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Abstract
The dual purpose of this research was to investigate the presence of limonoid aglycones in Citrus essential oils and to develop a
rapid and reliable SFC-APCI-QqQ MS method for their characterization. In this study, 12 limonoid aglycones were tentatively
identified in 11 different citrus essential oils. The developed method allowed a very fast separation in less then 7 min with a very
low amount of organic solvent. Calibration curve of limonin was constructed by using a triple quad MS detector in order to
quantify the limonin content in the analyzed samples. The content of limonin ranged from 0.5 (clementine essential oil) to
21.2 mg L−1 (bergamot essential oil) in the cold-pressed Citrus essential oils analyzed. Moreover, product ion scan (PIS)
acquisition mode was also used for the structure elucidation of isobaric compounds. To the best of our knowledge, this is the
first investigation on limonoid aglycones in Citrus essential oils.
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Introduction

Cold-pressed Citrus essential oils are industrially obtained from
the peels of Citrus fruits like bergamot, lemon, mandarin, sweet
orange, grapefruit, lime, and bitter orange using mechanical
systems (Dugo and Di Giacomo 2002). Citrus essential oils
have a large food industrial profile in beverages, gelatines, can-
dy, and pastry products. These oils are added as ingredients in
food stuffs for their organoleptic properties, and also for their
antimicrobial, anticancer, anti-inflammatory, antiviral, and

antioxidant properties (Adorjan and Buchbauer 2010; Mustafa
2015). Mono- and sesquiterpene hydrocarbons and their oxy-
genated derivatives, present in the volatile fraction of Citrus
essential oils, give a natural flavor to beverages and sweet foods.
The volatile fraction ofCitrus essential oils has been extensively
characterized (Tranchida et al. 2013; Zoccali et al. 2015).

Most of the above mentioned properties come from the
volatile fraction of Citrus essential oils, but the cold-pressed
contain also a non-volatile fraction that ranges from 1 to 15%.
The non-volatile fraction of Citrus essential oils is composed
of long chain hydrocarbons, fatty acids, sterols, wax, caroten-
oids, and oxygen heterocyclic components, mainly represent-
ed by coumarins, psoralens, and polymethoxylated flavones
(Dugo and Mondello 2010).

All these molecules are present in peel of Citrus fruits, but
according to literature data (Manners and Breska III 2004;
Breksa III et al. 2009; Bilal et al. 2013; Russo et al. 2014,
2016; Kikuchi et al. 2017), the peel of Citrus fruits is charac-
terized also by the presence of limonoids. Limonoids are higly
oxygenated modified triterpenes derived from a precursor with
4,4,8-trimethyl-17-furanylsteroid skeleton biosynthesized from
acetate-mevalonate pathway in Citrus (Vikram et al. 2007).
These molecules have been investigated intensively due to their
wide range of biological activities. Some research has shown
the activity of limonoids as inhibitors of oral tumors (Miller et
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al. 2004), as inductor of glutathione S-transferase enzyme in
liver and intestinemucosa of mice (Lam et al. 1989).Moreover,
they have shown good ability on the inhibition of human
immunodeficiency virus-1 (HIV-1) in culture of human
peripheral blood mononuclear cells (PBMC) and on
monocytes/macrophages (M/M) (Battinelli et al. 2003).
Some limonoids have antimicrobial activity, offer some
protection capacity against low-density lipoprotein (LDL)
oxidation, and possess a strong antioxidant action
(Govindachari et al. 1999; Yu et al. 2005).

There are many research articles regarding the composition
of the non-volatile fraction in different cold-pressed Citrus es-
sential oils (Frérot and Decorzant 2004; Russo et al. 2012,
2015a; Dugrand et al. 2013), but there is a lack of investigation
on the content of limonoids. These molecules are present in the
peel of Citrus fruits both in glucosidic and aglyconic form
(Manners and Breska III 2004). Limonoid glucosides are wa-
ter-soluble, so is highly unlikely to find this type of molecules
in the cold-pressed essential oil. Vice versa, limonoid aglycones
are water-insoluble, so is possible that limonoids in this form
can pass in to the cold-pressed Citrus essential oils. The prin-
cipal organoleptic property of limonoid aglycones is to confer a
bitter taste to theCitrus fruits. The development of an analytical
method for the characterization of limonoids in cold-pressed
Citrus essential oils can be useful for food industry.

Since 1966, several analytical techniques were employed
for the identification and quantification of limonoids: thin-
layer chromatography (TLC) with silica gel plates, micellar
electrokinetic capillary chromatography (MECC), normal
phase liquid chromatography coupled with a UV–Vis detector
(NP-HPLC/UV) (Rouseff 1982; Rouseff and Nagy 1982;
Moodley et al. 1995; Dreyer 1996). But starting from the
1990s, the most employed analytical technique to analyze
limonoids in Citrus fruits was reversed phase liquid chroma-
tography coupled to a UV–Vis detector or in many cases with
a mass spectrometer detector. Generally, atmospheric pressure
chemical ionization (APCI) is used for identification of limo-
noid aglycones, whereas electrospray mass ionization (ESI) is
used for identification of limonoid glucosides (Manners and
Breska III 2004; Breksa III et al. 2009; Balestrieri et al. 2011;
Russo et al. 2014, 2016). In the last years, due to significant
technological instrumental advancements, supercritical fluid
chromatography (SFC) coupled to mass spectrometry system
has gained attention as a green, fast, and useful technology
(Tarafder 2016; Giuffrida et al. 2017). According to our
knowledge, only an early attempt is reported in the literature
focused on the analysis of limonoids. Specifically, in 1993,
Raynor et al. reported the analysis of limonoids extracted
from different plants by using capillary supercritical fluid
chromatography (Raynor et al. 1993).

In the present investigation, an SFC system, equipped with
a C18 column, coupled with a triple quadrupole mass spec-
trometer was employed to investigate the content of limonoids

aglycones in different cold-pressed Citrus essential oils
(green, red, and yellow mandarin; bergamot; lemon (two);
sweet, bitter and blood orange, pink grapefruit, and clemen-
tine) by using a multiple reaction monitoring (MRM) mode.

This work provides for the first time, according to the au-
thors’ knowledge, a qualitative profile of limonoid aglycones
and quali/quantitative for limonin in different Citrus essential
oils, by means of an innovative SFC-QqQ MS system, in a
fast, efficient, and environmental friendly way. Among the
samples analyzed, differences in the composition of limonoids
were observed, adding further data to the characterization of
Citrus species.

Material and Methods

Samples and Sample Preparation

This research was carried out on 11 genuine cold-pressed
Citrus essential oil: lemon (two), bergamot, sweet orange,
clementine, bitter orange, blood orange, mandarin (green, yel-
low, red), pink grapefruit oils were provided by Simone Gatto
s.r.l. (San Pier Niceto, Messina, Italy). All samples were ana-
lyzed without any pre-treatment and injected into the SFC
system for three consecutive times. Limonoid, contained in
lemon seeds, were extracted three times starting from 5 g with
40 mL of methanol (MeOH), 40 mL of acetone, and 40 mL of
ethyl acetate. The extracts were washed with 50 mL of n-
hexane, gathered, dried with anhydrous sodium sulfate, fil-
tered on filter paper, and brought to dryness in a rotary evap-
orator; the extract thus obtained was dissolved in 10 mL of
ethyl acetate, filtered on Acrodisc filter 0.45-μm Merck
KGaA (Darmstadt, Germany), and injected into SFC.
Methanol HPLC-MS grade, acetone and ethyl acetate, and
n-hexane were purchased from Merck KGaA. Standard of
limonin was previously isolated in our laboratory from berga-
mot seeds (Russo et al. 2016).

SFC-APCI-QqQ MS Analysis

The SFC-QqQ MS analyses were performed on a Shimadzu
Nexera-UC system (Shimadzu, Japan), consisting of a CBM-
20A controller, two LC-20ADXR dual-plunger parallel-flow
pumps, an LC-30ADSF CO2 pump, two SFC-30A back pres-
sure regulator, a DGU degasser, a CTO-20AC column oven, a
SIL-30AC autosampler, an LCMS-8050 triple quad mass
spectrometer equipped with an APCI source. The entire sys-
tem was controlled by the LabSolution ver. 5.8.

Separations were performed on an Ascentis™ C18, 250 ×
4.6 mm, 5 μm d.p. (Merck KGaA) column; the mobile phase
consisted of the following: eluent A, CO2; eluent B MeOH;
make-up solvent, MeOH. The following gradient was used:
0 min, 0% B; 20 min 12% B, and the flow rate was of
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2 mL min−1 (total flow pump A and B) and 0.5 mL min−1

make-up pump. The column oven temperature was 35 °C and
the back pressure regulator was 150 bar. The injection volume
was 3 μL. The MS was set as follows: acquisition mode (+):
SCAN; selective ion monitoring (SIM); multiple reaction
monitoring (MRM). Interface temperature: 350 °C; DL tem-
perature: 300 °C; block heater temperature: 300 °C; nebuliz-
ing gas flow (N2) 4 Lmin−1; drying gas flow (N2) 5 mLmin−1;
full scan range: 200–800m/z; event time 0.03 s for each event;
argon was used as collision gas with a pressure of 270 kPa.
The different limonoids were first recognized by using the
SIM of their radical ions generated in the positive ionization
mode, and in the case of limonin also by comparison with the
available standard. The transitions used in the MRM experi-
ments were optimized starting from the product ion scan (PIS)
of the relative radical ions, using various collision energies
(CE) from 5 to 50 V in positive mode. The best daughter ions
were selected in order to improve both sensitivity and selec-
tivity of the method. Two transitions were selected for each
limonoid in order to provide a more reliable identification.
The ratio of quantifier (Q) and qualifier (q) ions (provided
by the LabSolution ver. 5.8 software) for each compound
was taken into account in order to provide a further
identificative parameter (Giuffrida et al. 2017). Product ion
scan acquisition mode was also used for the structure elucida-
tion of isobaric compounds.

SFC-APCI-QqQ MS Method Validation and Statistical
Analysis

To quantify limonin content in the various samples tested,
calibration curve has been constructed by using limonin stan-
dard. Five different concentrations of limonin, in the range
between 0.025 and 50 mg L−1, prepared by diluting a stock
solution of 1000 mg L−1, using MeOH as solvent, were ana-
lyzed for five consecutive times by SFC-APCI-QqQ MS un-
der the same chromatographic conditions optimized for the
samples. Calibration curve was constructed using the least
square method to estimate the regression line; the linearity
and the goodness of the curve used were confirmed using
Mandel’s fitting tests. The significance of the intercept was
established running a t test. All the statistical tests were carried
out at the 5% significance level. Limits of detection (LoD) and
quantification (LoQ) were calculated by multiplying the stan-
dard deviation of the limonin area at the lowest concentration
level (n = 5), three and ten times, respectively, and then by
dividing the result by the slope of the calibration curve. The
instrumental intra-day precision and the recovery were calcu-
lated for limonin by using six replicated injections at the low-
est concentration level (0.05 mg L−1). The instrumental inter-
day precision was calculated by analyzing the same solution
of limonin, used for the intra-day precision calculation, three
times, on five consecutive days.

Results and Discussion

General Considerations

Non-volatile fraction of Citrus essential oils has been mainly
investigated by using HPLC-PDA-MS (Dugo and Di
Giacomo 2002; Dugo and Mondello 2010) instrumentation.
Due to the above considerations, the logical consequence is to
apply the same technique for the analysis of limonoids in
Citrus essential oils. However, this technique is often time
and organic solvent consuming, and sometimes for the
analysis of limonoids, the addition of acids (formic or
acetic) in the mobile phase is required in order to improve
the chromatographic separation. In such a case, the MS
identification can be more challenging due to the formation
of adducts (Donato et al. 2009).

Due to the lipophilic nature of the Citrus essential oils and
the molecules investigated in the present research (limonoid
aglycones), the use of supercritical fluid chromatography rep-
resents a valid alternative to the conventional liquid chroma-
tography. SFC technique allows for short run time without
losing of separation power, by using low amount of organic
solvent (Lesellier and West 2015; Tarafder 2016; Giuffrida et
al. 2017; Zoccali et al. 2017).

The use of a photodiode array as detector in the UV range
after the chromatographic separation, for the untargeted
analysis of limonoids is not sufficient for a deep character-
ization of unknown samples due to the low molecular ab-
sorptivity of these molecules. Instead, the use of a mass
spectrometer detector, due to its great selectivity and sen-
sitivity, allows the identification and structural analysis of
targeted and untargeted compounds. The use of a triple
quadrupole or a high-resolution MS detectors allows com-
pound structural elucidation. The pairs of the molecule
here analyzed are isobaric species with the same structural
formula and with the same molecular weight. For such a
reason, the use of a high-resolution MS system is not able
to discriminate them [limonexin and limonexic acid: mo-
lecular weight 502.516 (C26H30O10); deoxylimonin and
obacunone: molecular weight 454.519 (C26H30O7);
nomilin and 7-α-limonyl acetate: molecular weight
514.56 (C28H34O9)]. In our opinion, a triple quadrupole
MS detector represents one of the best choice for the identifi-
cation of limonoid aglycones in cold-pressed Citrus essential
oils.

This research presents the characterization of 11 cold-
pressed Citrus essential oils [lemon, bergamot, sweet orange,
clementine, bitter orange, blood orange, mandarin (green, yel-
low, red), and pink grapefruit oils] by using SFC-APCI-QqQ
MS instrumentation equipped with an APCI interface. For the
chromatographic separation, a C18 (250 × 4.6 mm, 5 μm d.p.)
column was used with MeOH as modifier in order to increase
the strength of the mobile phase.
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Essential Oil Screening

Initially, a pure standard of limonin, previously isolated and
purified in our lab [Russo et al. 2016], and limonoid aglycones
extracted from lemon seeds, as reported in paragraph 2.1, were
used for the optimization of both SFC separation and MS
parameters. Limonin standard was used to confirm the identi-
fication and for quantitative analysis as reported in paragraph
2.3, while lemon seeds extract was used as reference material
containing the following: nomilin, limonin, ichangin,
deacethylnomilin, and obacunone (Russo et al. 2014). Only
three compounds are present as standards on the market name-
ly limonin, nomilin, and obacunone (on the best of our knowl-
edge). The other compounds are present in very small
amounts. Considering the literature, for example, limonexic
acid has been previously isolated starting from 5 kg of man-
darin peels (Kikuchi et al. 2017).

The first step was the optimization of the SFC conditions
according to injection volume, elution gradient, and back
pressure. Two different columns were tested, a C18 fused core
Ascentis Express (150 × 4.6 mm, 2.7 μm d.p) and a conven-
tional Ascentis™ (250 × 4.6 mm, 5 μm d.p). In both cases, the
best gradient was from 0 to 20 min increasing up to 12% of
MeOH, with an injection volume of 3 μL and a back pressure
of 150 bar. However, despite the higher efficiency of the fused
core one, the best results were obtained by using a conven-
tional C18 5 μm d.p. As you can observe in Supplementary
Material S1, the targeted compounds, namely obacunone,
nomilin, and limonin, were partially co-eluted. It must be
highlighted that by using the fused core column, the analysis
is faster. Considering the main purpose of the research, the
conventional C18 column was chosen in order to achieve a
better separation instead of a faster analysis.

The SFC method here developed, despite the use of a con-
ventional 5 μm column, provided a fast separation of the tar-
get analytes in less than 7 min (without considering the
reconditioning time) with a total consumption of ca. 170 μL
of organic solvent (MeOH), representing an attractive alterna-
tive to the conventional LC methods.

For such a reason, we decided to apply the developedmeth-
od for the analysis of the 11 Citrus essential oils. The first step
was devoted to a targeted screening, by using both full scan
and SIM mode, of the essential oil samples, of 19 limonoid
aglycones most commonly found in seeds, peels, and juices of
Citrus species, as reported in available literature (Manners and
Breska III 2004; Breksa III et al. 2009; Balestrieri et al. 2011;
Russo et al. 2016).

The structure of the 19 target limonoid aglycones, selected
for the initial essential oil screening, are reported in Fig. 1. As
can be seen from Fig. 1, some limonoid aglycones have the
same molecular weight: nomilin and 7-α-limonyl acetate
(514); obacunone and deoxylimonin (454); deacetyl nomilin,
isoobacunoic acid, and 7-α-limonol (472); limonexic acid,

limonexin, and cyclocalamin (502); 7-α-obacunol and
deoxylimonol (456).

The results of the initial screening, showed the presence of
12 limonoid aglycones (as shown in Fig. 2) with respect to the
19 originally selected. Particularly, for all cases of isobaric
molecules, only one signal (with the same retention time)
was detected in each oil samples. For such a reason, further
investigation was needed to exploit the correct identification
of the isobaric compounds.

Compound Elucidation and MRM Optimization

As mentioned in the previous paragraph, due to the lack of
available standards of limonoids and the presence of isobaric
molecules, the use of SIM mode is not sufficient for the cor-
rect compound identification.

In order to tentatively identify the correct limonoid agly-
cones, the PIS mode was used to obtain a fragmentation pat-
tern correlated to the characteristic structures of the selected
[M +H]+. However, lack of high-resolution mass spectrome-
ter precludes the definitive elucidation of fragmentation path-
ways; therefore, discussion of the group assignments of the
limonoid aglycones is based on general mass fragmentation
pattern comparisons, and comments about the origins of frag-
ment ions are tentative. PIS and MRM analyses of each com-
pound were carried out injecting samples, which show the
most abundant content. Only in one case, namely limonin,
the MRM transitions were optimized by injecting a pure stan-
dard. For the other limonoid aglycones, the following samples
were used: lemon seeds extract for [M +H]+ 515, 489, and
455; lemon essential oil for [M +H]+ 445; bitter orange essen-
tial oil for [M +H]+ 505 and 503; pink grapefruit for [M +H]+

473, 521, 463, and 457; sweet orange essential oil for [M +
H]+ 487 as reported in Table 1.

As can be seen in Fig. 1, nomilin and 7-α-limonyl acetate
present a different A ring: a seven-membered oxepine ring for
the first one, while 7-α-limonyl acetate belong to the A-seco-
limonoids. After a careful interpretation of the PIS, carried out
injecting the lemon oil with different collision energy values,
two characteristic fragments atm/z 369 and 351 were found as
reported in Fig. 3.

Evaluating the different fragmentation ways of the [M +
H]+ 515, the most likely fragmentation pathway is the one
leading to the formation of ions characterized by the seven-
membered oxepine A ring structure intact as confirmed by
Ren et al. (2015). As a consequence, the [M +H]+ 515 was
tentatively identified as nomilin. During the MRM optimiza-
tion, the most abundant daughter ions at m/z 161 (CE − 25 V)
and 411 (CE − 15 V) were selected as quantifier and qualifier
in order to obtain a more sensitive method.

As can be observed in Fig. 1, the molecular structure of
obacunone and deoxylimonin differs for the A ring as in the
case of nomilin and 7-α-limonyl acetate, and for the D ring. In
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the D ring, carbons 14 and 15 show a double bond in the case of
deoxylimonin, while obacunone presents an epoxy-ring. PIS
for the [M +H]+ 455 show two characteristic fragments with
m/z value of 391 and 349 that can be associated, according to
the fragmentation pathway, to the obacunone molecule tenta-
tively identified in such a way, as can be seen in Fig. 3. For the
MS/MS experiments, the daughter ions atm/z 161 (CE − 30 V)
and 409 (CE − 15 V) were selected as quantifier and qualifier.

The same considerations can be made for 7-α-obacunol and
deoxylimonol couple (Fig. 1). These two molecules show the

same molecular structures of obacunone and deoxylimonin,
respectively, but with a hydroxyl group in position 7 of the B
ring, instead of the carbonyl group. The fragment withm/z 187
allows the tentative identification of the 7-α-obacunol consid-
ering the fragmentation pathway as reported in Fig. 3. In this
case for the MRM experiments, the daughter ions at m/z 161
(CE − 25 V) and 187 (CE − 20 V) were selected as quantifier
and qualifier deriving from the [M +H]+ 457.

As previously mentioned, and also for the following mol-
ecules: deacetyl nomilin, isoobacunoic acid, and 7-α-limonol,
the major structural differences come from the A ring (Fig. 1).
But, after a careful investigation of the fragments derived from
the PIS, the most characteristic part of the molecule seems to
be the presence of the hydroxyl group in the B ring. In fact,
only the presence of the hydroxyl group can justify the forma-
tion of the ions with m/z value of 352 and 337 from the [M +
H]+ 473. Only 7-α-limonol presents a hydroxyl group in the B
ring, while deacetyl nomilin and isoobacunoic acid show a
carbonyl group as reported in Fig. 1. For MRM analysis, the
following transitions were chosen: quantifier 473 > 215 (−
25 V) and qualifier 473 > 187 (− 45 V).

The isobaric compunds limonexic acid, limonexin, and
cyclocalamin, reported in Fig. 1, with a [M +H]+ 503 differ
each other for the substituent in position 17 of the D ring.
Characteristic, for the tentative identification, is the furanic
ring presents only in the cyclocalamin, thus generating the
characteristic ions with m/z 243 and 189 during the PIS
experiments. In fact, limonexic and limonexin show in
position 17 of the D ring a hydroxy butenolide molecule
as reported in Fig. 4.
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In this case, the fragments used for the tentative identifica-
tion were also used for the MRM experiments with a collision
energy of − 25 and − 20 V, respectively. All the selected MRM
transitions are reported in Table 1. Moreover, in Supplementary
Material S2, the possible fragmentation pattern for each
molecule has been reported.

Essential Oil Characterization

The SFC-QqQ MS developed was used for the characteri-
zation of limonoid aglycones in the 11 cold-pressed Citrus
essential oils. Calibration curve of limonin was constructed
under the same chromatographic conditions optimized for

the sample analysis to quantify the limonin content. The
validation process provided the following LoD and LoQ
values: 0.006 and 0.021 mg L−1, respectively. Excellent
linearity was obtained for limonin as confirmed by the
correlation coefficient R2 0.9998. Concerning the intra-
day precision, percentage coefficient of variation (%CV)
value of 3.99% demonstrated very good precision at the
concentration level tested. Concerning recovery, value of
98% was obtained thus demonstrating an excellent accura-
cy. Accuracy was measured by spiking a bergamot sample
with 0.05 mg L−1 of limonin, a value close to the LoQ,
bergamot sample was chosen because in this sample,
limonin was not detected.

Table 1 Limonoid aglycones tentatively identified by SFC-APCI-QqQMS analysis inCitrus essential oils with relativemolecular weight, multiple reaction
monitoring (MRM) with quantifier and qualifier transitions (collision energy V) and Q/q% ratio, and the detected amount of limonin expressed as mg L−1

Limonin Nomilin Obacunone Ichangensin Ichangin 7-α-limonol

Optimization
Molecular weight 470 514 454 444 488 472
MRM optimization Standard material Lemon seeds Lemon seeds Lemon 1 Lemon seeds Pink grapefruit
Quantifier (CE) 471 > 161 (− 25) 515 > 161 (− 25) 455 > 161 (− 30) 445 > 139(− 20) 489 > 189 (− 30) 473 > 215 (− 25)
qualifier (CE) 471 > 425 (− 20) 515 > 411 (− 15) 455 > 409 (− 15) 445 > 165 (− 25) 489 > 245(− 15) 473 > 187 (− 45)
Ions Q/q ratio % 85 38 83 59 65 19

Characterization
Green mandarin 4.5 ± 0.1 × ×
Yellow mandarin 1.2 ± 0.2 × ×
Red mandarin 1.1 ± 0.2 × ×
Bergamot × ×
Sweet blond orange 1.8 ± 0.1 × × ×a ×a

Blood sweet orange 0.9 ± 0.1 × ×a ×a

Bitter orange ×a ×
Lemon 1 4.4 ± 0.5 × × ×a

Lemon 2 5.3 ± 1.0 × ×a

Pink grapefruit 3.7 ± 0.5 × ×a ×a ×a

Clementine 0.5 ± 0.1 × ×a ×a

Methyl deacetyl
nomilinate

Methyl
isobacunoate

Cyclocalamin Calamin Retrocalamin 7-α-obacunol

Optimization
Molecular weight 504 486 502 520 462 456
MRM optimization Bitter orange Sweet orange Bitter orange Pink grapefruit Pink Grapefrui Pink Grapefrui
Quantifier (CE) 505 > 189 (− 30) 487 > 353 (− 20) 503 > 243 (− 25) 521 > 189 (− 30) 463 > 219 (− 25) 457 > 161 (− 25)
qualifier (CE) 505 > 131 (− 45) 487 > 311 (− 25) 503 > 189 (− 20) 521 > 261 (− 15) 463 > 161 (− 40) 457 > 187 (− 20)
Ions Q/q ratio % 47 37 71 89 40 27

Characterization
Green mandarin
Yellow mandarin
Red mandarin
Bergamot
Sweet blond orange ×a

Blood sweet orange ×a

Bitter orange ×a ×a ×a ×a

Lemon 1
Lemon 2
Pink grapefruit ×a ×a ×a ×a ×a

Clementine

a Compound, to the best of the authors’ knowledge, identified for the first time
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Finally, an inter-day precision value of 6.54% was obtained.
For the tentative identification, the MRM optimized transitions
among with quantifier and qualifier ion ratio (Q/q) and reten-
tion times were used.

Totally, 12 different limonoid aglycones were tentatively
identified in 11 Citrus essential oils. Table 1 reports the
qualitative composition of all the samples analyzed and
the amount of limonin expressed as mg L−1. The most
complex sample, from a qualitative point of view, is pink
grapefruit essential oil, with 10 tentatively identified limo-
noid aglycones. MRM chromatogram is shown in Fig. 5a.
Only three limonoid aglycones were tentatively identified
in all mandarin essential oil samples, in bergamot essential
oil and in one of the two lemon essential oil samples. All
the cold-pressed Citrus essential oils, except bitter orange
(MRM chromatogram is shown in Fig. 5b), contain
limonin and nomilin. Green mandarin essential oil is the
only one sample that does not contain ichangensin. Green
mandarin essential oil differs from yellow and red manda-
rin for the presence of obacunone and the absence of
ichangesin present in the other two mandarin essential oil
samples. 7-α-obacunol was tentatively identified only in
pink grapefruit essential oil. Bitter orange and pink grape-
fruit essential oils represent the only two samples contain-
ing methyl deacetyl nomilinate, cyclocalamin, calamin,
and retrocalamin. As previously discussed in the introduc-
tion paragraph, to the best of our knowledge, the first in-
vestigation based on the analysis of limonoid aglycones in
cold-pressed Citrus essential oils is here reported. So, com-
parison with literature data has been done taking into

account research papers focused on the analysis of the en-
tire Citrus fruits (peels, juices, and seeds). Unfortunately,
no data on limonoid composition in clementine fruits were
found in literature. Qualitative data for the three samples of
mandarin essential oil are in agreement with literature data;
in fact, all the limonoid aglycones tentatively identified in
our samples were previously reported, mainly in mandarin
seeds (Manners and Breska III 2004; Vikram et al. 2007;
Breksa III et al. 2011; Bilal et al. 2013; Kim et al. 2013).
The same consideration can be made for bergamot essen-
tial oil; in fact, the three limonoid aglycones tentatively
identified in our research were previously reported
(Manners and Breska III 2004; Balestrieri et al. 2011;
Russo et al. 2016). For blood and blond sweet orange es-
sential oils, six limonoid aglycones were tentatively iden-
tified, and four of them were reported here for the first
time: obacunone, ichangensin, 7-α-limonol, and methyl
isobacunoate, as can be observed in Table 1 (Hasegawa
et al. 1980; Rouseff and Nagy 1982; Manners et al. 2003;
Bilal et al. 2013; Russo et al. 2015b).

Regarding bitter orange essential oil, five limonoid
aglycones were reported for the first time: ichangensin,
methyl deacetyl nomilinate, cyclocalamin, calamin, and
retrocalamin (Hasegawa et al. 1980; Rouseff 1982;
Vikram et al. 2007; Breksa III et al. 2011; Kikuchi et al.
2017). In the two samples of lemon essential oils,
ichangensin was tentatively identified for the first time
(Hasegawa et al. 1980; Rouseff and Nagy 1982; Kim et
al. 2013; Russo et al. 2014). Finally, in pink grapefruit,
most of the compounds were here tentatively identified
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for the first time: ichangensin, ichangin, 7-α-limonol,
methyl deacetyl nomilinate, cyclocalamin, calamin,
retrocalamin, and 7-α-obacunol (Hasegawa et al. 1980;
Rouseff 1982; Rouseff and Nagy 1982; Manners and
Breska III 2004; Vikram et al. 2007).

As can be seen in Table 1, bergamot essential oil is the
richest sample in limonin (21.2 mg L−1), while clementine
and blood orange essential oils present the lowest limonin
content (0.5 and 0.9 mg L−1, respectively). The two lemon
essential oil samples showed a limonin content slightly differ-
ent (4.4 and 5.3 mg L−1). Considering the three mandarin
samples, yellow and red present the same content of limonin
ca. 1.1 mg L−1, while the green one reports a content four
times higher (4.5 mg L−1).

Conclusions

The SFC-APCI-QqQ MS method developed in this work rep-
resents a valid tool for the rapid characterization (ca. 7 min)
using a very low amount of organic solvent (MeOH, 170 μL)
per analysis. The use of a triple quadrupole MS detector
allowed to reach a very high sensitivity thus identifying 12
limoind aglicones in 11 cold-pressed Citrus essential oil, and
to the best of our knowledge, most of them were tentatively
identified for the first time. Moreover, the use of MRM acqui-
sition mode allowed the discrimination of isobaric molecules.
The validated method enabled the quantification of limonin
with a low LoD and LoQ. The concentration range 0.5–
21.2 mg L−1 of bitter taste limonin in the various samples an-
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alyzed should not represent a problem for the food industries,
due to the low amount of essential oils added in the food and
beverage products. To the best of our knowledge, this is the first
investigation on limonoid aglycones in Citrus essential oils.
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