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ABSTRACT: Essential oils (EOs) are valuable products commonly employed in the food industry and intensively studied as
biopreservatives for the extension of food shelf-life. Unfortunately, EOs might be counterfeit to increase industrial profits. Among the
possible adulterants, vegetable oils (VOs) must be considered for their characteristics and low costs. We aimed to apply nuclear
magnetic resonance (NMR) spectroscopy for the detection and identification of VOs in mixtures with EOs. This innovative strategy
is based on comparing the peak area ratio matrices of characteristic VO 13C NMR fatty acid signals with those of adulterated EOs.
The identification of the VOs was achieved by calculating the matrix similarity at different confidence levels. The strategy
demonstrated the capacity to efficiently recognize the presence of adulteration and the type of VO adulterant in mixtures. Thus, the
method was applied to 20 commercial EOs, and VOs were detected and then identified in four samples.
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1. INTRODUCTION

Throughout history, essential oils (EOs) have received great
interest for their curative effects, and since ancient times,
humans have been extracting them from aromatic plants. EOs
have been employed for different purposes due to their
potential in the pharmaceutical, food, cosmetic, and perfume
industries. As a matter of fact, EOs exhibit several beneficial
properties such as antioxidant, anti-inflammatory, antibacterial,
and antiviral activities.1−3 The highest market demand for EOs
hails from the food and beverage industries.4 Indeed, EOs such
as peppermint, thyme, lavender, rosemary, lemon, and orange
are commonly used as flavoring agents and are generally
recognized as safe (GRAS). The market of EOs is expected to
grow in the near future due to the increased consumer interest
in “green” and natural products. Indeed, in the last decades,
more and more consumers perceive organic foods as safer than
conventional foods that may contain added chemical
preservatives or pesticide residues.5 As a consequence, the
consumption of organic foods has increased significantly. On
the other hand, not adding food preservatives may result in a
shorter food shelf-life due to microbial growth. Conventional
methods of microorganism growth inhibition, such as thermal
processing, cannot be applied to certain foods due to the loss
of essential nutrients and sensorial properties. For these
reasons, in the food industry, the application of EOs as natural
inhibitors or biopreservatives with antioxidant activity against
food-borne pathogens has been extensively studied.6−9 More-
over, EOs have exhibited pronounced effectiveness to kill
pathogens and pests. The high content of lipophilic aromatic
hydrocarbons provides insecticidal, ovicidal, fungicidal, and
nematocidal effects to the EOs. For this reason, EOs display

marked and promising features for their employment as
biopesticides in agriculture.10

Generally, the employed EOs in most industrial fields are
extracted from aromatic plants by steam distillation or cold
squeezing, depending on the type of plant material. Overall,
the extraction yields of EOs are rather low, resulting in high
production costs. Thus, the economic potential and high
market demand of EOs have led to a surge of adulteration
practices of these valuable products. Besides EO devaluation
due to this illicit practice, counterfeiting these products is
potentially dangerous for the consumers. Indeed, EO activity
and efficacy are reduced leading to an unsuitable effect in the
field of application. Moreover, the fact that the actual
composition is undeclared could result in allergic reactions
or undesirable toxic effects in consumers. For these reasons,
the quality and authentication control of EOs are currently
extremely important issues.
Nowadays, common adulterations are achieved by the

addition of synthetic compounds, less valuable EOs, or
vegetable oils (VOs) to reach the optimal terpene composition
and increase the industrial profit.11 The counterfeiting of EOs
with VOs is one of the most common processes due to their
low cost, high availability, and difficulty in identifying their
presence. Indeed, the physicochemical features of EOs are not
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altered by the addition of VOs since the color, refractive index,
and density are similar.12 In addition, even gas chromatography
(GC), the most employed technique for EO quality control, is
lacking in the ability to detect the occurrence of adulteration
by VOs.13 Therefore, the development of alternative
techniques for quality control is a challenging subject of
investigation and it has been the topic of several recent
studies.14−18 Among the recent studies on EO adulteration, the
most applied technique is infrared (IR) spectroscopy coupled
with multivariate analysis.17,19,20 However, even though the
detection and quantification of an adulterant can be easily
achieved, the precise identification of the VO is often difficult
due to the signal overlap of similar molecules.21 As an example,
Truzzi et al. applied IR spectroscopy in combination with
chemometrics to detect and quantify VOs in EOs but was
unable to discriminate the identity of the VOs employed for
adulteration.20 Indeed, VOs are composed of triglycerides with
different ratios of various fatty acids that identify the plant
origin of the oil, but the spectral absorbance in IR is almost the
same. Nuclear magnetic resonance (NMR) spectroscopy
represents a valid and promising alternative to GC and IR
spectroscopy since simultaneous quantification and identifica-
tion of the type of the adulterant VO can be achieved. NMR
demonstrated to be successful for quality control of food
products since it is based on the recording of the nuclei
electron cloud, which is different for each atom and
molecule.22−25 Moreover, as opposed to IR spectroscopy, in
NMR spectroscopy, the employment of multivariate analyses
might be avoided when target signals are not overlapped and
clearly assigned. Thus, a direct and punctual result can be
obtained by simply integrating the peaks of interest without
any manipulation of the raw data, with the exception of
deconvolution when required. On the contrary, chemometrics
approaches require data preprocessing and are based on
probabilistic foundations.26

Therefore, the aim of the present study was to develop a
method for the simultaneous detection and identification of
VOs used as adulterants in binary mixtures with EOs by
applying high-resolution 13C NMR. NMR alone or in
combination with chemometrics was already exploited to
discriminate VOs.27−29 However, the discrimination and
identification here described are based on a novel method
without the application of any multivariate analysis, which
could be employed in the quality control of not only EOs but
also on other food matrices where vegetable oils are present.
For this purpose, binary mixtures of EOs (lavender, citronella,
rosemary, and orange) and VOs (almond, corn, peanut,
sunflower, soybean, colza, and wheat germ) were prepared and
analyzed. The purity of the EOs was ensured prior to the
analysis by 1H and 13C NMR to avoid possible interferences in
the analysis.
Lavender, citronella, rosemary, and orange EOs were

selected as models for their extensive use and potential
application as food ingredients, biopreservatives, and bio-
pesticides. In particular, lavender, rosemary, and orange are
commonly used as flavoring agents in foods and exhibited
strong antimicrobial and antioxidant activities.30 On the other
hand, citronella is an emerging food additive and a fully
recognized pest repellent. Almond, corn, peanut, sunflower,
soybean, and colza seed oils and wheat germ oil were selected
as adulterants for their widespread use and affordability.
After 13C NMR spectra acquisition of the binary mixtures,

the identification of the VOs was carried out by comparing the

ratio of peak areas of characteristic signals of the main fatty
acids with those of pure VO used as standards. Furthermore,
commercial samples of EOs were provided and analyzed to
detect and identify possible adulterants.

2. MATERIALS AND METHODS
2.1. Materials. Chloroform-d (CDCl3, 99.8% atom % D) and

tetramethylsilane (TMS) for internal referencing were purchased
from Sigma-Aldrich (Milan, Italy). Commercial samples of almond,
corn, peanut, sunflower, soybean, and colza seed oils and wheat germ
oil were purchased from a local marketplace. Cymbopogon nardus (L.)
Rendle (citronella), Lavandula angustifoliaMill. (lavender), and Salvia
rosmarinus L. (rosemary) EOs were purchased from Erbamea
(Perugia, Italy), while Citrus sinensis (L.) Osbeck (orange) EO was
kindly donated by L’Aromoteca (Milan, Italy). One sample of each
EO was provided, and all of them were certified as 100% pure.

Furthermore, 20 commercial samples of EOs were obtained from
online shops:Mentha arvensis L. (two samples), Lavandula angustifolia
Mill., Thymus vulgaris L. (two samples), Thymbra capitata (L.) Cav.,
Cymbopogon martinii (Roxb.) Wats, Mentha piperita L. (two samples),
Eucalyptus globulus Labill., Origanum vulgare L. (two samples),
Ocimum basilicum L., Juniperus communis L., Citrus limon (L.) Osbeck
(two samples), Syzygium aromaticum (L.) Merr. & L.M.Perry, Salvia
officinalis L., Chamaemelum nobile (L.) All., Salvia rosmarinus L.

2.2. Sample Preparation. Lavender, citronella, rosemary, and
orange EOs were mixed with almond, corn, peanut, sunflower,
soybean, and colza seed oils and wheat germ oil to obtain binary
mixtures. Starting from a stock solution at an adulterant concentration
of 50% w/w, other dilutions (25, 12.5, 6.25, 3.12, 1.5, and 0.8% w/w)
were obtained by adding an increasing amount of EOs. For each EO−
VO combination, two dilutions were selected and a total of 56 binary
mixtures were obtained for the NMR experiments. The selected
dilutions for each pair of EO−VO assured that for all of the seven
adulterants at least one mixture at each percent concentration was
analyzed. About 50 μL of pure seed oils, pure EOs, or binary mixtures
were transferred into a Wilmad NMR tube, 5 mm, Ultra-Imperial
grade, L 7 in., 528-PP purchased from Sigma-Aldrich (Milan, Italy),
and 550 μL of 13 mM TMS CDCl3 solution was added.

The commercial EOs purchased from online shops were prepared
in the same manner.

2.3. NMR Spectroscopy and Spectrum Pretreatment. One-
dimensional 1H and 13C spectra of VOs, pure EOs, binary mixtures,
and unknown EOs were acquired with a Bruker FT-NMR Avance III
HD 600 MHz spectrometer (Ettlingen, Germany). All of the
experiments were performed at 298 K and nonspinning.

1H NMR experiments were acquired using Bruker sequence “zg30”;
the acquisition parameters were as follows: time domain (number of
data points), 131 072; dummy scans, 2; number of scans, 32;
acquisition time, 4.96 s; delay time, 5 s; pulse width, 13 μs; spectral
width, 22 ppm (13 204 Hz), FID resolution 0.201480 Hz; and
digitization mode, baseopt. Total acquisition time was 5 min and 20 s.
13C NMR experiments were performed by optimizing a sequence
modified to reduce the ringing effect and to completely avoid the
1H−13C coupling and NOE during relaxation. After measuring each
carbon T1, delay time (D1) equal to 5 × T1MAX (the longest
relaxation time) was set to assure the complete relaxation of 13C
nuclei. All of these experimental conditions were used to make the
carbon integral suitable for quantitative purposes. The experiments
were acquired using Bruker sequence “zgpg_pisp_f2.fas” (details are
in the Supporting Information), and the acquisition parameters were
consequently modified and set as follows: time domain (number of
data points), 65 536; dummy scans, 0; number of scans, 256;
acquisition time, 0.98 s; delay time, 10 s; spectral width, 220.87 ppm
(33 333.332 Hz); FID resolution, 1.017 Hz; and digitization mode,
baseopt; to use this sequence as inverse-gated, the proton decoupling
power (PLW13) during recycle delay and experiment time was set to
0 db. The total acquisition time was 47 min.

To confirm the adulteration with VOs, a two-dimensional
diffusion-ordered spectroscopy (DOSY) 1H NMR experiment was
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performed on the commercial EOs that resulted as adulterated.
Spectral acquisitions were carried out with the standard Bruker
“ledbpgp2s” pulse program using a longitudinal eddy current (LED)
bipolar gradient pulse pair and two spoil gradients. Sixteen gradient
steps were used for the diffusion dimension from 2 to 98% of gradient
amplitude, where 65.7 G/cm was the maximum gradient intensity.
The acquisition parameters were set as follows: number of scans, 32;

pulse field gradient length (P30, δ), 1 ms; gradient strength (gpz6),
100%; LED delay (d21), 5 ms; and diffusion time (d20, Δ), 60 ms.
Total acquisition time was 16 min.

After loading the sample into the probe, 5 min was required to
achieve thermal equilibrium. Afterward, the magnetic field was locked,
the probe head was tuned and matched, and, finally, the sample was

Figure 1. Typical spectra of soybean oil. 13C NMR spectra with peak assignments of the major groups of signals (A) and 1H NMR spectra with
enlargement on sn-1 and sn-3 glycerol backbone signals (B).
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shimmed. To assure the highest reproducibility, all of these
procedures were automatically executed.
The baseline correction, the phasing, and the integration of NMR

spectra were performed on TopSpin 3.5 software (Bruker Biospin
GmbH, Rheinstetten, Germany).
The assignments for the major fatty acid peaks were carried out by

a comparison of 13C NMR spectra with literature data.
2.4. VO Identification. Fourteen well-defined and characteristic

signals present in all pure VOs (used as standards) and in the binary
mixtures composed of EOs and adulterants were identified and
integrated. Peak deconvolutions were carried out when required.
These 14 resonances related to palmitic, oleic, and linoleic fatty acids
were present in all of the seven VOs considered. The intensity of
these signals is different in each VO since the relative abundance of
each fatty acid varies considerably depending on the plant origin. In
particular, the signals of the terminal and carbonylic carbons and
carbons involved in double bonds in palmitic, linoleic, and oleic acid
chains were selected. For each pure VO and each binary mixture, the
chemical fingerprint was obtained by calculating a square ratio matrix.
Specifically, the integrals of the 14 peaks in each spectrum were
calculated and exported as absolute values to generate a square and
symmetrical table composed of 14 rows and 14 columns. Thus, the
integrals of the signals at lower chemical shifts were placed both in the
first row and column and so on for all of the other signals. Then, in
each cell of the table, the ratio of the corresponding peak integrals was
calculated to complete the 14 × 14 matrix (196 cells). Finally, the
matrices were represented as heatmaps, where the ratio of the
absolute values was depicted in the grayscale range from black to
white for lower and higher values, respectively.
The identification of an adulterant oil in the binary mixtures with

the EOs was achieved by comparing its 14 × 14 peak ratio matrix with
those of the standard pure VOs using MATLAB software (version
2020a, The MathWorks Inc., Natick, Massachusetts). In particular, for
each cell, the following equation was applied

error%
ratio ratio

ratio
100binary mixture VO

VO
=

| − |
×

Then, the number of ratios of the total (196 − 14, which represent
the number of ratios of the peaks with themself), which exhibited an
error of ≤25 or 10%, depending on the considered confidence level
(75 and 90%, respectively), were counted as acceptable. The
percentage of likeness was calculated with the following equation

%similarity
number of acceptable ratios

182
100= ×

To simplify the calculations, the similarity was computed by
considering the whole square matrices, even though the useful
information is included in half of each matrix. The same procedure
was carried out in the commercial samples that resulted in
adulteration.

3. RESULTS AND DISCUSSION
In the present work, the detection and identification of
adulterating VOs in the counterfeiting of EOs were achieved
using high-resolution NMR. Both proton and carbon NMR
spectra were employed to detect the presence of VOs by
focusing on the glycerol backbone signals of triglycerides. In
particular, in 1H NMR spectra, glycerol exhibited two signals at
4.12 and 4.27 ppm, which corresponded to 2H in both
positions sn-1′ and sn-3′, respectively, while the glycerol
carbons were detected at 62.4 and 69.2 ppm for C1/C3 and
C2, respectively.
Regarding the identification of the type of adulterant oil

present in the EOs, 13C NMR was preferred over 1H NMR due
to the ease of interpretation. Indeed, 1H NMR of VOs
exhibited several overlapping signals with poor spectral
resolution (Figure 1B). Therefore, the developed approach
first involved the creation of a characteristic chemical
fingerprint of each VO to identify the most representative
and intense carbon signals that could be used to create a sort of
chemical fingerprint library standard for the pure materials.

Figure 2. Stacked 13C NMR spectra of the VOs in the region of the 14 signals selected in the study.
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These chemical fingerprints were then used as standard
references to recognize the adulterant oils in EOs.
Being that VO mixtures of triglycerides are composed of

different fatty acids, especially palmitic, oleic, and linoleic
acids,31 a typical 13C NMR spectrum (Figure 1A) exhibited
resonances related to both glycerol and fatty acids in different
regions. In particular, most of the resonances detected were
assigned to the main fatty acids, palmitic, oleic, and linoleic
acids. By comparing the carbon spectra of each pure VO
considered in the study, a variation in the intensity of most of
these signals was observed. As a matter of fact, even though the
seed oils are composed of the same fatty acids, the relative
abundance of palmitic, linoleic, and oleic acids varies
considerably. In particular, corn, soybean, wheat germ, and
sunflower oils showed high linoleic acid content, while colza,
almond, and peanut oils were rich in oleic acid.31−33 As a
consequence, this occurrence was exploited to build an
efficient method for VO discrimination. Among all of the
signals belonging to the three fatty acids, 14 carbon signals
were selected for their optimal resolution and high variability
between each VO (Figure 2). Furthermore, the carbon related
to these resonances exhibited complete relaxation during 13C
NMR spectra acquisition, guaranteeing a quantitative result.
The assignment of these resonances has been performed by
comparing 13C NMR spectra with literature data (Table 1).34

These 14 peaks can be grouped into three different regions
depending on the chemical shifts that represent characterizing
carbons of the fatty acids. Specifically, the most deshielded
resonances represented the carbonylic carbons of fatty acids of
triglycerides. These signals could be divided into two
subgroups according to the resonances of the fatty acids in
sn-1(3) and sn-2 positions: high-frequency and low-frequency
groups. The C1 signals at lower field were assigned to palmitic
and linoleic acids, where C1 of the saturated fatty acid (P1)
was detected at a higher frequency in accordance with the
Vlahov report.35

In the mid-region ranging from 128 to 130 ppm, typical
resonances of the olefinic carbons were present and these
signals could be differentiated based on the proximity to the
ester group. As a matter of fact, the closest unsaturated carbon
to the glycerol backbone (i.e., L12 and L10) shifted upfield

compared to the closest unsaturated carbon to the methyl
moiety (i.e., L13 and L9). Moreover, the chemical shifts of
olefinic carbons were further influenced by the fatty acid
position in the triglyceride. The carbon employed in a double
bond (i.e., L9) closest to the carboxyl group resulted and
shifted upfield in the sn-2 position, with respect to that in sn-1
(or 3). An opposite trend was noticed for the unsaturated
carbons farther from the ester group.36

Finally, the signals at low frequencies were attributed to the
terminal carbons. The resonances of terminal carbons (L18
and O18) belonging to different fatty acids could easily be
distinguished since they are strongly affected by the chain
length and the potential proximity to the last double bond.
Indeed, the terminal CH3 groups of ω-6 acids have been
reported to be shielded with respect to CH3 groups of
saturated acids.37

The above-listed carbon signals, whose intensity consid-
erably varied depending on the VO, were used to generate the
chemical fingerprint for each adulterant oil. Since each VO
exhibits a characteristic fatty acid composition, not only the
signal intensities but also the ratios between the signals are
constant. Therefore, the chemical fingerprints of pure VOs,
used as standards, were obtained by integrating the 14 selected
signals and calculating the ratio between each peak area. Thus,
an identifier 14 × 14 matrix was attained for each VO. The
ratio matrices were represented as heatmaps for convention,
where the lower and higher values of the ratio were displayed
in black and white, respectively (Figure 3).
Prior to the preparation of the binary mixtures, the absence

of triglycerides in lavender, citronella, rosemary, and orange
EOs was verified by examining their 1H and 13C NMR spectra
to avoid interferences in the analysis. 1H NMR was preferred
for purity assessment due to its higher sensitivity, related to the
greater isotopic abundance of 1H. All of the spectra did not
show any trace of the signals related to the glycerol backbone.
Thus, 56 binary mixtures composed of lavender, citronella,
rosemary, and orange EOs were mixed with the VOs and their
spectra were acquired. In particular, for each EO−VO pair, two
dilutions were analyzed, and for each VO, all of the range of
percentages was assured. Concentrations from 0.8 to 50% w/w
were tested as this is the most common range for adulteration.
Indeed, concentrations above 50% would lead to visible
detection of the VO, while concentrations lower than 0.8%
would not be advantageous for profits. The glycerol backbone
signals were clearly visible in the 1H NMR spectra even at the
minimum concentration of VO in the mixtures. In the binary
mixtures at 0.8% w/w, the signal-to-noise ratio was equal to
130, suggesting that the presence of adulterant oils could be
detected at lower concentrations (Figure S1). Regarding 13C
NMR spectra, the signal-to-noise ratio was decisively lower at
the same concentration, equaling to 5. This value is slightly
higher than the acceptable ratio for detection limit in analytical
methods.38 Thus, as expected due to the poor isotopic
abundance of 13C, carbon NMR could not provide reliable
information at lower concentrations of adulterant oils (Figure
S2).
The 14 selected carbon signals for the development of the

identification strategy were well resolved and separated from
the characteristic terpene peaks of the EOs in question (Figure
4).
All of the 14 typical carbon signals of the VOs were

detectable in the dilution range from 6 to 50%. At a
concentration of 3% w/w, some peaks disappeared. In

Table 1. Chemical Shifts, Relative Assignments, and
Functional Groups of the 14 Selected Carbon Signals

δ (ppm)a carbon atom functional group

1 14.390 L18 −CH3

2 14.433 O18 −CH3

3 128.204 L12, sn-2′ ω-6, −CHCH−
4 128.216 L12, sn-1′, 3′ ω-6, −CHCH−
5 128.383 L10, sn-1′, 3′ ω-9, −CHCH−
6 128.401 L10, sn-2′ ω-9, −CHCH−
7 129.994 O9, sn-2′ ω-9, −CHCH−
8 130.021 O9, sn-1′, 3′ ω-9, −CHCH−
9 130.285 L9, sn-2′ ω-9, −CHCH−
10 130.312 L9, sn-1′, 3′ ω-9, −CHCH−
11 130.523 L13, sn-1′, 3′ ω-6, −CHCH−
12 173.142 L1, sn-2′ −CH2−OOC−CH2−
13 173.552 L1, sn-1′, 3′ −CH2−OOC−CH2−
14 173.595 P1, sn-1′, 3′ −CH2−OOC−CH2−

aChemical shifts are reported with respect to TMS. L, linoleic acid; O,
oleic acid; P, palmitic acid in triglycerides.
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particular, the O9 sn-2′ signals disappeared in soybean, wheat
germ, and corn oils in mixtures, as well as L12, L10, and L9 sn-
2′ resonances in almond oil, according to the fatty acid
composition of each seed oil. The mixtures of sunflower oil

showed a lack of L12 and L10 sn-2′ signals due to overlap with
the more intense sn-1′(3) signals. Moreover, in peanut and
colza oils, which are rich in oleic acid, the resonances
belonging to L1 and L10 sn-1′(3) disappeared, probably due

Figure 3. Heatmaps of standard VOs, generated by 14 × 14 matrix of peak area ratios of fatty acids.
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to the preferred esterification of linoleic acid in the sn-2′
position of triglycerides, resulting in more intense signals still
detectable at a concentration of 3%. Indeed, generally,
polyunsaturated fatty acids occur in the sn-2′ position of VO
triglycerides.39−41 Finally, P1 sn-1′(3) was only missing in
sunflower and almond oils where it is less abundant.31 At lower
concentrations (1.5%), further signals disappeared.
For all 56 binary mixtures, the 14 resonances related to the

three main fatty acids were integrated and the 14 × 14 ratio
matrices were computed. Thus, the chemical fingerprint of the
adulterant oil in each blend was generated and compared to
those of standard pure VOs. The comparison and identification
of the VO were attempted in all of the mixtures, and the
percentage of similarity was calculated. In particular, the
percentage of similarity between ratio matrices was calculated
by considering the number of the peak area ratios of mixtures
that matched with a peak area ratio difference lower than 25 or
10% compared to the standard VOs. Therefore, a similarity of
100% means that all 182 ratios of the matrix (14 × 14 − 14,
which represent the number of ratios of the peaks with
themself) exhibited a difference lower than 25 or 10% with the
standard VO.
In the case of binary mixtures at a concentration of 3%, the

matrices were reduced and the peak area ratios of the missing
resonances were eliminated. However, due to the lack of most
signals, the recognition was not achieved on the samples below
1.5% of adulterants, and for this reason, the results were not
reported.

As shown in Figure 5, the identification method successfully
recognized the adulterant oil in all of the tested binary mixtures
from 3 to 50% w/w of VO concentration. The percentages of
similarity were higher by accepting an error of matching of
25%, especially at low concentrations of adulterants (i.e., 6 and
3%), as expected. As a matter of fact, the method failed in
some cases in the identification accepting an error lower than
10%. On the contrary, at this confidence level, increased
accuracy in VO recognition was observed, achieving a greater
deviation of the percentages of similarity in VOs with similar
fatty acid compositions. Indeed, by considering a confidence
level of 75%, all of the EOs adulterated with corn, sunflower, or
soybean showed a high likeness with each other, making
difficult it to distinguish between the VOs. As can be noticed in
Figure 5, by increasing the confidence level to 90%, the
mixtures composed of corn oil were not recognized as
adulterated with soybean and the similarity to sunflower oil
was less pronounced, and vice versa. By further increasing the
confidence level to 95% and reducing the acceptable error to
5% (data not shown), the correct identification of the VO gave
rise to a decreased percentage of likeness with the exception of
the binary mixtures with 50 and 25% adulterant concen-
trations. In this case, the weakening of recognition is ascribed
to a poor signal-to-noise ratio and imprecise signal
deconvolutions at low adulterant percentages. As a conse-
quence, by decreasing the margin of error to 5%, several peak
area ratios did not match with the standard VO, leading to
lower similarity percentages.

Figure 4. Superimposition of 13C NMR spectra of rosemary EO (black) and soybean oil (red).
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These results demonstrated the capability of the developed
method to recognize the adulterant oil in EO mixtures. As a
matter of fact, the correct identification was achieved for all of
the prepared mixtures in the concentration range of 3−50% w/
w of the adulterant in the tested confidence levels, without any
difference with respect to the EO in analysis. A confidence
level of 75% was demonstrated to be less selective for the
determination of the adulterant but more sensitive and

accurate at low adulterant concentrations. On the contrary,
the 90% confidence level was more precise in identifying which
VO was present but less sensitive to the presence of the
adulterant in general. The identification of VOs has already
been tested exploiting the potential of NMR analysis. Popescu
et al. achieved a good differentiation of VOs, demonstrating
that linoleic, oleic, linolenic, and free fatty acids were the most
important discriminant variables.28 On the contrary, Zamora et

Figure 5. Heatmaps representing the similarity results for the analyzed binary mixtures and adulterated commercial samples at the confidence levels
of 75 and 90%. ALM, almond; COL, colza; PEA, peanut; SOY, soybean; SUN, sunflower; WHG, wheat germ.
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al. argued that a better differentiation of VOs is obtained by
considering minor compositional components, which emerged
by fractionating the whole oil by column chromatography.42

However, all of these outcomes were attained by applying
principal component analysis on 1H and 13C NMR resonance
intensities of VOs.
The advantages of our approach relied on obtaining

successful results without requiring any data preprocessing or
multivariate analyses, which are based on probabilistic
foundations. Moreover, our promising outcomes were achieved
by merely considering the signals of three common fatty acids
in pure VOs without any pretreatment. Therefore, the
feasibility and the strength of the novel developed method
can be affirmed.
The validated method was then applied to commercial

samples of EOs purchased on the internet to detect possible
adulterations. The analysis of these samples was carried out in
triplicate to assure the results. Among the 20 EOs, derived
from different plant species and brands, the samples of
Thymbra capitata (thyme), Cymbopogon martinii (palmarosa),
Mentha arvensis (mint), and Origanum vulgare (oregano)
resulted in counterfeit since typical signals of the glycerol
backbone were identified in both 1H and 13C NMR spectra.
The recognition method revealed that thyme was adulterated
with sunflower, mint with soybean, and palmarosa and oregano
with corn with a certainty of recognition that ranged from 96.7
to 100% and 63.7 to 92.3% at the confidence levels of 75 and
90%, respectively (Figure 5). To assure the presence of the
triglycerides of seed oils rather than free fatty acids or other

esters in the commercial samples of EOs, DOSY 1H NMR
spectra were acquired. DOSY experiment is a well-known
method for counterfeit identification based on the different
diffusion levels of compounds in a solution.43,44 The pulsed
field gradient used in the acquisition can be used to measure
the translational diffusion of the compounds, which is
influenced by the molecular weight. Indeed, high-molecular-
weight molecules diffuse slower than low-molecular-weight
molecules, resulting in a different position along the y axis of
the spectrum (F1). As an example, in Figure 6, the DOSY
spectra of thyme and palmarosa are displayed.
The signals of the glycerol backbone (2H at 4.282 ppm and

2H at 4.130 ppm) were used to identify triglycerides in the
oils. For both the adulterated EOs, DOSY signals can be
divided into two main groups based on the diffusion rate
coefficients (D) of the compounds in the sample. Specifically,
triglycerides diffused more slowly, while terpenes in the EO,
being the lightest compounds in the mixture, displayed a
higher D and diffused more rapidly. In the case of adulterated
palmarosa, three more groups of compounds could be
identified. Indeed, within terpenes and triglycerides, molecules
with medium molecular weight exhibited D equal to 2.5 ×
10−5, 3.1 × 10−5, and 3.5 × 10−5 cm2/s. Being that corn is the
richest source of tocopherols among the VOs, these signals
might be related to them in their free form or esterified with
fatty acids.45 The identity of these signals was also confirmed
by performing a DOSY experiment on our corn oil sample,
demonstrating that these signals belong to the VO. Even
though sunflower has been reported as a phytosterol source, no

Figure 6. Entire (top) and cross-sectional (bottom) DOSY 1H NMR spectra of commercial samples of thyme and palmarosa EOs that resulted in
counterfeit.
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signals were detected, probably due to a lower concentration of
the adulterant in the commercial thyme with respect to
palmarosa.
In conclusion, this newly developed strategy demonstrated

feasibility and efficiency to identify and recognize VOs used as
adulterants in EOs. In particular, the detection of the presence
of VOs could be achieved from the minimum concentration of
0.8% w/w of the adulterant both in proton and carbon spectra.
The VO’s identification method was shown to be effective in
all of the cases by accepting a margin of error of 25%, without
employing multivariate analyses. The simplicity of the
proposed approach could be exploited in fraud detection of
different food matrices containing VOs. To the best of our
knowledge, this method could represent a valid alternative to
other conventional techniques, such as chromatographic
methods or IR spectroscopy. Further studies will be carried
out to improve the application of NMR spectroscopy in the
quantification of VOs in these valuable products in the range of
0.8−50% w/w of adulterant content, being one of the most
exploited adulteration practices.
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(3) de Lavor, É. M.; Cavalcante Fernandes, A. W.; de Andrade Teles,
R. B.; Pereira Leal, A. E. B.; de Oliveira, R. G.; Gama e Silva, M.; de
Oliveira, A. P.; Silva, J. C.; de Moura Fontes Arauj́o, M. T.; Melo
Coutinho, H. D.; de Menezes, I. R. A.; Picot, L.; da Silva Almeida, J.
R. G. Essential Oils and Their Major Compounds in the Treatment of
Chronic Inflammation: A Review of Antioxidant Potential in
Preclinical Studies and Molecular Mechanisms. Oxid. Med. Cell.
Longevity 2018, 1−23.
(4) Barbieri, C.; Borsotto, P. Essential Oils: Market and Legislation.
In Potential of Essential Oils; InTech, 2018.
(5) Tsakiridou, E.; Boutsouki, C.; Zotos, Y.; Mattas, K. Attitudes and
Behaviour towards Organic Products: An Exploratory Study. Int. J.
Retail Distrib. Manage. 2008, 36, 158−175.
(6) Chivandi, E.; Dangarembizi, R.; Nyakudya, T. T.; Erlwanger, K.
H. Use of Essential Oils as a Preservative of Meat. In Essential Oils in
Food Preservation, Flavor and Safety; Elsevier Inc., 2016; pp 85−91.
(7) Karam, L.; Chehab, R.; Osaili, T. M.; Savvaidis, I. N.
Antimicrobial Effect of Thymol and Carvacrol Added to a Vinegar-
Based Marinade for Controlling Spoilage of Marinated Beef
(Shawarma) Stored in Air or Vacuum Packaging. Int. J. Food
Microbiol. 2020, 332, No. 108769.
(8) Lee, S.; Kim, H.; Beuchat, L. R.; Kim, Y.; Ryu, J. H. Synergistic
Antimicrobial Activity of Oregano and Thyme Thymol Essential Oils
against Leuconostoc Citreum in a Laboratory Medium and Tomato
Juice. Food Microbiol. 2020, 90, No. 103489.
(9) Pinto, L.; Cefola, M.; Bonifacio, M. A.; Cometa, S.; Bocchino,
C.; Pace, B.; De Giglio, E.; Palumbo, M.; Sada, A.; Logrieco, A. F.;
Baruzzi, F. Effect of Red Thyme Oil (Thymus vulgaris L.) Vapours on
Fungal Decay, Quality Parameters and Shelf-Life of Oranges during
Cold Storage. Food Chem. 2021, 336, No. 127590.
(10) Pavela, R.; Benelli, G. Essential Oils as Ecofriendly
Biopesticides? Challenges and Constraints. Trends Plant Sci. 2016,
1000−1007.
(11) Do, T. K. T.; Hadji-Minaglou, F.; Antoniotti, S.; Fernandez, X.
Authenticity of Essential Oils. TrAC, Trends Anal. Chem. 2015, 66,
146−157.
(12) Do, T. K. T.; Hadji-Minaglou, F.; Antoniotti, S.; Fernandez, X.
Authenticity of Essential Oils. TrAC, Trends Anal. Chem. 2015, 146−
157.
(13) Rubiolo, P.; Sgorbini, B.; Liberto, E.; Cordero, C.; Bicchi, C.
Essential Oils and Volatiles: Sample Preparation and Analysis. A
Review. Flavour Fragrance J. 2010, 282−290.
(14) Cerceau, C. I.; Barbosa, L. C. A.; Alvarenga, E. S.; Maltha, C. R.
A.; Ismail, F. M. D. 1H-NMR and GC for Detection of Adulteration
in Commercial Essential Oils of Cymbopogon Ssp. Phytochem. Anal.
2020, 31, 88−97.
(15) Vargas Jentzsch, P.; Gualpa, F.; Ramos, L. A.; Ciobota,̆ V.
Adulteration of Clove Essential Oil: Detection Using a Handheld
Raman Spectrometer. Flavour Fragrance J. 2018, 33, 184−190.
(16) Juliani, H. R.; Kapteyn, J.; Jones, D.; Koroch, A. R.; Wang, M.;
Charles, D.; Simon, J. E. Application of Near-Infrared Spectroscopy in
Quality Control and Determination of Adulteration of African
Essential Oils. Phytochem. Anal. 2006, 17, 121−128.
(17) Cebi, N.; Taylan, O.; Abusurrah, M.; Sagdic, O. Detection of
Orange Essential Oil, Isopropyl Myristate, and Benzyl Alcohol in

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.1c02279
J. Agric. Food Chem. 2021, 69, 8276−8286

8285

https://pubs.acs.org/doi/10.1021/acs.jafc.1c02279?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c02279/suppl_file/jf1c02279_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Davide+Bertelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6227-7369
https://orcid.org/0000-0002-6227-7369
mailto:davide.bertelli@unimore.it
mailto:davide.bertelli@unimore.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eleonora+Truzzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucia+Marchetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefania+Benvenuti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annalisa+Ferroni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Cecilia+Rossi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c02279?ref=pdf
https://doi.org/10.3390/molecules25112627
https://doi.org/10.3390/molecules25112627
https://doi.org/10.1021/jf403496k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf403496k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1155/2018/6468593
https://doi.org/10.1155/2018/6468593
https://doi.org/10.1155/2018/6468593
https://doi.org/10.1108/09590550810853093
https://doi.org/10.1108/09590550810853093
https://doi.org/10.1016/j.ijfoodmicro.2020.108769
https://doi.org/10.1016/j.ijfoodmicro.2020.108769
https://doi.org/10.1016/j.ijfoodmicro.2020.108769
https://doi.org/10.1016/j.fm.2020.103489
https://doi.org/10.1016/j.fm.2020.103489
https://doi.org/10.1016/j.fm.2020.103489
https://doi.org/10.1016/j.fm.2020.103489
https://doi.org/10.1016/j.foodchem.2020.127590
https://doi.org/10.1016/j.foodchem.2020.127590
https://doi.org/10.1016/j.foodchem.2020.127590
https://doi.org/10.1016/j.tplants.2016.10.005
https://doi.org/10.1016/j.tplants.2016.10.005
https://doi.org/10.1016/j.trac.2014.10.007
https://doi.org/10.1016/j.trac.2014.10.007
https://doi.org/10.1002/ffj.1984
https://doi.org/10.1002/ffj.1984
https://doi.org/10.1002/pca.2869
https://doi.org/10.1002/pca.2869
https://doi.org/10.1002/ffj.3438
https://doi.org/10.1002/ffj.3438
https://doi.org/10.1002/pca.895
https://doi.org/10.1002/pca.895
https://doi.org/10.1002/pca.895
https://doi.org/10.3390/foods10010027
https://doi.org/10.3390/foods10010027
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c02279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Lemon Essential Oil by FTIR Spectroscopy Combined with
Chemometrics. Foods 2021, 10, No. 27.
(18) Krause, A.; Wu, Y.; Tian, R.; Van Beek, T. A. Is Low-Field
NMR a Complementary Tool to GC-MS in Quality Control of
Essential Oils? A Case Study: Patchouli Essential Oil. Planta Med.
2018, 84, 953−963.
(19) Fahmi, Z.; Mudasir; Rohman, A. Attenuated Total Reflectance-
FTIR Spectra Combined with Multivariate Calibration and
Discrimination Analysis for Analysis of Patchouli Oil Adulteration.
Indones. J. Chem. 2019, 20, 1−8.
(20) Truzzi, E.; Marchetti, L.; Bertelli, D.; Benvenuti, S. Attenuated
Total Reflectance−Fourier Transform Infrared (ATR−FTIR) Spec-
troscopy Coupled with Chemometric Analysis for Detection and
Quantification of Adulteration in Lavender and Citronella Essential
Oils. Phytochem. Anal. 2021, No. pca.3034.
(21) Khudzaifi, M.; Retno, S. S.; Rohman, A. The Employment of
FTIR Spectroscopy and Chemometrics for Authentication of
Essential Oil of Curcuma Mangga from Candle Nut Oil. Food Res.
2019, 4, 515−521.
(22) Marchetti, L.; Pellati, F.; Benvenuti, S.; Bertelli, D. Use of 1H
NMR to Detect the Percentage of Pure Fruit Juices in Blends.
Molecules 2019, 24, No. 2592.
(23) Bertelli, D.; Lolli, M.; Papotti, G.; Bortolotti, L.; Serra, G.;
Plessi, M. Detection of Honey Adulteration by Sugar Syrups Using
One-Dimensional and Two-Dimensional High-Resolution Nuclear
Magnetic Resonance. J. Agric. Food Chem. 2010, 58, 8495−8501.
(24) Papotti, G.; Bertelli, D.; Graziosi, R.; Maietti, A.; Tedeschi, P.;
Marchetti, A.; Plessi, M. Traditional Balsamic Vinegar and Balsamic
Vinegar of Modena Analyzed by Nuclear Magnetic Resonance
Spectroscopy Coupled with Multivariate Data Analysis. LWT - Food
Sci. Technol. 2015, 60, 1017−1024.
(25) Marchetti, L.; Rossi, M. C.; Pellati, F.; Benvenuti, S.; Bertelli, D.
HR- 1 H NMR Spectroscopy and Multivariate Statistical Analysis to
Determine the Composition of Herbal Mixtures for Infusions.
Phytochem. Anal. 2021, No. pca.3002.
(26) Bouveyron, C. Probabilistic Model-Based Discriminant Analysis
and Clustering Methods in Chemometrics. J. Chemom. 2013, 27,
433−446.
(27) Guillén, M. D.; Ruiz, A. Edible Oils: Discrimination by 1H
Nuclear Magnetic Resonance. J. Sci. Food Agric. 2003, 83, 338−346.
(28) Popescu, R.; Costinel, D.; Dinca, O. R.; Marinescu, A.;
Stefanescu, I.; Ionete, R. E. Discrimination of Vegetable Oils Using
NMR Spectroscopy and Chemometrics. Food Control 2015, 48, 84−
90.
(29) Vigli, G.; Philippidis, A.; Spyros, A.; Dais, P. Classification of
Edible Oils by Employing 31P and 1H NMR Spectroscopy in
Combination with Multivariate Statistical Analysis. A Proposal for the
Detection of Seed Oil Adulteration in Virgin Olive Oils. J. Agric. Food
Chem. 2003, 51, 5715−5722.
(30) Raveau, R.; Fontaine, J.; Lounes̀-Hadj Sahraoui, A. Essential
Oils as Potential Alternative Biocontrol Products against Plant
Pathogens and Weeds: A Review. Foods 2020, No. 365.
(31) Orsavova, J.; Misurcova, L.; Vavra Ambrozova, J.; Vicha, R.;
Mlcek, J. Fatty Acids Composition of Vegetable Oils and Its
Contribution to Dietary Energy Intake and Dependence of
Cardiovascular Mortality on Dietary Intake of Fatty Acids. Int. J.
Mol. Sci. 2015, 16, 12871−12890.
(32) Rueda, A.; Seiquer, I.; Olalla, M.; Giménez, R.; Lara, L.;
Cabrera-Vique, C. Characterization of Fatty Acid Profile of Argan Oil
and Other Edible Vegetable Oils by Gas Chromatography and
Discriminant Analysis. J. Chem. 2014, 2014, 1−8.
(33) Vingering, N.; Oseredczuk, M.; du Chaffaut, L.; Ireland, J.;
Ledoux, M. Fatty Acid Composition of Commercial Vegetable Oils
from the French Market Analysed Using a Long Highly Polar
Column. Ol., Corps Gras, Lipides 2010, 17, 185−192.
(34) Retief, L.; McKenzie, J. M.; Koch, K. R. A Novel Approach to
the Rapid Assignment of 13C NMR Spectra Ofmajor Components of
Vegetable Oils Such as Avocado, Mango Kernel Andmacadamia Nut
Oils. Magn. Reson. Chem. 2009, 47, 771−781.

(35) Vlahov, G. Application of NMR to the Study of Olive Oils.
Prog. Nucl. Magn. Reson. Spectrosc. 1999, 35, 341−357.
(36) Batchelor, J. G.; Cushley, R. J.; Lipsky, S. R.; Prestegard, J. H.
Electric Field Effects in the 13C Nuclear Magnetic Resonance Spectra
of Unsaturated Fatty Acids. Potential Tool for Conformational
Analysis. J. Am. Chem. Soc. 1973, 95, 6358−6364.
(37) Alexandri, E.; Ahmed, R.; Siddiqui, H.; Choudhary, M. I.;
Tsiafoulis, C. G.; Gerothanassis, I. P. High Resolution NMR
Spectroscopy as a Structural and Analytical Tool for Unsaturated
Lipids in Solution. Molecules 2017, 22, No. 1663.
(38) Sun, S.; Jin, M.; Zhou, X.; Ni, J.; Jin, X.; Liu, H.; Wang, Y. The
Application of Quantitative1H-NMR for the Determination of
Orlistat in Tablets. Molecules 2017, 22, No. 1517.
(39) Brockerhoff, H.; Yurkowski, M. Stereospecific Analyses of
Several Vegetable Fats. J. Lipid Res. 1966, 7, 62−64.
(40) Vichi, S.; Pizzale, L.; Conte, L. S. Stereospecific Distribution of
Fatty Acids in Triacylglycerols of Olive Oils. Eur. J. Lipid Sci. Technol.
2007, 109, 72−78.
(41) Michalski, M. C.; Genot, C.; Gayet, C.; Lopez, C.; Fine, F.;
Joffre, F.; Vendeuvre, J. L.; Bouvier, J.; Chardigny, J. M.; Raynal-
Ljutovac, K. Multiscale Structures of Lipids in Foods as Parameters
Affecting Fatty Acid Bioavailability and Lipid Metabolism. Prog. Lipid
Res. 2013, 354−373.
(42) Zamora, R.; Gómez, G.; Hidalgo, F. J. Classification of
Vegetable Oils by High-Resolution 13C NMR Spectroscopy Using
Chromatographically Obtained Oil Fractions. J. Am. Oil Chem. Soc.
2002, 79, 267−272.
(43) Balayssac, S.; Trefi, S.; Gilard, V.; Malet-Martino, M.; Martino,
R.; Delsuc, M. A. 2D and 3D DOSY 1H NMR, a Useful Tool for
Analysis of Complex Mixtures: Application to Herbal Drugs or
Dietary Supplements for Erectile Dysfunction. J. Pharm. Biomed. Anal.
2009, 50, 602−612.
(44) Socha, A. M.; Kagan, G.; Li, W.; Hopson, R.; Sello, J. K.;
Williard, P. G. Diffusion Coefficient-Formula Weight Correlation
Analysis via Diffusion-Ordered Nuclear Magnetic Resonance Spec-
troscopy (DOSY NMR) To Examine Acylglycerol Mixtures and
Biodiesel Production. Energy Fuels 2010, 4518−4521.
(45) Ghazani, S. M.; Marangoni, A. G. Nutrition and Food Grains.
In Encyclopedia of Food Grains; Corke, H.; Faubion, J.; Seetharaman,
K.; Wrigley, C., Eds.; Academic Press, 2016; Vol. 2.

■ NOTE ADDED AFTER ASAP PUBLICATION
This paper was published on July 15, 2021. Due to production
error, the title was incorrect. The corrected version was
reposted on July 16, 2021.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.1c02279
J. Agric. Food Chem. 2021, 69, 8276−8286

8286

https://doi.org/10.3390/foods10010027
https://doi.org/10.3390/foods10010027
https://doi.org/10.1055/a-0605-3967
https://doi.org/10.1055/a-0605-3967
https://doi.org/10.1055/a-0605-3967
https://doi.org/10.22146/ijc.36955
https://doi.org/10.22146/ijc.36955
https://doi.org/10.22146/ijc.36955
https://doi.org/10.1002/pca.3034
https://doi.org/10.1002/pca.3034
https://doi.org/10.1002/pca.3034
https://doi.org/10.1002/pca.3034
https://doi.org/10.1002/pca.3034
https://doi.org/10.26656/fr.2017.4(2).313
https://doi.org/10.26656/fr.2017.4(2).313
https://doi.org/10.26656/fr.2017.4(2).313
https://doi.org/10.3390/molecules24142592
https://doi.org/10.3390/molecules24142592
https://doi.org/10.1021/jf101460t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf101460t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf101460t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.lwt.2014.10.042
https://doi.org/10.1016/j.lwt.2014.10.042
https://doi.org/10.1016/j.lwt.2014.10.042
https://doi.org/10.1002/pca.3002
https://doi.org/10.1002/pca.3002
https://doi.org/10.1002/cem.2563
https://doi.org/10.1002/cem.2563
https://doi.org/10.1002/jsfa.1317
https://doi.org/10.1002/jsfa.1317
https://doi.org/10.1016/j.foodcont.2014.04.046
https://doi.org/10.1016/j.foodcont.2014.04.046
https://doi.org/10.1021/jf030100z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf030100z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf030100z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf030100z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/foods9030365
https://doi.org/10.3390/foods9030365
https://doi.org/10.3390/foods9030365
https://doi.org/10.3390/ijms160612871
https://doi.org/10.3390/ijms160612871
https://doi.org/10.3390/ijms160612871
https://doi.org/10.1155/2014/843908
https://doi.org/10.1155/2014/843908
https://doi.org/10.1155/2014/843908
https://doi.org/10.1051/ocl.2010.0309
https://doi.org/10.1051/ocl.2010.0309
https://doi.org/10.1051/ocl.2010.0309
https://doi.org/10.1002/mrc.2463
https://doi.org/10.1002/mrc.2463
https://doi.org/10.1002/mrc.2463
https://doi.org/10.1002/mrc.2463
https://doi.org/10.1016/S0079-6565(99)00015-1
https://doi.org/10.1021/ja00800a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00800a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00800a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules22101663
https://doi.org/10.3390/molecules22101663
https://doi.org/10.3390/molecules22101663
https://doi.org/10.3390/molecules22091517
https://doi.org/10.3390/molecules22091517
https://doi.org/10.3390/molecules22091517
https://doi.org/10.1016/S0022-2275(20)39585-7
https://doi.org/10.1016/S0022-2275(20)39585-7
https://doi.org/10.1002/ejlt.200600199
https://doi.org/10.1002/ejlt.200600199
https://doi.org/10.1016/j.plipres.2013.04.004
https://doi.org/10.1016/j.plipres.2013.04.004
https://doi.org/10.1007/s11746-002-0472-z
https://doi.org/10.1007/s11746-002-0472-z
https://doi.org/10.1007/s11746-002-0472-z
https://doi.org/10.1016/j.jpba.2008.10.034
https://doi.org/10.1016/j.jpba.2008.10.034
https://doi.org/10.1016/j.jpba.2008.10.034
https://doi.org/10.1021/ef100545a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef100545a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef100545a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef100545a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c02279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

