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Abstract: Upcycling horticulture residues offers a sustainable solution to reduce environ-
mental impact, maximize resource utilization, mitigate climate change, and contribute to
the circular economy. We synthesized and characterized 14 natural deep eutectic solvents
(NADESs) and applied them to upcycle horticulture residues, offering an innovative val-
orization approach. Using an initial many-factors-at-a-time (MFAT) screening followed by
a rotatable central composite response surface methodology (RCCRSM) for optimization,
quadratic models fitted the response data for all the synthesized NADESs given: TPC
(R2 = 0.984, p < 0.0001), TFC (R2 = 0.9999, p < 0.0001), AA-CUPRAC (R2 = 0.918, p < 0.0001),
FRAP (R2 = 1.000, p < 0001), and DPPH (R2 = 0.9992, p < 0.0001). An ultrasound temperature
of 45 ◦C, extraction time of 5 min, solvent volume of 25 mL, and solvent concentration
of 90% (v/v) were considered the optimal conditions for achieving maximum desirability
(0.9936) for TPC yield. For TFC and CUPRAC, the optimal conditions were 30 ◦C, 5 min,
25 mL, and 90% (v/v), with maximum desirability values of 0.9003 and 1.00, respectively.
The maximum desirability for FRAP (0.9605) was achieved under conditions of 45 ◦C,
25 min, 25 mL, and 50%, while DPPH had a maximum desirability of 0.9313, with 50 ◦C,
15 min, 15 mL, and 70% (v/v) as the optimized conditions.

Keywords: NADES; antioxidants; antiradical scavenging activity; horticulture residues;
green solvents; waste management; environmental impacts; innovative valorization
approach; climate change mitigation; sustainability; circular economy

1. Introduction
The growing concern over environmental sustainability has driven the need for inno-

vative strategies to manage waste, particularly in industries such as horticulture, where
large quantities of plant residues are produced annually [1]. Traditionally, these horticul-
tural by-products, including leaves, stems, trimmings, stalks, and peels, are discarded,
contributing to landfills and environmental degradation [2]. However, recent advances
in green chemistry have introduced promising solutions, one of the most notable being
the use of natural deep eutectic solvents (NADESs) for the valorization of agrifood wastes,
including horticulture residues [3]. NADESs, a class of environmentally pleasant solvents,
are composed of natural, biodegradable, and non-toxic components such as sugars, amino
acids, organic acids, and salts [4]. These solvents exhibit remarkable properties, including
tunable solubility, low toxicity, and the ability to dissolve a wide range of biomolecules,
making them ideal candidates for efficient extraction processes [5].
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The application of NADESs for upcycling horticultural residues represents a ground-
breaking approach to valorizing plant waste [4,6–8]. By harnessing the unique solvent
properties of NADESs, valuable bioactive compounds, such as antioxidants, phenolic acids,
essential oils, and polysaccharides, can be extracted from horticultural waste with minimal
environmental impact [9,10]. This sustainable method not only mitigates the disposal of
agricultural waste but also opens new avenues to produce bio-based products in sectors
such as food, cosmetics, and pharmaceuticals [11,12]. Moreover, the versatility of NADESs,
coupled with their low environmental footprints, makes them a crucial tool in the develop-
ment of a circular economy, where waste is transformed into valuable resources, reducing
dependency on synthetic chemicals and promoting eco-friendly industrial processes [13,14].

Therefore, NADESs offer a range of remarkable benefits that make them a compelling
alternative to traditional solvents. Their environmentally friendly, biodegradable, and non-
toxic nature, combined with their ability to dissolve a wide range of compounds, makes
them highly useful across many industries. Whether in pharmaceuticals, food processing,
biotechnology, or green chemistry, NADESs contribute to safer, more sustainable practices
while maintaining the high efficiency, performance, and improved stability of bioactive
compounds [15,16].

In the present study, we synthesized 14 different novel deep eutectic solvents
(NADESs) using citric acid as a hydrogen bond acceptor (HBA) and sucrose, fructose,
glucose, glycerol, glycine, and xylitol as hydrogen bond donors (HBDs) and applied the
NADESs in upcycling horticultural residues, exploring their potential to revolutionize
waste management, enhance resource recovery, and contribute to a sustainable, green
future. By integrating NADESs into the upcycling process, we can not only address the
growing issues of horticultural waste but also create high-value products that benefit both
the environment and society.

2. Materials and Methods
2.1. Materials
2.1.1. Chemicals

All the chemicals and solvents used were of analytical grade and standard grade.
Citric acid monohydrate (≤100% purity), sucrose (99.8% purity), glucose monohydrate
(99.0% purity), fructose (98.5–101.2% purity), xylitol (99% purity), glycerol (99–101% pu-
rity), sodium carbonate (99% purity), sodium acetate (99% purity), potassium acetate (99%
purity), iron (iii) chloride hexahydrate (99% purity), and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) (99% purity) were supplied by Sigma-Aldrich, Munich, Germany; glycine (99%
purity) and potassium persulfate (≥99% purity) were supplied by Fluka Analytica, Frank-
furt, Germany; methanol (HPLC grade) (≥99.9% purity) was supplied by Sigma-Aldrich,
St. Quentin Fallavier, France; ethanol (96% purity) was purchased from Fillab, Plovdiv, Bul-
garia; ammonium acetate (≥98% purity) was supplied by Sigma-Aldrich, Amsterdam, the
Netherlands; 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) (≥99% purity) and the Folin–Ciocalteu
phenol reagent were supplied by Sigma-Aldrich, Buchs, Switzerland; copper (ii) chloride
(99% purity) was bought from Sigma-Aldrich, Suffolk, UK; aluminum (iii) nitrate nonahy-
drate (98.5% purity) was purchased from Chem-Lab NV, Zedelgem, Belgium; Neocuprine
(99.9% purity) was supplied by Sigma-Aldrich, Vienna, Austria; and (±)-6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox) (≥99% purity) and 3,4,5-trihydroxybenzoic
acid (gallic acid) (99% purity) were purchased from Sigma-Aldrich, Milano, Italy. Water
was purified using a Milli-Q Plus 185 system from Millipore (Milford, MA, USA).
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2.1.2. Horticulture Residue

The horticulture residue used in this study was peels from dried seeds of African
nutmeg fruits from the 2022 harvest, which were purchased from Zuba Fruit Market, Abuja,
Nigeria. The seeds were cleaned, packed under vacuum following WTO guidelines on
sanitary and phytosanitary measures as provided by the Standards Organisation of Nigeria
(https://epingalert.org/, accessed on 22 August 2023), and brought to the Biotechnology
Laboratory at the University of Food Technologies, Plovdiv, Bulgaria. In the laboratory, the
seeds were peeled, and the peels collected and grind into powder with an electric coffee
grinder. The ground peels were passed through Gilson’s laboratory shakers (Gilson, OH,
USA). Those that passed through sieve No. 4 (4.75 mm) and lower were collected, packed,
vacuum-sealed, and stored in a desiccator until further use [17]. African nutmeg (Monodora
myristica (Gaertn.) Dunal) was first described by Joseph Gaertner as Annona myristica in
1791 and was later transferred to the genus Monodora by Michael Felix Dunal in 1817,
and it has retained the latter genus till this day [18]. A voucher specimen is presented in
Supplementary Materials as Specimen S1.

2.2. Methodology
2.2.1. Preparation of Natural Deep Eutectic Solvents (NADESs)

An ultrasound-assisted technique for the synthesis of NADESs was first screened with
a general factorial experimental design with three factors at three levels to obtain a total of
27 experimental runs as shown in Table 1 for coded and uncoded display. The NADESs
were synthesized by weighing the designated mole ratios of the HBA and HBD (1:1, 1:2,
2:1) into a synthesis bottle, and then 5 mL of distilled water was added to moisten the
two materials. The bottle was vigorously shaken to mix them into a homogenous mixture
before sonicating in an ultrasonic bath operated at a frequency of 35 kHz with a maximum
input power of 240 w (USTS 5.7150 Siel, Gabrovo, Bulgaria) at three designed temperatures
(50, 70, 90 ◦C) and three designated times (60, 90, 120 min) with intermittent vigorous
stirring to achieve uniformity. The three sonication temperatures, and three sonication
times were selected for the synthesis based on information found in the literature for
the synthesis of NADESs using heating and stirring (3–6 h) [19,20], rotary evaporation
(1–3 h) [21,22], freeze-drying (24–48 h) [21], and microwave radiation (0.25–0.75 h) [23,24].
At the end of each synthesis time, using the corresponding temperature, the solvent was
observed for proper and complete solvation. Those that did not solvate completely were
further sonicated for a quarter of the experimental time at that temperature. After the extra
sonication time, those that still failed to form clear solvents were discarded. The synthesis
was taken to be successful when clear solutions were obtained after 24 h of sonication,
cooling, and storing in a desiccator to minimize moisture absorption. The temperature and
time values that were appropriate for the screening study were then applied to different
HBA–HBD ratios following the same steps. Using an infrared drier (Labtech, Munchen,
Germany), the water content in the solvents were measured and ranged from 0.25–1.05%
depending on the molar ratio and the type of HBD used.

2.2.2. Characterization of NADESs

The synthesized NADESs were characterized to understand their physical, chemical,
and thermodynamic properties, which can vary significantly depending on their compo-
nents and composition. Specifically, the density, viscosity, water activity, pH, and molecular
interactions within the NADESs were measured to properly characterize the solvents.

https://epingalert.org/
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Table 1. Screening experiment for ultrasound-assisted synthesis of NADESs shown as coded and
uncoded factors.

Run
Coded Uncoded

A B C Temperature (◦C) Time (h) HBA:HBD Ratio

1 2 3 1 70 2.0 1:1
2 2 1 2 70 1.0 1:2
3 2 2 3 70 1.5 2:1
4 2 3 2 70 2.0 1:2
5 1 1 1 50 1.0 1:1
6 3 2 2 90 1.5 1:2
7 1 1 2 50 1.0 1:2
8 3 3 3 90 2.0 2:1
9 1 2 3 50 1.5 2:1

10 1 3 2 50 2.0 1:2
11 2 2 2 70 1.5 1:2
12 3 1 2 90 1.0 1:2
13 1 1 3 50 1.0 2:1
14 2 3 3 70 2.0 2:1
15 3 3 1 90 2.0 1:1
16 1 3 3 50 2.0 2:1
17 1 3 1 50 2.0 1:1
18 3 1 1 90 1.0 1:1
19 3 1 3 90 1.0 2:1
20 3 3 2 90 2.0 1:2
21 2 2 1 70 1.5 1:1
22 1 2 1 50 1.5 1:1
23 2 1 1 70 1.0 1:1
24 3 2 1 90 1.5 1:1
25 2 1 3 70 1.0 2.1
26 1 2 2 50 1.5 1:2
27 3 2 3 90 1.5 2:1

Density

Density measurements help in understanding the intermolecular interactions within
the NADES and how the components’ molecular weights and structure impact the overall
density of the solvent. This information is valuable for calculating the solvent’s potential to
dissolve various solutes. In this study, the density of the samples was measured at 25 ◦C in
triplicate using a glass pycnometer following Equation (1):

ρs = d × ρw
(

kg
m3

)
(1)

where
ρs = density of sample; d = relative density of the sample to water = ms/mw; ρw = 0.997

at 25 ◦C taken from the appropriate table.

Water Activity

The digital water activity meter Amtast wa-60a (Amtast, Qingdao, China) was used to
measure the water activity of the samples in triplicate at 25 ◦C.

Viscosity

The viscosity of NADESs is a critical property for their performance in various applica-
tions, such as extraction and catalysis. Viscosity measurements, typically conducted using
rheometers or viscometers, reveal how the molecular structure and the ratio of components
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influence the flow behavior. The viscosity of the samples at 25 ◦C was measured in triplicate
using a glass pycnometer and calculated using Equation (2):

ïs = w
(

ρsts
ρwtw

)
(pa.s) (2)

where
ïs = viscosity of the sample in [pa.s]; ts = average time for which the sample flows

out (s); ïw = viscosity of distilled water obtained from the table (0.89 mpa.s at 25 ◦C);
ρw = density of distilled water obtained from the table (0.997 kg/m3 at 25 ◦C); tw = average
time for which the water flows out (s).

pH

An Orion 2 digital pH meter Thermo Scientific (Langenselbold, Germany) was used
to measure the pH of the synthesized NADESs in triplicate at 25 ◦C.

Spectroscopic Technique

Infrared spectroscopy (FTIR) was used to investigate the molecular interactions within
the NADESs. This technique helps to identify the nature of solute–solvent interactions,
the presence of any functional groups in the solvent mixture, and the hydrogen bonding,
which is a principal characteristic of the NADES structure.

2.3. Application of NADESs for Bioactive Molecule Extraction
2.3.1. Experimental Design

A many-factors-at-a-time (MFAT) screening design with 24 fractional factorial exper-
iment (FFE) of eight (8) corners and two (2) central points was carried out to study the
effects of the extraction conditions on the phenolic content and the antioxidant activity of
the African nutmeg peel (ANP) extracts (Table 2), and the process further developed with a
rotatable central composite response surface methodology (RCCRSM) with four factors at
five levels, following the desirability function where maximal extraction and antiradical
activities were the desired outcomes. The RCCRSM design is presented in Table 3. The
extraction yield was calculated using Equation (3), with Equation (4) used to determine the
level of the independent factors.

Table 2. Two by four fraction factorial (MFAT) design with two center points for screening the
extraction of phenolic compounds from African nutmeg peels using the NADES-UAE technique.

Model ID (A) Temperature (◦C) (B) Time (min) (C) Volume (mL) (D) Concentration (%)

(1) − (40) − (10) − (10) − (60)
c − (40) − (10) + (20) − (60)

ab + (60) + (20) − (10) − (60)
ac + (60) − (10) +(20) − (60)
ad + (60) − (10) − (10) + (80)
bc − (40) + (20) + (20) − (60)
cd − (40) − (10) + (20) + (80)

abcd + (60) + (20) + (20) + (80)
Ç 0 (50) 0 (15) 0 (15) 0 (70)
Ç 0 (50) 0 (15) 0 (150) 0 (70)

Ç is the central point.

The independent variables chosen are temperature (UT), time (ET), volume (SV),
and concentration (SC), while the dependent variables are total phenolic content (TPC),
total flavonoid content (TFC), cupric ion reducing antioxidant capacity (CUPRAC), ferric
reducing antioxidant power (FRAP), and 2,2-diphenyl-2-picrylhydrazyl (DPPH) inhibition.
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A total of 90 experimental runs with 48 cube points, 18 center points (12 on cube, and
6 on axial), and 24 axial points were performed based on a rotatable central composite
design of 30 base experiments replicated three times. The RCCRSM was chosen because
orthogonality was absent among the models from our prior investigations [3], leading us
to select the RCCRSM for its efficiency in optimization experiments under such conditions,
as described by Montgomery [25].

Table 3. Central composite design of response surface methodology for optimization of extraction of
phenolic compounds from African nutmeg peels using the NADES-UAE technique.

Variable

Coded Levels

−α −1 0 +1 +α

Experimental Actual Values

Ultrasound temperature (UT) (◦C) 30 40 50 60 70
Extraction time (ET) (min) 5 10 15 20 25
Solvent volume (SV) (mL) 5 10 15 20 25
Solvent concentration (SC) (%) 50 60 70 80 90

Y = βO +
3

∑
i=1

βiXi +
3

∑
i=1

βiiXii +
2

∑
i=1

.
3

∑
j=2

βijXiXj + ε (3)

where
βo is the intercept, βi is the linear slope, βii is the quadratic slope, and βij is the

interaction slope, all relative to the dependent variable Y. Xi and Xj are the levels of the
independent variables coded according to Equation (4):

Xi =
xi − xmi

∆xi
(4)

where
xi and Xi represent the real and coded values of the independent variables i, respec-

tively, xmi represents the value of the independent variable i at the central point, and ∆xi
refers to the step change of the independent variable i.

2.3.2. Optimization

To optimize the operational parameters involved in the extraction process, the de-
sirability function methodology [26,27] was used. The main concept of this method is to
calculate a desirability value for each of the k responses as an indicator of how closely the
fitted value aligns with the desired value at the optimal factor settings. These individual
desirability values are then combined to create an overall desirability for a set of k response
variables. The desirability function operates on a scale ranging from zero, representing a
completely undesirable response, to one, indicating a fully desired outcome.

In the present study, the optimization objective is to simultaneously maximize the
responses of TPC, TFC, and AA measured using CUPRAC and FRAP with respect to the
independent variables UT, ET, SV, and SC. For each of the three responses, the minimum
and maximum acceptable values correspond to the minimum and maximum experimental
values obtained from the extraction experiments. Predicted values obtained from the
model of the response k (yk) were converted to individual desirability values (dk) using
Equation (5):

dk =
∫ 1

0

yk − ykmin
ykmax − ykmin

(5)
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where
ykmin and ykmax are the minimum and maximum acceptable values of the response k,

respectively. The overall desirability function (D) is defined as the geometric mean of the
three individual desirability functions (d1, d2, and d3), given by Equation (6):

D =
3√d1d2d3 (6)

2.4. Extraction Procedure

Ground ANP (1.0 g) was weighed in synthesis bottles, and an appropriate volume
of appropriate solvent (NADES) diluted with distilled water to achieve the appropriate
concentration was added. The samples were irradiated at the designed temperature and
time using an ultrasonic bath operated at a frequency of 35 kHz with a maximum input
power of 240 W (USTS 5.7-150 Siel, Gabrovo, Bulgaria) with automatic temperature control.
At the end of each extraction, the bottles were removed from the bath, and the contents
transferred to centrifuge tubes and centrifuged at 4500 rpm for 10 min (centrifuge MPW-
260R Labtech, Munchen, Germany). The supernatants were further filtered into solvent
bottles using Whatman No. 1 filter paper (11 µm pore size). The bottles were sealed and
kept in a refrigerator at −4 ◦C until further analysis.

2.5. Antioxidant Power
2.5.1. Total Phenolic Content (TPC)

The TPC assay was performed spectrophotometrically by modifying the Folin–
Ciocalteu (F-C) reagent method presented by Ianni et al. [28]. In a reaction tube, 0.1 mL of
extract samples were mixed with 0.5 mL of F-C reagent. After approximately 1 min, 0.4 mL
of 7.5% Na2CO3 was added, the mixture was incubated at 50 ◦C for 5 min, the absorbance
was measured using a microplate reader (SPECTROstar Nano Microplate Reader, BMG
LABTECH, Ortenberg, Germany) at 765 nm against an appropriate blank sample, and
the TPC was evaluated using a gallic acid standard curve and reported in mgGAE/g dry
weight of sample using Equation (7):

TPC =

(
Y−0.04

0.0204×D×C
B × 1000

)
(DW) (7)

where
Y = area of the standard curve measured at 765 nm; B = weight of the sample used in

the extraction; C = volume of the solvent used in the extraction; D = dilution factor (where
applicable); DW = dry weight of sample

2.5.2. Total Flavonoid Content (TFC)

The TFC was evaluated according to the method described by Kivrak et al., with
minor adjustments [29]. In Eppendorf tubes (2 mL), aliquots of 0.25 mL of the extracts
were added to 0.025 mL of 10% Al(NO2)3, 0.025 mL of 1 M CH3COOK, and 0.95 mL of
ethanol. The mixture was incubated at room temperature (RT) for 40 min, after which the
absorbance was read at 415 nm using a microplate reader (SPECTROstar Nano Microplate
Reader, BMG LABTECH, Ortenberg, Germany) against the designated blank control. The
TFC calibration curve was determined by relying on the quercetin equivalence (QE) and
was used as a standard to calibrate and standardize the spectrophotometric measurements.
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Equation (8) was used to determine and express the TFC in microgram equivalent of
quercetin per gram of dry sample (µgQE/g, DW):

TFC =

(
Y−0.0075

0.0128×D×C
B

)
DW (8)

where
Y = area of the standard curve measured at 415 nm; B = weight of the sample used in

the extraction; C = volume of the solvent used in the extraction; D = dilution factor (where
applicable).

2.6. Antiradical Scavenging Activities
2.6.1. Ferric Reducing Antioxidant Power (FRAP)

The FRAP assay was carried out according to the procedure of Benzie and Strain as
slightly modified in subsequent studies [30,31]. The FRAP reagent was prepared fresh each
day and warmed up to 37 ◦C before use. The FRAP reagent consists of (1) 300 mM acetate
buffer (pH 3.6), (2) TPTZ (10 mM in 40 mM HCl), and (3) FeCl3.6H2O (20 mM). Solutions
(1), (2), and (3) were mixed at a ratio of 10:1:1 to form the FRAP reagent. In a 15 mL tube,
2.85 mL of freshly prepared and warmed FRAP reagent was blended with 0.15 mL of
sample and incubated at 37 ◦C for 4 min, after which the absorbance was measured at
593 nm using a microplate reader (SPECTROstar Nano Microplate Reader, BMG LABTECH,
Ortenberg, Germany) against the appropriate blank. The result is expressed as µMTE/g
dry sample derived from Equation (9):

FRAP =


(

Y+0.0017
0.0013

)
× D × C

B

DW (9)

where
Y = area of the standard curve measurement at 593 nm; B = weight of the sample

used in the extraction; C = volume of the solvent used in the extraction; D = dilution factor
where applicable.

2.6.2. Cupric Ion Reducing Antioxidant Capacity (CUPRAC) Assay

The CUPRAC assay was performed according to the procedure of Apak et al., as
described by Akyuz et al. [32,33], with slight modifications. Briefly, 0.25 mL of 1.0 × 10−2 M
copper (II) chloride solution, 7.5 × 10−3 M Neocuprine (Nc), 1 M CH2COONH4 buffer
(pH 7.0) solution, and distilled water were mixed in a 2 mL Eppendorf tube, after which
0.025 mL sample was added and mixed. The resultant mixtures were allowed to stand at
RT for 30 min to incubate. At the end of the incubation period, absorbance was measured at
450 nm against the blank using a microplate reader (SPECTROstar Nano Microplate Reader,
BMG LABTECH, Ortenberg, Germany). Trolox was used to prepare a standard curve, and
the total antioxidant capacities of the samples were calculated following Equation (10) and
expressed as µMTE/g dry weight (DW):

CUPRAC =


(

Y+0.0372
0.4128

)
× C × D

B

DW (10)

where
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Y = area of the standard curve measured at 450 nm; B = weight of the sample used
in the extraction; C = Volume of the solvent used in the extraction; D = dilution factor
where applicable.

2.6.3. 2,2-Diphenyl-2-Picrylhydrazyl (DPPH) Assay

The antiradical scavenging activity of the extracts was performed using 2,2-diphenyl-
2-picrylhydrazyl (DPPH) based on the method of Brands-Williams et al. [34], with adjust-
ments for specificity to our samples. To prepare the DPPH stock solution, we dissolved
24 mg of DPPH in 100 mL of methanol. This solution was then diluted to achieve an ab-
sorbance of 1 ± 0.02 using the spectrophotometer (SPECTROstar Nano Microplate Reader,
BMG LABTECH, Ortenberg, Germany). For the assay, we combined 40 microliters of
extract with 3 mL of the prepared DPPH working solution and kept it in the dark for
30 min at room temperature. Subsequently, we measured the absorbance at 515 nm using a
spectrophotometer (SPECTROstar Nano Microplate Reader, BMG LABTECH, Ortenberg,
Germany) to assess the reduction in DPPH concentration, indicative of the antiradical
activity (ARA), utilizing Equation (11):

ara(%) =

(
AC − AS

AC

)
× 100(DW) (11)

where
ARA (%) = antiradical activity; AC = absorbance of the control; AS = absorbance of

the sample.

2.7. Statistical Analysis

The analysis of variance technique was used to calculate the RCCRSD statistical pa-
rameters. For building the model, calculating the predicted values and optimal desirability
for each of the solvents, plotting three-dimensional surface graphs to show the effects of
independent variables on the response factors, calculating regression equations for the
best-fitted model having non-significant lack of fit with effect to pure error, the response
optimizer, and every other data analysis, Minitab statistical software 21.4.0 (Minitab LLC,
State College, PA, USA) was used. The Fisher least significant difference (LSD) test value
(F-value), coefficient of determination R2 and lack of fit were used to determine the quality
and adequacy of the model at (p > 0.05).

3. Results
3.1. Synthesis of NADESs

The NADESs were synthesized with citric acid as HBA and sucrose, fructose, xylitol,
glycerol, glycine, and glucose as HBDs at three different molar ratios: 1:1, 1:2, and 2:1,
respectively. Based on the preliminary studies, other molar ratios were eliminated from
the study. In the preliminary investigation, three ultrasonic temperature ranges (50 ◦C,
70 ◦C, and 90 ◦C), three time intervals (60 min, 45 min, and 30 min), and six molar ratios of
HBA and HBD (1:1, 1:2, 1:3, 2:1, 2:3, and 3:1) were tested before selecting the promising
molar ratios and operating temperature and time. Table 4 shows the 14 NADESs that were
successfully synthesized from the study.

3.2. Characterization of NADESs
3.2.1. Physical Properties

The physical properties (density, water activity, viscosity, and pH) of the synthesized
NADESs were measured in triplicate and analyzed using a one-way analysis of variance and
Fisher’s least significant difference (LSD) to compare and separate the NADESs into groups
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to further investigate if similarity in the physical properties could lead to similarity in
performance of the solvents during application. The physical properties of the synthesized
NADESs are shown in Table 5.

Table 4. Natural deep eutectic solvents (NADESs), synthesis conditions, and physical appearance.

S/No Code HBA HBD HBA:HBD
Ratio

Synthesis
Temperature (◦C)

Synthesis
Time (min)

Physical
Appearance

1 CaSu11 Citric acid Sucrose 1:1 70 60 Orange-yellow
2 CaFr11 Citric acid Fructose 1:1 70 60 Faintly yellow
3 CaFr12 Citric acid Fructose 1:2 70 60 Yellow
4 CaFr21 Citric acid Fructose 2:1 70 60 Yellow
5 CaXy11 Citric acid Xylitol 1:1 70 60 Colorless
6 CaXy12 Citric acid Xylitol 1:2 70 60 Colorless
7 CaXy21 Citric acid Xylitol 2:1 70 60 Colorless
8 CaGr11 Citric acid Glycerol 1:1 70 60 Colorless
9 CaGr12 Citric acid Glycerol 1:2 70 60 Colorless
10 CaG21 Citric acid Glycerol 2:1 70 60 Colorless
11 CaGc11 Citric acid Glycine 1:1 70 60 Colorless
12 CaGc21 Citric acid Glycine 2:1 70 60 Colorless
13 CaGl11 Citric acid Glucose 1:1 70 60 Yellow
14 CaGl21 Citric acid Glucose 2:1 70 60 yellow

Table 5. Physical properties of the synthesized NADESs.

NADESs HBA HBD Ratio pH Water Activity Viscosity (pa. s) Density (g/cm3)

CaSu11 Citric acid sucrose 1:1 1.92 ± 0.00C 0.73 ± 0.010F 0.3545 ± 0.0003A 1.3768 ± 0.0002A
CaFr11 Citric acid fructose 1:1 1.75 ± 0.01H 0.77 ± 0.006DE 0.0805 ± 0.0001F 1.3293 ± 0.0003B
CaFr12 Citric acid fructose 1:2 1.90 ± 0.01C 0.76 ± 0.010E 0.1797 ± 0.0002B 1.3768 ± 0.0008A
CaFr21 Citric acid fructose 2:1 1.84 ± 0.00EF 0.72 ± 0.010FG 0.1221 ± 0.0001D 1.3770 ± 0.0000A
CaXy11 Citric acid xylitol 1:1 1.85 ± 0.05E 0.78 ± 0.010CD 0.0269 ± 0.0001J 1.2818 ± 0.0004C
CaXy12 Citric acid xylitol 1:2 1.90 ± 0.03C 0.76 ± 0.010E 0.0806 ± 0.0002F 1.2818 ± 0.0008C
CaXy21 Citric acid xylitol 2:1 1.89 ± 0.03CD 0.72 ± 0.006FG 0.0871 ± 0.0001E 1.3293 ± 0.0002B
CaGr11 Citric acid glycerol 1:1 1.68 ± 0.02I 0.79 ± 0.000C 0.0131 ± 0.0001M 1.2344 ± 0.0004D
CaGr12 Citric acid glycerol 1:2 1.86 ± 0.02DE 0.77 ± 0.010DE 0.0191 ± 0.0020L 1.2344 ± 0.0006D
CaGr21 Citric acid glycerol 2:1 1.78 ± 0.01GH 0.77 ± 0.010DE 0.0525 ± 0.0005H 1.3293 ± 0.0003B
CaGc11 Citric acid glycine 1:1 2.61 ± 0.04A 0.83 ± 0.010A 0.0204 ± 0.0000K 1.3293 ± 0.0004B
CaGc21 Citric acid glycine 2:1 2.39 ± 0.01B 0.81 ± 0.000B 0.0760 ± 0.0020G 1.3293 ± 0.0004B
CaGl11 Citric acid glucose 1:1 1.81 ± 0.01FG 0.77 ± 0.010DE 0.0438 ± 0.0001I 1.2818 ± 0.0004C
CaGl21 Citric acid glucose 2:1 1.71 ± 0.01I 0.71 ± 0.010G 0.1313 ± 0.0002C 1.3293 ± 0.0003B

Results presented as mean ± SD of 3 replicates. Means that do not share a letter among the same responses are
significantly different (p ≤ 0.5).

3.2.2. Molecular Properties

FTIR spectroscopy was employed to identify the chemical structure of the NADES
and validate the presence of hydrogen bonding between the hydrogen bond donor and
hydrogen bond acceptor in NADES molecules. FTIR analysis was used to identify chemical
structures and confirm the existence of intermolecular bonds among the individual compo-
nents of mixtures. In this study, citric acid was used as the hydrogen bond acceptor, while
sucrose, fructose, xylitol, glycerol, glycine, and glucose were applied as hydrogen bond
donors. The synthesized NADESs show the presence of the following prominent character-
istic functional groups in the FTIR peaks: OH (3400–3200 cm−1), CH (3000–2800 cm−1), and
so on, and are presented in Table 6. The FTIR spectra of individual NADES are presented
as Supplementary Figure S1 (SF S1) in Supplementary Materials.
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Table 6. Prominent characteristic functional groups in the FTIR peaks of the synthesized NADESs.

NADESs
PEAKS

1(OH) 2(CH) 3(RCOOR) 4(C=C) 5(=CH2) 6 7 8 9(C-O) 10(C=C; =CH2)

CaSu11 3306 2936 1713 1639 1400 1333 1209 1101 1028 897
CaFr11 3327 2941 1715 1655 1638 1398 1339 1217 1140 1101
CaFr12 3288 2941 1717 1655 1647 1639 1398 1341 1217 1144
CaFr21 3375 2943 1711 1638 1398 1319 1206 1130 1103 1057
CaXy11 3321 2949 1713 1638 1398 1211 1126 1057 1001 876
CaXy12 3298 2943 1713 1639 1398 1317 1211 1125 1096 1001
CaXy21 3385 3246 2949 2565 1709 1632 1396 1204 1119 1043
CaGr11 3358 2951 1713 1639 1396 1319 1211 1113 1042 991
CaGr12 3287 2949 1717 1639 1396 1319 1209 1111 1040 991
CaGr21 3368 2955 2581 1709 1638 1396 1317 1119 1043 989
CaGc11 3374 3231 1711 1624 1508 1406 1319 1219 1125 1038
CaGc21 3393 3208 2953 2615 1709 1624 1508 1398 1319 1209
CaGl11 3321 2936 1713 1638 1398 1317 1213 1105 1076 1028
CaGl21 3372 3218 2941 2585 1713 1636 1396 1315 1206 1109

3.3. Application of NADESs for Extraction
3.3.1. Extraction Yields

A multifactorial (MFAT) model was first designed to investigate the effects of con-
ditions on the capacity of the synthesized NADESs to extract bioactive compounds from
ANP. The antioxidant and antiradical scavenging activities of the extracts under the ap-
plied conditions were also investigated. The use of the MFAT model in the NADES-UAE
study highlights an innovative approach, bridging the gap between traditional extraction
methods and modern, sustainable techniques. Antioxidant capacity was measured in terms
of total polyphenol content (TPC) and total flavonoid content (TFC) via spectrophotometric
methods. The antiradical scavenging power of the extracts was analyzed via the cupric ion
reducing antioxidant capacity (CUPRAC) assay and the ferric reducing antioxidant power
(FRAP) assay. The results of the MFAT modeling are presented in Table 7.

Table 7. Antioxidant and antiradical scavenging power of African nutmeg peels extracted with
NADESs based on MFAT experimental design.

NADESs Runs TPC (mgGAE/g) TFC (µgQE/g) FRAP (µMTE/g) CUPRAC (µMTE/g)

CaSu11 30 270.6B 331.3BCD 2.954BC 3.147A
CaFr11 30 389.2A 421.4BC 5.848A 4.718A
CaFr12 30 458.0A 262.7CD 4.278ABC 4.341A
CaFr21 30 163.7C 271.3CD 4.571AB 4.359A
CaXy11 30 174.3BC 172.1D 4.132ABC 3.910A
CaXy12 30 136.7C 249.2CD 3.225ABC 3.274A
CaXy21 30 125.3C 175.0D 3.696ABC 3.934A
CaGr11 30 147.8C 208.7D 3.246ABC 4.241A
CaGr12 30 167.6C 199.0D 3.552ABC 4.101A
CaGr21 30 143.4C 188.7D 3.123ABC 4.393A
CaGc11 30 146.93C 897.3A 2.236BC 3.852A
CaGc21 30 123.0C 482.6B 1.641C 3.790A
CaGl11 30 143.3C 265.3CD 2.222BC 3.798A
CaGl21 30 139.0C 330.1BCD 2.057BC 3.626A

Results presented as the means of 30 runs. Means that do not share a letter among the same responses are
significantly different (p ≤ 0.5). TPC = total phenolic content, TFC = total flavonoid content, FRAP = ferric
reducing antioxidant power, CUPRAC = cupric ion reducing antioxidant capacity.

3.3.2. Effects of Extraction Conditions on Antioxidant Yield

Different factors affecting the efficiency of NADES-UAE extraction, including the
temperature (UT), time (ET), volume (SV), and concentration (SC), were studied together
on the yield of the antioxidants using the MFAT model. Detailed factor effects are presented
as contour plots in Supplementary Documents as Supplementary Plots (SPs).
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Effects of Extraction Conditions on TPC

Figure 1 shows the TPC of extracts from the ANP using the synthesized NADESs.
The extraction efficiency of all the synthesized NADESs differed significantly based on
extraction conditions (p ≤ 0.5). CaFr12 and CaFr11 (908 mg GAE/g DW and 860 mg GAE/g
DW, respectively) showed superior TPC extraction efficiency under conditions of UT 40 ◦C,
ET 20 min, SV 20 mL, and SC 60%, while the least efficient TPC extraction conditions were
UT 40 ◦C, ET 10 min, SV 20 mL, and SC 80%, which yielded less than 100 mg GAE/g DW
across most of the synthesized NADESs.
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Figure 1. Effects of extraction conditions, HBD types, and HBA–HBD ratios on the extraction of TPC
from ANP using the NADES-UAE technique (means of 30 replicates, p ≤ 0.5).

In relation to the influence of the HBD and/or HBA–HBD ratios used to prepare the
NADES on TPC extraction, fructose performed the best among the HBDs used, while the
HBA–HBD ratios of 1:1 and 1:2 proved to be a good combination.

Effects of Extraction Conditions on TFC

The effects of extraction conditions on the TFC of ANP are presented in Figure 2. In
terms of TFC, the most efficient conditions for extraction were UT 40 ◦C, ET 10 min, SV 20
mL, and SC 80%. Moreover, NADESs synthesized with different HBDs showed outstanding
efficiency at the above conditions for TFC extraction, as can be seen with CaFr11, Caxy12,
CaGc11, and CaGc21, yielding above 800 µg/g QE DW each. However, the best-performing
NADES for TFC extraction is CaGc11, which yields more than 1200 µg/g QE DW.

3.3.3. Effects of Extraction Conditions on Antiradical Scavenging Activity

The effects of the various extraction conditions on the antiradical scavenging activity
of the extracts were equally elucidated using the same MFAT model.

Effects of Extraction Conditions on FRAP

High antiradical scavenging activity across the synthesized NADESs as measured with
FRAP was observed under extraction conditions of UT 40 ◦C, ET 20 min, SV 20 mL, and
SC 60%, and extracts from CaXy11 showed the highest antiradical scavenging activity of
14 µmol/gTE db of sample under the same conditions. The antiradical scavenging activity
measured using the FRAP method is presented in Figure 3.
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Figure 3. Effects of extraction conditions, HBD types, and HBA–HBD ratios on FRAP antiradical
activity of ANP extracts using the NADES-UAE technique (means of 30 replicates, p ≤ 0.5).

Effects of Extraction Conditions on CUPRAC

The antiradical scavenging activity of ANP extracts under different NADES-UAE
extraction conditions measured using the CUPRAC method showed UT 40 ◦C, ET 10 min,
SV 20, and SC 80% as the best conditions for efficient antiradical scavenging. CaFr11 was
shown to have the highest radical activity of 12 µmol/g TE db of extracts under those
conditions. The CUPRAC results are presented in Figure 4.
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Figure 4. Effects of extraction conditions, HBD types, and HBA–HBD ratios on CUPFRAC antiradical
activity of ANP extracts using the NADES-UAE technique (means of 30 replicates, p ≤ 0.5).

3.4. Rotatable Central Composite Response Surface Methodology (RCCRSM)

A rotatable central composite RSM design was used to model the extraction process
and validate the effects of extraction conditions (UT, ET, SV, and SC) on the response vari-
ables TPC, TFC, and antiradical scavenging activity (CUPRAC, FRAP, and DPPH) of ANP
using the NADES-UAE extraction technique. From the MFAT screening experiments, the
conditions responsible for extraction and antiradical scavenging were established. However,
an RCCRSM design was carried out to fully study and understand the experiment’s direc-
tional focus and the effects of each interaction of the factors to fully model and optimize the
process. The results of the RCCRSM experiments are presented in Table 8, using CaFr12 to
represent all the synthesized NADESs. Table 8 shows that TPC varied from 100 ± 1.47 mg
GAE/g DW to 695.42 ± 2.83 mg GAE/g DW, and TFC varied from 60.026 ± 1.19 µg QE/g
DW to 1313 ± 3.61 µg QE/g DW. Antiradical scavenging activity measured using CUPRAC
varied from 3.0895 ± 0.01 µmol TE/g DW to 15.4877 ± 0.14 µmol TE/g DW, antiradical
scavenging activity measured using FRAP varied from 0.521 ± 0.346 µmol TE/g DW to
10.267 ± 0.018 µmol TE/g DW, and antiradical scavenging activity measured using DPPH
varied from 1.51 ± 0.1% DW to 89.6 ± 0.1% DW, respectively. Table 9 presents a summary
of the ANOVA results for the five response variables. On the one hand, the five models
(one for each of the response variables) showed p-values lower than 0.0001, which means
that the models are highly significant. On the other hand, the insignificant lack of fit
values (p > 0.05) indicates that each of the models is adequate to predict the corresponding
response. Table 10 shows the regression coefficients (in coded variables) and the coefficients
of determination for the TPC, TFC, CUPRAC, FRAP, and DPPH models for all significant
terms (p < 0.05). The five models indicate high values of coefficient of determination (R2)
and adjusted coefficient of determination (R2adj). The values of the predicted coefficient of
determination (R2pred) were in good agreement with R2adj. This indicates a high degree
of correlation between the experimental and predicted values for the five models.
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Table 8. Experimental conditions and results for the extraction of phenolic compounds from, and
antiradical scavenging activity of ANP using the NADES-UAE techniques according to a central
composite response surface design.

Run Exp.
ID

Conditions a Response á

X1 X2 X3 X4
TPC

(mgGAE/g)
TFC

(µgQE/g)
CUPRAC
(µMTE/g)

FRAP
(µMTE/g) DPPH (%)

1 abd 60 (1) 20 (1) 10 (−1) 80 (1) 179.09 ± 0.75 61.328 ± 0.78 3.1702 ± 0.01 0.7490 ± 0.01 26.7 ± 0.1
2 b 40 (−1) 20 (1) 10 (−1) 60 (−1) 113.4 ± 2.47 116.41 ± 1.56 6.2274 ± 0.03 0.7387 ± 0.01 89.6 ± 0.1
3 0 50 (0) 15 (0) 15 (0) 70 (0) 260.05 ± 0.42 339.26 ± 1.17 4.8886 ± 0.04 1.0656 ± 0.01 89.0 ± 0.1
4 (1) 40 (−1) 10 (−1) 10 (−1) 60 (−1) 164.05 ± 1.58 60.026 ± 1.19 3.1864 ± 0.03 0.8105 ± 0.016 53.6 ± 0.1
5 ab 60 (1) 20 (1) 10 (−1) 60 (−1) 229.25 ± 0.28 75.65 ± 1.97 3.1702 ± 0.03 1.7003 ± 0.009 17.2 ± 0.2
6 d 40 (−1) 10 (−1) 10 (−1) 80 (1) 168.63 ± 0.98 546.61 ± 1.8 6.3889 ± 0.03 1.539 ± 0.018 14.6 ± 0.1
7 cd 40 (−1) 10 (−1) 20 (1) 80 (1) 635.29 ± 1.96 457.03 ± 10.9 8.0685 ± 0.06 2.7236 ± 0.009 18.4 ± 0.1
8 bc 40 (−1) 20 (1) 20 (1) 60 (−1) 650.33 ± 0.57 120.57 ± 1.8 6.4212 ± 0.03 10.267 ± 0.018 10.5 ± 0.4
9 abc 60 (1) 20 (1) 20 (1) 60 (−1) 221.24 ± 1.13 414.32 ± 1.8 6.292 ± 0.11 1.9903 ± 0.018 13.7 ± 0.2
10 ad 60 (1) 10 (−1) 10 (−1) 80 (1) 322.71 ± 0.28 284.51 ± 0.9 4.196 ± 0.01 1.2618 ± 0.009 7.33 ± 0.6
11 bd 40 (−1) 20 (10 10 (−1) 80 (1) 183.5 ± 1.02 61.59 ± 1.8 3.2187 ± 0.01 0.7413 ± 0.009 19.2 ± 0.1
12 ac 60 (1) 10 (−1) 20 (1) 60 (−1) 695.42 ± 2.83 123.7 ± 1.8 6.2435 ± 0.03 1.4774 ± 0.009 21.5 ± 0.2
13 abcd 60 (1) 20 (1) 20 (1) 80 (1) 276.47 ± 0.98 122.14 ± 4.51 6.4212 ± 0.06 1.4364 ± 0.018 31.7 ± 0.2
14 a 60 (1) 10 (−1) 10 (−1) 60 (−1) 237.09 ± 1.98 59.245 ± 0.45 3.0895 ± 0.01 0.7439 ± 0.013 63.9 ± 0.1
15 c 40 (−1) 10 (−1) 20 (1) 60 (−1) 379.09 ± 1.13 831.77 ± 3.61 12.6163 ± 0.1 1.5441 ± 0.009 1.51 ± 0.1
16 acd 60 (1) 10 (−1) 20 (1) 80 (1) 406.54 ± 3.01 1313.0 ± 3.61 12.33 ± 0.01 2.9344 ± 0.018 24.9 ± 0.1
17 bcd 40 (−1) 20 (1) 20 (1) 80 (1) 620.92 ± 1.13 755.73 ± 7.22 12.52 ± 0.01 3.0164 ± 0.018 74.7 ± 0.1
18 cα 50 (0) 15 (0) 25 (α) 70 (0) 231.21 ± 1.42 345.7 ± 6.77 15.4877 ± 0.14 3.7449 ± 0.044 73.6 ± 0.3
19 aα 70 (α) 15 (0) 15 (0) 70 (0) 370.74 ± 1.95 91.99 ± 4.06 4.6827 ± 0.02 1.0735 ± 0.007 20.6 ± 0.2
20 dα 50 (0) 15 (0) 15 (0) 90 (α) 148.04 ± 0.85 290.23 ± 1.35 9.3653 ± 0.04 2.3854 ± 0.027 22.4 ± 0.4
21 bα 50 (0) 25 (α) 15 (0) 70 (0) 409.31 ± 3.06 347.27 ± 5.41 9.3411 ± 0.04 2.17 ± 0.013 15.5 ± 0.1
22 −bα 50 (0) 5 (−α) 15 (0) 70 (0) 302.45 ± 2.25 311.33 ± 5.41 9.2926 ± 0.08 2.2623 ± 0.013 17.9 ± 0.2
23 −aα 30 (−α) 15 (0) 15 (0) 70 (0) 100 ± 1.47 862.89 ± 5.41 9.6318 ± 0.04 2.1931 ± 0.013 3.15 ± 0.4
24 −dα 50 (0) 15 (0) 15 (0) 50 (−α) 332.84 ± 1.12 130.27 ± 0.68 4.8401 ± 0.06 1.1273 ± 0.02 20.2 ± 0.3
25 −cα 50 (0) 15 (0) 5 (−α) 70 (0) 147.22 ± 1.5 60.286 ± 0.45 3.1379 ± 0.01 0.521 ± 0.346 62.1 ± 0.1

a X1: temperature (◦C); X2: time (min); X3: volume (mL); X4: concentration (%). Actual and coded (in parenthesis)
values. á TPC (mg GAE/g db); TFC (µG QE/g db); CUPRAC and FRAP (µmol TE/g db). Mean ± SD of
3 replicates (p ≤ 0.5).

Table 9. Analysis of variance (ANOVA) summary statistics for response surface modeling of extraction
of phenolic compounds and antiradical scavenging activity of ANP using the CaFr12 NADES-
UAE techniques.

Model
Comp a.

Response

TPC TFC CUPRAC FRAP DPPH

F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value

X1 0.25 0.618 10.83 0.002 18.64 0.000 16.18 0.000 0.21 0.650
X2 1.09 0.301 9.18 0.003 3.17 0.079 6.95 0.010 10.18 0.003
X3 63.61 0.000 30.93 0.000 148.55 0.000 65.15 0.000 3.80 0.058
X4 0.75 0.390 11.72 0.001 13.75 0.000 2.68 0.106 0.46 0.500
X1

2 0.39 0.536 3.15 0.080 3.02 0.086 1.62 0.208 62.54 0.000
X2

2 11.16 0.001 0.06 0.811 21.31 0.000 6.74 0.011 54.39 0.000
X3

2 0.02 0.896 1.14 0.289 21.26 0.000 5.32 0.024 3.21 0.081
X4

2 0.88 0.353 0.99 0.324 2.78 0.100 8.02 0.006 47.25 0.000
X1X2 15.10 0.000 0.28 0.601 1.59 0.212 14.28 0.000 80.73 0.000
X1X3 16.61 0.000 0.05 0.825 1.46 0.231 20.22 0.000 1.50 0.227
X1X4 3.59 0.051 0.68 0.413 2.01 0.161 6.39 0.014 1.00 0.323
X2X3 0.41 0.526 1.79 0.184 2.36 0.129 13.53 0.000 - -
X2X4 0.00 0.963 6.14 0.015 18.64 0.000 30.21 0.000 - -
X3X4 0.22 0.643 1.04 0.312 3.17 0.079 5.65 0.020 - -

model 10.24 0.000 73.67 0.000 38.4 0.000 19.934 0.000 35.512 0.000
Lack of fit 0.62 0.843 0.028 0.963 0.270 0.801 0.24 0.968 0.71 0.812
Pure error 0.84 0.49 0.65 0.18 0.92

a X1 temperature in ◦C, X2 time in min, X3 solvent volume in mL, X4 solvent concentration in %. X1
2, X2

2, X3
2,

and X4
2 are the square factors corresponding quadratic functions, while X1X2, X1X3, X1X4, X2X3, X2X4, and X3X4

are the various factor interactions. The p-values in bold are statistically significant.
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Table 10. Regression coefficients for full quadratic response surface models (in coded variables) for
the study of extraction of phenolics and antiradical scavenging activity of ANP using CaFr12 as a
solvent with ultrasound-assisted extraction techniques.

Coefficients a TPC TFC CUPRAC FRAP DPPH

(I) −2111 −930 38.1 0.5 −1825
X1 52.6 −66.6 −0.479 −0.085 28.17
X2 17.3 129 −0.144 1.051 45.73
X3 102.6 33 −0.526 0.681 7.48
X4 1.2 43.2 −0.572 −0.298 23.25
X1

2 0.075 0.428 0.00326 0.0014 −0.181
X2

2 1.603 0.231 0.03465 0.01142 −0.6751
X3

2 −0.063 −1.032 0.03461 0.01073 −0.1639
X4

2 0.112 −0.24 0.00313 0.00312 −0.1573
X1X2 −1.221 −0.332 −0.00645 −0.01086 −0.4851
X1X3 −1.28 0.14 −0.00627 −0.01292 −0.0662
X1X4 −0.312 0.26 0.00363 0.00363 −0.0270
X2X3 −0.4 −1.69 −0.0157 0.02114 -
X2X4 −0.015 −1.566 −0.00587 −0.0158 -
X3X4 −0.146 0.644 0.00778 −0.00683 -

R2 0.984 0.9999 0.918 1.00 0.9992
R2

adj 0.9779 0.9998 0.887 1.00 0.9988
R2

Pred 0.9767 0.9997 0.882 1.00 0.9981
a (I) the constant (intercept), X1 is temperature in ◦C, X2 is time in min, X3 is solvent volume in mL, X4 is solvent
concentration in %. X1

2, X2
2, X3

2, and X4
2 are the squares of the corresponding factors, while X1X2, X1X3, X1X4,

X2X4, and X3X4 are the various interactions.

As can be seen from Table 10, TPC was positively influenced by all main factors, the
squares of temperature, time, and concentration, but negatively influenced by quadratic
volume and all-factor interaction. TFC was positively influenced by time, volume, and
concentration; quadratic temperature and time; and interactions between temperature and
volume, temperature and concentration, and volume and concentration, but negatively
influenced by temperature; squared volume and concentration; and interactions of temper-
ature with time, time with volume, and volume with concentration. All squared factors,
including interactions of temperature with concentration and volume with concentration,
positively influenced the efficiency of CUPRAC. However, all main factors, including inter-
action of temperature with time, temperature with volume, time with volume, and time
with concentration, exerted negative influence on CUPRAC efficiency. In the case of FRAP,
time, volume, all squared factors, and interaction of temperature with concentration and
time with volume had positive effects, while temperature, concentration, and interaction of
temperature with time, temperature with volume, time with concentration, and volume
with concentration all had negative effects on FRAP efficacy. Antiradical activity measured
using DPPH showed all main factors to positively influence its efficiency, while all squared
factors, including interactions of temperature with time, temperature with volume, and
temperature with concentration, had negative effects on the antiradical potential of extracts
measured using the DPPH method.

The model equations for the five response variables coded as Y1–Y5 are presented
in Equations (12)–(16), where Y1 is TPC, Y2 is TFC, Y3 is CUPRAC, Y4 is FRAP, and Y5
is DPPH.
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Y1 = −2111 + 52.6X1 + 17.3X2 + 102.6X3 + 1.2X4 + 0.075X12 + 1.603X22 − 0.063X32 + 0.112X42

−1.22X1X2 − 1.28X1X3 − 0.312X1X4 − 0.4X2X3 − 0.015X2X4 − 0.146X3X4
(12)

Y2 = −930 − 66.6X1 + 129X2 + 33X3 + 43.2X4 + 0.429X12 + 0.231X22 − 1.032X32 − 0.24X42 − 0.332X1X2
+0.14X1X3 + 0.26X1X4 − 1.69X2X3 − 1.56X2X4 + 0.082X3X4

(13)

Y3 = 38.1 − 0.479X1 − 0.144X2 − 0.526X3 − 0.572X4 + 0.0033X12 + 0.0347X22 + 0.0346X32 + 0.0031X42

−0.0065X1X2 − 0.0063X1X3 − 0.0036X1X4 − 0.157X2X3 − 0.0059X2X4 + 0.0078X3X4
(14)

Y4 = 0.5 − 0.085X1 + 1.051X2 + 0.681X3 + 0.298X4 + 0.0044X12 + 0.0114X22 + 0.0107X32 + 0.0031X42

−0.011X1X2 − 0.0129X1X3 + 0.00363X1X4 + 0.211X2X3 − 0.0158X2X4 − 0.0068X3X4
(15)

Y5 = −1825 + 28.17X1 + 45.73X2 + 7.48X3 + 23.25X4 − 0.181X12 − 0.675X22 − 0.164X32 − 0.157X42

−0.485X1X2 − 0.066X1X3 − 0.027X1X4
(16)

3.5. Optimization of the Extraction Conditions and Validation of the Models

Numeric optimization of responses was carried out using the desirability function
following Equations (5) and (6), as already described in Section 2.2. Optimization was
carried out with the goal set to maximize the total phenolic content, total flavonoid content,
and antiradical scavenging activity using the independent variables UT, ET, SV, and SC in
the ranges that were used in the rotatable central composite response surface experiments.
Five different solutions were calculated using Minitab software with different levels of
independent variables with good desirability. To verify the models obtained through RSM,
nine extractions were performed under conditions that predicted maximum desirability.
Table 11 shows the maximum desirability for the five response variables as well as the
experimental conditions to achieve the desired goal. In Table 12, the experimental results,
along with the values predicted by the models under the maximum desirability and
optimal extraction conditions, are presented. As can be seen, the experimental values of
the five responses are within the confidence intervals of the values predicted by the models
(with a 95% confidence level), which indicates a good degree of prediction of the models
obtained in this work under the extraction conditions tested. On the other hand, Table 12
presents the experimental data of TPC, TFC, and antiradical scavenging activity using
water (conventional solvent) under the same optimal extraction conditions used for the
case of NADESs.

Table 11. Maximum desirability and predicted conditions for numeric optimization of TPC, TFC,
CUPRAC, FRAP, and DPPH of African nutmeg peels.

Parameters
Predicted Optimum Factors to Achieve the Desirability a

Maximum Desirability
UT (◦C) ET (min) SV (mL) SC (%)

TPC 45 5 25 90 0.993634
TFC 30 5 25 90 0.900334

CUPRAC 30 5 25 90 1.000000
FRAP 45 25 25 50 0.960543
DPPH 50 15 15 70 0.931252

a Predicted optimum factors were rounded up to the whole numbers in multiples of 5 based on instrument
calibration.
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Table 12. Optimized antioxidant and antiradical scavenging properties of AFP extracts using the
UAE-NADES techniques: predicted (fitted) and experimental values, UAE-water.

NADESs
TPC (mgGAE/g) TFC (µgQE/g) CUPRAC (µMTE/g) FRAP (µMTE/g) DPPH (%)

Fitted Experimental Fitted Experimental Fitted Experimental Fitted Experimental Fitted Experimental

CaSu11 732 ± 128 860.02 ± 4.7 B 1061 ± 373 1176.0 ± 13 F 23.27 ± 3.1 24.76 ± 0.39 H 26.28 ± 3.1 26.17 ± 0.17 A 79.18 ± 7.3 72.24 ± 0.15 J

CaFr11 1269 ± 332 1290.9 ± 5.6 A 2329 ± 427 2398.7 ± 23 A 38.03 ± 4.4 38.46 ± 0.44 A 26.05 ± 3.3 26.15 ± 0.11 B 86.40 ± 11 73.55 ± 0.24 I

CaFr12 711 ± 142 748.64 ± 12 C 1449 ± 338 1446.0 ± 12 C 26.20 ± 2.8 26.24 ± 0.31 F 16.75 ± 1.3 17.31 ± 0.12 G 89.65 ± 7.4 84.19 ± 0.35 F

CaFr21 272.9 ± 56.8 281.05 ± 18 L 437.5 ± 84.3 442.13 ± 8.7 L 27.71 ± 3.1 25.15 ± 0.34 G 18.07 ± 1.3 18.45 ± 0.08 E 87.68 ± 6.0 84.26 ± 0.36 F

CaXy11 375.0 ± 39.7 365.20 ± 11 K 607 ± 124 618.27 ± 10 J 28.34 ± 2.8 24.71 ± 0.49 H 18.12 ± 1.5 19.21 ± 0.13 D 81.81 ± 4.2 64.78 ± 0.25 K

CaXy12 577.1 ± 41.5 588.78 ± 9.4 F 1694 ± 237 1777.1 ± 10 B 25.96 ± 3.0 28.92 ± 0.53 E 17.11 ± 1.7 18.13 ± 0.11 F 94.20 ± 13 97.42 ± 0.40 A

CaXy21 294.8 ± 38.9 289.76 ± 6.7 L 551 ± 112 584.85 ± 19 K 28.58 ± 3.1 29.53 ± 0.55 D 15.82 ± 1.4 16.19 ± 0.11 I 85.25 ± 6.9 64.19 ± 0.33 L

CaGr11 507.7 ± 67.7 539.76 ± 16 G 621 ± 168 633.85 ± 20 I 31.72 ± 2.7 32.29 ± 0.52 B 16.41 ± 1.0 17.04 ± 0.09 H 86.43 ± 9.2 83.55 ± 0.25 G

CaGr12 748.5 ± 90.5 754.63 ± 7.1 C 828 ± 130 869.57 ± 12 H 29.92 ± 2.9 29.89 ± 0.32 CD 17.07 ± 1.5 18.52 ± 0.18 E 90.52 ± 6.2 89.71 ± 0.31 C

CaGr21 393.6 ± 56.8 396.24 ± 9.7 J 681 ± 220 632.60 ± 10 I 31.45 ± 3.0 29.92 ± 0.37 C 26.59 ± 3.3 26.21 ± 0.12 C 86.42 ± 7.8 80.93 ± 0.20 H

CaGc11 498.8 ± 90.5 475.22 ± 8.6 I 1330 ± 417 1354.4 ± 15 D 22.16 ± 3.2 22.78 ± 0.43 J 16.30 ± 1.5 17.21 ± 0.22 G 89.70 ± 12 86.08 ± 0.15 E

CaGc21 499.3 ± 63.9 502.72 ± 7.5 H 1224 ± 251 1341.4 ± 8.8 E 24.02 ± 2.9 23.89 ± 0.50 I 7.92 ± 1.0 7.59 ± 0.14 M 95.98 ± 5.4 90.05 ± 0.23 B

CaGl11 626.8 ± 69.7 660.13 ± 7.6 E 1224 ± 149 1448.6 ± 10 C 25.29 ± 3.2 25.40 ± 0.15 G 8.11 ± 1.6 8.59 ± 0.13 L 34.98 ± 6.0 34.77 ± 0.24 M

CaGl21 649.6 ± 52.0 688.45 ± 7.8 D 1003 ± 142 1025.4 ± 9.4 G 25.99 ± 3.0 25.50 ± 0.52 G 10.64 ± 2.7 11.59 ± 0.14 K 89.29 ± 7.2 86.49 ± 0.27 D

Water - 144.34 ± 8.0 M - 589.63 ± 11 K - 22.81 ± 0.46 J - 12.07 ± 0.14 J - 11.69 ± 0.24 N

Means ± SD of 9 replicates. Means that do not share the same letter within the same response variable are
significantly different (p ≤ 0.5).

4. Discussions
In our recent work [3], we focused on a single NADES-CaFr11, providing in-depth

exploration, analysis, and discussion of its efficient phenolic extraction capability, as well
as antiradical scavenging efficacy. In contrast, in the present work, we broaden the scope
significantly, expanding the discussion to include 13 additional NADESs synthesized with
similar HBA, but different HBDs at different molar ratios. Our aim is to expand the NADES
candidates, providing diversification that enhances the breadth of the research, offering a
more comprehensive exploration of the application of NADESs in extraction studies and
potentially introducing new perspectives, comparisons, and relationships between the
synthesized NADESs.

4.1. Synthesis of NADESs

NADES is a homogeneous mixture that forms a superlattice when combined at a
specific molar ratio using natural components. The joint superlattice melts at eutectic
temperatures below the melting point of its components. DES formations have mostly
been designed with ChCl as an HBA. The formation of a transparent liquid at a certain
molar ratio suggests the effects of the hydrogen bond interaction between the HBA and
the HBD [35]. The freezing point of DES is lowered due to hydrogen bonding between the
HBA and the HBD, resulting in a liquid form [36].

In the study, the amount of citric acid was insufficient to form appropriate hydrogen
bonding with sucrose, glycine, and glucose at a molar ratio of 1:2, respectively. As a result,
the solutions solidified into a white mass on cooling. At a 2:1 molar ratio, the NADES
formed with sucrose was extremely viscous like a gel and could not be used for extraction
application and was discarded. We therefore suggest that a critical factor in synthesizing
citric acid-based NADES is to establish the ideal HBA to HBD molar ratio that will produce
a stable liquid-phase mixture on standing [37].

Heating and stirring was the primary method used by most researchers in the synthe-
sis of deep eutectic solvents (DESs), including NADES [9,19,23,38–43]. Due to high energy
consumption, as well as a longer duration of synthesis time (between 6–24 h) in the heating
and stirring (HS) technique, more novel approaches are being explored. For instance,
microwave [23,24,41], freeze-drying [39,40], rotary evaporation [21,44], extrusion [23] and
ultrasonication [45]. Application of ultrasound to the mixture caused acoustic cavitation
by generating, growing, and eventually collapsing of the bubbles. As ultrasound waves
propagated, the bubbles oscillated and collapsed, causing thermal, mechanical, and chemi-
cal effects. Mechanical effects include collapsed pressure, turbulence, and shear stresses,
while chemical effects include ionization of bonds and an increase in hydrogen bonding
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potential to form. The locally produced alternating positive and negative pressures caused
the expansion of the mixture, resulting in bond rupture and realignment. Ultrasound
causes hydrolysis of water inside the oscillating bubbles, leading to the formation of H+

and OH− that were captured in the chemical reaction by the rearrangement of HBA and
HBD to form the NADESs. When cavitation is generated, OH radicals are released, which
is why a chemical effect is obtained in the solution.

Temperature and time played significant roles in the ultrasound-assisted synthesis
of the NADESs. At 50 ◦C, the HBA and HBD were unable to form the desired solvent
at different time intervals. At 90 ◦C, the synthesized solvents with sugar-based HBDs
were very dark in color, which was suspected to be the effects of caramelization of sugars.
The caramelization effect was also observed when the temperature was 70 ◦C and the
time prolonged above 80 min. In their study with choline chloride-based NADES, Hsieh
et al. [45] employed an ultrasound-assisted technique with a frequency of 40 kHz, 300 W
power, and synthesis time of 5 h. The temperature was not controlled but was measured
to be 50 ◦C at the end of the synthesis time. Based on their findings, 50 ◦C could also be
used for the synthesis of citric acid-based NADESs but will require such a long period
of time. Therefore, thermal effects, in addition to the cavitation and mechanical effects,
significantly influence ultrasound-assisted synthesis (UAS) [46], making temperature and
time important UAS variables for NADES production.

4.2. Characterization of NADES
4.2.1. Physical Properties of NADESs

The physical properties of the NADESs prepared using citric acids (Ca), sugars, amino
acids, and sugar alcohols depicted excellent physicochemical properties like those synthe-
sized using other hydrophilic hydrogen bond acceptors, such as choline chloride [47]. The
basic physical properties of NADESs at 25 ◦C were measured, including density, viscosity,
and pH, to provide a reference for their application in extracting bioactive compounds
from horticulture materials. The results of the physical properties are shown in Table 5.

Density

The density of a solvent is critical for its diffusion and miscibility with other liquids.
The density of NADES is crucial in chemical processes involving extraction, fluid mechanics,
and mass transfer [48]. The high density of NADES may be advantageous for phase
separation, even though it may impact the handling and mixing processes. The densities of
the synthesized NADESs at 25 ◦C show that fructose-based NADESs have higher density
than glucose-based ones, irrespective of the molar ratios, and may explain why the former
have superior extraction efficiency than the latter. The densities obtained in this study are
similar to those obtained from choline chloride-based NADESs (1.00–1.35 g/cm3) [49,50]
and glycolic acid-based NADESs (1.3528–1.3741 g/cm3) [22]. NADESs have higher densities
than water due to their varying degrees of hydrogen bonding in the formulation [51,52].
The arrangement and packing of NADES molecules significantly impact their density [53].
According to Abbott et al., DES mixtures, like ionic liquid counterparts, contain holes whose
size controls the density of the solvent [54]. NADESs formed from sugars (sucrose, fructose,
and glucose) have higher densities than those formed from sugar alcohol (xylitol and
glycerol), indicating that the HBD functional groups substantially impact the properties.
Although the densities of DESs decrease dramatically as the chain length of HBDs increases
in the case of choline chloride-based NADESs [50,55], the contrary was observed in the
present study.
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Water Activity

Water activity is an important and critical thermodynamic property used to predict the
shelf life of food products, microbial activity, microbial growth, solute–solute interactions,
etc. It is defined as the ratio of the fugacity of water in a system at a given temperature
to the fugacity of pure water at the same temperature. In food products, water activity
can be manipulated by the addition or reduction of electrolyte solution to achieve the
desired goal [56]. Water activity also provides treasured data with respect to solute–solute
and solute– solvent interactions, an important factor for extraction processes [57]. In the
present work, the water activity of the synthesized NADESs was measured with a digital
water activity meter at 25 ◦C. There is a paucity of information in the literature about the
water activity of NADESs; however, data obtained for some ternary mixtures of choline
chloride-based NADESs with sugars and water show that the present NADESs have lower
water activity than those ternary mixtures. For example, Behboudi et al. provided water
activity data for choline chloride + urea + sucrose + water, choline chloride + ethylene
glycol + sucrose + water, and choline chloride + glycerol + sucrose + water as 0.942–0.988,
0.949–0.974, and 0.98–0.982, respectively [58]. These results were far higher compared with
the results obtained in the current study: 0.71–0.83. The discrepancies in the results could be
explained by the dilution effects of water on the ternary mixtures of water and NADESs as
against the concentrated NADESs that we synthesized. In the present study, we discovered
that water activity is influenced by the molar ratios of HBD in the structure. The higher
the ratio of the HBA in the NADESs structure, the lower the water activity; hence, CaFr11,
CaXy11, CaGr11, and CaGl11 have higher water activity than CaFr21, CaXy21, CaGr21,
and CaGl21, respectively. This observation could be used in tuning the NADESs for a given
purpose, such as application in the formulation of preservatives.

Viscosity

Dynamic viscosity measures the resistance of fluid to flow and the molecular bond
strength of the fluid. The viscosities of the NADESs for all functional groups of HBD at
different molar ratios are shown to range from 0.0131 pa.s to 0.3545 pa.s and are similar
to those obtained by Sazali et al. (0.235–0.453 pa.s, using choline chloride: glycerol; and
0.04–0.06 pa.s, using choline chloride: lactic acid) [59] and Liu et al. (0.207–2.66 pa.s, using
choline chloride: glycerol at the same molar ratio) [60]. Similarly, Francisco et al. obtained
choline chloride: lactic acid viscosities of 0.3–0.7 Pa. s at 1:1.3–1:5 mole ratios [61] and Kang
et al. obtained similar viscosities for different molar ratios of glycolic acid: l-proline-based
NADESs [22]. Due to their dense hydrogen bond networks, NADESs have higher viscosities
than water, molten salts, and other molecular solvents. This is due to the inhibition of free
mobility species within the NADES structure [62]. Higher viscosities are also caused by
electrostatic interactions, van der Waals forces, ion sizes, and void volumes [59]. In this
study, the role of the HBD chemical structure and functional groups in the properties of
NADESs is demonstrated. Carboxylic acid and hydroxyl groups, in addition to the alkyl
chain length, affect viscosity, with more hydroxyl groups and longer hydrocarbon chains
resulting in higher viscosities [63]. Alcalde et al. observed that water dilutes the hydrogen
bonding between choline chloride and lactic acid, but only at concentrations greater than
10%; accordingly, increasing the HBD molar ratio will increase viscosity [64].

pH

The pH of NADESs is very important for chemical analysis, extraction processes,
catalysis, biological activity, and metal treatment. The pH of NADESs can affect process
engineering, as it involves operational conditions and materials of construction [59,65]. The
pH is dictated by the acidity and basicity of HBA and HBD and their combined acidity and
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basicity [66]. The pH values of the synthesized NADESs at 25 ◦C are shown to be below
pH 2, except CaGc11 and CaGc21, whose pH values are above pH 2. CaGc11 (citric acid:
glycine, 1:1) and CaGc21 (citric acid: glycine, 2:1) are the only NADES samples synthesized
using amino acid as HBD. Amino acids have fewer hydroxyl groups in their molecular
structure compared to sugars and sugar alcohols, hence the acidity in relation to others. The
limited number of hydroxyl groups in the structure of glycine as HBD may have influenced
the resultant NADESs to be less acidic—that is, to have a higher pH value. There is a
significant difference between the pH of CaFr12 (citric acid and fructose, 1:2) and CaXy12
(citric acid: xylitol, 1:2). This may be explained by the similar numbers of hydroxyl groups
in the respective molecules of fructose and xylitol.

The pH is also affected not only by the HBD groups but also by the molar ratio of HBA
to HBD. For instance, the pH values of CaFr12 (citric acid: fructose, 1:2), CaXy12 (citric acid:
xylitol, 1:2), and CaGr12 (citric acid: glycerol, 1:2), respectively, were all higher than those
of CaFr21 (citric acid: fructose, 2:1), CaXy21 (citric acid: xylitol, 2:1), and CaGr21 (citric
acid: glycerol, 2:1), respectively. This may be explained using the hole theory of Abbott
et al. [54]. In this case, there are more free hydrogen bond donating groups from two moles
of fructose, xylitol, and glycerol that need to be accepted by the HBA but could not, because
there were no free bonding sites on the one mole of citric acid, thereby creating a more
acidic environment.

Overall, DES prepared using organic acids either as an HBA or HBD tend to have
extremely high acidity because of HBA–HBD hydrogen bonding [53]. Skulcova et al. [66]
obtained pH values ranging from 4.1 to 4.5 using choline chloride and glycerol at a 1:2
M ratio and at temperatures of 25 ◦C to 60 ◦C; however, the pH of DES synthesized with
choline chloride and lactic acid was established to vary between 0.99 and 1.8 for molar
ratios of 1:5 and 1:10 under similar conditions [66]. The pH of choline chloride: lactic acid
DES and choline chloride: glycerol DES were significantly impacted by the type of HBD
used, with the first DES containing an acid and the second containing an alcohol [65].

Lemaouni et al. suggested that the trend of pH with molar ratios caused by functional
group addition to HBDs is not always correlated for some DESs; instead, molecular-level
interactions between HBA and HBD significantly affect the pH of DESs [67].

4.3. Molecular Properties

The charge delocalization of HBA and HBD occurring through hydrogen bonding is
responsible for the formation of DESs. The NADESs prepared by combining citric acid
with glycine shows changes in the FTIR spectra indicated by a second peak following
the OH peak compared to others. This second peak is identified as amide stretching
(3300–3200 cm−1). The FTIR spectra of the synthesized NADESs show the absence of
intensive OH stretching bands at wavenumbers between 3800 cm−1 and 3400 cm−1, in-
dicating a very low water content solvent [68] (spectra presented in Supplementary Ma-
terials). The NADESs FTIR spectra show OH stretching bands at wavenumbers 3305,
3327, 3287, 3375, 3321, 3298, 3385, 3358, 3286, 3367, 3373, 3392, 3321, 3371 cm−1 for
CaSu11, CaFr11, CaFr12, CaFr21, CaXy11, CaXy12, CaXy21, CaGr11, CaGr12, CaGr21,
CaGc11, CaGc21, CaGl11, and CaGl21, respectively, as presented in Table 5. According
to the literature, changes in the stretching vibration of NADESs at the wavenumber of
3300 cm−1 are the main indication of hydrogen bonding formation between the hydrogen
bond acceptor and the hydrogen bond donor [68,69]. These results confirm the synthesis
of NADESs with the increase and strengthening of hydrogen bonds. The presence of
characteristic functional groups indicated in FTIR spectra were OH (3500–3200 cm−1),
CH (3000–2500 cm−1), RCOOR (1710–1730 cm−1), C=C allyl stretching (1615–1682 cm−1),
=CH2 bending (1416–1485 cm−1), C–O (1112–1000 cm−1), C=C allyl wagging vibration,
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and =CH2 wagging vibration (1000–727 cm−1), which further validate the synthesized
solvents as natural deep eutectic solvents and not just mere solvents. The results obtained
agreed with the results obtained by Silva et al. [69] and Rashid et al. [70] for choline
chloride-based NADESs. NADESs prepared using a combination of individual components
reveal alteration in the infrared spectra when differentiated with the separate components.
The broader peaks seen at 3000–3500 cm−1 accord to more O–H bond formation between
individual components in the NADES. According to [71], changes in the band stretching
between 3000 and 3500 are the main evidence of hydrogen bond formation between the in-
dividual components, which confirms the synthesis of NADES. The FTIR spectra of CaGc11
and CaGc21 show two distinct functional peaks at 3373 cm−1 to 3392 cm−1, indicating
OH stretching from the citric acid, and 3207 cm−1 to 3230 cm−1, indicating amide N-H
bond from amino acid glycine, respectively. The number of bonds in each of the NADESs
formed are indicated by the number of peaks in each individual solvent; however, the most
important indication of the formation of a eutectic solvent is the presence of H-bonding in
the molecules. In the present study, the presence of H-bonding indicated by peaks featured
prominently among all the synthesized solvents, indicating the formation of NADESs.

4.4. Application of NADESs for Extraction
4.4.1. Extraction Yields

While extraction studies utilizing the properties of ultrasonic waves exist in volumes,
there is a dearth of knowledge on the use of ultrasonication for the preparation of NADESs.
However, it has been established that the practical application of extraction of bioactive
compounds with NADESs is more suitable than organic solvents for use in food and phar-
maceutical products [70–72]. Therefore, citric acid-based NADESs were investigated for
efficient extraction of phenolic compounds using multifactorial modeling with a rotatable
central composite response surface methodology, as shown in our previous study [3]. The
NADESs were found to be suitable solvents for extracting bioactive compounds from horti-
culture residues such as AFP. The affinity of phenolic compounds with a greater tendency
towards acidic NADESs could explain the basis for increased extraction efficiency and
antiradical scavenging potentials of the extracts [73,74]. Extraction with NADESs coupled
with ultrasonication techniques has been reported by different authors [75]. Bertolo et al.
prepared NADESs with choline chloride as HBA and glucose, sucrose, glycerol, lactic acid,
and citric acid as HBDs and reported the most efficient NADES for extracting bioactive
and phenolic compounds from pomegranate to be the choline chloride-lactic acid (ChCl-
LA)-based NADES coupled with an ultrasonic bath [75]. In similar studies, Obluchinskaya
et al., Olfat et al., and Koraqi et al. extracted bioactive compounds from brown seaweed,
sea velvet, and damask rose using NADESs coupled with ultrasonication, respectively,
and reported that NADESs based on lactic acid coupled with an ultrasonic bath led to
better extraction of phenolic and bioactive compounds [17,76,77]. In our study, we found
similarity of efficiency between citric acid-fructose-based NADESs and ChCl-LA-based
NADESs in TPC extraction. Therefore, it may be appropriate to state that the extraction
efficiency of citric acid-based NADESs performs better when citric acid is used as HBA
rather than HBD when coupled with the ultrasonication process.

Among the synthesized NADESs, fructose-based NADESs at a 1:1 molar ratio provided
the most excellent extraction media for polyphenol extraction. However, at a 2:1 molar
ratio, it provided the weakest extraction efficiency. More studies are required to establish
the reason for this phenomenon. We cannot accurately speculate that the differences in
physical properties between the two fructose-based NADES formulations were responsible
for such a substantial performance gap.
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4.4.2. Effects of Extraction Conditions on Antioxidants

In the presence of a solvent, the cavitation phenomenon occurs by exposing the
samples to ultrasound waves. Cavitations are microbubbles formed by the application
of ultrasonic waves due to the cycle of compression and rarefaction. Compression and
rarefaction cause the formation, growth, and implosion of bubbles. As the bubbles explode,
the tissue matrix of the sample collapses. The cycle of compression and rarefaction is directly
related to the solvent volume, so that at higher volumes, the rate of cavitation will be higher.
Therefore, because of increasing the solvent volume, the ultrasound cavitation increases,
leading to increased tissue disruption and ultimate increase in TPC extraction [67–69]. The
two main steps on which the UAE process is based are the washing and slow extraction
mechanisms. In the washing stage, the soluble compounds on the surface or close to
the surface are washed and extracted by the solvent, which is accompanied by a rapid
increase in the extraction slope, while during the slow extraction stage, soluble materials
are slowly extracted from the sample matrix into the solvent by both diffusion and osmotic
phenomena [78,79]. In the slow extraction stage, temperature plays a role as it helps in
diffusion and osmosis through increased molecular mobility. At this point, sufficient time
to extract bioactive compounds from the target matrix is required [80]. Therefore, providing
sufficient time will cause the most bioactive compounds to be extracted and thus increase
the extraction efficiency. However, prolonging the time may lead to polyphenol degradation.
The concentration of the solvent increases by reducing the amount of water added to the
NADES. Increasing the solvent concentration causes mass transfer more rapidly and the
phenolic compounds in the samples to diffuse into the solvent [81]. This may be because
a higher solvent concentration means the availability of more hydrogen bond species for
interaction with the bioactive molecules leaving the sample matrix into the solvent. A
higher concentration of NADESs increases the content of hydrophilic compounds because
of the acidic nature of the solvents.

4.4.3. Efficiency of NADESs as Solvent for Polyphenol Extraction

Comparing the TPC and TFC compounds extracted using the UAE-NADESs method
under optimized conditions with those extracted using UAE-water (water is the greenest
solvent) under the same optimized conditions, as shown in Table 12, all the synthesized
NADESs showed superior TPC extraction to water extraction. In addition, the synthesized
NADESs also showed superior TFC extraction efficiency to water except CaF21, where
water had superior extraction efficiency. The combination of ultrasonic process and eutectic
solvent, probably due to its role in improving the mass transfer process of bioactive com-
pounds from the sample, caused more bioactive and phenolic compounds to be extracted,
thereby increasing the total phenol content extracted [82]. The UAE-NADESs, due to
their role in the stability of solutes, may have prevented the degradation of the phenolic
compounds during the extraction process and thus increased the extraction efficiency. In
the extraction process, due to the formation of strong hydrogen bonds between solutes
and NADES molecules, the stability of the target compounds may have increased against
adverse extraction conditions (oxidative degradation) [83]. Also, during the UAE process,
the high solubility of NADESs may have conferred a significant advantage for the extraction
and stability of bioactive compounds (polyphenols, flavonoids) at such a shorter extraction
time than conventional extraction processes [84]. Macchioni et al. reported similar results
for extracting phenolic compounds from common hops using NADESs and UAE [85] and
found extraction efficiency of phenolic compounds by lactic acid-based eutectic solvents
higher than the conventional extraction method using ethanol 80%. They attributed this
behavior to the improvement of the mass transfer process by the UAE method and the
increase in the stability of phenolic compounds induced by eutectic solvents [85]. Further
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study is needed to elucidate the reason UAE-water performed better than UAE-CaFr21
extracts for flavonoid extraction.

4.5. Effects of Extraction Conditions on Antiradical Scavenging Activity

The antiradical scavenging activity of bioactive compounds extracted from ANP using
the UAE-NADESs method was compared with UAE-water extracts under the optimized
conditions, as shown in Table 10. The antiradical scavenging activity was determined
using the CUPRAC, FRAP, and DPPH methods and differences were compared using
Fisher’s least significant difference (LSD) test. The antiradical scavenging tests by DPPH
inhibitions performed significantly better in all UAE-NADESs than in UAE-water (p < 0.05).
The CUPRAC test shows that all UAE-NADESs had significantly higher activity than
UAE-water, except for UAE-CaGc11, which showed no significant difference compared
to UAE-water (p < 0.05). However, UAE-water performed significantly better than UAE-
CaGl11, UAE-CaGl21, and UAE-CaGc21 when the scavenging test was conducted using the
FRAP method, but significantly worse than all other UAE-NADESs studied (p < 0.05) (see
Table 10). The free radical scavenging activity of DPPH, CUPRAC, and FRAP of NADES-
UAE extracts may probably be connected to the content of higher phenolic compounds
extracted using the NADES-UAE methods. These bioactive compounds (nutraceuticals)
have various antioxidant and biological activities in food and biological systems due to their
structural properties [76,77,86]. The hydrogen donating capability and reduction ability of
phenolic compounds cause the oxidation chain reaction to break, and these compounds
are referred to as potent antioxidants [87]. These findings are consistent with the results of
other researchers. Mansinhos et al. studied the extraction of phenolic compounds from
butterfly lavender using UAE and NADES and found that the combination of UAE and
NADES resulted in higher antioxidant activity compared to conventional methods [88].
They stated that scavenging of DPPH free radicals using the UAE-NADES methods was
greater than that of extracts obtained using conventional methods, which attributed the
higher antioxidant activity to the content of higher phenolic compounds in the UAE
method [88–90].

5. Conclusions
In this study, we synthesized, characterized, and applied 14 natural deep eutectic

solvents for extraction of bioactive compounds from horticulture residues. The extraction
procedure was first screened using a multifactorial model and then optimized using rotat-
able central composite response surface methodology. In our previous study [3], we had
investigated the potential of only one solvent and determined its effectiveness at extract-
ing TPC and TFC from ANP and the radical scavenging potentials of the extracts using
the FRAP and CUPRAC methods. In the present study, we conducted a comprehensive
investigation of all the synthesized NADESs and optimized the independent variables with
the aim of obtaining maximum TPC and TFC extracts, as well as maximum antiradical
scavenging activity. We extended the antiradical study to include DPPH. The optimal
extraction parameters were determined to be UT, ET, SV, and SC: 45 ◦C, 5 min, 25 mL,
90%, with TPC yield ranging from 281.05 ± 18 mgGAE/g in CaFr21 to 1290.9 ± 5.6 mg-
GAE/g in CaFr11. Similarly, optimal conditions for the maximal output of other response
variables were determined. The optimal conditions for maximal TFC yield were UT, ET,
SV, and SC of 30 ◦C, 5 min, 25 mL, and 90% to obtain 442.13 ± 8.7 µgQE/g in CaFr21 to
2398.7 ± 23 µgQE/g in CaFr11. For antiradical scavenging properties of the extracts, the
optimized conditions for maximum CUPRAC activity were the same as those of TFC, and
yield ranged between 22.78 ± 0.43 µMTE/g in CaGc11 and 38.46 ± 0.44 µMTE/g in CaFr11;
FRAP had optimal conditions, with UT, ET, SV, and SC of 45 ◦C, 25 min, 25 mL, and 50% to
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yield 7.59 ± 0.14 µMTE/g in CaGc21 to 26.17 ± 0.17 µMTE/g in CaSu11, while DPPH had
optimal conditions, with UT, ET, SV, and SC of 50 ◦C, 15 min, 15 mL, and 70% to produce
between 34.77 ± 0.24% in CaGl11 and 90.05 ± 0.23%. Among the synthesized NADESs,
CaFr11 emerged as the ultimate in terms of superior TPC and TFC extraction efficiency, as
well as a top contender in antiradical scavenging power. The antiradical scavenging activity
of the NADESs-UAE extracts showed superior scavenging power to extracts obtained with
UAE-water when studied using CUPRAC, FRAP, and DPPH methods, except CaGc11
FRAP, which was inferior. Our solvents and methods also showed similar or superior
performance to the results obtained by other researchers who studied other plant materials
using different NADES formulations coupled with UAE [79–82]. The bioactive compounds
extracted from our sample using UAE-NADESs exhibited volume and concentration de-
pendency. The findings further provide insights into the capacity of NADESs as powerful
solvents for extraction applications. The lack of literature on the extraction of bioactive
compounds from ANP using NADESs coupled with ultrasound-assisted techniques gives
credence to the originality of the present work. Further research should be carried out
to elucidate the individual constituents of the NADES-UAE extracts from ANP, and also
to investigate if it is possible to directly apply the extracts obtained by the methodology
used in this work to food, pharmaceutical, and cosmetic products, taking advantage of the
fact that the components of the synthesized NADESs (citric acid, sucrose, fructose, xylitol,
glycerol, glycine, and glucose) are widely used as additives or food, pharmaceutical, or
cosmetic ingredients. Further research should also be carried out to consider if a previous
stage of separation is necessary to obtain a purified extract of phenolic compounds with
antiradical scavenging activity before the extracts obtained from this method could be
utilized further. The current study is limited to the synthesis and application of citric
acid-based NADESs to TPC and TFC extraction from ANP, and the evaluation of the crude
extracts for antiradical scavenging activities using in vitro methods. The study does not
involve isolation of individual compounds from the extracts, nor does it involve biological
testing of the extract through animal or cell-based or in vivo studies.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/horticulturae11040439/s1: Supplementary Plot S1. Contour plots
of factors effects on TPC extraction from African nutmeg peels using CaSu11. Supplementary Plot
S2. Contour plots of factors effects on TPC extraction from African nutmeg peels using CaFr11.
Supplementary Plot S3. Contour plots of factors effects on TPC extraction from African nutmeg
peels using CaFr12. Supplementary Plot S4. Contour plots of factors effects on TPC extraction from
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UAE Ultrasound-assisted extraction
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SV Solvent (NADES) volume
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CUPRAC Cupric ion reducing antioxidant capacity
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