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Abstract: Capsicum chinense Jacq., from the Yucatan peninsula, is recognized worldwide for its
pungency, flavor, and secondary metabolites content. This has resulted in an increase in its production,
which has led to an increase in the number of byproducts considered waste, mainly its leaves.
Capsicum chinense leaves have been demonstrated to contain polyphenols with bioactive properties
(antioxidant, anti-inflammatory, antiobesogenic capacity, etc.); hence, the extraction of polyphenols
through the use of natural deep eutectic solvents (NADES) with a green technology, such as an
ultrasonic probe, could help to revalue these leaves by maximizing the extraction efficiency and
preserving their bioactive properties. The objective of this study was to optimize the composition
of a eutectic solvent for obtaining an extract rich in polyphenols from the Capsicum chinense leaf
using a sonic probe. The optimum conditions of the composition of NADES for obtaining the highest
Antioxidant capacity (Ax, 79.71% inhibition) were a 0.8 mol glucose to 1 mol of choline chloride ratio,
and 12% water. In addition, with this composition, the Total Polyphenol Content (TPC) obtained was
165.39 mg GAE/100 g dry leaf, and the individual polyphenols, such as vanillin (19.15 mg/100 g dry
leaf) and ferulic acid (1.35 mg/100 g dry leaf), were optimized. The habanero pepper leaf extract
obtained using a eutectic solvent and a sonic probe demonstrated a high potential for use as an
ingredient in the development of nutraceuticals (i.e., functional foods).

Keywords: natural deep eutectic solvent; Capsicum chinense; ultrasonic probe; green extraction;
polyphenols; optimization

1. Introduction

The Habanero pepper (Capsicum chinense Jacq.) is globally recognized for its unique
characteristics, including its organoleptic properties, shelf life, and a high levels of bioactive
compounds. Capsaicin is the most recognized bioactive compound in the fruit, but the
habanero pepper plant also contains polyphenols, vitamin C, and carotenoids. These
compounds are present due to a long process of adaptation of the plant to both the soil and
climatic conditions of the Yucatan peninsula (Yucatan, Quintana Roo, and Campeche). It
has been recognized that both the region and anthropogenic conditions can have an effect
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on these unique characteristics. As a result, the Habanero pepper of both Mayapan and
Jaguar varieties received an official Designation of origin in 2010 [1–3].

The habanero pepper has gained worldwide recognition and aroused the interest of
various industries, such as the pharmaceutical and food industries [4], which has led to an
increase in its production in the Yucatán peninsula. Consequently, the production of up
to 9.7 million plants has resulted in agro-industrial waste (byproducts) at the end of their
productive cycle, comprising stems, peduncles, and leaves [5,6].

Currently, the byproducts of Habanero pepper cultivation in Southeast Mexico rep-
resent 80% of the non-industrialized crop. Consequently, these byproducts are usually
discarded or burned after the fruit is harvested [6]. However, an increased interest in the
leaves of Capsicum has been reported due to their anti-inflammatory properties [7,8] and
antioxidant activity [9], with the latter resulting from important biomolecules, such as
proteins, fats [10], phenolic acids, flavonoids [11], coumarins, terpenoids, saponins, and
polyphenols [10].

Among the secondary metabolites present in the leaves of the Habanero pepper,
polyphenols are of great interest due to their diverse bioactive properties, such as their
antioxidant, anti-inflammatory, anticancer, and hypoglycemic abilities [12], among oth-
ers. However, to ensure consumer safety, the extraction of these metabolites must be
performed using techniques and solvents that align with the aims of green technology,
namely reducing the toxicity, costs, environmental pollution, and risks to those involved
in the extraction [13,14]. As a result, the resulting extracts could then be deemed to be
generally recognized as safe (GRAS), while also ensuring an extraction yield comparable
to (or greater than) current technologies. Recently, it has been reported that the solvents
that best align with the principles of green chemistry are natural deep eutectic solvents
(NADES), as they have high biodegradability, are potentially recyclable, and are safe for
human consumption, thereby achieving the GRAS status [15]. NADES are a mixture of two
or more natural origin reagents (primary metabolites), where at least one is a hydrogen
bond donor (HBD) while the others are hydrogen bond acceptors (HBA), and is made at
constant temperature greater than 80 ◦C for an established period of time (>2 h). This
high temperature increases the interaction of their molecules (hydrogen bonds), resulting
in a liquid phase at room temperature. The molar ratio between HBD and HBA is also
a relevant factor, since NADES have been implemented as solvents for the extraction of
bioactive compounds [16,17]. Therefore, by varying this ratio, the extraction efficiency of
the bioactive compounds of interest could be modified, depending on the amount of water
added and the extraction technology implemented [18,19].

NADES have been used with other byproduct extraction techniques, such as liquid–
liquid extraction, maceration (agitation and heating), high-voltage electrical discharge,
microwave-assisted extraction, and ultrasound-assisted extraction, to obtain polyphenols
from these agricultural byproducts [20]. Among such techniques, ultrasound-assisted
extraction (UAE) using NADES has shown higher yield than organic solvents (e.g., ethanol,
methanol, and water) in the extraction of phenolic compounds, in addition to having low
costs and a low toxicity of resulting agricultural byproduct extract [16,21,22].

In a study conducted by Jeong et al. [23], phenolic compounds were extracted from
mint leaves using various eutectic solvents; choline chloride and glucose in a 5:2 mol/mol
ratio proved to be an effective eutectic solvent. The extract obtained had a high polyphe-
nol concentration of over 75 mg GAE/g dry leaf, significantly higher than extracts ob-
tained with water, methanol, or ethanol (sonic bath, <50 mg GAE/g dry leaf). In UAE,
ultrasound probe (sonotrode) extraction has shown better performance than using soni-
cation bath with organic solvents for extracting bioactive compounds [24–27]. Moreover,
Aznar-Ramos et al. [28] evaluated phenolic compound extraction from mango byproducts
using both methods. Sonic probe extracts had higher phenolic compound concentrations
(3.9–9.4 mg/g dry weight) under optimal conditions, compared to sonic bath extracts
(1.6–8.7 mg/g dry weight). Sonic probe extracts also had 33% more individual polyphenols,
in addition to a shorter extraction time (18 min) than for sonic bath extracts (60 min).
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Higher concentrations in sonic probe extracts are due to the direct application of higher
ultrasonic intensity, whereas water and container materials in the sonic bath attenuate
the intensity, resulting in lower efficiency and reproducibility [26,28]. Sonic probes have
been recently used with natural eutectic solvents for the extraction of phenolic compounds
from agricultural byproducts. Duarte et al. [29] extracted polyphenols from Pinus pinaster
spines using a eutectic solvent of choline chloride (HBA) and levulinic acid (HBD) in a
70:30 v/v ratio. The resulting extracts had a higher concentration (>20 mg GAE/g dry
sample) compared to water and methanol organic solvents (<10 mg GAE/g dry sample).
To the best of our knowledge, the use of a sonic probe in conjunction with the optimal
NADES composition for extracting phenolic compounds and other secondary metabolites
from habanero pepper byproducts, particularly leaves, has not been reported in the litera-
ture. Therefore, the use of response surface methodology (RSM) as a mathematical tool to
determine the optimal NADES composition (as well as to predict the bioactive compounds
in the extracts) could aid in the development of more efficient and sustainable extraction
methodologies. Therefore, the objective of this study was to optimize the composition
of a natural deep eutectic solvent for obtaining a habanero pepper leaf extract (Capsicum
chinense Jacq.) rich in polyphenols, using an ultrasound probe.

2. Materials and Methods
2.1. Raw Material

Habanero pepper leaves (Capsicum chinense Jacq.) of the Jaguar variety were used. The
habanero pepper plant was grown in black soil (Boox Lu’um, Mayan name) in the town
of Chablekal, Yucatán (21◦06′02.3′′ N, 89◦33′40.5′′ W) under greenhouse conditions. The
leaves used were collected from the first fruit that were harvested, which occurred 120 days
after transplanting.

2.2. Habanero Pepper Drying Leaf Process

This process was carried out following the procedures reported by Chel-Guerrero et al. [6],
with some modifications. The first step consisted of separating the leaves of the habanero
pepper plants. Then, the leaves were placed in a stainless-steel tray dryer (HS60-AID
model) at 44 ◦C for 48 h, until they reached a moisture content less than 5%.

Following the drying process, the habanero pepper leaves were ground using a Braun®

coffee grinder (Treviso, Italy, model KSM-2). The resulting powder was then passed through
a 500 µm (#35, Fisher Scientific, Boston, MA, USA) mesh sieve to obtain particles of uniform
size. The powder was stored in airtight plastic bags that were lined with aluminum foil at
room temperature, until further use.

2.3. Preparation of Natural Deep Eutectic Solvents

The natural deep eutectic solvent was obtained using the method described by
Mansinhos et al. [16]. The components (choline chloride as the hydrogen acceptor (molecular
weight 139.63 g/mol) and glucose as the hydrogen donor (molecular weight 180.16 g/mol))
were mixed in molar ratios of 1:1 (−1, low level), 1:1.5 (0, central point), and 1:2 (1, high
level), in accordance with the experimental design (Table 1). To form the liquid phase of
the eutectic solvent, it was heated to a constant temperature of 90 ◦C while being stirred in
a water bath, until a pale yellowish liquid phase was reached (>2 h).

2.4. Experimental Design for a Natural Deep Eutectic Solvent Composition Improvement

In order to enhance the extraction efficiency of phenolic compounds from habanero
pepper leaves using a sonic probe, a central composite design (CCD) 22 was implemented
to optimize the composition of a natural deep eutectic solvent (NADES) containing choline
chloride and glucose.
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Table 1. Central compound design 22 to optimize the composition of a natural deep eutectic solvent
containing choline chloride and glucose.

# EXP

Encoded Values Real Value Variable Response

X1 X2
MoR

(mol/mol)
Water

(%)
TPC

(mg GAE/100 g DL)
Ax

(% Inhibition)

1 −1 −1 1:1 20 Y1 Z1
2 1 −1 2:1 20 Y2 Z2
3 −1 1 1:1 60 Y3 Z3
4 1 1 2:1 60 Y4 Z4
5 0 0 1.5:1 40 Y5 Z5
6 0 0 1.5:1 40 Y6 Z6
7 0 0 1.5:1 40 Y7 Z7
8 0 0 1.5:1 40 Y8 Z8
9 −1.414 0 0.8:1 40 Y8 Z8
10 1.414 0 2.2:1 40 Y8 Z8
11 0 −1.414 1.5:1 12 Y8 Z8
12 0 1.414 1.5:1 68 Y8 Z8

Note: EXP = Experiment; MoR = Molar ratio of glucose to 1 mole of choline chloride; TPC = Total polyphenol
content; GAE = gallic acid equivalent; DL = Dry leaf; Ax = Antioxidant capacity.

Using the response surface methodology (RSM), the preliminary experimental design
involved two factors, each with two levels, and 4 central points, yielding a total of 8 experi-
ments (first design). Subsequently, an additional 4 experiments known as “star points” will
be carried out only after confirming the lack of fit of the linear model from the first design,
considering total polyphenol content (TPC) as the main variable response.

Table 1 exhibits the two levels of the molar ratio (MoR) factors of glucose to 1 mole of
choline chloride, and the percentage of added water (%). The lowest level corresponds to a
1:1 molar ratio (Glucose: Choline chloride, mol/mol), while the highest level is a 2:1 ratio
(Glucose: Choline chloride, mol/mol). Regarding the second factor, the percentage of
added water varied from 20% as the lowest level to 60% as the highest level. The 4 central
points were determined using a molar ratio of Glucose: Choline Chloride of 1.5:1 mol/mol
and a water percentage of 40%. According to the experimental design, the first two “star
points” were found to have a Glucose: Choline Chloride molar ratio of 0.8:1 mol/mol and
2.2:1 mol/mol, both in combination with the central value of the percentage of added water
(40%). Meanwhile, the last two “star points” were determined with a percentage of added
water of 12% and 68%, in combination with the central value of the MoR (1.5:1 mol/mol,
Glucose: Choline chloride).

Sonic Probe and Bath-Assisted Extraction of Phenolic Compounds from Habanero
Pepper Leaves

In order to extract polyphenols from habanero pepper leaves, a procedure described
by Duarte et al. [29] was followed, with some modifications. A sample of leaf powder
(1 g) was carefully placed into amber vials (20 mL), to which 10 mL of eutectic solvent
was subsequently added (MoR and %water added in accordance with the experimental
design). Samples were completely mixed by shaking them with a vortex mixer (Thermo
scientific®, Mexico City, México, model vortex mixer Maxi Mix® II), and were then subjected
to ultrasonic (sonic probe) treatment for 5 min (750 W, 20 kHz, 30% amplitude) using the
Sonics Vibra cell® (Sonics®, New York, NY, USA, model CV 505) equipment. Then, the
samples were centrifuged at 4700 rpm for 30 min at 4 ◦C to separate the extract from the
solid residue. The supernatant was carefully collected and filtered (0.22 µm nylon filter),
before being transferred to chromatographic vials. Finally, vials were refrigerated until
subsequent analysis.

In order to compare the results obtained from the sonic probe with the sonic bath (after
optimization), the NADES (natural deep eutectic solvent) was used to extract polyphenols
from Habanero pepper leaves using the sonic bath ultrasound method. A sample of leaf
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powder (1 g) was placed into 20 mL amber vials, followed by the addition of 10 mL of the
optimized eutectic solvent. The mixture was subjected to sonication for 30 min.

2.5. Total Polyphenol Content Evaluation in Habanero Pepper Leaf Extract

The polyphenolic content of the habanero pepper leaf extracts was determined using
the Folin–Ciocalteu method (with some modifications), following the procedure described
by Singleton et al. [30]. Firstly, 25 µL of the habanero pepper leaf extract was mixed
with 25 µL of distilled water, followed by the addition of 3 mL of water and 250 µL of
Folin reagent (Sigma-Aldrich®, St. Louis, MO, USA). After 5 min, 750 µL of 20% sodium
carbonate (Na2CO3, Sigma Aldrich) and 950 µL of distilled water were added, and the
mixture was left to stand for 30 min. The samples were then analyzed at 765 nm using a UV–
Vis spectrophotometer (Thermo scientific®, Mexico City, México, model Genesys 140). Prior
to sample analysis, a calibration curve was generated with gallic acid (0.005–0.1 mg/mL),
obtaining an R2 = 0.9993 (Figure S1).

2.6. Determination and Identification of Phenolic Compounds in Habanero Pepper Leaf Extracts

The quantification and identification of polyphenols in habanero pepper (Capsicum
chinense Jacq.) leaf extracts using eutectic solvents and a sonic probe was accomplished
by utilizing an Acquity UPLC H-Class system (Waters, Milford, MA, USA) with a diode
array detector (DAD) and an Acquity UPLC HSS C18 column (Waters, Milford, MA, USA),
following the procedure reported by Oney-Montalvo et al. [31].

To quantify the polyphenols, a calibration curve was prepared using 17 polyphenol
standards (Sigma-Aldrich®, St. Louis, MO, USA). The calibration curve was generated by
creating a stock solution with a concentration of 1 mg/mL (prepared from 1 to 75 µg mL−1)
that included gallic acid, protocatechuic acid, chlorogenic acid, coumaric acid, cinnamic
acid, catechin, rutin, kaempferol, quercetin, luteolin, vanillin, ferulic acid, diosmin, hes-
peridin, neohesperidin, naringenin, apigenin, and diosmetin.

Both the calibration curve and the samples were subjected to analysis at a column
temperature of 45 ◦C, with an injection volume of 2 µL. The detection wavelength was set
at 280 nm, and the solvents used were: 0.2% acetic acid as solvent A, and acetonitrile with
0.1% acetic acid as solvent B. Each injection had a duration of 15 min, where the gradient
for elution was as follows: from 99% A to 70% A from 0 to 10 min, followed by a steady
70% A from 10 to 12 min, and finally from 70% A back to 99% A for the final 3 min.

The polyphenols in the samples were determined and quantified by analyzing the area
under the retention time curve obtained from the calibration curve. Quercetin and luteolin,
as well as diosmin and hesperidin, were quantified collectively, due to their overlapping
peaks during analysis.

2.7. Evaluation of the Antioxidant Capacity of Habanero Pepper Leaf Extract

The evaluation of the antioxidant capacity (Ax) of extracts obtained through sonication-
assisted extraction with sonic probe using various eutectic solvents was conducted through
the implementation of the DPPH methodology, following the protocol established by Chel-
Guerrero et al. [6]. A quantity of 3.3 mg of DPPH was brought to a final volume of 100 mL
by means of being gauged with methanol. The resulting solution was then standardized to
an absorbance of 0.700 ± 0.002 at 515 nm, before being assessed with a Thermo scientific®

UV–vis spectrophotometer (México city, México, Genesys 140).
Following the standardization of the DPPH absorbance, a 100 µL aliquot of the ha-

banero pepper leaf extract was mixed with 3.9 mL of the adjusted DPPH-solution. The
resulting solution was agitated and allowed to incubate for 30 min, and the absorbance
(Abs) reading was taken at 515 nm. Ax was registered as the percentage of inhibition,
calculated using Equation (1):

% DPPH Inhibition = 100 − [(leaf extract Abs ∗ 100)/(Adjusted DPPH-solution Abs)] (1)
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2.8. Vitamin C Identification and Quantification in Habanero Pepper Leaf Extracts

Vitamin C quantification was conducted by injecting a mobile phase of 0.1% formic
acid in a volume of 2 µL with a flow rate of 0.25 mL/min in the equipment. The column
was maintained at 27 ◦C, and a diode array detector (DAD) was used to measure samples
at a wavelength of 244 nm, as stated in the study by Chel-Guerrero et al. [6]. Retention
times were compared with a previously prepared calibration curve of ascorbic acid (0.5 to
5 µg/mL) prior to the injection of the samples.

2.9. Statistical Analysis

The experiments were conducted randomly. Triplicate measurements were taken
for each extract obtained from the experimental design to determine total and individual
polyphenols, as well as the Ax. The data are reported as means± standard deviations. First
and second order model fit analysis, canonical analysis, regression coefficients, principal
component analysis (PCA) and data analysis were carried out using Statgraphics Centurion
XVII.II-X64 software (Statgraphics Technologies Inc., Virgin, UT, USA) and R software
version 4.3.0 (The R Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. Total Polyphenol Content and Antioxidant Capacity of the Habanero Pepper Leaf Extract

The TPC values of the extracts were the highest (p < 0.05) in those samples with a
molar ratio of 1:1 mol/mol (Glucose: Choline chloride) and both concentrations of added
water (20% or 60%), with recorded values of 205.40 ± 10.00 mg GAE/100 g Dry Leaf (DL)
and 206.75 ± 6.22 mg GAE/100 g DL, respectively. On the other hand, the extract with a
molar ratio of 1.5:1 mol/mol (Glucose: Choline chloride) and 12% added water exhibited
the lowest TPC concentration.

This study employed a 22 CCD to investigate the antioxidant capacity (Ax) of ha-
banero pepper leaf extracts obtained through ultrasound using a sonic probe. Results
(Table 2) indicated that the highest Ax values were achieved using a eutectic solvent with
MoR of 1:1 mol/mol (Glucose: Choline chloride) with 20% added water (82.22 ± 1.81%
inhibition). For MoR of 1.5:1 mol/mol (Glucose: Choline chloride) with 68% added water
(77.57 ± 0.68% inhibition), no statistical difference was found (p > 0.05). On the other hand,
the lowest Ax values were obtained within a range of 44% to 45.44% inhibition (p > 0.05),
with MoR conditions ranging from 0.8:1 mol/mol to 2.2:1 mol/mol (Glucose: Choline
chloride), of which all cases presented the percentage of 40% added water.

Table 2. Values of total polyphenol content and antioxidant capacity from habanero pepper leaf extract
obtained from central composite design (22) to optimize natural deep eutectic solvent composition.

Factors Response Variable

Exp
Coded Values Real Values TPC

(mg GAE/100 g DL)
Ax

(% Inhibition)X1 X2 MoR (mol/mol) Water (%)

1 −1 −1 1 20 205.40 ± 10.00 g 82.22 ± 1.81 e

2 1 −1 2 20 190.52 ± 8.67 f 37.36 ± 0.87 a

3 −1 1 1 60 206.75 ± 6.22 g 74.25 ± 2.72 d

4 1 1 2 60 166.06 ± 14.89 e 33.04 ± 1.91 a

5 0 0 1.5 40 65.85 ± 0.96 b 45.33 ± 1.34 b

6 0 0 1.5 40 79.00 ± 3.80 b 45.44 ± 0.83 b

7 0 0 1.5 40 77.58 ± 3.06 b 45.44 ± 2.78 b

8 0 0 1.5 40 77.24 ± 9.24 b 44.78 ± 1.37 b

9 −1.414 0 0.8 40 162.46 ± 11.23 e 44.00 ± 3.26 b

10 1.414 0 2.2 40 131.56 ± 6.83 d 44.12 ± 2.21 b

11 0 −1.414 1.5 12 44.84 ± 2.27 a 74.91 ± 5.29 d

12 0 1.414 1.5 68 115.76 ± 13.06 c 77.57 ± 0.68 de

SB −1.414 −1.414 0.8 12 76.77 ± 9.92 b 61.67 ± 0.37 c

Note: MoR = Molar ratio of glucose to 1 mol of choline chloride; TPC = Total polyphenol content; GAE = gallic
acid equivalent; DL = dry leaf; Ax = Antioxidant capacity; SB = Sonic Bath extraction with NADES at optimal
composition (Control); Different letters within the same column indicate significant statistical differences; Values
are the mean ± SD of three replicates.
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3.1.1. Linear and Quadratic Model Analysis of Total Polyphenol Content and Antioxidant
Capacity from Habanero Pepper Leaf Extract

The results obtained from the initial experimental design, comprising the first eigh
experiments, were subjected to a multiple linear regression analysis. A lack of adjustment
to a linear model for the TPC as the major response variable was found. This conclusion
was based on the evidence, where the p-value was 0.7170 (R2 = 3.11). Table S1 shows the
Ax multiple linear regression analysis results.

This lack of fit permitted us to implement a second experimental design, consisting
of the star points (experiments 9 to 12) shown in Table 1, in accordance with the response
surface methodology (RSM). Subsequently, a multiple regression analysis was performed.
The analysis was carried out by incorporating the data obtained from both the first and the
second experimental design, totaling twelve experiments in CCD 22 (Table 1). The analysis
showed that the TPC of habanero pepper leaves fit at a second order model (R2 = 60.49), as
evidenced by a p-value < 0.05.

The data analysis yielded regression coefficients (Table S2) that allowed to develop
Equation (2) to predict the total polyphenol concentration in habanero pepper leaf extracts
(mg GAE/100 g DL) obtained using a sonication method (probe) with a eutectic solvent
consisting of glucose and choline chloride. The equation incorporated the factors MoR (X1)
and percentage (%) of added water (X2):

TPC (mg GAE/100 g DL) = 641.499 − 664.651 X1 − 2.83571 X2 + 221.832 X1
2 − 0.645083 X1 X2 + 0.0535536 X2

2 (2)

X1 = Molar ratio of glucose to 1 mol choline chloride (MoR)
X2 = Added Water Percentage to NADES (%)
According to the mathematical model obtained for the TPC, the optimal conditions for

obtaining the maximum concentration of phenolic compounds (271.46 mg/GAE/100 DL)
in habanero pepper leaf extracts using a sonic probe and a eutectic solvent were the molar
ratio of 0.8:1 mol/mol (Glucose: Choline chloride) with a 68% added water.

The characterization of the response surface for the TPC resulted in a plateau of
minima. Figure 1a shows the minimum response in the blue area, while the maximum
response area is represented in red. Figure 1b shows the contour plot where the maximum
(red-orange) and minimum (blue) response of the dependent variable TPC was also ob-
served. The symbol “+” identifies the optimal value predicted (0.8 mol Glucose and 68%
added water) by the model, or the intersection between the best conditions of the MoR and
percentage of added water.
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Figure 1. (a) Total polyphenol content response surface, and (b) contour plots, by factors of input
molar ratio of glucose/choline chloride and percentage of added water. TPC = Total polyphenol
content; MoR = glucose ratio per mol of choline chloride; GAE = gallic acid equivalent; DL = Dry leaf.

The results of the analysis of variance of the complete experimental design (Table S3)
also indicate that the quadratic terms of factors MoR (X1

2) and percentage of added water
(X2

2) exert a significant influence on the concentration of extracted polyphenols from the
habanero pepper leaves, with p-values of <0.0001 and 0.0208, respectively. In contrast,
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the nonquadratic terms and the interaction between the factors exhibited no statistically
significant effect (p > 0.05).

Multiple linear regression analyses were also conducted on all Ax values from the
data set of the first and second experimental designs (CCD 22), including the first eight ex-
periments and four star points, respectively. Based on the results of the multiple regression
analysis, the regression coefficients (Table S4) were fitted to the model with a R2 = 69.89,
which were then used to develop the prediction Equation (3) for the Ax of a habanero
pepper leaf extract obtained with a NADES.

The prediction equation for Ax is presented below:

Ax (% Inhibition) = 130.614 − 6.39756X1 − 3.15866X2 − 6.31696X1
2 + 0.0913333X1X2 + 0.0370936 X2

2 (3)

X1 = Molar ratio of glucose to 1 mol choline chloride (MoR)
X2 = Added Water Percentage to NADES (%)
The ideal conditions for achieving the highest Ax in extracts from Habanero pepper

leaves can be determined based on the mathematical model for the percentage of inhibition.
Figure 2 displays the response surface (a) and the contour plot (b). It can be observed

that the characterization displays a saddle-shaped plateau with both maximums and
minimums. In both Figure 2a,b, the intersections of the conditions of MoR and water
percentage at the blue zone represent the lowest attainable Ax (% inhibition) of a habanero
pepper leaf extract, while the red area represents the highest attainable Ax. Optimal Ax,
under the MoR and percentage of added water conditions, is identified with the symbol
“+” in Figure 2b.
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Figure 2. Antioxidant capacity response surface (a) and contour (b) plots by factors of the input molar
ratio of glucose and percentage of added water. MoR = glucose ratio per mol of choline chloride;
Ax = Antioxidant capacity.

Optimal conditions were predicted to obtain an optimal Ax (89.76% inhibition) by
using a molar ratio of 0.8:1 mol/mol of glucose to choline chloride and adding 12% water
to the NADES.

The analysis of variance (ANOVA) conducted on the Ax values from de CCD 22

(Table S5) reveals that the MoR factor (X1) and the square term of the factor of added water
(X2

2) have a significant effect (p < 0.05) on the Ax of habanero pepper leaf extracts obtained
using a sonic probe. However, the term of added water (X2), the quadratic term of the factor
MoR (X1

2), and the interaction between the main factors (X1X2) do not show a significant
effect on the Ax of the extract (p > 0.05).

3.1.2. Model Validation for Total Polyphenol Content and Antioxidant Capacity

To validate the mathematical models generated using the response surface methodol-
ogy for TPC and Ax, the conditions of MoR = 0.8:1 mol/mol (Glucose: Choline Chloride)
and 12% added water were selected in order to reduce water consumption during extrac-
tions using a sonic probe.

The mathematical model predicted a concentration of 145.63 mg GAE/100 g DL and
an Ax of 89.76% Inhibition, while the actual values obtained under the validation conditions
were 165.39 mg GAE/100 g DL and 79.71% Inhibition, respectively. The percentage error for
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TPC was 13.56%, while for Ax it was 11.19%. Thus, the mathematical model is considered
suitable for predicting both response variables in a Habanero pepper leaf extract obtained
with the sonic probe using a eutectic solvent.

3.2. Individual Polyphenols of the Habanero Pepper Leaf Extract

It was observed (by following the identification and quantification of specific polyphe-
nols in extracts of Habanero pepper leaves acquired under distinct conditions of MoR and
water, via CCD 22 (Tables 3 and 4) that the highest concentration (p < 0.05) of quercetin
+ luteolin (27.16 ± 0.61 mg/100 g DL) and naringenin (9.96 ± 0.10 mg/100 g DL) was
achieved with 1:1 mol/mol (Glucose: Choline Chloride) and a 20% water content (Ex-
periment #1). The highest concentrations of kaempferol (42.14 ± 0.95 mg/100 g DL) and
apigenin (8.86 ± 0.10 mg/100 g DL) were obtain with 2:1 mol/mol, Glucose: Choline
Chloride and 20% added water). The central point (1.5:1 mol/mol, Glucose: Choline
Chloride and 40% added water, experiment #5) resulted in the highest concentration of
catechin (37.08 ± 1.01 mg/100 g DL), diosmin + hesperidin (152.49 ± 4.90 mg/100 g/DL),
neohesperidin (19.67 ± 2.35 mg/100 g DL), and ferulic Acid (8.21 ± 0.15 mg/100 g DL).

Table 3. Individual polyphenols identified in habanero pepper leaf obtained from CCD 22 for the
natural deep eutectic solvent optimization.

# Exp
Factors Individual Polyphenols *

MoR
(mol)

Water
(%)

Protocatechuic
Acid Catechin Chlorogenic

Acid
Cinnamic

Acid Rutin Quercetin +
Luteolin Kaempferol

1 1 20 0.00 0.00 0.00 0.00 0.00 27.16±0.61 d 39.61 ± 0.37 b

2 2 20 0.00 0.00 0.00 0.00 8.90 ± 0.28 cd 23.59 ± 2.42 bcd 42.14±0.95 c

3 1 60 0.00 0.00 9.38 ± 1.85 cd 0.00 3.02 ± 0.32 ab 23.87 ± 1.41 cd 0.00
4 2 60 0.00 0.00 5.28 ± 3.30 bc 0.00 9.23 ± 4.51 c 8.55 ± 0.48 a 0.00
5 1.5 40 0.00 0.00 7.61 ± 1.17 bcd 0.00 4.91 ± 0.75 bc 10.40 ± 0.62 a 0.00
6 1.5 40 0.00 37.08±1.01 b 3.82 ± 2.07 ab 4.68 ± 1.62 b 10.1 ± 3.618 c 20.94 ± 4.09 bc 0.00
7 1.5 40 0.00 32.18 ± 1.72 a 4.18 ± 0.24 ab 3.75 ± 0.61 b 9.75 ± 1.53 c 19.92 ± 3.63 bc 0.00
8 1.5 40 0.00 32.85 ± 4.59 a 5.16 ± 0.75 bc 3.68 ± 0.59 b 10.00 ± 0.70 c 25.59 ± 1.59 d 0.00
9 0.8 40 0.00 0.00 10.60 ± 0.99 de 1.05 ± 0.01 a 22.57 ± 1.63 f 25.54 ± 1.35 d 0.00

10 2.2 40 0.00 0.00 13.73 ± 3.86 e 8.63 ± 0.23 c 15.71 ± 0.81 e 19.72 ± 0.64 b 0.00
11 ** 1.5 12 9.31 ± 0.13 a 0.00 7.02 ± 0.02 bcd 3.42 ± 0.90 b 10.36 ± 0.56 c 74.05 ± 2.04 e 1.26 ± 0.02 a

12 1.5 68 26.46 ± 0.15 b 0.00 14.29 ± 3.90 e 7.95 ± 0.58 c 21.00 ± 2.94 f 20.85 ± 0.80 bc 0.00

Note: Exp = Experiment; MoR = Molar ratio of glucose to 1 mol of choline chloride; * mg/100 g DL; ** diosmetin
was only identified under the conditions of experiment #11, with a concentration of 1.62 ± 0.01 mg/100 g DL;
Different letters within the same column indicate significant statistical differences.

Table 4. Individual polyphenols identified in habanero pepper leaf obtained from CCD 22 for the
Natural Deep Eutectic Solvent composition optimization.

# Exp
Factors Individual Polyphenols *

MoR
(mol)

Water
(%) Vanillin Diosmin + Hesperidin Hesperidin

Neohesperidin Naringenin Apigenin Ferulic Acid

1 1 20 11.20 ± 0.04 de 99.86 ± 17.31 bc 13.53 ± 0.44 bc 9.96±0.10 c 7.43 ± 0.05 b 5.14 ± 0.48 b

2 2 20 11.16 ± 0.18 d 110.32 ± 7.72 cd 6.85 ± 0.97 a 9.64 ± 0.07 b 8.86±0.10 c 6.21 ± 0.17 c

3 1 60 11.82 ± 0.03 e 55.24 ± 0.53 a 10.92 ± 0.47 ab 0.00 0.00 7.19 ± 0.28 d

4 2 60 10.45 ± 0.13 bc 47.01 ± 2.50 a 6.77 ± 0.12 a 0.00 0.00 6.49 ± 0.09 c

5 1.5 40 11.42 ± 0.39 de 136.99 ± 4.66 ef 16.96 ± 1.24 cd 0.00 0.00 8.21±0.15 e

6 1.5 40 11.36 ± 0.26 de 143.23 ± 0.77 f 13.54 ± 5.96 bc 0.00 0.00 7.30 ± 0.26 d

7 1.5 40 11.04 ± 0.07 cd 152.49±4.90 f 19.67±2.35 d 0.00 0.00 7.40 ± 0.19 d

8 1.5 40 11.36 ± 0.46 de 124.16 ± 4.65 de 16.80 ± 1.44 cd 0.00 0.00 8.13 ± 0.08 e

9 0.8 40 13.77 ± 0.17 f 89.79 ± 7.71 b 0.00 0.00 0.00 7.57 ± 0.42 d

10 2.2 40 15.63 ± 0.36 g 86.87 ± 2.31 b 0.00 0.00 0.00 8.10 ± 0.14 e

11 ** 1.5 12 9.47 ± 0.12 a 147.16 ± 15.34 f 9.69 ± 3.59 ab 1.10 ± 0.08 a 0.86 ± 0.00 a 1.62 ± 0.02 a

12 1.5 68 10.18 ± 0.70 b 53.45 ± 0.23 a 0.00 0.00 0.00 8.18 ± 0.18 e

Note: Exp = Experiment; MoR = Molar ratio of glucose to 1 mol of choline chloride; * mg/100 g DL; ** diosmetin
was only identified under the conditions of experiment #11, with a concentration of 1.62 ± 0.01 mg/100 g DL;
Different letters within the same column indicate significant statistical differences.

The highest concentration of rutin (22.57 ± 1.63 mg/100 g DL) obtained through CCD
22 was achieved with experiment #9 (Star point), where a molar ratio of 0.8:1 mol/mol
(Glucose: Choline Chloride) and 40% added water were used. Similarly, the highest concen-
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tration of cinnamic acid (8.63± 0.23 mg/100 g DL) and vanillin (15.63 ± 0.36 mg/100 g DL)
was obtained under star point conditions (Experiment #10).

Finally, the highest concentration of protocatechuic acid (26.46 ± 0.13 mg/100 g DL)
and chlorogenic acid (14.29 ± 3.90) were obtained using a MoR of 1.5:1 mol/mol (Glucose:
Choline Chloride) and 68% added water (Experiment #12, star point).

3.2.1. Modelling of Individual Polyphenols from Habanero Pepper Leaf Extract

Those individual polyphenol values obtained from CDD 22 which were not well fitted
to a first-order model (Table S6) were subjected to multiple linear regression analysis to fit a
second-order model. Table 5 presents the results obtained, wherein only protocatechuic acid,
catechin, chlorogenic acid, quercetin + luteolin, kaempferol, vanillin, diosmin + hesperidin,
neohesperidin, naringenin, apigenin, and ferulic Acid were fitted to a second-order fitting.

Table 5. Multiple Regression Results and Prediction Equations for Second-Order Model Fit Analysis
of Individual Polyphenols.

Polyphenol Valor-p R2 Prediction Equation

protocatechuic Acid 0.0000 65.07 Y = − 0.130628 + 11.3912 X1 − 0.479447 X2 − 3.79708 X1
2 + 0.0 X1 X 2 + 0.00675098 X2

2 (4)
catechin 0.0000 64.99 Y = − 142.477 + 156.447 X1 + 2.51409 X2- 52.1491 X1

2 + 0.0 X1 X 2 − 0.0311816 X2
2 (5)

chlorogenic Acid 0.0248 33.57 Y = 9.27969 − 13.9409 X1 + 0.162909 X2 + 6.03737 X1
2 − 0.1025 X1 X 2 + 0.00184521 X2

2 (6)
cinnamic Acid 0.2750 18.24 -

rutin 0.4409 14.15 -
quercetin + luteolin 0.0000 66.66 Y = 59.4592 + 29.487 X1 − 2.26881 X2 − 8.19045 X1

2 − 0.293667 X1 X 2 + 0.0265434 X2
2 (7)

kaempferol 0.0036 42.83 Y = 85.4374 − 59.608 X1 − 1.54332 X2 + 20.9242 X1
2 − 0.0631667 X1 X 2 + 0.0138855 X2

2 (8)
vanillin 0.0000 80.78 Y = 17.4725 − 15.7118 X1 + 0.26386 X2 + 5.7821 X1

2 − 0.0333333 X1 X 2 − 0.00260217 X2
2 (9)

diosmin + hesperidin 0.0000 89.80 Y = −192.368 + 377.518 X1 + 3.95735 X2 − 119.769 X1
2 − 0.467083 X1 X 2 − 0.0595795 X2

2 (10)
neohesperidin 0.0000 63.70 Y = −47.5401 + 74.2087 X1 + 0.632753 X2 − 26.4878 X1

2 + 0.0630833 X1 X 2 − 0.0103751 X2
2 (11)

naringenin 0.0010 47.95 Y = 22.6353 − 14.8187 X1 − 0.441881 X2 + 4.80597 X1
2 + 0.008 X1 X 2 + 0.00370526 X2

2 (12)
apigenin 0.0010 47.82 Y = 15.6045 − 10.2314 X1 − 0.301503 X2 + 4.00611 X1

2 − 0.0356667 X1 X 2 + 0.00305654 X2
2 (13)

ferulic Acid 0.0000 81.43 Y = − 3.55373 + 2.54448 X1 + 0.394706 X2 − 0.164435 X1
2 − 0.0441667 X1 X 2 − 0.00329367 X2

2 (14)

Note: Y = Individual Polyphenol, X1 = Molar ratio of glucose to 1 mol of choline chloride; X2 = Percentage of
added water (%); Red color indicates a p-value lower than 0.05.

In the present study, the modeling was exclusively performed on those polyphenols
that exhibited a suitable adjustment (R2 > 0.7) to a quadratic model.

Figure 3a shows the response surface graph for vanillin, where the red color indicates
the areas of maximum possible response, obtained with the intersection of the optimal
conditions (MoR, %water) of the NADES composition for maximum extraction of vanillin
from the habanero pepper using a sonic probe. The contour plot (Figure 3b), showed with
the symbol “+”, indicates the maximum response predicted using the mathematical model,
predicting a concentration of 14.38 mg of vanillin in 100 g of habanero pepper dry leaf
using a molar ratio of 2.2:1 mol/mol (Glucose: Choline Chloride) and 36% of added water.
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Figure 3. Vanillin response surface (a) and contour (b) plots by factors of input molar ratio of glucose
and percentage of added water. MoR = glucose ratio per mol of choline chloride; DL = Dry Leaf.

According to the ANOVA of the individual polyphenol data of vanillin, only the
quadratic terms of the MoR (X1

2) and added water percentage (X2
2) factors had a significant

effect (p < 0.0001, for both factors) on the concentration of this metabolite in the extract of
Habanero pepper leaf obtained using the sonic probe.
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Diosmin + hesperidin (D + H) also showed a suitable second-order model fit (R2 > 0.7).
A response surface (Figure 4a) corresponding to a plateau of maxima was obtained. In
Figure 4b, the zone of maximum response in the center is shown in red color, surrounded
by a zone of minimum response (blue color). The optimal value (“+”) was identified at the
center of the maximum response zone, which is the point where the optimal conditions
of MoR (1.5:1 mol/mol, Glucose: Choline Chloride) and added water (27%) intersected
to obtain the maximum concentration of diosmin + hesperidin (149 mg/100 g DL) in a
habanero pepper leaf extract.
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Figure 4. Diosmin + hesperidin (D + H) response surface (a) and contour (b) plots by factors of
input molar ratio of glucose and percentage of added water. MoR = glucose ratio per mol of choline
chloride; DL = Dry Leaf.

The concentration of D + H in the habanero pepper leaf extract was significantly
affected (p < 0.05) by additional water percentage and the quadratic terms of both main
factors (X1

2 and X2
2). In contrast, the MoR factor and the interaction between both factors

did not have a significant effect (p > 0.05) when extracted with the sonic probe using a
eutectic solvent.

Ferulic acid (FaC) was another individual polyphenol that was successfully optimized.
The characterization of the response surface, as presented in Figure 5a, revealed a plateau of
maxima that was only partially present due to the restrictions on the operating conditions
(Negative glucose ratio). The corresponding contour plot (Figure 5b) illustrates the region
of maximum response (i.e., the highest concentration of FaC) and is represented in red
color. The optimal predicted value (8.17 mg/100 g DL), obtained with the intersection of
the optimal conditions of the eutectic solvent composition MoR = 0.8:1 mol/mol (Glucose:
Choline chloride) and a 54% added water, is marked with a “+” symbol at the center of this
maximum response region, as determined using the mathematical model. Additionally, the
contour plot depicts the area (blue color) where the intersection of operating conditions
(MoR and Added water percentage) would result in a minimal concentration of FaC in a
leaf extract of Habanero pepper obtained through sonication (probe).
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Figure 5. Ferulic acid (FaC) response surface (a) and contour (b) plots, by factors of input molar
ratio of glucose and percentage of added water. MoR = glucose ratio per mol of choline chloride;
DL = Dry Leaf.
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The analysis of variance of the ferulic acid data resulted in a significant effect (p < 0.05)
of the nonquadratic term (X2) and quadratic term (X2

2) of the main factor (i.e., added water
(%)) on the concentration of this metabolite in the extracts.

The optimal conditions and values of the Ax and the different bioactive compounds
present in the Habanero pepper leaf extract are shown in Table 6. The values of MoR 0.8:1
(Glucose: Choline Chloride) and 12% of added water were affected the most among the
optimized response variables.

Table 6. Optimum values of the antioxidant capacity and bioactive compounds obtained from the
habanero pepper leaf of CCD 22 for the composition optimization of a natural deep eutectic solvent.

Variable Response
NADES Composition Optimal Predicted Concentration

(mg/100 g DL)MoR (mol) Water (%)

TPC 0.8 68 271.46
Ax 0.8 12 89.76

protocatechuic Acid 1.5 68 7.02
catechin 1.5 40 25.53

chlorogenic Acid 0.8 68 16.02
quercetin + luteolin 1.5 12 56.6

kaempferol 2.2 12 37.38
vanillin 2.2 36 14.38

diosmin + hesperidin 1.5 27 148.9
neohesperidin 1.4 35 17.01

naringenin 0.8 12 9.16
apigenin 2.2 12 8.36

ferulic Acid 0.8 54.5 8.17

Note: TPC = Total polyphenol content; Ax = Antioxidant capacity; Y = Individual Polyphenol; X1 = Molar ratio of
glucose to 1 mol of choline chloride; X2 = Percentage of added water (%).

Figures S2 and S3 displays the response surface and contour plots of the optimized
individual polyphenols, with a R2 < 0.7.

3.2.2. Model Validation for Individual Polyphenols from Habanero Pepper Leaf Extract

The conditions used to validate the mathematical models for vanillin, diosmin +
hesperidin, and ferulic acid were the same as those described in Section 3.1.2.

According to the mathematical models for each individual polyphenol, the pre-
dicted concentrations in the extracts of habanero pepper leaves ought to have been
11.07 mg/100 g DL for vanillin, 67.41 mg/100 g DL for diosmin + hesperidin, and 2.21 mg/
100 g DL for ferulic acid. However, the actual values obtained from the validation experi-
ment were 8.95 mg/100 g DL, 29.0 mg/100 g DL, and 2.24 mg/100 g DL, respectively.

Thus, the error rate for the concentration prediction of vanillin (19.15%) and ferulic
acid (1.35%) was below 20%, while diosmin + hesperidin had an error rate of 56.97%. Hence,
the model derived for vanillin and ferulic acid can be considered appropriate for predicting
the concentrations of these metabolites in Habanero pepper leaf extracts obtained using a
NADES (Choline chloride/Glucose). On the other hand, the model for predicting diosmin
+ hesperidin was inadequate.

3.3. Modelling of Vitamin C from Habanero Pepper Leaf Extract

The habanero pepper leaf extracts from CCD 22 had the highest concentration of
vitamin C (8.51 ± 1.72 mg/100 g DL) when prepared using a MoR of 2.2:1 mol/mol
(Glucose: Choline Chloride) and 40% added water. In contrast, the lowest concentration of
vitamin C (3.22 ± 0.03 mg/100 g DL) was obtained with a MoR of 1.5:1 mol/mol (Glucose:
Choline Chloride) and 12% added water (Table 7).
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Table 7. Values of Vitamin C from habanero pepper leaf extract obtained from CCD 22 for the natural
deep eutectic solvent composition optimization.

Factors Response Variable

Exp
Coded Values Real Values Vit C

(mg/100 g DL)X1 X2 MoR (mol/mol) Water (%)

1 −1 −1 1 20 6.04 ± 0.13 b

2 1 −1 2 20 5.22 ± 0.07 b

3 −1 1 1 60 13.25 ± 0.62 ef

4 1 1 2 60 9.62 ± 0.19 c

5 0 0 1.5 40 13.96 ± 0.07 fg

6 0 0 1.5 40 8.37 ± 0.15 c

7 0 0 1.5 40 11.33 ± 0.07 d

8 0 0 1.5 40 12.22 ± 0.08 de

9 −1.414 0 0.8 40 13.48 ± 0.12 efg

10 1.414 0 2.2 40 18.51 ± 1.72 h

11 0 −1.414 1.5 12 3.22 ± 0.03 a

12 0 1.414 1.5 68 14.97 ± 0.39 g

Note: Exp = Experiment; MoR = Molar ratio of glucose to 1 mol of choline chloride; Vit C = Vitamin C;
DL = Dry leaf; Different letters within the same column indicate significant statistical differences.

The second order model analysis of vitamin C showed an adjustment (R2) of 67.94,
it was observed that the principal factor of percentage of added water (X2), as well as its
quadratic term (X2

2), presented a significant effect on the concentration of this metabolite
in Habanero pepper leaf extract.

Using the regression coefficients obtained, the equation for predicting the concentra-
tion of vitamin C in the habanero pepper leaf extract was obtained with a sonic probe using
a eutectic solvent composed of glucose and choline chloride. The equation is shown below:

Y = 1.4894 − 11.6069 X1 + 0.7347 X2 + 5.0232 X1
2 − 0.07025 X1X2 − 0.0056 X2

2 (15)

In accordance with the canonical analysis conducted using statistical software, the
response surface for the concentration of vitamin C in the Habanero pepper leaf extracts
was characterized. Figure 6 displays the response surface graph, which is identified as
a plateau of maximums and minimums (saddle). Two areas of maximum response are
observed in red color: the first area shows conditions of MoR below 0.8:1 mol/mol (Glucose:
Choline Chloride) intersected with values of water percentage above 20%. The second area
of maximum response in red color shows MoR values greater than 2.2:1 mol/mol (Glucose:
Choline Chloride) and 10% to 80%, respectively, intersecting.
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Figure 6. Vitamin C (Vit C) response surface (a) and contour (b) plots by factors of input molar
ratio of glucose and percentage of added water. MoR = glucose ratio per mol of choline chloride;
DL = Dry Leaf.
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The contour graph depicted in Figure 6b shows the optimal value (+) of vitamin C
(15.15 mg/100 g DL) detected in a Habanero pepper leaf extract. This critical point resulted
from the overlapping of the ideal settings obtained via canonical analysis. Specifically, the
optimal conditions encompass a MoR of 2.2:1 mol/mol (Glucose: Choline chloride) and a
percentage of added water equal to 51.32%.

Modelling of Vitamin C from Habanero Pepper Leaf Extract

To validate the mathematical model of vitamin C concentration in the habanero pepper
leaf extract, the conditions described in Section 3.1.2 were employed.

The predicted concentration of vitamin C was 15.16 mg/100 g DL, while the actual
concentration obtained from the validation experiment was 17.36 mg/100 g DL. This
discrepancy resulted in an error rate of 14.51%. As a consequence, the mathematical model
was determined as being appropriate for the prediction of vitamin C concentration in
extracts derived from Habanero pepper leaves using a sonic probe with a eutectic solvent
consisting of glucose and choline chloride.

3.4. Principal Component Analysis (PCA)

There is a positive correlation between some individual polyphenols (Figure 7a), such
as kaempferol (9), neohesperidin (13), naringenin (14), and apigenin (15), and the TPC (1)
in the extracts, identified in a cluster. This means that as the levels of these metabolites
increased, the TPC value also increased. On the other hand, quercetin + luteolin (8), diosmin
+ hesperidin (12), and diosmetin (16) were associated (cluster) with the Ax of habanero
pepper leaf extracts (Figure 7b). Therefore, these metabolites played a major role in the
bioactive properties of the extracts, mainly when it came to Ax.
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Figure 7. Principal component analysis (PCA) of total polyphenol content, antioxidant capacity,
and polyphenol profile of habanero pepper leaf extracts obtained from the experimental design
for composition optimization of a natural deep eutectic solvent using a sonic probe; (a) PCA and
(b) clusters depending on the mean values of ‘k’. Numeration: 1 = Total polyphenol content;
2 = Antioxidant capacity; 3 = protocatechuic acid; 4 = catechin; 5 = chlorogenic acid; 6 = cinnamic
acid; 7 = rutin; 8 = quercetin + luteolin; 9 = kaempferol; 10 = ferulic acid; 11 = vanillin; 12 = diosmin +
hesperidin; 13 = neohesperidin; 14 = naringenin; 15 = apigenin; 16 = diosmetin.

Another cluster (Figure 7b) was composed of the metabolites protocatechuic acid (3),
catechin (4), chlorogenic acid (5), cinnamic acid (6), and rutin (7). This cluster exhibited an
inverse association with the cluster where TPC was located. Finally, a fourth and last group
consisting of only two metabolites (kaempferol and ferulic acid) was observed (Figure 7b).
Both phenolic compounds exhibited an inverse association with the Ax of the habanero
pepper (leaf) extracts obtained using the sonic probe.

According to the PCA (Figure 7a), TPC (1), chlorogenic acid (5), cinnamic acid (6)
and rutin (7) showed no association with the Ax of the extracts. In turn, ferulic acid
(10), vanillin (11) and diosmetin + hesperidin (12) exhibited no association with the TPC.
Figure S4 shows a PCA with three axes PCA1, PCA2 and PCA3 that explain 75.53% of the
variability of the data.
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4. Discussion

The combination of NADES (natural deep eutectic solvents) and ultrasound-assisted ex-
traction technology has been widely employed for the extraction of phenolic compounds from
plants and to revalue agricultural waste byproducts, such as seeds (Phoenix dactylifera L.) [32],
spines (Pinus pinaster) [29], mango peel [33], Beta vulgaris [34], and Curcuma longa [35].
However, no information was found regarding the utilization of both technologies for the
extraction of phenolic compounds from habanero pepper leaves (Capsicum chinense Jacq.).
Additionally, no investigation had been conducted on the optimization of NADES based
on choline chloride and glucose, nor with any ultrasonic technology (bath or probe), for the
extraction of phenolic compounds.

In this study, the concentration obtained of TPC from the mathematical model valida-
tion (Section 3.1.2) under the specified conditions of the NADES composition
(MoR = 0.8:1 mol/mol, Glucose: Choline Chloride; 12% water) was 165.39 mg GAE/100 g DL,
which was a higher than the concentration achieved under the same conditions but using
the sonic bath (76.77 ± 9.92 mg/100 g DL) using same extraction times. This TPC value
was higher than those reported with nonoptimized NADES (39.31 ± 0.09 mg/100 g DL)
composed of a 1:1 mol/mol molar ratio of choline chloride and glucose, with 40% added
water as solvent, using ultrasonic bath [36]. This behavior is consistent with that reported
by Aznar-Ramos et al. [28], who compared the extraction efficiency of both ultrasonic
methods (bath and probe) using organic solvents for phenolic compound extraction from
a mango byproduct (peel), founding that extracts from the sonic probe method exhibited
10% higher concentrations of phenolic compounds within shorter time periods.

Maghsoudlou et al. [37] also reported a higher concentration of phenolic compounds
in oregano (Origanum vulgare L.) leaves when comparing extracts obtained using the sonic
probe (473.32 ± 25.90 µg GAE/mg dry extract) and sonic bath (353.53 ± 8.26 µg GAE/mg
dry extract) using 50% ethanol. The high efficiency of extraction of phenolic compounds
with the sonic probe was attributed to a direct application of higher power to the sample,
enhancing the physical effects of ultrasonic technology (such as cavitation, shock waves,
microjets and/or microturbulence) that have a significant effect on the plant matrix (distur-
bance), allowing the release (and better diffusion) of bioactive compounds [27]. However,
when substituting organic solvents for eutectic solvents, it has been observed that the molar
ratio and the percentage of water in the NADES also play an important role during the
extraction process of phenolic compounds.

In this study, both the molar ratio and the percentage of added water were found to
have an effect on the concentration of phenolic compounds. The highest concentration of
phenolic compounds was obtained with a molar ratio of 1:1 mol/mol Glucose: Choline
Chloride) and 60% added water. This could be attributed to the influence of the molar
ratio on the solubility, polarity, and viscosity of the solvent. The formation of hydrogen
bonds and their bonding energy between the components of the NADES during the
extraction process contributed to an increased stability. This increased stability facilitated
the formation of a greater number of hydrogen bonds between the solvent and the extracted
phenolic compounds. Studies by Bajkacz et al. [38] and Sailau et al. [39] have highlighted
the influence of the molar ratio on the properties of the eutectic solvent. The establishment
of a higher number of hydrogen bonds enhances the extraction efficiency and promotes the
extraction of phenolic compounds.

By controlling the percentage of added water, the viscosity of the solvent can be
modulated. The addition of water decreases the viscosity of the solvent, which improves its
diffusion in the plant matrix and facilitates the dissipation of ultrasonic energy. It has been
reported that by increasing the percentage of added water, the polarity of the solvent can
be modified. This modification in polarity promotes the extraction of phenolic compounds
with similar characteristics. In previous studies, Patil et al. [35] and Maimulyanti et al. [18]
have observed a desirable extraction stability in NADES based on choline chloride when
the added water content exceeded 60%. Therefore, the results obtained in this study
demonstrated that both the molar ratio and the percentage of added water play crucial roles
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in optimizing the extraction of phenolic compounds, where a molar ratio of 1:1 mol/mol
(Glucose: Choline Chloride) and 68% added water were identified as the optimal conditions
for achieving the highest concentration of phenolic compounds in the habanero pepper
leaf extract.

With regard to the polyphenols vanillin, diosmin + hesperidin, and ferulic acid, it was
observed that the percentage of water added to the NADES (natural deep eutectic solvents)
was the factor with the main effect on the concentration of the three metabolites when
extracted from the Habanero pepper leaf using a sonic probe.

Gharat et al. [40] observed that the addition of water to a NADES composed of choline
chloride and water in a molar ratio of 1:1 mol/mol increased the concentration of ferulic
acid extracted from a rice byproduct (bran) using ultrasound technology. As mentioned pre-
viously, water changes the polarity of the solvent and increases its solubility characteristics,
thereby enhancing the extraction yield of this metabolite. According to the mathematical
model, a percentage of 36% added water was established for extracting maximum con-
centration of vanillin. This value aligned with the findings of González et al. [41], who
determined a necessary addition between 25% and 60% water to choline chloride-based
NADES in order to obtain a high concentration of vanillin in extracts obtained from vanilla
pods (Vanilla planifolia). NADES, as a general trend, extracted nonpolar compounds. How-
ever, the addition of water facilitated the extraction and retention of compounds with
intermediate polarity. In this study, diosmin and hesperidin exhibited similar physico-
chemical characteristics, such as low polarity [42], and thus could be extracted with choline
chloride-based NADES with low percentages of added water, as determined using the
mathematical model. It was found that adding 27% water to the NADES developed the
optimal conditions for achieving a high concentration of these metabolites in the Habanero
pepper leaf extract. A similar percentage of added water (25%) was reported by Xu et al. [43]
to prevent an increase in solvent polarity when extracting diosmetin from a Novis tangerine
peel using different compositions of choline chloride-based NADES. The molar ratio of
1:1.2 mol/mol (Chcl:HBD) showed the highest response (>50 mg diosmetin/g Dry peel).
Additionally, a similar trend was observed in the molar ratio between choline chloride
(Chcl) and the hydrogen bond donor (HBD) in relation to the results of our study. Slight
molar ratios (<1:0.8 mol/mol) or high molar ratios (>1:2.4 mol/mol) of Chcl predicted
a decrease in diosmetin extraction yield from Habanero pepper leaf using a sonic probe.
Thus, the mathematical model established a molar ratio of 1.5:1 mol/mol. The diosmetin +
hesperidin were the metabolites with the highest concentration in each extract obtained
from the complete experimental design (12 experiments). This highlights the potential use
of the Habanero pepper leaf extracts obtained using sonic probe for the design of func-
tional foods or supplements, thanks to their antioxidant, anti-inflammatory, anticancer, and
antidiabetic properties. Moreover, their extensively studied phlebotonic capacity makes
them particularly valuable in protecting blood vessels against disorders and maintaining
vascular health [44–46].

The optimal conditions for obtaining the highest Ax, measured using the DPPH
method (% inhibition), were found to be a molar ratio of 0.8:1 mol/mol (Glucose: Choline
chloride) and an added water percentage of 12%. These findings were consistent with the
results obtained by Osamede et al. [32], who observed that the Ax of extracts obtained with
a sonic probe using different compositions of choline chloride-based NADES increased as
the added water concentration decreased (<30% added water). Another study has reported
that choline chloride-based extracts obtained using ultrasonic technology (such as probes)
could achieve an inhibition of 77.05± 0.08% [34]. This finding was similar to the optimal Ax
established using the mathematical model in our study. Finally, according to the principal
component analysis, the antioxidant capacity was associated with the metabolites diosmin +
hesperidin (the metabolite with the highest concentration in each extract obtained from the
experimental design), quercetin + luteolin (the metabolite with the second highest presence
in the extracts), and diosmetin. Therefore, it can be assumed that these metabolites play a
significant role in the Ax of the extracts. Moreover, the TPC did not present an association
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with the Ax. Some metabolites did show an inverse association with the Ax (such as ferulic
acid and vanillin); this could be due to the optimal molar ratio for the extraction, which
resulted in values above 2.2:1 mol/mol (Glucose: Choline Chloride). According to the
mathematical model, this results in low antioxidant capacities, attributed to the polarity
change in NADES and/or solvent instability [35], which in turn leads to a decrease in the
extraction of such compounds as vitamin C, polyphenols, carotenoids, among others that
contribute significantly to the Ax.

5. Conclusions

The results obtained demonstrate the capability of a choline chloride and glucose-
based NADES composition to extract phenolic compounds, both total (Total Polyphenol
Content) and individual (Polyphenol Profile). Furthermore, NADES exhibited the ability to
extract vitamin C from Habanero pepper leaves when combined with ultrasonic technology
using a probe modality. The factors of molar ratio and percentage of added water showed
a significant effect on the extraction of different metabolites, and even on the Ax of the
extracts. The extracts obtained using the choline chloride and glucose-based NADES
combined with ultrasonic technology exhibited a high Ax compared to extracts obtained
using the sonic bath and different organic solvents. It was demonstrated that modifying
the composition of NADES can be used for targeted extractions. According to the different
mathematical models, especially for vanillin, ferulic acid, and diosmin + hesperidin, the
extraction conditions varied in terms of molar ratio and percentage of added water. This
highlights the potential for the modification of the NADES composition to achieve a
selective extraction. The composition of NADES was successfully optimized to achieve a
maximum concentration of total polyphenols, as well as maximize Ax. Additionally, all the
extracts exhibited a high concentration of diosmin + hesperidin, making them potential
candidates for the development of future functional foods or supplements for the treatment
or prevention of cardiovascular diseases.
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content, antioxidant capacity, and polyphenol profile of habanero pepper leaf extracts obtained from
the experimental design for composition optimization of a natural deep eutectic solvent using a
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