pattern on inflorescences represented features 

with diagnostic value for the varietal recognition. Only the smooth cuticle of the hooked 

hair-like lithocysts, and the shorter pseudo-stalks of the capitate-stalked trichomes were 

found to be valuable for the differentiation of Venom OG and Lemon Conti Kush/Lemon 

Conti Kush New cultivars, respectively.  
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7. Novel and eco-friendly microwave and ultrasound extraction 

technologies for recovering bioactive compounds from C. sativa 

 

7.1 Work introduction and aim  

As a versatile and multifunctional crop, C. sativa shows a very complex chemical 

composition made up of more than 480 molecules, among which especially cannabinoids, 

phenolics and terpenes are of interest. Proper and effective extraction, separation, 

purification, and identification approaches for these compounds are essential for their large-

scale industrial development. Certain terpenes and flavonoids are supposed to interact with 

cannabinoids, and alter their effects, determining a great range of pharmacological activities 

basing on the different C. sativa chemotypes. Due to the relevance of such phenolic and 

terpenoid compounds for some industries such as pharmaceutical and food ones, the search 

and optimization of recovery methods for these constituents appear to be important (Liu et 

al., 2022b). Cannabinoids, resulting from the condensation of phenolics and terpenes, are the 

most known Cannabis metabolites, in particular because of the pharmacological properties 

of the two main ones, CBD, and THC. The latter is recognised as a soft drug and displays 

numerous side effects, included increased anxiety, cholinergic deficiencies, and 

immunosuppression. Drug-type Cannabis is widely used for therapeutic and recreational 

purposes and, apart from its medicinal properties that are accepted and exploited in many 

countries, Cannabis is consumed by more than 4% of the worldôs population. Recently, it 

was completely or partially legalized in some American nations, South Africa, and Australia, 

and decriminalized in a few other states. Nevertheless, this recreational use remains illegal 

in the majority of the countries. Thus, extraction and utilization of non-psychotropic 

cannabinoids, such as CBD and other minor cannabinoids are being supported, valorising 

the employment of non-drug type Cannabis cultivars historically used especially for the 

production of high-quality natural fiber (Pattnaik et al., 2022). In this respect, due to the 

actual climatic and economic conditions pushing towards the use of plant raw materials to 

limit  the dependency on petrochemical-derived products, a renewed attention was shown in 

industrial hemp, being endowed with bioactive secondary metabolites for pharmaceutical 

uses. Hemp industry generates many by-products from both unutilized plant parts, like 

inflorescences, seeds, and residues from defibration or extraction, such as dust, shives, and 

seed meal. The presence of many high added-value substances in these several by-products 
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contributes to a multi-valorisation of this crop (Isidore et al., 2021). Along with the 

conventional solid-liquid extraction methods such as maceration or solvent extraction, a 

broad range of novel techniques like MAE, ultrasound assisted (UAE), pressurized liquid 

(PLE), and supercritical fluid extraction (SFE) are being developed for hemp 

(Fathordoobady et al., 2019). For instance, MAE and pulsed electric fields (PEF) prior to 

UAE were applied on defatted hemp seed cake to produce extracts and evaluate their 

phenolics content and antioxidant activity (Teh et al., 2014). In other works, hemp threshing 

residues (Vági et al., 2020), dust residues (Attard et al., 2018), aerial parts (Driniĺ et al., 

2021), inflorescences (Marzorati et al., 2020), and leaves and buds (Moreno et al., 2020; 

Rovetto and Aieta, 2017) were subjected to supercritical CO2 extraction and cannabinoids, 

especially CBD, were quantified in the obtained extracts. For the same purpose, pressurized 

propane, and dimethyl-ether extraction (Moreno et al., 2020), and deep eutectic solvents 

extraction (DES) (Cai et al., 2019) were employed on hemp flower buds and leaves, 

respectively. Moreover, an innovative and still understudied method to recover phenolic 

compounds from hemp is represented by subcritical water extraction (SWE), which was 

applied on aerial parts (Driniĺ et al., 2021). UAE and MAE are among the most versatile and 

effective advanced extraction approaches, with strong advantages in terms of extraction time 

and yields, solvent use, and reproducibility, with respect to the traditional extraction 

processes. UAE encompasses two physical phenomena, namely diffusion through the cell 

walls and rinsing the cell contents after walls break. A reduction of the plant material size 

can enhance the number of cells exposed to cavitation induced by ultrasounds. They can 

promote swelling and hydration and determine an enlargement in the cell wall pores. This 

will increase the diffusion process and so enhance mass transfer. Due to the cavitation, the 

disruption of plant cells occurs (Azmir et al., 2013). Regarding MAE, this type of radiation 

can rapidly heat up the matrix if the solvent possesses a high dielectric constant, which 

measures the efficiency in which the absorbed microwave energy can be transformed into 

heat inside a material when an electric field is applied. Because of these constants values, 

water results as the best solvent for MAE, and its addition to other solvents commonly used 

for the extraction of plant bioactive constituents can increase their polarity indices and, 

consequently the mixtureôs dielectric constant (Oreopoulou et al., 2019). 

Besides terpenes, polyphenols, and cannabinoids, also proteins, lipids, and total dietary fibre 

are abundant components in C. sativa, especially in its seeds. Hemp can be considered as an 

alternative oil crop to the most conventional ones, such as soybean, rapeseed, cottonseed, 
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sunflower seed, and peanut; in fact, it contains a relatively high amount of lipids (about 25-

35%, w/w). Hemp seeds also include all essential amino acids, accounting for 20-25% of 

proteins. Moreover, 20-30% of its dry matter is represented by saccharides, and 10-15% by 

insoluble fibre (Farinon et al., 2020). Hemp seeds have been demonstrated to possess a 

significant nutritional value and positive effects against cardiovascular and 

neurodegenerative disorders, as well as cancer, in particular, due to their essential fatty acids, 

especially linoleic (omega-3) and Ŭ-linolenic acid (omega-6), often present in a favourable 

3:1 ratio. In addition, hemp seeds are also an interesting source of highly digestible protein, 

that can be suitable for human and animal consumption (Vonapartis et al., 2015). Notably, 

Finola hemp variety is a Finnish cultivar, the first registered as an oilseed crop, and 

particularly suitable to produce seeds. It is the shortest cultivar, with a very fast flowering, 

and low production of THC (Lanļariļov§ et al., 2021). In general, the demand for sustainable 

and renewable sources of proteins is raising, especially because of the negative 

environmental impact of animal protein production, and the growing vegetarianism and 

veganism trends. Thus, eco-innovative technologies to obtain valuable proteins from by-

products of plant origin are being increasingly developed, through a zero-food waste 

approach, aiming at ensuring a cost-effective, sustainable, and environmentally friendly 

production (Pojiĺ et al., 2018). 

On this basis, the research work carried out during my PhD abroad period at Teagasc-

Agriculture and Food Development Authority and University College (UCD) in Dublin, 

Ireland, was focused on UAE and MAE of Finola hemp inflorescences by employing an 

UAE probe system and an UAE-MAE pilot scale extractor, without using organic solvents, 

for the recovery of phenolics, cannabinoids and proteins. The extracts were collected, the 

aqueous fractions were separated from the hemp solid residues, and both were freeze-dried 

separately, to then perform the analyses, with respect to conventional extraction and raw 

hemp. Ethanol was added to a portion of aqueous extracts resulting from probe UAE, to 

facilitate protein precipitation, and the obtained precipitates were evaluated as well. 

Specifically, cannabinoids and phenolic compounds were quantified through HPLC-DAD-

MSn analysis. For proteins, their percentage amount was determined through a Leco nitrogen 

analyzer and then the most promising extracts were characterized in terms of free amino acid 

(FAA) profile. The data were statistically processed through Principal Component Analysis 

(PCA) and cluster analysis. The extracts were also evaluated through LC-MS protein 
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analysis, which is still in progress. The hemp residues after probe UAE were subjected to 

SEM to observe the treatment effect on the samples surface. 

7.2 Materials and methods 

7.2.1 Plant material 

Finola hemp inflorescences, provided by a farmer of Newrow, Co. Kildare, Ireland, were 

cultivated in a 2.5 hectares (6 acres) field, that was ploughed and sown shallowly for planting 

hemp. The field was characterized by good arable and slightly alkaline soil. As fertiliser, 

about 100 units of nitrogen, 30 units of phosphorus, and 60 units of potassium per acre were 

spread. Hemp was planted in early May, in order to avoid the risk of frost in Ireland and 

harvested in late September. No irrigation was needed, due to regular rainfalls usually 

occurring in Ireland. Hemp air drying was carried out slowly into a shed to about 12% 

moisture. 

7.2.2 Moisture content evaluation 

Moisture content of hemp inflorescences was assessed according to AOAC method 930.15 

(AOAC, 2005), by using a hot air oven, at 135 °C for 2 h. Moreover, for confirmation, a 

LECO TGM 800 Thermogravimetric Analyser was employed for the same purpose. The 

obtained moisture content accounted for 13%. 

7.2.3 Ultrasound and microwave extraction 

Finola hemp dry inflorescences were milled, and 40 g of biomass were soaked in 800 mL of 

distilled water for 30 min and then subjected to UAE, by using an ultrasonic generator 

(UIP1000hdT, Hielscher ultrasound technology, Germany) (Figure 51) connected with a 1.8 

cm diameter probe (20 kHz) and immersing 2 cm of the probe in the mixture. The mixture 

was sonicated for 10, 20 and 30 min, at 20 and 100% ultrasound amplitude level at 4°C, 

respectively. Then, another set of experiments was carried out by UAE, MAE, and 

simultaneous ultrasound-microwave extraction (UMAE), by employing a pilot-scale 

equipment model E200 (Idco SAS, Marseille, France) (Figure 52). Precisely, 50 g of milled 

hemp inflorescences soaked in 1000 mL of distilled water were treated for 10 min, working 

at 200 W of ultrasound, 1000 W of microwave, and both ultrasound and microwave at the 

same time. As conventional experiments, hemp inflorescences and water in the same ratio 

were subjected to a stirring extraction for 24 h at 22°C. Each extraction was performed in 

duplicate, and the obtained mixtures were filtered with a muslin cloth, and then centrifuged 
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through a Thermo ScientificÊ SorvallÊ LYNX 6000 superspeed centrifuge, at 8000 x g for 

20 min, at 4°C. As a result, the aqueous and solid residues were separated, weighted and 

frozen at -20°C before freeze-drying in a L-300 Continuous Pro Modular, Buchi, 

Switzerland. A fraction of aqueous residues from ultrasound probe (USP) and conventional 

extractions (100 g) was not directly freeze dried but added to EtOH (1:3) and kept overnight 

at 4°C, in order to facilitate proteins precipitation. Then, the mixtures were centrifuged at 

10000 x g for 20 min at 4°C, and the precipitates were separated from the ethanolic solution 

and freeze-dried. 

 

Figure 51. 1000hdT UAE system with a detail of the probe 

 

 

Figure 52. Ultrasound-microwave assisted extractor E200 with a detail of the reactor 

 


































