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Abstract
Polyphenol-containing extracts from olive (Olea europaea) leaves (OLL) were obtained using a glycerol-based deep eutectic 
solvent (DES) and a combination of DES with methyl β-cyclodextrin (m-β-CD). The extracts were stored at various tempera-
tures for a period of 20 days and the reducing power (PR) was monitored to trace changes in the antioxidant potency of the 
extracts. Over the examination period and at every temperature tested, PR displayed a constant decline, which followed pseudo 
zero-order kinetics. The determination of the decay constants indicated that the presence of m-β-CD acted protectively, slow-
ing down the progression of the PR decline. Examination of the polyphenolic profiles using liquid chromatography–diode 
array–mass spectrometry showed that after storage for 20 days at 50 °C, some major polyphenols occurring in OLL suffered 
extended degradation. The formation of a yellow pigment in the extracts stored in DES but not in aqueous ethanol suggested 
that polyphenol oxidation did occur during storage. It was concluded that the oxidation of some OLL components was rather 
responsible for the PR decline observed.
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List of symbols
PR  Reducing power (µmol AAE  g−1 dw)
PR(0)  Initial reducing power (µmol AAE  g−1 dw)
k  Pseudo zero-order decay constant (μmol AAE 

 g−1  days−1)
t  Time (days)

Abbreviations
DES  Deep eutectic solvent
m-β-CD  Methyl β-cyclodextrin
OLL  Olive leaves

Introduction

Olive leaves (OLL) are olive oil production residues, gener-
ated during olive tree pruning and in the early steps of olive 
cleaning. They are considered an important food industry 
by-product, because they bear a high load of polyphenolic 
substances, which have been shown to possess a versatile 
pharmacological potency [1]. This is the major reason for 
the development of a broad variety of methodologies of 
solid–liquid extraction, aiming at enhanced recovery of poly-
phenolic phytochemicals from OLL. These methodologies 
embrace primarily environmentally benign solvents, such as 
subcritical water and water/ethanol mixtures, but also eco-
friendly effective technologies, such as microwave heating 
and ultrasonication [2].

The development and increasing use of the new-gen-
eration solvents, called deep eutectic solvents (DES) or 
low-transition temperature mixtures (LTTMs), has shifted 
research on the use of that kind of media for purposes 
of natural product extraction. The emerging scientific 
data provide solid evidence for the superiority of DES 
in processes pertaining to polyphenol recovery, compared 
with water and hydroethanolic solutions [3], opening 
new routes for the implementation of even more effective 
extraction procedures. In this frame, a recently designed 
novel DES, composed of glycerol and glycine, was shown 
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to have significantly higher performance in the extraction 
of OLL polyphenols [4], as compared with aqueous etha-
nol. Following investigations revealed that incorporation 
of methyl β-cyclodextrin (m-β-CD) into the DES may act 
as an extraction booster, giving even higher extraction 
yield [5].

However, apart from the increasing demand for natu-
ral antioxidants in the food, cosmetics and pharmaceutical 
industries, which has led to the search for natural extracts, 
strategies with which to increase long-term storage stabil-
ity of the extracts are also required. Stability in the extrac-
tion medium over time is an important issue associated with 
polyphenol extraction, considering that many polyphenols 
are inherently unstable molecules, owed to their susceptibil-
ity to oxidation. Therefore, the examination of their stability 
under specific conditions is imminent and requires detailed 
examination. On such a ground, this examination was 
undertaken to investigate the stability of OLL polyphenols 
in extracts generated using the above-mentioned extraction 
medium, composed of the DES and m-β-CD. Stability in the 
presence and absence of m-β-CD was assessed by monitor-
ing the reducing power (PR) of the extracts over 20 days at 
various temperatures, and polyphenol transformations that 
might be linked with changes in PR were identified using 
liquid chromatography–diode array–mass spectroscopy.

Materials and methods

Chemicals

Solvents used for liquid chromatography were HPLC grade. 
Methyl β-cyclodextrin, glycerol (99%) and ethanol (99.8%) 
were from Acros Organics (Geel, Belgium). Anhydrous 
sodium carbonate was from Carlo Erba Reactifs (Val de 
Reuil, France). Glycine was from NeoLab Migge Laborb-
edarf-Vertiebs (Heildelberg, Germany). Ascorbic acid and 
ferric chloride hexahydrate were from Fluka (Steinheim, 
Germany). 2,4,6-Tripyridyl-s-triazine (TPTZ) was from 
Aldrich (Steinheim, Germany).

Preparation of the DES

The DES used was synthesised according to the optimised 
conditions described previously [4]. Briefly, glycerol (hydro-
gen bond donor—HBD) was mixed with an appropriate 
amount of glycine (hydrogen bond acceptor—HBA) and 
water to give a molar ratio HBD:HBA:water of 7:1:3, and 
the mixture was mildly heated under stirring until the for-
mation of a transparent liquid. Aqueous solution 80% (w/v) 
of this DES was used for the extractions and stability tests.

Plant material

Dried and pulverised Olea europaea leaves (OLL) from 
Agrielia Kalamon variety, with average particle diameter 
of 0.5 mm, were used for all examinations performed. 
Details concerning collection and handling of the plant 
material have been analytically given elsewhere [4].

Batch extraction procedure and sample handling

Polyphenol extraction from OLL was carried out using the 
optimised methodology previously developed [5]. Amount 
of 2.5 g of dried plant material was mixed with 100 mL 
of 80% (w/v) aqueous DES containing 9% (w/v) methyl 
β-cyclodextrin (m-β-CD), to give a liquid-to-solid ratio of 
32 mL  g−1. Extractions were performed at 70 °C, under 
continuous stirring at 600 rpm, for 280 min. Extractions 
in the absence of m-β-CD were also repeated, under iden-
tical conditions. After the completion of each extraction, 
samples were centrifuged in a table centrifugator (Hermle, 
Wehingen, Germany) at 10,000×g for 10 min, and the 
clear extract was used for stability tests and analyses.

Stability test and determinations

The clear extracts were divided into aliquots of 30 mL, 
placed in screw-cap glass vials and stored in a freezer 
(4 °C), in a temperature-controlled dark chamber (22 °C) 
and in a thermostated water bath (50 °C). Sampling was 
randomly carried out to eliminate variance, at regular 
intervals, within a period of 20 days. Reducing power (PR) 
was estimated with the TPTZ assay and expressed as µmol 
AAE per g dry weight [6].

Qualitative liquid chromatography–diode array–
mass spectrometry (LC–DAD–MS)

A Finnigan MAT Spectra System P4000 pump was used, 
coupled with a UV6000LP diode array detector and a 
Finnigan AQA mass spectrometer. A Fortis RP-18 column, 
150 × 2.1 mm, 3 µm, was used, at 40 °C. The analytical 
methodology implemented was reported elsewhere [6].

Statistics

Extractions and stability tests were repeated at least twice 
and all analyses were performed in triplicate. Values 
reported are means. Linear regressions were established at 
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least at a 95% significance level. For all statistics, Micro-
soft Excel™ 2010 and SigmaPlot™ 10 were used.

Results and discussion

Kinetics of PR evolution and the effect of m‑β‑CD

To assess extract stability at various temperatures, as well 
as to clarify the role of m-β-CD, PR of the OLL extracts 
was monitored over a period of 20 days. PR was chosen as 
a safe criterion to track changes because it is tightly associ-
ated with polyphenol structure [7] and it has been demon-
strated to reflect changes related with redox phenomena [8]. 
In particular, PR has been shown to be inversely correlated 
with polyphenol oxidation in white wines, strong evidence 
that PR decline may stem from polyphenol loss or structure 
alteration as a result of oxidation. During the examination 
period, it was ascertained that PR exhibited a declining trend, 
which could be very effectively described as pseudo zero-
order kinetics:

where PR is the reducing power, P0

R
 the initial reducing 

power, k the pseudo zero-order decay rate constant (µmol 
AAE  g−1  days−1), and t time (days). The decay constants (k) 
were calculated graphically from the slope of the regression 
lines, after plotting PR against t.

As can be seen in Fig. 1, kinetics at 4 °C showed that 
the presence of m-β-CD apparently accelerated PR decline. 
From the data given in Table 1, it was illustrated that the 
pseudo zero-order decay constant for the PR in the OLL 
extract obtained with DES/m-β-CD, at 4 °C, was higher 
than those determined for the extracts stored either in DES 
or in 60% aqueous ethanol. By contrast, PR exhibited higher 
stability in DES than in 60% aqueous ethanol. However, at 
both 22 and 50 °C, the extracts containing m-β-CD displayed 
lower k. For the extract containing m-β-CD, k was increased 
by almost 12% when storage temperature was increased 
from 4 to 50 °C, whereas the increase in the extracts lacking 
m-β-CD was approximately 46% and in aqueous ethanolic 
extracts 43%. This outcome highlighted the role of m-β-CD 
in PR stability.

Polyphenol stability in DES is an issue currently unexam-
ined and the data available are too limited to draw safe con-
clusions. In a recent investigation, it was demonstrated that 
green tea polyphenols displayed higher stability in a DES 
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Fig. 1  Zero-order kinetics of PR decline in OLL extracts at 4, 22 and 
50 °C. Extracts were obtained using either DES/m-β-CD, only DES 
or 60% aqueous ethanol

Table 1  Zero-order constant determined for PR decay during storage 
of OLL extracts in the solvents tested

Solvent k (µmol AAE  g−1  days−1)

4 °C 22 °C 50 °C

LTTM + CD 2.75 2.45 3.11
LTTM 2.07 2.67 3.86
60% EtOH 2.45 3.11 4.29
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Fig. 2  HPLC traces of OLL 
extracts obtained with DES/m-
β-CD, before (day 0) and after 
storage at 50 °C (day 20). The 
chromatogram was monitored at 
280 nm. Peak assignment is as 
in Table 2

Table 2  Mass spectral data 
for the major polyphenolic 
phytochemicals tentatively 
identified in OLL extracts 
obtained under optimal 
conditions, using DES/m-β-CD 
and DES

Peak Rt (min) [M + H]+ (m/z) Other ions (m/z) Tentative identity

1 6.33 153 – Hydroxytyrosol
1b 8.72 137 – Tyrosol
2 16.57 611 449, 287 Luteolin di-glucoside
3 18.90 449 287 Luteolin glucoside
4 19.28 611 633, 465, 303 Rutin (quercetin 3-O-rutinoside)
5 20.00 541 563, 379, 361 Oleuropein
6 21.01 579 433, 271 Apigenin rutinoside
7 21.88 449 471, 287 Luteolin glucoside
8 21.97 541 563, 379 Oleuropein isomer
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Fig. 3  HPLC traces at 420 nm, 
of OLL extracts obtained with 
DES/m-β-CD, before (day 
0) and after storage at 50 °C 
(day 20) (upper and middle 
chromatograms, respectively). 
Lower chromatogram displays 
the trace of OLL extracts stored 
for 20 days at 50 °C, in 60% 
aqueous ethanol
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than in conventional solvents, such as aqueous methanol and 
aqueous ethanol [9]. The exact mechanism for this effect 
could not be known, yet it could be assumed that extended 
hydrogen bonding between polyphenols and the HBA could 
confer some sort of stability. Polyphenols may develop this 
kind of interactions, since they may behave as HBDs [10]. 
Hydrogen bonding may also be developed between a poly-
phenol and cyclodextrins, and in this regard the presence of 
m-β-CD might be critical. Polyphenols such as flavonoid 
glycosides but also flavonoid aglycones have been shown 
to form complexes with various types of cyclodextrins, 
including β-cyclodextrin (β-CD) and 2-hydroxypropyl 
β-cyclodextrin (HP-β-CD) [11, 12]. The formation of fla-
vonoid/HP-β-CD complexes contributed in higher stability 
of the encapsulated molecule, as opposed to the free (non-
encapsulated) one [13], a fact attributed to the protective 
effect of HP-β-CD cavity [14]. Similar conclusion regarding 
stability was reached by studies on polyphenol-containing 
extracts [15, 16].

A hypothesis relating polyphenol stability with antioxi-
dant activity has been proposed by examinations on ros-
maric acid inclusion complexes by various cyclodextrins 
[17]. A polyphenol radical, deriving from a reaction with 
another radical species, once engulfed in m-β-CD hydro-
phobic cavity may be better stabilised through resonance, by 
intramolecular hydrogen bonding. Thus, the redox potential 
between the aroxyl radical and the reduced polyphenol may 

be lowered, rendering the polyphenol higher antioxidant 
potency. In fact, several studies have demonstrated that poly-
phenols such as quercetin and rutin [11], rosmarinic acid 
[17, 18], chlorogenic acid [19], and quercetin and glycosides 
therof [20], encapsulated in cyclodextrins may perform as 
more powerful antioxidants, compared with the non-encap-
sulated molecules. Therefore, the slower PR decay recorded 
for OLL extracts at 22 and 50 °C in the presence of m-β-CD 
might be ascribed to higher polyphenol stability, as a result 
of effective inclusion. On the other hand, the higher decay 
rate found for the extract stored in DES/m-β-CD at 4 °C 
would appear rather paradox and further studies are required 
to identify the phenomena implicated to yield this outcome.

Modifications in the polyphenolic profile

To clarify whether alterations in the polyphenolic profile 
accounted for the changes in PR observed, LC–DAD–MS 
investigation was undertaken for the samples stored at 50 °C, 
which displayed the most pronounced decline. In the trace 
recorded at 280 nm for the initial extract (day 0) obtained 
with the DES/m-β-CD (Fig. 2, upper chromatogram), eight 
polyphenolic substances could be tentatively identified 
(Table 2). The extract obtained only with the DES showed 
identical profile (data not shown), confirming previous 
results that stressed the importance of m-β-CD merely as 
an extraction booster [5]. On the basis of published data 

Fig. 4  UV–Vis spectrum of the compound detected in OLL extracts stored in DES/m-β-CD for 20 days, at 50°C
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[21, 22], peak #1 was identified as hydroxytyrosol, peak #1b 
as tyrosol, peaks #5 and #8 as oleuropein and an isomer 
thereof, and peaks #2, 3, 6 and 7 as flavone glycosides. Fur-
thermore, a flavonol glycoside was also detected (peak #4). 
When the extracts were analysed after 20 days of storage 
at 50 °C, some alterations in the polyphenolic profile were 
evident, the most prominent being an increase in hydroxyty-
rosol (peak #1), which pointed to oleuropein hydrolysis, and 
the drastic decrease in apigenin rutinoside (peak #6). Nev-
ertheless, this decrease was not accompanied by the appear-
ance of the apigenin aglycone; this fact raised suspicions for 
apigenin oxidative degradation.

An important finding was the detection of a product iden-
tified only in the extracts stored in DES/m-β-CD or DES, but 
not in those stored in 60% ethanol (Fig. 3, lower chromato-
gram). This fact strongly emphasised the role of DES in its 
formation. The substance displayed λmax at 270 and 424 nm, 
which indicated that it was a yellow pigment (Fig. 4). Liquid 
chromatography–mass spectrometry examination showed a 
pseudo-molecular ion at m/z 503 amu and diagnostic frag-
ments at m/z 439 amu [M − 64]+, m/z 309 amu [M − 194]+ 
and m/z 249 amu [M − 254]+ (Fig. 5). The fragment with m/z 

439 could derive from dehydration and decarboxylation of 
the parent molecule, while further dehydration and fragmen-
tation would yield the ion with m/z 308 amu, which in turn 
would provide the ion with m/z 249 amu. On the basis of 
these data, the product was identified as adduct of oleuropein 
aglycone with tyrosol quinone. A plausible pathway for the 
formation of such a product would embrace first oleuropein 
hydrolysis leading to the formation of the aglycone. One-
electron oxidation of the hydroxytyrosyl moiety would give 
the semi-quinone derivative, which after nucleophilic attack 
by tyrosol, rearrangement and further oxidation, would yield 
the putatively proposed product (Fig. 6). This substance 
could possess yellow pigment-like UV features, as observed 
for other oxidised simple phenolics, such as chlorogenic acid 
[23]. Oxidation of oleuropein itself has also been shown to 
yield a product absorbing at 439 nm [24]. On the other hand, 
Fenton-type oxidation would be rather precluded, because 
oleuropein oxidation under such conditions was shown to 
give non-pigment products of higher molecular weight [25].

The evidence emerged from the putative structure of this 
compound suggested that some OLL constituents indeed 
underwent oxidation and this was the most probable cause 

Fig. 5  Mass spectrum and putative fragmentation pattern of the yellow pigment detected in OLL extracts stored in DES/m-β-CD for 20 days, at 
50 °C
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Fig. 6  Putative formation pathway of the yellow pigment detected in OLL extracts stored in DES/m-β-CD for 20 days, at 50 °C
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of PR decline recorded during storage of the OLL extracts. 
Previous investigations on white wines demonstrated that 
browning, that is, the formation of yellow pigments, had 
a statistically significant correlation with a decrease in PR 
[8]. A following detailed kinetic investigation confirmed 
that browning development was indeed associated with a 
concomitant decline in PR [26], which was correlated with 
epicatechin, the major antioxidant constituent. Thus, the 
disappearance of certain OLL polyphenols due to oxidation 
would be very likely to bring about a drop in the reducing 
potency of the extracts.

Conclusions

DES are novel solvent of variable composition and for this 
reason they may present a broad spectrum of properties, 
whose characterisation is a matter of case experimentation. 
An issue of high importance in the extraction of antioxidant 
polyphenols using DES is their stability, since many poly-
phenols may readily undergo reactions, such as hydrolysis 
and oxidation. OLL extracts, obtained with either DES/m-
β-CD or only DES were shown to suffer alterations regard-
ing their polyphenolic profile, when stored for a period of 
20 days at 50 °C. These alterations were mainly character-
ised by degradation of some glycosides and the formation 
of a yellow pigment as a result of polyphenol oxidation. It 
was, therefore, postulated that the decline in PR seen in the 
stored OLL extracts could be ascribed to the oxidation of 
some OLL constituents. However, the kinetic study demon-
strated that the incorporation of m-β-CD in the extraction 
solvent may result in notable retardation of the PR decay. 
This finding highlighted the importance of such additives 
in stabilising polyphenol-containing extracts in DES. Fur-
ther studies are required to clarify the exact mechanism of 
protection, which could lead to more efficient utilisation of 
m-β-CD in formulations related to food, pharmaceutical and 
cosmetic products.
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