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Extraction of polyphenolic compounds from African nutmeg (Monodora myristica (Gaertn.)) peels 
using natural acidic deep eutectic solvents coupled to ultrasound-assisted extraction (NADESs-
UAE) followed many factors at a time (MFAT) screening with response surface optimization was 
investigated. Fourteen different NADESs based on citric acid as hydrogen bond acceptor (HBA) were 
designed and tested. Sucrose, fructose, xylitol, glycerol, glycine, and glucose were used as hydrogen 
bond donors (HBDs). The responses studied are total phenolic compounds (TPC), total flavonoid 
compounds (TFC), and antioxidant activity (AA) based on cupric ion reducing antioxidant capacity 
(CUPRAC) and ferric reducing antioxidant power (FRAP). The UAE procedure was optimized with 
the most efficient NADES. Quadratic models produced satisfactory fitting of the experimental data 
regarding TPC (R2 = 0.9999, p < 0.0001), TFC (R2 = 0.9991, p < 0.0001), and AA- CUPRAC (R2 = 0.9988, 
p < 0.0001) and FRAP (R2 = 1.000, P < 0001). Ultrasound temperature 30°c, extraction time 5 min, 
solvent volume 25 ml, and solvent concentration 90% (v/v) were considered optimal conditions for the 
extraction models resulting in TPC 1290.9 ± 5.6 mg/g GAE db, TFC 2398.7 ± 23 µg/g QE db, CUPRAC 
38.46 ± 0.4.4 µmol/g TE db, and FRAP 26.15 ± 0.11µmol/g TE db, respectively.
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The extraction of bioactive compounds from agri-food materials is experiencing an ever-growing trends toward 
green processes hinged on the contexts of sustainability and renewability. This shift is driven by the need to 
mitigate the environmental and health impacts associated with conventional organic solvent extraction methods, 
prompting the exploration of safer and more sustainable alternatives. The major benefit today is represented by 
the reduction in the use of volatile and flammable organic solvents, which are harmful to both human health 
and the environment1. For this purpose, scientists and industries are pushing to improve extraction protocols 
and technology that supports a cleaner and sustainable compound recovery from agri-food materials than 
would be achieved by conventional methods2. Alternative low-toxicity, easy-to-remove and environmentally 
friendly solvents combined with low-energy, short-term, and cost-effective, innovative technology are gaining 
momentum1. The development of these solvents represents a revolutionary approach in green chemistry, offering 
a viable pathway to achieving the desirable goals.

The extraction media of choice for green extractions could very well be deep eutectic solvents (DESs). DESs 
are solvents that occur when a mixture of substances has a melting point that is much lower than those of the 
constituents. To form a DES system, a hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA) needs 
to be brought together, which when mixed at proper ratios create a new mesh of hydrogen-bond-interconnected 
molecules with interesting physicochemical properties. DESs can be highly viscous, inhibiting their use in 
processes that require diffusion or flow, however, research into their chemical structure, as well as the use of 
additives such as water, largely alleviates the viscosity problems3. The first key interesting point regarding DES is 
it potential to be synthesized using multiple molecules as constituents creating a fluid mixture that can be used 
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as a solvent. Furthermore, the potential for many naturally occurring molecules to form DES, thus providing a 
natural solvent system with low vapor pressure, low cost, even at larger industrial scales, in addition to removing 
the need for solvent retrieval from the process highlights their importance. DES synthesized with both HBA and 
HBD coming from natural occurring molecules is called natural deep eutectic solvent (NADES). The evolution 
of DES, and more importantly, NADES, means that a capable and biocompatible storage media, with a readily 
available active ingredients can be designed as a very efficient catalyst, a molecule or compound carrier, and 
an extractant making the new solvent focus driven and tuneable4,5. NADESs are emerging solvents with very 
promising performance in the extraction of plant metabolites6, organic reactions7, and biotransformation8. 
NADESs are mixtures of pure compounds for which the eutectic point temperature is below the melting point 
temperature of each participating compound in the mixture9. NADESs have been shown to be an efficient tool 
for the safe extraction and recovery of polyphenols with high antioxidant capacity from agri-food matrices. The 
advantages of NADESs are numerous, including their low cost, easy availability, biodegradability, low toxicity 
profile, and tunability for specific purposes10. The composition of these materials makes them environmentally 
friendly and safe, and their increased stability and shelf life make them ideal for use in the food, pharmaceutical 
and cosmetics industries11. However, the “greenness” of NADESs is a function of their constituents912, which 
must be considered when deciding on proper application, because a garbage-in-garbage-out outcome necessitate 
the selection of safe, nontoxic, biodegradable, natural constituents for the synthesis of NADES. The combination 
of NADESs as alternatives to conventional organic solvents(COSs) with nonconventional extraction techniques 
offers greater improvements aimed at finding more efficient and sustainable extraction processes1. The literature 
contains numerous examples in which the energy released by methods based on ultrasonication or microwave 
radiation was successfully exploited to favour the mass transfer of target molecules into the NADES phase.

Monodora myristica(Gaertn.) is a perennial edible berry plant that grows well in African evergreen forests. 
It is widely used for medicinal and culinary purposes. In Nigeria, it is used as a condiment for different dishes 
and delicacies. Traditionally, the African nutmeg is used for the treatment of sores from guinea worm infections, 
constipation, stomachaches and headaches. Seed preparation is used to stop intrauterine bleeding in women 
after childbirth13. All parts of the plant, including the bark, roots, seeds, and leaves, are very useful for treating 
various ailments in African traditional medicine; however, the most economically important part is the seed, 
which is enriched with both nutritive and medicinal values14. The comprehensive utilization of all parts of this 
plant for health benefits highlights its potential as a source of valuable bioactive compounds, justifying the 
need to develop effective and sustainable extraction techniques for it, such as those involving NADESs with 
ultrasound. M. myristica seeds are more commonly used as a drug in Eastern African countries. It is roasted, 
ground into paste, and rubbed on the skin for the treatment of skin diseases, and it can act as a germicidal or 
antiseptic agent. The essential oil from the seed is used in pharmaceutical and dental preparations15, and also 
as a carminative and scenting perfume and soap16. The root is munched to prevent toothaches and arthritis 
and is also utilized in the management of anaemia, haemorrhoids and sexual weakness17. The stem bark of M. 
myristica  is used to treat haemorrhoids, stomach ache, fever, pain, and eye diseases18. Studies have reported 
the antioxidant properties of M. myristica seeds192017. The minty smelling seed has also been shown to possess 
cholesterol-lowering activities18, anti-sickling activity21, antimicrobial activity22, and anthelmintic activity23.
Phytochemical screening of hydroalcoholic extracts of the seeds indicated that they are rich in polyphenols, 
saponins, tannins, carbohydrates, and other valuable substances20.

The well-recognized properties of phenols as antiradical, antioxidant and anti-inflammatory agents and 
their potential therapeutic application for the treatment of cancers and other chronic diseases are motivating 
scientists to search for innovative techniques to extract polyphenolic components from several agri-food 
matrices24. In the present study, innovative extraction process for obtaining polyphenols from African nutmeg 
peels (ANP) was performed. Polyphenols have been extracted from different agri-food materials like coriander 
seeds, tea, grape, and apple with characteristics to those of African nutmeg plants using different techniques 
such as microwave assisted extraction (MAE), maceration (MAC), supercritical fluid extraction (SFE), etc. This 
study applied MFAT experimental design to screen the extraction properties of fourteen NADESs synthesized 
with citric acid as HBA and several plant secondary metabolites as HBD, by employing ultrasound-assisted 
extraction technique to extract bioactive compounds from plant agrifood waste and evaluate the antioxidant and 
antiradical scavenging activities. The best performing NADES was selected and the process further optimized by 
a rotatable central composite response surface methodology. The use of MFAT rather than one factor at a time 
(OFAT) in the screening study is innovative as the design mimics real-world industrial extraction processes. In 
conjunction with NADES and ultrasound assistance, the study highlights an innovative approach bridging the 
gap between traditional extraction methods and modern, sustainable techniques. The factors influencing the 
solvents’ extraction capacity were studied simultaneously providing an insight into real world extraction process. 
The factors influencing the extraction and antioxidant capacity were optimized and the method validated for total 
phenolic contents (TPC), total flavonoid contents (TFC), cupric ion reducing antioxidant capacity (CUPRAC), 
and ferric reducing antioxidant power (FRAP) highlighting a new approach to understanding extraction. The 
aim of this study is to investigate the capacity of different novel green NADESs to extract phenolic compounds 
with antioxidant activity from African nutmeg peels (ANP). The second purpose of the study is after the selection 
of the best NADES, the effect of extraction conditions (ultrasound temperature (UT), extraction time (ET), 
volume of solvent (SV), and concentration of the NADES (SC)) on the total phenols content and antiradical 
scavenging activity will be studied and subsequently optimized, and further compared to extracts obtained with 
conventional solvents (water). The findings could pave the way for more efficient and environmentally friendly 
extraction processes, contributing significantly to the field of green chemistry and sustainable agriculture.
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Results
Screening of NADESs
Fourteen different NADESs were investigated for its use as solvent for the extraction of phenolic compounds 
from ANP. To characterize the physicochemical behavior of the different NADESs, density, water activity, 
viscosity and pH were measured, and the results presented in Table 1. The concentration of the NADESs were 
varied by the addition of distilled water in proportions up to 40% (v/v) according to the design. Adding a higher 
percentage of water above 40% further reduced the viscosity, but the hydrogen bonding structure characteristic 
of the NADES could be broken, obtaining a simple solution of its components25. pH values of NADES ranged 
between 1.7 and 2.6 indicating that all the synthesized solvents are in the acidic range. Surprisingly, the higher 
pH values correspond to NADES formed with citric acid as HBA and glycine (an amino acid) as HBD.

Figure 1 shows the TPC of extracts from ANP using the synthesized NADES, after eliminating extraction 
conditions that generated less than 300 mg/g GAE db. of ANP across, it is observed that in all NADESs extracts 
presented statistically higher TPC from four different experimental conditions. CaFr12 and CaFr11 (908 mg 
GAE/g db. and 860 mg GAE/g db., respectively) were the best NADESs for TPC extraction at conditions of 
temperature 40°c, time 20 min, volume 20 ml, and concentration 60%, while CaGc21 (67 mg GAE/g db.) was 
the worse at the same conditions.

In Fig.  2, the TFC from ANP using NADESs-UAE techniques under the most influencing conditions is 
presented. Four NADESs (CaFr11, CaXy12, CaGc11, and CaGl21) performed very well at extraction conditions 
of temperature 40°c, time 10  min, volume 20  ml, and concentration 80%, yielding about 1200  µg/g QE db, 
900 µg/g QE db, 1400 µg/g QE db, and 1000 µg/g QE db, respectively. Other conditions yielded less than 800 µg/g 
QE db across the synthesized NADESs, except in CaGc11 where two other extraction conditions produced 
above 1000 µg/g QE db. The two conditions in this case are temperature 40°c, time 20 min, volume 20 ml, and 
concentration 60%, temperature 60°c, time 20 min, volume 20 min, and concentration 80% respectively.

Antiradical scavenging activity measured using two methods of CUPRAC and FRAP is presented in Figs. 3 
and 4, respectively. The antiradical scavenging activity of extracts from ANP using fourteen different NADES 
formulations at four different conditions and measured with CUPRAC showed that temperature 40°c, time 
10 min, volume 20, and concentration 80%, the extracts have high scavenging activity among the fourteen with 
extract from CaFr11 having the highest activity of 12 µmol/g TE db of extract. On the other hand, high antiradical 
scavenging activity across the fourteen NADESs as measured with FRAP was observed with extraction condition 
of temperature 40°c, time 20 min, solvent 20 ml, and concentration 60% with extract from CaXy11 having the 
highest antiradical scavenging activity of 14 µmol/gTE db of sample at that condition Fig. 4.

In general, analyzing phenolic compounds and antiradical scavenging activity simultaneously highlights the 
importance of considering the capacity of a solvent in extracting these compounds, since each method is based 
on different interactions between the phenolic compounds and the reagents involved, with different mechanisms 
of action26. By using more than one method simultaneously, it is possible to obtain complementary information. 
In summary, the selection criteria of NADES based on good TPC and TFC extraction, and antiradical scavenging 
activity values indicated NADES, CaFr11, a good candidate for further exploration and therefore was selected 
and used in the subsequent extraction experiments.

Modelling of the extraction process by central composite Response Surface Methodology 
(RSM)
A central composite design RSM was used to study the effect of extraction conditions (UT, ET, SV, and SC) 
on the response variables TPC, TFC, and antiradical scavenging activity (CUPRAC and FRAP) of ANP by 
NADES-UAE extraction technique. NADES CaFr11 was used for modelling experiments. The experimental 
conditions and results of the experimental design are shown in Table 2. TPC varied from 63.07 ± 0.57 mg GAE/g 

NADESs HBA HBD Ratio pH Water activity Viscosity (p.a. 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

Table 1.  Physical properties of the synthesized NADESs. Means that do not share a letter are significantly 
different statistically.
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db to 1373.4 ± 7.88  mg GAE/g db, TFC varied from 125.98 ± 2.03  µg QE/g db to 1543.2 ± 18.0  µg QE/g db. 
Antiradical scavenging activity measured with CUPRAC varied from 3.19 ± 0.06 µmol TE/g db to 15.83 ± 0.08 
µmol TE/g db, and antiradical scavenging activity measured with FRAP varied from 0.377 ± 0.01 µmol TE/g db 
to 13.21 ± 0.0305 µmol TE/g db. Table 3 shows the summary of ANOVA results for the four response variables. 
On the one hand, the four models (one for each of the response variables) showed p-values lower or equal to 
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 are adequate to predict the corresponding response. Table 4 shows 
the regression coefficients (in coded variables) and the coefficients of determination for the TPC, TFC, CUPRAC 
and FRAP models for all significant terms (p< 0.05). The four models presented 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 
experimental and predicted values for the four models. As can be seen in Table 4, TPC was positively influenced 
by a linear ultrasound temperature, a quadratic extraction time, a quadratic solvent volume, a quadratic solvent 
concentration, and interaction of time with volume, while TFC was positively influenced by a quadratic solvent 
volume, a linear solvent volume, a linear solvent concentration, a quadratic extraction time, a linear interaction 
of ultrasound temperature with solvent concentration, and a linear interaction of solvent volume with solvent 
concentration. On the antiradical scavenging activity, CUPRAC was positively impacted by all quadratic 
functions in addition to the interaction of temperature with time, temperature with concentration, as well as 
volume with concentration, while FRAP was positively influenced by linear functions of temperature, time, and 

Fig. 1.  Total phenolic compounds (mg/g GAE db.) extracted from ANP using different NADES with UAE at 
four different extraction conditions of ultrasound temperature (UT) in °c, extraction time (ET) in min., volume 
of NADES (SV) in ml., and concentration of NADES (SC) in %. (mean of 3 replicates).
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volume. It was also positively impacted by squared time, volume, and concentration, as well as the interaction 
between temperature and volume, and time with volume.

Optimization of the extraction conditions and validation of the models
Numeric optimization of responses was carried out by desirability function following Eqs.  (3) and (4) as 
presented in the methodology section. Optimization was carried out with the goal set to maximize the total 
phenolic content, total flavonoid content, and higher antiradical scavenging activity using the independent 
variables of UT, ET, SV, and SC in the ranges that were used in the rotatable central composite response surface 
experiments. Five different solutions were calculated by Minitab software with different levels of independent 
variables with good desirability. To verify the models obtained through RSM, nine extractions were performed 
under the optimum conditions obtained previously. In Table 5, the experimental results along with the values 
predicted by the models under the optimal extraction conditions are presented. As can be seen, the experimental 
values of the four responses are within the confidence intervals of the values predicted by the models (with 
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 5 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 NADES (CaFr11) as solvent.

Discussions
Screening of NADESs
The TPC, TFC, and antiradical scavenging activity of extracts from ANP by MFAT screening technique is 
an excellent process of elucidating the actual conditions governing extraction in real world process. MFAT 
experiment not only assist in simultaneous determination of both main factors and their interactions in a process. 
It also helps for a quick glance of comparison among variables. However, understanding and interpreting MFAT 

Fig. 2.  Total Flavonoid Contents (µg/g QE db.) extracted from ANP using different NADES with UAE at four 
different extraction conditions of ultrasound temperature (UT) in °c, extraction time (ET) in min., volume of 
NADES (SV) ml., and concentration of NADES (SC) in %. (mean of 3 replicates).
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design is more complex than an OFAT experiment. In the present study, four conditions at different temperature, 
time, volume, and concentration showed great impact on the extraction of TPC, TFC, and antiradical scavenging 
activity among the screened NADESs. As can be seen in Fig.  1, the conditions of UT 40°c, ET 20  min, SV 
20 ml, and SC 60% indicate a good potential for polyphenol extraction from ANP among the NADESs especially 
CaFr11. In Fig. 2, the preferred condition for TFC extraction is UT 40°c, ET 10 min, SV 20 min, SC 80%. The 
antiradical scavenging activity also shows UT 40°c, ET 10 min, SV 20 ml, and SC 80% for CUPRAC, Fig. 3, 
and UT 40°c, ET 20 min, SV 20 min, SC 80% for FRAP Fig. 4, respectively. From the screening experiment, 
it can be deduced that the most important factors for extraction of phenolic compounds and antiradical 
scavenging activity of ANP extract is ultrasound temperature and solvent volume, followed by extraction time 
and solvent concentration. This observation agrees with many authors that used OFAT design and concluded 
that temperature27,28,29 is a significant factor for extraction. The novel values of the present screening over OFAT 
include simultaneous determination of interactions effects, conduct of fewer experiments to elucidate causality, 
reduction of experimental time, experimental conditions being true representation of real-world process, and 
reduction of experimental cost. To date, ultrasound-assisted extraction experiments have been designed and 
executed using the OFAT technique30,31,32,33,34,35,36, possibly because of the simplicity of the later.

Fig. 3.  Antiradical scavenging activity of NADESs-UAE extract from ANP at different extraction conditions 
of ultrasound temperature (UT) in °c, extraction time (ET) in min., volume of NADES (SV) ml., and 
concentration of NADES (SC) in %, using CUPRAC method (mean of 3 replicates).
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The highest TPC corresponds to extracts obtained from CaFr12 and CaFr11, both with the same HBD 
molecule at different ratios as can be seen in Table 1. Interestingly, the highest TPC corresponds to the use of 
CaFr12 as solvent, which presented one of the highest viscosities among all the NADES tested. In this case, the 
viscosity of the solvent seems to have a greater influence than the pH of the solvent on the TPC of the extracts 
obtained. Several investigators have reported the importance of low pH values of NADES on the extraction 
of phenolic compounds from different vegetable matrices38,39,40. According to studies reported by41,42, the 
improvement in the extraction of phenolic compounds through the use of ionic liquids (whose structure and 
interactions with phenolic compounds is similar to NADES) with low pH may be due to an increase in hydrogen 
bond interactions between the solvent and the phenolic compounds, especially in cases where the pH is lower 
than the pKa of the phenols, where the molecular form predominates.

In relation to the influence of mole ratio of HBD used to prepare the NADES (with the same HBA) on the 
TPC of the extracts, from Fig. 1, it can be observed that increasing the molar ratio of the HBD of the prepared 
solvent increases the amount of TPC extract except in the solvents prepared with glycerol where increased HBA 
ratio gave a better result. The response of the solvents with regards to the conditions of extraction was elucidated 
to choose the best NADES for further optimization studies, and after considering some compromises, CaFr11 

Fig. 4.  Antiradical scavenging activity of NADESs-UAE extract from ANP at different extraction conditions 
of ultrasound temperature (UT) in °c, extraction time (ET) in min., volume of NADES (SV) ml., and 
concentration of NADES (SC) in %, using FRAP technique (Data presented as the mean of 3 replicates).
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was chosen. All the solvents except CaFr11 have showed limited capacity to some of the responses studied at the 
screening conditions. Therefore, further optimization of the process was performed with CaFr11.

Modelling of the extraction process by central composite RSM
Recent advancements in the field of extraction suggest response surface methodology (RSM) for optimization 
studies which aligns with our study approach43,44. Rotatable central composite RSM was used to study the effect 
of extraction conditions (UT, ET, SV, SC) on the response variables TPC, TFC, and antiradical scavenging activity 
(CUPRAC and FRAP), using CaFr11 as solvent. The experimental conditions and results of the experimental 
design are shown in Table 3.

In the case of ultrasound temperature, it is clear from the results that an increase in this variable generates 
increases in TPC and FRAP, but a decrease in TFC and CUPRAC. Higher temperatures lead to an improvement 
in the mass transfer of phenolic compounds from the solid matrix to the solvent, mainly due to an increase in 
the diffusivity of these compounds and a decrease in the viscosity and surface tension of NADES45,46. However, 
it must be considered that high temperatures can lead to the decomposition of phenolic compounds, mainly 
flavonoids as shown. This observation agrees with the findings of other researchers45,47,48. Although NADES 
is a stable solvent, however, it can suffer degradation at high temperatures generally at temperatures higher 
than the temperatures used in this study46,49. In the present work, no apparent degradation of NADES was 
observed (evaluated as absence of colour changes, absence of phase separation and absence of precipitation 
of components when subjecting NADES to the temperatures and extraction times tested). With respect to 
degradation of phenolic compounds, individual compounds were not evaluated by HPLC, however, we noted 
as has been reported in similar work by others that the main phenolic compounds present in agrifood materials 
do not suffer degradation when extracted with temperatures higher than those used in the present work50,51.

With respect to extraction time, a higher TPC, TFC and CUPRAC were observed as extraction time decreases 
except with antiradical scavenging activity by FRAP which increases with increased extraction time. In the case 
of TPC, an increase in this variable was observed to increase up to 10 min before decreasing with increase in the 
extraction time. Increasing the extraction time may not be advantageous technologically and cost wise. Other 
researchers also observed that long extraction time was disadvantageous with UAE52–54.

Run Exp. ID

Conditionsª Responseɓ

X1 X2 X3 X4 TPC TFC CUPRAC FRAP

1 abd 60 (1) 20 (1) 10 (−1) 80 (1) 352.78 ± 1.72 291.02 ± 0.78 3.1944 ± 0.06 3.2131 ± 0.01

2 b 40 (−1) 20 (1) 10 (−1) 60 (−1) 275.49 ± 0.98 563.80 ± 3.25 6.3404 ± 0.03 0.3772 ± 0.01

3 0 50 (0) 15 (0) 15 (0) 70 (0) 149.02 ± 2.36 368.95 ± 0.68 4.8643 ± 0.02 1.1081 ± 0.01

4 (1) * 40 (−1) 10 (−1) 10 (−1) 60 (−1) 78.758 ± 0.28 131.12 ± 0.90 3.8485 ± 0.03 1.0362 ± 0.027

5 ab 60 (1) 20 (1) 10 (−1) 60 (−1) 173.69 ± 1.02 181.90 ± 0.45 3.2270 ± 0.21 0.7336 ± 0.004

6 d 40 (−1) 10 (−1) 10 (−1) 80 (−1) 66.013 ± 0.57 351.82 ± 2.39 6.3080 ± 0.00 1.8262 ± 0.027

7 cd 40 (−1) 10 (−1) 20 (1) 80 (1) 252.29 ± 0.57 699.74 ± 3.61 11.100 ± 0.00 5.4005 ± 0.018

8 bc 40 (−1) 20 (1) 20 (1) 60 (−1) 398.69 ± 0.57 349.74 ± 0.90 6.9541 ± 0.03 10.031 ± 0.009

9 abc 60 (1) 20 (1) 20 (1) 60 (−1) 567.320 ± 1.13 466.93 ± 1.80 6.5342 ± 0.06 5.9441 ± 0.009

10 ad 60 (1) 10 (−1) 10 (-) 80 (1) 208.01 ± 1.58 597.01 ± 0.90 6.4970 ± 0.00 3.7336 ± 0.019

11 bd 40 (−1) 20 (10 10 (-) 80 (1) 140.20 ± 0.49 205.34 ± 0.45 3.5497 ± 0.01 1.0105 ± 0.004

12 ac 60 (1) 10 (−1) 20 (1) 60 (−1) 225.16 ± 1.50 118.49 ± 0.90 6.3404 ± 0.03 1.5133 ± 0.018

13 abcd 60 (1) 20 (1) 20 (1) 80 (1) 63.072 ± 0.57 124.74 ± 0.90 6.1630 ± 0.00 1.4774 ± 0.009

14 a 60 (1) 10 (−1) 10 (-) 60 (−1) 368.97 ± 0.28 199.87 ± 0.45 4.1957 ± 0.04 2.1849 ± 0.004

15 c 40 (−1) 10 (−1) 20 (1) 60 (1-) 168.63 ± 1.96 1543.2 ± 18.0 12.3579 ± 0.06 1.6415 ± 0.031

16 acd 60 (1) 10 (−1) 20 (1) 80 (1) 167.32 ± 4.08 1246.4 ± 14.4 12.3300 ± 0.00 3.0980 ± 0.000

17 bcd 40 (−1) 20 (1) 20 (1) 80 (1) 313.07 ± 2.26 1478.7 ± 3.61 12.3579 ± 0.06 2.8728 ± 0.036

18 cα 50 (0) 15 (0) 25 (α) 70 (0) 1373.4 ± 7.88 1279.3 ± 13.5 26.3485 ± 0.07 12.5910 ± 0.044

19 aα 70 (α) 15 (0) 15 (0) 70 (0) 576.93 ± 0.43 324.80 ± 3.38 7.9046 ± 0.02 5.5580 ± 0.000

20 dα 50 (0) 15 (0) 15 (0) 90 (α) 884.31 ± 0.85 195.70 ± 8.12 9.5107 ± 0.04 13.209 ± 0.027

21 bα 50 (0) 25 (α) 15 (0) 70 (0) 190.69 ± 3.06 183.20 ± 6.77 9.3411 ± 0.04 2.1700 ± 0.013

22 -bα 50 (0) 5 (-α) 15 (0) 70 (0) 950.98 ± 2.25 545.70 ± 1.35 15.8333 ± 0.08 6.8315 ± 0.013

23 -aα 30 (-α) 15 (0) 15 (0) 70 (0) 93.630 ± 2.25 188.67 ± 4.06 9.3895 ± 0.13 2.1700 ± 0.013

24 -dα 50 (0) 15 (0) 15 (0) 50 (-α) 601.47 ± 0.74 125.98 ± 2.03 6.5480 ± 0.00 4.9465 ± 0.000

25 -cα 50 (0) 15 (0) 5 (-α) 70 (0) 308.82 ± 0.49 252.47 ± 2.26 4.6479 ± 0.01 1.3490 ± 0.009

Table 2.  Experimental conditions and results for the extraction of phenolic compounds and antiradical 
scavenging activity of ANP using NADES-UAE techniques according to a central composite response surface 
design. ª X1: temperature (◦C); X2: time (min); X3: volume (mL); X4: concentration (%). Actual and coded 
(in parenthesis) values. ɓ TPC (mg GAE/g db); TFC (µG QE/g db); CUPRAC and FRAP in (µmol TE/g db). 
Mean ± SD of 3 replicates.
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A fundamental principles of mass transfer, where the concentration gradient between the solid and the liquid 
bulk serves as the driving force. This gradient is more pronounced when a lower solid–liquid ratio is employed, 
improving the transfer of phenolic compounds with antioxidant activity from the solid to the solvent26. However, 
greater quantities of solvent typically have a limited impact on the quantity of phenolic compounds that can be 
extracted, which is undesirable from both cost and environmental perspectives in the case of the use of organic 
solvents55 but may be an advantage with NADES. In the present study, increase in NADES volume to a certain 
level favours TFC extraction and FRAP antiradical scavenging.

 In relation to NADES concentration, an increase in antioxidant activity values is observed with increasing 
NADES concentration with no significant effect of this variable on the TPC values. The increase in antioxidant 
activity occurs up to values 10% (v/v) of water content, from which the increase is relatively low. A slight 
decrease in the values of antioxidant activity measured with FRAP is observed for values of water content above 
40% (v/v). As disclosed in Sect. 3.1, by increasing the proportion of water in NADES, the viscosity could be 
further reduced, but this may disrupt the distinctive hydrogen bonding structure inherent to NADES, resulting 
in a solution comprised of its individual components. Therefore, the addition of water to NADES could lead 
to an improvement in mass transfer up to a certain point, after which there could be a decrease in the transfer 
of phenolic compounds with antioxidant activity from the solid matrix to the solvent56. Several researchers 
have reported this effect in the extraction of phenolic compounds with antioxidant activity from agro-industrial 
residues using NADES as solvent45,57–59.

Optimization of the extraction conditions and validation of the models
As previously pointed out, the conditions that correspond to factor levels necessary to obtain maximum TPC, 
TFC and antiradical scavenging activity was calculated as the desirability function values. Using the same 
factor levels and responses obtained in the central composite response surface model, Minitab calculated the 
desirability function values for TPC, TFC, CUPRAC, and FRAP as 0.9936, 0.9003, 1.000, 0.9605. This agrees with 
what was analysed in Sect. 3.2, where the effect of extraction conditions on each of the individual responses was 
discussed. Accordingly, the optimal extraction conditions that maximize the TPC and the antioxidant activity 
determined by FRAP and CUPRAC were found at a temperature of 30°c, time of 5 min, volume of NADES 
25  ml, and concentration of NADES 90% and were selected for verification. To verify the models obtained 
through RSM, nine extractions were performed under the optimum conditions obtained previously. In Table 5, 
the experimental results of these extractions along with the values predicted by the models under the optimal 
extraction conditions is presented. As can be seen, the experimental values of the four responses are within the 
confidence intervals of the values predicted by the models (with 95% confidence level), which indicates a good 
degree of prediction of the models obtained in this work under the extraction conditions tested. In the same 
Table, experimental data of TPC, TFC and antiradical scavenging activity using distilled water as a conventional 
solvent under the same optimal extraction conditions used for the case of NADES CaFr11 as solvent is also 
presented. Significantly higher TPC, TFC values and antiradical scavenging activity were achieved for the 

Model compª.

Response

TPC TFC CUPRAC FRAP

F-value p-value F-value p-value F-value p-value F-value p-value

X1 3.79 0.055 5.44 0.022 3.43 0.068 0.42 0.521

X2 1.15 0.287 6.22 0.015 11.28 0.001 0.35 0.559

X3 13.30 0.000 50.49 0.000 95.38 0.000 31.95 0.000

X4 0.03 0.859 4.07 0.047 4.36 0.040 0.70 0.406

X1
2 0.47 0.497 0.01 0.928 0.89 0.349 0.14 0.714

X2
2 2.02 0.160 0.68 0.431 17.93 0.000 0.05 0.830

X3
2 14.68 0.000 16.67 0.000 44.44 0.000 5.31 0.024

X4
2 8.73 0.004 0.77 0.383 0.18 0.671 45.06 0.000

X1 X 2 0.41 0.526 2.30 0.134 0.51 0.476 0.39 0.533

X1 X 3 1.24 0.270 11.14 0.001 2.78 0.100 5.69 0.020

X1 X 4 0.45 0.504 3.21 0.077 0.20 0.657 0.30 0.584

X2 X 3 0.28 0.601 3.24 0.076 1.06 0.307 4.57 0.036

X2 X 4 0.46 0.499 0.33 0.570 2.21 0.141 8.15 0.006

X3 X 4 0.55 0.462 1.21 0.275 1.88 0.174 4.28 0.042

model 3.23 0.001 7.63 0.000 13.84 0.000 7.74 0.000

Lack of fit 0.72 0.793 0.018 0.977 0.220 0.813 0.04 0.761

Pure error 1.04 0.43 0.56 0.88

Table 3.  Analysis of variance (ANOVA) summary statistics for response surface modelling of extraction of 
phenolic compounds and antiradical scavenging activity of ANP using CaFr11 NADES-UAE techniques. 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 X1 X2; X1 X3; X1 X4; X2 X3; X2 X4; and X3 X4 
are the various factor interactions. P-values in bold are statistically significant.
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extracts obtained from CaFr11 compared to the use of water as solvent. Therefore, the designed methodology 
demonstrated superior extraction characteristics using an environmentally friendly solvent. However, it is 
necessary to highlight that the comparison with water was carried out in a single extraction condition. Further 
tests should be performed to expand the extraction conditions using other conventional solvents and thus 
improve the comparison between these solvents and CaFr11under the optimal extraction conditions found in the 
present work. The total phenols content obtained in the present study usingCaFr11as solvent under the optimum 
extraction conditions (1290.9 ± 5.6 mg GAE/g db) cannot be compared with results in the literature from other 
studies because to the best of our knowledge, this is the first time polyphenol could be extracted from ANP using 
NADES-UAE technique. However, looking at results presented in the literature from other researchers using 
other agrifood wastes, we can state that our models have superior performance than what is in the literature. 
For instance, Fernández-Prior and co used different NADESs with conventional extraction technique to obtain 
TPC from olive pomace and reported values ranging between 11 and 20 mg GAE/g db at 90°c temperature, and 
30–120 min extraction time respectively51. Pontes et al. used different NADESs in conventional extraction from 
olive pomace and obtained TPC values between 9 and 25 mg GAE/g db at temperatures between 33°c and 60°c, 
and time of   120 min60. Mansinhos et al. evaluated the effectiveness of ten different NADESs and compared 
them with COSs for the extraction of phenolic compounds from lavender using UAE and maceration (MAC) as 
innovative and conventional techniques, respectively. In most cases, the results showed that combining NADESs 
with UAE improved the extraction of phenols (22.90–56.00 mg GAE/g db) compared to MAC (18.22–50.05 mg 
GAE/g db). A NADES-MAE-based system was used for the extraction of phenolics from the leaves of cherry 
plant by Souza et al., and reported that the use of choline chloride: lactic acid at a 1:3 molar ratio with the 

TPC TFC CUPRAC FRAP

CaFr11 predicted 1269 ± 3.32 2329 ± 42.7 38.03 ± 4.4 26.05 ± 3.3

CaFr11 experimental 1290.9 ± 5.6a 2398.7 ± 23a 38.46 ± 0.4.4a 26.15 ± 0.11a

Water 144.34 ± 8.0b 589.63 ± 11b 22.81 ± 0.46b 12.07 ± 0.14b

Table 5.  Experimental and predicted values by the models of TPC, TFC and antiradical scavenging 
activity (CUPRAC and FRAP) at the optimized condition of temperature 30°c, time 5 min, volume 25 ml, 
concentration 90%, also compared to water extract at the same temperature, time, and volume. TPC: total 
phenols content (mg/g GAE db); TFC: total flavonoid content (µg/g QE db); CUPRAC: cupric ion reducing 
antioxidant capacity (µmol/g TE db); FRAP: ferric reducing antioxidant power (µmol/g TE db). Experimental 
values correspond to mean ± standard deviation of nine replicates. Confidence intervals of predicted values 
correspond to 95% confidence level. Values with different letters are significantly different (Tukey test, p < 0.05) 
Comparison with conventional solvent at the same extraction conditions (except where water is used as is).

 

Coefficientsª TPC TFC CUPRAC FRAP

(I) 1821 349 260 48.8

X1 61.4 −141.5 −0.176 0.302

X2 −7.50 −167.9 −0.334 1.080

X3 −39.7 452.7 −1.587 0.962

X4 −88.5 140.3 −0.184 −2.1

X1
2 −0.191 −18 0.00282 −0.001

X2
2 1.39 87 0.0507 0.0023

X3
2 4.29 532 0.0798 0.0265

X4
2 0.828 −120 0.00127 0.01822

X1 × 2 −0.468 −222 0.00585 −0.00444

X1 × 3 −0.816 −553 −0.01381 −0.0191

X1 × 4 −0.246 262 0.00182 0.00195

X2 × 3 0.77 - −0.0168 0.0303

X2 × 4 −0.498 −263 −0.01232 −0.02024

X3 × 4 −0.543 155 0.01121 −0.01467

R2 0.9999 0.9991 0.9988 1.00

R2
adj 0.9998 0.9987 0.9982 0.9999

R2
Pred 0.9997 0.9980 0.9972 0.9999

Table 4.  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 CaFr11 as solvent with 
ultrasound-assisted extraction techniques. 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 X1 X2; X1 X3; X1 X4; X2 X4; and X3 X4 are the various factor interactions.
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addition of 20% water w/w improved the extraction of phenolics from hydroethanolic solvent, measured as 
the total peak area and number of peaks61. Zekovi´c et al. extracted polyphenols from coriander seeds using 
microwave assistance and compared the effects of microwave-assisted extraction (MAE) with conventional 
maceration (MAC) on the total phenolic content (TPC) and antioxidant properties determined by 1,1-diphenyl-
2-picrylhydrazyl (DPPH) assay and ferric reducing power (FRAP) assay62, and also reported the effectiveness 
of supercritical fluid extraction (SFE) combined with ultrasound-assisted extraction (UAE) for extracting the 
nonpolar and polar phenol fractions from coriander seeds63. Palmieri et al. compared different conventional and 
innovative methods for extracting bioactive compounds from coriander, particularly UAE and rapid solid–liquid 
dynamic extraction (RSLDE), which revealed improved extraction properties64. NADES-assisted extraction of 
polyphenols from coriander was investigated by Ianni et al.1. Polyphenols were also extracted from blume using 
NADES-UAE process by Qin et al.65. Wang et al. studied the extraction of polyphenols from flowering quince 
using ultrasound (US)-NADES-assisted extraction31. A high-voltage electrical discharge (HVED) combined 
with NADES and aqueous glycerol was applied for the extraction of polyphenols from grapefruit peels by El 
Kantar et al.66. There are several more applications of innovative techniques for polyphenol extraction recently 
driven by the knowledge of the negative effects of conventional organic solvents (COSs) on human health and 
the environment.

The maximum flavonoid content of the extract at the optimized conditions using CaFr11was 2398.7 ± 23 µg 
QE/g shows superior performance than those obtained by other researchers using different agrifood matrices 
such as apple pomace and grape pomace67,68,1,66, except in one study which prepared DESs with citric acid: malic 
acid: water (1:1:10), and found the TFC values of the persimmon pulp in the extract as 2.5 mg QE/g69. Stupar 
et al.., for example, optimized the recovery of β-carotene from pumpkins by exploring a series of hydrophobic 
NADESs and observed that NADESs composed of caprylic acid and capric acid (3:1) led to high affinity and 
solubility of ß-carotene70. UAE was linked to the intensification of the process, which allowed greater recovery 
of  ß-carotene (151.41 µg/mL) at the optimal process conditions than the 96.74 µg/mL recovered without the 
use of ultrasonication. Oktaviyanti et al.. performed TFC extraction from the Jungle Geranium plant with 
ultrasonic assistance using various DESs. They reported a threefold increase when employing the ChCl: oxalic 
acid combination compared to ethanol derived from organic solvents71. In a comparative study, Zheng et al.. 
evaluated flavonoid extraction from millet bran using an ultrasonic-assisted DES and conventional ethanol 
extraction. One study revealed that the TFC yield was twice as high when using green technology and green 
solvents72. Choline chloride-based solvents formed from 10 different plant varieties were used to obtain TFCs 
from yellow scale plants. The maximum efficiency was obtained when acetic acid was used in combination with 
HBD73. Furthermore, similar to our research, the positive impact of extending the sonication time on the TFC 
yield was also reported by Xu et al. in a study involving lemon peels74.

With respect to antiradical scavenging activity, results obtained in this work are in line with the reports 
obtained in literature. For instance, Nunes et al.75 reported FRAP values in the range of 111–233 µmol FSE/g 
db, in their study of olive pomace extraction using ethanol-water 80% (v/v) in a shaking water bath at room 
temperature for 120 min. Quero et al.76performed extractions from olive pomace by ohmic heating and stirring 
in water bath with water and ethanol water 50% (v/v) as solvents at 80°c, 30 min, and a solid–liquid ratio of 
0.1 g/ml in both methods, and reported FRAP values of 80 µmol FSE/g db for water extracts, and 130–150 µmol 
FRE/g db for ethanol-water 50% (v/v) extracts. In different works, the antioxidant properties of NADES-UAE 
extracts were also found to improve significantly34. Antioxidants can slow or prevent the oxidation process. 
These substances can significantly slow or inhibit the oxidation of easily oxidizable substances even at low 
concentrations. Phenols and polyphenolic compounds, such as flavonoids, are widely found in many food 
products derived from plant sources, and they have been shown to possess significant antioxidant activities 
(AOA). Phenols have also been implicated in the survival of plants under extreme conditions. Consequently, the 
presence of phenolic compounds in the extracts suggested their important role in the plant. Several studies have 
successfully correlated the phenolic content with AOA77. Our findings, particularly the enhanced extraction 
efficiencies and antioxidant activities observed under the optimized conditions, further corroborate the critical 
role of phenolic and flavonoid compounds in contributing to the AOA of African Nutmeg peels, emphasizing 
the potential of NADESs in extracting these bioactive compounds78. The phenolic and flavonoid contents 
in the extracts indicate that African Nutmeg peels are a rich source of phenolic and flavonoid compounds. 
Additionally, the synthesized NADES is an excellent solvent for the extraction of phenolic compounds and 
flavonoid compounds from African Nutmeg peels.

Materials and methods
Materials
Chemicals
All the chemicals and solvents used were of analytical and standard grades. 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% purity), sodium carbonate (99% purity), sodium acetate (99% purity), potassium 
acetate (99% purity), iron (iii) chloride hexahydrate (99% purity), Glycine (99% purity), and potassium persulfate 
(≥ 99% purity) were supplied by (Fluka Analytica, Germany), methanol (HPLC grade) (≥ 99.9% purity) was 
supplied by Sigma‒Aldrich, France, ethanol (96% purity) was purchased from Fillab, Bulgaria, ammonium 
acetate (≥ 98% purity) was supplied by Sigma‒Aldrich, Netherlands, 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) 
(≥ 99% purity), and Folin-Ciocalteu’s phenol reagent were supplied by Sigma‒Aldrich Switzerland, copper (ii) 
chloride (99% purity) was bought from Sigma‒Aldrich United Kingdom, aluminium (iii) nitrate nonahydrate 
(98.5% purity) was purchased from Chem-Lab NV Belgium, Neocuprine (99.9% purity) was supplied by 
Sigma‒Aldrich Austria, (±)−6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) (≥ 99% purity), 
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3,4,5-trihydroxybenzoic acid (Gallic acid) (99% purity) were purchased from Sigma‒Aldrich Milan, Italy. Water 
was purified using a Milli-Q Plus 185 system from Millipore (Milford, MA, USA).

Plant Material
Dried seeds of African Nutmeg (Monodora myristica (Gaertn.) fruits from the 2022 harvest were purchased 
from the Zuba Fruit Market, Abuja, Nigeria. The seeds were cleaned, packed under vacuum following WTO 
guidelines on sanitary and phytosanitary measures adopted in Nigeria as provided by the Standards Organisation 
of Nigeria through (https://epingalert.org/), and brought to the Biotechnology Laboratory at the University of 
Food Technologies, Plovdiv, Bulgaria. In the laboratory, the seeds were peeled, and the peels were collected and 
ground with an electric coffee grinder. The ground peels were vacuum sealed and stored in a desiccator until 
further use.

Methodology
Preparation of Natural Deep Eutectic solvents (NADESs)
The natural deep eutectic solvents (NADESs) used in this study were prepared by combining the components 
at defined molar ratios and sonicated in 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) until they form uniform mixture following the 
methods described in Hsieh et al. with slight modification79. The NADESs and their physicochemical properties 
are presented in supplementary Table 1 (ST1) and Supplementary Table 2 (ST2) (supplementary data). The 
NADESs were verified as eutectic solvents through Fourier transform infrared spectroscopy according the 
methods described in57,80,81  with slight modification as follows: both the individual components and the 
synthesized NADES were used as is without incorporating any other substance as additive. (FTIR data not 
included in this manuscript)

Multifactorial (MFAT) NADESs screening study
A NADES screening with 24 fractional factorial experiment (FFE) with eight (8) corners and two (2) central 
points was carried out to study the effect of the solvent on the phenolic content and the antioxidant activity of 
ANP extracts. Extraction experiments were performed in 40 mL synthesis glass bottles inside a thermostatic 
ultrasound bath operated at a frequency of 35 kHz with a maximum input power of 240 W (USTS 5.7–150 
Siel, Gabrovo, Bulgaria). All extractions were carried out following the MFAT screening design as shown on 
Table 6. Then, extracts were centrifuged at 4500 rpm (centrifuge MPW-260R Labtech, Germany) for 10 min, 
the supernatant was recovered by further filtration through Whatman No 1 with pore size of 11 μm and stored 
at −4°c until further analysis. Extractions for each of the Fourteen NADESs were performed in triplicate. The 
results obtained at this stage have been the basis for selecting the solvent in a second series of experiments 
planned according to the study.

Rotatable Central Composite Response Surface Experimental designs
For the selected solvents from the NADESs screening, an extraction process modelling was performed. A 
rotatable central composite response surface methodology approach with four factors at five levels (4 corners and 
2 axial points) design was used. The design matrix for coded and uncoded values of the independent variables is 
shown in Table 7. The different levels of the independent variables were selected based on results from the MFAT 
screening experimentation. A total of thirty experiments with three replicates were performed at random order, 
and the responses fitted with a second-order polynomial model, Eq. 1:

	 Y = β O +
∑

3
i=1β iXi +

∑
3
i=1β iiXii +

∑
2
i=1.

∑
3
j=2β ijXiXj + ϵ (1)

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 the 
following equation:

Model ID (A)Temperature (X1) (°c) (B)Time (X2) (min) (C)Volume (X3) (ml) (D)Concentration (X4) (%)

(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)

Table 6.  Two by four fractional factorial (MFAT) design with two center points for screening extraction of 
phenolic compounds from African nutmeg peels with NADES-UAE technique. Ç represents the central points.
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Xi = xi − xmi

∆ xi
(2)

where xi and Xi represents the real and coded values of the independent variables i respectively, xmi represents 
the value of the independent variable i at the central point and Δxi refers to the step change of the independent 
variable i.

Procedure
Ground African nutmeg peels (1.0  g) were weighed into 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, contents transferred 
to centrifuge tubes and centrifuged at 4500 rpm for 10 min (centrifuge MPW-260R Labtech, Germany). The 
supernatants were further filtered into solvent bottles using Whatman No.1 filter paper (11 μm pore size), and 
the bottles properly sealed, and kept in a refrigerator at −4 °C until further analysis.

Optimization methodology
To optimize the operational parameters involved in the extraction process, the desirability function 
methodology25,26 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 objective of optimization is to simultaneously maximize the responses of TPC, 
TFC, and AA measured by CUPRAC and FRAP methods, with respect to the independent variables: ultrasound 
temperature, extraction time, solvent volume, and solvent concentration. 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) with the following equation:

	
dk =

∫ 1

0

yk − ykmin

ykmax − ykmin
(3)

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 four individual desirability functions 
(d1, d2, d3 and d4), given by:

	 D = 3√
d1d2d3d4 (4)

Total phenol content (TPC)
The TPC assay was performed spectrophotometrically according to the method of Ianni et al.., with slight 
modifications1. The Folin–Ciocalteu’s (F-C) reagent method was used to determine the TPC as follows: the 
phenolic content of the extracts obtained from each of the NADESs under the designed experimental conditions 
was determined by measuring the absorbance at 765 nm. In the tube (15 mL), 0.1 mL of the NADESs 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, and the absorbance was measured in a microplate reader 
(SPECTROstar Nano Microplate Reader, BMG LABTECH, Ortenberg, Germany) against the appropriate blank 
sample. In this study, the TPC was determined by relying on a calibration curve of gallic acid (prepared from the 
corresponding extracts and used to validate and standardize the spectrophotometer). The TPC was calculated 
with the following equation and reported as milligram per gram of garlic acid equivalent (GAE):

Variables

Coded levels

-α −1 0 + 1 +α

Experimental Actual 
Values

Ultrasound temperature 
(UT) (ºc) 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

Table 7.  Rotatable Central Composite Design of Response Surface Methodology for optimization of extraction 
of phenolic compounds from African nutmeg peels with NADES-UAE technique.
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X =

(
Y −0.04
0.0204 ∗ D ∗ C

B
∗ 1000

)
mg

g
GAE db. (5)

Where:
Y = Area of standard curve measured at 765 nm.
X = TPC in mg GAE/L or mg GAE/g.
B = Weight of sample used in the extraction.
C = Volume of solvent used in the extraction.
D = Dilution factor where applicable.
db = Dry weight of sample.

Total flavonoid content (TFC)
The TFC was evaluated according to the method described in Kivrak et al.., with slight modifications82. In 
Eppendorf tubes (2 mL), aliquots of 0.25 mL of the extracts were added to 0.025 mL of 10% Al (NO3)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 in a microplate reader (SPECTROstar Nano Microplate 
Reader, BMG LABTECH, Ortenberg, Germany) against the appropriate blank sample. The TFC calibration 
curve was determined by relying on the quercetin equivalence (QE) and was used as a standard (prepared as 
the corresponding extract and used to validate and standardize the spectrophotometer); Eq.  (6) was used to 
determine and express the TFC as µg/g QE db:

	
X =

((
Y − 0075

0.0128

)
∗ D ∗ C

)
/B) µ g/g QE db (6)

Where:
Y = Area of the standard curve measured at 415 nm.
X = TFC value in µg QE/L or µg QE/g.
B = Weight of sample used in the extraction.
C = Volume of solvent used in the extraction.
D = Dilution factor where applicable.

Cupric Ion reducing antioxidant capacity (CUPRAC)
The CUPRAC assay was performed according to the procedure of Apak et al., as described in Akyuz et al.83,84 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 CH3COONH4 buffer (pH 7.0) solution, and distilled water were mixed in a 2 mL Eppendorf tube, after 
which 0.025 mL of sample was added and mixed. The stirred solutions were allowed to stand at RT for 30 min 
to incubate. At the end of the incubation period, the absorbance of the prepared mixtures 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 antiradical scavenging capacity 
of the sample was calculated following Eq. (7), and present as µmol/g of Trolox equivalent (TE) on dry weight 
basis db:

	
X =

((
Y + 0.0372

0.4128

)
∗ C ∗ D

)
/B) µ mol/g T E (7)

Where:
Y = Area of the standard curve measured at 450 nm.
X = CUPRAC value in µMTE/mL or µMTE/g.
B = Weight of sample used in the extraction.
C = Volume of solvent used in the extraction.
D = Dilution factor where applicable.

Ferric reducing antioxidant power (FRAP)
The FRAP assay was carried out according to the procedure of Benzie and Strain, described in Lim and Lim with 
minor modifications85,86. The FRAP reagent was prepared fresh each day and was 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 mixed with 0.15 mL of sample 
and incubated at 37 °C for 4 min, after which the absorbance was measured at 593 nm in a microplate reader 
(SPECTROstar Nano Microplate Reader, BMG LABTECH, Ortenberg, Germany) against the appropriate blank. 
The result is expressed as µmol/gTE derived from Eq. (8) and present as µmol/g of Trolox equivalent (TE) on 
dry weight basis db.

	
X =

((
Y + 0.0017

0.0013

)
∗ D ∗ C

)
/B) µ mol/g T E (8)

Where:
Y = Area of standard curve measurement at 593 nm.
X = FRAP value in µmol/ml TE or µmol/g TE.
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B = Weight of sample used in the extraction.
C = Volume of solvent used in the extraction.
D = Dilution factor where applicable.

Statistical analysis
All the samples were prepared in triplicate. The results are expressed as the mean ± standard deviation (n = 3). 
Statistically significant differences among group means were evaluated using one-way analysis of variance 
(ANOVA) followed by post hoc Tukey’s multiple comparison tests, response surface analysis, desirability 
function, and optimization were performed by Minitab Statistical Software version 21.4.0 (Minitab LLC, Penn, 
USA). In all cases, a 95% confidence limit with a p value < 0.05 indicate statistical significance.

Conclusion
The present work evaluated the use of different NADESs as green solvent in the ultrasound assisted extraction of 
phenolic compounds with antiradical scavenging activity from ANP produced in Nigeria through a simple process 
that could be easily adapted to industrial production scale. In this sense, several of the NADES studied showed 
good characteristics for extracting phenolic compounds with antioxidant activity. However, CaFr11 was selected 
as the best solvent among the tested NADESs. TPC, TFC, and antiradical scavenging activity of the extracts were 
significantly affected by the tested variables of the extraction process: ultrasound temperature, extraction time, 
solvent volume, and solvent concentration. The mathematical models that describe the relationships between the 
different operating conditions tested and the response variables of the extraction process (TPC, TFC, CUPRAC, 
and FRAP) were obtained. From these models, the optimal extraction conditions that maximized the TPC, 
TFC and antiradical scavenging activity were determined: 30°c, 5 min, 25 ml, and 90% of temperature, time, 
volume, and concentration respectively. The responses of the NADES extraction under optimal conditions 
were significantly higher than those of corresponding extracts obtained by using conventional solvent (distilled 
water) under the same optimized extraction conditions. This highlights the suitability of the present extraction 
method using CaFr11 as solvent to obtain phenolic compounds with antiradical scavenging activity from ANP. 
The findings further give insights to the capacity of NADESs as powerful solvents for extraction applications. 
The lack of literature on extraction of bioactive compounds from African nutmeg materials using NADESs 
with ultrasound techniques gives credence to the originality of the present work. Further research should be 
carried out to elucidate the individual constituents of the extracts from ANP, and also to study 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 NADES (citric acid and fructose) are widely used 
as additives or food ingredients. Further research should also be carried out to consider if a previous stage of 
separation is needed to obtain a purified extract of phenolic compounds with antiradical scavenging activity 
before the extracts obtained from this method could be utilized further.

Data availability
The datasets generated and/or analyzed and used in the current study is available from the corresponding author 
on reasonable request.
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