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Abstract Natural Deep eutectic solvents (NaDESs) are promising green solvents for the extraction
of phytochemical compounds with antioxidant properties. In this study, we aimed to evaluate the
behavior of the antioxidant properties of Alkanet (Alkanna tinctoria) root in hydrophilic NaDESs.
For this purpose, two NaDESs constituted of sodium acetate:lactic acid (SALA|,) and sodium
acetate:formic acid (SAFA ;) were synthesized to evaluate the antioxidant properties of Alkanet.
70% ethanol, 80% methanol and water were used as conventional solvents for comparison.
SALA|, and SAFA,, were characterized considering their viscosities and FITR spectra. The
extracts obtained with SALA, and SAFA, presented the best results when compared to the con-
ventional solvents. The NaDES presented the highest extraction performance was SAFA;,. This
prominent NaDES was subjected to the response surface methodology using a Box-Behnken design
to figure out the optimum conditions to have the maximum antioxidant activity of Alkanet root.
For total phenolic content (TPC), total flavonoid content (TFC) and DPPH radical scavenging,
the optimum conditions were 1:4 molar ratio, 45% water content and 25% mL solvent ratio.
The confirmed responses at the optimum conditions were 390.16 mg GAE/g, 10.69 mg ECE/g
and 444.68 mmol TE/g, respectively. NaDES molar ratio and water content were found to impact
most significantly the antioxidant properties Alkanet. The thermal stability experimentation
revealed that phytochemicals along with the antioxidant properties of Alkanet were more stable
in NaDES. These findings revealed that novel NaDES is an efficient green solvent for the extraction
of bioactive compounds with antioxidant properties from plants.
© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Alkanna tinctoria (L.) Tausch or Alkanet is one of the species
belonging to the Boraginaceae family. It is a perennial plant
with 40 cm height which grows wild in many countries
throughout the Mediterranean areas. In Turkey, alkanet is
naturally grown in the Mediterranean and Southern Anatolia
regions. Its attractive flowers bloom during summer, especially
from May to July. Alkanet is traditionally used not only as a
dye but also as a food ingredient and preventive and curative
remedy. The roots are surrounded by large cortex scales which
have a dark reddish-brown color (Jaradat et al., 2018). Alkanet
roots are multipurpose used in traditional communities and
industries as a natural source of red pigments, including dye
of cosmetics, food and textiles (Jaradat et al., 2018; Tung
et al., 2012). Moreover, the roots are used as a natural remedy
to prevent and to treat ulcers, wounds, fever, inflammation,
aging and herpes (Abdel-gelil et al., 2019; Jaradat et al.,
2018). The root extracts had effective effects as anticancer
(Tung et al., 2012), antioxidant (Assimopoulou et al., 2004;
Assimopoulou and Papageorgiou, 2005; Ozer et al., 2010;
Rashan et al., 2018), antiwinkle (Jaradat et al., 2018), antipyre-
tic, antinociceptive and sedative (Salih et al., 2016), wound
cure (Giumiis and Karaman, 2017) and antimicrobial
(Alwahibi and Perveen, 2017; Khan et al., 2015). These bene-
ficial effects of Alkanet roots are associated with the properties
of the phytochemical compounds they contain.
Naphthoquinones are the main phytochemical components
extracted from Alkanet. The quinones and derivatives isolated
from Alkanet roots included alkannin, shikonin, acetylalkan-

nin, angelylalkannin, 5-methoxyangenylalkannin, acetyl-
shikonin, dimethylacryl alkannin, naphtharzin,
arnebifuranone, shikalkin, alkanfuranol and alkandiol

(Assimopoulou et al., 2004; Assimopoulou and
Papageorgiou, 2005; Tung et al., 2012). Furthermore, the pres-
ence of phenolic acids, flavonoids, glucosides, tannin, alkaloids
and volatile oil has been reported in various extracts of the
roots (Jaradat et al., 2018). The essential oil of Alkanet showed
higher antioxidant activity and was composed mainly by pule-
gone, 1,8-cineole, a-terpinyl acetate and isophytol (Ozer et al.,
2010).

The antioxidant properties of Alkanet have been evaluated
only with the conventional solvents consisting of water, metha-
nol, dichloromethane, ethyl acetate, acetone and ethanol
(Jaradat et al., 2018; Assimopoulou et al., 2004; Ozer et al.,
2010). Although these conventional solvents had a high perfor-
mance for the extraction of phenolic compounds, they are
associated with possible hazards such as inflammation, volatil-
ity, explosivity, toxicity and environmental pollution (Chemat
et al., 2012). Therefore, many alternative eco-friendly solvents
with less toxicity, low cost and high extractability have
emerged (El Kantar et al., 2019).

Recently, Natural deep eutectic solvents (NaDESs)
emerged as prominent, green and sustainable solvents for the
extraction and optimization of phytochemical compounds
from plants. NaDESs are a combination of two or more natu-
ral components consisting of hydrogen bond donor (HBD)
and hydrogen bond acceptor (HBA) (Kadhom et al., 2017).
The mixture HBA and HBD produces a green solvent having
a strong supramolecular structure, low melting point, non-
toxic, renewable, cheaper and easily preparable (Cunha and

Fernandes, 2018; El Kantar et al., 2019; Kadhom et al.,
2017; Lopez et al., 2020; Martins et al., 2019; Wei et al.,
2015). Many different kinds of NaDESs are formulated and
tested for their extraction performance of polyphenols. It
resulted that they had higher extractability performance when
compared to the conventional solvents since NaDESs could
form a strong intramolecular structure with the solute (Dai
et al., 2015; Saha et al., 2019). Moreover, NaDESs have shown
higher performance for the extraction, detection of polyphe-
nols and characterization of antioxidants properties of many
plants, byproducts and waste (Balaraman et al., 2020;
Barbieri et al., 2020; Chakroun et al., 2019; Dai et al., 2014;
Saha et al., 2019; Wei et al., 2015). However, the high viscosity
of NaDESs is the limiting factor affecting their applicability.
Therefore, the addition of some quantity of water has been
suggested to tailor the NaDESs viscosity (Aroso et al., 2017,
Dai et al., 2013).

To best of authors’ knowledge, no published studies inves-
tigating the antioxidant properties of Alkanet roots using the
NaDESs had been found in the existing literature. In the pre-
sent study, two hydrophilic natural deep eutectic solvents were
synthesized to evaluate the antioxidant properties of Alkanet
(Alkanna tinctoria) for the first time. The new hydrophilic
NaDESs were composed of HBA (sodium acetate) and HBD
(formic acid and lactic acid) with the addition of water. The
effect of the addition of water on the antioxidant activities of
Alkanet was determined. Water, ethanol and methanol were
used as conventional solvents for comparison. In addition,
the ultrasound-assisted extraction (UAE) was carried out to
enhance the extraction performance. The most prominent
NaDES was selected for the optimization using
Box Behnken design along with Response Surface Methodol-
ogy and for the thermal stability tests.

2. Material and methods

2.1. Plant material and chemicals

A. tinctoria root was collected from Igdir province, Turkey.
The root was cleaned, packed into sterilized brown bottles
and kept at 4 °C for further use. Before analysis, the root
was powdered by a disintegrator (sinbo, coffee and spice grin-
der, SCM 2934) and sieved. Distilled water was purified by a
Millipore-Q system (Millipore Billerica, Massachusetts, USA).

Methanol (>99.8%), 2,2- diphenyl-1-picrylhydrazyl
(DPPH), 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ, >99.0%), Tro-
lox (97%), sodium nitrite (99-100.5%), hydrochloric acid
(36.5-38%), (—)- epicatechin, gallic acid (>99.0), lactic acid
(>85%) and sodium carbonate (99.5-100.5%) were purchased
from Sigma-Aldrich. Ethanol (>99.9%) was bought from
Isolab. Folin-Ciocalteu reagent, aluminium chloride, iron
(IIT) chloride, iron sulfate heptahydrate (>99.5%) and formic
acid (98-100%) were brought from Merck. Sodium acetate
anhydrous (>99.0%), glacial acetic acid (99.5%), potassium
chloride (>99.0%) and Sodium hydroxide (>97.0%) were
taken from Carlo erba.

2.2. NaDES preparation

The NaDESs were prepared following the procedures detailed
in El Kantar et al. (2019) and Wei et al. (2015) with some
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changes. The NaDESs were synthesized as molar ratio of two
different components consisting of hydrogen bond donor
(HBD) and hydrogen bond acceptor (HBA), followed by the
addition of 20% of distilled water. Sodium acetate was used
as HBA and formic acid and lactic acid were used as HBD
(Xu et al., 2015; Pal and Jadeja, 2020). In this study, NaDES
components were placed in reaction flask by heating at 75 °C
with constant stirring for 2 h30 min until a homogeneous liq-
uid was obtained.

2.3. Rheology

The rheological characteristics of NaDESs were monitored
based on the viscosities. The viscosity of NaDESs was deter-
mined with a Rheometer (Buchi, CH-9230 Flawil 1, Switzer-
land) fitted with a parallel geometry with 20 mm of diameter
and gap 1 mm. The measurements were carried out as
described in Aroso et al. (2017). All the measurements were
performed in triplicate at 20 °C.

2.4. Fourier transformed infrared (FTIR) analysis

FTIR analysis of NaDESs and extracts was carried out using a
FTIR Spectrometer ((Perkin Elmer, Spectrum-Two, USA,
PEService 35). Diamond lens attenuated resistance was used.
The spectrometer was adjusted in resolution 4 and by selecting
the Norton-Beer (N-B) strong apodization function. The range
of all spectra was between the wavenumbers of 4000 and
400 cm~!. Before every spectrum, a background reference
was taken using an empty cell to ensure no interferences. Then,
spectrum intensity was transformed into relative transmit-
tance, %T.

2.5. Extraction

The extraction of phytochemical compounds with antioxidant
activity was achieved in both conventional and NaDESs media
using an ultrasound. The ultrasound-assisted extractions
(UAE) were performed in a sonication water bath (WUC-
AO03H, ultrasonic cleaner set, daihan scientific Co., Ltd). Dis-
tilled water, 70% ethanol and 80% methanol were considered
in present work as conventional solvents due to their high
extractability of polyphenols. 0.25 g of comminuted A. tincto-
ria root was mixed with 10 mL of conventional solvents and
NaDESs. The sonication was carried out following a modified
previous method (Zhao et al., 2020). The mixture was ultra-
sonicated in an ultrasonic bath at room temperature (25 °C)
for 20 min. The samples were then filtered through Whatman
filter paper No.1 thrice.

2.6. Determination of total phenolic content (TPC)

The TPC of A. tinctoria extracts was determined using a previ-
ous Folin-Ciocalteu method with modification (Maran, 2013;
Zannou et al., 2020). Briefly, an aliquot of 150 pL of the
diluted extract was mixed 750 mL of 10% Folin-Ciocalteu
reagent. The mixture was shaken for 1 min before adding
600 mL of 7.5% sodium carbonate solution. The mixture
was shaken again and placed in the dark for 2 h before reading
absorbance. The absorbance was read at 760 nm in an UV-

spectrophotometer (Thermo Spectronic) and the TPC was cal-
culated from a calibration curve using gallic acid as a standard.
The results were given as mg gallic acid equivalent (GAE) g™
dw.

2.7. Determination of total flavonoid content (TFC)

The TFC was determined using a modified protocol (Hossain
and Shah, 2015; Lakka et al., 2019). 1 mL of the diluted solu-
tion was combined with 0.3 mL of 5% NaNO, and left to
stand for 5 min, followed by the addition of 0.5 mL of 5%
AICl;. The mixture was kept for 6 min before adding 0.5 mL
of 1 M NaOH. After 10 min, the absorbance was read at
510 nm. The TFC was estimated based on a calibration curve
using epicatechin as standard. The results were given as mg
epicatechin equivalents (ECE) g~ dw.

2.8. Determination of the DPPH radical scavenging activity

The DPPH radical scavenging was determined using a modi-
fied method (Hossain and Shah, 2015; Singh et al., 2015).
Briefly, an aliquot of 50 pL. sample was added with 1 mL
DPPH solution (0.06 mM in 80% methanol). The mixture
was shaken and left to stand in dark for 1 h until the reaction
completed. Thereafter, the absorbance at 517 nm was
recorded. The DPPH solution was used as control. The reduc-
tion ratio of DPPH was determined with the following
equation:

. A, — Ay
Reduction(%) = ( Y > x 100 (1)
where Ac = Absorbance of control and As = Absorbance of
extract. The DPPH radical scavenging activity in each extract
was calculated from a calibration curve using Trolox as a stan-
dard. The results were given as mmol Trolox equivalent (TE)
—1
g dw.

2.9. Determination of ferric reducing antioxidant power
(FRAP)

FRAP assay was performed according to the procedure of
Shang et al. (2019) and Singh et al. (2015). Briefly, an aliquot
of 50 puL volume of sample was mixed with 950 mM of FRAP
solution constituted of 100 mM acetate buffer: 10 mM FeCls:
10 mM TPTZ (2,4,6-tripyridyl-s-triazine). The assembly was
shaken for about 5 min and the absorbance was read at
593 nm against a blank. The FRAP values of the extracts were
calculated from the calibration curve using FeSO, as a stan-
dard. The results were given as mmol FeSO, equivalents
(mmol ISE g~! dw).

2.10. Optimization plan

The optimization parameters of the NaDES were examined
systematically using response surface methodology based on
the three-level Box-Behnken design (Design expert software
11.0). The experimental design was carried out with three inde-
pendent variables of X; (SAFA molar ratio), X, (water con-
tent) and X3 (solvent-to-solid ratio). The actual and coded
values of the independent variables were presented in Table 1.
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Table 1 Actual and coded values of independent variables.

Coded values Actual values

Xi X2 X5
-1 10 1:1 10
0 45 1:2 17
+1 80 1:4 25

X, (Water content %); X, (molar ratio) and X3 (Solvent ration,
mL).

The association of the molar ratio of sodium acetate (1) to for-
mic acid (1, 2 and 4), water content (10%, 45% and 80%) and
solvent-to-solid ratio (10:0.25, 17:0.25 and 25:0.25 mL/g) were
independent variables chosen for UAE. These variables were
regrouped in 15 experimental points including three replicate
at the central point. Total phenolic content, total flavonoid
content and DPPH radical scavenging activity were investi-
gated as the responses (Y) for the design experiment. The
experimental points along with responses were given in Table 2.
The analyses were performed in duplicate. The experimental
data were fitted to the following quadratic polynomial model:

3 3 2 3
Y= B0+ BiXi+y PiiXii+H Y BijXiXj 2)
i=1 i=1

=1 j=itl
2.11. Thermal stability

5 mL of A. tinctoria extracts were put into the brown bottles
with screw caps and placed in a preheated water bath at 80,
60 and 40 °C. The bottles were removed from the water bath
after 2 h and cooled to room temperature. The first-order reac-
tion rate constant (k) and activation energy (Ea) were used to
express the kinetic modeling of degradation of TPC, TFC,
DPPH radical scavenging and FRAP during the thermal treat-
ment of A. tinctoria in NaDES (Dai et al., 2014; Olivares-
tenorio et al., 2017).

In (%) -kt (3)

Table 2 Coded Box-Behnken design with the analytical responses.

where k is the constant rate (s~ 1), Cy is the initial concentration
and C, is the concentration after the heating time (t) at a given
temperature.

— (’vaTf%%fﬁn (4)
krcﬁf
where k is the constant rate (s '), ke is the constant rate (s~)
of a reference temperature T,.r (K). 40 °C was considered as
reference temperature in the present study. Ea is the activation
energy (Jmol™') and R is the universal gas constant
(8.32 Jmol™' K1),

2.12. Data and statistical analyses

The software Design Expert 11.0 (Trial version, Stat-Ease Inc.,
Mineapolis, USA) was used to design the experimentation
along with data analysis. ANOVA was used to determine the
statistical relationship between factors. The adequacy of the
models obtained was ascertained by screening the R, adjusted
R2, coefficient of variation (CV) and the value of Fisher’s test
(F-value). The significance of the models and regression coef-
ficients were measured at p < 0.05. The relationship between
independent variables and responses was checked by 3D
graphics. The optimum conditions were determined according
to the desirability function. One-way statistical analyses were
carried out by ANOVA with post-hoc Duncan’s test using
SPSS (version 21). The significance of the results was assessed
at p < 0.05.

3. Results and discussion

3.1. Characterization of NaDESs

The viscosity of NaDESs destined for extraction phytochemi-
cal compounds is a key element. The very high viscosity would
adversely impact the extraction yield of phytochemical com-
pounds since it hinders the mass transfer to be appropriately
achieved (Wei et al., 2015). In the present study, two NaDESs
composed of hydrogen bond acceptor (sodium acetate) and
hydrogen bond donor (lactic acid and formic acid) in 1:2 M

Run Coded values Analytical responses
X1 X5 X3 TPC (Y,), mg GAE/g TFC (Y,), mg ECE/g DPPH radical scavenging
(Y3), mmol TE/g

1 —1 —1 0 71.27 3.57 48.79

2 1 0 —1 267.23 6.61 237.31

3 -1 1 1 347.22 10.69 349.00

4 1 1 0 277.62 6.91 228.69

5 —1 0 —1 214.29 5.26 191.29

6 0 -1 1 258.56 1.37 205.32

7 0 0 0 306.49 6.21 283.71

8 -1 1 0 348.24 9.46 260.59

9 1 —1 0 260.27 5.33 205.32

10 0 1 —1 345.04 10.14 252.86

11 0 0 0 297.95 4.70 245.47

12 0 0 0 259.05 3.70 276.59

13 0 —1 —1 258.30 5.01 208.62

14 1 0 1 294.47 9.54 294.51

15 - 0 0 249.81 6.13 279.79
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Table 3 Efficiency of NaDESs and viscosities.

Solvents TPC, mg GAE/g  TFC, ECE DPPH radical scavenging, FRAP, mmol Viscosity, pH

mg/g mmol TE/g ISE/g m.Pa
SALA |, 170.96 + 8.10a 3.82 + 0.63b 112.31 + 14.69ab 170.43 + 26.29a 56.49 £ 7.68  3.41 + 0.01
SAFA |, 175.97 + 13.58a 478 £ 0.25a 130.91 + 5.56a 148.58 + 16.87ab  46.25 + 6.83 3 £ 0.01
Water 86.79 + 7.24b 4.60 + 0.42ab  97.39 £ 10.26b 55.47 + 8.64d ND ND
70% ethanol 49.71 + 3.83¢ 1.93 + 0.21¢c 75.24 + 7.83¢ 96.11 + 6.35¢ ND ND
80% methanol  33.12 £ 2.14d 2.14 + 0.66¢ 74.07 + 11.17¢ 140.81 £ 7.81b ND ND

*ND means not determined; Same letters in the column mean no statistical difference p < 0.05; Means values are given as dry basis.

ratios were formulated (Xu et al., 2015; Pal and Jadeja, 2019;
Zhao et al., 2020). The viscosity of these NaDESs was tailored
by adding 20% of distilled water to enhance the extraction
abilities (Obluchinskaya et al., 2019; Rajha et al., 2019; Saha
et al., 2019). The NaDES sodium acetate:lactic acid was
encoded SALA;, while sodium acetate:formic acid was
SAFA,. The viscosity determined for SAFA, was 46.25 £ 6.
83 m.Pa while SALA > exhibited a viscosity of 56.49 + 7.68 m.
Pa (Table 3). The highest viscosity was detected with SALA |,
and the lowest with SAFA,.

The pH is an essential factor influencing the performance of
NaDESs (Duan et al., 2016; Chakroun et al., 2019). It exerts a
crucial role in chelate formation and stability, affecting the
recovery of targeted analyte (Zounr et al., 2018). The pH of
SALA |, and SAFA |, were assigned in Table 3. As can be seen,
the lowest pH was detected with SAFA |, (pH 3), while the
highest pH was found with SALA,, (pH 3.41). Similarly,
Garcia et al. (2016) have reported pH 2 and pH 0.5 in choline
chloride:lactic acid (1:2) and choline chloride:malonic acid,
respectively.

The FTIR spectra (Fig. 1) were used to identify the func-
tional groups and feature reactions that occur between HBA
(sodium acetate) and HBD (lactic acid and formic acid). To
the best of the authors’ knowledge, no study describing the
FTIR frequencies of the studied NaDESs has been published
so far. As shown in Fig. la, the FTIR analysis of SAFA;,
revealed that the peak at 3418.98 cm™' was associated to
O— H stretching frequency of water denoting the effective
presence of water in the medium. The peak at 2932.93 cm™1
could be associated to the stretching frequency of C— H of
sodium acetate (Jones and Mclaren, 1954) and formic acid.
The peak at 2540.17 cm™! was assigned to O— H stretching
frequency of formic acid since the peaks ranged between
2500 and 3000 cm ™' are due to the O— H stretching of the acid
component. The strong frequencies obtained at 1705.71 and
1575.23 cm™! were related to the stretching C—0 of formic
acid and sodium acetate, respectively. The rock C—H of for-
mic acid was obtained at 1375.18 cm™!. Also, 1375.18 cm™1
could be considered as the stretching frequency of C—O of
sodium acetate. The lower range of the region below
1200 cm~! generally represents different kinds of C—H,
C—O and CHj; vibrations (rocking, deformation and stretch-
ing) (Tripathi et al., 2015). These findings indicated the
homogenization of the mixture and the formation of a strong
network between the functional groups of NaDES sodium
acetate:formic acid were effective.

Fig. 1b presented the FTIR spectrum of SALA ,. As can be
seen, the peak at 3380.30 cm ™! was associated to O—H stretch-

ing frequency of water and lactic acid. This peak was found to
be larger than O—H stretching peak obtained in Fig. la, since
it rose from water and lactic acid. The peak at 2989.80 cm™ 1
was the stretching frequency of C—H of sodium acetate
(Jones and McLaren, 1954) and lactic acid. The peak at
2569.00 cm™! was assigned to O—H stretching frequency of
lactic acid. The strong frequencies obtained at 1708.05 and
1581.05 cm™! were assigned to the stretching C=0 of lactic
acid and sodium acetate, respectively. The C=O0O stretching
band of lactic acid shifted to 1645.60 cm~'. The band at
1454.04 cm™' was for CH; deformation present in sodium
acetate and lactic acid, while the band at 1411.39 cm™!
was C—O stretching of sodium acetate. The peak frequencies
of 1370.27 and 1248.02 cm™" were related to the CH bend
and OH bend, respectively. The bands ranged from 1200
to 950 cm~! explained the stretching modes of C—C and
C—O functional groups of lactic acid. These results
explained the effectiveness of the presence of NaDES com-
ponents in the mixture and the formation of a strong net-
work between the functional groups of NaDES sodium
acetate:lactic acid.

3.2. Evaluation of NaDESs efficiency

There are many intrinsic characteristics notably diffusion, sur-
face tension, viscosity, density, polarity, physicochemical inter-
actions and solubility (Bi et al., 2013; Wei et al., 2015) which
influence the extraction efficiency of NaDESs. The results
showing the extraction performance of SAFA, and SALA,
together with conventional solvents were presented in Table 3
and Fig. 2. The values of TPC, TFC, DPPH radical scavenging
and FRAP values were ranged from 33.12 to 175.97 mg GAE/
g, 1.93 to 4.78 mg EGE/g, 74.07 to 130.91 mmol TE/g and
55.47 to 170.43 mmol ISE/g, respectively. These results are
in accordance with the values previously reported (Jaradat
et al., 2018; Assimopoulou et al., 2004; Assimopoulou and
Papageorgiou, 2005). As can be seen, the values of TPC,
TFC, DPPH radical scavenging and FRAP were found to be
higher in SAFA |, and SALA,. Similarly, the NaDES sodium
acetate:lactic acid has provided the best extraction perfor-
mance of phenolic compounds from mango (Pal and Jadeja,
2019). The conventional solvents such as water, 70% ethanol
and 80% methanol displayed the lowest extractability perfor-
mance compared to the NaDESs. The hydrophilic NaDESs
have been revealed to be appropriate extraction solvents com-
pared to the conventional solvents (El Kantar et al., 2019;
Saha et al., 2019). The high extractability efficiency of SAFA,
and SALA|, could be linked with the multiple hydrogen-
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Fig. 1 FTIR spectrum

bonding networks generated during their formulation and the
introduction of water to tailor their viscosity. The acid-based
NaDESs have been reported to be adequate for the extraction
of phenolic compounds, since they conferred strong H-
bonding interactions amongst components and presented the
low viscosity (Lakka et al., 2019; Y. Liu et al., 2019; Zhou
et al., 2018). Furthermore, polyphenols are assigned to a type
of hydrogen bond donor since they interact firmly with acetate
anions leading to their higher solubility and satisfactory
extraction performance (Bakirtzi et al., 2016). As shown in
Table 3, SAFA;, displayed the highest extraction yield of
TPC (175.97 mg GAE/g), TFC (4.78 mg EGE/g) and DPPH
radical scavenging (130.91 mgTE/g) from A. tinctoria root.
This might be explained by the difference in the viscosities of
NaDESs, since SAFA, displayed lower viscosity compared
to SALA|,. Saha et al. (2019) have reported that lowering
the viscosity enhances the cavitational process and allows the
formation of a stronger H-bonding between the NaDESs
and solute, enhancing the extraction yield and capacity. In

2000 1500 1000 650

cm-1

of (a) SAFA,» and (b) SALA .

addition, the higher performance of SAFA;, could be related
to the pH, since it displayed a lower pH than SALA,. It
has been demonstrated that the most acidic NaDESs have
shown the highest yields of bioactive compounds with antiox-
idant properties (Garcia et al., 2016; Duan et al., 2016). There-
fore, the NaDES SAFA |, was chosen for further investigation.

3.3. Optimization of NaDES and extraction conditions

The influence of molar ratio, water content and liquid-to-solid
ratio was studied in order to optimize the values of TPC, TFC,
DPPH radical scavenging and FRAP of A. tinctoria root. A
three-level Box-Behnken design (Design expert software 11.0)
was used to design the experimentation profile. A total of 15
experimental points with three replication in the central point
was generated and investigated. The responses and the coded
independent factors of all the experimental points were shown
in Table 2.
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Fig. 2 Extraction performance of NaDESs and conventional solvents.

3.3.1. Model analysis

The results of response surface methodology were displayed in
Table 2. TPC values were ranged from 71.67 to 348.24 mg
GAE/g and TFC values ranged from 1.37 to 10.69 mg ECE/
g. The values of DPPH radical scavenging activity were
ordered between 48.79 and 349.00 mmol TE/g. The highest
TPC was detected at run 8 (1:4 M ratio, 10% water content
and 17 mL solvent ratio), while the highest TFC and DPPH
radical scavenging were found at run 3 (1:4 M ratio, 45%
water content and 25 mL solvent). The lowest TPC and DPPH
radical scavenging were observed at 1 run (1:1 M ratio, 10%
water content and 17 mL solvent ratio) while the minimum
TFC was identified at run 6 (1:1 M ratio, 45% water content
and 25 mL solvent ratio). The lowest responses were figured
out at the runs with 10% water content and 1:1 M ratio, indi-
cating that the viscosity was very high and the molar ratio was
inadequate. 15-30% of water content has been suggested to
enhance polyphenols compounds extraction performance of
many NaDESs since very high viscosity of NaDESs limited
the mass transport and decreased extractability efficiency (EI
Kantar et al., 2019; Y. Liu et al., 2019; Shang et al., 2019;
Wei et al., 2015; Zhou et al., 2018). The maximum responses
were obtained with 1:4 M ratio, indicating the availability of
carboxyl group (—COOH) capable to initiate hydrogen-
bonding and to increase NaDESs performance. These findings
revealed the importance of viscosity and molar ratio in pheno-
lic compounds extractability of NaDESs.

The analysis of the optimization models was made follow-
ing the regression coefficients which were indicated at the least
square for the second-order quadratic polynomial models. The
reduced second-order equations in actual factors terms were
used to express the proposed model, as the equation in terms
of actual factors can be used to make predictions about the
response for given levels of each factor. The non-significant
factors were stepwise removed from the polynomial model.
The reduced second-order models in terms of actual factors
for the responses such as TPC, TFC and DPPH radical scav-
enging of A. tinctoria as a function of water content (X,),

molar ratio (X,) and solvent ratio (X3) were obtained as
follows:

(5)

TFC =226+ 1.79X, (6)
DPPH = —219.40 4 5.75X; + 219.25X, — 4.07X;

—0.80X, X, — 0.04X, X, — 29.58X,X, (7)

These equations translate the response patterns for individ-
ual measurement and complexity of possible sceneries. The
sign of the parametric value determines part of the response;
for positive effects, the response is higher at the high level
and when a factor has a negative effect, the response is lower
at high level. Additionally, the higher of the parametric value,
the more significant the weight of the governing variable is
(Vieira et al., 2018). The results of the ANOVA of each
response were presented in Table 4. The model developed for
TPC was significant at p < 0.0002 and had satisfactory R>
(0.8740), adjusted R? (0.8236), CV (11.48%) and adequate pre-
cision (10.3735). The R? and adjusted R? of the model devel-
oped were very close. Thus, there was a good conformity
between the experimental and predicted values, proving that
they can be used for the prediction and optimization stages
(Vieira et al., 2018). The predicted R? of 0.6458 is in reasonable
agreement with the adjusted R? of 0.8236; i.e. the difference is
less than 0.2. Furthermore, the model of TPC presented a non-
significant lack of fit, suggesting that the model was a good fit.
The model generated for TFC was significant at p < 0.0006,
but R? (0.6076) and adjusted R? (0.5774) were poor but close,
indicating that there was satisfactory conformity between the
experimental and predicted values. The model can be used to
explore the design, since it had an adequate precision ratio
(8.47) higher than 4. The predicted R? of 0.4796 is in reason-
able agreement with the adjusted R? of 0.5774; i.e. the differ-
ence is less than 0.2. The lack of fit was non-significant
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Table 4 ANOVA results for the reduced quadratic models.

TPC TFC DPPH radical scavenging

SS F-value p-value SS F-value p-value SS F-value p-value
Model 55916.97 17.34 0.0002 60.57 20.13 0.0006 54650.21 9.06 0.0033
Xl - - - - - - - - -
Xo 25876.56 32.10 0.0002 60.57 20.13 0.0006 22925.14 22.25 0.0015
X3 - - - - - - 8441.92 7.43 0.0260
Xi2 15541.12 19.28 0.0014 = = = 7517.09 7.44 0.0259
Xi3 - - - - - - - -
X3 - - - - - - - - -
X1 8198.00 10.17 0.0097 - - - - 7.40 0.0262
X = = = = = = 11567.58 12.29 0.0080
X33 - - - - - - - - -
Residual 8060.79 39.12 8046.01
Lack of Fit 6781.66 1.33 0.4990 35.95 2.06 0.3720 7218.73 2.91 0.2778
Total 63977.75 99.69 62696.22
R? 0.8740 0.6076 0.8717
Adj-R2 0.8236 0.5774 0.7754
Pred-R? 0.6458 0.4796 0.4923
C.V. % 11.48 27.49 13.33
Adeq Precision 14.36 8.47 11.14

SS: Sum of squares.

indicating that the developed model was a good fit. However,
the response surface methodology was unable to develop an
appropriate model which describes better the TFC of A. tinc-
toria root extracted with sodium acetate:Formic acid NaDES,
since R? (0.6076) and adjusted R? (0.5774) poor (Odabas and
Koca, 2016). Regarding to the model generated for DPPH rad-
ical scavenging, higher R? (0.8717) and adjusted R? (0.7754)
were obtained along with a significant term at p < 0.0152.
The R* and adjusted R* of the developed model were high
and very similar. Thus, the model presented good conformity
between the experimental and predicted values. Moreover,
the model of DPPH radical scavenging generated a non-
significant lack of fit, indicating that the model was a good fit.

3.3.2. Effects of independent variables on TPC

The linear and quadratic terms of the response surface
methodology models developed for TPC of A. tinctoria root
were shown in Table 4. The model showed that the molar ratio
was the most significant linear variable having effects on TPC
with F values of 32.10 (p < 0.0002), which means that it is
needed for complete understanding of the behavior of this
response. The linear values of water content and solvent ratio
had no significant effects on TPC. The interaction of the linear
units of water content and molar ratio had significant impacts
on TPC with F value 19.28 (p < 0.0014). Likewise, only the
quadratic term of water content had the most significant
impact on TPC with F values of 10.17 (p < 0.0097). The 3D
response surface graphics (Fig. 3) were generated to interpret
the effects of the combinations of water content and molar
ratio, of water content and solvent ratio and of molar ratio
and solvent ratio on TPC. As can be seen, the couple of vari-
ables water content and molar ratio had significant effects on
TPC and occurred a rapid augmentation of this response when
increased and this behavior of TPC was most accentuated
when the molar ratio was incremented. The availability of
H-bond donors elevated when the molar ratio increased, lead-

ing to the formation of a stronger hydrogen network between
NaDES components and solute. Such phenomenon facilitates
the dissolution of phenolic compounds in NaDESs, improving
the extraction efficiency (Peng et al., 2015; Saha et al., 2019).
The increase in water content demonstrated a beneficial effect
on TPC as the highest value was obtained 80% of water con-
tent (Fig. 3). Similar reaction has been observed during the
optimization of polyphenols from olive leaf (Alanon et al.,
2020), as the salt-based NaDES are too anhydrous forming a
plastic solid at low water content. Lowering the viscosity by
adding water enhanced the efficiency of sodium acetate:formic
acid NaDES for the extraction of polyphenols of A. tinctoria.

TPC (mg GAE/g)

30 Water content (%)

Molar ratio (Molar) 20

Fig. 3  Effect of independent variables on TPC.
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The quantity of water required to extract the maximum
phenolic compounds depends on the intrinsic characteristics
of NaDESs, the raw material and the targeted phytochemical
compounds. For example, 10, 20, 25, 30, 50 and 60% of water
content in various NaDESs have been reported as the appro-
priate required water to perform higher efficiency the extrac-
tion of phenolic compounds many plant materials (Barbieri
et al., 2020; Buldo et al., 2019; Cui et al., 2015; Jancheva
et al., 2017; Ozturk et al., 2018; Wei et al., 2015). Nonetheless,
some quantity of water should not be overpassed (Alaiion
et al., 2020) else, the eutectic structure of the mixture would
break down (Dai et al., 2013). The solvent ratio was almost
indifferent to the response surface carried out for TPC, indi-
cating a positive character in economic terms. Moreover, lar-
ger solvent volumes negatively impact the efficiency and the
economic feasibility, generating unnecessary byproducts
(Zhang et al., 2014).

3.3.3. Effects of independent variables on TFC

The linear and quadratic terms of the response surface
methodology models developed for TFC of A. tinctoria root
were given in Table 4. The developed model showed that the
linear term of molar ratio was the most significant linear unit
having effects on TFC with F value 20.13 (p < 0.0006). The
linear values of water content and solvent ratio had no signif-
icant effects on TFC. No quadratic term had significant on
the TFC since all the quadratic terms displayed p-values
higher than 0.05. The response surface plot showing the effect
of molar ratio on TFC was presented in Fig. 4. As can be
seen, the increase in molar ratio linearly generated an
increase on the response TFC. The extraction of flavonoid
compounds with NaDESs was reported to be strongly depen-
dent to the extraction conditions, NaDESs components,
molar ratio, solvent ratio and water content (Bajkacz and
Adamek, 2017; Wei et al., 2015; Xiong et al., 2019; Zhuang
et al., 2017).

3.3.4. Effects of independent variables ratio on DPPH radical
scavenging

The linear and quadratic terms of the response surface
methodology models developed for DPPH radical scavenging
of A. tinctoria root were presented in Table 4. The analysis
of the model revealed that linear units of molar ratio and sol-
vent ratio exhibited significant effects on DPPH radical scav-
enging with F wvalues 2225 (p < 0.0015) and 7.43
(p < 0.0260), respectively. The interaction of the linear units
of water content and molar ratio had significant impacts on
DPPH radical scavenging with F value 7.44 (p < 0.0259). Fur-
thermore, the quadratic terms of water content and molar
ratio were found to have important impacts on DPPH radical
scavenging with F values of 7.40. (p < 0.0262) and 12.29
(» < 0.0080), respectively. The 3D response surface plots
showing the behavior of DPPH radical scavenging against
independent variables were given in Fig. 5. The couple vari-
ables molar ratio and water content showed a pronounced pos-
itive action occurring the augmentation in DPPH radical
scavenging when increased. However, the pair variables of sol-
vent ratio and water content and of molar ratio and solvent
had moderate increasing effects independently of the linear
variable solvent ratio. Similar behavior has been observed with

12 _]

10_]

TFC (mg ECE/q)
>

4 _|
2_|
0_]
I I I I I I
1 1,6 2,2 2,8 34 4
Molar ratio (Molar)
Fig. 4  Effect of independent variables on TFC.

TPC, suggesting that the DPPH values are dependent to the
concentration of phenolic compounds at a certain degree. Such
observations have been remarked for many foods and wastes
(Makris et al., 2007; Pal and Jadeja, 2020, 2019).

3.3.5. Multi-response optimization on the responses

The analysis of the 3D graphics revealed that the TPC, TFC
and DPPH radical scavenging values were strongly influenced
by molar ratio and water content. Recently, it was demon-
strated that the variation in molar ratio and water content of
NaDESs affected deeply the extraction of phenolic compounds
with antioxidant properties from agricultural products (Dai
et al., 2014; Lakka et al., 2019; X. Liu et al., 2019; Ozturk
et al., 2018; Saha et al., 2019). The increase in molar ratio
caused a rapid increment of TPC, TFC and DPPH radical
scavenging values of A. tintoria. The highest responses were
figured out at 1:4 M ratio, while the lowest values were found
at a low molar ratio 1:1. This is due to the carboxyl group
(—COOH) and sodium cation (—Na ") from sodium acetate
which would associate with the carboxyl group (—COOH) or
the hydroxyl group (—OH) of formic acid when the molar
ratio of formic acid is augmented. A lower molar rate of for-
mic acid would imply the non-bonding of some specific groups
from HBA. This phenomenon leads to the precipitation of
NaDESs (Dai et al., 2013; Y. Liu et al., 2019). Furthermore,
the maximum responses were obtained by increasing the water
content up to 80%.

The response surface methodology was carried out to deter-
mine the optimum conditions to obtain the maximum TPC,
TFC and DPPH radical scavenging values of A. tinctoria.
The optimum conditions were identified with the desirability
function. The optimum conditions to maximize the phenolic
compounds and antioxidant properties of A. tinctoria were
1:4 M ratio, 45% water content and 25% mL solvent ratio.
Under these optimum conditions, the predicted TPC, TFC
and DPPH radical scavenging values were 365.71 mg GAE/
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Fig. 5 Effect of independent variables on DPPH radical scavenging.

g, 10.56 mg ECE/g and 361.91 mmol TE/g, respectively. For
confirmation, analyses were carried out in triplicate under
optimum conditions. The experimental results were presented
as 390.16 mg GAE/g, 10.69 mg ECE/g and 444.68 mmol TE/
g for TPC, TFC and DPPH radical scavenging, respectively.
These findings confirmed the reliability and reproducibility of
the optimum parameters. The NaDES obtained for the opti-
mum conditions (1:4 M ratio and 45% water content) was
encoded as SAFA 4 for further analyses.

3.4. Characterization of SAFA ;4 and the optimum extract

The SAFA 4 and the extract obtained at the optimum condi-
tions were characterized to determine their rheological proper-
ties and structural features. For the rheological
characterization, the viscosities of these samples were mea-
sured. The viscosities of SAFA 4 and extract were determined
as 8.6 £ 14.12 and 7.53 £+ 3.26 m.Pa, respectively. As can
been, the viscosities of SAFA 4 and extract were very close,
explaining the complete dissolution of the sample with NaDES
during the extraction process. Thus, this resulted in the aug-
mentation of the extraction yield. Furthermore, the viscosity
of the extract was slightly low due to the application of temper-
ature (25 °C) during the sonication. For the evaluation of
structural features, the analysis FTIR spectra revealed that
the FTIR spectrum of SAFA 4 and SAFA, were very similar
(Fig. 6), denoting that both spectra possessed the same func-
tional groups and then same components. However, the inten-
sities of the frequencies at 3418.98, 1705.71 cm ™! were higher
in SAFA, when compared with SAFA,, indicating there
are more water and acid in SAFA4. The FTIR spectra of
SAFA |4 and extract were shown in Fig. 7. As can be seen,
the extract was a replicate of SAFA 4. This confirmed the
results of rheological properties and indicated SAFA 4 inlaid
the sample as its own component.

3.5. Thermal stability of TPC, TFC, DPPH radical scavenging
and FRAP in NaDES

The thermal effects on TPC, TFC, DPPH radical scavenging
and FRAP values of the NaDES extract of 4. tinctoria root
were determined by applying 40, 60 and 80 °C for 2 h. The
first-order kinetics (k) and activation energy (Ea) expressing
the thermal degradation of TPC, TFC and antioxidant proper-
ties of A. tinctoria root in NaDES were calculated. For the
thermal stability experimentation, the samples were prepared
with the optimum conditions figured out upon the response
surface methodology consisting of sodium acetate:formic acid
(1:4 M ratio), 45% water content and 25% mL solvent ratio
(SAFA4). The TPC, TFC, DPPH radical scavenging and
FRAP values of A. tinctoria root extracts showed strong stabil-
ity in NaDES during the experimentation. The values of TPC,
DPPH radical scavenging and FRAP values increased from
390.16 to 404.82 mg GAE/g, 444.68 to 456.87 mmol TE/g
and 537.63 to 568.20 mmol ISE/g during thermal treatment
(Table 5). However, a slight decrease was observed at 80 °C,
indicating the beginning of an obvious thermal degradation.
Similar tendencies have reported during the thermal treatment
of many agricultural products (Lupoae et al., 2019; Oancea
et al., 2017, 2014; Zhan, 2018). Following the heat treatment,
the highest degradation estimated at 17% loss of TFC
occurred between 60 and 80 °C. This might be due to the pro-
longed heating time of 120 min. Our findings are consistent
with the previous studies which have reported that the high
temperature and prolonged magnitude of time caused the loss
of flavonoids compounds (Oancea et al., 2017). The values of k
varied from —6.91 - 107 to —0.74 - 10® s~' for TPC, from
1.80 - 10 °t029.91 - 10 ®s™', from —7.68 - 10 ®to —2.32 - 1
07°s™! for DPPH radical scavenging and from —7.68 - 107 to
—2.32- 10~° for FRAP (Table 6). These k values were found to
be very low compared k values previously mentioned for many
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fruits extracted either with water and ethanol or with hexane:
acetone mixture (Oancea et al., 2017, 2014; Olivares-tenorio
et al., 2017). Thus, phytochemical compounds together with
the antioxidant activity of A. tinctoria root were more pro-
tected in SAFA 4 upon heat application. It has been proved
bioactive compounds are stable in NaDESs during heat and
light treatments as well as storage time (Dai et al., 2014).
Moreover, low activation energies of 3.13 - 10* J mol~" for

TPC, 4.56 - 10* J mol™' for TFC, 1.11 - 10* J mol™' for and
1.94 - 10* J mol~! for FRAP (Table 6). These Ea values indi-
cated that the mass transfer during the extraction and heat
process proceeded more easily in NaDES. In addition, the
strong thermal stability observed for polyphenols and antiox-
idant activity extracted with NaDESs has been explained by
the very strong network bonding occurring between extracts
and NaDESs components (Dai et al., 2014).
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Table 5 Variations of antioxidants properties of Alkanet during stability test.

Temperatures (°C) TPC, mg GAE/g TFC, mg ECE/g

DPPH radical scavenging mmol TE/g FRAP, mmol ISE/g

Optimum point (25) 390.16 = 11.90 10.69 £+ 0.01
40 371.31 £+ 10.11 10.55 £+ 0.01
60 410.06 + 16.33 10.41 + 0.02
80 404.82 + 7.26 8.62 + 0.01

444.68 + 5.28 537.63 £ 5.19
410.12 + 5.28 512,72 + 34.20
480.25 + 35.60 554.62 £ 5.19

456.87 + 86.46 568.20 £ 27.67

Table 6 k and Ea values of antioxidant properties of Alkanet at different temperatures.

Temperature k (s71) Ea (J mol™})

°C TPC TFC DPPH radical FRAP TPC TFC DPPH radical FRAP
scavenging scavenging

40 —0.74-107° 1.80-10° —232-107° —232-107% 3.13-10* 4.56-10* 1.11-10* 1.94 - 10*

60 —691-10° 363-10° —432-10° —432-.10°°

80 —512-107% 2991-10°® —7.68-10°° —7.68 - 107¢

4. Conclusion

The extracts obtained with SALA |, and SAFA, presented the
best results of TPC (170.96-175.97 mg GAE/g), TFC (3.82—
4.78 mg ECE/g), DPPH radical scavenging (112.31-130.91 m
mol TE/g) and FRAP (148.58-170.43 mmol ISE/g) when com-
pared to the conventional solvents. SAFA;, was found to be
efficient NaDES presenting the highest extraction perfor-
mance. Subsequently, this prominent NaDES was subjected
to the response surface methodology using a Box-Behnken
design in order to figure out the optimum conditions to have
the maximum antioxidant activity of Alkanet root. The opti-
mum conditions to maximize the phenolic compounds and
antioxidant properties of Alkanet were 1:4 M ratio, 45% water
content and 25% mL solvent ratio. Under these optimum con-
ditions, the confirmed responses were 390.16 mg GAE/g,
10.69 mg ECE/g and 444.68 mmol TE/g for TPC, TFC and
DPPH radical scavenging, respectively. The response surface
methodology was revealed to be successful and NaDES molar
ratio and water content had more effects on the antioxidant
properties of A. tinctoria. The thermal tests revealed that the
antioxidant properties of A. tinctoria were more stable in
NaDES upon heating at 80, 60 and 40 °C for 2 h. This novel
NaDES might be considered as a green solvent capable to
enhance the extractability and stability of antioxidants of
plants. Studies have to be carried out to determine to physico-
chemical, thermodynamic and electrochemical characteristics
of the prepared NaDESs as well as to characterize the phyto-
chemical compounds and their kinetics in Alkanet extracts
obtained with NaDESs.
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