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a b s t r a c t 

Industrial hemp (Cannabis sativa L.) is a plant matrix whose use is recently spreading for pharmaceuti- 

cal and nutraceutical purposes. Detailed characterization of hemp composition is needed for future re- 

search that further exploits the beneficial effects of hemp compounds on human health. Among minor 

constituents, carotenoids and fat-soluble vitamins have largely been neglected to date despite carrying 

out several biological activities and regulatory functions. In the present paper, 22 target carotenoids and 

fat-soluble vitamins were analyzed in the inflorescences of seven Italian industrial hemp varieties culti- 

vated outdoor. The analytes were extracted by cold saponification to avoid artifacts and analyzed by high- 

performance liquid chromatography coupled with Selected reaction monitoring mass spectrometry. Phy- 

toene, phytofluene, and all-trans- β-carotene were the most abundant in all analyzed samples (31–55 μg 

g −1 , 11.6–29 μg g −1 , and 7.3–53 μg g −1 , respectively). Besides the target analytes, liquid chromatogra- 

phy coupled with photodiode-array detection allowed us to tentatively identify several other carotenoids 

based on their retention behavior and UV–vis spectra with the support of theoretical rules and data in 

the literature. To the best of our knowledge, this is the first comprehensive characterization of carotenoids 

and fat-soluble vitamins in industrial hemp inflorescence. 

© 2023 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Cannabis ( Cannabis sativa L.) is one of the most versatile plant 

pecies historically used as a source of food, forage, fiber, oil, and 

arcotics [1] . Due to its remarkable genetic plasticity and ability to 

row under different climatic conditions, Cannabis sativa L. has be- 

ome a multipurpose plant species with various applications and 

ighly sustainable, low-input cultivation [ 2 , 3 ]. The interest in this 

erbaceous plant has recently seen a resurgence because of its 

ide range of phytochemicals found in hemp inflorescences that 

ave wide applications, especially in the food, pharmaceutical, and 

osmetic industries [4] . 
∗ Corresponding author at: Department of Chemistry, Università di Roma “La 
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Hemp inflorescences have extensively been studied in terms of 

he two major phytocannabinoids, i.e., the psychoactive compound 

9-tetrahydrocannabinol ( �9-THC) and the medicinally important 

nd non-psychoactive compound cannabidiol (CBD) [5] . Addition- 

lly, in the last decade, minor phytocannabinoids [6] , and other 

lasses of plant chemicals, such as terpenes [7–9] , phenolic com- 

ounds [ 7 , 10 ], lipids [11–13] , and alkaloids [14] , have also been ex-

ensively identified in C. sativa . These other plant chemicals can ex- 

rt synergistic effects to enhance the bioactivities of phytocannabi- 

oids, known as "the entourage effect" [15] . In the wide range of 

tudied phytochemical compounds in industrial hemp, carotenoids 

nd fat-soluble vitamins (FSV) have scarcely been considered, even 

hough their presence is well-established in green plant tissues 

16] . As micronutrients, vitamins do not provide significant energy 

r exert structural function, but rather perform highly specific ac- 

ivities for human health maintenance and metabolic integrity [17] . 

itamin A and provitamin A encompass a group of unsaturated or- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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anic compounds that regulate several biological processes, includ- 

ng vision and immune competence [18] . Vitamin E has eight bio- 

ogically active forms (four tocopherols and four tocotrienols) that 

xert antioxidant activity by transferring a hydrogen atom from 

romatic hydroxyl groups to free radicals (reactive oxygen species, 

OS) [19] . Vitamin K exists in two main forms, i.e., vitamin K 1 

phylloquinone) and vitamin K 2 (menaquinones), and carries out 

egulatory functions on numerous proteins, such as coagulation 

actors and osteocalcin [20] . Carotenoids are fat-soluble pigments 

ith antioxidant properties biosynthesized de novo by plants, al- 

ae, fungi, and bacteria [21] . They possess a wide structural vari- 

ty; about 750 carotenoids have been isolated from natural sources 

ithout counting geometrical isomers. Most dietary carotenoids 

re tetraterpenoids with a C40 skeleton, including carotenes (hy- 

rocarbon carotenoids) and xanthophylls (oxygenated carotenoids). 

owever, some species possessing a higher number of carbon 

toms (C45 and C50) or a lower carbon number, among which 

pocarotenoids, norcarotenoids, and secocarotenoids have been re- 

orted [22] . The carbon skeleton can be arranged in acyclic (e.g., 

ycopene), monocyclic (e.g., γ -carotene), and bicyclic (e.g., α- and 

-carotene) structures, and it can bear oxygenated functions such 

s hydroxy, keto, epoxy, aldehyde and carboxylic groups [16] . 

To date, only one study reported the total carotenoid concen- 

rations in hemp inflorescences by spectrophotometric analysis in 

even dioecious cultivars grown in Italy [23] . Other recent studies 

ere instead concentrated on the detection of tocopherol isomers 

 α-, β-, γ -, and δ-tocopherol) and carotenoid compounds (lutein, 

eaxanthin, and β-carotene) by a fluorescence detector [24] and 

he detection of α- and γ -tocopherol using high-performance liq- 

id chromatography (HPLC) coupled with a UV–vis detector [ 25 , 26 ] 

n hemp seeds and hemp seed oil. Hence, for the first time, 

his work has aimed to obtain a comprehensive characterization 

f carotenoids and FSV from 7 industrial hemp flowers. To this 

nd, the hemp inflorescences were saponified under mild tempera- 

ure conditions and then analyzed by non-aqueous reversed phase 

NARP) HPLC coupled to low-resolution tandem mass spectrometry 

MS/MS) to quantify 22 target analytes; moreover, an untargeted 

creening of other carotenoids, without the support of authentic 

tandards, was also carried out by HPLC-photodiode array (PDA) 

yphenation. The overall analytical strategy led to defining a com- 

rehensive profile of the occurring carotenoids and FSV in Cannabis 

ativa L. 

. Materials and methods 

.1. Chemicals and materials 

Phytoene, phytofluene, 15- cis- β-carotene, 9- cis- β-carotene, and 

-carotene were purchased from CaroteNature - GmbH (Switzer- 

and). All other analytical standards, reagents used for sample 

reparation, and HPLC-grade solvents were purchased from Merck 

ife Science (Darmstadt, Germany). All individual standards had a 

urity higher than 86%. Butylated hydroxytoluene (BHT), provided 

y Merck Life Science, was used as an antioxidant both in standard 

olutions and during the several steps of the extraction procedure. 

.2. Hemp plant material 

Five dioecious (Carmagnola, CS, Eletta Campana, Fibranova, Fi- 

rante) and two monoecious (Codimono, Carmaleonte) hemp va- 

ieties with a chemical phenotype III (CBDA prevalent) [27] were 

ultivated in 2021 in Rovigo site (Veneto, Italy) in small, random- 

zed plots with three replicates. Low-input cultivation was used, 

ith the applications of no chemicals except nitrogen fertilization 

efore sowing (40 units/ha) and water supply as needed. The plant 

aterial (comprising the upper part of the stem carrying inflores- 
2 
ences, flower bracts, apical leaves, and seeds) was collected at 

BCH stage 87 [28] , corresponding to the seed harvest time, and 

ried at 35 °C. Inflorescences, flower bracts, and apical leaves were 

hen manually separated from the stem and seeds by a sieve with 

 mesh size of 1 mm. 20 g of material collected from each variety 

as used for the subsequent analysis. 

.3. Standard solutions 

The stock solutions of the analytes were prepared by weigh- 

ng at concentrations of 0.2 mg mL −1 . Retinol, tocopherols, and to- 

otrienols were solubilized in methanol with 0.1% BHT ( w/v ), and 

hylloquinone, menaquinone-4, and menaquinone-7 were solubi- 

ized in ethanol and freshly prepared monthly. All the other an- 

lyzed compounds were solubilized in chloroform with 0.1% BHT 

w/v). The working solutions were prepared from the stock solu- 

ions by dilution at concentrations useful for the various phases 

f the experimental work. All the solutions were prepared using 

mber glassware and, when not in use, were stored in glass vials 

rapped in aluminum foil at a temperature of −18 °C. 

.4. Extraction of carotenoids and fat-soluble vitamins from hemp 

nflorescences 

Hemp samples were mashed, freeze-dried using a Heto Pow- 

rDry LL1500 (Thermo Fisher), finely ground in a mortar, and 

tored at - 20 °C. Three different extraction procedures were com- 

ared: (a) solid-liquid extraction (SLE), (b) maceration with an or- 

anic solvent, and (c) cold saponification. 

.4.1. Solid-liquid extraction 

The SLE was performed following the procedure of Nimalaratne 

t al. [29] . Briefly, 10 mL of an extracting mixture consisting of 

exane/ethyl acetate (9:1, v/v ) with 0.1% ( w/v ) of BHT was added 

ith 1 g of hemp sample and vortexed for 15 min. The mix- 

ure was then centrifuged at 30 0 0 rpm at room temperature for 

 min and the extraction was repeated three times on the result- 

ng biomass. The four supernatants were reunited and evaporated 

o 50 μL to remove most of the extracting solvent mixture while 

voiding complete evaporation to preserve the integrity of the an- 

lytes in a water bath maintained at 30 °C under a slow flow of ni-

rogen. The samples were measured with a Hamilton glass syringe 

nd diluted to a final volume of 200 μL with 2-propanol/hexane 

75:25, v/v ) solution containing 0.1% ( w/v ) of BHT. 

.4.2. Maceration with an organic solvent 

Cold static maceration was performed using hexane/2-propanol 

80:20, v/v ) with 0.1% ( w/v ) of BHT. One g of hemp was macerated

vernight (15 h) with 10 mL of extracting solution. The mixture 

as centrifuged at 30 0 0 rpm at room temperature for 5 min and 

he supernatant was evaporated to 50 μL in a water bath main- 

ained at 30 °C under a slow flow of nitrogen and diluted to a fi-

al volume of 200 μL with 2-propanol/hexane (75:25, v/v ) solution 

ontaining 0.1% ( w/v ) of BHT. 

.4.3. Cold saponification 

The cold saponification was performed following the work- 

ow of Gentili et al. [30] with minor modifications. Briefly, 1 g 

f freeze-dried hemp inflorescences was transferred to a 50 mL 

olypropylene centrifuge tube with a screw cap. Twelve milliliters 

f pure ethanol containing 0.1% BHT ( w/v ) and 2 mL of 50% ( w/v )

queous KOH were added. After releasing the headspace with ni- 

rogen, the tube was promptly closed and placed in a water bath 

aintained at 25 °C under magnetic stirring overnight (15 h). Af- 

er incubation, the digested was diluted with 6 mL of water, and 

he analytes were extracted with 5 mL of hexane with 0.1% ( w/v ) 
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Table 1 

APCI MS parameters optimized for SRM acquisition of the analytes selected in this study on hemp. 

Analyte Retention time (average ±
SD, min) 

Qualifier and quantifier 

SRM transitions ( m/z ) 

Ion ratio (average 

± SD,%) 

retinol 3.3 ± 0.6 269.0/107.1 29 ± 3 

269.0/93.1 

δ-tocotrienol 6.5 ± 0.3 397.4/177.3 75 ± 5 

397.4/137.2 

β- + γ -tocotrienol 7.9 ± 0.4 411.4/191.2 65 ± 7 

411.4/151.2 

α-tocotrienol 8.2 ± 0.5 425.3/205.5 31 ± 5 

425.3/165.2 

δ-tocopherol 8.1 ± 0.4 402.4/137.0 76 ± 7 

402.4/177.2 

β- + γ -tocopherol 8.8 ± 0.5 416.3/191.2 20 ± 5 

416.3/151.1 

α-tocopherol 9.5 ± 0.4 430.2/205.1 9 ± 2 

430.2/165.1 

menaquinone-4 8.2 ± 0.5 445.3/227.2 25 ± 3 

445.3/187.1 

all-trans -lutein 9.9 ± 0.2 551.5/135.2 61 ± 4 

551.5/175.0 

all-trans -zeaxanthin 10.0 ± 0.3 551.6/175.0 50 ± 2 

569.4/177.2 

menaquinone-7 10.0 ± 0.4 649.6/227.4 4 ± 1 

649.6/187.1 

canthaxanthin 10.1 ± 0.5 565.7/133.2 53 ± 7 

565.5/203.3 

all-trans- β-cryptoxanthin 10.4 ± 0.5 553.5/135.1 56 ± 3 

553.5/119.1 

phylloquinone 11.1 ± 0.4 451.5/199.2 18 ± 5 

451.5/187.3 

phytoene 14.8 ± 0.6 545.5/69.0 74 ± 9 

545.5/81.0 

phytofluene 15.1 ± 0.3 543.4/69.0 80 ± 7 

543.4/81.0 

15- cis- β-carotene 17.2 ± 0.3 537.0/119.0 61 ± 4 

537.0/177.0 

all-trans- ζ -carotene 17.9 ± 0.5 541.7/81.0 97 ± 9 

541.7/69.0 

all-trans- β-carotene 18.1 ± 0.2 537.0/119.0 61 ± 5 

537.0/177.0 

9- cis- β-carotene 18.8 ± 0.4 537.0/119.0 61 ± 7 

537.0/177.0 
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f BHT. The mixture was stirred magnetically for 5 min, then vor- 

exed for 5 min and centrifuged at 60 0 0 rpm for 5 min to facil-

tate the separation of the insoluble residue, the aqueous phase, 

nd the organic phase. The extraction was repeated four times. The 

exane extracts from each extraction were combined and washed 

ith 6 mL of water; two washes were enough to remove the alka- 

is altogether. Finally, the extract was collected in a new tube and 

vaporated to 50 μL in a water bath maintained at 30 °C under 

 slow flow of nitrogen and diluted to a final volume of 200 μL 

ith 2-propanol/hexane (75:25, v/v ) solution containing 0.1% ( w/v ) 

f BHT. 

.5. High-performance liquid chromatography-tandem mass 

pectrometry 

The analysis was performed using a Perkin Elmer 200 series bi- 

ary pump equipped with an autosampler (Perkin Elmer, Norwalk, 

T, USA) an Applied Biosystem API 30 0 0 triple quadrupole mass 

pectrometer (Applied Biosystem Sciex, Ontario, Canada), set to ac- 

uire in Selected Reaction Monitoring (SRM) scan mode. Analytes 

ere separated with ProntoSIL C 30 column (4.6 mm × 250 mm, 

 μm) by Bischoff chromatography (Leonberg, Germany), protected 

y a C 30 guard column (4.0 mm × 10 mm, 5 μm), in NARP con- 

itions at a temperature of 19 °C. The mobile phases used were 

ethanol (phase A) and a mixture of 2-propanol and hexane 

50:50, v/v ; phase B), and the gradient was as follows: 0–1 min, 

% B; 1–15 min, 0–75% B; 15–15.1 min, 75–99.5% B; and 15.1–
3

0.1 min, 99.5% B. The mobile phase was fully introduced into the 

S detector at a flow rate of 1 mL min 

−1 . Phase B was also used

or flushing the autosampler injection device. 

Analytes were detected in positive ion mode by placing the at- 

ospheric pressure chemical ionization probe (APCI) in the Turbo 

 source and setting a needle current (NC) of 3 μA and a probe 

emperature of 450 °C. High purity nitrogen was used as curtain 

as (2 L min 

−1 ) and collision gas (4 mTorr), while air as nebu- 

izer gas (1.5 L min 

−1 ) and make-up gas (2 L min 

−1 ). A polypropy-

ene glycol solution was infused at 10 μL min 

−1 to calibrate at 

he unit resolution of each Q1 and Q3 quadrupole; the unit mass 

esolution was established and maintained in the mass resolu- 

ion quadrupoles while maintaining a full width at half maximum 

FWHM) of approximately 0.7 ± 0.1 Da. 

For quantitative analysis of the analytes, two SRM transitions 

ere selected, after observing their product ion scan spectra, by 

ow injection analysis (10 ng injected; 1 mL min 

−1 flow rate). 

able 1 summarizes the most important HPLC–APCI( + )-MS/MS pa- 

ameters useful for analyzing the selected target compounds. β
nd γ isomers of tocopherol and tocotrienol were not separated 

y the NARP LC separation nor distinguished by their MS behavior. 

he fragmentation pathways of tocopherols/tocotrienol consist in 

he cleavage of the alkyl chain and the obtention of product ions of 

he stable aromatic section of the molecule that vary for the num- 

er of methyl substituents ( α vs β isomers) but not their position 

 β vs γ isomers) [31] . As such, the two standards injected indi- 

idually furnished the same SRM transitions and non-statistically 
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ifferent ion ratios, and the γ -isomers were employed for the de- 

elopment of the method. Therefore, the two pairs of isomers were 

nalyzed and quantified as mixtures. The confirmation of the iden- 

ified analytes was based on the criteria expressed in Commission 

ecision 2002/657/EC [32] ; each analyte was identified based on 

ts retention time, the two selected SRM transitions, and their rel- 

tive abundance. 

.6. Method validation 

The HPLC-SRM method for analyzing carotenoids and fat- 

oluble vitamins in hemp inflorescences was performed following 

he main FDA guidelines using pooled samples of all hemp ana- 

yzed. The parameters evaluated were recovery (RE), matrix effect 

ME), interday and intraday precision, linear dynamic range, lim- 

ts of detection (LODs), and limits of quantitation (LOQs). REs were 

alculated on three 1-g replicates from the pool spiked with the 

nalytes at two different concentration levels (C a 5 μg g −1 and C b 

0 μg g −1 for all-trans- β-carotene, phytoene, and phytofluene, C a 

.25 μg g −1 and C b 10 μg g −1 for all other analytes) according to

qs. (1). All aliquots were extracted as described in Section 2.3 , 

nd the peak areas were compared to those of another 1-g aliquot 

ortified after extraction with the same standard amount (SIM). 

rea Ca,b and Area SIM 

were both subtracted by the preexisting target 

ompound area (Area C0 ). 

E% = 

Ar ea Ca,b − Ar ea C0 

Ar ea SIM 

− Ar ea Co 

x 100 (1) 

Es were calculated by comparing the Area SIM 

of each tar- 

eted compound (subtracted by the preexisting targeted compound 

rea C0 ) and the area of the same targeted compound dissolved in 

he reconstitution solvent without extraction (Area Rif ). A ME value 

f 100% indicates no matrix effect, whereas for ME values lower 

nd higher than 100% there are ionization suppression and en- 

ancement, respectively. 

E% = 

Ar ea SIM 

− Ar ea C0 

Area Ri f 

x 100 (2) 

ntraday precision was calculated as the mean recovery’s relative 

tandard deviation (RSD), whereas the interday precision was cal- 

ulated as the RSD of the recoveries obtained from 5 replicates per- 

ormed on 5 different days. 

Calibration curves were built by analyzing seven aliquots of the 

emp pool (C 0 – C 6 ), six of which were fortified (C 1 – C 6 ) before

xtraction with increasing concentrations of the standards (for the 

pplied fortification levels see Table S1 in the Supplementary Ma- 

erial). Before constructing a calibration curve, the peak area de- 

ected in the C 0 aliquot was subtracted from the peak areas of 

he C 1 – C 6 calibrators. Then, the resulting peak area was plotted 

gainst the fortification level (μg g −1 ). Since precise measurement 

f the signal-to-noise ratio cannot be performed for the standard 

ddition method [33] , LODs and LOQs were estimated by examin- 

ng the target compound peaks in comparison with the width of 

he fluctuating basal noise just before and after the peak, except 

or the three targeted compounds that were not measured in all or 

ome samples. 

.7. High-performance liquid chromatography-photodiode array 

The experiments were conducted using a 200 series micro- 

PLC (Perkin-Elmer, Norwalk, CT, USA) coupled with a 200 series 

iode array detector (Perkin-Elmer). The chromatographic condi- 

ions were those already described in Section 2.4 . A Z-flow cell 

12 μL volume; 10 mm optical path) was used with the PDA. LC- 

DA chromatograms were acquired at 450 nm ( λmax of all trans- β- 

arotene, all-trans-zeaxanthin and all-trans- β-cryptoxanthin) with 

 bandwidth of 10 nm. The UV–Vis spectra were recorded at 200–
4 
00 nm. Totalchrom Navigator 6.3.1 and Iris (Perkin-Elmer) were 

sed to control the instrument and data collection, respectively. 

.8. Statistical analysis 

MetaboAnalyst 5.0 was employed for statistical analysis of the 

arotenoid and FSV datasets [34] . The data matrix was submitted 

s a text file that was prepared according to the specific indications 

hat are furnished by the developers. The interquartile range (IQR) 

as selected for data filtering, whereas the autoscaling algorithm 

as selected for data scaling. For data analysis, a hierarchical clus- 

ering heatmap was chosen using the normalized datasets and the 

ollowing parameters: (i) standardization: autoscale features; (ii) 

istance measure: Euclidean; (iii) clustering method: Ward. More- 

ver, an unsupervised chemometric approach based on the princi- 

al component analysis (PCA) was carried out. 

. Results and discussion 

.1. Choice of the extraction procedure 

At first, three different extraction procedures, based on an SLE, 

aceration with an organic solvent, and a cold saponification pro- 

ess, were evaluated to compare recoveries and matrix effects. For 

his purpose, a quality control sample consisting of a pool of all the 

nalyzed cannabis accessions was employed. The SLE was selected 

or being the simplest and most rapid approach for carotenoid and 

SV extraction. On the other hand, maceration has widely been 

roposed for carotenoid and FSV extraction since it does not re- 

uire heating systems, which would cause the thermal degradation 

f carotenoids [35] . 

Whereas carotenoids (e.g., β- carotene) are commonly present 

n their free forms in plant matrices, xanthophylls, which bear 

ydroxyl groups, are often found in more stable esterified forms 

ith fatty acids such as myristic, palmitic, and stearic acid [36] . 

herefore, the extraction of carotenoids and FSV have often been 

erformed in combination with saponification processes [37] . De- 

pite being the most common approach for the hydrolysis of neu- 

ral lipids, hot saponification could cause the isomerization of 

arotenoids and the degradation of vitamin K vitamers and xan- 

hophylls [37] . Therefore, milder conditions were chosen. For the 

hoice of extraction method, RE and ME were measured at C a 

oncentration levels. In HPLC–MS/MS, matrix effects are combined 

onsequences between the influence of the matrix entering the 

on source and the chemical nature of the target compound. The 

eterogeneous environment of inflorescence matrices results in a 

ompetition between analyte ions and other matrix components. 

his competition leads to an effective decrease (ion suppression) or 

ncrease (enhancement) in the ionization process, expressed as the 

bsolute matrix effect, and shows high analyte/matrix-dependent 

ifferences. 

The three tested protocols had a similar RE of about 70–100%, 

ut the ME were closer to 100% for cold saponification compared 

o the other two extraction protocols (Table S2). This can be ex- 

lained by considering that cold saponification effectively removes 

hlorophylls separating it from other liposoluble compounds [38] . 

he removal of neutral lipids has also a positive effect on the 

hromatographic separation, identification, and quantification of 

arotenoids and FSV. 

.2. Validation results 

The validation of the cold saponification-HPLC-MS/MS method 

or analyzing carotenoids and FSV in hemp inflorescences was per- 

ormed in accordance with the main FDA guidelines using the 

emp pool sample. The proposed approach was evaluated based on 
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Table 2 

Results of the quantitative analysis of carotenoids and fat-soluble vitamins in industrial hemp flowers from different cannabis strains (μg g − 1 ). 

Compound CS Carmagnola Carmaleonte Codimono Eletta Campana Fibrante Fibranova 

retinol 0.15 ± 0.05 0.22 ± 0.05 0.5 ± 0.2 0.30 ± 0.09 0.23 ± 0.08 0.33 ± 0.09 0.22 ± 0.09 

δ-tocotrienol n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

β- + γ -tocotrienol 0.027 ± 0.007 0.025 ± 0.009 0.028 ± 0.008 0.037 ± 0.005 0.020 ± 0.006 0.027 ± 0.008 0.04 ± 0.02 

α-tocotrienol 0.059 ± 0.005 0.07 ± 0.01 0.010 ± 0.002 0.073 ± 0.005 0.07 ± 0.02 0.12 ± 0.02 0.11 ± 0.01 

δ-tocopherol 0.057 ± 0.001 n.d. n.d. n.d. 0.057 ± 0.007 0.05 ± 0.01 n.d. 

β- + γ -tocopherol 0.61 ± 0.07 0.5 ± 0.1 0.5 ± 0.2 0.5 ± 0.3 0.7 ± 0.3 0.58 ± 0.01 0.40 ± 0.09 

α-tocopherol 1.7 ± 0.3 1.3 ± 0.4 0.65 ± 0.08 1.5 ± 0.4 1.0 ± 0.7 3.0 ± 0.3 0.9 ± 0.3 

menaquinone-4 0.9 ± 0.4 0.44 ± 0.08 1.0 ± 0.1 1.1 ± 0.3 0.4 ± 0.1 0.9 ± 0.2 1.1 ± 0.4 

all-trans -lutein 0.3 ± 0.1 0.10 ± 0.02 0.14 ± 0.06 0.3 ± 0.2 0.11 ± 0.03 0.12 ± 0.02 0.12 ± 0.02 

all-trans -zeaxanthin 6.5 ± 0.3 1.6 ± 0.1 0.4 ± 0.1 0.6 ± 0.2 1.5 ± 0.2 1.6 ± 0.1 0.12 ± 0.03 

menaquinone-7 n.d. n.d. 0.15 ± 0.09 n.d. n.d. n.d. n.d. 

canthaxanthin 0.05 ± 0.01 0.07 ± 0.03 0.04 ± 0.01 0.052 ± 0.007 0.05 ± 0.02 0.05 ± 0.03 0.05 ± 0.03 

all-trans- β- cryptoxanthin 2.2 ± 0.2 2.4 ± 0.1 0.7 ± 0.3 2.4 ± 0.2 2.3 ± 0.3 2.5 ± 0.1 2.8 ± 0.2 

phylloquinone 1.02 ± 0.06 2.0 ± 0.1 0.4 ± 0.2 0.8 ± 0.2 0.77 ± 0.06 1.7 ± 0.5 0.8 ± 0.1 

phytoene 36 ± 9 36 ± 3 55 ± 8 43 ± 6 40 ± 10 31 ± 3 46 ± 9 

phytofluene 13 ± 2 11.6 ± 0.3 29 ± 4 21 ± 4 14 ± 3 12 ± 2 19 ± 4 

15- cis- β-carotene 0.76 ± 0.07 1.1 ± 0.3 0.3 ± 0.1 1.3 ± 0.3 1.3 ± 0.6 1.1 ± 0.3 1.2 ± 0.4 

all-trans- ζ -carotene 0.10 ± 0.05 0.12 ± 0.02 0.24 ± 0.08 0.18 ± 0.04 0.08 ± 0.03 0.11 ± 0.03 0.14 ± 0.05 

all-trans- β-carotene 33 ± 6 39 ± 6 7.3 ± 0.4 41 ± 5 44 ± 9 35 ± 3 53 ± 4 

9- cis- β-carotene 0.6 ± 0.2 0.9 ± 0.2 0.2 ± 0.1 0.91 ± 0.09 0.9 ± 0.3 0.76 ± 0.02 1.2 ± 0.2 
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E, interday and intraday precision, linear regression parameters, 

ODs, and LOQs. The validation results are summarized in Table 

3. RE values were determined at two fortification levels (C a and 

 b ) in hemp inflorescences samples, according to Eqs. (1). Since 

he β and γ isomers of tocopherol and tocotrienol were not sepa- 

ated by the chromatographic system, the two pairs were evaluated 

n combination. For all investigated analytes except menaquinone- 

, RE values were > 70% at both C a and C b , which were close

o the lower and upper values of the considered linear dynamic 

ange, respectively. Among the analyzed compounds, the vitamin 

 vitamers (phylloquinone, menaquinone-4, and menaquinone-7) 

howed the lowest RE values, in agreement with previous find- 

ngs following saponification [37] . The intraday and interday pre- 

ision was evaluated by performing recovery experiments ( n = 5) 

n the same day and five consecuti ve days and measuring the RSD. 

he intraday precision was below 10% for all analytes, whereas the 

nterday precision was below 15% for all analytes except the vi- 

amin K vitamers menaquinone-4 and menaquinone-7. The linear 

ynamic range was evaluated taking into consideration the preex- 

sting targeted compound amounts that were estimated from the 

emp pool analysis. Square linear regression coefficients (R 

2 ) were 

 0.99 for all analytes, except the vitamin E vitamers for which 

 

2 were between 0.95 and 0.99. Since LOD and LOQ values are 

atrix-dependent in LC-MS/MS, a direct comparison of our results 

annot be made. However, the values are in line with or even bet- 

er than previously reported results using similar approaches on 

ther matrices [ 37 , 39 , 40 ]. 

.3. Carotenoid and fat-soluble vitamin content in hemp inflorescence 

f different varieties 

Following the validation of the LC-MS/MS method on the hemp 

ower pool, the individual hemp varieties were analyzed. Seven 

talian hemp cultivars, i.e., Carmagnola, CS, Carmaleonte, Codi- 

ono, Eletta Campana, Fibrante, and Fibranova, were considered, 

nd, for each cultivar, three distinct samples from different areas of 

he experimental field were collected. The quantitative results are 

ummarized in Table 2 expressed as absolute concentrations and in 

able S4 as percentages. To the best of our knowledge, there have 

een no previous papers that focused specifically on the charac- 

erization of carotenoids and FSV in hemp inflorescence. However, 

pano et al. [23] . have previously estimated the total carotenoid 

ontent of seven hemp cultivars via spectrophotometric analysis, 

esulting in 106–317 μg g −1 depending on each accession and har- 
5 
esting time. On average, our LC-MS/MS results furnished 104.5 μg 

 

−1 , ranging from 90.9 μg g −1 for Fibrante samples to 127.2 μg g −1 

or Fibranova samples. It is important to highlight that, despite be- 

ng somehow similar, a direct comparison of our results to those 

f Spano could be misleading. First, our analysis considered the 

ontribution of only 22 analytes, whereas, as shown later, there 

re possibly several other carotenoids in hemp inflorescence. More- 

ver, the spectrophotometric analysis could underestimate the con- 

ent of UV-absorbing carotenoids (e.g., phytoene) and be affected 

y non-carotenoid interference. 

Among the 22 analytes considered, 19 were found in all indus- 

rial hemp varieties, δ-tocopherol was found in CS, Eletta Cam- 

ana, and Fibrante samples, menaquinone-7 was detected in the 

ole Carmaleonte sample, and δ-tocotrienol was detected in none. 

hytoene, β- carotene, and phytofluene were the three most abun- 

ant carotenoids in all analyzed samples ( Fig. 1 ), ranging between 

4.5% and 94.6% (90% on average) of the total carotenoid content. 

Phytoene is a UV-absorbing carotenoid precursor that is syn- 

hesized in plants by the phytoene synthase enzyme by cou- 

ling two geranylgeranyl pyrophosphate units and undergoes a 

eries of desaturation and cyclization reactions that produce all 

ther carotenoids, starting with phytofluene [41] . Phytoene and 

hytofluene have gathered attention for their skin protection ac- 

ivity since they absorb in the UVB-UVC and UVA regions, re- 

pectively [42] . On the other hand, β-carotene is a deeply col- 

red carotenoid that is converted to vitamin A (retinol) by the 

-carotene 15,15 ′ -dioxygenase [43] . As such, vitamin A (retinol) 

nd provitamin A ( β-carotene and β-cryptoxanthin) vitamers 

epresented on average 36.4% of the total carotenoid content, 

hereas vitamin E vitamers ( α-, β-, γ -, δ-tocopherols and α-, 

-, γ -, δ-tocotrienols) and vitamin K vitamers (menaquinone-4, 

enaquinone-7, and phylloquinone) represented the 2.1% and 1.9%, 

espectively. Among the vitamin E vitamers, α-tocopherol was the 

ost abundant with more than two-thirds of the total vitamin E 

ontent, followed by β- + γ -tocopherols. These results are in strik- 

ng contrast with previous findings on hempseeds and hempseed 

il that showed γ -tocopherol as the main vitamer [ 24 , 44 ]. In gen-

ral, the carotenoid profile of hemp inflorescence seems rather dif- 

erent compared to that of hempseeds. Irakli et al. [24] , in fact, 

emonstrated that tocopherols are over ten times more abundant 

han β-carotene in hempseeds, whereas our results show the op- 

osite trend. This result also suggests a different regulation of the 

arotenoid biosynthesis among plant organs even if no information 

s available yet on this pathway in Cannabis. 
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Fig. 1. Pie chart showing the average content of the analyzed carotenoids in industrial hemp inflorescence. 

Fig. 2. Hierarchical clustering heatmap and dendrogram of the tocopherol and FSV content in the seven analyzed industrial hemp accessions. 
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To evaluate the carotenoid and FSV content in the seven ana- 

yzed industrial hemp accessions, a clustering analysis by heatmap 

as carried out ( Fig. 2 ). The three vitamin forms ( δ-tocopherol, 

enaquinone-7, and δ-tocotrienol) that were not found in all 

ets of samples were not considered for statistical analysis. The 

eatmap is correlated to a dendrogram that illustrates the ar- 

angement of the clusters for both the samples and the analytes. 

he samples belonging to the Carmaleonte variety stood out from 

he others and were characterized simultaneously by the high- 

st amounts of phytoene, phytofluene, ζ -carotene, and retinol and 
6 
owest amounts of β-carotene, 9- cis- β-carotene, 15- cis- β-carotene, 

nd β-cryptoxanthin. These two clusters of compounds are also 

isible in the dendrogram of the analytes. Indeed, the combined 

oncentration of phytoene and phytofluene for the Carmaleonte 

amples (84 μg g −1 ) was significantly higher than in all other 

amples (43–65 μg g −1 ). Conversely, β-carotene was much lower 

7.3 μg g −1 ) than in all other samples (33–53 μg g −1 ). In the second

luster of samples, two main groups of samples are clustered: one 

ub-cluster was constituted by the Codimono and Fibranova sam- 

les, and the other by the remaining four accessions. Codimono 
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Table 3 

Untargeted HPLC-PDA data used for the tentative identification of carotenoids in industrial hemp inflorescence. 

Peak RT compound Calculated 

λmax 
a 

Observed λ (nm) Reported λ (nm) c Observed% 

(III/II) 

Reported% 

(III/II) c 
Observed 

Q-ratio 

Reported 

Q-ratio 

1 9.9 all-trans -zeaxanthin 453 425;448;475 428; 450; 478 b 45 25 b 

2 10.7 all-trans -dihydrolutein 427 409;429;453 408;428;453 b , d 38 38 b , d 

3 11.1 all-trans- α-cryptoxanthin 448 427;445;474 421;445; 475 b 55 60 b 

4 11.6 3–hydroxy- all-trans - β-zeacarotene 427 408;430;454 405;428;453 b 85 n.r. 

5 12.0 all-trans- β-cryptoxanthin 453 429;451;478 425;449; 478 b 25 25 b 

6 12.3 all-trans -zeinoxanthin 448 420;442;471 421;444;472 b 53 60 b 

7 12.8 9- cis- β-cryptoxanthin 451–447 342;427;449;475 342;427;449;476 e 25 78 e 2.1 4.2 e 

8 13.0 9- cis -zeinoxanthin 446–442 337;426;446;477 331;422;446;475 e 21 7 e 2.5 9.1 e 

9 13.2 unknown 1 402;430;455 95 

10 13.5 2-keto- α-carotene 448 423;446;475 423;446;475 b , d 38 60 b , d 

11 13.7 2-keto- β-carotene 453 425;450;480 451;476 b , d 27 n.r. 

12 14.4 all-trans- β-carotene-epoxide 445 426;445;478 422;445;472 b 25 n.r. 

13 14.7 cis- β-carotene-epoxide 443–439 345;425;448;476 337,425,449,475 e 26 17 e 9.5 2.7 e 

14 16.8 13- cis- α-carotene 446–442 343;417;445;479 346,418;446;474 e 20 18 e 3.0 2.3 e 

15 17.4 all-trans- α-carotene 448 427;447;475 422;445;473 b 47 55 b 

16 17.5 13- cis- β-carotene 451–447 345;426;454;481 346;427;450;476 f 14 10 f 3.0 2.4 f 

17 17.9 unknown 2 424;455;483 

18 18.4 all-trans- β-carotene 453 424;453;480 425;450;483 b 25 25 b 

19 18.7 all-trans -dihydro- β-carotene 427 410;433;461 410;429;454 b 43 55 b 

20 19.3 9- cis- β-carotene 451–447 345;428;450;485 347;428;452;479 e 14 14 e 3.5 4.1 e 

21 19.6 all-trans- β-zeacarotene 427 411;430;460 404;428;452 b 62 n.r. 

22 20.9 9- cis- γ -carotene 463–459 348;428;449;477 338;428;450;477 f 15 30 f 4.0 5.8 f 

23 21.2 unknown 3 429;450;476 8 

24 21.7 unknown 4 429;450;479 17 

25 22.2 unknown 5 430;452;480 17 

a calculated using the Fieser rules (see ref [47] ). 
b see ref [46] . 
c measured in hexane or ethanol unless otherwise stated. 
d measured in acetone. 
e see ref [48] . 
f see ref [30] . 
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nd Fibranova seemed characterized by the highest concentrations 

f β-carotene and its cluster of carotenoids. Moreover, they had 

igher concentrations of phytoene and phytofluene (43–46 and 19–

1 μg g −1 , respectively) compared to the other sub-cluster (31–40 

nd 11.6–14 μg g −1 , respectively). The sample belonging to the sec- 

nd sub-cluster showed no clear trend in terms of its carotenoid 

nd FSV content, despite the sometimes higher concentration of 

ome minor analytes, e.g., lutein and zeaxanthin in the case of CS, 

hylloquinone in the case of Carmagnola, and α-tocopherol in Fi- 

rante. 

The information gathered by the hierarchical cluster analysis 

as then confirmed by an unsupervised chemometric approach 

ased on the PCA (Figure S1). Information on the relations among 

he samples is displayed in the scores plot along the principal com- 

onents, whereas the interpretation of the compounds can be in- 

estigated on the loadings plot. The 19 carotenoids and FSV that 

ere common to all samples were used as variables. The contri- 

ution of principal component 1 (PC1) was 36.4%, while PC2 con- 

ributed 20.7% of the total variance (when combined, PC1 and PC2 

onstituted more than 55% of the total variance). The samples are 

iscriminated alongside PC1, with positive values for Carmaleonte, 

alues around zero for Codimono/Fibranova, and negative values 

or the other accessions. The two subclusters shown in the den- 

rogram are also partially discriminated alongside PC2, with pos- 

tive values for Codimono/Fibranova and generally negative values 

or the other samples. In the loadings plot (Figure S1b), the two 

lusters of highly-correlated analytes earlier described are also vis- 

ble. 

.4. Tentative identification of carotenoids in hemp inflorescence by 

plc-PDA 

To gain further knowledge on the carotenoid composition of 

emp inflorescence, an HPLC-PDA analysis was performed on the 
7 
emp pool. Carotenoids were tentatively identified based on their 

etention behavior and UV–vis spectra with the support of theoret- 

cal rules and data in the literature. 

The elution patterns of carotenoids have been widely studied 

 30 , 45 ] and can be summarized as follows: (i) the increase of the

olecular weight and the conjugation extension corresponds to 

onger retention (e.g., phytoene < phytofluene); (ii) the presence 

nd number of oxygen groups decrease the retention (e.g., zeax- 

nthin < β-cryptoxanthin < β-carotene); (iii) the number of cy- 

les decreases the retention (e.g., β-carotene < γ -carotene < ly- 

opene); (iv) β , ε-carotenoids have a lower retention time than 

, β-carotenoids (e.g., lutein < zeaxanthin); (v) the location of cis 

ouble bonds affects the elution order [45] (e.g., 15- cis- β-carotene 

 13- cis- β-carotene < all-trans- β-carotene < 9- cis- β-carotene). 

Because of their extensive double bond conjugation, carotenoids 

trongly absorb in the UV–vis region of the electromagnetic spec- 

rum exhibiting a characteristic three-peak spectrum [46] . The ab- 

orption maximum and the fine structure of the spectra allow the 

dentification of the chromophore. The absorption maximum of the 

ypothesized structure (wavelength of the central peak, λmax ) can 

heoretically be calculated using the Fieser rules [47] , which are 

alid for polyenes with more than four conjugated double bonds. 

urthermore, the degree of the fine structure is commonly ex- 

ressed as the percentage ratio between the heights of peaks II 

nd III (% III/II). The presence of cis -double bonds also affects the 

V–vis spectra compared to the all-trans isomer: (i) the parame- 

er% III/II decreases; (ii) a hypochromic effect usually occurs; (iii) a 

ypsochromic effect usually occurs (2–6 nm for mono- cis isomers, 

0 nm for di- cis isomers, and 50 nm for poli- cis isomers), (iv) a cis -

eak (peak B) appears in the UV region. Since the height of peak 

 increases as the cis -double bond is closer to the center of the 

onjugated system, the ratio between the heights of peaks II and 

, measured from the baseline of the spectrum and called Q-ratio, 

ould also be employed for structure evaluation. 
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In Table 3 , the HPLC-PDA results are shown, whereas the UV–

is spectra are shown in Figure S2. Of the 25 extracted peaks, 4 

arotenoids were common to the carotenoids analyzed by targeted 

C-MS (compounds 1, 5, 18, and 20), 5 carotenoids (compounds 

, 17, 23, 24, and 25) could not be identified, and 16 carotenoids 

ere annotated based on their retention time and UV–vis spec- 

rum. Compounds 2–4, 6, 15, 19, and 21 were annotated as all-trans 

arotenoid compounds following the match with the predicted 

max and the experimental spectrum and reported fine structure in 

he Carotenoids Handbook by Britton et al. [46] . For example, com- 

ound 15 was tentatively identified as all-trans- α- carotene. The ex- 

erimental λmax (447 nm) was in very good agreement with the 

ne calculated by the Fieser rules (448 nm); moreover, the exper- 

mental fine structure (427;447;475 nm) and% III/II (47) were in 

greement with the reported values (422;445;473 nm and 55, re- 

pectively); finally, according to the retention time behavior rules 

f carotenoids, all-trans- α- carotene eluted earlier (17.4 min) than 

he β isomer (18.4 min). Three other carotenoids (compounds 12–

4) were similarly identified as keto- and epoxy-derivatives of α- 

arotene and β- carotene. It is worth mentioning that for these 

ompounds either the reported fine structures were measured in 

cetone or the parameter% III/II was not available. Finally, six cis - 

arotenoids were identified based on the variations of their reten- 

ion times and UV–vis spectra compared to the all-trans isomers 

nd confirmed by data in the literature [ 30 , 48 ]. For example, com-

ound 14 was tentatively identified as 13- cis - α-carotene since it 

luted earlier (16.8 min) than the all-trans isomer (17.4 min) and 

howed a hypsochromic effect on λmax (445 vs 447 nm of the all- 

rans isomer), a reduced% III/II (20 vs 47 of the all-trans isomer), 

nd the appearance of a cis -peak at 343 nm. The parameters were 

lso in good agreement with previously reported data in the liter- 

ture [48] . All other cis -carotenoids were identified with the same 

ationale. 

. Conclusions 

Cannabis sativa has long captured the attention of researchers 

or its high content of biologically active compounds. Although 

ost studies on Cannabis are addressed to cannabinoids, it has 

een proven that minor constituents significantly contribute to 

he healthy effect of Cannabis extracts. For the first time, the 

arotenoid and FSV profile of Cannabis inflorescences has exten- 

ively been characterized in both qualitative and quantitative fash- 

on after an extraction approach aimed at avoiding the generation 

f artifacts. The analysis of seven industrial hemp varieties grown 

n the same site and pedoclimatic conditions showed once again 

hat the genomic variability of Cannabis varieties significantly af- 

ects the expression of phytocompounds. Further investigation, in- 

olving samples grown in different geographic areas, the season, 

nd the flowering stage, is needed to extend the knowledge on mi- 

ronutrients in Cannabis inflorescence. 
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