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Abstract: Orange peel is a by-product produced in large amounts that acts as a source of natural
pigments such as carotenoids. Xanthophylls, the main carotenoid class found in citrus fruit,
can be present in its free form or esterified with fatty acids, forming esters. This esterification
modifies the compound’s chemical properties, affecting their bioavailability in the human body,
and making it important to characterize the native carotenoid composition of food matrices.
We aimed to evaluate the non-saponified carotenoid extracts of orange peel (cv. Pera) obtained using
alternative green approaches: extraction with ionic liquid (IL), analyzed by high performance liquid
chromatography coupled to a diode array detector with atmospheric pressure chemical ionization
and mass spectrometry HPLC-DAD-APCI-MS, and supercritical fluid extraction (SFE), followed
by supercritical fluid chromatography with atmospheric pressure chemical ionization and triple
quadrupole mass spectrometry detection (SFC-APCI/QqQ/MS) in an online system. Both alternative
green methods were successfully applied, allowing the total identification of five free carotenoids,
one apocarotenoid, seven monoesters, and 11 diesters in the extract obtained with IL and analyzed
by HPLC-DAD-APCI-MS, and nine free carotenoids, six carotenoids esters, 19 apocarotenoids, and
eight apo-esters with the SFE-SFC-APCI/QqQ/MS approach, including several free apocarotenoids
and apocarotenoid esters identified for the first time in oranges, and particularly in the Pera variety,
which could be used as a fruit authenticity parameter.
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1. Introduction

Citrus fruits are among the most produced and consumed fruits worldwide, either fresh or as
juice, and especially oranges (Citrus sinensis L. Osbeck), which are known for their large consumption
and economic importance. Brazil is one of the largest exporters of orange juice around the world;
among the most important cultivars in Brazil, the sweet orange cv. Pera has good juice quality and
accounts for approximately 30% of the orange crop expected for 2019–2020 [1]. However, this high
volume of juice production generates a large amount of waste. The orange peel in turn, can represent an
interesting source of carotenoids, which are natural pigments responsible for adding the color to fruits
and vegetables, and for providing health-related benefits when ingested by humans [2]. Carotenoid
intake is related to improvements in the immune system and reduced risk of developing degenerative
diseases, such as cardiovascular diseases, cancer, macular degeneration, and Alzheimer’s disease [3–5].

Carotenoids are lipophilic compounds that can be widely classified into two groups: carotenes,
which only present carbon and hydrogen atoms in their molecular structures, and xanthophylls, which
also contain oxygenated groups, such as hydroxyl, epoxy, and carboxyl groups [6]. The apocarotenoids
are a class of carotenoid derivatives that are produced by oxidative cleavages of the parent carotenoid,
catalyzed by dioxygenases enzymes of carotenoid cleavage [7,8]. The main class of carotenoids
found in oranges is the hydroxylated carotenoids, which include violaxanthin, luteoxanthin, lutein,
β-cryptoxanthin, antheraxanthin, mutatoxanthin, and zeaxanthin. These can be presented in their
free form or acylated with fatty acids (FAs) in the case of mono- and polyhydroxylated xanthophylls,
commonly forming monoesters or diesters [9,10]. In the plant tissues, the esterification helps carotenoid
storage and protects sensitive molecules from photo-oxidation [11,12], in addition to increasing
the possible structures found in nature, and consequently, the analytical complexity, since a single
xanthophyll can be acylated with different FAs [9,13]. For this reason, the carotenoid analysis usually
comprises a saponification step in order to simplify the analysis by hydrolyzing the esters and removing
interfering compounds; however, saponification may lead to carotenoid degradation and modification,
such as isomerization [9,13].

Investigations regarding native carotenoid compositions in food matrices, including esters, are
mostly lacking in the literature, but this information is highly valuable. Quantifying carotenoid esters
is important for better understanding the bioavailability of these compounds in the human body
since esterification changes the chemical properties of carotenoids, such as their polarity; esterified
xanthophylls are less polar than their corresponding free forms, probably affecting the bioavailability
of such compounds [9,14]. Citrus fruits, especially oranges, are well known for being one of the most
complex natural source of carotenoids [15], presenting a wide range of esters compositions, which
require detailed characterization.

On the other hand, the extraction of carotenoids usually involves the use of conventional organic
solvents (COSs) that are highly toxic. The reuse and recycling practices for by-products, such as the
orange peel, require urgent attention [16,17] along with an increased focus on sustainability. Therefore,
the search for alternative methods for bioactive compound extraction is intensifying. Supercritical
fluids and ionic liquids have received attention in the field of chemistry [18], and despite their
particularities, all of them have been shown to perform well for extracting bioactive compounds from
various matrices [19–24].

Specifically for matrices rich in carotenoids esters, like oranges, it is crucial to obtain the carotenoids
extracts using alternative solvents and to characterize them in their native composition form, to establish
associations between all the compounds present in the natural matrix and their benefits to human
health. Thus, our aim in this study was to evaluate the native carotenoids composition of orange peel
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(cv. Pera) using alternative approaches: extraction with ionic liquid (IL), further analyzed by high
performance liquid chromatography coupled to a diode array detector with atmospheric pressure
chemical ionization and mass spectrometry (HPLC-DAD-APCI-MS), and a supercritical fluid extraction
(SFE), followed by supercritical fluid chromatography with atmospheric pressure chemical ionization
and triple quadrupole mass spectrometry detection (SFC-APCI/QqQ/MS) in an online system.

2. Materials and Methods

2.1. Chemicals

Reagents and solvents of analytical grade used during carotenoid extraction were
purchased from Synth (Diadema, Brazil). 1-Methylimidazole and 1-chlorobutane, used for the
1-butyl-3-methylimidazolium chloride ([C4mim]Cl) synthesis, were obtained from Sigma-Aldrich
(Taufkirchen, Germany). MS-grade methanol (MeOH), methyl tert-butyl ether (MTBE), and water were
purchased from Merck (Darmstadt, Germany). The samples were filtered through Millipore (Billerica,
MA, USA) membranes (0.22 µm) before HPLC-MS analyses. The standards of (all-E)-β-carotene and
(all-E)-lutein were purchased from Extrasynthese (Genay, France).

2.2. Samples

Oranges (Citrus sinensis L. Osbeck) cv. Pera were obtained at a local market in Santos city (São Paulo,
Brazil), totalizing a single sample batch of about 10 kg of fruits, further reduced to laboratory samples.
The oranges were squeezed in an industrial processor and the peels were processed in a grinder, before
being subsequently freeze-dried. Finally, the water free samples were stored at −40 ◦C in tightly closed
packages, until required for analyses.

2.3. Obtainment of Carotenoids Extracts

2.3.1. Conventional Extraction with Acetone

A conventional extraction with acetone was performed, since it is one of the most common organic
solvents used for carotenoid extraction. Briefly, the carotenoids were manually and exhaustively
extracted with acetone from 5.0 g of freeze-dried orange peel, followed by vacuum filtration.
The procedure was repeated until the sample became colorless, then, the extract was transferred to
diethyl ether/petroleum ether (2:1), washed until acetone free, and concentrated to dryness in a rotary
evaporator (temperature (t) < 37 ◦C) [25,26]. The conventional step of saponification was not applied
to enable the analysis of the carotenoids esters present in the extract.

2.3.2. Ionic Liquid Extraction with [C4mim]Cl

The carotenoids from orange peel were also extracted using an ionic liquid: 1-butyl-3-
methylimidazolium chloride ([C4mim]Cl) via ultrasonic-assisted extraction according to
Murador et al. [27]. The extraction was performed by mixing 5.0 g of freeze-dried sample, followed
by 1:3 solid–liquid ratio (R(S/L)) and 1:2 co-solvent ratio (R(IL/E)) with ethanol applied as co-solvent.
The homogenization was performed with an ultrasound probe (Unique, model DES500, Ultronique,
Indaiatuba, Brazil) of 20 kHz and 200 W, at 80% amplitude, under an ice bath, for 5 min, followed by
vacuum filtration; the process was repeated six times [27].

2.3.3. Supercritical Fluid Extraction (SFE)

The SFE was performed in a Shimadzu Nexera-UC system (Shimadzu, Kyoto, Japan), combined
with a supercritical fluid chromatography (SFC) in one online system. The sample preparation and the
SFE conditions were conducted according to Giuffrida et al. [28], with minor modifications. Briefly, the
freeze-dried sample of orange peel (10.0 mg) was mixed with 1 g of an adsorbent powder (Miyazaki
Hydro-Protect, Patented in Japan No. 3645552) and placed in the extraction vessel of 0.2 mL in the SFE
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unit (the ID of the extraction chamber was 6 mm and the length was 12 mm), loaded with 100 mg of
sample/adsorbent. So, a final amount of 1.0 mg of sample was used, considering the dilution factor.
Then, supercritical CO2 and methanol were introduced into the vessel, and pressure and temperature
conditions of extraction were optimized, as follows: CO2 (A) and methanol (B) solvents were used in a
gradient as follows: 5% B for 3 min, increasing from 5% to 10% B for 1 min, and changing to 0% B into
the SFC analysis mode: flow rate, 2 mL/min; extraction mode, 0–3 min static mode, 3–4 min dynamic
mode; extraction vessel temperature, 80 ◦C; and backpressure regulator, 150 bar [28]. After extraction in
the SFE unit, the sample containing CO2 was directed to the SFC flow line for chromatographic analysis.

2.4. Determination of Native Carotenoids Composition

2.4.1. HPLC-DAD-APCI/MS Analysis

To characterize the native carotenoid composition in orange peel, the extracts obtained with acetone
and with [C4mim]Cl were analyzed using a Nexera X2 liquid chromatography system (Shimadzu,
Milan, Italy), consisting of a CBM-20A controller, four LC-30AD dual-plunger parallel-flow pumps,
a DGU-20 A5R degasser, a CTO-20AC column oven, a SIL-30AC autosampler, and a SPD-M30A diode
array detector (DAD). The LC system was coupled to an LCMS-2020 mass spectrometer through an
atmospheric pressure chemical ionization (APCI) source (Shimadzu, Kyoto, Japan).

The HPLC-DAD-MS analysis was performed according to Murillo et al. [29], with some minor
modifications. Separation was conducted on a 250 mm × 4.6 mm, 5 µm, YMC C30 column. Mobile
phases A (MeOH/MTBE/H2O, 81:15:4) and B (MeOH/MTBE/H2O, 16:80:4), using a linear gradient
program, were as follows: 0% B for 20 min; changing from 0% to 100% B in 120 min, returning from
100% to 0% B in 1 min, and maintaining 0% B for 10 min. The flow rate was set to 0.8 mL/min, the
injection volume was 20 µL, the column temperature was maintained at 35 ◦C, the UV-visible (UV-vis)
spectra were acquired between 220 and 700 nm, and the chromatograms were processed at 450 nm.
Data acquisition was performed using LabSolution software, ver. 5.91 (Shimadzu, Milan, Italy).

The LCMS-2020 detection was achieved using an APCI interface operated in both positive and
negative modes; detector voltage, 1.05 kV; interface temperature, 350 ◦C; DL temperature, 300 ◦C; heat
block temperature, 300 ◦C; nebulizing gas flow (N2), 2.0 L/min; drying gas flow (N2), 5.0 L/min; full
scan range (positive and negative mode), m/z 300 to 1200; and experiment time, 0.2 s.

The identification of carotenoids and esters was performed using the same tools conventionally
applied for carotenoids identification: combined information provided by elution order on C30 column,
UV-vis spectrum characteristics (maximum absorption wavelength (λmax), spectral fine structure
(III/II, %), and peak cis intensity (% AB/AII)), mass spectra, and comparison with data available in the
literature [13].

Quantitative data were obtained by HPLC-DAD according to Giuffrida et al. [30]. We used
external calibration curves from carotenoid standards of β-carotene, lutein, zeaxanthin, and physalein,
at six different concentrations in the range of 0.01 to 100 µg/mL; the esters were quantified using the
curves of their correspondents carotenoids. The coefficients of variation (CVs, %) were below 9%
in all the HPLC measurements. The carotenoid concentrations are expressed in µg/g of dry matter,
and the results are represented as means values of three independent determinations (± standard
deviation (SD)).

2.4.2. SFC-APCI/QqQ/MS Analysis

The SFE module was coupled with SFC along with MS in an online system, so the orange peel
sample was also analyzed in its entire form in terms of carotenoids composition using a Shimadzu
Nexera-UC system (Shimadzu, Kyoto, Japan), consisting of a CBM-20A controller, an SFE-30A module
for supercritical fluid extraction, two LC-20ADXR dual-plunger parallel-flow pumps, an LC-30ADSF

CO2 pump, two SFC-30A back pressure regulators, a DGU degasser, a CTO-20AC column oven, and
a SIL-30AC autosampler, also coupled to a LCMS-8050 triple quadrupole (QqQ) mass spectrometer
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equipped with an APCI source (Shimadzu, Kyoto, Japan). The entire system was controlled by
LabSolution ver. 5.8 (Shimadzu, Kyoto, Japan).

The SFC conditions were solvent A (CO2) and solvent B (MeOH) in a gradient as follows: 0% B
from 4 to 6 min, increasing from 0% to 40% from 6 to 14 min, and maintaining 40% for 2 min [28] at a flow
rate of 2.0 mL/min and make-up solvent MeOH at flow 1.0 mL/min [28]. Separations were performed
on a partially porous Ascentis Express C30, 150 mm × 4.6 mm × 2.7 µm d.p. (MilliporeSigma, St. Louis,
MO, USA); the column oven temperature was set to 35 ◦C and the back pressure regulator to 150 bar.
The injection volume for standards was 2 µL. The MS setting followed Giuffrida et al.’s [28] conditions:
SCAN (+/–) acquisition mode, selective ion monitoring (SIM) in negative mode, and multiple reaction
monitoring (MRM); interface temperature, 350 ◦C; DL temperature, 200 ◦C; block heater temperature,
200 ◦C; nebulizing gas flow (N2), 3.0 L/min; drying gas flow (N2), 5.0 L/min; full scan range, m/z 200 to
1200; and event time, 0.005 s for MRM and SIM and 0.05 s for SCAN. The different apocarotenoids
were characterized by SIM and MRM experiments according to the previously optimized transitions
determined by product ion scan (PIS) experiments, as reported by Giuffrida et al. [31].

2.5. NMR Analysis

NMR analysis was performed to tentatively identify the peak 1 compound, posteriorly shown in
the Results and Discussion section. Firstly, the compound was isolated using HPLC-DAD by collecting
the fractions in a vial when the compound was observed to elute by chromatogram monitoring at
450 nm. For this, the same YMC C30 column was used, but the linear gradient was reduced according to
the following conditions: mobile phase A (MeOH/MTBE/H2O, 81:15:4) and phase B (MeOH/MTBE/H2O,
16:80:4), beginning at 1% B; changing from 1% to 20% B in 5 min; increasing from 20% to 100% B in
2 min; maintaining 100% B for 5 min; returning from 100% to 1% B in 1 min; and remaining at 1% B for
5 min. The HPLC-DAD conditions were also the same: flow rate, 0.8 mL/min; column temperature,
35 ◦C; and UV-vis spectra acquired between 220 and 700 nm. After the collections, all fractions were
joined and completely dried under vacuum and nitrogen, forming a total amount of about 3.4 mg.

All the NMR analyses were performed using 14.1 T (600.23 MHz) equipment for hydrogen
frequency, using a TXI cryogenic probe (1H/13C/15N) with a 5 mm internal diameter, maintaining the
temperature of 298 K, and using tetramethylsilane (TMS) as the internal reference.

2.6. Statistical Analysis

The experiments were conducted in triplicate, and data are expressed as the mean ± standard
deviation (SD). The differences between the samples extracted with acetone and [C4mim]Cl were
detected using a t-test; differences were considered significant at p < 0.05. The statistical analysis was
performed using Microcal Origin 5.0 software (Northampton, MA, USA).

3. Results and Discussion

3.1. Determination of Native Carotenoids Composition

3.1.1. HPLC-DAD-APCI/MS Analysis

Despite the scarcity of literature regarding the native carotenoid composition of foods, this
type of characterization is crucial for improving our understanding about the bioaccessibility and
bioavailability of these compounds and to quantify the natural occurrence of carotenoids and the
relationships among them. We used the HPLC-DAD-APCI/MS methodology to tentatively identify
the carotenoids and carotenoid esters present in orange peel cv. Pera samples. The presence of FAs
complicates chromatography separation; therefore, although several chromatographic conditions and
linear gradients of MeOH, MTBE, and H2O combinations were tested, some co-elutions were noted.
The literature reports that two or more xanthophyll esters almost always co-elute independent of the
column and mobile phase [13,32], impairing the identification of some compounds.
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The esterification of xanthophylls with FAs does not modify the chromophore or its light absorption
properties, so the UV-vis spectrum of the acylated carotenoid is identical to the spectrum of the free
compound [33]. Some carotenoids have identical molecular weights, such as free violaxanthin and
luteoxanthin, both presenting at m/z 601. Therefore, combining the information provided by DAD and
MS detectors (UV-vis spectrum and MS (APCI+/–) spectra and fragmentation pattern, respectively) is
mandatory for the identification of xanthophyll esters [14,34,35].

Figure 1 shows the chromatograms obtained by HPLC-DAD using acetone and [C4mim]Cl as
extracting solvents, and the corresponding chromatographic, UV-vis and MS characteristics of the
major carotenoids and esters are shown in Table 1. The major compounds that could be identified in
both samples were: (all-E)-lutein and (all-E)-zeaxanthin (peaks 5 and 6), which were also found in the
pulp of the same orange variety (cv. Pera), by Petry and Mercadante [9].
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Figure 1. Chromatograms processed at 450 nm, determined using high performance liquid
chromatography coupled to diode array detector (HPLC-DAD), of the native carotenoids extracts of
orange peel (Citrus sinensis L. Osbeck) cv. Pera samples obtained by conventional extraction with
(A) acetone and (B) ionic liquid ([C4mim]Cl). The peak characterization is provided in Table 1.
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Table 1. Chromatographic, UV-visible (UV-vis) and mass spectroscopic characteristics of the carotenoids identified in the native carotenoids extracts of orange
peel, obtained by high performance liquid chromatography coupled to diode array detector with atmospheric pressure chemical ionization and mass spectrometry
(HPLC-DAD-APCI/MS) analyses.

Peak Carotenoid tR
a

(min) λmax
b (nm)

%
III/II

%
AB/AII

[M+H]+

(m/z)
[M]−•
(m/z) Fragment Ions (m/z)

1 n.i. 7.4–8.2 451 n.c. 0 435 434 419, 362, 391
2 (all-E)-luteoxanthin 8.9–10.0 399, 422, 449 n.c. n.d. 601 n.d. 583[M+H−18]+, 509[M+H−18−18]+, 565[M+H−92]+

3 n.i. 9.8–11.5 463 n.c. 0 589 n.d. 571 [M+H−18]+, 553 [M+H−18−18]+

4 sintaxanthin 11.1–12.8 417, 439, 468 50 0 430 429 412[M+H−18]+, 394[M+H−18−18]+, 338[M+H−92]+

5 (all-E)-lutein 14.8–17.5 423, 444, 472 56 0 551 568 551[M+H−18]+

6 (all-E)-zeaxanthin 18.2–21.7 423, 450, 476 14 0 569 568 551[M+H−18]+

7 (all-E)-lutein 3-O-C4:0 31.2–36.3 418, 440, 470 n.c. 0 638 636 620[M+H−18]+, 602[M+H−18−18]+, 546[M+H−92]+, 551[M+H−4:0]+,
533[M+H−4:0−18]+, 514[M+H−4:0−18−18]+, 510[M+H−92−18−18]+

8 n.i. 37.6–42.1 447 33 n.d. 712 710 694 [M+H−18]+, 676 [M+H−18−18]+, 620 [M+H−92]+

9 (13Z)- or
(15Z)-violaxanthin-C12:0

39.2–44.0 329, 418, 438,
468 n.c. n.c. 783 n.d. 765[M+H−18]+, 747[M+H−18−18]+, 673[M+H−92−18]+,

583[M+H−12:0]+, 565[M+H−12:0−18]+, 547[M+H−12:0−18−18]+

10 (all-E)-lutein 3-O-C6:0 45.5–50.7 416, 436, 465 n.c. n.c. 666 664
648[M+H−18]+, 630[M+H−18−18]+, 573[M+H−92]+,

556[M+H−92−18]+, 551[M+H−6:0]+, 538[M+H−92−18−18]+,
533[M+H−6:0−18]+

11 (all-E)-lutein 3-O-C8:0 47.5–52.8 419, 441, 470 n.c. 0 696 694 678[M+H−18]+, 603[M+H−92]+, 585[M+H−92−18]+, 551[M+H−8:0]+,
533[M+H−8:0−18]+, 517[M+H−8:0−18−18]+

12 (all-E)-antheraxanthin-C12:0 49.3–54.4 417, 436, 468 n.c. 0 n.d. n.d. 749[M+H−18]+, 675[M+H−92]+, 567[M+H−12:0]+,
531[M+H−12:0−18−18]+

13 (9Z)-violaxanthin-C8:0 50.3–54.3 328, 417, 436,
466 n.c 18 728 726

710[M+H−18]+, 692[M+H−18−18]+, 636[M+H−92]+,
600[M+H−92−18−18]+, 583[M+H−8:0]+, 565[M+H−8:0−18]+,

548[M+H−8:0−18−18]+

14 (all-E)-α-carotene 51.5–56.6 418, 446, 470 n.c. 0 537 536 n.d.

15 (Z)-antheraxanthin-C18:0 53.4–58.1 330, 416, 436,
467 n.c. n.c. 851 n.d. 833[M+H−18]+, 759[M+H−92]+, 741[M+H−92−18]+, 567[M+H−18:0]+,

549[M+H−18:0−18]+, 475[M+H−18:0−92]+

16 (all-E)-β-carotene 57.7–62.4 426, 450, 478 0 0 537 536 444[M+H−92]+

17 (9Z)-violaxanthin-C4:0-C16:0 60.7–65.2 328, 415, 439,
466 59 n.c. n.d. n.d. 891[M+H−18]+, 873[M+H−18−18]+, 821[M+H−4:0]+, 653[M+H−16:0]+,

565[M+H−4:0−16:0]+

18 (13Z)- or
(15Z)-antheraxanthin-C12:0-C12:0

65.9–69.9 329, 416, 437,
466 n.c. n.c. 949 n.d. 913[M+H−18−18]+, 857[M+H−92]+, 749[M+H−12:0]+,

531[M+H−12:0−12:0−18]+

19 (all-E)-antheraxanthin-C10:0-C12:0 69.8 415, 441, 469 60 0 921 n.d.
903[M+H−18]+, 885[M+H−18−18]+, 829[M+H−92]+,

811[M+H−92−18]+, 749[M+H−10:0]+, 731[M+H−10:0−18]+,
721[M+H−12:0]+, 703[M+H−12:0−18]+, 549[M+H−10:0−12:0]+
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Table 1. Cont.

Peak Carotenoid tR
a

(min) λmax
b (nm)

%
III/II

%
AB/AII

[M+H]+

(m/z)
[M]−•
(m/z) Fragment Ions (m/z)

20 (9Z)-violaxanthin-C12:0-C14:0 71.4–74.9 330, 418, 437,
466 84 12 993 n.d.

975[M+H−18]+, 883[M+H−92−18]+, 793[M+H−12:0]+,
775[M+H−12:0−18]+, 765[M+H−14:0]+, 747[M+H−14:0−18]+,

565[M+H−12:0−14:0]+

21 (all-E)-violaxanthin-C14:0-C14:0 75.2–75.6 419, 443, 471 42 0 1022 n.d. 1004[M+H−18]+, 986[M+H−18−18]+, 930[M+H−92]+,
794[M+H−14:0]+, 565[M+H−14:0−14:0]+, 547[M+H−14:0−14:0−18]+

22 (9Z)-violaxanthin-C14:0-C14:0 77.3–80.4 330, 415, 438,
466 87 21 1022 n.d. 1004[M+H−18]+, 912[M+H−92−18]+, 776[M+H−14:0−18]+,

565[M+H−14:0−14:0]+, 547[M+H−14:0−14:0−18]+

23 (13Z)- or (15Z)-violaxanthin
C12:0-C18:0

80.1–80.3 330, 417, 440,
469 n.c. 18 1050 n.d.

1031[M+H−18]+, 959[M+H−92]+, 939[M+H−92−18]+,
850[M+H−12:0]+, 766[M+H−18:0]+, 565[M+H−12:0−18:0]+,

547[M+H−12:0−18:0−18]+

24 (13Z)- or (15Z)-violaxanthin
C14:0-C16:0

81.8–84.5 330, 415, 438,
467 86 16 1050 n.d.

1031[M+H−18]+, 959[M+H−92]+, 939[M+H−92−18]+,
821[M+H−14:0]+, 803[M+H−14:0−18]+, 793[M+H−16:0]+,

775[M+H−16:0−18]+, 565[M+H−14:0−16:0]+,
547[M+H−14:0−16:0−18]+

25
(all-E)-lutein 3-O-C12:0-
3′-O-C18:0 or 3′-O-C12:0-

3-O-C18:0

82.6–82.8 420, 446, 469 29 0 1016 n.d. 998[M+H−18]+, 816[M+H−12:0]+, 732[M+H−18:0]+,
533[M+H−12:0−18:0]+

26
(all-E)-lutein 3-O-C14:0-
3′-O-C16:0 or 3′-O-C14:0-

3-O-C16:0

83.3 420, 444, 469 33 0 1016 n.d. 998[M+H−18]+, 788[M+H−14:0]+, 760[M+H−16:0]+,
533[M+H−14:0−16:0]+

27 (13Z)- or
(15Z)-violaxanthin-C16:0-C16:0

85.4–85.6 331, 414, 439,
467 n.c. n.c. 1077 n.d. 1059[M+H−18]+, 821[M+H−16:0]+, 803[M+H−16:0−18]+,

565[M+H−16:0−16:0]+

a Retention time on the C30 column; b Linear gradient of methanol/MTBE/water; λmax, maximum absorption wavelength (nm); % III/II, spectral fine structure; % AB/AII, intensity of cis peak;
n.i., not identified; n.d., not detected; n.c., not calculated.
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A total of five free carotenoids (peaks 2, 5, 6, 14, and 16), including one apocarotenoid (peak 4),
seven monoesters (peaks 7, 9, 10, 11, 12, 13 and 15), and 11 diesters (17, 18, 19, 20, 21, 22, 23,
24, 25, 26, and 27) were tentatively identified. The compound corresponding to peak 1 was not
identified using the present methodology, and is further discussed in Section 3.2. The same free
carotenoids profile was found in the samples extracted with acetone and with the ionic liquid, whereas
among the esters, some differences were noted. In the sample extracted with acetone (Figure 1A),
(9Z)-violaxanthin-C8:0, (all-E)-antheraxanthin-C10:0-C12:0, and (all-E)-violaxanthin-C14:0-C14:0 (peaks 13,
19, and 21, respectively) were not detected, whereas in the sample extracted with [C4mim]Cl (Figure 2B),
only all-trans-antheraxanthin-C12:0 and all-trans-lutein-C12:0-C18:0 (peaks 12 and 26, respectively) were
not determined.

The carotenoid esters observed were mainly formed from violaxanthin followed by lutein and
antheraxanthin esters. Violaxanthin was not found in its free form, but it was the most abundant
carotenoid considering both its mono- and diesters. Violaxanthin esters were also always detected in
orange pulp from cv. Pera orange [9] and in the juice of different varieties [10,15,36,37]. According to
Giuffrida et al. [30], violaxanthin and antheraxanthin and their 5,8-furanoid derivatives are among the
major carotenoids present in oranges. β-Cryptoxanthin and its esters, which are also commonly found
in oranges [9,10,15,30,36] were not detected using the present methodology. Here, lutein was found
either as free carotenoid, or mono- or diester in Pera orange peel, whereas Petry and Mercadante [9]
did not detect any ester derivative in the pulp of the same variety, whereas Giuffrida et al. [30] detected
both free carotenoid and its diesters in different orange juices varieties.

We found the xanthophylls acylated mainly with lauric (C12:0), myristic (C14:0), and palmitic (C16:0)
acids, in agreement with the findings reported by Petry and Mercadante [9] for the pulp from Pera
orange, and also by Dugo et al. [15] and Giuffrida et al. [9,30] for orange juices from various different
varieties. According to these findings, these FAs seem to be the most abundant in oranges, but in the
present study other esters of short-, medium-, and long-chain FAs were detected, including butyrate
(C4:0), caproate (C6:0), caprylate (C8:0), caprate (C10:0), and stearate (C18:0).

The detection of the protonated molecule ([M+H]+) was noted in most of the compounds, with the
exception of (all-E)-lutein, which was detected at m/z 568 ([M]−•) in the APCI negative ionization mode
and at m/z 551 ([M+H−18]+) in the APCI positive ionization mode due to the formation of a stable
allylic carbocation; (all-E)-antheraxanthin-C12:0 and (9Z)-violaxanthin-C4:0-C16:0, which were detected
at m/z 749 and 891, respectively, correspond to the loss of one water molecule from the protonated
molecules ([M+H−18]+).

The neutral loss of one water molecule ([M+H−18]+) was also detected for both mono- and diesters
of violaxanthin. Additionally, in some cases, it was detected also the loss of two water molecules
([M+H−18−18]+), and/or a C7H8 fragment ([M+ H−92]+) due to the in-chain loss of toluene alone or
along with one water molecule ([M+ H−92−18]+). For monoesters, fragments at m/z 583 and 565 were
detected, corresponding to elimination of the fatty acid moiety ([M+H−FA]+) alone and together with
one water molecule ([M+ H−FA−18]+), respectively. For the violaxanthin diesters, two fragments at
m/z 565 and 547 were detected due the loss of two FA moieties ([M+ H−FA1−FA2]+) and along with a
water molecule ([M+H−FA1−FA2−18]+), respectively. These findings agree with the data reported
by Petry and Mercadante [9], Giuffrida et al. [10], and Dugo et al. [14,38] related to orange pulp and
juice from different varieties. In the present study, most of the violaxanthin esters presented in their
(Z)-isomeric configuration (eight out of nine), which were identified considering the corresponding
UV-vis spectra characteristics and elution order.

The free form of lutein (peak 5) was found to be the main carotenoid in all the samples analyzed,
and five more (all-E)-lutein esters (peaks 7, 10, 11, 25, and 26) were identified. As well as occurs
with all esters, mono- and diesters derived from lutein present the same UV-vis spectrum from its
free from, since the acylation of one or two FAs to the hydroxyl groups in the terminal rings does
not alter the chromophore [32]. This characteristic allowed the identification and differentiation
of the esters derived from lutein and zeaxanthin considering their different UV-vis spectra; free
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(all-E)-zeaxanthin (peak 6) was also found to be one of the main carotenoids, and its esters exhibit the
same molecular weight as lutein, but different UV-vis spectra. Lutein has an asymmetric structure,
containing one β- and one ε-ring, so regioisomers could be formed depending on whether the ester is
monoacylated with one FA or diacylated with two different FAs (heterodiester) [9]. In APCI (+)-MS
conditions, it is possible to determine if the hydroxyl group or the acylated FA is present at position
3′-O or 3-O; for monoesters, the lutein 3′-O-monoester shows in-source fragments [M+ H−FA]+ at
m/z 551 as the most abundant ion, whereas [M+H−H2O]+ at higher m/z represents the predominant
positive fragment ion of 3-O-monoester, for example, at m/z 678 for (all-E)-lutein 3-O-C8:0, as shown in
Figure 2. For heterodiesters, the most abundant in-source fragment ion indicates the loss of the FA
located at position 3′ (ε-ring); consequently, the FA attached to position 3 (β-ring) can be deduced by
exclusion [39,40]. However, for the diesters, we observed no perceptible differences in MS spectra
between regioisomeric forms of (all-E)-lutein C12:0-C18:0 and (all-E)-lutein C14:0- C16:0 (peaks 25 and
26, respectively).
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Figure 2. MS spectra of (all-E)-lutein 3-O-C8:0 (peak 11): (A) −MS, (B) +MS and (C) +MS fragmentation.

In relation to the fragmentation pattern of antheraxanthin esters, we again detected the neutral
loss of one water molecule from the protonated molecule ([M+H−H2O]+), and fragments indicating
the loss of C7H8 (toluene) ([M+H−92]+) were detected for both mono- and diesters, in agreement with
the report by Petry and Mercadante [9] in Pera orange pulp. Fragments at m/z 567, representing the loss
of FA ([M+H−FA]+), were found in both monoesters (peaks 12 and 15), and also fragments at m/z 549
and 531 were detected, corresponding to the losses of FA along with one ([M+H−FA−18]+) and two
([M+ H−FA−18−18]+) water molecules, respectively (peaks 15 and 12, respectively). The fragments at
m/z 567 and 549 in antheraxanthin monoester were also reported by Dugo et al. [38], Giuffrida et al. [10],
and Petry and Mercadante [9]. Regarding antheraxanthin diesters, the fragment representing the
carotenoid backbone at m/z 549 after the loss of two FA moieties was detected; in this case, a heterodiester
([M+H−FA1−FA2]+) was detected by peak 19 and at m/z 531 due the elimination of one water molecule,
along with FAs and, a homodiester ([M+H−2FA−18]+) detected by peak 18. Antheraxanthin diesters,
including their fragments, were also found by Petry and Mercadante [9].
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The quantitative data regarding the carotenoids and esters amounts were calculated using external
standard calibration curves [10]. As peak 1 had not yet been identified, it was not considered in
the quantification because it was abundant and would have interfered with the statistical analysis.
The results are shown in Table 2, and they represent the average of three independent experiments.

Table 2. Content of free carotenoids, monoesters, diesters, and total carotenoids of the extracts obtained
with acetone and with ionic liquid ([C4mim]Cl) from orange peel (Citrus sinensis L. Osbeck) cv. Pera.

Type of Extract
Quantification of Carotenoids and Esters (µg/g of Dry Matter) *

Free Carotenoids Monoesters Diesters Total Carotenoids

Acetone 50.9 ± 6.2 a 29.3 ± 10.0 a 20.3 ± 5.9 a 97.4 ± 17.1 a

[C4mim]Cl 32.1 ± 6.2 b 24.6 ± 3.8 a 7.6 ± 1.8 b 64.2 ± 9.3 a

* Values are expressed as the mean ± standard deviation (SD) (n = 3 independent experiments). Means in the same
column followed by different letters (a,b) differed significantly (p < 0.05).

Considering the total carotenoid content, the application of acetone and [C4mim]Cl did not lead
to significant differences in the total carotenoid amount: 97.4 ± 17.1 and 64.2 ± 9.3 µg/g of dry matter,
respectively (p = 0.07). Free carotenoids were the main compounds found in all the samples (varying
from 49.9% to 52.2%), but in this case, extraction with acetone resulted in a significantly higher content
of free carotenoids than with [C4mim]Cl (p < 0.05). For the monoesters, the different extractions did
not result in significant differences in the extracted amount (p = 0.49), whereas the use of acetone led to
an increased content of diesters compared with [C4mim]Cl (p < 0.05).

3.1.2. SFE-SFC-APCI/QqQ/MS Analysis

As previously stated, the use of supercritical fluids as the extracting phase for bioactive compounds
is considered a promising approach in the green chemistry field. Different fluids can be used such
as carbon dioxide, ethane, propane, butane, pentane, ethylene, ammonia, sulfur dioxide, water, or
chlorodifluoromethane [41]. The literature reports carbon dioxide (CO2) as one of the most widely used
supercritical fluids, which is especially convenient for carotenoid extraction; it is the most preferred in
the pharmaceuticals and food industries due to its relatively low critical properties, making it ideal for
thermally labile components, such as the carotenoids [41,42].

Supercritical fluids have been used for both carotenoids extraction (SFE) and separation (SFC) [43–46].
However, only recently was the direct online extraction and determination of carotenoids using a
SFE-SFC/MS methodology reported [47]. The SFE-SFC-APCI/QqQ/MS online system has already
been used to determine carotenoids and apocarotenoids from habanero pepper (Capsicum chinense
Jacq.) [31,47], tamarillo fruit (Solanum betaceum Cav.) [28], different microalgae strains [48], and human
blood samples [49]. This system involves the use of supercritical CO2, a small amount of MeOH
compared to other analytical systems, and its execution time is short [43,47].

In the present work, freeze-dried samples of orange peel (cv. Pera) were used in the SFE, which
lasted a total of four minutes, followed by the SFC analysis that was performed in 12 min; so, the final
result generated from the whole process was achieved in 16 min. This methodology can be considered
innovative compared with traditional solid−liquid extraction and conventional liquid chromatography,
which require a much longer analytical time and use more solvent, and this method is fully automated,
reducing operator error and analyte losses [43].

According to the results from the SFE-SFC/MS analysis, we detected nine free carotenoids, six
carotenoids esters, 19 apocarotenoids, and eight apo-esters, which were identified using the available
standard, the compounds’ elution order, along with a full scan, selected ion monitoring (SIM), and
multiple reaction monitoring (MRM) experiments. The most abundant compounds found were
β-citraurinol and apo-14′-violaxanthinal. Table 3 lists the overall carotenoids, apocarotenoids, and
their esters detected in orange peel by SFE-SFC-APCI/QqQ/MS analysis, and Figure 3 depicts the
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corresponding enlargements of the ion chromatogram obtained in SIM and MRM modes relative to
some detected apocarotenoids.

Table 3. Overall carotenoids, apocarotenoids, and their esters detected by supercritical fluid extraction
and supercritical fluid chromatography with atmospheric pressure chemical ionization and triple
quadrupole mass spectrometry detection (SFE-SFC-APCI (+/–)/QqQ/MS) analysis in orange peel with
relative selected ion monitoring (SIM) m/z values, multiple reaction monitoring (MRM) with quantifier
(Q) and qualifier (q) transitions, collision energy (CE, in volts), and ion ratio (%).

Compounds SIM (−)
m/z

MRM Transition (CE) Ion Ratio %
(+)Quantifier (Q) Qualifier (q)

Free Carotenoids
Luteoxanthin 600 n.d. n.d. n.c.

Antheraxanthin 478 n.d. n.d. n.c.
Lutein 568 n.d. n.d. n.c.

Zeaxanthin 568 + 569 > 119 (−39) + 569 > 135 (−22) 95
β-cryptoxanthin 552 + 553 > 119 (−32) + 553 > 145 (-38) 61

Phytoene 544 n.d. n.d. n.c.
β-carotene 536 + 537 > 119 (−39) + 537 > 121 (−32) 84

β-cryptoxanthin-5,6-epoxide 568 n.d. n.d. n.c.
β-carotene-5,6-epoxide or
β-carotene-5,8-epoxide 552 n.d. n.d. n.c.

Carotenoids Esters
antheraxanthin-C12:0 766 n.d. n.d. n.c.

zeaxanthin-C12:0 750 n.d. n.d. n.c.
lutein-C14:0 or zeaxanthin-C14:0 778 n.d. n.d. n.c.

β-cryptoxanthin-C12:0 734 n.d. n.d. n.c.
β-cryptoxanthin-C14:0 762 n.d. n.d. n.c.
β-cryptoxanthin-C16:0 790 n.d. n.d. n.c.

Apo-Carotenoids
β-citraurinol 434 n.d. n.d. n.c.

β-apo-8′-carotenal 416 + 417 > 119 (−25) + 417 > 105 (−35) 73
β-apo-10′-carotenal 376 + 377 > 105 (−35) + 377 > 119 (−30) 79
β-apo-12′-carotenal 350 + 351 > 105 (−35) + 351 > 119 (−25) 74
β-apo-14′-carotenal 310 + 311 > 105 (−25) + 311 > 119 (−25) 77
apo-8′-zeaxanthinal 432 + 433 > 119 (−30) + 433 > 105 (−35) 95
apo-10′-zeaxanthinal 392 + 393 > 105 (−35) + 393 > 119 (−25) 92
apo-12′-zeaxanthinal 366 + 367 > 105 (−35) + 367 > 119 (−30) 80
apo-14′-zeaxanthinal 326 + 327 > 105 (−35) + 327 > 119 (−30) 61
apo-15-zeaxanthinal 300 + 301 > 173 (−15) + 301 > 105 (−30) 57

apo-8-luteinal 432 + 415 > 119 (−40) + 415 > 91 (−50) 95
apo-10-luteinal 392 + 375 > 105 (−40) + 375 > 91 (−50) 91
apo-12-luteinal 366 + 349 > 105 (−40) + 349 > 91 (−50) 90
apo-14-luteinal 326 + 309 > 91 (−50) + 309 > 105 (−40) 55

apo-8′-violaxanthinal 448 n.d. n.d. n.c.
apo-10′-violaxanthinal 408 n.d. n.d. n.c.
apo-12′-violaxanthinal 382 n.d. n.d. n.c.
apo-14′-violaxanthinal 342 n.d. n.d. n.c.
apo-15′-violaxanthinal 316 n.d. n.d. n.c.

Apo-Esters
apo-10′-zeaxanthinal-C4:0 462 + 463 > 105 (−40) + 463 > 119 (−35) 71
apo-10′-zeaxanthinal-C10:0 546 + 547 > 105 (−35) + 547 > 119 (−30) 87
apo-10′-zeaxanthinal-C12:0 574 + 575 > 105 (−35) + 575 > 119 (−30) 75
apo-10′-zeaxanthinal-C14:0 602 + 603 > 105 (−40) + 603 > 119 (−30) 77
apo-8′-zeaxanthinal-C6:0 530 + 531 > 119 (−40) + 531 > 105 (−40) 78
apo-8′-zeaxanthinal-C8:0 558 + 559 > 105 (−40) + 559 > 119 (−40) 70

apo-8′-zeaxanthinal-C10:0 586 + 587 > 119 (−40) + 587 > 105 (−40) 81
apo-8′-zeaxanthinal-C12:0 614 + 615 > 105 (−40) + 615 > 119 (−40) 79

Underlined compounds were the most abundant. n.d., not detected; n.c., not calculated.
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Figure 3. The enlargements of the ion chromatogram obtained in SIM and MRM modes relative to
some detected apocarotenoids obtained through SFE-SFC-APCI(+/−)/QqQ/MS analysis. The optimized
transitions for each apocarotenoid are shown for both the quantifier (Q) and the qualifier (q) ions, with
the relative used collision energies (CEs).

Through the use of this methodology, many apocarotenoids were detected compared to the HPLC
analysis. This highlights that different methods of analysis may provide different compounds profiles
even with the same matrix.

Apocarotenoids, in general, are still poorly reported in the literature, and normally analyzed
using conventional liquid chromatography. Chedea et al. [50] found 10′-apo-β-caroten-10′-ol,
10′-apo-β-caroten-10′-al, 8′-apo-β-caroten-8′-ol, 8′-apo-β-caroten-8′-al, and 6′-apo-β-caroten-6′-ol as
the main compounds in the orange peel of the Valencia variety, detected by HPLC; in the Navel variety,
β-cryptoxanthin was the main carotenoid. However, as already discussed, the SFE-SFC approach is
an advanced analytical methodology, especially considering the possible online coupling to a DAD
and MS detectors. To the best of our knowledge, this was the first attempt to analyze an orange peel
sample using the SFE-SFC-APCI/QqQ/MS system, resulting in the most detailed apocarotenoids and
apocarotenoid esters characterization in oranges, and in particular in the Pera variety, which could be
also used as a fruit authenticity parameter.

3.2. NMR Analysis

According to the chromatographic, UV/vis and mass spectroscopy characteristics provided by
the HPLC-DAD-APCI/MS analysis, it was not possible to identify the compound named as peak 1.
Therefore, as previously described, the compound was isolated, and a NMR analysis was carried
out. Figure 4 presents the chemical structure proposed for the unidentified compound from the NMR
analysis, and Table 4 shows its δ chemical displacement (ppm) and J coupling constant (Hz). However,
considering the information provided by all the analyses, the NMR data did not match with the
UV-vis and MS data obtained by the HPLC-DAD-APCI/MS analysis and reported in Table 1; therefore,
unfortunately, it was not possible to identify or to elucidate the structure of compound named as 1.
Despite that, the authors strongly suggest that the compound might be the result of some degradation
taking place.
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Table 4. δ chemical displacement (ppm) and J coupling constant (Hz) for the substance from structure 1.

No. 1H 13C HMBC

1 - 135.1 -

2 7,46 d (J = 2,40) 1H 123.5 34.8; 123.5; 133.3; 149.1
and 185.3

3 - 149.1 * -

4 7.18 bs 1H 132.5 123.5; 133.3 and 135.1

5 - 148.8 * -

6 6.96 d (J = 2,40) 1H 133.3 34.8; 123.5; 132.5; 135.1;
149.1 and 185.4

5-CH3 1.31 s 9H 28.7 28.7; 34.8; 123.5 and 149.1

3-CH3 1.28 s 9H 28.7 28.7; 34.4; 133.3; 148.8
and 185.3

5 > C< - 34.8 * -

3 > C< - 34.4 * -

* interchangeable values; d: doublet; s: singlet; bs: broad singlet. HMBC: Heteronuclear Multiple-Bond correlation.

Figure 5 shows a comparison between the chromatograms of the native carotenoids extract
(non-saponified), and the saponified carotenoids extract, obtained by HPLC-DAD, under the same
analitical conditions. At the same retention time (range 7.5–7.6 min), the unidentified compound
named as 1, was detected in the non-saponified sample, while in the saponified one, it was not noted;
the peak eluted at 7.53 min presented a UV/vis spectra probably correspondent to (all-E)-luteoxanthin,
previously identified by Murador et al. [27], in the same saponified orange extract.

It is well known that carotenoids are highly susceptible to degradation when exposed to heat,
low pH, and light, promoting the rearrangement or formation of degradation compounds, such as
cis-isomers, epoxides, short chain products, and volatile compounds [51,52]. The organic acids liberated
during the processing of the citrus fruit, in this case, that could be promoted by the extraction process
itself, can be strong enough to promote these modifications [51,53]. In the saponification step, the
KOH neutralizes the acids present, however, in non-saponified samples, they remain in the extracts.
The mechanisms involved in the degradation pathways are complex, and not well elucidated, but it
is known that acids are able to initiate the carotenoids degradation in food matrices [51,54], which
probably has occurred in the present study, resulting in the unidentified product here reported.
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Figure 5. Chromatograms processed at 450 nm, obtained by HPLC-DAD, of the native carotenoids
extract (non-saponified) (A), and the saponified carotenoids extract (B) of orange peel (C. sinensis L.
Osbeck) cv. ‘Pera’. Inserts: UV-vis spectra of compounds eluted at the same retention time and in the
same chromatographic conditions, relative respectively to the unidentified compound found in the
non-saponified extract (A), and to the identified (all-E)-luteoxanthin detected in the saponified extract
(B). The chromatographic conditions were the same reported for the HPLC-DAD-APCI/MS analysis.

4. Conclusions

The concern about sustainability and environmental issues has been growing around the world,
and the search for alternative methods for extracting bioactive compounds with reduced impacts
is increasing. In this paper, we reported the application of two extraction methodologies based on
sustainable approaches for the characterization of the native carotenoid composition in orange peel
(C. sinensis L. Osbeck) cv. Pera, resulting in a total identification of 10 free carotenoids, 12 monoesters,
11 diesters, 20 apocarotenoids, and eight apo-esters, considering both methods. The present study
presents an extensive and complete characterization about the native carotenoids composition from
orange peel, supporting and encouraging future studies regarding the bioavailability of carotenoids
and esters, to better understand how the esterification affects the biological effects of these compounds.

Author Contributions: Conceptualization, D.G. and V.V.d.R.; Methodology, D.C.M., F.S., M.Z. and A.G.F.;
Software, D.C.M., F.S., M.Z. and A.G.F.; Validation, M.Z. and P.L.G.M.; Formal analysis, D.C.M, F.S. and M.Z.;
Investigation, D.C.M. and D.G.; Resources, P.D. and L.M.; Data curation, D.C.M., M.Z. and D.G.; Writing—original
draft preparation, D.C.M.; Writing—review and editing, V.V.d.R. and D.G.; Visualization, P.L.G.M. and A.G.F.;
Supervision, D.G. and V.V.d.R.; Project administration, D.G. and V.V.d.R.; Funding acquisition, P.D. and L.M.

Funding: São Paulo Research Foundation (FAPESP) is acknowledged for the financial support provided by the
grants #2015/26789-5, #2016/18910-1, #2017/20861-1 and 2019/25303-2.



Antioxidants 2019, 8, 613 16 of 18

Acknowledgments: We acknowledge the São Paulo Research Foundation (FAPESP) for the financial support.
The authors thank Shimadzu and Merck Life Science corporations for their continuous support. We also
acknowledge Salvatore V. Giofrè from University of Messina, and József Deli from University of Pécs, for the
NMR analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. FUNDECRITRUS Inventário da safra de laranja 2019/2020 do cinturão citrícola de São Paulo e
Triângulo/Sudoeste Mineiro. Available online: https://www.fundecitrus.com.br/pdf/pes_relatorios/2019_05_
24_Inventário_e_Estimativa_do_Cinturao_Citricola_2019-2020.pdf (accessed on 20 August 2019).

2. Petry, F.C.; de Nadai, F.B.; Cristofani-Yaly, M.; Latado, R.R.; Mercadante, A.Z. Carotenoid biosynthesis and
quality characteristics of new hybrids between tangor (Citrus reticulata x C. sinensis) cv. ‘Murcott’ and sweet
orange (C. sinensis) cv. ‘Pêra’. Food Res. Int. 2019, 122, 461–470. [CrossRef]

3. Nwachukwu, I.D.; Udenigwe, C.C.; Aluko, R.E. Lutein and zeaxanthin: Production technology, bioavailability,
mechanisms of action, visual function, and health claim status. Trends Food Sci. Technol. 2016, 49, 74–84.
[CrossRef]

4. Rodriguez-Concepcion, M.; Avalos, J.; Bonet, M.L.; Boronat, A.; Gomez-Gomez, L.; Hornero-Mendez, D.;
Limon, M.C.; Melendez-Martinez, A.J.; Olmedilla-Alonso, B.; Palou, A.; et al. A global perspective on
carotenoids: Metabolism, biotechnology, and benefits for nutrition and health. Prog. Lipid Res. 2018, 70,
62–93. [CrossRef] [PubMed]

5. Cicero, A.F.G.; Colletti, A. Effects of carotenoids on health: Are all the same? Results from clinical trials.
Curr. Pharm. Des. 2017. [CrossRef] [PubMed]

6. Mariutti, L.R.B.; Mercadante, A.Z. Carotenoid esters analysis and occurrence: What do we know so far?
Arch. Biochem. Biophys. 2018, 648, 36–43. [CrossRef]

7. Harrison, P.J.; Bugg, T.D.H. Enzymology of the carotenoid cleavage dioxygenases: Reaction mechanisms,
inhibition and biochemical roles. Arch. Biochem. Biophys. 2014, 544, 105–111. [CrossRef]

8. Saini, R.K.; Nile, S.H.; Park, S.W. Carotenoids from fruits and vegetables: Chemistry, analysis, occurrence,
bioavailability and biological activities. Food Res. Int. 2015, 76, 735–750. [CrossRef]

9. Petry, F.C.; Mercadante, A.Z. Composition by LC-MS/MS of New Carotenoid Esters in Mango and Citrus.
J. Agric. Food Chem. 2016, 64, 8207–8224. [CrossRef]

10. Giuffrida, D.; Dugo, P.; Salvo, A.; Saitta, M.; Dugo, G. Free carotenoid and carotenoid ester composition in
native orange juices of different varieties. Fruits 2010, 65, 277–284. [CrossRef]

11. Cazzonelli, C.I.; Pogson, B.J. Source to sink: Regulation of carotenoid biosynthesis in plants. Trends Plant Sci.
2010, 15, 266–274. [CrossRef]

12. Howitt, C.A.; Pogson, B.J. Carotenoid accumulation and function in seeds and non-green tissues. Plant. Cell
Environ. 2006, 29, 435–445. [CrossRef] [PubMed]

13. Mercadante, A.Z.; Rodrigues, D.B.; Petry, F.C.; Mariutti, L.R.B. Carotenoid esters in foods—A review and
practical directions on analysis and occurrence. Food Res. Int. 2017, 99, 830–850. [CrossRef] [PubMed]

14. Lu, Q.; Huang, X.; Lv, S.; Pan, S. Carotenoid profiling of red navel orange “Cara Cara” harvested from five
regions in China. Food Chem. 2017, 232, 788–798. [CrossRef] [PubMed]

15. Dugo, P.; Giuffrida, D.; Herrero, M.; Donato, P.; Mondello, L. Epoxycarotenoids esters analysis in intact
orange juices using two-dimensional comprehensive liquid chromatography. J. Sep. Sci. 2009, 32, 973–980.
[CrossRef]

16. Dahiya, S.; Kumar, A.N.; Shanthi Sravan, J.; Chatterjee, S.; Sarkar, O.; Mohan, S.V. Food waste biorefinery:
Sustainable strategy for circular bioeconomy. Bioresour. Technol. 2018, 248, 2–12. [CrossRef] [PubMed]

17. Utczás, M.; Cacciola, F.; Giuffrida, D.; Russo, M.; Bonaccorsi, I.; Dugo, P.; Mondello, L. Bioactives Screening
in Overripe Fruits and Vegetables by Liquid Chromatography Coupled to Photodiode Array and Mass
Spectrometry Detection. Food Anal. Methods 2018, 11, 3053–3070. [CrossRef]

18. Choi, Y.H.; Verpoorte, R. Green solvents for the extraction of bioactive compounds from natural products
using ionic liquids and deep eutectic solvents. Curr. Opin. Food Sci. 2019, 26, 87–93. [CrossRef]

https://www.fundecitrus.com.br/pdf/pes_relatorios/2019_05_24_Invent�rio_e_Estimativa_do_Cinturao_Citricola_2019-2020.pdf
https://www.fundecitrus.com.br/pdf/pes_relatorios/2019_05_24_Invent�rio_e_Estimativa_do_Cinturao_Citricola_2019-2020.pdf
http://dx.doi.org/10.1016/j.foodres.2019.04.035
http://dx.doi.org/10.1016/j.tifs.2015.12.005
http://dx.doi.org/10.1016/j.plipres.2018.04.004
http://www.ncbi.nlm.nih.gov/pubmed/29679619
http://dx.doi.org/10.2174/1381612823666170207095459
http://www.ncbi.nlm.nih.gov/pubmed/28176669
http://dx.doi.org/10.1016/j.abb.2018.04.005
http://dx.doi.org/10.1016/j.abb.2013.10.005
http://dx.doi.org/10.1016/j.foodres.2015.07.047
http://dx.doi.org/10.1021/acs.jafc.6b03226
http://dx.doi.org/10.1051/fruits/2010023
http://dx.doi.org/10.1016/j.tplants.2010.02.003
http://dx.doi.org/10.1111/j.1365-3040.2005.01492.x
http://www.ncbi.nlm.nih.gov/pubmed/17080597
http://dx.doi.org/10.1016/j.foodres.2016.12.018
http://www.ncbi.nlm.nih.gov/pubmed/28847421
http://dx.doi.org/10.1016/j.foodchem.2017.04.064
http://www.ncbi.nlm.nih.gov/pubmed/28490141
http://dx.doi.org/10.1002/jssc.200800696
http://dx.doi.org/10.1016/j.biortech.2017.07.176
http://www.ncbi.nlm.nih.gov/pubmed/28823499
http://dx.doi.org/10.1007/s12161-018-1257-3
http://dx.doi.org/10.1016/j.cofs.2019.04.003


Antioxidants 2019, 8, 613 17 of 18

19. Ventura, S.P.M.; e Silva, F.A.; Quental, M.V.; Mondal, D.; Freire, M.G.; Coutinho, J.A.P. Ionic-Liquid-Mediated
Extraction and Separation Processes for Bioactive Compounds: Past, Present, and Future Trends. Chem. Rev.
2017, 117, 6984–7052. [CrossRef]

20. Jablonsky, M.; Skulcova, A.; Malvis, A.; Sima, J. Extraction of value-added components from food industry
based and agro-forest biowastes by deep eutectic solvents. J. Biotechnol. 2018, 282, 46–66. [CrossRef]

21. Murador, D.C.; de Souza Mesquita, L.M.; Vannuchi, N.; Braga, A.R.C.; de Rosso, V. V Bioavailability and
biological effects of bioactive compounds extracted with natural deep eutectic solvents and ionic liquids:
advantages over conventional organic solvents. Curr. Opin. Food Sci. 2019, 26, 25–34. [CrossRef]

22. de Souza Mesquita, L.M.; Ventura, S.P.M.; Braga, A.R.C.; Pisani, L.P.; Dias, A.C.R.V.; de Rosso, V.V. Ionic
liquid-high performance extractive approach to recover carotenoids from Bactris gasipaes fruits. Green Chem.
2019, 21, 2380–2391. [CrossRef]

23. Anunciação, P.C.; Giuffrida, D.; Murador, D.C.; de Paula Filho, G.X.; Dugo, G.; Pinheiro-Sant’Ana, H.M.
Identification and quantification of the native carotenoid composition in fruits from the Brazilian Amazon by
HPLC–DAD–APCI/MS. J. Food Compos. Anal. 2019, 83, 103296. [CrossRef]

24. Martins, P.L.G.; De Rosso, V.V. Carotenoids achieving from tomatoes discarded using ionic liquids as
extracting for application in food industry. In Proceedings of the XIV Safety, Health and Environment World
Congress, Brasil, Cubatão, 20–23 June 2014; 2014; pp. 35–38.

25. De Rosso, V.V.; Mercadante, A.Z. HPLC–PDA–MS/MS of Anthocyanins and Carotenoids from Dovyalis and
Tamarillo Fruits. J. Agric. Food Chem. 2007, 55, 9135–9141. [CrossRef] [PubMed]

26. De Rosso, V.V.; Mercadante, A.Z. Carotenoid composition of two Brazilian genotypes of acerola
(Malpighia punicifolia L.) from two harvests. Food Res. Int. 2005, 38, 1073–1077. [CrossRef]

27. Murador, D.C.; Braga, A.R.C.; Martins, P.L.G.; Mercadante, A.Z.; de Rosso, V. V Ionic liquid associated with
ultrasonic-assisted extraction: A new approach to obtain carotenoids from orange peel. Food Res. Int. 2019,
126, 108653. [CrossRef]

28. Giuffrida, D.; Zoccali, M.; Arigo, A.; Cacciola, F.; Roa, C.O.; Dugo, P.; Mondello, L. Comparison of different
analytical techniques for the analysis of carotenoids in tamarillo (Solanum betaceum Cav.). Arch. Biochem.
Biophys. 2018, 646, 161–167. [CrossRef]

29. Murillo, E.; Giuffrida, D.; Menchaca, D.; Dugo, P.; Torre, G.; Melendez-Martinez, A.J.; Mondello, L. Native
carotenoids composition of some tropical fruits. Food Chem. 2013, 140, 825–836. [CrossRef]

30. Giuffrida, D.; Cacciola, F.; Mapelli-Brahm, P.; Stinco, C.M.; Dugo, P.; Oteri, M.; Mondello, L.;
Meléndez-Martínez, A.J. Free carotenoids and carotenoids esters composition in Spanish orange and
mandarin juices from diverse varieties. Food Chem. 2019, 300, 125139. [CrossRef]

31. Giuffrida, D.; Zoccali, M.; Giofrè, S.V.; Dugo, P.; Mondello, L. Apocarotenoids determination in
Capsicum chinense Jacq. cv. Habanero, by supercritical fluid chromatography-triple-quadrupole/mass
spectrometry. Food Chem. 2017, 231, 316–323. [CrossRef]

32. Rodrigues, D.B.; Mariutti, L.R.B.; Mercadante, A.Z. Two-step cleanup procedure for the identification
of carotenoid esters by liquid chromatography-atmospheric pressure chemical ionization-tandem mass
spectrometry. J. Chromatogr. A 2016, 1457, 116–124. [CrossRef]

33. Britton, G.; Liaaen-Jensen, S.; Pfander, H. Mass Spectrometry. In Carotenoids; Enzell, C.R., Back, S., Eds.;
Birkhäuser Verlag: Basel, Switzerland, 1995; pp. 261–320.

34. Delgado-Pelayo, R.; Gallardo-Guerrero, L.; Hornero-Méndez, D. Carotenoid composition of strawberry tree
(Arbutus unedo L.) fruits. Food Chem. 2016, 199, 165–175. [CrossRef] [PubMed]

35. Rodrigues, D.B.; Mercadante, A.Z.; Mariutti, L.R.B. Marigold carotenoids: Much more than lutein esters.
Food Res. Int. 2019, 119, 653–664. [CrossRef] [PubMed]

36. Dugo, P.; Herrero, M.; Giuffrida, D.; Kumm, T.; Dugo, G.; Mondello, L. Application of comprehensive
two-dimensional liquid chromatography to elucidate the native carotenoid composition in red orange
essential oil. J. Agric. Food Chem. 2008, 56, 3478–3485. [CrossRef]

37. Meléndez-Martínez, A.J.; Vicario, I.M.; Heredia, F.J. Geometrical isomers of violaxanthin in orange juice.
Food Chem. 2007, 104, 169–175. [CrossRef]

38. Dugo, P.; Herrero, M.; Giuffrida, D.; Ragonese, C.; Dugo, G.; Mondello, L. Analysis of native carotenoid
composition in orange juice using C30 columns in tandem. J. Sep. Sci. 2008, 31, 2151–2160. [CrossRef]

http://dx.doi.org/10.1021/acs.chemrev.6b00550
http://dx.doi.org/10.1016/j.jbiotec.2018.06.349
http://dx.doi.org/10.1016/j.cofs.2019.03.002
http://dx.doi.org/10.1039/C8GC03283A
http://dx.doi.org/10.1016/j.jfca.2019.103296
http://dx.doi.org/10.1021/jf071316u
http://www.ncbi.nlm.nih.gov/pubmed/17927197
http://dx.doi.org/10.1016/j.foodres.2005.02.023
http://dx.doi.org/10.1016/j.foodres.2019.108653
http://dx.doi.org/10.1016/j.abb.2018.03.011
http://dx.doi.org/10.1016/j.foodchem.2012.11.014
http://dx.doi.org/10.1016/j.foodchem.2019.125139
http://dx.doi.org/10.1016/j.foodchem.2017.03.145
http://dx.doi.org/10.1016/j.chroma.2016.06.039
http://dx.doi.org/10.1016/j.foodchem.2015.11.135
http://www.ncbi.nlm.nih.gov/pubmed/26775958
http://dx.doi.org/10.1016/j.foodres.2018.10.043
http://www.ncbi.nlm.nih.gov/pubmed/30884700
http://dx.doi.org/10.1021/jf800144v
http://dx.doi.org/10.1016/j.foodchem.2006.11.017
http://dx.doi.org/10.1002/jssc.200800073


Antioxidants 2019, 8, 613 18 of 18

39. Mellado-Ortega, E.; Hornero-Méndez, D. Isolation and identification of lutein esters, including their
regioisomers, in tritordeum (×Tritordeum Ascherson et Graebner) grains: Evidence for a preferential
xanthophyll acyltransferase activity. Food Chem. 2012, 135, 1344–1352. [CrossRef]

40. Ziegler, J.U.; Wahl, S.; Wurschum, T.; Longin, C.F.H.; Carle, R.; Schweiggert, R.M. Lutein and lutein esters in
whole grain flours made from 75 genotypes of 5 triticum species grown at multiple sites. J. Agric. Food Chem.
2015, 63, 5061–5071. [CrossRef]

41. Adadi, P.; Barakova, N.V.; Krivoshapkina, E.F. Selected Methods of Extracting Carotenoids, Characterization,
and Health Concerns: A Review. J. Agric. Food Chem. 2018, 66, 5925–5947. [CrossRef]

42. Uquiche, E.; del Valle, J.M.; Ortiz, J. Supercritical carbon dioxide extraction of red pepper (Capsicum annuum
L.) oleoresin. J. Food Eng. 2004, 65, 55–66. [CrossRef]

43. Giuffrida, D.; Donato, P.; Dugo, P.; Mondello, L. Recent Analytical Techniques Advances in the Carotenoids
and Their Derivatives Determination in Various Matrixes. J. Agric. Food Chem. 2018, 66, 3302–3307. [CrossRef]

44. Li, B.; Zhao, H.; Liu, J.; Liu, W.; Fan, S.; Wu, G.; Zhao, R. Application of ultra-high performance supercritical
fluid chromatography for the determination of carotenoids in dietary supplements. J. Chromatogr. A 2015,
1425, 287–292. [CrossRef] [PubMed]

45. Jumaah, F.; Plaza, M.; Abrahamsson, V.; Turner, C.; Sandahl, M. A fast and sensitive method for
the separation of carotenoids using ultra-high performance supercritical fluid chromatography-mass
spectrometry. Anal. Bioanal. Chem. 2016, 408, 5883–5894. [CrossRef] [PubMed]

46. Durante, M.; Lenucci, M.S.; Mita, G. Supercritical carbon dioxide extraction of carotenoids from pumpkin
(Cucurbita spp.): A review. Int. J. Mol. Sci. 2014, 15, 6725–6740. [CrossRef] [PubMed]

47. Zoccali, M.; Giuffrida, D.; Dugo, P.; Mondello, L. Direct online extraction and determination by supercritical
fluid extraction with chromatography and mass spectrometry of targeted carotenoids from red Habanero
peppers (Capsicum chinense Jacq.). J. Sep. Sci. 2017, 40, 3905–3913. [CrossRef] [PubMed]

48. Zoccali, M.; Giuffrida, D.; Salafia, F.; Socaciu, C.; Skjanes, K.; Dugo, P.; Mondello, L. First Apocarotenoids
Profiling of Four Microalgae Strains. Antioxidants 2019, 8. [CrossRef] [PubMed]

49. Zoccali, M.; Giuffrida, D.; Salafia, F.; Giofrè, S.V.; Mondello, L. Carotenoids and apocarotenoids
determination in intact human blood samples by online supercritical fluid extraction-supercritical fluid
chromatography-tandem mass spectrometry. Anal. Chim. Acta 2018, 1032, 40–47. [CrossRef]

50. Chedea, V.S.; Kefalas, P.; Socaciu, C. Patterns of Carotenoid Pigments Extracted from Two Orange Peel
Wastes (Valencia and Navel var.). J. Food Biochem. 2010, 34, 101–110. [CrossRef]

51. Zepka, L.Q.; Mercadante, A.Z. Degradation compounds of carotenoids formed during heating of a simulated
cashew apple juice. Food Chem. 2009, 117, 28–34. [CrossRef]

52. Mercadante, A.Z. Carotenoids in foods: Sources and stability during processing and storage. In Food colorants:
Chemical and functional properties; Socaciu, C., Ed.; CRC Press: Boca Raton, FL, USA, 2007; pp. 213–240.

53. Meléndez-Martínez, A.J.; Britton, G.; Vicario, I.M.; Heredia, F.J. The complex carotenoid pattern of orange
juices from concentrate. Food Chem. 2008, 109, 546–553. [CrossRef]

54. Mortensen, A.; Skibsted, L.H. Kinetics and mechanism of the primary steps of degradation of carotenoids by
acid in homogeneous solution. J. Agric. Food Chem. 2000, 48, 279–286. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.foodchem.2012.05.046
http://dx.doi.org/10.1021/acs.jafc.5b01477
http://dx.doi.org/10.1021/acs.jafc.8b01407
http://dx.doi.org/10.1016/j.jfoodeng.2003.12.003
http://dx.doi.org/10.1021/acs.jafc.8b00309
http://dx.doi.org/10.1016/j.chroma.2015.11.029
http://www.ncbi.nlm.nih.gov/pubmed/26620596
http://dx.doi.org/10.1007/s00216-016-9707-5
http://www.ncbi.nlm.nih.gov/pubmed/27349917
http://dx.doi.org/10.3390/ijms15046725
http://www.ncbi.nlm.nih.gov/pubmed/24756094
http://dx.doi.org/10.1002/jssc.201700669
http://www.ncbi.nlm.nih.gov/pubmed/28759173
http://dx.doi.org/10.3390/antiox8070209
http://www.ncbi.nlm.nih.gov/pubmed/31284598
http://dx.doi.org/10.1016/j.aca.2018.06.022
http://dx.doi.org/10.1111/j.1745-4514.2009.00267.x
http://dx.doi.org/10.1016/j.foodchem.2009.03.071
http://dx.doi.org/10.1016/j.foodchem.2008.01.003
http://dx.doi.org/10.1021/jf9904620
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	Samples 
	Obtainment of Carotenoids Extracts 
	Conventional Extraction with Acetone 
	Ionic Liquid Extraction with [C4mim]Cl 
	Supercritical Fluid Extraction (SFE) 

	Determination of Native Carotenoids Composition 
	HPLC-DAD-APCI/MS Analysis 
	SFC-APCI/QqQ/MS Analysis 

	NMR Analysis 
	Statistical Analysis 

	Results and Discussion 
	Determination of Native Carotenoids Composition 
	HPLC-DAD-APCI/MS Analysis 
	SFE-SFC-APCI/QqQ/MS Analysis 

	NMR Analysis 

	Conclusions 
	References

