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Abstract: The extraction of phenolic compounds from olive leaves was optimized using three glycerol-
based deep eutectic solvents (DESs) with lysine, proline, and arginine. A three-level Box–Behnken
design was used to examine the influence of the liquid/solid ratio, concentration of DESs, and
extraction temperature on the yield of the extraction process. A second-order polynomial model was
used for predicting the polyphenol extraction yield. The optimal predicted conditions were used
for extractions and they provided the highest total phenol yields with the glycerol–lysine exhibiting
the best performance. Quantification of tyrosol, hydroxytyrosol, oleuropein, luteolin-7-O-glucoside,
and rutin in the extracts showed high content in tyrosol in all DESs, particularly with glycerol–lysine
and relatively similar contents with other studies for the other phenolic compounds. Finally, a linear
relationship between tyrosol content and the total phenolic content of the extracts was observed.

Keywords: deep eutectic solvents; extraction; polyphenols; olive leaves

1. Introduction

Food industries generate considerable quantities of wastes or by-products during
food processing [1]. Nowadays, one of the major concerns for the food industry is the
proper management of waste [2]. An appropriate waste management strategy should
necessarily consider sustainable development [3]. The suggested waste hierarchies firstly
prioritize the prevention of waste production and secondly the management of waste
by reusing, recycling, or recovering processes [4]. Numerous investigations have used
recovery technologies as a management strategy due to the high potential of food industry
by-products in pharmaceuticals, cosmetics, and food production [5,6]. In recent years, there
is, on the one hand, a high demand worldwide for natural ingredients instead of chemical
substances, and on the other hand, a growing interest to limit food industry waste in order
to protect the ecosystem. This double interest encourages, furthermore, the management of
valuable components contained in different sources of food waste.

Olive leaves (OLLs) are the by-product of the olive oil industry. A large amount
of OLLs is engendered every year by pruning [7]. OLLs abound with bioactive natural
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products such as phenolic compounds, which exhibit a broad spectrum of bioactivities,
including antioxidant, anti-inflammatory, antimicrobial, antihypertensive, hypoglycemic,
cardioprotective activities, etc. [8]. A beneficial effect on oxidative stress-based diseases
has been observed with the intake of polyphenols [9]. Several investigations have been
conducted to elucidate the mechanism of lipid peroxidation and to develop antioxidants
to neutralize cell oxidation in order to prevent food deterioration and biological dam-
ages [10]. Currently, a safe alternative to synthetic antioxidants is being a major interest
of research [11]. As a consequence, numerous natural sources (aromatic plants, fruits,
vegetables, leaves, and spices) have been tested for their antioxidant activity, and OLL is
one of these resources [12].

The yield and composition of phenols originated from different resources were found
to vary depending on some factors related to the extraction solvent and the operating
conditions [13] and also on some other factors associated with the genetic background of the
plant [9,14,15]. OLL phenols are mainly extracted using conventional solvents. However,
recently, a move toward green methodologies under the name of green solvents, including
ionic liquids (ILs) and deep eutectic solvents (DESs) or low-transition temperature mixtures
(LTTMs), has emerged [16–18]. These new solvents aim at maximizing extraction efficiency
and reaching new purposes such as researcher safety, environmental protection, and the
use of a simplified and cheaper extraction procedure [19]. Due to the physicochemical
properties of the green solvents (viscosity, density, hydrophilicity, and solubility), the
drawbacks of the conventional solvents are overcome. Furthermore, because of their lower
cost, DESs are particularly more attractive solvents, compared with the ILs. The DESs are
known as a new class of solvents, alternative to ILs, that consists of a mixture of organic
compounds with a melting point lower than that of either individual component [20].

The present work was carried out to optimize OLL polyphenol extraction conditions
using DESs based on glycerol, which represents a cheap and biodegradable source material
combined with amino acids: lysine, proline, and arginine. A response surface methodology
(Box–Behnken design) was implemented in order to assess the effects of the liquid-to-solid
ratio (RL/S), the concentration of DES (CDES), and the extraction temperature (T) on the
yield in total phenols (YTP). This work also aimed at comparing extraction efficiency among
the DESs tested and conventional solvents, in addition to obtaining information regarding
the selectivity of the DESs tested and the polyphenolic composition of the extracts.

2. Materials and Methods
2.1. Chemicals

Glycerol (99.5%) was from Penta. Arginine (>98%) was from Acros Organic. Lysine
(>98%) and proline (>99%), hydroxytyrosol (>98%), tyrosol (98%), oleuropein (>98%),
sodium carbonate, and gallic acid were from Sigma-Aldrich. Rutin (≥99%) and luteolin-7-
O-glucoside (≥98%) were from Extrasynthese. Folin Ciocalteu phenol reagent was from
Fluka. All solvents (methanol (≥99.9%, water) used for chromatographic purposes were
HPLC grade and supplied by Honeywell Riedel-de Haen.

2.2. Plant Material

Olive leaves of Olea europaea L. (Koroneiki variety) were collected by hand from the
garden of the Mediterranean Agronomic Institute of Chania, Greece. The leaves were dried
in the oven at 50 ◦C for 24 h until stable mass, subsequently they were ground in a simple
blender and sieved to yield a powder with a particle size less than 180 microns. The powder
was stored in a stoppered glass vial at room temperature, in the dark, until used.

2.3. Synthesis of DES

DESs were synthesized following standard procedures, as described in [21]. Glycerol
(hydrogen bond donor, HBD) was mixed with each amino acid (lysine, proline, and argi-
nine), which served as a hydrogen bond acceptor (HBA), at different molar ratios (RD/A

mol )
in order to reach the optimum HBD:HBA ratio. The mixtures were heated at 70 ◦C under
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stirring (500 rpm) until the formation of a perfectly transparent liquid. DESs were stored in
sealed glass vials in the dark, at room temperature. DESs were checked frequently for their
stability or crystal formation during a period of at least one month.

2.4. Process Optimization and Batch Extraction Procedure

A response surface methodology [22] was employed by implementing a Box–Behnken
design (BBD) to investigate the effect of RL/S, CDES, and T on the yield of total polyphenols
extraction. The levels of the selected independent variables RL/S, CDES, T designated X1,
X2, X3, respectively, are analytically presented in Table 1. The variables were coded at
three levels −1 (lower limit), 0 (midrange), and +1 (upper limit), based on the following
equation [22]:

xi =
Xi − X0

∆Xi
, I = 1, 2, 3 (1)

where xi and Xi represent the dimensionless and the actual value of the variable i. X0 is
the actual value of the variable i in the central point of the design, and ∆Xi is the variation
between the actual value in the central point and the actual value in the upper or lower
level of the variable.

The range of the values for the three variables was chosen on the basis of literature
data, and the YTP was the response of interest. Analysis of variance (ANOVA) was used
to assess the statistical significance of the obtained mathematical models. Additionally,
the desirability function optimization approach was applied to determine the optimum
variable setting that would meet the overall desirability of the YTP.

The fitted models were subjected to the lack of fit test, which was used to determine
whether the models were adequate to describe the observed data [23]. The coefficient of
determination (r2) was also determined for the model to indicate the percentage of the
variability of the optimization parameter explained by the model. A value of r2 closer to
unity shows a better predictive power of the model [24]. Furthermore, the validity of the
mathematical model is determined by the closeness of the measured value obtained under
optimum conditions to the predicted value of the developed model [25].

Table 1. The values of the independent variables used for the experimental design.

Independent
Variables Code Units

Coded Variable Level
−1 0 +1

RL/S (mL g−1) X1 50 100 150
CDES (%, w/v) X2 60 75 90

T (◦C) X3 40 60 90

Extractions were carried out with an adequate volume of solvent, according to the
design points of each model, composed of various combinations of the DESs with water
and at different RL/S as given by the experimental design. All extractions were performed
in an oil bath (±0.5 ◦C) under continuous stirring at 900 rpm for 150 min. Extraction under
the optimum conditions, with 70% (v/v) ethanol, 70% (v/v) methanol, and 100% water, was
also used in order to compare the total phenol yield by DESs and conventional solvents.

2.5. Determination of Total Polyphenol

Total polyphenol yield (YTP) was determined using the Folin Ciocalteu reagent and
expressed as mg gallic acid equivalents (GAEs) per g of dry mass. An aliquot of 0.78 mL
of distilled water, 0.02 mL of sample, and 0.05 mL of Folin–Ciocalteu reagent were mixed.
After exactly 1 min, 0.15 mL of aqueous sodium carbonate (20%, w/v) was added, and
the mixture was allowed to stand at room temperature in the dark, for 60 min. The
absorbance was read at 750 nm. The total polyphenol concentration (CTP) was calculated
from a calibration curve, using gallic acid as a standard. Yield in total polyphenols (YTP)
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was determined as mg gallic acid equivalents (GAEs) per g of dry mass (dm), using the
following equation:

YTP (mg GAE g−1 dm) =
CTP ×V

m
(2)

where V is the volume of the extraction medium (L), and m the dry mass of the material
(g) [26].

2.6. Liquid Chromatography–Tandem-Mass Spectrometry (LC–MS/MS)

For the separation and detection of the compounds of interest, a TSQ Quantum
Access MS/MS detector was employed, coupled with a Surveyor LC pump (Thermo Scien-
tific, Waltham, MA, USA). The separation was achieved by a Superspher RP-18 column,
125 mm × 2 mm, 4 µm, at 40 ◦C, with a 10 µL injection loop. The mobile phases utilized
were (A) water (1% acetic acid) and (B) methanol (1% acetic acid). The flow rate was
0.3 mL min−1, and a linear gradient elution program was used, as follows: 0 min, 5% B;
35 min, 100% B. Mass spectra acquisition was performed in negative ionization mode,
capillary temperature 300 ◦C, sheath gas pressure 30 (arbitrary units), auxiliary gas pres-
sure 15 (arbitrary units), and collision pressure at 1.5 mTorr. The standards we used were
oleuropein, hydroxytyrosol, tyrosol, luteolin-7-O-glucoside, and rutin. The quantitation
of the compounds was accomplished by external standard calibration curves using the
highest intensity fragment that was produced during the collision-induced dissociation
(CID) of the selected precursor molecular ion (Table 2).

Table 2. Calibration curves and collision-induced dissociation fragment intensities.

Compounds Equation of External
Calibration Curve

Correlation
Coefficient

Molecular
Ion

Fragment
Ion 1

Fragment
Ion 2

M-1 (quantifier) (qualifier)

Oleuropein Y = 4920.6x + 109,162 r2 = 0.9957 539 275 377
Hydroxytyrosol Y = 425.38x − 1387.8 r2 = 0.9994 153 122.2 123.2

Tyrosol y = 1977.8x − 5810.1 r2 = 0.9992 137 106.2 119.1
Luteolin-7-O-glucoside Y = 8567.3x + 10782 r2 = 0.9996 447 284 285

Rutin y = 13,579.286x + 100,080.787 r2 = 0.9984 609 300 270.9

2.7. Statistics

Extractions were repeated twice, and all determinations were performed at least in
triplicate. The values obtained were averaged. Experimental design and response surface
statistics were performed with JMPTM Pro 13 (SAS, Cary, NC, USA). Linear and non-linear
regressions were performed with Sigma PlotTM 12.0, at least at a 95% significance level
(p < 0.05).

3. Results and Discussion
3.1. DES Synthesis

The number of DESs is continually increasing due to the use of different combinations
of donors and acceptors of hydrogen bonds [27,28]. Natural products (organic acids, amino
acids, sugars, choline, and urea) are preferentially used to synthesize DESs for their low
toxicity profile and many other advantages [28]. In this study, three mixtures of glycerol
(HBD) with three amino acids (lysine, proline, and arginine) (HBA) were prepared at
different molar ratios preceded by a screening of the RD/A

mol for all three DESs.
GL–amino acids mixtures were tested with RD/A

mol in the range from 1:1 to 11:1. A
transparent mixture was obtained with glycerol:lysine DES (GL–Lys) and glycerol:proline
DES (GL–Pro) solvents with all the ratios tested. However, only the (7:1) molar ratio
could give a transparent mixture in the case of glycerol:arginine DES (GL–Arg). In order to
choose the RD/A

mol in this study, different extractions were performed and the total polyphenol
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yield was considered for all mixtures tested. The selection of the RD/A
mol was based on the

highest total phenol value. GL–Arg was synthesized at a molar ratio of HBD:HBA (7:1),
whereas GL–Lys and GL–Pro were prepared at a (3:1) HBD:HBA molar ratio. Lower
RD/A

mol than the ones used in this study resulted in crystallized mixtures in the case of
GL–Arg and impracticable DESs in the case of GL–Lys and GL–Pro, due to the high
viscosity. Consequently, homogeneous conditions could not be maintained for all DESs,
and therefore, the effect of the molar ratio could be an explicative factor of the results.
The mixtures were allowed to stand at room temperature for several weeks for stability
checking before extraction.

3.2. Extraction Process Optimization

It has been reported in many investigations that the variables RL/S, CDES, and T play an
important role regarding the extraction of phenolic compounds in general [29]. In order to
investigate the combined effect of the independent variables on OLL polyphenol extraction,
a BBD process was applied to find the optimized values of the variables RL/S, CDES, and T.
Fifteen experiments with 3 center points were carried out for different combinations of the
variables using statistically designed experiments; the results are shown in Table 3, which
includes the design with the experimental and predicted values. The distribution of the data
was analyzed for normality using the Shapiro–Wilk test and also for the presence of outliers.
The analysis reported zero outliers among all the data, and the normality conditions were
only proven for GL–Lys and GL–Pro model values (p = 0.98, p = 0.72, respectively), whereas
a significant p = 0.0147 was observed for GL–Arg. Bias in the coefficient estimates and
standard errors are some of the consequences if the normality assumption is not satisfied.
Consequently, this may lead to wrong conclusions regarding the confidence intervals and
significance tests [30].

In order to fit a Gaussian distribution, the YTP values of the GL–Arg model were
subjected to a mathematical transformation. One of the statistical goals for transforming
data is to obtain symmetrical values that help in conditioning and enabling easier data
analysis for subsequent stages [31]. The appropriate transformation is chosen through
trial and error until the values have a normal distribution. In this study, the YTP values
of the GL–Arg model were converted using the Box–Cox transformation [32,33]. The
transformation has the following form:

Y(λ) =

{
yλ−1

λ , if λ 6= 0;
log y, if λ = 0.

(3)

where Y is the transformed value, the parameter lambda (λ) defines a particular transfor-
mation, which can be a square root when lambda = 0.5 or natural log when lambda = 0.
The optimal lambda was chosen within a [−2, 2] interval with jumps of 1/10 [34]. On
the basis of the smallest standard deviation obtained, the optimal value of lambda was
found to be at (−1.2). The application of this conversion allowed an insignificant p-value
(p = 0.09468) for the Shapiro–Wilk test; therefore, it had normalized the data and satisfied
the assumption of the test. All subsequent analysis regarding the GL–Arg model was based
on the transformed values.
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Table 3. Coded and uncoded Box–Behnken design with the observed and predicted data.

Design Point Independent Variables Polyphenols Yield (YTP, mg GAE g−1 dm)
RL/S (X1, mL g−1) CDES (X2, % w/v) T (X3, ◦C) GL–Lys GL–Pro GL–Arg

Measured Predicted Measured Predicted Measured * Predicted *

1 50(−1) 90(+1) 60(0) 124.58 123.65 78.59 79.84 80.86 78.68
2 100(0) 75(0) 60(0) 131.91 133.49 73.99 74.63 73.11 74.81
3 50(−1) 75(0) 40(−1) 101.50 100.40 61.87 62.28 70.10 72.61
4 150(+1) 75(0) 80(+1) 191.60 139.70 87.81 87.40 114.93 112.39
5 50(−1) 75(0) 80(+1) 146.70 144.40 79.21 77.80 95.53 96.93
6 150(+1) 90(+1) 60(0) 165.21 160.89 84.39 84.63 88.07 89.81
7 50(−1) 60(−1) 60(0) 92.37 96.70 67.45 67.20 75.96 74.23
8 100(0) 60(−1) 80(+1) 153.50 151.47 76.79 78.45 98.03 98.37
9 150(+1) 60(−1) 60(0) 146.00 146.93 78.86 77.61 74.91 77.10

10 100(0) 90(+1) 40(−1) 120.32 122.36 72.41 70.76 74.51 74.17
11 100(0) 60(−1) 40(−1) 114.00 110.77 59.77 59.61 67.40 66.60
12 100(0) 75(0) 60(0) 136.65 133.49 75.92 74.63 76.62 74.81
13 150(+1) 75(0) 40(−1) 136.26 138.60 66.48 67.89 72.62 71.14
14 100(0) 75(0) 60(0) 131.91 133.49 73.99 74.63 74.69 74.81
15 100(0) 90(+1) 80(+1) 177.54 180.79 86.80 86.96 107.16 107.96

* untransformed data.
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On the basis of the Box–Behnken experimental design model, an empirical relationship
expressed by a second-order-polynomial equation with interaction terms was fitted between
the obtained experimental design and the input variables. The final equations in terms of
coded significant variables and interactions are given in Table 4.

Table 4. Polynomial equations and statistical parameters calculated after implementation of the design.

DES Second Order Polynomial Equations r2 p

GL–Lys YTP = 133.49 + 10.22 X1 + 21.86 X2 + 24.78 X3 + 10.04 X2
3 0.99 0.0002

GL–Pro YTP = 74.63 + 4.91 X1 + 3.80 X2 + 8.76 X3 0.98 0.0006
GL–Arg YTP = 0.83 + 2.64 × 10 −4 X1 + 1.55 × 10 −4 X2 + 9.06 × 10 −4 X3 + 1.98 × 10 −4 X2

2+ 4.36 × 10 −4 X2
3 0.99 0.0002

X1, X2, X3: main effects; X2
2 , X2

3 ; quadratic effects.

It is obvious that the models explain 99%, 98%, and 99% in polyphenol extraction yield
(r2 = 0.99 for GL–Lys, r2 = 0.98 for GL–Pro, and r2 = 0.99 for GL–Arg) and have relatively
small amounts of random error or root-mean-square error (RMSE); RMSE = 4.3927 for
GL–Lys, 1.7598 for GL–Pro and 0.0001 for GL–Arg. This leads to the conclusion that the
developed models were highly significant.

The lack of fit test is another parameter to support mathematical model validity. This
test is used to detect the existence of observations that have a poor fit to the model, even if
the overall trend is highly significant [35]. The lack of fit is found to be insignificant when
limited observations are outside of the shaded confidence interval region of the actual
by-predicted plots. In this study, the models are found to be robust for all cases since all
the observations were within the trend of the interval, and a maximum r2 is reached for
GL–Lys (r2 = 0.9985, p = 0.2235); GL–Pro (r2 = 0.9958, p = 0.5723); GL–Arg (r2 = 0.9979,
p = 0.2223). The coefficient of variation (CV) and the coefficient of correlation between the
measured and the predicted values were determined to assess the goodness of the fit of the
models. The results (CV, %, 3.13 GL–Lys, 2.35 GL–Pro, and 0.01 GL–Arg) indicated low CV,
which suggests that the deviations between the experimental and the predicted values are
low [36]. The low CV values along with the r2 presented in Table 4 are strong indications
that the developed models presented adequate reliability and precision.

The measured experimental values under optimum conditions were compared with
the predicted values (Table 5). Values from the experiments carried out at the predicted
conditions were close to the predicted values in the case of GL–Lys and GL–Arg, and the
difference between the two values (experimental and predicted) did not have a practical
significance on the good fit of the two models. This small difference could be due to an
uncontrolled source of variation during the extraction process (temperature, stirring, etc.)
or minor experimental errors, whereas the measured value for GL–Pro was in the range of
the predicted values. Considering the entire statistical parameters for model verification, it
can be concluded that these results indicated valid and suitable mathematical prediction
models for the optimization of polyphenol extraction conditions.

Table 5. Optimal predicted conditions and comparison of experimental and predicted values on the
YTP in all DESs tested. Extractions were performed under stirring (900 rpm) for 150 min.

DES Interval Predicted
Values (mg g−1)

Observed Value *
(mg g−1) Optimal Conditions

RL/S (mL g−1) CDES (%, w/v) T (◦C)

GL–Lys [189.58, 216.27] 188.39 ± 0.37 150 90 80
GL–Pro [86.31, 97.00] 95.97 ± 0.74 150 90 80

GL–Arg [0.83053, 0.8313] a

[112.48, 129.68] b
0.83002 ± 0.47 a

100.01 ± 1.98 b 150 90 80

* Mean ± standard deviation of triplicate determinations from predicted optimum experiments a: Box–Cox
transformed data; b: untransformed data.
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Furthermore, the experimental design enabled the detection of a statistical significance
in the quadratic coefficient X2

3 (T) in two models including GL–Lys and GL–Arg and no
cross effect among the variables. Additionally, the obtained results supported that all the
variables (X1, X2, X3) have a significant effect (p < 0.05) on the extraction process, as also
reported in the literature. This outcome can be visualized through the prediction profilers,
which examine the dynamic relationships among all the inputs and outputs simultaneously
(Figure 1). The prediction profilers present a general curvature trend of the model profile
lines, which illustrates the non-linear responses of the model’s effects. An observed increase
in every single variable led to an increased response in all three DESs tested.

Desirable YTP was achieved under RL/S 150 mL g−1, CDES 90%, w/v, and T 80 ◦C in all
three DESs by the desirability function, which produced the maximum overall desirability
of 0.992, 0.995, and 0.958 for of GL–Lys, GL–Pro and GL–Arg, respectively.

The findings herein indicated that RL/S, CDES, and T strongly affect the extraction yield
of polyphenols from OLL. The RL/S parameter showed a high significance, which is in
agreement with previous investigations that have reported the importance of proportional-
ity between the plant material and the solvent in the extraction optimization processes [37].
This key parameter displays a major role in diffusional phenomena, which largely defines
the course of extraction and yield. A high extraction yield is usually observed when a
larger proportion of liquid phase is used since polyphenols are more solubilized, and a
saturation concentration is achieved [38,39].

In this work, the optimal RL/S (150 mL g−1) was higher than the values reported in the
literature, which usually varied between 10 and 45 mL g−1 using DESs and also higher than
those of conventional solvents that can reach 120 mL g−1 in some investigations [40,41].
The observed discrepancies among scientific works regarding the value of the optimum
RL/S could originate from the variation in the extraction solvent and the experimental
conditions (temperature, stirring, time extraction, etc.), the RL/S range selected, and, most
likely, the source of polyphenols. Although a common objective is to optimize the extraction
of polyphenols, the different extraction conditions could affect the determination of the RL/S
optimum value and, consequently, the comparison herein. Similar to RL/S, CDES showed a
high significance regarding the extraction yield of polyphenols from OLLs. The optimum
level of CDES was the same in all three DESs in this study (90% w/v, Table 5) meaning that
the amount of water (Cw) required to attain a maximum yield is the same in all cases. Water
addition to DESs is one of the ways to tailor the physicochemical properties of DESs. Thus,
fine-tuning the Cw is central to adjusting DESs properties, such as viscosity and polarity
that significantly affect the yield of extraction [42].

Appl. Sci. 2022, 12, x FOR PEER REVIEW 8 of 18 
 

Furthermore, the experimental design enabled the detection of a statistical signifi-
cance in the quadratic coefficient 𝑋  (T) in two models including GL–Lys and GL–Arg 
and no cross effect among the variables. Additionally, the obtained results supported that 
all the variables (X1, X2, X3) have a significant effect (p <  0.05) on the extraction process, 
as also reported in the literature. This outcome can be visualized through the prediction 
profilers, which examine the dynamic relationships among all the inputs and outputs sim-
ultaneously (Figure 1). The prediction profilers present a general curvature trend of the 
model profile lines, which illustrates the non-linear responses of the model’s effects. An 
observed increase in every single variable led to an increased response in all three DESs 
tested. 

Desirable YTP was achieved under RL/S 150 mL g , CDES 90%, w/v, and T 80 °C in all 
three DESs by the desirability function, which produced the maximum overall desirability 
of 0.992, 0.995, and 0.958 for of GL–Lys, GL–Pro and GL–Arg, respectively. 

The findings herein indicated that RL/S, CDES, and T strongly affect the extraction yield 
of polyphenols from OLL. The RL/S parameter showed a high significance, which is in 
agreement with previous investigations that have reported the importance of proportion-
ality between the plant material and the solvent in the extraction optimization processes 
[37]. This key parameter displays a major role in diffusional phenomena, which largely 
defines the course of extraction and yield. A high extraction yield is usually observed 
when a larger proportion of liquid phase is used since polyphenols are more solubilized, 
and a saturation concentration is achieved [38,39]. 

In this work, the optimal RL/S (150 mL g ) was higher than the values reported in the 
literature, which usually varied between 10 and 45 mL g  using DESs and also higher 
than those of conventional solvents that can reach 120 mL g in some investigations 
[40,41]. The observed discrepancies among scientific works regarding the value of the op-
timum RL/S could originate from the variation in the extraction solvent and the experi-
mental conditions (temperature, stirring, time extraction, etc.), the RL/S range selected, and, 
most likely, the source of polyphenols. Although a common objective is to optimize the 
extraction of polyphenols, the different extraction conditions could affect the determina-
tion of the RL/S optimum value and, consequently, the comparison herein. Similar to RL/S, 
CDES showed a high significance regarding the extraction yield of polyphenols from OLLs. 
The optimum level of CDES was the same in all three DESs in this study (90% w/v, Table 5) 
meaning that the amount of water (Cw) required to attain a maximum yield is the same in 
all cases. Water addition to DESs is one of the ways to tailor the physicochemical proper-
ties of DESs. Thus, fine-tuning the Cw is central to adjusting DESs properties, such as vis-
cosity and polarity that significantly affect the yield of extraction [42]. 
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Recent studies have estimated the optimal Cw to vary from 10% to 50% [43], reaching
even 63.8% by Jancheva et al. [44]. It has been noted that water addition to DESs up to a
certain point and above the optimal Cw could negatively affect the extraction yield since a
large amount of water could cause hydrogen bonds to rupture between HBD and HBA [45].

The outcome with regard to the optimum Cw values was found to be 10% (v/v) for
all three DESs tested. This information suggests that all three HBAs tested are equally
demanding in water and the differences in the structure and the physicochemical properties
of lysine, proline, and arginine did not affect the polarity of the DESs. Such an outcome
was rather contradictory with published information that supported differences in Cw
using HBAs with different chain lengths. It has been found that the longer the chain,
the higher the amount of water required [46]. Hence, the basis behind the efficiency
difference of the three DESs herein would be related to another reason such as the pH of
the extraction medium [47]. The alkalinity offered by the amino acids provided a more
or less alkaline environment to ionize polyphenols, which may turn them more polar and
soluble in the solvent. Lysine, proline, and arginine have the corresponding pKa, 10.57,
10.47, and 12.10, respectively. The result expected on the basis of the claimed explanation
would be the order of GL–Arg, GL–Lys, and lastly, GL–Pro in terms of solvent efficiency.
However, the actual order obtained was GL–Lys, GL–Arg, and lastly, GL–Pro, which only
explains the GL–Lys and GL–Pro order. This outcome suggests the existence of another
important factor regarding GL–Arg. It has been underlined that increasing the RD/A

mol up
to a certain point could favor polyphenol extraction due to the decrease in viscosity and
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higher diffusivity [48]. Thus, using a higher RD/A
mol of (7:1) in the case of GL–Arg, compared

with a RD/A
mol of (3:1) in the case of GL–Lys and GL–Pro appears as evidence that the RD/A

mol
is of a significant influence on polyphenol extraction optimization processes. Operating
in similar optimal extraction conditions, the extraction with GL–Lys yielded 54.83% and
40.32% higher YTP, compared with that attained with GL–Pro and GL–Arg, respectively,
whereas, extraction with GL–Arg afforded 24.32% higher YTP, compared with that attained
with GL–Pro. This finding suggests the suitability of the GL–Lys for efficient polyphenol
extraction, which would possess stronger hydrogen bonding with polyphenols of the
plant material regardless of its RD/A

mol and the alkalinity condition, compared with the other
solvent essayed [49,50]. As a result, it could be concluded that the observed difference in
polyphenol yield is mainly attributed to the hydrogen bond acceptors used in this study.
Consequently, tailoring the physicochemical properties of the HBAs would be promising
in order to enhance polyphenol extraction.

With regard to the temperature effect, an observed favorable effect on polyphenol
extraction is reported. Indeed, increasing temperature has shown to lead to an increase in
polyphenol extraction yield by improving solubility and hydrolytic reactions [51,52]. This is
in accordance with the outcome of the present work. A high significance was observed in all
three DESs, and the same optimum extraction temperature (80 ◦C) was determined. These
results showed a similarity with the investigations of Bucić-Kojić et al. [53], who found
the highest polyphenol extraction at 80 ◦C. In addition to this finding, other investigations
on kinetics portrayed that diffusion is directly proportional to temperature and follows
the Arrhenius law [54,55]. However, at temperatures higher than a certain point, with
longer exposure times, it would reduce the polyphenol extraction yield and diversity. That
temperature level varies in different scientific works, which probably depends on the
extraction solvent and plant material, along with some other related factors as well [56].
Figure 2 illustrates the effect of the experimental variables on the extraction yield through a
3D plot.

3.3. Total Polyphenol Analysis

Total phenolics were determined after 150 min of extraction. The purpose was to
compare the efficiency of the synthesized DESs. The total phenolic content of all DESs
extracts was found to be higher than that of ethanol (70% v/v), methanol (70% v/v), and
water occurring in the same extraction conditions (Figure 3). Comparison carried out
among the DESs tested informed about the optimum YTP response and conditions to
extract polyphenols from olive leaves. The results exhibited the highest antioxidant activity
at similar operational extraction conditions in all three DESs, which were RL/S = 150 mL g−1,
CDES = 90%, and T = 80 ◦C.

The DESs tested were not equally efficient with respect to conventional solvents. GL–
Lys was found to be the most efficient solvent system for OLL phenol extraction among
the DESs tested and the conventional solvents. GL–Arg was slightly better than GL–Pro.
The results displayed the YTP: 188.39, 100.01, and 95.96 mg g−1 GAE dm for GL–Lys,
GL–Arg, and GL–Pro, respectively, compared with 65.95, 62.27, and 52.97 mg g−1 GAE dm
corresponding to ethanol, methanol, and water YTP, respectively. It should be noted that
the extraction with GL–Lys allowed 64%, 66.01%, and 71.09% higher YTP, compared with
that attained with ethanol, methanol, and water in the given order. This outcome indicates
the efficiency of GL–Lys among the other DESs tested and the conventional solvents as well
regarding polyphenol extraction. This result is in accordance with the literature in which a
greater extractability with DESs is demonstrated than with conventional solvents [57]. The
reason for this difference could be strongly associated with the physicochemical properties
of the amino acids used (HBAs), which would interact more or less favorably with glycerol
during the preparation process and also with the polyphenols contained in the plant
material during the extraction. These intermolecular forces involve hydrogen bonding and
even van der Waals interactions [58].
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Figure 3. Polyphenol extraction yield using conventional and green solvents. Extractions were carried
out under optimal conditions (RL/S = 150 mL g–1, CDES = 90%, T = 80 ◦C) and stirring (900 rpm) for
150 min.

3.4. Extract Quantification

Quantification of polyphenol compounds was carried out by LC–MS/MS for the three
DES systems and for 70% EtOH. The results are presented in Table 6. The analysis of Table 6
demonstrates an overall polyphenol content that is higher in the case of the DESs than that
of the ethanolic solution used, which is in agreement with the total phenolic determination
performed by Folin Ciocalteu method, as described above. As regards each compound,
the results showed important quantitative differences in tyrosol contents with respect to
the values reported in the literature, which are in a range of 90 µg g−1 to 660 µg g−1 [59].
Moreover, the amounts of tyrosol in this study were higher than those of hydroxytyrosol
and oleuropein. This outcome is not in accordance with previous investigations that
reported an opposite trend [60]. This is likely to be explained by the stability of tyrosol,
compared with the other phenolic compounds, and probably the selectivity of the solvents
used to extract tyrosol [61]. It has been reported that polyphenols can interact with DESs
through hydrogen bonds and therefore increase their stability and solubility in DESs whose
composition (HBD/HBA) plays a critical role in the extraction efficiency [62]. Additionally,
a high and linear correlation was found between tyrosol content and the total phenol content
(TPC) in all DES extracts under study (Figure 4). Many factors have been mentioned in
relation to the variation in phenolic content of olive leaf extracts such as the extraction
procedure, hydric deficiency, salinity, fertilization, geographical zone, sampling time, light
exposition, frost stress, leaves age, the olive variety, bacteria, and fungi [63,64].

The amounts of hydroxytyrosol from the OLL extracts in the present study were found
to be lower than most of the values found by other authors [65–67], but higher than the
amounts recorded in Brahmi et al. (2013) [68]. Similarly, the values of oleuropein content
were lower than expected with GL–Lys extract and GL–Arg extract in which oleuropein
was not found, but close to some published values in the case GL–Pro and the ethanolic
solution [69] and even higher with respect to the findings in [70,71]. Furthermore, the
results of this study exhibited a simultaneous increase in hydroxytyrosol concentration and
a decrease in oleuropein concentration, which is attributed to the degradation of oleuropein
into hydroxytyrosol due to the chemical and enzymatic reactions during olive leaves
processing [72]. Regarding luteolin-7-O-glucoside and rutin, their concentration values
were within the range of the upper and lower values reported in the literature [73–78]. It
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should be noted that the observed differences in the content of the phenolic compounds
herein are attributed to the above-mentioned factors.
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Figure 4. Relationship between total phenolic content and tyrosol concentration.

Table 6. Quantification of phenolic compounds in dry olive leaf extracts (µg g−1).

Solvent Phenolic Compounds Concentrations µg g−1)

Tyrosol Hydroxytyrosol Oleuropein Luteolin-7-O-
Glucoside Rutin

70% aq.EtOH 19398.64 ± 362.12 205.78 ± 9.11 7381.03 ± 52.14 1418.64 ± 28.74 714.63 ± 18.25
GL–Lys 53420.23 ± 1135.12 1687.95 ± 2.4 n.d 1377.14 ± 17.25 286.69 ± 0.69
GL–Pro 27358.48 ± 175.71 231.95 ± 9.8 7908.10 ± 59.45 997.84 ± 80.51 463.06 ± 4.92
GL–Arg 28312.65 ± 445.30 2686.44 ± 7.9 n.d 1564.97 ± 63.98 268.59 ± 33.82

Values are given as a mean of six measurements, followed by standard deviation. n.d: not detected.

4. Conclusions

A new set of deep eutectic solvents, with glycerol as a hydrogen bond donor and
lysine, proline, and arginine as hydrogen bond acceptors were synthesized and tested
for their extraction capacity for antioxidant polyphenolic compounds from olive leaves
(Olea europaea L.). To our knowledge, this is the first time these novel DES solvents are
tested on olive leaves. Box–Behnken design was applied to optimize the extraction condi-
tions related to liquid/solid ratio, the concentration of DESs, and extraction temperature
(RL/S, CDES, and T, respectively). The optimal conditions for the best extraction of total
phenols were predicted to be RL/S, 150 mL g−1, CDES 90 (%, w/v) and T 80 ◦C. The predicted
total phenol yield, under optimal conditions (188.39, 100.01, and 95.97 mg g−1 GAE dm,
corresponding to glycerol–lysine, glycerol–arginine, and glycerol–proline solvent systems,
respectively), were matched quite closely by the experimental values obtained. Glycerol–
lysine DES was found to be the most effective in extracting phenolic compounds from
olive leaf compared with glycerol–arginine DES and glycerol–proline and even to conven-
tional solvents—namely, ethanol (70% v/v), methanol (70% v/v), and water. The results
showed that the extraction with glycerol–lysine permitted 40.32%, 54.83%, 64%, 66.01%, and
71.09% higher total phenol yield (YTP), compared with that reached with glycerol–arginine,
glycerol–proline, 70% ethanol, 70% methanol, and water solvents, respectively. Moreover,
liquid chromatography–tandem-mass spectrometry analyses proved the high extraction
capacity of glycerol–lysine DES and showed a selective behavior toward the quantified
phenolic compounds. Overall, the DESs used in this study revealed a favorable extraction
for tyrosol with excessive amounts in comparison with previous investigations, but more or
less important differences were observed concerning hydroxytyrosol, oleuropein, luteolin-
7-O-glucoside, and rutin. The new DESs, designed, synthesized, and tested in this study,
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were proven to be successful in general on the extraction of antioxidant polyphenolics from
olive leaves, a by-product of a very important industry—olive oil production.
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Nomenclature

CDES Proportion of DES/water (%: w/v)
Cw Water concentration (%, v/v)
RL/S Liquid-to-solid ratio (mL g−1)
RD/A

mol HBD:HBA Molar ratio (dimensionless)
T Temperature (◦C)
YTP Yield in total polyphenols (mg GAE G−1)

Abbreviations

ANOVA Analysis of variance
Arg Arginine
CV Coefficient of variance
DES Deep eutectic solvent
Dm Dry mass (g)
GAE Gallic acid equivalents
GL Glycerol
HBA Hydrogen bond acceptor
HBD Hydrogen bond donor
LTTMs Low-transition temperature mixtures
Lys Lysine
OLL Olive leaves
Pro Proline
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