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In this work, we show how an extensive and fast quantification of the main components in green coffee
oil can be achieved by NMR, with minimal sample manipulation and use of organic solvents.
The approach is based on the integration of characteristic NMR signals, selected because of their
similar relaxation properties and because they fall in similar spectral regions, which minimizes offset
effects. Quantification of glycerides, together with their fatty acid components (oleic, linoleic, linolenic
and saturated) and minor species (caffeine, cafestol, kahweol and 16-O-methylcafestol), is achieved in
less than 1 h making use of 'H and '3C spectroscopy. The compositional data obtained are in reasonable
agreement with classical chromatographic analyses.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Lipids are among the most important components of green
coffee beans from a quantitative point of view. In the mature
coffee endosperm, they are present in the form of oil bodies
functioning as an energy reserve, mobilized during germina-
tion [1]. The two commercially relevant coffee species, Coffea
arabica Linn. (Arabica) and Coffea canephora Pierre ex Froehner
var. robusta (Robusta), contain between 7% and 17% of lipids (w/w
dry matter), the average lipid content of green Arabica being
significantly higher (15%) than that of green Robusta (10%) [2-4].
Other coffee species, such as C. heterocalyx and C. salvatrix, may
contain lipids up to 20-30% [5].

In terms of chemical composition, the coffee lipid fraction, also
known as coffee oil, is extremely complex; it is mainly constituted
by triacylglycerols with a fatty acids profile similar to that of
common edible vegetable oils. However, the relatively large
unsaponifiable fraction (up to 18.5% w/w) [6,7] as well as the
presence of caffeine, makes coffee oil a peculiar product if
compared with common edible vegetable oils.

The unsaponifiable fraction is rich in diterpenes, contains
sterols, tocopherols, phosphatides and waxes (tryptamine deriva-
tives) and is very important, together with fatty acid composition,
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as a chemical marker for authentication and traceability purposes
[4,8-11]. The diterpenes cafestol and kahweol are important
constituents of the unsaponifiable fraction and their biological
activity has been studied. Both desirable and undesirable physio-
logical actions of these diterpenes have been reported. In addition
to anticarcinogenic, antioxidant, anti-inflammatory properties
and hepatoprotective effects, a hypercolesterolemic activity
(particularly for cafestol) has been reported [12].

Thanks to its skin moisturizing properties, green coffee oil has
been used in the cosmetics industry and it has been shown to
offer a good potential in sunscreen applications [5]. Very recently,
coffee oil from defective green coffee beans has been suggested as
a possible raw material for biodiesel production [13].

In spite of the important role played by coffee lipids in bean
biology, human physiology, and industrial applications, studies
focused on comprehensive chemical characterizations of these
coffee components on several green coffee oil samples are still
rather scarce. One drawback in getting qualitative and quantita-
tive data on coffee oil could be the high content of unsaponifiable
matter, and thus, the necessity to resort to different experimental
approaches based on classical analytical instrumentation (CG,
HPLC), which can be relatively time-consuming, laborious and
tedious. Also, methods that rely on lipid hydrolysis followed by
derivatization only provide limited insight in actual lipid compo-
sition. High-resolution Nuclear Magnetic Resonance (NMR) spec-
troscopy has the considerable advantage that it can yield
information simultaneously in a rapid and non-destructive way
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on small amounts of sample. This technique offers the possibility
to quickly perform routine analysis with minimal (if any) manip-
ulation of the sample, leading to more detailed insights into the
actual intact lipid composition that cannot be obtained by
classical methods. For this reason, NMR is used in combination
or in place of such methods in lipidomics studies [14-18].

In the past decade, high-resolution NMR has been widely and
successfully applied to the analysis of edible vegetable oils and
particularly extra-virgin olive oil [19-29]. NMR has been used for
several analytical purposes, such as the determination of fatty
acid profile, the identification and verification of olive oils, the
monitoring of stability and geographical origin, and the assess-
ment of correlation with sensory attributes [27,30-38]. Further-
more, quantification of lipids and other species in oil has been
proposed by >'P NMR [39-41]. Even if some NMR data on coffee
components are present in the literature [42-45], as far as we
know, coffee oil has not yet been the subject of high-resolution
NMR investigations. Wei et al. [46] recently studied green coffee
bean extracts, but their study did not include a quantification of
the oil components.

In the present work, we explore the potential of NMR in the
analysis and possibly in the quantification of green coffee oil
components. This study is the prerequisite for the development of
specific analytical methods. Both 'H and '3C spectra were exam-
ined and assigned through two dimensional experiments, show-
ing different analytical possibilities. "H NMR spectroscopy proved
to be a useful tool for the quick and sensitive determination of
diterpenes. We also exploited the intrinsically high resolution of
the '3C NMR spectrum to quantitatively characterize the coffee oil
composition. Specifically, fatty acids, glycerides and other minor
components were determined by '>*C NMR in several green coffee
oils from different geographical origins and botanical species.
Despite the difficulties in the use of '>C NMR for quantitative
purposes, careful choice of sequence parameters and spectral
integration regions yielded an unexpectedly fair agreement with
classical analytical methods (GC, HPLC).

2. Materials and methods
2.1. Green coffee beans and sample preparation

Four different samples of green Coffea arabica L. (Arabica)
beans (geographical origin: Brazil, Kenya, Colombia, and Guate-
mala) and one sample of Coffea canephora Pierre ex Froehner var.
robusta (Robusta) (geographical origin: India) from commercial
lots were used. Identification of the samples along the text will
refer to their geographical origin or to the different botanical
species (e.g. Robusta vs. Arabica).

The green coffee beans were ground after contact with liquid
N, by using a batch mill (Ika M20) to pass a 600 um sieve
(Giuliani). Coffee oil was isolated by means of Soxhlet extractions.
In details, 10 g of ground coffee samples were extracted with
130 mL of n-pentane (Sigma Aldrich) for 4 h at the solvent boiling
point, siphoning five times per hour. The extract was paper
filtered and dried over anhydrous sodium sulfate. The solvent
was removed by reduced pressure evaporation (Buchi, Rotavapor
R114) and the residue was dried to constant weight to obtain the
coffee oil.

Extra-virgin olive oil (used for comparison) was purchased at a
local market.

2.2. NMR

All experiments were carried out at 300 K on a Bruker Avance
Il Ultra Shield Plus 600 MHz spectrometer equipped with a two

channel BBI probe. Samples were prepared adding 60 pL of dg-
DMSO to 600 pL of pure oil. The residual DMSO signal was used
for chemical shift referencing imposing its 'H resonance at
2.5 ppm and its '3C signal at 40 ppm. The assignment of glycer-
ides was preliminarily attempted by comparing >C spectra of oils
diluted in DMSO with that of each methylated fatty acid compo-
nent in the same experimental conditions (e.g. oil vs. methyl
oleate or methyl linoleate or methyl palmitate etc.). The proce-
dure was not successful as the peaks (whose chemical shift is well
known to change significantly by dilution in organic solvents)
were not found in the same position even though the oil and the
standards were diluted to similar concentrations. Unambiguous
hydrogen and carbon resonance assignment was then achieved
through a series of 2D spectra, namely 2D-NOESY, 2D-COSY, 2D-
ROESY, 2D-'H,"H-TOCSY, 2D_;H,;5C-HSQC, 2D-'H,'*C-HMBC, and
2D_1H 1H-TOCSY_1H 15C-HSQC. These experiments were used also
for the assignment of diterpenes, whose NMR data have been
published in methanol and chloroform [43,45]. The assignment of
lipids was confirmed by addition of few pL of each methylated
fatty acid component to the oil samples, causing an increase in
intensity of all related fatty chain peaks.

13C NMR spectra were recorded with a relatively long relaxa-
tion delay (15 s) to ensure complete recovery of the magnetiza-
tion. 'H decoupling was used only during acquisition, to avoid
differential NOE effects on the integrals of carbons with different
mobilities and/or number of attached protons. Given the concen-
tration of the samples, relatively few scans (128) were necessary
to obtain a good signal to noise ratio.

For quantification, samples were prepared by adding 60 pL of
dg-DMSO to 500 pL of pure oil and 100 pL of methyl linoleate
(Sigma-Aldrich) used as an internal standard. The measured
molar concentrations were corrected for dilution and converted
to g/kg taking into account the measured density (0.916 g/mL).

Triglyceride dynamics was monitored by '3C T, relaxation,
which provides an estimation of the motional correlation time 7.
of molecules. Carbon relaxation times were measured with the
inversion recovery pulse sequence. 'H decoupling was used only
during acquisition, to avoid cross-correlation contributions to
relaxation rates R.

In the case of carbons directly attached to protons, the long-
itudinal relaxation rate is mainly due to dipolar interaction (R¥P)
given by [47]:
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where @y and ¢ are the 'H and '3C Larmor frequencies,
respectively, 7. is the correlation time modulating the dipolar
interaction, p is the permeability of vacuum, yy and yc are the 'H
and '3C gyromagnetic ratios, respectively, r is the carbon-proton
distance and n is the number of attached protons.

For carbon atoms not directly attached to protons (such as
carbonyl carbons), the main relaxation mechanism is Chemical
Shift Anisotropy (CSA) [47]:
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where Ag is the chemical shift tensor anisotropy in ppm (we used
148 ppm [48]) whose value is needed to extract the correlation
time 7. from Eq. (2).

The values of 7. were extracted numerically by plotting
Egs. (1) and (2) as a function of the motional correlation time.
Out of the two possible solutions, the one with a lower 7. was
chosen as physically more reasonable.
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2.3. Analysis of total fatty acids by GC

10mg of oil was dissolved in 1 mL of n-hexane (Sigma-
Aldrich). Then, a 10% methanolic BF; solution (Sigma-Aldrich,
3 mL) was used as derivatizing reagent for 45 minutes in boiling
water. Vials were added with 2 mL of n-hexane and washed with
Milli-Q water (Millipore) at room temperature. The supernatant
solvent was separated by centrifugation and heptadecanoic acid
methyl ester (Sigma-Aldrich) was added as internal standard.
Heptadecanoic acid is a minor constituent of the coffee lipid
fraction, but in view of its very low content [3] it has already been
used as an internal standard in similar studies [49].

The fatty acid methyl esters were injected in an Agilent
Technologies 6890 N gas chromatograph equipped with a flame
ionization detector (FID). The analytical conditions employed
were as follows. Injector: Splitless at a temperature of 200 °C;
initial temperature of 170 °C followed by a temperature increase
at a rate of 3 °C/min up to 250 °C; FID temperature of 250 °C (air
flow, 450 mL/min; hydrogen flow, 40 mL/min). An HP-WAX
60 m x 0.25 mm x 0.25 pm column was employed. Peak identifi-
cation was carried out by comparison of the retention times with
those for the respective fatty acid methyl ester standards.

2.4. Diterpenes analysis

Kahweol, cafestol and 16-O-methylcafestol were determined
according to DIN method 10779 with the separation of the
diterpenes by HPLC (DIN 10779, 1999) in an accredited lab
according to ISO 17025 [50]. According to this method, the
standard deviation of the measured values is within the range
9.8-11.6% [50]. High-performance liquid chromatography (HPLC)
was carried out with Agilent instrumentation under the following
experimental conditions: mobile phase: 60/40 acetonitrile/water;
volume injected: 20 pL; flow rate: 1 mL/min; and wavelength:
220 nm.

The calibration curves were built with three single standard
solutions, one for each diterpene. The content of kahweol, cafestol
and 16-O-methylcafestol was expressed as g/kg of oil. All stan-
dards and solvents were purchased from Sigma-Aldrich.

3. Results and discussion

Most NMR studies reported in the literature on olive oil, one of
the most investigated among edible oils, are performed on
samples diluted in deuterated solvents with the aim of improving
spectrum quality. To avoid sample manipulations and to increase
the intensities of the signals from minor components, we decided
to analyze the oil samples without dilution (only small amounts
of deuterated DMSO and optionally methyl linoleate were added
as lock and quantification reference, respectively). This resulted in
a larger peak linewidth (Fig. 1), but reduced acquisition time of
experimental data. For routine applications, this approach would
avoid the need of substantial amounts of organic solvents and
would provide NMR data in short times (less than 1 h). The high
signal to noise ratio allowed us to use a long relaxation delay
resulting in more reliable peak integrals and to avoid the use of
relaxation agents for quantification [46].

3.1. Spectra analysis of green coffee oil as compared to olive oil

3.1.1. 'H NMR spectra

The 'H NMR spectrum of Arabica green coffee oil is shown in
Fig. 1 (top) together with that of commercial extra-virgin olive oil
shown for comparison. The two spectra are quite similar at a first
glance; however, as is well known, linoleate is more abundant in

coffee oil while oleate predominates in olive oil. This difference is
evident when considering the intensities of the peaks due to bis-
allylic and allylic methylenes (at 2.81 ppm and 2.09 ppm, respec-
tively, and indicated by * and = in the figure). Differences in
linolenic acid content are also visible in the methyl region,
although not so apparent due to the contribution of saturated
chains to the oleic acid peak. The spectrum of coffee oil in
chloroform is also shown (Fig. 1, bottom). Although the peaks
are clearly sharper, the information that can be obtained is
similar.

A more detailed analysis reveals the presence of significant
amounts of additional species in coffee oil, namely kahweol,
cafestol, and caffeine. Panels A and B in Fig. 1 show how the
peaks of these species are very well resolved and possibly useful
for quantification, provided an internal standard, such as methyl
linoleate, is added (see further in the text). A clear example of the
analytical potential of 'TH NMR in green coffee oil is the discrimi-
nation between Arabica and Robusta in the region of diterpenes
(Fig. 2). The figure clearly shows that the signals attributed to
kahweol almost disappear in the Robusta sample, whereas a
methyl signal at 3.13 ppm reveals the presence of 16-O-methyl-
cafestol, a typical marker for coffee authenticity applications [51].

In principle, the addition of methyl linoleate as an internal
reference should allow the quantification of these species. In
practice, although the values that we found are within the ranges
reported in the literature, the agreement with the DIN method
[50] is limited. The 'H signals of methyl linoleate are affected by
partial overlap with other resonances and there might be pro-
blems of radiation damping because of the high concentration of
the analytes. Nevertheless, a better choice of experimental con-
ditions and of an appropriate standard may lead to the develop-
ment of a suitable NMR method.

As far as caffeine is concerned, the average content determined
in the examined samples is in good agreement with the caffeine
concentration in green coffee oil reported in the literature (2.1-
2.7 g/kg oil) [52,53]. It is well known that the amount of caffeine
extracted with coffee oil is very small [54,55]. As a consequence,
the values we obtained are affected by large errors because of the
limited signal to noise ratio of the peaks analyzed. In spite of the
inadequate level of confidence in the quantitative determination
of caffeine, our results show that it is possible to ascertain the
presence of this analyte in green coffee oil. This might be of
interest in the cosmetic industry, where coffee oil is becoming of
increasing importance. There is no standardized method to
determine caffeine in coffee oil, and the advantage of NMR over
other techniques is that no sample manipulations are necessary.

3.1.2. 13C NMR spectra; fatty acids and glycerides

In the analysis of vegetable oils, 13C NMR has been widely used
because of its intrinsically higher resolution compared to '"H NMR
[14,19,22-24]. The '3C spectrum of green coffee oil is shown in
Fig. 3 together with that of olive oil; each region of the spectrum
can be analyzed to provide valuable information.

a) Carbonyl region (Fig. 3, top left).

In this region, the relative amounts of free and esterified fatty
acids can be obtained. The carboxyl carbon appears at
higher ppm values followed by the carbonyl carbons linked
to the o (1,3) and B (2) position of the glyceryl moiety,
respectively [19].

The percentage of free fatty acid with respect to the esterified
forms determines the acidity of the oil, giving an indication, in
the case of green coffee oil, of its quality in terms of aging and
storage conditions [56,57]. The free acidity (FFA %) reported
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Fig. 1. (top) 'H NMR spectra of green Arabica coffee oil from Brasil and commercial extra-virgin olive oil. Panels A, B and C are magnifications of diterpenes (K indicates
kahweol, C indicates cafestol), caffeine (Cf) and fatty acids regions of the top spectrum. One and two asterisks indicate bis-allylic and allylic protons, respectively; (bottom)
TH NMR spectrum of coffee oil dissolved in CDCls.
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Fig. 2. Selected diterpene signals from the 'H NMR spectra of green Robusta coffee oil from India (top) and Arabica from Guatemala (bottom). The near absence of kahweol
and the presence of 16-O-methylcafestol is apparent in Robusta. K indicates kahweol and C indicates cafestol. The molecular structure of 16-O-methylcafestol is shown.
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in Table 1, can be calculated as

A
A+B+C+D+E

where capital letters refer to the integral labels in Fig. 3. The
values obtained for our samples, ranging from 0.9% to 2.0% for
Arabica, are in good agreement with the few data reported in
the literature [6,7].

The use of pure oil samples did not allow the discrimination
among the carbonyl carbons of different esterified fatty acids
as in the case of chloroform solutions [19]. However, the o
carbonyl of 1,3-diglycerides is visible (indicated as o’ in Fig. 3).
With respect to an olive oil 13C spectrum, one additional peak
at 172.7 ppm is apparent in the spectrum of coffee oil, which
was unequivocally assigned to the fatty acid carbonyl group
esterified with kahweol or cafestol.

free acidity = 3)

Table 1

Major lipid classes in green coffee oil as determined by '>C NMR (w/w %).
FFA=free fatty acids, TAG=triacylglycerols, DTE=diterpene esters, DAG=1,3-
diacylglycerols.

Sample FFA TAG DTE DAG
Brasil 1.6 81.1 173 0.5
Kenya 14 84.3 145 04
Colombia 1.9 83.5 14.4 0.8
Guatemala 1.5 81.1 17.5 03
Robusta (India) 29 90.9 5.1 1.8
ROCO— ROCO—, 0
A~ Q N—ocoR N—o-8r
T owoon R —o roco—'
DM

A
Free fatty acid B
carboxyl (8
K.,C ester carhun)lﬁ

S~

o’

In principle, the same region of the spectrum allows the quanti-
fication of triglycerides (TAG), diglycerides (DAG) and diterpene
esters mainly derived from cafestol and kahweol (DTE).

Inag =5 =E
Ipac=C
I DTE = B (4)
where D, E, C, and B are the integrals of the corresponding regions
in Fig. 3.

However, given the low amounts of DAG and DTE, their integrals
(B and C in Fig. 3) are affected by large errors, also caused by
partial overlap with the signal of TAG (D in Fig. 3). Moreover, this
region could contain carbonyl signals from sterols. For these
reasons, the amounts of TAG, DAG and DTE reported in Table 1
are based on the glyceryl region (see further in the text).

b) Olefinic region (Fig. 3, top center)
This region can be conveniently used to quantify unsaturated
fatty acids. The relative amounts of linolenic (Ln), linoleic
(L) and oleic (O) acid can be determined. Because Og 1o
overlap with signals from both linoleic and linolenic acid, the
quantities of oleic, linoleic and linolenic species can be
determined as follows:
I G-H+2F R-2Q-F
0T T2 T2
I = —H_23F =S-2F=Q
Iin=F (5)
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Fig. 3. 3C NMR spectrum of green coffee oil (upper spectrum); the spectrum of olive oil is also reported for comparison (lower spectrum). Integrals used for quantification
in the equations are displayed in red and labeled with capital letters. Functional groups resonating in various spectral regions are graphically displayed in light gray
indicating with “C” only the carbon of interest. Saturated fatty acid resonances are indicated with “Sat” while those assigned to oleic, linoleic, linolenic, kahweol and
cafestol are indicated by O, L, Ln, K and C, respectively. o and f positions in triglycerides and diglycerides (o' and ') are also indicated. The subscripts refer to the carbon
position, with n referring to the last position in the fatty acid carbon chain. Peaks marked with ** arise from residual n-pentane, used for extraction. These peaks disappear
with time due to evaporation of the solvent. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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where G, H, F, R, S, and Q are the integrals of the regions
indicated in Fig. 3. The use of peaks resonating in the same
region of the spectrum and a long relaxation delay reduce
errors from unequal irradiation and relaxation losses. The error
on the absolute value of the integral for oleic and linoleic
species is further reduced using the average of the values
calculated in different ways in Eq. (5). The values obtained are
reported in Table 4.

Some resonances arising from kahweol, cafestol (or 16-O-
methylcafestol), usually present in coffee oil, fall in the olefinic
region. Their quantification will be discussed further in
the text.

Glyceryl region (Fig. 3, top right)

The region between 60 and 72 ppm allows the determination
of the relative amounts of triglycerides, diglycerides (1,2 and
1,3), monoglycerides [19] and esterified kahweol and cafestol.
Symmetrical esters (2-monoacyl, 1,3-diacyl, and triacyl) give
rise to two signals at 1:2 intensity ratio, at variance with the
asymmetrical esters, which give three separate signals of equal
intensity. The amounts of TAG, DAG, and DTE can be quantified
using the following integrals (see Fig. 3):

C

~

M
Itac = > =]
L
Ipac = 5
Ipte=K (6)

In our spectra, we found significant amounts of triglycerides,
1,3-diglycerides, and esterified kahweol and cafestol as
reported in Table 1; monoglycerides and 1,2-diglycerids are
not concentrated enough to be quantified.

d) Aliphatic region (Fig. 3, bottom)

This region contains aliphatic carbons of glycerides and fatty
acids. Specifically, C2 carbons can be used to distinguish the type
of ester bond (o and  position or esterification with kahweol or
cafestol). When the sample is dissolved in CDCl3 (and not
analyzed “as is”), this region also provides information on the
kind of fatty acid involved [19,25]. As for the carbons in n—2
position (with n=chain length), linoleic acid gives a peak at
31.6 ppm, well separated from all the others and labeled Q in
Fig. 3.

Other peaks in this region can be used to quantify the total
amount of saturated fatty acids. In fact, regardless of the chain
length, carbons in positions 2, 3, n—2, n—1 and n resonate at
characteristic chemical shifts. Unfortunately, the values of the
integrals are affected by the presence of unsaturated fatty acids
whose integral (estimated from the olefinic region as explained
above) should be subtracted. Given the different mobilities,
positions in the spectrum, and number of protons attached, the
integral of the peaks quantifying the unsaturated species may not
be rigorously comparable with that of the aliphatic carbons and
this contributes to a larger error in the determination of saturated
species. The values obtained from carbons in position 3 (R in
Fig. 3) yielded the best results for quantification.

Isqt =R—Io—I1—I1n (7

3.1.3. 13C NMR spectra; diterpenes

Cafestol and kahweol contents in Arabica green beans are
about 0.3-0.9% and 0.1-1.0% dry matter basis, respectively,
showing great variability (particularly for kahweol), depending
on variety and geographical origin [4,58,59]. Assuming an average
oil content of green Arabica coffee beans close to 15% wjw [4],
cafestol and kahweol contents are about 20-60 and 6.7-66.7 g/kg
coffee oil, respectively. Robusta green beans contain less cafestol

(0.1-0.7%), traces of kahweol ( < 0.01%) and 16-O-methylcafestol
in the range 0.08-0.25% [2]. Assuming an average oil content of
green Robusta coffee beans close to 10% w/w [4], the three
diterpenes account for 10-70 g (cafestol), less than 1 g (kahweol)
and 8-25 g (16-O-methylcafestol) per kg of coffee oil. Robusta
green beans contain trace amounts of 16-O-methylkahweol
(<0.003%) [2], which cannot be detected under the present
NMR experimental conditions.

Besides being clearly visible in the 'H spectrum, diterpenes
can be quantified also by >C NMR. The full resonance assignment
in pure coffee oil is reported in Fig. 4 (assignment of kahweol
in CD3OD has been reported elsewhere [45]). The peaks in
Fig. 4 are well resolved for quantification; specifically, good
results were obtained by using the average of the integrals
relative to carbons in positions 3 and 4 (around 149 and
121 ppm, respectively).

These results are reported in Table 2 and compared with the
DIN method [50]. In both cases, the diterpene concentrations are
within the ranges reported in the literature. The agreement
between the two sets of data is only partial. This discrepancy
can be ascribed, at least in part, to the saponification and post-
saponification steps of the DIN method, which are particularly
critical from an experimental point of view. Moreover, although
the DIN method has been already used to determine diterpenes in
green coffee [2], the method was originally developed to analyze
roasted coffee. Clearly, a more extensive investigation is required
to define an NMR procedure that could flank or take the place of
the DIN method, which is much more labor intensive and subject
to low reproducibility and repeatability [50]. Nevertheless, our
study underscores the interesting possibilities of the NMR
approach to the simultaneous quantification of several compo-
nents in such a complex mixture as green coffee oil.

3.2. Green coffee oil quantitative analysis by >C NMR

The use of 13C spectra for quantification of species is hampered
by many factors that influence the integrals of the peaks:

e The large spectral window does not allow a uniform irradia-
tion of the signals even using short pulses (~10 ps). In cases
where the 90° pulse is calibrated near the frequency of
irradiation, peaks far away from the center of the spectrum
(carbonyls and methyls) tend to display different intensities
(generally less intense).

e The transverse relaxation rate T, of each atom within one
molecule influences its peak line-width and consequently its
measured integral. The relaxation times of different carbon
atoms are affected by different factors (specifically, number of
attached protons for atoms whose relaxation is dominated by
the dipolar mechanism or chemical shift anisotropy for car-
bons not bound to protons, such as carbonyls). In addition,
molecular motions modulating the relaxation rates are very
different within triglyceride molecules. Table 3 shows the
correlation times modulating the motion of each carbon,
calculated from the longitudinal relaxation times reported in
the same table (measured as described in the experimental
part). The carbonyl carbons are the most restrained atoms in
the motion (long correlation times), followed by the “glycerol”
carbons. As we move along the chain, motion becomes faster
(shorter correlation times) even though regions with unsatura-
tions display lower mobility (probably because of steric
hindrance introduced by double bonds).

e Different relaxation times affect the integral of the peaks not only
in terms of T, line broadening, but also because of incomplete
recovery of the magnetization during the delay between
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Fig. 4. '3C NMR assignment of kahweol (K) and cafestol (C) in Arabica green coffee oil. Few signals from other components, such as linolenic acid (Ln) and caffeine (Cf), are

also labeled.

Table 2
Minor components in green coffee oil as determined by '>C NMR. Diterpenes as
determined using the DIN method [50] are shown for comparison.

Table 3

13C longitudinal relaxation rates (s~') displayed by coffee oil glycerides and
motional correlation times as derived from '>C longitudinal relaxation rates (see
Experimental section). Since smaller values indicate increased mobility, the

Sample Kahweol Cafestol 16-0- motion tends to be faster moving from the glyceryl moiety toward the methyl
Methylcafestol fatty acid ends, with slower motion at the level of the insaturations.
DIN NMR DIN NMR DIN NMR Carbon 13C longitudinal Correlation time (ps)
(g/kg (g/kg (g/kg (g/kg (g/kg (g/kg relaxation
oil) oil) oil) oil) oil) oil) rate (s~ 1)
Brasile 26.9 29.5 353 28.9 0 0 O 1.44 260.0
Kenya 17.8 248 28.6 28.7 0 0 coB 1.10 360.0
Colombia 10.0 25.6 17.7 28.4 0 0 C=c 0.77 68.8
Guatemala 36.3 28.8 57 32.9 0 0 CH B 0.38 184.0
Robusta 0.4 0.5 8.8 14.6 6.0 9.1 CH, o 0.22 142.0
(India) G, 0.35 76.0
Coa 1.00 25.2
consecutive scans (due to longitudinal relaxation time T;). In the Cn2(L) 1.18 21.2
case of diluted samples displaying long relaxation times, it is (CH2)n 058 444
generally advisable to use a short relaxation delay and achieve a S_:CC:_CC_ c—c 8'?2 jﬁ'g
steady state, in which the loss of magnetization is fairly well Cs 041 632
compensated by a larger number of scans. However, in such Cnn 1.35 18.4
conditions, different relaxation times influence the integral of the gnH—l(L) ;‘713 122
3 . R

signal in different ways. For this reason, relaxation agents (e.g.,
paramagnetic species) are sometimes added to the sample [46].
Alternatively, the delay between subsequent scans should be
long enough to recover all the magnetization (as we actually did
in the present work).

The NOE effect exerted by protons on carbons is another
source of large errors in comparing signal integrals, as carbons
with different numbers of attached hydrogens are expected to
behave differently. Inverse gated decoupling allows one to mini-
mize such effects [46,60].

To avoid all these sources of errors, peaks for quantification
were chosen, where possible, in similar spectral regions (to
minimize offset irradiation effects) and arising from similar types
of carbons (to minimize differences introduced by T, relaxation).

Furthermore, we recorded our spectra keeping the relaxation
delay long and decoupling the protons only during acquisition
(to avoid T; and NOE effects).

To estimate the performance of the quantification, we added a
small amount of methyl linoleate (100 pL in 500 pL of oil and
60 pL of dg-DMSO), which should provide a good internal stan-
dard because of its similar chemical nature. Its methyl ester
carbon falls in an isolated region at 50.9 ppm, and its integral I
can be taken as an internal standard for molar quantification of
other species in the oil provided all integrals used for quantifica-
tion were subtracted of I'Y, in case of overlap with any of
the other methyl linoleate signals. The concentrations obtained
should be also corrected for the dilution factors (due to the
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Table 4

125

Percent fatty acid composition as determined by GC and NMR (w/w %) in green Arabica and Robusta (India) coffee oils. NMR data for commercial extra-virgin olive oil are
also reported for comparison. Data in parenthesis were obtained using GC data for a more precise calculation of MW in Eq. (9), distinguishing the relative contributions

from distinct saturated fatty acids.

Fatty acid India Brasil Kenya Guatemala Colombia Olive
GC NMR GC NMR GC NMR GC NMR GC NMR NMR
(wfw %) (wf/w %) (wfw %) (wfw %) (wf/w %) (wfw %) (wfw %) (wfw %) (wfw %) (wfw %) (wfw %)
C14 0.08 - 0.05 - 0.08 - 0.06 - 0.07 - -
C16 28.29 - 27.60 - 31.20 - 30.94 - 31.98 - -
C18 7.93 - 9.01 - 8.31 - 7.57 - 7.04 - -
C20 4.45 - 4.05 - 3.15 - 3.16 - 2.83 - -
C22 0.80 - 1.12 - 0.91 - 0.86 - 0.64 - -
C18:1 11.85 10.1 (9.9) 9.21 9.3 (9.1) 7.74 8.2 (8.1) 7.66 8.1 (8.0) 7.31 7.1 (7.0) 62.4 (63.2)
C18:2 45.66 48.3 (47.4) 4747 49.5 (48.5) 471 46.5 (45.7)  48.15 48.3 (47.5) 48.71 50.7(49.6) 17.7 (17.6)
C18:3 0.93 1.1 (1.1) 1.48 1.7 (1.7) 1.51 1.7 (1.7) 1.60 1.6 (1.5) 1.42 1.5(1.4) 0.9 (0.9)
Tot Sat 404 41.5 (41.6) 394 41.7 (40.5) 434 43.5 (44.4) 39.8 42.5 (40.1) 40.6 42.5 (41.7) 17.8 (18.1)

addition of small amounts of the standard and the deuterated
DMSO for lock) to obtain the concentration in the oil.

The percentage w/w composition can be obtained from the '3C
NMR spectrum even in the absence of an internal reference
(Tables 1 and 4), provided a good estimate of the total integral
due to lipids is given, that is the sum of the integrals of one type
of carbon belonging to different lipid species (e.g., all carbonyls or
all methyl carbons from unsaturated and saturated fatty acids and
glycerides). Since this number is different depending on the
nature of the chosen carbon type, we used the average of the
values obtained from C, and Cs carbons, which yielded the most
reliable results (see further in the text). Neglecting the contribu-
tions of minor components (molecules other than glycerides,
diterpene esters, and free fatty acids) the percent weight of the
ith species is given by
iw/w,%) = Q% 100

I MW
where MW is the integral-weighted average of molecular weight
of the lipid species. MW is given by:

®)

— I; I I I I
MW =37 MW; ~ S8 MW pea + 12 MWrag + 22 MWpgg + - MWpr
i

()]
and
— 1
MW ppp =~ 7(10MW0 + I MW + 1, MW/, +[pMWp)
MW a6 ~3MW pa—3 x 18.0+92.1
MW pac ~ 2MW gpa—2 x 18.0+92.1
MW prg ~ 171( {MWFFA—18.0+314.4}
Ie+Ig
fe |:MWFFA—18.0+3]6.4:| (10)
Ie+Ix
where
Irra =A
I J+M/2)
TAG= T —
L
Ipac = 5
Ipre =K

In the equations, the subscripts O (Oleic), L (linoleic), Ln
(Linolenic), P (Palmitic), C (cafestol), K (Kahweol), FFA (Free Fatty
Acids), TAG (Triglycerides), DAG (Diglicerides), and DTE (Diter-
penes) indicate the type of molecule while the letters A, J, M, L,
and K refer to the integrals shown in Fig. 3. The value of MW
cannot be determined precisely, as NMR is not able to distinguish

among different saturated fatty acids. However, multiplying the
total integral of saturated fatty acids for the molecular weight of
palmitic acid as an average introduces negligible errors in the
calculation of MW at least when dealing with coffee and olive
oils. This is demonstrated in Table 4, which reports the quantifi-
cation of the species using either the values of MW calculated in
this way or the exact weighted average based on the saturated
fatty acid composition obtained by GC.

The use of Eq. 8 for quantification requires also a reliable value
of I. In principle, the value can be obtained from the integrals of
different types of carbons, calculated in the following regions:
carbonyl (from 171.5 ppm to 174.5 ppm, A+B+C+D+E in Fig. 3),
C2 (from 33.4 ppm to 34.3 ppm, N in Fig. 3), C3 (from 24.5 ppm to
25.2 ppm, T in Fig. 3), C,_» (from 31.3 to 32.3 ppm, P+Q+F in
Fig. 3), and methyl (from 13.7 ppm to 14.4 ppm, V in Fig. 3).
However, due to uneven irradiation and relaxation properties, the
carbonyl and methyl regions give significantly different values
from the others; in addition, the C,_, region contains contribu-
tions from unsaturated fatty acids. For these reasons, the results
obtained using the average of the integrals in the C2 and C3
regions are the most reliable:

N+T
5 an

I=

Tables 2 and 4 report the quantification of species using Eqs.
(8)-(11). The procedure did not make use of an internal standard
for quantification. The results are in remarkable agreement with
the time-consuming standard procedure by means of gas
chromatography.

Total fatty acid composition of oil from green coffee beans has
been the subject of several studies and reviews [3]. The GC profile
reported in Table 4 is characterized by the presence of palmitic
acid (27.60-31.98%) and linoleic acid (45.66-48.71%) as dominat-
ing components, stearic (7.04-7.93%) and oleic acids (7.31-
11.85%) in lower and almost equal amounts, arachidic acid
(2.83-4.45%) and linolenic acid (0.93-1.60%) in even lower
amounts, and quantities of myristic and behenic acids close to
or less than 1% each. Our data are in excellent agreement with
literature data [3]. The quantities of unsaturated fatty acids
determined by NMR are in very good agreement with those
determined by GC: the average difference is about 6%, with the
largest discrepancy found for Robusta coffee beans. However, our
NMR approach does not permit the quantitative determination of
each saturated fatty acid present in the sample. Only the total
saturated fatty acid amount can be compared with data obtained
by the classical GC method (Table 4). In the case of olive oil,
palmitic acid is the dominant saturated fatty acid [61] and the
remaining saturated fatty acids amount to about 2-3% [62-64].
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Unfortunately, the saturated fatty acid profile of green coffee oil is
more complex and in this regard the NMR approach cannot be
considered as informative as GC methods.

The estimation of global tri-, di-glycerides and esterified
diterpenes (mono-glycerides were not visible in the spectrum)
reported in Table 1 was obtained comparing integrals in the
glyceryl region as follows:

IraG,0Ac.0TEMW 4G, DAG,DTE 100
ItacMW 146 +IpaAcMW pag +IpreMW pre + IrpaAMW pra

(12)

TAG,DAG,DTE(w/w,%) =

So far, very scarce data on lipid class composition of green
coffee oil have been reported in the literature. Kaufman and
Hamsagar [65] found that the most abundant class in oil samples
was the triacylglycerols (TAG) accounting for 75.2%, but the origin
of green coffee was not clearly specified. Diterpene esters, DTE,
were the second most abundant class (18.5%), followed by sterol
esters (1.4%); unidentified components were 4.2% of the total.
Nikolova-Damyanova et al. [6] reported on the lipid class compo-
sition of Arabica green coffee oils as determined by analytical
silica gel TLC. The experimental results were in excellent agree-
ment with those previously reported as far as triacylglycerols
(75.5 +1.7% w|w), diterpene esters (15.1 + 1.2% w/w) and sterol
esters (1.2 + 0.1% w/w) are concerned, and new lipid classes were
quantified (free sterols: 1.5+0.2% w/w; free fatty acids:
1.2 4+ 0.2% wjw; partial acylglycerols: 5.5+ 0.3% w/w and polar
lipids: 0.6 +0.2% w/w) thus reducing the unidentified compo-
nents to 1.0 + 0.1% w/w. The relatively high quantity of partial
acylglycerols was interpreted by the authors as the result of both
formation during storage and natural occurrence in green coffee
beans [6]. The same research group [7] showed that the lipid class
composition may vary according to coffee ripening and to post-
harvest coffee treatments (sorting and drying). Specifically, TAG
and DTE can be in the range 72.1-75.2 and 13.1-14.8% w/w,
respectively. The high percentage of partial acylglycerols was
confirmed, with DAG ranging from 2.7% to 5.4%. In all cases, the
samples were obtained from dry-processed green coffee beans.

In Table 1, the lipid class composition determined by '*C NMR
is reported for the first time, as far as we know. The percentage of
TAG is slightly higher and that of DAG is lower than those
previously reported. The results on the other lipid classes are in
good agreement with previous data. Because of the relative
molecular complexity and the low amount, sterol esters and polar
lipids cannot be quantified by NMR under the present chosen
experimental conditions. As shown in Table 1, the Robusta sample
is characterized by a higher content of free fatty acids and a lower
content of DTE than Arabica samples, in agreement with the
literature [3].

An important difference from earlier reports is that all the
samples studied in the present paper were obtained from wet-
processed green coffee. It is possible that the two different post-
harvest processes may affect differently the relative proportions
between TAG and partial acylglycerols. In fact, it is known that
the two main coffee processing methods have a measurably
different effect on the sugars and other flavor precursors present
[66-68] and that the dry-process induces an active seed stress
metabolism if compared with the wet-process [61,66]. It could be
of remarkable interest to parallel TLC and NMR determinations on
the same set of green coffee oil samples to evaluate the effect of
the main post-harvest coffee processes on lipid composition.

The use of NMR as a possible technique to obtain fast
quantification of a large number of species in green bean coffee
oil was presented in this work. The potential for the development
of methods that could replace several time-consuming analyses in
a routine setting was demonstrated. From here, several avenues
can be envisioned. Among others, the NMR spectrum of coffee oil

could be the basis for a metabolomic analysis that could be used
to determine geographic origin. Alternatively, a quantitative
analytical determination of 16-O-methylcafestol could be con-
ceived to detect the presence of Robusta in a commercial blend.
A third possibility is the fast detection of caffeine in green coffee
oil. Although the solubility of caffeine in coffee oil is not high,
leading to large errors, its presence can be easily detected using
TH NMR. The official method for caffeine determination (ISO
20481/2008) would be much more time consuming, since an
extraction in aqueous solution is necessary with the obvious
problems of complete recovery and consequently of reduced
reliability. A fast and reliable method could be applied in the
cosmetic industry where green coffee oil is used.

To develop any applicable analytical method, a substantial
amount of work is needed, and a suitable strategy has to be
devised to adjust the procedure we used to the desired end. For
example, the field at which the spectra are collected should be
chosen carefully. At 600 MHz, we obtained well separated signals
with good signal to noise ratio. This suggests that good results
could be achieved even at lower fields, much more appropriate for
routine applications. Also, a much higher number of samples need
to be analyzed to validate any protocol. The purpose of the work
presented here was to break a ground still untouched in the
literature and to determine whether NMR can indeed be used in
this field.

Acknowledgments

We thank Bruker Biospin s.r.l. for providing an Avance III Ultra
Shield Plus 600 MHz spectrometer, and CBM (Consorzio per il
Centro di Biomedicina Molecolare S.c.rl., AREA Science Park,
Basovizza, Trieste, Italy) for hosting the instrumentation.

References

[1] E. Dentan, Etude microscopique du développement et de la maturation du
grain de café, in: 11th International Scientific Colloquium on Coffee, ASIC
Paris, France, 1987, pp. 381-398.

[2] 1. Kolling-Speer, T. Kurzrock, K. Speer, Diterpenes in Green Coffees Harvested
in Different Years, in 21st International Scientific Colloquium on Coffee, ASIC,
Montpellier, France, 2006, pp. 197-199.

[3] K. Speer, L. Kolling-Speer, Lipids, in: RJ. Clarke, O.G. Vitzthum (Eds.), Coffee:
Recent Developments, Blackwell Science, Oxford, UK, 2001, pp. 33-49.

[4] K. Speer, 1. Kolling-Speer, Braz. J. Plant Physiol. 18 (2006) 201-216.

[5] T.A.L. Wagemaker, C.R.L. Carvalho, N.B. Maia, S.R. Baggio, O.Guerreiro Filho,
Ind. Crops Prod. 33 (2011) 469-473.

[6] B. Nikolova-Damyanova, R. Velikova, G.N. Jham, Food Res. Int. 31 (1998)
479-486.

[7] G.N. Jham, R. Velikova, H. Vidal Muller, B. Nikolova-Damyanova, P.R. Cecon,
Food Res. Int. 34 (2001) 111-115.

[8] M.J. Martin, F. Pablos, A.G. Gonzalez, M.S. Valdenebro, M. Leon-Camacho,
Talanta 54 (2001) 291-297.

[9] A.G. Gonzalez, F. Pablos, M.J. Martin, M. Leon-Camacho, M.S. Valdenebro,
Food Chem. 73 (2001) 93-101.

[10] W. Kamm, F. Dionisi, L.-B. Fay, C. Hischenhuber, H.-G. Schmarr, K.-H. Engel,
J. Am. Oil Chem. Soc. 79 (2002) 1109-1113.

[11] F. Carrera, M. Leon-Camacho, F. Pablos, A.G. Gonzalez, Anal. Chim. Acta 370
(1998) 131-139.

[12] R.C. Dias, F.G. Campanha, L.G. Vieira, L.P. Ferreira, D. Pot, P. Marraccini,
B.M.De Toledo, J. Agric. Food Chem. 58 (2010) 88-93.

[13] LS. Oliveira, A.S. Franca, R.R.S. Camargos, V.P. Ferraz, Bioresour. Technol. 99
(2008) 3244-3250.

[14] Y. Miyake, K. Yokomizo, N. Matsuzaki, J. Am. Oil Chem. Soc. 75 (1998)
1091-1094.

[15] G. Knothe, J.A. Kenar, Eur. ]J. Lipid Sci. Technol. 106 (2004) 88-96.

[16] L. Mannina, G. Dugo, F. Salvo, L. Cicero, G. Ansanelli, C. Calcagni, A. Segre,
J. Agric. Food Chem. 51 (2003) 120-127.

[17] E. Hatzakis, G. Dagounakis, A. Agiomyrgianaki, P. Dais, Food Chem. 122
(2010) 346-352.

[18] J. Ottavioli, ]. Casanova, A. Bighelli, Nat. Prod. Commun. 5 (2010) 1991-1994.

[19] G. Vlahov, Prog. Nucl. Magn. Reson. Spectrosc. 35 (1999) 341-357.

[20] L. Mannina, A.P. Sobolev, A. Segre, Spectrosc. Eur. 15 (2003) 6-14.

[21] M. D’'Imperio, M. Gobbino, A. Picanza, S. Costanzo, A. Della Corte, L. Mannina,
J. Agric. Food Chem. 58 (2010) 11043-11051.



N. D’Amelio et al. / Talanta 110 (2013) 118-127 127

[22] M.A. Brescia, A. Sacco, High-resolution '*C nuclear magnetic resonance in the
study of oils, in: G.A. Webb (Ed.), Modern Magnetic Resonance, Springer,
Netherlands, 2006, pp. 1637-1643.

[23] R. Sacchi, F. Addeo, L. Paolillo, Magn. Reson. Chem. 35 (1997) S133-S145.

[24] R. Zamora, V. Alba, FJ. Hidalgo, J. Am. Oil Chem. Soc. 78 (2001) 89-94.

[25] FJ. Hidalgo, R. Zamora, Trends Food Sci. Technol. 14 (2003) 499-506.

[26] A. Barison, C.W. Pereira da Silva, F.R. Campos, F. Simonelli, C.A. Lenz,
A.G. Ferreira, Magn. Reson. Chem. 48 (2010) 642-650.

[27] C. Fauhl, F. Reniero, C. Guillou, Magn. Reson. Chem. 38 (2000) 436-443.

[28] M.D. Guillén, A. Ruiz, Trends Food Sci. Technol. 12 (2001) 328-338.

[29] S. Christophoridou, P. Dais, L.H. Tseng, M. Spraul, ]. Agric. Food Chem. 53
(2005) 4667-4679.

[30] T.Igarashi, M. Aursand, Y. Hirata, I. Gribbestad, S. Wada, M. Nonaka, J. Am. Oil
Chem. Soc. 77 (2000) 737-748.

[31] L. Mannina, M. Patumi, N. Proietti, D. Bassi, A.L. Segre, ]. Agric. Food Chem. 49
(2001) 2687-2696.

[32] M. D’Imperio, L. Mannina, D. Capitani, O. Bidet, E. Rossi, F.M. Bucarelli,
G.B. Quaglia, A. Segre, Food Chem. 105 (2007) 1256-1267.

[33] FJ. Hidalgo, G. Gomez, J.L. Navarro, R. Zamora, J. Agric. Food Chem. 50 (2002)
5825-5831.

[34] M.D. Guillén, A. Ruiz, Eur. ]. Lipid Sci. Technol. 110 (2008) 52-60.

[35] R.M. Alonso-Salces, ].M. Moreno-Rojas, M.V. Holland, F. Reniero, C. Guillou,
K. Heberger, ]. Agric. Food Chem. 58 (2010) 5586-5596.

[36] A. Agiomyrgianaki, P.V. Petrakis, P. Dais, Talanta 80 (2010) 2165-2171.

[37] A. Sega, 1. Zanardi, L. Chiasserini, A. Gabbrielli, V. Bocci, V. Travagli, Chem.
Phys. Lipids 163 (2010) 148-156.

[38] N. Ogrinc, 1J. Kosir, J.E. Spangenberg, ]. Kidric, Anal. Bioanal. Chem. 376
(2003) 424-430.

[39] E. Hatzakis, A. Koidis, D. Boskou, P. Dais, ]. Agric. Food Chem. 56 (2008)
6232-6240.

[40] F.M. Dayrit, O.E. Buenafe, E.T. Chainani, .M. de Vera, ]J. Agric. Food Chem. 56
(2008) 5765-5769.

[41] P. Dais, A. Spyros, Magn. Reson. Chem. 45 (2007) 367-377.

[42] N. D'Amelio, L. Fontanive, F. Uggeri, F. Suggi-Liverani, L. Navarini, Food
Biophys. 4 (2009) 321-330.

[43] H. Scharnhop, P. Winterhalter, J. Food Compos. Anal. 22 (2009) 233-237.

[44] LK. Lam, V.L. Sparnins, L.W. Wattenberg, Cancer Res. 42 (1982) 1193-1198.

[45] M. De Lucia, L. Panzella, D. Melck, 1. Giudicianni, A. Motta, A. Napolitano,
M. d’Ischia, Chem. Res. Toxicol. 22 (2009) 1922-1928.

[46] F. Wei, K. Furihata, F. Hu, T. Miyakawa, M. Tanokura, Magn. Reson.Chem. 48
(2010) 857-865.

[47] J. Cavanagh, W. Fairbrother, A.G. Palmerlll, N.J. Skelton, in: Protein NMR
spectroscopy. Principles and Practice, first edition, Academic Press, Inc., San
Diego, CA, 1996.

[48] RJ. Wittebort, C.S. Schmidt, R.G. Griffin, Biochemistry 20 (1981) 4223-4228.

[49] M.A. Vila, S. Andueza, M. Paz de Pefia, C. Cid, J. Am. Oil Chem. Soc. 82 (2005)
639-646.

[50] DIN 10779, Analysis of Coffee and Coffee Products—Determination of 16-O-
methylcafestol Content of Roasted Coffee—HPLC Method, Deutsches Institut
fiir Normung e. V., Berlin, 1999.

[51] K. Speer, R. Tewis, A. Montag, 16-O-methylcafestol—A quality indicator for
coffee, in: Proceedings of the 14th International Scientific Colloquium on
Coffee ASIC Paris, France, 1991, pp. 237-244.

[52] AB.A. de Azevedo, T.G. Kieckbusch, A.K. Tashima, RS. Mohamed,
P. Mazzafera, S.A.B. Vieira de Melo, J. Supercrit. Fluids 44 (2008) 186-192.

[53] M. Del Carmen Velasquez Pereda, G. de Campos Dieamant, S. Eberlin,
C. Nogueira, D. Colombi, L.C. Di Stasi, M.L. De Souza Queiroz, J. Cosmet.
Dermatol. 8 (2009) 56-62.

[54] P.D. Malizia, J.F. Trumbetas, US Patent 4,446,162, 1984.

[55] F.A. Pagliaro, ].G. Franklin, RJ. Gasser, US Patent 4,465,699, 1984.

[56] P. Wajda, D. Walczyk, J. Sci. Food Agric. 29 (1978) 377-380.

[57] T. Kurzrock, 1. Kolling-Speer, K. Speer, Effects of Controlled Storage on the Lipid
Fraction of Green Arabica Coffee Beans, in: Proceedings of the 20th International
Scientific Colloquium on Coffee, ASIC Paris, France, 2004, pp. 150-154.

[58] A.B. Rubayiza, M. Meurens, J. Agric. Food Chem. 53 (2005) 4654-4659.

[59] CS.G. Kitzberger, M.B.S. Scholz, L.F.P. Pereira, L.G.E. Vieira, T. Sera, ].B.G.D.
Silva, M.T. Benassi, Analysis of Diterpens in Green and Roasted Coffee of
Coffea arabica Cultivars Growing in the Same Edapho-Climatic Conditions, in:
Proceedings of the 23rd International Conference on Coffee Science, ASIC
Paris, France, 2010, pp. 110-117.

[60] P. Giraudeau, E. Baguet, ]. Magn. Reson. 180 (2006) 110-117.

[61] P.M. Romero, ].M. Tovar, T. Ramo, ].M. Motilve, ]. Am. Oil Chem Soc. 80 (2003)
423-430.

[62] S. Dabbou, I. Chaieb, I. Rjiba, M. Issaoui, A. Echbili, A. Nakbi, N. Gazzah,
M. Hammami, J. Am. Oil Chem. Soc. 89 (2012) 667-674.

[63] M. Guerfel, C. Zaghdoud, K. Jebahi, D. Boujnah, M. Zarrouk, J. Agric. Food
Chem. 58 (2010) 12469-12472.

[64] F.M. Haddada, H. Manai, I. Oueslati, D. Daoud, ]. Sanchez, E. Osorio,
M. Zarrouk, J. Agric. Food Chem. 55 (2007) 10941-10946.

[65] H.P. Kaufmann, R.S. Hamsagar, Fette Seifen Anstrichm. 64 (1962) 734-738.

[66] G. Bytof, G.E. Knopp, P. Schieberle, I. Teutsch, D. Selmar, Eur. Food Res.
Technol. 220 (2005) 245-250.

[67] G.E. Knopp, G. Bytof, D. Selmar, Eur. Food Res. Technol. 223 (2006) 195-201.

[68] G. Bytof, G.E. Knopp, D. Kramer, B. Breitenstein, J. Bergervoet, S. Groot,
D. Selmar, Ann. Bot. (Oxford, U.K.) 100 (2007) 61-66.





