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A B S T R A C T   

Oleuropein and hydroxytyrosol, bioactive molecules present in olive leaves, are well known to have strong 
beneficial properties for human and animal welfare. Infrared spectroscopy combined to Principal Component 
Analysis was employed to determine, characterize at molecular level and classify olive leaf from five Italian 
cultivars (Caiazzana, Coratina, Ortice, Frantoio, Leccino) in the different portions (adaxial, abaxial, bulk). The aim 
of this study was to determine the spectral characteristics, by means of mid-infrared spectroscopy as a rapid tool, 
in the different portions of the olive leaves to better understand the distribution of the bioactive molecules and to 
compare the absorption spectra. The results obtained showed that the absorption spectra of the abaxial and 
adaxial surface of the leaves not only better detect the presence of biomolecules but also present higher levels of 
oleuropein and hydroxytyrosol for all cultivars analyzed. Therefore, the methods used are potentially useful for 
discriminating between the different cultivars, the different portions and the bioactive molecules present.   

1. Introduction 

Olive culture has a great economic and social importance in the 
Mediterranean area. In addition to oil and olives as main products, the 
olive-oil supply chain generates large quantities of by-products such as 
raw olive cake, olive mill wastewater (OMW), twigs and leaves rich in 
bioactive compounds for food additives, dietary supplements, cosmetic 
and nutraceutical purpose [1]. 

Olive leaves are considered to be an economic raw material that can 
be used as a useful source of high value-added products rich in bioactive 
substances such as phenolic compounds, triterpenic acids and sugars 
[2]. The phenolic compounds mainly present in the leaves are oleur-
opein and hydroxytyrosol [3–5]. 

Several studies demonstrated the great potential of olive by-product 
extracts as antioxidants for the food industry and proved that olive leaf 
extracts (OLEs) are excellent antioxidants with several properties [6]. 
Nowadays, a large spectrum of beneficial health properties in vitro and in 
vivo have been attributed to olive leaves and their extracts, including an 

important antioxidant effect, anti-hypertensive activity, antimicrobial 
activity and hypoglycemic effect [7,8]. One of the roles of oleuropein is 
also to influence the development processes of the olive tree, including 
defending it against pathogens [9,10]. 

Additionally, as natural products there are differences in the 
composition of OLEs due mainly to geographical location, cultivar and 
plant nutrition so these parameters strongly influence the leaf molecular 
composition [11]. 

In this context, the characterization and evaluation of the chemical 
composition of these products plays an important role in the study of the 
bioactive molecules present. 

Qualitative-quantitative analysis of bioactive molecules in plant 
matrices (olive leaves) is usually performed using high-performance 
liquid chromatography (HPLC) [12–15]. 

However, this analytical method is very expensive and requires long 
lead times and significant manual work. Associated with this is a com-
plex chemical pre-treatment of the sample and the use of sophisticated 
analytical instruments [9]. 

Abbreviations: PCA, principal component analysis; FTIR, Fourier transform infrared; ATR, Attenuated total reflection. 
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Nowadays, the characterization of phenolic compounds using chro-
matographic techniques (conventional methods) can be overcome by 
using Fourier Transform Infrared spectroscopy (FTIR) associated with 
chemometric data analysis (i.e., PCA analysis, cluster analysis) for the 
determination, characterization, and grouping of the variables 
(geographical origin, olive cultivars, quality parameters of olives and 
virgin olive oils, etc.) also determined based on similarities between 
samples [1,16]. Specifically, the use of advance spectroscopic tech-
niques also allows information to be obtained at the molecular level to 
characterize olive leaves better [17]. 

In fact, infrared spectroscopy is among the most widely used tech-
niques for determining molecular structures and identifying compounds 
in organic and inorganic samples [18–20]. The absorbed energy of 
infrared radiation results in strain vibrations of specific molecular 
bonds, e.g. C–H, O–H, N–H, C––O, etc., that are characteristic for the 
chemical composition of a specific sample [21]. Therefore, FTIR spectra 
of plant tissues represent a fingerprint of key organic constituents, such 
as carbohydrates, proteins, lipids, lignins, and other aromatic or other 
abundant compounds [18]. 

Actually, FTIR is a simple, fast, and inexpensive instrumental tech-
nique used successfully for different types of investigations such as 
archaeometry and conservation sciences [20,22–24], pharmaceutical 
[25–27] and biomedical applications [28], environmental issues (e.g. 
identification of contaminants of emerging concern and threat) [29,30] 
and fibrous and toxic minerals [31,32]. 

As far as food applications is concerned FTIR is also used to deter-
mine differences in chemical composition between different plant spe-
cies, but still few studies characterize olive leaves spectroscopically in 
the different portions (adaxial, abaxial and bulk). The use of Attenuated 
Total Reflection (ATR) FTIR spectroscopy, which does not require 
further sample pre-treatment, is presented as a high-throughput method 
[18]. However, FTIR spectra may likely contain minor differences be-
tween two components that could not be distinguished visually, there-
fore, multivariate data tools such as principal component analysis (PCA) 
are necessary for spectra analysis. In fact, PCA is an effective variable 
reduction technique for spectroscopic data in which similar samples 
appear as clusters in the plot, while different samples appear segregated 
from each other [33]. It is a non-parametric method for data reduction 
and provides information about the principal components of spectra that 
are dominant factors that determine the differences between samples 
[28]. Several hundred data points (or variants) are found in a typical 
spectrum, but these variants will usually be correlated with each other to 
some degree [18]. This method removes the redundancy of having many 
correlated varying points by transforming the original data into a set of 
new uncorrelated variants, called principal components (PCs) [34–36]. 
The resulting plot can reveal clustering or structure in the data set [37] 
and generate information about the principal components responsible 
for variability in particular spectrum regions [38]. 

Due to a lack of scientific data on the spectroscopic characterization, 
by means of ATR-FTIR technology, in the different portions (adaxial - 
upper, abaxial – lower and bulk) of olive leaves in the five Italian cul-
tivars analyzed (Caiazzana, Coratina, Ortice, Frantoio and Leccino), in this 
study we wanted to characterize this type of plant matrix spectroscop-
ically also on the basis of the presence and distribution of bioactive 
molecules (oleuropein and hydroxytyrosol) in olive leaves. 

The study of surface areas of leaves is essential because these surfaces 
are strongly influenced by wax thickness and trichomes abundance, 
factors that can determine spectral differences between adaxial and 
abaxial leaf surfaces [39]. Phenolic compounds are also among the main 
components expressed in leaf surface portions and diffused in the upper 
portion of the plant cuticle between the epicuticular wax layer and the 
lower polysaccharide-rich portion [40]. 

Actually, the aim of the present study is to determine the spectral 
characteristics of the leaves in the different portions using the ATR-FTIR 
spectroscopy method, associating this method with multivariate statis-
tical analysis to better understand the distribution of the bioactive 

molecules and compare the spectra between different olive cultivars in 
leaf portions. 

2. Materials and methods 

2.1. Leaf samples 

Olive leaves belonging to five different cultivars (namely Caiazzana, 
Coratina, Ortice, Frantoio and Leccino), growing under the same agro-
nomic conditions, were collected on March from the Middle Valley of 
Volturno River (Ruviano, Southern Italy) at about 110 m above sea level. 
According to Di Meo et al. [5], olive leaves were harvested during the 
phenological phase (March) with the highest concentration of bioactive 
molecules and high antioxidant activity for the cultivars here analyzed. 
This period corresponds to pruning of olive leaves and the vegetative 
recovery phase. Leaves were collected from several trees and from 
different parts of each tree, in order to minimize the effect of sun 
exposure and differences related to different developmental stages [5]. 

Different leaf portions were here spectroscopically analyzed: adaxial 
- top surface, abaxial - bottom surface and the whole (bulk) shredded 
leaf. According to Di Meo et al. [5] the shredded bulk leaf was charac-
terized by HPLC-UV analysis in order to determine concentration of 
bioactive molecules; a high content of oleuropein and hydroxytyrosol 
was found in the leaves of the Caiazzana cultivar harvested in March 
compared to the other cultivars analyzed (oleuropein: 72.08 ± 1.23 mg/ 
g of dry extract and hydroxytyrosol: 0.43 ± 0.06 mg/g of dry extract). 
Collected leaves were air dried at room temperature (20 ◦C) for 10 days 
as they maintained a constant weight from the seventh day. For adaxial 
and abaxial surface analysis the dried leaves were analyzed as they are, 
while the bulk dried leaves were crushed with a blade mixer to obtain a 
powder filtered through a standard 125 μm sieve. The sieved powder 
was collected and stored at room temperature in the dark in airtight bags 
until use. 

The characterization of the bioactive molecules present in the olive 
leaves of the five different cultivars was carried out by HPLC and showed 
the two phenolic compounds most present in the leaves, such as oleur-
opein and hydroxytyrosol, present in different quantities: statistically 
higher values of oleuropein than hydroxytyrosol in the five cultivars 
analyzed. The cultivars that presented higher levels of bioactive mole-
cules than the other ones analyzed were Caiazzana and Coratina. 

2.2. FTIR spectroscopy 

To obtain information about the functional group compositions of 
the main components of the leaf surface (both adaxial and abaxial sides) 
and crushed bulk samples, olive leaves have been characterized in 
Fourier Transform Infrared spectroscopy by means of a Bruker Alpha 
spectrometer in Attenuated Total Reflectance (FTIR-ATR) mode (spec-
tral range 4000–400 cm− 1, resolution 4 cm− 1, 128 scans). The spectra 
were processed using the software Opus 7.8 (Bruker, Optics GmbH). 
Particularly, after averaging of 5 different measurements, each FTIR 
spectrum underwent to baseline correction, smoothing, second deriva-
tive and peak picking. FTIR measurements were also carried out, at same 
experimental conditions, on the bioactive molecules oleuropein (CAS 
No.32619–42-4, Sigma-Aldrich St. Louis, MO, USA) and hydroxytyrosol 
(CAS No.10597–60-1, Sigma-Aldrich St. Louis, MO, USA). 

2.3. Principal components analysis (PCA) 

To achieve a more accurate indication of the results obtained, we 
performed a PCA by selecting a specific spectral region (1800–950 
cm− 1) representative of the absorption bands of the phenolic compounds 
downstream of the spectroscopic characterization. 

PCA was performed to better understand the relationships between 
spectroscopical features of leaf and analyzed biomolecules, as well as to 
highlight main differences between the five selected cultivars. 
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In fact, in our study to identify similarities or differences between 
olive leaf samples of the five cultivars and the distribution of bioactive 
molecules in the different leaf portions (bulk, adaxial and abaxial), the 
ClustVis (https://biit.cs.ut.ee/clustvis/) online program package was 
employed [41]. During model development, IR spectra and reference 
values for oleuropein and hydroxytyrosol and the different portions of 
the five cultivars studied were used. 

3. Results and discussion 

3.1. FTIR 

A representative FTIR spectrum of crushed bulk Olea europaea leaf (i. 
e., Caiazzana cultivar) is shown in Fig. 1a, whereas its second derivative 
is reported in Fig. 1b. On the other hand, Fig. 1c, d display the mid- 
infrared spectra of adaxial and abaxial leaf surfaces, respectively for 
the same cultivar. FTIR spectra of oleuropein and hydroxytyrosol were 
also reported in Fig. 1e, f. 

As a whole, FTIR spectra of crushed bulk samples are very consistent 
to other spectral patterns reported in literature for the same plant 

species [9,15,42]. 
Particularly, FTIR spectra of examined leaf samples are characterized 

by similar absorption bands as demonstrate by their positions and 
relative intensities of the main absorption bands summarized in Table 1, 
along with a tentative assignment vibration. This matter may make it 
difficult to discriminate the selected cultivars only by visual examina-
tion, although some weak differences can be observed in terms of rela-
tive intensities of absorbance. Usually, a second derivative treatment of 
spectra (Fig. 1b) could highlight the occurrence of some hidden signals 
(generally consisting in shoulders) and allow a correct peak-picking of 
them. 

In spite their complex chemical composition, some general consid-
erations about the spectral features of olive leaves can be carried out. 
Firstly, all spectra show the occurrence in the higher wavenumber re-
gion (4000–1800 cm− 1) of a broad absorption band centered at around 
3280 cm− 1 in bulk samples and at around 3380 cm− 1 in uncrushed ones. 
The same band also appears in FTIR spectrum of oleuropein (3339 
cm− 1). This band is often observed both in organic and inorganic ma-
terials [20,43] and can be generally attributable to the stretching vi-
bration of hydroxyl groups in the O–H bond. This band in leaves could 

Fig. 1. Representative FTIR spectra of O. europaea leaf sample (Caiazzana cultivar): a) FTIR spectrum of crushed bulk sample and b) its second derivative; c) and d) 
FTIR spectra of leaf surfaces (respectively adaxial and abaxial sides); e) FTIR spectrum of oleuropein; f) FTIR spectrum of hydroxytyrosol. 
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Table 1 
Main absorption bands (expressed in cm− 1) observed for the examined O. europaea L. leaves and bioactive molecules. Legend: ν, stretching; δ, bending; γ, out-of-plane bending; a, asymmetric; s, symmetric; br, broad; w, 
weak; vw, very weak; m, medium; s, strong; vs very strong; sh, shoulder.  

Tentative 
assignment 
vibration 

Caiazzana Coratina Frantoio Leccino Ortice Caiazzana Coratina Frantoio Leccino Ortice Caiazzana Coratina Frantoio Leccino Ortice Oleuropein Hydroxytyrosol  

bulk bulk bulk bulk bulk adaxial adaxial adaxial adaxial adaxial abaxial abaxial abaxial abaxial abaxial   

ν(O–H) – – – – – – – – – – – – – – – – 3387 br 
ν(O–H) 3290 br 3277 br 3284 br 3269 br 3266 

br 
3391 br 3399 br 3393 br 3401 br 3398 

br 
3359 br 3377 br 3361 br 3364 br 3380 

br 
3339 br – 

ν(O–H) – – – – – – – – – – – – – – – – 3225 br 
νa(C–H) alkyl – – – – – – – – – – – – – – – 2951 w – 
νa(C–H) alkyl 2926 w 2929 w 2919 w 2932 w 2928 

w 
2917 vs 297 vs 2917 vs 2917 vs 2917 

vs 
2919 vs 2918 vs 2919 vs 2919 vs 2919 

vs 
2922 w 2921 s 

νs(C–H) alkyl 2849 sh 2850 sh 2850 sh 2850 sh 2850 
sh 

2849 vs 2849 vs 2849 vs 2849 vs 2849 
vs 

2850 vs 2850 vs 2850 vs 2850 vs 2850 
vs 

2850 vs 2850 s 

ν(C––O) ester 1709 vw 1709 vw 1710 vw 1710 
vw 

1733 
sh 

1732 s 1732 s 1733 s 1730 s 1732 s 1730 s 1730 s 1730 s 1730 s 1730 s 1730 s 1731 m 

ν(C––O) acid – – – – – 1686 s 1686 s 1686 s 1686 s 1686 s 1687 s 1687 s 1687 s 1687 s 1687 s 1698 s 1687 m 
ν(C––C) acid – – – – – – – – 1640 sh – 1639 m 1639 m 1640 m 1639 m 1638 m 1626 s 1641 w 
ν(C–C) 

aromatic 
1599 m 1601 m 1597 m 1603 m 1596 

m 
1606 sh – – 1608 sh – 1605 m 1604 sh 1605 m 1606 sh 1606 

sh 
– 1608 m 

ν(C–C) 
aromatic 

– – – – – – – – 1549 
vw 

– 1548 vw 1552 vw 1549 vw 1549 
vw 

– – – 

ν(C–C) 
aromatic 

1516 vw 1516 vw 1516 vw 1516 
vw 

1515 
vw 

1516 w 1517 w 1515 w 1516 w 1517 w 1514 w 1515 w 1514 w 1514 w 1514 w 1520 m 1529 m 

δ(C–H) 
scissoring 

– – – – – 1462 m 1462 m 1462 m 1462 m 1462 m 1462 m 1462 m 1462 m 1462 m 1462 m 1439 m 1441 s 

ν(C–C) 
aromatic 
(conjugated 
with C––C) 

– – – – – 1415 sh 1416 sh 1415 sh 1416 sh 1417 
sh 

1415 sh 1415 sh 1415 sh 1417 sh 1418 
sh 

– – 

δ(C–H) 
wagging and 
twisting 

1386 m 1385 m 1385 m 1377 m 1387 
m 

1386 m 1386 m 1386 m 1386 m 1386 m 1385 sh 1386 sh 1386 sh 1386 sh 1386 
sh 

1382 m 1366 m 

δ(C–H) 
wagging and 
twisting 

– – – – – 1364 m 1364 m 1364 m 1365 m 1364 m 1365 m 1364 m 1365 m 1365 m 1365 m 1350 m – 

δ(C–H) – 1315 vw – 1316 
vw 

1316 
vw 

1321 vw 1321 vw 1321 vw 1321 
vw 

1321 
vw 

1319 vw 1320 vw 1320 vw 1320 
vw 

1319 
vw 

1319 vw 1321 m 

δ(C–H) – – – – – 1303 vw 1304 vw 1303 vw 1303 
vw 

1304 
vw 

1303 vw 1303 vw 1303 vw 1303 
vw 

1303 
vw 

1301 sh – 

δ(C–H) 1260 m 1259 m 1259 m 1260 m 1260 
m 

1270 m 1270 m 1269 m 1270 m 1270 m 1269 m 1270 m 1269 m 1269 m 1270 m 1280 m 1284 vs 

δ(OH) – – – – – 1239 m 1240 m 1240 m 1240 m 1240 m 1239 m 1240 m 1240 m 1240 m 1240 m 1260 m 1253 vs 
νa(C–O–C) 1203 sh 1204 sh 1202 sh 1199 sh 1199 

sh 
1211 sh 1211 sh 1211 sh 1210 sh 1211 

sh 
1211 sh 1211 sh 1211 sh 1210 sh 1211 

sh 
1190 m 1189 sh/1175 

vs 
νa(C–O–C) 1151 sh 1152 sh 1150 sh 1151 sh 1148 

sh 
1165 m 1166 m 1165 m 1165 m 1166 m 1164 s 1165 s 1164 s 1164 s 1164 s 1156 m 1151 sh 

νs(C–O–C) – – – – – 1105 m 1105 m 1105 m 1105 m 1105 m 1104 s 1104 s 1104 s 1104 s 1104 s 1095 sh – 
νs(C–O–C) – – – – – 1092 m 1092 m 1092 m 1092 m 1092 m 1084 s 1082 s 1087 s 1086 s 1083 s 1068 s 1049 vs 
νs(C–O–C) 1069 vs 1070 vs 1067 vs 1072 vs 1073 

vs 
1046 sh 1046 sh 1045 sh 1045 sh 1045 

sh 
1049 vs 1047 vs 1047 vs 1046 vs 1048 

vs 
1036 s 1028 vs 

ν(C–O–C), 
glycosydic 
bond 

1016 vs 1021 vs 1014 vs 1021 vs 1020 
vs 

1031 m 1032 m 1031 m 1032 m 1032 m 1029 s 1029 s 1029 s 1029 s 1029 s 1015 s 1009 vs 

ν(C–O) – – – – – 997 m 997 m 997 m 997 m 997 m 997 sh 998 sh 997 sh 997 sh 998 sh 988 sh – 

(continued on next page) 
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be related to the simultaneous contribution of compounds such as 
polysaccharides, acids, oleuropein and non-esterified hydroxyl groups of 
cutin (especially in the examination of cuticles) [40]. In hydroxytyrosol 
OH groups stretching vibrations are observed at ca. 3387 and 3225 
cm− 1. 

In the spectral range 3000–2800 cm− 1, a couple of bands is repre-
sentative of the asymmetric and symmetric of CH3 and CH2 groups in 
long chain aliphatic compounds and are observed in all examined 
samples. In the external surface of leaf, these bands are emphasized by 
the spectral contribution of cutin and epicuticular waxes [44]. It is 
worthy that the absorption intensities of these bands are almost similar 
between adaxial and abaxial sides of olive leaves. It could be explained 
by a similar amount of epicuticular wax onto the two leaf surfaces. This 
hypothesis accounts with the wax yield values for the dehaired lamina of 
O. europaea leaves available in literature [45]. 

Most of the mid-infrared spectral features of natural compounds, 
including those of bulk and surface components of leaves, are gathered 
in the so-called fingerprint regions [46], namely from 1800 cm− 1 to 700 
cm− 1, or over especially in the case of inorganic phases [24,47]. Ac-
cording to the literature [9,42], the absorption bands located between 
1800 and 1500 cm− 1 could be related to the stretching vibrations of 
C––O and C––C bonds. In fact, the band at around 1715–1730 cm− 1 is 
generally attributable to C––O stretching vibration of esters. This band 
appears definitely strong, in terms of relative intensities, in FTIR spectra 
of leaf surfaces (Fig. 1 c, d), as a consequence of the spectral contribution 
of cutin. Furthermore, the relative intensity of this peak seems to be 
stronger in abaxial surface than in adaxial side, leading to a higher 
esterification index, namely the ratio between the absorbance intensity 
of this absorption band with the asymmetric stretching vibration 
ν(C–H) at ca. 2916 cm− 1 [48,49]. The difference in the esterification 
index between the two leaf surfaces could be due also to the occurrence 
of a higher amount of trichomes in the abaxial leaf surface for 
O. europaea [45]. A strong band at ca. 1730 cm− 1 also appears in 
oleuropein, whereas it shows a medium intensity in hydroxytyrosol. 
Another band, clearly observed in leaf surfaces and bioactive molecules, 
is located around 1686–1698 cm− 1 as a consequence of stretching vi-
brations of C––O bonds in carboxylic acids. 

In adaxial and even more in abaxial leaf surfaces, it is possible to 
observe a sequence of spectral features, with variable intensity 
(Table 1), generally attributable to the phenolic compounds scattered in 
the uppermost part of plant cuticles [40]. These bands are mainly 
located between 1650 and 1400 cm− 1. The stretching vibration of C––C 
of phenolic acids is centered around 1640 cm− 1 and is also observed in 
oleuropein (1626 cm− 1) and hydroxytyrosol (1641 cm− 1) but not in 
crushed bulk leaves. A common band at around 1600–1608 cm− 1 is 
representative of C–C aromatic stretching vibration in all samples, 
whereas the bands at ca. 1550, 1515, 1460 and 1415 could be related to 
C–C aromatic stretching vibration conjugated with C––C. Phenolic 
compounds of cuticle can be observed thanks to the beam penetration 
depth (dp) of ATR that generally ranged from 0.5 µm to 5 µm, according 
to experimental conditions [44,46,48]. Finally, an additional band 
related to phenolic compounds was detected at lower wavenumber, 
particularly at ca. 833 cm− 1 and it is considered representative of the 
out-of-plane bending vibrations of C–H. 

The remaining part of FTIR spectra is composed by complex spectral 
features mainly consisting in bending vibrations of C–H and O–H 
functional groups of cutin, waxes and polysaccharides (1500–1200 
cm− 1), as well as the stretching vibrations of C–O–C bonds in poly-
saccharides (1150–950 cm− 1). The latter reach the highest absorption 
intensities in bulk leaf samples and lowest ones in the adaxial surfaces 
(Table 1). 

3.2. Principal components analysis 

Principal component analysis represents a multivariate method used 
for data analysis in different fields [1,50,51]. In our study, bioactive Ta
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molecules and cultivars were subjected to PCA to identify peculiar re-
lationships, similarities and differences in the analyzed cultivar groups 
[52]. 

From the FTIR spectra, using the appropriate software, it was 
possible to perform a multivariate analysis, performing a PCA with the 
aim of investigating similarities and/or differences between cultivars, in 
particular to discriminate the leaf portions and evaluate the oleuropein 
and hydroxytyrosol distribution in the cultivars. 

As revealed by spectroscopic analysis, PCA also showed similar 
characteristics in the adaxial and abaxial surfaces but with the formation 
of three different clusters and therefore distinguishable from each other 
and different from the bulk. This analysis can be used to estimate 
whether predefined groups form separate or overlapping clusters [41]. 
PCA results are presented by a biplot (Fig. 2) in order to determine the 
contribution of bioactive molecules and the distribution of cultivars in 
the different portions. The first two main components represent 79.4 % 
and 13 % of the total data variability, respectively. The plot shows three 
separate clusters for the portions considered and a clear similarity be-
tween cultivars in a given portion. In particular, the adaxial and abaxial 
surfaces are closer and therefore more similar to each other. 

Fig. 2 shows that the cultivars are similar to each other but partly 
distinguishable, the difference is between the portions. The bulk portion 
is negatively correlated to PC1, while adaxial and a part of abaxial 
(excluding the Coratina cultivar) is positively correlated to PC1. The 
abaxial portion and part of the adaxial (excluding the Coratina and Ortice 
cultivars) are positively correlated to PC2. The bioactive molecules 
(oleuropein and hydroxytyrosol) are positively correlated to PC1 and 
negatively correlated to PC2. Biplot shows that oleuropein and 
hydroxytyrosol are closer to the abaxial and adaxial portions, indicating 
a greater presence of these bioactive molecules in the lower and upper 
surface of the olive leaf for all cultivars analyzed. This is a clear indi-
cation of what was obtained from the spectroscopic analysis. PCA 
allowed to extract and visualize the main information from the dataset 
in order to examine the qualitative differences between the clusters. In 
this perspective, this study shows that FTIR-ATR spectroscopy with PCA 
analysis are potentially useful methods for discriminating between 
different cultivars, portions and bioactive molecules. 

4. Conclusions 

Due to the importance of olive leaves as a natural source of antiox-
idants with high polyphenols content, characterization, spectroscopic 
analysis and PCA analysis to discriminate cultivars and distribution of 

bioactive molecules are essential. HPLC characterization can be over-
come by FTIR-ATR spectroscopic characterization and multivariate 
statistical analysis (PCA), reducing run times and avoiding sample pre- 
treatment. 

Our study shows that FTIR-ATR spectroscopy in combination with 
PCA is suitable to discriminate different cultivars from different terri-
torial areas but specially to evaluate differences/similarities between 
the different leaf portions and the distribution of the bioactive 
molecules. 

The present work has made it possible to investigate FTIR spectro-
scopic characterization of olive leaves, of the whole leaf and the su-
perficial portion (abaxial and adaxial). The spectroscopic analysis of the 
leaf surfaces makes it possible to reach a sufficient level of detail to 
investigate the molecular composition of the main functional leaf traits 
(epicuticular wax, trichomes, polysaccharides, etc.). 

This highlights the spectral polyphenols response, which in bulk 
samples is substantially hidden by the intense absorption bands of the 
polysaccharide compounds; in fact, the adaxial and abaxial spectra are 
more defined than in bulk spectrum. There are differences between the 
lower and upper leaf surfaces mainly related to the presence of tri-
chomes, the epicuticular wax and consequently the esterification index. 

It was possible to hypothesize that these biomolecules are better 
detectable and probably quantifiable by chemometric analysis using the 
absorption spectrum of the leaf surface instead of its bulk. Therefore, the 
results allow us to lay the foundations for a new chemometric approach 
for the identification and quantification of bioactive molecules. It is 
clearly necessary to deepen and intensify the dataset with a larger 
number of significant samples to train an automated classification and/ 
or prediction system (machine learning, PLS, neural network, genetic 
algorithms). It is also not to be excluded that in-depth spectroscopic 
characterization can be applied in further applications both in the agri- 
food field and in forensic or environmental applications. 

The experimental approach allowed us to identify the presence and 
distribution of polyphenols in the various portions of the leaf and to 
highlight differences among different cultivars. 

Since polyphenols are secondary plant metabolites that act as a de-
fense against possible external insults, it is possible to identify cultivars 
that are potentially more resistant to phytopathological attacks. Thus, 
the application of the spectroscopic technique, coupled with chemo-
metric analysis, represents a rapid assessment to better understand, at 
different phenological phases, the plant’s defense to phytopathologies as 
a tool to support management decisions for possible reduction of phy-
tosanitary treatments in agriculture. 

In addition, the large-scale application of these techniques can be a 
valuable aid in the extraction processes of phenolic molecules present in 
plant matrices or by-products of agri-food supply chains to be used from 
the perspective of the corporate circular economy. 
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[30] D. Smiljanić, A. Daković, M. Obradović, M. Ožegović, F. Izzo, C. Germinario, B. de 
Gennaro, Application of Surfactant Modified Natural Zeolites for the Removal of 
Salicylic Acid—A Contaminant of Emerging Concern, Materials (Basel). 14 (2021) 
7728, https://doi.org/10.3390/ma14247728. 
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