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Gilberto F. de Sáf and Marcos N. Eberlin*a

The oil from the seeds of the “Andiroba” tree, which is found throughout most tropical America, contains

high levels of unsaturated triacylglycerols (TAG), which makes it attractive to the cosmetics industry. A

significant amount of limonoids also confers to this Amazonian oil several pharmaceutical and medical

properties. In addition, the oil is also a potential feedstock for biodiesel production, and its many uses

have intensified its extractive exploitation in recent years. Herein we report on the characterization of

the TAG, free fatty acids (FFA) and limonoid profiles of the Andiroba oil via mass spectrometry (MS)

fingerprinting using direct electrospray ionization mass spectrometry (ESI-MS). An ambient desorption/

ionization technique known as easy ambient sonic-spray ionization (EASI-MS) was also evaluated with

similar results. ESI-MS was performed either for a methanolic solution of a few microliters of the fresh

oil or from a simple aqueous extract whereas EASI-MS was applied directly to a droplet of the oil resting

on a paper surface. The efficacy of these MS fingerprinting techniques requiring no pre-separation and

no or very simple sample preparation protocols was investigated and compared for the typification and

quality of this valuable Amazonian oil.
Introduction

Carapa guianensis Aublet is a famous Amazonian tree popularly
known as Andiroba. It belongs to the Meliaceae family and is
found throughout most tropical America.1 The oil from the
seeds of the Andiroba tree is famous for its many uses such as
an insecticide added to candles used to control the Anopheles
and Aedes aegypti mosquitoes that transmit malaria and
dengue. It is also widely used in folk medicine as an analgesic,
anti-inammatory, anti-bacterial, anti-parasitic and as an anti-
cancer agent.2 The Andiroba oil is also attractive to the
cosmetics industry since it is composed mostly of tri-
acylglycerols with high levels of unsaturated fatty acids such as
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oleic (51.81%), palmitic (25.76%), stearic (9.08%), and linoleic
acid (8.3%). Its unsaponiable content varies from 2 to 5%,2a

and is composed of triterpenes, steroids, coumarins, avonoids
and limonoids (Scheme 1), including 17b-hydroxyazadiradione
(1), gedunin (2), 6a-acetoxy-gedunin (3), 7-deacetoxy-7-oxoge-
dunin (4), 1,2-dihydro-3b-hydroxy-7-deacetoxy-7-oxogedunin
(5), methyl angolensate (6), and xyloccensin k (7).2a,3

Additionally, the density, viscosity and caloric value of the
Andiroba oil are quite similar to those of other vegetable oils
extracted from traditional seeds, such as soybean and cotton,
which has made it an alternative for biodiesel production.4 Due
to its diverse uses and properties, the extractive and sometimes
illegal exploitation of Andiroba oil has greatly intensied in
recent years. The controlled and sustainable use of this valuable
Amazonian oil with unique properties would greatly benet
from its proper characterization and standardization. The proof
of authenticity of a particular type of oil, most particularly those
from tropical forests or endogenous species, calls for the
development of simple, rapid and accurate methods to deter-
mine origin, quality and adulteration.

Traditionally, typication and purity of vegetable oils are
based on themeasurement of the composition of free fatty acids
(FFA) as well as of mono- (MAG), di- (DAG) and triacylglycerides
(TAG). FFA are obtained via TAG hydrolysis and are oen
derivatized by sterication before chromatography analysis.
The intact TAG are also derivatized by esterication and both
Anal. Methods, 2013, 5, 1385–1391 | 1385
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Scheme 1 Limonoids found in C. guianensis species.

Fig. 1 Schematic of ESI(�)-MS and EASI(�)-MS fingerprinting tested for the
typification and quality control of the Andiroba oil.
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the derivatized FFA and TAG are subsequently analyzed by gas
chromatography (GC) commonly with a ame ionization
detector (FID)5 or via GC coupled to mass spectrometry (GC-
MS).6 Intact TAG are also analyzed most commonly by high
performance liquid chromatography (HPLC).7 But these
methods based on derivatization and separation techniques are
considerably demanding in terms of time and reagent/solvent
consumption. New methodologies that require no or minimal
sample preparation offering higher simplicity and speed of
analysis with comparable accuracy in the determination of TAG
contents would simplify and speed up the oil analysis.

Mass spectrometry (MS) has become a major separation plus
characterization technique for the analysis of complex chemical
mixtures mainly due to its unmatched ability to separate by
mass and charge (m/z), detect, count and characterize mole-
cules of many types, compositions and sizes.8 Direct MS anal-
ysis using so ionization techniques performed under
atmospheric conditions, such as electrospray ionization (ESI-
MS), of complex mixtures has been shown to provide fast and
reliable ngerprint characterization of complex mixtures via
distinctive chemical proles.9 We have successfully used the MS
ngerprinting approach with direct infusion electrospray ioni-
zation (ESI) applied for sample solutions to characterize
numerous samples with reliable qualitative distinction.10

Recently, MS ngerprinting has been further simplied with the
development of a series of new desorption/ionization tech-
niques applied to samples in their natural matrices or placed on
auxiliary surfaces and a new eld known collectively as ambient
mass spectrometry11 has been established. We have introduced
1386 | Anal. Methods, 2013, 5, 1385–1391
one of such techniques termed easy ambient sonic-spray ioni-
zation (EASI).12 Being based on sonic spray ionization,13 EASI is
assisted only by compressed nitrogen (or air) and creates, via
sonic spraying of a polar solvent, a bipolar stream of minute
charged droplets that bombard the sample surface.14 Compared
with desorption electrospray ionization (DESI), desorption and
ionization by sonic-spray ionization in EASI is advantageous
since it uses neither heating nor high voltages at the spray
This journal is ª The Royal Society of Chemistry 2013
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capillary,12 as well as its very simple apparatus.15 Another
advantage of EASI is its freedom from electrical, discharge,
thermal or oxidation interferences and its improved signal-to-
noise ratios.16 We have applied EASI to the analysis of vegetable
oils,17 lipids,18 fuels19 and biodiesel.20

This study aimed to investigate and compare the suitability
of two direct mass spectrometry techniques, direct infusion ESI-
MS of sample solutions and extracts and EASI-MS with direct
desorption and ionization of a droplet of the sample resting on
an auxiliary paper surface (Fig. 1) to characterize the Andiroba
oil via typical proles of its natural markers. The goal was to
establish fast, simple and accurate techniques for use in the
typication, standardization and quality control of the Andir-
oba oil, a valuable and environmentally important Amazonian
product.
Materials and methods
Plant material

Fresh Andiroba oils were extracted from seeds collected
between 25 and 30 April 2008 at twelve different locations
(islands) of S~ao Sebasti~ao da Boa Vista – Marajó/PA, Brazil. Five
samples of commercial soybean oil and one sample of rened
Andiroba oil were also analyzed for comparison and adultera-
tion screening.
Andiroba oil extraction

The fresh seeds were previously peeled and stored at �18 �C.
Approximately 70 g of sample were weighed, cut into small
pieces and crushed into uniform size. The resulting material
was then primed in an extraction cartridge, and placed in cold
extraction coupled to a condenser at the top and bottom of a
ask of 1000 mL containing porcelain beads and 600 mL of
hexane. The balloon was heated by a heater blanket for ca. 4 h of
continuous extraction. Aer completion of extraction, the
solvent was distilled out and the oil was obtained and ltered
aer addition of sodium sulfate. The average extraction yield for
the oil was 49.1 � 3.2%.
Sample preparation

Aqueous extracts. 200 mL of oil was diluted in 1 mL of a
mixture of methanol–H2O (1 : 1) with 0.1% of an additive: for-
mic acid for ESI(+) or ammonium hydroxide for ESI(�). This
solution was subjected to agitation in a vortex for 1 min and
then centrifuged for an additional 1 min. A 10 mL aliquot of the
aqueous phase was diluted in 1 mL of methanol with 0.1% of
additive.

Direct oil analysis. 20 mL of the oil was diluted with 1 mL of
toluene and the solution was subjected to agitation in a vortex
for 1 min. A 10 mL aliquot was diluted in 1 mL of methanol with
0.1% of additive. For ESI(+)-MS, 10 mL of a NaCl saturated
aqueous solution was added.

ESI-MS. The analyte solutions were directly infused to the ESI
source, and the total time for acquisition of each spectrum was
set at 1 min. The ESI-MS and ESI-MS/MS were acquired in the
negative or positive ion mode using a QTof (Micromass,
This journal is ª The Royal Society of Chemistry 2013
Manchester, UK) mass spectrometer. The operation conditions
were: 3.0–4.0 kV capillary voltage, 100 �C source temperature,
desolvation temperature of 100 �C and cone voltage of 20–40 V.
Diluted samples were injected by using an automatic injection
pump (Harvard Apparatus) with a continuous ow of 10 mL
min�1. The full scan ESI-MS were acquired in the range of m/z
50 to 1500. The ESI-MS/MS were acquired fromm/z 50 to a value
slightly above the ion under study and with collision energies
varying from 10 to 30 eV. Argon was used as the collision gas.
Spectra were processed using the MassLynx 4.0 soware
(Waters, Manchester, UK). From each spectrum (TGA prole),
aer the exclusion of isotopic peaks, the twenty most intense
ions were considered and included in the principal component
analysis (PCA), which was performed using Pirouette v.3.11
(Infometrix Inc., Woodinville, WA, USA).

EASI-MS. These spectra were collected in the positive ion
mode using a unit mass resolution compact single-quadrupole
mass spectrometer (Shimadzu LCMS 2010, Japan) equipped
with a homemade EASI source assisted only by compressed
nitrogen and electrical pumping for the spray solvent, which
has been described in detail elsewhere.12 A tiny droplet of the
sample (2 mL) was dipped directly onto a paper surface (brown
Kra envelope paper). The solvent (methanol) ow rate was
20 mL min�1, N2 was used as a nebulizing gas at 3 L min�1, and
the paper-entrance angle was �30�. Mass spectra were accu-
mulated over 60 s and scanned over the m/z 50–1200 range.
Oxidative stability

This stability was evaluated by measuring the oxidation induc-
tion period (IP) with the use of Rancimat apparatus (Metrohm
873) as described by EN14112 (36). Andiroba and soybean oil
samples (3 g) were heated to 110 �C, air was then passed
through the samples at a ow rate of 20 L h�1, and then through
a trap containing a water solution. The kinetics of oxidation was
followed by the sudden increase in conductivity of the water as a
result of the formation of volatile acidic organic compounds. All
determinations were performed in duplicate and the mean
value is reported. The IP of oil samples was also determined.
The analysis of variance (ANOVA) and t-test were used to verify
whether Rancimat results were signicantly different and it was
performed using Assistat v.7.5 (DEAG-CTRN-UFCG, Campina
Grande/PA, Brazil) (37).
Results and discussion

To properly search for and characterize biomarker proles that
would indeed represent most typical natural components,
samples of the Andiroba oil were extracted directly from fresh
Andiroba seeds. Analysis was therefore performed for twelve
samples of authentic fresh Andiroba oils, one sample of
commercial rened Andiroba oil and ve samples of commer-
cial soybean oil.

ESI(+)-MS of the oil solution in methanol was found to favor
ionization via both [M + H]+ and [M + Na]+. This “dual” ioni-
zation for each single analyte compromises reproducibility in
MS ngerprinting hence solutions were spiked with traces of
Anal. Methods, 2013, 5, 1385–1391 | 1387
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Fig. 2 ESI(+)-MS of methanol–water solutions of Andiroba and soybean crude oils and of an admixture of fresh Andiroba oil with 10% (w/w) of soybean oil.

Table 1 Assignment and relative percentages of the main [TAG + Na]+ ions
detected by ESI(+)-MS of methanol–water solutions of Andiroba and soybean oils
spiked with NaCl

[M + Na]+

m/z Formula TAGa CN/DBb
Andirobac

(%)
Soybeanc

(%)

851 C53H96O6 PPLn 50 : 03 : 00 1.0 0.6
853 C53H98O6 PPL 50 : 02 : 00 4.6 3.2
855 C53H100O6 PPO 50 : 01 : 00 14.5 5.1
857 C53H102O6 PPS 50 : 00 : 00 2.2 0.9
873 C55H94O6 LnLnP 52 : 06 : 00 0.0 0.8
877 C55H98O6 PLL 52 : 04 : 00 0.0 13.9
879 C55H100O6 PLO 52 : 03 : 00 8.8 12.5
881 C55H102O6 POO 52 : 02 : 00 25.0 0.6
883 C55H104O6 POS 52 : 01 : 00 11.2 3.6
885 C55H106O6 PSS 52 : 00 : 00 5.3 1.8
899 C57H96O6 LLLn 54 : 07 : 00 0.0 6.2
901 C57H98O6 LLL 54 : 06 : 00 0.0 15.5
903 C57H100O6 LLO, OOLn 54 : 05 : 00 0.7 15.1
905 C57H102O6 OOL, LLS 54 : 04 : 00 4.2 11.7
907 C57H104O6 OOO, SOL 54 : 03 : 00 11.0 5.5
909 C57H106O6 OOS, SSL 54 : 02 : 00 8.0 2.7
911 C57H108O6 SSO 54 : 01 : 00 3.5 0.4

a Abbreviations of fatty acids: P, palmitic acid; O, oleic acid; S, stearic
acid; L, linoleic acid; Ln, linolenic acid. b Carbon number/number of
double bonds of the three fatty acid moieties. c Relative intensity
comes from the comparison to the most intense peak normalized to
100%.
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NaCl to favor detection predominantly via [M + Na]+. As Fig. 2
illustrates, characteristic and quite contrasting proles of [TAG
+ Na]+ ions were obtained for the spiked solutions of the
authentic Andiroba and soybean oils. Similar TAG proles for
the fresh and rened oils were also obtained, as expected. The
TAG prole of the Andiroba oil is dominated by TAG composed
of palmitic, oleic and linoleic acids, that is, by a set of [TAG +
Na]+ ions: PPL of m/z 853, PPO of m/z 855, PLO of m/z 879, POO
of m/z 881, POS of m/z 883, OOL or LLS of m/z 905, OOO or SOL
ofm/z 907 and OOS or SSL ofm/z 909. For soybean oil, ESI(+)-MS
detects mainly the following [TAG + Na]+ ions: PLL of m/z 877,
PLO ofm/z 879, LLLn ofm/z 899, LLL or OLLn ofm/z 901, LLO or
OOLn of m/z 903 and OOL of m/z 905.

The TAG proles were also very reproducible. All 14 samples
of the authentic fresh Andiroba oil, as well as the rened
sample, displayed a similar ESI(+)-MS prole. These character-
istics allow the use of ESI(+)-MS to detect adulteration of the
Andiroba oil (C. guianensis) with as low as 10% of soybean oil
(Fig. 2C). TGA attributions were done based on ESI-MS/MS
experiments (not shown) and comparison with reported
data.4,10d Table 1 summarizes the main TAG identied from the
ESI(+)-MS proles.1,17b

Fig. 3 displays a statistical evaluation via PCA21 of the ESI(+)-
MS ngerprinting data to test its ability to characterize Andir-
oba oil and soybean oil as well as adulteration at a level as low as
10%. Note that both types of oils were very well resolved with
proper grouping, as well as the adulterated samples. This
conrms the ability of ESI(+)-MS ngerprinting to provide
proper standardization and quality control for the Andiroba oil
which, in Brazil, is commonly subject to adulteration via
admixtures with the cheaper soybean oil.

ESI(�)-MS of the aqueous extracts (diluted in methanol) of
the Andiroba oil was also obtained to test the ability of the
technique to provide characterization via a more
1388 | Anal. Methods, 2013, 5, 1385–1391
comprehensive set of natural markers. Indeed, ESI(�) was
found to provide a quite rich, reproducible and characteristic
prole of marker ions for the aqueous extract of the fresh
Andiroba oil (Fig. 4A) in which deprotonated molecules [M �
H]� of free fatty acid (FFA) as well as a diverse set of natural
products, mainly limonoids, predominate. Also characteristic
was the ESI(�)-MS prole of the rened oil (Fig. 4B) in which the
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3ay25743f


Fig. 3 PCA for the ESI(+)-MS data of fresh Andiroba oil, soybean oil and
Andiroba oil adulterated with 10% of soybean oil.
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FFA ions again predominate, but due to oil rening, the set of
limonoid ions are no longer detected.

Note in Fig. 4A and B that the ions of m/z 253, 255, 269, 279,
281 and 283 are, respectively, the deprotonated molecules [M �
H]� of palmitoleic, palmitic, margaric, linoleic, oleic and stearic
acids. The ions of m/z 511, 537 and 563 are dimeric [2M � H]�

species.
ESI(+)-MS ngerprints were also collected in them/z 200–600

range for the aqueous extracts of both the crude and rened
Fig. 4 ESI(�)-MS and ESI(+)-MS of aqueous extracts (diluted in methanol) of crude

This journal is ª The Royal Society of Chemistry 2013
Andiroba oils (Fig. 4C and D). In these spectra, the limonoids
are again detected now as their protonated molecules [M + H]+,
with greater abundance for the fresh oil. The ion of m/z 439 was
assigned to 7-oxogedunin (4), m/z 483 to gedunin (2) and m/z
541 to 6a-acetogedunin (3). Ions of m/z 457, 467, 469, 471 and
489 could not be unambiguously assigned, but they are likely
due to limonoids since their ESI(+)-MS/MS displayed similar
dissociation patterns as those of the protonated molecules of 2–
4. Fig. 5A shows a typical ESI(+)-MS/MS for protonated 7-oxo-
gedunin (4). Note the great similarity to the spectrum of stan-
dard 4 isolated from the Andiroba oil.2a,3

Samples of the fresh and rened Andiroba oil and
commercial rened soybean oil were also subjected to the
oxidation test. The induction periods of fresh Andiroba oil
(13.2a), rened Andiroba oil (3.3c) and rene soybean oil (9.5b)
were signicantly different. The contrasting differences in
oxidation stability between the fresh and rened Andiroba oils
are most likely due to the presence (or absence) of limonoids
(Fig. 4) which are natural antioxidants for this valuable
Amazonian oil.

Fig. 6 shows a typical EASI(+)-MS ngerprint for a droplet of
fresh and oxidized Andiroba oil obtained in the lower resolution
but more compact and less expensive monoquadrupole mass
spectrometer. The purpose here was to evaluate the ability of the
simpler and more direct EASI(�)-MS ngerprinting technique
to characterize and to control the quality of the oil from a
droplet dipped on a paper surface comparing it with the more
conventional direct infusion ESI(�)-MS ngerprinting of
sample or extract solutions.19 The EASI(+)-MS proles from the
and refined Andiroba oil.

Anal. Methods, 2013, 5, 1385–1391 | 1389
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Fig. 5 ESI(+)-MS/MS of (A) the ion of m/z 439 from the Andiroba oil and (B) from the 7-oxogedunin standard isolated directly from the fresh Andiroba oil.

Fig. 6 EASI(+)-MS obtained directly from a droplet of (A) fresh and (B) oxidized
Andiroba oil placed on a paper surface.
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fresh Andiroba oil (Fig. 6A) were found to be dominatedmainly by
[TAG + Na]+ ions hence there was no need for NaCl spiking. The
TAG proles obtained via EASI(+)-MS ngerprinting were also
found to be quite reproducible and similar to those provided by
ESI(+)-MS (Fig. 2A) of theNaCl spikedsolutions.Hence,due to this
similarity, a quite similar PCA plot for the EASI-MS data (not
shown) was obtained. Adulteration of the Andiroba oil with
soybean oil (spectra not shown) as well as oxidation (Fig. 6B) were
also monitored by EASI(+)-MS with quite similar spectra and
results. The spectra obtained directly from the oil droplet in the
negative ion mode, i.e. via EASI(�)-MS were, however, very noisy
with some ions associated with FFA and limonoids, but with poor
reproducibility.
Conclusions

The direct infusion ESI(+)-MS technique applied to a diluted
methanolic solution of the Andiroba oil provides characteristic
1390 | Anal. Methods, 2013, 5, 1385–1391
TAG proles, and can therefore be used as a fast and reproduc-
ible MS ngerprinting approach for the typication and quality
control of this valuable Amazonian oil. Sets of additional FFA
and limonoid biomarkers can also be screened by ESI(�)-MS of a
simple aqueous extract of the oil. Alternatively, the recently
described Venturi EASI(�)-MS technique could be used in its
liquid mode (VL-EASI-MS).22 For the rened oil, as expected, the
limonoids are no longer detected but the unique TAG and FFA
proles still can be used to characterize the sample as a rened
Andiroba oil. The simpler ambient desorption/ionization
EASI(+)-MS technique can also be applied directly to a droplet of
the crude sample placed on a paper surface for typication and
quality control, but the technique in the negative ion, viz.
EASI(�)-MS, fails to provideproper proles of FFAand limonoids
which are therefore better obtained via ESI(�)-MS. Both tech-
niques in the positive ion mode could detect adulteration of the
Andiroba oil with soybean oil at levels as low as 10%. Likely
therefore, adulteration with other types of vegetable oils could
also be detected. Degradation by oxidation causes major alter-
ation in the TAG prole of the Andiroba oil and could also be
readily detected by both ESI(+)-MS and EASI(+)-MS
ngerprinting.
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