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Abstract: Natural deep eutectic solvents (NADES) composed of choline chloride with maltose (CMA),
glycerol (CGL), citric (CCA) and lactic acid (CLA) combined with microwave (MAE), ultrasound
(UAE), homogenate (HAE) and high hydrostatic pressure (HHPAE)-assisted extraction methods
were applied to recover and compare olive leaf phenolic compounds. The resultant extracts were
evaluated for their total phenol content (TPC), phenolic profile and antioxidant activity and compared
with those of water and ethanol:water 70% v/v extracts. HAE was proven to be the most efficient
method for the recovery of olive leaf phenolic compounds. The highest TPC (55.12 & 1.08 mg GAE/g
d.w.) was found in CCA extracts after HAE at 60 °C and 12,000 rpm, and the maximum antioxidant
activity (3.32 £ 0.39 g d.w./g DPPH) was found in CGL extracts after UAE at 60 °C for 30 min. The
TPCs of ethanol extracts were found to be higher than those of NADES extracts in most cases. The
predominant phenolic compounds in the extracts were oleuropein, hydrohytyrosol and rutin.

Keywords: olive leaves; phenolic compounds; NADES; assisted extraction methods

1. Introduction

Olive leaves contain numerous phenolic compounds which provide many benefits for
human health; thus, several studies have employed extraction processes for their recovery.
Olive leaves come from olive cultivation (about 25 kg per tree annually) and they are
recovered in notable amounts during industrial production of olive oil (about 10% of the
weight of processed olives). In particular, for Greece, olive cultivation is an important
agricultural activity, since is the third biggest producer of olive oil in the world. Olive
leaves are of great interest for their high valuable phenolic compound content that can be
used in the pharmaceutical, food and cosmetic sectors [1].

Phenolic compounds in olive leaves are usually obtained by extraction with polar
solvents [2] and are grouped as secoiridoids (oleuropein), flavonoids including flavones
(apigenin and luteolin), flavonols (rutin and quercetin), flavanols (catechin) and simple
phenols (tyrosol, hydroxytyrosol, vanillin, vanillic acid, gallic acid, caffeic acid and ver-
bascoside) [1,3]. Their content varies in olive leaves depending on the harvesting time,
origin and variety of olive [4,5]. Oleuropein, a less polar compound, is the major phenolic
compound that, present in amounts from 1 to 14 g/100 g in dry olive leaves, representing
20-60% of the total phenolic compounds [2,6-8]. Hydroxytyrosol is a strong polar phenolic
compound in olive leaves; it results from hydrolysis of oleuropein and occurs in about
0.2 g/100 g in dry olive leaves [2,9].

Phenolic compounds in olive leaves are known for their health benefits; according to
research studies, olive leaf phenolic extracts have been proven to have important in vitro
and in vivo properties, including antioxidant activity [3,10], anti-proliferative effects on
leukaemic cells [11], cytotoxic activities against human breast cancer cells [12] and anti-
HIV [13], anti-fungal [14] and antimicrobiological [3] activities. Oleuropein is considered
the most active compound of all the phenolic compounds of olive leaves; it can inhibit
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in vitro platelet activation [15] and has protective and/or lenitive activity against UVB-
induced erythema [16]. Recently, oleuropein has received extra attention due to its anti-viral
activity against SARS-CoV-2 (COVID-19) [17,18]. Additionally, hydroxytyrosol has shown
lipid-lowering effects [19]. Therefore, there is a growing interest in the recovery of these
bioactive polyphenolic compounds from olive leaves by extraction processes.

Several techniques have been adopted for extraction of olive leaf phenolic compounds.
Conventional extractions with organic solvents (e.g., ethanol and methanol) and water have
mostly been used; however, they present disadvantages due to low extraction efficiency
and a long duration of extraction [20]. In order to overcome these limitations, new assisted
methods have been recently developed for extraction of bioactive compounds from plant
materials, such as microwave-assisted (MAE), ultrasound-assisted (UAE), homogenization
(HAE) and high hydrostatic pressure (HHPAE). In the MAE method, microwave energy
heats the moisture inside the plant cell, generating pressure that causes the cell wall to
rupture. Thus, leaching of the bioactive compounds from ruptured cells to the surrounding
solvent is facilitated, improving the extraction yield [12]. The method offers simplified
manipulation and has reduced solvent and energy demands, making it environmentally
friendly [21]. The UAE method based on the principle of acoustic cavitation is capable of
causing damage to the cell walls of plant material and thereby facilitating the bioactive
compounds’ release. It stands out as a sustainable alternative method that requires a
moderate investment and low energy costs [22]. The HAE method is usually employed
in highspeed homogenization processes; the high shear rate promotes the rupture of the
plant cell and the consequent bioactive compounds’ release into the solvent. Comparing
HAE with other extraction methods, it offers benefits such as higher efficiency and less
time and energy consumption, making it environmentally friendly [23]. The HHPAE
method operating at pressures varying from 100 to 1000 MPa causes acceleration of cell
wall disruption by rapid pressure changes within a short time, and enhances the solvent
penetration of the cell wall and the bioactive compounds’ release [24]. It has been confirmed
to be faster and more effective than other extraction methods which are widely applied to
the food industries [25].

Nowadays, a new type of solvent named natural deep eutectic solvents (NADES) has
been expanding in popularity as a promising alternative to traditional organic solvents [26].
NADES are based on mixtures of commonly used components: a hydrogen acceptor
(e.g., nontoxic quaternary ammonium salts) and a naturally derived uncharged hydrogen-
bond donor (e.g., sugars, alcohols, amines, carboxylic acids and vitamins). The resulting
eutectic mixture melts at a lower temperature than both of its individual components.
NADESs possess useful properties such as adjustable viscosity, non-flammability, low
volatility and solubility in water [27,28], and have been of growing interest for both research
and industrial purposes [29]. Additionally, in various studies it has been proven that
they were harmless to various cell lines, even at high concentrations [30]. There is an
increasing number of studies on bioactive plant compound extraction, including phenolic
acids and flavonoids by applying NADES [31,32]. In previous studies, NADES have been
used for phenolic compound extraction from olive pomace providing good results [33,34].
Additionally, a few studies have demonstrated the use of NADESs with the aforementioned
novel assisted extraction methods (HAE, MAE, UAE and HHPAE) in the extraction of olive
leaf phenolic compounds [32,35].

Based on the above, the scope of this study was to compare novel extraction methods
for olive leaf phenolic compounds using NADES as solvents and to establish an environ-
mentally friendly extraction method for olive leaf phenolic compounds. Four NADES
systems composed of choline chloride combined with maltose (CMA), glycerol (CGL),
citric (CCA) and lactic acid (CLA) were applied by combining assisted extraction methods
such as microwave (MAE), ultrasound (UAE), homogenate (HAE) and high hydrostatic
pressure (HHPAE). The goal was to evaluate the extracts regarding their phenolic content
and profile as well as their antioxidant activity.
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2. Results and Discussion
2.1. Preparation and Physicochemical Properties of NADES

The physical or physicochemical properties of used NADES (Table 1) affect the pheno-
lic compound extraction; thus, basic properties such as density, viscosity, refractive index
and surface tension have been measured in a previous study [33]. It must be noted that
the viscosities and the surface tensions of all tested NADES were higher than those of
ethanol:water 70% v/v and water. CMA was the most viscous solvent.

Table 1. Natural deep eutectic solvents (NADES) used in extraction experiments.

Code Components Mole Ratio Water Addition (% v/v)
CCA Choline chloride/Citric Acid 1:2 20
CLA Choline chloride/Lactic Acid 1:2 20
CMA Choline chloride/Maltose 1:2 20
CGL Choline chloride/Glycerol 1:2 20

2.2. Effect of NADES Type on Olive Leaf Extraction by Different Assisted Extraction Methods
2.2.1. Microwave-Assisted Extraction (MAE)

The effect of the NADES type and the extraction temperature on the results of MAE is
shown in Figure 1a. The NADES type significantly affected the TPC of extracts (p < 0.05)
with CLA showing the highest TPC (36.71 + 0.07 mg GA /g d.w.). The findings are in con-
trast to those of Wei et al. (2015) [31], who reported that among various NADES examined,
the choline choride/maltose mixture possessed excellent extractability for both polar and
weak polar phenolic compounds using MAE. The differences between various NADES
extracts could be explained by their physicochemical properties (surface tension and vis-
cosity) and polarity; polar olive leaf phenolic compounds are more efficiently extracted
by polar NADES (CCA and CLA) than by the lower polarity ones (CMA and CGL) [36].
Moreover, the extracts’ TPC increased significantly (p < 0.05) with the increase in tempera-
ture (Figure 1a). Higher temperatures can enhance the phenolic compounds’ solubility and
increase their diffusion rate into the solvent; thus, the mass transfer rate increases [32,37,38].
Furthermore, by decreasing the surface tension and viscosity of NADES at higher tem-
peratures, the phenolic compounds’ release is improved due to the enhancement of their
mass transfer in the solvent [39]. Figure 1b presents the antioxidant activity (IC50) of olive
leaf extracts obtained by MAE using different NADES and temperatures. The maximum
antioxidant activity was obtained with CGL at 60 °C (4.76 £ 0.1 g d.w./g DPPH). The
increase in temperature did not significantly change the extracts’ antioxidant activity. The
comparison between the conventional solvents and the above NADES showed that the
ethanol:water 70% v/v mixture was significantly more efficient, resulting in extracts with
higher TPC values and antioxidant activity than NADES, while using water as a solvent
resulted in almost equal antioxidant activity and TPC values to the NADES (Figure 1a,b).

2.2.2. Ultrasound-Assisted Extraction (UAE)

Figure 1c shows the effect of the NADES type and the extraction temperature on
the application of UAE, with CLA possessing the highest TPC for olive leaf extracts
(38.32 + 1.44 mg GA/g d.w). As in the MAE method, the most polar NADES showed
higher phenolic compound extraction abilities than the less polar CMA. The extracts’ TPC
significantly increased (p < 0.05) with the increase in temperature from 40 °C to 60 °C
(Figure 1c), as expected. The IC50 of olive leaf extracts obtained by UAE using different
NADES and temperatures is shown in Figure 1d. The maximum antioxidant activity was
obtained with CGL at 60 °C (3.32 £ 0.39 g d.w./g DPPH). The ethanol:water 70% v/v
mixture was proven to be a significantly more efficient solvent compared to NADES, show-
ing a higher TPC value and antioxidant activity. As far as the use of water as a solvent is
concerned, as in the MAE method, it resulted in almost equal antioxidant activity and TPC
values as the NADES.
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Figure 1. Effect of extraction temperature and NADES type on total phenolic content (TPC) (a,c) and
antioxidant activity (IC50) (b,d) of olive leaf extracts by microwave-assisted extraction (MAE) and
ultrasound-assisted extraction (UAE), respectively.

2.2.3. Homogenate-Assisted Extraction (HAE)

The effect of NADES, homogenization speed and extraction temperature on the ap-
plication of HAE is shown in Figure 2a,b. The extracts’ TPC was significantly influenced
by the NADES type, the homogenization speed and the temperature (p < 0.05). From the
NADES examined, CCA again possessed the highest TPC (55.12 = 1.08 mg GA /g d.w.).
Moreover, when the temperature was increased from 40 °C to 60 °C, the olive leaf extracts’
TPC increased, as expected (Figure 2a). Additionally, higher homogenization speeds led to
a higher mass transfer coefficient, thus facilitating the extraction process [40]. Furthermore,
the IC50 was affected significantly (p < 0.05) both by the NADES type and the extraction
temperature with the method using CCA at 12,000 rpm and 60 °C resulting in the extract
with the maximum antioxidant activity (3.81 £ 0.15 g d.w./g DPPH) (Figure 2b). Finally,
all NADES showed higher TPCs compared to the respective levels obtained with water.
Moreover, the TPC of CCA and CLA extracts at 60 °C at 12,000 rpm were almost equal to
those achieved by ethanol:water 70% v/v. Additionally, all NADES extracts showed better
antioxidant activity compared to the water extract.

2.2.4. High Hydrostatic Pressure-Assisted Extraction (HHPAE)

Figure 2¢,d show the effect of NADES type, extraction time and pressure values after
applying HHPAE on the antioxidant activity and the recovery of extracts” phenolic com-
pounds, respectively. The NADES type significantly influenced the extracts” TPC (p < 0.05),
with CGL treatment resulting in the highest TPC value (23.29 & 0.08 mg GA/g d.w.). Addi-
tionally, the pressure increase led to increased TPC values of the extracts (p < 0.05), which
is in agreement with other work [41]. Furthermore, the IC50 was affected significantly
(p < 0.05) by the NADES type; the maximum antioxidant activity was obtained by using
CCA at 600 MPa for 5 min (4.95 £+ 0.20 g d.w./g DPPH) (Figure 2d). HHPAE as a non-
thermal treatment does not facilitate phenolic compound extraction with viscous NADES.
By using conventional solvents (water and ethanol:water 70% v/v), higher antioxidant
activities and TPCs were obtained by HHPAE compared to when using NADES.
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Figure 2. Effect of extraction temperature and NADES type on total phenolic content (TPC) (a,c) and
antioxidant activity (IC50) (b,d) of olive leaf extracts by homogenate-assisted extraction (HAE) and
high hydrostatic pressure-assisted extraction (HHPAE), respectively.

2.3. Phenolic Profiles of the NADES Extracts

The HPLC phenolic compound profile of olive leaf extracts using NADES, in com-
bination with MAE, UAE, HAE and HHPAE are presented in Table 2a,b and Table 3a,b,
respectively. It can be observed that the NADES type and the assisted extraction method
significantly influenced the phenolic profile of the extracts (p < 0.05). In all extraction
methods, the predominant phenolic compounds were oleuropein (OL), hydroxytyrosol
(HT) and rutin (RU), while very small amounts of caffeic acid (CA), vanillin (VA) and
luteolin (LU) were detected.

Using MAE, the highest level of OL was detected by using ethanol:water 70% (v/v),
followed by CGL and water, while HT was the predominant phenolic compound with
CCA, CMA and CLA. Similar findings were observed by Garcia et al. (2016) [42]. Ethanol
and CGL extracted the maximum amount of RU. The sugar-based NADES (CMA) showed
the lowest amounts of olives leaf phenolic compounds, due to its increased viscosity. The
NADES type significantly influenced (p < 0.05) the total amount of phenolic compounds;
CLA extracts possessed the highest amount of phenolic compounds.

In UAE, the NADES type significantly influenced the individual phenolic compounds
extracted and their total amount (p < 0.05), similar to MAE (Table 2b). The maximum
amount of OL and RU and the total amount of identified phenolic compounds were
detected in CLA extract. The results are in accordance with previous studies, which
reported that the NADES based on organic acids are most polar, which enhanced their
ability to extract phenolic compounds [2,27,36]. The ethanol extract contained the highest
amount of OL from all UAE extracts, but the amount of HT was limited. Furthermore,
the water extract contained the lowest amounts of phenolic compounds, since only small
amounts of OL and CA were detected.
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Table 2. Effect of NADES on the identified phenolic compounds (using HPLC) extracted from olive
leaves using MAE (a) and UAE (b) and comparison with conventional solvents.

Phenolic Compounds *

Extraction Caffeic

NADES Conditions Oleuropein  Hydroxytyrosol Acid Vanillin Rutin Luteolin SUM ***
(OL) EE (HT) EE (VA) EE (RU) EEd (LU) ok
(CA) **
(@) MAE t(min) T(°O)
e 40 33240122 6414047 2454034 0594007 3574038 005+000 1039F071
60 nd. 16184035  006+001 0574005 406+078 0904005 277086
1.18 £ 0.10
Ma 0 40 nd. 1124010  001+000 0014000 004001 nd. £
60 n.d. 1.12 £+ 0.02 n.d. n.d. n.d. n.d. 112 :kl,: 0.02
LA % 40 823+ 1.19° 13644007 0074000 114+010 580 +032 008+001 220124
60 793+107° 13444039 0064001 1054007 573+030 008+002 SPELIS
oL % 40 11.27 +350° 156+ 005 0054001 0264005 2174010 018+004 124930
60 146141370 2644019 0104002 1584024 791+059 0.14+000 2098F152
sl 30 60 18.94 + 0.50 nd. 0.07 £ 0.01 nd. 7514003 008+001 266050
WATER 30 60 10.60 + 0.56 056010 0024000 044003 377+029 nd. 1535+ 0.64
B UAE  t(min) T (O
e 0 40 446 +085%®  914+012b  004+000 7 EO 5540150 0o0e+ro001 1091 F0S
60 5024102 81740200  004+001 0O T000 IHEOT0 604 0 1705 E125
Ma % 40 464+123% 06940052  001+000 O1F003 065E004 45 g0 615E123
60 28340922 296+010°  001+000 OO9F003 096£003 4500 686£09
LA % 40 880+355°  958+£047¢  004+001 OO1F008 4T0£022 509, oo 2412£358
60 996+321¢  13874+050¢ 008+001 LBF007 7022028 45, 5o 32445326
L 0 10 657 +055%  296+008% 004000 O7F008 049EOIL g5 g0 1085057
60 853+ 063 5074012 006001 O81F009 064£008 45 g0 1518065
vl 30 60 19.89 + 1.08 2674000  003+£000 039+000 591+ 000 nd. 28.89 + 1.08
WATER 30 60 177 + 0.05 nd. 0.01 = 0.00 nd. nd. nd. 178 + 0.05

* Mean value of three replicates + standard deviation. ** mg/g d.w. *** the total amount of identified phenolic
compounds. n.d.: not detected. Means within the same column followed by different letters (a, b, c) are
significantly different (p < 0.05).

In HAE, LU was not detected, except in the case using water as a solvent. HT was not
detected in CGL and ethanol extracts (Table 3a). CCA proved to be the most efficient solvent
at 12,000 rpm and 60 °C, showing the highest amount of OL and total amount of identified
phenolic compounds, even more than when ethanol was used as a solvent. The increase
in homogenization speed and temperature significantly enhanced the partial and total
amounts of phenolic compounds (p < 0.05) but did not affect the ratio between OL and HT.
The increase in homogenization speed led to higher mass transfer coefficient as mentioned
before, thus enhancing the extraction of individual phenolic compounds. Additionally, at
a higher temperature, the solvent viscosity decreased and the mass diffusivity increased,
improving the release of olive leaf phenolic compounds.



Molecules 2023, 28, 353

7 of 14

Table 3. Effect of NADES on the identified phenolic compounds (using HPLC) extracted from olive
leaves using HAE (a) and HHPAE (b) and comparison with conventional solvents.

Extraction

Phenolic Compounds *

Caffeic

NADES Conditions Oleuropein Hydroxytyrosol Acid (CA) Vanillin Rutin Luteolin SUM ***
(OL) ** (HT) ** A (VA) ** (RU) ** (LU) **
Speed
HAE TC

@HAE  TeO (P
20 4000 7554010  12634020° 008001 PPEO q5704035  pq 0 FIEOE
ccA 12,000 7.61 £ 032 1360 £010¢ 007001 22005 4g 084020 nd. 33.65 +0.39
6 4000 19.07 +0.22 799+018° 006002 2 E007 5014008 nd. 32.66 041
12,000 32884008  1007+012° 020001 1EC ga01o7s nd. 5286 £0.77
0 4000 1322+ 151 4924133 007+000 00 5504036 nd. 2526 £2.05
CMA 12000 1424415  525+£033° 008001 L0 517400 nd. 2592 £ 1.57
6 4000 13354101 5264+065° 009002 TN 55740015 g POFLZ
12,000 17.57 + 0.19 640 +002b  010+002 BEO27 5914046 nd. 31.96 £0.57
20 4000 9.19 + 1.30 3244034 0044001 CP2T0I0 5004 049 nd. 19154143
CLA 12,000 14.71 + 0.88 nd. 007 +002 C92E00 5414005 nd. 2411 £ 1.30
6 4000 14524167 2884000 010003 O83E0IB o5e 48 nd. 2591 +£2.26
12,000 12474146 9904093 008000 2E0 5154060 nd. 28.80 +1.83
0 4000 14.64 £ 135 nd. 008001 0F00 5034046 nd. 24254143
CcGL 12,000 15.65 + 1.06 nd. 009+001 4005 5951106 nd. 26.20 +£1.50
6 4000 1825 + 0.46 nd. 0094003 10F07 5194005 g BEFOD
12000 19.16 + 115 nd. 0124002 3*E000 554005  na OVELY

EtOH
o 60 12000 26674113 nd. nd. 0114002 497052 nd. 3175+ 124
WATER 60 12,000 1.09 + 0.06 1234005 0024000 0294005 0294003 0024000 294 +0.10
(b) HP t

HHPAE (MPa)  (min)
200 5 126 +026°  332+008c  CO1T00 o4 1000 1244002 002000 609027
cea 10 150+019¢  485+010c  C2F000 g350000 1854002 003000 863E0.22
00 5 2204027¢ 6084006 P00 414000 2594005 O03F000 11332028
10 2394009¢  735+006c OO E000 o614 004 318401 00FECOL 136020
300 5 0354007  050+0.022 n.d. 0704003 004+000 01000 1604008
CMA 10 1074035®  033+0020  COLEOO0hi64 003 0854004 003F000 2394035
o0 5 L03t050®  ozasoe  OOTEO o ion qgiggs O04E001 3442050
10 153+£005% 06040070 BT 0544006 192400 O0OFO0T 4470
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Table 3. Cont.
Phenolic Compounds *
NADES CE::;icttiig:s Oleuropein Hydroxytyrosol ASiaclff(e(i:;) Vanillin Rutin Luteolin SUM ***
(OL) ** (HT) ** o (VA) ** (RU) ** (LU) **

200 5 0.54 £ 0.022 176 +001b  00LE000 5454000 076000 OOLEO00 3214002
CLA 10 082+008°  239+000b C01EC00 5514001 082003 OOTE000 4262009
600 5 098+0.10°  287+000b C01EC00 45541001 1304001 (O02E000 5422010

10 1.05 +£0.042 285001  OOLECNooii 00 1224006 002000 539£0.12

200 5 052+004b  097+001b  OOEOOL g0e 002 0154002 0025000 17822005
CGL 10 260+ 034k 137+003>  COFON0 o550 001 2431001 OMFOOL 7092034
00 5 106 +012b  247+013>  C02F00L 4434001 19001 020F002 4132018

10 2.22 £0.29 ¢ g19+001b 00 i 000 o46+002 166+001 O° f 002 871 f 029
sl 600 10 29.18 + 0.87 nd. 0024000 1034003 6734055 nd. 36.96 + 1.03
WATER 600 10 1.31 + 0.05 0.53 + 0.02 nd. nd. 0.67 + 0,01 nd. 2.51 £ 0.05

* Mean value of three replicates & standard deviation. ** mg/g d.w. *** the total amount of identified phenolic
compounds. n.d.: not detected. Means within the same column followed by different letters (a—c) are significantly
different (p < 0.05).

Using HHPAE, the levels of phenolic compounds in the NADES extracts were similar
to that of water, while ethanol proved to be the most efficient solvent for OL and total
phenolic compounds (Table 3b). The predominant phenolic compounds were similar to
all the above extraction methods; it should be underlined that LU was only detected
using NADES, proving that they enhanced the diversity of obtained phenolic compounds.
Additionally, the extractability of HT was increased using NADES. The increase in time
and pressure in HHPAE significantly enhanced the total amount of phenolic compounds
in the extracts (p < 0.05). Additionally, in this extraction method, the most polar organic
acid-based NADES possessed enhanced extractability of phenolic compounds. Specifically,
the highest amount of total amount of phenolic compounds was detected with CCA at
600 MPa for 10 min (13.6 &= 0.20 mg/g d.w.).

2.4. Statistical Analysis

Principal components analysis (PCA) was used to test the correlation of the TPC,
the antioxidant activity, the individual extracted phenolic compounds (OL, HT, CA, VA,
RU and LU) and the total amount of phenolic compounds (SUM) by using NADES in
combination with the new assisted extraction methods including MAE, UAE, HAE and
HHPAE (Figure 3a,b). Each point on the loading plot exhibits the contribution of a variable
(TPC, antioxidant activity or individual phenolic compounds) to the score, while each point
on the score plot exhibits a tested sample. The first principal component (PC1) describes
45.58% of the variation in extraction experiments, while the second principal component
(PC2) describes 20.34%, contributing 65.92% of the extraction experiments’ total variation.
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Figure 3. Principle component analysis of the dependent variables of the studied extractions (a) and
of the samples with NADES (1 = CCA, 2 = CMA, 3 = CLA, 4 = GGL), ethanol:water 70% v/v (5) and
water (6) as solvents, under intense conditions for each extraction method (M = MAE: 60 °C/30 min,
U = UAE: 60 °C/30 min, H = HAE: 60 °C/12,000 rpm and HP = HHPAE: 600 MPa/10 min) (b).

According to the PCA plot, the total amount of identified phenolic compounds and
the TPC are strongly loaded in the first principal component, whereas the HT is positively
correlated in the second principal component. According to the PCA score plot of the
studied extractions, six main groups of samples were noted. The groups are (A) M3 and
U3, (B) H2, H3 and M4, (C) HP5, M5, U5 and H5, (D) U1, HP1 and U4, (E) U2 and HP3 and
(F) H6, HP6, U6, HP2 and M2.

It can be concluded that the group (A), samples using CLA as solvent and MAE and
UAE as assisted extraction methods, exhibited the maximum amount of HT in the extracts,
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confirming that the organic acid NADES enhanced the extractability of simple phenols,
which are the most polar phenolic compounds presenting in olive leaves [2]. Group (B), the
extracts obtained with HAE using CMA and CLA as solvents were similar to that obtained
with MAE using CGL in terms of antioxidant activity, TPC and the total amount of phenolic
compounds. Additionally, group (C) consisted of the ethanol samples with the highest
TPC, antioxidant activity, OL and total amount of phenolic compounds, indicating that the
ethanol was the most efficient extracting medium. Group (D) had similar results concerning
antioxidant activity and the total amount of phenolic compounds. The extracts in group (E)
had the highest IC50 and the lowest antioxidant activity. Finally, group F consisted of the
water extracts and had the lowest OL content and total amount of phenolic compounds,
indicating that water was inefficient as a solvent for olive leaf phenolic compounds. In
conclusion, the results described by using principal components analysis are in accordance
with the results discussed above.

2.5. Comparison of Assisted Extraction Methods

Besides the use of alternative solvents, one of the criteria for an environmentally
friendly extraction is to reduce energy consumption by using innovative technologies
such as MAE, UAE, HAE and HHPAE [43]. Ultrasound, microwave and high hydrostatic
pressure have been recognized as outstanding energy sources to promote extraction, in-
crease extraction yield with high product quality, and to decrease extraction time [44]. The
best extraction method for olive leaf phenolic compound recovery was proven to be HAE
followed by MAE, while HHPAE gave the poorest results. A possible reason for this was
that in HAE and MAE, the use of stirring enhances the phenolic compound extraction.
The results are in accordance with previous studies [45]. HHPAE was proven to be an
inappropriate method for use with NADES, probably due to limitations in temperature.
However, the MAE, UAE and HAE could heat NADES in a short time, decreasing viscosity
and surface tension, which were helpful for target compound extraction.

3. Materials and Methods
3.1. Raw Materials

Olive leaves (Olea europaea L. var.argentata) (initial moisture 49% w/w) were collected
from the region of Thiva (Viotia, Greece). They were air dried at 35 °C for 24 h applying
an airstream (final moisture 5% w/w), ground to 1 mm with a cutting mill (Pulverisette 15
cutting mill, FRITSCH, Idar-Oberstein, German) and kept at 4 °C until further use. The
moisture (initial and final) of the olive leaves was measured gravimetrically using the
method AOCS Ai-2-75 [46].

3.2. Chemicals and Reagents

Folin—Ciocalteu’s reagent, acetic acid, gallic acid, 2,2-diphenyl-1 picrylhydrazyl (DPPH),
methanol (HPLC grade), ethanol, water (HPLC grade), acetonitrile (HPLC grade), sodium
carbonate, sodium acetate and maltose (>97.0%) were purchased from Sigma Aldrich Chem-
ical Co. (St. Louis, MO, USA). Phenolic standards: hydroxytyrosol, caffeic acid, vanillin,
luteolin and rutin were supplied from Sigma-Aldrich (St. Louis, MO, USA) and oleuropein
was purchased from Extrasynthese (Genay, France). Choline chloride (>98.0%) and lactic
acid (>98.0%) were obtained from Acros Organics (Geel, Belgium), citric acid (>98.0%) was
purchased from Univar (LaiwuTaihe Biochemistry Co. Ltd., Laiwu, China) and glycerol
(>99.0%) was purchased from Lach-Ner (Neratovice, Czech Republic).

3.3. NADES Preparation

The following NADES—-water mixtures were prepared according to Sofia Chanioti
and Tzia (2018) [33]: choline chloride—citric acid (CCA), choline chloride-maltose (CMA),
choline chloride-lactic (CLA) and choline chloride—glycerol (CGL) acid (Table 1) and
referred to in the text as NADES.
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3.4. Olive Leaf Phenolic Compound Extraction

An amount of dried ground olive leaves were mixed with a predetermined volume of
NADES in an extraction vessel and the mixture was extracted with the selected assisted
methods. The solid/liquid ratio was 1/12.5 g/mL. After extraction, the mixture was
centrifuged at 10,000 rpm for 10 min and the supernatant (extract) was collected. Each
experiment was performed in triplicate. The extracts were evaluated for their total phenolic
content (TPC), antioxidant activity and individual phenolic compounds using HPLC. The
conditions of the extraction experiments were selected according to preliminary studies.

3.4.1. Microwave-Assisted Extraction (MAE)

Microwave-assisted extraction (MAE) was carried out at 200 W using laboratory
equipment (Nanjing Xianou Instruments Manufacture Co., Ltd., Maixiang Science Park,
Xixia Area, Nanjing, China) at certain temperatures (40 °C or 60 °C) for 30 min duration. The
desired extraction temperature was controlled by regulating the nominal microwave power.
Temperature and microwave radiation were constantly monitored during the process.

3.4.2. Ultrasound-Assisted Extraction (UAE)

Ultrasound-assisted extraction (UAE) was performed in an ultrasound bath (Elmasonic
530 (H) 60 kHz, 280 W, Elma Schmidbauer GmbH, Singen (Hohentwiel), Germany) at
certain temperatures (40 °C or 60 °C) for 30 min duration. A constant extraction temperature
was achieved via circulating water.

3.4.3. Homogenate-Assisted Extraction (HAE)

For homogenate-assisted extraction (HAE), a highspeed homogenizer (UnidriveX1000
Homogenizer Drive, CAT, Elma Schmidbauer GmbH, Germany) was used at certain temper-
atures (40 °C or 60 °C) and homogenization speeds (4000 or 12,000 rpm) for 30 min duration.

3.4.4. High Hydrostatic Pressure-Assisted Extraction (HHPAE)

High pressure extraction was conducted using laboratory pilot scale HHP equip-
ment (Food Pressure Unit FPU 1.01, Resato International, Roden, Holland) under certain
conditions of pressure (300 and 600 MPa) and duration (5 and 10 min) at 25 °C.

Additionally, comparative experiments were carried out with the same solid /liquid
ratio (1/12.5 g/mL) with conventional solvents, water and ethanol:water 70% v/v under
the intense conditions of each extraction assisted method (MAE: 60 °C/30 min, UAE:
60 °C/30 min, HAE: 60 °C/12,000 rpm and HHPAE: 600 MPa/10 min).

3.5. Total Phenolic Content (TPC)

The determination of total phenolic content was achieved by the Folin—Ciocalteu
method, as proposed by Waterhouse (2002) [47], using gallic acid as a standard. Data
were expressed as mg gallic acid equivalents (GAE) per gram of dry olive leaves (mg
GAE/g raw material (d.w.)) The NADES were examined in the Folin—Ciocalteu assay and
negligible interference was found in the Folin—Ciocalteu assay, even for NADES which
contained sugars.

3.6. Antioxidant Activity

Antioxidant activity was determined as proposed by Brand-Williams, Cuvelier and
Berset (1995) [48], using the DPPH assay. Data were expressed as IC50 (g dry olive leaves
(d.w.)/g DPPH). IC50 is the half maximal inhibitory concentration of extract that declines
the initial concentration of DPPH by 50%. The NADES were examined in the DPPH assay
and negligible interference was also found in the DPPH.

3.7. HPLC-DAD Analysis

HPLC-analysis was carried out on a HP 1100 Series gradient HPLC system (Agilent
Technologies, Santa Clara, CA, USA) equipped with quaternary pump, diode array detector
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(Hewlett-Pachard, Waldbronn, Germany), an Agilent 1100 G1379A Vacuum Degasser,
a CTO-10AS column oven (251 °C) and data analysis software (ChemStation for LC3D
Software, Agilent 10 Technologies, Waldbronn, Germany). A column (250 x 4.6 mm)
packed with 5 um particle Hypersil C18 (MZ Analysentechnik, Mainz, Germany) was used.
The analysis of phenolic compounds was performed as proposed by Japon-Lujan (2006) [7].
Phenolic compounds were identified and quantified using reference curves of standards
at the wavelength of maximum absorbance for each compound. The level of phenolic
compounds was expressed in mg per g of dry olive leaves (d.w).

3.8. Statistical Analysis

The experimental results were evaluated by analysis of variance (ANOVA) using
STATISTICA 7 (Statsoft Inc., Tulsa, OK, USA), while significant differences of expected
values were estimated at the probability level p < 0.05. Principal component analysis
(PCA) was also used to investigate the correlation between the independent and dependent
variables of extraction experiments.

4. Conclusions

In this study, the combination of NADES with four assisted extraction methods was
examined and compared. The NADES type significantly affected the total phenolic content
of extracts; in MAE and UAE, choline chloride/lactic acid (CLA) solvent extraction resulted
in the highest total phenolic content (TPC), while in HAE, choline chloride/citric acid
(CCA) solvent extraction resulted in the highest total phenolic content (TPC) and in HHPAE,
choline chloride/glycerol (CGL) solvent extraction resulted in the highest total phenolic
content (TPC). Furthermore, in most cases, the ethanol extracts possessed higher total
phenolic content than those of NADES. The predominant phenolic compounds were
oleuropein (OL), hydrohytyrosol (HT) and rutin (RU), while a very small amount of caffeic
acid (CA), vanillin (VA) and luteolin (LU) were detected. HT is a simple phenol, and
was identified predominantly in the organic acid-based NADES extracts. The increase
in temperature, speed and/or pressure promoted the extraction of olive leaf phenolic
compounds. NADES are promising solvents, and have been proven to be efficient media
for phenolic compound extraction from olive leaves; however, application and preparation
of NADES should be accompanied by toxicological studies to allow for development of an
environmentally friendly process.

The developed method based on the combination of different assisted extraction
methods and NADES could be an alternative for phenolic compound extraction from
olive leaves, as it provides higher extraction efficiency compared to conventional methods
and achieves significantly reduced extraction times. The combination of the homogenate-
assisted extraction method and NADES could be promising for the extraction of natural
bioactive compounds.

Author Contributions: Conceptualization, methodology, validation, formal analysis, investigation,
data curation, writing—original draft preparation, visualization: P.S.; writing—review and editing,
supervision, project administration: C.T. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.



Molecules 2023, 28, 353 13 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Boskou, D.; Tsimidou, M.; Blekas, G. 5—Polar Phenolic Compounds. In Olive Oil; AOCS Press: Urbana, IL, USA, 2006; pp. 73-92.
[CrossRef]

El, S.N.; Karakaya, S. Olive tree (Olea europaea) leaves: Potential beneficial effects on human health. Nutr. Rev. 2009, 67, 632-638.
[CrossRef] [PubMed]

Borjan, D.; Leitgeb, M.; Knez, Z.; Hrn¢i¢, M.K. Microbiological and Antioxidant Activity of Phenolic Compounds in Olive Leaf
Extract. Molecules 2020, 25, 5946. [CrossRef] [PubMed]

Altiok, E.; Baycin, D.; Bayraktar, O.; Ulkdi, S. Isolation of polyphenols from the extracts of olive leaves (Olea europaea L.) by
adsorption on silk fibroin. Sep. Purif. Technol. 2008, 62, 342-348. [CrossRef]

Souilem, S.; Fki, I.; Kobayashi, I.; Khalid, N.; Neves, M.A ; Isoda, H.; Sayadi, S.; Nakajima, M. Emerging Technologies for Recovery
of Value-Added Components from Olive Leaves and Their Applications in Food /Feed Industries. Food Bioprocess Technol. 2016,
10, 229-248. [CrossRef]

Benavente-Garcia, O.; Castillo, J.; Lorente, J.; Ortufio, A.; Del Rio, J.A. Antioxidant activity of phenolics extracted from Olea
europaea L. leaves. Food Chem. 2000, 68, 457-462. [CrossRef]

Japon-Lujan, R.; Luque-Rodriguez, J.M.; Luque de Castro, M. Dynamic ultrasound-assisted extraction of oleuropein and related
biophenols from olive leaves. J. Chromatogr. A 2006, 1108, 76-82. [CrossRef]

Xynos, N.; Papaefstathiou, G.; Gikas, E.; Argyropoulou, A.; Aligiannis, N.; Skaltsounis, A.-L. Design optimization study of the
extraction of olive leaves performed with pressurized liquid extraction using response surface methodology. Sep. Purif. Technol.
2014, 122, 323-330. [CrossRef]

De Leonardis, A.; Aretini, A.; Alfano, G.; Macciola, V.; Ranalli, G. Isolation of a hydroxytyrosol-rich extract from olive leaves (Olea
Europaea L.) and evaluation of its antioxidant properties and bioactivity. Eur. Food Res. Technol. 2008, 226, 653—659. [CrossRef]
Cabarkapa, A.; Zivkovi¢, L.; Zukovec, D.; Dijeli¢, N.; Baji¢, V.; Dekanski, D.; Spremo-Potparevi¢, B. Protective effect of dry olive
leaf extract in adrenaline induced DNA damage evaluated using in vitro comet assay with human peripheral leukocytes. Toxicol.
In Vitro 2014, 28, 451-456. [CrossRef]

Samet, I.; Han, J.; Jlaiel, L.; Sayadi, S.; Isoda, H. Olive (Olea europaea) Leaf Extract Induces Apoptosis and Monocyte/Macrophage
Differentiation in Human Chronic Myelogenous Leukemia K562 Cells: Insight into the Underlying Mechanism. Oxidative Med.
Cell. Longev. 2014, 2014, 927619. [CrossRef]

Taamalli, A.; Arrdez-Roman, D.; Ibafez, E.; Zarrouk, M.; Segura-Carretero, A.; Fernandez-Gutiérrez, A. Optimization of
Microwave-Assisted Extraction for the Characterization of Olive Leaf Phenolic Compounds by Using HPLC-ESI-TOF-MS/1T-MS?.
J. Agric. Food Chem. 2012, 60, 791-798. [CrossRef] [PubMed]

Lee-Huang, S.; Zhang, L.; Huang, PL.; Chang, Y.-T.; Huang, P.L. Anti-HIV activity of olive leaf extract (OLE) and modulation of
host cell gene expression by HIV-1 infection and OLE treatment. Biochem. Biophys. Res. Commun. 2003, 307, 1029-1037. [CrossRef]
[PubMed]

Korukluoglu, M.; Sahan, Y.; Yigit, A.; Karakas, R. Antifungal activity of olive leaf (Olea europaea L.) extracts from the Trilye Region
of Turkey. Ann. Microbiol. 2006, 56, 359-362. [CrossRef]

Singh, I.; Mok, M.; Christensen, A.-M.; Turner, A.H.; Hawley, ].A. The effects of polyphenols in olive leaves on platelet function.
Nutr. Metab. Cardiovasc. Dis. 2008, 18, 127-132. [CrossRef] [PubMed]

Perugini, P.; Vettor, M.; Rona, C.; Troisi, L.; Villanova, L.; Genta, I.; Conti, B.; Pavanetto, F. Efficacy of oleuropein against UVB
irradiation: Preliminary evaluation. Int. J. Cosmet. Sci. 2008, 30, 113-120. [CrossRef]

Thangavel, N.; Al Bratty, M.; Al Hazmi, H.A.; Najmi, A.; Ali Alaqi, R.O. Molecular Docking and Molecular Dynamics Aided
Virtual Search of OliveNet™ Directory for Secoiridoids to Combat SARS-CoV-2 Infection and Associated Hyperinflammatory
Responses. Front. Mol. Biosci. 2021, 7, 627767. [CrossRef]

Adbhikari, B.; Marasini, B.P.; Rayamajhee, B.; Bhattarai, B.R.; Lamichhane, G.; Khadayat, K.; Adhikari, A.; Khanal, S.; Parajuli, N.
Potential roles of medicinal plants for the treatment of viral diseases focusing on COVID-19: A review. Phytotherapy Res. 2020, 35,
1298-1312. [CrossRef]

Jemai, H.; Fki, I.; Bouaziz, M.; Bouallagui, Z.; El Feki, A.; Isoda, H.; Sayadi, S. Lipid-Lowering and Antioxidant Effects of
Hydroxytyrosol and Its Triacetylated Derivative Recovered from Olive Tree Leaves in Cholesterol-Fed Rats. J. Agric. Food Chem.
2008, 56, 2630-2636. [CrossRef]

Kotovicz, V.; Wypych, F.; Zanoelo, E.F. Pulsed hydrostatic pressure and ultrasound assisted extraction of soluble matter from
mate leaves (Ilex paraguariensis): Experiments and modeling. Sep. Purif. Technol. 2014, 132, 1-9. [CrossRef]

Li, J.; Zu, Y.-G,; Fu, Y.-J,; Yang, Y.-C.; Li, S.-M,; Li, Z.-N.; Wink, M. Optimization of microwave-assisted extraction of triterpene
saponins from defatted residue of yellow horn (Xanthoceras sorbifolin Bunge.) kernel and evaluation of its antioxidant activity.
Innov. Food Sci. Emerg. Technol. 2010, 11, 637-643. [CrossRef]

Jerman, T.; TrebSe, P.; Mozeti¢ Vodopivec, B. Ultrasound-assisted solid liquid extraction (USLE) of olive fruit (Olea europaea)
phenolic compounds. Food Chem. 2010, 123, 175-182. [CrossRef]

Bilgin, M.; Sahin, S. Effects of geographical origin and extraction methods on total phenolic yield of olive tree (Olea europaea)
leaves. J. Taiwan Inst. Chem. Eng. 2013, 44, 8-12. [CrossRef]

Shougin, Z.; Jun, X.; Changzheng, W. High hydrostatic pressure extraction of flavonoids from propolis. J. Chem. Technol. Biotechnol.
2005, 80, 50-54. [CrossRef]


http://doi.org/10.1016/B978-1-893997-88-2.50009-2
http://doi.org/10.1111/j.1753-4887.2009.00248.x
http://www.ncbi.nlm.nih.gov/pubmed/19906250
http://doi.org/10.3390/molecules25245946
http://www.ncbi.nlm.nih.gov/pubmed/33334001
http://doi.org/10.1016/j.seppur.2008.01.022
http://doi.org/10.1007/s11947-016-1834-7
http://doi.org/10.1016/S0308-8146(99)00221-6
http://doi.org/10.1016/j.chroma.2005.12.106
http://doi.org/10.1016/j.seppur.2013.10.040
http://doi.org/10.1007/s00217-007-0574-3
http://doi.org/10.1016/j.tiv.2013.12.014
http://doi.org/10.1155/2014/927619
http://doi.org/10.1021/jf204233u
http://www.ncbi.nlm.nih.gov/pubmed/22206342
http://doi.org/10.1016/S0006-291X(03)01292-0
http://www.ncbi.nlm.nih.gov/pubmed/12878215
http://doi.org/10.1007/BF03175032
http://doi.org/10.1016/j.numecd.2006.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17346951
http://doi.org/10.1111/j.1468-2494.2008.00424.x
http://doi.org/10.3389/fmolb.2020.627767
http://doi.org/10.1002/ptr.6893
http://doi.org/10.1021/jf072589s
http://doi.org/10.1016/j.seppur.2014.04.036
http://doi.org/10.1016/j.ifset.2010.06.004
http://doi.org/10.1016/j.foodchem.2010.04.006
http://doi.org/10.1016/j.jtice.2012.08.008
http://doi.org/10.1002/jctb.1153

Molecules 2023, 28, 353 14 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Briones-Labarca, V.; Plaza-Morales, M.; Giovagnoli-Vicufia, C.; Jamett, F. High hydrostatic pressure and ultrasound extractions of
antioxidant compounds, sulforaphane and fatty acids from Chilean papaya (Vasconcellea pubescens) seeds: Effects of extraction
conditions and methods. LWT Food Sci. Technol. 2015, 60, 525-534. [CrossRef]

Cvijetko Bubalo, M.; Vidovi¢, S.; Radoj¢i¢ Redovnikovi¢, L; Joki¢, S. Green solvents for green technologies. J. Chem. Technol.
Biotechnol. 2015, 90, 1631-1639. [CrossRef]

Dai, Y.; van Spronsen, J.; Witkamp, G.-J.; Verpoorte, R.; Choi, Y.H. Natural deep eutectic solvents as new potential media for
green technology. Anal. Chim. Acta 2013, 766, 61-68. [CrossRef]

Weaver, K.D.; Kim, H.J.; Sun, J.; MacFarlane, D.R.; Elliott, G.D. Cyto-toxicity and biocompatibility of a family of choline phosphate
ionic liquids designed for pharmaceutical applications. Green Chem. 2010, 12, 507-513. [CrossRef]

Paiva, A.; Craveiro, R.; Aroso, I.; Martins, M.; Reis, R.L.; Duarte, A.R.C. Natural Deep Eutectic Solvents—Solvents for the 21st
Century. ACS Sustain. Chem. Eng. 2014, 2, 1063-1071. [CrossRef]

Macario, I.PE.; Oliveira, H.; Menezes, A.C.; Ventura, S.P.M.; Pereira, ].L.; Gongalves, A.M.M.; Coutinho, J.A.P.; Gongalves, FJ.M.
Cytotoxicity profiling of deep eutectic solvents to human skin cells. Sci. Rep. 2019, 9, 3932. [CrossRef]

Wei, Z,; Qi, X,; Li, T.; Luo, M.; Wang, W.; Zu, Y.; Fu, Y. Application of natural deep eutectic solvents for extraction and
determination of phenolics in Cajanus cajan leaves by ultra performance liquid chromatography. Sep. Purif. Technol. 2015, 149,
237-244. [CrossRef]

Unlii, A.E. Green and Non-conventional Extraction of Bioactive Compounds from Olive Leaves: Screening of Novel Natural Deep
Eutectic Solvents and Investigation of Process Parameters. Waste Biomass Valorization 2021, 12, 5329-5346. [CrossRef] [PubMed]
Chanioti, S.; Tzia, C. Extraction of phenolic compounds from olive pomace by using natural deep eutectic solvents and innovative
extraction techniques. Innov. Food Sci. Emerg. Technol. 2018, 48, 228-239. [CrossRef]

Chanioti, S.; Katsouli, M.; Tzia, C. Novel Processes for the Extraction of Phenolic Compounds from Olive Pomace and Their
Protection by Encapsulation. Molecules 2021, 26, 1781. [CrossRef]

Palos-Hernandez, A.; Gutiérrez-Fernandez, M.Y.; Burrieza, ].E.; Pérez-Iglesias, J.L.; Gonzédlez-Paramas, A.M. Obtaining green
extracts rich in phenolic compounds from underexploited food by-products using natural deep eutectic solvents. Opportunities
and challenges. Sustain. Chem. Pharm. 2022, 29, 100773. [CrossRef]

Cvijetko Bubalo, M.; Curko, N.; Tomasevi¢, M.; Kovadevié Ganié, K.; Radojci¢ Redovnikovié, I. Green extraction of grape skin
phenolics by using deep eutectic solvents. Food Chem. 2016, 200, 159-166. [CrossRef]

Chanioti, S.; Siamandoura, P; Tzia, C. Evaluation of Extracts Prepared from Olive Oil By-Products Using Microwave-Assisted
Enzymatic Extraction: Effect of Encapsulation on the Stability of Final Products. Waste Biomass Valorization 2016, 7, 831-842.
[CrossRef]

Tsakona, S.; Galanakis, C.M.; Gekas, V. Hydro-Ethanolic Mixtures for the Recovery of Phenols from Mediterranean Plant Materials.
Food Bioprocess Technol. 2012, 5, 1384-1393. [CrossRef]

Huang, Y.; Feng, F; Jiang, J.; Qiao, Y.; Wu, T.; Voglmeir, J.; Chen, Z.-G. Green and efficient extraction of rutin from tartary
buckwheat hull by using natural deep eutectic solvents. Food Chem. 2017, 221, 1400-1405. [CrossRef]

Mohamad, M.; Ali, M.\W,; Ripin, A.; Ahmad, A. Effect of Extraction Process Parameters on the Yield of Bioactive Compounds
from the Roots of Eurycoma Longifolia. |. Teknol. 2013, 60, 51-57. [CrossRef]

Akhmazillah, M.EN.; Farid, M.M; Silva, FEV.M. High pressure processing (HPP) of honey for the improvement of nutritional
value. Innov. Food Sci. Emerg. Technol. 2013, 20, 59-63. [CrossRef]

Garcia, A.; Rodriguez-Juan, E.; Rodriguez-Gutiérrez, G.; Rios, ].J.; Fernandez-Bolafios, J. Extraction of phenolic compounds from
virgin olive oil by deep eutectic solvents (DESs). Food Chem. 2016, 197, 554-561. [CrossRef] [PubMed]

Chemat, F; Vian, M.A.; Cravotto, G. Green Extraction of Natural Products: Concept and Principles. Int. . Mol. Sci. 2012, 13,
8615-8627. [CrossRef] [PubMed]

Esclapez, M.D.; Garcia-Perez, ].V.; Mulet, A.; Carcel, ].A. Ultrasound-Assisted Extraction of Natural Products. Food Eng. Rev. 2011,
3,108-120. [CrossRef]

Yao, X.-H.; Zhang, D.-Y.; Duan, M.-H.; Cui, Q.; Xu, W.-].; Luo, M,; Li, C.-Y,; Zu, Y.-G.; Fu, Y.-]. Preparation and determination of
phenolic compounds from Pyrola incarnata Fisch. with a green polyols based-deep eutectic solvent. Sep. Purif. Technol. 2015, 149,
116-123. [CrossRef]

Briihl, L. Official Methods and Recommended Practices of the American Oil Chemist’s Society, Physical and Chemical Character-
istics of Oils, Fats and Waxes, Section I. Ed. The AOCS Methods Editor and the AOCS Technical Department. 54 pages. AOCS
Press, Champaign, 1996. Lipid/Fett 1997, 99, 197. [CrossRef]

Waterhouse, A.L. Determination of Total Phenolics; Wiley: Hoboken, NJ, USA, 2002; pp. 1-8. Available online: http:/ /onlinelibrary.
wiley.com/doi/10.1002/0471142913.fai0101s06 / abstract (accessed on 30 September 2017).

Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. LWT Food Sci. Technol.
1995, 28, 25-30. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.lwt.2014.07.057
http://doi.org/10.1002/jctb.4668
http://doi.org/10.1016/j.aca.2012.12.019
http://doi.org/10.1039/b918726j
http://doi.org/10.1021/sc500096j
http://doi.org/10.1038/s41598-019-39910-y
http://doi.org/10.1016/j.seppur.2015.05.015
http://doi.org/10.1007/s12649-021-01411-3
http://www.ncbi.nlm.nih.gov/pubmed/33727990
http://doi.org/10.1016/j.ifset.2018.07.001
http://doi.org/10.3390/molecules26061781
http://doi.org/10.1016/j.scp.2022.100773
http://doi.org/10.1016/j.foodchem.2016.01.040
http://doi.org/10.1007/s12649-016-9533-1
http://doi.org/10.1007/s11947-010-0419-0
http://doi.org/10.1016/j.foodchem.2016.11.013
http://doi.org/10.11113/jt.v60.1441
http://doi.org/10.1016/j.ifset.2013.06.012
http://doi.org/10.1016/j.foodchem.2015.10.131
http://www.ncbi.nlm.nih.gov/pubmed/26616988
http://doi.org/10.3390/ijms13078615
http://www.ncbi.nlm.nih.gov/pubmed/22942724
http://doi.org/10.1007/s12393-011-9036-6
http://doi.org/10.1016/j.seppur.2015.03.037
http://doi.org/10.1002/lipi.19970990510
http://onlinelibrary.wiley.com/doi/10.1002/0471142913.fai0101s06/abstract
http://onlinelibrary.wiley.com/doi/10.1002/0471142913.fai0101s06/abstract
http://doi.org/10.1016/S0023-6438(95)80008-5

	Introduction 
	Results and Discussion 
	Preparation and Physicochemical Properties of NADES 
	Effect of NADES Type on Olive Leaf Extraction by Different Assisted Extraction Methods 
	Microwave-Assisted Extraction (MAE) 
	Ultrasound-Assisted Extraction (UAE) 
	Homogenate-Assisted Extraction (HAE) 
	High Hydrostatic Pressure-Assisted Extraction (HHPAE) 

	Phenolic Profiles of the NADES Extracts 
	Statistical Analysis 
	Comparison of Assisted Extraction Methods 

	Materials and Methods 
	Raw Materials 
	Chemicals and Reagents 
	NADES Preparation 
	Olive Leaf Phenolic Compound Extraction 
	Microwave-Assisted Extraction (MAE) 
	Ultrasound-Assisted Extraction (UAE) 
	Homogenate-Assisted Extraction (HAE) 
	High Hydrostatic Pressure-Assisted Extraction (HHPAE) 

	Total Phenolic Content (TPC) 
	Antioxidant Activity 
	HPLC–DAD Analysis 
	Statistical Analysis 

	Conclusions 
	References

