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Microjet sampling in combination with extractive electrospray ionization (EESI) mass spectrometry
(MS) was applied to the rapid characterization and classification of extra virgin olive oil (EVOO)
without any sample pretreatment. When modifying the composition of the primary ESI spray solvent,
mass spectra of an identical EVOO sample showed differences. This demonstrates the capability of this
technique to extract molecules with varying polarities, hence generating rich molecular information of
the EVOO. Moreover, with the aid of microjet sampling, compounds of different volatilities (e.g.
E-2-hexenal, trans-trans-2,4-heptadienal, tyrosol and caffeic acid) could be sampled simultaneously.
EVOO data was also compared with that of other edible oils. Principal Component Analysis (PCA) was
performed to discriminate EVOO and EVOO adulterated with edible oils. Microjet sampling EESI-MS
was found to be a simple, rapid (less than 2 min analysis time per sample) and powerful method

to obtain MS fingerprints of EVOO without requiring any complicated sample pretreatment steps.

Introduction

Mass spectrometry (MS) has emerged as one of the main tech-
niques for analyzing and identifying chemical compounds in
complex matrices, e.g. proteins in native biological systems,'
metabolites in tissue samples*® and non-covalent biomolecular
complexes.®’ This is mainly because of the unparalleled ability of
MS to provide qualitative and semi-quantitative data about
samples of enormous complexity.

Several promising ambient ionization mass spectrometry
techniques have been developed for direct and real-time analysis
of samples.**® The introduction of desorption electrospray
ionization (DESI)*>'' and direct analysis in real time
(DART)*** allowed, for the first time, the direct analysis of
mainly solid samples in their native state. Since then, a number of
other ambient ionization methods, such as laser ablation with
electrospray ionization (LAESI),"'¢ low temperature plasma
(LTP) probe,'™™ electrospray-assisted laser desorption/ioniza-
tion (ELDI)**?*! and others**° have been developed for rapid
detection of analytes on solid surfaces. Extractive electrospray
ionization (EESI) mass spectrometry (MS)**~° was introduced to
analyze liquids and suspensions with dirty and complex matrices.
Samples such as undiluted urine or milk can be directly injected
into an electrospray plume. Analyte ions are created when
neutral analyte droplets are collided with the droplets from the
primary ESI spray solvent. This method is non-invasive and has
hardly any memory or matrix effects.

Extra virgin olive oil (EVOO) is a product with high nutri-
tional value and significant health benefits. Medical and
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epidemiological research conducted by the International Olive
Oil Council has shown that, compared to other edible oils, the
consumption of EVOO lowers the risk of cardiovascular diseases
and diabetes. The EVOO also displays anti-inflammatory, anti-
bacterial and antioxidant activity.**® Due to these potential
health benefits, it is not surprising that EVOO is one of the most
widely consumed edible vegetable oils. However, adulteration of
EVOO with lower quality vegetable oils is a relatively common
fraudulent practice. Chemical fingerprinting of EVOO is a useful
tool to detect such adulteration.** Due to the intricate matrix of
EVOO, most current methods for detecting EVOO provenance
and adulteration require extraction protocols such as liquid—
liquid extraction and/or solid-phase extraction prior to analysis
by MS.* An exception is headspace analysis, which can be
directly performed by GC to analyse volatile compounds.**?
Although direct infusion mass spectrometry could be performed
to analyze adulterated EVOO, adduct formation and sample
carry-over effects are frequently observed.**** Ambient ioniza-
tion methods such as DART*” and LTP*® probe were employed
for the mass spectrometric analysis of olive oil, showing the
promise of this general approach for rapid and accurate detec-
tion of olive oil adulteration without sample preparation.

Here, we explore the use of another simple and rapid ambient
MS method, microjet sampling combined with extractive elec-
trospray ionization (EESI)-Mass Spectrometry (MS) to profile
EVOO without any sample pretreatment. We also applied EESI-
MS to distinguish admixtures of other edible oils with extra
virgin olive oil. As shown in Fig. 1, a stream of nitrogen gas is
directed into the liquid, causing bubble formation. Driven by the
gas pressure, the bubbles move upwards to the liquid surface.
Eventually, the bubbles burst and create microdroplets at the gas
liquid surface via a mechanism known as microjetting.*** Via
microjetting, volatile, semi-volatile and even non-volatile mole-
cules are liberated and transported to the EESI source via
a heated Teflon tube (Fig. 1). Nitrogen gas is preferable to avoid
oxidation or chemical contamination of the sample.
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Fig. 1 Schematic illustration of the concept and set-up of EESI-MS.
Inset: The aerosol is directed to the ion source of the mass spectrometer
via microjet sampling. The fine droplets were collected at the outlet of the
second neck of the flask. Other conditions were similar to those used for
the EVOO adulteration detection. Deposition of rhodamine 6G on
a paper surface caused a pink coloration.

The high nutritional value of EVOO arises from high levels of
oleic acid, and from minor compounds such as phenolic acids.?
Although a higher sensitivity for detection of fatty acids and
phenolic acids could be achieved in negative ion mode, it is
preferable to characterize phenolic acids in positive ion mode as
it provides more characteristic fragments for identification
purposes.3®¥-3¢ Moreover, oleic acid is present in high abun-
dance in EVOO, and detection of this compound could be ach-
ieved simultaneously in positive ion mode. EESI-MS in positive
ion mode was hence employed for mass spectrometric finger-
printing of EVOO samples.

Experimental
Materials and methods

EESI-MS fingerprints of EVOO, adulterated EVOO, and other
edible oils were obtained in positive ion mode on a commercial
quadrupole time of flight (Q-ToF) mass spectrometer (Q-ToF
UltimaTM, Micromass/Waters, Manchester/UK) with minimal
source modification. Typical EESI-MS conditions were as
follows: source temperature 25 °C, desolvation temperature
50 °C, ESI and cone voltages were set to +3.8 kV and +40 V,
respectively. An electrospray solvent mixture (MeOH-H,O/
aceticacidina 2 : 2 : 1 ratio) was infused at 2 pL min~!. Caffeine
(10 pg L") was added into the ESI spray as an internal standard
to monitor the stability of the ESI spray. Mass spectra were
acquired over the 50-500 Da range. CID of selected ions was
performed with 10-35 units of collision energy. The Mass Lynx
4.0 software (Waters, Manchester, U.K.) was used for the
Q-ToF-MS experiments. Mass spectra were typically collected
for about 90 s with a single scan time frame of 1 s. Background
subtraction of the spectra was performed using the background
subtraction algorithm from the Mass Lynx Software.

A two-neck flask containing 2 mL of liquid sample was used in
this study. Nitrogen gas (gas flow rate 100 L h') was directed
into the liquid sample via the first neck and the second neck was
connected to a heated Teflon tube (i.d. 5 mm, 1.2 m in length and
80 °C) to deliver the aerosol produced by the microjetting process
to the ion source of the mass spectrometer (Fig. 1). The outlet of
the heated Teflon tube is 2 cm away from the sample cone of ESI.
The velocity of the gas flow through the tube is approximately
141 cm s™'. During the EESI experiments, it is not likely that
EVOO droplets are transported to the sampling cone of the ESI
source. Moreover, we have applied a counter-flow (= 5L h™") at
the outlet of the sampling cone to blow away the larger olive oil
droplets. Caffeine was added as an internal standard to monitor
the overall ion intensity during the EESI-MS experiments. No
significant decrease in signal of protonated caffeine was observed
after 12 h. This further demonstrates that oil droplets are not
likely transported to and accumulated in and around the sample
cone.

EVOO, sun flower oil (SFO), rapeseed oil (RSO) and sesame
oil (SSO) were purchased from reliable sources. They were kept
in a cool and dry place until analysis. Rancid EVOO extraction
was performed using a procedure described previously. In brief,
0.5 mL of rancid EVOO samples were mixed with 1.5 mL of
a methanol-water mixture (50 : 50). The mixtures were centri-
fuged at 5000 g for 5 min. The hydroalcoholic layer was trans-
ferred to a sample vial, 20 pL of formic acid was added into the
hydroalcoholic layer, and the EVOO hydroalcoholic extract
(mainly polar compounds) was ready for analysis.

For adulteration of pure EVOO with edible oils, the EVOO
samples were spiked with 5% of edible oils (sun flower oil,
rapeseed oil and sesame oil). These admixtures were analyzed
immediately after preparation.

For Principal Component Analysis (PCA),’"*? the raw mass
spectral data obtained were tabulated and normalized. Multi-
variate analysis was performed using the Matlab software.
(MathWorks, Inc., Natick, MA, United States).

Results and discussion

We first investigated the microjet sampling mechanism. For this
purpose, EVOO was mixed with a small amount of non-volatile
rhodamine 6G (1 mM in ethanol). A sharp stream of nitrogen gas
was directed into the sample, and the aerosol formed was
collected at the outlet of the two-neck flask. The inset of Fig. 1
shows aerosol droplets consisting of both the EVOO and
rhodamine 6G. This result demonstrates the capability of this
microjetting mechanism to sample non-volatile compounds from
this complicated viscous liquid via aerosolization.

Effect of primary ESI spray composition

Based on previous reports,® analytes are thought to be
“extracted” in EESI from the sample spray into the charged
droplets during droplet collision events. The composition of the
primary ESI solvent spray is hence expected to strongly influence
which analytes are efficiently extracted and detected in EESI. In
order to investigate this “extraction “hypothesis, studies with
different solvent compositions of the primary ESI spray were
conducted.
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Fig. 2 Mass spectra fingerprints of EVOO obtained from different
primary ESI spray solvent. a) methanol, b) propanol and c) meth-
anol : hexanol in a 1:1 ratio. CID spectra of compounds at m/z 181
obtained from different ESI spray solvents. d) methanol, e) propanol and
f) methanol : hexanol in a 1 : 1 ratio. Values in the parentheses are the
absolute total ion counts. Inset: Zoomed segment of the positive microjet
sampling EESI-MS mass spectrum of EVOO, showing relative abun-
dances of phenolic acid compounds at m/z = 181 and 165.

Table 1 Diagnostic ions found in EVOO by microjet sampling EESI MS

As shown in Fig. 2 (a—c), spectral patterns with new peaks or
with common peaks exhibiting different signal intensities result
from changing the primary ESI spray solvent composition. Since
hexanol is unable to generate a stable ESI spray independently,
a primary ESI spray solvent mixture consisting of acidified
methanol : hexanolina 1 : 1 ratio, was used instead. The relative
peak intensities of phenolic compounds (at m/z 137, 165, 181 and
225; identification see below and Table 1) were the highest when
only acidified methanol was used as primary ESI spray solvent.
The peak intensities of these compounds decreased progressively
when the methanol : hexanol solvent mixture and propanol was
separately employed as the primary ESI spray solvent. This
suggests that the composition (e.g. polarity) of the primary ESI
spray solvent strongly influences the type of molecules that are
extracted into the charged droplets, thereby giving rise to
different mass spectra.

To further investigate the effects of primary ESI spray solvent
composition on the MS fingerprint obtained, MS/MS experi-
ments were conducted on several selected peaks. For example,
MS/MS of m/z = 181 generates fragments at m/z 163, 145, 135
and 117 when MeOH was used as the primary ESI spray solvent
(Fig. 2d). The fragmentation pattern was established to be that of
protonated caffeic acid. However, when propanol (Fig. 2e) was
used as the primary ESI spray solvent, MS/MS of m/z 181
generates a different fragmentation pattern (m/z 163, 145, 121,
103 and 101) whereas the characteristic fragments observed in
methanol/hexanol (Fig. 2f) were at m/z 181, 165, 163, 147, 145,
141, 123. Although the identities of the latter two components
could not be established, this finding indicates that the
compounds extracted from EVOO varied with the composition
of the primary ESI solvent spray. Interestingly, when the
compound at m/z 99 was subjected to MS/MS experiments, the

Compound Boiling Point/°C ® mlz MS/MS Product ions (m/z) Neutral losses in MS/MS

Trans-2-Pentenal 118 °C 85 67 H,O

1-Penten-3-ol 114 °C 87 69 H,O

Pentanal 103 °C 87 69 H,O

E-2-Hexenal 147 °C 99,81 81, 57 H,0, C,0H,

Hexanal 122 °C 101 83, 55 H,0, C,HsOH

Trans-trans-2,4-heptadienal 84.5°C 111 93, 67 H,0, CH;CHO

Tyrosol” 158 °C 121 103, 93, 77 H,0, CO, CH3;CHO

Octanal 172 °C 129 111, 83, 69 H,0, C,HsOH, (C,H;OH, CH,)

Hydroxytyrosol 355°C 137 119, 91 H,0, C,Hs;OH

Nonanal 192 °C 143 125,97, 83 H,0, C,HsOH, (C,HsOH,CH,)

Coumaric acid 346 °C 165 147, 119, 91 H,0, C,HsOH, (C,HsOH,C,H,)

Caffeic acid 419 °C 181 163, 145, 135, 117 H,0, 2H,0, C,Hs0OH, (C,HsOH
H,0)

Sinapic acid 402 °C 225 207, 175, 147, 192, 164, 119 H,0, (H,0,CH,40), (H,O, CH40,
CO), (H,0, CHj;), (H,O, CHj;,
CO), (H,0, CH;, CO,
CH,OCH3)

Elenolic Acid 225°C 243 225, 211, 193, 183, 169, 139 H,0, CH,0, (H,0, CH,0),
CH,COOH, C,HsCOOH,
(CH3;COOH, CH3;CHO)

Oleic Acid 360 °C 283 265, 247, 223, 191, 177, 163, 149, H,0, 2 H,0, CH;COOH, (H,0,

135, 121 CH;COOH, [CH,],), n=1 ... 6
Cholesterol/C,,H»70¢ 360 °C 387 369, 287, 243, 203, 189, 175,161, H,0, CsH;,0, CoH,,0, (CsH;,0,

147

“ Tyrosol is observed as M + H — H,O. ® Obtained from SciFinder Scholar 2007.

[CHal,), n =6 ... 10
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Fig. 3 CID spectrum and molecular structure of diagnostic ions of
EVOO. a) E-2-hexenal b) sinapic acid ¢) coumaric acid and d) tyrosol.

fragments obtained with the three different primary ESI solvents
are identical (Fig. 3a) in which the parent ion (m/z 99) generates
fragments at m/z 81 and 57 by loss of H,O and C,OH,, respec-
tively. The fragmentation pattern was established to be that of
protonated E-2-hexenal.®® It is thus quite probable that only
protonated E-2-hexenal constitutes the peak at m/z 99 and is
visible in all three different primary ESI spray solvents. This also
means that the ion peak at m/z 181, which gives rise to different
fragmentation patterns in the presence of different primary ESI
spray solvents, must be due to the presence of isobaric
compounds in the EVOO sample. The results demonstrate that
by adjusting the composition (polarity) of the primary ESI spray
solvent, compounds with different polarities present in extra
virgin olive oil can be differentially extracted.

The simultaneous detection of volatile compounds such as at
m/z 99 and 81 (E-2-hexenal) which contribute to the distinctive
fruity fragrance of EVOO®*-** and non-volatile phenolic
compounds (Fig. 3b—d) such as sinapic acid at m/z 225, coumaric
acid at m/z 165 and tyrosol at m/z 121 (M + H-H,O)" illustrates
the capability and versatility of this microjet sampling EESI
technique to generate and analyse aerosol which is shown to
contain a surprisingly rich molecular profile of the EVOO. Our
technique was applied to obtain ESI-MS fingerprints of EVOO,
adulterated EVOO, and rancid EVOO.

EVOO adulteration and aging

As exemplified in Fig. 4, MS fingerprints produced by EESI-MS
for the 4 different types of oils analysed (EVOO, SSO, SFO and
RSO) are easily distinguishable. In the mass range of 50-500 Da,
different types of edible oils produce numerous diagnostic ions
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Fig. 4 Chemical fingerprints of a) Extra virgin olive oil b) Rapeseed oil
¢) Sunflower oil and d) Sesame oil.

which allow direct classification of each type of edible oil without
any sample preparation or separation prior to detection. Major
diagnostic ions for SFO are at m/z 187, 302, and 340, whereas for
rapeseed oils are m/z 88, 258, 286, 319, 350 and 427. The iden-
tification of these compounds is not within the scope of this study
and is ongoing. Higher peak intensities and more compounds are
observed in the mass spectra of EVOO and SSO. Some of these
additional signals are likely to be attributed to the fragrant
compounds inherent of EVOO and SSO. The compounds
released from EVOO display diagnostic ions at m/z 81, 99, 319,
334, 356 and 387. Table 1 summarizes the diagnostic ions of
EVOO detected by microjet sampling EESI-MS.

Using the EESI mass spectral fingerprints, 4 different types of
pure edible oils and 3 adulterated EVOO samples (adulterated
with 5% of edible oils), which are indistinguishable by scent, were
successfully separated with high confidence by Principal
Component Analysis (PCA) (Fig. 5). The projection of the clus-
ters into the plane spanned by Principal Component 1 and Prin-
cipal Component 2 were unsatisfactory. However, in a 3-D PCA
plot, a clear separation and classification of pure EVOO from
adulterated EVOO is obtained. EVOO adulterated with SFO and
RSO are grouped near each other, whereas the cluster consisted of
EVOO with 5% SSO is isolated from both EVOO and SFO/RSO.

When EVOO ages and oxidizes, it usually becomes rancid.
Rancid EVOO is most commonly detected by taste. A MS
spectrum of rancid EVOO was obtained with our EESI-MS
technique. A higher abundance of an ion at m/z 111 is observed in
the rancid EVOO (Fig. 6). A MS/MS experiment was performed
on this ion and it was identified as protonated trans-trans-2-4-
heptadienal. This EVOO oxidation indicator, originating from
the B-scission of the 11-hydroperoxide oleate and 1-octen-3-015%%5
which produces the octanal fragment, was found to fragment

776 | Analyst, 2010, 135, 773-778
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further to ions at m/z 93 and 67 with the loss of H,O and C,H,,
respectively (Fig. 6 inset). Besides, the signal intensity of the ion
at m/z 143 is observed to be elevated in rancid EVOO. This ion
can be attributed to protonated nonanal which contributes to the
fatty and waxy smell of the rancid EVOO. Nonanal also derives

from the homolytic B-scission of the 9-hydroperoxide and
10-hydroperoxide oleate. These results were in accordance with
the decreased signal of oleic acid in the rancid EVOO.>33%

Due to the intricate matrix of EVOO and its viscosity, solvent
extraction or dilution is usually necessary prior to MS analysis.
However, a mass spectral profile of only the extracted part of
the sample is obtained (Fig. 6b). Due to the intrinsic selectivity
of the extraction method, polar compounds such as phenolic
acids at m/z 181, 165, 137 and 121 were detected in the rancid
EVOO extract. For example, as shown in Fig. 6, a significant
reduction in the intensities of EVOO oxidation indicators and
E-2-hexenal in the extract of rancid EVOO is observed. More-
over, volatile compounds at m/z 81 and 99 were significantly
reduced in intensity in the mass spectrum of the rancid EVOO
extract. This result supports our previous hypothesis that, due
to the selectivity of the extraction method used, loss of signifi-
cant characteristic information of the olive oil samples is
observed.?®

Conclusions

In conclusion, a simple, yet powerful method based on microjet
sampling EESI-MS was developed for rapid characterization of
EVOO (pristine, rancid, aged, and adulterated) and other edible
oils without the need for any sample pre-treatment. By adjusting
the composition (polarity) of the primary ESI spray solvent,
compounds with different polarities present in the EVOO can be
differentially extracted, hence providing complementary molec-
ular information of EVOO. The simultaneous detection of
volatile, semi- and non-volatile compounds present in EVOO
indicates that information about the molecular composition of
EVOO could be obtained without notable discrimination when
direct characterization was performed with this microjet
sampling technique. Phenolic acids, fatty acids, oxidation indi-
cators (such as trans-trans-2,4-heptadienal and nonanal) which
are responsible for the organoleptic properties and the nutrition
value of EVOO are detected. Data from positive ion mode EESI
proved to be sufficient to provide a clear classification and
fingerprinting of EVOO, adulterated EVOO or rancid EVOO; no
further experiments were conducted in negative ion mode at this
stage. This technique could be a potentially attractive tool to
investigate and characterize viscous liquid samples such as gels,
polymers as volatile, semi-volatile and non-volatile compounds
with different polarities could be extracted and detected by
microjet sampling EESI-MS.
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