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Introduction

The quality of olive oil is important for customers’ trust 
towards manufacturers of olive oils. Still, this product is 
among the most adulterated food products in the world [1–
3]. Limited amounts of produced olive oil, relatively high 
production costs, as well as unique properties in compari-
son with other vegetable oils and seed oils, are factors that 
contribute to a relatively high market price [2, 4]. A number 
of adulterations of extra virgin olive oil (EVOO) is due to 
addition of cheaper vegetable oils such as edible sunflower 
oil or refined olive pomace oil [2, 4, 5]. Indeed, addition of 
a cheaper vegetable oil to the EVOO at a rate of 20% might 
increase illegal profit about 10% [4]. Therefore, standard-
ized control of olive oil is routinely performed within exist-
ing legal frameworks by authorized and certified labora-
tories which determine the quality, durability, and overall 
features of oil [6]. Still, adulteration often remains difficult 
to prove as results obtained by use of only one method may 
not be sufficient for deriving relevant conclusions. The 
most potent quality control routine method in adulteration 
detection is spectrophotometric determination of K val-
ues: K232, K270 and ∆K. K values are calculations based on 
ultraviolet light absorbance measured at several specific 
wavelengths. At 232 nm, absorbency is caused by hydrop-
eroxides and conjugated dienes, whereas at 270 nm, absor-
bency is caused by carbonylic compounds and conjugated 
trienes. Lower absorbance values between 200 and 300 nm 
demonstrate a high-quality EVOO, whereas a higher level 
of absorption in this area indicates oxidation of olive oil 
and/or addition of refined oils. ∆K detects presence of 
refined or pomace oil by measuring the difference between 
absorbance at 270 nm and 266–274 nm [5]. Quality exami-
nation and authenticity test results are usually compared 
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with standard values that are set by the International Olive 
Council (IOC) and European Community (EC) regula-
tions for detection of potential abnormalities [7, 8]. How-
ever, current standard analytical methods that are routinely 
used for quality assessment of EVOO (free fatty acid FFA, 
peroxide value PV and K values determinations) cannot be 
used for detection of adulteration if less than 5% vegetable 
oils are added to the EVOO. Hence, certain limitations in 
the standard protocols and methods used for assessment of 
oil quality [2, 5] should be overcome by use of more sensi-
tive and powerful technological platforms.

The composition of triacylglycerol (TAG) is unique for 
each type of oil and it may be used for detection of EVOO 
adulteration [5, 6]. Even though TAG is directly connected 
to and depends on the fatty acyl residue composition [9], it 
was shown that TAG composition is plant-specific due to 
the genetically stereospecific plant acylglycerol syntheth-
ases [10]. Additionally, TAG composition is well-preserved 
during the analysis and yields a larger volume of informa-
tion than fatty acid analysis. TAG can, indeed, provide evi-
dence on addition of lower-quality olive oils (refined olive 
pomace oil), or other vegetable oils to the EVOO [4]. Still, a 
challenge in TAG separation and identification exists which 
is due to large variations between TAG species that have 
similar physico-chemical properties. Nowadays, methods 
of choice in TAG profiling are based on mass spectrometry 
(MS). The most commonly used ionization methods in MS 
are electrospray ionization (ESI) [11], atmospheric pressure 
chemical ionization (APCI) [3, 11, 12], and matrix-assisted 
laser desorption ionization (MALDI) techniques [9, 13, 14]. 
ESI provides information about exact molecular mass and 
identification of the individual fatty acyl residues and, there-
fore, liquid chromatography (LC) coupled with ESI-MS has 
become the widespread method for such analyses [11]. The 
advantage of APCI is in yielding less complex mass spectra 
where identification of positional isomers is also possible 
[13]. APCI proved to be a powerful tool in combination with 
ion trap analysers in detection of adulteration of olive oil 
with soybean oil [3]. Despite these advantages of LC-MS-
based methods, in this paper, sensitive MS-based method, 
i.e. MALDI-TOF (time of flight)/MS was evaluated, due to 
its high throughput and resolution in TAG analyses in oils 
[6, 13, 15]. Indeed, it has been shown that TAG mixtures 
from olive oils, for example, acyl residue composition, 
can be easily characterized by MALDI-TOF/MS without 
a need for a time-consuming work-up [16]. Furthermore, 
TAG ions are exclusively detected as [M +  Na]+ adduct 
ions by MALDI-TOF/MS. In comparison to MALDI-TOF/
MS, measurements of vegetable oils with ESI-MS yield 
significantly more complex and more difficult mass spec-
tra. Indeed, TAG Na+- and NH4+- adduct ions are formed 
during ESI in different ratios due to the sample and sol-
vent composition [17]. Furthermore, collision-induced 

dissociation (CID) at high energies provides complete 
structural TAG characterization including structural iso-
mers [18]. Although this approach was optimized to provide 
a more precise structural analysis, determination of exact 
double bond positions in a fatty acyl residue still remains a 
challenge [6].

In this research, we focused on evaluation of a rapid 
protocol for determination of adulterated oils by finger-
printing of a full TAG profile without further CID frag-
mentation. We thus evaluated MALDI-TOF/MS perfor-
mance for assessment of Croatian EVOO TAG as well 
as adulteration of the same oil simulated by addition of 
sunflower oil or olive oil composed of refined olive oil 
and virgin olive oils. The MALDI-TOF/MS results were 
analysed and compared with the standard analytical spec-
trophotometric method.

Materials and Methods

Samples and Chemicals

EVOO from northwest Istria (EVOO sample denoted as 
’sample E’) was purchased directly from the producer. It was 
obtained exclusively by the mechanical process of cold press-
ing of mixed olive varieties, of which the most represented 
was the Leccino variety. Olive oil, composed from refined 
olive oil and virgin olive oils (R) was made in Croatian oil 
factory Trenton d.o.o., Gizdavac, Croatia. Its composition is 
50% refined olive oils and 50% virgin olive oils. Sunflower 
oil (S) was obtained by a refining process in Croatian oil 
factory Čepin d.o.o., Čepin, Croatia. For simulation of adul-
teration, 1, 10 and 20% refined sunflower oil and olive oil 
mixtures were added to E (Table 1). Additional nine EVOO 
samples that were used for testing the ability of MALDI-
TOF/MS adulteration detection were from northwest Istria, 
three from Dalmatia, two from Italy and one from Bosnia and 
Herzegovina. All of them were obtained from registered local 
olive oil producers. Starting test samples are blends of distinc-
tive varieties of each selected region. All samples were stored 
within glass bottles at 20  °C in the dark. All reagents were 
analytically pure, except for isooctane purchased from BDH 
Prolabo (Lutterworth, UK), which was spectrophotometri-
cally pure. Phenolphthalein, potassium hydroxide, sodium 
thiosulphate pentahydrate, potassium iodide, diethyl ether 
and acetic acid were also obtained from BDH Prolabo. Starch 
and chloroform were purchased from Kemika (Zagreb, Croa-
tia), whereas sodium trifluoroacetate, 2,5-dihydroxybenzoic 
acid (DHB), tetrahydrofuran (THF) and standards bradykinin 
protein, angiotensin II, P14 R and triolein were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). 96% ethanol was 
obtained from Gram-mol (Zagreb, Croatia).



751J Am Oil Chem Soc (2017) 94:749–757	

1 3

Free Fatty Acids Determination

FFA content is the indicator of oil acidity and was measured 
according to the official methods described in regulation EC 
2568/91 and its further modifications [8]. Analysis was con-
ducted only on EVOO samples. Samples were measured in 
triplicate. FFA share is expressed as oleic acid percentage.

Peroxide Value Determination

PV is an indicator of hydroperoxide presence in oil sam-
ples and was determined according to the official methods 
described in regulation EC 2568/91 and its further modi-
fications [8]. The method was used only for analysis of 
EVOO samples. Samples were measured in triplicate and 
PV is expressed in mmol O2/kg.

UV Spectrophotometer Analysis—Assessment of K232, 
K270 and ΔK values

K values are indicators of oil oxidation. K232, K270 and 
ΔK values were according to the official methods 
described in regulation EC 2568/91 and its further modi-
fications [8] on a UV-spectrophotometer (Agilent Tech-
nologies, Santa Clara, CA, USA). The method was con-
ducted on all tested oil samples dissolved in isooctane. 
All samples were measured in triplicate. Specific extinc-
tions at 232, 266, 270 and 274  nm were measured, and 
then K232, K270 and ∆K values were calculated.

TAG Analysis by MALDI‑TOF/MS Method

The method was tested on all oil samples. Matrix DHB, 
sodium trifluoroactetate, and oil samples were dissolved in 
THF to 40 mg/mL, 1 mg/mL and 10 µL/mL, respectively. 
The final solution was prepared by mixing DHB, sodium 
trifluoroacetate and sample solution in the ratios of 1:1:2 
(v/v/v). A drop of prepared solution was applied on the 
MALDI ground steel plate in duplicate. The device was 
calibrated using prepared solution of a standard mixture of 
bradykinin protein, angiotensin II and P14 R. The samples 
were analysed using a Bruker Ultraflextreme TOF mass 
spectrometer (Bruker Daltonik GmbH, Bremen, Germany) 
equipped with 355-nm smartbeam II laser (Nd:YAG laser) 
technology. Spectra were recorded in the positive ion 
reflection mode (laser repetition rate, 2000 Hz; ion source 
1 voltage, 20 kV; ion source 2 voltage, 17.9 kV; lens volt-
age, 7.3 kV; mass range 240–2400 Da), using the FlexCon-
trol software package (version 3.4 Bruker Daltonics). To 
form a single spectrum for each oil sample, 6 independ-
ent subspectra (500 shots per subspectrum) from different 
positions within a sample spot were manually collected. 
Subsequently, spectra were baseline-subtracted and ana-
lysed. Monoisotopic masses were determined using Flex-
Analysis (version 3.4 Bruker Daltonics) with the SNAP 
peak picking algorithm. Peak intensities were corrected 
for the isotope distribution. The MALDI-TOF/MS method 
was also tested with TAG standard triolein.

Statistical Analysis

For statistical analysis of obtained analytical data, princi-
pal component analysis (PCA) was used. PCA is a statis-
tical tool for identification of similarities and differences 
among analysed samples. It reduces the data dimension-
ality, but retains most of its variations. Principal com-
ponents (PCs) are identified directions along which the 
data have the largest variations. Due to their orthogonal 
calculation to each other, each PC can be described sepa-
rately. PCA plots visualise variances between samples 
and provide information about sample grouping possibili-
ties [19]. Obtained results were analysed in Statistica 12 
(Dell, STATISTICA 12, 2015.).

Results

The criteria used to determine EVOO category included 
(a) assessment of free fatty acids, (b) assessment of perox-
ide number expressed in mmol O2/kg of oil and (c) assess-
ment of K values. All tested olive oil samples (Table 2): 
EVOO sample E used for protocol development and 

Table 1   Description of samples used in research and the associated 
abbreviation. The E sample was used as the starting sample for devel-
opment of the statistical test

Sample Description

E Istrian extra virgin olive oil EVOO used for model develop-
ment

S Refined sunflower oil

S1 99% extra virgin olive oil + 1% refined sunflower oil

S10 90% extra virgin olive oil + 10 refined sunflower oil

S20 80% extra virgin olive oil + 20% refined sunflower oil

R Olive oil composed of refined olive oil and virgin olive oils

R1 99% extra virgin olive oil + 1% olive oil composed of 
refined olive oil and virgin olive oils

R10 90% extra virgin olive oil + 10% olive oil composed of 
refined olive oil and virgin olive oils

R20 80% extra virgin olive oil + 20% olive oil composed of 
refined olive oil and virgin olive oils

IS Istrian extra virgin olive oil–testing sample

DA Dalmatian extra virgin olive oil–testing sample

IT Italian extra virgin olive oil–testing sample

BH Bosnia and Herzegovina extra virgin olive oil–testing 
sample
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additional EVOO samples from the northern Istria, Dal-
matia, Italy and Bosnia and Herzegovina (EVOO samples 
IS, DA, IT and BH) were assigned to the EVOO category 
according to maximal allowed values [8]. For R and S 
samples as well as their mixtures, only K values were 
measured. Comparison of obtained K values was per-
formed according to standard EVOO limit values. Results 
for K232 values are presented in Fig.  1, where it can be 
observed that S and S20 samples were beyond limit val-
ues. Hence, they cannot be classified into the EVOO cat-
egory. Obtained K270 values show that samples R, R10, 
R20, S, S10 and S20 were not classified within the EVOO 
category. ∆K values results confirmed only adulteration 
by addition of 20% R in EVOO E, while lower amounts of 
added vegetable oils remained unrecognized. 

Evaluation of the olive oil TAG profiling in detection of 
foreign oils addition into the EVOO was performed by use 
of MALDI-TOF/MS (Table 3). TAG profiles were identi-
fied in the mass spectrum region between 850 and 920 m/z 
(Fig. 2), and the general annotation was done by compari-
son of experimentally detected m/z values with theoretical 
m/z values (Table 4) calculated by freely accessible LIPID 
MAPS Online Tools [20]. For final TAG annotation, pre-
viously reported scientific data on TAG composition in 
olive and sunflower oils were also taken into account [6, 
15, 21]. TAG profiles were compared between tested sam-
ples E, R and their mixtures (Fig. 3), as well as between E 
sample used for method development, S and their mixtures 
(Fig. 4). Changes in the E TAG MS profiles upon addition 
of foreign oils were visible and are presented in Figs.  3 
and 4. and were further analysed by a statistical approach. 

Specifically, the power of statistical discrimination 
between EVOO (represented by sample E) and mixtures 
was tested by use of PCA (Fig. 5) and separation of E from 
oil mixtures, R and S has been the main objective of this 
analysis. Principal component 1 (PC1) and principal com-
ponent 2 (PC2) represented main components that con-
tributed to the highest cumulative variance. The strength 
of the model was evaluated on additional nine EVOO 
samples from the same region as E sample and 6 EVOO 
samples from other regions (Table 2). Results proved that 
presented model based on TAG profiling by MALDI-TOF/
MS in combination with PCA was sufficient to distinguish 
EVOO oils from R and S oils and their mixtures.     

Table 2   Physical and chemical parameters of tested EVOO samples

Sample % FFA PV
(mmol O2/kg)

K232 K270 ∆K

E 0.27 2.43 1.89 0.15 4.32 × 10−3

IS1 0.28 1.04 1.77 0.12 5.55 × 10−3

IS2 0.28 0.62 1.95 0.14 4.87 × 10−3

IS3 0.27 1.25 1.74 0.12 4.15 × 10−3

IS4 0.28 1.04 1.76 0.13 6.18 × 10−3

IS5 0.28 1.04 1.79 0.12 4.50 × 10−3

IS6 0.34 0.21 1.71 0.13 4.95 × 10−3

IS7 0.31 1.67 1.83 0.12 4.65 × 10−3

IS8 0.31 1.67 2.02 0.12 4.25 × 10−3

IS9 0.23 0.62 1.87 0.12 4.95 × 10−3

DA1 0.27 2.90 1.57 0.11 1.18 × 10−3

DA2 0.17 2.91 1.95 0.09 2.68 × 10−3

DA3 0.23 4.37 2.41 0.13 4.15 × 10−3

IT1 0.54 7.08 2.11 0.13 1.18 × 10−3

IT2 0.37 1.25 1.78 0.11 3.50 × 10−3

BH 0.34 2.28 1.91 0.11 2.10 × 10−3

Fig. 1   Comparison of analytically determined K values for E, 
S and R oils and their mixtures: a K232, b K270, c ∆K. The results 
are presented as averages of three measurements ±  standard devia-
tions. Standard EVOO K values limits are K232 ≤ 2.5; K270 ≤ 0.22; 
∆K ≤ 0.01 (denoted as the horizontal line on the graphs)
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Table 3   TAG distribution and 
relative quantities in tested 
oil samples, expressed as 
percentages of the total TAG 
profile

Samples Type of TAG

853.7 855.7 877.7 879.7 881.7 883.7 901.7 903.7 905.7 907.8 909.8

E 1.04 4.47 0.81 5.60 32.19 1.45 0.00 1.17 6.27 43.21 3.77

R 0.47 1.06 6.47 6.28 9.59 0.00 15.85 22.02 18.83 19.44 0.00

R1 1.23 4.24 0.30 5.41 32.38 0.00 0.00 1.47 6.72 46.06 2.19

R10 1.06 3.85 1.25 5.49 31.42 0.33 1.13 2.56 7.09 43.60 2.23

R20 0.30 3.93 1.24 6.05 28.51 0.45 1.80 4.29 8.69 43.50 1.23

S 0.20 0.00 8.62 6.29 2.76 0.00 22.83 33.18 17.87 7.74 0.52

S1 0.41 3.87 0.43 5.18 31.48 0.00 0.00 1.60 6.39 49.11 1.53

S10 0.94 4.08 1.74 6.26 29.26 0.00 1.96 3.69 7.44 43.52 1.10

S20 0.79 3.68 2.18 5.94 26.43 0.00 3.68 6.27 8.80 39.89 2.34

Fig. 2   Comparison of MALDI-
TOF spectra in the TAG 
molecular ion area 850–920 m/z 
(TAG profiles) of a Istrian extra 
virgin olive oil (E), b sunflower 
oil (S), c olive oil made of 
refined olive oil and virgin olive 
oils (R)
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Discussion

K values are important parameters that provide infor-
mation on the olive oil quality. This is due to the olive 
oil undergoing oxidation that causes the formation of 
conjugated dienes and trienes that absorb ultravio-
let light at specific wavelengths. Furthermore, K values 
may be used for identification of foreign oils in EVOO 
which may not be performed by other routine analysis, 
e.g. fatty acid determination or determination of perox-
ide values [5]. Therefore, in this paper, absorbance at 
232 nm and 270 nm was measured for a set of different 

oils comprising EVOO, sunflower oil, olive oil and their 
mixtures. Sunflower oil sample S was easily recognized 
as non-EVOO oil by assessment of its K values. Olive 
oil sample R composed of refined olive oil and virgin 
olive oils had higher K270 and ∆K absorbance values 
than those set for the EVOO category. Indeed, S and R 
samples were obtained by a refining process, and the 
presence of conjugated dienes and trienes was expected 
as these are indicators of such a production method [1] 
and EVOO quality is known to be ruined by addition 
of lower-quality oils. Although assessment of K values 
was not sufficient for detection of S and R addition at 

Table 4   Experimentally 
observed and theoretical TAG 
m/z values used for general 
identification of TAG in tested 
oil samples

a  m/z values for sodium adduct ions
b  P palmitic acid, S stearic acid, O oleic acid, L linoleic acid, Ln linolenic acid, the labelling of TAG 
molecular species does not imply any stereospecific position of individual acyl groups

Experimental m/za Calculated m/za Carbon number: number of double bonds TAGb

853.7 853.7 C50: 2 PLP/LPP

855.8 855.7 C50: 1 POP

877.7 877.7 C52: 4 PLL/LPL/POLn

879.8 879.7 C52: 3 POL

881.8 881.8 C52: 2 POO/LSP

883.8 883.8 C52: 1 POS

901.7 901.7 C54: 6 LLL

903.8 903.7 C54: 5 LLO/LOL

905.8 905.8 C54: 4 LOO

907.8 907.8 C54: 3 OOO/LOS

909.8 909.8 C54: 2 SOO

Fig. 3   Comparison of relative amounts of the most abundant TAG 
(m/z): 881.6, 901.7, 903.7, 905.8 and 907.8 for Istrian extra vir-
gin olive oil (E) and olive oil made of refined olive oil and virgin 
olive oils (R) and its 1% (R1), 10% (R10) and 20% (R20) mixtures. 
Addition of more R–E gradually changes the TAG composition and 
increases the contribution of minor TAG whilst decreasing the contri-
bution of most abundant TAG

Fig. 4   Comparison of relative amounts of the most abundant TAG 
(m/z): 881.6, 901.7, 903.7, 905.8 and 907.8 in Istrian extra virgin 
olive oil (E) and sunflower oil (S) and corresponding 1% (S1), 10% 
(S10) and 20% (S20) mixtures. Addition of more S to E gradually 
changes the TAG composition and increases the contribution of minor 
TAG while decreasing the contribution of most abundant TAG
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the level of 1% to the  EVOO E sample used for method 
development, determination of conjugated triene (K270) 
successfully detected at least 10% addition of R, and 
10% addition of S oils. In comparison to Škevin et al. [4], 
where the K232 value did not prove successful in detection 
of 20% sunflower oil or refined olive pomace oil addition 
to the EVOO, in this research, 20% of S was successfully 
detected in E by measurement of K232. However, in both 
studies, K270 values were able to detect addition of 10% 
of sunflower oil and refined olive pomace oil or olive oil 
to the EVOO. Škevin et al. [4] point out the great poten-
tial of ∆K values for determining EVOO adulteration 
detection at 1–10% sunflower and refined olive pomace 
oil addition, while Houshia et al. [5] mention a detec-
tion limit for this method above 5% addition of refined 
oils. In contrast, our results showed that the ∆K value 
was valuable for detection of only higher percentages of 
R oils (20%) to the E. Clearly, our rationale for testing a 
more sensitive analytical method for detection of EVOO 
adulteration by addition of refined oils was confirmed. 
Therefore, the MALDI-TOF/MS method was chosen for 
analysis of simulated adulteration in EVOO samples as 
it can be used for fast and accurate mapping of TAG pro-
files specific for each oil type [6, 10, 13, 15, 17, 20] and 
in particular, TAG "fingerprints” have been already tested 
as a possible parameter for detection of EVOO adul-
teration [3]. Upon MALDI-TOF/MS profiling of tested 
oil samples, we observed that identified TAGs (Table 4) 
were differently represented in oil samples (Table 3). For 
example, oleic fatty acid was the most common one in 
the olive oil [22], and it would be expected that TAG tri-
olein (OOO) would be, by analogy, the most represented 
in E as well. The E sample contained mainly TAG at 
m/z 907.8 (43.21%) and 881.8 (32.19%; Table 3) whose 

structures most likely correspond to OOO and TAG com-
posed by one palmitoyl residue and two oleoyl residues 
(POO), respectively (Table 4). These results were already 
well confirmed in literature [6, 23]. In the S sample, the 
most common TAG were at m/z 901.7 (22.83%), 903.7 
(33.18%) and 905.8 (17.87%; Table  3). Sodiated TAG 
ions located at m/z 901.7 likely correspond to the TAG 
composed of three linoleoyl residues on the glycerol 
backbone (LLL), whereas m/z 903.7 likely correspond 
to the TAG with two linoleoyl residues and one oleoyl 
residue (LLO/LOL). Furthermore, it is assumed that at 
position m/z 905.8 TAG is composed of one linoleoyl and 
two oleoyl residues on the glycerol backbone (LOO). In 
the R sample, the most common TAGs were at m/z 901.7 
(15.85%), 903.7 (22.02%), 905.8 (18.83%) and 907.7 
(19.44%; Table 3). In conclusion, different TAG profiles 
were assessed for analysed vegetable oils (Fig. 2).

Individual comparison of TAGs in sunflower mix-
tures (Fig.  3) showed that a higher percentage of added 
S was accompanied by increased occurrence of LLL 
(m/z 901.7), LLO/LOL (m/z 903.7) and LOO (m/z 905.8) 
TAG, that indicates changes in the structure of TAG in E. 
Since the natural sunflower oil contains 41–77% of lin-
oleic acid (C18:2), it belongs to linoleic acid-rich oils [15]. 
Each change in this TAG profile may be indicative of 
possible adulteration [1, 3]. The S-specific TAGs, there-
fore, have little or no presence in the E sample, and an 
addition of 10 and 20% of S in EVOOs can be noticed as 
a change in the TAG profile. Furthermore, within the S1 
oil mixture, there has been a decrease in TAG POO (m/z 
881.8) quantity, which means that TAG OOO (m/z 907.8) 
is more frequent, regardless of its intensity in the mass 
spectrum, and is equal to that in E. Individual compari-
son of TAG profiles of E with TAG profiles for R oil and 
their mixtures (Fig. 4) showed that a higher percentage of 
added R was accompanied by increased LLL (m/z 901.7), 
LLO/LOL (m/z 903.7) and LOO (m/z 905.8). TAG ion 
intensities are indicative for TAG composition changes in 
EVOO. The results showed the power of MALDI-TOF/
MS to identify 10 and 20% R addition to the E. Further-
more, even the addition of 1% R had a slight influence on 
the TAG profile, altering the abundance of some individ-
ual TAG molecular species, i.e. m/z 907.8. However, for 
a majority of individual molecular species, 10% R addi-
tion was required for significant alteration of individual 
TAG species. Therefore, the next step involved the sta-
tistical analysis of complete TAG profiles for separation 
of adulterated samples from the originals based on meas-
ured TAG spectra by MALDI-TOF/MS. Previous reports 
demonstrated that for adulteration recognition, a great 
potential is in complete TAG profiling [24]. Also, addi-
tional MS/MS fragmentation is crucial for differentiation 
of TAG positional isomers which may provide additional 

Fig. 5   Projection of E sample, oil mixtures, S and R in principal 
component area (PC1 and PC2) according to the TAG variable
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useful information for vegetable oil origin detection [18], 
but requires additional time and expertise.

PCA was used for MS data interpretation for detection 
of adulteration of EVOO. Therefore, in Fig. 5, projection 
of samples’ MS data is given in the PC areas (PC1 and 
PC2). The first two PC factors explain 77.59 and 10.62% 
of total variance in expression data, respectively. Accord-
ing to their authenticity upon simulated adulteration, a 
separation of oil samples can be observed. PC1 shows the 
largest variation in the analysed data and provides the larg-
est portion of information. The E sample is, consequently, 
located at the negative side along the PC1 axis and the 
positive side along the PC2 axis and it is well-separated 
from S to R samples that are located in the highly positive 
area of PC1. Therefore, S and R samples have sizable roles 
in explaining the PC1 variation. When oil mixtures were 
grouped along the negative side of PC2 as a separate cat-
egory in opposition to E, detection of mixtures of E with 
S or R at 1% was possible. Evaluation of the MALDI-
TOF/MS in detection of olive oil adulteration with addi-
tional nine EVOO samples from the same region as the 
E sample, three samples from Dalmatia, two from Italy 
and one from Bosnia and Herzegovina by PCA (Fig.  6), 
showed a good classification power. PC1 explains 66.06% 
whereas PC2 15.29% of total variance in expression data. 
All Istrian samples were grouped in the restricted area of 
the principal component plot close to the E sample. Addi-
tionally, EVOO from other regions was mostly separated 
from Istrian samples, but also from altered ones (Fig. 6). 
In conclusion, all EVOO samples were distinguished from 
altered samples, so PCA was successful in separation of 
EVOO samples from altered ones regardless the oil’s geo-
graphical origin.

However, considering the influence of climate and 
region on fatty acyl residues ratios in oils [6, 21], it would 
be necessary to test the impact of olive oil adulteration for 
each region separately.

Bearing in mind all these facts, it may be concluded that 
the MALDI-TOF/MS approach is generally useful for map-
ping of oil TAG profiles with high sensitivity in detection of 
even minor changes in TAG profile caused by adulteration.

Conclusions

MALDI-TOF/MS analysis proved useful in mapping of 
TAG profiles in different vegetable oils, and specific TAG 
"fingerprints“ were obtained for EVOO, S and R samples 
which proves this high-throughput, analytical method is 
reliable for olive type verification purposes. Obtained TAG 
profiles might be used for detection of EVOO adultera-
tion by addition of sunflower oil and olive oil composed of 
refined olive oil and virgin olive oils as well. For the major-
ity of individual TAG molecular species, 10% addition of 
foreign oils was required for confident detection of adul-
teration. However, complete TAG profile statistical analysis 
by use of PCA proved to be more efficient in separation of 
adulterated samples from the originals. Such a combined 
approach enabled separation of different oil categories and 
proved effective in detection of adulterated EVOO mixtures 
up to 1% addition of S and R. In comparison with the K 
values method, MALDI-TOF/MS proved better for detec-
tion of adulterated EVOO. Furthermore, our model was 
tested by addition of other EVOO and our approach suc-
cessfully distinguished EVOO samples from adulterated 
test sample. Finally, additional analyses to determine the 
geographical impact on the final results are necessary in 
MALDI-TOF/MS-based adulteration studies of oils.
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