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Due to their valuable nutritional content, several hemp-derived products from hempseeds have recently been
placed in the market as food and food ingredients. In particular, the lipid composition of hempseeds has raised
interest for their rich content in biologically active polyunsaturated fatty acids with an optimum ratio of omega-3
and omega-6 compounds. At present, however, the overall polar lipidome composition of hempseeds remains
largely unknown. In the present work, an analytical platform was developed for the extraction, untargeted
HRMS-based analysis, and detailed annotation of the lipid species. First, five one- and two-phase solid-liquid
extraction protocols were tested and compared on a hempseed pool sample to select the method that allowed the
overall highest efficiency as well as easy coupling with lipid derivatization by photochemical [2 + 2] cycload-
dition with 6-azauracil. Underivatized lipids were annotated employing a data processing workflow on Com-
pound Discoverer software that was specifically designed for polar lipidomics, whereas inspection of the MS/MS
spectra of the derivatized lipids following the aza-Paterno-Biichi reaction allowed pinpointing the regiochemistry
of carbon-carbon double bonds. A total of 184 lipids were annotated, i.e., 26 fatty acids and 158 phospholipids,
including minor subclasses such as N-acylphosphatidylethanolamines. Once the platform was set up, the lipid
extracts from nine hempseed samples from different hemp strains were characterized, with information on the
regiochemistry of free and conjugated fatty acids. The overall analytical approach helped to fill a gap in the
knowledge of the nutritional composition of hempseeds.

1. Introduction

Industrial hemp strains of cannabis sativa, which are characterized
by low content in psychoactive A°-tetrahydrocannabinol (A°-THC),
have been mainly employed as a source of sustainable and economic
fibers in the textile industry [1]. The Council Directive 2002/53/EC
enlists the industrial hemp varieties among the common catalog of the
varieties of agricultural plant species that can be cultivated and mar-
keted in the European Union [2]. Following the revitalization of the
cultivation and supply chain of industrial hemp, several hemp-derived
products from hempseeds have recently been placed in the market as
food and food ingredients [3]. Despite being long treated as a byproduct
of fiber production, hempseeds are nowadays considered a rich source of
dietary proteins, lipids, fibers, vitamins, and minerals [4].
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Hempseed-derived peptides have shown promising results for their
health-promoting activities [5,6], highlighting the presence of
short-chain  peptides  with  significant  hypotensive  and
cholesterol-lowering activity. Moreover, hempseeds and hempseed oil
have gained attention for their high content of polyunsaturated fatty
acids (PUFA) belonging to the omega-3 (0-3) and omega-6 (w-6) classes.
These essential fatty acids (FA) cannot be synthesized by mammals and
are converted to very long-chain PUFA (e.g., arachidonic acid, 0-6, and
eicosapentaenoic acid, ®-3) [7]. Within the human body, ®-3 and ©-6
very-long-chain PUFA are well-known to exert primary albeit opposite
functions, with the former responsible for anti-inflammatory and vaso-
dilatory activities [8] and the latter capable of promoting inflammation
and constriction of blood vessels [9]. As such, absolute content and
proportions of the dietary intake of ®-3 and w-6 PUFA play a significant
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role in regulating body homeostasis [10], and hempseeds are known to
contain a unique and balanced FA composition, with a ratio 0-6/0-3
around 3 [11]. The interest in vegetable sources of ®-3 and ©-6 PUFA as
an alternative to fish and fish oils has risen given that vegeta-
rians/vegans, non-fish eaters, and pregnant people may not consume
adequate quantities of these compounds [12]. Having a nutrient profile
similar to nuts, hempseeds contain FA in their free form or bound to
other lipid structures, such as glycerolipids (GL) and glycer-
ophospholipids (GP) [11]. To comprehensively characterize the lip-
idome of hempseeds and its derivatives, high-resolution mass
spectrometry (HRMS)-based lipidomics represents the prime analytical
approach. Buré et al. characterized the FA and GP content of hempseed
cakes [13], whereas Kozub et al. explored the GL composition of
hempseed cold-pressed oil [14]. Recently, Bakhytkyzy et al. [15] set up
an analytical platform based on micro-solid phase extraction and HRMS
for annotation and relative quantification of 65 lipids in hempseed oil. In
HRMS-based lipidomics, one of the major current issues is the deter-
mination of the regiochemistry of FA, i.e., the geometry and position of
carbon-carbon double bonds [16,17]. Over the years, several different
approaches have been proposed for pinpointing carbon-carbon double
bonds, including ozone-induced fragmentation [18], ultraviolet photo-
dissociation [19], and Paterno-Biichi (PB) derivatization [20,21].
Among these, PB reactions have gained significant attention since they
are independent of specific instrumentation or extensive sample prep-
aration, allowing several applications in the clinical research field
[22-24]. In foodomics and food analysis, few papers have dealt with the
double bond location of FA in lipid structures. Liu et al. employed the PB
reaction for pinpointing carbon-carbon double bonds in phospholipids
of bovine milk [25], whereas Coniglio et al. annotated the double bond
location of FA in arsenosugar phospholipids from seaweeds by epoxi-
dation and HRMS [26]. In the present study, a deep and detailed
untargeted lipidomics study was carried out on hempseed lipid extracts
from 9 industrial hemp strains. After evaluating the optimum extraction
workflow, an aza-Paterno-Biichi (aPB) derivatization reaction with
6-azauracil (6-AU) was employed before HRMS analysis and data pro-
cessing. The aPB reaction was proven to be more effective than the
common PB reaction when used in combination with higher collisional
dissociation (HCD) and negative ion mode [27]. The overall analytical
strategy led to filling a void in the knowledge of the composition of the
polar lipidome of hempseeds and its variability in different strains.

2. Materials and methods
2.1. Lipid nomenclature

Shorthand notation of the lipid species was based on the guidelines
of LIPID MAPS [28,29]. The location of carbon-carbon double bonds was
based on the w-nomenclature, in which the carbon atoms are counted
from the terminal atom of the fatty acyl chain. Underscore (“_”) indicates
that the sn-position is unspecified.

2.2. Chemicals and materials

Optima mass spectrometry (MS) grade water, acetonitrile (ACN),
methanol (MeOH), and isopropanol (iPrOH) were purchased from
Thermo Fisher Scientific (Waltham, MA, United States). Glacial acetic
acid, ammonium acetate, 6-AU, chloroform, and n-butanol (n-BuOH)
were purchased from Merck (Darmstadt, Germany). A mixture of
isotope-labeled lipids (Splash Lipidomix) containing phosphatidylcho-
line (PC) 15:0-18:1-dy, phosphatidylethanolamine (PE) 15:0-18:1-dy,
phosphatidylserine (PS) 15:0-18:1-d;, phosphatidylglycerol (PG)
15:0-18:1-dy, phosphatidylinositol (PI) 15:0-18:1-dy, phosphatidyl acid
(PA) 15:0-18:1-dy, at nominal concentrations of about 5-160 pg/mL as
well as oleic acid-dg (internal standard, IS) were purchased from Merck.
PTEE filters (0.20 m, 15 mm) were acquired from (Sartorius AG, Goet-
tingen, Germany).
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The hempseeds samples were provided by CREA-CI (Research Center
for Cereal and Industrial Crops, Bologna, Italy). In particular, seeds from
six C. sativa varieties, including Carmaleonte (chemotype III), Eletta
Campana (chemotype III), FINOLA (chemotype III), Futura 75 (chemo-
type III), Santhica 27 (chemotype IV), USO 31 (chemotype V), and Ermo
(chemotype V), and two accessions, including Felsinea (chemotype IV)
and S435 (chemotype III), were selected for this work.

2.3. Choice of the extraction procedure

Dry hempseeds were pooled, ground, and homogenized before
extraction. Comparative lipid extractions were carried out on 400 mg
aliquots (n = 3) of pooled samples by five different methods. Protocol I
consisted of a modified version of the extraction method outlined by
Bligh and Dyer (B&D) [30]. Briefly, 400 mg of the pooled sample was
added to 2.1 mL of MeOH and vortexed for 2 min at room temperature.
Then, 2.1 mL of CHCl3 was added, and the mixture was vortexed for 2
more min at room temperature. Finally, 1.8 mL of water was added into
the glass tube and the mixture was kept vortexing for 20 min. Samples
were centrifuged at 3000xg at 20 °C for 15 min allowing for phase
separation. The lower layer was finally transferred to a new glass tube
and evaporated with a Speed-Vac SC 250 Express (Thermo 164 Avant,
Holbrook, NY, USA). Protocol II was a biphasic lipid extraction based on
the procedure proposed by Matyash [31] using MTBE/MeOH/H50
(10:3:2.5, v/v/v). MeOH (1.16 mL) was added to a 400 mg sample
aliquot, which was placed into a glass tube, and then vortexed for 2 min.
Then, 3.87 mL of MTBE was added, and the mixture was kept vortexing
for 1 h at room temperature. Finally, phase separation was obtained by
mixing 0.970 mL of water. After 10 min of incubation at room tem-
perature, the sample was centrifuged at 3000xg for 15 min at 20 °C. The
upper phase was collected and put into another glass tube and evapo-
rated with a Speed-Vac SC 250 Express. Protocol III was conducted by
mixing 400 mg of the pooled sample with 6 mL of n-BuOH/MeOH (3:1,
v/v, BuMe), vortexed for 20 min, centrifuged at 3000x g, and evaporated
[32]. Protocol IV consisted of a monophasic extraction using EtOH as
solvent by mixing 400 mg of pooled samples with 6 mL of MeOH in a
glass tube put under agitation for 30 min. Then, samples were centri-
fuged at 3000xg at 20 °C for 15 min and evaporated. Finally, protocol V
consisted of a monophasic extraction using MeOH as the only extraction
solvent. The extraction was performed essentially as described for EtOH.
All extracts from protocols I-V were then resuspended in 6 mL of MeOH.
Later 800 pL of each extract was mixed with 150 pL of water and 50 pL of
CHClj3 to reach the phase composition at MeOH/H;0/CHCl3 (80:15:5,
v/v/Vv). Before UHPLC-HRMS analysis, 5 pL of IS solution was added to
each sample, and all extracts were filtered through PTFE filters (0.20
pm, 15 mm). To evaluate the extraction procedures, 16 lipids were
monitored: six fatty acids (FA 16:0, FA 18:3, FA 18:2, FA 18:1, FA 18:0,
FA 20:1), two PA (PA 16:0_18:2 and PA 18:2/18:2), two PE (PE
16:0_18:2 and PE 18:2/18:2), two PG (PG 16:0_18:2 and PG 18:2/18:2),
two PC (PC 16:0_18:2 and PC 18:2/18:2), and two PI (PI 16:0_18:2 and
PI 18:2/18:2). Following the choice of the extraction procedure, three
aliquots of each of the 9 hempseed samples were subjected to lipid
extraction following protocol 5.

2.4. Offline aPB reaction

For the determination of carbon—carbon double bonds in fatty acyl
chains, aPB reaction of lipids with 6-AU was conducted on the lipid
extracts as previously reported with some modifications [27]. The re-
action solution containing aPB reagent (6-AU, 24 mM) was prepared in
MeOH. Then, 600 pL of each of the lipid extracts that were obtained
through protocol 5 were added to 75 pL of MeOH, 125 pL of 6-AU so-
lution, 50 pL of CHCl3 and 150 pL of water. Subsequently, each sample
solution was filtered through PTFE filters (0.20 pm, 15 mm) directly into
a quartz cuvette, and purged with nitrogen gas to remove residual ox-
ygen. The cuvette was irradiated at 254 nm using a Spectroline E-series
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UV lamp with shortwave emission (Thermo Fisher Scientific) for 30 min
at room temperature. Next, reaction mixtures were collected, and a 195
pL aliquot was put in a glass vial with 5 pL of IS mixture before
UHPLC-HRMS. Three independent experiments were conducted for each
sample.

2.5. UHPLC-HRMS analysis

Underivatized and derivatized lipid separation was carried out by a
Vanquish binary pump H (Thermo Fisher Scientific, Bremen, Germany),
equipped with a thermostated autosampler and column compartment,
on a C8 Hypersyl GOLD (100 x 2.1 mm, 1.9 pm particle size; Thermo
Fisher Scientific) at 50 °C with a flow rate of 400 pL min L. The mobile
phases consisted of HoO/CH3COOH (99.85:0.15, v/v) with 5 mmol Lt
CH3COONH4 (phase A) and MeOH/i-PrOH/CH3COOH
(79.85:20.00:0.15, v/v/v) with 5 mmol Lt CH3COONH4 (phase B). The
chromatographic gradient was as follows: 1 min at 50 % phase B, from
50 to 70 % phase B in 4 min, from 70 to 99 % phase B in 18 min, 99 %
phase B for 10 min (washing step), 99 to 50 % phase B in 1 min, and 50
% phase B for 8 min (equilibration step). The injection volume was 10
pL. The UHPLC system was coupled to the Q Exactive hybrid
quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific) by a
heated electrospray source operated in negative ion mode (HESI—) using
the following source settings: spray voltage 2.5 kV; capillary tempera-
ture 320 °C; sheath gas flow rate 35 arbitrary units (a.u.); auxiliary gas
flow rate 25 a.u.; auxiliary gas heater temperature 400 °C. Full-scan MS
data were acquired in the range of 200-1200 m/z with a resolution (full
width at half-maximum, FWHM) of 35,000. The automatic gain control
(AGC) target value was 500,000, the maximum ion injection time was
200 ms, and the isolation window width was 2 m/z. Top 5 data-
dependent acquisition (DDA) MS/MS fragmentation was performed
with a resolution (FWHM) of 17,500. AGC target value was set at
100,000, and dynamic exclusion was set to 2 s. Collision energy frag-
mentation was achieved in the HCD cell at 30 NCE. A process blank
sample, obtained after a solvent sample was subject to the whole
analytical platform, was analyzed together with the samples in order to
remove the contaminants derived from both sample preparation and
data acquisition. Raw data files were acquired by Xcalibur software
(version 3.1, Thermo Fisher Scientific).

2.6. Lipid identification

For the identification of the polar lipidome of hempseeds, samples,
and blanks were processed on Compound Discoverer (v. 3.1, Thermo
Fisher Scientific) using a customized data processing workflow specif-
ically dedicated to the tentative identification of fatty acids and polar
lipids (Fig. S1). To this extent, a fatty acid and phospholipid mass list
was built in Excel based on the LIPID MAPS database [28] for FA, GP,
and sphingolipids. Feature alignment was obtained by the adaptive
curve regression model; whenever the adaptive curve model failed, the
linear model was automatically selected instead. After the alignment,
adducts were detected and grouped, and the list of features was filtered
to remove the ones whose areas in the process blank were more than 20
% of the average peak areas in the samples employing the tools “Fill
Gaps” and “Mark Background Compounds”. Moreover, Compound
Discoverer allowed the prediction of elemental compositions and the
match of the extracted masses and elemental compositions to those
present in the lipid mass list. To facilitate the manual annotation of
lipids, a filter was enabled to remove all masses that were not present in
the lipid database from the list of extracted features. Finally, filtered
features were annotated by matching the experimental tandem mass
spectra with open-access mass spectral databases and/or based on lipid
fragmentation patterns [33-35]. To determine carbon—carbon double
bonds on FA and fatty acyl chains in GP, aPB reaction products (corre-
sponding to a relative mass shift of +113.0225) were manually searched
in the MS data for all annotated lipids whose maximum peak area among
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the 27 samples was at least 10 times higher than that of the least
abundant of the annotated underivatized lipids. Diagnostic product ions
and relative abundances of the isomers were evaluated based on pre-
vious results [27].

2.7. Statistical analysis

MetaboAnalyst 5.0 was employed for comparing the five extraction
procedures comparing the peak areas of the 16 monitored lipids after IS-
based normalization [36]. The data matrix was submitted as a text file
that was prepared according to the specific indications that are fur-
nished by the developers. The interquartile range (IQR) was selected for
data filtering, whereas the autoscaling algorithm was selected for data
scaling. One-way analysis of variance (ANOVA) was performed to
evaluate the lipid classes whose extraction was significantly affected by
the tested procedures (p-value <0.001). A correlation heatmap was
obtained to display the correlation among the lipid classes based on the
different extraction procedures. Moreover, the data matrix obtained
after the annotation of the underivatized FA and GP was submitted to
MetaboAnalyst 5.0 [36] to obtain hierarchical clustering information
(dendrogram and heatmap), principal component analysis (PCA), as
well as a correlation heatmap of the annotated lipids in the nine
analyzed hempseeds.

3. Results and discussion
3.1. Choice of the extraction protocol

Given the interesting nutritional properties of FA in hempseed and its
derivatives [37], a large body of literature has dealt with the charac-
terization of these compounds [38-45]. Much less is known, on the other
hand, on the polar lipid composition of hempseeds [11,13,15] and a
general consensus on the most efficient extraction techniques is still
missing. Most previous studies have employed the widespread biphasic
extraction mixtures based on halogenated solvents, such as the Folch
[13,45] and the B&D [44] extractions, even though recent studies in
lipidomics have highlighted the potential of greener monophasic ap-
proaches [46]. To gather information on the most suitable protocol for
(i) maximizing the extraction efficiency and (ii) coupling the extraction
with the subsequent aPB derivatization step, five different protocols
were compared on a hempseed pooled sample: biphasic B&D and its
green alternative Matyash extractions (protocols I and II) and mono-
phasic extractions using the BuMe mixture [32] (protocol III), EtOH
(protocol IV), and MeOH (protocol V). Protocols I-III were selected
based on their well-known efficiency in extracting lipids from plant
matrices [47], whereas protocols IV and V were selected for being
extremely compatible with the aPB derivatization, which occurs in polar
and protic solvents [27], as well as for their proven capacity to extract
GP from biological matrices [48]. All protocols were applied with a
sample-to-solvent ratio of 1:15 (w/v). The five protocols were then
compared after LC-HRMS analysis by evaluating the peak areas of 16
selected lipids after IS-based normalization, i.e., 6 FA in a wide range of
abundances (from low-abundance FA 20:1 to extremely abundant FA
18:2) and 5 pairs of GP of five subclasses (PA, PG, PE, PC, and PI). Fig. S2
summarizes the results of the 16 monitored lipids extracted by the 5
protocols (three experimental replicates per protocol). Saturated FA
(SFA, FA 16:0, and FA 18:0) were more efficiently extracted by the BuMe
and MeOH protocols, while the highest peak areas of unsaturated FA
were obtained after EtOH and MeOH extractions. In general, the
monophasic extractions granted higher extraction efficiency for FA that
was rationalized based on the affinity of the free carboxyl group with the
employed protic solvents. The BuMe extraction furnished the highest
peak areas for all monitored zwitterionic GP (PC and PE), with protocols
I, IV, and V evenly distributed in second place. On the other hand,
anionic GP (PA, PG, and PI) were much more efficiently extracted by the
monophasic protocols. The latter results can be attributed to a partial
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distribution of the charged anionic GP in the aqueous phase compared to
the globally neutral zwitterionic GP. The poor results obtained by the
Matyash extraction (protocol II) for all monitored lipids could derive
from the chosen sample-to-solvent ratio. It was demonstrated that for
serum lipidomics, the Matyash extraction gave comparable results to
Folch and B&D extraction only at the lowest sample-to-solvent ratio
(1:100, w/v) [49]. ANOVA processing of the results demonstrated that
all but one monitored lipids (PC 16:0_18:2) were significantly affected
by the five tested protocols (Fig. S3), and the correlation heatmap
confirmed the presence of three highly correlated subsets of lipids (FA,
zwitterionic GP, and anionic GP, Fig. S4). A difference in the correlation
coefficient between SFA and unsaturated FA is also clearly visible. The
characteristics of the hempseed polar lipidome were also believed to
significantly affect the results. The high abundance of free and conju-
gated PUFA, which are more polar than SFA and monounsaturated FA,
were in fact believed to have played a major role in the overall better
performance of protocols IV and V. These results are in agreement with
previous findings by Horing [48], who demonstrated that one-phase
alcoholic extractions are perfectly suitable for GP and much less effi-
cient for GL. Considering the results on the monitored lipid and the facile
coupling with the aPB derivatization, protocol V was chosen for hemp-
seed untargeted polar lipidomics.

3.2. Untargeted lipidomics of hempseed extracts

Following lipid extraction and LC-HRMS analysis, underivatized FA
and GP were annotated using Compound Discoverer, a data processing
software specifically designed for HRMS data treatment for small mol-
ecules. The software is based on a system of nodes and blocks that can be
customized when the analyses of specific classes of compounds are
performed, thus removing background compounds, reducing the num-
ber of false positives, and aiding and streamlining the manual annota-
tion. For FA and GP identification, a homemade lipid database was built
based on the LIPID MAPS lipid classification [28]. In particular, one or
two among 28 SFA and unsaturated FA were combined using Excel with
the polar heads corresponding to six GP subclasses (PA, PC, PE, PG, P,
PS), taking into account O-acyl, O-alkyl, and O-alkenyl bounds. For PE,
the N-acetylation of the free amino group was also considered. A list of
5830 lipids with their associated molecular formulas and exact masses
was then uploaded to Compound Discoverer as a mass list. Once the
masses were extracted from the datasets and aligned, and the adducts
were annotated and grouped, the tool “Fill Gaps” was employed to find
chromatographic peaks that were detected in some input files but not in
others (including the process blank), possibly because of abundance
below the detection threshold or irregular peak shape. The gap-filling
process ensured proper background removal [50]. Later, the “Search
Mass List” tool allowed automatic matching of the experimental masses
to those present in the database, thus filtering out all other masses. Due
to their quaternary ammonium, PC do not produce deprotonated ions
but either interact with buffer modifiers (acetate or formate) or undergo
in-source fragmentation with the loss of a methyl group in a rough ratio
of 3:1 [51]. This peculiar ionization mechanism causes false attribution
when software programs annotate the adducts and molecular formulas.
To deal with this, the software was tricked by adding to the PC in the
database an additional CoH40 to their formulas and 60.02113 to their
calculated masses, corresponding to the adduct [M + AcOH - H]". FA
and GP were then manually annotated by inspection of the MS/MS
spectra based on their well-known fragmentation pathways [33-35]. A
total of 184 molecular lipids were annotated after manual inspection of
the diagnostic product ion (Table S1), including 26 FA and 158 GP.
Among the GP subclasses, PI were the most numerous with 33 annotated
lipids (including 8 lyso-PI, LPI), followed by PE (29 annotated lipids
including 7 lyso-PE, LPE), PG (22 annotated lipids including 2 lyso-PG,
LPG), PC (20 annotated lipids including 5 lyso-PC, LPC), PA (10 anno-
tated lipids including one lyso-PA, LPA), and PS (7 annotated lipids).
Moreover, two uncommon classes of lipids were tentatively identified, i.
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e., N-acyl PE (NAPE, 27 lipids) and PA methyl esters (PAME, 8 lipids).
Lipids belonging to the class of NAPE were previously reported in
vegetable matrices [52,53] and are characterized by the N-acylation of a
fatty acyl chain. The glycerol backbone of NAPE can present two fatty
acyl chains, one fatty acyl chain (lyso-NAPE, L-NAPE), or no glycerol
esters (N-acylglycerophosphoethanolamine, GP-NAE) [53]. Thus,
L-NAPE and GP-NAE are isomers of PE and LPE, respectively, despite
showing distinct fragmentation patterns. Due to the FA conjugation, the
diagnostic peaks of the phosphoethanolamine head (m/z 140.0117 and
196.0379) are absent, and a much higher abundance of the glycerol
phosphate is shown (m/z 152.9956), thus implying the preference for
the cleavage of the phosphoester bond between the phosphate and the
ethanolamine over the amide bond of the N-acyl conjugation (exemplary
spectra are shown in Figs. S5a-b). As a consequence of this, GP-NAE did
not show any ion corresponding to FA chains (Fig. S6). The elution order
of the two classes also helped the assignment, with L-NAPE eluting
earlier than PE due to the free hydroxyl group of the former (Fig. S7). A
second peak was found in the case of two of the annotated L-NAPE.
These two L-NAPE isomers had a similar fragmentation pattern to
L-NAPE, except for the relative abundance of the ketene ions resulting
from the loss of the FA chain (Fig. S5c). When one of the FA on the
glycerol backbone of NAPE is hydrolyzed, the process might happen in
both sn-1 and sn-2 positions, thus generating a pair of L-NAPE isomers.
The uneven distribution of the two L-NAPE isomers could derive from a
preference for the hydrolysis site in analogy with the hydrolysis pro-
cesses from GP that generate their lyso forms. PAME have been previ-
ously reported as artifacts deriving from the lipid extraction process of
microgreen crops [54]. Despite not being included in the lipid database,
their identification could still be carried out since the software associ-
ated their masses with those of PA with a longer FA. The identification of
PAME was based on two diagnostic product ions with a mass shift of
14.0156 (CHy) compared to the corresponding ions of PA, i.e., m/z
110.9852, corresponding to methylated phosphoric acid, and m/z
167.0113, corresponding to methylated glycerol phosphate (Fig. S8).

3.3. Regioisomeric distribution of carbon-carbon double bonds

Due to the nutritional and biological implications of carbon-carbon
double bonds on FA and GP [8-10], the derivatization procedure was
carried out on the hempseed methanol extracts based on an aPB reaction
that allows pinpointing the double bonds in HESI— [27]. The chosen
extraction protocol using pure MeOH allowed direct derivatization
without the need for the removal of the extraction solvent, thus avoiding
time-consuming steps that could also result in the partial loss of the
analytes. The aPB reaction is a photochemical [2 + 2] cycloaddition
between the double bonds of free and conjugated FA and the imine
group of the 6-AU reactant with estimated yields of around 20-30 %
regardless of the nature of the lipid, in line with previous findings of
other PB reactions [20,21]. The azetidine rings resulting from the re-
action undergo cleavage under HCD fragmentation that allows pin-
pointing the original position of the carbon-carbon double bond. For
example, regioisomers of FA 18:1 with the double bond in ®-9 (oleic
acid, OA) and o-7 (vaccenic acid, VA) produce distinct MS/MS spectra,
with the former generating two ions at m/z 223.1446 and 182.1179
(Fig. la) and the latter generating two ions at m/z 195.1132 and
210.1494 (Fig. 1b). As such, the relative abundances of FA isomers can
be calculated by comparing the diagnostic ions in the MS/MS spectra of
the lipid extracts after derivatization (Fig. 1c) through linear regressions
that were previously obtained for the analytical standards of the pairs of
isomers of FA 18:1 and 18:3 at different ratios and fixed combined
concentration [27]. For the other FA, the double bond position was
determined with the same rationale, keeping in mind that two diag-
nostic ions are generated for each double bond position, i.e., six ions for
a-linolenic acid (ALA, w-3) and y-linolenic acid (GLA, ®-6). Because the
abundance of the diagnostic ions decreases with their number, only the
most intense one (i.e., the odd mass ion) was considered for each pair.
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Fig. 1. MS/MS spectra associated to m/z 394.2707 in ESI— of (a) the aPB de-
rivative of analytical standard oleic acid (FA 18:1 w-9), (b) the aPB derivative of
analytical standard vaccenic acid (FA 18:1 w-7), and (c) the aPB derivative of
FA 18:1 from hempseed lipid extract.

Following the aPB derivatization, two pairs of isomers were identi-
fied for octadecenoic and octadecatrienoic acid, i.e., OA/VA and ALA/
GLA (Fig. S9b). Whereas the ALA/GLA pair has been extensively studied
for its bioactive properties, VA has been measured in hempseed oil by
targeted GC approaches [55]. Traces of FA 18:2 »-8 were also annotated
for some of the varieties along with the major linoleic acid (FA 18:2 -6,
Fig. S9a) thanks to the two diagnostic ions (m/z 249.1605 and 209.1301
vs m/z 221.1298 and 191.0983). On the other hand, octadecatetraenoic
and eicosenoic acid were only found as the -3 (stearidonic acid) and
-9 (gondoic acid) regioisomers, respectively. The results on FA 20:1
(Fig. S9c) are not surprising, given that gondoic acid was previously
found in nuts [56], whereas the two other known isomers (w-11 and -7)
are typical of animals [57] and plants [58]. For some of the analyzed
strains, it was also possible to determine the regioisomeric distribution
of FA 16:1 and 20:2, which always resulted in o-7 (palmitoleic acid) and
®-6, respectively. Double bonds undergo aPB derivatization both on free
FA and those bound to GP, allowing the determination of their regio-
chemistry on all classes of analyzed lipids except GP-NAE, that do not
present conjugations on the glycerol backbone and, subsequently, FA
product ions. Due to their quaternary ammonium group, PC undergo a
methyl transfer from the polar head to the 6-AU moiety when their
derivatives are subject to ESI— ionization [27]. Thus, diagnostic ions of
PC have a mass shift of 14.0156, which corresponds to an extra CHy, i.e.,
237.1612 vs 223.1446 for oleic acid. It is important to highlight that the
ALA/GLA ratio could not be calculated for GP bound to one FA 18:2 and
one FA 18:3, since the product ions of linoleic acid (m/z 181.0983 and
221.1298) are in common with GLA (m/z 181.0983, 221.1298, and
261.1602). For the regioisomers to be evaluated, the limiting factor was
the abundance of the underivatized lipid in the extracts. Due to the
yields obtained by photochemical [2 + 2] reactions (estimated around
20-25 % in our previous work for aPB [27] and by Zhao for PB [21]),
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only the lipid species whose areas were around ten times higher than the
least abundant annotated lipid from the hempseed extracts produced the
diagnostic MS/MS spectra. Moreover, 31 lipids had to be excluded
because comprised only SFA, as well as the 4 annotated GP-NAE. The
lipids whose double bond positions were determined through inspection
of the MS/MS spectra of the aPB derivatives are listed in Table S2.

3.4. Lipid profile of the hempseed varieties

To assess the polar lipidome of hempseeds of the varieties grown in
the European Union, 7 different varieties (Carmaleonte, Eletta Cam-
pana, Ermo, FINOLA, Futura 75, Santhica 27, and USO 31) and 2 ac-
cessions (Felsinea and S435) were analyzed by the setup extraction,
derivatization, and HRMS workflow. For each strain, three distinct
samples were subject to the whole workflow. To the best of our
knowledge, this is the first comprehensive characterization of the polar
lipidome in raw hempseeds, whereas some previous papers have char-
acterized polar lipids from hempseed derivatives and by-products, such
as oil [15], cakes [13], and residual biomass [59]. Twenty-six FA were
annotated, the shortest being myristic acid (FA 14:0) and the longest
being melissic acid (FA 30:0) (Table S1). In Table 1, the relative abun-
dances of FA in the 9 varieties are reported after normalization using the
IS. Unsurprisingly, linoleic acid was the most abundant for all varieties,
comprising 40-57 % of the total FA content, followed by octadecenoic
(OA + VA, FA 18:1), linolenic (ALA + GLA, FA 18:3), and palmitic acid
(FA 16:0) with 11.5-25.1 %, 7.7-17.0 %, and 5.3-7.9 %, respectively.
Among the other constituents, stearic acid (FA 18:0) comprised around
3-4% of the total FA content, followed by several other constituents at
around 1 %, i.e., stearidonic acid (FA 18:4), arachidic acid (FA 20:0),
gondoic acid (FA 20:1), behenic acid (FA 20:0), lignoceric acid (FA
24:0), cerotic acid (FA 26:0), and montanic acid (FA 28:0). In analogy
with previous findings [60], PUFA comprised around 70 % of the total
FA content for all analyzed hempseed varieties except Felsinea (52 %),
which in turn had the maximum content of SFA (22.9 %). Similar
PUFA/SFA ratios were calculated for most strains (4-5.5), except for
S435 at 3.2 and Felsinea at 2.3. The total w-6 content, i.e., the combined
abundance of linoleic acid, GLA, and eicosadienoic acid, was comprised
between 46 % and 61 %, whereas the total ®-3 content, i.e., ALA and
stearidonic acid, was between 7.5 and 16 %, resulting in ®-6/®-3 ratios
between 3.5 and 4.7 for most varieties except for FINOLA at 5.6 and
Carmaleonte at 7.2. Coherently with the most dramatic differences
being related to single FA rather than FA classes, the aPB derivatization
allowed the discovery of interesting differences in the OA/VA and
ALA/GLA ratios among the analyzed varieties, the former being
comprised between 8 and 28 and the latter between 1.7 and 28. Such
differences are in agreement with previous results on different strains
that might appear contradictory, but that rather displayed the
intra-strain variability of hempseeds. A previous GC-based study on 13
commercial hempseed oils from unknown varieties measured ALA/GLA
ratios ranging from 3 to 16 [60]. In 2022, two studies on hempseed oil
from Futura 75 by Tura [55] and Occhiuto [61] measured ALA/GLA
ratios of around 15 and 8, respectively, in good agreement with our
results of 10. On the other hand, previous results from Irakli [62] on
hempseeds of FINOLA and Santhica 27 varieties measured ALA/GLA
ratios around 3 and 4, respectively, again in good agreement with our
results of 1.7 and 3.3. As previously mentioned, the GP composition of
hempseeds has been rarely investigated. In this work, a comprehensive
phospholipidome characterization of the 9 hempseed varieties was
achieved, filling a gap in the knowledge on the composition of such
interesting novel foods. Fig. 2 shows the results for the 8 annotated lipids
classes in terms of percentages (Fig. 2a) and absolute abundances
(Fig. 2b). For the different classes to be compared, previous normali-
zation using the Splash Lipidomix IS was performed, thus correcting the
peak areas between the different lipid classes as well as between
different samples over time, allowing an estimate of the relative abun-
dances of the lipid classes. Due to the absence of class-specific IS, the
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Table 1
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Fatty acid composition of the nine analyzed hempseed varieties after methanol extraction and HRMS analysis. OA/VA and ALA/GLA ratios were calculated by
comparison of the diagnostic ions obtained following aPB derivatization and MS/MS fragmentation.

Compound Carmaleonte Eletta Campana Ermo Felsinea FINOLA Futura 75 S435 Santhica 27 USO 31

% % % % % % % % %
FA (16.0) 53+ 0.1 5.8 +0.1 5.9+ 0.3 7.9 + 0.2 7.0 +£0.1 6.8 + 0.4 6.3 + 0.5 7.1+0.2 6.4 + 0.2
FA (18:0) 3.11 + 0.03 3.3+0.1 2.75 + 0.04 4.7 £ 0.3 3.6 +0.1 4.0 +£0.2 3.9+0.1 3.7 +0.2 3.6 +0.1
FA (18:1)" 25.1 £ 0.6 148 £ 0.1 12.3 £ 0.6 23.1 +£0.6 11.5+ 0.2 14.0 £ 0.6 15+1 12.8 £ 0.5 12.7 £ 0.2
FA (18:2) 54+2 54+3 57.3+0.7 40 +1 55+1 55+ 2 50+ 2 53+1 53+1
FA (18:3)" 7.7 £ 0.1 16 +1 14.8 £ 0.7 11.9 + 0.3 15+1 12.4 + 0.4 14.1 £ 0.1 15+1 17 +2
FA (18:4) 0.22 £ 0.01 0.34 £ 0.01 1.17 £ 0.01 0.14 £ 0.01 1.7 £0.1 0.70 £+ 0.02 0.25 £ 0.01 1.26 + 0.02 1.32 +0.03
FA (20:0) 1.20 £+ 0.01 1.20 + 0.01 0.94 + 0.04 1.46 + 0.02 1.46 + 0.03 1.05 + 0.04 1.3+0.1 1.11 £+ 0.01 1.28 4+ 0.05
FA (20:1) 0.74 + 0.01 0.57 +0.01 0.51 + 0.01 0.55 + 0.01 0.62 + 0.01 0.41 + 0.02 0.45 + 0.01 0.47 +0.01 0.66 + 0.01
FA (22:0) 0.98 + 0.01 0.98 + 0.04 0.83 + 0.01 1.75 + 0.03 1.48 + 0.03 1.21 + 0.04 1.9+0.1 1.03 + 0.04 1.26 + 0.02
FA (24:0) 0.69 £ 0.02 0.94 £+ 0.03 1.06 + 0.05 2.5+0.2 1.18 +£ 0.04 1.32 £ 0.04 20+0.1 1.30 = 0.03 0.99 + 0.02
FA (26:0) 0.34 + 0.01 0.56 + 0.01 0.98 + 0.04 1.92 + 0.04 0.50 + 0.01 1.08 + 0.03 2.0+ 0.1 0.93 + 0.05 0.43 + 0.01
FA (28:0) 0.26 + 0.01 0.48 + 0.01 0.45 + 0.01 1.07 + 0.03 0.13 +0.01 0.72 + 0.02 1.60 + 0.04 0.60 + 0.02 0.21 + 0.01
Others 0.90 £+ 0.03 1.15 + 0.04 1.04 £ 0.01 3.1+03 1.25 £ 0.01 1.26 £ 0.05 1.8+ 0.1 1.4+0.1 1.20 + 0.02
SFA 12.4 + 0.1 14.0 + 0.3 13.4 + 0.3 229 +£0.9 16.0 + 0.2 16.9 + 0.7 20.1 + 0.7 16.6 + 0.5 149+ 0.2
MUFA 26.2 + 0.6 15.7 £ 0.2 13.2 +£ 0.6 25.0 £0.7 12.5 + 0.2 14.8 + 0.6 16 £1 13.7 £ 0.5 13.7 £ 0.3
PUFA 62+2 70 £ 4 73+1 52+1 71+£2 68 +£2 64 £2 70 £2 71+ 2
w6 54+ 2 55+ 3 59+1 46 +1 61 +2 56 + 2 51+2 57 +£1 56 £ 1
®3 7.5+ 0.1 16 +1 14.2 + 0.6 11.5 + 0.3 10.8 + 0.7 12.0 + 0.4 13.8 +0.1 12.8 + 0.9 16 +2
OA/VA 8+2 28 +4 9+2 19+3 8+1 11+2 15+ 4 8+1 11+1
ALA/GLA 19+3 19+5 8+2 19+4 1.7 £ 0.3 10+1 28 +£3 3.3+0.7 5+2
PUFA/SFA 5.0 + 0.2 5.0 + 0.4 5.5+ 0.1 2.3+0.1 4.5+ 0.2 4.0 +£0.3 3.2+ 0.2 4.2 +0.4 4.8 +0.2
w6/03 7.2 + 0.4 3.5+ 0.4 4.2+0.2 4.0 +£0.2 5.6 + 0.5 4.7 £0.3 3.7 +£0.2 4.5+ 0.4 3.6 +0.5
2 OA + VA.
 ALA + GLA.

normalization of NAPE and PAME was obtained by employing PE and
PA, respectively. For all cultivars, PI were the most abundant com-
pounds, followed by PC, PE, and PG, with these four classes comprising
up to 95 % of the total GP content. Except for PS, the minor classes of GP
exhibited much greater variability; PA ranged between 0.9 % (Felsinea)
and 5.9 % (USO 31), PAME were found between 0.1 % (most strains) and
6.2 % (USO 31), and NAPE were between 2.5 % (Felsinea) and 9.5 %
(FINOLA). Based on the profiles shown in Fig. 2, FINOLA, USO 31, and,
to a lower extent, Carmagnola stood out among all other classes, with a
lower overall content of the major lipid classes and a higher content of
PA, PAME, and NAPE. An increasing abundance of NAPE seemed
correlated with a lower abundance of PE, from which they are known to
originate in response to abiotic and biotic stress [52]. In terms of func-
tional compounds, NAPE are of particular interest since they generate
N-acylethanolamines, a class of bioactive compounds known for exert-
ing physiological effects on the endocannabinoid signaling system [63].
On the other hand, PAME are not enzymatically produced by the plant
but they are rather artifacts generated during extraction procedures that
employ MeOH [54], an assumption that was confirmed by comparing
the total ion current associated with these compounds after extraction of
the hempseed pool with or without methanol (Fig. S10). The differences
in the abundance of PAME among the samples can be attributed to the
presence of specific phospholipases that are known to convert GP to
PAME in some of the analyzed strains [54].

Unsurprisingly, the FA bound to the annotated GP mirrored the an-
notated free FA, with a high prevalence of chains with 18 and 16 carbon
atoms, whereas few lipids, in prevalence zwitterionic PE and PC,
exhibited longer FA chains. On the other hand, the annotated PG and PI
had a higher prevalence of short and saturated chains, including odd-
numbered 15:0 and 17:0. The aPB derivatization of the hempseed ex-
tracts allowed the determination of the regiochemistry of FA chains
bound to GP with the same rationale of free FA when the abundance of
the compounds allowed the MS/MS fragmentation of the derivatized
lipids (69 sum compositions, Table S2). Because of the FA composition
of the annotated GP, the regiochemistry of esterified FA 18:1, 18:2, and
18:3 was determined regardless of the nature of the GP class, thus
demonstrating the applicability of the aPB reaction for all analyzed lipid
classes. The results obtained for esterified FA mirrored those of the free
ones, with strains with lower OA/VA and ALA/GLA ratios exhibiting the

highest abundances of the minor isomers. Among the GP classes, zwit-
terionic PC and PE exhibited a higher content of minor FA regioisomers
compared to anionic PG and PI, confirming a rather different profile of
the conjugated FA between the two classes. The data matrix of the an-
notated lipids was then subject to hierarchical clustering analysis using
MetaboAnalysist. Fig. S11 shows hierarchical clustering heatmaps and
dendrograms using all variables (Fig. S11a) and the most significant 75
lipids from ANOVA analysis (Fig. S11b) for improved readability. Both
hierarchical clustering analyses furnished analog dendrogram results,
with two main hempseed clusters, one constituted by Carmagnola,
FINOLA, and USO 31 and one by the six others. Most GP classes had
consistently lower abundance in the cluster of Carmagnola, FINOLA, and
USO 31, which had in turn a generally higher abundance of FA and PA.
USO 31 had the highest abundance of PAME and L-NAPE, whereas
FINOLA had the maximum concentration of NAPE. Among the indi-
vidual strains, Ermo stood out for its content in lyso-GP, whereas Fel-
sinea for its content in some PC, PE, and PS bound to linoleic acid. The
dendrogram results were confirmed by the PCA, an unsupervised
multivariate statistical approach employing the annotated lipids as
variables. As shown in Fig. S12, Carmagnola, FINOLA, and USO 31 had
negative values of PC1, which explained 35.3 % of the total variance,
while the other cluster of six samples had positive values. Moreover,
alongside PC2, Felsinea and Ermo stood out from the second cluster,
with positive and negative values, respectively, whereas the four
remaining had values around zero. Finally, a correlation heatmap was
obtained (Fig. S13) to evaluate the correlation among the annotated
lipids based on the content in the 9 analyzed varieties. Unsurprisingly,
some lipid classes were highly correlated, such as FA, PAME, and NAPE
(correlation factors above 0.7). Moreover, lyso-GP of different classes
were highly correlated, implying that their generation by phospholi-
pases is non-specific to the class. An interesting result was found on GP
bound to ALA/GLA regardless of the subclass, which had extremely high
correlation factors with each other but were much less correlated with
the other GP. It is known that PUFA are preferably linked to the sn-2
position of the phosphoglycerol backbone and that the remodeling of the
linkage to that position is governed by the enzymes involved in the so-
called Lands’ Cycle [64]. As such, it is possible to hypothesize that
linolenic acid conjugation is governed by the sequential activity of
phospholipase A2 and lysophospholipid acyltransferase, which
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Fig. 2. Comparison of the lipid class content in the nine analyzed hempseed samples in terms of (a) relative abundances and (b) absolute peak areas after IS-based

normalization.
hydrolyze and reacylate the sn-2 position of GP.

4. Conclusions

The consumption of hempseeds and its derivatives is rapidly
increasing for the high nutritional value of its bioactive compounds,
including a rich lipidome with elevated concentrations in PUFA with
optimum w-6/w-3 ratio. Despite this, comprehensive characterization of
the polar lipidome where missing, especially regarding the regioisomer
composition of FA bound to GP. The proposed methodology, which
coupled monophasic extraction with direct aPB derivatization, allowed
the HRMS-based untargeted characterization of the whole polar lip-
idome, including minor lipid classes and FA regioisomers. Monophasic
extractions were found perfectly suitable for lipid extraction, with
comparable or even exceeding results compared to standard two-phase
protocols. The one-phase extraction with MeOH was not merely
greener, cheaper, and faster, but allowed also a direct photochemical
reaction. In these regards, the aPB reaction proved its analytical po-
tential despite dealing with a complex matrix enriched with lipids
containing FA chains with two or more unsaturations. The character-
ization of the polar lipidome of nine of the hempseeds that are cultivated
in the EU demonstrated the rich content in biologically active free and
conjugated PUFA, as well as significant intra-strain differences in terms
of both lipid composition and minor regioisomer content. Thanks to the

aPB derivatization, the relative quantitation of regioisomers was
possible without the need for analytical standards or other analytical
techniques. Further studies are needed to test the biological potential of
the lipid extracts to evaluate differences based on the individual lipid
composition of each hempseed cultivar.
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