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There is a continuing need for improved methods for assessing the adulteration of foodstuffs. We report some
highly encouraging data, where we have developed direct infusion electrospray ionisation mass spectrometry
(ESI-MS) together with chemometrics as a novel, rapid (1 min per sample) and powerful technique to elucidate
key metabolite differences in vegetable and nut oils. Principal components analysis of these ESI-MS spectra show
that the reproducibility of this approach is high and that olive oil can be discriminated from oils which are
commonly used as adulterants. These adulterants include refined hazelnut oil, which is particularly challenging
given its chemical similarity to olive oils.

Introduction

Olive oil is becoming increasingly popular due to its potential
health benefits.1 Extra virgin or virgin olive oils are partic-
ularly expensive and this may present the opportunity for
unscrupulous producers to stretch their merchandise by adul-
terating it with lower grade seed or nut oils,2–7 including
peanut and hazelnut. The adulteration of olive oil with
hazelnut oil is a sophisticated type of adulteration because
hazelnut oil is chemically very similar to olive oil,8,9 partic-
ularly when the hazelnut oil is refined. Moreover, this
problem has also been recently highlighted by the UK FSA
(formerly MAFF) (reported in Food Authenticity Pro-
gramme—contractors’ review workshop—olive oil authen-
ticity—11 October, 2000).

Thus there is a continuing requirement for rapid, accurate and
preferably automated methods to characterize foodstuffs and in
particular for determining whether a particular food has the
provenance claimed for it or whether it has been adulterated
with or substituted by a lower-grade material. Moreover, it is
desirable that new methods that are developed do not depend on
expert analysis and potentially subjective opinion, or require
complex mathematical transformations that do not permit an
easy understanding of the relevant (bio)chemistry. Ideal
techniques for rapid screening of foodstuffs for adulteration
would include those which require minimal sample preparation,
permit the automatic analysis of many serial samples with
negligible reagent costs, allow their rapid characterisation
against a stable database, are easy to use and can be operated
under the control of a PC. With recent developments in
analytical instrumentation, these requirements are being ful-
filled by physico-chemical spectroscopic methods, often re-
ferred to as ‘whole-organism fingerprinting’10,11 and more
recently ‘metabolic fingerprinting’.12 Metabolic fingerprinting
is particularly attractive because due to there being no
chromatographic separation, they measure with great rapidity
the totality (within the constraints of the analytical tool used) of
the low molecular weight chemicals in a given biological
sample.13

There have been a number of very exciting advances in
spectroscopic analysis of olive oils, several of which have
stemmed from significant advances in data handling.14 During
this period we were the first to apply artificial neural networks
(ANNs), a modern ‘supervised’ learning technique, to effect the
successful identification of biological samples from their
pyrolysis mass spectra.15,16 This study, which was performed
double-blind, permitted the rapid and exquisitely sensitive
assessment of the adulteration of extra virgin olive oils with
various seed oils, a task which previously was labour intensive
and difficult. The use of pyrolysis-MS has been investigated by
several groups within the food analysis community17,18 as is the
application of a cohort of other metabolic fingerprinting
methods for the analysis of the authenticity or provenance of
olive oil, including NMR,19,20 FT-IR,21,22 Raman,23,24 and MS
either via GC25 or headspace.7 However, whilst pyrolysis-MS is
exceptionally useful for rapid, whole-food fingerprinting, it
does have three major disadvantages: (i) the highest m/z value
reproducibly attainable is very small (only m/z 200), (ii) the in
vacuo thermal degradation step means that essentially all
information on the structure or identity of the molecules
producing the pyrolysate is lost, and (iii) long-term ( > 30 days)
reproducibility still presents a major problem. Recently there
has been an explosion of interest in the use of soft ionisation
mass spectrometry (MS) methods such as matrix-assisted laser
desorption ionization (MALDI)26,27 and electrospray ionisation
(ESI)28,29 for the analysis of biomacromolecules, as well as of
small molecules. Such mass spectrometric methods are now
essential tools in proteomics,30,31 metabolomics32,33 and func-
tional genomics30,34 because softer ionisation MS allows fine
structural information to be obtained directly from the bio-
molecules.

The main aim of this study was to investigate the ability of
direct infusion electrospray ionisation mass spectrometry, that
is to say MS without prior chromatographic separation, for its
ability to produce information rich and informative mass spectra
from extra virgin and virgin olive oil and common substances
(corn, soya, sunflower, peanut and hazelnut oils) that are used to
stretch or adulterate this foodstuff.
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Materials and methods

Oils

In the first experiment designed to optimise the cone voltage on
the MS, nine different oils were analysed by direct infusion ESI-
MS (with the code for the plots in parenthesis): corn (C),
grapestone oil (G), husk oil (H), olive oil (O), extra virgin olive
oil (V), peanut oil (P), soya oil (S), sunflower oil (F) and a
mixed oil (M) comprising peanut, sunflower and soya oils.

In the second experiment four oils were analysed by direct
infusion ESI-MS-MS. The oils analysed were refined olive oil
(O), refined hazelnut oil (H), unrefined peanut oil (P) and
sunflower oil (S).

All oils were supplied by G. Bianchi and were stored at 4 °C.
Prior to analysis these oils were allowed to come up to room
temperature ( ~ 20 °C) for 24 h.

ESI-MS

All oils were analysed by diluting them 1000-fold in 60%
dichloromethane (CH2Cl2): 40% 10 mM ammonium acetate
(NH4OAc) in methanol (CH3OH). All data were collected in the
positive ion mode (ES+). The samples were loaded into a 100 ml
volume Hamilton gastight 7000 series syringe and introduced
directly to a Micromass LCT™ or Micromass QTOF™ ESI-
MS(-MS) (Wythenshawe, Manchester, UK) using a Harvard

Fig. 1 Typical ESI-MS spectra from the refined hazelnut and olive oils collected at the three cone voltages of 40 V, 70 V and 120 V.

1458 Analyst, 2002, 127, 1457–1462



Apparatus Pump 11 (Reno, NV) operating at a flow rate of 5 ml
min21 as detailed elsewhere.35,36 Samples were collected for 1
min, the typical ion count was 107 ions and data were collected
from m/z 60–2000; the resolution of the spectra was set to 1/16
of a Dalton. To optimize the spectra three sample cone voltage
(SCV) were used: 40 V, 70 V and 120 V. The capillary voltage
was set to 3000 V and the extraction cone voltage was 50 V, the
source and desolvation temperatures were both 60 °C, and the
desolvation and nebuliser gas flow rates were ~ 650 l h21 and
~ 90 l h21, respectively.

For ESI-MS-MS investigations on a Micromass QTOF™,
argon was employed as the collision gas, the collision energy
was set at 30–60 eV, and both the quadrupole (Q) and TOF
analyzers were employed. The SCV was 40 V, and other
conditions were the same as for the MS analysis detailed
above.

Explanatory cluster analysis

All data were exported from MassLynx™ software provided by
the manufacturers and imported at unit mass resolution into
Matlab version 5.3 (The MathWorks, Inc., Natick, MA) which
runs under Microsoft Windows NT on an IBM-compatible PC.
To account for sample size differences prior to analysis all
spectra were normalised to total ion count (S = 1). Principal
components analysis (PCA)37 was used to perform exploratory
cluster analysis and is a well known technique for reducing the
dimensionality of multivariate data whilst preserving most of
the variance. Matlab was employed to perform PCA according
to the NIPALS algorithm.38 The first five principal components
(PCs) were extracted: these typically accounted for > 95% of
the overall variance. The Euclidean distances between the
replicate centres in this PCA space were used to construct a
similarity measure, with the Gower similarity coefficient SG,39

and these distance measures were then processed by an
agglomerative clustering algorithm to construct a dendro-
gram.40

Results and discussion

ESI-MS spectra were acquired at the three different SCVs of 40
V, 70 V and 120 V. Typical spectra from refined hazelnut and
olive oils collected at the three SCVs are shown in Fig. 1. The
spectra from both of these oils using a low SCV of 40 V are
dominated by an analyte with m/z 903, including a few adjacent
peaks, and this was observed for all the oils (data not shown). At
the higher SCV of 120 V there was a shift in dominance and the
base peak was now m/z 603, again with some adjacent analyte
ions. A SCV between these (70 V) produced a roughly equal
amount of m/z 603 and m/z 903. This marked influence of SCV
on the spectral information obtained from complex biosystems
has been observed by us previously.35 While shifts in charge-
state distributions of proteins have been seen by altering the
SCV,41,42 it is more likely that we are observing increased ion
dissociation.43 To prove this further, ESI-MS-MS was con-
ducted using a low SCV, and the peak at 903 was selected for
analysis. The tandem MS of this selected ion is shown in Fig. 2,
where the major daughter ions observed are m/z 603 and m/z
265. It is evident therefore that at higher SCVs the analyte at m/z
903 dissociates into m/z 603. By its molecular weight alone the
m/z 903 analyte can be tentatively identified as the ammonium
adduct of triolein (C57H104O6), which is reported as the major
triglyceride in olive oil, comprising 43.5%.1 After controlled
fragmentation this is confirmed further since the peak at 265 is
the acylium ion (C17H33C·O+) of the oleic acid fatty acyl
substituent of this triglyceride, and the peak at m/z 603 is [M +
NH4

+ 2 (C18H34O2)]+. The adjacent peaks to the ammonium
adduct of triolein can be identified as triglycerides comprising
mixed fatty acids (code used below in parenthesis) of palmitic
(P), oleic (O), stearic (S), and linoleic (L) acids. The next most
prominent peak is m/z 877 which is the ammonium adduct of
POO, which is the second most abundant triglyceride in olive
oil (18.4%),1 also seen at lower ion abundances are [OOL +
NH4]+ at m/z 901, [POL + NH4]+ at m/z 875, and [PPO + NH4]+

at m/z 851.
From the above it would seem prudent to concentrate on

analysing the oil samples at low SCVs to avoid in-source

Fig. 2 ESI-MS-MS on the dominant peak with m/z 903 observed in hazelnut and olive oils.
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fragmentation. It is also evident from the spectra in Fig. 1 that
direct infusion ESI-MS has allowed us to collect ES+ mass
spectra in a very short time and with an extremely simple and
convenient method of sample preparation using dichloro-
methane, ammonium acetate, methanol as the solvent. The
obvious question is therefore ‘Do these ESI-MS spectra contain
enough information to characterise and discriminate each of the
different oils?’

Nine different oils including corn, grapestone, husk, olive,
extra virgin olive, peanut, soya, sunflower oils and a mixed oil
comprising peanut, sunflower and soya oils were analysed as
describe above using the three different cone voltages. Analysis
of these data was by simple cluster analysis using hierarchical
clustering44,45 of the first 5 PCs, extracted as described above,
and resulted in the dendrogram shown in Fig. 3. It is clear from
this that the main differences in the spectra result from the
different cone voltages used. The spectra generated using SCVs
of 40 V and 70 V are more similar to one another than either is
to an SCV of 120 V. Within the highest SCV there are two main
groups: the first cluster comprises all the olive oil samples (extra
virgin, refined, and husk) grouped together with peanut oil, and
the second cluster corn, grapestone, soya, sunflower oils and the
mixed oil. This split is reflected at the two lower SCVs. For the
cluster comprising the olive oil samples and peanut oil, this is
sub-grouped according to the SCV employed and not the
different oils. By contrast, sunflower oil, corn oil and the mixed
oil sample are recovered together irrespective of the SCV used,
whilst soya and grapestone cluster together according to SCV.
It is therefore evident that there is sufficient information in the
ESI-MS spectra to characterise each of the different oils, but
that it would be prudent to use a single SCV for collection of all
the spectra.

To investigate the ability of direct infusion ESI-MS to
generate information-rich mass spectra further, we analysed
refined hazelnut oil and refined olive oil because the adultera-

tion of olive oil with hazelnut oil is difficult to detect as both oils
are chemically very similar, and particularly when the hazelnut
oil is refined.8,9 To ‘benchmark’ the spectra, in terms of spectral
difference, two other oils were included and these were peanut
oil and sunflower oil. All analyses were carried out at the lower
SCV of 40 V to minimise fragmentation. The resulting
ordination plot from PCA on these oils is shown in Fig. 4. The
first 2 PCs are shown which account for 74.8% and 20.3% of the
variance respectively (total = 95.1%). It can be seen even from
this simple PCA that clear separation in PCA space is seen
between all the oils and that refined hazelnut oil is clearly
separated from refined olive oil, and that this difference
accounts for 20% of the total explained variance. Moreover, that
the replicates effectively superimpose this demonstrates that the
reproducibility of the direct infusion ESI-MS method is
excellent in this short term study. Further work is necessary to
ascertain the long term reproducibility of this approach.

The spectra shown in Fig. 1 are dominated by an ammonium
adduct of the oleic acid containing triglyceride (analyte with m/z
903), and in order to illustrate further that these spectra are in
fact very information rich with metabolites in lower concentra-
tions, the region between mass 65 and 800 is magnified for both
oils (cone voltage = 40 V) in Fig. 5. This allows one to observe
any differences between hazelnut oil and olive oil. It is clear
from these spectra that once the influence of the base-peak on
the scaling of the spectra is removed that analytes that are either
in lower abundance than the triglycerides or do not ionise so
efficiently can be easily observed. Note that these spectra,
whilst not wholly qualitatively different, do vary significantly in
the abundance of the analytes present and that it is these
quantitative differences that are being used in PCA that allows
hazelnut oil to be clearly separated from olive oil. In order to
confirm this further, PCA was recalculated omitting the
triglyceride contributions to the mass spectra. The triglyceride
peaks from m/z 860–940, doubly charge triglycerides above m/z
1700, and fragments ions from m/z 540–700 were removed prior
to PCA, and no appreciable difference in the PCA plot was seen
with that reported in Fig. 4 (data not shown).

In conclusion, we have shown that information-rich ESI-MS
spectra from vegetable and nut oils can be generated without the
need for chromatographic separation using direct infusion
sample presentation. PCA of these metabolic profiles show that
the reproducibility of this ESI-MS approach is high and that
olive oil can be clearly separated from oils which are commonly
used as adulterants, including refined hazelnut oil. Future work
will be to assess this approach for investigating the varying
composition of oils due to their cultivar, regional origin and
preparatory processes used in oil production.

Fig. 3 Dendrogram showing the relationships between the oils analysed in
the first experiment, and the effect of different cone voltages used. The code
refers to the type of oil analysed (corn (C), grapestone oil (G), husk oil (H),
olive oil (O), extra virgin olive oil (V), peanut oil (P), soya soil (S),
sunflower oil (F) and a mixed oil (M) comprising peanut, sunflower and
soya oils) and sample cone voltage (40 V, 70 V and 120 V) used.

Fig. 4 PCA on ESI-MS oils from the second experiment with a sample
cone voltage of 40 V. The first 2 PCs are shown which account for 74.8%
and 20.3% of the variance respectively (total = 95.1%). Code; refined olive
oil (O), refined hazelnut oil (H), unrefined peanut oil (P) and sunflower oil
(S).

1460 Analyst, 2002, 127, 1457–1462



Acknowledgements

We are indebted to the Engineering and Biological Systems
Committee of the UK BBSRC for financial support. We thank
Mr Jim Heald and Russell Morphew for technical assistance
with ESI-MS and ESI-MS-MS.

References

1 A.K. Kiritsakis, Olive oil, American Oil ChemistsA Society, Cham-
paign, IL, 1990.

2 L. Webster, P. Simpson, A. M. Shanks and C. F. Moffat, Analyst,
1999, 125, 97–104.

3 A. N. Davies, P. McIntyre and E. Morgan, Appl. Spectrosc., 2000, 54,
1864–1867.

4 T. Mavromoustakos, M. Zervou, G. Bonas, A. Kolocouris and P.
Petrakis, J. Am. Oil Chem. Soc., 2000, 77, 405–411.

5 L. Kupper, H. M. Heise, P. Lampen, A. N. Davies and P. McIntyre,
Appl. Spectrosc., 2001, 55, 563–570.

6 D. Firestone, J. AOAC Int., 2001, 84, 176–180.
7 I. M. Lorenzo, J. L. P. Pavon, M. E. F. Laespada, C. G. Pinto and B.

M. Cordero, J. Chromatogr. A, 2002, 945, 221–230.
8 R. Aparicio and R. Aparicio–Ruiz, J. Chromatogr. A, 2000, 881,

93–104.
9 A. Cert and W. Moreda, Grasas Aceites (Seville), 2000, 51,

143–149.
10 J. T. Magee, in Handbook of New Bacterial Systematics, ed. M.

Goodfellow and A. G. OADonnell, Academic Press, London, 1993,
pp. 383–427.

11 R. Goodacre, É. M. Timmins, R. Burton, N. Kaderbhai, A.
Woodward, D. B. Kell and P. J. Rooney, Microbiology, 1998, 144,
1157–1170.

12 O. Fiehn, Plant Mol. Biol., 2002, 48, 155–171.
13 D. B. Kell and P. Mendes, in Technological and Medical Implications

of Metabolic Control Analysis, ed. A. Cornish-Bowden, and M. L.
Cárdenas, Kluwer Academic Publishers, Dordrecht, 2000, pp. 3–25
(and see http://qbab.aber.ac.uk/dbk/mca99.htm).

14 A. Jones, A. D. Shaw, G. J. Salter, G. Bianchi and D. B. Kell, in Lipid
Analysis of Oils and Fats, ed. R. J. Hamilton, Chapman & Hall,
London, 1998, pp. 317–376.

15 R. Goodacre, D. B. Kell and G. Bianchi, Nature, 1992, 359,
594–594.

16 R. Goodacre, D. B. Kell and G. Bianchi, J. Sci. Food Agric., 1993, 63,
297–307.

17 G. J. Salter, M. Lazzari, L. Giansante, R. Goodacre, A. Jones, G.
Surricchio, D. B. Kell and G. Bianchi, J. Anal. Appl. Pyrolysis, 1997,
40/41, 159–170.

18 C. Guillou, M. Lipp, B. Radovic, F. Reniero, M. Schmidt and E.
Anklam, J. Anal. Appl. Pyrolysis, 1999, 49, 329–335.

19 G. Vlahov, A. D. Shaw and D. B. Kell, J. Am. Oil Chem. Soc., 1999,
76, 1223–1231.

20 A. D. Shaw, A. di Camillo, G. Vlahov, A. Jones, G. Bianchi, J. J.
Rowland and D. B. Kell, Anal. Chim. Acta, 1997, 348, 357–374.

21 N. Dupuy, L. Duponchel, J. P. Huvenne, B. Sombret and P. Legrand,
Food Chem., 1996, 57, 245–251.

22 L. Kupper, H. M. Heise, P. Lampen, A. N. Davies and P. McIntyre,
Appl. Spectrosc., 2001, 55, 563–570.

23 V. Baeten, M. Meurens, M. T. Morales and R. Aparicio, J. Agric.
Food Chem., 1996, 44, 2225–2230.

24 H. Yang and J. Irudayaraj, J. Am. Oil Chem. Soc., 2001, 78,
889–895.

25 G. Bianchi, L. Giansante, A. D. Shaw and D.B. Kell, Eur. J. Lipid.
Sci. Technol., 2001, 103, 141–150.

26 G. Siuzdak, Mass Spectrometry for Biotechnology, Academic Press,
London, 1996.

27 C. Fenselau, Anal. Chem., 1997, 69, A661–A665.
28 Electrospray Ionization Mass Spectrometry: Fundamentals, In-

strumentation and Applications, Wiley, New York, 1997.
29 S. J. Gaskell, J. Mass Spectrom., 1997, 32, 677–688.

Fig. 5 To observe any differences between hazelnut oil (top) and olive oil (bottom) the region between m/z 65 and 800 is magnified for both oils (cone
voltage = 40 V).

Analyst, 2002, 127, 1457–1462 1461



30 J. R. Yates, Trends Genet., 2000, 16, 5–8.
31 M. Mann, R. C. Hendrickson and A. Pandey, Ann. Rev. Biochem.,

2001, 70, 437–473.
32 O. Fiehn, J. Kopka, R. N. Trethewey and L. Willmitzer, Anal. Chem.,

2000, 72, 3573–3580.
33 U. Roessner, C. Wagner, J. Kopka, R. N. Trethewey and L.

Willmitzer, Plant J., 2000, 23, 131–142.
34 O. Fiehn, J. Kopka, P. Dörmann, T. Altmann, R. N. Trethewey and L.

Willmitzer, Nat. Biotechnol., 2000, 18, 1157–1161.
35 S. Vaidyanathan, J. J. Rowland, D. B. Kell and R. Goodacre, Anal.

Chem., 2001, 73, 4134–4144.
36 S. Vaidyanathan, D. B. Kell and R. Goodacre, J. Am. Soc. Mass

Spectrom., 2002, 13, 118–128.
37 I. T. Jolliffe, Principal Component Analysis, Springer-Verlag, New

York, 1986.

38 H. Wold, in Multivariate Analysis, ed. K. R. Krishnaiah, Academic
Press, New York, 1966, pp. 391–420.

39 J. C. Gower, Biometrics, 1971, 27, 857–872.
40 B. F. J. Manly, Multivariate Statistical Methods: A Primer, Chapman

& Hall, London, 1994.
41 D. S. Ashton, C. R. Beddel, D. J. Cooper, B. N. Green and R. W. A.

Oliver, Org. Mass Spectrom., 1993, 28, 721–728.
42 S. M. Hunt, M. M. Sheil, M. Belov and P. J. Derrick, Anal. Chem.,

1998, 70, 1812–1822.
43 R. D. Voyskner and T. Pack, Rapid Commun. Mass Spectrom., 1991,

5, 263–268.
44 B. S. Everitt, Cluster Analysis, Edward Arnold, London, 1993.
45 T. Hastie, R. Tibshirani and J. Friedman, The Elements of Statistical

Learning: Data Mining, Inference and Prediction, Springer-Verlag,
Berlin, 2001.

1462 Analyst, 2002, 127, 1457–1462


