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Abstract
This investigation had as objective to study the effective recovery of olive leaf (OLL) polyphenols using a blend of an L-lactic
acid/ammonium acetate deep eutectic solvent (DES) with β-cyclodextrin (β-CD). Following an initial DES screening, the
extraction process was optimised with response surface methodology by implementing Box-Behnken design. The optimised
extraction conditions thus determinedwere stirring speed 300 rpm, DES concentration 56.4% (w/w), liquid-to-solid ratio 100 mL
g−1 and β-CD concentration 0.7% (w/v). Maximum extraction yield (113.66 mg caffeic acid equivalents g−1 dry mass) was
achieved at 80 °C, without compromising antioxidant activity. Comparative assessment of the extraction medium DES/β-CD
with other green solvents showed that it was a high-performing system providing polyphenol-enriched extract with improved
antioxidant characteristics. Stability test of the extract obtained under optimal conditions performed over a period of 30 days at
ambient conditions revealed that, while ferric-reducing power fluctuated within narrow limits, the antiradical activity was
enormously enhanced by 100%. These changes in the antioxidant activity were not associated with the decline of major
polyphenols in the OLL extract. However, the overall polyphenolic profile remained largely unchanged. It is suggested that
the DES/β-CD is an efficient green solvent that may confer the OLL polyphenol extract satisfactory stability.
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Nomenclature
AAR Antiradical activity (μmol DPPH g−1)
CDES Deep eutectic solvent concentration (% w/w)
CTFn Total flavonoid concentration (mg RtE L−1)
CTP Total polyphenol concentration (mg CAE L−1)
dm Dry mass (g)

PR Reducing power (μmol AAE g−1)
RD=A
mol HBD:HBA molar ratio (dimensionless)

RL/S Liquid-to-solid ratio (mL g−1)
T Temperature (°C)
YTFn Yield in total flavonoids (mg RtE g−1)
YTP Yield in total polyphenols (mg GAE g−1)

Abbreviations
AAE Ascorbic acid equivalents
CAE Caffeic acid equivalents
β-CD β-Cyclodextrin
DES Deep eutectic solvent
DPPH 2,2-Diphenyl-1-picrylhydrazyl radical
HBA Hydrogen bond acceptor
HBD Hydrogen bond donor
LA Lactic acid
OLL Olive leaves
RtE Rutin equivalents
TPTZ 2,4,6-Tripyridyl-s-triazine

Novelty statement This study is on the extraction of polyphenols from
olive leaves with deep eutectic solvent and cyclodextrin. This is the first
report of such an extraction process, with obvious industrial prospect.
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1 Introduction

There is globally an outstanding amount of waste biomass
generated from agricultural practices and industrial processing
of plant material. These rejected residual streams are of par-
ticularly high environmental concern, owed to their polluting
organic load, but on the other hand, they also represent an
abundant, low-cost feed, rich in valuable substances. To date,
there is an enormous effort being expended on the valorisation
of food processing wastes, to produce an array of value-added
products, in the framework of biorefinery concept [1]. Some
of the most significant agri-food wastes in the Mediterranean
basin are those deriving from olive (Olea europaea) cultiva-
tion and processing, including tree branches and bark, olive
leaves, olive pomace and olive mill wastewater [2].

Olive leaves (OLL) is a residue produced from table olives
and olive oil manufacturing, and they are a particularly rich
source of polyphenolic phytochemicals, including oleuropein
and flavone glycosides, with important bioactivities, such as
antimicrobial, antihypertensive, hypoglycaemic and antioxi-
dant properties [3]. By virtue of this peculiar composition,
polyphenol extraction from OLL has been a subject of a wide
number of studies. Recent research has been focused on green
solid-liquid extraction processes, including supercritical fluids
[4], ultrasound-assisted extraction [5], pressurised liquid ex-
traction [6], instant controlled pressure drop [7], and
microwave-assisted extraction [8].

However, a major concern in prospect industrial applica-
tions is the replacement of volatile conventional solvents with
green ones. Over the past few years, there has been an ongoing
search for low-price, sustainable and eco-friendly solvents, an
issue of high importance for the development of green chem-
ical and biochemical processes. Deep eutectic solvents (DES)
are innovative liquids that share some attractive properties,
including thermal and chemical stability, increased solubility
for various substances and low volatility. Furthermore, they
are characterised by the Bdesigner solvent^ flexibility, that is,
the fine tuning of their physicochemical properties through
modification of DES composition [9]. Because of the plethora
of components used to synthesise DES, and the facile and
straight-forward DES preparation, these materials are consid-
ered a potentially greener alternative to conventional solvents
possessing additional advantages such as lower price, higher
biodegradability, lower toxicity and wide-range designability
(use of various cations, anions, hydrogen bond donors, etc.).
Therefore, DES are currently attracting prominent industrial
interest, with a broad range of applications in organic synthe-
sis, extraction processes, biocatalysis, etc. [10].

In recent studies, there has been substantial evidence that
combination of DES with cyclodextrins may boost polyphe-
nol extraction efficiency [11, 12]. However, studies indicated
thatβ-CDmay have either positive or negative contribution in
polyphenol extraction, depending on the DES [13]. On this

basis, the present examination was carried out to model OLL
polyphenol extraction, using a combination of an L-lactic
acid/ammonium acetate DESwithβ-CD. The optimised com-
position of this solvent was then compared with other green
solvents used for OLL polyphenol extraction, to demonstrate
its high potential. Finally, extract stability was tested over a
30-day period, to obtain some evidence regarding the effect of
the DES/β-CD combination on major polyphenols and anti-
oxidant properties of OLL extracts.

2 Materials and methods

2.1 Chemicals

L-Lactic acid was from Fisher Scientific (Loughborough,
UK). Ammonium acetate, sodium carbonate, caffeic acid, so-
dium acetate trihydrate, 2,2-diphenylpicrylhydrazyl (DPPH),
oleuropein, aluminium chloride and rutin (quercetin 3-O-
rutinoside) were from Sigma-Aldrich, GmbH (Darmstadt,
Germany). β-Cyclodextrin was from Wacker Chemie AG
(Burghausen, Germany). Folin-Ciocalteu was from Merck
(Darmstadt, Germany). Ethanol and methanol were from
Honeywell/Riedel-de Haen (Seelze, Germany). Iron chloride
hexahydrate was from Honeywell/Fluka (Steinheim,
Germany). Apigenin and luteolin were from Extrasynthese
(Genay, France).

2.2 Collection and pre-treatments of olive leaves

Olive leaves were manually collected from a plantation locat-
ed within the premises of the Mediterranean Agronomic
Institute of Chania. The trees belong to Olea europaea var.
Koroneiki and they receive neither watering nor fertilising.
Collection was accomplished from both shaded and sun-
exposed parts of several trees, to minimise variations attribut-
ed to environmental factors. The gathered leaves were pooled,
and a representative lot was spread over an aluminium tray
and dried in a conventional laboratory oven for 24 h, at 50 °C.
Following drying, the material was ground in a domestic
blender to give a powder with average particle diameter of 1
mm. This feed was used for all examinations.

2.3 Synthesis of DES

For DES synthesis, the technique described elsewhere was used
[14]. L-Lactic acid serving as HBD and ammonium acetate as
HBAwas accurately weighed, mixed and heated at 65–70 °C,
approximately for 40–60 min, under magnetic stirring at 400
rpm, to obtain a transparent liquid. The HBD:HBAmolar ratios

(RD=A
mol ) used were 1:1, 3:1, 5:1, 7:1, 9:1 and 11:1. After their
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formation, all DES were stored in screw-cap glass flasks and
inspected regularly over several days for crystal appearance.

2.4 Batch stirred-tank polyphenol extraction

Aliquot of 0.57 g of OLL powder was extracted with 20 mL
solvent, giving a liquid-to-solid ratio (RL/S) of 35 mL g−1.
Extraction was undertaken under stirring set at 500 rpm for
150 min and the temperature of the extraction was maintained
at 50 °C, using a thermostated hotplate (YellowLine MST
BasicC, Richmond, VA, USA). The extract was centrifuged
at 10,000×g for 10 min and the supernatant was used for
further analyses.

2.5 Design of experiment and response surface
methodology

In the view of appraising the influence of critical parameters
affecting extraction yield, an experimental design was set up
including the stirring speed (SS, termed as X1), the concentra-
tion of aqueous solutions of DES (CDES, termed as X2), the
liquid-to-solid ratio (RL/S, termed as X3) and the β-CD con-
centration (CCD, termed as X4) [11, 12]. The mode chosen was
a Box-Behnken with three central points, composed in total of
27 design points. The yield in total polyphenols (YTP) was the
screening response and the four independent variables (X1–
X4) were coded from − 1 (lower limit) to 1 (upper limit)
(Table 1). Codification was accomplished as follows [15]:

X i ¼ zi−z01
Δzi

� �
� βd ð1Þ

Δzi represents the distance between the real value at the
central point of the design and the real value in the lower or
upper limit of a variable. βd corresponds to the major coded
limit value in the matrix for each variable, and z0 is the real
value at the central point. The equation (mathematical model)
found after fitting the function to the experimental data was
assessed with analysis of variance (ANOVA). 3D surface

response plots were built to visualise the predicted model
equation.

2.6 Total polyphenol determination

Prior to analyses, samples were diluted 1:50 with 0.5% (w/v)
aqueous trichloroacetic acid. Sample volume of 0.02 mL was
mixed with 0.05 mL Folin-Ciocalteu reagent and 0.78 mL
distilled water and left to react for 2 min. Then 0.15 mL sodi-
um carbonate (20% w/v) was added, and the mixture was
incubated at ambient temperature for 60 min. The absorbance
at 760 nm was obtained and the total polyphenol concentra-
tion (CTP) was determined by a caffeic acid calibration curve
(50–400 mg L−1). Yield in TP (YTP) was expressed as mg
caffeic acid equivalents (CAE) g−1 dry mass (dm) [16].

2.7 Total flavonoid determination

For total flavonoid (TFn) determination, a previous protocol
was used [17]. Aliquot of 0.1 mL sample was mixed with
0.86 mL aqueous ethanol (35% v/v) and 0.04 mL of a reagent
containing 0.5M sodium acetate and 5% (w/v) aluminium chlo-
ride. Following a 30-min reaction at room temperature, the ab-
sorbance was read at 415 nm. Total flavonoid concentration
(CTFn) was determined with a rutin (quercetin 3-O-rutinoside)
calibration curve (15–300 mg L−1). Total flavonoid yield (YTFn)
was calculated as mg rutin equivalents (RtE) per g dry mass.

2.8 Antiradical activity determination

Samples were diluted with methanol prior to analysis. Then
0.025 mL of diluted extract was combined with 0.975 mL of
DPPH solution (100 μM in methanol) and the absorbance at
515 nm was measured immediately after mixing (A515(i)) and
after 30min (A515(f)). Antiradical activity (AAR) was expressed
as μmol DPPH per g dry mass as follows [18]:

AAR ¼ CDPPH

CTP
� 1−

A515 fð Þ
A515 ið Þ

� �
� YTP ð2Þ

CDPPH corresponds to the DPPH concentration (μM), CTP

to the total polyphenol concentration (mg L−1) in the reaction
mixture,A515(f) is the A515 at t = 30min,A515(i) is the A515 at t =
0 and YTP is the total polyphenol extraction yield (mg g−1).

2.9 Ferric-reducing power determination

Ferric-reducing power (PR) was measured following a pub-
lished methodology [19]. Aliquot of 0.05 mL of extract was
mixed with 0.05 mL FeCl3 (4 mM in 0.05 M HCl) and incu-
bated for 30 min in a water bath, at 37 °C. After incubation,
0.9 mL of TPTZ solution (1 mM in 0.05 M HCl) was added
and the absorbance at 620 nm was obtained after 10 min. PR

Table 1 Values and coded levels of the process (independent) variables
used to model OLL polyphenol extraction

Independent variables Code units Coded variable level

− 1 0 1

SS (rpm) X1 300 600 900

CDES (%, w/w) X2 55 70 85

RL/S (mL g−1) X3 20 60 100

CCD (%, w/v) X4 0.70 1.40 2.10
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was given as μM ascorbic acid equivalents (AAE) per g dry
mass using an ascorbic acid calibration curve (50–300 μM).

2.10 Liquid chromatography-diode array-mass
spectrometry

The apparatus consisted of a Finnigan (San Jose, CA, USA)
MAT Spectra System P4000 pump, a UV6000LP diode array
detector and a Finnigan AQA mass spectrometer. Separations
were carried out on a Fortis RP-18 column, 150 mm × 2.1 mm,
3 μm, at 40 °C, with a 10-μL injection loop. Mass spectra were
acquiredwith electrospray ionisation (ESI) in positive ionmode.
Settings were the following: probe temperature 250 °C, acqui-
sition 10 and 50 eV, source voltage 25 V, capillary voltage 4 kV
and detector voltage 650 V. The eluents were (A) 2% acetic acid
and (B) methanol. The flow rate was 0.3 mL min−1, and the
elution programme used was 0–30 min, 0–100%methanol, 30–
40 min, 100% methanol. Quantification was performed at
280 nm (oleuropein and derivatives) and 340 nm (flavones)
using calibration curves constructed with oleuropein (1–50 μg
mL−1, R2 = 0.9999), apigenin (1–50 μg mL−1, R2 = 0.9997) and
luteolin (0.73–34 μg mL−1, R2 = 0.9996) [4].

Fig. 1 Screening of HBD (L-lactic acid) and HBA (ammonium acetate)
ratio to identify the highest performing system. All DES were tested as
70% (w/w) aqueous mixtures. Extractions were carried out at 50 °C,
under stirring at 500 rpm, for 150 min

Fig. 2 Statistical data associated with the deployment of the response surface analysis to model OLL polyphenol extraction
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2.11 Statistics

Extractions were performed at least twice and all measure-
ments at least in triplicate. Values are means ± standard devi-
ation. Statistics for the experimental design and response sur-
face methodology, as well as distributions, were accomplished
with JMP™ Pro 13 at a 95% significance level.

3 Results and discussion

3.1 Initial screening and the effect of RD=A
mol

Previous studies highlighted the importance of molar
analogies of HBD:HBA on the extraction efficiency of
DES [20–23], and showed that tuning DES composition
may desirably regulate polyphenol extraction yield.
Thus, the first step in the process development was
the synthesis of a series of DES, composed of various

RD=A
mol , ranging from 1:1 to 11:1. These DES were used

as 70% (w/w) aqueous mixtures and screened to detect
the highest-performing system in recovering polyphenols
from OLL. Statistically significant difference (p < 0.05)

was seen with the DES with RD=A
mol of 7, termed as LA-

AmAc (7:1) (Fig. 1). The extraction with this solvent
afforded 41.77 ± 1.04 mg CAE g−1 dm, which was by
approximately 31% lower than that achieved with 60%
(v/v) aqueous ethanol (60.90 ± 0.91 mg CAE g−1 dm).

In the case examined herein, there was no consistent

pattern of extractability up to RD=A
mol of 7. Beyond this

value, a gradual decline in YTP was recorded (Fig. 1).

This is because the influence that RD=A
mol exerts on the

extraction yield may lie on several parameters associat-
ed with the nature of the DES, including polarity and

viscosity [24]. A decrease in RD=A
mol most probably con-

tributed in reduced viscosity since the amount of solid
(ammonium acetate) dropped. This might lead to higher
diffusivity and increased mass transfer. On the other
hand, low acetate proportion may disfavour interactions
of polyphenols with acetate and/or ammonium ions,
which might be critical in polyphenol extractability
[25, 26]. Regarding basicity, the pH of the solvents

used (70% w/w DES) varied from 5.10 (RD=A
mol = 1) to

2.52 (RD=A
mol = 11). However, no correlation between pH

and YTP could be established. Therefore, it could be

argued that RD=A
mol = 7 might represent the most appro-

priate combination, possessing low enough viscosity to
allow for sufficient mass transfer, at the same time
maintaining strong interactions between polyphenols
and acetate/ammonium ions.

3.2 Process optimisation by response surface
methodology

It has been previously demonstrated that major OLL polyphe-
nolic constituents, such as oleuropein, may form stable inclu-
sion complexes with β-CD [27]. A more recent study showed
that β-CD may act as a very effective co-solvent when com-
bined with glycerol to recover OLL polyphenols [28]. The
same was also observed for the extraction of oak acorn phe-
nolics using a blend of 2-hydroxypropyl β-cyclodextrin and
glycerol [29]. Investigations involving polyphenol extraction
usingmixtures of DES and cyclodextrins were in concurrence,
emphasising the role of cyclodextrins as polyphenol extrac-
tion boosters [11, 12]. However, a more illustrating study re-
vealed that β-CD may be a high-performing co-solvent upon
combination only with certain DES, including LA-AmAc
(7:1), whereas for other DES, polyphenol yield suppression
was encountered [13].

Table 2 Experimental runs (design points) and corresponding
measured and predicted YTP values

Design point Independent variables Response (YTP, mg CAE g−1)

X1 X2 X3 X4 Measured Predicted

1 − 1 − 1 0 0 41.01 42.08

2 − 1 1 0 0 43.94 43.78

3 1 − 1 0 0 43.02 41.79

4 1 1 0 0 42.00 39.56

5 0 0 − 1 − 1 38.90 39.58

6 0 0 − 1 1 40.47 39.15

7 0 0 1 − 1 58.15 58.11

8 0 0 1 1 55.82 53.77

9 − 1 0 0 − 1 47.01 47.94

10 − 1 0 0 1 42.84 43.51

11 1 0 0 − 1 44.50 43.65

12 1 0 0 1 44.41 43.30

13 0 − 1 − 1 0 37.27 34.71

14 0 − 1 1 0 57.29 55.27

15 0 1 − 1 0 36.59 38.43

16 0 1 1 0 48.63 51.01

17 − 1 0 − 1 0 37.93 36.58

18 − 1 0 1 0 61.71 60.54

19 1 0 − 1 0 39.11 41.72

20 1 0 1 0 48.04 50.90

21 0 − 1 0 − 1 45.36 46.58

22 0 − 1 0 1 34.24 37.73

23 0 1 0 − 1 41.78 39.84

24 0 1 0 1 43.60 43.93

25 0 0 0 0 43.16 44.05

26 0 0 0 0 43.84 44.05

27 0 0 0 0 45.16 44.05
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Thus, the process developed was destined to optimise the
extraction of polyphenols from OLL, taking into consider-
ation critical extraction parameters, including the stirring
speed (SS), the liquid-to-solid ratio (RL/S), the concentration
of DES (CDES) and the concentration of β-CD (CCD). On this
ground, the experimental mode deployed was a Box-Behnken
design considering the above-mentioned four independent
(process) variables. The evaluation of model fitting was done
with ANOVA (Fig. 2), taking into consideration the proximity
of the measured and predicted values (Table 2). The mathe-
matical model (second-degree polynomial equation) contain-
ing only the significant terms is given below:

YTP ¼ 44:05þ 8:29X 3��3:69X 1X 3

þ 3:23X2X4��2:41X 2
2

þ 3:21X 2
3 R2 ¼ 0:94; p < 0:0001
� �

ð3Þ

The square correlations coefficient (R2) of the model served
as an indicator of the total variability around the mean given
by the model. Because R2 was 0.94 and the p value (assuming
a confidence interval of 95%) was highly significant, it can be
supported that Eq. (3) showed very good adjustment to the
experimental data. 3D plots crafted on the basis of the models

(Fig. 3) portray at-a-glance the effect of the experimental var-
iables on the response (YTP). The use of the desirability func-
tion (Fig. 2) permitted the computing of the optimal extraction
conditions, which were SS = 300 rpm, CDES = 56.4% (w/w),
RL/S = 100 mL g−1 and CCD = 0.70% (w/v). These settings
enabled the estimation of the theoretically maximum YTP,
which equalled 66.10 ± 8.01 mg CAE g−1 dm. To verify this
value, three extractions were carried out under optimal condi-
tions and the average YTP found was 68.98 ± 1.72mgCAE g−1

dm. This outcome proved the validity of the model
established.

Variable RL/S (X3) was shown to be highly significant (Fig.
2) and this finding pointed emphatically to the importance of
the proportion between the solid feed and the liquid phase, in
achieving high extraction yield. The optimal RL/S was rather
high compared with previous values reported for polyphenol
extractions with DES, which usually varied between 29 and
50 mL g−1 [30–32]. On the other hand, RL/S as high as 100–
120 mL g−1 were demonstrated necessary to attain improved
extraction yields with conventional solvents [18, 33].
Theoretically, higher RL/S would entail higher diffusivity,
since a larger concentration gradient, which is the driving
force of diffusivity, exists between the solid particles and the
liquid phase. Furthermore, larger proportion of liquid phase

Fig. 3 3D plots depicting the effect of the simultaneous variation of the process variables on YTP. For codified variable assignment, see Table 1
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would contribute in higher polyphenol solubilisation, leading
in increased saturation concentration.

Contrary to that, the negative effect of the cross term X1X3,
as revealed by the model, suggested that elevated SS might
unfavourably interact with increased RL/S. Thus, practically,
improved YTP may be achieved by maintaining low SS. Such a
phenomenon might be manifested because switching SS to
higher levels could shift the equilibrium towards adsorption
of polyphenols onto the solid particles, instead of diffusion
into the liquid phase, thus reducing the polyphenol saturation
concentration. The positive effect of the cross term X2X4 indi-
cated that YTP could be increased by increasing bothCDES and
CCD, most probably because CD is more soluble at higher
CDES. Higher CD solubility could enable the formation of
higher number of polyphenol/CD inclusion complexes, lead-
ing in improved YTP. However, CDES could be risen up to the
optimal 56.4% (w/w) due to the limitation derived from the
negative quadratic effect of CDES.

Regarding CCD, earlier investigations showed that maxi-
mum extraction performance of polyphenols from OLL could
be achieved using 60% (w/w) glycerol and 2-hydroxypropyl
β-cyclodextrin as co-solvent at 7% (w/v). In this study, the
optimal CCD was 0.7% (w/v), stressing the effect of the DES
used. On the other hand, only the cross term involving CCD

and CDES was statistically significant, but not CCD. This find-
ing underlined that it was the combination of the DES with the
CD that affected extraction yield and not solely the presence
of CD. CCD concentration higher than 0.7% (w/v) did not
provide higher YTP, evidence that there might be a specific
proportion of DES and CD that acted effectively towards
YTP maximisation. The reason for such an observation was
rather unclear, but it could be argued that since CD is a polyol,
it could act antagonistically with polyphenols to form hydro-
gen bonds with the acetate ion, thereby lowering polyphenol
extraction. This could happen because interactions of poly-
phenols with acetate ion would be the driving force for in-
creased polyphenol solubilisation [25, 34].

3.3 Effect of temperature

Results from previous studies gave evidence regarding the
unusual behaviour of YTP as a response to increasing temper-
ature when DES was employed as solvents. In particular, ex-
traction of red grape pomace polyphenols using various DES
displayed fluctuations and YTP in some instances YTP was
lower at 80 than at 60 °C [23]. In the same line, extraction
of M. oleifera with DES exhibited a gradual decrease in YTP
when temperature was shifted from 50 to 80 °C [21].

Fig. 4 The effect of temperature on a YTP, b YTFn, c AAR and d PR. Extractions were carried out under optimised conditions (SS = 300 rpm, CDES =
56.4%, RL/S = 100 mL g−1, CCD = 0.7%)
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Therefore, to ascertain that temperature rising could indeed
afford enriched extracts, a temperature assay was carried out
within the range of 23 (room temperature) to 80 °C. Aside
from YTP, YTFn, AAR and PR were also determined, to shape
a more integrated picture of the effect of temperature. YTP
showed a monotonous increase up to 80 °C (Fig. 4a) and the
progress of PR was likewise (Fig. 4d). YTFn had a similar
course up to 70 °C, but from 70 to 80 °C, a more abrupt
increase was observed (Fig. 4b). On the contrary, AAR showed
an increase up to 50 °C, then a sharp decline at 60 °C (Fig. 4c)
and a recovery to the highest level at 80 °C. Considering all
indices together, temperature rising up to 80 °C had a benefi-
cial effect on the extraction yield, without compromising the
antioxidant activity.

3.4 Comparison with other green solvents

To illustrate the efficiency of the combination of LA-AmAc
(7:1) with β-CD to extract OLL polyphenols, a comparative
appraisal was conducted using previously employed green
solvents for OLL polyphenol recovery. Thus, extractions were
carried out with:

& 60% (w/w) aqueous glycerol, containing 7% (w/v) 2-
hydroxypropyl β-cyclodextrin, assigned as GL-CD [28].

& 60% (v/v) aqueous ethanol, containing 1 g L−1 citric acid,
adjusted at pH 2, assigned as AqEt [35].

& A 50% (w/w) aqueous solution of a DES composed of
glycerol:sodium-potassium tartrate:water (7:1:2),
assigned as GL-SPT [31].

The optimised solvent, composed of 54.6% (w/w) LA-
AmAc with 0.7% (w/v) β-CD, was assigned as DES-CD.
For a more credible assessment, not only YTP, but also YTFn,
AAR and PR were considered. DES-CD and GL-CD per-
formed equally giving almost 14 and 32% higher YTP than
that found with AqEt and GL-SPT, respectively (Fig. 5a).
However, AqEt was more effective in extracting flavonoids,
giving 12% higher YTFn compared with DES-CD (Fig. 5b).
Yet, the extracts obtained with DES-CD had by far superior
antioxidant potency, possessing approximately 20% higher
AAR and 37% higher PR, compared with AqEt (Fig. 5c, d).
Such an outcome provided concrete evidence that the system
LA-AmAc (7:1)/β-CD may be a high-performing solvent,
producing OLL extracts enriched in polyphenols, with im-
proved antioxidant characteristics.

Fig. 5 Characteristics of OLL extracts obtained with DES-CD, as compared with those generated using other green solvents. Extractions were carried
out at SS = 300 rpm and RL/S = 100 mL g−1, at 80 °C
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3.5 Polyphenolic composition and stability

Polyphenol stability in DES is an issue of particular impor-
tance, largely unexamined. To obtain some information re-
garding any possible transformations of OLL polyphenols
during storage under regular atmospheric conditions (T = 22
± 2 °C), OLL extract prepared under optimised conditions was
stored in a dark chamber of low moisture, for a period of 30
days. Since structural and quantitative changes may be well
reflected on the antioxidant activity, both AAR and PR were
monitored over the examination period and their evolution is
depicted in Fig. 6. AAR increased progressively up to the 10th
day, followed by a decline over the next 8 days, but at the end
of the treatment (30th day), an overall rise up by 100% was
recorded. By contrast, PR fluctuated within narrow limits
(364–385 μmol AAE g−1 dm), to end up with a slight reduc-
tion by 3.4%. This finding suggested that PR remained virtu-
ally unaffected, as opposed to AAR, which displayed signifi-
cant enhancement.

To clarify whether this behaviour was associated with spe-
cific polyphenol transformations, samples taken at day 0 and
day 30 of the treatment were analysed with liquid
chromatography-diode array-mass spectrometry (LC-DAD-
MS). The analysis revealed the presence of 10 major com-
pounds (Table 3), which were tentatively identified as
oleuropein and an isomer thereof, 3 apigenin and 5 luteolin
glycosides. All these metabolites represent typical OLL con-
stituents and have been previously reported in other studies
[35, 36], with the exception of compounds #2 and 7, for which
no known structure could be proposed. Out of this profile, 5
major metabolites were selected (Fig. 7) to trace changes
brought about during storage. As can be seen in Table 4, for
all these substances, a decline was recorded, which varied
from 4.4 (oleuropein isomer) to 42.2% (oleuropein).

However, the overall profile was virtually unaffected, which
suggested neither major interconversions of the native OLL
polyphenols nor generation of novel derivatives. At this point,
it should be stressed that earlier investigations on OLL extract
storage in a glycerol/glycine DES containing methyl β-
cyclodextrin demonstrated the formation of a yellow pigment
[37].

The decline observed in major polyphenols apparently
contrasted the drastic increase inAAR. On the other hand, other
phenomena that might have taken place during storage could
account for such a behaviour. One hypothesis could be that
during storage, a greater number of inclusion complexes were

Table 3 Spectral features of the polyphenolic constituents detected in
OLL extract, obtained under optimal conditions, at 80 °C

Peak
#

Rt
(min)

UV-Vis [M +
H]+

Other ions Tentative
identity

1 12.84 268,
344

611 315, 287 Luteolin
diglucoside

2 13.16 266,
342

635 651, 271 Apigenin
glycoside

3 14.82 254,
352

595 481, 449, 287 Luteolin
7-O-rutinoside

4 15.21 256,
352

595 387, 287 Luteolin rutinoside

5 15.65 246,
280

541 563, 361, 137 Oleuropein

6 15.96 266,
340

579 601, 579, 433,
271

Apigenin
7-O-rutinoside

7 16.29 264,
340

779 579, 411, 271 Apigenin
glycoside

8 16.49 254,
352

449 287 Luteolin
4′-O-glucoside

9 17.15 242,
280

541 563, 361, 137 Oleuropein isomer

10 17.30 268,
344

449 371, 287 Luteolin glucoside

Fig. 6 Evolution of AAR and PR
during storage at ambient
temperature (22 ± 2 °C) of an
optimally obtained OLL extract,
at 80 °C
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formed, and this event contributed in enhanced antiradical
activity of the extract. This theory could be based on previous

results which demonstrated that inclusion complexes of cyclo-
dextrins with polyphenols such as chlorogenic acid [38],

Fig. 7 Selected ion
chromatograms of the OLL
extract generated under optimal
conditions, at 80 °C. a m/z = 271.
The major peak is apigenin 7-O-
rutinoside. b m/z = 287. The two
major peaks are luteolin 7-O-
rutinoside and luteolin 4′-O-
glucoside. c m/z = 541. The two
major peaks are oleuropein and a
derivative thereof
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quercetin [39], rosmarinic acid [40] and rutin [41] had signif-
icantly higher antioxidant activity compared with the non-
encapsulated substances. Observations on cyclodextrin-
encapsulated chlorogenate-rich coffee extracts were in the
same line [42]. Therefore, the antioxidant behaviour seen with
OLL extracts may not be simply correlated with polyphenol
concentration, but interactions between OLL polyphenols and
β-CD may also be critical in this regard.

4 Conclusions

In this study, a blend of a lactic acid/ammonium acetate DES
withβ-CDwas used as an effective solvent for the recovery of
OLL polyphenols. Following optimisation and temperature
assay, this solvent was proven a highly efficient system, pro-
viding extracts enriched in polyphenols and improved antiox-
idant properties, compared with other green solvents. The sta-
bility test of the optimally obtained extract, performed for a
period of 30 days at room temperature, showed that the poly-
phenolic profile of the extract suffered no major changes, yet
some important quantitative differences were traced. These
differences in the polyphenolic compositionwere not reflected
on the antiradical activity, which exhibited significant en-
hancement. However, the ferric-reducing power was essential-
ly unaffected. Overall, it was concluded that the DES/β-CD
used may be a green, high-performing system with regard to
OLL polyphenol extraction, conferring satisfactory stability to
the extract. These findings may pave the way for future indus-
trial applications in the food, cosmetics and pharmaceutical
sector.
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