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16 A 1H NMR analytical protocol for the detection of refined hazelnut oils in admixtures with refined

17 olive oils is reported according to ISO format. The main purpose of this research activity is to

18 suggest a novel analytical methodology easily usable by operators with a basic knowledge of NMR

19 spectroscopy. The protocol, developed on 92 oil samples of different origins within the European

20 MEDEO project, is based on 1H NMR measurements combined with a suitable statistical analysis. It

21 was developed using a 600 MHz instrument and was tested by two independent laboratories on

22 600 MHz spectrometers, allowing detection down to 10% adulteration of olive oils with refined

23 hazelnut oils. Finally, the potential and limitations of the protocol applied on spectrometers operating

24 at different magnetic fields, that is, at the proton frequencies of 500 and 400 MHz, were

25 investigated.
26
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28 INTRODUCTION

29 Adulteration of food products is a relevant problem from
30 different points of view. It impacts quality and safety require-
31 ments for consumers and gives rise to a relevant economic loss. It
32 is reported that in Europe, olive oil adulterations with hazelnut
33 oils cause an estimated loss of 4 million euro per year. Therefore,
34 in recent years, the development of official methods for the
35 detection of olive oil adulterations with hazelnut oil at low
36 concentrations has become an important issue for consumers,
37 regulatory agencies, and olive oil suppliers. From a scientific
38 point of view, the main analytical challenge is that hazelnut and
39 olive oils have very similar chemical compositions. Analytical
40 methodologies based on the determination of filberton (1,2) have
41 given interesting results in the detection of unrefined hazelnut
42 oils, but they do not resolve the real problem of the detection
43 of refined hazelnut oils. Other techniques and methodologies
44 based on free and esterified sterols (3-5), on tocopherols
45 and tocotrienols (6), and on the difference between theoretical
46 and empirical triacylglycerols (7) have been proposed to deter-
47 mine the presence of refined hazelnut oil in refined olive oil with
48 diverse success.

49The MEDEO research project (Development and Assessment
50of Methods for the Detection of Adulteration of Olive Oil with
51HazelnutOil) (8,9), fundedby theEuropeanUnion,was aimed to
52develop analytical methodologies to detect adulterations of olive
53oil with refined hazelnut oils. It was based on the deficiency of an
54official standard methodology able to detect adulterations
55of olive oils with refined hazelnut oils within the range of interest
56of 10-20%. Within the project, interesting results have been
57obtained using FT-Raman and FT-MIR spectroscopy (10),
58fluorescence spectroscopy (11, 12), mass spectroscopy (13, 14),
59and various chromatographic techniques (15-19).
60In this paper, results obtained using 1HNMR spectroscopy are
61discussed.Many studies have been reported on theNMRanalysis
62of vegetable oils and olive oils showing the importance of this
63technique in their characterization (20-23) and in the detection of
64fraudulent adulterations (24-28) as well. We report a detailed
65analytical NMR protocol to detect low levels of refined hazelnut
66oils in refined olive oils. Itwas developedwithin a three year study
67analyzing hazelnut oil and olive oil samples of different origins
68and their mixtures. The methodology, developed on a 600 MHz
69spectrometer, was tested on 10 test samples consisting of
70Tunisian refined olive oils and their admixtures with Turkish
71refined hazelnut oils (29) by two independent laboratories using
72600 MHz spectrometers. Preliminary results on the applicability
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73 of the methodology on 500 and 400 MHz spectrometers are also
74 discussed.

75 MATERIALS AND METHODS

76 Details of the analytical protocol, developed within the three
77 yearMEDEOproject, are reported according to ISO format (30).
78 The protocol was optimized to be easily usable by operators with
79 basic NMR knowledge.

80 Sampling. The protocol was developed using three sets of 92 hazelnut
81 and olive oil samples and theirmixtures: a training set for the calibration of
82 the methodology, a test set for the verification of the methodology, and a
83 validation set for peer studies and blind trials. Samples were collected by
84 the International Olive Oil Council (IOOC) according the following
85 considerations: (i) olive oils (monovarietal and blend cultivar) have a
86 chemical composition (fatty acids and sterols) similar to that of hazelnut
87 oils; (ii) the current major problem is the adulteration of refined olive oils
88 with refined hazelnut oils; (iii) the most common blends are made by
89 adding Turkish hazelnut oils, as the cheapest hazelnut oil is produced in
90 Turkey, which accounts for 80% of the world production of hazelnut, to
91 olive oils from the main producer countries, either within the European
92 Union (Greece, Italy, and Spain) or outside the European Union
93 (Morocco, Tunisia, and Turkey).
94 Therefore, although different fraudulent mixtures of oils from any
95 variety or geographical origin are possible, the adulteration being a secret
96 of fraudulent sellers, the collected commercial hazelnut and olive selected
97 samples can be considered “real” samples covering themain possible kinds
98 of adulteration. Samples from different cultivars and geographical origins
99 were selected using the information on the chemical composition reported
100 previously (16).
101 The oil preparation was carried out according to the procedure
102 hypothetically followed by defrauders, refining lampant virgin olive oil
103 and raw hazelnut oil together or simply spiking virgin and refined olive oils
104 with row and refined hazelnut oils. Olive oil samples of the training and
105 test sets were of the same cultivar but from different geographical origins.
106 To overcome the influence of the extraction process, virgin and refined
107 olive andhazelnut oilswere included in the training set. Some conventional
108 chemical analyses (fatty acids, sterols, triglycerides) were also performed.

109 Materials and Sample Preparation.Oil sample (50μL) is introduced
110 directly into a 5 mm NMR tube with 700 μL of CDCl3 and carefully
111 homogenized by hand shaking for 3 min. High-purity (99%) deuterated
112 chloroform (CDCl3) (CASRegistry No. 865-49-6) stabilized on silver foils
113 has to be used. The solvent has to be stored in a refrigerator when not used
114 for the preparation of NMR tubes. Volumetric pipets of appropriate size
115 and calibrated according to standard procedures have to be used for
116 appropriate oil and solvent handling.
117 The preparation was performed under a fume hood. Refer to the
118 statements corresponding to the following risk and safety numbers before
119 use: R, 22-38-40-48/20/22; S, 36/37.

120 Sample Storage and Preservation. Samples have to be stored in the
121 dark and in temperature-stable (about 13-18 �C) conditions to preclude
122 oil degradation.

123 Instruments. This protocol, developed on a 600 MHz instrument and
124 tested on two 600 MHz spectrometers, can be applied on any 600 MHz
125 instrument.AnyNMRprobe headwith a 1H channel canbe used provided
126 that the quality requirements described below are met. Interesting results
127 can be also obtained using 500 and 400 MHz instruments.
128 A Bruker Avance AQS600 instrument (software: XWIN NMR pack-
129 age from Bruker) equipped with a 5 mm probe operating at the 1H
130 frequency of 600.13MHz (Bo= 14.3 T) was used to develop the protocol.
131 The NMR spectrometers used by the peer laboratories to test the
132 protocol were a Bruker Avance AQS600 instrument (software: XWIN
133 NMR package from Bruker); a 600 MHz INOVA Varian spectrometer
134 Inova (software: WIN NMR package from Bruker); a 500 MHz Bruker
135 Avance AV500 spectrometer (software: XWINNMR 3.1 from Bruker);
136 a 500 MHz Bruker AMX500 equipped with an autosampler (software:
137 XWINNMR 3.1 package from Bruker); and a 400 MHz Bruker
138 Avance DPX400 instrument equipped with an autosampler (software:
139 XWINNMR 2.6 package from Bruker).
140 The statistical elaboration of the NMR data was performed by means
141 of SPSS for Windows (version 6.0; 1993) and Statistica package for

142Windows (version 5.1, 1997). Principal component analysis (PCA), linear
143discriminant analysis (LDA), and linear multiple regression models,
144previously reported in olive oil analysis (31), were applied to analyze the
145data.
146The PCA provides a global overview of the compositional variability in
147the samples through the projection of the NMR data into hyperspaces
148defined by linear combinations, that is, principal components (PCs) of
149spectroscopic variables. The PCs are calculated to represent the maximum
150of variance in the NMR data set. The percentage of variance for each
151specific factor gives the contribution of the factor to the grouping, whereas
152the variable loadings allow the variables with the highest power to be
153selected.
154The LDA is a classification model that needs the a priori knowledge
155of sample belonging to specific classes. The LDA variable coefficients
156were used to build equations to predict the percentage of hazelnut oil
157additions.
158Multiple regression models were built on the NMR data obtained on
159spectrometers operating at different magnetic fields. The results are given
160as R2, Durbin-Watson, and p level. The R2 value is an indicator of how
161well the model fits the data: an R2 close to 1.0 indicates that the variables
162specified in the model account for almost the whole variability. The
163Durbin-Watson statistic is useful for evaluating the presence or absence
164of a serial correlation of residuals and therefore for estimating the model
165reliability. The residual represents the difference between predicted and
166real values. If the residuals turn out to be independent according to the
167Durbin-Watson table, the system is extremely reliable with a good
168prediction capacity. Note that in multiple regression models all statistical
169significance tests assume that the data consist of a random sample of
170independent observations. The p level gives the probability of error
171involved in accepting an observed result as valid: according to conventions
172on general research experience, results that yield a p level of e0.05
173(probability of error = 5%) are considered to be statistically significant.
174The repeatability test, performed on the test samples at 600 MHz, is
175provided as a percentage of the relative standard deviation (RSD).
176To estimate the reliability of the prediction model in the case of
177600 MHz data, the root-mean-square errors of prediction (RMSEP) was
178applied using data from one of 600MHz spectrometers to build the model
179and data from the other 600 MHz spectrometer as test set and vice versa.

180Acquisition of 1H NMR Spectra. Before the 1HNMRspectrum can
181be acquired, the field homogeneity has to be optimized through a careful
182shimming.
183The quality of the 1H NMR spectrum has to be evaluated on each
184sample according to the spectral resolution estimated using the signal at
1854.33 ppmdue toR0 CH2 resonance of the triglycerol moiety (see the inset in
186Figure F11): the intensity of the minimum between peaks A and B must not
187exceed 25% of the intensity of the B signal peak.
188The 1H NMR spectra have to be acquired using the following
189conditions: a 90� flip angle; 32K data points; a relaxation delay of 1 s; a
190spectral width of 12 ppm; 256 scans after 16 dummy scans. Using these
191conditions, the total experimental time for each sample is about 30 min,
192including manual or automatic sample changer, lock, tuning, shimming,
193and acquisition. The temperature of the sample in the probe has to be set at
194300 K.
195Depending on the actual probe sensitivity, the number of scans can be
196increased to reach the optimum level of signal-to-noise ratio. The signal-
197to-noise ratio has to be calculated using the spectral window in the
1980.68-0.72 ppm range, which includes theCH3-18 resonance of β-sitosterol
199(see Figure 1), and the noise spectral region in the 0.30-0.35 ppm range.
200Using the above acquisition parameters, a signal-to-noise ratio of at least
201600 has to be obtained.

202Processing of NMR Data. 1H NMR spectra are obtained by the
203Fourier transformation (FT) of the free induction decay (FID), applying a
204zero-filling procedure and a line-broadening factor of 0.3 Hz.

205Phase Correction. The resulting 1H NMR spectrum has to be
206manually phased by applying zero- and first-order phase corrections,
207taking care to achieve good symmetry on all peaks.

208Chemical Shift Calibration. To obtain a correct assignment of the
209

1H NMR signals and to ensure a good reproducibility of the baseline
210correction, a precise chemical shift calibration is necessary. The resonance
211of residual light CHCl3 in the deuterated solvent is set at 7.28 ppm, and all
212chemical shifts are reported with respect to this signal.
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213 Baseline Correction. To obtain a quantitative comparability of the
214 spectra, the baseline has to be corrected using amultipoint correction. In par-
215 ticular, the Cubic Spline Baseline Correction routine in the Bruker TOPSPIN
216 software can be used. To use correctly this method and avoid baseline
217 distortions, it is important to choose points close to the signal of interest and
218 to have a uniform distribution of the points in the whole spectrum.

219 Signal Intensity. The protocol requires the measurement of the
220 intensity of some selected resonances. To propose an easy procedure, only
221 five resonances (Figure 1) with the highest discriminant power between
222 hazelnut and olive oils were selected using ANOVA: signal 1, diallylic
223 protons of the linolenic acid at 2.82 ppm; hazelnut oils contain an
224 extremely low amount of linolenic fatty acid with respect to olive oils;
225 signal 2, diallylic protons of the linoleic acid at 2.78 ppm; the linoleic fatty
226 chain is more abundant in hazelnut oils with respect to olive oils; signal 3,
227 CH3-17 and CH3-29 of squalene at 1.69 ppm; hazelnut oils contain an
228 extremely low amount of squalene with respect to olive oils; signal 4,
229 methylenic protons from all saturated fatty chains including palmitic and
230 stearic residues at 1.27 ppm; hazelnut oils contain an extremely low
231 amount of saturated chains with respect to olive oils; signal 5, CH3-18
232 of β-sitosterol (0.70 ppm); hazelnut oils generally contain a low amount of
233 β-sitosterol with respect to olive oils.
234 Hereafter, these variables are reported according to the above numera-
235 tion. The intensity of these five signals has to bemeasured according to the

236following procedure. The resonance at 2.32 ppm due to the R-carboxyl
237protons of all acyl chains is chosen as internal reference, and the intensity
238of the five selected signals is measured with respect to this reference peak
239set to 1000. Note that due to the selection of the peak at 2.32 ppm as an
240internal intensity standard, it is extremely important to correct perfectly
241the baseline in the 2.19-2.46 ppm range.
242It is important to emphasize that, despite the similarity in the chemical
243composition of hazelnut and olive oils, the intensity of these five signals
244and therefore the concentration of the related compounds can be con-
245sidered to be specific of the type of oils. This means that all examined
246hazelnut oils of different origins contained extremely low amounts of
247linolenic acid, saturated acid, squalene, and β-sitosterol and a high amount
248of linolenic acid with respect to the olive oil samples (see Figure 1).

249RESULTS AND DISCUSSION

250Validation and Testing of the Protocol. The protocol, described
251in detail in the previous section and developed on 92 oil samples
252and their mixtures, was tested on a set of 10 refined Tunisian olive
253oil samples with a 0, 10, 15, and 20% addition of refined Turkish
254hazelnut oils using two independent 600MHz spectrometers. The
255intensity of the five selected variables (Figure 1) was measured
256on the 1H spectra of both spectrometers and submitted to PCA
257(see Figure F22A,B). An extremely good separation of the samples
258according to the percentage of hazelnut oil was obtained using
259both spectrometers. Four groups corresponding to 0, 10, 15, and
26020% adulteration levels are easily identifiable. In one case
261(Figure 2A), the first PCA factors 1 and 2 together are responsible
262for 99.7% of the variance, with factor 1 responsible for 98.9%.
263Variables on factor 1 have the same discriminant power as
264depicted by their similar loading values (signal 1, 1.00; signal 2,
265-0.99; signal 3, 1.00; signal 4, 0.99; signal 5, 0.99). Moreover, the
266positive signals of 1, 3, 4, and 5 variable loadings and the negative
267signals of 2 variable loading are consistent with the olive oil
268composition, which is marked by high amounts of linolenic acid,
269squalene, saturated fatty acids, and β-sitosterol and a relatively
270reduced concentration of linoleic acid when compared to the
271composition of hazelnut oils.
272In the second case (Figure 2B), the first factors 1 and 2 together
273are responsible for 97.3% of the variance, with factor 1 respon-
274sible for 94.04%. Variables on factor 1 have the same discrimi-
275nant power as depicted by their similar loading values (signal 1,
2760.99; signal 2,-0.94; signal 3, 0.98; signal 4, 0.98; signal 5, 0.96),
277confirming the same results obtained on the other 600 MHz
278spectrometer.
279The results of the PCA obtained by putting together the results
280obtained from the two spectrometers are reported in Figure 2C.
281Again, a good classification according to the level of adulteration
282was obtained. Factors 1 and 2 together are responsible for 96.4%
283of the variance. The major contribution to this grouping is given
284by factor 1, which is responsible for 92.8% of the variance. The
285variables have the same discriminant power as depicted by their
286similar loading values (signal 1, 0.97; signal 2, -0.96; signal 3,
2870.97; signal 4, 0.98; signal 5, 0.94).
288To assess the repeatability of the method and to verify
289the applicability of the protocol, the same 10 samples were
290analyzed five times using the same spectrometer. The obtained
291values, reported as RSD, show a very good repeatability
292(<2.5%) of the protocol for all signals of the different mixtures
293(Table T11).
294Statistical Models. Two types of models were built to predict
295the percentage of hazelnut oil additions in olive oils. The first
296model uses LDA and the corresponding equations, whereas the
297second uses a stepwise regression model. The measure of the
298intensity of the selected resonances is used as entry variable in
299the statistical models to predict the amount of hazelnut addition.
300It is important to specify that all of the models are reliable within

Figure 1. 1H NMR resonances selected for statistical analyses in the
600.13 MHz 1H spectrum of an olive oil (top trace) and an hazelnut oil
(bottom trace). Peaks: 1, diallylic protons of linolenic acid, 2.82 ppm;
2, diallylic protons of linoleic acid, 2.78 ppm; 3, a signal due to squalene,
1.69 ppm; 4, methylenic protons of palmitic and stearic fatty chains,
1.27 ppm; 5, methyl-18 of β-sitosterol, 0.70 ppm. The reference peak at
2.32 ppm is also reported (/). In the inset, the spectral region used to
estimate the spectral resolution ppm is reported: the height of the minimum
between A and B must not exceed 25% of the B signal intensity.
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301 the specific built system; therefore, to obtain the best results,
302 it is important to follow carefully the reported analytical protocol.

303In the case of samples analyzed using data from a 600 MHz
304spectrometer, the LDA and the corresponding equation obtained
305using the five resonances are reported in Figure 2D and Table T22,
306respectively. The LDAmap shows a good classification of the oils
307according to the percentage of hazelnut oils.
308In the case of the multiple regression model (see model 1 in
309Table T33), it is possible to “predict” the percentage of hazelnut oil
310in olive oils using only the intensity of variables 2 and 3 due to
311linoleic fatty chain and to squalene, respectively. The high values
312of R2 together with the low values of the p level suggest an
313extremely good reliability of themodel. However, the value of the
314Durbin-Watson algorithm does not allow the independence of
315residues to be evaluated.
316To estimate the reliability of the predictionmodel, the RMSEP
317was applied using data from one 600 MHz spectrometer to build
318the model and data from the other spectrometer as test set and
319vice versa. The RMSEPs obtained for two 600 MHz spectro-
320meters are 0.8811 and 0.6541, respectively, which correspond to
321R2 values of 0.9860 and 0.9916. These values suggest a good
322reliability of the model.
323Effect of the Magnetic Field. To investigate the potential and
324restrictions of the protocol when applied on instruments opera-
325ting at different magnetic fields, the methodology was tested
326on instruments operating at the proton frequencies of 500 and
327400 MHz. The same set of 10 samples used previously was
328analyzed on 500 and 400 MHz spectrometers. At 500 MHz, the
329

1H spectrum of any sample shows a good resolution and allows
330the use of the previously selected five signals. On the other hand,
331at 400 MHz, the 1H spectrum of an oil does not show enough
332resolution to allow the measurement of all signals previously
333selected. In fact, due to strong signal overlapping, the squalene

Figure 2. PCA applied to the intensity of five 1H NMR resonances (see
Figure 1) of 10 test oil samples analyzed on two independent 600 MHz
instruments separately (A, B) and together (C). Note that in C, two
samples corresponding to the hazelnut oil addition of 20% are completely
overlapped. (D) LDA applied to the intensity of five 1H NMR resonances of
the 10 test oil samples. The addition of hazelnut oil to olive oil was 0% (b)
10% (0) 15% (]), and 20% (2).

Table 1. Mean Intensities and Relative Standard Deviations of the Five
Selected Resonances Selected in the Protocol Using a 600MHz Spectrometer

% of hazelnut oila signal 1 signal 2 signal 3 signal 4 signal 5

0 intensity meanb 8.12 106.31 13.11 3031.79 5.07

RSD% 1.73 0.47 1.02 0.91 1.60

0 intensity mean 8.12 106.40 13.25 3038.77 5.06

RSD% 1.86 1.25 2.31 2.02 0.23

10 intensity mean 7.50 111.84 12.05 2926.17 4.91

RSD% 1.39 0.66 1.43 1.19 1.11

10 intensity mean 7.47 112.15 12.07 2928.87 4.92

RSD% 1.17 0.79 1.53 0.67 0.71

10 intensity mean 7.57 112.58 12.06 2934.34 4.91

RSD% 1.73 0.73 1.44 0.50 1.07

15 intensity mean 7.25 115.24 11.13 2872.92 4.81

RSD% 1.61 0.64 1.52 1.71 1.40

15 intensity mean 7.17 114.58 11.44 2861.30 4.81

RSD% 1.16 0.20 0.70 0.49 0.72

20 intensity mean 6.81 117.18 10.80 2802.93 4.70

RSD% 1.24 0.37 1.36 0.89 0.59

20 intensity mean 6.92 117.93 10.90 2816.78 4.71

RSD% 1.42 0.34 0.88 0.67 0.88

20 intensity mean 6.80 117.20 10.74 2790.22 4.72

RSD% 1.67 0.34 1.49 0.96 0.47

a For each percentage of hazelnut oil, the values obtained on a 600 MHz
instrument are reported. b Five replicates for each sample. Signal labeling is
reported in Figure 1.
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334 resonance at 1.69 ppm is not measurable. Therefore, to analyze
335 the data together, it was necessary to reduce to 4 the number of
336 variables submitted to the statistical analysis.
337 The PCA performed on all samples acquired at different
338 magnetic fields is reported in FigureF3 3A.
339 A clear systematic effect of the magnetic field due to a different
340 resolution and sensitivity of spectrometers operating at different
341 magnetic fields is observable along factor 1,which explains 51.9%
342 of the total variance. The effect of hazelnut oil addition is
343 observable along factor 2, which is responsible for 33.8% of the
344 variance. This result suggests analysis of the data on the two
345 spectrometers, separately.
346 500 MHz Spectrometer Results. The intensity of the five
347 selected resonances was submitted to PCA (Figure 3B). Factors
348 1 and 2 together are responsible for 96.7% of the variance, factor
349 1 being responsible for 91.1%. A good classification according to
350 adulteration levels is obtained. The variables have the same
351 discriminant power as depicted by their similar variable loadings
352 (signal 1, 0.97; signal 2,-0.94; signal 3, 0.99; signal 4, 0.96; signal
353 5, 0.91). Again, the sign of loading values suggests that only
354 linoleic fatty chain is more abundant in hazelnut oils with respect
355 to olive oils.
356 A preliminary attempt to build statistical models was also
357 performed. It is important to emphasize that this attempt aims
358 only to investigate the potential of the protocol on data from the
359 500 MHz instrument. The LDA and the corresponding equation
360 obtained at this magnetic field are reported in Figure 3C and
361 Table 2. A good classification of the oils according to hazelnut
362 presence is obtained.
363 In the case of samples analyzed using this magnetic field,
364 the multiple regression model (Table 3, model 2) requires the
365 measurement of three signals, namely, variables 2 and 3, as in the
366 previous case, and variable 1 due to linolenic fatty chain. It is
367 important to note that a major number of variables is necessary
368 when a lower magnetic field is used. The high value of the R2

369 parameter together with the low value of the p level suggests a
370 good reliability of the model. Again, according to the Durbin-
371 Watson table, the value of the Durbin-Watson parameter does
372 not allow the independence of residues to be evaluated.
373 400 MHz Spectrometer Results. At this magnetic field, it was
374 necessary to reduce to 4 the number of variables submitted to
375 statistical analysis due to the squalene signal overlapping. The
376 PCA performed on the four variables (Figure 3D) shows four
377 groups consisting of oil samples with 0, 10, 15, and 20% hazelnut
378 oil addition. Factors 1 and 2 together are responsible for 95.4%of
379 the total variance, factor 1 being responsible for 85.8%. The
380 variables have the same discriminant power having a similar

381variable loading (signal 1:, 0.96; signal 2, -0.96; signal 4, 0.86;
382signal 5, 0.91). Again, the sign of loading values suggests that only
383the linoleic fatty chain is more abundant in hazelnut oils with
384respect to olive oils.
385In the case of samples analyzed using this magnetic field, the
386LDA and the corresponding equation are reported in Figure 3E

387and Table 2.
388In this case, due to the limited number of variables, it was not
389possible to build a reliable regression model: in fact, model
390parameters such as R, p level, and Durbin-Watson turned out
391to be not acceptable.
392The results reported in this paper show the potential of
393

1HNMRspectroscopy as an analytical tool to detect adulteration
394of refined olive oil with refined hazelnut oil. It allows low levels
395(10%) of refined hazelnut oil in olive oils to be detected. The
396described NMR methodology is simple, sensitive, fast, and
397reproducible. It does not require any extraction procedure and
398can be used to detect olive oil adulteration either as an autono-
399mous technique or, even better, as a complementary test together
400with other techniques. In addition, with respect to other spectro-
401scopies, it does not have problems in signal quantification,
402allowing an easy quantification not only of major components
403present in olive oils, that is, unsaturated and saturated fatty
404chains, but also of minor components such as squalene, terpenes,
405and β-sitosterol. The developed methodology, tested by indepen-
406dent peer laboratories on 600 MHz instruments, can be used on
407any 600 MHz spectrometer and can be easily implemented using
408spectrometers operating at 500MHz. The 400MHz spectrometer
409providing spectra with a lower resolution does not allow a
410regression model with acceptable parameters to be obtained.
411The main disadvantage of the NMR methodology is the
412instrumentation cost. However, because NMR spectroscopy is
413considered to be the most valuable instrument for analytical,
414inorganic, organic, physical, and medicinal chemistry, as well as
415for biology and biophysics, it is easily accessible in many
416laboratories and industrial companies.
417It is important again to emphasize that an official method for
418the detection of adulteration of refined olive oil with refined
419hazelnut oil has not yet been established and that different
420methodologies, although giving promising results, are far from
421being “perfect”, each one having advantages and disadvantages.
422In our opinion, due to the complexity of the problem, the correct
423way to face this type of fraud is to analyze the potential
424adulterated sample using one of themost promisingmethodology
425and then to confirm the results with the other complementary
426techniques, such as those reportedbelow, according to the specific
427problem.

Table 2. Equation Roots Relative to LDA Obtained at Different Magnetic Fields

Figure no. of samples field (MHz) root coefficient of variables in the roota

2D 10 600 1 = 4.672 [1] - 10.628 [2] þ 26.343 [3] þ 0.193 [4] þ 130.981 [5] - 340.130

2 = 18.619 [1] þ 0.204 [2] þ 17.670 [3] - 0.064 [4] - 5.266 [5] þ 116.551

3C 10 500 1 = 34.823 [1] - 1.877 [2] þ 18.271 [3] - 0.106 [4] - 16.064 [5] þ 92.445

2 = -5.529 [1] þ 0.148 [2] þ 4.054 [3] - 0.014 [4] - 0.182 [5] þ 21.519

3E 10 400 1 = 3.769 [1] - 1.446 [2] þ 0.007 [4] þ 8.902 [5] þ 60.845

2 = 0.592 [1] þ 0.170 [2] - 0.009 [4] þ 6.922 [5] - 27.230

a In brackets is given the intensity of the selected resonances, 1, 2, 3, 4, and 5 (see Figure 1).

Table 3. Multiple Regression Models Obtained at Different Magnetic Fields

model no. of samples field (MHz) dependent variable: % of hazelnuta R2 p level Durbin-Watson

1 10 600 = 0.727 [2] - 5.057 [3] - 10.387 0.99961 0.0000 2.58595

2 10 500 = -4.370 [1] þ 0.571 [2] - 2.528 [3] þ 18.710 0.99841 0.0000 1.93668

a In brackets is given the intensity of the selected, 1, 2, and 3 signals (see Figure 1).
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428 Analytical methodologies based on the determination of
429 volatile compounds such as filbertone (1, 2) in spiked olive oil
430 samples using headspace-program temperature vaporization-
431 gas chromatography-mass spectrometry are extremely promi-
432 sing, but they give good results only in the detection of unrefined
433 hazelnut oils in olive oil, volatile compounds being easily removed
434 upon gentle deodorization of the oils.

435Some interesting studies (32) have proposed γ-lactones as
436chiral markers to detect adulterated olive oils, but further
437research is still needed to establish if these markers are useful to
438improve the reliability of the declaration of an oil as genuine or
439adulterated with hazelnut oil.
440Extremely good results have beenobtained using the chromato-
441graphic methodology proposed byMariani et al. (3,4) and based

Figure 3. (A) PCA applied to selected 1H NMR resonances (see Figure 1): intensity of 10 test samples using 600, 500, and 400 MHz spectrometers. PCA
and LDA (B,C) applied on a 500MHz spectrometer; PCAand LDA (D,E) on a 400MHz spectrometer. The addition of hazelnut oil to olive oil was 0% (b) 10%
(0) 15% (]), and 20% (2).
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442 on the determination of esterified sterols in olive oils. This
443 methodology allows even a 6-8% olive oil admixture with
444 hazelnut oil to be detected.
445 Finally, some spectroscopies such as Fourier transform infra-
446 red (FT-IR) and Raman spectroscopy (10) have been also used
447 for the detection of adulteration of olive oil with hazelnut oils,
448 revealing an 8% of hazelnut oil addition for blends obtained by
449 mixing Turkish hazelnut and olive oils.
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