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Abstract The phenolic compound concentration of olives
and olive oil is typically quantified using HPLC; however,
this process is expensive and time consuming. The purpose of
this work was to evaluate the potential of Fourier transform
infrared (FTIR) spectroscopy combined with chemometrics,
as a rapid tool for the quantitative prediction of phenol content
and antioxidant activity in olive fruits and oils from
“Cobrangosa” cultivar. Normalized spectral data using stan-
dard normal variate (SNV) and first and second Savitzky—
Golay derivatives were used to build calibration models based
on principal component regression (PCR) and on partial least
squares regression (PLS-R), the performance of both models
have been also compared. It was shown the possibility of
establishing optimized regression models using the combined
frequency regions of 30502750 and 1800-790 cm ' instead
of'the full mid-infrared spectrum was shown. It was concluded
that, in general, the first derivative of data and PLS-R models
offered enhanced results. Low root-mean-square error
(RMSE) and high correlation coefficients (R”) for the calibra-
tion and for the validation sets were obtained.
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Introduction

Quality assessment of raw food products and after transfor-
mation is very important for maintaining high quality stan-
dards (Ruth et al. 2010). The overall quality of food products
depends on various factors, such as their sensory characteris-
tics and stability, nutritional properties, bacteriological and
chemical safety, and authenticity (Ruth et al. 2010).

The quality of olive fruits and olive oils depends on many
factors, such as the cultivar, agricultural practices, environ-
mental conditions, and the ripening stages (Kalua et al. 2005;
Amaral et al. 2010; Bosque-Sendra et al. 2010).

It is known that during the maturation period, important
changes occur in the chemical composition of the olive fruits.
The amount of olive oil increases as the maturation develops,
reaching its maximum during the maturation phase (Salvador
et al. 2001). However, the oleic and palmitic acid concentra-
tions decrease in the final stages of ripening, while on the
other hand, the concentration of linoleic acid increases
(Baccouri et al. 2008). The fruit maturation causes the reduc-
tion of the concentration in sterols and terpene hydrocarbons
(Lukic et al. 2013). In terms of phenolic compounds, the total
concentration of these compounds increases during the first
stages of fruit ripening but decreases in the final stages (Kalua
et al. 2005; Baccouri et al. 2008; Tovar et al. 2002; Morelld
et al. 2005; Machado et al. 2013). The oleuropein concentra-
tion suffers a reduction during the maturation phases, leading
to less spicy and duller flavored olive oil (Matos et al. 2007).

Throughout the maturation, the reduction of tocopherols
also occurs, affecting the antioxidant properties of oil.
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Consequently, an early harvest leads to olive oils with better
sensory attributes and oxidative stability (Matos et al. 2007).

In Portugal, the Tras-os-Montes region is the second largest
olive production area in the country. “Cobrancosa” is one of
the main cultivars of Tras-os-Montes, representing up to 30 %
of the olive cultivars, being mainly used for olive oil produc-
tion (Machado et al. 2013). Comparing this cultivar with other
Portuguese cultivars such as Picual and Galega, it can be
readily observed that this cultivar has a different behavior
during the ripening. The Cobrangosa cultivar presents a sig-
nificant decrease in phenolic content during the maturation,
particularly from the semi-ripe to ripe stage. Another interest-
ing characteristic from this cultivar presents the highest con-
tent of flavonoids when compared with other cultivars (Barros
etal. 2013).

The versatility, simplicity, and speed of the Fourier trans-
form infrared—attenuated total reflection (FTIR—ATR) tech-
nique make it a very attractive analytical tool, being one of
the most common spectroscopic techniques used in research
laboratories and in the industry (Romera-Fernandez et al.
2012; Rohman and Che Man 2012). It has been employed
as a rapid tool for the identification and quantification of
relevant compounds in food products, namely in meat, fish,
beer, and fruit juices, among others (Karoui et al. 2010;
Lachenmeir 2007; Duarte et al. 2002).

The analysis of olive oils based on measurements on the
near-infrared (NIR) and mid-infrared (MIR) spectral bands,
such as the determination of the adulterations and identifica-
tion of the geographical origin and cultivar, was reported
recently (Tapp et al. 2003; Maggio et al. 2010; Lerma-
Garcia et al. 2010). Determination of biochemical parameters,
such as fat acids, peroxide values, acidity, phenolic and vola-
tile compounds, freshness, and oxidized fat acids, was also
described (Nunes et al. 2009; Dupuy et al. 2010; Sinelli et al.
2010; Maggio et al. 2009; Sinelli et al. 2007).

The principal component regression (PCR) and the partial
least squares regression (PLS-R) methods are well-known
statistical methods, often used in quantitative prediction meth-
odologies based on spectroscopic data (Wold et al. 2001;
Jorgensen et al. 2004; Rohman and Che Man 2010). Both of
these methods are based on reduction of data dimensionality
and inverse calibration, in systems where there is a possibility
to calibrate for the desired component while implicitly model-
ing the other source of variation (Wentzell et al. 2003;
Rohman and Che Man 2010).

In the present work, the FTIR-ATR technique combined
with PCR and PLS regression methods was used to build
quantitative models of the variation of total phenols, ortho-
diphenols, flavonoids, and antioxidant activity of cv
“Cobrangosa” olive fruits and of the respective oils in two
ripening stages. These multivariate techniques could offer better
accuracy and precision in substantially less time than classical
data analysis methods. To the best of our knowledge, this is the

first attempt to use mid-infrared spectroscopy along with mul-
tivariate regression methods for estimating biochemical charac-
teristics of cv Cobrangosa olive fruits and of the respective oils.

Furthermore, the use of both PCR and PLS will allow the
comparison of the performance of both models, therefore,
allowing the assessment of the most suitable for this kind of work.

Material and Methods
Sampling

The work is based on six different clones of Cobrangosa olive
cultivar, maintained by the Direcao Regional de Agricultura e
Pescas do Norte (DRAPN), Ministry of Agriculture and Sea,
in a clonal field in Mirandela, Portugal.

Healthy olive fruits, without any kind of infection or phys-
ical damage, were collected. Samples representative of each
clone were picked from ten different trees of comparable age
and vigor and located in distinct points of the same growing
area. Fruits were collected in two ripening stages: semi-ripe
and ripe.

For the classification of the maturity index, the olives
were evaluated according to their skin and pulp color
(Uceda and Hermoso 1998). The ripeness index (RI)
values range from 0 (100 % intense green skin) to 7
(100 % purple flesh and black skin). The semi-ripe sam-
ples (RI=2.5, green skin with reddish spots) were collect-
ed in October (14 October 2011), and the ripe samples
(RI=6, black skin with >50 % purple flesh) were harvest-
ed in November (8 November 2011). After harvesting, the
olive fruits were immediately transported to the laboratory
and stored at —20 °C until analysis.

The six genetically different Cobrancosa clones (Mar-
tins-Lopes et al. 2009) were chosen in accordance with
previous studies (Sousa et al. 2014) once the chemical
composition and organoleptic characteristics of olive and
olive oils may be influenced by genotype and some agro-
nomic factors like olive drupe harvesting date. Thus, olive
fruits and olive oil from the six different Cobrangosa
clones, which were harvested at two different ripening
stages in the same olive-growing area, have been analyzed
to evaluate phenolic compounds, ortho-diphenols, flavo-
noids, and antioxidant activity.

These clones have also been classified according to the
yield of production: two were identified with high antioxidant
activity and high yield (HH; clones 80 and 85), two clones
were identified with high antioxidant activity and low yield
(HL; clones 14 and 49), one clone was identified with low
antioxidant activity and high yield (LH; clone 111), and one
clone was identified with low antioxidant activity and low
yield (LL; clone 110).

@ Springer
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The olive oil samples were prepared in the Instituto
Nacional de Investigagdo Agraria (INIA 1.P.), Elvas, Portugal.
Three kilograms of fresh olive fruits was used for olive oil
production, using an Abencor system (INIA I.P., Elvas,
Portugal). The oil was separated by decanting and transferred
into dark glass bottles and was stored in the dark at 4 °C until
chemical analysis.

Preparation of Olive Samples

The olive samples were placed in a greenhouse at 60 °C for
1 week (to remove water). Before reading the spectra, the
samples were frozen in liquid nitrogen and turned into a
powder. The water content is represented in Table 1.

Spectra Acquisition Methodology
The acquisition of the infrared spectra of the olive oil and

olive fruit samples was performed on a Unicam Infrared
Spectrometer Research Series, equipped with a single-

reflection ATR (Golden Gate) attachment. The equipment
is connected to a computer and controlled by WinFirst
Software v1.1.

The olive oil samples were placed directly on top of the
ATR baseplate by pipetting a small drop (~1 pl). In the case of
olive fruit samples, 0.1 g was placed on the crystal with a
small spatula.

For each olive oil sample, six replicas were measured and
ten replicas were analyzed for each olive fruit sample. For
each replica (either of oil or of olive fruit), the absorption was
measured twice and the corresponding spectra were averaged.
Between replicas, the ATR base was carefully cleaned in situ
by scrubbing with ethanol (99.9 %) and dried with soft tissue
and a new reference air background spectrum was taken. Each
spectrum was subtracted against its corresponding back-
ground spectrum.

The temperature of the crystal was kept at 40 °C. All
spectra were recorded from 4000 to 500 cm ', co-adding
128 interferograms at a resolution of 4 cm ™', the collection
time of each spectrum being approximately 4 min.

Table 1 Chemical composition of olive fruits and olive oils of cv Cobrangosa in the two ripening stages

Clone Ripening Water content Total phenols Ortho-diphenols Flavonoids Antioxidant activity
stage (%) (mg GAE gfl) (mg GAE gfl) (mg catechin gf') (mmol trolox kgﬁl)
Olive fruits
14 Ripe 49.49 % 33.96 40.02 26.15 119.89
Semi-ripe 50.60 % 22.30 32.51 13.92 103.50
49 Ripe 53.50% 25.51 3231 18.52 120.70
Semi-ripe 52.45% 28.78 41.65 21.56 126.05
80 Ripe 55.00% 30.32 40.76 17.96 130.57
Semi-ripe 54.60% 29.72 33.49 19.27 138.87
85 Ripe 57.70% 32.68 33.83 20.71 139.32
Semi-ripe 52.30% 29.44 33.62 16.70 119.78
110 Ripe 63.00% 21.78 15.84 7.24 72.14
Semi-ripe 46.60% 16.95 13.61 5.09 56.59
111 Ripe 54.40% 25.57 26.77 17.12 99.89
Semi-ripe 54.82% 26.80 34.15 20.88 103.96
Olive oil
14 Ripe 141 0.77 1.65 5.89
Semi-ripe 1.33 0.63 1.45 5.19
49 Ripe 1.46 0.82 1.70 6.54
Semi-ripe 1.70 0.83 1.90 6.52
80 Ripe 1.41 0.79 1.61 6.37
Semi-ripe 1.72 0.82 1.96 7.49
85 Ripe 0.94 0.54 1.46 438
Semi-ripe 1.39 0.65 1.47 5.56
110 Ripe 0.39 0.40 0.65 2.67
Semi-ripe 0.74 0.37 0.78 3.01
111 Ripe 0.97 0.59 1.20 4.49
Semi-ripe 1.11 0.53 1.20 4.63

From Sousa et al. 2014
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Mathematical Treatment of Dataset

Both PCR and PLS regression methods are utilized to
model a response variable when a biological system is
analyzed through a large number of predictor variables
that are highly correlated or even collinear (Miller and
Miller 2005). Both methods give rise to new predictor
variables, usually known as principal components (PCs)
or latent variables that are linear combinations of the
original predictor variables (Miller and Miller 2005).
Those components are calculated in different ways, and
PCR creates PCs to explain the observed variability in the
predictor variables, without considering the response var-
iable. In PLS-R, the response variable is taken into ac-
count and, consequently, leads to models that can fit the
response variable with fewer factors (Wold et al. 2001;
Wentzell et al. 2003).

Treatment of Spectral Data

Prior to pre-treatment and statistical analysis of spectral
data, each spectrum was divided into two regions: a first
region from 3050 to 2750 cm™ ' and a second from 1800
to 600 cm ', The spectral regions not utilized were very
noisy and did not correspond to any functional group of
interest. Spectral pre-treatments of the raw spectral data
included the following: auto-baseline and smoothing
followed by standard normal variate (SNV) (Nunes et al.
2009; Bendini et al. 2007a) and the first and second
Savitzky—Golay derivatives (Bendini et al. 2007a). Multi-
variate analysis was performed with XLSTAT-v2006.06
package (Addinsoft, Inc.).

Model Selection

In the PLS-R and PCR calibration models, the evaluation of
the model linearity was carried out in order to show a propor-
tional relationship between predictor variables (absorbencies)
and the biochemical characteristics of olives (Table 1), such as
the concentration of total phenols, ortho-diphenols and flavo-
noids and antioxidant activity.

The quality of the fitting was scrutinized by the root-
mean-square error of calibration (RMSEC), multiple coef-
ficient of determination or regression coefficient (R,
where R is the correlation factor), and root-mean-square
error of cross-validation (RMSECV). The optimum num-
ber of factors either for the PLS-R or PCR models was
determined using leave-one-out (LOO) cross-validation
method. The optimal number of factors is the one that
minimizes the RMSECV.

The PLS regression method is able to collect information
from large spectral intervals, correlating changes therein
to the concentration of specific constituents, while

concomitantly considers other possible contribution to
these changes not related to the sample constitution (Che
Man et al. 2005). On the other way, in the PCR method,
the spectral and concentration information are incorporat-
ed into the model in different steps (Smith 2002). Gener-
ically, PCR is divided in two steps, firstly the principal
component analysis and secondly the regression (Smith
2002; Xie and Kalivas 1997).

Measurement of Chemical Parameters

The values of the total phenols, ortho-diphenols, flavonoids,
and antioxidant activity, necessary to the elaboration of the
present work, were measured previously by the authors, and
the results were published elsewhere (Sousa et al. 2014).
Table 1 presents the corresponding values for olive fruits
and oils.

Results and Discussion
Absorption Spectra

Infrared spectroscopy allows the identification of molecular
structures through the assignment of certain absorption bands
to particular functional groups. In edible oils and fats, most of
the peaks of the spectrum are related to specific functional
groups (Bendini et al. 2007b). The triglycerides are the prin-
cipal components in edible oils and fats and, therefore, dictate
the spectra.

Figure 1 illustrates measured FTIR spectra (after smooth-
ing and baseline correction) of Cobrangosa (clone 80) olive oil
in the mid-infrared region (3100-550 cm ™) in both ripening
stages.

In relation to the ripening stage from the analysis of FTIR
spectra, we verify that there are no changes in the frequencies
of the functional groups. However, the absorbance of each
functional group varies according to the ripening stage. In
general, the absorbance of the functional group associated to
the ester group (C=0) is greatest in the ripening stage. The
increase in the absorption value of the ester group in this
ripening stage may be associated with an increase of fat
content during maturation. It is known that the fat content
increases during the fruit development and reaches its maxi-
mum in very ripe fruits (Salvador et al. 2001). There is also a
decrease in the absorbance value for the frequencies 1234,
1160, 1118, and 1099 cm ' (Safar et al. 1994). These frequen-
cies are related to the stretching vibration of the —C—O— group;
this group may come from either fatty acids or phenolic
compounds (Kuligwski et al. 2010). Even though the variation
of the absorption value in this group could be related either to
the changes in phenol content or to the differences respecting
the fat content, in the final stage of maturation, these variations

@ Springer
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Fig. 1 Example of FTIR-ATR
spectra collected and the first/
second derivatives: olive oil from
clone 80 in the ripening and semi-
ripening stages
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Table 2 Olive fruits: PLS-R and PCR multivariate calibrations for quantification of chemical composition
Chemical parameter ~ Regression method Spectra Number of factors ~ R? RMSEC (%)  RMSECV (%)
Calibration Validation
Total phenols PLS-R Normal 3 0.993 0.981 5.61 6.12
First der 2 0.995 0.931 3.44 3.95
Second der 4 0.982 0.892 12.47 19.41
PCR Normal 4 0.991 0.891 5.16 5.95
First der 4 0.998 0.952 3.77 4.69
Second der 4 0.910 0.871 12.44 20.16
Ortho-diphenols PLS-R Normal 3 0.993 0.990 6.21 7.12
First der 3 0.995 0.991 495 5.54
Second der 3 0.980 0.950 17.71 19.51
PCR Normal 4 0.989 0.984 6.92 7.37
First der 4 0.992 0.989 6.18 6.99
Second der 4 0.970 0.931 13.78 17.85
Flavonoids PLS-R Normal 3 0.997 0.987 4.13 4.89
First der 2 0.995 0.986 3.51 3.72
Second der 3 0.991 0.989 14.26 19.23
PCR Normal 3 0.984 0.980 291 423
First der 3 0.989 0.984 1.85 2.65
Second der 4 0.971 0.974 10.14 15.55
Antioxidant activity ~ PLS-R Normal 3 0.975 0.970 7.14 8.91
First der 3 0.986 0.979 8.28 7.99
Second der 4 0.955 0.946 15.12 18.83
PCR Normal 4 0.976 0.969 6.89 7.95
First der 4 0.988 0.980 7.25 8.26
Second der 4 0.938 0.887 16.99 20.64

@ Springer
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do not present any trend that might be related to the content
variation of specific components. Additionally, although sev-
eral studies have demonstrated that in final stages of fruit
ripening, the phenolic content decreases due to the reduction
on its biosynthesis (Sousa et al. 2014; Machado et al. 2013;
Barros et al. 2013; Morell6 et al. 2005; Tovar et al. 2002), in
the present work, some clones have shown not to follow this
trend (Table 1), leading the establishment of reliable correla-
tions between specific spectral variations and phenolic content
to be a troublesome task.

Models for Prediction of Chemical Parameters Using FTIR

The results achieved for the PLS-R and PCR calibrations of
total phenols, ortho-diphenols, flavonoids, and antioxidant
activity in terms of R*, RMSEC, and RMSECYV, either for
normal spectra, from 3050 to 2750 cm™' and from 1800 to
600 cm ', or for their first and second derivatives, are pre-
sented in Table 2 for olive fruits and in Table 3 for olive oil.
For all the chemical parameters under analysis, the multi-
variate calibrations showed, in general, the highest value of R*

and the lowest of RMSECV when using the first derivative of
the spectral data. Also, in the present work, PLS-R appeared to
perform better than PCR, presenting lower errors for the same
analyses.

The relationship between measured values of the chemical
parameters and the FTIR-predicted values for olive fruits
showed R” values ranging from 0.910 to 0.998 using the
calibration set and from 0.871 to 0.991 when cross validated.
For olive oils, the corresponding values ranged from 0.910 to
0.999 using the calibration set and from 0.889 to 0.990 when
cross validated.

For olive fruits, the lowest RMSECV (2.65 %) for the
flavonoid concentration was found when using the first
derivative and a PCR model with three factors. However,
a slightly higher RMSECYV value of 3.72 % was attained
for a simpler two-factor PLS-R model. For olive oils, the
lowest RMSECV value was 3.81 % for the flavonoid
concentration, when using the normal spectra and the
PCR method with four factors. As for olive fruits, a
somewhat higher RMSECV value of 5.82 % was achieved
for a two-factor PLS-R model when using the first

Table 3 Olive oil: PLS-R and PCR multivariate calibrations for quantification of chemical composition

Chemical parameter ~ Regression method Spectra Number of factors ~ R? RMSEC (%)  RMSECV (%)
Calibration ~ Validation
Total phenols PLS-R Normal 2 0.962 0.951 5.13 5.04
First der 2 0.951 0.921 3.10 4.94
Second der 3 0.940 0.890 16.47 23.06
PCR Normal 3 0.991 0.990 6.45 6.99
First der 3 0.992 0.952 4.52 5.39
Second der 4 0.910 0.940 13.47 14.82
Ortho-diphenols PLS-R Normal 3 0.990 0.988 5.90 9.48
First der 2 0.994 0.988 5.18 8.05
Second der 3 0.980 0.959 15.50 17.91
PCR Normal 3 0.989 0.988 6.34 7.69
First der 3 0.993 0.985 6.96 8.64
Second der 4 0.970 0.930 9.30 24.81
Flavonoids PLS-R Normal 3 0.999 0.988 5.78 6.16
First der 2 0.998 0.987 4.39 5.28
Second der 4 0.990 0.990 16.91 17.05
PCR Normal 4 0.983 0.979 3.20 3.81
First der 4 0.984 0.981 3.93 4.55
Second der 4 0.970 0.970 7.75 7.75
Antioxidant activity =~ PLS-R Normal 3 0.984 0.981 5.00 6.47
First der 2 0.993 0.979 428 5.79
Second der 4 0.950 0.942 11.09 14.92
PCR Normal 4 0.976 0.969 6.48 7.73
First der 3 0.988 0.980 6.16 7.37
Second der 4 0.931 0.889 17.65 18.74
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derivative. In fact, in the present work, where a large
number of samples is not available, the PLS approach
seemed to be more suitable for this kind of studies,
generally presenting a better performance than PCR.

The plot of the measured concentrations of the chemical
components against the FTIR-predicted values reveals a fairly
good correlation between predicted and actual values. To
illustrate the reliability of the models proposed in this work,
PLS-R calibrations are presented in Fig. 2 for flavonoid and
total phenol concentrations of olive fruits and in Fig. 3 for
ortho-diphenol concentration and antioxidant activity of olive
fruits.

PLS regression method has the capability to use informa-
tion from a wide spectral frequency range and then correlate
spectral absorption change with concentration of chemical
parameters while at the same time compute other spectra
which may disturb spectral analysis (Che Man et al. 2005).
On the other way, in the PCR method, the spectral and
concentration information is incorporated into the model in
one step (Smith 2002).
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concentrations of olive fruits
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Conclusions

Taking into account the results obtained, we can conclude
that the FTIR-ATR technique in tandem with multivariate
analysis, namely the principal component regression and
the partial least squares regression, can provide a rapid
methodology to assess the chemical composition of olives
and olive oils.

In both methods, we obtain high R* values and low
values of RMSECV; however, the PLS-R using the first
derivate gives better results. The R* for the results of olive
fruit varied from 0.93 to 0.99, and RMSECV varied be-
tween 3.72 and 7.99 %. In relation to the olive oil, the
coefficient of determination varied from 0.92 to 0.98 and
the RMSECV from 4.94 to 8.05 %. With this result, we
can affirm that the mathematic models chosen are appro-
priate to predict the concentration of phenolic compounds
and the antioxidant activity of olives, besides the com-
plexity of the matrix.
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Several studies have been previously undertaken, with
resort to this methodology, with the view or assessing distinct
physico-chemical parameters; geographical origin; and dis-
tinct cultivars for olive oil, olives, and other fruits and different
kinds of foodstuff. With the present study, the applicability of
this approach, FTIR coupled to multivariate analysis, has now
been extended for the study of different clones from the same
cultivar and species.

Finally, it can be concluded that this methodology shows a
high potential for determining the chemical composition of
olive oil and olives in the real time, due to its reliability, and
simplicity of the FTIR-ATR experimental setup.
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